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We have previously described a transcription unit located between map coordinates 0.558 and 0.595 on the
herpes simplex virus type 2 strain 333 genome which encodes two mRNAs of 5.0 and 1.2 kilobases that share
a common 3’ terminus, and we have determined the nucleotide sequence of a 38,000-dalton protein specified
by the smaller RNA (D. A. Galloway and M. A. Swain, J. Virol. 49:724-730, 1984). The entire nucleotide
sequence of the 140,000-dalton protein specified by a 3,432-base-pair open reading frame within the large
mRNA is presented, as are transcriptional regulatory sequences upstream of the RNA. The 140,000-dalton
protein shows strong homology with the large subunit of well-characterized ribonucleotide reductase enzymes
from the mouse and from Escherichia coli and with an Epstein-Barr virus gene. The 38,000-dalton protein has
been shown previously to have homology with the small subunit of these enzymes (B.-M. Sjoberg, H. Eklund,
J. A. Fuchs, J. Carlson, N. M. Standart, J. V. Ruderman, S. J. Bray, and T. Hunt, FEBS Lett. 183:99-102,
1985). This is the first example of a herpesvirus transcriptional unit that encodes functionally related proteins.

The herpesviruses are large DNA viruses which encode a
number of enzymes required for their biosynthesis, e.g.,
DNA polymerase and thymidine kinase. Upon infection,
herpes simplex virus types 1 and 2 (HSV-1 [8] and HSV-2
[9]), equine herpesvirus type 1 (10), Epstein-Barr virus
(EBV) (21), and pseudorabies virus (26) all induce a ribonu-
cleotide reductase activity which is distinct from that of the
cellular enzyme. Ribonucleotide reductase is an essential
component of living cells, providing the precursors for DNA
synthesis by catalyzing the reduction of all four
ribonucleotides to their respective deoxyribonucleotides
(38). In many cases the enzyme is encoded by two nonidenti-
cal subunits (33).

Evidence that ribonucleotide reductase activity is virally
encoded has come from three sources. First, an HSV-1
strain 17 temperature-sensitive (zs) mutant failed to induce
reductase activity at the nonpermissive temperature (12),
and the mutation in 51207 was mapped to sequences encod-
ing a polypeptide referred to as Vmw136 (32). This protein,
dlso referred to as ICP6 (22) and 140K (1) has been shown to
be encoded by a 5.0-kilobase (kb) message located between
map coordinates 0.558 and 0.595 (1, 28, 29). Analysis of the
HSV-2 genome has revealed a colinear organization includ-
ing a protein of 140,000 (140K) daltons (15) that is referred to
in other studies as ICP10 (31) and 144K (23). A comparison
of the DNA sequence encoding the carboxy termini of the
HSV-1 and HSV-2 140K proteins has suggested that these
proteins are homologous (17, 30).

The second indication that the reductase activity is virally
encoded comes from studies which characterize the virally
induced enzyme and use antibodies directed against viral
proteins to inhibit enzymatic activity. Ribonucleotide
reductase from HSV-2-infected cells was purified and used
to produce antibodies which reacted primarily with a 144K
protein and other minor components (24). By using mono-
clonal antibodies which had previously been shown to
precipitate hybrid-selected, in vitro-translated proteins (15),
it was possible to demonstrate that the 144K and 38K
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proteins associated with reductase activity were equivalent
to the 140K and 38K proteins mapping to 0.558 to 0.595 on
the HSV genome (4). By using monoclonal antibodies di-
rected against Vmw136 and an oligopeptide serum directed
against Vmw38, there is evidence that the HSV-1 proteirs
form a complex to function as the large and small subunits of
the HSV-induced enzyme (13).

The evidence that the 38K protein is a subunit of ribonu-
cleotide reductase comes from an analysis of the DNA
sequence of the HSV-1 and HSV-2-encoded 38K proteins.
Both the HSV-1 (11) and HSV-2 (17, 30) 38K proteins have
been sequenced, and a comparison of the two sequences has
revealed that the carboxy-terminal 307 amino acids are
highly homologous and only the amino-terminal 30 amino
acids show significant intertypic diversity. Recently, the
small subunit of Escherichia coli reductase was compared
with the HSV-2 38K protein, and they were found to be
distantly related (16%) when comparing identical amino
acids (36). This analysis revealed a related protein in EBV
and in the clam Spisula solidissima and showed that in all
four proteins a few specific regions, presumed to be of
functional importance, showed striking similarities.

In this study we completed the nucleotide sequence of the
region of HSV-2 encoding the 140K protein and its upstream
regulatory sequences. By computer-assisted analysis we
compared the amino acid sequence of the 140K protein with
the large subunit of the E. coli (7) and mouse (6) ribonucle-
otide reductases and found significant homology among
these proteins and with a gene from EBV. In addition we
compared the HSV-2 140K protein with the sequence avail-
able (29) for the HSV-1 140K homolog and found that the
carboxy terminus is far better conserved than the amino
terminus.

