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A vaccinia virus (VV) gene required for DNA replication has been mapped to the left side of the 16-kilobase
(kb) VV HindIII D DNA fragment by marker rescue of a DNA™ temperature-sensitive mutant, ¢s17, using
cloned fragments of the viral genome. The region of VV DNA containing the 517 locus (3.6 kb) was sequenced.
This nucleotide sequence contains one complete open reading frame (ORF) and two incomplete ORFs reading
from left to right. Analysis of this region at early times revealed that transcription from the incomplete
upstream ORF terminates coincidentally with the complete ORF encoding the #517 gene product, which is
directly downstream. The predicted proteins encoded by this region correlate well with polypeptides mapped
by in vitro translation of hybrid-selected early mRNA. The nucleotide sequences of a 1.3-kb Bg/II fragment
derived from 517 and from two 517 revertants were also determined, and the nature of the 517 mutation was
identified. S1 nuclease protection studies were carried out to determine the 5’ and 3’ ends of the transcripts and
to examine the kinetics of expression of the #517 gene during viral infection. The #s17 transcript is present at
both early and late times postinfection, indicating that this gene is constitutively expressed. Surprisingly, the
transcriptional start throughout infection occurs at the proposed late regulatory element TAA, which
immediately precedes the putative initiation codon ATG. Although the biological activity of the ¢s17-encoded
polypeptide was not identified, it was noted that in ¢s17-infected cells, expression of a nonlinked VV
immediate-early gene (thymidine kinase) was deregulated at the nonpermissive temperature. This result may

indicate that the £5s17 gene product is functionally required at an early step of the VV replicative cycle.

Vaccinia virus (VV) is a large, DNA-containing animal
virus which replicates in the cytoplasm of susceptible host
cells. VV is an attractive system for the study of gene
regulation in higher organisms owing to the temporally
coordinated expression of its approximately 200 genes (25).
At the onset of infection, immediate-early viral RNAs are
transcribed by the virally encoded and packaged RNA
polymerase (26). A protein product of this temporal class is
then required for the expression of the delayed-early genes,
as their expression is blocked by protein synthesis inhibitors
such as cycloheximide. Approximately 2 h postinfection
(p.i.), viral DNA replication is initiated. Concomitant with
DNA replication is repression of the expression of most
early genes and the initiation of late gene transcription.
Thus, the expression of most VV genes can be classified as
immediate early, delayed early, or late. However, there is
also an additional constitutive temporal class of genes which
appear to be expressed at both early and late times during
infection as typified by the well-studied 7.5-kilodalton gene
(5) and other VV genes (41).

The precise mechanisms involved in the modulation of VV
gene expression are unknown, although they are believed to
operate at the transcriptional, posttranscriptional, transla-
tional, and posttranslational levels. Through the identifica-
tion and analysis of a number of genes from specific temporal
classes it should be possible to identify the regulatory
elements involved in VV gene expression. Sequence analy-
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ses of various regions of the viral genome (2, 11, 15, 27, 28,
33, 38, 39, 40, 43, 44) have identified many open reading
frames (ORFs) which correlate well with earlier transcrip-
tional and translational mapping studies (1, 3, 4). Upstream
cis-acting regulatory sequences have been identified for both
early and late genes, but they appear to have little obvious
homology to previously identified procaryotic or eucaryotic
promoters (2, 10, 19, 37, 44).

In this study we have mapped a viral gene belonging to the
constitutive temporal class by marker rescue of a tempera-
ture-sensitive (zs) DNA™ mutant, ¢s17 (6, 7). The ts17 locus
was mapped within the HindIII D fragment, and the nucle-
otide sequence of this region was determined from wild-type
(wt) viral DNA. While this work was in progress the nucle-
otide sequence of the entire HindIII D fragment was re-
ported (27; nomenclature for ORFs is in relation to the
reported sequence and according to the recently proposed
system for VV genes [32]). Here, we independently confirm
a portion of the reported sequence and show that this region
is transcriptionally active in vivo. Comparison of sequences
derived from DNA isolated from ts17 virus, from two ts17
revertants (z5s177), and from wt virus identified the mutation
responsible for the temperature sensitivity of ts17. Also,
analysis of the sequence in conjunction with transcriptional
and translational studies of this region showed that transcrip-
tion of D4, which lies directly upstream of D5 (to which 7517
maps), terminates coincidentally with the D5 transcript.

The transcriptional kinetics of the 7517 gene was examined
by S1 nuclease protection studies of steady-state mRNA
levels. The results showed that the £5s17 gene is a member of
the constitutive temporal class of viral genes. The putative
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FIG. 1. Diagrammatic representation of the HindIII restriction map of the VV genome. Restriction fragments generated by digestion of
the 16-kilobase-pair HindIII D fragment with BamHI (| ) and EcoRI (1) are shown. Restriction fragments generated by digestion of the
3.3-kb EcoRI B fragment by BgIII (A) are also shown. The 7.0-kb fragment designated clone pSW1 is shown (V). Those framents used in the
marker rescue study are indicated in the text and in Table 1. Fragments able to rescue zs17 to temperature insensitivity are indicated (*).

promoter of the zs17 gene was compared with those of
previously reported VV genes.

MATERIALS AND METHODS

Cells and virus. BSCy, cells were grown in monolayer
cultures of Eagle minimum essential medium (Flow Labora-
tories) supplemented with 10% heat-inactivated fetal calf
serum, 2 mM L-glutamine, and 50 pg of gentamicin sulfate
per ml. VV (strain WR) is designated as wt in these experi-
ments. Revertants of 517 were generated by repeated pas-
sages of #5s17 virus at 40°C. 517 revertants were then plaque
purified at 40°C.

