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We examine biochemical characteristics of the herpes simplex virus (HSV) tegument protein VP22 by gel
filtration, glycerol sedimentation, and chemical cross-linking experiments and use time course radiolabeling
and immunoprecipitation assays to analyze its synthesis and interaction with other infected-cell proteins. VP22
was expressed as a delayed early protein with optimal synthesis requiring DNA replication. In immunopre-
cipitation assays, VP22 was found in association with several additional proteins including VP16 and a kinase
activity likely to be that of UL13. Furthermore, in sizing chromatography experiments, VP22 was present in
several higher-order complexes in infected cells. From gel filtration analysis the major form of VP22 migrated
with a molecular mass of approximately 160 kDa, consistent with its presence as a tetramer, or a dimer
complexed with other proteins, with a fraction of the protein migrating at larger molecular mass. In vitro-
synthesized VP22 sedimented in a size range consistent with a mixture of tetramers and dimers. Short N- or
C-terminal deletions resulted in migration almost exclusively as dimers, indicating that VP22, in the absence
of additional virus-encoded proteins, could form higher-order assemblies, most likely tetramers, but that both
N-and C-terminal determinants were required for stabilizing such assemblies. Consistent with this we found
that isolated proteins encompassing either the N-terminal or C-terminal region of VP22 sedimented as dimers,
and that the purified C-terminal domain could be cross-linked into dimeric structures. These results are
discussed with regard to possible virus and host interactions involved in VP22 recruitment into virus particles.

The herpesvirus tegument is a proteinaceous compartment
of the virion localized between the capsid and the envelope (7).
For herpes simplex virus (HSV) the tegument accounts for
approximately 50% of the volume of the virion and more than
15 virus-encoded proteins have been reported to be recruited
to it (27). The stoichiometries of assembled tegument proteins
differ greatly. In HSV, VP22, encoded by the ULA49 gene (18),
is among the most abundant of the tegument proteins being
present at about 1,500 to 2,000 molecules per virion (21, 24).

VP22 has a molecular mass of 38 kDa and is a basic, phos-
phorylated protein that is well conserved throughout the al-
phaherpesvirus subfamily. A number of studies, particularly
cell biology oriented studies on localization and compartmen-
talization, have begun to shed light on its role in virus infection.
We and others have examined the subcellular localization of
VP22 by immunofluorescence (2, 12, 29) and more recently,
VP22 fused to the green fluorescent protein has been used to
investigate the localization and trafficking of VP22 in live in-
fected cells (15, 22). Green fluorescent protein-VP22 localizes
predominantly to the cytoplasm of infected cells and translo-
cates from the cytoplasm to the nucleus during cell division,
most likely via an association with mitotic chromatin (13, 15).
Different conclusions on the localization of VP22, indicating a
predominantly nuclear localization have been reached from
results of immunofluorescence studies in fixed cells for HSV
(34) and for pseudorabies virus (9). The precise reasons for the
differences in conclusions regarding localization from the dif-
ferent types of studies are not clear. VP22 expressed in isola-
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tion in transient transfection assays also has the capacity to
bind, reorganize, and stabilize cellular microtubules in a man-
ner similar to that demonstrated for cellular microtubule-as-
sociated proteins (14), leading to the proposal for a VP22-
microtubule interaction that may occur in HSV-1-infected
cells.

VP22 is subject to posttranslational modification, including
ADP-ribosylation (1) and phosphorylation. Multiple phos-
phorylated forms of VP22 are present within infected cells
together with a nonphosphorylated form present in approxi-
mately equivalent amounts (16, 17, 20, 34). Interestingly, it
appears that the nonphosphorylated form of VP22 is specifi-
cally incorporated into assembling virions, suggesting that the
mechanism(s) involved in tegument assembly in some way dif-
ferentiates between these two species of VP22 (9, 17, 29, 34).
It has also been recently suggested that phosphorylation may
be involved in the dissociation of VP22 from the tegument
upon virus entry into the cell (30).

Examination of the precise role of VP22 by analysis of the
phenotype of deletion mutants in the context of virus infection
have not produced unified conclusions. A virus containing a
deleted variant of VP22 was constructed and this variant in-
corporated extremely reduced amounts of the protein (33).
While the variant grew with approximately wild-type efficiency
in culture, the fact that a null variant was not isolated indicated
that some residual VP22 function may be critical. The isolation
of complete null mutants in bovine herpesvirus (25) and re-
cently in pseudorabies virus (9) has demonstrated that VP22 is
not essential for replication of those viruses in culture, while in
contrast other studies have indicated that the corresponding
gene is required for replication of Marek’s disease virus (10).
Recent results demonstrate that for HSV, VP22 is not abso-
lutely essential for replication in culture but viruses lacking
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VP22 display a cell type defect in replication and an altered
profile of virion-assembled proteins (11).

Despite this information, however, to date there have been
relatively few studies reporting biochemical characterization of
VP22, and any complete understanding of the role and de-
tailed mechanisms of assembly and involvement in virus-host
interactions will require such analyses in addition to imaging
studies of its localization. In this work we use time course
radiolabeling and immunoprecipitation to analyze the synthe-
sis of VP22 in HSV-1-infected cells and its interaction with
additional infected-cell proteins. We also employ gel filtration
and glycerol sedimentation to examine VP22 protein com-
plexes in virus-infected cells, or of the isolated protein synthe-
sized in vitro. VP22 from virus-infected cells was present in
multiple higher-order forms with the major soluble form mi-
grating with a molecular mass of approximately 160 kDa, con-
sistent with its presence as a tetramer or potentially a dimer
associated with other species. A fraction of VP22 migrated
with a molecular mass of approximately 290 kDa, consistent
with a larger complex formed with additional virus proteins or
a higher-order oligomer. VP22 expressed in isolation by in
vitro synthesis migrated with a sedimentation profile consistent
with a mixture of tetramers and dimers. Interestingly, both
N-terminal and C-terminal regions of VP22 migrated as
dimers, and cross-linking studies provided supportive evidence
for dimer formation of at least the C-terminal subregion. We
propose a model for interactions which could account for high-
er-order interactions with virus and host components.

MATERIALS AND METHODS

Cell culture and virus infection. HeLa cells (human epithelial cervical carci-
noma cell line) were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% newborn calf serum. For virus infection, cells in 35-mm
cluster dishes or 100-mm plates, were infected with HSV-1 strain 17 at a multi-
plicity of infection of 5 or 10 or mock infected. After 1 h incubation, the inoculum
was removed and replaced with DMEM supplemented with 2% fetal calf serum.
For radiolabeling with [**S]methionine, cells were infected in 35-mm wells and
the medium was replaced at different times postinfection with labeling medium
consisting of DMEM (lacking methionine), 2 mM L-glutamine, 2% fetal calf
serum, and 20 wCi/ml [**S]methionine. For infections in the presence of the
DNA synthesis inhibitor phosphonoacetic acid, the medium was replaced imme-
diately after removal of the inoculum with DMEM supplemented with 2% fetal
calf serum and 400 pg/ml phosphonoacetic acid (Sigma).

At different times during infection the cells were harvested, washed, and either
disrupted directly in sodium dodecyl sulfate (SDS) lysis buffer for a total lysate,
or soluble extracts were made using a high-salt extraction buffer. The production
of whole-cell soluble extract was essentially as described before (36). Briefly,
infected-cell pellets were frozen and then resuspended by rapid pipetting in one
packed cell volume of high-salt buffer (400 mM NaCl, 20 mM HEPES [pH 7.9],
1 mM EDTA, 5% volivol glycerol, 1 mM dithiothreitol, plus the following
cocktail of protease inhibitors; 1 mM phenylmethylsulfonyl fluoride, 0.22 mM
tosyl lysyl chloromethyl ketone (TLCK), 2 pg/ml leupeptin, 2 wg/ml aprotinin,
and 1 pg/ml pepstatin A). The extracts were clarified by centrifugation at 12,000
X g for 30 min at 4°C.

