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Chapter 5FMDV Capsid Stability and VariationAnalysis5.1. IntrodutionThe 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 whih results in the VP3, VP1,and VP0 peptides. Autoatalyti leavage of VP0 into VP4 and VP2 is the last step inapsid assembly. One of the 60 protomers onsists of hains VP1-4 enoded by the 1A-Doding regions on the FMDV genome. VP1-3 eah onsists of a β-barrel (8-stranded)in a jelly-roll topology (Fig. 5.1; Aharya et al., 1989). The pentamers formed by �veprotomers, assoiate through an α-helix situated in the VP3 protein (Ellard et al., 1999).This helix assoiates with its reiproal 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 assoiates withthe positive dipole formed at the one end of the α-helix in VP2 of the opposite pentamer.It was speulated 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 unoating. Mutation studies showed that ifHis 142 is replaed with an arginine, there is almost no apsid formation (Ellard et al.,1999).
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Figure 5.1: Left: A shemati representation of the FMDV iosahedral apsid. The apsidonsists of 60 opies of eah 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 strutural proteins in the apsid provides the antigeni sitesimportant for eliiting neutralizing antibodies following infetion or vaination. VP1-3forms the outside of the apsid while VP4 is ompletely buried inside the apsid. TheFMDV apsid, unlike other Piornaviridae, also funtions as a general sa�old to keepthe RNA proteted from the in vivo environment and mediates the binding to ellularreeptors during ell entry. Interation with ellular reeptors 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-reeptors of whih 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 aysteine in VP2. This adds some stability to the loop and may aid in the reeptorpreferene of the virus. Although �eld viruses use the integrin-reeptors for infetion, ellulture-adapted viruses obtain the ability to utilize an alternative reeptor i.e.. heparansulfate proteoglyans (HSPG) to enter ells (Fry et al., 1999).Previous strutural work on FMDV inludes rystallization of serotype O, A and C apsidat various resolutions (Aharya et al., 1989;Curry et al., 1992; Fry et al., 1993; Leaet al., 1994). These strutures were used to identify the important areas suh as theRGD-ontaining GH-loop in VP1. Later studies (Fry et al., 1999; Fry et al., 2005) usedrystal strutures 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 juntion of VP1, VP2 and VP3. Residue56 of VP3 was identi�ed as being important in the interation with HSPG (Jakson et al.,1996). In the wild type, residue 56 is a histidine but upon ell ulture adaptation, thishanges to an arginine whih assoiates with high a�nity to HSPG. Curry and o-workers(1996) postulated that the GH-loop �exibility a�ets the movement and interation ofVP3 and in turn mutations in VP2 a�et 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 (loated on thesurfae), yet ZIM/5/83/2 has more infetious partiles and is more stable following treat-ment at pH 6.0 than ZIM/7/83/2 (unpublished work). At pH 6.0 infetious partiles ofZIM/5/83/2 ould still be deteted while ZIM/7/83/2 lost infetivity. ZIM/7/83/2 alsoadapted to using HSPG to infet ells and kills ells with a high e�ieny. In ontrast,ZIM/5/83/2 does not use HSPG to infet ells and has a low ell-killing e�ieny. 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 vaine researh work and impliesthat small mutations on the apsid an play a vital role in apsid stability and infetivity.The work presented here will try to haraterize the variation and link it to the strutureof 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 resoure intensive.An alternative approah 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 aomplete virus apsid whih showed the interations between the di�erent hains. It alsoshowed the pore strutures 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 onstruted (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 rystallographioordinates of O1BFS (1FOD) (Logan et al., 1993). With the exeption of SAU/6/00/2,the remaining strains have been found to be prevalent serotypes of the SAT2 family inthe western and northern geographial regions of Southern Afria. The sequene data forthe strains were provided by Dr. Franois Maree from the TADP, Agriultural ResearhCounil, South Afria. Alignments for all the models were done with ClustalX using thedefault parameters, the modelling sripts were generated using the Strutural module inFunGIMS and models were built using Modeller 9v1 (Fiser and Sali, 2003).A PROPKA (Li et al., 2005) analysis of eah protomer (ZIM/5/83/2 and ZIM/7/83/2)was also done to assist in identifying major protonation states a�eted 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 seletedfrom the generated apsid model by deleting all unneessary hains. This was used as abasis to investigate the e�et of the di�erent mutations found in the various strains andthe way in whih they in�uene hain-hain interations as well as protomer-protomerinterations. 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 sripts were generated with the Strutural moduleof FunGIMS and models with Modeller 9v1. The template laked ertain residues andfor the modelling proess these residues had to be removed from the targets due to notemplate mathing (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�erenes between ZIM/5/83/2 and ZIM/7/83/2 pen-tamers, a moleular dynamis simulation was done for ∼2.5ns. Yasara was used to do thedynamis. The simulation was run at a pH of 6.0, water density of 0.997 g/ml, a NaCl

