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Measuring Influenza A Virus and Peptide Interaction
Using Electrically Controllable DNA Nanolevers

Marlen Kruse,* Christin Méser, David M. Smith, Hanna Miiller-Landau, Ulrich Rant,

Ralph Hélzel, and Frank F. Bier

Electrically controllable deoxyribonuclic acid (DNA) nanolevers are used to
investigate the binding interaction between Influenza A/Aichif/2/1968 and
the peptide called “PeB”, which specifically binds the viral surface protein
hemagglutinin. PeB is immobilized on gold electrodes of a “switchSENSE”
biochip by conjugation to DNA-strands that are hybridized to complemen-
tary anchors. The surface-tethered DNA strand carries a fluorophore while
the complementary strand is a multivalent arrangement carrying up to three
PeB peptides. The nanolevers are kept upright (static) by applying a negative
potential. Signal read-out for this static measurement mode is the change

in fluorescence intensity due to changes in the local environment of the dye
upon binding. Measurements of virus-peptide interaction show that the virus
material specifically binds to the immobilized peptides and remains bound
throughout the measurement time. Immobilized viruses are subsequently
used as ligands to characterize oligovalent peptide binding to hemagglu-
tinin, revealing rate constants of the interaction. Moreover, three Influenza A
subtypes are compared in their binding behavior. Overall, this paper shows
the ability to immobilize virus material on a sensor surface, which allows to
target virus-proteins in their native environment. The “switchSENSE” method
is therefore applicable to characterize virus-receptor interactions.

1. Introduction

Viral pandemics pose a significant threat to mankind as has
been shown again by the recent outbreak of the coronavirus
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).l!

A comparable pandemic was caused by
an influenza A virus in 1918 called the
Spanish flu,”? that resulted in millions of
deaths throughout the world.”? Influenza A
viruses still account for annual epidemics
of varying severity.’] Recently in 2009, the
world was faced with the swine flu, an
influenza A virus.

Influenza A is a virus of the Ortho-
myxoviridae family and is enveloped by a
lipid bilayer that carries three membrane
proteins: hemagglutinin (HA) and neu-
raminidase (NA), as well as the M2 proton
channel.™ Neuraminidase is required
for the release of the virus particles from
infected cells and cleaves the glycoside
link.Pl Hemagglutinin attaches to the sialic
acid (SA) containing cell receptors on
the host cell prior to viral fusion. It has a
homotrimeric structure carrying three SA
binding sites on its globular head domain
HA1® The affinity of hemagglutinin to
individual sialic acid is in the millimolar
range,/l but it is abundantly available on the
virus surface and can interact with multiple
SA residues on the cell surface to result in
a high overall avidity.®® Kinetic characterization of affinity and
avidity rate constants of multiple receptor binding to hemagglu-
tinin is of vast interest to understand virus internalization and
virus infection. Due to this complex binding process, it is desir-
able to expand the available measurement techniques like, for
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example, surface plasmon resonance,”) nuclear magnetic reso-
nance, or electrical detectionM for virus-receptor interactions.

In this work, fluorescence proximity sensing of the “switch-
SENSE” technology (static mode) was used to measure binding
kinetics of hemagglutinin on the viral surface to a receptor.
This technology is based on an electrically controllable DNA
monolayer on a metal surface enabling measurements of
kinetic rates.'?71 It has been applied to determine binding
affinity constants of a large variety of molecular interactions,
for example, for protein—protein,”! aptamer—protein,'® or
DNA-protein!” interactions. Prior to this work, this technology
has not been used for the assessment of viral properties and
their interaction with receptors. We show that it is possible to
expand the range of applications of switchSENSE technology to
virus—peptide interactions. Finding complementary measure-
ment techniques to the ones that exist today can expand the
understanding of the inherent complexity of binding affinity
interaction measurements.

One of the significant capabilities of the switchSENSE tech-
nology is the possibility to not only determine dissociation con-
stants (Kp) but also rate constants (k,, and k,g). These kinetic
parameters are increasingly considered to be highly relevant
for the efficacy of candidates in drug discovery.2%?!l Other
measurement techniques available determine dissociation con-
stants (Kp values) but lack the ability to resolve binding kinetic
parameters. Examples for these are microscale thermophoresis
(MST),?? radioligand binding assays,®l or isothermal calo-
rimetry (ITC).3] Furthermore, there are methods, which are
based on diffusion time variations upon a binding event like
fluorescence correlation spectroscopy (FCS)2 or fluorescence
anisotropy (FA).[”” These are able to determine kinetic param-
eters but require fluorescent labeling of one of the binding
partners, which is not necessary in switchSENSE. Binding
can also be observed in enzyme-linked immunosorbent assays
(ELISA). These are easy to handle, inexpensive, and have a high
throughput,?%! but rate constants can not be determined.

