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Herpes simplex virus 1 nucleocapsids bud through the inner nuclear membrane (INM) into the perinuclear
space to obtain a primary viral envelope. This process requires a protein complex at the INM composed of the
U, 31 and U, 34 gene products. While it is clear that the viral kinase encoded by the U3 gene regulates the
localization of pU, 31/pU, 34 within the INM, the molecular mechanism by which this is accomplished remains
enigmatic. Here, we have determined the following. (i) The N terminus of pU;31 is indispensable for the
protein’s normal function and contains up to six serines that are phosphorylated by the U3 kinase during
infection. (ii) Phosphorylation at these six serines was not essential for a productive infection but was required
for optimal viral growth Kkinetics. (iii) In the presence of active U3 kinase, changing the serines to alanine
caused the pU,;31/pU,; 34 complex to aggregate at the nuclear rim and caused some virions to accumulate
aberrantly in herniations of the nuclear membrane, much as in cells infected with a U3 kinase-dead mutant.
(iv) The replacement of the six serines of pU,; 31 with glutamic acid largely restored the smooth distribution of
pU,34/pU, 31 at the nuclear membrane and precluded the accumulation of virions in herniations whether or
not U3 kinase was active but also precluded the optimal primary envelopment of nucleocapsids. These
observations indicate that the phosphorylation of pU; 31 by pUg3 represents an important regulatory event in
the virion egress pathway that can account for much of pUg3’s role in nuclear egress. The data also suggest that the
dynamics of pU, 31 phosphorylation modulate both the primary envelopment and the subsequent fusion of the

nascent virion envelope with the outer nuclear membrane.

The U, 31 and U;34 proteins of herpes simplex virus 1
(HSV-1) form a complex that accumulates at the inner nuclear
membrane (INM) of infected cells (26, 27). This complex is
essential for the budding of nucleocapsids through the INM
into the perinuclear space (26, 28). pU; 34 is a type 2 integral
membrane protein with a 247-amino-acid nucleoplasmic do-
main that binds pU, 31 and holds the latter in close approxi-
mation to the INM (16, 19, 26, 31, 36, 37). Both proteins
become incorporated into nascent virions, indicating that they
directly or indirectly interact with nucleocapsids during the
budding event (27). Interestingly, the coexpression of the pseu-
dorabies virus homologs of HSV pU, 31 and pU, 34 are suffi-
cient to induce budding from the INM in the absence of other
viral proteins (13).

The most prominent model of nuclear egress proposes that
the step following primary envelopment involves the fusion of the
perinuclear virion envelope with the outer nuclear membrane
(ONM), allowing subsequent steps in which the deenveloped
capsid engages budding sites in the Golgi or trans-Golgi net-
work (20, 32). The Ug3 protein is a promiscuous kinase that
phosphorylates pU; 31, pU,34, and several other viral and
cellular components (1, 2, 5, 11, 15, 21-23, 25). In the absence
of pUg3 kinase activity, (i) virions accumulate within disten-
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sions of the perinuclear space that herniate into the nucleo-
plasm (14, 27, 29), (ii) the pU; 31/pU, 34 complex is mislocal-
ized at the nuclear rim from a smooth pattern to discrete foci
that accumulate adjacent to nuclear membrane herniations
(12, 14, 27, 29), and (iii) the onset of infectious virus produc-
tion is delayed (21, 29).

Aberrant accumulations of perinuclear virions similar to
those observed in cells infected with Ug3 kinase-dead viruses
have been observed in cells infected with viruses lacking the
capacity to produce glycoproteins H and B (gH and gB, re-
spectively) (8). Because these proteins are required for fusion
with the plasma membrane or endocytic vesicles during HSV
entry (3, 4, 9, 10, 18, 30, 33), it has been proposed that the
accumulation of perinuclear virions in the absence of gH and
¢B reflects a failure in the apparatus that normally mediates
the fusion between the nascent virion envelope and the ONM
(8). By extension of this hypothesis, pUg3 might act to trigger
or otherwise regulate this perinuclear fusion event.

The substrate(s) of the pUg3 kinase responsible for the
altered localization of the pU; 31/pU, 34 complex and the ab-
errant accumulation of perinuclear virions were heretofore
unknown. In one study to identify such a substrate, it was
determined that precluding the phosphorylation of pU, 34 was
not responsible for the nuclear egress defects induced by the
absence of pUg3 or its kinase activity (29). The current study
was therefore undertaken to investigate the hypothesis that the
pUsg3-mediated phosphorylation of pU, 31 is critical to regu-
late nuclear egress. The presented evidence indicates that as-
pects of the Ug3 kinase-dead phenotype, including the reten-
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TABLE 1. Vectors and primers used to generate the U, 31 subclones

U, 31 codon

Plasmid (aa)* Vector(s) Primers”

U, 31(dN)-pCDNA3 45-306  pcDNA3 5'-ATACTCGAGATGCCGCCTCACG-3', 5'-TATACTCGAGCTACGGCGG
AGGAAAC-3’

U, 31-Flag 1-306  pBudCE 4.1 5'-ATACTCGAGACCTATGTATGACACCGACCC-3', 5'-ATAAGATCTTAC
TTATCGTCGTCATCCTTGTAATCCGGCGGAGGAAACTC-3’

U, 31(dN)-Flag 45-306  pBudCE 4.1 5'-ATACTCGAGACCTATGCCGCCTCACG-3', 5'-ATAAGATCTTAC
TTATCGTCGTCATCCTTGTAATCCGGCGGAGGAAACTC-3’

GST-U, 31 (1-50 aa) 1-50 pCR2.1, pGEX4T-2 5'-ATGTATGACACCGACCCCCATC-3', 5'-TTTGCGGGCGTGAGGC-3’

GST-U, 31 (52-165 aa) 52-165 pCR2.1, pGEX4T-1 5'-TCTCGAGATGGAGGAGCTGTGTTTAC-3', 5'-TCTAGGCCAACACGA
CCAA-3’

