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Abstract: Molecularly imprinted polymers (MIPs) are tailor-made
synthetic antibodies possessing specific binding cavities designed
for a target molecule. Currently, MIPs for protein targets are
synthesized by imprinting a short surface-exposed fragment of the
protein, called epitope or antigenic determinant. However, finding
the epitope par excellence that will yield a peptide ‘synthetic
antibody’ cross-reacting exclusively with the protein from which it
is derived, is not easy. We propose a computer-based rational
approach to unambiguously identify the ‘best’ epitope candidate.
Then, wusing Saturation Transfer Difference (STD) and
WaterLOGSY NMR spectroscopies, we prove the existence of
specific binding sites created by the imprinting of this peptide
epitope in the MIP nanogel. The optimized MIP nanogel could bind
the epitope and cognate protein with a high affinity and selectivity.
The study was performed on Hepatitis A Virus Cell Receptor-1
protein, also known as KIM-1 and TIM-1, for its ubiquitous
implication in numerous pathologies.

INTRODUCTION

Molecularly imprinted polymers (MIPs), often dubbed ‘synthetic
antibodies’ contain recognition sites which bind target

molecules (the antigen) with a high affinity and selectivity.!"-3!
The molecular imprinting process consists of co-polymerizing
functional and cross-linking monomers in the presence of a
template molecule. The template can be the target molecule or
a derivative thereof. Functional monomers assemble around
the template, followed by co-polymerization with a cross-linker.
Subsequent removal of the template molecule from the three-
dimensional polymer network reveals imprinted cavities
complementary to the template in terms of size, shape, and
positioning of chemical groups. Thus, a molecular memory is
introduced in the imprinted polymer, enabling the recognition
and binding of the target molecule at the imprinted sites.
Lately, MIPs for protein recognition have raised growing
interest because of their potential applications in nanomedicine
and medical diagnostics.“"'"! The major drawbacks in protein
imprinting are the risk of alteration of the protein’s native
conformation, and the presence of its numerous functionalities
for which the generation of selective imprinted sites is difficult.
To address this shortcoming, epitopes, which are fragments of
the protein generally exposed at its surface (in analogy to the
antigenic determinant of the protein which binds to an
antibody), have been proposed as templates,['? generating
MIPs capable of recognizing the entire protein.'>'* The
epitope can be linear,['>"% j e. a continuous sequence of amino
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acids in the protein, or conformational, i.e. discontinuous amino
acids that come together in a 3D conformation.['®'" Nowadays,
free online access to protein databanks and bioinformatics
tools can help to predict linear and conformational epitopes!'®
201 of a given protein sequence or structure.

So far, epitopes employed for MIP preparation have been
selected using various approaches: (i) simply taking the C- or
N-terminus of the protein,'42122 (ii) extracting the antigenic
region bound to the antibody from the published 3D structure
of the protein-antibody complex,?¥! (iii) from experimental
data,?*?% sych as digesting the immobilized protein linked to
the MIP followed by analyzing the fragments retained on the
MIP,2%l and (iv) using a rational approach with the help of
databases associated with bioinformatics tools.?%2" The last
method was demonstrated in detail for the cardiac biomarker
protein, NT-proBNP, which consisted of downloading the
protein sequence from UniProt, followed by in silico digestion
with site-directed proteolytic enzymes and chemicals. The
most promising resultant peptides of lengths between 7 to 12
residues, were aligned to protein sequences in the whole
protein database using BLAST software, to select the peptides
unique to the target protein. The chosen linear epitopes
effectively produced MIPs, which recognized the digested
peptide template in a complex sample, but no evidence of the
MIP’s ability to bind selectively the native intact protein was
shown. A succinct bioinformatic approach was also reported,
predicting conformational epitopes for HER2 protein,['¥! a
biomarker of cancer, using ElliPro?® and PyMOL softwares on
the non-digested protein. Nevertheless, no evidence that the
resulting MIP could bind selectively the epitope or the whole
protein was shown. Recently, a rational approach based on
molecular dynamic calculations to identify stable epitopes
(surface-exposed a-helices) as templates for the synthesis of
electropolymerized MIP films for the recognition of neuron
specific enolase, a cancer biomarker, was proposed. Binding
of the MIP film to both the template peptide and the protein was
demonstrated, although with very different affinity constants.??®!

