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Disulfide bonds reportedly stabilize the capsids of several viruses, including papillomavirus, polyomavirus,
and simian virus 40, and have been detected in herpes simplex virus (HSV) capsids. In this study, we show that
in mature HSV-1 virions, capsid proteins VP5, VP23, VP19C, UL17, and UL25 participate in covalent cross-
links, and that these are susceptible to dithiothreitol (DTT). In addition, several tegument proteins were found
in high-molecular-weight complexes, including VP22, UL36, and UL37. Cross-linked capsid complexes can be
detected in virions isolated in the presence and absence of N-ethylmaleimide (NEM), a chemical that reacts
irreversibly with free cysteines to block disulfide formation. Intracellular capsids isolated in the absence of
NEM contain disulfide cross-linked species; however, intracellular capsids isolated from cells pretreated with
NEM did not. Thus, the free cysteines in intracellular capsids appear to be positioned such that disulfide bond
formation can occur readily if they are exposed to an oxidizing environment. These results indicate that
disulfide cross-links are normally present in extracellular virions but not in intracellular capsids. Interestingly,
intracellular capsids isolated in the presence of NEM are unstable; B and C capsids are converted to a novel
form that resembles A capsids, indicating that scaffold and DNA are lost. Furthermore, these capsids also have
lost pentons and peripentonal triplexes as visualized by cryoelectron microscopy. These data indicate that
capsid stability, and especially the retention of pentons, is regulated by the formation of disulfide bonds in the

capsid.

Virus capsids have evolved mechanisms to protect viral ge-
nomes from the extracellular environment while maintaining
the ability to release the viral genome upon entry into a new
host cell during the next round of infection. The formation of
capsids containing the herpes simplex virus type 1 (HSV-1)
double-stranded DNA (dsDNA) genome is a complex process
involving a preassembled protein shell (procapsid) containing
the viral protease and scaffolding proteins (encoded by UL26
and UL26.5), concatemeric viral DNA, and seven cleavage and
packaging proteins (4, 13, 24). The capsid shell is composed
primarily of the major capsid protein (VP5), two triplex pro-
teins (VP19C and VP23), and VP26, as well as a dodecameric
ULSG6 portal ring located at a unique vertex through which DNA
most likely is packaged and released.

During wild-type (WT) infection, three capsid forms are
observed: A capsids, which have participated in an abortive
encapsidation process and have lost both scaffold proteins and
DNA; B capsids, which contain proteolytically processed forms
of the internal scaffold proteins but no DNA; and DNA-con-
taining mature C capsids, which have lost scaffold during the
process of taking up DNA (18). DNA-containing C capsids
undergo structural alterations which result in the acquisition of
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increased amounts of a heterodimer made up of UL25 and
ULL17 (81) believed to stabilize DNA-containing capsids (10,
12, 49, 56, 69, 78, 79, 82). The UL25/UL17 heterodimeric
structure initially was termed the C capsid-specific complex
(CCSC); however, it now has been observed on reconstructions
of A, B, and C capsids and is referred to as the capsid vertex-
specific component (CVSC) (81). In addition to stabilizing
DNA-containing capsids, a role for UL25 has been recog-
nized during the uncoating of the viral genome (2, 39, 65).

Capsid assembly and genome encapsidation in the herpes-
viruses are reminiscent of processes found in the double-strand
DNA bacteriophages, such as T4, T7, P22, HK97, and \, which
have provided excellent model systems for HSV and the other
herpesviruses (13, 76). As with the phage systems, HSV pro-
capsid maturation involves dramatic structural remodeling, re-
sulting in the conversion of a relatively fragile procapsid into a
more stable form (65, 76). In the case of herpesviruses, spher-
ical procapsids later are converted to a more angular icosahe-
dron filled with DNA (7, 24, 73). DNA-filled capsids eventually
bud from the nucleus and undergo a series of envelopment and
deenvelopment steps prior to release into the extracellular
environment (reviewed in reference 44). During the next round
of infection, capsids are released into the cytoplasm, traffic to the
nucleus, and dock at a nuclear pore, at which point they undergo
a disassembly process resulting in the release of viral DNA into
the nucleus (58, 71). The structural and biochemical changes that
contribute to capsid stability and metastability in HSV-1 are
poorly understood, and in this paper we explore the role of di-
sulfide bonds in maintaining capsid stability.
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It has been recognized for some time that extracellular pap-
illoma- and polyomaviruses contain disulfide bonds that play
an important role in the metastability of capsids (22, 25, 85).
HSV also has been reported to contain disulfide bonds be-
tween capsid proteins. Zweig et al. first reported that the her-
pes simplex virus type 2 (HSV-2) VP19C, VPS5, and scaffold
proteins participate in disulfide linkages in the virion (93), and
Yang et al. reported that the HSV scaffold protein could par-
ticipate in both inter- and intramolecular disulfide bonds (92).
Furthermore, the in vitro assembly of HSV capsids can be
prevented in the presence of dithiothreitol (DTT) (50), and
HSV nucleocapsids have been reported to be unstable in the
presence of mercaptoethanol (38). In this paper, we confirm
and extend these findings by showing that when disulfide bond
formation was prevented, B and C capsids were unstable and
lost scaffold and DNA, respectively. In addition, capsids that
are unable to form disulfide bonds were shown to lack pentons
and peripentonal triplexes.

