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ABSTRACT Many viruses, including herpes simplex (HSV), are recruited to their host cells via interaction between their
envelope glycoproteins and cell-surface glycosaminoglycans (GAGs). This initial attachment is of a multivalent nature, i.e., it
requires the establishment of multiple bonds between amino acids of viral glycoproteins and sulfated saccharides on the
GAG chain. To gain understanding of how this binding process is modulated, we performed binding kinetics and mobility studies
using end-grafted GAG chains that mimic the end attachment of these chains to proteoglycans. Total internal reflection fluores-
cence microscopy was used to probe binding and release, as well as the diffusion of single HSV-1 particles. To verify the
hypothesis that the degree of sulfation, but also the arrangement of sulfate groups along the GAG chain, plays a key role in
HSV binding, we tested two native GAGs (chondroitin sulfate and heparan sulfate) and compared our results to chemically
sulfated hyaluronan. HSV-1 recognized all sulfated GAGs, but not the nonsulfated hyaluronan, indicating that binding is specific
to the presence of sulfate groups. Furthermore we observed that a notable fraction of GAG-bound virions exhibit lateral mobility,
although the multivalent binding to the immobilized GAG brushes ensures firm virus attachment to the interface. Diffusion was
faster on the two native GAGs, one of which, chondroitin sulfate, was also characterized by the highest association rate per GAG
chain. This highlights the complexity of multivalent virus-GAG interactions and suggests that the spatial arrangement of sulfates
along native GAG chains may play a role in modulating the characteristics of the HSV-GAG interaction. Altogether, these results,
obtained with a minimal and well-controlled model of the cell membrane, provide, to our knowledge, new insights into the dy-

namics of the HSV-GAG interaction.

INTRODUCTION

The recruitment of viral pathogens to susceptible host cells
is often mediated by the carbohydrates exposed on the cell
membrane (1). Many viruses, including the human immuno-
deficiency virus (2), the Ebola virus (3), the human papillo-
mavirus (4), and the Zika virus (5), take advantage of
sulfated glycosaminoglycans (GAGs) attached to cell-asso-
ciated proteoglycans to initiate cell infection. This is also
the case for herpes simplex virus type 1 (HSV-1), a ubiqui-
tous human pathogen, causing mucocutaneous lesions on
lips and mouth (6) but also, in rare cases, severe encephalitis
(7). Initial attachment of HSV-1 is mediated by the envelope
glycoprotein gC binding to heparan sulfate (HS) (8) and
chondroitin sulfate (CS) (9,10), two sulfated GAGs found
on the cell surface and in the extracellular matrix. Further-
more, glycoprotein gB has been shown to take over the
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role of attachment protein in gC-deficient virions (11).
The GAG-binding site of gC-1 (gC of HSV-1) has been
identified as a cluster of positive and hydrophobic residues
situated close to the N-terminal protein region (10,12,13).
On the GAG side, the interaction is often believed to be of
a rather nonspecific nature, as it involves multiple electro-
static interactions mediated in the first place by negatively
charged sulfate groups. However, many GAG-binding pro-
teins show remarkable specificity by targeting either unique
modifications or domain structures within the GAG chains
(14). Indeed, for gC binding to HS, preferential binding to
specific carbohydrate sequences has been reported, indi-
cating that HSV-HS interactions can exhibit some degree
of specificity (15,16).

Virus-GAG interactions are characterized by an immense
complexity. They involve the simultaneous establishment of
a multitude of relatively weak (17) protein-carbohydrate in-
teractions, which need to act in concert and with high spatio-
temporal organization to mediate the processes leading to
virus uptake or egress. These multivalent interactions allow
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for a tight control of the nature of the interaction, including
modulation of affinity and specificity or of the diffusive
properties of the virus on the surface (18,19). For example,
the initial attachment of a virus to the cell surface is often of
weak nature, followed by the establishment of multiple
interactions between several viral attachment proteins and
cellular receptor molecules, which ensure stable adhesion
(18). The complexity of GAG-mediated interactions, in
particular those involving the sulfated species HS and CS,
also stems from the heterogeneous nature of the carbohy-
drate chains, which are sulfated in complex and dynamic
enzymatic pathways. This results in a highly heterogeneous
distribution, not only of carbohydrate chains with different
physicochemical properties on the cell surface (20), but
also of the sulfate groups along individual GAG chains. In
particular for HS, sulfation occurs in patterns with unsul-
fated domains and highly sulfated domains alternating along
the GAG chains (21,22). Such distinct sulfation patterns
have been found to be specific for certain tissues, develop-
ment stages, and disease conditions (23,24). Moreover,
this domain structure has been speculated to play an im-
portant role in increasing the specificity of GAG-protein
interactions (25,26). Finally, it has also been shown to influ-
ence virus binding, since specific structural features on the
HS chain have been shown to interact with HSV-1, for
example (15).

For many GAG-binding viruses, including HSV-1, the
process of initial attachment to the cell surface is far from
being fully understood. Although the main actors in this pro-
cess (viral glycoproteins and cell-surface GAGs) have been
identified, very little is known about the dynamics of the
virus-GAG interaction. It is, for example, unclear which
mechanisms viruses employ to travel through the extra-
cellular matrix and along the cell surface before firmly
attaching to it and proceeding with cell entry. Identifying
characteristic behaviors and thereby gaining further knowl-
edge about the processes modulating the interaction be-
tween virus and cell surface is, however, a key step toward
the development of new anti-viral therapies and vaccines.

One of the major challenges in identifying dynamic pro-
cesses relevant to virus attachment and entry is the large
heterogeneity of virus samples, which consist of individual
virions of distinct physicochemical properties. Accordingly,
important behavioral differences might only be represented
by small subpopulations of the studied sample and only a
small fraction of a given virus population successfully rep-
licates inside the host organism. This calls for the use of
techniques able to resolve binding properties on a single-
particle level. This is not possible with classical ensemble
averaging techniques, justifying the recent trend toward
the use of single-particle-based techniques in virus research
(27-29).