Thus there is no general consensus on which method to
apply, although the careful selection of the epitope par
excellence remains one of the crucial elements to obtain a MIP
that will solely recognize the peptide epitope and its cognate
protein. The creation of imprinted sites by the peptide epitope
in the MIP is fundamental to reach this goal. We use Saturation
Transfer Difference (STD) and Water-Ligand Observed via
Gradient Spectroscopy (WaterLOGSY) NMR spectroscopies,
to prove for the first time, the evidence of specific binding sites
created by the imprinting of the peptide epitope in a MIP
nanogel. First, we describe a computer-based rational
approach, outlining the essential criteria to unambiguously
predict continuous epitope candidates and the 3D
conformation of their structures.['8193031 The protein Hepatitis
A Virus Cell Receptor-1 (HAVCR-1), also known as T-cell
Immunoglobulin Mucin Receptor-1 (TIM-1) or Kidney Injury
Molecule-1 (KIM-1) was chosen as target. This protein serves
as a cellular entry receptor for hepatitis A virus,®? and the
filoviruses Ebolavirus®® and Marburgvirus,®* which cause
hemorrhagic fever and death in humans. Moreover, it is
overexpressed in numerous cancers,® and its ectodomain
has been shown to be a urinary biomarker of kidney
diseases.

Then, a solid-phase synthesis method using the selected
epitope was applied, yielding water compatible MIP nanogels
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(MIP-NGs) of particle size ~48 nm, which could bind the
epitope and parent protein with high affinity and selectivity. We
believe that our method for the identification of epitope
candidates together with the study of their interaction with the
resultant MIP by solution STD and WaterLOGSY NMR can be
applied to a vast array of proteins present in the protein
databases to identify the best epitope that will generate the
best MIP-NGs. As synthetic antibody mimics, MIP-NGs®"l may
serve as potential antiviral therapies by blocking the binding
site of the protein, thereby preventing filoviruses from binding
to host cell and cause infection. Similarly, these MIP-NGs
could potentially function as anticancer therapeutics.

RESULTS AND DISCUSSION

Rational selection of epitope templates. The protein
HAVCR-1/TIM-1/KIM-1 was chosen for its ubiquitous role in
numerous pathologies. For simplicity, the term HAVCR-1 will
be employed for this protein throughout the text. HAVCR-1 is
a type 1 transmembrane glycoprotein composed of an
extracellular signal peptide (SP) domain, an Ig variable domain
(residues 21-121), a highly glycosylated mucin domain
(residues 122-295), a transmembrane domain (TM) and a
cytoplasmic tail (Figure 1A). The primary sequence of the
protein (UniProtkKB Q96D42) (MW: 39,250 Da) is shown in
Figure 1B, and the Ig variable domain, for which there is a
crystal structure resolved to 1.30 A (PDB 5DZO),
corresponding to residues 22-127, is colored in red.®¥ The
candidate epitopes were selected by analyzing the 3D
structure, using an approach originally developed to predict
antigen epitopes for raising peptide antibodies.8%! The
following criteria were adopted: (i) they must be protruding
regions of the protein,'“! exposed to solvent and accessible, (ii)
they should preferably correspond to flexible loops rather than
to a-helixes and B-sheets,B84! (iii) they must mimic the
structural conformation of the fragment in the native protein,
and (iv) they must be unique to the protein of interest, meaning
that the sequence is not present in other proteins. Moreover,
epitopes that are composed of 8 to 20 amino acid residues are
preferred,l'® since shorter epitopes could lead to low
specificities and longer peptides could adopt secondary
structures, which could be different from the original
conformation of the epitope in the native protein. Accordingly,
we identified three peptide candidates, which meet these
criteria. The structures of these peptides are shown in Figure
2A and Table 1.

