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ABSTRACT: Just as peptide function is determined by the
position, sequence, and overall arrangement of constituent
amino acids, the optical properties of nanoparticle (NP)
assemblies are influenced by the size, dimensions, and
arrangement of constituent NPs. In this work, we demonstrate
that peptide sequence can be programmed to direct the
structure and chiroptical activity of chiral helical gold NP
(AuNP)superstructures, a growing class of chiral nanomateri-
als with potential in sensing, detection, and optics-based
applications. Gold-binding peptide conjugate families, C,q-
(PEP, M), and C4-(PEP,, M%), that differ in the position
(x =7,9, and 11) of methionine (M)/methionine sulfoxide
(M-ox) within the peptide sequences (PEP,, = AYSS-
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GAPPMPPF/PEP, ™ = AYSSGAPPM®PPF) are employed to control the aspect ratio and size of AuNPs within helical
NP assemblies. Computational modeling reveals that the amino acid variations have a profound effect on peptide—AuNP
interactions that ultimately lead to control over NP size. Cig-(PEP,,M*), (x = 7, 9, and 11) yield irregular double-helical
superstructures comprising spherical AuNPs, while Cyg-(PEP, M), (x = 9, 11) yield single-helical assemblies comprising
oblong or rod-shaped AuNPs. Further, component AuNPs are larger when M/M-ox is placed at x = 11, while smaller
component AuNPs are observed when M/M-ox is placed at x = 7. Changes in nanoscale structures manifest themselves in
observable differences in chiroptical signal intensity. Ultimately, we achieve dramatic variance in the structure and properties of
chiral AuNP superstructures via simple molecular-level tuning of peptide primary sequence.

B INTRODUCTION

The placement and positioning of chemical building blocks,
whether they be atoms within molecules or molecules within
molecular assemblies, define the properties and functions of
the chemical or material entity. Chemists, as architects of the
molecular landscape, can finely control molecular composition
and structure and, in many cases, “dial in” properties with great
accuracy and deliberate intent. Like molecules and molecular
architectures, the placement and organization of nanoparticles
within larger-scale nanoparticle superstructures also dramati-
cally affects superstructure properties and function.'

Chiral helical gold nanoparticle (AuNP) superstructures are
an exciting class of materials® that have potential for wide-
ranging applications in chemical sensing,’ catalysis,” and
optics.” Strong plasmonic chiroptical activity is required to
realize many of these proposed applications. Theoretical
studies indicate that the chiroptical signal intensity for such
structures depends on many factors, including the helical pitch
and the size of the component nanoparticles.’

We have developed highly modular molecular methods for
synthesizing and assembling nanoparticles.””>”® Here, pre-
cursor peptide constructs direct nanoparticle synthesis and
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assembly. The peptide constructs constitute tunable molecular
species that can be carefully designed to finely control
superstructure morphology, metrics, and, ultimately, proper-
ties. Our construct designs are largely based on the “A3” gold-
binding peptide (AYSSGAPPMPPF),” which we refer to in our
studies as “PEP,,”. We have designed a broad spectrum of R—
PEP,, conjugates for preparing a diverse collection of
nanoparticle assemblies, in particular chiral helical gold
nanoparticle superstructures.”#’*%!° Our prior studies have
largely focused on variation of the “R” group. The peptide
sequence represents a more complex molecular handle whose
influence on nanoparticle superstructure architecture is largely
unexplored. Through a combination of theory and experiment,
we present herein the first steps toward realizing the design of
programmable peptide units whose sequences encode and
define the phenotype (e.g., structure, metrics, and properties)
of a product nanoparticle superstructure.

