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ABSTRACT The envelope glycoprotein I (gI) of herpes simplex virus 1 (HSV-1) is a
critical mediator of virus-induced cell-to-cell spread and cell-cell fusion. Here, we re-
port a previously unrecognized property of this molecule. In transfected cells, the
HSV-1 gI was discovered to induce rod-shaped structures that were uniform in width
but variable in length. Moreover, the gI within these structures was conformationally
different from the typical form of gI, as a previously used monoclonal antibody
mAb3104 and a newly made peptide antibody to the gI extracellular domain (ECD)
(amino acids [aa] 110 to 202) both failed to stain the long rod-shaped structures,
suggesting the formation of a higher-order form. Consistent with this observation,
we found that gI could self-interact and that the rod-shaped structures failed to rec-
ognize glycoprotein E, the well-known binding partner of gI. Further analyses by de-
letion mutagenesis and construction of chimeric mutants between gI and gD re-
vealed that the gI ECD is the critical determinant, whereas the transmembrane
domain served merely as an anchor. The critical amino acids were subsequently
mapped to proline residues 184 and 188 within a conserved PXXXP motif. Reverse
genetics analyses showed that the ability to induce a rod-shaped structure was
not required for viral replication and spread in cell culture but rather correlated
positively with the capability of the virus to induce cell fusion in the UL24syn
background. Together, this work discovered a novel feature of HSV-1 gI that may
have important implications in understanding gI function in viral spread and
pathogenesis.

IMPORTANCE The HSV-1 gI is required for viral cell-to-cell spread within the host,
but the molecular mechanisms of how gI exactly works have remained poorly un-
derstood. Here, we report a novel property of this molecule, namely, induction of
rod-shaped structures, which appeared to represent a higher-order form of gI. We
further mapped the critical residues and showed that the ability of gI to induce rod-
shaped structures correlated well with the capability of HSV-1 to induce cell fusion
in the UL24syn background, suggesting that the two events may have an intrinsic
link. Our results shed light on the biological properties of HSV-1 gI and may have
important implications in understanding viral pathogenesis.

KEYWORDS rod-shaped structures, cell-cell fusion, cell-to-cell spread, glycoprotein I
(gI), herpes simplex virus, membrane tubulation

Herpesviruses within the family Herpesviridae pose a huge threat to the health of
both humans and animals. This class of large DNA viruses can be divided into three

subfamilies, including Alphaherpesvirinae, Betaherpesvirinae, and Gammaherpesvirinae
(1). Of them, herpes simplex virus 1 (HSV-1) is an alphaherpesvirus that can cause a
variety of human diseases, including cold sore, ocular keratitis, genital herpes, herpes
encephalitis, neonatal herpes, and Alzheimer’s diseases (2–5). Upon infection within a
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host, this virus can disseminate rapidly and efficiently from infected to neighboring
uninfected cells through lateral cell-cell junctions, a mode of transmission that is
termed “cell-to-cell spread” (CCS) (6). Notably, CCS is also critical for HSV latent infection
and reactivation (7, 8). HSV-1 initiates infections in skin and mucosal epithelial cells and
then spreads to peripheral sensory neurons to establish a latent infection. Similarly,
virions produced following reactivation of latent infections are transmitted to epithelial
cells via the same junctional connections (6, 7, 9, 10). The process for HSV-1 CCS is
complex and requires many viral proteins, including viral core fusion complex gB, gD,
and gH/gL, as well as other accessory proteins that are not necessary for virus entry,
such as heterodimer gE/gI (9–18), US9 (14, 15, 19, 20), gK (19, 20), and so on.

The focus of this report is HSV-1 envelope glycoprotein gI, a type I transmembrane
protein that contains a signal peptide (SP), an extracellular domain (ECD), a membrane-
spanning region (TM), and a cytoplasmic tail (CT) (21). HSV gI is notable for size
variations in its extracellular domain, particularly near the transmembrane region
among different HSV strains (22, 23). In addition, it interacts with gE to form a
heterodimer (gE/gI) (24–27). Past studies have suggested that gE/gI serves as a multi-
functional executor during infection. It can function as the Fc receptor of antibodies
(24), in which gI itself does not bind to IgG, but its interaction with gE can dramatically
increase the affinity of gE with antibodies (21). The Fc receptor may interfere with
antibody-related host defense (28–31). Antibodies specific for HSV-1 antigens can be
simultaneously bound at the surface of infected cells to gE/gI via their Fc region and to
a cell surface antigen by their antigen-binding fragments (Fabs) (25, 28, 29). This
process, known as antibody bipolar bridging (ABB), may be a strategy to prevent the
host from utilizing anti-HSV-1 antibodies in immune responses (25, 28, 29). The gE/gI
complex is also involved in secondary envelopment (32, 33). Deletion of either gI or gE
does not affect significantly viral replication, but simultaneous deletion of gE and gD
leads to a severe defect in virion biogenesis (33). The third function of the gE/gI
heterodimer is its requirement for HSV-induced cell fusion, leading to generation of
giant multinucleated cells (34–36). In cell cultures, wild-type (WT) HSV-1 rarely induces
syncytia, while mutations in genes encoding gB (UL27), gK (UL56), UL20, or UL24 can
give rise to this property (37–40). However, it is becoming increasingly clear that gE and
gI behave a little bit differently for syncytial formation. Although gE is required for all
types of syncytial formation, gI is needed only in the context of UL24syn background
(40). Last, most importantly, gE/gI promotes the sorting nascent virions to cell junctions
and facilitates the viral spread across cell junction (7, 9–11, 13–16, 18). In mice, viral
mutants lacking gI or gE produce smaller or barely perceptible punctate lesions, are
cleared rapidly from the inoculation site, and reach low and transient titers in sensory
ganglia (16, 41–43).

Despite considerable efforts in the past, we still do not know much about the
biology of gI and how gI executes its function during infection. Our study here began
with the exploration of the intracellular distribution of gI in transfected cells. We quickly
discovered a novel phenotype of gI, namely, the induction of rod-shaped structures. We
subsequently probed the nature and molecular determinants of the gI rods and then
explored their significance in viral replication, spread, and cell-cell fusion.

