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Molecular dynamics simulation and experimental validation of the effect of pH
on protein desorption in hydrophobic charge induction chromatography

Lin Zhang, Guofeng Zhao and Yan Sun*

Department of Biochemical Engineering, School of Chemical Engineering and Technology, Tianjin University, Tianjin 300072,
P.R. China

(Received 28 February 2010; final version received 2 July 2010)

The ligands in hydrophobic charge induction chromatography (HCIC) are hydrophobic and ionisable. Thus, the pH is crucial
for the separation performance in HCIC, especially for elution. However, it is difficult to obtain the microscopic information
in HCIC through experimental means. In this work, molecular dynamics simulations are performed to examine the effect of
pH on elution and protein conformational transition in HCIC, using a 46-bead b-barrel coarse-grained model protein and an
HCIC adsorbent pore model constructed in an earlier work. Corresponding experiments are carried out for the validation of
simulation results, using lysozyme and MEP Hypercel. Both the activities and fluorescence of lysozyme are examined to
evaluate the conformational transition. The simulations indicate that the elution efficiency of protein increases with
decreasing pH value in a non-linear manner. This is qualitatively consistent with the experimental results. MD simulations
indicate that protein unfolding occurs in elution at all pH values. However, the experimental data show that the activity and
conformation of lysozyme is independent of pH of the elution buffer. The microscopic information from simulation shows
that protein unfolding is mainly observed on the adsorbent surface, but it cannot be detected in the experiments that only
probe the proteins in the bulk liquid.

Keywords: molecular dynamics simulation; hydrophobic charge induction chromatography; elution; lysozyme; protein
unfolding

Nomenclature

B stably bound state of protein
d the minimum distance between the protein and ligands
D dissociated state of protein
E inter-molecular interaction energy between the protein

and ligands
f mole fraction
M intermediate state of protein
MT total number of trajectories
N native state of protein
PD,sim the desorption probability from simulation
PD,exp the elution efficiency in experiment
Rg radius of gyration of protein
U unfolded state of protein
x structural overlap function

1. Introduction

Hydrophobic charge induction chromatography (HCIC) is

an improved mode of hydrophobic interaction chromatog-

raphy (HIC) firstly proposed by Burton and Harding [1]. Its

ligands contain both hydrophobic and ionisable groups. As

with HIC, protein can be adsorbed onto the ligands at

neutral pH by hydrophobic interactions. The elution is,

however, different from HIC. In HIC, elution is promoted

by reducing salt concentration, while in HCIC, elution is

promoted by electrostatic repulsion. By appropriately

reducing the pH of the mobile phase below the pKa of

ligands and the isoelectric point of protein, both the ligands

and protein can carry positive charges to obtain complete

desorption of captured proteins. HCIC has many

advantages, such as moderate operation condition, high

adsorption capacity and easy elution of bound protein. Its

separation performance has been verified on antibodies

[1–7] and various other proteins [4,8–11]. The research on

HCIC behaviours is important for bioseparation, and thus

for the downstream processes of recombinant proteins.

As mentioned above, the pH of the mobile phase is

very important for the adsorption and elution in HCIC. At

neutral pH, ligands can attract the protein by hydrophobic

interaction. After properly reducing the pH, ligands can

repulse away the protein by electrostatic repulsion.

Therefore, different pH of the mobile phase changes the

driving force between the protein and ligands, and then

promotes adsorption or desorption. Moreover, protein

conformation and its activity may be dependent on the pH.

So, the effect of pH in HCIC should be elucidated,

especially, for the elution and conformational transition.

However, it is difficult to examine the micro-process in the

adsorbent pores experimentally. The understanding about

protein adsorption, elution and conformational transition

within the adsorbent pores is far from adequate.
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Molecular dynamics simulation focuses on small scales

of time and space [12]. It can provide the details at the

molecular level, and has been successfully utilised to

investigate the adsorption phenomena and related chroma-

tographic processes [13–20], as well as the protein

conformational transition [21–23]. In previous simulations

[24], a coarse-grained adsorbent pore model has been

proposed to explore the molecular insight into the protein

conformational transition within adsorbent pores. In the

present study, the charge number carried in the ligands is

adjusted to simulate different pH of the mobile phase.

