SCUOLA INTERNAZIONALE SUPERIORE DI STUDI AVANZATI

SISSA Digital Library

Publication title:

Computational design of cyclic peptides for the customized oriented immobilization of

globular proteins

Citation

Soler, M.A., Rodriguez, A., Russo, A., Adedeji, A.F., Dongmo Foumthuim, C.J.,
Cantarutti, C., Ambrosetti, E., Casalis, L., Corazza, A., Scoles, G., Marasco, D., Laio,
A., Fortuna, S.
Computational design of cyclic peptides for the customized oriented immobilization
of globular proteins
(2017) Physical Chemistry Chemical Physics, 19 (4), pp. 2740-2748.
10.1039/c6cp07807a

Link to the Publisher
(es. DOI)

Royal Society of Chemistry
Publisher
Postprint
Version
(Postprint, Preprint)

After the embargo period (12 months)
Terms of Use
(Licence)

Computational design of cyclic peptides for the customize oriented
immobiliza on of globular proteins†
Miguel A. Soler,ab Alex Rodriguez,b Anna Russo,a Abimbola Feyisara Adedeji,ac Cedrix J. Dongmo
Foumthuim,a Cristina Cantarutti,a Elena Ambrosetti,cd Loredana Casalis,d Alessandra Corazza,a Giacinto
Scoles,a Daniela Marasco,e Alessandro Laiob and Sara Fortuna‡*a
a Department of Medical and Biological Sciences, University of Udine, Piazzale Kolbe, 4 – 33100 Udine, Italy.
E‐mail: sara.fortuna@ung.si
b SISSA, Via Bonomea 265, I‐34136 Trieste, Italy
c PhD School of Nanotechnology, Department of Physics, University of Trieste, Via Valerio 2, 34127 Trieste,
Italy
d Nanoinnovation Lab – Elettra‐Sincrotone S.C.p.A., ss 14 km 163, 5 in AREA Science Park I‐34149, Basovizza‐
Trieste, Italy
e Department of Pharmacy, CIRPEB: Centro Interuniversitario di Ricerca sui Peptidi Bioattivi‐University of
Naples ‘‘Federico II’’, DFM‐Scarl, 80134, Naples, Italy
† Electronic supplementary informa on (ESI) available: Table S1. Scoring energies (E, in kcal mol—1) and
sequences of the soluble peptides with the lowest scoring E. Fig. S1. Primary screening: MD simulation results.
Fig. S2. SPR results. Table S2. Peptide sequences elected through SPR secondary screening, pI (isoelectric point)
and dissociation constants toward β2m are also reported (Kd), determination of the dissociation constant by
atomic force microscopy (AFM). Fig. S4. AFM‐based quantitative approach for analyzing surface‐based cyclic
peptide–DNA assemblages before and after β2m recognition at different target (β2m) concentration. Fig. S5. An
example of a subsequent height measurement procedure employed in determining the average height difference
across the topographic AFM micrograph of cyclic peptide–DNA assemblage before and after β2m recognition
(100 mM concen‐ tration).
‡ Now at: Center for Biomedical Sciences and Engineering, University of Nova Gorica, Dvorec Lanthieri, Glavni
Trg 8, 5271 Vipava, Slovenia.
DOI: 10.1039/c6cp07807a
Accepted by PCCP journal: 21st December 2016

0. Abstract
The oriented immobilization of proteins, key for the development of novel responsive biomaterials, relies on
the availability of eﬀective probes. These are generally provided by standard approaches based on in vivo
maturation and in vitro selection of antibodies and/or aptamers. These techniques can suﬀer technical problems
when a non‐immunogenic epitope needs to be targeted. Here we propose a strategy to circumvent this issue by
in silico design. In our method molecular binders, in the form of cyclic peptides, are computationally evolved by
stochastically exploring their sequence and structure space to identify high‐aﬃnity peptides for a chosen epitope
of a target globular protein: here a solvent‐exposed site of b2‐microglobulin (β2m). Designed sequences were
screened by explicit solvent molecular dynamics simulations (MD) followed by experimental validation. Five
candidates gave dose–response surface plasmon resonance signals with dissociation constants in the micromolar
range. One of them was further analyzed by means of isothermal titration calorimetry, nuclear magnetic
resonance, and 250 ns of MD. Atomic‐force microscopy imaging showed that this peptide is able to immobilize

β2m on a gold surface. In short, we have shown by a variety of experimental techniques that it is possible to
capture a protein through an epitope of choice by computational design.