MATERIALS AND METHODS

Construction of recombinant M13 bacteriophage. The
pBR322 recombinant plasmid pBamE containing the BamHI
E fragment (0.532 to 0.583 map units) of HSV-2 strain 333 was
digested with either Sall or PstI, or in one case with
Pstl-EcoRI-Hpal. Specific fragments were purified from
low-melting-point agarose and were ligated to the appropri-
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FIG. 1. Organization of the region of the HSV-2 genome encoding ribonucleotide reductase. (A) Location of these genes on the HSV-2
genome relative to the Bgl/lI C and N fragments and the BamHI E and T fragments. (B) An expansion of this region showing relevant
restriction enzyme sites. (C) Positions of the mRNAs (arrows) and the proteins (boxes) they encode. (D) Map coordinants along the HSV-2

genome.

ately cleaved vectors M13mpll or mpl9. The M13
recombinant phage constructed in this way contained a
2.75-kb Sall fragment (0.567 map units to the Sall site in the
pBR322 portion of pBamE), a 1.15-kb Sall fragment (0.559 to
0.567 map units), a 0.65-kb Sall fragment (0.555 to 0.559 map
units), a 1.29-kb PstI fragment (0.562 to 0.57 map units), and
a 1.3-kb PstI fragment (0.553 to 0.562 map units). The
identities and orientations of these clones were confirmed by
sizing and restriction analysis of M13 replicative form DNA
on agarose gels and by hybridization of M13 single-strand
DNAs to each other to establish pairs. The replicative form
DNAs of M13 recombinant phages containing HSV-2 DNA
were linearized with pairs of enzymes (BamHI-SstI or
BamHI-Kpnl or Xbal-SstI) and deleted subclones obtained
by the method of Henikoff (20) as previously described (37).
Selection and growth of recombinant phage and preparation
of phage DNA were done by standard techniques (35).
Recombinants were characterized by T-track analysis (2)
before running full sequencing reactions.

DNA sequencing methods and analysis. Dideoxynucleoside
triphosphate chain termination sequencing methods (34)
were performed with M13 recombinant phage DNA tem-
plates as previously described (37). DNA sequence data
were obtained from both strands of a 4.0-kb region and were
compiled and analyzed on a DEC Rainbow computer with
the Genepro software written by J. Brown and J. Wallace.
Homology searches on DNA and amino acid sequences used
the method of Wilbur and Lipman (40).

RESULTS

To obtain the complete nucleotide sequence of the seg-
ment of DNA encoding the HSV-2 140K protein, we se-
quenced the region from the Sall site (map coordinate 0.555)
to the BamHI site of the BamHI E-T border (map coordinate
0.583). The overall strategy was to clone specific restriction
fragments into appropriate M13 vectors. In all cases, two
sets of fragments were used to obtain data spanning each
restriction site. To provide templates of suitable length for
sequencing, the replicative form of the recombinant M13
phage was purified, cleaved at two sites within the polylinker

to leave a 5’ extension proximal to the insert and a distal 3’
extension, treated with exonuclease III for various intervals,
and treated with S1 nuclease, Klenow polymerase, and T4
DNA ligase by the method of Henikoff (20). The details of
the recombinant plasmids used and the construction of the
M13 phage is given in Materials and Methods. We had
previously sequenced the segment from the BglII (0.58) to
the BamHI (0.583) site which contains the start of translation
of the 38K protein and the start of transcription of the 1.2-kb
message, and we tentatively identified the termination of
translation and the carboxy-terminal 163 amino acids of the
140K protein (17). This region, including the relevant restric-
tion enzyme sites, the location of the 5.0- and 1.2-kb RNAs,
and the location of the coding sequences for the 140K and
38K proteins, is summarized in Fig. 1.

The nucleotide sequence of the noncoding strand of the
HSV-2 140K gene is shown in Fig. 2. An open reading frame
of 3,432 bp is seen (from nucleotide 419 to 3850) which gives
rise to a protein of 1,144 amino acids. The translated protein
predicted from the DNA sequence is shown above the
appropriate nucleotides. The open reading frame is consis-
tent with our previously published assignment of the
carboxy terminus of the protein (17) and confirms an inter-
esting organization of the sequences encoding the 38K and
140K proteins. The start of transcription for the 1.2-kb
message has been mapped to nucleotide 3769 (30) which
would place it and 80 nucleotides of the 1.2-kb RNA leader
sequence within the translated portion of the 140K protein.