RESULTS
Induction of rod-shaped structures by HSV-1 gI. To understand the biological

properties of gI, we started with analyzing its subcellular localization in transfected cells
by using HSV-1 KOS strain gI as a model protein that has a size of 383 amino acids (aa)
(Fig. 1A). To facilitate staining, gI was tagged with a c-Myc epitope at its C terminus to
create a construct gI-myc. In transfected Vero cells, the immunofluorescence staining
by anti-Myc antibodies revealed three different distribution patterns (Fig. 1B). The first
represented the typical localization pattern in which gI was stained on the nuclear
membrane and in the cytoplasm as speckles (Fig. 1B, left). In some cells, gI accumulated
at cell junctions (Fig. 1B, middle). Unexpectedly, gI was found to induce some rod-
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shaped structures in the cytoplasm (Fig. 1B, right), a property that was not described
before, and about 40% of cells expressing gI showed this phenotype.

This observation was further verified by another construct, gI-green fluorescent
protein (GFP), in which the GFP was fused to the cytoplasmic tail of gI (Fig. 1C, left). To
rule out any adverse effect of foreign tags on the protein structure, the untagged
version of gI was transiently expressed and probed with gI polyclonal antibodies
(UP1725) to the extracellular domain. Again, we made the same observation (Fig. 1C,

FIG 1 Induction of rod-shaped structures by HSV-1 gI. (A) Diagram of domain organization of HSV-1 KOS strain
glycoprotein gI. (B and C) Vero cells were transfected to express HSV-1 gI-Myc, gI-GFP, and untagged gI. At 18 to
24 h posttransfection, the cells were fixed, permeabilized, and revealed by antibodies specific for the Myc tag, gI
antigen, and HA tag or by GFP fluorescence. DAPI was used to stain cell nuclei (blue). The representative images
were captured with a Leica confocal microscope and processed by using ImageJ. The percentage of cells showing
rod-shaped structures relative to total gI-positive cells is also shown in the pictures. (D) HaCaT cells grown on
coverslips were infected with WT HSV or the mutant gI P184&188S at an MOI of 0.1 at 37°C. After 1 h of incubation,
the cells were rinsed with PBS and supplemented with fresh infection medium. At 24 h postinfection, the cells were
fixed and stained with rabbit polyclonal antibodies against gI and mouse monoclonal antibodies against gE (red)
as indicated. The rest of the steps were the same as panels B and C.
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right). This finding was also extended to BHK-21 and HeLa cells (data not shown). As a
control, the pseudorabies virus glycoprotein I did not show this property but rather
displayed the typical distribution pattern of a viral glycoprotein (data not shown). Thus,
the induction of rod-shaped structures by HSV-1 gI is virus specific, irrelevant to the
foreign tags, and independent of cell types.

To investigate whether the rod structure can be induced in virus-infected cells, the
HSV-1 KOS strain was used to infect HaCaT and Vero cells at a multiplicity of infection
(MOI) of 0.1. The gI rod structures could be observed in infected HaCaT cells but with
a low frequency of about 4.5% (Fig. 1D, top). Interestingly, they were rarely seen in Vero
cells (data not shown). These results are not surprising, as the ability of gI to induce the
rod-shaped structures is probably subject to regulation by viral factors during infection,
a condition that is much more complex than expression alone in transfected cells.

Analysis of the nature and dimensions of the gI rod structures. The gI rod-
shaped structures were quite uniform in width but variable in length; some were very
short rods, while some were long enough to cross the cytoplasm of a eukaryotic cell
(Fig. 1). Examination at higher magnification revealed the structural details of the rods
that were heavily stained on both sides but less stained in the middle region (Fig. 2A,
left), while the information on both ends of the rods was not clear, which awaits to be
further explored by superresolution microscopy in the future. Quantification analysis
revealed that the number per cell of gI rod-shaped structures ranged from 1 to 80 with
an average number of 24.5 and that there existed an approximately normal distribution
of the rod number per cell versus percentage of cells having rods (Fig. 2B). Further
analysis by three-dimensional reconstruction showed that the rod-shaped structures
are not cylinders but, rather, cuboids (Fig. 2C). The gI rods varied from 1 to 10 �m in
length with an average size of about 3.6 �m, while in most cells, they ranged from 2 to
5 �m (Fig. 2D). On the other hand, the width and height were quite uniform with an
estimated dimensional parameter of 0.5 � 0.1 �m (width) by 0.3 � 0.1 �m (height).
Thus, the gI rods appear to be quite regular structures.

The gI within the rod-shaped structures exhibits a conformational difference
from the typical form of gI. To probe the nature of the gI rods, we used a mouse
monoclonal antibody, mAb3014, that was previously used for studying gI (21, 24). To
our surprise, this antibody gave only a typical staining pattern of gI (Fig. 3A); it was not
able to label the long rod-shaped structures, but rather the very short ones that showed
a good colocalization relationship with that stained by anti-Myc antibody (Fig. 3A). In
contrast, the gI polyclonal antibodies (UP1725) against the gI extracellular domain
could label the rod-shaped structures that colocalized well with those by anti-Myc
antibody (Fig. 3B). Thus, there exists a structural difference between the gI within the
rods and the typical gI.