GST-U, 31 (159-265 aa) 159-265  pCR2.1, pGEX4T-1 5'-GCTCGAGATGGTGGCCTCCTTGGTC-3', 5'-CCTAGTCCGTGGGTTTC
TCTGCGTT-3’

GST-U, 31 (255-306 aa) 255-306  pCR2.1, pGEX4T-1 5'-CCTCGAGATGGGCAACGCAGAGAAACC-3', 5'-CCTACGGCGGAGG
AAACTC-3'

GST-U, 31 (SA3) 1-306  pGEXA4T-1 5'-TAGAATTCATGTATGACACCGACCCCCATC-3', 5'-TATACTCGAGCT
ACGGCGGAGGAAAC-3’

GST-U, 31 (SA6) 1-306  pGEXA4T-1 5'-TAGAATTCATGTATGACACCGACCCCCATC-3', 5'-TATACTCGAGCT

ACGGCGGAGGAAAC-3’

“ aa, amino acids.

b Restriction sites used for cloning are underlined, and Flag sequences are in bold.

tion of virions in the perinuclear space, the mislocalization of
the pU;31/pU; 34 complex, and the delayed onset of virus
replication, can be replicated by precluding pU; 31 phosphor-
ylation in the presence or absence of pUg3 kinase activity. The
data also suggest that the dynamic phosphorylation of pU, 31 is
important during the primary envelopment of nucleocapsids.

MATERIALS AND METHODS

Cells and viruses. Wild-type virus HSV-1(F), U 31 null virus, and mutant
virus containing a lysine-to-alanine mutation in Ug3 codon 220 (K220A) have
been described and were obtained from B. Roizman and R. J. Roller, respec-
tively (6, 7, 29). The HSV-1(F) and Ug3(K220A) viruses were propagated and
titers determined on Vero cells, whereas the Uy 31 null virus was grown and titers
determined on Uj 31-expressing rabbit skin cells described previously (17).

Plasmids. For transient expression, Uy 31 fused to DNA encoding a FLAG
epitopic tag at the 3’ end was cloned into the pcDNA3 vector (Invitrogen) or into
the pBudCE4.1 vector (Invitrogen) as indicated in Table 1. Full-length U, 31 in
pcDNA3 was previously described (26). This plasmid served as a template for
other pcDNA3 or pBudCE4.1 constructs using the PCR primers listed in Table 1.

A plasmid bearing glutathione S-transferase (GST) fused to full-length U; 31
was also reported previously (26). In the current study, a series of U 31 frag-
ments were cloned into pGEXA4T vectors (Amersham) for the expression of the
encoded GST fusion proteins in Escherichia coli. Briefly, U; 31 sequences were
amplified from HSV-1(F) genomic DNA using the primers listed in Table 1. The
amplicons were first ligated into the pCR2.1 vector (Invitrogen) using TA clon-
ing, such that they were flanked by EcoRI restriction sites. The EcoRI fragments
containing Uy 31 sequences were subcloned into the EcoRI site of the pGEX4T
vector (Amersham) in frame with the GST gene.

To generate plasmids bearing Uy 31 with point mutations, Uy 31 was amplified
from the corresponding mutant viral BAC DNAs (described below), and the
amplicons were cloned into the pGEX4T vector at the EcoRI and Xhol sites.

Recombinant viruses and BAC mutagenesis. A series of recombinant viruses
were constructed using en passant mutagenesis of a bacterial artificial chromo-
some (BAC) containing the entire HSV-1(F) genome as previously described
(34, 35). Briefly, a PCR amplicon bearing fragments containing a kanamycin
resistance (Kan") cassette, an Sce-I restriction endonuclease site, and desired
mutations flanked by homologous regions to the target gene was generated with
the pEPkan-S plasmid as a template and the primer pairs listed in Table 2. The
resulting amplicons were electroporated into recombination competent GS1783
E. coli (a kind gift of Greg Smith, Northwestern University), which harbors the
target BAC as an episome and an Scel endonuclease gene in the chromosome.
Following confirmation by Kan" screening and restriction length polymorphism,
the Scel cleavage was initiated by arabinose-induced Scel expression in GS1783,
causing the Kan' sequence to be removed efficiently by Red recombination

between internal homologous sequences. Positive clones were verified through
Kan selection and further by restriction length polymorphism and DNA sequenc-
ing (not shown). Rabbit skin cells were transfected with the BACs and a plasmid
encoding FLP recombination target recombinase to remove BAC sequences as
described previously (17). Viral plaques were propagated into viral stocks using
Vero cells.

All the BACs were designated according to their genotypes. Before obtaining
the Uy 31(SA6) BAC, U; 31 nucleotides 3 to 132 were first deleted from wild-type
HSV-1(F) BAC, producing an intermediate BAC designated U;31(dN). The
deleted region was restored with homologous sequences bearing designed mu-
tations, thus changing codons 11, 24, and 40 from serine to alanine. The resulting
BAC was named Uj 31(SA3). This BAC then served as the parental BAC to
generate Uy 31(SA6) BAC by changing serine codons 26, 27, and 43 to alanine.
The repair U; 31(SAR) BAC was created by repeating the deletion step starting
with the U; 31(SA6) BAC, thus regenerating the intermediate Uy 31(dN) geno-
type, followed by the insertion of the wild-type sequences. In a separate exper-
iment, this U; 31(dN) BAC served as the recipient of mutations changing codons
11, 24, 26, 27, 40, and 43 to those encoding glutamic acid. This BAC was
designated U 31(SE6). The U, 31(SAE) BAC was derived from the U 31(SA6)
BAC by mutating alanine codons 26, 27, and 43 into glutamic acid codons. The
incorporation of mutations substituting Ug3 lysine 220 with alanine in the
U, 31(SE6) BAC led to the U} 31(SE6)/Ug3(K220A) BAC double mutant.