The start of transcription of the HSV-1 5.0-kb RNA has
been mapped to nucleotide 176 (14). Upstréam (nucleotides
148 through 153) is the canonical TATA homology
ATAAAA. A comparison of these transcriptional regulatory
sequences with those of HSV-1 strain KOS (11) show both
regions of strong homology and regions with little or no
homology. Of the 50 nucleotides surrounding TATA (123
through 173), 42 are identical whereas the next 36 nucleo-
tides upstream (87 through 122) show no intertypic homol-
ogy. This is followed by a 22-bp sequence (66 through 87) in
which 20 nucleotides are identical between HSV-1 and
HSV-2. The 22-bp conserved sequence is A-C rich, a
feature shared with many other HSV early promoters (39).
In the untranslated leader sequence there are regions of
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1 GTGTGTTTGGCGTGTGTCTCTGAAATGGCGGAAACCGACATGCAAATGGGATTCATGGACACGT TACACCCCCCTGACTCAGGAGATAGGCATATCCTCE
101 TTAGATYGACTCAGCACACGATCGCACCCCACCCCTGTGYGCCGGGGGCCAACGCGGGCGGTC+GGGTYACCA(;AACAGGTGGETGCTI‘CGGGG
201 Ac17cAcccTCGCCAc1crccrcccAGCCCTCAccrcrVCGCCCAcccATlccvcrrccétvccTcrccécccctccrc1cctcrccuc;cAtrcrrccc
301 cAcrcccccoctcArtcctccccccctcccrccrrrcccvcctACCGCCCAccccccc1Eccaccccccéccccc1c1r%ccc11CA1c§ccrcccAccc

aAsnArgProAigAlaSerAlaLeuAloGiyAioArgSerProSerGluArgGinGiuProA 1uP 1uValA
401 ACCGTCACCTTGGTTCCAL eGCCAACCGZCCTGCCGCATCCGCCCICGCCGGKGCGC087CYCCGTCCGA:CGRCAZGA:CE%CE gAECEggAEG?CG

1aProProGl AspHisVaiPheCysArglysValSerGlyValMetvalLeuSerSerAs ProPraGiyProAlgAl TyrArgil A
501 CCCCCCCVGG GG GACCACGTGTTTTGCAGGAAAGTCAGCGG GTGATGGTGCTYTCCAGCGA?CCCCCCGGEC&%GC%GCSTAéCé AT#EEEstiz
rSerPhc 0iGINCysGlySerAsnCysSerMet 1 1ul luAs GlyAspValAlgAr HisLeuArgAsplLeuGluGlyAigThrSerThrGiyAl
601 CAGCTTICTTEARTEESCETEARES CAcrncAunccagccAcAgmcc. cccacdcn11ccc?cagcrgugccécc?métEéacégcéccg
PheValAlgiluSerAsnValAloAlgG! ThrAloValVolAlaLeuGlyGlyThrSerGlyProSerAioThrThr VolIGiyT
701 TTCGTCGCGAT CTCAAACGTCGCAGCCGGEGG GA cc CG ACCGCCGTCGTGGC GCTCGGEGGXACCTCGGGECCGTCCGCGAC‘?ACX?EEG?GGG%A
hrGInThrSerGlyGiuPhelLeuHisGlyAsnProAr ThrProGIuProGIinGlyProGinA oVoIProProProPréProPr ProPheProTrpGl
801 CCCAGAC61CCGGEGAGIYCCTCCACGGéAACCCAAG ACCCCCGAACCCCAAGGACCCCAGGCTGTCCH ccccccccccvcc1cc3ccc1r?cégtcﬁgo
H-sG uCysCysAlaArgArgAspAlaAr GlyA1oGluLysAspVoiGlyAlaAlaGluSerTrpSerAspGl ProSerSerAspSerGluTh
901 CACGA GIECTéCG CCCG CGSGA?GCCAGaGGEGG GCCGAGAAGGACGTCGG GCCGCGG AGTCAT gICAcAchECCGTCGTECG:%TEEGA:ACE
GluAs SerAsgSerScrAspGluAs ThrGlI SerGl¥SerGlu7hrLeuSerAlg SerSerilulrpAloAlaGi AloThrAspAspAs AspS
1001 GAGGACTCGGACTCCTCGGACGAGGATACGGGCTCGGGT TCGGAGACGCTGTCTCG YCCICTTCGATCI SGCCGCAGG GCGACTGACGACGATGACA
erAspSerAspSerAr aSerAspAspSevVolGlnProAspVo|VolVo|Ar$Ar ArgTrpSerAspGi ProAloProVoiA!oPheProLysProAr
1101 GCGACTCCGACTCGCGGTCGGACGACTCCGTGCAGCCCGACGTTGTCGYTCGTCGCAGATGGAGCGACGG ECCYGCCCCCGYGGCCTITCCCAAGCCCCG
8 ProGlyAspSerProGiyAsnProGlyleuG! AlaGlyThrGlyProGI SerAloanAspProAr AIoSerAloAspSerAs SerAlaAilq
1201 CGCCCCGGCGACTCCCCCGGAAACCCCGGLCTGGGLGCCGGLACCGGGCCGGG CGCGACGGACCCGCGEGCGTCGGCCGACICCGA TCCGCGGCC

