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3 ABSTRACT

The mechanisms of electrostatically driven adsorption of proteins on charged surfaces are studied
41 with a new theoretical framework. The acid-base behavior, charge distribution and electrostatic
43 contributions to the thermodynamic properties of the proteins are modeled in the presence of a
charged surface. The method is validated against experimental titration curves and apparent pKas.
48 The theory predicts that electrostatic interactions favor the adsorption of proteins at their isoelectric
50 points on charged surfaces despite the fact that the protein has no net charge in solution. Two known
52 mechanisms explain adsorption under these conditions: i. charge regulation (the charge of the protein

changes due to the presence of the surface) and ii. charge patches (the protein orients to place charged
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amino acids near opposite surface charges). This work shows that both mechanisms contribute to
adsorption at low ionic strengths, while only the charge-patches mechanism operates at high ionic
strength. Interestingly, the contribution of charge regulation is insensitive to protein orientation under
all conditions, which validates the use of constant-charge simulations to determine the most stable
orientation of adsorbed proteins. The present study also shows that the charged surface can induce
large shifts in the apparent pKas of individual aminoacids in adsorbed proteins. Our conclusions are
valid for all proteins studied in this work (lysozyme, a-amylase, RNAse and B-lactoglobuline), as
well as for proteins that are not isoelectric, but have instead a net charge in solution of the same sign
as the surface charge, i.e. the problem of protein adsorption on the ‘wrong side’ of the isoelectric
point.

Introduction

Protein adsorption on charged surfaces is a technologically relevant phenomena!= and a very active
area of fundamental research.*3 During adsorption, proteins interact with the substrate through a
combination of electrostatic, van der Waals, hydrogen-bond and hydrophobic interactions.*¢ On
highly charged substrates, electrostatic interactions will be a dominant force and the amount of
adsorbed protein will depend on the net charge of the protein. Intuitively, it may be expected that a
requisite for electrostatically driven adsorption is that the protein and the surface should have charges
of opposite sign. However, various experiments have shown that protein adsorption can occur on bare
or polyelectrolyte-modified surfaces even when the charges of the protein and the surface are of the
same sign.”"'? Furthermore, in many reports, protein adsorption displays a maximum at pHs near the
isoelectric point (IEP) of the protein.!%!3:14 In principle, these observations can be ascribed to the role
of non-electrostatics forces, which will lead to protein adsorption even in the presence of unfavorable

electrostatic interactions. However, such conclusion fails to explain many experiments where the
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amount of adsorbed protein decreases with increasing ionic strength.”-!%11:15-17 Such dependence of
adsorption with ionic strength suggests that electrostatic interactions favor adsorption even for
proteins with zero net charge or proteins with a charge of the same sign as that of the surface. Two
mechanisms have been proposed to explain this result, the charge-regulation (CR) effect!®2° and the
charge-patches (CP) mechanism.!>162! In the CR effect, the presence of the charged surface induces
a charge of the opposite sign in the protein by displacing the acid-base chemical equilibria of its
aminoacids, thus favoring adsorption. The CP mechanism is based on the presence of “charge
patches” in the protein, which are defined as regions on the protein surface that have an elevated
content of aminoacids of the same charge. These charge patches allow a favorable protein-surface
interaction for protein orientations that place patches with a charge opposite to the surface near it and
patches with the same charge as the surface, far from it. The charge patches are thus related to the
charge distribution of the protein, whose first moment, the electric dipole of the protein, has been
used in the past to explain protein orientation on charged surfaces.??

The CR effect has been predicted theoretically?*-** and confirmed experimentally>>—27 in different
systems and it is partially responsible for the fact that the pKa of a free aminoacid in solution can be
very different from the pKa of the same aminoacid inside a protein.?2° In other words, the protonation
state of an acid or basic group depends not only on the pH of the solution but also on the local
chemical environment, including the presence of neighbor charged groups and the local dielectric
properties.?33% These interactions will affect the acid-base equilibrium of an aminoacid compared to
a bulk solution and will lead to an apparent pKa (i.e. the pKa of the aminoacid inside the protein)
different from the pKa of the same aminoacid free in solution. Placing the protein near a highly

charged interface will further modify the pKa value of that aminoacid, which now will be influenced
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by both the charge of the surface and the charges of neighboring aminoacids (which will also be
affected by the presence of the surface).!31°

The adsorption of proteins on surfaces of the same charge has been studied by both theory and
simulation in the past. For example, atomistic molecular dynamics (MD) simulations have been used
to study the adsorption of negatively charged BSA on a negative surface.’! However that study, as
well as most MD studies of proteins, fixed the charge of the aminoacids, thus neglecting the CR
effect. Constant-pH MD simulations®?-3 include the CR effect, but, to the best of our knowledge, they
have not been used to study how CR affects protein adsorption. Moreover, the estimation of
adsorption free energies is still very difficult for both constant-charge and constant-pH MD
simulations due to the difficulty of statistical sampling the free energy landscape.®

