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SummaryStru
tural biology forms the basis of all fun
tions in an organism from how enzymes workto how a 
ell is assembled. In sili
o stru
tural biology has been a rather isolated domaindue to the per
eived di�
ulty of working with the tools. This work fo
used on 
onstru
t-ing a web-based Fun
tional Genomi
s Information Management System (FunGIMS) thatwill provide biologists a

ess to the most 
ommonly used stru
tural biology tools with-out the need to learn program or operating spe
i�
 syntax. The system was designedusing a Model-View-Controller ar
hite
ture whi
h is easy to maintain and expand. Itis Python-based with various other te
hnologies in
orporated. The spe
i�
 fo
us of thiswork was the Stru
tural module whi
h allows a user to work with protein stru
tures.The database behind the system is based on a modi�ed version of the Ma
romole
ularStru
ture Database from the EBI. The Stru
tural module provides fun
tionality to ex-plore protein stru
tures at ea
h level of 
omplexity through an easy-to-use interfa
e. Themodule also provides some analysis tools whi
h allows the user to identify features on aprotein sequen
e as well as to identify unknown protein sequen
es. Another vital fun
-tionality allows the users to build protein models. The user 
an 
hoose between buildingmodels online or downloading a generated s
ript. Similar s
ript generation utilities areprovided for mutation modelling and mole
ular dynami
s. A sear
h fun
tionality wasalso provided whi
h allows the user to sear
h for a keyword in the database. The systemwas used on three examples in Foot-and-Mouth Disease Virus (FMDV). In the �rst 
ase,several FMDV proteomes were reannotated and 
ompared to elu
idate any fun
tional dif-feren
es between them. The se
ond 
ase involved the modelling of two FMDV proteinsinvolved in repli
ation, 3C and 3D. Variation between the several di�erent strains weremapped to the stru
tures to understand how variation a�e
ts enzymes stru
ture. Thelast example involved 
apsid protein stability di�eren
es between two subtypes. Models

 
 
 



Summary 141were built and mole
ular dynami
s simulations were run to determine at whi
h proteinstru
ture level stability was in�uen
ed by the di�eren
es between the subtypes. Thiswork provides an important introdu
tory tool for biologists to stru
tural biology.
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1
Chapter 1Introdu
tionProtein stru
ture a�e
ts everything around us from how enzymes work, how 
ells areassembled to how diseases fun
tion and spread. Biologists 
an use this information to
ure diseases, understand how enzymes work and improve the quality of life for peopleall over the world. This study will highlight the important role of stru
tural bioinfor-mati
s in solving modern day problems fa
ing biologists. One of the main reasons forbiologists under utilizing stru
tural bioinformati
s tools, is the per
eived, and sometimesinherent 
omplexity and setup of the tools. This problem 
an be addressed by designingmore intuitive systems for biologists to obtain stru
tural biology results. The problem isnot just making the tools easy to use but also the management of the generated data.Integrating the data management and analysis tools into one, easy-to-use pa
kage wouldgreatly assist biologists in a

elerating knowledge dis
overy in stru
tural bioinformati
sand hen
e in solving pressing problems.A modern stru
tural biology appli
ation 
an be broadly divided into two basi
 
ompo-nents. The a
tual analysis tool whi
h is used to generate the results and a system tomanage the data generated by this appli
ation. Ea
h of these play an integral role inthe end result. If the analysis tool is based on wrong or erroneous data, the results arewrong. If the data is in
orre
tly managed, the analysis tool whi
h relies on the data willgive false results. Ea
h of these roles will be dis
ussed in the next few se
tions.A good example of the role stru
tural bioinformati
s 
an play in solving problems, is thethreat of Foot-and-Mouth Disease Virus (FMDV) to livesto
k all over the world. Thisvirus 
an 
ause massive e
onomi
 losses and a�e
t people from all walks of life. Lo
al

 
 
 



Chapter 1. Introdu
tion 2resear
hers have identi�ed some areas whi
h would help in understanding problems su
has variation in the FMDV 3C protease and 3D RNA polymerase, full proteome variationbetween serotypes and protein fun
tion and stru
ture di�eren
es between various FMDVserotype 
apsid proteins.The ideal solution to FMDV would be a 
apsid-based va

ine, but lo
al resear
hers havefound that there are stability di�eren
es between FMDV serotypes. Identifying the stru
-tural e�e
ts of the di�eren
es found in ea
h serotype, 
ould help to improve va

ine design.The 
apsid proteins are also important in infe
tion and thus understanding what in�u-en
e the di�eren
es have on the stru
ture will provide vital information in understandingFMDV infe
tion. FMDV repli
ation speed di�eren
es have been tra
ked to di�eren
esin the 3C and 3D proteins. Mapping the di�eren
es to a stru
ture and investigating thee�e
t these di�eren
es have on fun
tion, will allow for a better understanding of virusrepli
ation and whi
h areas of the protein are more 
onserved. Full proteome varia-tion analysis will help to identify regions and features whi
h are important to the virus.Comparing serotype-spe
i�
 
hara
teristi
s to proteome variation, di�eren
es betweenthe serotypes 
an be mapped. The variation 
an then be tra
ked to features su
h asse
ondary stru
ture or post translational modi�
ations.This is a typi
al example of where a group would require a

ess to stru
tural biology andbioinformati
s tools, yet la
k the resour
es and knowledge on how to pro
eed. This studyaims to address this issue by providing stru
tural bioinformati
s tools that 
an assist theresear
hers in answering stru
tural biology questions. The results 
an provide answers aswell as guide biologists in designing experiments to verify the results from the tools.The following se
tions will address the issues that biologists and stru
tural bioinformat-i
s programmers fa
e with regard to the massive amount of data produ
ed in modernhigh-throughput biology. Topi
s su
h as biologi
al data management, data storage anddata a

ess will be dis
ussed together with how it in�uen
es biologists and programmersalike. Ea
h se
tion is by no means an exhaustive overview of a topi
 but a dis
ussion ofhow it applies to biologists with stru
tural biology 
hallenges.

 
 
 



Chapter 1. Introdu
tion 3

Figure 1.1: The exponential growth in data deposits as seen in GenBank, the PDB andSWISS-PROT (http://www.n
bi.nlm.nih.gov, http://www.pdb.org, http://expasy.
h).

 
 
 



Chapter 1. Introdu
tion 41.1. Biologi
al Data ManagementData produ
tion in modern biologi
al s
ien
es is growing at an exponential rate. Thisis due to high throughput methods (stru
ture as well as sequen
e-based) and genomesequen
ing proje
ts. Data banks su
h as GenBank (Benson et al., 2006), the ProteinData Bank (PDB, Berman et al., 2000) and Swiss-Prot (Gasteiger et al., 2003) have allshown exponential growth in the last few years (Fig. 1.1). This exponential growth indata produ
tion has resulted in enormous datasets that need to be stored, 
urated andmanaged. Larger databases have over
ome the problem of data management to a 
ertainextent by for
ing data depositors to 
onform to a 
ertain format when depositing data.This allows for a more automated approa
h to data management. Some data banks haveeven gone further and are employing people to verify and 
ross 
he
k data before it isdeposited. A good example of this is Swiss-Prot, whi
h is a database dedi
ated to manual
uration and storage of protein sequen
es. Before a protein sequen
e is a

epted intoSwiss-Prot, a human will verify the fun
tion and des
ription of the protein by looking atvarious papers about the protein and 
omparing the data. If the fun
tion and des
riptionare deemed to be 
orre
t, it is in
luded in Swiss-Prot. This type of data managementis highly labour intensive and takes a long time for ea
h protein sequen
e to be veri�ed.Swiss-Prot also hosts another se
tion of protein sequen
es 
alled TrEMBL. TrEMBL is a
omputer translated version of 
DNA sequen
es found in the EMBL database and thus
ontains very little annotation and may be of variable quality or hypotheti
al.Not only is the storage of these datasets a problem but also the presentation of the datato the user in an e�e
tive way. The large data banks have improved during the last fewyears by presenting users with easy to use web-based interfa
es to sear
h the data. Thisallows the users to easily �nd and a

ess the data lo
ated in a spe
i�
 database. Largerservi
e providers su
h as the PDB and SWISS-PROT, have taken it one step further byin
orporating data from other sour
es as well when a user views a re
ord. The PDBfor example links out to Pubmed, Pub
hem and to protein fold details at SCOP (Conteet al., 2000) and CATH (Pearl et al., 2005), while Swiss-Prot provides links to EMBL,PIR, UniGene, ModBase, InterPro and Pfam among others.

 
 
 



Chapter 1. Introdu
tion 51.2. Data StorageAll data banks/databases rely on the storage and linking of data. Small amounts ofdata are easy to store and pro
ess with the pro
essing power available today, but 
ertaindatasets are just too large e.g. the GenBank dataset in May 2008 was 66 GB and that ofthe PDB 6.5 GB of 
ompressed text �les (approximately 27 GB un
ompressed). Theselarge datasets require an e�
ient and fast way of storing and retrieving data. A goodexample is the Ma
romole
ular Stru
ture Database (MSD, Boutselakis et al., 2003) fromthe European Bioinformati
s Institute (EBI). Their approa
h was to parse out all thedata from the PDB, 
orre
t it as far as possible using external analyti
al 
hemistry tools,enhan
e the data by extra
ting 
ross links between di�erent data types and then storingit in a 
ustom relational database. This has the drawba
k of in
reasing the dataset sizewhen 
ompared to the PDB dataset (27 GB un
ompressed vs. 300 GB un
ompressed forMSD). However the added advantage is that the relevan
e of the data is in
reased andby storing it in a relational database, it also in
reases the speed and e�
ien
y by whi
hthe dataset 
an be queried by users.There are two main types of general data storage: �at-�le based or storage in a relationaldatabase su
h as Ora
le or MySQL. Both have advantages and disadvantages (Table 1.1).Flat-�les are de�ned as data being stored in a single �le on disk with �elds separated bydelimiters. Relational databases are de�ned as databases whi
h de�ne relations betweendata sets using the Stru
tured Query Language (SQL) to perform operations on the data,using a database management system.SQL is a 
omputer language that was designed to fa
ilitate the management and retrievalof data as well as database a

ess 
ontrol and s
hema management. SQL has beenstandardized by Ameri
an National Standards Institute (ANSI, http://www.ansi.org)and the International Organization for Standardization (ISO, http://www.iso.org). Thiswas done to enable appli
ations to be moved between di�erent database systems withoutmajor 
ode rewrites.Another major problem in storing data is redundan
y. A good example of this is Gen-Bank. There is an enormous number of sequen
es whi
h only di�er by one or two bases

 
 
 



Chapter 1. Introdu
tion 6Table 1.1: Comparison between Flat-�le data storage and Relational database data storage(Doyle, 2001). Relational database Flat-�le
Advantages - Data entered only on
e- Files/tables are linked- Can handle 
omplex sear
h
riteria - Fast for storage of stati
information- A

ess speed limited by diskspeed- Can be stored on shared �lesystemDisadvantages - Usually hosted on one �leserver- Se
urity need to be 
onsidered
arefully- Dire
t users need additionaltraining

- Di�
ult to sear
h- Di�
ult to 
hange/updatedata- No relations between di�erent�lesor amino a
ids. These sequen
es are usually Expressed Sequen
e Tags (ESTs) whi
hwere deposited. All of these ESTs are distributed with the full version of GenBank. Thenon-redundant version is distributed without these �dupli
ates�. The PDB has a similarpoli
y with regard to 
rystal stru
tures. One protein sequen
e may have a few di�erent
onformations/stru
tures depending on the 
rystallization 
onditions and ligands present.Some databases remove this redundan
y to 
reate a smaller, more manageable dataset,yet these redundant sequen
es 
ontain a wealth of data that 
an also be utilized. Thuson
e again, there is a trade o� between storing a smaller non-redundant dataset versusstoring a larger, redundant dataset.
1.3. Data ModelsAll of the databases/data banks dis
ussed in the previous se
tions store data in someway or another. Some of these systems su
h as MSD use a data model to store the data.A data model is a des
ription of the organization of, and relationships between, data ina manner that re�e
ts the information stru
ture. This model is also usually used as adatabase stru
ture.

 
 
 



Chapter 1. Introdu
tion 7

Figure 1.2: A high level overview of the data model of MSD(http://www.ebi.a
.uk/msd-srv/do
s/dbdo
/). The main Stru
ture entity is enhan
edby linking it to other data types.The data model used in MSD is based on the hierar
hi
al stru
ture of proteins and worksin a top down manner. A stru
ture serves as the main data obje
t and other types ofdata su
h as a
tive sites, ligands and taxonomy are added (Fig. 1.2). A stru
ture entityis divided into many di�erent se
tions (Fig. 1.3). Through a series of 
ross-links thesedi�erent entities 
ontain all the data about a stru
ture. The MSD data model allows forvarious 
ross-links and external referen
es to be in
orporated into the model thus addingvalue to the pure stru
ture data.The Fun
tional Genomi
s Experiment (FuGE) is an attempt to fa
ilitate data standard
onvergen
e between the di�erent high-throughput te
hniques used in biology (Joneset al., 2006; Jones et al., 2007). FuGE provides a foundation for the des
ription of
omplete laboratory work�ows and provides me
hanisms for developing new data formatsand for the integration of data between te
hniques. FuGE was designed so that di�erentfa
ets of a �'omi
s� experiment 
an be 
aptured and stored. This in
ludes data su
h asproto
ols, sample sour
es and results. Providing a 
ommon platform to store 
ommondata types would allow for data to be shared among di�erent groups. This would, forexample, allow a mi
roarray study using Mi
roArray Gene Expression obje
t (MAGE)data model to share a basi
 set of information with someone doing a study using theProteomi
s Standards Initiative (PSI) data models. The FuGE model also allows for ri
h
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Figure1.3:Thedi�erententitiesbelongingtotheStru
tureentityinMSD
(http://www.ebi.a
.uk/msd-srv/do
s/dbdo
).Thisdatamodelisarepresentationofthe
dataaswellasadiagramofthea
tualdatabasestru
ture.

 
  



Chapter 1. Introdu
tion 9Table 1.2: The two 
ategories of FuGE with the pa
kages in ea
h 
ategory (Jones et al., 2007).FuGE Common AuditDes
riptionMeasurementOntologyProto
olReferen
eBio Con
eptualMole
uleDataInvestigationMaterialannotation of samples and be
ause of the underlying standard model, it will allow datasharing between samples and methods.FuGE has 10 di�erent pa
kages 
ontained in two 
ategories: Common and Bio (Jones et al.,2007). The FuGE.Common 
lass 
onsists of Audit, Des
ription, Measurement, Ontology,Proto
ol and Referen
e (Fig. 1.4). Audit provides se
urity settings, Measurement pro-vides slots for values and units, Ontology provides for external referen
ing vo
abularies,Proto
ol provides a model for pro
edures and work�ows and Referen
e provides linksto external database referen
es. Des
ription allows free text annotations and des
rip-tions for all obje
ts and inherits dire
tly from Des
ribable. All obje
ts in FuGE 
an berepresented under the Common 
ategory. FuGE.Common has two base 
lasses: Des
ribableand Identifiable. All FuGE obje
ts belong to either one of these 
lasses.Ea
h of these 
lasses are further separated to provide adequate methods to store proto
olsand samples. The Identifiable base 
lass provides a unique identi�er for ea
h obje
tin the system and Identifiable inherits from Des
ribable. This provides ea
h obje
tin the FuGE system with a unique identi�er whi
h is linked to a free text des
riptionand se
urity settings. Identifiable also provides a logi
al point from whi
h to extendthe FuGE system. FuGE.Bio 
ontains Con
eptualMole
ule, Data, Investigation andMaterial. The Con
eptualMole
ule 
ategory provides 
lasses for the storage of DNA,RNA and amino a
id sequen
es but only in a limited way. In theory this 
an be extendedto other mole
ules. Data provides a way to link to multidimensional experimental datausing the sub
lass ExternalData. Investigation allows for overall experimental design

 
 
 



Chapter 1. Introdu
tion 10

Figure 1.4: The 
lasses of FuGE.Common (http://fuge.sour
eforge.net). These 
lasses allow forthe storage of basi
 information about ea
h sample.storage as well as storage of experimental variables. Material 
aters for sample sour
eidenti�
ation using a 
ontrolled vo
abulary.Both MSD and FuGE are su

essful in storing spe
i�
 data but most users use a rangeof data types. Whereas MSD stores all the stru
tural data, it does not 
ater for storinganalysis results nor does it store the methods used. FuGE stores laboratory pro
eduresand proto
ols but it does not store extensive spe
i�
 data su
h as sequen
es or stru
tures(only basi
 storage is supported). This basi
 storage allows for a model that is very
ompatible between systems and also makes it easy to expand for a spe
i�
 system. Anideal fun
tional genomi
s system would store proto
ols, data and results in a data model
ompatible with models su
h as FuGE and MSD. The Fun
tional Genomi
s InformationManagement System (FunGIMS) utilizes a data model whi
h stores the most importantparts of both FuGE and MSD in one data model without losing the integrity of ea
hseparate model yet provides an interfa
e to both. Some parts of FuGE were not used as

 
 
 



Chapter 1. Introdu
tion 11they represent experimental proto
ols and 
onditions and FunGIMS only 
aters for datastorage and analysis.1.4. Information Management SystemsWhile major databases host publi
 data, laboratories often need to host their own datain a spe
ialized way. Systems that host data in this way are usually referred to asa Laboratory Information Management System (LIMS). The main 
hara
teristi
 of atraditional LIMS is that it manages data and tra
ks samples through the system.The last few years saw an explosion of LIMS, all spe
ialized for dedi
ated tasks. Forexample a LIMS simply 
alled LIMS was developed for tra
king high throughput geneti
sequen
ing and 
andidate mutant s
reening (Voegele et al., 2007), CLIMS (Crystallogra-phy IMS) to organize the large amounts of data generated by 
rystallization experiments(Fulton et al., 2004). PARPs was developed for managing liquid 
hromatography tandemmas spe
trometry and the asso
iated protein identi�
ation and data management (Droitet al., 2007), PACLIMS for managing eukaryoti
 genome-wide mutational s
reens and thefun
tional annotation thereof (Donofrio et al., 2005), a 2-D gel ele
trophoresis LIMS wasdeveloped to deal with large-s
ale proteomi
 studies (Morisawa et al., 2006) and MAC-SIMS for dealing with data mining from multiple sequen
e alignments (Thompson et al.,2006). T.I.M.S is an example of a very spe
i�
 LIMS designed for tra
king genotypingdata �ow and analysis in a laboratory (Monnier et al., 2005).LIMS users are usually fa
ilities or users who generate relatively large quantities of datain e�orts su
h as large-s
ale sequen
ing or high throughput 
rystallographi
 studies. Thelarge amount of data needs to be stored e�
iently and analyzed in a 
onsistent ande�e
tive way. This is one of the major advantages of LIMS but when it 
omes to detaileddata analysis, it 
an also be a disadvantage. The trade o� between being able to storeand do basi
 analysis on a large amount of data and being able to do detailed analysison a small set of data is one of the drawba
ks of LIMS. Some systems like CLIMS 
anstore a large amount of data but does not allow the user to do a detailed analysis of thestru
ture. Other systems su
h as T.I.M.S. provides a very spe
i�
 servi
e for a subset

 
 
 



Chapter 1. Introdu
tion 12Table 1.3: Comparison between the te
hnologies in 
urrently available LIMS.LIMS Main feature LanguageLIMS Automated high throughput mutations
anning MySQL + JavaCLIMS Crystallization pro
edure management MySQL + Java Ri
h
lientPARPs Liquid Chromatography data managementand analysis Ora
le + PerlPACLIMS Managing high throughput sequen
ing dataand proto
ols PostgreSQL + PerlMACSIMS Protein family alignment and data extra
tion ANSI CTIMS Sample management and parsing of TaqMandata Visual Basi
of data. LIMS 
an greatly enhan
e throughput in a lab as they allow for 
entralizedstorage and standardized analysis proto
ols. All data are treated and interpreted in thesame way, providing a big advantage when doing analysis. It also allows users a

ess to
entralized analysis tools. All LIMS need to store data in some way. Most LIMS relyon the proven te
hnology of relational databases with additional data stored as �at-�les(Table 1.3).One of the biggest advantages of LIMS is the ability to organize data. This is in sharp
ontrast to 
lassi
al biology where results were written on paper in laboratory booksand data stored on various CDs and DVDs. LIMS provides a way to store and sear
hthrough data in an organized and systemati
 manner, thus in
reasing e�
ien
y. Theorganization, analysis and data storage abilities of a LIMS will be illustrated in 
hapters3-5 when various stru
tural problems su
h as the 
apsid proteins in FMDV are investi-gated. Web-based systems provide an advantage to novi
e users venturing into stru
turalbioinformati
s, as web interfa
es are experien
ed as a familiar environment, and pre-
lude the need for the installation of lo
al software, whi
h sometimes has 
ompli
ateddependen
ies. Available web-based systems for stru
tural bioinformati
s vary in termsof the level of analysis fun
tionality available and the level of knowledge required foruse. The Spi
e DAS 
lient is an example of a system for viewing and performing basi
exploration of a protein stru
ture, starting with a PDB ID (Prli
 et al., 2005). Spi
e alsoprovides a DAS-based annotation of espe
ially stru
tural properties of the protein being

 
 
 



Chapter 1. Introdu
tion 13viewed. Web helper-based appli
ations su
h as Cn3D also allow extensive visualizationof protein features and stru
tural alignments, together with the preparation of proteinstru
ture �gures for reports and publi
ation (Hogue, 1997). STRAP provides a Javaweb-start appli
ation to perform extensive multiple alignments and superimposition ofprotein stru
tures, together with protein stru
ture views and sequen
e-based analysis ofstru
tural features (Gille and Frömmel, 2001). Various other stru
tural tools are alsoavailable depending on the needs of the user.1.5. Common Stru
tural Analysis Needs of BiologistsThe Holy Grail of stru
tural biology is the ability to predi
t the three dimensional stru
-ture of a protein given only the amino a
id sequen
e. Although it sounds relatively easy,the solution to this problem is one of the most sought after in s
ien
e. As protein stru
tureis inherently linked to protein fun
tion, knowing the stru
ture of a protein allows one toderive the fun
tion of that protein and 
hange it. On
e a stru
ture 
an be predi
teda

urately from sequen
e, it allows the resear
her to do in sili
o mutations and obtaina reliable result in a short spa
e of time. This will not repla
e the need for experimen-tal work, but provide assistan
e to guide experiments better. It will eliminate variousproblems en
ountered with proteins not expressing or not 
rystallizing. Protein stru
ture
an also help guide a resear
her in designing more e�
ient and a

urate experiments toaddress biologi
al problems.Biologists are familiar with working with DNA sequen
es or proteins in vitro. Often dur-ing this pro
ess, very little time is spent thinking about the protein in three dimensions.When keeping a three dimensional pi
ture in mind, it gives a new perspe
tive on theproblem. If the protein stru
ture is known or well studied it allows for mu
h easier dataretrieval, but when working on an unknown stru
ture, the task of getting informationabout a protein 
an be
ome rather daunting. By adding protein stru
tural knowledge,they 
an guide or enhan
e experiments e.g. using a protein stru
ture to identify possiblesites for mutagenesis studies. However, a

essing the protein data 
an sometimes beproblemati
.

 
 
 



Chapter 1. Introdu
tion 14Dis
ussions with biologists have identi�ed a few main problems whi
h often prohibitthem from utilizing protein analysis tools. Two main problems were 
ited, that of a
-
essibility to programs and a la
k of knowledge of new programs/databases. More andmore programs are being released by authors on the Internet and thus the problem ofa

essibility will lessen with time. Biologists are generally 
omfortable with using a fewgeneral purpose programs or servers su
h as Ex
el, Word, NCBI Blast, the Genbankserver and maybe one or two other spe
i�
 programs or servers. Due to the nature ofmodern biology, these are the programs they use on a regular basis and they are not thusexposed to other servers and databases. Most of these programs are either web-basedor are preinstalled on their 
omputers, thereby leaving biologists with very little intera
-tion regarding program installation and setup. This is in 
ontrast to most open sour
estru
tural programs whi
h the user has to install by themselves. These mostly run onUNIX-based systems and requires a basi
 knowledge of the operating system and theprogram's syntax. Although these problems 
an be resolved relatively easily, they areseen as a major barrier to the more widespread usage of protein stru
ture programs. Insome 
ases this 
an be attributed to the per
eived 
omplexity of UNIX-type systems.Some authors of programs have realized this and started releasing their programs for theWindows and Apple Ma
intosh operating systems as well. Although this is a step inthe right dire
tion, it still does not solve the problem of setting up the program and theanalysis. The ideal solution would be to have a system administrator who is 
apable inboth Windows and UNIX environments, and who will assist the users with setting upthese programs. Unfortunately, the responsibility usually falls on the resear
her to installand manage the programs.Another fa
tor mentioned was the la
k of knowledge of available databases or programs.This problem is two-fold. Firstly biologists should strive to read beyond their own �eldof interest, and not be hesitant to sear
h for programs or servers. Se
ondly some pro-grams or databases are simply not published in well known journals. The Nu
lei
 A
idsResear
h journal tries to address both of these problems with a yearly, open a

ess issueof all the known, biologi
al databases and servers but this does not 
over any stru
turalbioinformati
s programs. A good approa
h, however, would be to have someone with

 
 
 



Chapter 1. Introdu
tion 15a strong interest in stru
tural bioinformati
s, keep abreast of developments in the �eld.Even something as simple as subs
ribing to journal alerts, would be helpful. The bestapproa
h would be to have a person su
h as a postdo
toral student or te
hni
al sta�member dedi
ated to looking for new programs, making them available and providingsupport for these programs. Su
h a person should ideally be aware of the di�erent typesof proje
ts in a group, have a good biology ba
kground and be 
apable of installing andmanaging the appli
ation server as well as run the programs for users. He or she 
ouldalso develop a website whi
h allows for easy a

ess to all of these tools to lo
al resear
hers.Most biologists would just need an introdu
tion to the program and a few basi
 guidelinesto get started and 
ontinue on their own.The problem with regards to program use and knowledge lies not only with the usersthereof but also with the programmers. A program that has a good user interfa
e with
learly de�ned fun
tions and a good explanation of ea
h step, is as valuable to the user asthe person guiding them. The onus is on programmers to provide do
umentation, exam-ples and a good interfa
e for users, but unfortunately this is la
king in many programs.Another problem, whi
h 
an be tra
ed to the point-and-
li
k method used in Windows,is the la
k of understanding of �le formats and the amount of information 
ontained in a�le. Many biologists are hesitant to explore inside �les. A good example of this is a PDB�le of a protein. Most users will simply load the protein in a visualization program andignore the valuable information 
ontained in the �le header and 
omments. This problem
an only be addressed by making users aware of the extra information and making them
omfortable with exploring text �les.Biologists have an array of needs that 
an be resolved by using stru
tural biology pro-grams. When an unknown protein sequen
e is identi�ed, most biologists just do a BLASTsear
h in an e�ort to identify it. Although this usually yields results, there are many moretools that 
an be used to gain knowledge about a protein. By simply using the sequen
e, abiologist 
an identify whether the protein is a membrane protein or not, protein fun
tionmay be derived from 
ertain sequen
e patterns 
ontained in the sequen
e and in some
ases even 
ellular lo
alization 
an be determined. This 
an be taken a few levels higherto a three dimensional view of the protein. From a similar protein stru
ture, details su
h

 
 
 



Chapter 1. Introdu
tion 16as a
tive site residue 
onformations, residue intera
tions and sometimes even fun
tion,
an be derived. If a similar protein stru
ture is found, a homology model 
an be builtwhi
h 
an guide the biologist in identifying a
tive sites, important se
ondary stru
turesand guiding site-dire
ted mutagenesis experiments to 
on�rm fun
tion. Analysis of theprotein stru
ture 
an also help in identifying surfa
e areas involved in protein-protein in-tera
tions and identify �exible areas in proteins. These types of data 
an all be 
ombinedto give a far better understanding of the protein and the way it fun
tions. It 
an alsoserve as a starting point for the resear
her to investigate fun
tion or stru
ture in moredetail using mole
ular biology.Some of the fun
tionalities mentioned, are available on web servers around the world.Unfortunately, a la
k of knowledge often prevented biologists from exploring the fullrange of programs available. This was one of the motivations behind this proje
t, toprovide servi
es to lo
al biologists in a 
entralized and lo
ally available solution. If theseservi
es and programs 
an be provided and maintained lo
ally, it would bene�t resear
hersgreatly.1.6. The Fun
tional Genomi
s Information Management System(FunGIMS)The overall FunGIMS proje
t was 
on
eived when resear
hers from the Forestry andAgri
ultural Biote
hnology Institute at the University of Pretoria, approa
hed the Bioin-formati
s and Computational Biology Unit to provide them with bioinformati
s supportservi
es related to the Eu
alyptus genome sequen
ing proje
t. They required a systemwhi
h would allow them to store their sequen
es, annotate the data and do varioustypes of analysis on the sequen
es, all in a lo
al environment. From these requirements,FunGIMS was expanded to in
lude di�erent types of data su
h as protein stru
ture andsmall mole
ule data.The philosophy behind FunGIMS was based on allowing resear
hers a

ess to varioustools and data sour
es in an easy to use environment with extensive data management
apabilities. Various problems related to data sour
es and tool a

ess were identi�ed

 
 
 



