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In this work, the parallel tempering Monte Carlo �PTMC� algorithm is applied to accurately and
efficiently identify the global-minimum-energy orientation of a protein adsorbed on a surface in a
single simulation. When applying the PTMC method to simulate lysozyme orientation on charged
surfaces, it is found that lysozyme could easily be adsorbed on negatively charged surfaces with
“side-on” and “back-on” orientations. When driven by dominant electrostatic interactions, lysozyme
tends to be adsorbed on negatively charged surfaces with the side-on orientation for which the active
site of lysozyme faces sideways. The side-on orientation agrees well with the experimental results
where the adsorbed orientation of lysozyme is determined by electrostatic interactions. As the
contribution from van der Waals interactions gradually dominates, the back-on orientation becomes
the preferred one. For this orientation, the active site of lysozyme faces outward, which conforms
to the experimental results where the orientation of adsorbed lysozyme is co-determined by
electrostatic interactions and van der Waals interactions. It is also found that despite of its net
positive charge, lysozyme could be adsorbed on positively charged surfaces with both “end-on” and
back-on orientations owing to the nonuniform charge distribution over lysozyme surface and the
screening effect from ions in solution. The PTMC simulation method provides a way to determine
the preferred orientation of proteins on surfaces for biosensor and biomaterial applications.
© 2010 American Institute of Physics. �doi:10.1063/1.3305244�

I. INTRODUCTION

Protein adsorption plays an important role not only in
many fundamental biological phenomena,1,2 but also in many
biotechnological applications,3–7 such as biosensors, protein
separation, drug delivery, biocatalyst, artificial biomaterials,
etc. Among these applications, proper adsorbed protein ori-
entation is a key issue for the performance of biosensors,
biocatalyst, and biomaterials because protein orientation will
affect the accessibility of the active site of enzyme8 or the
antigen recognition site of antibody.9

Protein adsorption has been widely studied by theoreti-
cal, experimental, and computer simulation approaches.10–19

It is generally accepted that surface-induced conformational
change is much slower than orientational change on
surfaces,13,20 suggesting that proteins initially undergo trans-
lational and rotational motions to tether onto the surface with
preferred orientation before the following conformational
changes to occur. Therefore, in simulations of protein ad-
sorption, it is efficient to first determine the preferred protein
orientation on surfaces before molecular dynamics �MD�
simulations are carried out to investigate the adsorption-
induced conformational change in proteins. As commented
by Trzaskowski et al.,21 the most complete approach22,23 uses

Monte Carlo �MC� simulation to determine the most prob-
able orientation of adsorbed protein on surface, and this ori-
entation serves as the initial orientation in the subsequent
MD simulation to study the conformational change after ad-
sorption. There are two common ways to determine the ini-
tial orientation in MD simulation. One is simply to select
random or specific orientations as initial orientations. An-
other is to adopt energy-based methods22,24–26 which are
more frequently used now and are more reliable. They are
based on a thermodynamic energy equation coupled with
designated configuration space sampling techniques to iden-
tify the lowest-energy �global-minimum-energy� orientation.

However, in the energy-based method to probe possible
orientations of adsorbed protein, one awkward problem en-
countered is the representativeness of configuration space
sampling. Conventional MC and MD simulations in canoni-
cal ensemble often suffer from the quasiergodicity problem,
i.e., simulations at low temperatures tend to get trapped in
local-minimum-energy states and thus fail to sample the
whole configuration space. Therefore, when Metropolis MC
simulation is applied to probe lowest-energy orientation,
dozens of independent MC simulations are often performed
to explore possible orientations, and then the lowest-energy
orientation is identified from these possible orientations. This
process is not only time consuming, but may also be unreli-
able, since each individual simulation might become trapped
in a local-minimum-energy state and the global-minimum-
energy state may never be sampled. To improve the effi-
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ciency of configuration space sampling, various
algorithms27–37 have been proposed by performing molecular
simulation in generalized ensemble based on non-Boltzmann
probability distribution �e.g., multicanonical algorithms27

