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The adsorption of hen egg white lysozyme at a model charged surface is studied using fully atomistic molecular dyna-
mics simulations. The simulations are performed over a 90 ns time scale which is sufficient to observe rotational and
translational steps in the adsorption process. Electrostatics is found to play a key role in guiding the protein to the
favorable binding orientation with theN,C-terminal face against the substrate. However, full immobilization appears to
only occur through the strong interaction of Arg128 with the surface, facilitated by the protein’s flexibility at the termi-
nal face. Simulated mutation at this residue confirms its crucial role. This work demonstrates that electrostatics alone
might not be sufficient to guide the development ofmaterial systems that exploit protein adsorption and immobilization.

Understanding protein adsorption at solid surfaces is crucial
for the development of many fields in nanotechnology, such as
biomaterialisation,1 biomaterial production for medical devices,
dental restoratives, drug delivery systems,2 or in vitro diagnostics.3,4

In recent work, we have employed molecular dynamics simula-
tions to investigate the initial stages of hen egg white lysozyme
(HEWL) adsorption on a charged silica surface, highlighting
the important role electrostatics plays in aligning the protein to
the surface and exposing its biologically active face to solution.5

Here, we present further simulations which lead to a surprising
conclusion: while electrostatics guide the protein to a favorable
orientation at the surface for adsorption, the protein appears to
adsorbstrongly throughone residueonly. Inour simulations,HEWL
remains largely intact when adsorbed, yet it possesses sufficient
flexibility at its N,C-terminal face to allow this strong interaction
to occur. This demonstrates that electrostatics alone might not be
enough to guide the development of material systems that exploit
protein adsorption and immobilization.

Lysozyme is a widely studied protein with a well-characterized
structure.6 Its adsorption onto surfaces provides a model system
for both experiment and simulation, since it is large enough to
take a compact globular structure yet is small enough for detailed
atomistic modeling. In-liquid atomic force microscopy (AFM)
has been used to image the early stages of the development of a
lysozyme layer onmica, which presents a flat, charged surface for
the adsorption and clustering of the protein.7,8 A comparison of
AFM images andMonte Carlo simulation show that the adsorbed

protein has a surface mobility∼9 orders of magnitude lower than
that in solution, and that full immobilization of the protein only
occurs once large, two-dimensional protein clusters have formed.9

The paradigm for understanding adsorption in this system is
that electrostatics plays a crucial role in guiding the protein to
bare substrate and causing it to adsorb. Many models employ a
rigid molecule approximation in order to simulate the evolution
of protein layers.10-12 In order to test the validity of this approach,
and to learn more details of the process, we have recently used
fully atomisticmolecular dynamics simulations of lysozymeadsorp-
tion onto a model charged silica surface.5,13 We found that 20 ns
trajectories were sufficient to understand the initial stages of
adsorption, and clearly showed that electrostatics can steer the
protein adsorption.

In this work, we extend this study to a 90 ns time scale, which
allows us to investigate the role of electrostatics more fully. In
particular, these simulations are long enough for protein rotations
and translations to play a role in the dynamics of adsorption. As
we shall show, this time scale also allows us to investigate the
diffusion of weakly adsorbed protein across the surface. We have
also investigated the impact of mutating a certain residue in the
lysozyme sequence in order to clarify its role in the adsorption.
As a result, we can now formulate a more complete picture of
the protein adsorption process, one that has important conse-
quences for the future design of material systems exploiting sur-
face functionalization.

We study the adsorption of lysozyme starting in a water box at
pH 7 with the surface presented at four different orientations.We
believe that this provides a reasonable exploration of possible
adsorption geometries, since the protein has the possibility of
moving to find suitable adsorption states.5 Furthermore, our
previous simulations of a cage system have not revealed viable
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Figure 1. Protein and surface relative orientation before and after a 90 ns trajectory. (a) Initial view of the HEWL-surface positions in
orientationO1with theN,C-terminal protein face indicated. (b) Final structure of theO1 system,where the inset shows the penetration of the
surface water layers. (c) Final structure of the O1_90 ns_R128G simulation, where we start with the O1 structure after the 90 ns adsorption
trajectory and then mutate Arg128 to Gly128 and simulate a subsequent 90 ns trajectory (for further details, see the Methods section in the
Supporting Information). The shortest protein-surface distances (in Å) are shown, and important residues are labeled.The surface atoms are
shown as red (oxygen atoms) and yellow (silicon) spheres. The HEWL surface is shown as a ghost surface colored by charge, with protein
secondary structure elements indicated as a cartoon and colored as follows: red, helixA; orange, helix B; purple, helixC; yellow, helixD; pink,
helix 310 fromdomainR; green, helix 310 fromdomain β; blue, sheet β1; cyan, sheet β2; gray, sheet β3; black, other structures including loops.
Important residues are shown as licorice and colored by element (hydrogen, white; carbon, cyan; nitrogen, blue; oxygen, red). The magenta
needle indicates the protein dipole moment.
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alternatives. All the computational model details may be found in
the Methods section given in the Supporting Information.

