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ABSTRACT: Oligomers of -amino acids (“f-peptides”) can be designed to fold into stable -

helices that display side chains with a diverse range of chemical functionality in precise Iy

arrangements. We sought to determine whether the predictable, three-dimensional side-chain
patterns generated by [3-peptides could be used in combination with single-molecule force
spectroscopy to quantify how changes in nanometer-scale chemical patterns affect inter-
molecular interactions. To this end, we synthesized 3-peptides that were designed to be either
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globally amphiphilic (GA), i.e., display a global segregation of side chains bearing hydrophobic

and cationic functional groups, or non-globally amphiphilic (iso-GA), i.e., display a more uniform distribution of hydrophobic and
cationic functional groups in three-dimensions. Single-molecule force measurements of 5-peptide interactions with hydrophobic
surfaces through aqueous solution (triethanolamine buffer, pH 7.2) reveal that the GA and iso-GA isomers give rise to
qualitatively different adhesion force histograms. The data are consistent with the display of a substantial nonpolar domain by the
GA oligomer, which leads to strong hydrophobic interactions, and the absence of a comparable domain on the iso-GA oligomer.
This interpretation is supported by force measurements in the presence of methanol, which is known to disrupt hydrophobic
interactions. Our ability to associate changes in measured forces with changes in three-dimensional chemical nanopatterns
projected from conformationally stable 3-peptide helices highlights a contrast between this system and conventional peptides
(0-amino acid residues): conventional peptides are more conformationally flexible, which leads to uncertainty in the three-
dimensional nanoscopic chemical patterns that underlie measured forces. Overall, we conclude that 3-peptide oligomers provide

a versatile platform for quantifying intermolecular interactions that arise from specific functional group nanopatterns.

B INTRODUCTION

The rational design of self-assembled materials requires an
understanding of how intermolecular interactions are directed by
the three-dimensional patterns in which functional groups are
displayed from a molecular backbone." For some molecular
systems, such as those interacting through nucleotide base
pairing, remarkably complex structures (e.g, DNA origami)
can be designed simply through specification of the subunit
sequence.”” ' For many other molecular systems, including those
that associate through “hydrophobic” interactions (as measured,
for example, using the surface force apparatus and the atomic
force microscope),® "> an understanding of how patterns of
nonpolar, uncharged polar, and ionic functional groups combine
to direct intermolecular associations in aqueous solution remains
to be fully developed. A number of theoretical studies, simula-
tions, and experimental observations support the view that
hydrophobic interactions mediated by water are size dependent,
with a crossover in thermodynamic profile occurring for hydro-
phobic domains with sizes around 1 nm*'°~"? For example, at
low temperatures, it has been noted that the entropy of hydrating
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small hydrophobic molecules (<1 nm?, e.g, alkanes) is negative,
whereas for extended hydrophobic surfaces (>1 nm®) the entropy
of hydration is positive."” The potential existence of such a
discontinuity raises many questions that remain unexplored, such
as the thermodynamics of interactions involving hydrophobic
domains with irregular shapes, the effect of introducing one
isolated hydrophilic group (or more) into a hydrophobic domain,
and the impact of the complex topographies commonly observed
at biomacromolecular interfaces on the energetics of interactions
involving those interfaces.'”

As a step toward establishing a methodology to elucidate the
intermolecular forces generated by complex patterns of chemical
functionality, we report here the use of single-molecule force
spectroscopy ' to characterize the intermolecular interactions
of B-amino acid oligomers (“B-peptides”;'* "¢ Figure 1). As
detailed below, 3-peptides are unusual in enabling the design of
very stable helical secondary structures that present predictable
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Figure 1. (A) Globally amphiphilic (GA) and nonglobally amphiphilic
(iso-GA) [-peptide sequence isomers used in this study. (B) Schematic
representation of the isomers with rigid helical conformations. (C)
Chemistry used to immobilize 5-peptide oligomers for single-molecule
force measurements.