Chapter 1. Introdu
tion 17by the resear
hers. These problems in
luded the slow bandwidth in South Afri
a, thehigh 
osts asso
iated with Internet use and the problem of storing data. The problem ofdata storage surfa
ed as one of the primary 
on
erns. Resear
hers were used to sharing
omputers and thus stored data on CDs, laboratory books and memory sti
ks. Thisresulted in data being distributed in various pla
es and formats. It also posed a problemto supervisors when they needed a

ess to the data of students. A 
entral repositorywhere students 
an store and analyze data while still allowing supervisors a

ess, wouldsolve this problem to a large extent. The ability to store data was one of the primaryfa
tors 
onsidered during the design of FunGIMS. To prevent dupli
ation of designing away to store the data, it was de
ided to use FuGE as a starting point. As FunGIMS andFuGE had a similar goal with regard to storing data, it would be a great bene�t to usethis standardized way of storing data. It would also allow resear
hers the ability to sharedata between FunGIMS and FuGE 
ompliant systems.The slow and expensive bandwidth also a�e
ted the design of FunGIMS by for
ing lo
alrepositories of all the major databases to be installed and used. Lo
al repositories of allthe major databases were set up. This allowed very fast, lo
al a

ess to these databaseswhi
h allows for extensive integration between the di�erent databases. All the servi
eswould also be hosted lo
ally, thus providing fast a

ess to data and results for the re-sear
hers. By keeping all the databases in one, 
entral lo
ation, it made administrationand updating of the databases far easier. A system administrator 
ould automate thedownloading of the database updates and keep all the databases up to date.Another major goal of FunGIMS was integration between data types. Usually a databaseonly provides one type of data with a few links to related data. Ideally, a system wouldprovide a user with relevant links to other types of data e.g. when looking at a 
DNAsequen
e, the system would provide the user with links to the protein sequen
e, proteinstru
ture (if present), literature referen
es and possible small mole
ule intera
tions. Thiswould allow the resear
her to get an overall view of the spe
i�
 produ
t, instead of justlooking at the details of a spe
i�
 length of sequen
e. Integration between publi
 andprivate data is also provided but only in the sense that publi
 data is integrated with

 
 
 



Chapter 1. Introdu
tion 18private data. Thus a user with private data 
an makes links to and see publi
 data, useprivate and publi
 data but still prevent a

ess to and integration with the private data.The overall s
ienti�
 goal of FunGIMS is to provide the user with a set of tools and a

essto a large amount of data in one 
onvenient pla
e. The idea is not to repla
e the use ofea
h individual tool but to provide the user with results whi
h 
an serve as a startingpoint. For some biologists this will provide enough information to allow them to 
ontinuedown a spe
i�
 route. Others may want to pursue a spe
i�
 topi
 in more detail. Theseparate modules 
ater for the main types of fun
tional genomi
s data used. Ea
h modulehelps the user to do analysis relevant to that topi
 and tries to provide links to other datatypes in FunGIMS. Currently FunGIMS 
onsists of Sequen
e, Stru
ture, Genomi
 andSmall mole
ule modules and will in the future in
lude modules for Mi
roarray, Genotypeand Literature data. Ea
h of these modules are spe
ialized to deal with a di�erent typeof data. All the modules overlap with ea
h other to some extent, but ea
h still providesunique fun
tions for the spe
i�
 data type e.g. proteins have a sequen
e that is mostlydealt with in the Sequen
e module whereas the stru
tural aspe
ts are dealt with in theStru
ture module. Integration between the di�erent datatypes in ea
h module is of vitalimportan
e. A good example is that of a user interested in a spe
i�
 protein and itsfun
tion. The Stru
tural module will provide a

ess to stru
tural data on the protein,but at the same time it will provide links to DNA sequen
es, genome lo
ations, genotypedata, mi
roarray results and related literature (where available). This will allow the userto see under whi
h 
onditions the protein is up or down-regulated, whi
h SNPs have beenidenti�ed in the 
DNA sequen
e and where the DNA 
oding for the protein is lo
atedon the genome. FunGIMS aim to provide an environment in whi
h a user 
an a

essdi�erent types of data that are all linked by a 
ommon element (in this 
ase, a protein).This type of data integration is fast be
oming the future of all databases and provides afar more 
omplete overview of a spe
i�
 protein.Ea
h of the modules was approa
hed from the view of the resear
hers, what they wouldwant to a

omplish, whi
h tools they would use and how they would use su
h a module.This prevented modules from being designed a

ording to developers rather than to assistthe resear
her. During the design pro
ess, resear
hers were 
onsulted on 
ommonly used

 
 
 



Chapter 1. Introdu
tion 19tools, the way in whi
h they used the tools and ways in whi
h they wanted data to bepresented. Usability was also kept in mind to make the tools easy to use. To fa
ilitateeasy use of the system, it was de
ided to fo
us on a web-based system, rather than astandalone system. This presents the user with a familiar environment (web browser)and allows for minimal hardware and software installations. While bene�ting the user,su
h a system will also bene�t the administrators as they need to install and maintainonly one server, instead of a number of 
omputers at various workstations.FunGIMS supplies a variety of these servi
es but this spe
i�
 study fo
uses on protein andprotein stru
ture-related servi
es. The Stru
tural module of FunGIMS aims to providethe users with three di�erent types of tools: Explorative, Analysis and Modelling tools.Explorative tools allow the user to explore known protein stru
tures and their features,Analysis provides a sele
tion of general tools to allow the user to analyze a sequen
e orpatterns found in a sequen
e and Modelling allows the user to build homology modelsand generate s
ripts for various mole
ular dynami
s programs. The s
ripts are intendedas a stepping stone to en
ourage user-driven investigation.The Analysis se
tion will provide tools su
h as Prosite (de Castro et al., 2006) and HiddenMarkov Model sear
hes against Pfam (Finn et al., 2006). Prosite is a tool used to �ndmotifs in a sequen
e whi
h may aid in identi�
ation of the protein. A motif 
an be de�nedas an element or short stret
h of amino a
ids that is linked to a spe
i�
 fun
tional orstru
tural protein feature su
h as gly
osylation or protein spe
i�
ity. When referring toa motif that identi�es protein spe
i�
ity, the amino a
id sequen
e of the motif must beunique to that spe
i�
 a
tivity. Some motifs are very short and ina

urate. A goodexample of these in
lude gly
osylation sites whi
h are often only one or two residuesin length and may thus o

ur at random on a protein sequen
e. Prosite uses regularexpressions to sear
h the motifs against a sequen
e. A regular expression is a way tomat
h text patterns to strings and �nd the mat
hes. These text patterns may in
ludewild
ards whi
h allows for any spe
i�
 
hara
ter to be found at a position as well asspe
i�
 
ombinations of 
hara
ters.A way to improve the a

ura
y of motifs is to use Hidden Markov Models (HMM). TheHmmer tool used in the Analysis se
tion is a good example of HMM use. A HMM is a

 
 
 



Chapter 1. Introdu
tion 20probabilisti
 model whi
h takes into a

ount the residues before and after the motif aswell as the order of the residues in a motif. In the 
al
ulation it may in
orporate a setamount of residues before or after the 
urrent position and this is referred to as the orderof the HMM. Thus a 5th order HMM would 
onsider �ve residues before and after the
urrent position during a 
al
ulation as well as the order of the residues in the pattern.This implies that the pattern and position of residues in a protein sequen
e 
an be used toidentify it or to generate HMM's that 
an be used to sear
h for other proteins 
ontainingthe same pattern. Using HMMs a model of a protein family 
an be built. HMM's aredis
ussed in detail in Bystro� and Krogh, 2008 This allows programs su
h as Hmmer toa

urately identify the family to whi
h a protein belongs. In the Analysis module, Hmmeris used to sear
h a sequen
e against the Pfam database. Pfam is a database built up ofdomain HMMs of every known protein family. It uses manually 
urated alignments ofprotein families to generate HMMs of the areas that 
an be used to identify ea
h family.The more members in the family, the more a

urate the domain HMM in Pfam.The Tmhmm (Sonnhammer et al., 1998) and S-tmhmm (Viklund and Elofsson, 2004)tools are also in
orporated into the Analysis se
tion. Tmhmm use HMMs to 
lassifywhether a protein has membrane 
rossing α-heli
es. These are re
ognized using HMMsbased on length and hydrophobi
ity. A standard transmembrane helix is usually 20residues long as this is the minimal length needed to 
ross a membrane while the residuesare in a heli
al 
onformation. S-tmhmm uses HMMs to identify the orientation of atransmembrane helix in the membrane. It will give ea
h residue a probability of whetherit is on the inside in the 
ytosol or whether it fa
es the outside of a membrane.Also in
luded in the Analysis se
tion are tools su
h as PROCHECK (Laskowski et al.,1993) and the WHAT IF model 
he
k (Vriend, 1990). These tools use statisti
al dataderived from the PDB to evaluate various parameters in a protein stru
ture or model.These in
lude parameters su
h as bond lengths, bond angles, planarity of atoms andpa
king environments of amino a
ids. Ea
h of the tools will 
ompare the results from thesubmitted stru
ture to the statisti
al values and then judge it as either being within oroutside a

eptable limits. When analyzing models this is very useful as it 
an identifyareas whi
h were badly modelled.

 
 
 



Chapter 1. Introdu
tion 21Most proteins are made up of various se
ondary stru
tural elements. To identify theseelements, the DSSP program (De�ne Se
ondary Stru
tures of Proteins) measures all theangles between the atoms in a protein and 
lassify every residue as either being in a loop,
β-strand or α-helix.The Modelling se
tion in
ludes tools related to homology modelling and mole
ular dy-nami
s simulations. Homology modelling a method whereby a stru
ture of an unknownprotein is built based on the stru
ture of a related or homologous protein. Protein stru
-ture is mu
h more 
onserved than protein sequen
e and this is the basis of homologymodelling. Modelling programs usually take at least two parameters, a known stru
tureand an alignment between the sequen
e for whi
h the model is to be built and thesequen
e of the known stru
ture. The 
oordinates for every region that aligns is then
opied to the new target stru
ture. Where regions don't align or where gaps or deletionsare present, the program will try to build the stru
ture based on statisti
al averages in
ombination with for
e�elds. After a basi
 model has been built, the program needs tore�ne the model. There are various steps and methods but the most well know is thesatisfa
tion of spatial restraints. This method will adjust all the intera
tions betweenatoms to satisfy known restraints su
h as bond lengths and bond angles. An extension tothis method is the modelling of the amino a
id side 
hains. Be
ause the side 
hains 
anrotate and have more rotational degrees of freedom, it is a more 
omplex task to model.One of the approa
hes is to use a library of observed side 
hain 
onformations and modelea
h side 
hain based on those 
onformations. This is fairly qui
k but does not alwaystake the surrounding environment into a

ount and thus some programs optimize theside 
hain 
onformation to in
lude environmental 
onditions. Loop modelling presentsanother 
hallenge as they are very �exible and usually la
k a template. Most programswill either use a library of observed loops to try and model a loop se
tion or, if the loopis short enough, will try ab initio modelling of the loop. Be
ause of the loop �exibility,both these approa
hes have their drawba
ks. Loop libraries do not 
ontain all the known
onformations of a loop as ab initio modelling of loops is in its infan
y.As stru
ture is so 
onserved, this general approa
h is valid for the most proteins. Generalhomology modelling theory holds that when there is 30%-50% sequen
e similarity, the

 
 
 



Chapter 1. Introdu
tion 22ba
kbone of the protein is 
orre
t, when the similarity is between 50-%70%, the side
hains are also 
orre
t, and anything above 75% similarity will result in side 
hain spe
i�

onta
ts, or sometimes atoms, to be 
orre
t. Anything below 25%-30% is 
onsidered tobe in the 'twilight zone'. To build models in this range requires a lot of extra knowledgeabout the protein whi
h 
annot be gained from stru
ture and alignment alone.The �eld of mole
ular dynami
s en
ompasses the movement of proteins as simulated byan algorithm. These simulations provide valuable information regarding the intera
tionsbetween amino a
ids in a protein. It 
an also be used as a guide in designing experimentsto investigate the importan
e of amino a
ids in protein movement and intera
tions. Itmust be kept in mind that mole
ular simulations still have some limitations and it mustbe used as a tool to fa
ilitate and guide experimental work. In order to to improve thesimulations, mu
h better models of the intera
tions between atoms and residues needs tobe built. Tools to generate mole
ular dynami
s s
ripts are also in
luded in the Modellingse
tion. Mole
ular dynami
s is the appli
ation of Newton's Laws of Motion to a setof atoms over time to predi
t how they will move. With proteins the matter be
omesmore 
omplex as 
ertain atoms are bound to one another and undergoes short and longrange intera
tions. Various algorithms and programs have been implemented to deal withthese elements. The general terms in a mole
ular dynami
s for
e�eld in
lude energeti
terms for the following: bond length, bond angle, dihedral angles, long range intera
tions,hydrogen bond intera
tions and Van Der Waals intera
tions. Ea
h program treats theseterms di�erently and assigns di�erent values to ea
h term based on empiri
al or 
al
ulateddata. When starting a simulation, the program will try to perform an energy minimizationon the protein. This is a te
hnique whereby the algorithm tries to obtain the minimumenergy for a protein by adjusting all the physi
al fa
tors su
h as bond length, side 
hainorientations and atom-atom intera
tions. The Modelling se
tion provides the user witha 
hoi
e of programs for dynami
s as well as modelling. For dynami
s only s
ripts areprovided as running simulations are very resour
e intensive and are not feasible on aweb server. Some simulations may run for weeks at a time and thus take up valuableresour
es.All of the tools mentioned will provide the user with extra information about the protein.

 
 
 



Chapter 1. Introdu
tion 23These programs will produ
e data for the user and thus FunGIMS provides data storageand a
t as an interfa
e to the data. In addition to this, it also provides group-linked usermanagement. This feature was requested by lo
al biologists who wanted to 
onsolidatedata storage yet retain individual and group 
ontrol over the data. Su
h a system wouldallow the users to store 
ertain subsets of data on the server and retrieve it for lateranalysis. It also allows a separation between private and publi
 data, whi
h is importantas some individuals may be working on proje
ts that are of 
ommer
ial value. FunGIMSallows these users to keep their data private, yet in
orporate and enri
h their data withpubli
 data from various sour
es. FunGIMS also allows for private and publi
 data to bekept apart in that private data 
annot be a

essed by users who do not have the ne
essarya

ess rights.By providing the user with exploration, analysis and modelling tools in one 
entral lo
a-tion, together with allowing for storage of the results, it fa
ilitates knowledge dis
overy.1.7. Appli
ation to Foot-and-Mouth Disease VirusFoot-and-Mouth Disease Virus (FMDV) is a highly 
ontagious disease found in 
lovenhoofed animals and a range of other hosts. Infe
tions 
an 
ause large e
onomi
 losses aswell as a de
rease in animal produ
tivity. Lo
al resear
hers at the Agri
ultural Resear
hCoun
il (ARC) have been working on a va

ine design against FMDV but have en
oun-tered numerous problems. Most of the va

ine design work is based on the 
apsid proteinsof the virus as these are the main proteins exposed to the humoral immune system ofthe animal although the 
ellular immune system also plays a role. Due to the di�erentserotypes found in FMDV, it is di�
ult to make a general va

ine. Current va

inee�orts are serotype-spe
i�
, sometimes even subtype-spe
i�
. Sequen
e analysis showedthat there are a few sequen
e di�eren
es between the 
apsids of the various serotypes.The 
apsid plays a vital role in virus stability and entry into the 
ell and thus any 
apsidsequen
e variation might have an e�e
t on virus spreading. Some of the problems duringva

ine design were found to be related to stru
tural aspe
ts of the virus 
apsid proteinsand the resear
hers had no means of using experiments to identify the di�eren
es in the

 
 
 



Chapter 1. Introdu
tion 24stru
ture. Sin
e the resear
hers had no real experien
e in dealing with protein stru
turein a three dimensional environment, they required assistan
e and advi
e to use stru
turalbioinformati
s to solve urgent problems. Analysis or simulation programs were run, basedon the advi
e given and interpretation of the results on the basis of the protein stru
turewere provided to them. This 
ollaboration is of vital importan
e as it helps them to dire
texperiments and interpret the results they see in the laboratory. The results have helpedthem to understand how variation in the 
apsid protein sequen
es a�e
t the stru
ture ofthe 
apsid and its e�e
t on virus 
apsid stability.The goal of FunGIMS is to provide tools for resear
hers in this kind of situation, to allowthem to do resear
h in an unfamiliar �eld while minimizing the te
hni
al di�
ulties hin-dering them. Most of the tools in the Stru
tural module of FunGIMS, were spe
i�
ally
hosen to assist the resear
hers in 
ondu
ting the most 
ommon stru
tural bioinformati
sand analysis on the proteins of the di�erent virus strains. The fun
tionality of the Stru
-tural module in FunGIMS was used together with other tools to aid in the investigationof three aspe
ts of FMDV. Ea
h problem additionally illustrates a spe
i�
 feature/s ofFunGIMS and its appli
ation to a spe
i�
 problem. The three problems are:
• Annotation of the FMDV proteome. The FMDV genome is small and 
odes forfourteen proteins on a pre
ursor polypeptide. The motif-�nding tools in FunGIMSwere used to �nd protein motifs in the proteome and 
ompare the distribution of thesemotifs on 9 serotypes.
• Variation in FMDV 3C protease and 3D RNA polymerase. These two enzymes areimportant in the repli
ation of FMDV and are usually highly 
onserved. The homol-ogy modelling tools in FunGIMS were used to build models of various SAT serotypes.The variation found in various subtypes of ea
h of the three SAT serotypes was then
ompared and mapped to the protein stru
ture to lo
ate variation hot spots and toidentify potential surfa
e intera
tion areas.
• FMDV 
apsid stability and variation analysis. The FMDV 
apsid is vital to the virusas it prote
ts the virus from the environment and assists in 
ell entry. It is also themain fo
us of va

ine design and thus understanding the intera
tion and di�eren
esbetween the various 
apsid proteins is highly important. The homology modelling

 
 
 



Chapter 1. Introdu
tion 25and mole
ular dynami
s tools in FunGIMS were used to build models of the 
apsidproteins of various SAT2 subtypes. These models were used to map variation inthe 
apsid and, in 
onjun
tion with mole
ular dynami
s simulations, investigate thestability of the serotype 
apsids at di�ering pH values.The three aspe
ts investigated help to show the variety of problems that FunGIMS 
anbe applied to and the way in whi
h it helps to fa
ilitate knowledge dis
overy in ea
h 
ase.A more detailed introdu
tion about ea
h FMDV topi
 is given at the start of the relevant
hapter.
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Problem StatementFoot-and-Mouth Disease Virus (FMDV) is highly 
ontagious virus infe
ting 
loven-hoofedanimals. A few key problems were identi�ed by lo
al resear
hers, all relating to stru
turalaspe
ts of the virus 
apsid proteins but they had no stru
tural biology experien
e. Asystem 
alled FunGIMS was designed, whi
h attempts to help address these problemsspe
i�
ally in the investigation of FMDV and also to provide other resear
hers with anintrodu
tory environment for stru
tural biology investigations, leading them towards thelater use of more advan
ed tools. FunGIMS is a Fun
tional Genomi
s and InformationManagement System. It provides an easy to use, web-based interfa
e to perform a varietyof analysis on various di�erent data types. This proje
t fo
used on providing easy a

essto stru
tural data as well as intuitive and easy-to-use interfa
es to the most 
ommonlyused stru
tural bioinformati
s tools.The 
omplexity and setup of stru
tural biology tools have long been a barrier for biologistswho want to make use of these tools. Most stru
tural biology tools usually run on a UNIXtype operating system. The vast majority of these tools has been validated extensivelyin literature and by their respe
tive authors. Ea
h program has a di�erent syntax andmethod of operating, whi
h may be frustrating to the normal biologist. By providinga

ess to these tools via the web and by using a simple form-type input, most of thesyntax and related problems are dealt with. An ideal solution would be to provide mostof the tools and data via a web interfa
e, whi
h is a familiar environment for most usersand whi
h will help and guide users to perform independent stru
tural biology work.Although the system makes it easier for the biologist to use the tools, the onus is still onthe user to understand the fun
tion of ea
h tool and how to interpret the results. Theresponsibility of tool setup and installation will be that of an experien
ed person su
h as

 
 
 



Problem Statement 27a system administrator thereby allowing the biologist to fo
us on s
ien
e. The systemwas also designed to fa
ilitate the addition of new tools.The integration and ease of use of the Stru
tural module in FunGIMS is illustrated ina series of investigations performed on FMDV. The �rst problem is the way in whi
hvariation di�ers between FMDV serotypes with regard to their full proteomes. Insightsinto variation 
an help in identifying areas prone to a

umulating variation. The se
ondproblem relates the variation found in two of the most 
onserved proteins in FMDV, 3Cprotease and 3D RNA polymerase. Variation hotspots in these proteins help to identifyareas where intera
tions with other proteins o

ur and 
an help to pinpoint areas vitalto enzymati
 fun
tion. The third problem involves the stability of the FMDV 
apsidproteins under di�erent pH levels and the way in whi
h variability in the VP1-3 proteinsa�e
ts stability. Stability of the 
apsid is vital for virus distribution as well as infe
tion.Although the tools were used on three FMDV 
ases, they are generi
ally appli
able tomost proteins and problems related to protein stru
ture. An integrated system su
h asFunGIMS, will provide a

ess to a variety of tools as well as allow easy appli
ation ofthese tools to various problems related to protein stru
ture.
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Spe
i�
 AimsThe aim of this proje
t is the development of a Stru
tural module in the FunGIMSsystem and its appli
ation spe
i�
 problems in FMDV. The system allows a user toperform protein stru
tural analysis in an environment with a minimal need for lo
al
lient-side 
omputing resour
es. The aims of this proje
t is balan
ed between providinguseful interfa
es and tools for the user and programming a robust, extensible environmentfor protein analysis whi
h 
an be applied to FMDV.In Chapter 2 the development and design methodology of FunGIMS and the Stru
turalmodule will be dis
ussed. The aim was to design a system that is easy to use, easilyexpandable and allows the user to store and analyze data. The problem of tool in
orpo-ration into the module will also be dis
ussed. Tools were in
orporated into the system ina modular manner.Chapters 3-5 ea
h deals with an investigation of a spe
i�
 aspe
t of FMDV, illustratingthe role that FunGIMS was able to play in a spe
i�
 problem/area of interest identi�edby lo
al resear
hers in the study of Foot-and-Mouth Disease Virus (FMDV).Chapter 3 des
ribes the use of protein sequen
e-based tools in the Stru
tural module ofFunGIMS to annotate and identify similar patterns and fun
tions in the FMDV proteome.This was applied to various FMDV serotypes to 
hara
terize the di�erent proteomes andthe fun
tional relationship between them.Chapter 4 uses homology modelling to 
hara
terize the variation seen in the highly 
on-served 3C protease and 3D RNA dependant RNA polymerase proteins of FMDV. Theaim is to identify hotspots in the enzymes whi
h are more or less prone to variation andwhi
h may be linked to fun
tional and stru
tural di�eren
es between the South Afri
anTerritories (SAT) FMDV serotypes.

 
 
 



Spe
i�
 Aims 29Chapter 5 investigates the fun
tional and stru
tural e�e
t of mutations in the 
apsidproteins of FMDV. Capsid proteins are used in FMDV va

ine design and thus a thor-ough understanding of the 
hanges found in these proteins is ne
essary. The homologymodelling and mole
ular dynami
s fun
tionality of the Stru
tural module of FunGIMSwas used to investigate the e�e
t of the various mutations on virus 
apsid and pH stability.
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Chapter 2FunGIMS Design and Implementation2.1. OverviewThe FunGIMS (Fun
tional Genomi
s Information Management System) is a web-basedsystem designed to integrate most of the major data types that a resear
her might en-
ounter in a modern fun
tional genomi
s experiment. These data types in
lude sequen
edata, protein stru
ture data, mi
roarray data, small mole
ule data and literature data.In addition, it also provides online a

ess to some of the more 
ommonly used tools inea
h of the data type subse
tions. This allows the user a

ess to data and analysis toolsin one, 
entralized lo
ation as well as providing storage for the data generated by theanalysis tools in FunGIMS.The following se
tions will dis
uss the te
hnologies used in FunGIMS as well as the designpro
ess and the data model used.2.2. FunGIMS Design and Te
hnologiesDuring the design phase of FunGIMS, every e�ort was made to �nd the most appropriatete
hnologies for ea
h se
tion of the proje
t. Every se
tion involved exhaustive investiga-tions and testing of the options 
urrently provided by software manufa
turers. Importantde
isions su
h as a spe
i�
 programming language, were only made after extensive re-sear
h into the support provided and the ability to allow the programmer to do a spe
i�
job.

 
 
 



Chapter 2. FunGIMS Design and Implementation 312.2.1. Te
hnologiesFor the su

ess of a large proje
t su
h as FunGIMS, various te
hnologies are neededto work in unison to produ
e the �nal out
ome. Ea
h of these te
hnologies will bedis
ussed shortly in the following few se
tions. For the programming languages, Javaand Python were investigated extensively as well as the availability of software pa
kageswhi
h allow for intera
tion with databases. Di�erent language-dependant web frame-works were also investigated. These in
luded JBoss, TurboGears, Java Struts and 
us-tom Python s
ripts on top of a CherryPy server or Apa
he web server. The ability of alanguage to intera
t with databases and fa
ilitate easy data persisten
e led to investiga-tions into Java Beans, Hibernate, SQLObje
t and SQLAl
hemy. Ar
hite
tures su
h asthe Model-View-Controller and Server-Client designs were investigated to �nd the mostsuitable option for delivering data and intera
tivity to users. In the software world it isimportant to 
hoose your te
hnologies wisely due to the rapid rate of new developmentsand the de
line of on
e-popular software. The following se
tions will dis
uss the 
hoi
esmade for ea
h of the te
hnology aspe
ts of the proje
t.2.2.1.1. PythonThe programming language 
hosen for this proje
t was Python (http://python.org).Python has been developed by Guido van Rossum sin
e 1991 and is a mature and stabledevelopment language. This maturity has led to it being used by the biggest sear
h engine
ompany at the moment, Google (http://www.google.
om), on a wide range of servi
es.The widespread use of Python and the ease with whi
h it is learned has resulted in anextremely wide 
ode base that 
aters for a vast amount of fun
tionalities. In the lastfew years Python was used in developing games su
h as Civilization IV (Firaxis Games,http://www.2kgames.
om/
iv4/home.htm), high performan
e s
ienti�
 
omputing pa
k-ages (NumPy, http://numpy.s
ipy.org; S
iPy, http://www.s
ipy.org), web developmentplatforms (TurboGears, http://www.turbogears.org; Pylons, http://pylonshq.
om), movieanimations (Blender3D, http://www.blender.org) and being supported in 
ommer
ial s
i-enti�
 pa
kages su
h as Dis
overy Studio II (A

elrys In
.). Python was 
hosen due toits stability, ease-of-use and multitude of pa
kages.

 
 
 



Chapter 2. FunGIMS Design and Implementation 32Python is also widely used in Bioinformati
s due to its ease of use. Examples over andabove s
ripting in
lude: PySCeS (Olivier et al., 2005) that is used very su

essfully inmodelling the kineti
s and substrate �ow through enzymati
 pathways (Uys et al., 2006),PyMol (http://pymol.sour
eforge.net) that is a very su

essful open sour
e python-based3D protein stru
ture viewer, and PyQuante (http://pyquante.sour
eforge.net/) when do-ing quantum me
hani
s.2.2.1.2. Web Development FrameworkFor FunGIMS it was de
ided to use the TurboGears web development platform. Turbo-Gears is mature, well developed and written in Python and allows for development ofproje
ts using all the possibilities provided by the Python language. Development in Tur-boGears takes some time to master but should a person have previous Python program-ming skills, the pro
ess is far qui
ker. TurboGears is based on the Model-View-Controllerar
hite
ture (see se
tion 2.2.2) and uses various other pa
kages to perform the di�erentfun
tions. The use of Python and the MVC ar
hite
ture in TurboGears made it theperfe
t 
hoi
e for FunGIMS, whi
h uses the same te
hnologies and thus allows for easyintegration. Figure 2.1 shows a diagrammati
 layout of the fun
tioning of TurboGears.2.2.1.3. Obje
t-Relational MapperOften a time 
onsuming step in programming is 
onstru
ting 
ode to represent the dataqueried from a database. To over
ome this problem, Obje
t-Relational Mapping (ORM)was developed. This is a method whereby a query to a relational database 
an be rep-resented in an obje
t-orientated way in the 
ode. The programmer de�nes all the tablesin the database using 
ode and also de�nes 
lasses for working with the tables. TheORM then uses this information to transparently 
onne
t to the database, and providethe programmer with a

ess to the data using the prede�ned 
lasses. The ORM alsoprovides some methods, native to the database, as normal methods owned by the 
lasses.Thus the programmer does not have to learn the syntax needed to manage the databasenatively, only the 
on
epts need to be known. These methods allow the programmer to
ontinue programming in the same style, without the need to write his own mapper be-
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Figure 2.1: A s
hemati
 representation of how the di�erent parts work together in TurboGears(http://do
s.turbogears.org/1.0/GettingStarted/BigPi
ture). The user makes a request for datain the browser. This request gets dire
ted by the 
ontroller to the model. The ORM then
onne
ts to the database, retrieves the data and returns it to the 
ontroller. The 
ontroller thenprovides the data to the appropriate template, whi
h is served up as HTML 
ode to the user'sbrowser.tween the database and the program. For FunGIMS it was de
ided to use SQLAl
hemy(http://www.sqlal
hemy.org). SQLAl
hemy is supported in TurboGears and uses themodel.py �le to de�ne the database, link the tables in the database to 
ode 
lassesand implement data 
lass spe
i�
 methods. SQLAl
hemy was 
hosen in preferen
e toSQLObje
t as it provided more advan
ed fun
tions su
h as polymorphi
 joins and 
lass
reation via introspe
tion of the database. At the time of writing, SQLAl
hemy was alsoslated to be
ome the default ORM for the TurboGears proje
t. It was de
ided to useMySQL (http://mysql.org) as the relational database for FunGIMS. This was 
hosen thepreferred 
hoi
e rather than PostgreSQL as SQLAl
hemy provided slightly better support

 
 
 



Chapter 2. FunGIMS Design and Implementation 34for MySQL than for PostgreSQL when the proje
t was started. Most of the developersalso had more exposure to MySQL than PostgreSQL. MySQL provides a way to storevast amounts of data, while providing extremely fast sear
h a

ess to the data. All thedata are stored in rows in user-de�ned tables, and a user 
an sear
h over all �elds in thetables. This provides a very powerful way of storing and querying data.2.2.1.4. Version ControlIn a proje
t of this s
ope, version 
ontrol is essential. Version 
ontrol provides a wayfor the system to be ba
ked up in in
rements as ea
h part of the system 
hanges. Adeveloper 
an 
he
k out a 
ertain part of 
ode, work on it and then 
he
k it ba
k intothe system. The system then 
he
ks whether there was any 
on�i
t in the 
ode, andstore the 
hanges made to the 
ode. It also tra
ks the 
hanges ea
h developer makesas well as any 
hanges to �les. Furthermore, it prevents 
hanges made by the di�erentdevelopers on the same pie
e of 
ode to be 
he
ked in prior to validation thereof. Anessential feature is the ability to rollba
k 
hanges made to the system. It was de
idedto use Subversion (http://subversion.tigris.org) for this proje
t rather than Con
urrentVersion System (CVS).2.2.1.5. Templating LanguageWeb browsers display pages written in HyperText Markup Language (HTML). HTMLuses a stati
 
ode to represent items on a web page. To over
ome the stati
 elementof HTML, programmers developed templating languages. These languages allow a pro-grammer to generate stati
 HTML 
ontent based on de
isions made by the algorithm orprogram or even based on user input. The Kid templating system (http://www.kid.org)was used for FunGIMS. Kid is a templating system that is based on eXtensible MarkupLanguage (XML), of whi
h HTML is a derivative, and allows for the in
orporation ofPython 
ode in the template. KID will take the XML template and the data provided bythe 
ontroller, 
ombine it and render it into HTML that is then sent to the web server.The user will then see the page as normal HTML in his browser.

