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The cistrons encoding the herpes simplex virus type 1 (HSV-1) U; 37 and U; 38 genes are adjacent to one
another but are transcribed from opposite strands of the viral DNA. The U, 37 gene encodes a 1,123-amino-acid
protein of unknown function, while the 465-amino-acid U, 38 protein is involved in capsid assembly. Previous
work from our laboratory indicated that the transcripts encoding these proteins are expressed with significantly
different kinetics in productive infection. In the present communication we confirm the kinetic classes and
precisely map the cap sites of the U, 37 and U, 38 mRNAs. A bifunctional reporter gene vector was used to
demonstrate that divergent promoters control the expression of these reporter genes in trans-activation assays.
The U, 38 promeoter is functionally separable from that controlling U; 37 in a recombinant virus. We used
deletion analysis to demonstrate that as few as 29 bases 5’ of the mRNA cap site are adequate for full activity
of the U, 38 promoter in trans-activation assays. Finally, we analyzed the protein-binding properties of the
U, 38 promoter; several sites that form complexes containing ICP4, with clear homology to those identified in
the HSV-1 y42 promoter, are present. Thus, in general, the properties of this promoter are quite similar to

those of other y promoters.

Herpes simplex virus type 1 (HSV-1) encodes a large
number of polypeptides whose expression is coordinately
regulated in a sequential cascade (25). Although sequence
data suggest 70 to 80 clear open reading frames, differential
mRNA processing and partially overlapping transcripts may
increase this number to as many as 100. Detailed analysis of
the kinetics of expression of mRNA species from each of the
major temporal classes indicates that gene regulation is
primarily at the level of transcription (48, 57, 59, 62).
Immediate-early (a) transcripts are expressed first, and the
proteins encoded by these mRNA species are required for
the subsequent expression of all other kinetic classes of viral
genes expressed during the lytic phase of infection.

Delayed-early (B) genes, many of which encode proteins
involved in replication of the viral genome, are maximally
expressed prior to or at the peak of DNA replication and are
then shut off (62). After expression of the early genes, two
subclasses of late genes, By (yl) and vy (y2), reach maximal
levels of transcription. These late genes are distinguished
from each other by their requirement for DNA replication.
By gene expression is moderately reduced, whereas -y gene
expression is barely detected in the absence of DNA repli-
cation (21).

This complex mechanism of temporal HSV-1 gene expres-
sion raises two important questions: (i) what is the nature of
the cis-acting DNA sequences that are responsible for cel-
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lular RNA polymerase II differentiating between different
classes of viral promoters, and (ii) what trans-acting factors
are involved in this differential expression? This problem has
been investigated with HSV-1 promoters that control dif-
ferent kinetic classes of transcripts as experimental models.
Although details differ, it is clear that transcription from B8
genes requires a ‘‘nominal’’ polymerase II promoter se-
quence with a TATA box homology and approximately 100
bp of DNA sequences 5’ of the mRNA cap. These DNA
sequences contain binding sites for several cellular transcrip-
tion factors (38, 48, 55, 57). No consensus virus sequence
homologies have been reported in the upstream regions of g
genes.

Transcription of the late genes also requires functional o
gene products. Studies using temperature-sensitive mutants
have shown that ICP4 and ICP27 are essential for full
expression of the late promoters (8-10, 42). At least some By
genes appear to be controlled by promoters that combine the
basic properties of RNA polymerase II promoters, similar to
early genes, with sequence elements that may bind specific
viral factors and that map near the mRNA cap site and into
regions of DNA encoding the nontranslated leader se-
quences (5, 6). In contrast, y genes require very little
sequence information upstream of the cap site to be effi-
ciently expressed. Studies of the y promoters for Ugll and
U_44 (glycoprotein C) indicate that they require upstream
sequences of only 31 and 34 bp, respectively, for regulated
expression (22, 24, 26, 27, 52). A TATA box homology is the
only consensus sequence element required S’ of the cap site.
However, as with By mRNA promoters, sequences 3’ of the
cap site have been implicated as control elements (23, 34,
42).

To further understand the requirements for B and <y
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FIG. 1. Northern blot analysis of U, 37 and U, 38 transcripts. Relevant restriction sites and the locations of these transcripts in relation
to that encoding U, 39 (ribonucleotide reductase, ICP6) are shown. Northern blot analysis was carried out as described in the text. Lanes E,
poly(A)-containing RNA isolated from cells infected in the presence of a DNA synthesis inhibitor; lanes L, RNA isolated 12 to 14 h after
infection without any inhibitor. The kinetic classes and sizes of mRNAs in kilobases are shown above their locations, while the sizes of their

in vitro translation products are indicated below in kilobases.

promoter expression, we have studied a divergent promoter
pair encoding mRNAs of different kinetic classes located
near 0.55 map units (m.u.) (2, 62). The head-to-head orien-
tation of these promoters suggested that they would be
useful for analyzing the biologic effects of defined modifica-
tions to their DNA sequences. Moreover, their close prox-
imity allowed us to define reasonable limits for the region of
study. The transcripts expressed from the promoters in
question are 3.6 (early) and 1.9 (late) kb, respectively. The
former encodes the U, 37 gene product, which is of unknown
function, and the latter encodes the U, 38 gene product, a
54-kDa protein required for capsid assembly (46).

In the current study we have further demonstrated the
kinetic classes to which these genes belong and precisely
mapped the cap sites of the U; 37 and U; 38 mRNAs; used a
bifunctional reporter gene vector (pCAL [15]) to show that
each promoter controls the expression of reporter genes in
trans-activation studies; demonstrated that the U; 38 pro-
moter can function independently of the U 37 promoter in a
recombinant virus; and used deletion analysis to show that
only 29 bases 5’ of the mRNA cap site are required for full
activity of this promoter in trans-activation assays. Finally,
we have examined the protein-binding properties of the
U, 38 promoter-leader; several sites that nucleate DNA-
protein complex formation are present, and they have strong
homology to those identified for another y HSV-1 promoter
(42). These data identify functional domains of the U, 38
promoter and demonstrate the similarity of this promoter to
other y promoters.

(A portion of this work was submitted by W.M.F. in
partial fulfillment of Ph.D. requirements at The University of
California-Irvine.)

MATERIALS AND METHODS

Cells and viruses. For Northern (RNA) blot and transacti-
vation analysis, the KOS(M) strain of HSV-1 was used to
infect rabbit skin fibroblasts maintained at 37°C under 5%
carbon dioxide in Eagle minimum essential medium contain-
ing 5% cadet calf serum, 100 U of penicillin per ml, and 100
g of streptomycin per ml (4, 12, 15, 61). HeLa cells infected
with the F strain of HSV-1 were used for preparation of
nuclear extracts. HeLa cells were propagated as previously
described (17, 44).

Enzymes. Restriction enzymes were purchased from
Boehringer Mannheim Biochemical Corp., New England
BioLabs, or Bethesda Research Laboratories, Inc. All diges-
tions were carried out in buffers recommended by the
supplier. S1 nuclease was obtained from Boehringer Mann-
heim, and bacterial alkaline phosphatase and T4 polynucle-
otide kinase (Bethesda Research) were used for 5’ end
labeling as described by Maxam and Gilbert (35).

Recombinant DNA. Derivatives of the pBR322 and pUC
plasmids were grown in Escherichia coli JM 101. Details
concerning the growth and purification of the plasmids are
essentially as previously described (2, 15, 33). All recombi-
nant DNA clones used in experiments described here were
derived from Sall fragment L (0.543 to 0.578 m.u.). Linkers
were purchased from Collaborative Research, Inc. For syn-
thesis of 3?P-labeled DNA probes, the HSV-specific DNA
fragment was isolated by digestion of the total plasmid with
appropriate restriction enzymes and then subjected to elec-
trophoresis and electroelution. Synthesis of uniformly la-
beled probes was accomplished by nick translation with
[@-*?P]CTP (3 Ci/umol; Amersham).
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RNA isolation and fractionation. RNA was isolated from
HSV-1 KOS(M)-infected rabbit skin fibroblasts by using
the guanidinium-isothiocyanate hot-phenol method (62).
Poly(A)" RNA was selected by oligo(dT)-cellulose (Collab-
orative Biochemicals) chromatography as described else-
where (12, 58). RNA was size fractionated by electrophore-
sis through 1.4% agarose gels containing 10 mM methyl
mercury hydroxide (58) and transferred by electrophoresis
onto nylon membranes (GeneScreen; New England Nuclear)
(Fig. 1). Early RNA was obtained by incubating cells in the
presence of 50 pg of thymidine 1-B-p-arabinose furanoside
(ara-T; Sigma Bio-Chemical Co., St. Louis, Mo.) per ml for
8 h following infection. Late RNA was isolated at 12 to 14 h
postinfection.