In vitro Ug3 kinase assays. A kinase assay was performed using purified
GST-pUg3 essentially as described previously (21). Briefly, 0.1 g GST-pUg3 was
incubated separately with approximately 1 pg of pU;31-GST fusion proteins
partially purified from E. coli and bound to glutathione Sepharose beads. The
kinase reaction was performed for 30 min at 30°C in 50 wl pUg3 specific kinase
buffer (50 mM Tris [pH 9.0], 20 mM MgCl,, 0.1% NP-40, 1 mM dithiothreitol)
containing 10 uM ATP and 10 pCi [y->*P]JATP (Amersham). The Sepharose
beads bearing the fusion proteins were then washed three times with TNE buffer
(20 mM Tris-HCI [pH 8.0], 100 mM NaCl, 1 mM EDTA). The bound proteins
were eluted in sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
sample buffer (10 mM Tris-HCI [pH 8.0], 10 mM B-mercaptoethanol, 20%
glycerol, 5% SDS, trace amounts of bromophenol blue) and subjected to elec-
trophoresis in a 12% polyacrylamide gel in the presence of 0.1% SDS. The gels
were then stained with Coomassie brilliant blue, dried, and autoradiographed
using X-ray film (Pierce).

Transient complementation assay. Hep2 cells were seeded at 90% confluence
in 12-well plates and were transfected with 1.6 pg plasmid DNA using Lipo-
fectamine (Invitrogen). After 20 h of incubation at 37°C, the cells were infected
with 5.0 PFU per cell of the U;31 null virus. At 24 h postinfection (hpi),
whole-cell cultures were lysed for viral titering on Uy 31-expressing rabbit skin
cells. The experiments were performed in duplicate. The means and standard
deviations were calculated and plotted.
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TABLE 2. Primers for BAC mutagenesis
BAC Primers
Up31(dN).oiiiciicicicicccicias 5'-ATC TCG CTC CTG TCC CTG GAG CAC ACC CTG TGT ACC TAT GCC GCC TCA CGC CCG

CAA ACA TAG GGA TAA CAG GGT-3', 5'-GCT CGT GTA AAC ACA GCT CCT GTT TGC
GGG CGT GAG GCG GCA TAG GTA CAC AGG GTG TGC GCC AGT GTT ACA ACC-3’
Up31(SA3).ccceceeciiae 5'-TCG ATC TCG CTC CTG TCC CTG GAG CAC ACC CTG TGT ACC TAT GTA TGA CAC CGA
CCC CAT CGC CGC GGC GCC CGG CCC GGG CCC TAT CAC GGC AAG GAG CGC cGG
CGG GCG CGC TCC TCT GCG GCC GGC GTA GGG ATA ACA GGG T-3', 5'-GGC CCC GAT
AGC GCT GGC GCT CGT GTA AAC ACA GCT CCT GTT TGC GGG CGT GAG GCG GCA
GGC TCT TCC GGG CGG CCC GAC GCA CCA CGC CCA GAG TCC CGC CGG CCG CAG
AGG AGC GCG CCC GCC GGC GCT CCT TGC CAG TGT TAC AAC C-3'
Up31(SAG)..coiiiiciciceicicciiae 5'-GCC CGG GCC CTA TCA CGG CAA GGA GCG CCG GCG G GCG CGC GCT GCT GCG GCC
GGC GGG ACT CTG GGC GTG GTG CGT CGG GCC GCC CGG AAG TAG GGA TAA CAG
GGT-3', 5'-CGT GTA AAC ACA GCT CCT GTT TGC GGG CGT GAG GCG GCA GTG CCT
TCC GGG CGG CCC GAC GCA CCA CGC CCA GAG TCC CGC CGC CAG TGT TAC AAC

C-3'

U31(SAR) oo 5’-GGG CCT CCC GGA AGA GCC TGC CGC CTC ACG CCC GCA AAC AGG AGC TGT GTT
TAC ACG AGC TAG GGA TAA CAG GGT-3', 5'-GCT CGT GTA AAC ACA GCT CCT GTT
TGC GGG CGT GAG GCG GCA TAG GTA CAC AGG GTG TGC GCC AGT GTT ACA

ACC-3"®

U31(SAE)...iiciivicinieiciins 5’-CCC GGG CCC TAT CAC GGC AAG GAG CGC CGG CGG GCG CGC GAA GAA GCG GCC
GGC GGG ACT CTG GGC GTG GTG CGT CGG GCC GCC CTA GGG ATA ACA GGG T-3',
5'-GTG TAA ACA CAG CTC CTG TTT GCG GGC GTG AGG CGG CAG TTC CIT CCG GGC
GGC CCG ACG CAC CAC GCC CAG AGT CCC GCC GGC CGC CAG TGT TAC AAC C-3'

UL31(SEG) ..o 5'-TCG ATC TCG CTC CTG TCC CTG GAG CAC ACC CTG TGT ACC TAT GTA TGA CAC CGA
CCC CAT CGC CGC GGC GAA CGG CCC GGG CCC TAT CAC GGC AAG GAG CGC CGG
CGG GAA CGC GAA GAA GCG GCC GGC GTA GGG ATA ACA GGG T-3', 5'-GGC CCC
GAT AGC GCT GGC GCT CGT GTA AAC ACA GCT CCT GTT TGC GGG CGT GAG GCG
GCA GTT CCT TCC GTT CGG CCC GAC GCA CCA CGC CCA GAG TCC CGC CGG cCG
CIT CTT CGC GTT CCC GCC GGC GCT CCT TGC CAG TGT TAC AAC C-3'

U 31(SE6)/Ug3(K220A).....covveuiiinnns 5'-TGA CAG CAG CCA TCC AGA TTA CCC CCA ACG GGT AAT CGT GGC GGC GGG GTG
GTA CAC GAG CAT AGG GAT AAC AGG GTA ATC GAT TT-3', 5'-CAG TCG CGC CTC GTG
GCT CGT GCT CGT GTA CCA CCC CGC CGC CAC GAT TAC CCG TTG GGG GTG CCA
GTG TTA CAA CCA ATT AAC C-3’

“ Introduced mutations are underlined.