Immunoprecipitation and in vitro phosphorylation assays. Soluble extracts
from infected cells were diluted 1:10 in 0.2 M high-salt buffer (200 mM NaCl, 20
mM HEPES [pH 7.9], 1 mM EDTA, 5% vol/vol glycerol, 1 mM dithiothreitol,
0.1% vol/vol Nonidet-P40, containing the protease inhibitor cocktail described
above). For immunoprecipitations of in vitro-translated products, 10 pl of the
appropriate samples were similarly diluted. The diluted extracts were clarified by
centrifugation at 12,000 X g for 10 min at 4°C, antibody was added, and the
samples wereincubated at 4°C for 3 h followed by addition of 25 pl protein A
beads (Pharmacia) for a further 30 min. Nonspecifically bound proteins were
removed by washing the beads 4 times with 40 volumes of 0.2 M high-salt buffer.
The immunoprecipitated proteins were then used either for in vitro phosphor-
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ylation assays, or solubilized in 10 pl 4x SDS lysis buffer for separation by
polyacrylamide gel electrophoresis (PAGE).

For the in vitro phosphorylation assays, following the final washes above, the
protein A beads were washed once with 50 volumes of kinase buffer (50 mM
NaCl, 20 mM MgCl,, 50 mM Tris [pH 7.5], 4 mM dithiothreitol, and protease
inhibitor cocktail). Following addition of 1 1 of [y->P]ATP, the beads contain-
ing the immunoprecipitated proteins were incubated for 15 min at 37°C. The
proteins were then solubilized in 10 wl 4x SDS lysis buffer and separated by
PAGE.

RNA isolation. HeLa cells were mock infected or infected with 10 PFU per cell
of HSV-1 (18) in the presence or absence of 400 wg/ml of phosphonoacetic acid.
At different time points cells were washed with phosphate-buffered saline,
trypsinized, pelleted, and suspended on ice in 50 mM Tris-HCI, pH 8, 140 mM
NaCl, 1.5 mM MgCl, and NP-40 (0.5%). Cytoplasmic RNA was extracted and
purified using the RNeasy mini kit (QIAGEN), including a DNase step on the
column, which was performed using the manufacturer’s instructions. Equal
amounts of RNA from each sample were subjected to one-step reverse tran-
scription-PCR by using VP22-specific primers to amplify VP22. The primers for
VP22 were TTCGTCCAGTACGACGAGTCGGATTA and ATGGTGGT
GATGCCAAGGAGTTCGT. PCR products were separated on a 1% agarose
gel, stained with ethidium bromide, and visualized by UV trans-illumination.
Reverse images are shown.

Vectors for in vitro transcription/translation. For in vitro transcription/trans-
lation of full-length VP22, the plasmid pGCM22b was first constructed by in-
serting the BglII fragment from pGE109, containing the complete UL49 open
reading frame (15), into the BamHI site of the commercial vector pPGEM3Zf(+)
(Promega).

The construction of N- and C-terminally truncated VP22 variants was based on
the plasmid pUL49ep and related plasmid pUL49-4 (24). The plasmid pUL49-4
contains the entire UL49 open reading frame engineered with a BamHI site
preceding the start codon and a HindIII site following the stop codon. A series
of plasmids containing linker insertions at different positions was made. Oligo-
nucleotides containing a BglII site were first inserted into the Rsal site (at codon
60), the HinclI site (at codon 159), the MsclI site (at codon 172), the Smal site
(at codon 192), the Naell site (at codon 194), and the HinclII site (at codon 267),
to create pULA49-4 ins60, ins159, ins172, ins192, ins194, and ins267, respectively.

pULA49-4 del(119-192) was constructed by removing a Smal fragment, con-
taining codons 119 to 192, from pUL49-4 and inserting the same oligonucleotide.
Carboxy-terminal deletions of VP22 were based on fragments from these plas-
mids inserted into pGCM25, which provides stop codons in three frames. Thus,
plasmids pGCM28, pGCM29, and pGCM31 were constructed by inserting the
BamHI/BglII fragments from pUL49-4 ins192, ins159, and ins267, respectively,
into BamHI-digested pGCM25. This created expression vectors for VP22 codons
1 to 192, 1 to 159, and 1 to 267, respectively.

Vectors for in vitro transcription/translation of the amino-terminal deletions
of VP22 were based on pGCM32 and pGCM33, which provided start codons in
two different frames downstream of the T7 promoter. Plasmids pGCM32 and
pGCM33 were constructed by inserting the annealed oligonucleotides 5'-AAT
TCATGGGCG-3' and 5'-GATCCGCCCATG-3', and 5'-AATTCATGGGCG
G-3', 5'-GATCCCGCCCATG-3’, respectively, into EcoRI/BamHI-digested
pGEMB3Zf(+). This resulted in the addition of a start codon (underlined above)
downstream of the T7 promoter with the BamHI site in two different reading
frames relative to the start codon. Plasmids pGCM35 and pGCM37 were then
constructed by inserting the BglII/HindIII fragments from pUL49-4 ins60 and
ins172, respectively, into BamHI/HindIII-digested pGCM32. This created ex-
pression vectors for VP22 codons 60 to 301 and 172 to 301, respectively. Plasmid
pGCM36 was constructed by inserting the BgllI/HindIII fragment from pUL49-4
ins159, into BamHI/HindIII-digested pGCM33, creating an expression vector for
VP22 codons 159 to 301.

Production of 3*S-labeled in vitro-synthesized proteins (TnT protein). In vitro
transcription/translation reactions were performed using the Promega TNT cou-
pled rabbit reticulocyte lysate system according to the manufacturers instruc-
tions. Each 50 wl reaction contained 1 g of plasmid DNA, 40 units RNasin
(Promega), 0.2 mM amino acid mixture minus methionine, 40 wCi [**S]methi-
onine (Amersham), 1 wl TNT T7 polymerase, 2 ul TNT reaction buffer, and 25
wl TNT rabbit reticulocyte lysate. The reaction mixtures were incubated for 90
min at 30°C, and stored at —20°C. For the purpose of clarity, all in vitro-
transcribed/translated 3>S-labeled products are referred to as TnT products.

Size measurements. For analysis of higher-order assemblies in infected-cell
extracts or of in vitro-synthesized VP22, we used both size exclusion chromatog-
raphy and glycerol gradient sedimentation, from which the sedimentation coef-
ficient (in Svedberg units) is calculated. From these measurements the apparent
size of a protein or protein assembly can be calculated.
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Size exclusion chromatography. Size exclusion chromatography was per-
formed using a Superdex 200 HR 10/30 column (Pharmacia). The column was
equilibrated with 3 column volumes (72 ml) of GF-150 or GF-500 buffer con-
taining 20 mM Tris-HCI (pH 8.0), 20% vol/vol glycerol, plus the protease inhib-
itor cocktail, and 150 mM or 500 mM NaCl. Infected-cell extracts (50 pl, 1.25 X
10° cell equivalents) were first dialyzed against GF-150 or GF-500 buffer, mixed
with an equal volume of the corresponding buffer, and then clarified by centrif-
ugation at 12,000 X g for 10 min at 4°C, before loading onto the column. For in
vitro-synthesized samples, 50 pl of TnT product were used and processed iden-
tically. Fractions (0.5 ml) were collected, and 50 .l of each fraction was separated
by SDS-PAGE. Radiolabeled bands in the gels were quantitated using a Molec-
ular Dynamics Phosphorlmager. The values for each fraction are expressed as a
percentage of the maximum value obtained for each run, and plotted versus
elution volume. The elution profile of known molecular mass markers (Pharma-
cia) were analyzed in GF-150 buffer.

