





HSV gB Mutants Are Altered in Fusion Kinetics

FIG 5 Functional region 3 (FR3) and low-rate-of-fusion mutations. (A) (Left) Ribbon structure of gB with hypothetical membrane. The site of the
LL871/872AA mutation in the cytoplasmic tail is shown in a cartoon representation. (Right) Enlarged gB crown with color-coded residues. (B) Ribbon
representation of a gB crown protomer showing residues altered in low-rate-of-fusion mutants and a low-rate-of-virus-entry mutant. (C) Expression of
low-rate-of-fusion mutants on the cell surface. Data are normalized to WT levels. (D and E) All mutants show slower kinetics than the WT in either the

long (D) or the short (E) time course.

the LL871/872AA mutant was significantly higher than that of the
H657R mutant and 300 to 400% higher than that measured for
WT gB (Fig. 7B). Figure 7C shows that by 3 to 4 h post-fusion
triggering, the fusion kinetics of the LL871/872AA mutant slow
down but are still faster than those for WT gB (Fig. 7C). We sug-
gest that gB LL871/872AA is on a “hair trigger,” initiating fusion
almost immediately after coculture.
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In summary, the data confirm that the crown of gB plays a
critical role in gB function and confirm the validity of our original
identification of the crown as a functional region, which was based
on mapping of virus-neutralizing antibodies (12). We also con-
clude that W539F, V5531, E607A, D608A, Q609A, H657R, and
LL871/872AA, which are in different regions of the crown are all
hyperfusogenic mutations but that the specific mechanisms by
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TABLE 2 Rates of fusion for gB crown mutants®
Rate of fusion (% of

WT) at: Total fusion at Time of

Mutant 40-90 min 3-8h 18 h (% of WT) initiation (min)
WT 100 100 100 7
Q584A 17 =5 25 %11 49 =2 10
G594R 65 +7 61 £ 10 78 £ 25 10
F641Y 61 =2 89 +2 91 = 28 11
Y649A 65*5 100 = 10 89 + 20 11
E607A 130 £ 7 181 = 33 100 = 21 7
D608A 120 = 20 190 = 10 101 = 16 7
Q609A 110 = 2 148 = 13 100 = 20 7
W539F 120 = 6 124 = 13 75 + 30 5
V553A 70 = 10 100 = 4 76 = 35 5
V553L 130 = 15 215+ 8 109 += 12 5
H657A 80 £ 8 120 = 18 118 =23 5
H657R 200 = 20 236 = 16 127 = 22 5

“ Rates were calculated from the linear portions of the luminescent curves between 40
and 90 min (RLuc8) or between 3 and 8 h in a long time course (DSP). Total fusion was
determined by the standard endpoint luciferase assay. The data represent averages for at
least three independent experiments, each carried out in duplicate, = standard
deviations. The time of initiation of fusion was defined as the time needed to detect a
luminescent signal at least twice the background level.

which they induce fusion are unknown but are likely to differ.
While the change in the cytoplasmic tail alters its ability to mod-
ulate the activity of the ectodomain (37), the crown mutations
might create local rearrangements of the ectodomain itself that
also favor faster conversion of gB from a prefusion to a postfusion
state.

DISCUSSION

In this report, we used a split-luciferase reporter assay (DSP assay)
(10, 11, 38) to study the effects of mutations in HSV gB on the time
of initiation and the overall rate of fusion. The assay allowed us to
examine fusion within minutes of initiation and to continue to
follow these events over hours. Because of the construction of the
reporter, the half-luciferase genes are joined to half-GFP genes,
which are re-formed during cytoplasmic mixing. We concomi-
tantly followed syncytium formation by luciferase and GFP fluo-
rescence, thereby confirming the validity of the DSP assay for
studying cell-cell fusion caused by the four HSV glycoproteins,
gD, gH/gL, and gB.

