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ABSTRACT: The graphite—water interface provides a unique environment for
polypeptides that generally favors ordered structures more than in solution. Therefore,
systems consisting of designed peptides and graphitic carbon might serve as a convenient
medium for controlled self-assembly of functional materials. Here, we computationally
designed cyclic peptides that spontaneously fold into a f-sheet-like conformation at the
graphite—water interface and self-assemble, and we subsequently observed evidence of
such assembly by atomic force microscopy. Using a novel protocol, we screened nearly
2000 sequences, optimizing for formation of a unique folded conformation while
discouraging unfolded or misfolded conformations. A head-to-tail cyclic peptide with the
sequence GTGSGTGGPGGGCGTGTGSGPG showed the greatest apparent propensity
to fold spontaneously, and this optimized sequence was selected for larger scale molecular dynamics simulations, rigorous free-
energy calculations, and experimental validation. In simulations ranging from hundreds of nanoseconds to a few microseconds, we
observed spontaneous folding of this peptide at the graphite—water interface under many different conditions, including multiple
temperatures (295 and 370 K), with different initial orientations relative to the graphite surface, and using different molecular
dynamics force fields (CHARMM and Amber). The thermodynamic stability of the folded conformation on graphite over a range of
temperatures was verified by replica-exchange simulations and free-energy calculations. On the other hand, in free solution, the
folded conformation was found to be unstable, unfolding in tens of picoseconds. Intermolecular hydrogen bonds promoted self-
assembly of the folded peptides into linear arrangements where the peptide backbone exhibited a tendency to align along one of the
six zigzag directions of the graphite basal plane. For the optimized peptide, atomic force microscopy revealed growth of single-
molecule-thick linear patterns of 6-fold symmetry, consistent with the simulations, while no such patterns were observed for a
control peptide with the same amino acid composition but a scrambled sequence.
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Bl INTRODUCTION ing materials for nanotechnology and can serve as substrates to
guide growth of self-assembling structures. The presence of
two-dimensional materials, such as graphene and its deriva-
tives, can modulate peptide assembly.*'® Facets of highly
crystalline solids can also provide a substrate for quasi-two-
dimensional peptide assembly. Under ultrahigh vacuum,
ordered self-assembled peptide structures have been observed
by scanning tunneling microscopy by Abb et al.'” on Au(111)
surfaces and by Chen et al. on Cu(111) surfaces.”” Cryo-
electron microscopy has been used to obtain atomic resolution
structures of self-assembled peptoid arrays in water.”’

As compared to three-dimensional assemblies, quasi-two-
dimensional architectures have several desirable qualities. First,
the structures can be more easily imaged by techniques such as
atomic force microscopy. Second, the reduced dimensionality
favors ordered structures by restricting conformational and

Self-assembly is an efficient and inherently scalable route to
constructing devices from single molecules; however, the major
challenge is the upfront design of molecular components that
form desired structures with high fidelity. Polypeptides have
many advantages as components of self-assembling functional
materials, including their well-understood structural motifs, the
biological and biotechnological infrastructure that exists for
their synthesis and characterization, and the physicochemical
diversity conferred by the 20 natural amino acids." Many
studies have focused on constructing nanostructures from self-
assembling proteins or peptides consisting of mainly -
helices,”® f-sheets,* or collagen-like triple helices.”® There
has been much interest in amyloid materials, which consist of
peptides that form fibrils consisting of predominantly S-sheet
structure.”~” Branched amphiphilic peptides with structures
analogous to phospholipids have been shown to form bilayers
in water somewhat similar to lipid membranes,'® while
peptides conjugated to aliphatic chains can assemble into a
variety of structures including micelles, ribbons, and nano-
fibers."' ~"*

Two-dimensional materials, such as graphene, hexagonal
boron nitride, and transition-metal chalcogenides, are promis-
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Figure 1. Amino acids show varying propensities to form planar backbone conformations at the graphite—water interface in temperature replica-
exchange simulations. (A,B) Capped serine (Ac-Ser-NHMe) typically adopts conformations in which both backbone amide groups lie flat against
the graphitic surface. A water molecule appears to stabilize the arrangement of NH groups in the planar & conformation. Graphite is shown as gray
spheres. The peptide is shown in a bond representation with the following colors: H, white; C, green; N, blue; and O, red. (C) Capped tryptophan
(Ac-Trp-NHMe), on the other hand, adopts conformations where the side chain instead forms a 7—x stacking interaction with the graphitic
surface. (D) Fraction of time that both amide groups make contact with the graphitic surface for 20 capped amino acids and protonated histidine
(H+) during replica-exchange MD simulations. (E,F) Ramachandran plots for Ac-Ser-NHMe and Ac-Thr-NHMe in simulation frames where both
amide groups make contact with the graphitic surface. (G) Fraction of the total simulation in which each capped amino acid adopts a planar f-

conformation.

orientational freedom. Finally, two-dimensional arrangements
are typically easier for human minds to comprehend,
facilitating intuitive design.

In previous work,”* we discovered that adsorption of a small
peptide (Ac-Ala-NHMe, often called alanine dipeptide) to
graphite considerably alters the conformational preferences of
its backbone. In solution, the first of the two most probable
conformations of Ac-Ala-NHMe is similar to the backbone
conformation of a f-sheet or polyproline II helix, associated
with Ramachandran angles of (¢), ) ~ (—60°, 140°), while
the second is typical of a-helices.”** However, at the
graphite—water interface, two additional free-energy minima
appear at (—150° 160°) and (—170° 0°) that are more
favorable than these standard conformations.”” We refer to
these new conformations as planar f and planar @, respectively,
owing to the near coplanarity of their amide groups, which are
stabilized at the graphite surface through amide—z stacking.*®

The planar @ and planar f conformations, illustrated in
Figure 1A,B for Ac-Ser-NHMe, provide ordered motifs that
could be used to construct quasi-two-dimensional peptide
architectures. In particular, the planar # conformation has the
potential to form continuous extended arrangements, similar to
antiparallel f-sheets, but lacking the latter’s characteristic
pleats. Hence, here we describe the computational design of
peptides the form such “planar f-sheets”, along with
experimental characterization of the self-assembled structures.
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B RESULTS AND DISCUSSION

Amino Acid Preferences for Planar Conformations. It
has been shown that aromatic amino acids, particularly
tryptophan and tyrosine, exhibit the highest affinity for the
graphene—water interface.”®”” In addition, arginine has an
affinity for this interface that is similar or perhaps stronger”®
than tryptophan and tyrosine, which is likely related to the
strength of guanidinium—nx interactions.”® On the other hand,
the carboxylates (glutamate and aspartate), alcohols (serine
and threonine), and small aliphatics (alanine and valine) have
the weakest affinity.”**” Likewise, we find that different amino
acids exhibit different preferences for planar conformations at
the graphite—water interface. For example, as shown in Figure
1A,B, we find that capped serine (Ac-Ser-NHMe) typically
adopts configurations where both amide groups lie flat on the
graphite surface and the side chain points away from the
surface. When the side chain has a high affinity for the
interface, such as the case of tryptophan, the Ac-X-NHMe
molecule almost never adopts a backbone-stacked config-
uration (Figure 1C). To design peptides that would adopt
planar S-sheet conformations,”” we estimated the propensity of
each canonical amino acid in the context of Ac-X-NHMe
molecules to adopt a planar conformation at the graphite—
water interface using temperature replica-exchange MD
simulations.”” Both neutral and positively charged histidine
were included. Figure 1D shows the fraction of the simulation
at the base temperature (295 K) where both amide groups
were stacked atop the graphite (using the criterion that the

https://doi.org/10.1021/acs.jcim.2c00419
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distance between the center of mass of each amide group and
upper graphene layer was <0.42 nm). We find that there is a
competition between the backbone and the side chain for the
graphitic surface. Compact hydrophilic side chains that interact
weakly with the graphitic surface, such as those of Ser, Ala,
Asp, and Thr, tend to adopt configurations where both amides
form amide—7 stacking interactions. Conversely, side chains
that show a high affinity for the graphite—water interface, such
as those of aromatic amino acids Trp, Tyr, and Phe,
outcompete the backbone and adopt configurations similar
to those shown in Figure 1C.

