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Earlier studies have shown that (i) the coding domain of the «22 gene encodes two proteins, the 420-amino-
acid infected-cell protein 22 (ICP22) and a protein, Ug1.5, which is initiated from methionine 147 of ICP22 and
which is colinear with the remaining portion of that protein; (ii) posttranslational processing of ICP22
mediated largely by the viral protein kinase U; 13 yields several isoforms differing in electrophoretic mobility;
and (iii) mutants lacking the carboxyl-terminal half of the ICP22 and therefore AUg1.5 are avirulent and fail
to express normal levels of subsets of both a (e.g., ICP0) or v, (e.g., Ugll and U, 38) proteins. We have
generated and analyzed two sets of recombinant viruses. The first lacked portions of or all of the sequences
expressed solely by ICP22. The second set lacked 10 to 40 3’-terminal codons of ICP22 and Ugl.5. The results
were as follows. (i) In cells infected with mutants lacking amino-terminal sequences, translation initiation
begins at methionine 147. The resulting protein cannot be differentiated in mobility from authentic Ug1.5, and
its posttranslational processing is mediated by the U, 13 protein kinase. (ii) Expression of Ugl1l and U, 38
genes by mutants carrying only the Ugl.5 gene is similar to that of wild-type parent virus. (iii) Mutants which
express only Ugl.5 protein are avirulent in mice. (iv) The coding sequences Met147 to Met171 are essential for
posttranslational processing of the Ugl.5 protein. (v) ICP22 made by mutants lacking 15 or fewer of the
3'-terminal codons are posttranslationally processed whereas those lacking 18 or more codons are not
processed. (vi) Wild-type and mutant ICP22 proteins localized in both nucleus and cytoplasm irrespective of
posttranslational processing. We conclude that ICP22 encodes two sets of functions, one in the amino terminus
unique to ICP22 and one shared by ICP22 and Ugl.5. These functions are required for viral replication in
experimental animals. Ug1.5 protein must be posttranslationally modified by the U, 13 protein kinase to enable
expression of a subset of late genes exemplified by U, 38 and Ug11. Posttranslational processing is determined
by two sets of sequences, at the amino terminus and at the carboxyl terminus of Ugl.5, respectively, a finding

consistent with the hypothesis that both domains interact with protein partners for specific functions.

The herpes simplex virus (HSV) genome encodes >80 genes
whose expression is coordinately regulated and sequentially
ordered during productive infection (9, 10, 29). The first set of
genes expressed immediately after productive infection are the
a genes, followed by B and y genes. Of the five o genes initially
described, four have regulatory functions, and of these three,
the a genes 0, 4, and 27, have attracted considerable attention
because they are essential for viral replication under all con-
ditions tested. Thus, a0 encodes the infected-cell protein (ICP)
0, a promiscuous transactivator important in early stages of
infection. ICP4, the product of the a4 gene, regulates gene
expression both positively and negatively, whereas ICP27, the
product of the a27 gene, regulates posttranslational processing
and transport of RNA (30). ICP22, the product of the a22
gene, attracted less attention, possibly because its functions
were less apparent, obscured as it were by the observation that
it was dispensable for viral replication in cells in culture (21).
Although the functions of the 22 gene are the least well
understood, the evidence suggests that it plays an important
role in viral replication. Specifically, and not in the order of
discovery, we note the following.

(i) The domain of the 22 gene yields two mRNAs each
expressed by its own promoter. The 22 mRNA initiates up-
stream from the open reading frame and is spliced; the first
exon is in its 5'-noncoding domain (15, 28, 35). ICP22, its
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product, is a protein of 420 amino acids with alternating acidic
and basic domains. The second mRNA initiates in the coding
domain of the a22 gene and is driven by an independent
promoter (5). It directs the synthesis of a protein of 274 amino
acids beginning with Met147 of ICP22 and is colinear with the
remainder of the protein. This protein, designated Ugl.5, is
also expressed with a gene kinetics. The possibility that the
sequences unique to ICP22 perform functions different from
those of sequences shared by ICP22 and Ugl1.5 emerged from
the observation that insertion of a 20-codon linker at codon
200 or 240 had no apparent effect on the functions associated
with ICP22 and described below.

(ii) ICP22 is extensively posttranslationally processed (1), as
evidenced by phosphorylation and changes in electrophoretic
mobility. ICP22 was shown to be phosphorylated largely by the
protein kinase encoded by U; 13 and to a lesser extent by
protein kinase encoded by Ug3 (23, 24). ICP22 is also nucle-
otidylylated by casein kinase II (17, 18).

(iii) The deletion mutant R325 generated by Post and Roiz-
man (21) lacked the carboxyl-terminal 220 amino acids. The
mutant was highly attenuated in experimental animal systems
(16, 33). It replicated to wild-type virus levels in Vero and
HEp-2 cells, but its ability to replicate in rodent or rabbit cells
or in primary human fibroblasts was diminished. In these re-
stricted cell lines, a subset of v, proteins exemplified by the
product of Ug11 was significantly reduced (24). In addition, the
levels of mRNA and protein products of the a0 gene were also
reduced (24). More detailed analyses showed that in rabbit
skin cells infected with R325, ICP0O mRNA was unstable, and
the alternate splice acceptor C of ICPO intron 1 was not used
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(6). The studies by Purves et al. cited above showed that the
phenotype of the R325 deletion mutant was similar to that of
the mutant lacking a functional U, 13 gene (24).

(iv) ICP22 localizes in both the nucleus and cytoplasm (11).
Nuclear ICP22 localizes early in infection in small dense nu-
clear structures. At the onset of DNA synthesis, ICP22 colo-
calizes with ICP4, nascent DNA, RNA polymerase II, and
other cellular proteins (14). The displacement of ICP22 from
the small dense nuclear structures requires the expression of
the protein kinase encoded by U, 13. These results suggest that
the products of the a22 gene are involved in transcription of
late genes, a conclusion consistent with the report that 22
mediates an intermediate level of phosphorylation of the RNA
polymerase II (26, 27).

(v) Studies in yeast two-hybrid systems with the entire a22
gene as bait yielded evidence of the interaction of ICP22 with
at least two host proteins. The first, designated p78, was re-
cently discovered to be identical in sequence to a protein
reported to localize in nucleoli and designated MSP58 (25).
Studies in our laboratory showed that p78 is made early in the
S phase, has a short half-life, and binds the amino-terminal
domain of ICP22. In synchronized cells, during the expression
of p78, the ICP22 exhibits novel posttranslationally processed
forms. These forms are replaced by the standard series of
ICP22 isoforms with time after infection (3).

The second protein, designated p60, bound fast-migrating,
underprocessed wild-type ICP22 and ICP22 lacking the car-
boxyl-terminal 24 amino acids but not ICP22 lacking the ter-
minal 40 amino acids. p60 also bound ICP0, and this binding
was independent of that of ICP22. In uninfected HEp-2 cells,
p60 was distributed throughout the cell. In wild-type-virus-
infected HEp-2 cells, p60 was translocated into the nucleus and
formed dense bodies that colocalized with ICP0. The post-
translational processing of p60 present in HEp-2 cells infected
with wild-type or ICP22 mutant viruses could not be differen-
tiated from that of uninfected cells, whereas the p60 accumu-
lating in rabbit skin cells infected with wild-type virus differed
in electrophoretic mobility from that made in uninfected cells.
The posttranslational processing of p60 was absent in rabbit
skin cells infected with the virus lacking the sequences encod-
ing the carboxyl-terminal half of ICP22. p60 appears to be a
linker protein capable of binding to and mediating the inter-
action of ICP0 with the underprocessed form of ICP22 (4).

This report focuses on the functional anatomy of ICP22. In
essence, we identified three functional domains. One domain
maps in sequences unique to ICP22. The other two domains
map in the domain of sequences shared by ICP22 and Ug1.5.
The functions encoded by these domains are expressed by
Ugl.5 in the absence of domain 1.

MATERIALS AND METHODS

Cells and Viruses. Vero and HEp-2 cells were obtained from the American
Type Culture Collection (Manassas, Va.). Rabbit skin cells were originally ob-
tained from John McClaren. HSV-1(F) is the prototype HSV-1 strain used in this
laboratory (8). The constructions of HSV-1 recombinant viruses R325, R7356
(AU 13), and R7905 were reported elsewhere (12, 21, 22).

