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Rotavirus Binding to Cell Surface Receptors Directly

Recruiting o, Integrin

Jinsung Yang, Jeongsoo Park, Melanie Koehler, Joshua Simpson, Daniel Luque,

Javier M. Rodriguez, and David Alsteens*

Rotavirus interactions with endogenous cell surface receptors are of fundamental
interest in virology and medicine; however, the evidence of rotavirus directly
binding to the receptors and the consequent dynamic behaviors are still elusive.
Force—distance curve-based atomic force microscopy allows for the extraction of
biophysical properties underlying binding of single virions to receptors and
clarification of the dynamics of rotavirus—receptor interactions. Unfortunately,
this method is time-consuming due to the lack of automation when analyzing
large data sets. Herein, rotavirus—receptor interactions and early endocytosis
behaviors using automated high-throughput analysis are examined. It is dem-
onstrated that rotavirus binds to a-linked sialic acid and a,f integrin. The effect
of trypsinization is investigated on the capsid protein VP4 binding to the
receptors. Using fluidic force microscopy, it is demonstrated that the interaction
leads to a, integrin recruitment to the cell-bound rotavirus on the plasma
membrane. Further, it is illustrated that an integrin-derived peptide can impede
binding and alter downstream dynamics. Taken together, these results open a
new understanding of the infection mechanism of rotavirus and suggest a novel

1. Introduction

Rotavirus infection was responsible for an
estimated >125000 young children
(<5years) deaths in 2016 throughout the
world."" Although the number of deaths
has halved since a vaccine became available
in 2006, rotavirus infection was still respon-
sible for about 30% of all diarrheal deaths
among young children just 5years ago."
Current vaccines are based on live-attenuated
rotavirus containing one or multiple sero-
types independently determined by the outer
VP4 and VP7 proteins.”! On virions, VP4
forms homotrimers projecting outward from
the viral surface, made up of 260 trimers of
VP7, and consist of two different domains:
VP5% and VP8* (Figure 1A,B).”! VP7 defines
the glycosylated (G) genotype and VP4 estab-

inhibitory peptide against rotavirus binding.
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lishes the protease sensitive (P). Currently,
there are at least 51 P genotypes and 36 G
genotypes. Despite the theoretical possibility
for numerous rotavirus G/P reassortants, six
account for 80-90% of circulating genotypes,
namely, G1P[8], G2P[4], G3P[8], G4P[8], GIP[8], and G12P[8]."]
Some novel strains have recently emerged and continue to spread
worldwide.”! Therefore, a better understanding of the molecular
mechanism underlying rotavirus infection as well as the develop-
ment of specific antiviral agents is an urgent unmet need.

Central to virus infection is the translocation of virions
through the cell membrane, allowing for downstream release
of their genetic cargo. While internalization strategies vary
between viruses, the initial step always involves the binding of
viral proteins with one or multiple cell surface components,
either attachment factors (e.g., surface glycans) and/or specific
entry receptors. Several lines of evidence have demonstrated that
rotaviruses interact sequentially with several cell surface mole-
cules, using the virus surface proteins VP4 and VP7
(Figure 1A,B).1) Upon the first contact, rotaviruses interact with
glycans, for example, sialic acid (SA), through the region encom-
passed on the VP8* domain of VP4.”~% In addition to interac-
tions with glycans, rotavirus can also engage heat shock
cognate 71kDa protein (hsc70)'*") and integrins via binding
motifs present on either VP5* (xf;1, asP1) or VP7 (oyP3, ofa,
ouBy) (Figure 1B).'">) Recently, a new receptor for rotavirus,
histoblood group antigen (HBGA), was discovered, indicating
the need to better understand mechanisms associated with bind-
ing and entry.['"

© 2021 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH


mailto:david.alsteens@uclouvain.be
https://doi.org/10.1002/anbr.202100077
http://creativecommons.org/licenses/by/4.0/
http://www.advnanobiomedres.com

ADVANCED
SCIENCE NEWS

ADVANCED
NANOBIOMED
RESEA

www.advancedsciencenews.com

Rotavirus
NTR

Rotavirus

99

Sialic acid

C D
NTR TR

VP1

1]l —
>-—._....

VPer >

VPG P s e
VP7 B

Ve

a2p1 integrin&

0000000000000000000000000000000000 ‘.
....................................b..
membrane

www.advnanobiomedres.com

NTR TR

VP8*

VP4

VP5*

o

Figure 1. Probing rotavirus binding on cell surfaces and probing its binding to receptors. A) Schematic of rotavirus binding to the cell surface through
sialic acid and o, integrin. TR are virions that are purified in the presence of trypsin. NTR are virions that are purified in the absence of trypsin.
B) Schematic of outer capsid proteins before and after trypsinization. C) Coomassie blue-stained SDS-PAGE gels of purified SA11 NTR (left) and
TR (right) (D,E) Transmission electron microscopy micrographs of negatively stained D) SA11 NTR- and E) TR-purified TLP (scale bar: 100 nm).

