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. Introduction

Although the purification of therapeutic proteins is usually per-
ormed using at least an affinity chromatography step [1–5], it has
een proposed that the level of purity required for pharmaceutical

pplications may be obtained also with non-affinity techniques
uch as Ion Exchange (IEX) Chromatography, which exhibits a
arge optimization margin compared to conventional processes
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E-mail address: carlo.cavallotti@polimi.it (C. Cavallotti).
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ondon, London WC1E 7JE, UK.
[6–9]. Even if IEX technology is often used as a complement to tra-
ditional affinity purification steps, processes entirely based on IEX
principles are rapidly becoming commercially available [6,10,11].
The rational optimization of IEX chromatography can significantly
benefit from the comprehension of the fundamental phenomena
occurring at the solid–liquid interface during protein adsorption
[12–15]. To fulfill this goal, the analytical and numerical solutions
of the Poisson–Boltzmann equation (PBE) have been often used
to determine the energy of interaction of proteins with a charged
surface. The use of PBE based methods for modeling interactions in
IEX chromatography has been pioneered mainly by Stahlberg and
co-workers [6,16–19] and has led to the development of analytical

methods for the description of electrostatics-based retention
[20,21].

The rapidly increasing availability of computational resources
has recently attracted much interest towards the possibility of
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xploiting molecular modeling techniques to investigate complex
ystems at the molecular scale. Molecular dynamics simulations
re in fact gradually becoming part of the arsenal of techniques
pplicable to address fundamental problems in protein purifi-
ation [22–34]. The investigation of IEX adsorption processes at
he atomistic scale has been performed with different approaches
n the literature. Riccardi and Zhang focused their research on
oth the atomistic coarse grain simulations of charged proteins
dsorption on IEX surfaces and their lateral diffusion [35] and
n the molecular level modeling of the porous structure of the
hromatographic supports [36–38]. Chung [39,40] and co-workers
ave proposed a structure-activity relationship study based on
he calculation of the Poisson–Boltzmann interaction energy of a
harged ligand with several mutants of the Cold Shock protein. The
BE was used to determine the influence of structural mutations
n the most probable protein adsorption orientations. Similarly,
ubiak and Mulheran have investigated the dynamics of Lysozyme
dsorbed on a charged surface by MD simulations to get a molecu-
ar insight on the most favorable binding orientations, finding that
o tertiary structure depletion occurs when the protein adsorp-
ion takes place on a flat surface [41]. Dismer and Hubbuch have
sed a MD simulation protocol in order to determine the orienta-
ion of Lysozyme when adsorbed on a IEX surface, which allowed
o determine an empirical correlation between the electrostatic
omponent of the force field and the measured chromatographic
etention parameters [42]. It was also found that, within typical
imulation timescales, the protein does not macroscopically move
ts center of mass nor reorient itself with respect to the charged
urface.

In principle, considering the systematic increase of computa-
ional resources, it may be conceivable to expect that within few
ears it will be possible to simulate protein adsorption on IEX
urfaces using MD simulations in explicit solvent models. How-
ver this may not be so simple. A fully atomistic MD simulation
n fact requires quite long simulation times in order to sample
dequately the conformational space of the protein. In addition,
sing classical MD techniques, protonation states of all aminoacidic
esidues must be specified a priori, which may be an issue for
Hs at which residues have similar probabilities of existing in the
rotonated and non-protonated states. Addressing properly this

ssue may require performing multiple MD simulations for the
ame system, which would increase considerably computational
osts. In the present work we propose an alternative approach that
ombines the accuracy attainable through explicit MD simulations
ith the computational efficiency of models describing implicitly

hrough the PBE the effect of the environment and, eventually, with
emiempirical models. This paper is structured as follows: in Sec-
ion 2 the hierarchical modeling strategy and experimental details
re described in detail, while in Section 3 results are reported and
iscussed.

. Method and theoretical background

The methodology here adopted to estimate protein retention
oefficients is based on the calculation of free energies of interac-
ions between the protein and a model surface. This is a problem
ell known to the scientific literature where many computa-

ional approaches, differing for level of complexity and accuracy,
ave been reported [12,19,21,24,41–45]. In the present work we

nvestigate whether it is possible to determine the free energy
f interaction of a protein with a surface using a computational
pproach formulated so that it retains a full molecular descrip-

ion of the system but it is also sufficiently simple to be applied
o large and complex proteins on a routinely basis. In the follow-
ng we describe the model, the adopted computational approaches,
nd report details of the experiments used for validation.
2.1. Free energy calculations

Two different synergic atomistic computational approaches
were used to estimate the free energy of interaction of the pro-
teins with the IEX surface, the first exploiting Umbrella Sampling
(US) simulations and the second belonging to the family of the lin-
ear response approximation approaches. The two approaches differ
significantly in their respective level of accuracy and computational
cost. In addition, an analytical model is also used in order to test
its capability to predict protein retention factors and to evaluate
whether it may be used to complement and ease the computa-
tional cost of the other two models. The details of the semiempirical
model are described by Guelat et al. [21], while the implementation
of the MD and linear response model is described in the following
two sections.