® Amplicons generated using these primers were PCR fused with a second amplicon generated from wild-type HSV-1(F) genomic DNA with primer pair
5'-TGCATAGCGTTGCGTGCC-3" and 5'-TTTGCGGGCGTGAGGC-3' to obtain the 5" extension required for homologous recombination.

One-step viral growth assay. The 100% confluent Vero cells grown in 12-well
plates were infected with 5.0 PFU per cell of the viruses shown in Fig. 4 and 8.
After the cells were incubated for 1 h at 37°C, residual surface infectivity was
inactivated with a low-pH wash (40 mM citric acid [pH 3.0], 10 mM KCl, 135 mM
NaCl). At various time points, the cultures were frozen and thawed to lyse the
cells, and infectious virus was titrated by plaque assay on Vero cells. The mean
values of the results from two independent experiments and the corresponding
standard deviations were calculated and plotted.

Antibodies and immunofluorescence assay. The polyclonal chicken antibody
against pU; 34 was a kind gift from R. J. Roller (27). Rabbit anti-pU; 31 antisera
were prepared in our laboratory and were described previously (26). M2 mouse
monoclonal antibody against the Flag epitopic tag was purchased from Sigma.

Hep2 cells growing on glass coverslips were mock infected or were infected
with the viruses shown in Fig. 5 and 7 at a multiplicity of infection (MOI) of 5
PFU/cell for 16 h. The cells were fixed with 3% paraformaldehyde for 15 min.
For the experiments for which the preadsorbed pU; 31-specific rabbit polyclonal
antibody was to be used, the cells were treated for another 15 min at —20°C in
methanol. The cells were then permeabilized with 0.1% Triton X-100 and re-
acted with 10% human serum in phosphate-buffered saline to block nonspecific
immunoreactivity, and they were subsequently probed with the preadsorbed
pU, 31 antiserum diluted 1:50 in phosphate-buffered saline supplemented with
1% bovine serum albumin. Thereafter, 10% BlockHen II (Aves Lab) was used
for a second round of blocking before probing with a 1:400 dilution of chicken
anti-pUy 34 polyclonal antibody. Bound primary antibodies were recognized by
the corresponding secondary antibodies conjugated with fluorescein isothiocya-
nate or Texas Red, respectively (Jackson ImmunoResearch). Digital images were
recorded using an Olympus confocal microscope and were processed with Adobe
Photoshop.

Electron microscopy. The cells were first fixed with 2.5% glutaraldehyde in 0.1
M Na-cacodylate (pH 7.4) (Electron Microscopy Sciences) for 30 min at room
temperature and then 90 min at 4°C. After three 5-min washes with the same
buffer, the cells were fixed with 2% OsO, in the same buffer and rinsed again.

The cells were then dehydrated at 4°C using a graduated series of ethanol
concentrations (20%, 50%, 70%, and 100%), a subsequent acetone-ethanol
mixture (1:1), and, finally, 100% acetone. This was followed by stepwise infiltra-
tion with Epon-Araldyte resin (EM Sciences) over the course of 64 h. The
samples were dispensed into Beem capsules, and the resin was polymerized at
80°C overnight. Thin sections (60- to 90-nm thick) were collected on 300-mesh
copper grids and viewed with a Philips 201 transmission electron microscope.
Conventionally rendered negatives of electron microscopic images were scanned
by using Microtek Scanmaker 5 and Scanwizard Pro PPC 1.02 software. Positive
images were rendered from digitized negatives with Adobe Photoshop software.

RESULTS

The N-terminal domain of pU, 31 is functionally important
to viral propagation. The HSV-1 U, 31 protein is highly con-
served among members of the Herpesviridae. Interestingly, the
first 50 amino acids of the N terminus of the U, 31 protein
share little homology at the primary sequence level with other
herpesvirus homologs. The clustered charged residues and the
hydrophilic nature of this region distinguishes it from the re-
mainder of HSV-1 pU, 31, which is mostly hydrophobic (not
shown). To investigate the functional relevance of this charged
region of pU, 31, the truncated U;31(dN) gene lacking the
region from codon 2 to 44 was transfected into Hep2 cells, and
its ability to support the replication of the U; 31 null HSV-1
mutant was determined by a plaque assay. Plasmids bearing
the full-length U; 31 open reading frame and vector DNA
(pcDNA3) served as positive and negative controls, respec-
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FIG. 1. Functional analysis of the N terminus of pU;31. Hep2 cells were transfected with a pcDNA3 vector plasmid or plasmids bearing
full-length U, 31(FL) or the N-terminally deleted U; 31(dN). The cells were then infected with the U; 31 null virus at 5.0 PFU/cell. Infectivity at
24 hpi was determined by freeze-thawing the infected cells, followed by titration on a U; 31-complementing cell line. Experiments were performed
in duplicate. Each histogram represents the mean value, and the standard deviations are indicated by error bars.

tively. Viral infectivity at 24 hpi was titrated on U; 31-comple-
menting cells.

As shown in Fig. 1, the expression of full-length pU, 31
increased the yield of the infectious virus more than 100-fold
above the background levels produced by the transfection of
the vector DNA. In contrast to this result, the plasmid bearing
N-terminally truncated pU; 31 produced only a fivefold en-
hancement of the viral yield over the background. This result
indicated that the N-terminal domain is important for the full
function of the HSV-1 U, 31 protein.