1. Introduction
Developing novel biomaterials and platforms for the detection of biomarkers relies on strategies for capturing
and immobilizing target proteins with well‐defined orientations on solid supports.1 This goal is currently achieved
by chemical modifications either at functional groups or at the termini of the protein to be immobilized.1c,2
Scanning probe or dippen lithography allows the fabrication of nanopatterned surfaces consisting of antibodies3
for protein detection, of streptavidin for capturing biotinylated protein,4 or of peptide nanoarrays.5
Maturation of antibodies and their in vitro selection6 are the most common tools providing highly eﬀective
binders. These techniques requires a careful planning of the selection procedure7 to pinpoint the specific epitope
to which the anti‐body will bind to (or binding site). This procedure can lead to antibodies reaching up to
femtomolar aﬃnity.8 Typically dissociation constants (Kd) between antibodies and the target protein are in the
nano‐ pico‐molar range.6,7 The recognition of antibodies toward their antigens mainly involves their six hyper‐
variable loops. Assuming that each of them equally contributes to the binding, this averages to Kd values of 10‐2
–10—3 M per loop.
Other examples of binders are antibodies fragments, such as single domain antibodies (also known as
nanobodies), that present three hypervariable loops providing affinities in the nanomolar range.9 Similar
affinities can be reached when only two loops actively participates in the binding with an average binding affinity
of up to 10—5 M per loop.10
Antibody loops can be thought of as short cyclic peptides and it has been demonstrated that a cyclic peptide
mimicking a single loop can reach up to micromolar aﬃnity (Kd ~ 10—6 M) as for the α‐amylase binding peptide
selected among mutants of the α‐amylase inhibitor.11 Often more eﬃcient binders are obtained from mutated
fragments of natural binders. For instance, several cyclic peptides for the detection of cysteine‐rich intestinal
protein 1 were selected by phage display technique and displayed Kd B10—4–10—5, a value that dropped to 10‐6
M after their in silico optimization.12 While the optimization of natural binders targeting existing protein pockets,
known as ‘‘active’’ sites, is considered a ‘‘solved issue’’, the design of molecules capable of capturing a protein
through a chosen binding site and achieving affinities similar to those exhibited by natural binders is still an open
challenge. In this context, the computational design of short peptides as probes offers an exciting opportunity.13
Here we show that it is possible to target a surface exposed binding site to design ex novo a binder able to
immobilize its target protein on a surface. To this aim, we applied a stochastic evolutionary algorithm.14 This
algorithm is capable of generating peptides suited for capturing a protein in solution reaching the same
micromolar aﬃnity as that obtained by selecting peptides either by phage display library or by natural evolution.
To push forward the binding aﬃnity of the optimized probes towards their target and to address some of the
drawbacks accounted in previous design strategies,14a,c we have developed, optimized, and tested a variant of
the algorithm (in Fig. 1) based on sampling the bound state by molecular dynamics (MD).18

Fig. 1 (a) Optimisation kernel. (b) Overall algorithm.

As a test case we have chosen β2‐microglobulin
(β2m), a well characterized15 12 kDa protein included in
a test panel for the prediction of ovarian cancer
aggressiveness.16 β2m also accumulates in patients
undergoing hemodialysis, eventually leading to
amyloidosis.17 As a binding site we selected the region
known to bind the human histocompatibility antigen.15b
The selected binding site is exposed to the solvent and
easily accessible to the designed peptides (Fig. 2a). For
that binding site we designed cyclic peptides closed by
a disulfide bridge.18 The cyclic structure is expected to
reduce the conformational freedom of the unbound
peptide reducing the entropic contribution unfavorable
to the complex formation.19