The effect of pH is then investigated by molecular dynamics

simulations, using a 46-beadb-barrel coarse-grained model

protein within the pores at various pH values (3–7).

The elution efficiency and native fraction of the protein are

calculated from the simulation results. After that, finite

batch adsorption experiments are performed using lyso-

zyme and a commercial HCIC adsorbent, MEP (4-mercap-

toethylpyridine) Hypercel, for the validation of the

simulation results. The adsorbent with adsorbed lysozyme

is incubated in the elution buffer of different pH values, and

then the elution efficiency is calculated as a function of pH.

The protein conformational transition is evaluated by

activity assay and fluorescence analysis. The effect of pH in

HCIC is elucidated based on both the simulation and

experimental results, which would be beneficial to the

parameter optimisation for high-performance HCIC.

2. Model and simulation method

2.1 Protein model

The 46-bead b-barrel coarse-grained model protein [25]

was used in the simulation. In this simplified mode, all

residues are treated as spherical beads of equal size,

connected by covalent bonds, with a bond length of

0.38 nm. The side chains are not explicitly considered. This

model protein contains 46 beads which are divided into

three groups and denoted as hydrophobic (H), hydrophilic

(P) and neutral (N). The sequence is H9N3(PH)4N3H9N3(-

PH)5P. The native structure of the model protein was

obtained by the simulated annealing method. This model

protein has both the hydrophobic core and exposed

hydrophilic residues on the surface, and maintains its native

structure by intra-molecular hydrophobic interaction.

Therefore, this model protein can simulate the common

properties of protein molecules. It has been extensively used

to simulate the actual protein molecules in molecular

simulations of protein folding [26,27] and aggregation

[28,29]. A charged state of this model protein was also

defined, as described in an earlier work [24], to simulate the

protein in desorption. In the charged state, all hydrophilic

beads (P) carry charge þ0.4 and are, thus, included in the

calculation of Coulomb potential energy. It was verified by

the simulated annealing method that the model protein

retained its native structure in the charged state, but has a

flatter conformation (data not shown). The details of the

model protein are described in the Supplementary Material,

available online.

2.2 HCIC adsorbent pore model

The coarse-grained ligand model consists of two

hydrophobic beads, H1 and H2, and a hydrophobic

chargeable bead, HQ, at the end. It was constructed to

simulate MEP (pKa 4.85). The details of the ligand model

are described in the Supporting Information. The ligands

were then immobilised on the interior surface of a cylinder

with infinite length to simulate the HCIC adsorbent pore.

The average ligand density on the pore surface was

2.212mmol/m2 in the present study. The charge number on

bead HQ was calculated from Equation (1) to simulate the

change of pH of the mobile phase. Herein, the charge

number was reduced by a factor of 0.4 to get stable

simulation, with the final values listed in Table 1.

Q ¼
10ðpKa2pHÞ

1þ 10ðpKa2pHÞ
; ð1Þ

where Q is the charge number; pKa is the pH when 50% of

the ligands are charged.

2.3 Simulation methods

The Langevin dynamics and NVT ensemble were

performed to examine the protein conformational tran-

sition within the HCIC adsorbent pore, according to the

procedure proposed in a previous work [24]. Gromacs

3.3.3 [30,31] was used as the platform. Simulation box was

prepared as previous simulations [24]. MD simulations of

100 ns were then performed to obtain 25 stably bound

conformations of model proteins. This set of structures was

used for 50 ns simulations of desorption at different pH

values. Starting from the stably bound state, the charge on

hydrophilic beads in protein was adjusted to þ0.4, and the

charge on bead HQ in ligands was adjusted to the number

listed in Table 1 to promote the desorption process. All

snapshots were prepared using the Rasmol program [32].

Two key parameters were calculated during the

courses of simulations: the protein’s radius of gyration

(Rg) and the structural overlap function (x), as described in

Table 1. Charge number of bead HQ in ligands at various pH
values of the mobile phase.

pH Charge number

3.00 0.394
4.00 0.350
5.00 0.166
6.00 0.026
7.00 0.003
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the previous studies [33,34]. Protein conformation was

then quantitatively distinguished by these two parameters,

including the native (N), intermediate (M) and unfolded

(U) states defined by Formula (S4) of the Supplementary

Material, available online. The molar fraction was denoted

as f. For instance, fU was the fraction of the unfolded state.

