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ABSTRACT: Viruses are one of the most efficient pathogenic entities on earth, resulting from millions of years of evolution. Each
virus particle carries the minimum number of genes and proteins to ensure their reproduction within host cells, hijacking some host
replication machinery. However, the role of some viral proteins is not yet unraveled, with some appearing even redundant. For
example, murid herpesvirus 4, the current model for human gammaherpesvirus infection, can bind to cell surface glycosaminoglycans
using both glycoproteins gp70 and gH/gL. Here, using atomic force microscopy, we discriminate their relative contribution during
virus binding to cell surface glycosaminoglycans. Single-virus force spectroscopy experiments demonstrate that gH/gL is the main
actor in glycosaminoglycan binding, engaging more numerous and more stable interactions. We also demonstrated that Fab antibody
fragments targeting gH/gL or gp70 appear to be a promising treatment to prevent the attachment of virions to cell surfaces.
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In order to infect cells, viruses must specifically bind to
permissive cell surfaces and find strategies to cross their

plasma membrane to replicate within the cells. The initial
attachment step consists of the virus particles binding to
cellular glycans or proteins and is mediated by the viral surface
(glyco)proteins, which define the entry routes and uptake
mechanisms exploited by virions.1 Depending on the targeted
cell type and characteristics, millenary evolution of viruses has
led to the development of various uptake mechanisms. These
tightly regulated mechanisms assign very specific roles to the
viral surface glycoproteins involved in cell attachment. For
many viruses, only one glycoprotein mediates cellular binding
and membrane fusion (e.g., influenza viruses2), whereas other
viruses devote multiple glycoproteins to this step (e.g.,
hepatitis C virus3). In the latter case, simultaneous or
sequential glycoprotein recruitment is often essential to ensure
successful infection.4 While the identity of the glycoproteins
involved in cellular binding is well-described for numerous viral
species, their precise role in multistep binding process to cell
surfaces is often missing. As the interplay between different
glycoproteins is a dynamic process, it is essential to
characterize virus binding events at the molecular scale and

at high temporal and spatial resolution5−7 to get a full picture
of this complex multistep attachment processes.
Many viruses exploit sugar moieties such as glycosamino-

glycans (GAGs) as a first anchor to cellular surfaces. For
example, herpesviruses (HVs) are highly dependent on
heparan sulfate for efficient cell binding and infection.8 HVs
are ubiquitous pathogens persistently infecting a wide variety
of vertebrates. Among them, murid herpesvirus 4 (MuHV-4) is
a model of choice to study human gammaherpesvirus
pathogenesis.9 MuHV-4 encodes at least five glycoproteins
devoted to cell binding, among which at least three are
involved in GAG binding. The heterodimer gH/gL and the
glycoprotein gp70 directly bind GAGs, whereas the glyco-
protein gp150 regulates virus attachment upon GAG-bind-
ing.10−12 Current knowledge indicates that the two glyco-
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proteins gH/gL and gp70 show some redundancy in their
GAG-binding properties. Indeed, virus blocking by anti-gH/gL
or anti-gp70 antibodies individually does not prevent cell
binding, whereas together these antibodies are strong binding
inhibitors.12 The reason for this redundancy remains unclear,
as it seems unlikely from an evolutionary standpoint that a viral
species would affect two different glycoproteins to accomplish
the same task. Therefore, the exact roles of gH/gL and gp70
upon GAG-binding remain to be clarified.

In this study, we force-probe using atomic force microscopy
(AFM) the binding properties of MuHV-4 virions toward
cellular GAGs, with the aim of deciphering the putative roles of
gH/gL and gp70 upon virus attachment. We have recently
shown that AFM, and in particular single-virus force
spectroscopy, enables the extraction of the binding and kinetic
properties of viral glycoproteins interactions with GAGs at the
single-virion level.13,14 Using this approach, we investigated the
multivalent binding mechanism of MuHV-4 particles toward

