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The herpes simplex virus type 1 genome encodes a set of genes (a genes) expressed in the absence of de novo
viral protein synthesis. Earlier studies have shown that the product of the a22 gene, a member of this set, is
nucleotidylylated by casein kinase II and phosphorylated by viral protein kinases encoded by UL13 and US3.
Mutants lacking the carboxyl-terminal domain starting with amino acid 200 exhibit reduced capacity to
replicate in primary human cell strains or in cells of rodent derivation and also exhibit reduced expression of
a subset of g or late genes. We report that the domain of the a22 gene is transcribed by two 3*-coterminal
mRNAs. The longer transcript reported encodes the 420-amino-acid a22 protein, whereas the shorter tran-
script reported here encodes a protein containing the carboxyl-terminal 273 amino acids of the a22 protein.
The shorter gene is designated US1.5. The US1.5 mRNA is synthesized in cells infected and maintained in the
presence of cycloheximide and under other conditions which restrict viral gene expression to a genes. In-frame
insertion of linkers encoding 18, 21, or 22 amino acids after codon 200 or 240 of the a22 protein did not affect
the known functions or phenotype associated with the wild-type a22 gene or its product. Earlier studies have
placed the nucleotidylylated sequences in the amino-terminal portion of the protein. The results of these
studies indicate that the US1.5 gene encodes the functions associated with replication in human primary or
rodent cells and optimal expression of a0 and g genes. This finding brings the number of genes known to map
in the unique short region of the herpes simplex virus type 1 DNA to 14 and the total number of different genes
to 78.

Current literature contains references to 77 different genes
encoded by herpes simplex virus type 1 (HSV-1) (37). These
genes form several groups whose expression is coordinately
regulated and sequentially ordered in a cascade fashion. The a
genes are expressed first (12, 13). Their hallmark is the pres-
ence of a homolog of the consensus sequence 59NCGyATGnT
AATGArATTCyTTGnGGG in the 59 nontranscribed domain
of the gene (16, 21). This sequence serves as the response
element of the virion protein VP16, which, in conjunction with
cellular proteins, binds to it and transactivates the downstream
gene after infection (16, 22). The operational definition of the
a genes is transcription of the gene in cells infected and main-
tained in the presence of inhibitors of protein synthesis (12,
13). At present, five open reading frames (ORFs) qualify as a
genes (12, 13). These are a0, a27, a4, a22, and a47. a4 codes
for the major regulatory protein encoded by the virus. The
protein encoded by this gene binds to viral DNA and regulates
viral genes both positively and negatively (6, 7, 10, 15, 18, 23,
24, 26). a0 encodes a promiscuous transactivator (9, 27, 31).
a27 encodes a protein which regulates the processing of viral
RNA (33). a47 encodes a protein reported to inhibit the pre-
sentation of antigenic peptides to CD81 cells (39). Lastly, to
a22, the subject of this article, have been ascribed several
functions critical for replication of the virus in cells that it
normally infects. Specifically, mutants carrying a deletion in

the carboxyl-terminal half of the a22 gene multiply as well as
wild-type virus in Vero and HEp-2 cell lines but not in rodent
cells or primary human cell strains (28, 35). In the restricted
cells a222 virus exhibits a reduction in the expression of a
subset of late genes, and there is a decrease in the amounts of
both a0 mRNA and protein accumulating in these cells (29).
The product of the a22 gene, infected-cell protein no. 22

(ICP22), consists of 420 amino acids, is extensively processed,
and forms five bands on electrophoresis in denaturing poly-
acrylamide gels (2). Posttranslational processing includes
phosphorylation related to the viral protein kinases encoded by
UL13 and US3 (30) and nucleotidylylation ascribed to casein
kinase II (4, 5, 25). Some of the functions described above,
especially the expression of a subset of late genes and full
expression of the a0 gene, appear to be related to the modi-
fications of ICP22 by the UL13 gene inasmuch as the pheno-
type of the UL13

2 viruses cannot be differentiated from that of
R325, a recombinant HSV-1 strain with a deletion in the car-
boxyl terminus of the a22 gene (28, 29).
In this article we report the existence of a transcript which is

