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Papillomavirus Capsid Protein Expression Level Depends on
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Transhation of mRNA encoding the L1 and L1 capsid proleins of papilllomarirus (PV) 1 restricted In vive
fo diffeventiated eplthelial cells, slthough transeription of (he L1 and L2 late geves accurs mare widely The
codon composition of FY late genes is quite dulferent from that of most masnmalisn genes. To test the possibility
that PV iate gene codon composition d=termines the eficiency of PV late gene expression in seme cell types,
syntbetic bovine papillomavirus type 1 (BPV1) Iate genes were constrocted with coden cemposition modified
to resembhle the typical mammalign geng, Expression of these genes from a strong promoder in Cos-Lcellswas
comrpared with expression of wild-typs BPV1 late penes from the same promoter Both ummedified and
modified PV late penes were transcribed in Cos-1 cells, but anly the codon-modified genes were Lransiated In
viro translation of wild-type bul not synthetic BPVI L1 mRNA was markedly enhanced by addition of
aminoacyl-{RNAs. Codon composlilon thus limiis BPV] late gene translatisn fn Cos 1 cells, and this limiiatien

Replacement of codont In the green fuorescent protein (gp) gens with those frequently used in PV late games
did not alter gfp transcription In Cos-1 cells but almost'abolished transiation, supporting the hypothesis that
the observed dilfcrences in elicdency of iransiation of modified and nnmodified PV capsid goues were related
to codon usage ruther than mRNA structure, As tRNA populations vary within and between tissnes in the same
enkaryotic organicm, we speculate thai maiching of tRNA avallability 1o codon usage may be one deierminant

of the restriction of expression of PV late genes 1o dilfeventiated epithelinm.

Paplliomaviruses (PV) mfect stratified squamous cpithelis,
and PV gene expression 15 inked to the state of diferentiation

of the spathelal cells. Early genes asyociated with plasmud
replication and with regulation of host ocll drveilon and differ

enustion arc expressed at low levels  the rephcating basal
oells of squamous epithelia, while the genes encoding immu-
nogeme capiid proteins (L1 and L2) are trunscribed predom

inanily m nonreplicating differentiated keratinocytes, and thewr
protein cf can be detected oaly in the most superficial
layers of the epithelium (31) Tranment transiadon of these
genes follows infection of cukoaryolc cells wih wiral vectors
including vaocania virus (10, 39) and baculowirus (18, 34) and
stable transcniption and tranglsiion of PV late genes from
strong constmive promoters can occur in yeast (14, 24). How-
cver, sable expression of suthentic sequence late a:nahs“ﬁ'om
plasmid eukaryolic vectors, as seen i yeast, has not
bemmponedfornmzmgemdcuﬂsmmlmm
CEPresaion m hcating differentlaled cells In raft culture
can be observed (22) Further L1 translation 15 Jost m vivo as
cells dedifferentiate (31 37) Lack of PV late gene expression
n undlferennated cclls has been vanonsly attnbuted to puta-
irve difierentiation-specific | enhancers for late
promoters (2,9) 10 altermate message splicing In diferentiated
tissnes (3), 1o m soquences (16) or AU-nch
mstabihty-promobing sequences .3o)ln|he3 uniranslated
sequence of L1 mRNA. 1o RNA sequences within the late

genes mhvibltory Lo transcriphon (8, 25), or lo transevptsonal

* Corresponding author M addresy. Centre for Immunology
& Cancer Regesrch Univermity of Queensland, Princass Aleandra

tal, Brubane QLD 4102, Avsiraha. Phone §1-7 3240 5315. P
61 7 3240 2043, E-mail frazer@medacine pa ug.eduau.
numm.nylnmmmummmmlm
after a bref ilinem. He & greatly msscd

repressor protains (33). However, these proposed mechanizms
of regulanion of PV late gene transcription or trapslation could
not cxplain the sbsence of L1 protemn obscrved i some ussnes
with sbundant L1 mRNA (23)

The geneuc code showa redundancy” several nucleotide np-
lets can encode the same ammo acdd, and severs) correspond-
ing soaccepung tRNAs are observed Differences in the abun-
dance of 1soaccepimg IRNAs are observed between organmms,
and also berween the tissues of a gven organiam, and are
postulated as one explanatom for why the sand gene B more or
less cfiidently translated in cifferent organiams (27) Vinxs
fanun h&uenﬂylmeaG+C content ssgadicantly duferent

hat of their host specres, reflecimg a differemt codon

usage paticrn of unknown significance (32). Analyss of codon
usage in the PV gegome shows that bovine type
I (BPVI) late genes vse 12 codons more than twice as fre-
quently than the average for mammallan genes (Table 1)
Similar observauons apply to the late genss of other PV ge-
notypes We therefore hypothoszze that as tRNA availability in
a particular specics ks assumed to reflect codon usage 1n genes
of \hat species (13, 27) PV latc mRNAS may not be eficently
translatad in ondifferentiated eells 1n vitro or 1n vivo doe to 8
musmnacch of codon usage and IRNA availahility 1f thas hypoth-
cSi5 were irue, wo altomate mechansns could be
for the resolution in duferenuated calls of the codon usage-
IRNA mismaich in undifferentisted cells. tRNA svalabilicy
might change wath keratinocyte differentlauon, or a reduction
in the range snd pomber of mRNAs competing for the mare
{RNAs might allow more cffective transiation Ths latcer hy-
potbess could akio explain why PV late gene expression can be
induced n eell cultures infected with recombinant virns, such
as vaccoe vires or baculovirus (10, 34) m which the virs
Infection swtches off host mRNA synthess. If our bypotheses
are correct, consexvatve neplacement of these codons in PV
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tate genex less frequently nsed 1o mammalian geoes shoold

result 1n a gene encoding mRNA which can be efficiontly ex-

TABLE | Frequeacy of codon weage for individual organiems® pressed 1n dviding cells in culture. We therefore produced
~ (10%) of coflon umpe syniheiic vermons of BPV] L1 and L2 penes, substtuiing