We showed previously that gB has four functional regions
(FRs), based on the locations of epitopes for gB-specific virus-
neutralizing monoclonal antibodies (12). Each of these regions
was postulated to be involved in a different phase of function, such
as interaction with gH/gL (23), binding to the cell surface (28),
and membrane association (13, 14, 29, 39). Three of these regions
are within the solved structure, while the fourth (FR4), which
encompasses the first 100 N-terminal residues, is not present in
the structure. Here, we focused on the effects of mutations on the
rates of fusion for two regions: (i) FR1, which includes the two
internal fusion loops (FL1 and FL2) within each protomer, and
(ii) FR3, which forms the crown at the top of the gB trimer in the
postfusion form (13, 14). For WT gB, initiation of cell fusion
could be detected by 7 min, and the rate was constant for 8 h. For
FL1 mutants, the original phenotypes reported using the standard
endpoint fusion assay are now readily explained by the examina-
tion of the rate of fusion by each mutant. We found that, except for
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H177A, all these mutations were associated with severely impaired
rates of fusion at both early and late times, which might explain
the null complementation and reduced total fusion, as measured
by the endpoint luciferase assay, found previously (13, 14). This
suggests that these mutants are damaged at one of the earliest
stages of fusion loop insertion (association), which is essential for
gB function (26). Unexpectedly, however, several FL2 mutants
that we had made, whose total-fusion levels were minimally af-
fected (13, 14), were now found to be impaired in their ability to
initiate fusion. For several of these mutants, we propose that fu-
sion loop association with the lipid membrane is inefficient at the
start of fusion but the damage seems to be less important as fusion
progresses. The data highlight the importance of these residues in
both FLs in FR1 for an early step of gB function, i.e., the proposed
insertion of the fusion loops into the target membrane. Although we
refer to the event as “insertion,” the mechanism of lipid association is
still unknown. For FR3 (crown), we created a large panel of mutants
with single amino acid changes, beginning with mutations that cause
a documented rate-of-entry or fusion phenotype (30, 31). Other FR3
mutants were chosen by using the solved structure of gB as a guide.
The DSP assay identified FR3 mutants with an enhanced rate of fu-
sion, including mutants previously shown to have a high rate of virus
entry (31, 33) and others that resembled the WT in endpoint fusion
assays. Thus, a number of residues in different areas of gB FR3 con-
tribute significantly to the optimal rate of fusion. Finally, we exam-
ined the rate of fusion induced by a double mutant with alterations in
the cytoplasmic tail of gB that corresponds to one of the syn mutants,
which form large syncytia (15). The size of syncytia and the endpoint
luciferase assay have been used in the past to study herpesvirus cyto-
plasmic tail mutants (32, 37, 40). We found that these mutations
markedly speed up the time of initiation (3 min for the syn mutant)
and the initial fusion kinetics, suggesting that the mutations have
deregulated gB so that it now functions on a “hair trigger.” This rate
phenotype helps explain the syncytial phenotype of the virus and
predicts that other gB syn mutants within the cytoplasmic tail will also
exhibit similar fast fusion kinetics. Thus, by using the DSP assay, we
have obtained significant insight into the role played by residues in
two FRs of gB that help to drive HSV glycoprotein-induced cell-cell
fusion.

The titration studies suggest that gB is rate-limiting for fu-
sion, and there is no evidence for a stoichiometric relationship
between gB and gH/gL. Several reports have suggested that gB
and gH/gL form a complex that carries out the fusion process (41,
42). As such, the gB trimer and the gH/gL heterodimer would be
predicted to bind to each other in a stoichiometric fashion, e.g.,
one gH/gL heterodimer per gB protomer or one gH/gL het-
erodimer per gB trimer. Indeed, Vanarsdall et al. (43) have shown
that cytomegalovirus (CMV) gB can be coimmunoprecipitated
with gH/gL from transfected cell extracts. A similar claim has been
made for the HSV homologues (41). In bimolecular complemen-
tation (BiMC) assays, we showed that gH/gL must interact with gB
in order for fusion to occur but that they do not interact before
fusion is triggered by the addition of soluble gD (22, 23). Our
current results using the DSP assay indicate that the rate of fusion
is governed by the amount of gB on the cell surface, i.e., very small
amounts of gD and gH/gL are sufficient to trigger a substantial
rate of fusion provided that the amount of gB on the surface is
optimal. We suggest that there is no need for the formation of a
tight complex between gH/gL and gB of a certain stoichiometry.
However, that does not exclude the possibility that in some cases,
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FIG 6 FR3 and high-rate-of-entry mutants. (A) Ribbon structure of the gB crown. Residues altered in fast-entry mutants are depicted as spheres. (B) All mutants
were expressed at or near WT levels. (C and D) The kinetics of fusion were either WT (C) or enhanced over WT kinetics (D) and were maintained over a long
period. (E) Both hyperfusogenic mutants exhibited a fast phenotype right from the initial stages of fusion.

as with CMV, a more stable complex can and does form. It is
noteworthy that published studies by our lab and others indicate
that fusion occurs when gB and gH/gL are in separate cells (in
trans), as shown for both CMV and HSV (8, 43). Moreover, fusion
can also be triggered by a combination of soluble gD and soluble
gH/gL (gH with no transmembrane anchor) (8). Together, the
data indicate that gH/gL need not be stably bound to gB in order to
be activated and may in fact act in a catalytic manner (8), i.e., one
molecule of gH/gL can activate more than one trimer of gB. The
data also show that the major rate-limiting factor in cell-cell fu-
sion is the amount of functional gB on the cell surface and poten-
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tially in the virion envelope. Furthermore, the optimal WT rate
can be enhanced or inhibited by specific changes to gB. This would
not exclude the possibility that the rate would also be affected,
positively or negatively, by mutations in gH, gL, or even gD. In-
vestigations of how mutations in these proteins alter fusion rates is
under study.

