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FlGERI: 1.1: Neighbour joining Jil~logenetic tree of 101 PV. based 00 the nL1CJeotide '"<l"CIICC of the 
"""j<x cap.id g(:rlC iL I). The PV sequence; we", downloodcd from !he ,,,,nBant databa'c ($CC Tablc A. I 
and A.3. Appendix A for access.iOll numbe,.,). lbese seqllOllee, were edited usmg BioEdit , equence 
olignmcnt c(btoo- (Hall , 1999). the tuulupJe sequenoe aliglunent< were rnrried Ollt usrug Clust"1 x 1.8.1 
software (Thompson e/ (1/,. 1997) and phylogenetic analysi, was conducted using MI-:GA .-(;,-,ioo 2.1 
(KUlnar et aL 2001). GrollPS Ai_ A7.nd A9 conSIst of the high-risk HPV , type. and HPV-16" p.rt of 
the A9 group in the supergroup A Unabb""';a/ed names of the PV, and G"nBanl oc«s,i(ln nunl""-,., roo­
the L1 arc pro.idcd in T"ble Al .nd A3 (Append,xA). 1be distance bar 'ep,esents 0.05 units 
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Chapter I. Luerarur. revie" 

1.4 MOLECULAR BIOLOGY OF HUMAN I'AI'ILLOMA VIRUSES 

To dale o,'er 80 different HPV types ha,'~ ken ,~qu""~,,d and there CXlSt more than a 100 

additional HPY I)PCS that arc less well characterised (lARC, 1999). HPV, ar~ a rn,lerogencous 

group of DNA vinlScs with double stranded closed circular genome, of - M l-ilobases (I<b) 

(Seedorf er ai" ]')85), The HPV genome (Figure 1.2) enood", ,i" early open n;ading frame 

~o_.m'.~M.m. ~~m)_~.w·=~_~'_'m·~~ 

gene, encode the viral cap,id prol~ins whereas the early genes encode prolem, in,' oh~d in a 

'ariel}' of r~gulatoT}' funchons, 

• TATA,;g..l 

• """,A .; ... , 

F. n 

", - u 

FIGURE 1.2: Organisalion of the HPY-!G gen<lme "howing to. eight ORF, m tho {hr"" traruialiCJll 
frames and the Jrn~ colllrol Tegion .hov.--ing the , i~ early gem:. (EI. E2, E4 , E5, E6 & £7), {he 1\\0 capsid 
genes (Ll & LIJ and along OO/!!rol region (LCRJ. 

Mu~()solrophlC HPVs ar~ gr[)Upa.! into low-nsk and high-risl categories on the basis of each 

genotype's associat][)n with benign or malignant disease process, Lov, I'isl HPY IWas 6 and 11 

ar~ conunonly detected in condyloma accununala bUI hardly ""~r found in cervical carcinomas 

(Low~ & Schiller, 1998), In contrast HPV types 16 and 1 M are dd""l~d in OYcf 70% ofsquamous 

cdl carcinomas of tIm c~r .. i" (Clifford. 2003; de VilliefS, 1 ')~'): SteUer. 2002) The E6 and E7 

geIl6 of high-risl. HPV types encode oncoprol~lllS thaI Immortahse human ker;ctlllOC)ies 

whereas thos~ oflov.-ri,k are tlOn-lransfornung (POCOTaro el "/, , 1 ~&'»), 

1.4.1 HPV pathogenesis 

HPV infects and replic;ctes ill squamous epithelium and link> its life cycle 10 the di/T""CIltiation 

progranune of the hosl epnhehal cells (LUr Hau,eR 1<)<)6). HPVs ar~ able t[) infect basal stem 

cells and establish their genomcs as low copy episomal DNA through minor sl.;n abrasions 
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Chapter I' Literature review 

susceptible to IFNa due to the poor ability of the E6 to Interfere with the Jak-ST AT pathway; 

therefore persistence of high risk HPVs may be as a result of viral oncogene mediated protection 

from interferon induced by irumte immunity (Stem el aI., 2(00), 

1.4.3 Function of liP" early proteins and (he long control region 

1.4.3.1 I,ong control region (LCR) 

The LCR of papillomaviruses contains most of the ('is-responsive regulatory elements (zur 

Hausen, 19%), The LCR of HPV-16 is 850bp in lenl,>th and similar in organisation to other 

genital HPVs (Fil,'Ure 1.3). The E6 promoter, the enhancer and the replication origin are 

collectively flanked by two nuclear matrix attachment regions (MARs), located in the 5' region 

of the I~CR and in the E6 gene itself (Tan eI al., 1998). The 3' ponion contains the replication 

origin and the E6 promoter, which has four ds-responsive elements (which modulate E6fE7 

promoter activity) i e. a binding site for the transcription factor SPI, two binding sites for the 

viral factor E2 and a TATA box (Chiang et aI., 1992; Desaintes el aI, 1997: Dong et ae 1994: 

Tanetal,I994) 

3' ":gmenl 

\ 

T~'" 
!<nn;"oIo , .Mane..-

, • • • ..... 
~ " W, ST'1 III H'l .. 
• Nl,j • '" • O;;t-l • HllD 

HGIJR" 1.3: A schematic "''Presentation of the HPV-16 LCR (O'Conner CI al., 1995), n.c four E2 
binding sites divide the LCR into functionally distlllct segments: 5', the central, and the 3' segroonl The 
5' segmCllt contain, tI,., transcriptKJn lmmmation polyA signal (pA); thu cCII\ral segment contains the 
epJthclial sJX'cil1c cnhancer that contams the majority of tranSCflption factor l>tnding ,ilcs: the 3' segment 
contains tI", origin of "''Plication and the pSl7 E61E7 promoter. All the transcription factor-hinding sites arc 
mdicated. Descriptions and functlOOS of the transcription factors are summaflsed in Appendix B. 

Binding of SPI to its site activates the E6fE7 promoter, but not replication, because SPI blocks 

E2 binding and enhances EI-dependent replication initiation and displacement of SPI hy E2 at 

II 
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specific concentrations activates replication and transcription is panially repressed (Desaintcs e/ 

al., 1997; Tan el al., 1994). The binding of E2 to the #4 E2 binding site leads to transcription 

factor lID (TFllD) displacement and further repression, therefore, sllch a series of events 

constitute a switch between replication and transcription initiation and would depend upon the 

local concentrations of E2 (Desainles el al., 19'17). 

1.4.3.2 Replica tion pro teins E l a nd 1':2 

fhe El protein is highly conserved among HPV types, and recognises and binds lO specific DNA 

elements in the viral origin of replication (ori), located in the proximal end ofthc LCR (Wilson el 

ai" 2002; ZUT Hausen, 1996). E I on its own hinds with low specificity 10 the ori; the specific and 

emden! binding recognition is accompanied by cooperative binding of EJ and transcription 

factor E2 to immediately adjacent sites (Lusky e/ ai, 1993; Mohr f!t aI. , 1990; Sedman & 

Stenlund, 1995). E 1 binds as a dimer together with a dimer of E2 to the ori, ." .. hich results in the 

[ormalion of the EIE2-on complex, which is highly sequence specific (Sedman e/ at., ]997). EI 

binds to a recognition sequence consisting of the hexalllwleotide sequence AACNAT, with 

relaxed specificily [or lransitional changes in posilions I to J and where N is any base but G 

(Chen & Stenlund, 2001). Once the complex is formed, in an ATP-dependent step, E2 can be 

displaced and additional EI molecules can be added to the complex (Sanders & Stenlund, 1998) . 

• 
n. 

Elproloin ""ilhDNA hllxlmil Jorrnin (OOD).oo E2 I , ... ,,,,,,Iiydion oom.in (TAD) 

0-. E2 prctoin, wlth N-tcrrninol (NT), linkCl .00 C-Icrmin.l (CI) modules 

iiI binding ,ito on LCR (AACNAT) 

III binding , ito on LCR (ACCGN,cGG I) 

FICIJRE I.", Model of cooperative binding of EI and F2 proteins to the ori OIl the LCR (Chen & 
Slenlund, 2(00) The cooperative bmdmg involves two steps. 'The first is El mm and E2 C-terminal 
DRD Lnteraction "hieh causes alteration in the DNA structure. which results ill the kinking of the DNA 
whieh places the E2 N-terrninal activation domrun (AD) III a position where it can interact with the EI 
hdicase domain which fonns the second step of the cooperati,e binding. 
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The E2 protein has three di~tind modl1les: tho: sel.ju<:nco:s of tho: N-krmilli!l module (E2N"I) is 

responsible for interaction with viral and ho~t-cel\ tnmscription factors Sllch as SPI, TFIID and 

AMF-l (Breiding et aI., 1997; lv1cBride & Meyers, 1997; Yao el al.. 1(198). The F.2NT is 

followed by a flexible, proline rich linker modl1le ,md a C-tenninal module (Llel) E2Cr binds 

tightly as a homodimer to DNA sites with a consensus sequcnce of ACCGN4CGGT (McBride & 

Meyers, 1997). During early stages of viral infection, the F2 protein represses the transcription of 

the oncogenes E6 and L7. De~ajnte~ er al. (Desaintes CI al., 1997) reported that L2 proteins of 

HPY-18 and BPV-I cOl1ld indLlCe apopto~is when expressed in HeLa cells, in p;!Tt by restoring 

the p53 fi.melion~ a;, a result of El-mcdiated repression of E6 expression. 

1.4.3.3 E4 protein 

The E4 protein is located in the early genomic region. yet it is generally expressed as a late gene 

with a role in productive infection (Howley. 1'1'(5). 'Inc L4 protein localises and aggregates into 

cytoplasmic and nuclear inclusion granules v.ithin the differentiating layer of the infected 

epithelium and in the basal layer, implying both an early and late function (RobcTl~ etal., 1993). 

In warts, levels of L4 expression usually corrclate with those of virion coat proteins and hcnce 

involvement in virus maturation and/or vegetative viral DNA replication has been suggested 

(Brown et al. , 1995, 19'16; Crum et ai" 1'l<XI; Sterling er at" 19")3). Since 1"4 has been ~hown to 

associate \~ith keratin cyto~ke\elon by promoting cytoskeleton collapse, its role in virus release 

has been suggested (Doorbar et al., 1997). 

1.4.3.4 Oncoprotems ES, E6 and E7 

L5 is the m,ljor transforming protein in bovine papillomaviru.I' CAPY), however. in HPY 

infections, L5 has anI} weak transforming activity (Pim er aL 1')<)2, Schiller & I.ow)" 1996). 

Doc to the integration of the lIP\, genome dllring malignant progression, the L5 gene is not 

expressed in cervicaltllmours but large amounts ofF5 mRNA and protein have been detected in 

anogenitallow-grade intraepithelial neoplasia (Kell e/ al. , 1994). This may support the pos~ibility 

that E5 plays a role in early steps of HPY infection but is dispensable for maintenance of 

malignant transformation (zur Hausen, 1996). 

i3 
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FlGlIRE 1.5: An illustrated summa,y of the functions of the E6 and E7 proteins (Muuger & Howley, 
2002; zur Haugen, 2002). "Ibe host eel! integrated gene, li6 and E7 are expressed and their prate,n 
products are reo;ponsible for the ollcogenesis. E7 mterfere. with tramcriptional activity of p5 3, inactivates 
the cdk inhibit(}r p21 n

l'1 (a maj(}r mediator (}f p53-indueed growth arrc,t) and blocks pRb binding to E2F. 
The oomllll,oo inacti,a\iOll (}f pRb and p53 tmr.:>r 3uppreswr pailiways interferes with the integrity of 
important eell checkpoints and the cellular apoptosis defence programme. The E6 protein can block 
apoptosis by bindiug to p53 and targeting thi, tun1(}ur suppre .. m fur pmeolysis via the ubiquitin 
pathway. 

The role of malignant tnlIlsformation can be assigued to the E6 and E7 genes aud their proteins, 

which are consistently expregsed in malignant tissue. Figure 1.5 summarises the role of E6 aud 

E7 carcinogenesi •. In the coorse of cancer pan of the IIPV viral DNA integrates into the host-cell 

14 
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Hagensee lOr ai" 1 994), Three dimenSlOnal image ro;:onstruction of CI)'o-electron mIcrographs of 

quench-Ii-oLen BPV ,irions revealed the capsid ardlitccture to 9-A resolution and a protein 

density within the pentamer ca,ity of the pentavalent capsomers was detected (flakcr er ai" 

1 ')91), Kimbauer CI al. (1993) suggested that the nunor capsId protein L2 was associaled with 

thesc 12 vcrte" capsomers in a rail(l of 12 molecule, of L2 lO 360 (72 pent.amer,) mole~'Ule, of 

Ll, FlIl1hef, \.2 must be surface c>:posed smee nculrallsmg antilxxi,e, can bc gencrated hy L2 

immwlisation (Chandrachud er ai" 1995; Christensen & Kreider, 1')')1, HciTl(l et ai" 1995b; 

Roden el al., 1994) In addition, the distinct manncr in which the 1.1 monoclonal antibodies bind 

10 the capsids, strongly suggests thai conformatIOnal differences exist between hexavalent and 

peniayalenl cap,omer", (Booy 101 aL 1'198). 

lFV-J sv~ 

FlGUR[· 1.6: RCCUl.lruc~ 'mages of cr}U-<olcclron micrographs lakcn of BPV-I, polyomavirm; and 
SV40 virions by Belnap eJ ai. (19%; '"I'/'bh,.hi"'f",d"" .• d .. ,'4oa''''.''l'mi=I~[Rf'>,.,..,',..,,;II<x\\''.'''''''lh(\\ • .html) 
The he:MIvaient and pcntavalent capsomers in th;;: virions arc mdicated with red line frames, 

Struclural analysis of papillomavJfus particles has bem limited by the inability to obtain large 

il/ll(llll1l, of 'IruS and grow large amOtwts of the "irus in cwture in addition to tire difficulty in 

CI),stalhsmg the virions purified from ",arts (Chen el al., 2000b l- Howe'er. two recent reports hy 

Angeletti et al. (2002) and Zhoa & Frazer (2002) hm'c demonstrated the ability of PV gcnomes 

to replicate In Saaharomyccs c(;rCV,,,aC (S. ccrcvisiae) and lhi, may posSlhly provide for a 

means of generating large amounts for "rioIlS for furthcr structural work. In non-mammalian 

cells the expression of LIon its own results in the efficient self-assembly inlO VIrus lile particles 

(VLPs) that resemble authentic ,iral cap,id" hoth 'tru~1urally and antigenically (Hagensee et aI., 

1993; Kimbauer IOf aI., 1992; I.e Cam er aI., I 9')4, Ro'e el aI., 1')93; Touze er aI., 1 ')<)fi, 199)(a) 

TIle co-expression of1.1 and L2 leach 10 fonnalion of VLPs thai conimns both prolein •• \\11h lhe 

ratio of Ll lo L2 similar io that of authenllc .irions (Buonamassaci aI., 2002; KimbauerlOl al .. 

1993: Roden IOf aI., 1996; Volpcrs et al., 1994). Chen et al. (200()b) were able 10 e"prc", a 

lruncated HPV-16 Ll in Escherichia coli (E coli) and detcrmined the crystal structure to 3,5-A 

"here a 10 restdue N-tenninal tllmeation (AN10U) favoured 12 pentamcr T=1 particle 

18 
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formation and it is thought that this N-tenninal polypeptide acl~ UH a s''Il1tch between 72 pentamer 

VLPs aKI 12 pentamer p<rtides The crystal ,(ruc!ure from the truncated Ll '\ias uscd to generate 

<IJl atonuc model oftru: [ulllengih HPV-16 LI by Modi, el al. (2002), 

1.5.1 Structure (If IIPV- 16 1,1 vi'l(1QS 

The: secondary structure of PV LI (Figure I 7) "as determined from the cry,tal ,tructure or N­

terminal truncated llPV-16 Ll (AN lOLl, Chen et aI., 2000b), The N-terminal region of the Ll 

(residues 1-27) of ,arious PVs and the ~-sheets and helices h3, h4 and h5 are highl}' conserved 

"herea.~ the C-terminal region that harbours the NLS is ,cry variable (Figure 1,7). 

