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ABSTRACT

We analyze the conditions of the adsorption of a flexible peptide onto a charged substrate in the ‘wrong side’ of
the isoelectric point (WSIP), i.e. when surface and peptide charges have the same sign. As a model system, we
focus on the casein macropeptide (CMP), both in the aglycosylated (aCMP) and fully glycosydated (gCMP) forms.
We model the substrate as a uniformly charged plane while CMP is treated as a bead-and-spring model including
electrostatic interactions, excluded volume effects and acid/base equilibria. Adsorption coverage, aminoacid
charges and concentration profiles are computed by means of Monte Carlo simulations at fixed pH and salt
concentration. We conclude that for different reasons the CMP can be adsorbed to both positively and negatively
charged surfaces in the WSIP. For negatively charged surfaces, WSIP adsorption is due to the patchy distribution
of charges: the peptide is attached to the surface by the positively charged end of the chain, while the repulsion of
the surface for the negatively charged tail is screened by the small ions of the added salt. This effect increases
with salt concentration. Conversely, a positively charged substrate induces strong charge regulation of the
peptide: the acidic groups are deprotonated, and the peptide becomes negatively charged. This effect is stronger
at low salt concentrations and it is more intense for gCMP than for aCMP, due to the presence of the additional
sialic groups in gCMP.

1. Introduction

protein surface with charge sign opposite to that of the protein global
charge [2,3,5,7-11]. In this way, the protein can overcome the elec-

Protein adsorption to charged macromolecules, nanoparticles or
surfaces usually involves the interplay of many different physicochem-
ical phenomena, which sometimes lead to surprising or counter-intuitive
behaviors [1]. A paradigmatic example is the attractive interaction be-
tween a charged substrate and a protein molecule when the sign of their
net charges is the same [2-5]. Since such attractive interaction is not
intuitively expected on these conditions, it is often described as com-
plexation/adsorption in the wrong side of the isoelectric point (WSIP)
[6].

Two hypotheses are found in the literature to explain this phenom-
enon. The first one is based on the presence of charge patches on the

trostatic repulsion and remain attached to the surface. The second
mechanism builds on the ability of the protein to modulate its charge in
response to external perturbations (e.g., an electric field caused by an
object with a large net charge) through the acid/base equilibrium,
which is known as charge regulation [12]. Kirkwood had already pre-
dicted [12] that charge fluctuations resulting from charge regulation
could produce attraction between two proteins with the same charge
sign. This fact has also been confirmed by other authors [13]. If the
electric field produced by a charged surface is strong enough, charge
regulation could produce the inversion of the protein charge sign, thus
inducing its complexation/adsorption on the WSIP [6,14-16]. This
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phenomenon can also be seen, using a common expression in protein
literature, as a “shift” in the isoelectric point of the protein near the
surface, which is no longer equal to that in the bulk. Therefore, what is
observed as adsorption on the WSIP can be also interpreted as adsorp-
tion on the “correct” side of the isoelectric point of the adsorbed pro-
teins. Theoretical studies have shown that both mechanisms, charge
regulation and charge patches, could also act in a cooperative way [17,
18]. Remarkably, Lunkad, Barroso and KoSovan recently provided a
general framework to assess which mechanism should prevail depend-
ing on the pH conditions and the specific features of the protein
(particularly, the protein charge regulation capacity and its dipolar
moment). They used them to explain experiments in the literature where
adsorption in the WSIP was observed for different globular proteins
[19].

Most of previous studies on the topic have focused on proteins with a
fairly rigid structure. This article is devoted to the adsorption of flexible
peptides. In this case, the physicochemistry involved in the substrate-
protein interaction is not fully understood at the fundamental level for
two reasons: (i) the coupling between the chain configurations and the
acid/base equilibria of the ionizable groups of the chain and (ii) the
complex interaction between the peptide chain and charged surface. In
both phenomena, electrostatic interactions play a fundamental role,
whose intensity is highly influenced by the pH-value and the salt con-
centration. In particular, we aim to understand the conditions under
which of the two mechanisms, charge patches or charge regulation,
predominates.