The aim of this study was to investigate the influence
of the physicochemical properties of sulfated GAGs on
mobility and binding kinetics of single HSV-1 virions. To
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this end, we used a model of the cell surface based on
GAG chains end-grafted to a sensor surface. Our model
mimics the attachment of GAG chains to the proteoglycan
core proteins, and has the advantage of allowing controlled
alterations in surface properties. Although surface plasmon
resonance (SPR) served to monitor and characterize the
surface functionalization, we opted for a single-particle
approach to resolve binding and diffusion characteristics
of single HSV-1 virions. Binding to the functionalized
surfaces was recorded using total internal reflection fluores-
cence (TIRF) microscopy. From the recorded movies, we
extracted information on HSV mobility using single-particle
tracking (SPT), and on binding kinetics using equilibrium
fluctuation analysis (30,31).

MATERIALS AND METHODS
Materials

All materials were purchased from commercial sources, unless stated
otherwise. We obtained 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap bio-
tinyl) (sodium salt) (DOPE-biotin) from Avanti Polar Lipids (Alabaster,
AL). Poly-L-lysine-grafted-polyethylene glycol (PLL-g-PEG and PLL-
g-PEG-biotin) was purchased from SuSoS AG (Diibendorf, Switzerland).
Phosphate-buffered saline (PBS, tablets), streptavidin (SA), and PKH26
red fluorescent cell linker kit (containing PKH26 dye and diluent C) were
purchased from Sigma-Aldrich (Munich, Germany). SA, Alexa Fluor 488
conjugate was obtained from Thermo Fisher Scientific (Stockholm, Swe-
den) and illustra MicroSpin S-200 HR columns from GE Healthcare (Dan-
deryd, Sweden). PBS was filtered with Whatman (Maidstone, United
Kingdom) filters (0.2 um) before use (GE Healthcare, Little Chalfont,
United Kingdom). In addition, for the SPR experiments, PBS was degassed
using an Elmasonic (Singen, Germany) S40H sonicator. Water was deion-
ized and filtered using a Milli-Q system (Millipore, Molsheim, France).

GAG derivatives

A summary of the end-biotinylated GAGs used in this study together with
their characteristics is given in Table 1. The GAGs were obtained from
commercial sources (HA was from Aqua Biochem, Dessau, Germany;
CS was from Kraeber, Ellerbek, Germany; and HS was from Celsus Labo-
ratories, Cincinnati, OH). Low-molecular-weight hyaluronan (HA) was
prepared as described in (32) and served as starting material for syntheti-
cally sulfated hyaluronan (sHA) (33). CS was a mixture of 70% chon-
droitin-4-sulfate and 30% chondroitin-6-sulfate. HS was derived from
porcine intestinal mucosa and conjugated with biotin at their reducing
end via oxime ligation (34). HA, sHA, and CS were derivatized at their

TABLE 1 Glycosaminoglycan Derivatives Used in This Study
Molecular

Name Abbreviation ~ Mass (kDa) n' DSsutfate”

Hyaluronan HA 23 57 0

Sulfated hyaluronan sHA 30 42 3.1

Chondroitin sulfate CS 20 41 0.9

Heparan sulfate HS 12 22 1.4

#Average number of disaccharide units per GAG chain, estimated from the
average molecular weight.
Average number of sulfate groups per disaccharide unit obtained by
elemental analysis (33,74).



reducing end via biotin-LC-hydrazide coupling (35). The GAG chains were
between ~20 and ~60 nm long.

Lipid vesicle preparation

POPC and DOPE-biotin lipids were dissolved and stored in chloroform.
A total mass of 2 mg was mixed as a ratio of 1 wt % DOPE-biotin in
POPC and dried at the bottom of a round glass flask under gentle N,
flow. The flask was kept under vacuum for >1 h to remove residual chloro-
form. Lipids were then hydrated in 1 mL filtered PBS and vortexed until no
traces of lipids remained visible on the glass (~1 min). The 2 mg/mL lipid
solution was extruded 11 times through a 30 nm polycarbonate membrane
(Whatman) using a mini extruder (Avanti Polar Lipids).

Virus purification and fluorescent labeling

The virus strain HSV-1 KOS (VR-1493; ATCC, Manassas, VA) (36) was
purified from infectious culture media of GMK AHI cells through a
three-step discontinuous sucrose gradient, as described in (37). The purified
solution was stored as aliquots of 25 uL at —80°C until use. The amount of
infectious particles, in terms of plaque forming units (PFUs), was deter-
mined with a viral plaque titration assay (37), yielding 6 x 10° PFU/mL.
Viral DNA from HSV-1 was extracted and quantified through real-time
quantitative PCR, as further described in (38). The obtained DNA count
value was 8.1 x 10'© mL™". A size distribution of the virus suspension
was obtained with nanoparticle tracking analysis (NTA) (Fig. S1), showing
a main peak with a mean diameter of 225 nm, in agreement with values
reported in the literature (39).

The virus suspension was fluorescently labeled using PKH26 red fluores-
cent cell linker dye and diluent C, a diluting agent provided in the labeling kit.
Then, 3 uL of dye (0.5 mM in ethanol) were mixed with 25 uL of virus so-
Iution using 500 uL of diluent C diluting agent. Dye and virus were incubated
for 10 min on ice and protected from light. The mixture was then centrifuged
for 1 min at 2000 X g through illustra MicroSpin columns to remove excess
dye. The obtained solution was diluted 10 times in PBS before injection.