The CR mechanism for a protein in solution can be predicted and studied with different theoretical
methods, including those based on the Poisson-Boltzmann equation (for example, DelPhi** and
Fambe-pH,3> among others), electrostatics-conformational methods (e.g. MCCE3®) and empirical
methods (e.g. propKa’?). The available implementations of these methodologies do not allow to
straightforwardly include a charged surface in the calculations, which is possible with the theoretical
framework introduced in this work. The relative importance of the CR and the CP mechanisms for
the adsorption of proteins on surfaces of the same charge have also been the subject of previous
theoretical investigations. For example, de Vos ef al. studied the CR and CP mechanisms for brush-
modified surfaces using an asymmetrically charged cylinder and concluded that CR is more important
than CP at low ionic strengths.®® Longo and Szleifer studied protein adsorption into polyelectrolyte
gels using a molecular theory that allowed inhomogeneities in one spatial direction and also identified
CR as the dominant mechanism.!? It is worthwhile to note that these previous theoretical studies either

addressed the CR or CP mechanisms individually, or considered both effects simultaneously in
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simplified models that did not include the details of protein structures (i.e. the positions of the
aminoacids in the three-dimensional space). Moreover, none of these studies provided a clear strategy
to isolate the relative thermodynamic contributions of CR and CP to the total adsorption free energy.
This work introduces a new theoretical method to calculate the thermodynamic properties and the
state of charge of the acid-base groups in a protein in the absence or presence of a surface. We first
validate our theoretical method by comparing its predictions with experimental titration curves and
experimental apparent pKas values for individual aminoacids. Then, we propose, for the first time, a
strategy designed to isolate and analyze the relative importance of the CR and CP mechanisms on the
total adsorption free energy. Our results show that both effects are relevant at low ionic strengths,
while the CP mechanism dominates at high salt concentration. Moreover, we show that the
contribution of the CR effect is rather insensitive to protein orientation, which suggests that constant-
charge simulations (which neglect CR) can be used to predict protein orientation on a surface without
incurring in large errors. Finally, our study reveals that the presence of the surface can induce large
pKa shifts in individual aminoacids, even for physiological salt concentrations (up to one pKa unit
for a 0.1 M electrolyte). These pKa shifts may have important implications for protein function in
biology and technology, for example for the catalytic behavior of enzymes near membranes or on
solid substrates, respectively. We present and validate a simple model that provides an explicit
expression to estimate the magnitude of the surface-induced pKa shifts of all acid-base sites in a
protein. The input of the model is the distance between each site and the charged surface, which can

be determined from the knowledge of the protein structure and its orientation on the surface.

Theoretical Approach
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Formulation of the Theoretical Method. We briefly discuss here our theoretical approach to study
the different mechanisms involved in the interaction of proteins with a charged surface. The reader is
referred to the Supporting Information (SI) for a detailed description of our method. We model the
structure of a single protein in three dimensions at a coarse-grain level of description and fixed atomic
positions. Our theory explicitly considers (at a mean-field level) the configurational space of the
mobile ions and the state of ionization of all acid-base groups in the system. The theory can be used
to model proteins both in solution and on charged surfaces.

Our theoretical approach is based on writing down an approximate grand-canonical free-energy
functional (i.e. a grand potential functional) for the system. Note that the grand-canonical free energy,
Q , is the relevant quantity in the present system because the free ions in solution have a fixed
chemical potential (including protons, i.e. we work at fixed pH) rather than a fixed number. The
grand-canonical free energy is:

AR 0w, f, =
> [pw[ina®/ o)1+ pul T+

i=H" ,0H ,Cc* A

> [fIn(f)+(@-F)n(1-f)+

j = all sites

F B rgea + (1= F) B srcrango | = . Z [A-£)Bu,. | (1)
Bl Z I:(l N ff)’B‘UOH' ] - Z _[:B/J/p; (r)ar
j = basic sites IH O C* A

+f [(pa(r»ﬂl//(r)—%ﬂs(r)(vw(r))z}dr+ [ By

surf

where B =(k,T)™", k,is Boltzmann’s constant and T is the absolute temperature (298 K). The grand

potential Q is a functional of p;(r), which is the number density of species i at the position r in the
system (i = H", OH, C* and A~ for protons, hydroxyl ions, cations and anions, respectively); f; which

is the average ionization state of the acid-base group j (i.e. the probability of having the groupj in its
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charged state) and y(r), which is the electrostatic potential at position r. Eq (1) contains contributions
from the mixing entropy of the ions and their standard chemical potentials (first term); the free energy
of the acid-base chemical equilibria for all acid-base groups in the system (second term); the -Ni;
terms of the grand potential, where N; and ; are the number and chemical potential of ions of type i
(third, fourth and fifth terms) and the electrostatic contribution to the free energy>® (sixth and seventh
terms).

The equilibrium structure of the system results from finding the extrema of eq (1) with respect to
pi(r), fi and y(r), which leads, after some rearrangements, to expressions for these unknowns. The

extremum with respect to p;(r) yields,

bulk

p,(r) =P exp(_ﬂqil//(r)) (2)

where p’*"is the bulk number density of species 1 (i.e. the density far away from the protein and the

charged surface) and g; is the charge of species i. The functional extremum of B2 with respect to y(r)

results in the Poisson equation,
V() ) =—(p,(r)) 3)
where g(r) is the static dielectric constant of the medium at r and < Pa (r)> is the average charge density

at r, which has contributions from the charges of the ions and the acid-base groups of the protein.
The boundary condition of eq (3) at the bulk solution (solution far from the protein and the surface)

is yPuk = 0 and the boundary condition at the charged surface (located in the y-z plane at x = 0) is:

v__ 9 (4)

where o is the charge density of the surface.
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Finally, the functional extremum with respect to f; results in expressions for the acid-base equilibrium.

