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To examine the effect of genomic location on the details of expression of selected herpes simplex virus
promoters, we have constructed recombination vectors for placing such promoters controlling the B-galactosi-
dase reporter gene into two regions of the viral genome lacking any nearby promoter or regulatory elements.
The first vector generates the promoter—B-galactosidase reporter gene inverted within the locus of the gC
(Up44) translational reading frame; the second replaces the LAT promoter and the first 600 bases of the
primary transcript in both copies of the R, region. These locations were chosen to obviate any possible
influence of upstream but noncontiguous heterologous or homologous DNA sequence elements upon promoter
activity. When the reporter gene controlled by the strict late (y) U; 38 promoter was placed in the gC location,
it was significantly less active than in its normal location; in contrast, promoter activity was comparable to
wild-type values when the promoter was recombined into the R; region. The low level of activity in the gC
location could be partially alleviated by the incorporation of additional DNA sequences upstream of the U, 38
promoter. Despite the effect of genomic location upon the level of expression, the kinetics of expression in either
location mirrors the wild-type U, 38 strict late kinetics of expression. Finally, we used deletional analysis to
demonstrate that no more than 29 bases of DNA sequence 5’ of the mRNA cap site are required for promoter
activity in either location; this result is consistent with earlier results of transient-expression assays and
indicates that the U, 38 promoter shares general features with other strict late (y) herpes simplex virus

promoters.

Transcripts encoded by herpes simplex virus type 1
(HSV-1) are expressed during the lytic replication cycle in a
sequential cascade pattern (14). Regulation of this expres-
sion pattern occurs primarily at the level of transcription (21,
26, 29, 31). Transcripts encoding the five immediate-early (o)
genes are the first to be expressed; these gene products,
especially ICP4 (a4), are required for expression of subse-
quent classes of HSV-1 genes during lytic expression. Early
or delayed-early (B) genes are the second group of genes to
be expressed. Generally the polypeptide products of these
genes are involved in replication of viral DNA; their expres-
sion tends to reach maximal levels around the peak of DNA
replication and then decrease (31). Late transcripts are
maximally expressed only after the onset of viral DNA
replication. They can be grouped into leaky-late (B or v;)
genes and true or strict late (y or vy,) genes; the difference
between these two subclasses is in the stringency of the
requirement for DNA replication. Transcripts encoding By
genes are expressed at low but readily detectable levels
before DNA synthesis, whereas vy transcripts evidence a
strict requirement for DNA replication for any significant
expression (10).

The promoters controlling the vy or strict late genes have
been the subject of some investigation, especially those
controlling the gH (U, 22), U, 38, gC (U 44), and Ugl1 genes
(11, 13, 16, 17, 22, 24). Although these promoters do not
evidence a requirement for viral DNA replication for expres-
sion in transient-expression assays, the extent of the pro-
moters delineated generally agrees with those determined by
generation of recombinant viruses containing modified pro-
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moter sequences. Current data indicate that y promoters are
quite limited in length, extending from a recognizable TATA
homology 28 to 30 bases 5' of the mRNA cap site and
including sequences near the transcript initiation site extend-
ing to 10 to 20 bases 3’ of this point.

The limited number of DNA sequence elements responsi-
ble for the control of y transcription is of interest because of
its potential utility in saturation mutagenesis studies and as
probes for the identification of transcription factors impor-
tant in late gene expression. As noted, to date the most
clearly recognizable promoter element found in these pro-
moters is the TATA homology. Since this element is such a
notable feature of all y promoters studied, it is reasonable to
speculate that a protein factor(s) which recognizes this
element might play a primary role in the expression of vy
genes. Further, since y genes require viral DNA replication
for expression, it is plausible to speculate that such a factor
might be altered in infection to enable it to better recognize
Y promoters.

Despite the ubiquity of vy promoter TATA boxes, there is
some controversy concerning the actual sequence require-
ments for function. Johnson and Everett reported that in
transient-expression assays they could change the early gD
(U.6) promoter into an operationally strict late promoter on
a plasmid containing the HSV orig by truncating it at —33,
leaving the TATA element as the only recognizable pro-
moter element (16). More recently, Steffy and Weir reported
that three TATA elements derived from the a4, B thymidine
kinase (TK; U;23), and y gC (U_44) promoters could
substitute for the y gH (U, 22) TATA element in a recombi-
nant virus, although the levels of expression differed signif-
icantly depending upon the exact element used (24). These
results argue against a strict sequence requirement for a
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functional y TATA box. However, Homa et al. concluded
that the TK (U 23) promoter-leader (—37 through +57)
possessing the intact TATA box (ATATTAA) could not
substitute for the gC promoter-leader (—146 through +124)
in recombinant virus (11, 12). No gC mRNA was expressed
from the TK promoter-leader—gC fusion until the TK TATA
element was mutated to GTATAAA, which more closely
resembles the gC sequence, TATAAATT. This mutated
TATA box generated 10% of wild-type (wt) levels of gC
mRNA.