MP-SPR

An SPR Navi 220A (Bionavis, Tampere, Finland) was used to perform SPR
measurements. SiO,-coated chips (SPR102-SIO2, Bionavis) were stored
overnight in sodium dodecyl sulfate (SDS; Sigma-Aldrich) and rinsed
with Milli-Q water. The chips were then cleaned for 15 min with ultravio-
let-ozone. Measurements were performed at 22°C using two wavelengths
(670 and 785 nm). The running buffer was PBS.

SLBs were formed on the cleaned SiO, chips by running a 0.1 mg/mL
POPC + 1 wt % DOPE-biotin solution through the flow cells. SA was
then bound to the biotin groups incorporated in the bilayer (25 pg/mL
solution). Biotinylated HA and sHA were immobilized on the SLB + SA
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layer (0.1 mg/mL solution). Biotinylated CS and HS were injected at
concentrations of 0.5 and 0.1 mg/mL, respectively. All solutions were
prepared in PBS.

Surface coverages presented in Table 2 were estimated using Eq. | under
the thin film approximation (40,41):

AT = Adeg, (1)

5
S (dn/dC)

where ¢ is the decay length of the intensity of the evanescent field, S is the
sensitivity of the instrument expressed in degrees per refractive index unit,
and (dn/dC) is the refractive index increment per biomolecule concentra-
tion in solution. The thin film approximation describes the case where the
adsorbed film thickness is much smaller than the decay length, ¢, and can
therefore readily be applied to calculate the adsorbed mass of the lipid
bilayer and the SA layer. For the calculations of the surface coverage of
the GAG layer, this approximation can lead to an error of up to 30% in
the case of a fully stretched out GAG molecule of 60 nm in length. How-
ever, since the GAG-film thickness is likely to be significantly smaller
than the extended length of a GAG molecule, we expect the predicted
error to be much smaller. We used Eq. 1 with a decay length of 109 at
670 nm (42), and the sensitivity at 670 nm has been measured to be
109.68 deg/dn using a reference sample. Average values of dn/dC were
obtained from the literature: lipids were 0.18 mL/g (43), SA was
0.18 mL/g (44), HA was 0.16 mL/g (45), CS and sHA were 0.147 mL/g
(44,46,47), and HS was 0.132 mL/g (48-50). All results were averaged
over n > 3 observations, and all error intervals indicate standard deviations.

TIRF microscopy

Microscope cover glasses (24 x 40 mmz; Fisherbrand, Fisher Scientific, Wal-
tham, MA) were boiled for >1hina 10% 7 x detergent/Milli-Q solution (MP
Biomedicals, Santa Ana, CA) and stored in Milli-Q water until use. The
glasses were rinsed with Milli-Q water and dried under N, flow right before
use. Microwells were formed by attaching a thin rectangular piece of polydi-
methylsiloxane (PDMS), made from a mixture of 10:1 Sylgard 184 and curing
agent (Dow Corning, Midland, MI), onto the glass. The PDMS piece con-
tained nine holes of ~18 uL volume each, and was stored between regular of-
fice tape to avoid contamination, and to possibly enhance its adhesion to glass.

SLBs were formed on the cleaned cover glasses by adding 10 uL of
0.5 mg/mL POPC + 1 wt% DOPE-biotin vesicles to the microwells. After
20-30 min of incubation, 5 uLL were removed from the wells and the re-
maining solution was rinsed 10 times with 15-20 uL of PBS. 5 uL of
0.5 mg/mL SA were added to ~5 uL of remaining solution and incubated
for 20 min. The same rinsing process was repeated and 5 uL of biotinylated
GAGs (HA, sHA: 0.2 mg/mL; CS: 1 mg/mL; HS: 0.1 mg/mL) were added
to ~5 uL of PBS followed by another rinsing step performed as described
above. 10 uL of the labeled virus suspension were finally added to the well
containing 5 uL of PBS and incubated for ~60 min before the start of the

TABLE 2 SPR Response, Estimated Optical Mass, Surface Coverage, Average Spacing, and Density of Sulfate Groups for the

Different GAG Immobilization Steps

SPR Response Optical Mass

Surface Coverage”

Average Spacing” Density of Sulfate

(670 nm) (°) (ng/cmz) (10'Y/em?) (nm) Groups (10'%cm?)
Bilayer (step i)° 0.755 = 0.017 417.0 = 94 / / /
SA (step ii)" 0.247 = 0.007 136.4 = 4.1 13.7 = 04 8.6 £ 0.1 /
HA (step iii)° 0.072 = 0.012 446 = 7.6 11.7 £ 2.0 9.4 + 0.8 /
sHA (step iii)° 0.029 = 0.002 19.8 = 1.3 4.0 =03 159 = 05 51.7 = 33
CS (step iii)° 0.012 = 0.004 79 £ 26 24 + 0.8 213 = 3.6 8.8 £ 29
HS (step iii)” 0.049 = 0.002 373 + 14 18.7 = 0.7 73 = 0.1 57.6 = 2.2

#Assuming that the average molecular mass of surface-bound GAGs is the same as in solution.

"Calculated as root mean-square (RMS) spacing.
See Fig. 1 for a definition of the GAG immobilization steps.
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measurements. All solutions were prepared in PBS. For the control exper-
iment using 5% biotin, we used vesicles of POPC + 5 wt% DOPE-biotin
instead of the vesicles stated above. For the PLL-g-PEG system, we added
10 uL of 0.1 mg/mL PLL-g-PEG + 20 vol% PLL-g-PEG/PEG-biotin)
instead of the vesicles to the microwells. All following steps of the surface
functionalization were kept identical.

A Nikon Eclipse Ti-E inverted microscope (Nikon Corporation, Minato,
Japan) was used together with a 60x oil immersion objective (NA = 1.49)
to record time-lapse movies (1.5 s time interval/750 frames) for both equi-
librium fluctuation analysis and SPT studies. The microscope was equipped
with an Andor DUS79E-CSBV camera (Andor Technology, Belfast, UK),
an X-Cite 120 light source (Lumen Dynamics Group, Mississauga, Can-
ada), and a TRITC filter cube (Nikon).