Figure 1. MuHV-4 WT and mutant virions binding to GAG-coated surfaces. (A) Cartoon showing and AFM tip functionalized with an MuHV-4
viral particle probing a GAG-coated model surface. Representative force-time curve showing how the binding force and the loading rate (LR) are
extracted. (B) Box plot of WT and mutant binding frequencies, before and after injection of GAGs in solution (** indicates p-values <0.05 on
paired sample t tests). Right: virus binding assays performed on living cells. Mean fluorescence intensity (MFI) of cells is an indicator of the
number of attached viral particles. (C) Dynamic force spectroscopy (DFS) plot showing the force required to separate single WT MuHV-4
particles from GAG molecules. Each dot corresponds to a single rupture event (N = 1200 from four independent experiments). The DFS plot is
separated in narrow LR distributions. (D−F) Distribution of binding forces of (D) WT virions (N = 160), (E) gp70− virions (N = 315), and (F)
gp70− virions + anti-gH/gL antibodies (N = 40) for the third LR range (3150−10 000 pN/s) (four independent experiments). The histograms are
fitted with multigaussian fits. (G) Histograms of bonds stiffness extracted from curves originating from single and double gH/gL bonds for WT
virions (N = 210) and gp70− virions in the presence (N = 60) and absence (N = 55) of anti-gH/gL antibodies (4 independent experiments). Right:
force−separation curves originating from single and double bonds from which the stiffness of the bonds probed can be extracted.(H) Binding
forces histogram of gL− virions for the third LR range (N = 100, 8 independent experiments). (I) DFS plot reporting the average values of the force
distribution for WT MuHV-4-GAG interactions, enabling analysis with the Bell−Evans model (full lines). Dashed lines represent the predicted
binding forces for multiple uncorrelated interactions breaking simultaneously, according to the Williams−Evans model. Gray dots represent the
force and LR values extracted from each individual FD curve.
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GAGs. This let us conclude that this multivalency was tightly
regulated by the viral glycoprotein gp150. Here, we
discriminate for the first time the distinct roles of two
apparently redundant GAG-binding viral glycoproteins. We
observe that the virus attachment step is primarily mediated by
the establishment of rather stable gH/gL-GAG interactions,
whereas the GAG-binding properties of gp70 have only a
minor impact upon virus binding and presumably find their
importance in another step of the viral cycle. We also evidence
that antibody and in particular Fab antibody fragments are
valid approaches to prevent virions’ early attachment to cell-
surface GAGs.

■ RESULTS
gL Deletion Strongly Reduces Virus Interaction with

GAGs. As we first wanted to evaluate the binding of MuHV-4
virions toward immobilized GAGs, we performed force−
distance curve-based AFM (FD-based AFM) with tips
derivatized with single MuHV-4 particles on immobilized
GAGs, mimicking cellular surfaces (Figure 1A and Figure S1).
Tips were then approached and retracted from GAG surfaces
to record force vs time and force vs distance curves. Upon
breaking of interactions formed between virions and GAGs,
rupture events can be observed on the retraction curves,
enabling us to quantify the force required to break the
interactions (i.e., the binding force) (Figure 1A). We used
AFM tips functionalized with four different viral particles: wild-
type MuHV-4 virions (WT) and MuHV-4 virions lacking
either the glycoprotein gL, which is essential to allow gH to
adopt its GAG-binding conformation (gL−), the glycoprotein
gp70 (gp70−), or both (gp70−gL−). From the FD curves
recorded, we extracted the ones showing the characteristic
signature of a specific rupture event. To validate the specificity
of these rupture events, we fitted the adhesion peak with the
wormlike chain model to confirm the typical pattern of
polymer elongation (Figure S2) and performed two
independent controls using a PEG-coated tip and the in situ
injection of GAGs in solution (Figure 1B and Figure S2). We
then compared the binding frequencies (i.e., the number of
curves showing specific rupture events compared to the total
number of curves recorded) of the different viral particles. WT
MuHV-4 virions displayed an average binding frequency of 9.9
± 1.8%, whereas gp70− and gL− virions have binding
frequencies of 20.4 ± 8.3% and 4.1 ± 1.4%, respectively
(Figure 1B). Strikingly, the removal of gp70 from the viral
surface did not decrease virus GAG-binding capacity, but even
increased it by a 2-fold factor. On the contrary, removal of gL
strongly impedes the ability of virions to bind GAGs, whereas
gp70−gL− virions showed only very little binding (1.1 ± 0.5%),
indicating that MuHV-4 virions binding to GAGs is mostly
mediated by gH/gL and/or gp70. This observation was further
confirmed by virus binding assays on living cells using
fluorescence microcopy (Figure 1B).
Insight into Glycoprotein-GAG Binding Free-Energy

