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SUMMARY 
 

GOLD COMPOUNDS WITH ANTI-HIV AND IMMUNOMODULATORY ACTIVITY 
by 

PASCALINE N. FONTEH 

Supervisor: Prof. Debra Meyer 

Department:   Biochemistry  

Degree:  Ph.D Biochemistry  

The human immunodeficiency virus (HIV) and acquired immune deficiency syndrome (AIDS) 
that subsequently develops remain major health concerns even after three decades since the 
first cases were reported. Successful therapeutic measures to address HIV/AIDS consist 
mostly of combinations of drugs targeting viral enzymes including reverse transcriptase (RT), 
protease (PR) and integrase (IN) as well as entry steps of the viral life cycle. The remarkable 
benefits (e.g. improved quality of life) derived from the use of these agents are unfortunately 
limited by toxicity to the host and the development of drug resistant viral strains. Drug 
resistance limits the repertoire of drug combinations available. Unfortunately, because latent 
forms of the virus exists, therapy has to be life-long and with new infections occurring every 
day, resistant strains tend to spread. To circumvent these problems, new drugs that inhibit 
resistant strains or work against new viral targets have to be developed. The history of gold 
compounds as potential inhibitors of HIV prompted this study in which twenty seven 
compounds consisting of gold(I), gold(III) and precursors from five classes were tested for 
drug-likeness, anti-HIV and immunomodulatory effects using wet lab and in silico 
methodologies. Cytotoxicity determination was done using viability dyes and flow cytometry. 
Cell proliferation profiles were monitored using the carboxyflourescein succinimidyl ester dye 
dilution technology and a real time cell analyser for confirming viability dye findings. The 
compounds’ effects on viral enzymes was determined using direct enzyme assays and in silico 
molecular modelling techniques. 1H and 31P nuclear magnetic resonance spectroscopy studies 
for determining stability revealed that the backbone chemical shifts of the compounds were 
relatively unchanged after one week (-20 and 37 ºC) when dissolved in dimethylsulfoxide. 
Eight of the gold compounds had drug-like properties comparable to clinically available drugs 
when in silico predictions were performed. The 50% cytotoxic dose of the compounds in 
human cells was between 1 and 20 µM (clinically relevant concentrations for gold 
compounds). Three gold(I) compounds inhibited viral infectivity at non-toxic concentrations 
and two gold(III) compounds did so at cytostatic (anti-proliferative mechanism that is also anti-
viral) concentrations. In the immunomodulatory assay, cytokine levels were altered by five 
compounds with one gold(I) and a gold(III) compound significantly reducing the frequency of 
CD4+ cells (an anti-viral function) from HIV+ donors (p= 0.005 and 0.027 respectively) when 
multi-parametric flow cytometry was performed. Inhibition of RT activity was predicted in in 
silico studies to be through interactions with the ribonuclease (RNase) H site although with 
poor stereochemical orientation while favourable binding predictions with the IN cofactor 
binding site were observed for some gold(III) complexes. Compounds predicted to interact 
with the RNase H site of RT and the IN cofactor site require structural modification to improve 
drug-likeness and binding affinity. The drug-like compound(s) which inhibited viral infectivity 
and lowered CD4+ cell frequency have potential for incorporation into virostatic cocktails 
(combination of cytostatic and directly anti-viral agent). Cytostatic agents are known to be less 
prone to drug resistance and because they lower CD4+ cell frequency, such compounds can 
potentially limit HIV immune activation. 
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CHAPTER 1 
INTRODUCTION 

 

Infection with HIV and the subsequent acquired syndrome continue to be global health 

and socio-economic concerns. Although there has been declining trends with respect to new 

infections and the number of deaths from HIV/AIDS related illnesses over recent years 

(UNAIDS, 2010), HIV remains a major health threat. Sub-Saharan Africa is the hardest hit 

area having up to 68% of the world’s total number of infected people (UNAIDS, 2010). HIV 

affects the immune system depleting it of crucial T helper cells (CD4+ lymphocytes) needed 

by both the humoral and cellular arms of the immune system, thereby rendering the individual 

immunocompromised. This depletion leads to an AIDS state characterised by wasting, 

morbidity, a host of opportunistic infections and ultimately mortality if not treated. To combat 

HIV/AIDS, therapies that increase the lifespan of infected individuals have been developed. 

The strategy of these therapies is reduction of viral load and the prevention of further loss of 

CD4+ cells (Lori et al., 2007). The use of highly active antiretroviral therapy (HAART) which is 

the combination of a PR inhibitor or a non nucleoside RT inhibitor (NNRTI) and two 

nucleos(t)ide RT inhibitors (NRTIs, Pommier et al., 2005) has been paramount in this 

approach of lowering viral load and preventing CD4+ cell loss. More recently drugs targeting 

the viral IN and antagonists to the CCR5 receptor of host cells were approved as first line 

treatment or salvage therapy for the treatment-experienced patients (McColl and Chen, 2010) 

increasing the range of available drugs. While these developments have greatly improved the 

standard of living of HIV/AIDS patients by decreasing morbidity and mortality (Hogg et al., 

1999, Palella et al., 1998), these drugs have limitations which include problems of toxicity, 

uncomfortable side effects (such as nausea, vomiting and diarrhoea, Montessori et al., 2004) 

and the development of drug resistance by the virus (Chen et al., 2004, Skillmann et al., 

2002). Other limitations are accessibility to treatment and the lack of infrastructure to monitor 

treatment especially in resource limited settings (developing countries, Lever, 2005b).  

On the other hand, the development of a viable cure has not been achieved (Heagarty, 

2003) but encouraging advances have been made. For example an HIV infected man who 

received stem cell transplantation from a donor homozygous for the chemokine receptor 5 

(CCR5) delta32 gene as treatment for acute myeloid leukemia was cleared of the virus (Hutter 

et al., 2009). A mutation in the CCR5 gene is known to confer resistance against infections 

caused by HIV since the CCR5 co-receptor is involved in viral entry into cells. Another recent 

development towards a cure was the report from a group of Australian scientists who 

successfully cleared an HIV-like virus from mice by boosting the function of cells vital to 

immune responses (Pellegrini et al., 2011). The authors showed that interleukin-7 (IL-7) which 

is important for immune activation and homeostasis could lower the expression of the 
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suppressor of cytokine signalling 3 (Socs3) gene leading to increased cytokine production and 

T cell function. This, the authors suggested, may have enhanced innate anti-viral 

mechanisms.   

In the field of prevention, an encouraging advancement was the recent report on an 

antiretroviral (ARV) vaginal gel containing the anti-viral drug, tenofovir, which resulted in 

moderate protection against HIV infection. A 39% lower risk of acquisition and up to 54% 

reduction of infection in women who achieved the best adherence was observed while 

blocking infection from herpes at the same time (Abdool Karim et al., 2010). This was a 

significant breakthrough especially because women are the most susceptible group in 

contracting new HIV infections (Quinn and Overbaugh, 2005). A recent breakthrough in 

prevention were the findings from the HIV Prevention Trial Networks (www.htpn.org, accessed 

5/06/2011) in the study known as HPTN 052 which reported that the early administration of 

ARVs to infected men and women reduced the risk of HIV transmission to their partners by 

96%. Other measures to curb infection have been intensive education and campaigns which 

have shown benefits in countries such as Uganda (Lever, 2005b). 

Vaccine development has also been slow but has gained renewed interest after 

findings of limited protection from HIV infection were reported in the RV144 trial in Thailand 

(Rerks-Ngarm et al., 2009).   

While HAART has been a success story, the mentioned limitations such as toxicity and 

the development of resistant viral strains and the transmission thereof, are amongst the 

drawbacks which could eventually render this therapy ineffective. In addition, the identification 

of latent reservoirs of HIV-1 in patients on HAART (Finzi et al., 1997) was one of the earliest 

limitations observed during therapy such that treatment has to be life-long. Because of the 

toxicity problems that are also associated with HAART, patients find it difficult to comply to 

prescriptions by physician (Ren and Stammers, 2005, Chen et al., 2004). As a result, 

suboptimal doses of the drugs are taken, further enhancing resistance problems since optimal 

viral suppression is not attained. Identifying potential drug candidates that can be used in 

combination with or to supplement HAART with the goal of finding those with tolerable side 

effects that can also work against resistant strains is crucial. In this study, the possibility of 

using gold-based compounds as anti-HIV agents was investigated.  

The focus here was mainly on bioactivity testing of gold-based compounds synthesized 

and provided by chemists from the Project AuTEK Biomed Consortium (Mintek and Harmony 

Gold, South Africa). The compounds were tested on the HIV-1 subtype C strain because it is 

the most prevalent subtype in Southern Africa (HIV clades are geographically distributed, 

Schiavone et al., 2008). Currently, subtype C infected patients are administered subtype B 

specific drugs. This leads to the emergence of resistant viral forms similar to those seen for 

subtype B as well as others not seen for the B subtype strain (Kantor and Katzenstein, 2004), 

which further complicates treatment and treatment options. By testing the compounds against 
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subtype C strains, the likelihood that more specific inhibitors could be identified which would 

eventually reduce the resistance burden seen when drugs designed for the subtype B strain 

are used was increased.  

Gold compounds have medicinal properties that have mainly been exploited for the 

treatment of rheumatoid arthritis (Ahmad, 2004, Best and Sadler, 1996, Sutton, 1986). These 

compounds also show activity against cancers and microorganisms including the malaria 

parasite (Khanye et al., 2010, Gabbiani et al., 2009, Sanella et al., 2008, Navarro et al., 2004, 

Navarro et al., 1997) and HIV (reviewed by Fonteh et al., 2010). This laboratory previously 

contributed evidence in a proof of concept study on the effect of gold compounds against HIV 

enzymes (RT and PR, Fonteh et al., 2009, Fonteh and Meyer, 2009).  

The scope of this research was further extended here by determining how comparable 

the gold compounds were to known drugs with regards to functional groups and physical 

properties (drug-likeness), effects on host cells in cell-based assays (to determine compound 

effects on host cells and whole virus), and on viral enzymes (direct enzyme bioassays and in 

silico to determine binding modes). In addition to the sixteen compounds previously tested in 

the proof of concept studies (Fonteh and Meyer 2008), eleven new ones were included in this 

study resulting in twenty-seven compounds that span five different chemical classes based on 

synthetic precursors used.  

Binding mode interactions of the compounds with the RNase H site of RT and the IN 

cofactor site showed favourable enthalpic contributions but require structural modifications of 

the compounds to enhance activity.  An outstanding novel observation of this study was the 

identification of the mechanism by which three compounds (designated PFK7, PFK8 and 

EK207) inhibited cellular infectivity by a dual subtype C strain of HIV-1. Inhibition of infectivity 

was not as a result of the compounds’ interaction with viral surface components but rather was 

as a result of the compounds’ cytostatic effect which was observed using the dye dilution 

technology of carboxylyfluorescein succinimidyl ester (CFSE) and the impedence (resistance) 

technology of a real time cell electronic sensing (RT-CES) device. The cytostatic mechanism 

(anti-proliferative effect on the cell rather than on the virus) was further confirmed for 

complexes PFK7 and EK207 using multi-parametric flow cytometry where the frequency of 

CD4+ cells from peripheral blood mononuclear cells of HIV infected individuals was 

significantly reduced (p = 0.0049 and 0.027 respectively). The ability of these compounds 

(PFK7 and EK207) to reduce T cell numbers could be interpreted to mean that the compounds 

were capable of blocking viral replication as a result of the ability to prevent antigen presenting 

cells from activating T cells, a finding which has been shown for gold and other metal 

compounds (De Wall et al., 2006). Compounds which have a cytostatic mechanism of action 

and which lower CD4+ cell numbers (such as hydroxyurea) have demonstrated a significant 

role in HIV research both in vitro (Clouser et al., 2010, Lori et al., 2005, Mayhew et al., 2005) 

and in clinical trials (Lori et al., 1997, Frank, 1999, Rutschmann et al., 1998, Federici et al., 
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1998). The cytostatic effect of hydroxyurea is also known to be as a result of the inhibition of 

ribonucleotide reductase (RNR) which is an enzyme involved in converting ribonucleotides to 

dNTPs (DNA building blocks, Lori, 1999). At 10 µM PFK7 also inhibited RNR significantly (p = 

0.003). Combining these agents with compounds that directly target the virus is known to 

result in the overall restoration of immune parameters in infected patients and to a better 

resistance profile compared to HAART (Lori et al., 2007). Three of the twenty seven 

compounds (PFK7, PFK8 and to a lesser extent EK207) have the potential of being combined 

with compounds that directly target the virus and function in the new emerging class of 

combination therapy known as virostatics. Such a combination stands a better chance in 

managing HIV since drug resistance (which this combination minimises) has become the 

greatest threat to HAART. In addition, the drug-like properties that were seen for complexes 

PFK7 and PFK8 (drug score of 6 out of 7) makes these cytostatic agents highly favoured as 

potential components of virostatic cocktails.  

In chapter 2, general background and literature review of topics relevant to this study is 

provided. This is followed by three chapters that provide detailed information on each of the 

main research aims which were (1) determining the drug-likeness of the compounds (chapter 

3), (2) the effect of the compounds on immune system cells and whole virus (chapter 4) and 

(3) effect on viral enzymes (chapter 5). An overall conclusion on the study is then provided 

(chapter 6), followed by a comprehensive list of references (chapter 7). Supplementary data is 

provided in the appendix (chapter 8) followed by a glossary with definitions for uncommon 

words. Finally, copies of two published manuscripts containing information obtained during this 

study are provided.   
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CHAPTER 2 
LITERATURE REVIEW AND 

BACKGROUND  
 

2.1 HIV AND AIDS 

HIV is a primate lentivirus belonging to the Retroviridae family and affects cells of the 

immune system ultimately leading to AIDS (Gonzalez et al., 2009, Campbell and Hope, 2008). 

Two viral types exist, HIV-1 and HIV-2 both being enveloped retroviruses (Campbell and 

Hope, 2008, Lever, 2005). HIV-1 found worldwide is more pathogenic than HIV-2 but both 

cause similar illnesses (Lewthwaite and Wilkins, 2005). Patients with HIV-2 have lower viral 

loads, slower CD4 decline and lower rates of vertical transmission (Lewthwaite and Wilkins, 

2005), not seen in HIV-1 infection. The nucleic acid sequences of the two types are only 40% 

similar (Lever, 2005b). HIV is closely related to another primate lentivirus, the simian 

immunodeficiency virus (SIV). HIV-1 is similar to SIV found in a group of chimpanzees while 

HIV-2 is more closely related to SIV found in sooty mangabey monkeys (Lemey et al., 2003, 

Sharp et al., 1995). The former virus (HIV-1, which is the focus of this study) has a high 

genetic variability and has been classified into major (M), outlier (O), and non-M/O (N) groups 

(Sanabani et al., 2006). Group M has nine subtypes ranging from A-J which include subtypes 

A, B, C, D, F, G, H, J and K as well as circulating recombinant forms (CRFs), Carr et al., 

(1998). The most prevalent strain worldwide and in Southern Africa is the subtype C strain 

(Nkolola and Essex, 2006, Wouter et al., 1997).  

Infection with HIV if not treated culminates in death from infections that lead to AIDS 

defining diseases like candidiasis, cryptosporidiosis, cytomegalovirus, Pneumocystis carinii 

pneumonia, toxoplasmosis and tuberculosis (Pozio and Morales, 2005). The AIDS state stems 

from the depletion of CD4+ T helper lymphocytes (Rambaut et al., 2004) which are critical for 

effective immune function. AIDS, which is usually the last battle between HIV and the body’s 

immune system, occurs when there is a drop of the total CD4+ T cell count to approximately 

200 cells/µL of blood (World Bank, 1997). In addition to CD4 T cells, the virus also infects 

other cells that express cell surface receptors that allow for viral entry such as the CD4 and 

chemokine co-receptors consisting of CCR5 or CXC chemokine receptor 4 (CXCR4), Dragic 

et al., (1996), Choe et al., (1995). 

In the next subsections, the epidemiology, transmission modes, structure, life cycle and 

the course of HIV-1 infection will be provided. This will be followed by information on vaccine 

development, HIV’s effect on the immune system, available therapy and information on the 

need for new drug development. Finally, the research hypothesis will be stated and the main 

research questions introduced. HIV will be used throughout this document to refer to HIV-1.  
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2.1.1 Epidemiology  

The global view of HIV infections in 2009 according to the UNAIDS report of 2010 has 

not changed significantly compared to the previous year where an average of 33.4 million 

people were living with the virus worldwide as detailed in Figure 2.1. A revision of the 2008 

statistics showed that 32.8 million people were living with the virus, which is within the 

uncertainty range of the previous estimate. According to these statistics, Sub-Saharan Africa 

still bears the greatest burden with regards to the number of infected people (with 22.4 of the 

total 33.4 million worldwide estimate in 2008) and new infections. 

 
Figure 2.1: Global view of HIV infections (2008).  An average of 33.4 million adults and children were living 
with HIV (UNAIDS report, 2009).  
 

The good news according to the 2010 report is that although up to 32.8 million people 

are infected globally, there were declining trends in new infections in 2009 where only 2.1 

million were noted compared to 2001 where 3.1 million people were newly infected. Figure 2.2 

shows the changes in the incidences of new infections over 2001 to 2009. In 33 countries 

including South Africa there has been decreasing incidence of newly infected people by >25% 

from 2001 to 2009 (Figure 2.2). Not only are new infections decreasing but the death rate from 

HIV is also decreasing across the spectrum due to increased access to antiretroviral agents. 

The decrease in new infections has been attributed to an overall combination of factors 

including the impact of prevention efforts (UNAIDS report, 2010).  

The lack of survey data in some instances and the absence of diagnostic test for very 

early detection of HIV are factors that limit the determination of the actual infection rate such 

that only estimates are obtained. In addition, while the rate of infection is declining in some 

regions, statistics show that the reverse is true for others such as parts of Asia (Figure 2.2) 

with an increasing rate of >25%. These findings suggest that the battle is still on and more 

effort than ever has to be directed to researching solutions for managing and preventing HIV 

infection.   
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Figure 2.2: Changes in the incidence rate of HIV infections from 2001 to 2009 for selected countries  
(http://media.economist.com/images/images-magazine/2010/11/27/st/20101127_stm958.gif, accessed 
02/02/2011). 
 

2.1.2 Mode of Transmission  

HIV is transmitted through bodily fluids and mostly sexually (homosexual or 

heterosexual), but also occurs vertically from mother to child, through blood transfusion and 

sometimes through unidentified means (Monavi, 2006). Sexual transmission is the most 

important route since it is the most common means of transmission of HIV (Walker et al., 

2003). Vertical transmission is common in developing countries in pregnancy and at birth or 

during breast-feeding (Lewthwaite and Wilkins, 2005). Injection drug use is also one of the 

ways by which HIV is transmitted and although it is relatively low in countries such as the 

United Kingdom, its prevalence can be up to 50% in others such as Eastern Europe, Vietnam, 

India and China (Lewthwaite and Wilkins, 2005). 

 
2.1.3 HIV Genome Organisation and Structure  

The HIV genome consists of nine genes that encode 15 viral proteins (Gotte et al., 

1999). These include the group-associated antigen (gag) encoding structural core proteins, a 

polymerase (pol) portion encoding the enzymatic proteins PR, RT, IN, and an envelope (env) 

frame encoding the receptor binding protein. The genome codes for two regulatory proteins 

(Tat and Rev) and four accessory proteins (Vif, Vpr, Vpu and Nef) required for proper virion 

replication. A schematic representation of the viral genome is shown in Figure 2.3. Two long 

terminal repeats (LTRs) flank both the 5’ and 3’ ends of the proviral DNA genome. The 5’ LTR 

includes the HIV promoter and enhancer sequences that regulate viral gene expression. The 

genome constantly undergoes variation as a result of mutational and evolutionary pressures 

and pressure from the immune system such as those exerted by viral specific CD8+ T 

lymphocytes, which also leads to escape mutants (Sanabani et al., 2006, Karlsson et al., 

2003). 
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Figure 2.3: Schematic representation of HIV genome.  Replication genes (pol, vif, nef, tat, rev, vpu, vpr) 
and assembly genes (gag and env) are represented. The figure was taken from Schiavone et al., (2008). 
 

The structure of HIV (shown in Figure 2.4) described by Turner and Summers (1999) 

consist of an enveloped lipid bilayer derived from the host membrane, contains exposed 

surface glycoproteins (gp120) and is anchored to the virus by the transmembrane protein 

(gp41). A matrix shell comprising approximately 2000 copies of the matrix protein (MA, p17) 

lines the inner surface of the viral membrane, and a conical capsid core shell comprising ± 

2000 copies of the capsid protein (CA, p24) is located in the centre of the virus. The capsid 

particle encloses two copies of the unspliced viral genome, which is stabilized as a 

ribonucleoprotein complex with approximately 2000 copies of the nucleocapsid protein (NC, 

p7), and also contains the three essential virally encoded enzymes namely: RT (p66/p51), PR 

(p11) and IN (p31). The unspliced viral genome consists of two similar RNA molecules 

approximately 10 kb in length (Coffin et al., 1997).  

 
Figure 2.4: The structure of a mature HIV virion.  The figure shows important viral proteins and their 
arrangement within the virion. This figure was taken from, Adamson and Freed (2007). 
 
 
2.1.4 Life Cycle and Course of Infection  

The life cycle of HIV involves three mains steps including (1) entry and integration, (2) 

transcription and translation and finally (3) budding (Lever, 2005). Figure 2.5 shows the key 

aspects of the life cycle as well as selected drug targets namely; (a) virus fusion, (b) reverse 

transcription, (c) proteolytic processing, (d) 3’ processing and (e) strand transfer (ST) steps. 
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Figure 2.5: Key aspects of the life cycle of HIV. I mportant drug targets are also shown. The figure was 
taken from Pommier et al., (2005). 
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In the entry and integration  steps of the life cycle, the virion bearing two copies of 

ribonucleic acid (RNA) binds to CD4+ receptors and chemokine co-receptors (CCR5 or 

CXCR4) on the cell surface. This is followed by fusion where the viral core is inserted into the 

host cell followed by uncoating and the release of viral contents within the cytoplasm of these 

cells. The viral RNA is reverse transcribed by RT to a complementary deoxyribonucleic acid 

(cDNA) strand, which is subsequently transported into the nucleus as the pre-integration 

complex (PIC). Here it is integrated into the host genomic deoxyribonucleic acid (DNA) by the 

viral enzyme, IN. 

Transcription  of the viral DNA leads to the production of viral genomic RNA and 

translation of viral proteins that are then processed and assembled in the cytoplasm by HIV 

PR. HIV PR further catalyses the maturation of the viral particles through proteolytic 

processing into infectious virions which then bud  off from the cells 

As the virus replicates and makes new copies, the course of infection in the infected 

individual is the gradual loss and destruction of naive and memory CD4+ T cells leading to 

AIDS which is the final stages of the infection course (shown in Figure 2.6, Forsman and 

Weiss, 2008). The primary acute infection stage (4-8 weeks) is characterised by high plasma 

viremia and low CD4+ cells and the absence or very little HIV specific antibodies. The viremia 

drops as cytotoxic T lymphocytes (CTLs) develop leading to an individual viral set point in the 

course of chronic infection (5-15 years).  

In the final stages of infection, when opportunistic infections like tuberculosis and 

infections from Pneumocystis, Cytomegalovirus (CMV), cerebral Toxoplasma or Candida 

occur (CD4+ count usually around 200 cells/µL of blood, World Bank, 1996), the viral load 

increases and CD4+ count continues to decrease ultimately leading to AIDS and death over a 

time course of 2-3 years. A striking new finding is the blow that the virus causes on the human 

body’s largest lymphoid “organ” i.e. the gut and mucosal tissues, which is the significant 

depletion of mucosal CD4+ cells (Paiardini et al., 2008, Brenchley et al., 2006) not seen when 

circulating CD4+ cells in peripheral blood are sampled (Figure 2.6). This in turn could be the 

cause of the severe chronic immune activation noted throughout the course of infection such 

that recommendations for novel therapies aimed at targeting immune activation have been 

proposed (Forsman and Weiss, 2008). Other notable changes observed in lymphoid tissues 

are generalised lymphadenopathy, tonsillar enlargement and splenomegaly noted in early 

infection (Kilby, 2001). These features are associated with lymphocyte proliferation and the 

recruitment of inflammatory cells from the circulation. The enlargement gradually decreases in 

a majority of patients after seroconversion but may persist in others. In advance disease (and 

in the absence of treatment), the architecture of the lymphoid tissues changes resulting in an 

involution and lymphoadenopathy becomes less prominent (Pantaleo et al., 1993).  
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Figure 2.6: A schematic representation of the typical time course of HIV pathogenesis.  The time 
course of adaptive immune responses in relation to viremia levels from acute infection to AIDS defining 
conditions is also depicted. The figure was taken from Forsman and Weiss (2008). 
 
2.1.5 HIV and the Immune System 

Infection with HIV triggers both B-cell (humoral) and T-cell (cell mediated) immune 

responses. These adaptive immune responses which unlike immediate and non specific 

innate immune responses, develop over days or weeks after exposure to the antigen as a 

result of clonal expansion and differentiation of B and T lymphocytes (McMichael and Dorell, 

2005). These responses unfortunately fail to clear the infection (McMichael and Dorrell, 2009, 

Young, 2003). The CD4+ T cell subset which tends to be depleted in HIV infection is important 

in the adaptive immune response since these cells recognise antigen presented by major 

histocompatibility complex (MHC) class II and respond by turning on B lymphocytes to secrete 

antibodies against the antigen (humoral response). After recognising antigen, the CD4+ T cell 

gets activated and produces a heterogeneous group of proteins (cytokines) that are secreted 

to exert an effect on target cells (Goldsby et al., 2000) and which aid in the stimulation and 

recruitment of the CD8+ T cell subset or CTLs. Along with the decrease in CD4+ T cells in HIV 

infection, is the corresponding increase in CD8+ T cells (Musey et al., 1997, Koup et al., 

1994). The latter targets and lyses virally infected cells through recognition of the foreign 

antigen bound by host proteins (Goepfert, 2003). In addition to killing the infected CD4+ cells, 

CTLs also release cytokines and chemokines which tend to block viral entry into other CD4+ 

cells (McMichael and Dorrell, 2009). The CTLs just like the antibodies play a critical role in the 

control of the infection.  

Infection with HIV also kills CD4+ cells by direct cytopathic effect of the virus or through 

means which trigger apoptosis (a normal process for the elimination of unwanted cells), 

Young, (2003). This direct cytopathic effect of CD4+ T cells by the virus is one of the means 

by which the virus evades the immune system since by killing these cells, they also destroy 

immune effectors (Gougeon, 2005). The interaction of Fas ligand (which is a cell surface 

molecule belonging to the tumour necrosis factor family) on CTL surfaces with Fas molecules 

on the target cells e.g. CD4+ cells is also one of the ways by which apoptosis and lysis of the 

infected cells occurs (Garcia et al., 1997) and constitutes an indirect cytopathic means.  
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Figure 2.7 (taken from Gougeon, 2005) is an illustration of how HIV depletes the 

immune system of T helper cells as elaborated above. Through cognate interaction (cell-to-cell 

contact), CD4+ T cells recognise antigen from an antigen-presenting cell (APC, in this case a 

dendritic cell, DC) bearing MHC II complex. This interaction could either lead to apoptosis 

(direct or indirect viral cytopathic effect or CTL response), anergy (no response by the immune 

system) or to an activation state driven by cytokines such as IL-2 in the clonal expansion 

phase. Associated with this activation is the susceptibility to infection and destruction through 

activated T cell autonomous death (ACAD) and activation induced cell death (AICD) by 

virions. Proapoptotic virion particles such as gp120, Tat, Nef, Vpr or Vpu also cause HIV-

protein mediated apoptosis. Following the massive cell death that occurs after activation (in 

the contraction phase, Figure 2.7) is the resulting loss of antigen specific CD4+ T cells. At this 

point cytokines such as IL-7 and IL-15 may rescue T cells from death, allowing for memory T 

cell generation. A fraction of the cells at this point still contain a reservoir of proviral DNA that 

is hidden from the immune system. 

Given the central role played by the T helper cells on both the humoral and cellular 

arms of the immune response, it is easy to envision how their depletion as a result of the direct 

and indirect cytopathic effects and the CTL response can eventually lead to immune failure, 

opportunistic infections and death. It is therefore not surprising that targeting CD4+ T cell 

activation is now being recommended for novel HIV therapies (Forsman and Weiss, 2008) and 

has been shown to be effective in several clinical trials and studies (Lori et al., 2005, Lori et 

al., 1997, Frank, 1999, Rustchman et al., 1998). In addition, the role played by cytokines such 

as IL-7 in this sequence of events in rescuing T cells further elaborates its significance in 

boosting immune parameters as seen in the mice cleared of an HIV-like virus (Pellegrini et al., 

2011). 

 
Figure 2.7: An illustration of the mechanisms of depletion of HIV specific CD4+ T cells during 
in fection.  Upon recognition of antigen, T cells are either killed by direct viral cytopathic effect or CTL 
response. Some cells undergo a state of anergy (no response) while others become activated and are 
destroyed through AICD and ACAD or by HIV-protein mediated apoptosis. Cytokines such as IL7 and IL-15 
secreted in the course of the activation may rescue the cells allowing for memory T cell generation. This 
figure was taken from Gougeon (2005). 
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2.1.6 Vaccine Development 

There is no doubt that an effective vaccine remains the most practical way of 

addressing and preventing new infections from HIV. Traditional vaccine strategies such as 

those that have been effective for pandemics like smallpox, polio, measles and yellow fever 

depended on the production of neutralising antibodies (Arrode-Bruses et al., 2010). The 

prevention and control of HIV infection on the other hand strongly depends on the 

development of high-frequency, broadly targeted, polyfunctional T-cell responses specific to 

the virus (Johnston and Fauci, 2008, Betts et al., 2006). Unfortunately efforts towards such a 

vaccine have not kept pace with basic scientific research except for some exciting advances 

that were made in 2009. These include the first partial protection in humans from an HIV 

vaccine in the RV144 trial in Thailand (Rerks-Ngarm et al., 2009). In this trial, four priming 

injections of a recombinant canarypox vector vaccine (ALVAC-HIV [vCP1521]) and two 

booster injections of a recombinant gp120 subunit vaccine (AIDSVAX B/E) were evaluated in 

a randomised trial involving 16,402 healthy men and women. Vaccine efficacy of up to 31.2% 

was observed. Other developments include evidence for significant vaccine induced control of 

SIV in non-human primates (Hansen et al., 2009) with others that involved the use of live-

attenuated SIV/HIV (Mansfield et al., 2008, Johnson et al., 1997). The risk that pathogenic 

forms of such vaccines can redevelop makes them ineligible for human use (Arrode-Bruses et 

al., 2010). The identification of a new target for broadly neutralising antibodies on HIV’s 

surface (Walker et al., 2009) was also a significant move towards vaccine development. 

Recent findings on vaccine development reported by BBC News on Health, May 11th 2011 

(http://www.bbc.co.uk/news/health-13362927) by US researchers suggests protection of 13 of 

24 rhesus macaques monkeys from infection with SIV. This exciting new finding involved the 

use of a genetically modified form of rhesus cytomegalovirus (CMV) engineered to produce 

antigens to attack SIV. Again safety concerns are an issue here in terms of translating these 

findings to humans considering that the CMV virus is disease causing. 

While preventative vaccines studies are being pursued, the development of therapeutic 

vaccines needed to boost the immune system of people already living with the virus is also 

gaining grounds. Following reports that indicated the induction of protective anti-viral immunity 

in hu-PBL-SCID (mice model appropriate for HIV research) mice upon the adoptive transfer of 

autologous dendritic cells loaded in vitro with aldrithiol-2 (AT-2)-inactivated HIV-1 (Lapenta et 

al., 2003, Yoshida et al., 2003), in vivo toxicity and efficacy studies were performed (Lu et al., 

2004). This first in vivo study on the toxicity and efficacy of an HIV therapeutic vaccine 

resulted in viral suppression and HIV specific immunity after immunisation by 90% in 8 of 18 

subjects, with the only clinical manifestation being the increase in size of peripheral lymph 

nodes (Lu et al., 2004). The efficacy of this vaccine still had to be proven in a randomized trial 

with appropriate controls (Lu et al., 2004). In a recent report by Garcia et al., (2011), using the 

same AT-2-inactivated HIV-1 vaccine, with the inclusion of a control arm, weak HIV-1 specific 
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T cell responses were observed unlike the sustained responses observed by Lu et al., (2004). 

The differences in the responses in the two trials was not clear but might be related to the 

inactivation method of the virus used for the treatments (Garcia et al., 2011). Four therapeutic 

DNA vaccines with promising activity were presented at the XVIII International AIDS 

Conference in Vienna (Austria, 2010). The identification of a therapeutic vaccine for HIV will 

be advantageous over current medication because of the associated reduced toxicity 

(Fiorentini et al., 2010).  

These recent advances in both preventative and therapeutic vaccines call for more 

investment in vaccine development. In the case of preventative vaccines, the immediate aim 

should be to increase the efficacy that has been demonstrated by the live attenuated SIV 

vaccine in non-human primates while focusing on ways to minimise the development of 

pathogenic strains; also a main concern in the CMV engineered vaccine. In addition, focusing 

on the development of vaccines that can illicit neutralising antibodies in the long term (Koff, 

2010) is also desired so as to maintain extended protection.  

 

2.1.7 Therapy 

The US Food and Drug Administration (FDA) has approved a total of 25 ARV drugs for 

the treatment of HIV infection (de Béthune, 2010). These available drugs belong to six 

different classes and include; eight NRTIs, four NNRTIs, ten PR inhibitors and one IN inhibitor 

which all target viral enzymes, a fusion inhibitor which prevents the fusion of the viral envelope 

with the host cell membrane and a CCR5 inhibitor which blocks the interaction of the virus with 

one of its receptors on the host cell (De Clercq, 2009). Until recently, therapy largely involved 

the virally encoded targets RT, IN, PR, and gp41 (Adamson and Freed, 2010) and has only 

more lately been expanding to include viral-host protein interactions and cellular targets. The 

combination of these drugs (mostly RT and PR inhibitors) in what is known as HAART has led 

to substantial improvement in the clinical management of HIV infection in terms of delaying 

disease progression, prolonging survival and improving quality of life (Antiretroviral Therapy 

Cohort Collaboration, 2008). This simultaneous use of multiple drugs is required because of 

the ease with which HIV can develop drug resistance to any single inhibitor (Simon et al., 

2006, Temesgen et al., 2006). In the following subsections, the various viral targets and 

structural examples of some of the drugs targeting each will be discussed followed by a brief 

discussion on novel targets that are being explored as future therapeutic intervention points.  

 

2.1.7.1 HIV reverse transcriptase and inhibitors 

The RT enzyme  of HIV is a heterodimer consisting of 66- and 51-kDa subunits (Fields, 

1996) and is involved in converting viral RNA to cDNA. This multifunctional enzyme is involved 

in RNA dependent polymerisation, DNA dependent polymerisation, strand displacement 

synthesis and strand transfer, and degrades the RNA strand in the RNA/DNA hybrid (Schultz 
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and Champoux, 2008). It performs these functions through its polymerase function  (for 

which there are two classes of inhibitors, the NRTI and NNRTIs) and an RNase H function  

that is unique to the C terminus of the p66 subunit (Su et al., 2010). The polymerase domain 

of the enzyme is found in the N-terminal two-thirds while the RNase H domain is in the C-

terminal one-third (Telesnitsky and Goff, 1993) of the p66 subunit. The polymerase function 

requires either RNA or DNA as the template (Sarafianos et al., 2009). In addition, like most 

DNA polymerases, it needs a primer and makes use of a host transfer RNA (tRNA) as primer 

(tRNAlys3). RNase H activity is required for processing the tRNA primer to begin minus-strand 

DNA synthesis and degradation of viral RNA during synthesis followed by preparation of the 

polypurine tract DNA-RNA hybrid which serves as the primer for positive strand DNA 

synthesis (Fields, 1996, Hansen et al. 1988). All these processes (reviewed by Sarafianos et 

al., 2009) result in the copying of a single stranded RNA to a double stranded DNA (Schultz 

and Champoux, 2008).  

The crystal structure of RT in complex with some active site inhibitors are shown in 

Figure 2.8 while the structures of some RT inhibitors  in clinical use (NRTIs and NNRTIs) are 

provided in Figure 2.9. The earliest inhibitor of HIV was the NRTI, azidothymidine (AZT) which 

initially had potential as an anti-cancer agent (Wlodawer and Vondrasek, 1998). Although 

RNase H inhibitors have been described, none has yet been approved for clinical use 

(Sarafianos et al., 2009). NRTIs function by terminating the elongation of the growing cDNA 

strand and thus function like deoxynucleotide triphosphate (dNTPs) or analogues of the 

natural substrates of DNA synthesis. These inhibitors lack the 3’-OH normally present in the 

natural substrates and act as chain terminators when incorporated into viral DNA by RT 

(Sarafianos et al., 2009). Examples are zidovudine and didanosine (shown in Figure 2.9). 

NNRTIs on the other hand are allosteric inhibitors that inhibit the polymerase function by 

binding to a pocket that is approximately 10 Å close to the NRTI site, (Sarafianos et al., 2009, 

Gotte, 2006). The structures of two NNRTIs (nevirapine and delavirdine) are shown in Figure 

2.9. 

 
Figure 2.8: Ribbon representation of HIV-1 RT in complex with active site inhibitors.  The DNA 
polymerase, the NNRTI binding pocket and the RNase H active site are shown, all within the p66 domain 
(red). The p51 subunit is shown in green. This figure was taken from Sluis-Cremer and Tachedjian, (2008). 
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The importance of these NNRTIs and the NRTIs in HAART is significant. The NRTIs 

form the basis of HAART with at least two of them usually included in combination with one 

NNRTI or a PR inhibitor (Pommier et al., 2005). Unfortunately, the greatest shortcoming with 

HAART therapy amongst others is not only the high genetic diversity of HIV within an 

individual patient resulting from high replication and frequent recombination events. The error 

prone nature of RT (Simon et al., 2006, Svarovskaia et al., 2003) also results in the 

development of viral strains resistant to RT inhibitors and other drug targets. In addition these 

drugs like most of the other classes of HAART drugs are toxic, with adverse effects ranging 

from lactic acidosis to hepatotoxicity (Montessori et al., 2004). More details on these 

limitations will be provided in the next section. 

     

                 

    

 
 
 
 
 
 
 
 
Figure 2.9: Structural representation of some RT inhibitors currently in clinical use.  Zidovudine and 
didanosine are examples of NRTIs while delavirdine and nevirapine are NNRTIs. This figure was adapted 
from Sarafianos et al., (2009). 
 
2.1.7.2 HIV protease and inhibitors  

HIV protease  is an aspartic PR that is involved in the processing of the viral gag and 

gag/pol polyproteins (Debouck, 1992), a step that is necessary for the production of infectious 

virions. It does so by hydrolysing the polyproteins to functional protein products that are 

necessary for viral assembly and subsequent activity. This maturation process occurs as the 

virion buds from the cell. A functional HIV PR enzyme exists as a dimer of identical 99 amino 

acids with a twofold axis of symmetry through the substrate binding site (Purohit et al., 2008). 

This enzyme is very important in HAART therapy since its inhibition prevents the formation of 

infectious virions (Wlodawer and Vondrasek, 1998). A crystal structure of HIV PR is shown in 

Figure 2.10 with two catalytic residues (Asp25 from each monomer) shown as ball and stick 

diagrams. The early knowledge of the crystal structure of HIV PR facilitated structure-based 

drug design for this target (Wlodawer and Vondrasek, 1998).  

The structures of two of the ten clinically approved PR inhibitors  are shown in Figure 

2.11 namely ritonavir and indinavir. Both inhibitors have hydroxyl groups (boxed) that are 

important in the formation of hydrogen bonds with the active site aspartates (Wlodawer and 

Erickson, 1993). Resistance to PR inhibitors is also common and develops rapidly because of 

the site-specific mutations that occur in the enzyme at one or more locations (Rose et al., 

Zidovudine Didanosine 

Nevirapine Delavirdine 
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1996, Baldwin et al., 1995). This is also linked to the high error rate of RT since the nucleotide 

sequence of PR ends up changing over generations. Toxicity (e.g. hepatotoxicity), is also a 

common adverse effect associated with the use of PR inhibitors (Montessori et al., 2004). 

 
Figure 2.10: Structure of HIV PR.  Catalytic residues Asp25 from each monomer are shown in ball and stick 
notation just below the binding site pocket (Adapted from Zoete et al., 2002). 
 

 
Figure 2.11: Structure of some HIV PR inhibitors in clinical use.  The boxed hydroxyl group in both 
inhibitors is critical in forming hydrogen bonds with the active site aspartates. This figure was adapted from 
Wensing et al., (2010).  
 

2.1.7.3 HIV integrase and inhibitors 

HIV IN is an attractive drug target because there are no homologues in eukaryotic 

systems that could negatively affect host cell viability (Dolan et al., 2009). The enzyme is a 

DNA recombinase that catalyses two endonucleolytic reactions (Michel et al., 2009). These 

are the 3’processing (3’P) reaction  in which IN cleaves a dinucleotide from each of the 3’ 

ends of viral cDNA thereby exposing a 3’-OH group at each end and the strand transfer 

reaction where the enzyme generates a double-strand break in the host DNA and joins the 

newly formed ends to the viral 3’ ends by transesterification (Engelman et al., 1991). Host 

DNA repair proteins then remove the two nucleotide overhangs and fill in the DNA gaps to 

complete the integration reaction (Yoder and Bushman, 2000). The enzyme consists of three 
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structural and functional domains (shown in Figure 2.12). The N-terminal zinc-binding domain 

(residues 1-49), which is required for 3’ P and ST in vitro, binds viral DNA sequences and 

promotes IN multimerisation (Engelman et al., 1993), the central catalytic core domain (CCD; 

residues 50-212) binds specifically to viral DNA and the C-terminal domain (residue 213-288) 

that interacts with RT (Eijkelenboom et al., 1999).   

IN inhibitors  were only recently approved for anti-viral therapy with one of the greatest 

limitations having been the fact that the crystal structure of full length IN or in complex with 

DNA has not yet been resolved (Savarino, 2007). The first drug raltegravir has already been 

successfully used in the clinic (Chirch et al., 2009). Even though the enzyme represents an 

attractive HIV drug target, resistance (Wielens et al., 2010) and cross resistance problems 

between raltegravir and a second IN inhibitor in clinical trials (elvitegravir) have already been 

reported (Marinello et al., 2008). Figure 2.13 portrays the structures of raltegravir and 

elvitegravir and two other compounds, 5-CITEP (1-(5-chloroindol-3-yl)-3-hydroxy-3-(2H-

tetrazol-5-yl)-propenone) and a diketo acid B which have demonstrated in vitro inhibition of IN.  

 
Figure 2.12: Structural and functional domains of IN.  The N-terminal domain which is also the zinc 
binding domain consisting of residues 1-49, the CCD consisting of residues 50-212 which binds specifically 
to viral DNA and the C-terminal domain which interacts with RT and consist of residues 213-288. Residue 
numbers for each of the domains are shown (but not for RT and PR above) since the structure of full length 
IN has not been resolved. The figure was adapted from Mouscadet et al., (2010). 
 

 
Figure 2.13: Structure of some IN inhibitors.  The clinically approved raltegravir and elvitegravir are 
shown. 5-CITEP and the diketo acid B have inhibited IN in vitro. This figure was taken from Savarino, (2007). 
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2.1.7.4 Viral entry and inhibitors 

The viral entry process  is a complex multistep event that involves (a) attachment to 

host cells and CD4 binding, (b) co-receptor binding and finally (c) membrane fusion (see 

Figure 2.14A, reviewed by Tilton and Doms, 2010). Entry is initiated by the attachment of 

gp120 found on the viral surface with the CD4 receptor of the host cell. This is followed by 

conformational changes involving the V3 loop (on gp120) of the virus, allowing for binding with 

the co-receptor (Huang et al., 2005 Trkola et al., 1995). The gp41 fusion peptide is then 

inserted into the host membrane followed by the formation of a six-helix bundle that brings 

both viral and host membranes together. This leads to the formation of a fusion pore allowing 

for the entry of HIV capsid into the host cell.  

Entry inhibitors  consist of compounds that prevent one of the multistep processes 

involved in entry i.e. attachment and CD4 binding, co-receptor binding and fusion. Two entry 

inhibitors (maraviroc and enfuvirtide) have been approved for the treatment of HIV infection 

and a number of new drugs are in development (Tilton and Doms, 2010). The currently 

approved entry inhibitors block CCR5 binding e.g. maraviroc and fusion e.g. enfuvirtide 

(structures shown in Figure 2.14B). These drugs are ideal for patients harbouring strains 

resistant to RT and PR and can therefore serve as salvage therapy. Such drug types are also 

recommended for use in microbicides (Tilton and Doms, 2010) since they can prevent entry.  

Resistance to entry inhibitors is also possible since the viral envelope which is targeted 

either directly or indirectly has high diversity and can vary between patients (Tilton and Doms, 

2010). Mutations indicative of resistance have been seen in patients on enfuvirtide (Xu et al., 

2005, Poveda et al., 2004).  

 
 
 
 
 

    

Maraviroc 

     Enfuvirtide  
Figure 2.14: Viral entry process (A) and some entry inhibitors (B). The molecular structure of the CCR5 
antagonist maraviroc and that of the fusion inhibitor, enfuvirtide are shown in B. This figure was taken from 
Tilton and Doms, (2010). 
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2.1.7.5 Cytostatic inhibitors and virostatic combinations 

Drugs used in the clinic for HIV treatment have until recently, largely focused on those 

that target the virus directly. The problem with such medication is the rapid development of 

drug resistant strains of the virus (Simon et al., 2006, Svarovskaia et al., 2003, Holmes et al., 

1992). In order to address drug resistance, recent research efforts have aimed at indirectly 

inhibiting the virus through cellular targets (Lori et al., 2005, Mayhew et al., 2005, Lori et al., 

2007, Lori, 2008). Compounds that cause a cytostatic effect on cells such as hydroxyurea 

(HU), trimidox and didox have been shown in vitro and all the way to clinical trials (Lori, 2008, 

Mayhew et al., 2005, Lori et al., 2005, Lori, 1999, Lori et al., 1997) to be less prone to 

resistance when compared to the current HAART combinations. Cytostasis is the ability of an 

agent to prevent cell growth and multiplication. Hydroxyurea has a history in the hematology 

field for the treatment of myeloproliferative disorders and cancers (Lori, 1999) because of its 

cytostatic effects. The cytostatic effect of HU lowers dNTP pools within the cells resulting in a 

reduction in viral replication since the virus requires host dNTPs for synthesising viral cDNA. 

HU is known to inhibit RNR which normally converts ribonucleotides to dNTPs (Lori, 1999) and 

specifically reduces the synthesis of deoxyadenosine triphosphate (dATP, Slabaugh et al., 

1991, Bianchi et al., 1986). For this reason, it is often combined with adenosine 

dideoxynucleoside analogues e.g. didanosine (ddI). In this combination, HU lowers the 

concentration of the natural substrate needed for DNA synthesis (i.e. dATP) thereby 

increasing the concentration of the analogue (ddI) leading to an overall decrease in viral 

replication. Other ways by which HU inhibits HIV is through its immune modulating effects in 

which case the compound decreases CD4 T cell numbers, reducing the number of activated 

cells that are primed for killing by HIV. There are concerns that such agents may be very toxic 

especially when administered to already immunocompromised individuals (Lori et al., 2005). 

However, even though HU alone may be toxic (to very sick people) compelling evidence now 

suggests that the combination of HU or HU-like agents with compounds that have a direct anti-

viral effect such as ddI, results in the boosting of immune parameters such as CD4+ cell 

increases and decreases in viral load. This combination forms what is now considered a new 

and emerging class of anti-HIV agents known as virostatics and defined by Lori et al., (2007, 

2005) as the combination of a drug directly inhibiting virus e.g. ddI (viro) and one indirectly 

inhibiting virus (static) e.g. HU.  

The anti-viral and cytostatic mechanism of virostatics is illustrated in Figure 2.15A and 

B and the structure of HU is provided in Figure 2.16. Didanosine is clinically used as a NRTI 

and its structure was provided earlier in Figure 2.9. In the anti-viral mechanism (A), in the 

absence of treatment, more viral particles are produced and upon treatment with HU, there is 

a decrease in viral particles. In the absence of treatment (cytostatic mechanism, B), 

proliferation increases and so does viral particles but upon treatment with HU, there is a 
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decrease in viral particles and an optimal number of CD4+ cells. The combination of the anti-

viral and cytostatic effects results in an overall shift to an optimal state.  

Virostatic cocktails have shown promising results both in vitro and in clinical trials 

(Clouser et al., 2010, Lori et al., 2005, Mayhew et al., 2005, Lori et al., 1997, Frank, 1999, 

Rutschmann et al., 1998, Federici et al., 1998). The outstanding advantage is the observed 

improved resistance profile, which makes this combination unique over current HAART 

schedules.  

 

 
Figure 2.15: The anti-viral and cytostatic mechanism of virostatic agents . In (A), in the absence of 
treatment, the virus makes more copies of itself and upon treatment with HU-ddI combination, less viral 
particles are present. In B, in the absence of treatment, the virus divides more as the cells get activated and 
proliferation increases but upon treatment with HU, the number of viral particles reduces and the CD4 cell 
number shifts to an optimal but intermediate level. These figures were taken from Lori et al., (2007).  
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Figure 2.16: Structure of hydroxyurea, an important cytostatic agent.  The figure was taken from 
http://upload.wikimedia.org/wikipedia/commons/c/c9/Hydroxyurea.png (accessed on the 5/05/2011).  
 
2.1.7.6 Novel targets 

Until a cure is developed for HIV, sustained continual development of anti-viral therapy 

is required since it is the only lifeline for infected individuals. The driving force for novel drug 

development is the resistance problems associated with HAART (Adamson and Freed, 2010). 

Identifying new therapeutic targets for inhibiting the virus is important and as such new ones 

are continually being sought. In addition to exploring new viral targets, viral host protein 

interactions and cellular targets are also being explored (Adamson and Freed, 2010). Novel 

targets relevant to this study include the RNase H site of RT and the IN cofactor or lens 

epithelium derived growth factor (LEDGF) or p75 binding site which are both post entry targets 

(Adamson and Freed, 2010). The RNase H site as mentioned earlier is involved in the 

reactions that result in the conversion of viral RNA to cDNA during the reverse transcription 

process. There are currently no known RNase H inhibitors in the clinic but a lot of research 

into their possible use is ongoing. RNase H is a viable target because point mutations within 

its domain have shown that its endonuclease activity is required for viral infectivity (Kirschberg 

et al., 2009). 

LEDGF on the other hand is a cellular cofactor involved in the integration process by 

tethering IN to the chromosome of infected cells (Poeschla, 2008, Maertens et al., 2003). 

Various studies have shown that by inhibiting the LEDGF-IN (protein-protein) interaction, the 

integration process catalysed by IN can be allosterically blocked (Christ et al., 2010). The 

cofactor interacts with the enzyme’s catalytic core domain using its C terminal integrase 

binding domain (IBD). The structure of the LEDGF-IN complex is shown in Figure 2.17. Only 

the IBD of LEDGF is shown.  
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Figure 2.17: Structure of IN-LEDGF complex.  The cofactor interacts with the CCD of IN using the IBD. 
The CCD of IN chains A and B are coloured green and blue. The integrase binding site of LEDGF is 
coloured purple. Yellow sticks represent the catalytic triad of IN active site. The LEDGF binding site is 
different from the catalytic site. This figure was taken from Cherepenov et al., (2005).   
 

2.1.8 Therapy Complications and the Need for Novel Drug Development  

Treatment with antiretroviral therapy (ART) has greatly improved and prolonged the 

lives of infected individuals. This development has unfortunately been met with numerous 

challenges. The major ones which include toxicity to the host and resistance to drugs by the 

virus will be discussed together with some of the adverse effects that stem from the use of 

these drugs. 

 
2.1.8.1 Viral resistance to available drugs 

Drug resistance has been noted for all the known inhibitors of HIV i.e. those aimed at 

viral enzymes (RT, PR and IN) as well as those aimed at viral entry. This has been attributed 

to a number of factors. The extensive genetic variation that the virus has within an individual 

host particularly in the hypervariable regions of the env genes (Holmes et al., 1992) means 

that different variants of the virus easily develop. Furthermore, the error prone nature of RT 

during the viral genome copying process also facilitates the development of resistance (Simon 

et al., 2006, Svarovskaia et al., 2003). The enzyme is known to make ~ 0.2 errors per genome 

during each replication cycle (Preston et al., 1988). These errors end up causing mutations in 

the structure of RT, IN, PR as well as the viral envelope over generations of replication with 

the result being resistance to all the inhibitors of these targets. This is further enhanced by the 

high replicative ability that the virus has with a viral generation time of ~ 2.5 days, producing ~ 

1010 -1012 new virions everyday (Perelson et al., 1996). In addition, recombination and natural 

selection pressures further propagate evolution and genetic diversity and thus increases 

resistance (Rambaut et al., 2004). The fact that most HAART drugs were developed for 

subtype B viral strains means that specificity for non-B subtypes is reduced. The result of this 

is the development of resistant strains by non-B subtypes that are different from those seen in 
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the subtype B strain, in addition to those normally present in subtype B strains (Kantor and 

Katzenstein, 2004). Resistance problems are also further complicated by cross resistance to 

the same class of compounds e.g. NNRTI (Johnson et al., 2005) and to the recently approved 

raltegravir and elvitegravir (a second IN inhibitor in phase III trials, Marinello et al., 2008). The 

identification of drugs that target non viral targets (e.g. those that inhibit ribonucleotide 

reductase or which lower immune activation by preventing antigen presenting cells from 

activating T cells) may arguably be the best remedy in curbing the rampant resistance 

problems associated with all classes of drugs currently used in HAART combinations and in 

salvage therapy. More specifically the use of virostatic combinations (please see section 

2.1.7.5 for details on this) which reduce the development of viral resistance, may be the way 

forward.   

 
2.1.8.2 Drug toxicity to host 

Toxicity to the host is a major limitation of ARV agents and is evident in many ways that 

result in adverse clinical manifestations. Some toxicity examples include hepatotoxicity from 

the RT inhibitors (NRTIs and NNRTIs) and PR inhibitors, PR inhibitor-associated retinoid 

toxicity (reviewed by Montessori et al., 2004) and mitochondrial toxicity caused by NRTIs 

which all lead to a whole host of clinical manifestations that can be deadly (Montaner et al., 

2003). The fact that therapy is life-long means toxicity problems cannot be ruled out during 

HAART. Other clinical complications from HAART, provided by Yeni (2006) include 

complications from NRTIs that lead to subcutaneous lipoatrophy peripheral neuroparthy, lactic 

acidosis and pancreatitis with the former two being life threatening conditions. Complications 

from NNRTIs could be skin rashes and toxic hepatitis and these usually occur during the onset 

of treatment. With regards to PR inhibitors, the major adverse effects are the accumulation of 

visceral fat and hyperlipidermia. A link between the duration of HAART and the incidence of 

myocardiac infarction has also been observed. 

 

2.1.8.3 Other limitations 

Other limitations of HAART that end up affecting treatment and treatment schedules 

are: (1) intolerable side effects such as bloating, nausea, diarrhoea (which may be temporary 

or may be throughout therapy, Carr and Cooper, 2000), fatigue, headaches and nightmares 

(Montessori et al., 2004). These effects usually lead to poor adherence. Poor adherence 

means suboptimal doses of the drugs are taken such that virus escape mutants result leading 

to increased drug resistance. (2) The costs involved in acquiring the drugs limits availability in 

resource restricted settings such as Sub-Saharan Africa where the infection burden is the 

highest. (3) Unfavourable drug-drug interactions resulting from the combination therapy and 

(4) the presence of latent forms of the virus in patients on HAART (Finzi et al., 1997) prevents 
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complete eradication. This last complication is the reason why therapy has to be life-long since 

upon discontinuation, the latent forms emerge and start replicating.  

 
2.1.8.4 Cure limitations 

In 2009, the New England Journal of Medicine published a report of a man who was 

cured of HIV after receiving stem cells transplanted from a donor homozygous for the CCR5 

delta32 gene as treatment for acute myeloid leukaemia (Hutter et al., 2009). Infection with HIV 

requires the presence of the CD4+ receptor and the CCR5 co-receptor. People with a 32 bp 

deletion in their CCR5 allele are reportedly resistant to HIV infection. Although possible, 

treating HIV infected people through this means has significant costs implications and finding 

the right donor could be very challenging as well. An important outcome of the study was the 

awareness of the significance of the CCR5 co-receptor in HIV infectivity that has encouraged 

investigations into identifying CCR5 inhibitors. Findings by Pellegrinii et al., (2011) in which the 

clearing of an HIV-like virus (by the boosting of immune functions) from mice through the 

suppression of the Socs3 gene by IL-7 still require significant research to translate to useful 

clinical application. As mentioned before, the identification of latent forms of the virus during 

treatment (meaning the virus can not be completely eradicated with HAART, Finzi et al., 1997) 

was one of the earliest shortcomings. Upon termination of treatment, these latent forms 

emerge and start replicating.  

 
2.1.8.5 Local needs 

In the South African context, identifying novel therapy specific to the subtype C strain is 

very important because this strain (which is prevalent in this part of the world, Nkolola and 

Essex, 2006, Wouter et al., 1997) has not been as widely studied as the subtype B virus found 

in developed countries. Currently administered medications were synthesised using the 

subtype B viral strain and even though these drugs are active against non B strains e.g. C, 

effectiveness is less with a resultant increase in the incidence of mutations (Kantor and 

Katzenstein, 2004). In addition, the cost of current medication cannot be met by the poor (Ford 

et al., 2007) making the identification of local, more effective and potentially cheaper therapies 

a necessary endeavour. This was one of the reasons that led to the creation of the Project 

AuTEK Biomed Consortium which is affiliated with two mining companies in South Africa 

(Mintek and Harmony Gold) and South African universities. The idea here was that the natural 

availability of pure gold deposits in South Africa could be exploited for possible health benefits 

by using gold in synthesising potential drugs.  

Taken together, all the shortcomings in managing HIV and AIDS, coupled with the fact 

that no available vaccine or cure has been discovered necessitates the continuous search and 

identification of novel treatment options that can be used to supplement or replace currently 

available drugs. In the next section, an introduction to the drug development process will be 
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provided followed by a discussion on the use of metals in medicine with specific emphasis on 

gold-based compounds.  