SPT

All SPT data analysis was done using homemade scripts written in MAT-
LAB (The MathWorks, Natick, MA). Tracking was implemented using
local nearest-neighbor linking (51), while the dependence between mean-
square displacement (MSD) and lag time (A¢) was calculated for each
observed track using the internal averaging procedure (52). Since the ob-
tained MSD-A¢ curves of single virus particles did not always increase
linearly with At (as expected for normal diffusion) but showed indications
of anomalous diffusion in a notable fraction of observed trajectories, all
MSD-At curves were fitted using both a model for normal diffusion,

MSD(Af) = 4DAt + gy, )

and a model for confined diffusion (53,54),

L2 12D-A
MsD(Ar) = 4 (1 - exp[—L—ftD +o0, ()
C

with D and D¢ denoting the extracted diffusion coefficients for normal or
anomalous diffusion, respectively, L¢ the length scale of confinement (in
the case of anomalous diffusion; see Fig. S2 for L¢ distributions), and o
the vertical offset of the MSD curve from zero (caused by the error done in
localizing the virus position in the TIRF movies due to localization noise).
Note that we refer here to anomalous diffusion in its most generic definition,
i.e., diffusion leading to MSD curves showing a nonlinear dependence of At.

Tracked virus particles were assigned to anomalous diffusion if their
corresponding MSD-At curves were better described by Eq. 3 than Eq. 2
(indicated by a smaller root mean-square error caused by the fit); elsewise,
they were assigned to normal diffusion. As Eq. 2 can be obtained from Eq.
3 by Taylor expansion in the limit of large L¢ values, fitting Eqs. 2 and 3 to
alinear MSD curve (normal diffusion) will give almost identical fitting errors.
As a consequence, to be assigned to anomalous diffusion behavior, an MSD
curve needs to be sufficiently nonlinear to yield a lower fitting error of Eq. 3
with respect to Eq. 2. Although Eq. 3 described the MSD curves of corralled
diffusion of particles (confined in an area with length scale L¢), Eq. 3 is used
here without loss of generality, as only the extracted D¢ values will be em-
ployed for further analysis in this work. These values correspond to the slope
of the corresponding MSD curves in the limit of infinitesimal Az values and
could also be derived, without any assumption on the underlying diffusion
process, by fitting a linear relationship (such as Eq. 2) to the MSD curves
for small Ar. Nevertheless, the latter approach requires that we define a suit-
able upper limit for Az, whereas Eq. 3 can be applied to the entire MSD curve,
thereby avoiding introduction of additional thresholds and also increasing the
fitting accuracy (as the fit is based on more data points). Hence, fitting the
MSD curves using Eqs. 2 and 3 allows the complex diffusion behavior of
HSV-1 to be quantified (by D and D¢ values, respectively) within a single
framework, without loss of generality or introduction of thresholds that are
usually employed to distinguish normal from anomalous diffusion.
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Finally, the ratio of particles exhibiting anomalous diffusion was calcu-
lated as the number of tracks assigned to anomalous diffusion divided by
the total number of tracks. Peak values of the distribution of diffusion co-
efficients were determined for the immobile and mobile peaks of both
anomalous and normal diffusion. Mobile fractions were calculated as the
number of tracks in the mobile peak divided by the total number of tracks.
All values were averaged over n > 3 observations (see Table S1 for com-
plete statistical information) and reported as the mean + SE.

Equilibrium fluctuation analysis

To quantify binding and release kinetics of individual virus particles, the re-
corded time-lapse movies were analyzed with a method called equilibrium
fluctuation analysis (30). MATLAB scripts were written in house. With this
method, only particles with an intensity higher than a set threshold
(th_high) and a pixel size (rem_size) >3 were detected. Particles were
considered as firmly bound if present for at least #,;, = 10 frames and
considered as dissociated if the pixel intensity at the centroid position drop-
ped below a low threshold (th_low). Threshold values were set manually
after visual inspection of the movies; the values were the same for movies
recorded on the same experiment day. The residence time of each particle
on the surface was calculated as the time (in seconds) that the particle had
been firmly bound to the surface before dissociating. Bleached particles
were disregarded in the analysis by introducing a third threshold (th_me-
dium) to discern particles of gradually decaying intensity (i.e., bleached
particles) from dissociating particles. Slight particle drifts were neglected
by allowing a particle to move a maximum of spot_rad = 5 pixels between
two consecutive frames and still be considered as firmly bound.
Association rates were calculated by counting the number of newly
arrived particles over time, constructing a cumulative plot, and calculating
the slope of the linear fit of that curve (the first 150 s of the curve were dis-
regarded for the linear fit, to discard artifacts associated with an underestima-
tion of the number of particles detected by the software in the first frames).
Dissociation events detected by the software were visually inspected to
exclude events originating from diffusing particles. The final number of
dissociation events was then divided by the total number of associated par-
ticles to estimate the percentage of dissociating particles. The slope of the
association curves was averaged over n > 3 observations (see Table S2
for complete statistical information) and reported with standard deviations.
Association rates per GAG were calculated by dividing the measured asso-
ciation rates with the concentration of virus in solution, provided by the viral
DNA count (in molar), and the surface density of GAG chains. The use of the
viral DNA count as the particle concentration of the virus suspension as-
sumes that each virus particle comprises one copy of viral DNA. This is
considered accurate, since the vast majority of virions comprise one DNA-
containing capsid, as observed by electron microscopy (data not shown).