The pU, 31 N-terminal domain harbors multiple phosphor-
ylation sites of the viral Ug3 kinase. The N-terminal sequence
of pU, 31 is arginine and serine rich, which is reminiscent of
U3 serine/threonine kinase phosphorylation motifs (24). Be-
cause it was already known that pU;31 was a substrate of
pUs3, we hypothesized that the Ug3 kinase phosphorylated at
least some of the putative Ug3 phosphorylation motifs located
at the pU; 31 N terminus. The pUg3 phosphorylation sites of
pU; 31 were therefore mapped as follows. The U; 31 codons 1
to 50, 51 to 165, 155 to 165, and 255 to 306 (Fig. 2A) were fused
to the gene encoding GST, and the corresponding fusion pro-
teins were purified from E. coli by GST affinity chromatogra-
phy. The purified proteins were then incubated with partially
purified recombinant baculovirus-expressed Ug3 kinase in
buffer containing [y-**P]ATP. The reaction components were
then separated on an SDS polyacrylamide gel, and the gel was
stained with Coomassie brilliant blue, dried, and exposed to
X-ray film. As shown in Fig. 2B, equal amounts of all four
fragments were present in the reactions (top panel), but only
the N-terminal 50 amino acids of pU; 31 were labeled with *2P
(bottom panel).

An analysis of the primary sequence of the first 50 amino
acids of pU,31 indicated that six serine residues were in a
context potentially consistent with pUg3 phosphorylation sites
(Fig. 2A). Of the six residues, serines 11, 24, and 40 completely
matched the predicted pUg3 consensus motif (RnXS/T [n =
2]) (24), while the other three serines (S26, S27, and S43) could

not be excluded since the kinase was found to be more pro-
miscuous than originally predicted (21). We therefore system-
atically substituted serines encoded by this region with alanines
and tested the corresponding mutants for their capacity to be
phosphorylated by pUg3 in vitro. The constructs were desig-
nated pU; 31(SA3) bearing S11, S24, and S40 changed to ala-
nine codons and pU; 31(SA6) bearing all six serines, S11, S24,
S26, S27, S40, and S43, changed to alanines. Mixing GST
fusion proteins bearing these mutations with active Ug3 kinase
and [>*P]ATP revealed that wild-type pU; 31 was heavily phos-
phorylated by Ug3 kinase, whereas mutating all six serines
completely abolished phosphorylation. In contrast, the SA3
mutations decreased but did not eliminate Ug3-dependent
phosphorylation (Fig. 2C). The results reveal that the pU, 31 N
terminus contains multiple sites that the Ug3 kinase can phos-
phorylate in vitro and suggest that the protein is phosphory-
lated by the Ug3 kinase during infection as indicated previously
(11).

Precluding the phosphorylation of the pU;31 N terminus
impairs viral propagation. We next proceeded to determine
whether the N terminus of pU, 31 was phosphorylated by Ug3
during viral infection. Recombinant viruses bearing the six
serine-to-alanine mutations in U} 31 and its corresponding ge-
netically repaired virus U; 31(SAR) were generated through
BAC mutagenesis. Cells were infected with 5.0 PFU/cell of the
wild-type virus HSV-1(F), the kinase-dead virus Ug3(K220A),
the U;31 mutant virus U;31(SA6), or the repaired virus
U 31(SAR). At 16 hpi, the cells were harvested, and electro-
phoretically separated proteins were subjected to immunoblot-
ting with pU, 31-specific antiserum.

The results, shown in Fig. 3, indicated the following. (i)
Consistent with previous reports (11), bacteriophage lambda
phosphatase (\-PPase) treatment caused an increase in the
electrophoretic mobility of the pU, 31-specific band of HSV-
1(F) (lanes 1 and 2). The migration of this band was similar to
that of nontreated pU, 31 from cells infected with Ug3(K220A)
(lane 3), indicating that pUg3 played an important role in the
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FIG. 2. Mapping the pU, 31 phosphorylation sites of the pUg3 kinase. (A) Schematic illustration of the full-length U, 31 protein and its
subfragments as shown in panel B and the primary sequence showing potential phosphorylation sites (underlined). A series of constructs with point
mutations used in subsequent experiments is listed. (B) In vitro kinase assay with subfragments of pU; 31. GST fusion proteins purified from E.
coli were incubated with purified Ug3 kinase and [y-P*JATP. The reaction products were electrophoretically separated on a denaturing gel and
were stained by Coomassie brilliant blue (CBB), dried, and exposed to X-ray film. (C) Wild-type and mutant pU, 31 reacted with purified Ug3
kinase in vitro. Reactions were performed as described for panel B. Reactants were separated on a denaturing gel, visualized by CBB staining, and
dried. The presence or absence of phosphorylation was determined by autoradiography of the same gel.

phosphorylation of pU;31 during infection directly or indi-
rectly. (ii) The substitution of all six serines by alanines in-
creased the electrophoretic migration of the U, 31 protein.
Phosphatase treatment did not cause a mobility change of this
mutant protein (lanes 5 and 6), suggesting that these were the
only sites in pU; 31 that were phosphorylated, at least as de-
tected by one-dimensional electrophoresis. In contrast, the
mobility of pU, 31 expressed by the genetically repaired virus
U; 31(SAR) (lanes 7 and 8) was greatly increased by \-PPase
treatment, confirming that pU;31 phosphorylation was suc-
cessfully blocked by the SA6 mutations. (iii) All of the non-
mutated pU,; 31 proteins (lanes 1, 3, and 7) produced wider
bands than their A-PPase-treated counterparts (lanes 2, 4, and
8), implying the existence of heterogeneously phosphorylated
pU; 31 species during infection.

We then conducted one-step viral growth assays to gauge the
infectivity of the U, 31(SA6) virus. Cells were infected with 5
PFU/cell of U,31(SA6), the restored virus U, 31(SAR), the
wild-type HSV-1(F), or Ug3(K220A) at an MOI of 5, and viral
yields at the indicated time points (Fig. 4) were determined on
Vero cells. As shown in Fig. 4, the U;31(SA6) and
Ug3(K220A) viruses displayed a similar pattern of viral growth
over time. Of note was a nearly 10-fold decrease in their titers
at 12 hpi compared to that of the wild-type virus. On the other
hand, both recombinant viruses produced titers similar to that of
HSV-1(F) at 24 hpi. Impaired viral growth was eliminated by
repairing the SA6 mutation inasmuch as the virus U, 31(SAR)
replicated as efficiently as HSV-1(F). We conclude from these
data that precluding the phosphorylation of pU; 31 mimics the
growth defect of the Ug3 kinase-dead virus.