 
 
 



Chapter 5. FMDV Capsid Stability and Variation Analysis 116onentration of 0.9%, using the Amber99 fore�eld with periodi boundary onditions ata temperature of 298K. These simulation onditions were applied to both the respetiveprotomers as well as the pentamers. A moleule onsisting of two protomers (heneforthalled the dimer) was also generated to analyze the interfae between two pentamers.5.3. Results and Disussion5.3.1. 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 loated at the 5-fold axis (Fig. 5.3) and is omprised of �ve protomers. OneVP1 hain from eah protomer forms the pore. This was used as a basis for investigatingthe interations between the �ve protomers and the hains in the protomers. Figure 5.3shows the interation between the VP2 and VP3 hain in the �ve protomers.After analysis and strutural 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-speiesnature of the FMDV genome and positive seletion pressure exerted on phenotype level.Variation seemed to our mostly on surfae areas and areas lose to protein-proteininterfaes. Although most of the variation is neutral, some of the variable residues resultin the addition or loss of interations. These spei� di�erenes may hange the apsidassembly and disassembly dynamis slightly but none of the onserved amino aids iden-ti�ed as playing a role in apsid stability were a�eted. A far more detailed study ofvariation and struture would be required to identify individual interations deemed tobe important in apsid struture.5.3.2. Protomer Modelling and Variation MappingReently there has been onsiderable interest in the strutural basis of the e�et of pH onFMDV (Curry et al., 1995). Furthermore, Doel and Baarini (1981) reported a diretorrelation between thermal stability of 146S partiles and the protetive 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).vaine. Dr. F.F. Maree and olleagues examined the stability of SAT2 viruses fromdi�erent topotypes in southern Afria (Haydon et al., 2001; Bastos et al., 2003) as wellas a SAT3 virus to di�erent pH environments to ompare the phenotypi variane withinthese serotypes. The southern Afria SAT2 and SAT3 isolates an be divided into threelineages based on 1D phylogenetis, 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 Afria SAT2 isolates, i.e. SAT2/ZAM/7/93was inluded in this study. Also available was a SAT3 virus from the same geographialregion, designated as SAT3/ZAM/4/96. Treatment of the SAT2 and SAT3 viruses witha bu�er of pH 6.0 revealed di�erenes toward there stability in mild aidi environmenteven within a serotype. Both the SAT2 and SAT3 Zambian isolates lost their infetivity
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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 assoiation between VP2 and VP3.Green: VP1, Cyan: VP2, Magenta: VP3, Yellow: VP4.
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Figure 5.4: The surose 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 perentage of infetious partilesremaining after treatment was determined by plaque titrations on BHK-21 ells and plottedagainst time. The exponential delines were used to alulate the inativation rate onstants(desribed by Mateo et al., 2003).The aid inativation kinetis of the viruses were re�etedby the inativation rate onstants at pH 6.0, whih 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, respetively. 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 Afria isolates revealed signi�antdrop in titres following 30 minutes at pH6.0 but in one instane, i.e. ZIM/7/83, at least40% infetivity was still present after 1h inubation. Sine FMDV relies on aid indueddisassembly of the apsid proteins for infetion and release of RNA this variation inthe aid stability of SAT2 virions was further investigated by mapping the amino aidvariation on the modelled 3D struture 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

 
 
 