Rotaviruses’ infectivity is also dependent on proteolytic
enzymes. Treatment of the virions with trypsin results in the spe-
cific cleavage of VP4 into polypeptides denoted as VP8* and
VP5*.718 However, the protease cleavage does not result in loss
of domains in at least two of the three subunits; due to the main-
tenance of their noncovalent bonds, the overall structures
remaining similar after trypsinization,'” indeed, and due to
enhanced steric mobility, this process confers to the VP4 spikes
the ability to fold back and promote membrane penetration*’
(Figure 1B), enhancing viral infectivity severalfold.'” Further,
the impact of cleavage on virus-binding properties to the various
cell surface receptors remains unclear. To address this issue,
here, we analyzed the molecular mechanism of sialidase-
sensitive SA11 rotavirus strain binding to SA and a,p; integrin
using force—distance (FD) curve-based atomic force microscopy
(AFM). In doing so, we also developed a new robust algorithm to
facilitate high-throughput retrieval of kinetics parameters that
describe virus-receptor interactions. By comparing rotavirus
binding properties to SA and a,f; integrin before and after treat-
ment with trypsin, we conclude that trypsin treatment, while
leading to increasing infectivity, does not affect receptor binding.
We expanded on these observations and demonstrate that the

Adv. NanoBiomed Res. 2021, 1, 2100077 2100077 (2 of 12)

engagement of integrin is dependent on their conformation
and functional state, known to be regulated by divalent cations
(Mn**> Mg*"> Ca*>").?"*] Finally, we analyzed the dynamics
of o, integrin subunit recruitment upon rotavirus binding to cell
surfaces and demonstrated that an o, integrin-based peptide
inhibits both the integrin binding identified and early cellular
internalization processes required for virus uptake.

2. Results
2.1. VP8* Attaches to SA Glycans through Multivalent Bonds

As VP8* binding to SA glycans serves as the first foothold to cell
surfaces upon virions landing, we wanted to probe the interac-
tion forces established during these early binding events using
FD-based AFM. To mimic cell surface glycans invitro,
streptavidin-coated surfaces were incubated with biotinylated
SA (Figure S1, Supporting Information), and purified SA11 rota-
virus (Figure 1C-E) were covalently attached at the AFM tip apex
using a ~15nm-long polyethylene glycol (PEG) spacer
(Figure 2A).1%! Validation of the purified SA11 rotavirus triple-
layer virus particles (TLP) grown in the presence (trypsinized
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Figure 2. Probing rotavirus binding to sialic acid on model surface. A) Binding of single virion probed on a SA-coated surface. B) Representative FD
curves (retraction part) showing either no binding event (nonadhesive) or specific binding events (adhesive curves). C) Box plot of specific BFs measured
between SAT1 TR and SA measured by AFM before and after injection of 1 mM Neu5Ac. D) Box plot of specific BFs measured between either SA1T NTR or
TR and SA measured by AFM before and after incubation of rotavirus in trypsin TPCK (100 BAEE ml™", 37 °C, 30 min). Each data point represents the BF
of 1024 individual measurements recorded at a retraction speed of 10 um s ™. The line in the box indicates median, the empty small square in the box
indicates mean, the colored box indicates the 25th and 75th percentile, and the whiskers indicate the highest and the lowest values of the results. P-values
were determined by two-sample t-tests in Origin. E,F) DFS plot showing the rupture force and as a function of the LR for interactions between SAT1 TR
and SA either extracted manually (E) or using the automated algorithm (F). The solid line shows the Bell-Evans fit of the single interaction and the dashed
line the Williams—Evans prediction of the multivalent interactions. The error bar indicates standard deviation of the mean value. 627 curves recorded from
two independent tips and samples. G) Difference of the values between manually analyzed and automatically analyzed in the force and the LR. H) Larger

data set analyzed by the automated algorithm with the Bell-Evans fit and Williams—Evans prediction. 2364 curves recorded from six independent tips and
samples.

virions [TR]) or absence (nontrypsinized virions [NTR]) of trypsin ~ surface in a cyclic manner, FD curves were recorded
was conducted using PAGE gel (Figure 1C) and transmission  (Figure 2B). Specific adhesion events were observed on
electron microscopy (Figure 1D,E) before and after trypsin treat-  ~4—7% of retraction FD curves at rupture distances >5nm,
ment. By approaching and retracting the AFM tip from the compatible with the extension of the PEG linker (Figure 2C).
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After injection of free SA, a significantly lower binding frequency
(BF) (<2%) is observed, confirming the specificity of the inter-
action. Next, we evaluated the influence of VP4 on the binding to
SA after cleavage by trypsin. We compared TR- or NTR-purified
virions (Figure 1C,D), as well as the influence of trypsin treat-
ment of virions already immobilized on AFM tips. No significant
differences were observed, though TR virions have a slightly
higher binding probability to SA (=6—7%) in comparison with
NTR virions (~4—5%). Taken together with cryogenic electron
microscopy (cryo-EM) data, AFM results demonstrated that
NTR and TR particles share the same fold overall structure, that
is, in which at least two apical VP8* polypeptides remain linked
to the virions even after cleavage of VP4 by the trypsin. This over-
all structure is SA-attachment competent for both TR and NTR
(Figure 2D).**!