 

2.2 DRUG DEVELOPMENT 

Drug development and discovery can be a very tough and long process both 

scientifically and financially for the pharmaceutical industry and it can typically take up to a 

decade for a drug to go through the different phases of drug discovery (Fishman and Porter, 

2005), which are shown in Figure 2.18. These phases include the lead or target discovery 

phase during which important molecular targets are identified. This phase can typically take a 

year to several years (Fishman and Porter 2005). This is followed by the preclinical phase 

where toxicity, efficacy and dose response is determined using both in silico and in vitro 

techniques and involves technologies that range from traditional high throughput screening 

(HTS) to affinity selection of large libraries, fragment-based techniques and computer-aided 

design (Keseru and Makara, 2006). In phase I/II, biomarkers and response to treatment are 

monitored together with adverse responses and efficacy in humans. Successful candidates 

which go through these preliminary phases are finally entered into phase III/IV, a phase which 

involves the prediction of adverse responses and efficacy monitoring at a larger scale and 

finally approval and clinical application of the successful drug candidate.  

 

 
Figure 2.18: Drug discovery phases:  a typical drug discovery phase diagram. This figure was taken from 
www3.bio-rad.com (accessed 26/01/2011) 
 

In the course of the discovery process, drug-like properties which include; absorption, 

distribution, metabolism, excretion and toxicity (ADMET) are monitored. Compounds that are 

drug-like are defined as those compounds that have sufficiently acceptable ADMET properties 

to survive through the completion of human Phase I clinical trials (Lipinski, 2000). Identifying 

drug-like compounds has become increasingly important after it was observed in the late 

1990s that the main causes of late-stage failures in drug development were as a result of poor 

pharmacokinetics and drug toxicity (Lombardo et al., 2003, van de Waterbeemd and Gifford, 
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2003). The introduction of ADMET screens in the early phases of drug discovery avoids loss in 

expenditure by pharmaceutical companies downstream the discovery process when it 

becomes apparent that the compounds are not drug-like. 

In the past, focus on determining binding to the active site was a strong priority in 

discovery for medicinal chemists where HTS and traditional medicinal chemistry techniques 

were employed (Kerns and Di, 2008). The focus in modern day drug discovery is on structure 

activity relationships (SAR, Di and Kerns 2003). The latter has been enhanced by the 

development of virtual (in silico) screening techniques, which have been emerging in the past 

decade and are now perceived as complementary approaches to experimental HTS (Desai et 

al., 2006). Coupling experimental HTS and virtual screening with structural biology, promises 

to enhance the probability of success in the lead identification stage of drug discovery. The 

combinations of these techniques have not only led to increased output but through SAR or 

rational drug design studies, medicinal chemists can easily correlate pharmacological and 

biological properties (Kerns and Di, 2008). The earliest impact of this was the decrease in late 

failures from 39% in 1998 to 10% in 2000 (Kola and Landis, 2004).  

While it is important that drugs should go through the various phases of drug design to 

ensure safety and efficacy, identifying a perfect drug has never been achieved in the 

pharmaceutical industry (Joshi, 2007). As such, finding drugs that are tolerable such that 

management and patients could eventually benefit has been the trend. In this regard, 

physician intervention at the point of administration is an important point to consider during 

therapy.  

 

2.3 METALLODRUGS 

2.3.1 Brief Background 

With close to three decades that have passed since the discovery of HIV as the 

causative agent of AIDS, many investigators have dedicated enormous efforts to finding 

promising drug leads, both synthetic and natural (De Clercq, 1995) to supplement existing 

treatments. Although many potential medicinal products (crude extracts and single molecules) 

have shown efficacy against HIV in vitro and in vivo (Gambari and Lampronti, 2006), mostly 

organic synthetic agents have been clinically approved. Advances in inorganic chemistry 

suggest a significant role of metals especially those of the transition metal series as being 

important in synthetic medicinal chemistry (Rafique et al., 2010). These advances are 

facilitated by the inorganic chemists’ knowledge on coordination chemistry and redox 

properties of metal ions (Kostova, 2006). In addition, the wide scope that metals have in 

interactions with biological systems means that they could easily be accommodated in drugs. 

This ease of interactions results from the fact that metals easily lose electrons and get 

converted to an ionic state, which is soluble and electron deficient (Orvig and Abrams, 1999). 

In this state, metals tend to interact with proteins and DNA which are electron rich (Orvig and 
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Abrams, 1999). An example is iron, contained in the protein haemoglobin which binds to 

oxygen. Others are manganese, copper, zinc and iron that are incorporated into enzyme 

structures producing metalloenzymes which facilitate important chemical reactions in the body 

(Orvig and Abrams, 1999).  

Metal-based drugs or metallodrugs have a history dating back to the earliest times 

(Higby, 1982) have advantages over traditional organic medicine. The drugs make use of 

metal-drug synergism where there is enhancement of the activity of the parental drug after 

complexation which is chemical reaction involving a metal and an organic moiety (ligand) with 

the metal (Navarro, 2009, Beraldo and Gambino, 2004). This activity enhancement is thought 

to be as a result of structural stabilisation from the coordination/complexation of the metal to 

the organic moiety (Navarro, 2009) or the ligand to form what is known as a complex. The 

metal complex or coordination complex as defined by Rafique et al., (2010) is a structure 

consisting of a central atom, bonded to a surrounding array of molecules or anions.  

In some cases, complexation with metals has been reported to lead to decreases in 

toxicity of the metal ions since the organic portion of the drug makes it less available for 

unwanted interactions that could lead to toxicity (Sánchez-Delgado and Anzellotti, 2004). 

Coordination may also lead to significant reduction in drug resistance because of improved 

specificity (West et al., 1991, Kostova, 2006). The metals in metallodrugs form covalent bonds 

and ionic forces, unlike organic molecules, which form van der Waal forces and hydrogen 

bonding. Since these covalent and ionic forces are stronger, the drugs tend to stay at the 

active site longer thereby increasing efficacy and resulting in a synergistic effect from the 

organic and metal moieties (Navarro, 2009).  

Some metals with medicinal properties are iron, ruthenium and silver, among others 

(reviewed by Rafique et al., 2010). A typical example of a medicinally significant metal-based 

compound is cisplatin (a platinum-based drug), an anti-cancer agent. The discovery of this 

compound renewed interest in medicinal inorganic chemistry (Fricker, 2007, Zhang and 

Lippard, 2003). Gold-based metallodrugs also exist and are the focus of this study. 

 

2.3.2 Gold Compounds as Metallodrugs 

The use of gold in medicine (known as chrysotherapy) dates back to 2500 BC in 

ancient China (Fricker, 2007) probably mostly from anecdotal evidence. Its modern day 

application goes as far back as 1890 when Robert Koch discovered [KAu(CN)2] as a 

bacteriostatic agent effective against the tubercle bacillus (Navarro, 2009). This led to the 

subsequent use of gold compounds for the treatment of tuberculosis (Berners-Price and 

Sadler, 1996) without success and later for the treatment of rheumatoid arthritis (RA) for which 

remission has been largely successful. In the following subsections, the activity of gold 

compounds both in vitro and in vivo will be discussed with emphasis on the anti-rheumatoid 

arthritic, anti-cancer, anti-malarial and anti-HIV effects.  

 
 
 



CHAPTER 2 LITERATURE REVIEW AND BACKGROUND 
 

Page | 29  
 

2.3.2.1 Gold compounds as anti-rheumatoid arthritic agents 

Rheumatoid arthritis is an inflammatory disease characterized by progressive erosion 

of the joint resulting in deformities, immobility and a great deal of pain (Fricker, 1996). It is an 

autoimmune disease that causes progressive destruction of the connective tissue in joints 

(Sutton, 1986). As early as 1935, Jacques Forrestier reported on the beneficial effects that 

gold salts had in slowing down RA (Sutton, 1986). Some gold compounds that have been 

used for the treatment of RA are the thiolate compounds in which the gold is coordinated to 

sulphur-containing ligands. The earliest gold compounds used for the treatment of RA were 

the injectable thiolates; aurothioglucose (also called solganol) and aurothiomalate (also called 

myochrisin). Auranofin (also called radiura) is orally administered and was identified as a 

potential anti-rheumatoid arthritic agent in 1972 (Sutton et al., 1972) and was latter approved 

for clinical use. This compound has better pharmacokinetic properties and reduced toxicity 

than the injectable drugs. The structures of the thiolate compounds (aurothioglucose, 

aurothiomalate and auranofin) are shown in Figure 2.19. A fourth compound which is of 

medical importance (also represented in Figure 2.19) is the bis(diphos)gold(I) chloride 

compound which demonstrated promising anti-cancer activity and will be discussed in the next 

subsection.  

 

 
Figure 2.19: Structure of some important gold compounds in medicine.  Thiolate compounds 
coordinated to Au through a S atom include myocrisin, solganol and auranofin. Myocrisin and solganol are 
injectable drugs while auranofin is orally available. The bis(diphos)gold(I) chloride is also represented as 
Au(DPPE) chloride (Adapted from Ahmad, 2004). 
 
2.3.2.2 Gold compounds as anti-cancer agents 

The discovery of cisplatin and its derivatives as anti-cancer drugs prompted the search 

for other metal containing anti-cancer agents (Arnesano and Natile, 2009). Early studies 

showed that the anti-rheumatoid arthritic agent, auranofin was toxic to some tumour cells in 

culture and in vivo against P388 leukaemia (Lorber et al., 1979) but because of inactivity in 

vivo on most cancer cells, further testing was not pursued. A bis(diphos) gold(I) chloride 
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containing compound, Au(DPPE)2Cl (Figure 2.19) known in full as [1,2-

bis(diphenylphosphino)ethane]gold(I) chloride was reported in the 80s as having promising 

anti-tumour activity (Fricker, 1996, Berners-Price et al., 1986, Mirabelli et al., 1986) but latter 

dropped because of pre-clinical toxicity (Hoke et al., 1989). This compound and auranofin are 

both gold(I) complexes.  

Since gold(III) complexes are similar to cisplatin isostructurally and isoelectrically (Bruni 

et al., 1999), these complexes were favoured for anti-cancer testing. Despite the similarity, 

little literature information existed on the use of gold(III) complexes as anti-cancer agents 

(Tiekink, 2002) up to the late 1990s. The reason for this is because of the high redox potential 

and poor stability that these compounds have in the biological milieu (Fricker, 1996). It has 

only been in the last decade that gold(III) complexes with promising anti-cancer activity in vitro 

have been identified leading to a rekindled interest. This is attributed to the identification and 

coordination to more stable ligands that are not readily reduced. Ligands such as polyamines, 

terpyridines, and phenathrolines are favoured (Milacic and Dou 2009). Some examples of 

stable gold(III) complexes that employed stabilising ligands are [Au(cyclam)](ClO4)Cl2, 

[Au(terpy)Cl]Cl2 and [Au(phen)Cl2]Cl (where terpy =  terpyridine and phen = phenathroline) 

which were active against the A2780 ovarian cancer cell line and on a cisplatin resistant 

variant (Marcon et al., 2002, Messori et al, 2000). The gold(III) porphyrins are other examples 

which are stable in the presence of glutathione and exerted higher potency than cisplatin to 

human cervix epitheloid cancer cells (Che et al., 2003). These new gold(III) compounds which 

have demonstrated greater efficacy than cisplatin require further pharmacological testing 

(Nobili et al, 2010) to establish their possible role in anti-cancer therapy.   

 

2.3.2.3 Gold compounds as anti-malarial agents 

Since the landmark report by Navarro et al., (1997) on the anti-malarial activity of a Au-

CQ complex (CQ=chloroquine) and their 2004 report (Navarro et al., 2004) further supporting 

these findings, other authors (Khanye et al., 2010, Gabbiani et al., 2009, Sannella et al., 2008) 

have also shown that gold-based compounds demonstrate such activity. Khanye et al., (2010) 

investigated the anti-malarial activity of gold(I) thiosemicarbazone-based complexes against 

the malarial cysteine protease, falcipain 2. The authors showed that there was an enhanced 

efficacy of the gold(I) thiosemicarbazone-based complexes against CQ sensitive (D10) and 

CQ- resistant (W2) strains compared to the parent ligand through the inhibition of falcipain 2. 

Gabbiani et al., (2009) also reported on the anti-plasmodial activity of a panel of metal 

complexes consisting of one mononuclear gold(III) complex (Aubipy where bipy represents 

bipyridenes) and three dinuclear gold(III) complexes. In another report, Sanella et al., (2008) 

showed that auranofin which is a potent inhibitor of mammalian thioredoxin reductases (which 

causes severe oxidative stress) was capable of inhibiting the growth of the malaria parasite 

which is known to be sensitive to oxidative stress. This interesting revelation which displays 
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the potent antiplasmodial effect of auranofin (a drug already in clinical use for the treatment of 

RA) has the advantage of lowering costs in drug discovery in the emerging field known as 

drug repositioning. 

 

 2.3.2.4 Gold compounds as anti-HIV agents 

Various reports on the in vitro activity of gold compounds as anti-HIV agents have been 

recounted by various authors (Sun et al., 2004, Traber et al., 1999, Tepperman et al., 1994, 

Okada et al., 1993, Blough et al., 1989). In vivo activity has also been reported (Lewis et al., 

2011, Yamaguchi et al., 2001, Shapiro and Masci, 1996). Shapiro and Masci noted an 

increase in the CD4+ count of an HIV positive patient who was being treated for psoriatic 

arthritis with auranofin. Since the natural progression of HIV is characterised by a decrease in 

CD4+ count and considering the patient was not on anti-HIV medication, the assumption was 

that auranofin must have caused the improvement in the patient’s status. The anti-HIV activity 

of gold-based compounds was reviewed by Fonteh et al., (2010) as part of this PhD project 

and the full article is provided at the end of this thesis. The activity of these compounds is 

linked to their inhibition of HIV RT (Blough et al., 1989, Okada et al., 1993, Sun et al., 2004), 

immunomodulatory effects (Yamaguchi et al., 2001, Traber et al., 1999) and also to infectivity 

inhibition (Okada et al., 1993). In their 1996 report, Shapiro and Masci postulated that the 

remission that was observed for the HIV patient might have been as a result of inhibition of RT 

by auranofin or to the fact that proliferating cells were able to escape viral cytopathic effects. 

More recently, Lewis et al., (2011) demonstrated remission of a primate lentiviral infection 

through the restriction of viral reservoirs in a monkey AIDS model when auranofin was 

administered. 

 

2.3.3 Some Anti-HIV Mechanisms of Gold Compounds 

Gold-based metallodrugs have been used for the treatment of RA and have shown 

activity against cancers and a wide range of microorganisms including HIV as discussed 

above. This implies that these compounds have various mechanisms by which they function. 

In the next subsections, the mechanism of action of gold-based compounds will be discussed 

with particular focus on anti-HIV modes of action.  

 

2.3.3.1 Ligand exchange reactions 

Ligand exchange reaction is one of the mechanisms by which gold-based compounds 

interact with biological materials for example in the interaction with the sulfhydryl group of 

cysteine residues in the active site of proteins (Shaw III, 1999, Sadler and Guo, 1998). This is 

because gold readily binds to atoms of relatively low electronegativity such as sulphur, 

phosphorus or carbon (Parish and Cottrill, 1987). Another notable observation that suggested 

that gold in gold complexes undergoes ligand exchange reactions was the identification of 
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Au(CN)2 (a metabolite of gold compounds) in the urine of most patients after the 

administration of gold drugs and very minute amounts of the administered complex (such as 

auranofin and solganol, Elder et al., 1993). This observation meant that the drugs are 

prodrugs and that the active form was not the one administered but was produced as a result 

of the original compound being converted to the active form through ligand exchange 

reactions (Shaw III, 1999).   

Ligand exchange reactions were implicated in the inhibition of HIV infectivity by 

aurothioglucose (AuTG) and aurothiomalate which did so through the formation of the reactive 

species bis(thiolato) gold(I) with acidic thiol groups exposed on the surface proteins of the 

virus (Okada et al., 1993). The bis(thiogluocse)gold(I) - bisAuTG reactive intermediate is 

formed upon the addition of AuTG to thiol ligands (such as thioglucose) that are capable of 

interacting with thiol groups of cysteinyl residues on the surface of proteins (Shaw III, 1999). In 

their work, Okada et al., (1993) demonstrated that the bisAuTG intermediate could undergo 

ligand exchange with thiol groups exposed on the surface of viral proteins. BisAuTG, was able 

to protect MT-4 cells from infection and lysis by HIV-1NL4-3 (Okada et al., 1993). Inhibition of 

viral entry or infectivity was reportedly through its reaction with Cys532 on gp160, a viral coat 

protein. BisAuTG was much more active than AuTG but unfortunately, lacked activity against 

more virulent strains of HIV. 

The inhibition of RT as seen for Au(CN)2 (Tepperman et al., 1994) was also attributed 

to ligand exchange reactions where gold binds to sulfhydryl groups in the active site of RT 

(Allaudeen et al., 1985).  

 

2.3.3.2 Stripping of peptides from class II MHC 

De Wall et al., (2006) suggested that metal-based compounds such as gold 

compounds prevent the progress of autoimmune diseases like RA by stripping peptides from 

class II MHC proteins. Class II MHC proteins are essential for normal immune system function 

but also drive many autoimmune responses. This is done through the binding of peptide 

antigens in endosomes and presenting them on the cell surface for recognition by CD4+ T 

cells (Watts, 1997). The findings by De Wall et al., (2006) that metals can strip peptides from 

class II MHC supports the hypothesis of Best and Sadler (1996) that gold has the ability to 

alter MHC class II peptides. Ultimately, a small molecule inhibitor such as a gold-based 

compound could therefore potentially block an autoimmune response by disrupting MHC-

peptide interactions. De Wall and colleagues (2006) proposed this mechanism based on the 

identification of noble metal complexes as allosteric inhibitors of class II MHC proteins. The 

authors also showed that the noble metal inhibitors were able to block the ability of antigen 

presenting cells from activating T cells. This proposed mechanism might also be related to 

how gold compounds inhibit HIV. Considering that immune activation results in increased viral 

replication and decrease in CD4+ count (Forsman and Weiss, 2008), compounds that block 
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this activation might reduce viral replication and hence slow disease progression. The metal 

ions shown to possess this property shared similar characteristics such as being able to form 

square planar, four coordinate complexes which are isoelectric (i.e. having d8 electronic 

configuration). A typical example of a metal complex with these characteristics is the platinum-

based complex, cisplatin. Gold(III) compounds form similar complexes to cisplatin and are 

favoured over gold(I) compexes for such a mechanism.  

 

2.3.3.3 Modulation of cytokine production  

Chrysotherapy has been shown to reduce the production of IL-6 and 1L-8 in serum 

(Madhok et al., 1993) and cells such as monocytes (Crilly et al., 1994), macrophages (Yanni et 

al., 1994) and synovial cells (Loetscher et al., 1994). IL-6 and 1L-8 are all cytokines under 

nuclear factor kappa beta (NF-ĸB) regulation. This nuclear factor is also known to be a potent 

activator of HIV gene expression through the triggering of the transcription of viral genes. Gold 

compounds possibly act by down regulating NF-ĸB leading to a reduction in the production of 

these cytokines. The result is prevention of activation of the transactivator Tat gene which in 

turn prevents explosive increase in HIV replication (Traber et al., 1999). 

In another report, weekly treatment of LP-BM5 murine leukemia virus-infected mice 

with aurothiomalate resulted in prolonged survival (Yamaguchi et al., 2001). LP-BM5 murine 

leukemia virus causes a disease in mice that presents as immunosuppression and 

lymphoproliferation with features similar to AIDS. The mice had less cervical lymph node 

swelling and generally had fewer abnormalities in the expression of cell surface markers such 

as CD4. 

 

2.3.4 Side Effects of Gold-Based Therapy 

Like many medications, clinically available gold compounds demonstrate toxicity and 

various side effects. The side effects are strongly linked to the ligand used in synthesising the 

particular gold complex (Ott, 2009). Systemic toxicity e.g. nephrotoxicity is one of the noted 

toxicological effects of gold compounds (Nobili et al., 2010). Side effects noted in the course of 

gold therapy develop after the drugs have accumulated in the body and these effects affect 

the skin, blood, and kidney and occasionally cause liver toxicity (Parish and Cottrill, 1987). 

Side effects on the skin include rashes, dermatitis and stomatis (Ott, 2009). Major side effects 

such as proteinurie and thrombocytopenia have been reported (Taukumova et al., 1999, von 

dem Borne et al., 1986, Tosi et al., 1985). The majority of the noted side effects have been 

linked to the polymeric (injectable) gold compounds. The reason for this is because these 

compounds take up to two months to reach a steady state in blood and generally have a very 

long half life (Parish and Cottrill., 1987). Only 70% of gold drugs are excreted after 10 days of 

administration (Jones and Brooks, 1996). Gold is rapidly cleared from the blood and 

distributed to various tissues like the kidneys where it causes the already mentioned 
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nephrotoxicity. The orally available monomeric auranofin is much more tolerable but then has 

lower efficacy than the injectable drugs (Jones and Brooks, 1996) while Au(CN)2 is known to 

accumulate in cells with relatively low cytotoxicity (Zhang et al., 1995).   

The ability of gold-based compounds to alter MHC II peptide complex is thought to 

result in both the advantageous and disadvantageous qualities these drugs have (Best and 

Sadler, 1996). Depending on the type of interaction (i.e. binding to MHC protein directly or to 

the peptide directly) that the gold drugs make with the MHC II peptide complexes, therapeutic 

(inhibition of specific T cells) or side effects (stimulation of new set of T cells) could result 

respectively. Gold-induced dermatitis is known to result from significant lymphocyte 

proliferation in response to gold therapy (Verwilghen et al., 1992). Gold-specific T cell clones 

that proliferate when exposed to either gold(I) or gold(III) in vitro have been isolated from 

patients who developed hypersensitive reactions to gold therapy (Romagnoli et al., 1992).  

While these limitations are a concern, it should be noted that some patients tolerate the 

drugs more than others and because of the popularity that these drugs have in providing long 

lasting remission from rheumatoid arthritis (De Wall et al., 2006, Merchant, 1998) their 

therapeutic effect cannot be ruled out.  

 
2.4 HYPOTHESIS AND MAIN RESEARCH QUESTIONS 

The important role that gold plays in medicinal inorganic chemistry (section 2.3) 

coupled with the need for identifying novel compounds that could serve as anti-HIV agents 

prompted research into identifying gold-based anti-HIV agent(s). The research hypothesis 

was that: gold-containing compounds can inhibit HIV replication directly through action on viral 

enzymes and indirectly through action on host cells (e.g. immune modulation) and can serve 

as drug leads for further analysis and development. To investigate this hypothesis, the 

following main research questions were asked.  

 

2.4.1 Were the Gold Compounds Drug-Like? 

The mentioned side effects of gold-based drugs (section 2.3.4) suggest that for 

consideration as treatment, there was a need to determine how drug-like the compounds in 

the current study were. This need was further supported by the fact that one of the major 

reasons for late failures in drug development stems from the lack of drug-like or ADMET 

properties (Lombardo et al., 2003, van de Waterbeemd and Gifford, 2003). A very important 

drug-like property that was also investigated was the stability of the compounds in the 

dimethylsulfoxide (DMSO) solvent used for dissolution over time.  

 

2.4.2 What were the Effects of the Gold Compounds on Host Cells and Whole Virus? 

There is no point in developing a drug for human use if the source material is toxic to 

human cells. Primary cells and continuous cell lines represent an easy way of determining 
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drug interactions with host cells in an inexpensive manner prior to animal studies which are 

more costly and involve complex ethical issues (Allen et al., 2005). As noted earlier, gold-

based compounds such as AuTG and the reactive intermediate bisAuTG were capable of 

preventing viral infectivity of host cells (Okada et al., 1993). Aurothiomalate was shown to 

enhance CD4+ cell frequency in a mouse AIDS model and prolonged the life of the mice after 

weekly treatments (Yamaguchi et al., 2001). Based on this background, the effects of the 

compounds on immune system cells and on cell lines susceptible to HIV infection were also 

investigated. The cell-based analysis included; determining cytotoxicity (i.e. if the compounds 

had adverse effects that could lead to interference with structures and processes essential for 

cell survival) and monitoring of compound effect on cell proliferation (increasing cell number) 

patterns. Additionally the effect of the compounds on viral infectivity and immune system cells 

(frequency of CD4+ and CD8+ cells from both HIV positive and negative donors and the effect 

on inflammation by assessing IFN-γ and TNF-α levels within the CD4+ and the CD8+ cells) 

was also investigated. The effect of the compounds on T cell frequency and on the 

inflammation caused by HIV will be referred to as immunomodulatory effects which are 

defined as immunological changes in which one or more immune system molecules (such as 

IFN-γ and TNF-α) are altered through suppression or stimulation. 

 

2.4.3 Could the Gold Compounds Inhibit Viral Enzymes, and How? 

Current anti-HIV medications inhibit three important viral enzymes i.e. HIV RT, PR and 

IN. Viral resistance has become a major problem for compounds that target these enzymes. 

The identification of new inhibitors for existing drug resistant viruses or inhibitors that can 

inhibit important viral functions catalysed by these enzymes that are not blocked by existing 

drugs (Himmel et al., 2009) is important. In this project, tests to identify inhibitors of these 

enzymes were performed in direct enzyme assays (where compound effect on purified 

enzyme was studied in the presence of substrate). These direct enzyme assays provide 

information on whether a compound inhibits a viral enzyme or not, but does not provide 

information on the type of binding site interactions that occur or information on whether the 

compound is an active site or allosteric inhibitor. In order to probe the binding interactions of 

the compounds with viral enzymes, in silico computer aided screening also known as docking 

was performed. Docking refers to procedures aimed at identifying orientations of small 

molecules called ligands in the binding pocket of a protein or a receptor and to predict the 

binding affinity between the two (Krovat et al., 2005). Through this method, compounds with 

the potential to inhibit specific enzyme functions such as the polymerase or RNase H function 

of RT could be identified. In addition, medicinal chemistry information can be obtained that 

should aid in rational drug design such as information on functional group preference for 

enzyme active sites.   
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2.5 SCREENING STRATEGY AND METHODOLOGY 

In a proof of concept study, sixteen compounds were tested for toxicity to human cells, 

cellular uptake, HIV RT and PR inhibition, and for effects on the production of the viral core 

protein, p24 (Fonteh et al., 2009, Fonteh and Meyer 2009, Fonteh and Meyer, MSc. 

Dissertation, 2008). These compounds consisted of four ligands and eleven gold complexes. 

The compounds demonstrated stability in DMSO solution after one week when 31P and 1H 

NMR spectra were obtained. Uptake into both primary cells and continuous cell lines were 

demonstrated by inductively coupled plasma atomic emission spectrometry (ICP-AES, Traoré 

and Meyer, 2001) as positive. Eight of the complexes significantly inhibited HIV-1 RT at 

concentrations of 25 and 250 µM and three of the eight did so at 6.25 µM. In a fluorogenic 

substrate assay against HIV-1 PR, four of the gold complexes demonstrated inhibitory activity 

at 100 µM. The gold compounds were selectively toxic to cell lines but not to primary cells. 

One of the complexes (EK231) significantly (p=0.0042) reduced p24 production at a non-toxic 

concentration of 25 µM. 

Present Study : Based on the inhibitory effects of the gold compounds on RT and PR, the 

present study was initiated. Important questions such as the drug-likeness of the gold 

compounds, effects on host cells (immunomodulatory and whole virus) and binding 

interactions with viral targets such as RT and PR were desired. The effect of the compounds 

on the activity of a third viral enzyme, IN, was also sought.  

Eleven new compounds were included in the new study leading to a total of twenty 

seven compounds (eight ligands or gold compound precursors and nineteen complexes) 

consisting of five classes (I – V) which were based on the ligand types used for synthesis. The 

classes included; (I) gold(I) phosphine chloride-containing complexes, (II) the bis(phosphino) 

hydrazine gold(I) chloride-containing complexes, (III) the gold(I) phosphine thiolate-based 

complexes, (IV) the gold(III) Tscs-based complexes and (V) a gold(III) pyrazolyl-based 

complex. In addition to determining drug-likeness, the compounds’ effect on immune system 

cells was also determined. Direct enzyme assays were performed to determine the 

compounds’ effects on viral enzymes (RT, PR and IN) followed by in silico binding predictions 

to determine active site binding modes. To establish whether the different ligand types (and 

oxidation states i.e. +1 or +3) conferred unique class properties that could be exploited for 

further therapeutic use, activity and drug-likeness was compared. 

Strategy: A schematic overview of the screening strategy that was used is shown in Figure 

2.20. In the figure, twenty seven compounds from five classes (I-V) were tested for drug-

likeness, effects on host cells and viral enzymes followed by statistical analysis for differences 

between controls and treatments.  

In this report, the gold compound precursors (the ligands) and complexes are 

collectively referred to as the compounds. In the molecular modelling section in Chapter 5, the 

terminology used for the compounds will be ligands, to comply with molecular modelling 
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terminology for the complementary partner molecule that binds or interacts with a receptor. All 

the compounds tested here were received through Project AuTEK Biomed for bioscreening. 

Detailed synthesis (chemistry information) is not important for this work and is reported 

elsewhere but the basic chemical characteristics of the compounds are provided in chapter 3.  

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 2.20: Schematic representation of the screening strategy . Twenty seven compounds from five 
classes (I – V) were tested for drug-likeness, and for effects on host cells and viral targets.  
 

In silico techniques were used in this study, for optimisation and as complementary 

approaches to in vitro experimental assays. This is because the compounds tested had 

already been synthesised using traditional medicinal chemistry knowledge such as analysis of 

available biological data and chemical structure (Ohlstein et al., 2000), lipophilicity and anti-

viral activity of the relevant ligands and the history of gold-based compounds as anti-HIV 

agents. Other considerations were the fact that complexation of the ligands with gold and 

other metals usually led to an enhanced synergistic medicinal effect. Therefore, the screening 

approach was not rational drug design-based, where in silico predictions precede synthesis 

and experimental analysis. However, as soon as ADMET predictions were determined, the 

more favourable drug-like compounds were prioritised for further screening. Compounds with 

less favourable ADMET predictions were only tested further with the hope that efficacious 

compounds based on beneficial experimental data can be recommended for structural 

modification to improve activity.   

Preliminary assays included determining the ADMET properties and enzyme inhibitory 

effects of the compounds. This was done using in silico drug-likeness predictions and in vitro 

cytotoxicity studies as well as direct enzyme assays respectively with emphasis on high 

throughput screening (96 well plate formats for analysis). Subsequent assays included 

determining the immunomodulatory effects of the compounds, effect of compound on ability to 
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o Ligands  
o Gold complexes  

EFFECTS ON VIRAL ENZYMES 
o Direct enzyme Bioassays 
o  In silico binding mode predictions 
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o Viability and proliferation 
o Infectivity  
o Effect on Immune cells 

DRUG-LIKENESS AND STABILITY  
o In silico ADMET studies 
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STATISTICAL ANALYSIS  
o Microsoft Excel 2007 
o Graphpad Prism 
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prevent whole virus from infecting host cells (infectivity) and in silico enzyme mechanistic 

studies. In most cases, especially for the non HTS such as immunomodulatory studies, only 

compounds with favourable ADMET properties or which had shown activity in the direct 

enzyme assays were tested.  

Methodologies : Methodologies employed were standard biochemical techniques and 

included: (1) Nuclear magnetic resonance spectroscopy which was used in determining the 

stability of the compounds by monitoring structural changes from spectral chemical shifts, (2) 

spectrophotometric studies for determining absorbance (related to activity) after colour 

reaction in viability dyes and for the colorimetric RT and IN assays, (3) flow cytometry for 

determining the properties of single cells in suspension such as scatter, viability, proliferation 

and immune state, (4) fluorescent-based methods for monitoring the fluorescence of a 

fluorogenic HIV PR substrate, (5) luminescent methods for determining the luminescence of 

the luciferase gene product used in measuring infectivity levels and (6) in silico techniques for 

predicting drug-likeness and the bindings modes of the compounds to enzyme active sites 

using protocols in Discovery Studio® (DS) (Accelrys®, California, USA). In the next 

subsections, more details on what each of the main research questions entailed is provided. 

 

2.5.1 Drug-likeness Studies  

The drug-likeness of the compounds was determined using in vitro cytotoxicity 

techniques and in silico ADMET predictions. In vitro methods included the determination of the 

compound’s effect on the viability of human cells. This was assessed by monitoring the optical 

density of viability dyes by spectrophotometry and fluorescence properties of stained cells by 

flow cytometry as well as by monitoring the effect of the compounds on the proliferation of 

these cells. The in silico predictions involved the use of the ADMET protocol in the DS® 

software program (Accelrys®, California, USA) to predict human intestinal absorption (HIA), 

aqueous solubility, blood brain barrier (BBB) penetration, cytochrome P450 (CYP) inhibition, 

plasma protein binding (PPB) and hepatotoxicity. In addition, predictions for lipohilicity and 

polar surface area (hydrogen bonding ability) were also deduced. Stability studies were 

performed by storing the compounds at different temperatures and monitoring structural 

changes using NMR spectroscopy. This is important because structural stability means the 

original chemical entity obtained at the point of synthesis still has the same characteristics. 

Additionally, stability information can lead to deductions on shelf life. 

   

2.5.2 The Effect of the Compounds on Host Cells and on Whole virus. 

To investigate the effects of the compounds on host cells and whole virus, cell-based 

assays were performed. The assays included viability studies and proliferation studies to 

determine cytotoxicity, viral infectivity inhibition studies and the effect of the compounds on 
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immune cell frequency and cytokine production. Inhibition of infectivity was measured as a 

reduction in luciferase reporter gene expression in the TZM-bl reporter cell line.  

The immunomodulatory assays were done using a multi-parametric flow cytometry 

assay to determine the production of the important bio-molecules such as cytokines that are 

altered during infection. For this project the intracellular production of two representative 

cytokines within T cells (CD4+ and CD8+) was monitored. Only representative cytokines were 

chosen because of the complexity of the immune system. These were; (1) the anti-

inflammatory cytokine, interferon gamma (IFN-γ). This cytokine although also labelled as a 

pro-inflammatory because of its bimodal role in HIV (causes both enhancement and 

suppression of HIV replication, Alfano and Poli, 2005), was evaluated in this study as an anti-

inflammatory cytokine. IFN-γ is known to prevent systemic inflammation and has been 

associated with a decrease in HIV disease progression and pathogenesis (Ghanekar et al., 

2001, Francis et al., 1992). The second cyotokine (2) was tumour necrosis factor alpha (TNF-

α) which is a pro-inflammatory cytokine that is known to promote systemic inflammation and 

which has been associated with HIV disease progression in vivo (Caso et al., 2001). In 

addition, the choice of TNF-α as a representative pro-inflammatory cytokine was based on the 

fact that it is a prototype of pro-inflammatory cytokines and activates the production of other 

pro-inflammatory cytokines such as IL-1 (Barrera et al., 1996).  

Proliferation studies simultaneously provide information about cell viability and 

mechanistic information such as mode of cell death (apoptosis, necrosis or cytostasis). In 

addition, proliferation patterns provided clues on the possible stimulatory or inhibitory effects 

the compounds could have on T cell proliferation (i.e. if the compounds could have therapeutic 

benefits or if they could have adverse side effects, Best and Sadler, 1996). These were 

performed using the flow cytometric carboxylflourescein succinimidyl ester dye dilution 

technology and the xCelligence impedence-based technology on an RT-CES device.   

 
 

2.5.3 The Effects of the Compounds on Viral Enzymes  

The inhibition of three viral enzymes was performed using direct enzyme bioassays. 

These assays involve combining of recombinantly purified enzymes and their substrates in the 

presence of the compounds followed by activity monitoring either spectroscopically by 

measurement of absorbance from a colour reaction (for RT and IN) or by fluorescence 

measurement (PR). A complementary in silico assay using molecular modelling (docking) was 

performed for compounds which showed promise in the direct enzyme assays so as to predict 

the type of inhibitory mechanism involved as well as to confirm direct enzyme assay findings. 

With regards to inhibitory mechanism, it was necessary to know if compounds which inhibited 

these enzymes in the bioassays did so by binding to the active site or if they were allosteric 

inhibitors. In the case of RT, since the enzyme has both a polymerase and an RNase H 
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function, it was important that the exact function inhibited by the compound be determined. For 

IN, knowledge of whether the compounds interacted with the DNA binding or LEDGF binding 

site was necessary. 

 

2.5.4 Statistical Analysis 

Statistical analyses were performed using Microsoft® Office Excel® 2007(Microsoft 

Corporation, Washington, USA) and Graphpad Prism® (San Diego, California, USA). Some of 

the calculations that were performed included: standard error of means (SEM), p values, 

correlation coefficients, means, standard deviations, medians, CC50s and IC50s. Detailed 

explanations of what the statistical terminologies mean are provided in the appendix, chapter 8 

(Table A2.1 where A= appendix) 

For this project, assays were performed at least 4 times and up to 6 times for 

experiments that needed optimisation unless stated otherwise.  

 
2.6 OTHER RESEARCH OUTCOMES 

Other research outcomes include publications, awards (travel and fellowships) and the 

presentation of results at conferences. More details on these are provided in the preface 

section of this document, after acknowledgments (on page VIII).  
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CHAPTER 3 
GOLD COMPOUNDS: STRUCTURE AND 

DRUG-LIKENESS 
 

SUMMARY 
Background : Drug-likeness characteristics of compounds that are newly synthesised for 

biological testing or which are part of virtual libraries have to be investigated early in the drug 

development process. The compounds (twenty seven in total: eight precursors and nineteen 

complexes) tested in this study were synthesized and characterized by chemists of the Project 

AuTEK Biomed consortium. The compounds consisted of four gold*(I) phosphine chloride 

complexes and four complementary ligands, four bis(phosphino) hydrazine (BPH) gold(I) 

chloride complexes, six gold(I) thiolate complexes, four gold(III) thiosemicarbazonate 

complexes and corresponding ligands and a gold(III) pyrazolyl complex. These compounds 

were analysed for stability and similarity to known drugs with regards to chemical structure.   

Materials and Methods : 31P and 1H NMR spectra were obtained to determine the stability of 

representative complexes from each class. Drug-likeness studies were performed using in 

silico prediction models for ADMET and lipophilicity in the Discovery Studio Software package 

from Accelrys. The in silico lipophilicity predictions were compared to those obtained using the 

traditional shake flask method and to those obtained for available anti-HIV agents.  

Results and Discussion : The 31P NMR chemical shifts of a gold(I) phosphine chloride 

complex (TTC3), and a BPH gold(I) complex (EK231), remained stable after one week 

analysis dissolved in deuterated (d6)-DMSO and stored at -20 ºC and 37 ºC respectively. In 

the 1H NMR spectra of complexes TTC3, MCZS3, PFK174 and PFK7, a water peak on day 

zero suggested inherent hygroscopic abilities which became prominent after 24 h and on day 

7 (attributable to the hygroscopic nature of DMSO). The water peak appeared to have no 

discernible effect on structure since the backbone chemical shifts of most of the complexes 

were maintained but aqueous solubility appeared to be affected especially for complexes 

MCZS3 and PFK174. Of the nineteen gold complexes analysed, acceptable drug-like 

properties were predicted for eight and these findings were comparable to those of existing 

drugs. There was good correlation between experimental (shake flask) and in silico lipophilicity 

prediction values for two of the complexes; thus confirming the in silico findings.  

Conclusion:  Compounds with satisfactory drug-like properties which also demonstrate 

inhibitory activity (chapter 4 and 5) will be recommended as leads for further testing. Those 

with poor properties which end up being inhibitory will be recommended for optimisation by 

structural modification to increase drug-likeness while maintaining or improving potency.  

Keywords: Compound structure, drug-likeness, in silico, ADMET properties, stability. 

3.1 INTRODUCTION *chemical notation does not use space 
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Various transition metals have been exploited for therapeutic activity and have wide 

application in medicine ranging from the treatment of arthritis and cancers to microorganism 

infections (reviewed by Rafique et al., 2010). These metal-based drugs which are chemically 

synthesised complexes containing the relevant metal coordinated to suitable ligands form 

what is also known as metallodrugs. The metal of interest in this study is gold which is 

chemically represented as Au. Gold is a transition metal element with an atomic weight of 197 

and is a member of group IB on the periodic table. Gold exists in three oxidation states which 

are gold(0) or metallic gold, gold(I) and gold(III). Gold(III) and gold(I) are easily reduced to 

gold(0) in the presence of reducing agents and in the absence of stabilizing ligands (Merchant, 

1998). Gold(0) is the least active (Merchant, 1998).  

The ligands used play a crucial role in the synthesis of gold or metal-based complexes 

not only because complexation confers stability, but in some cases leads to better activities 

and/or reduced toxicities (Pelosi et al., 2010, Beraldo and Gambino, 2004). Since ligands can 

be chemically modified to accommodate different functional groups or atoms, a diversity of 

possibilities with regards to complex types is possible. This diversity is further enhanced by the 

fact that the d orbital of metals are in the process of filling such that different coordination 

complexes can be formed (Rafique et al., 2010). This is the advantage that inorganic 

medicinal chemistry has over organic medicinal chemistry (Fricker, 2007) since a diverse 

number of chemical entities can be synthesised.  

Gold-containing complexes are well known for their application as anti-rheumatoid 

arthritic agents (Champion et al., 1990, Fricker, 1996) but also show activity against various 

microorganisms including HIV (reviewed by Fonteh et al., 2010). In this project, the interest in 

synthesizing new gold-based complexes was not only sparked by the need for identifying 

novel therapy for the treatment of HIV infection but also by the history of these complexes with 

regards to anti-HIV activity. The earliest limitation of gold-based complexes that had activity 

against HIV was the fact that inhibition in direct enzyme assays could not be correlated in cell-

based assays. This was because the compounds could not be readily taken up by cells and 

thus could not reach therapeutic levels to inhibit viral targets within the cell in cultures (Zhang 

et al., 1994). A typical example is the injectable gold(I) thiolate complex, aurothioglucose, 

which inhibited RT in cell-free assays (Okada et al., 1993) but together with its metabolites 

could not be taken up by cells.  

Phosphine-containing ligands have better membrane permeability profiles (Gandin et 

al., 2010). The phosphine complexes screened here which were fourteen in total, included four 

gold(I) phosphine chloride-based complexes (P-Au-Cl) designated TTC3, TTC10, TTC17 and 

TTC24, four BPH gold(I) chloride-containing complexes (P-Au-Cl) designated EK207, EK208, 

EK219 and EK231 and six gold(I) phosphine thiolate-containing complexes (S-Au-P) 

designated MCZS1, MCZS2, MCZS3, PFK174, PFK189 and PFK190. The sulphur-containing 

ligand in the S-Au-P complexes is known to readily bind to gold (Abdou et al., 2009). This 
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ease of binding to gold is a property that is displayed during ligand exchange reactions when 

these compounds interact with sulfhydryl groups in cysteine residues of proteins (Roberts et 

al., 1996, Bernners-Price et al., 1996, Allaudeen et al., 1985). In the fourteen complexes, the 

gold atom formed strong covalent bonds with the ligands through coordination with S and P. 

Covalent bonds formed with S, P and C result in complexes with good stability and longer 

shelf life (Parish and Cottrill, 1987).  

The oxidation state of any metal is a critical factor in considering chemotherapeutic 

applications (Thompson and Orvig, 2003). Gold(I) complexes are generally preferred because 

of their stability and because they are less toxic than gold(III). The use of hard donor ligands 

such as N and O which result in relatively stable gold(III) complexes (Milacic and Dou 2009) 

has led to the synthesis of more physiologically stable gold(III) complexes. Gold(III) complexes 

with anti-HIV activity have been reported with their stability linked to the ligand choice (Sun et 

al., 2004). Five of the compounds tested in this study were gold(III) complexes and consisted 

of four gold(III) thiosemicarbazone-based complexes designated PFK7, PFK8, PFK41 and 

PFK43 and a gold(III) pyrazolyl complex designated KFK154b. Gold(III) gives rise to 

complexes that are isoelectric and isostructural like those of platinum (Bruni et al., 1999) and 

have thus been analysed for anti-cancer activity (Gabbiani et al., 2007, Messori et al, 2004, 

Che et al., 2003, Marcon et al., 2002) because of the anti-cancer activity associated with 

cisplatin (a platinum-based metallodrug). The choice of Tscs as ligands for gold(III) synthesis 

was not only motivated by the fact that these compounds consist of mixed donor atoms (N,S)  

that resulted in considerably stable gold(III) complexes. It was also because Tscs-based 

complexes have previously shown anti-HIV activity (Pelosi et al., 2010, Mishra et al., 2002, 

Pandeya et al., 1999) and it was thus envisaged that complexation with gold will enhance this 

activity as a result of the conferred stabilisation of the compound after complexation.  

In summary, the factors that were considered during synthesis (so as to increase the 

drug-likeness of the complexes) included the compounds’ potential for inhibiting HIV, potential 

for stability in biological media and lipophilic tendencies. Studies in the late 1990s indicated 

that poor pharmacokinetics and toxicity ranked high among the causes of late-stage failures in 

drug development (van de Waterbeemd and Gifford, 2003, Lombardo et al., 2003). This 

finding dictated that methods to eliminate non drug-like compounds early in drug discovery 

were essential. In addition to in vitro HTS assays that have been developed to determine drug-

likeness, in silico computational methods have been emerging as complementary approaches 

(Desai et al., 2006). Besides aiding in optimising the drug discovery process, computational 

tools also help in the identification of leads from large libraries according to certain restrictions 

such as ideal lipophilicity values. Here, the use of computational screening (e.g. ADMET 

predictions) was mainly for optimisation and to complement findings from biological assays as 

well as to prioritise hits based on drug-likeness.  
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In in vitro HTS assays, the ability to easily retrieve and test compounds is a priority and 

compounds are typically dissolved in DMSO and stored until needed (Ellson et al., 2005). 

Unfortunately DMSO is highly hygroscopic and easily absorbs water from the atmosphere. In a 

DMSO solution, water accelerates degradation of compounds and causes precipitation 

thereby affecting product concentration (Ellson et al., 2005). This could lead to problems 

ranging from underestimated activity, variable data, inaccurate SAR, discrepancies in enzyme 

and cell-based assays and inaccurate in vitro ADMET data (Di and Kerns, 2006). In vitro 

ADMET refers to drug-likeness properties determined in culture (e.g. using caco-2 cells for 

cellular permeability determination, Egan and Lauri, 2002) unlike in silico ADMET which refers 

to computational predictions. To investigate whether the structural composition of the 

compounds was still intact (compared to when synthesised) and the effect of solvent on 

storage and stability, NMR profiles of representative complexes in d6-DMSO were obtained. 

This is because the only information on compound stability that could be obtained from the in 

silico ADMET predictions studies was that of plasma protein binding ability. It was therefore 

important that stability in the solvent used in dissolving the complexes be determined using the 

alternative NMR procedure.  

In the next sections, the structures and chemical names of the compounds will be 

provided as well as brief summaries of the synthetic procedures and references to publications 

and reports containing detailed information on synthesis. Stability and storage issues will then 

be addressed as well as the ADMET predictions for drug-likeness. This will be followed by 

information on lipophilicity determination to confirm in silico predicted values for two of the 

complexes using the traditional shake flask method. In addition, the ADMET findings will be 

compared to the “Lipinski’s rule of five” which states that poor absorption or permeation is 

more likely when there are > 5 H-bond donors, >10 H-bond acceptors, the molecular weight 

(Mr) is > 500 and when the calculated log P is > 5 (Lipinski et al., 1997). The “five” in the name 

of the rule does not refer to the number of rules but to the fact that each property is described 

in multiples of 5. According to the rule, a compound with values which exceed any two of the 

properties has particularly poor absorption or solubility. “Lipinski’s rule of 5” forms a model that 

has been widely used for the prediction of passive intestinal absorption (Egan and Lauri, 2002, 

Lipinski et al., 1997).  

 

3.2 COMPOUNDS 

The gold complexes that were tested in this study have been grouped according to the 

ligand types that were used during synthesis. The different ligand structures within and 

between groups contributed to the diversity of the gold complexes. In some cases the 

corresponding ligands were also tested as controls to verify the effect of complexation. This 

was however not possible in all cases because not all the ligands were stable enough for 
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biological testing as observed and stated by the chemists e.g. the BPH ligands were prone to 

decomposition even under inert conditions but not upon complexation (Kriel et al., 2007).  

 

3.2.1 The Gold(I) Phosphine Chloride-containing Complexes – Class I 

The gold(I) phosphine chloride class of compounds consisted of four ligands and four 

complementary gold(I) phosphine complexes. The ligands are designated TTL3, TTL10, 

TTL17 and TTL24 while the complementary complexes are represented as TTC3, TTC10, 

TTC17 and TTC24 respectively. The structures, identification codes and full chemical names 

are shown in Table 3.1. Synthesis involved the production of ligands starting from 

commercially available 2-(diphenylphosphino)benzaldehyde (Traut and Williams, 2006). This 

was followed by complexation of the synthesised phenethyl amine or N,N-dimethyl-ethane-

1,2-diamine-containing phosphine ligands with (THT)AuCl (where THT=tetrahydrothiophene) 

as gold starting material (Traut and Williams, 2006, shown in Figure 3.1A and B). 

Characterisation was then performed using 31P NMR. In all cases, the coordination of the gold 

to the ligand was by covalent interaction with P. The synthesis and characterization of these 

compounds has been published (Williams et al., 2007).  

 
 

 
Figure 3.1: Synthetic scheme for the phosphine containing ligands.  In A, the ligand synthetic route is 
shown starting from commercially available 2-(diphenylphosphino)benzaldehyde (1). In B, the synthetic route 
for the corresponding gold(I) complexes using the relevant ligands is shown and involves reactions with 
(THT)AuCl. R= Phenylethyl (TTL3 and TTL17), R= N,N-dimethyl-ethane-1,2-diamine (TTL10, TTL24). These 
figures were adapted from Traut and Williams (2006).  
 
 

A 

B 
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Table 3.1: The gold(I) phosphine chloride complexes and corresponding ligands  (Class I). Ph 
represents a phenyl ring and the asterisk refers to ligand. The ligands are organic precursors used in the 
synthesis of the complexes.  

Compound structure, code and name  Compound structure, code and name  

N

PPh2

H

Ph

 
TTL3*: (2-diphenylphosphanyl-benzylidene)-
phenethyl amine 

N

PPh2AuCl

H

Ph

 
TTC3: Benzyl-(2-diphenylphosphanyl-
benzylidene)-phenethyl-amine gold(I)chloride 

PPh2

N

N

 

TTL10*:N’-(2-diphenylphosphanyl-
benzylidene)-N,N-dimethyl-ethane-1,2-
diamine 

PPh2AuCl

N

N

 
TTC10:N’-(2-diphenylphosphanyl-
benzylidene)-N,N-dimethyl-ethane-1,2-
diamine gold(I) chloride 

HN

PPh2

H

Ph

 

TTL17:2-diphenylphosphanyl-benzyl)-
phenethyl-amine 

HN

PPh2AuCl

H

Ph

 
TTC17: 2-diphenylphosphanyl-benzyl)-
phenethyl-amine gold(I) chloride 

PPh2

HN

N

 

TTL24: N’-(2-diphenylphosphanyl-benzyl)-
N,N-dimethyl-ethane-1,2-diamine 

PPh2AuCl

HN

N

 

TTC24:N’-(2-diphenylphosphanyl-benzyl)-
N,N-dimethyl-ethane-1,2-diamine gold(I) 
chloride 
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3.2.2 The Bis(phosphino) Hydrazine Gold Chloride-containing Complexes – Class II  

The BPH gold(I) chloride group consisted of four gold(I) complexes designated: EK207, 

EK208, EK219 and EK231. The structure of the hydrazine (backbone structure) for these 

complexes is shown in Figure 3.2. Synthesis, characterization and analysis for purity were 

performed by Kriel et al., (2007). The authors prepared bisphosphinohydrazine ligand 

precursors using published methods followed by reaction with either dimethylsulphidegold(I) 

chloride ((Me2S)AuCl) or (THT)AuCl to produce the corresponding BPH gold(I) complexes 

(shown in Figure 3.3 A and B and in Table 3.2).   

 
Figure 3.2: The chemical structure of hydrazine (N2H4). Hydrazine has two lone pairs of electrons which 
make it very reactive. The figure was taken from http://toxipedia.org/display/toxipedia/Hydrazine (accessed 
on the 26/04/2011). 
 
 

  
 

  
Figure 3.3: Synthetic display for the BPH gold(I) complexes.  In (A), R = Ph, R’ = Et (EK207), R= 
PhOMe, R’ = Et (EK219), R = Me2NPh, R’ = Et (EK231) and in (B), R= Ph, R’ = Et (EK208). In B, R’’ = THT 
or SMe2 (dimethylsulphide). The figures were taken from Kriel et al., (2007).  
 
 
 
 
 

A 

B 
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Table 3.2: BPH gold(I) chloride-containing complexes, Class II. Ph represents a phenyl ring, Et an ethyl 
group, Me a methyl group and MeO a methoxy. 

Compound structure, code and name  Compound structure, code and name  
 

N

E t

N
P h 2 P

E t

P P h 2

A u A u

C lC l  
 
EK207:Bis(diphenylphosphino)-1,2-
diethylhydrazine di(gold chloride) 

N

Et

N
Ph2P

Et

PPh2

N

Et

N
PPh2

Et

Ph2P
Au

+

Cl-

 
EK208: Bis [bis (diphenylphosphino)-1,2-
diethylhydrazine] gold chloride 

N

Et

N
(MeOPh)2P

Et

P(PhOMe)2

Au Au

Cl Cl  
EK219: Bis (di (4-methoxyphenyl) 
phosphine)-1,2-diethylhydrazine di(gold 
chloride) 

N

Et

N
(Me2NPh)2P

Et

P(PhNMe2)2

Au Au

Cl Cl  
EK231: Bis(di(N,N-dimethyl 
aniline)phosphine)-1,2-diethylhydrazine 
di(gold chloride) 

 
A complex with similar structure to those in this group and to EK208 is the four 

coordinate gold complex, [1,2-bis(diphenylphosphino)ethane]gold(I) chloride (Au(DPPE)2Cl, 

please refer to Figure 2.19 for the structure) which was reported in the mid 80s to have 

promising anti-tumour activity (Fricker, 1996, Berners-Price et al., 1986, Mirabelli et al., 1986). 

This complex, in which a phosphine ligand was incorporated, demonstrated activity against 

leukaemia cells as well as on other tumour models (Berners-Price et al., 1986, Mirabelli et al., 

1986). It was however not entered into clinical trials due to cardiotoxicity problems 

encountered during pre-clinical toxicology studies (Hoke et al., 1989). The toxicity that was 

observed for this compound was attributable to the high lipophilicity of the phosphine moieties 

and the ethane backbone which resulted in non specific uptake. The newly synthesized 

analogues (EK207, EK208, EK219 and EK231) in this study were thus modified through the 

use of nitrogen heteroatoms to replace the lipophilic ethane bridge present in the parent 

compound (Au(DPPE)2Cl) by employing a hydrazine bridge instead. It was hoped that the 

hydrophilic nature of the nitrogen heteroatoms will increase the hydrophilicity of the 

compounds rendering them more selective and drug-like (Kriel et al., 2007). Although the 

initial aim of synthesis was to test for anti-cancer activity (explored by Kriel et al., 2007), the 

potential of gold-based compounds as inhibitors of HIV prompted the inclusion of these 

compounds for testing in this project. 
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3.2.3 The gold(I) Phosphine Thiolate-based Complexes - Class III  

The gold(I) phosphine thiolate group consisted of auranofin designated MCZS2 which 

is an orally available anti-arthritic agent (Ahmad 2004, Sutton, 1986) that has shown anti-HIV 

activity in vivo (Lewis et al., 2011, Shapiro and Masci, 1996) and two analogues represented 

by identification codes MCZS1 and MCZS3. The synthesis of MCZS1 and MCZS3 was 

reported in an AuTEK Biomed communiqué by Sam in 2005. Synthetic intermediates 

consisting of 2,3,4,6-tetra-O-acetyl-1-thio-B-D-glucopyranose,  1,3,5-triaza-7 

phosphaadamantane (PTA), (PTA)AuCl and [MePTA]+[CF3FO3]
-AuCl (where CF3FO3 = 

trifluoromethanesulfonate) were prepared according to literature procedures (see Figure 3.4 

for structures). In the case of MCZS1, 2,3,4,6-tetra-O-acetyl-1-thio-B-D-glucopyranose was 

reacted with (PTA)AuCl while synthesis of MCZS3 involved the reaction of 2,3,4,6-tetra-O-

acetyl-1-thio-B-D-glucopyranose  with  [MePTA]+[CF3FO3]
-AuCl. Synthesis was followed by 

characterisation using 31P NMR. MCZS2 (purchased from Biomol International L.P. 

(Pennysylvania, USA) was also provided by the AuTEK Biomed group (Mintek, South Africa). 

The molecular structures, codes and names of the complexes are represented in Table 3.3. 

This class also included three additional complexes designated PFK174, PFK189 and PFK190 

whose structures cannot be disclosed because they are currently part of a patent application 

for promising anti-cancer activity. The main distinction that the latter has over the former 

(shown in Table 3.3) is the bimetallic property (containing two gold atoms). 

 
Figure 3.4: The structures of intermediate reagents used for the synthesis of auranofin analogues 
(MCZS1 and MCZS3). The figure was adapted from Sam, (2005). 
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Table 3.3: Gold(I) phosphine thiolate complexes.  The structures, code names and full chemical names 
are represented. Ac represent and acetyl group and Et an ethyl group. 

Compound structure , code and  name Compound structure, code and name  
 
 
 
 
 
 
MCZS1:(2,3,4,6-tetra-O-acetyl-1-thio-B-D-
glucopyranosato-S-)(1, 3, 5-triaza-7 
phosphaadamantane) gold (I) 

 

 

 

 

MCZS2: (2,3,4,6-tetra-O-acetyl-1-thio-B-
D-glucopyranosato-S-) (triethylphosphine) 
gold (I) 

 
 
 
 
 

 
MCZS3: (2,3,4,6-tetra-O-acetyl-1-thio-B-D-glucopyranosato-S-)(1, 3, 5-triaza-7 

phosphaadamantane)gold (I) (+1) trifluoromethanesulphonate(-1) 
 

3.2.4 The gold(III) Tscs-based Complexes – Class IV 

The Tscs compounds included ligands PFK5, PFK6, PFK38 and PFK39 and their 

corresponding complexes designated PFK7, PFK8, PFK43 and PFK41 respectively.  The 

synthesis and anti-HIV activity has been compiled in a manuscript that has been accepted for 

publication by the Journal of Inorganic Biochemistry (Fonteh et al., 2011). The gold starting 

material, HAuCl4.4H2O, was synthesised using procedures reported by Block (1953) while the 

bis(Tscs) ligands (PFK5, PFK6, PFK38 and PFK39) were synthesised according to methods 

by West et al., 1997. This was followed by the complexation reaction which led to the 

production of PFK7, PFK8, PFK43 and PFK43 (the synthetic route is shown in Figure 3.5). 