Marker rescue. Cloned wt VV DNA fragments were
purified and sterilized by sequential extractions with phenol
and ether, followed by ethanol precipitation. From 1 to 2 pg
of viral DNA was suspended in HEPES (N-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid)-buffered saline and
coprecipitated with salmon sperm DNA to a final concentra-
tion of 20 pg/ml using calcium phosphate (9). Confluent
60-mm plates of BSCy cells were infected with 517 at a
multiplicity of infection of 0.1 and incubated at 31°C for 3 h.
The medium was removed, the monolayer was washed with
Eagle minimum essential medium, and 15% glycerol was
added for 40 s. The monolayer was then washed twice with
Eagle minimum essential medium, and the precipitated DNA
was pipetted onto the cells. Plates were incubated at 40°C for
3 h and then washed, and minimum essential medium plus
10% fetal calf serum was added. Plates were incubated for 48
h at 40°C, the infected cells were harvested, and titers of
infectious virus were determined at 31 and 40°C.

Cloning and sequencing. A clone of the HindIII D fragment
of VV DNA was originally obtained from B. Moss (National
Institutes of Health). Subfragments of viral DNA were
cloned into pUC vectors by standard methodology (22). M13
phage vectors were used for sequencing by the dideoxy-
nucleotide chain termination method (34). Sequences were
analyzed on an IBM personal computer using Microgenie
software obtained from Beckman Instruments, Inc. (29).
Chemical sequencing was performed essentially as previ-
ously described (23). Enzymes and reagents were obtained
from Bethesda Research Laboratories, Boehringer Mann-
heim, P-L Biochemicals, and Aldrich Chemical Co., Inc.
Radioisotopes were obtained from New England Nuclear
Corp.

Northern analysis. Two micrograms of polyadenylated
viral RNA (isolated essentially as described [42]) was elec-
trophoresed in a formaldehyde-agarose gel as described (18).
After transfer to nitrocellulose, specific transcripts were

detected by using the indicated nick-translated viral DNA
fragments as probes.

Hybrid selection. A 20-p.g sample of recombinant plasmid
DNA was digested to completion with an appropriate restric-
tion endonuclease and bound to five-3-mm-square nitrocel-
lulose filters. Twenty micrograms of polyadenylated RNA
isolated from VV-infected cells in the presence of 100 pg of
cycloheximide per ml was used in hybridization reactions as
described (1). Eluted mRNA was translated in vitro in rabbit
reticulocyte lysates which contained 5 nCi of L-[>**S]methi-
onine (New England Nuclear Corp.; 1,085 Ci/mmol) (14).

S1 nuclease mapping. 5'- or 3'-end-labeled DNA fragments
were mixed with 20 pg of viral RNA in a total volume of 30
pl containing 80% formamide—40 mM PIPES [piperazine-
N,N'-bis(2-ethanesulfonic acid)] (pH 6.4)-0.4 M NaCl-1 mM
EDTA. The samples were heated to 90°C for 5 min and then
incubated at 42°C for 4 h. Hybridization reactions were then
plunged into ice, and 0.3 ml of ice-cold 0.28 M NaCl-0.05 M
sodium acetate (pH 4.6)—4.5 mM ZnSO,—400 U of nuclease
S1 per ml was added. After 5 min on ice, the samples were
incubated at 25°C for 1 h and then extracted with phenol-
chloroform and ether and ethanol precipitated. Protected
fragments were analyzed on sequencing gels.

Thymidine kinase assay. Duplicate sets of 60-mm dishes of
Ltk~ cells were infected at a multiplicity of 20 PFU per cell
with wt VV or the indicated ts mutants. After a 30-min
adsorption at 25°C, prewarmed (31 or 40°C) medium was
added. One set of plates was incubated at the permissive
temperature of 31°C, and the other was kept at the
nonpermissive temperature of 40°C. At 2-h intervals, cyto-
plasmic extracts were prepared and frozen. Extracts were
subsequently assayed for thymidine kinase activity (13).

TABLE 1. Titers of progeny of marker rescue by subclones of
VV HindIll fragment D°

Titer at temp:
Viral DNA fragment
31°C 40°C
HindIll D 1.7 x 10° 1.9 x 10°
pSW1 1.2 x 10® 0
BamHI A 6.5 x 10* 1.2 x 10°
EcoRI B 2.6 X 10° 2.8 x 10°
Bglll A 8.0 x 10* 1.6 x 10*
Bglll B 8.3 x 10° 0
Bglll C 2.4 x 10* 0
SS 4.2 x 10° 0

a Viral DNA was coprecipitated with salmon sperm DNA (SS) and then
transfected into ts17-infected BSCy cells.



120
GAATTCAGTGACTGTATCACACCCGCCATATACTATTACTTATCACCATGATTCGGAACCAGTAATGAGTCAATTCGTAGAGTTTTATAACGAAGTAGCCAGTTCGCTGCTACGAGACGA
AsnSerValThrValSerHisAlaProTerhrIleThrTyrHisAspAspTrpGluProVaIMeCSerGlnLeuValcluPheTyrAsnGIuValAlaSerTrpLeuLeuArgAspGl
240
GACGTCGCCTATTCCTGATAAGTTCTTTATACAGTTGAAACAACCGCTTAGAAATAAACGAGTATGTGTGTGCGGTATAGATCCGTATCCGAAAGATGGAACTGGTGTACCGTTCGAATC
uThrSerProIleProAspLysPhePhel1eG1nLeuLysG1nProLeuArgAsnLysArgVaICysVaICysclyI1eAspProTyrProLysAspGlyThrGIyValProPhecluSe
360
ACCAAATTTTACAAAAAAATCAATTAAGGAGATAGCTTCATCTATATCTAGATTAACCGGAGTAATTGATTATAAAGGTTATAACCTTAATATAATAGACGGGGTTATACCCTGGAATTA

rProAsnPheThrLysLysSerI1eLysGluIleAlaSerSerIleSerArgLeuThrclyVallleAspTerysGlyTyrAsnLeuAsnIleIleAspGIyVallleProTrpAsnTy
480