- .,. 
"N' - -" ",,'-" - " - '-' .. ,-co 
""-,, - " "­- , 

- -" 
~-" ".-" "'-" "'-' -... 
'" " "'-<> _. -"'-, 

M" ,. '" 
~~~" __ '.'3m_.....!i:h...----f.;,';\;----_ ,._. __ .~D~-",;m,...~~"I!..A.' .... ~,-~~,,~ __ __ , _ __ _ _______ ~ ________ . __ _,. __ .. _.__ _ _______ • ____ -+0. ______ _ ________ _ 

_ ... _ ' •. • N _ • . • '...... " __ __ ._~ ________ , ______ • ___ .- ~__ _ _ _ __ , _. __ ,_,,_ _______ _ _____ H__ _ __, __ _ 
r _M __ ____ _ _ • . , ___ ,__ --------w _ ___ .~ _,-. _____ d _._H.· . _____ ..•. , ••• ___ • . . • 
__ K _,...._ _ • .• __ ,_ _ _ _ ____ ,.-_________ , _._,~ ____ ~, __ _ __ • __ , __ _ 

• __ r -<-__ _, _. _, _._,_ ~ ____ .~,,,,.,, __ ," ' _ __ '~ ___ ''-__ ' _____ ~_+ _ ____ ,_ " __ 
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Chap'er I: I.i'erature review 

The rv J.1 monomer folds in a classical 'jelly roll' i3 sand\vich that is similar to that of 

polyomavirus and SV40, made up of the residl1e~ 20- 382 \vith u helices on the C-temlinus 

(Fignres 1.8 and 1.9; Chen e/ (1/" 2000h). The C-tenninal mm i~ pmposed to inter""t with 

pentamer:« either in a pent.avalent environment (where a peJIamer is surrounded by 5 pentamers) 

or in a hexavalent envimnment and the h''i helix anchor the C-terminal arms back to the jelly roll 

(Modis (!/ (11., 2002). This interaction is tenned 'invading arm' since each pentamer receives five 

invooing arm~, which is similar to whm is observed in SV40 and murine polyomavirus (Stehle et 

a!., 1994; Liddington eI al., 1991). 

" 
". 

D 

I'JGl'lU: 1.8: Structural mr>dcls "f IIPV-1 ~ 1.1 prote in, capoomers (pentamers) and cap,id, ba,ed on the 
alOmie structure of IIPV-1 ~ L I detenninoo by Modi, el (1/. (2002). Image, were dr"wn u,ing RIo,mol (A; 
Sayle & Milner-White, 1995), PyM"1 (8; DeLano Scientific) and M(}IMoI (e & D; Kocadi et al .. 1996) 
struetur"1 "nalysis software. A: C-a baelbone of a HI'V -16 T - 7 particle sh(}wing the oc!'."ni",tion 01' the 
Ll pentamer.; (72 pent"mea) and their h"sie imeraeti,," with neighhouring pentamers. B: At"mie 
stmeturc of llPV-16 Ll loooorrter sh(}wing the i3-sheets (jelly roll i3 sandwich) and the a-helice" c: U 
pentamer viewed a long the five--fold axis showing th e outer surface. D: Side view of the LJ pentamer. 

The L1 monOmer orientation along the pentamer axis, creates an inward facing conical hollow 

thm opens to the exterior of the particle through a narrow neck, about 14A in diameter (Figure 

20 
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Chapter I: Literature review 

1.8; Chen e/ af" 2000h), T11~ polYflL-ptide chain~ of the adjacent chains interact directly, the 11-G 

sheet at the inn~r margin ofthc 11-B. f\-I), f\-G sheets. augments thc f\-c, 11-H, 11-10, 11-F Mcets of 

the neighhouring monomcr in a e10cbvise fashion before returning to its own subunit (Chen e/ 

af., 20()(}/). 'Ihe loops are also elaborately intertwined: the II-I loop of one monomer extends 

outwards and inserts between the 1'-G and &1' loops of the antielockwise neighbour (Chen et al., 

2000h). The fivc points of the start shaped cap of the pentamer are created by part of the E-1' loop 

pmjecting outwards to the edge ofthe pentamer (Figure1.8). 

The N-t~rminal arm ~tructurc of PY was unknown; however, based on the p-hairpin in 

polyomaviruses, Modis e/ al. (2002) were able to reconstruct the first 19 residues of IIPY-16 LI. 

They gav~ it thrce different oricntatiOll~ with re~pect to its subunit of origin: one for thc f\­

hairpin~ ncarc<rt to the icoOlahcdral 2-fold axis; the second for p-hairpin nearest to the icosahedral 

3-fold, and a third to all thc others (Figure 1.9). Near the 2-fold axis, the modelled i3-hairpins lie 

roughly parallel to the viral surfac~ on the 2-fold axi~ whereas around the 3-I"oJ<l axi~, dle 

modelled f\-hairpins extend out towards dle symmetry axis, and in th~ remaining sub\lllit~ it 

;vraps snugly around the h2 helix (Mo<li~ e/ aI., 2()()2). 

A , 
FIGURE 1.\1: Closc "kw soowing intet";lctioo oft!", N-terminal anns l",tw..,n pentavalent pentam~r< and 
h~xaval ent pentamer.;. Images drawll using RasMol (Say Ie & MUller-White, 1995) ,trudural allaly,is 
software, A, Thc j3-hairpin K-(cnnin,,~ in pcntava lent p"ntamers extend, out towards th~ symmetry -'_loki 
axis in a triangnlar tashion. B: In the hexavalent pentamers, two j3-hairpins ~ither li e in a paralle l fa,hion 
or perpelldkular to each other nCar the 2_t"old axis. 

21 
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Chapt~r 1: Literature review 

The C-terminal arms form the major interpentarner contacts, by extending away from their 

subunits of origin and invading 1I Mlbunit in the adjacent clockwise pentamer (Modis el al., 

20(2).lvlodis e/ af. (2002) e1~gantly describe the C-terminal interaction between pentamers in the 

ii.lllowing manner: 

"The PllTliclL\ur relative orientation of the h~xavalcnt and pentavalent pentamer~ lead~ to jll~t 

three kinds of interpentamerie interactions: a 3-fold cluster and two different 2-fold clusters. 

Each type of cluster is defined by the puUem of interchange of C-temlinlll arm.>. The 3-fold 

clll~ter incllLde~ one pentavalent pentamer and two hexavalent pentamers. The C-terminal arm 

invade~ the cloaekwise-neighbouring pentamer. Thus, the pentamer~ in 1I 3-fold cluster exchange 

C-tenninal arms in a cyclical fashion. Bodl kinds of 2-li.lld dlL.>ter~ contain two hexavalent 

pentamers. In one kind. pentamer~ rdated by the icosahedral 3-fold axis exchange C-tenl1inal 

arms; in the other. pentamer~ related by an icosahedral 2-rold axi~ exchange al1ns." (Figllre 1.9: 

Modis et al .. 2002, puge 47(0) 

Modis e/ al. (2002) propoSt' that residues 403-413 act as a flexibl e hinge or adapter, bridging the 

gaps t>o;,tween the donor and acceptor pentamer lit the base of the protein ~hell. The nexibility of 

this hinge, which is prolinc- and glyci.ne - rich, lI110ws a given flt'ntamer to donate C-tenninal 

arms either in a pentavalent environment or in a hexavalent environment. and the conformation 

of the C-terminal arm i~ different for each subunit (Modis e/ af., 2002). The C-terminus of the h4 

hdix in~erts into the ~pace hetween the B-C and E-F loops (Figure 1.10), and hence U"" two 

highly conserved ey~teinc rcsidues (residues 175 and 428) lie oppo~ite each mher to fonn an 

intermolecular disulphide bond. thereby strengthening the C-terminal attachment (Figure 1.9). 

The residues 430-446 extend around the circlllIlierence of the neighbouring flt'ntamer, linking the 

h4 with the C-telTIlinal segment (\1odi~ e/ al., 2(Xl2). The region bet<.veen the p-.! sheet and h5 

helix (residues 447-474) insel1~ into the receiving pentamer at the interface between two L1 

sublLnits, flmlly linking the invading ;md receiving pentarners and is capflt'd hy residues 402-414 

of ~et another C-terminal arm, U""reby hlocking access of the hS helix and locking the C­

terminus to the outer viml surface (Figure 1.10; Modis e/ al., 2002). The varillble region of the C­

terminus (residues 473-504 of HPV-16) is disordered and projects towards the interior or the 

particle (Chen et al., 20oob; Modis el al .. 2002). This region. which is rich in bllsic residlles 

incllLding threonine and serine. can be easily cleaved away b} proteolysis before assemhly (Chen 

e/ al., 2oo0b). 

22 
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Chapter 1: Literature ",view 

lhe highly conserved CoD loops (Figure 1.7) fonn important eOll":aets between ~ublmits in 

pentavalent pentamers and adjacent subunits in hexavalent pentamers (Figure 1.1 0). lhc four c­

D loops in hexalavent pentamers that do not interact with pentavalent pcntamcrs possibly move 

out to plug the remaining gaps in the protein shell and hence these loops form additional 

interpcntamcrie contacts, in particular ncar the 3-fold icosahedral axi~ ('V1odis e/ al., 2(02) 

" 
FIGURE 1.10: Illustration ofinterpcnl<tmeric inleractions.lmag~s w~'" drawn "sing PyMol (A; DeLano 
'<Ci emifoc) and [(a,Mol 10; Sayk & Milner-White, 1995) structure analysis sof["are. A: Hl'V-16 
r>"ntamer showing th~ 'invading' C- tenninal anns fmm the donor subunits, the residues 447-474 CHn bt: 
Seen ins~rling in((l the rceei,ing ~l<tmer and th~ C-knninal doDO!" arm i, cq>pOd by ""id"es 402-4 14 by 
another C-tenninal arm B: Interactions of the CoD loops in subunit, bt:tw~~n p"nta"alem and hexavalent 
r>"ntamel":'i. The CoD amino acids struet""" a", coloured ;n a rainbow hshion (N-to C-tenninu,) to 
illuslrate th~ p~rfect opposing inkraction bt:t"een ["0 C-O loops. 

The N-tenninus residul:'s (1-20) are highly conserved in all PVs (Figure 1.7). Chen el al. (200()b: 

2(01) reported Ihat deletion oUhe (irsl 10 residuo;s (IINI 0T.1) results in the formation of 1=1 

particles lilr T.I I:'xpressed in K coli, and the additiOil of a glycine or a threonine to the N­

terminus of the ANI or. I reslilts in the revI:'rsion to T- 7 particks. TIle T-I particles are made up 

of 12 pentamers and have a dianll:'kr of 30run: they were used by Chen e/ al. (2()OOb) lo 

delermine the erystal slrudun; of HPY-16 LI. Th~ rnOnOmC," or ANI 01.1 assemble in a similar 

manner to those of full lenglh, except for the C-terminal portion (Figul1:' 1.11). Thl:' C-terminal 

portion in t\N lOLl monomers W-J and h5) anchors the projection back to the jcll)rnll. The C­

terminus (383-474) 01' fiN I 01.1 (ilrms a proje<;ling structure that pres<'nts acceptor and donor 

interaction surfaces while remaining anchored to the jeUyroli domain (Chen e/ af. 2000b). 

23 
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Chapter I: Literature review 

B 

" 

FIGURE 1.11: Structural models of HPV-161lNIOLI protein. capoomers (pentamers) and capsid based 
ou t~ cry,tal structure of truncated HPV-\6 LI determined by C~n e/ al. (2000b). Images were drawn 
using Rasmol (A; Sayle & Milner-Wbite, 1995), PyMol (8; Delano SCierrti:fIC) and MolMoI (C & D: 
Koradi el al., 1996) <l:ructural analysis ",ftware. A: C-a backbone dmwing of HPV-16 T- l particle 
showing t~ m"gftnisation of the Ll pentamer< (12 pentamern) and their basic inter<lCiion with 
neighbouring pcntamers. R: Atomic structure ofHPV-16 LI monomer mowing the l3-sheets Gelly roll 13 
sandwich) and the a-helices. C: Ll pentamer viewed along tbe five-fold axis showing (he outer surface. 
D: Side view of the Ll pentamer. 

The h2. h3 and h4 helix low Ute surface contacts hetween monomers of neighbouring 

pentamers, unlike in the full-length Ll particles (Figure 1.12). Chen et al. (2000b) describe the 

interpentameric contacts as being modest, leaving significant gaps in the vicinity of the 2-fold 

axis. The absence of lhe 10 N-terminal residues possibly allows for the C-tcrminal ann to fold 

back into the jcllyroll. 

24 
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, 

FIGURE 1.12: Five fold and three fold ioteractions of HPV·16 /lli"1O Ll subunits in T- l particles. 
Images were drawn using Ra.Mol (Sayle & Milner-White, 1995) and Protein hplorer (Marv, 2002) 
structurul analysis software. A:.lmage showing the predominantly helical (h2, h3 and h4) int~raction in 
T- i psrtides. B: Detailed view of the imernction ofh2 and h4 (residues 399-400), h3 and h4 (residue 389, 
392) around the J-fold axi •. 

C-terminal deletions that include any rosidues in the in the h5 helix make the L1 extremely 

protease sensitive, indicating that an ordered h5 is important for stahility (Chcn et ai. , 2000b, 

2001). There are two highly conserved cystcines in the L1 of all PVs. and mutations of thesc 

eysteines results in capsomcr formation rather than formation ofVLPs (Fligge et al., 200111.; Li e/ 

al .• 1998). McCarthy el ai. (1998) reported that the disulphide bonds are essential in maintaining 

the long-tenn &truclurc ofLl VLP particles at physiological ionic strengths, and that a high NaC] 

concentration (0.5M) inhibited disassembly. In ANIOLl the two cysteines are not close enough 

to make disulphide bonds and do not contribute to interpentameric bonds. Free pentamers are the 

only product oUn vitro assembly for deletion of the residues 408-431 ofHPV-16 L1, indicating 

the importance of this region for intcrpentamerie bonds (Chen et al., 2(01). Chen et al. (2(01) 

have demonstrated. that acidic pH (4 - 6.2) in addition to high ionic strellh>1h (O.5M NaC!) favour 

particle assembly. 

1.6 VACCI~E-IJASED STRATEGIF:S FOR HPV PREVENTION 

There arc two basic approaches to the development of anti-HPV vaccines: these are prophylactic 

and therapeutic vaccines. The prophylactic vaccines would elicit a humoral immune response by 

elicidation of antibodies that are capable of neutralising the viral antigen before it emCIS the cell 

and also induce immune re&-ponse to infected cells; thc target of choice for these would be the PV 
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TABLE 1.2: Summary at sequence differences found from analysing 50 HPV-16 variant Ll ,cqnences. Sequences were dmmloooed from 
GenBank and amino acid alignments wen; carried Oil! using Clustal x 1.8 ",ftwaIT (ThOlllP>OI\ er aI., 1997). 'The alignments were balch translated 
and analysed using BioEdit sequence alignment editor (Hall, I ~(9). Highlighted residue, aIT highly C{lnserved among the various HPV types 
therefore suggeshng either mumtions during amplificallOn of the nativc genes or sequencing errors 

HPV_16 
variant 

,C001516 

AH34177 Leu Tyr 
AF134178 Gly Tyr 

[134190 Tyr 

AF134175 Tyr 
U71l7 Tyr 
U4176 Tyr 
U4174 
L3.t183 

AF043287 
D4169 
L"34187 
U4167 

AF140365 
AF084952 

U34t93 
Algi· 

Tyr 
Tyr 

Lm 

Tw 

Ylajor capsid (Ll) protein ...,sidue position 

Asn Ty. 
Asn Th. 
Asn lbr 
Asn Thr 
Asn 
Asn 
Asn 
Asn 

Th' 
Leu 

Th, 

Th, 

Gly 

Th, 

Pw 

ho 
Pm 

Th' 

__ !r~~3~'. ___________________ ~S,'"' ____________________________________________ __ 

Pro 
Pro Ser 
Pro Ser 
Pro 

Pm 

Soc 

Gto 

Phe 
Phe 
Phe 
Ph, 

". ". 
Pl. 

Phe 
Phe 

• Variant SCqUL'DCCS reponed by Tou.ze e/ al. (Touze e/ al., 199Xb); sequences nOl found in GenB:mk Prolein scquL'DCe, AYI77679 is "x.'Dticai to 
1 14K NC001526 to Ph, I; AI' 13417710 GC-1, AFI341 7R to GU-!, AF134175 to Rochcsier-IK and NMT529; U34174 to Sen32 and OR,75X7; 
1'372 17 to Z-ll 94: A Y 177679 is 10 prototjpe and 114B: U34167 to;..[M T197: U34187 to OR7574 
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",n,nn .. , B virus 

Lettuce 
Potato 

Tobacco TMV Nemchinov et 
Tobacco TMV Koo et al. 1999 
Tobacco AMT Tacket et al., 

Autoimmune diabetes Potato Vibrio cholera toxin B AMT Arakawa et 1998 
subunit-human insulin fusion Lamet 2000 
Glutamic acid AMT Ma et al., 1997 

Transmissible Maize ofTGEV AMT Streatfield et 2001 

corona virus Gomez et al. 2000 
Potato 

Cholera and E. coli E. Coli heat-labile enterotoxin AMT 
diarrhoea LT-B 

Tacket et 
Maize Streatfield et 

Oral vaccine Potato V. cholera toxin CtoxA and AMT Fischer et 
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Norwalk virus AMT 

Rabies Rabies virus AMT et 
Tobacco Rabbies virus B-ceU AIMV/TMV Yusibov et al. 1997 

HIV Tobacco/ HIV CPMV/AMT Doran et al., 
bean et 1995 

HIV CPMV Brennan et 1999 
Tobacco *PVX Marusic et 2001 
Tobacco AIMVITMV Yusibov et af. 1997 
Tobacco ATM et af. 2002 
Tobacco TBSV et 2000 

Rhinovirus bean Human rhinovirus CPMV Tacket et 1999 
Doran et 

Foot and mouth bean Foot and mouth virus CPMV Tacket et 
disease virus I) et 

Alfalfa ATM Dus Santos et 

1999b 
ATM 

Tobacco TMV 
I999b 

Canine beans VP2 *CPMV 2001 
Nicholas et 2002 

VP2 I) AMT 2001 
Mink enteritis virus VP2 *CPMV 

Malaria Malaria B-cell *TMV 

Influenza Tobacco TMV 
Cancer Tobacco TMV 

Bovine rota virus A Potato VP6 AMT Matsumura et 
Human rotavirus Tobacco PYX O'Brien et 

Rabbit Tobacco VP60 PPV Fernandez-Fernandez et 
disease virus 2001 
Pseudomonas Outer membrane F *CPMV Brennan et 

infections Brennan et 
Tobacco *TMV Gilleland et 

*TMV Staczek et 
aureus *CPMV Brennan et 

mosaic 

a extract was to 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1 

11 

s 

to 

). 

an 

was 

on 

was ,n .. "~r" .~n to 

was (J'-"·!'It,,· .. et 

12 

were 

as a 

et 



Univ
ers

ity
 of

  C
ap

e T
ow

n

cause 

15 

6 is most 

cancer cases 

16 

mutants 

a 

ease 

was to 

it was "''''~''''ll.HU 

resources to 

llY.U1I;lLU I <U.J"H.' ...... '_ ........... ,,,."'. 

..., .. "" • .., on 

mutant 

et 

mutant constructs on 

mutants next 



Univ
ers

ity
 of

  C
ap

e T
ow

n
• 

• 

are 

16 

vector. 

were: 

was ""'-', .. u" ... ' ....... 

an 

a 

cost 

... u ... "",,, to a 

16 structure 

6 use 

as a 

was to 



Univ
ers

ity
 of

  C
ap

e T
ow

n

2 

1 

s 

1 
61 -----------------

mUltatlLOn constructs 

51 



Univ
ers

ity
 of

  C
ap

e T
ow

n

a thrleonme 

"" .. " .... .., .. constructs on 

correctcolMo~nmLau.on 

were 

llOl[llaVlfUS(~S are 

s. 
Ko~ut~;kv et 

use as a 

to 

to a 

co-

a 

to 



Univ
ers

ity
 of

  C
ap

e T
ow

n

et 1 

to esc:ape 

1 

6 

It is the:retore 

mumuons on 

hns:ten:sen et 1 

et 

on eXl)re!;SlCln 

16 

were were 

1. not 



Univ
ers

ity
 of

  C
ap

e T
ow

n

case 

structure 

1 

were ""UJ.&A"'U 

on 

two 

IS 

Chaloters 3 

to U~ll!""\'., 

a 

Ll 

a 

terms 

was 

it was nelceSSaIV to mv'eSlllzate 

it ""''''''''"t", 

use 

two 

ch~ipt(::r 1, 



Univ
ers

ity
 of

  C
ap

e T
ow

n

",AU..> ..... "" aICCC::SSllon no. was 

(retenred to as was 

were 

to synlthe::Hse ~_ ..• ~ .. constructs 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 2: Deletion and point mutaUon study of the HPV-J6 Ll gene 

The deletion constructs were prepared by PCR amplification (primers described in Table 2 I) of 

the appropriate region of the HPV-16 Ll gene in the pSK-Ll-SA using Expand Long Template 

PCR system (Roche molecular Biochemicals). The amplified deletion peR products were cloned 

into a pGEM* T Easy vector system (promega) and sequenced. 

The mutation of residue 428 from cysteine to glycine of the of the various deletion mutants in 