F Us3(K220A) UL31(SA6) UL31(SAR)

A-PPase + +

+ +

WB
pUL31

1 2 3 4

5 6 7 8

FIG. 3. Immunoblot to determine the phosphorylation state of pU; 31 during infection with wild-type and mutant viruses. Hep2 cells were
infected with wild-type HSV-1(F) (lanes 1 and 2), Ug3(K220A) (lanes 3 and 4), U; 31(SA6) (lanes 5 and 6), and U; 31(SAR) (lanes 7 and 8) viruses
at an MOI of 5.0 PFU/cell for 16 h. Prepared lysates were treated or untreated with A-PPase as indicated. Cell lysates were electrophoretically
resolved on denaturing polyacrylamide gels, electrically transferred to nitrocellulose, and probed with antibody to pU; 31.
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FIG. 4. One-step growth curves of the wild-type and mutant vi-
ruses. Hep-2 cells were infected with the wild-type HSV-1(F),
Ug3(K220A), U;31SA6, or U;31SAR virus at an MOI of 5. After
adsorption for 1 h, residual infectivity was inactivated by a low-pH
wash. At the indicated time points, pooled intracellular and extracel-
lular viral infectivity was titrated on Vero cells. Experiments were done
in duplicate. Mean values are plotted, and deviations are represented
by error bars.

Precluding the phosphorylation of the pU;31 N terminus
mimics the effects of the Ug3 kinase deficiency in pU, 31/pU, 34
complex localization and perinuclear virion accumulation. Al-
though the absence of Ug3 kinase activity causes a defect in
capsid nuclear egress, including the mislocalization of pU, 34
at the nuclear rim and the accumulation of primary enveloped
virions in the perinuclear space, the substrate responsible for
these changes had not been identified. Because the growth
kinetics of the U; 31(SA6) and Us3(K220A) viruses were very
similar, we compared the localization of pU, 34 and virions in
cells infected with the U;31(SA6) and Ug3 kinase-dead vi-
ruses.

Hep2 cells were infected with the wild-type HSV-1(F),
Ug3(K220A), U, 31(SA6), or U, 31(SAR) virus for 16 h, at
which time the cells were fixed, permeabilized, immunostained
with antibodies against pU; 31 and pU, 34, and visualized by
confocal microscopy (Fig. 5). Consistent with previous reports,
the pU; 31 and U, 34 proteins colocalized smoothly along the
nuclear envelope in cells infected with HSV-1(F). The deacti-
vation of the Ug3 kinase in cells infected with the Ug3(K220A)
virus induced discrete foci of pU; 31 and pU, 34 at the nuclear
rim. In cells infected with the U, 31(SA6) virus, the focal dis-
tribution of pU; 31/pU; 34 appeared very similar to that of cells
infected with Ug3(K220A). The aberrant distribution of
pU, 31/pU; 34 was restored to the wild-type distribution in cells
infected with the genetically repaired virus U; 31(SAR).

J. VIROL.

To examine the effects of pU;31 phosphorylation on the
distribution of virions, cells were infected with the wild-type
HSV-1(F), Ug3(K220A), U, 31(SA6), or U, 31(SAR) virus and
embedded, and thin sections were stained and examined by
electron microscopy. As shown in Fig. 6, U, 31(SA6) viral in-
fection produced nuclear membrane invaginations containing
multiple primary enveloped virions. Enumerating these invagi-
nations indicated that in 25 sections of cells infected with each
virus, U 31(SA6)-infected cell sections contained an average
of 1.6 invaginations/section (range, 0 to 5), whereas the
Ug3(K220A)-infected cells yielded 3.75 invaginations per sec-
tion (range, 0 to 14). The presence of the virions in these
invaginations implied an egress defect for both viruses. The
appearance of these infected cells was dissimilar to that of cells
infected with HSV-1(F) or the restored virus U;31(SAR)
where such invaginations were not observed (not shown).

We conclude that the phosphorylation of pU, 31 is necessary
for the proper localization of the pU; 31/pU, 34 complex in the
nuclear rim and for the optimal egress of virions from the
perinuclear space.

Proper pU,31/pU,34 distribution can be restored by in-
creasing the acidity of the pU;31 N terminus. In preliminary
studies, the localization of pU, 31/pU, 34 in cells infected with
a virus [designated U, 31(SA3)] expressing pU; 31 with point
mutations S11A, S24A, and S40A was undistinguishable from
that in cells infected with the wild-type virus (not shown). This
observation suggested that phosphorylation at sites S26, S27,
and/or S43 were sufficient to enable pU,; 31 to function prop-
erly. With this in mind, two pseudophosphorylated pU, 31-
expressing viruses were generated, one termed U;31(SAE),
which encoded residues 11, 24, and 40 as alanines while resi-
dues 26, 27, and 43 were changed to glutamic acid, and one
termed U, 31(SE6), which had all six residues changed to glu-
tamic acid (diagrammed in Fig. 2A).

An immunofluorescence analysis of pU; 31 and pU, 34 dis-
tribution in cells infected with these viruses revealed pheno-
typic differences (Fig. 7). Specifically, U, 31(SAE) still produced
punctate pU; 31/pU; 34-specific staining like the U; 31(SA6) or
Ug3(K220A) viruses, whereas these proteins were distributed
smoothly throughout the nuclear rim in cells infected with
U, 31(SE6). Taken together with the distribution patterns of
pU;31/pU; 34 in cells infected with the U;31(SA3) and
U, 31(SA6) viruses, the data indicated that the acidification of
the pU; 31 N terminus, either through phosphorylation or the
experimental introduction of glutamic acid, was critical for
proper pU; 31/pU; 34 localization at the nuclear rim.