39 coterminal with the mRNA encoded by the a22 gene and
which directs the synthesis of a protein containing amino acids
147 to 420 of the ICP22 protein. We have designated the
273-codon ORF expressed by this transcript US1.5. We also
report that the in-frame insertion of 18, 21, or 22-amino-acid
linkers after amino acid 200 or 240 did not affect the wild-type
phenotype of ICP22 as described above. This suggests, in con-
junction with earlier data, that the product of the a22 gene
expresses at least two sets of functions and that the functions
responsible for wild-type expression of the a0 gene and that of
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a subset of late genes map downstream of the site of the linker
insertions.

MATERIALS AND METHODS

Cell lines and viruses. Vero and HEp-2 cell lines were from the American
Type Culture Collection. The 143TK2 cells were obtained from Carlo Croce.
HSV-1(F) is the prototype HSV-1 strain used in this laboratory (8); like many
isolates subjected to few serial passages in cells in culture, it carries temperature-
sensitive a4 genes, and genetically engineered recombinants derived from HSV-
1(F) retain this phenotype. At 39.58C cells infected with HSV-1(F) express
predominantly a genes. Recombinant virus HSV-1(F)D305 lacks the 501-bp
SacI-BglII fragment from the BamHI Q fragment encoding the viral thymidine
kinase (tk) gene (28). R321, derived from HSV-1(F)D305, carries the HSV-1(F)
tk gene inserted into the PvuII site of the a22 gene (28).
Construction of plasmids. Plasmid pRB4271 contained the SacI-to-KpnI frag-

ment of the domain of the a22-US2 genes (Fig. 1, line 4) cloned into the SacI and
KpnI restriction endonuclease sites of pGEM3z. The orientation is such that the
SP6 polymerase transcribes US2 and the T7 polymerase transcribes US1. Plasmid
pRB138 (28) carries the HSV-1 BamHI N fragment inserted into the BamHI site
of pBR322. The PvuII site in the vector of pRB138 was destroyed to make the
PvuII site in the HSV-1(F) sequences unique. Plasmid pRB4648 contained the
EcoNI-to-AatII fragment of pRB138 blunted with T4 polymerase and cloned into
SmaI-cut pGEM3Z. The orientation is such that the SP6 polymerase transcribes
US1 whereas the T7 polymerase transcribes US2 (Fig. 1B). pRB4719 was con-
structed by insertion in frame of the oligonucleotide created by hybridization of
the single-stranded oligonucleotides 59-CTGACGAGTACGACGACGCAGCC
GACGCCGCCGGCGACCGGGCCCCGAAGCTTG-39 and 59-CAAGCTT
CGGGGCCCGGTCGCCGGCGGCGTCGGCTGCGTCGTCGTACTCGTCA
G-39 into the PvuII site of pRB138. The double-stranded oligonucleotide en-
codes an ICP4 epitope that reacts with a monoclonal antibody described previ-
ously (14) and a HindIII restriction endonuclease cleavage site. pRB4844 was
constructed by the in-frame insertion of an oligonucleotide created by hybrid-
ization of the sequences 59-GAAGGGACAGAAGCCCAACCTGCTAGAC
CGACTGCGACACCGCAAAAACGGGTACCGACACTT-39 and 59-AAGT
GTCGGTACCCGTTTTTGCGGTGTCGCAGTCGGTCTAGCAGGTTGGG
CTTCTGTCCCTTC-39 into the PvuII site of pRB138. The double-stranded
oligonucleotide encodes a human cytomegalovirus (CMV) epitope that reacts
with a monoclonal antibody described previously (20) and a KpnI restriction
endonuclease cleavage site. Plasmid pRB4862 was constructed by in-frame in-
sertion of the oligonucleotide created by hybridization of the sequences 59-
GAAGGGACAGAAGCCCAACCTGCTAGACCGACTGCGACACCGCAA
AAACGGGTACCGACACACGTG-39 and 59-GTGTGTCGGTACCCGTTTT
TGCGGTGTCGCAGTCGGTCTAGCAGGTTGGGCTTCTGTCCCTTCC
AC-39 into the DraIII site of pRB138. The oligonucleotide encodes the CMV
epitope described above and a KpnI restriction endonuclease cleavage site. The
nucleotides surrounding the sites of insertion of all oligonucleotides were se-
quenced to verify that the amino acid sequences were inserted in frame. All
oligonucleotides were synthesized on an Applied Biosystems model 308B DNA
synthesizer.
Construction of recombinant viruses. Recombinant viruses R4719, R4844,