Plasmids. To construct pRB5210, the plasmid pRB138 containing BamHI N
(bp 131,399 to 136,289 of the HSV-1 consensus sequence) was digested with
EcoRI and BamHLI, releasing a BamHI N fragment that was truncated by 121 bp.
This fragment was cloned into the EcoRI-BamHI sites of the pucl9 vector.

To construct pRB5212, a 110-bp PCR product was generated from pRB5210
with the aid of the Pfu polymerase (Stratagene, La Jolla, Calif.) and the primers
P1 (GGA ACG TCC TCG TCG AGG CGA CCG) and P2 (GCC TGG GGA
AAT GTC GGC CGT CCA GAA AAC GTC). P1 included in the final product
the EcoNI site 100 bp upstream of the ICP22 open reading frame whereas P2
replaced the initiator methionine codon of ICP22 with an Eagl site. The PCR
product was then digested with EcoNI and Eagl and subcloned into pRB5210
which had also been digested with EcoNI and Eagl to remove the ICP22 open
reading frame. In the resulting plasmid, pRB5212, the sequences encoding
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ICP22 and Ugl.5 from the initiation methionine to the carboxyl-terminal stop
codon had been deleted, leaving only a unique Eagl restriction endonuclease
cleavage site.

To construct pRB5214, a 1.2-kb PCR product was generated from pRB5210
with the Pfu polymerase (Stratagene) and the primers P3 (GAC GTT TTC TGG
CGG CCG ATG GCC GAC) and P4 (GAC GCT GGG ACA AAC GCT TTG
ATT TTG GTC). P3 inserted an Eagl site adjacent to the initiator methionine
codon of ICP22, and the primer P4 represents a sequence located 50 bp down-
stream from the carboxyl-terminal Eagl site of the carboxyl-terminal stop codon
of the ICP22 open reading frame. The PCR product was then digested with Eagl
and subcloned into the Eagl site of pRB5212. The resulting plasmid, pRB5214,
contained ICP22 and Ugl.5 with an Eagl site just preceding the initiation me-
thionine.

To construct pRB5215, a 870-bp PCR product was generated from pRB5212
with Pfu polymerase (Stratagene) and the primers PS5 (ACG CAG CCC CGG
GCC CCC CGG CCG TCG GCC) and P4. P5 created an Eagl site 25 bp
upstream of the Ugl.5 initiation Met171 and the primer P4. The PCR product
was then digested with Eagl and subcloned into pRB5212. The resulting plasmid,
pRB5215, contained a Ugl.5 open reading frame driven by the a22 promoter.

To construct pRB458, the EcoRI site of plasmid pucl9 was destroyed with the
T4 polymerase (Stratagene).

To construct pRB5211, the 3.9-kb SacI (bp 129,088 to 133,046) fragment from
the HindIIT M (bp 126,526 to 133,466) fragment of HSV-1(F) was subcloned
from pRB201 and cloned into pRB458.

To construct pRB5213, the 3.2-kb Sacl-Xbal fragment (nucleotides 133,049 to
136,289 of BamHI N) from pRB5212 was cloned into pRB5211. The resulting
plasmid, pRB5213, extended BamHI N by 2 kb to nucleotide 129,088.

To construct pRB5216, a 740-bp PCR product was generated from pRB5210
with the Pfu polymerase and the primers P5 and P7 (GGC CCG GGC CGT TCC
ACG GAG CTG GTA TC). P7 inserted an Eagl site 120 bp upstream from the
stop codon of «22/Ug1.5. The PCR product was digested with Eagl and Dralll
and subcloned into pRB5210 digested with Dralll and Eagl. In the resulting
plasmid, pRB5216, both ICP22 and Ugl.5 open reading frames were truncated
by 40 3’ codons.

To construct pRB5217, a 1.2-kb PCR product was generated from pRB5210
with the Pfu polymerase and the primers P3 and P8 (ATA GGG CGG CCG
GGT GGA GAA GCG CAT TTT). P8 inserted an Eagl site 30 bp upstream
from the carboxyl-terminal stop codon of ICP22 and Ugl.5. The PCR product
was digested with Eagl and subcloned into pRB5212 digested with Eagl. In the
resulting plasmid, pRB5217, both ICP22 and Ugl.5 open reading frames were
truncated by 10 3’ codons.

To construct pRB5218, a 1.2-kb PCR product was generated from pRB5210
with the Pfu polymerase and the primers P3 and P9 (GCA GCC CGG CCG
ACA CTT GCG GTC TTC TGC). P9 inserted an Eagl site 66 bp upstream from
the stop codon of ICP22 and Ugl.5. The PCR product was digested with Eagl
and subcloned into Eagl-digested pRB5212. In the resulting plasmid, pRB5218,
both ICP22 and Ugl.5 open reading frames are truncated by 22 3’ codons.

To construct pRB5219, a 1.3-kb PCR product was generated from pRB5210
with the Pfu polymerase and the primers P10 (CCG GTA CCT TTT CTG GAT
GGC CGA CAT TTC CCC AGG) and P11 (GCC GGT ACC ACG CTG GGA
CAA ACG CTT TGA TTT TGG). P10 inserted a Kpnl site adjacent to the
initiator methionine codon of ICP22, whereas P11 placed a Kpnl site down-
stream and adjacent to the stop codon of ICP22 and Ugl.5. The PCR product
was digested with KpnI and subcloned into the Kpnl site of pRB4297 downstream
of the af+y promoter. The afy promoter was constructed by cloning the —12 to
—520 bp upstream promoter region of a4 in front of a polylinker. Next, 200 bp
of the 240-bp y1 promoter of Uy 19 (VP5) was cloned in at the —12 position. This
created a promoter which allows the expression of an inserted gene throughout
the herpesvirus infection cycle (1a). The resulting plasmid, pRB5219, contained
the open reading frames of the a22 gene driven by the afy promoter.

To construct pRB5243, a 1.2-kb PCR product was generated from pRB5210
with the Pfu polymerase and the primers P3 and P12 (GGT GGA CGG CCG
CAT TTT CCG GCA GCC GTC). P12 inserted an Eagl site 45 bp upstream
from the stop codon of ICP22 and Ugl.5. The PCR product was digested with
Eagl and subcloned into Eagl-digested pRB5212. In the resulting plasmid,
pRB5243, both ICP22 and Ugl.5 open reading frames are truncated by 15 3’
codons.

To construct pRB5244, a 1.2-kb PCR product was generated from pRB5210
with the Pfu polymerase and the primers P3 and P13 (GCG CAT CGG CCG
GCA GCC GTC CAG ACA CTT GC). P13 inserted an Eagl site 54 bp upstream
from the stop codon of ICP22 and Ugl.5. The PCR product was digested with
Eagl and subcloned into Eagl-digested pRB5212. In the resulting plasmid,
pRB5244, both ICP22 and Ugl.5 open reading frames are truncated by 18 3’
codons.

To construct pRB5251, a 1.1-kb PCR product was generated from pRB5210
with the Pfu polymerase and the primers P3 and P14 (TCT GAG CGG CCG
TCC GAT ACA GCC TTG GAG TCT). P14 inserted an Eagl site 115 bp
downstream from the initiation methionine (Metl) of ICP22 and Ugl.5. The
PCR product was digested with Eagl and subcloned into Eagl-digested pRB5212.
In the resulting plasmid, pRB5251, the ICP22 open reading frame is truncated by
47 5’ codons, and the first available codon for translational initiation is Met90.
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FIG. 1. Schematic representation of the construction of recombinant viruses.
(A) Line 1, sequence arrangement of the HSV-1 genome showing the unique
long (U ) and unique short (Ug) sequences and the location of the « genes 0, 4,
and 22. Lines 2 to 6, domains of the HSV-1 cosmid set used for the construction
of recombinants. (B) Construction of the Aa22/AUgl.5 virus. Line 2, expansion
of the S component of HSV-1 DNA. Lines 3, 4, and 5, domains of cosmids
pBC1016 and pBC1004 and plasmid pRB5213. Plasmid pBR5213 was con-
structed to bridge the gap in the nonoverlapping cosmids pBC1016 and
pBC1004. In this plasmid, the a22/Ug1.5 open reading frame was replaced with
a unique Eagl restriction site.