To examine the adsorption behaviour of the protein, the

stable adsorption state (B) and desorption state (D) were

defined by Formula (S6). Then, the desorption probability

from simulation PD,sim was defined by

PD;sim ¼
1

MT

XMT

i¼1

tDi

tsim
; ð2Þ

where MT is the total number of trajectories; tDi is the

desorption lifetime in each trajectory; and tsim is the total

simulation time.

More details are given in the Supplementary Material,

available online.

3. Experiments

3.1 Materials

Hen egg white lysozyme (14.3 kDa, pI 11.1) and

Micrococcus lysodeikticus were purchased from Sigma (St

Louis, MO, USA). Trishydroxymethylaminomethane (Tris)

was from Promega (Fitchburg, WI, USA). MEP Hypercel

was received from Pall Life Sciences (New York, USA). All

other reagents were of analytical grade from local sources.

3.2 Adsorption

Lysozyme adsorption to MEP Hypercel was performed by

finite batch adsorption experiments at pH 7.10. MEP

Hypercel was washed with deionised water, followed by

pre-equilibration in 0.01 mol/l Tris–HCl buffer (pH 7.10)

plus 0.01 mol/l NaCl (buffer A). It was then filtered on a G3

sintered glass funnel. The density of MEP Hypercel was

determined to be 1.072 ^ 0.006 g/ml by a pycnometer.

After pre-equilibration, 0.1 g of the wet adsorbent and

5.0 ml buffer A containing 2.0 mg/ml protein were added

into 50 ml Erlenmeyer flasks, followed by shaking for 24 h

in a water bath at 258C. The solutions in the flasks were then

centrifuged at 4000 rpm for 10 min. The protein concen-

tration in the supernatant was determined by a UV–vis

spectrometer at 280 nm (Perkin-Elmer, Shelton, CT, USA).

The amount of the adsorbed protein on the adsorbent was

then calculated by mass balance:

q ¼
ðc0 2 cÞ £ VL

VS

; ð3Þ

where q and c are the equilibrium concentrations of the

protein in the solid and liquid phase, respectively; c0 is the

initial protein concentration in the liquid phase; VS and VL

are the volume of the solid phase and the liquid phase,

respectively.

3.3 Elution

The adsorbent with adsorbed protein obtained above was

incubated in the elution buffer for elution. The elution

buffer used in the present study was 0.05 mol/l citric acid–

disodium hydrogen phosphate buffers of pH 3.0, 4.0, 5.0,

6.0 and 7.0. Similar to the procedure in adsorption, 0.1 g of

the wet adsorbent and 5.0 ml elution buffer were added

into 50 ml Erlenmeyer flasks, followed by shaking for 24 h

in a water bath at 258C. The solutions in the flasks were

then centrifuged at 4000 rpm for 10 min. The protein

concentration in the supernatant was also determined by

UV absorbance at 280 nm. The elution efficiency PD,exp

was then calculated by:

PD;exp ¼
c £ VL

q £ VS

: ð4Þ

Two parallel elution experiments were carried out, and

the average elution efficiency value was used.

3.4 Lysozyme activity assay

Lysozyme activity was examined using M. lysodeikticus as

the substrate dispersed in 0.1mol/l sodiumphosphate buffer

(pH 6.24) at a concentration of 0.25mg/ml [35]. The assay

volume was 1.5ml containing a 0.25ml protein sample.

Lysozyme samples were diluted to around 0.01mg/ml prior

to the assay. The decrease in the absorbance of the mixed

solution at 450 nmwas then recorded during thefirst 1.5min

at a frequency of 15 s. The relative activity of a sample was

expressed in percentage of activitywith respect to that of the

native lysozyme measured at the same condition. Each

sample was measured three times and the average of the

three results was used.