Synthesis was followed by characterisation using 1H NMR, infrared spectroscopy and 

microanalysis (Fonteh et al., 2011).  The structures of the ligands and complexes are shown in 

Table 3.4. These compounds unlike the first two classes (phosphine and the BPH containing 

compounds) and MCZS1, MCZS2 and MCZS3 were newly synthesised and tested for the first 

time in this study for anti-HIV activity. The complexes also differ from the first three classes in 

the oxidation state which is +3 unlike +1. Although Bottenus et al., (2010) recently reported the 

synthesis of complex PFK8, the synthetic protocol used is different from that described by 

Fonteh et al., (2011).  

PEt3
OAcO

AcO

AcO

OAc

S Au
N

N

N

P
OAcO

AcO

AcO

OAc

S Au

N

N

N+

P
OAcO

AcO

AcO

OAc

S Au

H3C

SO3CF3
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Figure 3.5: Synthetic scheme for the bisthisemicabarzonate complexes (PFK7, PFK8, PFK43 and 
PFK41). The complexes were synthesised from the respective ligands (PFK5, PFK6, PFK38 and PFK39). 
This figure was taken from Fonteh et al., (2011). 
 
Table 3.4: The gold(III) thiosemicarbazonate complexes and corresponding precursors.  The asterisk 
represents ligands. (Fonteh et al., 2011).  

Compound structure , code and  name Compound structure , code and  name 

N
H

NH

HN
N

S S

N
NH

 
PFK5*:diacetyl-bis-(N4-
ethylthiosemicarbazone) 

 

N N
NN

SS
N
H

HN

Au

Cl–
 

PFK7:diacetyl-bis-(N4-
ethylthiosemicarbazonate)gold(III)chloride 

N
H

NH

HN
N

S S

N
NH

 
PFK6*:diacetyl-bis-(N4-
methylthiosemicarbazone) 

N N
NN

SS
N
H

HN

Au

Cl–  
PFK8:diacetyl-bis-(N4-
methylthiosemicarbazonate)gold(III)chloride 

N N
NHHN

SSN
H HN

 
PFK38*:diglyoxal-bis-(N4-
methylthiosemicarbazone) 

N N
NN

SS
N
H HN

Au

Cl–
 

PFK43:diglyoxal-bis-(N4-
methylthiosemicarbazonate)gold(III)chloride 

N N
NHHN

SSN
H HN  

PFK39*:diglyoxal-bis-(N4-
ethylthiosemicarbazone) 

N N
NN

SS
N
H HN

Au

Cl–
 

PFK41:diglyoxal-bis-(N4-
ethylthiosemicarbazonate)gold(III)chloride 
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3.2.5 The Gold(III) Pyrazolyl-based Complex – Class V 

The last class (V) consisting of only one member is the gold(III) pyrazolyl-based 

complex designated KFK154b. The synthesis, purity and characterization, activity on HIV RT 

and PR was reported by Fonteh et al., (2009). Synthesis involved reacting H[AuCl4] with 

bis(3,5-dimethylpyrazolyl)acetic acid as shown in the synthetic reaction in Figure 3.6. The 

structure of the complex is shown in Table 3.5. 

 

 
Figure 3.6: Synthetic scheme for tetra-chloro-(bis-(3,5-dimethylpyrazolyl)methane)gold (III)chloride.  
The Figure was taken from Fonteh et al., (2009).  
 
 
Table 3.5: The pyrazolyl gold(III) complex, (Fonteh et al., 2009).  

Compound structure, code and name  
 

N

N

N

N
H3C

CH3

CH3

H3C

H H

Cl

H

H

Au

Cl

Cl

Cl

Cl

 
KFK154b: Tetra-chloro-(bis-(3,5-dimethylpyrazolyl)methane)gold (III)chloride 

In Table 3.6 important additional information on the compounds is provided and 

includes relative Mr, the number of rotatable bonds and the number of hydrogen bond (H-

bond) donors (counted as number of hydrogens attached to N or O) and acceptors 

(approximated as the number of N or O atoms). Some of these parameters were incorporated 

by Lipinski et al., in 1997 in coining the rule of 5 regarding absorption (one of the drug-like 

parameters). The number of rotatable bonds is related to molecular flexibility and gives an 

idea of the number of conformations that can be generated (Höltje et al, 2003) to allow it to 

interact with an active site in receptor/ligand interactions (covered in chapter 5). For ease of 

reference, the compounds tested in the proof of concept study (mentioned in chapter 2 section 

2.5) will sometimes be referred to as “compounds tested in prior study” from here onwards. 

These are the first fifteen and last compound in Table 3.6. Tables 3.1 to 3.6 will be referenced 

throughout this report to refer to the different compounds in the different classes.  
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Table 3.6: Additional compound structural information. Molecular formula, Mr, the number of rotatable 
bonds, H-bond donors and acceptors are shown. The ligands are shaded in gray. The various classes of the 
compounds are also represented.  

 
 

In addition to screening the gold-based complexes, four platinum-based complexes of 

the Tscs ligands (PFK5, 6, 38 and 39, Table 3.4) were also assayed for HIV inhibitory effects. 

The platinum-based complexes had no inhibitory effect on the activity of HIV RT and PR both 

in vitro and in silico.  A manuscript describing synthesis of these Pt-based compounds and 

possible reasons for the lack of activity on RT and PR enzymes is in preparation (by Keter et 

al.,). 

 
3.3 MATERIALS AND METHODS 

In the materials and methods section of this chapter and in chapter 4 and 5, the 

principles or background of the techniques employed will also be provided.  

 
3.3.1 NMR Studies for Stability Determination 

Compounds for HTS are normally dissolved in DMSO. The hygroscopic nature of 

DMSO could unfortunately lead to stability issues. To investigate the structural stability of the 

complexes, NMR spectra of the complexes dissolved in DMSO was obtained on immediate 

dissolution and later at 24 h and after one week at two relevant temperatures (storage and 

C
la

ss
 Compound 

code 
Molecular formula Mr 

(g/mol) 
Rotatable 

bonds 
H-bond 
donors 

H-bond 
acceptors  

I TTL3 C27 H24 N P 393.17 7 0 2 
TTC3  C27 H24 Au Cl N P 625.10 8 0 1 
TTL10 C23 H25 N2 P 360.18 7 0 3 
TTC10  C23 H25 Au Cl N2 P 592.11 8 0 2 
TTL17 C27 H26 N P 395.18 8 1 2 
TTC17  C27 H26 Au Cl N P 627.12 9 1 1 
TTL24 C23 H27 N2 P 362.19 8 1 3 
TTC24  C23 H27 Au Cl N2 P 594.13 9 1 2 

II EK207  C28 H30 Au2 Cl2 N2 P2 920.06 11 0 2 
EK208  C56 H64 Au Cl N4 P4 1148.34 18 4 4 
EK219  C32 H38 Au2 Cl2 N2 O4 P2 1040.10 15 0 6 
EK231  C36 H50 Au2 Cl2 N6 P2 1092.23 15 0 6 

III MCZS1  C20 H31 Au N3 O9 P S 717.12 11 0 13 
MCZS2  C20 H34 Au O9 P S 678.13 14 0 10 
MCZS3  C22 H34 Au F3 N3 O12 P S2 881.09 13 0 15 

IV PFK5 C10 H20 N6 S2 288.12 9 4 4 
PFK7 C10 H18 Au Cl N6 S2 518.04  4 2 4 
PFK6 C8 H16 N6 S2 260.09 7 4 4 
PFK8 C8 H14 Au Cl N6 S2 490.01 2 2 4 
PFK38 C8 H16 N6 S2 232.06 7 4 4 
PFK43 C8 H14 Au Cl N6 S2 461.98 2 2 4 
PFK39 C6 H12 N6 S2 260.09 9 4 4 
PFK41 C6 H10 Au Cl N6 S2 490.01  4 2 4 

V KFK154b  C11H20AuCl5N4 582.5 2 2 1 

 
 
 



CHAPTER 3 COMPOUND PROPERTIES 
 

    Page | 54  
 

physiological). The fact that many nuclei have magnetic properties that arise from the spin of 

subatomic particles (protons and neutrons) in their nucleus makes it possible to observe their 

spectra which results from the overall spin. In some nuclei such as 12C, 16O and 32S, the 

overall spin cancels out while in others such as 1H, 13C, 19F and 31P, it does not, such that an 

overall spin and therefore spectra are produced. Gold unfortunately does not have a useful 

NMR nucleus (Shaw III, 1999). NMR characterisation of gold complexes therefore makes use 

of the presence of other magnetic nuclei such as 1H and 31P.   

A minimum of 10 mg/mL of representative gold complexes (TTC3, EK231, MCZS3, 

PFK7, PFK174 and KFK154) from each class was subjected to 1H and or 31P NMR spectra 

analysis (300 MHz Anova Varian spectrometer, Varian Inc., Oxford, England) following 

dissolution in d6-DMSO (newly opened to minimise the presence of water). The spectra 

obtained were labelled day zero spectra. Day zero samples and a duplicate were then stored 

at -20 and 37 ºC respectively and analysed again after 24 h and on day 7 to determine 

compound stability over this time period compared to day zero. 1H chemical shifts of the 

complexes were referenced to the signals of the residual proton peak of the NMR solvent 

while those of 31P were referenced to a phosphorous standard (85% H3PO4) and quoted in 

parts per million (ppm). 

Due to concerns that compound stability and precipitation from solution could be 

significantly enhanced over longer periods of storage in DMSO, dissolved compounds were 

generally not stored for longer than one week before use in bioassays. It has been shown that 

compounds dissolved in DMSO are capable of precipitating out of solution by the third week 

(Waybright et al., 2009). Since the compounds were not used beyond a week after dissolution 

in DMSO, NMR spectroscopy studies were therefore limited to one week. Another 

precautionary measure to sustain stability was the fact that the compounds were maintained in 

desiccated forms at -20 ºC and only working stocks sufficient for use within a week were 

prepared. 

 
 3.3.2 In Silico ADMET Predictions 

In order to perform the ADMET predictions, 2D sketches of the compounds were drawn 

in ChemDraw (CambridgeSoft, PerkinElmer Inc., USA) and saved as structural data files (sdf) 

or molecular (mol) file formats which are formats compatible with the Discovery Studio® 

(Accelrys®, California, USA) computational software package that was used for the 

predictions. Prior to initiating the runs, a compound preparative phase was performed. This 

involved checking and correcting valencies, adding hydrogens, applying force fields and 

geometry optimisation through energy minimization. The energy minimisation was performed 

using a CHARMm (Chemistry at Harvard Macromolecular mechanics) force field which 

updates the coordinates of the molecule (based on reference values, Höltje et al. 2003) and 

adds energy properties. By using these computations, the structures were given more relaxed 
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and better geometries with energy minima. The computational predictions were performed on 

an LG Intel® Core™ 2 Duo CPU 2.2 GHz processor, 1.97 GB RAM with Windows XP 

professional version 2002 operating system which are the minimum system requirements 

recommended by DS® for such studies.  

The ADMET protocol in DS® which aids in the prediction of aqueous solubility, BBB 

penetration, CYP inhibition, hepatotoxicity, HIA and PPB of the compounds was used for 

predicting drug-likeness. This protocol includes the models by Egan et al., (2000) and Egan 

and Lauri, (2002) for HIA which incorporates AlogP98 (atom-based log P or lipophilicity) and 

polar surface area (PSA, related to the H-bonding ability). Also included are the models of 

Cheng and Merz, (2003) for aqueous solubility, Egan and Lauri, (2002) for BBB penetration, 

Susnow and Dixon, (2003) for CYP inhibition, Cheng and Dixon, (2003) for hepatotoxicity and 

Dixon and Merz, (2001) for PPB predictions. These models come with rankings for each 

ADMET descriptor that helps in predicting the confidence of the estimations. The various 

models were derived from diverse datasets of compounds with a wide range of chemical 

families from both the literature and those in clinical use, representative of each descriptor and 

subsequently validated using training sets.  

Lipophilicity (presented as AlogP98 in the in silico studies and as Log P in the shake 

flask assay in sections 3.3.3) is applicable to all the ADMET parameters and is not a 

standalone property. Lipophilicity is used to assess biological parameters relevant to drug 

action such as lipid solubility, tissue distribution, receptor binding, cellular uptake, metabolism 

and bioavailability (Ghose et al., 1998) which are all related to the ADMET descriptors. It is the 

driving force around transmembrane transport and additionally helps to determine 

pharmacological activity and toxicity (Gombar and Enslein, 1996). The importance of 

lipophilicity as a physicochemical property in drug design means it plays a major role in 

determining drug-likeness of potential compounds.  

 
3.3.2.1 Human intestinal absorption prediction model 

The HIA model was developed using 182 compounds in the dataset with descriptors 

that include AlogP98 and PSA (Egan et al., 2000, Egan and Lauri, 2002). The model includes 

a 95% confidence ellipse and a robust 99% confidence ellipse in the ADMET PSA and 

AlogP98 plane. These ellipses define regions where well-absorbed (>90% absorbed) and 

poorly absorbed (<30% absorbed) compounds are expected to be found. Four prediction 

levels are provided to aid in the classification: 0 = good, 1 = moderate, 2 = poor and 3 = very 

poor absorption.  

3.3.2.2 Aqueous solubility prediction model 

A predictive model for aqueous solubility was determined by Cheng and Merz (2003) 

using a data set of 775 compounds with Mr between 70 and 800 g/moL. A validation set of 
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1665 compounds from Physician’s desk References and Comprehensive Medicinal Chemistry 

databases were used and the findings from the predictions agreed with experimental values. 

Six solubility levels are described, 0 = extremely low (log(Sw)< -0.8, 1 = very low but possible 

(-0.8< log (Sw)< -6.0), 2 = low (-6.0<log(Sw) < -4.0), 3 = good (-4<log (Sw) < -2.0), 4 = optimal 

(-2.0<log(Sw) = 0.0), 5 = too soluble (0.0 <log(Sw) and 6 = warning; molecules with one or 

more unknown AlogP98 type are present, where log Sw = solubility in water at 25 ºC and pH 

7.0.  

 
3.3.2.3 Blood brain barrier penetration prediction model 

The BBB penetration prediction also developed by Egan and Lauri (2002) incorporates 

the AlogP98 as well as PSA plane. Confidence ellipses were also used in the prediction and 

included a 95 and 99% ellipse. Although the data is interpreted similarly to those of the HIA 

ellipses, the planes are different from those used in the HIA model. The model was derived 

from over 800 compounds that are known to enter the central nervous system after oral 

administration. Four prediction levels within the ellipses were determined for this model and 

include: 0 = very high penetrant (logBB≥0.7), 1 = high (0≤logBB<0.7), 2 = medium 

(0.52<logBB<0), 3 = low (logBB≤-0.52), 4 = undefined, where logBB = logarithm of blood brain 

penetration. 

 
3.3.2.4 Cytochrome P4502D6 prediction model 

The model derived by Susnow and Dixon (2003) for predicting CYP inhibition was 

obtained from a diverse data set of 100 compounds using 2D chemical structures as input. 

The model classifies compounds as either 0 (non inhibitor, i.e. unlikely to inhibit the CYP2D6 

enzyme with probability <0.5) or 1(inhibitor, likely to inhibit CYP2D6 enzyme with probability 

>0.05) and provides an average value of confidence.  

 
3.3.2.5 Hepatotoxicity prediction model 

Drug induced liver injury is responsible for 5% of all hospital admissions and 50% of all 

acute liver failures (Ostapowicz et al., 2002) making the identification of potential hepatotoxic 

compounds crucial during drug development. The training set of compounds that were 

employed by Cheng and Dixon (2003) for hepatotoxicity prediction was from a diverse set of 

compounds causing all types of liver injuries and spanning a wide range of chemical families. 

The resulting training set of compounds included 382 drug and drug-like compounds of 

various therapeutic classes known to exhibit liver toxicity. Using only 2D information of the 

compounds provided, the model predicts with > 80% accuracy, the potential for the 

occurrence of dose-dependent human hepatotoxicity of any compound. The model classifies 

compounds as either “toxic” (1) or “nontoxic” (0) and provides a confidence level indicator of 

the likelihood of the model’s predictive accuracy.  
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3.3.2.6 Plasma protein binding prediction model 

The ADMET PPB model derived by Dixon and Merz (2001) predicts the likelihood of a 

compound binding to carrier proteins in blood. The properties computed in this model include 

the AlogP98, unknown AlogP98 and the PPB levels. The classification levels include 0 = 

likelihood of a compound binding by <90%, 1 = likelihood of binding by > 90% and 2 = 

likelihood of binding by > 95%. These levels are scored based on the flagging of marker 

molecules in the compound. 

 
3.3.2.7 Currently available ARV drugs as Controls for ADMET predictions 

Currently available ARV drugs were used as controls for supporting the predictions as 

well as for providing data that could allow for commentary on the drug-like properties of the 

compounds studied here with respect to these available drugs.  Molecular structures of the 

controls in the sdf format were obtained from the protein data bank (PDB, at 

http://www.ncbi.nlm.nih.gov/pccompound).  

 
3.3.3 Shake Flask Method for Lipophilicity Measurement 

In addition to using DS® to computationally determine the lipophilicity of the 

compounds, an experimental shake flask method was also used. This was employed to 

complement or confirm the theoretical predictions. The shake flask method is a traditional 

method for determining lipophilicity and involves the introduction of the test compound to two 

phases (n-octanol and water) into a separating funnel (Danielsson and Zhang, 1996). The 

funnel is then shaken for a period long enough for equilibrium to be achieved. The 

concentration of the compound of interest in each phase is determined after phase separation 

by measuring absorbance.  

The confirmation assay was performed for two complexes only, PFK7 and PFK8 which 

were found to be soluble in both the octanol and water phases used for determining partition 

coefficient or lipophilicity. Solubility in both phases obviates one of the shortcomings of the 

shake flask method. This is because lipophilicity values are difficult to obtain for compounds 

which are very lipophilic or very hydrophilic since a proper ratio or partition coefficient between 

the two phases cannot be obtained.   

The assay was performed using a modified shake flask method (Yousif et al., 2009). 

Phosphate buffered saline (PBS, sterile filtered, pH 7.4) was used as the aqueous phase 

because it is more physiologically relevant while the organic (or lipid phase) was 1-octanol 

(Sigma Aldrich, Missouri USA, ≥ 99%). The physicochemical similarity of 1-octanol to lipids 

makes it a natural choice as a hydrophobic solvent (Ghose et al., 1998). The complexes were 

dissolved in DMSO and diluted with PBS to a final concentration of 200 µM. An equal volume 

of 1-octanol was added to the solution and both fractions were subjected to shaking (45 rpm, 

30 min) on an Intelli Mixer (Sky Line, Riga, Latvia). Once equilibrium had been attained, the 
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two phases (organic and aqueous phases) were separated after allowing the mixture to stand 

for 5 min. Serial 2 fold dilutions (200 to 0.625 µM) for each compound in both the 1-octanol 

and PBS phases were used as standards in determining the concentration of those of the test 

samples. Both the standards and different phases of each of the compounds were loaded onto 

96 well plates (tissue culture grade, NuncTM, Roskilde, Denmark) and the absorbance obtained 

by UV-Vis spectroscopy at 375 nm using a Multiskan Ascent® spectrophotometer 

(Labsystems, Helsinki, Finland). Plots of the standard curves were used in obtaining the 

concentrations of the samples. Log P was defined and calculated as the logarithm of the ratio 

of the concentrations of the compound in the organic and aqueous phases (Log P=Log 

{[compound(org)]/[compound(aq)]} where org = organic phase and aq = aqueous phase. 

 
3.4 RESULTS AND DISCUSSION  

3.4.1 NMR Profiles 

The NMR profiles of the complexes were obtained on day zero to serve as reference 

spectra and for comparison with those obtained at synthesis. Subsequently two more spectra 

were obtained at 24 h and after 7 days (stored at -20 and 37 ºC) to determine stability w.r.t. 

the day zero sample. Because the characterisation of the structures had been performed and 

confirmed by the chemists, emphasis was placed on identifying any differences and changes 

in the spectra over time at these temperatures. When using NMR for stability analysis one 

expects spectra taken at different time points to exhibit peaks at the same chemical shifts 

irrespective of when they were collected. If there is a change in the observed shifts or 

appearance of new signals over time, this can be interpreted as possible degradation or the 

formation of new products. It should however be kept in mind that some structural changes 

which could have occurred over time may not be detectable by NMR either as a result of 

spectral overlap (resulting from similarity in backbone structures of breakdown products) or as 

a result of low sensitivity (Kenseth and Coldiron, 2004). In the next subsections, the outcomes 

from the NMR analysis for the different complexes that were analysed will be provided. The 

actual spectra are provided in the appendix for those complexes for which chemical shifts 

were observed.  

 
3.4.1.1 31P and 1H NMR chemical shifts of the gold(I) phosphine chloride complex TTC3 

The 31P NMR of TTC3 remained unchanged over 7 days at -20 and 37 ºC with a 

consistent peak at 33.9 ppm. In the chemical shifts in the 1H NMR were maintained except for 

the presence of a water signal at 3.3 ppm (Gottlieb et al., 1997) which was present on day 

zero, becoming more prominent after 24 h and 7 days later and affecting resolution (Figure 

A3.1). The spectrum on day zero for this complex suggests that water was present in the 

compound even as a powder (Figure A3.1A). This means that the compound was hygroscopic 

(taking up some water from the atmosphere in the course of storage) which was further 
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compounded by DMSO’s hygroscopic nature, evident from the more prominent water peak 

after 24 h and 7 days (Figure A3.1B and C). The increase in the water peak must have been 

enhanced by the fact that the same sample was intermittently opened and closed during the 

analysis times (24 h and 7 days later). The hygroscopic limitation associated with DMSO 

emphasises the importance of storing DMSO stocks and DMSO dissolved compounds in 

single use vials or under inert gas. By so doing, complications (e.g. compound precipitating 

out of solution) that can arise from having water in a DMSO solution of potential bioactive 

compounds can be avoided or reduced (unless in a case where the compound itself is 

hygroscopic).  

  
3.4.1.2 31P and 1H NMR chemical shifts of the BPH gold(I) chloride complex EK231 

The 31P NMR spectra for EK231 over 7 days and at the two different temperatures also 

remained unchanged with a consistent peak at 83.9 ppm. As was the case for TTC3, the water 

peak in the 1H NMR (absent on day zero) was prominent after 24 h and at 7 days, increasing 

in area and height over this time. The rest of the shifts remained stable throughout the 

analysis except for a new peak at 2.4 ppm (after 24 h and on the 7th day) suggestive of the 

presence of acetone which was used in cleaning the NMR tubes.   

The stability of this complex and that of TTC3 (seen in the 31P NMR) is thought to be 

related to the stability conferred by the covalent bond between P of the phosphine ligand and 

gold (Parish and Cottrill, 1987).  

 
3.4.1.3 31P and 1H NMR chemical shifts of the gold(I) thiolate complexes MCZS3 and PFK174 

The 31P NMR peak for MCZS3 on day zero was absent possibly because of poor 

solubility (Figure A3.2A). This compound which was provided as a powder was noted to be 

hygroscopic absorbing water from the atmosphere. The poor solubility in DMSO may be as a 

result of precipitation of the compound out of solution due to the presence of water. In the 1H 

NMR spectrum, the broad peak at 3.4 ppm is likely HDO (semi heavy water) resulting from d6-

DMSO exchanging a deuterium atom with hydrogen atom of water (deuterium exchange). 

According to the spectrum, the backbone phosphine and acetylated sugar moieties are intact 

but impurities (including HDO and possibly H2O) are evident (Figure A3.2B). Subsequent 

analysis after 24 h and 7 days was not done due to the evident poor solubility observed as 

precipitation which ended up limiting sample concentration for 31P NMR analysis. In addition, 

since this compound did not show promising activity during inhibition studies (reported in 

chapter 4 and 5), the need to pursue stability and storage properties was considered not 

important for this study.  

A 31P NMR peak for PFK174 was also evidently absent and the reason for this was 

also ascribed to poor solubility. In the 1H NMR spectra, a water peak was evident on day zero 

(inherent hygroscopic ability) but most of the 1H shifts were poorly resolved. Similar to MCZS3, 
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the poorly resolved peaks probably arose from the poor solubility that was observed for this 

compound. At the minimum required concentration (10 mg/mL) for NMR analysis, the complex 

was visibly precipitating out of d6-DMSO. The fact that solubility (both in DMSO and in 

aqueous media) can affect bioassay reproducibility means that for this compound to be 

successfully used as a drug, it would require some form of modification to enhance solubility. 

Fortunately, it may not be necessary to do this for PFK174 and its analogues because 

outstanding inhibitory effects were not observed in the inhibition studies (discussed in chapters 

4 and 5). This compound which is one of the bimetallic compounds in class III may however 

need further attention in determining its solubility especially for the anti-cancer project for 

which a patent application has been launched for the outstanding anti-cancer activity.  

In the 1H NMR spectrum the presence of a water peak at 3.3 ppm was also evident 

(day zero), subsequently becoming more prominent. This finding was similar to that observed 

the 1H spectra of TTC3 and EK231 and was thought to be as a result of DMSO’s hygroscopic 

nature after intermittent opening at the 24th hour and latter at 7 days.  

The limited solubility observed for complexes MCZS3 and PFK174 in d6-DMSO and 

the observed absence of a 31P peak may be related to the fact that these complexes contained 

water which is known to facilitate the precipitation of compounds out of DMSO solution (Ellson 

et al., 2005). Alternatively, the presence of water in these complexes (which was more 

prominent than for the others) might have suppressed the 1P NMR peaks to undetectable 

levels. 

 
3.4.1.4 1H NMR chemical shifts of the gold(III) thiosemicarbazonate complex, PFK7 

Only the 1H NMR spectrum of PFK7 was obtained since the compound does not 

contain phosphorous as one of its atoms. With respect to the 1H spectrum, the chemical shifts 

for this complex appeared stable over time except for the presence of the water peak at 3.3 

ppm (Gottlieb et al., 1997) on day zero which became more prominent at 24 h and 7 days at 

37 ºC (shown in Figure A3.3). The increase in the water peak after 24 h and 7 days was also 

attributed to DMSO’s hygroscopic nature.  

 
3.4.1.5 1H NMR chemical shifts of the gold(III) pyrazolyl complex, KFK154b 

Only the 1H NMR spectrum for this compound was obtained as well since there is no 

phosphorous environment. The water peak at 3.33 ppm seen on day zero for the other 

complexes and at 24 h and 7 days later at both -20 and 37 ºC was absent for this complex. 

The only new peak that was observed appeared around 4.7 ppm after 24 h (Figure A3.4B) and 

was present on analysis on day 7 (Figure A3.4C). The peak at 4.7 ppm indicated the presence 

of impurities such as deuterated water (D2O, Gottlieb et al., 1997). It is not clear why the water 

peak at 3.33 ppm was absent at 24 h and after 7 days since all the samples were handled the 

same. The deuterated water peak at 4.7 ppm may have compensated for this or alternatively, 
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this compound did not have a hygroscopic tendency like the others did. According to the 1H 

NMR of the compound, the backbone structure remained intact over the analysis time.   

 
3.4.1.6 Summary of NMR Stability Profiles 

Table 3.7 is a summary of the NMR profile changes that were observed. A water peak 

in the 1H NMR spectrum (at 3.33 ppm, Gottlieb et al., 1997) of complexes TTC3, EK231, 

MCZS3, PFK174 and PFK7 was the most visible change that was seen over time. A water 

peak was evident in the spectra of complexes TTC3, MCZS3, PFK174 and PFK7 (suggesting 

that these complexes had hygroscopic tendencies) on day zero and became prominent by 24 

h and 7 days later. In the spectra of EK231, a water peak was visible at 24 h and at 7 days but 

not on day zero. The presence of water in DMSO solutions of compounds causes precipitation 

of dissolved compounds and can lead to concentrations disparities in in vitro tests. According 

to Ellson et al., (2005), only minimal degradation can result probably explaining why all the 

compounds tested above remained relatively intact (as seen from the uniformity in 1H and 31P 

environments and the overall backbone structures) even in the presence of water. To minimise 

DMSOs’ effects in our samples, compounds were aliquoted and stored in single use vials. 

Compounds dissolved and stored at -20 ºC for subsequent assays were also stored in single 

use volumes.  

With regards to compound stability, the backbone structures of the compounds 

appeared to be maintained suggesting stability. The only new peaks were the water peak 

found in the spectra of complexes TTC3, MCZS3, PFK174 and PFK7 on day zero which 

became prominent at 24 h and 7 days. In the 1H spectra of EK231 acetone was present as an 

impurity while a new peak in the spectrum of KFK154b at 4.7 ppm after 24 h and on day 7 

following storage at -20 ºC and at 37 ºC (Figure A3.4B) was suggestive of the presence of 

deuterated water (Gottlieb et al., 1997). Poor solubility of PFK174 led to poorly resolved 1H 

NMR and no 31P shifts. It is possible that structural changes can appear especially at higher 

temperatures after longer time periods (has been seen for compounds stored at 4 ºC 

dissolved in DMSO). However, 31P NMR shifts of some of these complexes after 4 months in 

DMSO at -20 ºC, (Fonteh and Meyer, 2008) maintained chemical shifts. The fact that the 

compounds in this study were never used for bioassays beyond one week (dissolved in 

DMSO), meant stability studies after one week were not necessary. Although the backbone 

structures of the compounds appeared to be maintained, compounds with inherent 

hygroscopic abilities e.g. TTC3, MCZS3, PFK174 and PFK7 can lead to varying data in 

bioassays resulting from precipitation in DMSO. 
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Table 3.7: Stability profile summary.  1H and 31P NMR spectra of the complexes were acquired on 
immediate dissolution in d6-DMSO, at 24 h, and 7 days later (stored at -20 and 37 ºC). N/A is not applicable 
Complex  1H NMR profile changes  31P profile ch anges  

over time 
Conclusion  (overall 
backbone structure) Day zero  over time (24 

h and 7 days) 
TTC3 H2O peak Increasing Stable Intact but compound may be 

hygroscopic 
EK231  H2O peak and 

acetone  
Stable No water peak on day zero 

but present after 24h  
MCZS3 HDO and 

H2O 
Not done Nil (limited solubility) Intact but contains impurities 

and is hygroscopic  
PFK174 H2O peak Increasing Nil (limited solubility) Poorly resolved 1H spectra. 

Compound may be 
hygroscopic  

PFK7 H2O peak Increasing N/A Intact but compound may be 
hygroscopic.  

KFK154b  New peak at 
4.6ppm  

N/A Backbone intact with impurity 
at 4.6 ppm suggestive of D2O. 

 

3.4.2 In silico ADMET Predictions 

Drug-likeness predictions for the compounds using the ADMET protocol in DS® are 

shown in Table 3.8A. Predictions for existing ARV drugs are shown in Table 3.8B and were 

included for comparison purposes with those of the compounds studied here. 

Auranofin/MCZS2 (a gold-based drug) was also used as reference since the literature 

contains information on its drug-likeness.  

 
3.4.2.1 Prediction of human intestinal absorption 

HIA was predicted to be good (0) to moderate (1) for sixteen of the compounds namely 

four of the phosphine compounds (TTL10, TTC10 and TTL24, TTC24), three of the gold(I) 

phosphine thiolate complexes (MCZS1, MCZS2 and MCZS3), the Tscs ligands and 

complementary gold(III) complexes (PFK5, PFK6, PFK38, PFK39 and PFK7, PFK8, PFK41, 

PFK43 respectively) and the gold(III) pyrazolyl complex KFK154B (Table 3.8A). Very low (3) 

HIA levels were predicted for three phosphine chloride compounds (TTL3, TTC3, and TTL17), 

the BPH gold(I) complexes (EK207, EK208, EK219 and EK231) and the bimetallic complexes; 

PFK174, PFK189 and PFK190 of class III (Table 3.8A). TTC17 was the only complex ranked 

to be low (2) in absorption. The compounds predicted to have poor HIA also meet some of the 

criteria of “Lipinski’s rule of five” which states that poor absorption or permeation is more likely 

when there are > 5 H-bond donors, >10 H-bond acceptors, the Mr is > 500 and the calculated 

log P is > 5 (Lipinski et al., 1997). The BPH complexes (EK207, EK208, EK219, EK231) and 

the gold(I) thiolate complexes (PFK174, PFK189 and PFK190) as well as TTC3 with very low 

solubility predictions have molecular weights of >500 (Table 3.6) as well as lipophilicity values 

of >5 (Table 3.8A). TTL3 and TTL17 (phosphine compounds), predicted to have very low HIA 

(Table 3.8A), also met one of “Lipinski’s rule of five” by having lipophilicity predictions of >5.  
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Name HIA 
 

Aqueous 
Solubility  

Level 

BBB 
Level 

 

Hepatotoxicity  
 

Hepatotoxicity  
Probability a 

CYP2D6 
 

CYP2D6 
Probability a 

PPB 
Level 

 

AlogP98  
(lipophilicity)  

AlogP98  
unknown  

PSA 2D 

TTL3* 3 0 4 1 0.86 1 0.831 2 7.6 0 11.3 
TTC3 3 1 4 1 0.841 1 0.613 2 7.4 2 11.3 
TTL10* 1 1 0 1 0.668 1 0.891 2 5.9 0 14.7 
TTC10b 1 1 0 1 0.516 1 0.782 2 5.7 2 14.7 
TTL17* 3 1 0 1 0.94 1 0.861 2 7.1 0 12.8 
TTC17 2 1 0 1 0.854 1 0.653 2 6.9 2 12.8 
TTL24* 0 2 0 1 0.675 1 0.891 2 5.4 0 16.2 
TTC24b 0 2 0 1 0.523 1 0.782 2 5.2 2 16.2 
EK207 3 0 4 1 0.841 0 0.435 2 8.6 6 6.7 
EK208 3 1 4 1 0.887 1 0.554 2 7.4 4 6.7 
EK219 3 0 4 1 0.953 0 0.475 2 8.5 6 42.4 
EK231 3 0 4 1 0.748 0 0.415 2 9.2 6 20.1 
MCZS1 0 4 4 0 0.052 0 0.356 0 0.1 2 123.9 
MCZS2 0 4 4 0 0.086 0 0.306 0 1.4 2 113.9 
MCZS3 1 4 4 0 0.046 0 0.336 0 -1.3 2 120.6 
PFK174 3 0 4 1 0.801 0 0.326 2 12.8 4 33.2 
PFK189 3 0 4 1 0.774 0 0.198 2 13.7 4 33.2 
PFK190 3 0 4 1 0.827 0 0.386 2 15.2 4 33.2 
PFK5* 0 4 3 0 0.132 0 0.386 0 1.1 0 73.9 
PFK7 0 3 2 1 0.701 0 0.247 0 1.5 5 25.6 
PFK6* 0 4 3 0 0.304 0 0.366 0 0.4 0 73.9 
PFK8 0 3 2 1 0.86 0 0.108 0 0.8 5 25.6 
PFK39* 0 4 3 0 0.384 0 0.079 0 0.3 0 73.9 
PFK41 0 4 2 1 0.834 0 0.069 0 0.7 5 25.6 
PFK38* 0 4 3 0 0.284 0 0.257 0 0.9 0 73.9 
PFK43 0 3 2 1 0.794 0 0.118 0 1.4 5 25.6 
KFK154Bb 0 4 2 1 0.516 0 0.059 0 0.9 2 36.6 

Absorption level : 0 = good, 1 = moderate, 2 = low, 3 = very low. Aqueous Solubi lity level : 0 = extremely low, 1 = possible, 2 = low, 3 = good, 4 = optimal. BBB:  0 = very high, 
2 = medium, 3 = low, 4 = undefined. Hepatotoxicity:  0 = non-toxic, 1 = toxic, CYP: 0 = non-inhibitor, 1 = inhibitor. PPB:  0 = <90% binding, 2 = >95% binding. a = probability of 
occurring, the closer it is to 1 the higher the chance of the compound being hepatotoxic or inhibiting CYP and the closer it is to 0, the higher the probability of the compound not 
being hepatotoxic or inhibiting CYP. The PSA gives an indication of the H-bonding ability and was used together with AlogP98 in determining HIA (shown in Figure 3.7). b = 50 
/50 chance of being either hepatotoxic or not. AlogP98 unknown represents the number of atoms in the compound with unknown AlogP98.  
 

Table 3.8A: ADMET prediction scores for the compounds.   The shaded portions represent compounds with good drug properties. A Key to these predictors 
is presented as footnotes below the table. The assigned asterisk indicates the ligands or complex precursors. 
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Table 3.8B: ADMET prediction data for clinically available ARV drugs.  The key provided for the 
descriptors in Table 3.8A also apply here. 

HIV 
drugs Names 

HIA 
level 

Aqueous 
Solubility 

level 
BBB 
Level 

Hepato- 
toxicity 

CYP
2D6 

PPB 
level 

Alog
P98 

Unknown 
AlogP98 

PSA 
2D 

NRTIs Lamivudine 0 4 3 0 0 0 -0.59 0 88.26 
Tenofovir 1 4 4 1 0 0 -0.91 0 133.53 
Emtricitabine 0 4 3 0 0 0 -0.68 0 88.26 
Tipranavir 3 1 4 1 0 2 7.38 0 105.72 
Zalcitabine 0 4 3 0 0 0 -0.99 0 88.26 
Stavudine 0 4 3 1 0 0 -0.32 0 80.51 
Didanosine 0 4 3 1 0 0 -0.84 0 87.79 

NNRTIs Entravirine 2 1 4 1 0 2 5.49 0 116.67 
Nevirapine 0 2 2 1 1 0 2.29 0 55.99 
Delavirdine 0 2 4 0 0 2 2.29 0 110.54 
Efavirenz 0 1 1 0 0 1 4.38 0 39.04 

PR Saquinavir 3 2 4 0 0 0 3.67 0 169.60 
Fosamprenavir 3 2 4 0 0 2 2.54 0 180.33 
Antazanavir 3 2 4 1 0 2 5.08 1 173.73 
Darunavir 2 2 4 0 0 0 2.63 0 142.21 
Ritonavir 2 2 4 1 1 2 5.24 0 145.95 
Amprenavir 1 3 4 0 1 2 2.43 0 133.28 

IN  Raltegravir 2 3 4 0 0 0 0.36 0 148.09 
 

The lipophilicity or AlogP98 values which were involved in the model development play 

a very significant role in determining HIA. According to Kerns and Di, (2008), compounds with 

ideal lipophilicity values (which should be 0≥3, unlike log P values of <0 [poor lipid bilayer 

permeability] and >3 [poor aqueous solubility]) also have good solubility patterns. This was 

observed for the Tscs-based compounds (PFK5, PFK7, PFK6, PFK8, PFK39, PFK41, PFK38 

and PFK43), the gold(III) pyrazolyl complex (KFK154b) and two of the gold(I) phosphine 

thiolate complexes (MCZS1 and MCZS2, Table 3.8A). Compounds TTL10, TTC10 and 

MCZS3 were predicted to have moderate (1) lipophilicity values with those of TTL10 and 

TTC10 falling just above the recommended value for “Lipinski’s rule of five” while MCZS3’s 

value of -1.3 was out of the range indicated by Kerns and Di, (2008).  

In Figure 3.7, point plots representing the AlogP98 and PSA ellipses in relation to HIA 

and BBB penetration for the compounds in this study (Figure 3.7A) and those of currently 

available ARVs (Figure 3.7B) are shown. Compounds predicted to have good HIA appear 

within the 95% ellipse (Figure 3.7A) which has an upper PSA limit of 131.4 while those with 

moderate absorption occupied the 99% absorption ellipse which has an upper PSA limit of 

148.12. The poorly absorbed compounds appeared outside both the 95 and 99% ellipses of 

the AlogP98 versus PSA point plot. The AlogP98 versus PSA point plot for the currently 

available ARVs is shown in Figure 3.7B. On the list of currently available anti-HIV medication, 

at least 4 of the 18 compounds (22%) had very low HIA prediction levels (Table 3.8B) and this 

was mostly the PR inhibitors. This finding suggested that compounds with low absorption 

could still make it through the discovery process and be useful in a clinical setting. This is 
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probably because there are exceptions to the rule of five (Walters and Murcko, 2002) making 

these rules guidelines and not absolute requirements (van de Waterbeemd and Gifford, 2003).   

The point plots in Figure 3.7 also display BBB penetration ellipses for 95 and 99% confidence 

levels. 
 

 

 
Figure 3.7: Absorption and BBB penetration point plot of the compounds (A) and ARV drugs in the 
cl inic (B). AlogP98 is plotted against PSA. Except for the BPH gold(I) complexes, the gold(I) phosphine 
bimetallic thiolate complexes and two phosphine chloride compounds (TTL3 and TTC3), the rest of the 
compounds were predicted to have good HIA levels as they appeared within the 95 and 99% confidence 
ellipses (A). A total of 18 drugs from the different classes (NNRTIs, NRTIs, PR and IN inhibitors) of ARVs 
were analysed. Twelve of the drugs were predicted to have acceptable HIA levels and only 8 were predicted 
to have acceptable BBB penetration levels. A total of 58% of the controls were predicted to be outside the 
BBB ellipses while at least 37% were outside the HIA ellipses. Each dot on the figure represents a 
compound. The relative positions of the various classes of compounds are shown in A but only that of the 
NRTIs (dNTP analogues) in B because there was dispersion within the other groups of ARVs. 

A 

B 
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3.4.2.2 Prediction of aqueous solubility 

Fourteen of the compounds were predicted to have aqueous solubility (25 ºC, pH 7.0) 

in the drug-like category (Table 3.8A) which includes levels 2, 3 and 4 (Cheng and Merz, 

2003). These were TTL24 and TTC24, the Tscs-based compounds (PFK5, PFK6, PFK7, 

PFK8, PFK38, PFK39, PFK41 and PFK43), the gold(I) phosphine thiolate complexes (MCZS1, 

MCZS2, MCZS3) and the gold(III) pyrazolyl complex (KFK154b). The rest of the compounds 

(the gold(I) phosphine chloride complexes and ligands, the BPH  complexes, and the three 

gold(I) phosphine thiolates, PFK174, PFK189, and PFK190) had low to extremely low 

solubility levels. The extremely low aqueous solubility prediction for PFK174 was not 

surprising given that this compound was not soluble enough to give a visible 31P NMR peak 

when the day zero samples were analysed (subsection 3.4.1.3).  

It was notable that compounds with ideal aqueous solubility predictions generally had 

good absorption levels as seen in Table 3.8A i.e. good solubility = good oral absorption 

(Lipinski et al., 1997). In addition, all the compounds with poor aqueous solubility also had 

very high AlogP98 or lipophilicity values suggesting that these compounds were very 

hydrophobic. Although attempts were made in increasing the hydrophilicity of the 

(Au(DPPE)2Cl parent compound in the synthesis of its analogues (EK207, EK208, EK219 and 

EK231, see section 3.2.2) through the use of nitrogen heteroatoms to replace the lipophilic 

ethane bridge (Kriel et al., 2007), it appears the N bridges were not sufficient in fine tuning the 

lipophilicity/hydrophilicity. This observation is consistent with findings by Kriel et al., (2007) 

who noted that the addition of the N bridge in the synthesis of Au(DPPE)2Cl analogues slightly 

improved selectivity but not sufficiently enough in the targeting of tumour cells over healthy 

cells. The observed poor aqueous solubility noted for the BPH gold(I) complexes suggested 

that these compounds would have to be very efficacious for further consideration as drugs and 

would probably require additional structural modification to improve aqueous solubility. 

Only two of the eighteen currently available anti-HIV drugs which were tested as 

controls (Table 3.8B) had poor aqueous solubility predictions. This observation may be 

indicative of the importance of aqueous solubility as a drug-like property (Di and Kerns, 2006). 

Compounds with poor aqueous solubility affect bioassays by causing underestimated activity, 

reduced HTS hit rates, result in variable data, inaccurate SAR, discrepancies between enzyme 

and cell assays and inaccurate in vitro ADMET testing (Di and Kerns, 2006). While aqueous 

solubility is a required property, it is important that a balance be obtained because very high 

aqueous solubility which is usually associated with poor lipophilicity means compounds with 

such properties cannot be orally available. 

 

3.4.2.3 Prediction of blood brain barrier penetration 

Three of the phosphine ligands and corresponding gold(I) complexes (TTL10, TTC10, 

TTL17, TTC17, TTL24 and TTC24) were predicted to have very high BBB penetration levels 
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(0), while the thiosemicarbazonate gold(III) complexes (PFK7, PFK8, PFK41 and PFK43) and 

the gold(III) pyrazolyl complex (KFK154b) had medium BBB penetration prediction levels of 2 

(Table 3.8A). The Tscs ligands PFK5, PFK6, PFK39 and PFK38 had moderate BBB 

penetration. Complexation with gold appeared to improve BBB penetration for the 

complementary complexes. The rest of the compounds i.e. TTL3 and TTC3 from the 

phosphine chloride class, the BPH gold(I) complexes and the gold(I) phosphine thiolate 

complexes were predicted as having undefined (ranked 4) BBB penetration levels. These 

compounds also appeared outside the 99% ellipse (seen in Figure 3.7) while those with 

acceptable penetration levels were within the 95 and 99% confidence ellipses for BBB 

penetration. BBB penetration is important for anti-HIV agents to be able to combat infection 

and inhibit viral replication in the brain (Glynn and Yazdanian, 1998). Existing anti-HIV agents 

such as nevirapine are able to cross the BBB (this ability is attributed to its lipophilicity, Glynn 

and Yazdanian 1998). According to the predictions that were performed for the current anti-

HIV drugs (Table 3.8B and Figure 3.7B), nevirapine had a BBB level of 2 (medium 

penetration) supporting the findings by Glynn and Yazdanian (1998). The majority of the HIV 

drugs either had low or undefined BBB penetration levels (Table 3.8B and Figure 3.7B) 

especially the PR inhibitors, a finding which has been confirmed by other authors (Enting et 

al., 1998). This suggests that these drugs would be unable to arrest or reduce viral replication 

in the brain, a situation that has been shown to result in increased incidence of AIDS dementia 

(Marra and Booss, 2000). Except for TTL3 and TTC3, the phosphine chloride compounds 

(TTL10, TTC10, TTL17, TTC17, TTL24 and TTC24), the gold(III) thiosemicarbazonate 

complexes (PFK7, PFK8, PFK41 and PFK43) and the gold(III) pyrazolyl complex (KFK154b) 

could be better inhibitors of HIV replication in the brain (BBB levels of 0 = very high and 2 = 

medium). While good BBB penetration predictions were observed for the phosphine chloride 

compounds (ligands and complexes), unfortunately aqueous solubility was very poor (except 

for TTL24 and TTC24). These compounds will therefore require further structural modification 

to fine tune lipophilicity/hydrophobicity so as to obtain ideal lipophilicity values. This 

observation confirms the ideology that finding a perfect drug is not easily achievable in drug 

discovery (Joshi, 2007).   

 

3.4.2.4 Prediction of cytochrome P450 2D6 inhibition 

Except for the phosphine chloride compounds of class I (Table 3.6) and the BPH gold(I) 

complex (EK208) which were predicted to be CYP inhibitors, none of the other compounds 

had such effects (Table 3.8A). This finding is promising for these compounds because 

inhibition of CYP is not desirable. CYP is involved in drug metabolism (Susnow and Dixon, 

2003) and its inhibition could potentially block the metabolism of other drugs. Anti-HIV drugs 

are administered in combination and if one of the drugs is a CYP inhibitor, its metabolism and 

that of the other drugs will be compromised. This can lead to a reduction in bioavailability 

 
 
 



CHAPTER 3 COMPOUND PROPERTIES 
 

    Page | 68  
 

resulting in enhanced mutation rate since suboptimal doses will end up in the circulation. 

Alternatively it could result in interactions that may lead to elevated blood levels of some of the 

drugs that are used such that unwanted and life-threatening side effects could ensue (Tanaka, 

1998). Only three of the eighteen anti-HIV drugs for which ADMET predictions were 

determined had the potential of inhibiting CYP. These included the NNRTI, nevirapine and two 

PR inhibitors (ritonavir and amprenavir, Table 3.8B).    

 

3.4.2.5 Prediction of hepatotoxicity 

Hepatotoxicity prediction levels according to the ADMET protocol could either be 1= 

hepatotoxic, or 0 = non hepatotoxic. This ranking is further classified based on the likelihood of 

the toxicity occurring and represented by probability values (Table 3.8A). The closer the 

probability is to one, the higher the likelihood of the compound being hepatotoxic and the 

closer to zero, the higher the likelihood of it being non hepatotoxic. The phosphine compounds 

(TTL10, TTC10, TTL24 and TTC24), the gold(I) phosphine thiolate complexes (MCZS1, 

MCZS2 and MCZS3) and the Tscs ligands (PFK5, PFK6, PFK38 and PFK39) were predicted 

as non hepatotoxic (0). The rest of the compounds were hepatotoxic. The gold(III) pyrazolyl 

complex (KFK154b) was predicted as hepatotoxic but with a 0.516 probability (Table 3.8A). 

Eight of the eighteen anti-HIV medications on the control list (Table 3.8B) were predicted to be 

hepatotoxic. Although being hepatotoxic is not a drug-like property, because it can be clinically 

managed through physician intervention (Núñez, 2010), efficacious drugs with this property 

can make it through the drug discovery process and be clinically useful e.g. nevirapine in 

Table 3.8B. 

 

3.4.2.6 Prediction of plasma protein binding ability 

Eight gold complexes had a <90% chance of binding to plasma proteins. These were 

the gold(I) phosphine thiolate complexes, MCZS1, MCZS2 and MCZS2, the gold(III) 

thiosemicarbazonate complexes and complementary ligands (Table 3.4) and the gold(III) 

pyrazolyl complex (Table 3.5) with a classification of 0. This classification which also makes 

use of AlogP98 groups such compounds as having an AlogP98 of <4 (Table 3.8A). The gold(I) 

phosphine chloride complexes and free ligands (class I) and the BPH complexes (class II) as 

well as the gold(I) phosphine thiolate bimetallic complexes (PFK174, PFK189, PFK190) of 

class III on the other hand were predicted as having a > 95% chance of binding to plasma 

proteins and AlogP98>4. Compounds with a <90% chance of binding to plasma proteins, are 

more drug-like because the free drug will be able to stay in solution for penetration into tissue 

and will thus be able to reach the therapeutic target (Kerns and Di, 2008). Binding to plasma 

proteins tends to affect the concentration of a compound in bioassays involving the use of 

reagents such as fetal calf serum (FCS) and this could drastically affect in vitro efficacy (Lin et 

al., 2008, Kageyama et al., 1994). Compounds (e.g. those in class I, II and the three bimetallic 
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complexes of class III) with high PPB binding tendencies that inhibit in direct enzyme assays 

will have an increased likelihood of complete loss of activity in cell-based assays and in vivo 

(Kageyama et al., 1994). 

 

3.4.2 7 Drug-likeness summary for the compounds 

Seven properties i.e. the six ADMET descriptors (HIA, aqueous solubility, BBB 

penetration, hepatotoxicity, PPB binding and CYP inhibition) and lipophilicity predictions were 

obtained for each of the twenty seven compounds in this study. These properties were used to 

construct an in-house drug score table (Table 3.9). According to the summary, only one gold 

complex (KFK154b) was predicted as having favourable properties for all ADMET descriptors 

(although with a 50% chance of being hepatotoxic) while seven complexes were positive for 6 

out of 7 descriptors. Complex TTC24 and complementary ligand TTL24 had a score of 3 out of 

7 with TTC24 having a 50% chance of being hepatotoxic. The least drug-like compounds were 

TTC3, its free ligand TTL3 and the BPH gold(I) complex EK208. With regards to classes, drug-

like characteristics were common for three complexes from class III (MCZS1, MCZS2 and 

MCZS3), four from class IV (PFK7, PFK8, PFK41 and PFK43) and one from V (KFK154b). 

The predicted properties were similar when literature comparisons were made with those of 

the anti-arthritic gold complex, auranofin (also included here as MCZS2). 

With regards to functional groups, the ligands played a very important role in the 

ADMET rankings for each class of compounds. For example, all the phosphine containing 

compounds which also had phenyl rings had significantly higher AlogP98 values (due to the 

hydrophobicity related to these rings) than the gold(I) phosphine thiolate complexes (MCZS1, 

MCZS2 and MCZS3) which have glucose rings and more H-bond acceptors and were less 

hydrophobic. The Tscs ligands of class IV (Table 3.4) which contain more H-bond donors 

(Table 3.6) tended to be less lipophilic (than the phosphine group of ligands) while the 

corresponding gold complexes (Table 3.4) had slightly higher but ideal values (Table 3.8A). 

The slightly higher values probably resulted from the fact that there was a decrease in the 

number of H-bond donors after complexation as seen in Table 3.6 where the free ligands had 

4 H-donors and upon complexation only 2 were available. Some complexes e.g. the 

thiosemicarbazonate complexes had better drug-like predictions than some currently available 

anti-HIV agents e.g. nevirapine (Table 3.8B). Nevirapine has the potential of inhibiting CYP 

which is not the case for eighteen of the 27 compounds in this study. A look at Table 3.9 also 

suggests that drug-like properties for the complexes were usually similar to those of the ligand 

precursors e.g. TTL3 and TTC3 which had a total score of 1 and the Tscs ligands and 

complexes a score of 6/7. The Tscs compounds, the gold(III) pyrazolyl compound and the 

gold(I) phosphine thiolate compounds containing 2,3,4,6-tetra-O-acetyl-1-thio-B-D-

glucopyranose were the most drug-like.   
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Table 3.9: ADMET prediction scores summary.  Compounds with a score of 0/7 were those predicted to 
be the least drug-like while those with a score of 6/7 were those predicted to be the most drug-like. Ligand 
precursors and corresponding complexes from different classes had similar scores suggesting that drug-
likeness was related to ligand type.   

Drug 
Score/7 

Gold complex(s)  Free ligand(s)  

Gold(I)  Gold(III)  

0 TTC3, EK208  TTL3 
1 TTC17 

EK207, EK219, EK231,  
PFK174 PFK189, PFK190 

 
 
 

TTL17 

2 TTC10  TTL10 
3 TTC24  TTL24 
6 MCZS1, MCZS2 and MCZS3 PFK7, PFK8, PFK41 and 

PFK43, KFK154b 
PFK5, PFK6, PFK39 
and PFK38 

 

3.4.3 Shake Flask Method of Lipophilicity Determination  

In addition to using the DS® Client software package for predicting AlogP98 

(lipophilicity) and its relation to other drug-like properties, lipophilicity determination was also 

done for gold complexes PFK7 and PFK8 using the traditional shake flask method. This 

method entails determining the concentration of the compounds in an aqueous and a lipid 

phase followed by calculating the logarithm of the partition coefficient (Log P) between the 

phases as a measure of lipophilicity. Log P  values of 2.42±0.6 and 0.97±0.5 were obtained for 

complexes PFK7 and PFK8 respectively.  

The slight differences between log P values obtained by the shake flask method and 

those from DS® (which were 1.5 and 0.8 for PFK7 and PFK8 respectively) might be as a 

result of the presence of the gold atom in the complexes. These atoms are not included in the 

ADMET AlogP98 protocol in DS®, because the program was designed from datasets involving 

organic molecules. This leads to 5 atoms (making the coordination sphere) for the gold(III) 

thiosemicarbazonate complexes (PFK7, PFK8 - Table 3.4) and all the gold complexes to have 

unknown AlogP98 values (Table 3.8A). Atoms with unknown AlogP98 do not contribute to the 

AlogP98 calculation. However, this did not seem to have had a drastic effect on the AlogP 

predictions from DS® when compared to those from the shake flask method since very similar 

values were obtained. This observation was further supported by the fact that ideal lipophilicity 

predictions were obtained for auranofin which is a known orally available gold-based drug as a 

result of its lipophilic ability. 

 

3.5 CONCLUSIONS 

ADMET properties are required early on in drug discovery to help with prioritising lead 

compounds and for reducing late failures. While in vitro HTS methods can be implemented, in 

silico predictions (which are easily obtained) can serve as complementary approaches for 

substantiating the in vitro findings. In addition to using Discovery Studio for predicting ADMET 

parameters for the compounds in this study, NMR was also used for determining  the stability 
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of representative complexes in d6-DMSO after storage at two different temperatures (-20 and 

37 ºC).  

Backbone chemical shifts of the complexes generally appeared stable after storage at -

20 and 37 ºC as seen from 31P and 1H NMR spectra. The main changes appeared to be 

impurities such as acetone (spectrum of EK231) and D2O peak in the 1H spectrum of 

KFK154b. Another notable change was that of inherent hygroscopic abilities of four complexes 

while the 31P and 1H NMR spectra of MCZS3 and PFK174 could not be resolved because of 

poor solubility in DMSO (Table 3.7) stemming from the presence of water which is known to 

lead to compound precipitation when in DMSO (Ellson et al., 2005).  

With regards to drug-likeness predictions, twelve of the compounds (classes III, IV and 

V) had a score of 6 out of 7 (Table 3.9) which correspond with literature reports for auranofin 

(MCZS2), a clinically and orally available gold(I) complex that has been reported to restore the 

CD4+ count of an AIDS patient who was being treated for psoriatic arthritis (Shapiro and 

Masci, 1996). This compound was predicted to have ideal lipophilicity and HIA values. BBB 

penetration predictions for nevirapine also correlated with the experimentally determined 

findings of Glynn and Yazdanian (1997).  

Another notable observation was the fact that ADMET properties, as expected, were 

dependent on the groups present in the compounds. For example the N,N-dimethly-ethane-

1,2-diamine moiety present in TTC10 and TTC24 appeared to confer better drug-like 

properties unlike the phenethyl-amine group present at a similar position in TTC3 and TTC17 

(all complexes belonging to class I). 

While some of the compounds were predicted as having favourable ADMET and 

Lipinski’s properties, it should be noted that these are not absolute requirements and that 

there are exceptions that do go through to clinical application. For these reasons, where 

possible, all the compounds synthesised in this study were analysed in anti-HIV tests and the 

calculated/determined predictions here were not stringently used to filter out non drug-like 

compounds. The anticipation was that efficacious compounds with poor ADMET predictions 

could eventually be recommended for structural modifications through SAR studies to increase 

drug-likeness while maintaining therapeutic usefulness. Those with good drug-like properties 

on the other hand, which end up having therapeutic efficacy would be recommended for 

further testing.  

Confirmatory tests between methods (in silico and shake flask for complexes PFK7 and 

PFK8) and with literature (for auranofin) suggested that the inorganic nature of the compounds 

did not seem to drastically affect ADMET predictions which were obtained from software that 

was developed for organic compounds (Fricker, 2007). The ADMET predictions of PFK7, 

PFK8 and the rest of the Tscs-based complexes and the shake flask findings form part of a 

publication from this project (Fonteh et al., 2011). 
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Finding an ideal drug (based on in silico and experimental data) is always desirable, 

but not always possible (Joshi, 2007) as seen from the data for the currently available anti-HIV 

agents. What is important therefore is obtaining a balance with regards to efficacy and 

tolerability while ensuring appropriate physician intervention protocols at the point of 

administration. 
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CHAPTER 4 
COMPOUND-INDUCED HOST CELL 

RESPONSES AND EFFECTS ON 
WHOLE VIRUS 

 

SUMMARY 
Background:  The interaction of test agents with cells in culture is an important aspect of drug 

discovery because it mimics the in vivo scenario. In addition, it avoids the costs and ethical 

issues involved in working with animal models especially during the early stages when drug-

like properties are still being investigated. In this study, the effect of the compounds on host 

cells and whole virus was evaluated by monitoring cell viability, cell proliferation, viral 

infectivity and immunomodulatory effects on relevant cell types.  