We have previously prepared AuNP double helices'® and
single helices” using Cg-(PEP,,), and Cis-(PEP, M),
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Figure 1. Effect of methionine oxidation and position on the size and shape of AuNPs. TEM images of AuNPs synthesized in the presence of (a)
PEP, M7, (b) PEP,M?, (c) PEP, M, (d) PEP, M, (e) PEP, M and (f) PEP, M °!". Average AuNP size values are included below each

TEM image. Scale bar: 100 nm.

respectively, divalent peptide conjugate molecules that consist
of two PEP,,/PEP,,* (AYSSGAPPM™PPF) sequences
attached to a C,g aliphatic tail, where M-ox represents
methionine sulfoxide. In aqueous media, both conjugates
assemble into helical fibers. In the presence of Au salt and
reducing agent, these molecules associate with in situ formed
AuNPs and incorporate them into their assembled structure.
Interestingly, C,3-(PEP,,), directs the assembly of AuNPs into
irregular double helices comprising spherical particles, while
C,g-(PEP,,M), directs the assembly of AuNPs into chiral
well-defined single-helical superstructures composed primarily
of rod-like particles. The methionine residue clearly plays an
important role in both defining superstructure morphology and
controlling particle size and dimensions. On the basis of our
established assembly model,”® C,g-(PEP, M), assembles into
helical ribbons such that the C-terminus (—PPM®PPF)
interacts with the AuNPs anchored to the ribbon surface.
Further, molecular dynamics simulations on PEP,, identify
methionine as a key amino acid that interacts strongly with
AuNP surfaces."'

Taken together, these observations necessitate a compre-
hensive comparison of the Au-binding interactions of both
oxidized and unoxidized peptides. The strong gold-binding
affinity of methionine prompts us to question whether the
position of the methionine/methionine sulfoxide within the C-
terminus affects the peptide—Au interaction. We hypothesize
that the position of both M and M-ox within the C-terminus
will dictate the extent of gold binding, which in turn will affect
the size and dimensions of both discrete and assembled
AuNPs. We therefore predict that encoding chemical
information via small methionine-based C-terminus modifica-

tions might allow us to tune the structural metrics of helical
AuNP superstructures and reliably tailor their chiroptical
properties.

B RESULTS AND DISCUSSION

We designed and synthesized a series of variant peptide
sequences, which vary in both the oxidation state and the
position of the methionine residue (Figure S1). The
unoxidized peptides are (i) NH,-AYSSGAMPPPPF, (ii)
NH,-AYSSGAPPMPPF, and (iii) NH,-AYSSGAPPPPMF,
and the oxidized peptides are (iv) NH,-AYSSGAM®PPPPF,
(v) NH,-AYSSGAPPM®PPF, and (vi) NH,-AYSSGAPPPP-
M®F. Hereafter, each variant peptide sequence is referred to
by the methionine position and oxidation state (e.g.,
PEP, M7 = NH,-AYSSGAM®PPPPF and PEP,,M° = NH,-
AYSSGAPPMPPF). To determine how sequence and
oxidation state affect particle size and dimensions, this
collection of peptides was first used to prepare discrete
peptide-capped NPs. Briefly, peptides were dissolved in
HEPES buffer (4-(2-hydroxyethyl)-1-piperazinethanesulfonic
acid) (pH = 7), which acts a reducing agent for gold ions."”
Next, an aliquot of HAuCl,/TEAA, the gold ion precursor
solution, was added to the peptide solution. We determined
using transmission electron microscopy (TEM) imaging that
particles prepared with the unoxidized peptide sequences are
predominantly spherical in nature. PEP,,™” and PEP,,™° both
yield spherical NPs with average particle sizes of 6.4 + 1.3 and
6.7 + 1.3 nm, respectively. However, PEP, ™" yields large NP
aggregates (Figure 1). Interestingly, the oxidized peptides do
not follow these trends in NP size. PEP, M%7, PEP, M°*°, and
PEP, M all yield larger nonspherical AuNPs (Figure 1).
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The average particle size (longest dimension measured) for
particles prepared in the presence of PEP, M%7 and
PEP, M is 10.2 + 3.0 and 10.5 + 3.1 nm, respectively.
However, PEP, M*'! yields AuNPs with a larger average
diameter of 14.5 + 3.0 nm. These trends in average NP
diameter were further confirmed via UV—vis spectroscopy.
The localized surface plasmon resonance (LSPR) peak for
particles prepared in the presence of PEP,,™” and PEP,,M? is
located at 519 and 525 nm. However, LSPR peaks for AuNPs
synthesized in the presence of PEP, M7, PEP, M and
PEP, M°!! are much broader and red-shifted (Figure S3).

