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The application of ion-exchange (IEX) chromatography to protein refolding (IEXR) has been successfully
proven, as supported by various studies using different model proteins, ion-exchange media and flow
configurations. lon-exchange refolding offers a relatively high degree of process intensification, repre-
sented by the possibility of performing protein refolding, product purification and product concentration,
in one unit operation. Besides its high degree of process intensification, IExR offers an additional set of
key advantages including: spatial isolation of the bound protein molecules and the controllable change
in chemical composition using gradients. Despite of the acknowledgement of the former advantages, the
lack of mechanistic understanding on how they influence the process performance of the ion-exchange
refolding reactor, limits the ability to exploit them in order to optimize the performance of the unit.
This paper presents a quantitative analysis that assesses the effect that the spatial isolation and the urea
gradient, have on the IExR performance, judged on the basis of the refolding yield (Yy) and the fractional
mass recovery (fprot.rec )- Additionally, this work discusses the effect of the protein load, the protein load-
ing state (i.e., native, denatured, denatured and reduced (D&R)) and the adsorbent type on fprotrec. The
presented work shows: (1) that the protein load has a direct effect on fprotrec, and the magnitude of this
effect depends on the loading state of the protein solution and the adsorbent type; (2) that irrespectively
of the type of adsorbent used, the saturation capacity of a denatured protein is less than the native protein
and that this difference can be linked to differences in accessible binding surface area; (3) that there is
a clear correlation between fractional surface coverage (6) and fprot rec, indicating that the former could
serve as a good descriptor to assess spatial isolation, and (4) that the urea gradient has a direct link with
the variations on the refolding yield, and this link can be quantitatively estimated using as descriptor
the urea gradient slope (£). Overall, the information provided in this paper aims at the eventual develop-
ment of rational design or selection strategies of ion-exchange media for the satisfactory and successful
refolding of a target protein.
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1. Introduction

Developments attained in recombinant DNA technology have
significantly changed the way valuable proteins are produced
today. Proteins that used to be purified from human fluids, ani-
mal or plant tissue can now be produced in large quantities using
for example Escherichia coli (E. coli). As an expression system E. coli
offers several advantages including (1) its molecular genetics are
well understood, meaning that its genome can be modified with
ease; (2) relatively inexpensive culturing procedures and (3) high
fermentation yields [1-3]. One important limitation of this expres-
sion system though, is that the over expression of certain gene
sequences leads to the accumulation of the product in an inac-
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tive, insoluble aggregate known as inclusion body (IB). To obtain
the soluble and bio-active (native) product, two process steps are
required and these are (1) inclusion bodies (IBs) solubilization
and (2) protein refolding. IBs solubilization is usually done using
a solution containing chaotropes (e.g., urea, guanidine hydrochlo-
ride), reducing agents (e.g., dithiothreitol, 3-mercaptoethanol, etc.)
and alkaline pH. This cocktail disrupts the intermolecular interac-
tions holding the aggregated protein, releasing the product in a
denatured and reduced (D&R) soluble form. Optimal solubilization
conditions should provide maximum protein solubility, minimiz-
ing the fraction of soluble aggregates formed and maximizing
the fraction of soluble denatured and reduced monomer product
[4-7]. Protein refolding is achieved by decreasing the concentra-
tion of chaotropes and reducing agents in the concentrated protein
solution, allowing the soluble protein to refold and to form its disul-
phide bonds. This change in chemical composition is basically a
buffer exchange step that can either be attained by direct dilution
or using liquid chromatography (chromatographic refolding).
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Chromatographic protein refolding offers a relatively high
degree of process intensification, represented by the possibili-
ties of performing: (a) protein refolding, (b) a controllable change
in chemical composition, attained using gradients, (c) prod-
uct purification and (d) product concentration, in one single
unit operation. Chromatographic refolding has been successfully
conducted using hydrophobic interaction chromatography (HIC)
[8-10], size-exclusion chromatography (SEC) [11,12], immobilized
metal affinity chromatography (IMAC) [13,14], and ion-exchange
chromatography (IEX) [15-17].

Ion-exchange refolding (IExR) was probably first reported by
Creighton [17], who showed that (1) a urea denatured protein could
be reversibly bound to an ion-exchange resin, (2) the denaturant
(i.e.urea) could be removed using a gradient, while keeping the pro-
tein bound inducing refolding and disulfide bond formation and (3)
using a salt gradient, the refolded bound protein could be eluted,
obtaining it in a relatively pure denaturant free fraction. Ever since,
IEXR has gained interest in the scientific community most likely
due toreasons such as: (1) ion-exchange chromatography is widely
used as a purification unit in the biopharmaceutical industry, thus
IEXR could be easily implemented into current processes; (2) com-
pared to SEC, IEX chromatography offers high loading capacities
and the possibility to concentrate the product during elution, using
a salt gradient; (3) compared to HIC, the urea denatured protein
can be easily bound to the IEX resin at relatively low salt concen-
trations, which is certainly not the case for HIC refolding and (4)
protein-protein interactions are presumably mitigated as a result
of the spatial isolation obtained upon the binding of the protein
to the IEX resin, decreasing protein aggregation, positively affect-
ing the refolding yield. The approach presented by Creighton has
been, through the years, modified to include for example a con-
comitant pH, urea and salt gradient that has successfully been
applied to refold lysozyme on a cation-exchanger [18,19] and iron
superoxide dismutase (Fe-SOD) on an anion-exchanger [20]. More
recently, using a no-flow incubation period IEXR has successfully
been applied to refold bovine serum albumin (BSA) [15] and a-
fetoprotein (AFP) [21], demonstrating that [ExR is well suitable to
refold relatively complex proteins, as the latter two examples have
16 and 17 disulfide bonds, respectively. Despite the proven versatil-
ity of [IEXR, represented by its successful application to the refolding
of a range of proteins (e.g., lysozyme, BSA, Fe-SOD) using differ-
ent flow configurations (e.g., single gradient, dual gradient, no-flow
incubation), the contributions of its key advantages (the spatial iso-
lation of the bound protein molecules and the controlled change in
chemical composition) to the unit’s performance have not yet been
quantitatively assessed.