Glycerol gradient centrifugation. Size analysis by glycerol gradient centrifu-
gation was performed in 12 ml polyallomer tubes. A 0.2 ml 60% glycerol cushion
was made at the bottom of each tube in buffer (50 mM Tris-HCI [pH 8.0], 1 mM
dithiothreitol, and the protease inhibitor cocktail) containing 150 mM NaCl
(GL-150 buffer) or 500 mM NaCl (GL-500 buffer). Onto this cushion, a 5% to
20% glycerol gradient was formed (total 11.2 ml), in either GL-150 or GL-500
buffer. The gradients were loaded with 100 pl of infected-cell extract (2.5 X 10°
cell equivalents), or 100 ul TnT product and centrifuged at 39,000 rpm, for 28 h
at 4°C (Sorvall TFT 41.1 rotor). Fractions were collected using an automatic drop
counter set to 15 drops per fraction (approximately 400 wl per fraction) and 50
w1 of each fraction was separated by SDS-PAGE. Molecular mass sedimentation
markers were fractionated in parallel using GF-150 buffer.

Calculation of the Stokes radius using size exclusion chromatography. The
K., the classical method of describing the elution position of a protein from size
exclusion chromatography is calculated as K, = (V, — V)/(V, — V,), where V,
is the peak elution volume of a protein, V, is the void volume of the column, and
V, is the total volume of the column. All the elution profiles in this work are
shown in terms of elution volume (¥, in ml). The K,, value of the peak elution
of a protein is a function of its Stokes radius. Since V, is linearly proportional to
K., a similar function exists between V/, and Stokes radius. Having demonstrated
a linear relation between the V, and the Stokes radii of known protein standards
(data not shown), a calibration equation was used for calculating the Stokes radii
from V.

Calculation of the sedimentation coefficient using glycerol gradient sedimen-
tation. Protein standards were sedimented in duplicate gradients and their peak
positions measured by SDS-PAGE analysis of the fractions. A standard curve
was derived by plotting the sedimentation coefficients for known standards, e.g.,
aldolase 7.3 S, bovine serum albumin 4.3 S versus peak elution. The linear
regression equation (data not shown) from this standard curve was used for
calculating the sedimentation coefficients of VP22 or VP16 species.

Western blotting. Following separation by SDS-PAGE, proteins were electro-
phoretically transferred onto nitrocellulose membranes. The membranes were
blocked for 1 h in phosphate-buffered saline containing 5% wt/vol nonfat dried
milk, 0.2% Tween 20 and then processed by standard methods. Primary anti-
bodies were anti-VP22 mouse monoclonal antibody P43 (1:100), anti-VP22 rab-
bit polyclonal serum AGV30 (1:5,000), and anti-VP16 mouse monoclonal anti-
body LP1 (1:1,000). Secondary antibodies, depending on the primary antibody
were: horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G
(Bio-Rad), horseradish peroxidase-conjugated goat anti-rabbit (Bio-Rad), and
horseradish peroxidase-conjugated goat anti-mouse immunoglobulin M (p-chain
specific, Sigma). Secondary antibodies were diluted 1/2,000 for detection by
diaminobenzidine or 1/4,000 for detection by chemiluminescence.

Cross-linking experiments. VP22 159-301 was expressed as a His-tagged prod-
uct and purified to homogeneity by nickel-chelating and cation exchange chro-
matography exactly as previously described (31). Protein samples (12 pg) were
incubated with either of various homobifunctional chemical cross-linking agents
bis(sulfosuccinimidyl)suberate (BS®), ethylene glycolbis(sulfosuccinimidylsuccin-
ate) (sulfo-EGS), or disulfosuccinimidyl tartrate (sulfo-DST) according to man-
ufacturers standard protocol (Pierce). The reagents chosen are reactive towards
primary amines, but vary in the length of the spacer chains between functional
groups: sulfo-DST (6.4 A), BS® (11.4 A), and sulfo-EGS (16.1 A). In bricf,
protein samples were incubated with increasing concentrations (60, 150, and 300
nM) of the cross-linkers in citrate buffer on ice for 2 h. The reactions were
quenched by the addition of 50 mM Tris for 30 min on ice, and samples then
denatured in SDS lysis buffer and separated by SDS-PAGE under reducing
conditions.
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RESULTS

Expression of VP22 during HSV-1 infection. The accumula-
tion of HSV-1 VP22 protein and rate of synthesis were ana-
lyzed by Western blot analysis or pulse-labeling analysis using
anti-VP22 specific polyclonal antiserum AGV30 (14) or the
anti-VP22 monoclonal antibody P43 (18). HeLa cells were
infected with HSV-1 (multiplicity of infection, 10) or mock
infected, and pulse-labeled with [*>S]methionine at different
times postinfection. The cells were lysed, total cell extracts
were prepared and separated by SDS-PAGE, and the gels were
subjected to autoradiography (Fig. 1a). To identify bands cor-
responding to VP22 and as a comparison VP16, samples were
electroblotted and the membranes were subjected to autora-
diography or probed with monoclonal antibodies to detect
VP22 (P43) and VP16 (LP1). An example showing the analysis
for one of the later time points is shown in Fig. 1b. Alignment
of the VP16 and VP22 bands detected by immunoblotting with
the 3*S-labeled profile on the same blot allowed assignment of
the bands corresponding to VP16 and VP22 in the pulse-
labeling time course (Fig. 1a, arrows).

A novel labeled band corresponding to VP16 could be
readily detected by 6 h postinfection while that for VP22 was
more clearly detected slightly later, between 8 and 10 h (Fig.
la, lanes 3 to 9). It is difficult to judge the relative kinetics of
VP22 expression compared to VP16 by crude total accumula-
tion (whether in pulse-labeling or Western blotting) and such
kinetics showed minor differences in absolute rates over the
course of several experiments. Nonetheless semiquantitative
analysis of the corresponding bands by PhosphorImager anal-
ysis indicated that VP16 was consistently synthesized in greater
amounts (three- to fourfold) than VP22, taking into account a
3:1 ratio of methionine content between VP16 and VP22.

To examine more qualitative aspects of the relative kinetics
of VP22 we examined accumulation in the presence and ab-
sence of phosphonoacetic acid, an inhibitor of HSV DNA
synthesis. Cells were infected in the presence and absence of
phosphonoacetic acid (400 wg/ml), harvested at different times
after infection and total lysates separated by SDS-PAGE, elec-
troblotted and probed with anti-VP22 antibody (AGV30). In
the absence of phosphonoacetic acid, VP22 was detectable in
this case at 1 h postinfection, increasing by 4 h, with a progres-
sive accumulation during the remainder of the infection (Fig.
1c, lanes 2 to 9). In the presence of phosphonoacetic acid,
VP22 was still detected at 1 h postinfection with accumulation
until 6 h postinfection to a level similar to that observed in the
absence of the inhibitor. From 6 h onward, there was little
further increase in the accumulation of VP22 in the presence
of phosphonoacetic acid. Consistent results were obtained
when analyzing VP22 expression at the level of RNA accumu-
lation (Fig. 1d), showing a progressive increase in RNA levels
in the absence of PAA, compared to a plateau from approxi-
mately 6 h onward in the presence of PAA. Thus, VP22 ex-
hibits early-late kinetics, requiring viral DNA replication for
maximal expression.

Expression of VP22 was further analyzed by immunoprecipi-
tation from soluble extracts produced from infected-cells la-
beled with [**S]methionine at different times postinfection as
above (Fig. 2). The amounts of VP22 labeled at each time
point were also quantified by Phospholmager analysis (data
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FIG. 1. Time course of VP22 and VP16 accumulation. (a) After infection (HSV-1, multiplicity of infection of 10) or mock infection (M), HeLa
cells were pulse-labeled with 20 wCi/ml [>S]methionine for the times shown above each lane (hours after infection or mock infection, labeling
interval 2 h). Total cell lysates (5 X 10* cell equivalents) from infected (lanes 3 to 9) or mock-infected cells (lanes 2 and 10) were then separated
by SDS-PAGE and the gels were exposed for autoradiography. (b) In parallel a duplicate gel containing samples from the 16-h time point was
electroblotted and probed with anti-VP22 (P43) and anti-VP16 (LP1) antibodies. Detection of VP22 and VP16 by chemiluminescence is shown
in lane 2, while the corresponding autoradiogram is shown in lane 1. The bands corresponding to VP22 and VP16 were then assigned and are
indicated by arrows in panels a and b. The migration of '“C-labeled mass markers is shown to the left of panel a. (c) Accumulation of VP22 in
the presence and absence of phosphonoacetic acid. Western blot analysis of the accumulation of VP22 in the presence and absence of
phosphonoacetic acid (PAA). Total cell lysates of infected or mock-infected cells (lane 1), harvested at the times indicated above each lane after
infection in the absence or presence of 400 pwg/ml phosphonoacetic acid, were separated by SDS-PAGE, electroblotted, and probed with anti-VP22
antibody (AGV30). Detection was by chemiluminescence. (d) Cells were infected in the presence and absence of PAA as before, RNA isolated
at the times indicated, and VP22-specific RNA amplified by RT-PCR using specific primers. The results are consistent with those obtained by
analyzing protein synthesis and show progressive increase of VP22 RNA in the absence of PAA compared to a plateau at 6 to 8 h in the presence

of PAA.