HisAlaAloAlaProG! nAIoAspVoIAloProVo|LeuAspSerclnProThrVoIGlyThrAspProGI TyrProvalProLeuGluLeuThrProG
1301 CACGCCGCCGCACCCCA GGCGGACGTGGCGCCGGY'CYOGACAGCCAGCCCACYGYGGGAACGGACCCCGGETACCCAOICCCCCTAGAACTCACGCCCG

luAsnAilaGluAloVolAlgArgPheLeuGlyAspAlaValAspAr GluProAloLeuMetLeuGluTyrPheCysArgCysAloArgGluGiuSerLy
1401 AGAACGCGGAGGCGGTGGCGCGGTTTCTGGGGGACGCCGTCGACCG! GAGCCCGCGCTCAIGC1GGAGTACYTCY%YCC TGCGCCCGCGAGGAGAGCAA

sArevolPréProAriThrPhecl SerAiaProArgLeuThrGluAspAspPheGlyte euLeuAsnTyrAloLeuAlaGluMetArgAr LeuCysLeu
151 GCGCGTGCCCCCACGAACCTTCGGCAGCGCCCCCCGECTCACGGAGGACGACTT TGG%C CCTGAACTACGCGC1CGCTGAGATGCG?CG CIGTGCCTC
spLeuProProVoIProProAsnAloTyrThrProTyrHusLeuAr GluT rAlaThrAr aleuVoiAsnGI PheLysProLeuVolAr Ar SerA
1601 GACCTTCCCCCGGTCCCCCCCAACGCATACACGCCCTATCATCTGAG GAG! ATGCGACGCG CIGGTYAACGGETYCAAAC CCCTGGTGCGLCGGTCCE
loAngeuTyrArglIuLeuGlElIuLeuVoIHisLeuAr 1 1uArQThrArgGluAloSerPheGiluGluT rpMetArgSer LysGluVolAspLeuA
1701 CCCGCCTGTATCGCATCCTGGGGATTCTGGTTCACCTGCGCATCCGTACCCGGGAGGCCTCCTTTGAGGAATGGATGCGCTCCAAGGAGGTGGACCTGGA
pPheGléLeuThrGluAr LeuArgGluHisGluAlaGinLeuMet | lyLe euAlaGinAigLeuAsnProTyrAspCysLeul IuHisSerThrProAsn
1801 CTTCGGGCTGACGGAAAGGCTTCGCGAACACGAGGCCCAGCTAATGATCCT GGCCCAGGCCCYGAACCCCTACGACT&TCTGA TCCACAGCACCCCGAAC
ThrieuVo!GluArgG LeuGlnSerAloLeuLysl rGluGluPheTyrLeulysAr ePh E Hi sTyrMetGiuServVolPheGinMet TyrT
1901 ACGCTCGTCGAGCG GG CTGCAGTCGGCGCTGAAG!ACGAAGAGTTTTA CTCAAGCGCTTCGG GG%CACTACATGGAGTCCOTCTTCCAGATGTACA
hrArglluAioGIEPheLeuAloC sArgAlaThrArgGiyMetArgH i slluAloLeuG! 2c|nc| rTrpTrpGl uue(PheL sPhePhePh
2001 CCCGCATCGCCGGETTCCTGGCGTGCCG GCGACCCG GGCATGCGCCA CAYCGCCCTGGGE GACAGGG TC GTGGTGGGA AATGTTCA GITCTITTY
eHisAr LeuVyrAspHnsGlnlluVoleoSe thProAloue(LeuAsnLeuciyThrAr AsnTvayr hr SerserCyslereuVolAsnPro
2101 CCACCGCCTCTACGACCACCAGATCGTGCCGTCCACCCCCGCCATGCTGAACCTCGGAACCCGCAACTACTACACGTCCAGCTGCTACCTGGTAAACCCC
GInAlaThrThrAsnGinAiaThrieuArgAlal IuThrGlyAsnVaiSerAiolluLeuAigArgAsnG) luGlylLeuCysMetGinAlaPhe
2201 CAGGCCACCACTAACCAGGCCACCCTCCG GCC ATCACCGGCAACGTGAGCGCCATCCTCGCCCGCAACGG GGEAYCGGGCTGT%CATGCAGGCGTICA
snAspAIoSerP!oGl ThrAlgSer | luMetProA IoLeuLysVo euAspSerLeuVol oAlon-sAsnLysclnSerlhrAr ProThrGlyAl
2301 ACGACGCCAGCCCCGGCACCGCCAGCATCATGCCGG! CCCTGAAGGYCCTGGACTCCCTGGTGGCGGCGCACAACAAACAGAGCACGCGSCCCACCGGEGC
EsVo ercuGOquoTrpH-sSerAspVolAcaAloVolLeuAr Me(Ly:Gl valLeuAlaGl GIuGIuAIoGlnArgC sAspAsnlluPne
2401 GTGTACCTGGAACCCTGGCACAGCGACGTTCGGGCCGTGCTCAG AIGAAGGGEGTCC CGCCGGEGAGGAGGCCCAGCG TECGACAACATCT'C
SerAl oLeuTrpMe(ProAspLeuPhePheLysArg Leul luA H.sLeuAspGl GluLysAanolIhr!rg erLeuPheAspAraAsthrSeru