TTACTTAAGTTGTAAATTAGGAGAAACAAAAAGTCACGCGATCTACTGGGATAAGATTTCCAAGTTACTGCTGCAGCATATAACTAAACACGTTAGTGTTCTTTATTGTTTGGGTAAAAC
rTereuSerCysLysLeuGlyGluThrLysSerHisAlalleTerrpAspLysIleSerLysLeuLeuLeuGlnHisIleThrLysHisValSerValLeuTerysLeuGlyLysTh

600
AGATTACTCGAATATACGGGCCAAGTTAGAATCCCCGGTAACTACCATAGTCGGATATCATCCAGCGGCTAGAGACCGCCAATTCGAGAAAGATAGATCATTTGAAATTATCAACGTTTT
rAspTyrSerAsnIleArgAlaLysLeuGIuSerProValThrThrI1eValclyTyrHisProAlaA1aArgAspArgGlnPheGluLysAspArgSerPheGluIlelleAanalLe

" 720
ACTGGAATTAGACAACAAGGCACCTATAAATTGGGCTCAAGGGTTTATTTATTAATGCTTTAGTGAAATTTTAACTTGTGTTCTAAATGGATGCGGCTATTAGAGGTAATGATGTTATCT
uLeuGluLeuAspAsnLysAlaProlleAsnTrpAlaGlnGlyPhelleTyrEnd MetAspAlaAlalleArgGlyAsnAspVallleP

840

TTGTTCTTAAGACTATAGGTGTCCCGTCAGCGTGCAGACAAAATGAAGATCCAAGATTTGTAGAAGCATTTAAATGCGACGAGTTAGAAAGATATATTGAGAATAATCCAGAATGTACAC
heValLeuLysThrIleGlyValProSerAlaCysArgGlnAsncluAspProArgPheVaIGIuAlaPheLysCysAspGluLeuGIuArgTytIleGIuAsnAsnProGIuCysThrL
960
TATTCGAAAGTCTTAGGGATGAGGAAGCATACTCTATAGTCAGAATTTTCATGGATGTAGATTTAGACGCGTGTCTAGACGAAATAGATTATTTAACGGCTATTCAAGATTTTATTATCG
euPheGluSerLeuArgAspGluGluAlaTyrSerIIeValArgIIePheMecAspValAspLeuAspAlaCysLeuAspGluI1eAspTyrLeuThrAlaIleGlnAspPheIlelleG
1080
AGGTGTCAAACTGTGTAGCTAGATTCGCGTTTACAGAATGCGGCGCCATTCATGAAAATGTAATAAAATCCATGAGATCTAATTTTTCATTGACTAAGTCTACAAATAGAGATAAAACAA
1uValSerAsnCysValAlaArgPheAlaPheThrGluCysGlyAlalleHisGluAsnVallleLysSerMetArgSerAsnPheSerLeuThrLysSerThrAsnArgAspLysThrS
1200
* *
GTTTTCATATTATCTTTTTAGACACGTATACCACTATGGATACATTGATAGCTATGAAACGAACACTATTAGAATTAAGTAGATCATCTGAAAATCCACTAACAAGATCGATAGACACTG
erPheHisIlellePheLeuAspThrTyrThrThrMetAspThrLeulleAlaMetLysArgThrLeuleuGluLeuSerArgSerSerGluAsnProLeuThrArgSerIleAspThrA
1320
CCGTATATAGGAGAAAAACAACTCTTCGGGTTGTAGGTACTAGGAAAAATCCAAATTGCGACACTATTCATGTAATGCAACCACCGCATGATAATATAGAAGATTACCTATTCACTTACG
laValTyrArgArgLysThrThrLeuArgValValGlyThrArgLysAsnProAsnCysAspThr1leHisValMetGlnProProHisAspAsnlleGluAspTyrLeuPheThrTyrV
1440
TGGATATGAACAACAATAGTTATTACTTTTCTCTACAACAACGATTGGAGGATTTAGTTCCTGATAAGTTATGGGAACCAGGGTTTATTTCATTCGAAGACGCTATAAAAAGAGTTTCAA
alAspMetAsnAsnAsnSerTyrTyrPheSerLeuGlnGlnArgleuGluAspLeuValProAspLysLeuTrpGluProGlyPhelleSerPheGluAspAlalleLysArgValSerL
1560
AAATATTCATTAATTCTATAATAAACTTTAATGATCTCGATGAAAATAATTTTACAACGGTACCACTGGTCATAGATTACGTAACACCTTGTGCATTATGTAAAAAACGATCGCATAAAC
ysIlePhelleAsnSerIlelleAsnPheAsnAspLeuAspGluAsnAsnPheThrThrValProLeuVallleAspTyrValThrProCysAlaLeuCysLysLysArgSerHisLysH
1680
ATCCGCATCAACTATCGTTGGAAAATGGTGCTATTAGAATTTACAAAACTGGTAATCCACATAGTTGTAAAGTTAAAATTGTTCCGTTGGATGGTAATAAACTGTTTAATATTGCACAAA
isProHisGlnLeuSerLeuGluAsnGlyAlalleArglleTyrLysThrGlyAsnProlisSerCysLysVallyslleValProLeuAspGlyAsnLysLeuPheAsnIleAlaGlnA
1800
GAATTTTAGACACTAACTCTGTTTTATTAACCGAACGAGGAGACCATATAGTTTGGATTAATAATTCATGGAAATTTAACAGCGAAGAACCCTTGATAACAAAACTAATTTTGTCAATAA
rglleLeuAspThrAsnSerValLeuLeuThrGluArgGlyAspHisIleValTrpIleAsnAsnSerTrpLysPheAsnSerGluGluProLeulleThrLysLeulleLeuSerIleA
1920
GACATCAACTACCTAAGGAATATTCAAGCGAATTACTCTGTCCAAGAAAACGAAAGACTGTAGAAGCTAACATACGAGACATGTTAGTAGATTCAGTAGAGACCGATACCTATCCGGATA
rgHisGlnLeuProLysGluTyrSerSerGluLeuLeuCysProArgLysArgLysThrValGluAlaAsnlleArgAspMetLeuValAspSerValGluThrAspThr TyrProAspL
2040
AACTTCCGTTTAAAAATGGTGTATTGGACCTGGTAGACGGAATGTTTTACTCTGGAGATGATGCTAAAAAATATACGTGTACTGTATCAACCGGATTTAAATTTGACGATACAAAGTTCG
ysLeuProPheLysAsnGlyValLeuAspLeuValAspGlyMetPheTyrSerGlyAspAspAlaLysLysTyrThrCysThrValSerThrGlyPheLysPheAspAspThrLysPheV
2160
TCGAAGACAGTCCAGAAATGGAAGAGTTAATGAATATCATTAACGATATCCAACCATTAACGGATGAAAATAAGAAAAATAGAGAGCTATATGAAAAAACATTATCTAGTTGTTTATGCG
alGluAspSerProGluMetGluGluLeuMetAsnIleIleAsnAspIleGlnProLeuThrAspGluAsnLysLysAsnArgGluLeuTyrGluLysThrLeuSerSerCysLeuCysG
2280
GTGCTACCAAAGGATGTTTAACATTCTTTTTTGGAGAAACTGCAACTGGAAAGTCGACAACCAAACGTTTGTTAAAGTCTGCTATCGGTGACCTGTTTGTTGAGACGGGTCAAACAATTT
lyAlaThrLysGlyCysLeuThrPhePhePheGlyGluThrAlaThrGlyLysSerThrThrLysArgleuLeuLysSerAlalleGlyAspLeuPheValGluThrGlyGlnThrIlel
2400
TAACAGATGTATTGGATAAAGGACCTAATCCATTTATCGCTAACATGCATTTGAAAAGATCTGTATTCTGTAGCGAACTACCTGATTTTGCCTGTAGTGGATCAAAGAAAATTAGATCTG
euThrAspValLeuAspLysGlyProAsnProPhelleAlaAsnMetHisLeuLysArgSerValPheCysSerGluLeuProAspPheAlaCysSerGlySerLysLysIleArgSerA
2520
ACAATATTAAAAAGTTGACAGAACCTTGTGTCATTGGAAGACCGTGTTTCTCCAATAAAATTAATAATAGAAACCATGCGACAATCATTATCGATACTAATTACAAACCTGTTTTTGATA
spAsnlleLysLysLeuThrGluProCysVallleGlyArgProCysPheSerAsnLysIleAsnAsnArgAsnHisAlaThrIleIleIleAspThrAsnTyrLysProValPheAspA
2640
GGATAGATAACGCATTAATGAGAAGAATTGCCGTCGTGCGATTCAGAACACACTTTTCTCAACCTTCTGGTAGAGAGGCTGCTGAAAATAATGACGCGTACGATAAAGTCAAACTATTAG
rglleAspAsnAlaleuMetArgArglleAlaValValArgPheArgThrHisPheSerGlnProSerGlyArgGluAlaAlaGluAsnAsnAspAlaTyrAspLysValLysLeuLeuA
2760
ACGAGGGGTTAGATGGTAAAATACAAAATAATAGATATAGATTCGCATTTCTATACTTGTTGGTGAAATGGTACAGAAAATATCATGTTCCTATTATGAAACTATATCCTACACCCGAAG
spGluGlyLeuAspGlyLysIleGlnAsnAsnArgTyrArgPheAlaPheLeuTyrLeuLeuValLysTrpTyrArgLysTyrHisValProlleMetLysLeuTyrProThrProGluG
2880
AGATTCCTGACTTTGCATTCTATCTCAAAATAGGTACTCTGTTAGTATCTAGCTCTGTAAAGCATATTCCATTAATGACGGACCTCTCCAAAAAGGGATATATATTGTACGATAATGTGG
lulleProAspPheAlaPheTyrLeuLysIleGlyThrLeuLeuValSerSerSerValLysHisIleProLeuMetThrAspLeuSerLysLysGlyTyrIleLeuTyrAspAsnValV
3000
TCACTCTTCCGTTGACTACTTTCCAACAGAAAATATCCAAGTATTTTAATTCTAGACTATTTGGACACGATATAGAGAGCTTCATCAATAGACATAAGAAATTTGCCAATGTTAGTGATG
alThrLeuProLeuThrThrPheGlnGlnLysIleSerLysTyrPheAsnSerArgleuPheGlyHisAsplleGluSerPhelleAsnArgHisLysLysPheAlaAsnValSerAspG

