Nanoscale

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cuzmsmv

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/nanoscale


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 11

Nanoscale

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Nanoscale

! ROYAL SOCIETY

OF CHEMISTRY

Hydrophobic pocket targeting probe for enteroviruses +

Mari Martikainen®®, Kirsi Salorinne™®, Tanja Lahtinen™, Sami Malola®’, Perttu Permi®®®¢

Hékkinen™*"and Varpu Marjoméki®®

, Hannu

Visualization and tracking of viruses without compromising their functionality is crucial in order to understand virus
targeting to cells and tissues, and to understand the subsequent subcellular steps leading to virus uncoating and
replication. Enteroviruses are important human pathogens causing a vast number of acute infections, and are also
suggested to contribute to the development of chronic diseases like type | diabetes. Here, we demonstrate a novel
method to target site-specifically the hydrophobic pocket of enteroviruses. A probe, a derivative of Pleconaril was
developed and conjugated to various labels that enabled visualization of enteroviruses in light and electron microscopy.
The probe mildly stabilized the virus particle by increasing the melting temperature by 1-3 degrees, and caused a delay in
the uncoating of the virus in cellular endosomes, but could not however inhibit the receptor binding, cellular entry or
infectivity of the virus. The hydrophobic pocket binding moiety of the probe was shown to bind to echovirus 1 particle by
STD and tr-NOESY NMR methods. Furthermore, binding to echovirus 1 and coxsackievirus A9, and to a lesser extent to
coxsackievirus B3 was verified by gold nanocluster labeled probe by TEM analysis. Molecular modelling suggested that the
probe fits the hydrophobic pockets of EV1 and CVA9, but not of CVB3 as expected, correlating well with the variations in
the infectivity and stability of the virus particles. EV1 conjugated to fluorescent dye labeled probe was efficiently
internalized to the cells. The virus-fluorescent probe conjugate accumulated in the cytoplasmic endosomes and caused
infection starting from 6 hours onwards. Remarkably, before and during the time of replication, the fluorescent probe was
seen to leak from the virus-positive endosomes and thus separate from the capsid proteins that were left in the
endosomes. These results suggest that, like the physiological hydrophobic content, the probe may be released upon virus
uncoating. Our results collectively thus show that the gold and fluorescently labeled probes may be used to track and
visualize the studied enteroviruses during early phases of infection opening new avenues to follow virus uncoating in cells.

Introduction

Enterovirus genus belongs to the family of Picornaviridae
containing numerous clinically important human pathogens
and causing a variety of diseases from common cold and mild
rash to viral meningitis and paralysis.1 Some viruses, especially
in the coxsackie group, have been associated also with chronic
diseases such as type 1 diabetes.” Moreover, members of
enteroviruses, like human enterovirus 71, have recently been
causing serious acute infections and great threat to public
health.?

Enteroviruses have an icosahedron shaped protein capsid
consisting of 60 copies of each of the structural proteins (VPs 1
to 4). The non-enveloped capsid encloses the 7.5-kb-long
single-stranded positive-sense RNA genome. VP1 proteins
surround the five-fold axis while VP2 and VP3 alternate around
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the two- and three-fold axes, while VP4 is a shorter internal
protein.4 Within the capsid protein VP1, there is a hydrophobic
pocket which is occupied by a pocket factor (natural lipid) of
each virus.” The pocket entrance is located at the end of the
canyon-like depression surrounding the five-fold axis. The
pocket factors have been anticipated to play a role in the
capsid stability since their expulsion seems to be needed for
the genome release.™ Replacement of the pocket factor with
a compound having much higher binding affinity could be an
efficient antiviral tool acting on the virus capsid. This has been
demonstrated with viruses whose receptor binding occurs in
the canyon region of the capsid, triggering the uncoating
process.®®

Although enteroviruses have a huge impact on human
health, their pathogenicity is not fully understood. Still, little is
known about the subcellular structures that mediate infection
of non-enveloped enteroviruses. In recent applications,
detection of the virus from tissues and cells is usually based on
indirect antibody labelling methods e.g. immunofluorescence,
immunohistochemistry and electron microscopic methods. In
addition, the nucleic acid of the infectious virus can be
detected with specific probes coupled with in situ-
hybridization and different PCR methods.”? However, all these
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methods bring challenges in terms of background and
sensitivity.”’15 Novel, covalently bound probes are needed to
facilitate live experiments in animals or visualizing specific
domains for high-resolution microscopy. We previously
demonstrated the production and specificity of a cysteine
targeted gold cluster probe against enteroviruses. 16

None of the indirect labeling methods or stable covalent
probes mentioned above are able to bring crucial dynamic
information about virus uncoating inside cellular structures —
the key event leading to successful infection in cells and
tissues. Our understanding on the actual site of virus uncoating
comes from recent structural studies of purified enteroviruses,
such as polio and coxsackievirus A7 (CVA7)17, revealing that
the actual site of capsid opening is at the 2-fold axis. These and
other studies also suggest that enteroviruses are differently
sensitive to receptor interactions. For poliovirus, receptor
binding starts the uncoating process, whereas for both
coxsackievirus A9 (CVA9) and echovirus 1 (EV1), receptor
binding stabilizes the virus structure.’® Thus the capsid opening
for many enteroviruses must rely on cellular cues that trigger
the virus opening after virus entry to the cytoplasmic
endosomes. Therefore, it is important to have reliable
techniques to follow the uncoating of the virus in vivo and in
vitro in order to elucidate the cellular factors leading to the
release of their genome.

