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Among the products of vaccinia virus genes which are expressed late in infection is a major polypeptide (Mr,
65,000) designated L65. Pulse-chase analyses indicated that L65 is not subject to posttranslational cleavage as
is the core polypeptide p4b which migrates to a similar position in sodium dodecyl sulfate-polyacrylamide gels.
A polypeptide of 65,000 molecular weight produced in reticulocyte lysates programmed with viral mRNA
isolated late in infection was identified as L65 by peptide mapping. L65 mRNA was purified by hybridization
selection to restriction fragments of the viral genome and translated in vitro. This allowed the gene encoding
L65 to be mapped to the rightmost 4.5 kilobase pairs of the HindIII D fragment. Transcriptional mapping of
this region of the genome detected a late mRNA which was initiated at 450 base pairs to the right of the HindlIl
D-A junction, was transcribed in the leftward direction, and was terminated in the nondescript manner typical
of vaccinia virus late mRNAs.

The prototypic poxvirus vaccinia (VV) is a large, double-
stranded DNA virus that replicates in the cytoplasm of
infected cells (10). The 185-kilobase-pair (kbp) genome is
expressed in a temporally regulated fashion (35). Shortly
after infection, early genes are transcribed by a viral RNA
polymerase contained in the virion (23). Concomitant with or
after the onset of DNA synthesis, late genes are expressed.
Among the early polypeptides are enzymes involved in the
synthesis and maturation of RNA and DNA; among the late
polypeptides are the major structural components of the
virion. The mechanisms involved with the switch between
the early and late modes of gene expression are unknown.
As a first step toward deciphering the regulatory mecha-

nisms employed by VV, it is of interest to locate and
compare sequences which may be responsible for promoting
and terminating early and late VV gene transcription. Sev-
eral early genes have been precisely mapped, and a few have
been sequenced (16, 30, 31, 33). The 5' flanking sequences of
early genes, when fused to heterologous genes recombined
back into infectious virus, promote expression with the
expected temporal regulation (18). Correct regulation of a
foreign gene has also been shown with a late promoter (34).
These upstream sequences of VV genes show little resem-
blance to previously recognized eucaryotic or procaryotic
regulatory signals. It has been suggested that VV has
evolved unique signal sequences (27).
An unusual feature of late transcripts is their extreme

heterogeneity in size; RNA encoding a specific late polypep-
tide may vary severalfold in length, unlike the early tran-
scripts, which have discrete sizes. Hybrid selection and
translation of RNA are an effective means to initially map
late genes. A growing number of late genes have been
precisely mapped (9, 20, 36-38), and the sequence of one late
gene has been reported (34). In each case a specific 5' end
was detected. Presumably, termination signals or mecha-
nisms late in infection are relaxed, resulting in 3'-terminal
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heterogeneity. To interpret this and other characteristics of
VV late-gene expression, more extensive information on
genomic location and transcript structure of individual late
genes is required.

In this study, the map position of a 65,000-molecular-
weight polypeptide (65K polypeptide)-encoding late gene
was determined by hybrid-selected translation and S1
nuclease mapping. The 65K polypeptide is a major product
late in infection and does not appear to be associated with
the virion.

MATERIALS AND METHODS

Cells and virus. BSC-40 monkey kidney cells were
maintained in monolayer cultures in Eagle minimal essential
medium plus 10% heat-inactivated fetal calf serum. HeLa
cells were maintained in suspension cultures in minimal
essential medium plus 10% heat-inactivated fetal calf serum.
VV strain WR was grown in suspensions of HeLa cells

maintained at a concentration of 5 x 105 cells per ml.
Isotopically labeled VV was grown in the presence of 2 ,uCi
of 14C-amino acids (55 mCi/mmol; New England Nuclear
Corp., Boston, Mass.) per ml. Cells were infected at a
multiplicity of infection of 1. After 48 h of infection, intra-
cellular virus was released by lysing the infected cells, and
the virus was purified by sucrose gradient centrifugation as
previously described (14). The titer of the purified virus was
determined by plaque titration on confluent monolayers of
BSC-40 cells. All media and sera were obtained from GIBCO
Laboratories, Grand Island, N.Y.