The sequence that gI mAb3104 recognizes is unclear, but previous studies suggest
that the binding site is located within the gI region aa 43 to 200 and is probably
conformation dependent (21). To further probe the structural difference, we made 5
rabbit polyclonal peptide antibodies against 5 different regions of gI (Fig. 4A), including
aa 38 to 59, aa 110 to 149, aa 168 to 202, aa 203 to 262, and aa 326 to 383. These five
polyclonal antibodies (pAbs) were subsequently named anti-gI(38-59), anti-gI(110-149),
anti-gI(168-202) and anti-gI(203-262), and anti-gI(326-383). The probing results showed
that three antibodies, including anti-gI(38-59), anti-gI(203-262), and anti-gI(326-383),
could recognize rod-shaped structures that colocalized with those by the anti-Myc
antibody (Fig. 4B, E, and F). In contrast, the other two antibodies against the middle
region of the gI extracellular domain, including anti-gI(110-149) and anti-gI(168-202),
could only recognize the typical form of gI (Fig. 4C and D). This result is consistent with
that of mAb3104.

gI is a well-known binding partner of gE, and the interaction region for gE has been
previously mapped to the middle region (aa 128 to 145) of the gI extracellular domain
(21). According to the above results, this region of gI appears to be buried in the
rod-shaped structures, perhaps driving their assembly. Hence, we predicted that the
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rod-shaped structures will not be able to interact with gE. Indeed, within the Vero cells
coexpressing gE and gI, gE formed the typical speckles that resembled structures of ER
or Golgi and colocalized well with the typical form of gI, but not the rod-shaped
structures (Fig. 5). Thus, this result provides further evidence of the conformational
change of gI as a result of formation of the rod-shaped structures, in which the
antigenic epitopes with the middle region of gI (aa 110 to 202) are probably buried
inside, while the regions aa 38 to 59 and aa 203 to 262 are exposed outside.

Evidence for gI self-interaction. The gI rod-shaped structures resemble the mor-
phology of tobacco mosaic virus (TMV) in which a single capsid protein homo-
oligomerizes into higher-order structures. The very regularity of gI rods suggests that
HSV-1 gI may have the potential to self-interact, a property that has not been reported
before. To test this hypothesis, we performed a relocalization assay in which the
cytoplasmic tail of gI is tagged with a microtubule localization signal (MT) to make a
construct gI-MT-myc. In transfected cells, gI was targeted to form microtubule-like
filaments (Fig. 6A). When coexpressed, we found that gI-GFP followed the same pattern
of gI-MT-myc and became colocalized well with gI-MT-myc (Fig. 6B), while gI-GFP did

FIG 2 Analysis of the number, size, and dimensions of HSV-1 gI rod-shaped structures. Vero cells were
transfected to express gI-Myc or gI-GFP. At 18 to 24 h posttransfection, the cells were fixed, permeab-
ilized, and stained with antibodies to Myc epitope tag (for cells expressing gI-myc). DAPI was used to
stain cell nuclei (blue). The representative images were captured with a Leica confocal microscope and
processed by using ImageJ and Imaris. (A) Images of gI-GFP and gI-myc at higher magnification. (B)
Statistical analysis of the number per cell of gI rods. The y axis indicates the percentage of cells having
rod structures, and the x axis indicates the number range of rods per cell. (C) Three-dimensional
reconstruction of gI rod structures by Imaris software. The size bars are indicated. (D) Quantification
analysis of the length of rod structures. The y axis indicates the percentage of cells having rod structures,
and the x axis indicates the length range of rods.
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not show this pattern when expressed alone (Fig. 6A). As a control, gI-GFP did not
respond to gD-MT-myc (Fig. 6B, bottom), suggesting the interaction specificity and that
the MT signal is not the factor for interaction. Consistent with this, gI-GFP colocalized
well with gI-myc and could be assembled into the same rod-shaped structures (Fig. 6C).
We also performed a coimmunoprecipitation assay (co-IP) and found that gI-myc could
be coimmunoprecipitated by antibodies to the HA epitope targeting gI-HA (Fig. 6D).
Thus, we provided two lines of evidence for gI self-interaction.

Analysis of the origin of gI rod-shaped structures. The fact that gI is a membrane
protein strongly suggests that it is able to tubulate intracellular membranes as it
assembles into rods. To probe the membrane origin, we first investigated the impor-
tance of the gI signal peptide. The N-terminal signal peptide sequence of gI was
replaced with various subcellular organelle targeting signals (Fig. 7A), which have been
shown to target GFP to the respective cellular organelles (44). We found that replace-
ment with a similar ER targeting signal (gI-SPER) did not affect the formation of the
rod-shaped structures, but not that with Golgi or mitochondria targeting signals,

FIG 3 The gI within the rod-shaped structures is structurally different from the typical form of gI. Vero
cells were transfected to express gI-Myc. At 18 to 24 h posttransfection, the cells were fixed, permeab-
ilized, and doubly stained with antibodies to Myc epitope tag and gI monoclonal antibody mAb3104 (A)
or rabbit polyclonal antibodies to gI extracellular domain (UP1725) (B). DAPI was used to stain cell nuclei
(blue). The representative images were captured with a Leica confocal microscope and processed using
ImageJ.
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suggesting that the ER targeting signal is important for rod formation (Fig. 7B). We also
investigated the colocalization relationship between rod-shaped structures and the
makers of subcellular organelles in transfected Vero cells, but the rod structures did not
colocalize with any markers of the endoplasmic reticulum (ER), Golgi, or microtubule

FIG 4 The gI region aa 110 to 202 in the rod-shaped structures is not exposed outside. (A) Diagram of gI
showing the recognition sites of gI antibodies. (B to F) Vero cells were transfected to express gI-Myc. At 18 to
24 h posttransfection, the cells were fixed, permeabilized, and doubly stained with antibodies specific for Myc
tag (green) and gI peptide antibodies (red) as indicated. DAPI was used to stain cell nuclei (blue). The
representative images were captured with a Leica confocal microscope and processed using ImageJ.
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(Fig. 7C). These results indicate the complex nature of the biogenesis of the rod-shaped
structures, which warrants further investigation in the near future.

The extracellular domain of gI is a critical determinant for induction of rod-
shaped structures. To identify the molecular determinant for forming rod-shaped
structures, we first investigated the role of the gI cytoplasmic tail (aa 297 to 383), as it
contains a putative amphipathic helix, two SH3-binding motifs, and an arginine-rich
region, and all of these have the possibility to make gI polymerize. Accordingly, we
made several truncation mutants of the gI cytoplasmic tail, including gIΔ294-383,
gIΔ320-383, gIΔ342-383, and gIΔ365-383 (Fig. 8A, top). All the mutants retained the
ability to induce rod structures (Fig. 8B). Thus, the gI cytoplasmic tail is not necessary
for the rod formation.