2. Results
2.1 Peptides design
The design approach is based on a combination of replica exchange molecular dynamics (REMD),20 cluster
analysis,21 and replica exchange Monte Carlo.22 The algorithm, summarized in Fig. 1, has been implemented in a
bash script embedding functionalities from GROMACS,23 AMBERTOOLS1224 and AutoDock Vina.25 (See the
Materials and Methods section for a detailed description on the computational procedures.) At each step, as can
be seen in Fig. 1a: (i) one peptide residue is randomly selected, mutated to other random residue, and
subsequently energy minimization is carried out in the new structure (RESIDUE SELECTION & MUTATION), (ii) a
replica exchange molecular dynamics (REMD) simulation is performed to sample the binder/target
conformational space (SAMPLING), (iii) representative conformations are selected by clustering the obtained
configurations with the Daura’s algorithm,21 (CLUSTERING), and (iv) the binding aﬃnities of the cluster
representatives are scored with AutoDock Vina and the conformation with the lowest binding score value (from
now on scoring energy) is chosen (SCORING & SELECTION). Finally, the attempted mutation is accepted or
rejected following the Metropolis criteria:
Pacc = min[1, exp[—(Enew — Eold)/TMC]]
where Eold is the scoring energy of the old configuration, Enew is that of the attempted mutation, and TMC is here
a parameter for tuning the Metropolis acceptance probability Pacc.
As represented in Fig. 1b, the optimization was carried out in parallel at three values of TMC (0.3, 0.6 and 0.9
kcal mol—1). Random exchanges among replicas are accepted by using the standard parallel tempering scheme.22
We run the optimization algorithm twice, in both instances by starting from the same polyalanine/β2m
configuration (CAAAAAAAAAAC peptide in the inset of Fig. 2b). One of the two optimization runs is shown in Fig.
2b where the evolution of the scoring energy between the β2m and the peptide is plotted along the mutation
number. The score appears to reach a plateau after 200 mutations where the scoring energy settles to values
between —24 and —25 kcal mol—1. We note here that the scoring energy is subjected to (possibly large) errors19
due to sampling fluctuations and that we will use it only to score the relative quality of diﬀerent peptides. In the
subsequent phase, that lasts about 300 mutations attempts, the scoring energy does not change significantly
indicating the system reached equilibrium allowing to sample configurations. In all configurations the peptides
stay well in contact with the protein surface.

Fig. 2 (a) Structure of β2‐
microglobulin (gray) bound to the
optimized peptide 461 (blue).
The β2m binding site is composed
by A, B, E, D b‐sheet‐forming
strands (red). The β2m lysine
residues are also highlighted
(yellow). (b) Evolution of the
scoring energies of the three
Monte Carlo replicas (TMC = 0.3,
0.6, 0.9 kcal mol—1) during a
typical run. Low score and soluble
peptides (green crosses) are
selected for successive screening.
Selected configurations along the
optimization path are shown in
the insets.