Hybridization conditions. RNA transfer blots were hybrid-
ized in a volume of 5 ml containing 4 X 107 cpm (Cerenkov)
of radiolabeled nick-translated 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 at 49°C for 40 h. Details and
procedures for rinsing were previously described (62).

Nuclease mapping of HSV-1 mRNA. S1 nuclease analysis
of RNA was carried out essentially as described previously
(3, 7, 13). Briefly, cloned HSV-1 DNA was cleaved at the
desired site with the appropriate enzyme and then 5’ end
labeled with [y-32P]JATP (3,000 Ci/mmol; ICN Biochemicals)
and T4 polynucleotide kinase to a specific activity of 100,000
cpm of DNA per pg (ca. 10,000 cpm/pmol). Labeled DNA
was then denatured and strand separated on 5% acrylamide
gels as described by Maxam and Gilbert (35). The strand-
separated DNA was hybridized with 5 wg of HSV poly(A)*
RNA in0.1 M Na*-0.1 M HEPES (pH 8.0)-0.01 M EDTA at
65°C for 16 h in a 30-pl volume, and the hybrids were
subjected to S1 nuclease digestion (1,000 U per sample) for
60 min at 37°C. The S1-resistant material was fractionated on
6% acrylamide—8 M urea sequencing gels.

Nucleotide sequencing. All recombinant DNA was from the
KOS(M) strain of HSV-1; fragments were cloned into M13
vectors as described elsewhere (33, 39). Sequence analysis
was carried out using the dideoxy chain termination method
of Sanger et al. with single-stranded DNA cloned in M13
(50).

Construction of transient expression vectors. The construc-
tion of pCAL4 and pCALS, which are pBR322-based plas-
mids containing both B-galactosidase and chloramphenicol
acetyltransferase (CAT) as expressible markers, has been
described before (15). Note that the only difference between
pCAL4 and pCALS is the orientation of the polylinker
inserted between the two marker genes.

The transient expression vectors pCAL4 Div and pCALS
Div contain the promoters for the U, 37 and U, 38 promoters
(Fig. 2A) and were constructed as follows (Fig. 3A also). The
U, 37 promoter was cloned into pCAL4 and pCALS as a
HindIII-to-Smal fragment by ligating the DNA between the
Accl at bp 49 and the Smal site at bp 219 into pUC9 and then
using the HindIII site from the pUC9 polylinker. The U, 38
promoter contained within the Smal fragment, spanning
bases 219 to 421, was then ligated into each pCAL vector
containing the U; 37 promoter. The orientation of the U, 38
promoter was determined by using diagnostic restriction
enzyme digestions and confirmed by DNA sequencing using
an oligonucleotide primer that binds to the CAT gene (5'-
CCATTTTAGCTTCCTTAGC-3’) or the pB-galactosidase
gene (5'-CGCTCATGTGAAGTGTC-3).

The pCAL4 Div-17 construct was obtained by digesting
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FIG. 2. Location of cap sites of U; 37 and U; 38 mRNAs. (A)
Sequence of HSV-1 KOS(M) in the vicinity of the mRNA cap sites.
(B) Schematic representation of the sequence data from panel A
showing the locations of the caps relative to the S1 nuclease probes.
The site of 5’ labeling of each probe is indicated with an asterisk.
Also shown are the sizes of S1 nuclease-protected DNA fragments
run on a sequencing gel. See the text (especially Materials and
Methods) for details.

pCAL4 Div with Bgll, which released a 34-bp fragment. This
fragment was then replaced with a synthetic oligonucleotide
linker (5'-CTCTAGAGGGGGCGGCCCAAA-3') that par-
tially restored the deleted sequences and inserted a unique
Xbal site, resulting in a 17-bp deletion and a 5-bp linker
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FIG. 3. Transient expression of CAT and B-galactosidase genes in a dual transient expression vector (p)CAL). The construction of pCAL
has been described previously (15). (A) Schematic description of the construction of pCAL4 Div and pCALS Div containing the divergent
U 37 and U 38 promoters. Details are given in the text. SV40, simian virus 40. (B) Primer extension analysis of B-galactosidase and CAT
mRNAs expressed following pCAL4 Div frans activation. RNA was isolated from transfected, superinfected cells and subjected to
simultaneous primer extension analysis with one primer specific for the CAT gene and one specific for the B-galactosidase gene as described
in the text. nt, Nucleotide.
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FIG. 4. Construction of pCAL Div-17 containing a 17-bp dele-
tion between the promoters for the U 37 and U, 38 transcripts.
Details are given in the text and especially in Materials and
Methods.

‘“‘mutation’’ because of the insertion of a Xbal site (Fig. 4A).
Deletion mutants of the U 38 promoter were constructed by
sequential digestion of pCAL4 Div-17 linearized at the Xbal
site by using exonuclease III (Boehringer Mannheim) or Bal
31 nuclease (New England BioLabs) and mung bean nucle-
ase (New England BioLabs) according to published proto-
cols (20) and as described by the suppliers. Xbal linkers
were ligated to the deletion endpoints and transformed into
E. coli JM 101. The extent of the deletions was determined
by restriction enzyme digestion of plasmid DNA. Mutant
clones that contained deletions of the desired length (see Fig.
6 for a list) were then sequenced to determine the precise
endpoints as discussed above. The 79-bp U, 38 leader dele-
tion mutant was made by digesting the promoter with Accl
and Xmal and inserting a synthetic oligonucleotide linker
(5'-ATACGGACGCGCCGGGCCAGTCGGCCAGATCTC-
3’), which recreates the U 38 TATA box and cap site plus 10
bp of the untranslated leader sequence and inserts a unique
Bgll site next to the Smal site at residue 421.

DNA transfections. Rabbit skin cells were seeded at 6 x
10° cells per 60-mm-diameter plate and then grown for 18 h
to 80% confluence (1 X 10° to 1.4 x 10° cells). At 4 h prior
to transfection, culture medium was replaced with new
culture medium. Cultures were then transfected with 5 pg of
form I plasmid DNA. Transfection was by CaPO, precipita-
tion as described elsewhere (56). At 6 h following transfec-
tion, the cells were subjected to shock with 15% glycerol and
washed with saline and 3 mM EGTA. Fresh medium was
then added, and after 24 h cells were infected with HSV-1 at
a multiplicity of 1 to 2 PFU per cell and overlaid with
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medium containing 50 pg of ara-T per ml. At 18 h after
infection, cells were harvested and extracts were prepared
according to the method of Gorman et al. (19). Protein
concentration in the extracts was determined by using a
commercial (Bio-Rad) protein assay kit with bovine serum
albumin as a standard. CAT activity, measured as percent-
age of conversion of unacetylated to acetylated substrate per
milligram of protein, was determined as described elsewhere
(4-6, 19). B-Galactosidase activity was also assayed as
described previously (15). Specific activity of B-galactosi-
dase is expressed as units of enzyme activity per milligram of
protein, where 1 U of B-galactosidase cleaves 1 nmol of
ONPG per min at 30°C and 1 nmol of the product (o-
nitrophenol) per ml has an A,,, of 0.0045. CAT activity from
modified U, 38 promoters was normalized for transfection
efficiency by comparing total B-galactosidase activity ex-
pressed from the unmodified U, 37 promoters in each con-
struct; normalization never changed data more than *+20%.