Using these three epitopes, a second selection was carried
out to assess whether they contain post-translational
(glycosylation) and other amino acid modifications, which
would compromise the subsequent interaction of the protein
with the MIP. Glycosylation sites and Cys-Cys interactions
were searched using UniprotKB Table of amino acid
modifications and from glycosylation prediction servers
NetOGlyc 4.0 (http://www.cbs.dtu.dk/services/NetOGlyc/) and
NetNGlyc 1.0  (http://www.cbs.dtu.dk/services/NetNGlyc/).
HAVCR-1 has one N-glycosylation site at residue 65 and
disulfide bonds are formed between C36 and C105, C46 and
C57, as well as C52 and C104 (Table 1). The presence of
disulfide bonds between the given epitope and another region
of the protein would constrain the epitope within the protein in
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Figure 1. (A) Schematic representation of HAVCR-1 showing the signal peptide (SP), Ig variable, mucin, transmembrane (TM), and cytoplasmic domains. The
triangles indicate the locations of N-linked glycosylation sites. (B) Primary sequence of the protein (UniProtKB Q96D42) with residues 22-127, whose crystal structure

(PDB accession code 5DZ0) is known and is highlighted in red.

e
Figure 2. Crystal structure (PDB 5DZ0), visualized in PyMOL (The PyMOL
Molecular Graphics System, Version 2.0 Schrddinger, LLC) of (A) Ig variable
domain with candidate epitope peptides highlighted in light blue (P1), light
violet (P2), and orange (P3); cysteine residues are shown in yellow. (B-D)
Superposition of the predicted 3D structure (from PEP-FOLD3) aligned and
studied in PyMOL, of P1 (dark blue), P2 (dark violet) and template peptide
P3 (flanked by 2 Cys, red), onto the native protein epitopes in light blue, light
violet and orange, respectively. (E) Comparison of the side chains of the
structure of template peptide (red) and the fragment in the native protein
(orange).

Table 1. Candidate epitope peptides corresponding to the flexible loops of
the HAVCR-1 protein.

Sequence Amino N° of Cys bond Glycosyla
acids amino tion sites
UniProt acids

P1 36-46 11 C36-C105 NONE
C46-C57

P2 RGSCSLFTCQNG 49-60 12 C52-C104 NONE

P3 EHRGWFND 108-115 8 NONE NONE

a conformation which might not be reproduced by the free
epitope. Accordingly, epitopes P1 and P2 were eliminated.
This choice was further supported by analyzing the secondary
structure patterns of the three peptides. The most probable 3D
structures of the free epitopes were predicted with the PEP-
FOLD3 server (https://mobyle.rpbs.univ-paris-diderot.fr/cgi-
bin/portal.py#forms::PEP-FOLD3), to establish that, once

excised from the protein, they could maintain a conformation
compatible with the native one.?! The analysis was carried out
by superposing the predicted 3D structure of the fragments
onto the native protein using the software PyMol (Figure 2B-
D). Together with the most probable peptide 3D structure
prediction, PEP-FOLD3 provides the probability of each
residue to adopt a coil (i.e. unstructured), helix or B-sheet
conformation, which are shown in Figure 3. Since the
probabilities are computed using a structural alphabet of 4-
residues fragments, the last 3 residues of the modelled peptide
are not shown graphically. From Figure 3, we observe that P1
has preferentially an unstructured conformation at the N
terminus (sequence CHYS), adopting a helical conformation
afterwards, as also supported by the 3D structure of the best
model (Figure 2B). P2 shows a high percentage of B-sheets,
although the best model shows a small helix involving residues
SLF (Figure 2C). Conversely, P3 shows a constant and high
percentage of coil structure, which might match correctly the
loop conformation (Figure 2D). Loops are more likely to be
unstructured and therefore more flexible. Thus the resulting
peptides can easily adopt the same conformation as within the
protein.

P1 P2 P3
CHYSGAVT RGSCSLFTC EHRGW

0.8 0.84 08

0.6 0.64 0.6

0.4 0.44 0.4

0.2 0.24 0.2

0.0
EHRGW

CHYSGAVT RGSCSLFTC

Figure 3. PEP-FOLD3 prediction of amino acids residues of P1, P2 and P3.
Green: B-sheet, Blue: coil and Red: helix.
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Figure 3 definitely rules out P1 and P2, thus leaving P3 as the
best mimic of the structure of the corresponding flexible loop in
the native protein. Additionally, the side chains of the central
residues of the peptide are well solvent-exposed, similar to
those within the loop of the native protein (Figure 2E). Finally,
the specificities of the three epitope candidates towards the
HAVCR-1 protein were investigated using the “peptide search”
tool from UniProtKB (https://www.uniprot.org/peptidesearch/).
This step enables to evaluate the potential cross-reactivity of
MIPs with other proteins.['® The three peptide sequences were
found to be unique to the HAVCR-1 protein.