2501 AGCGCCCTCTGGATGCCGGACCTGTTCTTCAAGCGCCTGAT CCG CACCTCGACGGCGAGAAAAACGTCACCTGGTCCCTGT TCGACCGGGACACCAGCA
etSerLeuAioAspPheHisGlyGluGluPheGlulysLeuTyrGluHisLeuGluAloMetGlyPheGiyGluThriluProl luGinAs LeuAlaly
2601 TGTCGCTCGCCGACTTTCACGGUGAGGAGT TCGAGAAGCTGTACGAGCACCTCGAGGCCATGGGGT TCGGCGAAACGATCCCCATCCAGGA CTGGCG!A
rAlalluVolAr SerAlaAlaThrThrGlySerProPhel | uMe tPheLysAspAloVolAsnAr HisTy ulyrAspThRrGInGiyAlaAlgiiy
2701 CGCCATCGTGCGLCAGCGCGGCCACCACCGGAAGCCCCTTCATCATGTTTAAGGACGCGGTAAACCG CACTACA?CTACGACACGCAAGGEGCGGCC T
AlaGlySerAsnLeuC sThrGiulluVolH-sProSerSerL sArgSerSerGlyVaiCysAsnLeuGlySerValAsnLe uAIaArg sValSerA
2801 GCCGGCTCCAACCTCT CACGGAGAICGICCACCC61CCTCCA AACGCTCCAGCGG éGTCTCCAACCTGGG AGCGTGAATCTGGCCCG, IECGYCTCCC
a anPﬁeAsgPheGI'MetLeuAr AspAlaVaiGinAiaC sVolLeuMelVolAsnlluMetI!uAspSerThfLeuG nProTthroGlnCy
2901 GGCGGACGTTCGATTTTIGGCATGCTCCGCGACGCCGTGCAGGCGTGCGTGCTAATGGTTAATATCATGATAGACAGCACGCTGCAGCCGACGCCCCAGTC
sAloAr HisAspAsnLeuArgSerMetGiyt tuGlyMetGinG! LeuHusThrAloCESLeuLste(GI LeuAspLeuGluSerAiaGiuPhe
3001 CGCCCG GG CACGACAACCTGCG YCCATGGGEA 7GG ATGCAGGGCCTGCACACGGCGTGCCTGAAGATGGGCCTGGATCTGGAGTCGGCCGAGTTC
ArgAsplLeuAsnThrHis ! luAlaGliuvalMe (LeuLeuA!oA|oMe(LysThrSerAsﬁAIoLequsVolAr GlyAlgArgProPheSerHisPhel
3101 CGGGACCTGAACACACACATCGCCGAGL TGAT GCYGC!CGCGGCCATGA GACCAGTAACGCGCTGTGCGTTCGCGGGGCGCGTCCCTTCAGCCACTTTA
ysArgSerMetTyrArgAlaGlyArgPheHisTrpGluArgPheSerAsnAlaSerProArgTyrGt uGIEGluTrpciﬁuetLeuAr GinSerMetme
3201 AGCGSAGCA!G?ACCG&GCCGG CGCTTTCACTGGGA GCG TTTTCGAACGCCAGCCCGCGGTACGAGGGCGAGTGGGAGATGCTACGCCAGAGCATGAT
tLysHisGlyLeuAr AsnSerGinPheliuAlaLeuMetProThrAloAlaSerAiaGini | uSerAspVo'SercluclEPheA!aProLeuPheTnv
3301 GAAACACGGECTGCG AACAGCCAGTTCATCGCGCICATGCCCACCGCCGCCTCGGCCCAGATCTCGGACGTCAGCGAGGGCTTTGCCCCCCTIGTTCACC
AsnLeuPheSerLysVolThrAr AspGlyGluThrLeuArgProAsnThrlLeuLeuleulysGluLeuGiuAr ThrPheclyGléLysAr LeuleuA
3401 CCTGTTCAGCAAGGTGACCAGSGACGGEGAGACG(YGCG CCCAACACGCTCTTGCTGAAGGAACTC GAGCG ACGTTCGGCGGGAAGCGGCTCCTGG
pAlaMetAspGlyleuGluAlolysGIinTrpSerValAl GlnAloLequoC£sLeuAspProAIoﬂ-sProLeuAr ArgPhelysThrAigPheAs
3501 ACGCGATGGACGGECTCGAGGCC AGCAGTGGTCTGTGGCCCAGGCCCTGCCTTGCCTGGACCCCGCCCACCCCLCTCCGECG TYCAAGACGGCCTTCGA
TyrAspGinGluLeulLeui luAspLeuCysAlgAspAr IoPronrVQIAs?H isSerGl nSerueQthLeuTerolThrGluLysAloAspGl
3601 STACGACCAGGAACYGCIGAYCG ACCT GTETGCAGACCGBGCCCCC!A?GTYGA ACAGCCA ATCCAYGACICTGtATGTCACAGAGAAGGCGGACGGé
ThrLeuProAlaSerThrLeuValArgleuLeuValHisAl SAT LcuLysThrGl MetTyrTyrCysLysValAr LysAlaThrAsnS
3701 ACGCTCCCCGCCTCCACCCTGGT CCGE TTCTCGYCCACGCM 8 CTGAAGACGGG A'JGT CYACTECAAGG TTCG AAGGCGACCAACA
val