 
 
 



Chapter 2. FunGIMS Design and Implementation 352.2.2. Development and DesignThe design of a large system su
h as FunGIMS is a 
omplex task and requires 
areful de-velopment and planning to prevent a 
luttered and 
omplex 
ode base. This is espe
iallyimportant when there are multiple programmers working on a proje
t and 
oordinationbetween them is vital. The �rst step in planning su
h a proje
t is to identify the potentialusers and analyze their requirements. These requirements must then be implemented ina logi
al way to bene�t the user. The programming task must also be divided amongstthe programmers to speed up development.As a �rst step, the use of obje
t-orientated programming was implemented. This results in
ode blo
ks that 
an be reused throughout the proje
t and fa
ilitates faster development.A Model-View-Controller ar
hite
ture was also followed (Fig. 2.2) for the software designof FunGIMS. This ar
hite
ture separates a proje
t into three di�erent se
tions on the basisof the fun
tion of ea
h se
tion:
• Model - this 
ontains all the 
ode ne
essary for the storage of results and managingthe database ba
k end as well as handling queries to the database.
• View - this se
tion 
ontains all the 
ode used in displaying results/output from thesystem. It 
ontains mostly templates and usually 
ontains very little logi
 
ode.
• Controller - this is the se
tion in whi
h all the fun
tionality and the majority of the
ode resides. All the de
ision making pro
esses in the system are stored here, and it
ontrols input and output to the model and view. It �
ontrols� the entire system anddire
ts tra�
 and requests to the appropriate sub
ontrollers.Following the MVC ar
hite
ture, the proje
t was divided into three se
tions namelymodel.py, 
ontroller.py and a folder for all the templates entitled templates. Theseare ea
h dis
ussed in more detail in se
tions 2.2.2.1, 2.2.2.2 and 2.2.2.3. In Figure 2.3 theoverall design and implementation of the MVC ar
hite
ture in FunGIMS is shown. Thishigh level overview provides a 
lear depi
tion of how ea
h part of FunGIMS �ts together.
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Figure 2.2: The Model-View-Controller (MVC) ar
hite
ture. The Model 
ontains the datamodel needed by the ORM to intera
t with the database. The View 
ontain all the templatesneeded to display the data and the Controller 
ontrols and handles all 
ommuni
ation betweenthe Model and the View. The 
ontroller also 
alls any external programs that are needed.During the development pro
ess, the spiral development methodology was followed. Thismethodology is based upon small improvements and step-wise additions of features, fol-lowed by rapid deployment and testing of the new features. This 
y
le is repeated asea
h new feature or fun
tionality is added. The advantage of this methodology is thaterrors in the 
ode and feedba
k from the users 
an be 
orre
ted and implemented qui
kly,whi
h results in less e�ort 
ompared to 
orre
ted errors in a proje
t where the releaseand testing 
y
le is longer. Most of the modules were developed in 
onjun
tion with userinput. Thus at ea
h stage in the development, the user was 
onsulted. The user wasasked whi
h fun
tionalities he wanted, where after the programmer would implement itand the user would test it and give feedba
k.During the design of FunGIMS, the usability and users of the system were always keptin mind. This for
ed the 
oding pro
ess, and the 
ode itself, to be far more e�
ientand intelligent in the manner in whi
h the di�erent appli
ations and fun
tionalities wereimplemented. A good example of this is the System ID (sid) that is assigned to everyentry of a data type. The sid should identify the spe
i�
 re
ord in su
h a way as to
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Figure 2.3: The overall design of the FunGIMS system. The design follows theModel-View-Controller ar
hite
ture and uses TurboGears as the web development environment.Various other modules su
h SQLAl
hemy provide interfa
es and methods to a

ess data and 
allexternal programs. The View provides the interfa
e the user sees when using the system. TheController 
ontrols and dire
ts all requests within the system and the Model stores all the data.

 
 
 



Chapter 2. FunGIMS Design and Implementation 38fa
ilitate easy use during 
oding, as well as for easy understanding thereof by the user.With FunGIMS the number of re
ords of di�erent data types was huge. To assist usersas well as fa
ilitate easier 
oding, it was de
ided to use a 
ommon sid format. Theformat, <data type:id>, 
onsists of a data type identi�er, followed by a :, followed by aunique number for user-generated data or the id assigned by the spe
i�
 publi
 databasee.g. PDB �le 1eye would have the sid: pdb:1eye. This identi�es the re
ord as a protein
oordinate �le and uses the more well known publi
 database id as well. The PDB isa good example of the e�
ient use of a system-wide, unique id. The unique number isgenerated by taking the system time, in se
onds sin
e 1 January 1970, and multiplyingit by a fa
tor of ten million to get an integer number.At the time of writing, FunGIMS 
atered for the following data type identi�ers:
• seq - user generated/uploaded sequen
e
• gi - sequen
e from GenBank publi
 database
• sp - sequen
e from SwissProt publi
 database
• pri - user generated primer sequen
e
• pdb - protein stru
ture �le from the PDB
• pmid - arti
le from the PubMed publi
 database
• �le - user uploaded generi
 �le
• 
hebi - small mole
ule from the ChEBI database
• note - user generated note
• blast - BLAST results �le
• go - Gene Ontology term
• taxon - NCBI taxon term
• tra
e - DNA sequen
e 
hromatogram �lesThese data type identi�ers makes it easy for the user to see whi
h entry they are 
urrentlyworking on or whi
h entry's results they are looking at. To make the development pro
essfaster, ea
h programmer was given responsibility for a module on FunGIMS, while 
oremodules were developed together as they were needed.

 
 
 



Chapter 2. FunGIMS Design and Implementation 39Coding was not the main area where ease of use was of primary importan
e. Ease of useis the most important in the user interfa
e. Throughout FunGIMS the interfa
es weredesigned to be 
lean, intuitive and easy to use. This implies that pages do not showunne
essary information to the user. Future releases may have the option to displayextra information 
ontained in the relevant �les. Ea
h page is designed to show only theinformation the user needs at that moment. In the 
ase of analysis tools, the user is askedfor only the ne
essary information before the analysis is run.2.2.2.1. The ViewThe views in FunGIMS are responsible for intera
ting with the user and presenting datato him. Although the views only present data, in some instan
es de
isions on displayitems 
an only be made on
e the data is rendered or to alleviate more extensive 
odingof templates. Ea
h view is written in the Kid templating language. Ea
h module inFunGIMS has its own set of views and a shared subset deals with general, administrativedisplays su
h as headers, new user registration and shared items. The view �les are storedin a separate dire
tory (templates) and use the .kid extension. The views are 
ompiledto Python 
ode as needed using just-in-time (JIT) 
ompilation.The view also makes use of JavaS
ript for some visual e�e
ts and for managing theaddition and deletion of notes through JSON, an AJAX library (Asyn
hronous JavaS
riptand XML) used in TurboGears to 
onne
t Python fun
tions and JavaS
ript. The viewalso allows the in
lusion of applets su
h as Jmol, whi
h is used in the Stru
tural module.These applets allow for extra fun
tionality in the browser.2.2.2.2. The ControllerThe 
ontroller is that part of FunGIMS that regulates all the de
isions regarding �ow
ontrol. The 
ontroller de
ides what data must be retrieved, what data must be sent to theview and whi
h 
ommands to exe
ute with regard to the given variables. In essen
e, the
ontroller 
ontrols everything in the appli
ation. All 
ode that make a de
ision resides inthe 
ontrollers. In FunGIMS the responsibility of the 
ontroller has been split to fa
ilitate
ollaborative 
oding as well as to de
rease the amount of 
ode residing in one main 
on-

 
 
 



Chapter 2. FunGIMS Design and Implementation 40Table 2.1: The te
hni
al spe
i�
ations of FunGIMS.FeatureProgramming Language Python 2.4Development Framework TurboGears 1.0.2Code Revision Control Subversion 1.2.3HTML Templating Kid 0.9.6Obje
t Relational Mapping SQLAl
hemy 1.3.9Do
umentation Epydo
 3.0beta1Ba
k end Database MySQL 5.0troller. The main 
ontroller (
ontroller.py) in FunGIMS de
ides whi
h sub-
ontroller(lo
ated either in the view_
ontrollers or sear
h_
ontrollers folders) re
eives thedata and whi
h sub-
ontroller is responsible for exe
uting the user's 
ommands.In FunGIMS the following tasks are under the dire
t responsibility/
ontrol of the main
ontroller:
• De
iding whi
h view to present to the user
• Managing the sear
h fun
tionality
• Managing user a

ess (logging in/out) and se
urity
• Making de
isions on whi
h analysis interfa
e to send data to
• Upload/download of �les
• Generi
 saving of results produ
ed by analysis methods
• Web servi
esThe te
hni
al spe
i�
ations of FunGIMS are given in Table 2.1. The 
hoi
e of language(2.2.1.1), development platform (2.2.1.2) and other de
isions have been dis
ussed in therelevant se
tions.2.2.2.3. The ModelThe model forms the basis of all the intera
tions between the 
ontroller and the databasein the MVC ar
hite
ture. All the table de�nitions, table-
lass mappings and 
lass-spe
i�
methods are de�ned in the model.py �le. This �le is used by the ORM to intera
t withthe database and return the relevant data to the 
ontroller. The details of the data

 
 
 



Chapter 2. FunGIMS Design and Implementation 41model will be dis
ussed in se
tion 2.4.1. There are a few main model-related methodsthat are used a
ross FunGIMS. These in
lude retrieving data for a spe
i�
 entry while
onsidering se
urity and a

ess restri
tions on the entry, deleting privately owned dataand generating new, unique identi�ers for data inserted into the system.2.3. FunGIMS Core Fun
tionalitiesFunGIMS 
ontains a few 
ore fun
tionalities that are used a
ross the board in all thedi�erent modules. These in
lude managing users and groups, new registrations andsear
hing of data.2.3.1. User and Group ManagementCommon pra
ti
e in laboratories is to divide people into work-related groups. This 
on-
ept was also used in FunGIMS to manage a

ess to data. When starting a TurboGearsproje
t, it provides you with default identity handlers. These are divided into users andgroups. Ea
h user 
an belong to one or multiple groups. For FunGIMS this de�nitionwas extended so that groups 
an also belong to other groups e.g. the di�erent groups inan a
ademi
 department. An example would be a supervisor who wants to share datawith her students as well as between the students, but also wants her own private group.Under the FunGIMS identity s
heme this would mean that the supervisor belongs to twogroups, her own private group and the student group. This would allow the students toshare data but also allow the supervisor to have private data. It is basi
ally a 
on
eptof group of groups. Although this 
ompli
ates the identity management, the advantagesthereof are far more than the extra e�ort required to program it.In FunGIMS ea
h data entry belongs to either a spe
i�
 user or group or, in the 
aseof publi
ly available data, to the �world� group. The �world� group is a

essible toeveryone and all users 
an view and use entries belonging to this group. When databelongs to a 
ertain group, all the users who are members of that group may a

ess, viewand use the data. This hierar
hi
al implementation of a

ess restri
tions allows for theseparation of visible data to ea
h group. A user may also de
ide to browse and analyse

 
 
 



Chapter 2. FunGIMS Design and Implementation 42data anonymously. This will allow him to see all publi
 data and do analysis, but notsave any results, or add notes to any entries.To manage users, a registration se
tion was in
luded. This enables the user to add newusers, add users to groups and to 
reate groups. Some restri
tions are also implemented,whi
h gives only 
ertain users the right to add or delete users.2.3.2. Result ManagementWhen users generate results in FunGIMS, they are presented with the option of eitherstoring the results in the FunGIMS database or viewing them without saving. This fun
-tionality allows users to use the FunGIMS database as a data repository. User-generatedresults are stored as uploaded �les in the database. When the user wants to save results,they are presented with an option of sele
ting to whi
h group the results will belong. Thegroup listing in
ludes all the groups to whi
h the user belongs . This allows the user toshare generated results with other members of the group. These results are in
luded inany future sear
hes that might be done against the database. If a user is browsing andanalyzing data while not logged in, results 
annot be saved.2.3.3. Sear
hing of Data and ResultsFunGIMS 
ontains a large amount of data and the best way to a

ess a spe
i�
 pie
eof data is to sear
h for it. FunGIMS provides a sear
h fa
ility a
ross all the data andresults saved by the user. This allows the user to sear
h for entries by means of akeyword or phrase, or simply a

ess stored results. A user 
an sele
t to sear
h a
rossall the data types with a keyword or a spe
i�
 identi�er 
an be entered e.g. sear
hfor �dihydropteroate synthase� or sear
h for PDB id �1eye�. The sear
h is implementedon two levels. The �rst level is a 
ase insensitive text sear
h a
ross all the �elds inIdentifiable and Des
ription. The results from this sear
h are then �ltered in these
ond level of the sear
h, to ex
lude entries that the user may not see. Users 
an sear
ha keyword or sid against a spe
i�
 data type or a
ross all data types. At the time ofwriting, FunGIMS provided sear
hes a
ross protein stru
tures, sequen
es, literature andsmall mole
ule data sets. A keyword sear
h a
ross all data types will produ
e a page
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Figure 2.4: The result of a sear
h for �dihydropteroate synthase�. The results are ordereda

ording to data type.with results sorted a

ording to the se
tion they belong to e.g. sequen
es in the Sequen
ese
tion and any stru
ture hits in the Stru
ture se
tion. Should a user sear
h for a spe
i�
identi�er and it is found to be unique, the user will automati
ally be redire
ted to a viewof the requested entry. A

ess restri
tions are implemented on the sear
hes and thus auser will not see any mat
hes in restri
ted data. Figure 2.4 shows the results of a sear
hfor the keywords �dihydropteroate synthase�.2.4. FunGIMS Data Model2.4.1. The Data ModelFunGIMS was designed to use one database that 
ontains all the data for ea
h data typein separate tables. In order to in
orporate the large amount of data and relationshipsin FunGIMS, an extensive data model had to be developed. The Fun
tional Genomi
s

 
 
 



Chapter 2. FunGIMS Design and Implementation 44Experiment (FuGE) data model was used as a starting point (Jones et al., 2007, Joneset al., 2006) as dis
ussed in Chapter 1. The FunGIMS data model was extended byinheriting from the Identifiable 
lass in FuGE. This allowed for features in FuGE su
has Se
urity, Des
ription and Audit to be a

ommodated in FunGIMS. Se
urityimplements various features related to the FuGE data model with regard to ownership ofthe re
ord. Audit tra
ks 
hanges made to a re
ord and Des
ription provides a way toadd free text des
riptions of the re
ord. Identifiable 
onsists of a sid, data typename,user id, group id and des
ription id �elds. These �elds link an Identifiable entry toa user, a group, a spe
i�
 des
ription (whi
h is linked to the Des
ription 
lass) and aspe
i�
 data type. The data typename �eld is used when 
onstru
ting the polymorphi
joins for a spe
i�
 module. When a new �le or data entry is 
reated in Identifiable,the user must also supply the �elds required for Des
ription. Des
ription implements�elds for id, des
ription text, keywords and synonyms. When sear
hing the databaseusing a keyword, it is sear
hed against Des
ription.The 
ore data model for FunGIMS extended the FuGE data model by in
luding additional
lasses to FunGIMS, all of whi
h all inherited from Identifiable. These 
lasses in
ludeNote, File and Relationship. Note is a free text �eld that allows a user to add free textnotes to an entry. More than one Note may be asso
iated with a unique Identifiableentry. File is a 
lass that 
aters for any �les uploaded by the user su
h as proteinmodels, do
uments or sequen
es. One File obje
t is linked to one Identifiable obje
t.Relationship is a 
lass used to link two Identifiable entries. This relationship is eitheruser generated or automati
ally generated from the parsed data. Ea
h spe
i�
 moduleextends the FunGIMS data model further and by inheriting from the Identifiable
lass, allows a 
onsistent data model to be maintained. FunGIMS 
urrently implementsthe following main data type 
lasses: Stru
ture, Sequen
e, MedlineReferen
e andCompound. The spe
i�
 data model used for the Stru
tural module will be dis
ussedin se
tion 2.5.2. The information in Identifiable was also used by SQLAl
hemy to
reate groups of tables in the data model that 
ontains only a 
ertain data type usingpolymorphi
 identity joins (
reating one obje
t by joining di�erent sub
lasses from thedatabase).

 
 
 



Chapter 2. FunGIMS Design and Implementation 45The TurboGears user tra
king/validation data model was used to allow the login of usersand to maintain session ids during usage. TurboGears employs a set of tables for usersand groups and allows users to belong to more than one group. When a user logs in,they are validated against this data model. When retrieving data belonging to a 
ertaingroup, the group table is 
he
ked to assess whether a user may see the data. A uniquesession id is generated every time a user logs in and this allows the user to remain loggedin to the system for a set amount of time (default is 20 minutes).
2.5. Stru
tural Module2.5.1. OverviewThe Stru
tural module 
aters for all protein stru
ture data. It allows the user to inves-tigate the protein stru
tures, to 
ondu
t analysis on the protein sequen
es and stru
tureand to generate simulation s
ripts for proteins. The design of the Stru
tural module wasbased on the MVC design as shown and used in the rest of FunGIMS. This allows for anextensible and easily upgradable system and further allows for a maintainable 
ode base.The vast majority of the data in the Stru
tural module is parsed from the MSD dis
ussedin Chapter 1. Most protein stru
ture data is represented in a standard 
olumn-based for-mat known as the PDB format (http://www.pdb.org/do
s.html). This text format pro-vides stru
tural and administrative information about the protein as well as the Cartesian
oordinates of every atom in the protein. Figure 2.5 shows the 
olumn layout and anexample of the latest PDB �le format.2.5.2. Data ModelThe main data model used for the Stru
tural module is based on the MSD (Boutselakiset al., 2003) from the EBI at Cambridge. The MSD provides a very extensive data modelto deal with protein stru
ture data. All the data are parsed from PDB and are also linkedto primary sequen
e providers su
h as GenBank.
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ord name �ATOM � Re
ord name7 -11 Integer serial Atom serial number13-16 Atom name Atom name17 Chara
ter altLo
 Alternate lo
ation indi
ator18-20 Residue name resName Residue name22 Chara
ter 
hainID Chain identifier23-26 Integer resSeq Residue sequen
e number27 AChar iCode Code for insertion of residues31-38 Real(8.3) x Orthogonal 
oordinates for X in Angstroms39-46 Real(8.3) y Orthogonal 
oordinates for Y in Angstroms47-54 Real(8.3) z Orthogonal 
oordinates for Z in Angstroms55-60 Real(6.2) o

upan
y O

upan
y61-66 Real(6.2) tempFa
tor Temperature fa
tor77-78 LString(2) element Element symbol, right-justified79-80 LString(2) 
harge Charge on the atomFigure 2.5: Top: A protein stru
ture �le example (Valine residue 14 from 1eye.pdb). Bottom:the PDB �le format spe
i�
ation for ATOM entries.The MSD data model tries to provide a logi
al view of protein stru
ture. It is orga-nized into one main entity (Stru
ture) that 
onsists of 6 sub-entities (A
tive Sites,Se
ondary Stru
ture, External Database Links, Header, Taxonomy and Ligands).Ea
h of these sub-entities are divided into logi
al groups e.g. Header is made up of ta-bles 
ontaining information on authors, keywords, X-ray data, et
. In this fashion ea
hsub-entity 
ontains di�erent levels of information. What makes MSD unique and di�erentfrom the PDB is that for every di�erent feature in MSD, detailed data are available e.g.for every protein atom, the binding order, predi
ted atom valen
e, atom type, residue it
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Figure 2.6: The relationship between the Stru
ture obje
t and the FuGE data model.Identifiable is the main data obje
t in FuGE. Des
ription provides some additional dataabout Identifiable. The Stru
ture obje
t inherits from Identifiable and thus also hasDes
ription data.belongs to, other atoms it makes 
onta
t with, et
. This makes it one of the most 
ompletestru
ture databases 
urrently available. A 
omplete user-friendly web a

essible front endto MSD has been written and is a

essible at the EBI's website.The MSD data model (�gure 1.2) was extensively modi�ed before being in
orporated intoFunGIMS. The Stru
tural module data model 
onsists of the following 
lasses: Residue,Helix, Sheet, Strand, Turn, Se
ondarySummary, Tstru
, Chain, PfamInt, S
opInt, Go,E
,CathInt, SwissprotInt and Interpro. All the 
lasses inherit from Stru
ture eitherdire
tly or indire
tly from another 
lass. The data extra
ted and stored from MSD arePDB entry information (Stru
ture), protein se
ondary stru
ture (Se
ondarySummary)in
luding α-heli
es (Helix), β-strands (Strand), β-sheets (Sheet) and β-turns (Turn),protein fold (Tstru
) information from CATH (CathInt) and SCOP (S
opInt), protein
lassi�
ation information from GO (Go), Interpro (Interpro), Pfam (PfamInt) and Swis-sprot (SwissprotInt) as well as EC numbers (E
). Information su
h as the energy types
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h atom and atom types were not extra
ted, as the Stru
tural module only 
aters fora higher level of protein stru
ture. A se
ond set of s
ripts was then run on the MSD datato extra
t basi
 relationships between data types su
h as linking the Pubmed id witha protein entry and these were stored in the Relationship 
lass. Stored relationshipsare between the protein, Swissprot and GO numbers as well as between the protein andPubmed. All these generated links were also added to the FunGIMS database. Se
tion2.5.2.1 dis
usses other data sour
es. Most data relating to the detail su
h as atoms,residue planarity and energy types were omitted. This was due to the fa
t that theStru
tural module provides a basi
 introdu
tion to a stru
ture. Its main purpose is forexploratory analysis and investigation.The FunGIMS stru
ture data model was 
onstru
ted to 
losely represent the a
tual stru
-ture levels in a protein in a top down fashion. This ensures that a protein model 
anbe browsed by starting with the assembly, followed by the lo
al fold, the 
hain spe
i�
se
ondary stru
ture and �nally by residue data (Figs. 2.6, 2.8 and 2.7).2.5.2.1. Data Sour
esThe majority of the data in the Stru
ture module, and also FunGIMS, are derived andparsed from publi
 databases su
h as the PDB, GenBank and SwissProt. In the 
ase ofthe Stru
ture module, Python s
ripts were used to parse the �at �le format of MSD andto add the data to the FunGIMS database.FunGIMS also 
aters for user-generated data. In the Stru
ture module spe
i�
ally,user-generated data makes up a very small portion of the stored data. This is due to thefa
t that a model that a user generates will not be parsed and stored in the databaseas there is no experimental validation of the stru
ture. All generated modelling s
riptsand models will be stored as �les belonging to a spe
i�
 user and group should the user
hoose to save the �les.2.5.3. Fun
tionalitiesThe Stru
tural module has various di�erent fun
tionalities. A user 
an investigate a pro-tein stru
ture and retrieve information about stru
tural elements, perform motif sear
hes
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tural analysis on a protein sequen
e, generate homology models or generates
ripts for modelling and mole
ular dynami
s. Ea
h of these features will be dis
ussedseparately. For the �rst release of the Stru
tural module it was de
ided to in
lude toolsthat are often used by biologists and some tools that are less used but equally valuableand that 
an provide new insights into their work. The design of FunGIMS and theStru
tural module allows for the easy addition of new tools by programmers.The browser-based mole
ular viewer known as Jmol (http://jmol.sour
eforge.net) is oneof the features that makes the Stru
tural module very useful. Jmol is a Java-basedthree dimensional mole
ular view that 
an run inside a browser as a Java applet. Ituses software to render the proteins and thus does not need expensive hardware su
has graphi
s 
ards. Jmol was spe
i�
ally written to allow protein stru
ture �les to bedisplayed and manipulated inside browsers. The user 
an rotate the protein, zoom in,sele
t di�erent representations of the protein, and various other mis
ellaneous fun
tions.Jmol 
an also be run as a standalone Java appli
ation, whi
h allows users to downloadthe protein �les and work with them in a familiar environment.In the Stru
tural module, Python is used to parse the data su
h as residue start and endnumbers in a turn or helix, and then use this data to generate buttons whi
h 
ontrolsvarious Jmol representations.2.5.3.1. Stru
tural Data RepresentationThe Stru
tural module in
ludes all stru
tural data su
h as primary stru
ture, se
ondarystru
ture, tertiary stru
ture and atomi
 
oordinates. The �rst view a user would seewhen querying a protein is the primary sequen
e data. This in
ludes the sequen
e of theprotein, the name of the protein and other data parsed from the header su
h as resolution(Fig. 2.9). The primary view also shows any notes added to the spe
i�
 protein as wellas an atom representation (based on the 
oordinates in the 
rystallized stru
ture) of theprotein loaded into Jmol.From the primary view the user 
an navigate to the se
ondary and tertiary stru
tureviews. The main se
ondary view 
ontains a summary of all the se
ondary stru
turefeatures found in ea
h 
hain in the protein and provides links to a more detailed view
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h feature. When a spe
i�
 
hain is sele
ted, it takes the user to a summary of these
ondary stru
tural features for that spe
i�
 
hain (Fig. 2.10). This in
ludes data on
α-heli
es, β-strands, sheets, turns and other 
hain features.A user 
an also see a summary of all the strands in a spe
i�
 protein 
hain by 
li
king onthe strand link in the se
ondary stru
ture summary (Fig. 2.11). This will provide a pagewith a summary of the strands found in the protein 
hain together with their position,length and sheet id as 
lassi�ed in the MSD. A 
artoon representation is presented inJmol and buttons are provided to sele
t the spe
i�
 strands. These buttons are notalways 100% a

urate as Jmol interprets residue numbers di�erently than those foundin the MSD due to missing residues in the protein 
rystal stru
ture. This is due to thefa
t that sometimes part of the protein does not 
rystallize or only a trun
ated peptidewas used. Thus, those residues do not get used when assigning numbers to the residuesfound in the 
rystal stru
ture. A user 
an also sele
t the sheet link and see the numberof sheets in a protein stru
ture.A user 
an also a

ess data about the α-heli
es in the protein 
hain (Fig. 2.12) fromthe se
ondary stru
ture summary. This view gives an overview of the number of heli
esas well as their length, start and end residue numbers. A 
artoon representation is alsodisplayed with Jmol buttons for highlighting the heli
es. Information about β-strandsand β-sheets 
an also be a

essed from the se
ondary stru
ture summary.Information about all the turns in a protein 
an also be a

essed from the se
ondarystru
ture summary page. This option presents a user with a table of all the turns thato

ur in the protein as well as the turn type and 
lass, start residue, end residue and aJmol representation with Jmol buttons to sele
t all the turns (Fig. 2.13).In addition to the se
ondary stru
ture summary, a user 
an also a

ess information aboutthe tertiary stru
ture of the protein (Fig. 2.14). This view in
ludes the Pfam (Finn et al.,2006), CATH (Pearl et al., 2005), SCOP (Conte et al., 2000), GO (Ashburner et al., 2000)and Interpro id's (Zdobnov and Apweiler, 2001) asso
iated with ea
h 
hain. On
e againJmol is also present but in this 
ase the protein is shown in a ribbon representation
oloured by 
hain.
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tural module of FunGIMS 
ontains tools related to se
ondary and tertiarystru
ture as well as protein sequen
e feature predi
tion. Although the database (seese
tion 2.5.2.1) provides most of the stru
turally derived data, a user may want to do are-analysis of a stru
ture or use the tools to analyze a new stru
ture or model or proteinsequen
e. At the time of writing, only X-ray data was supported. The stru
tural module
an be divided into roughly two parts, a stru
tural data part and a analysis tools part.
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Figure 2.7: The relationship between di�erent se
ondary stru
tures in a 
hain and the residuesin a protein. This provides the 
learest example of how the data model organization followsthe logi
al, hierar
hi
al organization seen in a protein stru
ture. Ea
h se
ondary stru
ture(se
_stru
) obje
t has several features su
h as a helix or a strand or a turn. And ea
h ofthese spe
i�
 se
ondary stru
tural features also 
onsists of a residue thus following the inherentlogi
 in a protein stru
ture. Due to the levels of inheritan
e, ea
h residue obje
t still has anidentifiable and des
ription obje
t asso
iated with it.
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Figure 2.8: The data model for the high level Stru
ture 
lass. A Stru
ture entry is linked toits referen
e (Pubmed) as well to high level 
lassi�ers su
h as Interpro and GO. The di�erentorganization levels 
an be seen 
learly e.g. a Stru
ture 
onsists of one/many Chain obje
ts andea
h Stru
ture obje
t also has other high level features su
h as a SwissProt id (swissprotid).
2.5.3.2. Data AnalysisThe se
ond part of the stru
tural module is the data analysis tools (Fig. 2.15). Thisprovides web interfa
es to some 
ommonly used tools in protein stru
tural analysis. Allthese tools are external programs that are 
alled using Python 2.4 system 
alls, and the
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Figure 2.9: The primary view when a user views a protein. Note the general FunGIMS featurewhere an entry 
an be annotated by a note.results are displayed to the user. Ea
h program has a unique s
ript lo
ated in the utilsfolder of the FunGIMS.Users are able to analyze a protein sequen
e using these tools. The tools 
urrentlyimplemented in the Stru
tural module are:
• Hmmer sear
h against Pfam - Hmmer is a hidden markov model-based (HMM) sear
htool that tries to identify a protein sequen
e by mat
hing it to a database of proteinfamilies (Finn et al., 2006). Hmmer takes the sequen
e, an E-value 
ut-o� and adatabase to sear
h against. The output 
ontains a list of families that mat
hes theuser submitted sequen
e. It also in
ludes 
on�den
e values for every hit found to aprotein family. The hmmer.py s
ript in utils is used.
• TMHMM - TMHMM is a HMM-based tool for sear
hing for transmembrane heli
esbased on the amino a
id sequen
e found in a protein sequen
e (Sonnhammer et al.,1998). It takes a protein sequen
e as input and produ
es a graph showing whi
h areas
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Figure 2.10: The 
hain summary view for a spe
i�
 
