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Summary 

Molecular Characterization of Important Regions of 
the Lumpy Skin Disease Virus Genome 

by 

Celia Stipinovich 

Supervisor: 	 Prof. L. H. Nel 

Department of Microbiology and Plant Pathology 

University of Pretoria 

Co-supervisor: 	 Dr. G. 1. Viljoen 

Applied Biotechnology Division 

Onderstepoort Veterinary Institute 

In this study, almost 29 000 bp of the capripoxvirus lumpy skin disease virus genomic 

DNA were sequenced, analysed and compared with the sequences of other poxviruses. 

Pst! clones -E, -M and -K represent 12 530 bp of the left hand terminal region, whereas 

Pst! clones -F and -G represent 16 356 bp, from the central region of the genome. The 

terminal regions of poxvirus genomes are of particular interest and importance, as they 

contain the genes required for host range specificity and virulence, while the central 

regions encode the essential genes for viral replication and survival within the host. It 

was first necessary to sub-clone Pst! clones into smaller fragments, after precise 

restriction mapping and the development of cloning strategies for each of the Pst! clones. 

Forty-six non-overlapping subclones were consequently generated. The recombinant 

bacterial clones were sequenced in the forward and reverse directions with M13 vector 

primers, and edited by using Apple Macintosh Sequence Navigator™ sequence analysis 

software. To assemble the non-overlapping LSDV subclones, the edited DNA sequences 
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were translated to amino acid III SIX frames, open 

(ORFs) at least 50 acids were visually, and blasted 

against SwissProt database. proteins were used as 

templates to assemble LSDV fragments 

Oligonucleotides were from to sequence regIOns 

gaps clones. Further analysis included identification specific 

protein UH.'U ... ..:> (SMART), the of promoter sequences. 

Thirty LSDV ORFs are encoded sequenced 

group potential proteins involved in functions such as transcription mRNA 

nucleotide modification, structural cellular 

functions most Additionally, one ORF 

without homology to other poxvirus has been this 

protein is possibly involved in the limitation LSDV to 
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1.1 INTRODUCTION 


1.1.1 Poxviruses in history. The Poxviridae is a large family of double-stranded DNA 

vIruses that infect vertebrates (the Chordopoxvirinae) and insects (the 

Entomopoxvirinae) . These viruses are characterised by complex capsid architecture, their 

ability to replicate in the cytoplasm of infected cells, and their efficiency in de-arming or 

delaying many different host antiviral responses. 

Although vaccinia virus is the type member of the family (Fenner, 1979), probably the 

most famous member is the agent of the historical smallpox scourge of mankind; i.e. 

variola virus, which is now eradicated. Smallpox first appeared in China and the Far East 

at least 2000 years ago, and the Pharaoh Ramses V is believed to have died of the 

smallpox in 1157 B . C. (Fenner et aI., 1988; Hopkins, 1983). The disease was established 

in Europe in 710 A. D., and was introduced to America by Hernando Cortez in 1520, 

causing the deaths of at least 3.5 million Aztecs in the next two years. Meanwhile, in the 

great cities of 18th century Europe, smallpox had reached plague proportions, killing 

hundreds of thousands of people. At least five reigning European monarchs succumbed to 

the virus during the 18th century (Hopkins, 1983). 

The practice of variolation originated around the 10th century- Asia, Africa and China, 

whereby pus from a smallpox pustule was deliberately inoculated into the skin, in the 

hope that a mild, protective and non-transmissible disease would result (Baxby, 1991). 

Properly done, it did produce a protective lifelong immunity against the naturally 

spreading disease, but had a mortality of about one in 200. In spite of the risks, 

variolation was successfully introduced into England by Lady Mary Wortley-Montagu 

and into America Cotton Mather and Zabdiel Boylston in 1721 (Miller, 1957; Winslow, 

1974), providing some control over the spread of the disease. The most important 

advance in the control of smallpox, however, was the introduction of vaccination (vacca 

= cow) by Edward Jenner. On the 14th of May, 1796, Edward Jenner used cowpox 

inoculate from a milkmaid, Sarah Nemes, to "vaccinate" eight year old James Phipps, 

who Jenner later challenged with variola virus, and showed that the boy was protected. 
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Vaccination had the advantage over variolation that it had no mortality and left a trivial 

lesion at the vaccination site (Jenner, 1798). 

For at least 100 years thereafter, the "vaccine" strains were propagated from arm to arm, 

with vaccination almost universally adopted worldwide around 1800. Although the virus 

was eradicated from Europe and North America, it remained endemic in South America, 

Africa and Asia. In 1967 smallpox was still endemic in 33 countries, and it was the 

Intensified Smallpox Eradication Program initiative of the World Health Organization, 

which aimed to achieve global eradication of smallpox within ten years, that finally 

achieved eradication of smallpox's variola virus. The last case of endemic smallpox 

occurred in Merka, Somalia, in October 1977. In 1980, the WHO declared smallpox 

eradicated, and in March 1983, the WHO reported that 155 of its 160 member states and 

associated members had officially discontinued vaccination (Nakano, 1986). 

Fenner regularly used the abovementioned eradication of smallpoxvirus as an example of 

. biological control in his Florey lectures of 1979, in the context that a virus can be used to 

confer protective immunity against a related but pathogenic one. A classic example of 

biological control however, is provided by another of the poxvirus family members: 

myxoma virus causes a mild, benign infection in its evolutionary host, the North 

American brush rabbit (Sylvilagus californicus) or the South American tapeti (Sylvi/agus 

brasiliensis), but it causes a rapid systemic and lethal infection, known as myxomatosis, 

in European rabbits (Oryctolagus cuniculus). Mortality rates reach up to virtually 100% 

(Fenner, 1983). Myxomatosis was deliberately introduced into Australia in 1950 and into 

Europe in 1952 to control 0. cuniculus. It was at first spectacularly successful in 

controlling the rabbit pest (Fenner, 1983), but later proved to be ineffective, due to the 

combination of increased host resistance in the surviving rabbit populations and genetic 

attenuation of field virus strains (Fenner and Ratcliffe, 1965; Kerr and Best, 1998). 

Despite its ultimate failure to control the rabbit popUlation, myxomatosis IS an 

extensively-characterised veterinary disease that provides a well-defined in vivo model 

for the study of virus-encoded virulence factors , including those involved in the evasion 

of the host immune response (Cameron et aI., 1999). 

3 

 
 
 



1.1.2 The origins, epidemiology, and distributions of capripoxviruses 

"Knopvelsiekte", referring to the characteristic lumps in the hide of infected cattle, is an 

alternative name for lumpy skin disease (LSD) in southern Africa, and was first described 

in 1931 under the name of "pseudo-urticaria" by MacDonald in Northern Rhodesia. 

According to him, the disease had been completely unknown to the experienced 

cattlemen of the area when the disease made its appearance in Lusaka and Mazabuka in 

1929 (MacDonald, 1931; Morris, 1931). Von Backstrom (1945) described the same 

disease as "Ngamiland cattle disease" in 1945, when it broke out in Bechuanaland, and in 

1944 it was reported in the Marico district of Northern Transvaal, by Mare (Thomas and 

Mare, 1945). 

In March of 1945, material collected from the Marico outbreak was taken to 

Onderstepoort Veterinary Institute, where Thomas, Robinson and Alexander used it in 

transmission experiments. They injected emulsions of skin nodules into a group of cattle 

housed in the isolation stables. Five animals reacted from the fourth to the thirty-eighth 

day after injection. By some unknown manner, the infection spread from the isolation 

stables, to two other stables located some 80 and 200 yards away, respectively. These 

stables were being maintained as Anaplasma centrale reservoirs. In a period of 77 days 

after the first case was observed at Onderstepoort, 43 of the 83 animals in the A. centrale 

stables manifested clinical symptoms of LSD, and an unknown number developed 

inapparent signs. Some of these inapparently-infected cattle (which later proved to be 

infected) were bled to several farmers, and two of the oxen bled on the 16th of March 

showed clinical symptoms on the very next day, but it was too late to recall the blood, as 

most of it had already been used. Twelve days later, a number of cattle inoculated with 

the infected blood developed the clinical symptoms of lumpy skin disease. This was the 

first positive proof that the disease could be transmitted by blood inoculation (Henning, 

1949). 

While the epizootic was at its peak at Onderstepoort, lumpy skin disease broke out on 

three neighbouring farms separated from the institute by the Apies River. All cattle in the 

area, including those from the Institute's stables, watered at this river, although the 600 
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cattle kept on Kaalplaas, a region of the institute located about two miles from the 

infected stables, did not appear to be affected by the disease outbreak. At the end of May 

1945, a number of outbreaks also occurred in the nearby then-village of Pretoria North, 

but it was not clear if these outbreaks were associated with the Onderstepoort epizootic, 

or if the disease had been contracted from animals that were brought from the Western 

Transvaal. 

For the rest of 1945 and throughout 1946 the disease spread throughout South Africa, 

reaching the Cape peninsula in June 1946. During this time, it also entered Swaziland, 

Natal and Mozambique (MacOwan, 1959). Despite its rapid spread, the disease often 

jumped for several miles, leaving large areas unaffected. Diesel recorded in 1949 that 

approximately 8 000000 animals had been infected with the disease. By 1956, lumpy skin 

disease had been reported from the Belgian Congo, Northern and Southern Rhodesia, 

South West Africa, and Madagascar (1. B. E. D., 1956). Lumpy skin disease was 

confirmed in Kenya for the first time in December 1957 in the Nakuru fanning district 

(MacOwan, 1959). From then on it was recorded in Sudan in 1971 , Chad in 1973 and 

Niger in 1973, suggesting an initial northward and then westward extension of the disease 

(MacOwan, 1959; FAO reports, 1973; Ali and Obeid, 1977). In 1974, an epizootic was 

recorded in Nigeria's Federal Capital Territory (Nawathe et aI., 1978). The first reports 

of LSD outside of Africa were from Kuwait in 1986 to 1988 (Anonymous, 1988), and the 

disease was subsequently diagnosed in the cattle of the village of Tel EI Kabir, Egypt, in 

October 1988 (House et aI., 1990). 

In contrast, the other capripoxvirus family members are endemic in sheep and goats in 

Central and North Africa, the Middle East, Pakistan, India, Nepal and parts of the 

Chinese Peoples Republic (F AO, 1985), where they are considered to be of major 

economic importance in sheep and goat husbandry (Kitching, 1983). Sheep- and goatpox 

has been endemic to the Yemen Arab Republic and the Sultanate of Oman since the early 

eighties (Kitching et aI., 1986). Sheeppox has also been recorded in recent years in Italy, 

and goatpox has been reported in the western USA and Sweden (Odend'hal, 1983). 

5 


 
 
 



1.1.3 The clinical disease. Clinically, lumpy skin disease can be acute, sub-acute or 

inapparent in the bovine host. The disease is characterised by fever and the sudden 

appearance of firm circumscribed skin nodules, 1-5 em in diameter and larger, which 

affect the full thickness of the skin. The lesions usually undergo necrosis. Similar lesions 

may be present in the skeletal muscles and the mucosae of the digestive and respiratory 

tracts. Lameness resulting from inflammation and necrosis of tendons, and from severe 

oedema of the brisket and legs are also characteristic of the disease (Weiss, 1968). 

Superficial lymph nodes draining infected areas of the skin may become enlarged to up to 

ten times their normal size (Weiss, 1968). While morbidity may vary from 5 to 100 %, 

mortality rarely exceeds 5% (Woods, 1988). Direct losses due to lumpy skin disease are 

not the main reason that LSD is considered a disease of major economic importance in 

Africa. Main economic losses result from indirect causes, for example, secondary 

infection, sterility, stenosis of the trachea, cachesia, decreased milk yield (up to 50<10 

yield loss) and damage to the hide (Henning, 1949). LSDV is classified as an OIE List A 

disease (OlE Manual, 1996). A disease closely resembling lumpy skin disease clinically 

is caused by a completely unrelated virus of the herpes virus group. This so-called 

"Allerton" virus, also known as pseudo-lumpy skin disease, was described by Weiss in 

1963. The virus has since been identified as bovine herpes virus II (Nawathe et aI., 1978). 
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Figure 1: Clinical signs of cow with LSDV (Photograph with courtesy of Dr. P. Hunter, 

OVI) 

The virus causing lumpy skin disease was first isolated in tissue culture by Alexander et 

al. (1957). It was subsequently recovered on numerous occasions from the skin lesions of 

infected cattle in South Africa as well as Kenya. There is no doubt that this virus, 

described by Alexander et al. (1957) as the Group III virus (prototype Neethling), is the 

cause oflumpy skin disease (Alexander and Weiss, 1959; Prydie and Coackley, 1959). 
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1.2 CLASSIFICATION 


Smallpox was specifically a human disease, and molluscum contagiosum VIruS, of the 

genus molluscipoxvirus, still afflicts only humans. Some poxvirus family members, like 

the cowpox, monkeypox and vaccinia viruses, have a wide range of potential hosts, while 

others like variola, camelpox and the lumpy skin disease viruses are restricted to a narrow 

host range. Capripoxviruses affect only ungulates, usually causing clinical disease in only 

one species (Weiss, 1968). The factors that determine this host range specificity or lack 

thereof at the genomic level are of major interest in this study. 

Table 1: Classification of the Poxvirinae 

Subfamily Genus Members Natural Host 

Chordopox virinae 

Avipoxvirus Fowlpox virus 

Canary pox 

Junco pox 

Pigeon pox 

Quail pox 

Span-ow pox 

Starling pox 

Turkey pox 

Birds 

Capripoxvirus Sheeppox virus 

Goatpox virus 

lumpy skin di sease vil1JS 

Ungulates 

Ungulates 

Cattle 

COlia virus- unclassi fied 

(Ueda e/ al., 1995) 

Unknown 

Leporipoxvirus Myxoma virus 

Shope fibroma vil1Js 

Hare fibroma virus 

SquilTel fibroma virus 

Leporids 

and SquilTels 

Molluscipoxvirus Molluscum contagiosulll Humans 
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Orthopoxvirus Vaccinia virus 

Variola virus- variola major 

- Alastrim variola 

minor 

Buffalopox 

Camel pox 

Cowpox 

Monkeypox 

Rabbitpox 

Raccoonpox 

Taterapox 

volepox 

ectromelia virus (mousepox) 

Very broad 

Parapoxvirus Orfvirus 

Pseudocowpox 

Chamois contagious ecthyma 

Ungulates 

Su ipoxvirus Swinepoxvirus Pigs 

Yatapoxvirus Yaba monkey tumor virus 

Tanapox 

Primates 

Entomopoxvirinae 

Entomopoxvirus A Melololltlra melolollt/la EPV Coleopterans 

EnlOmopoxvirus B Amsacta lIIoorei EPV Lepidopterans 

Entomopoxvirus C Chirollomus luridlls EPV Dipterans 

Melal/oplus sauguil/ipes EPV Orthopterans 

(Cameron et aI., 1999; Afonso et al., 2000; Moss, 1990). Protypal members and natural 

restricted hosts are boldfaced. 

1.2.1 Capripoxviruses and their host specificities. Sheep- and goatpox vIruses both 

cause highly contagious diseases, but differ with respect to incubation periods and 

virulence in their respective hosts. Sheeppox is often fatal in sheep, whereas goatpox is 

usually less severe. Some authors have distinguished between the host specificities of the 

Kenyan sheep- and goatpox strains, and those of the Middle East and India (OTE, 1989; 

Merck Vet. Man., 1986; Odend'hal, 1983; Kitching, 1983). Thus, Kenyan strains have 

been described which infect both sheep and goats, whereas a virus such as the Sersenk 

strain of goatpox virus from Iraq is strictly pathogenic for goats (Kitching, 1983). Lumpy 

skin disease virus is closely related to the sheep- and goatpox viruses (Alexander et aI., 

1957; Prydie and Coakley, 1959). LSDV isolates from different countries cannot be 

distinguished serologically from each other, and LSDV cannot be differentiated from the 

sheep and goat pox viruses by serum neutralization and fluorescent antibody tests (Davies 
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1 

and 1981). Despite close 1S only one type of 

virus responsible for true lumpy 1968). 

All the capripoxviruses studied so to a very high 95 

homology (Gershon Black, 1988). Kitching et (1989) 

demonstrated that it is possible to and compare individual virus by use 

simple endonuclease patterns. endonuclease HindII! has proved 

to most to distinguish between capripoxvirus . as digestion produces 

approximately 40 with a wide of (Kitching et at., 1989). This 

was used Kitching colleagues (1989) to subdivide 

four Type I from sheep only type II were 

derived exclusively from Type III isolates were derived and 

cattle but were ,.",,,y,..,,?'t<>/1 whereas '''~,-..,,_u were derived from or 

111 or Africa (Gershon et also a 

IV isolate by recombination between a 

(Gershon et ,1989), which implications the use pox 

V1ruS where recombination with a naturally occun'ing pox occur. 

Transmission and spread. African some 

support large populations of addition to domestic 

animals, their role maintenance and 

may possibly transmitted biting (Weiss, 1 . Haig, 1957). 

outbreaks, the resurgence been consistently associated 

the sm;pecte~d vectors, Stomoxys 

mirificus (Woods, 1 to occur, very contact 

between animals may not Only have reported to be 

outbreaks LSD, Davies (1980) reported 

in East Africa following an epizootic this, he 

failed to antibodies in sera from seven other of wild 

(Davies, 1 Hedger Hamblin's (1983) study of 

demonstrated antibodies impala (Aepyceros melampus), (GirafJa 

camelopardalis), kudu (Tragelaphus strepsiceros), waterbuck ellips iprymnus) 
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reed buck (Redunca arundinum) and springbok (Antidorcas marsupialis). In giraffe and 

reedbuck, virus neutralising titres were of similar levels to those in convalescing cattle, 

and were assumed to be indicative of past infection. Some ten years prior to the 

aforementioned surveys, Young et al. (1970) investigated the pathogenicity of LSDV for 

wild species, artificially infected giraffe, impala, African buffalo (Syncerus caffer) calves 

and black wildebeest (Connochaetes gnou) with LSDV. Both giraffe and impala died 

with macroscopic and microscopic lesions characteristic of LSD in cattle, and a 

significant rise in antibodies was recorded in the impala before death. Neither wildebeest 

nor buffalo responded clinically or serologically to inoculation of virus. 

Since virus isolation from these wild animals has not yet been successful, it has been 

difficult to place significance on serological titres in random surveys, when only low 

neutralising antibody titres are recorded. It is known that sera from some animals may 

contain non-specific inhibitors (Patty, 1970). Due to the close serological relationship 

between LSD and Kenya sheep- and goatpox viruses, it is possible that some low serum 

neutralisation titres in wild animals may be due to cross-reactions with other as yet 

unidentified viruses. Failure of virus isolation and negative or low titres in the above 

serosurveys would therefore suggest that wildlife might not playa significant part in the 

maintenance and spread of LSD V (Hedger and Hamblin, 1983). 
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Szybalski et aI., 1963). These tenninal A+T-rich incompletely base-paired loops of about 

100 nuc1eotides each, were later confinned by direct sequencing (Baroudy et aI., 1982; 

DeLange et al., 1984). The two ends of the genome inside of the hairpin loops are 

identical but inverted in sequence (Garon et aI., 1978; Wittek et aI., 1978). Such inverted 

tenninal repetitions (ITRs) vary in length from 0.7 kbp in the Bangladesh strain of 

variola, to 12 kbp in the Copenhagen strain of vaccinia (Goebel et aI. , 1990; Massung et 

al., 1994). In place ofITRs, variola virus has asymmetrical small arrays in the tenninal 

regions, which distinguishes variola DNA from DNA of many other orthopoxviruses 

(Fenner et al. , 1989; Esposito and Knight, 1985; Antoine et al., 1998; Shchelkunov et al., 

1995). Shope fibroma virus tenninal inverted repeats seem to be lacking in any repetitive 

DNA (Willer et aI. , 1999). In some cases, tenninal repeat regions contain expressed 

genes thought to contribute to phenotypic variability, host-range specificity and 

pathogenicity (Wittek et aI., 1980). The large, conserved central DNA region 

predominantly contains genes essential for virus structure and replication (Fenner et al., 

1989; Buller et al., 1991; Moss et al., 1990; Esposito and Knight, 1985; Esposito, 1991). 

Gene density for poxviruses is very high, and ORFs are usually separated by only a small 

number of bases. The fowlpox genome, currently the largest sequenced (288 kbp), 

contains 260 ORFs (Afonso et al., 2000). The large number of genes is possible due to 

the apparent absence of introns, the relatively short promoter sequences, and relatively 

short ORFs. Although both strands of poxvirus DNA are transcribed, overlapping genes 

are not common. Early and late genes frequently occur in clusters, but can be dispersed 

across the length of the genome (Moss, 1990). 

The genome of capripoxviruses has been partially characterised by hybridisation studies, 

and shows clear similarities to other poxviruses, notably vaccinia. For example, genome 

fragments of vaccinia virus and capripox virus cross-hybridise under low-stringency 

conditions, and a 100-115 kb piece of the genome is co-linear in organisation within the 

two viruses (Gershon et al., 1989). No cross-hybridisation could be detected between VV 

DNA and the respective left- and right-hand tenninal 8 and 25 kb of capripoxvirus DNA 

or between capripoxvirus DNA and the respective left- and right-hand tenninal 38 and 35 

kb ofVV. An exception was the hybridisation of the 4.5 kb HindlllK-fragment from the 
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left end of vaccinia to a region near the right end of the capripoxvirus genome. This is a 

small region that could have translocated between the ends of one or other of the 

genomes during their divergence (Gershon et ai. , 1989). From summation of the lengths 

of restriction endonuclease fragments separated by pulsed field gel electrophoresis, SA

LSDV genome size was determined to be 152 kbp (unpublished data, cited by Fick and 

Viljoen, 1994). 

A high A+ T- content of capripoxvirus genomes is indicated by the presence of relatively 

high frequency of A+T-rich restriction enzyme sites for example DraI, and relatively low 

frequency of G+C-rich sites for example Pst! and Sail. The A+ T- content for the 

capripox thymidine kinase (TK) gene, for example, has been determined as 72.4%, in 

contrast to 66.4%, 61.6%, and 68.6% for VV, SFV and FPV, respectively (Gershon and 

Black, 1989). The genomes of the parapoxviruses, which have the same host-range as the 

capripoxviruses, are of a similar size but have a A+ T content of around 37% (Wittek et 

ai., 1979). The high A+ T content of capripox DNA may reflect virally controlled aspects 

of DNA synthesis, such as the characteristics of the capripoxvirus DNA polymerase, or 

the levels of expression of virally encoded enzymes involved in the biosynthesis of A or 

T nucleotides, such as TK (Gershon and Black, 1989). In the latter respect, the genomes 

of poxviruses reported to possess a TK gene are A + T -rich, whereas the presence of a TK 

gene has not been reported on the G+C-rich genomes of the parapoxviruses (Gershon and 

Black, 1989). As a result of their widely different G+C contents, the OV and vaccinia 

(V AC) genomes do not cross-hyridise and homology between these two viruses is 

evident within the predicted amino acid sequences, but is generally not evident within the 

DNA sequences (Mercer et ai., 1995). 

1.3.3 Poxvirus replication. The large dsDNA genomes of poxviruses enable them to 

have complex virions, and to produce a range of virus-specific enzymes, unlike more 

limited viruses, which are heavily dependent on cellular enzymes and processes. For 

example, the enzyme thymidine kinase, which supplies components of eukaryotic DNA 

synthesis, is only present in actively dividing eukaryotic cells. By producing viral 

versions of cellular enzymes, the virus ensures that they are available when and where the 
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virus needs them. The production of infectious virions is dependent on cellular RNA 

polymerase II (Hruby et ai., 1979; Silver et ai., 1979; Spencer et ai., 1980). Uniquely, for 

poxviruses and African swine fever virus, their DNA is replicated in the cytoplasm rather 

than the nucleus, although vaccinia DNA has been demonstrated in the nucleus of 

infected cells in some systems (La Colla and Weissbach, 1975; Gafford and Randall, 

1976,Archard,1983). 

Poxvirus replication occurs in distinct phases. Instead of producing all of the viral 

proteins simultaneously, poxviruses produce different groups of proteins spread across 

the genome at particular and appropriate times. The timing is often dependent upon prior 

viral syntheses, and on specific viral control functions. Different promoters control the 

transcriptional timing for each group of proteins, which are activated by different but 

specific stimuli. Most of the current knowledge of poxvirus-gene expression and mRNA 

synthesis is derived from studies on vaccinia virus (Moss 1990, 1992). Gene expression 

was initially divided into two phases, namely an early and a late phase, but the discovery 

of an intermediate class of genes called for a revision of the model for vaccinia virus 

reproduction, and indicated a more elaborate control of gene expression during the virus 

infectious cycle (Vos and Stunnenberg, 1988). A cascade model has been proposed, in 

which early proteins are required for intermediate transcription and proteins encoded by 

intermediate genes are required for the activation of late transcription (Vos and 

Stunnenberg, 1988). Furthermore, DNA replication is involved in the regulation of gene 

expression, a mechanism commonly used among DNA viruses (Tooze, 1981). 

a) Entry and uncoating, and transcription of early genes 

Both single- and double-membrane forms of pox viruses are infectious. Enveloped virions 

enter the cell by fusion of the envelope with the cell membrane (Chang and Metz, 1976), 

although electron micrographs have also demonstrated virus particles fused to 

membranes within vacuoles caused by surface invagination, which is the entry route for 

single-membrane forms (Dales and Kajioka, 1964). The epidermal growth factor (EGF) 

receptor has been implicated as the portal of entry for vaccinia viruses (Eppstein et al., 

1965; Marsh and Eppstein, 1987). Soon after penetration, the outer membrane of the 
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virion is degraded by cellular enzymes, exposing the viral core. After the virus cores have 

been released into the cytoplasm, a second uncoating event, controlled by the viral 

genome occurs. A putative 23 kD uncoating protein with trypsin-like activity has been 

described by Pedley and Cooper (1987), and the uncoating of all cores in the cell is 

synchronized (Cairns, 1960; Jolik, 1964; Dales, 1965). The nucleoprotein complex passes 

out through pores in the core walls (Dales, 1965). 