2.1.1. MD simulations
The first methodology used to determine interaction free ener-

gies between proteins and the IEX surface exploits free energy
perturbation (FEP) theory. FEP was carried out through an US calcu-
lation protocol, in which the weighted histogram analysis method
(WHAM) was applied to extrapolate the potential of mean force
(PMF). Molecular dynamics simulations were performed in explicit
water in the NPT ensemble. All simulations were performed with
periodic boundary conditions and long-range interactions were
computed with the Particle Mesh Ewald (PME) method. The sim-
ulation box for Lysozyme has dimensions of 145 Å × 145 Å × 100 Å
and contains the IEX surface, the protein, 67,679 water molecules,
and 450 Na+ and Cl− ions for a total of 20,8450 atoms. 162 Na+

atoms have been added to obtain global electroneutrality. The sur-
face was modeled by an ensemble of 169 propyl sulfonate groups
organized in 13 rows of 13 elements equally spaced to give a global
surface charge density of 1.57 × 10−6 mol m−2. The simulations for
Chymotrypsinogen A were performed using a similar system setup
and parameters. The force field parameters of the IEX ligands were
determined using the GAFF amber force field [45] with structure
and charges calculated at the B3LYP/6-31+G(d,p) level and fitted
using the RESP model. The 2VB1 (Lysozyme) [46] and 2CGA (Chy-
motrypsinogen A) [47] protein crystal structures were used for all
the calculations. The AMBER ff03 force field [48] was used to model
Lysozyme and Chymotrypsinogen A, while the TIP3P force field was
used for water [49]. Throughout the simulations the IEX ligands
were restrained to their position by applying a harmonic restraint
of 1000 kcal mol−1 Å−2 on the first and second C atoms of the propyl
chain. A double restraint was applied to each ligand in order to limit
its tendency to flip upside down in the course of the simulations.
The cut-off for the non-bonded interactions was set to 10 Å.

The computational protocol adopted for the MD simulations was
the following: first, a 2000-cycle energy minimization was carried
out in order to remove bad contacts between the solute and the
random-placed solvent molecules. In this step, solute molecules
were restrained with a harmonic potential k(�x)2 with k set to
500 kcal mol−1Å−2. A second 3500-cycle energy minimization was
performed for the entire system, removing the previous restraints.
Then, the temperature was raised from 0 to 300 K by a simulated
annealing of 20 ps at constant volume; a weak harmonic restraint
(where k is now equal to 10 kcal mol−1 Å−2) was applied on the
solute with the purpose of avoiding wild fluctuations. This was
followed by a 100 ps run at constant pressure, in order to allow
the system relaxation and thus to reach the correct density. The
system was finally relaxed through a 2 ns simulation performed
at constant temperature and pressure. Temperature and pressure

control was performed through Langevin dynamics with a collision
frequency of 1 ps−1 and isotropic position scaling, respectively. The
SHAKE algorithm was used for covalent bonds involving hydrogen
atoms, allowing to adopt a time step of 2 fs. All MD simulations
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ig. 1. Thermodynamic cycle used to calculate the free energy of interaction of
lobular proteins with a charged surface.

ere performed using the Amber12 suite of programs [50]. The
FT calculations were performed using Gaussian 09 [51].

Following the 2 ns relaxation the protein was progressively
etached from the IEX surface through a 10 ns run performed

ncreasing constantly the distance between the center of mass
COM) of the protein and the IEX surface at steps of 0.5 Å from 22
o 39 Å for Lysozyme and from 29 to 49 Å for Chymotrypsinogen A
y applying a 200 kcal mol−1 Å−2 harmonic potential. Intermediate
tructures were used as starting points for a series of biased US sim-
lations (windows), which were performed imposing a harmonic
estraint on the COM distance of 10 kcal mol−1 Å−2. The simulation
ime for each window was 2 ns, with distances extracted every 20
s discarding the first 0.1 ns. The unbiased statistics recovered from
ach window were joined using WHAM. WHAM equations were
olved using our in-house code [52] until the maximum change
f the PMF between successive iterations is smaller than 5 × 10−2

J/mol. The variance of the US trajectories for each window i from
he n xik distances in the windows was computed as suggested by
hu and Hummer [53] as:

ar(x̄i) = 1
n (n− 1)

∑n−1

b=0

[
1
m

∑(b+1)m

k=bm+1
(xik − x̄i)

]2

(1)

he number of blocks b used to calculate the variance was 7. From
he variance of the trajectories the cumulated variance of the PMF
an be computed as:

ar (Gi) = (K�r)2

[
var (x̄1) + var(x̄i)

4
+
∑i−1

j=2
var
(
x̄j
)]

(2)

From var(Gi) the standard deviation, and thus the uncertainty
f the PMF, was directly determined.

.1.2. The linear response model
The second approach used to estimate the free energy of inter-

ction between each protein and the IEX surface is based on the
ssumption that there is a linear relation between the interaction
nergy of the solute with the environment and the binding free
nergy [54]. In the present work the energy of interaction of the
rotein with the environment is calculated through the numerical

ntegration of the PBE for a static charge distribution [55] defined
y the protein atomic coordinates and by a purposely built charge
istribution representing the IEX surface. This approach allows
erforming computationally efficient calculations of free energy
rofiles as a function of the protein–surface distance�, contextually
ampling the space of all possible protein/surface mutual orien-
ations. We choose to represent the ensemble of protein/surface
onfigurations as a function of the azimuth (�) and elevation (�)
ngles The free energy change associated with the charging pro-
ess of a surface–protein system (SP) in a given point of the three

imensional space defined by �, ϑ, �, and �, was calculated using
he thermodynamic cycle reported in Fig. 1 [56].

With �i, we represent a generic discrete distance between the
harged surface and the closest atom of the protein, where�G(�,�,
�) is calculated as:

�G(�i) = �G∞→�i
ele +�G∞→�i

non ele � ıG∞→�i
ele

= �Gcharge (�,ϑ,� = �i) −�Gcharge (�,ϑ,� = ∞) . (3)

The reference state chosen to evaluate�G(�i) is the protein at an
infinite distance from the surface (�= ∞), which in the calculations
is assumed to be equal to three times the typical cutoff used in
molecular dynamics simulations (10 Å) [57]. The discrete �i points
considered in our calculation thus span the range between 1 and
30 Å.�Gcharge was calculated as:

�Gcharge (�,ϑ,�) = 1
2

∫
�f(r) (r)dv, (4)

where �f(r) is the fixed charges distribution defined by the atomic
positions of the surface/protein system, and is thus function of
the �, ϑ, and � degrees of freedom.  (r) is the potential obtained
from the numerical solution of the Poisson–Boltzmann equation.
In order to account for all possible orientations contributing to
the protein–surface interaction at a given distance �, we compute
the ensemble averaged�Gcharge(�) over the configurational space
defined by the � and ϑ angles. With the aim of explicitly highlight-
ing the contribution to �Gcharge(�) due to the accessibility of the
whole configurational ensemble defined by rotation in � and � at
constant �, we explicitly write the ensemble average of�Gcharge(�,
��) considering as a reference the minimum free energy configura-
tion�Gcharge(�min, �min, �). The contribution due to the rotational
average is thus expressed as a scaling pre factor written as the ratio
of the 2D rotational partition functions Q2D

rot at distances � and ∞
and leads to the following expression for�Gcharge(�):

exp

(
−�G

charge (�)
RT

)

= Q2D
rot (�)

Q2D
rot (∞)

exp

(
−�G

charge
min (�min, ϑmin, �)

RT

)

=
ARot

∫ ∫
exp
(
−�Echarge (�,ϑ,�) /RT

)
d� dϑ

ARot
∫ ∫

exp
(
−�Echarge (�,ϑ,∞) /RT

)
d� dϑ

exp

(
−�G

charge
min (�min, ϑmin, �)

RT

)
(5)

where�min andϑmin are the angles at which the rotational min-
imum energy is found and �Echarge is the electrostatic interaction
energy, which is twice the free electrostatic energy value. Arot is
a constant related to the angular momenta that are conjugate to
the rotational angles � and � and is equal to 2�IkBT/h2, where I
is the protein inertia moment, kB and h the Boltzmann and Planck
constants, and T the temperature [58]. Due to the hypothesis of a
rigid protein structure, Arot are equal for numerator and denomina-
tor and thus cancel out. Q2D

rot (∞) was calculated assuming that the
2D rotation in the solvent occurs over a 2D potential energy surface
(PES) having a sinusoidal periodicity with maximum energy barri-
ers of 14 kJ/mol, which is consistent with the apparent activation
energy measured for the rotational diffusion of several proteins
in water [59]. This is consistent with the Eyring model for diffu-
sion, according to which the rotational and translational diffusion of
molecules in solution requires overcoming energy barriers related
to the disruption of the solvation shell and thus take place over a

PES whose energy barriers are comparable to the activation energy
experimentally measured for diffusing solutes [60]. A sensitivity
analysis showed that Q2D

rot (∞) is slightly affected by the shape and
periodicity of the PES and is mostly influenced by the height of the
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nergy barrier. Q2D
rot (∞) calculated over the 2D PES is about a factor

f 10 smaller than that calculated over a flat PES. The contribution
f non-electrostatic interaction forces,�G∞→�

non ele, was introduced in
he model as suggested by Roth and Lenhoff [43] using the Hamaker
pproach [61] to calculate the interaction free energy between a
phere of radius R and an infinite plane as:

G∞→�
non ele(�) = −A132

6

(
R

�
+ R

2R+ � + ln
(

�

2R+ �
))
, (6)

here A132 is the Hamaker constant for the interaction of two bod-
es through a medium.

The�G∞→�
non ele contribution was computed using a Hamaker con-

tant of 1.0 × 10−20 J (2.4kBT) for both proteins. This value was used
y other authors to model the interaction between proteins and

EX surfaces [62] and is in the same order of magnitude of the
.5–2.0kBT value recommended by Roth et al. [63] for interaction
etween proteins and charged surfaces and the 3.3kBT value deter-
ined for the interaction between BSA and a negatively charged

EX surface by Bowen et al. [64].
The interaction free energy �G(�,I,pH) between protein and

urface at a given pH and ionic force I is finally computed as:

G(�, I,pH) =�Gcharge +�G∞→�
non ele(�). (7)

The model here proposed differs from the seminal model
roposed by Roth and Lenhoff [43] for the way the rotational con-
gurations are averaged in the evaluation of the electrostatic free
nergy contribution in Eq. (3) and for the numerical scheme used
o integrate the Poisson–Boltzmann equation.

The linearized form of the Poisson–Boltzmann equation was
umerically integrated using the APBS software [65] adopting the
harge distribution determined with the AMBER ff03 force field
48]. On the basis of the characteristic time analysis, it was assumed
hat the charge of titrable moieties is not a function of the distance
etween protein and IEX surface and was therefore computed as
unction of pH using the PropKa3 software [66–68], which allows
o adequately keep into account the local protein structure. A
hree-grid focusing solution strategy was used to set the Dirich-
et boundary conditions for the electrostatic potential calculation.
n order to model the ion exchange material as the surface of a solid
he accessibility and dielectric constant maps have been purposely
esigned dividing the calculation domain in two sub volumes: a

ow dielectric volume inaccessible to the ions acting as a station-
ry phase bulk material, and a high dielectric volume representing
he buffer solution environment. The surface charge distribution
as mimicked through a layer of point charges held fixed in space

hat are equally spaced to give the surface charge density of the IEX
esin under study, that is 1.57 × 10−6 mol m−2. Several schemes
here the number of charged points was increased contextually
ecreasing the local charge to maintain the reference charge den-
ity were considered. It was found that using point charges of −1
ay lead to unphysical repulsion at short distances (smaller than
Å) due to excessive proximity of charged groups, which would
ot be present in a real system because of the protein and surface

nternal mobility not considered in this model. It was found that
sing −1/3 point charges alleviates this problem. The charged sur-
ace so obtained, which is thus intermediate between a discrete and
continuous surface, was used in the simulations.

The linear response model does not account for protein confor-
ation changes that may take place when the protein approaches

he IEX surface. For this reason the PMF computed using the MD
odel was used to correct the protein–surface interaction free

nergy calculated with the linear response approach. This was

erformed re-scaling linearly the electrostatic component of the

nteraction free energy, which contributes mostly, as will be shown
n the following, to the interaction free energy. The rational for
his procedure is that it is reasonable to expect that structural
re-organization of the protein will be mostly driven by the opti-
mization of the electrostatic interactions between some charged
groups of the protein and the IEX surface, which may get in exces-
sive proximity when moving the protein from the bulk of the
solution towards the protein surface.