To better characterize the binding properties of TR virions to
SA, we extracted the kinetic parameters describing the VP8*
interaction with SA. To this end, binding events were recorded
by the FD curve-based AFM at various tip retraction speeds,
enabling to explore the binding force over a wide range of loading
rates (LRs) (Figure 2E). For each individual force-time (FT) curve
(Figure 2B), the binding force, that is, the magnitude of the force
just before the bond ruptures, and the LR, that is, the slope of the
curve before the rupture, were extracted and displayed in a so-
called dynamic force spectroscopy (DFS) plot (Figure 2E).*!
This analysis step is time-consuming and subject to variations
from one person to another, depending on 1) the precision
and 2) the selection of the regions of interest (ROIs), notably,
for the extraction. Initially, we manually analyzed ~600 FT
curves for assessment (Figure 2E). Similar to other glycan-virus
complexes studied by AFM, we observed binding forces in the
range of 25—400 pN (Figure 2E; circles).”’ 2% These wide range
of forces depend on the pulling speed and originate from indi-
vidual bonds or multiple bonds rupturing simultaneously. To
confirm this, an analysis of force distribution was conducted
for narrower LR ranges (Figure S4A, Supporting Information)
and the means of the various peaks were plotted in the DFS
graph (Figure 2E; squares). The kinetic parameters describing
the single bond were then evaluated using the Bell-Evans
model,?**Y which describes the unbinding process as a
simple two-state model, in which the bound state is separated
from the unbound state by a single barrier located at a distance
x,=0.69+0.02nm and crossed with a transition rate of
kogr=0.20+0.04s~". The William-Evans?®? predictive model
further confirmed the fast formation of multiple uncorrelated
bonds loaded in parallel (Figure 2E, dashed lines). The entire
analysis process encompassing the recording of the data through
extraction of the kinetic parameters is long and fastidious
(around 36—48h per DFS plot). Due to the nature of the auto-
mated technique, the number of analyzed curves is important to
reduce the error in the biophysical properties extracted via the
Bell-Evans model, as more curves improve the clarity of peaks
in the force histograms (Figure S4, Supporting Information).
In other words, more analyzed curves help us distinguish multi-
valent bindings on the DFS plot easily and more correctly. Within
this technique the robustness of the fit and the precision of the
parameters strongly depend on the number of FD curves ana-
lyzed, comparable with trained manual analysis, but can be
obtained far more rapidly.
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2.2. Toward an Automated Analysis

To facilitate the analysis of extensive amounts of data, an algo-
rithm has been developed to select the adhesive curves and auto-
matically extract the binding forces and LRs (Figure 3). The
algorithm mimics the manual process step by step
(Figure 3A,B), although the order of the steps differs. A more
detailed explanation about the algorithm workflow is provided
in Supporting Information. Briefly, a baseline correction of
the FT curve is applied, consisting of a force offset and a correc-
tion of the dragging force (Figure 3C,E).”* Next, a validity check
is conducted to sort adhesives curves from nonadhesives curves
or curves showing nonspecific events (Figure 3D). This step of
selecting the adhesive curves is based on both the height of the
adhesion peaks and their positions within the force curve.
Finally, the ROI encompassing the adhesive event is analyzed
to extract the magnitude of the rupture force and the LR, corre-
sponding to the slope of the curve just before the rupture event
(Figure 3F). We applied the algorithm to the same data set pre-
viously analyzed manually (Figure 2F), revealing no significant
difference (Figure 2H). Remarkably, the parameters extracted
by the Bell-Evans model are equivalent. However, the algorithm
is much faster (around 3—4 h per DFS plot) and enables the anal-
ysis of much larger data sets (Figure 2G), providing improved
accuracy for the extracted parameters.