Early transcription starts immediately after the virus has entered the cell, and does not 

require de novo synthesis of viral factors or enzymes: all the necessary components, 

including by the viral polymerase responsible for transcription, are present in the 

infectious virus particle (Caplan and Holowczak, 1983; Kates and McAusian, 1967; 

Munyon et ai., 1967). The poxvirus is therefore fully equipped to synthesize fully 

functional mRNA. Eukaryotic mRNAs typically have a methylated cap structure at their 

5' ends. Capping and methylation of vaccinia virus mRNA is accomplished by a 127-kD 

multifunctional enzyme complex composed of 97-kD and 33-kD subunits (Boone et at., 

1977). Polyadeny1ation of the viral 3'-mRNA tails is catalyzed by the poly(A)polymerase 

of vaccinia virus, which contains a 55-kD and a 33-kD subunit. Polyadenylation is 

thought to be important for the stability of mRNA molecules (Moss et al., 1975). Other 

components of this transcriptional system have been characterised and include DNA 

topoisomerases, which modify the topological state of DNA via the breakage and 

rejoining of DNA strands. Poxviruses are the only known eukaryotic viruses that encode 

their own topoisomerases. The DNA topoisomerase is able to relax both positively and 

negatively supercoiled DNA in the absence of an energy cofactor, and has the properties 

of a cellular type I enzyme, except that it is resistant to camptothecin (Bauer et al., 1977; 

Fogelsong and Bauer, 1984; Shaffer and Traktman, 1987; Shuman et at., 1988). The 

failure of attempts to construct a mutant vaccinia virus with deletions within the 

topoisomerase gene suggest that it plays an essential role in the replication cycle of 

poxviruses (Shuman et at., 1989). 

Other components of the proposed transcriptional system include a deoxyribonuclease 

enzyme with ligase activity, which can catalyze nicking-joining reactions (Lakritz et al., 
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1985; Pogo and O'Shea, 1977; Merchlinsky et at., 1988; Reddy and Bauer, 1989), a 

DNA-dependent ATPase thought to playa role in gene expression (De Lange, 1989), and 

a serine/threonine protein kinase (Kleiman and Moss, 1975; Kleiman and Moss, 1975). 

Factors required for initiation (Broyles et af., 1988; Broyles and Moss, 1988) and 

termination (Shuman et af., 1987; Shuman and Moss, 1988) have also been described. 

The ability of extracts of vaccinia virus cores to transcribe early genes in vitro (Golini 

and Kates, 1985; Rohrman and Moss, 1985) suggested the presence of a specific 

transcription factor, which exists in a labile complex with RNA polymerase and the 

mRNA-capping enzyme (Broyles and Moss, 1987) and which are (late proteins) 

packaged into newly assembled virus particles (Vos and Stunnenberg, 1988). Highly 

purified RNA polymerase preparations were unable to initiate RNA synthesis, which 

prompted a complementation assay for transcription factors. A specific vaccinia virus 

early transcription factor (VETF) was detected and isolated from core extracts (Broyles et 

al., 1988). Purified VETF is a heterodimer of two polypeptides of 82 kD and 77 kD, and 

displays DNA-dependent ATPase activity. The VETF binds to early promoters, the 

transcriptional start site for early genes, in a manner comparable to the TATA-box factor 

of eukaryotic RNA polymerase II promoters (Breathnach and Chambon, 1981; Broyles et 

af., 1988). 

Early transcripts, which are less abundant than late transcripts, are of a defined length 

(Venkatesan et af., 1981). This is due to the fact that early mRNA transcription is 

terminated by a specific early transcriptional stop signal, TTTTTNT (Rohrman et at., 

1986; Yuen and Moss, 1987). Transcription stops 20 to 50 bp downstream of the 

TTTTTNT termination sequence of many VV early genes (Yuen and Moss, 1987). 

Sometimes, the terminator is far downstream of the end of the coding region, at other 

times, inside a late gene; furthermore, it is not uncommon for a single terminator to occur 

following two or more early genes, suggesting the formation of a 3'-co-terminal nested 

set of mRNAs. Examples of internal terminator sequences, thought to be non-functional 

because of secondary RNA structure, have been noted in a few VV genes (Lee-Chen et 

at., 1988; Luo and Shuman, 1991). Several approaches have been taken to define the 
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promoter regions of early genes. The most useful have involved the fusion of putative 

promoter sequence containing the RNA start site to a reporter gene- most commonly 

encoding easily-assayable enzymes such as chloramphenicol acetyltransferase, ~

galactosidease, or herpes simplex virus thymidine kinase. Following this, the chimeric 

DNA is allowed to recombine into the vaccinia genome. The ability of the recombinant 

virus to express the reporter gene provides an initial assessment of the promoter function, 

which could be confirmed by in vivo and in vitro transcriptional analysis. In this manner, 

it was shown that the early promoters for the thymidine kinase (TK) and 7.5 leD genes of 

vaccinia virus extend about 30 bp upstream of the RNA start sites (Cochran et af. , 1985 ; 

Coupar et al., 1987; Mars and Beaud, 1987; Vasef et at., 1985; Weir and Moss, 1987). In 

order to pinpoint specific elements essential for promoter function, Davison and Moss 

(1989) used oligonucleotide synthesis technology to generate a large number of precisely 

defined mutations in early promoters, and assayed the effect of each mutation on 

transcription. From their results, they were able to define the early promoter, which may 

be conceived in terms of three elements: a critical region separated from a seven bp 

initiation region by an eleven bp spacer region. So far, there is no indication of the 

involvement of sequences further upstream or downstream in the regulation of early 

mRNA synthesis. The critical region is defined as that region upstream from the initiation 

site within which single substitution mutations may have a drastic effect on transcription; 

it comprises 16bp in the VV 7.S-leD promoter. Like the TATA box of eukaryotic RNA 

polymerase II promoters, the critical region specifies the start of transcription initiation. 

Importantly, single nucleotide substitutions in the critical region of the promoter that 

decrease transcription, also seem to decrease DNA binding by VETF (Yuen et at., 1987). 

Early promoter critical region: (Davison and Moss, 1989) 

CONSENSUS: AAAAAATGAAAAAAAA 

T 


STRONG PROMOTER: AAAAATTGAAAAACTA 

T 


The consensus was derived from alignments of characterised vaccinia virus early 

promoter sequences (Davison and Moss, 1989) 
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In contrast with the critical region, which tends to be A-rich, the spacer region in natural 

promoters tends to be T -rich (Davison and Moss, 1989). The sequence of the spacer 

region has only a limited effect on promoter strength, since no mutation in this region 

was found to prevent transcription (Davison and Moss, 1989). Davison and Moss (1989) 

also proposed a simple model for transcriptional initiation, in which the critical region 

binds a transcription factor, thus allowing ently of the RNA polymerase complex. The 

latter might associate with the factor before or after the factor has bound to DNA. 

Initiation then takes place at a certain distance from the binding site, dictated by the 

stereochemistry of the complex formed between transcription factor, RNA polymerase 

and template DNA. The region in which initiation can occur efficiently has a size of 7 bp 

in vivo, but can be considerably larger in vitro. The reasons for this difference are 

unknown, but may depend on the higher order of molecular structure present in the virion 

than is present in the in vitro system. In the study of Davison and Moss (1989), with only 

one exception, initiation was confined to purines. In fact, initiation did not occur in the 

initiation region if purines were absent, even if the critical region was present. The 

sequence at the initiation site has an effect on promoter strength owing to several 

features: the presence of A and G residues, their locations with respect to the critical 

region, and their context. Most natural promoters have more than one purine in the 

initiation region, and the rules governing the relative use of each initiation site appear 

complex . Beyond the level of promoter sequence, the possibility remains open that the 

level of expression of a particular early gene may be influenced by its location with 

respect to adjacent genes (Davison and Moss, 1989). One LSDV early promoter PA8R, 

from the BamHI P-fragment of the Neethling strain has been characterised. PA8R closely 

resembles critical regions of known poxvirus early promoters (Fick and Viljoen, 1999). 

b) DNA replication 

Vaccinia DNA replication starts about two hours after infection, quickly reaches a 

maximum and ceases a few hours before infectious progeny virions are produced. Viral 

DNA is nicked immediately after uncoating (Pogo, 1977), possibly by the site-specific 

nuclease described by Lakritz et al. (1985), or even the DNA topoisomerase (Sharma et 

aI., 1994). The vaccinia virus DNA polymerase is expressed early in infection, and has a 
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molecular weight of about 110 ill and an associated 3'-exonuclease activity (Chalberg 

and Englund, 1979). DNA replication begins near the ends of the molecule, and involves 

a strand displacement mechanism, with the formatioN of small DNA fragments covalently 

linked to RNA primers (Esteban et at., 1977). Only one strand is replicated from either 

end (Pogo et ai., 1981). There is evidence for concatameric forms of replicated DNA 

(Archard, 1979; Moyer and Graves, 1981; Holowczak, 1983; Baroudy et at., 1983). 

Cross-linking of the progeny molecules occurs late in the infectious cycle (Esteban and 

Holowwczak, 1977; Pogo and O'Shea, 1978). 

A close examination of the terminal loops at the ends of the VV genome led to the 

suggestion of an alternative self-priming method of DNA replication, involving the 

formation of nicks which generate 3' ends (Baroudy et at., 1982; Moyer and Graves, 

1981). These 3' ends then allow priming for DNA replication, which is similar to the 

model proposed for the replication of single-stranded parvovirus DNA (Tattersall and 

Ward, 1976) and eukaryotic telomeres (Bateman, 1975). This model can account for the 

regeneration of incompletely base-paired loops and flip-flop sequence rearrangements 

(Moss, 1990). 

Variola and vaccinia viruses encode at least two other enzymes involved in nucleotide 

metabolism, which enable the high levels of DNA synthesis: thymidine kinase (TK) and 

ribonucleotide reductase. The vaccinia virus TK was the first poxvirus gene to be mapped 

by marker rescue (Weir et at., 1982) and expressed by cell-free translation of mRNA 

(Hruby and Ball, 1982; Weir et ai., 1982). Although the TK gene is not required for virus 

growth in tissue culture cells, it presumably provides a selective advantage in non

replicating cells that have low levels of thymidylic acid, for in animals, TK- mutants are 

significantly attenuated (Buller et ai., 1985). The "Kenya sheep and goat pox" vaccine 

strain genome fragment containing the TK gene was sequenced by Gershon and Black in 

1989. Another virus-encoded enzyme involved in poxvirus replication, ribonucleotide 

reductase, is induced soon after vaccinia virus infection. This enzyme converts 

ribonucleotides to DNA precursors, (Slabaugh et ai., 1984). 

21 

\ \lOt:; 4 '?:> ~ 0 x... 

bls ?--?1~7X-

 
 
 



An unusual feature of the shope fibroma virus (SFV) genome, is the partial absence of 

most of the genes involved in nucleotide biosynthesis (Willer et ai., 1999). Variola and 

vaccinia viruses encode several such genes, as mentioned above, while molluscum 

contagiosum encode none at all. SFV thymidylate and guanylate kinases are absent, while 

thymidine kinase is still encoded (Willer et ai., 1999). SFV also encodes only the smaller 

R2 subunit of the ribonucleotide reductase, presumably rendering it dependent upon host 

cell functions for the synthesis of DNAbiosynthetic precursors. A similar situation is 

observed in human cytomegalovirus except that this virus encodes only the larger R1 

subunit (Bankier et ai., 1991). Why SFV should retain only one half of an <x2 ~2 protein is 

unclear. It has been observed that heterodimers composed of a vaccinia R 1 subunit and 

mouse R2 subunit are catalytically active (Hendricks and Mathews, 1998), and it has 

been suggested that SFV has evolved to exploit the opposite arrangement consisting of 

the SFV R2 and host R1 subunits (Willer et ai., 1999). 

c) Transcription of intermediate genes 

Intermediate genes are transcribed immediately after DNA replication (which is essential 

for the de-repression of intennediate genes), and requires positive trans-acting 

transcription factors, which are present in an active state in the infected cells prior to the 

onset of DNA synthesis. It was suggested by Vos and Stunnenberg (1988) that these 

transcription factors are encoded by early viral genes. Alternatively, host proteins or viral 

structural proteins might be involved in the activation of intermediate transcription, as is 

the case for the structural protein Vmw65 in HSV transcription (O'Hare and Goding, 

1988; Preston et ai., 1988). 

An intermediate promoter for vaccinia virus was characterised by mutational analysis 

(Hirschmann et ai., 1990), and shown to consist of an upstream element from -20 to -9, 

and a downstream element from + 1 to +9, relative to the TA(3-6)T transcriptional initiation 

site. These elements are sufficient to direct intermediate transcription both in vivo and in 

vitro . The size and position of the upstream element relative to the transcriptional site is 

comparable to the upstream regions of similar elements in late promoters of VV (Davison 

and Moss, 1989). The upstream element appears to be essential for intermediate promoter 
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activity, and the distance between this AAANAA element and the RNA start site is not 

conserved (Hirschmann et aI., 1990), but is generally between 12 and 15 nucleotides 

long. The mutation of a C residue to an A at position -19 in the vaccinia 13 promoter 

converts the intermediate promoter into a late promoter, which suggests that the C residue 

at position -19 in the natural promoter might be detrimental to late promoter activity 

(Hirschmann et aI., 1990). DNA replication is not sufficient for the activation of late 

transcription either, and it appears that trans-acting transcription factors, encoded by 

intermediate genes are essential (Wright and Moss, 1987; Vos and Stunnenberg, 1988). 

d) Viral transcription of late genes 

The switch from early to late transcription m lumpy skin disease VIruS occurs at 

approximately nine hours post infection (Fick and Viljoen, 1994). Late messenger 

sequences are only transcribed after DNA synthesis commences (Oda and Joklik, 1967; 

Kaverin et aI., 1975; Boone and Moss, 1978). The encoded RNA sequence starts within 

three consecutive A-residues present in a conserved TAAAT element in the non-coding 

DNA strand. (Rosel et ai., 1986; Berthelot et ai., 1986; Weir and Moss, 1987; Lee-Chen 

and Niles, 1988). This poly(A) head is probably generated by slippage (stuttering) of the 

polymerase complex during transcription initiation (DeMagistris and Stunnenberg, 1988; 

Schwer and Stunnenberg, 1988). On average, late mRNAs are much longer than those 

coding for the early proteins, often many-fold longer than the length required to encode 

their translation product (Cooper et aI., 1981; Mahr and Roberts, 1984). This may relate 

to unusual processing events (Bertholet et aI., 1987). Four studies have been done on 

separate late promoters, in order to precisely define the region necessary for late gene 

regulation. Each investigation involved linking a late promoter to the coding region for 

chloramphenicol acetyltransferase, mutating upstream sequences, and assaying promoter 

activity in a transient expression system, or in recombinant viruses (Cochran et al. 1985; 

Bertholet et al. 1986; Weir and Moss,1987). An extensive study of the sequence elements 

involved in late gene regulation in vivo, was later done by detailed mutagenic analysis 

(Davison and Moss 1989). From the results of these investigations, late promoters were 

defined by the transcription initiation site T AAA T sequence. This motif often fOlms part 

of the initiating methionine codon, by being followed by a G. In strong late promoters, 
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fibres are actin-containing microfilaments of the cell cytoskeleton (Hiller et aI., 1981). 

The double-layered membrane surrounding the mature virus particles is derived from the 

Golgi apparatus (Hiller and Weber, 1985). The enveloped viral particles fuse with the 

plasma membrane, resulting in the externalization of the virion, still enclosed by one 

layer of Golgi membrane (Payne and Kristensson, 1979). 

1.3.4 Virus-Host interactions 

1.3.4.1 Poxviruses and the evasion of the immune response. A virus able to evade the 

host immune response, has the advantage to propagate itself over one which is rapidly 

neutralised and destroyed in the eukaryotic arsenal of antiviral strategies. An important 

feature of the early inflammatory response to an initial virus challenge, is the influx and 

activation of leukocytes. Leukocytes help to initiate the earliest phases of antiviral 

immune activation (Nathanson and McFadden, 1997; Zinkernagel, 1996). Neutrophils, 

monocytes/macrophages, and Natural Killer (NK) cells in particular (all leukocytes) 

participate in the first wave of cellular infiltration, but require directional signals in order 

to migrate to the injured tissues bearing infected cells (Ben-Baruch et aI., 1995; Springer, 

1994). Poxviruses have been known to actively interfere with the host 's immune response 

by mimicking various host proteins involved in cell signaling and immune regulation 

(Smith, 1993). This includes interfering with complement function, interference with 

MHC-I presentation, interference with cytokine production/function, interference with 

interferon-induced protein kinase, interference with apoptosis and interference with 

inflammation. (Harper, 1998). 

a) Virus-encoded Interferon gamma and receptor homologs 

Interferon-y (IFN-y) is a cytokine (of which chemokines make up a class), which 

functions within the immune system as a potent anti-viral and immunoregulatory 

stimulant (Epstein, 1984; Vilcek et aI., 1985; Farrar and Schreiber, 1993). The 

importance of IFN-y in response to poxvirus infection has been demonstrated many 

times. In a murine experimental model, infection with vaccinia virus, which is usually 

effectively cleared by the immune system, becomes lethal when monoclonal antibodies to 

IFN-y are added (Ruby and Ramshaw, 1991). In immuno-deficient mice, where vaccinia 
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virus infection is lethal, clearance is achieved when a recombinant virus expressing IFN-y 

is injected (Kohonen-Corish et at., 1990; Ramshaw et at., 1992). Interferon-y has also 

been proven to be critical in the recovery of mice from ectromelia virus infection 

(mousepox) (Karupiah et at., 1993). In order to infect successfully, poxviruses have 

evolved several strategies to counteract the pleiotropic effects of IFN-y. For example, the 

RNA-dependent protein kinase pathway is responsible for inducing the anti-viral effects 

of interferons in the host. The E3L gene of vaccinia virus encodes an inhibitor of the 

double stranded RNA-dependent protein kinase (Chang et al., 1992), while vaccina 

protein K3L blocks the same pathway at the stage of phosphorylation of the alpha subunit 

of eukaryotic initiation factor II (Davies et at., 1992). The aforementioned are 

intracellular processes, but pox viruses are also capable of inhibiting IFN-y 

extracellularly, before the cellular receptors are engaged (Mossman et at., 1995). Cells 

infected by myxoma virus were shown to secrete a 37-kDa virus-encoded protein, which 

has homology to the ligand-binding domain of the known mammalian interferon-y 

receptor, and effectively functions as a soluble interferon-y receptor homolog (Upton et 

at., 1992). Putative interferon-y binding proteins have since been identified in the 

genomes of shope fibroma virus, vaccinia virus, variola virus, ectromelia virus and 

swinepoxvirus (Upton et at., 1992; Goebel et at., 1990; Shchelkunov et at., 1993; 

Massung et at., 1993, 1994; Mossman et al., 1995). 

b) Virus-encoded chemokines and chemokine receptors homologs 

Chemokines are a family of structurally related cytokines, which selectively induce 

chemotaxis and activation of phagocytic cells and lymphocytes. They are also able to 

rapidly trigger integrin-mediated leukocyte mediation (Roitt, 1997). The production and 

secretion of chemokines can be induced at inflammatory sites, for example, virus

infected cells or tissues. A chemokine receptor homolog produced by the virus on the 

surface and/or on the inside of the infected cells could therefore result in the inhibition of 

the release of chemokines and, thus, inhibition of the chemokine-induced inflammatory 

response against the virus infection. Graham et at. (1997) reported a novel class of 

secreted poxvirus proteins, collectively termed Tl/35kDa. These proteins interact with a 

broad spectrum of chemokines in vitro, and retard the extent of leukocyte influx into 

26 


 
 
 



ViruS infected lesions in vivo. The mechanisms of these interactions remam to be 

demonstrated. Based on their primary structure, particularly the conservation of a four

cysteine motif, the chemokine receptor family is divided into two classes: C-C and C-X

C, according to whether the first two cysteinyl residues in the motif are adjacent or 

separated by an intervening residue (Schall, T. 1. 1991). Chemokines signal through a 

family of serpentine receptors, which span the cell surface seven times, are coupled to G 

proteins, and are generally class restricted, binding either to CC or CXC chemokines. It 

has been shown though, that multiple chemokines from within a family can bind and 

signal through common receptors (Kelvin et aI., 1993; Murphy, 1996). Based on amino 

acid identity, Cao et al (1995) demonstrated that the Q2/3L ORF of a capripoxvirus is 

closely related to the C-C or C-X-C chemokine receptor family. Further structural and 

topological analysis of the deduced amino acid sequence of ORF Q3/2L revealed that it 

has key structural characteristics of the G-protein-coupled receptor superfamily; e.g., 

seven hydrophobic regions (predicted to span the cell membrane) and cysteinyl residues 

in the first and second extracellular loops, that are implicated in forming a disulphide 

bond. The sequence identity is highest in the transmembrane-spanning domains. The 

possibility of there being homologs of this Q2/3L ORF in other capripoxviruses 

represented by Iraq goat pox, Nigeria sheep pox, and lumpy skin disease, was evaluated 

by Southern blot analysis of HindII! restriction endonuclease digests. ORF Q2/3L 

homo logs were detected only in the equivalent fragments in all of the capripoxviruses 

examined, except for Iraq goatpox DNA. The equivalent locus in Iraq goatpox DNA is 

present in a larger fragment (Gershon et aI., 1988). Only a single copy of the Q2/3L ORF, 

located in the left terminal region, is present in the capri poxvirus genome. In contrast, 

swinepoxvirus contains two almost identical ORFs (C3L and K2R) located within the 

ITR at each terminus (Massung et aI, 1993). The equivalent gene was not present in 

vaccinia virus (Johnson et aI, 1993). 

c) Tumor Necrosis Factor (TNF) inhibitors 

Tumor necrosis factors (TNF) -u and -~ are two related cytokines named for their 

cytotoxic effects on certain tumor cells, but also have immunoregulatory functions. 

Macrophages that have engulfed an impostor are activated by agents such as IFN-y and 
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TNF-~, amongst others. Consequently, the macrophages become microbicidal. IFN-y sets 

the cell up for destruction by inducing the formation of TNF receptors (Roitt, 1997). A 

poxviral TNF was identified by Upton et al. (1991) . Secreted poxviral TNFs would 

presumably bind to receptors on the infected host cell, preventing the signalling for cell 

destruction. 

d) Viral inhibition of the complement cascade 

The complement system is a multicomponent triggered enzyme cascade, which is used to 

attract phagocytic cells to invading microbes and engulf them (Roitt, 1997). Some twenty 

proteins are involved in the complex. Along with blood clotting, fibrinolysis and kinin

formation, the complement proteins produce a rapid, highly amplified response to a 

trigger stimulus. This occurs by a cascade phenomenon, where the product of one 

reaction is the enzymic catalyst of the next (Roitt, 1997). Briefly, the most abundant 

component of the complement system, C3, is split by a convertase enzyme fOImed from 

its own cleavage product C3b and factor B. The C3b product associates with the 

microbial surface, which stabilises it against breakdown caused by factors Hand 1. As it 

aggregates, C3b becomes covalently linked to the microorganism. The next component, 

C5, is activated, yielding a small peptide viz. C5a. The residual C5b binds to the surface 

and assembles the terminal components C6-9 into a membrane attack complex, which is 

freely permeable to solutes, and can lead to osmotic lysis of the pathogen. C5a is also a 

potent chemotactic agent for lymphocytes and greatly increases capillary permeability. 

C3a and C5a act on mast cells, causing the release of further mediators such as histamine, 

leukotriene B4 and tumor necrosis factor, with effects on capillary permeability and 

adhesiveness, and neutrophil chemotaxis; they also activate neutrophils (the major 

circulating phagocytic polymorphonuclear granulocyte). Following the activation of 

complement with the ensuing attraction and stimulation of neutrophils, the activated 

phagocytes bind to the C3b-coated microbes by their surface C3b receptors and ingest 

them (Reid, 1995; Law and Reid, 1988). The 35-kD major secreted protein of vaccinia 

virus was recently identified and its sequence revealed that it closely resembled a family 

of eukaryotic proteins that have 60 amino acid repeats (Kotwal and Moss, 1988). 

Computer searches indicated that it most closely resembled a complement control protein 
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that binds to complement C4b. In vitro data indicate that the purified protein does inhibit 

the classic complement pathway (Moss, 1990). Two genes identified in the rabbitpox 

virus genome have homology with the ~ chain of complement component C4a, and their 

roles in viral virulence have been demonstrated (Bloom et ai., 1991). 

e) Interleukins 

Interleukin-I (IL-I) is also a chemokine, and reacts on endothelial cells, fibroblasts and 

epithelial cells to secrete (another) chemokine, MCP-I, a potent monocyte chemotactic 

protein that attracts mononuclear phagocytes. It has been reported that a cowpox gene, 

crmA, encodes an inhibitor of the interleukin-1 ~ converting enzyme, which can inhibit 

these inflammatory processes (Ray et ai, 1992). Interleukin I-~ receptors have also been 

identified in other poxviruses (Alcami et ai, 1992; Spriggs et ai, 1992). 

All of the above-mentioned poxvirus encoded proteins seem to lack the membrane anchor 

and cytoplasmic domain found in their cellular counterparts. Furthermore, they are 

secreted from the infected cells, and are incapable of cellular signal transduction. They 

appear to modify pathogenesis by binding and neutralising the respective cytokine before 

it can react with its cellular receptor (Moss, 1990). 

f) Serpin-like proteins 

Serpin homologs have been identified in numerous poxvIruses including VaCCInIa, 

ectromelia, cowpox, swinepox and myxoma viruses (Massung at aI., 1993). In 

cowpoxvirus, the serpin homolog inhibits the cellular IL-1 ~ converting enzyme (Ray et 

ai., 1992), and interferes with the lipoxygenase pathway of arachidonic acid metabolism 

(Palumbo et ai., 1993). Presumably, the immune response is influenced by the alteration 

of the synthesis of various arachidonic acid metabolites, including leukotrienes such as 

the chemoattractant L TB4, and prostaglandins (Palumbo et ai., 1993). 

1.3.4.2 Poxvirus genes contributing to host-range specificity and pathogenicity. 

Many different types of poxvirus-encoded proteins and their functions have been 

presented so far. In addition to the genes commonly shared by the many species of 
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POXVIruS, including those involved in DNA replication, nucleotide metabolism, and 

immuno-regulatory proteins, individual poxviruses also encode proteins that don't seem 

to have homo logs in the other poxviruses. These proteins have been suggested by various 

authors to be factors which determine pathogenesis and the host range specificity, 

allowing the respective virus to survive and replicate in a particular animal host. 