Presently there are no direct tools to follow virus uncoating
by microscopy in cells and animal models. Despite its
supposedly important role for virus uncoating, there is no
understanding of the mechanistic role of the hydrophobic
pocket for this process. This is mainly due to the fact that no
probes are presently available to follow the function of the
hydrophobic pocket. Pleconaril, one of the designated WIN
compounds, is one of the most studied capsid binding
inhibitors.’**? However, the efficacy of Pleconaril as an
inhibitor is not exceedingly high for many enteroviruses
suggesting that slight modifications of the molecule could
provide a more dynamic imaging tool for binding without
compromising viral infectivity.

Here, we created a novel dynamic probe to enable virus
labeling through the hydrophobic pocket both for live
fluorescent imaging, as well as, for ultrastructural studies. We
show that the probe does bind to selected members of the
enterovirus B group, which get mildly stabilized due to binding,
and can be followed through the early steps of virus infection.

Materials and methods

Cells and viruses. Viruses EV1 (Farouk strain) and CVB3 (Nancy
strain) were obtained from the American Type Culture (ATCC)
and CVA9 (Griggs strain). All viruses were propagated in the
GMK cells (ATCC) and purified in a 10 to 40% sucrose gradient

. . 19,20
as described earlier.

Infectivity of purified virus was
determined by TCID50 assay, and the purity and RNA and
protein content were determined by spectroscopic analysis
and protein measurement using the Zlotnik method.

The human lung carcinoma A549 cell line was obtained

from ATCC and they were maintained in Dulbecco’s modified
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Eagle’s medium (DMEM) containing 10% fetal bovine serum
(FBS) supplemented with penicillin and streptomycin (P/S) and
Glutamax. The green monkey kidney (GMK) cells were
obtained from ATCC and maintained in Minimum Essential
Medium Eagle containing 10% FBS and P/S and Glutamax.

CPE-inhibition- and TCID50/ml assay. The cytopathic effect
(CPE)-inhibitory assays were performed using an overall
scheme similar to that described earlier.”* To summarize, the
experiments were carried out using 2-day-old A549 cell (8 x
10* cells/well) in 96-well cell culture plates. The cell culture
media was changed to fresh DMEM (1% FBS). Cells were
infected with MOI 5 and the amount of virus was kept
constant on each well. Viruses were pre-incubated for 1 h at
37°C with the studied compounds before the assay. For CPE-
assay, 100 uM concentrations of the studied compounds were
used during pre-incubation with the virus, and then diluted
ten-fold when added on cells. For 50% inhibitory concentration
(ICs0) quantifications the compounds were tested in various
concentrations from 0.6 to 200 uM in 2-fold dilutions. 1Csq
value for gold probe (3) was quantified using concentrations
from 0.2 to 14 uM, and for fluorescent probe (4) from 3.5 to
500 puM. Infected cells without the test compounds and non-
infected cells served as virus only control (vc) and cell control
(cc), respectively. After 24 h infection, crystal violet formalin
solution was used to fix and stain the cells. The dye was
extracted and optical density was quantified
spectrophotometrically at 570 nm with Victor™ X4 2030
Multilabel Reader (Perkin Elmer). CPE values were calculated
using the following equation: % CPE = 100 — ([[ODvirus +
compound - ODvc] / ODcc] x 100). Virus only controls were
set to 100 % CPE and cells only to 0 %, respectively. The ICsq
values were calculated by regression analysis.

The 50% tissue culture infective dose (TCIDsg)
calculated as previously described.?? Briefly, the GMK cells
were grown on 96-well plates to subconfluency. Viruses were
pre-incubated for 1 h at 37°C with the studied compounds
before the assay. After the pre-incubation samples were added
to the first wells and then serially diluted using 1 log dilutions.
After 72 h of incubation, the cells were stained using crystal
violet formalin solution for 10 min at room temperature.
Detached cells were washed off with water and the remaining
cells were counted as viable and non-infected. The TCIDso/ml
values were calculated by using the Reed-Muench formula.

was

PaSTRy assay. The thermostability of purified EV1, CVA9 and
CVB3 was evaluated by Particle Stability Thermal Release Assay
performed as previously described.” Briefly, reactions were
carried out in a thin-walled PCR plates (Agilent) containing 1 pug
of EV1, CVA9 or CVB3, 100 uM of the probe (2), -derivative (1)
or Pleconaril and 10 x SYBR Green Il (Invitrogen) in PBS, pH =
7.4. Viruses were pre-incubated for 1 h at 37°C with the
studied compounds before the thermostability assay. The
release of viral genome was detected with the SYBR Green Il
dye in a Bio-Rad C1000 thermal cycler by raising the
temperature gradually from 20°C to 90°C, with fluorescence
recorded in quadruple at 0.5°C intervals. The Bio-Rad CFX
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manager 2.1 software was used to define the melting
temperature (T,,) of each sample. In detail, the T, was
measured from the inflection point (dI/dT) of the fluorescence
intensity (1) as functions of temperature (T) from the derivative
plot.