and precisely defined nanoscopic patterns of chemical function-
ality in three dimensions. Our results suggest that S-peptide
oligomers, when combined with single-molecule force spectros-
copy, form the basis of a general and facile approach to exploring
how chemical nanopatterns define intermolecular interactions.
Single-molecule force spectroscopy measurements have been
reported for a variety of peptides and proteins (0l-amino acid
subunits). For example, structural and conformational changes
and cis—trans isomerization in proteins induced by external
forces'”~'? or by the binding of a ligand,** changes in polypep-
tide molecular elasticity,”’ and changes in intermolecular inter-
actions between proteins™” in response to environmental stimuli
have been investigated. In addition, several investigators have
examined specific interactions involving other types of biomole-
cules including (i) the interactions between antibiotics and bacterial
cells,” (ii) antigen—antibody24_26 and receptor—ligand inter-
actions,””** (iii) protein-mediated cell adhesion,*® or (iv) inter-
actions between complementary strands of DNA.*" Of particular
relevance to this paper are studies of hydrophobic interactions
using single-molecule force spectroscopy.>* >* For example,
single-molecule force spectroscopy measurements of hydropho-
bic interactions between molecules with relatively simple struc-
tures, such as tethered linear alkanes, have been reported.3’2 In
addition, single-molecule interactions between O.-peptides and

hydrophobic surfaces have been investigated in an effort to
provide insights into the mechanisms governing polypeptide
adsorption at hydrophobic interfaces,** protein folding, and self-
assembly in aqueous environments.** While these latter studies
have permitted quantification of forces, the complexity of the
structures of full-fledged proteins and the lack of stable secondary
structure in oligo-Q.-peptides (including the tendency of the
secondary structure to change in response to environmental
variations) prevent identification of the exact three-dimensional
nanoscopic chemical patterns that are responsible for the mea-
sured forces in these cases.

The study reported here goes beyond these precedents
because our force measurements involve [3-peptides, which can
be designed to adopt helical conformations with much greater
stability than can be achieved among conventional O.-peptides.
Because the [3-peptide helices have been characterized at atomic
resolution, it is possible to design -amino acid sequences that
give rise to specific three-dimensional patterns of side chains that
bear a variety of functional groups.** ** The experiments
described below are based on the 14-helix, which is defined by
14-membered ring C=0(i) - -H—N(i-2) H bonds between
backbone amides and contains approximately three residues
per helical turn. [3-Peptides that adopt 14-helical secondary
structure have been extensively studied.*’ ~*® Incorporation of
cyclically constrained trans-2-aminocyclohexanecarboxylic acid
(ACHC) residues confers very high 14-helical stability. Short
ACHC-rich 3-peptides display a much higher helix stability than
can be achieved with conventional -peptides of comparable
length.>”~* 14-Helical fB-peptides containing >50% ACHC
residues appear to be more or less fully folded in aqueous
solution. The high stability of the 14-helix and the ability to
specify the f-amino acid sequence via synthesis allow very
precise control of the nanoscale patterning of chemical functional
groups on the surfaces of these oligomers.

A number of past studies have reported on the self-assembly of
B-peptides that favor 14-helical secondary structure.*' ~* These
studies reveal that subtle variations in the nanopatterning of
chemical functional groups on the surface of the 14-helix, as can
occur between sequence isomers, exert dramatic effects on self-
assembly behavior. For example, sequence-dependence has been
observed in self-assembly of catalyticallgf active nanoclusters*’
and formation of hollow nanotubes**’ and liquid crystalline
phases*"** have been observed. On the basis of these precedents
in bulk solution, we sought to determine whether single-mole-
cule force spectroscopy could be used to measure differences in
the intermolecular forces generated by surface-immobilized
P-peptide sequence isomers that present distinct three-dimensional
chemical nanopatterns. Below we report measurements of interac-
tions involving isomeric 3-peptide oligomers that contain hydro-
phobic (ACHC) and cationic (ﬁ3-homolysine (ﬁ3—hLys)) side
chains (Figure 1A). For the globally amphiphilic isomer (GA), the
ACHC and f*-hLys residues segregate to opposite sides of the 14-
helix, but such segregation is not achieved in the 14-helical
conformation of the non-globally amphiphilic sequence isomer
(iso-GA) (Figure 1B).