and R4862 were constructed as described in detail elsewhere (28). Briefly,
R4719, R4844, and R4862 were constructed by cotransfection of intact R321
DNA and plasmid DNA of pRB4719, pRB4844, and pRB4862, respectively, into
rabbit skin cells. The progeny of the transfections were plated on 143TK2 cells
in the presence of bromodeoxyuridine. In the presence of the drug, only the
recombinant tk-minus viruses were able to replicate and form plaques. Individual
plaques were picked and plaque purified again, and their DNAs were tested for
the presence of the oligonucleotide insert by hybridization of electrophoretically
separated BamHI and HindIII (R4719) or SacI and KpnI (R4844 and R4862)
restriction endonuclease digests.
RNA analyses. Rabbit skin or HEp-2 cells grown in 150-cm2 flasks were

exposed to 10 PFU of wild-type or mutant virus per cell and harvested at the
times indicated in Results. For infections in the presence of cycloheximide, 100
mg of drug (Sigma) per ml of medium was present both during exposure of the
virus to cells and during subsequent incubation. Cytoplasmic RNA was extracted
as previously described (36) and digested with amplification grade DNase
(Gibco-BRL) according to the manufacturer’s instructions. For Northern (RNA)
analyses, approximately 20 mg of RNA was loaded per lane and separated in a
1.5% agarose gel with formaldehyde and ethidium bromide. The gels were then
photographed under UV light, and the RNA was transferred to Zeta-probe
membrane (Bio-Rad) in 103 SSC (1.5 M NaCl plus 0.15 M trisodium citrate).
The blots were air dried and baked at 808C in a desiccating oven. Nick-translated
probes were generated by using the plasmids indicated below and the Renais-
sance nick translation system (Dupont NEN). Riboprobes were generated by
using the plasmid templates indicated below and polymerase with the Gemini
riboprobe system according to the manufacturer’s directions (Promega). Hybrid-
izations were done at 658C with nick-translated DNA probes or at 858C with
riboprobes overnight in hybridization solution (1 mM EDTA, 0.5 M NaH2PO4
[pH 7.2], 7% sodium dodecyl sulfate [SDS]).
For primer extension analyses 5 mg of RNA was mixed with 300 ng of labeled

primer no. 89 containing the sequence 59-GGCGGTTGGCACTGCCGT-39. The
samples were then boiled for 5 min and quick-chilled on ice. To the reaction
mixtures were added 40 U of RNasin (Promega); 1 mM (each) dATP, dCTP,
dGTP, and dTTP; buffer (final concentrations, 50 mM KCl, 10 mM Tris HCl [pH
8.3], 1.5 mM MgCl2); and 1 ml of mouse mammary tumor virus reverse tran-
scriptase (Gibco-BRL) in a final volume of 20 ml. The reaction was carried out

