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ABSTRACT In examining adsorption of a few selected single amino acids on Au and Pd cluster models by density functional theory
calculations, we have shown that specific side-chain binding affinity to the surface may occur because of a combination of effects,
including charge transfer. Larger binding was calculated at the Pd interface. In addition, the interplay between amino acid solvation
and adsorption at the interface was considered from first principles. This analysis serves as the first step toward gaining a more
accurate understanding of specific interactions at the interface of biological—metal nanostructures than has been attempted in the

past.
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INTRODUCTION
n growing number of research efforts in which biomol-

ecules are used to synthesize and assemble nanoma-

terials have been emerging recently (1—3). For ex-
ample, nanoparticle synthesis using binding peptides, identified
by phage display and showing compositional specificity (4),
enabled a broad range of biosensing and bioelectronics ap-
plications (5), including protein-based components for nanode-
vices (6). It is therefore of increasing interest to gain a funda-
mental understanding of the interaction of peptides with
inorganic surfaces. However, such insight has not been exten-
sively gained as yet, particularly in systematic examination of
the intrinsic affinity to metal surfaces.

Although Peelle et al. (7) studied design criteria for
peptides binding Au by investigating homogeneous hexam-
ers of the 20 naturally occurring amino acids in film sub-
strates, the compositional specificity is not consistent, for
example, with the binding of A3 (-Ala-Tyr-Ser-Ser-Gly-Ala-
Pro-Pro-Met-Pro-Pro-Phe-), and Asp-rich FIg (-Asp-Tyr-Lys-
Asp-Asp-Asp-Asp-Lys-) in solution, as recently observed
experimentally (8). On the other hand, the data of Willett et
al. (9), where adhesion of 8—10 mers of single amino acid
types was examined for a broad range of surfaces in aqueous
solution, including gold surfaces, indicates that both for A3
and Flg, the amino acids that compose the sequences are,
in part, consistent with Au binding, specifically for Pro and
Ser in A3, and Asp in Flg. Interestingly, peptide sequences
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that exhibit Pd binding, namely, (-Asn-Phe-Met-Ser-Leu-Pro-
Arg-Leu-Gly-His-Met-His-), (-Thr-Ser-Asn-Ala-Val-His-Pro-Thr-
Leu-Arg-His-Leu-), and (-Thr-Thr-Thr-Lys-Ser-lle-Thr-Leu-Thr-
Leu-Ser-Val-) (10), are also mostly consistent with the single
amino acid-type data of Willett et al. (9), such as for hydro-
philic Thr, basic Lys, His, and Arg amino acids’ binding, and
for nonpolar Met, Gly, and Val. However, some inconsisten-
cies remain, and the difference between binding of A3 and
Flg on Au and Pd (11) is still not well understood.

At the same time, theoretical examination of peptide—
metal surface interactions is also rather limited. In previous
molecular dynamics (MD) simulations using the CHARMM
empirical potential, interactions of (-Met-His-Gly-Lys-Thr-GIn-
Ala-Thr-Ser-Gly-Thr-Ile-GIn-Ser-) on Au were investigated
(12). Although visual examination of the results has shown
cases of close contact at the interface, such observations are
not sufficient for understanding specific binding character-
istics. Indeed, the need for applying first principles calcula-
tions to explain adsorption at inorganic surfaces has been
recognized (13) and noted for metal surfaces (14).

On metal surfaces, adsorbate—metal binding leads to
induced surface dipoles, causing a change in the work
function of the metal, in turn related to the binding, which
can be explained, in part, by exchangelike effects. The
importance of exchange interactions upon physisorption on
metals, for example, as shown for olefins on Ag(111) (15),
or for C¢Hy, on Cu(111), as based on MP2 calculations to
better include also dispersion, was demonstrated (16).
Depending on the adsorbed moiety, binding can also origi-
nate from charge transfer, as shown for instance for self-
assembled monolayers of organothiolates on Ag(111) (17).
In general, interface interactions originate from electrostat-
ics, including charge transfer and induction, as well as
exchange and dispersion. Empirically available parametriza-
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tion in atomistic classical simulations does not fully account
for all contributions to the affinity for adsorption. Therefore,
to discern effects of peptide adsorption on a metal surface,
density functional theory (DFT) calculations were carried out,
where contributions from charge transfer and exchange
interactions upon adsorption were included. Note that our
emphasis was on the effects of adsorption for a charged
amino acid, and therefore no systematic examination of the
relative electrostatic, exchange, and dispersion contributions
to the total energy for periodic metal slabs upon side-chain
adsorption was attempted. In future work, improvements
in the functional that includes empirical dispersion (18) will
be used, in order to explain interactions of all amino acids
at a metal interface. Of course, empirical MD simulations
are useful when examining structural aspects of a peptide
without taking into account its binding to the surface, as
shown when studying adsorption to a cuprous oxide surface,
in an effort to investigate the role of the peptide’s confor-
mational context in binding (19), as has also been reviewed
(20). Note that electronic properties of DNA base molecules
on a metallic Cu(111) surface were also recently investigated
(21), as well as on single-wall carbon nanotubes (22), as-
sessing carefully the orientation of nucleotides on C(10,0).