2.3. Rotavirus Specifically Binds to a,f; Integrins

After having shown that rotavirus establishes multiple bonds
with SA moieties, we sought to study how rotavirus can specifi-
cally bind to a,p; integrins.[17] FD curve-based AFM was used to
evaluate the interactions between the rotavirus grafted on the
AFM tips and o,p; integrin covalently immobilized onto gold
surfaces. a,f; integrin surfaces were validated by the scratching
experiment, revealing a deposited layer of =3.7+1.0nm
(Figure S5, Supporting Information). AFM experiments showed
a BF of ~8—10% (Figure 4A). To confirm that these binding
events are specific, we conducted various control experiments
(Figure 4A): 1) using an AFM tip without rotavirus (PEG linker
terminated) or 2) a model surface without integrin. As antici-
pated, the BF was significantly lower confirming specificity
(Figure 4A). As o, integrins bind to DGE sequences,™* we also
injected DGEA peptides, as another control, resulting in a similar
reduction in the BF (Figure 4B). Together, these results confirm
that rotavirus specifically binds to ,p; integrins under the exper-
imental conditions described. Finally, we evaluated the influence
of trypsinization (Figure 4C) and observed no influence, reveal-
ing that access to the binding epitope on the rotavirus is not mod-
ified by trypsin exposure.

2.4. An a, Subunit Integrin-Derived Peptide Inhibits Rotavirus
Binding

Point mutations in a6 and oF regions of the a, subunit of the
integrin significantly reduce rotavirus binding to CHO cells.**]
Based on this, we hypothesized that the regions of «, integrin
may function as a rotavirus binding domain. We synthesized
and evaluated a short peptide based on the a, subunit sequence

© 2021 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH
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Figure 3. Toward automative data analysis. A) Overview of the principle of manual analysis of FD curves obtained by AFM. B-D) Automated procedure to
analyze AFM FD curve with baseline correction step (C) and selection of specific binding events (D). E) Schematic of baseline correction step.
F) Schematic of extracting the rupture force and the LR.
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Figure 4. Probing rotavirus binding to a,f; integrin and evaluation of antibinding peptide properties. A) Box plot showing the specific BFs between the
functionalized tips (SA11 TR or PEG) and the integrin-coated surface. B) Box plot showing the specific BF between SAT1 TR and a,f, integrin before and
after DGEA incubation (1 mM). C) Box plot showing the specific BF between SA11 NTR and o,f, integrin before and after incubation in trypsin
(100 BAEE ml™", 37°C, 30 min). D) Schematic of probing rotavirus binding to a,B; integrin in the presence of the peptide. E) Box plot showing specific
probabilities between rotavirus SA11 TR and a,f; integrin in the presence of the peptide at various concentrations (1 pM, 10 pM, 100 uM). Each data
point corresponds to the BF extracted from one map recorded at a 10 um s~ retraction speed. The line in the box indicates median, the empty small
square in the box indicates mean, the colored box indicates the 25th and 75th percentile, and the whiskers indicate the highest and the lowest values of the
results. F) Graph showing the difference of BF after peptide injection. The error bar indicates standard deviation of the mean value. The inset refers to the
control with the virus buffer injection, showing that the consecutive mappings do not influence the BP. P-values were determined by two-sample t-test in

Origin.

(1320-338]: DTKNLIKEIKAIASIPTE), examining its utility in pre-
venting virus binding to «,p; integrins. Using our single-
molecule approach, we tested various peptide concentrations in
the range of 1-100 uM (Figure 4D) and observed progressive
concentration-dependent reduction in the rotavirus BF to the
integrins (Figure 4E). The o,-derived peptide led to a 44 + 14%
reduction of the BF at 100 pM (Figure 4F), whereas repetitive
mappings in absence of the peptide did not influence the BF
(Figure 4F, inset). This experiment confirms the role of the a,
subunit in the interaction with rotaviruses but also demonstrates
that a short peptide based on the a, sequence is a promising
approach to block rotavirus binding to cell surface integrins, iden-
tified as key receptors mediating cell entry. This «,-derived pep-
tide merits further study as a potential therapeutic option.

2.5. Cation Dependency on o7 Integrin—Rotavirus Binding

Conformation and affinity of a,p; integrins for their ligand are
known to be modulated by divalent cations (Ca®*, Mg**, Mn*")

Adv. NanoBiomed Res. 2021, 1, 2100077 2100077 (6 of 12)

(Figure 5A).'* To evaluate the influence of the various cations
on P, integrins binding, we first compared the BFs (Figure 5B)
and observed that the BF drops in the order Mn**>Mg®*>Ca’",
which is in good agreement with the anticipated affinity states.
These results suggest that that binding to integrin is regulated by
various divalent cations and highlight the physiological relevance
of the results reported here. Based on these data, we further
investigated the kinetics properties of the binding for each cation
(Figure 5C-H). Using the FD curve-based AFM at different LRs,
we analyzed the rupture forces and plotted the force-LR depen-
dency for Ca*" (Figure 5D), Mg*" (Figure 5F), and Mn®"
(Figure 5H). Next, we analyzed the distribution of these forces
for more narrow LR ranges (Figure S6, Supporting
Information) and the means of the various peaks were plotted
in each DFS graph (Figure 5D,F,H; squares). The dissociation
rate (ko) and distance to the transition state (x,) of the binding
free-energy landscape were extracted using the Bell-Evans
model. While the extracted x,, is similar for the three cations,
suggesting a similar binding pocket, their various ko are