and simulated tempering28 or improving updates of configu-
rations in numerical simulation �e.g., cluster algorithm,29 par-
allel tempering,30 also replica exchange��. Among these al-
gorithms, parallel tempering, first introduced in spin glass
systems by Swendsen and Wang30 and later applied in bio-
logical system by Hansmann,31 is a promising method to
improve the representativeness of sampling by exchanging
configurations between replicas. There have been consider-
able improvements and extensions made to the algorithm,32

such as performing parallel tempering in various
ensembles33–35 and in different parameter space,33,36 or com-
bining parallel tempering with other simulation methods.37–41

de Pablo and co-workers proposed parallel tempering simu-
lations in grand canonical ensemble33 and multicanonical
ensemble.35 They also successfully combined extended en-
semble density of states methods with parallel tempering to
extensively sample configuration space and applied the
method to study protein folding.37–41

Another problem encountered in the simulation of pro-
tein orientation is the computational expense. An atomistic
model contains precise details of the structural information
of a simulated system, and thus requires considerable com-
putational resources, while a colloidal model is fast but
might lose necessary structural details. So often a compro-
mise should be made between the accuracy of a structural
model and the efficiency of simulation. To reduce the com-
putational expense as much as possible under the premise of
adequate accuracy, appropriate coarse-grained models25,42,43

are often employed. Residue model, representing each amino
acid residue as one or a few interaction sites, retains the
sequence information of protein well and thus could be used
to predict the native structure of proteins and has showed its
efficiency in molecular simulation of orientation of adsorbed
proteins.25

Parallel tempering algorithm can be combined with MD
or MC method. However, since a parallel tempering ex-
change is an unphysical move, one is doing a form of sam-
pling of phase space rather than doing real dynamics, so one
cannot draw conclusions about dynamics.32 Compared with
MD, MC is more efficient in phase space sampling since MC
need not to follow a realistic path to obtain the correct equi-
librium distribution and thus, in principle, can make large
changes to configuration rapidly. In the molecular simulation
of biological systems, parallel tempering algorithm has been
used to investigate the stability of proteins on surfaces.40,41,44

For example, Knotts et al.41,44 successfully applied a method
combining density-of-states based technique and parallel
tempering to study the thermal stability and unfolding of
proteins on surfaces.

In this work, to accurately and efficiently identify the
lowest-energy orientation of adsorbed proteins on surfaces in
a single simulation, a parallel tempering Monte Carlo
�PTMC� algorithm is applied to investigate the protein ori-
entation by a united-residue model. Lysozyme, a basic pro-
tein of low molecular weight with ellipsoid shape, has long

been used as a model protein to study the enzyme kinetics,
spatial conformation, and molecular immunology. Also,
abundant experimental data of lysozyme adsorption are
available.45–49 Therefore in this work, lysozyme is chosen as
the model protein so that simulation results could be com-
pared with experimental data.

II. METHODS

A. Models and force field

The crystal structure of lysozyme in Fig. 1�a� is taken
from Protein Data Bank �PDB� and the PDB code of
lysozyme is 1HEL. For a united-residue model25 of protein,
each amino acid is reduced to a sphere centered at �-carbon
of the residue, in which the basic structure information of a
protein is well kept, the residue-model structure of lysozyme
is shown in Fig. 1�b�.