Serine appears most compatible with planar backbone
conformations; however, as evidenced by the Ramachandran
plot in Figure 1E, Ac-Ser-NHMe spent roughly equal time in
planar - and planar @-conformations (39% and 32%,
respectively). On the other hand, as shown in (Figure 1F),
threonine appears to overwhelmingly favor planar f over
planar a (45% versus 9%). In fact, Ac-Thr-NHMe spent more
time in the planar B-conformation than any other amino acid
(Figure 1G). All in all, Figure 1G suggests that Thr, Asp, Ser,
Ala, and Gly are the best choices for designing peptides that
adopt planar f-conformations.

Hairpin Design. The planar B-conformation involves a
nearly 180° rotation of the backbone between each @ carbon;
therefore, if the peptide shown in Figure 1B were extended
beyond a single amino acid, the side chain of the second amino
acid would point into the graphitic surface, and steric
interaction with the graphite would preclude planar backbone
structure. Hence, to create a continuous planar f-strand on
graphite, the sequence must alternate between an arbitrary
amino acid and glycine (or, alternatively, D-amino acids).
Here, our designs are based on GX repeats, where X is an
arbitrary amino acid typically chosen from T, D, S, A, and G.
Interestingly, GX repeats are sometimes found in nature,
including GA repeats in silk proteins.*’

We began by designing f-hairpins consisting of two GS-
repeat planar f-strands joined by a 180° turn. The turn
sequence was first chosen as GGGG, which gives the most
conformational flexibility, and which was then optimized in
Rosetta,”' yielding a GDGG turn. Rosetta also suggested the
replacement of one GS repeat with a GD repeat to give the
sequence SGDGSGSG-GDGG-GSGSGSGS (the turn is set off
by hyphens). This structure is shown in Figure 2A. The
behavior of the peptides was studied in simulated annealing
MD simulations, where peptides were placed on the graphite
surface, melted at high temperature (590 K), and gradually
cooled to 370 K over 300 ns, at which temperature the
simulation was continued for 2 us. We chose 370 K instead of
room temperature to accelerate conformational transitions and
make it easier to observe folding; however, with the final
peptide we confirm the stability of the folded state at 295 K
using replica exchange. Simulations of the 20-mer peptides
based on GS repeats and the GDGG turn showed formation of
P-strand structures; however, the arrangements were quite
disordered (Figure 2B). Some hairpins (cyan carbons) were
formed, but alignment of f-strands varied and did not match
Figure 2A.

Cyclization of peptides by disulfide bridges can stabilize
short S-hairpins in solution,”>”” although the geometry
imposed by the disulfide bridge is not quite optimal for f-
strands.”* Hence, our next step was to add a disulfide bridge to
the termini, to form an expected conformation like Figure 2C
(sequence CGDGSGSG-GDGG-GSGSGSGC). This expected
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B

Figure 2. Spontaneous formation of planar f-strand structures in
simulations where the peptides initially adopted unfolded structures.
(A) Intended hairpin structure for a peptide with standard N- and C-
termini. (B) Self-assembly of molecules of this peptide in a 2 us
molecular dynamics simulation. (C) Intended structure for a disulfide-
cyclized peptide. (D) Self-assembled structure of this peptide in 2 ps.
(E) Intended structure for a head-to-tail cyclized peptide. (F) Self-
assembled structure of this peptide in 2 us. Peptides folded into the
intended structure are shown with green carbons. Misfolded hairpins
are shown with cyan carbons. Other conformations are shown with
purple or light yellow carbons.

conformation (green carbons) spontaneously appeared in
some cases (Figure 2D). However, not all of the molecules
formed p-strands on the time scale of the simulation (2 us),
and some of the f hairpins were misaligned (cyan carbons)
relative to the desired structure. In a common “misfolded”
conformation, neighboring residues in the  sheet were shifted
by two residues, making the hairpin turn GGDG, rather than
the desired GDGG turn.

Another method for improving the stability of the § sheets,
which may have a more favorable geometry than disulfide
cyclization, is head-to-tail linkage of the N- and C-termini. One
disadvantage of N-to-C linked peptides is that all residue

https://doi.org/10.1021/acs.jcim.2c00419
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positions are equivalent, making it more difficult to design
favored locations for f-turns to form. To create a unique f-
strand alignment, we sought sequences that would force the
turn to occur at the desired locations. Two consecutive
nonglycine residues, such as Ser-Asn, disrupt the planar f-
strand conformation and can force a turn. As described below,
we later found that proline residues’® might be more suitable
for forcing turns. Using Rosetta, we designed an N-to-C cyclic
peptide, with turns including two nonglycine residues. We also
restricted Rosetta from using amino acids that may be charged
at typical accessible pH values (D, E, H, K) to simplify
theoretical considerations. We included one cysteine, which
was added to facilitate future conjugation of the peptide
(although we have not yet taken advantage of this). This
process resulted in the 22-residue peptide cyc(GCGSGSG-
SNGS-GNGSGSG-SGSS), where the two turns are again
emphasized by hyphens. The ideal conformation, shown in
Figure 2E, includes S pairs of antiparallel f-sheet H-bonds and
hairpin loops with the sequences SNGS and SGSS. In
simulations including multiple peptide molecules (2 us),
spontaneous folding into S-hairpins was observed, although
some again did not adopt the desired structure (Figure 2F).

Sequence Optimization. At this point, it seemed clear
that a more systematic approach was required to optimize the
sequence to rapidly form a unique folded structure. For this
purpose, we sought to alter the sequence to disfavor common
unfolded/misfolded conformations and favor the desired f-
hairpin conformation. We collected set of thermodynamically
favorable unfolded/misfolded conformations of the peptide
cyc(GCGSGSG-SNGS-GNGSGSG-SGSS) by performing con-
formational clustering® on a trajectory obtained from a
replica-exchange simulation. The thermodynamic favorability
of each conformation was roughly estimated by the GBSA
(generalized-Born surface-area) method,***” which includes
terms for both enthalpy and entropy of solvation. Here, the
quanity AG®®* represents the difference in the mean GBSA
free energy between a given conformation and the desired
conformation. It should be noted that conformational entropy
of the peptide is not included in our AG®®* calculation but,
together with AG®®*, is related to the number of trajectory
frames corresponding to each cluster (cluster size). While
GBSA predicted the lowest free energy for the desired
conformation (Cluster 0), which was present in 995 of 2000
frames of the simulation, other conformations exhibited similar
GBSA energy values and cluster sizes. The five unfolded/
misfolded conformations with the lowest GBSA energies are
shown in Figure 3. Notably, Cluster 2 had a GBSA energy only
0.2 kcal/mol higher than that of the desired conformation and
exhibited a similar planar S-hairpin structure but with the
locations of the turns shifted by two residues. This cluster was
also heavily visited in the original simulation, accounting for
158 of 2000 frames. While ranking sixth in GBSA energy from
the (AG®®** = 6.1 kcal/mol), Cluster 1 was prevalent in the
original simulation (360 of 2000 frames).

We then sought to optimize the sequence to reduce the
GBSA energy of the desired structure relative to that of the five
decoy conformations. We generated cyclic peptide sequences
by randomly assigning each of the two turns to one of nine
possible sequences (SNGS SGSS GPGG GPSG SGPG SGPS
GGPG SGPN SGNS), where proline®” or two consecutive
nonglycine residues were used to induce the turns. Nonglycine
amino acids in the planar B-strands were randomly chosen
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Cluster 0 (995 frames)
AGCESAZ 0.0 keal/mol

Cluster 2 (158 frames)
AGEESAZ () 2 keal/mol

Cluster 16 (3 frames)
AGEESAZ 4 7 keal/mol

Cluster 208 (1 frame)
AQSBSA_ 4 § keal/mol

Cluster 277 (1 frame)
AGQSBSAZ 5 9 keal/mol

Cluster 1 (360 frames)
AQSBSA_ 6 1 keal/mol

Figure 3. Conformations used to optimize the sequence of the N-to-
C cyclic peptide, including the desired conformation (Cluster 0) and
unfolded/misfolded conformations used as decoys. The difference in
the GBSA free energy from the desired conformation for the original
sequence (cyc(GCGSGSG-SNGS-GNGSGSG-SGSS)) is shown.

from among T, S, A, and G, the neutral amino acids with the
highest propensity for the planar f# conformation (Figure 1G).

In all cases, a cysteine residue was placed at position 1 or 13
(with equal probability). For each of the 1892 distinct
sequences, we calcuated the GBSA energy in each of the six
conformations shown in Figure 3 from short simulations.