MATERIALS AND METHODS

Cells, viruses, antibodies, and other reagents. African green monkey kidney
fibroblast (Vero) cells were obtained from the American Type Culture Collec-
tion (ATCC) and maintained in Dulbecco’s modified Eagle’s medium (Invitro-
gen) supplemented with 5% fetal bovine serum and 0.1% penicillin-streptomy-
cin. The KOS strain of herpes simplex virus type 1 (HSV-1) was used as the
wild-type virus in all experiments. Monoclonal antibodies for VP5 (3ES8) (6),
UL6 (1C9 and 4G9) (9, 51), VP23 (1D2) (52), and VP19C (4A11) (52) were
provided by Jay Brown, University of Virginia Health System. ULI17-specific
anti-chicken polyclonal antibody (89) was a gift from Joel Baines (Cornell Uni-
versity). An anti-UL25 monoclonal antibody (2D9) (39) was obtained from Fred
Homa (University of Pittsburgh School of Medicine). A polyclonal antibody
(ID1) against UL25 raised against a glutathione S-transferase-UL25 fusion pro-
tein was provided by Nels Pederson (East Carolina University School of Medi-
cine). NEM (N-ethylmaleimide), trypsin, and soybean trypsin inhibitor were
purchased from Sigma. NEM was prepared fresh every time as a 1 M stock in
ethanol.

Isolation of extracellular virions. Confluent monolayers of Vero cells were
infected with KOS at a multiplicity of infection (MOI) of 3 PFU/cell. When
cytopathic effects were observed in most cells, the media containing virions were
collected and subjected to centrifugation at 200 X g for 10 min in a Beckman
S4750 rotor to remove detached cells. The virion-containing supernatant then
was subjected to centrifugation at 1,000 X g for 15 min in a Beckman S4750 rotor
to remove cell debris. Virions in the supernatant were incubated with NP-40 at
a final concentration of 0.5% for 15 min at room temperature and pelleted
through 1.5 ml of a 30% (wt/vol) sucrose cushion for 1.5 h at 71,000 X g in an
SW41 rotor. NP-40 removes the envelope and some tegument, resulting in the
release of capsids. Released capsids were reconstituted in TNE buffer (20 mM
Tris, pH 7.6, 500 mM NaCl, 2 mM EDTA) supplemented with protease inhib-
itors (Roche Complete EDTA-free protease inhibitor cocktail tablets), briefly
sonicated in a cup horn sonicator (two 10-s bursts at 50% power), and stored at
—80°C.

Isolation of NEM-treated virions. Virions were isolated as described above,
except that NEM was added to the virion-containing supernatant for 15 min on
ice prior to NP-40 treatment (final concentration, 10 mM NEM). NEM also was
present during subsequent steps performed as described above.

Intracellular capsid isolation. Confluent monolayers of Vero cells were in-
fected with KOS at an MOI of 3 PFU/cell. At 18 to 20 h postinfection, the
medium was discarded, the monolayers were washed with phosphate-buffered
saline (PBS), and the cells were scraped into 20 ml of PBS. Cells were pelleted
at 200 X g in a Beckman S4750 rotor for 15 min, and the pellet was resuspended
in 5 ml of 20 mM Tris (pH 7.6) buffer followed by the addition of 5 ml of 2 lysis
buffer (2% Triton X-100, 20 mM Tris, pH 7.6, 1 M NaCl, 4 mM EDTA). For
every 40 to 50 billion cells, 10 ml of final lysis buffer was used. Cell lysates were
incubated on ice for 30 min, treated with DNase (0.1 mg/ml DNase and 20 mM
MgCl) to reduce viscosity for 15 to 20 min at 37°C, and briefly sonicated in a cup
horn sonicator (three 20-s bursts at 50% power). Insoluble material was removed
by centrifugation at 10,000 X g for 15 min in a Beckman S4750 rotor. The
supernatants containing intracellular capsids were spun through a 1.5-ml cushion
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of 30% (wt/vol) sucrose in TNE buffer at 71,000 X g for 1 h in an SW41 rotor.
Each capsid pellet (crude capsids) was resuspended in 700 pl of TNE, briefly
sonicated in a cup horn sonicator to break up clumps, and layered over a
continuous gradient of 20 to 50% (wt/vol) sucrose in TNE. Gradients were
centrifuged at 71,000 X g for 1 h in SW41 rotor. A, B, and C capsids were
visualized by light scattering and removed with a syringe. For capsids isolated in
the presence of NEM, cell monolayers were incubated at 37°C in Dulbecco’s
modified essential medium (DMEM) containing 10 mM NEM for 10 min prior
to harvest. NEM at a final concentration of 10 mM also was added to all other
buffers used during the process of capsid isolation. Capsid preparations removed
from the gradient were diluted three to four times with TNE and centrifuged for
1.5 h at 71,000 X g in an SW41 rotor. Capsid pellets were reconstituted in TNE
supplemented with protease inhibitors (except for capsids used for trypsin di-
gestions).