B EXPERIMENTAL SECTION

Materials. The 14-helical [-peptides used in this study were
synthesized by solid-phase methods as described elsewhere.*® Tetra-
ethylene glycol thiols terminated in hydroxyl (EG4) or amine groups
(EG4N) were purchased from Prochimia (Poland). 1-Dodecanethiol
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(98%), f-mercaptoethanol (98%), triethanolamine (TEA) HCI (99%),
and methanol (anhydrous, 99.8%) were purchased from Aldrich
(Milwaukee, WI). Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclo-
hexane-1-carboxylate (SSMCC) was purchased from Pierce Biotechnol-
ogy (Rockford, IL). Ethanol (reagent, anhydrous, denatured) used for
preparation of thiol solutions and sodium chloride (99.0%) were
purchased from Sigma-Aldrich (Milwaukee, WI). Ethanol (anhydrous,
200 proof) used for rinsing was purchased from Pharmco-AAPER
(Shelbyville, MA). Deionized water used in the study had a resistivity
of 182 MQ-cm. All chemicals were used as received and without any
further purification. The AFM tips used in this study (triangular shaped,
nominal spring constant of 0.01 N/m, and radius of curvature of 10 nm)
were purchased from Veeco Metrology (Santa Barbara, CA). Silicon
wafers were purchased from Silicon Sense (Nashua, NH).

Gold Deposition on Silicon Substrates and AFM Tips.
AFM tips and silicon wafers were coated with a S nm layer of titanium
and a 30 nm layer of gold at normal incidence using an electron beam
evaporator (Tek-Vac Industries, Brentwood, NY). The rates of deposi-
tion of gold and titanium were ~0.2 A/s. The pressure in the evaporator
was maintained at less than 1 x 10~ ° Torr throughout evaporation of
the metals. Gold-coated substrates and tips were used immediately after
gold deposition.

Preparation of Chemically Functionalized AFM Tips. Fol-
lowing gold deposition, the AFM tips were immersed in a 1 mM
ethanolic solution of 1-dodecanethiol and incubated overnight. Upon
removal from solution, the tips were rinsed with ethanol, dried with a
gentle stream of nitrogen, and immediately transferred to the AFM fluid
cell.

Preparation of f-Peptide-Decorated Surfaces. Following
gold deposition, the silicon wafers were cut into small pieces, immersed
in an ethanolic solution composed of 2 uM EG4N and 0.998 mM EG4,
and incubated for 18 h. The substrates were then rinsed with ethanol and
deionized water (3% each) and dried with a stream of nitrogen.
Subsequently, the surfaces were treated with the SSMCC cross-linker
(1 mg/mL solution in TEA buffer, pH 7.2) for 1 h, rinsed with deionized
water and ethanol, and dried with nitrogen. Finally, the maleimide-
activated surfaces were reacted with the thiol-terminated [3-peptides
(250 uM solution in TEA buffer, pH 7.2) for 3 h. The surfaces were then
rinsed thoroughly using the following procedure: 100 mM TEA buffer
(pH 7.2), deionized water, 100 mM NaCl, deionized water, methanol,
deionized water. The surfaces were then dried with nitrogen and stored
in TEA buffer (pH 7.2) until AFM force measurements were performed.

Characterization of f-Peptide-Decorated Surfaces. Prior
to performing AFM force measurements, we characterized these sur-
faces by ellipsometry, X-ray photoelectron spectroscopy, and AFM
imaging. Ellipsometry was used to characterize the increment in optical
thicknesses of the surfaces at the different steps of the immobilization
procedure. Ellipsometric measurements were performed with a Gaert-
ner LSE ellipsometer (4 = 632.8 nm, 9 = 70°). The optical thicknesses
reported in Table 1 are the averages of three independent experiments
(with three replicates each) using a refractive index of n = 1.46 for the
thin films.

X-ray photoelectron spectroscopy (XPS) was used to determine the
atomic composition of the surfaces at the various steps of the immobi-
lization procedure, as reported in Table 1. The major peaks of interest
were N (1s), C (1s), O (1s), and Au (4f). The Perkin-Elmer PHI 5400
XPS system was equipped with Omni-Focus Lens and a magnesium
X-ray source (1486.6 eV). The XPS spectra were obtained over an
approximate surface area of 1 mm X 3 mm. Survey scans with a pass
energy of 89.45 eV were first performed to identify elements present on
the surface, followed by acquisition of element-specific spectra with a
pass energy of 0.5 eV. Data analysis was performed using the RBD
Instruments AugerScan analysis software. The atomic composition of
each element present on the surface was determined, after establishing

the baselines, by integrating the area under each peak and correcting for
the element-specific PHI sensitivity factors. The atomic compositions
reported in Table 1 are the average of two independent experiments.