Fluorescence recovery after photobleaching

The surfaces were functionalized as described above but using fluorescently
labeled SA (Alexa Fluor 488 conjugate). SA was photobleached using green
laser (532 nm) illumination for a total duration of 2 s. Movies were recorded
for a minimal duration of 20 min after photobleaching and analyzed using
in-house written MATLAB scripts (55).

RESULTS AND DISCUSSION
GAG surface immobilization

To study HSV-1/GAG interactions, a biomimetic surface
consisting of GAG chains end-grafted onto sensor surfaces
(35,56,57) was implemented. The platform was constructed
taking advantage of the high binding affinity between biotin



and SA to attach reducing-end-biotinylated GAGs to an SA-
modified surface. In this case, a biotinylated supported lipid
bilayer (SLB) was used as support (Fig. 1 A).

The GAGs used in this study were HA, a synthetically
sulfated version of HA (sHA), CS, and HS. HA is the
only nonsulfated GAG in this study and is used here as a
negative control to demonstrate the specificity of the HSV
interaction to sulfate groups. To study the influence of the
degree of sulfation and arrangement of sulfate groups along
the GAG chain, we compared the two native GAGs CS and
HS to synthetically sulfated sHA. sHA differs from the
native CS and HS in several aspects. First of all, sHA pre-
sents on average two to three times more sulfate groups
than CS and HS (see Table 1). Second, the chemical sulfa-
tion of GAGs occurs in a more random fashion, depending
on the sulfation probability of each site on the saccharide
ring, likely to result in a rather homogeneous distribution
of the sulfate groups along the chains. This contrasts with
the highly heterogeneous distribution of the sulfate groups
on the native GAG chains (22), likely to present alternating
sulfate patterns along their chains, especially for HS (25).

The surface modification process was monitored in real
time using MP-SPR sensing. A typical sensorgram is shown
in Fig. 1 B whereas the angular shifts of the SPR response
for all binding steps and the estimated optical mass, surface
coverage (chain density), and chain-to-chain distance for the
GAG immobilization are given in Table 2.

From the SPR responses of the GAG-binding step at satu-
ration (Fig. 1 B, iii), we observed that the different GAGs
yielded different surface coverage values on the sensor sur-
face. The highest coverage was obtained for HS. In compar-
ison, ~13, ~21, and ~63% of this coverage was obtained
for CS, sHA, and HA, respectively. The measured values
of surface coverage were in agreement with previous studies
(35.,58).

GAG-bound virus particles exhibit lateral
diffusion

To study the characteristics of HSV-1 binding to the different
GAGs, TIRF microscopy was used to visualize individual
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GAG-bound HSV virions and to investigate their diffusive
behavior and interaction kinetics. These experiments were
carried out after fluorescent labeling of the virions with a
cell membrane dye (59) and adding them to GAG-modified
surfaces. Time-lapse movies were acquired after equilibra-
tion but without rinsing. Thanks to the TIR setup of the
microscope, only fluorophores in close proximity (100—
200 nm) to the surface were excited while the fluorescent
background was effectively suppressed, making it possible
to discriminate surface-bound virions from the ones in solu-
tion. A typical TIRF image of HSV-1 bound to CS is shown in
Fig. 2 A (see Supporting Material for movie files). To demon-
strate the specificity of the HSV-1 interaction to sulfated
GAGs, we tested virus binding to (nonsulfated) HA, which
resulted in significantly reduced virus attachment (Fig. 2 B).

Visual inspection of the recorded movies indicated that a
fraction of HSV-1 particles bound to the GAG adlayer
undergo a lateral movement. To characterize the observed
virus mobility, time-lapse movies were recorded at 0.67
fps for a total duration of ~19 min and analyzed by SPT.
The extracted mean-square displacement (MSD) curves
(see MSD curves in Figs. S3 and S4, for example), calcu-
lated from single-particle trajectories (Fig. 3, A and B),
showed indications of anomalous diffusion for a notable
fraction of HSV-1 trajectories (i.e., MSDs showing
nonlinear dependence of Af), requiring the fitting of the
MSD curves using normal and anomalous diffusion models
to determine the diffusion coefficients, D (see Materials and
Methods for details). Histograms of the determined D distri-
butions were dominated by a peak at 0.5 x 10~ or at 1 x
10°° ,umz/s for normal and anomalous diffusion, respec-
tively (see Fig. S5; Fig. 3 C). For both diffusion modes,
this peak was attributed to immobile HSV-1 virions, as its
nonzero value can be fully explained by the localization
noise of our SPT setup (see Supporting Material). Besides
this, an additional peak was observed at higher D values, be-
ing on the order of 10~° to 10~ um?/s for normal diffusion
and ranging between 10~* and 10~ um?/s for anomalous
diffusion. These values are two to three orders of magnitude
larger than the apparent D of immobile virions and thus are
clearly indicative of diffusing HSV-1 particles (see Figs. S3
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FIGURE 2 TIRF image of fluorescently labeled HSV-1 particles on a CS
(A) and a (nonsulfated) HA surface (B). Scale bars represent 50 wm.

and S4, insets, for representative HSV-1 trajectories), as the
corresponding D values cannot be explained taking only
localization noise into consideration. Hence, although
the HSV-1 particle diffusion coefficients appear to be rela-
tively small, the virions clearly move beyond the resolution
limit of our SPT setup and are, in addition, on the same or-
der of magnitude as previously reported diffusion coeffi-
cients of cell-surface-bound nonviral vectors (60).