One technique that enables the real-time measurement of
kinetic parameters is surface plasmon resonance (SPR).[*’!
switchSENSE technology is comparable to SPR measurements
since it has several similar advantages as well as obstacles. A
similar nomenclature is therefore adopted. Some advantages of
SPR as well as switchSENSE lie in i) the aforementioned meas-
urability of kinetic parameters in real time, ii) label-free detec-
tion, iii) low sample consumption, and iv) high sensitivity of
the technique.”’-28l Disadvantages the two techniques share lie
in i) necessary immobilization of one of the interaction part-
ners and therefore possible influence on binding behavior,
i) mass transport limitations, and iii) non-specific binding.
Furthermore, miss or over interpretation of data is a possible
pitfall. SPR and switchSENSE both require experience and
expertise to operate the device and evaluate the data.l?—

A main advantage of switchSENSE technology compared
to SPR lies in the controllable receptor surface. switchSENSE
sensor surface allows placing ligands at a defined density,
reducing crowding and allowing to distribute two different
ligands at a customized ratio to mimic cooperative effects. Fur-
ther, the generic sensor surface can be used for various types
of interactions as it utilizes an immobilization method based
on reversible DNA hybridization. switchSENSE is especially
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advantageous when the receptor of interest is DNA-based, like
the DNA-peptide nanoconstructs in our case. These are particu-
larly easy to immobilize and analyze. Additionally, switchSENSE
technology can be used to measure conformational changes!*"
as well as hydrodynamic radii,*” which is not possible in SPR.

There have been reports on measuring dissociation of virus
particles from receptors by probing single virions either by
single-molecule force spectroscopy®! or total internal reflec-
tion microscopy (TIRF).Y These techniques are beneficial for
understanding individual interactions but describe a principally
distinct approach from the averaged signal collection that is uti-
lized in SPR, MST or switchSENSE.

The peptide called “PeB” was derived from the complemen-
tary determining region of the variable domain (Vy) of the
immunglobulin heavy chain of monoclonal antibody HC19,
which is known to have neutralizing effects on influenza strain
hemagglutinin 2 neuraminidase 3. It was previously shown to
bind the HA protein of influenza A virus Aichi H3N2, with an
affinity in the micromolar range in the monomeric form.>l
While this interaction is several orders of magnitude stronger
than the monovalent affinity between HA and SA, and indeed
does inhibit infection of cells in the mid-micromolar range,
a large amount of improvement and optimization would be
needed for this to even approach the efficacy necessary for
therapeutic development.

To this end, a number of approaches used the concepts of
templated multivalence®®! in order to amplify the effect of small
ligands targeting single, biological receptor complexes. For the
influenza HA receptor, the binding sites for the natural ligand
sialic acid are arranged in a well-defined homotrimer, with
approximately 4.2 nm between neighboring sites.[”] In several
cases, DNA- or other nucleotide-based nanostructures have
been used as convenient, biocompatible structural scaffolds for
presenting HA-binding ligands in a geometrically complemen-
tary bi-138 or trivalent arrangement, 31 thus enhancing both
overall binding strength, and the ability to inhibit agglutina-
tion of red blood cells by the virus particles. Two recent patent
filings“>*}] have also extended this concept to the DNA-based
templating of peptide-based viral inhibitors, where the pep-
tide PeB used in this present study was reported to prevent
agglutination of red blood cells by influenza A at a concentra-
tion approximately 250 times lower than the monovalent pep-
tide by itself.*) While data on the inhibition of infection was
not reported for this particular peptide-virus pair, a signifi-
cant 500-fold enhancement of a peptide designed to block the
major receptor responsible of the fusion of respiratory syncy-
tial virus (RSV) was shown,®¥! indicating the potential value of
this approach.

A second convenience of using DNA or other DNA-
compatible polymers that obey Watson—Crick base-pairing is
that their integration onto substrates for many types of ana-
lytical assays is straightforward. By extending unpaired, single-
stranded sequences from structures, these can act as simple
and modular and, at the same time, reversible anchor points
to complementary sequences on the analytical surface. This
is especially advantageous for methods such as the one we
report here, which is based upon the dynamic motion of double
stranded DNA (dsDNA) nanolevers in oscillating electric fields.
Here, we present, for the first time, interaction studies of virus
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Figure 1. a) Top view of a switchSENSE microfluidic biochip with four flow channels. Each channel comprises six gold electrodes. The more detailed
view shows the six independent measurement electrodes in a row within the microfluidic channel. b) Schematic overview of a single stranded DNA
nanolever (NL-B48) immobilized on a gold electrode via thiol coupling. The nanolever carries a fluorophore at the lateral end. c) The DNA monolayer is
functionalized with the ligand of interest by hybridization of the complementary DNA strand carrying a receptor molecule at the distal end. d) Dynamic
measurement mode: The double stranded DNA nanolever is actuated to a switching motion by applying an alternating potential. The fluorescence
signal is gradually quenched by energy transfer upon approaching the gold surface. Read-out of this mode is the switching speed of DNA nanolevers.
The switching speed is slowed down upon binding of an analyte to the ligand molecule adding friction to the nanolever. e) Static measurement mode:
DNA nanolevers are kept at an upright position. Read-out of this mode is the change in fluorescence intensity upon binding of an analyte due to
changes in the local environment of the dye. Drawings are not to scale.

particles with artificial peptide-DNA-nanoconstructs applying  voltage (AC) or a direct voltage (DC) which corresponds to
switchSENSE technology. the two switchSENSE measurement modes, namely “dynamic
mode” (AC voltage) and “static mode” (DC voltage). For the
dynamic mode, AC voltages in the range between —0.3V and

2. Experimental Section 0.5V at frequencies up to 10kHz can be applied. Because of
the intrinsically negatively charged DNA backbone, a positive
2.1. Measuring system voltage will result in an attractive force and a negative voltage

in a repulsive force. An alternating voltage will therefore lead to
Binding interaction measurements were performed with  an oscillation of the end-tethered DNA nanolever.
switchSENSE technology using a DRX? device (Dynamic Bio- When measuring in dynamic mode, the fluorescence signal
sensors GmbH, Germany). Standard multipurpose biochips  is quenched gradually due to energy transfer to the gold sur-
MPC-48-1-R1-S or MPC2-48-2-G1R1-S were used for measure- face when a positive voltage is applied and the fluorophore
ments (Dynamic Biosensors GmbH). The microfluidic biochips ~ approaches the electrode. The motion of the DNA with attached
comprise four independent flow channels (see Figure 1a). Each  fluorophore triggered by the AC voltage results in a periodic
channel has a width of 1 mm, a height of 60 um, and contains  variation of the detected intensity of emitted light from the
six gold electrodes in series over a length of 3.34 mm, which
have a diameter of 120 um and are connected to a voltage source.