We used theoretical modeling to assist in understanding
these results. We started by first comparing the binding energy
of small molecules on the surface of Au(111). van der Waals
density functional theory (vdW-DF)"’ calculations of dimethyl
sulfoxide (DMSO) adsorbed on the Au(111) surface in vacuo
predict the binding energy to be —55 kJ/mol as compared to
—77 KkJ/mol for dimethyl sulfide. Using the unmodified
parameters of the polarizable GolP-CHARMM force-field, we
found a consistent trend, with a calculated in vacuo binding
energy of —42 + 10 kJ/mol for DMSO, as compared to our
previously reported value of —70 kJ/mol for dimethyl sulfide."*
These preliminary data on small molecule counterparts suggest
that the oxidized methionine has a weaker interaction with
Au(111).

We proceeded to predict the degree of residue—surface
contact for each residue within the modified and unmodified
PEP,, sequence adsorbed at the aqueous Au(111) interface.
This characterization of peptide-surface adsorption is typically
not an additive function of the peptide’s constituent residues,
due in part to the inherent intrinsic disorder of biocombinato-
rially selected materials-binding peptides in general. The
adsorbed state of such peptides cannot be adequately captured
by a single conformation, but instead is more appropriately
represented by a conformational ensemble. To this end, we
used replica-exchange with solute tempering molecular
dynamics (REST-MD) simulations' in partnership with the
GolP-CHARMM force-field'® to predict the Boltzmann-
weighted ensemble of conformations for each of the six
surface adsorbed peptides in the presence of liquid water.
REST-MD simulations of peptide-surface adsorption have
been previously demonstrated to be highly effective, yieldin%
binding results that are consistent with experimental data.''*"’
We began by comparing the binding interactions of the
unoxidized PEP,, variant sequences, and we note that our
predictions for PEP,,™® binding are consistent with previously
reported modeling studies (comparison provided in the
Supporting Information).

As compared to PEP,M° both PEP,™’ and PEP, ™"
exhibit a decrease in binding interaction of the methionine
residue (Figure 2a—c). We relate this observation to the
presence of 4 adjacent prolines (P), which result in a
“mesogenic” rigid segment and therefore reduce the binding
interaction of other residues. In the case of PEP, ™7, the
change in methionine position does not significantly affect the
binding interactions of other amino acids. Therefore, the
overall binding interactions of PEP,,™’ and PEP, M’ are
comparable. However, in the case of PEP, ™!, the change in
methionine position results in a global reduction of other
neighboring amino acids. PEP,,™'" displays the least binding
interaction with Au(111) surface. We speculate that this
observation could be due to the competing effects of adjacent
M and F residues, which are both strong binders. Overall, the

PEP,"*

36| 42| 64| 64| 72|37 | 55| 48|12

58 | 62| 73

w|>||o
<
Nlo
(7]

®

>
)
< ]
18-
&l
o |7
-] ]

10 | 62 | 30| 24| 28| 20 | 33 | 38 | 53 | 17 | 73 | 74

d PEPAHM-ox‘ X
AlY|S|S|G|A|M|P|P|P|P]|F
21 16| 35| 40| 51| 2 |47 | 74| 19| 3
AlY|S|S|G|A|P|P|M|P|P|F
6 23| 50| 66| 67| 44| 19| 8 | 36| 11
AlY|S|S|G|A|P|P|P]|P|M|F
9 44| 28| 49| 37 |44 | 13| 40| 52| 4