The potential energy of protein-surface interaction �Utot�
is comprised of van der Waals �vdW� interaction energy
�UvdW� and electrostatic interaction energy �Uele�,

Utot = UvdW + Uele. �1�

vdW interaction energy is calculated with Lennard-Jones po-
tential model

UvdW = ����

r
�12

− 2��

r
�6� , �2�

where � is the energy at the pair minimum and � is the
distance at the minimum of the potential. Details of the
coarse-grained force field interactions are the same as used in
our previous work.25

The highly polar medium water is represented by an im-
plicit solvent model in which the effect of solvent is ac-
counted by a distance-dependant dielectric function50

Uele =
�sqie

−�z

��0�r
, �3�

where z is the distance between one residue, and the surface
�s is the surface charge density �SCD�, qi is the charge of
one residue, � is the inverse Debye length calculated by
1 /�=0.304 / 	 I for a 1:1 salt, I is the ionic strength �IS�, �0 is
the permittivity of free space, and �r is the relative permit-
tivity, which is assumed to be distance dependant: �r=r.

FIG. 1. Structural models of lysozyme. �a� Atomistic model. �b� Residue
model.
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B. Simulation details

In parallel tempering simulations, N noninteracting rep-
licas, each in canonical ensemble, are simultaneously simu-
lated by distributing different replicas with different tempera-
tures over N processes �one cluster node can have several
processes�. After a fixed number of MC moves, configura-
tions between neighboring replicas �i.e., replica Ti and rep-
lica Ti+1� are swapped with the acceptance probability

p�Ei,Ti → Ei+1,Ti+1� = min�1,exp����E�� , �4�

where

�� =
1

kB
� 1

Ti+1
−

1

Ti
�

is the difference between the inverse temperatures of neigh-
boring replicas, and �E=Ei+1−Ei is the energy difference of
neighboring replicas.

In each replica, regular MC simulations in canonical en-
semble were carried out in a box of 10�10�10 nm3. Only
one lysozyme molecule was considered in simulations. Ini-
tially, the lysozyme was put 5 nm above the surface with a
random orientation. During simulations, the protein was
translated and rotated around its center of mass. The dis-
placement of each move was adjusted to ensure an accep-
tance ratio of 0.5. 20�106 MC cycles were carried out with
10�106 cycles for equilibrium and another 10
�106 cycles for production.

In parallel tempering algorithm, the number of replicas
and temperature distribution is of great importance to the
efficiency and accuracy of simulations. Generally, the lowest
temperature is often set to the interested one; the highest
temperature should be high enough to ensure that simulation
will not be trapped in local-minimum-energy states. There
should be sufficient energy overlap between neighboring rep-
licas to allow for the acceptance of configuration swaps.
Some algorithms51–53 have been proposed to achieve an op-
timal allocation of replicas and reasonable acceptance possi-
bility. In our simulated system, five replicas were set with the
temperature distribution of 
310, 500, 800, 1500, and 2500
K�. All simulations were carried out on 64 bit Itanium cluster
at SCUTGrid. To focus on the effect of electrostatic interac-
tions on the orientation of protein adsorption, we investi-
gated protein adsorption on charged surfaces at different ISs.

Figure 2 shows the overlap of energy distribution of
lysozyme adsorbed on a negatively charged surface with
SCDs of −0.018 C m−2 and IS of 0.005 M. As shown in Fig.
2, the energy overlaps between neighboring replicas are suf-
ficient to allow swaps. Situations under other conditions are
similar and not shown here.

III. RESULTS AND DISCUSSION

Previous works25,54,55 showed that electrostatic interac-
tions play an important role in protein orientation on sur-
faces. In this work, we investigated lysozyme adsorption on
both positively charged and negatively charged surfaces at
different ISs. To quantitatively characterize the orientation of
adsorbed proteins on surfaces, an orientation angle �	� is
employed and cos 	 is calculated for each possible orienta-
tion. The orientation angle is defined as the angle between
the unit vector normal to the surface and the unit vector
along the dipole of a protein. To provide a clear picture of
lysozyme orientation, different parts of lysozyme are labeled,
as shown in Fig. 3. Lysine residues are also labeled for later
elucidation of lysozyme orientation.

