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Protein binding to surfaces is an important phenomenon in biology and in modern technological
applications. Extensive experimental and theoretical research has been focused in recent years on
revealing the factors that govern binding affinity to surfaces. Theoretical studies mainly focus on
examining the contribution of the individual amino acids or, alternatively, the binding potential
energies of the full peptide, which are unable to capture entropic contributions and neglect the
dynamic nature of the system. We present here a methodology that involves the combination of
non-equilibrium dynamics simulations with strategic mutation of polar residues to reveal the
different factors governing the binding free energy of a peptide to a surface. Using a gold
binding peptide as an example, we show that relative binding free energies are a consequence of
the balance between strong interactions of the peptide with the surface, and the ability for the

bulk solvent to stabilize the peptide.
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Surface-biomolecule interactions have found widespread applicability in the field of
nanotechnology. These interactions have been successfully exploited for the synthesis of metal

* and surface morphology’ and for controlling the surface

nanoparticles with controlled size"
electronic properties of semiconductors.® The identification of biopolymers that bind to a
particular surface is often achieved through screening techniques such as phage display’”® and

118 studies, have

cell surface display”'® (CSD). Both experimental* '"'* and computationa
focused on the important question of why certain peptide sequences show affinity and specificity
for particular metals or crystal architectures. Understanding the different parameters that govern
this control remains a challenge, but could ultimately facilitate de novo design of surface-
selective binding sequences.

One of the most useful sequences is the gold-binding peptide (GBP) (MHGKTQATSGTIQS),
known as GBP1, which was discovered from Escherichia coli CSD libraries.!! GBP1 has been
used in the controlled synthesis of gold nanoparticles,> * ' boasting excellent regulation of
particle size. An investigation of the conformational properties of the 42 residue, 3R-GBP1
(triple repeat of GBP1)"”'* proposed that binding affinity is an inherent property of the high
occurrence of hydroxyl moieties, via serine and threonine side chains. On the other hand, a
combined experimental and theoretical study by Tang et al."” suggested that three anchoring
residues in the N-terminal region of the sequence (M1, H2 and Q6) allow the adsorbed peptide to
experience greater conformational freedom resulting in entropically driven binding. In a related
work, the binding energy of GBPI1 to gold has been derived by considering the binding free
energies of the individual amino acids that constitute the peptide and assuming that these remain
unchanged in situ within the peptide chain.® Alternative studies have considered the full peptide

d,21_22

structure to calculate binding energy via the compartmentalization metho which provides an



indication of the binding potential energy of the peptide through single snapshots of the peptide
in the adsorbed and bulk states. However, to provide binding free energies and consider multiple
binding modes dynamic methods should be employed.

Recently, non-equilibrium approaches have been successfully utilized to obtain binding free
energies of peptides to surfaces from non-equilibrium simulations.”?* In particular, Mijajlovic et
al > have employed non-equilibrium thermodynamic integration?* (NETI) in combination with
steered molecular dynamics®’ (SMD) to calculate the Helmholtz free energy of adsorption for a
pentapeptide bound to graphene to calculate binding free energies for a number of different
potential binding conformations. In the current work we utilize this method to calculate the
binding free energy of the tetrakaideca peptide GBP1 to a gold surface. By applying this
approach to a set of substitute-out/substitute-in mutations we show that the stability of the
peptide in the bulk solution is critical in determining the binding free energy of the peptide to the
gold surface.

To gain a comprehensive insight into the relationship between the sequence and binding
strength of GBP1 we use a series of mutations, outlined in Table 1. In this design, the native
GBP1 sequence is compared to its analogous alanine control, A14. Furthermore, a substitute-
out/substitute-in mutation approach was used for GBP1 and A14 respectively, where mutations
were based on three categories of amino acid: single heteroatom side chains (M, K) in GBP1-
MK and A14+MK, hydroxyl residues (S, T) in GBP1-ST and A14+ST, and two heteroatom
side chains (H, Q) in GBP1-HQ and A14+HQ (see Table 1 for nomenclature and complete
sequences). This method allows the influence of each amino acid towards peptide-surface
binding affinity to be separated into its ability to form strong non-covalent interactions with the

surface on the one hand, and its contribution to destabilization of the unbound peptide in solution



on the other, revealing both the contribution of residue binding affinity (in the context of the
peptide) and destabilization of the peptide's conformation in solution to the binding free energy
of the peptide.

Table 1. Peptide sequences under study. GBP1 is the native sequence and A14 is the alanine

control. Mutations from native and control sequences are highlighted.

Sequence | 1 2 3 4 5 6 7 8 9 10 11 12 13 14
GBP1 M H G K T Q A T S G T 1 Q S
GBP1-MK H G T Q A T S G T 1 Q S
GBPIST (M H G K Q A G I Q
GBPI-HQ | M G K T AT S G T 1 “?
Al4 A A A A A A A A A A A A A A
A14+MK A A A A A A A A A A A A
A44ST | A A A A A A A A A
A+HQ | A BBl A A A A A A A A A n?