Although results of studies with recombinant viruses
bearing mutated y promoter regions generally agree with
results of transient-expression assays, these experiments
have been carried out at the normal location of the promoter
in question (11, 12, 24). This allows the possibility that
noncontiguous DNA sequence elements further upstream of
the TATA box will influence mRNA expression. Further,
such experiments require that the promoter in question
control expression of a gene which is nonessential for viral
replication in cell culture. We have developed two recombi-
nation vectors which allow the insertion of any HSV pro-
moter controlling the B-galactosidase indicator gene into two
regions of the HSV-1 genome, one within the location of the
nonessential gC (U 44) gene and the other replacing a
portion of the latency-associated transcription unit and pro-
moter in the long repeat (R ) region. These two locations of
recombination will obviate the influence of any specific
promoter elements occurring upstream of the ““core’ pro-
moter and allow a rough estimate of the effect of genomic
position on expression. In this system, the wt transcription
unit and control sequences of the gene whose promoter is
being studied are not altered and the expression of the wt
mRNA provides an absolute internal standard for measure-
ment.

We have chosen the promoter controlling the U, 38 gene
as a useful model for the further analysis of y promoters.
This promoter is within a 280-bp region of DNA which also
contains the promoter for the B U; 37 mRNA transcribed in
the opposite direction (2, 31). These two promoters are
completely separable in transient-expression assays. Se-
quences extending from —29 to +10 relative to the cap site
provide essentially full expression upon viral superinfection,
and DNA extending from —48 to +99 bases is sufficient for
the expression of a marker gene (B-galactosidase) in a
recombinant virus. Three T+A-rich regions occur in this
latter region: AAAT at —38, TTTAAA at —29, and TATA at
—17. Further, antibody-mediated DNA supershift assays
indicate that the a4 protein interacts with DNA near the cap
site; and, finally, the target for this interaction has sequence
homology with promoter elements of the y42 (U 49) gene
(6).

In the current report, we describe the details of expression
of U, 38-controlled B-galactosidase in these recombinant
virus systems. With the U, 38 promoter, we found that
genomic position strongly influences the level but not kinet-
ics of expression. Deletional analysis shows that in the virus,
the sequence TTTAAA between —29 and —23 of the U, 38
mRNA cap site is absolutely required for transcription, but
levels of expression can be readily increased by the addition
of further sequence elements farther upstream. Thus, we can
clearly differentiate sequence elements required for the
kinetics of expression from those important in influencing
levels of expression. The unusual nature of the U, 38 TATA
homology supports the major body of experimental data
indicating that a specific sequence of the y TATA box is of
minor importance in mediating transcription.

J. VIROL.

MATERIALS AND METHODS

Cells and virus. HSV-1 (17syn*) was the parental strain
used to generate the recombinant viruses described below.
Parental and recombinant virus infection of rabbit skin
fibroblasts at a multiplicity of infection of 5 PFU per cell was
used to generate the RNA used for Northern (RNA) blots
and RNase protection assays. Vero cells were used for
plaque assays, and both cell types were used during recom-
binant virus screening and isolation. The cells were main-
tained at 37°C under 5% carbon dioxide in Eagle minimum
essential medium containing 5% cadet calf serum, 100 U of
penicillin per ml, and 100 pg of streptomycin per ml (3, 5, 7,
30).

Enzymes. Restriction enzymes were purchased from
Boehringer Mannheim Biochemical Corp.; Bethesda Re-
search Laboratories, Inc.; or New England Biolabs. Restric-
tion buffers recommended by the suppliers were used for all
digestions. T7 RNA polymerase and RNasin used in RNase
protection were purchased from Promega Biotec, Madison,
Wis. T4 polynucleotide kinase (Bethesda Research Labora-
tories) was used to 5’ end label appropriate markers for
RNase protection. Finally, Klenow enzyme used for both
labeling and blunting the ends of DNA fragments was
purchased from Boehringer Mannheim.

Recombinant DNA. pBR322 and pGEM plasmid deriva-
tives were grown in Escherichia coli DHS5a. Growth and
purification of plasmids were essentially as previously de-
scribed (1, 7, 18). Oligonucleotide linkers were purchased
from Collaborative Research, Inc., Waltham, Mass. DNA
fragments for probe generation were isolated by digestion
with the appropriate restriction enzymes followed by elec-
trophoresis and either electroelution from agarose or over-
night elution from acrylamide at 37°C in a solution of 500 mM
ammonium acetate, 10 mM magnesium acetate, 1 mM
EDTA, 0.1% (wt/vol) sodium dodecyl suifate, and 10 pg of
E. coli tRNA (Sigma) per ml. Probes were uniformly labeled
by random priming and synthesis by using Klenow enzyme
with [a-*?P]dCTP (3 Ci/umol; Amersham).

RNA isolation and fractionation. Methods for isolation of
RNA by using guanidinium isothiocyanate-hot phenol have
been previously described (27, 28). RNA generated from
infected cells was isolated at specific times postinfection
(p.i.) and either used directly as total RNA or first fraction-
ated into poly(A)* and poly(A)~ fractions by use of oli-
go(dT)-cellulose (Collaborative Research) chromatography
27).