Plasmid construction and isolation. Recombinant plasmids
containing VV HindIll restriction fragments D through 0
(making up 50% of the VV genome) in the HindIII site of
pBR322 were constructed and generously provided by B.
Moss (National Institutes of Health). Plasmids were purified
from amplified cultures of Escherichia coli HB101 grown in
the presence of 20 jig of ampicillin per ml.
Recombinant plasmids containing VV HindIII-D, EcoRI

subfragments A through I, and BamHI subfragments A
through D were constructed as follows. VV HindIII-D
plasmid (100 ,ug) was cleaved with HindIII, the products
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FIG. 1. Gel electrophoresis of the polypeptides synthesized in VV-infected BSC-40 cells. Confluent monolayers were infected (25 PFU per
cell), and polypeptides were pulse-labeled by the addition of [35S]methionine (25 uCi/ml) every 30 min throughout the first 8 h of infection.
At the end of each labeling period, cells were collected by centrifugation and suspended in sample buffer containing sodium dodecyl sulfate.
Lysates were subjected to electrophoresis on a 12% polyacrylamide gel, and labeled polypeptides were visualized by fluorography. The lane
number indicates the hour p.i. Unlabeled lanes are times on the half hour. The migration position and molecular weights (in thousands) of four
brome mosaic virus proteins used as markers are indicated on the left. Two representative late polypeptides (94K and 65K) are indicated on
the right.

were separated by electrophoresis in a 0.6% agarose gel, and
the 16-kbp VV D fragment was isolated by electroelution
(11). The D fragment was digested with either EcoRI or
BamHI, and the digestion products were ligated to pUC13
(32) cut with EcoRI, EcoRI plus HindIII, BamHI, or BamHI
plus HindIII. E. coli JM83 was transformed by the method of
Kushner (17), and plasmid DNA from ampicillin-resistant,
,3-galactosidase-negative colonies was characterized. Plas-
mids were prepared by a scaled-up version of the method of
Holmes and Quigley (13), purified by extractions with phenol
and ether, twice ethanol precipitated, and analyzed by
digestion with the appropriate endonuclease.

Recombinant plasmids containing VV HindIll A subfrag-
ments were cloned in pUC13 as described above with VV
SalI-J cloned in pUC13 as starting material.

Isolation and purffication ofW RNA. Suspension cultures
of HeLa cells at a concentration of 5.5 x 105 cells per ml
were collected by centrifugation at 2,000 rpm for 5 min at
25°C in a Beckman J-21 centrifuge and then suspended at a
concentration of 107 cells per ml in adsorption medium (1
part Pucks saline, 1 part minimal essential medium plus 5%
heat-inactivated fetal calf serum). Purified VV (10 PFU per
cell) was added, and the cells were swirled gently at 37°C for
30 min. The infected cells were then diluted to a concentra-
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tion of 5 x 105 cells per ml and shaken at 37°C for 6 h before
late RNA was isolated. To isolate early RNA, 100 ,ug of
cycloheximide per ml was added to the medium and incuba-
tion was for 4 h. Infected cells were pelleted by centrifuga-
tion at 2,000 rpm for 10 min at 4°C and then washed three
times with ice-cold phosphate-buffered saline containing 1
mM magnesium chloride. The cells were swollen in
hypotonic buffer (10 mM HEPES [N-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid] [pH 7.6], 10 mM NaCl,
1 mM magnesium chloride) and then broken with 20 strokes
in a tight-fitting Dounce homogenizer. The homogenate was
centrifuged at 2,000 rpm at 4°C for 10 min. The resulting
supernatant was removed, and the pellet was rehomogenized
and centrifuged as described above. The supernatants were
pooled, made 2% (wt/vol) in N-lauroylsarcosine and 1 g/ml in
cesium chloride, and warmed to 25°C. This mixture was
layered over a 2-ml cushion of 5.7 M cesium chloride-0.1 M
EDTA (in hypotonic buffer containing 2% N-lauroyl-
sarcosine). Then the mixture was overlaid with hypotonic
buffer (12). Centrifugation was in a Beckman SW40 rotor at
25,000 rpm and 25°C for 12 to 18 h with a Beckman model
L8-70 M ultracentrifuge. The resulting RNA pellet was
dissolved in H20 and twice ethanol precipitated in the
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FIG. 2. Pulse-chase analysis of polypeptides synthesized in VV-
infected BSC-40 cells. Infected cells were pulse-labeled in medium
containing O.lx the normal amount of methionine at the indicated
times p.i. At 8 h p.i., pulse-labeled infected cells were chased by
replacing the radioactive medium with medium containing 100x the
normal amount of methionine. Chase times indicated are in hours
after the pulse at 8 h p.i. Samples were analyzed by gel electropho-
resis as described in the legend to Fig. 1. Approximate molecular
weights (in thousands) are indicated on the right.

