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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.

 
 
 



Chapter 3. Reannotation of Foot-and-Mouth Disease Virus proteome 69
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

 
 
 



Chapter 3. Reannotation of Foot-and-Mouth Disease Virus proteome 71
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
 

 
 



Chapter3.ReannotationofFoot-and-MouthDiseaseVirusproteome
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
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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.
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84Figure 3.8: The annotation of protein 2B. α-heli
es are represented by 
ylinders and β-strands by red arrows.
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85Figure 3.9: The annotation of protein 2C. α-heli
es are represented by 
ylinders and β-strands by red arrows.
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86Figure 3.10: The annotation of protein 3A. α-heli
es are represented by 
ylinders and β-strands by red arrows.
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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.
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88Figure 3.12: The annotation of protein 3C. α-heli
es are represented by 
ylinders and β-strands by red arrows.
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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
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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.
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