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Controlling protein adsorption modes electrostatically

Yuba Raj Dahal* and Monica Olvera de la Cruz®?:<*

Protein adsorption on surfaces is ubiquitous in biology and in biotechnology. There are various
forces required for controlling protein adsorption. Here, we introduce an explicit ion coarse—
grained molecular dynamics simulation approach for studying the effects of electrostatics on pro-
tein adsorption, and 2D protein assembly on the charged surface. Our model accounts for the
spatial distribution of protein charges. We use catalase as our model protein. We find that the
preferential adsorption mode of proteins at low protein concentration on a charged surface is
"standing up". When the protein concentration in a solution increases to reach a critical density
on the surface, the adsorption mode switches from "standing up" to a mixed state "flat on" and
"standing up", which increases the lateral correlations among the adsorbed proteins. As such, the
changes in the adsorption mode arise from the protein adsorption that cancel the surface charge
and the protein—protein repulsion. This correlated surface structure melts as the salt concentration
increases because the charged surface is cancelled by the salt ions and the proteins de—adsorb.
For the case of strongly charged surfaces the "standing up" conformation remains more favorable
even at high protein adsorption at low salt concentrations since in that conformation the surface
charge is cancelled more effectively, generating an even more laterally correlated structure. We
elucidate the effects of parameters such as surface charge density, salt concentration, and protein
charges on the different adsorption modes and the structure and organization of proteins on the

charged surfaces. This study provides a guide for controlling protein assembly on surfaces.

1 Introduction

Protein adsorption is encountered in life and physical sciences
as well as in industry, biotechnology and medicine. Understand-
ing the process of protein absorption to a surface is of particular
importance since the biological function of proteins is strongly af-
fected by the surface™3, Moreover, protein adsorption can cause
detrimental outcomes. For example, the adsorption of proteins
on biomedical implants in contact with the blood may lead to a
blood clot, and obstruct blood flow causing thrombosis#>. In ar-
tificial tissue scaffolds, on the other hand, adsorption of proteins
is a requirement for proper vascularization®Z, The interplay be-
tween forces of different origin such as electrostatic, depletion,
and hydrophobicity determines the extent of protein adsorption.
However, studies examining the effect of these forces on protein
adsorption are challenging, because proteins have heterogeneous
chemical surface compositions and asymmetric shapes. Also, pro-
tein forces depend upon several external parameters such as so-

lution pH, salt types, and concentration®10, etc.
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There are numerous experimental, theoretical and simulation
studies on protein adsorption on surfaces!1"12 Most theoreti-
cal studies account for the overall net charge of the protein and
are generally limited to a low concentration of proteins. This
omits the contributions of the spatial distribution of the protein’s
residues on the adsorption. On the other hand, consideration of a
few proteins in all atom simulation leaves out correlation effects
in the adsorption. Simple anisotropic molecules are expected to
land on the surface via their largest interface. However, in the
case of proteins, the adsorption interface may differ from the an-
ticipated adsorption interface as a result of their charge hetero-
geneity. Once proteins are within close proximity to the surface,
local interactions between the protein’s residues and the surface
come into play, which, in turn, play a major role in determin-
ing the adsorption interface. In addition, correlations between
proteins on the surface is another key player for affecting the ad-
sorption modes of proteins. In this study, we take into account
both the protein charge distribution, and many body interactions
in the model.

Here, we develop a coarse-grained molecular dynamics (MD)
simulation approach to elucidate the effects of protein charge,
surface charge density, protein concentration, and salt concentra-
tion on the protein adsorption mode, and 2D protein structures
on the charged surfaces. At low protein solution concentration,
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we find that the preferential adsorption mode of a protein is via
the smallest interface contact (termed here "standing up", shown
in fig[I). Our analysis suggests that the mode of protein adsorp-
tion onto the surface is determined by a local interaction between
protein and surface. We increase the protein solution concentra-
tion to find the critical density on the surface for changing the
protein adsorption from "standing up" to "flat on" (adsorption via
the largest interface contact) mode. We also analyze the effects of
surface charge density, salt concentration, and protein charges on
the adsorption interface, and protein assemblies on the charged
surface. At intermediate values of protein charges (—12|e|), the
surface charge density increment changes the protein adsorption
from "standing up" to "mixed" (a combination of "standing up" and
"flat on") and back to "standing up" mode again. These changes
induce the structural transformation of the 2D protein assembly
from a poorly correlated sparse 2D structure to a densely packed
structure having hexagonal symmetry. When the proteins are
strongly charged (~ —20|e|), we observe ordered structures only
at low surface charge densities. Under an increasing salt concen-
tration, we observe that a dense hexagonal structure changes into
a sparse structure, which on further increasing the salt concentra-
tion dissolves into the bulk solution. This study provides a useful
guide for understanding protein adsorption, and the 2D assembly
of proteins on surfaces.

