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Abstract All-atom empirical molecular mechanics pro-

tein force fields, which have been developed to represent

the energetics of peptide folding behavior in aqueous

solution, have not been parameterized for protein interac-

tions with solid material surfaces. As a result, their appli-

cability for representing the adsorption behavior of proteins

with functionalized material surfaces should not be

assumed. To address this issue, we conducted replica-

exchange molecular dynamics simulations of the adsorp-

tion behavior of structured peptides to functionalized

surfaces using three protein force fields that are widely

used for the simulation of peptide adsorption behavior:

CHARMM22, AMBER94, and OPLS-AA. Simulation

results for peptide structure both in solution and when

adsorbed to the surfaces were compared to experimental

results for similar peptide-surface systems to provide a

means of evaluating and comparing the performance of

these three force fields for this type of application. Sub-

stantial differences in both solution and adsorbed peptide

conformations were found amongst these three force fields,

with the CHARMM22 force field found to most closely

match experimental results.

1 Introduction

The study of interfacial phenomena in biological systems,

such as peptide-surface and protein-surface interactions,

often requires the analysis of mechanistic processes at the

atomic level that are not easily determined using experi-

mental techniques. Molecular simulation provides a com-

plementary approach to study these types of interactions

that enables the spatial and temporal features of such

complex molecular mechanisms to be directly predicted

and visualized.

Empirical all-atom molecular mechanics force fields

(FFs) are typically used for the simulation of molecular

systems that are too large to be efficiently studied using

quantum mechanical simulation methods. Due to their

unique analytical capabilities, FF-based simulations have

the potential to provide highly accurate representations of

biological systems and phenomena. However, most empir-

ical all-atom molecular mechanics FFs that have been used

to represent the interactions between biomolecules, such as

peptides and proteins, with material surfaces have been

developed and parameterized specifically for the simulation

of biomolecules in aqueous solution without considering

adsorption behavior. Since FFs such as these are empirically

parameterized for specific applications, a given set of FF

parameters that are tuned for one application (i.e., within

some particular molecular environment) may not be suit-

able for a different application. This issue is referred to as

FF transferability [1]. Limitations in the transferability of a

FF can inhibit its usefulness in simulations of novel systems

where the types of atomic interactions being represented

extend beyond those for which that FF was developed. A

clear example of this problem has been demonstrated by

van Gunsteren and coworkers [2], where they showed that

different sets of partial charge parameters were needed for
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the GROMOS96 FF [3] to accurately represent a set of

molecules in their pure liquid state compared to when they

were represented in aqueous solution.

FF transferability is a significant issue in the simulation

of interfacial phenomena and especially in the simulation

of peptide and protein adsorption to synthetic material

surfaces. Simulations of peptide and protein adsorption

behavior are typically performed using protein FFs such as

the CHARMM22 [4], AMBER94 [5], and OPLS-AA [6]

FFs, which have been parameterized, tuned, and validated

to represent peptide structure and energetics in aqueous

solution. The transferability of these FFs to simulations of

peptide and protein adsorption is questionable because of

differences in the primary driving forces that govern pep-

tide conformational behavior in aqueous solution compared

to those that mediate adsorption behavior at a liquid–solid

interface. In aqueous solution, peptide conformational

behavior is heavily influenced by the bonded parameters of

a FF (e.g., dihedral angle rotation) while peptide adsorption

behavior is dominated by nonbonded interaction parame-

ters (e.g., van der Waals and electrostatic interactions).

Additionally, the subtle balance between the relative

attractions of a peptide versus water molecules for func-

tional groups presented by an adsorptive surface plays a

very important role in the adsorption process, with small

imbalances in their nonbonded parameters potentially

resulting in large errors in simulated adsorption behavior.

One of the difficulties in addressing these concerns is the

limited amount of quantitative experimental data that is

available on the orientation and conformation of adsorbed

peptides from which simulation results using a given FF

can be quantitatively assessed. An experimental study by

DeGrado and Lear [7] provides an excellent example of the

kind of data that can be used for such comparisons in which

the orientation and conformation of small structured pep-

tides composed of sequences of leucine–lysine (LK) amino

acids residues were determined in aqueous solution and

when forming a monolayer at the air/water interface

(emulating a hydrophobic surface) and on both polar and

nonpolar material surfaces. The peptides used in these

studies serve as excellent model structures because they

adopt specific and varying secondary structure conforma-

tions and molecular orientations depending on the surfaces

with which they come in contact. Recently, a larger set of

experimental studies has been published by Phillips and

coworkers [8] on the adsorption behavior of this same set

of LK peptides to both hydrophobic polystyrene and

hydrophilic silica surfaces. Additionally and most recently,

Castner and coworkers [9–12] have completed a compre-

hensive set of experiments studying the conformations and

orientations of similar LK peptides adsorbed to a variety of

material surfaces, including a hydrophobic methyl-termi-

nated self-assembled monolayer (SAM) surface and a

negatively charged carboxylic acid-terminated SAM on a

gold substrate. The peptide-SAM surface studies com-

pleted by Castner and coworkers, coupled with results from

similar previous studies, provide an excellent opportunity

for the evaluation of different FFs in order to determine

which FF is most capable of accurately representing pep-

tide adsorption behavior for these types of systems.

The objective of the work presented in this paper was to

conduct molecular dynamics (MD) simulations of the

adsorption behavior of structured LK peptides to surface

chemistries matching those used in the experimental stud-

ies described above, using the three FFs that are most

widely used for the simulation of peptide and protein

adsorption behavior (i.e., CHARMM22, AMBER94, and

OPLS-AA FFs). The simulation results for each FF were

compared to the available experimental results and this

information was used as a basis to evaluate the transfer-

ability of each of these FFs to accurately represent peptide

adsorption behavior for these systems.

2 Methods

2.1 Model Molecular Systems

DeGrado and Lear [7] introduced LK peptides, which are

short peptides composed exclusively of leucine (L) and

lysine (K) amino acid residues sequentially arranged to

represent specific secondary structural elements that are

found in proteins. Two of the peptides they introduced, a

7-mer b-strand-forming LK sequence (LKb7; LKLKLKL)

and a 14-mer a-helix-forming LK sequence (LKa14;

LKKLLKLLKKLLKL), served as the model peptides used

in our simulations. When these peptides adopt b-strand and

a-helical conformations, respectively, the leucine side

chains lie on one side of the peptide backbone while the

lysine residue side chains lie on the other side (Fig. 1). This

arrangement results in amphiphilic peptides that have both

a hydrophobic side and a positively charged hydrophilic

side, thus causing them to orient in a predictable fashion as

they adsorb to either hydrophobic or negatively charged

surfaces.