Cosmids. The set of cosmids used in this study was derived from HSV-1(F)
DNA as described elsewhere (7, 12) and is illustrated in Fig. 1A, lines 2 through
6. The sequences contained in the cosmid set were as follows: pBC1004, nucle-
otides 133,052 to 17,029; pBC1006, nucleotides 2,945 to 45,035; pBC1007, nu-
cleotides 77,933 to 116,016; pBC1008, nucleotides 106,750 to 142,759; and
pBC1014, nucleotides 40,617 to 80,454. Cosmid pBC1016, containing the nucle-
otides 110,095 to 131,534, was constructed by digesting pBC1008 with EcoRI,
followed by gel purification. The desired DNA fragment was then ligated into the
multicloning site of the SuperCos1 cosmid vector (Stratagene) and packaged into
lambda phage with the Gigapack XLII (Stratagene) packaging extract according
to the manufacturer’s instructions.

Construction of recombinant viruses. The construction of recombinant virus
R7802 (Aa22/AUs1.5) involved the following steps. (i) The cosmid pBC1008 was
digested with the restriction enzyme EcoRI to create a gap in the cosmid within
the a22/Ug1.5 region (Fig. 1B, lines 3 and 4), creating cosmid pBC1016. (ii) The
cosmids (pBC1006, pBC1014, pBC1007, pBC1016, and pBC1004) were digested
with the restriction enzyme Pacl to release the HSV-1 sequences from the
cosmid vector. (iii) A bridging plasmid (pBR5213) from which the entire «22/
Usl.5 open reading frame had been deleted was constructed. This plasmid has a
2.5-kb overlap with pBC1016 and a 1-kb overlap with the cosmid pBC1004 (Fig.
1B, lines 3, 4, and 5). (iv) A second plasmid (pBR5219), which contained the
open reading frame for «a22/Ugl.5 driven by the recombinant herpesvirus afy
promoter but lacking sequences overlapping within the cosmid set, was con-
structed. (v) The modified cosmid set in amounts of 1 pg each (pBC1004,
pBC1006, pBC1007, pBC1014, and pBC1016), the linearized bridging plasmid
pBR5213 in amounts ranging from 0 to 0.8 ug lacking the a22/Ugl.5 gene, and
the «22/Ug1.5 expression plasmid (pBR5219; 0.1 pg) were transfected into Vero
cells with Lipofectamine (Gibco BRL, Gaithersburg, Md.) according to the
manufacturer’s instructions. The progeny virus was designated R7802 (Aa22/
AUgl.5). In addition, the cells were transfected with the cosmid set (pBC10006,
pBC1014, pBC1007, pBC1004, and pBC1016) without the bridging plasmid
(pBR5213) to yield R7805 (Aa22y1/Usl.5) (Fig. 2, line 4).

The genotypes of the wild-type parent HSV-1(F) and of the recombinant
viruses R7905 [HSV-1(F), derived from the original cosmid set], R7802 (Aa22/
AUgl.5), and R7805 (Aa22/Ugl.5) were analyzed as follows. Viral DNAs were
isolated and digested with BamH]I, electrophoretically separated in agarose gels,
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FIG. 2. Schematic representation of the recombinants with amino-terminal
deletion in the a22 gene. Line 1, BarnHI N fragment of HSV-1(F) showing the
open reading frames of ICP22 (open rectangles) and Ugl.5 along with their
mRNA transcripts (thin lines). Line 2, R7802 (Aa22/AUgl.5) and a schematic
representation of the BamHI N fragment (pRB5212). The open reading frames
of ICP22 and Ugl.5 were replaced with a unique Eagl restriction site. Line 3,
R7804 (R7802 repair). The BamHI N fragment (pRB5214) was restored. Line 4,
schematic diagram of the BamHI N fragment in R7805 (Aa22/Ugl.5) recombi-
nant virus. Line 5, representation of the BamHI N fragment of R7806 (R7805
repair). The BamHI N fragment (pRB5210) was restored. Line 6, representation
of the BamHI N fragment in R7808 (Aa22/Ug1.5). The open reading frame of
Ugl.5 was cloned into the unique Eagl site of pBR5212 to yield pRB5215. Line
7, representation of the BamHI N fragment of R7828 (R7808 repair). The
BamHI N fragment (pRB5210) from wild-type virus HSV-1(F) was restored.
Abbreviations: B, BamHI; E, EcoRI; S, Sau3Al.

transferred to a nylon membrane, and hybridized to 3?P-labeled BamHI N
(pBR5210) as described above. The probe pBR5210 (BamHI N) hybridized to
the 4.9-kb BamHI N fragment of wild-type HSV-1(F) and R7905 [HSV-1(F)]
(Fig. 3, lanes 1 and 2). The probe hybridized to a 3.6-kb BamHI fragment
corresponding to the predicted size of BamHI N in R7802 (Aa22/Ug1.5) (Fig. 3,
lane 3). The probe also hybridized to a 3.4-kb fragment corresponding to the
predicted size of BarnHI N in R7805 (Aa22y51/Usl.5) (Fig. 3, lane 4). The probe
hybridizes to the BamHI Z fragment since this fragment contains a portion of the
inverted repeat common with BamHI N. These results are consistent with the
predicted size of the BamHI N region with the open reading frame of «22/Ug1.5
(R7802) deleted and with the deletion of the promoter elements and amino-
terminal region of a22 (R7805).

To construct R7808 (Aa22/Ugl.5ap), the predicted open reading frame of
Ugl.5, that is, the sequence encoding codons 171 to 420 of ICP22, was PCR
amplified and cloned into plasmid pRB5212. The new plasmid, pRB5215, con-
tained an additional Eagl restriction site at the beginning of the Ugl.5 open
reading frame (Fig. 2, line 6). This plasmid was cotransfected with the R7802
(Aa22/AUg1.5) recombinant viral DNA into rabbit skin cells. Several plaques
were isolated, and the structure of the recombinant virus R7808 (Aa22/Ugl.5ap)
was verified by hybridization of electrophoretically separated BamHI-digested
viral DNA with nick-translated pRB5210 (BamHI N fragment; data not shown).

To construct R7815 (Aa22y1/Ugl.5)[A47a.a.], the predicted open reading
frame of ICP22/Ug1.5, that is, the sequence encoding codons 47 to 420 of ICP22,
was PCR amplified and cloned into plasmid pRB5251. This plasmid was cotrans-
fected with the R7802 (Aa22/AUg1.5) recombinant viral DNA into rabbit skin
cells. Several plaques were isolated, and the structure of the recombinant virus
R7815 (Aa22y51/Ugl.5)[A47a.a.] (see Fig. 7) was verified by hybridization of
electrophoretically separated BamHI-digested viral DNA with nick-translated
pRB5210 (BamHI N fragment; data not shown).
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FIG. 3. Autoradiographic images of electrophoretically separated BamHI
digests of recombinant viral DNA hybridized with 3?P-labeled pRB5210. The
digests were electrophoretically separated in a 0.8% agarose gel, transferred to
Zeta-probe membrane, and hybridized with 3*P-labeled pRB5210 carrying the
HSV-1(F) BamHI N fragment. Lanes: 1, the 4.9-kb BamHI N fragment from
HSV-1(F); 2, the 4.9-kb BamHI N fragment from the R7905 [HSV-1(F)] cosmid
virus; 3, the 3.6-kb BamHI N fragment from R7802 recombinant virus; 4, the
3.4-kb BamHI N fragment from the R7805 recombinant virus.

Construction of ICP22/Ugl1.5 carboxyl-terminal truncation viruses. To inves-
tigate the function of the carboxyl-terminal domain of ICP22/Ug1.5, a series of
recombinant viruses lacking the terminal 10, 15, 18, 22, or 40 codons of the genes
were constructed. To construct the recombinant virus R7819, which lacks the
3’-terminal 10 codons of the a22/Ug1.5 open reading frames (Fig. 4A, line 2, and
4B, line 2), the ICP22/Ugl.5 gene was amplified using PCR. This amplified
product extended from the initiation methionine codon to codon 410 of «22 and
contained a diagnostic Eagl restriction endonuclease site at the amino terminus
of the «22/Ug1.5 genes. The PCR product was cloned into plasmid pRB5212 to
create pRB5217. This plasmid (pRB5217) was cotransfected with R7802 (Aa22/
AUgl.5) viral DNA into rabbit skin cells. Several plaques were isolated, and the
structure of the mutant virus R7819 was verified by hybridization of electro-
phoretically separated BamHI-digested viral DNA with nick-translated pRB5210.

