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Recent experiments have identified peptides that adhere to GaAs and Si surfaces. Here, we use all-atom
Monte Carlo simulations with implicit solvent to investigate the behavior in aqueous solution of four such
peptides, all with 12 residues. At room temperature, we find that all four peptides are largely unstructured,
which is consistent with experimental data. At the same time, we find that one of the peptides is structurally
different and more flexible, as compared to the others. This finding points at structural differences as a possible
explanation for differences in adhesion properties among these peptides. By also analyzing designed mutants
of two of the peptides, an experimental test of this hypothesis is proposed.

Introduction

The advancing progress in manipulating proteins and non-
biological macromolecules and materials at the nanometer scale
opens up possibilities for constructing novel hybrid materials
with potential applications in bionanotechnology.1,2 An impor-
tant development in this direction is the identification of proteins
that can bind to specific compounds. Over the past decade,
genetic engineering techniques have been successfully employed
to find peptides with affinity for, for example, metals,3,4

semiconductors,5 and carbon nanotubes.6 However, the mech-
anisms by which peptides bind to these materials are not
completely understood; e.g., it is unclear what role conforma-
tional changes play in the binding process.

Here, we report atomic-level simulations of the solution
behavior of four 12-residue peptides whose adhesion properties
to (100) surfaces of GaAs and Si crystals were studied in recent
experiments.5,7,8The main quantity measured in the experiments
was the peptide adhesion coefficient (PAC), defined as the
percentage of surface coverage, after drying and washing of
the samples that were originally in contact with the peptide
solution. This quantity was measured by AFM for the different
peptide-substrate combinations7,8 and was found to show a clear
dependence on both peptide and substrate (see below).

How the binding occurs in these peptide-surface systems is
unclear. However, although the bound peptides were found to
form clusters,8 it seems unlikely that the peptides aggregate
before binding to the surface, because the hydrophobicity of
the peptides studied is low and the peptide concentration was
low, in the nanomolar range. A more accurate description is
probably that the peptides bind one by one, a process that, in
principle, can occur in two fundamentally different ways. One
possibility is a docking behavior, in which the peptides bind to
the surface without undergoing any major conformational
change. This scenario assumes that the peptides have a stable
structure in solution and that this structure matches the structure

of the surface, for example, with respect to polarization. The
second variant is that the peptide is unstructured before binding
occurs. Although the bound peptide structure need not be unique,
the process would then have similarities with coupled folding-
binding,9 which can be an efficient mode of binding when
compared to docking.10,11 Measurements of circular dichroism
(CD) spectra suggest that all four studied peptides are largely
unstructured in solution,8 thus favoring the second type of
binding over docking.

Recent studies have found that the adhesion propensity of
peptides to various surfaces can be in part explained in terms
of adhesion properties of their constituent amino acids;12,13

however, the amino acid composition alone cannot explain the
PAC values obtained experimentally for the four peptides
studied here. In fact, two of these peptides share exactly the
same amino acid composition, but still have quite different
adhesion properties. In order to explain the adhesion properties,
it might thus be necessary to take structural characteristics into
account.

The aim of our study is to get a more detailed picture of the
behavior in aqueous solution of these peptides and to look for
possible structural differences not seen in the CD analysis.8 A
perfect model for folding simulations does not exist. It is worth
noting, however, that the model we use,14,15despite a simplified
energy function, is capable of folding bothR-helical andâ-sheet
peptides without changing any model parameters.15

Three of the peptides we study have previously been
simulated16 using the ECEPP/3 force field.17 This study found
only minor differences in folding behavior between these
peptides. To further elucidate the structural properties of these
peptides at room temperature, we here perform simulations using
an alternative model, which has given realistic results for the
stability and its temperature dependence for the peptides that it
was able to fold.15