In order to confirm the rescuing effect of the acidity of
pU. 31 in pU,;31/pU, 34 complex localization and to see if
effecters of Ug3 other than U, 31 played a role, a novel virus
was generated in which the mutation abolishing Ug3 kinase
activity was introduced into the U; 31(SE6) virus, resulting in a
U, 31(SE6)/Ug3(K220A) double mutant virus. An analysis of
the distribution of the pU; 31/pU; 34 complex in cells infected
with this mutant indicated that the complex localized in a
smooth distribution at the nuclear rim in contrast to what
would be expected in cells infected with Ug3(K220A). Thus,
the rescuing phenotype of pseudophosphorylated pU; 31 was
dominant over the inactive Ug3 kinase phenotype. These ob-
servations suggested that pU, 31 is the major substrate of Ug3
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FIG. 5. Confocal immunofluorescence staining of pU,;31 and pU; 34 in HSV-1-infected Hep2 cells. Cells were infected with the wild-type
HSV-1(F), Ug3(K220A), U, 31(SA6), or U; 31(SAR) virus at 5.0 PFU/cell. After 16 h, the cells were fixed in paraformaldehyde and methanol,
permeabilized, immunostained for pU; 31 (green) and pU, 34 (red), and visualized by confocal microscopy. Optical sections were taken through

the middle of the cells.

kinase responsible for regulating the localization of pU,31/
pU; 34 at the nuclear rim.

The pseudophosphorylation of pU; 31 inhibits the primary
envelopment of nucleocapsids. Based on the immunofluores-
cence data above, we presumed that unlike the Ug3 kinase-
dead virus, the U, 31(SE6) virus and U, 31(SE6)/U3(K220A)
viruses (i) would not induce herniations of the nuclear mem-

brane containing perinuclear virions and (ii) would replicate as
efficiently as wild-type HSV-1. To test the first prediction, cells
were infected with these viruses and examined by electron
microscopy 16 h later. Consistent with the hypothesis, no ex-
cessive perinuclear virion accumulation was observed in cells
infected with either virus over that seen in cells infected with
wild-type HSV-1(F) (data not shown). Inconsistent with the
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Us3(K220A)

FIG. 6. Electron microscopy of Hep2 cells infected with HSV mutants. Cells were infected for 16 h at an MOI of 5.0 PFU/cell with the indicated
viruses, fixed, embedded, sectioned, stained, and examined in a transmission electron microscope. Images show primary enveloped virion
accumulation in Hep2 cells infected by Ug3(K220A) viruses or U; 31(SA6) viruses. N, nucleus; C, cytoplasm. The scale in um is indicated.

second hypothesis above, however, very few viral particles were
detected in the cytoplasm or on the surface of cells infected
with the U; 31(SE6) virus or the U, 31(SE6)/U¢3(K220A) vi-
ruses (not shown). This was the case despite ample numbers of
capsids within the nuclei of these cells. Counting a represen-
tative nine cell sections indicated that whereas the ratio of
cytoplasmic to intranuclear capsids was approximately 1.55 in
cells infected with HSV-1(F), this ratio was only 0.11 in cells
infected with the U;31(SE6) mutant virus and 0.02 for the
U, 31(SE6)/Ug3(K220A) double mutant (Table 3). These data
suggest that the mutant virions were enveloped at the INM less
efficiently than their wild-type counterparts.

To further investigate the phenotypes of the U; 31(SE6) and
U, 31(SE6)/Ug3(K220A) viruses, cells were infected with these
viruses at 5.0 PFU/cell and the amount of infectious virus was
determined at various times after infection. As shown in Fig. 8,
the U; 31(SE6) and U, 31(SE6)/U3(K220A) viruses produced
less infectious virus throughout the infection than HSV-1(F).
The most marked discrepancy was observed at 12 hpi, when the
amount of infectious U; 31(SE6) virus was reduced approxi-
mately 10-fold compared to that of HSV-1(F), whereas the
U, 31(SE6)/Ug(K220A) virus titer was reduced more than 20-
fold. As shown previously, the Ug3(K220A) virus also dis-
played a 10-fold lower titer at 12 hpi compared to HSV-1(F)
but eventually produced infectious virus titers approaching
those of the wild-type virus. In contrast to this result, the two
U, 31 mutants reached their peak titers at 18 hpi and never
reached infectious titers approaching those of wild-type HSV-
1(F). These data indicate that the nuclear egress defects of
the U;31 mutants are more persistent than that of the
Ug3(K220A) virus, suggesting a defect in primary envelopment
that does not diminish as infection proceeds. We also noted
that the double mutant U, 31(SE6)/Us3(K220A) replicated
slightly less efficiently than either of the viruses with single
mutations, indicating that the pseudophosphorylated pU, 31 is
insufficient to complement fully the contribution of Ug3 kinase
activity to viral infectivity.

DISCUSSION

Nucleocapsid budding through the INM and fusion of the
nascent virion envelope with the ONM is believed to be highly
efficient. This conclusion comes from the observation that dur-
ing wild-type virus infection, there is rarely extensive virion
accumulation in the perinuclear space. In cells infected with
U3 kinase-dead viruses, however, the accumulation of perinu-
clear virions in herniations of the perinuclear space is com-
monplace. This aberrant virion accumulation likely reflects an
imbalance between the rate of delivery into localized regions of
the perinuclear space and the rate of exit from these regions.
With this paradigm in mind, the Ug3 kinase might serve to
decrease the numbers of virions in particular perinuclear re-
gions because its activity disperses the nuclear envelopment
complex widely throughout the nuclear membrane. Thus, the
rate of exit from the nucleoplasm is similar to that of the
wild-type virus, but the number of envelopment sites is in-
creased. As a result, perinuclear virions are not observed in
particular regions. Ug3 may also promote the fusion of the
perinuclear virion envelope with the ONM, thereby increasing
the rate of exit from the perinuclear space (14).