An indium tin oxide (ITO) coating at the channel’s upper  Table 1. Oligonucleotide sequences used for DNA trimers.

surface is used as counter electrode. Each electrode is equipped
with a monolayer of DNA nanolevers. Single stranded DNA
nanolevers (NL-B48, sequence can be found in Table 1) are cova- ~ Name Sequence 5’ — 3’
lently attached at the 5’ end to the electrode surface via a gold-  NL-B48  TAGTCGTAAGCTGATATGGCTGATTAGTCGGAAGCATCGAACGCTGAT
sulfur bond and carry a fluorescent molecule at the 3’ end. The  (NLB4s  ATCAGCGTTCGATGCTTCCGACTAATCAGCCATATCAGCTTACGACTA
complementary DNA strand (cNL-B48, sequence in Table 1) can
be crosslinked with a receptor molecule of interest via coupling

p-cNL-B48 ACACACACACAACTAATCAGCGTTCGATGCTTCCGACTAATCAGC-

) i i X CATATCAGCTTACGACTA?
chemistry. In this case, a peptide was crosslinked to the com-
. . . n ATTTAGTTTCTATCA
plementary DNA strand via click chemistry (see Section 2.2).
n*o TGATAGAAACTAAATATAATATGCGAGCCA?

Functionalization of the sensor surface was obtained by on-chip

hybridization of the complementary DNA-peptide conjugate to ~ o*p* TGGCTCGCATATTATTAGTTGTGTGTGTGT?)

the surface-tethered DNA strands. The rigid double-stranded The cNLB4S oart | | e NLBaS Sonth

and functionalized DNA nanolevers on the gold electrode can e cM-B48 part Is complementary fo the IV -B48 sequence used on the measure:
R R ment chips in the DRX? n and n* are partially complementary, as well as o and o*

be manipulated electrically. The gold electrodes are connected  ;nq p and p.

to a voltage source that can produce either an alternating  #These sequences were modified with an aminolink C6 at the 5 end.
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fluorophores. The emitted light is detected in real-time via
electrically triggered time correlated single photon counting
(E-TCSPC) coupled to the voltage generator. In case of a binding
event, the hydrodynamic friction of the levers is increased
resulting in a slower motion of the DNA nanolever. This spe-
cific change in nanolever switching speed can be detected in
real-time. The signal is averaged over the whole electrode.

The static measurement mode uses constant negative volt-
ages (in this case —0.1 V) leading to an upright position of the
DNA nanolever. Filter units in front of the detector unit ensures
the detection of emission and suppression of excitation light. In
static mode, the change in fluorescence light emission intensity
is attributed to changes in the close chemical proximity of the
fluorescent dye molecule. This mode does not depend on the
size of the analyte as it is only sensitive to the chemical envi-
ronment of the binding sites. Depending on the type of interac-
tion, the binding event can result in an increase or a decrease
in fluorescence intensity.[*®!

2.2. DNA Nanoconstructs

The DNA constructs were synthesized based on the DNA
sequences in Table 1.

DNA strands cNL-B48 and NL-W48-B48-G1 were purchased
from Dynamic Biosensors GmbH, Martinsried, Germany. Oli-
gonucleotides p-cNL-B48, n, n*o, and o*p* in Table 1 were
purchased from Biomers.net (Germany) and resuspended
in ultrapure water. The sequence p-cNL-B48 was chosen to
be partially complementary to the 48 bases of the immobi-
lized NLB-48 strand. Oligonucleotides carrying amino groups
(p-cNL-B48, n*o, o*p*) were functionalized with peptide PeB
according to.”) In brief, oligonucleotides were incubated with
a 100-fold molar excess of dibenzocyclooctyne N-Hydroxy-
succinimide (DBCO-NHS) ester (Jena Bioscience, Germany)
in 1x PBS pH 74. The reaction was left at room temperature
overnight and was purified the next day via ethanol precipita-
tion. Azide-modified peptide PeB was dissolved in ultrapure
water and drops of 0.1 M sodium hydroxide were added until
the turbid solution turned clear. Afterward, the dissolved pep-
tide was added at 10- to 20-fold molar excess to DBCO-modified
oligonucleotides. The reaction was incubated at room tempera-
ture overnight. Next, PeB-functionalized oligonucleotides were
folded into a four-arm structure (see Figure 2). For optimal
stoichiometry and high yields, all strands were mixed in equi-
molar amounts in PCR tubes. For DNA structures carrying 0,
1, 2, or 3 peptides, PeB-modified DNA strands were replaced
by 3, 2, 1, or 0 unmodified strands, respectively. The mixture of
oligonucleotides was supplemented with PBS pH 74 and struc-
tures were folded using a thermocycler (Biometra, Germany).
At the beginning, the mixture was heated to 290 °C to denature
secondary structures and nonspecific base pairing. For specific
base pairing, the reaction was incubated at 54 °C for 15 min, fol-
lowed by incubation at 30 °C for 5 min, and then further cooled
to 4 °C. Amicon Ultra centrifugal filters with 30 K molecular
weight cut-off (EMD Millipore, Germany) were used to isolate
modified DNA constructs from unbound peptides. Coupling of
peptides to oligonucleotides was evaluated prior to the binding
measurements by native polyacrylamide gel electrophoresis
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Figure 2. Schematic view of the nanoconstruct ss3PeB (not drawn to
scale). The single stranded overhang is complementary to NL-B48 on the
electrode surface.