For our simulations, the same set of LK peptides used by

DeGrado and Lear was constructed using parameters from

the CHARMM22 (with CMAP [13]), AMBER94, and

OPLS-AA FFs. Similar to the experimental studies, each

peptide was terminated via N-terminal acetylation and

C-terminal amidation (ACE and CT2 residues, respec-

tively). For the LKb7 simulations, a pair of identical LKb7

peptides was used to allow the formation of both parallel

and antiparallel b-sheets. Simulations of LKa14 used a

single peptide. Each system was composed of the pep-

tide(s) alone in an aqueous solution composed of explicitly
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represented TIP3P water with 140 mM Na? and Cl- ions

added to represent physiological saline conditions, or in

140 mM saline solution over a functionalized alkanethiol

SAM surface, with additional Cl- counter-ions added to

neutralize the positively charged K side chains.

The model surfaces used in these studies were repre-

sentations of defect-free, idealized SAM surfaces com-

prised of alkyl chains with functionalized terminal groups

(Fig. 1). In these surfaces, the alkyl chains form a tightly

packed structure in which the chains were arranged in
ffiffiffi

3
p

�
ffiffiffi

3
p

� �

R3� geometry with 5 Å spacing, with the chains

tilted initially to the orientation specified by Vericat and

coworkers [14] at approximately 30� from the surface

normal, thus representing alkanethiol SAMs formed on a

gold substrate [15]. The two SAM surfaces used in this

study were represented by a hydrophobic, methyl-termi-

nated SAM (CH3-SAM) and a hydrophilic, negatively

charged carboxylic acid-terminated SAM (COOH-SAM).

These surfaces were constructed using methods that Latour

and coworkers [16–22] and others [23–28] have used in

several previous simulation studies involving SAMs. The

SAM surfaces were each represented as consisting of

functionalized alkyl chains of 10 carbons, including the

functional group carbon. 50% of the carboxylic acid groups

of the COOH-SAM were deprotonated, as appropriate for

the experimentally determined pKa value of 7.4 [22]. To

maintain neutrality of the systems with the COOH-SAM, 60

additional Na? counter-ions were included in the simulated

water box for neutralization of the 60 surface charges.

The functionalized alkyl residues that make up each

SAM surface were lacking FF parameters in some of the

FFs. These missing FF parameters were obtained by

assigning partial charges and atom types matching those of

similar atomic arrangements existing within corresponding

amino acid side chain functional groups from each

respective FF. The terminal carboxylate and carboxylic

acid functional group parameters for the COOH-SAM were

assigned based on the side-chain parameters for deproto-

nated glutamic acid and protonated glutamic acid residues,

respectively. The terminal CH3 group parameters for the

CH3-SAM were assigned based on the alanine (ALA)

residue side chain in each FF.

2.2 Simulation Details

The construction of all of the molecular structures and the

simulation of all of the systems were accomplished using

the standard CHARMM (version c34b2) suite of simulation

tools [29]. All structural components of each system were

developed using incremental equilibration stages using the

same FF that would be used for the simulations conducted

with the same systems. The specific parameter and topol-

ogy files that constitute the CHARMM22, AMBER94, and

OPLS-AA FFs were the ones included with the CHARMM

c34b2 source package, plus the addition of Cl- and Na?

ion Lennard-Jones parameters converted for use with the

CHARMM simulation program from the original OPLS-

AA FF.

Each peptide-surface model system comprised an

orthorhombic layer of mobile water molecules, ions, and

peptides bounded above by a fixed bulk water layer and

below by a fixed SAM surface with unrestrained functional

Fig. 1 Images representing the LK-peptides and the functionalized

SAM surfaces. The LKb7 peptide is shown, upper left, from the end
and from the side. The LKa14 peptide is shown, lower left, from the

side and from the end. The CH3-SAM is shown, upper right, and the

COOH-SAM is shown, lower right
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groups (Fig. 2). We refer to the central layer of mobile

water molecules, ions, and peptides as the mobile core, and

for spatial reference purposes, we consider the positive

z axis as the axis directed normal to the SAM surface,

directed toward the solution phase. All systems were sim-

ulated using 3-D periodic boundary conditions (PBCs)

using the explicit-image model. The particle-mesh Ewald

(PME) method [30] was used for calculation of long-range

electrostatics. Parameterization of PME [31] for all simu-

lations included truncation of the real-space summation at

12 Å, a value of 0.34 Å-1 for the Ewald method’s Gaussian

distribution inverse width, and a real-space cutoff of 12 Å.

Van der Waals (vdW) interactions were truncated using a

force-based switching function at cutoff distances matching

those of the PME parameterization. All simulations were

conducted in the canonical (NVT) ensemble using the VV2

integrator (an implementation of the velocity Verlet algo-

rithm [32]). The Nosé-Hoover method [33] with a thermo-

stat time constant of 0.1 ps was used for temperature control

of all replicas. Bond lengths involving heavy atoms and

hydrogens (X–H bonds) were held fixed using the SHAKE

algorithm [34], which enabled a 2.0 fs time step to be used

for all equilibration and production dynamics.

The mobile core of all simulated peptide-surface systems

was constructed beginning with a 50 9 52 9 41 Å3 vol-

ume containing 3,400 TIP3P waters with 8 Na? ± and 8

Cl- ions sufficient to provide an approximately 140 mM

NaCl aqueous solution (i.e., physiological saline), and this

saline system was equilibrated for over 1 ns at 298 K. After

equilibration, peptides and additional ions sufficient for

neutralizing each peptide and the COOH-SAM surface were

added to this saline system. Water molecules whose O or H

atoms were within 2.1 Å of any non-hydrogen peptide atom

were removed, and ions were added by replacing TIP3P

waters with the added ions. Each of these mobile core

systems containing a peptide (or pair of peptides) was again

equilibrated for 1 ns and the volume was adjusted so that it

produced an average pressure of 1 atm. Finally, the mobile

core was placed between the fixed bulk water layer and the

SAM surface and the positions of those layers were adjusted

so that a 1 ns equilibration of the complete system could be

conducted with the mobile core maintaining its average

volume as estimated from the density of solution near the

interface (virial-based pressure measurements were not

used in this stage of complete system equilibration, as they

are unreliable in systems with constrained atoms) [35]. The

15 Å thick fixed bulk water layer at the top of the mobile

core, containing 3 Na? and 3 Cl- ions within TIP3P water,

was equilibrated at 298 K before being constrained. All

atoms of this layer were held fixed during the production

simulations so that the free water molecules of the mobile

core would interface with a bulk solution-like surface

instead of the periodic image of the hydrophobic bottom of

the SAM’s alkyl chains. The alkyl chains of the SAMs were

also held fixed during the simulations, but the terminal alkyl

carbons and all surface functional group atoms were unre-

strained. The peptide-solution systems were constructed

similarly, but without the SAM or rigid water layers.