Phosphonoacetic acid (PAA) or thymine 1-B-D-arabi-
nofuranoside (ara-T) was used to inhibit viral DNA replica-
tion. Cells were incubated with PAA (300 wg/ml) for 30 min
before infection or with ara-T (50 pg/ml) for 1 h before
infection. Drugs were present during viral adsorption and for
the times noted in the text.

Actinomycin D (10 pg/ml) was used to study the stability
of the mRNAs of interest by its addition 6 h p.i. The
infection was allowed to proceed for another 1 or 2 h before
RNA isolation.

Recombinant virus. All sequence numbers are based on
the complete sequence of the 17syn™ strain of HSV-1 (19). A
gC recombinant vector extending from the Sall site at base
94853 in the gC region to the HindIII site at base 98823 was
constructed by using appropriate clones from the 17syn*
strain of HSV-1. This construct contains an intact gC pro-
moter. The 3.9-kbp Xbal-BamHI cassette of pCAL5Div17
(6) contains 48 bases of the U; 38 promoter 5’ of the cap site
and 99 bases of U, 38 leader fused to the bacterial B-galac-
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tosidase gene with a 4-base linker. It is terminated with the
bidirectional simian virus 40 (SV40) termination-polyadeny-
lation sequences. The BamHI site was blunted with Klenow
enzyme, and the cassette was ligated into the Xbal-EcoRV-
digested gC recombinant vector, replacing 22 bp of gC
sequences. This construct places the chimeric gene in the
opposite orientation to and downstream of the gC cap and
promoter. As constructed, both a truncated gC and a chi-
meric B-galactosidase transcript can terminate at the bifunc-
tional SV40 termination-polyadenylation signal. This con-
struct contains a 360-bp Xbal-KpnlI cassette containing U; 38
promoter-leader sequences and the 5’ portion of the B-galac-
tosidase gene. Promoter constructs with less DNA 5’ of the
cap site were constructed by replacement of this cassette
with appropriate Xbal-Kpnl cassettes from the U, 38 pro-
moter constructs described elsewhere (6). A larger U, 38
promoter—B-galactosidase recombinant vector including all
the Uy 37 and U, 38 promoter regions driving B-galactosidase
was generated by first inserting an Xbal oligonucleotide
linker at the Sall site near the U, 37-CAT junction in
pCALSDiv and then cloning this XbaI-KpnlI cassette into the
recombinant vector.

The generation of the recombinant virus FLLAS, which
contains 48 bases of the U;38 promoter and the 99-base
leader fused to the B-galactosidase gene recombined into the
R, regions of the genome substituting for the latency-
associated transcript (LAT) promoter and 5’ sequence, has
been described previously (6). It was constructed by using a
recombination vector plasmid in which 1,800 bp of HSV
DNA of the R; region containing the LAT promoter and 5’
sequences of the primary latency-associated transcript were
replaced with the same Xbal-BamHI fragment containing
the indicator gene as used in the gC recombination vector
plasmid described above. Other R; recombinant virus con-
structs were generated by replacing either the Xbal-Kpnl
cassette or the Xbal-BamHI cassette of the recombinant
vector with appropriate modifications or in reversed orien-
tation in the R; region.

Recombinant virus was generated by first releasing the
HSV-1 sequences in the plasmid vectors by digestion with
appropriate restriction enzymes and then cotransfecting
cloned DNA sequences with infectious 17syn* DNA into
rabbit skin fibroblasts. Single-virus plaques derived by lim-
iting dilution were screened in 96-well plates by hybridiza-
tion of transfection aliquots with 3?P-labeled B-galactosidase
probe. Wells containing recombinant viral DNA were then
plaque purified at least three more times by repetition of the
following procedure. Isolated plaques were picked from agar
overlays of limiting dilutions of virus infecting Vero cells
into 96-well plates containing rabbit skin fibroblasts and
screened by hybridization. The resulting isolates were then
analyzed by Southern blot. Purified isolates containing the
complete promoter—B-galactosidase construct inserted into
the gC region for gC recombinant virus or into both the IR;
and TR, regions for the Ry recombinant virus were used in
this report. Plaque-purified isolates from different transfec-
tions were taken for each construct, and the level of expres-
sion of the chimeric B-galactosidase gene was the same as
assayed by colorimetric methods. The equivalency of levels
of RNA expression from different recombinants bearing
differing lengths of upstream promoter sequence or in differ-
ent orientations confirmed that the expression seen was a
result of the specific recombinations characterized and was
not due to some nonspecific mutation in another region of
the viral genome.

