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Crystal Structure of Glycoprotein B
from Herpes Simplex Virus 1
Ekaterina E. Heldwein,1,2* Huan Lou,4 Florent C. Bender,4 Gary H. Cohen,4

Roselyn J. Eisenberg,5 Stephen C. Harrison1,2,3

Glycoprotein B (gB) is the most conserved component of the complex cell-entry machinery of
herpes viruses. A crystal structure of the gB ectodomain from herpes simplex virus type 1 reveals a
multidomain trimer with unexpected homology to glycoprotein G from vesicular stomatitis virus
(VSV G). An a-helical coiled-coil core relates gB to class I viral membrane fusion glycoproteins; two
extended b hairpins with hydrophobic tips, homologous to fusion peptides in VSV G, relate gB to
class II fusion proteins. Members of both classes accomplish fusion through a large-scale
conformational change, triggered by a signal from a receptor-binding component. The domain
connectivity within a gB monomer would permit such a rearrangement, including long-range
translocations linked to viral and cellular membranes.

H
erpes simplex virus type 1 (HSV-1) is

the prototype of the diverse herpesvirus

family, which includes such notable

human pathogens as cytomegalovirus (CMV),

Epstein-Barr virus (EBV), andKaposi_s sarcoma–
associated herpesvirus (KSHV). Herpesvi-

ruses have an envelope, an outer lipid bilayer,

bearing 12 surface glycoproteins. To deliver the

capsid containing the double-stranded DNA

genome into the host cell, HSV-1 must fuse its

envelope with a cellular membrane. Among

viral glycoproteins, only gC, gB, gD, gH, and

gL participate in viral cell entry, and only the

last four are required for fusion (1–4). All

herpesviruses have gB, gH, and gL, which

constitute the core fusion machinery (5). Of

these, gB is the most highly conserved.

The virus attaches to a cell through a non-

essential interaction of gC with heparan sulfate

proteoglycan and through an essential interac-

tion of gD with one of three cellular receptors:

nectin-1, herpesvirus entry mediator (HVEM),

or a specifically modified heparan sulfate (6).

Crystal structures of the soluble ectodomain of

gD, unbound and in complex with the ectodo-

main of HVEM (7, 8), show that binding of gD

and receptor causes the former to undergo a

conformational change in which a C-terminal

segment of the ectodomain polypeptide chain is

released from a strong intramolecular contact.

The liberated C-terminal segment may interact

with gB or the gH/gL complex to trigger molec-

ular rearrangements and, ultimately, fusion. The

precise functions of gB and gH/gL are unknown.

Both are required for entry, and either or both

presumably receive the signal from gD and re-

spond by undergoing a conformational change;

gD itself is thought not to participate in the fusion

process (9, 10). Neither gB nor gH/gL has an

obvious fusion peptide, but an indication that

gB might be a fusion effector comes from the

notable syncytial phenotype caused by certain

mutations within the cytoplasmic domain of gB

(1, 11–13).

HSV-1 gB is a 904-residue protein. In the

work reported here, we determined the crystal

structure of a nearly full-length ectodomain of

gB, residues Asp103 to Ala730 (14) (Fig. 1).

Various features of the structure suggest that it

is a fusion effector, an inference strengthened

by its notable and unanticipated similarity to

the structure of the fusion glycoprotein Gr of

vesicular stomatitis virus (VSV), described in

an accompanying paper (15). Domains that
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Fig. 1. (A) Domain architecture of gB. Domains observed in the crystal structure are highlighted in
different colors, and their corresponding first residue positions are shown. (B) Ribbon diagram of a single
gB protomer. The domains are rendered in colors corresponding to (A). Labeled residues (26) indicate the
limits of individual domains and the disordered loop in domain I. Residues Arg661 to Thr669 of the shown
protomer are in gray because they belong to domain III of a neighboring protomer. Residues Arg661 to
Thr669 of the other neighboring protomer are included here and shown in yellow, because they contribute
to a sheet in domain III of the shown protomer. Disordered segments are shown as dots of appropriate
color. Disulfides are shown in ball-and-stick representation. Cysteines are numbered according to (A) and
fig. S2. (C) gB trimer. Protomer A is the same as in (B). Protomer B is shown in white and protomer C in
gray. (D) Accessible surface area representation of gB trimer. The coloring scheme is the same as in the
rest of Fig. 1. Images were generated with the use of MOLSCRIPT (27) and SPOCK (28).
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cover the lateral surfaces of the gB spike are

suspended by extended segments of poly-

peptide chain from the membrane-distal end

of the molecule (Fig. 1), suggesting a mecha-

nism for a fusogenic conformational change.