It has previously been suggested that the essential core of vertebrate poxviruses be 

defined by the region from vaccinia ORF F9L at the left to near ORF A29L at the right. 

This represents 102 kbp. The same conclusion for the position at the left end of a 

postulated central core was reached in an analysis of swinepox virus (Massung et aI. , 

1993). In addition, deletion mutants of vaccinia virus have revealed that all of the open 

reading frames at the left end of the genome and up to and including ORF F4L are not 

required for growth in cell culture (Perkus et aI., 1991). The deletion mutants also 

showed that at the right end, ORFs B 13R to B29R are nonessential, and a number of open 

reading frames between ORFs A42R and A56R have been shown to be nonessential for 

growth in cell culture. These ORFs may therefore play crucial and specific roles during 

natural infection, to ensure virus survival in the host (Buller et aI. , 1991 ; Smith, 1993; 

Johnson et aI., 1993). 

The host-interactive proteins include homologs of epidermal growth factor, probably for 

increasing virus-susceptible cell numbers around infectious centers; a zinc-finger protein, 

and protein kinases, which have the potential to influence viral gene expression and 

macromolecular synthesis. Also included are proteins (for example, haemagglutinin 

protein and serine protease inhibitor analogues) that potentially influence viral spread by 

altering infected cell membranes, and cellular erythrocyte ankyrin-related proteins that 

may specify tissue tropism. 

a) Ankyrin-like proteins 

In 1987, Breedon and Nasmyth reported ,a ~33 residue repeating motif in the sequence of 

two yeast cell-cycle regulators, Swi6p and Ccd 1 Op, and in the Notch and LIN-12 

developmental regulators from Drosophila melanogaster and Caenorhabditis elegans 
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(Breedon and Nasmyth, 1987). Subsequently, the discovery of 24 copies of this sequence 

in the cytoskeletal protein ankyrin (Lux et al., 1990) led to the naming of this motif as the 

ankyrin (ANK) repeat. ANK-repeat proteins carry out a wide variety of biological 

activities and have been detected in organisms ranging from viruses to humans. The motif 

has now been recognized in >400 proteins (Bork, 1993), including cyclin-dependent 

kinase (CDK) inhibitors, transcriptional regulators, cytoskeletal orgamzers, 

developmental regulators and toxins (Michaely and Bennet, 1992; Axton et aI., 1994). 

These molecules are present in the nucleus, cytoplasm and the extracellular environment. 

The number of repeats within anyone protein is highly variable: the Drosophila 

plutonium protein contains only two repeats (Axton et aI., 1994), but 20 or more are not 

uncommon. Some ANK-repeat proteins consist solely of ANK repeats; others are multi

domain molecules in which ANK repeats are combined with other unrelated structural 

modules. 

Shchelkunov and colleagues' analysis of VAR and VV proteins (1993) demonstrated that 

both viruses code for a large set of ankyrin-like proteins, and two of these, the MIL and 

K1L genes of VV were previously found to determine the virus host cell range in cell 

cultures (Goebel et ai., 1990). VV does not propagate on the CRO cell line, although this 

line is permissive for another orthopoxvirus, CPV. It was shown (Spehner et ai., 1988) 

that the CPV gene coding for the 77 kDa protein, in which three ANK-repeats were 

identified, is responsible for this property of the virus and, when integrated into the V AC 

genome, allows the latter virus to propagate in CRO cells. Drillien et al. (1978) were 

furthermore able to demonstrate that, for VV, the infection of non-permissive CRO cells 

resulted in a rapid inhibition of the protein synthesis both of the host cell and the virus. 

The mutant of VV with a deleted K1 L gene is also incapable of multiplication in cultures 

of human MRC-5, KB or Rep-2 cells. This process is accompanied by a rapid inhibition 

of protein synthesis both of the virus and the infected cell (Drillien et ai., 1981). The 

individual repeats or their groups in ankyrin-like proteins are supposed to form binding 

sites for various integral membrane proteins of the cell cytoskeleton. The first three

dimensional structure of an ANK-repeat molecule, that of 53BP2 bound to the p53 cell

cycle tumor suppressor (Gorina and Pavletich, 1996), was determined almost ten years 
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after the discovery of the motif. This and subsequent structures have shown that the 

ANK-repeat motif can be defined as a ~-hairpin-helix-Ioop-helix W2CX2) structure. 

Clearly, specific types of residues are prevalent at anyone position within the consensus. 

However, AJ'fK repeats can sustain a considerable variety of amino acid substitutions 

(Michaely and Bennett, 1992; Bork, 1993). In many ANK-repeat molecules, sequence 

insertions occur most often within that region that connects helix 2 to the first ~-strand of 

the adjacent repeat. The differences in amino acid sequences of each repeat could account 

for their different specificities (Lux et af., 1990). 

The ANK-repeat consensus: (Sedgwick and Smerdon, 1999) 

I 10 20 30 

D G TPLHA G VV LLL GADVNA -- --

Binding to target molecules commonly involves contacts with the tips of the ~-hairpins 

and the surface of the helical bundle facing into the ankyrin groove. In general, these 

residues are not conserved in the ANK consensus. As such, they are not structurally 

constrained and are ideally located to perform binding roles. The molecular stacking of 

the repeat motifs allows incorporation of additional non-conserved elements that might 

contribute both to the structural stability of the domain, and to the binding to the target 

molecule (Sedgwick and Smerdon, 1999). In V AR, ORF G3R is the most typical 

ankyrin-like protein among those detected in poxviruses. It contains five ankyrin repeats. 

(Shchelkunov et af., 1993). A unique characteristic of CPV is that not only does it have 

the widest host range among the orthopoxviruses, but also the widest set of genes coding 

for the proteins with multiple ankyrin repeats (Shchelkunov et af., 1997). 

b) Kelch -like proteins 

The kelch family of proteins is defined by a 50 amino acid repeat that has been shown to 

interact with actin (Xue and Cooley, 1993). This motif was first identified as a tandemly

arranged repeating sequence in the C-terminal domains of a number of poxvirus ORFS 

(Goebel et af., 1990; Koonin et af., 1992). However, it was a prior description of the 
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same motif in the kelch protein ofDrosophila, as a distinct structural motif, that led to the 

term "kelch repeat" (Xue and Cooley, 1993). Proteins containing kelch repeats have been 

identified in a diverse set of organisms, including the A55R and C2L ORFs of vaccinia 

virus (Goebel et aI., 1990; Koonin et aI., 1992), the predicted Jpp protein and Ectoderm

neural cortex of mice (Chang-Yeh et aI., 1993; Hernandez et aI., 1997), spe-26 of 

Caenorhabditis elegans (Varkey et al., 1995), a- and ~-scruin of Limulus (Way et aI., 

1995), the bovine and human calicins (von Bulow et al., 1995), human NRP/B (Kim et 

aI., 1998), and human NS1-binding protein (Wolff et al., 1991). Direct evidence of actin 

association has been demonstrated for Limulus a-scruin (Sanders et aI., 1996), in which 

the actin binding activity of the protein has been localized specifically to the kelch repeat 

domains of the molecule. Additional evidence of actin association in members of the 

kelch family includes co-precipitation and co-localization of mouse ENC-l in a 

transfected medulloblastoma cell line (Hernandez et al., 1997), co-localization of actin 

filaments with Drosophila kelch in ovarian ring canals (Xue and Cooley, 1993), co

sedimentation of human IPP fusion proteins (Kim et al., 1999), and the disruption of 

actin filament localization in the spermatocytes of C. elegans spe-26 mutants (Varkey et 

aI., 1995). In addition to the kelch repeat motif, most kelch proteins also possess a ~120 

amino acid motif, usually found at the extreme N-terminus of the protein, and referred to 

as the POZ domain (Bardwell and Treisman, 1994). The POZ domain has been reported 

to mediate homo~ and hetero-dimerization in vitro and the formation of multimeric 

complexes in vivo (Bardwell et aI., 1994; Robinson and Cooley, 1997). 

Metabolism of animal vIruses, depending on their peculiarities, suggests the use of 

structures of cytoplasmic or nuclear protein cell skeleton, as well as cell membranes. In 

particular, virus-specific cytopathic effect can be caused by a specific reconstruction of 

the elements of cell skeleton and certain membranes. The aim of this reconstruction is to 

create the conditions for viral propagation (Luftig, 1982). The cytoskeleton proteins are 

coded by a large set of genes, which are characterised by tissue-specific expression. This 

accounts for the difference in the protein contents of the "framework" of various cell 

types, which affects the function of these cells (Steinert and Roop, 1988). Various cell 

types may also differ in their membrane contents. The above differences can also affect 
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such parameters of VIruS propagation inside the orgamsm such as tissue tropism 

(Shchelkunov et ai., 1993). The detection of genes that determine the tissue tropism of 

viruses is important for the fundamental understanding of virus-cell interaction, and also 

for the creation of more safe live vaccines. 

c) Virus Growth Factor (VGF) 

The vaccinia virus growth factor (VGF) is encoded in the left terminal region, and is 

thought to be involved in pathogenesis. VGF binds to the epidermal growth factor 

receptor (EGFR), induces phosphorylation of EGFR, and the proliferation of certain cell 

types (King et ai., 1986; Stroobant et ai., 1985; Twardzik et ai., 1985). Deletion of this 

gene from VV results in the attenuation of the virus (Buller and Palumbo, 1991). It has 

been suggested that in SPY, the absence of this gene, together with the complement

binding C4b binding protein of vaccinia, and a secreted vaccinia protein NIL homolog 

may be responsible for the highly attenuated Spy phenotype, and the characteristically 

mild natural infections in swine (Massung et ai., 1993). 

d) Other proteins and novel poxvirus-encoded proteins 

Exclusive or novel genes are difficult to define, because novelty will depend on the size 

of the poxvirus sequence database and upon the cut-off point of for alignment scores. 

Furthermore, alignment scores are dependent upon protein size, and it is easy to miss 

homologous genes if they happen to be very small. Nevertheless, all authors of poxviral 

genome sequence publications report genes that do not seem to have homo logs in any 

other of the poxvirus species. The most novel variola protein, according to Massung et 

ai., is ORF B22R, which shows poor homology to current database proteins. The protein 

(Mr = 214K) has six possible transmembrane domains, suggesting that it may locate to 

virion or infected-cell membranes, and thereby impact infection. Another exclusive V AR 

gene is ORF D6R, which contains a complete zinc-finger motif not found in a truncated 

21.7 kD VV homolog (Kotwal et ai., 1988). Variola ORF DIlL specifies a homolog of 

the vaccinia ORF C7L product known to influence viral infectivity for certain cell lines 

(Perkus et ai., 1990), but ORF DIlL includes an Arg-Gly-Asp cell-adhesion motif 

(Rhouslati and Perschbacher, 1986) which could profoundly influence tissue tropism. 
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Finally, variola ORF J5 .5R (of which 45 residues have partial homology to vaccinia ORF 

A55R), is an analogue of vascular endothelial growth factor having a homolog in the 

genus Parapoxvirus (personal communication to Massung et aI., by A. J. Robinson), 

suggesting that vascular endothelial growth factor is a virulence determinant stemming 

from a common poxvirus ancestor. Several genes of vaccinia and variola viruses are 

absent in shope fibroma virus, suggesting that SFV may not use the same infection 

route(s) as do other Chordopoxviruses. SFV appears to lack homo logs of the A-type 

inclusion proteins (Willer et al., 1999). These genes have been shown to be mutable in a 

variety of Orthopoxviruses, but most viruses produce at least a truncated form of the 

protein that may promote infection of phagocytic cells by intracellular mature virions 

(Ulaeto et aI., 1996). The complete absence of any shope fibroma virus gene homolog is 

unusual and predicts that Leporipoxvirus infections might produce relatively small 

amounts of intracellular mature virions (Willer et aI., 1999). A very interesting example 

of another unusual protein encoded by a poxvirus, is the Leporipoxvirus S l27L gene 

product: this gene encodes a 52.5-kDa product that is homologous to proteins belonging 

to the family of type II cyclobutane pyrimidine dimer (CPD) photolyases (Willer et aI., 

1999). Photolyases catalyze a light-dependent reaction that returns CPD adducts back to 

their component pyrimidines, thus reversing the damage caused by ultraviolet light. 

Although a similar gene is encoded by molluscum contagiosum virus (Afonso et al. , 

1999), this is the first DNA repair gene of its kind found to be encoded by a 

Chordopoxvirus, in fact, any mammalian virus (Willer et al., 1999). The presence of this 

gene is paliicularly unusual in that whilst marsupials such as the common opossum 

(Monodelphis domestica) are known to encode photolyases (Yasui et al., 1994), no 

placental mammal has yet shown to have retained the gene. Because it is generally 

believed that poxvirus originally acquired most genes from their hosts, this discovery has 

raised interesting questions concerning the evolutionary history of a New World virus 

now thought to only infect rabbits (Willer et al. , 1999). Preliminary experiments show 

that the gene can complement an E. coli phr (photolyase deficient) mutation in vivo (D. 

Willer, M. Moon and D. Evans, unpublished data) and imply that Leporipoxviruses can 

repair the damage caused by ultraviolet light exposure either before and/or during viral 

infection (Willer et al., 1999). Other genes encoded exclusively by Leporipoxiruses 
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include a 34-kD a 2,3-sialyltransferase nearly identical to the myxoma enzyme recently 

characterised by Jackson and colleagues (Jackson et aI., 1999). Shope fibroma virus 

sialyltransferase presumably catalyses an identical reaction and likewise promotes viral 

virulence. Another SFY gene product, S141R also has a previously identified myxoma 

gene homolog (MA56)(Jackson et aI., 1999), encodes a 24-kDA protein that is predicted 

to contain two transmembrane helices and resembles the immunoglobulin-like domains 

of a large family of eukaryotic cell-surface proteins (Willer et ai., 1999). 

Database searches with several SPY ORFs revealed no significant homology to any 

previously identified poxvirus polypeptides. Of these, the C1L and C3L ORFs are the 

most interesting. The C1L ORF, located nearest the terminus and encoding a polypeptide 

of 340 amino acids, shows limited homology to the members of the immunoglobulin 

superfamily, and also contains the tripeptide RGD, a cell attachment sequence found in a 

variety of cellular glycoproteins (Rouslahti and Pierschbacher, 1986, Massung et al., 

1993). The C3L ORF exhibits 25% identity at the amino acid level with the G-protein 

coupled receptor family, and is predicted to have six transmembrane domains (Massung 

et al., 1993). No significant homologs were reported for Spy ORFs C7L and C9L, either 

(Massung r!;t al., 1993). 

As an increasing amount of poxviral genome sequences become available, it is possible, 

even likely, that homologs of these exclusive genes will be identified. Massung and 

colleagues (1993a) suggested, against the argument that host range specificity and 

virulence is determined by function-specific genes, that rather small differences, as 

presented above, between homologous poxvirus proteins augment the collective 

contributions of all proteins in determining the systemic or localised nature of infection 

by these different viruses. 
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1.4 VACCINES 


1.4.1 Lumpy Skin Disease Vaccines Two live attenuated strains of capripoxvirus have 

been used as vaccines specifically for the control of LSD (Capstick and Coakley, 1961; 

Cam, 1993): a strain of Kenya sheep pox and goat pox virus passaged 18 times in lamb 

testes or fetal calf muscle cells, and the South African vaccine strain (Neethling), which 

originated from the adaptation of a strain of LSDV to propagation in embryonated eggs. 

The strain of virus selected for these propagation studies was the Neethling type of Group 

III virus described by Alexander et al. in 1957. This virus had been stored in freeze-dried 

form after four passages in calf kidney, and six passages in lamb kidney tissue cultures. 

After reconstitution, the virus was seeded on to lamb kidney tissue cultures. On the 5th 

day, when cytopathogenesis was almost completed, the culture was stab-inoculated into 

fertile eggs and incubated. Eggs containing dead embryos on succeeding days had their 

embryos together with the chorioallantoic membrane (CAM) harvested, emulsified, and 

re-injected into the next series of eggs. At each stage, each inoculum prepared for egg 

passage was passed to lamb kidney or -testis mono layers to determine the cytopathic 

effect on tissue culture (the attenuated virus produces no cytopathic effect upon 

monolayer tissue cultures), and the material was titrated to determine the LDso end-point 

(where the attenuated virus is not lethal to the chick embryo). The strain was passaged for 

45 generations. (van Rooyen et aI., 1959). At the 20th passage level, the virus failed to 

cause a generalized skin eruption or other signs of illness in cattle, and only produced a 

local swelling at the site of inoculation in about 50% of animals injected. The local 

reactions disappeared within four to six weeks without any evidence of necrosis. Virus 

could not be re-isolated from the blood or the local lesions of inoculated cattle, and there 

was no evidence of reversion of virulence of the attenuated virus by re-passage in lamb 

kidney tissue cultures (Weiss, 1960). The modem LSD V Neethling vaccine is prepared in 

much the same way (Office international des Epizooties Manual,1996). 

All strains of capripoxvirus examined so far, whether of bovine, ovine or caprine origin, 

share a major neutralising site, so that animals recovered from infection with one strain 

are resistant to infection with any other strain. Consequently, it is possible to protect 

cattle against LSD using strains of capri poxvirus derived from sheep or goats (Coakley 
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and Capstick, 1961). Protection following vaccination is probably life-long, although as 

immunity wanes, local capripoxvirus replication will occur at the site of inoculation, but 

the virus will not become generalised. Both strains of capripoxvirus used routinely as 

vaccines can produce a large local reaction at the site of inoculation in cattle breeds, 

which some stock owners find unacceptable. This has discouraged the use of vaccine 

even though the consequences of an outbreak of LSD are invariably more severe (OIE 

Manual, 1996). 

1.4.2 Pox-vectored vaccines. After the eradication of the smallpox VIruS, and 

consequently the lack of reasons to vaccinate against it, vaccinia virus was considered for 

use in the immunoprophylaxis of other diseases. Live recombinant poxviruses-vectored 

vaccines have significant advantages over more conventional vaccines, yielding long

lasting protective immunity to more than one disease simultaneously and in this regard, 

offer huge potential (Weir et al., 1982; Nakano et al., 1982; Mackett et al., 1982, 

Panicani and Paoletti, 1982). 

Vaccinia virus has a capacity for at least 25 000 bp of additional DNA (Smith and Moss, 

1983), but the large size of the poxvirus genome makes it necessary to rely on 

homologous recombination for the insertion of foreign DNA. This procedure depends on 

infrequent recombination events occurring in infected cells between the poxvirus DNA 

flanking the foreign gene, and homologous DNA within the poxvirus genome. For 

efficient expression of foreign genes, vaccinia virus promoters had to be used in the 

construction of the recombinants. A series of plasmid vectors for VaCCInIa were 

constructed, based on the scheme outlined by Mackett et al. (1982). Such plasmids 

contain a DNA segment (with a vaccinia virus transcriptional promoter region and one or 

more restriction endonuclease sites for insertion of a foreign gene) that is flanked by 

DNA from a non-essential region of the vaccinia genome. The choice of promoter 

determines the time and level of expression, whereas the flanking DNA determines the 

site of insertion. Insertion into the thymidine kinase (TK) gene provided a simple method 

of selecting recombinant virus that had a TK- phenotype. The cells were consequently 

infected with vaccinia virus and transfected with the recombinant plasmid. The virus 

38 


 
 
 



progeny were then incubated with a monolayer ofTK- cells, and 5-bromodeoxyuridine is 

added to the agar overlay to prevent plaque formation of TK+ parental virus . Other 

screening methods that don't rely on special cell lines have also been developed 

(Chakrabarti et ai., 1985). Alternatively, DNA hybridisation (Panicali et ai., 1982) or 

specific antibody binding (Smith et ai., 1983; Paoletti et ai., 1984) may be used for 

primary identification of recombinant plaques. Over the past fifteen or so years, several 

of these live recombinant vaccines have been produced, and their ability to protectively 

immunise experimental animals against a variety of viruses has been demonstrated . Some 

good examples of these recombinant vaccinia vaccines are the hepatitis B surface antigen 

(Smith et ai., 1983; Moss et ai., 1984), influenza hemagglutinin gene (Smith et ai., 1983, 

Panicali et ai., 1983), herpes simplex type I glycoprotein D (Cremer et ai., 1985), 

hepatitis B surface antigen + herpes simplex D glycoprotein (Paoletti et ai., 1984), 

vesicular stomatitis virus genes (Mackett et ai., 1985) and a rabies virus recombinant 

(Wiktor et ai., 1984). Occasional adverse clinical reactions in response to wild type 

vaccina virus (Lane and Millar, 1971), and its broad host range, however, limits the use 

of vaccinia virus as a general vaccine vector (Arita and Fenner, 1985). Species-specific 

pox viruses such as fowlpox virus (Taylor and Paoletti, 1988) and canarypox virus 

(Taylor et ai., 1988), offer certain advantages: they do not spread to non-target species 

since outside their host-range, and infection leads to incomplete replication. This, 

nevertheless, appears to be sufficient for the expression of foreign genes and the 

induction of a protective immune response (Taylor and Paoletti, 1988). A fowlpox 

recombinant expressing the fusion (F) protein of Newcastle disease virus (NDV) has been 

generated at OVI, and is currently under evaluation in small animal trials as a vaccine 

against Newcastle disease (Z. Wang, unpublished data). 

Modified live capripox vaccines have achieved promising levels of immunity, and these 

viruses therefore also have excellent potential as alternative antigen vectors to vaccinia 

virus for veterinary applications. Such a recombinant capri poxvirus was constructed by 

Romero et ai. (1993), and contains a full-length cDNA of the fusion protein gene of 

rinderpest virus. The gene was inserted in the thymidine kinase gene of the capripox 

genome under the control of the vaccinia virus major late promoter p 11, together with the 
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E. coli gpt gene in the opposite orientation under the control of the vaccinia early/late 

promoter p7.S. A vaccine prepared from the recombinant virus protected cattle against 

clinical rinderpest after a lethal challenge with a virulent virus isolate. In addition, the 

vaccine protected the cattle against lumpy skin disease. 

Because it is restricted to its bovine host, LSDV is another excellent candidate as a viral 

vaccine vector. OVI is currently investigating the development of its LSDV vaccine 

strain as a recombinant vector veterinary vaccine. A Rift Valley fever virus 

(RVFV)/LSDV recombinant, previously generated by the insertion of the RVFV 

glycoprotein genes, Gland G2, into an intergenic region in the LSDV genome, has been 

evaluated in sheep. Sheep receiving the RVFV/LSDV vaccine all sero-converted. All 

sheep survived a virulent viral challenge, but the RVFV /LSDV -vaccinated animals 

showed an overall lower temperature profile, shorter period of viraemia and a quicker and 

elevated neutralising antibody response compared with control groups. This preliminary 

data suggests that the RVFV/LSDV recombinant vaccine is as good, ifnot better than the 

Smithbum vaccine currently in use against RVF (unpublished data). 

The terminal regions of the LSDV genome containing the genes for host range specificity 

and virulence are non-essential for growth in tissue culture, and therefore viral replication 

and survival. They make ideal sites then, for the insertion of foreign genes. The 

sequencing of the LSDV genome would enable the identification of these genes, as well 

as their regulatory elements, as the success of a recombinant viral vaccine is very much 

dependent on the levels of immunity that is induces in the host, and a strongly-expressed 

protein under the control of a well-characterised, strong LSDV promoter would be ideal. 
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1.5 Aims of this study 


LSDV is a capri poxvirus causing an economically serious disease of cattle in Africa and 

the Middle East, resulting in its classification as an OlE List A disease. Despite the 

availability of vaccines, periodic outbreaks still occur. The South African vaccine strain 

(also called the Neethling strain) of LSDV is the subject of this study. In order to gain a 

better understanding of the virus-host interaction, specifically the genetic factors which 

determine the virulence of the virus (or avirulence in the case of a vaccine strain) and the 

bovine-specific nature of LSDV infection, the determination of the nucleic acid sequence 

of the viral genome to identify the responsible genes is necessary. Virtually no nucleotide 

sequence data is published for LSDV. Once the genome sequence is determined, we 

would be better equipped to understand the virus-host interaction, and ultimately be able 

to develop safer and more effective vaccines. Regions of the genome that are non

essential for the replication cycle of the virus are of particular importance, as LSDV 

shows enormous potential as a recombinant vaccine vector. 

The first aim of this study was to clone central and terminal regIOns of the LSDV 

genome, specifically those regions expected to encode the genes involved in host range 

specificity and virulence. From the known sizes and locations of the Pst! clones in the 

LSDV genome, the Pst! -E, -M and -K clones from the left terminal regions of the LSDV 

SA vaccine strain genome were selected, representing approximately 12 700 bp of the left 

hand terminal sequence, a variable region in which the pathogenicity and host-range 

specificity genes of poxviruses are known to OCCllI. Additionally, Pst! clones -F and -G, 

representing about 16 800 bp of the central regions of the genome (containing essential 

genes required for viral replication and survival) were selected for cloning, sequencing 

and analysis. 

The second aIm after determining the nucleotide sequences of the clones, was to 

assemble the fragments into a continuous LSD V DNA sequence. Large-scale laboratories 

sequencing other poxvirus genomes use a "shotgun" cloning and automated sequencing 

approach. As a result of limited infrastructure this was not possible here, and so the 

mapping and cloning approach would be a more systematic one. To distinguish between 
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similar-sized clones a 

profiling method was Computer was used to non-overlapping 

sub-clone correct orders orientations. the 

sequences homologous poxvirus the public databases as to 

assemble the ORFs. Oligonucleotides 

designed from to in DNA m 

The ann this was to use computer analysis to translate 

nucleotide amino sequences. Open reading frames were 

identified, of public databases, functions were 

to LSDV proteins with roles 

specificity and virulence were identified in sequenced 

42 

 
 
 



CHAPTER II 

The Restriction Endonuclease Mapping, Sub

cloning and Sequencing of LSDV Pst! Clones 

-E -M -K -F and-G, , , 
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2.1 INTRODUCTION 


Poxviruses have the largest known viral genomes (139-288 kbp). Several complete 

genomic DNA sequences have been deposited in GenBank to date, including a single 

viral member of the Entomopoxvirinae family, Melanoplus sanguinipes entomopoxvirus 

(MsEPV) (Afonso et aI. , 1999), as well as those of several Chordopoxvirinae family. The 

latter include the Orthopoxviruses vaccinia (VV) (Goebel et al., 1990; Antoine et al., 

1998) and variola (V AR) (Massung et aI. , 1994; Shchelkunov et aI., 1995) , 

Molluscipoxvirus molluscum contagiosum virus (MCV) (Senkevich et aI. , 1997) 

Avipoxvirus Fowlpox virus (FPV) (Afonso et al., 2000), and the Leporipoxviruses Shope 

(Rabbit) Fibroma Virus (SFV) (Willer et al., 1999) and myxoma virus (MYX) (Cameron 

et aI., 1999), with new complete genomic DNA sequences well underway to completion. 