Aning codons preferenbally osed by mammahian genes for the codons
wd OB Cw  Yew  When '::s m the onginal BPV1 L1 and L2 sequences whuch are less
commonly used 18 mammalan genes (creaung so-calied ho
Asg CGA 54 55 23 23 12 manged genes) We used these synthetic varmnts 10 examine
CGC n3 122 20 75 4) the efficency of transerplion and manslaton of modified and
CGG 10.4 1n2 11 45 51 unmodified BPV] Iate gones expressed from strong constin-
g 47 i" 75 11 104 trve and natural promotens in culiured ¢ells in vitro In further
e Iﬁ o 3_‘,-_2 ‘_:-: ';-; testing of the hypothess, we camined whether replacmg the
Leu CUA 63 49 I8 21 185 major codom of gfp (ancoding green fluorescent protem) with
UG 413 45 B3 155 155 inanslation of gfp mRNA mn cultured cells,
o omow o u g oW o
I 1
WUG 110 96 321 153 1SS MA AND METHODS
UCA 93- 15 — 186 148 J66———Cadasrveplacosnis In the BPY L1 LI, and g gmoas- The DNA and smniaa™ ™~
uce 177 176 144 1ol 114 acld sequesces of the LT sad L2 ganes areshown i Fig. | T determine whether
uoG 42 45 &5 F'Y 62 1he prescace in 1ho L1 and L2 genes of codony koo frequenty wed o memms-
AGC 182 87 71 128 14 L2 groecs fn soma smmealian cells, we pynthashad codon-modified L1 and LY
AGU vl 04 17 129 a7 penex by 1aing synonymeng sobstitntions s sbhosn. To comstroc 1he ymthetic
T ACA M4 14 155 45 573 et e L2 Ehh tak of it i s s ropesion b It
TR L T LT T
a7 e ] sequeEncey .
ACU 127 946 0 118 a0 BFVI gepame an the templaic. The amplificd fmgmeats ware o with sppre-
Pp CCA M6 120 24 n2 3 ) and hguod © the pUCIS vecar pradaciag
cce 200 192 39 1ni 155 pLUCHEL1 and pUCHBLL. The syaihetic L1 and L2 saguences were soquanced
cco 7 Y 194 0D, and fownd 1o be crror froe; m““-;v.:)::r_.;
o 33T THET s a3 plaamlds Tt pCDNARELS. To cormpas e
Als GCA 140 131 153 112 k19 preanam of L1 and 1.2 with that of the origieal scopmacas, the wild-type (w1) L1
GCC 21 53 155 195 176 asd L2 peoes wore closed Imo the pCONAJ veszor _H‘.W
GCG 72 93 51 138 41 IPVLIWM and "To coostrocs Pfis, & madificd ¢ gena with
GCu 196 19.} mn) 96 135 codams, sly puxs of Ench palr of
Gy GGA 171 162 & 289 28 s hus restriction slas et 1o emplily g by
GGC 254 21 T %0 124 using & homaniecd g gene (OIBO0) aa the wmplita. The PCR fragmecats were
GGG 173 192 SI s Zng  ewcd lmode pUCIE saarie The Py g0 wad -
GGU 1na It 349 % Y Fﬂﬂﬁf;a&hlﬂﬁd&wmﬂ-w
wom o 3 o3 om o4 n RSt ETe
- )
GUG 309 ns 95 129 23 mucicoricus {m) 4450 ned 6938 with SenHURed1ll and cloned lﬂﬂl in
aud 104 99 2648 116 145 hﬂim#ﬂmﬂ-ﬂlﬂlhm)ﬂuh ta T08%)
Lys AAA n2 216 717 45 371 qnlﬂhu wyme rasoved. Tho syaihctic humanised 12 gene.
AAG M9 171 %2 174 15 tagmther m SV40 paly{A) scquence 10 allor mRNA processieg and the
A AAC ns n4 28 Q2 103 ol sexqoence 10 allow in cokanyuiic cells, was clenwed
ARU 165 nS A &7 M T pacee ckizg L1 i L3 ORY smymnces. Thl
Ghn CAA 1l 97 D& 1713 na plaassld wae desipuaicd pCICRL. A simller plasnld wa) comstrecied with w
CAD s J:..la lg ﬂ 13 n?-n-mmhn-:uu.:'w#ul
1 meunallstrescenre sl Westers sinining, For Immimohioting semys,
Hs aﬁ lg 15 123 71 134 Cos-¥ celln 0 sm-well plates ware trandiected with 2 pg of L) or L3 expresddion
Glu OAA 2%8 244 49 18 %2 plmarnld by mmg Lipoiecamine (Qfbco): 35 b aficy tnesfecrion, cefls ware
OAG 414 454 169 197 27 Ja=ThE A e et b e
Ap  GAC B0 N3 ) LBy s mﬁm(PMinlﬂ:‘w Y
T 32::1 ﬂ; ;:_; -;vzg 3:_5-0 ﬁi nimmmugum-m%%?m
UAU 115 105 165 125 186 dfie (DAKD) or Li-spectic {19) snsmerom, For kmmnumafivorcicent maining,
Cys UGC (LK) 139 7 148 £ 5 | Cos1 clls wers grows on cight-chamber slides, transiecsed with placeplds, snd
uGu [T 04 726 49 $2 thard snd permcsbilod with 85% cthanol 36 b sficy Inmfscilon. The slides
Phe uuc s xS 200 14.1 13 ware blocked with 355 milk-PiXS md probred with L1 a7 L2-epecfic antiserum,
UUU IS8 170 202 150 28 R e s oo Pabs ol acakacd ciln, e wib
De  AUA 58 352 128 34 20) o e with 4% buliered formakdelnds &nd vicwed by cpifuonacense -
:% 43 58 184 197 82 crescopy Daia prescoted are epreseatsilve of a1 least ihves axpurimests for