RNase protection assays. RNase protection assays have
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been described elsewhere (4, 9). pPGEM templates were used
with T7 polymerase (Promega Biotec) by following instruc-
tions supplied to generate the RNA probes. The probe was
labeled with 100 wCi of [*2P]JUTP (800 Ci/mmol; Amersham)
per pg of template DNA. The U, 38 protection probe was a
Hhal fragment generated from the U, 38-B-galactosidase
chimeric recombinant virus construct. The Hhal fragment
spans the region of DNA from S bp 5’ of the U, 38 cap to 28
bp within the B-galactosidase leader. This probe protects 99
bases of wild-type U, 38 and 127 bases of U, 38-B-galactosi-
dase recombinant mRNA. A control dUTPase protection
probe was a BglII-Kpnl fragment extending 62 bp 5' of the
cap to 95 bp 3’ of the cap. This dUTPase probe protects 95
bases of 17syn* wild-type dUTPase mRNA.

More than 95% of total RNase protection probes synthe-
sized with T7 polymerase were full length on the basis of
results with analytical gels. A total of 1.5 x 10° cpm
(Cerenkov) of probe was hybridized with 10 to 20 pg of
appropriate RNA samples in 50 pl of 80% formamide—40 mM
piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES; pH
6.4)-400mM NaCl-1mM EDTA at 60°C for 11 h. The mix-
ture was then digested by addition of 400 ul of RNase T, (2
pg/ml; Sigma) in 10 mM Tris (pH 7.5)-300 mM NaCl-5mM
EDTA for 1 h at 30°C. The digestion mix was next treated
with 60 pg of proteinase K (Sigma) at 37°C for 15 min and
phenol-chloroform extracted. RNase-resistant material was
fractionated on an 8% acrylamide-8 M urea sequencing gel
with DNA size standards.

Northern blot analysis. RNA transfer blots were hybrid-
ized and washed essentially as described previously (6, 31).
An 8-ml volume containing 4 X 107 cpm (Cerenkov) of
radiolabeled random-primed DNA in the presence of 50%
formamide, 0.4 M Na*, 0.1 M HEPES (N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid; pH 8.0), 0.005 M
EDTA, and Denhardt’s solution containing 100 pg of dena-
tured calf thymus DNA per ml was used at 50°C for 40 h.

RESULTS

Placement of U, 38 promoter-controlled expression marker
in different locations in the HSV-1 genome. To eliminate the
influence of transcription signals upstream of the U, 38 core
promoter, we generated recombinant viruses in which the
promoter-indicator gene cassette was placed in the inverted
orientation in the gC locus. The general structure of such
recombinants is shown in Fig. 1A; the 5’ terminus of the
U, 38 promoter is bounded by an Xbal site at base 97669.
This is 250 bases 5’ of the cap site of the 730-base y mRNA
encoding the Uy 45 gene, which is coterminal with the 3’ end
of gC (8). The genomic structure and purity of recombinants
were confirmed by Southern blots of viral DNA. As shown
in Fig. 1A, the 3,600-bp Sall fragment was replaced by the
7,440-bp fragment containing the B-galactosidase gene, var-
ious portions of the U, 38 promoter, and the SV40 termina-
tion-polyadenylation sequences described in Materials and
Methods.

The bidirectional activity of the SV40 polyadenylation
signal was confirmed by analysis of RNA expressed by
recombinant viruses containing the chimeric U; 38-B-galac-
tosidase reporter gene in the gC region. Figure 2A shows an
example in which Northern blots of poly(A)* RNA from
cells infected with the U 38 promoter construct from —48 to
+99 expressed a truncated 1.5-kb portion of gC mRNA
(track ii) compared with the 2.7-kb wt gC mRNA expressed
in cells infected with the 17syn™ strain (wt, track iii).
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FIG. 1. HSV-1 recombinant viruses. The location and precise sequence numbers where the reporter gene-promoter constructs were
inserted into the HSV genome are indicated in the maps. (A) Schematic representation of the expected structure of recombinants containing
the U; 38 promoter-controlled B-galactosidase gene recombined into the gC region of the HSV-1 genome. Insertion of the promoter—f-
galactosidase constructs generates a Sall fragment (7,440 bp) which is larger than the wt fragment (3,600 bp). Below the map are shown
diagnostic Southern blots demonstrating the insertion of the B-galactosidase fragment. Digestion with Sall generates the expected-sized
fragment for the recombinant viruses which hybridizes to both B-galactosidase-specific and HSV-1-specific probes. The latter probe was a
945-bp Pstl1-Sall fragment (corresponding to bases 97477 through 98422 of the complete 17syn* sequence [19]) cloned from the gC region of
wt HSV-1 DNA. By contrast, wt viral DNA digested with Sall generates the expected fragment which hybridized only to the gC-specific
probe. (B) Schematic representation of the expected structure of the R; recombinants with the U 38 promoter-controlled B-galactosidase
gene recombined into both the TR; and the IR, regions of the HSV-1 genome. Insertion into both regions generates two new fragments upon
digestion with Sall: SalC*(10,851 bp) and SalE* (8,468 bp). These fragments are larger than those generated by Sall digestion of wt HSV-1
DNA: fragments SalC (8,768 bp) and SalE (6,385 bp), respectively. The recombinant fragments hybridize to both B-galactosidase-specific and
wt HSV-1-specific probes. The latter probe was a 605-bp Hpal-Sall fragment (corresponding to bases 120297 through 120902) from the R
region of wt DNA. Digestion with Xbal and Sall generated a 3.9-kb fragment from the R, recombinants. This fragment hybridizes with both
B-galactosidase and HSV-1 probes. The same digest of wt DNA generated 6.3- and 5.2-kb fragments, which were detectable only with the

HSV-1-specific probe.