This paper presents a quantitative analysis that assesses the
effect of the fractional surface coverage (), the slope of the urea
gradient (£) and the load of denatured and reduced protein on the
performance of IEXR, judged on the basis of refolding yield (Yy)
and fractional mass recovery (fprot rec)- Additionally, this study also
discusses the effect of the resin backbone and the influence of the
spacer length. Fractional surface coverage and the slope of the urea
gradient quantitatively describe the degree of spatial isolation and
urea gradient, respectively. Accordingly, these variables provide
the possibility to assess the contribution of these key advantages to
the unit’s performance and to determine whether their contribu-
tion is positive or adverse. As distinct from the approach presented
by Li et al. [18-20] the flow configuration used in this study, decou-
ples the salt and the denaturant gradient, allowing the independent
study of the effect of the chaotrope gradient. Our results show: (1)
the strong correlation between fprot rec and fractional surface cov-
erage and how this correlation is influenced by the loading state
of the protein (e.g., native, denatured, denatured and reduced) and
the backbone of the adsorbent; (2) the effect that the mass loaded
of denatured and reduced (D&R) protein has on Yy and fprot Rec, and

how the loading state of the protein affects the magnitude of this
effect; and (3) the effect of slope of the urea gradient (£) on Yy and

f Prot,Rec-

2. Materials and methods
2.1. Materials

Two model proteins were used in this study. The first was a
fusion protein (FP) that has 117 amino acids, a molecular weight of
12,710 gmol !, three disulfide bonds, no free cysteines and a theo-
retical isoelectric point (pI) of 7.64 (based on its primary sequence).
The protein was obtained in the form of inclusion bodies and
was provided by Shering-Plough (Oss, the Netherlands). Based on
its isoelectric point this model protein was used for the anion-
exchange refolding experiments. The second model protein was
lysozyme, purchased as L6876 from Sigma-Aldrich (Zwijndrecht,
The Netherlands). Lysozyme has 129 amino acids, a molecular
weight of 14,307 g mol~1[22], four disulfide bonds [23], no free cys-
teines and a theoretical isoelectric point of 11.35 [24]. Based on its
pl this model protein was used for the cation-exchange refolding
experiments.

All the columns used for the ion-exchange refolding experi-
ments were pre-packed columns, with a packed bed volume (V)
of 1ml and were purchased from GE-Healthcare (Uppsala, Swe-
den), these columns were: RESOURCE Q (Vc=1ml), RESOURCE
15S (Vc=1ml), Hi-Trap SPFF and Hi-Trap SPXL. The SOURCE
ion-exchange media is based on porous particles made from
polystyrene-divinyl benzene (PS-DVB) and substituted with qua-
ternary ammonium (Q) or methyl sulfonate (S) groups, attached to
the matrix via hydrophilic spacer arms following the hydrophiliza-
tion of the polymeric base matrix. Hydrophilization of PS/DVB
and acrylic polymers, may be obtained by grafting a hydrophilic
oligomer of polymer to pendant vinyl groups located on the particle
surface [25]. The Hi-Trap columns are packed with Sepharose Fast
Flow (FF) media and Sepharose XL media. The Sepharose FF media
is made of particles with a macroporous gel structure, with a neu-
tral hydrophilicity, based on chains of agarose that are arranged in
bundles [26]. The matrix is made of 6% agarose, highly cross-linked.
Sepharose XL mediais based on the same structure as the Sepharose
FF media, however for this media the ionic ligands are bound to a
long, approximately 40 kDa in molecular size [27], dextran chain
grafted onto the agarose matrix prior to its functionalization, result-
ing in the functionalization of both the agarose matrix and the
dextran chain [27].

Analytical size-exclusion of the fractions collected during
the IExR experiments, was done using a Superdex 75 10/300
pre-packed gel filtration column, purchased from GE-Healthcare
(Uppsala, Sweden). All chromatographic separations were per-
formed on an AKTA explorer 10 equipped with the UNICORN
software version 5.01 from GE Healthcare (Uppsala, Sweden).