In a similar fashion, cotransfection of R7802 DNA with plasmid pRB5216
yielded R7810 (Aa221/Ugl.5-1)[A40a.a.]. Cotransfection of R7802 DNA with
plasmid pRB5243 yielded R7822 (Aa22-1/Ugl.5c1)[Al5a.a.], cotransfection
with plasmid pRB5244 yielded R7823 (Aa22-1/Ugl.5¢-p)[A18a.a.], and cotrans-
fection with plasmid pRB5218 yielded R7820 (Aa22-1/Ugl.5-r)[A22a.a.] (Fig.
4).

Repair of sequences deleted from the viral genomes. The deletion of R7802
(Aa22/AUg1.5) was repaired to yield the repair virus R7804 (Fig. 2, line 3). The
open reading frame of a22/Ugl.5 was PCR amplified and cloned into plasmid
(pRB5212) to create pRB5214, which was identical to BamHI N except for the
presence of an additional Eagl restriction site at the beginning of the «22/Ug1.5
open reading frame (Fig. 2; compare lines 2 and 3). This plasmid (pRB5214) was
cotransfected with viral DNA of R7802 (Aa22/AUg1.5) into rabbit skin cells. The
selection for the recombinant virus took advantage of the observation that R7802
viral DNA did not form plaques in transfected rabbit skin cells. Therefore, the
presence of plaques on this cell line would signal the presence of a recombinant
virus. Several plaques were isolated, and the structure of the recombinant R7804
virus was verified by hybridization of electrophoretically separated BarmHI-di-
gested viral DNA with nick-translated pRB5210 (BamHI N fragment; data not
shown).

The recombinant viruses R7805 (Aa22y1/Ugl.5) and R7808 (Aa22y/Ugl.5)
were repaired by blind selection on rabbit skin cells to yield R7806 («22/Ug1.5)
and R7828 («22/Ugl.5), respectively (Fig. 2, lines 6 and 7). In a similar fashion,
R7810 (Aa22-1/Ugl.5-1)[A40a.a.] was repaired with plasmid pRB5212 to yield
R7821 («22/Ugl.5) (Fig. 4, line 7).

Antibodies. The Ug11, ICP0 (H1083) mouse monoclonal antibodies, the rabbit
polyclonal antibody R77 amino-terminal ICP22, W2 against the carboxyl termi-
nal of ICP22, and the rabbit polyclonal W1 against U, 38 were described previ-
ously (1, 13, 31, 34). Goat anti-rabbit or anti-mouse alkaline phosphatase-con-
jugated secondary antibody was purchased from Bio-Rad (Hercules, Calif.).

Electrophoretic separation and immunoblotting of viral proteins. Replicate
cultures of Vero or rabbit skin cells in 25-cm? flasks were exposed to 10 PFU of
the appropriate virus per cell. The cells were maintained in medium 199V,
consisting of a mixture of 199 supplemented with 1% calf serum. At 18 h after

J. VIROL.
A 2
£0 «g 4 [# s
A U, A A uas
1 7/ :]I:}-—-—i:
1. HSV-1 (F) [—] .
B E Eag! B
2.R7819 NC——m=
(Au22¢T/AUg1.5¢T) —]
[a10a.a.] —+ $ $ 2 {
B E Eagl Eagl B
3. R7822 Ne——mm
(Au22¢T/AUg1.5¢T) ——m
[a15a.a.] — } n > —
B E Eagl Eagl B
4. R7823 C———m
(Au22¢T/aUgt.5¢T) ——m
>
{aiza.a. H + 1 —
B E Eagl Eagl B
5. R7820 Ne—m |
(Au22¢1/\Ug1.5¢T) —m
>
[a22a.al] —+ + + —
8 E Eagl Eagl B
6. R7810 NC———a |
(Au22¢y/AUg1.5¢T) —
_—>
[M0a.al] - + 4
8 E Eagl 8
7. R7821 N
(122/Ug1.5) — ==
) — 5
R7810 Repair ——t } 1
B E Eag! Eag! B
B
420
1. HSV-1 (F) ERP GPSDSGAGRA AEDRKCLDGC RKMRFSTACP YPCSDTFLRP
410
2.R7819 ERP GPSDSGAGRA AEDRKCLDGC RKMRFSTARP (st0a.a.)
405
3.R7822 ERP GPSDSGAGRA AEDRKCLOGC RKMRP {alsa.a.)
402
4. R7823 ERP GPSDSGAGRA AEDRKCLDGC RP  [Al8a.4.]
398
5. R7820 ERP GPSDSGAGRA AEDRKCRP  [A22a3.a.]
6. R7810 erP’ [vi0a.a.]

FIG. 4. Schematic representation of terminal sequences of the recombinants
carrying 3'-terminal deletions in the a22/Ug1.5 genes of HSV-1(F). (A) BamHI
N sequence arrangements in recombinants. The rectangles represent the open
reading frames. The filled boxes represent the 40 carboxyl-terminal codons. The
numbers in brackets indicate the number of codons deleted from the termini of
the open reading frames. Abbreviations: B, BamHI; E, EcoRI. (B) Schematic
diagram of the 43 carboxyl-terminal amino acids of «22/Ugl.5 protein from
amino acid 377 to the end of the a22/Ugl.5 protein.

infection, the cells were rinsed and scraped into 1 ml of ice-cold phosphate-
buffered saline lacking Ca®* and Mg** (PBS-A), centrifuged for 5 min in a
microcentrifuge at 4°C, and resuspended in 350 pl of PBS-A* (PBS-A with 0.1
mM TPCK [tolylsulfonyl phenylalanyl chloromethyl ketone], 0.1 mM TLCK
[tosyl-L-phenylalanine chloromethyl ketone], 0.1 mM PMSF [phenylmethylsul-
fonyl fluoride], 1.0% [vol/vol] Nonidet P-40 [NP-40], 40 mM B-glycerophosphate,
and 1.0% [wt/vol] sodium deoxycholate). The lysates were sonicated briefly and
frozen in aliquots at —70°C. Aliquots were thawed on wet ice, and 20 pl of
disruption buffer (12.5 mM Tris-HCI [pH 6.8], 0.5% sodium dodecyl sulfate
(SDS), 2.5% glycerol, 5% B-mercaptoethanol) was added to 40 pl of infected cell
lysate and boiled for 5 min. The solubilized proteins were subjected to electro-
phoresis in denaturing polyacrylamide gels (60 wl per lane), transferred to a
nitrocellulose membrane (Schleicher & Schuell), and reacted with the appropri-
ate antibody. The bound antibody was visualized with antibody conjugated to
alkaline phosphatase (Bio-Rad) and visualized according to the manufacturer’s
instructions.

Analyses of viral DNA by hybridization. Cytoplasmic DNAs from infected cells
were harvested by resuspending two roller bottle cultures (approximately 4 X 10%
cells) in 20 ml of 150 mM NaCl, 10 mM Tris-HCI (pH 7.4), 1.5 mM MgCl, with
NP-40 added to a final concentration of 0.1% (vol/vol). The nuclei were pelleted
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by centrifugation at 2,500 rpm for 5 min in a Beckman (model TJ-6) tabletop
centrifuge. The supernatant fluid containing cytoplasmic virions was collected,
and SDS, EDTA, and B-mercaptoethanol were added at final concentrations of
0.2%, 5 mM, and 50 mM, respectively. Phenol-chloroform extraction was per-
formed twice followed by a chloroform extraction. Viral DNA was then precip-
itated with 2 volumes of 100% ethanol and centrifuged at 10,000 rpm in an SS-34
rotor. Viral DNA pellet was resuspended in 1 ml of sterile H,O and RNase A
was added at a final concentration of 20 wg/ml. The mixture was incubated for 15
min at 37°C and centrifuged through a linear 5 to 20% potassium acetate
gradient in 10 mM Tris-HCI (pH 8.0)-5 mM EDTA in an SW41 rotor (Beckman)
at 40,000 rpm for 3.5 h at 20°C. The pellet was gently rinsed once with H,O,
resuspended in 0.4 ml of H,O, precipitated by the addition of 2 volumes of 100%
ethanol, solubilized, digested with BamHI, electrophoretically separated on an
0.8% agarose gel, and transferred to a nylon membrane (Bio-Rad). The hybrid-
ization and membrane-stripping procedures were performed as recommended by
the manufacturer. The plasmid pRB5210 was used to make [*?P]dCTP-labeled
probe using a Nick Translation Kit (Promega, Madison, Wis.).

