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SUMMARY

The complete nucleotide sequence of a cloned copy of the HindIII K fragment of the
WR strain of vaccinia virus has been determined. Eight open reading frames (ORFs)
have been identified, on the basis of size and codon usage. The predicted amino acid
sequences of the putative genes have been compared to the Protein Identification
Resource and to published vaccinia virus sequences. One gene, predicted to encode a
42-2K protein, is highly related to the family of serine protease inhibitors. It shows
approximately 259 identity to human antithrombin III and 199, identity to the
cowpox virus 38K protein gene which is also related to serine protease inhibitors. The
product of another gene shows a similar high level of identity to the 37K vaccinia virus
major envelope antigen. The existence of viable deletion mutants and recombinants
containing foreign DNA inserted into both these genes indicates that they are non-
essential.

INTRODUCTION

Vaccinia virus, the prototype member of the orthopoxvirus group, has been much used as a
eukaryotic expression vector (for review, see Mackett & Smith, 1986). Certain features of
vaccinia virus make it suitable for this purpose. First, it has a large dSDNA genome (approx. 187
kb) with no rigorous packaging requirements. Hence it can accommodate very large amounts of
foreign DNA (Smith & Moss, 1983). Second, it has several sites in the genome at which insertion
of foreign DN A does not seriously affect replication in tissue culture (Moss et al., 1981 ; Panicali
etal., 1981 ; Panicali & Paoletti, 1982). Because of the mulitiplicity of such insertion sites, or non-
essential regions, recombinant vaccinia viruses expressing several genes inserted at different
loci have been constructed (Perkus ez al., 1985). The most commonly used insertion site is the
viral thymidine kinase (TK) gene (Mackett et al., 1982). Unlike the TK gene, whose function
and sequence are well characterized (Weir & Moss, 1983), several other non-essential regions are
not well characterized. One of the reasons why further characterization is important is the
possibility that insertion of foreign DNA into certain genes may lead to recombinant vaccinia
viruses with reduced virulence. For example, although insertion into the TK gene has no effect
on replication in tissue culture, it leads to recombinants with reduced virulence in a mouse model
system (Buller et al., 1985). It has recently been shown that insertion into the vaccinia virus
growth factor gene also reduces virus virulence (Buller ez al., 1988). Because of the complications
known to be associated with the use of vaccinia virus as a vaccine (Lane ef al., 1969), there is
great interest in the production of such attenuated recombinants. Identification of further genes
which, when disrupted, produce attenuated viruses is a useful step towards this goal.

One of the regions of the vaccinia virus genome that appears to consist entirely of genes non-
essential for growth in many tissue culture systems is that towards the left-hand end of the viral
map (see Fig. 1) which is covered by HindIII restriction fragments N, M, K, F and E (Perkus et
al., 1986). Thirteen insertion sites, identified on an empirical basis, have been used. Five of these
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Fig. 1. HindIII restriction map of the vaccinia virus genome (DeFilippes, 1982)

AAGCTTTICAGCTGCTTAGACT TCCAAGTATTAATTCGTGACAGATCCATGTC TGARACGAGACCCTART TAGTGTATATTTTTICATTY TTTATAATTTTGTCATATIGCACCAGAATT
F S KL@QKSKWTNTIRSLULUD K [ORF K

121 AATAATATCTCTAATAGATCTGATTAGTAGATACATGGCTATCGCARRACAACATATACACATTTARTARAAATARTATTTATTAAGAARAT TCAGAT TTCACGTACCCATCAATATARA

TARARATARTGATTCCTTACACCGTACCCATATTAAGGAGATTCCACCTTACCCATARACAATATARATCCAGTAATATCATOTCTGATGATGARCACAAATGGTGTATTAAATTCCAGTT
*P SEVKGMFLIFGTIDHRTITIFVYFPTNEFELK

24

TTTCAGGAGATGATCTCGCCGTAGCTACCATARTAGTAGATGCCTCTGCTACAGTTCCTTGTTCGTCGACATCTATCTTTGCATTCTGAAACATTTTATARATATATAATGGGTCCCTAG
EPSSRATAVMITSAEAYTGQEDVYODIKANQFMNMEKYTIYLPDRT

36

TCATATGTTTAAACGACGCATTATCTGGATTAARCATACTAGGAGCCATCATTTCOGCTATCGACTTAATATCCCTCTTATTTTCGATAGAARAT TTAGGGAGT TTAAGATTGTACACTT
m HKFSANDPNFMSPAMMEA ATILISEKTIDRIEKNETISTFIKPLEKTLNYVYVK