In addition, interaction with the solvent has to be exam-
ined, for example, for analyzing the interplay between the
water—amino acid and water—metal interaction energies.
In previous DFT calculations, wettability of noble metal
surfaces (23, 24) was defined as the ratio between the
hydrogen bonding interaction energy and the adsorption
energy to the surface, showing that in the case of Au(111),
water—water interactions dominate. Wetted structures were
observed experimentally for more reactive metals, as re-
viewed (25), and also most recently compared to DFT
computations (26). The effects of stepped surfaces with
possibly stronger binding, as proposed for methylamine
adsorption (27), also have to be considered.

In this work, we examined interface interactions between
side chains of selected single amino acids on gold or pal-
ladium metal cluster models to better explain peptide speci-
ficity to the surface, preliminarily for selected amino acids
that constitute, in part, the sequences Flg and A3, also
including water molecules. In the first stage, the objective
was to examine by first principles the intrinsic relative
affinity of charged side chains to the metal surface, as
compared to results using an empirical potential, notwith-
standing that static model compounds were modeled, charge
screening, for example, was not fully into account, ideal
surfaces were considered and surface diffusivity not ad-
dressed. Although conformational entropy would play a role,
in this work, we aimed to estimate the relative intrinsic
specificity demonstrated experimentally, such as possible
“hooking” of a charged side chain to the surface, rather than
general features that are dependent on the parametrization
used that may not be fully representative of the interactions
at the interface. This was explained, for example when using
coarse-grain Monte Carlo (MC) simulations for peptides
adsorbed on single-wall carbon nanotubes (28). End groups
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Table 1. Adsorption of (1—6) Water Molecules on a
Au(111) Surface (Pd Results in Parentheses)

Au (Pd) dM—0) (A) E.qs (kcal/mol)® E,gs (kcal/mol)?
H,O0—1 2.84 —3.95
H,O—1 (PDFT) 2.78 (—2.33) —3.77 (—8.27) —2.42 (—=7.01)
(H,0)—2 2.61 —7.40
(H,0)—2 (PDFT) 2.61 (—2.34) —7.45(—16.60) —5.97
(H,0)—3 2.48 —7.55
(H,0)—3 (PDFT) 2.47 (—2.25) —8.06(—23.44) —6.53
(H,O)—6 (PDFT) 2.41 —9.75 —9.27

@ Eags = EM + nH,0) — E(M) — E(nH,0). © See ref 23.

might play a role, but once again, understanding of the
experimentally observed side-chain specificity was the pri-
mary goal in this case. We showed that charged residues
demonstrate a stronger binding due to charge transfer,
whereas polar residues reveal larger binding energies than
do nonpolar residues, qualitatively reproducing the dif-
ferential adhesion trend observed experimentally (9). Inclu-
sion of dispersion effects in the DFT functional, to enable
an accurate estimation of the relative contributions upon
binding on periodic slabs, systematically for all naturally
occurring amino acids, will be carried out in future work.
Finally, the larger calculated binding energies at a Pd inter-
face were also consistent with experimental observations.

COMPUTATIONAL DETAILS

Calculations were carried out using DFT because of the size
of the problem in DMol3 (29), applying the PW91 exchange-
correlation functional (30), for comparison with previous cal-
culations on water adsorption (23). Numerical basis sets were
used. Relativistic effective core potentials (31) were applied for
Pd. Hirshfeld (32) partial atomic charges were calculated be-
cause they have been shown to be more basis-size-independent
than Mulliken population analyses (33).