Reducing and nonreducing SDS-PAGE and Western blotting. Capsids and
virions were reconstituted in reducing SDS buffer (50 mM Tris, pH 6.8, 10%
glycerol, 2% SDS, 100 mM DTT, 5% [vol/vol] B-mercaptoethanol, 0.02% [wt/vol]
bromophenol blue) or nonreducing SDS buffer (50 mM Tris, pH 6.8, 10%
glycerol, 2% SDS, 20 mM NEM, 0.02% [wt/vol] bromophenol blue). Samples
were heated at 95°C for 3 min, briefly sonicated, and resolved on an 8 to 16%
Tris-glycine gradient gel. Proteins were electrotransferred to polyvinylidene di-
fluoride (PVDF) membrane at 35 V overnight and blocked with 5% fat free milk,
and membranes were incubated with primary antibody specific for various capsid
proteins for 1.5 h. After washing with TBST (150 mM NaCl, 20 mM Tris, pH 7.5,
and 0.1% Tween), blots were incubated with alkaline phosphatase-conjugated
secondary antibodies at 1:5,000 for 1 h, washed again with TBST, and developed
using Promega color detection reagents according to the manufacturer’s instruc-
tions. Primary antibodies were used at the following dilutions: anti-VP5 (3ES),
1:1,000; anti-VP19C (4A11), 1:2,000; anti-VP23 (1D2), 1:10,000; anti-UL6 (4G9
and 1C9), 1:10,000; anti-UL17, 1:50,000; anti-UL25 (ID1), 1:10,000 (see Fig. 1
and Fig. 3); monoclonal anti-UL25, 1:2,000 (see Fig. 2).

Mass spectroscopy. Extracellular virions were resolved under nonreducing
conditions on a 1-mm-thick, 8 to 16% Tris-glycine gradient gel and silver stained
as follows. The gel was fixed for 1 h in a 40% ethanol and 10% acetic acid
solution and washed twice in 30% ethanol (10 min each wash), followed by one
20-min wash with water. The gel was sensitized in 0.1% sodium thiosulfate for 1
min, briefly rinsed with water, and incubated in cold 0.1% silver nitrate for 20
min at 4°C. Silver nitrate solution was removed; the gel was washed twice in
water (1 min each wash) and developed with 3% potassium bicarbonate and
0.05% formaldehyde. Once the protein bands were detected, staining was ter-
minated by replacing the developing solution with 5% acetic acid solution for 10
min. An identical gel was run in parallel and immunoblotted with various anti-
bodies to support the identification of the bands of interest. Three silver-stained
bands (as marked in Fig. 2) were excised from the gel and analyzed by liquid
chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) on a Mi-
cromass Q-Tof API mass spectrometer at the Keck Biotechnology Resource
Laboratory at Yale University.

Trypsin digestion. Concentrated KOS capsids isolated in the presence or
absence of NEM as described above were divided into five equal fractions. Each
fraction was treated with increasing concentrations of trypsin, ranging from 10 to
80 pg/ml or no trypsin, and incubated at 37°C for 30 min. Digestion was termi-
nated by the addition of soybean trypsin inhibitor at a 250 wg/ml final concen-
tration and 1 mM phenylmethylsulfonyl fluoride (PMSF). Treated capsids were
separated by SDS-PAGE, electrotransferred to PVDF membrane, and immu-
noblotted with monoclonal antibody specific for VP5 (3ES).

Cryo-EM and image analysis. Frozen hydrated samples of purified capsids
were prepared for cryoelectron microscopy (cryo-EM) by applying 3.5 pl of
sample to Quantifoil 300-mesh R2/1 grids (Quantifoil Micro Tools GmbH, Jena,
Germany), blotting, and plunge freezing with an FEI Vitrobot (FEI, Hillsboro,
OR) into a 50:50 mixture of liquid ethane-propane (80) cooled in a bath of liquid
nitrogen. Frozen grids were transferred onto a Gatan 626 cryoholder (Gatan,
Pleasanton, CA) and imaged using low-dose techniques in an FEI T20 FEG
microscope operating at 200 kV and equipped with a Gatan Ultrascan 4000
charge-coupled-device (CCD) camera. A magnification setting of 50,000X on the
microscope, combined with a postcolumn magnification of 1.4X and a CCD
camera pixel size of 15 wm, yielded a nominal sampling rate of 2.14 A/pixel for
the specimen. Images were further binned by a factor of 2 to yield a final pixel
size of 4.28 A. Capsid images were sclected from the digital micrographs using
x3dpreprocess software (14), and contrast transfer parameters were estimated
manually for each micrograph using BSOFT (23). Three-dimensional reconstruc-
tions were calculated with the AUTO3DEM suite (91) using the RMC method
(90) to generate starting models in each case, and density maps were visualized
with the UCSF Chimera software (63). For the control KOS capsid sample, 412



Vor. 85, 2011

(¢]
0 & 6 A
&L M o\5° & 4‘26

—

Disulfide-bound| [~ =
complexes ——

KDa

=—=|—250
- - Fp| — 150
= =(—100
—75
—50

Non-

Reduced
—37

KDa
—250
Fod — 150

—100
—75

Reduced _50

—37

% monomer

FIG. 1. Disulfide-bonded complexes of capsid proteins present in
mature virions. Virions were isolated as described in Materials and
Methods and separated by SDS-PAGE under nonreducing and reduc-
ing conditions, followed by immunoblotting. Species migrating slower
than the monomer size under nonreducing conditions that are not
present in reducing gels are indicative of disulfide-bonded complexes.

empty capsid images were collected from 57 CCD micrographs, of which 370
capsid images were included in the final density map with a resolution estimated
at 30 A by the Fourier shell correlation method (83) at a cutoff of 0.5. The
NEM-treated sample included 769 empty capsid images from 83 CCD micro-
graphs, of which 690 capsid images were included in the final density map with
an estimated resolution of 29 A.