48

TATTCCCTAATTGAAACGACCAATAGTCTAATTTTGCAGCCGTAATAGARTCTGTGAAATGGGTCATATTATCACC TATTGCCAGGTACATACTAATATTAGCATCCT TATACGGAAGGE
NGLQGFSWYDLXAATTISOTFHT®MNDI GIALYMSINAIDEKYPLR

60

GTACCATATCATATTCTTCGTCATCGATTGTGATTGTATTTCCTTGCAATTTAGTAACTACGTTCATCATGGGAACCCTTTTCGTACCGTACTTATTAGTARAACTAGCATTGCGTGTTT
VMDYEEDODOTITITNG QLIKTUVYVVYVNNMMPEYTKTOGYKNTTFSANERTEK

72

TAGTGATATCAAACGGATATTGCCATATACCTTTAARATATATAGTATTARTGAT TGCCCATAGAGTATTATTGTCGAGCATATTAGAATCTACTACATTAGACATACCGGATCTACGTT
TIODFPYQUWIGKFYTITNTITIAWLTNNDOLMNSIDUYUYNSMNMGS SRR RE

84

CTACTATAGAATTAATTTTATTAACCGCATCTCGTCTARAGTTTAATCTATATAGGCCGARTCTATGATATTGT TGATARTACGACGGT TTAATGCACACAGTATTATCTACGAAACTTT
VISNTIKNVYADRRFNLRYLGFRHYQQ@YYSPKTICVUYVTNDVYFSAQ

96

1081 GATAAGTTAGATCAGTGTACGTATATTTAGATGTTTTCAGCTTAGCTARTCCTGATATTAATTCTGTAARTGCTGGACCCAGATCTCTTTTTCTCARATCCATAGTCTTCAATAARTTCTA
Y TLOTYTYKSTKLEKALGSTILETT FAPGLOREKRLD®MTITKILLET

1201 TTCTAGTATTACCTGATGCAGGCAATAGCGACATARACATAGARAACGAATAACCAAACGGTGAGRAGACAATATTATCATCTTGAATATTTTTATACGCTACTATACCGGCATTGGTAA
RTNGSAPLLSMFMSFSYGFPSFVINDDOGI®SNEKYAVYIGANTEF

1321 ATCCTTGCAGACGATAGGTAGACACTGAACACGTTAACGATAGTATCAATAACGCAATCATGATTTTATCGTAT TAATAATTAACCTTATTTTTATGTTCGGTATARARATTATTGATGT
6 QLRYTSVYVSCTLSLILLATTM (ORK] QK

1441 CTACACATCCTTTTGTAATTGACATCTATATATCCTTTTGTATAATCAACTCTAATCACTTTAACTTTTACAGT TTTCCCTACCAGTTTATCCCTATATTCAACATATCTATCCATATGC
RCMARKYNVDIYSEKTYDVRIUVEKVYEKVYTKGVYLKDRYEVYYRDHMH

1581 ATCTTAACACTCTCTGCCAAGATAGCTTCAAAGTGAGGATAGTCARARAGATARRTATATAGAGCATARTCCTTCYCGTATACTETGECCTTTATTACATCACCCGCAT TGGGCAACGAR
M K ¥ 5 € AL IAEFHPYDFLYTIYULAYDEKEYVRGKIUVOGLGANPTLS

1681 TAACARAATGCAAGCATCTTGTTAACGGGCTCGTARATTGGGATARARATTATGTTTTTATATCTATTTTATTCARGAGARTATTCAGGARTTTCTTTTTCCOGTTGTATCTCATCGEAG
Y CF A L m [ORFK2] * £ L SYEPTIEKEPDQTIETZDTC

1801 TATATATCATTTGTACATTGTTTCATATTTTTTAATAGTCTACACCTTTTAGTAGGACTAGTATCGTACAATTCATAGCTGTATTTTGAATTCCAATCACGCATARARAATATCTTCCAAT
Y I DNTCQK®MNKLLRCREKT®PSTODYLEYSYKSNUWDRMFEFTIDEL

1921 TGTTGACGAAGACCTAATCCATCATCCGGTGTARTATTAATAGATGCTCCACATGTATCCGTARAGTAATTTCCTGTCCAATTTGAGGTACCTATATACGCCGTTTTATCGGTTACCATA
G QRLGLGDDPTINTISAGTLCTITDTITFYNGTUWNSTGIYATKDODTVYVM

2041 TATTTGGCATGGTTTACCCTAGAATACGGAATGGGAGGATCAGEATCTGGTACAATARATAGCTTTACTTCTATATTTATGTTTTTAGATTTTAGCATAGCGATAGATCTTARAAAGTTT
YK AHNVRSYPIPPDADPVYIFLKVYETINTINEKSKLNMATISRLEFN