All chemicals used were at least reagent grade purity or higher.
Urea, DL-Dithiothreitol (DTT) and Guanidine-HCL (GuHCL) were
purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands).
Sodium hydrogen carbonate, sodium hydroxide, sodium chloride
and tris-(hydroxymethyl)-aminomethane (Tris) were purchased
from JT.Baker (Deventer, The Netherlands). Acetone, ethylene-
diamine tetra acetic acid (EDTA), and hydrochloric acid were
purchased from Merck (Schiphol-Rijk, The Netherlands). All solu-
tions were prepared using water purified by Milli-Q Ultrapure
Water Purification System from Millipore (Amsterdam, The Nether-
lands) and were vacuum filtered through a 0.22 pm pore size
membrane filter from Pall (Portsmouth, Hampshire, United King-
dom).
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Table 1

Solutions used for the anion-exchange refolding (AEXR) experiments.
Buffer Urea (M) NaCl (mM) Tris (mM) NaHCO; (mM) EDTA (mM) pH
Al1 0.5 - 50 20 0.2 10.5
B1 4 - 50 20 0.2 10.5
B2 0.5 1000 50 20 0.2 10.5

2.2. Protein quantification

The concentration of soluble protein was estimated using a BCA
protein assay purchased from Fisher Scientific (Landsmeer, The
Netherlands). Bovine serum albumin (BSA) was employed as a stan-
dard to estimate the total protein concentration of the fractions
from the anion-exchange refolding experiments. Lysozyme was
used as the standard to the estimate the total protein concentration
in the fractions collected from the cation-exchange experiments.

2.3. Quantification of the native fusion protein

The refolded fusion protein was digested using trypsin in order
to obtain the mature monomer. The digestion was done using an
enzyme to substrate ratio, of 1:300 (mg:mg) [28,29]. The samples
were incubated for 30 min and 25 °C using a thermomixer comfort
from Eppendorf (Amsterdam, The Netherlands). The reaction was
quenched by diluting the samples with a 100 mM HCL solution.
The concentration of active protein was determined using reversed
phase HPLC and a calibration line constructed using human insulin
as standard [30].

2.4. Inclusion bodies solubilization

The inclusion bodies were solubilized in solubilization buffer
(4M urea/25 mM DTT/10 mM NaHCO3/0.1 mM EDTA; pH 10.5) [4].
Solutions of various concentrations were prepared diluting the
concentrated denatured and reduced protein solution with solu-
bilization buffer.

2.5. Preparation of lysozyme solutions

Lysozyme in a native form was prepared in a solution of 50 mM
Tris-HCL, pH 8.7. Denatured not reduced (DNR) lysozyme was pre-
pared in a solution of 8 M urea/50mM Tris, pH 8.7. Denatured
and reduced (D&R) lysozyme was prepared in a solution of 8M
urea/100 mM DTT/50 mM Tris/pH 8.7 [18].

2.6. Analytical size-exclusion chromatography

Analytical SEC was used to estimate the amount of monomers
and high-molecular weight aggregates present in the fractions col-
lected from the IEXR experiments. The analysis was conducted
using a Superdex 75 10/300, at a flow rate of 0.5mlmin~! and an
injection volume of 0.2 ml. Prior to the analysis the column was
calibrated using aprotinin (6500 Da), ribonuclease A (13,700 Da),
carbonic anhydrase (29,000 Da) and conalbumin (75,000 Da). The
columns void volumes, inter-particle volume and total volume,
were determined with pulses on blue-dextran and acetone, respec-
tively.

2.7. Isotherm measurements

Adsorption isotherms were determined for lysozyme under
native and denaturing conditions (i.e., lysozyme in 8 M urea), for
the Hi-Trap SP and the RESOURCE 15S columns. The isotherms were
measured by frontal analysis (FA) [31] and the breakthrough curves
(BTCs) were analyzed according to the approach presented by Gritti

et al. [32]. The adsorbed protein concentration (g*) in equilibrium
with the feed concentration (C) was determined with Eq. (1).

C(Veq - VO)
= =< @)
q Ve
where Veq represent the volume of the equivalent area [32], Vj is
the inter-particle void volume, V¢ represent the packed bed volume,
and C is the concentration of the feeding solution.

2.8. Anion-exchange refolding

Anion-exchange refolding (AEXR) experiments were done using
the Resource-Q anion-exchanger and the fusion protein. These
experiments evaluated the effect of the slope of the denaturant
gradient and the load of denatured and reduced protein on the
refolding yield and the fractional mass recovery. Table 1 presents
the list of buffers used and Fig. 1 presents the schematic repre-
sentation of the flow scheme, indicating the different stages (e.g.,
equilibration, loading, etc.). The AEXR experiments were performed
as follows. The column was first equilibrated for 10 column vol-
umes (CVs) with buffer B1 (Table 1), at 2 mlmin~'. Subsequently,
a feed pulse of 1ml, containing the denatured and reduced pro-
tein, at a concentration of 1 mg ml~! was injected. The column was
thereafter washed for 5 CVs with buffer B1. Next, the urea concen-
tration was decreased using a linear gradient, exchanging buffer
B1 for buffer A11 in 20 CVs. This gradient was operated at a flow
rate selected to achieve the desired gradient slope (£). The slopes
used were 0.35, 0.10 and 0.03 moll~! min~!, obtained using the
flow rates (¢y) 2,0.57 and 0.17 mlmin~', and Eq. (2).

%. _ (CUrea,lnit - CUrea,End) ) @ (2)
ACV Ve

where & represents the gradient slope, Cyea 1nit represents the urea
concentration at the beginning of the gradient, Cyyea gng Tepresents
the urea concentration at the end of the gradient, ACV represent
the gradient’s length, ¢y represents the flow rate and V¢ represents
the packed bed volume.