GuHCI and DTT treatment of B capsids. Concentrated intracellular KOS
capsids isolated in the absence of NEM as described above were suspended in
TNE at 0.1 mg/ml and treated with 2 M guanidine hydrochloride (GuHCI) or 15
mM DTT alone or in combination. Treatment was carried out for 1 h at 4°C with
occasional mixing. Capsids were recovered by centrifugation through 150 pl of a
25% (wt/vol) sucrose cushion at 33,000 rpm in a Beckman TLS55 for 1 h at 4°C.
Pellets were reconstituted in TNE and analyzed by a 20 to 50% (wt/vol) sucrose
gradient prepared in TNE. Gradients were centrifuged for 45 min at 23,000 rpm
in a Beckman SW55Ti rotor at 4°C. Gradients were illuminated from the bottom
to visualize capsid bands by light scattering. Gradients of treated or untreated
samples were aligned with each other and compared to gradient-resolved A, B,
and C capsids and photographed. Final images were aligned using Adobe Pho-
toshop.
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FIG. 2. NEM does not effect the formation of slower-migrating
protein complexes in extracellular virions. Nonreducing SDS-PAGE of
extracellular virions isolated in the presence or absence of NEM as
described in Materials and Methods. Immunoblotting was performed
with various capsid protein antibodies.

RESULTS

HSYV virions contain complexes linked by disulfide bonds.
Disulfide-linked protein complexes involving VP19C, VPS5, and
scaffold proteins have been reported in herpes simplex virions
(92, 93). To confirm the existence of disulfide-linked capsid
proteins, extracellular virions from wild-type KOS-infected
cells were isolated and subjected to SDS-PAGE under reduc-
ing and nonreducing conditions. Resolved proteins were trans-
ferred to a PVDF membrane, which subsequently was cut into
strips. Each strip was immunoblotted with a different capsid
protein antibody as shown in Fig. 1. The proteins in the nonre-
duced samples migrated differently from samples that had
been reduced with B-mercaptoethanol and DTT. For each of
the known capsid proteins, VP23, VP19C, UL25, UL6, UL17,
and VPS5, a monomeric protein band of the expected size was
observed; however, in addition, slower-migrating species also
were detected in the nonreducing gel. The slower-migrating
species disappeared when the samples were run under reduc-
ing conditions.

The results shown in Fig. 1 suggest that HSV capsid proteins
within extracellular virions contain disulfide bonds; however,
since the virions were treated with NP-40, it was possible that
disulfide bonds only formed when the envelope was removed
with NP-40 and were not actually present in capsids within
extracellular virions. To distinguish between disulfides that
preexist in virions and those that form only after exposure to
oxidizing conditions, N-ethylmaleimide (NEM), a small hydro-
phobic molecule that efficiently passes through membranes,
was added to extracellular virions before (and during) NP-40
treatment. NEM irreversibly modifies cysteine residues that
are present in proteins as free thiols; thus, the presence of
NEM can prevent de novo disulfide bond formation and allows
us to distinguish between disulfides preexisting in extracellular
virions and those that form only after envelope removal. Fig-
ure 2 shows capsids released from extracellular virions sub-
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FIG. 3. Composition of major disulfide-bonded complexes present
in virions. Virions isolated as described in Materials and Methods were
separated on 8 to 16% gradient SDS-PAGE under nonreducing con-
ditions. (A) After electrotransfer, PVDF membrane was cut into strips
in a way that cuts through the sample loading well; the strips were
immunoblotted with antibody to various capsid proteins. After alkaline
phosphates detection, strips were aligned back together. Bands that
resolved at the same position for any protein were considered part of
disulfide-bonded complex. (B) Silver-stained strip of SDS-PAGE gel.

jected to SDS-PAGE and immunoblotted for VP5, VP19C,
and UL25. Bands migrating slower than the monomer were
seen both in NEM-treated and untreated virion samples, sug-
gesting that these bands represent cross-linked species preex-
isting in virions. Despite minor differences in the treated and
untreated samples for a particular band, the patterns overall
are remarkably similar.

To determine the composition of the major cross-linked
bands, virion samples were subjected to SDS-PAGE under
nonreducing conditions, transferred to PVDF membranes, and
cut into strips such that each lane was bisected vertically. Strips
were treated with antibodies to various capsid proteins, and
after detection, strips were realigned. Consistently with the
data shown in Fig. 1 and 2, slow-migrating species of VPS5,
VP19C, UL25, and VP23 were detected (Fig. 3A). Although
slight differences in the number of slow-migrating bands were
apparent between Fig. 1, 2, and 3, we repeatedly observed
species that correspond to the bands labeled 1, 2, and 3 in Fig.
3A. Bands 1, 2, and 3 also were the major cross-linked species
observed on silver-stained gels (Fig. 3B).

By aligning strips, we were able to make an initial determi-
nation of the composition of bands 1, 2, and 3. Band 1 reacted
with antibodies to VP5, VP19C, and UL25 (Fig. 3A). Band 2
also reacted with VP5 and VP19C (Fig. 3A). In addition, UL25
was detected in band 2 in similar experiments that were devel-
oped with a UL25 polyclonal antibody rather than the mono-
clonal antibody used in this experiment (Fig. 1 and data not
shown). Band 3 reacted strongly with VP5 and VP23. VP19C
also was detected in band 3 after longer exposures (Fig. 1 and
data not shown). To confirm the identity of bands 1, 2, and 3,
a similar SDS-PAGE gel run under nonreducing conditions
was silver stained, and bands equivalent to bands 1, 2, and 3
were cut out and subjected to mass spectrometry (MS). Table
1 confirmed that band 1 contained peptides that correspond to
VP5, UL25, and VP19C, as expected from the immunoblot
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analysis. In addition, peptides corresponding to the tegument
protein UL37 were identified. The MS analysis also confirmed
that band 2 contained VP5, VP19C, and UL25. In addition,
this analysis indicates that band 2 contained peptides corre-
sponding to tegument proteins VP22, UL36, and UL37. How-
ever, the numbers of peptides from UL36 and UL37 in band 2
were low (1.3 and 1.2%, respectively), and as the large size
of UL36 may cause it to migrate independently in that region
of the gel, the assignment of UL36 and perhaps UL37 as
part of the cross-linked complex is tentative and will require
verification. Peptides corresponding to VPS5, VP23, VP19C,
UL25, and the tegument protein VP22 were identified in band
3. Thus, it appears that capsid proteins as well as VP22 are
cross-linked in mature virions.