3.5 Fluorescence spectroscopy

Fluorescence spectrum of lysozyme was obtained by

exciting the protein solution at 280 nm and recording the

emission spectra from 300 to 500 nm using a LS55

luminescence spectrometer (Perkin-Elmer). Each sample

was measured three times and the average of the three

results was used for analysis. The peak value and position

of emission spectra were analysed to evaluate the

compactness of the protein tertiary structure. The ratio of

fluorescence emission intensity at 340 nm to that at

350 nm, denoted as F340/F350, is calculated to evaluate the

fraction of native lysozyme in a sample [36,37].

4. Results and discussion

4.1 Elution efficiency

Elution efficiency is a key parameter to evaluate the

recovery in HCIC. Herein, desorption probability,PD,sim, is

L. Zhang et al.1098
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calculated from the simulation results at all pH values, as

shown by the red line in Figure 1, where the error bars

indicate the standard deviations of 25 independent

simulations (colour online).

It can be seen thatPD,sim decreases with increasing pH in

a non-linear manner. A mild decrease is observed at pH

ranges of 3.0–4.0 and 6.0–7.0, while a sharp decrease is

observed around pH 5.0. The analysis on the protein–ligand

interaction provides a reasonable elucidation. The dominant

driving force is electrostatic repulsion between the protein

and ligands at low pH, leading to stable desorption. At

neutral pH, however, the dominant driving force shifts to

hydrophobic interaction, leading to stable adsorption.

However, around pH 5.0, there is a balance between the

electrostatic repulsion and the hydrophobic adsorption,

leading to an unstable state of the protein between adsorption

and desorption. This is indicated by the large error bar.

Experiments were performed for validation of the

simulation results. The elution efficiency PD,exp was

calculated and is shown by the blue line in Figure 1 (colour

online). The error bars indicate the standard deviations

between two parallel experiments. Because it is difficult to

find an actual protein with a b-barrel structure (structure

model of the protein used in simulations) for the

experiment, lysozyme is chosen as the model protein

instead.

Figure 1 shows that the simulation and experimental

results are qualitatively consistent, indicating the

reliability of simulation results. Although the protein

used in simulation is an idealised model with a different

structure from lysozyme, it has both the hydrophobic core

and exposed hydrophilic residues on the surface. This is

the common properties of protein molecules also revealed

in lysozyme. Moreover, because the elution is driven by

the strong repulsion between the protein and ligands, the

parameter set used in the present study can simulate the

inter-molecular interaction correctly and, thus, gives

qualitatively consistent results. PD,exp decreases with

increasing pH, indicating that low pH is favourable for

elution. Most of the captured lysozyme in MEP Hypercel

can be dissociated at pH , 5.0. The elution efficiency goes

up to 90% at pH 3.0. It should be noted that the elution

efficiency cannot reach 100% in the finite batch

experiment due to the protein partitioning between the

bulk liquid phase and the adsorbent pores. For the same

reason, the elution efficiency cannot drop to 0 at a higher

pH value due to the moderate binding strength of lysozyme

to the adsorbent [38]. So, at pH 7.0, an elution efficiency as

high as 40% is observed. This is expected from the

adsorption isotherm at this pH value (data not shown).

4.2 Protein conformational transition

Protein conformational transition is crucial for the yield of

native protein and, thus, the quality of purification products.

As mentioned above, high elution efficiency is observed at

acidic conditions. However, the acidic pH is deviated from

the optimum pH of the protein, and the loss of protein

activity may occur. To evaluate the protein conformational

transition within the adsorbent pores, the protein fractions

of different states were calculated. The simulated native

fraction fN and unfolded fraction fU at all pH values are

shown in Figure 2(a), while the native yield determined

experimentally by enzymatic activity and fluorescence

assay are shown in Figure 2(b) and Table 2, respectively.

The simulation results show that fN is small at all pH

values, with a maximum of 28.1% at pH 3.0. This indicates

that the elution environment is harmful for the preservation

of the native protein conformation. Figure 2(a) also shows

that fN decreases and fU increases with increasing pH.

The fU reaches the maximum, 52.5%, at pH 6.0 and then

slightly decreases to 49.1% at pH 7.0.

