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T
he biological interactions respon-
sible for structuring and sustaining
life occur between molecular entities

via mechanisms of molecular recognition.1

Elegant architectures often found in hard

biomineralized tissues, for example, are a

result of molecular recognition resulting in

the formation of hierarchical functional in-

organic structures mediated by proteins

and other biomolecules.2,3 Similarly, devel-

opment of advanced implants and thera-

peutic devices depends on the biocompati-

bility of solid surfaces, again at the

biomolecule/material interfaces.4 Conse-

quently, there has been a recent surge in

the utilization of the structural and chemi-

cal diversity of amino acids to discover se-

quences with desired material specificity

and to utilize these peptides in technology

and medicine.5 At the heart of these diverse

fields lies the need for understanding of

the mechanism(s) by which specific protein

sequences coherently interface with spe-

cific solid surfaces.

Combinatorial genetic techniques6�8

permit isolation of specific recognition ele-

ments for surfaces, including those not rec-

ognized by naturally occurring amino acid

sequences.9�16 Recently, a number of inor-

ganic binding polypeptide sequences have

been selected using combinatorial

mutagenesis.9�16 In our experiments, GBP1,

a gold-binding peptide, was used with an

amino acid sequence MHGKTQATSGTIQS,

repeated three times to enhance its bind-

ing affinity.9,10 Gold-binding sequences had

been isolated as extracellular loops of mal-

toporin.9 The binding motif does not con-

tain cysteine residues, known to form

Au�thiol linkages with surface atoms, as in
self-assembled monolayer (SAM)
systems.17,18

The solution structure of 3rGBP1 is intrinsi-
cally disordered and consists of a repetitive
random coil-extended structure conforma-
tion [i.e., (MHGKTQA)random coil

�(TSGTIQS)extended].19 This peptide has an in-
teresting dual character: 3rGBP1 has been
shown to both nucleate gold crystals from
Au(III) ions in solution as well as preferentially
inhibit the growth of the Au{111} crystal face
in solution.10 Investigation of the adsorption
of 3rGBP1 on Au reveals that
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ABSTRACT The understanding of biomineralization and realization of biology-inspired materials technologies

depends on understanding the nature of the chemical and physical interactions between proteins and biominerals

or synthetically made inorganic materials. Recently, combinatorial genetic techniques permit the isolation of

peptides recognizing specific inorganic materials that are used as molecular building blocks for novel applications.

Little is known about the molecular structure of these peptides and the specific recognition mechanisms onto

their counterpart inorganic surfaces. Here, we report high-resolution atomic force microscopy (AFM), molecular

simulation (MS), and geometrical docking studies that detail the formation of an ordered supramolecular self-

assembly of a genetically engineered gold binding peptide, 3rGBP1 ([MHGKTQATSGTIQS]3), correlating with the

symmetry of the Au{111} surface lattice. Using simulated annealing molecular dynamics (SA/MD) studies based on

nuclear magnetic resonance (NMR), we confirmed the intrinsic disorder of 3rGBP1 and identified putative Au

docking sites where surface-exposed side chains align with both the <110> and <211> Miller indices of the

Au lattice. Our results provide fundamental insight for an atomistic understanding of peptide/solid interfaces and

the intrinsic disorder that is inherent in some of these peptide sequences. Analogous to the well-established

atomically controlled thin-film heterostructure formation on semiconductor substrates, the basis of today’s

microelectronics, the fundamental observations of peptide�solid interactions here may well form the basis of

peptide-based hybrid molecular technologies of the future.

KEYWORDS: molecular recognition · inorganic binding
peptides · nanotechnology · nuclear magnetic resonance · atomic force
microscopy · supramolecular assembly · simulated annealing molecular
dynamics · lattice correlation
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peptide surface adsorption follows a Langmuir model

with specific kinetic parameters (e.g., Keq � 107 M�1) and

binding energy (�GB � �8.0 kcal/mol)20,21 similar to those

reported for synthetic-based self-assembled monolayers

(Figure 1A).17,18 The recognition mechanism underlying

such affinity has not been studied in detail, and it is not

clear how the unfolded state of 3rGBP1 directs the recog-

nition and interaction processes on the Au{111} surface or

what molecular features would enable self-associative

behavior.