Figure 2. REST-MD simulations performed on oxidized and
unoxidized peptide sequences. Average degree of residue—Au contact
(given as a percentage of the REST-MD trajectory) is listed for each
residue in all sequences. (a) PEP, ™7, (b) PEP,,M’ (data taken from
ref 11b), (c) PEP, MY, (d) PEP, M, (e) PEP, M’ and (f)
PEP, M°%!!, Representative structures of (g) PEP,™’ and (h)
PEP, M adsorbed at the Au(111) interface as predicted from
REST-MD simulations. The degree of contact between the Au(111)
surface and the methionine sulfoxide (h) is drastically reduced as
compared to the Au(111)—methionine interaction (g) (color code:
C, gray; N, blue; O, dark red; H, white; S, orange).

theoretical binding interaction is in good agreement with the
experimentally observed trends in AuNP sizes. Both PEP, M’
and PEP, ™’ yield small spherical AuNPs. However, large
AuNP aggregates are synthesized in the presence of PEP, M.

Next, we compared the binding interactions of the oxidized
PEP,, variants. A common theme in all oxidized peptides
regardless of methionine sulfoxide position is that the binding
interaction of the methionine sulfoxide is dramatically low as
compared to unoxidized methionine (Figure 2). For example,
Figure 2g and h illustrates the comparative decrease in
Au(111) surface contact between PEP, M° and PEP, M’
respectively. This observation is also consistent with the size
discrepancy in discrete AuNPs synthesized using the oxidized
and unoxidized PEP,, sequences. Because AuNPs are formed
by the in situ growth of smaller particles, peptide sequences
having low Au binding interaction (i.e., oxidized sequences)
would serve as weak surface capping agents and therefore
facilitate the formation of larger AuNPs. As compared to
PEP, M, both PEP,,M°% (Figure 2d) and PEP, M
(Figure 2f) exhibit a slight reduction in binding interaction.
Similar to the unoxidized peptides, this can be attributed to the
presence of four adjacent proline residues causing rigidity in
the sequence. Although one might expect both PEP, M7 and
PEP,, ™! to yield larger AuNPs as compared to PEP, M*?,
experimentally large particles are observed only in the case of
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PEP, ™!, From both theory and experimental data, we
conclude that (i) the oxidation of methionine dramatically
decreases the peptide—AuNP binding interaction, and (ii) the
proximity of M/M-ox to the C-terminus of the peptide
sequence results causes either an increase in NP size or particle
aggregation.

To confirm that the variations observed in the surface
adsorption characteristics arise primarily due to the difference
in the M-ox/M surface binding strength and not due to any
differences inherent to the peptide conformational ensemble,
we ran REST-MD simulations for each of the six sequences in
the unadsorbed state. We characterized the resulting
Boltzmann-weighted conformational ensemble of each of the
six MD trajectories by using a clustering analysis. In general,
this analysis identifies a set of like structures (referred to as
clusters) and their fractional population in the ensemble. In
this instance, our comparison was based on the structural
similarity of the peptide backbone. We then used a cross-
peptide analysis to compare the structural similarity of, for
example, each cluster in the PEP,,™’ ensemble to the set of
clusters generated for PEP, M. The clusters for the
PEP,,M?/PEP, M and PEP,M'"/PEP, M were sim-
ilarly compared. Although the fractional populations of the
clusters in each ensemble differ, we note a substantial degree of
similarity between the backbone conformations for all three
cases: PEP, M7/PEP, M7 PEP,M°/PEP,, M and
PEP, M /PEP, M (Tables S1—S9 and Figure 3). To
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Figure 3. Secondary structure analysis of PEP,,*"" and PEP %',
(a) CD measurements indicate that both PEP, ™! and PEP, M°%!!
exhibit predominantly PPII secondary conformations in solution. (b)
Structural similarity between PEP, ™' (blue) and PEP, M (red)
sequences gathered via theoretical cross-peptide analysis.

further validate these theoretical findings with experimental
data, we studied the secondary structure of all peptides in
HEPES buffer in the absence of gold (unadsorbed state).
Circular dichroism (CD) spectra indicate that all peptides
exhibit polyproline II secondary structure (Figures 3 and S4).
We calculated the Ramachandran plot for each peptide in the
unadsorbed state, based on the entire REST-MD trajectory in
each case. Consistent with the CD spectra, every peptide was
predicted to feature a substantial contribution from the
polyproline II secondary structure (Table S10).