hain in a protein.are predi
ted to 
ontain transmembrane heli
es. The tmhmm.py s
ript in utils isused.
• S-TMHMM - This tool tries to predi
t the topology (inside/outside) of any transmem-brane heli
es found in a protein sequen
e (Viklund and Elofsson, 2004). It takes aprotein sequen
e as input and produ
es a table showing the probability of ea
h residuebeing inside or outside the membrane. The stmhmm.py s
ript in utils is used.
• Prosite - Prosite is a database of protein motifs (de Castro et al., 2006). These in
ludeshort motifs su
h as gly
osylation sites as well as longer motifs that 
an identify aspe
i�
 protein family. To sear
h Prosite, the ps_s
an.pl s
ript from the EBI is used.Using a protein sequen
e as input, it produ
es a list of motifs found in the protein.Flags 
an be set to ex
lude motifs with a high probability of o

urren
e, but this hasnot been implemented in the Stru
tural module. The prosite.py s
ript in utils isused.
• PROCHECK - This allows a user to 
he
k a protein stru
ture �le for any abnormalstru
tural errors (Laskowski et al., 1993). The 
he
ks are based on a set of normal
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Figure 2.11: The strand summary page for a protein 
hain.stru
tural parameters derived from the PDB. The input is a protein 
oordinate �leand it produ
es a set of ten �les that in
lude Rama
handran plots, graphs plottingthe deviation of ea
h amino a
id type from normal as well as a summary. In theStru
tural module the user 
an download ea
h �le for later use. The pro
he
k.pys
ript in utils is used.
• WHAT IF - WHAT IF is a 
omprehensive set of tools for mole
ular modelling and foranalyzing proteins in their native environments (Vriend, 1990). The stru
ture 
he
kingtool was implemented in the Stru
tural module and this does a range of 
he
ks on asubmitted protein �le to identify possible errors and warnings. It produ
es a detailedreport on the stru
ture analysis that the user 
an download. The whatif.py s
riptin utils is used.
• DSSP - This program 
al
ulates se
ondary stru
ture based on the 
oordinates of theatoms in a PDB �le (Kabs
h and Sander, 1983). The program takes a pdb �le asinput and produ
es a report that gives the se
ondary stru
ture of ea
h amino a
id.The dssp.py s
ript in utils is used.
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Figure 2.12: The α-helix summary view for a protein 
hain.All these tools a

ept either a �le or a sequen
e from the user. The sele
ted tool is thenrun via a tool-spe
i�
 Python s
ript, whi
h thereafter uses Python system 
alls to runthe appropriate tool on the sequen
e or �le. The s
ripts for ea
h tool are saved under theutils dire
tory. All the results are saved on disk during the session. The results are alsodisplayed to the user and the option to save the results to a 
ertain group is available.Figures 2.16, 2.17 and 2.18 show the results from an analysis run of TMHMM, Hmmeragainst Pfam and a PROCHECK analysis.2.5.3.3. Modelling and Mole
ular Dynami
sThe third se
tion of the Stru
tural module has fun
tions that allow the user to generates
ripts for homology modelling and mole
ular dynami
s (Fig. 2.15) and build models.For protein homology modelling the user has a 
hoi
e between two programs, Modeller(Fiser and Sali, 2003) and WHAT IF (Vriend, 1990). The module will ask for the relevantinformation, pass it to the spe
i�
 s
ript lo
ated in the utils folder, and produ
e a s
ript,using Python, whi
h the user 
an download and run on his or her lo
al ma
hine. This
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Figure 2.13: The summary view for all the turns that o

ur in a protein 
hain.pre
ludes the user having to a
tually set up and understand the s
ripts and s
riptinglanguage. In addition to the modelling s
ripts, the user may also de
ide to 
onstru
t amodel using the automati
 method in the Stru
tural module (Fig. 2.20). The user entersa template PDB id, target name, target sequen
e and re�nement level. This will bepassed to Modeller (version 9v1), whi
h will perform an automati
 alignment of the twosequen
es and then pro
eed to build a model. Currently the automated modelling pro
essuses the �rst 
hain in a multi-
hain protein as a template. When the model is ready, theuser is alerted and presented with a page to download the model, modelling s
ript andalignment �le. A drawba
k of the automated modelling is the automated alignmentperformed by Modeller. When the sequen
es display a high identity, alignment is easyand should be a

urate. However in lower identity ranges (less than 40%), automatedalignment is not as a

urate and it is advisable to do the alignment with manual 
urationof the results.The module 
an also generate basi
 s
ripts, using Python, for three di�erent mole
ulardynami
s suites, (NAMD (Phillips et al., 2005), CHARMM (Brooks et al., 1983) and
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Figure 2.14: The tertiary stru
ture view of a protein. This shows information for the 
ompleteprotein 
omplex.Yasara (http://www.yasara.
om) given user input. The dynami
s se
tion only supportss
ript generation, not running the a
tual simulations as this is extremely resour
e in-tensive. This allows the user to fo
us on the resear
h questions without the need forte
hni
al knowledge. Figure 2.20 shows the interfa
e for the mole
ular dynami
s s
riptgeneration se
tion. The mole
ular dynami
s s
ripts will need further editing dependingon the mole
ule the user wants to investigate and the type of dynami
s. All the modellingfun
tionalities are lo
ated in the utils folder and the modelling.py s
ript is used. Fordynami
s the dynami
s.py s
ript in utils is used. While validated homology programsare used, the quality of a model is determined by various fa
tors su
h as template reso-lution, template-target alignment and the spe
i�
 algorithm used.The running of simulations in a UNIX environment will still require some skills and UNIXknowledge but an IT support person should be able to assist with the installation of theprograms. The interpretation of the dynami
s results are up to the user as automatedanalysis is not really a possibility yet. The intent is to provide the user with basi
 a

ess
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Figure 2.15: The di�erent tools available in the Stru
tural module. Shown are the input (userand FunGIMS supplied) required for ea
h of the tools, the spe
i�
 method 
alled in the utilsfolder as well as the type of output the tool generates.to mole
ular dynami
s fun
tionality but guidan
e in the interpretation of the results is
urrently outside the s
ope of the system. It is always re
ommended that the user 
onsultsuitable literature when engaging in any form of advan
ed simulations.2.5.3.4. Help Se
tionFunGIMS was designed to assist biologists to 
ondu
t faster and easier analysis andexploration of data. To further this goal, a help page is provided for ea
h fun
tion in theStru
tural module. This 
an be a

essed by 
li
king on the link found on ea
h page. Toin
rease visibility it has been labeled in red. Figure 2.19 shows a typi
al result when auser 
li
ked on a help link for a spe
i�
 fun
tion. The help link provides a brief synopsis
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Figure 2.16: The results from a transmembrane helix predi
tion on a submitted protein sequen
e.The drop-down menu allows the user to save the results to a spe
i�
 group.of the tool and the inputs required, as well as the output a user might expe
t when thetool runs su

essfully.2.5.3.5. Con�gurationThe Stru
tural module relies on various external programs to provide analysis methods.Installation lo
ations and exe
ution of these programs usually di�er between ma
hinesand programs. To over
ome this, a 
on�guration �le (utils/
onfig.py) was 
reatedthat stores all the program spe
i�
 settings. This �le 
an be edited by hand to 
hangeprogram properties. For ea
h program the following properties are spe
i�ed: the pathto the program (exe
utable �le), a program-spe
i�
 temporary dire
tory for output, andother program spe
i�
 parameters and settings. These programs are then 
alled frominside the Stru
tural module simply by referen
ing these variables. This makes systemadministration far easier as program settings have only to be spe
i�ed and 
hanged inone �le.
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Figure 2.17: The results from a Hmmer sear
h a
ross Pfam using the stru
tural module.2.6. Future Improvements2.6.1. FunGIMSA system su
h as FunGIMS is in a 
onstant �ux of development. FunGIMS was designedto allow for the easy addition of new tools and features. There are a number of areas that
an be improved upon, the database being one of them. Database table optimizationwould allow for queries to be dealt with faster. Distributed databases would lessenthe load on the server when the database size in
reases signi�
antly. In the 
urrentimplementation of FunGIMS, the database size presented some 
hallenges and smartindexing of often-queried 
olumns in tables resulted in a de
rease in query time. Thedatabase should also be expanded to in
lude more detailed data types su
h as protein
hip array data.Furthermore, smart �le re
ognition and improved �le parsers would enable the user toupload a �le, allow FunGIMS to parse it entirely and then insert the data into the
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Figure 2.18: The results from a PROCHECK analysis run on PDB 1EYE.database, not merely as a �le but as a full data type. This allows queries to be morea

urate as uploaded �les will be parsed and stored in a data type spe
i�
 manner.Automati
 link generation between entries would be another major bene�t to FunGIMS.Currently links between entries are generated when the database is �rst populated withpubli
 data and when a user links to entries with a note. Automati
 link generation wouldnavigate free text �elds, notes and des
ription text and then 
reate the appropriate links.This automati
 link generation tool should run on a daily basis so that links are alwaysup to date.2.6.2. Stru
tural ModuleIn addition to the improvements to FunGIMS mentioned in the previous se
tion, theStru
tural module also has some possible improvements.More analysis methods 
an be in
luded for di�erent features. Tools su
h as 
onsensus se
-
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Figure 2.19: The help se
tion for the Investigate se
tion. Ea
h fun
tion has its own help se
tionon the Help page.ondary stru
ture predi
tion, protein export signal predi
tion and other protein sequen
eanalysis tools will be a bene�t to the system.The most improvement is probably in the modelling and simulation se
tion. The 
urrents
ripts 
an be modi�ed to in
lude modelling on the sele
ted 
hain of a protein, on multipletemplates as well as in
luding ligands in the modelling pro
ess. A feature 
ould alsobe implemented to use alignments provided by the user. More simulation s
ripts withdi�erent parameters and environments 
ould also possibly be added. A possible addition
ould be the implementation of a module whereby a user 
an start a simulation on a
luster or another 
omputer while being able to 
ontrol it from the FunGIMS system.This will allow the user to run simulations on various ma
hines without needing thete
hni
al knowledge.There is s
ope for the improvement of the user interfa
e of the Stru
tural module. Jmolbuttons for se
ondary stru
ture elements 
an be made more a

urate. In addition avisualization library 
an also be in
luded to generate s
alable images of a summary of
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ondary stru
ture elements found in a protein and present them to the user ina downloadable format. A useful improvement would be s
ripts that fa
ilitate a moreautomati
 update of the database as soon as the data sour
es used, are updated. Thiswould lessen the load on the site administrator and would keep the database up to date.2.7. Con
lusionFunGIMS 
onsists of various modules dedi
ated to di�erent data types. The Stru
turalmodule 
urrently provides fun
tions to explore stru
tural data for a spe
i�
 protein, 
on-du
t analysis on a user-submitted protein stru
ture, in
luding analysis su
h as transmem-brane helix predi
tion, Prosite motif sear
h and also allows the user to 
reate homologymodelling and mole
ular dynami
s s
ripts. The appli
ation of the Stru
tural module tovarious problems in FMDV will be dis
ussed in the next three 
hapters.
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Figure 2.20: Top: The automated modelling interfa
e when building a model using Modeller.The user 
an de
ide to generate homology modelling s
ripts for Modeller or WHAT IF. Bottom:The mole
ular dynami
s s
ript-generating interfa
e. Users 
an sele
t between the di�erentprograms from the drop-down menu in the form.
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Chapter 3Reannotation of Foot-and-Mouth DiseaseVirus proteome3.1. Introdu
tionFoot-and-Mouth Disease is a vesi
ular disease of 
loven-hoofed animals and is 
aused bythe Foot-and-Mouth Disease Virus (FMDV). It is a highly 
ontagious and often fataldisease that infe
ts e
onomi
ally important animals su
h as 
attle and pigs. FMDVpresents symptoms su
h as oral blisters and blistered hooves, whi
h may result in lame-ness. In young animals infe
tion 
an result in a mio
arditis that 
an be fatal to theanimal. Although most animals usually re
over from FMDV infe
tions, problems su
h asweight loss and swelling 
an 
ontinue for several months and this a�e
ts among others,milk produ
tion in 
ows, redu
tion in the availability of meat as well as a�e
t working
attle used for ploughing in the Afri
an rural setting. FMDV is mostly transmitted viaphysi
al 
onta
t between animals kept in the same en
losure or via the 
lothes of theanimal handlers.FMDV o

urs naturally throughout the world in wild populations but 
an 
ause e
onomi
problems when it infe
ts domesti
 livesto
k populations (Fig. 3.1). FMDV infe
tions 
anspread with great speed as seen in the outbreaks in the UK (Mason et al., 2003b) in 2001.This outbreak resulted in an estimated loss of ¿4.1bn whi
h illustrates the huge 
ostsasso
iated with FMD outbreaks.FMDV is a small Aphthovirus that forms part of the Pi
ornaviridae family (Levy et al.,1994). It is non-enveloped and 
onsists of an i
osahedral 
apsid 
onsisting of up to 60
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Eurasian Serotypes, 2000-2006

FMDV O

FMDV Asia 1FMDV C

FMDV A

(hashed areas indicated unconfirmed reports)SAT Serotypes, 2000-2006
Saudi Arabia &Kuwait, 2000

FMDV SAT 1 FMDV SAT 2

FMDV SAT 3

Figure 3.1: The distribution of FMDV outbreaks from 2000-2006 (FAO World Referen
eLaboratory for Foot-and-Mouth Disease, http://www.wrlfmd.org/maps/fmd_maps.htm). Top:Eurasian serotype outbreaks. Bottom: SAT serotype outbreaks.
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Figure 3.2: The genome organization of FMDV. It is divided into four basi
 se
tions. The 5'end is atta
hed to the VPg protein and the 3' end is polyadenylated.
opies of four stru
tural proteins. The stru
tural aspe
ts of FMDV will be dis
ussed inmore detail in 
hapters 4 and 5. The 
apsid 
ontains a small 8.4 kb, single stranded RNAgenome of positive polarity. In most 
ellular RNAs and some viral RNAs, a methylatedG 
ap is usually found at the 5' terminus. In pi
ornaviruses this is not the 
ase and a VPg(3B) protein is bound to the 5' end (Fig. 3.2). This protein is 20-24 amino a
ids in lengthand is fun
tionally, but not stru
turally, similar to several plant virus 5' terminal moieties.(Levy et al., 1994). The virus also 
arries a polyadenylated tail at the 3' terminal. Thelength of this tail is en
oded geneti
ally and di�ers between the pi
ornavirus members.This poly(A) tail is impli
ated in various roles related to genome repli
ation.The genome of FMDV is organized into a 5' untranslated region (5' UTR), an openreading frame (ORF) and a 3' UTR (Fig. 3.2). The ORF is divided into four basi
regions: L, P1, P2, P3. The �rst se
tion (L) en
odes a protease that is responsible forearly auto
leavage of itself from the the polypeptide produ
ed after translation. Lpro(Gradi et al., 2003). In the L-
oding region there are 2 AUG start 
odons. These 
odefor proteins Lab and Lb. Both proteins appear to be present in the host but mutationstudies have shown that Lb is vital to virus viability (Mason et al., 2003a). Deletionstudies have also shown that Lpro is needed for the virus to spread and infe
t its host. IfLpro is missing, the animal shows none of the symptoms typi
ally asso
iated with FMDV(Mason et al., 2003a).The se
ond se
tion produ
es four stru
tural proteins (1A-D) and 2A. Post-translational
leavage by the 3C protease produ
es 1A-D that assembles into the i
osahedral 
apsid.This 
apsid is una�e
ted by solvents su
h as ether and 
hloroform as there is no lipidmembrane surrounding the virus (Levy et al., 1994).

 
 
 



Chapter 3. Reannotation of Foot-and-Mouth Disease Virus proteome 70The third se
tion produ
es three peptides after full 
leavage, 2A-C. 2A seems to bean autoprotease that helps Lpro with early 
leavage of 
ellular proteins and has somemembrane binding ability. 2A is a short peptide 
onsisting of only 18 residues. 2Benhan
es membrane permeability and blo
ks se
retory pathways and seems to lo
alizeto sites of viral genome repli
ation in vesi
les derived from the ER (Carrillo et al., 2005;Mo�at et al., 2005). It is also known to asso
iate with the endoplasmi
 reti
ulum whi
h isthe site of virus genome repli
ation. 2C appears to be asso
iated with nu
leotide binding(ATPase) and may have some heli
ase abilities (Mason et al., 2003a). 2C has also beenimpli
ated in RNA synthesis initiation and lo
alizes to virus repli
ation vesi
les. 2B and2C are also impli
ated in virus-indu
ed 
ytopathi
 e�e
ts.The fourth se
tion also produ
es 4 proteins after 
leavage, namely 3A-D. The fun
tion of3A is unknown but it seems to be involved in RNA repli
ation (Mason et al., 2003a) andmay play a role in virus virulen
e (Carrillo et al., 2005). Other studies have also shownthat 3A dire
tly asso
iates with 3D and 
an fun
tion as a 3D 
o-fa
tor (Hope et al.,1997). In addition, previous studies have shown 3A to be the most invariable proteinin FMDV (Carrillo et al., 2005). 3A also forms a pre
ursor with 3B i.e. 3AB, whi
hhas been impli
ated in RNA repli
ation and supporting eviden
e 
omes from the fa
tthat 3A fra
tionates with the ER membranes (Mason et al., 2003a). FMDV 
ontains 3
opies of 3B whi
h is unique among the Pi
ornaviridae. These 3 
opies are referred toas 3B1 (23 aa), 3B2 (24 aa) and 3B3 (24 aa). The 3B be
omes VPg after 
leavage froma 3AB pre
ursor. 3B appears to be asso
iated with RNA repli
ation, as the homologuein poliovirus helps to initiate genomi
 RNA synthesis (Carrillo et al., 2005). Carillo and
o-workers examined the variability in 3B and found that 3B1 and 3B2 are the mostvariable, and thus may play a role in host range and virulen
e. 3C is a protease of213 amino a
ids, whi
h helps to 
leave the di�erent pre
ursor peptides from the mainpolypeptide produ
ed during translation as well as 
leaving host translation fa
tors. The3Cpro is responsible for ten of the thirteen 
leavages of the polypeptide. Previous 3Cstudies have shown this protein to be 
onserved and thus have a limited toleran
e formutations (van Rensburg et al., 2002). 3D is a virally en
oded RNA dependant RNApolymerase (RdRp). It is the biggest protein en
oded by the FMDV genome and is
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omprised of 469 amino a
ids. It is also one of the most highly 
onserved sequen
es inthe FMDV genome (Carrillo et al., 2005). 3D is responsible for the elongation of nas
entRNA strands during repli
ation. 3C and 3D will be dis
ussed in more detail in 
hapters4 and 5.FMDV exists as various subtypes even within a serotype, a likely 
onsequen
e of the highmutation rate of the virus, and although some 
omparisons have been done between oneor two viruses, there has been no detailed proteome 
omparison between the di�erentserotypes. In this se
tion various serotype proteomes were analyzed and 
ompared todetermine if there are any major protein di�eren
es or shifts in patterns in the sequen
eswhi
h may help to explain the phenotypi
 di�eren
es seen between the serotypes. Thesedi�eren
es in
lude e�e
ts su
h as host spe
i�
ity, spreading and infe
tion speed andvirulen
e. By identifying the di�eren
es, it should be possible to map whi
h areas areresponsible for these e�e
ts. FMDV is a devastating disease and understanding how theproteins di�er from serotype to serotype will help in unraveling the important regions inea
h protein. In this se
tion four methods were used to 
hara
terize ea
h protein. A Pfamfamily predi
tion was done to identify the family. This was followed by a Prosite patternsear
h. The absen
e or presen
e of 
ertain patterns 
an help to explain di�eren
es seenbetween the various serotypes. It 
an also help to identify stru
turally important areas ona protein as these areas will be 
onserved throughout the various serotypes. A se
ondarystru
ture predi
tion helped to identify areas that play a vital role on the stru
ture of theprotein. It has also assisted in identifying areas where variability has a possible e�e
t onthe stru
ture, however small that might be. A �nal tool that was used were hydrophobi
plots. As mentioned before, various of the FMDV proteins are membrane-asso
iated and
hanges in hydrophobi
ity of a sequen
e may a�e
t the asso
iation of these proteins withthe various membranes.3.2. MethodsDr. F. Maree (ARC) supplied 3 proteomes for annotation (SAT1/SAR/09/81, SAT1/KNP/196/91, SAT2/ZIM/07/83) and 6 more were generated from genome sequen
es obtained

 
 
 



Chapter 3. Reannotation of Foot-and-Mouth Disease Virus proteome 72from Genbank (A24 (gi:46810792), A10 (gi:46810758), C3 (gi:46810870), O1/BFS/46(gi:46810888), O/SAR/19/2000 (gi:30145780), SAT3/BEC/29 (gi:46810958)). Ea
h pro-teome was split into its separate proteins: L, VP1, VP2, VP3, VP4, 2A, 2B, 2C, 3A,3B1, 3B2, 3B3, 3C and 3D. All sequen
es are provided in the Appendix. Ea
h pro-tein was analyzed using the following programs: Pepwindow, garnier, Pfam and Prosite.Pepstats is part of the EMBOSS pa
kage (Ri
e et al. 2000) and 
al
ulates various pro-tein statisti
s. Pepwindow is part of the EMBOSS pa
kage and was used to 
al
ulateprotein hydropathy based on the Kyte-Doolittle parameters (Kyte and Doolittle, 1982).The hydrophobi
ity s
ale used is the same for every set of proteins and shows variationabove and below 0, with 0 being neutral. Garnier is a se
ondary stru
ture predi
tiontool in
orporated into EMBOSS (Garnier et al., 1978). Any se
ondary stru
ture ele-ment longer than two residues was taken into 
onsideration. Pfam (Finn et al. 2006) isa protein families database and 
ontains Hidden Markov Models of ea
h protein family.Hmmer (http://hmmer.janelia.org, as implemented in FunGIMS) was used to sear
h pro-tein sequen
es against the Pfam database (downloaded on 2008/05/8) with a 1e-03 
ut-o�value. Prosite (de Castro et al. 2006) is a database of patterns that identify proteins.The FunGIMS implementation of Prosite was used to s
an ea
h protein sequen
e.3.3. Results and Dis
ussionOverall, the proteome annotation showed that the di�erent subtypes within a serotype donot di�er extensively yet lo
al, protein spe
i�
 or subtype-spe
i�
 pattern 
hanges wereseen. Ea
h set of protein sequen
es was submitted to the respe
tive analysis methods.The results for ea
h protein (L, VP1, et
.) were integrated to show any di�eren
esbetween the sequen
es (Figs. 3.3 - 3.13).3.3.1. Pfam ResultsThe Pfam E-values of ea
h protein is given in Table 3.1. The Pfam s
an showed that allthe proteins mat
h the same Pfam family pro�le ex
ept in the 
ase of the VP1 proteinfrom SAT1/SAR/09/81. Upon 
loser inspe
tion, it was seen that it mat
hed the same

 
 
 



Chapter 3. Reannotation of Foot-and-Mouth Disease Virus proteome 73Pfam protein family as the other VP1 proteins but in this 
ase it was above the 
ut-o�of 1.0 e-03 (Table 3.1). Another interesting observation was that in VP3 (Fig. 3.6)the Pfam pattern had a far longer sequen
e length mat
h in the SAT1/SAR/09/81,SAT1/KNP/196/91 and SAT3/BEC/29 subtypes. A similar situation was seen in VP1(Fig. 3.4) where the SAT serotypes had the mat
hing Pfam pattern split over two domainswhile the other serotypes had one domain mat
h. A few proteins did not generate a mat
hin the Pfam database. For protein 2A (Fig. 3.7) and 3B1-3 (Fig. 3.11) this is a result oftheir short length (about 20 amino a
ids in length) but for 2B (Fig. 3.8) and 3A (Fig.3.10), ea
h about 154 amino a
ids long, this is simply a matter of a la
k of 
overage inthe Pfam database and a la
k of general knowledge about the fun
tion of the protein inFMDV. The DUF1865 pattern mat
h seen in VP4 (Fig. 3.7) is also a result of a la
k ofknowledge about the protein, but in this 
ase it has already been assigned to a proteinfamily of unknown fun
tion.3.3.2. Prosite ResultsAs was to be expe
ted, there were many Prosite hits due to 
ertain amino a
id pat-terns having a high probability of o

urren
e. Throughout most of the sequen
es thepatterns appeared to be relatively 
onserved within serotypes e.g. the subtypes withinSAT1 serotypes would have a 
ertain pattern that di�ers slightly from the O subtypes(Figs. 3.3-3.6). It was de
ided not to ex
lude Prosite mat
hes with a high probabilityof o

urren
e as these 
an provide 
lues to shifting patterns in the protein. There werea few interesting 
ases where patterns di�ered between proteins. The VP3 protein (Fig.3.6) is an example of this. The VP3 protein varied from 221 to 222 amino a
ids in lengthfor SAT1/3 and SAT2 isolates, respe
tively and with 58% overall variable aa positions.Most of the VP3 amino a
id substitutions for SAT1, 2 and 3 were 
on
entrated at fourhypervariable regions, i.e. N-terminus (27-46), βB-βC loop (62-78), βE-βF loop (121-141)and βG-βH loop (165-183).Certain mat
hes are present in all the sequen
es (�rst two patterns) yet other patternsvary based on the geneti
 relatedness between the subtypes. In most of the proteinsa de�nitive set of patterns was seen with small variations between the serotypes. An
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Table 3.1: The Pfam pattern mat
hes and E-values identi�ed in ea
h protein group. SAT1/KNP did not have a 3D sequen
e available.Pfam E-valueProtein Pfam Pattern A24 A10 C3 O1/BFS O/SAR SAT1/SAR SAT1/KNP SAT2/ZIM SAT3/BECL Foot-and-mouth virusL-proteinase 2.2e-124 3.7e-128 8.7e-126 4.6e-130 2.2e-136 1.1e-129 1.1e-127 9.3e-128 7.7e-130VP1 Pi
ornavirus
apsidprotein 2.4e-26 4.1e-27 8.2e-25 3.7e-30 4.6e-23 Above 
ut-off 4.4e-05 2.9e-05 6.2e-08VP2 Pi
ornavirus
apsidprotein 4.2e-56 1.4e-56 6.2e-58 4.5e-56 1.6e-55 1.2e-42 1.3e-41 1.3e-43 8.4e-42VP3 Pi
ornavirus
apsidprotein 3.8e-41 8.9e-44 5.3e-33 3.5e-38 6.6e-38 3.3e-21 4.2e-21 1.7e-21 9.2e-25VP4 Domain ofunknownfun
tion(DUF1865) 8.8e-62 8.8e-62 3.6e-62 3.6e-62 3.6e-62 3.4e-61 3.4e-61 1.2e-60 8.5e-622A None - - - - - - - - -2B None - - - - - - - - -2C RNA heli
ase 4.4e-23 4.4e-23 4.4e-23 4.4e-23 4.4e-23 7.3e-23 7.3e-23 4.4e-23 7.3e-233A None - - - - - - - - -3B1 None - - - - - - - - -3B2 None - - - - - - - - -3B3 None - - - - - - - - -3C 3C 
ysteineprotease(pi
ornain3C) 1.1e-80 4.8e-80 1.9e-79 2.8e-81 2.3e-79 1.5e-67 8e-69 8e-69 8.8e-683D RNAdependentRNApolymerase 2.9e-162 1.4e-163 2.3e-162 1.4e-162 2.1e-161 9.2e-157 N/A 1.4e-155 2.4e-156
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75Figure 3.3: The annotation of protein L. α-heli
es are represented by 
ylinders and β-strands by red arrows.
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76Figure 3.4: The annotation of protein VP1. α-heli
es are represented by 
ylinders and β-strands by red arrows.
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77Figure 3.5: The annotation of protein VP2. α-heli
es are represented by 
ylinders and β-strands by red arrows.
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78Figure 3.6: The annotation of protein VP3. α-heli
es are represented by 
ylinders and β-strands by red arrows.