Hybridization of blots with probes specific for U 38
mRNA revealed both the normal 1.9-kb U; 38 mRNA and a
3.4-kb chimeric mRNA containing the 99 bases of U 38
leader and B-galactosidase sequences, whereas RNA from
wt-infected cells expressed only U;38 mRNA (Fig. 2B,
tracks i and ii). Hybridization of blots with B-galactosidase-
specific probes reveals only the 3.4-kb mRNA (data not
shown).

The U, 38 promoter—B-galactosidase reporter cassette was
also recombined in both orientations into the Ry region of
the HSV-1 genome by the substitution of the proximal
promoter and 5' regions of the latency-associated transcrip-
tion unit. Examples of Southern blots of such recombinants
showing recombination into both repeats are shown in Fig.
1B; recombination results in the generation of the 10.8-kbp
Sall fragment C* and the 8.5-kbp Sall fragment E* deriva-
tives containing the B-galactosidase reporter gene construct
replacing the 8.8- and 6.4-kbp parental fragments.

Recombination of the reporter construct into the Ry
region also yielded recombinant virus which exhibited sig-
nificant expression of the chimeric U, 38-B-galactosidase
mRNA promoter as well as normal U, 38 mRNA (Fig. 2B,
track iii). These recombinants expressed normal-sized gC
mRNA (Fig. 2A, track i). In other experiments (results not
shown) we determined that recombination in either region of
the HSV genome had no effect upon the size or the amount
of a0 mRNA, which terminates just 3' of the site of insertion
of the reporter construct into the R, region.

Amounts of reporter gene mRNA expressed are influenced
by the genomic position of the promoter controlling them.
Although U, 38 promoter-controlled B-galactosidase mRNA
was efficiently expressed from recombinant viruses bearing
the cassette either in the gClocation or in the R;_regions, the
levels of chimeric U, 38-B-galactosidase mRNA seen in
Northern blots was always greater for the latter constructs.
We confirmed and quantitated this difference in mRNA
levels by use of RNase protection assays with an RNase
probe extending from a Hhal site in the B-galactosidase
sequences of the reporter cassette 28 bases 3’ of the junction
of the Uy 38 leader to a Hhal site 5’ of the mRNA cap site
(see Materials and Methods). Chimeric U, 38-B-galactosi-
dase mRNA protected 127 bases of this probe, whereas wt
U; 38 mRNA protected 99 bases. Since the probe is uni-
formly labeled and since protected fragments have essen-
tiafly the same size for both mRNAs, a direct comparison of
the intensity of RNase-resistant hybrids results in a direct
measure of the relative amounts of both mRNAs in infected
cells in which the amount of wt U; 38 mRNA provides an
internal standard. Further, since the structure of the chi-
meric mRNA was the same for all recombinants, any differ-
ences in levels of mRNA must reflect differences in levels of
expression and not differential mRNA stability or other
factors.

Our data were identical for U; 38 promoters containing 48
and 29 bases of DNA sequence upstream of the cap site.
Results of a typical experiment are shown in Fig. 3; the ratio
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FIG. 2. Northern blot analysis of chimeric and gC mRNAs
expressed during infection with recombinant viruses. Samples of
poly(A)* RNA were isolated from rabbit skin fibroblasts 4 h after
infection (hpi) with recombinant or wt virus, fractionated, blotted,
and hybridized. (A) Representative Northern blot probed with an
896-bp EcoRI-EcoRV DNA fragment specific for gC (U 44) mRNA
(corresponding to bases 96524 through 95628). The 1.5-kb mRNA
expressed by the recombinants (track ii) indicates that recombina-
tion into the gC region results in truncation of the gC mRNA. Both
the R; recombinant (track i) and parental wt (track iii) viruses
express full-length gC mRNA (2.7 kb), as expected. (B) Repre-
sentative Northern blot of gC and R, recombinants along with their
parental wt RNA probed with the Xbal-Kpnl fragment from the
—48/+99-B-galactosidase construct. This fragment hybridizes to wt
U_38 mRNA and to B-galactosidase-containing mRNA. All three
virus types express wt Up 38 mRNA (1.9 kb), whereas only the two
recombinants express the U; 38-B-galactosidase mRNA (3.4 kb).

of chimeric to wt mRNA was determined densitometrically
in two to four separate gels. Ratios varied +10% between
gels. Chimeric U, 38-B-galactosidase mRNA expressed from
the U, 38 promoter in the gC region recombinants was
reproducibly present at 20% of the level of wt U; 38 mRNA
(tracks i and iii). In contrast, recombinant viruses with the
same promoter construct recombined into either orientation
in the R, region expressed essentially twice as much chi-
meric mRNA as wt U} 38 mRNA (tracks v and vi). Since the
recombinant promoter-reporter gene construct is present in
two copies in the R, constructs, our data indicate that the
U, 38 promoter is as active in the R, region as it is in its
normal location.