FIG. 3. Comparison of polypeptides synthesized in vitro with
those synthesized in vivo. Equivalent amounts of VV-infected
BSC-40 cell lysates, purified VV, or reticulocyte lysates pro-
grammed with different RNAs were subjected to extended electro-
phoresis on a 12% polyacrylamide gel. RLT heads the reticulocyte
lysate translation lanes in which labeled polypeptides resulting from
H20 (lane [-])-, uninfected BSC-40 RNA (lane U)-, or late RNA

*94 (lane L)-programmed cell-free translations were resolved. Infected
cell lysates were resolved in lane P (8 h p.i. pulse), lane C (8 h p.i.
pulse plus 8-h chase), and lane M (mock-infected pulse). Partially
purified VV polypeptides were resolved in lane V. Approximate
molecular weights (in thousands) are indicated on the right.

presence of 0.15 M potassium acetate (pH 5.3). mRNA was
selected by affinity chromatography on oligo(dT)-cellulose
(grade T-3; Collaborative Research, Inc., Waltham, Mass.).
Poly (A)' RNA was eluted, twice ethanol precipitated, and
stored at -70°C until used for hybrid selection or translation.
Hybrid selection of VV mRNA. Binding of recombinant

plasmid DNA to nitrocellulose filters was carried out as
previously described (26) with 20 ,ug of each recombinant
plasmid. Plasmid DNAs were digested to completion with
the appropriate endonuclease and spotted onto 3-mm
squares of nitrocellulose. Hybridization solutions contained
10 ,ug of poly(A)+ RNA isolated from VV-infected HeLa
cells at 6 h after infection. Hybridization conditions and
elution of bound mRNA were as previously described (21).

Reticulocyte lysate reactions. Rabbit reticulocytes were
obtained from Green Hectares, Oregon, Wis., and were used
to prepare translation lysates (28). In a final volume of 15 pJ,
the cell-free translation reaction mixtures contained the
following: 50% nuclease-treated reticulocyte lysate, 0 to 100
,ug ofVV mRNA per ml, 10 mM Tris hydrochloride (pH 8.2),
25 ,ug of creatine phosphokinase (Sigma Chemical Co., St.
Louis, Mo.) per ml, 1.6 ,uM hemin, 125 mM potassium
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FIG. 4. (A) Diagrammatic representation of the Hindlll restriction map of the VV genome and restriction maps of the Hindlll D fragment
as generated with BamHI and EcoRI endonucleases. BamHI and EcoRI fragments were cloned in pUC13. The number below each restriction
fragment designates approximate size in kbp of DNA. (B) Polypeptides synthesized in reticulocyte lysates programmed with VV late RNA
hybrid selected by HindIII-D BamHI restriction fragments. In vitro translation products of late RNA hybrid selected by pBR322 (lane pBR),
HindIII-D (lane H3D), pUC13 (lane pUC), BamHI-A (lane A), BamHI-B (lane B), BamHI-C (lane C), and BamHI-D (lane D) are shown. In
lane (-), no RNA was added to the reticulocyte lysate; in lane BMV, brome mosaic virus RNA was added to the reticulocyte lysate; and in
lane L, unselected late RNA was added to the reticulocyte lysate. Four proteins used as markers are indicated on the left. The 65K late
polypeptide is indicated on the right.

acetate, 0.6 mM magnesium acetate, 10 mM creatine phos-
phate (Calbiochem-Behring, La Jolla, Calif.), 100 ,ug of calf
liver tRNA (Boehringer Mannheim Biochemicals, Indianap-
olis, Ind.) per ml, a mixture of 19 amino acids (minus
methionine) at a concentration of 100 gM each, 5 mM
dithiothreitol, and 0.1 mCi of [35S]methionine (1,145
Ci/mmol; New England Nuclear) per ml. To prevent double-
stranded RNA-mediated inhibition of protein synthesis, 4.5
mM cyclic AMP was included (7). Reaction mixtures were

incubated at 30°C for 90 min. Protein synthesis was mea-

sured by spotting 2.0-pul samples of the reaction mixtures on
Whatman 3MM filter paper disks and processing them to
determine hot-trichloroacetic acid-precipitable radioactivity
as measured by liquid scintillation counting.