3120
AATATCTGCAATATATATTCATAGAGGATATTTCATCTCCGTAAATATATGCTCATATATTTATAGAAGATATCACATATCTAAATGAATACCGGAATCATAGATTTATTTGATAATCAT
luTyrLeuGlnTyrIlePheIleGluAspIleSerSerProEnd MetAsnThrGlyIleIleAspLeuPheAspAsnHis

3240

GTTGATAGTATACCAACTATATTACCTCATCAGTTAGCTACTCTAGATTATCTAGTTAGAACTATCATAGATGAGAACAGAAGCGTGTTATTGTTCCATATTATGGGATCAGGTAAAACA
ValAspSerlleProThrIleLeuProHisGlnLeuAlaThrLeuAspTyrLeuValArgThrIlelleAspGluAsnArgSerValLeuLeuPheHisIleMetGlySerGlyLysThr
' 3360
ATAATCGCTTTGTTGTTCGCCTTGGTAGCTTCCAGATTTAAAAAGGTTTACATTCTAGTGCCTAATATCAACATTTTCAAAATTTTTAATTATAATATGGGTGTAGCTATGAACTTGTTT
IlelleAlaleuLeuPheAlaleuValAlaSerArgPheLysLysValTyrIleLeuValProAsnlleAsnIleLeuLysIlePheAsnTyrAsnMetGlyValAlaMetAsnLeuPhe
3480
AATGACGAATTCATAGCTGAGAATATCTTTATTCATTCCACAACAAGTTTTTATTCTCTTAATTATAACGATAACGTCATTAATTATAACGGATTATCTCGCTACAATAACTCTATTTTT
AsnAspGluPhelleAlaGluAsnllePhelleHisSerThrThrSerPheTyrSerLeuAsnTyrAsnAspAsnVallleAsnTyrAsnGlyLeuSerArgTyrAsnAsnSerIlePhe
3600
ATC?TTGATGAGGCACATAATATCTTTGGGAATAATACTGGAGAACTTATGACCGTGATAAAAAATAAAAACAAGATTCCTTTTCTACTATTGTCTGGATCTCCCATTACTAACACACCT
IleValAspGluAlaHisAsnIlePheGlyAsnAsnThrGlvGluLeuMetThrVallleLvsAsnLysAsnLysIleProPheLeuLeuLeuSerGlvSerProlleThrAasnThrPro
3670
AATACTCTGGGTCATATTATAGATTTAATGTCCGAAGAGACGATAGATTTTGGTGAGATTATTAGTCGTGGTAAG
AsnThrLeuClyHisIleIleAspLeuHeCSerGIucluThrIleAspPheGIyGlulleIleSerArgclyLys