Immunofluorescence labelling and confocal microscopy. For
immunofluorescence assay a saturative amount (500 uM, 50
000 x molar excess of the ligand over the hydrophobic pocket)
of fluorescent probe (4) was first bound to 12.9 pug amount of
EV1 for 1 h at 37°C in 2 mM MgCl, PBS. Unbound dye was
dialyzed three times against 500 ml of PBS supplemented with
2 mM MgCl, using 50,000-molecular-mass-cutoff Spectra/Por
Micro Float-A-Lyzer cellulose ester membranes (Spectrum
Laboratories). For the cell experiments A549 cells were grown
on coverslips to subconfluency. EV1-fluorescent probe
conjugate was first bound to the cells for 1 h on ice in DMEM
(1% FBS), after which the cells were washed and with PBS, and
after incubation at 37°C (in 1% DMEM) they were fixed at RT
with 4% paraformaldehyde (PFA) for 30 min. Fixed samples
were permeabilized with 0.2% Triton X-100 for 5 min, and
labeled with polyclonal rabbit antiserum against EV1
(produced as described in24) and anti-rabbit secondary
antibody Alexa Fluor 488 (Invitrogen). The cells were mounted
to Prolong Gold antifade reagent 4’-6-diamidino-2-
phenylindole (Invitrogen) and examined with an Olympus
microscope 1X81 with a Fluo-View-1000 confocal setup.

In addition, a live imaging experiment was performed in
which A549 cells were infected similarly as described above
with the EV1-fluorescence probe conjugate. Cells were imaged
at different time points (30 min, 4 h, 12 h and 24 h) before
fixation. Finally cells were fixed, permeabilized and labeled as
described above.

TEM. The binding of gold probe (3) to different viruses’
hydrophobic pockets was visualized with transmission electron
microscope (TEM) JEM-1400 (JEOL). First 14 uM of gold probe
(3) was incubated with 12.9 ug of virus for 1 h at 37°C in PBS.
In addition, high-molecular weight EV1-gold conjugate was
separated from the small unconjugated gold using a 1 ml
Sephacryl (Sephacryl S-300 high resolution, GE Healthcare)
column according to manufacturer’s instructions. The Butvar-
coated copper grids were glow discharged (EMS/SC7620 mini-
sputter coater), and samples were added on the grids for 15 s.
After which the excess sample was blotted away with a
blotting paper (Whatman 3MM). Virions were visualized by
gentle negative staining with 1% (wt/vol) phosphotungstic acid
(PTA). Stain was added for 30 s, excess dye blotted away as
before. Samples were air dried overnight and imaged with
TEM.

This journal is © The Royal Society of Chemistry 20xx

Results

Probe design, structure and synthesis

“WIN compounds” — named after the developer Sterling-
Winthrop — are a family of antiviral drugs designed to target
the early events (attachment, entry and uncoating) of viral
replication (Scheme 1).2’11’25 WIN compounds have been
shown to bind specifically into the interior hydrophobic pocket
located at the VP1 protein of enterovirus capsid replacing the
naturally occurring Iipid.ze_29 Therefore, the WIN framework,
which is best known for Pleconaril (WIN 63843), was chosen as
the basis for the design of a probe that would target the
hydrophobic pocket of the virus capsid and bind via non-
covalent interactions. Our previous data (unpublished) on the
best known WIN compound Pleconaril (WIN 63843),
however, showed only a minor effect on EV1 infectivity
despite the suspected binding ability to the hydrophobic
pocket of the virus. Therefore, Pleconaril was chosen for
further modification to develop a probe that would label the
hydrophobic pocket with good enough affinity, but without
compromising the infectivity of the virus.

The WIN framework in its simplicity consists of two rigid
aromatic planar ring systems of isoxazole (unit A) and phenyl-
oxadiazole (unit B) that are connected by a flexible propyloxy
unit (Scheme 1). Based on earlier studies'®****?® the phenyl-
oxadiazole ring system binds to the deeper end of the viral
hydrophobic pocket and, consequently, the isoxazole ring
located at the open end of the pocket was therefore chosen as
the site for a linker unit that would reach out to the surface of
the virus particle. This was accomplished by incorporating a
carboxylic acid functionality at the 3-position of the isoxazole
ring, to which a C-11 alkyl chain with a terminal hydroxyl group
was then attached via an amide linkage (Scheme 2). Here, the
amide group was also intended as an anchoring group that
would hold the probe in place in the hydrophobic pocket. The
optimal length provided by the Cll-alkyl chain was
determined by molecular modeling to be long enough for the
linker unit to reach out from the mouth of the hydrophobic
pocket to the viral capsid surface. Hydroxyl group at the end to
the linker arm provided further linking to gold clusters or
fluorescent dye labels via an ester bond formation (Scheme 2).

N~ | :
4 Q i !
%O :
A | !
i N o
WIN 61893 | e
‘B0 |
N-
N-0
= 0}
N\
WIN 63843 | I CFs
(Pleconaril) 0

Scheme 1. Molecular structures of two representatives WIN compounds highlighting
the different structural units A and B.
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Scheme 2. Synthesis and molecular structures of the probes (2), and the gold (3) and
dye (4) labels of the probe. Cli-linker unit, viral capsid binding moiety, amide
anchoring functionality and terminal hydroxyl group for further reactions with gold
clusters or dye molecules via ester bond formation are highlighted. EDC = N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide, HOBt = 1-hydroxybenzotriazole, DCC =
dicyclocarbodiimide, DMAP = N,N-dimethylaminopyridine and DCM =
dichloromethane.