For example, for acidic groups, we obtain:

jz'i_H}j:p" exp(ﬂ|e|l/_/(rjo))eXp(_ﬂAﬂf) ”

where p° is a reference density, l/_/(rf) is the average of the electrostatic potential over the volume of
the acid group j (see SI), |e| is the elemental charge and Az is the change in the standard free energy

associated with the charging reaction of the site j (acid deprotonation). The value of Az that should

be used in eq (5) depends on the choice of the reference state. A distinctive feature of our theory is

the method to obtain Az in order to guarantee the correct description of the reference state given by

a single acid-base group in the bulk. We first find the values of Ay; for all acid-base groups by

solving the theory for each of them isolated in the bulk and enforcing f= 0.5 when pH = pKa (where
the pKa values used in these calculations are those experimentally determined and tabulated for the

side chains or terminal groups of the aminoacids, see SI). These calculations provide the values of

Ay; for all acid-base groups, which can then be used to solve the theory for the protein at any pH.

In order to solve the theory, equations (2)-(5) and the equation for the acid base equilibrium of basic
groups (see SI) are discretized in a grid and solved using numerical methods. This calculation

provides us with thermodynamic (Q2) and structural (¥(r), o,(r), f;) information and allows us to

calculate the total charge of the protein asQ,, = z fia; , where g; is the charge of the acid-base

j=all sites
group j in its charged state.
The inputs of the theory are the structure of the protein (which we obtained from the corresponding

pdb file from the Protein Data Bank); the properties of the solution (salt concentration and pH) and
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the surface (surface charge density, c); the pKas of the isolated aminoacids in the bulk and their
volumes (see Table S1 in the SI); the orientation of the protein on the surface, which is unequivocally
defined by two angles, ¢ and ¢ (the azimuthal and polar angles, respectively) and the dielectric
constants of the solvent and the protein. Additional details of the protein model and the discretization

and numerical solution of the theory are provided in the SI.

Lysozyme %

B-lactoglobuline

Figure 1. Representation of the proteins (as secondary structure) used in this work. The structures
were obtained from crystallographic atomic coordinates taken from the PDB files: Hen egg-white
lysozyme (in red, IEP: 11.2, PDB ID: 3RZ4), RNAse (ribonuclease A, in yellow, IEP: 9.9, PDB Id:
IKF5 49), human salivary o-amylase (in green, IEP: 6.4, PDB Id: ISMD #) and ovine -

lactoglobuline (in blue, IEP: 5.1, PDB: 4CK4 #?). The bar shows the scale in Angstroms.

Results and Discussion

Validation of the Theoretical Methodology. Figure 1 shows the secondary structure of the proteins
selected for this study: lysozyme, a-amylase, RNAse and B-lactoglobuline. These four proteins span
a wide range of molecular sizes, types of folding and isoelectric points (IEP). We chose lysozyme,

RNAse and B-lactoglobuline due to the availability of experimental titration curves and/or single-
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aminoacid pKa values. Since the most relevant conclusions of this work are of general validity, we
will mostly present results for lysozyme in the main text and refer the reader to the SI for selected
results of the other proteins.

In order to validate our theoretical approach, we calculated the titration curves (total protein charge,
O, Vs pH) for lysozyme, B-lactoglobuline and RNAse and compared them with the experimental
titration curves from literature, see Figure 2. We observe a good agreement between theory and
experiment for lysozyme and RNAse in the whole pH range under study. In the case of B-
lactoglobuline, a good agreement is observed for acidic pHs, although our prediction deviates from
the experimental results for pH > 5. We speculate that this discrepancy may arise from the fact that
the crystallographic structure of B-lactoglobuline used in the calculations corresponds to a sample
crystallized at pH 5.6,*? but B-lactoglobuline is known to undergo conformational changes above pH
4.5, followed by unfolding above pH 9.#34* Therefore, the structure used in our calculations may
appreciably differ from that present in solution for pH > 5.

RNAse
this work
® experimental

== this work 20
m— gxperimental |

1 A Lysozyme B
‘e

Qi / el

5

0
\ 5

5 | . . N -10

0 2 4 6 8 10 12 14
pH pH
C B -Lactoglobuline

= this work
® experimental

Qo1 / lel

Figure 2. Comparison of experimental and calculated titration curves (net protein charge, Oy, vs pH)

for lysozyme (A, experimental data was originally plotted as a solid line),*> RNAse (B)* and B-
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lactoglobuline (C).*#* The isoelectric point (IEP) of each protein (Qy,=0) is indicated with straight

lines.

As an additional validation, we applied our methodology to calculate the apparent pKas, pKas?, of
each titratable aminoacid in lysozyme (the pKa®? of an acid-base site is defined as the solution pH
for which the site has an average ionization fraction of f = 0.5.) Lysozyme is usually used to
benchmark the performance of pKa calculations?33¢ because the pKasP of most of its aminoacids
have been experimentally determined*’ and because this enzyme is very stable to changes of
temperature, pH and salt concentration. Our results (see Figure S2 in the SI) show an average
difference of 0.87 pKa units between the pKas*? predicted by our method and the experimental
values. This difference is similar to those obtained with other pKa calculation programs: PropKa3’
(0.95), Fambe-pH?> (1.16) and Delphi** (0.75).