The peaks corresponding to mobile and immobile HSV-1
particles always showed broad distributions, with diffusion
coefficients spanning at least one order of magnitude
(Fig. 3 C). For example, D values in the mobile peak distri-
bution of anomalous diffusion could reach up to 0.1 ,umz/s,
resulting in a lateral diffusion that is visible by eye on the
recorded movies (Fig. 3, A and B). To provide a quantitative
estimate of the normal and anomalous diffusion coefficients

for virions bound to different GAG types (Table 3), the peak
coefficients were determined using log-normal fitting, i.e.,
by fitting Gaussian distributions to logarithmically binned
D histograms. This was implemented in a two-step approach
by fitting first the peak associated to immobile virions,
which dominated the D histogram, followed by fitting the
tail of the distribution again with a Gaussian function while
keeping the parameters of the first fit fixed. Such a proced-
ure has the advantage that no fixed cutoff value for D has to
be defined to distinguish the immobile from the mobile
fraction, allowing the D distributions of both populations
to be determined without manual intervention. This finally
yielded for each peak its average value (equal to the peak
position in the D histogram) and mean * SE.

The anomalous diffusion behavior showed a trend for
higher diffusion coefficients on the native CS and HS in
comparison to artificially sulfated sHA (Fig. 3 D), whereas
no statistically significant changes in peak D value were
observed for the normal diffusion. Since the mobile peak
of the distribution of diffusion coefficients for anomalous
diffusion was found to be one to two orders of magnitude
higher than for normal diffusion, the overall fastest diffusion
was indeed measured on the two native GAGs. This is in
agreement with our qualitative visual observations revealing
a fraction of highly mobile virions on the native GAGs (see
Supporting Material for movie files).

Itis important to note that the fluid nature of the underlying
SLBs canresultin mobile SA and, consequently, mobile GAG
chains. Fluorescence recovery after photobleaching (FRAP)
experiments (with SLBs containing 1% biotinylated lipids)

FIGURE 3 SPT quantifies virus mobility on different
GAG surfaces. (A and B) Mobile tracks (D > 3.2 x
107° ;,Lmzls for anomalous diffusion and D > 1 X
107 um?s for normal diffusion) for a representative
sHA (A) and CS (B) surface. Scale bars represent 10

pm. (C) Histogram of diffusion coefficients for particles

undergoing anomalous diffusion on a CS and sHA sur-
face. (D) Mobile peak D values (anomalous diffusion)
for sHA, CS, and HS, showing a trend toward higher
diffusion coefficients for native GAGs. Significant shifts
(¥*p < 0.05) are indicated.
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TABLE 3 Comparison of Peak Diffusion Coefficients and Mobile Fractions of Virus Particles for Different GAGs

Anomalous Diffusion

Normal Diffusion

D (107® um%s) D (10~* um%s)

D (1078 um?s)

D (107° ,umz/s) Fraction of Particles Assigned

Immobile Peak Mobile Peak Mobile Fraction = Immobile Peak Mobile Peak Mobile Fraction to Anomalous Diffusion
sHA 1.19 = 0.07 271 £ 0.63 0.35 £ 0.07 4.66 = 0.42 103 £ 1.78 0.39 = 0.11 0.20 = 0.03
CS 1.06 = 0.11 792 = 2.14 0.46 = 0.05 5.27 = 0.31 8.42 + 1.28 0.34 = 0.07 0.21 = 0.04
HS 1.21 = 0.14 134 + 5.13 0.37 = 0.07 6.00 = 1.46 547 = 2.11 0.39 = 0.17 0.25 = 0.05

estimated the immobile fraction of adsorbed SA molecules as
55.6 = 2.5%, whereas the remaining SA molecules had an
average diffusion coefficient of 0.67 + 0.02 um?/s; diffusion
was not affected by the type of bound GAG chain. Hence, the
observed HSV-1 mobility can be caused either by diffusion of
the GAG chains alone, by transient attachment/detachment of
HSV-1 to different GAG chains (allowing it to move at the
interface while being firmly linked to it), or by a mixture of
both. It is, however, very unlikely that the HSV-1 mobility
stems from GAG chain mobility alone: As the GAG chain
mobile fraction is <50%, an average interaction of two
GAG chains per HSV-1 leads to an expected mobile fraction
of 25% (50 x 50%) that is already below the experimental
value of ~35% (Table 3), observed irrespective of the diffu-
sive mode. Interacting with two GAG chains, each of which
has an average D value of 0.67 ,um2/s is, however, not suffi-
cient to quantitatively explain the range of the small HSV-1
D values observed in the diffusion coefficient distributions
(Fig. 3 C); (61-63).

Although it appears unlikely that the HSV-1 mobility is
caused by mobile GAG chains alone, additional experiments
were performed to elucidate the actual role of GAG chain
mobility. First, in an attempt to decrease the mobile fraction
of SA, we increased the amount of biotinylated lipids in the
SLB from 1 to 5%. With this system, the recovery of the
bleached spot was drastically reduced (see Fig. S6) and the
immobile fraction of GAG chains increased to 86.4 =
2.7%; the remaining mobile fraction had an average diffusion
coefficient of 0.11 + 0.06 um?*/s. Despite this drastic reduc-
tion in GAG chain mobility, the diffusive behavior of HSV-1
was widely unaffected (Fig. S7 A), indicating that the GAG
chain mobility has little influence on the HSV-1 mobility un-
der the given experimental conditions. In a second approach,
we exchanged the underlying SLB with a PLL-g-PEG layer
containing 10% of PEG-biotin, previously used for similar
surface modifications (64). The advantage of this approach
is the complete absence of diffusing GAG chains (65,66).
Although interacting with fully immobile GAG chains, mo-
bile HSV-1 tracks, strongly resembling the ones obtained us-
ing SLBs, were still recorded (Fig. S7 B), proving that the
observed HSV-1 mobility is a consequence of transient inter-
actions with GAGs and not due to diffusion of GAG chains
alone. Nevertheless, the anti-fouling properties of this system
were inferior in comparison to the SLB surfaces, yielding
higher amounts of nonspecific binding, as verified using
HA (~30% of binding to HA, compared to ~10% with the

bilayer system). This further justifies the choice of SLBs
for our investigations.