Simulating the actual binding of the peptides to the surface
is more challenging due to uncertainties about the precise form
of the peptide-surface interactions and their dependence on
solvation effects.18,19Nevertheless, such simulations have been
performed for gold-binding peptides.20 The phase structure for
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chain adsorption to attractive surfaces has been investigated
using lattice models for polymers21-23 and peptides.24 Simplified
statistical-mechanical models have also been used to study
molecular recognition of patterned surfaces25-30 and confor-
mational changes of proteins adsorbed to a solid surface.31,32

Model and Methods

Peptides Studied.The four peptides we study are listed in
Table 1, where also PAC values for (100) GaAs and Si surfaces
can be found. The sequence S1 was selected from a huge library
of 12-mers for adhesion to GaAs.5 Its very poor propensity to
adhere to Si is noteworthy. The sequence S2 is obtained from
S1 by exchanging two histidines for alanines. This double
mutation leads to a reduced PAC for GaAs and a slightly
increased PAC for Si. The peptide adhering best to the Si surface
is S3, which is a random permutation of S1. The Si PAC is a
factor of 15 higher for S3 than for S1, despite that their amino
acid composition is the same. The last sequence, S4, is derived
from S1 by replacing three asparagines with alanines. This
change results in a slightly reduced GaAs PAC and an increased
Si PAC.

Peptide Model.The model we use contains all atoms of the
peptide chain, including H atoms, but no explicit water
molecules. It assumes fixed bond angles, bond lengths, and
peptide torsion angles (180°) so that each amino acid has the
Ramachandran anglesφ, ψ and a number of side chain torsion
angles as its degrees of freedom. Here, a brief presentation of
the energy function will be given. Detailed descriptions of the
parametrization of the geometry14 and the different energy
terms15 can be found elsewhere.

The energy function consists of four terms,

The first term,Eev, represents excluded volume effects and
is of the form

where the sum is over all atom pairs. The parametersσi are
atomic radii, andλij is a scale factor, which is 1.0 for pairs
connected by three covalent bonds and 0.75 otherwise.

The second term represents an interaction between neighbor-
ing NH and CO partial charges along the backbone. It is given
by

where the outer sum is over all amino acids, and theqi are partial
charges.

The H bond contribution,Ehb, consists of two parts: back-
bone-backbone bonds and backbone-side chain bonds,

whererij denotes the HO distance;Rij, the NHO angle; andâij,
the HOC angle. The functionu(r) is given by

and the angular dependence is

The last energy term,Ehp, represents an effective hydrophobic
attraction and has the form

where the sum is over all pairs of nonpolar amino acids. The
MIJ (g0) are constants that determine the strength of attraction
between amino acids,I andJ. CIJ is a geometric factor and a
measure of the degree of contact between two side chains. It is
defined as

whereAI denotes a predefined set ofNI side chain atoms for
residueI. The functionf(x) is given byf(x) ) 1 if x < A, f(x)
) 0 if x > B, andf(x) ) (B - x)/(B - A) if A < x < B [A )
(3.5Å)2 andB ) (4.5Å)2 ].

In this model, folding is mainly driven by hydrogen bonding
and the effective hydrophobic force. The sequences studied here,
S1-S4, are all only weakly hydrophobic, which makes hydrogen
bonding the dominating driving force.

Simulation Method. To investigate the solution behavior of
the peptides S1-S4, we perform simulated-tempering33,34

simulations with eight temperatures in the range 275-369 K
(274.9, 286.7, 299.0, 311.8, 325.2, 339.1, 353.6, and 368.8 K),
and some reference runs at a constant temperature of 1000 K.
The conformational updates we use are rotations of single
backbone and side chain torsion angles and a semilocal
backbone update, biased Gaussian steps (BGS),35 which updates
seven or eight consecutive angles in a manner that keeps the
rest of the molecule approximately fixed. In the simulated-
tempering runs, these updates are called in different proportions
at different temperatures with more BGS at lower temperatures.
At 299 K, the fractions of attempted single-angle backbone
moves, side chain moves, and BGS are 0.29, 0.51, and 0.20,
respectively.