The lower level of expression of the U; 38 promoter in the
gC location could be partially alleviated by the incorporation
of DNA sequences extending beyond 48 bases of the mRNA
cap site. Thus, a construct containing 232 bases of DNA
sequence inserted upstream of the 48-base U; 38 promoter
resulted in a two- to threefold increase in chimeric mRNA
levels (Fig. 3, tracks ii and iv). This additional sequence
contained the DNA sequences extending from the cap site of
the U; 37 mRNA, through its promoter, and including U, 38
sequences 5’ of —48. Once inserted, it reconstructed the wt
U, 37-U; 38 juxtaposed promoters with the U; 38 promoter
linked to B-galactosidase.

We confirmed the validity of our measurements of mRNA
levels as an index of promoter activity by comparing the
stability of chimeric U, 38-B-galactosidase mRNA with that
of the wt transcript by using actinomycin chase experiments.
The ratios of wt to chimeric mRNA do not change following
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FIG. 3. Quantitation of the level of chimeric U, 38-B-galactosi-
dase RNA expression in recombinant virus. Total RNA was isolated
from rabbit skin fibroblasts and hybridized to the Hhal U 38-8-
galactosidase probe described in Materials and Methods. This probe
protects 99 bases of wt U; 38 mRNA and 127 bases of chimeric
U, 38-B-galactosidase mRNA. After hybridization and RNase diges-
tion, the RNase-resistant material was fractionated on an 8%
denaturing acrylamide gel with EcoRI-Hinfl- (M1) and Haelll
(M2)-digested pBR322 DNA fragments as size markers. (A) Ten
micrograms (tracks i, ii, v, and vi) or 20 pg (tracks iii and iv) of RNA
isolated 6 h p.i. was used for each virus. Shown are RNA probe
fragments protected by RNA isolated from cells infected with two
gC recombinant viruses (—48/+99, tracks i and iii; —280/+99, tracks
ii and iv) and two R; recombinant viruses [—48/+99, track vi;
—48/+99(R) in which the whole promoter-reporter gene construct is
reversed, track v]. A lane containing 600,000 cpm (Cerenkov) of
undigested probe (P) was included to check the labeling efficiency of
the probe. The size of the undigested probe is 197 bp owing to the
presence of the polylinker sequence. (B) RNA was isolated from
cells infected with the —48/+99 R, recombinant virus at 6 h p.i. and
again after a 1-h treatment with 10 pg of actinomycin D per ml
starting 6 h p.i. The markers M1 and M2 were the same as described
above.

60 to 120 min of chase after 6 h of infection with recombinant
virus; an example of a 60-min chase is shown in Fig. 3B.
Therefore, the incorporation of bacterial B-galactosidase
sequences in the reporter mRNA does not lead to any
significant increase or decrease in the stability of chimeric as
compared with wt U; 38 mRNA which would interfere with
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FIG. 4. Time course of chimeric U, 38-B-galactosidase mRNA
expression. Total RNA was isolated at various times after infection,
hybridized to an RNase protection probe, and subjected to RNase
treatment, and the protected species were fractionated on an 8%
denaturing acrylamide gel with Haelll-digested PBR322 DNA frag-
ments as size standards (lanes M). (A) Total RNAs isolated from
cells infected with either the —48/+99 gC or the R_virus at 2, 6, and
12 h p.i. were hybridized to the Hhal U, 38-B-galactosidase probe
described in Materials and Methods and in the legend to Fig. 3. (B)
Total RNAs isolated from cells infected with wt virus or with the
—48/+99 gC or R_viruses at 4 and 6 h p.i. were hybridized with the
B dUTPase (UJ 50)-specific RNase protection probe described in
Materials and Methods, which protects 95 bases of wt dUTPase
mRNA.

the use of the ratio of chimeric to wt as a measure of the
actual amounts of these mRNAs expressed in the infected
cell.

Genomic location has no effect upon the kinetics of U, 38
promoter activity. We next examined the influence of ge-
nomic position on the kinetics of U, 38 promoter activity.
The expression of wt U 38 mRNA conforms to strict late ()
kinetics; thus expression of this mRNA absolutely requires
viral DNA replication (2, 31). Despite the variability in the
levels of chimeric mRNA expressed from this promoter in
the different recombinants, we found that its expression
kinetics were essentially the same when it was recombined
into either the gC or R location in the genome. Results of a
typical experiment are shown in Fig. 4. RNA isolated at
various times after infection with wt or recombinant viruses
was analyzed for the presence of Uy 38 and chimeric U 38—
B-galactosidase mRNA. No U, 38 or chimeric mRNA from
recombinants in gC or in the Ry region could be detected at
2 h p.i. In contrast, these mRNAs were readily detectable by
6 to 12 h p.i. when DNA replication is occurring at high
rates. As a control, RNase protection assays with a probe
specific for the B class dUTPase (U 50) mRNA yielded
relatively high levels at 2 to 4 h p.i., with significantly less
RNA recoverable from cells by 6 to 8 h p.i. Sample data for
4 and 8 h p.i. RNA are shown in Fig. 4B.