19 131 ! 107 207 exch eransfection.
in
“ The onden vesge duta for lnoman, cow, yeast, and wheal proseint sre dutived 29 (0% of (S imethioniac (Amersham) and 40 pl of TH-DNA palymeress om-

from poblished resila The BFVI dama src fowm the soguences s the rabbl whent iyaates (Prowncgs). Tramietion
Genliank database. GZMEWR':MIMM&:IMU .ﬂu.;uwﬂmmm}mum:::
abaryved in PV L1 ami L2 ganes 3 mxmmmalion conserans codons. pasated by SDS-PAOE an a 10% ge! and coamained by vuoradugrephy
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10 pg per lanc) was separsied on 2 1.9% agaross gel In de
The RNAS werc then bloned onio mylon menbumne
with () L1 mibeed 4 ~cud-labeled LI we and HBL1 fagmens, (M) 1 1

I
E

und prebed
meapd 5"-end-labaled 12 vt snd HRL2 Enpments, () 1 1 miked § -anvd-labeled

debyirogerams GAPDN fguent. The were vl esambecly m €9°C
and wposed 15 X-my fma far $ days,

Production of aminsacyl-REA. tRNA (2.5 X 10~ M Booluinger) was ased
o 8 24 reaction mistwrs conteming 10 mM Tris-acetaw (pH 74), 44 mhI KCL

12 mM MpCY,, © mMd S-mercapmethansl, 38 mb ATP 0.25 mM
of yablh reticulecy™e cxirats. Tho reaciion was curied emt w1 25°C for 20 miln,
amd 20 pd of 1,0 wan added to ths rescilon 1o dibrte the (IRNAs 0 [07* M The
amlenaplsRNAs ware then sllquated and mored it - TC.

RESULYS

Expression of synibetic L1 and 12 protein in colired celle
To test the hypothesis that the codon composiuon of the genes
encoding the L1 and L2 caped protems of PV contributes (o'
therr restricied expression in undifferentiated epithehal cells,
we produced Bynthetuc BPVL L1 and L2 genes substiiuting
codons tally used In marmmalian genes for the codons
frequently present in the wt BPVI L1 and L2 sequences (Fig.
1). Codons where the ratio of usage in BPVI late genes w0
mammulizn genes was >2, shoun in boldface in Tabls 1 were
veplaced, additionallv mosi codons where the rauo was >1.5
were replaced. For the L1 gene, a 1otal of 202 base substitu-
trons were made in 196 codons, without changing the encoded

amino scid sequence (Fig. 1A) This gynthetle humanmed BPV
L1 gene was demgnated HBL1 In a similarly modified BPV]
L2 genc designated HBL2, 303 bases were changed (o replace
290 less frequently used codons with the conmesponding pref
amlnllymda:luudUslngtheqnﬂwu: HBLI and HBL2
genes, we consiructed two cularyotic exprosson plasmads
based on pCDNA3, designated pCONA/HBL and pCONA/
HBLY, Skmlar expresnon plasmds, constructed
with the wt BFV1 L1 and BPV! L2 genes, were desipnated
pCDNA/BPVLIwt and pCDNA/BPVL2wr, respecuvely In
cach of these plasmids, the SV40 ari allowed replcanon in
Cos-1 cells, and the L1 or 12 gene was driven by a strong
consinutive CMV promoter

“To compare the expression of the synthete hamanized and
wi BPVI1 L1 and BPV1 L2 genes, we separaiely amafected
Cos-1 cells with each of the L1 and L2 plasmds described
above. Transfected cells were analyzed for of Llor
12 protein by immunafluorescence 36 h afier transfecuon (Fig.
2) Cells transfected with the pCONA3 cxpression plasmid
contauning the synthetic humamzed L1 or L2 gene produced
largs amounts of the corresponding Aboul 80% ol
cells showed significant L1 or L2 staming, within the cell nu
cleus a5 from the noclear locahzation of these pro-
teins (38) Cells tnmfected with expression plasmids with the
wt L1 or L2 scquences produced no detectable L1 or L2 pro
tein (Fig 2) To compare more aocurately the expresnion of the
dafferent L1 and L2 constructs, L1 and L2 protew
was assessed by Immunoblot analysis of Cos-1 cells transfected
wath the wt or syntheuc humanzed BPV] L1 or L2 pCDNAJ
cxpression constract Immunoreactive L1 and L2 protemns were
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Immunofluorescence Western mRNA
Rl
Wt BPVLI HB BPVLI xl’a' N )

Cyta Total

I. wi

ki

Wi BPVL2 HB BPVL2 & &

Mock Wi gh P

mcllcd L 0 L2 cxprimian e pCONABP VR it pCBTUMBLY (1w 1) PCONABEV ot e D)
we plus row 1