Chapter 5. FMDV Capsid Stability and Variation Analysis 120as to one another. All di�erenes were lassed into three ategories: no e�et (normalvariation or surfae exposed without any hange in loal struture or interations), e�eton intra-protomer assoiation and e�et on inter-protomer assoiation. The results aresummarized in Tables 5.1, 5.2 and 5.3. As an be expeted, most of the variation wasfound in the VP1 hain, the most variable of the apsid proteins. VP4 did not showany signi�ant di�erenes. Most of the di�erenes seen ould have a possible e�et onprotomer-protomer interation although in isolation, single di�erenes might have a verysmall e�et. Overall it seems that most of the di�erenes in the hain ould have have asmall e�et on the inter-protomer interation and to a far lesser degree, intra-protomerinteration.The variation in the apsid was also mapped to a model of the pentamer (Fig. 5.6). Thevariation only inluded mutations that would hange the type or amount of interation.This showed that suh variation mostly ours on interfaes and, signi�antly, around thepore and pore wall at the 5-fold axis. Most of the mutations do not appear to in�uenethe struture, but some of the variation around the pore wall ould have e�ets withregard to other virus funtions suh as adhesion and ion movement.5.3.3. Pentamer Moleular DynamisSAT2/ZIM/7/83 was onsidered an e�ient vaine strain for many years in the south-ern Afria region in view of the fat that it produed high yields of 146S antigen, wasonsidered to be a stable virus in the prodution proess and eliited a strong immuneresponse (Esterhuysen et al., 1988). The reent inability to produe su�ient yieldsof 146S partiles in ell ulture monolayers lead us to investigate geneti hanges thatmay a�et the stability of the virus. ZIM/5/83/2 and ZIM/7/83/2 showed a di�ereneof 6 residues (Table 5.4) and this resulted in a di�ering stability at pH 6. The pH50an be desribed as the half-way point in the transition of 146S infetious partiles into12S pentamers and was desribed 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 infetious partiles 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�erenes that do not have an in�uene on interation 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 sequene was used as a referene sequene.VP1 Strains# 1 2 3 4 5 6 E�et6 E E G E E E Possible ioni interation with VP2(intra-protomer), Gly would disrupt this interation.21 R S S A A N Interation with VP2 (inter-protomer), Arg, Asnmight show stronger interation with VP2.23 V A M T T Q Interation with VP2 (inter-protomer), di�erentside hains might have di�erent interationstrengths, Gln introdues a harge.28 M M M M V K Interation with VP3 (inter-, intra-protomer), Lysintrodues a δ+ harge.39 F F F F F S Ser ompletely laks the hydrophobi interationpresent in other strains.43 H H H L L H Exposed to surfae. His may gain ioni interationwith VP1 (inter-protomer), Leu may disruptinteration with VP1 (inter-protomer).57 K N N N N K Ioni residue an interat with VP3(inter-protomer), Lys laks a δ− harge.83 E D T E E D Situated on the exposed outer edge of the pore.Interats with reeptors in onjuntion with residue85. Thr laks the δ− harge.85 A K K E E T Situated in the wall of the pore, exposed to surfaeand might interat with reeptors. Ala laks anyharge, Lys only presents δ+ harge while Glupresents δ− harge.101 G R R R R G Pore wall, ioni interation with VP1, VP3(inter-protomer), Gly laks any side hain harge.111 K S S N N G On the outer edge of the pore, longer side hainssuh as Lys may gain interation with VP1(interprotomer). Gly loses all possible hargedinterations.129 R R R R R V Val loses the harged interation with between VP1and VP2.147 R R W R R R On surfae, interations with VP2, VP3(intra-protomer).200 S G G A A T Interation 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�erenes that do not have an in�uene on interation 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 sequene was used as a referene sequene.VP2 Strains# 1 2 3 4 5 6 E�et51 E E E E E Q Charged Gln an a�et protomer interation.88 S S S S S K Charged Lys an interat more strongly with otherprotomers.91 A S S A A S Interation with VP2 (inter-protomer), Ser mightindue an extra hydrogen bond.93 A A A T T T Interation with VP3 (intra-protomer), Thr mightindue an extra hydrogen bond.188 T N N Q Q N Interation with VP3 (inter-protomer), Thr mightdisrupt the ioni interations seen in Gln and Glu.209 M M K K K L Interation with VP2 (inter-protomer), Met, Leumight disrupt the ioni interations seen in Lys.pentameri units (Curry et al., 1995; Knipe et al., 1997; Mateo et al., 2003). The rateof loss of infetious partiles was not equal for ZIM/7/83 and ZIM/5/83 at the lowpH range (Fig. 5.7), with the infetivity 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 infetious partiles at pH5.8 and 5.6 respetively, while no ZIM/7/83 infetious partiles were present below pH6.0. However, no infetious partiles was repeatedly observed for ZIM/7/83 at these pHonditions. The biologial signi�ane of these di�erene were investigated using modelsof the 12S pentamers.Moleular dynamis 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 eah 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�erene in the RMSD of either the pentamersor the protomers of ZIM/5/83/2 and ZIM/7/83/2. Any signi�ant di�erene suh as apentamer dissoiation would have shown highly divergent RMSD values.The PROPKA results showed that there were four interesting His residues to investigate.