In this study, important regions of the previously-unsequenced genome of the capripox 

virus, lumpy skin disease virus (LSDV), were selected for DNA sequencing and analysis. 

It was first necessary to sub-clone large fragments into smaller ones that could be 

sequenced in the forward and reverse direction, and therefore the locations of infrequent 

six-base restriction endonuclease sites in the LSDV clones had to be mapped, so that 

cloning strategies could be devised. 

The restriction endonuclease HindII! has successfully been used in the molecular 

characterisation of different capripoxviruses (Kitching et al., 1989) and in addition to the 

HindII! restriction endonuclease maps thereby generated for SA-LSDV, Ava!, Sal! and 

Pst! maps have also been compiled (unpublished data presented in the MSc dissertation 

of Perlman, 1993, UCT). Ava! cleaves the 152 kbp genome into seven fragments, varying 

from 47.35 kbp to 2.1 kbp, whereas Sal! cleaves the genome into six fragments, ranging 

in size from 33.15 kbp to 2.8 kbp. The enzyme Pst! cuts more frequently than the 

aforementioned, generating 13 fragments ranging in sizes of 42.0 kbp to 2.4 kbp, and was 

therefore considered to be the most suitable enzyme for cloning the LSDV genome. 
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Figure 5: A linear representation of the LSDV PstI map (Unpublished data in the MSc 

dissertation of Perlman, UCT 1993). DNA fragment sizes are given in kilobase pairs, 

with the regions of importance in highlight. The PstI-E clone is 12.0 kb in total; the 7 kb 

EcoRlIPst fragment is indicated above. 

To date, all the PstI fragments except the three largest, namely -A, -B and -C, have been 

cloned into bacterial vector pGEM3Z (F. T. Vreede and D. B. Wallace, OVJ). In the 

cloning of PstI-E, the original 12.1 kbp fragment was cleaved at an internal EcoRi site, 

resulting in the cloning of a 7 kbp sub-fragment. It was confirmed to be of the PstI E

fragment by hybridization to a Southern blot of a LSDV PstI genomic digestion (F. T. 

Vreede). Furthermore, it was later shown that this PstI-E sub-fragment is adjacent to the 

PstI-M fragment i.e., furthest from the left terminus. The remaining 5 kbp PstI-E 

fragment has not yet been cloned. Our laboratory is also involved in cloning BamHI 

fragments overlapping the uncloned PstI fragments, and in the cloning of the terminal 

hairpin loops. 

The cloning and sequencing of the terminal hairpin loops of poxvirus genomes has been 

unsuccessful in most cases. The sequences for the terminal hairpin loops of VV are 

available (Goebel et aI., 1990), which was achieved by the chemical degradation 

sequencing method of Maxam and Gilbert (1980). In a different approach for the 

myxoma virus terminal regions, blunt-ended adaptors were ligated to 25 and 29 bp 

oligonucleotides. The oligonucleotides were designed to be complementary to the upper 

and lower DNA strands. In a PCR reaction, the terminal sequences adjacent to the hairpin 

loops were amplified after which the products were sequenced. The actual loop sequence 

was not determined however (Cameron et aI., 1999). 
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This chapter describes the mapping the LSDV Pst! clones with restriction endonucleases 

and the sub-cloning of LSDV DNA fragments into bacterial sequencing vectors. The 

application of manual and automated sequencing, to detennine the linear order of the 

deoxyribonuc1eotides from selected regions of the LSDV genome, is also described. It 

was expected that the LSDV genome would have a high frequency of A+T- nuc1eotides, 

as suggested by the high frequency of A+ T- rich restriction endonuclease sites in the 

capripoxvirus genomes (Gershon and Black, 1989). Once the nucleotide sequences were 

assembled and translated to amino acids (Chapter III), it was expected that several genes 

involved in pathogenicity and in the restriction of the virus to bovine cell infection would 

be identified in the selected regions. 
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2.2 MATERIALS AND METHODS 


2.2.1. Restriction endonuclease mapping of the Pst! clones. Glycerol stocks of a 

selection of E. coli LSDV PstI-fragment clones were inoculated into LB medium with 

ampicillin and grown overnight, with shaking at 37°C. The randomly selected clones 

from each Pstf fragment were: Mn, M94, M102, E4 , Es, E6, K" F), F 1" F 14, G26, G27 , G28 

(see Fig. S for genomic positions of PstI-E, -M, -K, -F and -G). Clones were named 

according to order of isolation by F. T. Vreede (personal communication). The plasmids 

were isolated from the pelleted bacterial cells by the modified alkaline lysis, or 

"mini prep" method (Birnboim and Doly, 1979; Ish-Horowicz and Burke, 1981: 

Sambrook et at., 1989). Restriction enzyme digests for mapping purposes were 

performed in 1O/-L1 reaction volumes: lOX restriction buffer supplied by the enzyme's 

supplier, O.S U of enzyme, ~ SOOng of plasmid DNA, and distilled water to make up the 

volume. The reaction was incubated for an hour in a 37°C waterbath, after which RNAse 

A at a concentration of 10mglmi was added, and incubated for a further S to 10 minutes . 

S/-LI of loading dye (bromophenol bluel 40 % sucrose) was added, and loaded onto an 

ethidium bromide-stained (EtBr) 1 % agarose gel, with undigested plasmid and a phage-A 

DNA Pst! marker, and electrophoresed at 90-100 volts until the fragments had migrated 

sufficiently. Restriction enzyme double digests were assembled in 10/-L1 volumes, where 

enzymes were selected on their optimal requirement for similar buffer components. In 

cases where the enzymes required totally different buffer conditions, a buffer titration 

was performed, and the reaction was incubated for an additional half-hour. After 

electrophoresis, the EtBr-stained DNA bands could be visualised by trans-illumination 

with long wavelength ultraviolet light (UVP M-20). Images were captured by Lumi

ImagerTM (Boehringer Mannheim). Band fragment sizes were estimated according to the 

Pstf- Bacteriophage A DNA ladder. 
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2.2.2. Cloning 

a) Preparation of LSDV insert DNA 

~500ng of plasmid DNA was digested in reaction volumes of 25)...d or more, with the 

supplied lOX buffer and 0.5 U of restriction enzyme. The reaction was incubated for 90 

minutes in a 3 rc water bath, after which 10 )ll of RNAse A at a concentration of 

10mg/ml was added, and incubated for a further lO minutes. 20)ll of loading buffer was 

added, and 20)ll volumes of the reaction loaded into separate wells of an EtBr-stained 1 % 

agarose gel. A A-PstI DNA marker, and uncut plasmid were also loaded alongside. 

Electrophoresis at 90-100 V for 45 minutes was performed, or until the fragments had 

separated fully. Bands of the correct sizes were excised from the agarose gel with a clean, 

sharp scalpel. DNA was purified from the agarose using one of several commercial DNA 

purification kits, according to the manufacurers' specifications. These kits included the 

Talent Cleanmix DNA purification kitTM, Gene Clean™, NucleoTrapTM (Machery-Nagel) 

and QiaQuick Spin™ (Qiagen). DNA fragment concentrations were determined 

spectrophotometric ally (Pharmacia GeneQuant spectrophotometer). 

b) Preparation of Vector DNA 

One of two vectors were used for cloning of all insert DNA VIZ. pGEM3ZF+/

(Promega), or pMOSBlue (Amersham). Both are pUC-based and therefore contain 

commonly- used six-base restriction endonuclease sites in their multiple cloning sites 

(MCS). pMOS also has a site for NdeI in its MCS, which was used to clone fragments 

generated with AseI , since digestion with AseI and NdeI yields compatible ends. 

pGEM or pMOS-plasmid-containing E.coli cells were inoculated into LB medium 

supplemented with ampicillin, and grown with shaking overnight in a 37°C incubator. 

Vector plasmids were isolated from pelleted bacterial cells by the "miniprep" method, 

and resuspended in dH20. Vector plasmid DNA was linearised with the appropriate 

restriction enzyme/s in 25)ll reaction volumes: ~500ng of plasmid DNA, lOX buffer 

supplied with the restliction enzyme, or a buffer compatible to both in the case of 

directional cloning strategies, 0.5U DNA of restriction enzyme/s and dH20 to make up 
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the volume. The reaction was incubated at 37°C for 60 minutes and loaded onto an EtBr

stained 1 % agarose gel, alongside undigested plasmid DNA and the A-Pst! marker. This 

was electrophoresed at 90-100 V for 45 minutes, the linear plasmid bands (3199 bp and 

2800 bp for pGEM3Z and pMOSBlue, respectively) were excised from the agarose with 

a clean sharp scalpel, and purified with one of the aforementioned kits according to the 

manufacturer's specifications. The linear vector DNA was resuspended in dH20, and the 

concentration determined by spectrophotometry (Pharmacia GeneQuant 

spectrophotometer). 

In cases where the cloning would be directional (i .e. the ends of the linearised vector are 

generated with different restriction enzymes) the vector was used directly for the ligation 

reaction. In cases where only one enzyme was used to linearise the vector, the ends were 

dephosphorylated to prevent self-ligation. 0.5 U of Calf-Intestinal Phosphatase (CIP) 

(Roche) was added to the total volume of purified linear DNA, together with the CIP

lOX buffer, and dH20, usually to a volume of 401-11. The dephosphorylation reaction was 

incubated in a 3rC water bath for 20 min. The reaction volume was raised to 2001-11 by 

the addition dH20, and a 3X volume (600).l1) of Phenol/Chloroform/Isoamyl alcohol was 

added, to purify the vector DNA. After vortexing, centrifugation (13000 g ' s) and removal 

of the aqueous DNA-containing phase, DNA was ethanol-precipitated and washed before 

being resuspended In dH20. Concentration of the DNA was estimated 

spectrophotometric ally (Pharmacia GeneQuant spectrophotometer). Vector DNA was 

stored at -20°e. 

c) Ligation Reactions 

Ligation reactions were assembled in 10).l1 reaction volumes: insert and vector DNA was 

combined in a molecular ratio of3:1, respectively, with 0.5 U ofT4 DNA ligase enzyme 

(Roche), the supplied lOX buffer, and dH20. Ligation reactions were incubated in a water 

bath of 15°C, overnight, or at 17°C for at least 4 hours . Ligation reactions were stored at 

-20°C if not used immediately. 
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d) Competent cells and transformations 

Two methods of preparing competent E. coli DHSa cells were used: the first was the 

standard Calcium Chloride method, (Cohen et al., 1972; Sambrook et al., 1989) the 

second was the High Efficiency Transformation method as described by Inoue et al. 

(1990). The second method was found to yield cells that have superior competency 

levels to those prepared by the calcium chloride method, and had the added advantage of 

remaining highly competent after storage in liquid nitrogen at -70°C for longer than 12 

months. This method required inoculated DHSa cells to be grown at 18°C, with shaking, 

to an OD of 0.6 at A600, which took approximately S3 hours. Pelleted cells were then 

resuspended in TB-buffer, consisting of lOmM Pipes, SSmM MnCh, lSmM CaCh and 

2S0mM KCI. Cells are stored with added DMSO at a final concentration of 7%, in liquid 

nitrogen. 

Cells taken from the liquid nitrogen were allowed to defrost at room temperature, and 

then placed on ice. 200fll of cells were aliquotted into plastic tubes, and 2f..d of the 

respective ligation reaction added. The cells were incubated in watery ice for 30 minutes , 

and then heat-shocked at 40°C for 30 seconds. The tubes were returned to the ice for S 

minutes, before 800)..!l of LB medium (without ampicillin) was added, and the tubes 

incubated, with shaking, at 37°C, for one hour. 200)..!l of cells were plated onto LB plates 

containing ampicillin, and grown overnight at 3rc. 

e) Screening for recombinant DNA clones 

Individual colonies were picked from agar plates and inoculated into 2ml of LB medium 

with ampicillin. Cells were grown for a minimum of six hours at 3rC, with shaking. 

IS0)..!l of the cultures were screened for plasmids with inserts according to the "fast prep" 

method described by Beuken et al. (1998). After electrophoresis, 10)..!l each of the cell 

lysates were loaded onto EtBr-stained 1 % agarose gel, potential recombinant plasmids 

were identified on grounds of their increased size and hence their slower migration in the 

gel. Cells from potential recombinant cultures were pelleted and the plasmids extracted 

by the "miniprep" method. To confirm a recombinant, restriction enzyme sites flanking 
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the insertion sites (and/or known to not have a site in the insert itself) in the plasmid were 

cut with the appropriate enzyme (usually EcoRf [Prom ega] and HindIIf [Promega]). 

These restriction enzyme digests were performed in 1 O~l reaction volumes. Again this 

included the lOX restriction buffer supplied by Promega, O.S U of the respective enzyme, 

~ SOOng of plasmid DNA, and dH20 to make up the volume. The reaction was incubated 

for an hour in a 37°e water bath, after which RNAse A at a concentration of 10mg/ml 

was added, and incubated for a further S to 10 minutes. S~l of loading buffer was added, 

and loaded onto an EtBr-stained 1 % agarose gel, with undigested plasmid, an undigested 

wild-type (pGEM or pMOS) plasmid and a phage-A DNA Pstf marker, and 

electrophoresed at 90-100 volts or until the fragments had migrated sufficiently. 

Triplicate glycerol stocks were prepared of confirmed recombinant plasmids by adding 

200~1 of 100% sterile glycerol to 800~1 ofrecombinant cultures, and stored at -20°e. 

2.2.3 Sequencing 

2.2.3.1 Preparation of DNA template for sequencing. Fresh overnight cultures of the 

clones to be purified for sequencing were pelleted by centrifugation (13000 x g). 

Boehringer Mannheim's High Pure Plasmid Isolation Kit™ was used to isolate the 

recombinant plasmids from the respective clones. In principle, the E. coli cells were lysed 

by the alkaline method. Nucleic acids bound specifically to the surface of glass fibres of 

the High Pure filter tube in the presence of a chaotropic salt. Since the binding process 

was specific for nucleic acids, the bound plasmid DNA was purified from salts, proteins 

and other cellular impurities by a washing step, and could then be eluted in a low salt 

buffer or water. DNA for sequencing purposes was eluted from the spin columns with 

100~1 of dH20. DNA template quantitation is critical for successful sequencing reactions. 

DNA concentrations were determined by a Pharmacia GeneQuant spectrophotometer: 2~1 

of purified plasmid was diluted in 98~1 of dH20. This gave a dilution factor of 1 in SO, 

which was then equated to a DNA concentration in ng/~l. 
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2.2.3.2 Primers and primer walking. pGEM3Z (Promega) and pMOSBlue (Amersham) 

are both pUC-based bacterial vectors, and therefore contain binding sites for the M13 

forward and reverse primers. The SP6 reverse primer and T7 forward primer were used in 

some cases, and prime sequences close to the MCS in both vectors. The M 13 primers 

anneal further upstream and downstream of the multiple cloning sites than the T7

promotor or SP6 primer sites, and were therefore used in the majority of the sequencing 

reactions, as the actual recombination site is important to confirm the correct clone, its 

orientation in the vector, and for the accurate reading of DNA sequence close to the 

priming site. 

Table 2 : Commercial primers for the sequencing of bacterial vector plasmids 

Primer DNA Sequence 
M13+ (GibcoBRL) 5' -TGT AAA ACG ACG GCC AGT 3' 

M13- (GibcoBRL) 5' -CAG GAA ACA GCT ATG AC 3' 

T7- (Promega) 5' -TAA TAC GAC TCA CTA TAG GG 3' 

SP6+ (Promega) 5' -TAT TTA GTT GAC ACT ATA G 3' 

Primer sequence, method of primer synthesis, and approach to primer purification can 

have a significant effect of the quality of the sequencing data obtained in dye terminator 

cycle sequencing reactions. The recommendations made for primer design (ABI 

PRlSMTM Protocol) were followed: 

1) primers with long runs of a single base were avoided 

2) primers were at least 18 bases long to ensure good hybridisation 

3) primer melting temperatures were kept above 45°C. 

4) a primer content of at least 50% G+C was retained, with a few exceptions, and it 

was sometimes necessary to extend the primer sequence beyond 18 bases to keep 

the melting temperature above the recommended lower limit of 45°C 

Primers containing palindromic sequences, that would lead to self-ligation, were avoided 
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Table 3: Primers designed for primer-walking sequencing to sequence gaps 

Name Priming 
site 

DNA sequence MW %G+C Tm 
(50mM 
NaCl) 

K440 K1200 s'  CCA AAA ACT AGC GAC AGC-3' 6,734.0 50.0% 52.08°C 

K875 E27001 
1450 

S'-GCA CAG TTA GTA GCG CC-3' 6,392.0 58.8% 53.48°C 

K121K5P K500; L S'-GCA 

C-3' 

CAT AAG TAG TTT ACA CTG 8,237.0 40.9% 52.95°C 

G68/602P G68001 
602 

S'-CCG GAA TTG GAG ATG TTT C-3' 7,198.0 47.4% 51.78°C 

G68/550P G68001 
550 

S'-GCA CAT CTT CCC CAT CCT G-3' 7,014.0 57.9% 56.27°C 

F66A F6600 S'-CAT CCC ATA TGG TTG CC-3' 6,327.0 52.9% 50.S4°C 

F66B F6600 S'-GGC ACC TAA CCT ACC ATC-3' 6,664.0 55.6% 52.45°C 

F29A F2900 S'-CCA CTG AAA AGA GTG GAG C-3' 7,201 52.6% 53 .95°C 

F29B F2900 S'-GGA ACA GGG TAC TAC CG-3' 6,435.0 58.8% 51.43°C 

F29C F2900 S'-CGG GTT CTC TAC CCA AAG C-3' 7,094.0 57.9% 56.05°C 

E21S0A F2900 S'-GAT GGA AAA AGT AAC GAC-3' 6,844.0 38.9% 46.27% 

Primers were manufactured by Integrated DNA Technologies, Inc., and diluted in dH20 

to a final concentration of 1.5 pmol/fll. 
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2.2.3.3 The automated DNA sequencing reaction. The ABI PRlSMTM Dye Terminator 

Cycle Sequencing Ready Reaction Kit (Perkin Elmer) was used according to the 

manufacturer's specifications. The protocol was modified by scaling the reaction mix 

down to a quarter-reaction. 

a) The cycle sequencing reaction 

A typical reaction was therefore assembled in 50111 tubes, on ice, as follows: 

4-6fll plasmid DNA template (~600ng) 

1III primer (l.5pmolllll) 

2fll kit (quarter-reaction volume) 

1.6fll 5x buffer (PE Applied Biosystems, kindly supplied by loe1le vd Walt, UP) 

dH20 

13III total volume 

Cycle sequencing was performed on a GeneAmp PCR System 2000 thermal cyclerTM 

(Perkin Elmer) under the recommended parameters: 

Denaturation: 96°C for 30 seconds/ Annealing: 50°C for 15 seconds/ Elongation: 60°C 

for 4 minutes (25 cycles). 

b) Purification of extension products 

The 13 III reaction volume was transferred to a 500lli Eppendorf tube containing 25 III of 

96% Ethanol, and 1 III of 3M NaOAC, at room temperature (resuspending very gently 

with a pipette- no vigorous mixing or vortexing). This was left to precipitate in the dark 

for 10 minutes. The samples were then centrifuged at 13 000 rpm for 30 minutes, and all 

the liquid was carefully removed with a pipette, taking care to avoid the area of the 

(invisible) pellet. 250111 of 70% EtOH was then added (no mixing or vortexing) and 

centrifuged again on a benchtop centrifuge at 13 000 rpm, for 15 minutes. 
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All was carefully with a pipette, then vacuum-dried 15 

minutes. tubes containing dried, pelleted DNA was stored at gel 

was run, transported on 

c) 

were on an ABI377 at either the of 

Molecular Biology at ovr, or of Natural and 

RangerTM solution matrix, a ready-to-mix gel solution is both 

which is cast and allowed to gel solution was to give a 

mcrease and an calling on automated 

when standard polyacrylamide gels. Prior to the dried pellet was 

resuspended 4~11 of 1:5 blue dextran! deionized A~"'U~"U denatured at 

and put onto 1)1.1 was loaded, on the size 

2.2.3.4 The Manual DNA sequencing 

a) Denaturing double-stranded plasmid template 

The following was assembled: 

8)1.1 plasmid DNA- of (~500ng) 

dH20 

1111 2M EDTA 

After incubation at in a water bath the was by the 

addition of 0.1 of NaOAc was precipitated 

adding 1 EtOH, and 15 minutes. After 

at 12 000 rpm, room for 10 minutes, was alr

and resuspended 7pJ dH20 
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b) Annealing of template and primer 

The reaction for the annealing of the primer to the template was assembled as follows: 

7fll denatured DNA template 

2fll Sequenase™ Sx reaction buffer 

1fll primer (M13+) at l.Spmollfll 

The total volume of 10 fll was incubated on a 6SoC heating block for 10 minutes, 

followed by incubation in a 37°C water bath for 10 minutes, and then left at room 

temperature for 10 minutes. The reaction was spun briefly to collect the contents of the 

tube, and then placed on ice until required. 

Four tubes with each respective termination mix (ddATP, ddCTP, ddGTP and ddTTP) 

were prepared, clearly marked and left at room temperature until use. 

c) RadiolabeJling of DNA 


The reaction for the labelling of the DNA was assembled as follows: 


1fll O.lM DTT 

2fll diluted labelling mix 

O.Sfll [CX_ 
35S] dATP 

O.2Sfll Polymerase, 

and dH20 to a total volume ofS.Sfll 

the above was added to the lOfll of template DNA mix, and incubated for four minutes at 

room temperature. 
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d) Termination of the reaction 

For the termination reaction, 3.5/l1 of the radiolabelled DNA was added to each of the 

respective termination tubes, and incubated for five minutes at 37DC. 4/l1 of termination 

stop reagent from the kit was added to each tube to terminate the reactions, and tubes 

were stored at _20DC overnight, until use. Prior to loading, the samples were boiled for 

five minutes, and the tubes put onto ice. 

e) Gel assembly and electrophoresis 

A six percent sequencing gel was prepared as follows: 42g of urea, 15ml of 40% 

acrylamide, and 10ml of 10X TBE was dissolved in 25ml of dH20. The volume was 

adjusted to 100mi with dH20. 100mi of TEMED and 200ml of freshly prepared 10% APS 

was added. The gel was injected between thoroughly cleaned and assembled glass plates, 

and allowed to polymerise overnight. 

BIO RAD Sequi-Gen® GT Sequencing Cell apparatus was assembled as per the 

instruction manual and the buffer tank filled with 0.5X TBE. Stop solution was loaded in 

some of the wells, and the pre-run at 2000V was started and left for one hour and 40 

minutes. 3/l1 of each sample was then loaded into the wells in the order A-C-T-G, and 

electrophoresed at 2000V for two hours before a further 3/l1 volume was loaded and 

allowed to run for a further two hours. The gel was removed, dried in a Savant slab gel 

drier (SGD5040) for one hour, and placed in an autoradiography cassette. In a darkroom, 

film was placed into the cassette, and left overnight for exposure. To develop the 

autoradiography film, it was taken from the cassette and dipped into the developer for 

five minutes, before being washed with dH20. After it was dipped in fixer for five 

minutes it was rewashed in dH20 and hung out to dry. DNA sequence was read from the 

bottom of the gel upwards, from left to right, in the order A-C-T-G. 
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2.3 RESULTS AND DISCUSSION 

Five LSDV Pst! fragments between 2400 and 8500 bp in size had to be sub-cloned into 

fragments small enough to be sequenced. Besides restriction maps for HindII!, Pst!, Ava! 

and Sal! (Perlman, MSc dissertation, UeT 1993- unpublished data), the locations of RE 

sites in the LSDV genome were unknown. In order to determine which restriction 

enzymes cut LSDV DNA at regular intervals, for the generation of fragments with 

desired sizes, restriction digests with a variety of commonly used enzymes had to be 

performed on each Pst!-fragment plasmid. The restriction patterns that were generated 

were used to compile RE maps for each Pst! fragment. Four-base cutter enzymes were 

not used, as they cut more frequently and therefore generate too many smaller fragments 

to be of use for sub-cloning. The results of the screening of the Pst! clones for restriction 

sites follows in Table 4. 
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Table 4: Summary of restriction endonuclease (RE) sites in LSDV Pst! clones -E, -M, -K, 

-F and -G (gels not shown). RE sites occuring in the MCS ofpGEM3Z and! or 

pMOSBlue are boldfaced. No value indicates that the particular clone was not screened 

with that RE. 

Pst! clone: 

RE Manufacturer M K E F G 
.._------

Aeel Boehringer Marm. 0 0 0 3 3/4 
Ase! Amersham 3 >3 >6 >6 >6 
BamHI Amersham 0 0 I 0 0 
Bel! NEB 
Bgl!! Roche 0 0 
Cla! Sigma 2 
Dpn! Amersham >6 
Dra! Amersham 3 4 
EeoRI Promega 0 0 0 3 0 
EeoRV Amersham 1 
EeoT22! Amersham 0 0 
HindIII Promega 1 3 3 
Hinf! Amersham >1 
KpnI Amersham 0 0 0 0 0 
Mlu! Amersham 0 0 0 
Nco! NEB 0 0 0 
Nde! Amersham 0 0 
Nhe! Amersham 0 0 
Not! Amersham 0 0 
Nsi! Boehringer Marm. 0 0 
Pvu! Boehringer Marm. 2 0 0 
Pvu/l Amersham 1 0 0 
Rsr/l Boehringer Mann. 0 0 
Sac! Roche 0 0 0 0 0 
SaL/ Amersham 0 0 0 1 1 
Sful Boehringer Marm. 0 0 
SmaI Amersham 0 0 0 0 0 
Spe! Boehringer Mann. 0 0 
SphI Amersham 0 0 0 
Sty! Boehringer Marm. 0 0 
Taq! Boehringer Marm. >6 
XbaI Amersham 0 0 0 2 0 
Xho! Amersham 0 
Xmn! NEB 
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2.3.1 The restriction endonuclease mapping and sub-cloning of the PstI-M clone 

The PstI M clone (~ 2 400 bp) was mapped first, due to its small size. Double digests of 

the parental PstI-M plasmid with Ase1IEcoRI, AseIIHindIl1 and Ase1IPstI confirmed that 

the two internal fragments of approximately 480 and 350 bp were flanked by two 

terminal fragments of approximately 700 bp in size (la, Fig. 6 on opposite page). The 

fragment adjacent to the EcoRI site in pGEM3Z was named M700, followed by M480, 

M350 and the opposite terminal fragment, M650. 

