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Abstract

Understanding protein adsorption onto material surfaces is a major chal-
lenge in the design of biomaterials. While this has been long studied knowledge
of how the nanoscale surface structure affects protein adsorption is lacking.
Using molecular dynamics simulations the effect of nanoscale structure, specif-
ically alternating hydrophobic and hydrophilic stripes, on on the adsorption of
LK-peptides onto surfaces is investigated. Strongest adsorption is found for
surfaces with larger hydrophobic regions, which allow the peptides to minimise
unfavourable contacts with hydrophilic regions. This information may be used
to understand the relationship between protein adsorption and surface struc-
ture.

1. Introduction

Adsorption of proteins onto material surfaces is the initial event that occurs
when a synthetic object comes into contact with a biological system. As this
often triggers an immune response that dictates the eventual fate of the sys-
tem, understanding the interaction between the material surface and proteins
is vital for the design of novel materials to be used in medical devices. Much
effort has been used in the pursuit of materials that resist the adsorption of
proteins[1]. There has been particular interest the development of soft surfaces,
such as self-assembled monolayers[2] (SAM) or polymer brushes[3], as their ease
of modification allows them to be tailored for specific applications. Consider-
able synthetic effort has been expended over a number of years and a variety
of protein resistant surfaces have been developed. A few guidelines for the de-
sign of biocompatible surfaces have been proposed[4] (e.g. charged, hydrophilic
materials) but exceptions to these exist[5], so understanding the basis for the
design of biocompatible surface coatings is an on going concern.

Changes to the surface structure many also affect the adsorption of proteins.
This is common in biological systems, where biointerfaces, such as the cell mem-
brane, often possess nanoscale structure. One synthetic approach involves the
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use of mixtures of positively and negatively charged molecules, leading to a
zwitterionic surface[6]. This leads to strong water structuring and reduces the
surface dipole, both factors that are expected to reduce protein adsorption|[7].
There has also been interest in the creation of surfaces containing incompati-
ble ligands, such as mixtures of hydrophilic and hydrophobic molecules[8], or
hydrocarbon- fluorocarbon mixtures[9]. The differing chemistry of the molecules
may give these surfaces characteristics significantly different to uniform ones[10].
However, it can be difficult to control demixing between different types of ligand
molecules, so large-scale preparation of well-defined surfaces is difficult. This
makes it experimentally difficult to relate protein adsorption to the nanoscale
topology. Recently the use of bidentate ligands with both hydrophobic and
hydrophilic end groups has allowed for the construction of surfaces with incom-
patible ligands with controlled nanoscale topology[11, 12, 13], with feature sizes
on the molecular length scales. As this is comparable in size to proteins it may
be expected that the interaction between these surfaces and biomolecules may
be significantly different to uniform surfaces. Indeed properties of such struc-
tured surfaces, such as the surface free energy, depend on their structure in a
non-trivial manner [14]. Changing the sizes of the surface features may provide
an alternative route to control biomolecule-surface interactions.

While a range of experimental methods have been applied to the study of
protein adsorption onto surfaces, the limited time and spatial resolution of these
means that knowledge of the initial stages of protein adsorption is still lacking.
Molecular simulation operates directly on the molecular level and so can give
microscopic information regarding the behaviour of proteins at surfaces, such as
determining adsorption strengths of proteins[15, 16] and identifying key residues
involved in the adsorption process[17]. It has been used to investigate adsorption
of proteins onto a range of different surfaces[18, 19], including metals, inorganic
materials, and polymer surfaces. A number of studies of protein adsorption
onto self-assembled monolayers have been performed|20, 21, 15, 22, 16, 23, 24],
demonstrating that adsorption free energies in good agreement with experimen-
tal can be obtained. In particular the importance of adequately sampling the
protein conformations near the surface has been demonstrated[15, 16]. The
changes in protein conformation at interfaces, necessary for understanding the
subsequent formation of interfacial layers has also been investigated for small
proteins. While previous studies have largely focused on uniform monolay-
ers a few simulations of protein adsorption onto mixed SAMs have been per-
formed, including the investigation of cytochrome-C on mixed monolayer pro-
tected nanoparticles [25] and the hydrophobin EAS adsorbed on nanopatterned
surfaces [26]. These studies have given insight into the effect of changing surface
patterning on protein adsorption, in particular identifying the role played by the
amphipathic character of lysine residues. However, as these focused on specific
experimental systems they were unable to give insight into the generic effect of
surface structure and protein adsorption. Also the sizes of proteins considered
meant that these were unable to determine the adsorption free energy, a cru-
cial quantity in understanding the adsorption process, or to examine large-scale
changes in protein conformation during adsorption.