Landscapes. Next, we wanted to extract the kinetic
parameters describing the interaction of the individual
glycoproteins to GAGs. As the binding force of a biomolecular
interaction depends on the rate at which the partners are
pulled apart (the loading rate (LR)),15 we performed approach
and retraction cycles at varying constant tip retraction speeds,
ranging from 100 nm/s to 20 μm/s. The tip velocity is directly
proportional to the LR [pN/s] = vtip[nm/ s]×keff[pN/nm]
where keff is the effective spring constant of the whole system

cantilever-linker-virus-probed surface). As the linker-virus-
surface system can change its local orientation and as the
rupture of interactions can occur at various moments of the tip
retraction movement, the stiffness of the system varies for each
rupture event measured. This means that for a single tip
retraction velocity, a large span of LRs are applied to the
virus−GAG interactions. Therefore, applying a few different tip
retraction speeds allows obtaining a continuous force
distribution spanning over a wide range of LRs. Binding forces
and loading rates were extracted from each adhesive curve and
displayed in a dynamic force spectroscopy (DFS) plot (Figure
1C). Binding forces were then analyzed as previously
described5,13,16 (Figure 1 D, E, H and Figure S3). For the
gp70− virions (LR3 presented in Figure 1E and other equally
important LRs presented in Figure S3), the histograms
revealed four peaks, appearing between 90 and 400 pN. The
relatively high value of the binding forces together with the
high binding frequency observed with this virus indicates that
multivalency played an important role in binding of gp70−

virions. This could possibly reduce the chances to establish
single glycoprotein−GAG interactions. Indeed, although
typical lectin-carbohydrate interactions are usually in the
range 40−100 pN,13,17 this is seldom observed with gp70−

virions. Therefore, to reduce the effect of multivalency in
probing interactions between gp70− virions and GAGs, we
injected free anti-gH/gL antibodies in situ. After blocking,
histograms revealed a first peak in the range 50−100 pN,
which was not observed with gp70− virions (Figure 1F). A
second peak in the range 100−160 pN was also observed and
matched the position of the first peak observed with gp70−

virions. We then compared the positions of these peaks with
the histograms from the WT virus (Figure 1D and Figure S3)
and observed that two first main peaks were present at the
same positions as the ones observed with the gp70− virions in
the presence of anti-gH/gL antibodies. From this, we
concluded that the interaction of a single gH/gL glycoprotein
with GAGs ruptures in the range 50−100 pN (depending on
the LR) and that the first peak observed on gp70− virions
histograms arose from the simultaneous rupture of two gH/
gL−GAG interactions. To further validate this conclusion, we
also evaluated the stiffness (or effective spring constant) of the
complex probed from the slope of the retraction curve before
the rupture events (on force vs tip−sample separation curves).
We compared the stiffnesses extracted from curves with
binding forces in the range 50−95 pN with the ones from
curves showing rupture events in the range 105−145 pN
(Figure 1G). The mean stiffnesses extracted were significantly
higher for the larger interactions suggesting multiple springs in
parallel increasing the overall rigidity of the interaction.18