2 Model and simulation details

Bovine liver catalase (pdb code: 17GU) 16 js used as our model
protein. This is a tetrameric enzyme that plays a critical role in
maintaining safe levels of hydrogen peroxide in the cell’Z, In ad-
dition to its importance in biology, catalase enzyme has a wide
range of applications in industry including food and textile, to
name a few'8. People have used catalase enzyme for construct-
ing multi-component enzyme superlattices1? and mixed protein-
gold superlattices as a function of salt concentration'“%
as the degradation of DNAZL, In this coarse-grained model, a
coarse-grained bead is used to represent each amino acid of the
protein, and to accurately mimic the shape and surface rough-
ness of the protein. More importantly, the CG beads capture the
spatial distribution of the protein’s charges precisely. In a simpler
geometric form, heterogeneous face charges can be placed us-
ing approximations. However, those heterogeneous face charges
will be insufficient to represent the spatial distribution of protein
charges, which is crucial in determining the mode of protein ad-
sorption. Also, the excluded volume interaction, proteins contacts
and alignments on surfaces can more realistically be captured
with this CG than using a simpler geometry. We assign positive
charges to CG beads representing Arg and Lys amino acids, and
negative charges to beads that represent Asp and Glu residues.
The charge states of amino acids at different pHs are calculated
from the Henderson-Hasselbalch equation using average pKa val-
ues??, The charges assigned to negatively charged residues (Glu
and Asp) at various solution pHs are tabulated in tab.(I). In pH
range 4.0 — 7.0, partial charges of positively charged residues are
larger than 0.99]e|. Therefore, we assign +1|e| charge to each of
them.

as well
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Table 1 Partial charges assigned to negatively charged residues at dif-
ferent pHs.

pH Residue Fractional charge (]e]) Net protein charge (|e|)
Asp -0.97

4.8 -0.25
Glu -0.80
Asp -0.97

5.0 -7.0
Glu -0.87
Asp -0.98

5.2 -12.0
Glu -0.91
Asp -1.0

5.5 -17.0
Glu -0.93
Asp -1.0

6.0 -22.0
Glu -0.98
Asp -1.0

7.0 -24.0
Glu -1.0

In this model, a coarse-grained protein is composed of four
types of CG beads ( ~ 2000 total beads per catalase enzyme). Two
types of CG beads are used to represent the negatively charged
residues (Asp and Glu). Since equal charges are assigned to pos-
itively charged residues (Arg and Lys), a single type of CG bead
is used to represent them. The fourth type of bead represents
the remaining types of amino acids. The electrostatic and the ex-
cluded volume interactions are included in the model. Since a
larger population of hydrophobic residues are located within pro-
tein’s core, we ignore non-electrostatic attraction in the model.
The electrostatic interactions are computed using P>M method23
implemented in the HOOMD-blue package?#, which, does not ac-
count for charge regulation effects?2"2Z, It could be an interest-
ing future work to include these effects in addition to capturing
the spatial distribution of protein charges and many body effects.
And, we employ the WCA potential?8 to account for the excluded
volume interaction between beads using eq.(T).

12 6
4e (%) - (%) +e, ifr<2V%e.
Uwea(r) = (@h)

0, otherwise.

In equation (I)), € is the interaction strength, o is a distance be-
tween two particles when the potential between them is 0 and r
is the center to center distance between particles.

A schematic diagram of a protein adsorption study using a
coarse grained MD approach is shown in fig.(I). We use a sim-
ulation box elongated along the y direction such that L, =L, =
Ly/3.0. The box is centered at the origin. Then, we introduce a 2D
charged surface, composed of alternately distributed cationic and
neutral beads, at y = —L,/6.0 plane in a simulation box. We ap-
ply periodic boundary conditions only in the x and z dimensions.
For this purpose, we place a hard wall at —L, /2.0 end of the box.
This design sets up the distance between the charged surface and
hard wall equal to L, /3, which is equivalent to the x— and z— di-
mensions of the box. Then, proteins are randomly distributed in
the region between the charged surface and hard wall. This setup

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Schematic of a protein adsorption study. a) Detail structure of a
catalase enzyme (pdb: 17GU) and its coarse grained model. b) Simu-
lation box containing a system of proteins, a charge embedded surface,
a hard wall, and explicit salt ions. c) Two adsorption modes; one via
the largest (termed here "flat on") and another via the smallest (termed
"standing up") interface contact.