Polypeptide analysis. Gel electrophoresis in the presence
of sodium dodecyl sulfate was performed on 10 or 12%
polyacrylamide slab gels by the method of Studier (29). A
4-,u portion of I'S-labeled cell-free translation products and
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an equivalent amount of 35S-labeled VV-infected cell lysates
or "4C-labeled VV were diluted with 40 p.l of sample buffer
(1% [wt/vol] sodium dodecyl sulfate, 50 mM Tris hydrochlo-
ride [pH 6.8], 10% [vol/voll glycerol, 1% [vol/vol] 2-
mercaptoethanol), boiled for 5 min, and then electro-
phoresed at 150 V for 5 to 15 h. Gels were then processed for
fluorography, dried, and stored at -70°C while exposed to
Kodak XAR-5 X-ray film. Exposures varied from 3 days to
3 weeks.

Peptide mapping by limited proteolysis. One-dimensional
peptide mapping by partial digestion with Staphylococcus
aureus V8 protease (Sigma) was performed by the method of
Cleveland et al. (5), specifically the digestion procedure for
proteins in gel slices. The proteins of interest were typically
at too low a concentration to be identified by Coomassie
brilliant blue (Bio-Rad Laboratories, Richmond, Calif.)
staining; hence, molecular weight standards (Sigma), includ-
ing 66,000-molecular-weight bovine albumin, were used to
localize gel slices of interest.

Si nuclease mapping. DNA end labeled with polynucleo-
tide kinase (Bethesda Research Laboratories, Inc.,
Gaithersburg, Md.) and [-y-32P]ATP was mixed with 20 ,ug of
late, early, or uninfected cell RNA in 30 ,ul of 80%
formamide-40 mM PIPES (piperazine-N,N'-bis[2-eth-
anesulfonic acid]) (pH 6.4)-0.4 M NaCl-1 mM EDTA. The
mixtures were heated to 90°C for 5 min and then incubated at
42°C for 3 to 4 h. After hybridization, the mixtures were
placed quickly in an ice bath, and 0.3 ml of cold 0.28 M
NaCl-0.05 M sodium acetate (pH 4.6)-4.5 mM ZnSO4-400 U
of nuclease S1 (Bethesda Research Laboratories) per ml was
added. After 5 min on ice, the mixtures were incubated at
25°C for 1 h. After digestion, extraction with phenol-
chloroform, and the addition of 10 ,ug of calf liver tRNA,
nucleic acids were precipitated with 2.5 volumes of ethanol.
Protected fragments were analyzed with alkaline agarose or
sequencing gels (21).

RESULTS

Protein synthesis in VV-infected cells. The time course of
VV protein synthesis was shown by infecting monolayers of
BSC-40 cells, pulse-labeling with [35S]methionine every 30
min, and electrophoresing the infected cell lysates on poly-
acrylamide gels (Fig. 1). VV DNA replication in these cells
begins at 1.5 h postinfection (p.i.) and peaks at 3.5 h p.i. (15).
Hence, an approximate division can be drawn between the
expression of VV early and late genes. While close scrutiny
of Fig. 1 reveals many different kinetic patterns of gene
expression, obvious representatives of major late gene prod-
ucts appeared at 94,000 and 65,000 molecular weights. When
similar lysates were electrophoresed on polyacrylamide gels
for increased periods, two closely migrating 65K poly-
peptides were resolved (Fig. 2). Pulse-chase analysis showed
that the larger of the two polypeptides was apparently
processed while the smaller of the two remained intact
throughout the chase period. It is likely that the former
corresponds to p4b, the precursor to the core structural
protein 4b (22). We designated the latter L65 to indicate that
it is present in infected cells late in infection and has an
approximate molecular weight of 65,000. Not only was the
fate of L65 different from that of p4b, but L65 also appeared
to be expressed with different kinetics from that of p4b; L65
was apparent at 2.5 h p.i., whereas the synthesis of p4b was
not switched on until 3.5 h p.i. (Fig. 1). The amounts of these
polypeptides in infected cells at 5 to 8 h p.i. were similar.

In vitro translation products of VV mRNA. mRNA isolated

in vitro in vivo

VB

-~~~ ~ -V*

-65-v

FIG. 5. Peptide mapping. Infected BSC-40 cell lysates pulsed at
8 h p.i. and chased for 8 h (in vivo) and reticulocyte lysates
programmed with EcoRI-C hybrid-selected late mRNA (in vitro)
were electrophoresed in several lanes of a 12% polyacrylamide gel.
Gel slices at approximately 65,000-molecular-weight migration were
excised and loaded into a 15% polyacrylamide gel. Protease diges-
tion was performed in the gel with 0.05, 0.25, 1.0, or 2.5 jig of V8
protease per lane. Digestion products were visualized by
fluorography. The 65K late polypeptide is indicated.

from VV-infected cells was translated in nuclease-treated
rabbit reticulocyte lysates, and labeled polypeptides were
analyzed (Fig. 3). An abundant amount of the 65K polypep-
tide was translated from late RNA (lane L) and not from
early RNA (data not shown). The in vitro-synthesized 65K
polypeptide comigrated with L65 (lane C). Because apparent
viral polypeptides are translated in vitro, this suggested
hybrid-selected translation as a means to map the L65 gene.