Based on the above rationale, P3 (EHRGWFND) was
considered the best candidate and was selected for the
preparation of a MIP. Since P3 adopts a coil conformation in
the native protein (Figure 2D), a cyclic template peptide was
synthesized in order to mimic closely the conformation of the
epitope in its native form. Thus, the template consists of P3
with cysteine residues added at both ends for cyclization.
Furthermore, a modified lysine residue bearing an azide moiety
was incorporated at the C-terminal Cys to immobilize the
template peptide to a solid support via click chemistry. The final
cyclic peptide template presents the following sequence:
CEHRGWFNDC-K(Ns) (C-C cyclic) (Figure 4 and Figure S1).

Solid-Phase Synthesis of MIP-NGs. The synthesis of MIP-
NGs was carried out using a solid-phase approach on glass

10.1002/anie.202106507

beads (GBs) as support, following previously described
procedures.['0.144344] Briefly, GBs were activated with NaOH,
followed by surface modification using (3-
aminopropyl)triethoxysilane (APTES) to introduce amino
groups. The amino-functionalized GBs were reacted with
(1R,88S,9s)-bicyclo[6.1.0]non-4-yn-9-ylmethyl  N-succinimidyl
carbonate (BCN-NHS) to introduce a strained cyclononyne.
The template peptide was conjugated to the resulting GBs via
a copper-free click chemistry reaction, the so-called strain-
promoted alkyne azide cycloaddition (SPAAC), forming a
stable triazole*>46! (Figure 4). The copper-catalyzed azide-
alkyne cycloaddition (CuAAC) click chemistry reaction that we
used previously for the immobilization of templates to GBs!'447]
was not suitable here, as the reducing environment of the
CuAAC reaction led to the cleavage of ~ 35% of the disulfide
bonds of the cyclic template peptide. The amount of
immobilized cyclic peptide was determined by the
quantification of the sulfhydryl groups of the cysteine residues
with Ellman’s reagent after the disulfide bonds of the peptide
were reduced with tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) (Figure S2). From a calibration curve of
cysteine (Figure S3), the amount of immobilized template was
found to be 86 + 3 nmol per gram of GBs. A monomer mixture
comprising N-isopropylacrylamide (NIPAM),

N
o ™o N - \ Template
NaOH Ho OH APTES 8 A o™ o peptide (N3)
e e 0—Si_~_NH, ——> 08I N ——
100°C 4o OH / H a
o o
Q
A » N
o \N~‘N -.: e 4 :’:
e i N X2 Polymerization O/v P A N
0—Si A" 1, -/, )’ —— “
7 No° 38°C
o
Elution
4°C
Template 7
- i N — ;;'.;‘\ »
Glu—Hisg peptide A B
Cys Arg e
Lys—'CIys G\| » Non reacted
A Trly % I 525 monomers,
Rsnephe’ N MIP-NGs 533 low affinity particles

Figure 4. Solid-phase synthesis of MIP-NGs. The template peptide CEHRGWFNDC-K(Ns) is immobilized onto the alkyne-derivatized GBs via strain-promoted
alkyne azide cycloaddition, followed by polymerization to form thermoresponsive MIP-NGs (green) around the peptide at 38 °C. After washing away the non-reacted
monomers and low-affinity polymers, the MIP-NGs are released from the solid-phase by a temperature change from 38 °C to 4 °C. The 3D model of the template

peptide was generated using PEP-Fold 3.