A strict requirement for DNA replication was also shown
by using DNA synthesis inhibitors. In the presence of either
50 pg of ara-T per ml or 300 pg of PAA per ml, no wt or
chimeric mRNA was expressed (Fig. 5A). By contrast,
similar samples of RNA hybridized with the B dUTPase
mRNA probe yielded levels as high as or higher than those in
the untreated controls (Fig. 5B).

Basal U, 38 promoter activity requires sequences extending
no farther than 29 bases 5’ of the transcript cap site. We next
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FIG. 5. Effect of DNA replication on the expression of chimeric
U, 38-B-galactosidase mRNA. Total RNA was isolated 6 h p.i. from
rabbit skin fibroblasts infected with recombinant virus in the pres-
ence or absence (control [lanes C]) of either 50 pg of ara-T per ml or
300 ng of PAA per ml. The RNA was hybridized to an RNase
protection probe, treated with RNase, and fractionated on an 8%
denaturing acrylamide gel with Haelll-digested pBR322 DNA frag-
ments as size standards (lanes M). (A) RNA was hybridized to the
Hhal U, 38-B-galactosidase probe described in Materials and Meth-
ods and in the legend to Fig. 3. The panel on the left shows an
experiment with the —48/+99 and the —280/+99 gC recombinant
viruses. The panel on the right shows an experiment with the
—48/+99 Ry recombinant virus. (B) The same RNA samples from
the gC recombinant virus-infected cells used in panel A were
hybridized with the dUTPase probe described in Materials and
Methods and the legend to Fig. 4.

investigated the minimal sequence elements required for
measurable U, 38 promoter activity with recombinants in
both gC and the R, regions. Reporter constructs with
promoters extending to —29 bases expressed the same
levels of chimeric Uy 38-B-galactosidase mRNA as did
those with —48 bases of promoter in both locations (Fig.
6A). A promoter construct extending to only -23
bases, however, expressed no measurable level of chimeric
mRNA. This is shown for a gC recombinant in Fig. 6B.
These results are somewhat at variance with previously
reported results of transient-expression assays in which the
—23 promoter still had about 30% of the activity of the more
extensive ones (6). Extremely long exposures of similar
RNase protection gels and examination of hybrids formed by
using more than twice the amount of infected-cell RNA
revealed no RNase protection product corresponding to the
chimeric U 38-B-galactosidase mRNA (data not shown). On
the basis of control experiments with mixtures of chimeric
and wt mRNAs, this places levels of expression from the
—23 promoter constructs as being lower than 5% of wt
levels.
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FIG. 6. U, 38 promoter activity requires sequences extending no
further than 29 bases 5’ of the transcript cap site. Total RNA was
isolated 8 h p.i. from rabbit skin fibroblasts and hybridized to the
Hhal U, 38-B-galactosidase probe described in Materials and Meth-
ods and the legend to Fig. 3. After treatment with RNase, the
protected fragments were fractionated on an 8% denaturing acryl-
amide gel with Haelll-digested pBR322 DNA fragments as size
standards (M). (A) The left panel shows results of RNase protection
with 10 pg of RNA from cells infected with wt, —48/+99, and
—29/+99 gC recombinant viruses. This panel also includes a lane in
which 600,000 cpm (Cerenkov) of undigested probe was loaded (lane
P). The full-length probe was 197 bp because it included pGEM
polylinker sequences. The panel on the right shows the results of
using 10 pg of total RNA from cells infected with wt, —48/+99, and
—29/4+99 R, recombinant viruses. (B) RNase protection with 10 pg
of total RNA isolated from two gC recombinant viruses, —29/+99
and —23/+99.

DISCUSSION

One of the reasons for initiating the experiments described
in this communication was to develop an internally con-
trolled system in which the expression of HSV promoters
bearing defined modifications could be measured and com-
pared with that of the unmodified parental promoter from the
same viral genome. It is important to emphasize that differ-
ences in expression do not reflect some sort of nonspecific
interference due to transcription through the inserted re-
porter gene-promoter construct since all RNase protection
and Northern blot analyses confirm the lack of detectable
levels of such readthrough RNA. Such a system is clearly
feasible on the basis of the data presented here, which also
demonstrate that the activity of a model promoter control-
ling the same transcript can vary by more than a factor of 5
depending on where it is expressed on the viral genome.
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Such a result has practical significance in the design of HSV
vectors for moving and expressing specific genes into spe-
cific infected tissues or cells. It is also important in interpret-
ing the results of deletional and substitutional mutagenesis
studies on HSV promoter function and in the identification
of promoter sequences controlling the kinetics of expression
of particular HSV genes.