NEM treatment prevents disulfide bonds in B and C cap-
sids. We next asked whether disulfide bonds could be detected
in intracellular capsids. Although the cytoplasm and nucleus
generally are considered to be reducing environments, many
nuclear processes are controlled by the regulation of the redox
state, including transcriptional regulation, nuclear protein traf-
ficking, and DNA repair (20, 29). For instance, transcription
factors such as NF-kB, AP-1, Nrf-2, glucocorticoid receptor,
and p53 contain thiols that can undergo reversible oxidation to
disulfides in response to signal transduction and thus can be
regulated by redox state (77). To determine whether intracel-
lular capsids also contained disulfide bonds, B and C capsids
were isolated from NEM-treated or untreated cells and sub-
jected to SDS-PAGE under nonreducing conditions. B and C
capsids isolated in the absence of NEM display slower-migrat-
ing bands for VPS5, VP19C, VP23, and UL25; however, if NEM
was added prior to isolation, most of the slower-migrating
bands were not detectable, and the monomeric form predom-

TABLE 1. Mass spectrometry analysis of high-molecular-mass
disulfide-bonded complexes

Identified by

Protein name Mass % Coverage Western
(kDa) g blotting
Band 1
Major capsid protein VPS5 149 59.3 Yes
DNA packaging tegument 63 40.5 Yes
protein UL25
Capsid triplex protein VP19C 50 37.6 Yes
Tegument protein UL37 120 2.0
Band 2
Major capsid protein VP5 149 434 Yes
Capsid triplex protein VP19C 50 34.4 Yes
Tegument protein VP22 32 16.9
DNA packaging tegument 63 8.1 Yes
protein UL25
Large tegument protein 336 1.3
UL36
Tegument protein UL37 120 1.2
Band 3
Major capsid protein VP5 149 28.7 Yes
Tegument protein VP22 32 21.9
Capsid triplex protein VP23 34 20.4 Yes
Capsid triplex protein VP19C 50 14.6 Yes
DNA packaging tegument 63 6.4 Yes

protein UL25
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FIG. 4. NEM blocks formation of slower-migrating protein complexes in intracellular capsids. Intracellular capsids isolated in the presence or
absence of NEM as described in Materials and Methods were resolved on reducing and nonreducing SDS-PAGE, followed by immunoblotting with
antibodies against various capsid proteins. Bands resolved above monomer represent disulfide-linked complexes. Immunoblots of reduced samples

show total protein levels.

inated. It should be noted that a small amount of slower-
migrating material was detected in C but not B capsids isolated
in the presence of NEM. The absence of detectable disulfide-
cross-linked species in NEM-treated B capsids indicates that
cross-linking probably occurs during or after packaging.

UL25 was previously reported to be present in both B and C
capsids but at reduced levels in B capsids compared to those in
C capsids (69). Consistently with this observation, the panel on
the right in Fig. 4 shows that significantly less UL25 was de-
tected in B capsids than in C capsids. The observation that B
and C capsids are capable of forming disulfide bonds only if
exposed to an oxidizing environment suggests that the reactive
cysteines in capsid proteins are in close proximity to each other
and can react upon cell lysis and exposure to oxidizing condi-
tions. In summary, our results indicate that virions contain
preexisting disulfide-bonded complexes between capsid pro-
teins.

NEM-treated capsids are unstable. In the course of our
studies, we noticed that capsids isolated from cells that have
been treated with NEM were unstable. In Fig. 5 capsids iso-
lated either in the presence or absence of NEM were subjected
to sucrose gradient centrifugation either immediately after cell
lysis or 24 h later. Capsids isolated in the absence of NEM
displayed the expected pattern of A, B, and C capsids at both
0 and 24 h after isolation. On the other hand, capsids isolated
from NEM-treated cells displayed A, B, and C capsids at 0 h
after isolation, but by 24 h the B and C capsids had disap-
peared, giving rise to a band that sedimented slightly slower
than the 0-h A capsid band. Thus, within 24 h of isolation,
NEM-treated B and C capsids lose their contents and sediment
in a sucrose gradient at a position similar to that of A or empty
capsids. Even at 0 h, there were more A and fewer B capsids in
the NEM-treated sample than in the untreated sample. Thus,
capsids isolated from NEM-treated cells appear to be unstable,
while capsids isolated from untreated cells were stabilized pos-
sibly by the formation of disulfide bonds. We wanted to rule
out the possibility that NEM itself was able to destabilize HSV
capsids by reacting with some component other than a reactive
cysteine. A preparation of capsids isolated from cells that had

not been treated with NEM subsequently was exposed to NEM
and subjected to sucrose gradient sedimentation. A, B, and C
capsids can be seen in this preparation (Fig. 5, right), indicat-
ing that the NEM treatment of capsids whose disulfide bonds
had already formed did not cause destabilization by reacting
with some other component.