Encouraged by the effects of peptide C-terminus mod-
ification on the size of discrete AuNPs, we next investigated the
effects of the methionine-based modifications on the size of
component AuNPs within the helical superstructures. Azido-
modified variant divalent peptide conjugates were synthesized
(e.g, N;-AYSSGAPPM™PPF) and coupled to a dialkyne
modified C,4 aliphatic tail via copper-catalyzed click chemistry
(see Experimental Methods and Figure S2). Unoxidized
peptide conjugates [C,s-(PEP,,™"),, C,s-(PEP,,™), and

Cy5-(PEP,,M"),] and oxidized peptide conjugates [Cis-
(PEP,,""),, Cis-(PEPM ™), and Cig-(PEP,,M™!),]
were subjected to our established AuNP assembly con-
ditions.”® C,g-(PEP, M7),, C,4-(PEP, M?),, and C,,-
(PEP, M), all form one-dimensional AuNP assemblies with
irregular helicity (Figures 4 and SS). The overall superstructure
morphology observed in these cases is consistent with our
previous studies.'”” In all three cases, the assemblies are
composed primarily of spherical particles. The average
diameter of component AuNPs in C,g-(PEP,,M7),- and C,¢-
(PEP, M ?),-based superstructures is 8.1 + 1.9 and 9.0 + 1.8
nm, respectively. The large majority of helical superstructures
derived from C4-(PEP,,M'), consist of larger spherical
particles that have average diameters equal to 12.3 + 1.7 nm.

Before studying the assembly of AuNPs using the oxidized
peptide conjugates, we determined the morphology of the C -
(PEP, M), and C4-(PEP, M°*!"), fibers. Atomic force
microscopy (AFM) revealed that C;g-(PEP,,M7), and C4-
(PEP,, "), assemble into helical ribbons with average
helical pitch values of 91 + 6 and 93 = 7 nm (Figure S6),
which is consistent with fibers formed using C,-
(PEP,,M°*°),.”® These data confirm that the position of M-
ox within the peptide C-terminus does not affect the
morphology of the helical ribbons. C,s-(PEP "), and C,-
(PEP,,""*!"),-based syntheses yield well-defined single-helical
superstructures (Figures 4 and S8), while C,g-(PEP,,M7),
yields only unassembled, discrete AuNPs (Figure S7). The
component AuNPs in the single-helical superstructures are
oblong in shape. The average length and width of AuNPs in
helices constructed using C,s-(PEP "), are 15.5 + 3.5 and
8.8 + 2.5 nm, respectively. Interestingly, C,s-(PEP, M),
yields single helices with larger component AuNPs. The
average AuNP length and width measured in this case are 20.5
+ 3.1 and 8.3 + 1.8 nm, respectively. Although the inability of
Cy5-(PEP, M), to direct the assembly single-helical super-
structures warrants further investigation, the observed trends in
NP size support our claim that the proximity of M-ox to the C-
terminus can be varied to affect particle metrics.

Ultimately, our primary motive in this work is to establish
molecular methods of adjusting the structure and chiroptical
signal intensity of helical AuNP superstructures. In theory,
single-helical superstructures assembled from large oblong
particles should exhibit intense optical chirality measured by
their CD signal and anisotropy factor (g). We have previously
reported that single helices derived from C,g-(PEP,,M %),
typically exhibit a g-factor ~0.017.'"* To obtain higher g-factor
values in this system, modified synthetic conditions are
required to increase AuNP size.”® Helices derived from C,q-
(PEP,,M*!"),, which consist of significantly larger oblong
particles, simply due to a shift in M-ox position, display a more
intense CD signal (Figure 4f). The corresponding absolute g-
factor is measured to be ~0.37. Further optimization of
synthetic conditions might result in even higher g-factor values.