Hybrid-selected translation of VV late RNA. A diagram-
matic representation of the DNA fragments used for hybrid
selection is shown in Fig. 4A. Inserts were cut from purified
plasmids, bound to nitrocellulose filters, and used to select
complementary species from poly(A)+ RNA isolated late in
infection. Hybrid-selected RNA was eluted from the filters
and translated, and [35S]methionine-labeled polypeptides
were analyzed.
By using 12 of the 15 HindlIl restriction fragments of the

VV genome, a number of late polypeptides have been
translationally mapped (1; data not shown). The HindIlI D
fragment selected RNA that encoded a 65K polypeptide
(Fig. 4B, lane H3D). None of the other 11 HindIII restriction
fragments used selected RNA that encoded a 65K polypep-
tide.
To further define the map position of the sequences

selecting RNA that encoded a 65K polypeptide, BamHI and
EcoRI restriction fragments of the HindIlI D fragment were
cloned (Fig. 4A) and used in hybrid selection. Sequences
that hybridized to RNA encoding the 65K polypeptide
apparently spanned the BamHI site between the B and C
fragments (Fig. 4B, lanes B and C) and perhaps extended
into BamHI-A. This map position was confirmed by hybrid
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FIG. 6. Locating the 5' end of a late transcript by nuclease S1 mapping. (A) Restriction map of the genomic region of interest. The 9-kbp
Sal J restriction fragment is expanded. The map position and direction of transcription of the mRNA for polypeptide L65 are indicated. (B)
Various DNA fragments isolated and end labeled (@) with [y-32P]ATP and polynucleotide kinase for use as S1 probes. (C) Probe 1.2 was

hybridized to 20 ,ug of uninfected BSC-40 cell RNA (lane U), 20 ,ug of early RNA (lane E), or 20 ,ug of late RNA (lane L); single strands were
digested with nuclease SI; and the resistant hybrids were analyzed on sequencing gels. Lane P is undigested probe. Sizes of protected
fragments in bases are indicated.

selection experiments in which EcoRI fragments C, H, and F
selected RNA encoding the 65K polypeptide.
The identity of the hybrid-selected 65K translation prod-

uct was determined by partial proteolytic peptide mapping.
In this experiment, the in vitro peptide source was the 65K
polypeptide excised from gel lanes in which EcoRI-C hybrid-
selected translation products were resolved. For the in vivo
polypeptide, 65,000-molecular-weight migrating material
was excised from gel lanes in which polypeptides from
infected cells pulsed at 8 h p.i. and chased for 8 h were
resolved (Fig. 3, lane C), allowing isolation of labeled L65.
S. aureus V8 protease digestion products of the gel-isolated
material indicated identity between the in vitro and in vivo
65K polypeptides (Fig. 5).

Transcriptional mapping. BamHI fragments A, B, C, and

D were gel isolated and nick translated for use as probes in
a Northern analysis of VV early and late RNAs. Several
distinct early transcripts were detected; late RNA produced
a heterodisperse mixture of transcripts which ranged from 6
to 0.5 kb in size (data not shown).

Translational mapping data did not dismiss the possibility
that the L65 gene could span the HindIII site at the HindIII
D-A junction. Hence, leftmost fragments of HindIII A were
cloned from the Sall J fragment which spans that junction
(Fig. 6A). These plasmids along with those described above
were digested with appropriate restriction enzymes, and
fragments were gel isolated and then radioactively labeled at
the 5' ends for use in Si mapping experiments (Fig. 6B).
An analysis of the late-RNA-protected fragments of

probes 9, 7, 6, 5, 3.2, 3.1, and 2 indicated that a major late
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transcript was initiated in the leftmost sequences of HindIII-
A and transcribed in the leftward direction, protecting the
entire 3.2-kbp probe and 3,600 bases of the 6-kbp probe.
Late RNA protected 450 bases of probes 2.8, 1.6, and 1.2;
early RNA protected 560 bases of these three probes (Fig.
6C). Probe 0.7 confirmed these results. Hence, the likely 5'
end of the L65 transcript mapped at 450 base pairs to the
right of the HindIII D-A junction. At 100 base pairs upstream
of the late start site the 5' end of an early transcript, also read
in the leftward direction, was mapped. Additionally, probes
2.8, 1.6, 1.2, and 0.7 were completely protected by late RNA
and not by early or uninfected cell RNA (Fig. 6C). The
full-length protection may be due to other late transcripts
which initiate upstream on the leftward-reading strand.