The loss of scaffold from B capsids and DNA from C capsids
indicates that a significant conformational change has occurred
in capsids isolated from NEM-treated cells. To address the
nature of this alteration, capsids isolated from treated or un-
treated cells were visualized by cryoelectron microscopy (Fig.
6). C capsids from untreated cells (Fig. 6a) appeared to be
predominantly DNA filled, and the few empty capsids likely
resulted from the loss of a capsomer during preparation for
electron microscopy. In contrast, the NEM-treated sample
(Fig. 6b) included only empty capsids. Density maps calculated
from the cryo-EM images show a full complement of capsid
structural elements (hexons, pentons, triplexes, and CVSCs)

after isolation
+

0 hrs 24 hrs

FIG. 5. Capsids isolated in the presence of NEM are not stable.
Intracellular capsids were isolated in the presence or absence of NEM
and resolved on a 20 to 50% sucrose gradient (left panel). An aliquot
of the crude capsid sample from each isolation was stored at 4°C and
resolved on a sucrose gradient 24 h later (middle panel). An aliquot of
the crude capsid sample isolated in the absence of NEM was exposed
to NEM after isolation, stored at 4°C, and resolved on a sucrose
gradient 24 h later (right panel).
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FIG. 6. Capsid structures from cryoelectron microscopy data. KOS C capsids used as a control (a) and NEM-treated capsids (b) are shown. The
images at left show portions of cryoelectron micrographs revealing typical views of purified HSV capsids, some in panel a include packaged DNA
while others have lost most or all DNA, whereas very few capsids in panel b contain detectable quantities of DNA. Bar, 500 A. The central images
show surface representations of density maps calculated from the corresponding cryoelectron micrographs, and at right are central gray-scale-
encoded sections from the density maps. The comparison of the structures reveals that the pentons (orange in panel a) are absent from the
NEM-treated sample, together with the CVSC molecules and the peripentonal triplexes. The remaining capsid components in panel b appear to

be largely undisturbed at this resolution. Bar, 250 A.

for the untreated C capsids, while the structure of NEM-
treated capsids is striking in its lack of almost all density cor-
responding to the pentons, the peripentonal triplexes, and the
CVSC molecules. The consequent pores in the capsid would
allow the leakage of any packaged DNA or scaffold, causing all
capsids to appear empty.

To further demonstrate that NEM-treated capsids were un-
stable, we subjected B capsids from NEM-treated and un-
treated cells to partial proteolysis by trypsin. Capsids then were
analyzed by SDS-PAGE and immunoblot analysis for VP5. We
found that VPS5 in NEM-treated capsids was significantly more
susceptible to trypsin digestion than B capsids from untreated
cells (Fig. 7), which is consistent with the results presented in
Fig. 5 and 6 showing that capsids isolated from NEM-treated
cells are significantly less stable than those isolated from un-
treated cells.

Taken together, the data shown in Fig. 5, 6, and 7 suggest
that cross-linking by disulfide bond formation contribute to
proper capsid conformation and stability; however, other ex-
planations for the observed instability are possible. For in-
stance, the experiments were performed with capsids from cells
that had been pretreated with NEM, which is known to irre-
versibly modify cysteines by binding directly to free sulfthydryls.
It thus is possible that the observed capsid instability was due
to NEM binding rather than the prevention of disulfide bond
formation. To address this possibility, we isolated intracellular
capsids in buffer at pH 5.5, which is expected to prevent the
formation of disulfide bonds without the addition of the larger
and hydrophobic NEM molecule. Capsids isolated at pH 5.5

contained much less of the slower-migrating cross-linked spe-
cies, and the recovery of A, B, and C capsids was greatly
diminished, suggesting instability (data not shown); however,
the low-pH capsids also showed a tendency to aggregate, com-
plicating the interpretation.

B capsids B/NEM capsids
10 20 40 80 O 10 20 40 80

Trypsin 0

VP5 > bt bk bk b e bk ek bk bk bt

i — ——

R e —

FIG. 7. VPS5 protein of capsids isolated in the presence of NEM has
different conformation. B capsids isolated in the presence or absence
of NEM were partially digested with increasing concentrations of tryp-
sin from 0 to 80 pg/ml and incubated for 30 min at 30°C. Digested
samples were resolved on SDS-PAGE, followed by immunoblotting
with VP5 monoclonal antibody (3ES).
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FIG. 8. Treatment of B capsids with GuHCI and DTT. Sucrose gradient-purified and concentrated B capsids were exposed to DTT or GuHCI
either alone or in combination. Treated and untreated capsids were separated on a 20 to 50% sucrose gradient and illuminated from the bottom
to visualize capsids bands. Gradients of treated or untreated samples were aligned with each other as well as with gradient-resolved A, B, and C
capsids and photographed. Final images were aligned using Adobe Photoshop.

