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Glycoprotein B (gB) is the most highly conserved envelope glycoprotein of herpesviruses. The gB protein is
required for virus infectivity and cell penetration. Recombinant forms of gB being used for the development of
subunit vaccines are able to induce virus-neutralizing antibodies and protective efficacy in animal models. To
gain structural information about the protein, we have determined the location of the disulfide bonds of a
696-amino-acid residue truncated, recombinant form of herpes simplex virus type 2 glycoprotein gB (HSV
gB2t) produced by expression in Chinese hamster ovary cells. The purified protein, which contains virtually the
entire extracellular domain of herpes simplex virus type 2 gB, was digested with trypsin under nonreducing
conditions, and peptides were isolated by reversed-phase high-performance liquid chromatography (HPLC).
The peptides were characterized by using mass spectrometry and amino acid sequence analysis. The conditions
of cleavage (4 M urea, pH 7) induced partial carbamylation of the N termini of the peptides, and each disulfide
peptide was found with two or three different HPLC retention times (peptides with and without carbamylation
of either one or both N termini). The 10 cysteines of the molecule were found to be involved in disulfide bridges.
These bonds were located between Cys-89 (C1) and Cys-548 (C8), Cys-106 (C2) and Cys-504 (C7), Cys-180 (C3)
and Cys-244 (C4), Cys-337 (C5) and Cys-385 (C6), and Cys-571 (C9) and Cys-608 (C10). These disulfide bonds
are anticipated to be similar in the corresponding gBs from other herpesviruses because the 10 cysteines listed
above are always conserved in the corresponding protein sequences.

Herpes simplex virus (HSV) has at least 12 membrane-as-
sociated glycoproteins. Of these, glycoprotein B (gB) is the
most abundant. The gB protein plays an essential, multifunc-
tional role in virus infection (for a review, see reference 30).
The gB molecule is involved in the fusion of the viral and
cellular membranes to facilitate virus entry. This process oc-
curs at neutral pH and is likely to be mediated by a multipro-
tein complex involving glycoproteins H, L, and K in addition to
gB. The protein may have a similar role in viral egress since
monoclonal antibodies to gB can block cell to cell spread,
syncytium formation, and virus entry, thus neutralizing virus
infection. Immune responses directed to gB are likely to play a
major role in protection. In addition to being potent virus-
neutralizing antibodies, gB-specific monoclonal antibodies also
initiate antibody-mediated cellular cytotoxicity and antibody-
dependent, complement-mediated cellular cytotoxicity (26).
The gB molecule contains also epitopes recognized by CD41 T
helper cells as well as cytotoxic CD81 T cells (21, 47). Mono-
clonal antibodies to gB provide passive protection against le-
thal viral challenge, and gB constitutes an effective vaccine in
animal models of HSV infection when delivered as a subunit
vaccine or in a live virus vector (reviewed in reference 4). On
the basis of the encouraging results for animal models, large-
scale human clinical trials are currently in progress with an
HSV type 2 subunit vaccine incorporating gB as a key compo-
nent. Because of its central role in virus infection and the
generation of a protective immune response, a better under-
standing of the structure of gB could contribute to the gener-
ation of effective antiviral agents and vaccines.
The first sequenced herpesvirus gB gene was that encoded

by HSV type 1 (6). A year later, in 1985, Pellett et al. (29)
determined the gB sequence of the Epstein-Barr virus genome
and noticed the high degree of similarity between the two

sequences. In particular, all 10 cysteine residues located in the
extracellular domain of both proteins were conserved. To date,
more than 20 complete amino acid sequences of gB from
diverse members of the herpesvirus family have been deduced
from nucleotide sequences. One of the most remarkable fea-
tures of these sequences is the conservation and location of 10
cysteine residues. Indeed, the alignment of gBs of different
viruses of the herpesvirus family can be achieved by the align-
ment of these cysteine residues. The alignable sequences in-
clude those of gB from HSV type 1 (6), Epstein-Barr virus
(29), varicella-zoster virus (20), human cytomegalovirus
(CMV) (10), HSV type 2 (5), pseudorabies virus gII (36),
bovine herpesvirus 2 (28), equine herpesvirus 1 (50), equine
herpesvirus 4 (34), Marek’s disease virus (38), herpesvirus
saimiri (1), simian herpesvirus SA8 (11), laryngotracheitis virus
(22), murine CMV (33), human herpesvirus 6 (13), two platyr-
rhine monkey alphaherpesviruses (12), murine gammaherpes-
virus 68 (43), and simian varicella virus (31).
The DNA sequence of HSV type 2 gB (gB2) reveals an