It might be argued that these decoy conformations are no
longer relevant for the modified sequences; however, this
approximate approach might suffice to compare the free energy
of the desired conformation to some plausible unfolded/
misfolded conformations. To score the sequences, we
calculated the ratio of the probability of the desired
comformation to that any of the unfolded/misfolded
conformations:

In Pdesired
PN
i=1"%i

To further screen the peptide sequences, we selected the 19
sequences with the highest Q values and performed a set of
explicit solvent simulations on the graphite surface. The
peptides were unfolded in short (S ns) simulations at 600 K
with the peptide kept above the surface by a restraint and then
simulated without restraints for >1 ps in two replicates at 295
K and two replicates at 370 K. For the sequence cyc(GTGS-
GTG-GPGG-GCGTGTG-SGPG), which we call cyclic hairpin
1404 (CHP1404), the peptide folded into the desired hairpin
conformation in both of the 370 K simulations and one of the
295 K simulations. While folding into the desired con-
formation was observed for some of the other sequences,

Q=

5
= - ln{z exp(—ﬂAGiGBSA)}
(1)

i=1

https://doi.org/10.1021/acs.jcim.2c00419
J. Chem. Inf. Model. 2022, 62, 4066—4082


https://pubs.acs.org/doi/10.1021/acs.jcim.2c00419?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c00419?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c00419?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c00419?fig=fig3&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.2c00419?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Information and Modeling pubs.acs.org/jcim

P GG TG S G TG G

. 1 i  EO s | :
%200 400 600 800
time (ns)
Figure 4. Spontaneous folding of the peptide CHP1404. (A) Sequence and structure of CHP1404 in the folded state. (B—D) Snapshots at times ¢
=0, 470, and 770 ns, respectively, from a simulation of 4 peptide molecules at the graphite—water interface. The temperature was 370 K. (E) Root-
mean-square deviation (RMSD) of the C,, atom positions from their position in the folded reference (obtained from conformational clustering) as

a function of simulated time. The color of the RMSD traces corresponds to the colors of the peptide carbon atoms in the other panels. The peptide
can be considered folded for RMSD < 0.15 nm.
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Figure S. Folding of the peptide CHP1404 near room temperature. (A) Snapshot from the simulation of 4 initially unfolded peptides after 8600 ns
at 295 K. (B) RMSD of C, atoms from the folded reference as a function of simulated time. The conformational dynamics are much slower than at
370 K, but one peptide folds during the simulation. (C) Fraction of time in the folded conformation (RMSD < 0.15 nm from the folded reference)
as a function of temperature from a temperature replica-exchange calculation with 20 replicas and 7700 ns per replica.

CHP1404 appeared to show the fastest and most consistent us. In an independent replicate, 3 of the 4 folded on the same
folding. Hence, CHP1404 was chosen for further computa- time frame (Figure S1 of the Supporting Information). Near
tional and experimental analysis. The folded structure is shown room temperature (295 K), the kinetics of conformational
in Figure 4A. This peptide contains a rather large number of transitions was much slower, but a single folding event was

threonine residues, as might be expected from Figure 1G, and £ simul . . ..
F . Th
includes proline-based loops (GPGG and SGPG). observed after 6 us of simulated time (Figure S). This is near

Folding Dynamics of the Chosen Peptide. The peptide the limit of what can currently easily be obtained by brute force
CHP1404 was shown to fold spontaneously under several simulation, as this simulation required nearly one month
different conditions. We simulated four unfolded CHP1404 continuous running on a GPU-accelerated workstation. In the
peptides on a 8.8 nm X 8.5 nm patch of graphite at 370 K. As next section, we present free energy calculations that
shown in Figure 4, all four of these molecules folded within 1 demonstrate the folded state is thermodynamically favored at
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Figure 6. The hairpin conformation is not stable in free solution when the peptide is not in contact with the graphite surface. (A) The peptide
CHP1404 was initially restrained to a folded structure and equilibrated in a box of water. (B) The peptide rapidly unfolded when the restraints are
released.
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Figure 7. Free energy of adsorption, folding, and pair formation for the peptide CHP1404. (A) Free energy as a function of RMSD from the folded
structure in solution and at the graphite—water interface. (B) Calculation of the free energy of adsorption. First, the free energy (AGaPPly) of
restraining the peptide conformationally (to the folded structure) and orientationally (perpendicular to the z-axis) is calculated in bulk solution.
Next, the potential of mean force (Wyegrainea(2)) as a function of distance between the peptide and the graphite—water interface is calculated under
these restraints. Finally, the free energy of releasing the restraints (AG,,.) is calculated for the adsorbed peptide. The latter free energy change is
quite small (—0.65 kcal/mol) and barely visible in this plot. (C) Conformation of a pair of CHP1404 peptides associated with the lowest free
energy. (D) Conformation of a pair of CHP1404 peptides associated with a local minimum of second lowest free energy. (E) Free energy as a
function of displacement of the center of mass of the two peptides under conformational and orientational restraints (keeping the peptide aligned
along the y-axis). The labels C and D correspond to the conformations shown in panels C and D.

295 K, despite the slow kinetics on time scales easily accessible graphite—water interface over 20 temperatures from 295 to
in atomistic simulations. 454 K. Although the peptide was initially unfolded in all
For most of the simulations described in this paper, the replicas, within a few microseconds most of replicas contained
molecular components are represented by the CHARMM36m folded peptides (Figure S3A).
force field.** Nonetheless, to test the robustness of the results, As shown in Figure S3B, the folded states rapidly became
we repeated the 370 K simulation with a version of the Amber dominant in the lowest temperature replica (295 K), but
force field (ff14SB)*” using two different parameter sets for the unfolded states were still occasionally present throughout the
graphitic carbon.””*" As shown in Figure S2, folding and self- simulation, suggesting an improvement in sampling in
assembly with the Amber models were very similar to that with comparison to the brute-force simulation. Figure SC indicates
the CHARMM models. Indeed, the average root-mean-square that the folded conformation, defined as RMSD < 0.15 nm
distance (RMSD) of the folded Amber structures from the from the folded reference conformation, was favored at all
CHARMM reference structure was <0.1 nm. There may be temperatures but that it becomes less favored with increasing
some differences in the folding kinetics and accessible temperature. At 295 K, we predict that an isolated CHP1404
conformations between Amber and CHARMM, but a detailed molecule at the graphite—water interface is 96% folded, while
analysis is considered outside the scope of this paper. when heated to 454 K at constant volume, it is 85% folded.
Folding Thermodynamics of the Chosen Peptide. For Unfolding in Free Solution. On the other hand, the
simulations at 295 K in which CHP1404 was initially folded, it hairpin conformation of peptide CHP1404 is not remotely
remained in this state for the duration of the simulation, while stable in free solution. We performed two replicates of a
for those in which the peptide was initially unfolded, very long simulation of the peptide in a box of water (Figure 6A). To
simulations were required to observe folding (Figure 5). To give the peptide the best chance of maintaining its folded
enhance sampling of different conformational states and to conformation, the conformation was restrained, while the
verify that the folded state was indeed thermodynamically solution around it was equilibrated for 1 ns. The temperature
favorable at room temperature, we performed a temperature of these simulations was 295 K. As shown in Figure 6B,C,
replica-exchange calculation for a single peptide at the CHP1404 completely unfolds within 0.1 ns of the release of
4071 https://doi.org/10.1021/acs.jcim.2c00419
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Table 1. Multistep Calculation of the Free Energy of Adsorption of a Single CHP1404 Molecule to the Graphite—Water

Interface”

step quantity action system CHP1404 AG (kcal/mol) scram1404 AG (kcal/mol)
1 AG;;;{;,’““ apply conform. restraint solution +29.58 + 0.0S +25.38 + 0.03

2 A Z;‘;l‘;t apply orient. restraint” solution +4.10 +4.10

3 AGtined adsorption with restraints graph—soln —69.21 + 0.61 —47.47 + 0.18

4 AGZent release orient. restraint graph—soln —0.03 + 0.00 —4.17 + 0.01

S AGpform release conform. restraint graph—soln —0.62 + 0.04 —841 + 048

total AG,gsorp sum —36.19 + 0.70 —30.58 + 0.69

“The calculation is also performed for a peptide with the same amino acid composition but a scrambled sequence (scram1404). See Methods and

Figure SS of the SI for more details. bCalculated analytically by eq 5.

the restraints. Correspondingly, experimentally obtained
circular dichroism spectra show no sign of the p-strand
structure for CHP1404 dissolved in water, as shown in Figure
S4 of the SL

Free Energy of Folding. To determine the free energy of
folding at the graphite—water interface and in solution, we
performed replica-exchange umbrella sampling calculations
along an RMSD coordinate (RMSD from the folded
structure). These free energy functions are shown in Figure
7A. As expected, for CHP1404 at the graphite—water interface,
the minimum free energy (at RMSD = 0.062 nm) is associated
with a folded planar f-hairpin structure. For larger RMSD
values, the free energy landscape shows a broad plateau of
unfolded structures with a free energy less favorable by ~3.7
kcal/mol. On the other hand, in the absence of graphite (free
solution), the folded state is associated with very unfavorable
free energies compared to unfolded states.