(see Supporting Information). The peptide-presenting DNA
construct has a molecular mass of approximately 43 kDa, when
unmodified and a molecular mass of 49 kDa when functional-
ized with three peptides.

2.3. Peptides

The peptide sequence called PeB was taken from Memczak
et al:% ARDFYDYDVFYYAMD-amide (PeB). The peptide
was modified with azidobutyric acid at the N-terminal and has
a molecular weight of 1995 Da. It was synthesized by Peptide
Speciality Laboratories GmbH, Heidelberg, Germany. PeB was
derived from the complementary determining region of the
antibody HC19.

2.4. Virus Material

All virus material was provided by the Robert Koch Institute in
Berlin, Germany. The virus samples were purified by density
gradient centrifugation, inactivated by B-propio-lactone inacti-
vation, and stored in PBS-Buffer at —80 °C.

Prior to use of the virus material in the binding assay, the
sample was vortexed for 2 min. Dilutions were prepared using
PE140 buffer (10 mM Na,HPO,/NaH,PO,, 140 mM NaCl,
0.05% Tween 20, 50 UM EDTA, 50 uM EGTA).

A/Aichi/2/1968 (H3N2), also called X31 had an initial protein
concentration of 1.4 g L™}, A/California/7/2009 (HIN1) of 1 g L™
and A/Panama/2007/1999 of 1.15 g L™! determined by BCA-Test.

2.5. Binding Assays

Binding assays were performed using a DRX?(Dynamic Biosen-
sors GmbH, Martinsried, Germany). Standard multipurpose

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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biochips MPC-48-1-R1-S or MPC2-48-2-G1R1-S were used
for measurements (Dynamic Biosensors GmbH). They were
used according to the manufacturer’s instructions. PE40
(10 mM Na,HPO, /NaH,PO,, 40mM NaCl, 0.05% Tween 20,
50 uM EDTA, 50 uM EGTA) was used as auxiliary buffer as
recommended by the manufacturer. As running buffer, PE140
(10 mM Na,HPO, /NaH,PO,, 140mM NaCl, 0.05% Tween 20,
50 uM EDTA, 50 uM EGTA) was used. Complementary DNA
strands (such as cNL-B48) were purchased from Dynamic Bio-
sensors GmbH, as well as regeneration solution and glass vials.
All consumables were used according to the manufacturer’s
instructions. Measurement protocols were established using
the switchBUILD software and carried out using switchCON-
TROL software (both provided by Dynamic Biosensors GmbH).
Each flow channel was passivated prior to measurements using
a thiol-containing passivation solution (Dynamic Biosensors
GmbH). Afterward, the electrode that showed the highest fluo-
rescence amplitude in the chip status test was selected for fur-
ther measurements. One flow channel was typically used for
up to four measurement cycles. Immobilization of the DNA
constructs was done by conjugate hybridization using a concen-
tration of 500 nM for an on-chip hybridization time of 320 s.
Interaction measurements were carried out in static mode. Ana-
lyte concentration ranged from 10 to 40 ug mL~%. All data were
acquired with the system temperature set to 25 °C. For the asso-
ciation process, an analyte volume of 50 puL and a flow speed of
1 uL min~! for 50 min were chosen. If not otherwise stated, a
dissociation volume of 40 uL with a flow speed of 3 uL min~! for
13.3 min was used. After measurements, a standby routine was
performed to store the biochip with double stranded DNA.

2.6. Sandwich Assay

For the sandwich assay the DNA strand NL-W48-B48-G1
(Dynamic Biosensors GmbH) was used, which is partially com-
plementary to the cNL-B48 part of the DNA nanoconstruct.
This sequence is tagged with a green fluorescence molecule
(G1) optimized for detection in the DRX?. Both DNA constructs
(NL-W48-B48-G1 and DNA nanoconstruct ss1/2/3PeB) were
hybridized in solution prior to the binding assay. This step was
performed as a simple labeling strategy of the DNA nanocon-
struct ss1/2/3PeB with a green fluorescent dye. Both constructs
were mixed at a 1:1 ratio (v/v) (20 pL of 1 uM each) in a glass
vial and incubated for 1 h at room temperature in the dark. In
the switchBUILD kinetics set up, the capture immobilization
method was selected to perform a sandwich assay. The peptide
ss2PeB was set as ligand, the virus X31 was set as capture, and
the peptide-DNA construct ss1/2/3PeB-NL-W48-B48-G1 was
set as analyte. For the capture reaction, X31 was injected at a
concentration of ¢ = 40 ug mL™!, with an association volume
of 50 uL and a flow rate of 1 uL min~'. The temperature was
set to 25 °C. For the analyte interaction measurement, 40 uL of
ss1/2/3PeB-NL-W48-B48-G1 was injected at different concentra-
tions. The association flow rate was set to 3 uL min~". For dis-
sociation, a volume of 10 mL buffer was pumped with a flow
rate of 500 UL min~! for 20 min using the peristaltic pump of
the DRX? device. All measurement steps were carried out in
static mode.
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3. Results and Discussion