pGEM~' T Easy vector and of LI 504 in pSK vector were carried out using overlapping primers 

(primers described in Table 2.1) and Pfu DNA polymerase as described above for the 

mutagene,is of residue 266. 

The mlllant and deletion constructs prepared for this study are summarised in Figure 2,1, 

"" " '" I 428 4 /J 41.4 ~ 

I ! ! I 
Ll 504 

p~.,,5()4 

\C410 

!""Th\C4Xl 
_ !I(,165 

pen.lU65 

!lCA27 

M-N.!I1O 

penM-M'IlO 
M-.:I.NII1l.C'483 

p'" M-\!'IlOaC483 
_ M-.:I.Nl0,iU65 

penM-N!llOJ.C465 

M·,\ N](), \C427 

• j • 1-10 • 11-427 2(,tj • 418 • 42&-465 • -lG5-483 D 483-51)<1 

FlGliRE 2.1: JilUSlra(,on of the llPV-lli L1 deletant and mutant constructs, 
pCIl mutation of cysteine at 42g to glycine 
M·"":--;': :--;'·tcnmnal dck1ion of residues 2- I 0 
lie C-tcrminal dc~i()!]s 
Ll304; South African isolated LJ 
L J 5041L'1A266TI: mutation of alanine at residue 266 in L1 504 to threonine 
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Chap/er 2- Delet;"" and point mutation S/udy ~ the HPV -16 Ll ge.no 

2.3 RESULTS 

2J.l F,xprt!ssion and analysis of VLPs resulting from the expression of lIPV-16 1.1 504 

and 504 [M266T] genes by l'l'Combinant ba~ulovirus"" 

1k Ph;1 sequence reported by Touze er al. (1998b). which differs ITom Ll 504 by A-4T chang~ 

at atllUl<l acid jXlsition 2M, gen~mcd the highest }idd of VLPs, of the HPV-16 Ll variants 

tested, "hen expressed in insect cells by recombinanl b;ICulo\;ms_ How~v~, White el at. (1999) 

haye mapped !he epilopes of the neutral ising Malls Hl<i:V5 and Hl6:E70 l() the phenylalanine al 

residue ~O. alanine at 2M and Senne at 282_ Th~.,rore, it "as n~cessary to inYesllgate the effect 

of the A--~T 2M change from an antigenicity perspective with regard to neutraJistng 

conformation-specif,c Mabs H16:VS and Hl 6:E70, if this gene sequence were to be l/Sed for 

candidate vaccme development. l11crcf()re, the A at position 266 10 HPV-16 Ll 504, which is 

ldenlicallo that of 114K (amino acid differences 10 11PV-l<i yarianls are outhned III Tablc 1.2, 

Chapter 1) was mutaled to a T (S04[t.A266T]) using overlapping primers_ 

o 

0" 

~lGURE 2.2: Antibody charnclerisJ!ion ~'ELISA of VLP. resulting from the expro"ioa "" of HPV-16 
L1 504 and ~04[6_A266Tl in insect celt. by fCC<ll11binant baculmirus L1Sing a pa11<'1 of well charaClcrised 
Mab._ A two fotd ~igher binding 10 H 16: £70 i, oose,ved fOf ~04 compmed to ~041/lA266TJ_ 
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Chapter 2: Deletion Hnd point mutation ,tudy of th e II PV -16 1 gcne 

H16:.I4 

FIGLI{E 
various dcletant mutant HPV-16 Ll Evan', 
The Mab 1116:J4 binding to the 504, I"'n504, tlC483, pen~C483, .1C465, pm.l.C465 Hnd tlC427 gene 
products was dctectcd u,ing FITC labclled goat anli-mous.c ;;ccondary antibody No HI6,]4 binding was 
detected in un infected neg<rtive control cdL<. DigitHI image, cHlltured at x20 IIl<lgnificalion. 
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Chapter 2: Dcletkm and point mutation study of the HPV 16 Ll gene 

H16:J4 

0 -, 
0 < - , 
Z -< 
~ " 
" 

~ 
0 

-• - 3 • ~ , 
C = -< , = 1 -, , 
< , , -< • 

"' ~ , 
"' U 
~ ~ 
3 = -~ 

~ 0 -, , 

" 1 " :;; ~ • 

FIGURE ", :~;';:~~~;~:!~;~,l;;;:;: various deletant aDd mu.tant HPV-16 Ll 
The Mab [1I6:J4 bioding to the M-IIN[O, penM-AN10. M-ANlOt.C483, pen M-t.NIOt.C48J, M_ 
"""I1Ot.C465. pen M-ANlOt.C465 and M-t.N lOt.C427 gene products was detected uSiDg FITC labelled 
goat anti-mouse socondary antibody. No H[6:J4 binding was deteL1ed in cell. infocted with the GUS 
expressing recombinant bacu[ovirus negative control. Digital images captured at;.;20 magnification. 
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Chapter 2: De1ctioo and point mutation study of the I II'V - I 6 LI gene 

~!![~~"~~;~;:~ig~':"'~~~~i]~ blue. The Mab 1116:V5 binding to the 504, and perulC483 gene products was detected 
using FITC labelled goat . No binding of1l16:V5 was detected for gene 
products of AC465, pcntiC465 uninfected the negative control cells. Digital 
irrtll.ges CIIpturcd at xlO magnification. 
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Chap'.' 2: Deletion and point mutation .rudy ofthe HP¥-16 LI gene 

H16:V5 

~ 
~ 

U 
~ -
~ , 
~ • • • 

" < -C 
;J -
~ -• • • • 

00 
p 
~ 

I Mab 
the various dektant and mutant HPV-16 
blue. The Mab H16:V5 binding to the MA>n M-ANIO~C48J and pen M-ANiOAC483 
gene products was detected using FITC goat seccndary antibody. No binding of 
H16;V5 was deto:>cted for gene products ofM-AN10AC465. pen M-ANICAC465 and M-ANlOAC427_ No 
H 16:J4 binding was detected in cell. infected with GUS expressing re~ombinan( baculovirus negative 
CODtrOl. Digital image. captured at x20 magnifICalioo. 
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Chapter 2: Deletion tmd point mutation study of the IIPV-16 L1 gene 

The indirect immunofluorescence results show that the Ll product in the case of 504, M-~I 0, 

pen504 and penM-~IO was localised in the centre of the Sj2lcells (Figures 2.3-2.5), 

presumably in the nucleus. For the constructs that did not have the NLS, the Ll product seemed 

to be diffused throughout the cell. It was interesting that the infected Sj21 insect cells were 

almost twice the Sill' (Figures 2.4 and 2.6) of uninfected cells (Figures 2.3, 2.5) clearly indicating 

a morphological change due to infection. 

2.3.3 Antibody characterisation of fhe deJetant llnd mutanl ILPV- 16 Li s using a panel of 

l\Iabs 

The indirect immWlOfluorescence gave base line data of the antigenicity of the various dclctant 

and mutant HPV-16 Ll gene produets as well as of localisation in the Sj21 inse~i cells. It was 

nonetheless important to detennine the full antigenicity profile of some of these deletant and 

mutatant products (504, pen504. t.C483, pen t.C483. M- IlNIO. penM- ~IO, M- ~IO t.C483. 

t.C465. pen ilC465, M- t.NIO t.C465 and !>.C428) The ELISA binding re~-ults for these purified 

deletion and mutant HPV-16 Ll gene products as well for as a CRPV Ll as a control with a 

panel of Mabs, are sununarised in Figure 2.7. Gene products from constructs 504, !>.C483, M­

ANIO, M-ANIOt.C483. pen504. pen!>.C483, penM-t.N IO and M-!>.N IO!>.C483 bound all the Mabs 

used in this study (H 16:V5. H 16:E70, HI6:U4, HI6:9A, H 16:D9, H 16:J4 and HI6.123) whl'TCas 

AC465, pent.C465 and M-!>.Nl0AC465 bound only the Mabs that recognise linear cpitopes 

(H16:D9. H16:J4 and H 16:123). !>.C427 only bound two, H 16:J4 and H 16:123, of the three Mabs 

that recognise a linear epitopes. Furthermore the significant binding of H 16:09 to all the deletion 

and full length constructs except ilC427 indicates the presence ofunassembled Ll protein in the 

preparations. 

The t.C427 protein bound Moo H I6:D9 to a level that was barelydetectahle; thus it is possible to 

speculate that the binding region of Mab H 16:0 9. which has not heen characterised, is between 

residues 428-465. Since H16:D9 has been reported to only bind denatu.rl-.d HPV- 16 Ll protein, 

we~iem blot analysis of the cell lysate from the expression of 504 (56.2kDa), t.C483 (53.7kDa), 

8C465 (51. 7kDa) and .1.('427 (47.3kDa) genes in Sfl l cells using recombinant baculovirus was 

performed. The western blot results show the loss in binding for H16:09 t.C427 protein (Figure 

2.8). 
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f ICU RE. 2.7: ..... 'oody-bindin& WncIeriution b)' ELISA of <erne of the pmficd dde\;InI "'" la_, 
IIPV-16 II prolm .. , .. ilI, a panel of MaIM CRPV LI ", .. IS mod IS a ... ",11\( 00",,01 ELISA Ibta 
"'~~I;shlOO b) the grey OO~ sOO..' !be dcld.ol'll and mtUnI CQItI,ln.cu !hilt did not bllld .... y 01' !he 
oonf'c:lrrlUltioolal-'pccilic !>tabs (II 16 VS , H 16.E70. H 16'U4 &. HI6:9A) 
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Chapler 2: Ddelion and point mulalion ,[udy of the Hl'V-16 L1 gene 

The Mab CRPY:10I3 binds to both denatured and intact VLh since it recogniscs a surface linear 

epitopc (Christensen d a!., 19900.). Some level of cros~ reactivity was observed hy Mabs 

HI6:09, 1I16:J4 i.md H16:123 between CRPV Ll VLPs and the deletion gene producl5. This can 

be attrihuted to the fairly com;erved hinding region~ (see Figure 1.7. Chapter I) for Mahs H 16:.14 

(residues 261-280) and H16:123 (111-130). 

56.2kDA 

S3.7kDA~ 
5L7kDA~ 

.-- l06kDa 

.-- 77Da 

.-- SO.8kDa 

.-- 3S.6klla 

'--2~.[kDa 

+-20.9kDa 

FI(;URJ:<: 2.8: We,1em blot analysis probing with Mah H16:09 ofthc cclllysalc' from the expression of 
the 504 (56.2kDa), AC4R3 (51.7kOa), AC465 (51 .7kLJa) and AC427 (47.1kOa) proteins in S{2 I ""lis ll,i ng 
rccomhinant haculovirus. The Mab H16:iJ9 does n01: bind to the AC427 gene product •. 

2.3.4 I!Jectron microscopy of the dclctant and mutant HPV-161. Is 

The purified deletant and mulalant proteins were viewed under the electron microscope h)' 

immllnotmpping \\1th H16:Y5 and H16:J4 Mab. In gencml II16:J4 vms found to be better for 

immunotrapping the prod\l\.--ts. 

VI.Ps of 55nm diameter were observed for the Ll--derived proteins 504, M-ANIO. AC4R3 and M­

A.'l"IOAC483 (Figure~ 2.9). In the case of M-ANIO and M-ANIOAC4M3 (Figtre 2.10) a mixed 

population of VLPs comprising of 55nm and 30nm diameter particles were observed. Mo~t of the 

pmtic1e~ ohserved for AC465 and M-AN IOAC465 (pigurc 2.11) were aggregates of pcntamcrs 

and / or partially di~assemhled partic1e~. Predominantl)' aggregate~ of pentamers were observed 

for AC427 and M-dNl0dC427 (Figure 2.12). The mutation of the cysteine at residue 42M 

generally favoured the fOflllation of capsomers that were approximately 30nm in diameter for 

pcn504. penM-A~IO, penAC483 and penM-d)/lOdC483 wherea~ for pen465 and penM­

ANIOAC465 aggregates of pcntaITICTs 'were observed (Figures 2.9-2.11). 
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Chapter 2: Deletion and point mutation study of the HPV-16 L1 gene 

• . 
W :;.,., 

• 
• • 

)V 

.~;"~ .~ , , , • VI 

pcn504 

" 
v 

v 

" III 

AC483 pcnAC4X3 

FIGURE 2.9: EleclCOD miLTOgraphs of purified proteins of Us 504. p"1l504. c:l.C4~3 and p"nc:l.U~J 
immunotrapped with Mab HI6:J4. 
Bar - 50om. 
l: VLPs (55run diameter) 
U: Small VLPs (3Onrn diameter) charaL1:ensed by Chen n aJ. (2000) 
ro; !Tee pentamer~ (approximately 1 Onm diameter); IV: pentamer aggregatoo I di"llSsembled particles 
V: capSOOlers of approximately 30nm diameter 
VI: VL"" in a state of disasfiembly I assembly. 
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Chapler 2: Deletion and point mutation siudy of the HPV-J6 LI gene 

, 
, 

t',lt, ' 
\\ 

" 

"",;, 
it 

M-tJ.N 10 

~ 
/ 
'. • 

• 
M-tJ.~IOtJ.C483 

I. ; ~ . ~ 
II __ 

, • • 

4-

" ( 

.. 

• 

penM-AN1Q 

m 
I 
i 

penM-AN10tJ.C4R3 

" / 

FlGUR!;: 2.10, Electron micrographs of purified proteins of Lis M-~IO, penM-~10, M-ANIOtJ.C4M3 
and penM-~10AC48J immunotrapped with Mnb HJ6:J4. 
Rar - SOnm. 
1: VLPs (55nm diameter) 
U, SmnJl VLPs (JOnm diameter) characterised by Chen et al. (2000) 
Hl: free penlalllers (approximately IOnm diameter): IV: pentamer aggregates I disassembled particles 
V, capsomers of approximately 300m diameter 
VI: VLPs in a Slate of disasse mbly I a'sembly. 
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.:1.( '-165 

M- .l:>J 1 O~C46S 

~ 

I " , 

" .... ___ III 

/ 
<V 

I 
" 

p.:n.lC465 

• 

penM-LlNIOLlC46S 

flGUKE 2.11: ElecuOf1 micTograp/u of I"'rifl<!d pro!~ins of L I. AC465 and JlC'n,\C46S, M~10AC465 
and pcnM-6NIOt.c465 immunotrappc'd with Mab 1116:14. 
B~r · 50 .... 
I: VLPs(SSnmdiamt:ter) 
II : Small VU's (lOnm diametn-) chal1l(;teristd by Cheo e/ "J. (2000) 
Ill : froe pi!OWJkrS(appl"OJ<imacely Io..m diMk1.".); IV, ",,1lI.mer ~I disaw:mblOid panicles 
V : C3pwmt'f'!< of approxim....,1y JOnm diamcter 
VI , VI..Ps ;n B stale ofdisassembly I &Dembly. 
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.,. 
... _ _ IV 

• 

, 
t.C427 M-,1)\ I0,1C427 

FIGURE 1.11: Electron micrograph~ of purified proteins of Lis M-AC427 and M-AN10AC427 
immunotrappcd with Mab HI6:J4. 
Bar = 54lnm. 
I: VLP:s (SSnm diameter) 
U: Small VLPs (30nm diameter) characterised by Chen el al. (2000) 
III: free pentamer~ (approximately IOnm diameter): N: pentamer aggregates I diSll.!>5emblcd partick~ 
V: capsomers ofapproximately 300m diameter 
VI: VLPs in a state of disassembly I assembly. 

fhc electron microscopic observations of immlliloirappcd parlicks ar~ Sllmmari8t'd in 1 able 2.2. 

TABLE 1.2. Summary of the observations made under the electron microscope of the immunotrnPl>"d 
partic!e~ resulting from the expre~~ion ofthc various deletion and mutant geneproducts. 

N 

5~nm 

~n4 

pcD504 
~C484 

p<'nAC4!14 
M-AN1O 

l'enVl-A:\10 
M dNIOc'lC4!14 

penI't1_Li:\lMC484 

AC.u.S 
!>OOAC465 

M-AN1OM'.-u;S 
penM-dNIOAC465 

LiC428 
M dNltlLl.C428 

To ' Penl~mers 

;100m IOnm 

• 
• • • 
• 
• • 
• 

Comments 

Predominantly T - 7 particle, 
Capsomers and pentamer aggregates 

Predominantly T- 7 particle, 
Capso= and pentamer aggregates 

Mixed population ofT- 7 and T- l particles 
Capsomers and pentamer aggregates 

Mixed population ofT- 7 and T=l particles 
Capsomers and pentamer ag.grcgate, 

I"'ntamer aggregates 
Pentamer aggregate, 
Pentamer aggregates 
Pentamer aggregates 
Pentamer aggregate, 

Pentamer aggregates 
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2.4 DISCUSSION 

The primary objective of a prophyladic HPV-16 VLP-based vaccine is to elicit a protective 

immune response as a result of' the induction of' virus neutra1i8ing antibodies, A variety of 

neutralising epitopcs of' the HPV-16 major cap8id protein II have been characterised. 

Christensen er al. (1996a) generated a whole panel of monoclonal antibodies against HPV-16 to 

analyse surface and buried capsid epitopes. The epitopes of many of these Mabs were identil1ed 

using 8ynthetic peptide~. or' the various Mahs, HI6:V5. H 16:E70 and H16:U4 were found to be 

type-specific and conformation-dependent Mabs and H16:V5 and H16:E70 neutralised 

pseudotype HPV-16 virions (Roden e/ aI., 1997). Mab H16'Y5 \'v"<IS found to completely block 

more than 75% of the serological reactivity of hllillan scra (HPV-16 infected) to HPV-16 LlIL2 

VlP~ wherea~ H 16:E70 achieved considerably less blocking of htmlan sera (Wang e/ al., 1997). 

Thi8 8uggested that the binding site of the H16:V5 is similar to the immunodominant site 

recognised by the human sera following infection, Residues FSO, A266 and 5282 were found to 

be critical for the binding ofMab8 H 16:E70 and H 16:V5 (Roden e/ al., 1997; \\-l,ite I!I at., 19(9). 

Recently, Combita et al. (2002) demonstrated that linear neutmlising epitopes can be found on 

the HPV-16 Ll capsid protein: these are the epitopcs that bind the Mabs H16:J4 (re~idues 261-

280) and H 16:I23 (residues II 1-130). The sera raised 10 [he two linear epitopcs Were also found 

10 he ero,8 neUlralising: antibodies to 111-130 reacted with HPY -31, 33, 58 and 45 \vhereas 

antibodies to 261-280 reacted \~i!h HPV-45 and 59. The various epitopcs of the neutralising 

Mabs and other Mahs produced by Christensen I!I aL 1996a, 2001) are summarised in Table 1.3 

(see Chapter I) and illustrated on the mO!lcls generated from the crystal structure of mutant HPY-

16 ANIOLI (Chen I!I at., 2000b) and the HPV-16 LI atomic structural model (Modis d al., 2002) 

in Figure 2.13. The epitopes of Mabs H16:YS, HI6:E70. H16:U4, H16:J4 and HI6:123 are all 

8urface exp08ed on the head and crown of the pentamer. 
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00' 
• ('»17l [] ('»421 • 1-504 I:l PlltlO • AJo:l66 • &!2S2 • lll-llll • 261-230 • 423-4<Sl 

FIGURE 2.13: Structural models ofp.mtarners ofHPY-16 LlliIO L1 (A. S, C) and HPY-16 Ll (D, E. F) 
highlighting the binding reg;"'" of the Mabs H16:Y5 and H16:E79 (50, 266, 282), H16:123 (111-130), 
H16:J4 (261-280) and H16:D9 (po .. ibly 428-465). Th~ two conserved cysteine, (175. 428) are also 
highlighted. The mndels are based on the crystal structure of HPV_16 ANIO Ll by Chen et ru. (2000b) 
and the atomic model of HPY_16 Ll by Mndi, el ru. (2002) and dra ... " using the PyMOL slIUctural 
software (DeLano SCientifIC). A and D show the top surface of the pentamer; Band E ,how the pentamers 
rotated at 1800 along the X axis; C and F show the rotation of90° along tbe X axis. 
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In a magnificent study to determine the yield of YLPs from the expression of six IIPV-16 

variants by recombinant baculovirus in insect cells, Touze el al. (I99Rb) showed that Phil 

sequen<:e generated the greatest yield of VLPs, 79 times more relative to Fra25 (s~~ Table 1.2, 

Chapt~r \, amino acid s~ql.leT1~es of HPY-16 L1 variants). Therefore, this indicates that there are 

e~rlilin elem~nts in the HPY-16 variant gen.;, sequences that playa key role in the assembly of 

major capsid purticles. The HPV-16 Ll-SA gene (Ii-om a South African isolate: GenBank 

accession no. A YI77679) is identical to 114K in p"'di<:ted amino acid s~quences, and varied 

from the Phil sequence by one residue (A in South African isolate. T in Phil)at fl<lsition 266. 

Roden er al. (1997) demonstrated that a HPV-16 variant (Z-1194) \',ith seVen residues ditTering 

from A YI77679 (Y76, D176. T18!, A266. P282, P353 and F475) lost Mab H16:E70 binding; 

further analysis of vmious mulanls showed thaI Ihe serin~ at residUe 2R2 was ne~essary 10 

maintain the binding ofH16:E70. It was thcrdorc thought necessary to analys~ th~ antig~nicity 

of th~ YLPs resulting from the LI 504 and a mutant 504rM26611 which cncodes idcntical 

ammo acid sequcncc to Phil. All the amino acid residue differen~~s of HPV-16 L1 variants 

described in Table 1.2 (Chapter!. section 1.5.3.1) are illustrated in Figul<' 2.14. Residue 50 is not 

fully surface exposed, whereas the other key residues involv~d in \h~ binding of neutralising 

Mabs 1116:V5 and 1116:E70 are surface exposed, and majority of the other <Imino acid vari<lnts 

are on the surface (Figures 2.13-2.14). This supports the notion proposed by Roden el al. ( 1997) 