2.2 Peptides screening
The solubility of the peptide sequences found in the plateau (see Fig. 2b) was assessed with the Innovagen’s
peptide calculator webtool.7 Then, among the peptides predicted to have ‘‘Good water solubility’’, we chose the
20 peptides with the lowest scoring energy towards β2m (Fig. 2b). Their sequences are shown in Table S1 (ESI†).
We then carried out 50 ns MD simulations of each peptide/ β2m complex in water to identify the optimum
candidate binders for these trajectories. We analyzed a number of observables involving the protein, its binding
site, and each of the candidate peptide binders: the number of hydrogen bonds between the peptide and β2m,
the solvent accessible surface area (SASA) of the hydrophobic groups of the binding site of β2m and of the
peptide, and the average root mean square fluctuations (RMSF) of peptide backbone showed negligible
diﬀerences among candidates, while the scoring energy, the distance and root mean square deviation (RMSD)
between each peptide and the β2m binding site appeared valuable guides in selecting good candidates for
experimental screening (Fig. S1, ESI†). In par cular, we selected, for the experimental valida on and secondary
screening, peptides with both low values and a stable evolution of these descriptors along the simulated time.
In more particular we selected peptides exhibiting scoring energies lower than —8 kcal mol—1, and with energy
fluctuations smaller than 4 kcal mol—1 (Fig. 3a). We excluded peptides with a separation distance from their
center of mass to that of their binding site greater than 1.2 nm, selecting those with distances between 0.6 nm
and 1.2 nm (Fig. 3b). Finally, as the RMSD indicates whether either the peptide or the binding site change their
conformation (Fig. 3c), peptides with large conformational changes (more than 0.5 nm) were discarded, as well
as those whose RMSD or separation distance was increasingly diverging along the simulation time. Moreover,
we discarded peptides diﬀering by only one residue of similar chemical properties, such as Thr/Ser. This primary
screening led to eleven pep de sequences (listed in Table S1, ESI†).
A secondary screening was carried out employing an experimental binding assay based on SPR. β2m was
immobilized on a CM5 chip as described in the Method section, with an immobilization level of 3200 RU. The
β2m binding site did not contain lysine residues (Fig. 2a) ensuring its right exposure after the amine‐coupling
employed for the surface immobilization of the protein.
The eleven selected sequences were preliminarily assayed at six diﬀerent concentrations of peptides (from 20
to 500 mM). Histograms of Response Unit (RUmax) for each concentration (Fig. 3d) show that six sequences gave
dose response signals and were further analyzed. The experimental curves corresponding to diﬀerent
concentrations of pep des (Fig. 3e for pep de 461 and in Fig. S2 (ESI†) for the other sequences) were fi ed
according to a single exponential binding model with 1 : 1 stoichiometry. This kinetic analysis led to the
estimation of dissociation constant values reported in Table S2 (ESI†), all in the micromolar range.

Sequence 461 was chosen as, among the peptides with a linear SPR response, it had the highest signal/noise
response and does not contain His residue, thus reducing possible problems of pH control during long MD
simulations. To evaluate the aﬃnity of peptide 461 with a completely solution binding assay, we performed ITC
experiments. By titrating aliquots of 461 into β2m solution, the downward ITC titration peaks demonstrated the
exothermic association between peptide and β2m (Fig. 4a). The ITC data were best fitted by a nonlinear least‐
squares approach to the ‘one set of sites’ binding model (see Materials and methods), providing a dissociation
constant (Kd) value of 62 mM (Fig. 4b), in agreement with the aﬃnities showed for the kinetic based evolution
of SPR assays. The ‘one set of sites’ model assumes a number of equally contributing binding sites having the
same Kd and DH. The fitted number of sites was 1.34 T 0.14.
Fig. 3 (a–c) Primary
screening: MD simulation
results. (a) Average scoring
energy, (b) separation distance
between β2m binding site (BS‐
Β2M) and peptide, and (c)
RMSD of BS‐Β2M + peptide
along the simulation time. (d)
Secondary screening: SPR
signals of eleven selected
peptides at six different
concentrations. (e) Overlay of
sensograms for the sequence
461, reported in the inset.

2.3 Protein/peptide binding conformations
We performed NMR analysis to see whether the designed peptide was pinpointing the binding site it was
designed for. 15N NMR was showing very minor chemical shifts in the 2D [15N,1H] HSQC spectra during the
titration of 15N labeled β2m with the unlabeled 461 peptide (Fig. 5a) and no saturation was reached in the
chemical shi devia ons plots for the shi ed residues (Fig. S3, ESI†), an eﬀect not observed in SPR (Fig. S2, ESI†).
Nevertheless, the NMR results showed that the aﬀected amino acids were located on, or in close proximity to
the A, B, E, D β‐sheets forming strands to which the putative binding site belongs (Fig. 5b). When compared to
the RMSF variation of the backbone amide nitrogens, the 15NH cross peaks of D53, D59 and E74 that grow in
intensity and H51, S52, R97 that show a chemical shift deviation also display a N‐RMSF variation upon binding
(Fig. 5c). Long MD simulations (250 ns, Fig. 5d) revealed that the peptide 461 was highly mobile on the β2m
binding site and could adopt several conformations. The distance between the centers of mass of the peptide
and the β2m binding site was distributed between 0.75 and 1.00 nm, with a distribution (which is the convolution
of at least two gaussians, one centered at about 0.8 nm and one at about 0.9 nm) indicating multiple binding
configurations located in the proximity of the chosen binding site (Fig. 5d). Overall the 461 peptide, while being
highly mobile on the surface exposed site, tends to explore configurations close to the binding site it was
designed for.