Synthesis of the probe (2) was accomplished by an amide
coupling reaction of the carboxylic acid derivative™ (1) with
11-amino-1-undecanol in dichloromethane in the presence of
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC)
1-
in good vyield (Scheme 2).
with  p-

coupling reagent and a catalytic amount of
hydroxybenzotriazole (HOBt)
Subsequent  Stieglich esterification
mercaptobenzoic (PMBA) protected Auip(pMBA)4,
cluster’™? or azadioxatriangulenium dye molecule®**** in DCM
in the presence of dicyclohexylcarbodiimide (DCC) and a
(DMAP)
afforded the gold (3) and fluorescent dye (4) labeled probes

(see Sl for details).

reaction
acid

catalytic amount of N,N-dimethylaminopyridine

Probe does not compromise the infectivity of enteroviruses

As the produced probes were based on an antiviral molecule
that was however slightly modified, we wanted to study the
toxicity of the probe (2) and derivative (1) to cells and whether
they affected virus infectivity. All the assays were also done
with Pleconaril for comparison. First, we studied the effects of
each derivative and Pleconaril on cell viability without the
virus. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay verified that the studied compounds or
Pleconaril did not cause any significant cell death (Figure S5D).

4 | Nanoscale 2012, 00, 1-3

In order to test the effects of derivative (1), probe (2), gold
probe (3), fluorescent probe (4) and Pleconaril on virus
infectivity we applied several well characterized approaches.
Firstly, we used the TCID50 assay in which 50 % tissue culture
infective dose is quantified with and without the studied
compounds. In this assay, the infection is followed to the end
(end-point-dilution) so that the assay reveals the last dilution,
which still contains infective particles. In the assay, the TCID50
value is finally calculated from the dilutions. Strikingly, the
assay revealed that the infectivity of the virus with the studied
compounds was not affected (Figure 1A & Figure S5). The
infectivity was typically in the order of 1010 to 1011
TCID50/ml.

Next we studied the effect of the compounds with a
shorter time scale, with a 24 h cytopathic effect (CPE)
inhibition assay, which is also an established method to
evaluate virus infectivity.21 In this method the antiviral effect
of the compound is quantified using a crystal violet uptake of
the live cells. The quantification is performed with an optical
plate reader and the cell viability is calculated from the optical
reading values. This assay verified that there was a delay in
infection rather than total inhibition of the infection (Figure
1B): after 24 h, probe (2) inhibited infection of EV1 by 65 %,
that of CVA9 by 67 % and that of CVB3 by 18 %. Pleconaril
seemed to have the strongest inhibitory effect on all viruses,
whereas the studied derivatives showed a smaller effect at
these earlier time points suggesting that the modification and
derivatization of the Pleconaril core changed the activity only
slightly. In addition, with CPE assay we quantified the half
maximal inhibitory concentrations (ICsq (uM)) for each
compound (Figure S5A). All the compounds showed the least
effect on CVB3 as expected, since previously Pleconaril has
been shown not to fit the Nancy strain of cvBe3.®
Consequently the ICsy values of for CVB3 were a considerably
higher than for EV1 or CVA9. This assay is based on a 24 h time
point, which is why it differs from the end-point-titration result
and shows more similarity with the CPE result that similarly
relies on a 24 h time point. Thus the ICs; measurement is not
as reliable as a method to compare the real inhibitory effects
between the different compounds used.

As the total number of infective particles revealed by end-
point-dilution was not changed in the preparations with the
probe (2), we wanted to study this delay in more detail with
additional assays. Namely, confocal microscope
immunofluorescence studies were performed to evaluate the
kinetics of the infective pathways (Figure 1C). We performed
the infection by first binding the viruses on ice, then washing
the unbound viruses at 0°C before allowing the virus enter the
cell at 37°C. This ensured the entry of the viruses in the cells
via receptor binding and not by fluid phase uptake of the virus.
First of all, there were no apparent differences in the amount
of virus internalized to cells with or without the probe
suggesting that it did not interfere with receptor binding. The
infected cells were evaluated after different time periods of 6
h, 12 h and 24 h post infection (p.i.). After these periods, cells
were fixed and labeled using antibodies against the major
capsid proteins. This allowed us to visualize the viruses first in

This journal is © The Royal Society of Chemistry 20xx
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cytoplasmic endosomes, and then, typically after 3 h or more,
the massive production of new capsid proteins in the
cytoplasm was seen as a widespread cytoplasmic stain that
verified the start of replication. This way we were able to
count the number of infected cells after various time periods
and treatments. This capsid labeling may show the number of
infected cells more sensitively than previously described CPE
assay. The analysis clearly revealed that the start of infection
was delayed: normally, the number of infected cells increased
quickly after 4 to 6 h p.i. Now, in the presence of probe (2) or
derivative (1) the same number of infected cells as in the
control infection after 12 h was observed after 24 h with EV1
or CVA9. Thus, virus treated with the probe seemed to stay
longer in the endosomes and produced new viral proteins with
a slower pace, but was still as infective as the native virus. All
methods described above showed an effect with EV1 and
CVA9 but not with CVB3.

We also used another different method to measure cell
viability after various time points with native viruses or viruses
treated with studied compounds. This method is based on
measuring ATP levels of cells. This measurement verified the
results that were revealed by the more conventional infectivity
tests: after short period of incubation with cells, the studied
compounds slowed down the CPE, but, after longer time
periods, the viability was lost also with viruses treated with the
same compounds (Figure S6).

Nanoscale

Probe increases mildly the stability of the viruses

One of the effects of antiviral drugs, and especially that of the
drugs targeting to the hydrophobic pocket, has been
suggested to act via stabilization of the hydrophobic pocket.35
If the drug molecule replaces the fatty acid in the hydrophobic
pocket and remains there longer period of time, it could
stabilize the virus particle by not allowing the dynamic changes
to occur in the active areas during the uncoating event of the
virus. This would also be seen as an increase in the stability
upon warming the virus particles to non-physiologial high
temperatures.