not shown). De novo expression of VP22 could be detected by
2 to 4 h postinfection and increased until 14 to 16 h postinfec-
tion, followed by a decrease in rate of synthesis at the late
times of infection. Only a minor background of nonspecifically
bound species from mock-infected cells was observed (lanes 2),
and the immunoprecipitation analysis demonstrated the copre-
cipitation with VP22 of several specific infected-cell proteins
(Fig. 2a, arrows). Of the VP22-associated proteins, the 65-kDa
protein was the most prominent, with peak binding to VP22 at
around 8 to 14 h postinfection (Fig. 2a, lanes 6 to 8). We also
observed 57-kDa and 47-kDa proteins coprecipitating with
VP22 with peak binding in the same time intervals, a 150-kDa
protein which appeared more abundant slightly later, 14 to
18 h postinfection (Fig. 2a, lanes 9 to 10), and two other
VP22-associated proteins of 25 kDa and 80 kDa, also observed
at late times of infection. The differences in timing of the peak
appearance of these VP22-interacting species may reflect a

qualitative temporal difference in interaction, with perhaps the
80-kDa and 25-kDa species associating in a distinct fashion
later than the others, but without information on the total
abundance of the interacting species it is presently difficult to
make such a conclusion. However, what is clear is that a num-
ber of specific infected-cell proteins associated with VP22.
VP16 is the 65-kDa VP22-associated protein. The 65-kDa
protein which coprecipitated with VP22 is of the correct size
for VP16, and we have earlier demonstrated in reciprocal ex-
periments that a population of VP22 was bound to VP16 when
the latter was immunoaffinity purified from infected cells (12).
To confirm that the 65-kDa band was indeed VP16, infected
cell extracts immunoprecipitated with anti-VP22 antibody
were subsequently probed by Western blotting with anti-VP16
monoclonal antibody (Fig. 2b, lane 2). VP16 was detected
specifically in the immunoprecipitation from infected-cell ex-
tracts, comigrating as expected with the labeled 65-kDa band.
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FIG. 2. Analysis of VP22 interacting species by immunoprecipitation. (a) HeLa cells were infected (multiplicity of infection, 5) or mock-
infected and pulse-labeled with 20 wCi/ml [**S]methionine for the times shown above each lane (hours). Soluble extracts were prepared and VP22
was immunoprecipitated with anti-VP22 antibody AGV30. Equivalent samples were separated by SDS-PAGE and exposed for autoradiography.
The position of VP22 and the VP22-associated proteins is shown to the right of the panel. Lane M, *C-labeled protein size markers with masses
shown to the left of the panel in kDa. (b) VP22 was immunoprecipitated with AGV30 from infected-cell extracts labeled with 20 nCi/ml
[**S]methionine from 12 to 16 h postinfection. The samples were separated and exposed for autoradiography as before. A duplicate gel was
electroblotted onto nitrocellulose and the blot probed with anti-VP16 monoclonal antibody (LP1). VP16 was detected by Western blotting of the
VP22 immunoprecipitate and comigrated with the 65-kDa band detected by autoradiography. (c) A kinase activity inmunoprecipitates with VP22.
Autoradiograph of the immunoprecipitation of VP22 from infected-cell extracts performed as in panel a. Duplicate immunoprecipitation reactions
were equilibrated in kinase buffer and [y->*P]ATP. Following incubation at 37°C for 15 min the proteins were solubilized in SDS lysis buffer,

separated on SDS-PAGE, and exposed for autoradiography of **
product are shown the right of the panel.

A kinase activity associates with VP22. In considering the
apparent molecular weights of the other VP22-associated pro-
teins, a candidate for the 57-kDa VP22-associated protein is
ULI13, which like VP22 is assembled within the tegument of
HSV virions (6, 32). UL13 is a kinase which has been impli-
cated in both virus-induced nuclear kinase activity and tegu-
ment associated kinase activity (6), and previous analysis of
phosphorylation in vitro also showed that VP22 was a target
for UL13 (5). Unfortunately, the available antibody against
UL13 does not detect the protein in Western blot analysis.
Alternatively, to examine whether a kinase activity was copre-
cipitated with VP22, we performed in vitro phosphorylation
assays following immunoprecipitation of VP22 from infected
or mock-infected cell extracts (Fig. 2¢). Anti-VP22-immuno-
precipitated samples (35S-labeled profile, Fig. 2c, lane 1) were
incubated in a kinase buffer together with [y->*P]-ATP. Of the
two main >?P-labeled bands (Fig. 2c, arrows) one clearly comi-
grated with VP22, while the other migrated with the 57-kDa
species. Judged by the **S-labeled profile, this latter species
was present in relatively minor amounts yet represented, after
VP22, the next most abundant phosphorylated species. While
these results do not demonstrate that the 57-kDa band is
UL13, they do demonstrate firstly that a kinase activity copre-
cipitates with VP22, secondly that VP22 is a substrate for this
kinase, and that the 57-kDa band which coprecipitates with
VP22 is also a substrate for this activity and likely the most
efficient substrate.

-P labeled bands. The positions of VP22 and the major in vitro phosphorylation

Of the other species which coprecipitated with VP22, a can-
didate for the 80-kDa VP22-associated protein is VP13/14,
which has an apparent molecular mass of ca. 82 kDa and is also
a tegument-associated protein, the product of the UL47 gene.
Using the anti-UL47 polyclonal antibody (R220) we have
shown that the 80-kDa VP22-associated protein comigrates
with the VP13/14 proteins (data not shown). However, we have
attempted but have been unable to demonstrate a reciprocal
VP22 coprecipitation using the anti-UL47 antibody in immu-
noprecipitation assays. Precise identification of these bands
and the additional less prominent VP22-associated species will
be pursued elsewhere and the remainder of this work concerns
further biochemical characterization of the nature of VP22 in
infected cells and reconstruction assays.

Biochemical analysis of VP22 in infected-cell extracts. VP22
and VP16 are among the most abundant components of the
HSV virion, and as shown here and previously (12) interact
with one another. We next wished to examine whether any
higher-order assemblies of either component could be demon-
strated in soluble extracts from HSV infected cells. To that end
HeLa cells were infected with HSV-1 at a multiplicity of in-
fection of 10, labeled with [**S]methionine from 12 to 16 h
postinfection, and soluble extracts were prepared and fraction-
ated by size exclusion or by sedimentation analyses.

Size exclusion chromatography of the extracts was per-
formed using a Superdex 200 HR 10/30 column which had
been calibrated with a range of markers. Following fraction-
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ation the samples were first analyzed by SDS-PAGE and au-
toradiography to give an estimate of separation of the total
labeled cell proteins (Fig. 3a). The overall protein profile from
this fractionation procedure indicates that the infected-cell
proteins were reasonably well separated, with infected-cell-
specific bands ranging from the 30-kDa up to the 600-kDa size
range. The same fractions were then analyzed by Western blot
analysis using the anti-VP22 antibody (Fig. 3b). The migration
of VP16 was also analyzed and the positions of relative peak
elution for both proteins were calculated by scanning using a
PhosphorIlmager and plotting the percent maximal value
against the elution volume, V, (Fig. 3b).