Fig. 4 ITC calorimetric (a) raw and (b) integrated data for β2m (42
mM) titration with peptide 461 (1 mM). Data fitting was achieved with
‘one set of sites’ model.

Fig. 5 (a) Overlay of 2D [1H, 15N] Heteronuclear Single‐Quantum Correlation (HSQC) spectra of 15N‐labeled β2m 45 mM in the free
form in blue and in the presence of peptide 461 in red (peptide/protein = 36.5/1). The peaks presenting the largest chemical shift
deviations are boxed in red and enlarged in the excerpts. The signals aﬀected by the most consistent intensity variations are highlighted
with red circles. (b) NMR results depicted on β2m structure: residues showing larger chemical shift deviations and intensity variations in
the 2D [1H, 15N] HSQC experiments are colored in red and in blue, respectively. (c) Nitrogen root mean square fluctuation diﬀerence (DN‐
RMSF) between free and peptide bound β2m with vertical lines indicating amino acids presenting either chemical shift (red) or intensity
increase (blue) upon binding, averages over 250 ns MD trajectories. (d) Peptide root mean square deviation (RMSD) at fixed β2m binding
site (blue) and distance between the peptide and its binding site (black) along the MD trajectory (left panel) and their distributions (right
panel).

2.4 Protein immobilization
To investigate the ability of the computationally designed peptide to immobilize β2m with a selective
orientation we used an Atomic Force Microscopy (AFM) based quantitative method. In this approach, both
NanoGrafting and DNA‐directed immobilization (DDI)26 were synergistically employed to generate surface‐
tethered cyclic peptide–DNA assemblages on an ultra‐flat gold surface as described in the Materials and method
section and the step‐by‐step procedure schematically represented in Fig. 6a–e. AFM topographic images of the
assemblage before (Fig. 6f) and after (Fig. 6g) exposure to β2m, evidences an increased contrast of the patch
with respect to the surrounding matrix, indicating β2m recognition by the peptide. The change in height, constant
along the patch (Fig. 6h) and equal to 2 nm, corresponded to the size of the β2m orthogonal to the direction of
the capturing peptide (Fig. 2a).
Further, several 461 peptide–DNA assemblages (see ESI,† Fig. S4) were generated and tested for β2m

recognition at different concentration of β2m (10–200 µM). Using an AFM height measurements (see Fig. S5,
ESI†), the diﬀerences in height profiles (ΔH), as calculated by eqn (S1) and (S2) (ESI†), were plo ed as a func on
of the concentration of β2m. This resulted into the binding curve reported in Fig. 6i. The experimental data were
further fitted with Hill’s equation from which we obtained a dissociation constant in the micro molar range, with
Kd = (84.1 ± 0.4) µM, consistent with the SPR and ITC results.

Fig. 6 AFM‐based assay for immobilization of cyclic peptide and detection of β2m–cyclic peptide interactions on surfaces. The
schematics represent the step‐by‐step procedures of the AFM nanolithography approach termed NanoGrafting; (a) scan of the AFM tip
at a low nominal load (≈0.2 nN) over a given section of a monolayer of protein‐repellent ethylene glycol‐terminated alkylthiol on an ultra‐
flat gold surface, followed by the removal of the alkylthiols from the pre‐selected section of the ultra‐flat gold substrate at high nominal
force (≈100 nN) and grafting of C6‐thiol modified single stranded (ss)DNA in place of the previous alkylthiol on the surface as shown in
(b). This yields laterally confined ssDNA molecules with respect to neighboring monolayer of protein‐repellant alkylthiol as represented
in (c). Subsequently, the peptide covalently‐conjugated with complementary DNA was immobilized onto (c) by means of DNA‐directed
immobilization (DDI) through sequence‐specific base pairing, and resulted into laterally confined cyclic peptide–DNA as shown in (d). After
the successful generation of (d), the cyclic peptide–DNA assemblage is ready to be used for protein recognition (e), in our case β2‐
microglobulin (β2m). The AFM micrographs corresponding to (d–e) are shown in (f and g). AFM topographic height measurements were
carried out on (f and g) and the change in height is shown in (h). The change in height became the binding signal of cyclic peptide towards
β2m in standard solu on condi on. (i) Graph of overall diﬀeren al height (see ESI,† Fig. S5) associated with β2m–cyclic peptide
interactions as a function of β2m concentration. The experimental data (closed black spheres) were fitted using Hill’s equation.