Taken together, our results strongly suggest that the
observed mobility of HSV-1 on the immobilized GAG sur-
faces is caused by multivalently attached virions undergoing
a lateral “wobbling” movement caused by the disruption
and reformation of single bonds with the surface (28).
This interpretation is further supported by the presence of
anomalous diffusion, which requires broad distributions of
the release times (i.e., the time required to release a bound
virus) (67), a feature previously observed when studying
virus release kinetics (29,68).

It is not yet clear why the movement of certain HSV-1
particles can be well described by normal diffusion, whereas
others require anomalous diffusion. Diffusion was only
observed for a sub-population of the studied virus sample.
This could be, among others, a consequence of the heteroge-
neity of the virus suspension. Indeed, most viral suspensions
are composed of distinct subpopulations, characterized, for
example, by different size characteristics or expression of
glycoproteins. Previous studies have shown that these viral
subpopulations can demonstrate differences in infectivity
(69). Although it is at this stage not possible to determine
whether the fraction of mobile HSV-1 virions also presents
higher infectivity, the high abundance of GAGs in the extra-
cellular matrix and close to the cell surface could provide
the means for HSV-1 diffusion in vivo.

Our results indicate that the mobility of HSV-1 particles
showing anomalous diffusion is enhanced on CS and HS
layers in comparison to sHA. To interpret this, one has to
consider the differences in chain and sulfate group density
of the GAG surfaces, as the diffusive behavior of the
virions is likely to be influenced by these two factors. As re-
ported in Table 2, the highest chain density was measured for
HS and was four to five times higher than that measured for
sHA. The density of sulfate groups was in the same range
for HS and sHA and ~6 times higher than for CS. If the dif-
ferences in measured diffusion were originating solely from
the differences in chain and sulfate density, we would expect
the diffusion of HSV to be slowest on the HS surface, since a
higher chain and sulfate density would theoretically result in
a higher number of bonds created between the virion and
the GAG surface, and therefore to slower diffusion. The
increase in measured D values on native CS and HS in com-
parison to artificially sulfated sHA therefore suggests that the
diffusion coefficient depends on the nature of the GAG chain,
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and that the arrangement and patterns of sulfation along the
native GAG chains may influence the virus mobility. Such
a trend is not resolved for HSV-1 particles showing normal
diffusion, either due to lack of resolution in D determination
or to differences in the interaction mode that finally lead to
different diffusive behaviors. It should be noted that the
SPT analysis does not provide information about the z
position of the virions, i.e., how much the virion penetrates
into the glycan layer. In our case, the length of the GAGs
was only about one-tenth to one-fifth of the virus diameter,
indicating that the virus does not significantly penetrate
into the GAG layer and that entanglement with the polymer
chain is unlikely to significantly affect the observed diffusive
behavior.

The lateral diffusion of single HSV particles on the GAG
surfaces and the observed dependence on degree of sulfation
and arrangement of sulfate groups could be of importance in
understanding the contribution of different types of GAGs to
the initial attachment of virions at the cell surface. It can be
hypothesized that the mobile virions can take advantage of
differences in GAG types and charge gradients induced by
burst-like appearances of highly sulfated stretches of the
HS/CS chains in the glycocalyx (20) to “stochastically
roll” toward the cell surface while relying on its ability to
break and reform single GAG-bonds. Our findings further
suggest that the initial attachment of HSV-1 to GAGs
exposed on the cell membrane could be a dynamic process
in which viruses move in a two-dimensional plane in search
of secondary receptors before firmly attaching to the mem-
brane and proceeding with viral entry, as reported for other
viruses (70-72). This hypothesis and the importance of this
motion behavior during viral entry will be the subject of
further investigation involving live-cell experiments.

The degree of sulfation and arrangement of
sulfate groups along the GAG chain influences
the HSV/GAG interaction kinetics

To study interaction kinetics of single HSV-1 particles with
the immobilized GAGs, we further used TIRF-based equi-
librium fluctuation analysis (30). In this method, both the

rate of arriving particles over time and their individual resi-
dence times are determined, allowing for the extraction of
both association and dissociation rate constants of fluores-
cently labeled HSV-1 particles to and from the GAG
surface.

To gain insights into the association behavior of single
HSV-1 particles to the different GAG surfaces, we consider
the cumulative number of newly bound particles over time
as shown in Fig. 4 A for the three sulfated GAGs as well
as for HA (negative control). Virus binding was observed
for all three sulfated GAGs, whereas only a few particles
bound to the nonsulfated HA (~10% of the association
rate on sHA), thereby confirming the specificity of the
HSV-1 interaction to sulfated GAGs. Association rates to
sHA, CS, and HS, calculated as the slopes of the cumulative
number of newly bound particles over time, appear to be in a
similar range, but with significantly more particles binding
to CS than to sHA (Fig. 4 B).

Under the assumption that the binding kinetics are reac-
tion-limited, the association rate (i.e., the slope of the cumu-
lative plot shown in Fig. 4 A) is directly proportional to the
association rate constant, k,,, according to Eq. 4 (29):

dO(r)
dt

== konc®maxa (4)

where C is the concentration of virus particles in solution
and @, is the number of receptors on the surface. To
verify whether our system is in the reaction-limited regime,
we estimated minimal association rates for the diffusion-
limited case using the Ilkovic model (73). For this calcula-
tion, we used the PFU count as the concentration of virus
particles. This number only accounts for the number of in-
fectious particles in the virus suspension, and therefore is
an underestimation of the total number of virus particles.
However, for an estimation of minimal association rates,
the PFU count is better suited than the viral DNA count,
since it provides the minimal amount of HSV particles
likely to interact with the GAG surfaces. With the Ilkovic
model for diffusion-limited kinetics, we predicted associa-
tion rates that were at least one order of magnitude higher
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than the measured association rates, therefore validating the
assumption of reaction-limited binding kinetics.