N-phenylacrylamide (PAA), N-tert-butylacrylamide (TBAM)
and 4-acrylamidophenyl(amino)-methaniminium acetate (AB)
was used for the synthesis of MIP-NGs.!" The benzamidine
group of AB is known to form salt bridges with carboxylates,*’~
41 and can thus associate with aspartate and glutamate of the
template peptide, in polar solvents. PAA provides =n-n
interactions, TBAM hydrophobic interactions and NIPAM
hydrogen bonding.’® NIPAM was added at a high molar ratio
(80%) to impart thermoresponsive characteristics to the MIP-
NGs, which facilitates the subsequent elution of the polymer
from the solid support. N,N-methylenebis(acrylamide) (BIS)
(5% molar ratio) was used to provide low crosslinking. The MIP

was synthesized by free radical polymerization at 38 °C in 25
mM sodium phosphate buffer, pH 7.0 (Buffer A), overnight. At
this temperature, the polymers adopt a collapsed state,
encapsulating the immobilized peptide template. After
polymerization, the reactor was washed with Buffer A at 38 °C
to remove any unreacted reagents and low affinity polymers.
The high affinity MIP-NGs were eluted with water at 4 °C, which
is below the lower critical solution temperature of the polymers
(LCST of pNIPAM ~32 °C).5% A control polymer (CONT-NGs),
which is a MIP targeting a different peptide sequence,
SLAPAEG, was also synthesized with similar monomer
combination, under similar conditions.
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Physicochemical characterization of polymers. The
hydrodynamic size (Figure S4) and zeta potential of MIP-NGs
and CONT-NGs were determined by DLS measurements at 38
°C. The results along with the concentration of the polymers
and yield of synthesis are summarized in Table S1.

Binding specificity of MIP-NGs. The interaction of MIP-NGs
with the peptide template was evaluated by equilibrium binding
assays at 38 °C. To monitor binding, the peptide epitope was
fluorescently labeled with fluorescein dibenzocyclooctyne
(FAM DBCO), via SPAAC (details of synthesis and
fluorescence characterizations in Figures S5-S7). Equilibrium
binding isotherms showed that MIP-NGs bind specifically to the
fluorescent template, as no binding was observed with CONT-
NGs (Figure 5). These results suggest the creation of imprinted
sites at the surface of the nanogels. Additionally, we showed
the importance of the functional monomers for interaction with
the template. Indeed, the suppression of the hydrophobic
monomers, TBAM or PAA led to polymers with lower binding,
although PAA seems to be more favorable than TBAM,
probably because it can form n—n interactions with Trp and
Phe. Most notably, omission of AB resulted in no binding,
reflecting how AB is essential for interaction (Figure 5).

Binding selectivity of MIP-NGs. The interactions of MIP-NGs
with recombinant HAVCR-1 protein, the template peptide
CEHRGWFNDC-K(N3) and other peptides, were determined
by competitive binding assays. We employed a recombinant
HAVCR-1 protein expressed in human embryonic kidney
(HEK293) cells to reflect more likely the relevant glycosylations
present in the wild-type native protein. Competing peptides
were the linear epitope EHRGWFND, as well as three non-
related peptides, one linear, DWVIPPI'4 and two cyclic,
CFGRVMQIGSRC-K(N3) and CMDYKGSYLC-K(N3s) (Table 2).
The non-related peptides were chosen for their similar MWs or
pls and for the presence of some of the important amino acids
involved in MIP binding. Increasing concentrations of free
competitors competed with a fixed amount of fluorescent
epitope peptide (6 nM) bound to 25 pg/mL of MIP-NGs, to
determine their affinity. A non-linear regression fit of the curves
(Figure S8) was used to determine the ICso (the concentration
of competing ligand required to displace 50% of fluorescent
template peptide from the MIP-NGs). The ICso values for the
template peptide and the HAVCR-1 protein were found to be
13 and 14 nM respectively, indicating high affinity of the MIP-
NGs towards the epitope and the protein. This confirms our
hypothesis from the molecular modeling step concerning the
choice of the epitope. The MIP-NGs also exhibited a high
affinity (ICso 14 nM) towards the linear form of the template
peptide, EHRGWFND, suggesting that the linear non-
constrained peptide may adopt a conformation in solution close
to that of the cyclic template, possibly induced by the MIP-NGs.
Previous studies have shown that MIPs prepared with a cyclic
peptide as template can facilitate the protein folding of an
unstructured linear peptide to its cyclic form.5"2 The cross-
reactivities of the MIPs towards the non-template peptides
DWVIPPI, CFGRVMQIGSRC-K(N3) and CMDYKGSYLC-
K(Ns) were negligible, reflecting the high selectivity of the MIP-
NGs.
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Figure 5. Equilibrium binding isotherms of fluorescently-labeled peptide (6
nM) and MIP-NGs (orange), CONT-NGs (red), MIP-NGs without PAA
(green), MIP-NGs without TBAM (blue) and MIP-NGs without AB (pink), in
25 mM sodium phosphate buffer pH 7, 38 °C.