So far, we showed that our method can correctly predict titration curves in bulk and the apparent
pKas of individual aminoacids with the same level of accuracy as other methods in literature. A key
advantage of our method, compared with available pKa-predicting tools, is that it allows to
straightforwardly incorporate the presence of a charged surface in the system.

Interaction between Isoelectric Proteins and Charged Surfaces. Let us consider the interaction
between proteins that are at their isoelectric point (IEP) and thus have zero net charge in bulk

(isoelectric proteins) with charged surfaces. We first determine the grand-canonical free energy of

adsorption AQ’*, defined as
AQads — Qprot/surf _ Qprot/so/ _ qurf (6)
where Q7 3/ and 0" are the free energies (determined with eq (1)) of the protein-surface

system, the protein in the bulk solution and the surface in the absence of the protein, respectively. It

is worthwhile to recall, that in this work we are interested in studying the electrostatic contribution to
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the adsorption free energy (where ‘electrostatic contribution’ is broadly defined and includes effects
such as counter-ion release and charge regulation). Therefore, the functional 2 (eq (1)), and the values
of AQ°® derived from it, contain only contributions from the electrostatic energy, mixing entropies of
the free ions and the free-energy contributions from chemical equilibria. They do not include other
contributions, such are protein-surface hydrogen bonds and hydrophobic interactions, which also
contribute to the thermodynamics of the adsorption® (unlike the electrostatic interactions, these
contributions are very dependent on the chemical nature of the surface*®). Therefore, AQ"* does not
allow to unequivocally predict whether adsorption will occur or not, but it rather indicates whether
electrostatic interactions favor adsorption or not.

Since AQ’* depends on the orientation of the protein and its distance from the surface, we performed
calculations fixing the distance between the surface and the center of the bead closest to it to 0.6 nm
and we sampled the orientational space of the protein on the surface by considering 404 different

orientations, each one characterized by two rotation angles, ¢ and ¢, see SI. Figure 3 shows color
maps of AQ as a function of ¢ and ¢ for the adsorption of lysozyme at different ionic strengths
and on negative and positive surfaces (similar plots for the other proteins are presented in Figures S3,
S4 and S5 in the SI). In all calculations, we used a surface charge density, ¢ = -1 |e[-nm (negative
surfaces) or 1 |e[nm2 (positive surfaces) that is in the same order of magnitude as model silica

surfaces, which have ¢ = -2.6 |e]nm?2.3! We observe that AQ®* strongly depends on protein

orientation. For some orientations, AQ’” is negative, indicating a favorable electrostatic contribution

to the adsorption of the isoelectric protein. As expected for an attraction of electrostatic nature, the

minima of AQ’® become less negative as the added salt concentration increases (see scales of the

color maps in Figure 3). The effect of the sign of the surface charge and concentration of added salt
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on protein adsorption shows some interesting features: 1) the maxima in the plots for the positive

surface are close to, but not exactly in the same position as, the minima in the plots of the negative

oNOYTULT D WN =

surface (and viceversa) i1) the most stable orientation on a given surface changes with the

- O
o

concentration of added salt. These two effects are a consequence from the complex interplay between
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N =

electrostatic attractions and repulsions in the system, which is modulated by charge regulation and
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o = -1 |e|'nm?) and positively (right panels, ¢ = 1 |e|-nm?) charged surfaces and different
concentrations of added 1:1 electrolyte, Cg,;. White asterisks indicate the orientations of the protein

with the lowest AQ®® for each plot.

Analysis of Lysozyme-Surface Interaction

We will now provide a detailed analysis of the determinants of protein adsorption for a selected case.
Figure 4A and 4B show color maps of the average charge density of lyzosime in solution (in units of
elemental charges per nm?) for pH = IEP and C,; = 2 mM. Let us now consider the interaction of

lysozyme with a negatively charged surface. The bottom view (Figure 4B) shows the side of lysozyme

that will face the surface for the orientation with minimal AQ®* (orientation indicated with an

asterisk in the topmost right panel of Figure 3). Figures 4E and 4F indicate with red dots the positions
of the aminoacids that are relevant for the lysozyme-surface interaction. Note that each of these
aminoacids corresponds to a positive charge density (red spot) in Figures 4A and 4B. The aminoacids
Argll4, Argl25, Argl28, Arg5 and Lys1 are very close to the surface and almost fully dissociated;
therefore, these aminoacids contribute the most to the protein-surface attraction. Other aminoacids
that are almost fully dissociated are Arg45 and Argl 12, but they are farther from the surface than the

other five aminoacids mentioned above.
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Figure 4. A, B. Color map of the charge density of the aminoacids of lysozyme in the bulk, (pq prot)*"
(units of |e[-nm3). Red and blue regions indicate positive and negative charge densities, respectively.
The bottom view (panel B) shows the side of lysozyme that will interact with the charged surface. C,
D. Color maps showing the change of the charge density of the aminoacids of lysozyme upon
introducing the negatively charged surface, (pQ,prot>surf - (pQ,prot>S°1. Red regions indicate an increase
of the charge density upon adsorption. E, F. Plots showing the position of some relevant aminoacids

on the surface of lysozyme.

