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Abstract
Peptides or proteins near surfaces exhibit different structural properties from those present in a
homogenous solution, and these differences give rise to varied biological activity. Therefore,
understanding the detailed molecular structure of these molecules tethered to a surface is important
for interpreting the performance of the various microarrays based on the activities of the immobilized
peptides or proteins. We performed molecular dynamics simulations of a pentapeptide, RHSVV, an
epitope of the tumor suppressor protein p53, tethered via a spacer on a functionalized silica surface
and free in solution, to study their structural and conformational differences. These calculations
allowed analyses of the peptide-surface interactions, the sequence-orientations and the translational
motions of the peptide on surface to be performed. Conformational similarities are found among
dominant structures of the tethered and free peptide. In the peptide microarray simulations, the
peptide fluctuates between a parallel and tilted orientation driven in part by the hydrophobic
interactions between the nonpolar peptide residues and the methyl-terminated silica surface. The
perpendicular movement of the peptide relative to the surface is also restricted due to the hydrophobic
nature of the microarray surface. With regard to structures available for recognition and binding, we
find that similar conformations to those found in solution are available to the peptide tethered to the
surface, but with a shifted equilibrium constant. Comparisons with experimental results show
important implications of this for peptide microarray design and assays.

Introduction
Protein/peptide microarrays, which enable high throughput, parallel analysis of proteins of
interest, provide a powerful and sensitive tool for drug discovery and clinical diagnostics 1–
4. In a typical design for a protein microarray, the protein or peptide probes (the capture agents)
are covalently tethered or noncovalently adsorbed onto the chip surface 5,6. Significant
conformational changes may occur when the proteins or peptides encounter the surface 7,8
including complete denaturation and eventual fouling of the surface 9. Because of the potential
folding instability of proteins, the appropriate choice of the support surface and choice of
immobilization strategy remain technical obstacles 10 in the development of some applications
for protein microarrays. Despite numerous efforts comparing and evaluating biochip surface
coatings 11–14 and immobilization methods 15–19 with respect to the performance of protein
microarrays, there exists no universal solution to maintaining the full biological activity of any
protein upon surface immobilization. The success in control and manipulation of the protein

1Corresponding author. Fax: +1-713-743-2709; e-mail: pettitt@uh.edu.

NIH Public Access
Author Manuscript
J Phys Chem B. Author manuscript; available in PMC 2008 December 13.

Published in final edited form as:
J Phys Chem B. 2007 December 13; 111(49): 13797–13806. doi:10.1021/jp075051y.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



functionality in the microarray context requires a detailed knowledge of the molecular structure
of the protein immobilized on the microarray chip and the protein-surface interactions.

A number of recent studies of protein/peptide adsorption to solid surfaces are of relevance here
20–27. A spectroscopic study of the adsorption of an α-helical peptide to silica substrates
revealed the conformational changes induced by the peptide-surface electrostatic interaction
and orientational specificity based on patterned charge complementarities 22. Colloid (meso)
scale modeling of antibodies adsorbed on the charged surfaces identified the systematic effects
of the surface charge sign and density, solution pH and ionic strength on the orientation of
antibodies 23. The free energy of adsorption has been approximated theoretically for individual
charged peptide residues on the self-assembled monolayer (SAM) surfaces with varying
surface functional groups 24. Of considerable relevance to the present study, a molecular
dynamics simulation of the adsorption behavior of a protein fragment suggested the possibility
of controlling the orientation of adsorbed proteins by manipulation of surface functionality
27. However, those studies only characterized the non-specific, physical adsorption of proteins/
peptides to the surface.

For target molecules to effectively interact with the surface capture peptides, the peptides
should adopt a favorable conformation to allow optimal accessibility. Microarray experiments
have shown that specifically oriented probes outperform randomly immobilized ones in the
peptide aptamer assay 28, antibody capture assay 15,18 and enzymatic activity assay 29. The
addition of a spacer which potentially increases the distance between the tethered peptide/
protein and surface, can increase the access of the capture agent to the target protein in the
solution phase, improving the performance of binding in “affibody” capture arrays 17.
However, since the molecular details of proteins immobilized on surfaces is still largely
unknown, difficulties in determining the underlying physical/chemical reasons for variations
in microarray performance have remained.