2.2. Evaluation of the retention factor from computational results

The adsorption equilibrium constant in chromatography is
expressed through the Henry constant, defined as the ratio between
the adsorbed and bulk protein concentrations in the limit of highly
diluted systems, i.e. linear adsorption. As reported in the litera-
ture [21], it is difficult to define the adsorbed volume concentration
since adsorption takes place at the solid/liquid interface. Thus it is
useful to define the Henry constant as the excess concentration at
the solid/liquid interface determined by the protein–surface attrac-
tion. The excess concentration can be defined as the difference
between the concentration profile at a given I and pH and the same
concentration profile in non-adsorbing conditions:

qV (�, I,pH, Iref,pHref) = c (�, I,pH) − (�, Iref,pHref) (8)

where � represents the plane-protein distance and can be con-
sidered as the reaction coordinate for the calculation of the
concentration profiles of the protein at equilibrium as:

c(�, I,pH) = cbulk exp
(−�G(�, I,pH)

RT

)
(9)

The adsorption Henry coefficient can thus be conveniently
expressed in function of the surface excess concentration qS, which
can be obtained by integration of the volume excess concentration
qV on the protein–surface distance degree of freedom �:

H(I,pH, Iref,pHref) = qS (I,pH, Iref,PHref)
cbulk

=
∫ ∞

0

qV (�, I,pH, Iref,pHref)
cbulk

d� (10)

The Henry coefficient expressed as a function of �G(�,I,pH)
yields:

H(I,pH, Iref,pHref)

=
∫ ∞

0

qV (�, I, pH)
cbulk

d�−
∫ ∞

0

qV (�, Iref,pHref)
cbulk

d�

=
∫ ∞

0

exp
(−�G(�, I, pH)

RT

)
d�

−
∫ ∞

0

exp
(−�G(�, Iref,pHref)

RT

)
d� (11)

The Iref and pHref values, defining non-adsorbing conditions, are
0.8 and 6, respectively. In such conditions no adsorption is exper-
imentally observed for the two proteins considered in this work,
thus the second integral is equal to one.The retention factor kI, in
diluted conditions can now be calculated as:

kI (I,pH) = �H (I,pH) (12)

where � is the ratio between the accessible surface area of the
stationary phase and the volume of the mobile phase.

To compute the retention factor from molecular models we
are assuming that the distribution of protein configurations in the

space of the ϕ and 
 angles has sufficient time to relax to the Boltz-
mann probability distribution and that both the surface and the
protein possess time-independent surface charges. To justify these
hypotheses we have carried out an analysis of the characteristic
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Fig. 2. Structure of Lysozyme adsorbed on the IEX surface (a) and in its desorbed
imes associated with protonation/deprotonation reactions, relax-
tion of the ionic atmosphere around a charged group exchanging
rotons with the environment, and diffusion processes occurring
t the Debye length scale. The derivation of the characteristic times
or the processes of rotational and translational diffusion and for
roton transfer reactions is reported in the supporting informa-
ion (SI), while the relative importance of the different processes is
nalyzed in Section 3.1.

.3. Experimental determination of the retention factor

The retention factor was determined experimentally for
ysozyme and Chymotrypsinogen A as a function of pH and ionic
trength. Following the procedure described in detail by Guelat
t al. [21], the retention factor k′(pH, I) was computed as:

′(pH, I) = tR (pH, I) − tref

tref
(13)

where tR(pH, I)is the retention time measured at assigned pH
nd ionic strength, and tref is the retention time measured in non-
dsorbing conditions.

In order to favor a fair comparison between the retention factor
alculated from molecular modeling and its experimental coun-
erpart, experiments were performed with a non-porous strong
ation exchanger column (commercial name: YMC-BioPro SP-F).
he average particle size of the stationary phase is 5 mm and
ulphopropyl groups are used as charged ligands. The retention
ime measurements were performed in isocratic conditions at pH
etween 4 and 6 in 20 mM buffers. A phosphate buffer was used in
xperiments performed at pH 6, while the other experiments were
erformed using an acetate buffer. The phosphate buffer was pre-
ared mixing sodium dihydrogen phosphate (Fluka, Switzerland),
isodium hydrogen phosphate (Lancaster, England) and sodium
hloride (J.T. Baker, USA). The acetate buffer was prepared mixing
odium acetate (Merck, Germany), acetic acid (Carlo Erba reagents,
taly), and sodium chloride (J.T. Baker, USA). Water was filtered
hrough a Millipore Synergy system before use. Experiments in
on-adsorbing conditions were performed using a 20 mM phos-
hate buffer at pH 6. All experiments were performed using an
gilent 1100 Series HPLC, equipped with a quaternary gradient
ump with a degasser, an autosampler, a column oven, and a
iode-array detector. The retention times were determined from
he maximum peak of the UV signal at 280 nm.

. Results and discussion

In this section the results of model and experiments are reported
nd compared. The results of the MD simulations are discussed in
ection 3.1, a characteristic times analysis, reported in detail in the
I and that is relevant in order to support some of the hypotheses
n which the linear response model rests, is described in Section
.2, the free energy of interaction of the considered proteins with
he surface calculated with the linear response model is reported
nd discussed in Section 3.3, while experimental and calculated
rotein retention factors are compared in Section 3.4. The section

s concluded by a comparison of the predictions of the coupled MD
linear response model with those of the semiempirical model of
uelat et al. [21].

.1. Adsorption free energy from Molecular Dynamics simulations

Molecular dynamics simulations were used to investigate the

onformational evolution of the protein on the surface and to sam-
le the protein-IEX free energy surface (FES) as a function of the
istance between the centers of mass of protein and IEX surface.
he purpose of these simulations was to determine the interaction
conformation (b) determined using MD simulations.

energy between Lysozyme and Chymotrypsinogen A and the IEX
surface accounting explicitly for the conformational change that is
known to take place following the adsorption process [69]. Given
the computational cost of these calculations (about 40 ns of sim-
ulation and 250,000 atoms), the MD simulations were performed
only at a single pH and ionic strength (pH 4.0 and a ionic strength of
0.4 mol/L for Lysozyme; pH 6.0 and ionic strength 0.2 mol/L for Chy-
motrypsinogen A). The pHs at which simulations were performed
were chosen so that the protonation state of each residue can unam-
biguously by assigned for each protein (assignment performed on
the basis of the predictions of the propKa3 software).