Table 2. ICso and cross-reactivity values of different peptides and HAVCR-1
protein towards MIP-NGs (n=4).

MW pl ICso0 reir;?\i;y
(g/mol) (nM) %)
Template cyclic peptide
CEHRGWFNDC-K(Na) 1417.6 5.2 13 100
Linear peptide
EHRGWEND 1059.5 5.2 14 93
Recombmant'HAVCR-1 ~90,000! 6.6 14 93
protein
Linear peptide DWVIPPI 838.5 3.1 > 1000 <1
Cyclic peptide
CFGRVMQIGSRCK(N;) 12077 97 >1000 <
Cyclic peptide 1333.6 59  >1000 <1

CMDYKGSYLC-K(N3)

[a] Glycosylated protein expressed in HEK293 cells, as given by supplier.

NMR spectroscopy. In order to confirm the specific binding of
MIP-NGs to its template peptide, we employed STD and
WaterLOGSY NMR spectroscopies as label-free
complementary analytical tools. Both NMR methods have been
successfully used to study ligand binding to high molecular
weight species like proteins, viruses and DNA.53% This
prompted us to explore the potential utility of these NMR
techniques to investigate binding selectivity of MIP-NGs
towards the template. While STD is more adapted for non-polar
interactions, WaterLOGSY is used to assess polar interactions.

STD NMR. STD NMR spectroscopy consists of selectively
irradiating the macromolecule, in our case MIP-NGs, with a
weak 'H saturation radiofrequency pulse train causing the
saturation to propagate by proton spin diffusion across the
macromolecular network. In case of MIP-peptide interaction,
the saturation is transferred from MIP to peptide, with the
peptide protons in closest contact with the MIP receiving the
most saturation (ON resonance experiment). The transmitter
frequency of the saturation pulse is carefully chosen to irradiate

5
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only the MIP’s protons without affecting those of the peptide.
Towards that end, a careful search for a non-overlapping
region is required. Generally, two experiments are recorded,
ON and OFF resonance. In our experiments, the ON
resonance irradiation of the MIP backbone was setto 1.1 ppm.
The OFF resonance transmitter frequency was set to the dark
spectral region, where usually no proton signal exists (-40
ppm) (see Sl for details). The difference between ON and OFF
resonance STD spectra reveals only signals from the peptide
that binds to the MIP.

Semi solid-state STD high resolution magic angle spinning
NMR has been used in the past to study the differences in the
interaction of a low molecular weight ligand bupivacaine (MW
288 Da), with a monolithic MIP and NIP.B% In this study, due to
the excellent solubility of the MIP-NGs in aqueous medium,
solution NMR could be used, which affords significantly
improved spectral resolution with higher sensitivity. As can be
seen from Figure 6B, a positive STD response is evident,
suggesting an interaction of the cyclic template peptide,
CEHRGWFNDC-K(N3) with MIP-NGs, whose profile matches
with the "H NMR spectrum of the cyclic peptide (Figure S10A).
To ensure that no peptide irradiation was taking place, a
control STD experiment with peptide alone was carried out
(Figure 6A). As expected, no significant STD signal intensities
was detected. A similar binding pattern was observed with the
corresponding linear peptide EHRGWFND-K(Ns) (Figure 6E
and Figure S10B), which confirms our hypothesis that upon
binding, MIP-NGs can induce the linear peptide into a cyclic
conformation. The control experiment using CONT-NGs
showed no significant STD signal intensities, suggesting that
the binding of the cyclic template peptide to the MIP-NGs is
highly selective (Figure 6C). Similarly, no difference spectrum
was observed when the cyclic non-template peptide
CFGRVMQIGSRC-K(N3) was studied with MIP-NGs (Figure
6G).