erGlyVaiPheAlaG! pAspAsn i lu CysThrSerCysAlale
3801 GCGGEGTGTTCGCCGG GA GACAACATCGT ECACAAGCT CGCGCIG“GCAACAGCGCTCCGATCGGGGTCAGGCGTCGCTCTCGGTCCCGCATA

AégProAlovolSerPfoAloSerThrAs ProLeuAs ThrﬂasAloSercIEAloGI AloAloProlluProVolCEsProThrPro
TCGCC GA

3901 CCCGCCGTCTCCCCCGCGAGCACCGACCCCCTAGATACCCACGCGTCGGGGGCCGGGGCGGCCCCGATTCCGGTGTGCCCCACCCCC



VoL. 57, 1986

A

HSV-2 RIBONUCLEOTIDE REDUCTASE 805

HSV-2 MANRPAASALAGARSPSERQEPREPEVAPPGGD——————HVFCRKVSGVMVLSSDPPGPAAYR1SDSSFVQCGSNCS 70

e sesse e L]

HSV-1

HSV-2 MIIDGD-VARGHLRDLEGATSTGAFVAISNV 101

seese .

M1 IDGRRGARAPQTRGPAGIPRSLRCCDKHR 111

B

HSV-1

s 8 8 ssssss

. . L] .
MASRPAASSPVEARAPVGGQEAGGPSAATQGEAAGAPLAHGHHVYCQRVNGVMYLSDKTPGSASYR I SDSNFVQCGFNCT 80

8 9 S8SSEE eSS

HSV-2 NLFSKVTROGETLRPNTLLLKELERTFGGKRLLDAMDGLEAKQWSVAQALPCLOPAHPLRRFKTAFDYDQELLIDLCADR 1074

S90200800808000900038888088 S80S
HSV-1

S5 5 SESFVEEIIIES S SICISEENSIBESS SHSIBNENS

NLFSKVTRDGETLRPNTLLLKELERTFSGKRLLEVMDS LDAKQWSVAQALPCLEPTHPLRRFKTAFDYDQKLLIDLCADR

HSV-2 APYVDHSQSMTLYVTEKADGTLPASTLVRLLVHAYKRGLKTGMYYCKVRKATNSGVFAGDDNIVCTSCAL 1144

002000560 08 SS000000000SSSOTIIINIININIINNINENIIINOIESS $0000SS S0

HSV-1

APYVDHSQSMHLYDTEKADGTLPASTLVRLLVHAYKRGLK TGMYYCKVRKATNSGVFGGDDNIVCMSCAL

FIG. 3. Comparison of the amino and carboxy termini of the HSV-2 and HSV-1 140K proteins. The amino acid sequence of the HSV-2
protein predicted from our sequence and for the HSV-1 protein predicted from the sequence of McLaughlin and Clements (29) is shown for
the amino termini (A) and carboxy termini (B) of the proteins. The numbers at the right are the numbers of amino acids (no numbers are given
for the HSV-1 C terminus because the complete sequence is not known). The single letter amino acid code is used.

strong intertypic homology (e.g., nucleotides 179 through
228), moderate homology (e.g., nucleotides 256 through
283), and little or no homology preceding the start of
translation (e.g., nucleotides 354 through 418).