Two snapshots of the simulations showing the minimum energy
structure found for Lysozyme adsorbed onto the IEX surface and the
structure it assumes at the end of the umbrella sampling simulation
are reported in Fig. 2.

Simulations for Lysozyme were started from the minimum
energy conformation determined through the rotational analysis
performed using the linear response model (see Section 3.3) and
were protracted for 2 ns to let the protein relax its conformation
up to the structure shown in Fig. 2a. A successive 10 ns run was
performed increasing constantly the distance between the COM of
the protein and the IEX surface at steps of 0.5 Å from 22 to 39 Å.
This allowed the protein to progressively relax its conformation
up to the structure of Fig. 2b. Intermediate structures were used
as starting points for the umbrella sampling simulations. A sim-
ilar protocol was used for Chymotrypsinogen A. Post-processing
the trajectories using the code described by Salvalaglio et al. [52]
allowed calculating an adsorption free energy 27 kJ/mol for Lysoz-
ime and of 24 kJ/mol for Chymotrypsinogen A. The PMF profiles

as a function of the protein-IEX surface distance are reported and
discussed in Section 3.3.
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.2. Characteristic times analysis

The calculation of the adsorption free energy with the linear
esponse model is based on the hypothesis of a stationary charges
istribution. The aim of the present analysis is to assess the valid-

ty of this hypothesis through an order-of-magnitude analysis of
he characteristic times of relevant processes taking place during
dsorption. The characteristic times considered pertain to the fol-
owing processes: ionic atmosphere relaxation (�relax, Section S1.1),
roton exchange (�p, Section S1.2), translation diffusion (�D, Sec-
ion S1.3), and rotational diffusion (�R, Section S1.4).

Since the relaxation of the ionic atmosphere occurs in the time
pan separating two successive proton exchange events, to ensure
seudo-stationary conditions the relaxation characteristic time has
o be compared with the characteristic proton exchange frequency
alculated when the maximum number of proton exchange events
s observed, i.e. when pH = pKa, since in these conditions the char-
cteristic time for protonation �p is equal to the characteristic
eprotonation time �d. The ratio between the relaxation time �relax
nd the proton exchange reaction time �p has been calculated for
arboxylic functional groups (pKa = 3.9) such as the Glutamic and
spartic acid side chains solvated in a buffer with symmetric and
onovalent ions (see Section S2 for details) and found to be at least

wo orders of magnitude faster than the proton exchange event. It
eans that the composition of the solution that surrounds the pro-

ein can be considered in a pseudo stationary state with respect to
he change of the local surface charge of the protein.

The proton exchange events affect the protein electrostatic
otential, inducing local surface charge fluctuations that have an

mpact on the interactions with the IEX surface. The ratio between
he characteristic times of diffusion and proton exchange can be
xpressed as:

= �D

�p
= 3�ε0εr
r · kp10−pka

NAe2I
(14)

The ˇ parameter is function of the protein structure through
ts sphere-equivalent radius r, the ionic strength I, and the proton
xchange rate (kp).

The ratio between translational and rotational diffusion char-
cteristic times determines if a protein can reorient itself while
pproaching the surface at the Debye length scale. It can be
xpressed as:

= �D

�

= 3ε0εr

NAe2I
· kbT

8r2(2�)2
(15)

This parameter accounts for the number of full rotations made
y a protein of radius r while traveling along distances of the Debye

ength order of magnitude. The parameter ˛ decreases both with
he inverse of the square of r and with the inverse of I.

A rationalization of all the possible scenarios for a single pro-
ein approaching the IEX surface can be formulated as a function
f ˛ and ˇ as follows (see Fig. 3): (i) proton exchange is faster
han diffusion, while rotation is slower (˛< 1, ˇ > 1); it means that
he solution of the PBE has to be averaged on the equal proto-
ation states, but not on all the possible orientations since the
rotein does not have enough time to visit a significant number of
rientation configurations while approaching the IEX surface; (ii)
oth proton exchange and rotation are faster than diffusion (˛> 1,
> 1); it means that the electrostatic potential must be averaged on

qual protonation states and on all the possible orientations; (iii)
oth proton exchange and rotation are slower than diffusion (˛< 1,

< 1); it means that each protein approaches the surface with a cer-

ain protonation configuration and also with a fixed orientation; iv)
otation is faster than diffusion, while proton exchange is slower
˛> 1, ˇ < 1); it means that the electrostatic potential produced by
Fig. 3. Characteristic time ratios ˛ and ˇ calculated for different radii and ionic
strengths.

the protein must be averaged on all the possible orientations but not
on all the equal protonation states, since the protein does not have
enough time to visit a representative number of protonation states
while approaching the IEX surface. In Fig. 3 it can be observed how
large globular proteins, with radii ranging from 2.5 nm to 10 nm,
are characterized by ˛ values of about one and ˇ values larger than
one, which corresponds to a scenario that is intermediate between
(i) and (ii).

From the characteristic times analysis the following consider-
ations can thus be drawn on Lysozyme and Chymotrypsinogen A:

(I) the ionic atmosphere relaxation is always at least one order of
magnitude faster than the fastest proton exchange event. The
electrostatic potential around the protein can thus be consid-
ered always in equilibrium, since the reorganization transient
does not affect it. Therefore it is reasonable to use of an implicit
approach based on the PBE to determine its local value.

(II) Proton exchange events are faster than diffusion at the Debye
length scale. This means that the protein interaction with the
surface can be described with an electrostatic potential aver-
aged over equivalent protonation states.