A third method was used to test the importance of disulfide
bonds in capsid stability. We showed above (Fig. 4) that intra-
cellular capsids isolated in the absence of NEM contained
disulfide bonds. We next asked whether these capsids could be
destabilized by the addition of reducing agents. B capsids were
isolated in the absence of NEM, treated with DTT, or left
untreated, and they were subjected to sucrose gradient sedi-
mentation. A gradient containing A, B, and C capsids is shown
to provide a reference for the sedimentation pattern of all
three capsid types (Fig. 8, lane 1). DTT treatment alone had no
effect on B capsid sedimentation (Fig. 8, lane 3) and was not
able to reduce disulfide bonds as detected by nonreducing
SDS-PAGE (data not shown). The only way that we have been
successful in reducing the disulfide bonds in these capsids
was treatment with the denaturing agents GuHCl and DTT
in combination (data not shown). Figure 8 (lane 6) shows B
capsids exposed to GuHCI and DTT shifted to a position that
migrated slightly slower than A capsids, reminiscent of the 24-h
NEM-treated capsids shown in Fig. 5 that have lost pentons
(Fig. 6). This result indicates that disulfide bonds present in B
capsids were buried in the protein such that they were not
accessible to DTT without GuHCI treatment. GuHCI treat-
ment alone resulted in B capsids that retain scaffold (data not
shown). These B capsids sedimented slightly slower than un-
treated B capsids, indicating some conformational change but
no loss of pentons. These data confirm a previous report show-
ing that treatment with GuHCI and DTT together result in the
loss of pentons (48). Thus, we conclude that disulfide bonds
formed in capsids isolated in the absence of NEM can be
reduced, leading to the loss of pentons. This experiment thus
supports the argument that disulfide bonds are important for
penton retention and capsid stability.

DISCUSSION

In this paper, we have confirmed earlier reports that HSV
virions contain disulfide cross-links involving structural pro-
teins in the HSV capsid (41, 92, 93). In addition, immunoblot-
ting and mass spectroscopy indicated that cross-linked species
contain the major capsid protein VPS5, triplex proteins VP19C
and VP23, and both of the CVSC proteins UL17 and UL25.
In addition, several tegument proteins were tentatively iden-
tified within cross-linked complexes in virions, including
VP22, UL36, and UL37. When disulfide bond formation was
blocked with NEM, intracellular capsid structures visualized

by cryo-EM showed a dramatic loss of specific structural com-
ponents, including pentons, peripentonal triplexes, and CVSC
molecules, as well as a lack of internal DNA and scaffold
protein. These results suggest that disulfide bonds contribute
to capsid stability, which is reminiscent of other viruses shown
to utilize cross-linking to stabilize capsids, including betanoda-
virus, foot and mouth virus, polyomavirus, retrovirus, and hep-
atitis B and C viruses (8, 17, 22, 25, 33, 37, 55, 61, 64, 85-87).

Several viruses have evolved mechanisms that exploit disul-
fide bonds to regulate aspects of capsid assembly, maturation,
and penetration. Viral glycoproteins found in the membranes
of enveloped viruses rely on disulfide bonds for proper con-
formation and infectivity. It has long been recognized that viral
glycoproteins fold and mature in subcellular compartments in
the frans-Golgi network (TGN) that are topologically equiva-
lent to the extracellular environment (44). Thus, viral glyco-
proteins mature in compartments that provide an oxidative
folding environment. For disulfides in proteins other than gly-
coproteins, it is not clear how and when the disulfide bonds are
formed, since the assembly sites in the cytoplasmic and nuclear
compartments are considered to be reducing due to the pres-
ence of thiol-containing molecules such as glutathione (GSH)
and thioredoxin-1 (Trx1) (19, 20, 26, 29). In reoviruses, which
assemble in the cytoplasm, disulfide bonds appear to form late
in infection in dead or dying cells, perhaps after the breakdown
of cytosolic reduction mechanisms (55). Interestingly, poxvi-
ruses, which assemble in the cytosol, encode three cytoplasmic
thiol oxidoreductases conserved in all pox viruses that facilitate
the formation of disulfide bonds in the otherwise unfavorable
reducing environment of the cytosol (67, 68).

The timing and location of disulfide bond cross-links be-
tween HSV capsid proteins remain a mystery. Viral capsids are
formed and take up DNA in the nucleoplasm, followed by
budding into the perinuclear space, where they are not directly
exposed to the otherwise oxidizing environment due to the
membrane which surrounds them. After fusion with the outer
nuclear membrane (70), the capsid is once again exposed to
the reducing environment of the cytoplasm. Capsids acquire
their final envelope by budding into TGN-derived vesicles and
are released into the extracellular space via the secretory ma-
chinery of the cell (43, 44, 70). Thus, unlike glycoproteins that
mature in subcellular compartments known to be oxidizing,
HSV capsids are surrounded by the nucleoplasm or the cyto-
plasm, environments generally thought to be reducing. Thus,
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the observation that disulfide cross-linked capsid proteins are
present in mature virions may be surprising considering that
during all of these steps, capsids are never exposed to a cellular
compartment that is topologically equivalent to the extracellu-
lar environment.