As a model system, we have chosen the adsorption of casein mac-
ropeptide (CMP). CMP is one of the most abundant proteins in the milk
whey [20], and it has applications in nutritional management of
phenylketonuria, hemagglutination inhibition, prevention of intestinal
infection, among others [21], or even in the development of infantile
milk formulas [22,23]. Nowadays, the global milk whey production is
estimated at 180 million tons per year, implying a global CMP produc-
tion of roughly 160 thousand tons per year [20]. Without proper treat-
ment, it can have a toxic impact on the environment causing excess
oxygen consumption, impermeabilization and/or eutrophication [24].
In this scenario, the development of an efficient method to purify CMP
from the milk whey is desirable, a problem which has been approached
using different chromatographic techniques and, in particular, ion ex-
change membranes [25-27].

CMP consists of a relatively short chain with 64 amino acids which,
in solution, presents a very flexible structure with a huge number of
accessible conformations, and it is often classified as an intrinsically
disordered protein (IDP) [28]. Moreover, the conformational states of
CMP has been found to be very pH sensitive, suggesting that confor-
mational and ionization degrees of freedom are highly coupled [29]. In
addition, CMP is usually present in the glycosylated form. The most
common saccharide bound to the protein is N-acetyl neuraminic acid
(NeuNAc) [30], a sialic acid which modifies the ionization properties of
the peptide, including its isoelectric point (pI).

In this work CMP is modeled using a coarse-grained model. By means
of constant-pH Monte Carlo simulations, both conformational and
ionization properties are calculated on the same foot. Despite its
simplicity, this approach has been successfully applied to poly-
electrolytes [16,31-37] and has been recently extended to model pep-
tides and IDPs [38-44]. Remarkably, the obtained results have been
found to match ellipsometry [38,39], X-ray scattering [40,41] experi-
ments of IDPs. Moreover, they have been able to quantitatively predict
the titration curves of short peptides obtained by nuclear magnetic
resonance (NMR), potentiometry and capillary zone electrophoresis [43,
44].

The model proposed and simulations are briefly outlined in Section
1. Section 2 The obtained titration curves in absence of charged surface,
a situation which is taken as a reference state, is discussed in Section 2.
The adsorption onto the charged surface is analyzed in Section 3. Special
attention is paid to the conditions under which adsorption in the WSIP is
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obtained, and which of the mechanisms is the responsible for this
behavior: as will be shown, charge regulation for the positively charged
substrates and charge patches for the negatively charged surfaces. The
discussions extend to both the aglycosilated and the fully glycosylated
forms of CMP.

2. Model and simulations

The simulated system consists of one CMP molecule, monovalent salt
ions, and a uniformly charged flat surface. The solvent (water) is
implicitly modeled as a dielectric continuum.

The primary structure a CMP peptide is shown in Fig. 1. It contains
sixteen ionizable residues. Four of them are basic (three lysines and the
N-terminal), depicted in blue color. They are not uniformly distributed
but placed at one of the ends of the chain, which leads to an asymmetric
distribution of positive charges (charge patches) when they are pro-
tonated. The rest twelve ionizable groups, represented in red color, are
acidic (eight glutamic acids, two aspartic acids, the C-terminus and the
phosphorylated group in Ser44, denoted PSer in the figure). Moreover,
CMP can be found in A and B variants, which differ in two aminoacids:
variant A contains Thr31 and Asp43 while variant B includes Ile31 and
Ala43. Here we focus on variant A since our preliminary calculations
indicated that this difference does not significantly affect the obtained
results. Furthermore, CMP can undergo glycosylation on six residues,
Thr26, Thr28, Thr30, Ser36 and Thr37, marked with asterisks in Fig. 1. In
the most common case, the one here considered, only three out of them
are glycosylated. Moreover, it has been determined that CMP can bind a
maximum of six sialic acid groups (denoted as Sia) [21,45]. Among the
possible glycosylation states, we have chosen the fully glycosylated
CMP, with three sialic acid dimers located at Thr26, Thr30 and Thr37, so
that they are equidistantly located. As a result, gCMP contains six more
acidic groups than aCMP.