However, Figure 2(b) reveals that the protein activity is

always larger than 100% and shows little difference at

different pH values. It can be seen that the error bars are

small except in pH 6.0, indicating good reproducibility of

the experimental data. The reference state in the present

study to calculate the specific activity is freshly prepared

commercial lysozyme purchased from Sigma

(purity $ 90% as given in the products catalogue). So, the

recovery of enzymatic activity higher than 100% may be due

to the presence of impurities and minor denatured proteins in

the commercial lysozyme sample. The impurities, for

example albumin, may remain adsorbed under the eluting

condition because it is an acidic protein (isoelectric point,

4.7). Meanwhile, the denatured protein may keep binding

in the elution due to its stronger hydrophobicity. Therefore,

the eluted lysozyme from the HCIC adsorbent is purified,

leading to higher enzymatic activity as compared with the

reference state. However, it should be noted that there is no
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Figure 1. Elution efficiency as a function of pH of the mobile
phase: (-B-) simulation and (-X-) experimental results. The error
bars in simulation results indicate the standard deviations of 25
independent simulations, while the error bars in experimental
results indicate the standard deviations of two parallel
experiments.
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significant difference of protein activity at different pH

values. It can then be concluded that protein activity is

independent of the pH of the elution buffer. To further verify

the results, the fluorescence data of the eluted protein

samples were examined and are shown in Table 2.

A red shift in the emission maximum is observed in

comparison with the native state (340.0 nm, determined

with the fresh native lysozyme). However, the shift value is

small and there is no remarkable difference at different pH

values. In addition, the ratio F340/F350 decreases with

increasing pH, but the extent is still very small. Therefore,

the experimental results indicate that the protein activity

and structure kept unchanged at the elution conditions with

different pH values. This difference between the simulation

and experimental results will be elucidated below.

4.3 Microscopic information of the elution process

The elution process is examined by the MD simulation to

provide microscopic information of the process within the

adsorbent pores. The dynamic trajectories and representa-

tive snapshots at various pH values are shown in

Figures 3–5, where the time courses of x, Rg, d and E

are shown in (a) and the snapshots at the time points

marked in (a) are shown in (b).

At the initial stage (0.74 ns) at pH 3.0, the coexisting

forces of hydrophobic adsorption on the hydrophobic

beads and electrostatic repulsion on the hydrophilic beads

of the protein lead to the extension of the protein structure,

indicated by the large x and Rg values. Because the

electrostatic repulsion (purple curve) is stronger than the

hydrophobic attraction (green curve), the protein moves

away from the ligands (colour online). At 15.44 ns,

transitory unfolding is observed. At 23.33 ns, both x and

Rg values decrease, indicating restoration of the native

structure by the intra-molecular hydrophobic interaction.

At 40.0 ns, the protein is parallel to the ligand surface, but

the chain rich in hydrophilic beads contacts with the

ligands, so the protein is repulsed away. At 46.44 ns, the

protein–ligand distance continues to increase. The protein

then keeps the state of completely dissociated state until

the end of the simulation. The elution process at pH 4.0 is

similar to that at pH 3.0 (data not shown).

At pH 5.0, however, the situation is somewhat

different (Figure 4). The initial stage shows no remarkable

differences from that at pH 3.0. At 40.0 ns, however, the

protein approaches the ligands and the hydrophobic beads

contact with the ligands. This is clearly indicated by the

remarkable increase in the hydrophobic interaction energy

(green curve, colour online). At the same time, electro-

static repulsion on the hydrophilic beads is observed,

leading to significant protein unfolding. After that, the

protein remains in the adsorbed state until the end of the

simulation.

At pH 6.0 (Figure 5), the trajectories show that the

hydrophobic interaction is always the dominant driving

force. Namely, the stably bound state is almost

maintained. At 0.74 ns, the protein is unfolded at the

adsorbed state. At 15.44 ns, the protein dissociates

from the ligands temporarily. However, because of the

presence of strong hydrophobic interaction, the protein

returns to the stably bound state at 23.33 ns, with the

hydrophobic patch stably bound on the ligands. Here,

the hydrophilic beads move to the bulk fluid due to the

electrostatic repulsion, leading to serious unfolding, as
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Figure 2. The protein fractions of different conformations in
simulation (a) and specific activity after elution in experiment (b).
The error bars have the same meaning as in Figure 1.