A calculation of the association rate constants, k,, from
the obtained data of association rates (Table 4) is not
straightforward for complex systems like the multivalent
HSV-GAG interaction, composed of multiple bonds be-
tween the viral glycoproteins and surface bound GAGs. In
such multivalent systems, one usually distinguishes between
affinity constants calculated for the overall interaction and
affinity constants of each single bond (18). Although we
previously reported binding affinities of purified gC glyco-
proteins from HSV-1 to end-grafted CS and sHA, measured
with SPR (58), in this article, we focused on studying bind-
ing kinetics of the overall HSV-GAG interaction. For such a
system, a major complication for the estimation of binding
constants originates from the determination of the receptor
concentration, ®y,,x. The glycoproteins on the viral enve-
lope are likely to bind to clusters of sulfate groups on the
GAG chain, raising the question whether ®,,, is more accu-
rately determined by the density of GAG chains or the
density of sulfate groups. Nevertheless, in an attempt to
quantify the measured association kinetics while relating
it to differences in GAG chain densities, we calculated asso-
ciation rates per GAG by dividing the measured association
rates with the concentration of HSV-1 particles in solution
obtained by DNA quantification (in molar) and the surface
coverage (of GAGs) (Table 2), in analogy with Eq. 4, but us-
ing the chain density as a value for ®,,,. These calculations
(Table 4) show that the highest binding propensities were ob-
tained for native CS, with on average ~3 times more particles
per GAG binding to CS in comparison to sHA. This enhanced
association behavior could be an indication for a preference
of HSV to bind to specific arrangements of sulfates on native
GAGs, as opposed to more homogeneously distributed sul-
fates on sHA. The surprisingly low association rate to HS
(~10% of CS association per GAG) could, at least partially,
be explained by the high chain density of HS. Indeed, the
average chain-to-chain density for this GAG was calculated
to be ~7 nm (Table 2), which is shorter than the estimated
mean spacing between glycoprotein spikes on the viral enve-
lope of ~13 nm (39). It is therefore likely that after exceeding
a certain threshold, association is not enhanced anymore for
higher chain densities. The limiting factor of this interaction
then becomes the number of viral glycoproteins, resulting in
reduced association rates per HS chain.

TABLE 4 Association Rates and Corresponding Association
Rate per Sulfate Group Estimations for the Different GAG
Surfaces

Association Rate per

Association Rate (10*/cm’s) GAG (10*/Ms)

sHA 22+ 04 125 =32
CS 37 £ 04 40.2 = 17.5
HS 34 £ 15 4.1+ 19
HA 02 = 0.1 0.47 = 0.16

HSV-1 Glycosaminoglycan Interactions

From the analysis of the recorded movies, it appeared that
only very few virus particles dissociated from the surface,
indicating that once bound, the virions can undergo lateral
movements while being trapped on the GAG surface.
Indeed, for all investigated GAGs, <0.5% of the bound par-
ticles were observed to leave the surface for the duration of
the experiment. This interesting result, further confirmed by
longer time series (1 h), shows that complete dissociation
events, which would require the virus particle to break all
of the bonds with the GAG layer within a very short time
period in which no new bond would be formed, are very un-
likely and therefore rarely observed. It also suggests that
GAGs are very efficient at recruiting HSV particles in the
extracellular matrix and at the cell surface.

Taken together, HSV-GAG interaction kinetics showed
increased HSV-1 association rates to native CS in com-
parison to chemically sulfated sHA, which could not be
explained by differences in chain density or degree of sulfa-
tion of the GAG chain, therefore suggesting a preference of
HSV-1 to specific arrangements of sulfates on native GAGs.
Furthermore, very low dissociation rates were observed
from all GAG surfaces. These results suggest higher overall
binding affinities of the virus to CS in comparison to sHA,
which contrasts with the observed faster diffusion of
HSV-1 on CS in comparison to sHA. This illustrates the
complexity of multivalent virus-GAG interactions, which
are characterized not only by overall binding affinities but
also by the reaction constants of the individual bonds
(glycoprotein/GAG bonds in the case of HSV-1). Our previ-
ous investigations on purified gC glycoproteins (58) did not
reveal any significant differences in apparent binding affin-
ities of gC to CS or chemically sulfated sHA, although they
did not exclude that the gC/CS and gC/sHA bonds may
differ in their association and dissociation constants, kg,
and k. We observed complex overshooting binding be-
haviors of gC to end-grafted GAG chains, complicating
the quantitative analysis of k,, and k¢ (58). However, our
data, presented in Fig. S8, clearly indicate that gC has a
higher propensity to dissociate from the CS layer than
from sHA. This observation indicates that the gC/CS inter-
action is more dynamic than gC/sHA, resulting in a higher
propensity of HSV to break and reform single bonds with
the CS layer. This characteristic is likely to confer a higher
surface sampling capability to the virus, which might
explain the observed differences in HSV mobility.

CONCLUSION

In this study, we used SPT and equilibrium fluctuation anal-
ysis to study interaction kinetics and lateral mobility of sin-
gle HSV-1 particles on end-grafted GAGs. Our results
showed that HSV-1 efficiently binds to native CS and HS,
and to the artificially sulfated sHA, but not to nonsulfated
HA. Once bound to the GAG layer, the virions appeared
to be trapped while undergoing lateral diffusion on the
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GAG chains. Furthermore, our experiments showed a ten-
dency toward higher diffusion coefficients on the native
CS and HS surfaces in comparison to sHA. These results
indicate that the degree of sulfation, but also the arrange-
ment of sulfate groups along the GAG chain, influence
HSV mobility. Taken together, our findings therefore sug-
gest that the physicochemical properties of cell-surface
GAGs could play a determining role in modulating the
different steps leading to virus uptake by a host cell.
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