Overall, two distinct systems (one solo LKa14 and one pair

of LKb7s) were constructed and simulated as aqueous

solutions with no SAM surface present, and four distinct

systems were constructed and simulated with a SAM sur-

face: one LKa14 and a pair of LKb7s were each simulated

in the presence of each of the SAMs.

Fig. 2 Diagrams of one of the simulated systems, the pair of LKb7

peptides adsorbed to the CH3-SAM surface. Both images were

generated from single trajectory frames of the production-phase

REMD simulations using a the CHARMM22 FF and b the OPLS-AA

FF. Freely diffusing Na? (yellow) and Cl- (cyan) ions are also present

in the solution above each SAM surface. In these images, the

differences in the conformations and orientations of the 2 LKb7

peptides highlight some of the differences between the FFs used for

these simulations
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In order to produce a large representative equilibrated

ensemble of structures that could be analyzed to identify

peptide structural trends for each system. The replica-

exchange molecular dynamics (REMD) method introduced

by Sugita and Okamoto [36] was used to maximize each

system’s exploration of conformational space. In the tem-

perature-based implementation of the REMD method used

here, as system configurations move from temperature

level to temperature level (replica to replica) through the

implementation of a Metropolis-like exchange process,

conformational changes (i.e., crossing of potential energy

barriers) that are more accessible at higher temperatures

lead to the sampling of new low-energy states that subse-

quently migrate by exchange into the lower temperature

levels, improving the sampling of states in the low-tem-

perature levels. The resulting collection of states comprises

a Boltzmann-weighted ensemble of equilibrated states for

each system, as is necessary for proper comparison with

experimental results.

The REMD simulation procedure for each system was

coordinated using the MMTSB suite of simulation tools

[37]. In order to enhance the sampling efficiency of the

REMD simulations, the starting configurations for various

REMD replicas were chosen from three different confor-

mations of each peptide system. Each REMD simulation

was comprised of 40 replicas spanning a temperature range

of 298–520 K. Each REMD simulation was conducted

with 1.0 ps MD intervals between exchange attempts and

thorough equilibration prior to initiating the production

REMD simulation. Immediately before each exchange

attempt, the coordinates of the atoms of the 298 K replica

were saved as a contribution to the overall low-temperature

(298 K) ensemble of structures. Secondary structure anal-

ysis was conducted using the STRIDE [38] utility. Visu-

alization software used during analysis of the simulation

results included visual molecular dynamics (VMD) [39]

and UCSF Chimera [40].

Since an REMD simulation includes replicas at elevated

temperatures, a unique simulation problem for interfacial

systems exists where the interaction of interest is between a

mobile molecular species in solution (i.e., the peptide) and

a surface with a fixed position. The possibility of the

molecular species drifting away from the surface during the

simulation, particularly for high-temperature replicas, must

be addressed in order to maintain the simulated system in

an arrangement that continually produces useful data (i.e.,

sampled states of the peptide interacting with the surface).

Additionally, this modification must be done in a way that

does not interfere with the interaction of interest. To

accomplish this, a harmonic constraint potential was used

to prevent the movement of a peptide away from the SAM

surface. This potential force was applied to the center of

mass of each peptide to avoid disruption of conformational

characteristics, and it was only enabled if the center of

mass of the peptide drifted beyond a distance of 10 Å from

the topmost alkyl carbon atoms of each SAM surface.

Monitoring of the activation of this potential force over the

course of the simulations showed that it was enabled during

less than 1% of all dynamics steps.

To provide an additional means of assessing the repro-

ducibility of these complex simulations and to provide a

measure of sampling convergence, each REMD simulation

was conducted in duplicate, thus enabling a comparison to

be made between matching simulations with different

overall trajectories (i.e., different due to selection of dif-

ferent random seeds used in assigning initial atomic

velocities). To verify that the selected temperature range

was sufficient to enable sufficient conformational sam-

pling, samples of the high-temperature replica structures

for each of the simulated systems were examined for

conformational disorder (i.e., resulting in a randomly

structured peptide). For example, the LKa14 peptide,

which typically maintains a helical conformation in solu-

tion at 298 K, was shown to adopt a random conformation

when simulated at the 520 K temperature level.

There are a large variety of approaches to evaluating the

state of convergence of an REMD simulation [41–48], and

a consistent metric within all approaches is the conver-

gence of specific system parameters of interest in the

simulation. In our simulations, we were primarily con-

cerned with structural features of the peptides and the

surrounding solution as they interacted with the surface

chemistries presented to them. Based on these structural

analyses, including comparisons between the two inde-

pendent sets of REMD simulations for each system, all

REMD simulations appeared to have achieved conver-

gence of all structural characteristics of interest within

3–5 ns of starting the simulations. Therefore, all simula-

tions were continued through completion of 12 ns, with the

last 6 ns of the simulation then used for final analyses of

the sampled ensemble of equilibrated states.

2.3 Methods Used to Analyze REMD Results

The results from the REMD simulations, which were

sampled every 1 ps, were analyzed to assess the develop-

ment of secondary structure and the orientation of each

peptide on each surface. Secondary structural analyses

were performed in three ways. First, the phi (/) and psi (w)

dihedral angles of each amino acid residue of each peptide

were determined for each sampled conformation over the

full 12 ns of sampling to assess its secondary structural

conformation as interpreted by the STRIDE [38] utility.