An additional experiment to confirm the specific binding of
MIP-NGs to the cyclic template was performed by exploiting
the thermoresponsiveness of the polymer. As presented in
Figure S11, the STD NMR spectrum recorded at 290 K (below
LCST of the polymer) showed significantly reduced STD
response (see for aromatic region 7-8 ppm), compared to the
STD spectrum recorded at 312 K. The rationale behind this
observation is attributed to the fact that at a temperature below
the LCST, the spatial structure of the MIP is swollen, and as a
result, peptide binding to the MIP is lost.

WaterLOGSY NMR. To further support the STD NMR
results, WaterLOGSY NMR spectroscopy was employed. In
this technique, water signal is used to propagate the dipolar
cross relaxation to ligands and receptors.®851 Water
molecules act as a mediator for the transfer of magnetization
between ligand and receptor via the nuclear Overhauser effect
(NOE). Since intermolecular NOE transfer is favored for
functional groups with high water affinity, this NMR technique
is particularly useful for enhanced detection of binding from
hydrophilic compartments of a ligand including exchangeable
proton sites. WaterLOGSY NMR spectra are generally
analyzed by comparing the strengths and signs of signal
intensities of free ligand with those of the receptor-bound
ligand (details in Sl). Direct comparison of both spectra
provides structural insights about the bound state of the ligand.

At first, a reference WaterLOGSY of the cyclic template
peptide was recorded and the sign and strength of signals were
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determined. Subsequently, a mixture of template peptide and
MIP-NGs was subjected to WaterLOGSY analysis under the
same experimental conditions. The WaterLOGSY NMR
spectrum of the free template peptide is shown in Figure 7A. In
this case, proton signal intensities in downfield regions are
negative. Upon addition of MIP-NGs to the template, the
downfield 'H signal intensities associated with the peptide are
flipped positive in the same direction as the residual MIP
signal, marked by asterisks, indicating a clear binding event
(Figure 7B). A similar pattern was observed with the linear
peptide (Figures 7D and E). In order to unequivocally attribute
the observed phenomenon to template binding to the MIP-
NGs, a control experiment was performed with a mixture
containing the cyclic template and CONT-NGs (Figure 7C).
Spectral analyses revealed no changes to the signs of 'H
signals in the downfield regions compared to those observed
in the presence of MIP-NGs (Figure 7B). Furthermore, no
changes to the signs of signals of the protons in the downfield
regions of the non-template cyclic peptide CFGRVMQIGSRC-
K(Ns) were observed in the presence of MIP-NGs (Figure 7F
and Figure 7G), suggesting peptide binding by MIP-NGs is
highly selective towards its template. These systematic
experiments further enhanced the level of confidence of these
NMR methods to assess template selective binding features of
MIP-NGs.

° . L LJV
i | WL LKAU__
L

Figure 6. STD NMR spectra at 312 K of (A) cyclic template alone, (B) cyclic
template + MIP-NGs, (C) cyclic template + CONT-NGs, (D) linear peptide
alone, (E) linear peptide + MIP-NGs, (F) non-template cyclic peptide alone
and (G) non-template cyclic peptide + MIP-NGs. Spectra were obtained by
applying a gaussian saturation pulse train for 5s and subsequent excitation
sculpting water suppression.!8 A 100 ms spin lock filter was applied in the
STD pulse sequence to suppress residual MIP signals in the final spectra.
ON resonance irradiation of the MIP was set to 1.1 ppm and OFF resonance
irradiation was set to -40 ppm. Proton resonances marked with asterisks (*)
originate from MIP signal contributions outbreaking the spin lock filter.
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Taken together, the STD and WaterLOGSY NMR results
clearly show the specific interaction of the entire target peptide
epitope with the MIP-NGs. Looking at the spectral peak
assignments of '"H NMR spectrum of the peptide template
(Figure S10A), the contributions of the amino acids to the
spectral change in the presence of the MIP can be clearly
observed with one or the other method (or both), depending on
the hydrophobic or hydrophilic nature of the residue. The ligand
chemical groups in direct contact with the MIP show the
stronger STD signals. Noteworthy are the strong signals
observed for the peak cluster between 7 and 8 ppm in Figure
6B, attributed mainly to Trp (7.56/7.47) and Phe (7.31), which
indicates their close proximity to the binding groups in the
imprinted sites of the MIP. Similarly, the inversion of the sign
of the 'H peaks at 10.06, 9.05, 8.58, 8.10, and 7.40/6.74 ppm
in the WaterLOGSY spectra (Figure 7B) suggests the
involvement of Trp, Glu, His, Asp and Asn, respectively, in the
binding process. In the two methods, the contribution of the Trp
side chain seem predominant and can be attributed to the
apical position of this amino acid in the template peptide (see
Figure S1 for a 3D model), causing it to be deeply buried within
the binding site. These spectral changes were not observed
during binding with a non-template cyclic peptide or with the
compositionally similar CONT-NGs lacking specific binding
sites for the template. Finally when the MIP-NGs were treated
with the template peptide below the LCST, no binding event
was evident from these NMR studies (Figure S11).