The crystal structure of the HSV-1 gB

ectodomain, refined at 2.1 ) resolution, con-

tains three protomers designated A, B, and C.

Disordered regions correspond to È10% of the

polypeptide chain. Trimeric gB is a spike with

approximate dimensions of 85 ) by 80 ) by

160 ). The bulk of each protomer, residues

Ala111 to Thr669, coils around the others with a

left-handed twist (Fig. 1). Each protomer

extends a C-terminal arm from one end of the

molecule to the other, inserting it into the

junction between the other two protomers (Fig.

1). There is no trimerization domain per se;

instead, multiple contacts between protomers

throughout the molecule contribute to trimer

stability. The 10 cysteines per subunit form five

disulfide bonds, all intramolecular. Their pair-

wise assignments in our structure agree with

those previously determined by mass spectrom-

etry for a homologous HSV-2 gB (16).

Each protomer can be divided into five dis-

tinct regions or domains: I, base; II, middle; III,

core; IV, crown; and V, arm (Fig. 1 and fig. S1).

Residues Pro134 to Asn141 and Val492 to Ser499

are linkers between domains II and III.

Domain I is composed of a continuous poly-

peptide chain, residues Ile154 to Val363 (Fig. 1).

It has the fold characteristic of a pleckstrin-

homology (PH) domain (17, 18), a b sandwich

composed of two nearly orthogonal b sheets of

four and three strands, respectively (Fig. 2). In

cytoplasmic signaling pathways, proteins with

this fold serve as scaffolds to allow phospho-

inositide and peptide binding. The helix that in

a canonical PH domain normally covers one

opening of the b sandwich is replaced in domain

I by a long loop and short helix. An insertion of

residues Tyr165 to Ile272 between strands b4 and

b11 creates a curving subdomain at the base of

the trimer (Fig. 2). This latter subdomain consists

of a four-strand b sheet (with three long strands

and one short strand), the convex side of which

is covered with an a helix, a b hairpin, and a

short two-strand b sheet. This subdomain has no

previously described structural relatives (19).

Domain II comprises two discontinuous seg-

ments, residues Tyr142 to Asn153 and Cys364 to

Thr459 (Fig. 1). At its center is a six-strand b
barrel reminiscent of the PH superfold, with

strand b5 of the canonical PH domain missing

(Fig. 2). In its place, there is a helix-strand in-

sert on the outer face of the barrel. The entire

domain I is inserted between strands b3 and

b17, the first and second strands of domain II.

Residues Leu460 to Ser491 in protomers A and C

and residues Glu462 to Ser491 in protomer B are

disordered. Tryptic cleavage between Arg474

and Lys475 has probably destabilized this loop,

which lies on the outer margin of domain II and

which is the locus of a posttranslational cleav-

age in some herpesviruses, such as HCMV (20).

The loop is at least partially ordered in crystals

of uncleaved gB ectodomain (14).

Domain III contains three discontinuous seg-

ments, residues Pro117 to Pro133, Ser 500 to

Thr572, and Arg661 to Thr 669 (Fig. 1). It has a

long, 44-residue a helix followed by a short

helix and a small, four-strand mixed b sheet.

The long helix and its trimeric counterparts

form the central coiled-coil. Residues Arg661 to

Thr669 of the outer b strand do not belong to

the same polypeptide chain but instead to a

neighboring protomer. This region, which is not

a domain in the strict sense of an independent

folding unit, contributes many of the essential

trimer contacts.

Domain IV comprises two discontinuous seg-

ments, residues Ala111 to Cys116 and Cys573 to

Ser660 (Fig. 1). These segments are linked by a

disulfide bond, C1 to C8. This domain has no

previously described structural relatives (19).

Domain V, residues Phe670 to Ala725,

stretches from top to bottom of the molecule as

a long extension (Fig. 1). Residues in this seg-

ment have no contact with the rest of the poly-

peptide chain of the same protomer but rather

fit into the groove between the core domains of

the other two protomers, probably reinforcing

the trimer interactions.

gB is the most conserved herpesvirus entry

glycoprotein (fig. S2). Our structure accounts

well for the regions of high and low sequence

variation. Thus, the structure of HSV-1 gB can

be taken to represent the structure of all herpes-

virus gB proteins, and in analyzing properties

such as antigenicity, we can map results from

various herpesviruses onto it. Figure 3 shows

several epitopes of neutralizing monoclonal

antibodies against HSV and HCMV. All epi-

topes map to the surface, along the lateral faces

of the spikes and on the tip of the crown.