FIG. 1. Schematic diagrams of the HSV-1 region analyzed in these studies.
(A) The top line represents the HSV-1 genome. The rectangles represent the
inverted repeats flanking the unique (single line) long and unique short se-
quences. Line 1, DNA sequences comprising the domain of the a22 gene and
showing key restriction endonuclease cleavage sites and the TATA box imme-
diately 59 to the transcription initiation site of the US1.5 transcript; line 2, the
positions of the a22 transcript and the US1.5 transcript (the wavy line represents
the intron upstream of the translation initiation site of the a22 gene); line 3,
representation of the locations of the three largest ORFs from the three reading
frames contained in the US1.5 transcript; line 4, position of the HSV-1 sequences
of pRB4271 represented in the riboprobe used for analyses of viral mRNAs; line
5, position of the a27-tk gene insertion into R321, the parental recombinant virus
for each of the epitope-tagged recombinant viruses in lines 6 to 8, described
below; line 6, schematic representation of R4719 containing an a4 epitope
inserted in frame with ORF 3 of the US1.5 transcript; line 7, schematic repre-
sentation of R4844 containing a CMV epitope in frame with ORF 2 of the US1.5
transcript; line 8, schematic representation of R4862 containing a CMV epitope
in frame with ORF 1 (a22) of the US1.5 transcript. (B) Representation of the
restriction endonuclease sites and corresponding restriction endonuclease DNA
fragments pertaining to the domain of the a22 gene. The letters above vertical
lines represent cleavage sites. The letters on horizontal lines between vertical
lines represent DNA fragments generated by cleavage of the DNA. The frag-
ment designations shown here are identical to those described in the text and
shown in Fig. 5. The last line indicates the location of the DNA sequences cloned
in pRB4648 and used for analyses of recombinant viral DNAs. Abbreviations for
restriction endonucleases are as follows: S, SacI; B, BamHI; H, HindIII; and K,
KpnI.
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at 428C for 1 h. A 10-ml portion of sequencing stop solution (United States
Biochemicals) was added to each reaction mixture. A 3-ml portion of each
reaction mixture was loaded per lane of a 6% polyacrylamide–7 M urea gel
following boiling of the samples for 5 min. After electrophoresis, the gel was
dried and exposed to Kodak X-Omat film.
Analyses of proteins. Rabbit skin cells in a 25-cm-diameter flask were infected

with 10 PFU of the viruses indicated below per cell. For infections at 39.58C, cells
were exposed to virus for 1 h at 48C and then placed in fresh medium at 39.58C.
For infections at 378C, the cells were exposed to the virus and maintained at
378C. The cells were harvested by scraping and pelleted by centrifugation at
times after infection indicated in Results, resuspended in 100 ml of disruption
buffer (12.5 mM Tris HCl [pH 6.8], 0.5% SDS, 2.5% glycerol, 5% b-mercapto-
ethanol), and boiled immediately for 10 min. The solubilized proteins were then
subjected to electrophoresis in denaturing polyacrylamide gels (50 ml per lane),
transferred to a nitrocellulose membrane (Schleicher & Schuell), and reacted
with appropriate antibody, and the bound antibody was visualized with antibody
conjugated to alkaline phosphatase (Bio-Rad). Monoclonal antibodies to ICP4
(H943) (14) or to ICP0 (H1083) (1) or ICP27 (H1117) (29) were purchased from
the Goodwin Institute. The monoclonal antibody to US11 (CL28) was described
elsewhere (32). The polyclonal rabbit antiserum R77 directed against an amino-
terminal peptide of ICP22 was described previously (2).

RESULTS

Detection of a novel transcript within the a22 gene domain.
In an effort to detect low-abundance transcripts in the domain
of the a22 gene, strand-specific riboprobes were hybridized
with electrophoretically separated, denatured cytoplasmic
RNAs extracted from HEp-2 cells at 12 h after infection. In
Fig. 1, line 4 shows the position of the sequences contained in
the pRB4271 probe and line 2 shows the position of the a22
mRNA with which this probe was expected to hybridize (38).
The SP6-driven riboprobe generated from the pRB4271 tem-
plate detected the US1 transcript as well as a novel transcript
of approximately 1 kb as determined from the relative migra-
tion of rRNA (Fig. 2). This second transcript was very low in
abundance compared with that of a22 at 12 h after infection.
The T7-driven riboprobe detected only the US2 transcript
(data not shown). For reasons indicated later in the text, the
novel transcript was designated US1.5.