In this paper molecular dynamics simulations are used to investigate the
adsorption of model peptides onto nanostructured surfaces, specifically con-
sisting of stripes containing hydrophilic and hydrophobic ligands. The pep-
tides are examples of the so-called LK-peptides[27], short sequences consist-
ing of leucine (hydrophobic) and lysine (hydrophilic) residues. Depending on
the spacing between the hydrophobic residues these form a-helix or S-strands
at hydrophobic interfaces. The surface was composed of a SAM consisting
of alkylthiol molecules with differing functional groups on the outside. Along-
side uniformly hydrophobic (CHs-terminated) and hydrophilic (OH-terminated)
surfaces, nanostructured surfaces, consisting of stripes of hydrophobic and hy-
drophilic ligands, were constructed. The stripe widths of approximately 4.3 A
to 21.6 A (corresponding to between one and five molecules) were investigated.
Using metadynamics simulations the adsorption strengths of the model peptides
on these surfaces are determined, with the factors that control the adsorption
strength investigated.

2. Simulation details

The simulated system consists of a single peptide molecule, in proximity
to a self-assembled monolayer of varying functionality. Two different peptides
are studied, these being LKf15 (LKLKLKLKLKLKLKL) and LKay4 (LKKL-
LKLLKKLLKL), which are designed sequences that form S-strands (LK/f15) or
a-helices (LKay4) at interfaces and surfaces[27]. The surface consists of 280
alkylthiol (SHC11Hso-R, with R=CH3 or OH) molecules, arranged in a 20x 14
array. Surfaces are either homogeneous, solely containing either hydrophobic
(CH3) or hydrophilic (OH) end groups, or striped, with widths of 5, 2, and 1
molecules. The different surfaces are denoted SAMch3, SAMoh, SAM5, SAM2,
and SAMI, respectively. The chains were arranged in the v/3 x v/3 R3 geom-
etry, using structures provided by the Latour research group (https://cecas.
clemson.edu/latourlabs/Jmol/Surfaces.html), mimicking the structure of
alkylthiol molecules on a Aulll surface. The same arrangement of chains was
used for all surfaces (irrespective of the terminal functional groups). While the
spacing between the different ligands in experimental systems may differ from
using a consistent arrangement means that changes in peptide behaviour are due
to the surface patterning, rather than from changes to the packing of surface lig-
ands. The similarity in size between the methyl and hydroxy groups is also likely
to render changes in the ligand packing small. The positions of the terminal
sulfur and hydrogen atoms in the SAMS are fixed, mimicking strong adsorption
onto an underlying substrate. For all surfaces an energy minimization and short
MD simulation was performed prior to the introduction of the peptides. The
peptide and SAM are solvated with approximately 9400 water molecules, with
Cl™ counter-ions added to neutralise the system. The system was periodic in
the x and y directions while in the z-direction repulsive walls were used to con-
fine the system. To model the system the Charmm36[28, 29, 30, 31] force field
is used, with the charmm-variant of the TIP3P water model[32] used for the
water. The charmm general force field[33] was used for the alkylthiol molecules.



The simulations were performed in the NV T-ensemble with the temperature
controlled using a velocity rescaling algorithm [34] (relaxation time 0.1 ps) at
T=300 K. The simulation timestep was 2 fs. Bond lengths were constrained
using the LINCS algorithm [35]. All systems were energy minimized using the
steepest descent algorithm, followed by a short NVT simulation (20 ps) with the
heavy atoms in the proteins restrained to their initial positions using harmonic
potentials with a force constant of 2.4 kcal mol~! A~2. Following this a short
NVT simulation (20 ps), without restraining the heavy atoms, was performed.