2181 CTCATGATAAACGAAGATCGTTGCCAGCAACTARTCAATAGCTTAACTGACACTTGTCTGTCTATAGCGGCTCTTCT TAATTCATCTTCTATATAAGGCCARAACAARRTATTGCCTGCC
RMIFSSRQUWCSILLKYSVIJRDIAARRLEDETLIY®PUWFLTINTESGA

2281 TTCGARTARATARTAGGGATAAAGTTCATAACAGATACATAARACGAATTTACTCGCATTTCTGATACATGACAATAARAGCGGT TAAATCATTGGTTCTTTCCATAGTACATAGTTGTTGE
KSYTITTIPIFNMYSVYVFKSANRTITC CSLULATLDNTREMMTCLAOQAQA

2401 GGTGCAGAAGCARTAAATACAGAGTGTGGAACGCCGCTTACGTTARTACTAAGAGGATCATCTGTATTATAATACGACCGATAAAAGTTTTTCCARTTATATGGTAGATTGTTAACTCCA
PASAIFVYVSHPVYDESVYVNTISLPHDTINYYSPYFNKUWYWNYPLNUNLVYGEG

2521 AGRTACCAGTATACCTCAAAAATTTBABTGAGATCCGCTGEtAAGTTCETATTATTGAAGATEGCAATACCCAATTCTTTGACCTGAGTTAGTGATCTCEAATECATGTTAGCGCTTCCT
L YWwWwyYVEFTIQTLDODAALWNRNNEFTIATILIGLETZKYDOTLSRUYDMNASEGEG

2641 AARTAAATATGTGTATTATCAGATATCCARARTTTTGTATGAAGARCTCCTCCTAGGATATTTGTAATATCTATGTATCGTACTTCAACTCCGGLCATTTGTAGTCTTTCAACATCCTTT
LYIHTNDSTIUWEFKTHLVYGG6LTINTTIOTIYRVYEUVGAMOQLREVDK

2761 AATGGTTTGTTAGATTTATTGACGGCTACTCTAACTCGTACTCCTCTTTTGOGTARTTGTACARTCTTGTTTAATATTATCGTGCCGARATTCGTACCCACTTCATCCGATARACTCCAA
LPKNSKNVYVAVRVYVRVYGRKPLQVYVIKNLTITITGFNTGVYEDSLSUWY



Vaccinia virus HindIIl K DNA sequence 2997

2881 TAAARAGATGATATATCTAGTGTTTTTGTGGTATTGGATAGAAT TTCCCTCCACATGTTARATGTAGACAARTATACTTTATCARATTGCATACCTATAGGARTAGTCTCTGTARTCACT
£ S$SSI0OLTKTTNSLTIERUYMNMNTFTISLYVKDFAQmMmGIPITETTIV

3001 GCGATTGTATTATCCGGATTCATTTTATTTGTTAARAGAATARTCCTATATCACTTCACTCTATTARARRTCCARGTTTCTATTTCTTTCATGACTGATTTTTTAACTTCATCCGTTTCE
A1 T N D P N M [ORFK3] * K VRN F I w TETEKM®MVYVSKEKVWVEDTE

3121 TTATGAAGATGATGTTTGGCACCTTCATARATTTTTATTTCTCTATTACAATTTGCATGTTGCATGAARTAATATGCACC TARRACATCGETARTCTTATTGTTTGTTCCCTGGAGTATE
K HLHHKA ADGETYTIEKTIERNTCHNAHGQGM [ORFKY] * Fm A LRTITGERSYS

3241 AGAGTCGGGGGGTGTTAATCTTGGAAATTATTTTTCTAACCTTGT TO6TAGCC T TCAAGACC TSACTAGLARATELAGELTTAATTTTTTCATGATTGATTARTGGGTCGTATTGGTATT
LRPTNTIIKSTITIKRUYEKNTIAIKTLYQSAFGAKTIKEHNTILPDOYQYK

3361 TATAAACTTTATCCATATCTCTAGATACTGATTCTOGACATAGCTTTCCGACTGOCECATTTAGTGTGATGGTTCCCATARGT TTGGCAGCTAGCAGAT TCAGT TTTGARACAGCATCTG
Y Y KD MODRSUY SEPCLKGVYVRPANLTITGE®NLKAALLNLEKSUVYADA

3481 CATTAACTAGAGGAGACATTAGAATCATTGCTGTAAACAAGTTTGGAT TATCGTARGAGGE TAGC TCCCATGGAATGACCCARTAAGTAGATTTAATAGT TACCACGTGCTGTACCARAG
NV LPSMLI®ATTFLNPNDYSALEUWPTIVEYWYTSKITVYVYHOQVLT
* Y NGRATGFD