Although the majority of the epitopes are

located far from either end of the molecule,

two virus-neutralizing monoclonal antibodies to

HSV, both of which recognize the same epi-

tope, map to domain IV, directly on the crown

end (21) (Fig. 3). In addition, residues Pro575 to

Gln658 are homologous to antigenic domain 1

in HCMV gB, which is a dominant neutralizing

epitope (22). Thus, we propose that on the sur-

face of the virions, gB is oriented such that

domain IV is fully exposed.

The gB ectodomain fragment we have

analyzed lacked residues Ala31 to Arg102 and

Met731 to Asn773. Trypsin cleavage before crys-

tallization separates residues Ala31 to Arg102,

which are poorly conserved and relatively un-

structured, from the rest of the molecule, prob-

ably because this segment, which contains a

heparan sulfate interaction site (23), is not firmly

anchored. We have determined a lower resolu-

tion (3.5 )) structure of an uncleaved ectodo-

main trimer, residues Ala31 to Ala730 (14); the

conformation of residues Thr109 to Ala725 is

essentially the same as in the crystals of trypsin-

treated ectodomain, and the residues Ala31 to

Asn108 are disordered. The membrane-proximal

region of the intact ectodomain, residues Met731

Fig. 2. Side-by-side
comparison of domains I
and II with a PH domain
from the B-lymphocyte
adaptor protein DAPP1
(PDB identification num-
ber 1fao). The three do-
mains are shown in the
same orientation. The
alignment was carried
out with the use of
LSQMAN (29). (A) Do-
main I. PH-like subdo-
main, residues Ile154 to
Thr162 and Glu275 to
Val363, is shown as a cyan
ribbon. Disordered resi-
dues Asp329 to Thr337 are
shown as dots. Residues
that do not belong to the
PH-like subdomain, Met163 to Glu274, are shown in a lighter color. (B) Domain II. Disordered residues Leu460 to
Ser491 are not shown. (C) PH domain of DAPP1. The numbering scheme for the b strands follows PH domain
convention. Strands b4-b11-b12-b13-b14-b15 of domain I and b3-b18-b19-b20—b22-b23 of domain II
correspond to strands b1-b2-b3-b4-b5-b6-b7 of the PH domain in DAPP1. Domain I residues Ile154 to
Asp167 and Cys271 to Val363 superimpose on DAPP1 residues Pro162 to Trp250, with a root mean square
deviation (RMSD) of 2.0 Å between 39 structurally equivalent Ca atoms. Domain II residues Tyr142 to Lys151

and Cys364 to Asn458 superimpose on DAPP1 residues Pro162 to Trp250, with a RMSD of 1.68 Å between 41
structurally equivalent Ca atoms. Domain I and domain II superimpose with a RMSD of 1.77 Å between 41
structurally equivalent Ca atoms. (D) Close-up of the tip of domain I, as if viewing from the right the lower
part of the structure in (A). Selected residues (labeled) are shown in ball-and-stick representation.
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to Asn773, is very hydrophobic. This character-

istic suggests that it lies against the membrane,

perhaps forming a pedestal for the rest of the

trimeric ectodomain.

The complex architecture of the gB ectodo-

main identifies it as a homolog of VSV G,

described in the accompanying paper (15). The

VSV G ectodomain is smaller and more com-

pact than gB, but the individual domains are

structurally homologous (fig. S3) and their

spatial relations correspond remarkably closely.

The most obvious similarities include the elon-

gated structural element that includes domains I

and II of gB (corresponding to domains IV and

III, respectively, in VSV G), the PH domain–like

fold of domain II (domain III in VSV G), the

central helix of domain III of gB (domain II of

VSV G), the order of strands of gB domain IV

(domain I of VSV G), and the location of the C

terminus adjacent to the putative fusion loops.