For the calculation of the adsorption free energy well-tempered metadynamics[36]
(MTD) combined with replica exchange with solute tempering[37] (REST) was
used. The use of metadynamics allows for the calculation of the free energy sur-
face, with REST being used to enhance sampling of different peptide conforma-
tions. In the well-tempered metadynamics simulations two collective variables
were used for each set of simulations[16]. The first was the peptide centre-of-
mass-surface separation. The surface was defined as the average z position of
the terminal heavy atom (either carbon or oxygen) in the alkylthiol chains.

The second collective variable was used to bias the peptide structure. For
LKaqy4 this CV is the number of a-helical hydrogen bonds (N,— ), calculated
from

_NE L= (ri/m)”
No—np = ; T (refro)” (1)

where the sum runs over the a-helical hydrogen bonds, n = 8, m = 12, and
ro = 2.5 A. The switching function in Equation 1 goes from 1 as r — 0 and 0
as r — oo and is a continuous approximation to the Heaviside function.
For LKf15 the second CV is the dihedral offset given by
N—-1

pr—1 D (14 cos (¢i — brey) + (14 cos(; — Prey)) @)

2 ¢
i=1
where the sum runs over the residues in the peptide and ¢; and ; are the ¢
and 1 angles of the ith residue. The reference angles have values ¢,.r = —2.36
rad and ¥,.f = 2.36 rad, which correspond to an ideal 3-strand with the leucine
and lysine side chains being on opposite sides of the peptide backbone.

REST is a variation on replica exchange molecular dynamics[38] where the
temperature of only a subset of the system, in this case the protein, varies be-
tween replicas. This allows for the use of a smaller number of replicas compared
to standard REMD. The temperature scaling is accomplished by scaling the
peptide-peptide and peptide-system interactions; the potential energy is given
by

1/2
Ei = BiEpp + Bz Eps + Ess (3)

where E,, is the peptide-peptide interaction, F,s is the interaction between
the peptide and the remainder of the system (water and SAM), and E,, the
interaction within the rest of the system. The scaling factor is given by §; =
To/T;. In these simulations 12 replicas were used, with scaling factors /3; 1.0 (300



K), 0.955 (314 K), 0.911 (329 K), 0.870 (345 K), 0.830 (361 K), 0.793 (378 K),
0.757 (396 K), 0.722 (415 K), 0.690 (435 K), 0.658 (456 K), 0.629 (477 K), and
0.6 (500 K). The metadynamics weight function evolved independently in each
replica. A similar combination of REST with well tempered metadynamics was
used to determine the adsorption free energy of small peptides onto inorganic
surfaces[39, 40] surfaces.

Exchanges between replicas were attempted every 500 timesteps (1 ps). The
bias function was updated every 500 timesteps and a bias factor v = (T +
AT)/T = 20 was used. Following previous work[16] the Gaussian height was
0.956 kcal mol~! and the widths were o,=0.1 A, Oalpha—aB = 0.4, and opy =
0.1.

All simulations were performed using the Gromacs MD package (v4.6.7)[41].
A modified version of the PLUMED library[42, 43] was used to implement the
metadynamics and REST algorithms following Ref. [43]. Standard gromacs
tools were used to create the simulation input files. Analysis was performed
using standard gromacs tools, VMD[44], and with inhouse scripts using the
MDAnalysis package[45].

Simulations were run for 200 ns; convergence of the bias potential was de-
termined by monitoring the RMSD in the bias potential taken at intervals of
10 ns. For all simulations this was consistently below 0.01 kcal mol~! at 200 ns.
Following this 100 ns simulations with a constant bias potential were performed
for each system, which were used to determine average properties (following
removal of the bias potential). Specifically the average value of a property X is
calculated using[46]

_ 2 Xiexp [-BF ({CVi})] 1)
>_iexp [-BF ({CVi})]
where X; is the value at ith data set, F is the free energy, {C'V;} are the

collective variables used to describe the peptide conformation, and 8 = 1/kgT.
Uncertainties in these quantities were estimated using the standard deviation
ox = /(X?) — (X)2. Note that all analysis was performed on neutral (8; = 1)
replica, as due to the scaling of interactions involving the peptides this is the
only one that corresponds to the physical system.