Both experimental and theoretical work has begun to address characterizing the effect of
surface tethering on proteins. Single-molecule fluorescence resonance energy transfer (FRET)
has been utilized to capture the structure and folding dynamics of the proteins immobilized on
surfaces 30,31. Coarse-grained 32–34 molecular simulation studies suggest a profound impact
of model surfaces on the thermodynamic stability and folding mechanism of tethered proteins.

In this study, we present a suite of molecular dynamics simulations of an all-atom model of
the pentapeptide RHSVV on a solvated peptide microarray through C-terminal tethering as
well as free, in solution. Through simulating a detailed atomic picture of the peptide covalently
tethered to the chip surface, we seek answers to the basic questions concerning the
conformational kinetics and thermodynamics of the immobilized peptide. In addition, we seek
to probe the effects of the surface-peptide interactions on the orientation of the peptide.

The molecular structure of the protein/peptide ultimately determines the binding affinity and
specificity of the capture protein/peptide with the target molecules. Thus, understanding the
structural details of the tethered protein or peptide probes and the interactions between them
and the chip surface are fundamental to understanding the specificity and sensitivity of the
protein microarray. This may also provide useful rules for the efficient design of functional
protein chips.

In the next section we detail the studies performed to simulate the pentapeptide RHSVV, an
epitope of the p53 protein on a chip surface. We analyze the differences between the properties
of the peptides tethered to the surface versus free in solution. Multiple simulations are used.
The results are compared with experiment when data are available. Our studies provide
molecular details for understanding the relationship of the peptide structural conformation with
protein assays and the principles that should facilitate peptide array designs.
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Methods
Simulation Setup

1. A tethered peptide—We performed three molecular dynamics simulations of the peptide
chip which differ in the initial peptide structure (Table 1 A, B and C). The simulation setup
modeled the experimental conditions of an experimentally used peptide chip 35. The silica
surface for the chip, a layer of β-cristobalite with 128 silicon and 224 oxygen atoms, was
covered with a monolayer of 64 3-aminopropyltriethoxysilane derived NH2-linkers. A perfect
quartz surface was used in this study as a model system for silica glass obtained from previous
studies investigating the orientation and conformation of DNA tethered to a microarray surface
36–38. As illustrated in Figure 1, the open linker at the center of the surface is bonded with the
linear spacer Ahx (6-aminohexanoic acid)- βAla (3-aminopropanoic acid) -βAla, which in turn
is connected to the C-terminus of the pentapeptide, RHSVV, an epitope of the anti-cancer p53
protein antibody. The rest of the 63 unreacted linkers are capped by acetylation. The surface
density of aminosilane derived NH2-linkers is 4.5 nm−2 or 768 pmol·cm −2 and the density of
peptide is 0.07 nm−2 or 12 pmol·cm −2. We note that the NH2-linkers here are nearly 5 times
denser than some experiments 39, but the peptide density is in accord with the ~7 nm separation
distance in the experimentally synthesized systems 40.

The starting molecular structure of the pentapeptide RHSVV in simulation A and the spacer
Ahx-βAla -βAla were prepared using the Builder Module in the Insight II program 41. The
NMR structure of the pentapeptide obtained from the peptide fragment of p53 from the Protein
Data Bank (PDB ID: 2FEJ) 42 served as the starting structure in simulation B after the addition
of the N-terminal amino group. The starting peptide structure in simulation C was taken from
the snapshot at 117-ns from simulation A. The peptide carries 2 positive charges due to the
protonated N-terminal amino group and the arginine guanidino side chain. It should be noted
that the C-terminal group is neutral because of the covalent bond to the spacer immobilized on
the surface. The simulations used explicit salt water to represent the solution phase in contact
with the peptide chip. Sodium and chloride ions were added to each system to achieve the 0.14
M salt concentration used in the peptide microarray experiments for comparison.