3. Conclusions
Overall we have shown it is possible to computationally evolve binders capable of immobilizing a protein
through an a priori defined binding site. To test our method we have chosen a well characterized globular protein,
the β2‐microglobulin. By optimizing a simple polyalanine we reached the µM binding aﬃnity as verified by a
SPR/ITC/AFM platform. The result is in itself remarkable since it proves that a single loop can be optimized
to reach the average binding aﬃnity of those evolved by antibodies, overcoming the limit of binding only to a
subset of binding sites accessible by in vivo selection. In this first proof‐of‐concept the optimization did not
include any bias to guarantee the peptides selectivity, which is reflected on their tendency to form aggregates at
high concentration. Nevertheless, the designed peptides have shown to be capable of binding their target

whether surface adsorbed or free in solution. By circumventing the problem of generating probes for a pre‐
selected epitope with an in silico approach, our method represents a step further in the development of novel
biomaterials for biomarker detection.

Materials and methods
Peptides design
The β2m structure with PDB code 1LDS27 was first minimized with the steepest descent minimization method.
A peptide was then put close to the chosen binding site, and at each step of the design a random mutation of
one random peptide residue (excluding the extreme cysteine amino acids) was performed by using the
AmberTools program.24 The mutated structure was fully relaxed by three successive minimizations: (i) a
partial minimization only for the side chain of the mutated residue, (ii) a partial minimization for the mutated
amino acid and nearest neighboring residues, and (iii) a global minimization. This procedure was followed by a
REMD simulation with 8 NVT replicas at temperatures of 375, 391, 407, 423, 440, 458, 477 and 495 K, with all
bond atoms constrained by using LINCS algorithm,28 and with the backbone of the β2m restrained a harmonic
potential with a force constant of 1000 kJ mol—1 nm—2. Each replica was run for 1 ns, with a time step of 2 fs and
an attempt of exchange every 2 ps. We clustered the peptide‐protein samples obtained from all replicas by using
the Daura method21 as implemented in the g_cluster program (part of the GROMACS package) with a cutoﬀ of
0.105 nm. We discarded clusters containing less than 10 structures for the scoring evaluation.

Molecular dynamics simulations
Each β2m/peptide complex was first minimized using the steepest descent method. Four NVT equilibrations
were performed followed by one NPT using the leap‐frog Verlet integrator with a time step of 1 fs. A first
equilibration of 25 ps was done by freezing both β2m and peptide. The temperature of the previously minimized
system was raised from 0 to 100 K using velocity rescaling. A second equilibration of 50 ps was performed by
keeping the temperature of solvent plus ions constant at 100 K and increasing the temperature of protein and
peptide from 0 to 200 K. In a third equilibration of 50 ps we raised the temperature from 100 to 200 K and from
200 to 300 K for water plus ions and protein/peptide respectively. In a fourth equilibration of 50 ps and the full
system was equilibrated to 300 K. The fifth and last equilibration of 100 ps was done in NPT keeping the pressure
constant to a reference value of 1 bar using the Parrinello–Rahman pressure coupling while the temperature
remained constant to 300 K. Production runs consisted of 50 ns long NPT simulations with 2 fs time step (plus
additional 250 ns for the peptide 461). Configurations and energies were sampled every 10 ps. All simulations
were performed with amber99sb‐ildn force fields.29 The system was solvated using the tip4p water model.30 The
Particle Mesh Ewald summation accounted for long range electrostatic interactions. All the calculations as well
as their analysis were performed as implemented by Gromacs‐4.6.2.23 The binding energy of the peptide/protein
complexes was estimated using Autodock Vina.25