Cell fractionation. HEp-2 cells grown in 25-cm? flask cultures were infected
with 10 PFU of HSV-1(F), R7805(Aa22y51/Usl.5), R7808 (Aa22y1/Usl.5a22),
and R7810 (Aa22-1/AUgl.5-1) per cell. At 18 h after infection, the cells were
washed with 5 ml of PBS(A) and then scraped into 1 ml of PBS(A) and resus-
pended into 100 pl of buffer A (50 mM Tris-HCl [pH 7.5], 5 mM MgCl,, 1 mM
PMSF, 0.1 mM TLCK, 0.1 mM TPCK). The cells were lysed by the addition of
4 pl of 10% NP-40 and stored at 25°C for 5 min. The nuclei were separated from
the cytoplasm by centrifugation in a microcentrifuge. The supernatant (cytoplas-
mic fraction) was removed, and 50 pl of disruption buffer was added. The nuclei
were resuspended in 75 pl of PBS(A) and 50 wl of disruption buffer.

RESULTS

Construction of the Aa22/AUg1.5 and Ugl.5 recombinant
viruses. To conduct a comprehensive analysis of ICP22/Ug1.5,
it was necessary to construct a virus from which the entire open
reading frame of a22/Ug1.5 had been deleted. To delete the
entire a22/Ug1.5 domain, we used a modified cosmid system as
described previously (7, 12) and in Materials and Methods.
This cosmid set is illustrated in Fig. 1A, lines 2 to 6. Construc-
tion of the Aa22/AUgl.5 cosmid virus involved the following
steps. (i) The cosmid pBC1008 was digested with the restric-
tion enzyme EcoRI to create a gap within the a22/Ug1.5 region
(Fig. 1B, lines 3 and 4) to create the cosmid pBC1016 (see
Materials and Methods). (ii) A bridging plasmid (pBR5213)
from which the entire a22/Ug1.5 open reading frame had been
deleted was constructed (Fig. 1B, line 5). (iii) A second plas-
mid (pBR5219) which contained the open reading frame for
a22/Ugl.5 driven by the recombinant herpesvirus of3y pro-
moter but without any overlapping sequences within the cos-
mid set was constructed. (iv) The modified cosmid set
(pBC1004, pBC1006, pBC1007, pBC1014, and pBC1016), the
bridging plasmid pBR5213, lacking the «22/U¢l.5 genes, and
the a22/Ug1.5 expression plasmid (pBR5219) were transfected
into Vero cells to yield R7802 (Fig. 2, line 2). In addition, the
cells were transfected with the cosmid set (pBC1006, pBC1014,
pBC1007, pBC1004, and pBC1016) without the bridging plas-
mid (pBR5213) to yield R7805 (Fig. 2, line 4). The subsequent
plaques were isolated, and the genotypes were analyzed.

The genotypes of the wild-type parent HSV-1(F) and of the
recombinant viruses R7905 [HSV-1(F) derived from the orig-
inal cosmid set], R7802 (Aa22/AUgl.5), and R7805 (Aa22/
Ugl.5) were analyzed as follows. Viral DNAs were isolated and
digested with BamH]I, electrophoretically separated in agarose
gels, transferred to a nylon membrane, and hybridized to **P-
labeled BamHI N (pBR5210) as described in Materials and
Methods. The probe hybridized to the 4.9-kb BamHI N frag-
ment of wild-type HSV-1(F) and R7905 [HSV-1(F)] (Fig. 3,
lanes 1 and 2). The probe hybridized to a 3.6-kb BamHI frag-
ment corresponding to the predicted size of BamHI N in
R7802 (Aa22/AUg1.5) (Fig. 3, lane 3) and to a 3.4-kb fragment
corresponding to the predicted size of BamHI N in R7805
(Aa22/Ug1.5) (Fig. 3, lane 4). These results are consistent with
the predicted size of the BamHI N region deleted for the open
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reading frame of «22/Ugl.5 (R7802) and the deletion of the
promoter elements and amino terminus of «22 (R7805).

The recombinant virus R7808 (Aa22/Ugl.5) and the repair
viruses of R7802 (Aa22/AUgl.5), R7805 (Aa22/Ugl.5), and
R7808 (Aa22/Ugl.5) were constructed by blind selection on
rabbit skin cells to yield R7804 («22/Ugl.5), R7806 («22/
Ugl.5), and R7828 («22/Ug1.5) (Fig. 2, lines 3, 5, 6, and 7) as
described in Materials and Methods.

Biologic properties of R7802 (Aa22/AUg1.5) and R7805
(Aa22/Ugl.5). Of the various recombinants produced in these
studies, two are of key importance. These are R7802 and
R7805. R7802 lacked the coding domains of both «22 and
Ugl.5 (Fig. 2, line 2), whereas R7805 contained the coding
sequences of Ugl.5 but not the 5’ sequence that codes the
amino terminus of ICP22 (Fig. 2, line 4). In our studies, R7802
could not be differentiated from R325 with respect to biologic
properties. Thus, it replicated in primate cell lines (Vero and
HEp-2) and to a lesser extent in rabbit skin cells in a manner
consistent with the findings of previous studies of R325 (24, 33)
and the report on a homologue of R7802 described by Poffen-
berger et al. (19, 20). One remarkable observation with signif-
icant consequences was that R7802 did not yield plaques on
transfection of rabbit skin cells. Plaques were formed, how-
ever, if a plasmid expressing ICP22 was cotransfected with the
cosmid set, but under conditions in which ICP22 could not
recombine with the cosmids to form an infectious virus. The
failure of transfected R7802 DNA to yield plaques was of
special significance, since virtually any plasmid containing cod-
ing sequences of ICP22 or Ugl.5 genes rescued the capacity to
make plaques, and recombinant viruses could easily be se-
lected on the basis of that property.

R7805 was tested for its ability to cause morbidity or mor-
tality upon intracerebral inoculation in mice. The 50% lethal
doses (PFU) were 5.6 X 10* for R7805, 3.4 X 10" for R7806 in
which the a22/Ug1.5 lesions were repaired, and 1.1 X 107 for
the wild-type parent, HSV-1(F).

The posttranslational modification of Ugl.5 is determined
by the U, 13 protein kinase. An earlier study (23) has shown
that U, 13 mediates the phosphorylation and posttranslational
processing of ICP22. A central question was whether the U, 13
protein kinase also mediates the posttranslational processing
of Ugl.5 protein. To investigate this question, replicate cul-
tures of Vero or rabbit skin cells were exposed to 10 PFU of
wild-type [HSV-1(F)] or AU, 13 (R7356) viruses per cell. At 4,
8, 12, and 24 h after infection, the cells were harvested, solu-
bilized, electrophoretically separated on a denaturing poly-
acrylamide gel, electrically transferred to a nitrocellulose
sheet, and reacted with a polyclonal antibody to «22/Ugl.5
(Fig. 5).

The antibody to the carboxyl-terminal 138 amino acids of
ICP22/Ugl1.5 reacted with several bands of ICP22 (M,, 67,000
to 72,000) and Ugl.5 (M, 35,000 to 48,000) corresponding to
the isoforms resulting from posttranslational processing of the
two proteins (Fig. 5, lanes 7 and 8). ICP22 and Ug1.5 proteins
were not processed at 4 h after infection and exhibited a
reduced number of isoforms in lysates of cells infected with the
AU, 13 (R7356) virus. The decrease in the number of isoforms
of Ugl.5 paralleled the decrease in the number of isoforms of
ICP22 (Fig. 5; compare lane 8 with lane 9). These results
indicate that the U, 13 protein kinase mediated some of the
posttranslational processing of the Ugl.5 protein. The results
also indicate that (i) at least one domain targeted by the U; 13
protein kinase is located in the amino-terminal 250 amino
acids shared by ICP22 and Ugl.5 protein, and (ii) the same
domain is responsible for the differentiation of several iso-
forms of these proteins.
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FIG. 5. Photograph of an immunoblot of electrophoretically separated lysates of cells mock infected or infected with HSV-1(F) or R7356 (AU 13) and reacted with
antibody to ICP22/Ug1.5. Vero cells (VC) and rabbit skin cells (RSC) harvested at various times (4 to 24 h) after infection were solubilized, subjected to electrophoresis
in a denaturing 10% polyacrylamide gel, transferred to a nitrocellulose sheet, and reacted with the rabbit polyclonal antibody (W2) made against the 138 carboxyl-

terminal amino acids of ICP22/Ug1.5.