B CONCLUSION

By combining theory and experiment, we demonstrate that
encoding chemical information in PEP,,-based assembly
agents via sequence engineering is a highly effective method
of affecting nanoscale structure and optimizing chiroptical
properties of AuNP single helices. We envision that other
regions within the PEP,, sequence, such as the f-sheet region,
could be similarly tuned to affect the nanoscale properties of
chiral helical gold nanoparticle superstructures.
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Figure 4. Effect of methionine modification on the size and shape of component AuNPs within helical superstructures. TEM analysis of 1-D
superstructures constructed using (a) C,g-(PEP,™"),, (b) Ci5-(PEP,M?),, and (c) Cys-(PEP, M), Average NP diameters of component NPs in
each case are listed below the corresponding TEM image. TEM characterization of single-helical AuNP superstructures constructed using (d) Cq-
(PEP,,M*), and (e) C,4-(PEP,,M'"),. (f) The chiroptical signal derived from C,g-(PEP,,M*'"),-based helices is more intense as compared to
the signal derived from Cys-(PEP, M °*%),-based helices. Low magnification images scale bar = 200 nm, and high magnification images scale bar =

50 nm.

B EXPERIMENTAL METHODS

General Methods and Materials. All chemicals were obtained
from commercial sources and used without further purification. All
peptides were synthesized using established microwave-assisted solid-
phase peptide synthesis protocols on a CEM Mars microwave.
Nanopure water (18.1 mQ) from Barnstead DiamondTM water
purification system was used to prepare all aqueous solutions.
Peptides were purified by reverse-phase high-performance liquid
chromatography on Agilent 1200 liquid chromatographic system
equipped with diode array and multiple wavelength detectors using a
Zorbax-300SB C,g column. Peptide masses were confirmed by liquid
chromatography—mass spectrometry (LC—MS) data using Shimadzu
LC-MS 2020. UV—vis spectra were collected using an Agilent 8453
UV—vis spectrometer with a quartz cuvette (10 mm path length). All
microscopy measurements were made using ImageJ software.

Synthesis. Peptide Synthesis. All peptides were synthesized via
established microwave-assisted solid-phase peptide synthesis proto-
cols. Briefly, 138.8 mg (0.025 mmol) of Fmoc-Phe-NovasynR TGA
resin (Millipore catalogue number: 8560340001) was soaked in DMF
for 15 min. To begin the cycle of reactions, Fmoc-deprotection of the
resin was performed by adding 2 mL of 20% 4-methylpiperidine in
DMEF to the resin and heating the mixture to 75 °C in 1 min and
holding at that temperature for 2 min. Excess reagent was drained
using a filtration manifold and washed with copious amounts of DMF.
To couple individual amino acids, 0.1 M solution of HCTU in NMP
(S equiv to resin, 1.25 mL) was added to Fmoc-protected amino acid

15714

(4 equiv, 0.125 mmol) followed by DIEA (7 equiv, 0.175 mmol, 30.4
uL). The resulting solution was vortexed and centrifuged to ensure
complete dissolution of amino acid. Thereafter, the solution was
transferred to resin and heated to 75 °C for 1 min and held at that
temperature for 5 min. Excess reagent was then again drained, and the
resin was washed with copious amounts of DMF. This cycle of
reactions was repeated for every amino acid. Proline and adjacent
amino acid were coupled twice to ensure complete reaction of
secondary amide group. The N-terminus was capped with S-azido
pentanoic acid using the same synthetic steps described above.

Peptide Conjugate Synthesis. C,g-dialkyne was attached to each
azido peptide sequence via Cu-catalyzed click chemistry, which is
described in our previous publications.?®**

Nanoparticle Synthesis and Assembly. Discrete Nanoparticle
Synthesis. Synthetic conditions used to prepare discrete NPs in the
presence of peptides were based on a previously established protocol.”
PEP, M* and PEP,,M* (x = 7, 9, 11) were dissolved in 250 yuL of
0.1 M HEPES. Next, 2 uL of 0.1 M HAuCl, solution was added to the
peptide—HEPES mixture. The reaction mixture was quickly vortexed
after observance of a black precipitate (~4—S s after adding the gold
source), and thereafter the reaction vial was left undisturbed on the
bench.