 
 
 



Chapter 3. Reannotation of Foot-and-Mouth Disease Virus proteome 79example of this pattern 
onservation among subtypes 
an be seen in protein 2C (Fig.3.9) where all the SAT serotypes share the same pattern. The SAT serotypes have anadditional Prosite pattern mat
h at the beginning and end of the sequen
e, whi
h is notseen in the other serotypes analyzed. A 
lear pattern a
ross all the proteins was seenfor the SAT serotypes that 
on�rms the 
lose geneti
 relationship between the SAT1-3non-stru
tural protein 
oding regions. In most 
ases su
h as VP4 (Fig. 3.7) the SATserotype displayed similar Prosite pattern hits that di�er from the other serotypes. Allthe proteins showed a number of mat
hes to many short patterns (3-6 residues in length)but in 2C a long pattern was found (Fig. 3.9). This pattern 
orresponds with the�Superfamily 3 heli
ase of positive ssRNA viruses domain pro�le�. Another long patternwas found in the 3D protein (Fig. 3.13). A mat
h to �RdRp of positive ssRNA viruses
atalyti
 domain pro�le� was found, whi
h is a RNA dependant RNA polymerase. Apossible reason for these two long mat
hes are the 
onserved nature of the proteins thatare en
oded by 2C and 3D. These proteins 
annot a

ommodate many 
hanges be
auseof stru
tural 
onstraints and thus make it easier to 
onstru
t a pattern mat
h with alonger length.3.3.3. Se
ondary Stru
ture ResultsThe se
ondary stru
ture predi
tion results showed that se
ondary stru
ture is well 
on-served among the proteins but not as high as was expe
ted. It was expe
ted that themethod would predi
t the same se
ondary stru
ture for ea
h sequen
e in a set, yet therewere di�eren
es. This is possibly due to the method used, whi
h is sequen
e-based. Inmost of the proteins the predi
ted se
ondary stru
ture patterns stayed the same. In afew 
ases it was seen that an α-helix was split into two heli
es in another serotype asin the 
ase of protein 2B (Fig. 3.8) or that an α-helix in one sequen
e is predi
ted tobe a β-strand in another sequen
e (Fig. 3.3). Carillo and 
o-workers (Carrillo et al.,2005) mention that a transmembrane region has been identi�ed from position 120-140but a transmembrane predi
tion using the Stru
tural module showed no eviden
e of atransmembrane helix. However, hydrophobi
ity plots showed that the area from residue120-140 is hydrophobi
 and may thus be asso
iated with the membrane. A fa
t that

 
 
 



Chapter 3. Reannotation of Foot-and-Mouth Disease Virus proteome 80must be kept in mind is that se
ondary stru
ture predi
tion is a sequen
e-based methodand thus a one residue di�eren
e, su
h as a proline in the middle of a α- helix, mayin�uen
e the algorithm and 
ause it to predi
t two separate heli
es instead of a longer,bent α-helix. This is also the possible 
ause of se
ondary stru
ture being predi
ted asa α-helix in one serotype but in another serotype the same region is predi
ted to be a
β-strand as seen in a 
omparison of 3B2 (Fig. 3.11). Carillo and 
o-workers reportedon variation in three hypervariable regions in 3D (aa 1-12, 64-76 and 143-153, Georgeet al., 2001, Carrillo et al., 2005). These areas were found to have a low variability in theproteomes examined here. This is re�e
ted in the se
ondary stru
ture predi
tions thatpredi
t the same stru
ture for these areas in all the proteomes examined (Fig. 3.13). TheProsite patterns for the last two hypervariable regions are also the same, thus indi
atinglow variation. The amino a
id and Prosite pattern variation observed for the VP3 proteinwas also re�e
ted in the se
ondary stru
ture predi
tion. Similarly, VP1, the most variableof the outer 
apsid proteins, showed more variation in the se
ondary stru
ture predi
tion.The VP1 protein varied in length from 213-214 aa for SAT2, 219 aa for SAT1 and 215-217for SAT3 with 71% overall variable amino a
id positions.It must be kept in mind that the se
ondary stru
ture predi
tions done here was to dete
tpatterns in the sequen
es and not to get residue spe
i�
 a

urate predi
tions. There is
urrently no tool available whi
h does su
h an a

urate predi
tion of se
ondary stru
tures.Moreover the sequen
es used here in
luded lo
al strains whi
h have not been 
rystallizedand thus no 3D data 
ould be used to validate predi
tions. Main features su
h as a long
α-helix or a sequen
e of heli
es or sheets seem to be 
onserved among the sequen
es, butshort heli
es and strands seem to be 
onserved only among 
losely related serotypes. Theresults from the Garnier predi
tions showed that overall se
ondary stru
ture patterns
an be dete
ted by the predi
tions, and predi
tions that di�er a
ross similar sequen
esmust be investigated with further methods (either using stru
tures or more advan
edmethods su
h HMMSTR (Bystro� et al., 2000). Crystal stru
ture data were not usedin this se
tion as the fo
us was on dete
ting pattern similarities/di�eren
es between thevarious strains.

 
 
 



Chapter 3. Reannotation of Foot-and-Mouth Disease Virus proteome 813.3.4. Pepstat Hydrophobi
 Plot ResultsThe hydrophobi
ity plots for ea
h set of sequen
es were kept on the same s
ale to allow
omparison between plots. Ea
h graph shown in Figures 3.3 to 3.13 have positive valuesindi
ating hydrophobi
ity and negative values indi
ating hydrophili
ity below the line.The hydrophobi
ity plots showed, in 
ontrast to the se
ondary stru
ture predi
tions, thathydrophobi
ity remains mostly 
onstant even though the sequen
e 
hanges. Whereasthe Garnier predi
tions made di�erent predi
tions for a se
tion based on the residues,the hydrophobi
ity plot was still the same indi
ating that there was some measure ofstru
tural integrity being maintained in spite of sequen
e di�eren
es. This was espe
iallyevident with the 3Cpro (Fig. 3.12). O1/BFS/46 VP2 (Fig. 3.5) showed one of the biggestshifts in hydrophobi
ity around residue 180. Whereas all the other sequen
es have arelatively hydrophili
 stret
h of residues, O1/BFS/46 appears to be very neutral in thatregion. This area was predi
ted to 
ontain a β-strand by Garnier in all the sequen
esand may thus indi
ate a buried β-strand that 
an a�ord to be less hydrophili
. Aninteresting feature was also seen at the beginning (around residue 20) of the SAT VP3sequen
es (Fig. 3.6). All the SAT serotypes are very hydrophili
 at the start of thesequen
e, while the other serotypes show a slight in
rease in hydrophobi
ity in the samearea. The SAT serotypes showed very similar hydrophobi
 plots as were seen for these
ondary stru
ture predi
tions and the Prosite pattern mat
hes. This provides supportfor a possible an
estral sequen
e from whi
h the SAT serotypes emerged.An interesting feature was seen in VP2 (Fig. 3.5). Residues 30-40 were predi
ted tobe a β-strand in C3, O1/BFS/46, O/SAR/19/2000 and SAT1-3 but in the A serotypesit was predi
ted to a be short β-strand and a short α-helix. Whereas the hydrophobi
plots for the rest of the proteins in VP2 are the same, this area has a di�erent plotfor ea
h serotype. A24 and A10 start out neutral from residues 30-35 and then turnfairly hydrophili
 from residues 35-40. C3's plot is relatively neutral. O1/BFS/46 andO/SAR10/2000 di�er. In O1/BFS/46 residues 30-40 is hydrophili
 over most of the regionwhereas in O/SAR/19/2000 the region is far more neutral. The two SAT1 subtypes showthe same pattern but the plots for SAT2/ZIM/07/83 and SAT3/BEC/29 appear moreneutral for the area. The SAT serotypes all start out with a hydrophobi
 area from

 
 
 



Chapter 3. Reannotation of Foot-and-Mouth Disease Virus proteome 82residues 30-35 but then di�er slightly from residues 35-40. Despite this di�eren
e thesame Prosite pattern is 
onserved among all the sequen
es around position 35.O1/BFS/46 shows another di�eren
e with the rest of the VP2 sequen
es. Overall VP2from O1/BFS/46 is very neutral. If the hydrophobi
 plots are 
ompared with the othersequen
es, it 
an be seen that O1/BFS/46 has none of the major hydrophobi
 plot spikesas seen at residues 120-130 and 185-195 in the other sequen
es. However O1/BFS/46appears to have a unique hydrophobi
 area from residues 200-210 whi
h is not seen inother subtypes.The VP2 protein varied from 219 amino a
ids for SAT1 and SAT2 viruses and 218 aminoa
ids for SAT3 viruses (52% overall variation within VP2) and the 
onserved N-terminalmotif des
ribed by Carrillo et al. (2005) was supported in an alignment of SAT VP2 aa se-quen
es, i.e. DKKTEETTLLEDRI(L/M/V)TT(S/R)H(G/N)TTT(S/T)TTQSSVG. Ina stru
tural model of the SAT type viruses this motif is lo
ated internally in the virionsuggesting stru
tural or fun
tional 
onstrains on this sequen
e and was re
ently mappedas a serotype-independent epitope (Filgueira et al., 2000). Within the VP2 protein fourhypervariable sites were identi�ed, i.e. βA-βB loop (aa positions 31-44), βB-βC loop(aa 62-81), βC-βD loop (aa 91-101) and βE-βF loop (130-134/140 for SAT1 and 2,respe
tively).3.4. Con
lusionSome authors have noted how variation in proteins su
h as L and 3A in�uen
e virulen
eand host range (Carrillo et al., 2005; Mason et al., 2003a). When looking at the anno-tation results, a 
lear pi
ture emerges. There is variation, not only on a residue level,but also on a higher stru
tural and potentially at a regulatory level, in almost all theproteins in the FMDV proteome. The main task now is to separate relevant and irrelevantvariation. In this se
tion global 
hanges were looked at. Patterns su
h as Pfam only givea general idea of the fun
tion of the protein and thus are not as highly informative whenlooking at lower level di�eren
es. Lower level di�eren
es be
ome obvious when Prositepatterns are looked at. As 
an be seen in the annotation results, some serotypes 
an be

 
 
 



Chapter3.ReannotationofFoot-and-MouthDiseaseVirusproteome
83Figure 3.7: The annotation of protein VP4 (left) and 2A (right). α-heli
es are represented by 
ylinders and β-strands by red arrows.

 
 
 



Chapter3.ReannotationofFoot-and-MouthDiseaseVirusproteome
84Figure 3.8: The annotation of protein 2B. α-heli
es are represented by 
ylinders and β-strands by red arrows.

 
 
 



Chapter3.ReannotationofFoot-and-MouthDiseaseVirusproteome
85Figure 3.9: The annotation of protein 2C. α-heli
es are represented by 
ylinders and β-strands by red arrows.

 
 
 



Chapter3.ReannotationofFoot-and-MouthDiseaseVirusproteome
86Figure 3.10: The annotation of protein 3A. α-heli
es are represented by 
ylinders and β-strands by red arrows.

 
 
 



Chapter3.ReannotationofFoot-and-MouthDiseaseVirusproteome
87Figure 3.11: The annotation of protein 3B. Left: 3B1; middle: 3B2; right: 3B3. α-heli
es are represented by 
ylinders and β-strands byred arrows.

 
 
 



Chapter3.ReannotationofFoot-and-MouthDiseaseVirusproteome
88Figure 3.12: The annotation of protein 3C. α-heli
es are represented by 
ylinders and β-strands by red arrows.

 
 
 



Chapter3.ReannotationofFoot-and-MouthDiseaseVirusproteome
89Figure 3.13: The annotation of protein 3D. α-heli
es are represented by 
ylinders and β-strands by red arrows.

 
 
 



Chapter 3. Reannotation of Foot-and-Mouth Disease Virus proteome 90grouped together on the basis of their distribution of Prosite patterns. The host uses someof these patterns for regulation and 
hanges in the patterns may have an e�e
t on the waythe viral proteins fun
tion, on their a
tivity or on protein-protein intera
tions. Changesin hydrophobi
ity patterns also a�e
t the strength and a�nity with whi
h a protein,su
h as 2A and 3A, asso
iates with the ER vesi
le membranes and thus their durationof in�uen
e over RNA repli
ation. A 
ombination of all these fa
tors may explain someof the di�eren
es seen in the host range, virulen
e and possibly even the spreading ofthe virus. The best approa
h to investigate these di�eren
es would be to make 
himerasthat 
ontain 
onserved patterns found in every protein and thus determine whi
h partsa�e
ts virus infe
tion, translation and repli
ation. A large-s
ale study involving all thesequen
es known for FMDV using the proteome annotation approa
h may yield valuableresults, espe
ially when 
oupled with epidemiology information su
h as virulen
e.An important pra
ti
al appli
ation of the proteome annotation is with regards to thesubstitution of stru
tural proteins in the produ
tion of re
ombinant, 
himeri
 viruses. Thequestion be
omes how mu
h of the stru
tural protein 
oding regions 
an be ex
hangedbetween serotypes in order to 
onserve stru
tural 
onstraints but be able to transfer theantigeni
 determinants to allow prote
tion in the host animal. Previously it was shownthat viable FMDV 
himeras 
an be produ
ed 
ontaining the 
omplete or portions of the
apsid 
oding sequen
e of di�erent FMDV serotypes (Rieder et al., 1994; Almeida et al.,1998; van Rensburg and Mason, 2002). For example, the repla
ement of the pSAT2(SAT2/ZIM/7/83) outer 
apsid sequen
es by those of A12 or SAT1/NAM/307/98 virus,rendered the resulting virus viable and stable during su

essive passages in BHK-21 
ells(van Rensburg et al., 2004; Storey et al., 2007). The 
apsid and other sequen
es of thegenome 
an be readily ex
hanged between serotypes and still rendered the 
himeri
 virusesviable during su

essive passage in vitro (Almeida et al., 1998; van Rensburg et al., 2004;Storey et al., 2007), impli
ating some pliability/versatility outside residues essential inthe stru
tural 
onstraints of the virus parti
le. We have utilized the 
himera te
hnology inthe development of re
ombinant FMDV va

ines spe
i�
 for 
ertain geographi
 lo
ations.The virion stability, in vitro immunologi
al pro�les against a panel of referen
e sera andthe re
eptor preferen
es were su

essfully transferred from the parental �eld viruses to

 
 
 



Chapter 3. Reannotation of Foot-and-Mouth Disease Virus proteome 91the 
himeras with the substitution of the VP1, VP2 and VP3 
oding regions (Blignaut etal., unpublished; Maree et al., unpublished). In addition, a 
himera 
ontaining the outer
apsid 
oding region of a SAT1 virus, KNP/196/91, in the geneti
 ba
kground of a SAT2virus, ZIM/7/83, prote
ted pigs against homologous KNP/196/91 
hallenge (Blignaut etal., unpublished).From the proteome analysis of the 
apsid-
oding region it be
ame 
lear that the stru
-tural proteins fun
tion as a unit, a fa
t that is supported by numerous re
ombinationalstudies. In these studies it was found that re
ombination rarely o

ured within thestru
tural protein 
oding region, that breakpoint hotspots were dete
ted at the 1A/1Band 1D/2AB boundaries and that hot spots on either side of the stru
tural protein 
odingregion fun
tion as a breakpoint pair (Ja
kson et al., 2007; Heath et al., 2006; Simmonds,2006). Both the infrequen
y of re
ombination events within the stru
tural protein 
od-ing region and the unique se
ondary stru
ture predi
tion and hydrophobi
ity pro�lesin this study suggest that there are severe fun
tional 
onstraints limiting the ex
hangeof stru
tural protein 
oding regions between divergent parental viruses. This is mostlydue to intera
tion patterns (hydrophobi
 as well as ele
trostati
) between the di�erentproteins in the 
apsid. We predi
t that substitution of the VP2, VP3 and VP1-2A asa 
omplete unit may allow the best su

ess for re
overy of viable viruses in the 
himerava

ine te
hnology. The work done here a starting point for the lo
al resear
hers to start
omparing phenotypi
 traits with patterns seen on the genomes of the various lo
al SATstrains as well as assess how these strains 
ompare with other serotypes.Chapter 4 will deal with a more in-depth analysis of variation in FMDV 3C and 3D andtheir e�e
t on the protein stru
ture.

 
 
 



92
Chapter 4Modelling of Foot and Mouth Disease Virus3C and 3D Non-stru
tural Proteins4.1. Introdu
tionOne of the most important proteases in FMDV is the 3Cpro and its 3Cpro-
ontainingpre
ursor, 3CD. 3Cpro is responsible for viral polyprotein 
leavage as well as some 
leavageof 
ellular proteins su
h as eIF4G. The 3Cpro has been shown to e�
iently pro
ess tenof the thirteen 
leavage sites in the FMDV polyprotein (Bablanian and Grubman, 1993).3Cpro is important in virus produ
tion as it 
leaves the single translated polyprotein intothe mature viral proteins needed for virus repli
ation. The spe
i�
ity of FMDV 3Cprodi�ers from its homologue in other pi
ornaviruses like the Poliovirus. In polio 3Cpro only
leaves between Gln-Gly sites whereas in FMDV 
leavage 
an o

ur between multipledipeptides su
h as Gln-Gly, Glu-Gly, Gln-Leu and Glu-Ser (Palmenberg, 1990; Birtleyet al., 2005). Evolutionary studies have shown that the 3Cpro belongs to the trypsinfamily of Ser proteinases (Bablanian and Grubman, 1993). This is supported by the 3Cprostru
ture from FMDV, whi
h shows a 
hymotrypsin-like fold (Fig. 4.1) and possesses aCys-His-Asp 
atalyti
 triad in the a
tive site (Birtley et al., 2005). This 
hymotrypsin-likefold 
onsists of two β-barrels positioned against one another with the a
tive site betweenthe two β-barrels. In FMDV an anti-parallel β-ribbon 
overs the a
tive site. Sweeney and
o-workers (Sweeney et al., 2007) postulated that the β-ribbon is involved in substratere
ognition. The β-ribbon is stabilized via hydrophobi
 
onta
ts with the N-terminalbarrel. The N-terminal barrel also 
ontains an invariant region (residues 76-91) with
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Figure 4.1: The stru
ture of 3Cpro from FMDV serotype A (Sweeney et al., 2007). Heli
es
oloured red, strands 
oloured yellow. The β-ribbon 
an be seen in the foreground 
overing thea
tive site.the Asp at position 84 forming part of the 
atalyti
 triad (Carrillo et al., 2005). The
β-ribbon is quite �exible and very similar to other 14-residue β-ribbons that o

ur inother ba
terial and viral serine proteases (Sweeney et al., 2007). Most of the di�eren
esbetween the di�erent β-ribbons o

ur neighbouring the turn in the ribbon and all theribbons seem to be stabilized at the bottom of the ribbon via hydrophobi
 intera
tions.The pre
ursor, 3CDpro, has some protease a
tivity and also parti
ipates in ribonu
leo-protein 
omplexes and in�uen
es RNA repli
ation and translation by binding to RNA.The 3Dpol protein that is produ
ed from the 
leavage of 3CD is a RNA dependant RNApolymerase en
oded by the viral genome. The 3Dpol sequen
e (both RNA and protein)is 
onserved between the di�erent sub- and serotypes (George et al., 2001). 3Dpol isresponsible for, in 
ollaboration with host proteins, elongation of the nas
ent RNA 
hainsduring repli
ation. The stru
ture of FMDV 3Dpol is very similar to that of the poliovirus
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Figure 4.2: The stru
ture of 3Dpol from the Polio virus (1RDR). Noti
e the 'palm' (red), '�ngers'(blue) and 'thumb' (green) subdomains (Hansen et al., 1997).3Dpol. This stru
ture 
onsists of a 'right-hand' polymerase 
onsisting of 'palm', '�ngers'and 'thumb' subdomains (Fig. 4.2). It 
ontains 17 α-heli
es and 16 β-strands. The palmsubdomain 
ontains some of the most highly 
onserved features known in all polymerases(Ferrer-Orta et al., 2004). There are �ve 
onserved regions designated A-E, whi
h areinvolved in phosphoryl transfer, nu
leotide binding, nu
leotide priming and stru
turalintegrity. A site in Motif A (Asp240 and Asp 245 in β8) helps motif C with metalion binding as observed in the 1U09 stru
ture. Motif B is made up of helix α11 thatasso
iates with a 
entral β-sheet (β8, β11 and β12). Motif C, 
onsisting of β11-turn-β12,
ontains the a
idi
 sequen
e GDD (Gly 337-Asp338-Asp339). This a
idi
 area is almostuniversally 
onserved and fun
tions as a metal ion binding site during the nu
leotidetransfer rea
tion. Helix α12 forms motif D and β14 and β15 forms motif E. These motifsintera
t together to form the polymerase 
atalyti
 site.Various studies have indi
ated the highly 
onserved nature of 3C and 3D (George et al.,2001, Gorbalenya et al., 1989, Carrillo et al., 2005). In this se
tion, the variation found in

 
 
 



Chapter 4. Modelling of FMDV 3C and 3D Non-stru
tural Proteins 95these two proteins of the South Afri
an Territories serotypes of FMDV, will be presented.The obje
tive is to identify lo
al variation hotspots within the two proteins. This analysismay also help to identify the 3C-3D intera
tion site by identifying the most 
onservedresidues based on the stru
ture. Highly 
onserved pat
hes on the surfa
e may indi
ateareas that need to be 
onserved for intera
tion between 3C and 3D.4.2. Methods4.2.1. 3C ProteaseDr. F. Maree (Agri
ultural Resear
h Coun
il) supplied 21 SAT1, 21 SAT2 and 9 SAT3sequen
es (Table 4.1). Alignment was done with ClustalX (Thompson et al., 1997) anddue to the high identity the parameters were kept at the default settings. The modellings
ripts were generated with the Stru
tural module in FunGIMS and modelling done withModeller 9v1(Fiser and Sali, 2003) in
luding a fast model re�nement step. Models ofrepresentative sequen
es of serotypes SAT1, SAT2 and SAT3 were built based on 2J92(Sweeney et al., 2007), whi
h is an serotype A virus. For SAT1, KNP/196/91/1 was usedwith the �rst �ve and the last 6 residues removed, for SAT2, ZIM/7/83/2 was used withthe �rst and the last 6 residues removed and for SAT3, KNP/10/90/3 was used with the�rst and last 6 residues removed. The start and end residues were removed due to notemplate mat
h for those regions. Another possible template was found (2BHG) but itwas de
ided to use 2J92 as an important loop was 
rystallized in 2J92 that is not presentin the higher resolution of 2BHG (1.90 Å vs 2.20 Å).4.2.2. 3D RNA PolymeraseDr. F. Maree (Agri
ultural Resear
h Coun
il) supplied 9 SAT1, 4 SAT2 and 3 SAT3sequen
es (Table 4.1). A FMDV 3D sequen
e was submitted to a Blastp sear
h againstthe PDB and it identi�ed two protein stru
tures (1U09 and 2D7S). Both these stru
turesare FMDV 3D stru
tures. It was de
ided to use 1U09 (Ferrer-Orta et al., 2004) as itsresolution was 1.91Å vs 3.00Å of 2D7S. Alignment was done with ClustalX using the

 
 
 



Chapter 4. Modelling of FMDV 3C and 3D Non-stru
tural Proteins 96
Table 4.1: Top: The SAT serotypes 3C protease sequen
es used in the variation analysis. Bot-tom: The SAT serotypes used in the 3D RNA polymerase variation analysis. Provided by Dr.F. Maree of the ARC. The sequen
es missing a number after the '/' la
k a date in the originalGenBank entry. SAT subtype 3C sequen
esSAT1 SAT2 SAT3SAT1/UGA/3/99 (gi:62362307) SAT2/ZIM/7/83 (gi:33332022) SAT3/KNP/10/90 (gi:21434547)SAT1/UGA/1/97 (gi:15419327) SAT2/KNP/19/89 (gi:15419331) SAT3/ZAM/4/96 (gi:62362337)SAT1/SUD/3/76 (gi:62362303) SAT2/SAR/16/83 (gi:62362321) SAT3/ZIM/5/91 (gi:62362339)SAT1/NIG/15/75 (gi:62362299) SAT2/ANG/4/74 (gi:62362311) SAT3/MAL/03/76 (gi:12274987)SAT1/NIG/5/81 (gi:62362297) SAT2/KEN/8/99 (gi:62362315) SAT3/BEC/1/65 (gi:21328275)SAT1/TAN/37/99 (gi:62362305) SAT2/ZIM/14/90 (gi:62362331) SAT3/UGA/2/97 (gi:62362335)SAT1/TAN/1/99 (gi:15419329) SAT2/ZIM/17/91 (gi:62362333) SAT3/KEN/3/ (gi:46810960)SAT1/KNP/196/91 (gi:15419321) SAT2/2/ (gi:46810952) SAT3/BEC/3/ (gi:46810960)SAT1/SAR/09/81 (gi:62362301) SAT2/SEN/7/83 (gi:62362325) SAT3/RSA/2/ (gi:46810956)SAT1/ZAM/2/93 (gi:62362309) SAT2/SEN/05/75 (gi:62362323)SAT1/NAM/307/98 (gi:62362295) SAT2/ANG/4/74 (gi:62362311)SAT1/MOZ/3/02 (gi:62362341) SAT2/MOZ/4/83 (gi:15419321)SAT1/KEN/5/98 (gi:62362293) SAT2/RHO/1/48 (gi:62362317)SAT1/BOT/1/68 (gi:46810946) SAT2/KEN/3/57 (gi:6572136)SAT1/RSA/5/ (gi:46810940) SAT2/RWA/2/01 (gi:62362319)SAT1/SWA/6/ (gi:46810942) SAT2/SAU/6/00 (gi:21434553)SAT1/RHO/ (gi:46810948) SAT2/ZAI/1/74 (gi:62362329)SAT1/BEC/1/ (gi:46810932) SAT2/GHA/8/91 (gi:62362313)SAT1/SWA/3/ (gi:46810936) SAT2/UGA/2/02 (gi:62362327)SAT1/RHO/4/ (gi:46810938) SAT2/3KEN/21/ (gi:6810954)SAT1/20/ (gi:46810934) SAT2/RHO/1/48 (gi:46810950)SAT subtype 3D sequen
esSAT1 SAT2 SAT3SAR/09/81 (not yet submitted) ZIM/7/83 (gi:33332022) KEN/3/ (gi:46810960)BOT/1/68 (gi:46810946) SAT2/2/ (gi:46810952) RSA/2/ (gi:46810956)SWA/6/ (gi:46810942) RHO/1//48 (gi:62362317)RSA/5/ (gi:46810940) 3KEN/32/ (gi:6810954)RHO/4/ (gi:46810938)SWA/3/ (gi:46810936)BEC/1/ (gi:46810932)RHO/ (gi:46810948)SAT1/20/ (gi:46810934)

 
 
 



Chapter 4. Modelling of FMDV 3C and 3D Non-stru
tural Proteins 97default parameters, modelling s
ripts generated with the Stru
tural module in FunGIMSand modelling done with Modeller 9v1 in
luding a fast model re�nement step. SAR/09/81was used as a representative sequen
e for SAT1, ZIM/7/83/2 was used for SAT2 andRSA/2/3 was used for SAT3. In all 
ases the SAT target was 6 residues shorter than thetemplate.4.3. Results and Dis
ussionBe
ause the various SAT serotypes are so similar, a representative model was built forea
h serotype (SAT1, SAT2 and SAT3). The variation for ea
h serotype was then mappedonto the respe
tive model.4.3.1. 3C ProteaseThe SAT isolates in
luded in this study are represented a
ross Afri
a and in
lude isolatesfrom West, East, Central and Southern Afri
a. All the sequen
es used to build therespe
tive models for 3Cpro showed ∼85% identity with 2J92. This was to be expe
tedas the 
onservation of FMDV 3Cpro is high. The alignments that were used in modellingthe 3Cpro SAT serotypes are shown in Figure 4.3 and the high identity between targetand template is indi
ated.After the KNP/96/91/1 SAT1 3Cpro model was built, the variation observed in the SAT13Cpro alignment was mapped onto the model (Fig. 4.5). There was variation at 45 residuepositions (21%) within the 21 SAT sequen
es. In 76% (35) of the positions, variation waslimited to 2 amino a
ids, 20% (9) of the positions were limited to 3 amino a
ids and 4%(2) limited to 4 amino a
ids.ZIM/7/83/2 was used for the SAT2 model. SAT2 showed 41% more varian
e betweenthe 21 SAT2 sequen
es 
ompared to SAT1. Variation was observed in 63 positions (30%)and mapped to a SAT2 3C model (Fig. 4.5). In 76% (48) of the positions, variation waslimited to 2 amino a
ids, 16% (10) of the positions was limited to 3 amino a
ids, 6% (4)limited to 4 amino a
ids and 2% (1) limited to 5 amino a
ids.
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2J92             1 ---QKMVMGNTKPVELILDGKTVAICCATGVFGTAYLVPRHLFAEQYDKIMLDGRAMTDS
SAT1KNP196-91    1 TDLQKMVMANVKPVELILDGKTVALCCATGVFGTAYLVPRHLFAEKYDKIMLDGRALTDS

2J92            58 DYRVFEFEIKVKGQDMLSDAALMVLHRGNKVRDITKHFRDTARMKKGTPVVGVVNNADVG
SAT1KNP196-91   61 DFRVFEFEVKVKGQDMLSDAALMVLHSGNRVRDLTGHFRDTMKLSKGSPVVGVVNNADVG

2J92           118 RLIFSGEALTYKDIVVSMDGDTMPGLFAYKAATRAGYAGGAVLAKDGADTFIVGTHSAGG
SAT1KNP196-91  121 RLIFSGDALTYKDLVVCMDGDTMPGLFAYRAGTKVGYCGAAVLAKDGAKTVIVGTHSAGG

2J92           178 NGVGYCSCVSRSMLQKMKAHV-
SAT1KNP196-91  181 NGVGYCSCVSRSMLLQMKAHIDB.

2J92           1 --QKMVMGNTKPVELILDGKTVAICCATGVFGTAYLVPRHLFAEQYDKIMLDGRAMTDSD
SAT2ZIM7-83    1 DLQKMVMANVKPVELILDGKTVALCCATGVFGTAYLVPRHLFAEKYDKIMLDGRALTDSD

2J92          59 YRVFEFEIKVKGQDMLSDAALMVLHRGNKVRDITKHFRDTARMKKGTPVVGVVNNADVGR
SAT2ZIM7-83   61 FRVFEFEVKVKGQDMLSDAALMVLHSGNRVRDLTGHFRDTMKLSKGSPVVGVVNNADVGR

2J92         119 LIFSGEALTYKDIVVSMDGDTMPGLFAYKAATRAGYAGGAVLAKDGADTFIVGTHSAGGN
SAT2ZIM7-83  121 LIFSGDALTYKDLVVCMDGDTMPGLFAYRAGTKVGYCGAAVLAKDGAKTVIVGTHSAGGN

2J92         179 GVGYCSCVSRSMLQKMKAHV-
SAT2ZIM7-83  181 GVGYCSCVSRSMLLQMKAHIDC.