Materials and Methods:  Toxicity studies were done using spectrophotometric methods 

(measuring absorbance) and by flow cytometry (using the annexin V and propidium iodide kit) 

while proliferation studies were performed with carboxyfluorescein succinimidyl ester dye and 

a real time cell electronic sensing device. To determine if any of the compounds could prevent 

whole virus from infecting host cells, luminescence measurements of luciferase reporter gene 

expression (indicative of HIV Tat-responsive gene expression by engineered TZM-bl cells) 

were performed. The intracellular production of cytokines, IFN-γ and TNF-α within CD4+ and 

CD8+ cells, was evaluated using multi-parametric flow cytometry.  

Results and Discussion:  The 50% cytotoxic concentrations of most of the gold complexes 

were in the low micromolar range (between 1 and 20 µM). Ten complexes had anti-

proliferative effects on peripheral blood mononuclear cells (decreasing proliferation from the 

parent generation by >50%) with PFK7 being the most prominent followed by PFK190, PFK8 

and EK207. Inhibition of viral infectivity was observed at non-toxic (cell viability was >80%) 

concentrations of complexes TTC24, EK207 and EK231 and cytostatic concentrations of 

PFK7 and PFK8 (seen by RT-CES analysis). CD4+ cell frequencies from PBMCs of twelve 

HIV infected donors were reduced by complexes EK207 and PFK7 (p<0.05) further confirming 

the cytostatic abilities of these two complexes. The cytostatic ability of PFK7 was also shown 

to be as a result of significant (p = 0.003) inhibition of RNR enzyme. The production of the pro-

inflammatory cytokine (TNF-α) was elevated in the same cells (CD4+) by the complementary 

ligand of PFK7 (PFK5) but not by complex PFK7 suggesting that complexation with gold 

resulted in a drug-like property. None of the complex precursors prevented infection of host 

cells, illustrating the importance of metal/gold complexation in these potential drugs.  

Conclusion:  Complexes TTC24, EK207, EK231 inhibited viral infectivity at non-toxic 

concentrations (but unfortunately had poor drug-like properties, chapter 3) suggesting that 
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structural modifications to improve drug-likeness may be required. PFK7 and PFK8 also 

inhibited viral infectivity but at cytostatic concentrations. Furthermore, EK207, PFK7 and PFK8 

decreased PBMC proliferation while EK207 and PFK7 suppressed the frequency of CD4+ 

cells without altering cytokine production. Cytostasis is an anti-HIV mechanism which is also 

linked to decreases in CD4+ cell numbers and to inhibition of RNR. After modification to 

improve drug-likeness, complex EK207 and the drug-like complexes such as PFK7 and PFK8 

which inhibit viral infectivity presumably as a result of cytostatic effects stand a chance of 

being incorporated into virostatic combinations which will offer better resistance profiles than 

existing drugs.  

Keywords: viability, proliferation, infectivity inhibition, immunomodulation, cytostasis 

 

4.1 INTRODUCTION 

Test agents interacting in culture with cells are highly desirable in any drug discovery 

paradigm because they provide a means for ready, direct access and evaluation in vitro (Allen 

et al., 2005). Drug-cell interactions are valuable in providing information about cytotoxicity, 

drug mechanism of action and allow for screening of potential therapeutic agents. With cell 

cultures, it is easy to manipulate the cells to mimic a disease state thereby making it possible 

for significant information about the effect of a test compound to be obtained (e.g. engineering 

cells to have surface receptors necessary for infectivity by HIV). In vitro analysis ensures that 

ethical issues related to drug testing in humans or animal models can be avoided in the initial 

stages of drug development research (Allen et al., 2005) when safety is still a concern. The 

result of this is that, more safe drugs get into the more costly, late drug developmental phases 

(Donato et al., 2008). 

Two cell types were used in this study; primary cells and immortalized cell lines. 

Primary cells closely mimic the in vivo state and generate physiologically relevant data. These 

cells unfortunately tend to undergo senescence after a few divisions and cannot be maintained 

in culture indefinitely (Castilho et al., 2008). Unlike the immortalised or continuous cell lines 

which are homogenous (Burdall et al., 2003), primary cells usually contain a variety of cell 

types in the same mixture therefore requiring further manipulations (e.g. tagging of surface 

receptors with fluorescently labelled antibodies or sorting) if information on specific subsets is 

required. Immortalized cell lines facilitate high throughput screening since they are readily 

available and together with primary cells allow for extrapolation of information from in vitro 

data regarding the effect of potential drugs in vivo. Unfortunately, these cells could lose their 

genotype and/or phenotype as a result of continuous culturing (Burdall et al., 2003). As such, 

strict culture conditions such as passage number have to be adhered to, to ensure phenotypic 

and genotypic stability.  
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The study of drug-like properties of new chemicals early in drug discovery has gained 

significant importance over the last decade due to the high rate of late drug failures during 

clinical trials (Hamid et al., 2004) with toxicity and adverse effects being some of the reasons 

for the failures. While the in silico prediction models (covered in chapter 3) provides insights 

into potential toxicity and can significantly shorten the drug discovery time line (Lobell and 

Sivarajah, 2003), complementing these data with in vitro experimental studies is important 

because of the physiological relevance of the latter. Specific cell types are available for 

determining ADMET properties in vitro. Brain microvessel endothelial cells have been used in 

BBB penetration studies (Glynn and Yazdanian, 1998) and Caco-2 cells for cellular 

permeability (Egan and Lauri, 2002). Because cytotoxicity is one of the most critical and 

unpredictable of the drug-like properties and can be species and organ-specific (Ponsoda et 

al., 1995), the focus here was on the toxicity component of ADMET.  

In this study, both HIV uninfected and infected cells were used. When uninfected cells 

were used, compound cytotoxic effect could be monitored in the absence of viral cytopathic 

effect. When infected cells were used, it was also important to exclude toxicity by using non-

toxic viral titres in addition to including viability dyes to exclude dead cells.  

Various complementary assays were used in determining compound effect on cell 

viability. The reason for this is because of the multiple parameters that can influence cell death 

making the use of multiple markers to determine viability during early drug screening a 

necessity (Kepp et al., 2011). Standard spectrophometric assays were used for determining 

cellular metabolism and have the advantage of being robust, inexpensive and can be easily 

applied in HTS (Kepp et al., 2011). These included the tetrazolium dyes; 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 3-(4,5-dimethylthiazol-2-yl)-5-

3(3-car oxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS). These inexpensive 96 

well format assays facilitated the determination of the 50% cytotoxic concentrations (CC50s) of 

the compounds. This is because for determining CC50, a wide range of concentrations (at least 

six or more) is required for producing a dose response curve. These assays are however 

susceptible to metabolic interference and can lead to false positive results (Kepp et al., 2011, 

Boyd, 1989, Haselsberger et al., 1996, Denizot and Lang 1986). For this reason, the assays 

were only used after thorough optimisation and only as preliminary viability screening assays. 

The more specific flow cytometric assay using annexin V and propidium iodide was used for 

validating viability dye findings. More background information on these assays will be provided 

in the materials and methods sections of this chapter.   

Other approaches that were used to indirectly investigate viability included the use of 

proliferation assays such as the carboxyflourescein succinimidyl ester dye dilution assay and 

impedence measurement by real time cell electronic sensing. In addition to providing 

information regarding the viability status of the cells, these assays also provide mechanistic 

information e.g. cytostasis or anti-proliferative effects of test agents. Various reports have 
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indicated the importance of anti-proliferative properties of test agents e.g. cytostatic anti-viral 

effect of HU which prevents immune activation by limiting proliferation (Lori et al., 2005). For 

metal-based drugs, prevention of antigen presentation through stripping of peptide antigens 

from MHC class II molecules is one of the ways by which T cell activation is prevented (De 

Wall et al., 2006).  

 Gold compounds with anti-proliferative or cytostatic effects which also inhibit viral 

replication have the potential of being incorporated into virostatic combinations (Lori et al., 

2005). This is a treatment strategy that is encouraged as a first-line combination to reduce the 

emergence of resistant strains and at a point when the patients are asymptomatic so as to 

avoid complications that could arise in advanced disease (Lori, 1999). On the other hand 

stimulation of lymphocyte proliferation may mean the compounds have the potential of being 

antigenic and may end up having adverse effects (Best and Sadler, 1996, Verwilghen et al., 

1992). Since in HIV infection, activation usually results in increased viral replication and 

progression to AIDS (Gougeon, 2005) this may mean such compounds will potentiate the 

chronic inflammation already present (Appay and Sauce, 2008). The side effects related to 

gold therapy have been linked to their ability to cause a stimulatory effect on the immune 

system leading to the production of pro-inflammatory cytokines (Lampa et al., 2002). Such 

adverse effects previously seen in rheumatoid arthritis treatment are not manifested in all 

patients and some end up being cured by the use of gold-based drugs (Sigler et al., 1974, 

Forrestier, 1935).   

In HIV infection, there is immunodeficiency as a result of the loss of CD4+ cells, 

hyperactivity as a result of B cell activation as well as changes in cytokine production (Breen, 

2002). Cytokine-based therapy has been reported to be an alternative approach to HAART 

since it allows for the manipulation of the immune system to attain beneficial results; 

exemplified for IL-2, which boosts CD4+ cell number (Alfano and Poli, 2001). Assessing the 

function of T lymphocytes (crucial immunological cells) is representative of the immune state 

and aids in the identification of correlates of protection and of disease (Heeney and Plotkin, 

2006). The frequency of CD4+ and CD8+ cells as well as representative anti-inflammatory 

(IFN-γ) and pro-inflammatory (TNF-α) cytokine production levels was determined as a means 

of assessing the effect of the compounds on immune function and on the chronic inflammatory 

disease caused by HIV (Appay and Sauce, 2008). Gold compounds have been reported to 

have immunomodulatory effects (discussed in section 2.3.3.3). We envisaged similar 

properties for the compounds tested here and performed immunomodulatory assays as a 

means of ascertaining if the compounds could serve as immune therapies.  

In the next sections, the effect of the compounds on cell viability, proliferation, viral 

infectivity and immunomodulation is described. For the inexpensive and HTS assays (such as 

viability using MTT and annexin V/PI, the proliferation assay using CFSE and in the infectivity 

assays), all the compounds were tested and only representatives from the various classes for 
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more expensive and non HTS assays (e.g. RT-CES and in the multi-parametric flow cytometry 

assay). The data from class representative compounds could be used to extrapolate or 

deduce similar responses for members of the same class especially since drug-likeness 

predictions suggested that there were similarities between groups (Table 3.8A, chapter 3). 

 

4.2 MATERIALS AND METHODS 

4.2.1 Cells 

The primary cells, referred to as peripheral blood mononuclear cells were isolated from 

venous blood obtained from both HIV positive and negative donors. The cell lines PM1 

(courtesy of Dr. Marvin Reitz, Lusso et al., 1995) and TZM-bl (from Dr. John C. Kappes, Dr. 

Xiaoyun Wu and Tranzyme Inc, Takeuchi et al., 2008, Wei et al., 2002, Derdeyn et al., 2000, 

Platt et al., 1998) were obtained through the NIH AIDS Research and Reference Reagent 

Program, Division of AIDS, NIAID, NIH. The PM1 cell line obtained by transforming a 

neoplastic T-cell line, Hut 78 (Lusso et al., 1995) to display CCR5 on its surface, is susceptible 

to infection by CXCR4 and CCR5 isolates and therefore ideal for expansion of progeny virus. 

The TZM-bl cells previously designated JC53-bl (clone 13) is a HeLa cell line engineered to 

stably express CD4, CXCR4 and CCR5. These cells were generated from JC.53 cells by 

introducing separate integrated copies of the luciferase and β-galactosidase genes under the 

control of the HIV-1 promoter (Platt et al., 1998) and are highly sensitive to infection with 

diverse isolates of HIV-1.  

 
4.2.1.1 Isolation of primary cells from whole blood 

Ethics clearance for this research was obtained from both the Faculties of Natural and 

Agricultural Sciences and the Health Sciences Ethics Committees (University of Pretoria) with 

approval numbers EC080506-019 and 163/2008 respectively. Blood from HIV infected (HIV+) 

individuals was obtained from subjects attending routine check-up at clinics around Pretoria 

(South Africa) including the Kings Hope Development Foundation Clinic (Diepsloot), the 

Fountain of Hope Clinic (FOH, Pretoria Central) and the Steve Biko Academic Hospital’s 

Division of Infectious Diseases. The University of Pretoria’s clinic was the point at which 

uninfected (HIV-) blood samples were obtained from healthy volunteers. In sampling from 

HIV+ donors, blood was only obtained from volunteers who were not on antiretroviral therapy 

(ART) and generally had a CD4+ count of > 200 cells/µL of blood (the cut-off point used in 

South Africa as exclusion criteria from ART for people infected with HIV). It was important to 

collect blood from these treatment-naïve patients to avoid false conclusions regarding the 

compounds under study which might be resulting from residual effect of administered ART in 

the case where treatment-experienced donors were used. 

Venous blood from consenting donors was collected in K3 EDTA anti-coagulant 

Vacuette® tubes (Greiner Bio-one, Austria) and processed within 2 h. The separated plasma 
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portion (liquid portion containing clotting factors) was stored at -20 ºC and the cell-containing 

fraction was diluted 1:1 with RPMI-1640 medium (Sigma Aldrich, Missouri USA) supplemented 

with antibiotics (10 mg/mL penicillin, 10 mg/mL streptomycin sulphate, 25 µg/mL fungizone 

and 1% v/v gentamycin sulphate). This was followed by standard Ficoll-Histopaque®-1077 

(Sigma Aldrich, Missouri USA) density centrifugation. Briefly, two parts of the diluted blood 

was gently overlaid on one part of ficoll (Sigma Aldrich, Missouri USA) followed by 30 min of 

centrifugation (1610xg, 25 ºc). The buffy coat (middle layer) containing the PBMCs was 

washed (866xg, 10 min, 25 ºc) with incomplete medium (RPMI containing antibiotics only) to 

remove platelets and further treated with 5 mL of ammonium-chloride-potassium or ACK (150 

mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, pH 7.2) to disrupt and lyse any residual red blood 

cells. Following another wash step with incomplete RPMI-1640 medium (258xg, 10 min), the 

PBMCs were resuspended in complete RPMI-1640 medium which in addition to antibiotics, 

also contained 10% (v/v) heat-inactivated (56 °C, 30 min) fetal calf serum. A hemocytometer 

count was performed using trypan blue to determine the viability and concentration of the 

cells. A cell viability of > 90% was considered appropriate and the cells were resuspended at a 

suitable concentration as needed for the particular bioassay. Phytohemagglutinin-protein 

(PHA-P) also known as lectin from Phaseolus vulgaris was used as a stimulant for enhancing 

in vitro proliferation of primary cells while phorbol myristate acetate (PMA) and ionomycin 

(ION) were used for enhancing cytokine production (both stimulants were obtained from 

Sigma Aldrich, Missouri, USA). The cells were used to determine compound effect in one or 

more of the following assays: viability determination, proliferation or immune effects studies.  

 
4.2.1.2 Culturing of continuous cell lines 

Two types of continuous cell lines were used; the PM1 and the TZM-bl cell line. The 

PM1 suspension cell line were cultured in complete RPM1-1640 medium and subcultured at a 

concentration of approximately 5x104 cells/mL every two days. The TZM-bl cells on the other 

hand are adherent cells and were subcultured in T-75 tissue culture flasks (NuncTM, Roskilde, 

Denmark) with approximately 106 cells in 15 mL of complete Dulbecco’s Modified Eagle 

Medium (DMEM) with L-glutamine, sodium pyruvate, glucose and pyridoxine (Gibco BRL Life 

Technologies, Grand Island, USA) containing antibiotics (10 mg/mL penicillin G, 10 mg/mL 

streptomycin sulphate, 25 µg/mL fungizone and 1%-v/v gentamycin sulphate) and 10% (v/v) 

heat inactivated FCS. The cells were sub-cultured every two or three days when confluency 

(surface area of the culture flask occupied by cells) was about 90%. Generally, a 

concentration of 1x105 cells/mL was prepared for both the PM1 and the TZM-bl cells for 

experimental purposes unless stated otherwise.  
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4.2.2 Compound Preparation 

Compounds were stored desiccated at -20 ºC until needed for experiments. Sufficient 

quantities were dissolved in DMSO (Highveld Biologicals, Sandringham, South Africa) to a 

concentration of 20 mg/mL and stored as single use aliquots of 5 or 10 µL at -20 ºC and used 

within a week. For bioassays, each of this was made up to 1 mg/mL with either phosphate 

buffered saline (PBS, pH 7.4) solution or growth medium (complete RPMI-1640 or DMEM) as 

required. The compounds were further diluted to experimental concentrations (0.02 - 200 µM) 

ensuring that the final DMSO concentration was ≤0.5% (v/v). This concentration of DMSO had 

no discernible effect on cell viability compared to controls.  

 

4.2.3 Cell Viability Assays 

Many in vitro cytotoxicity assays are available for determining cell viability. Some like 

the MTT and MTS assays, have the advantage of being adaptable to large scale screening 

relevant for most cells while others e.g. flow cytometry using annexin and propidium iodide 

(PI) provide additional information such as the mechanism of cell death. MTT (developed by 

Mosmann in 1983) is widely used for the quantitative assessment of cellular viability and 

proliferation but has shortcomings. Some of the draw backs are poor linearity with changing 

cell number, sensitivity to environmental conditions and the fact that it depend on the cells’ 

metabolism of formazan (Boyd, 1989, Haselsberger et al., 1996, Denizot and Lang 1986). In 

addition, some human cell lines metabolize these dyes very inefficiently, and in some cases 

such dyes are cytotoxic (Hertel et al., 1996). Although MTT and MTS (Buttke et al., 1993) are 

widely used, reported conditions and parameters of the assays vary widely and depend largely 

on cell type (Soman et al., 2009, Young et al., 2005). These limitations necessitated the 

inclusion of optimisation steps in the HTS assays (details for these are provided in the 

appendix in section 8.3) followed by the use of more specific confirmatory assays. Flow 

cytometry (using annexinV/PI and CFSE) as well as RT-CES analysis were used to 

corroborate MTT data. Although the flow cytometric method is more specific than the MTT 

viability dye, important criteria such as gating on the right population (inclusion of cell surface 

markers) and having the right forward scatter (FSC, which is related to size) and side scatter 

(SSC, related to granularity) scaling has to be adhered to. In the following subsections, HTS 

viability dye assays as well as flow cytometry methodologies are provided. An incubation time 

of 72 h was used because it is sufficient for monitoring early drug toxicity (Sussman et al., 

2002) but in the real time studies, proliferation (viability) was monitored for up to 7 days. 

Background information on all assays precedes protocols, all of which are followed by results 

and discussion.  
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4.2.3.1 HTS dye assays for determining cell viability 

Several viability dyes (MTT, MTS and annexinV/PI) and a cytotoxicity kit for measuring 

lactate dehydrogenase release (details in the appendix, section 8.3.1), were compared during 

optimisation assays and a decision was made to use MTT and MTS for viability assessment. 

Both MTT (Sigma Aldrich, Missouri, USA) and MTS (Promega Corporation, WI, USA) are 

tetrazolium salts which function on the same principle. Dehydrogenase enzymes present in 

the mitochondria of viable cells convert these salts to a quantitative colorimetric formazan 

product that can be measured spectrophotometrically. In the case of MTT, the product is 

insoluble and requires a solubilisation step while for MTS, an additional coupling reagent 

(phenazine methosulfate-PMS), confers enhanced chemical stability leading to the formation 

of a stable solution. MTS was found to be easily metabolised by PBMCs probably because it is 

a more stable dye which could withstand the heterogeneity of PBMCs while either of the two 

dyes were easily metabolisable by the more homogenous cells lines (PM1 and TZM-bl). The 

MTT assay was done according to the protocol by Mueller et al., (2004) with minor 

modifications including the removal of spent medium to exclude compound effect before dye 

addition. The same conditions were employed for the MTS assay. 

Procedure:  PBMCs (1x106 cells/mL) and PM1 cells (1x105 cells/mL) in complete RPMI-1640 

medium were treated with various concentrations of the compounds (0.4-200 µM) in cell 

culture grade 96 well plates (NuncTM, Roskilde, Denmark) and incubated (37 ºC, 95% 

humidity, 5% CO2) for 72 h. At the end of the incubation, the plates were centrifuged (258 x g, 

10 min) and 150 µL spent medium discarded and replaced with 50 µL freshly prepared 

complete medium. Ten microlitres of MTS was added to the resuspended cells and reduction 

of the MTS tetrazolium compound to formazan was detected after colour development using a 

Multiskan Ascent® spectrophotometer (Labsystems, Helsinki, Finland) at 492 nm and 690 nm 

as reference wavelength. Readings were taken after 2 h of incubating with MTS in the case of 

the cell lines and 24 h later in the case of PBMCs. Viability percentages were determined 

relative to an untreated control of cells only.  

When MTT was used, a similar protocol was implemented but with the inclusion of a 

solubilisation step. After incubating the cells with the compounds, 150 µL of spent medium 

was discarded and replaced with an equivalent amount of freshly prepared complete medium. 

Then 20 µL (5 mg/mL) of MTT was added to the cells and colour development analysed after 

2 h (cell lines) or 24 h (PBMCs). This was followed by solubilisation of the formazan product 

using acidified isopropanol in a 1:9 ratio (1 part of 1 M HCl and 9 parts of isopropanol). 

Absorbance was measured at 550 nm and a reference wavelength of 690 nm on a Multiskan 

Ascent® spectrophotometer (Labsystems, Helsinki, Finland). In both cases (MTS or MTT), 

percentage viability was calculated using the formula: 

Viability (%) =Absorbance of Sample – Absorbance of medium x 100 

                 Absorbance of control - Absorbance of medium 
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CC50 values were then graphically obtained after generating a dose response curve using 

Graphpad Prism® software (California, USA). Non-toxic concentrations (>50% viability) of the 

compounds obtained from viability assays were subsequently used in other cell-based assays 

and in the direct enzyme assays. 

 

4.2.3.2 Effect of the compounds on cell viability by flow cytometry 

Flow cytometry is a technology that simultaneously measures and then analyzes 

multiple physical characteristics of single particles, usually cells, as they flow in a fluid stream 

through a beam of light from a laser source. The properties measured include a particle’s 

relative size (FSC), relative granularity or internal complexity (SSC), and relative fluorescence 

intensity). A schematic representation of the components of a typical flow cytometer is shown 

in Figure 4.1. 

 
Figure 4.1: A schematic representation of the setup of a flow cytometer.  Main components are lasers 
which generate light source, lenses which focus light onto sample, detectors for determining emitted light at 
specific wavelengths and this information is conveyed onto an output device represented by the screen. This 
figure was taken from www.ab-direct.com, accessed on the 25/04/2011 
 

Unlike spectrophotometry (employed for the MTT and MTS assays), which measures 

absorption in a bulk volume, flow cytometry analyses single cells, making it more specific for 

determining cell viability and other cellular parameters. The major advantage of the dye 

assays is HTS but because of associated limitations, laborious and time consuming 

optimisation steps are usually required.  Although the dye assays could have completely been 

left out, the fact that different parameters can influence cell death necessitated the use of 

multiple markers (Kepp et al., 2011) and complementary assays to determine viability. While 

flow cytometry is more specific, care has to be taken to ensure that the right population 

(especially in a situation where different cell types are involved e.g. PBMCs) is identified and 

gated for analysis and that the FSC (particle’s relative size) and SSC (relative granularity or 
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internal complexity) scales are accurate. Failure to follow these requirements could result in 

the analysis of a completely different population than that which is desired.  

In this study, the cells of interest were the lymphocytes consisting predominantly of 

CD4+ and CD8+ subsets of CD3+ cells. To identify these cells from PBMCs, a CD45+ marker 

common on lymphocytes (Stelzer et al., 1993) was used to determine their position on a 

FSC/SSC dot plot ensuring the exclusion of monocytes and neutrophils. In the viability and 

proliferation studies with annexin V/PI and CFSE respectively, no further immunophenotyping 

of surface molecules was necessary but for the immunomodulatory assay, a CD3+ marker for 

T cells was used followed by CD4+ and CD8+ to differentiate T cell subsets.  

 The annexin-V-fluorescein isothiocyanate (FITC) apoptosis detection kit (Becton 

Dickinson or BD BioSciences, California, USA) was used in determining the viability of the 

PBMCs using flow cytometry. The kit contains annexin V which stains cell surface 

phosphatidylserine indicating apoptotic cells and propidium iodide which stains the DNA of 

damaged cells indicating the presence of necrotic cells. Cells negative for both annexin V and 

PI were considered viable. In addition to being a complementary assay for the HTS viability 

assays, this assay provided information on the mode of cell death (necrosis or apoptosis) 

caused by the compounds.   

Procedure: One millilitre of PBMCs (1x106 cells/mL) in complete RPMI medium was added to 

1 mL of compound solutions in cell culture grade 24 well plates (NuncTM, Roskilde, Denmark). 

Since the CC50 values obtained in the HTS assays only served as indicators of non-toxic 

concentrations, in this study, a decision was made to use compound concentrations that 

resulted in >60% viability (from MTT and MTS studies) for the flow cytometric analysis and 

other cell-based assays. This cut-off was considered sufficient in keeping toxicity to a 

minimum. After 72 h of incubating the PBMCs with various concentrations of the compounds, 

staining of the cells was performed using the annexin V/PI detection kit according to 

instructions by the manufacturer (BD Biosciences, California, USA). The cells were harvested 

by washing (500 x g, 5 min) twice with ice cold PBS (pH 7.4) and transferred to plastic flow 

tubes (BD Biosciences, California, USA). The cell pellet was resuspended in 100 µL of binding 

buffer followed by the addition of a pre-titrated amount or separation titre (minimum amount of 

dye to achieve good separation between positive and negative cell populations, which was 2 

µL each in this case) of annexin V-FITC and PI solution. After gentle mixing, the tubes were 

kept on ice in the dark for 15 min followed by the addition of 400 µL of ice cold binding buffer. 

Controls used included untreated cells, an annexin positive and a PI positive control. The 

annexin positive control was obtained by treating cells with 10 µM of auranofin (an anti-arthritic 

gold(I) compound known to have anti-tumour activity) while PI positive cells were obtained by 

fixing cells in ice cold methanol for 5 min.  An unstained control, the annexin as well as the PI 

positive controls were used for setting compensation (correcting for spectral emission overlap 

between different dyes to eliminate false positive or negative outcomes) and quadrant 
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specification. The samples suspended in 500 µL of binding buffer were subjected to flow 

cytometric analysis with 10,000 events collected per sample within 30 min of treatment. Ten 

thousand events were considered sufficient for discriminating apoptosis, necrosis and viability 

between treatments and controls for this assay (general criterion for determining the number 

of events that are enough for a flow cytometry assay, Roederer, 2008). Flow cytometric 

profiles were determined using a FACSAria (BD Biosciences, California, USA) with the FITC 

and peridinin chlorophyll protein-cyanin 5.5 (PerCp.Cy5.5) detectors used for the identification 

of apoptotic and necrotic cells respectively. The data was analysed using the FACSDiva 

software (BD Biosciences, California, USA) and FlowJo version 7.6.1 (TreeStar Inc., Oregon, 

USA).  

 

4.2.4 Effect of the Compounds on Cell Proliferation  

The proliferation of PBMCs and TZM-bl cells was monitored by flow cytometry using 

the CellTraceTm CFSE kit (Molecular Probes, Oregon, USA) and by the use of a RT-CES 

analyser respectively. In addition to providing mechanistic information, proliferation assays 

also serve to confirm cell viability and can provide information on potential antigenicity of the 

compounds (i.e. if the compounds can cause lymphocyte proliferation, Lampa et al., 2002, 

Verwilghen et al., 1992).  

 

4.2.4.1 Compound effects on the proliferation of PBMCs by use of CFSE 

In its cell-free state, CFSE is non-fluorescent because of the presence of two acetate 

groups. This non-fluorescent form is designated CFDA-SE (carboxyflourescein diacetate 

succinimidyl ester). The acetate groups however result in the compound being highly 

membrane permeable and allow the dye to rapidly shuttle across the plasma membrane of 

cells (the mechanism is shown in Figure 4.2). Once inside the cells, these groups are rapidly 

removed by intracellular esterases to yield highly fluorescent CFSE which binds covalently 

with proteins and is well retained within the cells (Graziano et al., 1998). A fraction of the 

fluorescent conjugates are not stable and exit through the cell membrane while a highly stable 

proportion remains within the cells and is halved between daughter cells as they divide, 

allowing for proliferation monitoring by flow cytometry (Quah et al., 2007, Lyons and Parish, 

1994).  

Procedure:  Cell proliferation was monitored using the CellTraceTm CFSE cell proliferation kit 

(Molecular Probes, Oregon, USA) from a “live gate” by simultaneous monitoring of viability 

using PI (BD BioSciences, California, USA). PI incorporation helps in the tagging and 

exclusion of dead cells which could potentially compromise proliferation data analysis. One 

microlitre of a 5 mM stock of CFSE was used in staining 1x107 cells/mL of PBMCs such that 

the final concentration of CFSE was 5 µM. Staining was done in PBS containing 5% (v/v) FCS 

as staining buffer for 15 min at 37 ºC with gentle agitation every 5 min. The reaction was 
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quenched with 5 volumes of ice-cold complete RPMI-1640 medium with gentle mixing 

conditions for 5 min on ice. Unincorporated CFSE was removed by washing three times with 

ice cold complete RPM1-1640 medium and the stained cells were resuspended in the warm 

complete RPM1-1640 medium at 1x106 cells/mL.   

 
Figure 4.2: Schematic representation of the mechanism involved in fluorescent labelling of cells with 
CFDA-SE. The CFDA-SE readily taken up by the cell is converted to CFSE by intracellular esterases. The 
CFSE covalently binds to proteins (R1-NH2 or R2-NH2) and some exits the cell as CFR1 while some of it is 
retained as CFR2. (Figure was taken from Wang et al., 2005). 
 

To optimise the assay, various strategies were used. It was important to determine 

when incubations could be stopped and if compounds alone could affect cell proliferation or if 

stimulants were required for monitoring the effects of the compounds on cell proliferation. 

Details on these optimisations are provided in the appendix (section 8.3.2). Three days of 

incubating the compounds with cells stimulated with PHA-P (2 µg/mL) was considered optimal 

for subsequent tests. Three days (72 h) was used for this assay because by the 5th/6th/7th day, 

most of the cells had lost their fluorescence through proliferation (especially for treatments 

where anti-proliferative effects were absent). In addition to the fact that the data could be 

correlated with the annexin V/PI and the MTS viability data (which also involved 72 h 

incubations), adequate determination of dividing cells using CFSE can only be monitored after 

> 48 h in culture (Quah et al., 2007) making 3 days ideal. 

PHA-P (2 µg/mL) stimulated CFSE stained cells at a final concentration of 1x106 

cells/mL were treated with different compound concentrations (those that had resulted in 

>60% viability in the MTS assay) for 72 h in 24 well plates. At the end of the incubation period, 

samples were harvested and washed twice with ice cold PBS. The samples were 

resuspended in 100 µL of PBS and a pre-titrated amount (2 µL) of PI was added to the cell 

suspension. This was incubated for 15 min on ice in the dark followed by the addition of 400 

µL of ice cold PBS. Instrument controls for compensation setting included an unstained 
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control, CFSE stained cells (detected on the FITC detector) and dead cells stained with PI 

(detected on the PerCp-Cy5.5 detector). The samples were placed on ice and analysed within 

1 h by the acquisition of 10,000 events on a FACSAria (BD, California, USA) after 

compensation or exclusion of fluorescence spillover. Data analysis was done using the 

proliferation tool in FlowJo Version 7.6.1 (TreeStar Inc., Oregon, USA).  

 

4.2.4.2 Compound effects on the proliferation profile of TZM-bl cells by RT-CES assessment 

The xCelligence system (Roche Diagnostics, Mannheim, Germany) also referred to as 

a real time cell electronic sensing analyser, is a microelectronic biosensor system for 

monitoring cells. The system provides dynamic, real time, label-free cellular analysis for a 

variety of research applications in drug development, toxicology, cancer, medical microbiology 

and virology. Unlike standard end point assays such as MTT and flow cytometry, RT-CES 

allows for the capturing of more physiologically relevant data and complements these other 

techniques by providing additional information such as cytotoxicity start time (which will be 

difficult to identify in end point assays). The system uses plates known as E-plates which 

contain integral sensor electrode arrays that allow adherent cells (only) within each well to be 

monitored. The presence of cells in the wells of the E-plate affects the local environment 

leading to an increase in electronic impedence (resistance). The more the cells attach to the 

electrodes, the higher the electronic impedence which is measured as cell index (CI). 

Compound treated cells exhibited varying response patterns represented by CI changes which 

represent proliferating (increasing CI), cytotoxic (decreasing CI) or cytostatic (stable CI) 

behaviour of the cells when compared to untreated samples.  

This assay has been described for the measurement of cytotoxicity (Boyd et al., 2008, 

Xing et al., 2006, Xing et al., 2005) and can be used to determine other cellular parameters 

such as cell proliferation, cytotoxicity start time, cell recovery, and cell response patterns (Xing 

et al., 2005) in real time. Figure 4.3 is a representative diagram showing the stages involved in 

the functioning of a RT-CES analyser. At point A where no cells are present (Figure 4.3), the 

CI is zero, but when cells are loaded into the well (1), the CI begins to increase gradually as 

the cells attach and divide (B). When a toxin or test agent is added (2), the cells can either 

carry on proliferating resulting in increasing CI (C) or could start dying resulting in decreasing 

CI (D). The effect of the test agent (stimulatory, cytostatic or toxic) could then be deduced 

based on the cell proliferation pattern relative to an untreated control. 

Procedure:  Before experiments were initiated, a cell titration experiment for the TZM-bl 

adherent cell line was performed in E-plates to establish ideal seeding concentrations. Based 

on the titration, a concentration of 10,000 cells/well was chosen for subsequent assays 

because it resulted in about 80% confluency after approximately 24 h (cell index was ~ 1.5) 

which was ideal for monitoring treatment effects. Proliferation profiles of these cells were 

established in the presence of selected compounds (TTL3, TTC3, EK207, MCZS2, KFK154B, 
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PFK5, PFK7 and PFK189) from each class and the assay was performed at least three times 

for each compound. Two hundred microlitres of 1 x105 cells/mL was seeded into the 

microelectronic plates and allowed to adhere for 24 h. The cells were treated with three 

different concentrations of the compounds and proliferation or adhesion was automatically 

monitored every minute (short term) for 1 h and then every 30 min (long term) for 3 to 7 days. 

Short term monitoring allows for the identification of immediate and transient compound 

effects while long term monitoring allows sufficient time for the compounds to interact with the 

cells and modulate their targets and also allows for distinguishing cell response patterns 

(Abassi et al., 2009). 

 
Figure 4.3: The principle of cell proliferation monitoring using the RT-CES analyser.  A represents a 
point where no cell are present with a CI of 0, in B, cells had been added to the well and were beginning to 
attach and divide (the CI is steadily increasing). When a toxin is added, cells either die (D) or continue 
proliferating (C). This figure was taken from Xing et al., (2006). 
 
 
4.2.5 Virus Infectivity Inhibition Ability of Compounds by Luciferase Gene Expression 

Assay 

The previous viability and cell proliferation assays were done using uninfected cells. 

Here and in the next section, the effect of the compounds on cells in the presence of virus is 

described. Infectivity assays measure the concentration of infective virus in a sample and in 

this case luciferase reporter gene expression was assessed. This assay was performed at the 

HIV Research Laboratory of the National Institute of Communicable Diseases (NICD, South 

Africa) according to the protocol described by David Montefiori (2004). The assay uses 

molecularly cloned pseudoviruses designed to undergo a single round of infection readily 

detectable in genetically engineered cell lines that contain a tat-responsive reporter gene such 

as luciferase and for this, the TZM-bl cell line was used. This reporter gene permits sensitive 

and accurate measurements of infection and the data obtained could be used to infer whether 
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the compounds could be viral entry inhibitors or if other pathways of the life cycle e.g. post 

entry steps were inhibited.   

Procedure:  Du151, an isolate of two phylogenetically distinct subtype C viral strains (Coetzer 

et al., 2007), at a dilution that gave 50,000 + 15000 relative light units (non-toxic tissue culture 

infectious dose - TCID) was pre-incubated with the compounds for 1 h. Following this 

incubation, 100 µL of TZM-bl cells at a concentration of 1x105 cells/mL was added to the 

virus/compound mixture (final volume of 250 µL) and further incubated for 48 h. At least six 

concentrations of the compounds were tested in 2 fold serial dilutions with the highest final 

concentration being 25 µM. Controls included in the assay were a cell control (uninfected cells 

and growth medium), virus control (virus, growth medium and cells) and a positive inhibitor for 

infectivity known as BB pool (plasma with known virus neutralizing antibodies). At the end of 

the 48 hour incubation, 150 µL of supernatant was removed from each well and discarded. 

Bright Glo substrate solution (100 µL, Promega, Wisconsin, USA) was added to the wells 

followed by 2 min of incubation at room temperature. From each well, 150 µL of the cell lysate 

was transferred to equivalent wells of a 96-well flat-bottomed black plate (NuncTM, Roskilde, 

Denmark) and luminescence was immediately obtained on a luminometer (PerkinElmer 1420 

Multilabel Counter, Victor3TM, Connecticut, USA) with the luciferase activity measured in 

relative light units. Infectivity inhibition was determined as a percentage using the formula = 

100-[(test wells-CC)/ (VC-CC) X100], where CC represents cell control and VC represents 

virus control. The 50% inhibitory concentrations (IC50) were graphically obtained after 

generating dose response curves (using Graphpad Prism® software, California, USA) 

representing percentage control inhibition values. 

In addition to pre-incubating the virus and the compounds prior to the addition of cells, 

an alternative incubation strategy was performed which involved pre-incubating the cells with 

the compounds before adding virus. By using the virus/compound pre-incubation strategy 

above, it was tempting to conclude that compounds that inhibited viral infectivity did so by 

interacting with viral surface components. Pre-incubating cells with compounds prior to the 

addition of virus on the other hand helps in confirming or disproving this and allows for 

speculation on whether the compounds might have multiple modes of inhibiting infection of the 

cells. In the situation where both strategies result in similar levels of inhibition, one could 

conclude that inhibition was at multiple targets. However, if findings lead to different levels of 

inhibition, then it could be speculated that the compounds affected infectivity at the level of the 

virus or the cells. In general, such “time of addition studies” allows for commentary on whether 

a viral or cellular pathway was inhibited with the important variable being the exposure time. 

Concurrent cell viability studies were also performed using MTT and the same 

experimental procedures (incubation time, final compound concentration and cell number) to 

determine the viability of the TZM-bl cells. This was important so as to eliminate compound 

toxicity in the infectivity studies since toxicity could be misinterpreted as infectivity inhibition.  
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4.2.6 Effects of Compounds on Immune System Cells Using Multi-parametric Flow 
Cytometry 

Flow cytometry is the defining tool for immune system cell studies and is currently the 

only technology that can analyse complex components of the immune system for clinical 

significance (Mahnke and Roederer, 2007, Pala et al., 2000). Because of the complexity of the 

T cell compartment, both phenotypically and functionally (Mahnke and Roederer, 2007), the 

frequency of immunological markers on cell surface alone are not reliable determinants of the 

immune state or the chronic inflammatory disease caused by HIV (Appay and Sauce, 2008). 

Monitoring the intracellular production of cytokines along with the phenotypic identity of a cell 

gives better insight about disease associations because the survival, growth, differentiation 

and effector function of cells and tissues are controlled by cytokines (Maino and Picker, 1998). 

The development of flow cytometers capable of measuring up to 20 parameters has widened 

the possibilities in this field (Mahnke and Roederer, 2007). Enzyme linked immunosorbent 

assays (ELISAs) can also be used for monitoring cytokines in culture supernatant but the 

method is impractical when large numbers of heterogeneous cells obtained ex vivo need to be 

analysed (Pala et al., 2000). Because intracellular cytokine staining (ICCS) is an end point 

experiment, there was the concern that the cytokines being targeted might have been 

secreted before incubations were stopped. As a precautionary measure, culture supernatant 

from cells used for ICCS was collected and used to concurrently measure secreted cytokines 

using ELISAs with the hope of correlating the data with the ICCS data.  

A multi-parametric ICCS flow cytometric analysis was performed to determine the effect 

of the compounds on the production of a representative pro-inflammatory cytokine, TNF-α 

(increases result in disease progression in HIV, Caso et al., 2001) and an anti-inflammatory 

cytokine, IFN-γ (which has anti-viral effect, Dinarello, 2000). Simultaneous analysis of T-

lymphocyte (CD3+, CD4+ and CD8+) subsets to determine cytokine levels with respect to T 

cell frequencies was also performed. A viability marker was included to aid in excluding dead 

cells. This is because false positive events resulting from antibody conjugates could bind non-

specifically to dead cells resulting in misleading results (Mahnke and Roederer, 2007).  

Assays were performed for both HIV+ and HIV- donors so as to determine if the effects of the 

compounds (and therefore usefulness) on immune state was dependent or independent of 

infection status.  

ICCS antibodies:  The following monoclonal antibodies (Mabs) directed against T cell surface 

markers were used: CD3-pacific blue (detected on the 4',6'-diamidino-2-phenylindole or DAPI 

detector), CD4-phycoerythrin (PE), CD8-PerCP-Cy 5.5 as well as anti-human cytokine Mabs: 

anti-TNF-α-allophycocyanin (APC) and IFN-γ-FITC, all purchased from Pharmingen (BD 

BioScience, California, USA). The sixth fluorochrome conjugated antibody was an aqua 

fluorescent fixable amine reactive dye (Molecular Probes, Oregon, USA) for “live gating” to 

eliminate dead cells. This dye can permeate compromised membranes of necrotic cells and 
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react with free amines both in the interior and on the cell surface resulting in intense 

fluorescent staining. In contrast, only the cell surface amines of viable cells are available to 

react with the dye resulting in relatively dim staining. These fixable dyes help in preserving the 

live/dead discrimination in subsequent fixation steps in ICCS procedures during which 

pathogens are inactivated unlike PI which is not fixable.  

ICCS Reagents : ION, PMA and PHA-P were obtained from Sigma Aldrich (Missouri, USA). 

Golgi stop reagent (containing monensin) as protein transport inhibitor and reagents for cell 

fixation and permeabilisation (Cytofix/Cytoperm and Perm/Wash, respectively) were 

purchased from Pharmingen/BD (California, USA). 

Prior optimisation assays:  Serious sensitivity issues limit the advantages of multi-parametric 

flow cytometry. These include cell autofluorescence in a specific region of the spectrum, the 

specificity or selectivity of the antibody conjugates and the presence of other antibody 

conjugates attached to the same cell that could result in spillover fluorescence into the same 

detector (Mahnke and Roederer, 2007). In order to curb these shortcomings, optimisation 

assays, which included Mabs titrations to determine optimal antibody concentrations were 

performed prior to actual experiments. Additionally, controls such as fluorescence minus one 

(FMO, to aid with proper gating) and compensation controls were included during data 

acquisition. Additional optimisation experiments were done for various conditions including the 

use of different stimulants (PHA-P or PMA/ION), different incubation times (6, 24, 48 and 72 

h), and treatments (compounds only or compounds with stimulants). The optimisation data is 

shown in Figure A4.8. After the optimisations, PMA/ION stimulation in the last 6 of a 24 h 

treatment with the compounds was found ideal for monitoring ICC production. Stimulants were 

required to induce in vitro cytokine gene expression because unstimulated PBMCs 

spontaneously produce little or no cytokines (Baran et al., 2001) making quantification difficult. 

The following detailed experimental conditions were used after the optimizations.  

Procedure:  PBMCs isolated from both HIV+ (12) and HIV- donors (13) were prepared at a 

concentration of 1x107 cells/mL in complete RPMI-1640 medium. The cells were incubated 

without or with the compounds (with at least one representative compound from each class) at 

concentrations ranging from 0.04 to 5 µM for 24 h in V shaped 96 well plates (NuncTM, 

Roskilde, Denmark) with a final volume of 200 µL and cell number of 1x106 cells/well. In the 

last 6 h of the incubation, activators of cytokine production, PMA (10 ng/mL) and ION (1 µM) 

were added to the cells in the presence of 1 µL of BD GolgiStop™ (containing monensin) for 

preventing cytokine secretion. At the end of the 24 h incubation, the plate was centrifuged and 

150 µL of culture supernatant from each well collected and stored at -20 ºC for subsequent 

evaluation of secreted cytokines using ELISAs. The cells were blocked with 10% (v/v) FCS in 

PBS for 20 min at 4 ºC to prevent nonspecific binding. Following two washes with staining 

buffer (PBS), the cells were stained with pre-titrated optimal concentrations of surface Mabs 

CD3-Pac blue (0.625 µL), CD4-PE (2.5 µL), CD8-PerCp-Cy5.5 (2.5 µL) and the aqua 
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fluorescent fixable amine reactive dye (0.02 µL) in 100 µL reaction volumes for 20 min. The 

cells were washed twice with staining buffer and then fixed and permeabilised with 

Cytofix/Cytoperm solution for 20 min at 4 ºC. Two more wash steps with Perm/Wash solution 

were performed and the pelleted cells were stained (30 min at 4 ºC) for intracellular cytokines 

using pre-titrated FITC and APC conjugated Mabs against IFN-γ  (0.05 µL) and TNF-α (0.3 µL) 

respectively. After two final wash steps with Perm/Wash, the cell pellet was resuspended in 

150 µL of PBS and transferred to flow tubes (BD BioSciences, California, USA). An equal 

amount of 6% (v/v) formaldehyde (Sigma Aldrich, Missouri USA) was added to the cells to 

maintain them in a fixed state. In addition to the FMOs and compensation (instrument) controls 

which were used for quadrant specification and for the exclusion of fluorescent spillovers, 

compulsory biological controls consisting of an unstained sample and a stained untreated 

control were included.   

Flow cytometry acquisition and analysis : A six colour (multi-parametric) flow cytometry 

analysis was performed on a FACSAria (BD, California, USA) using FACSDiva software with a 

total of 30,000 events (3 times more than for the viability and proliferation assays since 

intracellular or rare events were being probed) collected per sample. Single cell cytokine 

production was evaluated after FSC and SSC gating of lymphocytes from the PBMCs 

population. The intracellular cytokines were determined from the CD4+ and CD8+ 

subpopulations of T cells (CD3+). FlowJo version 7.6.1 (TreeStar Inc., Oregon, USA) was 

used for data analysis and statistical evaluation was done using the stained untreated control 

sample as a reference for each treatment.  

Statistical analysis : The frequency of CD4+, CD8+ and cytokine producing cells from 

untreated controls and those treated with the various compounds were expressed as a 

percentage. Statistical analysis was done using Graphpad Prism® (San Diego, California, 

USA). The Wilcoxon matched-pairs signed rank test was used in determining statistical 

significance between medians with a one way non-parametric statistical test used since the 

data did not meet normal distribution. Correlations were tested using the non-parametric 

Spearman correlation test. A p value of <0.05 was considered significant. 

ELISA:  The method and results for the ELISA performed for only 6 of the 12 HIV+ donors and 

2 of the 13 HIV- donors is provided in the appendix (subsection 8.3.6.2).  

 

4.2.7 Experimental Summary 

Table 4.1 is a summary of the cell types (plus HIV status), incubation times and the 

concentration of compounds that were used for the various cell-based assays that have been 

described here. The viability of PBMCs and the PM1 cell line was monitored using MTS and 

the CC50s of the compounds was determined from this assay. The TZM-bl adherent cell line 

was used for monitoring infectivity and concurrent viability using MTT (48 h) and for the RT-
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CES analysis. The CC50s data was subsequently used as a guide for determining non-toxic 

concentrations of the compounds needed in other assays. 

 
Table 4.1: Cell-based assay summary.  Cell types, cell HIV status and the various concentrations and 
incubations times used for the cell-based assays are shown. The asterisk (* ) represents an adherent cell 
line unlike PM1 and PBMCs which are suspension cells. #: These were concentrations with >60% viability in 
MTS assay. HIV- cells were used for viability assays where only compound effect was determined. HIV+ 
cells were used for assays in which viral infectivity information was required and for determining compound 
effect on the inflammation caused by HIV. 

Cell type  Assay type  HIV status  Time [Compound] in µM  
PM1  MTS HIV- 72 h 0.2 - 200  
PBMCs MTS HIV- 72 h 0.2 – 200 

Annexin-V/PI HIV- 72 h 0.04, 0.2, 2.5 or 5# 
CFSE HIV-  72 h 0.04, 0.2, 2.5 or 5#  
Immune cell effect HIV- & HIV+ 24 h 0.04, 0.2, 2.5 or 5#  

TZM-bl* RT-CES HIV- 3-7 days 0.1, 5 and 10 µM 
MTT HIV- 48 h 0.8 - 25  
Infectivity HIV+ 48 h 0.8 – 25 

 
 
4.3 RESULTS AND DISCUSSION 

For ease of reference, data presentation always appears in the order of control 

samples (where applicable), followed by the gold(I) phosphine chloride complexes and 

corresponding ligands (class I), then the BPH gold(I) chloride complexes of class II, the 

phosphine gold(I) thiolate complexes of class III, the Tscs-based complexes and 

corresponding ligands of class IV and finally the pyrazolyl gold(III) complex of class V. Where 

only representative compounds were tested, the order of result presentation will still be 

maintained in terms of classes.  

 

4.3.1 Cell Viability Determination  

A crucial step in drug discovery is screening for non-toxic and hopefully efficacious 

concentrations at an early stage. The effect of the compounds on the viability of relevant cells 

types was monitored using the MTS dye as well as the annexin V FITC apoptosis kit (BD, 

California, USA). The concentration of compounds which caused 50% cytotoxicity of the 

PBMCs and the PM1 cell line was generally in the low micromolar range (between 1 and 20 

µM, Table 4.2). These are concentrations which are physiologically relevant for gold 

compounds (i.e. found in the serum or synovium of people on chrysotherapy,   Stern et al., 

2005, Okada et al., 1999, Yoshida et al., 1999, Mascarenhas et al., 1972). For this assay and 

all the cell-based assays, a percentage standard error of means (SEM) between experimental 

repeats of <20% was considered acceptable. This range is acceptable for these assays 

because of the inherent variabilities present in cell-based assays. For example opening and 

closing of incubator doors can cause slight temperatures fluctuations that can affect cell 

growth patterns (this was seen in the RT-CES assay and the expectation was that it was the 
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same for the end point assays). For the direct enzyme assays (chapter 4), a % SEM of <10% 

was considered acceptable because of the expected low variability in these assays.  

 
Table 4.2: CC 50 values indicating the effect of the compounds on the viability of PBMCs and the PM1 
cell line.  The cells were treated with various concentrations (0.02-200 µM) of the compounds for 72 h 
followed by MTS treatment. ND refers to not done. Ligands are colour coded in grey while the superscript (a) 
refers to gold complexes with >10 µM CC50.  

Compound s CC50 (µM) Compound s CC50 (µM) 
PBMCs PM1 PBMCs PM1 

TTL3 52±5.6 85.7±14 MCZS1a  13±3.2      19.8±7.4 
TTC3  4±1.3 ND MCZS2  1.2±0.1  1.5±0.4
TTL10 65±10.1 88±7.1 MCZS3a  19±1.8  12.6 
TTC10  4.4±0.7 <3.1 PFK174a  58±9.1  15±2.4
TTL17 21±6.8 35.5 PFK189a  103±11.8  2.5±0.1
TTC17  3.7±0.9 43±5 PFK190a  11±0.9  <0.4 
TTL24 45.7±8.2 ND PFK5 >200  >100 
TTC24  4.6±0.4 4.8±0.1 PFK7  5.6±0.6  1.7±.03
EK207  8.5±2.3 5.3±2.2 PFK6 >200  ND
EK208  6.6±1.5 6.1±0.2 PFK8a  11.8±2.8  1.7±01
EK219  7.1±1.9 6.1±1.1 PFK39 <0.2 ND
EK231a  50±8.9 29±4.8 PFK41  0.21±0.4  ND
   PFK38 <0.07 ND
   PFK43  0.07  ND
   KFK154Ba  27±6.3  90±7.4

 

Although CC50s were obtained for both PBMCs and PM1 cells, values determined using 

PBMCs were used as a model for further studies especially because subsequent assays 

mostly involved the use of the latter cell type. Gold complexes EK231, MCZS1, MCZS3, 

PFK174, PFK189, PFK190, PFK8 and KFK154b were generally less toxic with CC50 of > 10 

µM when PBMC viability was determined. The ligands had higher CC50 values (less toxic) than 

the corresponding complexes except for two Tscs ligands (PFK39 and PFK38) which had 

CC50 values of < 0.08. A decrease in toxicity after complexation has been reported in the 

literature for some Tscs ligands (Pelosi et al., 2010) such that the latter findings were not 

surprising. The slightly higher toxicity that was generally observed for the other gold 

complexes compared to the ligands might be because of the fact that gold has a high affinity 

for sulphur and is known to undergo ligand exchange reactions with sulfhydryl groups in 

cysteine side chains of proteins (Shaw III, 1999, Sadler and Guo, 1998). If these interactions 

occur with the membrane or intracellular proteins it may be responsible for increased retention 

of the compound resulting in the observed increase in toxicity especially for the very lipophilic 

compounds (chapter 3, Table 3.8A) such as the gold(I) phosphine chloride complexes, the 

BPH gold(I) complexes and the bimetallic gold(I) phosphine thiolate complexes. In fact this 

kind of effect has been reported for the parent compound of the BPH gold(I) complexes, 

Au(DPPE)2Cl, which demonstrated promising in vitro anti-cancer properties (Fricker, 1996, 

Berners-Price et al., 1986, Mirabelli et al., 1986) but led to cardiotoxicity problems in  pre-
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clinical studies (Hoke et al., 1989). This would however not be the case for complexes such as 

the two of the phosphine thiolate complexes (MCZS1 and 2), the Tscs-based complexes and 

the gold(III) pyrazolyl complex which had ideal lipophilicity values and overall good ADMET 

qualities with a score of 6/7 (Table 3.8A). PF174, PFK189 and PFK190 demonstrated varying 

CC50s in the PBMCs and PM1 population (Table 4.2) and these differences may be related to 

the poor aqueous solubility that was observed for these complexes during wet lab dissolution 

procedures corroborating the ADMET predictions in chapter 3 (Table 3.8A and 3.9).  

Tests with the annexin V apoptosis detection kit (Figure 4.4) confirmed that 

concentrations of the compounds that resulted in >60% viability of PBMCs in the MTS assay 

were in fact not toxic (Figure 4.3) except for two complexes (PFK189 and PFK190). These two 

complexes caused < 50% viability of PBMCs at 5 µM contrary to findings in the MTS assay 

(CC50s were 103±11.8 and 11±0.9 µM respectively, Table 4.2). Again, the poor aqueous 

solubility predicted in the in silico ADMET studies (chapter 3, Table 3.8A) and in wet lab 

assays might be responsible for this variation. Alternatively because the apoptotic mechanism 

cannot be identified in the MTS assay, cells in early apoptosis may still be able to metabolise 

MTS giving the overall impression that the compound was not toxic. Such variations were not 

surprising and support the idea that more than one parameter should be investigated when 

determining the toxicity of potential drugs (Kepp et al., 2011).  
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Figure 4.4: Viability profile of PBMCs treated with the compounds and analysed using flow 
cytometry.  The cells were treated with the compounds for 72 h and stained with annexin V and PI for 15 
min before flow cytometry analysis. Except for PFK189 and PFK190 which caused high apoptotic and 
necrotic abilities, all the other compounds did not significantly affect cell viability at the indicated 
concentrations (concentrations with >60% viability in MTS assay). Cells treated with ligands (e.g. TTL3, 
TTL10) had slightly more viable cells than those treated with corresponding complexes (e.g. TTC3, TTC10). 
The BPH gold complexes (EK207, and EK208) and the gold(III) thiosemicarbazonate complex PFK8 were 
slightly more toxic than the rest. The percentage SEMs were <20%.  

 

With regards to mode of cell death, the BPH gold(I) complexes, EK207 and EK208, the 

gold(III) thiosemicarbazonate complex, PFK8, as well as complexes PFK189 and PFK190 

caused the highest apoptotic cell death (>20%). Cell death by necrosis was generally below 

10% for all treatments (except for PFK189 and PFK190) and untreated cells.  
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4.3.2 Cell Proliferation Determination 

4.3.2.1 Monitoring proliferation using CFSE  

The CellTraceTm CFSE kit from Molecular probes was used in determining the effect of 

the compounds on the proliferation of PBMCs. Representative cell proliferation histograms are 

shown in Figure 4.5. The various peaks in Figure 4.5 equate to different generations of 

daughter cells as they divide from the parent generation (orange coloured peak). The brightest 

peak (orange coloured) or parent generation or generation 0 consists of cells with the least 

proliferation while the dimmest peaks represent cells that proliferated the most (fluorescence 

intensity between 0 and 103 on the x-axis, Figure 4.5).  

  
Figure 4.5: Representative proliferation histograms showing proliferation patterns of CFSE stained 
PBMCs. Various peaks represent generations with the brightest being cells that did not proliferate (orange 
colour) and the dimmest are cells that proliferated the most. In A, cells were treated with 2 µg/mL of PHA-P 
and in B PHA-P stimulated cells were treated with gold complex EK208. EK208 was anti-proliferative. 

 

The software (FlowJo version 7.6.1, TreeStar Inc., Oregon, USA) that was used in 

analysing the proliferation of the PBMCs indicated a total of eight generations but only 6 were 

visible enough (Figure 4.5A and B) since events in the dimmest generations were very few 

especially in Figure 4.5B due to compound (EK208) effect on cell proliferation. Because of the 

diminished number of events observed in generations 2, 3, 4, 5, 6, and 7 for the treated cells 

(Figure 4.5B), the first 3 generations i.e. 0, 1 and 2 were merged to form generation 0 and the 

last two  i.e. 6 and 7 were merged to form generation 4. Data for the resultant five generations 

are shown as stacked column bars for each tested compound in Figure 4.6.  

The concentrations of compounds tested were those that resulted in >60% viability 

(PBMCs) in the MTS assay and were similar to those used in determining viability by flow 

cytometry (Figure 4.4). Proliferation monitoring was done from a “live gate” which was 

obtained by excluding PI positive events (cells) on a SSC versus PerCp-Cy5.5 dot plot.  