G, the sole surface protein on VSV, is the

viral fusogen. It contains an internal fusion

loop, identified by membrane photolabeling

experiments (24) as the segment correspond-

ing to the tip of our domain I. G undergoes a

reversible, fusion-activating conformational

change at low pH; the structural correlates of

this change have not yet been mapped. The

similarity to VSV G strongly suggests that gB

is the effector of fusion in herpesviruses and

that aspects of the fusion mechanisms proposed

for other viral fusion proteins apply. The two

loops at the tip of domain I, corresponding to

the fusion peptide segments in VSV G, contain

hydrophobic residues, including an exposed

phenylalanyl side chain and a tryptophanyl side

chain that could rotate into an exposed position

(Fig. 2). This tip could insert into the interface

between head groups and hydrocarbons in a

lipid bilayer, in the same way that the class II

viral fusion loops insert (25). Nevertheless, the

conformation of the fusion loops appears sub-

optimal for membrane insertion, and we antic-

ipate that local conformational changes will

expose more hydrophobic residues.

An important characteristic of viral fusion

effectors is triggered conformational rearrange-

ment. In most cases, the transition is irre-

versible, and the structural change dramatic.

Because the VSV G transition appears to be

reversible and because the protein is a trimer in

both states, the structural differences between

the two states might be less striking. The

structure of VSV G described in the accom-

panying paper is probably the postfusion form.

Which state of gB does our structure represent?

The epitopes for neutralizing antibodies all map

to the surface of the protein in the conformation

present in our crystals (Fig. 3). In particular,

the major neutralizing epitope for HCMV gB

lies on the outer face of the crown (domain

IV). Neutralizing antibodies should recognize

the prefusion conformation of gB, and we

might expect that at least some of the epitopes

would be absent from the surface of the protein

in a postfusion conformation. Nonetheless, a

number of other features suggest that our

structure represents a postfusion state, consist-

ent with its similarity to the low-pH form of

VSV G. The critical characteristic of all

postfusion structures, in both class I and class

II fusion proteins, is adjacency of the fusion

peptide and the C-terminal transmembrane

anchor. The fusion peptide inserts into the

target-cell membrane; the transmembrane an-

chor crosses the viral membrane, and the

transition to proximity forces the two mem-

branes together. The putative gB fusion loops

are indeed adjacent to the C-termini of the

polypeptide chains of the fragment we have

crystallized, but there are about 45 additional

residues not present in the expressed fragment

that intervene between its terminus and the

transmembrane segment. Uncertainty about the

disposition of this intervening peptide thus makes

it difficult to conclude where the transmembrane

anchor will be relative to the tip of domain I. The

peptide could be analogous to the stem of

flavivirus fusion proteins: a hydrophobic element

that forms a pedestal against the membrane in the

prefusion state and zips up along the trimer in the

transition to a postfusion state.

Some unusual features of the gB structure

suggest that it has evolved to unfold and

refold like other viral fusion proteins. Do-

Fig. 3. Accessible surface of
the gB ectodomain in semi-
transparent rendering in a
side view (A) and a top view
(B). The underlying poly-
peptide chains are shown as
white worms. Three groups of
epitopes of the neutralizing
antibodies are shown. Group
1 contains epitopes in HSV-1
gB identified by isolating
single–amino acid monoclo-
nal antibody (mAb) resist-
ance mutants. These are
residues Ala315 and Arg328

(mAb H233), shown in blue;
residues Tyr303 (mAb H126),
Arg304 (mAb H1375), Glu305

(mAb B4), and His308 (mAb
H1435), shown in red; and
residue Gly594 (mAbs B2
and B5), shown in green
(21, 30–32). Group 2 con-
tains epitopes in HSV-1 gB
identified by peptide mapping using enzyme-linked immunosorbent assays (ELISAs). These are residues
Ala390 to Gly410 (mAb H1838), shown in cyan; residues Pro454 to Ser473 (mAb H1781), shown in yellow; and
residues Ser697 to Ala725 (mAbs SS106 and SS144), shown in orange (14). Group 3 contains epitopes in
HCMV gB identified by peptide mapping using ELISAs. These correspond to HSV-1 residues Pro593 to Val602,
Ala629 to Thr642 (mAbs ITC48, ITC52, ITC63B, and ITC63C), and Glu631 to Val648 (mAb 7-17), all shown in
purple (33, 34). The orientations were chosen to show all the epitopes and were derived from the
orientation in Fig. 1 by rotating the molecule about the vertical axis by È45- to the left.