Neither the pGEM3Z nor the pMOSBlue cloning vectors contain an AseI site in their 

multiple cloning sites, but pGEM3Z contains three internal AseI sites (l a, Fig. 6). 

Digestion with AseI produces a TA- overhang which is compatible with the AT

overhang produced by cleavage with Nde1 in the pMOSBlue multiple cloning site. The 

two internal fragments, M480 and M350 (la, Fig. 6), have AseI termini and were 

separately cloned into a pMOSBlue vector with de-phosphorylated NdeI ends. Thereby, 

recombinant plasmid (p) M350 (ld, Fig. 6) and pM480 (lc, Fig. 6) were obtained. In 

order to clone fragments M650 and M700 directionally, the PstI-M clone was double 

digested with PstI and AseJ. Fragments M650 and M700 are very similar in size, and co

migrated as a single band. Therefore, it was necessary to re-isolate each 700 bp band by 

two different RE reactions: an AseIIHindIl1 digest to isolate fragment M650, and an 

Ase1IEcoRI digest to isolate fragment M700. These were then cloned directionally into 

Nde1IHindIl1 (1 e, Fig. 6) and NdeIIEcoRI (l b, Fig. 6) vectors, respectively. These 

recombinants were confirmed by excising the fragments from the plasmids, and 

electrophoresing them alongside parental PstI-M plasmid digested once again with 

AseIIPstJ. Religated AseIINdeI sites have a CAT AT sequence that is recognised by 

neither enzyme, and it was necessary to utilise sites flanking these to excise the inserts. 

The PstI-M fragments are of an appropriate size for automated DNA sequencing «1 200 

bp), and it was not necessary to sub-clone any of them into smaller fragments. 
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2.3.2 The restriction endonuclease mapping and sub-cloning of the Pstl-K clone 

The PstI- K clone insert is roughly 3300 bp in size. Double digests with PstIIAseI, 

PstIIHindIII, and HindIIIIAseI confirmed the location of a terminal fragment of about 480 

bp separated by a HindIII site from a fragment of about 6S0 bp (2a, Fig. 7 on opposite 

page). An AseI digest-generated fragment of approximately SOO bp was found to be 

adjacent to the 6S0 bp fragment. On the opposite side of the MCS, a 1200 bp fragment, 

named K1200, was found to be flanked by AseI sites. One of these was situated very 

close to the pGEM MCS (the distance between the PstI site and the AseI site was later 

determined to be eight basepairs by DNA sequencing). Fragment K1200 contains no 

other internal restriction sites for commonly used enzymes (Table 4). The three smaller 

fragments were named K480, K6S0 and KSOO, from the MCS HindIII side. 

The cloning of fragments K480, K6S0 and KSOO into vectors proceeded as follows: a 

digest of the PstI-K clone with HindIII isolated fragment K480 which was cloned into a 

vector with HindIII termini (2e, Fig. 7); a double digest of the PstI-K plasmid 

AseIIHindIII isolated fragment K6S0 which was cloned directionally into an NdeIIHindIII 

vector (2d, Fig. 7); and an AseI digestion isolated the KSOO fragment which was cloned 

into a dephosphorylated NdeI-linearised vector (2c, Fig. 7). Recombinant plasmids were 

sequenced and analysed. Once the LSDV sequences were assembled in a linear order, it 

became evident that a small fragment was missing from the AseI junction of pK6S0 and 

pKSOO (2a, Fig. 7). The fragment was not visible on agarose gel, and yet there was a gap 

in the peptide sequence of the predicted ORF. A ClaI site located within IS nt of the AseI 

site of pKSOO was identified by sequence analysis (Chapter III), and the distance between 

this site and the HindIII site of the vector was estimated to be approximately 700 bp in 

size. The K1200 fragment had not been cloned or sequenced at that time, and therefore 

the possibility other ClaI sites occuring within the PstI-K plasmid could not be excluded. 

A double digest with ClaIIHindIII produced a fragment which migrated at the appropriate 

size. The fragment was purified and cloned into pGEM3Z vector linearised with HindIII 

and Ace!. Digestion with AccI produces sticky ends compatible with CIa!' Recombinant 

clones were sequenced and the missing fragment sequence, flanked by AseI sites, was 

discovered to be 71 bp in length (AppendixII). 
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The K1200 fragment cloning strategy was complicated by several factors: the pGEM3Z 

vector has three internal AseI sites: positions 224, 280 and 1512, which (if the MCS is 

also cleaved) yield 160-, 56-, 1200- and 1700 bp fragments (2a, Fig. 7). Firstly, fragment 

K 1200 and the 1200 bp vector fragment co-migrate. It was not possible to separate the 

two electrophoretically, even on a 2 % agarose gel. To avoid this problem, the entire Pstl

K insert could first be excised, before being digested in isolation with AseI. However, 

because pGEM3Z is 3200 bp in size and the Pstl-K fragment is 3300 bp in size, they co

migrate. Again, separation by electrophoresis on a 2% agarose gel was unsuccessful, and 

this strategy was abandoned. 

To discriminate between the K1200 fragment and the vector 1200 bp fragment, the 

pGEM3Z sequence was examined for unique restriction sites. An enzyme was required 

that would not digest the LSDV DNA, but would cleave the pGEM3Z 1200 bp fragment, 

allowing the K1200 fragment to be recovered intact. According to a MAPPLOT (GCG) 

of six-base cutters, the following enzymes with sites in the pGEM3Z 1200 bp fragment 

were listed: AlwNI, ApaLI, Bce83I, BsaWI, BsiEI, BsiHKAI, Bsp1286I, BssSI, EciI, HaeI, 

HaeII, HgiEII, MmeI, MspAIL, SfcI and Tthll III, but since these enzymes are 

uncommon and expensive, a new strategy was sought. Instead of trying to eliminate the 

pGEM3Z 1200 bp fragment in order to isolate the K1200 fragment directly, I attempted 

to fragment the entire pGEM3Z vector in order to recover the entire Pstl-K fragment (the 

fragments co-migrate due to similar size). If this was possible, then AseI digestions could 

be done on the purified, isolated Pstl-K fragment. Restriction endonucleases which only 

cut in the pGEM3Z vector were sought. Of the commonly available enzymes, XmnI cuts 

pGEM3Z at position 1937, and NdeI cuts at position 2509. A double RE digestion was 

carried out, using Pstl and XmnI, or NdeI. While the LSDV fragment would remain 

undigested at 3300 bp, the pGEM3Z vector would be cleaved into two smaller fragments, 

allowing the LSDV fragment to be purified from the agarose gel. A restriction 

endonuclease digest unfortunately proved that there was an XmnI site in the Pstl-K insert, 

and the approach was abandoned. PstlNdeI digests, followed by purification and AseJ 

digests were attempted, but too much DNA was lost in the successive purification steps. 
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If the co-migrating 1200 bp fragments were "shotgun" cloned, there was possibly a way 

to distinguish between a pGEM3Z/pMOSBlue recombinant, and a pMOSBlue/LSDV 

recombinant. The co-migrating 1200 bp fragments with AseI termini were excised from 

the agarose, purified, and cloned into a dephosphorylated NdeI-linearised pMOS vector. 

Thirteen of twenty-four colonies picked were confirmed as recombinants by digestion 

with EcoRIIHindIII. The remaining colonies contained vector that had re-ligated. At this 

stage, it became evident that DraI is an enzyme that frequently cuts the LSDV genome. 

As a consequence it was decided to digest these recombinants with DraI in order to 

distinguish a possible LSDV -specific clone from a vector-specific clone. Before this was 

attempted, the DraI sites in the PstI-K fragment (particularly in the K1200 fragment), had 

to be mapped. In the subsequent AseIIDraI double restriction digests of the PstI-K 

plasmid, the K1200 fragment remained intact, and therefore lacked DraI sites. Secondly, 

the DraI map of the vector-specific 1200bp recombinant had to be determined. This was 

accomplished by RE mapping, and the maps of both olientations are given in Figure 8. 

The pGEM3Z 1200 bp fragment had one DraI site, which was used to distinguish 

between vector-specific and LSDV -specific recombinants . 

Dra! Dra 

pGEM3Z -1200bp pGEM3Z -1200bp 

Figure 8: DraI RE maps of pGEM/pMOS recombinants in insert orientations A and B. 

Fragment sizes are given in base pairs. 
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All three species were therefore present, and pK 1200 (2b, Fig. 7), represented by clones 

1, 4, 5, 6, 8 and 15 had therefore been successfully constructed. This technique of Dra! 

profiling was consequently used on the PstI-E, -F and -G clones, where several co

migrating fragments were of LSD V origin. 

2.3.3 The restriction endonuclease mapping and sub-cloning of the Pstl-E clone 

The PstI-E clone which is approximately 7 000 bp in size is one of the larger plasmids. 

The fragment is flanked by an EcoRi site, and a Pst! site, and this Pst! fragment is the 

closest to the left hand terminus of the LSDV genome (see Fig. 5 for genomic positions). 

Many Ase! sites were expected to occur in the LSDV DNA, and due to this, the plasmid 

was first sub-cloned into more manageable sizes. Three internal Hindl1! sites were 

mapped, dividing the PstI-E insert into the following fragments: a terminal 800 bp

fragment, 2700 bp fragment, 1300 bp fragment and a 2150 bp terminal fragment (3a, Fig. 

10 on opposite page). They were named fragments E4000 (referring to the size of the re

ligated plasmid) E2700, E1300 and E2150, respectively. At this stage, the orders and 

orientations of E2700 and E1300 relative to each other were not known. This was only 

determined after sequencing and analysis (Chapter III). The 800 bp terminal fragment lies 

adjacent to the EcoRi site, therefore a single digest with Hindl1! excises fragments 

E2150, E 1300 and E2700 and a 4000 bp fragment containing the original pGEM3Z 

vector (3200 bp) plus the 800 bp LSDV fragment. All of these were excised from the gel 

and purified, and the 4000 bp fragment was allowed to re-ligate, hence the naming of the 

800 bp fragment (3e, Fig. 10). The E2150, E1300 and E2700 fragments were cloned into 

dephosphorylated Hind!l1-linearised vectors (3b, 3d and 3c, ,Fig. 10). Recombinants were 

confirmed by restriction endonuclease excision of the fragments. pE4000 did not need to 

be sub-cloned, but the remaining clones were still too large to obtain overlapping 

sequences from forward and reverse sequencing. Double restriction digests of pE1300 

with Hind!!!IAse! located a 700 bp fragment flanked by Ase! sites (3d, Fig. 10). This 

fragment is situated approximately 200- and 280 bp from either side of the MCS, 

respectively. The 700 bp fragment was excised with Ase! and cloned into a 

dephosphorylated Nde!-linearised vector (3h, Fig. 10). The flanking regions of 
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approximately 200 and 280 bp in size were not cloned, and these sequences were 

determined by sequencing in the forward and reverse directions from the parental 

pE1300. This 700 bp-insert plasmid was named pE1300/700. 

Two internal and co-migrating 700 bp fragments, generated by Asel were identified in 

pE2150 (3b, Fig. 10). The two terminal regions are approximately 200- and 250 bp 

respectively, and are also uncloned. Their sequences were determined from forward and 

reverse sequencing reactions of the parental E2150 plasmid. The two 700 bp fragments 

co-migrate, and were shotgun cloned. Recombinant 700 bp-insert clones were 

distinguished once again by DraI profiling: pE21501702 (3f, Fig. 10) contains no internal 

Dral sites, and yields a 3500 bp band plus the 600 bp band, while pE2150/701 (3g, Fig. 

10) has two internal DraI sites, producing five bands of 250 bp, 400 bp, 600 bp, 1000 bp, 

and 1450 bp, approximately (gel not shown). The recombinants were named pE21501701 

and pE2150/702 for convenience. Their orders and orientations relative to each other and 

the terminal flanking regions were not known at this stage. 

pE2700 could be sub-cloned into four smaller fragments after digestion with Asel (3c, 

Fig. 10): E2700/800 (3i, Fig. 10) and E270011450 (31, Fig. 10) were flanking fragments 

with HindIIIIAseI termini. The two smaller fragments E2700/450 (3j, Fig. 10) and 

E2700/300 (3k, Fig. 10) were internal. Recombinants were confirmed by restriction 

endonuclease digestion. 
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2.3.4 The restriction endonuclease mapping and sub-cloning of PstI-F clone 

The PstI-F fragment is the largest of the five selected, being 8500 bp in size. The initial 

Asel digest indicated that there were at least twelve internal Asel sites in the fragment, 

and many of these bands co-migrated. To disperse these sites, the PstI-F plasmid first had 

to be sub-cloned into smaller fragments using commonly-used enzymes, before the 

smaller Asel-generated sub-clones were constructed. PstI-F is the only fragment of the 

five that contains Xbal sites (Table 4), and mapping revealed two internal sites which 

divides PstI-F into a terminal 1700 bp fragment (PFI700), an internal 2900 bp fragment 

(pF2900) and a 3400 bp fragment (pF6600) (4a, Fig. 11 on opposite page). After an XbaI 

digest ofthe PstI-F plasmid, the 1700- and 2900 bp bands were purified and cloned into a 

dephosphorylated Xbal-linearised vector (4b and 4c, Fig. 11). The 6600 bp band, which 

still contained the original "parent" pGEM vector was purified and allowed to self-ligate 

in an overnight ligation reaction (4d, Fig. 11). All three PstI-F sub-clones were confirmed 

by restriction endonuclease digestion, and separately mapped with double digests of 

AseIIXbaJ. 

Digestion with Asel and Xbal cleaved pF 1700 (4b, Fig. 11) into two fragments of ~1300 

bp and 450 bp, which were cloned to produce pF17001l300 (4e, Fig. 11), and 

pF1700/450 (4f, Fig. 11). pF1700/450 borders on pF2900. 

Following double digests ofpF2900 (4c, Fig. 11) with XbailAseI, five fragments could be 

mapped: terminal 950- and 650 bp fragments flanked internal bands of approximately 

1000 bp, and two in the region of 300- to 350 bp. The fragments cloned into plasmids 

and were named pF2900/950 (4g, Fig. 11), pF2900/650 (4k, Fig 11), pF2900/l000 (4j, 

Fig. 11), pF2900x (for the larger of the two smaller fragments) (41, Fig. 11) and pF2900y 

(4h, Fig. 11). All five sub-clones were confirmed by restriction endonuclease digestion. 

pF6600 (4d, Fig. 11) could be cleaved into six fragments of estimated sizes in descending 

order: 1000 bp, 800 bp, 470 bp, ~400 bp, ~380 bp and 300 bp. They were cloned into 

plasmids and named pF66001l000 (4q, Fig. 11), pF6600/800 (40, Fig. 11), pF6600/470 

(4n, Fig. 11), pF6600/x (4m, Fig. 11), pF6600/y (4p, Fig. 11) and pF6600/300 (41, Fig. 
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11), respectively. pF6600/300 contains the terminal fragment bordering on pF2900, and 

pF66001l 000 contains the opposite terminal fragment, although the orders and 

orientations relative to each other of the internal fragments were not known at this stage. 

2.3.5 The restriction endonuclease mapping and sub-cloning of PstI-G clone 

RE digestions of the PstI-G clone showed it to contain numerous internal AseI sites, the 

majority producing fragments of between 500- and 700 bp in size. The possibility 

therefore existed that if fragments migrating so close to each other were to be 

individually excised from an agarose gel, some cross-contamination would result. There 

is one Sal! and one HindIII site each within the PstI-G fragment, where HindIII was 

mapped to cut within 500 bp of the terminus, and Sal! cut closer to the center, producing 

a 1400 bp band, and a 6800 bp band (Sa, Fig. 12 on opposite page). These fragments 

were still too large to sequence, but at least some of the AseI sites were distributed 

between them. Although AccI does appear to cut about four times in PstI-G clone (not 

shown), it produces degenerate ends and was not used. The PstI-G sub-clones were 

obtained by digesting the plasmid with Sal!, isolating the 6800 bp band and cloning it 

into dephosphorylated Sal!-linearised vector, and allowing the purified 4600 bp fragment 

(comprising 1400 bp of LSDV plus 3200 bp of pGEM3Z) to self-ligate. These two 

plasmids were named pG6800 (5c, Fig. 12) and pG4600 (5b, Fig. 12), respectively. 

The construct pG4600 contains an 'internal AseI-ended fragment of 650 bp, which was 

cloned, and named pG4600/650 (5d, Fig. 12). The flanking regions were not cloned, but 

their sequences were determined by forward and reverse reactions from the parental 

pG4600 clone. AseI was again used in the sub-cloning of pG6800 (5c, Fig. 12). Single 

800 bp, 700 bp, 550 bp and 300 bp fragments produced by digestion were isolated from 

agarose gel, purified and cloned. These clones were confirmed to contain inserts of the 

correct sizes, and named pG6800/800 (5h, Fig. 12), pG68001700 (5i, Fig. 12), 

pG6800/550 (5g, Fig. 12) and pG6800/300 (5e, Fig. 12), respectively. At the approximate 

position of 500 bp, two co-migrating bands were excised and purified, and "shotgun" 
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cloned into a dephosphorylated NdeI-linearised vector. Once recombinants were 

identified, DraI digests were carried out, and, two different species were identified 

(bearing in mind that four possible profiles are possible if each insert is able to ligate in 

both orientations). pG6800/S01 (Sj, Fig. 12) has no DraI sites, while pG6800/S02 (Sl, 

Fig. 12) has one, close to its terminus. Similarly, pG6800/601 (Sf, Fig. 12) and 

pG6800/602 (Sk, Fig. 12) were cloned from the co-migrating 600 bp band of a pG6800 

AseI digest. From the intensity of the band, and size estimations from various RE maps of 

the PstI-G clone, I expected to find three different fragments. A third, unique 600 bp AseI 

fragment was never obtained in this manner, although 119 recombinants were profiled. 

The absence of the third 600-bp fragment was revealed later on, once the assembly of the 

PstI-G fragment sequences (Chapter III) was underway. 
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RE mapping with both Nde! and Cia! on p06800 led to the restriction map of Fig. 13. 

The fragment spanning the Ase! junction, including the missing fragment (which was 

suspected to be between 250 and 500 bp in size), was cloned: RE digestion of p06800 

with Nde! yielded four bands (Fig. 13). Co-migrating bands B+C were excised, purified 

and "shotgun" cloned into a pMOS vector. Clone B recombinants were identified by the 

additional Pst! site (determined by RE digests) contributed by the pOEM vector sequence 

in the fragment. The correct recombinant, containing band C, was identified by the lack 

of this additional Pst! site. The clone was named pBC6, and the insert found to be 490 bp 

in size by sequence analysis (Appendix II). 

71 

 
 
 



2.3.7 Sequencing 

2.3.7.1 Automated DNA sequencing 

Two representative electropherograms are presented in Appendix I 

Example I: G6S00/S00 REV (sequencing of a cloned fragment with vector sequence 

primers) 

Example 2: F66A (primer walking sequencing) 

Forward and reverse automated DNA sequences were edited in Sequence Navigator 

(Apple Macintosh), which is described in Chapter III: Assembly and Analysis. 

2.3.7.2 Primer walking by automated DNA sequencing 

EPG output files from the Apple Macintosh were visualized in Chromas (V.I.43, C. 

McCarthy), which runs in Windows off a PC platfonn. The DNA sequences were 

examined for the regions to be inserted, flanked by Ase! sites. Being relatively short, the 

sequences were entered manually into the assembled Pst! fragment sequences, using a 

text editor program (GCG). The sequences from primer walking sequencing are presented 

in Appendix II as short nucleotide sequences each flanked by two Ase! sequences and the 

name of the adjacent fragment on either side. 

The most noticeable feature of an LSDV electropherogram (EPG), is the high frequency 

of A and T nucleotides. M13 primers were used, which prime further upstream than the 

T7 and SP6 promotor plimers, making it possible to read about SO bp of the bacterial 

vector sequence upstream of the LSDV DNA sequence. As shown in the EPG of 

G6S00/S00 (Appendix I, Example 1), the peaks continue to be high and sharp for at least 

400 base pairs thereafter, and the first N's, or uncalled bases, usually start appearing 

around 500 bp, although the sequence is still readable and editing possible. Primer 

walking sequences, using oligonucleotides designed specifically for LSDV sequences, 

start within 30 bp of the primer annealing site (Appendix I, Example 2- F66A). 

It was observed that the read length of quality DNA sequence for quarter- and half

reactions are indistinguishable. Full reactions, with the manufacturer-recommended 

clean-up, is reported to yield in excess of 700 bp before the first uncalled base is seen, 
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and those for quarter reactions performed on LSDV were at least 600 bp in length. When 

designing primers for primer walking, the priming site was chosen to lie at least SO bp 

upstream of the target junction site, to compensate for uncalled bases very close to the 

priming site. Usually, sequences within 30 bp of the priming site could be read. It was 

also observed that an additional 70% EtOH wash step improved the read length, and it 

was possible to read a few base pairs closer to the priming site. The recommended 

annealing temperature for cycle sequencing is SO°C, but the T mS of the primers used 

varied from as low as 46.27°C for E2IS0A to S6.27°C for G68ISS0P. Despite the 

deviation from the recommended T m, good sequences were obtained for all primers. 

DNA sequences from primer walking and manual sequencing (Appendix II) were edited 

into the assembled PstI fragment sequences (refer to Table 3 for priming positions) 

Primer F66B was designed to amplify the region which spans the AseI gap between 

pF6600/800 and pF6600/y in the PstI-F clone (4d, Fig. 11), and an additional two AseI 

sites were identified. Two small fragments of 6S and IS nt were incorporated into the 

PstJ-F sequence. 

At the junctions sequenced by primers F66A, KI2/KSP, E2IS0A and F29A, no insertions 

were found. Primers F66A and K12/KSP were designed to read sequences spanning AseI 

junctions in intergenic regions. Primer E21S0A was designed to span the intergenic 

HindIII site between E2IS0 and E2700 (3a, Fig. 10). Primer F29A was designed to 

sequence a small fragment presumed missing at an AseI junction within the RPOL gene. 

No insertion was found, and the LSDV homolog is therefore accepted to have a natural 

deletion in this region of the gene. Primer G6800/602 was designed to read the sequence 

of the missing fragment between G6800/602 and G6800lS02 (Sc, Fig. 12). Despite the 

size of the insert, the run was sufficiently long to identify the aforementioned flanking 

fragment sequences and both AseI sites. The new fragment was named G6800/603 

(AppendixII). 
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2.4 Conclusions 


In order to determine the DNA sequence of the five Pst/ clones selected for this study, 

each Pst/-clone (-E, -M, -K, -F and -G) had to be sub-cloned into smaller plasmids, and 

sequenced in both directions. Due to limited genomic data, each Pst/-clone first had to be 

mapped by double digests with commonly-used restriction enzymes. The RE maps 

thereby generated were used to develop cloning strategies in which clones smaller than 

1000 bp could be constructed and sequenced. These clones did not overlap, and therefore 

there was a risk of missing very small fragments on the agarose gels from which 

fragments were excised for cloning. Cloning strategies were often complicated by co

migrating fragments , which led to the development of a Dral restriction pattern profiling 

system. This made it possible to distinguish between different recombinants of the same 

size, and this approach was used successfully in the cloning of the K 1200 fragment, as 

well as several co-migrating fragments of the large Pstl-F and -G clones. In total, 46 

recombinant plasmids were constructed, containing almost 29000 bp of non-overlapping 

LSDV DNA. The large majority of these clones were constructed using the restriction 

endonuclease Asel, which recognises ATTAAT sequences in the A+T-rich LSDV 

genome, and produces ends compatible with Ndel in the MCS of bacterial cloning vector 

pMOSBlue. Once the DNA sequences were assembled and analysed (Chapter III), 

primers were designed from sequences of the cloned regions, to sequence regions 

excluded in the sub-clones (particularly at Asel junctions) by primer walking sequencing. 
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CHAPTER III 

DNA Sequence Assembly and Analysis 
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3.1 INTRODUCTION 


Large-scale sequencing projects, for example those of the already-sequenced poxvirus 

genomes, make use of automated sequencing machines directly connected to a computer. 

The amount of sequence that can be read from one sequencing reaction is limited, and 

therefore it is first necessary to cleave large sequences, using a frequent-cutter restriction 

endonuclease, such as Tsp509I (Afonso et at., 1999, 2000), or by a physical method such 

as sonication (Cameron et at., 1999). DNA fragments in the regions of between 1.5 and 3 

kbp are then isolated and "shotgun"-cloned into bacterial vectors. Once these random, 

overlapping fragments are sequenced, it is possible to reconstruct the original sequence 

by searching for regions in common behveen the gel readings, using specialised software. 

Missing regions are sequenced by primer-walking, using oligonucleotides designed from 

partially assembled DNA sequences. Gap4, which is a commonly-used sequencing 

project management program in the Staden package, helps in the management of 

sequencing projects not only by assembling gel readings, but also by searching and 

removing vector sequences, repeat sequences and poor quality sequence regions which 

can cause problems when assembling the fragments (Staden et at., 1998). 