In the simulations, the peptide residues and the C/N-terminus are
replaced by beads linked by harmonic springs. The resulting coarse
grained model results in linear flexible chains, with six pendant acid
groups in the case of gCMP. Typical adsorbent molecules used to purify
CMP in chromatography experiments are chitosan mini spheres with an
adjustable size of around 1 mm. Since the characteristic size of CMP is
on the nanometer scale, we can replace the absorbent particle by a flat
charged plane. On the other hand, chitosan is a branched polymer that
can be functionalized by specific reactions to generate positive or
negative surface charge density o, [46].

A more detailed description of the model (interaction potentials,
beads, and ions size, etc.) is provided as Supplementary Information (SI)
in Section S1.

The configurational space is sampled according to a probability
proportional to exp( —fE) by means of a standard Metropolis algorithm.
In each Monte Carlo (MC) step, the following trial movements are
attempted: i) translational motion of small ions; ii) translational motion
of each bead in the peptide chain; iii) translational and rotational mo-
tions of the peptide chain; iv) pivot motion of a segment of peptide chain
on a random bead (including the side chains in gCMP case); v) proton-
ate/deprotonate an titratable group, which is coupled to the creation/
elimination of one small ion in order to maintain electroneutrality;[47,
48] vi) creation/elimination of a neutral pair of small ions, in order to
keep the salt concentration constant [49,50]. The trial probabilities of
steps i) to vi) are reported as SI (Section S1).

The simulation box has dimensions W x W x L with W = 10nm and
L = 50nm. The charged surface is perpendicular to the z-axis, and it is
placed at z = 0. An auxiliary rigid wall is placed at z = L. Periodic
boundary conditions are applied in the x and y directions [50,51]. The
total number of MC steps is 2 x 10°: the first 10° steps stabilize the
ionization process and the remaining 10° steps are used to calculate the
ensemble averages.

The average net charge of the peptide is given by Zcyp = lev (i)
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Fig. 1. Upper panel: primary structure of variant A of CMP. The acidic, basic and inert aminoacids are depicted in red, blue and green respectively. Lower panel:
scheme showing the bead-and-spring model for aCMP and gCMP. The small cations and anions are colored in cyan and orange, respectively. The chains are shown in
their extended form, a rather improbable configuration, only to facilitate the visual identification of the different groups.

where (g;) is the ensemble average charge per group i. The concentration
profiles c(z) of beads and small ions are calculated by using histograms.
The simulation box is divided in M parallel bins of area W? and thickness
Az = 0.1nm, located at positions z = z; = jAz so that

C(Z)=C(zj):M;j:1,---, M @
Vo

where (n(z;) ) is the ensemble average number of particles at a distance
z from the surface between z; and z; + Az, and V;, = W2Az is the bin
volume. The adsorption coverage of CMP, ['cyp, is defined as the total
number of the protein beads in the volume lying between the surface and

a parallel plane located at distance z,,x

Zmax Zmax / AZ

F:/O c(z)dz ~ ijl c(z)Az )
The value z,,,, ~ 3nm is somehow arbitrary. We chose this value after

considerations about the observed CMP concentration profiles (See

Section S3 in the supporting information), which are almost zero for

Z > 2., when CMP is strongly adsorbed onto the surface.