3601 TCATCAATCATCATTTTTTCACCATTACTTCTTCCATGTCCARTATGATCATGTGAGARTACTARAATTCCTAACGATGATATGTTTTCAGL TAGTTCGTCATARCGTCCAGRATGTTTA
M [ORF K5]
DI MMKEGNSRGHGTIHOMWSTFUYLIGLSSINEALEDYRGEGSHEK

3721 CCAGCTCCATGACTTATGAATACTAATGCCTTAGGATATGTARTAGGTTTCCAATATATGTAATCATTGTCCAGATTGAACATACAGTTTGCACTCATGATTCACGTTATATAACTATCA
G AGHSIFUVLAKPYTI®PKUWUYTITYDNDLNTFMCNAS M [ORFKS]

(oRF K7] ™
3841 ATATTAACAGTTCGTTTGATGATCATATTATTTTTATGTTTTATTGATAATTGTAAARACATACAATTAAATCAATATAGAGGAAGGAGACGGCTACTGTCTTTTGTGAGATAGTCATGE

AT KLDYEDAVFYFUVDODODKICSRDSIIDLIODEYTITURNSHVYI
3961 CGACTARATTAGATTATGAGGATGCTGTTTTTTACTTTGTGGATGATGATARAATATGTAGTCGCGACTCCATCATCGATCTARTAGATGAATATATTACGTGGAGARRTCATGTTATAG
# Y I FINRPSIMNNY

VFNKDTITSCGRLYKETLMKTFODODVYATIRYYS6IDEKTINETIVYVEA®MSE
4081 TGTTTARCARAGATATTACCAGTTGTGGAAGACTGTACARGGAAT TGATGAAGTTCGATGATGTCGCTATACGGTACTATGGTATTGATARRAT TAATGAGAT TGTCGARGLTATGAGCG
HKVFINGTTSSOQVLFOQHLETITIDSYPVYTITNTIFRNTILNDOTFSHA

G DHYINFTIKUVYHODOQESLFATIGICAKTITEHUWGYKKTISESREF
4201 ARGGAGACCACTACATCAATTTTACAAAAGTCCATGATCAGGARAGTTTATTCGCTACCATAGGAATATGTGCTARRATCACTGAACATTGGOGATACARARAGATTTCAGARTCTAGAT
FsS ¥ VvvoTIKTCF DM [O8F K]

@ SLGNTITDODLMTDODONTINTILILEFLETEKTIKTLNH®
4321 TCCAARTCATTGGGAAACAT TACAGATCTGATGACCGACGATARTATARACATCTTGATACTTTTTCTAGARARRARATTGAATTGATGATATAGGGG TCYTCATARCGCATARTTATTAC

4441 GTTAGCATTCTATATCCGTGTTARARAARAATTATCCTATCATGTATTTGAGAGTTTTATATGTAGCARACATGATAGCTGTGATGCCARTAAGCTT

Fig. 2. The nucleotide sequence of the HindIIl K fragment of the WR strain of vaccinia virus.
Translation in single-letter amino acid code of eight selected ORFs (K1 to K8) is shown.

sites either flank, or are within, the 4-5 kb HindIII K fragment. In this paper we present the
nucleotide sequence of this fragment, revealing the presence of eight genes, two of which can
have a function tentatively assigned to them.

METHODS

The vaccinia virus HindIII K fragment originally from vaccinia virus strain WR, cloned in pBR322, was a gift
from R. Wittek. The DNA was transformed into Escherichia coli strain TG1 and CsCl gradient-purified DNA was
prepared. For shotgun sequencing, subclones of the plasmid were obtained by sonicating the DNA (Deininger,
1983) and ligation into Smal-cut M13mp10 (Amersham). Bacterial colonies containing M13 with inserts were
grown, transferred to nitrocellulose filters and probed with labelled purified viral insert. Single-stranded templates
were prepared from M13 clones identified by probing as containing viral DNA. Dideoxy sequencing (Sanger et
al., 1977; Bankier & Barrell, 1983) was carried out using [¢-35S]JdATP and buffer gradient gels (Biggin et al., 1983).
Sequence data were read into a BBC microcomputer using a sonic digitizer (Graf/Bar; Science Accessories
Corporation) and analysed on a VAX 11/750 minicomputer using the programs of Staden (1982, 19844.,b).
Comparisons against the Protein Identification Resource (George et al., 1986) were made with the program
FASTP (Lipman & Pearson, 1985). Optimal alignments between individual sequences were obtained using the
University of Wisconsin program GAP (Devereux et al., 1984).