2. Free peptide in solution—As controls to be compared to the tethered peptide on the
chip surface, two free peptide simulations are performed (Table 1 D and E). Both starting
structures of the peptide are obtained from the Protein Data Bank (PDB ID: 2FEJ), similar to
the starting structure in simulation B. Both N-terminus and C-terminus were added to the
peptide. In the chosen set up for simulation D the N-terminal amino group and the arginine
guanidino group are protonated and the C-terminal carboxylic group is deprotonated so that
the peptide in simulation D has a total net charge of +1. Sodium Chloride at 0.14 M is also
present in D. To assess the affect of neutralizing the carboxyl terminus when linked to the
surface, the C-terminal group of the peptide in simulation E is neutralized and capped as N-
methylamide, so that the peptide has a +2 charge. Here only two Chloride ions have been added
to neutralize the solution. A more thorough study of salt concentration effects will be the topic
of a future work.

Simulation procedure
Molecular dynamics simulations are carried out using the ESP 43 program in the
microcanonical (NVE) ensemble. Glide plane boundary conditions 44 and standard periodic
boundary conditions are used for the peptide-chip simulations A, B, C and the free peptide
simulations D and E, respectively. Except for the force field parameters of the silica layer,
which are adopted from the consistent valence force field (CVFF) 45 and Ref 46, all parameters,
the aminosilane derived linkers, the spacer, the pentapeptide, TIP3P waters and the sodium
and chloride ions are adopted from the all-atom CHARMM22 proteins force field 47.

Feng et al. Page 3

J Phys Chem B. Author manuscript; available in PMC 2008 December 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



During the simulations, all the silica atoms remain fixed; all other bond lengths and the water
bond angles are constrained using the RATTLE algorithm 48. The electrostatic interactions
are calculated with a fast link-cell Ewald sum 49. The equations of motion are solved with a
velocity Verlet integrator 50 with a time step of 2 femtoseconds (fs). During equilibration, the
velocities of the atoms are scaled to achieve a temperature of 300 K. The volumes of the
simulation boxes are adjusted to achieve a pressure close to 1 atm. The coordinates of the atoms
are saved every 0.1 picoseconds (ps) for analysis. The production time of each simulation is
120 nanoseconds (ns).

Analysis
We apply a mass weighted principal component analysis to each molecular dynamics trajectory
of the peptide, following the algorithm in Ref 51. Unless stated elsewhere, all atoms of the
peptide are used for computing the root-mean-square-deviations (RMSD) weighted by the
atomic mass. The radius of gyration has the standard definition as the mass weighted average
distance from the center of the mass to every atom in the peptide. We use a convenient pair of
meso scale descriptors of peptide structure, the pseudo-dihedral Θ based on 4 consecutive
Cα’s and the corresponding triple scalar product Y for the peptide residue RHSV 52. We define
the distance of the Arg Cζ atom from the Val5 Cα atom as the peptide end-to-end distance.
Relative conformational free energy is calculated using the formula: ΔGi = −kT ln pi where
pi is the probability distribution of the peptide end-to-end distance in the ith state. We count
conformational transitions when one dominant structure of the peptide changes into another.
In order to remove short-time oscillations, 500 ps is considered as the minimal population time
defining a dominant conformation.

The interactions between peptide residues and the surface are analyzed using the minimal
distance of the side chain heavy atom from the surface terminal methyl layer. The orientation
of the tethered peptide relative to the chip surface may be characterized by a peptide-surface
angle and the peptide standing height. The definitions we use are arbitrary but instructive. We
fit the five Cα atoms of the peptide to a straight line by least squares 53. The angle between
the vector representing the direction of the line and the plane formed by the average top methyl
layer of the linkers is defined as the angle between the peptide and the surface. We also assign
the largest distance of the five α-carbon atoms from the surface as the standing height of the
peptide on the surface. In order to capture the perpendicular and parallel movement of the
peptide and the spacer on the surface, two distances are calculated: D⊥ defined as the vertical
distance between the center of the mass (COM) of the peptide/spacer and the chip surface plane
and D// defined as the planar distance between the COM of the peptide/spacer and the open
linker to which the peptide is tethered. The correlation coefficient ρX,Y for any two variables
can be calculated using the formula: ρX,Y = cov(X,Y)/σ XσY where cov(X, Y) is the covariance
of X and Y with σ, the standard deviation.