© 2021 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH
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Figure 5. Probing the effect of the conformation of a,f; integrin by divalent cation on the binding of rotavirus on the model surface. A) Schematic of o,
integrin cation-dependent conformations in presence of either Ca®*, Mg?", or Mn?". B) Box plot showing specific BF between rotavirus SA11 TR and a,f,
integrin in the presence of either Ca>*, Mg?", or Mn*". One data point corresponds to the BF extracted from one map. The line in the box indicates
median, the small square in the box indicates mean, the colored box indicates the 25th and 75th percentile, and the whiskers indicate the highest and the
lowest values of the results. P-values were determined by two-sample t-test in Origin. (C—H) Schematic of probing rotavirus SA11 TR binding to integrin
P in the presence of Ca?™ (C,D, 1794 curves), Mg2+ (E,F, 1145 curves), and Mn%t (G,H, 1729 curves) using AFM and respective DFS plots (D,F,H).

Experiments were reproduced at least four times with independent tips and samples.
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Table 1. Comparison of thermodynamic parameters for rotavirus binding
to ayPy integrins in the presence of Mn?", Mg®™, or Ca".

BP [%] kofr [57] X, [nm]
Mn?* 17.69 £1.97 0.07 £0.03 0.62 +0.04
Mg?" 10.20 £ 0.88 0.15+0.09 0.66 + 0.04
Ca?* 8.83+£0.47 0.49+0.14 0.63 +0.03

different. The measurement made in the presence of Ca*" shows
the highest kg (0.49 & 0.14s™%) (Figure 5C,D), whereas Mg*"
and Mn*" show lower ko, 0.15+0.09s ! and 0.07 £0.03s™,
respectively (Figure 5F,H). These results indicate that the
rotavirus—integrin bond is stabilized by Mn®" and Mg*" and
is less stable in the presence of Ca®* (Table 1).

2.6. Rotavirus Binding Promotes o, Integrin Recruitment

After having shown rotavirus binding properties to a,f; integrins
on model surfaces (Figure 4, 5), we wanted to explore the physi-
ological relevance directly on living cells. To this end, we grafted
the rotavirus on a fluorescently labeled gold nanoparticle (NP). A
single NP was captured at the end of a fluidic force microscopy
(FluidFM) tip using negative pressure.?'*>! The NP was then
brought into contact with the cell surface by applying a force
of 300 pN and was held in place. By keeping the virion-laden
NP in direct physical contact with the cell membrane in a static
manner, we were able to monitor the dynamics of fluorescently
labeled a,-integrin-subunit recruitment, as previously shown for
the other virus-receptor interactions (Figure 6A).”"! Using this
approach with transfected CHO cells, we observed the recruit-
ment of a, integrin around the NP (Figure 6B,D, and Movie
S1, Supporting Information), confirming that the interaction
is also established in the cellular context. As a control, we tested
a nonfunctionalized NP and did not observe any recruitment
(Figure 6C,D, Figure S7, and Movie S2, Supporting
Information). Next, we tested our a-derived peptide and showed
that after peptide treatment, the recruitment of a,-integrin is
completely abolished (Figure 6C,D, Figure S7, and Movie S3,
Supporting Information). These data suggested that recruitment
of a, integrin is induced after rotavirus binding to «, integrin
specifically. Taken together, we demonstrated that rotavirus
interacts with integrins in a cellular context and that these inter-
actions can be inhibited by a short peptide based on a,-integrin-
subunit sequence.

3. Discussion

The technique of FD-based AFM is poised to become a valuable
tool for the quantitative and dynamic characterization of virus
binding to cell surface receptors as several studies of single-virus
binding to the receptor have been done with FD-based
AFM.212730 However, to facilitate high-throughput demand,
there was an unmet need to develop a methodology allowing
rapid screening, for example, viral antiadhesive molecules on liv-
ing cells.
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To address this issue, here, we developed an automated tool
allowing fast extraction and analysis of the curves recorded by
FD-based AFM to characterize the biophysical properties uncov-
ering how virus entry into cells is regulated. The automated tool
dramatically reduces the time needed to sort FD curves, as well as
extract LRs and rupture forces from these large data sets. This
permits quantifying the dynamics of virus binding to the cell sur-
face significantly faster. Moreover, its performance showed good
accuracy on par with human analysis. It is hoped that this tool
could be used to obtain more reproducible and accurate values
for kog x, and BF, through standardization and removal of
human error or subjectivity. Therefore, this tool will be the first
step to make the analysis procedure automatical. The approach
described demonstrates the utility of AFM as an effective plat-
form for rapid screening of antibinding candidates.