Free Energy of Adsorption. We also sought to determine
the thermodynamics of adsorption of the peptide CHP1404.
Due to the relatively slow time scale for folding and the
instability of the folded structure in solution, we could not
straightforwardly calculate the free energy for adsorption to the
graphite—water interface as in previous works.””*""** Here, we
used an approach similar to that developed by Woo and
Roux* and others**** wherein we calculate the free energy to
apply conformational and orientational restraints to the
peptide in solution, the adsorption free energy under these
restraints, and finally the free energy of releasing the restraints
for the adsorbed peptide. The steps of this thermodynamic
cycle are detailed in Methods and Figure SS and the associated
free energies are given in Table 1. We compared these free
energies to similar results for a control peptide with the same
amino acid composition as CHP1404 but a scrambled
sequence, cyc(GGTPTTGGGGGGSGGPSGTGGC), referred
to here as scram1404. This scrambled-sequence control
peptide is unable to fold because it has few GX repeats,
allowing us to understand how the design of the peptide affects
the adsorption thermodynamics.

The values in Table 1 can be understood as follows. For Step
1, we calculate the free energy of restraining the peptides to
their most occupied conformation at the graphite—water
interface (for CHP1404, a planar f-hairpin). Forcing
disordered peptides in bulk solution into a quasi-2D structure
has a large free energy cost and is especially large for the folded
conformation of CHP1404. There is also a cost to align the
(now conformationally restrained) peptides parallel to the
plane of the graphene while still in solution (Step 2). This free
energy depends only on the strength of the restraint and
temperature (eq 5). Adsorption of the restrained peptides, Step
3, is highly favorable, especially for the folded conformation of

CHP1404, which is very flat and has a high contact area with
the graphene surface. Because the folded conformation of
CHP1404 is highly favored at the graphite—water interface,
releasing the conformational and orientational restraints that
hold it in this structure (Steps 4 and S) has little effect on the
free energy. On the contrary, for the scrambled-sequence
peptide, the reference conformation is only one of many
thermodynamically accessible conformations, so release of the
restraints leads to considerable decreases in free energy. Figure
7B shows all contributions to the adsorption free energy of
CHP1404 in a single plot. Overall, adsorption of either peptide
is highly favorable; however, owing to its ability to fold into the
planar p-hairpin conformation, CHP1404 adsorbs more
favorably (—36.2 + 0.7 kcal/mol) than the scrambled-
sequence control (—30.6 = 0.7 kcal/mol).

Free Energy of Assembly. To quantify the thermody-
namic drive to assemble, we calculated the free energy to form
hydrogen-bonded pairs of CHP1404. Figure 7E shows the two-
dimensional free energy as a function of displacement between
two peptides with restrained conformation and alignment. The
favorable free energy occurs when the two peptides are fully
aligned, with 8 H-bonds formed between the backbones, as
shown in Figure 7C. Shifting the peptides along their long axis
(the y-axis) by 0.3 nm is highly unfavorable since the H-bonds
are broken and polar groups are arranged in opposition (two
NH groups or two carbonyl oxygen groups). However, shifting
by +0.7 nm leads to a configuration where H-bonds are again
formed, with the peptides two amino acids out of register. This
configuration, such as that shown in Figure 7D, is nearly as
favorable as when fully aligned. Shifting by four amino acids
(or, equivalently, by +1.4 nm along the y-axis) is also
associated with local free energy minima; however, these
configurations are considerably less favorable than the fully
aligned configuration since there are only 4 backbone H-
bonds.

Similar to the approach used to calculate the adsorption free
energy, we used an approach involving applying and removing
restraints to estimate the unbiased free energy of pair
formation. The approach is described in Methods, and
contributions to the free energy are given in Table 2.
Altogether, we estimate a free energy of —5.85 kcal/mol for
two folded CHP1404 molecules to form a bound pair.

Folding Dynamics after Adsorption from Solution. In
all previously described simulations with peptides and graphite,
the peptides were already in contact with the graphite surface
at the beginning of the simulation. To simulate folding under
more realistic conditions, we obtained 4 unfolded conforma-
tions from the free-solution simulations described in the last
paragraph and placed them 1 nm from the graphite—water
interface. As shown in Figure 8A,B, in a simulation at 370 K,
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Table 2. Multistep Calculation of the Free Energy of Pair
Formation of at the Graphite—Water Interface”

AG
multiplier  (kcal/mol)

step action

1 apply conform. restraints 2X +0.62
2 apply align. restraints 2X +3.30
3 pair formation with restraints —8.06
4 release 1 align. and 2 conform. -2.25

restraints

S release final align. restraint -3.39
total  sum —5.85

“For Steps 1 and 2, the restraints are conceptually applied to two
identical, isolated peptide molecules at the graphite—water interface;
hence, in practice, the free energies were computed once and scaled
by a multiplier of 2.

the peptides adsorbed to the interface within 0.2 ns. This
adsorption was apparently irreversible, consistent with the
thermodynamic results detailed in Table 1 and Figure 7. In this
simulation, three of the peptides became tangled in solution
but decoupled during the first 3 ns at the interface. We found
that the peptides could adsorb in two different orientations, a
phenomenon that has been observed for other cyclic
peptides.”® In the “clockwise” orientation, the N-terminal to

C-terminal direction of the residues is clockwise, which is the
same as in the simulations described in the previous sections,
and also corresponds to the folded hairpin conformation. The
peptide that absorbed in this orientation (black in Figure
8D,E) folded into the hairpin conformation relatively rapidly.
In the “counterclockwise” orientation, the peptide is unable to
directly reach the hairpin conformation, significantly slowing
the folding kinetics. Two of the peptides that adsorbed
counterclockwise did not fold within the duration of the
simulation (1400 ns). However, in one case, we observed the
peptide was able to cross over itself while still adsorbed and
transition to the clockwise orientation, after which it folded
immediately (Figure 8C). Figure 8F plots the angle between
the normal to the peptide ring and the axis perpendicular to
the graphene sheet for the 4 peptides. The details of this
calculation are described in Methods. Peptides typically occupy
the clockwise (6 > 135°) or counterclockwise (0 < 45°)
orientations. The green peptide can be seen to flip orientations
for 315 < t < 590 ns.

Self-Assembly of the Chosen Peptide. While the
previous systems were quite small, we sought to understand
how the peptide would self-assemble on a slightly larger scale.
Beginning with 9 unfolded CHP1404 molecules (all in the
counterclockwise orientation) on a 15 nm X 1S nm graphite
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Figure 8. Folding of the peptide CHP1404 after adsorption from solution (370 K). (A) Initial structure with 4 peptides placed above the graphite
surface. (B) Within a few hundred picoseconds, the peptides adsorb and stay bound to the interface. (C) Some of the peptides, such as the one
shown in this image, adsorb in an counterclockwise orientation, which does not allow direct folding into the hairpin conformation. However, in this
case, the backbone crosses over itself during the simulation, allowing it to reach the clockwise orientation and then rapidly fold into the hairpin
conformation. (D) Configuration of the 4 peptides after 1390 ns. (E) RMSD of C, atoms from the folded reference. (F) The angle of the normal to
the cyclic peptide backbone as a function of time as calculated by eq 7. Values of € near 180° are associated with the clockwise orientation which is
consistent with the folded conformation, while values near near 0° are associated with the counterclockwise orientation.
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Figure 9. Simulation of folding and self-assembly of nine CHP1404 molecules on a 15 nm X 15 nm graphite sheet. (A) Evolution of two
independent replicates (top and bottom) from the initial state (peptides unfolded) to a final state in which all peptides have folded and assembled
into a single cluster. (B) Number of intramolecular H-bonds as a function of time for the two replicates, reflecting folding of the peptides. Results
are also included for two replicates using a control peptide with the same amino acid composition as CHP1404 but with a scrambled sequence. (C)
Number of intermolecular H-bonds as a function of time, reflecting self-assembly of the peptides.