A. Performance comparison of PTMC to serial MC
simulations

To compare the performance of PTMC simulation with
that of conventional serial MC simulation, dozens of inde-
pendent serial MC runs were carried out with the same pa-
rameters as in PTMC simulation. Figure 4 shows the orien-
tation distribution of lysozyme adsorption on a negatively

FIG. 2. Energy distribution of lysozyme adsorbed on a negatively charged
surface with SCD=−0.018 C m−2 and IS=0.005 M. Replicas are labeled as
T1 ,T2 , . . . ,T5.

FIG. 3. Graphical elucidation for different parts of lysozyme.

FIG. 4. Orientation distributions of lysozyme adsorbed on a negative sur-
face at IS=0.02 M by PTMC and serial MC simulations. PTMC run is
labeled as p0 for comparison, and four different orientation distributions by
serial MC runs are labeled as s1, s2, s3, and s4.

065101-3 PTMC simulations of lysozyme orientation J. Chem. Phys. 132, 065101 �2010�
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charged surface at IS of 0.02 M by serial MC runs. Four
orientations sampled by serial MC runs were found, labeled
as s1, s2, s3, and s4. The PTMC run with the same parameters
is labeled as p0 for comparison. Figure 5 displays the energy
landscape of lysozyme adsorbed on a negatively charged sur-
face at IS of 0.02 M as a function of orientation, with the
orientations detected in simulations labeled.

From Fig. 4, it can be found that with dozens of serial
MC runs carried out, the global-minimum-energy orientation
�cos 	=−0.4� and another orientation that has close energy
�cos 	=0.2� might be detected, but other orientations �e.g.,
cos 	=−0.18 or cos 	=−0.01� might also be sampled as pre-
ferred orientations if MC run traps in local-minimum-energy
states. Therefore, when one obtains the lowest-energy orien-
tation by comparing the energy of possible orientations
sampled from serial MC simulations, there is no guarantee
that the sampled orientation is the global-minimum-energy
orientation because every serial MC run may trap in local-
minimum-energy state. Furthermore, the orientation distribu-
tion could not be obtained in a single run by serial MC
because of an incomplete configuration space sampling.

By contrast, the PTMC simulation could easily get out of
local-minimum-energy states and sample all possible orien-
tations from configuration space. The orientation distribution
could also be acquired in a single simulation. From the sta-
tistic orientation distribution by PTMC simulation �Fig. 4�,
different possible orientations are identified according to the
peaks of the orientation distribution curve and the most prob-
able orientation �also preferred orientation� of the adsorbed
protein is represented by the highest peak.

B. Lysozyme orientation on a negatively charged
surface

Figure 6 shows the effect of IS on lysozyme orientation
on a negatively charged surface �SCD=−0.018 C m−2�.
When IS is low �0.005 M�, lysozyme is adsorbed on the
negatively charged surface with the preferred orientation of
cos 	=−0.4 �“side-on” orientation�, as shown in Fig. 7�a�.
When IS is 0.02 M, the “back-on” orientation with cos 	=
−0.4 �Fig. 7�b�� starts to come up. When IS further increases
to the physiological condition ��0.1 M�, the back-on orien-
tation becomes the preferred orientation. Meanwhile, as IS
increases, the orientation distribution becomes wider, i.e., the
number of possible orientations increases.

Table I lists the averaged total adsorption potential en-
ergy of lysozyme �Uav�, the total potential energy �Utot�,
vdW potential energy �UvdW�, electrostatic potential energy
�Uele�, and the percentage �P� of major lysozyme orientations
adsorbed on a negatively charged surface. It is clear that the
positively charged lysozyme could easily be adsorbed on an
oppositely charged surface due to attractive electrostatic in-
teractions. When solution IS is low �0.005 or 0.02 M�, driven
by dominant electrostatic interactions, lysozyme tends to be
adsorbed on the negatively charged surface with side-on ori-
entation. When the IS increases up to 0.1 or 0.3 M, owing to
the screening effect of ions from solution, the energy contri-
bution from electrostatic interactions to total potential energy
gradually declines while that from vdW interactions in-
creases, which leads to the change in preferred orientation
from side-on to back-on.