CONCLUSION

MIP-NGs for the selective recognition of HAVCR-1 protein
were synthesized by using a solid-phase epitope imprinting
method. The epitope was selected in-silico by using a
computer-based rational approach, with the main guidelines
being that it has a flexible solvent-exposed loop structure (vs
helix or B-sheet structure), it has a 3D structure with similar
structural conformation as that of the native protein, and it is
unique to the protein. The selected template peptide was
synthesized and was immobilized on a solid support (GBs) by
strain-promoted alkyne azide cycloaddition (SPAAC). Such
linking chemistry has been introduced for the first time to
immobilize templates for solid-phase molecular imprinting. This
approach enabled us to achieve an oriented immobilization of
the template, upon which thermoresponsive MIP-NGs were
synthesized. After polymerization, the MIP-NGs were released
from the support by a simple temperature change, thus
generating template-free polymers in a single step. The binding
sites of the resulting MIPs have similar orientation, and could
thus be considered analogous to monoclonal antibodies,
explaining their high affinity and selectivity towards the
template and the whole HAVCR-1 protein.

In order to confirm and gain further insights on the specific
binding of MIP-NGs with their template peptide, STD and
WaterLOGSY solution NMR spectroscopies were employed.
The combined strengths of STD and WaterLOGSY
experiments to study MIP-peptide interaction enabled us to
obtain rapid access to detailed binding information, with only a
small quantity of MIP (1-2 mg/experiment) and without the
need for any labeling chemistry. The results clearly show that
all amino acids of the peptide epitope were involved in MIP
binding. WaterLOGSY was found to be particularly valuable for
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the detection of hydrophilic features of the peptide, since water
interacts more specifically with polar groups like carboxylic
acids or amines. On the other hand, STD NMR is more suited
for the investigation of hydrophobic parts of the peptide, since
in this method, the saturation pulses are invariant with respect
to affinity towards water molecules. The results show that both
methods can discriminate between binding and non-binding
peptides at atomic level resolution, opening new opportunities
for these label-free analytical tools to investigate detailed
molecular recognition information of MIP-NGs.

|
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Figure 7. WaterLOGSY NMR spectra of (A) cyclic template alone, (B) cyclic
template + MIP-NGs, (C) cyclic template + CONT-NGs, (D) linear peptide
alone (E) linear peptide + MIP-NGs, (F) non-template cyclic peptide alone
and (G) non-template cyclic peptide + MIP-NGs. Spectra were obtained by
application of WaterLOGSY pulse cascade. A mixing time of 4s was used to
propagate the intermolecular dipolar cross relaxation of proton spins. Upon
ligand binding, for (B) and (E), the sign of 'H signals in downfield spectral
regions are flipped positive. Asterisks (*) represent residual MIP-NG signals
outbreaking the spin-lock filter.
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MIPs for protein recognition are often synthesized by the
epitope approach. The epitope is a short surface-exposed
peptide of the protein. Identification of the ‘best’ epitope will
generate a selective MIP. Solution STD and WaterLOGSY
NMR spectroscopies were used to prove the evidence of
specific binding sites created by the imprinting of the peptide
epitope in the corresponding MIP nanogel. No binding was
observed with a non-related peptide.
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