patch, we followed the evolution for 3 us at 370 K in two
replicates. In both replicates, all CHP1404 molecules folded
into nearly identical planar $-hairpin conformations within 1.5
ps. Careful examination of Figure 9A reveals that the SGPG
loop adopts two different conformations: an expanded
conformation that is wider than the rest of the planar $-strand
(shown in Figure 4A) or a more compact conformation that
rises slightly off the graphite surface. Interconversion between
these two loop conformations occurs on the 100 ns time scale.
It is likely that replacement of this loop sequence with the
sequence of the other loop (GPGG) would yield a more stable
conformation. In both replicates, the peptides eventually
formed contiguous arrays with remarkable similarity despite
different initial conditions and distinct paths to assembly, as
shown in Figure 9A. However, there is some variation in the
relative position and orientation of consecutive peptides
(consecutive peptides are either in the same orienation or
rotated 180°). The final configurations are consistent with
Figure 7E, in that most of the peptide—peptide interfaces are
fully aligned or shifted along the long axis by 2 residues, while
the remaining interfaces (1 in Replica 1 and 3 in Replica 2) are
shifted by 4 residues.

The folding and self-assembly during the four simulations is
quanitified in Figure 9B,C by plotting the number of hydrogen
bonds formed between backbone NH and amide O groups.
Notably, an increasing number of intramolecular H-bonds
(Figure 9B) indicates folding, while an increasing number of
intermolecular H-bonds indicates self-assembly (Figure 9C).
When folded, each molecule forms a maximum of 9 or 10
intramolecular backbone H-bonds, depending on the con-
formation of the SGPG loop. The average number after the
peptides have folded is slightly lower, being 8.5 # 0.3 (mean =+
std) H-bonds per molecule for both replicates. When self-
assembled, the peptides can form a maximum of 8 or 9 H-
bonds with each neighbor, depending on their relative
orientations. However, several of the peptide—peptide
interfaces are shifted so that significantly fewer H-bonds are
formed. The number of intermolecular H-bonds fluctuates
considerably, but there are typically 5 or 6 H-bonds per
peptide—peptide interface after the peptides have self-
assembled. The threonine side chains can also participate in
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intermolecular H-bonds, although they are not included in
Figure 9C.

For comparison, we repeated the above simulations using a
different peptide with the same amino acid composition as
CHP1404 but a scrambled sequence, which was also used in
the experiments described below as a control. As shown in
Figure S6, stable folded structures were not observed in the
simulations for this scrambled sequence control, although
some planar f-strand structure appeared intermittently. Figure
9B,C shows few intra- or intermolecular H-bonds for this
scrambled peptide, also indicating little f-strand structure and
a lack of stable assembly.

In contrast to the first replicate, where all peptide bonds
remained trans throughout the simulation, during the second
replicate, two cis peptide bonds appeared prior to the proline*®
of the SGPG loop. Although one cis bond formed during the
heating phase at 450 K that was used to create the initial
unfolded structure, the second formed spontaneously during
the simulation at 370 K. Interestingly, the molecules with these
cis proline residues folded into conformations similar to those
with all trans peptide bonds.

Alignment with Respect to the Graphite Lattice.
Figure 9A suggests that the peptide assemblies may align along
the preferred directions of the graphene sheet. To explore this
possibility further, we calculated the free energy as a function
of the peptide’s angle in the plane parallel to the sheet. As
shown in Figure 10, six distinct free energy minima appeared
corresponding to the three zigzag axes of graphene at 60°
intervals. Although unaligned configurations showed a higher
free energy by only ~0.3 kcal/mol, the tendency to align may
increase with larger assemblies.

The Role of Water. All simulations described thus far were
performed in the presence of water, which has a considerable
effect on folding and self-assembly and contributes significantly
to the reported free energies. We have previously*”"’
investigated the structure of water on graphene surfaces,
finding a well-defined solvation layer, which has also been
observed experimentally."® Our simulations have also predicted
that water molecules in this first solvation layer exhibit a mild
tendency to orient parallel to the graphene sheet.”’ Therefore,
the solvation structure around the planar f-sheet is quite
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Figure 10. (A) Free energy as a function of the azimuthal angle of the
peptide relative to the zigzag directions of the graphene sheet. The
estimated uncertainty is shown by the solid light blue region. (B)
Overlay of peptide conformations associated with the 6 free energy
minima in panel A.

different from a regular f-sheet in solution. Figure 11A shows
regions of high water density around the peptide CHP1404.

Figure 11. Structure of water near the peptide CHP1404 at the
graphene—water interface. (A) Peptide structure with regions of
average water density > 6.5 g/mL shown in cyan. The water density is
computed over a long simulation of the folded peptide, which
includes peptide conformational fluctuations, especially in the side
chains. An image of the peptide is shown for reference, although it
represents only one possible conformation. (B) Overlay of many
simulation frames showing the water orientation near a residue
(Gly3) with outward-facing NH and carbonyl O groups in the planar
P-sheet of CHP1404. (C) Overlay of many simulation frames showing
the water orientation above intermolecular hydrogen bonds in the
planar f-sheet of CHP1404.

Most of these regions are associated with available hydrogen
bonding partners for water. For each outward-facing backbone
carbonyl oxygen, there is a band of high water density, lying in
the graphene interfacial water layer. Figure 11B shows the
orientation of water molecules in this band, wherein the water
oxygen points away from the carbonyl. The alcohol group of
the threonine and serine residues also induces bands of water
in the interfacial layer, which are missing for the cysteine
residue, owing to its inability to form H-bonds. A small region
of opposite water orientation is visible near the NH group, due
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to the NH acting as an H-bond donor. There are also high
density bands that sit above the peptide, farther from the
graphene surface. Some lie along the central axis of the peptide
and seem to be associated with water interactions with the
inward-facing backbone groups. The orientation of the water
molecules in these bands again seems to be determined by the
carbonyl oxygen (Figure 11C).

Folding and self-assembly are driven by hydrogen bonds
between peptide groups, and water competes for these
hydrogen bonds, reducing their effective strength. Conversely,
in the absence of water, hydrogen bonds are effectively much
stronger. Given that hydrogen bonds are important in driving
folding and self-assembly, one might assume that strengthening
them would make folding and assembly faster and more robust.
However, our simulations in the absence of water show the
opposite to be true. Although folding of CHP1404 into the
planar f-hairpin conformation is more thermodynamically
favorable at the graphene—vacuum interface than at the
graphene—water interface (Figure S7A of the SI), the free
energy landscape is much more corrugated in vacuum and
includes prominent local minima, corresponding to metastable
misfolded structures. These undesirable structures in most
cases include hydrogen bonds between side chain OH groups
and the backbone (Figure S7B—D), which were not included
in our original design. Consistent with these results, we find
that folding is slower in the absence of water, and misfolded
structures persist for accessible simulation time scales (a few
microseconds) at 370 K. Ordered self-assembly is also
hampered in the absence of water, with the peptides forming
disordered aggregates consisting of misfolded and unfolded
molecules. Once formed, these disordered aggregates show
little change in structure for hundreds of nanoseconds (Figure
S8 of the SI) and appear stuck. Ordered structures such as
those shown in Figure 9 may not even be thermodynamically
favored in the absence of water. Therefore, we conclude that
water helps to support controlled self-assembly of the peptides
by softening their interactions and reducing barriers that leave
the peptides trapped in metastable disordered conformations.
This idea might be generalized to a principle of designing self-
assembling systems: interactions stabilizing the desired
structure must be strong enough to make it thermodynamically
favored but not so strong that the free energy landscape
becomes too rugged, leaving the system kinetically trapped in
undesired structures.

Atomic Force Microscopy. To determine whether the
optimized peptide (CHP1404) behaved in reality as predicted
in the simulations, this peptide and the scrambled sequence
control were synthesized, and their direct interaction with the
surface of highly ordered pyrolytic graphite was investigated
using in situ AFM. Within 12 min of injection of the peptide
into the fluid cell, the peptide was deposited onto the graphite
forming linear streaks (Figure 12A). While the contrast in the
height images is limited, the patterns made by peptides are
clear in the phase images, owing to the disparate mechanical
properties of the peptides and graphite sheet. On the other
hand, similar experiments with the scrambled-sequence control
peptide revealed no traces of such patterns (Figure 12F).