Processing of Ugl.5 protein expressed by mutant viruses.
The purpose of the next series of experiments was to verify that
R7802 did not express a22/Ug1.5 proteins and to examine the
expression of Ugl.5 in R7805 and R7808. Replicate cultures of
Vero cells were exposed to 10 PFU of HSV-1(F), R7802
(Aa22/AUL.5), R7804 (R7802 repair), R7805 (Aa22/Ugl.5),
R7806 (R7805 repair), R7808 (Aa22/Ugl.5), or R7828 (R7808
repair) virus per cell. At 18 h after infection, the cells were
harvested, solubilized, electrophoretically separated on a de-
naturing polyacrylamide gel, electrically transferred to a nitro-
cellulose sheet, and reacted with the polyclonal antibody to the
carboxyl terminal of ICP22/Ug1.5 proteins as described in Ma-
terials and Methods. The results (Fig. 6) were as follows. (i)
Both ICP22 and Ugl.5 were present in lysates of HSV-1(F)
(Fig. 6, lane 1). (ii) Both ICP22 and Ugl.5 were absent in
lysates of R7802 (Aa22/AUgl.5)-infected cell lysates (Fig. 6,
lane 2). (iii) The Ugl.5 protein was detected in lysates of cells
infected with R7805 (Aa22/Ugl.5) and R7808 (Aa22/Ugl.5)
(Fig. 6, lanes 4 and 6). In R7805, Ugl.5 was overexpressed
compared to Ugl.5 in HSV-1(F)-infected cell extracts (Fig. 6;
compare lanes 1 and 4). The Ugl.5 protein in R7805 was
posttranslationally processed and exhibited a range of proteins
having an M, of 33,000 to 48,000, similar to Ug1.5 of HSV-1(F).
In R7808, Ugl.5 was also overexpressed compared to HSV-
1(F) (Fig. 6; compare lanes 1 and 6). However, in this recom-
binant, Ugl.5 was not posttranslationally processed and
formed two predominant bands, a major band with an appar-
ent M, of 33,000 and a minor band with an apparent M, of
36,000.

(iv) The repair viruses R7804 (R7802 repair), R7806 (R7805
repair), and R7828 (R7808 repair) exhibited wild-type levels of
expression and posttranslational processing of ICP22/Ug1.5
proteins (Fig. 6; compare lane 1 with lanes 3, 5, and 7). ICP4,
measured by its reactivity with a corresponding monoclonal
antibody (data not shown), served as a loading control.

We conclude from these studies that the ICP22 amino acids

147 to 171 are required for posttranslational processing of a
truncated product of ICP22 that corresponds to Ugl.5. Forced
translation initiation at Met171 yielded a product that did not
appear to be posttranslationally processed.

Translational initiation within the domain containing Ug1.5
preferentially occurs at amino acid 147 of the ICP22 sequence.
The purpose of this series of experiments was twofold. The first
objective was to attempt to produce amino-terminal trunca-
tions of ICP22 other than those which correspond to the se-
quence encoding the Ugl.5 protein. The second objective was
to characterize further the product of the ICP22/Ug1.5 genes
encoded by R7808 and R7805. Preliminary experiments de-
signed to meet the first objective indicated that all 5'-terminal
truncations of the a22 gene 5’ of the Met147 codon yielded
proteins that resembled the Ug1.5 protein. The hypothesis that
emerged from the studies described above was that the pre-
ferred translation initiation methionine within the Ug1.5 tran-
script was at codon 147. To test this hypothesis, we constructed
a mutant in which the amino-terminal 47 codons of the a22
coding sequence were deleted. The truncated a22 gene in the
resulting virus, R7815, contained three possible initiator me-
thionine codons, Met90, Met147, and Met171 (Fig. 7, line 2).
Vero cells were exposed to 10 PFU of R7805 (Aa22/Ugl.5),
R7808 (Aa22/Ug1.5), or R7815 (Aa22,/Ugl.5) virus per cell.
At 18 h after infection, the cells were harvested, solubilized,
electrophoretically separated in a denaturing polyacrylamide
gel, electrically transferred to a nitrocellulose sheet, and re-
acted with the polyclonal antibody to the carboxy terminus of
ICP22. The expression of Ugl.5 was examined, and the results
(Fig. 8) were as follows.

(i) In cell extracts infected with R7815, the predominant
species of protein initiated at amino acid 147, even though the
first methionine in this construct is at amino acid 90 (Fig. 7A,
lane 1). Because of the variability seen between strains of
HSV-1, the presence of this methionine in HSV-1(F) was ver-
ified by sequencing.
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FIG. 6. Photograph of an immunoblot of electrophoretically separated ly-
sates of cells mock-infected or infected with HSV-1(F), R7802, R7804, R7805,
R7806, R7808, or R7828 and reacted with antibody to ICP22/Ug1.5. Vero cells
harvested 18 h after infection were solubilized, subjected to electrophoresis in a
denaturing 8% polyacrylamide gel, transferred to a nitrocellulose sheet, and
reacted with the polyclonal antibody W2. Lanes: 1, HSV-1(F); 2, R7802 (Aa22/
AUgl.5); 3, R7804 (R7802 repair); 4, R7805 (Aa22/Ugl.5); 5, R7806 (R7805
repair); 6, R7808 (Aa22/Ugl.5-a22P); 7, R7828 (R7808 repair).

(ii) In cell extracts infected with R7805, the predominant
species of protein initiated at amino acid 147, with weak initi-
ation at amino acid 171 (Fig. 8, lane 2). The initiation at amino
acid 171 can be seen in extracts infected with R7808 (Fig. §,
lane 3).

(iii) In cell extracts infected with R7808, the predominant
species of protein initiates at amino acid 171, with no apparent
initiation at amino acid 194 (Fig. §, lane 3). We conclude from
these studies that in the absence of the initiator methionine,
the preferred initiator methionine is the codon Met147.

The ICP22 function that enhances the expression of a subset
of vy, genes is located at the carboxyl-terminal domain shared
with the Ugl.5 protein and can be expressed by the latter
protein. In this series of experiments replicate cultures of Vero
or rabbit skin cells were exposed to 10 PFU of HSV-1(F),
R7802 (Aa22/AUg1.5), R7804 (R7802 repair), R7805 (Aa22/
Ugl.5), R7806 (R7805 repair), R7808 (Aa22/Ugl.5), or R7828
(R7808 repair) virus per cell. At 18 h after infection, the cells
were harvested, solubilized, electrophoretically separated in a
denaturing polyacrylamide gel, electrically transferred to a ni-
trocellulose sheet, and reacted sequentially with the monoclo-
nal antibody to Ugll and the polyclonal antibody (W1) to
U, 38. The expression levels of Ug11 and U, 38 were examined.
The results (Fig. 9) were as follows.

(i) Vero and rabbit skin cells infected with HSV-1(F) ex-
pressed equivalent levels of Ugl1 protein whereas the level of
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U, 38 protein in rabbit skin cells was greater than that detected
in Vero cells (Fig. 9; compare lanes 1 and 2).

(ii) Rabbit skin cells infected with R7802 (Aa22/AUgL.5)
expressed less Ugll and U, 38 proteins than infected Vero
cells (Fig. 9; compare lanes 3 and 4). This phenotype is com-
parable to the phenotype seen with infection of these cell lines
with R7356, a recombinant virus deleted in the U, 13 protein
kinase, and R325, a recombinant virus with Ugl.5 deleted (24).

(iii) Vero and rabbit skin cells infected with a Ugl.5-express-
ing virus (R7805) expressed equivalent levels of Ugll and
U, 38 (Fig. 9; compare lanes 7 and 8).

(iv) Vero and rabbit skin cells infected with R7808 did not
express equivalent levels of Ug11 and U, 38, which is consistent
with the observation that Ugl.5 in this construct is not pro-
cessed (Fig. 9; compare lanes 11 and 12). The decrease of Ugl1
protein in cells infected with R7808 was not as great as that
seen in cells infected with R7802.

(v) Vero and rabbit skin cells infected with R7804 (R7802
repair), R7806 (R7805 repair), and R7828 (R7808 repair) ex-
pressed equivalent levels of Ugll and U, 38 proteins in each
cell line (Fig. 9; compare lanes 5, 6, 9, and 10 with lanes 13 and
14).

We conclude that the genetic information required for op-
timal expression of a subset of late vy, genes exemplified by
Ugll and U, 38 resides in the domain shared by Ugl.5 and
ICP22. Earlier studies have shown that optimal expression of
this subset of vy, genes requires a functional U; 13 protein
kinase that, coincidentally, also mediates the posttranslational
processing and phosphorylation of ICP22 and Ugl1.5.