3.1. Binding Interaction of X31 and PeB

The interaction measurement is based on the immobiliza-
tion of double stranded DNA nanolevers on gold electrodes in
a microfluidic environment. One of the single strands of the
DNA (NL-B48) is attached to the electrode surface at the 5’
end via thiol coupling and carries a fluorophore at the 3’ end
for optical detection. The complementary strand allows func-
tionalization with a receptor molecule. The resulting double
stranded DNA is intrinsically negatively charged and can be
manipulated electrically. An alternating voltage applied to the
gold electrode results in an oscillation of the end-tethered DNA
strand (measurement mode called “dynamic mode”), while
applying a direct voltage leads to a static situation in which
the DNA nanolever stands upright (measurement mode called
“static mode”). In both cases, the fluorophore’s emission carries
information about the binding event. For the dynamic mode,
the speed of the DNA nanolever’s motion is slowed down due
to higher hydrodynamic friction after a binding event, resulting
in a delay between the optical and the electrical signal. For the
static mode, a binding event leads to a change in the light emis-
sion intensity due to a variation of the chemical environment
in close proximity to the fluorophore (fluorescence proximity
sensing). In our case, the hybridization of the DNA nanocon-
structs is carried out in dynamic mode (see Figure 3a), while
all virus binding interaction measurements are carried out in
static mode. This means that after hybridization a DC voltage
is applied, which results in an upright and static position of the
DNA-peptide constructs. Virus binding is then observed by flu-
orescence proximity sensing. For our purpose, the complemen-
tary second DNA strand has a four-armed structure. One arm
is partially complementary to the NL-B48 single stranded DNA
(ssDNA) on the gold electrode. The other three arms can be
functionalized to carry the peptide PeB each. The azide based
copper free click chemistry conjugation leaves the binding
ability of the peptide to hemagglutinin intact, as determined
by microscale thermophoresis. The constructs ss1PeB, ss2PeB,
ss3PeB, and ssOPeB carry one, two, three, and no peptides each,
respectively. Figure 3b shows real-time hybridization of cNL-
B48 and of ss3PeB to the immobilized NLB-48 strand on the
biochip. An alternating voltage is applied during hybridization
inducing a switching behavior of the DNA nanolevers. Prior
to injection of the complementary strands, the ssDNA on the
electrode surface oscillates only weakly due to the flexible struc-
ture of the single strand. Thus, the end-tethered fluorophore
remains close to the surface resulting in low fluorescence
amplitude signal. Upon injection of the complementary DNA
strands (Figure 3, t = 20 s), hybridization can be followed in
real-time by a significant increase in switching amplitude as
rigid double-stranded nanolevers push the fluorophore further
away from the surface.'”! The detected fluorescence amplitude
signal is averaged over the whole electrode surface, reaching
saturation after sufficient surface functionalization.

Figure 3 shows that hybridization of the DNA construct
ss3PeB to NL-B48 occurs faster as compared to the bare com-
plementary DNA strand cNL-B48. This is not an intuitive
finding, as one would expect a larger molecule to diffuse more

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 3. a) Schematic overview of the on-chip hybridization process of ss3PeB-cNLB48 and cNLB48 onto NL-B48-R1 nanolevers on the sensor surface.
b) DNA nanolevers are set into a high frequency switching motion while the fluorescence intensity is observed in real-time. The fluorescence amplitude
is defined as the difference of the obtained signal when DNA nanolevers are standing upright (solid lines) and when lying down (dotted lines).0 s <t<20's:
Oscillation of single stranded DNA nanolevers. t > 20 s: Complementary strands are injected and dsDNA nanolevers are formed by hybridization.
Subsequent surface functionalization of bare cNL-B48 DNA (red trace) and ss3PeB construct (blue trace) are shown in one plot.

slowly to the surface in comparison to the bare cNL-B48 single
strand. Additionally, ss3PeB comprises relatively long double
stranded parts and thus carries more negative charges than
cNL-B48, increasing repulsion between ss3PeB and NL-B48.
One reason for faster hybridization times could be an enhanced
attraction of the negatively charged construct towards the
charged surface.

After functionalization of the surface with ss2PeB (or
ss1PeB, ss3PeB, respectively), the virus solution was injected
for virus association. Virus binding to ss2PeB is depicted sche-
matically in Figure 4. A minimal fluid flow was necessary to
guarantee that the reaction is not limited by diffusion. Based on

. ~ 120 nm .

r 1

RNA polymerase . .