Therefore, we studied the thermal stability of virus capsids
with Particle Stability Thermal Release Assay (PaSTRy), where
release of viral RNA is promoted with gradual heating and
detected with SYBR Green Il dye. PaSTRy is developed to
investigate the dynamics of viral uncoating and viral stability.23
We studied the stabilizing effects of compounds (1) and (2)
using always Pleconaril as a comparison. The melting
temperature (T,,) at which purified virus releases its genome
was determined for each virus (Figure 2). These were 50.5°C,
50°C and 44.5°C for EV1, CVA9 and CVB3, respectively. CVB3
was the most unstable during the heating as it showed
remarkable 5 degree difference to the other enteroviruses.
The PaSTRy assay showed an increase in the stability of the
viruses treated with derivative (1), by increasing 2.5 and 4
degrees of the melting temperature for EV1 and CVA9,
respectively. For CVB3 derivative (1) had a negligible change in
the melting temperature, yet, probe (2) showed only little
effect on the thermal stability of all the studied viruses.
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Figure 1: Effects on virus infectivity. The concentration of studied compounds was 100 uM in all experiments. A) Amount of infective particles (TCIDso/ml) was
calculated with end-point titration assay. Experiment was performed three times, and the means are shown (+ standard errors (SE)). B) Effects to short term infectivity
were studied with 24 h CPE inhibition assay. In B the controls containing virus only the values were set to 100 % CPE and with cells only to 0 %. The results are shown as
mean values from three different independent experiments ( SE). C) The inhibiting effect was studied further on EV1 (i), CVA9 (ii) and CVB3 (iii) by quantifying the

amount of infected cells at different time points.
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Figure 2. PaSTRY assay of EV1, CVA9 and CVB3 with derivative (1), probe (2) and
Pleconaril. A) Fluorescence curves of EV1 with and without the probe (2). Release of
the RNA is detected as SYBR Green Il Fluorescence. B) Tm of all viruses and compounds
(£ SE from four independent experiments).

Probe binds to enteroviruses

In order to study the binding of the probe into the enterovirus
hydrophobic pocket in solution, saturation transfer difference
(STD)36 NMR studies were performed. Due to the poor
solubility of probe (2) in aqueous solution, derivative (1) was
used instead as a model compound to simulate the viral capsid
binding moiety of the probe. A 5000-fold excess of derivative
(1) over the hydrophobic binding sites of EV1 virus particle in 2
mM MgCl,-PBS buffer in D,O was used to record the STD NMR
spectra with 1 — 3.5 s saturation times. The STD difference
spectra showed distinct signals belonging to derivative (1),
which indicated binding to EV1 virus particle (Figure 3A).
Similar binding was also observed with a complementary
transfer NOESY experiment, furthermore demonstrating the
successful binding of derivative (1) to EV1 virus capsid in
aqueous solution (Figure S4).

The requirement and basis of an STD NMR experiment
relies on weak binding of the ligand to the virus particle.37’38
Therefore, due to the rapid exchange between the bound and
the free ligand, magnetization from the virus particle is
transferred to the bound ligand and can only be detected
when the bound ligand is released back to solution. Hence, the
STD NMR measurement both gives evidence of the derivative
(1) binding to the virus particle, as well as, demonstrates the
dynamic nature of the binding process.
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A STD difference

20 nm

Figure 3. Binding of the probe into the hydrophobic pocket. A) STD NMR
experiment of EV1 virus particle and derivative (1) in D,O at 37°C: The upper STD
spectrum showing the signals of derivative (1) as a result to binding to EV1 (red
asterisk) and the lower reference spectrum (with off-resonance irradiation only)
of EV1 and derivative (1). Chemical shifts marked with cyan color are impurities
in the virus sample. In B) and C) are shown TEM images of column purified EV1-
gold probe conjugates. In D) is shown a model structure of EV1 with red spheres
denoting the positions of the hydrophobic pocket entrances. Orientation of the
model structure is arranged to agree with the experimentally observed shape of
the virus and the positions of gold probe (3) that are drawn in purple and in
black.

Gold cluster- and fluorescent dye conjugates bind to virus capsids

The binding of gold cluster probe (3) to virus capsid was
monitored by TEM (Figure 3B-C, S7). The probe (3) was mixed
with purified viruses in PBS containing 2 mM MgCl, at 37°C to
allow conjugation to the virus particles. We used 1 h
incubation to evaluate the extent of binding. The gold-virus
conjugate was added on a TEM grid with or without negative
staining and the binding was monitored directly in a
microscope. TEM revealed that gold cluster probes bound to
EV1 and CVA9 capsids forming pentamer-like symmetries
(Figure 3B-C, S7A-B). The gold probes (3) usually occupied only
a small fraction of the total 60 hydrophobic pockets. In order
to remove the excess gold from the preparations, we used
Sephacryl S-300 column purification based on size exclusion.
After the column purification we could still see similar binding
of scattered gold clusters to EV1 virus confirming that binding
of the gold probes (3) to virus was strong enough to withstand
short elution of the virus conjugate preparation with buffer.
TEM analysis of CVB3 (Figure S7C) did not show similar kind of
binding in pentamer-like symmetries than EV1 and CVA9, as
expected.

In addition to TEM analysis, we studied whether the
addition of gold cluster probe (3) had any effect on the
infectivity of the viruses. Similar to what was observed with
compounds (1) and (2), gold probe (3) delayed the infection
rather than inhibit it altogether (Figure S5C). There was no
difference in the number of infected virus particles based on
end-point-titration assay (Figure S5B).