N-terminal 22-amino-acid hydrophobic signal sequence, an ex-
tracellular domain of 700 residues containing 10 cysteine res-
idues and 8 potential N-linked glycosylation sites, a large hy-
drophobic 78-residue-membrane-spanning domain from
amino acids 702 to 776, and a 106-residue cytoplasmic domain
(45). Although there is no published evidence about the redox
status of the 10 cysteine residues of HSV gB2, it is assumed
that, as is the case for other viral membrane glycoproteins
(human immunodeficiency virus gp120 [24] and HSV gD2
[25]), all cysteine residues present in HSV gB2 are disulfide
bonded. Disulfide bonds between cysteine residues are of par-
ticular importance, since these bridges are a key protein struc-
tural element that stabilize functional native conformations. In
this report, we describe our results on the determination of the
location of disulfide bonds of a truncated, recombinant form of
HSV gB2 (HSV gB2t) by using mass spectrometry (MS) and
amino acid sequence analysis. All 10 cysteines of this protein
were found to be involved in disulfide bridges. These are lo-
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cated between Cys-89 (C1) and Cys-548 (C8), Cys-106 (C2)
and Cys-504 (C7), Cys-180 (C3) and Cys-244 (C4), Cys-337
(C5) and Cys-385 (C6), and Cys-571 (C9) and Cys-608 (C10).
(Part of this work was presented at the 19th International

Herpes Virus Workshop, Vancouver, British Columbia, Can-
ada, August 1994.)

MATERIALS AND METHODS

Isolation of HSV gB2t. HSV gB2t was engineered for expression and secretion
in Chinese hamster ovary cells. The expression vector contained a truncated form
of HSV gB2 ending in Thr-696 of the predicted amino acid sequence (45) plus
the sequence Phe-Asp-Leu-Asp-Lys added by an in-frame fusion at the C ter-
minus of the truncated gene with a polylinker in the expression vector. The
mature secreted protein, which contains virtually the entire 702-amino-acid res-
idue extracellular domain of HSV gB2, was purified by a procedure which
consisted of chromatographic steps on S-Sepharose and Fractogel EMD/DEAE,
followed by precipitation with polyethylene glycol and redissolution of the pro-
tein in a pH 6.0 buffer containing 10 mM sodium citrate, 160 mM NaCl, and 2%
glycine. The final product had a purity of about 95% (details on the purification
and characterization of HSV gB2t will be published elsewhere). The estimated
purity is based on densitometric analysis of sodium dodecyl sulfate (SDS)-
polyacrylamide gels stained with Coomassie blue and Western blot (immuno-
blot) analysis using a rabbit anti-HSV type 2 polyclonal antibody. Under reduc-
ing conditions, HSV gB2t shows three protein bands at molecular masses of 97,
72, and 31 kDa. The major band (70 to 80%), migrating at 97 kDa, corresponds
to intact HSV gB2t, while the two other bands are the products of a specific
proteolytic cleavage on the C-terminal side of proline 456 (results not shown;
sequences are shown in Fig. 1). The cleavage between proline 456 and leucine
457 has no effect in the determination of the disulfide bond locations described
herein.
Determination of total free sulfhydryl groups in HSV gB2t. The total free

sulfhydryls were determined under denaturing conditions by reaction with 5,59-
dithiobis (2-nitrobenzoic acid) (DTNB) in the presence of 2% SDS as described
by Habeeb (16). Aldolase from rabbit muscle (Sigma Chemical Co., St. Louis,
Mo.) was used as a positive control.
MALDI-TOF MS. Matrix-assisted laser desorption ionization–time-of-flight

(MALDI-TOF) mass spectra were acquired in the linear mode on a Bruker
(Billerica, Mass.) Reflex instrument equipped with a nitrogen laser (337 nm, 4-ns
pulse). Samples were prepared by adding an aliquot of the protein in 1% acetic
acid to a saturated solution of sinapinic acid (3,5-dimethoxy-4-hydroxy-trans-
cinnamic acid) (1/5 [vol/vol]). Approximately 1 pmol of protein in sinapinic acid
was loaded onto the sample target for MALDI-TOF MS. The air-dried sample-
matrix mixture was introduced into the mass spectrometer by means of a vacuum
lock. Spectra were recorded by using an accelerating voltage of 28.5 kV. Spectra
were calibrated by the analysis of a bovine serum albumin dimer (molecular
weight, 132,861), which was used as an external calibrant.
Digestion with trypsin and separation of peptides. Purified HSV gB2t was

extensively dialyzed against 5% acetic acid and dried in a Speed Vac concentra-
tor (Savant Instruments, Farmingdale, N.Y.). The dried protein (8 nmol) was
dissolved in 0.1 M Tris-HCl (pH 7) containing 8 M urea and incubated for 16 h
at 378C. After incubation, the solution was diluted twofold with 0.1 M Tris-HCl
(pH 7), and CaCl2 was added to a final concentration of 1 mM. Trypsin (1-1-p-
tosylamido-2-phenylethyl chloromethyl ketone treated; Sigma) was added at a
40:1 (wt/wt) ratio of HSV gB2t to trypsin, and digestion was allowed to proceed
for 6 h at 378C. An additional 2.5% weight of trypsin was added, and digestion
continued for 18 h at 378C. Digestion was stopped by freezing. The tryptic digest
was fractionated by reversed-phase high-performance liquid chromatography
(HPLC) on a 5-mm Vydac (Hesperia, Calif.) C18 column (4.6 by 250 mm). Buffer
A was 0.06% trifluoroacetic acid in H2O, and buffer B was 0.056% trifluoroacetic
acid in 80% acetonitrile in H2O (44). The gradient was 5 min at 2% buffer B,
from 2 to 63% buffer B in 63 min, and from 63 to 75% buffer B in 32 min.
Absorbance was measured at 214 nm.
Digestion with endoproteinase Glu-C. Tryptic peptides (ca. 250 pmol) purified

by reversed-phase HPLC as described above were dried and reconstituted in 25
ml of 50 mM 3-[N-morpholino]propanesulfonic acid (pH 7). Endoproteinase
Glu-C (Sigma) was added at a 200:1 (wt/wt) ratio of peptide to protease. Diges-
tion was for 24 h at 378C, and the reaction was stopped by freezing.
Reduction of isolated peptides and modification with VP. Reversed-phase