Perhaps the most important finding of the current work is
that most aspects of the Ug3 nuclear egress phenotype, includ-
ing the mislocalization of the pU;31/pU,34 complex and
virion accumulation in herniations of the perinuclear space,
can be mimicked by precluding the phosphorylation of pU; 31
at its N terminus. Thus, U3 mediates much of its effects in
nuclear egress through the phosphorylation of pU,31. Al-
though we have no evidence indicating that the rate of budding
into the perinuclear space is affected by the absence of the
phosphorylation of pU, 31, the aggregation of pU,31/pU, 34
may restrict the number of budding sites, causing nucleocap-
sids to continue budding into herniations of the perinuclear
space that already contain multiple perinuclear virions. The
machinery that mediates the fusion of the perinuclear virion
and the ONM therefore may become overwhelmed, leading to
the observed phenotype.
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FIG. 7. pU31 and pU, 34 localization in Hep2 cells infected with pseudophosphorylated U, 31 viruses. Hep2 cells were infected with the
indicated viruses and were fixed at 16 h after infection in paraformaldehyde and methanol. The cells were then immunostained for pU; 31 (green)
and pU; 34 (red) and visualized by confocal microscopy. Optical sections were taken through the middle of the cells.

Our data also indicate that pseudophosphorylated pU; 31(SE6)
is defective in the primary envelopment of nucleocapsids at the
INM and is insufficient to complement the full contribution of
Ug3 kinase to replication. We cannot exclude the possibility
that the serine-to-glutamic-acid mutations cause some misfold-

TABLE 3. Subcellular distribution of viral particles in Hep2 cells
infected for 16 h and examined by electron microscopy

Average ratio

Total no. of intracellular viral
(no. of

particles

Virus No. of cyloplasmic

cells  particles/no.

Nuclear Cytoplasmic Perinuclear of m}clear

particles)
HSV-1(F) 73 113 10 9 1.55
U, 31(SE6) 186 21 0 9 0.11
U, 31(SE6)/Ug3 129 3 2 9 0.02

(K220A)

ing of pU, 31, thereby impairing its ability to mediate nuclear
egress. Alternatively, the data suggest that substrates of Ug3
kinase other than pU; 31 are important to nuclear egress. We
speculate that these other substrates include an impaired or
mistriggered apparatus responsible for fusing the nascent
virion envelope with the ONM (possibly through effects on gB
and gH). This is difficult to assess because the paucity of pe-
rinuclear virions in cells infected with pU; 31(SE6) precludes
an evaluation of whether the mutation also affects egress at
later steps.

The data presented herein suggest that the function of
pU; 31 is tightly and dynamically controlled by phosphoryla-
tion as diagrammed in Fig. 9. We hypothesize that there is a
mixed population of both unphosphorylated and phosphory-
lated pU, 31 and that most pU, 31 at the INM is phosphory-
lated, thereby preventing pU, 31/pU, 34 aggregation and pre-
mature budding. This conclusion is consistent with the
observations that (i) pU,31/pU, 34 aggregates aberrantly to
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FIG. 8. One-step growth curves of pseudophosphorylated Uy 31 vi-
ruses. Hep-2 cells were infected with wild-type HSV-1(F),
Us3(K220A), U; 31(SE6), or Uy 31(SE6)/Ug3(K220A) at an MOI of 5
PFU/cell. Residual viruses were inactivated by a low-pH wash at 1 hpi.
At the indicated time points, virus in the whole culture was collected
and titrated on Vero cells. Experiments were done in duplicate. Mean
values are plotted, and simple standard deviations are represented by
error bars.
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form foci when pUj; 31 phosphorylation by pUg3 is precluded,
(i1) pU, 31/pU, 34 foci do not form upon the pseudophosphor-
ylation of pU,31, and (iii) the foci comprise pU,;31/pU, 34
associated with perinuclear virions and pU, 31/pU,; 34 located
at the INM but free from virions (27). We further propose that
at primary envelopment sites in the INM, the unphosphoryl-
ated form is involved in the initiation of the budding reaction,
possibly by direct or indirect interaction with the nucleocapsid
or other egress components. Once in the perinuclear space,
newly phosphorylated pU, 31 is needed to promote the fusion
of the perinuclear virion with the ONM, probably by activating
the fusion properties of gH and gB. This phosphorylation of
pU;31 may also decrease the affinity of pU;31/pU,34 for
nucleocapsids, facilitating nucleocapsid release into the cytosol
after membrane fusion.

Finally, we note that in our previous study of cellular lamin
A/C, we reasoned that the punctate distribution of pU;31/
pU; 34 in cells infected with Ug3 kinase-dead viruses might be
consequential to physical constraints induced by a hypophos-
phorylated, and therefore less flexible, nuclear lamina (21).
The current observation that the U; 31/U, 34 proteins are of
punctate distribution in cells infected with the U; 31(SA6) mu-
tant argue against this possibility because these cells contain
active pUg3, which would be expected to phosphorylate lamin
A/C. Thus, the phosphorylation of lamin A/C by pUg3 is sep-
arable from functions required for the proper localization of
pU,31/pU, 34. Instead, the latter is dependent on the pUg3-
mediated phosphorylation of pU; 31.

Nucleus @

© Unphosphorylated pU, 31
@ Phosphorylated pU 31
pU_ 34

' ' Fusion protein(s)

FIG. 9. Model of virion egress consistent with presented data. (1) Nucleocapsids are produced in the nucleoplasm. (2) The nucleocapsid
engages unphosphorylated pU, 31 associated with pU; 34 at the INM directly or indirectly. pU, 31 in the U; 31/U, 34 complex is mostly phosphor-
ylated to preclude promiscuous budding and pU,; 31/pU, 34 aggregation. (3) The completion of budding produces perinuclear virions bearing fusion
proteins, the Ug3 kinase (not shown), and pU; 34 bound to unphosphorylated pU, 31. (4) pU, 31 becomes phosphorylated by pUg3 in the virion
conferring a signal to initiate fusion between the virion envelope and the inner surface of the ONM. (5) Fusion protein conformation is altered
and fusion occurs. Phosphorylated pU, 31, pU; 34, and fusion proteins remain at the ONM while the nucleocapsid is released into the cytosol. PNS,

perinuclear space.
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