3. Titration behavior of CMP in absence of charged surface

Let us analyze the titration behavior of CMP in the presence of ions

but in absence of charged surface, which will be further used as a
reference to assess the effect of the charged surface on the macromo-
lecular charge. The net charge Zcyp is shown for aCMP (Fig. 2A) and
gCMP) (Fig. 2B) for pH-values ranging from 2 to 7 and added salt con-
centrations cg,; of 1ImM (circles), 10mM (squares) and 100mM (di-
amonds). In order to evaluate the role of electrostatic interactions, the
ideal titration curve (i.e. non-interacting ionized groups, Eqs. S7 and S8
in SI) is also depicted in green color.

aCMP Fig. 2A shows that at low enough pH-values, all the titratable
groups of aCMP are protonated, and the net charge reaches the
maximum value, Zcyp = + 4: the four basic groups (three lysine groups
and the N-terminus) are positively charged while the acidic groups are
neutral. In increasing the pH-value, Zcyp monotonically decreases due
to deprotonation of the acidic groups until the isoelectric point is ach-
ieved at pH =~ 3.7. Both for positive and negative net charges, deviations
from the ideal titration curve are observed due to electrostatic repulsion.
This effect is larger for lower salt concentrations, since the electrostatic
screening induced by the small ions decreases and the repulsion between
ionized groups becomes stronger. Finally, at high enough pH-values the
net charge reaches its more negative value Zcyp = — 8, as expected.

The titration curve of gCMP is depicted in Fig. 2B. The isoelectric
point is pI & 2.5, lower than the one of aCMP, due to the presence of the
additional six sialic acid groups (pK, = 2.6). Again, the titration curves
clearly deviate from the ideality, especially for pH > 3, for all the salt
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Fig. 2. Net charge Zcyp as a function of the pH-value for aCMP (A) and gCMP (B) at salt concentrations 1 mM (circles), 10 mM (squares) and 100 mM (diamonds).
The green line represents the ideal titration curve (non-interacting ionized groups).

concentrations. As expected, these deviations are larger than in the case
of aCMP due to the higher negative charge density contributed by the
extra sialic acid groups.

Despite the simplicity of our model, the obtained isoelectric points of
aCMP and gCMP agree reasonably well with the experimental values
previously reported in the literature. Kreuf et al. estimated by electro-
phoresis the isoelectric point of CMP of 4.1 + 0.5 (aCMP) and 3.1 £+ 0.5
(gCMP) [29]. These values can be contrasted by the theoretical esti-
mation provided by pepKalc [52] and ICP2 [53] online servers, which
estimate an isoelectric point of 3.9 and 4.0 + 0.2 for aCMP, respectively.
Unfortunately, these servers cannot estimate the isoelectric point of
gCMP since they are not prepared to handle glycosylated aminoacids
yet. Our model predicts values of the isoelectric point slightly below the
above-mentioned values from other sources. These small deviations
could be due to some specific interactions neglected in our model, such
as hydrogen bonding or hydrophobic interactions.

The conformational properties of CMP in bulk solution predicted by
our model are discussed in detail in the supporting information (Section
S2). Remarkably, our model predicts a radius of gyration of 2.0
+ 0.1 nm, (pH = 6.5) which is reasonably in good agreement with the
experimentally found hydrodynamic size (2.3 nm at the same pH value),
suggesting that our model provides a reasonable approximation of aCMP
conformational properties in solution [54].

4. Adsorption of CMP onto a charged substrate
4.1. Adsorption of aCMP

We first focus in the case of aCMP adsorbing into a surface with a
surface with negative charge density, 6s = — 0.50 e/nm?. Note that
adsorbents with this charge density are experimentally feasible. One
example can be found in the work by Galisteo and Norde on the
adsorption of lysozyme and a-lactalbumin on poly(styrenesulphonate)
latices using two surfaces with charge densities of —
8140.6uC/cm* (~ — 0.50 e/nm2) and —14.9 +0.7 uC/cm? (~ —
0.92 e/nmz) [55].