HPLC isolated peptides were dried by vacuum centrifugation and dissolved in 8.8
ml of 2.5 M 1,1,3,3-tetramethylurea in 50 mM N-ethyl morpholine-acetate buffer
(pH 8.5), and b-mercaptoethanol (b-ME) was added to a final concentration of
14.2 mM. The tube headspace was purged with argon. The sample was incubated
for 1 h at 608C. The sulfhydryl groups formed upon reduction were modified with
93 mM 4-vinylpyridine (VP). The headspace was again purged with argon, and
the reaction was allowed to proceed at 228C. After 3 h, 25 ml of H2O was added
and the sample was dried by vacuum centrifugation. To remove all reagents, 50
ml of 50 mM N-ethyl morpholine-acetate (pH 8.5) was added and the sample was
dried again.
Peptide identification. Peptides collected after reversed-phase HPLC were

identified by MS and/or Edman sequence analysis. Electrospray ionization mass

spectrometry (ESMS) spectra were acquired on a Sciex API-III triple-quadru-
pole mass spectrometer (Perkin-Elmer Sciex Instruments, Thornhill, Canada)
interfaced to a Michrom HPLC system (Michrom BioResources Inc., Auburn,
Calif.), using a 100-mm-inside-diameter fused silica tubing. The instrument was
calibrated by using a propylene glycol (Aldrich, Milwaukee, Wis.) mixture (3.3 3
1025 M propylene glycol 425, 1024 M propylene glycol 1000, 2 3 1024 M
propylene glycol 2000) in a 50/50/0.1 (vol/vol/vol) H2O-methanol-formic acid
mixture and 2 mM ammonium acetate. Spectra were acquired with isotopic
resolution at m/z 2000. Samples (ca. 5 to 20 pmol) were introduced into the mass
spectrometer source in the flow injection mode, in a 50/50/1 (vol/vol/vol) H2O-
acetonitrile-acetic acid mixture at a flow rate of 20 ml/min, and spectra were
recorded by scanning a mass range ofm/z 300 to 1,800 at 8 s per scan, using a step

FIG. 1. Amino acid sequence of HSV gB2t. Numbering of amino acids be-
gins at the N terminus of the mature recombinant protein. The underlined
sequences represent tryptic peptides described in the text (for peptide nomen-
clature, see Materials and Methods). The amino acids indicated above the
sequence (C1, C2, C3, C4, C5, C6, C7, C8, C9, and C10) correspond to the
cysteines of HSV gB2t. These are located in positions 89, 106, 180, 244, 337, 385,
504, 548, 571, and 608, respectively. The same cysteine residues and locations
occur in the native gB of HSV type 2.
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size of 0.1 Da. In some cases, samples were purified on-line by using a peptide
trap cartridge (Michrom BioResources) which replaced the normal loop in the
HPLC system. The sample was injected onto the trap cartridge, and the cartridge
was washed with 50 ml of 99/1/1 (vol/vol/vol) H2O-acetonitrile-acetic acid with
the injector valve in the off-line position. The valve was then switched to the
on-line position, and the sample was eluted directly into the mass spectrometer
source with the buffer described above. Using this technique, the fused silica line
going into the mass spectrometer source was kept free of low-molecular-weight
hydrophilic contaminants. Low-energy collisionally induced dissociation (CID)-
MS/MS spectra were acquired in the positive ion mode by using an upgraded
high-pressure collision cell. Samples were introduced into the mass spectrometer
source as described above, using a flow rate of 2 to 5 ml/min. The second
quadrupole was scanned over a range of m/z 50 to 2,300 at 10 s per scan, using
a step size of 1 Da. The orifice potential was set at 35 V. The collision energy was
60 eV, and the collision gas (99.999% argon) thickness (collision gas thickness)
was approximately 3.5 3 1014 atoms per cm3.
Automated sequence analysis of peptides was performed on an Applied Bio-

systems 470A gas-phase sequencer equipped with an on-line phenylthiohydan-
toin-amino acid analyzer (model 120A) or on an Applied Biosystems liquid pulse
sequencer (model 473A).
Peptide nomenclature. In this report, amino acid residues are numbered ac-

cording to their positions in the corresponding sequence from its N terminus.
Cysteines are designated by their sequence location, e.g., Cys-89, Cys-106, Cys-
180, etc., and also as C1, C2, C3, etc., the order in which they appear in the amino
acid sequence. Tryptic peptides are designated by a T followed by an arabic
numeral indicating their sequential location in the polypeptide chain. For exam-
ple, T12 is the peptide comprising Val-79 through the first Arg in the sequence
that is susceptible to cleavage by trypsin. In this nomenclature, the carboxyl side
of Arg and Lys is considered a putative trypsin site except those in which a Pro
follows Arg or Lys. Peptides which contained tryptic sites but were not hydro-
lyzed are designated by two T numbers separated by a comma [for example,
T(38,39)]. Peptides containing a disulfide bridge are designated by two T num-
bers separated by a plus sign (for example, T221T32). Peptides containing
pyridylethylated cysteine are indicated by a T number followed by the abbrevi-
ation PEC (for example, T32-PEC). Peptides found to be carbamylated at their
N termini are indicated by a T number followed by the abbreviation CB (for
example, T36-CB).