Secondly, the / and w angles from the last six nanoseconds

of sampling (i.e., representing equilibrated structures) were

then analyzed to calculate the relative free energies of each
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conformation in order to quantitatively show the propensity

for the amino acid residues to adopt the various confor-

mational states. This was accomplished by dividing the //

w dihedral angles of the representative Ramachandran plots

into bins of 5� each and then counting the number of times

each bin was sampled. The relative free energy (DGr) of

each dihedral conformational bin was then calculated by:

DGr ¼ �RT ln Ni=NTð Þ ð1Þ

where Ni and NT are the number of times each bin was

sampled and the total number of samples for all bins,

respectively, and R and T are the ideal gas constant and

absolute temperature, respectively. Finally, the intermo-

lecular distances separating the Ca carbons of the first and

last L amino acid residues of the pair of LKb7 peptides

were used to assess the relative position and orientation of

the LKb7 peptides with respect to one another, thus char-

acterizing the formation of parallel or antiparallel b-sheet

structure on each surface. The conformation was labeled as

a parallel b-sheet if the C-terminal carbons of both chains

were within 8 Å of each other, and the N-terminal carbons

of both chains were also within 8 Å. Likewise, the con-

formation was labeled as an antiparallel b-sheet if the

C-terminal carbon of each chain was within 8 Å of the

N-terminal carbon of the other. If neither criterion was met,

the conformation was labeled as unstructured, or non-

interactive. The distance of 8 Å between terminal carbons

used as a threshold for categorizing the conformations as

parallel/antiparallel or non-interactive was based on

structural details of b-sheets [49] and used so that thermal

fluctuations about a parallel or antiparallel arrangement

would be included.

The adsorbed orientation of the peptides on each SAM

surface was characterized by measuring the distance

between each residue’s side-chain terminus and the plane

of the topmost carbon atoms of each SAM, which we

define as the surface separation distance (SSD). Specifi-

cally, the leucine (L) side-chain terminus was defined as

the geometrical center of the two methyl-group carbons at

the end of its side chain and the lysine (K) side-chain

terminus was defined as the nitrogen atom at the end of its

side chain. Probability density (or frequency) plots were

then generated for each amino acid residue as a function of

its side-chain’s SSD over the last 6 ns of REMD sampling

to graphically show the tendency of the peptides to be

oriented over each surface.

3 Results and Discussion

REMD does not represent a regular MD time sequence, but

rather combines multiple parallel MD simulations of rep-

licas of a system (40 replicas for each system in our case)

that are simulated over a wide range of temperatures

(298–520 K for our simulations) in order to rapidly cover

the full conformational phase space of a molecular system.

REMD then uses a Metropolis Monte Carlo-like process to

construct a Boltzmann-weighted ensemble of states from

the sampled phase space at each temperature level, with the

298 K level then used for our subsequent analyses. As

noted in Sect. 2.2, we conducted 12 ns of REMD sampling

for each of our systems in order to construct Boltzmann

ensembles of conformational states. In order to provide

evidence of convergence to an equilibrated ensemble of

states, two things were necessary. First, it was necessary to

ensure that the maximum temperature level used in our

simulations (i.e., 520 K) was sufficiently high to cover the

relevant peptide conformational space within a reasonable

short period of time (i.e., fully folded to fully disordered

states). As our most extreme case, preliminary studies

showed that the LKa14 peptides transitioned from an

a-helical conformation to fully disordered structures in

both solution and on both surfaces within 1.0 ns, thus

satisfying this condition. Secondly, the ensembles of states

sampled from each pair of independent REMD simulations

were analyzed to characterize each system’s structural

behavior, with these comparisons providing very similar

distributions of states within 3–5 ns of REMD sampling,

thus indicating convergence was reached within this level

of REMD sampling time. The distribution of states from

the last 6 ns of the full 12 ns of REMD sampling were then

retained for analyses, with comparisons then made to the

available experimental data. In making such comparisons,

it is important to note that the simulated model SAM sur-

faces represent defect-free, idealized alkanethiol layers

while experimental surfaces can be expected to contain

various types of defects, such as grain boundaries, step-

faults, vacancies, and gauche rotations in the alkyl chains.

Further studies are necessary to understand how such

specific types of defects may influence the adsorption

behavior of peptides on SAM surfaces.

3.1 Solution Structures of the LKb7

and LKa14 Peptides

In solution (i.e., no SAM surface present), the pair of LKb7

peptides did not associate with each other in a stable

manner for any of the FFs used. Instead, the individual

peptide strands exhibited variations in structure ranging

from b-strand to random coil to slightly helical confor-

mations. A comparison of the FFs based on the fraction of

the REMD 298 K ensemble that adopted a random coil

conformation shows distinct differences between the FFs

(Fig. 1 in Supplementary Materials), with CHARMM22

and OPLS-AA exhibiting more random structure than

AMBER94. Analyses of per-residue secondary structure
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through the course of the REMD simulation (Fig. 3) pro-

vide an overview of the evolution of peptide structure.

Figure 3 presents the structural evolution of the pair of

LKb7 peptides in solution for each FF over the full 12 ns

of REMD simulation, with the associated Ramachadran-

based relative free energy plots of the amino acid residue

//w backbone dihedral angles for each FF over the last

6 ns of simulation. Using the CHARMM22 FF, these

peptides primarily maintain their random coil conformation

throughout the entire REMD simulation, with a small

contribution from other motifs (Fig. 3a). The relative free

energy plot of the //w backbone dihedral angles (Fig. 3d)

shows that the CHARMM22 FF permits these peptides to

explore a diverse range of backbone conformations with

slightly greater propensity for the dihedral angle mea-

surements to populate b-sheet regions of the plot. Using the

AMBER94 FF, these peptides show a much greater ten-

dency to form a-helical and turn conformations during the

REMD simulation (Fig. 3b) compared to CHARMM22

(Fig. 3a). The Ramachandran plot (Fig. 3e) also indicates

AMBER94 FF’s tendency toward an a-helical backbone

conformation. In contrast to CHARMM22 and AMBER94,

the OPLS-AA FF caused the peptides to primarily explore

both random coil and extended conformations (Fig. 3c),

Fig. 3 Secondary structure for each amino acid residue through the

entire REMD simulation for the pair of LKb7 peptides in solution

using a the CHARMM22 FF, b the AMBER94 FF, c the OPLS-AA

FF, and Ramachandran plots of the relative free energy of different

conformations obtained from the final 6 ns of REMD sampling for the

pair of LKb7 peptides in solution using d the CHARMM22 FF, e the

AMBER94 FF, and f the OPLS-AA FF
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with the Ramachandran plot showing a tendency toward a

b-strand conformation (Fig. 3f), more similar to

CHARMM22 (Fig. 3d) than AMBER94 (Fig. 3e).