Utal papillomaviruses may bc subject to evolutionary pressure to escape neutralisation. The 

cvolution of grcater than 80 IIPV genotypes is consistent with this hypothesis. 

The compmison of the antig~nicity (Figure 2.2) of the two variants 504 and 504rAA266Tl clearly 

indicates that alanine at position 266 enhances th~ binding of H16: E70 by almost twofold 

compared to thrconine at the same position. White et al. (1999) carr:i~d out a study to map the 

H16:V5 and H16:E70 epilopcs and showed that thc variant GU-I (differs from AYI77379 at 

G4!. Y76, 1\176, T1SI, P2R2, P353 and F474) was unable to bind Mab 1116:E70, whereas GU-2 

(differs from A YI773979 at L50, T261i and N380) was unable to bind both IIl6:E70 and IIl6:V5 

Mabs. Thc mutation ofL50 to F ill GU-2 ~omplet~ly r~stored Mab H16:V5 al1d parlially restored 

Mab H16:E70 bindil1g; full binding ofthc lattcr was achieved by mutating the T 266 to A (White 

el al .. 1999). 
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o,apter 2: Deletion and point mutation 5tudy of the HPV-16 L1 gene 

o " 
• 191 

o , • 

o " 
o ,. 

• JI!9 
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om 
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• 159 

• 212 

o 414 

FIGURE 2.14: Structural models of pentamers of HPV-16 LI highlighting the =ino acid residues that 
differ from A YI77679 gene sequence in the various HPV-16 LI variant. (Table 1.2, Chapter 1, section 
1.5.1.3). The models are based on the atomic model of HPV-16 L1 by Modis et al. (2002) and dral,," 
using the PyMOL structural software (DeLano Scientific). A show the top srnface of the pentamer; H 
shows the pentamer rotate<! at I gOo along the X axis; C shows the rotation of9O" along the X axis. 
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Based on the antigenicity of the HPV-16 Ll (504), it was therefore decided to use this gene 

sequence for the deletion study and hased on the various features of the HPY-16 Ll in lenns 01" 

structure. YariOU5 deJetant and mutant gene con~(rud~ were prep.ned and expressed in S/21 insect 

cells using recombinant baculovirus. A variety of deletions at the N- <lnd C-lennini ofIIPY16 Ll 

504 were studied In determine their effect on the antigenicity 01" the particles formed and their 

srruclUre ill a baculovirus expression system. The deletion regions of the 504 gene are ~h()wn in 

Figure 2.1; these are <1100 shov.ll on structural pentameric models ofT= ] and '1'- 7 particles ill 

Figure 2.15. 

The indirect ilmnuno/luorescence data lor Sj21 cell~ infected with recombinant baculoviruses 

provides a good ha~is in tenns nI' antigenicity or the deletion and mutant gene products. One 

ohvious re~ult 01' Ihe deletion~ and mutalions L1 genes h lhal the protein;; tl.C465, M­

ANIOflC465, flC42S and M-8N10AC428 have disrupted H16:V5 binding sitc~. Another is that 

the N-terminal deletion had no affect on the binding ofMab 1II6:V5, and that the deletion ofthe 

NLS clearly prevenl~ the locahsalion or the protein L 1 prolein product into Ihe nucleu~ (Figures 

2.3-2.7) confinning work hy Zhou ~I ui. (1991). Further, mutation oflhe C 42R to G does not 

arTect the Mab H16:V5 binding, indicating that capsomeric pcntamers maintain the same epitope 

confonnation as intact VLPs. It is possible that these protein products could elicit a neutraiising 

inunune response similar to that reported for IIPV-3J L1 capsomers (Fligge et aL 2001). The 

indirect immunolluorescence is unique tool forrapid qualitative analysis or gene expression since 

the gene products are nOllost during purification. 

TIle antibody characteri~ation nI' the various purified deletants and mutants revealed lhat the 

conli)nnation of proteins AC465, penAC465. penM-ANIOA465 and AC428 is altered since none 

oftbe conformation specific Mabs (IIl6:V5.11l6:E70, II16:U4 and II16:9A) bind significantly 

to them. These results, in addition to those from the indirect immunofluoresccnce ofthc iniected 

.'if21 cells, suggests that the region 428-475 i~ critical lor maintaining the correct conformation. 

In hoth the 1'- 1 and T~7 models ofIIPV-1611 , the re~idues 445-474 interact with the co'" nI' 

the pentamer, Ihe internction being intrapcntameric for 1'=1 and interpentameric for 1=7, thus 

providing stahility to the pentamers in the former case. The C-tenninal deletion flC465 results in 

the partial de~truction or the h5 helix that docks into the intersubunit gap, and the loss of these 

important residues definitely seem~ to di~tortlhe overall stability of the pentamers. 

79 



Univ
ers

ity
of 

Cap
e Tow

n

Delelion and 

. , a • . , . , . , . , D 2·10 • 42S-46S [l 466-4!3 

FIGURE 2.15: Structural models of pen tamers ofl1PV·16 AN 10 LI (A, 8. C) and HPV·16 LI (D. E. F) 
highlighting tbe arrangement of the subunits! monomers chains (a.,b,c,d,e & f). the conserved cystelnes 
(175,428) and residues ]·10, 428·465 and 466-475. The models are based on tbe crystal structure "f 
IIPV·16 AN 10 Ll by Chen et al. (2000) and the atomic model of HPV-16 L1 by Modis el al. (2002) and 
drawn using the PyMOL structural software (DeLano Scientific). A and D show the top surface of the 
pentamer: B and E .mow tbe pentamers rolaled at 1800 along the X axis: C and F show \he rotatiou of90° 
along the X axis. 
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Fmthcr C-tCnnillal deletioll.~ up to residue 428 destabJlise the pentamers to a greater eXlent since 

!he dlSulphidc bond between cysteine ~idue>< 175 mld 428 is destroyed; !he lmadmg C-ternllllal 

arm in the T=7 particles therefore has mirumal colllact with the neighbouring pentamer As a 

result the penlamers are probably distorted, til". the loss in bindmg to all lhe conformatioll 

specific Mabs, 

A degree ofantigcnic cross react;';ty belwe<:n!he eRPV L1 VLPs, HPV-16 Ll VLPs and /he 

deletion f mutant proteins "vas obscrycd for the anti -HPV-l ~ L 1 Mabs that b()und linear epilopes 

and the anti-CRPV L1 Moo (Figure 2. 7), Multipl e soquffiCe alignments of ,anou. PV genotypes 

at !he bmding regions of Mabs 1111;:14 and H16123 ,how conscned reglOns (Figure 2.15), Ill", 

pos<ibly expiainmg the cross-reacti"ity. The cpitopcs for Moos HI6:D<) and CRPV;10B have nO! 

bem characterised so raT but th~ iRltibody binding data (Figure 2.7) "illl support from !he 

western blot analysis (FiguT~ 2.S) suggesL~ lhal the mabJlJly of AC427 10 bInd Mab H16:D9 and 

indicates that the epitope i. located in tI"" r~glon 42g-465 
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FIGURE 2.16: Multiple ~ucncc aligrut>Onl!< or PV geOOlj'P'" at the Mab Hl6123 , HJ6,J4 and the 
pos<ibly H16:D9 bindiTIg re~~""" rile + I _ binding data is rrom Chri.len""" et al_ (l9%a). • indicates 
binJiTIg obscrwd in (his chapter_ 
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It is difficult to suggest a target tor 'vIah H16:D9, ba~ed on its binding to CRPV LI, the various 

constructs in this ehapter and to various PV types (HPV -6, 11, 16, 31, 35 and CRPV LI; 

Christensen er af., 1996a): multiple sequcnce alignments (Figure 2.16) do not provide as clear an 

an~wer within the 428-465 sequences as so other comparisons. 

The clcctron microscopy data clearly indicates that for VLP as~embly the C·terminal region 428-

465 and the completc h5 helix are required. The majority 01' Ll.C465, penLl.C465. Ll.C427, .'vl­

Ll.NiOLl.C465, penl>I-Ll.Nl0Ll.C465 and M-Ll.NIOLl.C427 (Figures 2.9-2.12) form pentamer~, and 

these pcntamcrs, based on the antigenicit)· data, have an altered conformation. Li ct al. (1997) 

showed that HPV-II LI particlcs resulting from the cleavage of the R415 had a pentameric 

morphology but were unable to assemble further, This cleavage in the case of HPV-16 would be 

at residue R420 therefore supporting the observation of pen tamers for deletants Ll.C427 and M­

Ll.NIOLl.C427. 

Chen er al., 2000b, 2(01) demonstrated that a IU residuc N-tcrminal deletion in LI protein 

expressed in E. coli and assembled at low pH and high ionic strength re~ults in T=l particles 01' 

30mn dianreter. and that the addition of cither a glycine or a threonine residues to the NLl.iO 

results in T=7 particles of 55nm. The particles of .'vl-Ll.NI 0 and M·Ll.NIOLl.C483 • surprisingly· 

assemble in two dilTerent confonl1ations, T=I and T~7 (Figurc2.IO). This obscrvation therefore 

apparently contradicts what was demon~trated by Chen e/ aI., 2000b; 2(){)1) since the M-Ll.NIU, 

based on their data, should assemble into T=i particles, The main l[ue~tion that arises from this 

contradictory ob~ervation i~ what is the switch beTwcen the T- I and \-7 particle assembly 

prcferencd! Analysis of the atomic structure indicates that the 10 N·tcrminal residucs only 

imenlCt between pentavalent pcntamers (Figure 1.9, Chapter 1, sectionI.4.l). The first 20 N­

termiMI rcsidues form a p·hairpin and deletion of 10 N·temlinal rcsidues would rcsult in a loss 

of the fl-hairpin's strucrure. or the 20 residues in the ~-hairpin only residues 10-12 of one 

subWlit interact with 1-401' the other (Figure 1.16). T~'Tefore, deletion ofN-terminal residues 1-

4 would prevent the ~ -hairpln interaction; so. why does deletion of 9 residue~ still favour T=7 

particles and a further deletion of one residue results to '1'=1 particles (Chen er at., 2000b)? The 

only other explanation lor this observation is the condition~ unda which the asscmbly takes 

place: low pII (4-5,6) and high salt conditions were used to assemble the T=i particles in the 

ot~'T study (Chen et at., 2000b), and this probably alters the conformation of the N-temlinal 

residue~ to accommodate for T- I assembly. 
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Chapter 2: Deietion and point mutation s!lIdy of thc HPX: I 6 LI gen~ 

By ~"'llltrllSI. in thi~ study a~sembly will have occurred under e~senti~lly phy~iological conditions, 

A rew smaller ~ize particles were observed for native LI S04 (Figure 2.9) there lore, ~nother 

question ~rises: do HI'V -16 VI I's expre~sed in vivo have multiple assembly ~ ... mlonnations, with 

T-7 being tll:: predominant 000. and if so. why? 

• CboinA 

• Chain R 

• Chaine 

• ResKh,. 4 

• Residue 9 

• Residue 10 

• Rc";duc 12 

FIGl'RE 2.17: Structural moods showing thc interaction oUhe pentavalcnt N_tcrminal rcgions in the 
atomic model ofHPV-16 1,1, Models are drawn using p}MOL stlU\.1urai sofrnme (DeLano Sciemific), 
Model> rcpresent ,t.ick diagrams with t~ eitlClron density. B, C and D ,how the interaction region of 
model A rotated 90" along the y axi, in "lICCcssion wherca, Ii. is a 90" rotation along the x axis. F ,hows a 
magnified vi~w of the intcraction ofrcsidues 1-4 of chain A with 10-12 of chain B. 

The mutation ol'the cysteine to a glycine ~t residue 428 doesn't affel't the antigenicity or the 

particles, thereby implying that the capsomers and pentamer~ are potentially ~ppropriately 

antigenic lor elicitation of ooutralising antibodies. This mutation probably destabilise~ the T- 7 

particles. although doesn't prevent assembly since capsomers 01' approximately 30nm in diameter 

were observed (Figures 2.9-2.11), The invading arm hypothesis t1mt ,vas used to generate the 

atomic model offulllcngth IIPV-16 Ll theorelic~lly provides li.lI' quite a ~table assembly without 

the disulphide bond at cysteine 42);. The model for T=1 particles c1ead)' indicates that the kc)' 

inLerpentameric contacts are octween the h2, h3 and h4 helkes (Figure 1.12, Chapter 1), The 

capsomcrs observed ~~ a resull 01' the C42); to (42); mutation are ~pproximatcly 30 run in 

diameter similar to those shown by Li el al. (199);), The final quc~tion that ari~~ from electron 

microscopy data of penS04. pcnCMSJ, pcn.:i.~10 and pcMNIOt'lC48J gene produl'ts, is whether 

the lack ofdisulphide bond lavours T~l partide form~tion? If 00, then it i~ po~siblc th~t frec 

HPV pentamers, that have a full length L1 gene, me confornmtionall)' identic~l to the pentameT> 
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Chap!er 2: Deletion and point mutation study of the HPV -16 Ll gene 

ofT=1 panicles (Figures A, B, C of2.13 and 2.15) and it is only during ass~'Tllbly the C·tenninal 

anm "unlocks" from the pentamer and invades the neighhouring pentamer. 

To conclude, the deletion and mutation study provided a very good llllderstanding of the 

antigenicity of the various gene products, as well as a source of reagents for the rest of the thesis. 

A trade·off exists between higher yield ver:<.us appropriate antigenicity in relation to HPY·16 Ll 

variants. The 10 residue N-t~rminal region has no affcct On the antigenicity of the particles as 

assessed by the panel of Mabs, but would result in a mixed population of YLPs. Large scale 

purificatlOn of these mixed population of 55 and 30nm particles could be possibly lahorious. 

However, deletion of the NLS has no impad on the assembly or the antigenicity and hence could 

potentially be used for further candidate HPV vaccine development. 

What is the switch that controls T- i and T- 7 particle assembly? Do HPV-16 VLPs expressed in 

,.;'·0 have multiple assembly eonfonnations, with T=7 being the predominant one, and if so, 

why? Does the destruction of the disulphide bind between cysteine residues 175 and 428 (in 

HPV-16) fa,our T- l particle formation? It is not possible to answer these three questions that 

arise in this chapter since these are invariahly strucrnra1ly related and potentially constitute a 

project on thcir own and are outside the scope of this thesis. Ideally, these questions could be 

answered by two techniques: firstly by single particle analysis and 3D reconstruction of the 

purified particles (expressed in S/21 cells using recombinant baeulovirus) imaged by elcctron 

microscopy (Ruprecht & Nield, 2001), or hy 3D reconstruction of the particles from cryo­

electron micrographs (Baker C't al., 1999). 
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Chapter 3 

Expression of the HPV-t6 Lt major capsid protein in transgenic 

Nicothma tabacum cv. Xanthi 
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ABs rRACT 

The production of vaccine antigens in plants is a silf~ and potentially very cost-effective 

alkmati, e to traditional expression systems_ An investigation was undertaken into the possibility 

of transgenic expression of the HPV-16 L1 major capsid protein, with and without nuclear 

localisation signal (Ll and LldC483), in Nicotiana labacum cv. Xanthi plants. The genes were 

stably integrated into the N wbacllm cv. Xanthi genome, and both the expressed proteins were 

capable of assembling into capsomers and virus-like particles. The proteIns in concentrated leaf 

extracts were tested for antigenicity using a panel of characterised monoclonal antibodies 

(Mabs). Neutralising and conformation-specific Mabs (HI6:V5 and HI6:E70) were shown to 

bind to both types of the plant-produced particles. The product yield from plants was estimated to 

be 2-4j.1g per kg of fr~sh leaf material. Rabbits immunised with small doses of plant-produced 

particles produced a weak anti HPV -16 Ll immune response. 

3.1 IJ\ T RODLICTION 

Traditionally most prophylactic vaccines fOf human viruses have consisted of Jive attenuated or 

inactivated virus. Dlle to the difficulties and risks involved in generating large quantities of these 

traditional ,-accines there has recently been increasing emphasis on deveiopmg viral protein 

subllnit vaccines. With the advent of recombinant kchnologies_ subunit vaccines based OIl 

protem expression in bacteria, yeast and insect cells have therefor~ b~come popular. l-IowC\-'er, 

subunit vaccines produced in this way tend to be expensive and with the recent advances in 

molecular biology there has been considerable interest in developing new methods for producing 

cheap subunit vaccines. 

Over the last decade plants have become a popular choice for the production of recombinant 

proteins. Production of foreign proteiru in plants has many economic and qualitative bl'llelits 

(Gam & el al_ 1996). The cultivation, harvesting, storage, and processing of transgenic crops 

cOllld use existing infrastructure and would require reiati,-ely little capital investment (Ganz & el 

al. \996; Pen, 1996; Whitelmn_ 1995). Kusnandi el al. (1997) have estimated that the cost of 

producing recombinant proteins in plants could be 10 to 50 fold lower than in E. coli. Two main 

strategies have been employed in achieving recombinant protein expression in plants: these are 
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tran,ient expres,ion u,ing plant viru,es, and transgenic expre%ion (T ablel.5). SpaA protein from 

StreplOcOcclIS mutans, one of the main bacterial agents causing tO<lth decay, was fir't expre,sed 

in transgenic plants for the purpose of vaccine production in 1990 with a low yield of 0.02% of 

total soluble protein (Curti,s & Cilrdineau, 1990). Sub'equently, there ha, e been several reports 

delll<Jnstrating that antigens derived irom various pathogens can be s)1lthesised in their authentic 

forms in plants (Arakawa e/ of., 1997; Gomez el 01., 1998; Mason el al., 1992, 1996; Richter et 

al .. 2(00). When administered orally, b} feeding, antigens ,uch as hepatitis B surface antigen 

(HBsAg), Norwalk virus capsid protein and E coli heat-labile enterotoxin (LT-B) were able to 

induce an immune re'p(lll~e (Haq el af., 1995; Kong el al., 2001; Mason e/ 01.,19%), and in 

some cases, confer protection against subsequent challenge by LT-13 and cholera toxin B 

(Arakawa et af., 1998: Mason et 01., 1998). As a result, certain antigen, ,uch a, '-T-B and 

Norwalk virus capsid protein expressed in transgenic plants have been tested in clinical lrial, 

(Tacket et af .. 1998. 20(0). 

The ability to make stable tran,genic plants by integr"tion of DNA into the chromosome is the 

result of the discovery that AgrobaCleriuHl lum4aciens can in~ert foreign genetic material into 

the plant genome and the resulting transformed cells can be regenerated into whole plants 