Table 2. Fluorescence analysis of lysozyme eluted at various
pH values of the mobile phase.

pH Peak value Peak position F340/F350

3.00 125.2 (5.2a) 343.5 (2.1) 0.872 (0.000)
4.00 119.4 (0.5) 344.0 (0.7) 0.874 (0.008)
5.00 134.5 (12.4) 342.8 (0.4) 0.866 (0.006)
6.00 163.0 (27.6) 343.8 (0.4) 0.865 (0.003)
7.00 188.7 (8.9) 344.3 (1.1) 0.857 (0.001)

a The number in parentheses indicates the standard deviation in duplicate
experiments.
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indicated by the large x and Rg values. At 40.0 ns, the

protein retains its native structure. However, unfolding is

observed once again at 46.44 ns.

At pH 7.0, because the ligand carries little charge,

protein–ligand electrostatic interaction energy is very

small (data not shown). The protein, thus, keeps bound on

the ligand surface, with serious unfolding.

Therefore, at neutral pH, the protein remains on the

ligand surface and, thus, suffers from serious unfolding.

For further verification, the distributions of the unfolded
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Figure 3. Desorption behaviour at pH 3.0. The time courses of
x, Rg, d and E in desorption trajectory are shown in (a), and the
corresponding snapshots at the time points marked in (a) are
shown in (b).
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Figure 4. Desorption behaviour at pH 5.0. The time courses of
x, Rg, d and E in desorption trajectory are shown in (a), and the
corresponding snapshots at the time points marked in (a) are
shown in (b).
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protein within the pore at all pH values are calculated and

shown in Figure 6.

At pH 3.0–5.0, an obvious peak of the unfolded

protein fraction at the protein–ligand distance 1.7 nm

(bulk liquid phase) is observed. At pH 6.0 and 7.0,

however, the peak in the bulk liquid disappears, and only a

peak on the ligand surface is observed. The peak value on

the ligand surface increases with the pH of the mobile

phase. Therefore, at low pH, most of the unfolded proteins

exist in the bulk liquid, which is caused by the long-range

electrostatic interaction. At neutral pH, protein unfolding

mainly occurs on the adsorbent surface due to the presence

of simultaneous hydrophobic attraction and electrostatic

repulsion from the ligands.

It is then concluded that the difference between the

simulation and experimental results is caused by different

locations of the detected protein. In the experiment, both

the enzymatic and fluorescence assay can only detect the

protein in the bulk liquid. However, most of the protein

unfolding occurs on the ligand surface or its vicinity, as

has been revealed by the simulations (Figure 6). Thus,

different positions for examination result in the deviation

about the protein conformational transition between the

simulation and experimental results.

5. Conclusions

Molecular dynamics simulation was performed to investi-

gate the effect of pH on elution efficiency and

conformational transition of a 46-bead b-barrel coarse-

grained model protein within an HCIC coarse-grained

adsorbent pore. The elution of lysozyme in MEP Hypercel

was also conducted to examine the elution efficiency

and preservation of protein activity at various pH values.

The simulations show that elution efficiency decreases with

increasing pH in a non-linear manner, which is qualitatively

consistent with the experimental results. Large fluctuations

are observed around pH 5.0 due to the balance between the

electrostatic repulsion and the hydrophobic attraction.

Protein conformational transition shows that at low pH,

the protein is dissociated quickly due to strong electrostatic

repulsion, and only a small fraction of the protein is

unfolded. At neutral pH, the protein keeps bound on the

ligand surface, and the simultaneous hydrophobic attraction

and electrostatic repulsion causes serious protein unfolding.

However, this is different from the experimental results,

where the activity and fluorescence spectra of lysozyme are
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Figure 5. Desorption behaviour at pH 6.0. The time courses of
x, Rg, d and E in desorption trajectory are shown in (a), and the
corresponding snapshots at the time points marked in (a) are
shown in (b).
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Figure 6. Unfolded protein distributions within the adsorbent
pore in desorption at various pH values. Peak values are provided
in the inset with coloured numbers (colour online).
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independent of pH. This difference has been explained by

the difference in sample positions for examination. That is,

only the protein in the bulk liquid can be detected in the

experiments. Therefore, the effect of pH in HCIC has been

elucidated based on both the simulation and experimental

results. It would be beneficial to the parameter optimisation

for high-performance HCIC.
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