Results and Discussion
We have three independent simulations (A, B and C) of the tethered peptide on the microarray
chip yielding 360 ns total surface sampling time, and the comparison sets including two free
peptide simulations (D and E) in the solution for 240 ns of isotropic sampling. As mentioned,
the C-terminus of the tethered peptide is neutral due to covalent immobilization to the open
linker through the spacer. From here forward, the peptide in simulation D is referred to as ‘the
free peptide’ which has charged N- and C-termini, the peptide in simulation E is referred to as
‘the modified free peptide’ which has a charged N-terminus but a modified neutral C-terminus
in order to be comparable in charge to the tethered peptide. In all simulations, the pentapeptide
RHSVV is found to be very flexible, largely due to its small molecular size. The RMSD can
be up to 0.6 nm between different conformations. However, two dominant conformational
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clusters of the peptide are observed in each free and tethered peptide simulation. In the peptide
chip simulations, the initial structure of the spacer Ahx-βAla-βAla is an extended conformation.
When the simulation began, the spacer soon collapsed onto the hydrophobic surface and stayed
in random coiled forms during the entire simulation. As a result, the pentapeptide is pulled
down toward the surface and interacts with the aminosilane derived surface linkers, which
tended to remain extended, in part, due to packing constraints on the surface.

1. Cluster of Dominant Conformations
In order to study the peptide structure, we analyze the dominant conformational clusters by
means of principal component analysis (PCA). For each simulation, we extract the snapshots
from the trajectory at every 10 ps interval within which structures are generally considered
correlated. We use the lowest frequency, that is, the first principal component (PC) of each
trajectory in further characterization. Snapshots may be rearranged according to the
trajectories’ first principal component and thus form a PC ordered data set. The difference in
peptide conformation can also be represented by root-mean-square-deviation (RMSD). Two-
dimensional RMSD graphical representations constructed from both the original trajectories
and PC ordered data sets, where every conformation of the peptide from the snapshots is
compared with every other conformation after a least-square translational and rotational fit,
are presented in Figure 2. The dominant conformational clusters in the simulation form red or
yellow areas with RMSD values smaller than 0.3 nm. The RMSD with respect to time (lower-
right triangle) shows the dynamics leading to the kinetic conformational rearrangement of
RSHVV. When a stable conformational cluster forms, it usually takes several nanoseconds to
change to other conformations. We are also able to observe the reversible folding of peptide
into structurally distinct conformational clusters (with RMSD greater than 0.3 nm and up to
0.6 nm, green to blue areas in the RMSD map).

Given several crossings between states, the 120-ns simulation time is sufficient for
thermodynamic equilibrium between the different conformational states to be established for
the short peptides used here. The RMSD plots of the PC ordered data (upper-left triangle in
Figure 2) give us a clear view of the equilibrium constant between conformational clusters.
Roughly speaking, the same two dominant conformational clusters (labeled as 1 and 2) exist
in each 120-ns simulation. Each cluster appears several times during each 120-ns simulation,
but each has a range of duration times and transition frequencies which in aggregate define the
kinetics of the system. For each simulation, A-E, we classify A1 to E1 as belonging to cluster
1 and A2 to E2 as cluster 2.

The radius of gyration (Rg) of the peptide in the rearranged trajectory is shown in Figure 3.
The Rg of cluster A1 is densely and narrowly distributed between 0.20 nm and 0.25 nm.
However, the Rg of cluster A2 is more dispersed, which spans from 0.20 up to 0.40 nm. This
suggests that the large scale fluctuations in A1 are less than in A2. Similar situations are
observed in the comparisons of the other simulations.