FIG 5 The gI within rod-shaped structures does not colocalize gE. Vero cells were transfected to
coexpress gI-myc and gE-HA. At 18 to 24 h posttransfection, the cells were fixed, permeabilized, and
costained with antibodies specific for Myc tag (green) and HA antigen (red). The representative images
were captured with a Leica confocal microscope and processed using ImageJ.

FIG 6 Analysis of HSV-1 gI self-interaction. Vero cells were transfected to either singly express (A) or
coexpress gI-GFP and gI-MT-myc, or gD-MT-myc (B) or gI-myc (C). The singly expressed proteins served
as a control. At 18 to 24 h posttransfection, the cells were fixed, permeabilized, and stained with
antibodies specific for Myc tag (red). The representative images were captured with a Leica confocal
microscope and processed by using ImageJ. (D) Vero cells were transfected to express gI-HA and gI-myc
or to singly express gI-myc. At 24 h posttransfection, the cells were lysed, and gI was immunoprecipitated
with antibodies to HA epitope. The proteins bounded to the beads were separated by SDS-PAGE,
followed by Western blotting with antibodies to either HA or c-myc epitope.
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We next investigated the other three domains (SP, ECD, and TM) by taking the
strategy of constructing chimeric mutants (Fig. 8A). The HSV-1 gD was chosen as the
donor and acceptor, as it is also a type I transmembrane protein and is unable to induce
the rod-shaped structures formation (Fig. 8C, top). A series of chimeras was constructed
by swapping the respective SP, ECD, and the predicated TM regions in a reciprocal
manner, and the resulted constructs were named gI-SPgD and gD-SPgI, gI-ECDgD and
gD-ECDgI, and gI-TMgD and gD-TMgI, respectively (Fig. 8A, bottom). In the loss-of-

FIG 7 Analysis of the membrane origin of gI rod-shaped structures. (A) Schematic diagrams of chimeric
gI-myc constructs in which the gI signal peptide was replaced with either ER, Golgi, or mitochondrial
targeting signal. (B) Vero cells were transfected to express the gI mutants and stained with antibodies to
Myc epitope. (C) Vero cells were transfected to express gI-Myc. At 18 to 24 h posttransfection, the cells
were fixed, permeabilized, and costained with antibodies to Myc tag (green) and other subcellular
markers (red). The cell nuclei were stained with DAPI (blue). The representative images were captured
with a Leica confocal microscope and processed by using ImageJ.
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function test, substitutions with gD SP or TM (gI-SPgD and gI-TMgD) did not affect the
formation of the rod-shaped structures, but replacement with the ECD domain of gD
(gI-ECDgD) could completely abolish this phenotype of gI (Fig. 8C), indicating a critical
role of gI ECD domain. In the gain-of-function test, exchange with the gI ECD domain
(gD-ECDgI) enabled gD to gain the ability to generate rod-shaped structures, but not
those with SP or TM domains (gD-SPgI and gD-TMgI) (Fig. 8C).

Together, the above results indicate that the gI extracellular domain is the key
determinant for inducing rod-shaped structures, and SP and TM are only needed for
membrane insertion and anchoring, while the cytoplasmic tail seems nonessential.

Identification of the key residues or motifs for the formation of gI rod-shaped
structures. Bioinformatics analysis by online programs Phyre2 (45) and GlobPlot (46)
suggest that the gI extracellular domain can be divided into two parts: aa 23 to 168 and
aa 169 to 263. The region aa 23 to 168 contains 10 predicted beta sheets, suggesting
its highly structured nature. In contrast, the region aa 169 to 263 has been reported to
be a proline-rich domain (PRD) (22, 23). In addition, genetic mutations, insertions, and

FIG 8 The gI extracellular domain is the critical determinant for inducing rod-shaped structures. (A)
Diagram of gI/gD chimeric mutants and gI CT truncated mutants. The corresponding SP, ECD, and TM
regions were swapped in a reciprocal manner. (B and C) Mutants were transiently expressed in Vero cells
and were with antibodies to Myc and HA epitopes, followed with Alexa Fluor 488-conjugated secondary
antibodies. The cell nuclei were stained with DAPI (blue). The representative images were captured with
a Leica confocal microscope and processed by using ImageJ.
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deletions often occur to this PRD region (22, 23). We started with this region by
constructing a total of 6 deletion mutants (Fig. 9A), including gIΔ182-264, gIΔ184-195,
gIΔ184-187, gIΔ196-209, gIΔ210-229 and gIΔ230-246, and gIΔ210-246, respectively. Of
them, the mutant gIΔ196-209 failed to be expressed at a detectable level for unknown
reasons (data not shown), while others were well expressed. The IFA results showed
that deletion of either aa 182 to 264 or aa 184 to 195 blocked the formation of
rod-shaped structures (Fig. 9B, top, left), while other deletions did not have an effect
(Fig. 9B). We also introduced the same deletions into the chimeric construct gD-ECDgI,
and the results were the same (data not shown). Together, these results suggest that
the gI region aa 184 to 195 is a key determinant for rod formation.

The sequence aa 184 to 196 contains a proline-rich motif (P184XXXP188XXXP192

XXXP196). It forms a very regular pattern, and the four proline residues are evenly
separated by three amino acids. To investigate whether these proline residues play a
role in the rod structure formation, we performed site-directed mutagenesis by chang-
ing them to serine in different combinations in the background of gI-myc to generate