J). Cefln were fieed sfier 38 h and Incubated with rabbi 1 L4 (lwl)uu(l’l;-h
and protcin wes visualised by knmenafiunreacance. L1 and L2 prorcies were visible lo the
pandd 1) plasmids, The cells ransfarsed whb we LI {row 1| el 1) oy L2 (ow 2, pasel |
homanized gl (10w ), panel 1) GFP wixress el manafected with the

nad of coll yamsfcoscd with puxtiied BPV1 but not wt BV LI (row 1 pancl 5), weas pontive for L1 prozein, L2 proics appesred s & 73X
bund In cclly trensfoctod wik HEL2 sod BPVI but oo in cells urandboied whi wt L (row 2, panal 3). mRNA exracted from tho cpioplass (Cyto) or whole-ocll
preparation (voual) of celle ranafecied with cootrol pCDNA3 (V), with pCDNA with wi or hamanieed (HE) LI or L2 gane fnserts, or with wt gf= or Pfp was probad
with P-labellcd probes made with wt L1 {row 1 pamal 4) or 2 (roer2, panal 4) os g {(row 3, pancl 4) sequitnces. The iotal asount of mANA [n these samples was
canmed by bybadisaiion of 1be mRNA sample with a GAPDN probe (panel 4 lower).
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expressed from the syntheuc hamanrzed L1 and L2 sequences
but no L1 or 12 protein was expressed from the wt L1 and 12
sequences (Fig. 2).

"To establish whether the aherations 10 the pnmary sequence
of the L1 and 1.2 mRNAs which resulted from the codon
alterations aiso affected cteady-state exprescion of the corre-
sponding mepape, total and cytoplasnue mRNAs were pre-
pared from Cos-1 cells transfecied with 1he vanous capmd
protem gene constructs. Using GAPDH as an intemnal xan-
da:d.weuablnﬂndbyl\lmhemuwmglhnmmlluu
times more modified than wi L1 mRNA and amilar levels of wi
and modificd L2 mRNAs were present in the cytoplasm of
transfected cells (Fig. 2, right panel) The total amount of L1
or L2 protem expressed in Cos-1 cell cultures per arbitrary unn
of L1 or L2 mRNA was assessed by densnometry as
at least 1,000-fold for the humaned gene constncts
than for ihe natural gene constructs, confirming that the ma-
jority of the difference m level of expressed PV late proten
berween the two constructs was a consequence of increased L1
or 12 iransiation, rather than increased gene transcniplion.

phlored of the w1 BPV Ll?“n'?izum dwl;mllm
10 w a n
m vmred to be translational, we mhdm {0 test
this kmitation reflected a limited avallability of the appmpme
lRNAn&euu fwm:lmlnlm:lshmenl . by
the synthetc genes wathin miact may be Hl
muurfmwetmnduurl?pndnllmlecﬂ-fmqum
usmg rabbit retcnlocyte lysnie (RRL) or wheat germ lymate 1o
cxamme gene Iranslabon. Similar amounts of plssmids ex-
pressing-the-wt-or-synthetic humanzed BPV1 L1 gene were
added to a T7-DNA

RRL transeription
transiation system m the presence of [ Sjmethiomne. After 20
min {ranslated protems were EII‘::: by SDS-PAGE and
vaualzed by autoradiography I translauon of the mod-

sfied L1 gene was observed (Fig. 3A, lane 2), while transleuon
of the wt BPV1 L1 scquence resulicd 1n 2 weak 55kDa L1
band (lane 1) We reasoned that although the wt scquence was
not optmzed for iranalation 1n RRL, some translation wonld
occur smnce there would be no cellular mRNA species compet-
mg for the rare codons presenl m Lhe wt L1 sequence These
data snggest that the observed dilference m efft of trans-
lation of the wt and synihetic rumanmed L1 genes is » conse-
quence of hmited availabulity of the IRNAs required for trans-
iation of the rare codons 1t the wt We therefore
r.:pemdunuddmm cxcess (RNA 10 the m viro trangla
uon system would enhauce translaton of Lhe wt L1 gene o a
greater exient chan that of the synthetic gene. To address this
question 107 M amunoacyl-tRNA from yeast or bovme liver
was added (0 the RRL ranslation system and L1 proiem
synthens was asscmsed Introduction of exopenous tRNAS re-
sulted in a dramatc mprovement in lndllun of the m l..l
sequence, which now gave a yield of L1
that observed wath the synthelic humanized Ll sequence (Fig.
3A, nght lanes). Enhancement of transiation of the wa L1 gene
znmuql IRNA was dose dependent, with an optinmum
aency at 10°° M 1RNA_ As additron of 1IRNA
improved the yleld of L1 protein translated from the wt L1
gene sequence we assessed the speed of wransiation of wt and
humsanized L1 mRNAs. Samplcs were collecied from the
translatron maxiure cvery 2 min, starting at mm 8. Transhtuon
of L1 from the wt sequence was much slower than that from
the homanized L1 sequence (Fig. 3B), and the retardahon of
translauon could be completely overcome by adding exnge-
nous hver IRNA. Addition of a comparable amount of exog-
enous liver tRNA to the humankzed L1 gene expression mix-
tore somewhat cnhanced expression of this gene, as mght be

/7,

J VmooL

_hndmu-'-—.umu(-ou
were wanslated o vhm, R RL or whest germ
priseaco of [MShcthionlnc, (A)- L1.ar HB L1 plagmid DNA
maﬂduﬂﬂmmw vitro uzmimion system (Pro-
s tranciatedd for 20 le ar SO°C. L1 preseln was desected
The BFVY L1 w gene prodoced & weak LI band
HBL) gene madla n buger s of L1 protem