Together these results confirm that single-molecule rupture
events can only be observed with gp70− virions upon injection
of an antibody and that multiple parallel bonds between virions
and GAGs are already established within a millisecond contact
time. Finally, we further fitted the histograms with Gaussian
curves at higher forces and found similarly positioned peaks on
both histograms from WT and gp70− virions. From these fits,
we observed that the majority of binding events observed with
WT virions arose from gH/gL−GAG interactions. Smaller
peaks also appear on the histograms obtained for WT virions,
which could not be correlated with similarly positioned peaks
on gp70-deficient virions histograms. However, these peaks are
observed for gL− virions (Figure 1H and Figure S3) and
therefore attributed to gp70−GAG interactions (red peaks).
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gH/gL Establishes Stable Interaction with GAGs.
Using the Bell−Evans model,19,20 we next extracted the kinetic
parameters describing the interaction between a single viral
glycoprotein and GAGs (Figure 1I, full lines). For gH/gL, the
distance to the transition state (xβ) was 0.49 ± 0.06 nm and
the kinetic off rate (koff) equal to 0.09 ± 0.08 s−1. For gp70, the
values were xβ = 0.61 ± 0.04 nm and koff = 1.05 ± 0.52 s−1.
Using these parameters, we applied the Williams−Evans
model21 to predict the binding forces of simultaneous breaking
multiple uncorrelated interactions (dashed lines). These
predictions are in good agreement with the mean binding
forces observed and revealing that a vast majority of events
involve gH/gL.
Impeding Glycoprotein-GAG Interactions with Spe-

cific Antibodies. After having decipher the attachment
mechanism of MuHV-4 virions to GAGs, we wanted to
understand how antibodies can impede virions binding.
Therefore, we probed these interactions in the presence of
anti-gH/gL and anti-gp70 antibodies (Figure S4). The binding
frequencies of all virions drastically decreased upon injection of
either anti-gH/gL or anti-gp70 antibodies (Figure 2A)
suggesting that viral interactions with GAGs is prevented by
specific antibodies targeting the viral glycoproteins. This also
suggests that steric hindrance induced by the size of antibodies
might play a role in the binding frequency decrease, as both the
anti-gp70 antibodies, but also anti-gN (a non-GAG-binding
viral surface glycoprotein) antibodies (Figure S5) strongly limit
the interactions. By looking carefully at the binding force

histograms, marked differences are observed on the impact of
the two antibodies (Figure 2B, C). In the presence of anti-gH/
gL antibodies, binding events with rupture forces between 200
and 300 pN are hardly observed, whereas this is not the case
with anti-gp70 antibodies, indicating that anti-gH/gL antibod-
ies strongly reduce the multivalency of the interactions while
anti-gp70 antibodies do not.

Virions Binding to Living Cells. After having studied
virus binding on model substrates, we probed the same
interactions in the cellular context. To compare virus-binding
properties to cell surface GAGs, we cocultured two Chinese
hamster ovary (CHO) cell lines: a cell line expressing GAGs
(named GAG+) and carrying the actin-mCherry transgene and
a cell line deficient in GAGs expression (GAG−). Monolayers
of cells were imaged using a combined AFM and
epifluorescence microscope under physiologically relevant
conditions (37 °C, 95% relative humidity and 5% CO2).
Fluorescence microscopy was used to identify the cell lines and
select areas in which cells from both cell lines were adjacent
(Figure S6). On these areas, AFM tips functionalized with
MuHV-4 particles were used to record an AFM topography
image together with an adhesion map (Figure 3A, B, E, F, I, J).
To evaluate the binding frequencies of virions toward GAGs in
the cellular context, we extracted the number of binding events
on GAG+ cells, with GAG− cells serving as reference. For
GAG− cells, the binding frequency remains constant for both
WT and mutant MuHV-4 virions and reflects the binding
toward specific entry receptors located on the plasma