DISCUSSION
Triggered by VV DNA replication, the viral transcrip-

tional mechanism expresses late genes with little apparent
regard for distinct transcript termination. This may explain
the anomalous characteristics of late mRNA biogenesis. (i)
Late transcripts show extreme size heterogeneity (7, 20). (ii)
Late transcripts include early sequences (24) and are able to
form intermolecular duplexes with themselves or with early
RNAs (3, 6). (iii) Early transcript sequences are detected late
in infection, but most early proteins are not synthesized at
this time (2, 25). These characteristics have hindered tran-
scriptional and translational methods of mapping; hence, the
locating of late genes has lagged behind the locating of early
genes. Because precise mapping of the VV genome is
required for the elucidation of regulatory mechanisms, we
undertook mapping the L65 gene as a representative of the
late-gene class.

Previous translational mapping studies provided substan-
tial preliminary data (1, 4, 8). Those results indicated a
concentration of late genes toward the central portion of the
185-kbp genome. Among these was a 65,000-to-70,000-
molecular-weight polypeptide-encoding late gene that
mapped to HindIII-D. By translational mapping we localized
this gene to the rightmost 4.5 kbp of the HindIII D fragment.
We identified this hybrid-selected translation product as the
VV late polypeptide L65. Because only 2 kbp is required to
encode a polypeptide of this size, the translational data
undoubtedly reflect the expected size heterogeneity of the
L65 transcripts. The HindIII-A-proximal HindIII D se-
quences most strongly selected L65 mRNA (Fig. 4). Assum-
ing that length heterogeneity was due to the 3' end of the
transcript and that RNA sequences were equally available
for DNA hybridization, this suggested that the L65 gene was
transcribed in the leftward direction, as are most of the late
genes which have been precisely mapped (9, 20, 36-38).
A variety of 5'-end-labeled DNA fragments was used in Si

mapping experiments to locate the likely 5' end of the L65
transcript at 450 base pairs to the right of the HindIII D-A
junction. The direction of transcription was leftward. A
Northern analysis of late RNA with the rightmost 3.2 kbp of
HindIII-D as a probe detected a complex mixture of com-
plementary RNA species. Combined, these results suggest
that the 3' end of the L65 transcript is the source of
heterogeneity. In parallel experiments, the 5' end of an early
leftward-reading transcript was detected at 560 base pairs to
the right of the HindIII D-A junction. Northern analysis of
early RNA with the rightmost HindIII-D probe detected
several minor transcripts and one major transcript of approx-
imately 2 kb. We are examining the possibility that L65 is
expressed early in infection. Similarly, the p4b late-specific
transcript is initiated about 35 base pairs downstream of the

initiation site of an early transcript (38). The biological
relevance of these early RNAs is unclear.

Tightly spaced and overlapping transcripts have been
described in previous mapping studies of VV early and late
genes (9, 19, 20), but no evidence for splicing has yet been
found. The genomic vicinity of the L65 gene is similarly
crowded. The p4b late-specific transcript is initiated approx-
imately 3 kbp upstream of the L65 initiation site (38).
Although 2 kbp is adequate to encode the 65K p4b polypep-
tide, 3' extension of the p4b transcript (in typical late
fashion) appears to reach into the L65 gene, as is evidenced
by full protection of the HindIII-A-specific probes. Northern
analysis maps several early RNA species to the rightmost
BamHI B fragment of HindIII-D. In addition, several dif-
ferent VV temperature-sensitive mutants are marker rescued
by the BamHI B fragment (E. G. Niles, unpublished data). It
appears that this is an active region of the genome.
The precise map position of VV late gene L65 was

determined. Our current line of investigation pursues the
dissection of the control sequences responsible for the
regulation of this late gene and the determination of the
function of the L65 polypeptide. The increasing amount of
data concerning VV early and late genes may soon lead to an
understanding of the regulatory mechanisms employed by
this virus.
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