RESULTS
The complete sequence of the HindIIl K fragment has been obtained. Over 929, of the
sequence was obtained from both strands and over 98-79 of the sequence was obtained from at
least two separate M13 clones. The sequence of 4536 bp is shown in Fig. 2. The sequence has



M. E. G. BOURSNELL AND OTHERS

2998

(9861 “7v 12 SNYI9J) $9)IS UOTLIOSUI SB PAsn UAQ dABY YOIYM SIS [[78F [BUISIUL 221} SY) pUR $33IS [[[PUIf [BUIULII)
om) ay3 Jo suonrsod atpy moys wesderp oY1 Jo doy oY) Je saffurwn) Jor[q Y, 'S 0} € UMOYS o1e 93IY) UI0I0] ) PUB € 0] ,§ UMOYS dIe saWel) 221y) dog ay ], "sourerj
Surpear s[qrssod XIs [[e Ul suopoo dojs moys sauy] [OISA pue Y 2Y) MOYS $ax0q PIIqUUNN “STHO P219913s 1431a ays Jo suonisod ayy Suimoys wesder] ‘¢ "1

sired aseq
00st 000v 00S¢€ 000¢ 00s¢T 0007 00s1 0001 00S 0
{ 1 1 1 ! ! l |

|
i 1 1 1 T ¥ i T 1

(| 03

MORRT AAm e _ﬁ

i _@ I m: i @ﬁ __IsJ__ I

RN YN OO R 6 1 I BRI A

RN TR R A [ N RN I 1l
|

I

il o
IR LR DD BT 1

CELETTERR R nenewe a0 e nee e e i ni
P EEEH T FEIEE Y N IR IR I
I i rm I I R N R NI r& i

LA

A A Ny i A
IIP¥IH 11759 11759 n3g THPUIH



Vaccinia virus HindIII K DNA sequence 2999

Vaccinia K1 1 vttt eereeeanaeean st et e e aaaeraaateeaaennne e iaateeenaaaanrites MIALLT B
Antithrombin 1 MYSNVIGTYTSGKRKYYLLSLLL IGFWDCYTCHGSPYDICT AKPROIPMNPYC TYRSPEKKATEDEGSEQKIPEATNRRY 80

Cowpox 38K T 4t eeseee e taauie et et eyt ea e et ieta e T et e e saaaataaaeseires 1

Vaccinia K1 7 LSLTCSVSTYRLQGFTNAGI\/AYKNIQDDNI\/FSPFGYSFSMFMSLLDASGNTRIELLKTMUL ..... RKROLGPAFTEL 81
Antithrombin 81 wELSKANSHF ATTFYDHLRDSKNDNDNIFLSDLSISTAFAMTKLGF\CNDTLDDLMEVFKFDTISEKTSDOIHFFFAK 157

Cowpox 38K 1 .iiiiniennnnns MDLFRE TASSMKGENUF TSPFST SSUL TILYYGANGSTAEDL « v v vveesvrranenens SK 464