Upon protein adsorption on the negatively charged surface, the aminoacids regulate their charge in
response to the charge of the surface. The negatively charged surface inhibits the dissociation of
negatively charged aminoacids and enhances the ionization of positive ones. This charge regulation
(CR) mechanism results in an increase of the net charge of the protein, which favors protein

adsorption. It is important to stress that the CR mechanism cannot be understood in terms of the
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charge density of the aminoacids within the protein in bulk solution, but rather it is necessary to
examine the charge of lysozyme in the presence of the surface. Figures 4C and 4D, depict color maps
of the change in the charge density of the protein induced by the presence of the negative surface (red
spots indicate an increase of the charge density upon adsorption). Notably, Lys33 (indicated with a
green spot in Figures 4E and 4F) resides very close to the surface and its degree of ionization for pH
= IEP changes from weakly dissociated (= 0.09) in solution, to strongly dissociated (= 0.72) in the
presence of the surface. Therefore, it is very interesting that Lys33 strongly contributes to the
adsorption process, even though it is only weakly charged in the bulk protein.

It is worthwhile to compare the results in Figure 4 with the predictions of constant-charge MD
simulations in literature, which modelled the adsorption of lysozyme on negatively charged silica
surfaces at pH 74920 and 8.°! The orientation predicted by our model for lysozyme at its isoelectric
point (pH 11.2) on a negative surface is very close to the most stable orientation predicted by these
MD simulations.**-? Moreover, MD studies have identified the same aminoacids as our study (Lys1,
Arg5, Argl25 and Argl28) as the aminoacids that reside closest to the surface and contribute the
most to the interaction with the silica substrate.

In Figure 5, we analyze the CR effect in further detail. Figures 5SA and 5B show the titration curves
(total protein charge, O, vs pH) for lysozyme in solution and in the presence of the negatively
charged surface for total ionic strengths of /=2 mM (Fig 5A) and 100 mM (Fig. 5B). For /=2 mM,
lysozyme on the surface has between one to four positive charges (depending on the pH) more than
lysozyme in solution, which shows a strong CR effect. On the other hand, for 7/ = 100 mM the
differences between the bulk and the surface titration curves are very slight, but the CR effect is still
operative and it still can produce important shifts in the apparent pKas of individual aminoacids. This

effect is demonstrated in Figure 5C, which shows the degree of ionization, f, as a function of pH for
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Lys33 and Asp119 in lysozyme in solution and on a negative surface for / = 100 mM. Interestingly,
even at this relatively large ionic strength, there are large shifts in the pKas?? of the aminoacids upon
adsorption: ApKa?P = +0.89 for Lys33 and +0.60 for Asp119, where we defined ApKaP = pKa2pp-surf
- pKa#rsol see Figure 5C. Surface-induced pKa shifts can be very important for enzymes whose
catalytic activity relies on the acid-base properties of the aminoacids in the active site.>>-5 In this
type of enzymes, one can expect that shifts in the apparent pKas of the aminoacids in the active site
upon adsorption will affect the catalytic efficiency and/or shift the pH of optimal catalytic activity of
the enzyme.3->6-57

So far, we have shown that the charge of the surface induces shifts in the pKa#? of the aminoacids
upon adsorption (up to one pKa unit). The magnitude of these shifts (i.e. the magnitude of ApKa?P)
is expected to decrease for increasing distance between the aminoacid and the surface. This prediction
is confirmed in Figure 5D which shows ApKa®? for different aminoacids as a function of the distance
of the aminoacid from the surface for / = 100 mM (some arginines that have pKas®? > 13 are not
included in the plot).

The trend observed in Figure 5D can be captured by a simple model that considers the effect of the
local electrostatic potential on the pKa#P. The model, which is derived in the SI, relates the surface-

induced pKa®P shift of an aminoacid with its distance to the charged surface, x:

ApKa®™® =

7
1.74 -atanh| tanh %asinh[ )

1/2} exp(—«x)

(8lek,T)

where « is the Debye length of the solution and ¢ is the dielectric constant of the medium.
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Figure 5. A, B. Titration curves (total protein charge vs pH) for lysozyme in bulk (black line) and on
a negatively charged surface (blue line) for ionic strengths of 2 mM (A) and 100 mM (B). C. Titration
curves (average fraction of ionization, f, vs pH) for Lys33 and Asp119 for an ionic strength of 100
mM. The plots show titration curves for the aminoacids inside lysozyme in bulk solution (black line)
and on a negatively charged surface (blue line). The changes of the apparent pKas upon adsorption,
ApKa??, are shown with horizontal red arrows. D. Change in pKa?P? upon adsorption, ApKa?P?, as a
function of the distance from the charged surface, x, for the aminoacids in lysozyme. The blue solid
line shows the prediction of eq (7). In all cases, the orientation of lysozyme on the surface corresponds
to that with the minimal adsorption free energy (minimal AQ?% in the corresponding plots of Figure

3)
The prediction of eq (7) is shown with a blue solid line in Figure 5D. The simple model captures very

well the general trend displayed by the more detailed calculations of our theoretical method. The
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differences between the predictions of eq (7) and those of our theoretical method are due to the local
environment of each aminoacid inside the protein. We believe that eq (7) can be used by experimental
groups working with adsorbed proteins to estimate the magnitude of surface-induced pKa?P? shifts of
single aminoacids. The main difficulty in using the equation is to determine the distance between the
aminoacid and the surface. We suggest that this parameter can be estimated by combining the
crystallographic structure of the protein (i.e. obtained from PDB files) with experimental or

theoretical information about its orientation on the substrate.