Materials
β2m was purchased by SIGMA, while cyclic peptides were purchased as 95% purity from ProteoGenix SAS
(Schiltigheim, France). Thiol modified (with C6 linker) single stranded (ss) DNA (SH‐(CH2)6‐50‐
CTTCACGATTGCCACTTTCCAC‐30) and its corresponding complementary DNA with amino‐C6‐link (NH2‐ (CH2)6 ‐
5’‐GTGGAAAGTGGCAATCGTGAAG‐30) were purchased as HPLC purified grade from Biomers GmbH (Ulm,
Germany). Top‐oligo‐ethylene glycol (TOEG 6 (1‐mercaptoundec‐11‐yl) hexa(ethyleneglycol), (HS‐((CH2)11)‐(O‐
CH2‐CH2)6‐OH)) was purchased from Prochimia Surfaces (Poland), sodium chloride (NaCl), TRIS‐EDTA, sodium
phosphate dibasic (NaH2PO4), sodium phosphate monobasic (NaHPO4), and absolute ethanol (99.8%) were all
purchased from Sigma Aldrich. All buﬀer solution were prepared in ultra‐pure water (miliQ‐H2O), of resistivity
18.2 MΩ cm at 25 1C and filtered before use with sterile syringe filter (of 0.22 µm pore size).

Surface plasmon resonance
The interactions between the protein and computationally optimized peptides were measured using the
BIAcore 3000 (GE Healthcare Milano, Italy). β2m was immobilized at a concentration of 100 µg mL—1 in 10 µM
acetate buﬀer pH 5 (flow rate 5 µL min—1, time injection 7 min) on a CM5 Biacore sensor chip,31 using EDC/NHS
chemistry following the manufacturer’s instructions. Residual reactive groups were deactivated by treatment
with 1 M ethanolamine hydrochloride, pH 8.5. The reference channel was activated with EDC/NHS and
deactivated with ethanolamine. The binding assays were carried out at 20 mL min—1 at 25 °C, with 4.5 min
contact‐time. Peptides were diluted in the HBS running buﬀer (10 mM Hepes, 150 mM NaCl, 3 mM EDTA, pH
7.4). Analyte injections were performed at the indicated concentrations. The sensor surface was regenerated by
using 10 mM NaOH for 1 minute. The association phase (kon) was followed for 250 s, whereas the dissociation
phase (koﬀ) was followed for 300 s. The instrument BIA evaluation analysis package (version 4.1, GE Healthcare,
Milano, Italy) was used to subtract the signal of the reference channel.

ITC isothermal titration calorimetry
ITC experiments were carried out with an iTC200 calorimeter (Microcal/GE Healthcare). 461 peptide (1 mM)
was titrated into a solution of β2m protein (42 µM). Data were fitted with ‘one set of sites’ model with ORIGIN
software (GE Healthcare). Protein was dialysed against 10 mM phosphate buﬀer (pH 7.2) overnight, and all
further dilutions of protein and peptide for ITC were made using the leftover external dialysate.

NMR
NMR experiments were recorded at 298 K on a Bruker Avance spectrometer operating at 500 MHz (1H). 1D 1H
spectra were acquired with 4096 data point, a spectral width of 16 ppm and 4096 scans. The water suppression
was achieved by excitation sculpting scheme. 2D [1H, 15N] HSQC spectra were acquired with 1024 and 128 points
in the direct and indirect dimensions, respectively, and 400–1600 scans depending on the sample concentration,
over spectral widths of 16 and 37 ppm in the 1H and 15N dimension, respectively. NMR samples were prepared
in 25 mM sodium phosphate buffer and 50 mM NaCl at pH 6.95 and contained 8% D2O for lock purposes. The
data were processed with Topspin 2.1 and analyzed with Sparky.32 Chemical shift deviations were calculated as
Δδ (ppm) = [(ΔδH)2 + (ΔδN/6.5)2]1/2 where ΔδH and ΔδN are the chemical shift variations for 1H and 15N,
respectively.33
The β2m assignment was based on the file deposited on the Biological Magnetic Resonance Data Bank
(Accession Code: 17165).