Using high-resolution noncontact mode atomic

force microscopy (AFM), we first investigated the mor-

phology of 3rGBP1 thin films prepared over large-

grained atomically flat surfaces of Au{111}. Figure 1 re-

ports AFM topography images of the resulting peptide

films from two separate assembly and rinsing proce-

dures carried out on gold surfaces exposed to a 1

�g/mL peptide solution. Shown in Figure 1A, the use

of aggressive force in the rinsing stream (see Ma-
terials and Methods) reveals step heights in the
films which correspond to single and dual incre-
ments of �1.5 nm from the gold surface, simi-
lar to the previously observed values.22 This di-
mension is indicative of peptides assembled
with their longest axis parallel to the surface, an
orientation allowing the ca. 1.5 nm diameter
random coil and extended motifs to satisfy side-
chain interactions with the underlying gold sur-
face. Upon closer inspection, the peptide film
covers a finely corrugated close-packed struc-
ture with a six-fold symmetry shown in Figure
1C, implicit gold surface reconstructions with
appropriately corresponding heights of �2�3
Å and �6 � 1 nm peak-to-peak separations.23 As
seen in other deposition systems over Au{111},24

this structure is observed to transfer to the pep-
tide adlayer, yielding nanodomains of roughly
double (12 � 2 nm) the width and maintaining
the six-fold orientation of the underlying surface
(Figure 1A,B). The use of a noninvasive rinsing
(see Materials and Methods) results in a conflu-
ent, structured surface film as seen in Figure
1B,D�F with extended six-fold domains. From
these observations, the six-fold organization of
3rGBP1 assemblies, or self-assembled peptides
(SAPs), correlates strongly with the six-fold sym-
metry of the gold surface lattice in Figure 1C,
suggestive of a possible lattice correlation mech-
anism. The SAP patterns formed by the ordered
domains can be better revealed using both AFM
amplitude and height images of the same re-
gions of the sample (Figure 1E,F, respectively).
Since the supramolecularly structured peptide
covers nearly the whole Au{111} surface periodi-
cally, this new self-assembled monolayer may
be considered as peptide-tiling consisting of
peptide nanodomains.

To investigate the molecular basis for 3rGBP1 self-
association and supramolecular assembly, we per-
formed structure refinement simulations of the 42-AA
peptide under implicit solvent conditions (see Materi-
als and Methods) and determined a plausible lowest en-
ergy conformational ensemble (10 structures) that fit
our previously published target NMR data set.19 The
conformer library (n � 10) generated by SA/MD is con-
formationally heterogeneous, as evidenced by the
broad distribution of � and � backbone torsion angles
obtained for the 10 conformers (Figure 2A). This result is
expected based on the knowledge of the reported
structural lability of this polypeptide19 and the pres-
ence of six Gly residues, which would introduce loop-
like conformational flexibility along the length of the
peptide molecule.25�27 The lowest energy-minima
structure obtained from SA/MD simulations appears to
be intrinsically disordered and possesses an alternating

Figure 1. Atomic force microscopy observation of the 3rGBP1 ordered supramo-
lecular assembly on Au{111}. Pseudo-three-dimensional AFM images of the par-
tial (A) and confluent (B) structured layers. The line profiles corresponding to the
AFM images show step heights of a harshly rinsed surface (A) compared to one
minimally rinsed (B). (C) High-resolution imaging of finely corrugated six-fold
symmetrical structures observed on the reconstructed {111} oriented gold sur-
face (from the area outlined by the black square in A), seen to transfer through
the overlaying peptide film partially covering the substrate. (D�F) AFM scan over
an area of 4 �m2 showing the long-range ordering of the peptide film on sev-
eral 	111
 oriented gold grains, in both height (D,E) and amplitude (F) imaging
modes. The self-assembled peptide monolayer has six-fold symmetry in registry
with the underlying Au{111} surface lattice.
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coilOextended �-strand structure (average chain
length � 42 Å), and this result is consistent with
the experimental findings reported in our earlier
NMR studies (Figure 2B,C).19 The topological de-
tails of this lowest energy structure are intriguing.
First, the alternating coil- or looplike structure of
3rGBP1 generates an open, repetitive or pat-
terned three-dimensional surface topology that
features short, alternating, accessible cationic
(His, Lys) and anionic (Thr, Ser, Gln) motifs (Fig-
ure 2D). Such a peptide molecular architecture
would offer a significant interactive surface area
that could promote complementary interactions
among 3rGBP1 molecules. Second, given the ab-
sence of internal folding or internal stabilization
via side chain�side chain intramolecular interac-
tions within 3rGBP1,19 many of the residues in
3rGBP1 are not committed to internal stabiliza-
tion interactions. This implies that the majority of
the peptide sequence is potentially available for
interactions either with the Au{111} surface
and/or neighboring 3rGBP1 molecules resulting
in intermolecular associations.