RESULTS

The amino acid sequence of HSV gB2t, the purified protein
used in this study, is shown in Fig. 1. The protein contains the
N-terminal 696 of a total of 882 amino acids of intact HSV
gB2, lacks both the transmembrane and the cytoplasmic do-
main (45), but contains a 5-amino-acid residue carboxy-termi-
nal extension (residues 697 to 701). The amino acid sequence
of purified HSV gB2t was confirmed by N-terminal amino acid
sequence analysis using automated Edman degradation, by
C-terminal sequence analysis using carboxypeptidase Y, and by
sequencing a large number of tryptic peptides derived from
native and reduced sulfhydryl-modified HSV gB2t. The mass
of the intact, nonreduced HSV gB2t molecule determined by
MALDI-TOF MS was 94,245 kDa, indicating a monomeric
glycoprotein structure (Fig. 2). The mass was determined from
the m/z ratio corresponding to the singly protonated molecular
ion ([MH]1). The low proportion of dimer observed in the
mass spectrum was originated from the MALDI-TOF MS pro-
cess (14). The MALDI-TOF MS gives the minimal molecular
weight of the disulfide-bonded form. A molecular mass of
about 100 kDa is also observed after SDS-polyacrylamide gel
electrophoresis of HSV gB2t samples heated in the absence of
b-ME (data not shown). These results are in agreement with
those obtained with HSV gB extracted from either virions or
infected cells (8, 9, 39). All 10 cysteine residues of HSV gB2t
are involved in disulfide bonding, since no free cysteines are
detected by titration of the protein with DTNB in the presence
of 2% SDS. Thus, the HSV gB2t minimal subunit appears to be
a monomer containing five intrachain disulfide bonds.
However, higher-molecular-weight aggregates are observed

in solution. In non-SDS solutions, HSV gB2t appears to be
polymeric. A minimal of 600,000 Da is observed in gel filtration
experiments on Sephacryl S-500, but aggregates of molecular
mass higher than 2,000,000 Da predominate (27). Assembly

into oligomers appears to be a characteristic of gB homologs of
the Herpesviridae family (9, 30). The formation of homodimers
and perhaps larger oligomers is essential for gB function and
virus infectivity, as determined by analysis of temperature-
sensitive mutations in HSV gB (17) and the existence of do-
main-negative mutations in gB (7).
General strategy for disulfide bond identification. The strat-

egy used for the identification of the disulfide linkage pattern
of HSV gB2t used tryptic cleavage of the purified protein
under conditions which left the disulfide bonds intact, the
separation of the peptide fragments by reversed-phase HPLC
(Fig. 3), and their analysis by ESMS (14). Nearly every HPLC
peak of Fig. 3 was analyzed by ESMS. When an observed mass
agreed with the sum of two theoretical masses of peptides
containing cysteine, the peptide was reanalyzed by ESMS after
disulfide bond reduction and modification of cysteines with
4-VP; the N-terminal amino acid sequence of the selected
peptides was also determined. As described below, the loca-
tions of all five disulfide bonds of HSV gB2t have been estab-
lished.
Disulfide bridge Cys-180 (C3)–Cys-244 (C4). The ESMS

spectrum (Fig. 4A) of fraction 50 in Fig. 3 provided evidence
for the presence of a peptide containing the disulfide bond
between Cys-180 (C3)–Cys-244 (C4). The disulfide-bonded
peptide was identified from the ion series of m/z 525.8, 701.0,
and 1,050.8, which corresponded to the peptide in three dif-
ferent states of protonation ([MH4]

41, [MH3]
31, and

[MH2]
21, respectively) (15). The mass was identified as

2,099.6 6 0.4 Da and was consistent with the theoretical mass
of peptide T22 linked by a disulfide bridge to peptide T32
(2,100.4 Da), containing Cys-180 (C3) and Cys-244 (C4), re-
spectively:

peptide T22 G178VCR181

P
peptide T32 Y238GTTVNCIVEEVDAR252

To confirm the existence of this disulfide bridge, fraction 50
was reduced with b-ME and then treated with VP. The spec-
trum obtained after both reactions is presented in Fig. 4B. The

FIG. 2. MALDI-TOF MS spectrum of HSV gB2t. The spectrum was ac-
quired as described in Materials and Methods. The peak corresponding to the
singly charged monomer ([MH]1) is also designated with its m/z ratio.
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peptide with a mass of 1,773.9 6 0.3 Da {m/z 592.4 ([MH3]
31)

and 887.8 ([MH2]
21)} corresponded to peptide T32 with an

observed increase in mass of 105.1 Da as a result of the addi-
tion of VP to Cys-244 (C4) (theoretical increase, 105.1 Da). No
signal corresponding to peptide T22 with Cys-180 (C3) modi-
fied with VP was detected by ESMS. Figure 4A also shows an
ion series of m/z 603.4 ([MH2]