AFM imaging was performed in order to verify that the surfaces were
homogeneous and free of aggregates (See Supporting Information,
Figure S1). AFM images were obtained using a Nanoscope IIla Multi-
mode AFM equipped with a fluid cell (Veeco Metrology Group, Santa
Barbara, CA) in deionized water using contact mode and triangular-
shaped silicon nitride cantilevers (nominal spring constant of 0.01 N/m
and radius of curvature of 10 nm).

AFM Force Measurements. Adhesion force measurements were
performed using a Nanoscope IIla Multimode AFM equipped with a
fluid cell (Veeco Metrology Group, Santa Barbara, CA). Force measure-
ments were performed at room temperature. Contact-time was kept
constant at 0 ms. Retraction and approach speed were kept constant at
1000 nm/s. Triangular-shaped silicon nitride cantilevers were used and
functionalized as described above. The spring constants of the canti-
levers were calibrated using Sader’s method on a PCM-90 Spring
Constant Calibration Module (Novascan Technologies, Aimes, IA)
and determined to be ~0.011 N/m. Force curves were recorded by
moving the AFM tip over different places on the sample, and at least 100
force curves were recorded at each spot in order to plot adhesion force
histograms. All forces were recorded with a constant contact force of
~0.2 nN to avoid tip and surface damage.

B RESULTS

We measured the interactions of surface-immobilized 3-pep-
tides with the tip of an atomic force microscope (AFM) that was
coated with §old and subsequently modified chemically to be
hydrophobic*”*® by reaction with 1-dodecanethiol. To perform
these measurements, we covalently immobilized the -peptides
at surfaces such that (1) the [-peptides were presented at a
sufficiently low density to enable measurement of single-
molecule interactions with the AFM tip (see below for additional
discussion) and (2) no adhesive interactions occurred between
the hydrophobic AFM tip and the surface in the absence of
p-peptide. These goals were achieved as shown in Figure 1C. We
prepared mixed self-assembled monolayers on gold substrates
from thiols containing tetraethylene glycol that were terminated
with either hydroxyl (EG4) or primary amine (EG4N). The
amine groups of EG4N were acylated with the cross-linker
sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carbox-
ylate (SSMCC), and the maleimide unit of SSMCC was then used
to covalentlz attach the thiol-terminated [-peptides to the
monolayers.”” This chemistry has been widely used in past studies
in which oligopeptides have been immobilized on surfaces at
controlled densities.® A low density of surface-immobilized
p-peptide was achieved by preparing mixed monolayers contain-
ing 0.2% EG4N.

We used a combination of X-ray photoelectron spectroscopy
(XPS) and ellipsometry to confirm immobilization of the
[-peptides on the surfaces (Table 1). The increment in optical
thickness (~1 nm) measured after 3-peptide immobilization on
100% EG4N surfaces is consistent with monolayer coverage of
the f-peptide. Elemental analysis by XPS reported in Table 1
confirms the attachment of -peptides to the surface. In parti-
cular, the gold signal was lower after immobilization of either
p-peptide (3.2 £ 0.4%) than before immobilization (7.7 + 1.1%);
we attribute the attenuation of the gold signal to the presence of a
p-peptide monolayer. In addition, the nitrogen signal on the
surface increased after immobilization of either -peptide, from
3.8 & 1.0% to ~7%, which is consistent with the presence of
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Table 1. Ellipsometric Thickness (nm) and Elemental Analysis by XPS (atomic compositions shown as percentages) of Surfaces

Prepared during Immobilization of #-Peptide Oligomers

ellipsometric thickness (nm)

atomic composition (%)

sample total thickness increment in thickness
EG4N 3.1£01
EG4N + SSMCC 45£01 1.34+0.1
EG4N + SSMCC + GA 54£02 09 £03
EG4N + SSMCC + iso-GA $3+02 0.8+0.3

Au (¢} (@) N
7.7+1.1 640+ 1.1 245+13 3.8+1.0
45+ 1.7 677+ 1.8 222420 5.6+0.5
32404 70.6 0.7 189+13 7.340.1
3.1+0.1 67.8+£0.6 231+ 1.1 6.7+04
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Figure 2. Force histograms and representative force—separation curves
obtained using a hydrophobic AFM tip in TEA buffer (pH 7.2) for
control force measurements. (A) Representative example of the force—
separation curves obtained from control force measurements. (B) Force
histogram for a maleimide-decorated surface prepared using SSMCC (as
shown in Figure 1C). Inset shows a schematic illustration of the
interaction between the maleimide group and the hydrophobic AFM
tip (see text for details). (C) Force histogram after treatment of the
surface in A with 5-mercaptoethanol and then GA (see text for details).
Inset shows a schematic illustration of the interaction between the
p-mercaptoethanol and the hydrophobic AFM tip.