In Figure 1a, we show the starting position for orientation O1,
which leads to adsorption of the protein as shown in Figure 1b.
Since this is the most common adsorbed state we have found in
our study, we have simulated four separate 90 ns trajectories
starting in O1 to test that they all lead to essentially the same final
adsorbed state.Repeating theO1 simulationswith different initial
velocities gives more confidence that the adsorbed state shown in
Figure 1a is representative of the true adsorbed configuration. In
the Supporting Information, we show that indeed all of these
trajectories do lead to the adsorbed state we described previously
after only a 20 ns trajectory.5 Here, the dipole moment of the
protein points toward the surface, and the protein adsorbs at its
N,C-terminal face as observed experimentally.14,15 We also pro-
vide a movie of the O1 adsorption process in the Supporting
Information, which shows that the protein essentially is adsorbed

after about 10 ns and thereafter is anchored to the surface via the
residue Arg128. The distance between Arg128 and the nearest
surface atom (∼1.9 Å) is shown in Figure 1b. This small distance
shows that the residue has penetrated the structured water layers
that form above the charge solid surface, as illustrated in the inset
of Figure 1b. Likewise, the other O1 trajectories displayed in the
Supporting Information show the same feature.

The simulation with orientation O2 starts with the surface
facing the opposite side of the protein from O1 at a separation of
∼7 Å. Here, we find that the protein diffuses away from the
surface, as expected because its dipole moment points this way
too. Since we are utilizing periodic boundary conditions, the
protein then adsorbs to the image of the surface at the top of the
water box in the conformation found before (the image surface
started ∼10 Å from the protein’s N,C-terminal face). In orienta-
tion O3, with the surface initially facing the left-hand side of the
protein as viewed in Figure 1a, we find that the protein rotates
during the simulation to once again adsorb at the N,C-terminal
face and become anchored atArg128. These simulations highlight
the role that electrostatics plays in rotating and steering the pro-
tein to the best orientation for adsorption, followed by the strong

Figure 2. Protein-surface relative orientation. (a) Initial state of theO4 system. (b)Final structure of theO4 systemafter the 90ns trajectory.
The coloring scheme is the same as that in Figure 1. In both cases, the shortest initial and final protein-surface distances (in Å) are shown.

(14) Aizawa, T.; Koganesawa, N.; Kamakura, A.; Masaki, K.; Matsuura, A.;
Nagadome, H.; Terada, Y.; Kawano, K.; Nitta, K. FEBS Lett. 1998, 422, 175.
(15) Dismer, F.; Petzhold, M.; Hubbuch, J. J. Chromatogr., A 2008, 1194, 11.
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interactionwith the surface via thewater layers.The simulated trajec-
tories are sufficiently long to capture any important translational
and rotational diffusive events in the initial stages of adsorption.

Our fourth orientation O4 starts with the surface facing the
right-hand side of the lysozyme, as illustrated in Figure 2a. As
shown in Figure 2b, this simulation leads to the adsorption of the
protein in an alternative site located at Arg68 in a flexible loop
region. The dipole moment here points away from the surface,
and it is apparent that the lysozyme is somewhat stretched away
from the surface. The typical distance between Arg68 and the
nearest surface atom is ∼3 Å, showing that the lysozyme is not
strongly anchored in this configuration since the innerwater layer
on the surface is not disrupted. The movie for this O4 trajectory,
provided in the Supporting Information, shows that Arg68 can
diffuse above the inner water layer with a hop frequency of about
∼108 s-1, yielding a surface diffusion constant of the protein of
∼10-8 cm2 s-1, 2 orders ofmagnitude below that in bulk solution.16

In Figure 3a, we show the trace of the lysozyme’s center of mass
over time found in this O4 simulation, demonstrating this sur-
face diffusion. For comparison, we show in Figure 3b the center
of mass movement for the O1 simulation, demonstrating the
anchoring effect of Arg128 penetrating the inner water layer.