Our simulations are carried out using the software package
PROFASI,36 which is a C++ implementation of the above
model. Each simulation comprises 109 elementary MC steps.

The results of our simulations are analyzed using multihis-
togram techniques.37 All statistical uncertainties quoted are 1σ
errors obtained by the jackknife method.38

Results and Discussion

Overall Structure and Temperature Dependence.Coop-
erative structural activity is typically signaled by a peak in the

TABLE 1: The Four Sequences Studied and Their PAC
Values for Adsorption to (100) GaAs and Si Surfaces (from
Goede et al.8)a

PAC, %

label sequence GaAs Si

S1 AQNPSDNNTHTH 25 1
S2 AQNPSDNNTATA 14 3
S3 TNHDHSNAPTNQ 17 15
S4 AQAPSDAATHTH 21 6

a S2 is a double Hisf Ala mutant of S1; S3, a random permutation
of S1; and S4, a triple Asnf Ala mutant of S1.

E ) Eev + Eloc + Ehb + Ehp (1)

Eev ) κev∑
i<j

[λij(σi + σj)

rij
]12

(2)

Eloc ) κloc ∑
I [ ∑

i)N,H∈I
j)C,O∈I

qiqj

rij ] (3)

Ehb ) εhb
(1) ∑

bb-bb

u(rij)V(Rij, âij) + εhb
(2) ∑

bb-sc

u(rij)V(Rij, âij)

(4)

u(r) ) 5(σhb

r )12

- 6(σhb

r )10

(5)

V(R, â) ) {(cosR cosâ)1/2 if R, â > 90o

0 otherwise
(6)

Ehp ) - ∑
I<J

MIJCIJ (7)

CIJ )
1

NI + NJ
[∑i∈AI

f(min
j∈AJ

rij
2) + ∑

j∈AJ

f(min
i∈AI

rij
2)] (8)
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statistical fluctuations of system relevant quantities, such as the
energy. Figure 1 shows how the specific heat,CV ) d〈E〉/dT )
(〈E2〉 - 〈E〉2)/kBT2, and the temperature derivative of the radius
of gyration, d〈Rg〉/dT, vary with temperature for the sequences
S1-S4 (〈...〉 denotes a Boltzmann average). The qualitative
behavior of the three sequences S1, S2, and S4 is virtually
identical. For all three sequences, the specific heat exhibits a
broad peak with maximum around 280 K. The d〈Rg〉/dT curves
show a similar broad peak, although the statistical errors are
larger, and the maximum is slightly shifted toward higher
temperature.

In the temperature regime where these peaks occur, it turns
out that the secondary-structure content of these three sequences
changes relatively rapidly. As the temperature decreases, the
R-helix content,〈nR〉, increases, whereas theâ-strand content,
〈nâ〉, decreases slightly, as can be seen from Figure 2. These
results indicate that the structures with lowest energy are
R-helical for S1, S2, and S4. It should be noted, however, that
theR-helix content remains small,<0.25, all the way down to
273 K.

The sequence S3 shows a markedly different behavior.
NeitherCV nor d〈Rg〉/dT has a maximum within the temperature
range studied; both quantities increase monotonically with
decreasing temperature (see Figure 1). Furthermore, theâ-strand
content remains larger than theR-helix content at low temper-
ature for this sequence (see Figure 2). Theâ-strand content does
not decrease with decreasing temperature, and theR-helix
content increases much less than for the other sequences.

Figure 3 shows typical low-energy conformations for the four
different sequences, as obtained by simulated annealing.39 As
one might expect from the temperature dependence of the
R-helix andâ-strand contents, the structure isR-helical for S1,
S2, and S4. However, theR-helix does not span the entire chain,
but rather, the region between residues 3 and 12. That the
beginning of the sequence is notR-helical is not unexpected,

because there is a proline at position 4. The lowest-energy
structure we find for S3 is aâ-hairpin. Its turn is at residues 6
and 7. The second strand of theâ-hairpin, spanning residues
8-12, is not perfect but broken in the vicinity of the proline at
position 9.