Side-chain adsorption on the metal surface was considered,
in order to probe the experimentally observed specificity (9).
The surface was modeled by a cluster consisting of 3 layers of
4 x 4 atoms cut from Au(l11), and similarly for a Pd(111)
surface, which we considered for additional comparison with
experiment. Recent calculations confirmed that a truncated
octahedron is the most stable structure for larger gold nano-
particles (= 1.5 nm), in agreement with experimental observa-
tions (34). Binding at an Au(111)/(111) ridge was modeled by 3
layers of 6 x 4 Au atoms each, with the top layer half removed.
Note that the cluster was kept fixed to eliminate spurious finite
cluster effects, unless noted otherwise.

Model slabs were considered by periodic (PDFT) calculations for
validation, where the supercell similarly consists of 3 layers of 4
X 4 Au atoms, with a separation of about 13 A, resulting in an
Au—Au distance of 2.98 A, consistent with experiment (35). For
further validation, calculations of the adsorption of water molecules
on Au(111) were also carried out (cf. Table 1), showing our results
to be consistent with previous work (23), with a small disparity
that could be due to the use of atomic orbitals.

RESULTS AND DISCUSSION

Optimized geometries of single amino acids, including
Asp, Lys, Arg, Ser, Pro, and Val, on an ideal Au(111) surface,
in order to better understand side-chain specificity of Flg,
A3, including selected amino acids for comparison, were
determined after some configurational space exploration,
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Pro Val

FIGURE 1. Optimized geometries of amino acids adsorbed on an
Au(111) cluster surface. Lines denote distances as discussed in the
text.

although no comprehensive search was carried out by ab
initio MD simulations. For example, for Asp, several initial
positions of O atoms on the Au(111) surface were examined,
namely, placed midpoint between two Au atoms, at the
center of the triangle formed by three Au atoms, and at the
center of the rectangle formed by four Au atoms, where in
all cases geometry optimization resulted in the oxygen atop
an Au atom. For Asp, Lys, Arg, and Ser, the side-chain atoms
adsorb on top of an Au atom (cf. Figure 1), whereas the
closest H atoms in Pro and Val are situated at a bridge po-
sition, i.e., between two metal atoms (distances are denoted
in Figure 1, and the results are summarized in Table 2).
Because experimental measurements (9) were carried out
at neutral pH, Asp assumes a negative charge and Lys and
Arg are positive. For the neutral amino acids, geometrical
parameters were consistent with previous electronic struc-
ture calculations (36). Adsorption distances are shortened
upon charge transfer for charged residues, as compared to
weaker physisorption. In addition, slightly shorter distances
were consistently observed upon relaxation of the top layer,
both for nonperiodic and periodic calculations.

The adsorption energy of a side-chain amino acid (A) on
an ideal metal surface (M) was defined as E,qs = E(M + A) —
EM) — E(A). The results are summarized in Table 2. The
adsorption energies for charged residues were noted to be
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significantly larger, namely of —57, =27, and —19 kcal/mol
for Asp, Lys, and Arg respectively, than those of —6, —4, and
—3 Kkcal/mol, for Ser, Pro, and Val, respectively. The calcu-
lated adsorption energies using the consistent valence force
field (CVFF) empirical potential energy function were —24,
—16,—13,—12, and —19 kcal/mol, for the amino acids Asp,
Lys, Arg, Pro, and Val, respectively, therefore not reproduc-
ing the experimentally observed trend in adhesion specificity
(9). Shortcomings of existing Lennard—]Jones potentials were
recently pointed out, and improved upon by fitting to
experimental surface tension data (37). However, charge
transfer and exchange interactions upon adsorption on a
metal surface are still not taken into account adequately.
Calculation of the carboxylic and amine end groups’ adsorp-
tion to the gold surface as compared to the Asp side chain
resulted in smaller adsorption energies by about 20 kcal/mol,
consistent with the experimentally observed specificity.
Stronger adsorption is observed at an Au (111)/(111) ridge
(see Table 2; the optimized structures are shown in Figure
2), consistent with a previous observation for molecular
adsorption (27). An alternative positioning of the amino
acids at the ridge was considered by changing the orienta-
tion of the side chain relative to the step, resulting in similar
adsorption energies, of —70, —18, —7, —4 kcal/mol, for Asp,
Arg, Ser, and Val, respectively. Once again, the DFT results
are qualitatively consistent with the experimental trend (9),
contrary to the empirical CVFF values. Note that results for
the adsorption of uncharged amino acids on cluster models
were also consistent with corresponding calculations for
model periodic slabs (Table 2), further validating the use of
a cluster model in those cases. The calculated partial atomic
charge on the Au(111) cluster for Asp adsorption, of about
—0.65¢, showed considerable charge transfer, whereas
neutralizing the charged residues clearly led to a decrease
in the binding energy, as expected. Charge transfer of about
0.4e was calculated for Lys and Arg. Interestingly, it was
experimentally observed (9) that a decrease in the adhesion
of His and Lys 10-mers on a SisN, surface is noted when the
pH of the solution was increased beyond the pK,, thus
neutralizing the basic amino acids. As mentioned, adsorp-
tion energies for charged side-chain residues are overesti-
mated because charge screening due to the environment has
not been taken into account. Note that increased ionic
strength was not reported experimentally (9).