Our picture of the essential sequence elements in y pro-
moters is generally based on the modifications of the gC
promoter in situ by Homa et al. (11-13). These researchers
have demonstrated that a very limited amount of sequence 5’
of the cap site, as well as some elements 3', of it are all that
are required for full activity. Further, these workers have
suggested that the sequence of the TATA box element itself
(—28 to —23 of the cap) is a determining factor in its activity
(11-13). Similar in situ modification analyses on other model
vy promoters such as that controlling the expression of
mRNAs encoding the gH (U, 22), y42 (U;49), and U,11
proteins generally confirm the limited extent of the 5’ se-
quence required to control strict late transcription, although
it is clear that no one specific TATA box sequence is
conserved (16, 17, 22, 24). The present data on the U, 38
promoter, which removes the influence of any possible
sequence elements extending farther upstream than the
regions modified in such in situ promoter modification stud-
ies, fully support this general picture of HSV y promoters
and demonstrate that very limited amounts of sequence
elements upstream of the transcription cap, along with other
potential elements 3’ of this site, provide all the information
necessary for the expression of transcripts following viral
DNA replication (6).

The data on the extent of the U; 38 promoter upstream of
the cap site presented here are in general agreement with our
transient-expression data presented earlier (6), with the
notable exception that in the viral genome the region extend-
ing between —29 and —23 corresponding to the sequence
TTTAAA is absolutely essential for promoter function; thus,
the canonical sequence TATA occurring at —17 of the cap
site cannot alone mediate any appreciable transcriptional
activity. This result is in contrast with the situation found in
transient-expression assays, in which constructs extending
to —27 and —23 of the cap site (the latter eliminating the
whole upstream T+A-rich element) had activities on the
order of 30% of full promoter expression. Such data provide
a good demonstration of the limitations of the use of tran-
sient-expression assays as a sole measure of promoter activ-
ity in mutational modification analyses.

Although all available evidence demonstrates that the 5’
extent of HSV +y promoters is quite limited and is transport-
able as cassettes to different locations of the viral genome, it
is clear that the environment of this core promoter can have
a significant role in the levels of its activity. In the Uy 38
promoter, the addition of a relatively small amount of extra
sequence corresponding to the U; 37 promoter and upstream
sequences in their normal position relative to U; 38 make the
v promoter significantly more active in the gC region used
for generating recombinants.

Two observations suggest that the low level of activity of
the minimally active U, 38 promoter in gC is not due to the
general inability of a promoter to be efficiently expressed in
this region. First, inclusion of extra sequence significantly
increases activity. Second, experiments currently in prog-
ress in which 219 bases of the dUTPase promoter is being
used to drive the expression of similar chimeric B-galactosi-
dase-containing constructs demonstrate essentially equiva-
lent levels of mRNA expression compared with the wt



2980 GOODART ET AL.

mRNA. It is not clear, however, whether the low activity of
the minimal U, 38 promoter is due to its kinetic class or
whether minimal promoter elements of other classes of
transcripts would also be expressed at lower than wt levels
in this region.

Although the core U, 38 promoter is sufficient to define the
kinetic class of this gene, its significantly lower activity in
the gC location than in the R, implies that this minimal core
promoter does not contain all the information requirements
for normal levels of mRNA expression. Although DNA
sequence elements inserted upstream of the core U;38
promoter in the gC region are important in influencing its
level of expression, they do not appear to be highly specific.
This conclusion is based on the fact that the same core
promoter placed in the R; region in an orientation in which
the promoter replaces 220 bases of the LAT promoter is
active at levels approaching those seen for the promoter in
its normal location. Further, the same level of activity is
seen when the whole cassette is inverted in the R, region so
that the sequences immediately 5’ of the U, 38 core promoter
are completely different. Thus, three different sets of up-
stream sequences, only one of which encodes another pro-
moter-regulatory region, permit essentially full activity of
the core promoter.

Other data support our conclusion that the local environ-
ment of the promoter, as well as the specific sequences
within it, is important in influencing levels of expression of
HSYV transcripts. Roemer et al. (20) found that the location
of an inserted SV40 promoter-enhancer-controlled reporter
gene in the viral genome affected the levels of expression.
Further, removal of recognizable a4-binding sites within the
promoter of the B TK (U 23) transcript has a profound
activity upon its expression in transient-expression assays,
but substitution of such modified promoters for the wt one in
the viral genome does not lead to loss of TK expression (15).
A similar observation has been reported for gD (23, 25). This
result has been interpreted as indicating that the viral ge-
nome has a high degree of redundancy in sequence elements
which bind either cellular or viral transcription factors so
that loss of one or a few in any given region can be readily
compensated for. Our data would suggest that the DNA
sequence upstream of the core U, 38 promoter which in-
cludes the U; 37 promoter acting in the opposite direction
and the DNA sequence in the R, regions in which this
promoter was recombined contain enough such sites that
U, 38 promoter activity is high. However, our data also
show that such sites are not uniformly distributed through-
out the viral genome since the region within the gC locus
used for recombination is a significantly poorer environment
for transcription than is the R; region.
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