Fine mapping and temporal pattern of synthesis of the
US1.5 mRNA. The 59 terminus of the novel transcript was
determined by primer extension analyses. Preliminary North-
ern analyses had indicated that the US1.5 transcript appeared
with the same kinetics as a22 mRNA (i.e., in the presence of
cycloheximide; data not shown). Therefore, primer extension
analyses were done on cytoplasmic RNA prepared from both
untreated and cycloheximide-treated cells harvested at 6 h
after infection. As shown in Fig. 3, extension of primer no. 89,
described in Materials and Methods and located approxi-
mately 80 bases upstream of the DraIII site (Fig. 1, line 1),
yielded a single species of approximately 215 nucleotides in
reactions with both cycloheximide-treated and untreated
RNAs. Sequence analyses of the region upstream of this site
for characteristics of a promoter showed a putative TATA box
10 bases upstream of the mapped start site, one Sp1 binding
site further upstream, and one Sp1 binding site downstream
(Fig. 4) (8). S1 analyses to identify the 39 terminus of the RNA
revealed a single 39 terminus identical to that for the a22
transcript, suggesting that the novel transcript and the a22
mRNAs are coterminal (data not shown). On the basis of these
results, the novel transcript was designated US1.5.
Construction of recombinant viruses to detect a protein

product associated with the US1.5 transcript. To determine
whether US1.5 encodes a protein, a sequence encoding an
epitope tag was inserted into the largest ORF of each of its
three reading frames (Fig. 1, lines 3 and 6 to 8). Recombinant
virus R4862 contained a CMV epitope tag in frame with the
ICP22 ORF at the DraIII site. The net effect of this insertion
was the insertion in frame with ICP22 of the amino acids

FIG. 2. Autoradiographic image of denatured, electrophoretically separated
RNA hybridized with the HSV-1 sequences located as shown in Fig. 1, line 4.
Cytoplasmic RNAs extracted from mock-infected or HSV-1(F)-infected cells at
12 h after infection were electrophoretically separated under denaturing condi-
tions and hybridized with an SP6-directed riboprobe from the template
pRB4271. Arrows indicate the two viral RNA species which reacted with the
riboprobe.

FIG. 3. Autoradiographic images of electrophoretically separated DNA from
primer extension analyses to determine the 59 end of the US1.5 transcript. Lanes
A, C, G, and T represent a sequencing reaction using pRB4648 DNA and primer
89. Cycloheximide-treated and untreated HSV-1(F)-infected cytoplasmic RNAs
extracted at 6 h after infection were used for the primer extension reactions with
primer 89. The arrow indicates the extended species seen in both lanes. The
sequence of the immediate area of the extended species is shown on the left with
the asterisk indicating the start site. The diagram below the gel illustrates the
position of the primer relative to a22 and US1.5.
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LysGlyGlnLysProAsnLeuLeuAspArgLeuArgHisArgLysAsn
GlyTyrArgHisThrTrp after amino acid Trp-240. Recombinant
virus R4844 contained a CMV epitope tag in frame with ORF
2 at the PvuII site resulting in the insertion in frame with
ICP22 of the amino acids GluGlyThrGluAlaGlnProAlaArg
ProThrAlaThrProGlnLysArgValProThrLeu after amino acid
Gln-200. Recombinant virus R4719 contained an a4 epitope
tag in frame with ORF 3 at the PvuII site resulting in the
insertion in frame with ICP22 of amino acids LeuThrSerThr
ThrThrGlnProThrProProAlaThrGlyProArgSerLeu after amino
acid Gln-200. The structures of the recombinant viruses were
verified by hybridization of electrophoretically separated DNA
digests, as described in Materials and Methods, with nick-
translated pRB4648 as a probe (Fig. 1B). The SacI-KpnI dou-
ble digests of R4862 and R4844 DNAs showed the loss of the
bands F1D and J containing the tk gene inserted in the pa-

rental virus R321 and the gain of a KpnI restriction site as
shown by the presence of bands H1D and G1D, respectively,
in place of the C1D band of the parent HSV-1(D305) virus
(Fig. 1B and 5). It is noteworthy that only a small fraction of
the probe hybridized with the band A1B. A1B bands were
present in the SacI-KpnI digests of R4862 and R4844 DNAs,
but they were of lower intensity than those in the correspond-
ing digests of HSV-1(D305) and R321 DNAs because there
was less overall DNA in the former digests. For recombinant
R4719, analysis of the BamHI-HindIII double digest showed
the disappearance of the tk-containing band B1J1F seen in
the parental virus R321 and the appearance of a new band I
(Fig. 5) that migrated more rapidly than the corresponding
DNA band of the parental HSV-1(D305) virus (data not
shown).
The predicted Mrs of proteins generated from the three