Figure 1. Temperature dependence of (a) the specific heatCV ) d〈E〉/
dT and (b) d〈Rg〉/dT, for the sequences S1-S4. Rg is the radius of
gyration (calculated over all non-H atoms).

Figure 2. Temperature dependence of (a) theR-helix content〈nR〉 and
(b) theâ-strand content〈nâ〉, for the sequences S1-S4. We define a
residue asR-helical if its Ramachandran anglesφ andψ satisfyφ ∈
(-90°, -30°) andψ ∈ (-77°, - 17°), andnR denotes the fraction of
the 10 inner residues that areR-helical. Similarly,nâ is the fraction of
the 10 inner residues with Ramachandran angles satisfyingφ ∈ (-150°,
-90°) andψ ∈ (90°,150°).

Figure 3. Typical low-energy conformations for (a) S1, (b) S2, (c)
S3, and (d) S4. These structures were obtained as the lowest-energy
structures in 10 simulated annealing runs for each sequence, starting
from random conformations. In each run, the temperature was decreased
geometrically from 369 to 0.7 K in 100 steps. At each temperature,
100 000 elementary MC steps were performed. Drawn with PyMOL.40
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It must be stressed that the states illustrated in Figure 3 are
only weakly populated at room temperature, as is evident from
the secondary-structure contents shown in Figure 2. Our results
are thus consistent with the CD analysis of the solution behavior
of these peptides,8 at room temperature and pH 7.6, which
suggests that they all are largely unstructured.

Our conclusion that theR-helix content, at low temperature,
is higher than theâ-strand content for S1 and S2 is in agreement
with a previous study of S1-S3 based on the ECEPP/3 force
field;16 however, in that study, the sequence S3 was found to
be R-helical, as well. Furthermore, theR-helix content of S1
and S2 was significantly higher as compared to what we find
and to what is indicated by the CD results.8

Having studied the overall structure and the temperature
dependence, we now turn to a more detailed structural descrip-
tion atT ) 299 K, which is close to where the CD measurements
were taken.8 This discussion will focus mainly on S1 and S3,
because the double mutant S2 and the triple mutant S4 show a
behavior very similar to that of S1.

Structural Characterization at T ) 299 K. To further
elucidate the structure and free-energy landscape of these
peptides, we analyze root-mean-square deviations (rmsd) from
suitable reference structures (calculated over backbone atoms).
We first consider anR-helical reference structure. The N-
terminal part of S1 is rather flexible due to a proline at position
4. Similarly, the C-terminal part of S3 is flexible due to a proline
at position 9. To reduce noise, we omit these tails when
calculating rmsd. The reference structure used is anR-helix with
eight residues. With rmsd calculated this way, we study the free
energyF(∆, E) as a function of rmsd,∆, and energy,E, at 299
K. Figure 4a and b shows contour plots ofF(∆, E) for S1 and
S3. For both sequences, the free-energy minimum is at an rmsd
of ≈3.4 Å, which is approximately the average value for random
structures, as obtained from control runs at 1000 K. This finding
supports the conclusion that both S1 and S3 are largely
unstructured at 299 K. A clear local free-energy minimum
corresponding to anR-helix is missing for both sequences. For
S1, there is, however, a valley from the global minimum in the
direction of low rmsd and low energy, and there is a small but
significant fraction ofR-helical conformations with∆ ≈ 1 Å
and relatively low energy. For S3, there is a valley in the same
direction, but it is less pronounced, and conformations with a
∆ as small as 1 Å are rare. There is also a second valley for
S3, where the lowest populated energies are found. The
appearance of this second valley, where∆ > 3 Å, is not
unexpected, given that the lowest-energy structure found for
S3 is aâ-hairpin (see Figure 3c). Figure 4c showsF(∆, E) for
S3 when thisâ-hairpin is taken as the reference structure. A
local minimum with∆ ≈ 1 Å and low energy can be found,

but it is very weakly populated. The dominating global minimum
corresponds to unstructured conformations. In fact, the average
rmsd from theâ-hairpin for random S3 conformations, as
obtained from a control run at 1000 K, is∼6 Å, which is
approximately where the global minimum is found atT ) 299
K.