In order to further investigate the structures of these conformational clusters, the representative
structure of each cluster is calculated as the structure with the minimal RMSD from all peptide
conformations within the cluster. Since local geometry such as the bond lengths and angles in
the structure can be unrealistically distorted in a simple average, the representative
configuration of the conformational cluster is taken from the snapshot with the smallest RMSD
to the average structure of the cluster. These conformers are shown in Figure 4. It is obvious
that A1, B1, C1, D1 and E1 are in a ‘closed’ form. The positively charged guanidino group of
the arginine residue folds back and stays close to the distant backbone carbonyls in a strong
H-bond, or a salt bridge. On the other hand, A2, B2, C2, D2 and E2 demonstrate an ‘open’ or
extended form, where the arginine side chain moves away from the backbone atoms.
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In order to quantitatively compare the structures among the ten peptide conformational clusters,
RMSD between each pair of dominant conformers is shown in Table 2. As expected, RMSD
values are greater for comparisons between the representative conformers than between the
average structures. The RMSD within cluster 1 varies from 0.10 to 0.17 nm among
representative conformers and from 0.05 to 0.09 nm among average structures, while the
RMSD within cluster 2 varies from 0.10 to 0.27 nm among representative conformers and from
0.05 to 0.20 nm among average structures. The RMSD between cluster 1 and 2 is larger and
differs by 0.34–0.44 nm among representative conformers and by 0.28–0.37 nm among average
structures.

The distinct arrangement of the peptide backbone is the major structural difference between
cluster 1 and cluster 2. Classic Ramachandran dihedral angle analysis would require five
adjacent φ, ψ pairs to characterize the secondary structure for this system and fails to yield a
clear graphical analysis. Therefore, in order to more efficiently characterize the arrangement
and orientation of Cα atoms and peptide groups in the two cluster collections, we use a
simplified two dimensional representation (a pseudo-dihedral Θ and a triple scalar product Y)
to reduce the number of degrees of freedom.

Figure 5 shows the distinct distribution of Θ and Y of the first four neighboring residues
(RHSV) in cluster 1 and cluster 2. It is not necessary to show the representation of the last four
neighboring residues, HSVV, because the fifth residue is flexible in both clusters. The Y values
of cluster 1 are distributed mainly below 0 while most Y values of cluster 2 are above 0,
illustrating that the peptide backbone dipoles adopt different orientations in the two clusters.
The pseudo-dihedral angle of cluster 1 lies mainly between −60° to 90°, indicating that the
peptide is in a ‘closed’ conformation. The bending of Arg1 and Val4 C α atoms toward each
other enables the favorable short-ranged electrostatic interactions between the charged and
partially charged groups, respectively. As seen from the tethered peptide (A1, B1 and C1) and
the free peptide with neutral C-terminus (E1) in Figure 4, the positively charged arginine
guanidino side chain stays close to the peptide backbone oxygen atoms of Ser3, Val4 and Val5.
The arginine side chain of the normal peptide (D1) folds back to the C-terminus to favor the
formation of a salt bridge between the guanidino group and the carboxylic group of Val5. No
water molecules can be found between these two oppositely charged groups after salt bridge
formation. The oxygen atoms from the carboxylic terminus are in direct contact with the
hydrogen atoms of guanidino group. The intramolecular salt bridge interactions are found to
be prevalent in cluster 1 and stabilize the peptide. The Θ angles of cluster 2 are centered at ±
180°, which indicates that the peptide adopts an extended structure. The N- and C- terminal
groups extend away from each other. But the charged peptide groups show distinct
intermolecular electrostatic correlations and therefore, interactions with the ions in the solution
phase.

The peptide end-to-end distance, the distance between the Arg side chain and the backbone of
the terminal residue Val5 is another parameter that can directly distinguish the two major
conformations, compact and extended. The dominant conformational clusters appear as the
valleys of the configurational free energy in Figure 6. The energy barrier between the compact
and the extended form is small. The peptide is able to change from one dominant conformation
to another. Clusters 1 and 2 are almost equally accessible in the conformational space of the
tethered and modified free peptide. Yet, D1 forms a deep and narrow well while D2 is shallow
and flat. If we use 1 nm as the distance criteria to distinguish the two major conformations, the
end-to-end distance is less than 1 nm in cluster 1, the compact form, and the distance is greater
than 1 nm in cluster 2, the extended form.