Generation of recombinant virus. A recombination vector
extending from the Hpal site just outside the IR; (base
117,006; 0.770 m.u. [36]) to the Sall site at base 120,902
(0.795 m.u.) and containing a polylinker with Xbal and
BamHI sites replacing the 1,807 bases between the PsiI site
at base 118,659 and the Hpal site at base 119,466 was
constructed in two steps by using appropriate DNA clones
from the 17syn* strain of HSV-1. This construct (5',3'-
ALAT) eliminates the promoter and 5’ regions of the gene
encoding the latency-associated transcript, which is nones-
sential for lytic virus growth (51). The Xbal-BamHI frag-
ment of pCALS Div-17, containing 45 bases of U; 38 pro-
moter 5’ of the cap site and 103 bases within the leader
region controlling the B-galactosidase gene (Fig. 3A and 4A),
was ligated into this vector to produce the recombinant
plasmid shown in Fig. SA. The plasmid was used to make
recombinant viruses by cotransfection with infectious
17syn™ DNA, and single virus plaques were screened in
96-well plates by hybridizing aliquots of infected-cell DNA
with a 3?P-labeled B-galactosidase probe in a dot blot assay.
Wells containing B-galactosidase DNA were then plaque
purified three more times, and seven positive isolates were
analyzed by Southern blot analysis as shown in Fig. 5C. Two
of these recombinants have the complete promoter—B-galac-
tosidase construct inserted into both the IR; and TR,
regions of the HSV-1 genome, and one (FLAS) was used in
this report.

Preparation of nuclear extracts for DNA-binding studies.
Approximately 5 X 10° actively growing HeLa cells were
seeded in 150-mm-diameter culture dishes in 20 ml of Dul-
becco’s modified Eagle’s medium containing 8% calf serum
and 2% fetal calf serum (HyClone). The medium was re-
placed every 24 h, and when the monolayer was confluent,
the cells were either mock infected or infected at a multi-
plicity of infection of S PFU per cell. Infections were allowed
to proceed for 2, 4.5, or 10 h at 37°C before the cells were
harvested for extract preparation. Nuclear extracts were
prepared by a modification of the procedure of Dignam et al.
[11, 44], frozen as aliquots in liquid nitrogen, and stored at
—80°C. The protein concentration varied between 4 and 6
mg/ml and was determined by using a Bio-Rad protein assay
kit.

Origin and preparation of probe and competitor DNAs for
DNA-binding studies. All probes (Fig. 6B) used in the mobil-
ity shift assays were digestion products of the Xbal-EcoRI
restriction fragment obtained from plasmid pUC18 contain-
ing bases 276 through 426 of the sequence illustrated in Fig.
2A (—48 to +103 relative to the cap site of the U, 38 gene;
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FIG. 5. Construction of the FLAS recombinant. (A) Schematic representation of the recombination vector derived from pGEM containing
the B-galactosidase (B-gal) gene terminated by the simian virus 40 (SV40) poly(A) region (Fig. 3A) controlled by the +45 to —103 promoter
region of the U, 38 gene inserted into DNA containing a deletion of the promoter and 1.8 kb of DNA containing the 5’ portion of the
latency-associated transcript. (B) Expected structure of the recombinant with the B-galactosidase gene recombined into both the TR, and IR
regions of the HSV-1 genome. Insertion of the B-galactosidase gene into both the TR, and IR, generates two new Sall fragments containing
novel Xbal sites. These Sall fragments are each about 2,100 bp larger than the parental ones because of the deletion of 1,800 bp of HSV-1
DNA and the insertion of the 3,900-bp of B-galactosidase—promoter construct. (C) Diagnostic Southern blots demonstrating the insertion of
the B-galactosidase fragment into both sites. Digestion of FLAS DNA with Sall generated fragments migrating at ca. 11 and 8.5 kb that
hybridized with either a B-galactosidase-specific or an HSV-1-specific DNA probe (lanes I and III). The latter probe was the 600-bp Hpa-Sal
fragment from cloned wild-type (WT) viral DNA (A). In contrast, wild-type DNA yielded 8.7- and 6.4-kb DN A fragments detectable only with
HSV-1-specific probe (lanes II and IV). Digestion with Xbal in addition to Sall generated a 3.9-kb fragment hybridizing to both probes with
recombinant virus DNA and 6.3- and 5.2-kb fragments seen only with viral probe with wild-type DNA (lanes V, VI, VII, and VIII). As
expected from the structure shown in panel A, digestion of FLAS5 DNA with Kpnl and Xbal generated a 360-bp DN A fragment migrating with
the same size as that seen from the recombination plasmid DNA (P) (lanes IX and XI) when hybridized with B-galactosidase-specific probe.

originally —48 to +99, with 4 bp acquired from the polylinker
after digestion with EcoRI). Each probe was first released
from the Xbal-EcoRI fragment by digestion with the appro-
priate restriction enzyme(s), labeled by using the Klenow
fragment of E. coli DNA polymerase I and the appropriate
a->?P-labeled deoxynucleoside triphosphates dNTPs (3,000
Ci/mmol; 1 Ci = 37 GBq), and then chased with an excess of
all four cold deoxynucleoside triphosphates (to ensure that
the reaction generated blunt-ended molecules). Following
polyacrylamide gel electrophoresis and a brief exposure to
X-ray film, the desired fragment was located by direct

comparison to a labeled MspI-cut pBR322 marker ladder and
eluted from the gel matrix. Unlabeled competitor DNAs
were prepared after digestion of the Xbal-EcoRI fragment
(homologous competitors) or other plasmids (heterologous
competitors) with the appropriate restriction enzymes and
filling in of their termini by using the Klenow fragment of E.
coli DNA polymerase 1 and an excess of all four cold
deoxynucleoside triphosphates and isolated after a prepara-
tive polyacrylamide gel was stained with ethidium bromide.
Recovery and purity of the isolated fragments were assessed
by gel electrophoresis in agarose adjacent to known amounts
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FIG. 6. Deletion analysis of the U, 38 promoter-leader region. (A) Various deletions of the U; 38 promoter were constructed as described
in the text and then assayed for the amount of CAT activity expressible via a frans-activation assay. CAT activity was normalized to U, 37
promoter-controlled B-galactosidase activity as described in the text. (B) Locations of various portions of the promoter used in

protein-binding studies.

of Mspl-cut pBR322 DNA. The heterologous competitors
used in this study were as follows: (i) B-TK (HSV-1 MP;
bases —16 to +56 and +53 to +140 [TK C] [Mlul-BglII and
BglII-MIlul] relative to the cap site of the thymidine kinase
[TK] gene [45]); (ii) a27 promoter-leader (HSV-1 F; bases
—132 to +54 [Rsal-HinfI] relative to the cap site of the a27
gene), which contains a homolog of the high-affinity ICP4-
binding site (ATCGTC) and forms a complex containing
ICP4 (30); (iii) a4 regulatory region (HSV-1 F; bases —196 to
—138 [Hhal-Nael] relative to the cap site of the a4 gene),

which forms a complex that contains ICP4 (30, 41); (iv) a4
promoter-leader (HSV-1 strain F; bases —17 to +32 [Aval-
BamHI] relative to the cap site of the a4 gene), which
contains the sequence ATCGTC that is present in high-
affinity ICP4-binding sites (14, 31, 43, 45).

Mobility shift electrophoresis assays, For the mobility shift
electrophoresis assays, 3.5 ug of nuclear extracts was mixed
with 1 pg of poly(dI-dC) - poly(dI-dC) (Pharmacia, Inc,) for
2 min prior to the addition of 0.25 ng of each probe. Binding
reactions (with 20 ul of reaction mixture) were carried out in
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a buffer containing 10 mM Tris hydrochloride (pH 7.5), 2
mM dithiothreitol, 1 mM EDTA, 10% (vol/vol) glycerol, and
45 mM NaCl. After 30 min at room temperature (25°C), the
reaction mixtures were assayed for complex formation by
electrophoresis through a native, low-ionic-strength 4%
polyacrylamide gel (acrylamide/bisacrylamide weight ratio
of 29:1) containing 6.7 mM Tris hydrochloride (pH 7.5), 3.3
mM sodium acetate, and 1 mM sodium EDTA (54). The gel
was prerun for 1.5 h at 5 V/cm, and electrophoresis was
conducted at the same voltage gradient for 2 to 5 h (depend-
ing on the size of the probe) at room temperature with
constant buffer recirculation. The gel was then transferred to
Whatman 3MM paper, dried, and autoradiographed at
—70°C with an intensifying screen for 14 to 16 h. For
competition experiments, the conditions were exactly as
described above, except that competitor DNAs were added
to the reaction mixture (in amounts detailed in the appropri-
ate figure legends) at the same time as the DNA probe.