Vaccinia K1 82 ISGLAKLKTSKYTYTDLTYBSFVDNT\IC[KDSYYQDYHRF +GL YRLNFRROAVNK INSTVERRSG a4 o o MSNVVOSN 153

Antithrombin 158 LNERLYRKANKSSKLVSANRLFGDKSLTFNETV[]DISEL\/YGAKLDQLDFKENAEQSRAAINKU\/SNKTEGHITDVIDSE 237

COWpOX 38K 45 Y\/EKEADKNKDDISFKSMNK\JYGRYSF\\JFKDSFLR KIGDNFUT\/DFTDC RTVDAINKC\/DIFTEBKINDLL DE 117

Vaccinia K 1 154 MLONNTLWATINTIYFKGIWQYPFDITKTRNASE TNKYGTK, TUPMMNVYTKL . ., . OGNTITIDDEEYOMURLPYKDAN 228

Antithrombin 238 AINELTVLVLVNTIYFKGLMKSKFSPENTRKELFVKADGESCSASMMY[JEGKF . .RYRRVA., . .ECTQULELPFKGDD 310

Cowpox 38K 118 PLSPOTCLL ATSAYFKAKFLIPFEKEE TSOYPEY . SPTEMNDUSISIYGE AFNHASUKESF . . . NFSTIELPYVG.D 193

Vaccinia K1 229 ISMYLAI GDNMTHFTDSITN\KLDYbJSFDLGNK\IYNLKLPKFSIENKRDIKS IAEMI"IAPS{"\FNPDNASFKHM LT 301

Antithrombin 311 ITm\/LILPKPEKSLAKVEKELTPE\ILDEUJLDELEEMMLWHMPRFRIEDGFSLKEDLDDMGL\IDLFSPEKSKLDGIVAEG 390

COWPOX 38K g4 TSMV\/ILPDNIDGLESIEDNLTDTNFKKwCDSF’IDAMFID\IHIPKFK\ITGSYNL\/DRL\IKLGLTEVFGST EDVSNMC 269

Vaccinia K 1 302 F{DDLYIYKMFGNAKID\/DEQGT\/AEﬂSTIm\/ATRRS SPEKL[FNTDF\IFIIRHDITGFILFMGK\/ES?* 370

Antithrombin 39 RDDLY\/SDAFHKAFLE\INEEGSEAAASTA\/\IIF\GRSLNPNH\/TFKANRDFL\/FIRE\IDLNTIIFMGRVANPC\IK* 485

COWpOX 38K 270 NSD\/S\/DAMIHKTYID\INEEYTEAAAATEAL\IAD EASTVTNEFCRDHPFIY\/IRH\ID GKILF\IGRYCSPTTN* 342

F ig: 4. A cpmparison of the predicted amino acid sequences of the vaccinia virus K1 gene, human
antithrombin III, and the cowpox virus 38K gene. The optimal alignment was achieved using the
program GAP (Devereux et al., 1984). Dots within the sequences show where gaps have been

introduced to achieve alignment. Colons between the sequences show identical amino acids and dots
show conservative changes.

been analysed for open reading frames (ORFs) and Fig. 3 shows diagrammatically the main
ORFs, selected by size and by codon usage (Staden, 1984b; Staden & McLachlan, 1982). ORFs
that are contained within other larger ORFs, either on the same strand or on the other strand, are
not shown except when they conform to the codon usage derived from a large selection of
previously sequenced vaccinia virus genes. This is the case for ORFs K7 and K8. Small ORFs,
such as K4, are also only selected if they exhibit strong vaccinia virus codon usage. Apart from
the ORFs that overlap the terminal HindIII sites there are eight ORFs shown which have been
designated K 1 to K8. Translations of these ORFs, in single-letter amino acid code, are shown on
Fig. 2.

Codon usage analysis of the ORFs in this fragment reveals some reading frames that are open
but have no AUG methionine codon at the start. An example of this is the sequence upstream of
K4. This, combined with the observation that in the C-terminal 18 amino acids of K5 the
vaccinia virus codon usage drops off dramatically, suggests that K4 should be joined to K5 in
one continuous ORF. However, the sequence at all such points has been carefully checked and
appears to be correct.

The predicted amino acid sequences of ORFs K1 to K8 were compared to the Protein
Identification Resource (George et al., 1986) using the computer program FASTP (Lipman &
Pearson, 1985). Two highly significant similarities were found. ORF K1 has a high level of
identity with the large super-family of serine protease inhibitors, notably human alpha-1-
antitrypsin and antichymotrypsin, chicken gene Y and gene X proteins, and human
antithrombin III. When the amino acid sequences of ORF K1 and human antithrombin were
compared, with suitable gaps inserted to achieve optimal alignment (Devereux et al., 1984) it
was found that, within the aligned regions, 259 of amino acids matched perfectly, with a further
25% showing conservative changes. This alignment is shown in Fig. 4. In the same diagram the
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Vaccinia K3 T oaeuen IVINPDNTIA\/ITETIPIGMGFDK\/YLSTFNWMREILSNTTKTLDISSFYMSLSDE\/GTNFGTIILNKI\/DLDKRG\/ 75

Vaccinia 37K 1 MUPFAS\/PAGAKCRLVETLPENMDFRSDHLTTFECFNEIITLAKKYIYIASFC CNPLSTTRGALIFOKLKEASEKGT 77

Vaccinia K3 RVR\/A\/NKSNKPLKDVERLDMAG\IE\/RYIDI TNILGGVLHTKFMISDNTHIYLGSANMDMRSLTDVKELGIAIFNNR 152

Vaccinia 37K 78 KIIVLLDERGK WNLGELQSHEF’DINFITVNIDKKNN\IGLLLGCFLIJ\ISDDERCY\/GNASFTGGSIHTIKTLGV YSDYP 154

Vaccinia K3 153 NLAADLTQIFE\IYUYLG\/NNLPVNUKNFYPS‘(YNTDHPLSIN\ISGVF’HSVFIASAPDQLETMERTND\_TRLLSEIRNASK 232

Vaccinia 37K 155 PLATDLRRRFDTFK AFNSAKNSMLNLCSAACCLP\ISTAYHIKNPIGGVFFTDSDEHLLGYSRDLDTDV\IIDKLKSAKT 232

Vaccinia K3 233 F\/YVS\/IYINFIPIIYSKAGNILFIUPVIEDELRRAAIDRGVSVKLLISCMGRSSFIMRNFLRSIAMLKSKNINIE\IKLFI\IP 312

Vaccinia 37K 233 STolen ALUPTT. R\IDCNSYYLLIPDIYNSIIEAAII\RG\/KIRLLUGNMDKNDUYSMATARSLDALEVQN D\_S\IK\/FTID 310

Vaccinia K3 313 DADDDIPYSR\INHAKYMVTDKTAVIGTSNUTGNYFTDTCGASINITPDDGLGLRDOLEDIFMRDWNSKYSYELYDTSDTK 392

Vaccinia 37K 311 n......... NTKLLIVDDEYVHITSANFDGTHYUNHBFVSFNSIDK[] LVSEAKKTFERDUVSSHSKSLKT #. . 373

Vaccinia K3 393 RCRLLKNMKGCTNDIYCOETGPEKETPEYSLE® 425
Vaccinia 37K ..