It has been hypothesized that some degree
of geometric correlation may occur between the
peptide and Au{111} surface or the ordered sol-
vation layer(s) directly above the Au surface.28 Interest-
ingly, when the number of planar solvent-accessible
functional groups (free amines and hydroxyls) is plot-
ted against the longitudinal rotation of the molecule as
shown in Figure 3A, a prominent interactive domain
can be identified spanning a ca. 60° peak in the analy-
sis. Topologically, this orientation allows for conformal
contact between an open planar loop structure (red
segment, inset of Figure 3A) contributed by the sec-
ond repeat as well as contacts from the first and third
repeats with gold, shown in the inset of Figure 3A, as a
putative Au{111} binding domain. From Figure 3B, this
domain comprises side-chain heteroatoms of the M1,
T11, Q13, S14, T22, S23, T25, and K32 residues. The ar-
rangement of these side-chain heteroatoms is intrigu-
ing in that three vectors formed by the side-chain
heteroatoms of M1-T22-T25-K32, M1-Q13, and S14-T11
align along the 	110
 direction, while the other two
vectors formed by the side-chain heteroatoms of T11-
S23 and Q13-T22 align along the 	211
 direction on
the {111} Au surface (also in Figure 3B). This particular
orientation of the peptide with the Au{111} surface lat-
tice contains more peptide�lattice correlation axes
than others that could be generated through similar
analysis performed along other crystallographic direc-
tions (as demonstrated in Supporting Information Fig-
ure S2). These crystallographic directions possess six-
fold symmetry on the Au{111} surface. The
crystallographic alignments seen here, therefore, may
be the result of 3rGBP1�Au{111} molecular interactions
and relative orientations of the peptide with the under-

lying solid correlating with the observed six-fold sym-

metrical arrangement of the one-fold symmetrical 3rG-

BP1 molecule on the Au{111} that are seen in Figure 1.

The ability of 3rGBP1 to form elongated nanodomain

assemblies that are crystallographically oriented with

the same six-fold symmetry as the Au{111} surface lat-

tice has significant implications for biomimetic nano-

scale building strategies on oriented solid material sur-

faces in general. We believe that the unfolded

conformation of 3rGBP1 leads to two characteristics

that effectively drive the Au recognition and binding

process and, simultaneously, the supramolecular as-

sembly process as well. First, the unfolded state of

3rGBP1 creates an effective surface display of polar

(green), nonpolar (white), and cationic (blue) residues

(inset of Figure 3B), making it a highly reactive species

for both solid Au�peptide interfacial and peptide inter-

molecular interactions. Moreover, the complementarity

between the Au docking surface of 3rGBP1 and the

Au{111} interface may direct peptide binding and as-

sembly that parallels the six-fold symmetry of the

Au{111} surface (Figures 1 and 3A,B). Second, the un-

stable, labile conformation of 3rGBP1 also represents a

potential driving force for both 3rGBP1�Au{111} and

3rGBP1 self-associative interactions. Given the observed

lack of internal stabilization by nonbonding interac-

tions, such as intrachain backbone hydrogen bond-

ing,19 interactions with the Au{111} or with other

3rGBP1 molecules might provide external stabilization

of the peptide conformation and lead to conforma-

Figure 2. Nuclear magnetic resonance spectroscopy structure and molecular
modeling of 3rGBP1. (A) Ramachandran plot of �, � torsion angles obtained for
the 10 lowest energy 42-AA 3rGBP1 SA/MD conformer ensemble, showing a sig-
nificantly heterogeneous distribution of structures indicating lability and intrin-
sic disorder. (B) SA/MD lowest energy minima structure of the 42-AA 3rGBP1 triple
repeat, backbone heteroatom representation (ribbon model); (C) as per (B), but
observed along the long axis of the polypeptide backbone; (D) as per (B), but
heteroatom surface rendering (backbone � side chains), with color scale repre-
senting the charge distribution classification (blue � cationic; red � anionic). The
letters N and C refer to N- and C-termini, respectively.
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tional reorganization and internal stabilization through-

out the self-assembly process.