For the relative dissociation rate analysis, DNA probe-
protein complexes formed in extracts from mock-infected
and 10.5-h-infected cells were allowed to equilibrate for 30
min, and the off-rate time course was started by adding (with
gentle mixing) a 250-fold molar excess of Xbal-EcoRI unla-
beled competitor fragment. Samples were then loaded onto a
running polyacrylamide gel at various times after the chase.

Antibodies and supershift assays. Monoclonal antibodies (1
png/ng of nuclear extract) were added to the preformed
complexes, and incubations were continued for an additional
40 min prior to mobility shift analysis (30). H640, a mono-
clonal antibody specific for ICP4, was the generous gift of L.
Pereira, and HC-1, specific for glycoprotein C, was provided
by P. G. Spear.

Copper-phenanthroline footprint analysis. Binding reac-
tions with the —48/4+103 probe (labeled in either the coding
strand at the EcoRI site or the noncoding strand at the Xbal
site; see Fig. 10) were carried out with five times as much
material as described above in an 100-pl final volume for 30
min at room temperature (25°C), and mixtures were fraction-
ated by polyacrylamide gel electrophoresis (6 h) as described
above. The free and bound (see legend to Fig. 7 for exact
descriptions of the various bound forms used) DNAs were
then digested in situ by the nuclease activity of the 2:1
1,10-phenanthroline—cuprous complex by using the proce-
dure of Kuwabara and Sigman (32), as detailed previously
(44). Chemical cleavage was allowed to proceed for 25 min at
room temperature, after which the gel was carefully rinsed
with distilled water, and free and bound DNAs were elec-
trophoretically transferred to an NA45 membrane (Schle-
icher & Schuell, Inc.) for 8 h in TBE buffer (100 mM Tris
base, 100 mM boric acid, 2 mM EDTA) at a constant current
(0.5 A). DNAs from the free and bound fractions were
visualized by autoradiography at 4°C, and radioactive bands
were eluted from the corresponding area of the membrane in
450 pl of 20 mM Tris hydrochloride (pH 8.0)-0.1 mM
EDTA-1 M NaCl at 68°C for 2 h. Glycogen (10 png per
sample; Boehringer Mannheim) was then added, and the
DNA was extracted with phenol-chloroform-isoamyl alco-
hol, precipitated twice with ethanol, washed, dried, and
resuspended in 5 pl of denaturing buffer. Samples were then
heated at 95°C for S min and quickly chilled in ice water, and
equal Cerenkov counts per minute of the bound and free
fractions recovered from the gel together with the same
amount of a G+A Maxam-Gilbert sequencing ladder of the
labeled DNA were loaded immediately on a standard 8%
polyacrylamide-8.3 M urea sequencing gel in TBE buffer
and electrophoresed at constant power (75 to 80 W). After
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electrophoresis, the gel was fixed in a 10% acetic acid-10%
methanol solution for 20 min, transferred to two pieces of
Whatman 3MM paper, dried, and exposed to Kodak XAR-5
film at —70°C with an intensifying screen.

RESULTS

Identification of promoters controlling expression of tran-
scripts encoding U; 37 and U, 38. Analysis of the HSV-1 DNA
sequence reveals the presence of potential TATA box ho-
mologies just S’ of the open reading frames identified as
encoding the U; 37 and U 38 near 0.55 m.u. (36, 37). The 5’
ends of these mRNAs and their kinetics of expression were
examined by using Northern blot and S1 nuclease analysis
combined with sequence analysis of the KOS(M) strain of
HSV-1 used in the present studies. An example of Northern
blot analyses of early and late RN As is shown in Fig. 1, with
Sall fragment L used as a probe. Major species detected
were the early (B) 5.2-kb ribonucleotide reductase (U, 39 or
ICP6) mRNA, the 3.6- and 1.9-kb transcripts encoding U 37
and U 38, and the 7-kb transcriptional readthrough product
of the 1.9-kb mRNA. The steady-state level of the U, 37
mRNA is equivalent to that of the ribonucleotide reductase
(U 39) transcript in the presence of ara-T, and both are
much reduced at late times after infection, while the U, 38
mRNA is present at low levels early and is quite abundant
late. These data are consistent with our earlier measure-
ments of mRNA abundance and rates of transcription from
these genes (1, 62).

We determined the sequence of HSV-1 KOS(M) DNA
encompassing the 5’ ends of the U 37 and U; 38 mRNAs and
compared it to sequences in two previously sequenced
strains (17syn™ and A44) to ensure that no major differences
occurred (37, 46). The sequence between the Smal site at
0.547 m.u. and the Pvull site at 0.554 m.u. is shown in Fig.
2A; this region roughly corresponds to bases 84069 through
84552 in the sequence of the 17syn* strain. Although the
sequences of the three strains in this region are highly
homologous, strains A44 and KOS(M) were more similar to
each other than either was to 17syn™. These differences
result from the addition or deletion of bases and are summa-
rized in Table 1.

The sequence data were used to select appropriate DNA
probes to determine the precise locations of the mRNA start
sites. For the early 3.6-kb transcript, a 259-bp Accl fragment
spanning the region at 0.55 m.u. was used, while a 201-base
Smal fragment served to locate the 5’ end of the 1.9-kb late
transcript (Fig. 2B). DNA probes were end labeled and
strand separated, and both strands were hybridized to early
or late mRNA. The DNA-RNA hybrids were subjected to S1
nuclease digestion, and nuclease-resistant fragments were
observed by electrophoresis on denaturing polyacrylamide
gels against appropriate size markers and the DNA sequence
of the protected strand. For the U 37 mRNA, the major
protected species was 98 bases (UL37, lane ii). This located
the RNA cap site 25 bp 3’ of an excellent TATA box
homolog (TATAA). Analogous experiments (UL38, lane i)
located the 5’ end of the U; 38 mRNA 16 bp 3’ of a possible
TATA homology (TATA) and 28 bp 3’ of a more striking
homology (TTTAAA). An additional Sl-resistant fragment
was sometimes observed upstream of the 5’ end of the 3.6-kb
transcript; it is not clear whether this protected fragment
resulted from occasional incomplete S1 digestion or repre-
sents an alternate start site.

Functional identification of promoters controlling expres-
sion of Uy 37 and U, 38 mRNAs. The data in Fig. 2 place the
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TABLE 1. Comparison of the U, 37-U 38 promoter regions in
three strains of HSV-1

LATE HSV-1 PROMOTER 777

TABLE 2. trans-Activation analysis of pCAL4 and pCALS
containing the U, 37 and U, 38 Div promoters

Promoter region in HSV:

Enzyme activity?
Construct®

17syn*4 KOS(M) Addtst? CAT B-Galactosidase
84105-84106 36-38 — pCAL4
TG TGG —_ Uninfected 3.0 0.3
84108-84109 4143 — HSV-1 infected® 48.0 109
GG GCG —
84210 134 86 pCALS
C A A Uninfected 1.0 0.7
84348-84350 282-284 234-235 HSV-1 infected® 95.0 56.0
CGG CGG CG - -
84417-84419 351-352 302-304 “ In pCAL4 the U, 38 promoter dnvgs CAT expression anq the .UL2:7
AGG AG AGG promoter d}'ives B-galactosidase expression. In pCALS the orientation is
84432 365 317 rezersed (an. 3A). . ) )

Transient expression of CAT and B-galactosidase. pCAL4 Div and

T T G pCALS Div were transfected into ~10° rabbit skin cells. Enzyme activity is
84477-84494 410418 362-371 defined as units per milligram of protein isolated from the infected cell mass.
AC,,TC,T AC,T ACT CAT activity was measured as percentage of conversion of unacetylated to
84523 447 400 acetylated substrate per milligram of protein, and 1 U of B-galactosidase
G T T cleaves 1 nmol of g-nitrophenyl-B-D-galactopyranoside per min at 30°C (see

< Data are from reference 37. Sequence numbers are based on the complete
sequence released by McGeoch et al. (37).
® Data are from reference 46. —, Sequence not present.

5’ ends of the mRNAs encoding U, 37 and U, 38 just 170 bp
apart. In addition to TATA box homologies, this region
contains other recognizable promoter elements, including
potential CAT box homologies and at least one Spl binding
site (Fig. 2A). These elements are similar to those found in
other HSV promoters from various kinetic classes. The
ability of this fragment of DNA to serve as a promoter for the
divergent mRNAs was confirmed by transient expression
assays. As described in Materials and Methods, the Accl site
at base 49 was ligated to a polylinker containing a HindIII
site, and the 397-bp DNA fragment between this Accl site
and the Smal site (base 423) was ligated into the double
transient expression plasmids pCAL4 and pCALS (Fig. 3A)
(15). This DNA fragment contains the upstream regions of
the divergent promoters as well as 126 bp of the U 37 and
101 bp of the U, 38 untranslated leader sequences.