Following the urea gradient, the column was washed for another
5 CVs with buffer A11. Then, the bound protein was eluted using
a sodium chloride (NaCl) gradient. This gradient was done at
2mlmin~!,in 10 CVs, exchanging buffer A11 for buffer B2 (Table 1).

[+ — - [Urea]
H H H H i — [Nacl]
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Fig. 1. Schematic representation of the flow scheme used for the anion-exchange
refolding (AEXR) experiments. Dash-dot line: urea concentration. Solid thick line:
sodium chloride concentration. Equil: equilibration block; Inject: injection block;
B1: buffer B1 (Table 1); A11: buffer A11 (Table 1); B2: buffer B2 (Table 1).
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Fig. 2. Schematic representation of the flow scheme used for the cation-exchange
refolding (CEXR) experiments. Dash-line: urea concentration. Solid-thick line:
sodium chloride concentration. Equil: equilibration block; Inject: injection block.
A13, A11, B1 are the buffers used (see Table 2).

The column was then washed for another 5 CVs with buffer B2.
Finally, the column was rinsed with milli-Q water for 5 CVs, regen-
erated using a 3 M guanidine hydrochloride (GnHCL) solution for 5
CVs and finally rinsed for 5 CVs with milli-Q water; all these steps
were done at 2mlmin~'.

During the AExR experiments the effect of the gradient slope
(&), on the refolding yield (Yx) and the fractional mass recovery,
was studied at a fixed denatured and reduced protein load of 1 mg.
The effect of the denatured and reduced protein load was studied at
a fixed gradient slope of 0.10moll-! min—1, and for a D&R protein
load ranging from 1 to 4 mg of protein.

2.9. Cation-exchange refolding

Cation-exchange experiments were done to study the effect
of the denatured and reduced protein load, the backbone of the
adsorbent and the spacer length on the fractional mass recovery.
These experiments were done using the following strong cation-
exchangers: RESOURCE 15S, Hi-trap SPFF and Hi-trap SPXL. The
effect of the backbone was assessed by comparing the data obtained
using the relatively hydrophilic backbone of the SOURCE adsor-
bent, based on hydrophilized PS/DVB, against the data obtained
using the Sepharose adsorbents (SPFF, SPXL), whose backbone is
based on cross-linked agarose. The effect of the spacer or the lack-
thereof was studied by comparing the data obtained from the
experiments with the SPFF and SPXL adsorbents, as both adsorbents
have the same backbone and the same functional group. All these
experiments were done using lysozyme as the model protein. Addi-
tionally, these experiments also evaluated the effect of the loading
state of the protein. By loading state it is meant: native lysozyme,
denatured lysozyme or denatured and reduced lysozyme. These
loading states were generated dissolving lysozyme on buffers with
or without urea and with urea and DTT (Section 2.5). All these
experiments were done using a lysozyme feed concentration raging
from 0.5 to 4.0 mgml~! and a fixed loading volume of 1 ml.

Fig. 2 presents the schematic representation of the flow scheme
used for the CExR experiments, indicating the various blocks (e.g.,
equilibration, injection, etc.) and Table 2 presents the list of buffers
used. The CExR experiments were done as follows. The column was

Table 2

Solutions used for the cation-exchange refolding (CExR) experiments.
Buffer Urea (M) NaCl (M) Tris (mM) pH
A13 8 - 50 8.7
2A11 0 - 50 8.7
B1 0 1 50 8.7

2 Buffer A11 was used, in place of buffer A13, for the experiments using native
lysozyme .

fx) =

first equilibrated for 12 CVs with buffer A13 (Table 2), for the exper-
iments with either denatured or D&R lysozyme, or with buffer A11
(Table 1) for the experiments with native lysozyme. Subsequently,
a feed pulse of 0.5 ml, containing either native, denatured or D&R
lysozyme, was injected. Next, the column was washed with the
equilibration buffer for 5 CVs. Thereafter, the mobile phase compo-
sition was changed on a step fashion (Wash_2, Fig. 2), going from
buffer A13 to A11 in the experiments done with denatured or D&R
lysozyme. For those experiments with native lysozyme no such
mobile phase change took place, as for these experiments buffer
A11 was used in the blocks equilibration, injection, Wash_1 and
Wash_2 (Fig. 2). Right after block Wash_2 (Fig. 2), the bound pro-
tein was eluted with a linear sodium chloride gradient, changing
the mobile phase composition from A13 or A11 to buffer B1 in 10
CVs. Then the column was washed with buffer B1 for 5 CVs. Finally,
the column was rinsed with milli-Q water for 5 CVs, regenerated
using a 3M GnHCL solution for 5 CVs and finally rinsed for 5 CVs
with milli-Q water. All the blocks on the flow scheme were executed
at Tmlmin—1.

2.10. Isotherm modeling

The isotherm data determined for lysozyme, under native
and denaturing conditions, was analyzed using two mechanistic
models, namely the Langmuir model and the Fowler model. The
Langmuir model is commonly used to analyze adsorption data
obtained on homogeneous surfaces and preferably under condi-
tions where the fractional surface coverage () is less than 0.10
[31]. The model assumptions include: the solute gives monolayer
coverage and the bound solutes do not interact with each other in
the monolayer. The Langmuir model is presented in Eq. (3).