The ratio of integrated time spent in a cluster with respect to another cluster determines the
equilibrium constant between the conformations. The equilibrium ratio of cluster 1 to cluster
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2 is 1.1, 1.7 and 1.1 (for an average of 1.3) in the tethered peptide simulations A, B, and C, 4.9
in the free peptide simulation D, and 1.9 in the modified peptide E, respectively. Thus, while
the tethered peptide is more similar in its conformational manifold to the solution state with a
neutral C-terminal, the difference is small for equilibrium constant; less than a factor of 4. This
means that the experimentally assumed hypothesis that the tethered peptide presents similar
conformations to the untethered peptide is indeed substantiated in this instance by this study.

We observe distinct conformational accessibility or dynamic transition likelihood differences
between the tethered and free peptide. D1 accounts for 83% of the entire peptide conformation
ensemble and is energetically very stable largely due to the strong salt bridge interactions
between the charged arginine guanidino and carboxylic groups. Conformational transitions
from cluster 1 to 2 are about five times less frequent for the free peptide in solution. In one
instance cluster D1 stays in that cluster for 36.6 ns. In contrast, the longest duration time of
cluster D2 is 2.2 ns. The conformational equilibrium is similar between the tethered peptide
and modified free peptide. However, the kinetics of conformational transitions is significantly
altered. The modified free peptide changes its structure more frequently between the two major
conformations than the tethered one. Conformational transitions occur 5, 6, and 9 times in the
peptide chip simulations A, B, and C, 5 times in the free peptide simulation D but 15 times in
the charge modified peptide simulation E during the 120-ns. Moreover, both the dominant
conformational clusters of the tethered peptide could last for more than 10 ns, sometimes up
to 25 ns, whereas the longest duration time of cluster E1 and E2 is 9.9 ns and 2.9 ns, respectively.
Similar to the free peptide, the life time of the extended conformation of the modified peptide
is greatly reduced.

The chip surface tends to somewhat stabilize the extended peptide conformation not unlike
what happens with the neutral C-terminus peptide E. Therefore, although a peptide near the
surface can exist in a similar structural form as the peptide free in the solution, the presence of
the chip surface has changed both the thermodynamic equilibrium and kinetics of the two
dominant conformational clusters. Charge groups clearly play a role.

2. Peptide-Surface Interaction and Orientation
Figure 7 shows a snapshot of the peptide on the microarray surface. The aminosilane layer
together with the silica surface is 0.92 nm thick, with a small deviation in the three peptide
microarray simulations because of the somewhat tight packing of the linkers. Thus, the top
layer of the chip surface formed by the methyl groups of the unreacted aminosilane derived
linkers has small fluctuations. The neutral and hydrophobic surface chemistry originating from
the methyl terminated functional groups dominates the nature of the peptide-surface
interactions and peptide orientation for this system.

The tethered peptide makes and breaks contact with the surface at various points. We use 0.35
nm, about the minimum distance between a carbon atom in the peptide with a surface atom,
as the criterion for direct surface contact and the percentage of time when each residue forms
direct contact with the surface is shown in Table 3. Because of sufficient sampling, the peptide-
surface interactions are similar in each simulation: the hydrophobic residues tend to lie close
to the surface, forming stable hydrophobic interactions with the methyl terminal groups of the
surface while the hydrophilic or charged residues tend to stay away from the neutral
hydrophobic surface. When we compare the whole trajectory of each simulation the Val4 and
Val5 residues at the C-terminus of the pentapeptide, which are tethered to the surface through
the spacer, constantly interact with the surface demonstrating these hydrophobic interactions.
The two hydrophilic amino acid residues His2 and Ser3 make less contact with the surface.
The interactions between the positively charged Arg1 residue and the hydrophobic surface are
unstable and transient.
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When we compare the contact frequency of dominant clusters in the peptide chip simulations,
we notice that the contact frequency of the charged residue, Arg, with the surface in cluster 2
is always higher than in cluster 1. As a matter of fact, the Arg residue in clusters A1 and B1
interact with the surface eight times more frequently than those in A2 and B2. The more
frequent surface interaction is made possible because the Arg side chain stretches away from
the peptide backbone in the extended conformation in cluster 2 rather than being constrained
close to the backbone oxygen as in cluster 1.