These divergent promoter expression constructs, pCAL4
Div and pCALS Div, were tested for their abilities to direct
expression of the two marker genes before and after HSV-1
infection. The results of a typical experiment are shown in
Table 2. Both promoters generated low basal levels of
enzyme activity. These basal levels of activity were signifi-
cantly increased following infection with HSV-1, as shown
by the 300-fold increase of B-galactosidase expression and
the 16-fold increase of CAT activity when pCAL4 Div was
used. Results for pCALS Div, in which the early promoter
U 37 controlled the CAT gene, are essentially the same as
those for pCAL4 Div, in which this promoter controlled the
expression of B-galactosidase. The data on induced enzyme
levels also reveal that the early promoter is more active than
the late promoter controlling the same marker gene.

Experiments described above show that the divergent
promoters direct expression of a linked marker gene. To
demonstrate that induction of enzyme activity correlated
with accurately initiated transcripts from these promoters,
the transiently expressed mRNA was analyzed by primer
extension. Cells transfected with pCAL4 Div were infected
with HSV-1, and total RNA was extracted 18 h later. Two
32p_5'_end-labeled oligonucleotide primers that bind to the
CAT gene (5'-CCATTTTAGCTTCCTTAGC-3') or the B-ga-

Materials and Methods).

¢ Cells were subsequently infected with 2 PFU of HSV-1 per cell in the
presence of 50 pg of ara-T per ml, and relevant enzyme activities were
determined 20 h later as described in the text.

lactosidase gene (5'-CGCTCATGTGAAGTGTC-3') were
hybridized to total RNA isolated from transfected cells that
were either mock infected or infected with HSV-1. The
primers were extended by using avian myeloblastosis virus
reverse transcriptase, and the products were analyzed by
polyacrylamide gel electrophoresis (Fig. 3B). Primer exten-
sion of total RNA from transfected cells infected with HSV-1
showed major cDNA products of 211 and 134 bases, which
are the sizes expected for the transcription start sites
mapped in Fig. 2. No extension products were observed in
the mock-infected RNA sample. The shorter fragment of
about 124 bases may represent the same truncated product
as was seen with U} 38 RNA in the S1 experiment of Fig. 2B,
but a larger U 37 product was not seen.

Establishment of limits of minimal U, 38 promoter. Two
separate approaches were used to demonstrate that all the
promoter elements necessary for the expression of the U 38
mRNA were contained within 45 bases of the cap site. First,
as described above, a 17-bp deletion was made within the
Bgll sites spanning bases 247 to 294 of the divergent pro-
moter region and an Xbal site was introduced at base 277
(Fig. 4). This mutated sequence was introduced into pCAL4
(pCAL4 Div-17), and cells were transfected with it or with a
plasmid containing the complete promoter (pPCAL4 Div) for
comparison. We found that deleting 17 bp of the upstream
region from the divergent promoters had no effect on pro-
moter activity under these assay conditions (data not
shown). In other experiments, in which levels of transfected
DNA were not measured, all U;37 promoter elements
upstream of the Xbal site were deleted, and U 38-controlled
CAT expression was at least 50% of the level seen in Table
2.

We next assayed this minimal U; 38 promoter in a recom-
binant virus (FLAS). In order to do this, the Div-17 promoter
construct was introduced into pCALS, and the complete
Xbal-BamHI fragment containing the B-galactosidase 5',3'-
ALAT gene terminating with the simian virus 40 poly(A)
signal was excised and ligated into the 5’,3’-ALAT recombi-
nation vector, as described in Materials and Methods. This
construct was used to generate recombinants in which the
latency-associated transcript (LAT) gene was replaced in
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TABLE 3. Expression of B-galactosidase from a recombinant
virus containing the U, 38 promoter®

Time (h) after
infection®

B-Galactosidase
activityd

5
7

“Virus Mor*

Mock
17syn* 10 7
10
8
FLAS 5 8
) 7
1
25
38
FLAS 10 7
6
12
24
32

ORNENO BRAEBNO - - -] - N}

. “ The structure of the recombinant is shown in Fig. SA.
& MOI, Multiplicity of infection (PFU per cell).
< After addition of virus to culture.
4 Utits per milligramt from lysate of 2 x 10* infected cells. One unit of
B-galactosidase cleaves 1 nmol of o-nitrophenyl-p-p-galactopyranoside per
min at 30°C (see Materials and Methods).

both long repeat regions and the genomic structure of the
- recombinants was analyzed by Southern blot hybridization
(Fig. 5). Complete characterization of the kinetics of expres-
sion of B-galactosidase mRNA controlled by this and other
truncated forms of the U, 38 promoter is currently in prog-
ress. However, the enzyme activity expressed by FLAS
‘shows that the promoter fragment used is functional in the
environment of the viral genome and that its expression is
generally as expected for a gene controlled by a functional
HSYV vy promoter; i.e., levels increase significantly with time
after infection (Table 3). This result is consistent with those
from thie transient expression assays.

Deletion analysis of U, 38 promoter. Because both the
pCAL4 Div and pCAI.A Div-17 reporter constructs had
comparable activity in the HSV-1 trans-activation assay, we
pursued the analysis of the minimal sequences required for
U; 38 mRNA traiscription by using the U 37 promoter-
controlled expression of p- galactosidase as an internal con-
trol for transfection efficiency. A series of deletions within
the U, 38 promoter were obtained after Bal 31 digestion at

-the Xbal site of the Div-17 promoter, and these were
religated into the Xbal-Smal sites of the pCAL4 expression
vector, replacing the parental Div-17 promoter. The ability
of the mutant promoters to respond to HSV-1-induced trans
activation of CAT gene expression was tested and compared
with that of either the full Div promoter element or the
Div-17 element and normalized to the amount of B-galactosi-
dase expressed after transactivation of the unmodified U, 37
promioter. The data from a number of experiments are
summarized in Fig. 6A. The normalized amount of CAT
activity from the inducible U, 38 promoter deletion con-
structs is preésented as a percentage of the maximum CAT
activity observed. The absolute induced level of B-galactosi-
dase activity was always within 20% of the average values;
thus, normalization for transfection efficiency never signifi-
cantly changed the values.

These data indicate that only 29 bp of DNA 5’ of the U; 38
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mRNA cap site is required for nearly full U 38 promoter
trans activation after HSV-1 infection. However, a critical
element lies in the TA-rich sequence very near this point,
because a further deletion of 2 bp resulted in significant loss
of promoter activity in this assay. Deletion of the putative
TATA box for U 38 (—15 to +103) decreased promoter
activity to that seen in uninfected controls (9% of maximum
levels). Even this low level of activity was still significantly
above the background level seen with promoterless con-
structs. Finally, deletion of sequences 3’ of the cap site
reduced inducible CAT activity to 59% of unmodified control
levels. It is not yet known whether this leader effect results
from destabilization of mRNA or loss of important transcrip-
tion signals or both. However, data presented in the follow-
ing sections indicate that the leader region forms specific
DNA-protein complexes in infected-cell extracts that con-
tain ICP4. Biochemical analyses of temperature-sensitive
mutants demonstrated a requirement for functional ICP4 to
initiate y gene expression. We suggest that the protein
complexes which form about the leader sequence and con-
tain ICP4 may play a role in transcriptional control of this
gene.