 
 
 



Chapter 5. FMDV Capsid Stability and Variation Analysis 124
Table 5.3: The results from a omparison of the VP3 hain of the 6 strains used in this study.Di�erenes that do not have an in�uene on interation 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 sequene was used as a referene sequene.VP3 Strains# 1 2 3 4 5 6 E�et3 V I V I I V Forms part of the entral pore, has an e�et 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 interations with VP2(intra-protomer), Leu laks ring whih redueshydrophobiity.64 V V V F V V Surfae exposed but possible interation with VP2(inter-protomer). Phe might disrupt sheetformation slightly.87 N S N N N N Surfae exposed, interation with VP1(inter-protomer). The Ser interation might beslightly less due to the OH group.98 T T T A A T Ioni interation with VP1 (intra-protomer). TheAla laks 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, interation with VP2(inter-protomer). The Thr OH group might formextra interations 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, interation 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 interation.
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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 brakets 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 interfae. This di�erene in result was due to the fat that when the pentamersassoiate to form the dimer, the His residues identi�ed are buried in the interfae andthus exluded from any water ontat. This hanged the solvent environment around theHis residues.Moleular dynamis simulation was done for eah for eah 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�erenes 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 respetivepKa preditions 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 surose density gradient puri�ed ZIM/7/83 and ZIM/5/83 infetious 146Spartiles were inubated in bu�ered solutions spanning a pH range of 5.6 to 9.0. Following30 min inubation the pH of the solution was restored and the amount of infetious partilesremaining determined by titration on BHK-21 ells. Both SAT2 infetious partiles 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 infetious partiles for ZIM/7/83 and ZIM/5/83respetively, 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(blak) 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 dynamis 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�erene in RMSD between the pentamers. The graphs showed that the RMSD deviationstarted to �atten out and thus is was onluded that the pentamers were stable. In vitroevidene showed at pH 6.0 ZIM/7/83/2 was less stable than ZIM/5/83/2. There wasonly a 6 residue di�erene between the two pentamers and none of these residues werepredited to show any hange in protonation state from pH 7.0 to pH 6.0. Thus it wasspeulated that the lower pH may disrupt general assoiation between the protomers inthe pentamers. The simulation showed that no major hanges ourred as an be seenin Figure 5.8. A major hange, suh as the pentamer dissoiating, would have showedprominently on a graph plotting RMSD. In order to investigate whether the disruptionours at protomer level, moleular dynamis simulations were run on the respetive pro-tomers as well. The results showed that the protomers were stable and thus the residueshad no e�et on protomer stability (Fig. 5.8). The di�erene between the RMSD levelsof the two plots are as a result of the presene of loops in the protomer. The movementof these loops will a�et the RMSD alulations but not to suh an extent as to mask anunstable protomer. A fator to onsider is that some residues, mainly in VP4, ould notbe resolved from the eletron density maps during struture determination and ould thusnot be modelled. This simulation showed that when onsidering RMSD, the protomersstayed relatively stable with no major inrease in RMSD as would have been expetedfor a protomer dissoiating. This implies that the pH disruption ours at another level.This dissoiation may be investigated in the future by using binding interation studieson the individual omponents using equipment suh as a biosensor.It was deided to perform a pKa predition on both protomers as well as the dimer tosee whether there is any hange in pKa. The PROPKA pKa predition results for theprotomers indiated four interesting His residues whih hange protonation states aroundpH 6.0. These residues were inspeted 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 surfae