The adsorption coverage I as a function of the pH-value in presence
of such surface is shown in Fig. 3A. I decreases with the salt concen-
tration cg,; at pH < pl, when the peptide has a positive net charge (thus
at the ‘conventional’ side of its pl), since the electrostatic attraction
between substrate and peptide is screened by the small ions. A snapshot
of this situation is shown Fig. 4A, with pH= 2 and ¢y =1 mM. The
positive charged residues, in blue color, are attached to the negative
surface. Note that because of charge patches, the chain is adsorbed by
the positive end while the rest of the chain, which remains neutral, forms
loops and other flexible structures. When the salt concentration in-
creases, the accumulation of small cations (cyan) near the surface
screens the surface electric field, weakens the surface-peptide attraction,
and the adsorption degree decreases. The same conclusion is supported
by the profile concentrations, which are provided as SI: maxima in the

0.7 T I T I T I T I T 0.7 T I T
o~ 0.51 ~ 0.5F _
g s T I
S04, S04F M
"§ "§ L ® Cour m i
S03 So3k w Cgy = 10mM
~ ~ L & Cc. =100mM ]
» » Sal
0.2 0.2k .
0.1 0.1 B
| ! | ! | !
0.0 0 7 5 6 7

pH

Fig. 3. Adsorption degree of aCMP on a charged substrate as a function of pH at salt concentrations 1 mM (black), 10 mM (red) and 100 mM (blue). A) Negatively
charged surface (6s = — 0.50 e/nm?). B) Positively charged surface (65 = 0.50 e/nm?). Vertical dotted line reflects the ideal value of pI = 3.7 (Fig. 2A) and separates
the wrong side of pI (green) from the conventional side (white). The continuous lines are to guide the eye.
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concentration of the positive species are observed at z ~ 0.5 nm (posi-
tively charged residues and small cations) and at z ~ 1 nm (beads) are
found.

In the same figure (Fig. 3A), some degree of adsorption is observed in
the WSIP. This fact is particularly surprising when a plateau with
I ~0.05 beads / nm? is formed at the highest salt concentration
Csar= 100 mM for pH> 4.5. Under these conditions, all the acidic groups
are negatively charged, as shown in Fig. 2. Moreover, unlike what
happens in the ‘conventional’ side of the isoelectric point, peptide
adsorption is promoted at high salt concentrations. This apparently
anomalous situation can be understood with the help of the snapshot in
Fig. 4C, for pH= 5 and cs,,= 100 mM. Due to charge patches, one of the
ends of the chain is adsorbed to the surface, although the rest of the
peptide is negatively charged. The repulsion between the surface and the
negative beads is overcome because of the screening produced by the
high salt concentration. Moreover, the negative tail is perpendicular to
the surface to minimize repulsion. Therefore, we conclude that charge
patches, in combination with electrostatic screening, is the reason for
the adsorption in the WSIP when the surface is negatively charged.

The scenario is different for a positively charged substrate (65 = +
0.50 ¢/nm?), as depicted in Fig. 3B. At large enough pH-values, the
adsorption  coverage increases reaching a plateau with
Tmax ~ 0.66 beads/nm?. Note that I'y,;x = 0.66 beads/nm?  corresponds
to the maximum possible amount of protein adsorbed given that there is
only one explicit aCMP chain in the system, which corresponds to a
concentration of adsorbed protein of 0.11 mg/m?. This value is signifi-
cantly larger than the maximum I' obtained for negatively charged
surfaces, suggesting a stronger adsorption in the case of a positively
charge surface. Also note that as the salt concentration decreases, the
adsorption profiles and the corresponding plateau is shifted to low pH-
values. As a result, significant adsorption in the WSIP is obtained at
low cg, values, contrary to the observed behavior for negatively charged
substrates, for which adsorption was promoted at high salt concentra-
tion. This fact suggests that adsorption in the WSIP cannot be explained
only in terms of charge patches.