2J92            1 --QKMVMGNTKPVELILDGKTVAICCATGVFGTAYLVPRHLFAEQYDKIMLDGRAMTDSD
SAT3KNP10-90    1 DLQKMVMANVKPVELILDGKTVALCCATGVFGTAYLVPRHLFAEKYDKIMLDGRALTDGD

2J92           59 YRVFEFEIKVKGQDMLSDAALMVLHRGNKVRDITKHFRDTARMKKGTPVVGVVNNADVGR
SAT3KNP10-90   61 FRVFEFEVKVKGQDMLSDAALMVLHSGNRVRDLTGHFRDTMKLSKGSPVVGVVNNADVGR

2J92          119 LIFSGEALTYKDIVVSMDGDTMPGLFAYKAATRAGYAGGAVLAKDGADTFIVGTHSAGGN
SAT3KNP10-90  121 LIFSGDALTYKDLVVCMDGDTMPGLFAYRAGTKVGYCGAAVLAKDGAKTVIVGTHSAGGN

2J92          179 GVGYCSCVSRSMLQKMKAHV-
SAT3KNP10-90  181 GVGYCSCVSRSMLLQMKAHIDFigure 4.3: The alignments used in the modelling of 3Cpro. A: KNP/96/91/1. B: ZIM/7/82/2.C: KNP/10/90/3 with 2J92 being the template sequen
e (serotype A10).KNP/10/90/3 was used as a representative for the SAT3 serotype. SAT3 showed 35%less variation than SAT1 and 54% less variation than SAT2 in the 9 sequen
es analyzed.There was variation in 29 positions (14%) of whi
h 93% (27 positions) varied by 2 aminoa
ids and 7% (2 positions) varied by 3 amino a
ids (Fig. 4.5). An important residueposition was Asp 84 that is part of the 
atalyti
 triad. In ZIM/5/91/3 this Asp wasrepla
ed by a Tyr. This is the only o

urren
e in all the analyzed sequen
es where amutation was present in the a
tive site. There are 2 reasons for less variation in SAT3:SAT3 is not well represented in this study and it has a geographi
al distribution limitedto Southern and Central Afri
a.
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1U09          1 -GLIVDTRDVEERVHVMRKTKLAPTVAHGVFNPEFGPAALSNKDPRLNEGVVLDEVIFSK
SAR09-81-1    1 EGLVVDTREVEERVHVMRKTKLAPTVAYGVFQPEFGPAALSNNDKRLNEGVVLDEVIFSK

1U09         60 HKGDTKMSAEDKALFRRCAADYASRLHSVLGTANAPLSIYEAIKGVDGLDAMEPDTAPGL
SAR09-81-1   61 HKGDAKMSEADKKLFRLCAADYASHLHNVLGTANSPLSVFEAIKGVDGLDAMEPDTAPGL

1U09        120 PWALQGKRRGALIDFENGTVGPEVEAALKLMEKREYKFACQTFLKDEIRPMEKVRAGKTR
SAR09-81-1  121 PWALQGKRRGALIDFENGTVGPEIEQALKLMEKKEYKFTCQTFLKDEIRPLEKVKAGKTR

1U09        180 IVDVLPVEHILYTRMMIGRFCAQMHSNNGPQIGSAVGCNPDVDWQRFGTHFAQYRNVWDV
SAR09-81-1  181 IVDVLPVEHIIYTRMMIGRFCAQMHSNNGPQIGSAVGCNPDVDWQRFGCHFAQYRNVWDI

1U09        240 DYSAFDANHCSDAMNIMFEEVFRTEFGFHPNAEWILKTLVNTEHAYENKRITVEGGMPSG
SAR09-81-1  241 DYSAFDANHCSDAMNIMFEEVFREEFGFHPNAVWILKTLINTEHAYENKRITVEGGMPSG

1U09        300 CSATSIINTILNNIYVLYALRRHYEGVELDTYTMISYGDDIVVASDYDLDFEALKPHFKS
SAR09-81-1  301 CSATSIINTILNNIYVLYALRRHYEGVELSHYTMISYGDDIVVASDYDLDFEALKPHFKS

1U09        360 LGQTITPADKSDKGFVLGHSITDVTFLKRHFHMDYGTGFYKPVMASKTLEAILSFARRGT
SAR09-81-1  361 LGQTITPADKSDKGFVLGQSITDVTFLKRHFHLDYGTGFYKPVMASKTLEAILSFARRGT

1U09        420 IQEKLISVAGLAVHSGPDEYRRLFEPFQGLFEIPSYRSLYLRWVNAVCGDAAALEHH
SAR09-81-1  421 IQEKLISVAGLAVHSGPDEYRRLFEPFQGTFEIPSYRSLYLRWVNAVCGDA------B.
1U09          1 -GLIVDTRDVEERVHVMRKTKLAPTVAHGVFNPEFGPAALSNKDPRLNEGVVLDEVIFSK
ZIM-7-83-2    1 EGLVVDTREVEERVHVMRKTKLAPTVAHGVFQPEFGPAALSNNDKRLSEGVVLDEVIFSK

1U09         60 HKGDTKMSAEDKALFRRCAADYASRLHSVLGTANAPLSIYEAIKGVDGLDAMEPDTAPGL
ZIM-7-83-2   61 HKGDAKMSEADKRLFRLCAADYASHLHNVLGTANSPLSVFEAIKGVDGLDAMEPDTAPGL

1U09        120 PWALQGKRRGALIDFENGTVGPEVEAALKLMEKREYKFACQTFLKDEIRPMEKVRAGKTR
ZIM-7-83-2  121 PWALRGKRRGALIDFENGTVGSEIEAALKLMEKKEYKFTCQTFLKDEIRPLEKVKAGKTR

1U09        180 IVDVLPVEHILYTRMMIGRFCAQMHSNNGPQIGSAVGCNPDVDWQRFGTHFAQYRNVWDV
ZIM-7-83-2  181 IVDVLPVEHIIYTRMMIGRFCAQMHSNNGPQIGSAVGCNPDVDWQRFGTHFAQYKNVWDI

1U09        240 DYSAFDANHCSDAMNIMFEEVFRTEFGFHPNAEWILKTLVNTEHAYENKRITVEGGMPSG
ZIM-7-83-2  241 DYSAFDANHCSDAMNIMFEEVFREEFGFHPNAVWILKTLINTEHAYENKRITVEGGMPSG

1U09        300 CSATSIINTILNNIYVLYALRRHYEGVELDTYTMISYGDDIVVASDYDLDFEALKPHFKS
ZIM-7-83-2  301 CSATSIINTILNNIYVLYALRRHYEGVELSHYTMISYGDDIVVASDYDLDFEALKPHFKS

1U09        360 LGQTITPADKSDKGFVLGHSITDVTFLKRHFHMDYGTGFYKPVMASKTLEAILSFARRGT
ZIM-7-83-2  361 LGQTITPADKSDKGFVLGQSITDVTFLKRHFHLDYETGFYKPVMASKTLEAILSFARRGT

1U09        420 IQEKLISVAGLAVHSGPDEYRRLFEPFQGLFEIPSYRSLYLRWVNAVCGDAAALEHH
ZIM-7-83-2  421 IQEKLISVAGLAVHSGQDEYRRLFEPFQGTFEIPSYRSLYLRWVNAVCGDA------C.

1U09       1 -GLIVDTRDVEERVHVMRKTKLAPTVAHGVFNPEFGPAALSNKDPRLNEGVVLDEVIFSK
RSA-2-3    1 EGLVVDTREVEERVHVMRKTKLAPTVAHGVFQPEFGPAALSNNDKRLNEGVVLDEVIFSK

1U09      60 HKGDTKMSAEDKALFRRCAADYASRLHSVLGTANAPLSIYEAIKGVDGLDAMEPDTAPGL
RSA-2-3   61 HKGDAKMSEADKKLFRLCAADYASHLHNVLGTANSPLSVFEAIKGVDGLDAMEPDTAPGL

1U09     120 PWALQGKRRGALIDFENGTVGPEVEAALKLMEKREYKFACQTFLKDEIRPMEKVRAGKTR
RSA-2-3  121 PWALQGRRRGALIDFENGTVGPEIEQALKLMEKKEYKFTCQTFLKDEIRPLEKVKAGKTR

1U09     180 IVDVLPVEHILYTRMMIGRFCAQMHSNNGPQIGSAVGCNPDVDWQRFGTHFAQYRNVWDV
RSA-2-3  181 IVDVLPVEHIIYTRMMIGRFCAQMHSNNGPQIGSAVGCNPDVDWQRFGCHFAQYKNVWDI

1U09     240 DYSAFDANHCSDAMNIMFEEVFRTEFGFHPNAEWILKTLVNTEHAYENKRITVEGGMPSG
RSA-2-3  241 DYSAFDANHCSDAMNIMFEEVFREEFGFHPNAVWVLKTLINTEHAYENKRITVEGGMPSG

1U09     300 CSATSIINTILNNIYVLYALRRHYEGVELDTYTMISYGDDIVVASDYDLDFEALKPHFKS
RSA-2-3  301 CSATSIINTILNNIYVLYALRRHYEGVELSHYTMISYGDDIVVASDYDLDFEALKPHFKS

1U09     360 LGQTITPADKSDKGFVLGHSITDVTFLKRHFHMDYGTGFYKPVMASKTLEAILSFARRGT
RSA-2-3  361 LGQTITPADKSDKGFVLGQSITDVTFLKRHFHLDYETGFYKPVMASKTLEAILSFARRGT

1U09     420 IQEKLISVAGLAVHSGPDEYRRLFEPFQGLFEIPSYRSLYLRWVNAVCGDAAALEHH
RSA-2-3  421 IQEKLISVAGLAVHSGQDEYRRLFEPFQGTFEIPSYRSLYLRWVNAVCGDA------Figure 4.4: The alignments used in the modelling of 3D. A: SAR/09/81/1. B: ZIM/7/83/2. C:RSA/2/3.
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tural Proteins 100Table 4.2: The 
hanges observed in the SAT serotypes as 
ompared to the invariant region fromresidue 76-91 identi�ed by Carillo et al. (2005). A stru
tural representation of the invariantregion 
an be seen in �gure 4.8.Subtype Variation (aa71-86) Effe
tInvariant region VKGQDMLSDAALMVLH -SAT1/UGA/1/97 VKGQDMLSDAALMVLN Maintains ba
kbone H-bond and side-
hainH-bondSAT1/UGA/3/99 VKGQDMLSDAALMVLN Maintains ba
kbone H-bond and side-
hainH-bondSAT1/NIG/15/75 VKGQEMLSDAALMVLH Maintains ba
kbone H-bond and side-
hainH-bondSAT2/ZIM/17/91 VKGPDMLSDAALMVLH Maintains ba
kbone H-bond. Might distortthe loop slightlySAT2/KNP/19/89 VKGQDMLSDAALMGLH Maintains ba
kbone H-bondSAT2/SEN/7/83 VKGQDMMSDAALMVLN Maintains ba
kbone H-bond and side-
hainH-bondSAT2/SEN/05/75 VKGQDMMSDAALMVLN Maintains ba
kbone H-bond and side-
hainH-bondSAT2/GHA/8/91 VKGQDMMSDAALMVLN Maintains ba
kbone H-bond and side-
hainH-bondSAT2/UGA/2/02 VKGQDMLSDAALMVLN Maintains ba
kbone H-bond and side-
hainH-bondSAT3/ZIM/5/91 VKGQDMLSYAALIVLH This in
ludes a mutation in the a
tivesite.SAT3/UGA/2/97 VKGQDMLSDAALMVLN Maintains ba
kbone H-bond and side-
hainH-bondMost of the variation in the SAT 3Cpro seems to o

ur at one end of the C-terminal
β-barrel (Fig. 4.6). This region is surfa
e-exposed and 
an potentially a

ommodate morevariation without in�uen
ing the a
tivity of the enzyme. Another interesting observationwas that the inner β-sheet in the C-terminal β-barrel 
ontained very little variation andis 
onserved, whereas the N-terminal β-barrel 
ontains signi�
antly more variation.An invariant se
tion (residues 76-91, VKGQDMLSDAALMVLH) in 3Cpro identi�ed byCarillo and 
o-workers (Fig. 4.8), was shown to 
ontain variation within the SATserotypes. Table 4.2 shows the aa 
hanges for ea
h isolate 
ompared to the invariantregion. Eleven isolates showed variation in the invariant region. The invariant regionis lo
ated on two 
onse
utive β-strands of whi
h the se
ond β-sheet (residues 85-91)
ontains one of the 
atalyti
 triad residues (Asp). A reason for this 
onservation of the
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Figure 4.5: SAT 3Cpro variation mapped onto a SAT 3Cpromodel. Views from both sides ofthe enzyme are shown. Top: SAT1, middle: SAT2, bottom: SAT3. White indi
ates 
onservedpositions a
ross all the sequen
es analyzed, blue indi
ates 2 di�erent residues found at thatposition, green indi
ates 3 di�erent residues found at that position and yellow indi
ates thepresen
e of 4 di�erent residues. The a
tive site 
atalyti
 triad is 
oloured red and the β-ribbonis 
oloured orange.
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Figure 4.6: The variation seen in the 3Cpro protease as mapped to a 
artoon representation ofthe enzyme. Both sides of the enzyme are shown. White indi
ates 
onserved positions a
rossall the serotype sequen
es analyzed, blue indi
ates 2 di�erent residues found at that position,green indi
ates 3 di�erent residues found at that position and yellow indi
ates the presen
e of 4di�erent residues.

Figure 4.7: The variation seen in the 3D protease as mapped to a 
artoon representation of theenzyme. Views from both sides are shown. White indi
ates 
onserved positions a
ross all theserotype sequen
es analyzed, blue indi
ates 2 di�erent residues found at that position and greenindi
ates 3 di�erent residues found at that position.
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Figure 4.8: Top: The lo
ation of the invariant region identi�ed by Carillo et al. in the 3Cprostru
ture. The numbers are the residue numbers used in the model and 
orrespond to 3Cproresidues 76-91. Bottom: The hydrogen bond network for the invariant region. All residues arelabeled a

ording to the SAT1/KNP/96/91. Hydrogen bonds are indi
ated in yellow, dashedlines.
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Figure 4.9: SAT 3D variation mapped onto a SAT 3D model. Views from both sides of theenzyme are shown. Top: SAT1, middle: SAT2, bottom: SAT3. White indi
ates 
onservedpositions a
ross all the sequen
es analyzed, blue indi
ates 2 di�erent residues found at thatposition and green indi
ates 3 di�erent residues.
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Figure 4.10: Top: The three hypervariable regions previously identi�ed in 3D (George et al.,2001). The regions 
oloured red and are residues 1-12 (β-strand), 64-76 (half α-helix and partof loop) and 143-153 (α-helix). Bottom: The four highly 
onserved motifs in 3D (Doherty et al.,1999). The motifs are 
oloured as follows: red: KDELR; green: PSG; blue: FLKR; yellow:YGDD. The residue involved in mutation in the KDELR motif is 
oloured pink.

 
 
 



Chapter 4. Modelling of FMDV 3C and 3D Non-stru
tural Proteins 106invariant region appears to be the orientation of the a
tive site residues. The se
ond
β-strand (residues 85-91) in the invariant region asso
iates with an adja
ent β-strand(residues 40-45). This β-strand is followed by a a very short α-helix whi
h is the lo
ationof the a se
ond 
atalyti
 triad residue (His 46). It is involved in an extensive hydrogenbond network with two surrounding β-strands as well as with nearby residues. Figure4.8 shows the hydrogen bond network in the region. The majority of the variable sitesare involved in protein ba
kbone hydrogen bonds. Thus, if the residue 
hange does notinvolve a big physio
hemi
al property 
hange, it will not a�e
t the ba
kbone as mu
h asthe hydrogen bond network stays inta
t. This supports the hypothesis that the invariantregion serves as an an
hor region for the 3C protease. Thus, by 
onserving the invariantregion's two β-strands, most of the a
tive site residue orientation is also 
onserved.SAT3/ZIM/5/91 showed a mutation in the a
tive site where the Asp is 
onverted to aTyr. It has been previously proposed that a similar virus, Hepatitis A (HAV), may utilizea two-residue a
tive site in 3C, whi
h used only the Cys and His residues for 
atalysis(Bergmann et al., 1997) but this has sin
e been refuted (Yin et al., 2005) and shown thatHAV also uses a 
atalyti
 triad. This Asp-Tyr mutation has not yet been 
on�rmed withresequen
ing.In all 54 SAT 3C sequen
es analyzed, only one a
tive site mutation o

urred (D84Y inZIM/5/91/3). In all the other sequen
es the 
atalyti
 triad and the residues surroundingthem had very little, if any, variation. The analysis of the sequen
es showed that SAT23C had the most variation and that SAT3 had the least amount of variation.4.3.2. 3D RNA PolymeraseThe 3D RNA polymerase is highly 
onserved as mentioned before. The general sequen
eidentity was 92% between the target and the template. This varied by no more that 1%between the three targets. The alignments used for ea
h of the representative models areshown in Figure 4.4 and the high identity between target and template is indi
ated.SAR/09/81/1 was used as the representative model for the SAT1 serotype. In the 9 SAT1sequen
es provided there were 20 positions (91%) that had either one of two residues and

 
 
 



Chapter 4. Modelling of FMDV 3C and 3D Non-stru
tural Proteins 1072 positions (9%) whi
h had one of three residues (Fig. 4.9). The variation seemed to belimited to the outer edges of the protein.ZIM/7/83/2 was used as the representative model for the SAT2 serotype (Fig. 4.9).SAT2 3D showed more variation 
ompared to SAT1 and SAT3 3D. SAT2 3D had 38positions (8%) with either one of two residues and three positions (0.8%) whi
h had athree residue di�eren
e. This is almost double the variation seen in half the number ofproteins when 
ompared to SAT1 3D. This indi
ates that the 3D protein of SAT2 is morevariable than that of SAT1 even though isolates from the same broad geographi
al regionwas in
luded for both serotypes.RSA/2/3 was used as the representative model for the SAT3 serotype (Fig. 4.9). Alimited number of sequen
es made this serotype di�
ult to 
ompare with SAT1 andSAT2. The three supplied proteins di�ered by two residues only in 6 positions (1.6%).The rest of the sequen
e was 
onserved.3D variation did not seem to be limited to 
ertain areas as seen for the 3C variation(Fig. 4.7). The results presented here suggests an average of 5% variable residues for 3Din ea
h serotype. This is mu
h lower than the other reported variability studies whi
hreported variation as high as 26% variable residues (Carrillo et al., 2005). This di�eren
emight be explained by the number of isolates in ea
h serotype in
luded in the studiesas well as the geographi
al distribution. Intra and inter-serotype 
omparisons 
an alsoin�uen
e this value.Three hypervariable regions in 3D have been identi�ed previously (Fig. 4.10; Georgeet al., 2001). These areas did show some variability in the proteins analyzed here but itwas mostly two residue di�eren
es between the proteins. The 3D hypervariable region,between residues 143-153, showed the most variability with four positions being variable.This area 
orresponds to a surfa
e exposed α-helix. As 
an be expe
ted, the variability arelo
ated on the exposed side of the α-helix. An α-helix important in inter-protein dimerintera
tion was identi�ed from residue 68-89 (Ferrer-Orta et al., 2004). The alignmentof SAT 3D sequen
es revealed four residue positions that 
ontained either one of tworesidues. The 
hanges were lo
ated in two variable hot spots o

urring at the ends of

 
 
 



Chapter 4. Modelling of FMDV 3C and 3D Non-stru
tural Proteins 108the α-helix (two mutations per site), whi
h still 
onserves the important 
entral regioninvolved in 3D dimer intera
tion.Previously four 
onserved motifs were des
ribed in 3D polymerases of FMDV (Dohertyet al., 1999; Carrillo et al., 2005). These four motifs are: KDELR (residues 159-163), PSG(residues 289-291), YGDD (residues 324-327) and FLKR (residues 371-374). The lo
ationof the 
onserved motifs 
an be seen in �gure 4.10. Three of the motifs were also 
onservedin the SAT 3D sequen
es used here. However, the �rst motif, KDELR was present in theSAT sequen
es as either KDEIR or KDEVR. KDEIR was found to be 
onserved in all theSAT 3D sequen
es used ex
ept for SAT2/3KEN/21 that used the KDEVR motif. Whenlooking at the orientation and lo
ation of the KDELR/KDEIR motif on the stru
ture(Fig. 4.10) it is evident that the variable residue (L) is pointing away from the a
tivesite. The two mutations seen here (Leu->Ile, Leu->Val) are both similar in size andhydrophobi
ity, whi
h maintain the physio
hemi
al properties probably required for aresidue in this lo
ation.In 
omparison, the sequen
es used here showed that 3D also has less variation than 3Cpro.The SAT 3D variation followed the trend seen in SAT 3Cpro where SAT2 had the mostvariation. This is explained by the fa
t that SAT2 is more prevalent in wildlife in Afri
aand has 
aused the most outbreaks. This results in an in
reased 
han
e for variationa

umulation in the genome, whi
h 
an possibly be an indi
ation of the age of the SAT2serotype. If SAT2 was the an
estral SAT serotype, it would have a
quired more variationover time. But without a detailed phylogeneti
 study of the relationship between theSAT types, this is pure spe
ulation.4.4. Con
lusionThe repli
ation of FMDV is dependent on several fa
tors, in
luding 
ell entry via re
ep-tors, repli
ation of the RNA genome, translation, the 
orre
t polyprotein pro
essing byviral en
oded proteases, and pa
kaging of the RNA into virions. A re
ent study inves-tigated possible fa
tors involved in the repli
ation of SAT isolates whi
h presented withdiverse growth kineti
s. The impli
ation of this is in the implementation of engineered

 
 
 



Chapter 4. Modelling of FMDV 3C and 3D Non-stru
tural Proteins 109virus to be used as 
ustom-made va

ine spe
i�
 for a geographi
 region. In prin
ipleinfe
tious 
DNA te
hnology 
an be used to produ
e foot-and-mouth disease viruses withimproved biologi
al properties if the antigeni
 determinants of the outer 
apsid of a goodva

ine strain with the desirable biologi
al properties in a produ
tion plant are substi-tuted by that of an outbreak isolate (Zibert et al., 1990; Rieder et al., 1993; Almeidaet al., 1998; Beard and Mason, 2000; van Rensburg et al., 2004; Storey et al., 2007).In pra
ti
e we have found that the resulting 
himera virus mostly took on the growthperforman
e of the parental �eld isolate, although some improvement was observed by thepresen
e of the better geneti
 ba
kground of the va

ine strain. Even with improvementof the 
ell entry pathway by introdu
tion of alternative re
eptor entry me
hanisms thegrowth performan
e was not signi�
antly enhan
ed (Blignaut et al., unpublished; Maree,personal 
ommuni
ation). To investigate whether these amino a
id di�eren
es impa
t onthe ability of the 3Cpro to re
ognise di�erent 
leavage sites within the P1 polyprotein,several 
himeri
 viruses were engineered and the analysis of these are underway. In thisstudy we investigated the amount of variation within the 3Cpro responsible for ten of thetwelve proteolyti
 pro
essing events of the FMDV polyprotein to support a present studyon the amount of variation within the 3C 
leavage sites and the a
tivity of the enzymewithin the 
leavage site variation.A study of the heterogeneity of the FMDV 3Cpro revealed 32% variant amino a
id po-sitions, whilst 57%, 65% and 75% variant amino a
ids were observed for the external
apsid proteins (1B to 1D) (van Rensburg et al., 2004). Similar to other pi
ornaviral3Cpro, FMDV 3Cpro belongs to an unusual family of 
hymotrypsin-like 
ysteine proteases,
ontaining a serine protease fold, as 
on�rmed by the re
ently solved FMDV 3Cpro 
rystalstru
ture (Birtley et al., 2005). The 
atalyti
 me
hanism of 3Cpro involves a Cys-His-Asptriad whi
h has a very similar 
onformation to the Ser-His-Asp triad found in serine pro-teases. It is important to note that the third member of the triad is also an Asp residuein HAV, but a Glu in HRV (Curry et al., 2007). The FMDV 3C pro 
leavage spe
i�
ityexhibits great heterogeneity, but similar to other pi
ornaviral 3Cpro, the enzyme requires ahydrophobi
 residue at P4 (Curry et al., 2007). Whereas other pi
ornavirus 3C proteasesa

ept only Gln at the P1 position, the FMDV 3Cpro di�ers in that it is able to a

ept

 
 
 



Chapter 4. Modelling of FMDV 3C and 3D Non-stru
tural Proteins 110both Gln and Glu in this position. It has been suggested that 
orrelations between thedi�erent sub-sites in the substrate binding po
ket of 3Cpro exist. By analysing FMDVsequen
es (Carrillo et al., 2005), Curry and 
o-workers (2007) suggested 
orrelations be-tween P1, P2 and P1'. For instan
e, if P1 is a Gln, P2 would usually be a Lys and P1'a hydrophobi
 residue. Small amino a
ids (Gly or Ser) are however present in the P1'position for all the viruses analysed when P1 is Glu. Important roles for P2 and P4' havealso been impli
ated (Birtley et al., 2005).In addition to pro
essing of the viral polyprotein, 3Cpro has been shown to 
leave host
ell proteins in 
ell 
ulture. Cleavage of histone H3, resulting in a down-regulation oftrans
ription, has been demonstrated (Falk et al., 1990; Tesar and Marquardt, 1990),although an unusual 
leavage site was suggested. The enzyme has also been reported to
leave host 
ell translation initiation proteins, eIF4G and eIF4A (Belsham and Sonenberg,2000; Li et al., 2001; Strong and Belsham, 2004). These 
leavage events o

ur rather latein the infe
tion 
y
le and their role in viral repli
ation is un
lear. A re
ent report indi
atedthat PTB, eIF3a,b and PABP RNA-binding proteins are 
leaved during FMDV infe
tionin 
ell 
ulture, although no eviden
e for 3Cpro involvement was established (Pulido et al.,2007).Mapping the variation found within 53 SAT viruses representative a
ross Afri
a onto the3Cpro stru
ture reveals that these are almost entirely peripheral to the substrate-bindingsite, supportive to previous �nding by Birtley et al. (2005). There was some variation
lose-by the a
tive site in the invariant region but all the variation still preserved theba
kbone hydrogen bond stru
ture needed to keep the 
atalyti
 triad in the 
orre
t 
on-formation for 
atalysis. This emphasizes the highly 
onserved nature of 3Cpro and thelikeliness that 
himeri
 viruses 
ontaining the outer 
apsid region of a disparate viruswithin the geneti
 ba
kground of an existing SAT2 genome-length 
lone (van Rensburget al., 2004) will be pro
essed by the SAT2 3Cpro. The rate of pro
essing might howeverbe in�uen
ed by the sequen
e variation within the 3C 
leavage sites in the P1 polyprotein.The 3D RdRp is extremely 
onserved and is needed for virus repli
ation. All of thevariation were seen to o

ur outside of the binding 
avity (Fig. 4.9) in the 
entral partof the enzyme. Some of the variation may in�uen
e the a
tivity of 3D but this study
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tural Proteins 111found that the majority of the di�eren
es are natural variation. The few di�eren
es inthe invariant regions (KDEI/V/LR) were found not to signi�
antly in�uen
e the overalla
tivity as they have similar physio
hemi
al properties. Another fa
tor was that theside 
hains of the di�erent residues in the invariant regions pointed away from the a
tivesite. All the variation seen in the di�erent serotypes may have a small e�e
t on thea
tivity of the enzymes or on intera
tion 
ellular proteins, and this in turn 
ould a�e
tthe repli
ation speed of the virus. The variation may simply be a result of naturalvariation in SAT serotype enzymes. After analysis of the models and variation, theredoes not appear to be a reasonable site where 3C-3D intera
tion o

urs. Although 3Cpresents an area on the C-terminal β-barrel where there is almost no variation, it doesnot ne
essarily imply an intera
tion site. 3D has a �attish area on the protein whi
h,although it is sometimes used in protein-protein intera
tion, is not 
on
lusive proof of anintera
tion site. The 
rystal stru
ture of polio 3CD has been published (Mar
otte et al.,2007) but upon analysis it was found that the 
rystal stru
ture provides no eviden
e forthe intera
tion between 3C and 3D as they are separated by a 7-residue linker region.Further studies into 
o-variation was not done as it falls outside the s
ope of this spe
i�
study. The variation seen in 3C 
on�rms the 
onserved nature of 3C yet it highlightsthat the variation that does o

ur, are limited to 
ertain areas. Chapter 5 investigatesthe e�e
t of variation on the 
apsid protein stability and its stru
ture.
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Chapter 5FMDV Capsid Stability and VariationAnalysis5.1. Introdu
tionThe 
apsid of the FMD virus 
onsists of 60 
opies of a four 
hain protomer derived frompolypeptide P1 (Fig. 5.1) and is 
a. 300Å in diameter. The P1 polypeptide is 
leavedinto three parts by the 3Cpro or 3CDpro protease 
omplex whi
h results in the VP3, VP1,and VP0 peptides. Auto
atalyti
 
leavage of VP0 into VP4 and VP2 is the last step in
apsid assembly. One of the 60 protomers 
onsists of 
hains VP1-4 en
oded by the 1A-D
oding regions on the FMDV genome. VP1-3 ea
h 
onsists of a β-barrel (8-stranded)in a jelly-roll topology (Fig. 5.1; A
harya et al., 1989). The pentamers formed by �veprotomers, asso
iate through an α-helix situated in the VP3 protein (Ellard et al., 1999).This helix asso
iates with its re
ipro
al helix as well as with His 142 in the oppositepentamer. Curry and 
o-workers have proposed that His 142 is vital in keeping theprotomers together (Curry et al., 1995). His 142 in VP3 of one pentamer asso
iates withthe positive dipole formed at the one end of the α-helix in VP2 of the opposite pentamer.It was spe
ulated that the protonation of His 142 may prevent 
apsid assembly. Otherhistidine residues (His 145 on VP3 and His 21 on VP2) in 
lose proximity were thoughtto also play a role in 
apsid assembly and un
oating. Mutation studies showed that ifHis 142 is repla
ed with an arginine, there is almost no 
apsid formation (Ellard et al.,1999).
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Figure 5.1: Left: A s
hemati
 representation of the FMDV i
osahedral 
apsid. The 
apsid
onsists of 60 
opies of ea
h of the protomers. VP1: blue, VP2: green, VP3: red. Right: The 8stranded β-barrel in a jelly-roll topology in VP1-3. β-barrels are 
oloured red.The arrangement of the stru
tural proteins in the 
apsid provides the antigeni
 sitesimportant for eli
iting neutralizing antibodies following infe
tion or va

ination. VP1-3forms the outside of the 
apsid while VP4 is 
ompletely buried inside the 
apsid. TheFMDV 
apsid, unlike other Pi
ornaviridae, also fun
tions as a general s
a�old to keepthe RNA prote
ted from the in vivo environment and mediates the binding to 
ellularre
eptors during 
ell entry. Intera
tion with 
ellular re
eptors is via the �exible βG-βHloop of VP1. This exposed loop 
ontains an RGD (Arg-Gly-Asp) motif (Logan et al.,1993) involved in binding integrin-re
eptors of whi
h the αvβ1, αvβ3, αvβ6 and αvβ8 areknown to be utilized by FMDV. In the well-studied O serotype, this GH-loop 
ontainsa 
ysteine residue at its base that allows the formation of a disulphide bond with a
ysteine in VP2. This adds some stability to the loop and may aid in the re
eptorpreferen
e of the virus. Although �eld viruses use the integrin-re
eptors for infe
tion, 
ell
ulture-adapted viruses obtain the ability to utilize an alternative re
eptor i.e.. heparansulfate proteogly
ans (HSPG) to enter 
ells (Fry et al., 1999).Previous stru
tural work on FMDV in
ludes 
rystallization of serotype O, A and C 
apsidat various resolutions (A
harya et al., 1989;Curry et al., 1992; Fry et al., 1993; Leaet al., 1994). These stru
tures were used to identify the important areas su
h as theRGD-
ontaining GH-loop in VP1. Later studies (Fry et al., 1999; Fry et al., 2005) used
rystal stru
tures to identify binding sites for HSPG on the 
apsid. The HSPG binding

 
 
 



Chapter 5. FMDV Capsid Stability and Variation Analysis 114site was identi�ed as a shallow depression at the jun
tion of VP1, VP2 and VP3. Residue56 of VP3 was identi�ed as being important in the intera
tion with HSPG (Ja
kson et al.,1996). In the wild type, residue 56 is a histidine but upon 
ell 
ulture adaptation, this
hanges to an arginine whi
h asso
iates with high a�nity to HSPG. Curry and 
o-workers(1996) postulated that the GH-loop �exibility a�e
ts the movement and intera
tion ofVP3 and in turn mutations in VP2 a�e
t the GH-loop on VP1.Dr. F. Maree and 
o-workers have shown in vitro with FMDV that two of the SAT2serotype 
apsids (ZIM/5/83/2, ZIM/7/83/2) di�er by only six residues (lo
ated on thesurfa
e), yet ZIM/5/83/2 has more infe
tious parti
les and is more stable following treat-ment at pH 6.0 than ZIM/7/83/2 (unpublished work). At pH 6.0 infe
tious parti
les ofZIM/5/83/2 
ould still be dete
ted while ZIM/7/83/2 lost infe
tivity. ZIM/7/83/2 alsoadapted to using HSPG to infe
t 
ells and kills 
ells with a high e�
ien
y. In 
ontrast,ZIM/5/83/2 does not use HSPG to infe
t 
ells and has a low 
ell-killing e�
ien
y. TheHSPG adaptation is a known result from viral passage through 
ultured 
ells (Sa-Carvalhoet al., 1997; Fry et al., 1999). This is important in their va

ine resear
h work and impliesthat small mutations on the 
apsid 
an play a vital role in 
apsid stability and infe
tivity.The work presented here will try to 
hara
terize the variation and link it to the stru
tureof the 
apsid proteins in an attempt to explain the results seen in vitro.
5.2. Methods
The 
omplete modelling of a virus 
apsid is very time 
onsuming and resour
e intensive.An alternative approa
h is to use a protomer (in this 
ase the assembly formed by VP1-4)and then, using symmetry operations, generate the 
omplete 
apsid assembly. 1ZBE (Fryet al., 2005) from the PDB was used to generate the 
omplete 
apsid. This resulted in a
omplete virus 
apsid whi
h showed the intera
tions between the di�erent 
hains. It alsoshowed the pore stru
tures that are involved in ion movement into and out of the virus.