A D
\ F-N,sof
A AQ T B
y.ﬁ-so,l \ ‘*F‘so ‘
AOads AQau's,F AQaa’s,N
B C. E.
-, surf

Eﬁ f AAQCR) h‘K‘E‘ib’I QA A0 IR

o

Figure 6. Thermodynamic cycle used to study the contributions from CR and CP to the adsorption
of isoelectric proteins onto charged surfaces. The states represented in the cycle correspond to: A.
protein far from the charged surface (i.e. in the bulk solution); B. protein on a charged surface, where
the average state of 1onization of each aminoacid changes with respect to state A due to the charge-
regulation mechanism; C. hypothetical state where the protein is placed on the charged surface, but
it retains the same state of charge as the protein in the solution (i.e. same charge state as the protein
in state A); D. Protein in solution in a hypothetical state where all acid-base groups are non-ionized;

E. Same as D, but for the protein on a charged surface.

Analysis of the Contributions from Charge Regulation (CR) and Charge Patches (CP) to

Protein Adsorption. We will address in this section the different contributions to AQ™* | with special
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focus on the relative strength of two electrostatic mechanisms that promote the adsorption of proteins:
charge regulation (CR) and charge patches (CP). It is worthwhile to mention that these contributions
are not explicit terms in our free energy functional, eq (1), and they can only be extracted from our
theory by comparing the free energies of different states of the protein/surface system. For this
purpose, we devised the thermodynamic cycle in Figure 6. This cycle relates different states of the
system. Some of them are hypothetical states that do not correspond to real states of the
protein/surface system. The charge distribution of the protein in each state in Figure 6 is
unequivocally defined by the values of the average fractions of ionization of all acid-base groups, i.e.
the values of f; for all j. We will refer to this set of values as f. The free-energy differences between
the different states in Figure 6 are calculated using our theoretical method, as described in the
Methods Section, although in the hypothetical states f is fixed to a given value instead of determined
from the theory (i.e. by solving eq (5) for acidic groups or the equivalent equation for basic groups).
In other words, in these hypothetical states the free energy is no longer required to be an extrema with
respect to the ionization fractions f;.

The state A in Figure 6 corresponds to the protein very far from the charged surface (charge state ')
and the state B corresponds to the protein on the charged surface (charge state f*f). The change of
the grand-canonical free energy Q between states A and B is AQs, which has been already defined
in eq (6) and discussed in Figure 3. State C in Figure 6 is an hypothetical state in which the protein is
located on the surface but it keeps the same state of charge as in bulk solution (i.e. it has a charge

state ). The free-energy difference between states C and A is, therefore, the free energy of
adsorption of a protein that cannot regulate its charge, which we denote AQ™" (where the superscript

F indicates fixed charge). Based on these definitions, we identify the contribution of charge regulation

to the total adsorption free energy as:
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AAQ(CR) = AQ™* — AQ™*F (8)

States D and E in the cycle of Figure 6 are hypothetical states of a protein far from the surface (state
D) or on the surface (state E) in which the charges of all aminoacids have been set to zero (i.e. f=0).
Note that this situation differs from that in states A and B, where the net protein charge is zero

(because pH = IEP), but each acid-base group has a non-zero average charge. The free-energy

difference between states D and E is AQ**" | which is an adsorption free energy for a hypothetical

protein that have non-ionized acid-base groups. The value of AQ™" is always positive (i.e. favors

protein-surface repulsion) because of the combination of two effects: 1) placing a protein with f= 0
near the charged surface displaces the counterions that are compensating the charge of the surface,
which results in an increase in system’s free energy, ii) the protein has a dielectric constant smaller
than the solvent, thus placing it in the electric field generated by the surface results in an energetic
penalty. Additional calculations (presented in Figure S6 in the Supporting Information) show that the

first mechanism (disruption of electrical double layer by the protein) accounts for 72%-85% of the
total value of AQ™*"

At this point, we can isolate the contribution of charge patches to the total adsorption free energy,

AAQ(CP). This contribution is equal to the adsorption free energy of the hypothetical protein with
non-regulating acid-base groups (i.e. a protein that has charge patches but cannot regulate charge),

AQF | minus the adsorption free energy of the protein with fully non-ionized acid-base groups,
AQads,N .

AAQ(CP) = AQ™F — AQ™*™ )
Analysis of the thermodynamic cycle in Figure 6 provides an alternative definition of AAQ(CP):

AAQ(CP) — AQF—N,surf _ AQF—N,SOI (10)
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where AQ ™7 and AQ ™" are the free-energy changes due to introducing the charge patches
(changing the state of charge from f= 0 to f*°!) in a protein on the surface and in a protein in solution,
respectively. Therefore, according to this definition, AAQ(CP)is the difference between the free
energy of introducing the charge patches in a protein on the surface and the free energy of introducing
them in a protein in the solution.