Only a portion of the sequences encoding the HSV-1 140K
protein are available, encompassing 111 residues of the
amino terminus and 150 residues of the carboxy terminus
(29). A comparison of the termini of the HSV-1 strain 17 and
HSV-2 strain 333 140K protein is shown (Fig. 3). The
carboxy termini of the proteins are highly conserved (92%),
whereas the amino termini are much less similar. The HSV-1
protein has a segment of nine amino acids which are not
present in the HSV-2 protein, and residues 80 through 101 of
the HSV-2 protein show no homology to residues 91 through
111 of the HSV-1 protein. Until the complete sequence of the
HSV-1 gene is available it is impossible to determine
whether this difference represents an insertion or just a
region of nonhomology, and it is not possible to establish
where the protein conservation will begin. Of the remaining
80 amino acids of the HSV-2 amino terminus, there is 60%
homology, indicating the overall functional relatedness of
the HSV-1 and HSV-2 140K proteins.

It was recently demonstrated that the EBV genome en-
coded a protein which shows significant homology to the
HSV-1 and HSV-2 38K proteins (18) and that these proteins
are homologous to the small subunit of the well-
characterized ribonucleotide reductase of E. coli (36). The
DNA sequence encoding the large subunit of the E. coli
reductase, designated B1, has been determined (7) as has the
sequence of the large subunit of the mouse reductase,
designated M1 (6). In addition the entire sequence of the
EBYV genome has been completed (5).

A computer-assisted analysis of a comparison of the
sequence of the HSV-2 140K protein with those of the three
other genes was done (Fig. 4). The HSV-2 protein is the
largest, having 1,144 amino acids. The amino terminus of the

HSV-2 protein contains a domain of 350 through 400 resi-
dues which is not shared with the other reductases, suggest-
ing an additional function for this segment of the protein. By
secondary structure analysis (data not shown) this region is
extremely rich in hydrophilic residues and appears structur-
ally distinct from the rest of the protein. At least a portion of
this domain is present in the HSV-1 protein, although there
is less conservation than in the carboxy terminus of the 140K
protein. Perhaps this domain is required for binding to the
respective 38K proteins or alternatively to other enzymes in
an HSV replication complex. The three other reductases
show a longer carboxy terminus than does HSV-2. The
figure highlights the homologous regions by showing in
reverse print residues which are identical or which show
conservative changes in at least three of four proteins when
all four sequences are aligned or in all of the proteins when
either two or three sequences are available. By these criteria
nearly 40% of the shared amino acids are conserved. This is
in close agreement with the overall relatedness (38%) of the
E. coli, clam, EBV, and HSV-2 small subunits when com-
paring conserved residues (data not shown). The HSV-2
gene is more closely related to the EBV gene than to that of
E. coli or the mouse, nevertheless, blocks of homology are
common to all four proteins. Biochemical analysis of the
large subunit of other reductases has indicated the impor-
tance of two thiols that are oxidized to a disulfide during the
enzymatic reaction (38) and has shown that the reaction is
catalyzed by either thioredoxin or glutaredoxin. The active
site of thioredoxin or glutaredoxin contains two cysteines
separated by two amino acids, which allows the formation of
a stable 15-member ring structure containing the disulfide.
This structure should be present on the large subunit, and
this sequence was found only once in the E. coli protein (7)
at residues 667 and 670 (see Fig. 4). In the HSV-2 protein this
sequence is also present only once at residues 1139 and 1142,
two amino acids away from the carboxy terminus. Interest-

FIG. 2. Nucleotide sequence of the noncoding strand of the region encoding the 140K protein. The signals for the initiation (nucleotides
419 through 421) and termination (3851 through 3853) of translation of the 140K protein are shown in reverse print, and the translated amino
acid sequence is shown above the nucleotide sequence. The amino terminus of the 38K protein is shown beginning with its initiation codon
(3906 through 3908). The TATA homologies for the 5.0-kb message (148 through 153) and the 1.2-kb message (3742 through 3747) are also

shown in reverse print.
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FIG. 4. Comparison of the HSV-2 140K protein sequence with those of the ribonucleotide reductases of E. coli, mouse, and EBV. The
sequence of the E. coli B1 subunit was taken from reference 7, the mouse M1 subunit was from reference 6, and the EBV sequence was from
reference 5. The sequences were aligned with that of the HSV-2 140K protein to maximize homology. Reverse print is used at positions where
three of four, four of four, three of three, or two of two proteins have identical residues or show conservative changes of amino acids.
Substitutions between chemically similar residues that were allowed were: ILMVA, RKH, YFW, DE, TS, GA, QN. No substitutions were
allowed for P and C. The numbers to the right indicate the position of the amino acids.

ingly, in both the EBV and mouse proteins the same struc-
ture was present only once close to the C terminus (residues
822 and 825 in EBV and 787 and 790 in mouse proteins).

DISCUSSION

The sequence of the HSV-2 140K protein is an important
step in the long-term goal of understanding the catalytic
mechanism of ribonucleotide reductase. By site-directed
mutagenesis it will be possible to determine the functional
domains of this enzyme. Data obtained from studies of the
mutant rs1207 suggest that a defect in ribonucleotide
reductase has a lethal effect which strengthens the value of

this gene as a target for antiviral therapy. The development
of antiviral agents directed against the HSV ribonucleotide
reductase will be aided by knowledge of the primary struc-
ture of this enzyme.