1400
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FIG. 3. Restriction map of the EcoRI B fragment. The complete
ORF is shown by a solid line; incomplete ORFs are indicated with a
broken line. Predicted molecular weights of the ORFs are indicated
along with their numerical designations. R1, EcoRI; R, Rsal; X,
Xbal; P, Pstl; E, EcoRV; B, Bglll; C, Clal; K, Kpnl; S, Sall; H,
Hinfl.

RESULTS

Marker rescue mapping. Previously reported marker res-
cue mapping, using the HindIII fragments of VV, located the
ts17 locus within the 16-kilobase (kb) HindIII D fragment (7).
Subclones derived by restriction enzyme digests of wt
HindIII D which were used for fine mapping of the 517 locus
are shown (Fig. 1). Viral DNA fragments were calcium
phosphate precipitated and transfected into BSC, cells
which had been previously infected with z5s17 virus. After a
48-h incubation at the nonpermissive temperature of 40°C,
the infected cells were harvested, and titers of viral progeny
were determined at the permissive temperature of 31°C and
at the nonpermissive temperature of 40°C (Table 1). At
permissive temperature, ¢s17 replication was independent of
the identity of the transfected DNA fragment, whereas at
nonpermissive temperature replication was dependent upon
the homologous recombination of a wt viral DNA fragment
which contained the appropriate sequences. Marker rescue
using pSW1, a 7.0-kb fragment derived from the right-hand
side of HindIIl D, resulted in 517 remaining temperature
sensitive. However, the 8.1-kb BamHI A fragment from the
left-hand side of HindIIl D was able to confer temperature
insensitivity. The mutation was mapped further to an EcoRI
subclone of BamHI A, the 3.3-kb EcoRI B fragment. EcoRI
B was subcloned into three Bgl/lII fragments, and of these the
1.3-kb Bgl/II A fragment contained the sequences required to
confer temperature insensitivity to zs17.

Nucleotide sequence and identification of the #1517 mutation.
To facilitate molecular studies of the #s17 gene, the nucleo-
tide sequences of the 3,309-base-pair EcoRI B fragment and
of 300 base pairs reading rightward into the neighboring
EcoRI A fragment were determined by the dideoxynucleo-
tide chain termination method (Fig. 2). These sequences
were determined by cloning appropriate overlapping
subfragments of viral DNA into M13 vectors in both orien-
tations so that both strands could be sequenced. By this
strategy, over 80% of the sequence of both strands was
determined. The sequence reported here is in complete
agreement with that recently reported (27).

Analysis of ORFs found within the sequence reported here
showed tandemly oriented ORFs which read from left to
right (Fig. 3). In accordance with the recently proposed
nomenclature for VV genes, these were designated D4, D5,
and D6. D4 is incomplete in this sequence, with the G at
position 1 actually being the third base of the initiation ATG
codon of D4 (27). Thus, the ORF D4 has the capacity to
engode a 25,055-molecular-weight polypeptide. The com-
plete D5 ORF, which spans the site of the 7517 mutation, is
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w
ISOLATE
WT AGT AGA TCA TCT GAA AAT CCA CTA ACA AGA TCG
Ser Arg Ser Ser Glu Asn Pro Leu Thr Arg Ser
ts 17 AGT AGA TCA TIT GAA AAT CCA CTA ACE AGA TCG
Ser Arg Ser Phe Glu Asn Pro Leu Thr Arg Ser
ts 1771 AGTAGATCAMGAAAATOCACTAAC(‘:AGATCG
Ser Arg Ser Ser Glu Asn Pro Leu Thr Arg Ser
ts 17%2 AG'I‘AGATCATCTGAAAMCCACTAACEAGATCG

Ser Arg Ser Ser Glu Asn Pro Leu Thr Arg Ser

FIG. 4. Nucleotide sequence of the Bg/II A fragment was deter-
mined from viral DNA isolated from wt, 517, and two 517 rever-
tants (z5s17°1 and t5s1772). Shown is the sequence from nucleotide
positions 1158 to 1190. The amino acid encoded is also shown. The
nucleotide positions at which there is a change from wt sequences
are indicated (*).

2,297 nucleotides long and could specify a polypeptide with
a predicted molecular weight of 90,367. The incomplete ORF
D6 encodes 22,234 daltons of what is reported to be a
68,362-dalton polypeptide (27).