FIG 9 Mapping the key residues for formation of the gI rod-shaped structures. (A) Mutagenesis analysis of the gI
extracellular domain. The deleted region is shown as a dashed line and point mutation as a vertical line with the
relative positions indicated in the name of individual mutants. The capacity of inducing rod-shaped structures for
each mutant is shown on the right. �, capable; �, incapable. (B) Immunofluorescence staining of some of the
mutants in transfected Vero cells with antibodies to Myc epitope. The images were obtained by confocal
microscopy.
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two mutants: gI P184&188S and gI P192&196S (Fig. 9A). The mutant gI P184&188S
showed the typical distribution pattern of a glycoprotein (Fig. 9B, middle), while gI
P192&196S retained the ability to induce rods (Fig. 9B, middle), suggesting a crucial role
in rod formation for prolines at positions 184 and 188 (P184 and P188). To further
delineate the importance of these two residues, we mutated P184 and P188 individu-
ally to serine to generate two additional mutants: P184S and P188S (Fig. 9A). In
transfected Vero cells, the mutant P184S retained the phenotype (Fig. 9B, bottom),
while the mutation at position 188 (P188S) severely crippled the ability of gI to induce
rods, and the percentage of cells expressing gI but showing rods was decreased to 1.7%
(Fig. 9B, bottom), suggesting that P188 is a key residue. However, it took the double
mutations (P184&188S) to completely block the induction of rod structures (Fig. 9B),
suggesting that the two residues somehow work cooperatively to regulate the forma-
tion of rods. We also introduced the same mutations into the background of gD-ECDgI,
and the results were the same (not shown). Thus, the residue P188 proline is the major
determinant for the rod formation, but both P184 and P188 contribute.

The P184&188S mutation did not affect HSV-1 replication and spread in cell
culture. To analyze the importance of the gI ability to induce rods for viral replication
and spread, we introduced the P184S and P188S mutations (gI P184&188S) into the
HSV-1 KOS strain BAC clone by the galK selection system as described previously (47,
48). As a control, we created a gI-null virus (ΔgI) by replacing the start codon of gI with
two stop codons. The correct clones were all verified by HindIII digestion and DNA
sequencing. To examine the mutational effect, we analyzed growth properties in HaCaT
cells infected with indicated viruses at an MOI of 5 (Fig. 10A). The results showed that
the mutant gI P184&188S had kinetics similar to the parental virus (WT KOS) and

FIG 10 Effect of gI P184&188S mutation on viral replication and spread in cell culture. (A) Growth curve of WT
HSV-1 and gI mutants in HaCaT cells at an MOI of 5. The intracellular virus and supernatant were harvested at
indicated time points for titer determination by standard viral plaque assay on Vero cells. The data shown are
representative of results from three independent experiments. (B) Quantitative analysis of the plaque sizes in Vero
and HaCaT cells. Vero (left) and HaCaT (right) cells were infected with HSV-1 WT and recombinant viruses under
plaque assay conditions. The cells were fixed at 5 days postinfection and plaques were visualized by staining with
crystal violet. The diameters of 50 (Vero cells, left) or 30 (HaCaT cells, right) single plaques for each of the indicated
viruses were measured. The horizontal bars indicate the mean for each group. ****, P � 0.001; n.s., not significant.
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reached a plateau around 24 h postinfection (hpi) within cells and at 36 hpi in the
medium (Fig. 10A). In agreement with previous reports, ΔgI behaved like the WT virus
(34, 40), despite a little decrease at an early time (Fig. 10A). In addition, we found that
the mutant virus gI P184&188S failed to induce rod-shaped structures in HaCaT cells
(Fig. 1D). To measure the mutational effect on viral spread, we analyzed plaque sizes in
both Vero and HaCaT cells using plaque assay conditions. In Vero cells, the mutant gI
P184&188S had plaque sizes similar to those of the WT and larger than ΔgI and ΔgE.
Likewise, similar results were obtained with HaCaT cells infected with each of these
viruses (Fig. 10B). Thus, we conclude that the ability of gI to induce rod-shaped
structures is dispensable for viral replication and cell-free spread in epithelial cell
culture.

The P184&188S mutation affects the ability of HSV-1 to induce cell fusion in
the UL24syn background. A recent study has revealed that there exist differential
requirements for accessory proteins (e.g., gE, gI, UL16, etc.) among syncytial variants
and that gI is only required for UL24syn-induced cell-cell fusion (40). To test the effect
of P184&188S mutation on syncytial formation, we first converted the HSV KOS strain
into a syncytial virus by introducing a Syn mutation (G121A) into the UL24 gene to
generate the mutant virus UL24syn and then introduced the corresponding mutation
into the UL24syn background to generate the mutant virus gI P184&188S/UL24syn. At
the same, deletion mutants lacking gI (ΔgI/UL24syn) or gE (ΔgE/UL24syn) served as
positive controls. The quantitative analysis showed that the mutant UL24.G121A
(UL24syn) displayed a mixed phenotype that contained fully syncytial plaques (15%)
and mixed (35%) and lytic (50%) plaques (Fig. 11A and B), which is a little different from
the previous report that the UL24syn was fully fusogenic (40). As positive controls,
deletion of gE completely blocked the fully syncytial phenotype (Fig. 11A and B), and
the gI-null virus also showed the significantly crippled ability to induce syncytium (Fig.
11A and B). Interestingly, the introduction of the P184&188S mutation also significantly
decreased the percentage of fully syncytial phenotype from 15% to 0.8% (Fig. 11B). We
chose two independent clones, and they showed the same effect. On the other hand,
the P184&188S mutation did not affect the viral plaque sizes on Vero cells (Fig. 11C).
Thus, the ability of gI to induce rods appears to have a positive correlation with the
capacity of the virus to induce syncytium in the UL24syn background in cell culture.

DISCUSSION

Alphaherpesviruses are very adept at moving from one infected cell to an adjoining
uninfected cell, specifically at sites of epithelial cell or neuronal junctions (6–8). For
HSV-1, the role of the gE/gI heterodimer in viral cell-to-cell spread has been well
documented (7, 9–11, 13–16, 18, 41, 42), but much is still unknown about how this
protein pair works during infection. The past efforts have mainly focused on gE, leaving
gI largely unexplored. In this report, we described a previously unrecognized property
of HSV-1 gI. This molecule was able to induce rod-shaped structures within eukaryotic
cells when expressed alone. The antibody probing revealed that the gI within these
structures exhibited a conformational difference from the typical gI and likely repre-
sents a higher-order form. Further mutagenesis identified the gI extracellular domain as
the critical determinant for inducing the rod-shaped structures, while the TM domain
merely served as a membrane anchor. Finally, the reverse genetics analysis showed that
the ability of gI to induce rods was not required for viral replication or spread in cell
culture but rather positively correlated with the capacity of the virus to induce cell
fusion in the UL24syn background.