We were unable to directly verify the structure of the
peptides by AFM, due to the challenge of obtaining
subnanometer resolution in liquid water at room temperature.
Experiments in which the samples were imaged by AFM after
being allowed to dry did not reveal any sign of ordered
assemblies, which is consistent with simulations in the absence
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Figure 12. Organization of the optimized peptide on an HOPG surface as assessed by in situ AFM. (A) Time resolved AFM images demonstrating
the deposition of peptide onto graphite. The top row contains height images with the corresponding phase images below. (B) Analysis of the height
of the peptide features on HOPG. In the height image, the different colored lines correspond to the individual height profiles provided directly
below the image. The black height profile represents the average of the five profiles taken from the height image. For reference, the corresponding
phase image is also provided. (C) Height and (D) phase images of a larger scan area demonstrating the long-range ordering of the peptide on
HOPG, which is evaluated by a (E) 2D Fourier transform of the phase image. (F) Height and phase images of a control peptide are provided for

comparison.

of water that showed disordered aggregates (Figure S8 of the
SI). Cryo-electron microscopy might be capable of yielding
atomic resolution structures,”’ and we plan to pursue this
methodology in the future. Although individual peptide
molecules cannot be resolved, the linear growth patterns
suggest structures similar to those in Figure 9A may be present.
With time, these arrays extended along the graphite surface,
creating a densely packed peptide pattern within 230—40 min.
Based on height profiles (Figure 12B), these arrays were
~0.3—0.4 nm thick, suggesting that they are comprised of
peptide monolayers. Cleavage of the HOPG is not ideal, and
distinct steps can be clearly observed between graphene sheets.
The orientation of the ordered peptide arrays was typically in a
single direction on an individual terrace; however, this
orientation often varied across steps, as can be seen from
larger area scans (Figure 12C,D). It appears that the arrays
may nucleate from these steps.

2D Fourier analysis of phase images (Figure 12E) confirmed
that these ordered peptide arrays grew predominately in three
directions rotated by 60° with respect to each other,
supporting an epitaxial patterning of the peptide arrays by
graphite. The orientations of these features are consistent with
the six favorable peptide orientations presented in Figure 10.
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B CONCLUSION

In this work, we described the computational design and
optimization of a peptide that folds and self-assembles at the
graphite—water interface. Free energy calculations demon-
strated that adsorption of the peptide at the graphite—water
interface is highly favorable and that folding and self-assembly
is also thermodynamically driven. Experiments compared the
behavior of the optimized peptide to a scrambled-sequence
control and revealed that the peptide likely folds and self-
assembles as designed. However, the self-assembly of this
peptide was rather simple, and there were some inconsistencies
in the position and the orientation of neighboring peptides.
Nonetheless, we envision that some of the design principles
presented here could be extended to engineer molecules that
form complex self-assembled structures with high fidelity. The
planar f-strand conformation central to our peptide’s
(CHP1404) design is a versatile motif, and we hypothesize
that it can be modified to obtain more controlled and
consistent self-assembly than that observed with CHP1404.
Notably, the nonglycine residues of the GX repeats might be
chosen to modulate the intermolecular interactions in a way
that would thermodynamically favor a unique self-assembled
structure. Another limitation of CHP1404 is that the N-to-C
cyclic structure, while favorable for formation of planar f-
strands, has a limited potential to be extended with additional
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functional peptide segments and makes synthesis more difficult
and expensive. It may be possible to design acyclic peptides
that also form stable planar f-strands, which could then easily
be concatenated. Despite the simple nature of the self-assembly
presented here, we believe that peptides at the graphite—water
interface are a promising medium for engineering complex
molecular devices.

B METHODS

Molecular Dynamics. Molecular dynamics simulations
were performed with NAMD,* usmg a 4 fs time step enabled
by hydrogen mass repartitioning,” rigid covalent bonds to
hydrogen,”** and particle-mesh Ewald electrostatics.”® Com-
puter representations of the simulation systems were
constructed using VMD>* and the TopoTools plugin.”> Most
simulations were performed with NAMD versions 2.13 or 2.14,
except, where noted, when NAMD 3alpha6”® was used to take
advantage of its improved GPU performance. Some
51mu1at10ns were performed on XSEDE supercomputing
resources.”” Lennard-Jones forces were smoothly truncated
by a 10—12 A cutoff. Temperatures were maintained using the
Langevin thermostat algorithm and a damping constant of 1
ps~'. For NpT s1mulat10ns, the pressure was controlled by the
Langevin piston barostat.”® For systems containing graphene
sheets, this barostat resized the system independently along all
three axes. Except where indicated, the peptides were
represented by the CHARMM36m protein force field.****~%!
The 22 cross-terms’’ were correctly generated for the 22-
residue cyclic peptides. Water and graphitic carbon were
represented, respectively, using the CHARMM variant of the
TIP3P water model and the benzene-like carbon type
(CG2R61) of the CHARMM General Force Field.*”
have previously verified that this representation of graphltlc
carbon provides good agreement with experiment for the
thermodynamics of adsorption of small molecules to graphitic
carbon from aqueous solution.”"**

Amber Force Field Simulations. To establish the
robustness of the results, a few simulations were repeated
using Amber force fields. The peptides were represented by
ff14SB.* The graphite used parameters from Hummer et al.”’
or the standard aromatic carbon type for proteins (CA).”” The
unmodiﬁed TIP3P water model was used (not the CHARMM
variant).” Files for the simulation systems were assembled
using AmberTools21.°* Mass repartitioning was performed
usmg ParmEd.”> The NAMD parameters “1—4scaling” and
“scnb” were set to 0.833333333 and 2.0 to reproduce the
standard scaling factors used in Amber for electrostatic and
Lennard-Jones interactions for atoms separated by three
bonds. Electrostatic interactions were calculated by the
particle-mesh Ewald method.>® Lennard-Jones interactions
were truncated at 9 A. The thermostat and barostat protocols
were the same as in the CHARMM force field simulations. All
configurations obtained from CHARMM force field simu-
lations were equilibrated under NpT conditions using the
Amber force field for 0.15 ns before production runs.

Capped Amino Acid Simulations. To determine the
propensity of each amino acid to adopt desired conformations
at the graphite—water interface, we performed temperature
replica-exchange simulations of capped amino acids (acetylated
at their N-termini and methylamidated at their C-termini) at
this interface. The simulation systems were reduced to a
minimal size (%2700 atoms) to permit a high exchange rate
using few replicas. Each system consisted of a single capped
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amino acid, Ac-X-NHMe, where X was one of the 20
proteinogenic amino acids. Protonated histidine Ac—H*-
NHMe was included as a 21st system. Each system also
included two hexagonal patches of graphene, totaling 256
carbon atoms, and 170 water molecules. After energy
minimization, each system was equilibrated for 100 ps in the
NpT ensemble with T = 310 K and p = 101.325 kPa. During
replica exchange, the system dimensions were fixed to their
values at the end of the equilibration. The periodic cell vectors
(in nm) were (19.57, 0, 0), (9.79, 16.94, 0), and (0, 0, 23.1 +
0.5). The upper layer of graphene, which made contact with
the Ac-X-NHMe molecule, was completely unrestrained.
Atoms of the lower layer of graphene, which were not in
contact with the Ac-X-NHMe molecule were held fixed during
the replica exchange to improve the acceptance rate. The
replica-exchange calculations used N, = 8 replicas, with
temperatures from T, = 310 K to Ty, = 422.51 K. The
temperature for replica i, T, was defined according to®*®’

i Tmax
—_— ln(—]
Ne =1 \ To )

Each replica ran for 200 ns with exchanges of atomic
coordinates between adjacent temperatures attempted every
10000 steps. Exchanges between replica pairs were alternated
(between {(0,1), (2,3), (4,5), (6,7)} and {(1,2), (3,4), (5,6)}).
Exchanges of atomic coordmates between replicas i and j were
accepted with the probability™

min{1, exp[([fl. - [31)(U, - U])]}

T =T, exp

3)

Coordinate exchange was accompanied by reinitialization of
velocities according to the Maxwell-Boltzmann distribution.®®
Acceptance rates were in the range 27—35% for all replicas.
Analysis was performed on the (discontinuous) atomic
trajectories at the base temperature (310 K), discarding the
first 10 ns.