Using the algorithm, we investigated whether protease treat-
ment (specifically trypsin) influences rotavirus binding potential
to cell surface glycans (SA) and entry receptors (a,f; integrins).
Although the VP4 spike protein is cleaved into VP8* and VP5*
fragments by trypsin,?” VP8* fragments remain linked to VP5*
after trypsinization, and evidence suggests that infectivity is
enhanced,® leading to the hypothesis that binding potential
to either SA or a,f; integrins could be influenced by the cleavage.
However, our experiments conducted at the single-virus level did
not reveal any significant difference. The crystal structures of
VP4 before and after trypsinization have previously been identi-
fied as similar.!* Trypsinization may not induce conformational
change. Therefore, trypsinization of rotavirus might not be a key
requirement for rotavirus to infect cells; instead, after binding to
sialic acids, this can induce the conformational changes of the
spike protein. The conformational change may alter the biophys-
ical properties of the binding with other receptors such as hsc70,
ayPs, P, and aypPs.

Next, we investigated whether the binding to integrin is affected
by its activation state, as the conformation of o,p; integrins is
strongly influenced by the presence of divalent cations (Ca®",
Mg”*, or Mn”"), which in turn modulate its affinity state for
its cognate ligand. Our experiments reveal that binding estab-
lished between a,f; integrins and rotavirus exhibits the same
behavior. In particular, Mn*" is known to promote the extended
open headpiece conformation,?>* resulting in a 2—7 times lon-
ger lifetime of the integrin-rotavirus complex. As DGE sequences,
which are the binding motifs to a,f; integrins, locate in the root
part of VP4 (PDB: 6WXE),* the extended a,, integrins approach
easily and bind to VP4 protein more stably. Both active and inac-
tive integrins are endocytosed from the plasma membrane,*”! so
the binding property of integrins to ligands is a critical factor for
endocytosis of molecules, especially in virus infection.”® This
phenomenon will be interesting in viral tropism research.

Using our FluidFM experiments, we demonstrated that
rotavirus at the cell surface actively promotes the recruitment
of integrins. Rotavirus binding to a, integrins is critical for
inducing this recruitment. The following studies are needed fur-
ther on the activation of intracellular signaling after rotavirus
binding-induced integrin recruitment. It will help us understand
the rotavirus infection mechanism.

The recruitment of «, integrins was almost totally inhibited
when the inhibitory peptide was administered, while observing
the behavior of a, integrin. A protein-derived peptide, taken from

© 2021 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH
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Figure 6. a, integrin recruitment to SA11 rotaviruses upon cell surface contact. A) Schematic of probing rotavirus binding to cell surfaces using FluidFM.
A NP coated with fluorescently labeled rotavirus is trapped at the end of the microchanneled cantilever and put into contact with a CHO cell that expresses
mCherry-a, integrin (represented in green for better visibility). B) Representative time-series images showing a, integrin recruitment toward the NP
coated with rotavirus SA11 TR virions. C) Graph showing the normalized fluorescence signal extracted from the region around the NP (red in B). D) Box
plot showing the o, integrin recruitment rate. The rate was extracted from the slope of the linear fit conducted on (C). The line in the box indicates median,
the small square in the box indicates mean, the colored box indicates the 25th and 75th percentile, and the whiskers indicate the highest and the lowest
values of the results. All data are representative of at least N = 8 independent experiments. Each data point corresponds to the recruitment rate extracted

from one cell recorded for 10 min. P-values were determined by the two-sample t-test in Origin.

the binding region, is an accepted way to inhibit the interaction
between proteins. Arg-Gly-Asp (RGD)/Lys-gly-glu (KGE) pepti-
des block the interaction between integrins and their ligands.
A tyrosine kinase blocking collagen IV-derived peptide blocks
the interaction between VEGF and its receptor.*” HLA-derived
peptides block cytotoxicity by binding to -Tubulin** and A SDF-
1-derived peptide to inhibit the interaction between HIV-1 and its
receptor CXCR4.1*Y) Moreover, to inhibit the infection of SARS-
CoV-2, many kinds of ACE2 receptor-derived peptides were
tested, and they successfully inhibited its binding on the
ACE2 receptor and its infection.!”>***3! Protein-derived peptides
are designed rationally and their effect is promising. Utilizing
protein-derived peptides would be important in therapeutics
in the near future.
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4, Conclusion

Based on our biophysical analysis and the observation that a
point mutation in the a2 integrin subunit leads to a significant
reduction in rotavirus infectivity,??! we synthesized an 18 amino
acid-long peptide that shows promising antibinding properties
between the rotavirus and immobilized integrins. More interest-
ingly, this antibinding peptide appears to be even more potent in
a cellular context, where it completely abolishes the recruitment
of integrins after virion cell surface attachment. The experimen-
tal approach framed here offers a new perspective for treating
rotavirus infection and more broadly for investigating the bind-
ing of viruses to their target receptors either in isolation or in a
cellular context.
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5. Experimental Section