21) and 1,205.6 ([MH]1), which
identified a molecular mass of 1,204.7 6 0.1 Da, consistent
with peptide T43 (1,204.6 Da). The sequence analysis of frac-
tion 50 by Edman degradation (results not shown) confirmed
the presence of the three peptides described above (peptides
T22, T32, and T43). The conditions used for reduction with
b-ME and the treatment of the peptides with VP increased the
mass of peptide T43 by 12.3 Da (Fig. 4B). CID-MS/MS frag-
mentation of the peptide indicated that the modification was
on the N-terminal tryptophan of the peptide; however, we have
not identified the nature of this modification. Independent
confirmation of a disulfide bond between Cys-180 (C3) and
Cys-244 (C4) was obtained by analysis of HPLC fraction 53
(results not shown). In this fraction, peptide T22 was found
linked to peptide T32 (disulfide bridge Cys-180 [C3]–Cys-244
[C4]), but the mass was 43 Da higher than predicted. The
higher mass corresponds to the presence of a carbamyl group.
The analysis of fraction 53 by ESMS, after reduction and pyri-
dylethylation, showed that the carbamylation was associated
with peptide T22 (Cys-180 [C3]). Analysis of the modified
peptide by CID-MS/MS indicated that cyanate had reacted
with the N terminus of peptide T22.
Disulfide bridge Cys-571 (C9)–Cys-608 (C10). Evidence for

a disulfide bridge between Cys-571 (C9) and Cys-608 (C10)
was found in HPLC fraction 46 (Fig. 3). The ESMS spectrum
of fraction 46 is shown in Fig. 5A. The major ion series of m/z
518.8 ([MH6]

61), 622.4 ([MH5]
51), 777.8 ([MH4]

41), and
1,036.8 ([MH3]

31) identified a molecular mass of 3,107.16 0.3
Da, which was consistent with the mass of tryptic peptide T68
linked to peptide T71 (3,107.5 Da) containing Cys-571 (C9)
and Cys-608 (C10), respectively:

peptide T68 V564SSRPGTCYSRPLVSFR580

P
peptide T71 D603ALEPCTVGHR613

The mass spectrum after reduction of fraction 46 with b-ME
and modification with VP is shown in Fig. 5B. The ion series of
m/z 505.0 ([MH4]

41), 673.2 ([MH3]
31), and 1,009.4 ([MH2]

21)
identified a peptide with a mass of 2,016.5 6 0.5 Da. This mass
corresponded to peptide T68 containing Cys-571 (C9) modi-
fied with VP (2,017.2 Da). The ion series ofm/z 435.0 and 652.0
identified a peptide mass of 1,302.0 6 0.1 Da, consistent with
peptide T71 containing Cys-608 (C10) modified with VP
(1,302.3 Da). Edman degradation sequence analysis of fraction
46 showed the sequences predicted for tryptic peptides T68
and T71 (results not shown). Since no other sequences were
observed, it was concluded that other peptides observed in
fraction 46 must be blocked by N-terminal carbamylation. In-
deed, ions of m/z 502.8 ([MH2]

21) and 728.0 ([MH2]
21) (Fig.

5) corresponded to the N-terminally carbamylated peptides
T(38,39) (959.52 Da) and T(63,64) (1,410.8 Da), respectively.
The peptide containing a disulfide bridge between Cys-571
(C9) and Cys-608 (C10) was also present in fraction 48, but the
molecular mass identified was 43.2 Da higher than predicted.
The analysis of this peptide after reduction and modification
with VP showed the mass increment corresponded to carbamy-
lation in peptide T68 containing Cys-571 (C9) (data not
shown).
Disulfide bridge Cys-337 (C5)–Cys-385 (C6). The ESMS

spectrum of fraction 39 (Fig. 3) is shown in Fig. 6A. The data
provide evidence for the presence of a peptide with the disul-
fide bond between Cys-337 (C5) and Cys-385 (C6). The pres-
ence of the disulfide-bonded peptide was identified from the
minor ion series ofm/z 488.6 ([MH4]

41), 651.4 ([MH3]
31), and

976.6 ([MH2]
21). The mass identified was 1,950.9 6 0.5 Da,

consistent with the theoretical mass of the peptide T42 linked,
by a disulfide bridge, to peptide T46 (1,951.3 Da) containing
Cys-337 (C5) and Cys-385 (C6), respectively:

FIG. 3. Fractionation by reversed-phase HPLC of tryptic peptides of HSV gB2t. This chromatogram was generated with 8 nmol of trypsin-digested HSV gB2t.
Chromatographic conditions were as described in Materials and Methods. Peaks were collected and identified by ESMS, and in some cases, identity was confirmed by
N-terminal analysis. Peaks were numbered on the basis of their order of elution, but only the numbers of selected fractions are shown.
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peptide T42 R333PAVCTMTK341