creates %Ly empty space above the charged surface so that there
will be a highly decayed electrostatic field of the charged surface
on the wall. To achieve a neutral box, counterions are added in
a protein free region in the box. A further addition of coion and
counterion pairs in the box is required if a system has to satisfy
the desired salt concentration. The box dimensions along x- and
z- directions are 75 nm (L, L;) each and y dimension is 3L,. The
system size varies depending on parameters such as salt and pro-
tein concentrations, surface charge density, and protein charges.
On average, simulation box consists of 200,000 CG beads in our
simulations. In our model, we ignore the conformational changes
of proteins by treating them as rigid bodies; that is, we neglect
changes in the folded conformation upon adsorption. After the
simulation is set up, we first integrate a system of proteins and
ions by utilizing the NVE integrator in HOOMD to avoid possible
overlaps between particles. Then, we use the Langevin dynamics
integrator to move proteins, and ions within the box, obeying the
potentials mentioned in the previous paragraph. We run simula-
tions for 2 x 107 total time steps using 0.01 as a step size. In the
real unit, the step size and total time steps correspond 5 fs and
100 ns, respectively. In this simulation time, we observe both the
number of adsorbed proteins and total energy saturate.

3 Results and discussion

3.1 Preferential adsorption mode of the protein

We chose a low protein concentration to determine the adsorp-
tion preference of the protein. At lower concentrations, the pref-
erential adsorption mode of the protein is independent of the
protein—protein interaction. The probability distribution of the
protein’s centroid with respect to the distance from the charged
surface is calculated to deploy as a parameter for analyzing the
adsorption modes of proteins on the charged surface. In fig.(2),
the time-averaged distributions of the protein’s centroid with re-
spect to the distance from the charged surface is shown for vari-
ous salt concentrations, and surface charge densities. The peaks
of each distribution, which represents the distance of the cen-
troid from the charged surface, are located ~ 52A away from
the charged surface. Based on the dimensions of the catalase

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Time—averaged distribution of the protein’s centroid with respect
to the distance: a) at various salt concentrations; b) at different surface
charge densities. Distributions are normalized to 1. In both figures, the
centroid is located ~ 52A, which implies that the protein has adopted the
"standing up" adsorption mode. The mode of protein adsorption is shown
inside figures. The surface charge density in fig.(a) is 0.1C/m?. In fig.(b),
salt concentration is 1mM. Protein charge in both figures is —12[e|.

(100A x 100A x 75A), this distance indicates that the protein is
adsorbed onto the surface via its smallest (100 x 75) interface. Ad-
sorption via the smallest interface (largest interface) is described
as the "standing up" ("flat on") adsorption mode. Note that, in
"standing up" mode, catalase covers ~ 1.33 times less surface area
than in the "flat on" landing mode.

Although the Salt concentration was increased up to 10 mM,
we did not find a complete adsorption mode transformation from
the "standing up" to the "flat on" mode. The slight peak’s width
mismatch observed in the distribution is caused by a variation in
the screening length at different salt concentrations. Similarly,
the preferential adsorption mode is also found to be independent
of the surface charge density. The peaks under each condition do
however have broader widths suggesting that the adsorbed pro-
teins are not immobilized on the surface. Next, we study the pro-
tein charge effects by keeping the surface charge density, and salt
concentration constant at 0.1C/m?, and 1mM, respectively. The
time—averaged distribution of the catalase’s centroid for different
protein charges is shown in fig. (3p).

When the net protein charge is —7|e|, a peak with a broader
width is observed at ~ 55A from the charged surface. This dis-
tance indicates that the protein is adsorbed in the "standing up"
mode. The overall net charge of the catalase protein is increased
up to —22|e|, however we did not observe the "flat on" adsorption
mode. With an increase in protein charges, the location of the
peak shifts towards the charged surface. Instead of a complete
adsorption mode transformation, we observe a tilting of the ad-
sorbed protein making an angle up to ~ 50 degrees to the surface.
Due to the tilting, there are mismatches between the positions of
peaks at the different protein charges (fig.([3p)). The peaks are
found to be separated by ~ 5A when the overall net protein charge
is changed from —7 and —22|e|. Note that, this value would be
~ 12A if proteins were adsorbed in the "standing up" mode at one
charge and in the "flat on" mode at the another.