A very minor amount of VP22 (Fig. 3b, fraction 5) eluted
close to the void volume and was likely to represent a minor
amount of aggregated protein. The bulk of VP22 eluted within
the column between fractions 10 and 17 (V,, 10.5 to 14 ml) with
a leading shoulder indicating the possible presence of two
forms of VP22 (Fig. 3b, peaks 1 and 2). Peak 2 was the major
form of VP22, with an estimated size of approximately 160 kDa
(Stokes radius of 48 A). Although difficult to precisely assign a
peak elution for peak 1 due to overlap with peak 2, we esti-
mated a shoulder peak at 11.25 ml corresponding to a size of
approximately 290 kDa (Stokes radius of 57 1&). In the same
samples, VP16 eluted with a more symmetric elution profile,
indicating that it was a single species with an estimated size
from size exclusion chromatography of 108 kDa and a Stokes
radius of 41 A (Fig. 3b). We could not resolve the VP22 peaks
1 and 2 better by size exclusion chromatography and further
characterization was carried out using glycerol gradient sedi-
mentation analysis.

For glycerol gradient sedimentation, the same extracts were
separated in 5 to 25% glycerol gradients. To examine whether
the higher-order species of VP22 were affected by salt concen-
tration we also performed the sedimentation analysis at both
physiological salt concentration (150 mM NaCl) and elevated
salt concentration (500 mM NaCl) as indicated (Fig. 4a and b).
As in size exclusion chromatography, VP22 migrated with a
broad profile across the fractions, while VP16 exhibited a much
narrower profile and sedimented at a lower size range (Fig.
4a). At physiological salt concentration, a minor amount of
VP22 (Fig. 4, fraction 1) sedimented close to the bottom of the
gradient and was likely due to aggregated species.

Two peaks of VP22 were observed within the gradients.
Peak 1 (fractions 7 to 11) had a sedimentation coefficient in the
range 7.3 S to 9 S, corresponding to a size of between 160 kDa
and 200 kDa. The second form, peak 2, fractionated as a
separate peak (peak fractions 17 to 19), with a sedimentation
coefficient in the range 4.3 S to 5.3 S, corresponding to an
approximate size of between 67 kDa and 90 kDa, which may
also represent more than one species. We note that during
repeat analyses of these fractions, VP22 peak 1 was initially as
abundant as peak 2, but upon storage and freeze-thawing of
samples progressively diminished with greater accumulation of
peak 2. We believe this reflects instability of multimeric forms in
peak 1 and possible dissociation into peak 2. VP16, in the same
gradient, eluted as a more well defined symmetric peak (sedimen-
tation coefficient 4.3 S, corresponding to a size of 67 kDa).

To examine the salt sensitivity of the observed VP22 species,
sedimentation was repeated at 500 mM NaCl. Under these
conditions, no VP22 peak 1 was detected and almost all the
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protein was now found migrating in lower-molecular-weight
complexes between fractions 19 and 24. (We note that al-
though VP16 migrated in a position consistent with a largely
monomeric form at 0.15 M NaCl, its position had shifted mar-
ginally at 0.5 M NaCl.) Although VP22 peak 1 was no longer
observed at 0.5 M NaCl, nevertheless the bulk of VP22 eluted
at a position at least as large as that of VP16. One interpreta-
tion consistent with these results is that this form of VP22
represents a salt-stable dimer of the protein, while the larger
forms represent higher-order homo-oligomers, or assemblies
with additional proteins, which dissociate to VP22 dimers at
elevated salt concentrations (see below).

Table 1 summarizes the results from both size exclusion
chromatography and glycerol gradient sedimentation analysis
of VP22 and VP16 from infected cells. Two forms of VP22
(peaks 1 and 2) exhibit different size in each type of analysis.
The less abundant peak detected (peak 1), was approximately
290 kDa by size exclusion chromatography and 167 to 200 kDa
by glycerol gradient sedimentation, while the most abundant
species, peak 2, was 158 kDa by size exclusion chromatography
and 67 to 90 kDa by glycerol gradient sedimentation.

As in any such analysis, this difference in the estimated size
of each species by the different biochemical methods may be
due to the fact that the elution profile of a protein in size
exclusion chromatography is sensitive to the shape, while in
glycerol gradient sedimentation elution is largely independent
of shape. It is possible that VP22 is not globular and this could
explain the difference in its estimated size from size exclusion
chromatography and glycerol gradient sedimentation. How-
ever, it is also possible that the 167- to 200-kDa peak seen by
sedimentation does indeed correspond to the larger 290-kDa
peak by size exclusion but that this assembly is more stable in
gel filtration and dissociates to the broader 167- to 200-kDa
species during sedimentation in gradients. Similarly it is pos-
sible that the 158-kDa peak 2 seen by size exclusion is less
stable in sedimentation dissociating to the 67-kDa to 90-kDa
peak 2 observed in the gradients.

Formally, since the actual makeup and stoichiometry of each
peak are not known, it is not possible to conclusively state that
the oligomeric species observed in size exclusion chromatog-
raphy are the same as those observed in glycerol gradient
sedimentation. We note that in an attempt to examine this,
VP22 was immunoprecipitated from each of the gradient frac-
tions and the immunoprecipitation products were then ex-
posed for autoradiography to qualitatively examine the protein
profiles of the complexes. However, the results were inconclu-
sive as there was too little protein in the immunoprecipitations
from the fractions to be detected by autoradiography (data not
shown). More precise structural composition of the VP22 as-
semblies will require larger-scale preparative analyses rather
than the analytical-scale analyses carried out here.

Nevertheless we can conclude from these results that VP22
exists in more than one higher-order assembly in infected cells,
and that a likely minimal size for the bulk of the protein ranges
from approximately 160 kDa (determined from size exclusion)
to 67 to 90 kDa (from sedimentation). This is significantly
larger than monomeric VP22. Moreover the results indicate
the formation of at least one further higher-order assembly, of
approximately 290 kDa (from size exclusion) or 167 kDa (from
sedimentation).
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FIG. 3. VP22 forms high molecular complexes in infected cells. (a) Autoradiograph of the elution profile from size exclusion chromatography
of infected-cell extracts. High-salt extract prepared from HeLa cells infected with 5 PFU/cell of HSV-1 and labeled with 20 .Ci of [**S]methionine
from 12 to 16 h postinfection was fractionated by size exclusion chromatography as described in Materials and Methods using G-150 (150 mM salt
buffer). One-tenth (50 wl) of each fraction (fractions 5 to 21) was separated in an SDS-PAGE gel and subjected to autoradiography. Lane M shows
14C-labeled protein standards and their positions are shown to the right of each panel. The first lane shows 2% of the input extract used in the
separation analysis. The peak elution positions of the protein standards used to calibrate the size exclusion column are shown on the top of the
panel along with their Stokes radii. (b) Western blot analysis of the fractions using AGV30 and LP1. A duplicate gel to that shown in panel a was
electroblotted onto nitrocellulose and probed with anti-VP22 (AGV30) or anti-VP16 (LP1) antibodies. The elution volume of each fraction is
shown at the bottom of the panel. The positions of VP16 and VP22 are shown to the left of the panel. (c) The elution profiles of VP22 (solid circles)
and VP16 (solid squares) were measured by PhosphoImager densitometry analysis of the scanned blot and plotted as a percentage of the maximal
peak versus elution volume. Peaks are numbered as discussed in the text. The elution positions of protein standards used in size exclusion
chromatography are shown on the top of the graph along with their Stokes radii.