(PB1, PB2, PA) Matrix protein (M1)
segmented RNA coated
with nucleocapsid protein
Hemagglutinin
lon channel (M2)

T Neuraminidase

Nuclear export protein
PeB peptide

ss2PeB

e

2 __Fluorophore

~50nm

~ 20 nm

Gold electrode

Figure 4. Schematicillustration of one Influenza A virus X31 binding to the
peptides attached to DNA nanoconstructs (here shown for ss2PeB). The
virus is captured on the sensor surface by specific interaction of hemag-
glutinin to the presented peptide construct. Schematic is drawn to scale.
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the model of Squires et al.,l*® a flow rate of 1 uL. min~! was cal-

culated to be sufficient. All virus-binding measurements were
carried out in static mode. Since nanolever length is approxi-
mately 20 nm and the average virus diameter is around 120 nm
for spherical particles and over 300 nm for rod shaped parti-
cles, an oscillation of this DNA nanolever after virus capture
appears impossible. Furthermore, a single virus particle can
bind to more than one nanolever at the standard nanolever sur-
face density further impeding DNA switching. In static mode,
nanolevers are kept at an upright position and change in fluo-
rescence signal obtained in close proximity to the interaction is
recorded.*’]

Figure 5 shows X31 virus binding onto a ss2PeB functional-
ized surface for three different concentrations of X31 from 10
to 40 g mL. Upon injection of X31 virus solution, associa-
tion can be observed by a concentration dependent decrease of
fluorescence intensity.

After each measurement, the surface was regenerated and
new ss2PeB nanostructures were immobilized. The dissocia-
tion curves show that over the measurement time of 750 s, the
virus material mostly remained stable on the sensor surface.
At first sight, this might be surprising with a published disso-
ciation constant in the uM range.3%) However, this value was
found for the monovalent interaction between free peptide and
immobilized HA on the SPR surface and therefore excludes
any multivalent binding effects. In our setup, virus particles are
employed instead of recombinant protein and it is expected that
one virus particle binds to more than one nanoconstruct on
the surface. With an average lateral distance of 50 nm between
nanoconstructs and a virus diameter of 120 nm to 300 nm,
one virus particle is expected to bind from five to seven
nanoconstructs on average. This stabilizes the virus capture
dramatically, as all bound nanoconstructs have to dissociate
simultaneously for complete virus dissociation. If only one pair
of interaction partners unbinds, rebinding will occur as the
virus is still bound to the surface increasing local concentration
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Figure 5. Binding of X31 virus via hemagglutinin - ss2PeB interaction. Concentration-dependent decrease in fluorescence signal due to virus binding.
Sensor surface was functionalized with fresh ss2PeB constructs for each virus injection. X31 virus solution was injected at three different protein con-
centrations, 10, 20 , and 40 ug mL™". For the negative control, DNA constructs without peptides were immobilized and 40 pug mL™" virus solution was
injected. The dissociation traces show that the virus material remains attached to the sensor surface.

of available hemagglutinin proteins (avidity effect). These
effects of oligovalent binding and rebinding combined lead to a
situation in which the virus remains in large part bound to the
peptides of the nanoconstructs. H3N2 viruses are also reported
to have positively charged hemagglutinin on the surface and
therefore to be especially well adapted to bind to negatively
charged cell surfaces.’” The negatively charged DNA on the
sensor surface and the applied negative DC voltage to the elec-
trodes can have a similar effect of increasing and facilitating the
binding interaction of virus and peptide. All of these effects lead
to prolonged residence times and therefore influence the calcu-
lation of the dissociation rate constant k. Consequently, also
the association rate constant k,, and the dissociation constant
Kp, which both include kg are affected. The measurement was
repeated with ss3PeB and ss1PeB. These measurements also
lead to a fluorescence signal decrease during association cor-
relating well with the concentration of the X31 virus solution. A
quantification to distinguish the binding rate constants for the
three structures was not possible in this setup.

As a negative control, ssOPeB (without any peptide) was
hybridized and virus solution at a concentration of 40 pg mL™
was injected to check for non-specific binding of X31 virus to
the sensor surface or the nanoconstruct. The result shows that
the virus only binds specifically to the attached peptides. Unspe-
cific binding onto the surface is not observed (see Figure 5).

The fact that dissociation rate constants are not determi-
nable in this setup is not surprising. The multivalent binding
interaction of the virus to the receptors on the sensor surface
leads to dissociation times that exceed reasonable measure-
ment times. In general, multivalent binding can be challenging
for binding interaction characterization. It has been described
also for virus-receptor interactions using surface plasmon reso-
nance (SPR) for the exact case of PeB binding to X31 by Mem-
czak et al.®®! Also, there the determination of k,, and k. was
not possible. A dissociation constant was determined for the
interaction between the peptide and recombinant hemagglu-
tinin protein but not for peptide-virus interactions. Using SPR,
a qualitative comparison between variable peptides binding to
one virus was possible.

Here, we propose that the DRX? can be put to a similar use.
We show a strong and specific virus association signal to a
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peptide-functionalized surface. Even though we do not calcu-
late rate constants from the data, there is a promising value of
a measurement technique that is comparable to SPR. Binding
of virus particles to receptors is a common requirement. Fur-
thermore, having the possibility of immobilizing and capturing
virus particles on a sensor surface might have additional appli-
cations. For example, currently approved anti-viral drugs often
target the viral glycoproteins HA and NA, and as mutations can
mitigate the efficiency of the drugs, there is a constant need for
optimization.*l Our results show that binding interactions of
viral glycoproteins can be characterized in vitro in their native
environment using a standard biosensor method, which could
be utilized as generic tool to characterize, for example, influ-
ences of viral mutations on the binding ability.