Snapshots corresponding to adsorption on a positively charged sur-
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Fig. 4. Snapshots of the Monte Carlo simula-
tion for aCMP adsorbed onto a charged surface.
The negatively (positively) charged surface is

. depicted in orange (cyan) color; small anions

(cations) are also shown in orange (cyan) color;
neutral, negative and positive bead are repre-
sented in green, red and blue, respectively. The
surface charge densities are o5 = —0.5 e/nm?
for A and C, and 65 = 0.5 e/nm? for B and D. A)
pH =2, csay = 1 mM. B) pH =7, csae = 1 mM.
C) pH = 5, Csalt = 100 mM. D) pH = 3, Csalt =
1 mM.

face are plotted in Fig. 4B (pH=7 and c,;;=100 mM) and 4D (pH=3 and
csar=1 mM). In Fig. 4B the chain exhibits conventional adsorption, as
expected. The chain contains a dozen negative charges to only three
positive charges (the Lysine groups are still protonated). On the other
hand, a case of adsorption in the WSIP is depicted in Fig. 4D. In this case,
charge regulation produced by the surface induces the deprotonation of
the acid groups, which become negatively charged. Both in Fig. 4B and
D, the chain is attached to the surface by means of a train-like confor-
mation. A detailed analysis of how the conformational properties of CMP
change when adsorbed into the surface is provided in the supporting
information (see Section S4).

In order to clarify this point, let us analyze Zcvp as a function of the
pH-value in presence of the charged surface, which is shown in Fig. 5A
(6s = — 0.50e/nm?) and 5B (6s = + 0.50 ¢/nm?) for the same salt
concentrations as in Fig. 2. For the negatively charged surface, the
calculated net charge is qualitative different to the one obtained for the
isolated peptide. The main difference relies on the fact that in presence
of the surface, for pH > pl, Zcwp is lower and closer to the ideal titration
curve: peptide-surface electrostatic repulsion promotes the protonation
of the acidic groups, which become neutral. For pH < pl, the interaction
with the surface is weaker and induces two opposite mechanisms: the
negative surface charge tends to charge positively the chain by pro-
tonating the basic groups. However, this fact leads to an increase of the
repulsion between positive charges in the chain. As a result, the de-
parture of ideality is not monotonic with salt concentration. In short, for
os < 0 the impact of the surface on the ionization properties of the
protein is rather modest.

The situation is very different for s > 0. Comparing Fig. 5B (in
presence of surface) and Fig. 2A (isolated peptide), the positively
charged substrate dramatically affects the value of Zcyp for the whole
range of pH-values, and strong departure from ideality is observed. The
presence of the surface induces deprotonation of the acidic groups (see
Section S5 in the SI) so that the peptide becomes negatively charged
even for pH-values lower than the isoelectric point corresponding to the
isolated protein (pI ~ 3.7). The real isoelectric point is shifted to more
acidic pH-values: pl ~ 3.5, 3 and 2.5 for cg= 100 mM, 10 mM and
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Fig. 5. Net charge of aCMP on a charged substrate as a function of pH at salt concentrations 1 mM (black), 10 mM (red) and 100 mM (blue). A) Negatively charged

surface (6s = — 0.50 e/nm?). B) Positively charged surface (65 = 0.50 e/nm?).

1 mM, respectively. Consequently, a much more intense peptide-
substrate attraction is produced. This effect is more intense for low
salt concentrations and thus lower electrostatic screening, as expected.
In summary, for a positively charged surface, the responsible of
adsorption in the WSIP is not charge patches, but charge regulation.

4.2. Adsorption of gCMP

As commented above, gCMP differs from aCMP in six extra sialic
groups and, as a result, the isoelectric point of gCMP is 2.5, lower than
the one of aCMP.

The adsorption coverage of gCMP is shown in Fig. 6 for cg;y= 1 mM
(black), 10 mM (red) and 100 nM (blue). As a general trend, the effects
observed for gCMP coincide with that of aCMP, but shifted to lower pH-
values due to the higher negative charge density. In presence of a
negatively charged surface, with 65 = —0.50 e/nm? (Fig. 6A), significant
peptide adsorption is observed for pH < 2.5, for which the chain and the
net surface charge have opposite sign. Adsorption decreases with salt
concentration since electrostatic screening lower the protein-substrate
attraction. For pH > 2.5, charge patches is the responsible of the
adsorption in the WSIP. Again, the chain remains adsorbed by the
positively charged end at high enough salt concentrations, so that the
repulsion between surface and the negative charge of the peptide is
screened by the salt ions.