Next, we examine how theR-helix andâ-strand contents (as
defined in the caption of Figure 2) vary along the chains. Let
øR(i) ) 1 if residue i is in the R-helix state andøR(i) ) 0
otherwise so that〈øR(i)〉 is the probability of finding residuei
in the R-helix state, and letøâ(i) denote the corresponding
function for the â-strand state. Figure 5 shows〈øR(i)〉 and
〈øâ(i)〉 againsti for S1-S4 at T ) 299 K. The low-energy
conformations of S1, S2, and S4 shown in Figure 3 contain an
R-helix starting near position 3 and ending at the C terminus.
The R-helix probability profile in Figure 5a reveals that the
stability of this R-helix is not uniform along the chain; its
N-terminal part is most stable, whereas the stability decreases

Figure 4. Free energiesF(∆, E) calculated as functions of rmsd,∆, and energy,E, for S1 and S3 atT ) 299 K. The reference structure is either
anR-helix or aâ-hairpin (see text). The contours are spaced at intervals of 1kBT. Contours more than 6kBT above the minimum free energy are not
shown. The free energyF(∆, E) is defined byP(∆, E) ∝ exp(-F(∆, E)/kBT), whereP(∆, E) is the joint probability distribution of∆ andE at
temperatureT. (a) rmsd from theR-helix for S1 (calculated over residues 5-12). (b) rmsd from theR-helix for S3 (residues 1-8). (c) rmsd from
the â-hairpin for S3 (all residues). Note that thex scale is different in (c).

Figure 5. Secondary-structure profiles for S1-S4, S1′ (AQNTSDN-
NPHTH), and S3′ (TNHPHSNADTNQ) atT ) 299 K. The lines are
only guides to the eye. The statistical errors are small, 0.003 or smaller,
and have, for clarity, been omitted. (a) The probability that residuei is
in the R-helix state,〈øR(i)〉, againsti. (b) The probability that residue
i is in theâ-strand state,〈øâ(i)〉, againsti.
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significantly toward the C terminus. For S3, it can be seen from
Figure 5b that the〈øâ(i)〉 values are similar in the two regions
that make the strands of theâ-hairpin in Figure 3c. An exception
is the proline at position 9, for which〈øâ(i)〉 is strictly 0 (proline
has a fixedφ ) -65° in the model, which falls outside theφ
interval in ourâ-strand definition). We also note that the two
end residues tend to be unstructured for all four sequences, with
relatively small values of both〈øR(i)〉 and 〈øâ(i)〉.

From the single-residue probabilities〈øR(i)〉 and〈øâ(i)〉, one
cannot tell whether the formation of secondary structure is
cooperative. To study that for S1, S2, and S4, we calculate the
helix-helix correlation coefficient forneighboringresidues at
T ) 299 K, as defined by

where

For all three peptides, we find that the largestrii+1
(R) values

occur in the region fromi ) 4 to i ) 9 and are in the range
0.3-0.5. These values indicate that helix formation is a rather
weakly cooperative process for these peptides. Consequently,
the free-energy barrier to helix formation should be low, a
conclusion that is in line with the results shown in Figure 4a.
For S3, rii+1

(R) is ≈0.3 or smaller for all i. The analogous
strand-strand correlation coefficient,rii+1

(â) , defined in terms of
øâ(i), is smaller than 0.25 for alli for all four sequences.