This journal is © The Royal Society of Chemistry 20xx
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Additionally, we used fluorescent probe (4) in order to
follow the enteroviruses in cells (Figure 4A). Conjugation of the
fluorescent probe (4) to the virus particles was done similarly
than described above with the gold probe (3). The fluorescent
probe-virus mixture was extensively dialyzed before adding on
cells in order to avoid loosely bound fluorescent probe (4) with
viruses. In addition, we fixed the cells and labeled the virus
with antibodies against capsid proteins in order to follow the
virus with another method as well in case the dye would come
off the virus at some point. The antibody labeling of the
viruses verified that virus was indeed present in the virus-
fluorescent probe conjugate and no loose dye was entering
the endosomes. Also, separate control experiments with the
fluorescent probe (4) without the virus verified that the dye
did not accumulate in endosomes without the virus (Figure
S8). During the first hours of virus entry to cells, virus capsid
label and fluorescent probe (4) was only present in
cytoplasmic vesicles colocalizing well together, as expected.

We have shown before that EV1 and CVA9 capsids stay in
the endosomes, whereas typically at 3 h p.i. and later, virus
replication is observed as the resulting high cytoplasmic
accumulation of newly made capsid proteins.39’40 For both
native viruses and virus-fluorescent probe conjugates, the
number of infected cells increased rapidly after 6, 12 and 24 h.
However, as was observed with the other infectivity methods,
virus-fluorescent probe conjugates stayed a longer time in the
vesicles before the start of replication. The quantitation of the
infected cells after different time points showed that virus-
fluorescent dye conjugates showed always 30 % less infected
cells at every time point (Figure 4B).

The fluorescent probe (4) comes off the virus by
dissociating most probably due to an opening of the virus
(Figure 4C). This is a gradual process, happens in endosomes as
the virus capsids themselves do not leak from the endosomes
to the cytoplasm. Thus, the dissociated fluorescent probe (4)
is first located inside endosomes, and then leaks through the
endosomal membrane as time passes. Even though the leaking
from the endosomes starts from 6 h onwards, these are the
real rate limiting steps in the viral infection, and the possible
delay in the uncoating and/or release will greatly postpone the
outcome of the infection. Release of the viral genome from the
endosomes is one important rate limiting step in enterovirus
infection, and any delay in uncoating may lower the probability

Live imaging of the fluorescent probe (4) conjugated to EV1
in cells showed high values of the fluorescent probe in
endosomes, but clearly lower amounts after longer incubation
times suggesting that a separation of the dye from the virus
had occurred (Figure S9). The loose dye was observed in the
cytoplasm nearby the endosomes after 6 and 8 h but the level
of the fluorescent signal was already very faint after 12 to 24 h
(Figure S10). This further demonstrates the dynamic nature of
the fluorescent probe (4) binding.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Fluorescent probe (4) conjugated to EV1 and internalized into cells. A)
The internalization of the virus-fluorescent probe conjugate was followed from 1
h to 6 h. Fluorescent probe (4) was seen in the same vesicular structures than
EV1 capsid label (green). Scale bars 10 um. B) The amount of infected cells was
calculated at different time points p.i. from confocal microscope images. C)
Fluorescent probe (4) leaked from the endosomes to cell cytoplasm after 6 h of
infection. Scale bar 10 pm.

Modeling of the hydrophobic pocket

In order to understand the differences between the
interactions of probe (2) with EV1, CVA9 and CVB3 we
examined the structures of their hydrophobic pockets and
analyzed the solvent accessible volumes using their crystal
structures™*®4! (for details of the analysis method, see the
Supporting Information text). The overall structure of the
pocket and arrangement of the surrounding protein chains in
EV1 and CVA9 are similar while that of CVB3 is different
(Figure 5). There is a direct “main entrance” into the pocket in
all of the three viruses and in addition a narrower “side
entrance”. The main entrance into the pocket is the most open
in EV1 with an opening of at least 6 A for the whole pocket
(Figure. S11). Thus, there is enough space for the probe (2) to
enter into the pocket in full. For CVA9 there is a narrow 1A gap
in the main entrance at the center of the pocket (Figure.
S11B), but otherwise the surface is well open and the pocket
large enough for the probe, especially if the dynamic effects of

Nanoscale, 2013, 00, 1-3 | 7
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Figure 5. Space-filling models of the hydrophobic pocket with the nearby protein
chains shown (top panels), with probe (2) inserted inside for EV1, CVA9 and
CVB3 (center and bottom panels). The center and bottom illustrations show the
same pocket with about 90 degree rotation.

the capsid might open the small closure in the way in. Most
importantly, the direct entrance to the pocket in CVB3 is
significantly more closed at the center of the pocket.

The structure of the side entrance is also favoring EV1, and
especially CVA9, in possible binding of probe molecules (Figure
S5A, B). First, the average width of the side route is the
narrowest in CVB3 for all of the three viruses (Figure 5C).
Second, the side entrance is the farthest from the actual
pocket in CVB3 as compared to EV1 and CVA9. Both of these
factors indicate that replacing of the fatty acid and binding of
the probe in CVB3 are more difficult than in EV1 and CVA9. By
looking at the general structure of the pocket, the binding
properties of the probe molecules on EV1 and CVA9 are
expected to be very similar. Analyzing the binding properties
of EV1 and CVA9 more closely reveals that the aromatic rings
of the probe (2) molecule have reasonably good possibilities to
bind to the pocket in both viruses, but the possibilities for
anchoring the amide functional group (shown in Scheme 2)
into the bottom of the main entrance are much better in CVA9
compared to EV1. The minor static structural differences in the
dimensions of the entrances of EV1 and CVA9 are most
probably becoming negligible as the dynamics of the virus
capsids is taken into account.