(Awram et af., 2002). Although foreign DNA can be inlroouced into plants by biolistic 

bombardment, Awobaderium remains the preferred choice for its consistent integration of 

foreign DNA (A;vrum e/ al., 2002). Agrobaclerium i, a plant pathogen that can tranMi.mn a large 

range of hosts including plants, fungi and animal celk Tobacco and Arabadops;.I' ha,e proven to 

be easy to work with in the laboratory, whereas others, suc.h a, rice and maize, are not nearly as 

anlenable to genetic m"nipuldtion "lthough they would be better suited for vaccine pr<.>duction. 

Agro/)Gclerium-mediated tr!lllsformation allows the integration of a gene cassette (T-DNA) that 

uSllillly has been engineered to contain a strong prom<lter, and a terminator in addition to 

selection markers, into the plant genome (Awram el al .. 2002). 

In this chapter, the transgenic e"pre,~ion of HPV-16 Ll (full length) and L1I'I(,483 (\vithout C­

termin"l nuclear l<.>cali~ation signal) gell<l' in Agrobaclerium-lran~formed N labacum c\'. Xanthi 

plants was investigated. The~e two genes were chosen for this study ~ince their gene products 

maintain the conformational epitopes that bind the neutr..tli5ing Mabs II16:V5 and II16:E70 

(Chapter 2). The data from this ,tudy indicates that a transgenic plant-based expression system 

for the production of the HPV-16 L1 VLPs has potenti;jJ for low-cost voccine production. 
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3.2 MA TF.RIALS Ar-iD METHODS 

3,2.] Cloning of llPV-16 Ll and LitiC483 genes into tile binary vector [IART27 and 

Agrohacterium transformation 

The PCR amplificmion and cloning of the L1 (504) and Llt..C483 gcnes into pSK (pSK-LI-SA) 

and pGE/I,f~-T F . .as)· (pGE/I,f- LI/\C483) veetors are des.;ribed in Chapter 2 and the primers are 

listed in Table 2.1 (Chapter 2). 

The T.l 504 and T.J /\C483 genes were dirediunally sub<:]une<.i in\u \he mLiltiple cloning site of 

the plasmid pART7 (Gleave. !992). Clal .' X/wi and [';'coRI restriction sites respe~tively 

(Figure3.!; see Appendix C for map of pAR17 vector). This placed the LI genes duv .. ns(ream uf 

the CaMV 35S promoter and upstream of the octopine s)·nthase gene tennina(or (ocs 3'). The 

Ca..\1V 35S promoter, HPV-!6 L1 504 / L1tl.C483 ORF and oes3' cassette was excised and 

cloncd into thc binary vectur pART27 (NotT). The binm-y vector pART27 (Gleave, 1992) earries 

the neom)'cin phosphotranferase (npt) gene for kanam)'c1n resistance on the T-D'<A as a 

selection marker in both E. coli ami Agrobactcrium. and a lacZ' regiun ilIUlledimciy 3' of the 

right T -DNA border and ·uverdri~e' enhancer element. The pART27 (see Arf>endix C for map of 

pART27 vec\ur) ha~khone has the ColEI origin of replication for high cop)" maintenance in E. 

coli, the Tn7 spectinomycin/streptomycin resistance gene for bacterial selection, the RK2 

minimal replicon fur replication and maintenan~e in E. coli, and the Agrohaclerium and RK2 

derived origin of transfer (onT) fur conjugal transfer. 

Arirobacrerium tumejacicns C58C1 cumpetent ~el1s were transfurmed with L1 504- and /\C483-

pART27 plasmid J)'<A using the freeze-thaw methud uf (IIuoyk<ms, 1988). The transfonned 

~dls were selected on Luria agar plates containing kanam)'cin (40ftglml) and rifampicin 

(lOO"glml) at 30"C and screened by peR. 
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5",r; .~\lrl Clal ''"' Noll Sail 

\ RB \ .\ L1(504) I poo<-nplIl-no<3' LBI 

CaMV35S ocs l' 

.~, ,V",I E""" ~£oR1 Norl .\(,~. 

\ RD " .\ 
LlAC483 ( I pnos·nptll-nod' T.nl 

I 

C~MV35S ocs 3' 

FIGURE 3.1: T-DNA cassette, contaming 1M ~xpn:ssion cartridgt: for tOC HPV-16 LII LlAC481 gt:ncs 
"ndec the CaMY 35S prcm(l{~r. the ntJlIl selection gene nn<kr th~ nopaline octapine synthase promoter 
(PI\{)s) and lh~ Iclt and right borde", 

3.2.2 Leaf disk transformations of N. tabacum n. Xanthi and selection 011 tisslle culture 

ml-dia 

N. tabacum cv. Xanthi leaf disks were tran,fol1l1ed with Agrobac/eriuJII eon,tructs as de,cribed 

by Horsch eI ai, (1985), In brief, N. lahacum cv. Xanthi leaves were sterilised (using 10"10 

bleach) and washed, cut into small disks (approximately 5-lOmm') and immersed, lower 

ep)(lcrmis down, for a few minutes in an overnight eulrnre of AKrohaclerium IIIm~fadelis 

construct, (HPV-16 Ll I LI:1C483) The inuncrscd leaf disks were transferred to co-cultivation 

plant tissue culture media with no selection, and kept in the dark in a planl tissue culture room for 

3 days at 25"c' The leaf dish were the transfelTed to regeneration media fur callu, fonnation 

under kanamycin (for ,'I: labacllm tran,fonnants) and cefotaxim selection (inhibiting 

Agrooactermm gw1.Vlh), The kanamycin resistant calli were allowed to differentiate into shoot, 

and then roots on shooting and rooting plant tissue culture media. The plant tis,ue culture room 

wa, maintained at 22"<: with 16 hours of light per day Following root induction, the plantlets 

were tran,te11'ed to soil and grown to maturity in plant gro'Wth rooms maintained at 25"<:, at 800/0 

relative IRlmidity, with 16 hours of light per day. Flowers of the R<J generation were self­

pollinaled by placing a small paper bag on the flower and seeds were screened on plant tissue 

culture containing l00j.lg:!ml kanamycin The resistant germinated seeds were transplanted to 

soiL once the 3'd leaves had grown and grown tll maturity, 
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3.2.3 Sc:reening of transgenic plants for IIPY-16 Ll and LlL'lC483 genes 

Plan( genomic DNA wa:; ex(raded (rom (he ,V labc/C'um leaves using the method outlined by 

Ddlaporta el al. (1983)_ 

The transformed ill wbacum (cv. Xanthi) plants were screencd by PCR for the HPV -16 T.l and 

LL:l.C483 genes lLsing the following primer pain;: 

forward 5' -A TGTCTCTTTGCTGCCT AGTGAG-3' 

r~verse 5'-TT ACAGCTT ACGTTTTTTGC"GTTT AGCAGTTG-3' (for 1,1) 

rcverse 5'-TT A TCCT AA TGT AAA TTTTGGTTTGGC"CTTCAA TC-3' (Iur U .~C483). 

3.2.4 Analysis of total mRl"A extracted f!"(lm transgenic plants 

Total RNA was extract~d from (r~sh or stored (-70°(") leaves Ii-om L1 and L1.~C483 transgenic 

_I,'. lahatum plants and non-transgenic l'o'. lahacum plants lLsing the TRL'o(fM reagent (Life 

Technologies). The L1 and Llfl.C483 mRNA was detected by RT-PCR amplification using the 

Acc~ss RT-PCR system (Promega) lLsing primers thai ampli(i~d an in(~rnal 1.1 fragment of 500 

bp (forward 5'-GGTCC"ATTAGGTGTGGG-3', reverse 5'-AGCTGTC"GCCATATGGTICTG-

3'). 

3.2.5 Concentration or transgenic plant material 

Transgenic N. labacum plants wer~ homogenised in 1:2 (,,"') cold high salt (0.5M NaCI) 

phosphate buffered saline (PilS). The homogenate was strained through cheesecloth and 

c~ntrifuged at low sp<'ed (----4 300 x g; 10 minUles), Th~ supernatant was ultracentrifuged at-77 

000 x g for 6 hrs. The resulting pellet was resuspend in 1/5 initial volume of PUS and the 

suspension was clarified by centrifuging at --27 000 x g for 20 minutes. The supernatant was 

subj~cted to a second round of lLltraeentriflLgation at "·178 ()()() x g for 3 hours. The pellet was 

resuspended in PBS and for the antibody characterisation of the L1 and L1~C483 capsomers / 

VLPs, the protein was further concentrated using the Centncon'" YM-30 (30 000 kOa molecular 

weight cut off) centrifugal filt~rs (Amicon Separations). A non-transgenic n~gative control was 

prepared lLsing the method outlined above. 

90 



Univ
ers

ity
of 

Cap
e Tow

n

Chapter 3: Express;on of HPV -16 L1 protein ill tnll"gel1ic Nicn/iana labacum cy. Xanthi 

3.2.6 Antihody chnrncterisntiffn f>f the trnnsgcnic p lant-produced I1PV-16 LIT, and 

1,1 ~C483T' protein 

Transgenic plant-produced &V-16 LI (Li n) and LI~C483 (LlI'IC483T,) protein and non­

transgenic negative control concentrate were tested with the panel or monoclonal antibodies 

(Mabs) IIl6:V5, RI6:E70, H16:U4. H16:9A. IIl6:1J'l, IIl6:123 and 1I16:J4 (~ee Table 1.3, 

Chapter 1) by capture ELISA. Mnbs H16:V5 (binds an 50, 266 and 282). II16:E70 (binds aa 50, 

266 and 282), IIl6:U4 (epitope llllknown). I116:9A (unknm\'TI but in region aa 1·172), all 

recognise confi)rmational epitopes. while I116:D9 (binds all 428-465), H 16:123 (binds aa Ill· 

130). RI6:]4 (binds aa 261-280), recognise linear epitopes (Christensen et ul .. 1996a, 2001). 

Guinca pig anti-IIPV-16 serum was diluted I :500 and coatcd overnight onto ELISA plates. The 

plates were blocked with 1% non-fat milk in PBS. The extr..lct ""'as diluted 1:10 and allo\ved to 

bind for 2 hrs. The captured antigen was prob.:d with the Mubs (1:200) for 2 hrs. lillti-mouse­

alkaline phosphata~e conjugated secondary antihody (I :20()() was allowed to bind to the Mah for 

t hour at 37°C. The ~econdary antihody was detected using p-nitrophenyl phosphate and the 

ahsorhance wa~ measured using a Titrex ELlSA plate reader at 405nm. 

3.2.7 E lectron microscopy of transgenic phmt cxtrncts 

The plant extract was viewed hy immunotrapping the particles with either of Mabs H16:H and 

IIl6:V5 dilutcd 1:50 (PUS, O.1o/. USA) on carbon coatcd copper grids. Thc Mab was incubated 

with the carbon coated copper grids for 15 minutes. Grids were washed and then incubated with 

thc extract for 30 minntes. The grids were then washed with distilled \vater and stained with 2% 

uranylncetllle. 

For immunogold lahelling, the coated grids were incubated with guinea pig anti-HPV-16 Ll 

serum raised against HPV-16 Ll VLPs produced in in~ct cells by recombinant haculovirus, 

diluted 1: I 00 in PHS, 0.1 % HSA for 15 minutes. The tran~gcnic and non-transgenic control plant 

extracts were immunotrnpped onto grid~ hy incubation (nxlm temperature) I<)r 60 minutes. 

washed thoroughly (4 X I minute) with PUS and then blocked with 1% USA in PUS for 30 

minutes. The grids were tl"'n washed thoroughly (4 X I minute) with PBS, probed with Mnh 

1I16:V5 diluted I :50 dilution in PUS with I % USA for 60 minutes and thoroughly washed b.:lorc 

incubating with secondary gold-labellcd (lOnm gold particle~) anti-mouse polyclonal antihodies 
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diluted 1:100 in PBS for 60 minutes. The grids were thoroughly washed (5 X 2 minute~) with 

distilled water and then stained with 2"10 uranyl acetate. 

All cupper grids were viewed using a lEOL 200CX transmissivl1 electron microscope at 120kV. 

3.2.11 Immunisation of rabbits with transgenic HPV-t6 Lt" plant extracts "nd serum 

analysis 

Concentrated (65 fold) transgenic HPV-16 U" N tabacum sap extract was injected into three 

white Kew 7.ealand rahbits. For each rahhit the plant extract (with approximately 0.2 ).lg vi' L 1 

antigen) was diluted to 500).11 in PBS and injected 1:1 with Preund's incomplete adjllvant The 

HPV-16 Un antigen was administered to two slloclltaneous sites and an intramuscular site at 

days 1,21,96 and 118. The rabbit serum at a dilution of 1:50 was analysed for VLP specilic 

antibodies hy ELISA against haculovirus-produced HPV-16 U H"" VLPs (loofll per well coated 

at lpg/ml concentration. method identical to Chapter 2) arK! by western blotting. 

The llPV-l(i Lls"" proteill was denatured for 10 minut~~ at 100ce in SOS luading dye (without 

reducing agents). The denatured Un"" protein was resolved on a 10% SOS PAGE gel. The 

resolved gel was transferred ontu nitrocellulose membrane by semi-dry electrophoresis (BiuRad) 

for 25mins at 25V. The membrane ""'as blocked using 1 % non-fat milk for 2 hours and incubated 

with rabbit serum at a dilutiul1 of 1:50 overnight at 4"C. The membrane was washed with 

PBSIO.05% Tween-20 and probed with alkaline phosphatase-Iaoclled secondary goat anti-rabbit 

antibody diluted I :2000, for 1 hour at room temperature. Reaction was detected colorimctrically 

using 5-bromo-4-chloro-3-indoyl-phusphate (Berp) and 4-nitro blue tetrazulium chloride (NBT) 

sllhstrates. 
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3.3 RESULTS 

3.3.1 Production and genetic allalysis of transfonned transgenic plallts 

Of all thc various tran~forrnant~ <;elected on kanamycin ti~sue culture mOOia and ~ubsequently 

grown on ~oil. twenty plant lines (ten pcr con:;truct) rc,ulting from the tran~fonnation of leaf 

discs with A. fllmefadens containing HPV -16 Ll and LI,1C483 gene,; were ~creelled by PCR for 

the HPV-16 L1 and j,C483 genes. The highly specific peR primcrs used for the scrcening 

amplily the entire HPV-16 L1I, and L 1,1C483'1, genes. therefore the amplification product:; are 

LSkh and 1.45kb rcspectively, Eight plant~ were found to he po>itive [or each of the IlPY-16 LI 

and LlAC483 gene~ (Figure 3 2), 

• ~ 

" ;, 2 3 1 5 G 8 9 10 
x , 

A 
~ , , ; , , 0 , , , w • :" 
~ 

I!I 
~ ... ----

, 
FIGURE 3.2: DNA analysis of~ tran'genic N. labuc'urn C,', Xanthi (Ro) by PCR for I1PV-16 L1 (A) 
and LI ,\C4~3 (8) genes. Lruws 1-10 n-l"",,--nt, the dJffi;n--n1 lines of transgeniC plants, Transgenic Imes 2-
4 & 6-10 are positiVI: for HPV-16 Lt and 2-7 & 9-10 are romi.-" for LI"'C4~3 as shmm by the I.5kb and 
1 .4.'ith amplificatiOll prOOuct r~spcctjwly, 

The total RNA extracts from PCR positivc trarugcnic plant~ were analy~ed by RT-PCR for 

expre~~ion of the integratcd HPV-16 Ll and LlAC483 genes, The RNA Irom the peR po~itive 

trdll5genic pl:mt~ wa~ round to contain the Ll and Ll!'l.C483 mRNA as indicated by the 500bp 

DNA fragmcnt obscrvcd as a result of the RT-PCR amplification (Figure 33). suggesting 

transcription ofthc integrated T.I gene" 
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234678910- , )..234567910-

• 
- - -- --

A • 
FlGURF: 3.3: RNA analysis (}fll", lransgemc N labacum CV Xanthi. A: IlX-PCR analysis of the total 
mRNA c~l!actcd from the PeR-positive IIansgenic plants for HPV-16 Ll and Lli'.C4S3 (B), All 
respective the PCR-posili~e Imn'genic pl,mls expressed the Ll and Lli'.C483 genes ~s shown by the 
500bp amplification product 

Once the stable inteb>Tation and expression oj' lhe HPV-16Ll and LlAC483 J'oreign genes 1!I 

lransgenie N labacum had boxn established it was important to assess the stability of these genes 

1!I the subsequenl self-pollinaled gencralions. Four of the Ru (parent) transgenic planls (lines 2, 4, 

6 and 10 lor LI and lines 3, 4, 6 and 10 for the Llt.C483) were self-pollinated. The secds 

generaled were collected and screened Oil kanamycin tissue culture media and transplanted to 

soil. Random peR screening of up to four Tl (first generation) plants per line or the four the L1 

and LlAC483 N lahacl<m 0.' XaUlhl transgenic revealed that all these plants were positive, 

suggesting stable inlegration into lhe N. lahacllm cv. Xanilii genome and transfer of the transgene 

to the next generation, Since lhe T L seedlings were initially selected in a kanamycin tissue culture 

media, the ideal 3' I Mendelian inheritance oj' the lransgene was IIOt observed in the plants 

screened by PCR. 

3,3,2 Analysis of the antigenicity of HPV-16 Ll protrin produced in transgenic plants 

The HPV-J6 LiT, and LlI'IC483,., protein products could not be detected in the initial analysi5 of 

the crude lear sap of lhe transgenic planls (Ro) by western blot or EUSA The expression of the 

genes had becn confinned by mRKA analysis (Figure 3.3) in the PCR-jJ<Jsirive transgenic plants; 

therefore, ,t was assumed thaI the expression and accumulation of both the Lh, and Llt.C483T, 

proteins was below dctectable limits, In a bid to detect the L 1 hand L I t..C483,., proleins, and 

jJ<Jssibly also the correctly folded capsomers or particles, approximately 500 g offrcsh transgenic 

N. tabfIClIm leaf materia] from the T, transgenic plants (an lines pooled together ror each 
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construct) was homogenised in PBS / O.5M NaCI and concentrated 100 fold by a combination of 

ultra centrifugation and the use of a YM-30 Centricon filter devices that retain >30kDa protein_ 

The LIT> and Lll!.('48h, protein production in the transgenic plants was confirmed by EUSA 

and the antigenicity of the protein product was tested with a panel of characterised monoclonal 

antibodies (see Table 1.3, Chapter I). The binding of the confonnation-specific antibodie, 

HI6:V5, H 16:U4 and H16:E70 in the assays indicated that LlTr and Lll!.C483Tr apparently fold 

correctly since the four confonnation-specific Mabs (H16:V5, HI6:E70, H16:U4 and HIG:9A) 

bind the antigens (Figure 3.4). 

'" ,------
"." 
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• BaculO\irus-produccd HPV_16 L1 
OPlant-producod HPV-16 Ll NLS- (Ir) 

Hl6cJ4 HIHl'J 

I::J Planl-produccd HPV -16 L1 (Trl 
o Plant ""gativ" control. 

FIGURE 3.4< Monoclonal antibody characterisation by capture ELISA of the HPV-16 LiT, and 
LlAC483" expressed in N tahacum and HPV-J6 U Boo expressed in insect cells by recombinant 
baculovirus. 

The binding of neutralising \-fabs HJ6:V5 and H16:E70 further suggests the potential of these 

antigens to elicit a neutralising immune response, Despite similar amounts of c!!psomers / VLPs 

ofLhr and Lll!.C483Tr, based on H16:V5 and HI6:J4 binding, there is a difference in the relative 

binding of the Mabs HI6:E70, H16:U4, HI6:9A, H16:U3 and HI6:D9 to the two plant-produced 

antigens coupled to baculovirus-produced VLPs, The greater binding of HI6-09 to Lll!.C483Tr 

and the minimal binding to Lin.., (despite the high binding of Lin., to Mab HI6:V5), suggest that 

there is a large population of unassembled / denatured protein since this Mab has been shown to 

only bind denatured VLPs in vitro (Christensen et al., I 996a), 
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Ch~pter 3: Expression of HPV -16 L 1 protein in transgeLlic Niwtian" t"bacI/'" n. Xanthi 

:1.3.3 F~timation ofthc HPV-1(, L h, and L lli.C4!1:1Tr protein ~'ic1d 

The baculovirus-produc~d VLh (T.l ~",,) at a concentration of O.63)-LgI)-LI w~r~ diluted to 0.13 

ngl~ll for chamct~risation of the antig~nicity of HPV -16 L I" and L lIi.C4~3T" Therefore, based 