P
peptide T46 V380DLGDCIGR388

An attempt was made to confirm this disulfide bond assign-
ment by ESMS of the fraction after reduction and modification
of the peptides with VP (Fig. 6B). None of the ions expected
for peptide T42 linked to peptide T46 were detected, indicat-
ing a modification of the linked peptides by the treatment, but
neither peptide T42, nor peptide T46, modified with VP was
observed in the spectrum. However, the presence of peptides
T42 and T46 was confirmed by Edman degradation sequence
analysis (results not shown). The disulfide bond between Cys-
337 (C5) and Cys-385 (C6) was also found in fraction 47; in this
fraction, both peptides T42 and T46 were found to have their
N termini carbamylated. Other peptides present in fraction 39
(Fig. 6) were the N-terminally carbamylated peptides T36 {m/z
999.6 ([MH]1)}, T59 {m/z 528.0 ([MH2]

21) and 1,054.6
([MH]1)}, and T(25,26) {m/z 555.8 ([MH5]

51), 694.6
([MH4]

41), and 925.8 ([MH3]
31)}. The sequences of these

peptides were confirmed by CID-MS/MS (results not shown).
Figure 6 also shows a minor component of m/z 577.6
([MH2]

21) corresponding to a peptide with a molecular mass
of 1,152.7 6 0.1 Da. The sequence established from Edman

degradation analysis as well as by CID-MS/MS was SSGT
SYPDVLK, which corresponds to residues 132 to 142 of bo-
vine trypsin (1,152.6 Da).
Disulfide bridge Cys-89 (C1)–Cys-548 (C8). The peptide

containing a disulfide bridge between Cys-89 (C1) and Cys-548
(C8) was found in several fractions in various forms. For in-
stance, fraction 67 (Fig. 3) contained a peptide with a mass of
5,610.3 6 1.3 Da, identified from the series of m/z 1,122.8
([MH5]

51), 1,403.8 ([MH4]
41), and 1,871.2 ([MH3]

31) (Fig.
7A). The peptide was identified as T12 linked by a disulfide
bond to peptide T67 (5,609.5 Da), containing Cys-89 (C1) and
Cys-548 (C8), respectively:

peptide T12 V79ENADAQFYVCPPPTGATVVQFEQPR104

P
peptide T67 M538LGDVMAVSTCVPVAPDNVIVQNSMR563

As expected, the ESMS analysis of fraction 67 after reduc-
tion and reaction with VP reveals both peptides T12 and T67,
containing Cys-89 (C1) and Cys-548 (C8), respectively, modi-
fied with VP (Fig. 7B). The ion series of m/z 743.4 ([MH4]

41)
and 990.7 ([MH3]

31) identified a mass of 2,969.4 6 0.3 Da,
which was consistent with the predicted mass of peptide T12,
containing pyridylethylated Cys-89 (C1). The peptide with a
mass of 2,851.8 Da {m/z 951.6 ([MH3]

31)} corresponded to

FIG. 4. ESMS spectra of fraction 50 (Fig. 3) before (A) and after (B) treat-
ment with b-ME and VP. For details on peptide nomenclature and identification
by MS, see Materials and Methods. Each peak is labeled with an m/z ratio and
a charge state designation. An asterisk indicates an unknown modification.

FIG. 5. ESMS spectra of fraction 46 (Fig. 3) before (A) and after (B) treat-
ment with b-ME and VP. For details on peptide nomenclature and identification
by MS, see Materials and Methods. Each peak is labeled with an m/z ratio and
a charge state designation.
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peptide T67 (2,852.5 Da) containing the VP-modified Cys-548
(C8). Sequence analysis by Edman degradation confirmed the
presence of peptides T12 and T67 (results not shown). Peptide
T12 linked to peptide T67 was also found in two other frac-
tions. For instance, peptide T12 was found with N-terminal
carbamylation in fraction 73; in fraction 76, both peptides T12
and T67 showed N-terminal carbamylation (results not shown).
Figure 7A also reveals a peptide with a mass of 1,342.3 6 0.3
Da {m/z 672.0 ([MH2]

21) and 1,343.6 ([MH]1)}. The mass of
this peptide did not change upon reduction and modification
with VP (Fig. 7B), indicating that it contained no cysteine
residues. The peptide mass was consistent with peptide T79
with carbamylation of its N terminus (1,341.6 Da). Automated
Edman degradation did not yield a sequence, indicating that
peptide T79 indeed was N-terminally blocked.
Disulfide bridge Cys-106 (C2)–Cys-504 (C7). The work de-

scribed above accounts for eight cysteine residues involved in
the formation of four disulfide bonds. Since HSV gB2t con-
tains no free cysteines and all of the disulfide bridges are
intrachain, it is possible that the ionization of the disulfide-
linked peptide containing Cys-106 (C2) and Cys-504 (C7) was
suppressed during ESMS. This 39-residue disulfide-linked pep-
tide was expected to be present in one of the fractions eluting
late in the chromatogram (Fig. 3). For this reason, the peptides
of the four major fractions eluting after 60 min in the chro-

matogram shown in Fig. 3 were reduced with b-ME and mod-
ified with VP. Evidence for the presence of a disulfide bridge
was found by ESMS analysis of fraction 79. Indeed, the ion of
m/z 849.2 ([MH3]