2. The ueeslstion reattion where anly vecor was added produced no
visiblc bund (bae'3). Whar16™4 1o 10~° M (Ixses 4 w 8) boviac Svor aminamcyt
IRNA was srddnd m the transintion systens, the protala cransiation eficiency fraem
wt L} seqmuence was mproved in 0 IRNA menoey (B) Compar-
Iset of the wanilailon ciiciencles of wi L2 and HB L1 sequonces b the.presence
-uugum)‘umw -lﬂn-dﬂh’l.:t(rﬂbn!hnl

cxiracd Manleg fzom min
I.A-ﬂhndlﬂ"ubu-lucpnm o tho kel

n
j

predacted from & mass action efect on the kincues of proten
transiation Transhation of the wi gene m the sbsence of exog
enous IRNA was 1oo slow to allow exacl determination of the
increased rate of trapslation fellowimg addibon of exogenous
(RNA but was greater than 10-{old 1 contrast 1o the 1.3-fold
merease observed wath the symtheuc gene upon adduion of
exogenous IRNA (Fig. 3B). In separats expenments, we estab
lished that wt L1 imnslation could be sunilarly enbanced by
yeast tRNA (Flg 3B) and by tRNAs cxtracted from bovine
skin epldermis which presumably constrtutes a muxture of
tRNAs from dilferenniated and undillerentinted epithelml celis
(data not shown).

Translatien of wt L1 is cfficient In wheat germ axtract. To
further test car bypothens that tRNA. avaflsbility ks a deter
smnant of expression of the wi BEV1 L1 gene, we examined the
transiation of L1 1n a cell type in which a qute dilferent sei of
tRNAs would be svailable. In a wheat translation sysiem
wi L1 mRNA was transiated ag ntly a3 humanoed L1
mRNA, and addition of exogenous ammoacyHRNAs cid not
mprove the irnslation efficency of elther wt or humanized
stquences (Fig. 3B) This finding supgesied that in wheat germ,
m contrast 1o RRL, there are sufficient of the IRNAs which are
Imuting for translation of wi L} ssquence in RRL to allow
efficient L1 vanslation.

Modificd lale genes can be expressed from constructs with
only (he matural BPY While the dala prescnted
above mdicate Lhal translation Is imjting for the production of
BPVI capsd proteins in aur text gystem, these expenments
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pCICRE | E6 | E7 E1 - L2wt || SVeDon
pCICR2 | B6 | E7 E1 n HEL2 || SV40err
pcicns | K6 | E7 Et 2 HBL2

AG 4 afil from the ntie PV
e o L o b
wma cloned (o pUCIS. or yntheiic honmotred L2

to usasizct Cou-1 celis, and the expression of L1 protein
Expression of L2 wat aiwerved only Iy cells trowkceved with & platmid

the plesmld with ths wi L2 sequence: (pCICR1) whh SVAD or & modsfied L2
wanalcction In which the eells did nof receive &

were conducted 1n systems which are not truly representative
of the viral late gene transeniption from the BPV genome, 1n
part because the genes were driven by a strong CMV pro-
moler We therefore washed 10 estabih whether synthetc
humanized BPV capsid protem mRNA would be tmnslated
mare efficlently than the wt mRNA of transcribed from a plas-
mid containing only the natural BPV1 This would
cstabhsh whether transistion was Indecd one of the hmiting
factors for expression of BPV1 late genes in the context of the
BPV1 genome and in an umdafferentiated cell Cos-1 cells were
transfected with plasmud pCICR1 or pCICR2 (Fig. 4, top pan-
¢l) m winch the wi or synthetic humanzzed L2 genc was in-
scricd into the BFV1 genome cloned 1nto pUC1B L2 prowesn
exprestion was exammed by immunofluorescence of trans-
fectod cells and by immunoblotting. Synthetlc humaneeed 12
was efiiciently expressed, whereas the wi 1.2 sequence, driven
from a mmular constrect produced no mummaoreactive [2 pro-
temn (Fig. 4, botiom panel) As undificrentiated cells supporied
the expresson of the humanized 12 gene but not the wt L2
genc cxpressed In the context of the BPV1 genome wathout an
additional promoter the resulis confirmed our earher obser-
vations from experiments using the CMV promoter The plas-

Schematic icpresenta

froan the BIFV] gesome by BewH1 snd HindIll
Wikd-typa sequences were loseyted fns the BanH1 she of e BFV]

ool ecquene s indissted. The plasnld where modified L2 was used bt withoos the SVl orf soqecans was niso used &3 8 contel. (Middic) Tha plasmids were nsed

wna derermisnd by usiag BIVI

amo = ﬁhnﬂ:ﬂﬂi@uﬂnﬂdu pradecs dasoet) pwutetn. o
plasmid  ooutrol. Traaxfeesed mebjected 1 mmuochiorniag
mmm-umuwm-‘:hdumth -pguu. - " y

tlon of plamnids oeed 1o daormine L2 cxprasgion fyom the APV crypele
digosiion, xod the remaining BPV1 sequence
The poaivion of the ouaned $V4D
Llspecii: palycional antisera followed by FITC-linked ant-mbbi 150

\be 5V40 orf and 2 synthetic lnwnanized 12 pene. Colls rarsfoctad with
dmociable L2 Amotk

mkis tesied here contumned the SV40 on, dempned to repheate
the DNA i Cos-1 cells. The increased copy number of the
BPV1 L2 plasmuds or the imnscripton-enhancng actraty of
mesvwmmlgluuphmmrr-nllnmwdenuuwd
axpretson of L2 in ths experimental system compared with
mfected skan. However the marked difference in expresmon
berween the natoral and bumanmed genes seen with a8 CMV
L construct was still observed with a plasmud contain-

only the natoral promoter suggesting that the varmtion in
L2 expresmion effimency observed was independent of the tran
scriplional promoder used In our aystem