Adding eqs (8) and (9) results in:

AQ* = AAQ(CR) + AAQ(CP) + AQ " (11)
which shows that the total adsorption free energy can be split into three contributions: one from
charge regulation, AAQ(CR); one from charge patches, AAQ(CP)and one from the adsorption of a
neutral protein, AQ*" . Equation (11) is the most important result from the thermodynamic cycle in
Figure 6 because it shows that the total adsorption free energy in our theory can be split into three
contributions that are attributable to well-defined processes.

In Figure 7, we plot AAQ(CR), AAQ(CP) and AQ™" as a function of AQ™ for lysozyme under the
same conditions of Figure 3 (positive and negative surfaces and four different concentrations of added
salt). Note that each point in the plots of Figure 7 corresponds to a different orientation of the protein
on the surface. The most stable orientations (points with minimal AQ®®) are, therefore, located on
the left side of each plot.

As we explained above, the contribution from the adsorption of the neutral protein, AQ**" | is always

positive. It is also rather insensitive to protein orientation because it depends only on the volume
distribution of the protein along the direction normal to the surface. This volume distribution does

not change too much with protein orientation unless the protein is highly elongated.
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The contribution from charge regulation, AAQ(CR), is always negative and similar for all orientations.

We attribute the insensitiveness of AAQ(CR) with orientation to the fact that all aminoacids in the

oNOYTULT D WN =

protein can regulate charge (although differently, depending on their pKa®P and solution pH).
11 Therefore, in all orientations there are aminoacids close to the surface that can contribute to AAQ(CR).
13 At this point, it is useful to highlight that most MD simulations aiming to determine the orientation
of proteins on surfaces use fixed charges and, therefore, neglect CR effects. The fact that AAQ(CR)is
18 relatively insensitive to protein orientation suggests that fixed-charge MD do not introduce an
20 important error by neglecting CR when comparing the relative stability of different protein
orientations, thus validating the use of constant-charge simulations for this purpose. Furthermore, the

25 insensitiveness of AAQ(CR) with protein orientation observed in Figure 7 for pH = IEP is maintained

even when the protein has a non-zero charge in solution (pH not equal to IEP), see below.
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Figure 7. Contribution from charge patches ( AAQ(CP), black circles), charge regulation (AAQ(CR),
red triangles) and free-energy of adsorption of neutral protein (AQ™", blue squares) to the
adsorption free energy as a function of the total adsorption free energy, AQ™”. Each point

corresponds to a different orientation of the protein on the surface. The plots correspond to lysozyme

at pH = IEP for the same conditions as in Figure 3.

The contribution from CP, AAQ(CP), strongly depends on protein orientation and it can be either
positive or negative. There is a strong linear correlation between AAQ(CP)and AQ™* , which indicates

that AAQ(CP)is the main responsible for determining the most favorable orientation on the surface.

ACS Paragon Plus Environment

24

Page 24 of 35



Page 25 of 35 Langmuir

oNOYTULT D WN =

At this point we ask the question of which mechanism, CP or CR, contributes the most to the

adsorption free energy of isoelectric proteins. The contributions to AQ* for the most stable

orientation (orientations with most negative AQ°* ) in each panel of Figure 7 show that the answer to

this question depends on the salt concentration of the solution. For low salt concentration (2 mM),
both CP and CR contribute to protein adsorption, with charge regulation accounting for ~ 80% of the

total stabilization free-energy (AAQ(CP)+AAQ(CR)) for the negative surface and ~ 65% for the

positive surface. On the other hand, for high concentration of added salt (1.0 M), the CR contribution
is almost zero and, therefore, the CP contribution dominates. The CR effect vanishes at high ionic
strength because its magnitude depends on the intensity of the electrostatic potential generated by the
surface at the position of the acid-base group, see eq (7). Therefore, as the ionic strength of the
solution increases, salt ions screen the charge of the surface and decrease the magnitude of the local
electrostatic potential at the position of the acid-base groups. As a consequence, the charge regulation

effect weakens and AAQ(CR)approaches zero. Note that the contribution due to charge patches,
AAQ(CP), also decreases in magnitude upon increasing the ionic strength of the solution, but this
decrease is less dramatic than that of AAQ(CR). In other words, while both mechanisms, CR and CP,

depend on the magnitude of the electrostatic potential at the position of the protein, the CR effect is
more affected by this variable than the CP mechanism.

The conclusions reached so far for lysozyme are valid for the other proteins as well. Figure 8

compares the different contributions to AQ®* for the four proteins considered in this study on

negatively charged surfaces for salt concentrations of 2 mM and 1.0 M. We observe that the results

for all proteins qualitatively follow the same trends discussed in Figure 7 for lysozyme. Figures S7,
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S8 and S9 in the Supporting Information show additional plots for B-lactoglobuline, a-amilase and
RNAsa for other salt concentrations and positively charged surfaces.