tagged ORFs were 30,400 for ORF 1, 9,000 for ORF 2, and
11,300 for ORF 3. Analyses of electrophoretically separated
lysates of cells harvested at 18 h after infection with the re-
combinant viruses showed the presence of a novel protein
product from the virus R4862 (ORF 1; Fig. 6). This novel
protein product migrated with an apparentMr of 35,000. Since
HSV-1(F) proteins, including ICP22, are known to have mo-
bilities greater than those expected from their amino acid se-
quences, we predict that Met-147 serves as the initiation me-
thionine for protein encoded by US1.5. Met-147 is the first
methionine after the start site mapped by primer extension.
Since HSV-1(F) and its derivatives express mainly a proteins at
39.58C, the accumulation of the US1.5 protein in infected cells
maintained at 39.58C is consistent with the synthesis of the
US1.5 transcript in the presence of cycloheximide. Also of note
are the small numbers of bands representing ICP22 and US1.5
at 39.58C because of the absence of b and g viral gene products
which extensively modify these proteins. Novel protein bands

FIG. 4. Schematic diagram and sequence of the proposed transcription ini-
tiation site of US1.5. The upper line shows the a22 (US1) gene with its tran-
scription initiation site marked as 11. The polyadenylation (polyA) signal for
a22 is at position11818. The mapped region of the US1.5 transcription initiation
site has been expanded and is shown on the lower line. The transcription initi-
ation site (11) for US1.5 is indicated and corresponds to nucleotide 1954 of the
a22 transcript. Potential TATA box and Sp1 transcription factor binding sites are
underlined.

FIG. 5. Autoradiographic images of electrophoretically separated restriction
endonuclease digests of parent HSV-1(F)D305 or of recombinant viruses sche-
matically depicted in Fig. 1A, lines 6 to 8, hybridized with the probe depicted on
the bottom line of Fig. 1B. The letters on the right and left of the two panels refer
to the designations of the DNA fragments generated by restriction endonuclease
cleavages.

FIG. 6. Photographs of polypeptides electrophoretically separated in dena-
turing gels, transferred to a nitrocellulose sheet, and reacted with mouse mono-
clonal antibody to the CMV epitope. The cells were either mock infected or
infected for 18 h with parent or recombinant viruses and incubated at either 37
or 39.58C as indicated. The procedures were as described in Materials and
Methods. The arrow points to the position of the US1.5 protein bands, whereas
the bracket indicates ICP22. Note that at the permissive temperature (378C) both
ICP22 and the US1.5 proteins were processed and formed several bands with
lower electrophoretic mobility. The proteins were not processed and formed a
single sharp band in cells incubated at the nonpermissive temperature.
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were not detected with antibodies against the epitope inser-
tions at either temperature for R4844 (Fig. 6) or R4719 (data
not shown).
The insertion of the amino acid linkers in the recombinant

viruses does not alter the processing and function of ICP22.
Since each of the three recombinant viruses contained in-
frame inserts of relatively long amino acid sequences after
amino acid 200 or 240, it was of interest to determine whether
the wild-type phenotype associated with the a22 gene was
affected by the insertions. To test the phenotype of the ICP22
proteins in the mutant viruses, two series of experiments were
done.
The first was based on the observation noted in the intro-

duction that ICP22 contained in lysates of cells harvested late
(18 h) after infection with wild-type virus forms five bands in
denaturing gels. The more slowly migrating bands represent
ICP22 posttranslationally processed by UL13 and US3 protein
kinases inasmuch as these bands are not formed by ICP22
extracted from cells infected with the protein kinase deletion
mutants (30). Analyses of electrophoretically separated lysates
of cells harvested at 18 h after infection with parent or mutant
viruses showed the presence of five polypeptide bands reactive
with the anti-ICP22 polyclonal rabbit serum in the profile of
each infected cell lysate (Fig. 7). As expected, the ICP22
polypeptide bands of recombinant viruses migrated more
slowly than the wild-type polypeptides inasmuch as they con-
tained inserts ranging from 18 to 22 amino acids. We conclude
from this experiment that ICP22 of the mutant viruses was
processed posttranslationally, at least at a superficial level, in a
manner analogous to that of ICP22 of wild-type virus.
The second series of the experiments was based on the