The proportion of cells in generation 0 of the untreated sample (cells) was chosen as a 

reference point (indicated as a grey line spanning across compound treated cells, Figure 4.6) 

for determining compounds that had anti-proliferative effects on PHA-P stimulated PBMCs. 

The percentage anti-proliferative effect was calculated using the formula:  

% anti-proliferative effect = (Treatment % in generation 0 - control % in generation 0) x100 

      (Control % in generation 0)  

A B 
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Figure 4.6: The effect of the compounds on PBMC proliferation.  CFSE stained PBMCs stimulated with 2 
µg/mL of PHA-P were treated with the compounds for 72 h. The cells were harvested and proliferation 
monitored on a FACSAria flow cytometer. The phosphine(I) complex TTC10, the BPH gold(I) complexes, 
EK207, EK208, EK 219 , gold(I) thiolate complex PFK190 and the gold(III) thiosemicarbazonate complexes 
PFK7, PFK8, PFK41 and PFK43 prevented the proliferation of >50% of the initial number of cells in 
generation 0 compared to the untreated control suggesting these compounds had anti-proliferative effects.  
 

Anti-proliferative effects of >50% caused by the compounds on cells in generation 0 

was considered relevant and was applicable to complexes TTC10 (55%), EK207 (83%), 

EK208 (60%), EK219 (61%), PFK190 (132%), PFK5 (79%), PFK7 (137%), PFK8 (112%), 

PFK41 (69%) and PFK43 (56%). Compounds that were the least anti-proliferative were 

ligands TTL3 (1.9 %), TTL10 (2.9%) and TTL17 (2.5%), and gold complexes EK231 (8.1%), 

PFK174 (6.7%) and KFK154b (1%), a finding which was in agreement with the observed 

CC50s for these compounds (Table 4.2). Only two compounds; TTL24 and MCZS1 appeared 

to have a minor stimulatory effect with slightly less cells in generation 0 (below grey line). 

Generally the proportion of cells in generation 0 translated to the 1st, 2nd, 3rd and 4th 

generations i.e. treatments with less cells in generation 0 had more cells in either generation 

1, 2, 3 or 4 and vice versa (Figure 4.6). For example, PFK7 which had the highest percentage 

of cells in generation 0 (137%) had far fewer cells in generation 4 compared to the untreated 

control. With regards to class, class IV (Tscs-based) compounds were the most anti-

proliferative followed by class II (BPH-based) and finally I, III and V which were the least. 

By monitoring the effect of the compounds on the proliferation of T-cells, drug 

mechanisms can be deduced (Brenchley and Douek, 2004). For example compounds with 

mitogenic (e.g. PHA-P-like compounds) tendencies which stimulate cellular proliferation or 

those that inhibit cell proliferation can be identified through the proliferation patterns observed.  

Stimulation and therefore proliferation although beneficial in the sense that important 

bio-molecules and cells such as CD8+ needed by the host (especially during HIV infection) 
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are elevated, could also be detrimental. The increase in the proliferation of CD8+ cells is 

associated with the production of perforin which aids in the destruction of infected CD4+ cells, 

a phenomenon seen in long term non progressors (Migueles et al., 2002). In HIV infection, 

activation or stimulation of cells also leads to proliferation and is directly linked to viral 

pathogenesis (Douek et al., 2009) since it accelerates viral replication (Mcdougal et al., 1985, 

Folks et al., 1986, Biancotto et al., 2008). These reports suggest that stimulatory and anti-

proliferative effects have advantages and disadvantages suggesting that an optimal state (in 

which there is a balance between the two) should be the ideal. 

None of the compounds caused increases in PBMCs proliferation, suggesting that the 

compounds did not result in cell activation or stimulation, a situation which is usually 

associated with disease progression e.g. in rheumatoid arthritis (Lampa et al., 2002). This also 

means that the compounds (if eventually used as drugs), should not demonstrate the type of 

hypersensitive adverse effects (lymphocyte proliferation resulting from stimulation) usually 

observed as dermatitis for gold drugs (Verwilghen et al., 1992, Lampa et al., 2002).  

None of the gold complexes on their own stimulated cell proliferation (like PHA-P, 

Figure A4.8C), but when cells were stimulated with PHA-P; it was possible to observe the 

compounds’ anti-proliferative effects (Figure 4.6). This finding was not surprising for these 

complexes since gold salts have previously been reported to inhibit PHA-P stimulated 

proliferation of PBMCs (Sfikakis et al., 1993, Lipsky and Ziff, 1977).  

The proliferation studies were performed on uninfected cells and so it is not clear if the 

anti-proliferative effects of the compounds may be related to the ability to lower viral 

replication. If these assumptions could be made, then the ten complexes which inhibited the 

proliferation of the PHA-P stimulated cells (Figure 4.6) may be capable of modulating and 

suppressing viral replication through the ability to prevent T cell activation. However, in the 

multiparametric flow cytometry assays, the effect of the compounds on the frequency of 

HIV+CD4+ cells could be used to deduce this. 

 

4.3.2.2 Monitoring proliferation using a RT-CES device  

Cell proliferation was also monitored using a modified HeLa cell line (TZM-bl) to 

determine the compounds’ effects on the kinetics of cell growth using an RT-CES device. 

Unlike standard end point assays such as MTT, the ability to monitor cytotoxicity start time, 

cell recovery and cell response patterns (Xing et al., 2005) in real time make this technique 

unique. Following titration experiments, 10,000 cells were chosen as the optimum seeding 

density per well for the TZM-bl cells (Figure 4.7A shows a typical titration profile). This density 

resulted in an average cell index of 1.5 which was ideal for the assay since over confluency 

(100%) or under confluency (< 60%) prior to compound addition at about the 24th hour was 

avoided. The ideal confluency range should be between 70 and 85%.  
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Figure 4.7A: Typical titration profile of TZM-bl cells.  The proliferation of the cells was monitored for 23 h 
at concentrations of 2500, 5000, 10000 and 20,000 cells. A titre of 10,000 cells was chosen for experiments 
since it resulted in approximately 80% confluency between 22 and 24 h (time range at which test agents 
were added). 
 

Selected compounds from each class were tested at 3 different concentrations. 

Representative profiles for all tested compounds are shown in Figure 4.7B while experimental 

repeats are presented in the appendix (Figure A4.11 and A4.12). The plots were constructed 

from normalized cell index (CI normalized against the time point when the compounds were 

added to the cells ~ 22-24 h post seeding) on the y-axis against time in hour on the x-axis. 

The normalisation is set to 1 and corrects for any small differences between cells before the 

addition of compounds such that only compound effects are visible. Upon the addition of 

compounds, the cells could either continue proliferating (increasing CI), stopped proliferating 

(stable CI) or started dying (decreasing CI). The assay was monitored for 7 days.  

Various profiles were observed for the different compounds but there was generally a 

dose dependent change in CI index. As expected, the phosphine ligand, TTL3, had no 

adverse effect on the proliferation of these cells compared to the corresponding complex, 

TTC10, which at 10 µM demonstrated a cytostatic effect. The BPH gold(I) complex, EK207, 

initially demonstrated a significant increase in CI at 10 µM (probably as a result of compound 

uptake and swelling of the cells) and then after 24 h of addition (45th h on graph), a steady 

decrease was observed suggesting toxicity which continued until the assay was stopped at the 

168th hour. A similar phenomenon was observed at 5 µM but the cytoxicity start time was at 

the 98th h i.e. 72 h after compound addition. The profile for the gold(I) phosphine thiolate 

complex, MCZS2, suggested that the complex was much more cytotoxic than the rest of the 

complexes with cell indices steadily dropping until they approached zero within hours of 

complex addition. For this compound, only the 0.1 µM concentration was non-toxic.  
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Figure 4.7B: Effect of compounds on TZM-bl cell growth pattern monitored by an RT-CES analyser.  
Cells were seeded into an E-plate and allowed to adhere for at least 20 h followed by treatment with 
compounds. Three concentrations of each compound were tested and are represented on each graph as 
normalized CI (y-axis) against time (h) alongside the vehicle control (cells with 0.5% DMSO, minimum 
DMSO concentration present in treatment, included exclude vehicle effect on cells). Compounds TTL3, 
PFK5 and KFK154b did not cause CI decreases. EK207 and PFK189 induced a dose dependent decrease 
in CI days after addition. TTC3 was cytostatic at 10 µM while PFK7 displayed a dose dependent cytostasis 
at all 3 concentrations which was absent for the complementary ligand, PFK5. Significant decreases in CI 
were observed for complex MCZS2 within hours of addition suggesting toxicity.  
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PFK189, on the other hand had a similar profile to that of EK207 causing significant CI 

decreases after 72 h (10 µM) and 94 h (5 µM). Some of the possible reasons why the cell 

indices for EK207 and PFK189 started dropping after an initial phase of increase could be 

because the cells had reached 100% confluency and were dying as a result of overcrowding. 

Alternatively cell death could have been triggered after the accumulation of toxic doses of the 

compounds. The similarity in behaviour between EK207 and PFK189 may be because both 

compounds are bimetallic gold complexes. These findings were not surprising considering that 

in the drug-likeness studies, these complexes had been predicted to have extremely higher 

lipophilic tendencies (outside the ideal limit, Table 3.8A). It is possible that these two 

complexes bind tightly and accumulate at the cell membrane and likely disrupt it over time as 

seen in the profiles (Figure 4.7A). TTL3, PFK5 and KFK154b, as expected (from MTS data 

Table 4.2), were not toxic to these cells at ≤ 10 µM.  

A notable observation was the dose dependent cytostasis observed for the gold(III) 

thiosemicarbazonate complex, PFK7, which was absent for the complementary ligand, PFK5 

(Figure 4.7B, Figure A4.11 and A4.12). The same phenomenon was noted for complex PFK8 

(Figure 4.7C), also a thiosemicarbazonate complex. A similar effect was noted for the gold(I) 

phosphine chloride complex, TTC3 at 10 µM (Figure 4.7B) but not upon subsequent analysis 

(Figure A4.11 and A4.12). In an end point assay, such observations could easily have gone 

unnoticed and the assumption would have been that PFK7 and PFK8 were cytotoxic 

especially at 5 and 10 µM, which was apparently not the case as seen from these real time 

studies. Gold(III) complexes have been shown to have anti-cancer activity (Casini et al., 2008, 

Che et al., 2003) and thus cytotoxic and anti-proliferative effects (Gabbiani et al., 2007). The 

cytostatic or anti-proliferative effect noted here for PFK7 and PFK8 may mean that these 

complexes have potential anti-cancer activity. With regards to HIV, cytostasis has been 

reported as a mechanism by which some anti-viral drugs e.g. HU, trimidox and didox (Lori et 

al., 2005, Mayhew et al., 2005, Lori et al., 2007, Clouser et al., 2010) function. Combining 

optimal doses of cytostatic compounds with drugs that directly inhibit virus, e.g. didanosine, 

leads to an overall beneficial effect in HIV treatment (Lori, 1999, Lori et al, 2005, Clouser et al, 

2010). PFK7 and to a lesser extent PFK8 were some of the complexes which significantly 

prevented the proliferation of PBMCs in the CFSE assay, retaining as much as 137%  and 

112% of the cells in generation 0 respectively at 5 µM (Figure 4.6). The RT-CES analysis for 

these complexes (Figure 4.7B and C) was therefore in agreement with the CFSE findings 

(Figure 4.6). These outstanding observations of cytostasis were compiled in a manuscript that 

was accepted for publication in the Journal of Inorganic Biochemistry (Fonteh et al., 2011) as 

the possible mechanism by which these compounds inhibited viral infectivity (discussed in the 

next section). To the best of our knowledge this is the first time a cytostatic mechanism for 

gold-based drugs has been demonstrated using the impedence-based technology of the RT-

CES analyser. The fact that these thiosemicarbazonate gold(III) complexes also demonstrated 
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outstanding drug-like properties when shake flask (section 3.4.3) and in silico ADMET 

predictions (Table 3.8A) were compared makes these observations significant for HIV (and 

probably anti-cancer) drug discovery. 

 
Figure 4.7C: The effect of complex PFK8 on the proliferation of TZM-bl cells monitored by RT-CES 
analysis.  Here the vehicle control is represented by a pink line, green is 5 µM and red is 10 µM 
concentrations of PFK8 respectively. Auranofin (10 µM) is represented in this figure by the blue line. The 
cells (vehicle control) appeared to have entered the dead phase earlier (cell index was gradually decreasing 
after 68 h).  
 
4.3.3 Inhibition of Viral Infectivity by Determining Luciferase Gene Expression from 

TZM-bl Cells 

Inhibition of pseudovirus (Du 151.2) infectivity by the compounds was measured as a 

reduction in luciferase reporter gene expression after a single round of infection of TZM-bl 

cells. There was a dose dependent decrease in infection from 0.8 to 25 µM (Figure 4.8A). 

Viability assessment (using MTT at the same concentrations) was performed to determine 

whether the observed inhibition of infection was specific and not due to compound-induced 

cell death (Figure 4.8B).  

For the analysis, a cut-off of >80% viability was considered a good point for excluding 

compounds which might influence infectivity through toxicity (i.e. compounds with <80% 

viability) since this assay is highly sensitive to toxicity. Based on this criterion, three complexes 

were inhibitory at non-cytotoxic concentrations. These were the gold(I) phosphine chloride 

complex TTC24  which only caused 10% toxicity (90% viability) at 12.5 µM with an associated 

inhibition of infectivity of 94% (CC50 =18.6±4 µM and a 50% inhibitory concentration or IC50 of 

7±1.8 µM), two BPH gold(I) complexes EK207 with an 88% viability at 6.25 µM where viral 

inhibition was 84% (CC50 = 27±1.3 µM and IC50 = 3.6 ±1.1 µM) and EK231 which inhibited 

infectivity by 98 and 104% at 12.5 and 25 µM respectively with viability > 80% in both cases 

(CC50>25 µM, IC50 = 6.8±0.8 µM). MTT viability data for the gold(III) thiosemicarbazonate 

complex, PFK7, suggested that the compound was toxic from 6.25 µM and higher 

(experimentally tested up to 25 µM). This presumed toxicity was observed as a dose 

dependent cytostatic effect noted especially for 0.1, 5 and 10 µM (discussed in section 

4.3.2.2).  
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Figure 4.8: The effect of the compounds on the infectivity (A) and viability (B) of TZM-bl cells.  A dual 
subtype C viral isolate (DU151.2) was pre-treated with the compounds and its ability to infect TZM-bl cells 
was monitored by determining luciferase gene expression after 48 h (A). Cell viability was monitored at the 
same concentrations (B). TTC24, EK207 and EK231 significantly inhibited viral replication while maintaining 
cell viability at >80%. Inhibition by PFK7 and PFK8 was seen at cytostatic concentrations. Bbpool was used 
as a positive control for inhibition of infectivity. The asterisk (*) indicates tested concentrations which were 
0.04, 0.08, 0.16, 0.31, 0.625 and 1.25 µM for PFK41 and PFK43. The concentrations tested for the rest of 
the complexes are shown on the graph. Concentrations with negative inhibitory values were rounded up and 
plotted as 0% (A). In B, inserts representing the CC50s of the complexes are shown. 
 

With the RT-CES analysis data in mind, a closer look at Figure 4.8B revealed that for 

PFK7 (and PFK8 to a lesser extent) cytostasis played a role since viability did not significantly 

change for concentrations 6.25, 12.5 and 25 µM. Over this concentration range, viability was 

only moderately and insignificantly decreasing with percentages of 49.5, 47.5 and  46.4% 

respectively further confirming the cytostasis seen in Figure 4.6 for PFK7. Not only did PFK7 

inhibit viral infection of the TZM-bl cell line by 72 and 98% at 6.25, and 12.5 µM respectively 

(Figure 4.8A) with an IC50 of 5.3±0.4 µM (Table A4.2), but it appeared to do so as a result of its 

cytostatic nature. The same principle could be applicable to PFK8 but this compound 

demonstrated a lower potency than PFK7. Viral infectivity inhibition by PFK8 was 98% at a 

non-toxic (67% viability) concentration of 12.5 µM with an IC50 6.8±0.6 µM and this compound 

was cytostatic at 5 and 10 µM suggesting possible cytostasis at 12.5 µM. PFK7 was more 
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effective than PFK8 with the main difference between the two compounds being the presence 

of methyl groups in place of ethyl groups for latter (Table 3.4) which appear to confer unique 

properties to this compound. This difference led to a slightly higher lipophilicity value for PFK7 

over PFK8 with the former having an AlogP prediction of 1.5 and the latter of 0.8 (Table 3.8A). 

The same trend was seen in the shake flask data with PFK7 having a log P value of 2.42±0.6 

and PFK8 of 0.97±0.5 respectively (Section 3.4.3).  

Compounds that inhibit viral infectivity through cytostasis have been extensively 

covered in the literature and shown to lead to better resistance profiles in clinical tests when 

combined with drugs that inhibit the virus directly such as didanosine (Lori et al., 1997, Frank, 

1999, Rutschmann et al., 1998, Federici et al., 1998). The anti-viral activity of Tscs has been 

postulated (Easmon et al., 1992) and shown (Spector and Jones, 1985) to be through the 

lowering of nucleotide pools (needed by the virus) through inhibition of ribonucleotide 

reductase, an enzyme known to be inhibited by cytostatic agents such as HU (Lori et al., 2005, 

Clouser et al., 2010). PFK7 and PFK8 being Tscs-based compounds therefore show potential 

as anti-HIV agents through the observed cytostatic activity. Since cytostatic agents are known 

to inhibit RNR, as a confirmatory test, the effect of PFK7 and the complementary ligand were 

tested for this ability using the human ribonucleotide reductase M1, RRM1 ELISA kit from 

EIAab (USCNLIFE™, Wuhan, China). PBMCs were isolated from blood obtained from four 

HIV- donors and treated with the compounds for 3 days. The cells were then lysed by 

repeated freeze thawing and the RNR concentrations (from the lysate) determined from a 

standard curve after measuring absorbance at 450 nm. The results are shown in Figure 4.9. A 

dose dependent inhibition was observed for PFK7 with a significant p value of 0.003 at 10 µM 

but not for PFK5. This finding further supported the cytostatic ability of this complex. Inhibition 

of RNR by HU-like compounds such as PFK7 means this compound will be less susceptible to 

resistance since RNR is not prone to mutations like viral proteins are (Lori, 1999). 

PFK41 and PFK43 (both gold(III) thiosemicarbazonate complexes as well) seemed to 

have cytostatic effects on the TZM-bl cell line at concentrations from 0.31 to 1.25 µM (Figure 

4.8B). Unfortunately this was not confirmed with RT-CES as the initial assumption was that 

these two complexes were toxic. The IC50 and CC50 for all tested compounds in Figure 4.8 are 

shown in the appendix (Table A4.1). 
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Figure 4.9: The effect of complex PFK7 on RNR production from PBMCs.  PFK7 significantly (p=0.003) 
inhibited RNR production at 10 uM but not the complementary ligand, PFK5 at the same concentrations 
when compared to untreated cells. HU was used as a positive control but the concentration inhibited RNR 
tested only slightly. 

 

To verify whether inhibition of infection by the compounds was through interaction with 

components on the surface of the virus (since the virus was pre-treated with the compounds), 

time of addition studies were performed for selected complexes which included; TTC24, 

EK231, PFK7 and PFK8. The TZM-bl cells were pre-treated with the compounds prior to 

addition of virus and the rest of the assay performed as previously described in section 3.2.4. 

The IC50 values obtained (5.6±0.9, 5.8±0.4, 6.2±0.5 and 6±1.3 µM respectively) were not 

significantly different from when virus was pre-treated with compounds (7±1.8, 6.8±0.8, 

6.8±0.6 and 5.3±0.4 µM respectively). This finding suggests that the inhibition of infection was 

not a direct effect of the complexes on viral surface components but that it could have been by 

another mechanism probably at the entry or post entry steps (within the cells). Inhibition of 

infectivity resulting from a compound targeting multiple steps of infection has been seen in an 

infectivity assay for amphotericin B methyl ester (Waheed et al., 2006). The fact that PFK7 for 

example was cytostatic at inhibitory concentrations further supports the idea that the complex 

exhibited inhibition at the entry or post entry steps. The positive control for infectivity inhibition 

(Bbpool) always presented a dose related inhibition (Figure 4.8A). 

 

4.3.4 Effects of Compounds on T Cell Frequency and on Inflammation  

Using a six colour multi-parametric ICCS assay, we investigated the effect of the 

compounds on both phenotypic markers (cell surface markers specific for T cell subsets to 

determine frequencies) and cytokine production from the same cells to determine the 

compounds’ effect on HIV inflammation. ICCS is superior over ELISAs because it allows for 

individual characterization of large numbers of cells and can fully display the heterogeneity of 

cell populations (Pala et al., 2000). Although ELISA assays were also performed, they were 

done primarily to determine any correlations with the ICCS assays since the latter measures 

intracellular cytokines while the former measures secreted cytokines. The ELISA assays were 

also performed as a precautionary measure in case there was a situation where ICCS was 

unable to detect cytokines because these proteins may have been released into the culture 
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supernatant before the addition of the protein transport inhibitor (BD GolgiStop™) to block 

cytokine secretion.    

In Figure 4.10 (A-G), smooth dot plots displaying the hierarchical representative gating 

strategy that was used in determining ICC levels of IFN-γ and TNF-α within CD4+ and CD8+ 

cells is shown. The plots were obtained using FlowJo Software Version 7.6.1 (TreeStar Inc., 

Oregon, USA).  

 
Figure 4.10: Representative FACS plots showing the hierarchical gating strategy for IFN- γ and TNF-α 
detection.  A singlet gate (A), the lymphocyte gate (B), viable cell gate (C), T cell gate (D), T cell subset 
(CD4+, CD8+) gates (E), CD4+ TNF-α+ gate (F) and CD4+IFN-γ+ gate (G) are shown. Percentages of the 
frequencies of the cells in each gate are represented. The figures which represent smooth dot plots were 
obtained using FlowJo (TreeStar Inc., Oregon, USA). 

 

In A, a singlet population consisting of single cells was obtained on an FSC height (H) 

and an FSC-area (A) plot followed by the gating of lymphocytes (B). This lymphocyte gate was 

identified using a CD45 marker so as to exclude neutrophils and monocytes. From the 

lymphocyte gate, a “live gate” was obtained by excluding cells positive for the aqua fluorescent 

fixable amine reactive dye (C) while in Figure 4.10D, T cells consisting of cells positive for the 

CD3+ marker were isolated. This was followed by the gating of the T subsets including CD4+ 

and CD8+ cells as seen in Figure 4.10E. Subsequently the percentage of TNF-α producing 

CD4+ cells (F) and IFN-γ producing CD4+ cells (G) were obtained. Cytokine producing CD8+ 

cells were also obtained in a similar manner as shown for CD4+ cells F and G. The gates 

were defined based on FMOs after fluorescent spillover subtraction. 

Key:  

A= Singlet gate            E= CD4 and CD8 POS (+) gates 

B= Lymphocyte gate  F = CD4+TNF+ 

C= Live gate   G = CD4+IFN+ 

D= CD3 POS (+) T cell gate 

A B C

D E F

G
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The pooled data (after analysis using FlowJo) for all 12 HIV+ and 13 HIV- donors from 

whom samples were obtained was statistically analysed for significant differences using 

Graphpad Prism® (San Diego, California, USA). The effect of the compounds on the 

frequency of CD4+ expressing cells and on the frequency of IFN-γ and TNF-α  producing 

CD4+ cells was analysed separately for HIV+ and HIV- donors (Figure 4.11). This was done 

using the Wilcoxon’s matched pairs signed rank test with untreated cells as controls in each 

case (Figure 4.11). A similar analysis was done for the CD8+ T cell subset (Figure 4.12).  

Effect of compounds on the frequency of IFN-γ  and TNF-α from HIV+ and HIV- CD4+ 

cells:  Two complexes, a BPH gold(I) complex, EK207 and the gold(III) thiosemicarbazonate 

complex (PFK7) significantly reduced the frequency of CD4+ cells from HIV+ donors with p-

values of 0.0269 and 0.0049 respectively as seen in the box and whiskers plot (Figure 4.11A) 

but no such effect was observed for CD4+ cells from HIV- donors (D). A reduction of CD4+ 

cells has been shown to lead to AIDS in progressors since these are crucial immune system 

cells required by both the humoral and cell mediated arms of the immune system (Fan et al., 

2000). On the other hand cytostatic agents such as HU (in addition to inhibiting RNR, 

Meyerhans et al., 1994) also exert anti-HIV effect through the lowering of CD4+ count 

resulting in a decrease in immune activation (Frank, 1999, Rutschmann et al., 1998, Lori et al., 

1997). Trimidox and didox (Lori, 1999, Lori et al., 2005, Mayhew et al., 2005, Clouser et al., 

2010) are also examples of cytostatic agents which like HU, at optimal non-toxic doses in 

combination with anti-viral agents such as ddI or indinavir (virostatics) have shown superior 

efficacy over regimens that did not incorporate them (Lori et al., 2005) in clinical trials (Lori et 

al., 1997, Frank, 1999, Rutschmann et al., 1998, Federici et al., 1998).  

While lowering of CD4+ cells is not such a good quality for a drug that should 

potentially be administered to immunocompromised (HIV+) persons, significant benefits have 

been observed when cytostatic drugs (that lower CD4 cells) are combined to form virostatics. 

These are a decrease in the incidences of drug resistance (compared to current anti-HIV 

agents) and an overall increase in CD4 cell numbers (Lori et al., 2007). The mechanism of this 

action is reportedly through the inhibition of RNR thereby reducing dNTP pools required by the 

virus to make copies of itself (Meyerhans et al., 1994, Lori et al., 1994). When combined with a 

NRTI (ddI, a dNTP analogue) there is a relative increase in ddI with a resultant synergistic 

anti-viral effect since the natural substrate of DNA synthesis (dNTP) is lowered (Meyerhans et 

al., 1994, Lori et al., 1994). Accordingly, complexes EK207 and PFK7 which lowered CD4+ 

cell frequencies in HIV+ donors might be beneficial in virostatic combinations. In addition, this 

cytostatic effect (Figure 4.6, Figure 4.7 and Figure 4.9) and lowering of CD4+ cells from HIV+ 

donors (Figure 4.11) may play a role in the observed anti-HIV effect of these complexes 

(Figure 4.8). The link between inhibition of infectivity, the lowering of CD4+ cell frequencies 

and the cytostatic effect observed for PFK7 and it analogues forms part of a manuscript  

compiled from this study (Fonteh et al., 2011).   
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Figure 4.11: The effect of the compounds on CD4+ cells frequency and cytokine production. PBMCs 
from 12 HIV+ and 13 HIV- donors were treated with the compounds and the frequency of  CD4+ cells as well 
as IFN-γ and TNF- α production from the HIV+ (A, B, C respectively) and HIV- (D, E, F respectively) donors 
determined. The Wilcoxon matched-pairs signed rank test was used in determining statistical significance 
while correlations were tested using the nonparametric Spearman correlation test. A p value of <0.05 was 
considered significant.  Complexes EK207 and PFK7 significantly reduced the frequency of CD4+ cells from 
HIV+ individuals (A). TTC24 and PFK39 significantly reduce the frequency of IFN-γ producing cells while 
PFK5 caused an increase in the frequency of TNF- α producing cells from the HIV+ group. None of the 
compounds had an effect on the frequency of CD4+ cells from HIV- donors (D) or on the frequency of these 
cells producing IFN-γ. TTC24, EK207, PFK174 and PFK7 caused an increase in the number of CD4+ cells 
producing TNF- α from HIV- donors (G). 
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None of the compounds tested had a significant effect on frequency of CD4+ cells from 

HIV- individuals (Figure 4.11D) suggesting that the suppression of CD4+ cells by EK207 and 

PFK7 was specific for infected cells and would not occur in the absence of an infection. 

The effect of the compounds on the frequency of IFN-γ and TNF-α producing cells from 

both HIV+ (Figure 4.11B and C respectively) and HIV- donors (Figure 4.11E and F 

respectively) was also investigated. TTC24 and PFK39 suppressed the production of IFN- γ 

from HIV+CD4+ cells (Figure 4.11B) but none of the compounds altered its production from 

the HIV- group (Figure 4.11E). IFN-γ is an anti-inflammatory cytokine which has been 

associated with a decrease in HIV disease progression and pathogenesis (Ghanekar et al., 

2001, Francis et al., 1992) such that an increase in its production should be beneficial. 

Unfortunately, none of the compounds significantly increased the frequency of cells producing 

IFN-γ. Although IFN-γ was chosen as a representative anti-inflammatory cytokine in this study, 

this cytokine is known to have a bimodal role in HIV (both enhancement and suppression of 

HIV replication, Alfano and Poli, 2005) and is sometimes labelled as a pro-inflammatory 

cytokine because it can augment TNF-α activity and induces nitric oxide production (Dinarello, 

2000). Therefore, if IFN-γ was labelled a pro-inflammatory cytokine, then the fact that TTC24 

and PFK39 suppressed its production from HIV+CD4+ cells meant these compounds have 

potential anti-inflammatory abilities.  

PFK5 which is the complementary ligand of PFK7 caused an increase in the frequency 

of TNF-α producing CD4+ cells (C), p=0.04. This effect was not seen for PFK7 and appeared 

to have been lost as a result of complexation. Four of the complexes namely:  TTC24, EK207, 

PFK174 and PFK7 caused an increase in the frequency of HIV+CD4+ cells producing TNF-α 

(Figure 4.11F). Low circulating levels of the pro-inflammatory cytokine, TNF-α, has been 

correlated with lower viral load and slower disease progression in HIV (Than et al., 1997) while 

increases have been associated with HIV disease progression in vivo (Caso et al., 2001). The 

fact that TTC24, EK207, PFK174 and PFK7 caused an increase in TNF-α producing HIV-

CD4+ cells is fortunately not critical since these compounds if potentially used as drugs will 

not be administered to uninfected people.  

Effect of compounds on the frequency of IFN-γ  and TNF-α from HIV+ and HIV- CD8+ 

cells:  The effect of the compounds on the frequency of CD8+ cells, IFN-γ and TNF-α from 

PBMCs obtained from HIV+ and HIV- donors was also determined (Figure 4.12). EK207 also 

significantly (p= 0.002) reduced the frequency of CD8+ cells from PBMCs obtained from the 

HIV+ population (Figure 4.12A) which is not a good property considering that CTLs are 

required for killing activated CD4+ cells when the latter present antigen.  
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Figure 4.12: The effect of the compounds on CD8+ cell cytokine production. PBMCs from 12 HIV+ and 
13 HIV- donors were treated with the compounds and the frequency of  CD8+ cells as well as IFN-γ and 
TNF- α production from the HIV+ (A, B, C respectively) and HIV- (D, E, F respectively) donors determined. 
Statistical analysis was performed as for Figure 4.11. Complex EK207 significantly reduced the frequency of 
CD8+ cells from HIV+ individuals (A). PFK39 significantly suppressed the frequency of IFN-γ (B) and TNF- α 
(C) producing cells from HIV+ individuals. None of the compounds had an effect on the frequency of CD8+ 
cells from HIV- donors (D) or on the frequency of these cells producing TNF- α. PFK7 enhanced the 
production of IFN-γ from HIV-CD8+ cells with a p value of 0.022 (E). 
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PFK39 caused a decrease in the frequency of CD8+ cells producing both IFN-γ and 

TNF-α from HIV+ donors (Figure 4.12B and C respectively). A reduction in the frequency of 

CD8+ cells and CD8+TNF-α producing cells was not seen for the HIV- group (Figure 4.12D 

and F respectively). PFK7 stimulated the production of IFN-γ from the HIV- cells (Figure 

4.12E), which is a good sign considering that IFN-γ is an anti-inflammatory cytokine. 

Compounds that suppress TNF-α production (such as PFK39, Figure 4.12C) will slow down 

disease progression while those that augment its production e.g. TTC24, EK207, PFK174 and 

PFK7 (Figure 4.11F) may be detrimental to immune function.  

Interestingly though, the increase in the number of TNF-α producing cells caused by 

these compounds was not observed in the HIV+ group (Figure 4.11C) and appeared to have 

been removed for PFK7 upon complexation of PFK5 with gold. The use of anti-TNF-α drugs 

has had some success in limiting RA progression (Stern et al., 2005) and other inflammatory 

diseases and may play a role in lowering the inflammation caused by HIV. A summary of the 

effects of compounds that altered ICC production is shown in Table 4.3.  

 
Table 4.3: A summary of the effect of the compounds on immune cell function. CD4+ and CD8+ cell 
frequency and that of the anti-inflammatory cytokine IFN-γ and the pro-inflammatory TNF-α frequency was 
assessed. Only compounds that altered the frequency of cells and cells producing cytokines are shown. ↑ 
represent increase while ↓ represents decreases. Complexes are representative from the different classes 
and there was the expectation that other members would respond the same.  

Status Cell type Molecule TTC24 EK207 PFK174 PFK5 PFK7 PFK39 

HIV+  CD4+ CD4+   ↓     ↓   
IFN-γ+ ↓         ↓ 

TNF-α+       ↑     
CD8+ CD8+ ↓           

IFN-γ+           ↓ 

TNF-α+           ↓ 

HIV-  CD4+ TNF-α+ ↑ ↑ ↑   ↑   
CD8+ IFN-γ+         ↑   

 
Some notable general observations were the fact that the median CD4+ count in the 

HIV+ group was lower (Figure 4.11A) than that of the HIV- group (Figure 4.11D) while median 

CD8+ cells in the HIV+ group was higher (Figure 4.12A) than for the HIV- group (Figure 

4.12D). These are hallmarks of HIV infection (Forsman and Weiss, 2008, Musey et al., 1997, 

Koup et al., 1994) suggesting that these two groups were indeed different with regards to HIV 

status. The levels of the pro-inflammatory cytokine TNF-α and the anti-inflammatory cytokine 

IFN-γ from CD4+ cells were similar in both the HIV+ group (Figure 4.12B and C respectively) 

and the negative group (Figure 4.12E and F respectively). This was not the case in the CD8+ 

cell populations (Figure 4.12). Here IFN-γ production was generally higher in the HIV+ group 

(Figure 4.12B) than in the HIV- group (Figure 4.12E). The observed differences are probably 

because of the immune reactions mounted as a result of the infection in the HIV+ group.  TNF-

α levels from CD8+ cells from both groups were similar (Figure 4.12C and F). These general 

observations which support the fact that there are differences in systemic activation of immune 
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responses (Forsman and Weiss, 2008) provides further evidence that the donors in different 

groups were correctly assigned with respect to HIV status. This is because in HIV- individuals 

CD4+ cells numbers are higher than CD8+ cells and this ratio changes in HIV+ patients where 

CD4+ cells drop as CD8+ cells increase (Musey et al., 1997, Koup et al., 1994).  Supporting 

data for the differences in the immunological state of the donors is shown in the appendix 

(Figure A4.13).  

The ELISA data and detailed explanations are provided in Table A4.2 and subsection 

8.3.6.2 of the appendix respectively. Although relatively fewer donors were tested, there was a 

pattern observed. In the absence of phenotypic identification in ELISAs, the compounds 

(TTC24, PFK174, PFK5 and PFK7) mostly demonstrated both anti-inflammatory and pro-

inflammatory tendencies (except for PFK5 which lowered TNF-α production). In the ICCS 

assay, only two complexes altered cytokine production i.e. TTC24 and PFK5 (Table A4.3). 

TTC24 lowered IFN-γ production while PFK5 caused an increase in TNF-α suggesting poor 

anti-viral tendencies for both complexes with respect to the CD4+ subset that was analysed 

(Table A4.3). However, because phenotypic identification of the relevant subset of PBMCs (in 

this case T cells) was important in order that associations could be made with regards to 

cytokine production and cell phenotype, the ICCS data was considered more representative. 

The above mentioned conclusions were deduced from only six of the twelve HIV+ donors as a 

way of determining if cytokines had been secreted prior to the addition of the protein transport 

inhibitor and for checking if compound effects on cytokine production patterns were similar 

when ELISA and ICCS methods were compared.     

 
4.4 CONCLUSION 

Most of the gold complexes had CC50s in the low micromolar range (between 1 and 20 

µM) in both PBMCs and the PM1 cell line (Table 4.2). An overall summary of the effects of the 

compounds on the viability/proliferation of the different cell types when monitored using the 

different assays is provided in Table 4.3. The ligands were generally non-toxic with >20 µM 

CC50s (Table 4.2 and 4.3) suggesting that complexation of gold to ligands resulted in 

increased toxicity except for ligands PFK41 and PFK43 which were more toxic that the 

corresponding complexes (PFK39 and PFK43). The MTS findings were confirmed for most of 

the compounds (except for complexes PFK189 and 190) when the annexin V and apoptosis 

kit was used (Figure 4.4, Table 4.3).  

 

 

 

 

 

 

 
 
 



CHAPTER 4 EFFECTS ON HOST CELLS AND VIRUS 
 

    Page | 111  
 

Table 4.4: Summary of the various effects caused by the compounds to the different cell types.  In the 
MTS and MTT assays, compounds with  CC50< 1 µM are rated toxic (yes), those with CC50 between 1 µM 
and 10 µM inclusive were rated as moderately toxic while those with CC50 above 10 µM were rated as not 
toxic (no). In the annexin/PI assays, compounds either caused an apoptotic effect (% apoptotic cells> 10 % 
of control value), a necrotic effect (% necrotic cells > 10% control) or no effect (viability ≥ cells). In the CFSE 
studies, yes represents anti-proliferative and no means no effect while for the impedence measurements, no 
means no effect and yes means cytostatic. # same [ ]s like in the Ann/PI study. The ligands are coloured in 
grey. The asterisk (*) on TTC3 refers to the fact that cytostasis was only seen once for this complex at 10 
µM. Superscript (a) represent cytotoxic compounds. 

 

With regards to cell proliferation, ten compounds inhibited proliferation of PHA-P 

stimulated PBMCs by >50% with Tscs-based compounds>BPH gold(I) chloride complexes > 

phosphine chloride compounds> gold(I) phosphine thiolate>gold(III) pyrazolyl complex (Figure 

4.6). Except for PFK5 which appeared to slow down cell proliferation, the rest of the ligands 

did not affect PBMC proliferation. Anti-proliferative compounds have the potential of lowering 

immune activation in asymptomatic patients and can reduce viral loads to undetectable levels 

and prevent progression to AIDS (Lori, 1999).  

 PBMCs PM1 TZM-bl  
Compound  MTS 

(Toxicity) 
Annexin/PI  

[ ] with >60% 
viability in 

MTS 

CFSE 
Anti-

proliferative # 

MTS 
(Toxicity) 

MTT 
(Toxicity) 

RT-CES 
Cytostasis/ 
cytotoxic a 

Cells only No Viable (100%) No No No No 
TTL3 No Viable No No  No 
TTC3 Moderate  Viable No ND Moderate No* 
TTL10 No Viable No No   
TTC10 Moderate Viable Yes <3.1 Moderate  
TTL17 No Viable No No   
TTC17 Moderate Viable yes No   
TTL24 No Viable No ND   
TTC24 Moderate Viable No Moderate No  
EK207 Moderate Viable Yes Moderate No a over days 
EK208 Moderate Viable Yes Moderate No  
EK219 Moderate Viable Yes Moderate No  
EK231 moderate Viable No No No  
MCZS1 No Viable No No   
MCZS2 Moderate Viable No Moderate  a within hours 
MCZS3 No Viable No No   
PFK174 No Viable No No No  
PFK189 No Apoptotic 

Necrotic 
No Moderate No a over days 

PFK190 No Apoptotic 
Necrotic 

Yes Yes   

PFK5 No Viable Yes No  No 
PFK7 No Viable Yes Moderate Moderate Yes 
PFK6 No Viable No  ND   
PFK8 No Viable Yes ND No Yes  
PFK39 Yes Viable   ND   
PFK41 Yes Viable Yes ND Yes  
PFK38 Yes Viable  ND   
PFK43 Yes Viable Yes No Yes  
KFK154b No Viable No No  No 
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In the RT-CES analysis to determine the effect of the compounds on TZM-bl cell 

proliferation profiles, it was evident that two of the gold(III) Tscs-based complexes, PFK7 and 

PFK8 had cytostatic effects on this cell line (Figure 4.7B and C) and appeared to display 

cytostatic effects irrespective of cell type i.e. in PBMCs (Figure 4.6) and in the TZM-bl cell line 

(Figure 4.7B and C). Cytostasis is an important anti-HIV mechanism which when combined 

with an antiviral mechanism results in immune boosting capabilities and a reduction in drug 

resistance not seen for current HAART cocktails. The use of the impedence-based technology 

of a RT-CES analyser to observe the cytostatic mechanism of gold-based drugs was 

demonstrated here for the first time to the best of our knowledge. 

The different complementary assays that were performed for determining cell viability 

and proliferation led to results which supported the importance of testing more than one 

marker in viability studies (Kepp et al., 2011). In the MTS and MTT assay, either toxic or non-

toxic responses were obtained while in the CFSE and RT-CES assay, anti-proliferative and 

cytostatic conclusions were reported for some compounds initially thought to be cytotoxic 

when MTT and MTS assays were performed e.g. PFK7 (Figure 4.7B and 4.8A). 

The gold(I) phosphine chloride complex TTC24 and two BPH gold(I) phosphine 

chloride complexes (EK207 and EK231) inhibited viral infectivity of the TZM-bl cell line at non-

toxic concentrations (Figure 4.8A and B) while PFK7 and PFK8 (to a lesser extent) did so at 

cytostatic concentrations (Figure 4.7B and C and Figure 4.7A). Time of addition studies 

suggested that inhibition might have been as a result of the compounds inhibiting multiple 

targets either on the virus, on or within the cell since viral pre-treatment and cell pre-treatment 

resulted in similar IC50 values (Table A4.1). According to this finding, the differences in the 

exposure time appeared to have had nothing to do mechanistically. All compounds appeared 

to inhibit virus especially at high concentrations, this could obviously not be true and was 

confirmed through TZM-bl viability testing in concert with infection inhibition where cytotoxicity 

appeared to be the cause of the presumed infectivity inhibition responses that were observed 

(Figure 4.8). In the case of the cytostatic complexes (PFK7 and PFK8), where inhibition of 

infectivity was as a result of cytostasis (Figure 4.7B and C and Figure 4.9) the observed 

cytotoxicity in the MTT assay was not relevant. Although complexes TTC24, EK207 and 

EK231 inhibited viral infectivity at non-toxic concentrations (>80% viability), the fact that these 

complexes (especially EK207 and EK231) were predicted to have very poor drug-like 

properties (unlike PFK7 and PFK8) means to be used as drugs, structural modifications (e.g. 

the addition of NH groups) to increase aqueous solubility will be required. TTC24 on the other 

hand (with a drug score of 3/7) may stand a better chance of being developed to a drug 

without significant structural modifications. 

Notable observations with regards to the effects of the compounds on immune cell 

function were the findings from ICCS assays that EK207 and PFK7 could decrease the 

frequency of CD4+ cells from HIV+ and not in HIV- donors (Figure 4.11). These findings 
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correlated with the anti-proliferative and cytostatic (PFK7 only) findings observed for these 

compounds (Figure 4.6 and 4.7B). The ICCS and ELISAs techniques used for determining 

cytokine production did not correlate (Table A4.3) since opposite trends were observed. 

The most outstanding findings from experiments in this chapter are those observed for 

complex PFK7 and PFK8 to a lesser extent (Fonteh et al., 2011). These thiosemicarbazonate 

complexes proved to be cytostatic when data from CFSE for PBMCs (Figure 4.6) and RT-CES 

for TZM-bl cells were compared (Figure 4.7B and C) and inhibited viral infectivity at these 

cytostatic concentrations (IC50=5.3±0.4 and 6.8±0.6 µM respectively). In addition, PFK7 

caused a decrease RNR levels (Figure 4.9) and in the frequency of CD4+ cells from 12 HIV+ 

donors (p=0.0049) and the two complexes demonstrated very favourable drug-like properties 

when the shake-flask and in silico ADMET methods were compared (Table 3.8A and Table 

3.9). We suggest that these gold complexes could potentially be combined with viral inhibitory 

agents such as ddI to form part of the new and emerging class of anti-viral agents known as 

virostatics (Lori et al., 2005, Lori et al., 2007). Cytostatic drugs are not prone to the resistance 

issues associated with HAART and may become the combination of choice to curb the 

resistance associated with HAART. No evidence of cellular resistance has been revealed for 

HU, a cytostatic agent with more than 40 years of clinical usage (Donehower, 1992). In 

addition, HU has been shown to compensate for resistance that arises from the use of NRTIs 

when it is used in combination with ddI (Lori, 1999, Lori et al., 1997). The possibility that PFK7 

and PFK8 could limit drug resistance is further supported by findings that the coordination of 

organic ligands with metals could lead to significant reduction in drug resistance (West et al., 

1991) probably because of the stabilisation that the metal confers to the ligand. Other 

advantages that metal-based drugs have over organic ones are improved stability and the fact 

that they form covalent interactions (leading to longer lasting interactions with their active site). 

This may mean that PFK7 and PFK8 could be better cytostatic inhibitors than HU. A 10 µM 

concentration of HU inhibited cell proliferation and suppressed HIV-1 replication in vitro (Lori et 

al., in 2005) which is within the concentration range of viral infectivity inhibition and cytostasis 

that was seen for PFK7 and PFK8 (a concentration that is clinically relevant for gold 

compounds). The mechanism by which a cytostatic agent such as HU and potentially HU-like 

agents e.g. PFK7 function in a virostatic combination to curb viral replication is demonstrated 

in Figure 2.15.   

To further investigate the potential of using these thiosemicarbazonate compounds 

(PFK7 and PFK8) in virostatic cocktails, the effect of PFK7 on RNR secretion was tested. 

PFK7 but not the complementary ligand significantly (p = 0.003) inhibited RNR secretion from 

PBMCs at 10 µM. However, in vitro combination studies with ddI must still be performed to 

determine if there would be a synergistic anti-viral or immunomodulatory effect.  
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CHAPTER 5 
COMPOUND EFFECTS ON VIRAL 

ENZYMES 
 

SUMMARY 
Background:  A lot of success (in clinical use) has been achieved with inhibitors that target 

HIV enzymes, RT, PR and IN. To investigate the effect of the gold-based compounds on these 

viral targets, direct enzyme assays and computer aided in silico analysis were performed. In 

the direct enzyme RT and PR bioassays, the eleven new compounds (the three bimetallic 

phosphine thiolate complexes in class III and the thiosemicarbazone-based complexes and 

complementary ligands in class V) were tested while for the IN assay a preliminary study was 

performed for all twenty seven compounds. Compounds analysed in the in silico tests were 

mostly those which had demonstrated ≥50% inhibition in the direct enzyme inhibitory assays. 

Materials and Methods: The direct enzyme assays for RT were performed using a 

colorimetric kit and recombinant RT enzyme by ELISA while the PR assay was done using an 

HIV protease substrate and recombinant PR enzyme in a fluorogenic substrate assay. For the 

IN assay, ELISAs were performed using two different kits; a dual kit consisting of both 3’ 

processing and strand transfer components and a second strand transfer specific kit. In silico 

studies were performed using the CDOCKER protocol in Discovery Studio®. 

Results and Discussion : None of the eleven compounds from class III and V inhibited RT 

while PFK7 inhibited PR by 55.5% at a concentration (toxic to cells) of 100 µM (p=0.03). In a 

preliminary screen four complexes (EK231, PFK7, PFK8 and PFK174) inhibited IN by ≥ 50% 

but not upon subsequent repeats. All twenty seven compounds were tested using the dual IN 

ELISA kit. For repeats, attempts were made to access additional kits but the manufacturer 

reported difficulties in developing kit components. The kit was again available several months 

later and the initial data was not reproducible. In the in silico docking studies favourable 

binding free energy predictions were obtained for five of the gold complexes in the RNase H 

site of RT, none for the PR site and five for the lens epithelium derived growth factor binding 

site of IN. Although favourable enthalpic contributions were noted for the RNase H site, size-

shape complementarity and thus good binding affinity was lacking; the flatness of the RNase 

H binding pocket and the fact that the complexes lacked metal chelating groups (required by 

substrates binding to this site) may be responsible for this. PFK7 was predicted to interact 

more favourably with hotspot residues in the LEDGF binding site of IN and with better 

complementarity than the corresponding ligand or its analogues. Structure activity 

relationships were observed in the in silico studies for both the RNase H and the LEDGF site. 

Conclusions:  The binding affinities from the in silico predictions studies did not appear to 

represent stable interactions. This finding appeared to support findings from the direct 
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enzymes assays where inhibition was noted at toxic concentrations e.g. PFK7’s inhibition of 

PR or the inconsistent results seen for IN.  Although the RNase H site of RT and the LEDGF 

site of IN were favoured in the overall predictions, the favoured compounds would not in the 

current form inhibit or bind to these enzymes appreciably and will require structural 

optimisation through rational drug design to increase activity.  

Keywords: enzyme inhibition, RT, PR, IN, direct enzyme bioassays, docking, mechanism of 

inhibition.  

 

5.1 INTRODUCTION  

The virally encoded RT, PR and IN are crucial enzymes in the life cycle of HIV and 

have been successfully targeted for ARV therapy. The combination of drugs that inhibit these 

enzymes especially RT and PR were the earliest to be used in HAART and lately IN inhibitors 

have been approved for clinical use and for inclusion in HAART or as salvage therapy for 

patients who have already developed resistance to existing combinations (McColl and Chen, 

2010). The development of resistance by HIV to these drugs is the driving force for research 

towards the identification of novel inhibitors of these enzymes while efforts to identify new viral 

targets are also being pursued. A total of twelve RT inhibitors including eight NRTIs and four 

NNRTIs, have been approved for clinical use (de Bethune, 2010), nine PR inhibitors have 

been approved (Wensing et al., 2010) and the most recent addition in terms of class being the 

IN inhibitor raltegravir which was approved by the US FDA in 2007 (McColl and Chen, 2010). 

HAART has led to significant declines in morbidity and mortality associated with HIV infection 

especially in countries where ARV medications are widely accessible (Bartlett et al., 2007). 

Despite all the progress that has been made in terms of delaying disease progression, 

prolonging survival and improving the quality of life of patients (Antiretroviral Therapy Cohort 

collaboration, 2008), ARV therapy still fails to suppress HIV completely for both existing and 

even the newer classes of drugs (Marcelin et al., 2009). The failure is mostly associated with 

the development of resistant viral strains leading to the accumulation of mutant forms 

(Ceccherini-Silberstein et al., 2007, Cozzi-Lepri et al., 2005, Clavel et al., 2004, Hanna et al., 

2000). A troubling concern is the fact that there are few treatment options and strategies in the 

case of drug failure and/or cross resistance to the same class of compounds e.g. NNRTIs 

(Johnson et al., 2005). Cross resistance has also been shown for the recently approved IN 

inhibitor raltegravir, and eltragravir (an IN inhibitor still in clinical trials, Marinello et al., 2008). 

This rapid rate of drug resistance development by the virus and the associated cross 

resistance to drugs within the same class makes the quest for identifying novel therapy 

imperative while at the same time pursuing research on novel targets and vaccines. The 

toxicity associated with HAART and uncomfortable side effects (Yeni, 2006, Montessori et al., 

2004, Montaner et al., 2003) are also some of the reasons driving the search for new and 

hopefully safer drugs.  
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In this study, enzyme assays were used in high throughput screening (96 well plate 

format) methods for identifying compounds that could directly inhibit RT, PR and IN 

experimentally in bioassays. However, because data from such experimental studies does not 

say much about the type of binding interactions made by the compound with the enzyme, 

computer aided studies were used to decipher this information (specifically molecular 

modelling or docking). Molecular modelling as defined by Richon, (1994), is the science or art 

of representing molecular structures numerically and simulating their behaviour with the 

equations of quantum and classical physics. It is important to note that both experimental and 

computational techniques have important roles in drug development and represent 

complementary approaches (Kapetanovic, 2008). The popularity of computer aided drug 

design goes beyond mechanistic exploration. It has been used in target identification and 

validation, in streamlining the drug discovery and development process, for optimisation of 

experimental findings as well as to eliminate compounds with undesirable characteristics using 

in silico filters (Kapetanovic, 2008, Tang et al., 2006). Although recent trends in rational drug 

design studies begin with in silico analysis before synthesis and biological testing as proposed 

by Tarbit and Berman (1998), it should be noted that in silico studies are mainly predictions 

and must be validated experimentally. The approach in this study was synthesis based on the 

history of gold and complementary ligands as possible anti-HIV agents and on literature 

accounts on drug-likeness of the various ligands e.g. lipophilicity of the phosphine ligands 

(Shaw et al., 1994) and the anti-viral activity of Tscs-base ligands (Easmon et al., 1992, 

Spector and Jones, 1985). This was followed by HTS in vitro analysis and the in silico work 

was performed as a complementary approach to corroborate bioassay findings.  

Gold compounds have previously been reported to inhibit HIV RT (Fonteh et al., 2009, 

Fonteh and Meyer 2008, Sun et al., 2004, Tepperman et al., 1994, Okada et al., 1993, Blough 

et al., 1989) and to interact with proteins by undergoing ligand exchange reactions with 

sulfhydryl groups of cysteine residues (Shaw III, 1999, Sadler and Guo, 1998). The 

chrysotherapeutic effect of gold compounds was also reported in the inhibition of the 

lysosomal cysteine PRs (a family of proteases responsible for joint destruction in rheumatoid 

arthritis) through ligand exchange reactions with sulfhydryl group of cysteine (Gunatilleke et 

al., 2008, Chircorian and Barrios 2004), making these compounds possible PR inhibitors. 

Although HIV PR is an aspartic PR, it was tempting to speculate that the presence of cysteine 

residues in the dimerisation interface of HIV PR (Zutshi and Chmielewski, 2000) could result in 

interactions with the gold ion. Inhibition of IN has not been reported for gold compounds but 

because the integration process involves viral cDNA, it is possible that gold complexes could 

intercalate with it since gold compounds have been reported to interact with DNA (Mirabelli et 

al., 2002). This interaction could possibly result in the inhibition of IN activity.  

Overall, the expectation for all three viral enzymes in addition to possible ligand 

exchange reactions and DNA intercalation was that since complexation has been reported to 
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lead to more stable compounds which stay at enzyme active sites longer and to increased 

drug efficacy (Navarro, 2009, Beraldo and Gambino, 2004), the gold complexes should be 

better inhibitors compared to the ligands. 

In the next sections, findings obtained for the effect of the compounds on RT, PR and 

IN from both the direct enzyme and in silico binding predictions will be provided.  

 

5.2 MATERIALS AND METHODS 

Some of the compounds currently being investigated in this project have previously 

inhibited HIV RT and PR in direct enzyme assays (Fonteh et al., 2009, Fonteh and Meyer 

2009). The RT inhibitors were tested again as controls in the bioassays and in silico 

predictions of the binding modes with this enzyme were also done using molecular modelling. 

Compounds that inhibited PR in the direct enzyme bioassays were also analysed to predict 

potential binding modes using molecular modelling. The eleven new compounds that had not 

been tested before in both the RT and PR direct enzyme assays were also screened for the 

inhibition of these enzymes prior to molecular modelling of successful candidates. IN 

bioassays were initiated for all the compounds and repeated for compounds that showed 

promise in the pre-screen followed by molecular modelling.  

 

5.2.1 Direct Enzyme-Based Assays 

The direct enzymes assays included either sandwich ELISAs (RT and IN) or a 

fluorogenic substrate assay (PR). These are assays in which the compounds were allowed to 

interact with the enzymes in the presence of substrate and enzyme activity monitored in 

endpoint analysis either by determining absorbance or fluorescence.    

 

5.2.1.1 RT inhibition assay 

The Reverse Transcriptase Colorimetric kit (Roche Diagnostics, Mannheim, Germany) 

was used (assay principle pictured in Figure 5.1). This assay gives a quantitative measure of 

the RT activity and takes advantage of the ability of RT to synthesise DNA, starting from the 

template/primer hybrid poly (A) x oligo (dT)15. Digoxigenin and biotin labelled nucleotides are 

incorporated into the same DNA molecule as it is freshly synthesized by RT. The detection 

and quantification of newly synthesized DNA as a parameter for RT activity follows a sandwich 

ELISA protocol where biotin-labelled DNA binds to the surface of streptavidin-coated 

microplate modules. An antibody to digoxigenin, conjugated to peroxidase (anti-DIG- POD) is 

then added and binds to the digoxigenin-labelled nucleotides. Finally, a peroxidase substrate, 

2, 2’-azino-di-[3-ethylbenzthiazoline sulfonate (6)] diammonium salt crystals (ABTS), is added. 

The peroxidase enzyme catalyzes the cleavage of the substrate to produce a coloured 

reaction product. The absorbance of the samples is determined using a microplate (ELISA) 

reader, and is directly correlated to the level of RT activity in the sample. 
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Figure 5.1: Reverse transcriptase colorimetric test principle . The test follows a sandwich protocol. The 
figure was adapted from the Roche Diagnostics colorimetric reverse transcriptase assay brochure (Version 
13, 2010).  
 
Procedure:  The assay was performed according to the manufacturer’s instructions and as 

previously described (Fonteh and Meyer, 2008). Briefly, 20 µL (0.2U) of purified recombinant 

HIV RT (Merck, Darmstadt-Germany) and 20 µL of reaction mixture consisting of reconstituted 

template-template/primer hybrid poly (A).Oligo (dT)15 and diluted nucleotide (Tris-HCl, 50 mM, 

pH 7.8, with DIG-dUTP, biotin-dUTP and dTTP) were transferred to microfuge tubes 

containing 20 µL of pre-determined concentrations of the compounds dissolved in DMSO and 

diluted with lysis buffer. This was followed by 1 h of incubation at 37 ºC. The samples were 

then transferred to appropriate wells of a streptavidin-coated plate followed by another hour of 

incubation at 37 ºC. The plate was washed 5 times with 250 µL of wash buffer and blotted on 

paper towels to completely remove buffer before adding 200 µL of anti-DIG-POD working 

solution (200 mU/mL). A further 1 h incubation at 37 ºC followed by 5 rinses using wash buffer 

was performed. An ABTS substrate solution (200 µL) was transferred into all wells of the plate 

and the plate(s) incubated at room temperature (15-25 ºC) until sufficient green colour 

development for photometric detection was attained (approximately 15 min). Controls included 

RT only with an equivalent amount of DMSO used in the test samples (1.5%, v/v) while a 

positive control was a plant extract (designated known inhibitor or KI) for which anti-HIV data 

exists. The plate was read on a Multiskan Ascent® plate reader (Labsystems, Helsinki, 

Finland) at 405 nm and a reference wavelength of 492 nm. Data analysis was performed using 

Microsoft® Office Excel® 2007(Microsoft Corporation, Washington, USA) with inhibition 

expressed as percentages and calculated based on the formula: 100 – [(Test reagent 

absorbance-Blank absorbance/ untreated control absorbance-blank absorbance) x100)].  