Our analysis suggests that the preferential adsorption mode of
catalase ("standing up") is caused by a local interaction between
the protein and the surface. To investigate this interaction, we
plot the distribution of each charged residues as well as the over-
all net charge distribution with respect to the distance from the
charged surface at various protein charges, which is shown in
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fig.(3] b, ¢, and d). The overall net charge distribution (repre-
sented by the green color) is computed using the expression:

n(y) :an()’)qr- 2

Where n,(y) is the number of charged residues of the type r lo-
cated at distance y from the surface, g, is the partial charge of the
residue, and the sum is performed over all charged residues. In
the plot, there are a number of peaks and troughs in the distri-
bution of overall net charges. Peaks in the distribution mean that
the magnitude of the positive charges is larger than the magni-
tude of the negative charges, while troughs mean the opposite.
Closer to the charged surface, there is a trough, which suggests
that the protein in the "standing up" adsorption mode exhibits
more negative residues to the positively charged surface. Thus,
the "standing up" type of adsorption mode is favored by the local
protein-surface electrostatic attraction.

Sub-plots (b, c, and d) in ﬁg also reveal that both the distri-
butions of charged residues and the overall net charge distribu-
tions are slightly changed due to changes in the protein charges.
The net charge distribution at ¢ = —7|e| is symmetric on either
sides of the deepest trough. The deepest trough is essentially the
location of the adsorbed protein’s centroid. However, the distri-
bution becomes more asymmetrical as the protein charge is in-
creased. This is understood to be caused by the tilting of the
adsorbed protein at the higher charges. The tilting of adsorbed
proteins observed at the higher net protein charges increase the
local attractive interaction between the "GIu" residues, and the
surface and this, in turn, strengthens the adsorption. This also
supports the observation of narrower peaks at the higher protein
charges as shown in fig. Bh).

Both the Coulomb attraction between the surface and a pro-
tein, and the counterions release are contributing factors for the
protein adsorption. We have analysed the role of counterions re-
lease/confinement on the protein adsorption. For this, the num-
ber of ions in the adsorbed proteins’ monolayer (~ 105;\) as well
as in the vicinity of the surface (~ 7A) are compared before and
after the protein adsorption. We find that the number of ions in
the monolayer is reduced after the protein adsorption. This sug-
gests that the release of counterions is one of the driving forces
for protein adsorption. This is consistent with the counterions
release attributed to the association of charged polymers to oppo-
sitely charged surfaces and/or oppositely charged colloids as well
as the precipitation of proteins2?*21, However, the population of
negative ions in the region close to the charged surface (~ 7A)
increases after the protein adsorption. Negative ions in the layer,
distributed over the charged surface, facilitates the proteins’ ad-
sorption. This is analogized to the confinement of counterions in
cavities for neutralizing the aggregate of charged proteins=132,
The recruitment of more ions close to the surface is required if
more proteins are adsorbed on the surface.

3.2 Protein assembly on the charged surface
Ordered assemblies of proteins have tremendous potential for

bio—and nano- technological applications such as heterogeneous
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Fig. 3 Mode of protein adsorption and the resulting distributions of
residues at various protein net charges. a) Location of the protein’s cen-
troid at various protein charges. The centroid of the protein having higher
charges is closer to the surface due to a slight tilting of the adsorbed pro-
tein. The adsorption modes of protein at different protein charges is also
shown in the figure. Distributions of individual residues and the overall
net protein charges when ¢ = —7|e¢| (b), ¢ = —12|e| (c), and ¢ = —22|e]| (d).
In fig.(b), the net charge distribution (shown in green color) is identical on
either sides of the deepest trough. However, the net charge distribution
becomes more asymmetric as the charge is increased. This is due to the
tilting of the adsorbed protein towards the surface. The surface charge
density, and the salt concentration are kept constant at 0.1 C/m?, and 1
mM, respectively.

catalysts, sensors, selective filters etc1233534 To control protein
assembly on a surface, we fine-tune the concentration of protein
in the solution. To characterize the structure of adsorbed proteins
on a charged surface, we study the positional and angular corre-
lations between the proteins. The positional correlation between
adsorbed proteins is measured by calculating the probability dis-
tribution of the centroids of the adsorbed proteins. Similarly, the
angular correlation parameter is determined locally by measur-
ing the angle between adsorbed proteins located within a certain
cutoff distance from a reference point. We treat the position of a
protein as a reference point. As before, the probability distribu-
tion of the protein’s centroid with respect to the distance from the
charged surface is used as a parameter for analyzing the mode of
protein adsorption on a surface.