Given the different surface contact frequencies between the two clusters, we want to further
investigate if there is any orientational preference for the individual conformations. To address
this question, the peptide-surface angle and the standing height of the peptide are calculated.
We define the peptide-surface angle fluctuating between 0° and 30° as a parallel orientation,
between 30° and 60° as a tilted orientation and between 60° and 90° as a perpendicular
orientation. As shown in Figure 8, the peptide frequently changes its orientation on the chip
surface. We observe that over 85% of the time, in each chip simulation, the peptide stays parallel
or significantly tilted to the surface, making numerous van der Waals interactions between the
hydrophobic groups of the peptide (Val4 and Val5 side chain) and the surface.

Similar to the orientation, the peptide frequently changes its distance from the chip surface as
well. The standing height of the peptide correlates well with the orientation. The correlation
coefficient is 0.93 for simulation A, 0.74 for simulation B and 0.91 for simulation C. When
the peptide stays parallel to the surface, the peptide backbone carbon atoms are close to the
surface and often without any intervening waters. When we compare the RMSD map in Figure
2 with the peptide orientation, we observe that in simulation A the peptide visits parallel
orientations to the surface during which the ‘closed’ conformation prevails. In simulation B
when the ‘closed’ conformation dominates the peptide changes twice from the perpendicular
to the parallel orientation. Towards the end of that simulation, the peptide stays tilted to the
surface while maintaining an ‘open’ form.

We notice that when the peptide changes from one conformation to another, there is usually
an accompanying peptide orientational rearrangement. However, no simple orientational
preference is found for either the ‘closed’ or the ‘open’ peptide conformation. Overall, the
orientational rearrangement of the peptide is more frequent than the conformational change
which sometimes takes tens of nanoseconds. The observation that the peptide could remain in
the same conformation while changing its orientation to the surface is in agreement with a
molecular simulation of the adsorption of a fibrinogen γ-chain which showed that the adsorbed
protein reoriented itself to maximize the favorable interaction with the SAM surface while no
significant protein conformational changes occurred during the simulation time 27. We expect
that as the molecular weight of the protein increases, the kinetics of the major conformational
changes would be even slower than the kinetics of the orientational rearrangement.

3. Movement of the Peptide on the Surface
Though covalently tethered on the surface, the peptide is found to have limited lateral mobility.
The linear spacer Ahx-βAla -βAla was designed in microarray experiments to provide space
and increase the flexibility in the perpendicular and parallel movement of the peptide over the
surface. The translational motions of the peptide and spacer are plotted in Figure 9. Obviously,
both the planar (D//) and vertical motion (D⊥) of the peptide are greater than the spacer. The
average parallel distance of the peptide from the surface linker is 1.22 ± 0.41 (mean ± standard
deviation) nm, 1.19 ± 0.45 and 1.07 ± 0.39 whereas the average parallel distance of spacer
from the surface open linker is 0.76 ± 0.10, 0.83 ± 0.12 and 0.72 ± 0.10 in simulation A, B and
C, respectively. The correlation coefficient of the planar movement of the peptide and spacer
is 0.63, 0.50 and 0.32 in the three peptide chip simulations. The addition of the spacer between
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the peptide and the open linker provides some flexibility in the planar motion of the peptide
over the surface.