Substitutisn of PV-prefared codons prevenis transletion
bt pot of & non-PV gene in undifferentiated
cells. To further confirm that codon usage can alier gene ex-
pression 1n mammalian cells, we made a further variant of a
syntheuc gip gene modified for opimal expression s eukary-
otic cells (40). In our vanant codons optunzed for expression
m cukaryone cells were replaced with those preferentially used
m PV lale genes, Of 240 codons 1n the bumantzed gfp gene,
which expresses high leveks of GFP m cultured celly, 156 were
changed 10 the corresponding PV late genc-preferred codons
to produce & new gfp gene designated Pefp Expresmon of Pgfp
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i cells 1 vivro was compared with thai of humanzed g
Cos-1 cells transfecied with the humanuzed gfp produced a
1 fivorescent agnal afier 24 b, while cells ransfected with
produced onz a fsm1 foorescem sgnal (Fig. 2). Thua,
modification of utage 1 other genes to maich that of PV
isic genes can redoce cxpression of those genes In cell lines, a2
15 obmerved for PV late genes.

DISCUSSION

Inths study we have confirmed that one determmant of the

cfficency of expresion of three different genes in dvding
mammalian ¢ells m vitro 1 their codon composiion This ob-

servation has commonly been made when genes from prokary-
ouc organerns have been m eukaryotic cells (27),
and these data are now ed to apply lo two PV pancs and

one cukaryotic gene modified Lo resemble a PV gene 1n codon
composiuon. The differeninal expression of genes utining dif-
fercnt codona to express (s same Proten appears predom-
nanty to reflect different cificacy of gene translation, and
(RNA svatlabllity 1 apparently rate hmiting for translation
when geues usa codons rarely used by consensas genes from
the expression hoat

Alicrauons to tnRNA sccondary structure or protesn tind
ing (29) a5 a consequence of the changes 10 the pronary sc
quence of the genes might contribule to the obsesved differ-
ences 1n elffiaency of trantiabon between natural and modified
genes m cultured cells However the marked enhancemens of
translalion of the natural bot not the moddied mRNA that was

observod alter addition of (RNA m a-mammaimn m-vitro—-—gested that redoced late

tranglation system strengthens the argument that tRNA avail-
abulity 15 rate hmimg for translanon of the nawral gene m
mummalisn celle. A shortage of crtical tRNAs could result in
slowed elongation of the nascent peptide or prémature termi-
nation of translabon (21) Slowed clongation sppears to be the
major conscquence for the FV laic gene  Analysis of codon
usage 1 the PV genome shows that FV laie genes use many
codons that mammahan cells mrcly use. For cample, PV
frequently vses UUA for leucine, OGU for argimine, ACA for
threanine, and AUA for kolencme, whereas these codans are
significantly less aften veed in mammalian genes. In contrase,
PV late genes can be \ramalated efficiently when stably ex
pressed in yeast (14, 24), and the codon composiions of yeast
and PV genes are sanilar (Table 1) The correlation of bodon
usage (n yeast genes and PV late genes = puzzlng and may
sumply represent chance converpent evolution An apparent
excephion to the wneficient expression of PV late penes n
dividing cells 15 that PV L1 genes can be expressed In Insect cell
lines {18) by usng recombinant baculovimes or la mammalian
cell bnes by umng recambinant vaceinia wirus (39). As infectson
with ihese vinxses down regulates cellular protemn synthesis, the
effcient expression of the Ll capsld protems under thesc cr-
cumsiances may occur becavse less celinlar mRNA b avaflable
in a virms-infecied cell 10 compete with the L1 mRNA for the
rarer IRNAs.
Wmmmu:lnc;;ldbnm&e:e&lldemn:l‘hd
expression withun differem siages erennation c
m tsxoe. Although the genetic code 15 cmentially universal,
different thow differences in codon jon of
their genes, while the codon compomtions of genes fend to be
relatively similsr for all genes within each organsm and
matched 1o the populaton of soacceptmg tRNAs for that
organesm (13). However populations of tRNAs i differents
atmg and neoplasiic cells are different (LS, 35, 36), aod the
1RNA populations also vary m cells growing under dlferent
growth conditions (6). Together these observauons suggest