{(X)

3. Results

3.1. Peptide-surface Interaction

Shown in Figure 1(a) are the free energy profiles for LK315 and LKaq4. For
both peptides strong adsorption is seen for the hydrophobic surface, consistent
with previous simulation studies. While LKf315 shows only a single minimum
near the surface, LKa14 has a number of closely spaced minima, which may
arise due to different peptide conformations near the surface. Adsorption is
significantly weaker for the OH-terminated SAM; for LK/315 there is a shallow
minimum (~ —15 kcal mol~!) approximately 4 A from the surface. The interac-
tion between LKay4 and the SAMoh surface is largely repulsive. The values of
adsorption free energy are similar to those determined in previous work[15, 16].



For the structured surfaces the free energy profile shows a strong dependence
on the stripe width. The thickest stripes (SAMS5) have free energy profiles
similar to the uniformly hydrophobic surface. In this case it may be expected
that the stripe is thick enough for the peptides to largely interact with the
hydrophobic regions on the surface, minimising its exposure to the hydrophilic
hydoxyl groups. As the stripes get thinner the depth of the free energy minimum
decreases, getting closer to the uniformly hydrophilic surface.

The net adsorption free energy (AqqsF) was calculated using[21, 47]

ApgsF = —RTIn (%) (5)
Chulk
where the adsorbed and bulk concentrations are given by
1 %o
ute = ——— [ dz ewp[-5F(2) (62)
20 — Zmin Jzin
1 Zmazx
Coulk = 7/ dz exp [-BF(2)] (6b)
Zmazx — 20 20

where zp=10 A. For both peptides AyqsF is lowest for the hydrophobic methyl-
terminated SAM, with the value of SAM5 similar (Figure 1(b)). As the stripe
thickness decreases A5 F' increases, indicating again that the adsorption strength
of the peptides decrease as the surface structure goes to smaller sizes. This is
consistent with experimental investigation of fibrinogen adsorption onto struc-
tured surfaces formed by bidentate ligands with hydrophilic and hydrophobic
end groups [12]. For the thinnest stripes AgqsF is similar to that for the hy-
drophilic hydroxyl-terminated SAM.

3.2. Peptide conformation

The free energy protiles (Figure 1) suggest that both peptides exhibit mul-
tiple conformations at the surface. The conformation of the peptides at the
surface can be investigated through the orientations of the amino acid side
chains (defined as the angle 6 between the unit vector joining the Ca atom and
the C§ (LEU) or N¢ (LYS) atoms and the z-axis). Shown in Figure 2 are the
average cos 0 for each residue. The uniform surfaces (SAMch3 and SAMoh) be-
have consistently with previous experimental[48] and computational[16] studies.
For the SAMch3 surface the LEU sidechains typically point towards the surface
(Figure 2) due to the hydrophobic interaction between these. For LKS;5 this is
reasonably uniform across the length of the peptide, while the LEU residue at
the N-terminus of LKa14, which precedes two hydrophilic LYS residue, shows a
reduced tendency to point towards the surface. The sidechain orientation for the
SAMoh surface is less well-defined as the LYS sidechains which would be pref-
erentially attracted to this surface are also well solvated in water. Rather, for
both peptides, adsorption is mediated by leucine residues (L7 and L11 for LK 515
and L5 and L12 for LKay4). For the thickest stripes (SAMS5) the sidechain ori-
entations are similar to the SAMch3 surface, with the LEU residues typically
oriented towards the surface.



Similarly the introduction of surface structure leads to changes in the peptide
secondary structure. Shown in Figure 3 are the secondary structure propensities
(calculated using the STRIDE algorithm) for the different surfaces. For LKf;5
stripy surface induces the formation of helical structures. Conversely the stripy
surface typically disrupts a-helix formation for LKay4. Compared to bulk solu-
tion the surfaces, in particular those with larger hydrophobic regions, typically
induce more ordered secondary structure.

Changing surface structure may also change the overall size of the peptides.
Shown in Table 1 are the radii of gyration for the peptides on different surfaces.
This was calculated only for cases where the peptide was in contact with the
surface, using the criteria that the peptide-surface separation was less than 10 A
(alternative definitions, such as ensuring at least one contact between a peptide
and surface atom exists, give similar results). For LKf15 R, is approximately
the same for both uniform surfaces, while LKay, is larger on SAMoh than
SAMch3 surfaces, suggesting a distortion of the helical structure formed on the
hydrophobic surface. Introducing surface structure leads both peptides to adopt
more compact structures.