Fig. 5. A comparison of the predicted amino acid sequences of the vaccinia virus K 3 gene and the 37K
major envelope antigen. The optimal alignment was achieved using GAP (Devereux et al., 1984). Dots
within the sequences show where gaps have been introduced to achieve alignment. Colons between the
sequences show idential amino acids and dots show conservative changes.

match of antithrombin III to another poxvirus gene is shown, namely to the cowpox virus gene
that causes the red pock phenotype (Pickup ef al., 1986). ORF K3 shows a similar high level of
identity (289, identity plus 299 conservative changes) with a previously sequenced vaccinia
virus gene which has been shown to encode a major 37K envelope antigen (Hirt et al., 1986).
This match is shown in Fig. 5. A third match, which is not shown, is that of ORF K7 to the gene
designated T3A in the terminal region of Shope fibroma virus (Upton et al., 1987) with 169,
identical amino acids and a further 539 conservative changes.

Five sites within this fragment have been used as insertion points for foreign genes (Perkus et
al., 1986). These are the HindII1 sites at the ends of the fragment, and three Bg/lI sites within the
fragment. These Bg/II sites at positions 1160, 2146 and 4343 fall within K1, K3 and K7 (Fig. 3).
The left-hand HindI11 site falls within the ORF shown as K0 in Fig. 3. This is the N terminus of
the host range gene, which allows the virus to replicate in human cells (Gillard et al., 1986). The
right-hand HindlIII site appears to fall within a gene which continues into HindIII F.

DISCUSSION

Analysis of the nucleotide sequence of the HindIII K fragment of vaccinia virus strain WR
has identified eight ORFs. Examination of the sequence shows that three of these ORFs have
been used as sites for insertion of foreign DNA (Perkus ez al., 1986). Two of these genes, K1 and
K3, can have functions tentatively assigned to them on the basis of high degrees of similarity to
previously sequenced genes. A third ORF, K7, has similarity to an ORF from the terminal
regions of Shope fibroma virus.

At present it is not known which, if any, of these genes are transcribed in tissue culture. Belle
Isle e al. (1981) have looked at the in vitro translation products from early and late mRNAs
selected using cloned HindIll fragments. No late mRNAs were selected from the HindIIl K
fragment, which is consistent with the fact that analysis of the upstream sequences suggests that
none of the genes in this fragment are late genes. Five protein products were translated from
early mRNA, of sizes 46K, 30K, 16K, 11K and 9K. The 30K protein was also translated from
mRNA selected by HindIII M, the next fragment to the left. Thus this is probably the 32-5K host
range gene (Gillard et al., 1986) most of which is in HindIII M. The eight possible genes in
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Table 1. Percentage identity after optimal alignment between the vaccinia virus K1 gene, the
cowpox virus 38K gene, human antithrombin 111, human alpha-1-antitrypsin and the fowlpox virus
ORF3 gene

Vaccinia K1 Cowpox 38K Antithrombin Antitrypsin Fowlpox ORF3

Vaccinia K1 1000 192 255 242 22
Cowpox 38K 192 100-0 30-0 257 236
Antithrombin 255 306 1000 273 21
Antitrypsin 242 257 273 1000 324
Fowlpox ORF3 222 236 221 324 100-0

HindIII K, K1 to K8, encode proteins of predicted sizes 42-2K, 10-5K, 48-8K, 5-3K, 151K,
9-1K, 17-4K and 7-4K respectively. Several of these show good agreement with the sizes of the in
vitro polypeptides.

ORF K1, potentially encoding a protein of 42:2K, is very similar to members of the super-
family of serine protease inhibitors. Several of the members of this family are present in blood
plasma and act as anticoagulants. For example antithrombin III inhibits thrombin, a protein
involved in blood clotting. Other poxvirus genes with similarity to serine protease inhibitors
have been found in cowpox virus (Pickup et al., 1986) and in fowlpox virus (Tomley et al., 1988).
The cowpox gene, whose nucleotide sequence predicts a protein of size 38K, has been shown to
be involved in the haemorrhaginous lesions, or red pocks, caused by the virus (Pickup et al.,
1986). Lack of the gene causes white pock variants, presumably because inhibition of proteins
involved in blood clotting no longer occurs.