* __ quC
T =11hc

where Crepresents the liquid concentration in equilibrium with the
adsorbed concentration g*, gs is the saturation capacity of the sta-
tionary phase and b is a numerical coefficient related to the affinity
of the solute for the binding surface.

The Fowler model was conceived as a model to correct for the
first-order deviations of the Langmuir model, assuming that the
bound solutes may interact while bound to the homogeneous sur-
face [31]. Egs. (4a) and (4b) describe the Fowler model.

3)

0
-x0 _
bCe %% = g (4a)
q*
0="— 4b
- (4b)

where x represents the interaction energy and 6 represents the
fractional surface coverage. The interaction parameter ( x) describes
weak interactions between bound and incoming solute molecules.

2.11. Parameter estimation

The parameters of the isotherm models, i.e., Langmuir and
Fowler, were estimated using a non-linear least squares algorithm
programmed and solved in MATLAB R2007b. The objective func-
tion, minimized by the algorithm, was based on the method of
Marquardt, as presented in Guiochon et al. [31]. The objective
function is presented in Eq. (5). To solve Fowler’s model, the opti-
mization routine was constraint for 1< y <4, because in this range
the model has physical meaning.

2

n * *
1 qexp,i - qmod,i(x)
ND —P Z ( q* (5)
i1

exp,i
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where Np represents the number of data points, P represents the
number of parameters of the model, q:xp’ ; Tepresent the experimen-
tal adsorbed concentration, g7 4. Fepresent the modeled adsorbed
concentration, n is the number of elements of the concentration

vectors, and x represent the vector of the model parameters.
2.12. Performance indicators

2.12.1. Fractional mass recovery

The fractional mass recovery (fprotrec) is defined as the total
mass of protein recovered in the elution, divided by the total mass
of proteininjected to the ion-exchanger and it was calculated using:

VEPool CPmt, E
Vinj CProt, feed

fProt,Rec = (6)
where fprotrec represent the fractional mass recovery, Vgpoo rep-
resent the volume of the elution pool, V;,; represent the injection
volume, Cpyo g is the total protein concentration in the elution pool
and Cprot feed is the total protein concentration fed to the column.
For those experiments, were denatured and reduced (D&R) pro-
tein was used Cprotfeed = Crpgr- Where Cepgr represent the feed
concentration of denatured and reduced protein.

2.12.2. Refolding yield

The refolding yield (Yy) is defined as the amount of active prod-
uct formed per amount of denatured and reduced protein loaded
to the column and it was calculated as follows:

VMPoolCNPool (7)

Y, =
MHIEXR VinjCt, &R

where Vypoo represent the volume of the pool carrying the native
product, Cypool is the concentration of native protein in the pool.

2.12.3. Volumetric productivity

The volumetric productivity of a chromatographic refolding
reactor is defined as the amount of product (i.e., native protein)
produced per unit time per volume of chromatographic medium
Cr.parVi

T YN xR (8)

Pr =
ExR tcycle Vc

where Cypgr is the feed concentration of denatured and reduced
protein, Vjy; is the injection volume, tcye is the cycle time, V¢ is the
packed bed volume and Yy jexr is the ion-exchange refolding yield.

3. Results and discussion
3.1. Adsorption behavior under denaturing and native conditions

Changes in the protein structure, such as the disruption of the
tertiary and/or secondary structures, have been shown to have a
strong influence in the adsorption behavior of proteins onto sur-
faces [33], and thus these changes will have a direct influence in
the saturation capacity of the ion-exchanger and the affinity of a
given protein for the surface of the adsorbent. Changes in protein
structure may occur as a result of, for example, the disruption of
hydrogen bonding occurring due to the action of a chaotropic agent
(e.g., urea, GUHCL). To assess the effect of such structural changes
on the adsorption behavior, adsorption experiments using native
lysozyme, denatured lysozyme and the ion-exchangers Source 15S
and Sepharose SPFF were done. The results of these experiments are
presented in Fig. 3. Fig. 3A and B presents the adsorption isotherm
of lysozyme under denaturing and non-denaturing (native) con-
ditions, respectively. The isotherms were measured by frontal
analysis (FA). From the data in Fig. 3A and B the following observa-
tions are evident: (1) the Sepharose SPFF has a higher capacity for

120
A
1 A
100 &
~ 80 ]
(=] 5
£
-
[+]
(]
- S 60
E
(=)}
e H
=~ 40 A
B Source 158
20 4 A Sepharose SP FF
—— Langmuir model
—— Fowler model
e T e
0.0 0.5 1.0 1.5 20 25
Cc
{mg/ml)
180
: . B
160 | A
140 r
~ 120
[=2] [
£ [
v H
. § 100 T
o _i
E 80 -
(=]
£
=~ 60 A
H Source 15S
40 A Sepharose SPFF
— Langmuir model
20 —— Fowler model
0 t } } t
0.0 0.5 1.0 1.5 2.0 2.5
C
{mg/ml)

Fig. 3. Adsorption isotherms of lysozyme loaded in a denatured (A) and native (B)
state, to the adsorbents Source 15S (M) and Sepharose SPFF (a). Solid thin line:
Langmuir model (Eq. (3)); solid thick line: Fowler model (Egs. (4a) and (4b)). The
parameters of the models, estimated with the aid of Eq. (5), are presented in Table 3.