3.2. Sandwich Assay

Immobilization of the virus material on the sensor surface is
used in order to find the range of the dissociation constant for
the DNA nanoconstructs. We modified the experimental setup
as to create a sandwich assay. In this experiment, ss2PeB was
hybridized onto the sensor surface. Then, X31 was injected
and bound to the ss2PeB. Since nearly no virus dissociation
occurred during previous experiments, it was assumed that
immobilized viruses remain bound onto the sensor long
enough to perform a secondary interaction using the virus
surface as capture ligand. Labeling was achieved by hybridiza-
tion of a complementary DNA tagged with a green fluorophore
(G1) prior to the experiment. The fluorescently labeled peptide-
construct was injected into the flow channel after virus immobi-
lization and green fluorescence intensity was measured. All of
the interaction measurements were carried out in static mode,
that is, the DNA nanoconstructs, which tethered the virus to
the surface, were subjected to a DC voltage and stayed in an
upright position.

A schematic overview of the assay and the results of the
binding of ss2PeB-G1 to X31 in the sandwich configuration
are shown in Figure 6. The injection of fluorescently labeled
DNA-nanoconstructs led to a stepwise increase of fluorescence
in the green channel. This step was visible in all injections and
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Figure 6. a) Schematic overview of the sandwich assay set-up. Virus material was immobilized onto ss2PeB nanoconstructs. Afterward, ss1/2/3PeB
was injected that carried a green fluorescence molecule. The DRX? device allows independent detection of green and red fluorescence signals. Hence,
the stability of virus immobilization was monitored in the red optical channel while peptide binding was detected in the green optical channel. b) Fluo-
rescence signal of sandwich assay: Association of ss2PeB-G1 onto surface-bound X31 virus. Binding of green-labeled constructs to the virus particles

was measured by observing accumulation of green fluorescence intensity.

led to a shift in the starting value of the association curve. In
general, a very strong signal change was visible during both
association and dissociation. A signal increase was measured
during association due to the accumulation of labeled nanocon-
structs on the sensor surface. By applying the sandwich set-up,
it was possible to determine dissociation, since in this orienta-
tion the nanoconstructs bound individually onto the virus sur-
face without the previously described cooperative effect of the
reverse orientation.

The graphs were fitted using a mono-exponential fit curve
and the kinetic parameters for the construct ss2PeB-G1 were
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found to be k,, = (1.8 £ 0.8) x 10° M™' 57}, koy= (2.3 £0.2) x
103 s71, and Kp = (12 £ 7) nM (see Supporting Information
for fit formula). The light blue trace shows the negative con-
trol. Here, no virus was immobilized to rule out non-specific
binding of ss2PeB-G1 onto the sensor surface. The experi-
ments were carried out for fluorescently labeled ss1PeB-G1
and ss3PeB-G1, too. Here, similar signal changes for associa-
tion and dissociation were obtained. The calculated rate con-
stants were on the same order of magnitude. For ss1PeB-Gl,
we find Kp = (12 £ 9) nM and for ss3PeB-G1, Kp is slightly
lower at Kp = (8 £ 7) nM. The similar Kp values and large
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Figure 7. Binding of Influenza A/California/7/2009 (HIN1) and Influenza A/Panama/2007/99 (H3N2) to ss2PeB. As a comparison, the results from a
negative control (running buffer) and X31 at ¢ = 40ug mL™" are included in the graph.

fit errors complicate a clear comparison between these three
constructs. In general, all three of them seem to bind well to
the virus surface. The resulting Kp in the nanomolar range
is lower than the one reported by Memczak et al.?’] How-
ever, that value was determined for the interaction of uncou-
pled peptide PeB to recombinant hemagglutinin. It is also
unclear whether the utilized hemagglutinin was in a mono-
meric or a trimeric form, which should greatly influence
binding strength. Furthermore, dissociation constants in
the nM range have been reported for PeB-peptide function-
alized polyglycerol-based nanoparticles and X31 viruses in
MST measurements by Lauster et al.l*’] They found that large
particle sizes (=20-30 nm) with a low functionalization den-
sity of ligands show the highest affinities. The DNA-peptide
nanoconstructs we utilize have a similar size (=20 nm) yet dif-
ferent structure. Still, the multivalent binding that accounts
for the improved dissociation constant in the work of Lauster
et al. might be similar to our case. The size of the peptide-
DNA construct could be beneficial to the binding interaction
as well as the negative charge of the DNA backbone. These
effects might overshadow the influence of the one, two, or
three peptides per construct in this case. Further refinement
of experimental and evaluation methods are therefore needed.
This could include a direct labeling of the constructs instead
of the indirect labeling via DNA-hybridization, a different
choice of fluorophore, and a systematic analysis of the step in
fluorescence signal at the beginning of the injection of fluo-
rescently labeled DNA-constructs as well as at the end of the
measurement when running buffer is injected to measure dis-
sociation. This is necessary to determine the correct start and
end-point of the fit curves. The DNA- nanoconstructs could
be varied in base pair length as well to quantify the influence
of charge and size of the construct on the binding strength.
Above that, it would be helpful to simulate the entire binding
process in a molecular dynamics simulation. Additionally in
this setup, it is more difficult to control the amount of recep-
tors, viruses in this case, on the sensor surface as compared
to the original setup in Section 3.1. Still, the results of the
sandwich assay confirm the correct and stable immobiliza-
tion of the X31 viruses on the sensor surface as well as the
possibility to measure a second binding interaction using
the additional fluorescence channel. A future application of
this could be a screening of labeled peptides or antibodies to
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virus surface proteins or a comparison of peptide or antibody
binding behavior to recombinant viral surface proteins. In
prospect of subsequent measurements and developments of
this technique in general and the application to virus receptor
interactions in particular, this opens the path toward precise
and reliable measurements of binding interaction and even
oligovalent interactions. The sandwich assay is an important
aspect of this.