Fig. 4. Schematic model of gB, il-
lustrating how it could refold in a
umbrellalike fashion. (A) Structure de-
termined in this work. Domains are
shown schematically by using the color
scheme in Fig. 1. The membrane-
proximal regions are shown as brown
lines. Transmembrane regions are
shown as brown cylinders. (B) The
linkers leading into and out of the
domain I-II module would permit a
large-amplitude rotation. The structure
described here might represent either
the starting point or the endpoint of
such a translocation, and thus it might
have either a prefusion or a postfusion
conformation (double-headed arrow).
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mains I and II, which decorate the lateral

surface of the trimer, are suspended from the

rest of the molecule by curiously extended

polypeptide segments (Fig. 1 and Fig. 4).

Moreover, they trap the almost fully extended

domain V of another monomer. The segment

that leads downward into domain II is

anchored at the top by a disulfide bond to

the coiled-coil, C2 to C7. The segment that

leads out of domain II and into the coiled-coil

contains the long disordered loop that is

cleaved in CMV. These two linker segments

would permit large motions of the domain I-II

fusion module, as suggested in the diagram

(Fig. 4). The putative fusion loops at the tip

of this module could swing through a sub-

stantial arc.

Despite the notable homology between gB

and VSV G, the two proteins have some

functional differences. Unlike VSV G, gB

alone is not sufficient for viral entry; all

herpesviruses also require gH and gL. The

trigger for HSV fusion is, at least in part, the

rearrangement of gD induced by receptor

binding. Receptor-mediated release of the

gD C terminus would allow it to contact

another HSV glycoprotein involved in entry,

e.g., the peripherally located, PH-like do-

mains I and II of gB. It is possible that gH/gL

restrains gB in a prefusion state; the ex-

posed gD C terminus might then interrupt

this inhibitory contact at least in the case of

alphaherpesviruses. Whatever the mecha-

nism, the structure of gB identifies it as the

fusogen and shows it to have the properties

needed for a fusion-promoting conformation-

al rearrangement.
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A Bacterial Virulence Protein
Suppresses Host Innate Immunity to
Cause Plant Disease
Kinya Nomura,1 Sruti DebRoy,1 Yong Hoon Lee,1 Nathan Pumplin,1

Jonathan Jones,2 Sheng Yang He1*

Plants have evolved a powerful immune system to defend against infection by most microbial
organisms. However, successful pathogens, such as Pseudomonas syringae, have developed
countermeasures and inject virulence proteins into the host plant cell to suppress immunity and
cause devastating diseases. Despite intensive research efforts, the molecular targets of bacterial
virulence proteins that are important for plant disease development have remained obscure. Here,
we show that a conserved P. syringae virulence protein, HopM1, targets an immunity-associated
protein, AtMIN7, in Arabidopsis thaliana. HopM1 mediates the destruction of AtMIN7 via the host
proteasome. Our results illustrate a strategy by which a bacterial pathogen exploits the host
proteasome to subvert host immunity and causes infection in plants.

M
any plant and human pathogenic

bacteria rely on an essential virulence

system—the type III secretion system—

to inject virulence effector proteins into the

host cell to cause infection (1–3). Recent

research has documented the ability of effec-

tor proteins of mammalian pathogenic bacteria

to modulate host cytoskeleton dynamics,

membrane composition, vesicle trafficking,

and host immunity (4). In contrast, very little

is known about the molecular mechanisms by

which bacterial effector proteins induce dis-

ease in plants. Emerging evidence suggests

that a major function of these effector proteins

is to suppress host immune responses in

susceptible plants (5–11). However, the mech-

anisms by which effector proteins subvert host

immune responses are poorly understood at the

molecular level.

Pseudomonas syringae infects a wide

range of economically important plant spe-

cies. All of the examined P. syringae strains

contain a common genomic pathogenicity is-

land, which is composed of type III secretion–

associated hrp/hrc genes, an exchangeable

effector locus, and a conserved effector locus

(12). A partial deletion of the conserved ef-

fector locus in the DCEL mutant of Pst

DC3000 resulted in a notable reduction of

the bacterial population and the complete

elimination of disease symptoms (necrosis

and chlorosis) in infected tomato and Arabi-

dopsis plants (12, 13). The severe virulence

defect in the DCEL mutant bacteria is caused

by the deletion of the functionally redundant

1Department of Energy Plant Research Laboratory, Depart-
ment of Plant Biology, Michigan State University, East
Lansing, MI 48824, USA. 2Sainsbury Laboratory, John Innes
Centre, Norwich Research Park, Norwich NR4 7UH, UK.
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