Nanoparticle Superstructure Assembly. 18.725 nmol of Cg-
(PEP, M*), and C,g-(PEP M), (x = 7, 9, 11) was dissolved in 250
uL of 0.1 M HEPES buffer, sonicated for 5 min, and allowed to sit for
25 min. Thereafter, 2 uL of 1:1 mixture of aqueous 0.1 M HAuCl, in
1 M TEAA buffer was added to the peptide—HEPES mixture. About
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2—3 s after addition of gold precursor solution, a black precipitate
emerged, and then the solution was immediately vortexed. The
reaction vial was thereafter left undisturbed on the bench.

Characterization and Sample Preparation. Circular Dichro-
ism Spectroscopy. CD measurements were performed on an Olis
DSM 17 CD spectrometer with a quartz cuvette (0.1 cm path length)
at 25 °C with 8 nm/min scan rate. The concentration of the peptide
in 10 mM HEPES buffer solution was 75 M.

Atomic Force Microscopy. AFM measurements were performed in
tapping mode using an Asylum MFP-3D atomic force microscope and
ultrasharp AFM tips (NanoandMore SHR-150). 0.1% APTES (3-
aminopropyl-triethoxy-silane) solution was drop casted onto a freshly
cut mica surface, followed by rinsing with Nanopure water. 50 uL of
peptide—HEPES solution in 0.1 M HEPES (75 uM) was then drop
cast and rinsed with water after 1 min and allowed to dry in the
desiccator overnight.

Transmission Electron Microscopy. TEM was conducted on a FEI
Morgagni 268 operated at 80 kV using an AMT side mount CCD
camera system. Six microliters of peptide conjugate solution was drop
casted onto a 3 mm-diameter copper grid with Formvar coating. After
5 min, excess solution was wicked away, and the grid was air-dried for
2 min. Thereafter, 6 yL of Nanopure water was drop cast onto the
grid and allowed to sit for 30 s. Excess solution was wicked away, and
the grid was allowed to air-dry for 5 min.

Molecular Simulations. Replica-Exchange with Solute Temper-
ing Molecular Dynamics Simulations. REST-MD simulations' were
used to predict the Boltzmann-weighted ensemble of configurations
for each of the six peptide sequences, in both the surface-adsorbed
and the unadsorbed states. Each unadsorbed simulation comprised
one of the six peptides and liquid water. Each surface-adsorbed
simulation comprised these and also a Au surface, modeled as a
Au(111) slab five atomic layers thick. The Au(111) substrate has
been previously demonstrated to be an effective approximation for
more complex Au surfaces.'®'? The peptide, Au surface, and water
were modeled using the CHARMM-22%,*° GolP-CHARMM,'¢ and
modified TIP3P*>' potentials, respectively. Periodic boundary
conditions were used in 3D. Frames were saved from each trajectory
every 1 ps. These trajectories were analyzed using clustering with
respect to the relative positions of the peptide backbone atoms. In
addition, for the surface-adsorbed simulations, we applied a residue—
surface contact analysis, which yielded the percentage of frames that
each residue was in contact with the surface. Full details of the
simulations and analyses are provided in the Supporting Information.

First-Principles Calculations. Plane-wave density functional theory
calculations were carried out for dimethyl sulfoxide adsorbed onto the
Au(111) surface in vacuo, using Quantum Espresso (v5.2.0).22 Three-
dimensional periodic boundary conditions were employed using a
3 X 3/3 supercell and a Au slab four atomic layers thick.
Calculations were performed using vdW-DF'* with the revPBE
exchange-correlation functional.”® The binding energy of dimethyl
sulfoxide was determined via two stages: a geometry optimization
followed by a single point energy calculation of the resultant
geometry. The binding energy was calculated using the supermolecule
approach. Full details are provided in the Supporting Information.
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