DNA–peptide conjugation
SoluLink’s superior bioconjugation method was exploited to prepare the peptide–oligonucleotide conjugates
in three steps. (i) Peptide modification: a volume that represents 10 mole equivalents of HyNic/mole protein
was added to the peptide (concentrated 2.0 mg mL—1) and mixed. The reaction was carried out at room
temperature for 1.5 hours. (ii) Oligonucleotide modification: the oligonucleotide F9‐amine (Biomers GmbH Ulm,
Germany) was desalted into nuclease free water using a 5 K MWCO VivaSpin diafiltration apparatus and OD
µL—1 concentration at 260 nm was determined (0.4 OD µL—1). A volume containing 20 equivalents S‐4FB was
added to the oligonucleotide solution and incubated at room temperature for 2 hours. The 4FB‐modified
oligonucleotide was desalted into conjugation buffer (100 mM phosphate, 150 mM NaCl, pH 6.0). (iii) Peptide–
oligo conjugation: taking into account the concentration and the mass of the HyNic‐modified peptide to be
functionalized and concentration and MSR of 4FB‐modified oligonucleotide, volumes of the two components to
be mixed are determined; 1/10 volume 10× TurboLink Catalyst Buffer (100 mM aniline, 100mM phosphate,
150 mM NaCl, pH 6.0) was added to the conjugation solution and the reaction was carried out overnight at 4
°C. The conjugation reaction can be visualized spectrophotometrically by determining the absorbance at A354
due to the formation of the chromophoric conjugate bond.

Immobilization of cyclic peptide on ultra‐flat gold (Au(111)) surface
ssDNA solution (22 bps with C6‐linker, 1 µM ssDNA in IM NaCl, TE1X) was dispensed onto the top‐oligo‐
ethylene glycol‐terminated alkanethiol, TOEG6, passivated ultra‐flat gold surface prior to the nanografting
process as depicted in Fig. 6(a–c). After the immobilization of thiolated ssDNA, the remaining ssDNA solution was
removed and the sample was rinsed three times with DNA free buffer (1 M NaCl, TE1X, pH 7.2). This was followed
by a fast scan at low force (~0.2 nN) of the grafting area (where immobilization took place) in DNA‐free buffer (1
M NaCl, TE1X, pH 7.2). Afterwards, the hybridization process with cyclic peptide–DNA conjugate (100 nM cyclic
peptide–DNA in 1 M NaCl, TE1X, pH 7.2), which is complementary to the ssDNA on surface, took place at 37 °C
for 1 hour. At the end of the hybridization process, the excess cyclic‐peptide conjugate solution was removed
and the sample was rinsed three times with peptide–DNA‐free buffer (1 M NaCl, TE1X, pH 7.2).

AFM
All AFM experiments (starting from scanning, nanolithography, and height detection of β2m–cyclic peptide
binding interactions) were carried out with MFP‐3D‐BIO AFM, (Asylum research, Santa Barbara, CA). For nano‐
grafting, commercially available pyramidal silicon etched probes NSC 18/no Al of spring constant of 2.8 N m—1
(Mikro‐Masch, Germany) was used. For contact mode imaging, soft probe (CSC 38/no Al, spring constant 0.03 N
m—1, Mikro‐Masch, Germany) was used.

β2‐Microglobulin (β2m)–cyclic peptide AFM binding assay
The binding buﬀer, which is phosphate buﬀer (25 mM sodium phosphate, 50 mM NaCl, pH 7) was introduced
onto the sample after the removal of the buﬀer used for imaging and nano‐grafting process (1 M NaCl, TE1X, pH
7.2). To equilibrate the microenvironment on the sample for binding assay, the sample was rinsed (twice) and
incubated with phosphate buﬀer for 10 minutes. Afterwards, the binding assay was carried in contact with β2m
solution (10–200 µM β2m in phosphate buffer (25 mM sodium phosphate, 50 mM NaCl, pH 7)) at 25 °C for period
of 1 hour. The grafting section (where cyclic peptide was immobilized) was imaged at low force (~0.2 nN) in
contact mode. AFM topographic height measurement (using Igor Pro, 6.3A) was employed to measure the height
of cyclic peptide–DNA assemblage before and after binding assay with β2m.
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