Rosetta Modeling. Sequence optimizations were per-
formed with Rosetta®' (release 2017.52.59948) and PyRosetta
(release 195).°° To represent the graphitic surface, chains of
polyphenylalanine were arranged so that the side chains
produced a graphene-like pattern. The peptide to be designed
was placed atop these phenylalanine side chains.

Folding Dynamics of Preliminary Peptides. These
simulations were performed for the acyclic peptide SGDGSG-
SGGDGGGSGSGSGS, the disulfide cyclized derivative CGD-
GSGSGGDGGGSGSGSGC, and the N-to-C cyclized peptide
cyc(GCGSGSG-SNGS-GNGSGSG-SGSS). For each se-
quence, four peptides (or five for the acyclic molecules)
were placed on a two-layer graphite surface (88.1 X 84.7 A% in
area). Water and Na* and Cl~ ions were added to produce an
aqueous NaCl solution of 150 mmol/L. The z-dimension of
the systems after equilibration was ~46 A. After 0.4 ns of
equilibration at 295 K and 1 atm, the system temperature was
set to 595 K and decreased to 295 K over 400 ns. The
simulation was continued at 295 K for 1400 ns, resulting in the
configurations shown in Figure 2B,D,F.

Sequence Optimization. We first performed a temper-
ature replica-exchange simulation (2 s per replica with
temperatures 295—370 K) that sampled both the desired
folded structure and misfolded/unfolded conformations of the
peptide cyc(GCGSGSG-SNGS-GNGSGSG-SGSS). We clus-
tered the conformations from the base temperature using
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GROMACS version 2018.1°° and a 0.25 nm cutoff distance,
resulting in 311 clusters. For each cluster, we estimated the free
energy using the GBSA (generalized-Born surface-area)
method.”™*” Only the peptide (in the conformation nearest
to the center of the cluster) and the sheet of graphene on
which it was adsorbed on were included. Atoms of the
graphene were held fixed in an ideal arrangement to eliminate
the noise of their contribution to the relative energies. For all
GBSA calculations, we performed energy minimization for
1000 steps and 80 ps of dynamics using GBSA implicit solvent,
where the solvent dielectric constant, ion concentration,
surface tension, and cutoff distance were set to 78.5, 0.3
mol/L, 0.000542 kcal/mol/A% and 16 A. The GBSA free
energy, G;***, for each cluster i was calculated as the mean
potential energy over the last S0 ps of the simulation (with the
energy recorded at 80 fs intervals). Reassuringly, the desired
conformation gave the lowest GBSA free energy (Gg™**);
however, other distinct conformations were nearby in GBSA
free energy. We selected S misfolded/unfolded conformations
with AGS®SA = GSBSA _ GOBSA < 7 kcal/mol. These
conformations are shown in Figure 3. We then generated
1892 different sequences as described in Results and
Discussion. For each of the 1892 sequences, a set of 1 desired
and S misfolded/unfolded conformations was generated using
the final frames from the GBSA simulations of cyc(GCGS-
GSG-SNGS-GNGSGSG-SGSS). The AGS®SA was calculated
for each sequence in each of the 6 conformations as described
above.

Folding Dynamics of the Chosen Peptide. Four
molecules with the sequence cyc(GTGSGTGGPGGGCGTG-
TGSGPG) were placed near the graphite—water interface
based on the graphite/water/NaCl system described in
Folding Dynamics of Preliminary Peptides. After 0.2 ns of
NpT equilibration at 1 atm and 370 or 295 K, the peptides
were unfolded by a 0.4 ns simulation at 595 K at constant
volume (NVT) and with a modified specific Lennard-Jones
parameter between the backbone N and O atoms of the
peptides (R, = 4.0 A, € = 0.1 kcal/mol), to ensure breakage
of the H-bonds that stabilize the hairpin structure. The
temperature was then reduced to 370 or 295 K, and the
simulation was run in the NVT ensemble (with a size
consistent with a pressure of 1 atm at that temperature) for
2000 ns using NAMD 3.0alphaé.

Unfolding in Free Solution. The peptide was solvated in
a cube (equilibrated dimensions of (68.3 A)*) of a 150 mmol/
L aqueous NaCl solution. During energy minimization and
equilibration, the peptide was restrained to its initial folded
structure (obtained from conformational clustering of the
simulations represented in Figure 6). The restraints were
applied to all non-hydrogen atoms of the peptide with a spring
constant of 10 kcal/mol A2 The simulations were performed
under NpT conditions, and the restraints were released after 1
ns.

Folding Thermodynamics of the Chosen Peptide. The
chosen peptide (cyc(GTGSGTGGPGGGCGTGTGSGPG))
was placed atop two graphene sheets of dimensions 50.8 A x
48.9 A with 1348 water molecules, 4 Na*, and 4 CI™ ions. The
system was equilibrated for 0.4 ns at 295 K and 1 atm, with the
z-dimension plateauing to 23.9 A. To reduce the number of
degrees of freedom and improve the exchange rate by
temperature replica exchange, the water molecules > 0.9 nm
from the upper graphene sheet (607 molecules) and the
graphene sheets themselves were held fixed during the replica
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exchange simulations. The peptide naturally remains adsorbed
to the graphene and does not make contact with the fixed
water molecules during the simulation. We have previously
found that there is little change in adsorption free energy
between a fixed and free graphene sheet.*' Exchanges of
atomic coordinates were attempted between adjacent replicas
every 25000 steps (0.1 ns). The acceptance ratios ranged from
0.31 at 295 K to 0.39 at 454 K. Each replica was run for 7700
ns (totaling 154 us) under NVT conditions. Initially, the
peptide was unfolded in each replica; however, over time the
spontaneous folding and unfolding occurred (Figure S3). After
3000 ns, the replica-exchange calculations appeared to reach
equilibrium with about 18 of 20 replicas including a folded
peptide (on average 17.6 with a standard deviation of 1.1). The
folded fraction at each temperature was computed for ¢t > 3600
ns (Figure $5).

Free Energy of Folding. We calculated the potential of
mean force (PMF) for folding the peptide CHP1404 at the
graphite—water interface using replica-exchange umbrella
sampling.”” The transition coordinate was chosen to be the
RMSD from a folded reference structure (R), the latter
structure being obtained by conformational clustering.”> The
resulting PMF is shown Figure 7A (black curve). The
calculation used 16 replicas and 16 windows with restraints

of u,(R) = %Kumb(R — Rw)z, where w was the window index,

the window centers ranged from Ry = 0.4 to R = 11.65 A with
a uniform spacing of 0.75 A, and the force constant was K, =
6 kcal/mol. The initial structures for each window were
obtained by extracting appropriate frames from an NVT
simulation at 370 K during which folding occurred, using the
same atomic system as in the previous section (“Folding
Thermodynamics of the Chosen Peptide”). The system had
been previously equilibrated at 370 K and 1.01325 bar (NpT),
giving a system size of 50.83 A X 48.91 A x 25.52 A for all
windows. Each window was run for 1200 ns of simulated time,
with exchanges attempted between neighboring windows every
2500 steps (0.01 ns) and alternating between two sets of
neighbors. Average acceptance rates ranged from 0.19 to 0.61.
The PMF was calculated by the weighted histogram analysis
method (WHAM),”””" discarding the first S ns of each
window.

A similar protocol was used to calculate the free energy of
folding CHP1404 in solution; however, the folded structure
was highly unstable in solution, so stronger umbrella sampling
restraints were needed to sample low RMSD values. Hence, we
performed three independent replica-exchange umbrella
sampling simulations, first using the same set of 16 windows
as above, then with a set of 20 windows with from R, = 0.4 to
R = 10.85 A with a spacing of 0.55 A and K, = 10 kcal/mol,
and finally with another set of 20 windows with from R, = 0.3
to Ry = 3.15 A with a spacing of 0.15 A and K, = 100 kcal/
mol. The resulting PMF, shown Figure 7A (blue curve), was
generated from the data of all 56 windows using WHAM. The
above calculations were repeated for the scrambled-sequence
control peptide scram1404 (Figure SS of the SI).