3.2.1 Effects of protein concentration

Proteins adsorbed on the surface for different protein solution
concentrations are shown in ﬁg@ As expected, both low and
high protein concentrations are unfavorable for yielding an or-
dered assembly on the surface. At low protein concentration
(figlih), the quantity of the adsorbed proteins is low and pro-
teins move in a non—correlated fashion on the surface. Note that,
proteins adopt the "standing up" adsorption mode when the sur-
face coverage is low. At higher concentrations, on the other hand,
a larger population of the proteins accumulate closer to the sur-
face (figdd), but the resultant structure is a disordered aggre-
gate. In figure [4 an adjustment of protein adsorption mode can
also be seen. Once the critical density of proteins on the sur-
face is reached, the proteins change their adsorption from a solely
"standing up" mode (observed at low concentration) to a combi-

This journal is © The Royal Society of Chemistry [year]
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a) 0.15 mM

¢) 0.44 mM

Fig. 4 Simulations snapshots showing protein adsorption conformations
at 0.15 mM (a), 0.30 mM (b), 0.44 mM (c), and 0.60 mM (d) protein so-
lution concentrations. Shown snapshots are in the xz plane. The salt
concentration, protein charges, and surface charge density are kept con-
stants at 1 mM, —22|e|, and 0.1C/m?, respectively.

nation of "standing up" and "flat on" modes (fig{dp). In one ex-
perimental study, it was reported that these types of orientational
changes were observed in the adsorption of lysozyme proteins on
a silica surfaceB%. The value of critical density depends on the
charges of protein, salt concentration, and surface charge density.

In fig.(5), the effects of protein concentrations on the adsorp-
tion mode and 2D structure formed on the surface is analysed for
protein charges —12|e| (shown in upper panel) and —22|e| (lower
panel). The salt concentration, and surface charge density are
kept constant at 1mM, and 0.1C/m? respectively and the protein
concentration in the solution is varied from 0.15mM to 0.74mM.
Sub-plots (a and d) show the positional correlations between ad-
sorbed proteins. Similarly, the angular correlation and adsorption
modes are plotted in (b and ¢), and (c and f), respectively. Both
the positional and the angular order parameters in fig.(Sh, b, d,
e) reveal that the structures are disordered for low and high con-
centrations of protein.

The order parameters at protein concentrations 0.60mM, in the
upper panel, and 0.44mM, in the lower panel, indicate that the
structures on the surface are comparatively correlated. The lo-
cal angular order parameter shows that there are 5 distinct peaks
separated by 60 degrees at these concentrations. This suggests
that the protein is surrounded by six nearest neighbours, which
is characteristic of a structure having hexagonal symmetry. Also,
there are multiple peaks in the positional order parameter and
their locations are comparable to the expected peak positions
of a structure having hexagonal symmetry. Here, the peaks are
not matched perfectly because, due to the charge heterogeneity
and/or correlation effects, proteins do not strictly reside on fixed

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Effect of protein concentration on the adsorption mode and the
resulting protein assembly. Upper and lower panel figures correspond
to —12|e|, and —22|e| protein charges, respectively. a, d) Distributions
of proteins’ centroid—centroid distance at various protein solution con-
centrations. b, e) Angular distributions of proteins within a 120A cut-
off distance from a central protein. ¢, f) Concentration profiles of pro-
teins’ centroid with respect to the distance from a charged surface. For
the comparison purpose, distributions corresponding to concentrations
larger than 0.15mM are shifted vertically. Salt concentration and surface
charge density are kept constants at 1 mM and 0.1C/m?, respectively.

lattice sites. Instead they vibrate and change their alignment on
the surface. The variation in the protein sites’ separation is also
caused by the adsorption of proteins in the different modes. The
amount of fluctuation between inter-sites distance depends on
the dimension of the protein molecule.

The probability distribution of the protein’s centroid with re-
spect to the distance from the charged surface is shown in fig. (5
¢, and f). At low protein concentrations, the protein concentra-
tion profile has a single peak located at ~ 50A, which means that
the adsorbed proteins adopt the "standing up" adsorption mode.
As the concentration of protein is increased further, another dis-
tinct peak around 38A is observed. This peak is caused by the
"flat on" adsorption mode. Proteins adsorb in a combination of
the "standing up" and "flat on" type modes due to correlation ef-
fects. Based on the dimensions of the protein studied here, the
separation between adsorbed proteins increases if they adsorb in
the "flat on" mode. The population of the proteins adsorbed in
the "flat on" mode rises when the proteins are highly charged and
their concentration in the solution is large. In such conditions,
proteins also form a second layer. Therefore, most proteins in the
first layer chose the "flat on" adsorption mode for reducing their
repulsion with other proteins in the first and second layers. The
taller first peak at 0.6mM and 0.74mM protein concentrations in
fig.(5]0) tells that a larger population of proteins in the first layer
possess the "flat on" adsorption mode.