Generation of Rotavirus Stocks: The clone C4111 of simian agent 11 rota-
virus strain (SA11) was used within three passages of the last plaque iso-
lation step.l"” The virus was amplified using the monkey epithelial cell line
MAT04 (ECACC 85102918) cultured in MEM with 10% fetal calf serum
and used between passages 10 and 24. A detailed description of the exper-
imental procedures used for the preparation of highly purified viral par-
ticles has been previously published."” Briefly, for the preparation of
TLP in the presence of trypsin (TR), infections were carried out in
MEM containing 10 BAEE U mI™" TPCK-trypsin. For the preparation of
rotavirus TLP with intact VP4 (NTR), cell monolayers were washed three
times with MEM after virus adsorption and MEM containing 0.5 pg of the
protease inhibitor leupeptin. Supernatants from infected cells were clari-
fied by centrifugation, concentrated using PEG-8000, and purified by dou-
ble-band isolation in CsCl gradients. The structural integrity of the final
preparations was verified by transmission electron microscopy after neg-
ative staining.

Cell Culture and Transfection: CHO cells were cultured in Ham’s F-12
Nutrient Mix (10 % fetal bovine serum, penicillin [100 U mL™"], and strep-
tomycin [100 pg mL™"]) at 37°C in a humidified atmosphere (5% CO»).
We transfected cells with mCherry-Integrin-Alpha2-N-18 plasmid
(#55063, Addgene) using Lipofectamine LTX (Invitrogen).

Functionalization of AFM Cantilevers: MSCT-D cantilevers (Bruker) were
functionalized with rotavirus SA11 to conduct FD-based AFM on model
surfaces. NHS-PEG24-Ph-aldehyde linkers were linked between rotavirus
and the tip, as previously described.”! In brief, the cantilevers were
washed in chloroform for 10 min, cleaned in a UV radiation and ozone
(UV-0) cleaner (Jet light), immersed in ethanolamine solution (3.3 g in
6.6 mL of DMSO) overnight, and immersed in DMSO and ethanol three
times. The cantilevers were immersed in the NHS-PEG24-Ph-aldehyde
solution (3.3 mg in 500 pL of chloroform and 30 pL of triethylamine) after
washing and washed with chloroform three times, dried with nitrogen, and
then immersed in 50 L of virus solution (=108—10° virions mL™") with
2 pL of NaCNBHj solution (6% in 0.1 M NaOH) for 1 h on ice to be func-
tionalized with rotavirus. 5 pL of T M ethanolamine solution was added to
the solution to quench the reaction and they were washed in the virus
buffer three times.**!

Preparation of SA-Coated Model Surfaces: Biotinylated bovine serum
albumin (25 pgmL™") was incubated on freshly cleaned (UV-ozone)
gold-coated silicon surfaces at 4 °C overnight. After subsequent washing
with PBS, streptavidin (10 pg mL™") was added, surfaces incubated for 2 h,
followed by washing with PBS and incubation of biotinylated 3’-sialyl-N-
acetyllactosamine (10pgmL~", Dextra) for 2h. The resulting surfaces
were washed with PBS.

Rotavirus Trypsinization: A rotavirus-grafted cantilever was incubated
with trypsin TPCK (100 BAEE mI™', #11896 734, Pierce) at 37°C for
30 min and then washed three times in virus buffer. The trypsinized rota-
virus-grafted tip was used immediately to measure the BF.

a2f1 Integrins-Coated Model Surfaces: a,p, integrin protein (R&D sys-
tems, 5698-A2-050) was immobilized on gold-coated surfaces using NHS—
EDC chemistry. Gold-coated surfaces were washed with ethanol and dried
with nitrogen and cleaned in a UV radiation and ozone (UV-0O) cleaner (Jet
light). The surfaces were incubated in alkanethiol solution (99% 1 mM of
11-mercapto-Tundecanol and 1% 1 mM 16-mercaptohexadecanoic acid)
overnight and rinsed with ethanol and dried with nitrogen and immersed
in the NHS-EDC solution (40 mg of N-hydroxysuccinimide [NHS] and
100 mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide [EDC] in 4 mL
of Milli-Q water) for 30 min. They were rinsed with Milli-Q water and incu-
bated in «yp; integrin solution (0.1 pguL™") and then washed in PBS.

FD-Based AFM on Model Surfaces: Functionalized MSCT-D probes
(Bruker) were used for FD-based AFM on model surfaces. The spring con-
stant of probes was calculated by a thermal tune.®! The experiments were
conducted in the virus buffer at room temperature. The force volume (con-
tact) mode of AFM Nanoscope Multimode 8 (Bruker) was used to conduct
FD-based AFM (Nanoscope software v9.1). It scanned the areas
(5 x 5pum) with 32 x 32 pixels of resolution, 1Hz of line frequency,
500 nm of ramp size set, and 500 pN of setpoint force.
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DFS Analysis: For analysis of DFS experiments, LR and rupture forces
were extracted from the curves, which were recorded with variable retrac-
tion speeds (0.1,0.2, 1, 10, 20 um s~ ') using the automated tool. To dis-
play the DFS plots and fit histograms of data distribution, Origin software
(OriginLab) was used.