Biochemical analysis of in vitro-synthesized VP22. To ex-
amine further biochemical aspects of VP22, and in particular
whether it existed in higher-order complexes in the absence of
the other infected-cell proteins, we next performed similar
sedimentation and size exclusion analyses using in vitro-syn-

thesized [**S]methionine-labeled VP22. We also examined de-
letion variants of VP22, lacking N- or C-terminal regions. For
ease of reference to discriminate in the text between infected-
cell VP22 and in vitro-synthesized VP22, the latter has been
termed VP22 1,1y
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FIG. 4. Glycerol gradient sedimentation analysis of VP22 and VP16. Extracts from infected HeLa cells (multiplicity of infection, 5) prepared
as before were analyzed by glycerol gradient sedimentation in 150 mM salt buffer (panel a) or 500 mM salt buffer (panel b), as described in
Materials and Methods. Fractions were collected from the bottom of the gradient and aliquots were separated by SDS-PAGE and electroblotted
onto nitrocellulose and the sedimentation profiles of VP22 and VP16 gels were determined after probing with anti-VP22 and anti-VP16 antibodies.
The abundance of VP22 and VP16 was measured and the profiles of VP22 (solid circles) and VP16 (solid squares) were plotted as percentages
of the maximal peak versus fraction number. Peaks for VP22 are numbered as discussed in the text. The peak elution positions of the protein
standards used in sedimentation analysis are shown on the graph along with their sedimentation coefficients.

Glycerol gradient sedimentation of VP22 ,,,1,. Glycerol gra-
dient sedimentation was performed on VP22, at either
physiological (150 mM) or high-salt (500 mM) concentrations
in order to observe any salt-induced effects. Following sedi-
mentation the fractions were separated on SDS-PAGE gels
and exposed for autoradiography. Each fraction was quantified
by PhosphorImager analysis and plotted as a percentage of the
maximum versus the fraction number. At 150 mM salt,
VP22 1,1y sedimented as a broad peak (Fig. 5a). The major
species (fractions 12 to 17) sedimented at 5.4 S to 6.9 S,
corresponding to sizes of approximately 100 kDa to 146 kDa.

TABLE 1. Summary of size analyses of VP22 and VP16 in
infected-cell extracts®

Protein Peak Size exclusive, A (kDa) Glycerol gradient, kDa (S)
VP22 1 57 (~290) 160-200 (7.3-9.0)

2 48 (158) 67-90 (4.3-5.3)
VP16 1 41 (108) 67 (4.3)

“ Summary of the calculation of Stokes radius, estimated from size exclusion
chromatography together with the corresponding apparent mass. Sedimentation
coefficients, calculated from glycerol gradient sedimentation, are given together
with size from this analysis. Major peaks 1 and 2 for VP22 correspond to those
discussed in the text.

At the high salt concentration, VP22, sedimented as a
distinctly smaller though still relatively diffuse peak, ranging
from 3.2 S to 4.7 S, corresponding to 34 kDa to 79 kDa, with
the majority of the protein in the upper region of this range.

We note the presence in SDS gels of a slightly smaller
product of VP22 .1, which was observed also with the variant
VP22.1-267, but not with VP22.60-301 (see below). This could
be due to inefficient initiation or proteolytic clippage of the
N-terminal region. It is possible that the appearance of these
slightly shorter products could be incorporated into hetero-
oligomers with the full-length versions, though this does not
alter the main conclusions. Thus, since the predicted mass of
VP22 is 32.2 kDa, our results are most consistent with the
interpretation that at physiological salt concentration, the bulk
of VP22 1,1, sedimented as a tetramer, perhaps with a popu-
lation of dimers, and that at the high-salt concentration the
protein dissociates into a salt-stable dimer, together with a
population of monomers.

The sedimentation profiles of VP22.60 to 301.y,r, and
VP22.1-267 1,1y at 150 mM and 500 mM salt are shown in Fig.
6. (For space considerations we have not included all data and
graphical representations.) The main conclusion from this
analysis was that deletion of the N-terminal 60 residues had a
significant effect on VP22 migration such that at the physio-
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FIG. 5. Glycerol gradient sedimentation analysis of in vitro-synthesized VP22. (a) Autoradiograph of the elution profile of in vitro-synthesized
VP22 following glycerol gradient sedimentation analysis at 150 mM and 500 mM salt, as indicated. VP22 was expressed in vitro in a coupled
transcription-translation system as described in Materials and Methods and the expressed product, VP22 1,1, subjected to sedimentation analysis
exactly as before at a final concentration of either 150 mM or 500 mM NaCl. Aliquots of each of the fractions were separated by SDS-PAGE and
the gels were subjected to autoradiography. Lane M shows '*C-labeled markers. The elution positions of the mass protein standards are shown
on the top of the panel. (b) The level of VP22, in each of the fractions in the gels in panel a was measured using a PhosphorImager analysis
and the intensities were plotted as a percentage of maximal fraction versus fraction number.

logical salt concentration, the bulk of VP22.60-301 ,, sedi-
mented as a peak of 4.3 S corresponding to a size of 68 kDa,
possibly with a minor population of approximately 110 kDa
(Fig. 6b). At the higher salt concentration, the main species
now sedimented with a size of 33 kDa (3.2 S). The linear mass
of VP22.60-301 T, is 25.3 kDa. Therefore, the results of this
analysis are most consistent with the interpretation that dele-
tion of the N-terminal region of VP22 resulted in destabiliza-
tion, such that at normal salt concentration VP22.60-301 1y
sedimented mainly as a dimer (rather than the main distribu-
tion as tetramers of intact VP22), and that at elevated salt
VP22.60-301 1,1y was mainly monomeric.

This same analysis was performed on VP22.1-267 1) The
results indicate that deletion of the extreme C-terminal resi-
dues also resulted in destabilization of VP22 (Fig. 6¢,d). Thus,
at 150 mM salt VP22.1-267 1,1, sedimented with a different
profile to that of intact VP22, with a size of 90 kDa (5.1 S).
Increased salt concentration also affected sedimentation such
that at 500 mM NaCl, VP22.1-267 1,y sedimented at approx-
imately 40 kDa (3.6 S). Since the linear mass of VP22.1-
267 crqry is 28.6 kDa, these results are again most consistent

with the presence of a dimer at normal salt concentration and
monomer at 500 mM salt.

The results of the glycerol gradient sedimentation of VP22
and the amino- and carboxy-terminal deletions are summa-
rized in Table 2. The results indicate that the in vitro-synthe-
sized VP22 exists in a broad distribution most consistent with
a mixture of mainly tetramers and dimers. It is possible that
under certain buffer conditions VP22 could be stabilized so
that it quantitatively migrated as a tetramer, or it may be that
some additional cofactor (viral or cellular) could be required
for full stabilization into a tetrameric configuration. But the
results are reasonably consistent with those from infected-cell
lysates. Furthermore the results indicate that the N- and C-
terminal ends of VP22 are involved in promoting higher-order
assembly, such that their loss results in much reduced forma-
tion of the tetrameric form with mainly dimeric forms ob-
served, and destabilization to monomers at high salt.

Dimerization of both the N-terminal and C-terminal prod-
ucts of VP22. We also performed size exclusion chromatogra-
phy on in vitro-synthesized VP22 variants encompassing the
N-and C-terminal sections of the protein. These variants in-
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FIG. 6. Effect on VP22 sedimentation of deletion of N-terminal and C-terminal residues. Autoradiograph of the elution profile of VP22.60—
301 11y and VP22.1-267 1,1, following glycerol gradient sedimentation analysis at 150 mM and 500 mM salt. Synthesis, sedimentation, and

analysis were as described for Fig. 7.

cluded VP22.1-192 11, 1-1591yr), 159-301 1,1y and 172~
301y and an internal deletion variant lacking residues 119
to 192, termed del(119-192)y,,1,. Each variant was subjected
to size exclusion chromatography, fractions were collected,
aliquots were separated by SDS-PAGE and migration was
measured using a PhosphorImager and plotted as a percentage
of the maximum versus the elution volume. Rather than show
the individual gels and quantitation from these analyses, the
main observations are summarized in Table 3.
VP22.1-192 1,1y and 1-159 1,1 eluted as single peaks of 41
kDa and 32 kDa, respectively. Since these proteins have linear
masses of 20.3 kDa and 16.8 kDa, respectively, their elution
profiles are consistent with dimer formation. Similarly
VP22.159-301 1,1y and VP22.172-301(1,r, also eluted as a

TABLE 2. Summary of sedimentation analysis of in vitro-
synthesized VP22 and deletion variants”

Protein Peak S Size (kDa)

(size, kDa) 150 mM NaCl 500 mM NaCl
VP22 (322)  Major  5.4-6.9 101-146 34-79
VP22.60-301 Minor ~5.8 ~113 34

(25.3)
Major 4.3 68 34
VP22.1-267 Minor ~6.6 ~134 40
(28.6)
Major 5.1 90

“ Summary of the sedimentation profiles of in vitro-synthesized VP22 and
deletion variants. Sedimentation was performed at either 150 mM or 500 mM
NaCl. The presence of minor species is discussed in the text. Only size is given
for the results at 500 mM NaCl. The predicted size for each species as calculated
from the linear sequence of amino acids is given below each variant in the
left-hand column.

single species, both peaking with a size of approximately 31
kDa. The linear masses of these variants are 15.5 kDa and 14.2
kDa, respectively, and again the results are consistent with
migration as dimer species. The internal deletion variant
del(119-192) 1,1y has a linear mass of 24.5 kDa, and migrated
with a size of 20 kDa, in this case indicating that it was likely to
be largely monomeric.