How do syn mutants alter fusion rates? syn mutants are fasci-
natingin their effects on the fusion of HSV-infected cells. As is well
known, HSV does not normally cause syncytia during human in-
fections. Many of the syn mutants with large-plaque phenotypes
have mutations in the cytoplasmic domain of gB (15, 30, 31, 44,

jviasm.org 11341

S92UaI0S [elnNoLIBY Jo Awapedy Buelloyz‘Arelqi] Aq €102 ‘0€ Jaquadaq uo /Blo wse’IAl//:dny wol) papeojumod


http://jvi.asm.org
http://jvi.asm.org/
http://jvi.asm.org/

Atanasiu et al.

A. B. C.
120 - WCELISA 40 - _‘_weTsm 250 - -.-\l{IVJS?R
35 { —=LL871AA ——LL871AA
100 - _ — 200 -
H % 30 H
g 80 g25 € 150
8 3 8 |
& 60 g 20 4
3 815 3 100 -
? 40 ) @
E 10 | E
20 S 5 E 50 1
- -
0 0 + 0 -
S _S_ONVOQQ“ES,‘QQ‘Eg O+~ N®YTWON®

LL871AA

Time post co-culture (min)

Time post co-culture (h)

FIG 7 A mutant with alterations in the cytoplasmic tail of gB exhibits a superhigh initial fusion rate. (A) Surface expression of the LL871/872AA
cytoplasmic tail mutant. (B and C) Kinetics of fusion of the LL871/872AA mutant over the first 20 min (B) or over 8 h (C) in comparison to those of WT

gB and gB H657R.

45). Many other mutants with deletions of residues in the cyto-
plasmic tail or other single or double amino acid changes have a
similar phenotype (35, 37, 40, 57). The LL871/872AA syn mutant
that we studied in this report, though in a cell-cell fusion assay,
showed remarkably enhanced fusion over that of WT gB by an
early time of initiation (3 min). Indeed, as mentioned above, this
mutant appears to be poised to trigger fusion as soon as receptor-
expressing cells are added, and although the kinetics slowed by 2 h
after initiation, the final rate of fusion was still higher than that for
WT gB. Thus, it appears that this mutant and perhaps other hy-
perfusogenic mutants may be at the same energy level, poised to
initiate fusion. We suspect that these mutants may be able to carry
out fusion in the presence of gH/gL and gD in the absence of a gD
receptor. A precedent for this scenario has been described for mu-
tant HSVs that can infect cells in the absence of a gD receptor (34,
46, 47). These viruses have compensatory mutations in gB, gD,
and gH/gL. The question of whether hyperfusogenic mutants can
operate in the absence of a gD receptor warrants further investi-
gation.

The question of how a mutation in the cytoplasmic domain of
gB alters the rate of fusion, which occurs on the cell surface, has
been raised numerous times. Silverman et al. (37) showed that the
cytoplasmic tail of gB is trimeric and that the trimeric structure is
maintained through the transmembrane region and cytoplasmic
parts of gB. Muggeridge et al. (32) also suggested that changes to
the cytoplasmic domain may alter the structure of the ectodo-
main. However, both labs, using conformation-dependent MAbs,
failed to detect structural differences between WT and mutant gB.
This does not exclude the possibility that the conformational
changes in gB during fusion would involve the movement of en-
tire domains that preserve the epitopes for conformational MAbs,
rather than extended local rearrangements.

Rates of fusion may help explain rate-of-entry mutants. A
number of rate-of-entry mutations that map to the ectodomain of
gB have been identified. It is striking that many map specifically to
FR3 (domain IV of Heldwein et al. [4]). These include the G594R
mutation, which slows entry (31), and V553A, which speeds up
entry (30). We found a similar defect in the rate of fusion for
G594R and detected significantly faster cell fusion when V553 was
changed to leucine. Recently, Uchida et al. reported that a double
mutation in gB, D285N A549T, markedly enhanced the rate of
virus entry (34). Residue D285 is in FR1, and A549 is in FR3. Of
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the two mutations, the phenotype was ascribed mostly to A549T,
since this mutation alone was sufficient to enhance infectivity re-
gardless of the cell type or route of entry. We would predict that
A549T, located near W539 and V553 (both with hyperfusogenic
mutants), will lead to fast fusion kinetics and that the D285N
A549T double mutation may further enhance the rate of fusion.
Conversely, it would be interesting to examine the effects of these
high-rate-of-fusion crown mutations on the rate of virus entry
and plaque formation.