(III) Rotation is comparable to diffusion, so that a complete rotation
of the protein while approaching the surface will be improb-
able. This means that the relaxation to the thermodynamic
limit of the adsorbed proteins distributions in the space of
all possible orientations may require a complex mechanism
involving several adsorption and reorientation steps rather
than a contextual roto-translation taking place while the pro-
tein is approaching the surface.

Therefore, in order to determine the characteristic time of
evolution of the orientation of an adsorbed protein a simple
kinetic model, reported and described in detail in the supporting
information, was developed. Although this model was obtained

with an order-of-magnitude approach based on strong simplify-
ing hypotheses, its results show that kinetic effects of reorientation
of the adsorbed proteins do not affect the orientation distribution.
We find that such distribution relaxes to the thermodynamic limit



Fig. 4. Energy (kJ/mol) maps calculated at the plane – protein distance where the interaction energy is maximum for Lysozyme and Chymotrypsinogen A interacting with a
d gles d
0 s.

w
t

a
a

3

m
r
t
f
a
6
�
F
v
d
t
f
f
h
n
w
f
a
c
i
T
d
a
t
n

istribution of charges at three different pH values, reported as a function of the an
.25 mol/L for the Lysozyme maps and 0.35 mol/L for the Chymotrypsinogen A map

ithin times of the order of magnitude of 10−3 s, much smaller than
he typical elution time.

An approach based on the calculation of equilibrium-averaged
dsorption free energies can thus be safely adopted to estimate the
ffinity of globular proteins with charged surfaces.

.3. Adsorption free energy from linear response simulations

The free energy of interaction of protein and surface was deter-
ined as a function of three parameters: two angles, defining the

elative orientation of the protein with respect to the surface, and
he distance between the center of mass of the protein and the sur-
ace. Calculations were performed for pH values of 4, 4.5, 5, and 6
t different ionic strengths. The results calculated at pH 4, 5, and
at the distance at which the electrostatic interaction free energy
Gcharge is minimum for a selected ionic strength are sketched in

ig. 4. The present results do not incorporate the contribution of
an der Waals interaction free energies, which were computed as
escribed in the method section and are about 4 kJ/mol at the dis-
ance at which �Gcharge assumes its minimum value. Except for a
ew configurations in which the interaction energy is positive, the
ree energy surfaces computed for Lysozyme (Fig. 4, top) highlight
ow, generally, the vast majority of the configurations exhibit a
egative free energy change associated to the protein interaction
ith the surface. This finding reflects the widespread positive sur-

ace charge that characterizes Lysozyme, which has several ARG
nd LYS vicinal residues on its surface. The number of orientations
haracterized by negative interaction energy diminishes with the
ncrease of pH, following the decreasing trend of the free energy.
he change of the interaction energy is the consequence of the

ependence of the protein charge on pH, as the positively charged
mino groups and the neutral carboxylic acid groups are depro-
onated with increasing pH and become respectively neutral and
egatively charged.
efining the relative orientation between protein and surface. The ionic strength is

The analysis of the orientation dependence of the adsorption
free energy for Chymotrypsinogen A highlights a fundamental dif-
ference with respect to Lysozyme. The dipole-like nature of the
surface charge distribution for this protein, due to the presence
of both positively and negatively charged residues organized in
patches, reflects on the ratio between favored and unfavored inter-
acting orientations, which is close to 50%. The distribution of the
charged groups on the protein surface determines the concentra-
tion of the populated configurations in restricted areas rather than
in wide regions of the �–
 space. The most favored orientations for
Lysozyme and Chymotrypsinogen A, shown in Fig. S4, are charac-
terized by the maximum possible exposure of positively charged
groups to the negatively charged surface. For Lysozyme the most
favored orientation is characterized by simultaneous exposure of
Lys 1, Arg 5, Lys 33, Arg 125, and Arg 128 to the charged surface.
These residues form in fact a positively charged patch that is capable
of the strongest interactions with the surface. Chymotrypsinogen
A is characterized by a smaller net charge compared to Lysozyme
and by the aforementioned dipolar surface charge distribution. This
aspect leads to the scattering of the most favored configurations
over the �–
 space. The charged residues that constitute the main
positively charged patch are Lys 36, Lys 90, Lys 93, Lys 84 Lys 87,
Lys 107, and Lys 82. The interaction free energy as a function of
the plane-protein distance and ionic strength is reported for Chy-
motrypsinogen A in Fig. 5.

The PMFs of Lysozyme and Chymotrypsinogen A computed
using the linear response approach without performing the rota-
tional conformational average are compared with the PMFs deter-
mined using the WHAM protocol in Fig. 6a andb. The reason why
the contribution of the conformational average on the free energy

estimation was not included in the present comparison is that the
limited simulation time we used in the MD simulations does not
allow to explore efficiently the translation and rotational conforma-
tional space. A similar situation was encountered by Bouvier [70].



Fig. 5. Electrostatic free energy of interaction as a function of separation and ionic
strength calculated at pH 4 between Chymotrypsinogen A and the IEX surface using
the linear response model. The free energies have been calculated using Eq. (7) and
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Fig. 6. Potential of mean force calculated for Lysozyme (a) and Chymotrypsinogen
A (b): using the WHAM analysis of the MD trajectories (line), the linear response
approach without accounting for the rotational average (line with circles), and

rescaled using the same correction factors, thus indicating that
using as correction factor for the protein conformational reorga-
veraged over all orientations through Eq. (5).