Experimentally, binding orientations, especially detailed
binding regions of proteins on surfaces, are rarely directly
observed yet limited to the resolution of instruments.13 How-

FIG. 5. Energy landscape of lysozyme adsorbed on a negatively charged
surface at IS=0.02 M as a function of lysozyme orientation.

FIG. 6. Orientation distributions of lysozyme adsorbed on a negatively
charged surface at different ISs.

FIG. 7. Configurations of lysozyme orientation on a negatively charged
surface. The direction of normal to surface is noted as n� and the direction of
dipole of lysozyme is noted as m� . �a� Side-on orientation �cos 	=−0.4�; �b�
back-on orientation �cos 	=0.2�.
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ever, with special techniques, it is possible to infer binding
regions of protein from experimental data. Dismer and
Hubbuch56,57 developed an effective lysine labeling tech-
nique to examine the binding orientations of lysozyme on
ion-exchange adsorbents. They found that the binding sites
of lysozyme are located around Lys1, Lys33, and Lys116.
For side-on orientation predicted in our simulations �Fig.
7�a��, the active site faces sideways; there are two binding
sites on the right side: one is between Lys1 and Lys33, and
another between Lys33 and Lys116, whereas Lys13, Lys96,
and Lys97 on the left side are exposed to solution. This simu-
lation result agrees well with the experimental results by Dis-
mer et al.56,57 of lysozyme adsorption on strongly negatively
charged resin. Under low salt condition and high negative
SCD of resin used in their experiments, electrostatic interac-
tions serve as the driving force for protein adsorption. In our
simulation, when IS is low, protein adsorption is dominated
by electrostatic interactions, which verifies the finding in
experiments.56,57 As the IS increases, back-on orientation be-
comes the preferred one. The binding sites of back-on orien-
tation deviate from Lys1, Lys33, and Lys116 �Fig. 7�b�� be-
cause vdW interactions dominate protein adsorption and
cannot be neglected in this case. For this orientation, the
active site of lysozyme faces outward, which agrees well
with the experimental results from Daly’s work.58 In their
work, lysozyme is adsorbed on mica surfaces with its active
site facing toward solution. Since mica surfaces are slightly
negatively charged and hydrophilic, the orientation of ad-
sorbed lysozyme is a compromise between electrostatic in-
teractions and vdW interactions, which is the very case when
IS increases to 0.1 or 0.3 M in our simulations. Therefore, it
could be concluded that IS has significant effects on pre-
ferred orientations of lysozyme adsorbed on surfaces through
the modulation of electrostatic interactions between
lysozyme and surfaces. Moreover, from the phenomenon that
orientation distribution is narrower at low IS where electro-
static interactions dominate, we concluded that an
electrostatic-interaction-driven adsorption is favorable for
positioning adsorbed protein layer in a uniform orientation,
which confirms the electrostatically driven mechanism in
controlling protein orientation proposed in our previous
simulation work25 for antibody orientation on charged
surfaces.

Most other information of lysozyme orientations on sur-
faces in experiments is inferred from the height and mass of
the adsorbed protein layer measured with instruments and
the dimension of the protein. The dimensions or profiles of
adsorbed lysozyme with the side-on and back-on orientations
predicted in our simulations are consistent with that observed
in experiments.59,60 Robeson et al.59 observed a hexagonal
close-packed monolayer of horizontally oriented lysozyme
molecules on negatively charged silica surfaces probed by
total internal reflection fluorescence technique and scanning
angle reflectometry method. Su et al.60 found that lysozyme
was adsorbed on a silica surface with side-on orientation by
comparing the thickness of adsorbed lysozyme layer �calcu-
lated from the adsorbed lysozyme amount measured by neu-
tron reflection� with lysozyme dimensions in x-, y-, and
z-axis. Note that it is difficult to differentiate side-on and
back-on orientations by experimentation because they have
similar dimensions and profiles. Most experiments provide
only some inferred information of orientations from dimen-
sions or labeling sites of adsorbed proteins. However, our
simulations directly provide a clear microscopic picture as
well as the detailed binding information of protein adsorbed
on surfaces.