Another way of analyzing secondary-structure correlations
is to look at the typical lengths of unbrokenR-helix andâ-strand
segments. Specifically, we calculate the fraction of conforma-
tions, at fixed T, that have at least one unbrokenR-helix
(â-strand) stretch with 3 residues or more, which we denote by
λR (λâ). Table 2 showsλR andλâ for S1 and S3 at three different
temperatures. For S1 atT ) 299 K, we find thatλR ) 0.12.
This result can be compared with what one would expect if the
øR(i) were independent random variables withi-dependent
individual distributions, given by Figure 5a. In this uncorrelated
case, it turns out that one would findλR ) 0.04. This comparison
shows that the correlations are significant but not very strong.
For S3, we find thatλâ ) 0.04 atT ) 299 K. A calculation
analogous to that for S1 shows thatλâ ) 0.04 is precisely what
one would expect in the absence of correlations. Hence, we find
that secondary-structure correlations are very weak for S3.

Finally, it is also instructive to identify the backbone H bonds
that are most likely to occur. We consider an H bond formed if
its energy is less than-εhb

(1)/3. For S1, we find that the bonds
NH(Asp6)-CO(Asn3) and NH(Asn7)-CO(Asn3) occur in≈38
and≈34% of the conformations, respectively, atT ) 299 K,
whereas no other backbone H bond has a frequency of
occurrence above 15%. These results confirm that theR-helix
seen in low-energy conformations for S1 is most stable in its
N-terminal part. Note also that in our simulations, this helix

often starts with a fork-like H bonding; the CO(Asn3) group
acts as an acceptor for two bonds. For S3, there is only one
backbone H bond that occurs in more than 15% of the
conformations atT ) 299 K; namely, NH(Asn11)-CO(Ala8)
with a frequency of occurrence of≈21%. The paucity of H
bonds underscores the notion that this peptide is highly flexible.

Two Other Sequences.Why do we find a different behavior
for S3? A major reason is the different position of the proline;
the proline residue with its special geometry is at position 9 in
the sequence S3, but at position 4 in S1, S2, and S4. To gauge
the importance of the proline location, we repeated the same
calculations for a variant of S3, S3′, with Asp4 and Pro9
interchanged. We find that the behavior of S3′ closely resembles
that of S1, S2, and S4. As an example, we show in Figure 5
the R-helix andâ-strand probability profiles for S3′. The S3′
profiles are nearly identical to those for S1, S2, and S4. In the
reshuffling of S1 to get S3, the change of proline position thus
seems particularly important.

We also studied the sequence obtained by interchanging Pro4
and Thr9 in S1, which we call S1′. We find that this
transposition of S1 leads to a behavior similar to that of S3, as
is illustrated by Figure 5, which confirms the importance of
the position of the proline.

Neither S1′ nor S3′ has, to our knowledge, been studied
experimentally.

Conclusions

We have investigated the solution behavior of four synthetic
peptides, S1-S4, that experimentally have been shown to exhibit
specific adhesion properties to (100) GaAs and Si semiconductor
substrates. We find that S1, the double mutant S2, and the triple
mutant S4 all show a very similar behavior with respect to
structure as well as thermodynamics. At room temperature, these
peptides are largely unstructured but have a small but significant
R-helix content. For S3, which is a random permutation of S1,
we find a different behavior. S3 is more flexible than the other
three peptides, with a very small content of bothâ-strand and
R-helix structure. The lowest-energy structure we find for S3
is not R-helical but aâ-hairpin.

In the experiments, S1-S4 showed good adhesion to GaAs,
especially S1. The main difference between the peptides was
that S3, in contrast to the other three, adhered well to Si, too.

The experimentally observed8 difference between the peptides
S1 and S3 shows that their adhesion properties cannot be
predicted from the amino acid composition alone. Our results
suggest that, although S1-S4 all are predominantly unstructured,
there is a clear difference in structural preferences between S3
and the other three peptides due to different proline positions.
To what extent this difference actually explains the different
adhesion properties of the peptides remains to be seen. A
possible test of this would be to do experiments on the sequence
S3′, which in our model shows a solution behavior similar to
that of S1, S2, and S4. It would be very interesting to see
whether the adhesion properties of S3′ resemble those of S1,
S2, and S4, with proline at the same position as in S3′, or
whether they resemble those of S3, with 83% sequence identity
to S3′.
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