The spacer Ahx-βAla -βAla is linear but hydrophobic. Therefore, the spacer remains in a coiled
form and constantly interacts with the hydrophobic surface. Both the peptide and the spacer
are thus restrained close to the hydrophobic surface. The COM of the spacer retains an almost
constant separation distance from the surface for each simulation and less than a 0.2 nm
difference between simulations. The average perpendicular distance of the peptide from the
surface is 0.68 ± 0.19, 0.72 ± 0.18 and 0.77 ± 0.18 nm whereas the average vertical distance
of spacer from the surface is 0.60 ± 0.05, 0.57 ± 0.04 and 0.43 ± 0.03 nm in simulation A, B
and C, respectively. There is no distinct correlation between the vertical motion of the spacer
and the peptide as the correlation coefficient with the perpendicular movement is −0.29, 0.13
and −0.06 in the three peptide chip simulations. However, both the perpendicular movement
of the peptide and spacer are severely restrained by the stable hydrophobic interactions with
the surface.

Surface chemistry in conjunction with the linear length of the spacer determines the separation
distance of the peptide from the surface in our simulations of a peptide microarray. Since the
orientation and accessibility of the protein/peptide probe is essential to the efficiency of the
binding assay in protein microarrays, the appropriate choice of the microarray surface might
be to move the bound probe away, enhance the accessibility of the target in the solution phase
and produce faster and more efficient target binding (detection). One suggestion in this case
would be the modification of the surface chemistry, for example, from hydrophobic to
hydrophilic or even charged. The spacer or the peptide probes might be repelled by the chip
surface. Thus, the peptide would possibly be more accessible to the target molecules and
enhance the binding capability in the solution phase. However, issues of nonspecific binding,
conformational change, protein destabilization and even denaturation, can be the result of
surface modification of the microarray.

Conclusions
In this paper, we presented all-atom molecular dynamics simulations of a peptide tethered on
a microarray surface and free in solution. Our pentapeptide RHSVV model confirms the
hypothesis that there exist structurally similar conformations both when near the prepared
surface and free in the aqueous solution. However, both the thermodynamic equilibrium and
the kinetics of dominant structures are significantly affected by the presence of the surface.
We found that the spacer molecules often used to achieve greater or lesser proximity effects
may compound the hydrophobic effects for a particular peptide. In the cases studied here we
found that charge groups clearly play a role in the conformational equilibrium.

The peptide-microarray simulations give us insights into the peptide conformation-surface
correlations. The orientation of the peptide on a prepared surface and the translational flexibility
of the peptide on the chip directly influence its accessibility and kinetics. The nature of the
surface being hydrophobic or hydrophilic determines specific peptide-analyte interactions
through conformational modulation. This ultimately has design implications as this restrains
the peptide/protein motion, therefore the accessibility, on the chip. This should be an important
consideration factor in designing the parameters of peptide/protein microarrays.
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Figure 1.
The chemical structure of the acetylated aminosilane linkers on the silica surface and the open
linker which connects the spacer, and the pentapeptide. Note that the spacer is bonded with the
C-terminus of the peptide.

Feng et al. Page 12

J Phys Chem B. Author manuscript; available in PMC 2008 December 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
RMSD matrix of each simulation, showing the RMSD of the principal component arranged
snapshots according to the first principal components (upper-left triangle) and RMSD with
respect to simulation time (lower-right triangle). The dominant conformational clusters are
labeled as 1 and 2.
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Figure 3.
Radius of gyration of the peptide in the principal component arrangement.
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Figure 4.
Representative snapshots of the dominant structures of the peptide. Peptide backbone is
rendered as orange ribbon. The backbone oxygen atoms, Arg guanidino side chain and N-
terminal amino group are colored by atom type. The rest of the peptide atoms are shown in
gray.
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Figure 5.
Θ, Y maps of cluster 1 (black) and cluster 2 (red) in each simulation.
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Figure 6.
Configurational free energy with respect to the end-to-end distance.
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Figure 7.
Snapshots of the peptide on surface. a. the peptide is in a ‘closed’ conformation b. the peptide
is in an ‘open’ conformation.
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Figure 8.
Orientation of the peptide on surface (left) and standing height of peptide from the surface
(right) as a function of time in simulations A, B and C.
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Figure 9.
Parallel and perpendicular movement of the peptide (black) and spacer (red) as a function of
time in simulation A, B and C.
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