Free Energy of Adsorption. The free energy of
adsorption was calculated by a multistep approach similar to
that used for protein—ligand binding.*>~* In this approach, a
biased adsorption free energy was calculated in the presence of
conformational and orientational restraints that facilitate
convergence. The effect of these restraints was then
determined in separate free energy calculations, and their
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contributions to the free energy are removed to yield an
unbiased free energy. Given the simpler geometry of the
problem of adsorption compared to protein—ligand binding,
fewer steps were needed. The five-step process is detailed in
Figure S5 of the SI, and the free energy contributions are given
in Table 1. The restraints are applied along two variables:
RMSD from a folded reference structure (R), which represents
the conformation, and the scalar product between vectors
orthogonal to the peptide and graphene (n,), which represents
the orientation. As shown in Figure SSA, n, was defined as the
z-component of the normalized cross product between
backbone vectors of the peptide. These vectors are always
well-defined and stable because the n, collective variable is only
used when the peptide is conformationally restrained.

For Step 1, we calculated the free energy required to apply

. . 1
the conformational restraint u,,(R) = EKR(R - R*)z, where

R: = 0.62 A was the center of the restraint, and x = 100 kcal
mol™" A% was the force constant of the restraint. The PMF as
a function of the RMSD for the peptide in solution, wi'(R),
had already been obtained as described in the previous section
(“Free Energy of Folding”). The contribution of this restraint
to the free energy was

[dR exp{—Blug(R) + u(R)]}

AGconform
[ dR exp[—p(R)]

apply

= —kgT In

(4)
For Step 2, we calculated the free energy required to apply
the orientational restraint u . (n,) = %Kn(nZ - n;k )?, where n*

=1, and k,, = 20000 kcal/mol. For an isotropic system, like the
free peptide in solution, the contribution of the n, restraint can
be calculated analytically. In this case, n, is uniformly
distributed on its domain [ —1, 1], so wy(n,) is a constant.
The analog of eq 4 for n, becomes

2k,

kT

1 |7kgT
- er
2 2K'n (5)

For Step 3, we calculated the PMF as a function of the z-
component of the vector from the center of mass of the upper
layer of graphene to the center of mass of the peptide, with the
restraints #,.(R) and u,.(n,) applied (Figure 7B). The system
used for this simulation was similar to that used in the “Free
Energy of Folding” section except that it was somewhat larger
along the z-axis (37.3 A) to allow for desorption of the peptide.
The free energy along z was calculated using the extended
adaptive biasing force (eABF) algorithm’>”* as implemented
in the Colvars module. The eABF grid was on the domain [3.2,
15.0] A with a spacing of 0.05 A.

For Step 4, we calculated the free energy contribution of
releasing the n, restraints for the peptide at the graphite—water
interface (while the conformational restraints were still
applied). The eABF grid on n, extended from 0.6 to 1.0
with a spacing of 0.005. The PMF is shown in Figure SS. The
contribution to the free energy was calculated by

[dn, exp{—Plugupn(n) + theeg(n.)1}
[ dn, expl—pug ., (n.)]

A Gorient _

apply —kgT In

A G orient

release

= +kzT In|

(6)
For Step S, we used the PMF as a function of RMSD for the
peptide at the graphite—water interface, calculated as described
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in the “Free Energy of Folding” section. The contribution to
the free energy AGER™ was calculated by an analog to eq 6.

Free Energy of Assembly. Free energy of pair formation
was calculated in a fashion similar to the adsorption free
energy. We applied the same conformational restraints as
above, for which the restraint free energy had already been
obtained (+0.62 + 0.04 per peptide). Additional restraints
were applied to align each peptide along the y-axis, using a
SpinAngle collective variable as implemented in the Colvars
module,”* with centers of 0.0 and force constants of 0.5 kcal/
mol. Calculation of the PMF along this variable is described in
the section “Alignment with Respect to the Graphite Lattice”
below. With conformational and alignment restraints applied
to both peptides, we performed a two-dimensional eABF
calculation, where the two collective variables were the x- and
y-components of the displacement between the centers of mass
of the two peptides. The eABF grid had a spacing of 0.1 A
along both directions on the domain x € [8.8, 16.0] Aand y €
[ —14, 14] A. For expediency, the free energy to release the
restraints was calculated in two steps. First, both conforma-
tional restraints and one of the two alignment restraints were
released over 400 ns, with the free energy estimated from the
accumulated work as the force constants of these restraints
were simultaneously reduced to zero.”* We demonstrated that
400 ns was suficient time for the work to be quasi-reversible
by repeating the calculation and performing similar forward
and reverse calculations in 100 ns. All of these calculations
yielded AG, ... in the range from —2.5 to —2.2 kcal/mol.
Finally, the contribution of the remaining alignment restraint
was computed by calculating the PMF along the SpinAngle
coordinate for a single peptide of the bonded pair. The free
energy values are summarized in Table 2.

Folding Dynamics after Adsorption from Solution. To
prevent the peptides from desorbing, crossing the periodic
boundary, and adsorbing to the lower graphene sheet, flat-
bottom harmonic restraints were applied (using the Colvars
module”*) when the center of mass of the peptide exceeded a
distance of 20 A from the upper graphene sheet. This
orientation of the peptide was quantified by calculating the
vector product of vectors between consecutive residues

), 0= cos '(2-0/100)

(7)
where n = 22 is the number of residues in the cyclic peptide,
r® is the position of the C, atom of residue i, r*} = r5;* and
53 = 17 respecting the cyclic nature of the peptide, and 2 is
the direction orthogonal to the graphene sheet.

Self-Assembly of Chosen Peptide. Nine peptide
molecules (cyc(GTGSGTGGPGGGCGTGTGSGPG)) in
the folded conformation were placed atop two graphene
sheets of dimensions 152.5 A X 146.7 A in a uniform 3 X 3
array. Water and Na" and CI” ions (~150 mmol/L) were
added to obtain an equilibrium z-dimension of 25.4 A. At each
of two temperatures (295 and 370 K), two replicates with
slightly initial conditions were run.

Alignment with Respect to the Graphite Lattice. A
free-energy calculation was performed for the peptide cyc(G-
TGSGTGGPGGGCGTGTGSGPG) to determine its ten-
dency to align with the underlying graphene lattice. The
calculation was performed with the eABEF’>”® along a
SpinAngle coordinate. The reference structure for this variable
was chosen from a previous simulation where the long axis of

1 n
0= L% (e x 6t -
i=1
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the hairpin was closely aligned with a zigzag direction of the
graphene sheet. We performed this free energy calculation in
two replicates of 3000 ns each. The uncertainty in the free
energy was estimated by integrating over the difference in the
gradients between the two independent runs.”

Atomic Force Microscopy. The cyclic peptide CHP1404
and the scrambled-sequence control (also head-to-tail
cyclized) were synthesized by a commercial service (LifeTein,
LLC., Hillsborough, New Jersey, USA). In situ AFM
experiments were performed on freshly cleaved highly oriented
pyrolytic graphite (HOPG) with a Nanoscope V MultiMode
scanning probe microscope (Veeco, Santa Barbara, CA)
equipped with a closed-loop “vertical engage” J-scanner and
a sealable tapping fluid cell. Images were acquired using
rectangular-shaped silicon nitride cantilevers (Vista Probes,
Phoenix, AZ) with spring constants of ~0.1 N/m. Scan rates
were set at 1—2 Hz with cantilever drive frequencies ranging
from =7 to 9 kHz. The free amplitude of the cantilever was
~20 nm, and the tapping amplitude was set at 75% of free
amplitude. Peptide samples were prepared in 18 MQ water,
bath sonicated for 15 min, and directly injected into the fluid
cell. After experimenting with different peptide concentrations,
the peptide concentration used to produce the images in
Figure 12 was 0.6 mg/mL (0.37 mmol/L).

B DATA AND SOFTWARE AVAILABILITY

The simulation data described in this work are freely available
for download from Zenodo (https://doi.org/10.5281/zenodo.
6426152). The archive includes all files needed to run the
simulations described here using NAMD, as well as the output
of the simulations and analysis scripts. The files are organized
into directories corresponding to the figures of the main text
and Supporting Information. They include molecular model
structure files (in CHARMM/NAMD psf or Amber prmtop
format), force field parameter files (in CHARMM format),
initial atomic coordinates (pdb format), NAMD configuration
files, Colvars configuration files, NAMD log files, and NAMD
output including restart files (in binary NAMD format) and
trajectories in ded format (downsampled to 10 ns per frame).
Analysis is controlled by shell scripts (Bash-compatible) that
call VMD Tl scripts or Python scripts. These scripts and their
output are also included.
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