In the case of charged residues, charge transfer clearly
dominates binding, but quantitatively determining the relative
strength of interactions would require comprehensive simula-
tions, with better treatment of the environment. The stronger
binding of the charged residues in Flg, as compared to Ser and
Pro in A3, could explain, in part, the larger aggregates noticed
upon gold precipitation by FIg (8). Upon physisorption, the
relative order of E,q4s for Ser, Pro, and Val follows the trend in
the amino acids’ polarizability (38). Charge transfer was neg-
ligible for these amino acids, less than 0.1e. Adsorption of A3
on the gold nanoparticle surface is sparse (ca. 12 peptides on
a 12 nm particle) (10), and therefore surface dipole—dipole
interactions would not play a role.
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Table 2. E,q(kcal/mol), Distance (A) between the Au(111) Cluster Surface and the Heavy Atom in an Amino

Acid (A) and Hydrogen Atom (H)

charge d(M—A) d(M—H) Eads
Asp -1 (0 231 (4.74)% (2.23)° —56.7 (—=0.6)" (—28)” (=70.2,—49%)°
Lys +1 (0) 3.34 (2.66)" (3.43)° 2.50 —26.7 (—4.9)* (—16)” (—26.7)°
Arg +1 3.53 2.58 —18.8 (—13)°
Ser 0 3.044 3.02¢ —5.7
Pro 0 3.97 (3.97)* (3.88, 3.84%)° 3.24 (3.24)" —4.3 (—4.1)* (—12)? (—3.4,—4.0% =37%°
Val 0 3.96 (3.95)" (3.91, 3.99°)° 3.06 (3.06)" —2.9 (—=2.7)" (—19)° (—2.9)°

4 PDFT. ? CVFE. ¢ Binding at an Au ridge (111)/(111).

FIGURE 2. Optimized geometries of amino acids at an Au(111)/(111)
ridge. Lines denote distances as discussed in the text.

To assess to some extent solvation, we carried out
geometry optimizations of amino acids adsorbed on a
Au(111) cluster surface including water molecules, oriented
to facilitate hydrogen bonding (denoted by lines in Figure
3). Adsorption energies are summarized in Table 3. The
propensity of the amino acid’s side chain to adhere to the
surface depends not only on the binding at the metal but
also on its solvation in water, as defined by E*' = E(A +
nH,0) — E(nH,0) — E(A). In normalizing to the same number
of water molecules for the amino acids, the trend is consis-
tent with expected hydration energies (39), e.g., for Lys and
Asp vs Ser, and larger than the adsorption of H,O on the
metal surface (23). In an effort to assess qualitatively com-
peting driving forces, we defined adsorption energies as Es!
= E[M + A + nH,0] — E[M + nH,0] — E[A] and E%2 = E[M
+ A + nH,0] — E[A + nH,0] — E[M]. A larger value of E5%!
as compared to E5%2 would indicate that the binding is driven
by anchoring to the surface, while a larger value of E53?
emphasizes the importance of hydration. For example, in
comparing adhesion of Asp and Arg, as shown in Table 3,
E59? is smaller or comparable to ES3Y, respectively, demon-
strating a specificity of binding through side-chain adhesion
for Asp, whereas weak adhesion, possibly mediated by
water, is indicated for the positively charged residue.