Discussion

We have developed a novel probe targeting the hydrophobic
pockets of selected enteroviruses but without compromising
the infectivity of the virus. As far as we know, this is the first
study to specifically label and visualize the pocket by using
both gold nanoclusters and fluorescent dye as visualizing tags.
Probes that have been recently designed for enteroviruses
have been suggested to act as antiviral agentss'w’z‘c”42 However,
probes that replace the natural hydrophobic moiety, but do
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not compromise the infectivity and uncoating of the virus,
could also act as potential markers and tools to study the
function of the hydrophobic pocket.

The probe developed here is a derivative of Pleconaril,
which was originally designed to fit the pocket and stabilize
the capsid and thus act as an antiviral.’? The results observed
here with the new derivatives of Pleconaril suggest that the
derivatization has probably changed the binding ability of the
modified Pleconaril moiety as they all showed a very similar
change on virus infection compared to original Pleconaril: A
delayed infection but no lowering of the final infectivity.
Pleconaril was first designed against rhinoviruses, for which it
shows a good inhibitory effect on virus replication, but also
several other enteroviruses, such as CVB1, CVB5, and CVA9
have been shown to be sensitive to Pleconaril.’* Since then,
several modifications of Pleconaril have been designed
showing varying antiviral effects, and thus suggesting
variations in the pocket structure.”® Here, derivative (1) was
synthesized by modifying the structure of WIN 61893 to 1)
provide a link to gold clusters or fluorescent dye, and to 2)
provide an anchoring group that would hold the probe in place
at the open end of the hydrophobic pocket via hydrogen
bonding. The stability of the virus-conjugations to gold clusters
and fluorescent dye was verified by column purification of the
unbound gold and extensive dialysis of the unbound dye.

In our study we tested three different enteroviruses
belonging to the same HEV B subgroup of enteroviruses,
namely EV1, CVA9 and CVB3 Nancy strain. Pleconaril was
already earlier shown not to fit into the hydrophobic pocket of
the Nancy strain of CVB3 due to amino acid substitutions of
1161092 to Leu or 11e1092 to Met.'®*® This was also observed as
high ICsy values in in vitro-studies and as low protective
efficacy in mouse models.’® cvB3 Nancy thus acted as a good
negative control in our study, as it did not show good binding
of the gold probe (3) to this virus in TEM. In concordance with
this, our probes (1 & 2) based on Pleconaril could not change
the melting temperature of the Nancy strain.

TEM results of EV1 and CVA9 suggested that only some of
the 60 possible hydrophobic pockets may be replaced by our
probe at any given time. Presently, there is no information on
how well the hydrophobic pockets are occupied by fatty acids.
The most thorough study was performed on bovine
enterovirus with mass spectrometry of the fatty acids found in
the virus structure.® That study showed some variation in the
repertoire of the used fatty acids, the palmitic acid being the
most used fatty acid suggesting that it is the best length for the
pocket structure. Yet, there is no direct information about if all
the pockets are normally occupied by fatty acids and if all of
them or only some pockets close to the uncoating site are
emptied during uncoating. There is a consensus in the field
that the occupancy of the pockets by the pocket factors has a
definite role in capsid stabilization.®®** Without no direct
proof and only a few tools to study the pocket factors, the
function and significance of the pocket has remained elusive
so far.

Importantly, our TEM results suggested that some
exchange between our probe and the natural fatty acid in the

This journal is © The Royal Society of Chemistry 20xx
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pocket might occur, as this exchange did not lead to an empty
virus. However, whether the sites that more easily exchange
the fatty acid to our probe are close to the hotspot of the
uncoating, remains to be studied. Another alternative is of
course that some pockets are naturally empty and our probe
would fit those empty sites more easily. The studies that we
performed using STD trNOESY NMR gave more
understanding on the dynamic nature of the binding and
release of the pocket factor. Namely, the NMR methods used
in this study are based on dynamic binding and release of the

and

probe from the virus. That is the only way the virus may
magnetize the small probe that is then measured after release
from the hydrophobic pocket in the experiment. The NMR
results thus indicate that there is most likely indeed some
dynamic exchange of the pocket factor in the hydrophobic
pocket. Previously, the binding of another Pleconaril derivative
was also studied with this same method by Benie et al.?®
However, the specific binding of the tested drug, REPLA 394, to
the hydrophobic pockets of the virus capsid was demonstrated
using a competition STD titration experiments with a more
potent viral inhibitor (WIN 52084). Here, in our study, we were
able to directly see the magnetization of the probe and could
thus confirm its binding to the virus. Since the testing of all
derivatives by STD NMR was impossible due to solubility
issues, it is possible that some differences might occur in the
binding affinity. However,
behavior of all derivatives in their effects on infectivity, those
differences may remain small.