In fig.(6), proteins are adsorbed in a combination of "stand-
ing up" and "flat on" modes. We use this figure to demonstrate
why "standing up" is preferred over the "flat on" type of adsorp-
tion mode in the case of the low surface coverage. The proteins
adsorbed in the "flat on" mode are marked with green colored
spheres. The positive and negative residues of proteins falling
within 7A of the charged surface are represented by small blue

Journal Name, [year], [vol.], 1-|§| |5
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Fig. 6 Snapshot highlighting the charged residues of adsorbed proteins,
which are within 7A from the charged surface. Shown snapshot is in the
xz plane. Negative and positive residues are represented by red and
blue spheres respectively. For the comparison purpose, the centroid of
molecules adsorbed in the "flat on" mode are marked by green spheres.
In the "flat on" adsorption mode, molecules exhibit more positive residues
(blue beads) close to the positively charged surface. Whereas, in the
"standing up" mode, molecules display more red colored beads (negative
residues) close to the surface.

and red spheres, respectively. In the "flat on" type of protein ad-
sorption, there are more positive residues than negative residues
closer to the surface. On the other hand, the "standing up" mode
displays more negative residues to the surface. Since the "flat
on" mode exhibits more positive residues close to the positively
charged surface, this mode is electrostatically unfavorable.

As the adsorption of proteins increases, the proteins get later-
ally correlated by changing from "standing up" to a mixed "flat
on" and "standing up" conformation. In such mixed state they de-
velop some local order reminiscent of a crystal in 2D (we note
that 2D crystals do not have long range order but only local or-
der). The laterally correlated structure results when the pro-
tein adsorption nearly cancels the charge of the surface and is
correlated because of the repulsion between the proteins. If one
protein is removed, a hole in the surface is cancelled by the neigh-
boring proteins. This is similar to the correlated two—dimensional
structure that results when multi-valent ions adsorb to strongly
charged surfaces to cancel the surface charge in salt-free condi-
tions®8. As mentioned earlier, adsorbed proteins are not immobi-
lized on surfaces, they change alignments to find the lowest free
energy conformation, which is achieved by structures that have
larger correlations (more lateral order) since correlations always
decrease the free energy of the system®2.

3.2.2 Effects of surface charge density

In ﬁg.@a), the time-averaged protein concentration profiles with
respect to the distance for different charge densities are shown.

6| Journal Name, [year], [vol.],1~|§|
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Fig. 7 Effect of surface charge density on mode of adsorption and pro-
tein assembly. a) Time—averaged distribution of proteins’ centroid with
respect to the distance. Both at low and high surface charge densities,
distributions have a single peak. Whereas, at the intermediate values,
there are two peaks. b) Angular distributions of proteins within a 120A
cutoff distance from a central protein at various surface charge densi-
ties. For the comparison purpose, distributions corresponding to surface
charge densities larger than 0.02C/m? are shifted vertically. ¢, d, ) Snap-
shots of protein assembly at 0.02C/m?, 0.04C/m?, and 0.1C/m? surface
charge densities. Shown snapshots are in the xz plane. Salt concentra-
tion, protein concentration, and protein net charge are 1 mM, 0.6mM, and
—12|e|, respectively.

The protein charges, salt, and protein solution concentrations are
kept constant at —12|e|, 1mM, and 0.6mM, respectively. The sur-
face charge density is varied between 0.02C/m? and 0.1C/m?. We
observe that the adsorption mode is a complicated function of
the surface charge density. When the surface charge density is
0.02C/m?, two peaks separated by ~ 12A appear in the protein
concentration profile. These peaks are the outcome of the pro-
teins’ adsorption in a combination of the "standing up" and "flat
on" modes. However, the majority of the adsorbed proteins are
"standing up" since the second peak is taller than the first peak.
Due to a weak attractive interaction between surface and protein,
the resulting protein structure is poorly correlated, which can be
seen in fig.(7p, ).

When the surface charge density is in a range of 0.03 —
—0.05C/m?, the first and the second peaks in fig @a) are almost
identical suggesting that half of the adsorbed proteins are in the
"flat on" mode and the rest are in the "standing up" type of ad-
sorption mode. This adsorption mode adjustment gives rise to
an ordered structure having hexagonal symmetry (fig[7d). Above
0.05C/m?, the first peak diminishes and the second peak becomes
taller again. In the 0.05C/m? —0.1C/m? surface charge density
range, a larger quantity of proteins are adsorbed on the surface
because of the stronger attractive force. To accommodate more
proteins on the surface, they adsorb via their smallest interface.
In this range of charge density, proteins on the surface are also
assembled into a hexagonal structure, however, the inter—protein
distance is smaller compared to the previous case. When the pro-
tein charge is increased to ¢ ~ —20|e|, we obtain the ordered struc-
tures only at the low surface charge density regime (0.04C/m?).
At higher charge densities, we find the disordered aggregates.