The vaccinia virus K1 gene maps at 25 kb from the left end of the genome whereas the cowpox
virus 38K gene maps at approximately 32 kb from the right-hand end of the cowpox virus
genome. Hence both of these genes map in that central region of the orthopoxvirus genome
which appears to be highly similar between vaccinia and cowpox viruses, by restriction
mapping (Mackett & Archard, 1979) and probably at a sequence level (Pickup er al., 1986). The
positioning and degree of identity of these two genes suggests therefore that they are not direct
equivalents. In fact the cowpox virus 38K protein and the vaccinia virus 42K K1 protein are
slightly less closely related to each other than either is to the serine protease inhibitor super-
family as a whole. Table 1 shows the percentage of identical amino acids found in individual
pairwise comparisons between several of these proteins. It seems likely, however, that a cowpox
virus equivalent of the vaccinia virus K1 gene exists in the corresponding place in the cowpox
virus genome and that a vaccinia virus equivalent of the cowpox virus 38K gene exists in the
corresponding place in the vaccinia virus genome.

The 38K cowpox virus gene is one of the most highly expressed early genes in the virus. An i1
bp sequence, GAAAATATATT, has been found upstream of the gene, and is also upstream of
the vaccinia virus 7-5K gene (Pickup e al., 1986; Venkatesan et al., 1981). The vaccinia virus
42K K1 gene also appears to be an early gene, in that it does not have the characteristic late
TAAAT motif (Hanggi et al., 1986; Rosel et al., 1986) immediately before the ATG codon, and
has a potential early TTTTTAT termination of transcription signal (Rohrmann et al., 1986) 78
bases downstream from the termination codon. However, it does not share any sequence
homology with sequences upstream of the 7-5K gene.

Another gene from the vaccinia virus HindIII K fragment, ORF K3, potentially encoding a
48-8K protein, shows extensive similarity along most of its length to the p37K major envelope
antigen of vaccinia virus (Hiller et al., 1981; Hirt ez al., 1986). Twenty-five per cent of residues
are identical and a further 239 are conservative changes. At 41-7K, the predicted size of the
p37K envelope protein is somewhat smaller than that of the K3 48-8K predicted product. After
optimal alignment (see Fig. 5) the K3 gene extends for 37 extra amino acids at the C-terminal
end. The p37K protein resides in the viral envelope present on extracellular vaccinia virus but
not on virus purified from within cells (Hiller et al., 1981). Hirt et al. (1986) highlight two
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relatively hydrophobic regions of the sequence (130 to 157 and 175 to 192) which they suggest
could represent putative membrane anchors. The sequence of the K3 gene also predicts
hydrophobic domains, which are not, however, in an equivalent position (for example 190 to 255
and 275 to 312). Neither of the polypeptide sequences contains an N-terminal region
characteristic of a signal peptide (McGeoch, 1985). Both monoclonal and polyclonal antibodies
to the p37K protein are highly specific (Hiller et al., 1981; Hirt ez al., 1986) and no other
immunologically related polypeptide which could be the K3 product can be seen. However,
although p37K appears to be the major new protein present on extracelluiar virus (Hiller et al.,
1981) other proteins with sizes ranging from 20K to 210K have been detected as new
extracellular products (Payne, 1978). The nearest of these in size to the 48-8K predicted for the
K3 protein is a 42K glycosylated polypeptide.

The p37K product is a late gene, and it has the characteristic TAAATG motif which is
present in most vaccinia virus late genes. The sequences upstream of the ATG codon of the K3
gene have no TAAAT sequence, but rather a TAAAATG sequence. Combined with the fact
that there is a possible early termination of transcription signal, TTTTTAT, downstream of the
gene, this suggests, rather surprisingly, that this may be an early gene.

In conclusion, the sequence of the 4-5 kb vaccinia virus HindIII K fragment has revealed the
presence of eight potential genes, all of which are non-essential in certain tissue culture systems
(Perkus ez al., 1986). Any of these genes may encode factors that affect the virulence of the virus.
Large deletions in the vaccinia virus genome (Dallo & Esteban, 1987) and insertions into
individual genes (Buller et al., 1985) have been found to produce attenuated variants of vaccinia
virus. The complete nucleotide sequence of this fragment now allows the possibility of directed
insertions into each of the genes in order to determine whether specific disruption of any of them
leads to viruses with altered pathogenicity or reduced virulence. In particular, the K1 gene may
be a suitable candidate, as it shows a high level of identity with a cowpox virus gene whose
product is known to affect the growth of cowpox virus in vivo.

We thank Philip Green for excellent technical assistance, and Dr Riccardo Wittek for donating the cloned
HindIIl K fragment.
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