The observation that HSV-1 gI could induce rod-shaped structures is unexpected.
This fortuitous discovery stemmed from our approach to visualize gI intracellular
distribution by using an epitope tag instead of a previously used gI mouse monoclonal
antibody mAb3104 (21, 24). The rod-shaped structures were quite striking, as they were
regular in width but variable in length, ranging from 1 to 10 �m. Interestingly, only
about 40% of the transfected cells expressing gI showed this phenotype. The reasons
why gI did not induce rod structures in some cells are currently not clear, but they may
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be related to cell physiological status and may require a host protein as a trigger, rather
than the protein expression level, as gI was expressed well in both situations (Fig. 1). In
HSV-1 infected cells, the frequency of cells having rods was quite low (Fig. 1). This result
is not surprising, as all the other viral proteins, including all that interact with gI, are
present, and they can potentially regulate this property of gI. We actually have some
preliminary evidence showing that expression of gE could reduce the ability of gI to
induce rod-shaped structures (data not shown). The rod formation is unlikely due to
overexpression and protein aggregation, as the rod formation can essentially be
eliminated by a single amino acid substitution. Moreover, the mutants with more
drastic deletion mutations continued to make rods, even though they would be more
likely to be misfolded. Finally, the very regularity of the width of the rods is inconsistent
with a random protein aggregation but, rather, a likely result of protein polymerization.

Our finding represents the first example in virology and cell biology that a viral
protein can induce such large and ordered structures at the micrometer level. The
molecular mechanisms regarding the rod biogenesis remain unresolved. Since gI is
a type I membrane protein, the formation of the rods required the transmembrane
domain, and that the rods were heavily stained on both sides, it is possible that

FIG 11 Effect of gI P184&188S mutations on syncytium formation in the UL24syn background. (A) Virus-induced
CPE. Vero cells were infected by the virus as indicated at an MOI of 0.01. At 36 hpi, the virus-induced CPE was taken
by a Nikon inverted microscope. The data showed the representative pictures. (B) Quantitative analysis of virus
induced-syncytium. Vero cells were infected at an MOI of 0.01. After 1 h of incubation, the cells were rinsed with
PBS overlaid with DMEM containing 0.6% methylcellulose and incubated for 36 h. Afterward, the cells were fixed
and stained with antibody to VP5, and the cell nuclei were stained with DAPI. The infection focus was scored as
syncytial, mixed, or lytic according to the methods in Materials and Methods. (C) Quantitative analysis of the plaque
sizes in Vero cells. The diameters of 50 single plaques for each of the indicated viruses were measured. The
horizontal bars indicate the mean for each group. ****, P � 0.001; n.s., not significant.
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HSV-1 gI possesses the ability to induce membrane curvature and is able to tubulate
cellular membranes to form such highly ordered structures. In retrospect, the
vaccinia virus A17 protein was also found to induce tubule-like structures (49), but
these structures are too small (at the nanometer level) to be seen by a conventional
fluorescence microscope.

The morphology of HSV-1 gI rods is reminiscent of tobacco mosaic virus (TMV) and
tubules formed by cellular membrane curvature-inducing cellular proteins (50, 51).
Polymerization or homo-oligomerization of viral or cellular proteins into a higher order
is often the key to assemble such very regular structures (52–58). This is likely the case
for gI rod formation; the polymerization of gI may lead to the formation of such
beautiful rod-shaped structures. This will also explain the conformational difference
between the two forms of gI, as certain antibodies [mAb3104, anti-gI(110-149), and
anti-gI(168-202)] could recognize the typical gI but fail to pick up the rod-shaped
structures. In agreement with this scenario, we provided evidence that HSV-1 gI can
self-interact (Fig. 6). More experiments are clearly required to investigate whether gI
can polymerize. Our mutagenesis studies also identified a proline-rich motif (PRD)
(P184XXXP188) critical for rod formation. Interestingly, in the dynamin protein super-
family, the PRD provides a platform to interact with SH3 motif-containing proteins to
promote protein oligomerization (59). In addition, many proteins, such as P53 and HIV-1
Vif, often contain a proline-rich motif for protein multimerization (60, 61). Whether
HSV-1 gI uses the similar mechanism and how gI exactly induces rod formation are
currently not clear, which will be of great interest to pursue.

The rod-shaped structures most likely contain the full-length gI, as they could be
recognized by antibodies against both the N terminus and cytoplasmic tail of gI.
Although several antibodies failed to stain the region aa 110 to 202 of the rods, it is
unlikely that this region is not included in the protein. We did the deep sequencing of
HSV-1-infected cells and did not find any spliced mRNA of gI. In addition, small
deletions or in-frame insertions of a hemagglutinin (HA)-epitope tag within this region
could disrupt the formation of rod-shaped structures (data not shown).

We also tried to investigate whether the ability of gI to induce rod-shaped structures
is important for viral replication and spread. We found that the introduction of the
mutation gI P184&188S into the HSV-1 KOS did not affect viral replication or the viral
plaque size. In contrast, the gI- or gE-negative mutant produced smaller plaques in
both Vero and HaCaT cells, as expected. Because the induction of rod-shaped structures
was not frequently seen in virus-infected cells, we hypothesized that the ability to
induce membrane curvature by gI is well regulated under normal conditions (WT
HSV-infected cells). This will be similar to the situation for gD, gB, and gH/gL, which can
cause massive cell fusions when they are coexpressed in the absence of other viral
proteins (62) but tightly regulated by other viral proteins in WT HSV-infected cells,
unless the syn mutations are introduced into one of the genes encoding gB, gK, UL20,
or UL24 to tip this balance (37–40). Therefore, we examined the membrane curvature-
inducing ability of gI in this out-of-control situation. Fortunately, a recent study showed
that gI is only required for UL24syn-induced cell fusion (40). A syncytial mutant UL24syn
was constructed by introducing a substitution G121A into the WT UL24. Interestingly,
the phenotype of UL24syn had a mixed phenotype, containing a little percentage of
15% fully syncytial plaques, 35% mixed, and 50% lytic plaques, which is slightly
different from the previous report that the UL24syn was fully fusogenic (40). The
reasons for the difference are currently not clear, but it may be due to a difference in
the systems, such as the cells we used. Nevertheless, the G121A mutant still can induce
a substantial percentage of syncytium. As a positive control, either deletion of either gE
or gI blocked the formation of pure syncytium. Interestingly, the P184&188S mutation
also severely crippled the syncytium formation (0.8%). Thus, the ability of gI to induce
membrane curvature seems to positively correlate with the capacity of the virus to
induce cell fusion in the UL24syn background in cell culture, suggesting a likely
intimate relationship between curvature induction and virus-induced cell-cell fusion.
Since gI is important for HSV anterograde transmission from neuronal cells to epithelial