lysozyme than the Source 15S media, for both native and dena-
turing conditions and (2) the saturation capacity under native
conditions is higher than under denaturing conditions, regard-
less of the type of adsorbent use. The latter behavior seems to
be protein independent, as similar observations using native and
denatured and reduced a-lactalbumin, adsorbed onto a Source Q
IEX adsorbent, have been reported [16]. The relatively low satura-
tion capacity, exhibited by the denatured lysozyme compared to
the native lysozyme, might be reasonably explained by a change in
the accessible binding surface area, as this has been shown to be
directly related to the molecule’s dimensions [34,35]. In essence,
molecules of different sizes have access to different fractions of the
pore volume of a given adsorbent, affecting their accessibility to
the binding surface. Basically, a large molecule will have access to
less biding surface area than a small molecule. Denatured lysozyme
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Isotherm parameters determined for lysozyme adsorbed, under native and denaturing conditions, to the adsorbents Source 15S and Sepharose SPFF.

Adsorbent Feeding condition Fowler model Langmuir model
gs (mg/ml packing) b (ml/mg) X 30bj.fun gs (mg/ml packing) b (ml/mg) 20bj.fun
Source 158 Native 149.77 14.43 4 0.047 114.40 3.25 0.040
Denatured 105.47 6.38 4 0.023 63.80 4.26 0.032
Sepharose SPFF Native 159.03 200.21 2.84 0.165 157.80 600 0.052
Denatured 106.82 100 1.15 0.105 98.67 64832 0.022

3 Obj.fun: Objective function given by Eq. (5).

is a larger molecule than native lysozyme [36], hence it has less
access to the binding surface, explaining its relatively low satura-
tion capacity. The saturation capacities of denatured and reduced
lysozyme, for both the Source 15S and the Sepharose SPFF, are pre-
sented in Table 3. The data in Table 3 was derived from the analysis
of the adsorption data with the Fowler model (Eqgs. (4a) and (4b))
and the Langmuir model (Eq. (3)). It is interesting to point out from
the data in Table 3, that both models predict practically a change
in saturation capacity (denatured vs. native) of equal magnitude.
This finding supports the hypothesis that the change in satura-
tion capacity (gs) is caused by the differences in accessibility of
denatured and native lysozyme to the binding surface, as both ion-
exchange materials have been shown to have very close mean pore
radius and phase ratio functions [35].

Lastly, although both models are in principle suitable for the
analysis of the adsorption data, as shown by their ability to repre-
sent the experimental trend (Fig. 3A and B), the Langmuir model is
not adequate for the presented case, as the fractional surface cov-
erage (0) in these experiments goes beyond 0.10 [31]. Therefore,
the Fowler model will be used in follow up discussions.

3.2. Effect of the protein load and the loading state on the
fractional mass recovery (fprotrec) and the refolding yield (Yn)

Protein load is an important operational variable in ion-
exchange refolding (IExR) because it directly affects the volumetric
productivity of the reactor (Eq. (8)), which is an important per-
formance indicator. And thus, its effect on the fractional mass
recovery (Eq. (6)) and the refolding yield (Eq. (7)) of the IEXR unit
was studied using both the cation-exchange (CExR) and the anion-
exchange (AExXR) model systems. Additionally, the effect of the
loading state (i.e., denatured, D&R) was also investigated, since
during ion-exchange refolding the protein might be fed either as
denatured protein or as denatured and reduced protein, depend-
ing on whether a reducing agent (e.g., DTT, 3-mercaptoethanol)
was used or not during the solubilization of the inclusion bodies.

Fig. 4 presents the results from the CEXR experiments. These
series of experiments were done using native lysozyme (a), dena-
tured lysozyme (@), D&R lysozyme (M) and the cation exchangers
Source 15S (Fig. 4A), Sepharose SPFF (Fig. 4B) and Sepharose SPXL
(Fig. 4C). The first question addressed, using the data from the CExR
experiments, was whether the protein load had an effect on the
fractional mass recovery (fprotrec)- The data in Fig. 4 show that
the protein load does affect the fprorrec and this effect seems to
be adverse. Furthermore, these data show that this effect depends
on the type of cation exchanger and on the loading state of the pro-
tein (i.e., native, denatured, D&R). The effect of the type of cation
exchanger seems to be linked to the adsorbent’s backbone; this
claim is supported by the comparison of Fig. 4A and B. This com-
parison shows that the effect of the protein load on the fprotRrec
is more pronounced on the hydrophilic backbone of the Source
15S media (Fig. 4A) than on the neutrally hydrophilic backbone
of the Sepharose media (Fig. 4B and C). It is important to point
out from the data in Fig. 4A, that the effect of the protein load is

relatively more pronounced for the native lysozyme, than for the
denatured lysozyme. This behavior may be reasonably explained by
the hydrophilic nature of the Source’s backbone, since the native
protein binds more tightly than the denatured protein, as the latter
should have a higher hydrophobic surface area than the former as
a result of the denaturation process.