Although very limited experimental data is available to

assess which FF provides the most realistic results for a

pair of LKb7 peptides in solution, the results presented in

Fig. 2 clearly show that these three FFs each predict sub-

stantially different conformational behavior in solution.

Using circular dichroism spectropolarimetry (CD), DeG-

rado and Lear [7] observed that a dilute solution of LKb7

peptides in Tris–HCl buffer showed approximately 50%

b-sheet character, while Phillips and coworkers [8] have

more recently noted that, in phosphate-buffered saline,

predominantly random coil character is observed.

Considering these observations when comparing the per-

formance of these FFs, as depicted by the Ramachandran

plot results shown in Fig. 3, suggests that the behavior

represented by CHARMM22 and OPLS-AA FFs most

closely match the experimentally observed behavior.

Results for the conformational behavior of the single

LKa14 peptide in solution are presented in Fig. 4 with

plots of amino acid residue secondary structural assign-

ments over the full 12 ns and Ramachandran relative free

energy plots for the last 6 ns. The solution conformation of

the LKa14 peptide when using the CHARMM22 (Fig. 4a,

d) and AMBER94 FFs (Fig. 4b, e) is predominantly

a-helical, with the AMBER94 FF permitting more devia-

tion from strictly a-helical conformations throughout the

Fig. 4 Secondary structure for each amino acid residue through the

entire REMD simulation for the LKa14 peptide in solution using a the

CHARMM22 FF, b the AMBER94 FF, c the OPLS-AA FF, and

Ramachandran plots of the relative free energy of different

conformations obtained from the final 6 ns of REMD sampling for

the LKa14 peptide in solution using d the CHARMM22 FF, e the

AMBER94 FF, and f the OPLS-AA FF
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entire REMD simulation. In contrast to CHARMM22 and

AMBER94, the OPLS-AA FF presents the solution con-

formation of the LKa14 peptide as being mostly a random

coil conformation (Fig. 4c), but with a substantial number

of 310-helix conformations also appearing throughout the

simulation. The relative free energies of conformations

predicted by the OPLS-AA FF for this peptide cover a very

wide range of values as evidenced by the broad energy

wells spanning a-helical and b-strand //w backbone

dihedral angle values (Fig. 4f).

Experimental results defining the structural behavior of

the LKa14 peptide in solution obtained using CD indicate

that it primarily maintains a stable a-helical conformation

[7, 8], with the CHARMM22 and AMBER94 FFs thus

being much more closely aligned with experimental results

than the OPLS-AA FF. The fractional helicity predicted by

each FF for specific LKa14 peptide residues is summarized

in Fig. 2 (see Supplementary Materials).

3.2 The LKb7 Pair Adsorbed to the CH3-SAM

The simulation results for the structural behavior of the pair

of LKb7 peptides on the hydrophobic CH3-SAM surface

are presented in Fig. 5 with plots of amino acid residue

Fig. 5 Secondary structure for each amino acid residue through the

entire REMD simulation for the LKb7 pair of peptides adsorbed to

the CH3-SAM using a the CHARMM22 FF, b the AMBER94 FF,

c the OPLS-AA FF, and Ramachandran plots of the relative free

energy of different conformations obtained from the final 6 ns of

REMD sampling for the LKb7 pair of peptides adsorbed to the CH3-

SAM using d the CHARMM22 FF, e the AMBER94 FF, and f the

OPLS-AA FF
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secondary structure assignments over the full 12 ns and

Ramachandran relative free energy plots for the last 6 ns.

When adsorbed to the CH3-SAM, the CHARMM22 FF

predicts that these peptides deviate from their random coil

solution structure and consistently adopt an extended

b-strand conformation (Fig. 5a). The backbone dihedral

angles for this CHARMM22 system also reflect the same

strong tendency (Fig. 5d), showing a distinct b-strand

conformation with minor populations of both right- and

left-handed helical conformations. In contrast to

CHARMM22, the AMBER94 FF tended strongly toward

an a-helical conformation (Fig. 5b, e) while the OPLS-AA

FF sampled mostly random coil conformations along with

a small amount of b-strand conformations (Fig. 5c, f). The

fraction of extended b-strand conformations predicted by

each FF for specific LKb7 peptide residues is summarized

in Fig. 3 (see Supplementary Materials), again showing the

stronger preference of CHARMM22 for the b-strand

structure when adsorbed.

Figure 6 presents the analyses of the association of the

pair of LKb7 peptides on the CH3-SAM surface to form

b-sheet structure. Only the CHARMM22 FF showed sub-

stantial development of b-sheet structure (Fig. 6a), with a

strong bias toward the more energetically favorable anti-

parallel b-sheet. In contrast to this behavior, AMBER94

(Fig. 6b) exhibited predominantly non-interacting confor-

mations, with OPLS-AA (Fig. 6c) indicated to mostly

sample non-interacting structures but with a relatively

small proportion of both parallel and antiparallel confor-

mations. Comparison between the results shown in Fig. 6a

for CHARMM22 with the extended-chain residue-by-res-

idue structural assignments of Fig. 5a supports that the

antiparallel configurations predicted in Fig. 6a for

CHARMM22 are indeed representative of b-sheet struc-

ture. In contrast to this, Fig. 5c for OPLS-AA shows that

the individual amino acids of both peptides were

Fig. 6 Distances between terminal a-carbons (used to identify parallel and antiparallel conformations) for the pair of LKb7 peptides adsorbed to

the CH3-SAM during the entire REMD simulation for a the CHARMM22 FF, b the AMBER94 FF, and c OPLS-AA FF

Fig. 7 Frequency distributions for amino acid side chain terminus

surface separation distances (SSD) for the pair of LKb7 peptides

adsorbed to the CH3-SAM during the last 6 ns of REMD sampling using

a the CHARMM22 FF, b the AMBER94 FF, and c the OPLS-AA FF
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predominantly configured in random coil structure, thus

indicating that the apparent b-sheet structures assigned for

OPLS-AA in Fig. 6c actually represent very irregular

associations between the two LKb7 strands as opposed to

tightly conformed, stable b-sheet structures. Figure 2

illustrates an example of the conformational differences

typically found for the stable antiparallel b-strand structure

for the pair of LKb7 peptides predicted by CHARMM22

(Fig. 2a) compared the much more unstructured associa-

tion between the pair of LKb7 peptides observed with

OPLS-AA (Fig. 2b).