As IS increases, the decrease in average total adsorption
potential energy �Table I� indicates a decline in adsorbed
amount. This phenomenon is also consistent with previous
experimental57,61–63 and theoretical results.64 For example,

FIG. 8. Orientation distributions of lysozyme adsorbed on a positively
charged surface at different ISs.

TABLE I. Energies and orientations of lysozyme adsorbed on a negatively charged surface.

IS
�M�

Uav

�kJ mol−1�
Utot

�kJ mol−1�
UvdW

�kJ mol−1�
Uele

�kJ mol−1� cos 	 Orientation
P

�%� Fig.

0.005 
886.3 
70.6 
815.7 
0.40 Side-on 99.97 7�a�

886.3


866.3 
72.0 
794.3 0.20 Back-on 0.03 7�b�
0.02 
426.3 
72.4 
354.0 
0.40 Side-on 91.04 7�a�


425.8

420.6 
71.6 
349.0 0.20 Back-on 8.96 7�b�

0.1 
192.0 
68.3 
123.6 0.20 Back-on 95.71 7�b�

191.6


184.3 
70.3 
113.9 
0.40 Side-on 4.29 7�a�
0.3 
124.1 
124.3 
71.9 
52.4 0.20 Back-on 97.83 7�b�


114.9 
69.9 
45.0 
0.40 Side-on 2.17 7�a�
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Lewus et al.61 investigated lysozyme adsorption and desorp-
tion behaviors on a silica surface and found that the equilib-
rium adsorbed amount decreases as the IS increases. Ober-
holzer and Lenhoff,64 by calculating adsorption isotherms for
small globular proteins in aqueous solution, found that IS
had a strong effect on the behavior of protein adsorption and
the electrostatic interactions were weakened as a result of an
increase in IS.

C. Lysozyme orientation on a positively charged
surface

The orientation distributions of adsorbed lysozyme on a
positively charged surface �SCD=0.018 C m−2� at different
ISs are displayed in Fig. 8, corresponding configurations of
possible orientations are shown in Fig. 9, and the potential

energy of major orientations of adsorbed lysozyme is listed
in Table II.

When IS is low �0.005 or 0.02 M�, lysozyme is not ad-
sorbed on the positively charged surface �Fig. 9�a��, which is
consistent with experimental observation that positively
charged microspheres do not adsorb lysozyme at neutral
pH.65 This can be explained by the strong repulsive electro-
static interactions �as indicated by the positive potential en-
ergy in Table II� between positively charged lysozyme and
positively charged surface. As IS increases to 0.1 or 0.3 M,
because of the increasing screening effect of ions from solu-
tion, lysozyme could be adsorbed on the positively charged
surface with certain orientation distribution �Fig. 8�.
When IS=0.1 M, the “upper back-on” orientation with
cos 	=0.46 �Fig. 9�b�� is preferred and the “up end-on” ori-
entation with cos 	=0.73 �Fig. 9�c�� is also present.
When IS=0.3 M, the “bottom end-on” orientation with
cos 	=−0.81 �Fig. 9�d�� becomes the dominant orientation
and the “lower back-on” orientation with cos 	=0.26 �Fig.
9�e�� still exists. From the potential energy contributed to
lysozyme adsorption in Table II, it can be seen that despite of
its net positive charge, lysozyme could be adsorbed on the
like-charged surface with orientations having both attractive
electrostatic and vdW interactions �“top end-on” and upper
back-on orientations� or orientations having repulsive elec-
trostatic interactions offset by attractive vdW interactions
�bottom end-on and lower back-on orientations�. Lysozyme
adsorption on the like-charged surface is primarily a vdW-
interaction-driven process when repulsive electrostatic inter-
actions do not dominate. This phenomenon of charged pro-
tein adsorption on like-charged surfaces was reported in
experimental studies,66,67 indicating that protein adsorption
behaviors on charged surfaces depend on not only the charge
sign of protein and surface but also the discrete charge dis-
tribution over protein surface. Because of the nonuniform
charge distribution over protein surface, local negatively
charged sites of lysozyme may interact with positively
charged surfaces. Moreover, IS plays an important role in
protein adsorption through screening the repulsive electro-
static interactions. However, it is obvious that lysozyme ad-
sorption is more favorable on negatively charged surfaces
than on positively charged surfaces �as indicated by the ad-
sorption potential energy listed in Tables I and II�, which is
in good agreement with experimental results that the nega-
tively charged surface exhibits clearly faster adsorption and