andthus the solvent environment would a�etthis pKa massively. No onlusions 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-terats with the adjaent pentamer.575 5.92 7.62 This His is pointing towards the interfaewith another protomer. It is impliated ininterprotomer assoiation.602 6.51 5.27 Exposed to the surfae.struture a di�erent piture emerges. From the struture it an be seen that all thesehanges our on the VP3 hain (Fig. 5.9).His 575 (145 in hain C) in VP3 is assoiated in interprotomer interation (Curry et al.,1995; Ellard et al., 1999). Hydrogen bond analysis of the dimer moleule indiated thatHis 575 (145) interats 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 moleule show thepKa for His 575 to be -1.12. It must be kept in mind that this is a statistial alulation(in a non-water environment) and implies that the residue is deprotonated most of thetime. The fat that it is not exposed to solvent in�uenes the pKa preditions 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 whih they alulated 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 vaine stability. Variousauthors (Curry et al., 1995; Ellard et al., 1999) also showed that His 572 (142) wasimportant in assoiation between the pentamers. The hydrogen bond analysis showedthat His 575 (145) made a hydrogen bond with the bakbone of Ala 571 (141), whih is
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Figure 5.9: The interation interfae between two pentamer setions. One protomer of eahpentamer is shown. The dashed line indiates the interation surfae. His 575 (145), His 572(142) and Lys 273 (63) are oloured red using Van der Waals surfaes.loated right next to His 572 (142) (Fig. 5.10). This bakbone hydrogen bond seems to beimportant is helping to orientate the His 572 (142) ontaining loop orretly to form theassoiation with the harged dipole of the α-helix. His 575 (145) also makes a hydrogenbond with Lys 273 (63) in the adjaent pentamer, thus providing extra interation 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�et on the interation interfae.The PROPKA pKa analysis predits that the V493F mutation a�ets 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 distane between Phe 493 (63 on hain C) andHis 575 (145) is ∼17.5 Å, long distane e�ets transmitted through the β-sheet annot
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Figure 5.10: The hydrogen bond network found in the pentamer interfae. When His 575 (145) isneutral, it makes a hydrogen bond with Lys 273 (63) and Ala 571 (141). The neutral state seemto prevent pentamer assoiation through His 572 (142) and His 575 (145). Yellow dashed linesindiate hydrogen bonds and white dashed line indiates pentamer interfae. The �+� indiatesthe 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 whih 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 statistial preditions and that experimental work is required to on�rm theresults.5.4. ConlusionProtein-protein reognition mediates many fundamental biologial proesses. A detailedknowledge of these proesses requires the determination of the strutural, energeti, andfuntional roles of individual amino aid residues and interations in protein-protein in-
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Figure 5.11: A side-on view of VP3 with the loation of Phe 493 (63) in relation to His 575(145). The distane between the residues are ∼17.5 Å. VP1: green, VP2: yan, VP3: magenta,Phe 493: red and His 575: orange.terfaes. These studies have been generally undertaken by using small protein-ligandomplexes or oligomeri proteins of moderate size (Reguera et al., 2004). In ontrast, formultimeri protein omplexes, suh as viral apsids (Liljas, 1986; Had�eld et al., 1997)or large ellular assemblies, little is known about the spei� moleular determinants ofprotein assoiation and stability. Mutational studies of virus apsids, generally fousedon a few spei� amino aid residues, have provided important insights (Ellard et al.,1999; Mateo et al., 2003). However, exhaustive experimental studies on the relativeimportane of residues and moleular interations in viral apsid assembly, disassembly,and or stability are still limited. These studies ontribute also to the understanding ofprotein struture-funtion relationships and they ould be exploited possibly in the designof thermostable vaines 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, inluding viruses of medial or veterinary signi�ane, have apsids of