The cloning approach for the LSDV genome was more systematic than the 

abovementioned "shotgun" approach, which was not possible due to limited 

infrastructure. The major difference between this genome project and the 

abovementioned, is that none of the LSDV clones overlap, making a contig assembly 

program, such as Gap4, virtually useless. The linear order of the Pst! clones relative to 

each other, were known from the restriction map compiled by Perlman (unpublished data 

presented in his MSc dissertation 1993, UCT), but the orientations of the PstI fragments 

were not (the directionally-cloned PstI-E-fragment being an exception). The subsequent 

sub-cloning strategies furthermore produced non-overlapping subclones, and the 

sequences had to be fitted together in the correct orientations and orders, in a manner that 

could not rely on overlapping regions. Additionally, very small fragments were 

overlooked on the agarose gels, and consequently were not cloned. 
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LSDV clones were sequenced as they were constructed. Analysis identified partial LSDV 

ORFs which were blasted against the public databases, and shown to be particular regions 

of homologous full-length poxvirus proteins. GenBank is the NIH genetic sequence 

database, an annotated collection of all publicly available DNA sequences (Benson el al., 

2000). There were approximately 11 101 000000 bases in 10 106 000 sequence records 

as of December 2000, and the figures are expected to double in size approximately every 

14 months . GenBank is part of the International Nucleotide Sequence Database 

Collaboration, which is comprised of the DNA DataBank of Japan (DDJB), the European 

Molecular Biology Laboratory (EMBL), and GenBank at NCB!. These organisations 

exchange data on a daily basis (http://www.ncbi.nlm.nih.gov/Genbank). Once a full

length poxvirus ORF was retrieved from GenBank, it was possible to fit the LSDV 

LSDV nucleotide sequences of the same protein together in the correct orders and 

orientations. It is known from the literature that the ORFs near the left-hand terminus of 

the poxvirus genome tend to read towards the left terminus, while those at the right-hand 

terminus read towards the right. This phenomenon gave clues as to which direction the 

LSDV ORFs should be orientated. By fitting the fragmented LSDV ORFs from the 

clones onto a full-length homologous protein from GenBank, it was furthermore possible 

to identify small missing DNA sequences spanning the Asel juctions, which were later 

determined by primer walking sequencing. Frameshifts in protein reading frames occur 

with the insertion or emission of a nucleotide, or where a nucleotide is incorrectly called 

by the sequencing software, and had to be corrected. 

For the purposes of this study, a clone was regarded to present an ORF if the translated 

peptide initiated with a methionine codon, and was at least 50 aa in length. The LSDV 

ORF nomenclature includes the PstI-fragment containing initiating methionine codon, the 

linear position of the ORF in the PstI-fragment (from left to right), and the direction of 

the open reading frame (L or R) . For example, ORF E3L initiates in the PstI-E fragment, 

and is the third ORF, reading towards the left. The degree of amino acid identity to the 

top hit was also taken into consideration, with amino acid identities exceeding 20-25% 

being considered probable evidence of homology, a common approach in other 

publications of poxvirus sequences. 
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3.2 MATERIALS AND METHODS 


3.2.1 Hardware 

Output from ABI377 sequencing managed on Power Macintosh 76001132 with Mac OS 

version 7.5.5. E1ectropherograms (EPGs) were processed by ABI Prism Sequence 

Navigator Version 1.0.1 (Department of Microbiology, UP). 

3.2.2. DNA sequence editing 

Forward and reverse sequences were edited in the following manner: 

1) 	 Both forward and reverse sequences were imported into the layout, and EPGs 

opened. 

2) base-calling was matched with EPG peaks 

3) vector sequence ofthe multiple cloning site was cut off at the appropriate site: the 

recombined AseIINdei sites have the sequence CAT AAT in a forward sequence 

and a T A TGGA TT sequence in the reverse sequence 

4) the reverse sequence was reverse-complemented, and both sequences selected 

a) the comparative alignment option was used off the drop-down menu or 

b) a "shadow" was created, and the reverse sequence slid along the forward 

sequence until the alignment was focused 

5) 	 the reverse sequence was copied onto the forward sequence at the appropriate 

junction, and the full-length edited sequence was exported to a file and diskette in 

Staden format. 

3.2.3. DNA sequence analysis - GCG 

(Wisconsin Package version 10.2, Genetics Computer Group (GCG), Madison, Wisc.), 

installed on Irix (UNIX). 

Staden-format sequences were transferred from diskette, to the UNIX machine by File 

Transfer Protocol (FTP). GCG converts a specified file from Staden format, in which it 

was saved in Apple, to GCG format, prompted by the line-command >fromstaden. 
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Map (>map) displayed both strands of DNA sequence with restriction sites shown above 

the sequence, and all six possible amino acid translations shown below. 

Open reading frames were visually identified (beginning with a methionine codon, and 

being at least 50 amino acids in length), and the specific nucleotide sequence, which had 

to be specified, was translated to amino acids (>translate). The output file was written as 

a pep file. It was worthwhile to review the .pep file using the command >more 

filename.pep, to ensure that the correct reading frame was translated (one nucleotide 

position too many or too few would cause a frameshift) before the peptide sequence was 

blasted. 

The Blastp algorithm (>blastp) was used to search the .pep amino acid sequence against 

the Swissprot protein database. The output file can be quite large, and has four parts: an 

administrative header (filename, copyright information, database size and references), 

followed by a list composed of hits with a) database accession number, b) brief 

description, c) score and d) the E- value. 

The E-value gIVes some information on the probability of finding such a hit in the 

searched database. For example, and E-value of 8.4e-08 on the last line of the output 

implies that the probability of finding a match as good as this, by chance, in the current 

database is 8.4 e-08 
. Put in another way, the BLASTP E-value is a probability value 

calculated for each sequence, and gives an estimate of the probability that the match 

happened by chance and is not significant (the lower the number, the better the match) 

(Lloyd et al., 1999). This value should normally fall below 0.01 or exceed 0.1 (except in 

the case of very small proteins). 

The third part to the blastp output file is a number of alignments of the query sequence 

with significant hits, and the fourth and final part gives more administrative and statistical 

information. 
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The accession numbers of top hits were used to >fetch the GenBank entry from the 

databases. The full-length, top-hit protein retrieved in this way was used for fitting LSDV 

protein fragments on to. Missing regions at fragment junctions could be identified in this 

way, and the GenBank protein was also used for fixing frameshifts. To fix frameshifts, 

conserved motifs from the top hit protein were used to track the true reading frame in 

three frames (depending on the orientation of the ORF in the LSDV genome). The linear 

sequence of genes from published poxvirus genomes also gave important clues as to the 

orders and orientations of the peptide sequences. 

To assemble the fragments whose orders and orientations are now known from the 

peptide sequence, GCG files in which frameshifts had been edited (by referring back to 

the original electropherogram of the region) were opened in Sequence Navigator once 

again. Adjacent fragments were joined by cutting and pasting. Back in UNIX, additional 

sequences discovered by primer walking were edited in (>nedit), re-checked for 

frameshifts, and full-length ORFs blasted. 

3.2.4 SMART (V3.1) analysis ofORFs (Schultz et al., 1998; 2000) 

Detecting non-enzymatic regulatory domains is essential to predict a novel protein's 

cellular role, binding partners and subcellular localisation. SMART (a Simple Modular 

Architecture Research Tool), accessible at http://coot.embl-heidelberg.de/SMART,is 

able to detect more than 400 domain families found in signalling, extra-cellular and 

chromatin-associated proteins. These domains are extensively annotated with respect to 

phyletic distributions, functional class, tertiary structures and functionally important 

residues. Information on more than 400 domain types in more than 54 000 different 

proteins is stored in SMART using a relational database management system. For each 

domain hit, boundaries, a score and an E-value are recorded. SMART is furthermore able 

to search for all proteins that have an identical domain architecture as the query (i.e. 

having all the domains of the query protein in the same colinear order), or an identical 

domain composition (Schultz et al., 2000). 
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3.2.5 The identification of promoters 

Several promoters could be identified visually, but to take a more systematic and 

objective approach to locate these regions, which can deviate somewhat from the 

published consensus for vaccinia, blast alignments were implemented. William Pearson's 

[align program (http://.ch.embnet.org/cgi-cin/LALIGN) allows one to find multiple 

matching sub-segments in two sequences. The program implements the algorithm of 

Huang and Miller (1991). To create a consensus sequence for an early, intennediate and 

late promoter, the vaccinia consensus and its characterized promoters were considered, 

along with obvious promoter sequences identified visually by inspection of the regions 

upstream of LSDV ORFs. Assembled LSDV Pst! clone DNA sequences were searched 

with consensus sequences for early, intennediate and late promoters. To accommodate 

ORFs on the non-coding DNA strand, reading towards the left, the promoter consensus 

sequences were reverse-complemented. Positive ORFs found by lalign were further 

verified by visual inspection, and those that had substitutions at the most conserved 

residues were excluded. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Nucleotide sequences of LSDV Pstl fragments 

The nucleotide sequences of the Pstl fragments were submitted to GenBank as two 

annotated sequences: Pstl-E (7024 bp), Pstl-M (2225 bp) and Pstl-K (3281 bp) were 

combined under the accession number AF336128, whereas Pstl-F (8553 bp) and PstI-G 

(7803 bp) were combined under the accession number AF336131. 

Table 5: Identified LSDV ORFs and blastp matches of known specific genes with known 

or unknown function. Please see table legend (pg. 85) for details of the abbreviations and 

column headings. 

LSDV 
ORF 

Size Top Hit Putative 
Structure/ 
function 

Promo 
ter 

type 
Position (aa) E value % Identity Positives Length 

(aa) 
ORF 

description 
ElL E,1-718 238 2e-34 82/224 

(36%) 
1221124 
(53%) 

274 SPY hypothetical 
protein H6 
P32226 

VV interferon gamma 
receptor 

Interferon-
binding 
protein 

ilL 

E2L E,755
1445 

230 4e-05 32/121 
(26%) 

64/ 121 
(52%) 

170 VV 
093116 

VAR N2 protein 

Alpha
amanitin 
sensitive 
protein 

E 

E3L E,1498
1984 

162 3e-26 49/ 150 
(32%) 

82/ 150 
(54%) 

155 SPY hypothetical 
protein C7 
P32225 

Murine herpesvirus 
BHV4-1E1 homolog 

I 

E4L E,2030
3173 

380 e-170 306/3 80 
(80%) 

308/380 
(80%) 

381 CAP Q2/3L partial ORF 
Q86917 

Macaca mu/alla 
chemokine receptor 

G-protein 
coupled 
chemokine 
receptor 
homolog 

E 

E5L E,3283
3919 

212 e-lll 1921196 
(97%) 

194/1 96 
(98%) 

202 CAP Q2/2L full ORF 
Q86916 

Orf virus ankyrin-like 
repeat protein 

Actin -
binding 

E 

E6L E,3966
4893 

309 0.0 304/309 
(98%) 

306/309 
(98%) 

317 CAP Q2/1 L partial ORF 
Q86915 

VV interleukin-I 
binding protein 
precursor 

1nterleukin-1 
receptor 

E 

• 
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E7L E, 5053
5320 

88 le-21 42/85 
(49%) 

68/85 
(79%) 

86 spy C8 hypothetical 
protein 
P32224 

YY hypothetical 11.1 
kD protein 

L 

E8L E,5309
5792 

161 2e-27 561129 
(43%) 

891129 
(68%) 

134 SPY hypothetical 
protein C9 
P32223 

Homo sapiens 
interleukin-18 binding 
protein A precursor 

Interleukin
18 binding 
protein 

L 

E9L E,5811
6045 

78 0.004 2\/53 
(39%) 

30/53 
(55%) 

80 SFY growth factor H2 
P08441 

Xenopus laevis 
neuregl inu-I 

Growth 
factor 

(?) 

EIOL E,6093
6621 

176 0.004 37/139 
(26%) 

621139 
(43%) 

167 spy hypothetical 
protein cIa 
P32222 

MsEPY ORF 71 

Putative 
early 
transcription 
factor-small 
subunit 

L 

MIL E,6665
7024. 
M, I-85 

147 5e-46 (73%) (83%) 142 SPY dUTPase 
P32208 

YAR dUTPase 

dUTPase, 
Nucleotide 
metabolism 

I 

M2L M, 129
1611 

494 5e-97 187/466 
(40%) 

187/466 
(40%) 

500 spy hypothetical 
protein Cl3 
P32206 

YY 55 K kelch-like 
protein 

Actin
binding 

I 

KIL M,1713
2225 
K, 1-487 

32 1 3e-69 242/321 
(75%) 

283/321 
(88%) 

319 SPY ribonucleoside
diphosphate reductase
small chain 
P20493 

YYF4L 

Ribonucleosi 
de reductase
nucleotide 
metabolism 

E 

K2L K,529
787 

86 8e-06 20/47 
(43%) 

33/47 
(69%) 

86 SPY hypothetical 
protein CI5 
P32220 

L 

K3L K,830
1166 

112 9.4 15/39 
(38%) 

22/39 
(55%) 

435 Nicoliniana labacum A 
membrane-associa ted 
salt inducible protein 
Q40452 

E 

K4L K, 1398
1614 

72 O.OJ I 18/40 
(45%) 

26/40 
(65%) 

65 YY protein F8 
P29887 

YAR protein F8 

E 

K5L K,1691
2429 

218 5e-72 1291216 
(59%) 

163/216 
(74%) 

215 Spy hypothetical 
protein C9 
P32207 

YY proteinF9 

L 

AIL 
partial 

K,2319
3281 

318 e-137 232/314 
(73%) 

271 /314 
(85%) 

440 Spy protein kinase C20 
P32216 

YY protein kinase 2 

Protein 
kinase 

0 

AXR 
partial 

F, 1-386 128 4e-48 9\/128 
(71%) 

1041128 
(81%) 

338 MYX poly(a) 
polymerase regulatory 
subunit (YP39) 
PI8628 

YY poly(a) regulatory 
subunit 

Poly(a) 
polymerase 
regulatory 
subunit 

0 

FIR F, 303
858 

185 7e-78 135/ 185 
(72%) 

1631185 
(87%) 

185 MYX DNA-directed 
RNA polymerase 21 kD 
polypeptide 

DNA-
directed 
RNA 

E 
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PI8620 polymerase 
subunit 

V AR DNA-directed 
RNA pol 22 kD 
polypeptide 

F2L F,855 139 le-39 72/118 901118 133 VV J5L protein L 
1272 (61%) (76%) P33055 

VAR protein J5 
F3R F,1484 1210 0.0 92011215 10521121 1286 YV DNA-directed RNA DNA L 

51.13 (75%) 5 (85%) polymerase 147 kD directed 
polypeptide RNA 
P20504 polymerase 

subunit 
VAR Rpol47 

F4L F,5097 205 8e-76 1311171 134/ 171 172 MYX tyrosine Tyrosine L 
5712 (76%) (78%) phosphatase (IlL) phosphatase 

Q85297 

RFV tyrosine 
phosphatase 

F5R F,5728 190 2e-74 1231188 1531188 189 VV late protein H2 L 
6299 (65%) (80%) 

VV putative 21.5 k 
protein 

F6L F,6300 323 leA5 99/326 167/326 325 YY protein H3L Envelope liE 
7269 (30%) (50%) Q85385 protein 

VAR immunodominant 
envelope protein 

GIL F,7300 799 0.0 5661799 6561799 797 VV H4L protein RNA L 
8553 (70%) (81%) polymerase-
G, 1-1135 MYX m72L associated 

protein 
G2R G, 1277 226 0.001 42173 29/43 220 VAR (-YY protein Envelope ilL 

1955 (43%) (66%) H5R) protein 
Q85386 

orf virus envelope 
antigen homolog 

G3R G, 1998 317 e-117 210/317 247/317 314 SFY DNA DNA topo- L 
2949 (66%) (77%) topoisomerase I isomerase I 

P16472 

VY late protein H6 
G4R G,2971 122 ge-18 441106 711106 129 VARORF85R L 

3337 (41%) (66%) Q89221 

VAR late protein H7 
G5R G,3388 754 0.0 4661719 5871719 836 SFV mRNA capping mRNA E 

5650 (64%) (80%) enzyme, large subunit capping 
P25950 enzyme 

VV mRNA capping 
enzyme 

G6L G,5684 155 5e-22 571154 94/ 154 143 SFV protein D4 ? 

6149 (37%) (64%) P2595 I 

V AR protein D2 
G7R G,6468 102 2.1 20158 32/58 569 Plasmodium Jalciparum L 

6774 (34%) (58%) throphozoite cysteine 
proteinase precursor 
P25805 

SFV protein D5 (length 
= 241 aa) 

G8R G,6852 218 5e-99 160/218 1871213 218 SFY uracil-DNA uracil-DNA E 
7505 (73%) (85%) glycosylase glycosylase 
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VV uracil-DNA 
glycosylase 

G9R G,7551 83 le-1 6 37/57 45157 791 FPV 92,6 kD protein E 
7803 (64%) (78%) 
(partial) VV 90.4 kD protein 

Legend to Table 5: Summary of the blast output files for each of the LSDV ORFs 

identified. The lengths and positions of the respective ORFs in their respective Pst! 

clones are indicated, with the ORF size in amino acids (aa). The Top Hit columns give 

infonnation of the homologous ORFs in the GenBank database. Two references are 

given. The first reference, with a GenBank accession number, refers to the "top hit"- the 

protein with the highest homology at the top of the output file. The information in the 

other top hit columns relates specifically to the top hit, i.e. the E-value, % identity, 

positives, and length in amino acids. The second entry was the second hit in most, but not 

all cases, included to give extra information about the other types of proteins that 

demonstrated significant homology. Some ORFs are exclusive to poxviruses, particularly 

those of the terminal regions, while others, like the DNA topoisomerase I gene has 

counterparts with high homology in eukaryotic organisms like mice and humans. The "% 

identity" refers to the number of matches in the particular aligrunent that match precisely, 

at that point. Insertions or deletions of amino acids are therefore penalised in this value. 

"Positives" refers to the amounts of matching amino acids in the linear peptide sequence. 

The promoter column again refers to the LSDV ORF, where "I" represents Intermediate, 

"E" represents Early, and "L" represents a Late promoter. These results are discussed in 

3.3.3, LDSV ORFS. 
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3.3.2 SMART analysis 

Each peptide sequence, in F ASTA format (Appendix III), was cut and pasted into the 

SMART program for the detection of protein motifs and domains . The results were as 

follows: 

Identification of a RING finger motif. A RING finger motif was detected in ORF E3L 

beginning at aa 11 and ending at aa 54. An E-value of 1.81e+Ol was assigned by 

SMART. 

Table 6: ESL - Identification of Ankyrin repeats 

MOTIF BEGIN END E-value 
ANK 21 50 2.7ge+Ol 
ANK 51 82 4.13e-02 
ANK 87 120 9,92e+02 
ANK 124 155 3.60e-02 
ANK 159 189 1.70e+02 

Five ANK repeats were detected in ORF E5L. The ANK domain in the ORF E5L query 

of 212 amino acids starts at 87, and ends at position 120. The ANK repeat sequence in 

ORF E5L was: 

NNLSALAHYLSFNKNVEPEIVKlLIIDSGSSVTE 

Table 7: E6L- Identification of immunoglobulin-like domains 

MOTIF BEGIN END E-VALUE 
IGc2 4 83 4.7ge+OO 
IG 6 94 1.87e+00 
IG-like 71 166 1.37e+Ol 
IGc2 102 171 8.42e-02 
IG 96 201 3.38e-Ol 

Due to overlapping domains In ORF E6L, there were three representations of the 
proteins. 

IGc2: Immunoglobulin C-2 type 
IG: Immunoglobulin 
IG-like: Ig domains that cannot be classified into one oflGv1, IGcl, IGc2 or IG. 
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Table 8: F4R- Identification of tyrosine phosphatase motifs 

MOTIF BEGIN END E-VALUE 
PTPc 2 169 24e+01 
DSPc 26 169 1.05e-47 
PTPc 69 170 6.45e-07 

Three tyrosine phosphatase motifs were identified in ORF F4R. 

PTPc: Protein tyrosine phosphatase, catalytic domain 
DSPc: Dual specificity phosphatase, catalytic domain 

Identification of an Epidermal Growth Factor (EGF)-like domain. An EGF-like 

domain was identified in ORF E9L, beginning at aa 20 and ending at aa 65. An E-value 

of 1.30E+01 was assigned by SMART. 

Table 9: Identification of TRANSMEMBRANE regions 

ORF BEGIN END 
E31 79 99 

123 143 

E4L 17 37 
89 109 

127 147 

165 185 

207 227 

256 276 
294 314 
334 354 

E10L 48 68 

113 133 
F2L 119 139 
F5R 24 49 
F6L 286 306 
KIL 
(probable) 

74 94 

K2L 16 36 
K3L 47 67 
K5L 180 200 
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Table 10: Identification of SIGNAL PEPTIDE sequences (collective) 

ORF BEGIN END 
ElL 1 17 
E2L 1 22 
K2L 1 44 

3.3.3 LSDV ORFs (Please refer to Table 5 and 3.3.2 SMART Analysis) 

Proteins involved in transcription and mRNA biosynthesis. Five LSDV ORFS that 

could be involved in viral transcription and mRNA synthesis have been identified. All 

occur in the central regions as would be expected for genes essential for the viability of 

the virus. ORF GIL encodes the RNA-polymerase-associated transcription specificity 

factor (RAP94), spanning the Pst! junction between Pst! clones -F and -G. The RAP94 

of variola virus has been shown to associate with the RNA polymerase, and is required 

for the transcription of the early genes, where it possibly mediates the binding of the core 

RNA polymerase to viral early transcliption factors (VETF) (Mas sung et aI., 1993). The 

poxvirus DNA-directed RNA polymerase is known to consist of at least eight subunits 

(Jackson and Bults, 1990). In this study, two of these have been identified for LSDV, 

namely the RNA polymerase subunits encoded by ORFs FIR and F3R, the homologs of 

the MYX 21 kD polypeptide and VV 147 kD polypeptide, respectively. Although ORF 

F3R shows high homology to its VV counterpart (85% positives), the LSDV ORF 

appears to be 76 amino acids shorter at the C-terminus. A regulatory subunit of the RNA 

polymerase, encoded by partial ORFAXR, is expected to extend for another estimated 

210 amino acids (including the amino terminal) in the uncloned LSDV Pst!-A fragment. 

ORF G5R encodes the large subunit of the mRNA-capping enzyme. The mRNA capping 

enzyme is a heterodimer of a large and a small subunit, and catalyses the first two 

reactions in the mRNA cap formation pathway (Upton et aI., 1991). The LSDV ORF is 

82 aa shorter than its SFV homolog, with approximately 10% of the C-terminus 

truncated. ORF E1 OL encodes the small subunit of a putative early transcription factor. It 

has a relatively low percent identity (26%) to the Spy homolog, and appears to be some 

24 amino acids shorter. Two transmembrane regions were predicted by SMART; the first 

from aa residues 48 to 68, the second occuring from residues 113 to133 . 
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Other poxvirus enzymes also involved in transcription and mRNA biogenesis, but not 

identified in these LSDV clones include additional RNA polymerase subunits, mRNA 

transcription, initiation elongation and termination factors, enzymes that direct 

posttranscriptional processing of viral mRNA, other transcription factors and additional 

poly(A)polymerase subunits. All of the transcription and mRNA biogenesis protein 

homologs identified so far in LSDV have been found in the central region represented by 

Pst! clones -F and -G, and additional members of the group are therefore expected in the 

flanking Pst! fragments of the central conserved region: -A, -D, -L, -I, -H and -C (Figure 

5). 

Proteins involved in nucleotide metabolism. Enzymes known to be involved in 

poxvirus nucleotide metabolism include the thymidine kinase, thymidylate kinase, dUTP 

pyrophosphatase (dUTPase) and ribonucleotide reductase. ORF MIL encodes a viral 

dUTPase with high (83% positives) homology to the Spy counterpart. This enzyme 

produces dUNIP, the immediate precursor of thymidine nucleotides which decreases the 

intracellular concentration of dUTP, so that uracil cannot be incorporated into DNA 

(Massung et at., 1993). The ribonucleoside reductase is a heterodimer of a large and a 

small chain. Poxvirus ORFs LSDV KIL, SPY and VV F4L all belong to the 

ribonucleoside diphosphate reductase small chain family (Goebel et at., 1990). These 

enzymes catalyze the first reaction in the viral DNA replication pathway, providing 

precursors necessary for DNA synthesis. The catalytic activity involves the conversion of 

2'deoxyribonucleoside diphosphate, oxidised thioredoxin and water to ribonucleoside 

dishosphate and reduced thioredoxin, with a cofactor containing two iron ions (Goebel et 

at., 1990). ORF KIL contains a probable transmembrane region, predicted by SMART, 

from aa residues 74 to 94. 

Proteins involved in DNA replication and repair. Uracil DNA glycosylase is an 

important enzyme for DNA replication and repair, because it excises uracil residues from 

the DNA arising as a result of misincorporation of dUMP residues or due to deamination 

of cytosine (Upton et at., 1993). ORF G8R encodes such a putative enzyme of 212 amino 

acids, corresponding precisely in size to the SFV homolog with 75% identity. DNA 

topoisomerase is able to relax both positively and negatively supercoiled DNA in the 
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absence of an energy cofactor, and the poxvirus topoisomerase homo logs, such as ORF 

G3R and its SFV and VV homologs, which it closely resembles, has the properties of a 

cellular type I enzyme, except that it is resistant to camptothecin (Bauer et al., 1977; 

Fogelsong and Bauer, 1984; Shaffer and Traktman, 1987; Shuman et al., 1988). The 

failure of attempts to construct a mutant vaccinia virus with deletions within the 

topoisomerase gene suggests it plays an essential role in the life cycle of poxviruses 

(Shuman et al., 1989). Other replication and repair enzymes of LSDV expected to be 

encoded in adjacent Pst! clones include the DNA ligase, uracil DNA glycosylase, DNA 

polymerase, and replication-essential protein kinase. 

Proteins involved in protein modification. Protein tyrosine phosphatases are 

recognized as important regulatory enzymes, which together with protein tyrosine kinases 

regulate protein phosphorylation within a cell. Although structurally diverse, both 

tyrosine phosphatases and kinases can be classified into two major groups : 

transmembrane or receptor-like and cytosolic or non-receptor-like. Both classes of 

tyrosine phosphatases contain one or two homologous catalytic domains where an active 

site cysteinyl residue is located within a conserved sequence motif (Guan and Dixon, 

1991). Mossman et al. (1995) demonstrated the importance of poxviral phosphatases by 

showing that MYX II L is essential to virus viability in tissue culture. Poxviral tyrosine 

phosphatases constitute proteins that are highly conserved, both within and between 

different genera (Mossman et al., 1995). The open reading frames which encode for all 

the known poxviral phosphatases are located within the central portion of the virus 

genome, adjacent to another essehtial virus gene, RPO 147. ORF F4L encodes a tyrosine 

phosphatase, flanked by an LSDV RP0147 (F3R), with 76% identity to the MYX 

tyrosine phosphatase (IlL). SMART analysis additionally identified three tyrosine 

phosphatase motifs : two PTPc (protein tyrosine phosphatase, catalytic domain) domains 

from aa residues 2 to 169 and 69 to 170, and a DSPc (dual specificity phosphatase, 

catalytic domain) motif from aa residues 26 to 169. At a length of205 aa, the LSDV ORF 

is slightly longer at the C-terminus than the MYX homolog of 172 aa. Homologous 

phosphatase genes have also been reported in the central regions of eight other 

orthopoxviruses to date (Mossman et al., 1995). Vaccinia HI L phosphatase has been 
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reported to be packaged into virions and required for early virus gene expression in vivo 

(Mossman et at., 1995; unpublished data), further supporting the essential role of this 

enzyme. Partial ORF AIL encodes a protein kinase. A predicted 122 amino acids of the 

N-terminus is expected to complete the ORF in PstJ fragment A. At 73% identity, the 

homology to the Spy ORF is relatively high. It is most likely that poxvirus-encoded 

phosphatases and kinases could influence a variety of cellular functions, ranging from the 

replication of the viral genome to the disruption of cellular signaling pathways critical for 

the host immune response. 