The interior of a virion could become more oxidizing and
conducive to disulfide bond formation if oxygen was allowed
to cross the membrane. This could theoretically occur in any
of the oxidizing compartments that enveloped capsids are
known to pass through (periplasm, TGN vesicle, or extra-
cellular space); however, it is not clear how efficient this pro-
cess would be. The level of cross-linking was higher in extra-
cellular virions than in intracellular C capsids. This indicates
that disulfides do not form efficiently until virus is released
from cells, perhaps because in this environment membrane
permeability to oxygen is enhanced. However, the observation
that intracellular C capsids contained cross-linked capsid pro-
teins, albeit at lower levels, suggests that some cross-linking
occurs in the cell. Interestingly, we have recently observed that
disulfide linkages are present in UL6, the HSV-1 portal protein
(3). In contrast to the disulfide bonds detected between capsid
proteins, those in UL6 can be detected in cells pretreated with
NEM, suggesting that they are preexisting in infected cells (3).
For these bonds to form in the reducing environment of the
nucleus or cytoplasm, it may be necessary to create an oxi-
dizing microenvironment. One scenario would involve the
participation of viral or cellular chaperones reminiscent of
the situation described above for the poxviruses (67, 68).
Alternatively, HSV infection has been shown to cause a de-
crease in GSH levels (60), which would be expected to alter the
redox state in cells, making it more conducive to disulfide bond
formation. Interestingly, the treatment of cells with GSH,
which would reinstate the reducing environment, was shown to
inhibit virus growth (59, 60, 84). It is temping to speculate that
the reason for the observed inhibition of HSV growth is that
GSH treatment reinstates a reducing environment, thereby
preventing disulfide bond formation. Thus, many scenarios are
possible to explain the presence of disulfide bonds in both HSV
portal rings and in capsids themselves, and experiments are in
progress to distinguish among them.

Interestingly, several of the proteins that have been shown in
this paper to contain disulfide cross-links have been implicated
in various stages, including capsid assembly, nuclear egress,
tegumentation, and virion maturation. UL25 is required for
the primary envelopment of mature C capsids at the inner
nuclear membrane and likely plays an important role in pro-
moting the stability of DNA-containing capsids (31, 32). UL25
also plays an important role in the acquisition of tegument, as
it has been reported to interact with the tegument protein
UL36 (11, 40, 62). The process by which HSV capsids acquire
tegument proteins is poorly understood. Some tegument pro-
teins appear to be added prior to nuclear egress; however,
others may be incorporated in the cytoplasm, and yet others
are acquired during final envelopment as nucleocapsids bud
into TGN-derived vesicles. The major tegument protein VP22
has been reported to associate with capsids in the perinuclear
space (58a) as well as in the TGN (46). In both HSV and
pseudorabies virus, UL36 is an important tegument protein
that is required for the recruitment of other tegument proteins,
including UL37 (30, 36, 45, 47). Interestingly, the tegument
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layer in HSV-1 virions has been shown to undergo dynamic
time-dependent alterations that affect its symmetrical appear-
ance by electron microscopy and its resistance to extraction by
Triton X-100 (53). Reports from the Wills laboratory suggest
that interactions between the tegument protein UL16 and the
capsid are dynamic and can be regulated by pH and NEM by
a mechanism that involves cysteines (41, 42). The finding that
capsid and tegument appear to participate in covalent cross-
links suggests that disulfide bond formation plays roles at sev-
eral stages of the viral life cycle, including capsid assembly, the
initiation of packaging, nuclear egress, tegument recruitment,
and the maturation of extracellular virions.

We are also intrigued by the possibility that disulfide bonds
also play a role during subsequent infections of new host cells.
Following fusion with the plasma membrane, HSV-1 releases
its capsid and tegument into the cytoplasm of a host cell, and
the capsid is transported on microtubules (71), docking at the
nuclear pore complexes (58). It is possible that the reduction of
disulfide bonds either in the portal or the capsid play a role in
this process. Since many of the proteins that participate in
disulfide cross-linking, such as UL6, UL25, and preliminarily
UL36, also have been implicated in the process of genome
release (1, 5, 16, 27, 57, 65), it will be of interest to determine
whether this process is regulated by the rearrangement of
disulfide bonds. Interestingly, work with pseudorabies virus
suggests that UL25 and at least two tegument proteins, UL36
and UL37, remain associated with the capsid following fusion
(21, 28, 35).

HSV capsids are known to undergo structural changes as
they mature from procapsid to C capsid during the encapsida-
tion reaction and as they further develop into extracellular
virions (34, 54, 66). In this report, we demonstrated that cap-
sids lacking disulfide bonds are unstable and prone to the loss
of pentons and peripentonal triplexes. This observation sug-
gests that disulfide bonds are directly responsible for contacts
between the penton and surrounding capsid or indirectly
through maintaining structural elements in the correct confor-
mations for stabilizing the penton-capsid interfaces. A recent
study using atomic force microscopy (AFM) indicated that B
capsids are less stable and break at lower forces than A and
C capsids; however, after the release of pentons following
GuHCI treatment, A, B, and C capsids demonstrated similar
mechanical properties (66). Thus, the increased stability of A
and C capsids may be related to the special constraints present
at the vertices. Since the curvature of the capsid surface is
greatest at the vertices and the intersubunit angular displace-
ments are larger for pentons than hexons, the pentons and
adjacent triplexes are likely to be the more strained and hence
the most easily lost in the absence of stabilizing disulfide
bonds. The need to enhance capsid integrity by bolstering the
pentons is reminiscent of pathways used in the structurally
related capsids of tailed bacteriophages. For instance, phages
T4 and X employ decoration proteins (72, 75) and phage HK97
covalent cross-links (88) to achieve stabilization following the
encapsidation of viral genomes. The addition of decoration
proteins or chemical cross-linking occur following expansion
transformation from procapsid to capsid. Expansion brings
binding sites or cross-linking residues into the correct confor-
mation for the stabilization reactions to take place (15, 74).
Furthermore, expansion is thought to be triggered by DNA
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packaging (15); thus, stabilization is precisely timed to strengthen
the capsid against the internal pressure of the packaged ge-
nome. The degree to which herpesviruses mimic this aspect of
bacteriophage capsid assembly remains to be seen.
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