3.3. Variation of Influenza A Subtype/Specificity of PeB

To test the specificity of the peptide PeB, two additional influ-
enza A subtypes were analyzed. Previous studies had shown
that the peptide also binds to other subtypes than X31.° In our
experiments, we used influenza A/California/7/2009 (HIN1)
and influenza A/Panama/2007/99 (H3N2) at a concentration of
¢ =40 pg mL™" to verify these results using the DRX?.

As shown in Figure 7, the Panama H3N2 subtype showed
a definite increase in fluorescence signal as compared to the
negative control. The negative control consists of running
buffer. There was only a weak dissociation visible during the
measurement of Panama H3N2. The California HIN1 subtype
showed a less distinct and weaker signal compared to Panama
H3N2. Therefore, it was not possible to conclusively determine
whether any binding interaction took place. HIN1 is reported
to have a less evolved local positive charge distribution in the
HA membrane protein than H3N2.P% Besides the differences
in protein structure, this might be a contributing factor to the
reduced binding interaction as well.

We see that the PeB also binds other subtypes of influenza
A, but less strongly than X31. This confirms the results of the
measurements of Memczak et al.’® The peptide was expected
to show a broad specificity to influenza A strains to possibly
inhibit infections. The hemagglutinin of the subtypes X31 and
California 2009 have similar structures in the amino acids that
are involved in the peptide binding.3!

The results show that in principle the switchSENSE tech-
nique is already suitable to determine qualitative differences
in binding strengths of a peptide to various influenza A
subtypes. In the future, this will be extended to other recep-
tors as well, like aptamers, antibodies or proteins binding
to viruses.
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4, Conclusion

Our experiments show that the DNA-nanoconstructs are well
suited for measurements in the DRX? and that virus-peptide
interactions can be studied. The peptide PeB coupled to the
constructs binds influenza A X31 virus material and a concen-
tration-dependent association signal can be observed using
the switchSENSE technology in static mode. The dissociation
shows almost no change in the fluorescence signal presumably
due to multivalent binding and rebinding effects. In a sand-
wich assay, we were able to measure concentration-dependent
association signals as well as dissociation signals. These signals
result in a nanomolar dissociation constant and correspond to
the individual dissociation constant for the nanoconstructs. In
this configuration, the cooperative, stabilizing effect of multiva-
lent binding between multiple hemagglutinin receptors on the
virus surface and several DNA lever arms on the electrode sur-
face was less influential. We were furthermore able to show that
the PeB peptide also binds to other Influenza A subtypes. For
future investigations, this method could be used to test further
variations in the underlying DNA scaffold (e.g., individual arm
length, flexibility of the central junction, etc.) in order to better
discern the impact that the templated oligovalent presentation
has on binding properties. For now, the measurement error
was too big to find individual rate constants. In order to find
these, far longer dissociation times could be used. The analysis
of the specificity of the peptide can also be further investigated
by probing more influenza A strains and determining dissocia-
tion constants. In general, we show that receptor—virus interac-
tions can be observed using the switchSENSE technology. This
first study encountered obstacles that have been known for SPR
measurements as well and that need careful consideration. On
the experimental side, these are the control of receptor density,
influence of mass transport limitations, and sample prepara-
tion. The receptor density is controllable by either variation of
the number of ssDNA nanolevers on the gold electrode or by
quenching of selected fluorophores. The influence of the chip
degeneration after experiments, which reduces the amount
of the number of available nanolevers, has to be addressed in
order to optimize reproducibility. Mass transport limitations
can be addressed by reducing the number of receptors and by
increasing flow rates. However, reducing the amount of active
receptors on the surface has to be balanced with the absolute
signal-to-noise ratio of the results. Sample preparation has been
challenging as the virus samples loose activity over time. All
these effects can influence the measurements and have to be
considered in the theoretical analysis. Multivalent binding indi-
cates that mono exponential fit curves might not be appropriate
to describe the resulting data. Further theoretical analysis and
models might be needed. We decided against applying compli-
cated fit parameters to the direct assay in order to avoid over
interpretation of the existing data.l*’l Very long dissociation
times pose an additional problem for theoretical fit analysis.
In the sandwich assay, bulk shift reduction would be necessary
to account for the shift in fluorescence signal when the fluoro-
phore containing solution reaches the electrode. This is poten-
tially problematic as the complex binding of the three-armed
DNA-peptide construct seems to happen strongly and fast to
the virus surface, and therefore, the bulk shift may already
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include binding signals. Detailed measurements are needed
to determine the exact starting and end point of bulk shift
effects or whether they can be subtracted from results without
influencing calculations of binding constants. The results we
present here are a first prove of feasibility to measure virus—
receptor interactions, virus immobilization and qualitative
comparisons between subtypes and their binding behavior to a
peptide on a DNA-based sensor surface.

The future of the applications of this is wide open and can
include, for example, peptide optimization, qualitative and pos-
sibly quantitative comparison of binding constants of viruses
to all kinds of receptors like aptamers, peptides, antibodies, or
proteins. Furthermore, the technique can improve the under-
standing of oligo- and multivalent binding behavior. For this
goal DNA-based nanostructures can be applied and varied easily
in the DRX? that appears to pose an optimal system for this.

Generally, switchSENSE could complement other virus char-
acterization techniques by its easy ability to immobilize full
viruses on the surface and hence to target the virus receptors in
their native environment on a biosensor.
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from the author.
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