uckily, this is not an issue in the present study as the conforma-
ional average is properly included in the linear response calcula-
ions, so that the uncertainties introduced by the limited simulation
ime used in the MD simulations are compensated by the exten-
ive rotational conformational sampling performed with the linear
esponse model. In perspective, increasing the simulation time for
ach umbrella sampling window, thus allowing for an ergodic sam-
ling of all possible protein/surface orientations, will enable a direct
omparison of the MD results with the conformationally aver-
ged free energies of interaction obtained using the linear response
odel.
The analysis of the PMFs shown in Fig. 6 evidences that the

inear response simulations underestimate the interaction free
nergy computed with the WHAM approach for Lysozyme and
lightly overestimate it for Chymotrypsinogen A. For Lysozyme, this
s determined by the mobility of its positively charged residues
most notably Lys 1, Arg 5, Lys 33, Arg 125, and Arg 128) that,
n proximity of the charged surface, are able to move sufficiently
o optimize the interaction with the IEX surface. The difference
etween the free energies computed at the two levels of theory
or Chymotrypsinogen A, a factor of 0.9, is within the uncertainty
f the present calculations and suggests that the conformational
eorganization of the protein is probably not energetically rel-
vant for this system. In order to correct the linear response
imulations with the US/WHAM estimations of the protein – IEX
nteraction free energy the electrostatic component of the lin-
ar response PMF was rescaled by a factor of 1.2 for Lysozyme
nd 0.9 for Chymotrypsinogen A. The standard deviation of the
HAM PMF, calculated as suggested by Zhu and Hummer [53],

s about 4 kJ/mol for both proteins, indicating that this is the
evel of uncertainty of the present simulations for what concerns
he WHAM protocol. Finally, it is interesting to observe that the
ifference in the PMF shapes computed using WHAM and the

inear response approach for Chymotrypsinogen, most notably
he plateau of the WHAM PMF between 38 and 45 Å, is deter-

ined by a macroscopic rotation of the protein that optimizes its

nteraction energy as the distance between the COM is forced to
ncrease.
rescaling the electrostatic component of the linear response PMF using a factor of
1.2 for Lysozyme and 0.9 for Chymotrypsinogen A to fit the WHAM profile (line with
squares).

3.4. Retention factor: prediction and comparison with
experiments

The retention factor kI can be calculated from the free energy
�G(pH,I,�) as a function of pH and ionic strength through Eq. (12).
The kI factors determined for Lysozyme and Chymotrypsinogen A
are reported and compared with experimental data in Figs. 7 and 8,
respectively. As it can be observed, the model predictions, obtained
using the linear response model and rescaled over the WHAM
PMF, are in good qualitative and quantitative agreement with
the experimental retention factors determined as a function of
pH and ionic strength for both proteins, in particular consider-
ing that no fitting parameter was used. One noteworthy aspect is
that the linear response free energies of all the simulations where
nization on the IEX surface a constant fraction of the minimum
interaction free energy is a reasonable approximation. These results



Fig. 7. kI retention factor calculated (continuous line) and measured experimentally (points) for Lysozyme at pH 4, 4.5, 5, 5.5, and 6.

Fig. 8. kI retention factor calculated (continuous line) and measured experimentally (points) for Chymotrypsinogen A at pH 4, 4.5, 5, and 6.
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Fig. 10. Upper and lower limits (dashed lines) for the kI retention factor calculated
ig. 9. Breakdown of the contributions to the interaction free energy between
ysozyme and the IEX surface computed at pH4 for a ionic strength of 0.4 mol/L
s a function of the distance between the protein-IEX surface centers of mass.

an be interpreted considering the breakdown of the total inter-
ction free energy �G(pH,I,�) between protein and surface into
hree different contributions: electrostatic at the minimum energy
onformation (�Gcharge(�min, �min �)), van der Waals, and con-
ormational (−RT lnQ2D

rot (�)/Q2D
rot (∞)). The three contributions to

G(pH,I,�) calculated for Lysozyme at a pH of 4 and for a salt con-
entration of 0.5 mol/L are compared in Fig. 9 as a function of the
istance between the IEX and protein COMs. Qualitatively similar
esults are obtained for Chymotrypsinogen A and for different pHs
nd ionic strengths.

The data of Fig. 9 show that, as expected, the interaction free
nergy is dominated by the electrostatic component, though van
er Waals and conformational contributions can be quite impor-
ant, especially at short distances between protein and surface.

The conformational free energy, which can also be interpreted
s rotational entropy, contributes positively to the interaction free
nergy, thus decreasing the extent of the interaction, as in the
dsorbed state the mobility of the protein is significantly limited
ith respect to the free state, where the rotational motion is unhin-
ered. In order to account for the effect that the uncertainty in the
stimation of the free energy discussed in Section 3.3 has on the cal-
ulated retention factor the retention factors for Lysozyme at pH
are computed increasing and decreasing the global interaction

ree energy by 4 kJ/mol, which is a reasonable uncertainty factor
or the present calculations. The retention factor calculated with-
ut rescaling the interaction free energy of Lysozyme is reported
s well to highlight the importance of accounting properly for the
rotein structural reorganization (Fig. 10).

.5. Comparison between molecular and semiempirical models

In order to compare the predictive capabilities of semiempiri-
al models with those of the two molecular models here used the

xperimental retention factors were fitted employing the analyt-
cal model recently proposed by Guelat et al. [21] This analytical

odel is based on the fundamental assumption of considering the
rotein as a spherical colloidal particle interacting with a charged
for Lysozyme at pH 4 increasing and decreasing the minimum interaction free energy
by the standard deviation of the WHAM simulations (4 kJ kcal mol).

plane. However representing a protein that possesses an inherently
heterogeneous charges distribution with a homogeneously charged
spherical colloid introduces a level of simplification that requires
further verification.