FIG. 9. Configurations of lysozyme orientation on a positively charged sur-
face. The direction of normal to surface is noted as n� and the direction of
dipole of lysozyme is noted as m� . �a� No adsorption; �b� upper back-on
orientation �cos 	=0.43�; �c� up end-on orientation �cos 	=0.73�; �d� bot-
tom end-on orientation �cos 	=−0.81�; �e� lower back-on orientation
�cos 	=0.26�.

TABLE II. Energies and orientations of lysozyme adsorbed on a positively charged surface.

IS
�M�

Uav

�kJ mol−1�
Utot

�kJ mol−1�
UvdW

�kJ mol−1�
Uele

�kJ mol−1� cos 	 Orientation
P

�%� Fig.

0.005 15.6 15.6 0.0 15.6 ¯ ¯ ¯ 9�a�
0.02 2.6 2.6 0.0 2.6 ¯ ¯ ¯ 9�a�
0.1 
40.3 
40.8 
46.1 5.3 0.43 Upper back-on 91.47 9�b�


34.9 
26.6 
8.4 0.73 Top end-on 8.47 9�c�

22.5 
51.0 28.5 
0.81 Bottom end-on 0.06 8�d�

0.3 
60.3 
68.9 8.7 
0.81 Bottom end-on 62.07 9�d�

59.4 
58.7 
66.7 8.0 0.26 Lower back-on 33.23 9�e�


53.9 
49.0 
4.9 0.43 Upper back-on 4.70 9�b�
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higher affinity for lysozyme than the positively charged
surface.48,68 The vdW-interaction-driven adsorption leads to
a wider orientation distribution compared with electrostatic-
interaction-driven adsorption, which is also found in our pre-
vious simulation study25 that antibody exhibits multiple ori-
entations when vdW interactions dominate.

IV. CONCLUSIONS

The PT MC algorithm is applied to probe the orientation
of adsorbed proteins on surfaces. With this method, both
lowest-energy orientation and orientation distribution could
be acquired in a single simulation. Meanwhile, the coarse-
grained united-residue model for proteins greatly reduces the
degree of freedom of the simulated system and thus acceler-
ates the simulation.

When applying the PTMC method to simulate lysozyme
orientations on charged surfaces, it is found that when driven
by dominant attractive electrostatic interactions, lysozyme
tends to be adsorbed with side-on orientation on negatively
charged surfaces. For this orientation, the active site faces
sideways, and two binding sites are located around Lys1,
Lys33, and Lys116, while Lys13, Lys96, and Lys97 are ex-
posed to solution. With the contribution from vdW interac-
tions increases, the preferred orientation changes to back-on
orientation, which puts its active site outward. It is also
found that despite of its net positive charge, lysozyme could
be adsorbed on positively charged surfaces with both “end-
on” and back-on orientations because of the nonuniform
charge distribution over lysozyme surface and the screening
effect from ions in solution. However, at low IS, lysozyme
could not be adsorbed on positively charged surfaces because
of too strong repulsive electrostatic interactions. These simu-
lation results agree well with experimental data.
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