 
 
 



Chapter 5. FMDV Capsid Stability and Variation Analysis 133iosahedral symmetry (Reguera et al., 2004). FMDV is a small non-enveloped virus witha pseudo T=3 iosahedral apsid formed by 60 opies eah of four nonidential polypep-tide hains, i.e. VP1, VP2, VP3 and VP4. There has been onsiderable interest in thestrutural basis of the e�et of pH on FMDV (Curry et al., 1995). Multiple evidene onthe strutural data of FMDV had been gathered by high resolution X-ray rystallographyin reent years that allow the identi�ation of residues involved in stabilising the virionstruture. Assembly of the piornaviral apsid proeeds in several steps (Ruekert, 1996).The apsid proteins VP0 (1AB), VP3 (1C), and VP1 (1D) are translated as a polyproteinpreursor (P1), may fold o-translationally (Rossmann and Johnson, 1989), and are pro-teolytially proessed 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 iosahedral apsid (Fig. 5.1). After enapsidation of the RNAgenome most VP0 moleules are proessed to give VP4 (1A, the N terminus of VP0)and VP2 (1B). Disassembly of the FMDV virion in vivo begins with its dissoiationinto pentamers (Vasquez et al., 1979) by aidi�ation in the endosomes (Carrillo et al.,1984). Furthermore, Doel and Baarini (1981) reported on a diret orrelation betweenthermal stability of 146S partiles and the protetive ability of an antigen/vaine. Itwas found that mild heating of FMDV virions leads to irreversible dissoiation into stablepentamers (Ruekert, 1996), an event that appears as the main ause for the need of aold hain to preserve FMD vaines. Analysis of the rystal struture of the FMDVapsid (Aharya et al., 1989; Lea et al., 1994; Lea et al., 1995; Curry et al., 1996; Fryet al., 1999) indiates that the pentameri intermediate subunits interat mainly througha relatively limited number of eletrostati interations; a role of His-142 of VP3 in theaid-indued disassembly of FMDV has already been demonstrated (Ellard et al., 1999).A variety of approahes have been used to study the e�ets of aid. X-ray rystallographitehniques have been used to determine aid-indued strutural hanges in mengo virus(Kim et al., 1990) and HRV (Giranda et al., 1992). Amino aid hanges whih a�et aidlability, have been identi�ed by the generation and sequening of aid stable mutants ofHRV (Giranda et al., 1992; Skern et al., 1991). Another approah involved omputermodelling of the e�ets of pH on eletrostati interations within poliovirus and HRV

 
 
 



Chapter 5. FMDV Capsid Stability and Variation Analysis 134(Warwiker, 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 infetious partilesshowed similar or even more stability in mild aidi onditions than was previously de-sribed 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 aid sequeneof the apsid proteins, the SAT2 virions had a diverse range of sensitivities toward mildaidi onditions. A SAT3 isolate from the same geographi distribution were muh moresensitive to aidi environment (Maree et al., unpublished).Using the tools provided by the Strutural module, it was possible to onstrut modelsas well as run moleular dynamis simulations. The variation mapping showed thatmost of the variation in the protomers ours in areas on the surfae as well as loseto interfae areas. Despite the di�erenes, eah individual di�erene plays only a smallpart in the overall interation. The moleular dynamis results showed no real di�erenein the stability of the pentamers or the protomers at pH 6.0. However a pKa analysisshowed that the di�erene in pH stability of ZIM/5/83/2 and ZIM/7/83/2 was due to thehange in pKa of His 575 (145) in VP3. These results indiated that although pentamerassoiation is mediated by many di�erent interations, there are usually one or two veryimportant residues in the interation interfae. In the ase of FMDV the role of His142 has been proven (van Vlijmen et al., 1998; Ellard et al., 1999). This work preditsthat His 145 is important in the initial assoiation of the pentamers and also shows thee�et of pH on pentamer assoiation. The simulations onduted also support the urrenttheories that the protonation states of His 142 and His 145 are the determining fatorsin pentamer assembly.The work done here provides the loal vaine researhers with data about the preditedbehavior of the apsid proteins under ertain pH onditions. It provided possible ex-planations for their results as well as opened up new avenues of researh into designingstable vaines by exploiting the knowledge gained in analysing apsid interations.