Figure 2. WT MuHV-4 virions binding to GAG-coated surfaces in the presence of antibodies directed against GAG-binding viral glycoproteins.
(A) Box plot of binding frequencies of the different viral particles in absence and presence of antibodies directed against viral glycoproteins gH/gL
or gp70 (** indicate p-values <0.05 on paired sample t tests comparing the binding frequencies of virions before and after antibody injection). (B)
Distribution of binding forces of WT virions in the presence of anti-gH/gL antibodies, plotted as histograms for the third LR range (3150−10 000
pN/s) (N = 80). The histogram is fitted with multigaussian fits. (C) Distribution of binding forces of WT virions in the presence of anti-gp70
antibodies, plotted as histograms for the third LR range. The histogram is fitted with multigaussian fits (N = 85). (D) DFS plot reporting the
average values of the force distribution for WT MuHV-4-GAG interactions in the presence of anti-gH/gL antibodies (N = 810), enabling analysis
with the Bell−Evans model (full lines). Dashed lines represent the predicted binding forces for multiple uncorrelated interactions breaking
simultaneously, according to the Williams-Evans model. Gray dots represent the force and LR values extracted from each individual FD curve. (E)
DFS plot reporting the average values of the force distribution for WT MuHV-4-GAG interactions in the presence of anti-gp70 antibodies (N =
600), enabling analysis with the Bell−Evans model (full lines). Dashed lines represent the predicted binding forces for multiple uncorrelated
interactions breaking simultaneously, according to the Williams−Evans model. Gray dots represent the force and LR values extracted from each
individual FD curve. Data displayed in B−E were acquired from nine independent experiments.
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membrane and more exposed due to the absence of the thick
GAG layer covering the cell surface. Therefore, the binding on
the GAG− cells was used as normalization to compare the
propensity of the different virions to bind cellular GAGs
(Figure 3C, G, K). For WT viral particles, the binding
frequency toward GAG+ cells was approximately 5-fold lower
than on GAG− cells (BFGAG+/BFGAG− = 0.19), as previously
observed.13 gp70−-virions showed a much higher binding
frequency to GAGs than WT virions, as the number of binding
events on GAG+ cells was almost similar to that on GAG− cells
(BFGAG+/BFGAG− = 0.94). gL−-virions do nearly not interact
with cellular GAGs, as evidenced by their extremely low
binding frequency to GAG+ cells (BFGAG+/BFGAG‑ = 0.16).
Control experiments using virions deficient in both glyco-

proteins gp70 and gL showed almost no binding to GAG-
positive cells (Figure S7)
To ensure that the binding events observed resulted from

virus−GAG interactions, F−D curves showing specific
adhesion events were extracted, analyzed and displayed on
the DFS plots previously obtained on model substrates (Figure
3D, H, L). The binding forces measured on the GAG+ cells
align very well with those previously extracted on the purified
GAGs, confirming that the interactions probed on cells were
arising from virus−GAG interactions. In addition, it corrob-
orates that gH/gL is the most essential glycoprotein involved
in GAG binding during early cell surface attachment.
Finally, we evaluated how antibodies can interfere with virus

binding directly on living cells. Surprisingly, injection of both
anti-gH/gL and anti-gp70 antibodies led to an increase in

Figure 3. MuHV-4 WT and mutant virions binding to GAGs on cell surfaces. (A) AFM topography image of adjacent GAG+ and GAG− cells. (B)
Corresponding adhesion map, showing interactions between WT MuHV-4 viral particles and imaged cells. Data recorded with WT virions are
representative of 32 measurements from nine different experiments. (C) Boxplot of the relative binding frequency (GAG+/GAG−) observed for
WT virions. (D) DFS plot of WT virion−GAG interactions including data points originating from binding events of virions on cells (N = 340).
Gray dots represent the force and LR values extracted from each individual FD curve. (E) AFM topography image of adjacent GAG+ and GAG
cells. (F) Corresponding adhesion map, showing interactions between gp70-deficient viral particles and imaged cells. Data recorded with gp70−