Binding properties of DNA fragments encompassing the
U, 38 promoter-leader region. In order to correlate sequence
requirements for transactivation of the U, 38 promoter with
protein-binding sites in the sequences that compose this
promoter-leader, we dissected this region (—48 to +103)
(Fig. 6A) and examined the abilities of the corresponding
fragments to participate in complex formation with nuclear
proteins extracted from mock-infected and infected cells.
The infected cells were harvested at 2.5, 5, and 10.5 h
postinfection, and nuclear extracts were prepared at each
time. These times were chosen to correlate with the imme-
diate-early, early, and late phases of virus gene expression.
This analysis revealed that when the fragment from —48 to
+103 was used as probe, it formed complexes in all four
extracts (Fig. 7A). Although the abundance of the novel
complexes obtained in 2.5- and 5-h extracts differed signifi-
cantly, the binding patterns were identical. However, a
unique slowly migrating species formed in the 10.5-h ex-
tracts (Fig. 7A, C3). Complexes formed in each of the
infected-cell extracts contained ICP4, as demonstrated by
their changes in mobility after further incubation with H640,
a monoclonal antibody specific for ICP4 (Fig. 7A, lanes c, f,
and i). Control reactions using a monoclonal antibody spe-
cific for glycoprotein C (U; 44, a virus glycoprotein) demon-
strated the specificity of this assay (Fig. 7A, lanes d, g, and
i)

To localize the sites in this region that were required for
the formation of ICP4-containing complexes, we analyzed
the complex-forming abilities of each of the probes shown in
Fig. 6B. A summary of these analyses is shown in Table 4,
and representative autoradiograms of the mobility shift
assays using probes that encompass the upstream promoter
(—48 to —27), proximal promoter-leader (—26 to +36 and
—26 to +10), 5' leader (+7 to +36), and 3’ leader (+36 to
+85) regions are shown in Fig. 7B, C, D, E, and F,
respectively. The upstream promoter probe formed com-
plexes with identical electrophoretic mobilities and abun-
dance after incubation in all of the extracts except that
prepared at 10.5 h. None of these complexes contained ICP4
(Fig. 7B). A similar analysis performed with the proximal
promoter-leader probe revealed that it, too, formed com-
plexes after incubation in all four extracts. The amount of
probe present in the novel complexes increased in propor-
tion to the length of time postinfection before the extract was
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FIG. 7. Identification of ICP4 in complexes formed between DNA sequences encompassing the promoter-leader region of the U, 38 gene
and nuclear extracts from HSV-1-infected cells. Binding reactions with the —48 to +103 (A), —48 to —27 (B), —26 to +36 (C), —26 to +10
(D), +7to +36 (E), and +36 to +85 (F) probes were performed with nuclear extracts prepared from mock-infected cells (lanes a) or from cells
infected with HSV-1 for 2.5 h (lanes b, c, and d), 5 h (lanes e, f, and g), or 10.5 h (lanes h, i, and j). Monoclonal antibodies specific for ICP4
(lanes c, f, and i) or glycoprotein C (lanes d, g, and j) were added after incubation of the probes with each extract. The reaction mixtures were
loaded onto native, 4% low-ionic-strength polyacrylamide gels, and complex formation was monitored by the mobility shift electrophoresis
assay. Only the regions of the gels containing complexes are shown. The arrows in panel A (C1 through C4b) point to the complexes analyzed

by the chemical nuclease protection assay (Fig. 5A and B).

prepared. In each instance, ICP4 was present in at least one
of the complexes (Fig. 7C and D, lanes c, f, and i). We noted
(as with the —48 to +103 probe) the appearance of an
additional slowly migrating species in the lanes showing
binding reactions performed in the 10.5-h extracts (Fig. 7C
and D, lanes h). In this instance, three of the species were
shifted to more slowly migrating forms after reaction with
the monoclonal antibody specific for ICP4 (Fig. 7C and D,
lanes i). Analysis of the 3’ leader probe revealed that it also
formed complexes in each extract; these complexes in-
creased in abundance in relation to the time postinfection at
which the extract was prepared, and some of the complexes
formed in extracts from infected cells contained ICP4 (Fig.
7F). Moreover, as described above, an additional ICP4-
containing species appeared in the extracts prepared at late
times postinfection (Fig. 7F, lanes h and i).

Both the 5’ and 3’ leader regions of U; 38 form ICP4-
containing complexes. Also, two probes (—26 to +10 and +7
to +36), which overlap by only 3 bp, both form complexes
that contain ICP4, suggesting that the region near the mRNA

TABLE 4. Complex-forming ability and reaction with antibody to
ICP4 of various regions of the U 38 promoter-leader

Reactions at:

Mock 2.5 hp.i. 5hp.i. 10.5 h p.i.
Probe infec-
tion  Com- Reaction Com- Reaction Com- Reaction
1
Plex | 1cPas PIeX oicpas PEX 4 q1CPa
—48to +103 +  + + + + + +
—48 to —27 + + - + - - -
—48 to —8 + + - + - - -
—26to +10 + + + + + + +
+7 to +36 + + - + + + +
—26 to +36 + + + + + + +
+36 to +85 + + + + + + +
+84to +103 — - - - - - -
+36 to 103 + + + + + + +

2 After complexes were allowed to form, the reaction mixtures were
incubated with H640, a monoclonal antibody specific for ICP4, and then
electrophoresed through a nondenaturing gel.
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cap contains two independent sequences, each of which can
interact with ICP4 (Fig. 7D and E and Table 4). Further-
more, one of these probes (+7 to +36) formed only a single
ICP4-containing complex, which was not present in the
binding reactions with the 2.5-h extract. This suggests that
recognition of this sequence occurs only at elevated levels of
ICP4. A careful analysis of the autoradiograms reveals that
the mobility shift profiles of complexes formed with the —48
to +103, —26 to +36, and +36 to +85 probes in extracts
prepared at late times postinfection contain a novel ICP4-
containing species and that the abundance of the slowest-
migrating species increases (compare the bands for C4a and
C4b in Fig. 7A). The slowest-migrating species is most likely
a doublet, because the addition of monoclonal antibody to
ICP4 supershifts only a fraction of this species regardless of
the concentration of antibody. Therefore, the supershifted
complex contains at least ICP4, whereas the band that
remains most likely results from interaction with other
infected-cell proteins. This observation is also supported by
the lower yield of this complex in binding reactions with the
2.5- and S-h extracts and the fact that its mobility is not
altered after addition of the monoclonal antibody to ICP4
(Fig. 7C and F, lanes c and f; see also the same effect in Fig.
7A).

Specificity of complexes formed in extracts prepared from
mock-infected and 10.5-h-infected cells with probes derived
from the U, 38 gene. The specificity of the interactions of the
various probes with nuclear proteins extracted from mock-
infected and 10.5-h-infected cells was examined by compe-
tition analysis with DNA fragments derived from various
regions of the HSV genome. We first examined the fidelity of
the interactions between the —48 to +103 probes in the two
extracts (Fig. 8A). This analysis revealed that the proximal
promoter-leader sequence (—26 to +36) was as efficient a
competitor for complexes formed in extracts from mock-
infected cells as the entire region (Fig. 8A, lanes b and c).
However, the same competitor was less efficient at inhibiting
complex formation in extracts from infected cells (Fig. 8A,
lanes h and i). The 3’ leader sequence (+36 to +85) did not
compete as efficiently as the proximal promoter-leader se-
quence in either extract (Fig. 8A, lanes d and j). Moreover,
a heterologous leader sequence (—16 to +56) from the TK
gene (a B gene), which forms specific complexes in extracts
from mock-infected cells and ICP4-containing complexes in
extracts from S-h-infected cells (44, 45), competed to the
same extent in both extracts as the +36 to +85 sequence
(Fig. 8A, lanes e and k). In contrast, no effect on complex
formation was seen with a DNA fragment containing a
region from the B-TK gene (+53 to +140) that was previ-
ously shown to be unable to form complexes in either
mock-infected or infected-cell extracts (Fig. 8A, lanes f and
1) (44).