observation that in the absence of ICP22, the expression of
ICP0 and of a subset of late proteins represented by US11 is
reduced (29). This phenotype is most dramatic in infected
rodent cells (29). To determine if the insertions made in the

recombinant viruses impair this function of ICP22, electro-
phoretically separated lysates of wild-type or mutant infected
cells were reacted with monoclonal antibodies to ICP0
(H1083) and to US11 (CL28). The results shown in Fig. 8
indicate that the levels of both ICP0 and US11 protein in
lysates of cells infected with a222 virus (R325) were reduced
but that those in lysates of cells infected with the recombinant
viruses were comparable to those in lysates of wild-type in-
fected cells. In these studies, the control for equivalent loading
of proteins in the gel consisted of ICP27 measured with mono-
clonal antibody H1117. The synthesis of this protein was pre-
viously shown to be unaffected by ICP22 (29); therefore, the
increase in ICP27 seen in the R325 lanes was due to the
loading of more protein in those lanes. We conclude that the
linker insertions at amino acids 200 and 240 of ICP22 did not
affect the known phenotype of wild-type infected cells related
to the function of ICP22.

DISCUSSION
The properties and synthesis of a22 and US1.5 gene prod-

ucts. In this report we have demonstrated the presence of a
hitherto unreported HSV-1 transcript. This transcript is 39
coterminal with the transcript encoding ICP22. It originates
within the coding sequences of the a22 gene, and therefore its
promoter must lie within the gene. The US1.5 transcript is
made in the presence of cycloheximide. Since its synthesis does
not require de novo viral protein synthesis, it fulfills the expec-
tations of an a mRNA. This report brings the number of a
genes to 6 and the number of genes encoded in the unique
short region to 14.
The novel transcript encodes a polypeptide representing the

carboxyl-terminal 273 amino acids (i.e., amino acids 147 to
420) of ICP22. Given its position and sequence content, we
have designated the gene US1.5. For reasons that are not
immediately apparent but that are discussed below, HSV-1
encodes both a full-length ICP22 protein and a truncated
ICP22 protein. It is noteworthy that HSV-1(F) carries a tem-
perature-sensitive lesion in the a4 gene, like many HSV-1
isolates with a limited history of passages outside the human
host. At 39.58C, cells infected with this virus make predomi-

FIG. 7. Photograph of polypeptides electrophoretically separated in denatur-
ing gels, transferred to a nitrocellulose sheet, and reacted with rabbit polyclonal
antibody R77 prepared against the amino-terminal domain of ICP22. The cells
were harvested at 18 h after infection with parent or recombinant viruses or mock
infection. The procedures were as described in Materials and Methods. The
bracket on the left indicates the group of five bands containing posttranslation-
ally processed ICP22 species. The arrow on the left points to the truncated ICP22
species created as a consequence of the deletion of the 39 domain of the a22 gene
in recombinant virus R325.

FIG. 8. Photographs of polypeptides electrophoretically separated in dena-
turing gels, transferred to a nitrocellulose sheet, and reacted with monoclonal
antibodies to ICP27 and to either US11 (A) or ICP0 (B). ICP27 served to
indicate that equivalent amounts of proteins were loaded in each lane. The
procedures are described in Materials and Methods.
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nantly, if not exclusively, a proteins and small quantities of
proteins whose genes are repressed by ICP4 (17). The US1.5
protein is made at both permissive and nonpermissive temper-
atures, consistent with its classification as an a protein.
Functional segregation of ICP22 and US1.5 protein. To fa-