Molecular dynamics (MD) simulations of GBP1 in a periodic box of TIP3P water (see
Supporting Information for simulation details) predicted an equilibrated structure with two
distinct regions (Figure 1a), with the N-terminal region (MHGKTQA) adopting a coiled structure
while residues 8 to 14 of the peptide (TSGTIQS) adopt an extended conformation, the chemical
structure of which is shown in Figure 1b. This structure is consistent with the available NMR

28

data for this sequence,” thus validating the ability for the methods employed to predict

physically stable structures of the peptide.



b)

Figure 1. a) Final structure of GBP1 after a 20 ns equilibration simulation in TIP3P solvent with
periodic boundary conditions (see Supporting Information for simulation details). b) Full
chemical structure of sequence GBP1, M/K residues are shown in green, S/T in red and H/Q in

blue.

The peptide, in its final conformation from the equilibration simulation, was placed at six
different orientations above the metal surface in order to avoid bias between configuration and
adsorption behavior (Figure S2, Supplementary Information). The peptide was allowed to adsorb
to the Au (111) surface over a period of 70 ns from each starting configuration. All simulations
were carried out at 300 K in the NAMD 2.8* molecular dynamics package, employing the
CHARMM-METAL™ force field to describe the gold, CHARMM?22’! for the peptides and the
TIP3P** model for water potentials. The peptide was considered to be adsorbed if the center of
mass was within 4.5 A of the metal surface. Above this cut-off, binding energies were found to
differ significantly and thus did not represent adsorbed states of the system. The same adsorption
protocol was employed for all sequences and using this criteria, it was found that for each

mutation, at least four starting configurations adsorbed to the surface. The center of mass for the



adsorbed peptides that were used in the subsequent desorption simulations varied between 3.30
A and 450 A from the surface (see Table SI in the Supporting Information for details).
Complete details of the system setup can be found in the Supporting Information. Examination
of the adsorbed structures indicated that the peptide prefers to orientate such that the heteroatoms
are situated in the space between atoms in the top Au layer of the surface, above the atoms of the
second layer (see Figures S3 — S10 in the Supporting Information for the final snapshots of each
adsorbed structure). Furthermore, the alignment of the polar groups, especially glutamine,
coincides well with the soft-epitaxial mode of adsorption, which has been observed previously,”"
* where the Au (111) surface geometry creates binding sites for polar side chains.

The binding free energy was derived from the work required to pull the peptide from the
1 25-26.34

adsorbed state through Jarzynski’s equality, equation

AA = —kgT * In{e"W/k8T)y (1)

Where AA is the Helmholtz free energy, kj is the Boltzmann constant, T is temperature, and W
is the work. The combined NETI-SMD approach was used to calculate the equilibrium free
energies from multiple short non-equilibrium simulations, in conjunction with statistical
bootstrapping of multiple simulations to increase accuracy. An important feature of our
methodology is that free energy calculations were performed on the peptide sequence in its
entirety, as opposed to the combination of single amino acids, hence the impact of each type of
residue on binding strength was measured in the context of its native peptide environment. Thirty
desorption simulations were performed for each adsorbed conformation, giving between 120 and
180 simulations per sequence. A harmonic constraint of 500 kcal mol” A" was applied to the C,

of residue 7 of the peptide, which was pulled at a constant rate of 0.005 A/ps from the gold (xy)



plane. The resulting free energy curve for the native peptide, GBP1, is shown as an example in

Figure 2a.
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Figure 2. a) The change in binding free energy, AA, plotted as a function of desorption reaction

coordinate for GBP1. The desorption process is depicted at the bottom of the graph. b) Change



in AA as a function of the number of simulations used in the bootstrapping analysis for all

adsorbed conformations of the different peptides.

The convergence of binding free energy as a function of the number of simulations used in the
bootstrapping analysis is shown in Figure 2b, we defined AA as being converged when the
associated errors were less than + 2.0 kcal mol™.

Table 2. Binding free energies, AA, for sequences GBP1 to A14+HQ.

Sequence  AA (kcal mol™)

GBP1 -2430
GBP1-MK -2253
GBP1-ST -198.2
GBP1-HQ -204.8

Al4 -1749
Al4+MK -195.5
Al14+ST -176.8
Al4+HQ -193.5

AA values reported herein are the difference between the adsorbed state at 0 A and the bulk
state at 40 A. The binding free energies for all eight sequences are shown in Table 2. As
expected, the native GBP1 sequence shows the greatest binding free energy (AAggp = -243.0
kcal mol™") and the alanine control A14 shows the weakest binding (AA,,, = -174.9 kcal mol™).
Upon substitution of M1 and K4 for alanine (GBP1-MK) a loss in binding strength of +17.7 kcal
mol' is observed, representing a loss of approximately +8.9 kcal mol” per residue. Mutation of
the control sequence to include methionine and lysine (A14+MK) shows a recovery in binding
strength of -20.6 kcal mol™ (-10.3 kcal mol per residue) similar to the loss of the corresponding
GBP1-MK mutation. A loss in binding free energy of +9.0 kcal mol™ per residue was found for