Because both the proximal promoter-leader and the 3’
leader regions competed (albeit to different extents) in both
extracts, we suggest that they utilize common factors for
complex formation in each extract. To test this, we exam-
ined the ability of each of these sequences to compete with
the other and with heterologous fragments from the virus
genome to form complexes in extracts from mock-infected
and infected cells (Fig. 8B and C). The proximal promoter-
leader and 3’ leader regions efficiently competed with one
another, although the —26 to +36 element was a more potent
competitor than the 3’ region (compare Fig. 8C, lane c, with
B, lane d, and Fig. 8C, lane i, with B, lane j). This difference
supports the demonstration that the proximal promoter-
leader region has multiple binding sites that are recognized
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(A)
Probe: -46/+103

(8)
Probe: -26/+36

(€
Probe: +36/+85

(D)
Probe: -48/+103

FIG. 8. U, 38 promoter-leader region complexes formed in the
presence of homologous or heterologous HSV-1 DNAs. Nuclear
extracts prepared from mock-infected (lanes a through f) or 10.5-h-
infected (lanes g through 1) cells were preincubated in the presence
or absence unlabeled competitor DNAs as follows. (A) Lanes a and
g, No competitor added; lanes b and h, 5-fold molar excess of self
DNA; lanes ¢ and i, 5-fold molar excess of —26 to +36 DNA; lanes
d and j, S-fold molar excess of +36 to +85 DNA; lanes e and k,
S-fold molar excess of B-TK DNA; and lanes f and 1, 50-fold molar
excess of TK C DNA. (B) Lanes a and g, No competitor added;
lanes b and h, 2.5-fold molar excess of self DNA; lanes ¢ and i,
S-fold molar excess of self DNA; lanes d and j, 5-fold molar excess
of +36 to +85 DNA; lanes e and k, 5-fold molar excess of B-TK
DNA; and lanes f and 1, 50-fold molar excess of TK C DNA. (C)
Lanes a and g, No competitor added; lanes b and h, 5-fold molar
excess of self DNA; lanes ¢ and i, 5-fold molar excess of —26 to +36
DNA; lanes d and j, 5-fold molar excess of B-TK DNA; lanes e and
k, 10-fold molar excess of B-TK DNA; and lanes f and 1, 50-fold
molar excess of TK C DNA. (D) Lanes a and g, No competitor
added; lanes b and h, S-fold molar excess of self DNA; lanes ¢ and
i, 5-fold molar excess of B-TK DNA; lanes d and j, 5-fold molar
excess of a27 promoter-leader DNA; lanes e and k, 5-fold molar
excess of a4 regulatory region DNA; and lanes f and 1, 50-fold molar
excess of a4 promoter-leader DNA. The indicated probes were then
added, and the incubation was continued for 30 min. Binding
reactions with the —48 to +103 probe in panel D were performed
with twice as much probe DNA as was used in panel A. The reaction
mixtures were analyzed for complex formation by the mobility shift
electrophoresis assay, and dried gels were exposed to X-ray films.
Only the regions of the gels containing complexes are shown.
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by nuclear proteins present in both mock-infected and in-
fected-cell extracts. Furthermore, these experiments show
that these regions are recognized by common factors that are
shared by the B-TK leader region.

Competition for U; 38 promoter-leader binding with defined
ICP4-binding sites. The ability of the B-TK leader sequence
to compete for complex formation with both the proximal
promoter-leader and 3’ leader probes was similar to results
from a previous study in which we demonstrated that
complex formation with the B-TK leader probe was com-
peted by a fragment of virus DNA that contained a high-
affinity ICP4-binding site (44). Therefore, sequences known
to form complexes that contain ICP4 were examined for the
ability to compete with the U 38 promoter-leader (—48 to
+103) complexes. Competition analyses with nuclear pro-
teins from mock-infected and infected cells revealed that the
B-TK leader region (Fig. 8D, lanes ¢ and i), a degenerate
homolog of the high-affinity ICP4-binding site found in the
promoter for the a27 gene (Fig. 8D, lanes d and j) (18, 30), an
upstream region from the a4 gene that was previously shown
to nucleate complexes that contain ICP4 (Fig. 8D, lanes e
and k) (31, 42), and a high-affinity ICP4-binding site present
in the promoter-leader region of the a4 gene (Fig. 8D, lanes
f and 1) (14, 30, 43, 44) all inhibited complex formation with
the probe in both extracts to different extents. However, the
a4 promoter-leader DNA, which is bound directly by ICP4
(28, 60), completely abolished complex formation in extracts
from infected cells (Fig. 8D, lane 1). Thus, sequences that
form complexes with ICP4 through cell intermediates and
those that are directly bound by the protein effectively
compete for complex formation with the U, 38 proximal
promoter-leader probe. These competition data further sug-
gest that ICP4 is a component of complexes formed with this
promoter-leader probe.

Kinetic stability of y-leader complexes. To examine the
kinetic stability of the complexes formed in extracts from
mock-infected and 10.5-h-infected cells with the U, 38 probe
(—48 to +103), the complexes were allowed to equilibrate for
30 min (16) and were then chased with a 250-fold molar
excess of the unlabeled probe for various periods before
being analyzed by the mobility shift electrophoresis assay.
The complexes formed in extracts from mock-infected cells
began to dissociate as early as 1 min after the chase and were
undetectable after 10 min (Fig. 9). Thus, the U, 38 probe
does not form stable complexes with nuclear proteins from
uninfected cells. In contrast, the complexes formed in nu-
clear extracts from infected cells were stable for at least 20
min. The same qualitative results were obtained when the
challenging sequence was derived from the o-promoter-
leader and B-leader regions (data not shown). These results
support the conclusion from the competition analyses (Fig.
8D) and demonstrate that U; 38 complexes that contain ICP4
and other infected-cell proteins are stable.

Footprint analysis of gene complexes. To determine what
sequences are involved in complex formation, we examined
the chemical nuclease cleavage pattern of the U; 38 promot-
er-leader probe (—48 to +103) labeled in either the noncod-
ing (Fig. 10A) or coding (Fig. 10B) strands in complexes
formed in mock-infected and infected cell extracts. Accord-
ingly, complexes were formed in extracts from mock-in-
fected cells and separated on nondenaturing gels. The gels
were treated in situ with the chemical nuclease activity of
Cu™*-1,10-phenanthroline (32), and DNAs corresponding to
free DNA and the most abundant complex (C1 in Fig. 7A)
were extracted and electrophoresed through a sequencing
gel. The nuclease cleavage patterns of these samples (Fig.
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Time of chase 9 16 1020 0 -5 10 20

“ﬁi

10.5 h-infected

FIG. 9. Relative dissociation Kinetics of complexes formed with
the U 38 —48 to +103 probe. DNA-protein complexes were allowed
to form under standard reaction conditions (30 min) in extracts
prepared from mock-infected or 10.5-h-infected cells with the —48 to
+103 DNA probe from the U, 38 gene. At the end of the incubation
period, a 250-fold molar excess of unlabeled —48 to +103 DNA was
added to each reaction, and samples were withdrawn at 1, 5, 10, or
20 min after the chase and applied directly to a running, 4%
low-ionic-strength polyacrylamide gel. The 0’ denotes a control
reaction not chased but incubated for a total period of 50 min.

10A and B, lanes b and c) reveal two regions of protection
that map from —15 to +11 and from +60 to +74. Control
reactions using a rapidly migrating nonspecific species iso-
lated from the same gel demonstrated the specificity of the
assay (Fig. 10A and B, lanes d).

Four of the infected-cell-specific complexes were ana-
lyzed. Three were derived from binding reactions with the
10.5-h extract (C2, C3, and C4b, Fig. 7A), and one was from
the 2.5-h extract (C4a, Fig. 7A). DNA isolated from each of
the treated complexes revealed the same protected regions
as those found in DNA extracted from the complex formed
with nuclear proteins from mock-infected cells (Fig. 10A and
B, lanes f, h, j, and 1). However, the nuclease protection
patterns of the C4b complex (Fig. 7A) formed in extracts
prepared at 10.5 h postinfection contained, in addition to the
previous sequences, a novel protected region from +26 to
+42 (Fig. 10A, lane 1). Thus, this novel footprint, found only
in the slowest-migrating ICP4-containing complex (C4b) that
formed in the 10.5-h extracts, occurs only when the concen-
tration of ICP4 is very high (Fig. 7A, lanes b, e, and h). In
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FIG. 10. Chemical nuclease cleavage pattern of complexes formed with the U, 38 —48 to +103 probe. DNA-protein complexes were
formed with the —48 to +103 probe labeled at either the noncoding strand (Xbal site) (A) or the coding strand (EcoRlI site) (B) and nuclear
extracts prepared from mock-infected, 2.5-h-, or 10.5-h-infected cells in standard binding reactions that were scaled up fivefold. Reaction
products were then fractionated by a preparative mobility shift electrophoresis assay. Immediately after electrophoresis, the gel was subjected
to chemical nuclease treatment as described in Materials and Methods, and free and bound DNAs were then transferred to an NA45
membrane, eluted, denatured, and displayed on standard 8% polyacrylamide sequencing gels. Lanes: a and n, Maxam-Gilbert G+A
sequencing reactions of the corresponding probe DNAs; b, cleaved DNAs isolated from bands corresponding to free DNAs from reactions
containing extracts from mock-infected cells; ¢, cleaved DNAs isolated from the abundant complex (C1; Fig. 2A) formed in reactions
containing extracts from mock-infected cells; e, g, i, and k, cleaved DNAs isolated from bands corresponding to free DNAs from reactions
containing extracts from 10.5-h-infected (lanes e, g, and k) or 2.5 h-infected (lane i) cells; f, h, j, and 1, cleaved DNAs isolated from complexes
C2, C3, C4a, and C4b, respectively (Fig. 2A), formed in reactions containing extracts from 10.5-h-infected (C2, C3, and C4b) or 2.5-h-infected
(C4a) cells; d and m, cleavage pattern of DNAs isolated from fast-migrating, nonspecific complexes formed in extracts from mock-infected
and infected cells, respectively (Fig. 3D). Arrows connected by a line in each panel demarcate the protected regions. Also shown are the
sequences of the protected regions; nucleotides in boldface type and the adjacent solid bars indicate homologs or perfect matches with
sequences found in the promoter-leader region of the y42 gene.