We finally briefly address the case discussed in the introduction where the protein has a net charge
of the same sign as that of the surface, i.e. the problem of protein adsorption in the ‘wrong side’ of
the isoelectric point. In Figure 9, we analyzed the adsorption of -lactoglobuline on negatively
charged surfaces at pH 5.8, where the net charge in solution is -2 |e| (the IEP of B-lactoglobuline is
5.1). Most of the conclusions obtained in Figure 7 for the isoelectric protein hold for the case of a

protein with the same charge as the surface: i) there are orientations on the surface that have AQ"* <

0, thus electrostatics favor adsorption even in the ‘wrong side’ of the IEP; ii) the contribution of the
CR effect is rather insensitive to protein orientation and strongly decreases with increasing salt
concentration, iii) the CP effect is still responsible of dictating the most stable orientation for the
protein on the surface. Note that at low ionic strength, the magnitude of the CR effect is similar to

that observed for the isoelectric protein for B-lactoglobuline in Figure 9.
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Figure 8. Same as Figure 7 for different proteins adsorbed on negatively charged surfaces (¢ = -1

le|-nm?) and salt concentrations of 2 mM (left panels) and 1 M (right panels).
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Figure 9. Comparison of the CP and CR contributions to the adsorption of B-lactoglobuline on
negatively charged surfaces (o = -1 |e|-nm2) for Q=2 |e| (pH 5.8) and Q=0 (pH 5.1) for salt

concentrations of 2 mM and 1 M.

It is worthwhile to mention that in the analysis of Figure 9, we kept the same definitions for the

components of AQ’” used for isoelectric proteins; therefore AAQ(CP)now accounts for the free

energy of both bringing the net charge of the protein from 0 to -2 |e| and introducing the charge
patches (the separation of these two processes is possible although not free of ambiguities and it will

not be discussed in this work). However, it is worthwhile to note that the difference of AAQ(CP)

between the most stable and the least stable orientations for B-lactoglobuline is similar for a net charge
of -2 |e| (Figure 9, lower and upper right panels) and a net charge of zero (Figure 9, lower and upper
left panels). This result suggests that the stabilization due to charge patches is similar in both cases;
therefore, our conclusion that the CP contribution is similar to CR at low ionic strength and dominates

at high ionic strengths also holds for proteins in the ‘wrong side’ of the isoelectric point.
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Conclusions

In this work, we introduced a new theoretical framework to study the acid-base and electrostatic
properties of proteins and validated it against experimental titration curves and pKas® values. While
there exists several methods in literature for predicting the pKas? of aminoacids within proteins, our
method has the key advantage of allowing to easily incorporate the presence of a surface in the
calculations. Our method is also computationally efficient, for instance in this work we performed
systematic calculations for four different proteins, 404 orientations, two types of surfaces (positive
and negative), four different concentrations of added salt and seven different states (the states in the
thermodynamic cycle of Figure 6), which accounts for a total of ~ 9-10* different cases. Systematic
studies of this size would be prohibitive with more accurate (and more expensive) calculation
methods, such as constant-pH MD simulations.

We combined our theoretical framework with a strategy designed to isolate the contributions from
the CR and CP mechanisms to the total adsorption free energy. This theoretical development allowed
us to address for the first time the competition between CR and CP in a realistic protein model.
Interestingly, the predictions of our study show some differences from those in previous works, which
analyzed protein adsorption on soft surfaces using other levels of theoretical approximation.!®8 For
example, these works suggested that the CR mechanism was the largest contribution to the free energy
of adsorption at low ionic strengths,!*3® while we show that for the adsorption on a planar charged
surface, both the CR and CP mechanisms have similar relevance (for Cg, = 2 mM). In agreement
with all previous literature reports, we found that the importance of the CR effect decreases for
increasing ionic strength. Notably, we found that the magnitude of the CP effect also decreases with

increasing salt concentration, although to lesser degree than the CR mechanism.
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An interesting prediction of our study is that the contribution from the CR mechanism is rather
insensitive to the orientation of the protein on the surface, therefore the orientation is mainly
determined by the CP mechanism. This conclusion suggests that neglecting the CR effect when
predicting protein orientations on a surface (which is the rule in constant-charge MD simulations) is
a good approximation. Note, however, that neglecting CR can still result in an incorrect picture of the
adsorption mechanism, for example in Figure 4, we show that Lys33 contributes to the adsorption of
Lysozyme onto a negatively charged surface, even when this aminoacid is uncharged in bulk solution.
This information is inaccessible to constant-charge calculations.

We showed that the effect of the surface on the pKa#*P of individual aminoacids decays with
increasing distance to the surface and we provided an explicit expression (eq (7)) that captures the
effect. Surface-induced pKa?P? shifts for functional aminoacids, such as those involved in enzymatic
catalytic sites, can be very important for the behavior of immobilized proteins. Our expression will
allow to estimate the magnitude of the effect, provided that the position of each aminoacid can be
estimated from the structure of the protein (e.g. from the protein data bank) and knowledge of the
orientation of the protein on the surface.

In future work, we plan to extend the capabilities of our theoretical framework to study some poorly
understood phenomena, such as protein adsorption on porous and nanomaterials, the effect of inter-
protein interactions on adsorption (which is a relevant problem under high-surface-coverage
conditions) and the effect of adsorption on the functional properties of the proteins.

ASSOCIATED CONTENT

Supporting Information. Detailed description of theoretical methods, comparison between all-atom
and coarse-grained representations of lysozyme, comparison between theoretical predictions and

experiments for the pKa#P of aminoacids in lysozyme, adsorption free energy and its components for
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B-lactoglobuline, RNAse and a-amylase, derivation of eq 7, contributions to the free energy of

adsorption of neutral proteins and method to sample protein orientations on the surface. This material
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is available free of charge via the Internet at http://pubs.acs.org.
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