This journal is © The Royal Society of Chemistry [year]
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Fig. 8 Effects of salt concentration on adsorption mode and protein as-
sembly. a) Time—averaged distribution of proteins’ centroid for different
salt concentrations. Snapshots of protein assembly at 1 mM (b), 5 mM
(c), and 9 mM (d), respectively. Shown structures are in the xz plane.
The surface charge density, protein concentration, and protein charges
are 0.04 C/m?, 0.4 mM, and —22|e|, respectively.

3.3 Effects of salt concentration

The concentration profile of proteins with respect to the per-
pendicular distance from the charged surface is shown in fig. (8p).
We vary the salt concentration from 1mM to 20mM in the inter-
val of 4mM by keeping the protein charges, protein concentration,
and the surface charge density constants at —22le|, 0.44mM, and
0.04C/m?, respectively. With an increase in salt concentration, we
notice two major changes in the concentration profile. First, the
peak located closer to the surface slowly disappears, which means
that the "flat on" mode of adsorption is unfavorable at high salt
concentrations. Secondly, the magnitude of the adsorbed proteins
diminishes. This suggest that correlations dominate at low salt in
a mixed "standing up" and "flat on" conformations.

For small salt concentrations, the electrostatic interactions are
weakly screened. Therefore, proteins are adsorbed onto the sur-
face with mixed adsorption modes (8p, ¢) to reduce repulsion and
build correlations. At high salt concentrations, the electrostatics
is weakened. Also, the entropy gain due to counterions release
is small. Thus, the number of adsorbed proteins declines with an
increase in salt concentration. As a result of a weak lateral repul-
sion between proteins on the surface, proteins are favorable to
retain their preferred adsorption mode ("standing up") at higher
salt concentrations ).

As we see in fig.(8b), which corresponds to 1mM salt concen-
tration, proteins are densely populated on the surface and most
proteins are surrounded by six nearest neighbours in the struc-
ture. When the salt concentration is increased to 5 mM, the 2D
structure is transferred into a less dense structure (ﬁg). Above
10 mM salt concentrations, the correlation between adsorbed pro-

This journal is © The Royal Society of Chemistry [year]
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teins becomes very weak because of a decline in the protein den-
sity on the surface. When the salt concentration is increased

3.05[A]) is de-

creased from ~ 100A to ~ 30A, approximately by a factor of 3.
Even though the electrostatic interactions are strong at 10 mM,
the quantity of adsorbed proteins decreases due to the adsorp-
tion of more counterions on the charged surface. In our study, we
observe a thin layer of negative ions (counterions of the surface)
on the charged surface in addition to the adsorbed proteins. This
observation is supported by a recent experimental study by Miller
et al.49, While they have reported a well-ordered distribution
of counterions on the charged surface, we have only character-
ized the protein assembly on the charged surface. Accumulation
of counterions near the charged surface decreases the effective
surface charge density, which, in return, decreases the protein
adsorption. Note that the counterions release is entropically un-
favorable at higher salt concentrations.

from 1 mM to 10 mM, the screening length (A =

We observe disordered structures when the surface charge den-
sity is high (> 0.1C/m?) and/or protein is strongly charged (at-
traction is too strong). Furthermore, non—correlated structures
(fluid like) are observed when the surface charge density is be-
low 0.02C/m2 (too weak attraction). We find ordered assembly
in a wide range of surface charge density (0.025C/m?* —0.1C/m?)
when proteins are weakly charged. When proteins are strongly
charged (~ —20le|), we observe ordered assembly only at smaller
surface charge density values ~ 0.04C/m?. Ordered 2D assem-
blies, in our study, are formed when interactions are both not
too weak and/or strong. These observations are consistent with
previous studies, which report the requirements of a right solu-
tion condition and/or interactions range for protein crystalliza-
tion and ordered assemblies#?*44. People have classified protein—
protein attraction into specific and non-specific and drawn phase
diagram with respect to the strength of these interactions®, We
have protein-surface and protein—protein electrostatic and ex-
cluded volume interactions in our study (non-specific type of
interactions). Please note that we have explicit salt ions in the
model too. However, hydrogen bonding, disulfide bonding (spe-
cific interactions) as well as water are not captured in our CG
model. A competition between protein—protein and protein—
surface interaction mediated by ions determines an adsorption
mode and protein assembly on surfaces. Protein-surface attrac-
tion is responsible for driving proteins to the surface. Then, non-
specific interactions play crucial roles in adjusting contacts, align-
ments and orientations of proteins to give rise to 2D structures.