31) identified a peptide mass of 2,544.6 Da,
corresponding to peptide T62 (2,544.7 Da) containing the VP-
modified Cys-504 (C7) and a carbamyl group, probably asso-
ciated with the N terminus of the peptide (Fig. 8). Fraction 79
also contained two additional peptides, but these did not con-
tain cysteine residues. They were characterized as the N-ter-
minally carbamylated peptide T41 {m/z 646.6 ([MH2]

21) and
1,291.6 ([MH]1)} and peptide T73 {m/z 899.8 ([MH3]

31) in
Fig. 8}. Figure 9 shows ions in the m/z range 50 to 500, using
an orifice potential of 140 V, for HPLC fraction 79. The CID
at the orifice results in the fragmentation of glycopeptides (18),
and the generation of the characteristic carbohydrate oxonium
ions, e.g., m/z 204.0 and 366.2 (from N-acetylhexosamine and
from N-acetylhexosamine plus hexose, respectively). The pres-
ence of ions of m/z 204.0 and 366.2 in Fig. 9 indicated the
presence of a glycopeptide in fraction 79. This finding led us to
believe that peptide T62, containing Cys-504 (C7), could be
disulfide linked to peptide T14, which contained Cys-106 (C2)
and the consensus sequence for glycosylation at Asn-114:

FIG. 6. ESMS spectra of fraction 39 (Fig. 3) before (A) and after (B) treat-
ment with b-ME and VP. For details on peptide nomenclature and identification
by MS, see Materials and Methods. Each peak is labeled with an m/z ratio and
a charge state designation.

FIG. 7. ESMS spectra of fraction 67 (Fig. 3) before (A) and after (B) treat-
ment with b-ME and VP. For details on peptide nomenclature and identification
by MS, see Materials and Methods. Each peak is labeled with an m/z ratio and
a charge state designation.
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(carbohydrate)
P

peptide T14 C106PTRPEGQNYTEGIAVVFK124

P
peptide T62 I499AVAWCELQNHELTLWNEAR518

To ascertain whether T14 was present, the peptides con-
tained in fraction 79 were cleaved with endoproteinase Glu-C
and the subfragments generated from the digestion were ana-
lyzed by ESMS. Figure 10 shows the ESMS spectrum after
endoprotease Glu-C treatment and shows the ion of m/z 788.5
([MH2]

21), which identified peptide Cys-106–Glu-111 (701.3
Da), containing Cys-106 (C2), linked by a disulfide bridge to
the peptide Ile-499–Glu-505 (790.4 Da), containing Cys-504
(C7). The mass was 85.3 Da higher than predicted, which is
consistent with carbamylation of the amino termini of both
peptides. The results demonstrated the existence of a disulfide

bond between Cys-102 (C2) and Cys-504 (C7). Additional data
(not shown) indicated that fractions 69 and 73 also contained
peptides with this disulfide linkage. The disulfide linkage was
confirmed by CID-MS/MS. This technique is useful in identi-
fying the amino acid sequence of a peptide or a disulfide-linked
peptide. The peptide of interest is fragmented by collision with
an inert gas in the mass spectrometer, and the fragment ions
are analyzed. Peptides essentially fragment with cleavage at
bonds along the peptide backbone. Fragment ions containing
the amino terminus are termed a-, b-, and c-type ions, depend-
ing on the site of cleavage in the backbone (2, 37). Similarly,
fragment ions containing the carboxy terminus are termed x-,
y-, and z-type ions. Internal acyl ions involve the loss of both
the amino and the carboxy terminus. The disulfide linkage
between Cys-102 (C2) and Cys-504 (C7) was confirmed by
fragmentation of the molecular ion of m/z 788.5 ([MH2]

21),
which generated the mass spectrum shown in Fig. 11. The
fragment ions shown in the mass spectrum are consistent with
the structure shown in Fig. 11, where specific fragments are
identified. In addition, the ions of m/z 874.5, 1,102.5, and
1,105.6 are consistent with internal acyl ions for the structure
shown in Fig. 11.

DISCUSSION

The disulfide bonds of HSV gB2t have been determined
from analyses by ESMS and Edman degradation of peptides
generated by tryptic cleavage of the protein under nonreducing
conditions. Trypsin was used for digestion of HSV gB2t be-
cause of its high degree of specificity and its activity at pH 7 in
the presence of 4 M urea (35). Neutral pH was used to avoid
disulfide interchange. Under alkaline conditions, disulfide
bonds are slowly reduced and disulfide interchange can occur

FIG. 8. ESMS spectrum of fraction 79 (Fig. 2) after treatment with b-ME
and VP. For details on peptide nomenclature and identification by MS, see
Materials and Methods. Each peak is labeled with anm/z ratio and a charge state
designation.

FIG. 9. Partial ESMS spectrum of fraction 79 (Fig. 3) after treatment with
b-ME and VP. The spectrum of ions of m/z lower than 500 was obtained with a
high orifice potential of 140 V as described in Materials and Methods. The ions
of m/z of 204 and 366.2 correspond to N-acetylhexosamine (HexNAc) and N-
acetylhexosamine plus hexose (Hex), respectively. The ion of m/z 106 was gen-
erated by the loss of VP from pyridylethylated cysteine.