DNA sequence data has provided firm evidence that both
the 140K and 38K proteins show significant homology with
the large and small subunits of other ribonucleotide
reductases. In the case of HSV-1 and HSV-2 these genes are
encoded by two transcripts which share a 3’ terminus,
providing the first example in the herpesvirus genome of
functionally related genes sharing a transcriptional unit. In
EBYV the genes which encode the large and small subunits
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are encoded by 93K and 34K proteins which are located in
tandem and appear to be coded by distinct mRNAs (18). The
genes, designated nrdA and nrdB, which encode the bacte-
rial reductase genes are also adjacent to each other on the E.
coli genome (7).

It is intriguing that many of the monoclonal antibodies
which react with one of the components of the viral enzyme
also react to some extent with the other component and
frequently the antibody recognizes a type-specific epitope (4,
16, 19). There are two possible and nonexclusive explana-
tions for this observation. The first is that the two proteins
form a complex which can be immunoprecipitated. By using
a monoclonal antibody directed against HSV-1 Vmw136,
and an oligopeptide serum directed against the carboxy
terminus of Vmw?38, Frame et al. (13) present good evidence
that coprecipitation with these antibodies is caused by the
formation of a complex. Another possibility which could
explain the coprecipitation is that the HSV-2 140K and 38K
proteins contain related epitopes. We have suggested that
this could be a contributory factor based on two lines of
evidence. First, the monoclonal antibodies 6A6 and 6H11
react with both the 140K and 38K proteins, not only in
immunoprecipitation reactions but also in immunoblot reac-
tions (19). Also, K. Shriver and L. Goldstein (unpublished
data) have isolated a 6A6 monoclonal antibody-resistant
mutant of HSV-2 which does not immunoprecipitate the
140K protein but still retains the same degree of reactivity
with the 38K protein as does wild-type virus. These data
support the notion that certain antigenic sites (or a site) may
be related. By computer-assisted analysis we looked for
antigenic sites shared by the 140K and 38K proteins, and the
results were largely inconclusive. We found 3 examples
where 4 of 4 amino acids were identical, 10 in which 4 of 5§
matched, 1 in which 5 of 6 matched, etc. One example which
was of particular interest is the sequence Pro-Ala-Ser-Thr
which is located at position 7 through 10 in the HSV-2 38K
protein and at position 1097 through 1100 in the HSV-2 140K
protein. Based on predicted secondary structures (data not
shown) this sequence is in a potentially very antigenic site of
the amino terminus of the 38K protein which differs in
sequence from the type 1 equivalent. The same sequence is
present in the HSV-1 140K protein. It is interesting to
speculate that this could be the epitope recognized by the
antibody 6H11. The antibody recognizes predominantly the
HSV-2 38K protein and to a lesser extent the HSV-2 140K
protein, a difference in avidity which could be attributable to
less accessibility because of secondary structure of the
epitope in the 140K protein. Reactivity to the HSV-1 140K
protein at high antibody concentrations, but not to the
HSV-1 38K protein, has been reported (4). Experiments with
tryptic and synthetic peptides to prove which epitopes are
recognized by the antibodies 6A6 and 6H11 will be needed to
determine whether shared antigenic sites play a role in the
coprecipitation of the subunits of HSV-2 ribonucleotide
reductase.

It has been suggested that the HSV ribonucleotide
reductase genes may play a role in morphological transfor-
mation (23) and in cervical carcinoma (3). Experiments with
deletions of the Bg/II N fragment have shown that the region
with transforming activity maps to around position 0.60,
outside of the sequences encoding 38K (16), thus excluding
a role for the small subunit of ribonucleotide reductase in
morphological transformation. In experiments in which
tumorigenic transformation was achieved by continuous
passage of cells exposed to the Bgl/II C-Hpal fragment (See
Fig. 1), the 140K protein was detected in the transformed
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cells as judged by a complement fixation assay (25). From
the DNA sequence data we now know that such a fragment
only encodes approximately one-third of the large subunit of
ribonucleotide reductase and apparently not the domain
encoding the catalytic site, so it appears unlikely that either
subunit of ribonucleotide reductase is involved in morpho-
logical transformation. There is contradictory evidence as to
whether the 140K protein is expressed on the plasma mem-
brane of cervical carcinoma cells, with positive results in
some cases (3) and negative results in a study with the
monoclonal antibodies 6A6 and 6H11 (27). At this time it is
clear that both HSV-1 and HSV-2 encode two subunits of
ribonucleotide reductase, that the activity of the enzyme
complex is required for viral replication, and that there is
little reason to believe these genes are required for morpho-
logical transformation.
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