The difference between Arg and Lys binding (9) is still
unclear and will require further experimental investigation.
Overall, however, the binding on a gold surface is weak, as
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Arg

FIGURE 3. Optimized geometries of amino acid absorbed on a wetted
Au(111) cluster surface. Lines denote distances as discussed in the
text.

Table 3. Adsorption Energies (kcal/mol) (Definition
Given in Text), Distances (A) between Au(111)
Cluster Surface and O, H of Water, and Heavy Atom
in A®

dM-0) dM—H)  dM—-A)  E E% E!
Asp 2.42—247 276-322 455 —49.7 —31.0 —344
Lys 3.38—3.55 241-3.62 425 —382 —21.7 —46.0
Arg 3.49-3.50 2.66—3.13 506 —25.1 —143 —26.7
Pro 2.78-3.43 293-3.08 543 =31 —11.2 -78
Ser 2.78—3.48 3.02—3.31 466 —127 —149 —9.

“The range of distances denotes varying potential adsorption sites
of water molecules, with the reported adsorption energies given for
the lowest energy configuration.

observed in comparing experimentally the results for dif-
ferent solvents, namely, H,O, HEPES buffer, and DMSO (9).
In HEPES, the adhesion characteristics of Lys and Arg are
reversed as compared to an aqueous solution whereas not
notable for either in DMSO. Adhesion in DMSO, retained
only for Asp (9), is consistent with the larger adsorption
energy predicted computationally. Note that the pK, of Arg
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is larger than that of Lys. Interestingly, for Tyr, where the
hydration energy is relatively large (35), adhesion on a gold
surface is expected to be reduced, as was indeed observed
experimentally (9). Of course, effects of solvent are compli-
cated, as demonstrated even for these solvents, and would
require further computational and experimental investiga-
tion. However, the intrinsic binding is delineated, and the
trend is in qualitative agreement with experiment.

Adsorption characteristics for a Pd(111) cluster surface,
corresponding to the Au(111) optimized configurations, show
stronger adsorption, accompanied by shortened distances. For
instance, the calculated values of E,q4s for Asp and Lys, of —69,
and —34 kcal/mol, respectively, in the gas phase, as compared
to the corresponding values for a gold surface, of =57, —27
kcal/mol, respectively, are qualitatively consistent with experi-
ment (9). Similarly, for example, results of E9) of =52, =50
kcal/mol for Asp and Lys, respectively, as compared to adsorp-
tion at the Au(111) surface, of =50, —38 kcal/mol, respectively,
are shown to be larger. Indeed, overall binding energies at the
Pd interface are larger than for Au because of the more reactive
Pd surface, consistent with the results for water adsorption (cf.
Table 1), as expected, and recently pointed out (26). Interest-
ingly, when experimentally exposing a Pd surface to gold
nanoparticles coated with either A3, FIg-A3, or A3-FlIg, those
coated with FIg-A3 were found to have the largest remaining
number on the Pd nanoparticle surface after several wash
cycles (11). Once again, because the FIg (-Asp-Tyr-Lys-Asp-
Asp-Asp-Asp-Lys-) sequence consists of Asp and Lys amino
acids while A3 (-Ala-Tyr-Ser-Ser-Gly-Ala-Pro-Pro-Met-Pro-Pro-
Phe-) contains only uncharged residues, the larger observed
affinity of FIg to the Pd surface was consistent with our
results.

CONCLUSION

In examining the adsorption of amino acids on Au and
Pd model surfaces by applying DFT calculations, we have
shown that charged residues demonstrate a stronger specific
binding because of charge transfer, whereas tuning the pH
of the solution could change the binding affinity. Polar
residues demonstrate larger binding energies than nonpolar
residues. A larger binding energy at the Pd surface than at
an Au surface for charged residues was also calculated.
Moreover, for the weakly binding side chains, the interplay
between amino acid solvation and adsorption at the surface
was considered, showing that a change in the solvent could
be an additional parameter in designing peptides for metal
surface adhesion.

This work serves as the first step toward gaining an
understanding of specific interactions of biological nano-
structures at a metal interface, for example in attempting
to explain adhesion of FIg and A3 to Au and Pd nanoparticle
surfaces, in which the importance of applying first-principles
calculations and taking into account the effects of the
environment were emphasized. Simulations of peptide ad-
sorption will be carried out in future work, to further
understand the effects of amino acid composition on metal
surface adsorption, using functionals that take into account
dispersion (18).
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