The dynamic binding and release of the pocket factor may

considering the very similar

be one result of capsid breathing. Capsid breathing has been
studied with different picornaviruses, e.g. for poliovirus,45
HRV14, HRV167‘46, swine vesicular disease virus*’ and CVA9. In
addition, breathing has been detected with other ssRNA
viruses such as some of the noda-"® and tetraviruses®. It was
shown for HRV14 by cryo EM, and further explored by MD
simulation, that during the breathing procedure VP4 and N-
terminus of VP1 extrude the capsid temporarily.7 Similarly,
cryo EM reconstruction of the poliovirus (PV1) has shown VP1
outside the capsid for the native virus close to the 2-fold axis
where the uncoating has been shown to occur.®® Thus, the
capsid breathing is an important part of the virus dynamics
and under specific circumstances may lead to uncoating
9,26,50 The

capsid binding inhibitors have been shown to stabilize the virus

process of the virus, and further, to virus replication.

particles. Mechanistically this may occur by decreasing the
breathing of the virus capsid, which has been verified by mass
spectroscopy (MC-MS and MALDI-MS).ZG’50

The stability of the enterovirus structure is reflected in its
melting temperature. This method has been used more
recently also for virus capsid binding probes.3’51'52 While the
extent of increase is difficult to extrapolate directly to the real
inhibition of infection, it is a convenient way to monitor the
effects of drugs to the viruses and compare the viruses to each
The (four  3-(4-pyridyl)-2-imidazolidinonen
derivatives) capsid inhibitor molecules were shown to increase
the melting temperature of EV71 by 2-4 degrees and that of
EVD68 with Pleconaril by 4 degrees.3'51 This increase with

other. new

This journal is © The Royal Society of Chemistry 20xx

EV71, however, was preceded by a lengthy 24 h to 72 h
incubation with a high amount of inhibitor used (200 uM). For
native enteroviruses the melting temperature vary between
44.5 and 58 degrees.3 The foot and mouth disease virus has
been shown to be more thermolabile.>® This may be due to the
lack of hydrophobic pocket altogether in FMDV, and argues for
the importance of the pocket factor in enteroviruses. The
enteroviruses are very robust viruses and can stand long time
at room temperature or repeated freeze-thaw cycles without
losing infectivity (data not shown). We observed with our
probes that they increased the stability of the studied
enteroviruses by increasing the melting temperature by 1 to
4.5 degrees (Figure 4). However, this only delayed the
infection cycle of EV1 and CVA9 roughly by 12 and 24 h,
respectively, but did not inhibit the infection (Figure 1).

Changes in the infectivity upon antiviral treatment have
been studied using various methods, which make it difficult to
compare the results between different studies. Scmidtke et
al.”! established a high-throughput CPE inhibitory assay for
CVB3, influenza A virus and herpes simplex virus type 1. This
method is based on a crystal violet uptake of the cells, and the
results show a good correlation between the antiviral activity
determined by CPE-inhibitory assays and more conventional
plaque reduction assay. In addition, also FACS analysis or qRT-
PCR have been used by others to evaluate infectivity.52
However, various infection timings between 24 h and 72 h
have been used.’**® In addition to the method used, it is valid
long the infectivity
Measurements after short periods of incubation with the
antiviral may show temporarily high inhibition results, which
however, may not be relevant anymore after 2 or 3 days of
incubation. Here, we set out to explore three well established
methods to measure infectivity and also followed the outcome
during several days of infection, namely CPE inhibition assay,
TCIDsp, assay and confocal microscopy, to evaluate the
appearance of newly synthetized viral proteins. We saw some
inhibition at first, but only a delay in the infection. This was
also verified by an independent assay on cell viability that
detects the cellular ATP levels (Figure S6).

Previous studies by others have shown very little effect of
Pleconaril on poliovirus 1 (ICso >300 uM) and EV71 (>300
uM).55 However, better inhibition was suggested to several
enterovirus strains including EV5, CVA9, CVB1 and CVBS5 (ICso
range of 0.001 to 1.05 uM) in CPE assay.10 Our results with
CVA9 and EV1 suggest that despite the preliminary inhibition,
virus infection is not really halted; only delayed. Most of the
studied derivatives in the previous literature have been proven
inactive against CVB3 (IC5o >6.1 uM), which is along the lines of
our results. Recently more powerful virus inhibitors were
developed against HEV71. One of the newest antivirals
inhibited the HEV71 CPE with IC5q of 25 pM, which is the best
recently reported inhibitor.?

to consider for how is measured.

Conclusions

Our results thus confirm that Pleconaril derivatives (1-4)
studied here can be used to label hydrophobic pockets of
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enteroviruses EV1 and CVA9. This specified modification of
Pleconaril framework combined with gold nanoclusters or
fluorescent dye afforded low effectiveness as antivirals
without compromising the infectivity of the virus but,
instead, provided a new imaging tool for these enteroviruses.
Altogether, three different methods verified that our probes
bound to the hydrophobic pocket of EV1. TEM showed that
only some pockets were easily targeted by the gold probe. This
may reflect the normal breathing of the virus and its activity in
replacing the present pocket factor by the used probe. We
cannot exclude the possibility that some pockets would not be
normally empty and act as targets for our probe. The confocal
observations of the fluorescent probe (4) showed high labeling
of the cytoplasmic endosomes, and a high degree of
colocalization of the fluorescence probe and the viruses
labeled by an independent method by antibodies. The follow
up of virus-fluorescence probe conjugate showed decrease of
labeling in the endosomes, and a temporary increase of
cytoplasmic free labeling of the fluorescent probe (4),
demonstrating that, indeed, this probe is dynamic and is able
to detach from the virus. Being a hydrophobic dye and a
probe, it can freely diffuse through the endosome and other
cellular membranes and show a dynamic release probably
upon the uncoating event of the virus, or also through a
normal exchange of capsid breathing and spontaneous release.
The delay in the dye release and in the viral infection
suggests that slight stabilization of the virus due to the probe
slows down the uncoating process. This may be taken into
account and hopefully helps us to image the virus in live
assays with slower kinetics. The probes developed here thus
offer us the opportunity to possibly study the functionality of
the pocket in real life, upon real uncoating event.
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