To confirm the location of the ts17 gene and to determine
the nature of the mutation giving rise to it, the 1.3-kb Bgl/II A
fragment was subcloned from ts17 viral DNA and the
nucleotide sequence was determined. Furthermore, a num-
ber of t517 revertants were isolated by repeated passages of
ts17 virus at 40°C. The Bglll A fragments from two rever-
tants (zs17°1 and ts1772) were also cloned and sequenced
(Fig. 4). A comparison between the wt and £s17 sequences
identified two closely linked mutations. The first is a transi-
tion mutation of a C to a T at nucleotide position 1168, which
causes an amino acid change of a serine to a phenylalanine.
The second mutation is a transversion mutation of an A to a
C at nucleotide position 1184; in this case the mutation is
silent, and the amino acid being encoded remains threonine.
Sequences derived from the two 517 revertants were iden-
tical and showed both £517"1 and ¢517"2 to be true revertants.
The nucleotide at position 1168 had reverted back to a C,
returning the codon to a serine. However, the silent muta-
tion remained unchanged, thus indicating that ts17°1 and
ts172 were ts17 revertants and not wt VV. Therefore, the
sequence data (Fig. 4) and the genetic evidence (Table 1)
demonstrate that a transition mutation at nucleotide position
1168 is responsible for the ts phenotype of 517 virus.

Hydrophilicity-hydrophobicity analysis. The effect of the
single amino acid change caused by the transition mutation
on the hydropathic index (17, 35) of the predicted #s17
protein was determined by a comparison of the hydropathy
profiles of 517 and wt (Fig. 5). The amino acid change
clearly caused a localized change in the hydropathy profile of
ts17 as compared to wt. The codons which directly precede
and follow the mutation reflect a higher degree of hydropho-
bicity. The hydropathy profile of the entire ts17 protein, as
predicted from wt sequences, was also analyzed. The ts17
protein appears to have a profile typical of a globular protein,
although there is a strong hydrophobic region at the carboxy
terminus of the polypeptide (data not shown).

Hybrid selection and in vitro translation. To determine the
tra-nslation products of the transcripts encoded for within

FIG. 2. Nucleotide sequence reading rightward beginning at the left-hand EcoRI site of EcoRI B and extending 300 base pairs rightward
into the EcoRI A fragment. The RNA start sites determined by S1 nuclease mapping are marked with arrowheads. The sites of the ts17

mutations are indicated (*).
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FIG. 5. Hydrophobicity profile of wt (left) and #517 (right) in the
region of the £5s17 mutation. The y axis is the free energy of transfer
of amino acid sidechains; the x axis is the amino acid position. The
analysis shown here begins at codon 150, which corresponds with
nucleotide position 1137. The £s17 mutation changes the codon at
amino acid position 162.

EcoRI B, polyadenylated immediate-early viral RNA hybrid
selected by EcoRI B was translated in vitro in rabbit
reticulocyte lysates in the presence of [>SImethionine. La-
beled protein products were then electrophoresed on a
denaturing sodium dodecyl sulfate-polyacrylamide gel and
autoradiographed (Fig. 6).

The in vitro translation system programmed with mRNAs
selected by the EcoRI B fragment yielded two major
polypeptides with molecular weights of approximately
25,500 and 88,000. This correlates well with the size of
polypeptides that can be predicted from the coding capacity
of D4 and D5, i.e., 25,055 and 90,367 molecular weight,
respectively. There does not appear to be a translation
product that correlates to D6. This may be due to D6 being
of the late viral gene class, and thus its transcript would not
be present in the mRNA population used in this experiment.

(=) EP ET EcoB pUC
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FIG. 6. Hybrid-selected cell-free translation. Polypeptides syn-
thesized in rabbit reticulocyte lysates were separated by gel elec-
trophoresis. Lanes: (—), no RNA added; ET, total early viral RNA;
EcoB, VV early RNA hybrid-selected by EcoRI B; pUC, early viral
RNA hybrid-selected by pUC-18. Lane EP, Polypeptides pulse-
labeled at 1.5 h p.i. in wt VV-infected cells. Numbers at the left
indicate molecular weights (x10°) of protein molecular weight
markers.
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The two minor polypeptides of approximately 22,000 and
45,000 molecular weight are endogenous proteins of the
translation system and not of viral origin. None of the EcoRI
B-derived polypeptides comigrated with any of the major
early viral proteins produced either in vivo or in vitro (Fig. 6,
lanes EP and ET).

Identification of transcripts by Northern analysis. To iden-
tify mRNAs that are transcribed within EcoRI B,
polyadenylated immediate-early viral RNA was electropho-
resed under denaturing conditions on a formaldehyde-
agarose gel and transferred to nitrocellulose (Fig. 7). Nick-
translated EcoRI B DNA used as a probe revealed a major
transcript of 2.7 kb and a minor transcript of 3.6 kb. To
localize these transcripts more specifically, the Bglll
subclones of EcoRI B were used as probes; it was found that
both transcripts span the three Bgl/Il fragments (data not
shown).

To further map these transcripts, the EcoRI D and A
fragments, which border EcoRI B, were used as probes.
Neither EcoRI D nor A appeared to hybridize to the two
transcripts which are coded for within EcoRI B. The 2.6-kb
transcript which hybridized to EcoRI D correlated well with
D1 and may encode the viral guanyl transferase (24). The
0.57- and 0.98-kb transcripts which map to EcoRI A can
possibly be assigned to D7 and D8, respectively. The ab-
sence of a large transcript which can be assigned to D6 may
again be due to this gene’s being expressed late in infection.

This analysis appears to show that the 2.7- and 3.6-kb
transcripts are coded for entirely within EcoRI B. In the case
of D4, there does not appear to be a transcript of the
appropriate size that would be predicted to encode the
25-kilodalton polypeptide whose presence was indicated by
the sequence data and by the results of the hybrid selection
in vitro translation. This result is not due to potential
pleiotropic effects of the drug block (cycloheximide) used to
isolate abundant early viral RNA. Only the 2.7- and 3.6-kb
transcripts were hybridized by EcoRI B when a Northern
analysis was repeated using viral RNA isolated at 2 h p.i. in
the absence of drug (data not shown).