addition, the presence of the novel footprint only in C4b and from the Cl1 complex formed in mock-infected extracts
not in C4a, its mobility homolog, demonstrates the existence versus the C4b complex formed in 10.5-h-infected-cell ex-
of two comigrating species in this complex, as the supershift tracts (Fig. 10A, lanes ¢ and |) revealed that 25% more DNA
analyses suggested (Fig. 7). Comparative computer-aided by mass was protected in the C4b complex. These data
densitometric analysis of the common protected regions support the relative dissociation rate analyses, which sug-
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gested that the presence of at least ICP4 resulted in stabili-
zation of the vy gene complex that forms in extracts from
mock-infected cells.

DISCUSSION

The data presented here indicate that the adjacent and
divergent promoters for the U 37 and U;38 genes are
functionally separable. Thus, only 45 bases of DNA se-
quence 5’ of the U; 38 mRNA cap is required for reporter
gene expression in recombinant virus (Table 3). Indeed,
transient expression assays of defined deletions indicate that
only 30 or so bases of 5’ sequence are necessary for
promoter activity (Fig. 6A).

Transient expression assays do not always accurately
reflect the kinetics of expression of individual promoters
seen in lytic infection (53). Still, with HSV, analyses of
modified a and B promoters in either transient expression
assays or in recombinant viruses have given similar results in

50 -40 -30
| | I
TCTAGAGGGGCGGCCICAAATIGGCCCTTTAAA
AGATCTCCCCGCCOGGGTTTALCCGG TTT

+30 +40 +50 +60
| I I I

GCTGTGGGGTGGGTGG

CGACACCCCACCCACC

terms of the sequence requirements for functional expres-
sion from these promoters. Moreover, the critical regions of
the U, 38 promoter that we have identified are reminiscent of
those described for other y promoters, especially with regard
to the extent of upstream sequences and the requirement for
sequences 3’ of the cap site for full activity (22, 26, 34).
The physiologic significance of the multiple DNA-protein
interactions which we describe is not clear at this time.
However, there is a strong correlation between the ability of
this leader sequence to form complexes with proteins in
infected-cell extracts and its requirement for full transcrip-
tional activation (Fig. 6A and 7). Deletion analysis of the
U, 38 promoter reveals that only 29 bp 5’ of the mRNA cap
site are required for high-level expression of reporter genes
linked to this promoter. Removal of the leader from the
U, 38 reporter chimeras results in a significant decrease in
expression (Fig. 6A). Previous analyses of y-gene promoter-
leader sequences revealed that the leader sequences are
important for the stable accumulation of y-gene products (4,

+20
l

ACACAACCCACCGG]

GTGTTGGGTGGCCY

+70 +80 +90 +100
| I | |

GTGTCCTTTCGACCCCCCCTCCCCCGGGT

CACAGGAAAGCTGGGGGGGAGGGGGCCCA

FIG. 11. Summary of footprint data. The regions of the U, 38 promoter-leader protected from chemical nuclease cleavage after complex
formation in extracts containing nuclear proteins from 10.5-h-infected cells are shown as stippled boxes. Nucleotides in boldface type are
homologous to sequences in the y42 gene that form complexes containing ICP4 or that bind in Southwestern assays (41, 42); underlined bases
denote mismatches. The Spl, CAT, and TATA homologies present in the promoter are boxed.
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22, 23, 34). Substitution of the y42 gene leader for a B-TK
leader altered the temporally regulated expression of this
hybrid TK gene (34). Therefore, these leader sequences
impart some of the kinetic class specificity to the y-gene
family.

This functional similarity between the U, 38 promoter and
that of other y promoters is also seen in terms of the
promoter’s ability to bind proteins with uninfected- and
infected-cell proteins and the involvement of ICP4 in such
DNA-protein complexes. Regions both 5’ and 3’ of the cap
site of the U; 38 mRNA form ICP4-containing complexes
(Fig. 7). The abundance of these complexes in 10.5-h ex-
tracts correlates with the change in arrangement of ICP4
from a diffuse to a focal nuclear distribution at late times
postinfection (29, 47) and with the highest level of ICP4 that
accumulates during a productive infection (40).

The complicated patterns of complex formation and the
competition analyses with the three regions present in the
U, 38 promoter-leader sequences (—26 to +10, +7 to +36,
and +36 to +85) suggest that these sequences interact with
ICP4 in different ways. In concert with appearance of the
novel ICP4-containing complexes formed with the —26 to
+10 and +36 to +85 probes, the yield of the abundant
rapidly migrating species formed in extracts from mock-
infected cells (Fig. 7D and F) decreased. By comparison,
only a single ICP4-containing complex formed with the +7 to
+36 probe. This occurred without any change in abundance
of the complexes with electrophoretic mobilities identical to
those seen in extracts from mock-infected cells (Fig. 7E).
Therefore, it seems likely that ICP4 interacts directly with
the +7 to +36 sequence, whereas its participation in com-
plex formation with the —26 to +10 and +36 to +85 regions
appears to be mediated through other proteins.

In previous work using competition experiments with
extracts from mock-infected cells, we showed that regions
that interact with ICP4 share cell factors (44). We have
extensively analyzed two of the competing sequences used
in these experiments and shown that the TK B-leader probe
forms extremely labile complexes in infected-cell extracts,
whereas complexes formed with the ICP4 a-promoter-leader
probe are extremely stable (44). These analyses, along with
the results shown in Fig. 8, suggest that the U, 38 gene probe
contains low-affinity sites that are involved in complex
formation with ICP4 and that the complexes formed are
relatively stable because only the high-affinity binding site is
a strong competitor.

Finally, DN Ase footprinting analysis (Fig. 10) also clearly
shows the similarities between functional elements in at least
some HSV-1 y promoters. As summarized in Fig. 11, exam-
ination of the three protected regions revealed that each
contains a homolog or perfect match with the HSV 42
(U 49) promoter sequences previously shown to form ICP4-
containing complexes in extracts from infected cells (41, 42).
Interestingly, this promoter, too, is close to a § promoter—
that encoding dUTPase (U; 50 [37]). The +60 to +74 region
contains the sequence 5’-TCCGCC-3’, which is present at
site 3 (+21 to +26) of the y42 gene. The sequence 5'-
GCTACCGC-3’, present in the +26 to +42 region, is found
in the opposite orientation at site 1 (—133 to —125) of the y42
gene and matches at 7 of 9 positions. The furthest upstream
footprint, —15 to +11, contains two sequences, 5'-CGAC
TGGC-3’' and 5'-GGCGCGTC-3', that match sequences
present at sites 4 (+50 to +57) and 2 (—67 to —60),
respectively, of the y42 gene. The footprint of the site 1
homolog was detected only in complexes formed in late
extracts. Moreover, this sequence is present in the +7 to

J. VIROL.

+36 probe that forms a unique ICP4-containing complex in
the early and late extracts (Fig. 7E). Analysis of DNA
binding to western blots demonstrated that a DNA fragment
from the y42 gene (site 1) containing the sequence found in
the +7 to +36 probe was bound by ICP4 (42). By analogy,
we believe that this sequence is also bound directly by ICP4.
These footprint analyses suggest that U 38 contains at least
one low-affinity site that is bound directly by ICP4 in a
concentration-dependent fashion and sequences that bind
ICP4 through the aegis of cell factors.
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