 

5.2.1.2 PR inhibition assay 

This assay makes use of a fluorogenic HIV PR substrate 1 with structure: Arg-glu-

(EDANS)-Ser-Gln-Asn-Tyr-Pro-Ile-Val-Gln-Lys-(DABCYL)-Arg (Sigma Aldrich, Missouri USA). 

This substrate is a synthetic peptide that contains a cleavage site (Tyr-Pro) for HIV PR as well 

as two covalently modified amino acids for the detection of cleavage (Matayoshi et al., 1990). 
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One of the modifications involves the attachment of the fluorophore 5-(2-aminoethylamino)-1-

naphthalene sulfonate (EDANS) to the glutamic residue. The other modification is the addition 

of an acceptor chromophore 4’-dimethylaminoazobenzene-4-caboxylate (DABCYL) to the 

lysine residue. The modified amino acids are on opposite sides of the cleavage site. Spatial 

orientation and overlap of the DABCYL absorbance with the EDANS emission permits 

resonance energy transfer between the two moieties and quenching of the EDANS 

fluorescence at 490 nm occurs. However, when HIV PR cleaves the peptide, the DABCYL 

group is no longer proximal to the fluorophore and emission at 490 nm cannot be detected. A 

compound that inhibits HIV PR therefore prevents this cleavage thus allowing quenching to 

occur such that the EDANS fluorescence signal is diminished.  

Procedure: The assay was performed according to procedures by Lam et al., (2000) using a 

1 mM stock of HIV PR substrate 1 dissolved in DMSO and diluted to 20 µM with assay buffer 

(0.1M sodium acetate, 1 M NaCl, 1 mM EDTA, 1mM DTT and 1 mg/mL BSA, pH 4.7). An 

aliquot of the substrate (20 µM, 49 µL) and 1 µL of HIV PR solution (1 µg/mL; Bachem, 

Switzerland) were added directly into Costar® black 96 well fluorescence assay plates 

(Corning Incorporated, New York, USA)  in the presence or absence (untreated control) of the 

compounds to a final reaction volume of 100 µL. This mixture was incubated at 37 ºC for 1 h. 

Ten microlitres of acetyl pepstatin designated AP (Bachem BioScience Inc. PA, USA) at a 

concentration of 10 µg/mL was used as a positive control for inhibition of HIV PR while a blank 

treatment consisted of assay buffer and the substrate only. The fluorescence intensity was 

measured at an excitation wavelength of 355 nm and an emission wavelength of 460 nm using 

a Fluoroskan Ascent® plate reader (Labsystems, Helsinki, Finland). The data was analysed 

using Microsoft® Office Excel® 2007 (Microsoft Corporation, Washington, USA) and the 

percentage inhibition calculated based on the formula: 100 - [(Test reagent RFU-blank RFU / 

untreated control RFU-blank RFU) x100)] where RFU = relative fluorescence units.  

 

5.2.1.3 IN inhibition assay 

Two different direct enzyme assay kits were used for determining the effect of the 

compounds on HIV IN and thus on the integration process. The Xpress Bio HIV IN kit 

(Thurmont, Maryland, USA) which contains unprocessed viral DNA (due to the presence of 

dinucleotides at the 3’ ends) such that both the 3’P and ST reactions can be executed 

(referred to as dual IN kit) and the Auro pure kit (Mintek, Johannesburg, South Africa) which 

was specifically designed for detecting ST IN inhibitors. Both assays mimic the integration 

process except for the fact that the target DNA in the Auro pure kit is modified to exclude the 

3’P reaction (contains processed viral DNA with the dinucleotides at the 3’ ends excluded) 

making it specific for determining ST IN inhibitors. The motivation for specifically targeting ST 

inhibition is because IN drugs currently in clinical use are the ST inhibitors unlike 3’P inhibitors 

(3’PIs) which have shown activity in vitro but not in vivo (Mouscadet et al., 2010). 
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Procedure:  The dual IN inhibitor kit (Thurmont, Maryland, USA) assay was performed 

according to the manufacturers’ instructions. Streptavidin-coated 96 well plates were further 

coated with a double stranded HIV LTR U5 donor substrate oligonucleotide or donor DNA 

containing an end-labelled biotin for 1 h. This was followed by 3 washes and then by blocking 

with blocking buffer for 1 h. After 3 additional wash steps, full-length recombinant IN protein 

(200 nm, purified from bacteria) was loaded onto the oligo substrate and the plate incubated 

for 30 min at 37 ºC. Non-toxic concentrations of the compounds were added in triplicate to the 

plate after 3 further washes and the plate was incubated for 5 min at room temperature. A 

different double-stranded target substrate oligo containing 3’-end modifications was added 

directly to the plate containing the compounds. The IN enzyme cleaves the terminal two bases 

from the exposed 3’-end of the HIV LTR donor substrate (3’P) and then catalyzes a ST 

reaction to integrate the donor substrate into the target substrate. The products of the 

reactions were detected colorimetrically using a horse radish peroxidase (HRP)-labelled 

antibody directed against the target substrate 3’-end modification and a 

tetramethylbenzendine (TMB) peroxidase substrate. A blank treatment without enzyme or test 

compounds and a control containing 10% (v/v) sodium azide (NaA3) as positive inhibitor of IN 

activity were included in the analysis. The plate was read at 450 nm using a Multiskan 

Ascent® plate reader (Labsystems, Helsinki, Finland).  

The Auro Pure kit (Mintek, Johannesburg, South Africa) assay was performed 

according to the manufacturer’s specifications at the AuTEK Biomed Laboratory (Mintek, 

Johannesburg, South Africa). Briefly, biotin labelled donor DNA or donor substrate 

(processed) was added to streptavidin coated microwell strips and incubated for 1 h at 22 ºC. 

The plates were washed 3 times with wash buffer followed by the addition of bacterially 

expressed recombinant HIV IN enzyme (1 µM). After 30 min of incubating at 22 ºC and 2 wash 

steps, the test compounds and controls were added to the plate and allowed to interact for a 

further 30 min. The target DNA or target substrate was then added to the mix and after 

another hour of incubation at 37 ºC, the plates were washed 3 times and a detection antibody 

added to the wells and incubated (2 h, 25 ºC). Three last washes were performed and a 

substrate reagent added into each well. The plate was sealed and incubated at 37 ºC for 1 h 

followed by absorbance measurements at 620 nm on an xMarkTM Microplate Absorbance 

Spectrophotometer (Bio-Rad Laboratories Inc., California, USA). Inhibition percentage 

calculations for both IN assays were done using Microsoft® Office Excel® 2007(Microsoft 

Corporation, Washington, USA) and the formula: 100-[(Test absorbance-blank 

absorbance/control abs-blank-absorbance) x100]. 

 

5.2.2. Molecular Modelling to Predict Potential Binding Sites 

In this section, the term receptor will be used to represent the target enzyme also 

known as “receiving” molecule or protein i.e. RT, PR or IN. Ligand (a computational 
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terminology) will be used to refer to both the gold complexes and precursors (free or 

uncomplexed compounds) and is defined as the complementary partner molecule, which 

binds to the receptor.  

To perform a direct or protein-based docking study where the active site is known, 

unlike indirect or ligand-based docking where the active site is not known (Vaidyanathan et al., 

2009), one of the first requirements is to obtain 3D crystal structures of the receptor which 

must have been solved by x-ray crystallography or NMR (Raha et al., 2007). The next 

important requirement is a database of the ligands to serve as inputs in the docking program. 

The crystal structures of RT, PR and IN were obtained from the protein data bank 

(http://pubchem.ncbi.nlm.nih.gov/) and the ligands were compounds, which had inhibited these 

enzymes in direct enzyme assays. After docking (also known as searching), scoring functions 

are usually employed to help in predicting the binding affinity of the ligands to the receptor (Wu 

et al., 2003).  

Molecular modelling studies were done using Discovery Studio® version 2.5.5 

(Accelrys®, California, USA). All simulations were performed on an Intel® Core™ 2 Duo CPU 

2.2 GHz processor, 1.97 GB RAM with Windows XP professional version 2002 operating 

system. These specifications were the minimum recommended for DS® installation and 

performance. Higher specifications should lead to lower computational costs and thus faster 

run rates. The next subsections will outline the steps that were performed in order to simulate 

the interactions of the ligands with the receptors and to determine binding affinity.  

 

5.2.2.1 Ligand preparation  

Ligand preparation involved obtaining molecular structures, which had to be in the 

structural data file (.sdf) or molecular file (molfile) chemical format and these were obtained 

using the ChemDraw software (CambridgeSoft, PerkinElmer Inc., USA). Considering that 

molecular modelling greatly depends on molecular properties, for modelling to be useful, it 

must readily and reliably reproduce properties that resemble those of experimentally obtained 

data (Comba and Hambley, 1995). One of the commonly applied models for determining 

molecular properties is molecular mechanics (MM), which calculates the structure and strain 

(deformation of a molecule resulting from stresses) of a molecule based on known reference 

structures and properties to give it a geometry with minimum strain energy. An example of 

such a model is the Chemistry at Harvard Macromolecular mechanics or CHARMm force field.  

Unlike in the ADMET prediction studies where the only required preparative phase was 

the application of CHARMm force fields and minimization of the ligands, for the docking 

studies, a further ligand preparative step was involved. This is because the CHARMm force 

field in the docking algorithm that was used in Discovery Studio® does not have force fields 

assigned for gold or other transition metals. This complication arises from the fact that these 

transition metal ions have partially filled d-orbitals (Comba and Hambley, 1995, Hay, 1993). 
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These partially filled orbitals result in the diverse structures of coordination compounds with a 

large variety of possible coordination numbers and geometries (Comba and Hambley, 1995, 

Hay, 1993). Developing reference structural and strain energy values for metal complexes is a 

daunting task (Comba et al., 2006) and is therefore not feasible. Instead, a combined quantum 

mechanics and molecular mechanics (QUANTUMm also designated QM/MM) computation 

was performed to calculate all-atom force fields for each ligand. In this approach, some atoms 

were treated by classical MM (CHARMm) and others treated by QM (DMol3) thereby 

combining the advantages of the two approaches. QM is significant in describing chemical 

interactions that involved the breaking and formation of covalent bonds and unlike MM, does 

not assume that the nature of the bonding does not change with the structure and is thus 

applicable to metal complexes (Höltje et al., 2003, Comba and Hambley, 1995). For the 

calculation, the gold atom was ionised by deleting the covalent bonds, then assigning formal 

charges, followed by constraining bond angle distances thus simulating a covalent bond while 

calculating the force fields. CHARMm normally omits from the nonbonded lists any interactions 

that include only fixed atoms and would therefore not proceed with docking if these unknown 

atoms were not fixed through the addition of constraints, restraints and QM/MM minimisation. 

The QM/MM minimisation also gives the ligands better geometries and removes steric overlap 

that could produce bad contacts before the dynamics (heating and cooling) process that is 

involved in docking. For all QM/MM calculations the parameters sets included a QM/MM 

boundary set to a nonbond list radius of 10.0-12.0 Å, where the electronic embedding method 

was to neglect boundary charges. The type of DFT exchange-correlation potential chosen was 

the gradient-corrected (PBE) potentials. The atomic spin state were treated such that the spin 

was restricted if the number of electrons in the system was even. A medium quality of the 

Dmol3 calculation was set. After minimisation, the constraints and restraints on the gold and 

bonded atoms e.g. P-Au-Cl were removed, the bonds and the formal charges restored. 

Although constraints followed by QM/MM calculations could have been applied to gold and 

bonded atoms for the compounds in the ADMET studies, it was not necessary since 

CHARMm and Dmol3 force fields are not included in the ADMET prediction protocol.   

 

5.2.2.2 Receptor preparation 

Published crystallographic structures of the respective receptors (HIV RT, PR and IN) 

in complex with active site identification ligands were obtained from the PDB. The receptors 

were either wild type or mutant forms. Where possible, subtype C crystal structures were used 

to increase the relevance and specificity of potential inhibitor(s) to the South African/Sub 

Saharan African context where subtype C is prevalent. Crystal structures of subtype C 

receptors were unfortunately not readily available just as was the case for the recombinant 

enzymes used in the direct enzyme assays since research has focused largely on the subtype 

B viral strain. In the case of RT, It was important to determine whether the compounds 

 
 
 



CHAPTER 5 COMPOUND EFFECTS ON VIRAL ENZYMES 
 

    Page | 123  
 

inhibited the enzyme by binding to the RNase H site or the NNRTI site. Binding at the NRTI 

site was not sought since these compounds are not dNTP analogues (e.g. zidovudine and ddI, 

Figure 2.8). Therefore, only crystal structures of receptors complexed to known inhibitors of 

the RNase H and NNRTIs sites were obtained. Docking was also done on a third site of RT 

recently shown by Su et al., (2010) to be an allosteric inhibitory site close to the NNRTI 

pocket. The  PDB identification codes for the RT receptors are 3LP2 (Su et al., 2010)  for the 

NNRTI allosteric site and 3LP3 (Su et al., 2010) in complex with naphthyridinone-containing 

RNase H inhibitor site while the 2WON PDB structure (Corbau et al., 2010) was used for 

predicting binding to the NNRTI site. The RT crystal structures were of wild type strains. In the 

case of HIV PR, two crystal structures were used; 1HXW in complex with ritonavir (Kempf et 

al., 1995) coding for a subtype B strain and 2R5P (Coman et al., 2008) coding for a subtype C 

viral strain. The crystal structures employed for predicting binding interactions with IN were the 

2B4J structure which is the crystal structure of the CCD of IN complexed to LEDGF/p75 

(Cherepenov et al., 2005) at the dimer interface of the enzyme. This site has been used by 

Christ et al., (2010) to determine small molecule inhibitors of protein-protein (IN-LEDGF) 

interactions. Other sites that were used for predicting IN inhibition were the ISQ4 site 

complexed to the 5-CITEP inhibitor found in the Asp64, Asp116 and Glu152 motif of IN 

(Goldgur et al., 1999) and the binding site for sucrose identified in 3L3V (Wielens et al., 2010) 

both in the CCD of IN. A summary of all the receptors used is provided in Table 5.1. The PDB 

identification codes, resolution and information on whether the structure is a mutant or wild 

type are provided. The smaller the resolution, the better the crystal structure is. Resolutions of 

2.8 Å and below were considered sufficient for this study.  

 
Table 5.1: A summary of the protein data bank crystal structures used for molecular modelling. Three 
crystal structures were used for RT, one with an allosteric binding site, another with an RNase H and a third 
with a polymerase or NNRTI binding site, two for PR consisting of a clade B and a C variant, and three for 
the IN consisting of an allosteric binding site in complex with sucrose, one in the LEDGF binding site at the 
dimer interface of IN and a third in the DNA binding site (3’P and ST site). 
Protein  PDB 

code 
Notes  Wild type/mutant  Resolution  

(Å) 
HIV RT 3LP2 Allosteric site near NNRTI site Wild type 2.8 
 3LP3 RNase H site Wild type 2.8 
 2WON NNRTI site Wild type 2.8 
HIV PR 1HXW Subtype B Wild type 1.8 

2R5P Subtype C Mutant (Q7K, L33I, L63I) 2.3 
HIV IN 3L3V CCD in complex with sucrose 

(allosteric site to LEDGF site) 
Mutant (C56S, W131D, 
W139D, F185H) 

2 

 2B4J CCD bound to LEDGF (at 
dimer interface) 

Mutant (F185K) 2.02 

 ISQ4 CCD (DNA binding site ) Mutant F185K, W131E 2.1 
 

Binding site sphere definition : Before the docking simulations could be initiated, a protein 

clean process was performed and a binding site sphere defined on the receptor. The protein 

clean process involves the addition of hydrogen atoms to the amino acid residues of the 
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receptor and the removal of unnecessary groups e.g. water molecules. Decisions on 

maintaining groups such as cofactors, active site crystal water molecules, and catalytic metal 

ions had to be made. Ultimately the importance of these molecules or ions in the activity of the 

enzyme had to be considered and usually such groups were maintained. Docking with active 

site waters for example has been shown to result in increased accuracy of docking (Höltje et 

al., 2003). A ribbon structure of the receptor was then displayed followed by the application of 

a CHARMm force field and partial charges (charges on polar molecules due to differences in 

electronegativity), Momany and Rone (1992). The co-crystallised ligand or active site 

identification ligand was used in defining the binding site sphere which is an area around the 

bound inhibitor in the three axis direction (xyz) with a minimum radius of 5 Å (see Figure 5.2 

for a typical binding site sphere). Once the active site sphere had been defined, the co-

crystallised ligand within the sphere was removed by highlighting and deleting using keyboard 

commands.  

  
Figure 5.2: Binding site sphere (yellow ball in A) in the catalytic core domain of IN (2B4J). In (B) 
sphere has been removed. The sphere radius is 11 and the xyz coordinates with respect to the active site 
are 12.08, -18.587 and -11.632. This sphere was generated within one of the catalytic dimer interfaces 
specifically in the IN-LEDGF binding site (also shown in figure 2.17). Here the IN binding domain (depicted in 
Figure 2.17) of LEDGF has been removed and replaced with the binding site sphere in preparation for 
docking. This figure was obtained from Discovery Studio (Accelrys®, California, USA).  
 
 
5.2.2.3 Docking with CDOCKER 

The next step after ligand and receptor preparation was for docking to be initiated. This 

was done using CDOCKER (CHARMm-based DOCKER, Wu et al., 2003), a grid-based 

molecular docking algorithm that employs CHARMm molecular dynamics in DS® (Accelrys®, 

California, USA). It allows one to run refinement docking of any number of ligands with a 

single protein receptor. The receptor is held rigid while the minimized ligands are allowed to 

flex during the refinement. Ligand placement in the active site was specified using the binding 

site sphere and the grid method helps to reduce computation time while facilitating molecular 

dynamics interactions between receptor and ligand atoms. The calculated QM/MM force fields 

A B 
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for the ligands (with the gold atom accounted for) were used in the docking and not the default 

CHARMm-based force fields. Random ligand conformations (poses) are generated from the 

initial ligand structure through high temperature molecular dynamics, followed by random 

rotations. The random conformations are refined by grid-based simulated annealing which 

involves intermittent cooling by decreasing simulation temperature. The final energy 

minimization during docking was set as “off” and a separate minimization step (below) was 

performed instead.  

 

5.2.2.4 Ligand minimization 

A separate minimisation step was launched which minimizes the series of ligand poses 

(a pose being a unique target bound orientation and conformation of the ligand after docking) 

using CHARMm and helps to filter the poses and ensure diversity while improving on the 

docking accuracy (Krovat et al., 2005, Wu et al., 2003). Generally, minimization (performed 

before and after docking) reduces the energy of a structure through geometry optimization. 

The minimization of the poses was done in the presence of the receptor. In the protocol, the 

receptor is held rigid and residues with atoms inside the minimization sphere of flexible atoms 

are allowed to be move. This strategy helps minimise computational costs (time) involved 

when the entire receptor is flexible (Krovat et al., 2005). The protocol used was customized to 

include an implicit solvent model (generalized born with molecular volume) which allows for 

the calculation of the binding free energy between the receptor and ligand while mimicking 

solvent effect (Mohan et al., 2005). This is because protein surface interactions occur in 

aqueous solution making the description of solvation forces and energies due to solute-solvent 

effect critical in modelling (Sun and Latour, 2006).  

 

5.2.2.5 Energy calculations and analysis of minimized poses (Scoring) 

Docking is usually performed together with scoring functions to predict the binding 

affinity of the ligands (Wu et al., 2003). This was done by calculating the energy of binding 

represented as binding free energy and given in kcal/mol followed by analysis of the docked 

poses. The “calculate binding energy” protocol was used and the calculated QM/MM force 

fields employed for the ligands. The protocol estimates binding free energy between each 

ligand pose and the receptor using CHARMm implicit solvation models. The free energy of 

binding for a receptor-ligand complex is calculated from subtracting the energy of the ligand 

and that of the receptor from the energy of the complex and is given by the formula:  

Energy of binding = energy of complex - energy of ligand - energy of receptor. 

Energy calculations were done for each pose, and the binding free energies ranked from the 

lowest to highest with the former representing the most favourable receptor-ligand interaction 

in terms of binding affinity (Muegge and Rarey, 2001). 
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Further scoring analysis was done using, the “analyse ligand poses” protocol in DS®. It 

helps in determining heat maps, short distances between atoms, electrostatic interactions and 

generally aids in further interpreting the binding modes between the ligand and the receptor as 

realistic or not. The pose predicted to have the most favourable binding free energy with the 

receptor was then mapped using 2D drawings, molecular surface diagrams (depicting 

hydrophobicity) followed by molecular graphics generation.  

Docking controls:  To ensure that the ligand orientations and positions predicted by the 

docking studies were likely to represent valid and reasonable potential binding modes, the 

active site identification ligands (co-crystallised ligand) were docked using the customised 

CDOCKER docking parameters and the prepared sphere selections for each of the binding 

sites. The interactions were considered acceptable when the predicted binding orientations 

were comparable to the expected orientation and position of the inhibitor observed in the 

crystal structures.   

 

5.2.2.6 Summary of methods used 

A flow diagram of the methods that were used in determining the interactions of the 

compounds with HIV enzymes is depicted in Figure 5.3. Both “wet lab” and in silico (docking) 

methods were followed. 

 

 

 

 

 

 

 

 
 
 
Figure 5.3: Summary of methods used in determining the effect of the compounds on viral enzymes. 
 

5.3 RESULTS AND DISCUSSION  

5.3.1 Direct Enzyme Assays 

5.3.1.1 HIV RT and PR activity  

Compounds tested for RT and PR inhibition included the Tscs-based compounds; 

PFK5, PFK7, PFK6, PFK8, PFK39, PFK41, PFK38 and PFK43 and the gold(I) phosphine 

thiolate complexes; PFK174, PFK189 and PFK190. No inhibition of RT was recorded at 25 

and 100 µM (only 25 µM is shown, Table 5.2) and only one compound significantly inhibited 

COMPOUNDS 
Ligands and gold complexes 

Molecular Modelling 
against RT, PR and IN 
o Ligand preparation  
o Receptor preparation  
o Docking 
o Pose minimization  
o Energy calculations 
o Pose analysis 

Cell free 
bioassays 

RT 
o Sandwich ELISA    
    (Absorbance)  

 
PR 

Fluorogenic substrate assay 

IN 
o ST specific assay  
o 3’P and ST (absorbance) 

COMPOUNDS (.sdf structures)  
Ligands represent both free 
ligands and gold complexes 
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HIV PR activity by >50% (Table 5.2). This was the gold(III) thiosemicarbazonate complex, 

PFK7, which inhibited the enzyme by 55% at 100 µM (p = 0.03). Its free ligand PFK5 had no 

effect on PR’s activity. Unfortunately 100 µM (which is the same concentration at which 

compounds tested in the prior study inhibited PR, Fonteh and Meyer, 2009) is toxic to all the 

cell types for which cytotoxicity measurements were performed suggesting poor specificity. 

PFK7 is cytostatic (at 5 and 10 µM, Figure 4.7B) and was not really expected to have a direct 

anti-viral effect (for either RT or PR) since cytostatic agents target cellular components (Lori et 

al., 2005). While the higher concentration of PFK7 appears to have a direct anti-viral effect, 

this ability is not of any value since this concentration was also very toxic (the CC50 of this 

compound was 5.6 in PBMCs and 1.7 in PM1 cells, Table 4.2). However the compound can 

interfere with viral replication through its effect on the host cell at non-toxic but cytostatic 

concentrations (Figure 4.6, 4.7B, 4.8A).  

 
Table 5.2: The effect of the compounds on HIV RT and PR activity.  None of the compounds inhibited 
RT’s activity while PFK7 inhibited PR at 100 µM by 55.5%. KI represents a known inhibitor which inhibited 
RT by 94.7% and PR by 100 %. PFK7 inhibited PR by 55% at 100 µM (p=0.03). Ligands are shaded in grey. 

 

Eight gold complexes (TTC3, TTC10, TTC17, TTC24, EK207, EK219, EK231 and 

KFK154b) previously shown to inhibit RT at a concentration range of 6.25 to 250 µM (Fonteh 

and Meyer, 2009, Fonteh et al., 2009, Fonteh and Meyer, 2008) were re-tested as controls in 

the present study. None of the compounds inhibited RT’s activity at 25 and 100 µM (only 25 

µM is shown, Table A5.1). These unexpected results triggered a search for reasons and 

explanations. The most serious of these was the possibility that degradation products not 

visible on NMR spectra (when stability studies were performed, chapter 2 in section 3.4.1) 

were present in addition to storage, compound age and dissolution related concerns. All the 

compounds previously published as active were freshly synthesised and tested in the same 

manner. These compounds were now re-tested after three years of storage at -20 ºC in 

powder form and sometimes dissolved in DMSO (used within a week, for KFK154b, storage 

HIV RT Inhibition  HIV PR Inhibition  
Compound  % inhibition at 25 µM  Concentration (µM)  % inhibition  

KI 94.7 16 100.2 

HAuCl4.4H20 -14.0  30.43 
PFK189 23.7  35, 49 
PFK190 10.5  34, 48.7 
PFK5 9.55 2.5 , 100 14, 15.4, 
PFK7 14.7 2.5, 25, 100 -5, 5.8, 55.2 
PFK6 9.36 5, 100 -8.8, 0.14 
PFK8 5.35 5 , 25, 100 1.3, 5.3, 16.7 
PFK39 7.86  ND 
PFK41 6.39 0.2 , 100 -12., 12.9 
PFK38 -8.68  ND 
PFK43 11.26 0.04, 100 -9, 2.8 
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was at room temperature for a year and a half prior to testing). These storage conditions were 

obviously not optimal and the inherent hygroscopic abilities observed for some of these 

complexes (e.g. TTC3 and possibly its analogues, Table 3.7) could have potentiated solubility 

issues. Newly synthesised compounds (eleven in total) did not have similar storage issues and 

may simply have no RT/PR inhibitory abilities. When taking into account docking predictions 

which resulted in limited active site binding (full discussion in section 5.3.2) as well as the low 

ADMET solubility predictions for some of these previously active compounds, the absence of 

activity is somewhat confirmed. Possible additional reasons for the loss of RT activity are 

provided in the appendix (section 8.4) 

 

5.3.1.2 HIV IN activity 

Inhibition of HIV IN activity was performed using two different kits, one involving both 

3’P and ST inhibitor steps and the other specific for ST inhibitors. In a preliminary assay using 

the dual IN kit, all 27 compounds including the gold starting material (HAuCl4.4H2O) were 

tested in triplicate at one concentration (Figure A5.1A). Four compounds inhibited HIV IN by 

>50% at non-toxic concentrations when this assay was done and included the BPH gold(I) 

complex, EK231 (50.8%), the gold(III) thiosemicarbazonate complexes PFK7 (54.5%) and 

PFK8 (58.6%) and the gold(I) phosphine thiolate complex PFK174 (78%). Ligands PFK5 and 

PFK6 inhibited the enzyme in this assay by 47.5 and 47% respectively suggesting that the 

ligands contributed in the inhibition. New kits were purchased to perform repeat experiments 

and the problems mentioned in the abstract were experienced. In the repeat experiments, 

percentage inhibitions were mostly negative values at three different concentrations (2.5, 5, 

10, and 25 µM) and were all rounded off to 0% (Figure A5.1B). The assay was performed 3 

times with similar results each time. The positive control inhibited the enzyme by 99.9±0.3%. 

The reason for this change in results between kits is not clear and might have been poor 

performance of the kits. For both the initial and subsequent kits, the positive control worked 

very well. The company from which the kit was obtained had manufacturing problems for 

some time and we had to wait for up to 8 months to be able to repeat the assay. 

Communication with the manufacturers did not lead to clarification of the discrepancies and 

the assumption was that the manufacturing problems might have been the cause. While these 

concerns are valid, one could postulate that some of the same reasons that were attributed to 

the compounds that inhibited RT previously and which subsequently lost the inhibitory ability 

may be applicable here (particularly poor aqueous solubility, aging, the presence of 

degradation products not detectable by NMR and solvent effects, see section 8.4.1). The first 

concern (poor aqueous solubility) does not apply to the gold(III) bisthiosmicarbazonate 

complexes since these compounds had good prediction values in the ADMET study and in the 

experimental shake flask method but are applicable to complexes EK231 and PFK174 (Table 

3.8A, section 3.4.3). The eleven additional compounds had only been stored for a year and a 
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half (in the course of analysis). While solvent effects could have played a part, it is important to 

note that cytostasis was not affected. The same sample of PFK7 which inhibited IN in the pre-

screen was also cytostatic at the time and remained cytostatic when additional repeats were 

recently (close to the time of writing) performed.    

In the ST specific assay, representative compounds (consisting of those that had 

initially inhibited IN in the dual inhibitor assay pre-screen) from each class i.e. TTL24, TTC24, 

EK231, MCZS1, KFK154b, PFK5, PFK7, PFK8, HAuCl4.4H2O4 and a positive control for IN 

inhibition (NaA3) were tested (Figure 5.4). None of the compounds inhibited the ST activity of 

HIV IN including those that had inhibited IN by > 50% in the dual IN inhibitor assay pre-screen. 

NaA3 (6%) inhibited the enzyme by 77.5%. Although both 3’P and ST inhibitors have been 

reported in in vitro tests, only the latter have been successful  in vivo and have subsequently 

been approved for clinical use (Mouscadet et al., 2010, Chirch et al., 2009) making their 

identification important. The fact that none of the compounds that had inhibited IN in the dual 

assay did so in the ST specific study suggests that inhibition of the enzyme in the former could 

have been at the 3’P step. Considering that subsequent testing in the dual assay resulted in 

no inhibition, it is likely that the compounds were neither 3’P nor ST inhibitors. Failure of 3’P 

inhibitors to inhibit in vivo was the reason why the inconsistent data was not investigated 

further. The ST specific data was therefore considered more significant and the conclusion 

was that no IN inhibition was exhibited by the compounds.   

 
Figure 5.4: HIV IN inhibitory activity of representative compounds from different classes. The effect of 
the compounds on the enzyme was determined using the ST specific IN assay kit. None of the compounds 
significantly inhibited the enzyme (all p values were > 0.05). NaA3 was used as a positive control for IN 
inhibition and inhibited the enzyme 77.5%. Concentrations tested here are those which resulted in >60% 
viability in the viability assays.  
 

5.3.2. Molecular Modelling for Predicting Binding Interactions with Enzyme Active Site. 

The selection criterion for the ligands (gold complexes and free ligands) chosen for 

molecular modelling studies was the fact that the latter had inhibited the enzyme in the 

respective direct enzyme bioassays. In the case of RT and PR these were compounds 

reported by Fonteh et al., (2009), Fonteh and Meyer (2009) and herein (Table 5.2) as having 
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inhibitory activity while for IN, those which inhibited in the preliminary dual inhibitor assay 

(Figure A5.1) were tested. The respective ligands for each receptor are shown in Table 5.3. 

The phosphine gold(I) complexes; TTC3, TTC10, TTC17, TTC24 and the BPH gold(I) 

complexes EK219 and EK231 inhibited RT while one phosphine gold(I) complex TTC24, the 

BPH gold(I) complex, EK208,  two phosphine gold(I) thiolate-based complexes (MCZS1 and 

MCZS3) and a gold(III) thiosemicarbazonate complex (PFK7) inhibited HIV PR. Four Tscs-

based ligands (PFK5, PFK7, PFK6, PFK8) and a phosphine gold(I) thiolate complex PFK174 

were also tested based on preliminary findings which showed that these ligands could inhibit 

IN by at least 48% when the xPressbio dual inhibition assay kit (Thurmont, MD, USA) was 

used (data is in the appendix Figure A5.1). Although subsequent screening with the same dual 

assay kit resulted in 0% inhibition (Figure A5.1B), it was important that these findings be 

further confirmed by an alternative method such as molecular modelling. This was also the 

rationale for docking the compounds that had previously shown RT inhibitory ability but which 

had later lost this property upon re-test (section 8.4.1, Table A5.1). This is because for 

compounds with favourable interactions in the in silico study, structural modifications can be 

recommended to enhance drug-likeness through rational drug design. In addition the in silico 

studies obviate the need for investing in new synthesis while at the same time determining if 

there was a correlation between experimental data and docking findings.  

 
Table 5.3: Summary of compounds that inhibited HIV RT, PR and IN in direct enzyme bioassays.  
Compounds which inhibited previously (Fonteh and Meyer 2009, Fonteh et al., 2009) and those for which 
inhibition was observed here (grey) are represented. Except for PFK5 and PFK6 with inhibitions of 45≥50%, 
the rest of the complexes inhibited by >50%.  

RT inhibitory ability  PR inhibitory ability  IN inhibitory ability  
TTC3 EK231 TTC24 MCZS3 EK231 PFK7 
TTC10 KFK154b EK208 PFK7 PFK174 PFK6* 
TTC17 EK207 MCZS1 KFK154b PFK5* PFK8 
TTC24 EK219    

 
The binding of a ligand to a receptor depends on ionic interactions, hydrogen bonds, 

hydrophobic interactions, van der Waals and dipole interactions that can be established 

between the two (Sahu et al., 2008). Other defining conditions for the interaction of a ligand 

with a receptor are its three dimensional characteristics which include size, stereochemical 

orientation of functional groups as well as physical and electrochemical properties. After the 

docking process, various numbers of unique conformations were generated for each ligand 

and this occupancy rate indicates ligand flexibility (Purohit et al., 2008). In addition to giving 

some perception of the flexibility of the different ligands in each receptor site, differences in the 

variation between classes of ligands for a particular receptor site compared to the variation 

within a class could be observed. The variation within classes was usually less compared to 

that between classes probably because of the structure similarity of the latter. The more 

flexible a ligand is, the greater the ensemble of ligand-receptor conformations that it can have 

and the more likely it is to have good overall size-shape complementary and thus more 
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favourable enthalpic contributions to the binding free energy. Such inhibitors have a higher 

chance of remaining active in the event of a mutation (although with lower efficacy) since an 

alternative binding conformation is easily attainable. Flexibility is also linked to the number of 

rotatable bonds that a ligand has. A summary of all the docked poses for each of the receptor 

sites for successfully docked compounds is shown in the appendix (Table A5.2).  

Further investigation of the binding affinity of the ligands to the receptors was based on 

the binding free energy. Generally the more negative the binding energy, the greater the 

affinity between an inhibitor and its receptor (Sadiq et al., 2010).  

Not all compounds for which docking was initiated was successful. In some cases, 

either the binding free energies predicted were too high, depicting unfavourable interactions 

while in others, refined poses were not possible probably because of very poor stereochemical 

orientation or size-shape complementarity. While such a problem could be addressed by 

scaling the receptor site to accommodate the ligand, it is usually advisable to maintain the 

default parameters (Friesner et al., 2004), which was the case in this study. A summary of the 

most favourable binding free energies of the successfully docked ligands in the various 

receptor active sites are shown in Table 5.4. Binding free energies below 100 kcal/mol are 

shown for the gold complexes with the exception of gold complex TTC3 and free ligands TL17 

and TTL24 (Table 5.4) whose energies are provided for comparison purposes. Although 

amino acid atoms within 4 Å of the ligand were identified as those interacting with the latter, 

bond distances of relevant dipole interactions beyond 4 Å (particularly those of cation-pi and 

pi-pi interactions) were also identified and are represented in Table 5.4. A majority of the 

binding free energy values shown in Table 5.4 were not negative suggesting that the reactions 

were not spontaneous or self driven. The ranking and further discussions are meant to serve 

as aids in describing the affinity of the compounds with the various receptors with the intention 

that these might serve as guides for optimising SAR for these compounds. 

A table representing the twenty amino acids is shown in the appendix to aid in their 

identification. The three and one letter identification codes as well as classification based on 

hydrophobicity (non polar), polarity, polar acidic and polar basic properties are represented 

(Table A5.3). In the following subsections the interactions and binding affinities of the ligands 

with the various active site amino acid residues will be elaborated on.   

  

5.3.2.1 Binding modes between ligands and RT sites 

Docking was done for three different sites of RT namely the RNase H site (3LP3), a 

second site close to the NNRTI site (3LP2) and the NNRTI site (2WON). Very unfavourable 

binding energies were predicted for the NNRTI site suggesting poor binding affinity and for this 

reason no further analysis were done. This finding was not surprising considering that 

traditional structure-based design of NNRTIs has generally been complicated by the fact that 
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RT has considerable conformational flexibility (Hsiou et al., 1996, Kroeger et al., 1995, Jäger 

et al., 1994).  

 
Table 5.4: Summary of predicted binding free energy values and relevant bond distances obtained 
after molecular modelling.  The lowest binding energies for the respective ligands are shown and represent 
the most favourable binding poses for each receptor site. The most favourable binding predictions for RT 
were with the RNase H site (3LP3) while those for IN were with the LEDGF binding site (2B4J). The free 
ligands are colour coded in a darker grey. The superscript (a) represents a pi-pi stacking interaction. 
 HIV RT 

 3LP2 3LP3+ Mn2+ 3LP3- Mn2+ 
Compound  Energy  H-bond  Cation -pi  Energy  Cation/pi -pi  Energy  Cation -pi  
TTC3 243   18.7  -9.4  
TTL10 84.2   76.6    
TTC10 87.7  3.5, 3.8 10.9 6 0.21 2.8 
TTL17 299       
TTC17 85.9   25.7  5.1  
TTL24 182   78.6    
TTC24 57.2 2.3, 1.9 3.8, 5.4 12.3 4.6a 0.52  
KFK154B 86.3   10.4    

 HIV IN 
 3L3V 2B4J 

 Energy  H-bonds  Energy  H-bonds  
PFK5 40.1 2.9,1.7, 2.4, 2.2  8.9 2.2, 2.5  
PFK7 42.3 2.4, 2 13.2  
PFK8 42.1  15.7  
PFK41  40.4  18.2 2.4, 1.7 
PFK174   7.2  
 

Figure 5.5 represents annotated structures of ligands TTC3 and TTC24 which will 

subsequently be important in describing binding predictions with the RNase H and the 3LP2 

receptor sites for which much more favourable binding free energies were obtained. The 

phenethyl amine portion of TTC3 also present in TTC17 (a), the N,N-dimethyl-ethane-1,2-

diamine group of TTC24 also present in TTC10 and (b) the diphenylphosphanyl-benzyl portion 

(c) common to all the ligands in this group are shown as inserts. 

 
Figure 5.5: Annotated structures of TTC3 and TTC24 and important groups. T he figure also shows the 
phenethyl-amine group of TTC3 (a), the N,N-dimethyl-ethane-1,2-diamine group of TTC24 (b) and the 
diphenylphosphanyl-benzyl portion present in all the ligands and complexes in this class as inserts.  
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Predicted binding interactions with the RNase H site:  The RNase H site contains two 

metal ions (Mn2+) that are ligated to active site carboxylate residues of Asp443, Glu478, 

Asp498 and Asp549 which are both needed in binding the substrates of this site and 

catalyzing the phosphodiester bond hydrolysis (Jochmans, 2008). The crystal structure used 

for this study (3LP3) was recently derived by Su et al., (2010) into which the authors predicted 

the binding interactions of the metal binding naphthyridinone compounds (compounds that 

contain groups that can bind to the active site metal ions) designated MK1, MK2 and MK3. 

Docking in this site resulted in lower binding free energies compared to the 3LP2 site (Table 

5.4). The lowest binding free energy of 10.4 kcal/mol was noted for the gold(III) pyrazolyl 

complex (KFK154b). This was followed by the gold(I) phosphine chloride complexes in the 

order TTC10<TTC24<TTC3<TTC17 with binding free energies of 10.9, 12.3, 17.8, and 25.7 

respectively (Table 5.4). The order here did not correspond with that noted for the bioassays, 

where TTC24 was the most potent inhibitor followed by TTC10 and then TTC17 and TTC3 

(Table 5.3). However, preference for the N,N-dimethyl-ethane-1,2-diamine group present in 

TTC10 and TTC24 over the phenethyl-amine group in TTC17 and TTC3 was observed. 

Predicted interactions with the RNase H site in the presence of Mn2+ ions:  In Figure 5.6 A 

and B, the interactions of TTC10 and TTC24 with the RNase H site in the presence of the 

Mn2+ ions are shown. The receptor in Figure 5.6 and those in the rest of this report are 

coloured according to the Kyte and Doolittle (1982) hydrophobicity profile. 

A cation-pi (6 Å distance) interaction was predicted between the phosphate group of 

the 2-diphenylphosphanyl-benzyl portion of TTC10 and the imidazole ring of His539 (Figure 

5.6A). Hydrophobic interactions were also predicted in the binding between the ligand and 

Ala538. The significance of the interaction with Ala538 is that it could confer specificity in the 

binding affinity of the compound since in human RNase H1 this group is replaced by Gly538 

(Su et al., 2010). In addition, Ala538 has been reported to interact with Asp549 which forms a 

critical hydrogen bond with water facilitating RNase H function (Di Grandi et al., 2010). The 

predicted cation-pi interactions with His539 may therefore play a significant role in inhibiting 

RNase H activity. A molecular surface diagram of the receptors’ hydrophobicity depicting the 

binding interactions of TTC10 with this site is shown in Figure A5.2, which unfortunately did 

not show great size-shape complementarity. Unlike the ribbon structure of the receptor shown 

in Figure 5.6 where it is easier to visualise H-bonds and other interactions (in addition to the 

hydrophobic interactions) unlike in a molecular surface map, which presents a different view of 

the overall hydrophobicity and hydrophilicity of the ligand-complex. 
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Figure 5.6: Predicted binding predictions of TTC10 and TTC24 (green ball and stick models) to the 
RNase H site in the presence of Mn 2+ (yellow balls). Prominent amino acids are shown as stick models. 
Both compounds did not interact with the Mn2+ ions present in this site but formed crucial interactions with 
His539. A cation-pi interaction was formed between the phosphate group of TTC10 and the imidazole ring of 
His539 (A). Hydrophobic interactions were also observed between Ala538 and the side chain (CH2)3 group 
of Lys540. (B) TTC24 on the other hand formed a crucial pi-pi stacking interaction between one of its phenyl 
groups and the imidazole ring of His539. Hydrophobic interactions were also observed between Ala538, 
Pro537, Trp535 and the side chain group of Lys540 (CH2)3 and Gln500 (CH2)2. Active site carboxylate 
residues of Asp443, Glu478, Asp498 and Asp549 which are coordinated to the Mn2+ ions are represented 
with line diagrams and labelled in orange while the active site residues with which the ligands were predicted 
to interact are labelled white and represented as stick diagrams. Red balls or sticks = O, blue = N, white = H, 
orange=Au, purple = Cl, grey = C on receptor and green on ligand, P = dark blue. 

 

B 

A 
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Predicted interactions of TTC24 with this site (Figure 5.6B) included a pi-pi stacking 

interaction (4.6Å) between one of the phenyl rings attached to the phosphanyl-benzyl moiety 

(insert C, Figure 5.5) of the compound with the imidazole ring of His539 and hydrophobic 

interactions with Pro537, Trp535 and side chain residues of Gln500. In the same manner like 

TTC10, TTC24 was also predicted to interact with Lys540 through hydrophobic interactions 

with side chain (CH2)3 groups. It appears the N,N-dimethyl-ethane-1,2-diamine group present 

in TTC10 and TTC24 confers better interactions between these ligands and the RNase H site 

than the phenethyl-amine moiety of TTC3 and TTC17. These findings are obviously related to 

structure and suggest a SAR. In terms of H-bond donors, TTC10, TTC17 and TTC24 each 

have one while TTC3 has none and in terms of H-bond acceptors, TTC10 and TTC24 each 

have two while TTC3 and TTC17 each have one. The H-bond donors and acceptors are 

contributed by either the N,N-dimethyl-ethane-1,2-diamine of TTC10 and TTC24 or from the 

phenethyl-amine moiety of TTC3 and TTC17. In the experimental data reported by Fonteh and 

Meyer (2009), a similar trend with respect to inhibition of RT was observed. TTC24 which has 

the highest number of H-bond acceptors and donors (total of 3, Table 3.6) inhibited RT by > 

74 % at 6.25 µM, TTC10 with two H-bond acceptors by > 34 % at 6.25 µM while complexes 

TTC3 and TTC17 resulted in <2% inhibition at 6.25 µM.  

In the validation docking with the naphthyridinone-containing compound, MK3, a crucial 

pi-pi (5.5 Å) stacking interaction between one of its phenyl groups and the imidazole ring of 

His539 in addition to three H-bonds contacts were also predicted in conformity with Su et al’s 

findings. The interactions between His539 therefore appear to be very important in the binding 

of these ligands with the RNase H site.  

Predicted docking interactions for the free ligands of TTC10 and TTC24 i.e. TTL10 and 

TTL24 respectively (which were tested as controls to determine the significance of 

complexation) resulted in binding free energies, which were seven fold higher than for the 

corresponding complexes. The predicted binding free energies of TTL10 and TTL24 were 76.6 

and 78.6 kcal/mol compared to 10.9 and 12.3 kcal/mol for TTC10 and TTC24 respectively 

(Table 5.4). In the bioassays (early screening done in 2007 and reported in Fonteh and Meyer 

2009), these ligands had no inhibitory activity and it is therefore not surprising that while the 

complexes were predicted to interact more favourably with the RNase H site of RT, the free 

ligands did not. These differences suggests that the gold complexes are more stable in 

binding to the RNase H site than the free ligands, a finding which supports the concept of 

increased stability and activity when organic compounds are complexed with metals (Navarro, 

2009).  

The binding affinity predictions for the gold(III) pyrazolyl compound KFK154b which had 

also previously inhibited HIV RT in cell free assays (Fonteh et al., 2009) resulted in 

energetically feasible binding predictions with the RNase H site (binding free energy of 10. 4 

kcal/mol). Different portions of the compound i.e. the tetra-chloro gold portion, the bis-(3,5-
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dimethylpyrazolyl)methane portion and the Cl- ion interacted with different sites of the 

receptor. The interaction of the Cl- and the tetra-chloro gold portion were outside the sphere 

that was defined as the active site (Figure A5.3). No conclusions could be made on the 

binding interactions of this compound with the RNase H site as a result.   

Although favourable binding predictions were observed for the gold(I) phosphine 

chloride complexes (TTC10, and TTC24) in the RNase H site, there was unfortunately poor 

size-shape complementarity. The addition of chemical substituents that have metal binding 

groups (e.g. carbonyl groups) could aid in sandwiching these ligands better in the active site 

pocket while increasing the binding affinity and thus efficacy. A poor fit to the RNase H site 

has also been attributed to the flatness or absence of a deep pocket which makes it difficult for 

the development of RNase H inhibitors (Himmel et al., 2009, Davies et al., 1991). Another 

limitation to the interaction of the complexes with this site could have stemmed from the fact 

that metal-based docking parameters have not been incorporated into DS® and other docking 

software. As a result, expected covalent interactions that could have occurred between gold 

and the receptor (particularly with sulfhydryl groups of cysteine residues) were not possible. 

Unfortunately, this could not be assessed since docking algorithms were designed for organic 

molecules which form non covalent bonds such as hydrogen bonding and van der Waal forces 

unlike metallodrugs which form covalent bonds and ionic forces (Navarro, 2009). 

Predicted binding interactions with the RNase H site in the absence of Mn 2+: Docking to 

the 3LP3 site was also performed in the absence of Mn2+ ions for TTC3, TTC10, TTC17 and 

TTC24 in an attempt to determine the influence of these metal ions on the binding. The 

predictions suggested better binding affinities than in the presence of Mn2+ in the order of 

TTC3<TTC10<TTC24<TTC17 with binding free energies of -9.4, 0.2, 0.5 and 5.2 kcal.mol 

respectively (Table 5.4). Surprisingly TTC3 had the highest affinity for this site compared to 

TTC10 or TTC24 which were the most favoured both in the bioassays and for this same site in 

the presence of Mn2+ (Table 5.4). It appears that there were repulsive forces between the 

ligands and the receptor when docking was done in the presence of Mn2+ (Figure 5.6) possibly 

because the ligands do not have metal binding groups that could interact with the active site 

Mn2+ ions. In the absence of the metal ions, there was better size-shape complementarity 

(Figure 5.7) with the ligands interacting with active site residues that were otherwise not within 

4 Å of the ligand when docking was done in the presence of Mn2+ (Figure 5.6).  
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Figure 5.7: Predicted binding interactions of TTC10 to the RNase H site in the absence of Mn 2+.The 
ligand fits more snugly into the active site making contact with many more residues including those normally 
bonded to Mn2+ (Asp443, Glu478, Asp498 and Asp549) it also interacted with hydrophophic residues 
Ala445, Ala538, Ile556 and polar residues Gly444, Asn474, Ser 499, Gln500, Asn545, Ser 553 and two 
water molecules. Red balls or sticks=O, blue=N, white =H, orange=Au, purple=Cl, grey=C on receptor and 
green ball on ligand, P=dark blue 
 

Although favourable interactions were observed in the absence of Mn2+, the two metal 

ions are important in the activity of RNase H and both are needed in binding the substrates of 

this site and catalyzing phosphodiester bond hydrolysis (Jochmans, 2008). The data however 

corroborates the fact that repulsive forces were present when docking with Mn2+ was done 

because the ligands lacked metal binding groups.  In addition, the observed interactions of the 

ligands with the RNase H site in the absence of Mn2+ could aid in the design of compounds 

that would interact more favourably with this site in the presence of Mn2+ by including groups 

which should hopefully interact with the additional amino acid contacts present when docking 

was done in the absence of Mn2+. Compound TTC10 for example (Figure 5.7) was predicted 

to form a cation-pi interaction (2.8 Å) between gold and the imidazole ring of His539 and in 

addition to interacting with the amino acids normally coordinated to Mn2+ (i.e. Asp443, Glu478, 

Asp498 and Asp549), also made hydrophobic contacts with residues Ala445, Ala538, Ile556 

and polar residues Gly444, Asn474, Ser 499, Gln500, Asn545, Ser 553 and two water 

molecules (all residues within 4 Å of the ligand). These interactions were absent when docking 

was done in the presence of Mn2+ (Figure 5.6). The lower binding energy could therefore be 

attributed to a better fit which also correlated with a decrease in the cation-pi distance from 6 Å 

in the presence of the Mn2+ ions to 2.8 Å in their absence. The data suggests that the binding 

of these ligands to this site did not require coordination to the metal ion when comparing the 

binding free energies predicted in the absence or presence of the metal ions (Table 5.4). In 

the former case the probable reason lack metal chelating moieties such as carbonyl groups in 

the ligands. Unfortunately these metal ions are required for the activity of the enzyme making 
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their chelation necessary for the inhibition of RNase H (Kirschberg et al., 2009). A modification 

of the compounds to contain metal chelating groups so as to enhance the activity of the gold-

containing ligands might prove promising for improving the binding predictions and possibly 

reproducibility and efficacy in bioassays. 

Predicted interactions with the NNRTI allosteric site (3LP2):  Eight ligands were 

successfully docked into the 3LP2 site. These were the phosphine gold(I) complexes (TTC3, 

TTC10, TTC17 and TTC24, free ligands of TTL10, TTL17, TTL24) and the gold(III) pyrazolyl 

complex, KFK154b (Table 5.4). The binding free energies predicted were not in the single digit 

or negative range but some very interesting interactions that could be optimised were 

observed. TTC24 will be used as a model (Figure 5.8) for elaborating the binding predictions 

that were seen for the phosphine gold(I) complexes since its interactions resulted in the lowest 

binding free energy of 57 kcal/mol (Table 5.4). The predicted interactions of the compounds 

with this site showed SAR that correlated with the biological data (Fonteh and Meyer 2009). 

TTC24 inhibited RT the most (prior to loss of activity, Table 5.2) in the direct enzyme assays 

with a >50% inhibition at 6.25 µM (Table 5.3).  

 
Figure 5.8: Predicted binding interactions of TTC24 with the site close to the polymerase/NNRTI site 
(3LP2). The interactions of TTC24 with this site showed the N,N-dimethyl-ethane-1,2-diamine group being 
inserted in a hydrophobic pocket and two cation-pi interactions occurring between two of the phenyl groups 
of TTC24 and Lys223. Two H-bonds were seen between one of the amine groups of the ligand and Leu228 
(2.3 Å) and the other between the Cl- ion and the backbone NH3

+ group of Met230 (1.9 Å). One of the phenyl 
groups not involved in cation-pi interactions is solvent exposed. Red balls or sticks=O, blue=N, white =H, 
orange=Au, purple=Cl, grey=C on receptor and green balls on ligand, P=dark blue. H-bonds are shown as 
green dotted lines. Cation-pi interactions=orange lines 

 

The N,N-dimethyl-ethane-1,2-diamine portion of TTC24 (Figure 5.5) led the inhibitors 

into a predominantly hydrophobic pocket lined by numerous residues which include Val108, 

Asp110, Asp185, Asp186, Leu187, Tyr188, Lys223, Phe227, Leu228, Trp229, Met230, 

Leu234 and a water molecule (Figure 5.8). In addition to two cation-pi interactions (3.8 and 5.4 

Å respectively) predicted between the NH3
+ group of Lys223 and two of the phenyl groups 

(attached to C1 of the diphenylphosphanyl benzyl portion, Figure 5.5) of TTC24, two H-bonds 
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interactions were also predicted between the H-bond donor (N1, Figure 5.5) and Leu228 (2.3 

Å) and the other between the Cl- ion and the backbone NH3
+ group of Met230 (1.9 Å). Two 

cation-pi interactions were predicted between two of the phenyl groups of TTC10 and Lys223 

(3.5 and 3.8 Å respectively). TTC10 was also predicted to interact with similar residues lining 

the binding pocket as seen for TTC24 (with the exception of Tyr181, Gln182, Phe226, Gly231, 

Gln242). The absence of the two H-bond interactions between TTC10 and the receptor is 

probably responsible for the higher binding free energy (87.7 kcal/mol) making TTC24 

(57.kcal/mol) a better inhibitor. Although cation-pi interactions are known to be strong non-

covalent bonds (Dougherty, 1996) which could have easily increased the binding affinity of 

TTC24 to this site, one of the two phenyl rings attached to phosphorous (at the PPh2 position, 

Figure 5.5) not involved in cation-pi interactions appeared to be predominantly solvent 

exposed and could be the contributing factor for the high binding free energy. This solvent 

exposed phenyl group possibly contributed unfavourably to the overall entropy of binding and 

hence reduced the stability of binding. The interaction of TTC17 with this site is similar to that 

of TTC10 but better than that of TTC3 which had the highest binding free energy prediction of 

243 kcal/mol (Table 5.4). The only difference between compounds TTC17 and TTC3 is the 

presence of an H-bond donor in TTC17.  

The overall binding interactions of the compounds with this site presented similar 

orientations as reported by Su et al., (2010) for the diethylaminophenoxy group of the 

naphthyridinone-containing inhibitors. Although the interactions were not spontaneous nor in 

the single digit range in terms of energy rankings, these findings suggests that modifying the 

dimethyl-ethane-1,2-diamine portion of TTC10 and TTC24 could result in better binding 

predictions for these ligands. In addition, the solvent exposed phenyl ring might need to be 

replaced with a smaller group to reduce solvent effects. These findings also provide useful 

information that can aid in the design of new gold-based complexes targeting this site and 

should be of interest to medicinal chemists involved in rational drug design.  

It has not been determined whether the 3LP2 site is a biologically relevant inhibitory 

site but the binding of one of the naphthyridinone compounds that was probed by Su et al., 

(2010) was able to sufficiently bind and displace nevirapine from its NNRTI pocket making it a 

potential allosteric inhibition site.  

 

5.3.2.2 Binding modes of ligands to the HIV PR site 

Unlike RT for which structure-based drug design took a longer time to materialize 

because the crystal structural information database was lacking, structure-based design for 

PR inhibitors has been central to the development of many of the drugs that target this 

enzyme (Ren and Stammers, 2005). Docking for the HIV PR site was performed on two 

crystal structures; a wild type with pdb code, 1HXW, which like the rest of the crystal 

structures used in this study, is a subtype B strain and another coded 2R5P which is a subtype 
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C strain. Very poor binding free energies were predicted for the successfully docked ligands. 

These were compounds that had previously inhibited PR activity in direct enzyme bioassays at 

a high 100 µM concentration (Table 5.3). The poor binding free energies predicted in the in 

silico studies are thus suggestive of the fact that the inhibitions observed at 100 µM (in the 

direct enzyme assays) were non specific especially because these concentrations were also 

toxic to cells. Based on these findings, no further analyses of the docked poses were done.  

 

5.3.2.3 Binding modes of the ligands with HIV IN sites 

Docking studies for IN were done for the compounds that had inhibited HIV IN in the 

dual 3’P and ST assay pre-screen (Figure A5.1A). The ligands analysed included the Tscs 

compounds PFK5, PFK7, PFK8 and PFK41 and the gold(I) phosphine thiolate compound, 

PFK174.  Docking was done on the LEDGF binding site (pdb coded 2B4J). LEDGF functions 

in targeting IN to the chromosome of infected cells and enhances the integration process 

(Maertens et al., 2003). Cherepanov et al., (2005), speculated that the binding of small 

molecule inhibitors to the LEDGF binding site is likely to induce defects in HIV replication 

similar to those seen in mutant viruses. Docking was also done on the ISQ4 site complexed to 

5-CITEP (Goldgur et al., 1999) and the 3L3V site in complex with sucrose (Wielens et al., 

2010) both in the CCD of IN. The sucrose binding site located 10 Å from the LEDGF binding 

site was identified by Wielens et al., (2010) as an allosteric inhibitory binding site that can be 

exploited for developing inhibitors that target LEDGF. Other investigators (Du et al., 2008, 

Shkriabai et al., 2004) have also identified this site as a putative IN binding site.   

Binding predictions for the 1SQ4 site were enthalpically unfavourable suggesting very 

poor complementarity and hence binding affinity. This site contains only one of the two Mg2+ 

ions that should ideally be found in the enzyme (Cox and Nair, 2006, Bujacz et al., 1997) and 

because the ligands do not contain metal chelating moieties (also noted for the RNase H site), 

unfavourable repulsive forces prevailed. This finding is not surprising given that this site is also 

the DNA binding site since no significant inhibition was observed in the direct enzyme assays 

that mimicked the integration process. This was the case in the dual inhibitor assay and ST 

specific assay, except for the once off findings in the dual assay pre-screen (Figure A5.1). 

Inhibitors of 3’P are known to target the unbound enzyme while IN ST inhibitors target the 

enzyme/DNA complex in cell-based assays (Hazuda et al., 2000). With regards to docking, 

there is supporting evidence (Johnson et al., 2006) that suggest that 3’ processor inhibitors 

dock at the HIV DNA site of the enzyme while IN ST inhibitors occupy the position of acceptor 

DNA (Johnson et al., 2007, Pommier et al., 2005). Based on these theories (which was 

corroborated by both the bioassays and docking studies on the 1SQ4 sites), one could 

conclude that the ligands were neither 3’ processors nor ST inhibitors.  

Binding interactions of the ligands with the LEDGF and the sucrose binding sites on the 

other hand resulted in significantly lower binding free energy predictions. Interactions with the 
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LEDGF site were favoured over those of the sucrose binding site as seen from the binding 

free energies in Table 5.4. 