-.98

=57

FIG. 7. Northern blot analysis. Two micrograms of polyadenyl-
ated early viral RNA was electrophoresed on a formaldehyde-
agarose gel and then blotted onto nitrocellulose. Nick-translated
plasmids containing fragments of VV DNA were used as probes:
lane 1, EcoRI D; lane 2, EcoRI B; lane 3, Bglll A; lane 4, EcoRI A.
Numbers at right indicate calculated transcript sizes (kb) determined
by coelectrophoresis of brome mosaic viral RNAs as molecular
weight markers.
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FIG. 8. (A) S1 nuclease mapping of transcripts encoded by
EcoRI B. Labeled DNA fragments were hybridized with early RNA
and treated with S1 nuclease, and protected hybrids were then
analyzed on sequencing gels. Lane 1, Sau3A digest of pUC18; lane
2, full-length 404-nucleotide 5’-end-labeled probe; lane 3, S1 analy-
sis using 404-nucleotide probe; lane 4, full-length 2,080-nucleotide
5’-end-labeled probe; lane 5, S1 analysis using 2,080-nucleotide
probe; lane 6, S1 analysis using 3’-end-labeled 3,286-nucleotide
probe (the full-length 3,286-nucleotide probe does not enter the gel
system). Sizes in nucleotides of the probes and protected fragments
are indicated. (B) S1 nuclease mapping of the mRNA start site. Lane
S1 is the S1 nuclease-resistant fragment (wavy line) from the
hybridization of a 5’ single end-labeled probe (solid line) and early
mRNA. Lane A+G is a Maxam-Gilbert A+G reaction of the
indicated probe. The sizes of the probes and the protected fragments
are indicated in nucleotides. The sites of initiation are indicated with
arrowheads within the context of the sequence. (C) Diagrammatic
representation of the organization of early mRNAs transcribed in
EcoRI B.

S1 nuclease mapping. To determine the organization of the
two early transcripts encoded within EcoRI B, S1 nuclease
protection studies were done. In these studies the indicated
probe was hybridized to 20 pg of total RNA isolated from
infected cells in the presence of cycloheximide. After S1
digestion, the protected fragments were electrophoresed on
a denaturing polyacrylamide gel (Fig. 8A).

To map the 5’ end of the D4 transcript, a 2,080-nucleotide
5’ single end-labeled Xbal probe was isolated. This probe
protected a fragment of approximately 310 bases, mapping
the 5' start of D4 to approximately 23 nucleotides upstream
of the EcoRI D-B junction and the initiation ATG. The 5’ end
of D5, which encodes the ts17 gene, was determined by
utilizing a 404-nucleotide 5’ single end-labeled PsfI-Rsal
fragment as a probe. A protected fragment of approximately
150 nucleotides maps the transcriptional start of D5 about
690 nucleotides downstream of the EcoRI D-B junction.

To map the transcriptional stop of the two transcripts,
DNA fragments which spanned the entire EcoRI B fragment
were 3’ end labeled and used as probes. The results showed
full-length protection of these probes, indicating that there is
no early termination of transcription within the EcoRI B
fragment (data not shown). Therefore, a 3,286-nucleotide
Sall fragment which spans the EcoRI B-A junction was 3’
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end labeled and used as a probe. A protected fragment of
1,350 nucleotides mapped a single 3’ end approximately 200
nucleotides downstream of the EcoRI B-A junction. A
second protected fragment (Fig. 8A, lane 6) does not have a
3’ end within EcoRI B, since a smaller overlapping probe
showed only full-length protection. This protection must
arise from a leftward-reading early transcript encoded by
EcoRI A.

This analysis identified two early transcripts reading from
left to right which are approximately 3,590 and 2,877 nucle-
otides in length. This is consistent with the Northern data
and shows that the two transcripts terminate coincidentally
(Fig. 8C).

To facilitate future studies of the 517 gene and its pro-
moter, the transcriptional start site for D5 was specifically
mapped. The 404-nucleotide PstI-Rsal fragment was 5’ end
labeled at the Rsal site, gel isolated, and hybridized to 20 pg
of viral RNA as described above. After S1 nuclease diges-
tion, protected fragments were electrophoresed alongside
the products of an A+G chemical sequencing reaction of the
404 nucleotide probe (Fig. 8B). Multiple transcription initi-
ation sites were mapped at positions —2 to —5 nucleotides,
upstream of the first ATG of DS. Initiation occurs within the
sequence TAA, which lies directly upstream of the putative
initiation codon, ATG.

Transcript kinetics. Since the sequence element TAAAT
has been proposed to be a late regulatory element and has
here been shown to occur in a gene the expression of which
is required early, the Kinetics of transcription initiation of the
ts17 gene was determined. This was accomplished by S1
analysis of the steady-state mRNA levels over time.

The 5’ probe previously described (Fig. 8B) was hybrid-
ized to 20 pg of total RNA, which was isolated at hourly
intervals throughout infection. This analysis also included
RNA isolated in the presence of cycloheximide and
hydroxyurea. Cycloheximide treatment allows transcription
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FIG. 9. Kinetics of transcription initiation. A 5’ single end-
labeled probe (see Fig. 8B) was hybridized to 20 ng of total viral
RNA isolated in the presence of cycloheximide (C) or hydroxyurea
(H) or at the indicated times postinfection in the absence of drugs.
Marker is a Sau3A digest of pUC18 (M). The 404-nucleotide
full-length probe is shown, along with the size of the S1 nuclease-
protected fragment.
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of immediate-early genes only, whereas with hydroxyurea
treatment, delayed-early genes are also transcribed. Both
treatments block late gene expression.

After S1 nuclease digestion, a protected fragment of
approximately 150 base pairs was detected (Fig. 9). This
corresponds to the 5’ start located in Fig. 8A and B. The ts17
gene was first transcribed at 1 h p.i. The level of transcrip-
tion initiation remained stable until 3 h p.i., when it appeared
to decrease. The ¢s17 transcript was then present for up to 12
h p.i. Since the half-life of VV mRNA late in infection has
been estimated to be approximately 1 to 2 h (13, 30), the
presence of ts17 RNA at late times is most likely due to
continued transcription.