on thc absorbancc and dilutiOil of the Lh , and UL'lC483T,. an approximate COnCelltration of the 

capsomers could be worked oul. Table 3.1 shows the sLlmmary cstimatcd conccntrations ba~cd on 

ab~orbancc rcsulting 1Tom the binding to capsomel's of neutmlising conformation specific Mabs 

H 16:V5, H16:E70 and HI6:l'4 and linear epitope recognisillg ).·lab Il16:J4 to the capsomel'S, 

TABLE 3.1: Summary ()f calculated concentrations of I.lr, and I.lAC48J,., capwmer, based on the 
binding oftoc "~riou, M~b8 10 L I u",-, 

Concentration of eap.omen per kiklgram offre.h tI"an5genic I~"afmatcrial 

H16:V5 H16:F.70 H16:LJ4 1116:.14 

3.2 ~lg 1.81'g 2.41'>: 2.4 flg 
HI'V-16 LBC48Jy , 3.6 ~l(t. ___ ~'~A"'O,~ ___ ~4~'",O"~ ___ c'c;c'o'~_ 

The yield based on H 16:V5 and H16:J4 is similar for both LIT, <Iud Llil.C483T" It is impoffilut(o 

nGle thatlhere is not a great variation in the yields d~l.i:nnin~d Llsing different Mabs, 

3.3.4 Eledron microsc"py "r the plant eItracts 

'Ine plant extracts cOil taining 1.1 T, and 1.1 j.('4n, , were viewed under the electron microscopt: by 

immLlnOlrapping the particles with Mabs Ill6:.14 and H16:V5 onto earbon coated coppcr grids 

and negative staining. The majority of the partick~ observed by immunotrapping "ith Mab 

H16:J4 were pcntameric capsOluers (lOnm) with a li:w examples of higher order strucrnres 

resembling VLPs (Figlll"C 3.5), '<onc ()f these kinds of pmticks w~r~ obSt:rved in [he non­

transgenic control. The full size parlick,.,,-VJ.Ps (1.1,,) observed by immUllOtrapping with H16:V5 

(Figure 3,6) were very similar in size and structure to those produced in insect eclls by 

recombinant baculovirus (Figure 3.7). Similar full size particles "ver~ not s~en in lhe 

immunolmppcd LlL'lC483T, trmlsg~nic plant extract. The patticles shown in Figure 3.6 (except 

particle IV) scems to ha\-e encapsidated ~<Hne nucleic acid since the cellUes of the particles ar~ 

not hea\'ily stained unlike those seen for Un" VLPs ill Figure 3.7 (A). "[bese palticles are very 

~imilar in morphology to those that have apparently encapsidated nucleic acid from ~xpr~s~ion in 

insect c~ lh (Figure 3.7. panicles B and D). 
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A 

! 

, .. 

FIGURE 3.5: Ekctron micrographs or LI T: (Al and L1~83T' ~B) imlllJ.m:>trappcd particles (Mab 
H 16:J4) in ooncentra:to.d tran.g~nic plant "xtl'Kt (Bar - 5(I"m). MDccd populotim of full size VLPs (I). 
capsomers (11) and disa;;scmbl~d! broken doW:1 particles (III) are observed in botJ extracts. 
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C~apter 3: Expression of HPV -16 L 1 pntein in transgenic Nicotiana lahacum cv. Xanth i 

-

" 

- '" 
'" • 

JV 

VI 

FIGURE 3 6: Electron micrographs of HPV-16 UTe VLPs immunotrapped particles with Mab H16:J4 
from CO!\CAt~ plant extracts (Bar - SOnm). Particles I, U, IV, V and VI probably contain nuc leic 
acid wh= p~;i;!e 111 is probably lID empty capsid VLP. 
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Chapter 3: E...pressioo ofHPV-16 Ll protein in transgenic NicoriWla rabacum cv. Xanthi 

II 

I) 

FIGURE 3.7: Electron micrographs ofbaculoyirus prOOuced HPV-16 LI_ VIPs (Bar - SOnrn). Empty 
VLPs sho"l1 in micrograph A and magnified partides in C and E. Capsids 8 and D probably contain 
nucleic acid since there is no evident heavy staining from the uranyl acetate as would be in the case of 
empty VI,Ps (C and E). 

FIGURE 3.8: Electron micrographs of immunogold labelled capsomers oj" HPV-16 L" (A) and 
Lll!.C483 Tr (B) that were (rapped onto the copper grids with anti HPV-16 Ll guinea pig serum 
and probed with Mah II16:V5 (Bar - SOnrn). Thc gold particles are approximately lOnm in 
diameter. 
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Chapter 3: ExpressIOn ofHPV-16 L1 protein in transgenic Nicoriana labawm cv. Xanthi 

There was no marked differellCe obsen"t'd In the particles resulting from the transgenic plant 

expression of Ll t..C483 to that of L \ (FiJ,'llI"C 3.5. A and 8). To confinn the observation of true 

HPV-16 LI" and Ut..C483" capsomCf'<. the particles were immunotrappcd using guinea pig 

anti-HPV-16 Ll serum onto carbon coated copper grids and probed with H16:V5 gold-laheUed 

secondary anti -mouse arJtibodies (IOnm gold particles). Gold labelling was observed at the 

centres of putative capsomers (Figure 38). No hinding was observed in the negative control. 

3.3.5 Anal~·~is of fhe immune resp(m~e to HPV- lii 1.1 r, 

No adverse effects were observ;::d in the immunised rabbits as a result of immunisations with 

concentrated transgenic HPV-16 LI" plant cxtract. The rabbit sera were anal~ed for VLP 

specific antibodies by indirect ELISA using baculovirus-produced HPV-16 LiB.., VLPs. ELISA 

plates Wl-TC coated overnight at 4°C with J00!l1 ofHPV-16 U"", VLPs at a concentration of 

Illgimt and probed with rabbit sera dilutcd I :100 in PBS with 1% non-fat milk powder added. 

An unexpected complication was that the pre-imml1llised (day 0) sera were found to he highly 

reactive to HPV-16 LiB.." almost certainly as a result of baculovirus and lor insect cell 

contamination of the HPV-16 LI s.., prt.-"aration as indicated by the western hlots (Figure 3.8). 

This rendered inK'rpretation of the ELISA results difficult: however, a weak but generally 

increasing immune response was obser,,~d for the two of the three rabbit sera analysed (Figure 

3.7). The weak immune response could be anributed to the low concentration of antigen 

administered in each inoculation (appro;o;;imately 50ng). 

Day 15 sera from all three rahbits "ere checked hy western blotting against denatured 

baculovirus-produccd HPV-lll Ll n", VLPs (Figure 3.8). The prebleed serum and the putative Ll­

immune sera and the H 16:14 Mab positive control bound a numher of protein bands in common 

in the denatured HPV-16 LiB" preparations, including in the expected region for L1 monomers 

(50-60 kDa): however. the three L1 sera also bound to at least one additional higher MW band 

in comm:m with the H16:J4 Mab positive control. while the rabbit T012 serum binds very 

similarly to the H16:J4 antibodies. This suggests that the preimmune and immune rabbit sera 

bind common insect ~ell or baculOl'irus proteins. while the immune ~era and the control Mab 

also hind L 1 pmein bands. 
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Chapter J: Exr:ession or HPV-16 L1 protein in transgeuic N;COI;ana rabacum cy. Xanthi 
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FIG URE 3.7: Analysi, of ,era from New Zealand "irire rabbit, imrnunised with plant produced HPV-16 
Ll antis"'" Sera le,ted against recombinant baculoyirus-produced HPV_16 L 1 Flo; VLP,_ l00,Ll of l,",glml 
COOled per well orno ELISA plates. The rahllit. were immuni .. don days I , 2(, 96 and 118. 
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FIGURF: 3.8, WeSTern MOl anaIysi ' of the rabbit , era ag3.inst denatured HPV -16 LlB",. Binding of rdbbit 
antibodies from tho ~blecd to certain haculovirus J !~t2 1 protein is ""idem but o~ prodomltlurn bund 
(Ll mollOmer) at Ihe sam. po,ition as tho", in the H16:J4 control i, ,hown in the dotted box for:!ll:ra rrom 
rabbits all the three rabbits and another band, possibly a trimer is observed for sera from rnbbit ID 12. 
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Chapter 4: Transient cxprcssion ofHPV-16 LI in Ntmtiana bentham/ana u,ing a looamov'n,s vcctor 

Unlike convCIIlional recombinant vaccines, plant VlfUses are generally recognized 10 be non­

pathogenic in humans and other animals. Plant \~ruses Ihat e"pres~ transgenes during their 

replication in the host generally achieve much higher product yields than those achieved in 

transgenic plant>. 

rMV is a positive .~trand RNA virus that has been developed into a flexible and useful expre.~sion 

system for plants (Dawson, 1999; Yu~ibov el ai" 1999) rhe genome of TMV h a monopartite, 

positive sense, 6.4 kb ssRNA that contains 4 ORFs (Fib'Ure 4.1). The Y-tenninius is capped and 

the )' end bears a t-RNA-Iike configllration that in fdCt accepts histidine. The 3' end also 

contains 5 pseudoknots, 2 of which are in the tRNA-like structure The first ORF encodes a 126 

kD protein, but read-through of the UAG tennination codon generates a 18) kD protein. These 

two proteins are involved in replication of the viral RNA "ith the 126 kD protein containing 

consensus methyltranferase and hclicase mOlif~ and the read through part of the 183 kD protein 

contain ammo acid >lXjuences typical of viral RNA-encoded polymerd>es (T .ewandowski & 

Dawson, 2000), The last five codon> of the 183 kD reading frame overlap the 30 kD reading 

trame, and the latter tenninate> two nucleotides prior to the initiation codon of the ORF that 

encodes the 17.5 kD coat protein, The 30 kD and COal proteins arc translated from two 3 ' ­

coteDTIinal subgenomic RNAs 

___ -'====== .. ~" ;'~'~D~":. ............... '~"~;~>D::' .. .. ~,-

t 
r==: tRKA,~-:l' OH 

17,5 'D~ 
30kD~ 

~gR"A F" 

~ 
___ ~",:""'~~---!RNA •• -:l' OH 

" 126kDa replica,e subunit 

• 186kDa replicase sut.""t 

• 30kDa movement proIein sgRNA ~ 

0 17.~kDa coat protein t 
~ 

Fil(urc 4.1: Organi'atiOl1 and cxprc~.ion of the Tl'vrV g<:OO!nc (Heinlein, 20(2). "Ibe I 26kDA and 1 R3kDa 
sul>units of I'Cplicase arc tramlatcd from thc gmomi<: RNA of the virus, the 30tDa movc=-nt protein and 
17.5kOa coat protein are tmnslated from the . u!>genomic RNA produc,""j during Rplicatioo. 'n,e genomic 
RNA and coat prolei" subgcnomic RNA but l>Ot the movement protein SIlbgct;(lmic RNA, ar~ capp.;d and 
t:h..: viral Ro"'A tcnmualc" with t-RNA-like ,1mctllre that accepts histidine, 

lOS 



Univ
ers

ity
of 

Cap
e Tow

n

Chapter 4: T ran,i~nt ""pr~"ioll of HPV -16 Ll in l .. ';co/imw benlham;ana u,iug a lObamovirus vector 

TMV is trull5mitted mechuni~ully by physical contact between plants and virus contaminatcd 

~l1[faces, and has nO known vectors (Heinlein e/ al., 1998: Heinlein, 20(2)- The ~out protein of 

IMV can accumulate to as much as IIJ'Io of the dry weight of an infccted leaf. First gcnemtion 

TMV vedor~ did not expre~s proteins throughout the plants since the ~eqllence en~oding the coat 

protein - which is required for movemcnt - ",,~s rcmoved and replaced with the open reading 

frame of the foreign genes. Another problem with genes inserled into TMV genomes was 

intramoleculur re~omhinalion dlle lo repealed sllhgenomic promotcrs resulting in removal of the 

sequcnccs (DOilson et af., 1991). Subsequently, constructs ~onruining heterologous ~oat proteill5 

and subgcnomic promoters from closely related viruses ha\'e reduced these problems und lruve 

enabled foreign proteins to be cxpresscd to levels as high as 2% of the total soluble plant protein 

(Shivprasad e/ al., 1999)_ Ihc structural protcin VPl from foot and mouth diseasc virus lrus been 

cxpresscd using TMV (Wigdorovitz d aI. , 1999). The relati\'ely' stahle TMV vectors are nOw 

used frequently for foreign protein expression in plants (Artnzen, 1997; Hamamoto el af., 1993: 

Koo el al., 1999; Ncmchinov fI aI., 2000: Tabmatsu e/ ai., 1990: Tllrpen e/ af., 1995; Verch el 

af., 1998). 

This chaptcr reports the investigution oftrunsient expression of the HPV -16 Ll gene in Nicoriana 

henrhamiana using u TMV-ba~ed vector. rhc potcntial for produdion of VLPs, the 

immunogenidty in rahhils, and the binding of a panel of Mubs known to bind vmons und 

baculovirus-produccd VLPs, were examined. Observation of necrosis in N. henthamiana as a 

result of infection with the TMV vector pUSG 1057 is a clear sign of recombination where the 

insert i~ deleted (personal ~ommllni~ation with Dr Kenneth Palmer of lliosourcc Tcchnologies 

Inc, Vacaville, l:SA) Initial work with expressing LlL'lC483 (Ll \',ithout the NLS) in N 

hemhamiana usin~ thc TMV vector resulled in S-evere nccrosis of the infected plants which was 

indicutive of re~ombination of the TMV vector where possibl) the L I;\.C483 gene was deleted, 

further, data from chapter 3 showed that there \\~s no major difJcrellce as a result oftlle deletion 

of the NLS (L IL'lC483) in terms of yield and antigenicity: therefore, only the fu.lllenb'th UPV -16 

L I gene was used for thc rest of this study_ 
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4.2 ~tA TERlALS Al'm Mt:'rIlO O!' 

4.2. 1 Construction ortbe T!.\1V, Klor encoding Ihr H PV-16 L l gfne 

The 'I MV-ba~ trallsieni expression GCIlc;Ware™ Vector pBSG 1057 (Bio~(lllrCe 'I echnologies 

Inc, Vacavi lle. USA) cOlltain, sequence) from the Tohacco mild green mO:;(lie 17fUS lj5 isola!.:. 

including the coat protein subge11umic mRNA promoter and lhe Cllat proteIn OKl' , The 

replication and movfmaJl prolein ORFs are Irom 'l),.fV iwLale UI . This he!erologoo) ~eaor was 

found by be lhe most sl..8ble by Sh .... pTllsad el til (1999) rhe JQB-GFPO ~Iam gme 

(Genc.8.,nk accession no U626J7) Wa) replllCed wilh lhe HPV- \6 L1 to obtaIn the done,. LJ­

pBSG (I'igure 2.2) 

,= '" ~ 

26 ...... 

:, ::::.::. ~U~GlOS7 

• • 
'- ' "~'' ' -" ) 

V- Y 
","WII] .. "'''". <M 

,.".,. roc " ,,..~ 

~ pBSG·L I 

• 
'-- ,-, ./ \ ) 

V- Y 
TlolV lI. "'"",;' 

MP S-Ubgeoomic [,"oonoocr of I'M V U I • Cf' """ ...... 'DOIIUC prom<>!..- ofTMGMV US 

FIGURF. 2.2: SdM:mallc diagram of the gclJOmJC organisation of pBSG-Ll .-ector C;lSsCllC and 
Gcuc"arc f~ VCClo.- pBSO lO57. TIM: """Pilcn!;C ruld nlO'l'l:lll"nt protein genes an: ocn\'cd from TM V LJ 1 
wl1er~as 1111: coot prc«in and tlll: ... bgenollilc coal pr(llcin promotCJ are ~nved fWIll T\I(jhl V U.~, T1Ic 
HPV- Ib LI ~oc ;.00 lb;: 30B GFPC:3 m~t.ll\t ge..: are viacw under the COOIro l of tbe W.~I protein 
subgcnomic prom, • .,. ofTMGMV tJ5 

The HPV-16 LI gent: (Sou th At"""n isolate; Gcnbank accession rn AY I77679, pSK-L l-SA) 

wu P<'R ~llIp1ilied (E>.pand Lung templul~ PeR ~Yl'It:m, Roche) USIl~ the folloWI ng !lei of 

pn~. 

fOfWftrd 5'-UAAlTMATGT'CTCITTC,Q('TGCCT AGTGAGG-J' 

r~~ersc: ~ ' -err 'GAY TT ACAGC1T ACGTTIT1TGC GTTT AGCAGTTGT AG-3' 
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Chapter 4: Transient expression of HPV -_16 L 1 in Ni~(}riana bemhamiana using a tOOamo\;rus veeto~ 

Le.fM.ter .. 1 
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FIGURE 4.3: Schematic diagram shov.ing the PEG treatment of the plant extract and the collection of 

sampb(1-10) 
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Chapter 4: Tmn<ient exp,""ion of HPV _ 1 Ii J, I in l'{;<'ol j"na benlham;ana "sing a IObamovin" vector 

4.2.7 Transmission electron microscopy of IlPY-16 LIn" 

A protocol similar to that outlined in Chapter 3 (section 3.27) was followed. In brief, 

concentrllted plant protein extracts and infected leaf ~ap were negatively stained wi th 2% uranyl 

acetate and viewed with a HiOL 200CX transmission electron microscope. The plant extract was 

viewed eilher by immunotrapping the particles with 14 (hinds linear epitope aa 26 I-nO) and Y5 

(bind~ conlorrnational epitope) monoclonal antibodics at a dilution of 1:50 on carbon coatcd 

copper grids or untrapped. In the case of immunogold labelling, the extract was immUllotrapped 

wilh guinea pig anti HPV -16 Ll (J :100) onto carbon coated copper grids. The trapped particle5 

were probed with Mab V5 (1:50 dilution) lind 5eCOnduT)' gold-iubelled (IOnm) 11l1li-mol1~e 

(1:100). The extroct5 ""ere stained wllh 2% uranyl acctatc and viewcd using a JEOL 200CX 

transmission electron mkroscope at 120kY. 

4.2.8 Immunisation of rabbits with plant extract, from transielll expression llPY-16 

L I, ~lv and serum analysis 

Concentraled .", .. henlham;ana sap extru~t (-65 lold concentratcd) from thc trunsient expression 

01' HPV-16 L I TMV was injected into three white ~ew Zealand rabbits. For ellch rabbit (he piant 

extrll~t (wilh approximately O.4",g of L1 anligen) was dilutcd to 500lli in PBS and il1jecled I: I 

with Freund's incomplete adjuvant. Thc plant-produced antigen was administered to two 

suocutllneous sites and an intramusculur 5ile a( days 1, 21. 67 and 87. The rllbbit 5erum at a 

dilution of 1 :50 dilution was analysed IOf VLP specific antibodies by ELISA againsl haculovirus­

produ~ed HPV-16 LII'", VLPs (lO{hli per well coated atl",g/ml concentmtion) and by ""eSlern 

blots (5ee Chapter 3, section 3.2.8). 

4.3 RESULTS 

4.3.1 Analysis of N. hellthamialla with in "ilm transcripts of pBSG-LI and pRSGI057 

constructs 

Transicnt expression 01' Ihe forcign pl'Otein5 in pbnL<; using plant vinlscs has becn suggested 10 

ochieve higher yield than from transgenic plant exprcssion. Therefore, in an attempt 10 achievc 

higher yield5 or plant-produccd IIPV-16 L1, Ihe lran~iell\ cA-pression of IIPV-16 LI wa.~ 

liS 
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Chapter 4: TI'ft/lsient expression ofHPV-16 LI inNicoliana bemhamiw/a using a tobamovirus vrotor 

investigated using a TMV -based. vel-'"!or (pUS(i I OS7) in l{. benthamiana plants which allow for a 

systemic TMV infection. 

The TMY infection produced by pBSO 1057 (expressing OFP) was monitored on the inoculated 

plants using a hand-held UV lamp. OFP fluorescence was observed as spots on the infected 

leaves 3dpi, and systemic infection was generally observed after 8dpi. TMV infection symptoms 

- a slight mosaic pattern on the leaves and curling of the top infected leaves (Figure 4.4) _ WeIe 

eviok'Ilt 10-14 days post inoculation (dpi). The leaf curling was used as a marker for sysu,wic 

infection for pBSO-LI infections. 

A • c 

~'IGURE 4.4: Lt:af curling (indicated by the white arrows) and mosaic symptoms on N. bemam;ana 
plants as a result ofreoombinant TMV infection. A: uninfected plant; R: ;nfroted with reoombioant TMV 
expressing G~'P (inocuiatt:d with in vitro trans~ripts ofpBSGlOS7); C: infroted with recombinant TMV 
expressing HPV-J6 L1Th(V (inoculated with in vitro Iranscripts ofLI-pBSG). 

The infection by recombinant TMY expressing HPV-16 LlTMV was confinned by RT-PCR of 