Binding of the ligands to the LEDGF site was in the order of 

PFK174<PFK5<PFK7<PFK8<PFK41 with corresponding binding free energies of 

7.2<8.9<13.2<15.2<18.2 kcal/mol respectively. Only the interactions with the Tscs-based 

ligands will be discussed since PFK714 is one of the three complexes whose structure cannot 

be described in detail. The annotated structures of PFK5 and PFK7 depicted in Figure 5.9 will 

aid in the description of predicted interactions with the LEDGF and the sucrose binding sites.  

 
Figure 5.9: Annotated structures of ligands PFK5 and PFK7.  Numbers are assigned to the various atoms 
to facilitate description of ligand-receptor interactions 
.  
Predicted interactions with LEDGF binding site:  The predicted binding of PFK5 with this 

site which resulted in a binding free energy of 8.9 kcal/mol for the most favoured pose 

consisted of two H-bond interactions; one between the backbone NH3
+ group of Glu170 in 

chain B (flat ribbon) and a sulphate ion (S2) of PFK5 (2.2 Å) and the other between the 

backbone carbonyl group of Gln168 of chain B and an H-bond donor (N2) of PFK5 (2.5 Å, 

Figure 5.10A). One of the sulphate atoms (S1) of PFK5 was however not satisfied since it was 

not involved in H-bonding. 

Binding predictions for the corresponding gold complex of PFK5 (PFK7) resulted in 

better size-shape complementarity (Figure 5.10B) than the free ligand (PFK5) but with a 

slightly higher binding free energy (13.2 kcal/mol). Mostly hydrophobic interactions where 

predicted with both receptor chain A consisting of Ala98, Leu102, Ala128, Ala129, Trp131, 

Trp132 and Met178 of Chain B (Figure 5.10B). Other amino acid residues (polar residues) 

within close proximity (4 Å) of the side chain methyl groups of PFK7 were Gln95, Thr125, 

Gln168, His171 and Thr174. The modification of PFK7 to contain polar groups at points close 

to these amino acid residues may improve binding affinity for this site.  
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Figure 5.10: Predicted interactions of ligands PFK5 and PFK7 with the LEDGF binding site.  Chain A of 
IN is represented by a tube model while chain B is represented by a flat ribbon model. Better size-shape 
complementarity was observed for PFK7 (B) with this site than with the free ligand, PFK5 (A). The complex 
formed mostly hydrophobic interactions with residues Ala98, Leu102, Ala128, Ala129, Trp131, Trp132 of 
chain A and Met178 of Chain B. PFK5 makes two H-bond contacts with the receptor. Red balls or sticks=O, 
blue=N, white =H, yellow=Au, orange = S, purple=Cl, grey=C on receptor and green ball on ligand, H-bonds 
are shown as green dotted lines. 
 

The contacts made by PFK7 with this site are also LEDGF hotspot residues (Wielens et 

al., 2010). The chloride ion of PFK7 (purple ball in Figure 5.10B) was free floating and made 

no contact with the receptor. Although PFK5 formed two H-bonds with the receptor and was 

predicted to have a slightly lower binding free energy than PFK7, it unfortunately had very 

poor size-shape fit compared to PFK7 which fitted more complementarily with this site. 

Molecular surface diagrams of the receptor with PFK5 and PFK7 depicting hydrophobic 

interactions are shown in Figure A5.4.  

B

A
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The interaction of PFK8 with this site resulted in a binding free energy of 15.2 kcal/mol. 

This compound however did not fit into the active site as snugly as PFK7. The probable 

reason for this poor fit is because unlike PFK7 this compound has two CH2 groups less (Table 

3.4) and could therefore not make appropriate hydrophobic interactions similar to those 

observed for PFK7. This observation suggests a structure activity relationship.  

PFK41, which differs from PFK7 by having two CH3 groups less also did not interact 

with this site as favourably as PFK7. The most favourable pose was predicted to have a 

binding free energy of 18.2 kcal/mol and made two H-bond contacts, one with Lys173 and the 

Cl- ion (2.4Å) and the other between Gln168 and H-bond donor (N1) of PF41 (1.7 Å). These 

interactions appeared not to compensate for the poor fit hence the higher binding free energy. 

The predicted interactions of these gold(III) Tscs-based compounds with the 2B4J or LEDGF 

binding site demonstrated SAR. IN on its own does not exhibit the same integration activity 

observed for the IN/LEDGF complex (Michel et al., 2009) making compounds which bind and 

alter LEDGF interactions potential IN inhibitors.  

Prediction interactions with the sucrose binding site:  Binding free energies predicted for 

the sucrose binding site were in the order: 40.1<40.4<42.1<42.3 for PFK5, PFK41, PFK8 and 

PFK7 respectively. Since these enthalpic contributions were poor, and generally presented 

similar values for the various ligands, only those of PFK5 and PFK7 (Figure 5.11) as 

representatives are discussed. 

The lowest binding free energy for this site (40.1 kcal/mol) was for  PFK5 which formed 

four H-bonds; one between Lys103 and one of the sulphate ions (S1) of PFK5 (2.9 Å), another 

between H of NH3
+ group of Lys173 and N3 of PFK5 (1.7 Å), a third with another H of NH3

+ 

group of Lys173 and N3 of PFK5 (2.4 Å), and a fourth with the carboxylate group of Glu96 and 

the H-bond donor (N1) of PFK5 (2.2 Å) shown in Figure 5.11A. PFK7 on the other hand with a 

binding free energy of 42.3 kcal/mol was predicted to form two H-bonds with this receptor 

(Figure 5.11B). One was between the backbone carbonyl group of Val88 and H-bond donor 

N6 (2 Å) of PFK7 and the other between the floating Cl- and Gly94 (2.4 Å). The H-bond 

between the Cl- and the receptor as well as other predicted interactions with the receptor 

(Thr93, Gly94, Asn120 and Ser123) were outside the defined sphere for docking. This site 

may represent a putative binding site. 

There appeared to be some fit for PFK7 in this site which is comparable to that 

observed for the LEDGF site (Figure 5.10) but was clearly not as compatible for this ligand as 

it was for the LEDGF binding. This is further supported by the differences that were seen in 

the predicted binding free energies and from the molecular surface diagrams (Figure A5.4B 

and A4.5 respectively). These findings suggest that the compounds do not have allosteric 

binding ability and will not displace LEDGF from its binding pocket which is 10 Å away.  
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Figure 5.11: Predicted binding interactions of ligands with the sucrose binding site of IN.  Prediction 
interactions of PFK5 and PFK7 are shown. Four H-bonds interactions were predicted between PFK5 and the 
receptor (A) and two between PFK7 and the receptor (B). The interactions of the ligands with this site 
showed poor complementarity and thus poor allosteric binding effect. Red balls or sticks=O, blue=N, white 
=H, yellow=Au, orange= S, purple=Cl, grey=C on receptor and green on ligand, H-bonds=dotted green lines.  

 

The type of inhibition exhibited by IN inhibitors could either be 3’P or ST specific. New 

targets such as the IN cofactor or LEDGF binding site (Adamson and Freed, 2010), have been 

identified. In a pre-screen with a dual inhibitor kit, four compounds exhibited >50% inhibition of 

IN (Figure A5.1A) but this was absent upon subsequent testing (Figure A5.1B) while in the ST 

specific assay, no significant inhibition was observed. Even though both 3’P and ST inhibitors 

have been reported in in vitro tests, only ST ones have been successful in vivo and 

A 

B 
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subsequently approved for clinical use (Mouscadet et al., 2010, Chirch et al., 2009). 

Therefore, if the observed inhibition in the pre-screen was due to 3’P, then there is 

unfortunately no IN therapeutic potential for these compounds since in vivo inhibition is 

unlikely.   

With respect to the docking data, the compounds were neither 3’P inhibitors or ST 

inhibitors, a finding supported by literature (Johnson et al., 2007, Pommier et al., 2005) since 

interactions with the DNA binding site (1SQ4) were unfavourable. The gold(III) Tscs-based 

complexes however displayed favourable interactions with the LEDGF binding site of IN in the 

virtual screening prediction studies. These findings must be confirmed experimentally by using 

assays specific for determining the effect of these ligands on IN-LEDGF interactions.  

 
5.4 CONCLUSION 

Direct enzyme bioassays for RT, PR and IN were performed. Compounds which 

demonstrated inhibition of these enzymes both in this study and in previous studies (Fonteh 

and Meyer 2009, Fonteh et al., 2009) were further analysed using complementary in silico 

molecular modelling techniques for the respective receptor binding sites.   

In the direct enzyme assays, none of the eleven new compounds inhibited RT while 

one (PFK7) inhibited PR but at a toxic concentration of 100 µM. Compounds with previous 

anti-RT activity when tested as controls three years later appeared to have lost this ability 

(Table A5.1). This loss of activity in the direct enzyme assay was thought to have resulted 

from one or more of a number of limitations; poor aqueous solubility seen in the ADMET 

studies and during wet lab studies for some of the compounds (Table 3.8A) and compound 

age (activity was noted earlier when compounds were freshly prepared soon after synthesis 

but absent after three years of storage) and the presence of degradation products not 

detectable by NMR. In addition, the poor complementarity in binding to the RNase H site due 

to the lack of metal chelating groups was also thought to be one of the possible reasons. The 

poor stereochemical orientation of ligands with the active site and the high flexibility 

associated with protein molecules (Mohan et al., 2005, Höltje et al., 2003) meant the ligands 

could easily be dislodged. This latter possibility together with the mentioned poor aqueous 

solubility limitation, and the possibility of the presence of degradation products (not detectable 

by NMR) makes these compounds poor RT inhibitors and poor drug-like candidates in the 

current form. The inconsistencies in the bioassay findings were therefore not surprising. The 

inclusion of metal chelating groups (e.g. carbonyl groups) which can bind to the metal ions 

found in the active sites of RNase H might prove useful in the binding and inhibition of this 

important viral enzyme and in enhancing the activity of these ligands in the bioassays. Overall, 

there was SAR in docking studies which appeared to correspond with RT bioassay findings 

(Fonteh and Meyer, 2009) where the N,N-dimethyl-ethane-1,2-diamine containing ligands 
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(TTC10 and TTC24) were favoured over the phenethyl-amine containing ligands (TTC3 and 

TTC17, Table 5.4).  

Binding affinity to both a subtype B and C variant of HIV PR for compounds which had 

previously inhibited the enzyme at 100 µM (Table 5.3) was very poor and in some cases 

refined poses could not be obtained (Table A5.2 in the appendix). It is thought that the 

inhibition of the enzyme by these compounds was not specific especially considering the high 

and toxic concentrations (the CC50 of the complexes were mostly below 20 µM, Table 4.2) at 

which enzyme inhibition was detected. It was therefore not surprising that the binding affinity in 

the molecular modelling studies was very low.  

Binding affinity predictions for HIV IN for the Tscs compounds showed favourable 

binding interactions with the LEDGF binding site (2B4J) but not with the allosteric sucrose 

binding site (3L3V) or the DNA binding site (1SQ4). The poor binding to the 1SQ4 site 

confirms the bioassay studies where the compounds were shown to be neither 3’P nor ST 

specific inhibitors 

The interactions of PFK5 and its corresponding complex, PFK7, with the LEDGF 

binding site were the most favoured with PFK7 making contact with LEDGF hotspots and with 

better complementarily than the corresponding free ligand (PFK5, Figure 5.10).   

Gold complexes have been reported to undergo ligand exchange reactions with 

sulfhydryl groups of cysteine residues present in the active site of receptors (Shaw III, 1999, 

Sadler and Guo, 1998). This was not observed in the in silico docking assays performed here 

possibly because the docking program has not been parameterised to include metals in its 

atom base such that binding interactions of gold complexes with the receptor could not be 

simulated. Complexation however appeared to confer stability and led to better binding affinity 

predictions than those seen for the free ligands (Table 5.4). Differences in the binding free 

energies of free ligands TTL10 and TTL24 which were 76.6 and 78.6 kcal/mol respectively 

compared to those of corresponding gold complexes, TTC10 and TTC24 which were 10.9 and 

12.3 kcal/mol respectively for the RNase H binding site (Table 5.4) are some examples.  

Although favourable interactions were observed for the ligands with the RNase H site of 

RT and the LEDGF binding site of IN, the binding orientations were poor especially with 

respect to the RNase H site. The binding predictions of the ligands with these sites can 

however provide crucial information for the design of gold-based compounds that could 

potentially attain better inhibition in bioassays and in silico with energetically favourable 

interactions.  
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CHAPTER 6 
CONCLUDING DISCUSSION  & FUTURE 

WORK 
 

Three decades following the discovery of the link between HIV and AIDS, the best 

option for long-lasting viral suppression which eventually leads to a reduction in morbidity and 

mortality is the use of HAART (Simon et al., 2006). Unfortunately, latent reservoirs of the virus, 

which persist within the host’s genome, re-emerge and start replicating once treatment is 

stopped (Finzi et al., 1997). So far, there is no viable cure for HIV/AIDS (the stem cell 

transplantation report of Hutter et al., in 2009 came close) and advances in vaccine 

development still require significant research effort to improve safety and efficacy.  

HAART continues to play a vital role in sustaining the lives of people infected with HIV 

but unfortunately, the virus develops resistance to these drug cocktails (Simon et al., 2006, 

Svarovskaia et al., 2003). In addition, toxicity to the host is also a major problem together with 

uncomfortable side effects of the drugs (Yeni, 2006, Montessori et al., 2004, Montaner et al., 

2003). These limitations greatly affect treatment options, which are further complicated by the 

fact that therapy has to be life-long. The need to increase the repertoire of drugs available for 

treatment therefore remains a priority. These new drugs should inhibit both wild type and 

resistant viral strains or should be capable of targeting different points of the life cycle or 

points of host cell interactions which had hitherto not been explored. Recent findings by the 

HIV Prevention Trials Network that early initiation of ARV therapy can curb transmission of 

HIV to partners of men and women infected by the virus by 96% (www.hptn.org, accessed 

5/6/2011) is a finding that further supports the importance for identifying new drugs. 

Twenty seven compounds (nineteen gold complexes and eight free ligands, 

synthesized by chemists from the Project AuTEK consortium) were screened for potential 

inhibition of HIV. In silico and in vitro drug-likeness (ADMET) studies of the compounds were 

performed, interactions with host cells and whole virus as well as the compounds’ effects on 

viral enzymes were also evaluated.   

Eight (Table 3.9) of the nineteen gold complexes demonstrated drug-like properties 

that were similar to those of auranofin (an anti-arthritic gold drug in clinical use) and in some 

cases better than that of the currently available anti-viral agent, nevirapine (Table 3.8B). The 

gold(III) thiosemicarbazonate complexes, PFK7 and PFK8, had very good drug-like qualities 

and presented as cytostatic complexes through RT-CES and flow cytometry evidence. 

According to bioassay studies, none of the compounds (some recently synthesised and others 

older) had any usable RT or PR inhibitory ability; a finding that was supported by in silico 

docking studies. No inhibition of IN was observed when both dual (3’P and ST) and ST 

specific assays were performed. However, in silico predictions studies, favourable size-shape 
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complementarity predictions were obtained for the binding of PFK7 to the LEDGF binding 

pocket of IN. The data so far suggests that PFK7 and PFK8 which had favourable drug-like 

properties (Table 3.8A), inhibited viral infectivity (Figure 4.8), demonstrated cytostatic effects 

(Figure 4.7B and C) and lowered the frequency of CD4+ cells in HIV+ donors (PFK7 only, 

Figure 4.10), are possible lead compounds. PFK7’s cytostatic effect was supported by RNR 

inhibitory effects (Figure 4.9). TTC24 had a drug score of 3/7 and inhibited viral infectivity at 

non-toxic concentrations. This compound could be a potential lead compound after structural 

modification to improve drug-likeness. With regards to class, the Tscs class of complexes 

(class IV) was superior in drug-likeness and in the inhibition of HIV (infectivity and enzyme 

inhibition) followed by the gold(I) phosphine chloride containing class (class I) with TTC24 

being the most favoured. Although the gold(I) phosphine thiolate class (class III, except the 

bimetallic complexes) and the gold(III) pyrazolyl complex of class V had very favourable 

ADMET properties, no significant inhibition of HIV was observed. The BPH gold(I) phosphine 

chloride class (II) of complexes were the least drug-like.   

In the following sections, a summary of the major findings for each of the main topics 

will be provided followed by answers to the research questions that were posed as well as 

recommendations for future directions. A highlight of the novel contribution of the project and 

an overall conclusion section will then follow.  

 

6.1 COMPOUNDS: STRUCTURE AND DRUG-LIKE PROPERTIES 

Drug-likeness predictions were done using in silico computer simulations and by in vitro 

viability studies. The 1H and 31P NMR chemical shifts of six complexes (from each of the 

classes) on day zero, 24 h and 7 days after dissolution and storage at -20 and at 37 ºC in 

DMSO suggested that the backbone structure of all the complexes tested were intact 

(summarised in section 3.4.1.5, Table 3.7). The main difference was the presence of water 

peaks (in the 1H NMR at 3.33 ppm, Gottlieb et al., 1997) in the day zero spectrum of four of 

the complexes (i.e. TTC3, MCZS3, PFK174 and PFK7, Table 3.7), suggesting hygroscopic 

tendencies. In three of these complexes (except MCZS3 which was only analysed on day 

zero), the water peak became more prominent after 24 h and at 7 days but was absent in the 
1H spectrum complex KFK154b over time. The increase in the water peak area and the new 

water peak in the spectrum of complex EK231 after 24 h and later were supposedly as a result 

of DMSO’s hygroscopic nature.  

Although compounds dissolved in DMSO can degrade when water is present (Ellson et 

al., 2005), the main problem usually encountered is the precipitation of compounds out of 

solution (Ellson et al., 2005) which could result in concentration discrepancies in bioassays. 

To minimise such problems in this study, DMSO stocks were aliquoted and together with the 

dissolved compounds, stored in single use vials. In addition, the compounds were stored 

desiccated at -20 ºC and samples were prepared fresh and used within a week. In this form, 
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compounds from classes I, II, III and V which were analysed for stability approximately 4 years 

after synthesis, maintained relevant chemical shifts (but not inhibitory activity, see RT studies 

in Table A5.1) with the only noticeable impurity being a water peak on day zero (Table 3.7). 

Gold complexes EK231 and KFK154b appeared very stable on day zero but subsequently (24 

h and 7 days) both spectra had a water peak (EK231) and a D2O peak (in KFK154b) as 

impurities. The 31P chemical shifts of complexes TTC3 and EK231 remained intact which was 

in agreement with the idea that covalent interactions with S, P or C containing ligands lead to 

stabilising interactions with gold (Parish and Cottrill, 1987). While the backbone structure of all 

the complexes were represented, the presence of water in the 1H spectra of complexes TTC3, 

MCZS3, PFK174 and PFK7 (on day zero) is suggestive of inherent hygroscopic abilities. This 

means that bioassay activity (as seen in the RT studies) could potentially be affected through 

compound precipitation in DMSO solutions with the end result being concentration differences. 

Alternatively, H-bond donors and acceptors present in the compounds with inherent 

hygroscopic abilities may form interactions with water molecules and hence not be available 

for interacting with enzyme active sites (even when freshly prepared). Although degradation 

products were not detectable in the NMR spectra, there is the possibility that this could have 

occurred. This is because NMR can be limited in sensitivity and there is the possibility of 

spectral overlap where chemical shifts of degradation products are masked by those of 

backbone compounds. This may explain why some of these compounds inhibited RT when 

freshly prepared and analysed after synthesis but not after three years even though NMR 

analysis presented presumably stable structures (chapter 3 in section 3.4.1). 

In the ADMET prediction studies, eight of the nineteen gold complexes had drug-like 

properties which were comparable to known drugs. These predictions were confirmed for two 

complexes when the traditional shake flask method was used (section 3.4.3). 

 

6.2 EFFECTS OF COMPOUNDS ON HOST CELLS AND WHOLE VIRUS 

A variety of assays were performed to determine the interaction of the compounds with 

host cells ranging from viability, proliferation, infectivity and the immunomodulatory assays 

(specifically on T cell frequency and inflammation). The in vitro ADMET studies showed 

physiologically relevant CC50s in the range of 1 and 20 µM for most of the complexes (except 

for complexes PFK41 and PFK43 whose CC50s values were < 1 µM, Table 4.2). The ligands 

were less toxic than the gold complexes suggesting that complexation increased toxicity, a 

finding likely more significant in cancer studies where gold is considered for this property (Che 

et al., 2003, Marcon et al., 2002, Messori et al., 2000).  

Ten complexes inhibited the proliferation of PBMCs by >50% in the CFSE proliferation 

assay with PFK7 being the most prominent (Figure 4.6). The data correlated with the RT-CES 

analysis where significant cytostasis was observed for PFK7 and PFK8 (Figure 4.7B and C). 

None of the compounds stimulated T cell proliferation suggesting that the compounds will not 
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be potentially antigenic which is the case for some clinically available gold complexes (a 

situation that is also linked to the side effects that gold complexes have, Lampa et al., 2002, 

Verwilghen et al., 1992).   

Inhibition of viral infectivity was observed at non-toxic concentrations (>80% viability) of 

complexes TTC24, EK207 and EK231 (Figure 4.8) and cytostatic concentrations of PFK7 

(seen by RT-CES analysis, Figure 4.8 and 4.7B respectively). Unfortunately, the very poor 

drug-likeness predictions for complexes EK207 and EK231 (Table 3.8A) limits their potential 

as infectivity inhibitory agents. Time of addition studies suggested that inhibition of infectivity 

was either due to interactions of the compounds with entry or post entry steps as seen from 

similarities of the IC50 values (Table A4.1) implying that differences in exposure time did not 

affect mechanism of action.   

In the immunomodulatory assays (summarised in Table 4.3), the most significant 

findings were the observed decreases in the frequency of CD4+ cells from 12 HIV+ treatment-

naive patients caused by complexes EK207 and PFK7 (p=0.03 and 0.005 respectively). TNF-

α production was elevated from the same cells by PFK5 and this effect appeared to be 

removed upon complexation since it was not observed in the complementary complex (PFK7). 

Cytokine detection by ELISAs from culture supernatant indicated that most of the compounds 

had stimulatory effects (causing increases in both anti-inflammatory and pro-inflammatory 

cytokines). However, because these were integrated cytokines from all PBMCs, the ICCS 

assay findings were considered over the latter because of phenotypic relatedness to T cell 

type.  

None of the ligands demonstrated anti-viral activity supporting the importance of gold 

complexation in these potential drugs. PFK7 was noted as a lead compound which inhibited 

viral infectivity at cytostatic concentrations and lowered the frequency of CD4+ cells (and 

hence activation) without altering cytokine production. These finding suggests that this 

compound (which also had a good ADMET score, Table 3.9) could be incorporated into the 

emerging class of anti-HIV agents known as virostatics, a combination which has been found 

to lead to long term anti-viral efficacy (Lori et al., 2002). Other compounds with potential were 

PFK8 (an analogue of PFK7) and TTC24 which also inhibited viral infectivity at non-toxic 

concentrations and had ADMET scores of 6/7 and 3/7 (close to 50%) respectively (Table 

3.8A). Although the ADMET score of TTC24 was slightly below average, it will be easier to 

enhance the drug-likeness of this compound compared to its analogues for which overall drug 

scores of 0 or 1/7 were noted (Table 3.9). The solubility of this complex could be improved by 

adding H-bond donors and acceptors such as OH and NH2 groups, and by reducing the 

lipophilicity (Kerns and Di, 2008). 
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6.3 EFFECTS OF COMPOUNDS ON VIRAL ENZYMES 

None of the eleven new compounds tested for inhibited RT in the direct enzyme 

assays (Table 5.2). Eight compounds which previously inhibited RT (Fonteh and Meyer, 2009, 

Fonteh et al., 2009) were re-tested as controls. It was found that these complexes had lost 

their RT inhibitory abilities (Table A5.1). This finding was attributed to a number of possible 

factors such as poor aqueous solubility which is known to affect the reproducibility of bioassay 

data (Di and Kerns, 2006), degradation, aged compounds and to the possibility that solvents 

used in the synthetic process (see section 8.4.1 of the appendix for more details) may have 

contributed to compound effect. The poor size shape complementarity observed for the 

compounds which interacted favourably with the RNase H site was also thought to be a 

contributing factor since any conformation change by the receptor to accommodate the ligand 

could have led to the latter being dislodged. These compounds also lack metal-chelating 

groups (e.g. carbonyl groups) and therefore could not interact with the crucial active site Mn2+ 

ions such that repulsive forces possibly prevailed.  

Except for PFK7 which inhibited PR at a cytotoxic concentration, PR and IN inhibitory 

activities were absent. The gold(III) thiosemicarbazonate complexes (particularly PFK7) 

interacted favourably with the LEDGF-IN site but these findings must be confirmed using in 

vitro assays.  

In silico predictions suggested that the binding of the ligands to RT was at the RNase 

site while for IN, the ligands interacted more with the LEDGF binding site. Although the 

enthalpic contributions for both sites were overall not very favourable (negative binding 

energies are considered favourable), the size-shape complementarity that was observed for 

PFK7 with this site may play a role in the infectivity inhibition that was observed for this 

compound but this must still be confirmed experimentally.  

The representative gold starting material, HAuCl4H2O that was tested in this study 

showed no outstanding inhibition. This was not surprising since it has generally been reported 

that it is the gold complex and not the ligand or gold starting material that is involved in the 

biological activity noted for gold complexes (Sun et al., 2004, Traber et al., 1999). 

 
6.4 ANSWERS TO RESEARCH QUESTIONS 

In this study, it was hypothesized that “gold-containing compounds could inhibit HIV 

replication directly through action on viral enzymes and indirectly through action on host cells 

(e.g. immune modulation) and could serve as drug leads for further analysis and 

development”. In order to verify this hypothesis, three main research questions were posed. In 

the following subsections, quick responses will be provided for these questions and other 

secondary questions that arose.  
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6.4.1 Were the Compounds Drug-like? 

Eight of the nineteen complexes had drug-like properties which were similar to those of 

auranofin, a gold compound in clinical use for rheumatoid arthritis treatment. Some complexes 

appeared to have inherent hygroscopic abilities as seen from 1H NMR spectra but overall the 

backbone structure of all the analysed compounds were intact for both 1H and 31P NMR 

spectra (for compounds dissolved in DMSO and analysed immediately and at 24 h and 7 days 

later following storage at  -20 and 37 ºC respectively).  

 

6.4.2 What Were the Effects of the Compounds on Host cells and Whole Virus? 

Except for two of the complexes which had CC50s below 1 µM, most of the complexes 

had CC50s between 1 and 20 µM which were within the physiologically relevant concentration 

for gold compounds. At these same concentrations, ten of the complexes inhibited T cell 

proliferation (a mechanism by which gold compounds are thought to exhibit their anti-

inflammatory effect (Matsubara and Ziff, 1987). Inhibition of viral infectivity at non-toxic 

concentrations was observed for complexes TTC24, EK207 and EK231. The gold(III) 

thiosemicarbazonate complexes, PFK7 and PFK8, inhibited viral infectivity at cytostatic 

concentrations and also lowered the frequency of HIV+CD4+ cells (shown for PFK7 only, p= 

0.005) suggesting potential for incorporation into virostatic cocktails.  

 

6.4.3 Were the Compounds Capable of Inhibiting Viral Enzymes and How? 

None of the compounds inhibited RT while one inhibited PR but at a toxic 

concentration. Compounds with prior anti-RT activity were predicted to bind with the enzyme 

by interacting with the RNase H site. These interactions unfortunately resulted in poor size-

shape fit and poor binding free energies.  

None of the compounds inhibited INs’ 3’P or ST activities but predictions for the 

interaction of the gold(III) thiosemicarbazonate comlplexes (particularly PFK7) with LEDGF 

hotspots on IN were observed.  

 

6.4.4 Other Questions 

Answers to some of the secondary questions are provided in the next subsections. 

 

6.4.4.1 Did complexation enhance anti-viral activity? 

The advantages of complexation (detailed in Chapter 2), were observed across the 

chapters. None of the free ligands tested in this study inhibited virus both in the infectivity 

inhibition assays and in the direct enzyme assays. In the CFSE assay, anti-proliferative effects 

were noticed more for the complexes than for the ligands e.g. PFK7 retained 137% cells in 

generation 0 while the complementary ligand retained only 79% (Figure 4.6). Cytostasis was 

observed for PFK7 and not for PFK5 (Figure 7B) which also lowered the frequency of CD4+ 
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cell presence in HIV+ PBMCs. In the in silico docking studies, ligand binding energies were 

usually higher (suggesting poor binding affinity) than those of complementary complexes. 

Some examples are the binding free energies obtained for TTL10 and TTL24 (76.6 and 78.6 

kcal/mol respectively) and TTC10 and TTC24 (10.9 and 12.3 kcal/mol respectively) in the 

RNase H studies (Table 5.4). In all, complexation enhanced biological activity and improved 

binding mode interactions of the gold complexes with host cells in cell-based assays and in in 

silico predictions. Since toxicity checks were implemented in all bioassays, the observed 

differences in activity were considered not toxicity related.   

 

6.4.4.2 Was activity class and oxidation state related? 

The five different classes of compounds (I-V, Table 3.6) that were assayed showed 

class dependent similarities possibly because of the interclass similarities in precursor 

structures. With regards to drug-likeness, the gold(I) thiolate complexes of class III, the 

gold(III) thiosemicarbazonate complexes and the gold(III) pyrazolyl complexes were the most 

drug-like with ADMET scores of 6/7 each. The gold(I) phosphine chloride complexes and 

corresponding ligands and the BPH gold(I) chloride complexes were the least drug-like and 

the most lipophilic. With regards to oxidation state, the gold(III) complexes were the most 

favoured in terms of drug-likeness with all four complexes in class IV and one in class V 

having drug scores of 6 out of 7 compared to the gold(I) complexes. Cytostasis was observed 

for the gold(III) thiosemicarzanate complexes and not for any of the other class 

representatives in the RT-CES studies.  

 

6.4.4.3 What was the effect of complexation on drug-likeness? 

With regards to in silico ADMET predictions, there were no differences in the ADMET 

scores of ligands and complementary complexes e.g. TTL24 and TTC24 had similar drug 

scores (Table 3.9). The same applied to PFK5 and PFK7 and the other ligand-complex pairs. 

With regards to in vitro ADMET studies (particularly in the cytotoxicity studies), toxicity 

was observed to increase upon complexation. CC50 values for the complexes were generally 

lower than for the free ligands (Table 4.2). The stability that comes with complexation, 

although advantageous in improving binding affinity to active sites, is known to be detrimental 

in the sense that the drug accumulates more in the cells and ends up affecting cell viability. 

This is the more reason why potential drugs need to be fine tuned to obtain ideal lipophilicity 

levels and overall drug-like properties.  

In the absence of the in vitro cytotoxicity studies, the differences in toxicity between 

ligands and complexes would otherwise not have been obvious from the in silico ADMET 

prediction studies further suggesting the need for complementing both approaches. 
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6.5 RECOMMENDATIONS  

6.5.1 Bioassays should be Complemented with In  Silico Molecular Modelling Studies 

In this study, traditional drug design methods (based on literature and structure) 

followed by biological screenings were performed. In silico predictions studies (although 

introduced a little latter) helped in the optimisation and filtering of potential drug-like 

candidates. Their importance as complementary methods to the experimental assays was 

observed. In silico data provided additional explanations for the RT bioassay inconsistencies 

(the predicted binding site studies suggested poor binding affinity to the RNase H active site). 

In addition, the observed differences in cytotoxicity patterns between ligands and complexes 

would not have been noticed. It is therefore recommended that where possible, in silico 

ADMET predictions always be performed alongside high throughput experimental assays or 

used for eliminating compounds with very poor aqueous solubility properties prior to biological 

screening. This should increase hit rate and potential drug candidates can be prioritized (Hou 

and Xu, 2003, Pirard, 2004) which should hopefully lead to a reduction in late-stage drug 

failures (O’Brien and Groot, 2005). This approach supports the “fail fast” “fail cheap” concept 

that has been adopted over the past decade by pharmaceutical companies (Egan et al., 

2000). 

 

6.5.2 Incorporate Real Time Techniques in Drug Discovery Studies 

The use of real time assays such as the RT-CES analysis (which is non invasive) in 

this study was very valuable in the identification of the mechanism of action of the 

thiosemicarbazonate complexes, PFK7 and PFK8.  Although the CFSE studies (endpoint) 

suggested that PFK7 and other complexes had anti-proliferative effects on PBMCs, it was the 

RT-CES studies with the TZM-bl cell line, which provided convincing evidence on the 

cytostatic effect (for PFK7, Figure 4.7B). With the MTT study, also endpoint, the only 

deduction that could be made was that the compounds were toxic at concentrations which 

were also inhibiting infectivity. The absence of an additive in the RT-CES analysis eliminates 

the shortcomings usually associated with MTT making the former data more reliable.  

 
6.5.3 The Need for Therapies to Inhibit Immune Activation  

In HIV infected people, activated CD4+ cells presenting virus are primed for killing by 

CTLs leading to a decrease in CD4+ cells. Concerns regarding cytostatic compounds like HU 

and the HU-like compound, PFK7, which suppresses CD4+ cell frequency and limit HIV 

infectivity through a cytostatic mechanism have been raised since these cells are needed by 

immunocompromised individuals. Several clinical trials (Lori et al., 1997, Frank, 1999, 

Rutschmann et al., 1998, Federici et al., 1998) have however shown that the use of an optimal 

cytostatic dose of HU in combination with anti-viral agents such as ddI results in superior 

efficacy over clinical trial arms that did not incorporate it (Lori et al., 2005). The explanation for 
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this is that, when a compound suppresses the activity of CD4+ cells, it is likely that activated 

cells (antigen presenting) and bystander cells (which are mostly affected by HIV apoptosis, 

Veazey et al., 2000) are reduced in numbers. The result is that these cells are not primed for 

killing by HIV leading to an overall steady state that is beneficial to the host. Therapies aimed 

at targeting immune activation have thus been recommended as a remedy for the severe 

chronic immune activation noted throughout the course of infection (Forsman and Weiss, 

2008). 

 
6.5.4 Test the Prodrug in Bioassays  

Although auranofin has been reported to demonstrate anti-HIV activity in vivo (Lewis et 

al., 2011, Shapiro and Masci, 1996), it did not exhibit this property in the inhibitory assays that 

were performed in this study. Most drugs and particularly metal-based compounds such as 

gold drugs are known to be prodrugs (Tiekink, 2003, Shaw III, 1999, Parish and Cottrill, 1987), 

and it is therefore possible that the active component of auranofin in the in vivo findings was 

not the one administered and that instead, its metabolites were. In fact metabolites of gold 

compounds such as diacyanogold(I), Au(CN)2,  have demonstrated anti-RT activity in vitro 

(Tepperman et al., 1994). Some authors have therefore suggested that for in vitro studies, the 

drug metabolites should be tested (Parish and Cottrill, 1987). While this suggestion may be 

valid theoretically, in practice, it is not easy to comply with since the exact metabolic format of 

each drug may not be easy to determine without in vivo analysis which unfortunately have 

ethical limitations.  

 

6.5.5 Management of DMSO Compound Stocks  

Compounds for HTS are usually dissolved in DMSO and stored frozen. The 

hygroscopic nature of DMSO could however affect bioassay performance significantly 

because water in DMSO can accelerate degradation and in many cases, cause compound 

precipitation thereby affecting concentration (Ellson et al., 2005). Additionally, in the absence 

of water, compounds dissolved in DMSO could precipitate out of solution within three weeks 

(Waybright et al., 2009). These limitations can result in underestimated activity, variable data, 

inaccurate SAR, discrepancies in enzyme and cell-based assays and inaccurate in vitro 

ADMET data (Di and Kerns, 2006). To avoid this problem, DMSO and compounds dissolved 

in DMSO should be stored in single use aliquots. In addition, short term working stocks should 

be prepared and DMSO dissolved compounds should not be used for assays after > one 

week while undissolved compounds should be stored desiccated at -20 ºC. The significance of 

this is to limit or avoid the uptake of water (except in the case where the compounds 

themselves were hygroscopic e.g. MCZS3) before dissolution for use in assays (Janzen and 

Popa-Burke, 2009). Alternatively where possible, the compounds should be dissolved and 

used fresh since compounds prepared fresh maintain activity better (Kerns and Di, 2008). 
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6.5.6 Structural Modification of the Gold(I) Phosphine Chloride Complexes 

Compounds with poor ADMET predictions require structural modification to enhance 

drug-likeness. The most important of the drug-like properties is lipophilicity since it influences 

the rest of the parameters such as tissue distribution, receptor binding, cellular uptake, 

metabolism and bioavailability (Ghose et al., 1998). Compounds in class I, II and the bimetallic 

complexes of class III (Table 3.6) are those requiring such modifications since the overall drug 

scores were below 4 (Table 3.9). These compounds had very high lipophilicity values and it 

would therefore be important to include groups that would result in the reduction of the log P 

or AlogP98 to the ideal range (0≥3, Di and Kerns, 2006). In other words the hydrophilicity or 

aqueous solubility of the compounds needs to be enhanced. Some suggestions for improving 

aqueous solubility include the addition of ionisable groups such as a basic amine and 

carboxylic acid moieties (which will be charged in pH buffers with a resultant increase in 

solubility), a reduction in log P, introduction of H-bond donors and acceptors, adding polar 

groups (e.g. ester group and carboxylic acid group) and reducing molecular weight (Kerns and 

Di., 2008). By improving aqueous solubility, compound toxicity can be reduced while the 

addition of metal chelating groups to TTC24 for example could enhance interactions with the 

RNase H site of RT both in silico and in direct enzyme assays.  

 

6.5.7 Solvent Effect on Enzyme Activity should be considered During Synthesis 

One of the reasons suggested for the absence of RT activity after 3 years for 

compounds previously shown to inhibit the enzyme when freshly prepared after synthesis was 

the possibility that solvents used during the synthetic process may have contributed to the 

inhibition. Solvents such as DMSO, methanol and ethanol have been reported to inhibit RT 

(Tan et al., 1991). Tan et al., (1991) showed that ethanol inhibited RT activity more than 

methanol and DMSO, with the latter being the least inhibitory when concentrations from 2-

10% (v/v) were tested. In the study, 6 % (v/v) ethanol inhibited RT by up to 50%. For our 

assays, DMSO concentrations were always kept to the minimum (≤ 0.5 % in cell-based 

assays) and in the RT assays concentrations of 1.5% had no effect on RT activity (Fonteh and 

Meyer, 2008). In the synthetic processes, chemists used various solvents either in the 

complexation process or in the synthesis of gold starting material e.g. dichloromethane and 

ethanol (Kriel et al., 2007). Synthetic products sometimes resulted in different colours (e.g. 

TTC3 was cream white at one point and white at another and TTC24 was purple at some point 

and yellow at another) which the chemists indicated had no effect on analytical data but was 

mostly linked to the solvent used. While this is true (since backbone NMR chemical shifts were 

maintained), the fact that these compounds inhibited RT when freshly made up after synthesis 

and not subsequently may suggest solvent effect and not compound effect may have been at 

play. We postulate that the loss of activity over time may have resulted from the fact that 
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inhibitory solvents had evaporated and that the absence or minimal concentrations left had no 

inhibitory effect on RT.   

 

6.6 NOVEL CONTRIBUTIONS 

In this study, the anti-HIV activity of nineteen gold complexes and eight ligands were 

evaluated. Assays performed were focused towards determining the effect of the compounds 

on viral infectivity of host cells and on viral targets (RT, PR and IN). Inhibition of viral infectivity 

was observed for three of the compounds at non-toxic concentrations and for two compounds 

at cytostatic concentrations. No direct anti-viral activity was noted in direct enzymes assays 

but favourable predictions were observed for the RNase H site of RT and the LEDGF binding 

site of IN when computer aided simulations were performed.  

Intensive literature review revealed that cytostasis was an anti-viral mechanism in 

which compounds inhibited viral replication by inhibiting the enzyme, ribonucleotide reductase, 

thereby reducing dNTP pools required by the virus for replication. Based on the knowledge 

that gold(III) compounds have anti-cancer activity through cytostatic or anti-proliferative effects 

(Casini et al., 2008, Che et al., 2003), we postulated and showed for the first time (to the best 

of our knowledge) that inhibition of HIV-infectivity by the novel group of gold(III) 

thiosemicarbazonate compounds was related to cytostasis. This cystostatic mechanism was 

determined in both an adherent cell line using impedence-based technology (RT-CES) and in 

primary cells using CFSE dye dilution technology. Further confirmation of the cytostatic effect 

for PFK7 was observed where the frequency of CD4+ cells from twelve treatment-naive HIV+ 

donors was significantly reduced (p = 0.0049) as well as in the inhibition of RNR (p = 0.003). 

These findings were in accordance with reports documented for HU which is also a cytostatic 

anti-HIV agent with both in vitro and in vivo activity (Lori et al., 1997, Frank, 1999, 

Rutschmann et al., 1998, Federici et al., 1998). Cytostatic agents also prevent viral replication 

by reducing cell activation caused by HIV thereby lowering CD4+ cell frequency. This 

inhibition of immune activation by cytostatic agents such as HU is known to reduce viral 

replication and we postulate this to be the possible mechanism by which PFK7 (and PFK8) 

inhibited DU 151.2s’ infectivity of the TZM-bl cell line. While this is not the ideal scenario for 

anti-HIV agents since an increase in CD4+ cell count is usually recommended (Lori et al., 

2005), clinical trials have shown that the combination of cytostatic agents such as HU with 

drugs that directly target the virus such as ddI in virostatics combinations result in longer term 

efficacy (Lori et al. 2002). Some of the benefits are a decrease in immune activation and a 

reduction in immunodeficiency with an overall increase in CD4+ cell numbers. Additionally the 

incidence of drug resistance in such combinations is limited compared to current HAART 

combinations because cytostatic agents target a cellular protein and not a viral one. Since 

dNTP pools are reduced when cytostatic agents are administered, it means there is a relative 
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increase in the dNTP analogue (ddI) and an overall longer sustainable efficacy in such 

combinations (Lori et al. 2002).     

These postulations were further supported by literature confirming that the anti-viral 

effects of thiosemicarbazones are as a result RNR inhibition (Easmon et al., 1992, Spector 

and Jones, 1985). Complexes PFK7 and PFK8 are both thiosemicarbazone-based 

complexes. The thiosemicarbazone ligands tested here did not inhibit viral infectivity but upon 

complexation with gold, an overall synergistic anti-viral effect was observed.  

Other novel contributions were the findings that the modification of Au(DPPE)2Cl 

through the use of nitrogen heteroatoms to increase hydrophilicity in the ethane bridge was 

not sufficient to render the compounds drug-like as seen from the in silico lipophilicity 

predictions (AlogP98 was >5, Table 3.8A). This finding supports reports by Kriel et al., (2007) 

that the addition of the hydrazine bridge in synthesizing analogues of Au(DPPE)2Cl did not 

result in increased specificity for these compounds as anti-cancer agents.  

 
6.7 FUTURE WORK 

6.7.1 Structural Modification To Improve Solubility and Activity  

The gold(I) phosphine chloride complex (TTC24) which had a drug-likeness score of 3 

out of 7 and inhibited viral infectivity at non-toxic concentrations could be structurally modified 

to enhance its drug score by increasing aqueous solubility. This same complex and its 

analogues TTC3, TTC10 and TTC17 also interacted favourably with the RNase H site of RT 

but will require the addition of metal chelating moieties to increase the affinity of the 

compounds for this site which contains two Mn2+.  

The phosphine complexes, the BPH complexes and the bimetallic gold(I) phosphine 

thiolate ligands were not sufficiently soluble in biological media (precipitating), also seen in the 

aqueous solubility predictions. This means these compounds will not readily enter cells but 

may instead assemble at the cell membrane (high lipophilicity) and cause cell death due to 

irreversible damage to the membrane. Moderating the lipophilicity of these complexes which 

had AlogP98 predictions of >5 might improve the bioassay activity especially in cell culture. 

This could potentially solve the problem of inconsistencies in bioassay data (if aqueous 

solubility was the cause) that was obtained for these complexes especially in the RT assays.  

Solubility also appeared to be influence by geographical location. Compounds with 

previous anti-RT activity were tested soon after synthesis at the University of Johannesburg, 

Auckland Park Campus in Johannesburg (1753 m above sea level). The re-tests were done at 

the University of Pretoria, Pretoria (1271 m above sea level). Differences in geographical 

location are known to affect air pressure and thus solubility.  These differences might have 

been the cause of the discrepancies in the RT data. To manage this, CO2/O2 levels in the 

dissolved compounds could be altered to improve solubility.  

 

 
 
 



CHAPTER 6 CONCLUSION AND FUTURE WORK 
 

Page | 159  
  

6.7.3 Determine the Oxidation State of Gold Within Cells 

The gold complexes that were tested here were either gold(I) or gold(III) complexes. 

Uptake studies have previously been shown for some of these compounds using ICP-AES 

(Fonteh and Meyer, 2009). It will be of interest to determine what the oxidation states of the 

complexes are after uptake using mössbaur spectroscopy. Gold(III) compounds are prone to 

reduction by thiols in biological media (Fricker, 1996). Gold(I) complexes are more stable than 

gold(III) complexes when soft ligands such as the phosphine gold and triethylphosphine thiol 

ligands are used for coordinating the gold nucleus. For gold(III), the use of hard donor 

ligands containing N and O enhances stability in the biological environment, which was the 

case in this study. By determining the oxidation states, information on the stability of the 

complexes and the active form (prodrug form) can be deduced. 

 

6.7.4 RT-CES Analysis  

The proliferation profiles of each compound especially the remaining 

thiosemicarbazonate complexes (PFK41 and PFK43), should be determined using RT-CES. 

These compounds showed considerable toxicity in the MTT assay and very high inhibitory 

effects on viral infectivity (Figure 4.8). It will be interesting to verify if these complexes perhaps 

had a cytostatic effect on these cells since the analogues, PFK7 and PFK8 did.  

 

6.7.5 Combination Studies of PFK7 and PFK8 with dNTP Analogues.  

The anti-viral activity of the cytostatic agent, HU, was potentiated when combined with 

dNTP analogues such as ddI and indinavir both in vitro (Lori et al., 2005) and in vivo (Lori et 

al., 1997, Frank, 1999, Rutschmann et al., 1998, Federici et al., 1998). Complex PFK7 

inhibited viral infectivity of TZM-bl cells at cytostatic concentrations (Figure 4.8 and 4.7 

respectively), and like HU lowered the frequency of CD4+ cells from HIV+ donors (Figure 

4.11). Combinations studies of PFK7 with ddI or indinavir should hopefully result in synergistic 

effects both in anti-viral activity and in improving immune responses.  

 

6.7.6 Determine if Compounds with Anti-proliferative Effects can Prevent T Cell 
Activation  

Not all the compounds which had anti-proliferative effects on PBMCs were tested in the 

immunomodulatory assays where compound effects on virus was assessed with regards to T 

cell frequency and cytokine production. These were complexes EK208, EK219, PFK190, 

PFK8 and PFK43. It would be interesting to know if these complexes (particularly PFK8 and 

PFK43 which are drug-like and structurally similar the gold(III) compound, KAuIIICl4, known to 

prevent T cell activation, De Wall et al., 2006) can affect T cell frequency and alter the chronic 

inflammatory effect caused by HIV. Immune activation by HIV leads to clonal expansion and 

proliferation of T cells. Compounds with anti-proliferative effects may be capable of preventing 
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this activation and as a result alter T cell frequency and possibly cytokine production. The 

incorporation of activation markers such as CD69 to monitor these effects will thus be useful. 

 

6.7.7 Determine Viral Core Protein (p24) Secretion as Measure for Viral Infectivity 

  Viral core protein (p24) was not directly analysed in this study but the 

expectation was that inhibition of infectivity by the cytostatic complexes such as PFK7 should 

lead to a reduction of p24 antigen secretion. It would be important to verify this assumption by 

assessing the level of p24 antigen secretion from infected cells treated with the promising 

compounds.  

 

6.7.8 Cell Cycle Analysis to Determine the Phase  Affected by Cytostatic Compounds 

Cells treated with the cytsotatic agent, HU, are arrested between the G1 and S phases 

or enter and accumulate in the S phase (Maurer-Schultze et al., 1988).  It will be useful to 

determine if the HU-like compounds (PFK7 and 8) inhibit cell proliferation by arresting growth 

in the same phase as HU does. This will further confirm whether the compounds block dNTP 

production thereby impairing DNA synthesis (Lori, 1999). 

 
6.7.9 Preselect T Cells Prior to Treatment 

The heterogeneous nature of PBMCs together with interperson differences means 

using these cells for viral quantification can result in data variation (Trkola et al., 1999). For the 

immunomodulatory studies, cells were tagged with Mabs and cell frequencies and cytokine 

production levels monitored. The heterogeneous nature of the cell population means 

compound action could be limited for the cells of interest due to interactions with cells from the 

different subpopulations prior to analysis. To alleviate this and increase specificity for the 

immunomodulatory assays, the cells should be pre-sorted using the sorting function on a flow 

cytometer such as the FACSAria (Becton Dickinson or BD BioSciences, California, USA) or 

using other cell separating tools such as magnetic beads prior to treatment.  

 

6.7.10 Docking Considerations 

Since metals form covalent bonds with ligands and gold complexes are known to 

undergo ligand exchange reactions, it is possible that a putative inhibitor in a docking study 

might bind to the protein covalently (Höltje et al., 2003). This could be possible especially for 

the gold(I) phosphine chloride complexes which have a chloride ion since this ion is a good 

leaving group (Allaudeen et al., 1985) that would potentially leave the gold atom ionised.  

Determining the binding affinity of the complexes in the ionised form might result in different 

outcomes from those that were obtained and might prove more promising for the gold 

complexes considering that gold could easily form covalent bonds with sulhydryl groups of 

cysteine residues in receptor active sites. Unfortunately in silico docking strategies for such 
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situations are still being developed and as mentioned in Chapter 5, most in silico packages 

have not yet incorporated metals into their atom base. This is because of the enormous 

diverse structure of coordination compounds available making it difficult for the development 

of reference values for such packages (Comba and Hambley, 1995, Hay, 1993).  

The modification of the subtype B crystal structures through site directed mutagenesis 

to include amino acid mutations found in the subtype C strain prior to docking should be 

considered. While direct enzyme assays for RT inhibition for subtype C and B viral strains 

have been reported to result in similar susceptibilities for commonly used NRTIs and NNRTIs 

(Xu et al., 2010), such modifications might lead to different outcomes for the gold-based 

compounds both in direct enzyme and in silico studies.   

In the docking studies, metal-based drugs which have previously inhibited viral 

enzymes should be used as controls.  

 

6.8 CONCLUSION  

While finding new medication for HIV remains a major concern for researchers and the 

pharmaceutical industry, identifying an ideal drug is never easy (Joshi, 2007). A list of criteria 

has to be met for a lead candidate to successfully navigate through the drug discovery time 

line phases (Figure 2.18) which can be up to 10 years or more. This has been clearly 

demonstrated in this study where in an attempt to answer some major research questions, 

more questions were raised.  

 A total of 27 compounds were analysed from several angles to determine toxicity, 

effect on cell proliferation and antiviral abilities. Three promising candidates were singled out; 

TTC24 which inhibited viral infectivity at non-toxic concentrations with a fairly reasonable drug 

score and PFK7 and PFK8 which inhibited viral infectivity at cytostatic concentrations and had 

drug scores similar to clinically available drugs. The latter two (both gold(III) Tscs-based 

compounds) can be incorporated into virostatic combinations but assays to show favourable 

responses in immune parameters (e.g. CD4+ cell increases) upon combination with direct viral 

inhibitory agents must first be done to determine usefulness in such cocktails.   
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CHAPTER 8  

APPENDIX 
 
8.1 CHAPTER 2 

8.1.1 Statistical Definitions 

In Table A2.1, the meanings of the statistical terminology used in this study are provided. 

Most of the definitions were obtained from web sources such as dictionary.com, answers.com and 

reference.com and from the Handbook of biological statistics 

(http://udel.edu/~mcdonald/statcentral.html).  

Table A2.1: Description of statistics calculations that were implemented in this study.  
Analysis  Description  

% Standard error 
of mean (% 
SEM) 

It is the percentage of the standard deviation of the sampling distribution of 
the mean. 

CC50 This is the concentration of a compound at which 50% of cells are killed.  

Correlation 
coefficient 

A statistic representing how closely two variables co-vary; it can vary from -
1 (perfect negative correlation) through 0 (no correlation) to +1 (perfect 
positive correlation). 

IC50 This is the concentration of compound at which 50% inhibitory activity is 
observed. 

Mean The sum of all observations divided by the number of observations 
Median The middle number or average of two middle numbers in an ordered 

sequence of numbers. 
P values This is a probability value ranging from zero to one. This value is used to 

determine the difference between sample means if the means were the 
same. If the p value is <0.05, then there is a significant difference between 
two populations but if it is > 0.05 then the differences are not significant.  

Percentile or 
quartile 

A percentile is a value at or below which a given percentage or fraction of 
the variable values lie. Quartiles split the percentage into quarters. The first 
quarter is the 25th percentile, the second the 50th and the 3rd the 75th 

Standard 
deviation (SD) 

This indicates measures of deviation or spread of values from the mean of 
treatments in a population or multiset of values. 
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8.2 CHAPTER 3 

8.2.1 NMR chromatograms 

8.2.1.1 The effect of water on the NMR spectra of gold complex TTC3 

 

 

 
Figure A3.1: The effect of water on the 1H profile of the gold(I) phosphine chloride complex, TTC3.  A 
water peak was visible on day zero and became more prominent by 24 h and 7 days later causing a 
decrease in the resolution of proton peaks. TTC3 appeared to have taken up water from the atmosphere 
shown on day zero. The area of the water peak was seen to increase after 24 h and 7 days due to the 
additional hygroscopic nature of DMSO. Although the backbone structure of the compound appeared intact 
on day zero and over time (please see insert showing relevant peaks), the overall chemistry of the 
compound could ultimately have been affected leading to degradation and precipitation as a result of water. 
This effect can alter the final concentration of the compound available for biological analysis.  
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8.2.1.2 The 31P and 1H NMR spectra of MCZS3 
 

 
Figure A3.2: The 31P and 1H NMR of MCZS3 on day zero.  The 31P NMR shown in A was referenced to a 
phosphorous standard (normally at 0 but shifted to 3.8 ppm when spectra was downloaded from Chenomx 
software for better visibility). No 31P peak was observed in the spectra. This could be because there was 
insufficient amount of the compound to reach the threshold required for resolved peaks due to poor solubility 
(hence precipitation) which was evident during sample preparation. In the 1H NMR spectrum, the broad peak 
at 3.4 ppm is likely HDO (semi heavy water) resulting from d6-DMSO exchanging a deuterium atom with 
hydrogen atom of water (deuterium exchange). According to the spectrum, the backbone phosphine and 
acetylated sugar moieties were intact.  
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8.2.1.3 The 1H spectra of PFK7 

 

 
Figure A3.3: 1H NMR spectra of PFK7.  A is a spectrum taken on day zero, B is a spectrum after 24 h and 
C is a spectrum taken after 7 days of storage at -20 ºC. Except for a water peak seen on day zero (3.33 
ppm, Gottlieb et al., 1997) that was became increasingly prominent at 24 h and 7 days later, the compound 
remained relatively stable although peak resolutions were supressed by the water peaks. The relevant peaks 
at 24 h  are enlarged in the insert. 
 
 
 
 
 
 
 
 
 
 
 

A 

B 

C 

N N
NN

SS
N
H

HN

Au

Cl–
 

 
 
 



CHAPTER 8 APPENDIX 
 

Page | 184  
 

8.2.1.4 The 1H NMR spectra of KFK154b after 24 h and 7 days 

 

 

 
Figure A3.4: 1H NMR of KFK154b . At day zero (A) the spectrum appears with no peak evident at 4.7 nor 
was there a water peak at 3.33 ppm but after analysing at 24 h and 7 days following storage at -20 ºC every 
other chemical shift remained intact suggestive of a stable compound except for a new peak at 4.7 ppm. 
This new peak is possibly an impurity resulting from deuterated water (Gottlieb et al., 1997). Since 
deuterated water was not used in the analysis, it is unclear where it came from and might have been 
experimental error. It appears the deuterated water peak compensated for the water peak present in the 
other spectra at 3.33 ppm.  
 
8.3 CHAPTER 4 

8.3.1 Viability Assay Optimisations 

Sixteen of the compounds (ligands and complexes) consisting of classes I, II, and III shown 

in Table 3.6 demonstrated different effects on primary and continuous cell lines when analysed 

with various viability dyes such as MTT and  (2,3)-bis(2-methoxyl-4-nitro-5-sulphenyl)-(2H)-

tetrazolium-5-carboxanilide (XTT, Fonteh and Meyer, MSc. Dissertation, 2008). The compounds 

A 

B 

C 
New peak 

New peak 

N

N

N

N
H3C

CH3

CH3

H3C

H H

Cl

H

H

Au

Cl

Cl

Cl

Cl

 

 
 
 



CHAPTER 8 APPENDIX 
 

Page | 185  
 

generally demonstrated higher CC50 values of > 200 µM in the primary cells (PBMCs) and CC50s in 

the low micromolar range in the cell lines (CEM.NKR-CCR5 and PM1). These significant 

differences in the effect of the compounds on the viability of these two cell types needed 

explanation and formed part of optimisation assays that were performed in this study.  

While toxicity can be species and organ specific (Ponsoda et al., 1995), the fact that both 

cell lines are T cell lines (CEM.NKR-CCR5 and PM1) and that the PBMCs are predominantly T 

cells suggested that the known limitations of MTT may have been at play. Alternatively the fact that 

PBMCs are a mixture of different cell types could have meant the metabolism of MTT (which can 

be affected by cell type) was irreproducible. This is because interperson variability could affect the 

results (Trkola et al., 1999) especially if the relative cell populations were not the same in samples 

from the same or different donors over time. While aqueous solubility problems (postulated to have 

affected RT assays) could have played a role, this conclusion was not alluded to given that there 

was consistent toxicity when cell lines were used and not when primary cells were used. To clarify 

all issues regarding cells types, possible compound effects, and different dyes, optimisation 

assays were performed using HTS assays. For the optimisation, the MTT (Sigma Aldrich, Missouri 

USA) and MTS (Promega Corporation, WI, USA) viability dyes, propidium iodide (BD BioScience, 

California, USA) using flow cytometry and the lactate dehydrogenase (LDH) cytotoxicity assay kit 

(Roche Diagnostics, Mannheim, Germany) were used. 

MTT and MTS (both tetrazolium salts) function on the same principle where mitochondrial 

dehydrogenases in viable cells convert the yellow water soluble MTT and MTS to a water insoluble 

product (in the case of MTT, (Young et al., 2005) and a water soluble product (in the case of MTS). 