B-peptides on the surface. Although the atomic compositions of
the B-peptide sequence isomers are identical, the carbon, oxygen,
and nitrogen signals were not identical for the GA and iso-GA
samples. The sources of these small differences in signal are
unknown, but they may include factors such as the presence of

residual waters of hydration as well as the attenuation of signals
from buried functional groups. Prior to performing single-mole-
cule force measurements, we characterized the -peptide-deco-
rated surfaces using AFM imaging, which confirmed that the
surfaces were homogeneous and free of aggregates (Figure S,
Supporting Information).

Force measurement control studies were performed between
the hydrophobic AFM tip and the surfaces at the different stages
of the f-peptide immobilization procedure, namely, a pure
monolayer of EG4, a mixed monolayer composed of 0.2%
EG4N and 99.8% EG4, and a maleimide-decorated surface
(0.2% EG4N after reaction with SSMCC). The measurements
were performed in aqueous 100 mM triethanolamine (TEA)
buffer at pH 7.2 (see Figure 2 and Supporting Information). The
EG4N and maleimide groups should not be present on the
surfaces presenting [3-peptides if acylation and immobilization
reactions go to completion; nevertheless, in control studies, we
verified that these groups, if present, do not contribute signifi-
cantly to measured adhesion forces (Figure 2B for a surface
containing 0.2% EG4N; see also Supporting Information). No
adhesion was detected for the surface bearing 0.2% SSMCC-
activated EG4N; in contrast, significant adhesive forces were
measured following incubation of either of the [-peptide
sequence isomers, GA or iso-GA, with the SSMCC-activated
surface (Figure 3C and Figure 3D, respectively). To establish
that these forces result from [-peptides covalently immobilized,
we measured adhesion forces using a SSMCC-activated mono-
layer that was pretreated with 3-mercaptoethanol before incuba-
tion with thiol-terminated [-peptide (Figure 2C). The thiol
group of -mercaptoethanol should react with the maleimide
groups of the SSMCC units, thus preventing covalent attachment
of the pJ-peptides after pretreatment. Pretreatment with
pB-mercaptoethanol eliminated the adhesive interactions shown
in Figure 3C and 3D, which leads us to conclude that the forces
recorded in Figure 3C and 3D result from the interactions of
covalently immobilized S-peptides and the hydrophobic AFM
tip.

We conclude that the adhesion force histograms in Figure 3
correspond to single-molecule events for the following reasons.
First, we considered it possible that the force histograms in
Figure 3C and 3D (particularly, the strong adhesive interactions
measured in the force histograms of the GA oligomers shown in
Figure 3C) might correspond to the simultaneous interaction of
two or more f-peptides with the AFM tip. To address this
possibility, we monitored the fraction of nonadhesive interac-
tions in our experiments and measured the force histograms on
surfaces that generated a larger fraction of nonadhesive interac-
tions. Inspection of Figure 3E and Figure 3F reveals that the force
histograms obtained on surfaces with >90% nonadhesive inter-
actions are similar to those shown in Figure 3C and 3D. The only
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Figure 3. Force histograms and representative force—separation curves
obtained between a hydrophobic AFM tip and a 3-peptide-decorated
surface in TEA buffer (pH 7.2). (A) Representative force—separation
curve obtained for the surface in Figure 2B treated with GA. (B)
Representative force—separation curve obtained for the surface in
Figure 2B treated with iso-GA. (C) Force histograms for the surface
in Figure 2B treated with GA. Inset shows a schematic illustration of the
proposed interaction between a single GA [-peptide oligomer and a
hydrophobic AFM tip (see text for details). The red and blue circles
represent the hydrophobic ACHC groups and the cationic 3>-hLys
groups around the 3-peptide oligomer, respectively. (D) Force histo-
gram for the surface in Figure 2B treated with iso-GA. Inset shows a
schematic illustration of the proposed interaction between a single iso-
GA [3-peptide oligomer and a hydrophobic AFM tip (see text for
details). (E) Force histograms for a surface presenting GA that led to
~90% nonadhesive contacts. (F) Force histogram for a surface present-
ing iso-GA that led to ~95% nonadhesive contacts. Force measurements
were performed at constant approach and retraction speed (1000 nm/s),
constant contact time (0 ms), and constant contact force (~0.2 nN). At
least 1000 force curves were used to plot adhesion force histograms for
the interaction of f-peptide oligomers with hydrophobic AFM tips.
Similar data were obtained in at least three independent experiments and
six tip/sample combinations.