The model implementation requires the estimation of several
parameters, some of which can be determined from known phys-
ical properties while two, the density of positively and negatively
charged protein groups, must be fitted either over experimen-
tal data or over the calculated retention factors. The main model
parameters, their values, and their origin are summarized in Table
S1 while the values of the fitted parameters and the extrapo-
lated number of charged residues are reported in Tables S2 and
S3, respectively. Due to the heterogeneous distribution of charged
groups on the protein surface, their surface densities cannot be pre-
dicted directly from the protein amino acid sequences. Therefore,
these parameters are fitted on the experimental retention factors
following the same procedure described in Guelat et al. [21]. The
experimental and fitted retention factors for Lysozyme and Chy-
motrypsinogen A on YMC BioPro SP-F are shown in Fig. 11. For
both proteins, the fitted parameters (Table S3) are only in a semi-
quantitative agreement with those determined from the amino acid
sequence. Even though the absolute numbers may be influenced by
the many simplifications of the model (homogenous charge den-
sities, spherical protein, etc.), the relative amount of each type of
groups suggests the existence of a preferred interaction orientation
for both proteins, similarly to what found in the molecular compu-
tations. An indirect indication that this may be the case comes from
the observation that, in the case of Lysozyme, the ratio between car-
boxyl and amino groups in the amino acid sequence is 0.53, roughly
corresponding to the global balance between negative and posi-
tive patches on the whole protein surface. This ratio is however
only 0.38 for the semiempirical model. The underestimation of the
ratio between negatively and positively charged groups indicates
that the semiempirical model, which is based on the hypothesis
that charges are homogeneously distributed on the protein sur-
face, needs to fictitiously increase the positive charge of the protein
in order to fit adequately the protein-IEX interaction energy as it
is unable to account for the fact that, in reality, charged groups
are distributed in patches. For Chymotrypsinogen A, the ratio
between carboxyl and amino groups computed using the amino

acid sequence is 0.71. However, for the semiempirical model, this
ratio decreases to 0.37, which is very similar to Lysozyme. Also in
this case a similar explanation to what found for Lysozyme applies.



Fig. 11. Retention factor of Lysozyme (upper panel) and Chymotrypsinogen A (lower
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anel) on YMC BioPro SP-F as a function of the ionic strength of the buffer at pH 4,
.5, 5, 5.5 and 6 (from right to left). Markers: experimental data; solid lines: fitted
ata.

Despite the shortcomings discussed above, the semiempirical
odel is able to fit well the experimental data reported in Fig. 11.

his indicates that, after a selected set of protein retention factors
as been computed using the more physically consistent mod-
ls previously discussed and used to fit the semiempirical model
arameters, retention factors can be predicted using the semiem-
irical model in a wider range of operative conditions at essentially
o computational cost retaining a high level of accuracy.

As discussed at length, electrostatic interactions are dominating
he adsorption energetics. In order to further compare the insight
btained from molecular modeling with the available experimen-
al information a Stoichiometric Displacement Model (SDM) has
een used to infer the effective number of protein charged groups

nteracting with the stationary phase. Details of the SDM have been
eported in paragraph S6 of the SI. In the case of Lysozyme the SDM
ffective charge ranges from 7.25 (pH 6) to 9.25 (pH 4), while for
hymotrypsinogen A it adopts values in the interval between 5.65

pH 6) and 8.82 (pH 4). For both proteins the effective charge is
ower than the net charge of the protein in the same pH range.
his observation is consistent with the existence of patches on the
rotein surface that are responsible for the interaction with the
stationary phase. It is also interesting to notice that the number
of charged groups belonging to those patches, identified through
the analysis of the energy contour maps reported in Fig. 4, is of
the same order of magnitude of the charges computed via SDM.
In the case of Lysozyme, five residues (Lys 1, Arg 5, Lys 33, Arg
125, and Arg 128) have been identified as the constituents of a
positively charged patch conferring a very localized nature to the
protein–surface interaction. The comparison with the SDM results
suggests that such localized patch is responsible for more than half
of the effective charge, while the remaining half is probably due to
smaller neighboring charged patches, characterizing the surface of
the protein (Fig. S4a). In the case Chymotrypsinogen A, as shown in
Fig. 4, the interaction is much less localized. In this case the largest
interacting patch is spread on the protein surface (Fig. S4b) and is
constituted by seven residues (Lys 36, Lys 90, Lys 93, Lys 84 Lys
87, Lys 107, and Lys 82), approximately accounting for the whole
effective charge fitted through the SDM.

4. Conclusions

The purpose of the present work was to develop a molecular
modeling approach that could be used to perform a priori estimates
of protein retention factors for IEX materials in a wide range of con-
ditions. It was found that the combination of MD simulations with
a linear response model is able to describe well the dependence of
the protein retention factor as a function of pH and ionic strength
for the two proteins considered in this study: Chymotrypsinogen
A and Lysozyme. The proposed model rests on two pillars. The first
is the accurate determination of the interaction free energies using
explicit MD simulations and the WHAM protocol at a specific pH
and ionic strength. The second consists in the estimation of the
change of the interaction free energy over pH and ionic strength
treating the solvent implicitly and integrating the PBE using atomic
charges for the proteins averaged over the possible protonation
states. Notably, the conformational sampling and the study of the
effect of the environment are performed using the implicit model,
which allows saving considerable computational time. Also, it was
found that the model computational efficiency may be increased
if a semiempirical model is added to the computational protocol,
provided that sufficient data, theoretical or experimental, are
available to determine the model parameters.

The results of the molecular simulations provide some interest-
ing insights into the investigated systems. It was in fact found that
the interaction energy strongly depends on the orientation of the
proteins relatively to the IEX surface. This is due to the fact that the
protein surface charge density, which is heterogeneously spread on
the surface and organized in patches, plays a major role in deter-
mining the interaction energy. Also, it was found that including
in the model the effect of the structural relaxation of the protein
as it approaches the surface is in one case important (Lysozyme),
and in the other almost negligible (Chymotrypsinogen A). The dif-
ferent behavior may be due to the fact that Lysozyme exhibits a
significantly higher density of charged residues on its surface than
Chymotrypsinogen A. Also, the present study allows probably for
the first time to quantify the effect that the consideration of the con-
formational rotational sampling has on the estimation of the inter-
action free energy between protein and surface. It was thus found
that the loss of the rotational mobility of the protein in the adsorbed
state decreases the interaction free energy by about 5 kJ/mol.

Finally, it should be observed that the IEX surface investigated
in the present study is quite simple. While this was instrumental

in the present work, which was focused on testing the reliability of
the proposed computational approach, it would be interesting in
a successive study to investigate whether the proposed approach
may be suitable to study more complex IEX surfaces.
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ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version.
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