Membrane Tubulation by HSV-1 gI Journal of Virology

September 2020 Volume 94 Issue 17 e00231-20 jvi.asm.org 15

https://jvi.asm.org


cells or within neuronal tissues, it will be of great interest to test in the future how the
mutant P184&188S behaves compared to the gI-null virus (ΔgI) in the Campenot
chamber culture system and in a mouse model. For the latter, because the KOS strain
used in this study is a lab-adapted strain and does not infect BALB/c mouse efficiently,
it is necessary to construct mutant viruses based on other pathogenic HSV-1 strains to
further explore the functional importance of this novel property of gI. Nevertheless, the
studies here further advanced our understanding of the biological properties of HSV-1
gI and may have important implications in understanding viral pathogenesis.

MATERIALS AND METHODS
Cells and virus strains. Vero cells (ATCC CCL-81 and E6), HaCaT cells, BHK-21 cells, and HeLa cells

were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal
bovine serum (FBS), penicillin (65 �g/ml), and streptomycin (131 �g/ml). All viruses used in this study
were derived from the HSV-1 KOS strain, the genome of which has been cloned into a bacterial artificial
chromosome (BAC) (47). For infection assays, Vero and HaCaT cells were grown in DMEM supplemented
with 2% FBS, penicillin (65 �g/ml), and streptomycin (131 �g/ml).

Antibodies. Rabbit anti-Myc polyclonal antibody (pAb) (catalog no. C3956), mouse anti-Myc mono-
clonal antibody (MAb) (catalog no. M4439), mouse anti-HA MAb (catalog no. H3663), and Mito Red
(catalog no. 53271) were all purchased from Sigma-Aldrich (St. Louis, MO, USA). Mouse anti-HSV1 gE MAb
(catalog no.ab6510) was purchased from Abcam. Rabbit anti-PDI MAb (product no. 3501), rabbit
anti-GM130 MAb (product no. 12480), and mouse anti-�-tubulin MAb (product no. 3873) were purchased
from Cell Signaling Technology (Danvers, MA, USA). Alexa Fluor 488-conjugated goat anti-rabbit
IgG(H�L) F(ab=)2 fragment and Alexa Fluor 488-conjugated goat anti-mouse IgG(H�L) F(ab=)2 fragment
were purchased from Molecular Probes (Invitrogen, CA, USA). Mouse anti-HSV1 gI MAb (24) was a
generous gift by David C. Johnson (Oregon Health & Science University), and rabbit anti-HSV1 gI pAb
(UP1725) (41) was a generous gift from Harvey Friedman (University of Pennsylvania).

The rabbit peptide antibodies were raised against different regions of gI, including gI aa 38 to 59, aa
110 to 149, aa 168 to 202, aa 203 to 262, and aa 326 to 383, which were expressed as a glutathione
S-transferase (GST) fusion protein at its C terminus. The recombinant proteins were expressed and
purified from Escherichia coli BL21 cells. The reactivities and specificities of the respective antibodies were
tested by immunofluorescence under conditions of transfection. All the antibodies showed good
reactivity and specificity (data not shown).

Construction of gI mutants. All gI alleles were cloned into the multiple cloning site of pEGFP-N2
(Clontech), thereby producing vectors that encode wild-type gI and gI-GFP fusions. The mammalian
expression plasmid for gI-Myc was created by adding a Myc tag to the C terminus of gI. The construct
for gE-HA or gD-HA was generated by adding a HA epitope tag to the C terminus. Then, the signal
peptides (SP), extracellular domain (ECD), and transmembrane domain (TM) between gI and gD were
swapped by overlapping PCR. The gI signal peptide was replaced with either ER (MLLSVPLLLGLLGLAVA
in the N terminus and retention signal KDEL in the C terminus), Golgi (MFSLFILVFLLFAVICVW), or
mitochondrial (MSVLTPLLLRGLTGSARRLPVPRAKIHSL) targeting signals (44, 63). The expression plasmids
of gI-MT-myc and gD-MT-myc were constructed by adding a microtubule localization signal (GIRINLAA
SSQPLDPEGPIAVTPRPPIRPSSGRYRGPGIHRSPPRRTASRPTSRSATT) to the gI C terminus plus an myc epitope
tag. The molecular cloning was facilitated through homologous recombination instead of the conven-
tional ligation strategy by using the ClonExpress II one step cloning kit (Vazyme, Nanjing, China). Then,
the corresponding deletion and site-directed mutants originated from gI-Myc or chimeric gD-ECDgI-HA
were made by standard molecular biological techniques. All created plasmids are under the control of
the cytomegalovirus (CMV) promoter, and a Kozak core sequence is also added to allow optimal
expression, as well as confirmed by sequencing.