Regulation of thymidine kinase expression by VV DNA™
mutants. Of the three complementation groups which have
been determined to have a DNA™ phenotype, only one has
been assigned a biological function, that being the DNA
polymerase gene (16, 36). It remains to be shown whether
the loci of the other two DNA™ complementation groups
encode proteins which have a biological activity that is an
integral part of DNA synthesis, or rather play an essential
role early in the VV replicative cycle which is not directly
related to DNA metabolism. It was therefore of interest to
examine the regulation of the VV thymidine kinase gene (zk)
in DNA™ mutant-infected Ltk™ cells to ascertain at which
point the ordered expression of this gene might be inter-
rupted. Expression of the VV rk gene is regulated at the
transcriptional, translational, and posttranslational levels by
other VV gene products from both the early and late gene
classes (12, 13).

The kinetics of tk expression in cells infected with wt or
with zs mutants of the three DNA™ complementation groups
was determined (Fig. 10). In wt-infected cells ¢k is expressed
at the onset of infection, is attenuated at 4 to 6 h p.i., and
then remains stable. The level of expression is higher at 40°C
than at 31°C, probably due to metabolic processes being
increased at the higher temperature. The three DNA™ com-
plementation groups, 5, 21, and 24, are represented by 542,
ts17/ts24, and 1525, respectively. At the permissive temper-
ature of 31°C, the regulation of zk expression for all three
complementation groups is comparable to that seen for wt.
However, at the nonpermissive temperature of 40°C there
are distinct differences in the impact of each locus and its
defective gene product on tk expression. In the case of ts17
and 1524, which together comprise complementation group
21, the expression of the tk gene is not switched off. 7542,
which is the DNA polymerase gene, shows Kinetics of
expression very similar to that seen for wt virus. In the case
of 1525, the expression of tk does not appear to be induced;
the levels of tk activity are very close to that found in
purified viral cores (D. E. Hruby, submitted for publication).
Thus, the derepressed phenotype seen for complementation
group 21 is not the direct result of the DNA™~ phenotype
since the other DNA~ complementation groups exhibit dis-
tinctly different kinetics of tk expression.

DISCUSSION

Transcriptional mapping and sequencing studies have
shown VV genes to be organized in a tightly clustered,
tandemly oriented fashion (8, 20, 21, 27, 28, 40, 45). Here,
we independently confirm a portion of previously reported
sequence and show that the predicted D4 and D5 ORFs are
transcriptionally active. D4 is transcribed early in infection.
Whether it is also transcriptionally active at later times is
unknown. D4 has a predicted coding capacity for a 25,055-
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molecular-weight polypeptide. However, the transcript
which is apparently derived from the D4 gene is approxi-
mately 3.7 kb long, much larger than is required to encode a
25.5-kilodalton protein. In contrast, the 3.0-kb transcript
associated with DS is of the appropriate size to encode a
90,367-molecular-weight protein product, identified as the
ts17 gene product. The data in Fig. 8 suggest that the D4
transcript terminates at the same place as the downstream
D5 transcript. There does not appear to be a transcriptional
stop signal proximal to the 3’ end of D4. In contrast, the
proposed transcriptional termination sequence TTTTTAT
(31) appears twice, beginning at nucleotide positions 3406
and 3475 at the 3’ end of the D5 transcript. This is within the
coding sequence of D6. These two signals map approxi-
mately 150 and 80 bases upstream of the shared 3’ terminus
of the two early transcripts mapped by the S1 analysis.
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FIG. 10. Thymidine kinase activity. Thymidine Kinase assays
were carried out on duplicate sets of 60-mm dishes of Ltk~ cells
which were infected with the indicated ¢s mutant. The plates were
incubated at either the permissive temperature of 31°C (@) or the
nonpermissive temperature of 40°C (M) and harvested at 2-h
intervals.
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Marker rescue mapping and the comparison of sequences
derived from wt, ts17, and two ts17 revertant viral stocks
have conclusively demonstrated that DS is the ts17 locus.
This locus encodes a gene product which appears to be
functionally required early in the viral replication cycle.
Without a functional #517 gene, the viral replication cycle is
blocked prior to DNA replication. Yet, a kinetic analysis
shows that the ts17 locus is transcribed continuously
throughout infection, beginning at 1 h p.i., and is therefore a
member of the constitutive temporal class.

The increasing amount of VV sequence data available
allows for a comparative analysis of putative viral promoters
and thus facilitates the identification of consensus sequences
which may be regulatory elements. Transcription initiation
at D5 has multiple start sites which occur between 2 and §
nucleotides upstream of the initiation ATG. Similar findings
have been reported for both early (5, 39, 43) and late (2, 11,
33, 44) VV genes. In the latter case, transcriptional initiation
occurs within the sequence TAA, which is directly upstream
of the initiation ATG. It has been proposed that the sequence
TAAAT is essential for late promoter function (10) and may
actually be part of a signal sequence for late gene expression
(33). However, since the sequence TAAAT serves as the
transcriptional start site for the D5 locus at both early and
late times postinfection, this indicates that there must be
additional factors involved with specifying the temporal
expression of VV genes. This finding illustrates the flexibility
that must be required to regulate the complex expression of
a variety of specific temporal classes of virally encoded gene
products.

The t517 gene is comparable to previously sequenced VV
genes in that it is 66% A-T rich, with the first 100 nucleotides
upstream of the 5’ start being 71% A-T rich. A close
examination of the first 100 nucleotides shows an A-T-rich
octet at positions 20 and 40 nucleotides upstream of the first
ATG. A-T octets at this position have been proposed as
regulatory elements for early VV genes (38, 39, 43, 44).
However, the octets of D5 are not homologous to the
proposed consensus sequence proposed for these regulatory
elements. It appears that the D5 gene has promoter elements
which have been associated with both early and late consen-
sus sequences. This makes clear the necessity for further
sequence analysis in conjunction with kinetic studies for
identifying temporal subsets of viral gene expression. A
directed genetics approach will then be required to deter-
mine which elements are involved in regulating gene expres-
sion. Such an approach is currently being used to define the
elements involved in the expression and regulation of the
ts17 gene.
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