difference between the two sets of force histograms is a slight
narrowing of the adhesion force distributions due to a decrease in
the sample size in Figure 3E and 3F (a full discussion of the
features of the force histograms that we view as significant is
presented below). Overall, this result confirms that the fraction of
adhesive interactions measured was sufficiently low that the force
histograms in Figure 3C and 3D are dominated by single-
molecule interactions. This result together with the low density
of f-peptide immobilized on the surface (we calculate the
maximum [-peptide density that can be covalently immobilized

to the mixed monolayer containing 0.2% EG4N and 99.8% EG4
to be ~1 B-peptide oligomer per ~100 nm’, see Supporting
Information) supports our interpretation of the force histograms
in Figure 3C and 3D as corresponding to single -peptide
interactions. Second, although nonrandom mixing of organothiol
molecules within mixed monolayers formed on gold has been
reported®’ and could lead to local clustering of 3-peptides, the
structural similarity of the hydroxyl- and amine-terminated thiols
used in our study makes such clustering unlikely. Third, we note
that the magnitudes of the adhesive forces shown in Figure 3C and
3D are in a range that is typical of single-molecule interactions."

Close inspection of Figure 3C reveals that the adhesive
interactions of the hydrophobic AFM tip and the GA oligomer
give rise to a broad, asymmetric distribution of forces (0.1—0.4
nN) with a peak in frequency at 0.13 nN. The presence of this
broad and asymmetric distribution of forces, with a subpopula-
tion of strong adhesive interactions (>0.23 nN), was a general
feature of the histograms measured using the GA sequence
isomer. In contrast, we observed the adhesive interactions
between the iso-GA oligomer (Figure 3D) to result in a relatively
symmetric and narrow distribution of forces (0.1—0.2 nN).
These differences between the force histograms for the two
sequence isomers were consistently found in repeated measure-
ments performed with independently prepared samples and
different AFM tips. These results indicate that single GA or
iso-GA [3-peptides give rise to qualitatively different interaction
profiles with the hydrophobic tip surface.

We hypothesized that the different features apparent in the
force histograms of sequence isomers GA and iso-GA (Figure 3)
reflect differences in the nanopatterns of cationic and hydro-
phobic residues projected by these 14-helical -peptides. GA can
present distinct faces to the hydrophobic tip because the hydro-
phobic ACHC and cationic 3*-hLys groups are globally segre-
gated to opposite sides of the 14-helical conformation. In
contrast, iso-GA will necessarily present a mixture of the two
types of side chain to the hydrophobic tip, regardless of the
orientation of the oligomer, because the cationic and hydro-
phobic S-amino acid residues are more uniformly distributed
over the surface of the 14-helix (Figure 3C and 3D). We
specifically propose that the strong adhesive interactions appar-
ent in the force histograms for GA (>0.23 nN, corresponding to
~22% of adhesive interactions) result from orientations of GA
that present the hydrophobic face, composed exclusively of ACHC
residues, to the hydrophobic tip. This geometry leads to a strong
hydrophobic interaction between GA and the tip surface, which
is not possible for the iso-GA sequence isomer. Although
approximately two-thirds of the surface area of the GA 14-helix
is hydrophobic, we interpret the force histogram to indicate that
only a relatively small fraction of adhesive events (~22%) result
from interaction of an exclusively hydrophobic face of the
B-peptide with the hydrophobic AFM tip. This interpretation
of the experimental data suggests that the [-peptides are
hindered in their orientational degrees of freedom at the surface.
Such constraints may arise from (i) interactions between the
B-peptides and the underlying self-assembled monolayer and/or
(ii) constraints associated with the covalent attachment of the
B-peptide to the surface. If the S-peptides possessed complete
freedom to rotate, all adhesive interactions measured for GA
would be predicted to correspond to the highly adhesive state of
the system.