All isoforms of Ugl.5 protein are translocated into the nu-
cleus. The purpose of the next series of experiments was to
determine whether posttranslational processing of the iso-
forms of Ug1.5 proteins was dependent on nuclear localization.
HEp-2 cells were exposed to 10 PFU of HSV-1(F), R7805
(Aa22/Ugl.5), R7808 (Aa22/Ugl.5), or R7810 (Aa22/
AUg1.5, 1) per cell and harvested at 18 h after infection. The
nuclei and cytoplasm were separated as described in Materials
and Methods. Each fraction was subjected to electrophoresis
in a denaturing polyacrylamide gel and was then reacted with
the polyclonal antibody made against the carboxyl terminus of
ICP22. The fractionation was validated by reacting the nitro-
cellulose sheet a second time but with antibody against ICP4.
As expected, ICP4 localized in the nuclear fractions (data not
shown). The results (Fig. 10) were as follows.

(i) ICP22 was detected in both the nucleus and the cyto-
plasm of cells infected with HSV-1(F). The nuclear and cyto-
plasmic ICP22 were posttranslationally processed to the same
extent, but the slowest migrating forms of ICP22 were more
abundant in the nucleus than in the cytoplasm. Ugl.5 protein
made in cells infected with HSV-1(F) was present in greater
abundance in the nucleus. Moreover, the ratio of the various
electrophoretically distinct isoforms of ICP22 in the cytoplasm
differed from those in the nucleus (Fig. 10; compare lanes 1
and 2).

(ii) In cells infected with R7805 (Aa22,/Ugl.5), the Ugl.5
protein was more abundant but also present in both nucleus
and cytoplasm. Some of the slow-migrating forms of Ugl.5
were absent or present in smaller amounts in the cytoplasm
(Fig. 10; compare lanes 3 and 4).

(iii) In cells infected with R7808 (Aa22y/Ugl.5ap), Ugl.5
was present in both fractions. The nuclear form of Ug1.5 has an
additional major band which is lacking in the cytoplasmic frac-
tion (Fig. 10; compare lanes 5 and 6).

(iv) In cells infected with R7810 (Aa221/AUg1.5+1) (Fig.
4A, line 6), both ICP22 and the Ugl.5 protein are unprocessed
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FIG. 7. Schematic representations of the ICP22 open reading frame of wild-type and mutant HSV-1 showing the location of methionine codons. Line 1, positions
of the four methionine codons in the first 200 amino acids of HSV-1. Line 2, R7815 (Aa22y1/Ug1.5)[A47a.a.] lacking 47 amino acids deleted from the amino terminus.
The first methionine available for translational initiation is at codon 90. Line 3, R7805 (Aa22y1/Ug1.5)[A138a.a.], lacking the amino-terminal 138 amino acids. The first
methionine available for translational initiation is at codon 147. Line 4, R7808 (Aa22x1/Ugl.5)[A171a.a.] lacking amino-terminal 170 amino acids. The first methionine

available for translational initiation is at codon 171.

and distributed in both fractions (Fig. 10; compare lanes 7 and
8).

We conclude the following. (i) All isoforms of ICP22 and
Ugl.5 localized in both the nucleus and cytoplasm. Implicit in
this observation is that either Ugl.5 contains an as-yet uniden-
tified nuclear localization signal or it is transported to the
nucleus in association with another protein. (ii) Posttransla-
tional processing of Ugl.5 protein requires two domains, the
amino-terminal domain between amino acids 147 and 171 and
the carboxyl-terminal 40 amino acids, although partial process-
ing was noted in Ugl.5 protein lacking the amino-terminal
domain. (iii) Processing of the Ugl.5 protein does not require
the presence of an intact ICP22.

The amino acids required for posttranslational modification
of ICP22/Ug1.5 map to three amino acids within the carboxyl-
terminal domain. In the preceding section, we showed that the
deletion of 40 carboxyl-terminal codons yielded a truncated
protein that was not posttranslationally processed. To map the
sequence required for processing, we constructed the series of
carboxyl-terminal deletion mutants shown in Fig. 4A and B.
Replicate cultures of Vero cells were exposed to 10 PFU of
HSV-1(F), R7819 (A10 codons), R7822 (A15 codons), R7823
(A18 codons), R7820 (A22 codons), R7810 (A40 codons), or
R7821 (repair of R7810) per cell. At 18 h after infection, the
cells were harvested, solubilized, electrophoretically separated
in a denaturing polyacrylamide gel, electrically transferred to a
nitrocellulose sheet, and reacted with the polyclonal antibody
(R77) to ICP22. The results (Figure 11) were as follows.

(i) Processed forms of ICP22 were present in lysates of cells
infected with all viruses except those infected with R7810,
R7820, or R7823 (Fig. 11, lanes 4 to 6). We noted a slightly
higher accumulation of the fastest migrating forms of ICP22 in
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FIG. 8. Photograph of an immunoblot of electrophoretically separated ly-
sates of cells infected with R7815, R7805, or R7808 and reacted with the poly-
clonal antibody W2 to ICP22/Ug1.5. Vero cells harvested at 18 h after infection
were solubilized, subjected to electrophoresis in a denaturing 10% polyacryl-
amide gel, transferred to a nitrocellulose sheet, and reacted with the polyclonal
antibody prepared against the carboxyl-terminal amino acids of ICP22/Ug1.5.
Lanes: 1, R7815 (Aa22y1/Ugl.5)[A47a.a.]; 2, R7805 (Aa22/Ugl.5); 3, R7808
(Aa22/Ug1.5). The numbers next to the arrows indicate the initiator methionine
for the unprocessed protein product in each lane.
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FIG. 9. Photograph of an immunoblot of electrophoretically separated ly-
sates of cells mock-infected or infected with HSV-1(F), R7802, R7804, R7805,
R7806, R7808, or R7828 and reacted with antibodies to Uy 38 and Ugl1. Rep-
licate cultures of Vero cells (VC) (odd-numbered lanes) or rabbit skin cells
(RSC) (even-numbered lanes) harvested at 18 h after infection were solubilized,
subjected to electrophoresis in a denaturing polyacrylamide gel, transferred to a
nitrocellulose sheet, then sequentially reacted with the monoclonal antibody to
Ugl1, and the polyclonal antibody to U; 38. Lanes: 1 and 2, HSV-1(F); 3 and 4,
R7802 (Aa22/AUg1.5); 5 and 6, R7804 (R7802 repair); 7 and 8, R7805 (Aa22yy/
Ugl.5); 9 and 10, R7806 (R7805 repair); 11 and 12, R7808 (Aa22y51/Ugl.522p);
13 and 14, R7828 (R7808 repair).

cells infected with mutants carrying carboxyl-terminal dele-
tions (e.g., R7822 and R7823 [Fig. 11, lanes 3 and 4]).

(ii) Only the fastest migrating forms of ICP22 accumulated
in cells infected with R7823 or R7820 (Fig. 11, lanes 4 and 5).

The substitution of lysine for the arginine 404 had no effect
on the processing of ICP22, although again, the fastest migrat-
ing form accumulated in the infected cells (data not shown).

We conclude from these studies the following. (i) ICP22
encoded by mutants lacking 15 or fewer carboxyl-terminal
amino acids were posttranslationally processed by the U, 13
protein kinase whereas ICP22 encoded by mutants lacking 18
or more carboxyl-terminal amino acids were not processed. (ii)
The three carboxyl-terminal amino acids—Lys402, Met403,
and Arg404—appear to be required for posttranslational pro-
cessing of ICP22.

DISCUSSION

The overall objective of the studies described in this report
was to initiate a functional dissection of the a22 gene. Schw-
yzer et al. (32) in examining the sequence of several homologs
of ICP22 identified four distinct zones within the amino acid
sequence of ICP22. A key conclusion, echoed in this report, is
that ICP22 contains two sets of sequences (one at the amino
terminus of ICP22 and one at the carboxyl terminus) that are
unique to HSV-1 and HSV-2 and a sequence conserved among
the various homologs located between amino acids 169 and 291
of HSV-1 ICP22. Our analyses, shown at the top of Fig. 12A,
differentiate eight zones on the basis of amino acid composi-
tion or other criteria. We also noted that a sequence of ap-
proximately 28 amino acids at positions 38 to 66 is repeated at
positions 300 to 328 and that both are conserved in HSV-2
(Fig. 12B). It is convenient to consider the salient features of
our results in reference to the amino acid sequence arrange-
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ment of the a22 gene. To simplify the discussion, it is also
convenient to define two domains in contradistinction to either
zones or proteins per se. Thus, the ICP22 domain comprises
the amino acid sequence 1 to 146 and is unique to ICP22. The
Ugl.5 domain is shared by both ICP22 and Ugl.5 protein and
extends from amino acid 147 to 420 of ICP22. The thesis we
propose to defend on the basis of our results is as follows.