The incorporation of an electron coupling reagent (phenazine methosulfate) in MTS leads to the 

production of a soluble product (Soman et al., 2009). The purple water insoluble formazan product 

resulting from the use of MTT requires solubilisation, which can be achieved using different 

solutions such as propanol (Denzizot and Lang, 1986) and 2-propanol and 1M HCl (Mueller et al., 

2004). The absorption of the dissolved formazan for both dyes in the visible region of the 

electromagnetic spectrum correlates with the number of intact live cells (Mueller et al., 2004).    

 
8.3.1.1 MTT data optimisation  

In the previous MTT assays (sixteen compounds, Fonteh and Meyer, 2008) and preliminary 

screening in this study (nine of the sixteen compounds) were analysed. The nine compounds 

included TTL3, TTC3, TTL10, TTC10, EK207, EK208, EK219, EK231 and MCZS1. The assays for 

the nine compounds were performed as previously described (Fonteh and Meyer, 2008) with the 

only variable being a reduction in the incubation time from 7 days to 3 days. After incubating cells 

(PBMCs, PM1) with compound concentrations ranging from 3.125 -200 µM in a 200 µL final 

volume, 20 µL of MTT (5 mg/mL) was added directly to the wells and incubated for 24 h. Then 50 

µL of solubilisation solution consisting of acidified isopropanol in a 1:9 ratio (i.e. 1 part of  1 M HCl 

and 9 parts of isopropanol) was added directly into the wells and the plate read immediately at 

540/550 nm (690 nm reference wavelength).  
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The viability data with MTT suggested that the compounds were not toxic to PBMCs 

(Figure A4.1, also seen previously, Fonteh and Meyer, 2008) at higher concentrations that were 

otherwise toxic to PM1 cells (Fonteh and Meyer, 2008). The change in incubation time (from 7 

days to 3 days) did not appear to have an effect on the viability profiles i.e.no apparent toxicity of 

the compounds was observed for the primary cells (Figure A4.1A).  

Three possible theories for the differences between viability data for PBMCs and PM1 cells 

were proposed. (1) the possibility that the compounds could be interfering with MTTs’ metabolism 

by forming products with MTT that were being absorbed (only when assays are performed for 

PBMC), (2) the fact that PBMCs are a mixture of cells unlike the cell lines which are homogenous 

making the metabolism of MTT different (it has been reported that different cell types metabolise 

MTT differently, Young et al., 2005, Hertel et al., 1996) and a third consideration (3) was the 

possibility that the compounds were being absorbed at the same wavelength like MTT. This 3rd 

possibility was ruled out when compound spectra showed no absorbance at wavelengths used for 

measuring the MTT and MTS formazan products. The maximum absorbance for all the 

compounds were <400 nm but MTT absorbs at 540/550 while MTS absorbs at 492.    

For the optimisation, the first parameter change involved the removal of 150 µL of spent 

medium at the end of the incubation (to exclude any unabsorbed compound). This was replaced 

with an equal volume of freshly prepared complete RPMI medium. The rest of the protocol was 

maintained i.e. incubation for 24 h and then adding 50 µL solubilisation solution followed by 

reading the plate at 550 nm (690 nm reference λ). This resulted in distinct data differences (Figure 

A4.1B) when compared to the unoptimised protocol (Figure A4.1A). The CC50s of the compounds 

were similar to those obtained when viability was determined for PM1 cells using MTT (Fonteh and 

Meyer, 2008). The fact that the only change in the protocol was the removal of spent medium did 

not explain why the results now looked similar to the PM1 MTT assay findings in previous studies 

(Fonteh and Meyer, 2008) since in the previous studies spent medium was not removed for the 

latter. The conclusion at this point was that in as much as the compounds were playing a role, the 

differences in the cell types (heterogeneity of PBMCs and homogeneity of PM1) also had an effect 

on the metabolism of the MTT when analysed in the presence of compounds. 
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Figure A4.1: MTT viability optimisation assays with PBMCs.  In A, the cells were treated with the 
compounds for 72 h. Twenty microlitres of MTT(5 mg/mL) was added to the cells followed by a 24 h 
incubation. Solubilisation solution consisting of HCl and isopropanol was added to the wells to disovle 
formazan crystals and the plate read at 550 nm on a spectrophotometer. In B, the only difference was that 
after the 72 h incubation, the plate was centrifuged and the spent media discarded and replaced with an 
equal volume of freshly prepared complete medium which apparently excluded compound effect seen in A 
resulting in a dose dependent cytotoxicity. Results are averages of at least three repeats. 
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8.3.1.2 MTS data optimisation   

A second viability dye (MTS) which functions on the same principle as MTT (except for the 

fact that a solubilisation step is not required and also the fact that the dye absorbs at a different 

wavelength) was used for comparison purposes. After cells and compounds had been incubated 

for 3 days, 10 µL of MTS was added to the wells of the plate, incubated for 24 h and absorbance 

measured at 492 nm (690 nm reference wavelength). Figure A4.2A shows viability data for PBMCs 

obtained using MTS without excluding compound effect in medium. It appears the compounds 

were not significantly toxic but this time there was a slight dose dependent toxicity (Figure A4.2A) 

which was not seen when MTT was used in determining viability in the same manner (Figure 

A4.1A). This finding suggested that the effect of the compounds on PBMCs could easily be 

determined with MTS. When an optimisation step (similar to the one employed for MTT) which 

included the replacement of spent medium with freshly prepared medium before addition of the 

dye was performed, a pattern different from that seen in Figure A4.2A was observed (suggesting 

toxicity) shown in Figure A4.2B but similar to that seen for MTT in the optimised assay (Figure 

A4.1B). This data (MTS/PBMCs/optimised Figure A4.2B) which supported the MTT findings in 

Figure A4.1B (MTT/PBMCs/optimised) confirmed that fact that the compounds may have been 

interfering with the metabolism of MTT. As mentioned earlier, compound spectra showed no 

absorbance at wavelengths used for measuring the MTT and MTS formazan products. The 

concern here was therefore the fact that the compounds might be capable of reacting with MTT to 

produce products which interfered with MTT absorbance readings resulting in false conclusions. 
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Figure A4.2: MTS viability optimisation assays on PBMCs . In A, the cells were treated with the 
compounds for 72 h. Ten microlitres of MTS was added to the cells followed by a 24 h incubation. The plate 
was read at 492 nm on a spectrophotometer. In B, the only difference was that after the 72 h incubation, the 
plate was centrifuged and the spent media discarded and replaced with an equal volume of freshly prepared 
complete medium which apparently excluded compound effect seen in A. Results are averages of at least 
three repeats. 
 

The next concern was whether the unoptimsed protocol would still result in different trends 

(lower CC50) for the cell line compared to primary cells as previously seen (Fonteh and Meyer, 

2008). This verify this, MTS was used as the viability dye. When the MTS dye was used in 

determining viability in the PM1 cell line (in the absence of optimisation), a totally different pattern 

from that seen in the unoptimised protocol for PBMCs (Figure A4.2A) was observed (Figure A4.3) 

but similar to PBMCs (Figure A4.2B, optimised). The pattern in Figure A4.2B and that of the PM1 

in Figure A4.3 were similar in CC50s suggesting better correlation. This disparity in the data 
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between the different cell types which was also seen previously (Fonteh and Meyer, 2008) for MTT 

and observed here for MTS further confirms the fact that the different cell types metabolise the 

dyes differently. It is however not clear why removing compound effect in the PBMCs assay (by 

replacing spent medium with freshly prepared medium, Figure A4.2B) led to similar results to that 

observed for PM1 cells (Figure A4.3, unoptimised). The only logical explanation at this point was 

that the presence of the compounds in the heterogeneous mixture of cells (PBMCs) affected the 

cells’ metabolism of MTT. Medium components such as serum have been implicated for causing 

discrepancies in such assays (Denzizot and Lang, 1986) but the same medium (RPMI-1640 

medium) was used so the variable could not have been the medium.  
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Figure A4.3:  Viability pattern of PM1 cells treated with compounds and determined with MTS.  PM1 
cells were treated with the compounds for 72 h. MTS solution (10 µL) was added to the cells and the soluble 
formazan product read at 492 nm after 2 h of incubation.   
  
8.3.1.3 Lactate dehydrogenase assay optimisations 

The LDH cyotoxicity detection kit (Roche Diagnostics, Mannheim, Germany) which 

measures LDH release into culture supernatant as an indication of cytotoxicity was also used in 

determining toxicity. Figure A4.4 represents the assay principle. The difference between this assay 

and the MTT and MTS assays is that it measures toxicity and not viability. In addition, incubations 

with compounds were only done for 24 h since LDH released into the supernatant is not stable 

after >24 h.  

The assay was performed as previously described (Fonteh and Meyer, 2008). Following 24 

h of compound exposure to the PBMCs, plates were centrifuged. Fifty microlitres of culture 

supernatant was carefully aspirated from the plate into corresponding wells of an optically clear 96 

well flat bottom microtitre plate. To this, 50 µl of LDH reaction mixture was added and the 

absorbance read immediately at 490 nm (reference wavelength 690 nm). Total cellular LDH was 

obtained by treatment with 0.1% triton x-100 (v/v) and set as 100% cytotoxicity. Background and 

negative controls were obtained by LDH measurement of assay medium and untreated cell 

medium respectively. Data from control and treated cells was calculated as percentage cytotoxicity 

using the following formula:- 

Cytotoxicity (%) =    Absorbance Sample – Absorbance medium x 100 
                      Absorbance 100% - Absorbance medium 
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Figure A4.4: LDH cytotoxicity assay test principle.  The LDH activity is determined in an enzymatic test 
where in the first step; NAD+ is reduced to NADH/H+ by LDH catalysed conversion of lactate to pyruvate. In 
a second step, the catalyst (diapharose) transfers H/H+ from NADH/H+ to the tetrazolium salt INT which is 
reduced to formazan. An increase in plasma membrane damage leads to an increase in LDH activity in the 
culture supernatant which is directly proportional to water soluble formazan dye formed. This figure was 
taken from the LDH cytotoxicity detection kit catalogue (Roche Diagnostics, Mannheim, Germany). 
 

Higher toxic concentrations of compounds were expected to release more LDH in a dose 

dependent manner which should decrease as dose decreases e.g. for compounds TTL3, TTL10, 

EK231 and MCZS1 (Figure A4.5). This was however not the case for complexes TTC3, TTC10 

(complexes of TTL3 and TTL10 respectively), EK207, EK208 and EK219 with the converse being 

true i.e. LDH release was lower at higher concentrations. The probable reason for this was the fact 

that the gold in the gold compounds (especially at the higher concentrations) with the exception of 

EK231 and MCZS1 may have coordinated with an intermediary product in the reaction. Probably a 

reduction reaction with the pale yellow tetrazolium salt at the N=N bridge (Figure A4.4) preventing 

the formation of the formazan product which is indicative of toxicity from the red colour (Figure 

A4.4). If this suggestion is true, then it is possible that the compounds were capable of reducing 

MTT and MTS (both tetrazolium salts) to an intermediary product when viability was done for 

PBMCs. The outcome was false (low) absorbance readings obtained in the unoptimised data 

(Figure A4.1A and A4.2A respectively) and hence false conclusions about the viability status of the 

cells. But when the compound effect was excluded through the removal of spent medium, this 

viability trend changed (observed toxicity, Figure A4.1B and A4.2B). Unfortunately, optimisations 

like the one done for the MTT and MTS assay (replacement of spent medium with fresh) could not 

be performed for the LDH assay since the analyte (containing LDH) in this case is the medium and 

not the cells. As a result, toxicity testing with the LDH cytotoxicity kit was terminated.  
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Figure A4.5: Cytotoxicity pattern of compounds on PBMCs determined using the LDH cytotoxicity 
detection kit. An unusual trend in cytotoxicity was observed for complexes TTC3, TTC10, EK207 and 
EK219 which tended to be toxic at lower but not higher concentrations. 
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8.3.1.4 Viability optimisation using flow cytometry and propidium iodide 

To confirm the MTT and MTS findings, a more sensitive flow cytometry assay using 

propidium iodide which stains dead cells was performed for PBMCs (Figure A4.6). It was observed 

that the presumed CC50s values of the compounds as per Figure A4.1A and A4.2A (>25 µM) were 

in fact very toxic since a 25 µM concentration was toxic for most of the compounds except TTL3, 

TTL10, EK207, EK231 and MCZS1 (Figure A4.6B). These findings corroborated the data obtained 

from the PBMCs optimised data (Figure A4.1B and A4.2B) for the different dyes and PM1 cell line 

(unoptimised, Figure A4.3) e.g. according to Figure A4.1B, A4.2B and A4.3, TTC20 was toxic at 25 

µM while EK231 was not also observed in the flow cytometry analysis (Figure A4.6B). This 

comparison is applicable to the rest of the compounds. 

 
Figure A4.6: The effect of the compounds on the viability of PBMCs . The cells were treated with the 
compounds for 72 h and stained with propidium iodide. Cells not positive for PI and annexin were considered 
viable. Compound concentrations of 5 µM and 25 µM were used in A and B respectively. More viable cells 
were present at 5 than at 25 µM.  

 

Based on all the optimisation findings (MTT, MTS, flow cytometry with annexin V and PI), 

the MTS dye was chosen as the viability dye of choice for HTS to determine the CC50s of the 

compounds in the PM1 and PBMCs. This was because of the experience that PBMCs poorly 

metabolised the MTT dye compared to MTS (Figure A4.1A and A4.2A respectively) and 

sometimes the data was irreproducible (probably because of the heterogeneity of the cells). 

Inefficient metabolism of some human cell lines by tetrazolium dyes have previously been reported 

(Hertel et al., 1996). In the case of the cell lines, the use of either MTT or MTS resulted in similar 

CC50 values. In all cases (PBMCs or PM1), the optimised protocol was used. The optimised 

assays were employed for all the compounds and the methods and results are incorporated in 

chapter 4 (sections 4.2.3 and 4.3.1 respectively). 

 

8.3.2 CFSE Incubation Time and Stimulant Optimisation  

Incubation strategies included (1) incubation of the compounds with the stained cells for 

various times ranging from 1 day to 7 days, (2) treatment of stained cells with compounds only and 

(3) treatment of stained cells with compounds and stimulant (PHA-P or PMA/ION).  

 

8.3.2.1. Time optimisation 

CFSE is a dye that is spread equally between daughter cells as they divide allowing for the 

monitoring of cellular proliferation by fluorescent measurement using flow cytometry. However, 
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depending on the time point when incubation is stopped, varying results could be obtained and in 

some cases, the proliferation pattern might be missing after too many divisions. To avoid this, 

optimisation assays that included quantifying cell division over different time periods were 

performed (Figure A4.7). Three generations were analysed for this. By day 7, the cells had 

undergone too many divisions (too many cells in the daughter 2 population) while on day 1 not 

many cells were present in the daughter 2 population. Based on these findings 3 days of 

incubation was chosen as incubation time for subsequent analysis.  
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Figure A4.7: Time optimisation experiments for CFSE. Patterns obtained after three and four days were 
better representations of proliferation. By day 7, most of the CFSE dye had being diluted out resulting in very 
dim populations. 
 
 
8.3.2.2 Stimulant optimisation  

Stimulation of PBMCs is usually required in vitro to initiate proliferation and cytokine 

production. Stimulants like PHA-P, PMA/ION are usually used. Since the effect of the compounds 

on the proliferation profiles of PBMCs was being sought, it was important to know the role the 

stimulants could play in such assays. The proliferation of PHA-P stimulated cells was affected by 

some compounds e.g. TTC3 and EK207 (Figure A4.8A). Gold compounds have previously been 

reported to inhibit the proliferation of PHA-P stimulated cells (Sfikakis et al., 1993, Lipsky and Ziff, 
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1977) making this finding not surprising. Stimulation with PMA/ION had no effect on proliferation 

(Figure A4.8B). This was only useful for enhancing and monitoring cytokine production. In the 

absence of stimulants, PBMCs did not proliferate at all (similar finding to when PMA/ION was 

used) both for compound treated and untreated cells (Figure A4.8 C). This suggests that the 

compounds had no stimulatory effect and were therefore not mitogenic. 
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Figure A4.8: Differences in cell proliferation pattern of PBMCs in the presence and absence of 
st imulant after 3 days of treatment with compounds.  In A, PHA-P stimulated cells were shown to 
proliferate resulting to cells in both the daughter 1 and daughter 2 populations. In B, the use of PMA/ION as 
stimulant for proliferation was shown to be ineffective as no cells were present in the daughter 2 population. 
The same was applicable for cells not stimulated with either PHA or PMA/ION (C). Three days of incubation 
with PHA-P as stimulant was chosen as ideal for proliferation monitoring.   
 

From the optimisation assays, it was observed that in the absence of stimulant, both 

compound treated and untreated cells did not proliferate and that three or four days was ideal for 

stopping the assay in the presence of stimulant. Three days and the use of PHA-P as stimulant for 

monitoring proliferation were used for subsequent testing.  

 

8.3.3 Other Flow Cytometry Optimisations  

8.3.3.1 Gating optimisation 

Figure A4.9A (P1) represents lymphocytes which were obtained by back gating on the Q4 

(CD45–PerCP-Cy5.5 +) population in Figure A4.9B. The P4 gate contains debris, dead cells and 

might contain other sub populations. Once the lymphocyte gate was positively identified, the effect 

of the compounds on the viability of PBMCs was subsequently analysed based on this gate. The 

threshold on the FSC and SSC plot was placed at 5000 to show the other populations and debris 

(Figure A4.9A). This threshold was increased to 40,000 to eliminate the debris and dead cells 

when compounds were later tested in cell viability, proliferation or in immunomodulatory assays. 
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Figure A4.9: Lymphocyte identification gating.  CD45 gate – P1 (A) back-gated from the CD45-PerCP-
Cy5.5 stain (B). CD45 stains lymphocytes and was used to aid in excluding monocytes and neutrophils. The 
P4 gate consists mostly of debris and death cells but might also contain another subpopulation.  
 
 
8.3.3.2 Stimulant optimisation 

It has been established that unstimulated cells do not produce cytokines (Nylander and 

Kalies, 1999) such that appropriate stimulation of cells for cytokine investigation is a necessity. 

Figure A4.10 shows the different time and stimulant optimisation assays that were done for the 

PBMCs prior to ICCS assays. Cells treated with gold compounds only, PHA+gold compounds and 

then PMA/ION+gold compounds were analysed after 24, 48 and 72 h. In the case where PMA/ION 

were used as stimulants, their addition was done in the last 6 h of incubation because of the 

toxicity associated with the use of these stimulants for longer periods. As seen in Figure A4.10A, B 

and C there was no cytokine production for untreated cells and cells treated with gold compounds 

only after 24, 28 and 72 h. Cytokine production by PHA-P treated and PHA-P + compound treated 

cells increased but remained minimal (Figure A4.10D, E and F). Cells treated with PMA/ION and 

PMA/ION+ compound on the other hand (Figure A4.10G, H and I) produced significantly more 

cytokines. The only limitation in the PMA/ION treatment is the fact that there was a decrease of 

CD4+ cell frequency, a finding which has been reported for PMA/ION before. However, in the 24 h 

treatment with the latter, the CD4 frequency and cytokine secretion profiles were sufficient for 

monitoring the effect of the compounds on cytokine production. PMA/ION was used as stimulant 

with a 24 h incubation time for subsequent cytokine analysis.  
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Figure A4.10: Stimulant and time optimisation assays for ICCS experiments.  In A, B and C, the PBMCs 
were treated with compounds only for 24, 48 and 72 h respectively. Under these conditions, no ICC 
production was observed. In D, E and F, the cells were treated both with compounds and with PHA-P. There 
was a slight increase in the cytokine level. When the cells were treated with PMA/ION and protein transport 
inhibitor (golgistop) in the last 6 h of incubating with the compounds (G, H, I), significantly higher levels of 
cytokines were produced which were easier to quantify and analyse. Based on these three treatments, cells 
stimulated with PMA/ION and golgistop in the last 6 h of a 24 h incubation period, were used for further 
analysis. 
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8.3.4 RT-CES Analyser Repeats 

Figure A4.11 and 12 are experimental repeats for the RT-CES analysis shown in Figure 

4.7B.  

 
Figure A4.11: The effect of representative compounds on the proliferation of TZM-bl cells using an 
RT-CES analyser.  Cells were seeded into E-plates and allowed to adhere for at least 22 h followed by 
treatment with the compounds. Three concentrations of each compound were tested and are represented on 
each graph as normalized CI (y-axis) against time (h) alongside the vehicle control. Compounds TTL3, PFK5 
and KFK154b did not cause CI decreases (do not influence proliferation/viability). EK207 and PFK189 
induced a dose dependent decrease in CI, days after addition. PFK7 displayed a dose dependent cytostasis 
at all 3 concentrations tested. MCZS2 induced CI decreases within hours of addition. Proliferation was 
monitored for 123 h. 
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Figure A4.12: The effect of representative compounds on the proliferation of TZM-bl cells using an 
RT-CES analyser.  Cells were seeded into E-plates and allowed to adhere for at least 20 h followed by 
treatment with the compounds. Three concentrations of each compound were tested and are represented on 
each graph as normalized CI (y-axis) against time (h) alongside the vehicle control. Compounds TTL3, PFK5 
and KFK154b did not cause CI decreases (do not influence proliferation/viability). EK207 and PFK189 
induce a dose dependent decrease in CI days after addition. PFK7 was displayed a dose dependent 
cytostasis at all 3 concentrations. MCZS2 induced CI decreases within hours of addition. Proliferation was 
monitored for 160 h. 
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8.3.5 Infectivity Studies, CC 50 and IC50 

Table A4.1 shows CC50 and IC50 results for viability and infectivity analysis performed on 

the TZM-bl cells. IC50 values are shown for both virus pre-treatment and cell pre-treatment for 

compounds TTC24, EK231, PFK7 and PFK8. The fact that the IC50 values for these compounds 

after these two exposure strategies were used are similar suggests that that inhibition was neither 

at entry of post entry step but that multiple points may have been involved.  

 
Table A4.1:  CC 50 and IC 50 for infectivity of the compounds in TZM-BL cells. The cells were treated with 
the compounds and toxicity determined using MTT while infectivity determination was done using the 
luciferase gene expression assay. ND means not done. % SEM was <20%. 

Compound  CC50 IC50 (virus  pre-treatment ) IC50 (Cell  pre-treatment ) 

TTC3 9.9±1.5 4.8±0.9  
TTC10 8.5±1.6 4.9±0.9  
TTC17 8.3±0.14 6.9±0.3  
TTC24 18.6±4.8 7±1.8 5.6±0.9 
EK207 27±1.3 3.6±1.1  
EK208 19±4.6 8.7±1.7  
EK219 18.1±3.2 4.9±0.7  
EK231 >40 6.8±0.8 5.8±0.4 
PFK7 2.2±0.3 5.3±0.4 6±1.3 
PFK8 10.6±0.1 6.8±0.6 6.2±0.5 
PFK41 <0.2 1.4±0.4  
PFK43 0.6±0.1 1.4±0.2  

 

8.3.6 Immune System Cells: Function Determination  

8.3.6.1 Differences in CD4+ and CD8+ cell frequency. 

Infection with HIV is known to lead to a decline in CD4+ cells in infected individuals 

compared to uninfected people. These differences were also observed in the sample population 

which was analysed in this study which consisted of 12 HIV+ and 13 HIV- donors (Figure A4.13, 

p=0.0001). The reverse of this was seen for CD8+ cells where the positive donors had more CD8+ 

cells compared to the negative (p=0.0004). This data serves as confirmation for the HIV status of 

the donors in the different groups. 
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Figure A4.13: Differences in the frequency of production of T lymphocytes from HIV+/- donors.  HIV+ 
subjects had significantly lower CD4+ and higher CD8+ cell frequencies than the negative group. Box and 
whisker plots show median and range of CD4+ and CD8+ cells in PBMCs cultured for 24 h in the presence 
of PMA/ION and BD GolgiStop™. Bars show 25th and 75th percentile. Statistical analysis (Wilcoxon 
matched-pairs signed rank test) revealed significant differences (p=0.0001 and 0.0004 respectively) in the 
frequency of cells expressing the CD4+ and CD8+ markers from PBMCs in the two groups. 
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8.3.6.2 ELISA data 

To detect cytokines that may have been secreted prior to the addition of protein transport 

inhibitor (see ICCS protocol in section 4.2.6) in the intracellular cytokine assay, a step were the 

culture supernatant was collected and analysed for secreted cytokines using ELISAs was included.  

Materials and Method : The concentration of IFN-γ and TNF-α in the supernatant collected from 

PBMCs treated for ICC detection was quantified using ELISA kits (eBioScience Inc., California, 

USA), according to the manufacturers’ protocol. These sandwich ELISAs were initiated by coating 

96-well plates with 100 µL/well of capture antibody and after an overnight incubation (4°C), 

200 µL/well assay diluents were added to block non-specific reaction (25 ºC, 1 h). The culture 

supernatant, reconstituted IFN-γ and TNF-α standards (known concentrations) were added to 

appropriate wells of 96 well plates. Two fold serial dilutions of standards were performed to make a 

standard curve. The plates were sealed and incubated overnight at 4 ºC for maximal sensitivity. 

After washing the plates, 100 µL/well of the detection antibody was added and the plates were 

incubated at room temperature for a further 1 h. This was followed by the addition of 100 µL/well of 

avidin-horse radish peroxidase into each well followed by 30 min incubation at 25 ºC. A substrate 

solution was then added to the wells and the plates incubated for 15 min at room temperature. The 

reaction was terminated by the addition of a stop solution consisting of 2 N H2SO4. Finally, the 

concentration of cytokines was calculated from the colorimetric absorbance which was read at 

450 nm with a 550 nm reference filter using a Multiskan Ascent® spectrophotometer (Labsystems, 

Helsinki, Finland). The sensitivity limit of the assay was 4 pg/mL for IFN-γ and TNF-α with a 

standard curve range of 4 to 500 pg/mL in each case. ELISA analyses were performed in duplicate 

and the levels of IFN-γ and TNF-α presented as pg/mL. 

Results and Discussion : IFN-γ secretion from six HIV+ and two HIV- donors was assessed 

(Table A4.2). A twofold decrease in IFN-γ secretion was observed for HIV+ cells treated with 

PFK41 and a general increase in secretion was observed for cells treated with compounds TTC24, 

MCZS1, PFK5, PFK7 and PFK174 (Table A4.2). Similar increases were seen for HIV- cells treated 

with TTC24, MCZS1 and PFK174, while PFK5 and PFK41 suppressed IFN-γs’ secretion by 0.2 

and 2 folds respectively.  

 
Table A4.2: The effect of the compounds on IFN- γ and TNF-α secretion from PBMCs.  Cytokines 
concentrations were determined using sandwich ELISAs. The compounds generally increased IFN-γ 
secretion from PBMCs of both HIV+/- donors except for PFK41 which caused a decrease in its secretion in 
the HIV+ group and PFK5 which did so in the HIV- group. TNF-α production was also increased by most of 
the compounds in both HIV+/- donors except in the case of PFK5 which caused a decrease in the HIV+ 
group. [] represents cytokine concentration, ↑ an increase and ↓ a decrease in cytokine levels.   

Compounds  HIV+IFN+ [ ] 
(pg/mL), n=6 

HIV-IFN+ [ ]  
(pg/mL), n=2 

HIV+TNF+ [ ]  
(pg/mL), n=5 

HIV-TNF+ [ ]  
(pg/mL), n=4 

 ↑ or ↓  ↑ or ↓  ↑ or ↓  ↑ or ↓ 
Control 31.5  94.8  43.3  12.5  
TTC24 134.0 4↑ 185.6 2↑ 571.9 13↑ 118.5 9↑ 
MCZS1 83.4 3↑ 305.2 3↑ 74.3 2↑ 22.5 2↑ 
PFK174 131.9 2↑ 617.6 7↑ 222.7 5↑ 34.8 3↑ 
PFK5 64.9 6↑ 77.3 0.2↓ 12.9 3↓ 24.6 2↑ 
PFK7 187.3 4↑ 270.5 3↑ 567.4 13↑ 45.9 4↑ 
PFK41 14.5 2↓ 44.0 2↓ 221.0 5↑ 27.5 2↑ 

 
 
 



CHAPTER 8 APPENDIX 
 

Page | 199  
 

In the case of TNF-α, a decrease in secretion was seen for HIV+ cells treated with PFK5 

while the rest of the compounds tested generally caused an increase (Table A4.2). The 

compounds also generally caused an increase in TNF-α secretion from the HIV- cells (Table A4.2) 

with TTC24 inducing the highest secretion in both HIV+/- donors with an overall 13 fold increase in 

the HIV+ group. The general trend was that the compounds caused an increase in the secretion of 

IFN-γ and TNF-α from PBMCs obtained from both infected and uninfected donors.  

Conclusion and comparison with ICCS: The observed increases in IFN- γ and TNF-α caused by 

the compounds as seen in the ELISA assay were thought to be as a result of the fact that 

integrated cytokines from all the different PBMCs subsets were quantified whereas for the ICCS 

assay (chapter 4 section 4.3.4), cytokines were measured from T cells only (CD4+ or CD8+ cells). 

Additionally because data was only collected for 6 donors in the ELISA assay (unlike 12 in the 

ICCS), it is possible that differences in patients status (for the outstanding 6) e.g. viral load was 

responsible in the observed differences. 

Four compounds (TTC24, PFK174, PFK5 and PFK7) were used to compare cytokine 

production between the ICCS and ELISA techniques (Table A4.3). For the ICCS assay, only 

cytokines from CD4+ cells were compared (Table 4.3) to integrated cytokine production from 

PBMCs in each case from HIV+ donors. When cytokine production was altered by compounds 

such as TTC24 which lowered IFN-γ levels and PFK5 which caused an increase in TNF-α levels in 

the intracellular cytokine analysis of CD4+ cells (Table 4.3), the opposite effect was seen in the 

ELISA assay for PBMCs (Table A4.3). But in the situation where no effect was observed in the 

ICCS assay (e.g. for complexes PFK174 and PFK7), it appears the cytokines had already been 

secreted prior to the addition of golgistop since increases in secretion were observed for the ELISA 

study (Table A4.3). What this means is that in the absence of phenotypic identification (ELISA), 

complexes TTC24, PFK174, PFK5 and PFK7 had both anti-inflammatory and pro-inflammatory 

tendencies but when phenotypic identification of the cell subset (in this case CD4+ cells) was 

performed, only two complexes altered cytokine production i.e. TTC24 and PFK5. For this study, 

because phenotypic identification of the relevant subset of cells (T cells here) was important for 

monitoring immunomodulatory effect, the ICCS data was considered relevant over the ELISA.  

 
Table A4.3: Comparison of cytokine production levels between ICCS (CD4+ cells) and ELISAs 
(PBMCs).  Cells were from HIV+ donors only. Except for PFK5 which lowered TNF-α levels from PBMCs 
when secreted cytokines were measured by ELISA, the rest of the four gold complexes that were compared 
caused increases in the production of both the IFN-γ and TNF- α.  ↑ represents an increase and ↓ represents 
decrease both relative to untreated control.  

 ICCS ELISA 
 IFN-γ TNF-α IFN-γ TNF-α 
TTC24 ↓ No effect ↑ ↑ 
PFK174 No effect No effect ↑ ↑ 
PFK5 No effect ↑ ↑ ↓ 
PFK7 No effect No effect ↑ ↑ 
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8.4 CHAPTER 5 

8.4.1 Anti-RT Inhibitory Ability of Previously Anti-RT Complexes as Controls. 

The anti-RT activity of the eight gold complexes (TTC3, TTC10, TTC17, TTC24, EK207, 

EK219, EK231 and KFK154b) previously shown to inhibit RT at a concentration range of 6.25 to 

250 µM (Fonteh and Meyer, 2009, Fonteh et al., 2009, Fonteh and Meyer, 2008) are shown in 

Table A5.1. The only compound which had close to 50% inhibition was the gold(III) pyrazolyl 

compound of class V which inhibited RT by 42% at 25 µM. There are a number of possible 

reasons for the loss in activity and these are enumerated below. 

  
Table A5.1: Anti-RT activity of complexes with prior RT activity.  These complexes which inhibited RT 
previously (when freshly prepared after synthesis) at a concentration range of 6.25- 250 µM appeared to 
have lost this ability possibly due to aging and other possible factors. KI is a known inhibitor which inhibited 
the enzyme by 94.7%. 

Compound  % Inhibition of RT at 25 µM  
KI (2 absorbance units) 94.7 
HAuCl4.4H20 -14.0 
TTL3 15.2 
TTC3 5.7 
TTC10 17.2 
TTC17 26.2 
TTC24 -18.6 
EK207 -2.78 
EK219 -2.27 
EK231 2.1 
KFK154b 42.6 

 

8.4.1.1 Poor aqueous solubility and solvent (DMSO) associated solubility limitations 

The eight complexes that were reported to inhibit RT in the 2009 publications (Fonteh and 

Meyer, 2009, Fonteh et al., 2009) and MSc. Dissertation (Fonteh and Meyer 2008) were freshly 

made up soon after synthesis (synthesised late 2006, and early 2007) and significantly inhibited 

RT at concentrations as low as 6.25 µM (complexes TTC24, EK207 and EK219) and up to 250 

µM. For re-testing here (in 2009/2010), no new synthesis was performed and stored compounds 

(stored at -20 ºC for 3 years either as powder/DMSO solutions) were used. Poor aqueous solubility 

was predicted for most of these complexes (TTC3, TTC10, TTC17, EK207, EK219 and EK231) 

except for TTC24 and KFK154b when ADMET prediction studies were done. Precipitation in 

biological media during wet lab studies was also observed. Complexes TTC3, TTC10 and TTC17 

had aqueous solubility predictions of 1 (rated as possible) while EK207, EK219 and EK231 had 

aqueous solubility predictions of 0 (extremely low) and TTC24 and KFK154b were predicted to 

have aqueous solubility levels of 2 (low) and 4 (optimal) respectively  (Table 3.8A). Compounds 

with poor aqueous solubility can affect bioassays by causing underestimated activity, reduced HTS 

hit rates, result in variable data, inaccurate SAR, discrepancies between enzyme and cell assays 

and inaccurate in vitro ADMET testing (Di and Kerns, 2006).  

While aqueous solubility could have been a limitation, it is possible that freshly synthesised 

compounds dissolved easily in the solvent used and not after long term storage (particularly if 
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inherent hygroscopic abilities seen in 1H NMR spectra for complex TTC3 and possibly the rest of 

the class I compounds were prevalent) further potentiating aqueous solubility problems. DMSO is 

the most common solvent used in drug studies (Waybright et al., 2009, Janzen and Popa-Burke, 

2009) but it is well known that long term storage in this solvent is detrimental due to precipitation 

and degradation problems that can ensue, which are further potentiated by uptake of water 

(Waybright et al., 2009, Ellson et al., 2005).  

The predicted aqueous solubility problems and observed precipitation of these compounds 

in biological media coupled with the possibility of compound precipitation in solvent due to the 

presence of water (in compound) may therefore have played a role in the observed inconsistencies 

in the RT data.  

 

8.4.1.2 NMR stability profile 

A look at the stability data that was obtained for these complexes in d6-DMSO, especially 

for complexes TTC3, EK231 and KFK154b (with previous RT inhibition) when 31P spectroscopy 

was performed, suggested that, TTC3 and EK231 remained stable on immediate dissolution, 24 h 

and 7 days later. However, in the 1H spectrum of TTC3 (which could be extrapolated for the rest of 

the class I complexes which also inhibited RT), a water peak was evident on day zero (Figure 

A3.1), becoming more prominent at 24 h and 7th day. The water peak presumably became more 

apparent in the spectrum as a result of DMSO’s hygroscopic nature. In the case where DMSO 

solutions of the compounds were used, fears that the compounds could have precipitated out of 

DMSO solutions were believed to be eliminated by the fact that only single use aliquots of 

DMSO/compound solutions were involved. In addition DMSO dissolved compounds were used 

within a week to reduce possible precipitation. While these conditions may proof to not be the best 

storage/usage methodology, given the nature of DMSO, these have been recommended by other 

authors (Waybright et al., 2009, Janzen and Popa-Burke, 2009). Although some authors have 

advocated the use of freshly prepared samples each time (Kerns and Di, 2008) this cannot always 

be feasible when HTS is involved and when one is faced with limited starting material.  

As for complex KFK154b, no water peak was observed in the 1H NMR spectrum throughout 

the analysis. What was observed was a new peak after 24 h (4.75 ppm) and later at 7 days (4.6 

ppm, slightly broader, See Figure A3.4) that was thought to be an impurity resulting from D2O.  It is 

not clear exactly how this peak appeared in the spectrum but may have been introduced during 

sample storage and transfer into NMR tubes (contaminant). Unfortunately re-tests could not be 

done to verify the source since sufficient quantities of the compound were not available. This new 

peak (if at all inherent for this complex) may be responsible for the observed RT data fluctuation 

that was seen for this complex.   

NMR is a useful in the identification of a compound and has the capability of allowing for 

structure elucidation (Kenseth and Coldiron, 2004). However, limitations such as low sensitivity 

and spectral overlap can prevent the identification of impurities present in a sample (Kenseth and 

Coldiron, 2004). After three years of storing the gold complexes desiccated at -20, it is possible 

 
 
 



CHAPTER 8 APPENDIX 
 

Page | 202  
 

that impurities and breakdown products not detectable by NMR had developed. Such impurities 

could have altered the effect of the original compounds on RT resulting in the activity loss.  

 

8.4.1.3 Compound age and solvent used at synthesis 

Another likely reason for the discrepancy in the data is the fact that the compounds had 

aged. Three years is a long time and according to the NMR stability data, although the backbone 

structure of the complexes were maintained, the presence of water in the day zero spectra of 

complexes TTC3 and MCZS3 suggests inherent hygroscopic abilities which could potentially affect 

solubility. Additionally, one could speculate that some other component present at synthesis (e.g. 

residual solvent used in synthesis) may have been responsible for the observed RT inhibitory 

activity but this possibility still needs to be investigated. As a matter of fact, in 2006, two batches of 

compounds in class I were received from chemists and three of them had two different colours 

which the chemists attributed to the solvent used in synthesis and suggested that this would not 

influence structure (and therefore bioactivity of the active compound) since the analytical data was 

identical. For the two batches, TTC10 was cream white and then white, TTC17 was orange in 

colour and then subsequently a white product was received while TTC24 was purple and yellow in 

another batch. The concern now is if the solvent used during synthesis may have played a part in 

the observed RT inhibitory activity at the time and whether after 3 years, the solvent had 

evaporated and the activity was now lost as a result. Solvents such as DMSO, methanol and 

ethanol have been reported to inhibit RT activity (Tan et al., 1991) with 10% DMSO being the least 

inhibitory while 10% ethanol inhibited the enzyme by as much as 100%. For the purposes of this 

study, DMSO concentrations were always kept below 1.5 %, a concentration which had no 

significant inhibitory ability (Fonteh and Meyer, 2008). Various solvents were used in the synthesis 

of the complexes e.g. dichloromethane and ethanol (Kriel et al., 2007). Considering that complex 

colour could be influenced by solvent used, it is therefore not surprising that enzyme activity could 

also be affected. It is therefore recommended that compounds synthesised for bioactivity testing 

such as RT inhibitory assays should be devoid of synthetic solvent as much as possible.   

 

8.4.1.4 Poor stereochemical interaction with the RNase H site of RT 

From the docking studies, it was observed that the complexes were interacting more 

favourably with the RNase H site of RT. Since docking only depended on the chemical structure of 

the complexes, concerns about activity loss were not an issue. Although favourable enthalpic 

values were obtained for the binding of the ligands with the RNase site, the stereochemistry was 

very poor. Considering that proteins are very flexible (Mohan et al., 2005, Höltje et al., 2003), in the 

actual wet lab studies, such poor stereochemical orientations could mean that the ligands are 

easily displaced from the receptor leading to loss of activity. In a situation where the ligands were 

anchored to the active site, a presumed inhibitory activity was recorded.    

 

 

 
 
 



CHAPTER 8 APPENDIX 
 

Page | 203  
 

8.4.1.5 Other concerns and future perspectives 

Other concerns are how the issues mentioned above could have affected other wet lab 

assays done with these compounds. The fact that ADMET predictions for these compounds were 

really poor (except for complex TTC24 which was moderate with a score of 3/7 and KFK154b with 

a score of 6/7, Table 3.9) means that these compounds will require significant modification to be 

used as drugs and will potentially be very costly to develop further. TTC24 may still be a lead 

compound because of the inhibitory activity that was demonstrated in the infectivity studies at non-

toxic concentrations (Figure 4.8) and the fact that it interacted with the RNase H site of RT more 

favourably in the in silco studies than any of the other complexes that inhibited RT previously 

(Table 5.4, Figure 5.6).  

No re-tests were done for the compounds that inhibited PR since the concentrations at 

which the compounds inhibited the enzyme (100 µM) very cytotoxic (CC50s were mostly below 20 

µM).  

 

8.4.2 IN 3’P and ST Inhibitory Assay 

Bioassays for inhibition of HIV-1 IN were performed using the xPressBio integrase assay kit 

(Thurmont, MD, USA) for all the compounds at one concentration in triplicate. Four complexes 

(EK231, PFK7, PFK8 and PFK174) inhibited the enzyme by > 50% at non-toxic concentrations 

(Figure A5.1) with PFK174 inhibiting by 70% at 5 µM. Subsequent testing led to the results in B 

which was attributed to manufacturing problems that existed between the time the first kit (used in 

Figure A5.1A) was obtained to when the second one was (Figure A5.1B). The results obtained 

below are based on determining inhibition of the DNA integration process (3’ P and ST steps). In 

silico predictions (with the Tscs-based compounds) suggested that binding to IN was not due to 

inhibition of DNA integration (Table 5.4, which was also shown for the ST assay, Figure 5.4) but 

was as a result of the compounds interacting with hotpot residues in the LEDGF binding sites. 

Because interactions were more with the LEDGF site and since no activity was observed in the ST 

specific assay (Figure 5.4), the conclusion was that these compounds were neither 3’P nor ST 

inhibitors. The data differences from the two kits (same principle, Figure A5.1) may well validate 

the problems that the kit manufacturer reportedly had when the product was ordered for repeats in 

the course of this study. 
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Figure A5.1: Effect of compounds on HIV-1 IN activity.  (A) Four complexes (EK231, PFK7, PFK8, and 
PFK174) inhibited IN by ≥50%. In B, the assay was repeated for complexes EK231, PFK5, PFK7, PFK6, 
PFK8, PFK174 and PFK41. Surprisingly, all inhibitory values were negative. This finding was strange and 
might be related to manufacturing problems raised by manufacturer between the time the first experiment (A) 
was done and that in B. Inhibition values are relative to untreated control of enzyme only. A positive control 
sodium azide (NaA3) inhibited IN by 100%. The most potent compound was PFK174 which inhibited the 
enzyme by 71% at 5 µM. 
 
 
8.4.3 Molecular Modelling 

8.4.3.1 Summary of docked poses for each receptor 

A summary of the successfully docked poses in the different active sites of the various 

enzyme targets i.e. RT, PR and IN are shown in Table A5.2. Variation between groups of 

compounds for a particular receptor site was more compared to that within groups and gave some 

perception of the flexibility of the different ligands in each receptor site which is represented by the 

number of possible poses. Inhibitors that are more flexible and which interact with a binding site 

more have a higher chance of remaining active in the event of a mutation since an alternative 

conformation assumed. Flexibility was the least for RT in the 3LP2 site compared to the 3LP3 site 

both in the presence and absence of Mn2+ while the 2WON site was intermediary (Table A5.2). 

KFK154B was the most flexible ligand in all the binding sites. The Tscs ligands docked with similar 

number of poses in each of the IN active sites and demonstrated relatively high flexibility with a 

minimum of 21 and a maximum of 49 poses.  

A 

B 
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Table A5.2: Number of successfully docked poses of the compound with different enzymes and 
sites.  Except for KFK154b, the 3LP2 site of RT resulted in the lowest number of poses indicating poor 
flexibility of the ligands in this site. The free ligands are colour coded in grey. The superscript a (a) represents 
ligands for which atomic charges could not be read and x represents ligands that had no refined docked 
poses possibly because of poor complimentarity due to ligand stereochemical structure. 
Compound  HIV-1 RT  HIV-1 PR HIV-1 IN 
 3LP2 3LP3 +  

Mn 2+ 
3LP3- 
Mn 2+ 

2WON 1HXW 2R5P ISQ4 3L3V 2B4J 

Control  30        
TTC3 16 42 37 24      
TTL10 4 35       29 
TTC10 20 48 44 19     41 
TTL17 2         
TTC17 11 44 32 23      
TTL24 11 32        
TTC24 11 49 41 25 20 19    
EK207 x x x x      
EK208     x x    
Ek219 x x x x      
EK231 x x x x    x 49 
MCZS1     17 a    
MCZS3     49 a    
KFK154B 46 50 47 28 a 48 45 a    
PFK5       31 21 33 
PFK7     10  39 46 46 
PFK8       39 29 44 
PFK41        27 39 44 
PFK174       33 x 49 
 

8.4.3.2 Structure of amino acids 

Table A5.3 represents the structure of the 20 amino acids. The three letters and one letter 

identification codes are shown as well as the classification into non polar or hydrophobic, polar 

acidic and polar basic.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 



CHAPTER 8 APPENDIX 
 

Page | 206  
 

Table A5.3: Table of amino acid structures. Retrieved from http://www.hotindir.com/wp-
content/uploads/2010/10/amino-acids.gif (assessed on the 4th February 2011) 

 

8.4.3.3 Molecular surface diagram of TTC10 in the RNase H site of RT 

A molecular surface diagram of TTC10 and the RNase H site is shown in Figure A5.2. 

Anchored to this site appears to be facilitated as a result of the cation-pi interaction predicted with 

the imidazole ring of His539. Complementarity was limited as most of the groups were not satisfied 

(were solvent exposed). This poor complementarity is easily visible in a surface diagram like the 

one shown here unlike in the ribbon diagram in Figure 5.6 which has the advantage of better 

visibility of interactions e.g. H-bond and pi-pi interactions.  
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Figure A5.2: Molecular surface diagram of TTC10 in the RNase H active site.  Red patches represent 
totally hydrophilic amino acid residues, blue patches contain totally hydrophobic amino acid residues and the 
other colours are between the hydrophobic and hydrophilic scale (Kyte and Doolittle, 1982).  
 

8.4.3.4 KFK154B binding to 3LP3 in the presence of Mn2+ ions 

The flexibility seen for KFK154b (Table A5.2) appears to be detrimental in its binding to a 

defined active site. Figure A5.3 shows KFK154B binding to regions outside the defined sphere of 

binding. Although the binding energy for this compound to the RNase H site appears to be 

comparatively favourable (10.4 kcal/mol), the fact that the compound interacts with more than one 

site (sites which probably have not been defined as active sites) makes the observed interactions 

inconclusive with respect to RNase H binding.  

 

 
Figure A5.3: Predicted binding interactions between KFK154b and the RNase H binding site of RT.  
The ligand interacted with three different sites of the receptor. Because two of these sites are out of the 
defined sphere of binding, the predicted interactions and binding energy of 10 kcal/mol does not represent 
RNase H binding.  
 

8.4.3.5 Molecular surface diagram of PFK5 and PFK7 with the LEDGF binding site of IN 

Molecular surface diagrams of the receptor showing interactions of PFK5 (A5.4A) and 

PFK7 (A5.4B) with the LEDGF binding site of IN are shown in Figure A5.4. PFK5 which had a 

lower binding free energy (8.9 kcal/mol compared to 13.2 kcal/mol for PFK7) did not to fit into the 

mostly hydrophobic pocket as snugly as PFK7.  
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Figure A5.4: Molecular surface diagram of PFK5 (A) and PFK7 (B) with the LEDGF binding site of HIV 
IN. PFK7 fits more snugly into this site than PFK5 which is the corresponding free ligand. Red patches 
represent totally hydrophilic amino acid residues, blue patches contain totally hydrophobic amino acid 
residues and the other colours are between the hydrophobic and hydrophilic scale. 
 
8.4.3.6 Molecular surface diagram of PFK7 with the sucrose binding site of IN 

The binding free energy of PFK7 with the sucrose binding site was 42.3 kcal/mol for the 

most favoured pose. The ligand’s interaction with this (which is 10 Å from the LEDGF binding site) 

evidently shows poor complementarity compared to those with the LEDGF binding site (13.2 

kcal/mol). The ligand appears to lie across the dimer interface in an attempt to make hydrophobic 

interactions with the ethyl groups at N1 and N6 while the hydrophobic diacetyl portion in the 

groove is not satisfied by the predominantly positively charged and negatively charged amino 

acids. The presence of H-bond donor or acceptor groups at this point would have been more 

favoured.  

 

 
Figure A5.5: Molecular surface diagram of PFK7 in the sucrose binding site (3L3V) of IN. Very poor 
complementarity was observed for the ligand with this site (binding free energy was 42.3 kcal/mol). Red 
patches represent totally hydrophilic amino acid residues, blue patches contain totally hydrophobic amino 
acid residues and the other colours are between the hydrophobic and hydrophilic scale. 

A B 
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GLOSSARY 
The following is a list of the meanings of important terminology that was used in this thesis. 

A majority of the definitions were taken from one of the following sources; Kerns and Di., (2008), 

Goldsby et al., (2000), Petsko and Ringe (2004), Comba and Hambley, (1993), and 

Dictionary.com. Specific reference sources are indicated next to the word.  

 

Active site: asymmetric pocket on or near the surface of a macromolecule that promotes chemical 

catalysis when the appropriate ligand or substrate binds.  

Affinity: Tightness of a protein-ligand complex 

Allosteric inhibitor: A ligand that binds to a protein and induces a conformation change that 

decreases the protein’s activity. 

Allosteric site : A site on an enzyme which is not the substrate site but which reversible binding by 

another inhibitor can result in conformational changes that alters can alter its catalytic property.  

Anti-inflammatory cytokine: Cytokine that prevents systemic inflammation. 

Cation-pi interaction : This is a strong non covalent force between a cation e.g. Li+ and the pi 

face of an aromatic ring e.g. benzene ring.  

CCR5 antagonists: Small molecule allosteric inhibitors of the human CCR5 chemokine receptor 

which binds to the CCR5 receptor and is thought to alter the conformational state of the CCR5 

receptor. 

CD4+: A glycoprotein that serves as a coreceptor on MHC class II restricted T cells, mostly T 

helper cells. 

CDOCKER: Stands for CHARMm-based DOCKER which is a grid-based docking algorithm. 

Cell index: Unit for measuring cellular impedence or resistance on a RT-CES analyser which is 

directly related to the adhering ability of the cells.  

Cell line : a population of cultured tumour cells or normal cells that have been subjected to 

chemical or viral transformation. Cell lines can be propagated indefinitely.  

Chemokines: Family of small cytokines or proteins secreted by cells.  

Chrysotherapy: Chrysotherapy (from the Greek word for gold-chrysos) or aurotherapy are terms 

used to describe the treatment of ailments with gold compounds. 

Cofactor: A small non protein molecule or ion that is bound in the functional site of a protein and 

assists in ligand binding or catalysis or both. The may be bound covalently or otherwise.  

Complex : In chemistry, a coordination complex  or metal complex  is a structure consisting of a 

central atom or ion (usually metallic), bonded to a surrounding array of molecules or anions 

(ligands or complexing agents).  

Complexation: Chemical reaction involving a metal and an organic ligand.  

Constraint:  Mathematically precise fixing of internal coordinates 

CTL:  An effector T cell (usually CD8+) that can mediate the lysis of target cells bearing antigenic 

peptides complexed with an MHC molecule.  

CYP450: A family of isoenzymes that absorb light at 450 nm and oxidise compounds in many 

tissues (found in high abundance in the liver). 
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Cytokine: low molecular weight proteins that regulate the intensity and duration of an immune 

response by exerting a variety of effects on lymphocytes and other immune cells.  

Cytostatic : tending to retard cellular activity and multiplication.  

Dimer:  An assembly of two identical (homo-) or different (hetero-) subunits.  

Dmol3 : This is a programme used in simulating chemical processes and predicting the properties 

of materials. It is used in solving quantum mechanical equations.  

Donor atom : The atom within a ligand (in coordination chemistry) that is directly bonded to the 

central atom or ion.  

Drug-like : molecules which contain functional groups and or have physical properties consistent 

with the majority of known drugs.  

Electrostatic interactions : Non covalent interactions between atoms or groups of atom due to 

attraction of opposite charges.  

Enthalpy : A form of energy equivalent to work that can be released or absorbed as heat under 

constant pressure.  

Entropy:  a measure of the disorder or randomness in a molecule or system.  

Esterases : Enzyme that hydrolyses an ester into an alcohol and an acid. 

Ex vivo: Outside of a living organism 

Force field : The “unstrained” values of bond lengths, angles and torsions plus non-bonded 

interactions that are used as a reference for the calculation of the total steric energy of a molecule 

in terms of deviations from the “unstrained” (Höltje et al., 2003)  

Free energy : a function designed to produce conditions for a spontaneous change that combined 

entropy and enthalpy  of a molecule or system. Free energy decreases for a spontaneous 

process and is unchanged at equilibrium.  

H-bond acceptor: Electronegative atom (e.g. N, O, F) that may accept a hydrogen bond.  

H-bond donor: hydrogen atom attached to a relatively electronegative atom that may form a 

hydrogen bond.  

H-bond : a non covalent interaction between a donor atom which is bound to a positively polarized 

hydrogen atom and the acceptor which is negatively polarized holding both the donor and acceptor 

close together. 

Hepatotoxicity : Drug induced liver toxicity.  

High throughput screening : Performing assays at a high rate using large compound libraries.  

Hit: compound that is active in HTS or in initial screens.  

Hydrophilic : Tending to interact with water 

Hydrophobic: Tending to avoid water.  

Hygroscopic : Absorbs water from the atmosphere 

Hypersensitive: Adaptive immune response occurring in an exaggerated or inappropriate form 

and causing tissue damage. It is a characteristic of an individual and is manifested on second 

contact with an antigen.  

Immunomodulatory : An immunological change in which one or more immune system molecules 

are altered through suppression or stimulation. 
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Impedence: Resistance 

In silico: Performed using a computer and specially developed software 

in vitro: referring to experiments performed in a laboratory vessel (e.g. test tube, well of a 

microtiter plate), outside the living organism but tissue involved need not be in culture as is the 

case with ex vivo assays.  

in vivo: Performed in a living organism.  

Lead: compound that is currently the most favourable in a discovery project and that can serve as 

a template for the design of analogues during lead optimisation  

Ligand (a) : In computational terms it means the complementary partner molecule which binds to 

the receptor. Ligands are most often small molecules but could also be another macromolecule or 

biopolymer. (b): it is a small molecule or macromolecule that recognises and binds to a specific 

site or a macromolecule.  

Ligand (a) : In coordination chemistry, it is an ion, molecule or functional group that binds to a 

central metal atom to form a coordination complex. 

Lipophilicity: The affinity of a molecule or a moiety for a lipid or non polar environment.  

Metallodrug : chemically synthesized agents containing a metal complexed to a suitable ligand. 

MHC: A complex of genes encoding cell-surface molecules and are required for antigen 

presentation to T cells and for rapid graft rejection. It is called H-2 complex in mouse and HLA 

complex in humans. 

Microbicide:  any compound or substance whose purpose is to reduce the infectivity of microbes, 

such as viruses or bacteria. 

Molecular dynamics: In modelling, it is a simulation method where the interaction of atoms is 

monitored over time using the equations of motion. It follows the equations of classical mechanics 

or Newton’s laws.  

Molecular Mechanics: Calculation of the molecular structure and the corresponding strain energy 

by minimisation of a total energy calculated using functions which relate internal coordinates to 

energy values (Comba and Hambley, 1995) 

Molecular modelling/docking: 1)  the science (or art) of representing molecular structures 

numerically and simulating their behaviour with the equations of quantum and classical 

physics. OR 2) the visualisation and analysis of structures, molecular properties (thermodynamics, 

reactivity, spectroscopy), and molecular interactions, based on a theoretical means for predicting 

the structures and properties of molecules and complexes (Comba and Hambley, 1995) OR 3) 

computational simulation of a candidate ligand binding to a receptor. 

Molecular structure : Three-dimensional arrangement of atoms in a molecule.  

Partial Charge: Charge of an atom in a polar molecule due to differences in electronegativity. 

Phosphodiester bond:  A covalent bond in RNA or DNA that holds a polynucleotide chain 

together by joining a phosphate group at position 5 in the pentose sugar of one nucleotide to the 

hydroxyl group at position 3 in the pentose sugar of the next nucleotide.  

Pi-pi interaction : Non-covalent interactions that occur between the faces of phenyl rings. 
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Plasma: The pale yellow or gray-yellow, clotting factor-containing fluid portion of the blood which 

unlike serum contain clotting factors. 

Pose : A candidate binding mode or a unique target bound orientation or conformation of a ligand. 

Pro-inflammatory cytokine: cytokine that would promote systemic inflammation. 

Quantum mechanics: This is a branch of physics that provides a mathematical description to the 

dual particle-like and wave-like behaviour and interaction of matter and energy.  

Ranking:  the process of classifying which ligands are most likely to interact favourably to a 

particular receptor on the predicted free-energy of binding. 

Receptor : the “receiving” molecule most commonly a protein or other biopolymer. 

Rotatable bonds : Rotatable bond is defined as any single non-ring bond, bounded to non terminal 

heavy (i.e. non-hydrogen) atom. Amide C-N bonds are not considered because of their high 

rotational energy barrier. 

Recombinase:  An enzyme that catalyses the exchange of short pieces of DNA between two long 

DNA strands, particularly the exchange of homologous regions between the paired maternal and 

paternal chromosomes.  

Resolution: The level of detail that can be derived from a given process.  

Restraints: Fixation of a structural parameter by artificially large force constants to drive an 

internal coordinate close to a selected value. 

Salvage therapy: A final treatment for people who are nonresponsive to or cannot tolerate other 

available therapies for a particular condition and whose prognosis is often poor. 

Scoring : This is the process of evaluating the strength of the non covalent interactions (or binding 

affinity) that a particular pose has with a receptor after docking.   

Senescence : When a cell loses its ability to divide after a certain number of divisions.  

Shake flask: laboratory vessel in which partitioning e.g. Log P or equilibrium solubility 

experiments are performed.  

Strain energy : the energy penalty associated with deforming an internal coordinate (Comba and 

Hambley, 1995) 

Strain : The deformation of a molecule that results from stresses 

Synovium : Thin layer of tissue which lines the space between joints. 

van der Waal interaction:  A weak attractive force between two atoms or groups of atoms arising 

from the fluctuation in electron distribution around the nuclei. Van der Waals forces are stronger 

between less electronegative atoms such as those found in hydrophobic groups.  

Virostatics : A combination of drugs which includes one directly inhibiting virus (viro) e.g. 

didanosine and one indirectly inhibiting virus (static) e.g. hydroxyurea (Lori et al., 2005, 2007). 

 

 

 
 
 