To test the hypothesis described above regarding the origin of
the strong adhesive interactions evident in the force histogram
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Figure 4. Force histograms of 3-peptide sequence isomers and hydro-
phobic AFM tips in (A and B) TEA buffer, pH 7.2 and (C and D) TEA
buffer containing 60 vol % methanol. The same tip/sample combination
was used to obtained histograms in A and C and B and D. (A) GA
p-peptide in TEA buffer. (B) iso-GA f-peptide in TEA buffer. (C) iso-GA
p-peptide in 60 vol % methanol. (D) iso-GA [3-peptide in 60 vol %
methanol. Force measurements were performed at constant approach and
retraction speed (1000 nm/s), constant contact time (0 ms), and constant
contact force (~0.2 nN). At least 1000 force curves were used to plot
adhesion force histograms for the interaction of f-peptides with hydro-
phobic AFM tips under both conditions. Similar data were obtained in at
least three independent experiments and six tip/sample combinations.

for GA, we added methanol to the aqueous solution in which the
force measurements were performed. Past studies have reported
that addition of methanol to water (1) reduces hydrophobic
interactions between proteins°>and (2) reduces hydrophobically
driven self-association of 3-peptides in solution without affecting
their helical secondary structure.** In a control study, we
examined the effect of adding methanol to water (and TEA-
buffered water) on the adhesion forces between two hydropho-
bic monolayers formed from 1-dodecanethiol (see Figure S3,
Supporting Information). Our measurements indicated that
adding methanol reduced the adhesive interactions between
the two hydrophobic surfaces from 5.6 to 1.0 nN. Figure 4 shows
the impact of addition of methanol on the force histograms
characterizing the interactions of 3-peptide GA or iso-GA with
the hydrophobic AFM tip. A comparison of Figure 4A with
Figure 4C reveals that the tail of the force histogram correspond-
ing to the strong adhesive interactions of the GA isomer in
aqueous solution was largely eliminated by addition of 60 vol %
methanol, which supports our hypothesis that the subpopulation
of strong adhesive interactions involving GA in aqueous solution
is hydrophobic in origin. In contrast, as seen by comparing
Figures 4B and Figure 4D, the force histogram of iso-GA was not
substantially changed by addition of methanol. We note that the
frequency of nonadhesive interactions in the force histograms
(both in TEA- and in methanol-containing solution) is influ-
enced by variations in the local density of immobilized S-peptide
within the region of the surface probed by the AFM tip, and thus,

the differences in frequencies of nonadhesive interactions seen upon
addition of methanol should not be viewed as significant. We also
performed force measurements in which GA was transferred from a
60 vol % methanol solution into aqueous TEA buffer. In these
experiments, we observed the force histograms to be similar to those
shown in Figure 4A and Figure 4C for the respective solvents,
indicating that the effect of adding methanol was reversible. We also
note that the peaks in the histograms corresponding to adhesive
interactions with magnitudes of 0.1—0.2 nN were not substantially
changed upon addition of methanol for either of the S-peptide
oligomers. In control experiments, we measured adhesive interac-
tions between an amine-terminated surface and a hydrophobic AFM
tip in water to be unchanged by addition of methanol (similar to our
observations with both 3-peptide isomers in Figure 4C and 4D).
This result suggests that the adhesive interactions measured
between both [-peptides and hydrophobic surfaces in the presence
of methanol may reflect interactions of amine groups of the
P-peptides with the hydrophobic surface. The key conclusion
extracted from the results in Figure 4 is that the strong adhesive
forces measured between the GA oligomer and the hydrophobic
AFM tip are due to hydrophobic interactions between the globally
segregated hydrophobic ACHC groups on the surface of 14-helical
GA and the AFM tip. This type of strong hydrophobic interaction is
not possible when the ACHC groups are distributed more uni-
formly over the surface of the 14-helix, as is the case with iso-GA.