 
 
 



Chapter 5. FMDV Capsid Stability and Variation Analysis 1155.2.1. Capsid ProtomerProtomer models of six SAT2 strains were 
onstru
ted (ZAM/7/96/2, ZIM/14/90/2,ZIM/17/91/2, ZIM/5/83/2, ZIM/7/83/2, SAU/6/00/2) based on the 
rystallographi

oordinates of O1BFS (1FOD) (Logan et al., 1993). With the ex
eption of SAU/6/00/2,the remaining strains have been found to be prevalent serotypes of the SAT2 family inthe western and northern geographi
al regions of Southern Afri
a. The sequen
e data forthe strains were provided by Dr. Fran
ois Maree from the TADP, Agri
ultural Resear
hCoun
il, South Afri
a. Alignments for all the models were done with ClustalX using thedefault parameters, the modelling s
ripts were generated using the Stru
tural module inFunGIMS and models were built using Modeller 9v1 (Fiser and Sali, 2003).A PROPKA (Li et al., 2005) analysis of ea
h protomer (ZIM/5/83/2 and ZIM/7/83/2)was also done to assist in identifying major protonation states a�e
ted by a pH of 6.0.Yasara was used to analyze any hydrogen bond networks present.5.2.2. Capsid PentamerA model of a pore (
apsomer, 5-fold symmetry) 
onsisting of �ve protomers was sele
tedfrom the generated 
apsid model by deleting all unne
essary 
hains. This was used as abasis to investigate the e�e
t of the di�erent mutations found in the various strains andthe way in whi
h they in�uen
e 
hain-
hain intera
tions as well as protomer-protomerintera
tions. Pentamer models of ZIM/5/83/2 and ZIM/7/83/2 were also built using the1ZBE-generated 
apsid (strain A1061) as template. Alignments were done with ClustalXusing the default parameters, modelling s
ripts were generated with the Stru
tural moduleof FunGIMS and models with Modeller 9v1. The template la
ked 
ertain residues andfor the modelling pro
ess these residues had to be removed from the targets due to notemplate mat
hing (residues 140-158 from VP1, the �rst 7 residues of VP2, the �rst 14residues from VP4 and residues 40-59).To investigate pH-dependant di�eren
es between ZIM/5/83/2 and ZIM/7/83/2 pen-tamers, a mole
ular dynami
s simulation was done for ∼2.5ns. Yasara was used to do thedynami
s. The simulation was run at a pH of 6.0, water density of 0.997 g/ml, a NaCl
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on
entration of 0.9%, using the Amber99 for
e�eld with periodi
 boundary 
onditions ata temperature of 298K. These simulation 
onditions were applied to both the respe
tiveprotomers as well as the pentamers. A mole
ule 
onsisting of two protomers (hen
eforth
alled the dimer) was also generated to analyze the interfa
e between two pentamers.5.3. Results and Dis
ussion5.3.1. Capsid ModellingThe 
omplete 
apsid was generated with symmetry operations and used as a templatefor the investigation of the various proteins involved in 
apsid assembly (Fig. 5.2). Thepore is lo
ated at the 5-fold axis (Fig. 5.3) and is 
omprised of �ve protomers. OneVP1 
hain from ea
h protomer forms the pore. This was used as a basis for investigatingthe intera
tions between the �ve protomers and the 
hains in the protomers. Figure 5.3shows the intera
tion between the VP2 and VP3 
hain in the �ve protomers.After analysis and stru
tural mapping of the variation it is 
lear that the 
ore of the 
ap-sids is quite 
onserved. The observed variation is probably the result of the quasi-spe
iesnature of the FMDV genome and positive sele
tion pressure exerted on phenotype level.Variation seemed to o

ur mostly on surfa
e areas and areas 
lose to protein-proteininterfa
es. Although most of the variation is neutral, some of the variable residues resultin the addition or loss of intera
tions. These spe
i�
 di�eren
es may 
hange the 
apsidassembly and disassembly dynami
s slightly but none of the 
onserved amino a
ids iden-ti�ed as playing a role in 
apsid stability were a�e
ted. A far more detailed study ofvariation and stru
ture would be required to identify individual intera
tions deemed tobe important in 
apsid stru
ture.5.3.2. Protomer Modelling and Variation MappingRe
ently there has been 
onsiderable interest in the stru
tural basis of the e�e
t of pH onFMDV (Curry et al., 1995). Furthermore, Doel and Ba

arini (1981) reported a dire
t
orrelation between thermal stability of 146S parti
les and the prote
tive ability of a
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Figure 5.2: The 
apsid as generated from 1ZBE using symmetry operations. Green: VP1, Cyan:VP2, Magenta: VP3, VP4 - hidden on the inside of the 
apsid. The pore at the 5-fold axis isthe in the 
entre of the image surrounded by 5 VP1 
hains (green).va

ine. Dr. F.F. Maree and 
olleagues examined the stability of SAT2 viruses fromdi�erent topotypes in southern Afri
a (Haydon et al., 2001; Bastos et al., 2003) as wellas a SAT3 virus to di�erent pH environments to 
ompare the phenotypi
 varian
e withinthese serotypes. The southern Afri
a SAT2 and SAT3 isolates 
an be divided into threelineages based on 1D phylogeneti
s, supporting a southern, western and northern 
lusters(Haydon et al., 2001; Bastos et al., 2003). Two of the viruses, i.e. SAT2/ZIM14/90 andSAT2/ZIM/17/91, belong to the western lineage of SAT2 viruses. A third SAT2 virus,belonging to the northern lineage of southern Afri
a SAT2 isolates, i.e. SAT2/ZAM/7/93was in
luded in this study. Also available was a SAT3 virus from the same geographi
alregion, designated as SAT3/ZAM/4/96. Treatment of the SAT2 and SAT3 viruses witha bu�er of pH 6.0 revealed di�eren
es toward there stability in mild a
idi
 environmenteven within a serotype. Both the SAT2 and SAT3 Zambian isolates lost their infe
tivity
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Figure 5.3: Top: A 
omplete 5-fold pore assembly 
omprised of 5 protomers. Bottom: A 6protomer 
omplex surrounding the 3-fold pore showing the asso
iation between VP2 and VP3.Green: VP1, Cyan: VP2, Magenta: VP3, Yellow: VP4.
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Figure 5.4: The su
rose density gradient puri�ed viruses at an approximate titre of 4-9106 weretreated at pH 6.0 for di�erent lengths of time following a 1:50 dilution in the appropriate NETbu�er (150mM NaCl, 10mM EDTA and 100mM Tris). The per
entage of infe
tious parti
lesremaining after treatment was determined by plaque titrations on BHK-21 
ells and plottedagainst time. The exponential de
lines were used to 
al
ulate the ina
tivation rate 
onstants(des
ribed by Mateo et al., 2003).The a
id ina
tivation kineti
s of the viruses were re�e
tedby the ina
tivation rate 
onstants at pH 6.0, whi
h were 0.025, 0.044, 0.065, 0.090 and 0.085for ZIM/7/83, ZIM/14/90, ZIM/17/91, ZAM/7/96 and SAT3/ZAM/4/96, respe
tively. Red:ZIM/7/83. SAT2: blue - ZIM/17/91, purple - ZIM/14/90, green -ZAM/7/96. SAT3: Yellow -ZAM/4/96. Data 
ourtesy of Dr F.F. Maree.
ompletely at a pH of 6.0 with 30 minutes treatment (Fig. 5.4). In 
ontrast all threethe SAT2 isolates from the western lineage of southern Afri
a isolates revealed signi�
antdrop in titres following 30 minutes at pH6.0 but in one instan
e, i.e. ZIM/7/83, at least40% infe
tivity was still present after 1h in
ubation. Sin
e FMDV relies on a
id indu
eddisassembly of the 
apsid proteins for infe
tion and release of RNA this variation inthe a
id stability of SAT2 virions was further investigated by mapping the amino a
idvariation on the modelled 3D stru
ture of a SAT2 virion.Protomer models for six SAT2 strains, summarised in Table 5.1 - 5.3, were built using thealignments in Figure 5.5. The resulting models were 
ompared to the pore model as well
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es were 
lassed into three 
ategories: no e�e
t (normalvariation or surfa
e exposed without any 
hange in lo
al stru
ture or intera
tions), e�e
ton intra-protomer asso
iation and e�e
t on inter-protomer asso
iation. The results aresummarized in Tables 5.1, 5.2 and 5.3. As 
an be expe
ted, most of the variation wasfound in the VP1 
hain, the most variable of the 
apsid proteins. VP4 did not showany signi�
ant di�eren
es. Most of the di�eren
es seen 
ould have a possible e�e
t onprotomer-protomer intera
tion although in isolation, single di�eren
es might have a verysmall e�e
t. Overall it seems that most of the di�eren
es in the 
hain 
ould have have asmall e�e
t on the inter-protomer intera
tion and to a far lesser degree, intra-protomerintera
tion.The variation in the 
apsid was also mapped to a model of the pentamer (Fig. 5.6). Thevariation only in
luded mutations that would 
hange the type or amount of intera
tion.This showed that su
h variation mostly o

urs on interfa
es and, signi�
antly, around thepore and pore wall at the 5-fold axis. Most of the mutations do not appear to in�uen
ethe stru
ture, but some of the variation around the pore wall 
ould have e�e
ts withregard to other virus fun
tions su
h as adhesion and ion movement.5.3.3. Pentamer Mole
ular Dynami
sSAT2/ZIM/7/83 was 
onsidered an e�
ient va

ine strain for many years in the south-ern Afri
a region in view of the fa
t that it produ
ed high yields of 146S antigen, was
onsidered to be a stable virus in the produ
tion pro
ess and eli
ited a strong immuneresponse (Esterhuysen et al., 1988). The re
ent inability to produ
e su�
ient yieldsof 146S parti
les in 
ell 
ulture monolayers lead us to investigate geneti
 
hanges thatmay a�e
t the stability of the virus. ZIM/5/83/2 and ZIM/7/83/2 showed a di�eren
eof 6 residues (Table 5.4) and this resulted in a di�ering stability at pH 6. The pH50
an be des
ribed as the half-way point in the transition of 146S infe
tious parti
les into12S pentamers and was des
ribed by Curry et al., 1995 as a measure of pH sensitivity.The pH50 for both the SAT2 viruses (Fig. 5.7) were similar at pH 6.6 and 
ompara-ble to serotype A viruses (Curry et al., 1995). Nevertheless, between pH 5.8 and 6.3the infe
tious parti
les deteriorate rapidly, probably as a result of break down into 12S
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Table 5.1: The results from a 
omparison of the VP1 
hain of the 6 SAT2 strains used in thisstudy. Di�eren
es that do not have an in�uen
e on intera
tion were ignored (e.g. Ile -> Val).Strains: 1: ZAM/7/96, 2: ZIM/14/90, 3: ZIM/17/91, 4: ZIM/5/83, 5: ZIM/7/83, 6: SAU/6/00.The ZIM/7/83 proteome sequen
e was used as a referen
e sequen
e.VP1 Strains# 1 2 3 4 5 6 E�e
t6 E E G E E E Possible ioni
 intera
tion with VP2(intra-protomer), Gly would disrupt this intera
tion.21 R S S A A N Intera
tion with VP2 (inter-protomer), Arg, Asnmight show stronger intera
tion with VP2.23 V A M T T Q Intera
tion with VP2 (inter-protomer), di�erentside 
hains might have di�erent intera
tionstrengths, Gln introdu
es a 
harge.28 M M M M V K Intera
tion with VP3 (inter-, intra-protomer), Lysintrodu
es a δ+ 
harge.39 F F F F F S Ser 
ompletely la
ks the hydrophobi
 intera
tionpresent in other strains.43 H H H L L H Exposed to surfa
e. His may gain ioni
 intera
tionwith VP1 (inter-protomer), Leu may disruptintera
tion with VP1 (inter-protomer).57 K N N N N K Ioni
 residue 
an intera
t with VP3(inter-protomer), Lys la
ks a δ− 
harge.83 E D T E E D Situated on the exposed outer edge of the pore.Intera
ts with re
eptors in 
onjun
tion with residue85. Thr la
ks the δ− 
harge.85 A K K E E T Situated in the wall of the pore, exposed to surfa
eand might intera
t with re
eptors. Ala la
ks any
harge, Lys only presents δ+ 
harge while Glupresents δ− 
harge.101 G R R R R G Pore wall, ioni
 intera
tion with VP1, VP3(inter-protomer), Gly la
ks any side 
hain 
harge.111 K S S N N G On the outer edge of the pore, longer side 
hainssu
h as Lys may gain intera
tion with VP1(interprotomer). Gly loses all possible 
hargedintera
tions.129 R R R R R V Val loses the 
harged intera
tion with between VP1and VP2.147 R R W R R R On surfa
e, intera
tions with VP2, VP3(intra-protomer).200 S G G A A T Intera
tion with VP3 (inter-protomer), Ser mighthave one more hydrogen bond.
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1FOD           1 TTSAGESADPVTTTVENYGGETQIQRRQHTDVSFIMDRFVKVTPQNQINILDLMQVPSHTLVGGLLRASTYYFSDLEIAVKHEGDLTWVPNGAPEKALDNTTNPTAYHKAPLTRLALPYT
SAU-6-00-2     1 TTSAGESADVVTTDPSTHGGNVQEGRRKHTEVAFLLDRSTHVHTNKTSFVVDLMDTKEKALVGAILRASTYYFCDLEIACVGDHTRAFWQPNGAPRTTQLGDNPMVFAKGGVTRFAIPFT
ZAM-07-96-2    1 TTSAGEGADVVTTDPSTHGGRVVEKRRMHTDVAFVLDRFTHVHTNKTTFNVDLMDTKEKTLVGALLRASTYYFCDLEIACVGEHARVYWQPNGAPRTTQLGDNPMVFSHNKVTRFAIPYT
ZIM-14-90-2    1 TTSSGEGADVVTTDPSTHGGSVAEKRRMHTDVAFVMDRFTHVHTNKTAFAVDLMDTNEKTLVGALLRASTYYFCDLEIACIGDHKRVWWQPNGAPRTTQLRDNPMVFSHNSVTRFALPYT
ZIM-17-91-2    1 TTSSGGGADVVTTDPSTHGGSVMEKRRMHTDVAFVMDRFTHVHTNKTSFVIDLMDTNEKTLVGALLRASTYYFCDLEVACIGTHKRVWWQPNGAPRTTQLRDNPMVFSHNSVTRFALPYT
ZIM-05-83-2    1 TTSSGEGADVVTTDPSTHGGAVTEKKRMHTDVAFVMDRFTHVLTNRTAFAVDLMDTNEKTLVGALLRAATYYFCDLEIACLGEHERVWWQPNGAPRTTTLRDNPMVFSHNNVTRFAVPYT
ZIM-07-83-2    1 TTSSGEGADVVTTDPSTHGGAVTEKKRVHTDVAFVMDRFTHVLTNRTAFAVDLMDTNEKTLVGGLLRAATYYFCDLEIACLGEHERVWWQPNGAPRTTTLRDNPMVFSHNNVTRFAVPYT

1FOD         121 APHRVLATVYNGECRYSR--NAVPNLRGDLQVLAQKVARTLPTSFNYGAIKATRVTELLYRMKRAETYCPRPLLAIHPTE--ARHKQKIVAPVK/EETTLLEDRILTTRNGHTTSTTQSS
SAU-6-00-2   121 APHRLLSTVYNGECVYKKTPTAIRGDRAALAVKYADSTHTLPSTFNFGFVTVDKPVDVYYRMKRAELYCPRPLLPAYEHTGGDRFDAPIGVERQ/EETTLLEDRILTTRHGTTTSTTQSS
ZAM-07-96-2  121 APHRLLATRYNGECKYTQEARAIRGDRAVLAAKYAGAKHSLPSTFNFGHVTADAAVDVYYRMKRAELYCPRPLLPAYEHSDRDRFDAPIGVEKQ/EETTLLEDRIVTTRHGTTTSTTQSS
ZIM-14-90-2  121 APHRLLSTRYNGECNYTQRSPAIRGDRAVLAAKYANVKHELPSTFNFGFVTADKPVDVYFRMKRTELYCPRPLLPAYDHGDRDRFDAPIGVEKQ/EETTLLEDRIVTTRHGTTTSTTQSS
ZIM-17-91-2  121 APHRLLSTRYNGECKYTERATAIRGDWAVLAAKYANTKHELPSTFNFGFVTADEPVDVYYRMERAELYCPRPLLPVYDHGNRDRFDAPIGVEKQ/EETTLLEDRIVTTRHGTTTSTTQSS
ZIM-05-83-2  121 APHRLLSTRYNGECKYTQQSTAIRGDRAVLAAKYANTKHKLPSTFNFGHVTADKPVDVYYRMKRAELYCPRPLLPGYDHADRDRFDSPIGVEKQ/EETTLLEDRIVTTRHGTTTSTTQSS
ZIM-07-83-2  121 APHRLLSTRYNGECKYTQQSTAIRGDRAVLAAKYANTKHKLPSTFNFGHVTADKPVDVYYRMKRAAVYCPRPLLPGYDHADRDRFDSPIGVEKQ/EETTLLEDRIVTTRHGTTTSTTQSS

1FOD         236 VGVTYGYATAEDFVSGPNTSGLETRVVQAERFFKTHLFDWVTSDSFGRCHLLELPTDHKGVYGSLTDSYAYMRNGWDVEVTAVGNQFNGGCLLVAMVPELCSIQKRELYQLTLFPHQFIN
SAU-6-00-2   240 VGVTLGYADADSFRPGPNTSGLETRVQQAERFFKEKLFDWTSDKPFGTLYVLELPKDHKGIYGKLTDSYTYMRNGWDVQVSATSTQFNGGSLLVAMVPELSSLKSREEFQLTLYPHQFIN
ZAM-07-96-2  240 VGITYGYADADSFRPGPNTSGLETRVEQAERFFKEKLFDWTSDKPFGTLYVLELPKDHKGIYGSLTDAYAYMRNGWDVQVTATSTQFNGGSLLVALVPELCSLREREEFQLTLYPHQFIN
ZIM-14-90-2  240 VGITYGYADSDSFRSGPNTSGLETRVEQAERFFKEKLFDWTSDKPFGTLYILELPKDHKGIYGSLTESYAYMRNGWDVQVSATSTQFNGGSLLVAMVPELCSLRAREEFQLSLYPHQFIN
ZIM-17-91-2  240 VGITYGYADSDSFRPGPNTSGLETRVEQAERFFKEKLFDWTSDKPFGALYVLELPKDHKGIYGSLTESYAYMRNGWDVQVSATSTQFNGGSLLVAMVPELCSLRDREEFQLSLYPHQFIN
ZIM-05-83-2  240 VGITYGYADADSFRPGPNTSGLETRVEQAERFFKEKLFDWTSDKPFGMLYVLELPKDHKGIYGSLTDAYTYMRNGWDVQVSATSTQFNGGSLLVAMVPELCSLKDREEFQLSLYPHQFIN
ZIM-07-83-2  240 VGITYGYADADSFRPGPNTSGLETRVEQAERFFKEKLFDWTSDKPFGTLYVLELPKDHKGIYGSLTDAYTYMRNGWDVQVSATSTQFNGGSLLVAMVPELCSLKDREEFQLSLYPHQFIN

1FOD         356 PRTNMTAHITVPFVGVNRYDQYKVHKPWTLVVMVVAPLTVNT-EGAPQIKVYANIAPTNVHVAGEFPSKE/GIFPVACSDGYGGLVTTDPKTADPVYGKVFNPPRNQLPGRFTNLLDVAE
SAU-6-00-2   360 PRTNTTAHIQVPYLGVNRHDQGKRHHAWSLVVMVLTPLTTEAQMNSGTVEVYANIAPTNVVVAGELPGKQ/GIVPVAAADGYGGFQNTDPKTADPIYGYVYNPSRNDCHGRFSNLLDVAE
ZAM-07-96-2  360 PRTNTTAHIQVPYLGVNRHDQGKRHQAWSLVVMVLTPLTTETQMTSGTVEVYANIAPTNVFVAGEMPAKQ/GIVPVACADGYGGFQNTDPKTADPIYGYVYNPSRNDCHGRYSNLLDVAE
ZIM-14-90-2  360 PRTNTTAHIQVPYLGVNRHDQGKRHQAWSLVVMVLTPLTTEAQMNSGTVEVYANIAPTNVFVAGEMPAKQ/GIIPVACSDGYGGFQNTDPKTADPIYGYVYNPSRNDCHGRYSNLLDVAE
ZIM-17-91-2  360 PRTNTTAHIQVPYLCVNRHDQGKRHQTWSLVVMVLTPLTTEAQMNSGTVEVYANIAPTNVFVAGEKPAKQ/GIVPVACSDGYGGFQNTDPKTADPIYGYVYNPSRNDCHGRYSNLLDVAE
ZIM-05-83-2  360 PRTNTTAHIQVPYLGVNRHDQGKRHQAWSLVVMVLTPLTTEAQMQSGTVEVYANIAPTNVFVAGEKPAKQ/GIIPVACFDGYGGFQNTDPKTADPIYGYVYNPSRNDCHGRYSNLLDVAE
ZIM-07-83-2  360 PRTNTTAHIQVPYLGVNRHDQGKRHQAWSLVVMVLTPLTTEAQMQSGTVEVYANIAPTNVFVAGEKPAKQ/GIIPVACFDGYGGFQNTDPKTADPIYGYVYNPSRNDCHGRYSNLLDVAE

1FOD         474 ACPTFLRFEGGVPYVTTKTDSDRVLAQFDMSLAAKHMSNTFLAGLAQYYTQYSGTINLHFMFTGPTDAKARYMVAYAPPGME---PPKTPEAAAHCIHAEWDTGLNSKFTFSIPYLSAAD
SAU-6-00-2   479 ACPTLLDFD-GKPYIVTKNNGDKVMTSFDVAFTHKVHRNTFLAGLADYYTQYSGSLNYHFMYTGPTHHKAKFMVAYVPPGVETAQLPTTPEDAAHCYHAEWDTGLNSSFSFAVPYISAAD
ZAM-07-96-2  479 ACPTLLNFD-GKPYVVTKNNGDKVMTCFDVAFTHKVHKNTFLAGLADYYTQYQGSLNYHFMYTGPTHHKAKFMVAYIPPGVETDKLPKTPEDAAHCYHSEWDTGLNSQFTFAVPYVSASD
ZIM-14-90-2  479 ACPTFLDFD-GKPYVVTKNNGDKVMTCFDVAFTHKVHKSTFLAGLADYYTQYQGSLNYHFMYTGPTHHKAKFMVAYIPPGTATDKLPKTPEDAAHCYHSEWDTGLNSQFTFAVPYVSASD
ZIM-17-91-2  479 ACPTFLNFD-GKPYVVTKNNGDKVMTCFDVAFTHKVHKNTFLAGLADYYTQYQGSLNYHFMYTGPTHHKAKFMVAYIPPGVETDKLPKTPEDAAHCYHSEWDTGLNSQFTFAVPYVSASD
ZIM-05-83-2  479 ACPTFLNFD-GKPYVFTKNNGDKVMTCFDVAFTHKVHKNTFLAGLADYYAQYQGSLNYHFMYTGPTHHKAKFMVAYIPPGIETDRLPKTPEDAAHCYHSEWDTGLNSQFTFAVPYVSASD
ZIM-07-83-2  479 ACPTFLNFD-GKPYVVTKNNGDKVMTCFDVAFTHKVHKNTFLAGLADYYAQYQGSLNYHFMYTGPTHHKAKFMVAYIPPGIETDRLPKTPEDAAHCYHSEWDTGLNSQFTFAVPYVSASD

1FOD         591 YTYTASDVAETTNVQGWVCLFQITHGKADGDALVVLASAGKDFELRLPVDARA---------------E/SGNTGSIINNYYMQQYQNSMDTQLGDN-----------------------
SAU-6-00-2   598 FSYTHTDTPAMATTNGWVIVLQVTDTHSAEAAVVVSVSAGPDLEFRFPIDPVRQ/GAGQSSPATGSQDQ-SGNTGSIINNYYMQQYQNSMDTQLGDNAISGGSNEGSTDTTSTHTNNTQN
ZAM-07-96-2  598 FSYTHTDTPAMATTNGWVAVYQVTDTHSAEAAVVVSVSAGPDLEFRFPIDPVRQ/GAGQSSPATGSQNQ-SGNTGSIINNYYMQQYQNSMDTQLGDNAISGGSNEGSTDTTSTHTNNTQN
ZIM-14-90-2  598 FSYTHTDTPAMATTNGWVAVYQVTDTHSAEAAVVVSVSAGPDLEFRFPIDPIRQ/GAGQSSPATGSQNQ-SGNTGSIINNYYMQQYQNSMDTQLGDNAISGGSNEGSTDTTSTHTNNTQN
ZIM-17-91-2  598 FSYTHTDTPAMATTNGWVAVYQVTDTHSAEAAVVVSVSAGPDLEFRFPIDPVRQ/GAGQSSPATGSQNQ-SGNTGSIINNYYMQQYQNSMDTQLGDNAISGGSNEGSTDTTSTHTNNTQN
ZIM-05-83-2  598 FSYTHTDTPAMATTNGWVAVFQVTDTHSAEAAVVVSVSAGPDLEFRFPVDPVRQ/GAGHSSPATGSQNQ-SGNTGSIINNYYMQQYQNSMDTQLGDNAISGGSNEGSTDTTSTHTNNTQN
ZIM-07-83-2  598 FSYTHTDTPAMATTNGWVAVFQVTDTHSAEAAVVVSVSAGPDLEFRFPVDPVRQ/GAGHSSPVTGSQNQ-SGNTGSIINNYYMQQYQNSMDTQLGDNAISGGSNEGSTDTTSTHTNNTQN

1FOD         672 -DWFSKLASSAFSGLFGALLA----
SAU-6-00-2   716 NDWFSKLAQSAISGLFGALLADKKT
ZAM-07-96-2  716 NDWFSKLAQSAISGLFGALLADKKT
ZIM-14-90-2  716 NDWFSKLAQSAISGLFGALLADKKT
ZIM-17-91-2  716 NDWFSKLAQSAISGLFGALLADKKT
ZIM-05-83-2  716 NDWFSKLAQSAISGLFGALLADKKT
ZIM-07-83-2  716 NDWFSKLAQSAISGLFGALLADKKTFigure 5.5: The alignments used to model the six SAT2 
apsid protomers. The identity between the targets and template are all around60% with a variation of 1%.