Confocal microscopy. Vero E6, BHK-21, and HeLa Cells grown on coverslips in 6-well plates were
transfected when 60% to 70% confluent with 2 to 3 �g plasmid DNA per well using Lipofectamine 2000
DNA transfection reagent (Invitrogen, CA, USA) in Opti-MEM. After incubation at room temperature (RT)
for 15 min, the DNA-Lipofectamine complexes were added directly to cells in an antibiotic-free culture
medium. HaCaT cells cultured on coverslips in six-well plates were infected with the HSV-1 KOS strain at
an MOI of 0.1. At 18 to 24 h posttransfection or postinfection, the immunofluorescence assay was
protocoled as previously documented. Generally, the cells were fixed with 3.7% paraformaldehyde for
10 min at RT, then washed with phosphate-buffered saline (PBS) three times (5 min for each wash),
permeabilized with 0.1% Triton X-100 in PBS-2% bovine serum albumin (BSA) for 10 min, and blocked
with PBS-2% BSA for 30 min at RT. The cells were then incubated with the proper primary antibodies for
1 h in a humid chamber and then washed with PBS three times (5 min for each wash). After that, the cells
were incubated with the appropriate secondary antibodies, including Alexa Fluor 488-conjugated goat
anti-rabbit IgG(H�L) F(ab=)2 fragment and Alexa Fluor 488-conjugated goat anti-mouse IgG(H�L) F(ab=)2

fragment, for another 1 h and then washed once with PBS. All the primary and secondary antibodies
were used at a dilution of 1:1,000. Nuclear DNA was stained with 4=,6-diamidino-2-phenylindole (DAPI)
(Molecular Probes) for 5 min. After three rinses, the samples were mounted and examined with a Leica
confocal microscope and processed using ImageJ software. The final three-dimensional reconstruction,
including surface rendering, was generated using Imaris (Bitplane, Switzerland).

Coimmunoprecipitation. Vero cells were transfected to express gI-HA and gI-myc or to singly
express gI-myc. At 24 h posttransfection, the cells were harvested and lysed in NP-40 lysis buffer
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(0.5% NP-40, 150 mM NaCl, 50 mM Tris-HCl, pH 8.0), and protease inhibitor cocktail (Sigma; catalog
no. P8340) and clarified by centrifugation at 12,000 rpm for 20 min. The cell supernatants were
precleared with protein A/G-Sepharose beads (Santa Cruz Biotechnology; catalog no. sc-2003) and
then incubated with 5 �l mouse anti-HA MAb and 25 �l protein A/G-Sepharose beads overnight at
4°C with gentle rotation. The beads were washed five times with the NP-40 lysis buffer, and the
proteins bounded to the beads were separated by SDS-PAGE, followed by Western blotting with
proper antibodies.

Western blot analysis. The protein samples were separated by SDS-PAGE, transferred onto polyvi-
nylidene difluoride (PVDF) membranes, blocked with PBST (PBS with 0.05% Tween 20) containing 5%
milk or BSA for 1.5 h (for detection of phosphorylated proteins, BSA was used instead of milk), and then
probed with primary antibodies to HA or c-Myc epitope at RT. The membranes were then washed with
PBST and incubated with proper horseradish peroxidase (HRP)-conjugated secondary antibodies with a
dilution ratio of 1:10,000. The membrane was again washed and then developed with the Pierce ECL
Western blot substrate (Thermo Fisher; catalog no. 32209).

Construction of mutant viruses. The HSV-1 KOS strain BAC was used to make mutants using BAC
recombineering system as previously described (47). The gE-null mutant (ΔgE) was described (64). The
gI-null mutant (ΔgI) was made by replacing the gI start codons with two stop codons. Recombinant
viruses HSV gI P184&188S, encoding gI with serine, substituted for proline-184 and proline-188. To
convert wild-type KOS into a syncytial strain, a G121A mutant was introduced into the UL24 gene to
generate a syncytial virus UL24syn. In the background of this virus, mutants gI P184&188S/UL24syn,
ΔgI/UL24syn, and ΔgE/UL24syn were subsequently generated. All clones were verified by HindIII
digestion, PCR analysis, and DNA sequencing of the relevant region. The resulting BAC plasmids were
purified from E. coli (SW102) and transfected into Vero cells using Lipofectamine 2000 as previously
described. After 3 to 4 days posttransfection, when cytopathic effects (CPE) appeared, the whole-cell
culture was harvested, and this transfection stock was used to infect new Vero monolayers. Cells and
media were harvested 2 to 3 days postinfection, subjected to 3 freeze-thaw rounds, and sonicated to
create a virus stock.

Viral growth kinetics and plaque assays. Six-well plates of HaCaT cells were infected with the
P1-specified viruses at an MOI of 5. After 1 h of incubation at 37°C, the cells were first washed with acid
buffer (135 Mm NaCl, 10 Mm KCl, 40 Mm citric acid, pH 3.0), then once with DMEM, and overlaid with
1 ml DMEM containing 2% FBS. At the indicated time points postinfection, infected cells and media were
harvested separately and processed as follows. Cells were scraped off the plates, and media were cleared
of cells by centrifugation at 12,000 rpm for 1 min and frozen at �80°C. Cells were washed three times
with DMEM and freeze-thawed 3 times to release cell-associated viruses. Each sample was titrated on
Vero cells using a standard viral plaque assay. For plaque size analyses, plaque areas were calculated
using ImageJ software.

Quantitative analysis of syncytium form. To measure and score syncytium formation, Vero cells
were infected with the viruses at an MOI of 0.01 at 37°C. After 1 h of incubation, the cells were rinsed
with PBS and overlaid with DMEM medium containing 0.6% methylcellulose. At the indicated times
postinfection, the immunofluorescence assay was protocoled as previously documented. The images
were captured under Nikon Eclipse Ci fluorescence microscope and processed by using ImageJ software.
Each individual syncytium was assigned a phenotypic score as in the previous report (40). A score of
syncytium indicated that the entire area of infection consisted of multinucleated cells. A score of mixed
meant that the area of infection contained a syncytium with at least 5 nuclei directly juxtaposed to
lytically infected cells. Finally, a score of lytic meant that no fused cells were apparent.

Statistical analysis. Statistical analyses were performed using a one-way analysis of variance
(ANOVA) in GraphPad Prism (version 6). P values of �0.05 were considered statistically significant; P
values of �0.001 were considered extremely significant.
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