R,/ A
Surface  LKf15 LKaq4
SAMch3 10+1.2 10+£1.3
SAMoh 10+£2 12+1
SAM5  8.6+0.6 8.0+0.6
SAM?2 9+1 8.84+0.4
SAM1  9.440.9 9.44+0.9

Table 1: Radius of gyration for surface bound conformations.

Visualisation of the most probable conformations (Figure 4), found using a
cluster analysis on surface bound conformations (using the method of Daura[49]
with a cut off of 3 A), shows that the peptides preferentially adopt structures
that maximise contact between hydrophobic residues and the methyl terminated
chains. For SAMch3 this leads to the peptides adopting conformations that are
flat on the surface, which for LKay4 leads to distortions from a completely a-
helical structure. Similar behaviour is also seen for the SAMS5 surface. For the
other surfaces the peptides adopt conformations that typically have only a few
residues are in contact with the surface. Only for LKS55 on the SAM2 surface
does the peptide lie flat on the surface.

Considering the different types of peptide-surface contacts shows that leucine
residues are more likely be in contact with the surface (contacts defined using
the weight function in Equation 1 with ry = 4.5 A). Due to its amphiphilic
side chain lysine contacts with both surface ligands[26]. For both peptides the
number of contacts with the surface is lower for the hydrophilic surface than
hydrophobic surface. As the stripes on the surface decrease in width there is
also a decrease in the number of contacts, with the number of hydrophobic con-



Peptide  Surface Niotal Ncoms—rev  Ncms-rvs Nowm-rvs

SAMch3 59411 50+6 915 0
SAMoh 915 0 0 9+5
LKB15 SAMS5 39£7 34£5 3+1 2+1
SAM?2 35+9 24+4 5+£2 6+3
SAM1 26£6 18+4 4+1 4+1
SAMch3 93+£8 48+6 ot2 0
SAMoh 10+4 0 0 1044
LKoo SAM5 4148 3616 3+1 2+1
SAM2  34.7+0.7 28+4 2.7£0.7 4+2
SAM1 26£6 18+4 4+1 4+1

Table 2: Numbers of peptide-surface contacts.

tacts decreasing without a corresponding increase in the number of hydrophilic
contacts (Table 2).

3.8. Water structure on mized SAMS

A large contribution to the anti-fouling behaviour of surfaces is thought
to arise due to the presence of a dense water layer near the surface[4, 50].
The density profile of water is shown in Figure 5(a). For the uniform surfaces
there is a peak in pyater(z) near the SAM surface. The height of this peak
is slightly higher for hydroxyl-terminated SAM, with this peak also occurring
closer to the SAM surface. The structured surfaces show two peaks near the
surface, corresponding to the water molecules close to the terminal hydroxyl
and methyl groups. For all stripe widths the peak corresponding to the methyl-
terminated molecules has approximately the same height and location. The
peak corresponding to water molecules near hydroxyl groups gets larger but
moves further away from the surface, gradually merging with the other peak.

The amount of water adsorbed on the surface can be quantified through the
adsorbance (T')

1 2
r-——| (o)~ ) (7)
where p(z) is the water density profile and pp is the bulk density of water.
The integral runs from the peak in the density profile for the terminal heavy
atoms in the SAM (z; ~ 16.8 A) to 2 = 40 A. As may be expected the
adsorbance is highest for the hydrophilic hydroxyl-terminated SAM and lowest
for the methyl-terminated SAM. For the mixed surfaces I' lies between these
and is approximately the same for the different stripe widths. This suggests
that the amount of water molecules near the surface plays only a minor role in
determining the adsorption free energy for the structured surfaces.

The change in the water density profile and adsorbance examine the water
structure averaged over the surface it is also useful to investigate how the struc-
ture around the hydrophobic and hydrophilic parts of the surface changes with



the stripe thickness. As the stripe width decreases the peak on the Cl3-water
RDF (Figure 5(c)) increases due to water molecules that are close to hydroxyl
groups in the OH-terminated molecules. The O13-water RDF shows less varia-
tion with the stripe width (Figure 5(d)), due to the strong interaction between
water molecules and the OH groups.