Structural proteins. Poxviral structural proteins include core proteins, membrane

associated proteins and proteins of the envelope complex. SMART analysis identified 

several proteins containing transmembrane regions, suggesting membrane association 

(Table 9). These include ORFs E3L (two regions), E4L (eight regions), EI0L (two 

regions), F2L, F5R, F6L, K2L, K3L, and K5L each with one transmembrane region, and 

KIL with a probable transmembrane region from amino acid residues 74 to 94. F6L is a 

putative LSDV envelope protein with 30% identity to VV ORF H3L and the V AR 

immunodominant envelope protein. No function is assigned to ORF E3L, a homolog of 

SPY ORF C7. ORF E4L is a G-protein-coupled chemokine receptor homolog and is 

discussed further on. ORF EI0L is a putative early transcription factor subunit. F2L's VV 

J5L homolog has no assigned function, neither has a function been assigned to the F5R 

VV putative late protein H2 homolog. The LSDV ORF KIL is a small subunit of the 

ribonucleoside reductase. ORF K2L, the LSDV homolog of Spy protein CIS has no 

assigned function. Furthermore, SPY CIS was the only hit, suggesting that this protein is 

unique to SPY and LSDV. K3L is a salt-inducible protein with no homology to any other 

poxvirus proteins identified to date, and is also discussed later on. ORF K5L has no 

assigned function. ORF F6L is a homolog of a known envelope protein, VV H3L. 

Excluding ORFs E4L, KIL and F6L, no definite functions for the ORFs containing 

transmembrane regions are known. These proteins presumably associate with the cell 

membrane, and might be components of the complex poxvirus capsid structure. Some of 

them could possibly encode antigenic determinants on the virion surface, which could be 
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one immunoglobulin-like domain, which cannot be classified into one of IGvI, ICel, 

IGc2 or IG is found in residues 71-166. The poxviral interferon-y-binding proteins 

contain relatively low (~20%) homology to the ligand binding domain of the human and 

murine IFN-y receptors, although similar lengths are observed within the chordopoxvirus 

homologs (Mossman et aI., 1995). ORF ElL contains nine cysteinyl residues (Appendix 

IV), eight of which are known to be important for the ligand binding domain. The MYX 

homolog contains all eight, whereas VV and V AC counterparts have only six, with the 

first two cysteinyl residues replaced by tyrosine in each case (Mossman et aI., 1995). 

ORF E4L shows 80% identity to ORF Q2/3L, identified as a G-protein coupled 

chemokine receptor homolog in sheeppox isolate KS-l HindII! fragment (Cao et al., 

1995). The authors were able to demonstrate, through Southern blot analysis, that all 

three species of the capripox genus (SP, GP and LSDV) contain copies of this ORF. ORF 

Q2/3L showed 38% sequence identity to Spy ORF K2R (Massung et al., 1993), and 27% 

identity with HMCV ORF US28 (Human cytomegalovirus chemokine receptor homolog) 

(Chee et aI., 1990). The authors report that a highly conserved motif, DRYLAIVHA, at 

the end of the third transmembrane domain is present in ORFs Q2/3L and Spy-K2R. 

Other hits of the same protein family ORFs CKR-1, NY-3R, IL-8ra, and 8rb contain the 

motif, but it is absent from ORF C5a, fmlp binding proteins (which are also chemokine 

receptor homo logs) and ORF HCMV-US28 . SMART identified eight transmembrane 

regions in ORF E4L (Table 9). A similar motif, DRYLAVVHP, was found from aa 

residues 186-194, which corresponds to the end of the fourth transmembrane region in 

LSDV. Certain features of ORF Q2/3L (and LSDV ORF E4L) and the related proteins 

make them distinct from classical seven transmembrane-spanning receptors: the carboxyl 

terminus is relatively short and lacks the cysteinyl residue involved in membrane 

anchorage (O'Dowd et al., 1989) and the segments between the transmembrane domains 

are quite short (Cao et al., 1995). By comparison of the ORF E4L aa sequence (Appendix 

III) to ORF Q2/3L aa sequence (Cao et al., 1995), the conservation of several potential 

N-linked glycosylation sites located mainly in the N-terminus is evident. An additional 

site in the transmembrane domain is unlikely to be glycosylated, owing to its predicted 

position within the membrane (Cao et aI., 1995). 
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Proteins with other host range functions. ORF E5L shows very high (97% identity) 

homology to capripox (SP) ORF Q2/2L, but also shows homology to an orf virus 

ankyrin-like repeat protein. SMART identified five repeats of the motif 

NNLSALAHYLSFNKNVEPEIVKlLIIDSGSSVTE in the 212 aa LSDV protein, namely 

from residues 21 to 50, 51 to 82, 87 to 120, 124 to 155 and 159 to 189. The presence of 

these five ankyrin repeat motifs suggests that ORF E5L binds actin elements of the 

cytoskeleton, thereby playing a role in tissue tropism. ORF M2L shows 40% identity to a 

Spy C13 ORF, and also has homology with other known kelch-like proteins, such as the 

VV 55K protein. Kelch repeats are also implicated in actin-binding. 

The RING finger is an evolutionarily conserved structure identified in more than 200 

proteins to date (Schultz et at., 2000), in which two loops of amino acids are pulled 

together at their base by eight cysteinyl or histidinyl residues that bind two zinc ions. In 

order to keep a cell healthy, some proteins have to be destroyed, and these are tagged for 

elimination by the attachment a small peptide, ubiquitin. The tagging occurs in steps, 

with one enzyme binding to the protein marked for destruction and another ferrying the 

ubiquitin label to the target. Recently, RING fingers have been identified as having 

ubiquitin-protein ligase activity, identifying them as the molecular mediators that couple 

ubiquitin and E2 ubiquitin-congugating enzymes so that the tagging can take place 

(Barinaga, 1999). SMART identified a RING finger motif in residues 11 to 54 of ORF 

E3L. The ability of a virus-encoded protein to mediate the targeting of host proteins, 

particularly antiviral or immune-signalling proteins for elimination would have obvious 

benefits for evasion of the host immune response. 

Proteins with cellular functions. A fowlpox virus ORF, FPVI14, has been shown to 

share a 180 aa conserved domain with proteins found in plants, yeast, roundworms and 

bacteria. ORF FPV114 is most closely related to the yeast Ha13 and SIS2 genes and a 

putative Ha13 homolog from the plant Arabidopsis thaliana (Afonso et at., 2000). These 

proteins function as inhibitory subunits of cellular protein phosphatases, and they 

promote salt tolerance and affect growth (De Nadal et at., 1998). LSDV ORF K3L, a 112 

aa putative protein, has no homologs in poxviruses but includes a region with low (38%) 
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identity to a 39 ammo acid domain of a Nicotiniana tabacum, (common tobacco) 

membrane-associated salt inducible protein. A possible role for ORF K3L in the host 

could therefore be in the regulation of the host cellular functions . SMART identifed a 

transmembrane region from residues 47 to 67, suggesting that ORF K3L too is 

membrane-associated. 

Other proteins of unknown function. In the left terminal region, ORF E2L encodes a 

212 aa protein with low percentage identity (26%) to a VV alpha-amanitin sensitive 

protein and ORF E7L encodes a homolog of hypothetical protein C8 of Spy and a VV 

11 .1 kD protein. In the central region, ORF G6L encodes a homolog of similar length to 

SFV protein D4, whereas ORF G7R encodes a potential protein of unknown function 

with highest homology to a 58 aa region of Plasmodium Jalciparum throphozoite 

proteinase precursor, but also shares homology with SFV protein D5 . Partial ORF G9R's 

92 .6kD protein homolog in FPV has no assigned function. 
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3.3.4 Nucleotide composition (GCG) 


>Composition was used to calculate the nucleotide contents of the assembled Pstl clone 


DNA sequences 

Table 11: Nucleotide Composition 

Fragment (bp) #A(%) #C(%) #G(%) #T(%) 
E (7, 024) 2,465 (35.1) 1,033 (14.7) 714 (10.2) 2,812 (40.0) 
M (2, 225) 774 (34.8) 373 (16.8) 233 (10.5) 845 (40.0) 
K(3,281) 1,126 (34.3) 467 (14.2) 353 (10.8) 1,335 (40.7) 
F (8, 553) 3,278 (38.3) 1,133 (13.2) 1,219 (14.3) 2,932 (34.3) 
G (7,803) 3,187 (40.8) 902 (11.6) 1,066 (13.7) 2,648 (33.9) 

[ TOTAL 
I (28, 886) 

36.7 14.1 11.9 37.8 

1
74.5% A+'I1 

A total of 28 886 bp of LSDV genomic DNA sequence has been determined. This is the 

largest amount of sequence data available for the SA vaccine strain (Neethling), or a 

capripoxvirus, to date. The 74.5 % A+T calculated (GCG) corresponds closely to the 

value of 72.4 % determined by restriction endonuclease analysis of Gershon and Black 

(1989). 
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SPY than to any of the other ChPY genera, despite differences in genome sizes, although 

shope fibroma vims (a leporipoxvims), at 159.8 kb (Willer et al., 1999) is closer to 

LSDY in size. 

Central region genome organisation of LSDY and the other poxvimses is indeed similar 

when the linear order of genes (refer to Table 5) is compared to similar tables in 

pUblications. This colinearity was also noticed by Gershon et al. (1989) who showed that 

a 100-115 kb piece of the genome is co-linear in organisation according to cross

hybridisation studies of capripoxvimses and vaccinia vims. No cross-hybridisation was 

detected between YY DNA and the respective left- and right-hand terminal 8 and 25 kb 

of capripoxvims DNA, or between capripoxvims DNA and the respective left- and right

hand terminal 38 and 35 kb of YY, but Figure 14 illustrates that the two regions do 

indeed have several ORFs in common. 

As indicated in Fig. 14, homologous ORFs have been linked by a line. Starting from the 

left, Spy ORF C6L has a homolog in LSDY ORF ElL. although this protein is not found 

in YY. LSDY has a homolog ofYY ORF N2 (ORF E2L) which is not found in Spy, but 

also occurs in Y AR and CPX. ORF E3L again has a homolog in Spy but not YY. ORFs 

E4L, E5L and E6L are not the equivalent of YY K1L and K2L, although these ORFs 

have homo logs in poxvimses other than YY and Spy (data not shown). This region of 

~2000 bp seems to be absent from Spy, and the three missing ORFs, a G-protein 

chemokine receptor homolog, an actin-binding protein and an interleukin-I receptor 

homolog respectively, are all implicated in host-range functions in LSDY. These are 

presumably not required for the infection of leporid host cells, unless the genes have 

translocated and are present elsewhere in the SFY genome. The block of ORFs from 

LSDY ORFs E7L to K2L corresponds closely to Spy ORFs C8L to C15L, although 

LSDY ORF E9L is absent from Spy but present in other poxvimses (data not shown). 

ORF E9L is a growth factor implicated in the LSD vims/host interaction. LSDY ORFs 

MIL, M2L and KIL, a dUTPase, actin-binding protein and ribonucleoside reductase 

enzyme are conserved in most poxvimses. ORFs MIL and K1L are involved in 

nucleotide metabolism and therefore essential to poxvimses. Spy ORF C12L is similarly 
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absent from LSDV, but is homologous to VV ORF K7R (no line indicated in Fig. 14). It 

is interesting to note that VV ORF K4L which seems to be widely conserved among 

genera, encodes a 37k major EEV antigen IMCBH sensitive protein (palmityl protein) 

(data not shown) which is absent from the suipoxviruses and capripoxviruses. 

FUl1hermore, three genes of SPV: C 16L, C 17L and C 18L, are not present in this region of 

LSDV, and do not correspond to a similar location in VV (containing VV ORFs F5L, 

F6L and F7L). These last three genes seem to be unique to orthopoxviruses (VV, V AC, 

CPX) as no homo logs for members of other genera have been identified as yet. LSDV 

ORF K3L has no homology to any other poxvirus protein, and has therefore been 

highlighted. As a potential gene unique to LSDV, it possibly contributes to the bovine

specific nature of LSDV infection. The ORF resembles salt-inducible proteins, with roles 

in cellular functions. LSDV ORFs K4L, K5L and A I L again have homo logs in VV ORFs 

F8L, F9L and FIOL. ORFs K5L (unknown function) and AIL (encoding an essential 

protein kinase) are seemingly conserved among poxvirus genera. 
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an A at +4. There is no evidence to suggest that these specific nucleotides are critical for 

early promoter function, but they do provide a useful guideline in the blast identification 

of LSDV early promoters. The initiation region for ORF FIR's promoter is unusually 

large, and it is possible that the true site for initiation occurs further to the initiation site in 

other AfT- rich tracts closer to the ATG start site. However, none of these AfT-rich tracts 

were found to resemble the early promoter consensus as closely as the presented 

sequence. The promoter type for the corresponding homolog in SFV happens to be 

unknown (Willer et al., 1999). The region immediately upstream of the ORF G9R 

initiation codon, presented in the early promoter alignment as an early promoter also has 

the characteristics of a late promoter (Fig. 16). This would suggest that ORF G9R can be 

expressed both at early and late times, and that the product, of unknown function, may be 

required in large amounts by the virus. 

Cao et al. (1995) reported that although the sheeppox Q2/3L ORF has an upstream A+ T 

-rich region. The Q2/3L ORF shares an 80% nucleotide sequence homology with LSDV 

ORF E4L. There is no obvious sequence upstream of ORF E4L matching the conserved 

motifs found in early or late poxvirus promoters. Although the proposed promoter for 

ORF E4L has a CAAAA T motif adjacent to the RNA start (Fig. 16), the upstream region 

is relatively G+C-rich, whereas this region is characteristically A+T-rich in late and 

intermediate promoters. The early promoter sequence in the alignment was therefore 

considered to be the best candidate for a regulatory element. Although the critical region 

contains a T AAAA motif instead of a TGAAA motif for promoter regions of ORFs E4L, 

K2L and K3L and G5R, the VV 42 kD protein (Venkatesan et al., 1982) promoter, which 

has been characterized as a definite early promoter (sequence not shown), shows a similar 

motif. 

The region immediately upstream of ORF E6L lacks any motif to suggest a late or 

intermediate promoter. However, the regions further upstream are A+T-rich, resembling 

the early promoter motif. A TGGAA sequence here, is reminiscent of the TGAAA early 

promoter motif. Although the region upstream of ORF G5R has a TGT AA motif instead 
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ORFs F5R and K2L promoter sequences initiate with CAAATG instead of TAAATG, 

although this specific mutation have been shown in vaccinia virus to have a minimal 

detrimental effect on transcription (Davison and Moss, 1989). 

The region upstream of ORF F6L (Fig. 17) closely resembles the latelintermediate motif. 

Position -19 is however occupied by a C, a mutation which has been shown to be 

detrimental to late promoter function. Although it lacks the upstream AAANAA motif 

characteristic of intermediate promoters, the region upstream of ORF F6L has been 

aligned with the intermediate promoters. An early promoter further upstream was 

identified for ORF F6L and is presented in Figure 15. The VV P35 immuno-dominant 

envelope protem, to which this LSDV ORF F6L shows 30% identity, has however been 

described as a late protein (Goebel et al., 1990). 

The regulatory region upstream of ORF E7L lacks motifs resembling the early promoter 

consensus, but initiates with CAAAAATG. There are no motifs to suggest intermediate 

promoter status, and the region upstream of the SPY homolog, ORF C8L, has 

additionally been described as a late promoter Massung et at., 1993). Similarly, the 

region upstream of Spy ORF C9L, the homolog of LSDV E8L, initiates with an 

AAAA TG motif and was also classified as a late promoter. 

ORF G7R has no obvious upstream early promoter motif, and the A +T -rich initiation 

region ATAATG has previously been cited as a poxvirus late motif for Spy ORFs C1L, 

C8L, C12L, C16L and K4R (Mas sung et al., 1993). ORF E10L too contains this 

upstream AT AA TG motif, and an upstream region is additionally presented in the 

intermediate promoter alignment (Fig. 17). The AAANAA motif characteristic, of 

intermediate promoters, lies upstream at the unusually high position of -20. 
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3.4. Conclusions 


In this chapter, the edited fragment sequences described in Chapter II were assembled 

into two continuous nucleotide sequences, one from the LHT of the LSDV genome, and 

the other from the central region, which were translated to amino acids, from which the 

ORFs were identified. To be able to recreate the full-length sequence, the individual 

fragments were first translated to amino acid sequences, and blasted against public 

protein databases . Consequently, it was possible to assemble the fragments into the 

correct orders and orientations, based on full-length poxvirus homologs from the 

databases. Gaps revealed in the LSDV nucleotide sequences were filled by primer 

walking sequencing, also described in Chapter II. 

At present, these 12530 bp from the LHT and 16356 bp from the central region represent 

the largest amount of continuous sequence data available for the LSDV genome 

(Neethling str.). The 3600 bp Pst! l-fragment, of the same isolate has also been 

sequenced, by an Australian group (personal communication). Further analysis of the 

LSDV ORFs included the identification of specific protein motifs (SMART) which can 

aid in the assignment of possible protein function in the host cell, and the identification of 

upstream promoter sequences for the regulation of transcription. 

In total, 35 conserved gene homo logs were identified in the sequenced regions, including 

proteins involved in transcription and mRNA biosynthesis, nucleotide metabolism, DNA 

replication and repair, protein processing and virion structure. Comparison of the LSDV 

genome with those of other ChPVs (Table 5 and Fig. 14) furthermore revealed extensive 

genome colinearity in the central regions, and lesser colinearity in the terminal region. 

Predicted proteins with putative functions involving immune evasion included a G

protein-coupled chemokine receptor, an interleukin-18-binding protein, an interleukin-I 

receptor homolog, a growth factor and a putative interferon-binding protein. Other 

potential LSDV host range proteins included homologs of those involved in tissue 

tropism (e.g. an ankyrin repeat-containing protein, a kelch repeat-containing protein and a 
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nng repeat- protein). addition to a protein, several 

proteins homologs such as immunoglobulin 

were identified. diverse complement host 

in LSD V suggests it is highly for in the host. 
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CHAPTER IV 

Concluding Remarks 
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There can be no doubt that poxviruses have played an important role in the history of 

humankind, A.D The smallpox scourge of previous centuries devastated entire 

civilisations, and caused massive loss of life in others. The directed efforts at control and 

the eventual eradication of the disease in 1977, was a social and scientific triumph. The 

means thereof, viz. the deliberate inoculation of healthy individuals with the related but 

non-pathogenic vaccinia virus, coined the teIID and founded the principles that are 

currently universally adopted to prevent diseases of many other pathogens from 

spreading. Despite the eradication of the human pathogen (smallpox), other poxvirus 

species continue to be a veterinary threat, with serious impact on animal health and 

national economies. As a first step to combating serious diseases however, a thorough 

knowledge of the pathogen is crucial. Furthermore, it is necessary to be able to 

understand how and why it replicates in specific host cells, and how transmission from 

these cells occurs. 

In this regard, genome projects are becoming increasingly important, and pOXVIruS 

genomes are no exception. Computer-assisted genome analysis of the sequence data is 

providing a basic knowledge of what types of roles the putative pox proteins identified 

might be playing in the host cell. Furthermore, as increasingly more completed poxvirus 

genome sequences become available, comparisons can reveal which proteins are 

specifically responsibly for certain abilities of the particular virus. Despite the great 

variations in genome sizes between and within poxvirus genera, a central core of between 

100 and 115 kb is conserved in gene composition and length (Gershon et aI., 1989), 

encoding the genes known to be essential for pox viral growth and survival, and deletions 

in these regions have often been shown to be fatal to the viruses. Deletions in the terminal 

regions however, whose varying lengths are responsible for general variations in genome 

sizes in different poxvirus species, still permit virus growth in tissue culture (Wittek et 

aI., 1980). The genes of these regions are implicated in the ability of different poxviruses 

to infect different types of cells and cause a paIiicular severity of infection. Furthermore, 

each poxvirus genome so far sequenced has been shown to encode genes unique to that 

particular virus. A knowledge of the locations of these host range specificity and 

virulence genes is particularly important, as poxviruses are considered to have enormous 
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potential as viral veterinary expressIOn vectors: poxvlruses have a large capacity to 

accommodate foreign genes (antigens), and the limited replication of a poxvirus in a non

host species still seems to lead to a protective immune response in the host (Taylor and 

Paoletti, 1988). Capripoxviruses, possessing some of the smaller poxviral genomes due 

to their somewhat shorter tennini and have received much attention in recent years, as the 

sequencing of their genomes is expected to shed some light on the specific factors that 

influence host-range specificity and virulence of poxviruses. 

In this study, the two largest continuous stretches of nucleotide sequence for a caplipox 

virus genome to date (one region from the LHT of the genome and the other from the 

central region) are presented, along with the identification and computational analysis of 

the genes encoded in those regions. Specifically, the subject of this study was the 

Neethling strain of LSDV, an avirulent bovine-specific capripoxvirus used as a vaccine 

for the past 50 years in South Africa. The general poxvirus genome organisation, initially 

implied by the results of hybridisation studies undertaken by Gershon and Black in 1989, 

was verified again. The central region represented by Pst! clones -F and -G, closely 

resembles corresponding regions in many other Chordopoxviruses, in gene content, 

homology and linear organisation. The near-left tenninal region however has revealed 

some unique features. Firstly, the PstI-E fragment is expected to be within 6000 bp of the 

Jeft hairpin loop, yet no inverted repeat sequences have been identified. If LSDV inverted 

terminal repeats could be short and few in number, and are expected to occur within the 

yet un-cloned and -sequenced regions. Secondly, one gene unique to LSDV has been 

identified, so far: ORF K3L has no homolog in any other poxvirus, and only low 

110mology to a salt-inducible protein of the tobacco plant Nicotiniana tabacum. The 

poxvirus to which LSD V seems to share the closest homology with in terms of gene 

content, organisation and percent identity, is the suipoxvirus swinepoxvirus (SPV). This 

virus is host-restricted to pigs. One would have assumed closer homology to poxviruses 

such as variola virus and cowpox virus (both orthopoxviruses) which are known to infect 

the same hosts as capripoxviruses. Two host-restricted viruses (infecting totally different 

species) therefore appear to be more closely related to each other, than either is to a larger 

genus with a broader host range. This may suggest a common ancestor in the evolution of 
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goatpox and If composition IS compared, 

m and ammo acid sequence, truncations (where 

applicable) mostly at the C-terminus. slight variations such as 

introduce subtle changes in protein enabling the recognition of 

bovine receptors not those sheep and or indeed other animal the 

and infection cells. In this slight changes over a broad of virus 

a effect on the of ViruS for cattle, than 

presence one or more absolutely unique proteins that a bovine cell-

surface receptor. presence of such ruled out, however, as only a 

the total has 

this study. 

In event of discovery such a whose or disruption cause a 

of or an of infectivity 

or an excellent target novel 

expression vectors enhanced efficacy greater versatility 

would have located. Additionally, identification and characterization of specific 

LSDV and range would contribute to our overall 

interactions- infonnation that is likely to a impact on future 

studies for controlling bovine infectious diseases in will 

attainable once the LSDV genome IS completely sequenced, a grand-scale 

collaborated project is likely to be within next two years. 
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5.1 APPENDIX I: EPGs: 

Example 1: G6S00/S00 REV (sequencing of a cloned fragment with vector sequence 
primers) 

Example 2: ·F66A (primer walking sequencing) 
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5.2 APPENDIX II: DNA sequences from primer sequencing 

G6800/550 ATTAATAAAATAAATGAGTTTATAGACAATAATATTATTAAT G6800/800 

identified at AseIjunction 

No gap identified at AseI junction 

gap identified at AseI junction 

F6 00/800 ATTAATAAAAAACCTAGTAATAAAATGCAGTAATATCTAAGTAACATATAGTTTATATAAT 
CAGGAAGAAATTAATGCTACTGATATATTTATTAAT F6600/y 

",-,-,~~~~-_No gap identified at AseI junction 

F6600/ 000 ATTAATTGAAAAATCCGACGAGTTTTAACTTTTTATCCATTAAT 600 

F290 ATTAATTGCATCATCATTAAT F2 0 

G6800/602 
ATTAATATTTTTTCTCATATGAAGTAAGTCTGCATGATGTGTGTAGAATTAAAAATGTAAGTCTCTCACAT 
TATTAAGATAGATATGTCACAGAGAATTTATTGTCAGGATGCCAAAGAATGGTGTAATGAAATTATTCAAA 
AAAATGATAATATCACTAATTCGATCTAATAATAATCAAGATATTCTTATTTTGAAAAAAAAATATGGAAG 
AGGTTATTATTTGCAACTGTCAACTGCCAGAAATGAAAAATAGTTCATATGAAATCTTTTTAATAAATCCA 
TTTGTAATAAAAAACAACACAGATATATTTAAAAATTTGATTTTAAGGTCATCGATTAACTATTTCATATT 
TGATAATTATGCACCACAGAAAAAAATTTTAACGCATATATACCCATCCTTTAATATAGAAAAAACGTATA 
TATATATAAACTTTAACGAAATAAATAATATTAAAATAATAAAAAAATGTTATCATAGAAATAAAATTAGA 
GCTTTATGCGTGGTTTAATTTTCAAATATGTGAAAATAATGAAATAGAAPATGAAAAGGTAAAAAAAAAAT 
ACAATGATTTGTATAGCTTAATATGAAAACCATAAAAACAAAATCTTTTCCTTATTGTATAGAATATCATG 
ACGATTGGGAAGCCGTTATTAAT G6800/502 

Manual DNA sequence of the ..",n • .on between the AseI junctions of clone K650 

K6S0 
ATTAATGTATATCTA1TACTCATTGATTTCATTAITGTATTCATAACACAATTTGCTTCAGAAG 
TTCCAGAATTAAT KSOO 
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DNA Sequence of clone BC6 (with T7 primer) determined by automated DNA 

sequencing 

The following DNA sequence of a fragment between G6800/601 and G6800/550 was 

determined from an overlapping NdeJ fragment cloned into pMOS. 