The surface diffusion of the lysozyme in orientationO4 is not in
line with experimental observations which reveal a much lower
surface diffusion constant (∼10-15cm2 s-1).8 We therefore con-
clude that O4 is not a long-term adsorption state. It is possible
that it is an artifact of starting the simulation with the surface so
close to the protein, so that the steering effect of the electrostatics
does not have time to operate. Moreover, the protein dipole
moment steering effectmay be underestimated since a 12 Å cutoff
was used for the electrostatics in these calculations, and it may
partially explain why reorientation of O4 is not observed in the
90 ns time scale. Even if a lysozyme were to adsorb in this orien-
tation, it is likely that during its subsequent surface diffusion the
protein would come to reorient itself into the stronger O1 binding
state.Of course,we donot expect to see the lysozyme inO1 diffuse
across the surface during the accessible time scale of our simula-
tions, given the very small magnitude observed experimentally.8,9

We turn finally to the role ofArg128 in anchoring the lysozyme
in the orientation O1 adsorption state. We consistently find that
this residue plays the dominant role, which is clearly related to its
positive charge (at pH 7) and the length of its side group. We
therefore have performed simulations with this residue replaced
with Gly, a neutral residue with the shortest possible side group
(hydrogen). Starting a new trajectory above the surface inO1with
this mutation, we find that the lysozyme does not adsorb in the

Figure 3. Protein center of mass (COM) diffusion: (a) O4, (b) O1, and (c) O1_90 ns_R128G. The top plots show plan views of the diffusion
across the plane of the surface, with blue dots showing the starting points and the arrows indicating the COMdisplacement after 0.1 ns. The
red part of the plot indicates the diffusion before and during adsorption, and the black part indicates the diffusion on the surface. Themiddle
plots showchanges in timeof theCOMdistanceperpendicular to the surface.The bottomplots show the distance diffusedby theCOMacross
the surface plane over time.

(16) Dubin, S. B.; Noel, A. C.; Benedek, G. B. J. Chem. Phys. 1971, 54, 5158.
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first 10 ns or so but diffuses in the bulk for about 85 ns before
starting to adsorb at the upper image surface (see the Supporting
Information). When we instead start a mutated lysozyme trajec-
tory from the previously adsorbed state in O1, we find that the
lysozyme interacts weakly with the surface in a manner similar to
orientation O4. While Arg125 can temporarily penetrate the
water layers, it has restricted flexibility since it belongs to the
helix 310 from domainR and so does not anchor the protein in the
way Arg128 does (Figure 1c). As a consequence, the mutated
lysozyme now diffuses on the surface water layer at a comparable
rate to that foundwithO4, as illustrated in its center-of-mass trace
in Figure 3c.

The results from these simulation studies of lysozyme adsorp-
tion at a charged solid surface imply that the paradigm of elec-
trostatic steering of protein adsorption processes does not in itself
provide a full understanding. Instead, protein immobilization
occurs through the strong interaction between the surface and
charged residues in flexible locations on the protein surface, and
these residuesmust penetrate thewater layers that form above the
surface for strong adsorption to occur. For lysozyme, the electro-
statics will guide the adsorbing protein to present itsN,C-terminal
face to the surface, where Arg128 has this necessary flexibility. In
doing this, the protein largely retains its secondary and tertiary
structure, and in particular the active site of protein remains intact
and exposed to solution.5 Thus, the adsorbed protein is expected
to keep its activity when adsorbed on a flat surface. Of course, we

must keep in mind that some of the effects we find in our simu-
lation might be artifacts of the force field or the parametrizations
we have used. Nevertheless, the experimental observation of adsor-
bed lysozyme keeping its activity supports our conclusions.17,18

This emerging picture of protein adsorption at charged surfaces
implies new design rules for surface functionalization through pro-
tein adsorption. Specifically, while electrostatics are important for
guiding the protein to adsorption sites, it appears that suitably char-
ged residues in flexible regions are required to anchor the protein.
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