4. Conclusions

Using molecular dynamics simulations, employing advanced sampling meth-
ods, I investigated the interaction between peptides and nanostructured sur-
faces. The adsorption strengths were found to depend both on the chemistry of
the surface (changing from hydrophobic to hydrophilic) and the surface struc-
ture. Strongest adsorption is found for surfaces with larger hydrophobic regions
as this allows for the hydrophobic interactions with the LEU side chains. As
the stripe widths get smaller the adsorption strength decreases, with it becom-
ing similar to that for a uniformly hydrophilic surface for the thinnest stripes.
Qualitative, as well as quantitative, differences were found between the two pep-
tides studied, showing that the interplay between peptide and surface structures
affects the adsorption behaviour.

Adsorption of peptides onto the surface leads to changes in their conforma-
tion. For surfaces with larger hydrophobic regions (SAMch3 and SAMS5) the
peptide conformation can be rationalized through the hydrophobic leucine side
chains pointing towards the hydrophobic surface. This conformation becomes
disrupted as the stripes get narrower. Only small changes are seen in the water
structure for the different mixed SAMs so this is less likely to play a role (al-
though it may be important in determining the differing adsorption strengths
between the hydrophobic and hydrophilic surfaces).

Both components of the systems studied in this work, the peptides and sur-
faces, represent idealised model systems. In particular, differences in packing
between different ligands and mobility of ligands on the surface would need to
be considered to investigate experimental systems. Additionally, the prescence
of salts Nonetheless it has revealed details of the relationship between nanoscale
surface structure and protein adsorption strength. In future work this will be
extended to consider more realistic models of the surface, along with different re-
alisations of surface heterogeneity. Likewise it would be useful to consider more
complex proteins, to give more information on the interplay between protein
and surface structure. This would give insight into the use of nanostructured
surfaces in prevention of protein adsorption in biomaterials and antifouling ap-
plications, as well as linking surface structure to the functionality of adsorbed
proteins and formation of supramolecular protein structures at surfaces.
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Appendix - Demultiplexed simulations

To test the exploration of different conformations in the static bias simula-
tions the variation in the collective variables across the static bias simulations
is investigated (Figures 6 and 7). These were performed on the demultiplexed
trajectories (using the gromacs demux script). All systems contain trajectories
that sample a wide range of CV values, suggesting that the sufficient sampling
of protein-surface separations and protein conformation occurred during the
simulations.
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Figure 1: (Colour online) (a) Free energy profiles for LK315 (top) and LKai14 (bottom) (b)
net adsorption free energies (bottom). SAMch3, SAMoh, SAM5, SAM2, and SAM1 surfaces
denoted by black, red, green, blue, and magenta respectively.
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Figure 2: (Colour online) Sidechain orientations for LK 315 (top) and LKa14 (bottom) on SAM
surfaces. Black, red, green, blue, and magenta denotes SAMch3, SAMoh, SAM5, SAM2, and
SAM1 surfaces respectively.
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Figure 3: (Colour online) Secondary structure propensities for LK315 (left) and LKa4 (right)
on (top to bottom) SAMch3, SAMoh, SAM5, SAM2, SAM1, and bulk solution. «-helix, -
strand, turn, 3/10-helix, and coil denoted by blue, yellow, red, cyan, and white respectively.
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Figure 4 : (Colour online ) Snapshots showing structures from the most probable clusters for
LKpB15 (left

and LKai4 (right). From top to bottom SAMch3, SAMoh, SAM5, SAM2, and
d lysine residues shown in blue and red respectively.
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Figure 5: (Colour online) Water structure near self-assembled monolayers. (a) Water density
profile (b) Adsorbance (c) Water-C13 radial distribution function (d) Water-O13 radial dis-
tribution function. In all cases SAMch3, SAMoh, SAM5, SAM2, and SAM1 are denoted by
black, red, green, blue, and magenta respectively.
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Figure 6: (Colour online) Variation of Az (left) and DH (right) for demultiplex trajectories
of LKf15 from static bias simulations for (top to bottom) SAMch3, SAMoh, SAM5, SAM2,
and SAM1. Black, red, green, and blue lines denote the Oth, 3rd, 7th, and 11th replicas.
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Figure 7: (Colour online) Variation of Az (left) and No_pgp (right) for demultiplex trajec-
tories of LKa14 from static bias simulations for (top to bottom) SAMch3, SAMoh, SAMS5,
SAM2, and SAM1. Black, red, green, and blue lines denote the Oth, 3rd, 7th, and 11th
replicas.
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