The effect of the loading state is evident from the compari-
son of the experimental data corresponding to the D&R lysozyme
(m) and the data from the native (a) and denatured (®) lysozyme
(Fig. 4A-C). From this comparison, it can be concluded that load-
ing under D&R conditions results in the minimum fractional mass
recovery, irrespectively of the amount loaded or the type of adsor-
bent use. To explain this finding, the following hypothesis is
formulated, loading under D&R conditions results in the forma-
tion of a tightly bound layer of protein, insensible to the action
of sodium chloride. Loading under D&R conditions means that the
protein being fed comes with a high concentration of free thio-
late anions (-S-), which are reactive species in nature. Since these
species have a negative charge, their interaction with the nega-
tively charged surface of the cation exchanger, is improbable. As a
result, interactions between bound protein molecules and bound
protein molecules with incoming protein molecules are likely to
occur via the thiolate anion, forming inter-chain disulfide bonds.
Additionally, hydrophobic interactions between protein molecules
may also occur, as under D&R conditions the core of the protein
molecules is fully exposed. As a result, a multilayer of protein forms
on top of the adsorbent’s surface, blocking the accessibility of the
Na* (counter-ion) to the first layer of protein allegedly bound solely
via ionic interactions with the adsorbent’s ligands. This hypothesis
is supported by the data presented in Fig. 4D. Fig. 4D presents a typ-
ical elution chromatogram obtained using the Hitrap SPFF column
and a protein load of 0.5 mg. The data show that when lysozyme is
loaded under native (Fig. 4D, dash-dot line) or denatured (Fig. 4D,
solid thin line) conditions, elution with sodium chloride (NaCl) is
feasible. However, elution with NaCl is inefficient when lysozyme is
injected in a denatured and reduced form (Fig. 4D solid thick line),
resulting in the elution of the protein during the regeneration with
the 3 M guanidine hydrochloride solution.

Lastly, a comparison between the data in Fig. 4B and C, indicated
that having a long spacer does not seem to bring an advantage, as
the behavior of the data obtained with both the Sepharose SPFF and
the Sepharose SPXL follows practically equal trends.

Up to this point the data have made clear the effect of the protein
load on the fractional mass recovery, but what is its effect on the
refolding yield? To address this question the AEXR model system
was used. Fig. 5 presents the results of the anion-exchange refolding
experiments, obtained using the Source Q anion-exchange media,
a fixed urea gradient slope (£) of 0.10mol1-! min—! and the fusion
protein. The fusion protein was fed to the column in a denatured
and reduced state, as both urea and DTT were used for the efficient
solubilization of the inclusion bodies [4]. Fig. 5A presents the AEXR
chromatograms, showing the three fractions collected (i.e., F1, F2,
F3). The data show that the increase in loading resulted mostly in
an increase of the peak area corresponding to fraction F3. Analysis
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Fig. 4. Effect of the protein load and the protein feeding state (i.e., native, denatured, D&R) on the fractional mass recovery (fprot,rec )- The experiments were done using the
cation-exchangers Source 15S (A), Sepharose SPFF (B), Sepharose SPXL (C) and lysozyme on a native (a), denatured (®) and denatured and reduced (D&R) (W) state. (D)
Typical elution chromatogram obtained during the CEXR experiments; Column: HiTrap SPFF, load = 0.5 mg. Dash-dot-dash line: native lysozyme; solid thin line: denatured

lysozyme; solid thick line: D&R lysozyme; dashed line: conductivity signal.

of the AEXR fractions using analytical SEC (Fig. 5B), indicated that
fraction F3 is predominantly composed of aggregated protein. The
SEC analysis alsorevealed that the percentage of aggregated protein
in fraction F3 correlates well with the protein load used during the
AExR experiments (inset Fig. 5B), increasing as the protein load
increases. This finding explains the adverse effect that the protein
load had on the refolding yield of the AEXR system, which is evident
from the data in Table 4. Table 4 summarizes the results from the
AEXR experiments, indicating the effect of the protein load on the
refolding yield and the fractional mass recovery of the AEXR system.
[tis important to point out from the data in Table 4, that the effect of
the protein load on the fprorrec Of the AEXR system, is very similar
to the effect measured during the CExR experiments, as in both
systems increasing the protein load decreases the fprotrec. Thus, it
is safe to say that protein load adversely affects the fractional mass
recovery of ion-exchange refolding (IEXR) systems. This claim is
further supported by similar trends reported for a different model
protein and using a different flow scheme configuration [15].

Finally, a comparison between the findings obtained from the
AEXR and CExR data and the reported data of the concomitant
salt, pH, urea system [18,19], strongly suggested that endowing the
elution buffer with a relatively high urea concentration will likely
increase the fprotrec Of the IEXR system, loaded with D&R protein.
This hypothesis was confirmed using the AEXR model system by
adding 4 M urea to the elution buffer, leading to a fprotrec > 0.80

Table 4
Effect of the protein load on the refolding yield and the fractional mass recovery of
the anion-exchange model system.

aLoad (mg protein/ml bed) bYn ferotRec
1 0.18 0.57
2 0.08 0.41
4 0.06 0.35

2 The protein was loaded as denatured and reduced protein.
b Urea slope (&) fixed at 0.1 molI-! min~!.
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Fig. 5. Effect of the denatured and reduced (D&R) protein load on the elution
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F3 from the AEXR experiment done at a load of 2 mg; solid thick line: fraction F3
from the AEXR experiment done at a load of 1 mg. The inset presents the correla-
tion between relative peak area ratio, determined as the peak area of the monomer
divided as the peak area of the aggregates, and the AExR protein load.