On the other hand, if the surface is positively charged (Fig. 6B), the
adsorption coverage reaches its maximum value ', ~ 0.72 beads /
nm? for pH-values larger than 3.5 and for all the salt concentrations.
Moreover, for cs,= 1 mM, one obtains that I' ~ I, for the whole

080
070 .
060 -

range of pH-values, even in the WSIP. For cs,,= 10 mM significant
adsorption in the WSIP is also taking place. As in the case of aCMP,
calculated net peptide charges indicate that this effect results from
charge regulations induced by the surface (see Section S6 in the sup-
porting information).

5. Conclusions

In this work, the adsorption of casein macropeptide (CMP) onto a
charged surface has been studied by means of constant-pH Monte Carlo
simulations. The substrate has been modeled as a uniformly charged
plane while the peptide is represented by a bead-and-spring model.
Conformational and protonation equilibria are considered on the same
foot. Both the glycosylated (§CMP) and aglycosylated (aCMP) forms of
CMP are investigated.

For different reasons, the adsorption on the ‘wrong side’ of the iso-
electric point is observed both for positively and negatively charged
surfaces. For a negatively charged surface, the key point is the patchy
distribution of positive charges. The protonated basic groups are placed
at the end of the chain, which remain attached to the surface, while the
repulsive force between the surface and the negative part of the peptide
is screened by the added salt. Adsorption is thus favored at high salt
concentrations. Moreover, the negatively charged tail adopts a confor-
mation perpendicular to the surface, to minimize the electrostatic
repulsion. Therefore, charge patches and electrostatic screening work
together to allow the protein to be adsorbed.

Conversely, for a positively charged surface the crucial mechanism
for adsorption in the WSIP is charge regulation. The presence of the
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Fig. 6. Adsorbed amount of gCMP on a charged substrate as a function of pH at added salt concentrations of 1 mM (circles), 10 mM (squares) and 100 mM (di-
amonds). A) Negatively charged surface (6s = — 0.50 e/nm?). B) Positively charged surface (6s = + 0.50 e/nm?). Vertical dotted line reflects the ideal value of pI
= 2.5 (Fig. 2B) and separates the wrong side of pI (green) from the conventional side (white). The continuous lines are to guide the eye.
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surface induces dramatic deprotonation of the acidic groups, negatively
charging the protein, and generating a net attractive force for the sub-
strate. This effect is enhanced at low salt concentrations. A train-like
conformation of the adsorbed peptide is favored.

In summary, our results suggest that aCMP can adsorb in the WSIP
due to both mechanisms proposed in the literature, charge regulation
and charge patches, in good agreement with the recent observations of
Lunkad et al. [19]. In addition, our results show that even in presence of
the same protein and similar pH conditions, the mechanism provoking
the adsorption in the WSIP can differ depending on the charge of the
adsorbent (i.e. the surface). Adsorption in the WSIP is observed both for
the aCMP and gCMP forms, although in the latter case it takes place at
lower pH-values. Therefore, preferential adsorption is expected for
gCMP rather than aCMP at low pH-values.

In conclusion, CMP seems to be a good candidate as a model system
to guide and design new experiments on adsorption of flexible proteins
onto charged surfaces. Up to our knowledge, the adsorption of CMP in
the WSIP has not been experimentally reported yet. According to our
results, the optimal conditions for adsorbing CMP in the WSIP are
different for a negatively charged adsorbent (low salt concentration)
than for a positively charged adsorbent (high salt concentrations). This
fact suggests further experiments should be performed to address open
questions such as the use of adsorption to separate different forms of the
same protein (in our case aCMP and gCMP), the role of multi-valent ions,
or the possibility of charge regulation to be experienced by both the
surface and the peptide [56].
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