Cross-linking dimers of the conserved core of VP22. In the
attempt to provide independent evidence for dimer formation
by subregions of VP22, we expressed the variant VP22.159-301
in bacteria and purified the species to homogeneity. While
intact VP22 did not express well in bacteria, this subregion was
readily amenable to expression and purification as previously
described (31). Purified VP22.159-301, devoid of any contam-
inating species as judged by SDS-PAGE (Fig. 7, lane 1) was
incubated in the absence or presence of increasing concentra-
tions of the homo-bifunctional cross-linking agents bis-(sulfo-

TABLE 3. Summary of size exclusion chromatography of in vitro-
synthesized VP22 and deletion variants”

Size (kDa) in

VP22 protein (kDa) rai;gi“zsA) 1513 rg\/l Oligomer
a
159-301 (15.5) 28 31 Dimer
172-301 (14.2) 28 31 Dimer
1-267 (26.6) 35 67 Dimer
1-192 (20.3) 28 41 Dimer
1-159 (16.8) 25 32 Dimer
del(119-192 24.5) 19 20 Monomer

“ Summary of the calculation of Stokes radius, estimated from size exclusion
chromatography together with the corresponding size of in vitro-synthesized
VP22 variants. The size as calculated from the linear sequence of amino acids is
given below each variant in the left-hand column and the likely oligomerization
form in the right-hand column.
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FIG. 7. Cross-linking of VP22.159-301. VP22.159-301 was ex-
pressed and purified exactly as previously described (31). Protein sam-
ples (12 pg) were incubated with the homobifunctional chemical cross-
linking agents disulfosuccinimidyl tartrate (sulfo-DST, lanes 2 to 4),
bis(sulfosuccinimidyl)suberate (BS?, lanes 5 to 7), or ethylene glycol-
bis(sulfosuccinimidylsuccinate) (sulfo-EGS, lanes 8 to 9), in increasing
concentrations (60, 150, and 300 wM) of the cross-linkers in citrate
buffer on ice for 2 h. The reactions were quenched by the addition of
50 mM Tris for 30 min on ice, and samples were then denatured in
SDS lysis buffer and separated by SDS-PAGE under reducing condi-
tions. The positions of the VP22.159-301 in the absence of cross-linker
(lane 1) and the major cross-linked species are indicated by arrows.

16

succinimidyl)-suberate (BS?), ethylene glycol bis-(sulfosuccin-
imidyl)-succinate (sulfo-EGS), or disulfosuccinimidyl-tartrate
(sulfo-DST). The reagents are reactive towards primary
amines and vary in the length of the spacer chains between
functional groups: sulfo-DST (6.4 A), BS® (11.4 A), and sulfo-
EGS (16.1 A). After 15 min the reactions were quenched, and
the samples were denatured in SDS loading buffer and ana-
lyzed by SDS-PAGE.

The single 18-kDa species of VP22.159-301 was observed in
the absence of cross-linker (Fig. 7, lane 1). Both sulfo-DST
(Fig. 7, lanes 2 to 4) and sulfo-EGS (Fig. 7, lanes 8 to 10)
promoted the appearance of an additional species migrating at
ca. 38 kDa, consistent with the cross-linking of VP22.159-301
dimers. Sulfo-EGS appeared to cross-link more efficiently than
sulfo-DST, which could be consistent with its longer spacer
arm (16.1A versus 6.4 A). Increasing the concentration of
either of these cross-linkers did not result in the appearance of
higher-order species. Interestingly the cross-linker BS?, while
inducing the formation of stable dimers, also resulted in the
appearance of lesser amounts of higher-order species (Fig. 7,
lanes 5 to 7). The linker length of BS? is shorter than that of
sulfo-EGS, and while this may be a quantitative effect we did
not detect the presence of higher-order species when using
sulfo-EGS at higher concentrations. It may be that BS® has a
particular linker length which more readily reveals additional
less abundant multimers of VP22.159-301.

We note that similar attempts to provide independent evi-
dence for dimer formation of the isolated N terminus have
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proved difficult due to poor expression of this product in bac-
teria. Nevertheless, at least for VP22.159-301, the results to-
gether with those from size fractionation of the in vitro-syn-
thesized VP22, provide very strong evidence for dimer
formation of VP22.159-301 and support the proposal for
dimer formation of the N-terminal region. This conclusion is
also consistent with the destabilizing effect of deletion of the
N-terminal region (i.e., 60 to 301) on formation of higher-
order VP22 assemblies, likely to be tetramers.

DISCUSSION

VP22, encoded by the UL49 gene of HSV-1 (18) is among
the most abundant of the tegument proteins being present at
about 1,500 to 2,000 molecules per virion (21, 24). Recent
results demonstrate that for HSV, while not absolutely essen-
tial for replication in culture, viruses lacking VP22 display a
cell type defect in replication and an altered profile of virion-
assembled proteins (11). A number of studies have begun to
shed light on VP22 localization and compartmentalization dur-
ing virus infection (2, 9, 13-15, 22, 23, 26, 28, 29, 34, 35). VP22
has been reported to interact with membranes in infected cells
(3) and, potentially in a related fashion, to bind to the cyto-
plasmic tail of the glycoprotein gD (4). Interactions between
VP22 and glycoproteins E and M have been reported in PRV
(19). However, there is comparatively little data on the bio-
chemical analysis of VP22 itself. Any complete understanding
of, for example, how tegument proteins are recruited or nu-
cleate virion assembly, or indeed self assemble (see below),
and of the details of their functions within cells will require
biochemical and biophysical characterization.

Here we report characterization of VP22 expression and
initial biochemical analysis by gel filtration, glycerol sedimen-
tation and chemical cross-linking. We could find no reports of
kinetic pulse-labeling experiments of total infected protein syn-
thesis which assigned VP22 based on comigration with an im-
munologically identified band and performed such analysis to
give an approximation of the relative abundance of VP22 syn-
thesized in infected cells. While such analysis has limitations,
we estimate that VP22 is synthesized in significantly lower
amounts than VP16, the other major tegument protein in
HSV. Since these proteins are both major components and
recruited in approximately similar abundance (7, 21, 24), this
analysis supports the proposal that there may be a mecha-
nism(s) for selective tegument recruitment. For VP22 it has
further been proposed that phosphorylation may be involved,
with the hypophosphorylated form specifically assembled into
virions (17).