total RNA extracted from the top leaves. A 500bp RT-PCR product was observed for the TMV 

coat prol~in (CP) and the Ll (Egure 4.5). 

In order to deteJ1l1.ine if the Ll protein was being produced, leaf sap of infected N henthamiana 

plants (top leaves) was anal)'lied by ",-estern blot analysis. Although mRNA was detected for both 

HPV-16 LlTMv and TMV CP onlyTMV CP could he detected by western blot (Figure 4.6). This 

led to speculation that the expression ofIIPV-16 LlThtv was low and that concentrating the plant 

material would be n~cessaty. as it was for the transgenic plants in Chapter 3_ 
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Chapter 4' Translcnt ~"prcss;c., of HPV ·16 L1 in Niootiana hcnrhamiana u~lllg a robamovirus vector 

Ll 0' 

~A~~A~~ 
( I 2 , 4 \('; (; 7 8 'I J,. 

-Ikb 
-O_8kb - - -O.5kb 

FIGURE 4.5: RT-PCR anal~sis or lolal mRNA ~'Xtractcd fiun N_ benthamiana plants infected wilb 
r=binant pBSO-L!. Lanes 1-4 and 5-~ represent RT-PCR products for HPV-J6 LI'r", and TMV CP 
respectively_ Lanes 1 and 5- wat~r blank; 2 and 6 RT-PCR prodnct from RNA extracted from pBSG-LJ 
lIIoculated plants; 3 and 7, RT-PCR of RNA extracted from lIninf",-,ted pi<ml matmiaL 4 and 8 are water 
RT -peR c-ontrol~_ RT-PCR product of 5[)()bp in Iane~ 2 and n indicare the transicnt exprcssion ofHPV-1(, 
I. In" ,' and TMV CP respectively. 

..---- 2~.1k])a 

TMVCP -----. ~ 
.... _______ ..... ..---- ~)_9k])a 

FIGlJRE 4.6: Western bk>! onaly5ls or leof sop from N nemamiana illf.x1ed ,,~Ib in v,'ro ,,11lmsi,uj 
transcripts ofLl-pBSG sOOv,lUg TMV coal prok1ll delected using anti-TMV poIyclonal rabbit SCnlm 

4.3.2 PEG precipitatiol\ of 1'11,1" particles from cnJdf plant material and concentration of 

the cnJde extract 

Since the infected N_ henlhamianll plont material from the transient expression ofHPV-16 LI L"" 

prolein needed 10 be eoncenlrated, it was important to establish a protocol to remove the TMV 

from the crude extract A precipitation experiment wa~ de~igned to invesligate the effects of 
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Chapter 4. TraJl.'nent ""preS5lOn of HPV -16 LI m Nkotiana benthomiona usin~~._tobamovi 'liS v~ctor 

precipitation ofTMV and possibly the HPV-16 Lin!" with PEG at 4%, 14% and 24% (w/v) 

concentrations. The precipitates (pellets from centrifugation) were resuspended in 1/ loth of the 

supernatant volume with PUS 

The protocol illustrated in Figure 4.3 was followed and samples eoUected at various stages of the 

precipitation and resuspension were analysed by western blot analysis for the TMV coat protein 

and the Ill'V-16 Lln 1v protei n, Sample~ 3 (4% PEG), 6 (14'r. PEG) and 8 (240/0 PEG) were 

viscous and hence colild not he analysed by SDS-PAGE gels, therefore their content could not be 

analysed_ Nonetheless since the main objective of this experiment was to look at precipitation of 

the 1MV and 1ll'V-16 L IT"v, analy~is of~amples I, 2, 4, 5, 7, <) and 10 would be sufficient_ 

, .~ 0 

t -• • • - Z I 2 4 5 7 , 10 ~ 

- ...... - -<t----17,kD 

FlGLRR 4.7: Western blot anolysis for TMV (u'mg anti-TMV polyc1onol antibody) in various samples 
as a result of PEG precipItatIOn Sample, I, 2, 4, 5 and 10 are po,itive for TMV CPo Samples 7 
(precipItate as a resllit of 14% PEG) and 9 (precipitate as a result of24% PEG) are negative for TMV CP 
snggcsting that 4% PEG is sufficient for complete precipitation ofTMV particle' _ 

Samples I , 2, 4, 5 and 10 were fOlmd to have T'v1V in them sllggesting that 4% PEG was 

sufficient to precipitate all the TMV particles (Figure 47) The Ill'V-16 LiTw. protein was 

difficult to detect by western blot and the SDS PAGE gels were unable to resolve the ~amples 4 

and 7, in both cases smears were observed on the western blots with ~b H16:J4 (data not 

shown) suggesting that a proportion of HPV-16 l.I TMV preClpitates with 40/0 PEG treatment 

Since binding of ~b H 16 J4 to the unresolved IlPV -16 Ll n!\' on the western blot analysis of 

~mple 4 was ob~erved, it was Sp€'Clilated that not all the HPV-16 Ll .. \l" precipitates with 4% 

PEG and hence the protocol for concentrating the HPV-16 Llr, in Chapter 3 was modified tu 

accommodate the 4% PEG treatment to precipitate the TMV from the plant extract from transient 

expressiun ufHPV-16 LI .. \l v_ 
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Chapter 4: Transient expres>ion of HPV-16 L 1 in Nicmiana h~n1hamian(J using a tobamovirus vector 

4.3.3 Analysis of the antigenicity of I1PV-16 Lln1\, protein 

In an attempt to detect and isolate the transiently expres~ed HPV-Io L1mv. tw~nty-five.l-l 

hl!nlhamiana plants were inoculat~d with freshly in vitro synthesised RNA transcript. The TMV 

infection symptoms were evident and the plants were harvested 14dpi. TI", antigenicity 

characterisation oftl'" IIPV -16 Ll-rr (Chapter 3) and IIPY16-16 Linw were carried oul together: 

therdor~. the negative control was the non-trmsgenic plant concentrate and for positive control 

w"",, the baculovirus-derived IIPY-16 LIB",. The leaf material (SOg) was homogenised in high salt 

PRS (0.5M NaCI). strain~d through che~s~clolh and most 01' Ihe chlowplasts c~ntrifuged om at 

6000 x g. The sU~'fT1atant was conccntrated 65-fold by a combination or ullrac~nlrirugation and 

use of a YM-30 Centricon (AmicOil Separations) centrifugal filter device. 

The HPV -16 LI n,v protein in the coocentrated plant extract was captured on ELISA plates ll~ing 

anti-HPY -10 Li guinea pig serum. and \Vas probed \vith the a panel of characterised Mabs (see 

chapter I, section 1.5,1.4. Table 1.3), The binding of tl'" conformation-specific antibodies. 

HI6:V5. 1116:U4 and 1116:E70 to tho;, concentrate (Figur~ 4.8) indicated Ihe i(llTllation oJ'higher 

order Ll structures such as Capsomers or YLPs. 

A significant population or Ihe lransiently expressed HPV-IflT",. protein apparenily folds 

correctly since all the three conformation and type specific Mabs (1I16:V5. II16:E70 and 

HI6:U4) bind the antigen, The binding of neutralising Mabs 1116:V5 and 1116:E70 further 

suggests the potential of tl", trmsi~ntly expft'ssed HPV-16 LI L~l" protein 10 elicil a n~utralising 

immune respons~, Th~ high binding to Mab Hlo:l23 is surprising in comparison to that of the 

HPV-Io LiT, and HPY-16 L1!l.C483T, (fib'llre 3.4. Chapter 3) but suggestive of a larg~ 

proportion of denatured I l1nassembled particles since II16:123 has almost half the binding 

al'finil)' ror mlact VLPs as for free protein (Christensen et al.. Il)<J6a), The higher binding ofMab 

H16:09 supports the suggestion of (knatured / unassemhled parlicles orHPY -16TM \-, 
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Chapter 4: Transient ~~p'~~ssiO!l of I-IPV -16 Ll in NicOlianl< benlhamiana usinS !!_toba,movirus vector 

HIG:V5 Hlfi:E7U H16:(J" H16:9A 

"", 
Hlfi:123 Hlfi:J-1- H16:D~ 

. Irnect cclI produced HPV-IG LI CPlant prodllCtd HPV-IG LI (TMV) OPlan! negative control 

FIGURE 4.8: Mooocional antibody characterisatioo by capture ELISA of the HPV-J6 L/n,lV tran.iently 
expressoo m N. benlhomiooo and HPV-J6 LIp.., exprcssoo in insccr cells by recombinant bacuJoy;rus. 

4.J.4 Estimation of the HPV-16 L1IMV and L1AC483n [v p rotein yield 

The estimation of the yield ofllPY- J6ntv was worked out in exactly the same manner as that for 

IIPV-16 LiT, and HPV_16 LlAC483" in Chapter 3 (section 3.3.3). The I-IPV-16 LI !l&c at a 

dilution of 0.13 ngI~J was used for antigenicity determination of HPV-16 LI,M\-. Therefore, 

based on the absorbance and dilution, an approximate concentration of IIPY-16 Ll TMv 

capsomers / VLPs was worked out (Table 4.1) from the binding of Mab, 1-116:V5, 1-116:E70 and 

H16:U4 and liner epitope recognising Mab 1-116:14 to the cap somers to the HPV-16 L IJ"" 

The yield based on Mabs 1-116:Y5, H16:E70 and 1-116:14 are very similar with Mab H16:U4 

indicating a slighter higher yield. 
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Chapter 4: Transient expre"ion of II PY -16 Ll in ,'lieu/;ana ben/ham;""a using a tobamoviru, vector 

Table 3.1: Summary of calculated concentrations of HI'V 16 Li n ,,' capsomers ba<ed on tlle binding of the 
variou< Mabs to II PV -I Ii LI "",. 

Concentration of cap.orner. per kilogram of fresh trallsgenic le"f rnakn"1 

Antigen HI6:VS H16:J;70 HI6;U4- ---'"n"''J,'o,--
._- •... 

HPV-16 LlTM\' 27.7 ItS 21.91'S 36.4l'g 23.0l'g 

4.3.5 J;1cdron micro'cory of the rlant C'<trad~ 

In the leaf &Up taken /Tom lOp lea"es a ~mall popl1lation ofHPV-16 1.1 VI,Ps were observed, 

(Figure 4.9) together with predominant aggregates of pentamer,. T'vIV rods of \wo dearly 

different size classes were observed. JOOnm and J70 run, The presence of wild type 300run TMV 

rods is indicative of recombination in the ThIV popl1lation where in some ca.>e~ the lIPV-16 

L1 HI" gene Wa.> deleted somev."ilere in the ~ycle of replication an<1 m(wement of the virus wi thin 

the plums. RabinJran & Dawson (2(}()]) reporte<1 ~imilar recombination when they w,ed TMV to 

"xpre~~ a ~maller gene, GFF (30kDa) in N. benlhamiana. 

The concentrate was also viewed by immunotrapping the particles \vith Mabs 1I16:J4 and 

1I16:V5. Most of the parlicle~ ob;;erved in thi~ c.a~e Were pentankric capsomers (I Onm) with a 

few exceptions of higher mclere<1 ~truetllTe~ (Figure 4.10). Ihe VLPs observed in Figure 4.10 arc 

very similar in size and structure to those produced in insect cell by recombinant baculovirus 

(Figure 3.7, Chapter 3). Some of the VLPs in Fib'Ure 4.10 have possibly en~ap~i<1ate<1 some 

nuclek acid sin~e the centres of the particles arc not heavily stained. A similar observation was 

made for the VLPs from the tran~genk expres~ion ofHPV-16r, in Chapt"r 3 (Figure 3.6). 

To confilTll thal caPSOITK'TS and VLPs did result from transient expression ofIIPV-16 Ll using a 

IMV vector. the putative HPV-16 l.lrMv particles in the plant conccntrate were immunotrapped 

lIsmg the anti HPV-16 guinea pig serum and probed \l'ith 1I16:V5 and gol<1-1abelle<1 secon<1ary 

anti-mouse an\ibodie~ (lOnm gold particles). Gold labelling of the capsomers WlIS observed 

(Figure 4.11) in the concentrated plant extract: no binding Wa~ observeU in the negative controL 

thereby ~onfirming the expre~sion of HPV-16 L1TMv capsomers by recombimmt TMV base<1 

vector. 
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Chapter 4: Transient expression ofHPV-1 6 Ll in Nicoliana oem/uJmiana using a tobamovirus vector 

A 

" 
/ I 
Ill'\. 

\ 

R 

• 
FIGURE 4.9: Elecl.roli mi~TOgraphs ofcrw.le leaf extracts of top leaves (Bar = SOnnt). TMV rods of two 

distinct lengths, 30nm diameter by 300 (I V) and 370nm (Ill) length are observed in micrographs A and B. 
Tbe 300nm TMV rods represent recombined TMV where the HPV-16 Ll TMV gene hm; been deleted IIDd 
370nm TMV rods represent the recombinant ThlV expressing the HPV-16 Ll Thlv. Also obse",'¢d in the 
micrographs are HPV-J6 U TMV VLPs (I) and aggregates ofpentamero (II) resulting from unasscmbled! 
broken down particles. 
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Chapler4: Transient expression of1lPV_16 Ll in Nicoli~ hemluimiana using a tobarnovirus vector 

B 

-

n 

( 

F ~ . ··1 
0.

41 .. ,~ 

FIGURE 4.10: Electron micrographs of IIPV-16 Ll,.,v VLPS and capsomer. in concentnted planl 
eAlract (Bar - 50nm). Micrograph A shows predominantly capsomers trapped with Mab H16:J4 and 
micrographs Band C show VLPs trapped with Mab 1l16:V5. D, E and F show individual particles HPV-
16 Ll TMV VLPs where particles 0 and possibly E contain eocapsidated nucleic acid. 
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Chapl<1" 4: Transient expr=i"" ofHPV-16 L1 in Nico/iana bemhamiana \l:\inlil • (obamoviru., v~ctor 

FIGURE 4.11: Electron micrograph of immWlOgold lahdled capsomm of HPV-16 Ll Th1v that were 
1T3J)pCd onlo oopper l:Jids with ."Ii HPV -16 Ll guinea pig serum (Bar - SOnm). The trapped cspsomers 
were probed with Mab HI6:VS. which was detected usiul: secondary gold labelled goat ami-mouse 
antibodies. The gold particles are approximmely 10run in diamcM. 

4.3.6 An~lysi~ of the immune response to j)[;1Il1-d{'ri\'ed HPV-J(; LIn1\' 

The rabbit scm, at a dilution of 1:50, were analysed for VLP specific antibodies by indirect 

EIJSA using baculovirus-produced HPV-16 LIB.., VLPs. A weak response was observed for One 

of the three rabbits (lD 5); how~'Ver, the pre-immune serum was found cross-react with the 

baculovirus-pr<Xluced VLPs. The response in rabbit 1D 6. if any. was limited to that observed in 

the sera from day 67 whereas rabbit JD 4 wa, a non-responder. Rabbit 10 5 seems (0 have shown 

an increase in immune response to the crude plant extract containing HPV-16 LlTMv as a result 

of immunisation On days I and 67. 

Sera fmm day 21 was checked by western blotting againsl denatured HPV-16 Ll Roc VLPs 

produced in insect cells (data not shown, results similar to those shown in Figure 3.8 were 

obtained): two bands similar to those for the control with Mab H 16:J4 were observed for sera 

trum rabbit JD 5 and 6 binding to the denatured HPV-16 LlBac protein. Serum from the preblced 

boond proteins in the denatured HPV-16 Ll_ preparation, but not !It the position of Lt, 
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._-- ._-------------------------

suggestmg thai the VLPs were not absolutely pure and tha! probably the bands are due to mbbit 

annbodies binding to denatured insect cell or baculovirw; protein:s_ 

f 1.3 

tl.2 
,Ii Ll , , 

0' 
0.' 

"' 
0.' 

I 

• 

. -

I 

-. 
• 

• • 
• 

- -

• Rabbi V. 

I I 

• . - . -.-
• 

• 

• 

" • • • 
• 

,. 
Do" 

.. FGlbbil U 5 • R. bbiIIC G 

nGURE 4.12: Analyoill cf 5(OC3 from New Zealand white rabbits immuru5.d "itb oonce.ntrate:d pllltlt 
extmct from Ihe lraJJsicru expressioo cf HPV-16 Ll "",,'. The rabbit 5eTlI were testai against reccmbinant 
bacuioviru'-produced HPV-16 Ll_ VLPs, l()(),tl of 1!-l-gImI cooled per "cit onto ELISA plates. lbc 
rabbits "ere imtl1lllLisai 011 days I , 21 , 67 ""d 87_ 

4.4 DISCUSSION 

Planls /hal ha,-e been used traditionally as sources of food, fibre and fuel are now being 

considered as a11ema1i>-e factories for pharmaceutical products of inlerest, with low expenses, 

lack of coruamination with animal pathogens and ease of manipulation bang the chief attractions 

(Dixon & Am\7.m, 1997). Plant >truses have shov.n great potential for the production of large 

amounts of protein in a short period of time_ The use of planl >'irus vectors in oormal planls 

instead of using tramgenic plants for the production of foreign proteins presents several 

advantages, although bolh systems arc of great value under different circumstances (Dixon & 

Arntzen, 1997; Scholthof, 1999). Since plant arc infected after they have been grown to a certain 

stage with the viral vector tOXIcity caused by the expressed protein are reduced. Using plan! 
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CharlC>" ~: Chlmaeric HPV-16 Ll particle, pre,ent~ an epilOpe of the minor capsid proteIn L2 

the pSK plasmid (pSK 504[AA266TJ) vector (Stratagene Cloning Systems) was used as a template 

Th" mulagen<lSis was carried out using a n'io-step PCR system. First, a chimaeric t<mtplm" was 

generated using the Expillld Loll£ Template PCR System (Roche) that IS SUIted for the accurate 

amplificatIon of large DNA lemplates. The PCR mixture (50jJ.1) v"as digested \\,th Opnl restnction 

endonuclease (10 digest methylated template DNA): SJ.-II of this was used m the second step usmg 1'fo 

DNA polymerase (Promega) DH5a E. coli competent cells were transformed with tile amplifIed 

DNA and Ill" chima€rlc product was sequenced, The PCR-based strategy for the replacement of the 

<:pitope mto the Ll gene is sununarised III Figure 5.1. 

I 

Ll ''FIoc''''''"t ",~i"" 

I 

PCR ",to [", ... " I",," 
T'"'l'"'' "'" 'l""'" 

• pOK-' ""l.V.l.MI __ """" • Chi""",;., """,. "'".00 

I' .. 'i,~ i, L_,r"m' l'. 
coli (IJH"') 

• R.~"", ..-.::~ the l2 c~t_ 00 tOe 1""".,-,1 f"""" • ROB"'" """xl",!, the 12 "1" ''1'" ". ,0< ""~"'" ""met 

F1GURr· !'i.t: SdJemalic rcprcscnl.lltioo of thc peR <tratell)' to replace tre L2 opit<lP" into 11 .. L I sequence, 
f'nTIJef1!O cII<;ooiag parI ofd .. L2 opll<lP" were used to ~Teate a dlimaera templale "'nng Expand long lcmpiat.: 
PCR system and l~ origInal pla&lrud DNA was digesred wIth DpnL 1l1e ampblled templ.te w. s r;,rther peR 

.."plir.od usi"" Pfit DNA polymer",e . nd the competent DH5« were lrdlwormod "itl> !he N u-.."phr.cd 
chimaC>"a 

m 
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Chimaeric Nucleotide Residue Primers used to insert the L2 -LVEETSFIDAGAP 
construct of 

L2 ofL2 
5' -ITA GTG GAA GAA ACT AGTT1T AITGATGCTGGTGCA CCA - 3' 

3'-AATCACCITCITTGA TCA AAA TAA CTA CGA CCA CGTGGT-5' 

ChiAA-L2 522 - 558 174 186 E- Forward 

F 5'- - 3' 
Reverse 

5' - - 3' 

ChiAC-L2 393-429 131-143 D- Forward 

E 5'- - 3' 
Reverse 

5' - - 3' 

CbiAE-L2 1293-1329 431-443 Coil Forward 

between 5'- - 3' 

Mand Reverse 
5' - - 3' 

CbiAF-L2 1242-1278 414-426 M helix Forward 
5'- - 3' 
Reverse 

5' - - 3' 

ChiAH-L2 243-279 81-93 C- Forward 

D 5' - - 3' 
Reverse 

5' - - 3' 
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Chapter 5: Chimaeric I1PV-16 LJ porti~s pre:o;enting an epitope of the minor oapsid protein 1.2 

Secondary structure prediction data indicated that the h4 helix would be: destroyed by substlrntion of 

the 1.2 epitope into this region. Models illustrating the display oflhe L2 epitope at various positions 

are shown in Figure 5.3 based on the solved atomic structure of HPV-16 LI (Modis et al .. 20(2). In 

brief. the L2 sequence in Ch~-12 is potentially displayed on the outer rim ofthe pentamer head, 

ChiAC-I.2 on the pentamcr hcad. ChiAE-L2 and ChiAF-L2 on the C-tenninal arm and Chii\H-L2 on 

an intemalloop at {he base oj the pentamer. 
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FIGURE 5.2: Seq""DCe aJiwunents of major capsid protein of nine HPV ~, nom grouP' [«.'1m !:TOups A 7. 