Measurements of the side-chain SSDs for the LKb7 pair

of peptides (Fig. 7) show that the arrangement of the L side

chains relative to the surface of the CH3-SAM is consistent

between each of the three FFs, with the L side chains

staying within a narrow range of distances from the surface

(approximately 3–5 Å). The K side-chain SSD distribu-

tions, however, show significant differences, with the

AMBER94 FF providing much more variability in the K

side-chain SSDs (Fig. 7b) compared to CHARMM22

(Fig. 7a) and OPLS-AA (Fig. 7c), thus suggesting a

broader range of orientations with AMBER94.

Fig. 8 Secondary structure for each amino acid residue through the

entire REMD simulation for the pair of LKb7 peptides adsorbed to

the COOH-SAM using a the CHARMM22 FF, b the AMBER94 FF,

c the OPLS-AA FF, and Ramachandran plots of the relative free

energy of different conformations obtained from the final 6 ns of

REMD sampling for the pair of LKb7 peptides adsorbed to the

COOH-SAM using d the CHARMM22 FF, e the AMBER94 FF, and

f the OPLS-AA FF
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Experimentally, LKb7 peptides have been shown to

form stable b-sheet structures with the L amino acids

adsorbed closer to the surface than the K amino acids on

hydrophobic surfaces by DeGrado and Lear [7] (air–water

interface and an apolar surface), by Phillips and coworkers

[8] (hydrophobic polystyrene), and by Castner and

coworkers [9, 11] (CH3-SAMs). In addition, using infrared

spectroscopy, DeGrado and Lear indicated that the b-sheet

formed by the LKb7 on an apolar surface occurred in an

antiparallel structure, while using sum frequency genera-

tion (SFG), Castner and coworkers [11] indicated very

distinct separation between the L and K amino acid resi-

dues on a CH3-SAM surface using a 15 amino acid alter-

nating LK peptide (LKb15) as opposed to LKb7. Thus,

while all three FF were successful in correctly predicting

the orientation of the LKb7 peptides on a hydrophobic

surface, CHARMM22 was the only FF that successfully

predicted these peptides to form stable antiparallel b-sheet

structures with tightly distributed orientations of the L and

K residues.

3.3 The LKb7 Pair Adsorbed to the COOH-SAM

The simulation results for the structural behavior of the pair

of LKb7 peptides on the negatively charged COOH-SAM

surface are presented in Fig. 8 with plots of amino acid

residue secondary structure assignments over the full 12 ns

and Ramachandran relative free energy plots for the last

6 ns. When adsorbed to the COOH-SAM, the LKb7 pep-

tides do not adopt a particular secondary structure motif

with any of the FFs used. Using any of the 3 FFs, there is

little change from a random coil conformation through the

entire REMD simulation. However, Ramachandran plots

reveal different tendencies between these three FFs. The

OPLS-AA results (Fig. 8f) show the greatest tendency

toward a b-strand conformation with minor populations of

Fig. 9 Distances between terminal a-carbons (used to identify parallel and antiparallel conformations) for the pair of LKb7 peptides adsorbed to

the COOH-SAM during the entire REMD simulation for a the CHARMM22 FF, b AMBER94 FF, and c OPLS-AA FF

Fig. 10 Frequency distributions for amino acid side chain terminus

surface separation distances (SSDs) for the pair of LKb7 peptides

adsorbed to the COOH-SAM during the last 6 ns of REMD sampling

using a the CHARMM22 FF, b the AMBER94 FF, and c the OPLS-

AA FF
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helical conformations, CHARMM22 (Fig. 8d) showed

about equal distribution between b-strand and helical

conformations, while AMBER94 (Fig. 8e) shows a stron-

ger propensity toward the formation of right-handed

a-helix conformations. The fraction of random coil con-

formations predicted by each FF for specific LKb7 peptide

residues is summarized in Fig. 4 (see Supplementary

Materials).

Distances between the terminal backbone carbons of the

LKb7 pair over the COOH-SAM (Fig. 9) indicate that

there was little tendency to form either antiparallel or

parallel b-sheet structures on the COOH-SAM surface with

any of the three FFs. Despite the random conformational

structure of the LKb7 peptides on this surface, measure-

ments of the side-chain SSDs reveal strong orientational

ordering by each FF, with the positively charged lysine

residues closer to the negatively charged COOH-SAM

(Fig. 10). This is inverted, compared to the CH3-SAM

shown in Fig. 7. As shown in Fig. 10, the K side-chain

SSDs fell within a narrow 2–3 Å range centered at

approximately 2 Å from the surface for each FF, with each

FF predicting a much wider distribution of the L amino

acid residues.

Experimentally, DeGrado and Lear [7] reported that

LKb7 peptides formed stable antiparallel b-sheet structure

on a hydrophilic quartz surface using CD and infrared

Fig. 11 Secondary structure for each amino acid residue through the

entire REMD simulation for the LKa14 peptide adsorbed to the CH3-

SAM using a the CHARMM22 FF, b the AMBER94 FF, c the OPLS-

AA FF, and Ramachandran plots of the relative free energy of

different conformations obtained from the final 6 ns of REMD

sampling for the LKa14 peptide adsorbed to the CH3-SAM using

d the CHARMM22 FF, e the AMBER94 FF, and f the OPLS-AA FF.

The Ramachandran plots represent structures from the final 6 ns of

REMD sampling, with a-helix structure simply designated as helix

Biointerphases (2012) 7:24 Page 13 of 19

123



spectroscopy, while both Castner and coworkers [9, 11]

(LKb15 peptides on COOH-SAM surface) and Phillips and

coworkers [8] (LKb7 peptides on hydrophilic silica) found

that these LK peptides oriented with K residues adsorbed

closer to the surface than the L residues using SFG, time-

of-flight secondary ion mass spectrometry (ToF–SIMS),

and near-edge X-ray absorption fine structure spectroscopy

(NEXAFS), and using SFG, respectively.

Comparisons between our simulation results with the

available experimental findings thus show that while all

three FF were able to correctly predict the orientation of

the LKb7 peptides on the COOH-SAM surface, none of the

FFs were able to predict the formation of stable b-sheet

structure, thus indicating problems with force field

parameterization for this type of system.