Standing up and flat on configurations can generally be ex-
pected in proteins having distinct dimensions at least in two di-
rections. Adsorption interface of proteins depends on number of
parameters including a protein specific parameter, residues dis-
tribution. Choosing catalase as a model protein, we identify its
adsorption interface. Then, study how various parameters affect
the modes of adsorption and resulting assemblies. One of the
nice feature of this model is that it captures a spatial distribu-
tion of protein residues. Therefore, this model can be applied
(and extended) for other proteins such as Albumins, Globulins,
Fibrinogens (blood proteins), to name a few, to study adsorption
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modes and assemblies. The generalities of the results are various:
at low salt concentrations, as the degree of adsorption increases
(by changing the overall protein concentration), a correlated 2D
structure will form to decrease the free energy (please recall that
the free energy can be expressed as an ideal part plus correla-
tions and therefore correlations always decrease the free energy).
The only condition is that the proteins have charged residues ran-
domly distributed on the surface as oppose to large domains of
positive and negative groups (indeed, the analysis of various pro-
tein surfaces show rather small charged domains, randomly dis-
tributed on their surface®, Also, it is general that as the salt
concentration increases, the proteins will de-adsorb because the
correlations get screened by the salt and now the surface charge
is also suppressed by the salt ions.

4 Conclusions

Here, we study protein adsorption and structure formation on
surfaces at various parameter settings such as surface charge den-
sity, salt concentration, protein concentration, and protein charge
and distribution. By accounting for the heterogeneous charge dis-
tribution in the model, we find that the preferential adsorption
mode of the catalase protein is via its smallest interface ("stand-
ing up" orientation) at low protein adsorption. The preferential
adsorption mode of the protein is governed by the local electro-
static interactions between the surface and heterogeneously dis-
tributed protein residues. The Coulomb attraction between the
surface and protein and the counterions release are two contribut-
ing factors for protein adsorption. The electrostatic attraction
between the protein and surface drives the protein to the sur-
face. Once the protein reaches the charged surface, local electro-
static interactions between the surface, and the residues of the
protein come into play. The interaction between the positively
charged surface, and the negatively charged residues of proteins
supports the adsorption, while the local repulsion between the
surface, and the positively charged residues are favorable for
breaking proteins apart from the surface. The spatial distribution
of charged residues on the protein surface and many body interac-
tions, which are often ignored in theoretical/simulation studies,
play a major role in determining the modes of protein adsorption
and the types of protein assembly on the charged surface.

By increasing the protein solution concentration, we find the
critical protein density on the surface for modifying the modes of
protein adsorption. The critical density relies on parameters such
as surface charge density, salt concentration, and protein charges.
As the density of adsorbed protein is increased on the surface,
a correlation between adsorbates starts to build. As a result of
which, some adsorbed proteins adjust their adsorption mode from
"standing up" to "flat on". Moreover, even when adopting the
same adsorption mode, proteins change their alignment to build
correlations. The modification of adsorption modes and align-
ments is attributed to the inter—protein repulsion. The changes
in the binding modes and orientations induce changes in the 2D
protein structure on the surface.

When the surface charge density is increased, the adsorption
mode of proteins is found to change from the "standing up" to a
"mixed" (a combination of "standing up" and "flat on") and back to

8| Journal Name, [year], [voI.],1-E]

"standing up" mode. These changes induce the structural trans-
formation of the 2D protein assembly from a poorly correlated
sparse 2D structure to a densely packed ordered structure having
hexagonal symmetry. At low surface charge, the attractive force
for the adsorption is weak. As a result, the quantity of the pro-
tein is small and all proteins are adsorbed in the "standing up"
mode, their electrostatically preferred adsorption mode. The sur-
face charge density increment attracts additional proteins to the
surface and proteins adjust their modes of adsorption to configure
a densely packed 2D structure with hexagonal symmetry. With
the further increase in the surface charge density (~ O.lC/mz),
proteins are found to prefer the "standing up" mode again, yield-
ing the hexagonal symmetry having relatively the smaller lat-
tice constant than at the smaller surface charge densities. For
a weakly charged protein (~ —10|¢|), we observe ordered pro-
tein assemblies in a wide range of surface charge density values
(0.04C/m? — 0.1C/m?). However, when the proteins are strongly
charged (~ —20|e|), we observe ordered structures only at low
surface charge densities (~ O.O4C/m2). In the case of salt concen-
tration, the correlated surface structure melts as the salt concen-
tration increases because the charged surface is cancelled by the
salt ions and the proteins de—adsorb. This study provides guide-
lines for controlling the modes of protein adsorption and protein
assembly on surfaces.
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