(i) Optimal expression of the v, subset exemplified by Ugl1
and U, 38 genes maps entirely in the Ugl.5 domain and does
not require the ICP22 domain. This conclusion is based on the
observation that cells infected with a mutant, R7805, lacking
the ICP22 domain, are not defective in the expression of Ugll
or U, 38 proteins.

(ii) Optimal expression of Ugll and U, 38 requires post-
translational processing of Ug1.5 determined by signals located
at both amino (zone 5) and carboxyl (zone 8) termini of the
Ugl.5 protein. The site of phosphorylation of Ugl.5 has not
been mapped, but the signals for posttranslational processing
associated primarily with the U;13 protein kinase were
mapped to amino acids 147 to 170 and to amino acids 402 to
404. The sequence around amino acids 402 to 404 is not re-
produced at the second, amino-terminal site. These observa-
tions are consistent with the hypothesis that one or both sites
involve the association of the Ug1.5 domain with other proteins
as a requirement for posttranslational processing. Two obser-
vations are particularly noteworthy. First, the sequence be-
tween amino acids 158 and 170 is particularly rich in prolines,
raising the possibility that it forms a site for protein-protein
interactions. Second, p60 binds solely nonprocessed forms of

R7805 (Ac22N/Ugl.5)
R7808 (Aa22n7/Ugl.50:22p)
R7810(Aa22¢1/AUgLScp)

Us1t.s

FIG. 10. Photograph of an immunoblot of electrophoretically separated nu-
clear and cytoplasmic fractions of HEp-2 cells infected with HSV-1(F), R7805,
R7808, or R7810. Infected HEp-2 cells were harvested and lysed by the addition
of 0.4% NP-40. Nuclear and cytoplasmic fractions prepared as described in
Materials and Methods were solubilized, subjected to electrophoresis on an
SDS-10% polyacrylamide gel, transferred to nitrocellulose, and reacted with the
polyclonal antibody to «22/Ug1.5 protein. ICP22 and Ug1.5 protein are indicated
on the right, and molecular weights (in thousands) are shown on the left. Lanes:
1 and 2, HSV-1(F); 3 and 4, R7805 (Aa22y51/Usl.5); 5 and 6, R7808 (Aa22y+/
Ugl.5022p); 7 and 8, R7810 (Aa22-/AUgl.5-r). Abbreviations: N, nuclear
fraction; C, cytoplasmic fraction.
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R7819 (A022/AUg1.5ACcT10a.2.)
R7822 (Aa22/AUg1.5ACT15a.3)
R7823 (A022/AUg1.5ACcT18a.a.)
R7820 (A022/AUg1.5ACT22a.a.)
R7810 (A022/AUg1.5ACT40a.a.)
R7821 (0:22/Ug1.5) R7810 Repair
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FIG. 11. Photograph of an immunoblot of electrophoretically separated ly-
sates of cells infected with HSV-1(F), R7819, R7822, R7823, R7820, R7810, or
R7821 and reacted with polyclonal rabbit antibody R77 to ICP22. Vero cells
harvested at 18 h after infection were solubilized and subjected to electrophore-
sis in a denaturing 10% polyacrylamide gel, transferred to a nitrocellulose sheet,
and reacted with the polyclonal antibody R77 against ICP22. The cells were
infected as follows. Lanes: 1, HSV-1(F); 2, R7819 (Aa22/Ugl.5A¢r100.4); 3,
R7822 (Aa22/Ugl.5A¢r150.0.); 4, R7823 (Aa22/Ugl.5A¢rig4.0); 5, R7820 (Aa22/
Ugl.5A¢T224.4.); 6, R7810 (Aa22/Ugl.5A¢r404.0.); 7, R7821 (R7810 repair).

ICP22. The site for binding of the p60 protein has been
mapped to a position (amino acids 380 to 396) in zone 8
adjacent to that of the carboxyl-terminal domain processing
signal, which suggests either that posttranslational modifica-
tion at the carboxyl terminus alters the secondary structure of
ICP22 or that a protein binding to the signal site displaces p60.

(iii) The amino-terminal and carboxyl-terminal signals of the
Ugl.5 domain may function independently. This hypothesis is
based on the studies by Carter and Roizman (5), who inserted
in-frame 20-amino-acid linkers at amino acid 200 or 240 of
ICP22 without effective loss of the wild-type phenotype in cell
culture. These data suggest that the Ug1.5 domain contains two
independent functional sites, each of which must be present to
bring about posttranslational modification of the protein. One
example of a situation in which two functional sites operating
independently would direct the same posttranslational modi-
fication would be the direction of ICP22 by one site to a site at
which the modification was to take place.

Earlier in the text, we noted that the ICP22 and Ugl.5
domains share homologs of a 28-amino-acid sequence located
in zones 2 and 7 and conserved in both HSV-1 and HSV-2 (Fig.
12B). It is conceivable that the repeat is involved in the binding
of one or more identical proteins but with different results.

(iv) Earlier studies have shown that zones 6 to 8, lacking in
the recombinant R325, are required for viral replication in
experimental animal systems and for wild-type virus yields in
restricted cell lines. In this study, we showed that the same
phenotype is reproduced by a recombinant expressing Ugl.5. A
noteworthy observation is that in restricted rabbit skin cells
infected with recombinants lacking the carboxyl-terminal 40
amino acids of ICP22/Ugl.5 protein, the p60 protein is not
posttranslationally processed to a slower electrophoretic mo-
bility. The data suggest that in order for the wild-type pheno-
type to be fully expressed, p60 must be modified or sequestered
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in rabbit skin cells or sequestered in nuclear structures of
permissive cells by the carboxyl-terminal amino acid sequences
of the Ugl.5 domain. The amino acid sequences in zone 8 may
have additional functions in experimental animal tissues that
are not discernible in cells in culture.

(v) The function of the ICP22 domain contained in zones 1
to 5 is less clear. The attributes mapped to that domain are a
putative nuclear localization signal in zone 1, a nucleotidylyla-
tion signal in zone 4, and one 28-amino-acid repeat in zone 2.
The only clear phenotype attributed to that domain is replica-
tion in experimental animal systems. The function of the ICP22
domain appears to be distinct from that of the Ug1.5 and raises
the question of whether the two can be physically separated
onto different proteins.

The hypothesis we present does not limit the number of
functional sites to the two mapped above. We have not, for
example, accounted for the ICP22 zone 6 conserved in ICP22
homologs or for the 28-amino-acid repeats at amino acids 38 to
66 and 300 to 328. We should also note that while ICP22
contains a readily identifiable nuclear localization signal in
zone 1 at amino acids 16 to 32, no such signal was identified in
the Ugl.5 protein.

The key conclusion to be drawn from the studies presented
in this report is that the domain of the a22 gene encodes
several functions strung together and distributed on two pro-
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FIG. 12. Schematic representation of the functional domains of the a22 gene
and its products, ICP22 and Ugl.5 protein. (A) Functional maps. The zones are
assigned on the basis of amino acid composition. Zones 1, 3, 5, and 8 are basic
whereas zones 2, 4, and 7 are acidic. (B) The sequence of the internal homolo-
gous repeats. The sequence alignments are as follows. Lines: 1, HSV-1 amino
terminal versus HSV-1 carboxyl terminal; 2, HSV-2 amino terminal versus
HSV-2 carboxyl terminal; 3, HSV-1 amino terminal versus HSV-2 amino termi-
nal; 4, HSV-1 carboxyl terminal versus HSV-2 carboxyl terminal. The numbers
above and below refer to amino acid numbers of the corresponding ICP22.
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teins. At least two of the functions map to the Ugl.5 protein,
whereas all of the functions are contained in ICP22. The phys-
ical separation of the two sets of proteins suggest the possibility
that they either complement or are antithetical to each other.
The evidence in favor of the latter activity is not compelling
since it rests on transfection assays in which ICP22 homologs
appeared to repress measured expression of other proteins (13,
22). Multifunctional proteins appear to be a hallmark of HSV
regulatory proteins. While it could safely be predicted that the
function of the proteins in their totality is the sum of their
individual functions, the dissection to define the contribution
of each protein presents a formidable challenge.
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