G6800 /601 
ATTAATTGTAGATTATATAGTAAATAGAGACACTATATAAAAAAAACCTTAAACGATAAATGGATGAAAGA 
TTAAAGACGATTTCTATGACTTTTTTTGGTGAATTAACAACTACAGATATAATGGTTTTAAAGGCACACCT 
GTTAAACATTTTTCCAAATGATACTATTTTTTCTATAAATGAGGATAATAAATTTATAATTGACTTTAAAT 
ATAACGATGTTTAGCTTCAGGTTATATTAACCAAAAAATAATACCTATAACTCCAGAAAAATACAATGAAT 
ATTCATCGATGATAGCTAAAGAGTTGACAAATTATAATATTATCATTGATGATATTAAGGGCATATACTAC 
ATCTAAAAAACTTAAAAGATTTATTAAATTTTATAAAACAAATAAATAATAAACAAAATAAAAAAATAATT 
AACGCAAGTAAAAAATTAAATATTGGCGTTAAATAAAAGGAATTGATTATGATTATATTAGACATTAAT 
G6800/550 
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5.3 APPENDIX III: Peptide amino acid sequences 

>EIL TRANSLATE of: e29sept.seq /rev check: 3757 from : 4 to : 718 
MGAVVFFAFLLFKLCYSFPKDIKLTSNDFNSKIEWTNDVSDSNYRVMIMTYSSGEWKQAC 
NYTIQKYCNVSPFIDDNTDDFWIKFITVDNTESNVFTFKPICESVVITTPSVFIKRQDVN 
TVLTINHPLAKDNNKNSPIYNNDKYCNIVFKYILSITFGDSNTIKYEVDEQFCDKKGCAI 
EFGSQEKVCVTVFGNYETDYYQIRTNETSKACIDELTPRKVDTFLVKQKTDLSLLKRR 

>E2L TRANSLATE of: e29sept.seq /rev check: 3757 from: 755 to: 1445 
MYTKNKFKIFTKYITFLFSINEKKVKYFLNKVFYLSNYDYTKDDITKIVLKNSNKFTFTM 
IKVISEYVLNENDYKKVIKELKIDGEYYADFYPFIKSKSFKHINSMKKVNFNDMMENYFM 
VRKMKNTKKIGKIYAEFLTYDAMAVNHYGVEYINKIISKLRLSKTRYCFSLYEKNENNVI 
DITTMKYIIGLISIISSHDTCKYPSFYIFFDEISHFKRKEFEKYICDRFP 

>E3L TRANSLATE of: e29sept.seq /rev check: 3757 from: 1498 to: 1984 
MEGSDNTNTHCWICKDEYNVSTNFCNCKNEFKIVHKNCLEEWINFSHNTKCKICNGKYNI 
KKNKKSCLRWKCSFMYCNVPAICVSLICLLLLPLTILLVKFNLKSMLENIENRDLIALIS 
AMAYSLPCVVGFITVVHILIALYDYYLAAKSDNTTYQVYEYI 

>E4L TRANSLATE of: e29sept.seq /rev check: 3757 from: 2030 to: 3173 
MNYTLSTVSSATMYNSSSNITTIATTIISTILSTISTNQNNVTTPSTYENTTTISNYTTA 
YNTTYYSDDYDDYEVNIVDIPHCDDGVDTTSFGLITLYSTIFFLGLFGNIIVLTVLRKYK 
IKTIQDIFLLNLTLSDLIFVLVFPFNLYDSIAKQWSLGDCLCKFKAMFYFVGFYNSMSFI 
TLMSIDRYLAVVHPVKSMPIRTKRYGIVLSMVVWIVSTIESFPIMLFYETKKVYGITYCH 
VFYNDNAKIWKLFINFEINIFGMIIPLIILLYCYYKILNTLKTSQTKNKKAIKMVFLIVI 
CSVLFLLPFSVTVFVSSLYLLNVFSGCTALRFVNLAVHVAEIVSLCHCFINPLIDAFCSR 
EFTKKLLRLRSTSSAGSISI 

>E5L TRANSLATE of: e29sept.seq /rev check: 3757 from: 3283 to: 3919 
MEKEKLCSDYDNDFTDYLFYRYCNPLFYYVEQDDINGVKKWIKFVNDCNDLYETPLFSCV 
EKDKVNVEILKFLIENGSDINFKTRDNNLSALAHYLSFNKNVEPEIVKILIIDSGSSVTE 
EDENGKNLLHMYMCNFNVRINVIKLLIDSGVNFLQKDFDNNNILYSYILFHSDKKIFDYL 
TSLGIDIDETNTSGYNCKDLIKFRNLTFFDKQ 

>E6L TRANSLATE of: e29sept.seq /rev check: 3757 from: 3966 to : 4893 
MKTFENNSEIVKCPYVDTLNYNTTVKWFLVNYNEYVKTGDVKKSFHEFKNTDRVYS VGHS 
LWINNITKNDSGIYACNVHNSTYYFTSSVMLDIYKKETINSVIGTNYELLCINTKNFINT 
FNCSYEVNWVKDREKINNNFKYKKSKEKLLIRNISKSDEGVYLCSITTATRCNPKNLALK 
RYYHNNVIKKRFKDDINLTVNFLNSTIALGKNFLMECIGESKNIQRVYRSSIFWLINGVN 
VLDYDRSKNIYLGREMYVGNSYKIALIIKEVKRKYLSANFTCNLHNLEYNYLTKKIKYVN 
LKTLYKNEI 

>E7L TRANSLATE of: e29sept.seq /rev check: 3757 from: 5053 to: 5320 
MSSNSDLAFCYVLPNINEVTDGIVFIKDNIVYVKLINYGLEALVIDYVNINMDQMNNIKK 
TLVNKLINVQIIRMNKIKGYIDVKVYNN 

>E8L TRANSLATE of: e29sept . seq /rev check: 3757 from: 5309 to: 5792 
MISFKKVV ICLTLFTTFYVVYSKCAKKRDLVIYFPHKEGENVLLQCKGYSHHSNYAYVYW 
LIGNNNSFVEFMNGDIYKERMYFNKKPLKCGKEPRSDLIIKNVTEEIKNTNLTCVLMDLE 
EPIKKTLILNDIWNCLNNTCEHKNGISEKKVSESESKNVIE 

>E9L TRANSLATE of: e29sept.seq /rev check: 3757 from: 5811 to: 6045 
MLSKENKNDYITILNKDIMMCDKSINFCLNGGTCYKTTFILSYNKKPLMFCRCKLGYEGR 
LMSFKKFVSLFLKKKYKI 
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>E10L TRANSLATE of: e29sept.seq /rev check: 3757 from: 6093 to: 6621 
MDTSNYNIEKVLNVYLRDLRIESLNNNELAILIMIRECCEVIKKDYKTEFNEICNFILHNNVKSCYDINDV 
KNIIIETINSDFRPSVILASISLLSIIIKKKKSENNEVVNDDLALNELINTFSSYQKDIISFVEKNKKIDE 
QNDFIFSIINFFVMIGSIIITYYLLKIIGRIRWK 

>M1L TRANSLATE of: mcorrect.seq /rev check: 1649 from: 4 to: 85 
: e29sept.seq /rev check: 3757 from: 6665 to: 7022 

MDHSSSVVNCIRLSAFAKLPTTSTDFSAGYDLYSAYDYIVKSKERILVKTDISLSIPKKCYGRIAPRSGLS 
LYYCIDIGGGVIDEDYRGNIGVIFINNGKNTFNIKRGDRVAQIIFEKVEYPKIKEVKCLDGTNRDNNGFGS 
SGIL 

>M2L TRANSLATE of: mcorrect . seq /rev check: 1649 from: 129 to: 1611 
MINTGYITLNSKNVVDIFSISNVIEIKFIMDACTDFMINYIDDSNCVDILEDSYMYGCYD 
VYDVADKYIKKRFMYISNDLTKLRVNELRPILKSSDLVVDAEDFVLNFIIKWGTVKKTNR 
LNTMKLVNDAVRFTFLTEKGKKRLQAWSSRFKKKPYDFNKNSDKHIPRCNYKNREFINSD 
KFTKSFKFKVYNDNLTKILFTNNIMDINIIDESVYDNELLYENNCNEIDENKTLNESIQQ 
PSNLSKLSNIIDENFKFCTSIAIGNNIYFLGGVDKYLRSVNSVFAINVKTFERENLPSLI 
YPRKCPGATYFNNRIYVIGGIYNNCIVNKVESWSFGESVWREEPNLLYPRYNPCVVNVND 
TIYVIGGISEYDKSVEVYNLKYNKWSLGECTKYSHYGGCAIYHHGLIYVVGGISYINNIK 
VFNMVESFNPMSCKWRIESCLNQPRFNSSICIFDDCIMIVGGFHYERYIREIEIFDDKTK 
GWDVIGALDIDSVF 

>K1L TRANSLATE of: mcorrect.seq /rev check: 1649 from: 1743 to: 2223 
: k29sept.seq /rev check: 4453 from: 4 to: 487 

MEPILKETSSRFVVFPILYKEIWVMYKKAVASFWTVDEVDLSKDLADWKKLNNEEQYFIK 
NILAFFAASDGIVNENLAERFYSEVQWSEARCFYGFQIAMENIHSEMYSLLIDTYISSTK 
EKEHLFNAIETMDFIKKKSEWARKWISNKKASFGERLIAFAAVEGIFFSGSFAAIFWLKK 
RGLMPGLTFSNELISRDEGLHCDFACLIFKHLKYPPSNDIITIIINEAVSIEKEFLTNII 
PVKLIGMNCVLMSQYIEFIADRLLLELGCDKVFMSTNPFDFMENISLEGKTNFFEKRVSE 
YQKMGVISNKDDNVFSLDVDF 

>K2L TRANSLATE of: k29sept.seq /rev check: 4453 from: 529 to: 787 
MHQMNLTTAMPNNNAFSIGTVLILMVLIIVIVISLYLLFQLVNCFYLFDLFNKIKVRMMK 
LTTRRSFDELENVYYIDDKCVGVNVD 

>K3L TRANSLATE of: k29sept.seq /rev check: 4453 from: 830 to: 1166 
MDKKIYCGIVFGYRLLKKSIKEKAIKCVSFIRKSNMKPAISIERVTLLDGDGDGNGANDS 
NSNSDSDTVSSKYNYNYKYKFTKRKTPHKVMYYINYDDSVSNDDVFL 

>K4L TRANSLATE of: k29sept.seq /rev check: 4453 from: 1398 to: 1 6 14 
MSEKLKKVNKVVVNGKPYNSNSSNSTPSKDEIKKYGYCLNIKKPSSHNDKKETYLHNDYP 
MVITTNTSFYDT 

>K5L TRANSLATE of : k29sept . seq /rev check: 4453 from: 1692 to: 2340 
MENHFQVDTLYNLFIERYLQNLSLYSVPVNTTCGIHISEIKGTLKGCKLKIINLCIDDKE 
LSFYLLIKTFKEFANTLSQNEKYELANEVGIDLDNQDKNYIPEI I RKCTSSAAVTNVIDI 
QTFDIGECIAPNGKNILLQIINFGTSEANCVMNTIMKSMSNRYTINNYIDNRIPFINDVH 
WFIFFVLIIFIIFLLGLCSIKRKIN I KYKYGSFLYV 

>A1L TRANSLATE of: k29sept . seq /rev check: 4453 from: 2320 to: 3274 
CRISIPKFLFNNLKGDEKKLIVCAWAMGVNFKLTFLYNLYKRVLYMILLLIQTMDDQKLS 
ISNFSHKYFLKSFNEKKGDVKFVKLLSYFYPIVIQSNVNVINYFTHMFHFFEHEKRSNYL 
YDRGNIIIFPLAKFSSDKVSEKMAIELGFKSLVEYIKFIFLQMALLYVKIYELPCCNNFL 
HVDLKPDNILIFDSDESIKISLNENTYIFNEPIKACLMILDFSQVANIINKKIKNNIKVE 
HNWYYDFHFIHTLLKTYPDKETDKEFYNTLEKFIICCNKNTCDKFRLKISILHPISFLEK 
IISKKNIFSTWINGKPLSS 

116 

 
 
 



>AXR TRANSLATE of: f30ct.seq check: 615 from: 3 to: 386 
AEMRLISIYSGNPIKLRCITGDDSIKYEKKMFYFNKIIRNRIIINFDYSNQEYDFYHMYN 
MLKTVYSNKDFSSIKSKVLFFHHSIFKFLKIPIFNTEKINYEPTQRKILSKNIMFKNRNI 
KKSIRYNK 

>F1R TRANSLATE of: f3 0ct. seq check: 615 from: 303 to: 858 
MNPHNVKYLAKILCLKTEILKNPYAIISKDVVLRYNTTIKYGDLVTYITVNIKLDATKTL 
FQVFNESSVTYSPLENDYGFPIIITSFLQTGHNKFPINFLYIDIVASDLFPKFVRLTDEE 
IVTVQSVLQIGDSKESLKLPKMLETElAAKILFHKDIPLKIIRFFRNNIITGIEISDRAV 
ITVLD 

>F2L TRANSLATE of: f30ct.seq /rev check: 615 from: 855 to: 1272 
MLDEDIYSFCDKNENDIRCGCLNPDSSIIKMGEETRLPYYCWYEPCKRSDALIVKSLKKN 
ISLCNISDCRVTLGNIKIKNGYIDVKNVCGTNSSFTNEYIRTKYLNQEIEEPIIHPIWLP 
ISLFIITSLILITYIILLI 

>F3R TRANSLATE of: f4oct.seq check: 2316 from: 1355 to: 5114 
MAVISKVTYSLYNQEEINATDIFINHVKNDDDVGTVKDGRLGAMDGALCKTCGKTELQCF 
GHWGKVRLYETHIIKPEYIGEVIRILNHICIRCGFLRSREPYIEDVTKMSSHALRKLKDK 
ILSKKKSCWNSKCMQQYQKITFSKKKVCFVNKSDDITIPNALIYQKITSIYKRFWPLLEI 
HQKPENLFYKNFFPVPPFIIRPAISFWIDSIPKETNELTYLLGMIVKYCNMNADEQVIQK 
AIIEYDDIKIISNNTTSINLSYITSGKNNMIRSYIVARRKDHNARSVIGPDITLTINEVG 
VPFYIRNTLTEKIFVNPFTTDEVQRLFTNNEIKFYFNKRLNQLTRIKQGKFIKNKIHMLP 
GDWVEVPLKENTSIIFGRQPSLHRYNVIASTVKYIEGDTIKIPPGIANSQNADFDGDEEW 
MILEQNPKAVIEQSILMYPTTLLKHDVNGSPVYGSIQDEIVAAYSLFRMENLTLDEVMNL 
LGKYGINFSSNGKTVFSGKDILEFLINDKVNYPGILSNGRIVANDIISDFIVAMRGMSLA 
GFISDYKSNVEGIEFIIKSSYVFKRYLSIYGFGVTFKELRPNSDFTNKLEAINSEKIELI 
KNSYKKYLTDVKDGKILPLSKSMESDAVESMLSNLTNLNIKEIEEYMKTTLINNPDNNLL 
KMAKAGYKVNPTELMYILGTYGQQRIDGEPTETRVMGRVLPYYLPDSKDPEGRGYILNSL 
TQGLTGSQYYFSMLVARSQSTDIVCETSRTGTLARKIIKKMEDMVVDGYGQVIYGNILIK 
YAANYTKISASVCKPIDLIFPRESMVWYFEISSIWEKIKDGFIYSQKQKISKKTLSPFNF 
LVFLEPSDEKHAISSKDLYDMIQNVIDDVSEKYFFTISSIDFIKYVFLTHLNPSIIRITK 
ETATTIFKKFYEKLNYSLGGGTPIGllAAQVLSEKFTQQALSSFHTTEKSGAIKHKLGFN 
EFNNLTNLSKNKTELISEDIENLQSVKINFEFVC LGELNPDIVLNNDNEKYIIDITINRI 
YIKRADITELVVEHMIERFVSFSVLVKEWGLETHIEDNNNIKFTILLVIFIEPEELSLNK 
MMVLPGAANKGKISKFKIPISNYNYYDDHNKSRKMNKLTVELMNLKELGTFNLECNSISW 
YMEYTDYIWYRISRSYLCEALIKYIREGFRLFDHPCDLLASLICMSYEPESVNKFKFGVT 
SSLKKATFGDNKALLNAALHKKTEPVNDNSSCHFFSKVPKIGTGYYRYFVNLE 

>F4L TRANSLATE of: f30ct.seq /rev check: 615 from: 5097 to: 5712 
MDKKSLYENVLLKSTGSLPKAKAPTKMMRVTDYVYLGNYDDAINAISSNVNFKYILNLTT 
EKYCFNDSRINIIHMPLIDDEKTNLNDHFDYVTNFLSKCDEEHYPVLVHCVAGVNRSGAM 
IMAYLMSKRSKDIPAFIYFLYIYHSMREKRGAFIENPSFRKQLIDKYIINELKVKTRRIF 
QLILLSDIVTESFFSNLVSYSRLTK 

>F5R TRANSLATE of: f30ct.seq check: 615 from: 5728 to: 6299 
MDKTTLNVNGVELEYAREKENKTIQSAKTSTLCFFMLILGISILLLWFQVSDNSIFSELM 
KYIRIKKSIRGWRPLVETKTNLESDRGKMLSMGRDEYFSFNCVDFGSYFVPIRLDRKTFL 
PQAIRRGKGDGWMVQKADKIDVSAQQFCQYLIKHKSENIITCGTHMINEIGYSGYFTNSH 
WCSDFHNLLN 

>F6L TRANSLATE of: f30ct .seq /rev check: 615 from: 6300 to: 7269 
MADIPLYVIPIVGREISDVVPELKSDNDIFYKKVDTVKDFKNSDVNFFFKDKKDISLSYK 
FLIWEKVEKSGGVENFTEYFSGLCNALCTKEAKSSIVKHFSLWKSYADADIKNSENKFIV 
VIEDDNTLKDLITIHNII IEMQEKNIDIFQLRETFHNSNSRILFNQENNNFMYSLTRGGY 
DFTLSAYVIRLSSAIKIINEIIKNKGFSTSLSFEMYKLEKELKLNRQVLNDSSKYILHNT 
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KYLSKKRANEMKNGIWNRVGKWMAHRFPDFSYYISHPLVSFFGIFDISIIGALIILFIII 
MIIFDLNSKLLWFLAGMLFTYII 

>G1L TRANSLATE of: g16nov.seq frey check: 2095 from: 3 to: 1135 
METKESVLIEIIPKIKEYILNPNINPKSYSDFISNNKNIFIINLYNVSTITEEDIRLLYM 
TIEQNLEVDDQTLISIFSYIGYKFEQNVKEEITSSLFINEYNTTTDEMTFNLYNLFFDNL 
DVYLRQRRINVLVNDDLNGDIMINYKTSDLTSNFNKDIDPEVREIPFNMKDMISYVSKNI 
DQFRFSKKYLDFAYLCRHIGIPISKKKLNMRYIYLYKVDGVSIPIVIKDFLDVKYVYLEE 
TNKTYKNSFSEDNNSLIDWGNIIIPKIKNKHLYSYIFLSNFYLRDLFPKLIEEKEITFKD 
LKNIKKIEVIEPKSLRGEVKIEFAPCEHQVKLIEALKVDTEYFTKVNNFATEYIYYENGL 
AFCNICGMNVPHFNLDADWKNNVIV8Tf'.NK8 H'L8.t:l>'.' 8 '.' 1-'V H8QRFIFNI IMSFDNIM 
KSQTWVMKYNINRIILNFLIEINSRRQKYEKKFSNEIKKGIFFLRLSANLFDIHVSSTELF 
YSSKILNLNYIVVLVIILNSSADFIVSYMNSKKKKVDESSLKYAISVIIYDFLLKTKICEK 
RFLDTIILFTRCLYIIMPEELDLLFQRIIIELRKLVSIEKIFIAPIMPLSKHWIPTCALKFF 
EKYTLIVNNMPVSKQHLKARNIMAPPILILTNEGNVGQFKKITSDDEFKVLIRTPTHTATK 
LVIFPRIKIEIEREKMIIALKNLFINNVLKYYYSIPSLYVFRFGDPFPFDDELVDKYHVQS 
KVNCYNLLRYHLLPESDVFVYFSDSLNRDKLEYTFYRFLSRYVNDVSIWIDENITKIRELY 
FFNFNN 

>G2R TRANSLATE of: g16nov.seq check: 2095 from: 1277 to: 1955 
MSWS INLGNNGDNFKTLEEIRAHVRSTTENMDKVADEI FPSDVKIPTTSSSSKQKKPVV R 
KKAATTPKKSKKIKEKTPIEDHDDENDNDNDDENNDNDNNDNNDDINNIEADDKNNDTNN 
SDTEENENDDKKEDNKKSKKSPNDNNQHDDGVIDNSDLKIATESIIKGLKILNNKVSSVS 
TVLEDVQAASINRQYSSLIKNIDLLKSLAECGKSQVIRKKVKNTKK 

>G3R TRANSLATE of: g16nov.seq check: 2095 from: 1998 to: 2949 
MRGLFYNDGKLFTDKNLTTLVSFDNPTYEIIKRIRIPPHLTDVIVYEQTYEQSLTRLIFV 
GSDSKGRRQYFYGKLHVKNRNSNRNKIFIKVFNVINKINEFIDNNIINEKDKNDVLFQSG 
VFMLMETSFFIRMGKMCYLKENETVGLLTLKNKHISISNGKIVIKFIGKDKVPHTFIVHK 
SNKLYKPLLKLFDKEFPDNFLFSKLSEQKIYKLMKKFKIRLKDLRTYGVNYTFLYNFWSN 
VKSLNPIPSTKKLISTSIKQTAEIVGHSPSISKSAYIATTVIDFLIQDSNILETIKEKSF 
EEFIELIVDYIVNRDTI 

>G4R TRANSLATE of: g16nov.seq check: 5068 from: 2971 to : 3337 
MDERLKTISMTFFYGELTTTDIMVLKAHLLNIFPNDTIFSINEDNKFIIDFKYNDCLASG 
YINQKIIPITPEKYNEYSSMIAKELTNYNIIIDDIKGIYYHLKKNKDLLNFIKQIIINKI 
KK 

>G5R TRANSLATE of: g16nov.seq check: 7938 from: 3388 to: 5650 
MIILDILIKVKKNKTKNKIVDERDLENSLSDYINKIVEIYDEIPNPTLSNDVNHEVELVF 
IQPPIITLSNVYNISSVTESYILFTVTNKGECIKIRTKVPMSKIHGLDLKNLQLVDLIDD 
IIWKKKTLIKEKKIDKHCIIRYSSEERHVFLDYKRYTSSIKLELVNLVQTKVKNIVVDFK 
IKYFLGSGAQAKSSLLHVLNHPKSKPTPTLEFEIITREKKNSRDTLLDELHILFKNIFMA 
DPKNVFLPTVIFTSPVKTIMLKKQEIHNIELDKLYITTKTDGVGTLIKINKNGILCYFTH 
LNYIIKYNLLRKFNDTVILYGEAIKQNQKWFIYLIKLLKPELSNRFKERDFLIEKLTSDI 
SDRIVFKTKKYEGPYETHSEVIDLLSTYLPLQPEGVILFYSEGNKSKIDYKIKHDNTTDH 
MINAVYRYMSSEPVIFGDKYTFIEFKKFSDERGFPKEHGTSKIILGDNIKYLNNIYCIEF 
KNIYNDVGLKNIVLPIKFISEFSFNGDFLKPRLDKTMKYFYKEYYGNQYQVVLEHIRDQE 
LRINDIFDENKLSDLGKKYVDDEFRLNPEVSYFTNKRTRGPLGILSNYIKTLLISLYCSK 
TFLDNPNKRKVLAVDFGNGADLEKYFYGEIALLVATDPDKDAISRCIERYNKLNSGIKSK 
YYKLDYIRETIRSSVYVSKIREVFFFGKFDIVDWNFAIHYSFHPKHYSTIMRNLSELTAP 
GGNVLIEVKNSSIMFLKWKNVNQQKTFLNLIGKR 

>G6L TRANSLATE of: g16nov.seq frey check: 7938 from: 5684 to: 6149 
MESEIKRLTNIIKERNIICPIDIEKMYNEKFLLLEKGLDETLYAIHIYDSMARFDNGTFF 
KIAKFLYRNDIDVLKKIFIDEKKIESTNALLPIYSVNIIERKNALIPLTEIPNGSEGILL 
ILLHLFNSFKFNKLTNISTIPYYLPFGKYINNIII 
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>G7R TRANSLATE of: g16nov.seq check: 7938 from: 6468 to: 6774 
MEEVIICNCQLPEMKNSSYEIFLINPFVIKNNTDIFKNLILRSSINYFIFDNYAPQKKIL 
THIYPSFNIEKTYIYINFNEINNIKIIKKCYHRNKIRALCVV 

>G8R TRANSLATE of: g16nov.seq check: 1719 from: 6852 to: 7505 
MKTIKTKSFPYCIEYHDDWEAVINQLVDLYDEIAEWILKDETSPIPENFFKQLQNPLNDK 
LVCICGIDPYPRDATGVPFESPNFSKKTIKSIAETISNITGISNYKGYNLNNVKGVFPWN 
YYLSCKIGETKSHSLHWKKISKLLLQHITKYVNIFDCLGKTDFSNIKSIIEVPVTTIIGY 
HPAARDRQFSKDKSFEAINILLEINGKEIIHWEEGFCY 

>G9R TRANSLATE of: g16nov.seq check: 1719 from: 7550 to: 7799 
MAGHLVNNEYIFVLKKIGVHTSHRESEDPRFVDIFTCEELENYILKNPTCTLFETLRDEE 
AYSVVRVFFDVDLDIVLDEIDYT 
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