virions are representative of 18 measurements from 5 different experiments. (G) Boxplot of the relative binding frequency (GAG+/GAG−)
observed for gp70− virions. (H) DFS plot of gp70− virion−GAG interactions including data points originating from binding events of virions on
cells (N = 480). Gray dots represent the force and LR values extracted from each individual FD curve. (I) AFM topography image of adjacent
GAG+ and GAG− cells. (J) Corresponding adhesion map, showing interactions between gL-deficient viral particles and imaged cells. Data recorded
with gL− virions are representative of 15 measurements from four different experiments. (K) Boxplot of the relative binding frequency (GAG+/
GAG−) observed for gL− virions. (L) DFS plot of gL− virion−GAG interactions including data points originating from binding events of virions on
cells (N = 280). Gray dots represent the force and LR values extracted from each individual FD curve.
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binding frequencies of virions toward cellular surfaces. We
hypothesized that this was due to the free Fc fragments of
antibodies that could bind with specific Fc-receptors exposed
at the cell surface,22 as we observed that after functionalizing
AFM tips directly with antibodies, binding events were
observed upon probing cellular surfaces (Figure S8). To
avoid this, we produced and injected Fab fragments of the
antibodies that bind gH/gL or gp70 glycoproteins without
carrying the Fc fragments (Figure S9). These anti-gH/gL and
anti-gp70 Fab antibodies were validated on GAG model
substrates; showing similar properties as the full antibodies
(Figure S10). On livings cells, we observed the same tendency,
as Fab fragments of anti-gH/gL and anti-gp70 antibodies led to
a significant decrease in the binding frequency of virions on
GAG+ cells (Figure 4). These results indicate that these
antibodies impede to a great extent the attachment of virions
to GAG exposed on the living cell.

■ DISCUSSION

As obligate intracellular parasites, viruses have evolved and
adapted to their hosts to efficiently exploit key cellular
functions allowing them to complete their viral cycle.23,24

Like many other viral species and intracellular pathogens,
herpesviruses use GAGs as a first anchor to cellular
surfaces.8,25,26 In this context, gammaherpesviruses have
developed complex mechanisms involving multiple viral
glycoproteins to attach to and enter host cells. Two viral
surface glycoproteins interacting with GAGs were previously
identified for MuHV-4 (gH/gL and gp70), leaving a puzzling
redundancy regarding their distinctive properties. We observed
the expected GAG-binding capacities of the two glycoproteins:

although the deletion of one of them was not sufficient to
completely prevent GAG-binding, virions lacking both
glycoproteins were unable to bind cellular GAGs. We
observed, however, that the capacity to bind GAGs was
much more altered for gL-deficient virions than for gp70-
deficient ones. In addition to that, the measured kinetic off-rate
of single gH/gL-GAG interactions was approximately 10-fold
lower than that of single gp70-GAG interactions. This indicates
that, in the context of virus early attachment to cell surface
GAGs, gH/gL provides the major contribution to the binding
properties of virions. Viral surface glycoproteins might,
however, be constrained to operate sequentially rather than
simultaneously,27 so that the contribution of gp70 could
appear later in the attachment process or even upon virus
egress.
In this work, for the first time, we deciphered by AFM the

distinct contribution of two presumably redundant viral
glycoproteins. By identifying the main viral glycoproteins
involved in virus attachment just after its landing on the cell
surface, we offer new possibilities to design and strategies to
screen antibinding molecule in order to prevent virus infection.
Although we showed that full antibody can favor more virus
binding to cell surface, Fab antibody shows better capabilities
to prevent virus binding. Our results provide a basis for the
design and synthesis of antiviral drugs targeting viral
glycoproteins to block attachment and entry processes.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04609.

Figure 4. WT MuHV-4 virions binding to GAGs on cell surfaces in the presence of antibodies directed against GAG-binding viral glycoproteins.
(A) AFM topography image of adjacent GAG+ and GAG− cells and corresponding adhesion map, showing interactions between WT MuHV-4 viral
particles and imaged cells. (B) Topography image and adhesion map of the same cells as in A, after injection of anti-gH/gL Fab antibody fragments.
(C, D) Topography images and adhesion maps (C) before and (D) after injection of anti-gp70 Fab antibody fragments, recorded with a WT virus-
bearing AFM tip. (E) Box plots enabling comparison of binding frequencies of virions on GAG-positive cells before and after injection of Fab
antibody fragments (* indicates p-values <0.1 on paired sample t tests comparing the binding frequencies of virions before and after antibody
fragment injection).
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Detailed methods and Figures S1−S10 (PDF)
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