The presence of disorderOpromoting amino acids

such as Gln, Lys, and Ser,29�31 combined with the pres-

ence of disordered or unfolded conformations in solu-

tion19 indicates that 3rGBP1 is very similar to a class of

proteins known as intrinsically disordered proteins

(IDP).29�31 IDPs are now recognized as an independent

class of unfolded proteins which possess an array of

functions, including assembly and binding to target

macromolecules.29�31 One of the key features of the

IDPs is that these molecules undergo conforma-
tional reorganization upon binding to their tar-
gets.31 These features are also common to 3rG-
BP1, which may bind to a target with an initial
conformation as seen in Figure 3 (e.g., Au sur-
face, other GBP1 molecules) and further sample
conformational space to eventually form an or-
dered supramolecular array (Figure 1A) over
time. The presence of intrinsic disorder, coupled
with the reversible nonbonding interactions
studied herein, complement recent results22

showing 3rGBP1’s ability to be surface-mobile
and reconfigure itself at the gold surface to form
kinetically favored fibrils during the assembly
process. In light of the current study, the direc-
tional diffusion of a single molecule, as well as
clusters of it throughout the assembly process,
may be governed by the number of contacts
that a given peptide (having a particular molec-
ular architecture) forms with a certain crystallo-
graphic surface of an inorganic solid material.
This recognition may inhibit movement along
particular directions on the surface while pro-
moting others, allowing the formation of highly
ordered long-range and stable peptide films
over time. These interactions may, therefore, re-
sult in both the observed affinity and selectivity
properties of this peptide toward gold surfaces
(see Supporting Information Figure S3) over
other materials of practical interest.20,21

In summary, the peptide 3rGBP1 represents
a new class of biological molecules,9�16 geneti-
cally engineered polypeptides for inorganics
(GEPI),12 that are combinatorially selected to
bind to specific inorganics, including metals, ox-
ides, semiconductors, and minerals.12 The as-
sembly of a GEPI on a surface provides funda-
mental insight into the molecular recognition of
an inorganic by a peptide as illustrated here us-
ing a gold-binding peptide on Au{111}. The ob-
served correlation between the peptide and the
solid is analogous to the atomically controlled
heterostructure formation on semiconductor
substrates, the basis of today’s
microelectronics.32�34 The observations here
may well form the foundation of peptide-based

novel hybrid molecular technologies such as protein
chips,35 peptide�nanoparticle conjugates,12 and de-
signer proteins.44 Fibrillar structures, similar to elon-
gated nanodomains seen here, are found in a number
of biological systems, such as amyloids,36 collagen,37

and spider silks,38 and present an oriented environment
for the formation of hierarchical molecular assemblies.
Additionally, surface recognition and organization of
these molecules provide templates, offering novel prac-
tical means over conventional synthetic systems.39�41

Similar to approaches that utilize organic molecules,

Figure 3. Predicted geometric orientation of 3rGBP1 on the Au{111} surface. (A)
Plot of rotational angle (�) and number of possible planar interactions between
the peptide and the Au{111} surface. The rotation angle, corresponding to the
most interactive surface, is indicated by a red circle. The inset shows a represen-
tative structure, in which the repeats are labeled by different colors, and the hy-
drogen bonding donor/acceptor Lys, Thr, Gln, Ser side chain and N-terminus (His)
nitrogen (blue) and oxygen (red) atoms are shown individually. (B) Representa-
tion of the circled orientation from (A) and its geometric correlation with the {111}
surface of gold. The polypeptide backbone is represented in ribbon format (yel-
low) with docking residues (M1, T11, Q13, S14, T22, S23, T25, and K32, identified
along the sequence shown on the top of the figure) highlighted (green) along
with their respective heteroatoms involved in surface interactions represented
as space-filling atoms in either blue (N) or red (O). The crystallographic directions
for specific docking surface atoms are presented in green (	110
) or orange
(	211
), depending on their correspondence with the appropriate Miller indi-
ces of the Au surface lattice. Inset shows surface representation of potential inter-
molecular interactions with 3rGBP1 while bound to Au{111}, highlighting free po-
lar (green), nonpolar (white), and cationic (blue) surfaces.
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such as thiols on Au,17,18 a SAP provides an opportu-
nity to build an array of tethered biomacromolecules
with recognition or catalytic functions.40,41 The advan-
tage of utilizing a genetically accessible linking system,
furthermore, could also allow in vivo manipulation42�44