3.4 The LKa14 Peptide Adsorbed to the CH3-SAM

The simulation results for the structural behavior of the

single LKa14 peptide on the hydrophobic CH3-SAM sur-

face are presented in Fig. 11 with plots of amino acid res-

idue secondary structure assignments over the full 12 ns

and Ramachandran relative free energy plots for the last

6 ns. When adsorbed to the CH3-SAM, the LKa14 peptide

maintains a predominantly helical conformation with all

three FFs, but the nature of the helical conformations varied

amongst the different FFs. The CHARMM22 FF presents a

strongly and consistently a-helical conformation throughout

the simulation as evidenced by both secondary structure

(Fig. 11a) and backbone dihedral angles (Fig. 11d). These

results match the solution structure results for that FF

(Fig. 4a, d), and most closely match experimental findings

[9–11, 50]. As in the case of the LKb7 peptides, it appears

that the methyl-group parameters in CHARMM22 FF per-

mit strong binding of the peptide with minimal disruption of

the peptide’s internal structure. The AMBER94 FF shows

this peptide deviating from an a-helical conformation

toward that of a 310-helix or a random coil (Fig. 11b) more

often than is the case for the solution structures calculated

using that FF (Fig. 4b). The Ramachandran relative free

energy plot for this system also reflects a broader explora-

tion of right-handed helical structures (Fig. 11e). The

OPLS-AA FF results in conformations ranging from ran-

dom coil to 310-helix and some a-helix (Fig. 11c). The

backbone dihedral measurements for this varied population

of structures reflect broadly right-handed helical character

with much more exploration of extended strand confor-

mations (Fig. 11f) compared with CHARMM22 and

AMBER94. The fraction of a-helical conformations pre-

dicted by each FF for specific LKa14 peptide residues is

summarized in Fig. 5 (see Supplementary Materials).

Because of its predominantly helical structure, the

LKa14 peptide’s side chains cannot be evenly segregated

in the way that is possible for the LKb7 peptides, so it is

unavoidable for the side-chain SSDs of the LKa14 peptide

to be less well ordered than they are for the LKb7 peptides.

However, when adsorbed to the CH3-SAM, most of the

LKa14 peptide’s adsorbing L side chains are arranged so

that their SSDs fall tightly within a 3 Å range, centered at

approximately 4 Å from the SAM surface with all three

FFs (Fig. 12), with the nonadsorbing K side chains dis-

tributed more widely. Overall, these results reflect a con-

sistent preference for adsorption with the L residues

oriented toward the surface, despite the differences in

helical conformations amongst the different FFs used.

Fig. 12 Frequency distributions of amino acid side chain terminal

carbon surface separation distances (SSDs) for the LKa14 peptide

adsorbed to the CH3-SAM during the last 6 ns of REMD sampling

using a the CHARMM22 FF, b the AMBER94 FF, and c the OPLS-

AA FF
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Experimentally, DeGrado and Lear [7] reported LKa14

peptides to form stable helical structure on an apolar sur-

face using CD and infrared spectroscopy, while Castner

and coworkers [9, 11] (LKa14 on CH3-SAM, using SFG,

ToF–SIMS, and NEXAFS), and Phillips and coworkers [8]

(LKa14 on hydrophobic polystyrene using SFG) reported

the orientation of this peptide with the L residues oriented

closer to the surface than the K residues. In addition,

Castner and coworkers’ ToF–SIMS results indicated much

less separation between the L and K residues for this

peptide compared to the LKb15 peptide, which was pre-

sumed to reflect broader arrangement of the residues

resulting from the helical structure of the LKa14 peptide.

Comparisons between our simulation results and the

available experimental data thus show that while all three

FFs are again able to correctly represent the orientation of

the LKa14 peptide on the CH3-SAM surface, only

CHARMM22 and AMBER94 FFs provide close agreement

with experimental findings regarding the stability of helical

structure, with OPLS-AA not being able to adequately

capture this type of structural behavior.

3.5 The LKa14 Peptide Adsorbed to the COOH-SAM

The simulation results for the structural behavior of

the single LKa14 peptide on the negatively charged

Fig. 13 Secondary structure for each amino acid residue through the

entire REMD simulation for the LKa14 peptide adsorbed to

the COOH-SAM using a the CHARMM22 FF, b the AMBER94

FF, c the OPLS-AA FF, and Ramachandran plots of the relative free

energy of different conformations obtained from the final 6 ns of

REMD sampling for the LKa14 peptide adsorbed to the COOH-SAM

using d the CHARMM22 FF, e the AMBER94 FF, and f the OPLS-

AA FF. The Ramachandran plots represent structures from the final

6 ns of REMD sampling, with a-helix structure simply designated as

helix

Biointerphases (2012) 7:24 Page 15 of 19

123



COOH-SAM surface are presented in Fig. 13 with plots of

amino acid residue secondary structure assignments over

the full 12 ns and Ramachandran relative free energy plots

for the last 6 ns. The CHARMM22 FF shows substantial

deviation from the predominantly a-helical conformation

than was found for adsorption of this peptide to the

CH3-SAM (Fig. 11a). The backbone dihedral angles of the

last 6 ns of sampling also show the conformations to be

less strongly a-helical (Fig. 13d) than when adsorbed to

the CH3-SAM (Fig. 11d). Similar to CHARMM22,

the AMBER94 FF also shows segments of this peptide

deviating from an a-helical conformation toward that of a

310-helix in many instances during the REMD simulation

(Fig. 13b), with the outer residues exhibiting more random-

coil structure. Backbone dihedral angles explored using the

AMBER94 FF (Fig. 13e) are quite similar to the distribu-

tion obtained with CHARMM22 (Fig. 13d), with a sub-

stantial amount of both b-sheet and left-handed helical

conformations being present in the ensemble of sampled

states. In distinct contrast to CHARMM22 and AMBER94

FFs, however, the OPLS-AA FF produced conformations

ranging from a random coil to that of a 310-helix, with

almost no a-helical conformations (Fig. 13c). The distri-

bution of backbone dihedral angles with the OPLS-AA FF

for this system (Fig. 13f) were similar to those for the

LKb7 peptides adsorbed to the COOH-SAM (Fig. 8f), but

with many more helical conformations included. The

fraction of a-helical conformation predicted by each FF for

specific LKa14 peptide residues is summarized in Fig. 6

(see Supplementary Materials).

As shown in Fig. 14, the side-chain SSDs for the LKa14

peptide adsorbed to the COOH-SAM show an orientation

that is inverted relative to adsorption to the CH3-SAM. The

adsorbing K side-chain SSDs fall within a 3 Å range,

centered at approximately 2 Å from the SAM surface with

all three FFs, with a very broad distribution of the L resi-

dues. This arrangement reflects a consistent preference

among all three FFs for adsorption with the K residues

positioned toward the surface, despite the substantial dif-

ferences in helicity amongst the different FFs used.