A9 and Ato and BPV-l and CRPV. Atignments condllC{ed us;n~ too DNA roltware analy,is program 
DNA MAN (Lynnon llioSofi, Quebec, Canada) The ,e<;oodary structural elements identified [rom {~cry'tal 
structure of N-tenninal truncated HPV·16 Ll (ll.NIOLl) "'" .boW" about tho ""'Iueoc. ; ~-sbeet. are 
repr.,.,n!ed in Mue and a-hetice, in red. The ooru;erved 9'teine residues j 75 and 428 are highlighted in 
yellow. T~ regions where t~ L2 opitope were "-i'lace<:I witn tne HPV-t6 Ll sequences are hightighted for 
each chi""""". 
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Olapl.r S: Cbimaeric IIPV 16 Ll particles Pfosonting IlII epitope ot n", minor capsid protein L2 

, " 

• O>iAA_[2 • cttiloC.u • Ckil.E"L:I • Cki,;F_1.2 • C1o.>H.u • L",m 
(1'4-1'6) (lJl_IO) (431-«3) (41 ..... '.) (" -93) 

FIG U RE 5J: Stru~"tunIJ modol. of perrtamers IlPV-16 L1 highlighling the fl'gions wher. the L2 epitope 
was replaced with 1-If'V _16 LI sequence and the conS<."Hed cysteinos (175, 428). The model. are based 0<1 

the atomk model of HPV-16 Ll hy Mooi, ef al. (2002) ond drawn using the PyMOL o.tru~1ural software 
(DeLano Sciemiflc). Model. D, E and F ,bow lb. in=lion ofa subunit from a neighbouring pen!81ner. 
Models A and D .bow the top swface of the pent"",er; B and E show th. pentam<..'1'S rotatOO at 180" along 
the X ""is: C and F show tho rotlrtiO<1 of9O" along the X ""is_ 
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___ -'C~,haplcr ~: Chimaeric HPV" 16 Ll p.rtidcs presenting an epitope of tile IllirnI c'p"d prot"ill L2 

'Ihe chimaeric constructs were successfully expressed in insect cells uSllIg recombinant 

bWJ10\'lruses, and purified using esC] gradioltll centrifugation. Fractions were analysed by 

ELISA using H16:J4 Mab, since the epllope that bmds this Mah was not altered in any construe! 

PooitlYe fractions Were pooled and dialysed r", further analysis. Tho sizo, of the chimacric L l-Ll 

protem producl. - predicted as 55KDa - were confirmed by western blot analy';! using HI 6:14 

Mab (Fig 54) 

-" " " " " " " 
, 

~ " " ~ " , " 
j > :? , " ~ ~ ? > " " oj " ~ , 

~ c • C ~ 0 0 0 0 0 " 
, 

~'>kl ~'------II> ..... --- r--. - .. 75ko.. 

FIGURE 5A: Wes!Cn, [,101 analysis 0[ chima<.'ric p[()lein (TodUC1' using HIGJ4 Mab A -"5~kDa prorein 
product wos 00..,,,1:<1 similar to that 0[ HPY-IG Ll 5Wl AA266TJ_ 

5.3.2 Antigt'nir rharacterisation of the chimaelic L1 protein product~ uBing M .. bs 

1he ELISA bmding results for purified chimacric proteins With a panel of characterised Malls 

(Chnstell~en el ai., 19'96a 2001, Roden el aI., 1997. \,ihile el ai" 1'.1')') are summarised in 

Figure 5,5. All Ille chimaenc partid"'llproteins bound the antIbodies specific for the linear 

epitope:s (lIHd4, CIa 261-280; HI6:D'J, unknown: and HI6:123, lll-lJO). All the 

conformationall y dependCOlt ·"'eutralising-- '\1OOs (H16:V5, HI6:E70, H16:U4 and HI6:9A) 

reacted WJIll particles of chimaeras Chol'lA-L2, Chil'J.fl-L2 and ChlIl.F-12 or the 

conformationally dependent Mabs, particles of chimaera Chi.ll.C-L2 recognised only Hl6:U4 and 

HI 6:9 A. indicating the disruption of the V5 and E7!l "neutrali'ing" epltop<lS. Particles of Chil'lH­

L2 showed vel)' weal bmding to co.uom13lion-dependoot Mabs, and strong binding to HI6:D'.I, 

which predominantly bind! denatured HPV-16 Ll VLP! (Christensen el <Jr , 19%a). These drua 

indicated thru the protem aggregation products that resulted from OuMI-L2 were either unstable 

and/or lnisassembled, 
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____ .C, .. ..",~ .. ~-'--~~ic HPV-16 Ll pmicles I!",scnting III opit~ of the miMI' QPsid prot~~_ ~~_ 
Alnorb .. "".1 4O~Dm 

0.00 

ChiM_L2 

CmM:_L2 

ChiMl-Ll 

ChiM'-U 

Chi.ili_L2 

IlPY-16Ll 
SQ4[M256TJ 

CIU'V L1 

,.00 , .~ '00 

FIGURE 5.5: Antibody_b1nding chanictcrisalioo of Ihc ~him",,--ric Ll and HPV-J6 LI W4[M26611 
purified gene p,oduct. a.ing a panel of Malls and a polyclCJllal "uti L2 opil""" antibodie!l CRPV Ll was 
used as a ""gal;,. control 
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Chapte~?: ell imaeric I IPY -I (, L 1 llatticle, pre,enting an ~pilOpe of the mioor capsid protein T .2 

Thc polyclonal antisemm (provided by Dr N Clrristcnscn, Penn State Universily) raised in rahhits 

10 the Ll cpitope peptide (aa I 08-120) bound all the chimacric particles (Figure 5.5), indicating 

that all the IlPV-I6 chimaerus displayed the L2 epitope. Chi~F-Ll had the highest binding 

affinity. indicating that the L2 epitope In the LI sequence region aa 414-426 is perhaps the most 

highly exposed of all the constfUtis. 

5.3.3 Transmission electron llIicroseop~ of ehimaeric particles 

Chimactic particles made from constructs ChiM.'-L2 1nd Chi"'E-Ll formed rccogm,ahle VCPs 

and capsomers. whereas the rest of the chimaeras apparcntly only formed cup,orner, and 

amorphous aggregates (Figure 5.5). In the case of Chi"'F-L2 and ChiAH-L2, partides that 

resembled VLPs were observed on only two micrographs: therefore_ it is possible that these are 

potentially urteiiK1s rather Ihan true YLPs. 

5.3A Immuni.ation of B>\LB/c mict with chimacrie particles lind lInalysis of ilmnune 

response 

The immune respon,e to the linear L2 cpitope was analy,ed hy western hlotting. The ,trongest 

response wus oblained Ii-om mlcr immuni,cd wilh ChiAF-L2 (Figure 5.!). The r'-tenninal urm of 

the LI i, exposed on the surface of the UPV virion. near the outer rim of the pentamer and hence 

thought to be highly immlInogcnie. ChiAC-L2 and ChiAL-Ll had a slighlly higher L2-epilope 

re~pon"c than ChiAA-L2. This correlate> well with L2 antibody binding. where ChiLlF-L2 had 

the highest amnily follo\\eu by r'hi"'E-Ll. r'hiAC-Ll and Chi"'A-Ll {Fi.~'Urc 5.5}. The immune 

re,pons.: from the L2 epitope in ChiLlU-1.2 was barely detected, ~uggesling that the 1.2 epitope 

was not well pre'"nled on thi, chimacra. This could potcntially be attributed to the CoD loop 

being an intemalloop in HPY.161.1 pmtic1",. {Flgurc 5.2}. 
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--r~~~!:i~iiiif'''i~' ~c~' ~::~:"i:,",,"ruJ epitope of the minor capsid protein L2 

" \ 
" 

" 

ChiAC-I.2 

ChiAE-L2 

Ch~F-L2 

Chi!>H-L2 

FIGURE 5.6, Electron microscop} of chim£eric particles trapped with Mab 1'116;J4 onto carbon-coatcd 
copper:Pids and ncgati,c1y ~taincd witt ~ ur.lnyl acctate (Bar - 5Oom). Enlargemeot5 on the right 
,bow illlividual panicles for ChillC_L2 and C1tiAE-L2; particles in ,We of disassembly for ChiAF-Lt; 
pcntamcric aggregates for CIWM-L2 and Cbi.\H-L2. 
[; VLP> 
II: Aggoegates ofpentame" 
UI: Possibly pcnt>.mers 
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___ ~Co""~~~'~: ~hima,,"-C HPV -16 LI panicles presenting ~_~~opc cfthe minoc capsid protein L2 

" ~ " " " " 
, 

~ 7 7 j ." ~] ~ ~ " ~ ~ 
~~ >-

il il u u U H 
105m, • 
nUb • - • " 

3S,6);fJa • 

FIGURE 5.7: Western hI'" analyoill of sera frOID Ball>'c mice immwrioed with the variws chimacric 
proIeins andHPV-\6 Ll 504[M266TJ VLPs apinst HPV-16 L2 IRJIein expressed in E. coli. 

'The results above indicated that four of the chimaeras were capable of binding one or more 

oonfonnation-specific neutralising Mabs. It was important firs! to determine if these particles 

could induce an HPV-16 L! immune response, and second, if \he L2 epitope displayed by !he 

chimaeras was immunogo:nic. 

Analysis of sera from mice irnmWlised with !he chimaeric particles indicated that there was a 

strong immune response (tilres ~1024(0) to HPV-J6 Ll VLPs: end point titration data are shown 

in Figure 5.8. Particles ofChidE-L2 induced the strongest immune response (figure 5,8), similar 

to that elicited with native HPV-16 L1 VLPs (!itres ~ 819200), roUowed b} ChiM-L2 (titres ~ 

204800), lhI'D CBAA-L2, ChiAC-L2 and Chi&l-L2 with sitrular end point titre. (~l 02400). This 

data correlates wen with the antibody characterisation data (Figure 5_5) 

It is interesting to tlOte that ~ Ll .specific immune response !o ChiAC-L2 is much lower than 

that of ChiAE--L2, yet both of these assemble recognisable VLPs. II is speculated that this is due 

to the structural alteration of the immunodominant region (V5 and E70 epitopes). 
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C~pu:r ~: Chimacric IfPV -16 Ll particle. presenting an epitqIC of~t.e nrn.or capsid prok.i~ U 

,., 

Hj 

,., 
".0 J 

u l 

'" 
o , 

00 
no I .. "" '.90 DO ,." -'-I' .. " H' '.11 '-01 ' .. H '-", ... , 

'.~11 ' 1 .".m ."." •• .. "., 

,~ ~ ~ -- - ~ h._ O1i."""-12 CluM:-U Clnlili-U C1li\J'-U Chi.~H-U 
HPV_IGLI 
""I \A266T] 

~'IGU RF. !'i,R: End point titrati"", ofsera fr001 Balble mice immwised with clumacric proteins and HPV-
16 LI 504[M21\6'11 

5,3,5 Stroctu,.,11 mlldelling IIf ~himlleric pl'otein 

n-.e chimacric protems were mod~lled to address m., 3lIligeniClly resnlts., especially for ChitiC­

L2 and ChitiH-Ll. The moddling was carri~d out using Ille W~b - based S\VISS-MODEL "hich 

nses BLASTP2 to align the similantie, of target sequence willl ,equences of kIlo",n ,tructure 

(atomic structure of HPV-16. ILOt pdb) and ProModll to generate m., modds willch are 

subjected to ~rgy minimisation usmg GROMOS96. The moddled proteins together ... iih the 

refermc~ HPV-JG L1 "ere subjected to VIPER analysis and assembly 10 dcterrnine the 

lllt~rsubunit contacts. 

The predicted contact differences bctween the HPV-16 L1 and the chirnaeric protems are 

sumrmms~d m Appendix D (Tables D, J -D,5) and the diagrams of tile modelled and assembled 

chimeric and HP\' -)6 LJ particles are :;I1o'\\-TI m Figure' 5,9-5, 13. The subnnit numbering for the 

com,-.cts is shown m Figllre D,l (Appendl" D). ~ HPV-16 L1 s~quenc~ (see ch"Pter 2) was 

used as a reference sequence whcre the residue 266 is an alanine. Therefore, for all the chimacnc 

models, the ditfercnce as a result of residue 266 is shov..., in ~ contact table'< III Figures 5.9-5.13 
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Chapler 5: Chimaerie HPV.16 Ll panicle. pre..,nling an epilope oflk mi:lOr cap.id protein L2 

and armotaled with a symbol (*). The L2 epilope in all the llwilelled ehim,ler,IS wa, SUr/lICC 

exposed with the greatest exposure seen for ChitiE~L2 and ChitiF-L2 (Figures 5.11-5.12). 

The effect of 1053 of the disulphide bond in ChiM-Ll where the cysteine 175 is replaced with 

valine is shown in the Figure 5.9. The most obvious change in the predicted interactions of the 

L2 epitope replaced in the E-F loop (residues 163-242) of ChiM-Ll is with the h4 helix 

(residues 414-429) and the H-J loop (reSIdues 348-360). 

The L2 epitope in the D-E loop (residues 110-149) is not predicted to have any impact on the 

residues 50. 266 or 282, which remain accessible according to the model of ChiD.C-L2 in Figure 

5.10. Therefore it is difficult to address the loss in binding of ChiD.C-L2 to Moos H16:V5 and 

HI6:E70. The predicted contact data for ChiD.C-L2 shows that residues S280 and T283 have the 

interactions with 0142 changed from polar-acidic to polar-hydrophobic; this could potentially 

affect the binding of the Mabs H 16:V5 and H16:E70 to residue S282. 

"0 major differences were predictcd for ChidE-L2 Crable D.3, Appendix D), where th<e ~oil 

bet\",een the h4 helix and ~-1 sheet has major interactions with the E-F loop (residues 163-232) 

and hI helix (residues 234--239). 

In ChiM-L2 (Table CAl, the major interactions of the h4 helix (414-429) are with the 8-C loop 

(residues 50-67), and apart fi:om the loss of the interaction of the L426:CI75 (H-H) inter:lcti(}n 

bl-1wecn the AI:Fl subunits (Table 0.3, Appendix D), there is no gross eonfOrmali(}nal ehang~ 

predicted. 

The model of ChiMI-Ll (Figure 2.13) where the CoD loop (79-94) interactions only occur 

between subunits oftbc neighbouring pentavalent pentamer, shows is a slight change predicted in 

the interaction v,ith the h3 helix (residues 395--102), but gross changes in C-D:C-D loop 

interal-1ions (Figure 0.2, Appendix III for more ii1Ustrations of this interaction). Since none of the 

key Mab H16:V5 and H16:E70 binding epitopes are affected in the modelled structure ofChiMl­

L2 it is not possible to directly address the antigenicity result data for ChitiH-L2 where no 

conformation-specific Mabs bound the protein product however, the trace log of the SWISS 

MODELing (Table D.6, Appendix D) does indicate a bad loop modelling. 
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Chapter 5: Chimacric H PV-16 L1 particics ll=tillll "~ cpitope of the minor capsid protein L2 

111'\'-161.1 

ChiM_L2 
- - - --

• 174·11\6 o 381·475 

~ 
( 

..f 
jj -

o Cy. 115 

FrCURE 5.9, Structural diagram' ofChiAA_L2 and HPV_16 L1 prolCin modelled u,ing SWISS-MODEL 
(Guex & re;I&h. 1997. Pcilllch. 1996) and ","""mbled ""ing VIPER (R«ldy eI al .• 2(01) oligomer 
ge:neral<lr version 4 highlighting the =idues 174-186. The contaot' of the assembled particle were 
calculated lIIling VI PER analysis (001 (s« appendix D Ibr subunit numbering and cornacts). 
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Chapter 5: Chimaeric HPV- 16 Ll particles presentino:: on epitope oflbe millOC capsid protein L2 

111'\'-16 LI 

Chlh.C-U 

• 131_143 • 261_280 D 3~1-47S . ~ . ,~ • 2~2 

FIGURE 5.10: Structural diagr1l!Il:S of CbiAC-L2 ond HPV-16 L1 protein modelled using SWlSS_ 
MODEL (Guex & P<:itsch. 1997. Peitsch. 1996) and assembled lL,ing VIPER (R"<idy el al .. 20(1) 
ol~o""'r ll"Tlerator venion 4 highlil:hting the ,."idues 131 ·143 and the F-G (261-280) loop". The contacts 
of tile ... sembled particles were calculated using VIPER analysis tool (see appendix D for subunit 
numberino:: ond contacts)_ 
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Chapter 5: Chimlleric HPV-16 L I partic1 .. preoenting an epito)l<' of the minor cap,id protein 1.2 

11I'\ ' _I~ 1.1 

ChiA~A.2 

• 431-441 o 3~1_475 o C)~ 175 

FIGURE 5.11: Stru~1ural diagram. of Chill.E-L2 and HPV-16 LI protein modelled nsing SWISS­
MODEL (Guex & Peitsch, 1991, Peitscb. 1996) and as.embled w.ing VIPER (Reddy et al .. 2(01) 
oligomer gt....,erator version 4 highlighting the residues 431-443. The contacts oflhe as.embled portieles 
were calculated using VIPER anary.i, 1001 (see aj"l\">elldix [) ror ,ubunit nwnberin2 and 0001"""). 
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____ ''''"'"''e''"'"',: SJ'imae,ic HPV-16 LI particles presenting an epltoPl' oflh. minor capsid protein L2 

IIPV-I~ 1.1 

CbJdF-Ll 

• 414-426 o 381-475 o Cy.l7S • Cy>42S 

nCURE ,\,12: Structural diagram' of ChiAF-12 and HPV-16 L1 protein modelled using SWTSS­
MODEL (Guc~ & Peil,eh, 1997. Peitsch. 1996) and assembled using VIPER (Reddy e/ "I .• 2001) 
oligomer generntor ven.ion 4 hi&hli!i\htiOi: the residues 414_426. The <.:01\1"'-'\' uflhe assembled partidcs 
w~,.., calculated W!ing VIPER analy,;, tool (see appendix 0 for 'UbWlit numbering and contacl!;). 
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Chapter 5: Chimaeric HPV-16 L1 panicl .. presenting lID. epitopc of the: minor capsid protein 1,2 

HPV-16L1 

(:hib.H_L2 

• SI-9J o J~I-475 

FIGURE 5.U: Structu.-.J diagrams of Chitl.H_L2 and HPV_16 L1 protein modelled using SWlSS­
MODEL (Guex & Peitsch, 1997, Peitsch, 1996) >Uld ""sembled ""iIll: VIPER (Reddy e/ al., 20(1) 
oligomer generntoc version 4 highlighting the residue, 81_93. The ""moots of the assembled particl .. 
were calculated using VI PER analysis tool (s<:e appendh [) for subunit numbering and conUWOlS)_ 
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Appendix D: Pr(}[~in moddling of chimaeras 

Appendix D 

Protein modelling of chimaeras 
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Appendix D: Protein modelling of chimaeras 

FIGURE D.I: Organisation of papillomavirus subunits and their designated numbers for imer and 
intrasubunit interactions (bt\p:llmmtsb.scripps.edulviperl, The 2 (oval), 3(triangle) and 5 (pernagon) fold 
axis are sbown in grey coloured shapes. 
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TABLE P.I: DiffereJUS betw=lcalcul.ted subunit oontaClS for ChiM-L2 aJld HPV-16 L1. 
COOtaclll calculated using VIPER anal~'si! too! (Redd~; ~I al., 2001) IIKI the diff"'""""l:s bctw~ the 
oonmcts ofHPV-16 LI I!11d ChiM-L2 were chc:ckod using WordDiff sof'ty.= (www.wfiinterlace.com). 
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Appendix D; Proiem modelling of cltimaera. 

TABLE D,2: Diffcnmces between calculated subunit cootacts fOJ CbiAC-L2 and HPV-16 Ll_ 
ConIaCIS calculaled using VlPER analyll;S 1001 (Reddy et al., 2(01) and the differen=; betw=t the 
oomac1<l of HPV -16 Ll and ChiAC-L2 were chccI<ed ll'liRg WooIDiff SOfiW8fC (w",w.softim\>"f/IIX.oom), 
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Appendix D: Prorein modelling of chimaerall 

TABU: D.3: Diffetencel; bo:twecn calculated "ubunit crobctl; for CbiAE-L2 and HPV -16 LL 
CootaClS calculated using VIPER analysis tool (Reddy er al,. lOot) and the differmces between the 
oontacts ofHPV_16 L1 'IniI CItiMl_Ll were checl:ed using WordDlif IIOftv .. are (W\\W id\interfitcc.com), 
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______________________ -'A,pp"'''"'"'''," ,D"c' ,'~rorej£l_modclli"g of c_~'mocra.s 

L\tJU: 1>.4: Difurence, between calculated subunit cootacts for ChiM'-U and HPV-16 LL 
COIltaclS ""lolll.ted using VII' FR "".ly". lool (Reddy"' "I" 2(Kll) .nd the dJiierence. between the 
conllicl' of HI' V-I r. I 1 and C],iM_L2 ,,~1"c checked u\in~ WordDilT Mli1.wan; (w"" "ofi.jnl<;r1ilcc,comj. 
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:cc:::-:c::-:c-:c-=---:c----c-:c-:-c--c---~Ap~l"'ndiX D: Protein modelling of c~im,"""" 
TABLE D.~: Differences between calculated "ubunil coo!ocl.'l for ChiMT·L2 and HPV_16 L1, 
Contact, cakulated using VIPER analysis tool (Reddy.' ai, 2001) and !be differetlC<s between !he 
contacts ofHPY-16 Ll ""d Chi~H_L2 weTC ohecked using Wo<dDiffsoftware (www.solhmerface.com) 
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Appct1di' D: I'ruteill modelling of Chln~.",~ 
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