Peptide  Blocking ~ Assay:  o-integrin  subunit-derived  peptide
(LDTKNLIKEIKAIASIPTE, 320-338) was obtained from ChinaPeptides.
To verify the impact of the peptide, the binding probability was measured
before injecting and after injecting, T uM, 10 pM, and 100 uM of the pep-
tide. The data were recorded with T pm s~ approach and 10 ym s~ retrac-
tion speed on the Nanoscope Multimode 8 (Bruker).

Functionalization of Gold NPs with Rotavirus Particles: Gold NPs of
400 nm diameter (Sigma) were functionalized with rotavirus SAT1 virions
through standard NHS-EDC coupling chemistry. 500 pL of NP suspension
(nominal concentration: 108 NPmL™") was centrifuged for 10 min at
20000 g. The supernatant was removed and the NPs were resuspended
in 200 pL of solution (500 pL of 1 mM 11-mercapto-1-undecanol solution
(Sigma), 160 pL of 1 mM 16-mercaptohexadecanoic acid (Sigma), 16 pL of
1 mM 11-Amino-1-undecanethiol hydrochloride, and 104 pL of ethanol and
incubated overnight at room temperature on a shaker. The NPs were
washed twice with 200 uL of ethanol by centrifugation. The NPs were
resuspended and immersed in an NHS-EDC solution for 30 min on a
shaker. The NPs were washed one time with 200 pL of the virus buffer
by centrifugation and resuspended in the buffer and 10 pL of virus solution
(=10"'—-10'? particles mL™") was added to the solution and incubated for
60 min on a shaker. 2 pL of Atto 647N NHS ester was added in the solution
and incubated for 60 min more. They were centrifuged (10 min, 20 000 g)
and resuspended in 200 pL of the virus buffer.

Functionalization of Gold NPs with Atto 647N Dye: The NPs were func-
tionalized with an Atto 647N dye (Atto-Tec) for control experiments.
500 pL of NP suspension (nominal concentration: 108 NP mL™") was cen-
trifuged for 10 min at 20 000 g. The supernatant was removed and the NPs
were resuspended in 200 pL of cysteamine solution (100 mM) and incu-
bated overnight on a shaker. The NPs were washed twice with 200 pL of
ethanol by centrifugation. The NPs were resuspended in 200pL of
NaHCO; (pH: 8.5), and 1pL of Atto 647 NHS ester (Atto-Tec,
10 mg mL™") was added to the solution and incubated for 30 min on a
shaker in the dark. The NPs were centrifuged (10 min, 20 000 g) and resus-
pended in 200 pL of NaHCO;.

a; Integrin Recruitment Dynamics: o, integrin recruitment was followed
in real time by live-cell confocal microscopy (Zeiss, LSM980) using
FluidFM (Cytosurge) coupled to a Bruker Resolve AFM. Petri dishes were
coated with 2 mL of concanavalin-A solution (2mgmL™") for 2 min and
then aspirated and allowed to dry in a tissue-culture hood for 1h.
Transfected cells with mCherry-Integrin-Alpha2-N-18 plasmid (#55 063,
Addgene) were seeded on the plate in 2 mM Mn?*-supplemented media
right before the experiment.

Virus-functionalized NPs were held in place by a FluidFM microchan-
neled cantilever®"! using negative pressure of 800 mbar. The cantilever
was brought in contact with a cell using an applied force of 300 pN for
10 min. Time-series (XYT) images (100 x 100 nm) were recorded by con-
focal microscopy LSM-980 (Zeiss) equipped with Airyscan, a water-
immersion lens (x63, NA 1.20, Zeiss C-Apochromat), GaAsP-PMT detec-
tors, and helium-neon and argon lasers (561 and 639 nm). Confocal
images were treated with Zen blue 3.3 software (Zeiss) and analyzed using
Fiji (Time-series analyzer). A circular ROl was drawn using the NP and the
average intensity of mCherry signal was retrieved. As photobleaching
occurred during the observation window (10 min), another ROI of the
same size was used to determine background signal decay.
Photobleaching was compensated by dividing the intensity of the NP-
derived area by that of the background area.

Statistical Analysis: The raw data obtained from AFM were treated by
Nanoscope software v9.1 (Bruker) and the algorithm that the authors
developed. Data were presented as the mean+SD for Figure 2E,F,
H,4F,5D,F,H. All other graphs showed that the line in the box indicated
median, the small square in the box indicated mean, the colored box indi-
cated the 25th and 75th percentile, and the whiskers indicated the highest
and the lowest values of the results. P-values were determined by
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two-sample t-test in Origin 2017. The exact P-value was represented in
each graph. The sample size varied depending on the experiments. The
size was specified in each figure legend.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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