cilitate a discussion of the functional significance of the US1.5
gene, it is convenient and necessary to review the structures of
ICP22 and the existing mutants and the localization of the
functions associated with ICP22. Schwyzer et al. (34) proposed
that ICP22 can be divided into four separate domains on the
basis of the nature of the amino acids and sequence conserva-
tion in homologs of this gene in other herpesviruses. These
domains include a domain unique to HSV-1 and possibly
HSV-2 (amino acids 1 to 160), a highly conserved domain
shared by many of the herpesviruses sequenced to date (amino
acids 161 to 292), an acidic domain (amino acids 293 to 324),
and a carboxyl-terminal basic domain (amino acids 387 to 420).
The sequences encoded by the US1.5 protein contain all of the
conserved, carboxyl acidic, and basic domains.
ICP22 is extensively posttranslationally modified. The pro-

tein is nucleotidylylated by casein kinase II (5, 25) and phos-
phorylated at least by the protein kinases US3 and UL13 (30).
The mutants studied extensively to date include two series of

recombinant viruses. The first series, reported previously, in-
cludes the HSV-1 recombinants R321 and R325. In recombi-
nant R321 a chimeric HSV-1 tk gene was inserted into the a22
gene immediately after codon 200. In recombinant R325, the
sequences encoding amino acids 200 to 420 were deleted. Both
recombinants direct the synthesis of truncated amino-terminal
polypeptides of ICP22 (28). As previously reported, the phe-
notype of this series of mutants includes the following charac-
teristics: (i) in cells of rodent derivation and in human primary
cell strains the yield of virus is reduced (35), and (ii) a0 mRNA
and protein accumulations, as well as the accumulation of a
subset of late proteins exemplified by US11, are also reduced in
these cells (29). The same phenotype has been observed in
cells infected with a recombinant virus carrying a wild-type a22
gene but lacking the UL13 gene encoding a protein kinase (29).
One site of nucleotidylylation ascribed to casein kinase II is in
the amino-terminal domain between amino acids 78 and 81 (4,
25). The precise location of the sequences phosphorylated by
the US3 and UL13 protein kinases are not known. The second
set of mutants are the insertional mutagenesis mutants de-
scribed in this report. Surprisingly, the insertion of sequences
specifying 18 to 22 amino acids at codon 200 or 240 had no
effect on any of the properties associated with the wild-type
ICP22. These studies suggest that ICP22 encodes at least two
sets of functions. The first maps in the amino-terminal domain
of ICP22; it may be activated or suppressed by nucleotidylyla-
tion, and it is not expressed by the US1.5 protein. The second
function maps in the carboxyl-terminal half of the protein,
within the domain of US1.5 between amino acids 240 and 420,
and is responsible for the features of the wild-type phenotype
missing from cells infected with the R325 and R321 deletion
mutants. It is conceivable that the two sets of functions are
related and expressed by amino acid sequences interacting in
trans rather than in cis.
It is noteworthy that precedents exist for functionally re-

lated, overlapping genes sharing nucleotides and encoded
amino acid sequences in the HSV-1 genome. Investigators
from this laboratory described another instance in which two
coterminal transcripts encoded polypeptides with identical car-
boxyl-terminal sequences but differed in size. Thus, the domain
of the UL26 gene is transcribed by two 39-coterminal tran-
scripts designated UL26 and UL26.5 mRNAs (20). The pro-
moter of UL26.5 is within the coding domain of UL26, and the

initiating methionine of the UL26.5 protein is Met-307 of the
UL26 protein. The two proteins are functionally related but are
different: whereas the UL26 protein gives rise by autoproteo-
lytic cleavage to a protease and a component of the scaffolding
for capsid assembly, the smaller UL26.5 protein acts exclusively
as a scaffolding protein and as a substrate for the protease (19).
Subsequently, Baradaran et al. described two overlapping tran-
scripts, UL8.5 and UL9, which share coding domains (3). The
UL9 transcript codes for the origin-binding protein, whereas
the UL8.5 transcript codes for the carboxyl-terminal domain of
origin-binding protein (3). The precise interaction of ICP22
with the US1.5 protein remains to be determined.
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