J VimoL

that codon composition and tRNA availainhiy may provide &
preniuve mechanm for spatial or regutstion of gene
cxpression. 1t s well recognized thal the G+C content of many
donbis-gtranded DNA wviruses, a crude marker for viral gene
codon = ma different from the G+C con
tent of the DNA of the cells they micct (32). Vinmes mav
therefore have evolved 1o take advantage of codon compon-
mmmﬂmﬂwumuﬁmnotmupnm,puhap
1o avoud expresnon of lethel quantuties of viral protems In
undiferentiated cclls where the wirua utilizes the cellujar ma
chinery 10 rephcate its genome. Skmilar alterarvon of
of expression of at least one gene from buman ynmunode
clency virus type 1 npon altcration of codon has recently
been described (1), although the mechanism of increased ef
ficacy of expresnon was related in thal sindy to release of
trantlation from dependence on human immunodeficeency v-
rus type 1 rev ﬂnﬂymdw.whhlhenulﬂemz-
uon of E4, have codon usage patterns ssmilar w thase of the
late"genes, whick oould Explain the very low levels of cxpres-
a1on af these proteins observed in divading cells in vivo and 1n
viro (26, 26). In keeping wath our hypotheses, it bas recenily
been shown that the translation of st lesst ane PV early gene,
ganhmhnm in vitro by adduson of exogenous tRNA
As our curvent pbetrvations may represent an apparently
novel mechanism of regulaton of geoe transiaion within a
mngle tigsue, it Is relevant to consder how this relates 10 pre
viously proposed hypotheses for the resnction of expression of
FV lale genes 1o diferentiated epathelm. Tt hu;:en sug-
BCNEC CXPression may rel depen ~
dence of expression from the Iate promoter on transcnipiion
factors cxpressed only in differentimted epithelum or may a)-
ternatwely be doe 10 of latc promoter transcnp-
uon by wirai (33) or celiular gene prodocts expremsed in undif-
fereatialed cells. The late of homan pamflomavirus
types 31b .llnd 5 (ll:l.em are f:ruuihed az differentinuon de
pendent, although the search for relevant transcriptron control
factars 1 differentiated kern by convenuonal foot-
pnnting and DNA bding stuches has been unrevardmg. Our
data show that ¢apad protens are nol translaled from PV L1
shd L2 mRNAs m celis transfected with CMV promoter-based
cpression vectors (Fig. 2), suggesting that in addition to any
iranscnptional controls that may exist, there u also a pasitran-
«riptional block ta cepsid praicin syathesls m unddfercnuaied
cefls. Within L1 or L2 mRNA or within flanking wiransisted
mossage are sequences rescmbling 57 sphee donor sites wiich
are mh 7} lon of genes with which they are
amoclated 17) Other AU-rich sequences in L1 or L2
mRNA mRNA degradation (30) Coomstently mod-
enaiely decreased kevels of mRNA for the w1 L1 compared
with the scquence of modifled L1 were abserved in the present
study following expresmon of these geres in Cos-1 cels This
chaervation confinns thal transeripion or sabality of wi L
miy be dununiched in comparson with other 5. However
ke overall contribution of reduced transcriptional efficsor 10
PV L] expression m our systems was small in companson 1o
tht effect of codon wsage on translationat eficiency and no
smmular effect on transcripiion was seen for L2 although the
translational difference with the modified 12 gene was oqually
large. Bocause untransited inhiviory seqoences were not In
cluded 1n our test system, we cannot determme the roles of
inhibntory sequences and codon paxsmaich i suppression of PV
late gene expresson in viva. However regulatory sequences
promoting RNA degmdanion or inhibiing translation are pre-
saumed ta act through mteraction with nuclear or cytoplasmic
protewns (29) and ineficent translation of natrve sequence LI

Xt
/96
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mRNA was cbserved i a celi free translauon system from
anucieale cells, demonsiratmg that codon compositon of the
PV laic geoes must plav some role m regulation of PV late
gene transiaion Porther, the mechanams shown o [nhiba L1
and L2 mRNA produchion or increase message instability m
undiffcrentated cells bave yet to be shown 1o be mactve in
differcntiated opuihelum as would be required 10 explam by
lll:ue mechanwms the successful transiation of PV late genes in
thes umue

Further endence supportiog the hypothexs that codon com-
pontion may be an important derermmnant of PV capsid gene
expresuon was gathered from an snalysa of the 84 PV L1
sequences corrently avaikable 1n GenBank. The codon
sion of the L1 genes, and parucularly the frequency of usage
of the rarer codons, was estenually the same acvoss all the
published sequences (data not shown) as would be expected
given the smilar G+C contents of the PV genomes. The PV
L1 gene 15 relatrvely conserved st the ammno acxd level showmg
60 to B0% amino acd betueen PV penocypes, a5
might be expected gven the constraints on capsid proiemn
function There are, however no obwious constraming mflu-
encos on the codon composition of the PV late genes beyond
thaze of our hypothess, as the late gene region does not code
for other gones, either in other reading frames or on the
complementary DNA strand, and has no known car-acting reg-
ulatory l'nn:ll;uu other than llmnofn:;lm plg L1 or L2 gene
expression. If codon composiion capsid genes werg not
mmportant for PV funcuon, s considerable heterogenerty of
codon mught therefore be expected gven the evoluhon
ary cversity of Vs (4)-

Taken together Lhe data presentcd in this report makes a
case that codon usage should be conmdered a3 » possible de
tecnmant of dilferential of PV late genes between
undifferentated and differentiated epithehal cells, in additson
O many proven regulation mechanisms, and suggests that tha
observatzon may be raleable to other genes. The relauve
role of memage qnndmdnnmundummnm
PY late gene expresnon in differentiated tssuex wall requ
compansons of tramcnpuonal actvty snd lnnalmun of |h=
Ll sad L2 genes drvea from strong constitutive promolers in
dlferentiated and andifferentnted epithelum. Such work us-
ing either Iransgenic technology or keralinocyte raft cultures
should now be feasible. The hypothesis that expeeston of other
genes may be regulated by tRNA svalability in vivo = now
testable, as methods for fl nng IRNA distribvuons in
trssues have recently been developed (15)
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Protection of Rabbits from Viral Challenge by Gene Gun-Based
Intracutaneous Vaccnation with a Combmation of Cottontail
Rabbit Papillomawvirus El, E2, E6, and E7 Genes

RICAI HAN.! NANCY M. CLADEL,' CYNTHIA A. REED,! XUWEN PENG,?
AND NEIL D. CHRISTENSEN'3*
Juky Gistion Cancer Rescarch Instious, n,--qmq'wqc-pﬂ-m'
and Depurtmont of and Imwaunclogy,’ Pennupivanis Stute Urdversity
Collags of Hershay, Panngylvania 17033