A model for prefusion gB provides a basis for understanding
the complex kinetics of gB FR3 mutants. Uchida et al. (34) point
out that structural domain IIT of gB is predicted by models of
prefusion EBV gB to undergo critical changes in conformation as
the protein transitions from a prefusion to a postfusion confor-
mation (3). The rate-of-virus-entry mutations that map to FR3
(V553A) and other mutations in FR3 that positively affect fusion
rates also highlight the potential importance of this region in de-
termining the rate of change from a pre- to a postfusion confor-
mation. In the absence of a structure for prefusion gB, we con-
structed a “prefusion model” of this protein based on the
arrangement of the homologous domains of VSV G in its known
prefusion form (7) and the hypothetical model constructed for
EBV gB (3). Because both forms of VSV G are known, we speculate
that as in VSV G, fusion in HSV is driven primarily by changes in
the positions of the five structural domains of gB relative to each
other, rather than by changes within individual domains. How-
ever, the relative position of the same amino acid in separate
protomers may also change. If our in silico model approximates
reality, then FR3 (and domain III) residues located on the outside
of the postfusion structure likely start out positioned in the center
of prefusion gB. In this model, three copies of H657 sit at the
interface of three protomers pointing toward the central stalk of
another protomer, but each is still solvent exposed (Fig. 8). If this
residue were mutated to arginine, which is essentially always pos-
itively charged, one can imagine that it would cause repulsion
between protomers. This would provide enough force to destabi-
lize this portion of FR3, open it, and drive it more rapidly into
intermediate forms in which this altered residue is more readily
accommodated. Similarly, mutation of residues E607, D608, and
Q609 might destabilize a FR2-FR3 interface, accounting for the
faster kinetics of fusion. However, the initiation of fusion by these
mutants would be very similar to that for WT gB (Table 2), be-
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FIG 8 Proposed model of prefusion gB. The prefusion gB structure was
generated using the MatchMaker program (UCSF Chimera) by aligning
structural domains of postfusion HSV gB to the known structural domains
of the prefusion form of VSV G. H657 (black spheres) is shown. This
residue is located in the center of the prefusion model (front view), covered
by FR2 (green), and on the outside of each protomer in the postfusion
form. The relationships of H657 with other residues in the crown (brown)
and stalk (yellow) change as gB transitions from a pre- to a postfusion
structure; this is more evident in the top views, where only domains IIT
(yellow) and IV (brown) are shown.

cause these residues should be more accessible than H657. We
acknowledge that our VSV G-based model of prefusion gB is far
from perfect, due to differential requirements for accessory pro-
teins (e.g., gH/gL and gD for HSV gB) and pH dependence (abso-
lute for VSV G but cell type dependent for HSV gB). Moreover, we
cannot model gB domain V, because it has no counterpart in VSV
G. However, we believe that this model provides a framework for
understanding the phenotypes of some of our mutants with al-
tered fusion rates.

What are the intermediate steps in fusion going from a trim-
eric prefusion form to the postfusion structure we know? Re-
cently, Albertini et al. (48) presented data suggesting that in con-
trast to its crystal structure, VSV G assumes a monomeric
structure in solution. Indeed, as they point out, it is well estab-
lished that class II fusion proteins “transit from a (homo- or
hetero-) pre-fusion dimer to a post-fusion trimer through an in-
termediate monomer” (reference 48 and references therein; see
also references 49-52, and 53). Based on their own data and on
earlier reports about VSV G, they proposed that VSV G on the
virion surface is present in a structure similar to that of the crys-
tallized prefusion trimer (48). Once VSV virions contact a cell and
are internalized into an acidic endosome, the trimers dissociate
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into monomers and then, at an even lower pH (pH 6 or below),
transition into the postfusion form as fusion is triggered between
an endosomal membrane and the virion envelope containing VSV
G. As we know, the gB trimer can dissociate into monomers at low
pH values (27, 29, 54), and a mechanism similar to that for VSV G
might be at work for gB when HSV is taken up by endocytosis.
However, in some cells, e.g., Vero cells, HSV fusion occurs at the
plasma membrane in a pH-independent manner (55), suggesting
that the fusion pathway is different (i.e., there is no monomeric
intermediate). Alternatively, there might be local pH changes or
compensatory environmental cues on these cells that in some way
make up for the low pH of the endosome.

Clearly, many of the tantalizing questions raised by the studies
reported here can be answered only when we know more about
the prefusion structure of gB. Although recent attempts to stabi-
lize such a form have not succeeded (56), our hypothesis remains
that prefusion gB will bear some resemblance to prefusion VSV G.
In any event, however, the dual split-reporter assay has been very
useful in identifying new phenotypes. Although this assay does not
offer details about hemifusion, pore formation, or pore enlarge-
ment (steps preceding content mixing), its superior ability to mea-
sure fusion (as defined by content mixing) of live cells in real time
should make it the standard for using luciferase-based assays to
study HSV-induced cell fusion.
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