In coprecipitation assays a number of infected-cell proteins
were detected in VP22 immunoprecipitates, indicating that at
least a population of VP22 is complexed with other species. We
identified one of these proteins as VP16, consistent with pre-
vious results showing in reciprocal experiments that VP22 co-
purified with VP16 (12). We also demonstrated a 57-kDa spe-
cies interacting with VP22, which we believe is likely to be the
UL13 protein kinase, and indeed a kinase activity which phos-
porylates VP22 was present. This interpretation is consistent
with previous results showing that virions contain a kinase,
lacking in a UL13 —ve strain, which phosphorylates VP22 (5),
and also that while VP22 is phosphorylated by a cellular kinase
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FIG. 8. Conservation of a core domain and summary of VP22 oligomerization studies. (a) Sequences of VP22 homologues from equine
herpesvirus type 1 (EHV-1), bovine herpesvirus type 1 (BHV-1), varicella-zoster virus (VZV), HSV-1, and Marek’s disease virus (MDV) were
aligned using the Clustal multiple-sequence alignment algorithm. The alignment was imported into the Genedoc program and alignments were
optimized using information from all pairwise alignments. For ease of interpretation, residues have been color coded: A, F, I, L, M, V, W, and
Y indicated in green; D, E, N, S, and T are in red; R and K are in blue; and P is in purple. Numbers relating to the boundaries of several HSV
constructs used in this work are indicated with vertical bars above the sequence, while regions predicted to adopt secondary structure are indicated
by gray boxes. A potential conserved motif towards the C-terminal end is underlined. (b) Summary of the oligomerization state of VP22 and various
subregions. The top schematic indicate the conserved core with regions predicted from computer algorithms to adopt potential alpha-helical
structure shown above. The preponderance of tetramers (T) and dimers (D) and monomers (M) is indicated for each VP22 species. Shading in
two regions indicates the conclusion that VP22 contains two dimerization interfaces (N) and (C) as discussed in the text.

(16, 17), its phosphorylation is stimulated by UL13 (20). While
phosphorylation of VP22 and association with UL13 were not
the main aims of this analysis, it is possible that the coprecipi-
tation of VP22 with VP16, the kinase/UL13, the 80-kDa, and
other species reflects the existence of a macromolecular com-
plex with a role in either phosphorylation or assembly (see
below). Further analysis in this work concentrated upon size
fractionation of VP22 both in infected cells and of the protein
in isolation, particularly with a view to the possibility of higher-
order complexes of the protein which reflect its role in assem-
bly.

At physiological salt concentrations using both techniques,
VP22 was present in several high-molecular-weight forms in
infected-cell extracts. By size exclusion chromatography the
main species of VP22 had a size of approximately 160 kDa with
a leading fraction indicating the presence of a larger popula-
tion (Fig. 3, Table 1). By sedimentation analysis the main

population (Fig. 4, peak 2) fractionated with a size of 67 to 90
kDa, with a distinct well-separated population migrating at ca.
167 to 200 kDa (Fig. 4, peak 1). To help determine the nature
of these VP22 species, we examined the size profile of the
protein in isolation. Numerous attempts to express and purify
the intact protein in e.g., bacterial expression systems failed
and we utilized in vitro-synthesized VP22 using reticulocyte
lysates as a source. While imperfect, this allowed us to perform
analytical-scale experiments on the protein; and the conclu-
sions were reinforced by cross-linking analysis of the isolated,
purified C-terminal region of VP22, which is expressed well in
bacteria (31).

Thus, VP22 synthesized in vitro fractionated in a pattern
most consistent with a mixture of dimers and tetramers at
physiological salt concentration, dissociating into mainly
dimers at the high salt concentration. The results from the
biochemical analysis of the deletions are consistent with this
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FIG. 9. Model of VP22 oligomerization states. Based on the results from size fractionation experiments and analysis of subregions of the
protein, VP22 is illustrated as a tetramer, having dimerization interfaces within the N-terminal and C-terminal regions. Dissociation of the tetramer
leads to dimers, which for the full-length protein could formally be composed of dimers held together by interactions at either interface. The
conserved core region and interface at the N terminus are not designed to indicate a particular structure, though computer algorithms predict
alpha-helix formation within the C-terminal domain of the protein, as discussed in the text. The arrow to the left indicates the possibility that VP22
tetramers are further recruited into higher-order complexes, as discussed in the text.

hypothesis and point to the existence of two dimerization do-
mains (see summary in Fig. 8b). Cross-linking studies per-
formed on the purified C-terminal region further support the
proposal for its ability to form dimers. The minimal amino-
terminal domain seems to be contained within residues 60 to
119 while the carboxy-terminal domain could be refined to
within residues 172 to 267, although residues beyond 267 are
required for full activity. We propose that each domain can
homo-dimerize, and these dimers interact to form tetramers.
Each domain seems to be able to function somewhat indepen-
dently, but deletion at the termini does abrogate tetramer
formation. A model of VP22 oligomerization based on these
results is illustrated in Fig. 9.

In light of these data, the results from infected-cell extracts
suggest that peak 1 (with a size of 167 kDa) may be composed
of tetramers. Similarly, one of the forms in peak 2 could be a
dimer of approximate 80 to 90 kDa. Given the association
between VP16 and VP22 reported previously (12) and dem-
onstrated here in reciprocal immunoprecipitation experiments,
one question we wished to address was the possible identifica-
tion of large molecular complexes containing these two pro-
teins in size fractionation analysis. However, the highest-mo-
lecular-mass forms of VP22 in either sedimentation or size
fractionation did not contain detectable VP16. It remains pos-
sible that additional, less-stable larger complexes containing

VP22 and VP16 exist but dissociate, and indeed the largest forms
of VP22 were unstable after glycerol gradient fractionation.

While further attempts are in progress using different isola-
tion and buffer conditions in an attempt to stabilize any such
complexes, it is also as likely that the native VP22 peak 1 form
is not associated with VP16 and thus is an independent oli-
gomer or an assembly with components other than VP16. On
the other hand VP22 peak 2 migrated in an overlapping pat-
tern with VP16 by both size exclusion and sedimentation anal-
ysis. It was evident, particularly from the sedimentation anal-
ysis, that VP22 peak 2 was larger than VP16, and it is possible
that the higher size range within this peak, i.e., around 90 to
100 kDa, could contain a complex of VP16 and a monomer
(perhaps dimer) of VP22. We attempted to precipitate each of
the fractions after size fractionation to determine the profile of
associated proteins and whether it altered across the size range
but the analytical-scale experiments reported here were not
sensitive enough. However, in transfected cells expressing the
proteins in the absence of other virus proteins, VP22 and VP16
clearly form some type of VP22-VP16 complex (12), and bac-
terially expressed VP16 and VP22.159-301 also coprecipitate
(data not shown). Future analysis of infected cells on a more
preparative scale and the use of purified proteins should there-
fore help characterize the size and stoichiometry of VP16-
VP22 complexes.



12198 MOUZAKITIS ET AL.

Analysis of the sequence alignments of the VP22 homo-
logues in other alphaviruses reveals some interesting features
pertinent to these studies and warrants some speculation (Fig.
8a). While there are short sections of homology within the
N-terminal region, a major feature is the presence of a well
conserved 100-residue section conserved across the family cor-
responding in HSV-1 approximately to residues 160 to 260.
Further analysis using secondary-structure prediction algo-
rithms confine probabilities of secondary structure to within
this region, indicating a series of potential alpha helices (Fig.
8a, gray boxes) linked by coils or turns. The presence of, for
example, a completely conserved asparagine (HSV residue
197) and tryptophan (residue 221) is consistent with the pref-
erence for these in capping and terminating alpha helices, and
they are followed by conserved proline residues indicative of a
tight turn into the next helix.

Whether or not the actual VP22 structure reflects the pre-
diction algorithms, it seems likely that the ability to express and
purify region 159 to 301 is related to its ability to form an
isolated folded structure, which as proposed above forms
dimers. Furthermore we have previously shown that addition
of short negatively charged molecules (phosphodiester, or pho-
rothioate oligonucleotides) catalyzes the ability of this core
domain to assemble into a particle which has a regular spher-
ical shape (31). Further work is in progress to examine whether
this can be recapitulated with negatively charged peptides and
whether this activity reflects any aspect of recruitment and
assembly into the tegument. e.g., interaction with the nega-
tively charged tail of VP16 (12). While there is clearly redun-
dancy in the requirement for tegument proteins, we believe it
is likely that the ability of major tegument proteins such as
VP22 to homo-oligomerize, or to be effectively cross-linked by
virtue of interactions with other tegument proteins will be
important features in their recruitment into virions. This study
provides a useful starting point for consideration of those fea-
tures of VP22.
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