Resaived 4 Febroasy 1999Accapted 12 May 1999

In thiy study, cottamteil rabbit pepillomavirey iafection of demsstic rahbits wad noed as an suimal model ¢9
develop paplBomayires aarly proe-based vacriest. Grenps of rabliis were lnjracatsasonsly vaccinated with
single papiliomaviras early peose K1, K2, E6, and E7 or with a combination of thess fhar ganes. Ouly » fractisn
of rabbity were prodected from sulsequent viral challngs when veecinated with the El or E§ geme. Viral tomor
powil in thoss mblits vaccinated with the El or K2 prae was suppressed compared s that s eontrole. In
cantrust, seven of nina rabbits vaccinaiad with the combination of the El, E2, K, and E7 guney were conpletely
prolected agaiust virel challngs. These dats indicated that ntraculenccus gemstic vaccination with the
m#unuun—uh-mmhwdm

vessels nnd sibsequent direct
entensively expasure of vires to circulating neotralizing antihodies. Thur,
anonal models, mch as bovine papillomevirus infectan  circulating neutrlizing satibodics may be tmabls o protect
of cattle (3) and eottontall i sgamet niurml papiliomavires mfisction. Protective vacrines
fection of domestic rabbils (16) several siralegics  tarpeting vinm-infocted opithaliom via cell-modiated kommaity
have been uiilieed 1o vaccines. One  would ovarcome these poteatial ilmitations.
sirategy wvolves the induchion of neutralising antfbodies by Indoction of call-macinted 1manity by imamns-
immumisstion with the viral stroctural protein L1 or L2, pur-  xation with gene/mroteins [y expected to
tcularly, vwus-ike particles (VLPs) amembled fom Ll or the esteblishment of now lesloos (immunoprophyylasis)
LI12 Another siraiegy fovolvm the Induchon of cell-madi-  as well as to aliminate lemons (tmaxmotherepy). How-
mtod nuammnity by papliomevinas early pe/protein-besed vae-  cver ewrly sindies varisbic rosuit. In the CRFV
cmation. Recently VLPs contuining L1 and chimeric mole-  infected mbbit different anhgens
cules of L1 and early proteins were med as immmnogens. This ~ and soveral methods of antigea bave been spphied [n
siraiogy has been spplied to cliclt concarrant virsl neutralizing mmphdﬂlmnﬂpﬂhmﬁnllmumrﬂ
antibodies sod ecll-mediated immonity specific for viral exdy  Immunization with bacterial fimon protanss of CRPV
proteins (11). andior E2 (3M); (i) (mumonizstion with rooombumant Lipteris
A number of studies heve damonstreied that VLP bmmunl- mmmmm&a&m
mation protected animals aguinst cxpcriments] virus challengs genctic vaocination of mbhits with (27 and (iv)
in the CRPV-infected rabbit model (2, &, 13), In the BPY  intamuscular of DNA eacodmg CRPV E1
mfected cow model and 1n the canine oval paplllomavires B2, B, or B7 (12), The immunity so mduced stmlated
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TABLE 1. FBMC proliferstive responss (o ia vitro stimuletion with antigens

PEMC prolifecstion (s X 10~ = SEM)® Is rypoms = Sctmmiation index
Rabbl Vacxies T

No migen” Nompeoliie sotigon” Speciiic satgen® Nempxih’ Bparifics
1 VLUMEL Day 5 0368 + 0.027 0441 + 001 14337 = L5366 12 uny
2 VimEl Day 3 Q47 = Q012 0.640 + 00V 1.598 + 0293 14 (T}
3 VYimEl Duy 4 0,181 = 0040 0234 = 0.067 0.520 £ 0125 3 45
4 VimEl Duy 4 1201 = 0312 2145 = 0135 960 = 0. 02 a9 43
5 YlmE2 Day 6 0163 = 0.014 0355 = 0048 10630 = 2104 11 114
] VijmE2 Duy 6 0I0 = 0.040 0583 = 0015 3319 = 0404 a1 19.7
7 ViinaH2 Duy 5 029 = 0.022 0324 1 0.031 7 = 169 13 1571
8 V1imE2 Day 6 al1’s =003 Q402 = 00N 1.040 + 2.500 F L &7
9 V1ImES Duy 6 1P’ = 0019 0567 x 0.040 L3660 + 0.078 11 15
10 YDmB6 Duy 5 0245 = 0047 0443 = 0099 1841 = 0.000 18 3
11 YUmES Day3 Q160 = 0017 0239 = 0010 0390 = 0.050 14 a4
12 VYimBS Day 4 0.775 = 0.069 LE2 01N 4851 = D218 14 [T
3 VieaB7 Day 3 0336 = 4037 0.600 = Q091 1600 = 0.0 17 166
14 YimET? Day 4 Q482 + 0.097 1999 + 0300 4318 = 1390 40 131
15 VimE7 Day 3 03207 = 0013 032 z=00n 0468 = 0135 L1 L5
16 ViiaE? Day 5 2450 + 0310 5196 + 013 17008 + 3% 20 69

Indicatod b day wkk valne of dwdyt

.l&lr '.:.l! Inghas Tospmmn emouy day 4 W0 duy
* Withows addition of any axtiges.
4 Adfition of CROPV L2 protxie.

7 Ratio of comres par athaute i respores t acmpeciic stigen to consts par miscts bs respoS (0 00 Eatipes.
# Ratw of comus par misuts o resposes 1 specific sctiges to coumis par minuts in sespoase 10 = antigen
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