 
 
 



Chapter 5. FMDV Capsid Stability and Variation Analysis 123Table 5.2: The results of a 
omparison of the VP2 
hain of the 6 strains used in this study.Di�eren
es that do not have an in�uen
e on intera
tion were ignored (e.g. Ile -> Val). Strains:1: ZAM/7/96, 2: ZIM/14/90, 3: ZIM/17/91, 4: ZIM/5/83, 5: ZIM/7/83, 6:SAU/6/00. TheZIM/7/83 proteome sequen
e was used as a referen
e sequen
e.VP2 Strains# 1 2 3 4 5 6 E�e
t51 E E E E E Q Charged Gln 
an a�e
t protomer intera
tion.88 S S S S S K Charged Lys 
an intera
t more strongly with otherprotomers.91 A S S A A S Intera
tion with VP2 (inter-protomer), Ser mightindu
e an extra hydrogen bond.93 A A A T T T Intera
tion with VP3 (intra-protomer), Thr mightindu
e an extra hydrogen bond.188 T N N Q Q N Intera
tion with VP3 (inter-protomer), Thr mightdisrupt the ioni
 intera
tions seen in Gln and Glu.209 M M K K K L Intera
tion with VP2 (inter-protomer), Met, Leumight disrupt the ioni
 intera
tions seen in Lys.pentameri
 units (Curry et al., 1995; Knipe et al., 1997; Mateo et al., 2003). The rateof loss of infe
tious parti
les was not equal for ZIM/7/83 and ZIM/5/83 at the lowpH range (Fig. 5.7), with the infe
tivity of ZIM/7/83 deteriorating more rapidly thanZIM/5/83 below pH 6.2. Although the starting titer of the two viruses was normalized,the ZIM/5/83 repeatedly end up with approximately 10-80 infe
tious parti
les at pH5.8 and 5.6 respe
tively, while no ZIM/7/83 infe
tious parti
les were present below pH6.0. However, no infe
tious parti
les was repeatedly observed for ZIM/7/83 at these pH
onditions. The biologi
al signi�
an
e of these di�eren
e were investigated using modelsof the 12S pentamers.Mole
ular dynami
s simulations of the ZIM/5/83/2 and ZIM/7/83/2 pentamers were runfor ∼2.5ns. Figure 5.8 shows the RMSD variation over time for ea
h of the two di�erentpentamers over the simulation time at pH 6.0. The protomer simulations of ZIM/5/83/2and ZIM/7/83/2 were run for ∼2.2ns. The RMSD variation over time are shown inFigure 5.8. There was no signi�
ant di�eren
e in the RMSD of either the pentamersor the protomers of ZIM/5/83/2 and ZIM/7/83/2. Any signi�
ant di�eren
e su
h as apentamer disso
iation would have shown highly divergent RMSD values.The PROPKA results showed that there were four interesting His residues to investigate.
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Table 5.3: The results from a 
omparison of the VP3 
hain of the 6 strains used in this study.Di�eren
es that do not have an in�uen
e on intera
tion were ignored (e.g. Ile -> Val). Strains:1: ZAM/7/96, 2: ZIM/14/90, 3: ZIM/17/91, 4: ZIM/5/83, 5: ZIM/7/83, 6:SAU/6/00. TheZIM/7/83 proteome sequen
e was used as a referen
e sequen
e.VP3 Strains# 1 2 3 4 5 6 E�e
t3 V I V I I V Forms part of the 
entral pore, has an e�e
t on thesize of the pore. Other serotypes have a Phe in thisposition.8 A S S F F A Situated in the pore opening. The Phe will 
lose upthe pore and might be a 
ompensatory mutation forposition 3. Other serotypes have an Ala in thisposition. The Ala and Ser is smaller in size andthus allows for a slightly bigger pore.54 L F F F F L Hydrophobi
 intera
tions with VP2(intra-protomer), Leu la
ks ring whi
h redu
eshydrophobi
ity.64 V V V F V V Surfa
e exposed but possible intera
tion with VP2(inter-protomer). Phe might disrupt sheetformation slightly.87 N S N N N N Surfa
e exposed, intera
tion with VP1(inter-protomer). The Ser intera
tion might beslightly less due to the OH group.98 T T T A A T Ioni
 intera
tion with VP1 (intra-protomer). TheAla la
ks an OH group to form hydrogen bonds.129 V T V I I V In 
ombination with site 130, this forms the bindingarea for Heparan sulfate, intera
tion with VP2(inter-protomer). The Thr OH group might formextra intera
tions thus 
ompensation for the Ala inposition 130.130 E A E E E E In 
ombination with site 129, this forms the bindingarea for Heparan sulfate, intera
tion with VP2(inter-protomer). The Ala will result in a loss ofhydrogen bonds when 
ompared to Glu.137 K K K K K T Thr disrupts 
harged inter-protomer intera
tion.
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Figure 5.6: The variation seen in VP1-3 mapped to a 5-fold axis model of the protomers. Variablepositions are 
oloured red. Green: VP1, Cyan: VP2, Magenta: VP3.These had a shift from below a pKa of 6.0 to above a pKa of 6.0 between ZIM/5/83/2and ZIM/7/83/2. The four His residues were: His 511 (81), His 545 (115), His 575 (145)and His 602 (172). The numbers in bra
kets are the residue numbers as referred to inEllard et al., 1999 (Table 5.5). The PROPKA results for the generated dimer showeddi�erent results as most of the His residues identi�ed in the protomers were buried in thedimer interfa
e. This di�eren
e in result was due to the fa
t that when the pentamersasso
iate to form the dimer, the His residues identi�ed are buried in the interfa
e andthus ex
luded from any water 
onta
t. This 
hanged the solvent environment around theHis residues.Mole
ular dynami
s simulation was done for ea
h for ea
h of the pentamers of ZIM/5/83/2and ZIM/7/83/2. The pentamer models were both built on the same template and thus

 
 
 



Chapter 5. FMDV Capsid Stability and Variation Analysis 126Table 5.4: The di�eren
es between the P1 peptide of ZIM/5/83/2 and ZIM/7/83/2.Res # ZIM/5/83/2 ZIM/7/83/228 Met Val64 Ala Gly186 Glu Ala187 Leu Val287 Thr Met493 Phe ValTable 5.5: The pKa values for the four His residues identi�ed by PROPKA as undergoingprotonation 
hanges at pH 6.0. The protomer of both ZIM strains were used for the respe
tivepKa predi
tions and a diner generated from the ZIM/5/82/2 protomer.pKaHis # ZIM/5/83/2 ZIM/7/83/2 Dimer511 3.21 7.07 3.21545 6.15 5.94 6.15575 5.92 7.62 -1.12602 6.51 5.27 6.51

Figure 5.7: The su
rose density gradient puri�ed ZIM/7/83 and ZIM/5/83 infe
tious 146Sparti
les were in
ubated in bu�ered solutions spanning a pH range of 5.6 to 9.0. Following30 min in
ubation the pH of the solution was restored and the amount of infe
tious parti
lesremaining determined by titration on BHK-21 
ells. Both SAT2 infe
tious parti
les were stableat a wide range of pH 
onditions from 6.5 to 9.0 for a period of 30 min and up to 2 hours (datanot shown). At pH 6.5 at least 35% and 38% of infe
tious parti
les for ZIM/7/83 and ZIM/5/83respe
tively, were still present after 30 minutes. Data 
ourtesy of Dr F.F. Maree.
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Figure 5.8: The Cα RMSD variation of ZIM/5/83/2(bla
k) and ZIM/7/83/2 (red) over the
∼2.5ns simulation time at pH 6.0. Top: Pentamer stability. Bottom: Protomer stability.

 
 
 



Chapter 5. FMDV Capsid Stability and Variation Analysis 128after a dynami
s simulation, the results in terms of RMSD deviation from the model 
ouldbe 
ompared. After the 2.5ns simulation run, it was seen that there was no signi�
antdi�eren
e in RMSD between the pentamers. The graphs showed that the RMSD deviationstarted to �atten out and thus is was 
on
luded that the pentamers were stable. In vitroeviden
e showed at pH 6.0 ZIM/7/83/2 was less stable than ZIM/5/83/2. There wasonly a 6 residue di�eren
e between the two pentamers and none of these residues werepredi
ted to show any 
hange in protonation state from pH 7.0 to pH 6.0. Thus it wasspe
ulated that the lower pH may disrupt general asso
iation between the protomers inthe pentamers. The simulation showed that no major 
hanges o

urred as 
an be seenin Figure 5.8. A major 
hange, su
h as the pentamer disso
iating, would have showedprominently on a graph plotting RMSD. In order to investigate whether the disruptiono

urs at protomer level, mole
ular dynami
s simulations were run on the respe
tive pro-tomers as well. The results showed that the protomers were stable and thus the residueshad no e�e
t on protomer stability (Fig. 5.8). The di�eren
e between the RMSD levelsof the two plots are as a result of the presen
e of loops in the protomer. The movementof these loops will a�e
t the RMSD 
al
ulations but not to su
h an extent as to mask anunstable protomer. A fa
tor to 
onsider is that some residues, mainly in VP4, 
ould notbe resolved from the ele
tron density maps during stru
ture determination and 
ould thusnot be modelled. This simulation showed that when 
onsidering RMSD, the protomersstayed relatively stable with no major in
rease in RMSD as would have been expe
tedfor a protomer disso
iating. This implies that the pH disruption o

urs at another level.This disso
iation may be investigated in the future by using binding intera
tion studieson the individual 
omponents using equipment su
h as a biosensor.It was de
ided to perform a pKa predi
tion on both protomers as well as the dimer tosee whether there is any 
hange in pKa. The PROPKA pKa predi
tion results for theprotomers indi
ated four interesting His residues whi
h 
hange protonation states aroundpH 6.0. These residues were inspe
ted manually. When 
onsidering the pattern of bindingby these His residues, it would appear that ZIM/5/83/2 and ZIM/7/83/2 do not gain orlose a nett amount of bonds (Table 5.6). However when the residues are mapped to the

 
 
 



Chapter 5. FMDV Capsid Stability and Variation Analysis 129Table 5.6: The 
hanges in pKa for the four His residues in the protomer identi�ed by PROPKAas undergoing protonation 
hanges at pH 6.0. All residue numbers refer to the residues in thefull model.His # ZIM/5/83/2 ZIM/7/83/2511 3.21 7.07 This His is exposed to the surfa
e andthus the solvent environment would a�e
tthis pKa massively. No 
on
lusions 
an bedrawn about this residue.545 6.15 5.94 In ZIM/5/83/2 the His is pointing towardssolvent, whereas in ZIM/7/83/2 it is point-ing inwards towards the protein. It also in-tera
ts with the adja
ent pentamer.575 5.92 7.62 This His is pointing towards the interfa
ewith another protomer. It is impli
ated ininterprotomer asso
iation.602 6.51 5.27 Exposed to the surfa
e.stru
ture a di�erent pi
ture emerges. From the stru
ture it 
an be seen that all these
hanges o

ur on the VP3 
hain (Fig. 5.9).His 575 (145 in 
hain C) in VP3 is asso
iated in interprotomer intera
tion (Curry et al.,1995; Ellard et al., 1999). Hydrogen bond analysis of the dimer mole
ule indi
ated thatHis 575 (145) intera
ts with Ala 571 (141 on 
hain C of protomer 1) and with Lys 273(63 on 
hain B of protomer 2). The PROPKA results for the dimer mole
ule show thepKa for His 575 to be -1.12. It must be kept in mind that this is a statisti
al 
al
ulation(in a non-water environment) and implies that the residue is deprotonated most of thetime. The fa
t that it is not exposed to solvent in�uen
es the pKa predi
tions as well.Thus, from these results it appears that a pH below 6.0 would prevent the formation ofthe 
apsid, as pentamers 
annot assemble. It appears that a signi�
ant proportion of His575 (145) needs to be neutral for pentamers to assemble into a 
apsid. This 
on�rmsthe work done by van Vlijmen and 
o-workers (1998) in whi
h they 
al
ulated that His575 (145) may play a role in 
apsid disassembly (van Vlijmen et al., 1998) and the workof Twomey and 
o-workers (Twomey et al., 1995) on FMDV va

ine stability. Variousauthors (Curry et al., 1995; Ellard et al., 1999) also showed that His 572 (142) wasimportant in asso
iation between the pentamers. The hydrogen bond analysis showedthat His 575 (145) made a hydrogen bond with the ba
kbone of Ala 571 (141), whi
h is
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Figure 5.9: The intera
tion interfa
e between two pentamer se
tions. One protomer of ea
hpentamer is shown. The dashed line indi
ates the intera
tion surfa
e. His 575 (145), His 572(142) and Lys 273 (63) are 
oloured red using Van der Waals surfa
es.lo
ated right next to His 572 (142) (Fig. 5.10). This ba
kbone hydrogen bond seems to beimportant is helping to orientate the His 572 (142) 
ontaining loop 
orre
tly to form theasso
iation with the 
harged dipole of the α-helix. His 575 (145) also makes a hydrogenbond with Lys 273 (63) in the adja
ent pentamer, thus providing extra intera
tion andstabilization between the pentamers. The loss of the hydrogen bonds with either Lys 273(63) or Ala 571 (141) would have a signi�
ant e�e
t on the intera
tion interfa
e.The PROPKA pKa analysis predi
ts that the V493F mutation a�e
ts the pKa values ofthe ZIM/5/83/2 and His 575 and thus makes it neutral above pH 5.92, while ZIM/7/83/2is neutralized at a higher pH. Although the distan
e between Phe 493 (63 on 
hain C) andHis 575 (145) is ∼17.5 Å, long distan
e e�e
ts transmitted through the β-sheet 
annot
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Figure 5.10: The hydrogen bond network found in the pentamer interfa
e. When His 575 (145) isneutral, it makes a hydrogen bond with Lys 273 (63) and Ala 571 (141). The neutral state seemto prevent pentamer asso
iation through His 572 (142) and His 575 (145). Yellow dashed linesindi
ate hydrogen bonds and white dashed line indi
ates pentamer interfa
e. The �+� indi
atesthe 
harged dipole of the α-helix.be ruled out (Fig. 5.11). Thus the neutral His 575 (145) seems to be vital for pentamerassembly. This result is similar to the one noted by Curry and 
o-workers (Curry et al.,1995) in whi
h it was found that subtype A10 was more stable than A22 by 0.5 pH unitsand shows that there is variation . It must be kept in mind that these results are basedon mostly statisti
al predi
tions and that experimental work is required to 
on�rm theresults.5.4. Con
lusionProtein-protein re
ognition mediates many fundamental biologi
al pro
esses. A detailedknowledge of these pro
esses requires the determination of the stru
tural, energeti
, andfun
tional roles of individual amino a
id residues and intera
tions in protein-protein in-
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Figure 5.11: A side-on view of VP3 with the lo
ation of Phe 493 (63) in relation to His 575(145). The distan
e between the residues are ∼17.5 Å. VP1: green, VP2: 
yan, VP3: magenta,Phe 493: red and His 575: orange.terfa
es. These studies have been generally undertaken by using small protein-ligand
omplexes or oligomeri
 proteins of moderate size (Reguera et al., 2004). In 
ontrast, formultimeri
 protein 
omplexes, su
h as viral 
apsids (Liljas, 1986; Had�eld et al., 1997)or large 
ellular assemblies, little is known about the spe
i�
 mole
ular determinants ofprotein asso
iation and stability. Mutational studies of virus 
apsids, generally fo
usedon a few spe
i�
 amino a
id residues, have provided important insights (Ellard et al.,1999; Mateo et al., 2003). However, exhaustive experimental studies on the relativeimportan
e of residues and mole
ular intera
tions in viral 
apsid assembly, disassembly,and or stability are still limited. These studies 
ontribute also to the understanding ofprotein stru
ture-fun
tion relationships and they 
ould be exploited possibly in the designof thermostable va

ines and antiviral agents promoting 
apsid disassembly or interferingwith assembly (Wien et al., 1996; Had�eld et al., 1997; Diana et al., 1997; Belnap et al.,2000).Many viruses, in
luding viruses of medi
al or veterinary signi�
an
e, have 
apsids of
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osahedral symmetry (Reguera et al., 2004). FMDV is a small non-enveloped virus witha pseudo T=3 i
osahedral 
apsid formed by 60 
opies ea
h of four nonidenti
al polypep-tide 
hains, i.e. VP1, VP2, VP3 and VP4. There has been 
onsiderable interest in thestru
tural basis of the e�e
t of pH on FMDV (Curry et al., 1995). Multiple eviden
e onthe stru
tural data of FMDV had been gathered by high resolution X-ray 
rystallographyin re
ent years that allow the identi�
ation of residues involved in stabilising the virionstru
ture. Assembly of the pi
ornaviral 
apsid pro
eeds in several steps (Rue
kert, 1996).The 
apsid proteins VP0 (1AB), VP3 (1C), and VP1 (1D) are translated as a polyproteinpre
ursor (P1), may fold 
o-translationally (Rossmann and Johnson, 1989), and are pro-teolyti
ally pro
essed by 3Cpro (Birtley et al., 2005) to yield the mature protomer. Fiveprotomers are assembled to form a pentameri
 intermediate, and �nally, 12 pentamersare assembled to form the i
osahedral 
apsid (Fig. 5.1). After en
apsidation of the RNAgenome most VP0 mole
ules are pro
essed to give VP4 (1A, the N terminus of VP0)and VP2 (1B). Disassembly of the FMDV virion in vivo begins with its disso
iationinto pentamers (Vasquez et al., 1979) by a
idi�
ation in the endosomes (Carrillo et al.,1984). Furthermore, Doel and Ba

arini (1981) reported on a dire
t 
orrelation betweenthermal stability of 146S parti
les and the prote
tive ability of an antigen/va

ine. Itwas found that mild heating of FMDV virions leads to irreversible disso
iation into stablepentamers (Rue
kert, 1996), an event that appears as the main 
ause for the need of a
old 
hain to preserve FMD va

ines. Analysis of the 
rystal stru
ture of the FMDV
apsid (A
harya et al., 1989; Lea et al., 1994; Lea et al., 1995; Curry et al., 1996; Fryet al., 1999) indi
ates that the pentameri
 intermediate subunits intera
t mainly througha relatively limited number of ele
trostati
 intera
tions; a role of His-142 of VP3 in thea
id-indu
ed disassembly of FMDV has already been demonstrated (Ellard et al., 1999).A variety of approa
hes have been used to study the e�e
ts of a
id. X-ray 
rystallographi
te
hniques have been used to determine a
id-indu
ed stru
tural 
hanges in mengo virus(Kim et al., 1990) and HRV (Giranda et al., 1992). Amino a
id 
hanges whi
h a�e
t a
idlability, have been identi�ed by the generation and sequen
ing of a
id stable mutants ofHRV (Giranda et al., 1992; Skern et al., 1991). Another approa
h involved 
omputermodelling of the e�e
ts of pH on ele
trostati
 intera
tions within poliovirus and HRV
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ker, 1992). In the present study, we did a side-by-side 
omparison of the pHstability of SAT2 and SAT3 viruses. The results revealed that SAT2 infe
tious parti
lesshowed similar or even more stability in mild a
idi
 
onditions than was previously de-s
ribed for viruses belonging to the A, O and C serotypes, stable in solutions with highioni
 strength, but was sensitive to heat (Maree et al., unpublished). Even though theSAT2 viruses used in this study di�ered by less than 11% in there amino a
id sequen
eof the 
apsid proteins, the SAT2 virions had a diverse range of sensitivities toward milda
idi
 
onditions. A SAT3 isolate from the same geographi
 distribution were mu
h moresensitive to a
idi
 environment (Maree et al., unpublished).Using the tools provided by the Stru
tural module, it was possible to 
onstru
t modelsas well as run mole
ular dynami
s simulations. The variation mapping showed thatmost of the variation in the protomers o

urs in areas on the surfa
e as well as 
loseto interfa
e areas. Despite the di�eren
es, ea
h individual di�eren
e plays only a smallpart in the overall intera
tion. The mole
ular dynami
s results showed no real di�eren
ein the stability of the pentamers or the protomers at pH 6.0. However a pKa analysisshowed that the di�eren
e in pH stability of ZIM/5/83/2 and ZIM/7/83/2 was due to the
hange in pKa of His 575 (145) in VP3. These results indi
ated that although pentamerasso
iation is mediated by many di�erent intera
tions, there are usually one or two veryimportant residues in the intera
tion interfa
e. In the 
ase of FMDV the role of His142 has been proven (van Vlijmen et al., 1998; Ellard et al., 1999). This work predi
tsthat His 145 is important in the initial asso
iation of the pentamers and also shows thee�e
t of pH on pentamer asso
iation. The simulations 
ondu
ted also support the 
urrenttheories that the protonation states of His 142 and His 145 are the determining fa
torsin pentamer assembly.The work done here provides the lo
al va

ine resear
hers with data about the predi
tedbehavior of the 
apsid proteins under 
ertain pH 
onditions. It provided possible ex-planations for their results as well as opened up new avenues of resear
h into designingstable va

ines by exploiting the knowledge gained in analysing 
apsid intera
tions.

 
 
 



135
Chapter 6Con
luding Dis
ussionStru
tural biology forms the basis of our understanding of the relationship between thestru
ture and fun
tion of a protein. The one 
annot be studied without the other. Tradi-tional stru
tural biology involved time-
onsuming experiments to 
hara
terize a proteinand its stru
ture. In the modern age of stru
tural biology this task has been made easierby the presen
e of databases that 
ontain a vast amount of data related to the stru
tureand fun
tion of a protein. These databases are usually spe
ialized for a spe
i�
 fun
tionsu
h as the PDB, whi
h a

epts only three dimensional 
oordinates of protein stru
tures.Although most of these databases are available on the Internet, they are underutilizedby biologists. The opposite is also true in that 
omputational biologists does not alwaysutilize all the data and expertise of experimental biologists.Stru
tural biology 
onsists of two parts: the experimental part in whi
h stru
tures aredetermined and proteins are 
hara
terized and the 
omputational part in whi
h 
omputersare used to analyze and interpret stru
tures. Experimental biologists tend to shy awayfrom the 
omputational side, 
iting reasons su
h as the 
omplexity of the programs andthe vast amount of data that is available. In an e�ort to alleviate these problems, aweb-based system known as FunGIMS was designed.FunGIMS is a Fun
tional Genomi
s Information Management System that 
onsists ofvarious modules, ea
h spe
ialized for a spe
i�
 type of data, yet integrating the di�erentdata types in a transparent manner. FunGIMS 
urrently 
onsists of modules for Stru
-ture, Sequen
e, Genomi
s and Small mole
ules. This study fo
used on the Stru
turalmodule, its design and the way in whi
h it 
an help experimental biologists enri
h and

 
 
 



Chapter 6. Con
luding Dis
ussion 136guide their experiments to a
hieve more su

essful results. In the future the system mayin
lude more aspe
t to edu
ate the users about the limitations inherent in the spe
i�
tools that they use.FunGIMS was designed for ease of use by both programmers and biologists. During thedesign phase, it was de
ided to use the MVC ar
hite
ture for FunGIMS, whi
h allowsfor easy expansion of the program as well as addition of new programs and analysismethods. This type of ar
hite
ture separates the display of data, 
ontrol fun
tions anddata management into three separate se
tions, allowing for easy maintenan
e or upgradingof a se
tion of FunGIMS. The design ar
hite
ture was applied not only to the overallFunGIMS se
tion but also to the more spe
i�
 Stru
tural module.The main fo
us during the design of FunGIMS was not the programmers but the endusers of the program. To alleviate the problems en
ountered by biologists when usingstru
tural biology programs, the interfa
es were designed to be intuitive and easy to use.All the syntax and spe
i�
 subtleties of running a program have been hidden from theuser and only the basi
 information is required. A user 
an a

ess this information bysimply uploading �les or using data from the databases already present in FunGIMS.The program is then run and the results presented to the user in a 
lean interfa
e withthe option to download or save the results. Se
urity was also of 
on
ern as some userspreferred to keep data private or share it with only a 
ertain subset of users. To over
omethis issue a system was 
reated whereby users belong either to a single or multiple groupsand every data entry belongs to a 
ertain group. Publi
 data are visible to all users andbelong to a World group. Whenever a user saves data, he/she 
an de
ide to whi
h groupthe data belongs and thus share it with the members of that group while preventing anyother user from a

essing it.Easy a

ess to data is important and this was well 
atered for in FunGIMS. It providesa sear
h fun
tion that allows the user to sear
h a
ross all data or a sele
ted subset witheither keywords or a spe
i�
 entry identi�er. When sear
hing, a

ess rights to data entriesare taken into 
onsideration and a user will only be able to view results whi
h he hasa

ess to.The data are stored in a relational database that allows for the 
reation of 
omplex

 
 
 



Chapter 6. Con
luding Dis
ussion 137queries to return spe
i�
 results. The database is populated by parsing publi
 data fromthe PDB, MSD and GenBank as well as storing user-generated data. Links between thedata are also generated to allow for better integration between the data types.The Stru
tural module 
aters ex
lusively for stru
tural and protein data as well as theanalysis of proteins. It provides a

ess to all the known protein stru
ture �les in thePDB as well as the enhan
ed data from the MSD. This allows a user to explore theprotein stru
ture in detail while also presenting an intera
tive display of the protein inthe browser. Jmol is used in this regard and allows the user to intera
t with the proteinin a three dimensional environment inside his web-browser. Data su
h as the se
ondarystru
ture 
omposition, SCOP, Pfam and other relevant information are presented to theuser in a 
lear and 
onsistent format.The Stru
tural module also provides protein stru
ture and sequen
e analysis tools. Thereare tools for predi
ting transmembrane heli
es (TMHMM), for predi
ting protein familieson the basis of sequen
e (Hmmer sear
h against Pfam) as well as sear
hing for 
onservedmotifs in a sequen
e (Prosite). In addition to the analysis tools there are also tools thatallow the user to build homology models and generate s
ripts for mole
ular dynami
ssimulations. In the homology modelling se
tion a user simply enters the basi
 requiredinformation and thereafter generate s
ripts for homology modelling using Modeller orWHAT IF. Homology models 
an also be built online using Modeller, with the userproviding a protein sequen
e and a template PDB stru
ture id as well as re�nementlevels. The Stru
tural module then pro
eeds to do an automated alignment and modelbuilding using Modeller. The resulting model, alignment �le and s
ript �le used are thensupplied to the user to download or save in the system.Due to the 
omputationally intensive nature of mole
ular dynami
s simulations, theStru
tural module only provides a s
ript generation 
apability. S
ripts 
an then be runon a lo
al ma
hine. The user simply enters the required information and 
an then sele
tto generate a s
ript for either CHARMM, NAMD or Yasara. Thereafter the s
ript isprepared and the user 
an download it or save it in the system.The fun
tionality of the Stru
tural module was used in three investigations on FMDV.The �rst obje
tive was related to proteome di�eren
es between di�erent serotypes of

 
 
 



Chapter 6. Con
luding Dis
ussion 138FMDV. Using the tools in the Stru
tural module, ea
h proteome was analyzed for variousfeatures su
h as se
ondary stru
ture, 
onserved motifs and hydrophobi
ity. The resultswere then 
ompared on an individual protein level between the di�erent serotypes. Var-ious di�eren
es were found su
h as 
hanges in the hydrophobi
ity patterns on proteins2A and 3A. These 
hanges may a�e
t the way in whi
h 
ertain proteins asso
iate withea
h other as well as with membranes su
h as the ER and hen
e may have an in�uen
eon repli
ation rates.The se
ond hurdle en
ountered by the lo
al resear
hers was related to di�eren
es in therepli
ation rate and plaque morphology between the di�erent serotypes. Experimentaleviden
e pointed to variation in the 3C protease and 3D RNA polymerase proteins ofFMDV. Using the Stru
tural module, models of the 3C and 3D proteins were built anddi�eren
es between various SAT serotypes were mapped to the stru
ture. For 3C 51SAT serotype sequen
es were used and for 3D 16 SAT serotype sequen
es were used.After the di�eren
es were mapped to the protein models, it was found that a regionin 3C, previously believed to be invariant, 
ontained 9 di�eren
es. When lo
ating thedi�eren
es on the protein model, it was found that although these di�eren
es did o

ur,the hydrogen bond network in the lo
al area was preserved. This preservation allows 3Cto a

ept these di�eren
es without a major 
hange in the a
tivity of the protein.Previous studies showed that 3D 
ontained four invariant regions. After mapping thedi�eren
es to the stru
ture it was found that three of the four invariant regions werealso 
onserved in the SAT serotypes. However, one region showed some variation. Whenmapping these di�eren
es to the protein model, it was found that these di�eren
es didnot a�e
t the stru
ture sin
e the di�erent amino a
ids involved all have the same phys-io
hemi
al 
hara
teristi
s and size. These 
hanges will also not have a major e�e
t onthe a
tivity of the protein, but subtle di�eren
es may explain the di�eren
es seen inrepli
ation rate and plaque morphology.A third problem fa
ed by the resear
hers during FMDV va

ine design, was the stabilityof two FMDV SAT2 subtype 
apsids. There were �ve di�eren
es between the proteinsmaking up the 
apsid, but during experiments it was seen that one 
apsid was 
onsistentlymore stable at pH 6.0 than the other. To investigate this observation, the Stru
tural

 
 
 



Chapter 6. Con
luding Dis
ussion 139module was used to sear
h for relevant stru
ture and to 
onstru
t homology models ofthe 
apsid protomers. Mole
ular dynami
s simulation s
ripts for the Yasara program werealso generated to investigate at whi
h level of 
apsid assembly the di�eren
e had an e�e
t.After building the models and running simulations of 
apsid protomers as well as 
apsidpentamer assemblies, it was found that there were no di�eren
es between the stability ofthe protomer and that of the pentamer. This prompted other avenues of investigationthat resulted in performing pKa predi
tions of the residues predi
ted to be involved inthe pentamer asso
iation interfa
e. The pKa predi
tions showed that the pKa value ofHis145 on 
hain 1C, involved in interpentamer intera
tions (Ellard et al., 1999), 
hangedwhen a Val493Phe mutation o

urred on 
hain 1C, stru
turally 
lose approximation toHis145. This resulted in a pKa shift of 0.5 units and thus made the ZIM/5/83/2 slightlymore stable at pH 6.0 than ZIM/7/83/2.The results obtained for FMDV allow resear
hers to understand the results re�e
ted intheir experimental work with regard to slight di�eren
es in FMDV repli
ation rates. Italso allows for a new understanding of the intera
tion between the di�erent protein 
hainsin the 
apsid as well as understanding the e�e
t of seemingly inno
uous di�eren
es inthe amino a
ids sequen
e. In 
on
lusion, these small di�eren
es in the 
apsid proteinsequen
e a�e
t pentamer-pentamer asso
iation and not the assembly of protomers orpentamers.Introdu
ing the lo
al resear
hers to these tools, allowed them to be
ome more 
omfort-able with using stru
tural biology tools and lead to the use of more advan
ed programs.Throughout the various 
hapters in this study, it was seen that stru
tural biology playsa vital role in understanding the biologi
al world. By providing easy a

ess to stru
turaldata and analysis tools, biologists 
an now explore a new world that was previously
onsidered to be a 
omplex environment and so improve and guide future experimentalwork. This work expanded the knowledge of lo
al resear
hers by providing new infor-mation about 
onserved patterns and features in lo
al SAT strains, variation levels ande�e
ts in SAT 3C and 3D enzymes as well as providing new avenues for improving va

inedesign based on viral 
apsid intera
tion analysis.
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