for an increase in tagging fidelity and spatial position-
ing of the solid-affinitive functionality. By using a GEPI,
one could utilize multiple sites for fusion with a desired
ligand, several ligands of the same type, or several dif-
ferent ligands, increasing binding efficiency and
versatility.42�44 For example, cell surface recognition se-
quences could be coupled to reactive 3rGBP1 side

chains (e.g., Lys) to allow cultured cells to recognize
and adhere to Au substrates in cell sorting (e.g., in mi-
crofluidics devices).45 Analogously, important enzymes
(e.g., oxidases and reductases)46 or antibodies could
likewise be coupled to assembled 3rGBP1 layers for spe-
cific applications. Furthermore, GEPI-based molecular
substrates could also be used for selected assembly and
controlled organization of nanostructured units,47 for
example, inorganic nanoparticles and nanowires on sur-
faces, providing a means for molecular fabrication of
functional inorganics,48 a utility in nanotechnology49,50

and nanomedicine.41,50

METHODS AND MATERIALS
Materials. Trifluoroacetic acid (TFA), thioanisole, diethyl ether,

anisole, ethanedithiol (EDT), N,N-dimethylformamide (DMF), pip-
eridine, N,N-diisopropylethylamine (DIEA), and acetonitrile (ACN)
were purchased from Sigma-Aldrich (St. Louis, MO). O-(1H-
Benzotriazole-1-yl)-N,N,N=,N=-tetramethyluronium hexafluoro-
phosphate (HBTU) was purchased from CS Bio (Menlo Park, CA).
Preloaded Wang resin and pseudoproline dipeptides were ac-
quired from Novabiochem (San Diego, CA), while appropriately
side-chain-protected Fmoc amino acids were from Chempep
(Miami, FL). All peptides were purified using Gemini (Phenome-
nex, Inc., Torrance, CA) C18 peptide/protein reverse-phase col-
umns for analytical (250 � 4.6 mm, 5 �m particle, 110 Å pore)
and semipreparative purification (250 � 21.2 mm, 10 �m par-
ticle, 110 Å pore); HPLC solvents used were solvent A (0.1% TFA
in water) and solvent B (90% acetonitrile, 10% water, and 0.1%
TFA). Peptides were stored and incubated in a 3:1 K2HPO4/
KH2PO4 10 mM phosphate buffer with 100 mM KCl at a pH of
7.00. Concentrated HCl and NaOH solutions were used to estab-
lish the desired pH of the sample (Nanopure Milli-Q water (deion-
ized and distilled) was used for the preparation of all solutions
unless stated otherwise). Au{111} gold surfaces were purchased
from Agilent (Santa Clara, CA).

Peptide Synthesis. Peptides were prepared on an automated
solid-phase peptide synthesizer (CS336X, CSBio Inc., Menlo Park,
CA) employing standard batchwise Fmoc chemistry procedures.
To prevent interchain interactions and a lowering of yield, Fmoc-
Ala-Thr(�Me,Mepro)-OH and Fmoc-Gln(Trt)-Ser(�Me,Mepro)-OH
pseudoproline dipeptides (Novabiochem, San Diego, CA) were
inserted at five permissive locations throughout the sequence.
Briefly, synthesis was carried out on a preloaded Fmoc-Ser(tBu)-
Wang (Novabiochem, San Diego, CA) low-loading support resin
using HBTU activation chemistry, while 20% piperidine in DMF
was employed to afford the Fmoc deprotection and monitored
by UV absorbance at 301 nm. Following solid-phase synthesis,
the peptide was cleaved off the support and side chain depro-
tected by stirring the resin-bound peptide in a cocktail contain-
ing 90:5:3:2 TFA/thioanisole/EDT/anisole under N2 atmosphere
for �6 h. The resin was removed by filtration, and the peptide
was precipitated with cold ether to yield crude peptide product
that was lyophilized (Virtis Benchtop K, SP Industries, Inc., Warm-
inster, PA). Reconstitution of the peptide powder required im-
mersion in 50 �L of TFA followed by �40/60 vol %. ACN to DI
H2O. Purification by reverse-phase HPLC for 3rGBP1 employed
first an isocratic (0% B for 2 min) then a linear gradient of 1%/
min for analytical and 0.5%/min for semiprep scales at 1 and 10
mL/min flow rates, respectively. Retention times were ca. 38 min
for semiprep and ca. 27 min for analytical. Analytical peaks were
isolated by autothreshold collection (Waters Deltaprep 600, ana-
lytical mode) and were identified by MALDI-TOF mass spectrom-
etry with reflectron (RETOF-MS) on an Autoflex II (Bruker Dalton-
ics, Billerica, MA) mass spectrometer in positive-ion mode, and
the observed 3403.4 M/Z fraction was subsequently collected
manually from the scaled semipreparative separation (Waters
Deltaprep 600, semiprep mode). Representative chromatogram