 
 
 



135
Chapter 6Conluding DisussionStrutural biology forms the basis of our understanding of the relationship between thestruture and funtion of a protein. The one annot be studied without the other. Tradi-tional strutural biology involved time-onsuming experiments to haraterize a proteinand its struture. In the modern age of strutural biology this task has been made easierby the presene of databases that ontain a vast amount of data related to the strutureand funtion of a protein. These databases are usually speialized for a spei� funtionsuh as the PDB, whih aepts only three dimensional oordinates of protein strutures.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.Strutural biology onsists of two parts: the experimental part in whih strutures aredetermined and proteins are haraterized and the omputational part in whih omputersare used to analyze and interpret strutures. Experimental biologists tend to shy awayfrom the omputational side, iting reasons suh 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 Funtional Genomis Information Management System that onsists ofvarious modules, eah speialized for a spei� type of data, yet integrating the di�erentdata types in a transparent manner. FunGIMS urrently onsists of modules for Stru-ture, Sequene, Genomis and Small moleules. This study foused on the Struturalmodule, its design and the way in whih it an help experimental biologists enrih and

 
 
 



Chapter 6. Conluding Disussion 136guide their experiments to ahieve more suessful results. In the future the system mayinlude more aspet to eduate the users about the limitations inherent in the spei�tools that they use.FunGIMS was designed for ease of use by both programmers and biologists. During thedesign phase, it was deided to use the MVC arhiteture for FunGIMS, whih allowsfor easy expansion of the program as well as addition of new programs and analysismethods. This type of arhiteture separates the display of data, ontrol funtions anddata management into three separate setions, allowing for easy maintenane or upgradingof a setion of FunGIMS. The design arhiteture was applied not only to the overallFunGIMS setion but also to the more spei� Strutural module.The main fous during the design of FunGIMS was not the programmers but the endusers of the program. To alleviate the problems enountered by biologists when usingstrutural biology programs, the interfaes were designed to be intuitive and easy to use.All the syntax and spei� subtleties of running a program have been hidden from theuser and only the basi information is required. A user an aess 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 interfae withthe option to download or save the results. Seurity was also of onern as some userspreferred to keep data private or share it with only a ertain subset of users. To overomethis 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 deide to whih groupthe data belongs and thus share it with the members of that group while preventing anyother user from aessing it.Easy aess to data is important and this was well atered for in FunGIMS. It providesa searh funtion that allows the user to searh aross all data or a seleted subset witheither keywords or a spei� entry identi�er. When searhing, aess rights to data entriesare taken into onsideration and a user will only be able to view results whih he hasaess to.The data are stored in a relational database that allows for the reation of omplex

 
 
 



Chapter 6. Conluding Disussion 137queries to return spei� 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 Strutural module aters exlusively for strutural and protein data as well as theanalysis of proteins. It provides aess to all the known protein struture �les in thePDB as well as the enhaned data from the MSD. This allows a user to explore theprotein struture in detail while also presenting an interative display of the protein inthe browser. Jmol is used in this regard and allows the user to interat with the proteinin a three dimensional environment inside his web-browser. Data suh as the seondarystruture omposition, SCOP, Pfam and other relevant information are presented to theuser in a lear and onsistent format.The Strutural module also provides protein struture and sequene analysis tools. Thereare tools for prediting transmembrane helies (TMHMM), for prediting protein familieson the basis of sequene (Hmmer searh against Pfam) as well as searhing for onservedmotifs in a sequene (Prosite). In addition to the analysis tools there are also tools thatallow the user to build homology models and generate sripts for moleular dynamissimulations. In the homology modelling setion a user simply enters the basi requiredinformation and thereafter generate sripts for homology modelling using Modeller orWHAT IF. Homology models an also be built online using Modeller, with the userproviding a protein sequene and a template PDB struture id as well as re�nementlevels. The Strutural module then proeeds to do an automated alignment and modelbuilding using Modeller. The resulting model, alignment �le and sript �le used are thensupplied to the user to download or save in the system.Due to the omputationally intensive nature of moleular dynamis simulations, theStrutural module only provides a sript generation apability. Sripts an then be runon a loal mahine. The user simply enters the required information and an then seletto generate a sript for either CHARMM, NAMD or Yasara. Thereafter the sript isprepared and the user an download it or save it in the system.The funtionality of the Strutural module was used in three investigations on FMDV.The �rst objetive was related to proteome di�erenes between di�erent serotypes of