l DISCUSSION

Our results show that sequence-dependent interactions
can be measured between synthetic 5-peptides and chemically
modified (hydrophobic) surfaces using AFM single-molecule
force spectroscopy. Previous studies have documented
sequence-dependent interaction forces between biopolymers
and oligo-0.-peptides immobilized on surfaces. For example,
the sequence-dependent affinity of t-peptides for the protein
profilin has been described.® In addition, it has been shown that
point mutations in an O.-peptide sequence can change its binding
affinity to DNA.>* However, in those prior studies, because the
secondary structure of the oligopeptides is not well defined, it
was not possible to connect changes in the measured forces to
changes in the three-dimensional nanopatterns of side-chain
functionality presented by the o-peptides. Of particular rele-
vance to this paper, we note that the secondary structure of
oligo-at-peptides typically changes during their interaction and
adsorption at interfaces (Q--helix to [3-sheet transitions are
common).>> Also, changes in sequence can lead to changes
in O-peptide secondary structure. In contrast, because the
14-helical secondary structure of the f-peptides used in our
study is stable, it is possible to attribute the different interactions
of the GA and iso-GA isomers with the hydrophobic surface to
distinct nanopatterns of functional groups presented by the 14-
helical conformations of these 3-peptides. The effects of metha-
nol on the force histograms provide support for our interpreta-
tion of the force measurements in terms of variations in
hydrophobic interactions that result from differences in the
nanoscale presentation of ACHC groups by the two -peptide
isomers. This component of our experimental design depends
upon the high conformational stability of ACHC-rich f3-pep-
tides. In contrast, addition of methanol to solutions of oligo-0.-
peptides or proteins will generally lead to changes in secondary
structure that confound the interpretation of forces in terms of
particular chemical patterns.
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The conclusions extracted from the single-molecule force
measurements reported in this paper are consistent with several
prior studies of self-assembly of -peptides composed of ACHC
and S>-hLys residues that fold into globally amphiphilic or
nonglobally amphiphilic helices. Derivatives of GA have been
shown to undergo hydrophobically driven self-assembly in bulk
aqueous solution, but derivatives of iso-GA do not self-
assemble.*"** Our measurements reveal the hydrophobic forces
that are likely to be responsible for these differences in self-
assembly behavior of f-peptide oligomers. It has been shown
that methanol disrupts self-association of globally amphiphilic
B-peptides.** Correspondingly, our results show that addition of
methanol results in the elimination of the strong adhesive inter-
actions measured for the GA oligomer. Molecular simulations
have suggested that the association of GA molecules in water is
driven by entropic effects arising from contacts between the
hydrophobic faces of the 14-helices.*® Our conclusion that the
strong adhesive interactions observed with GA result from oligomer
orientations that give rise to exclusively hydrophobic interactions
with the AFM tip is consistent with this prior computational study.

B CONCLUSIONS

Overall, the results presented here suggest that single-molecule
force measurements involving 3-peptide oligomers represent the
basis of a promising methodology for future investigations aimed at
understanding the origins of interactions that result from specific
nanopatterns of chemical groups, including hydrophobic groups in
water. Although the change in chemical pattern explored in this
paper is relatively simple (a “globally amphiphilic” versus a “non-
globally amphiphilic” pattern), the demonstration that it is possible
to measure changes in intermolecular forces that result from the
change of an amphiphilic pattern in a pair of isomeric 3-peptides
hints that it may be possible to build upon the approach described in
this paper to elucidate the impact of more subtle changes in chemical
patterns on intermolecular forces. For example, a series of 3-peptide
oligomers with sequences that define hydrophobic domains that
vary incrementally in size could enable one to quantify the influence
of hydrophobic domain size on intermolecular interactions.'>
Alternatively, by placing a charged or otherwise polar residue within
the hydrophobic face of a helical 3-peptide oligomer, one could
explore the impact of isolated polar groups on hydrophobic
interactions.'” In the long term, a more complete understanding
of intermolecular forces generated by chemical nanopatterns could
potentially enable the design of synthetic self-assembled materials
and systems capable of executing functions that are as complex and
versatile as those evident in natural systems comprised of assemblies
of proteins, nucleic acids, lipids, and carbohydrates."

B ASSOCIATED CONTENT

© Ssupporting Information. AFM image of a S-peptide-
decorated surface, AFM force measurements between hydrophobic
AFM tips and surfaces at different steps of the immobilization
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