FIG. 10. Partial ESMS spectrum of the peptides of fraction 79 treated with
endoproteinase Glu-C. The peptides present in fraction 79 were hydrolyzed by
endoproteinase Glu-C as described in Materials and Methods. The products of
the digestion were analyzed by ESMS without any purification step. The ion of
m/z 788.5 ([MH2]21) corresponds to peptides T14 and T62 linked by a disulfide
bridge between Cys-106 (C2) and Cys-504 (C7). The numbers in parentheses
indicate the positions of the amino acids in HSV gB2t (Fig. 1). ●– – indicates a
carbamylated N terminus. Ions of m/z 733.5 and 775.3 (both [MH]1) correspond
to the peptides 118GIVVFK124 and 511LTLWNE516, respectively, generated by
the digestion of peptide T141T62.
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(40). In the present work, every Cys residue was only found in
a unique disulfide bond, indicating that no disulfide bond re-
arrangement had occurred. At pH 7, however, the cyanate ions
present in urea solution react extensively with the a-amino
group of peptides (19, 42). The carbamylation reaction is par-
tially responsible for the complexity of the chromatogram ob-
tained in the separation of the tryptic peptides (Fig. 3). It
appears, however, that the carbamylation reaction is peptide
dependent. For example, peptides T22, T42, T46, T62, T67,
and T88, containing Cys-180 (C3), Cys-377 (C5), Cys-385 (C6),
Cys-504 (C7), Cys-548 (C8), and Cys-571 (C9), respectively,
were found either with or without the modification. Peptides
T12, T32, and T71, containing Cys-89 (C1), Cys-244 (C4), and
Cys-608 (C10), respectively, were not found to be carbamy-
lated. Despite these challenges, the present work has estab-
lished the complete location of the disulfide bonds of HSV
gB2t. All 10 cysteines of the protein were found to be in
disulfide bridges. These were located between Cys-89 (C1) and
Cys-548 (C8), Cys-106 (C2) and Cys-504 (C7), Cys-180 (C3)
and Cys-244 (C4), Cys-337 (C5) and Cys-385 (C6), and Cys-571
(C9) and Cys-608 (C10). A schematic representation of the
disulfide bond pattern of HSV gB2t is shown in Fig. 12. The
pattern indicates the presence of five disulfide loops, with a
rather large range of residues (38 to 460) per loop. However,
three of these loops (C3-C4, C5-C6, and C9-C10) are formed
between near neighbor cysteines, in agreement with the notion
that cysteines that are close together in sequence preferentially

form disulfide bridges (46). The smallest of all the gB loops,
the C9-C10 loop, can be considered a local disulfide since the
half-cysteine separation is less than 45 residues (46). This re-
gion includes the immunodominant domain of human CMV
gB (49), which is critical for the immunoreactivity of the pro-
tein. It is also of interest to note that the C9-C10 loops of all
gBs of the herpesvirus family contain the most conserved linear
sequence of the entire protein. This always conserved gB se-
quence, GQLGXXNE/D (residues 590 to 597 in HSV gB2t),
might have a functional role.
The disulfide bond between C5 and C6 also merits some

discussions because the integrity of the C5-C6 disulfide bond
appears to be critical for maintaining proper folding of the
molecule. Site-specific mutations of either of these cysteine
residues profoundly alters the structure of the full-length mol-
ecule, with the resultant loss of the presentation of a number of
epitopes mapping proximal to and more distal to this region
(32).
Although HSV gB2 is not cleaved in vivo like the CMV gB

homolog, we have observed that in vitro, 5 to 30% of HSV
gB2t is proteolytically cleaved between Pro-456 and Leu-457
(27), a location that exactly corresponds to the CMV gB cleav-
age site. The fact that the two resulting HSV gB2t fragments
are held together under nonreducing conditions is explained by
the presence of intrachain disulfide bonds between C1-C8 and
C2-C7. The existence of intrachain disulfide bonds between
C1-C8 and C2-C7 in all gBs would also explain why the in vivo
proteolytic cleavage of gBs into two fragments, which occurs
for many members of the herpesvirus family, including human
CMV and varicella-zoster virus (for a review, see reference
26), does not result in the separation of the two parts unless the
disulfide bonds are reduced. The location of the proteolytic
processing site in a peptide bond located between C6 and C7
has been established for the varicella-zoster virus gpII analog
(20), CMV gB Towne strain (41), human herpesvirus 6 gB
(13), and gB of Marek’s disease virus (51). Proteolysis of CMV
gB appears to be mediated by the endoprotease furin (48), but
cleavage does not appear to be essential for gB’s role in initiat-
ing infection for bovine herpesvirus or pseudorabies virus (3, 23).
As noted in the introduction, all 10 cysteines of HSV gB2 are

conserved in all gBs of the herpesvirus family, and all of these
sequences can be aligned by using the cysteine residues. The
alignment of the predicted amino acid sequences of the her-
pesvirus saimiri gB analog with the corresponding glycopro-
teins of human herpesviruses (1) led these authors to suggest
that all gB analogs of the herpesviruses have a highly conserved
secondary structure. We would now like to extend this sugges-
tion by stating that the disulfide bond patterns in all gBs of
herpesviruses are identical to the one reported herein; that is,
intrachain disulfide bonds exist between cysteines in positions
equivalent to C1-C8, C2-C7, C3-C4, C5-C6, and C9-C10.
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