 
 
 



Chapter 6. Conluding Disussion 138FMDV. Using the tools in the Strutural module, eah proteome was analyzed for variousfeatures suh as seondary struture, onserved motifs and hydrophobiity. The resultswere then ompared on an individual protein level between the di�erent serotypes. Var-ious di�erenes were found suh as hanges in the hydrophobiity patterns on proteins2A and 3A. These hanges may a�et the way in whih ertain proteins assoiate witheah other as well as with membranes suh as the ER and hene may have an in�ueneon repliation rates.The seond hurdle enountered by the loal researhers was related to di�erenes in therepliation rate and plaque morphology between the di�erent serotypes. Experimentalevidene pointed to variation in the 3C protease and 3D RNA polymerase proteins ofFMDV. Using the Strutural module, models of the 3C and 3D proteins were built anddi�erenes between various SAT serotypes were mapped to the struture. For 3C 51SAT serotype sequenes were used and for 3D 16 SAT serotype sequenes were used.After the di�erenes were mapped to the protein models, it was found that a regionin 3C, previously believed to be invariant, ontained 9 di�erenes. When loating thedi�erenes on the protein model, it was found that although these di�erenes did our,the hydrogen bond network in the loal area was preserved. This preservation allows 3Cto aept these di�erenes without a major hange in the ativity of the protein.Previous studies showed that 3D ontained four invariant regions. After mapping thedi�erenes to the struture 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�erenes to the protein model, it was found that these di�erenes didnot a�et the struture sine the di�erent amino aids involved all have the same phys-iohemial harateristis and size. These hanges will also not have a major e�et onthe ativity of the protein, but subtle di�erenes may explain the di�erenes seen inrepliation rate and plaque morphology.A third problem faed by the researhers during FMDV vaine design, was the stabilityof two FMDV SAT2 subtype apsids. There were �ve di�erenes 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 Strutural

 
 
 



Chapter 6. Conluding Disussion 139module was used to searh for relevant struture and to onstrut homology models ofthe apsid protomers. Moleular dynamis simulation sripts for the Yasara program werealso generated to investigate at whih level of apsid assembly the di�erene had an e�et.After building the models and running simulations of apsid protomers as well as apsidpentamer assemblies, it was found that there were no di�erenes between the stability ofthe protomer and that of the pentamer. This prompted other avenues of investigationthat resulted in performing pKa preditions of the residues predited to be involved inthe pentamer assoiation interfae. The pKa preditions showed that the pKa value ofHis145 on hain 1C, involved in interpentamer interations (Ellard et al., 1999), hangedwhen a Val493Phe mutation ourred on hain 1C, struturally 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 researhers to understand the results re�eted intheir experimental work with regard to slight di�erenes in FMDV repliation rates. Italso allows for a new understanding of the interation between the di�erent protein hainsin the apsid as well as understanding the e�et of seemingly innouous di�erenes inthe amino aids sequene. In onlusion, these small di�erenes in the apsid proteinsequene a�et pentamer-pentamer assoiation and not the assembly of protomers orpentamers.Introduing the loal researhers to these tools, allowed them to beome more omfort-able with using strutural biology tools and lead to the use of more advaned programs.Throughout the various hapters in this study, it was seen that strutural biology playsa vital role in understanding the biologial world. By providing easy aess to struturaldata and analysis tools, biologists an now explore a new world that was previouslyonsidered to be a omplex environment and so improve and guide future experimentalwork. This work expanded the knowledge of loal researhers by providing new infor-mation about onserved patterns and features in loal SAT strains, variation levels ande�ets in SAT 3C and 3D enzymes as well as providing new avenues for improving vainedesign based on viral apsid interation analysis.
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