and its mass spectrum of the resultant pure peptide can be
found in the Supporting Information (Figure S4).

AFM Sample Preparation. The 150 nm thick {111} oriented gold
substrates were hydrogen flame annealed prior to use via the
protocol established by the manufacturer to clean off any or-
ganic contaminants and retain pristine gold surfaces for immedi-
ate use. For assembly, the gold substrates were cut to 3 mm2

squares and fully submerged in 3rGBP1 solution with a peptide
concentration of 1 �g/mL for 20 min. Immediately after incuba-
tion, substrates were removed from the solution and sprayed
with a stream of DI water from a soft water bottle at varying
forces. For light rinsing, water was dripped at a rate of �1 drop/s,
while heavy rinsing involved grasping the water bottle with con-
siderable force. Surfaces were rinsed for 1 min before thor-
oughly blow drying in argon and scanned.

AFM Measurements. A Digital Instruments (Santa Barbara, CA)
Multimode Nanoscope IIIa scanning probe microscope equipped
with high frequency NanoSensors PPP-NCHR (NanoandMore
USA, Lady’s Island, SC) noncontact probes with a 42 N/m spring
constant were used to scan the Au{111} surface. All imaging was
carried out under tapping mode, with 512 � 512 data acquisi-
tions at a scan speed of 0.8 Hz at room temperature under posi-
tive N2 pressure under acoustic isolation. Supplier-provided soft-
ware (Nanoscope, V5.3r1, Veeco) was utilized for extracting
quantitative data such as surface cross sections from AFM im-
ages. For high-resolution imaging, only tips with observed radii
nominally 	5 nm were used on individual gold grains ranging
from 200 to 400 nm and magnified so that there was one single
atomically flat surface to perform first order XY plane fitting. Af-
ter images were collected, average feature widths were quanti-
fied by measuring the peak-to-peak distances over the span of
multiple fibers. One hundred samples were taken over multiple
images for each dimension from both substrates. Images were
analyzed either as height or amplitude display modes.

Simulated Annealing Molecular Dynamics (SA/MD). Initial polypep-
tide coordinates were generated in the biopolymer module (Bio-
sym InsightII package, Accelrys, San Diego, USA) using the CVFF
force field and extended conformation (� � 0°, � � 0°). Side
chain partial atomic charges (protonated Lys, His side chain
groups, -NH3