the mutation of hydroxyl amino acids (AAAggpGeeisr = +44.8 kcal mol'); however the



introduction of hydroxyl moieties in sequence A14+ST does not yield any significant increase in
binding strength over the control sequence A14 (AA,,, = -174.9 kcal mol”, AA, ¢y = -176.8
kcal mol™"). A similar discrepancy is observed for the mutation of histidine and glutamine
residues GBP1-HQ, where the loss of +38.2 kcal mol" (+12.7 kcal mol" per residue) upon
removal from the native sequence is more substantial than the gain of -18.6 kcal mol™ in binding
free energy strength when replacing alanine in the control, (A14+HQ).

If the binding strength were governed by interaction strength of the single amino acids with the
gold surface, the loss observed in substitute-out mutations would be equivalent to the gain in
corresponding substitute-in sequences. Hence, these results demonstrate that binding strength is
not influenced solely, or even predominantly, by the affinity that individual amino acids have for
the Au (111) surface. This phenomena can be explained by changes in the stability of the peptide
in the water environment upon sequence mutation in addition to the loss of anchoring points
between the peptide and gold. For example, replacing polar residues for non-polar alanine in the
substitute-out mutations reduces the ability of the peptide to stabilize interactions with water in
the bulk solution, hence it is more favorable for the peptide to remain on the surface, enhancing
binding strength. Conversely, introduction of polar residues in the substitute-in mutations
stabilizes the peptide in the water bulk and consequently decreases the binding strength. The
significance of this effect is clearly dependent on the nature of the entire peptide.

The effects of the nature of residues on the conformation of the peptide in the bulk water are
clearly observed in Figure 3. GBP1-ST retains the coiled character of the GBP1 peptide, while
A144ST adopts a more open conformation; consequently serine and threonine residues can more
readily form stabilizing interactions with water, meaning that binding between the peptide and

the surface is almost completely diminished due to its affinity for the bulk (AAA, 4a st = -1.9
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kcal mol™). In general, sequences with hydroxyl side chains appear to promote the unwinding of
the characteristic coiled structure of GBP1 (Figure 3 b, d and g), indicating stabilization of the
peptide in the bulk water. Figures 3a, ¢ and h show that sequences containing histidine and
glutamine retain coiled character, suggesting that in these mutations the peptide would more
readily adsorb on the surface as the peptide overall is destabilized in the bulk compared to the
open structures containing serine and threonine. Indeed, sequence A14+HQ (Figure 3 g), which
preferentially forms a coil in solution, gives only a partial loss in binding free energy relative to
GBP1-HQ (AAA g5py65p11g = +38.2 keal mol' AAA 44 4110 = -18.6 keal mol™) as a result of less

favorable interactions with the bulk water.
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e) Al4 u\

b) GBP1-MK f) A14+MK

N

¢) GBP1-ST g) A14+ST i

Figure 3. Structures of sequences GBP1 and its three mutations (a — d) and A14 control and its

d) GBP1-HQ

mutations (e — h) after 20 ns equilibration in water. Residues involved in mutations are shown

explicitly: M/K shown in green, S/T in red and H/Q in blue.

Unlike the coiled structure of GBP1 (Figure 3a) the alanine control, A14 (Figure 3e) shows no
indication of secondary structure formation. Particularly interesting is the final structure at the
completion of the 20 ns simulation of GBP1-MK (Figure 3b), where the presence of both H, Q

and hydroxyl moieties results in both a loss of coil and a closing of the peptide from positions 5

12



to 14. This may suggest a clash between the solvent stabilizing effects of S and T and the
promotion of a closed structure by histidine and glutamine. The contribution of methionine and
lysine remains almost equivalent for the substitute out (Figure 3b), substitute in (Figure 3f)
mutations, (AAAggpcerivx = +17.7 keal mol' AAA ik = -20.6 kcal mol™), regardless of
peptide environment, indicating that for these residues binding free energy is almost entirely a
result of side chain interactions with the solid surface and do not significantly alter peptide
stability in water.

In conclusion, by employing a substitute-in/substitute-out mutation approach, we reveal that
the binding strength of peptides to surfaces is a delicate balance between the interactions of the
peptide with both the surface and the aqueous solvent. In particular, the combination of strategic
mutation and non-equilibrium molecular dynamics protocols reveals that both peptide gold
interactions and the stability in solvent shape GPB1 binding to gold, for which we have found
that methionine and lysine contribute approximately -8.9 kcal mol”, serine and threonine -9.0

kcal mol™ and histidine and glutamine -12.7 kcal mol™ per residue to the binding character.
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