Experimentally, DeGrado and Lear [7] reported that

LKa14 peptides formed a stable helical structure on a

hydrophilic quartz surface using CD and infrared spec-

troscopy. Castner and coworkers [9, 11] found evidence of

the orientation of this peptide with the K residues more

closely adsorbed to a COOH-SAM surface compared to the

L residues using ToF–SIMS, SFG, and NEXAFS, but with

the separation between the L and K residues being much

less distinct than with the b-sheet forming LKb15 peptides,

which was again presumed to be due to the formation of

helical vs. b-sheet structure.

Comparisons between the simulation and experimental

results thus again show that each FF was able to represent

the orientational behavior of this peptide on the COOH-

SAM surface, with the CHARMM22 and AMBER94 FFs

again predicting the formation of a much greater degree of

helical structure in agreement with experimental results

compared to the predominantly random structure predicted

by OPLS-AA.

3.6 Force Field Comparisons

An overall comparison of FF performance relative to the

available experimental results is presented in Table 1. Each

FF is evaluated for its consistency with the experimental

observations. From these comparisons, it can be seen that

Fig. 14 Frequency distributions of amino acid side chain terminal

carbon surface separation distances (SSDs) for the LKa14 peptide

adsorbed to the COOH-SAM during the last 6 ns of REMD sampling

using a the CHARMM22 FF, b the AMBER94 FF, and c the OPLS-

AA FF
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the CHARMM22 FF was most successful at replicating the

experimentally observed behavior overall. The AMBER94

FF performed almost equally well in simulations involving

the LKa14 peptide, but the AMBER94 performance for the

LKb7 systems was inconsistent with particularly poor

performance in treating the structure of the LKb7 peptides

when they were adsorbed to either surface. The OPLS-AA

FF performance was generally not as good as that of either

the CHARMM22 or AMBER94 FFs.

Differences in the simulated adsorption behavior of the

LK peptides on the represented SAM surfaces obtained

with these three different force fields can be considered to

be primarily due to differences in the values of their non-

bonded parameters, which govern the complex competitive

interactions between the peptide, water, and ions in solu-

tion for the functional groups of the SAM surfaces. The

individual nonbonded parameters of each FF are provided

in the Supplementary Materials section (Tables 1–6), along

with a more detailed discussion of how the differing

parameter values may affect adsorption behavior. How-

ever, cooperative and nonlinear effects of the force field

parameters and the molecular behavior of these systems

make it very difficult to clearly associate differences in

parameterization between these three FFs with differences

in simulated adsorption behavior. Further details on the

methods and results from this study are provided in G.

Collier’s doctoral dissertation [51].

4 Conclusions

Our simulations of the interactions between the structured

LK peptides and functionalized SAM surfaces provide a

means of evaluating the applicability of the CHARMM22,

AMBER94, and OPLS-AA FFs to interfacial systems. Of

course, the differences, or strengths and weaknesses,

amongst these FFs are difficult to fully identify from a

limited number of model system simulations and given the

limited experimental data, but some significant trends are

noted. Overall, the CHARMM22 FF most closely matched

experimental results for these simulations. The conforma-

tions of the pair of LKb7 peptides and the single LKa14

peptide on each surface were both stable and most accurate

when using the CHARMM22 FF based on comparison with

the available experimental data. Most notably, the

CHARMM22 FF was the only FF with which the pair of

LKb7 peptides adopted a stable antiparallel b-sheet con-

figuration over the CH3-SAM surface, which occurred in

the adsorbed state but not in solution.

The results obtained using the AMBER FF agreed with

experimental observations almost as well as the

CHARMM22 FF, but in all simulations the AMBER FF

generated significantly more variability in all structural and

orientation measurements. The results obtained using the

OPLS-AA FF deviated significantly from experimental

results. In all simulations with the OPLS-AA FF, there was

a pronounced tendency for the peptides to adopt a random

coil configuration.

Molecular simulations using empirical force field

methods have the inherent capability to provide a very

powerful tool to study and understand the atomic level

interactions that mediate peptide and protein adsorption

behavior. While firm conclusions cannot be made regard-

ing the extension of these results to other specific peptides

and proteins, the results of our simulations do suggest that

the CHARMM22 FF should generally predict more reliable

Table 1 A qualitative

comparison of FF performance,

comparing experimentally

observed behavior

?, Adherence to experimentally

observed behavior; -, deviation

from experimentally observed

behavior

Performance consideration (experimental finding) Estimation of performance

CHARMM22 AMBER94 OPLS-AA

LKb7s in solution adopt a random coil conformation ? - ?

LKb7s interact with (adsorb to) the CH3-SAM ?? ?? ??

LKb7s form b-strands when adsorbed to the CH3-SAM ?? -- -

LKb7s form b-sheet when adsorbed to the CH3-SAM ?? -- -

LKb7s oriented LEU-down when adsorbed to the CH3-SAM ?? ? ??

LKb7s interact with (adsorbed to) the COOH-SAM ?? ?? ??

LKb7s form b-strands in the presence of the COOH-SAM ? -- -

LKb7s form b-sheet when adsorbed to the COOH-SAM -- -- --

LKa14 in solution remains a-helical ?? ?? -

LKa14s interact with (adsorb to) the CH3-SAM surface ?? ?? ??

LKa14 remains a-helical when adsorbed to CH3-SAM ?? ? -

LKa14 oriented LEU-down when adsorbed to CH3-SAM ?? ?? ??

LKa14s interact with (adsorbed to) the COOH-SAM surface ?? ?? ??

LKa14 remains a-helical when adsorbed to COOH-SAM ? ? -

LKa14 oriented LYS-down when adsorbed to COOH-SAM ?? ?? ??

Biointerphases (2012) 7:24 Page 17 of 19

123



conformational behavior of adsorbed peptides and proteins

on these types of surface structures and chemistries than

that provided by the AMBER94 and OPLS-AA FFs. As

clearly shown from the results of this present study, dif-

ferent empirical force fields can predict substantial differ-

ences in peptide adsorption behavior, and even their

conformational behavior in solution. These results under-

score the need for synergistic, closely matched experi-

mental and computational studies that can be used to

quantitatively assess the ability of a selected force field to

adequately represent peptide-surface interactions so that

force field performance can be properly evaluated and

validated for selected applications. Only then can the full

potential of molecular simulation methods be realized to

accurately predict protein adsorption behavior to material

surfaces.
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