� and COO� termini) were explicitly represented
to emulate a neutral pH scenario (net charge � �6). NOE val-
ues obtained for the single repeat19 were used as restraints in
setting corresponding H�H distances and dihedral angles at
specific locations within the first, second, and third repeat re-
gions of this starting structure (Table 1 of ref 22), using a build-up
strategy similar to that employed in our previous work.25 For ex-
ample, backbone restraints experimentally obtained for Met1 in
the single repeat were applied to Met1, Met 15, and Met 29 in the
triple repeat; His2 was applied to His16, His30, and so on. NMR
distance restraints were applied as either strong (1.8�2.5 Å), me-
dium (2.5�3.5 Å), or weak (3.5�5.0 Å) soft-square potentials
with force constant of 50 kcal/mol · Å2. Inter- and intraresidue in-
terproton distances were calculated using a reference distance
of 2.4 Å for Ala �-CH-�-CH protons.25 Pseudoatoms defining the
centroids of the methyl and methylene groups were defined in
the NOE restraint file. Due to the conformational lability of 3rG-
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BP1, only a total of 96 NOE restraints were available (18 inter-
residue and 78 intraresidue restraints). All other H�H distances
were left unrestrained in the starting structure. Simulated an-
nealing molecular dynamics runs (10 total) were conducted us-
ing the XPLOR software package; specifically, all simulations em-
ployed a distance-dependent dielectric ( � 78.5, representing
implicit solvation, using a nonbonding cutoff of 4.5 Å to deter-
mine electrostatic interactions using a switching function), and
the Verlet algorithm integrator was used (1 fs per step) along
with a temperature coupling option. Essentially, this approach
is a Langevin-type dynamics method with zero random forces
and a scaled friction coefficient. Following initial minimization to
convergence (Fletcher�Powell algorithm), 30 ps of equilibrium
dynamics were performed at 300 K, and then the system was in-
crementally ramped to 2000 K to sample conformational space.
The system was cooled from 2000 at 100 K per step to 300 K, and
the resulting conformers were then minimized to convergence.
Peptide coordinate files were visualized using the Visual Molec-
ular Dynamics software package (Humphrey, W. J. Mol. Graph.
1996, 14, 33�38). Connolly surface calculations were done by
nonlinear solution to the Poisson�Boltzmann (PB) equation via
DELPHI (Accelrys, San Diego, CA). The dielectric constants were
set to 4 for solute molecules and 80 for the solvent. The solvent
radius and ionic radius were defined as 1.4 and 2.0 Å, respec-
tively, and a grid size of 257 was utilized. Approximate conver-
gence of the nonlinear Poisson�Boltzmann equation was ob-
tained after 800 iterations. The solvent-accessible area and
solvation energies were calculated using a 1.4 Å probe. The elec-
trostatic surface maps in Figure 2D were analyzed with InsightII
(MSI/Biosym).

Geometric Docking of 3rGBP1 on Au{111}. To determine if the SA/MD
lowest energy structure possesses some degree of geometric
complementarity with the Au{111} surface, we performed
polypeptide surface alignment studies. We first aligned the long-
est dimension of the lowest energy conformer of 3rGBP1 along
the y-axis parallel to the substrate, and then we rotated the con-
former horizontally along the y-axis in 1° increments (360° to-
tal). At each increment, we examined the conformer for planar
arrangements of hydrogen bonding donor/acceptor Lys, Thr,
Gln, and Ser side chain and NH3

� main chain nitrogen and oxy-
gen atoms, which could hypothetically form nonbonding inter-
actions with the Au{111} interface or with surface-adsorbed wa-
ter molecules directly above this interface (Supporting
Information Figure S1). The configuration that had the maxi-
mum number of possible interactions (8: M1, T11, Q13, S14, T22,
S23, T25, and K32 residues) was identified and termed as the
docking surface.

Using a Au{111} surface that was constructed from lattice
cell parameters for crystalline gold (4.0782 Å), this docking sur-
face was initially positioned above the Au{111} surface and then
repositioned to provide the best geometric fit between the dock-
ing surface and the Au atoms at the {111} surface. To find the
best fit, we first calculate projected distances between the inter-
action points onto the Au{111} surface (Supporting Information
Table S1) and then normalize them by each nearest neighbor dis-
tance given in Supporting Information Table S2. If the distance
between any given two interaction atoms is an integer multiple
(within a 99% confidence limit) of the nearest neighbor distance
on the Au{111} surface, then these two atoms are assumed to
align along the corresponding crystallographic direction on the
metal surface. On the basis of these criteria, a list of lattice (spa-
tial) match between the 3rGBP1 and Au{111} surface has been
found and listed in Supporting Information Table S3. The dock-
ing corresponding to the highest number of alignments has
three vectors formed by side-chain heteroatoms of M1-T22, M1-
K32, and T25-K32, align along the 	110
 direction with a dis-
tance integer multiple of the unit length of the corresponding
crystallographic direction. As shown in Figure 3B, when the
above corresponding side-chain heteroatoms of 3rGBP1 aligned
along the 	110
 direction, the following four more alignments
also observed altogether lead to formation of six-fold symmetry
observed in experiments: M1-Q13 and S14-T11 align along the
	110
 direction, while the other two side-chain heteroatoms of
T11-S23 and Q13-T22 align along the 	211
 direction on the
{111} oriented gold substrate.
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