(data not shown). This hypothesis was also confirmed by Langen-
hofetal.[15], who reported a fprot rec = 0.90 when the elution buffer
of his AEXR model system was endowed with a 8 M urea concen-
tration. Thus, it can be concluded that adding urea to the elution
buffer will likely increase the fpyorrec, however the concentration
of urea to be used should be determined for each system, as this
value should minimally comply with the following requirements:
(1) the concentration of urea in the protein fractions should be less
than the critical urea concentration, as being close or above this
value will likely result in a decrease in protein activity; and (2) the
concentration of urea leaving the IEXR unit should be compatible
with the subsequent processing steps.
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Fig. 6. Correlation between fractional surface coverage (0) and fractional mass
recovery (frecprot), fOr native (a) and denatured (@) lysozyme loaded to the adsor-
bents Source 15S (A) and Sepharose SPFF (B).

3.3. Fractional surface coverage (6) and its relation to the
fractional mass recovery (fprotRec)

Spatial isolation, resulting from the binding of the protein
molecules to the adsorbent’s surface, has been suggested to be one
of the key advantages of IExR systems [37]. In principle, a high spa-
tial isolation should prevent protein-protein interactions, hence
decreasing the chance of protein aggregation. Although theoreti-
cally accepted, attempts to quantitatively assess spatial isolation,
in the context of ion-exchange protein refolding, have not been
reported yet. Here, the fractional surface coverage (6) (Eq. (4b))
has been chosen as the variable to quantify the degree of spatial
isolation. Fig. 6 presents the correlation between fractional sur-
face coverage (0) and fractional mass recovery (fprotrec), fOr native
lysozyme (a)and denatured lysozyme (@), estimated for the Source
15S (Fig. 6A) and the Sepharose SPFF (Fig. 6B) ion-exchange media.
Overall, the data indicates a clear correlation between the two vari-
ables, showing how as the fractional surface coverage increases,
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beyond a certain threshold, the fractional mass recovery will com-
mence to descend. A reasonable interpretation of this behavior is
that as 6 increases, the spatial isolation of the bound molecules
decreases, increasing the chance of the bound molecules to interact
with each-other and with incoming molecules. These interactions
may lead then to the formation of a tightly bound protein layer, of
variable thickness, that blocks the access of Na* (counter-ion) to the
first layer of protein, allegedly bound to the surface of the adsor-
bent solely via ionic interactions with the ligands; resulting in a
decrease of the fpror rec OWINg to an inefficient protein elution dur-
ing the salt gradient. Lastly, from the data in Fig. 6A and B is evident
that the correlation between 6 and fprot rec is more pronounced for
the adsorbent Source 15S than for the adsorbent Sepharose SPFF.
The reason for this difference is at this point unknown, however it
does suggest that the physicochemical properties of the adsorbent
may have a contribution to the behavior of the data, and raises the
following questions (1) what are the properties of the adsorbent
involved? And (2) what is their contribution to the behavior of the
data? These questions, fall out of the scope of the presented work
and are material for follow up research.

3.4. Effect of the urea gradient on the refolding yield (Yy) and the
fractional mass recovery (frec,prot)

In addition to the spatial isolation of the bound molecules, the
ability to change the urea concentration around the protein, in
a controllable manner using a gradient, is also a key advantage
of ion-exchange refolding (IExR). It has been suggested that the
ion-exchange refolding yield is positively influenced by a gradual
change in the urea concentration [17], because such gradual change
allegedly prevents the rapid collapse of the protein, favoring the
formation of the native product [18,19]. Despite the different sug-
gestions and hypotheses, a quantitative analysis indicating if there
is a direct link between the urea gradient and the performance the
of ion-exchange refolding unit, has not been reported yet. So far,
the effect of the urea gradient has been reported using a concomi-
tant urea, pH and salt gradient [18,19]. The data on these studies
however, cannot be used to tease out the contribution of the urea
gradient to the change in refolding yield, since the concentration of
urea changes simultaneously with the salt concentration and the
pH. In this study, the urea and the salt gradient were decoupled
and the pH of the mobile phase was fixed, to investigate the effect
of the urea gradient alone. As descriptor of the urea gradient, the
urea gradient slope (&) was used and its definition is presented in
Eq. (2). The experiments were done using the AExR model system
and the conditions for these experiments are presented in Section
2.8. It is important to point out that these experiments were done
at a fixed D&R protein load of 1 mg; this relatively low load was
chosen as such because a low load decreases the fractional surface
coverage, increases the fractional mass recovery and the refolding
yield, as has been shown in previous sections of this paper.

Fig. 7A presents the elution chromatograms of the AExR exper-
iments as a function of the urea gradient slope (&), showing the
three distinct fractions that were collected. These fractions were
analyzed by BCA to determine the total protein concentration,
by RPHPLC to determine the amount of native protein, and by
SEC to estimate the fraction of monomers and aggregates. Fig. 7B
presents a typical SEC chromatogram resulting from the analy-
sis of the AExR fractions, showing their composition in terms of
monomers (10.50 <V, <13.50) and aggregates (Ve <10.50). Table 5
presents the summary of the results, and from these data the fol-
lowing conclusions could be made: (1) the AEx refolding yield (Yx)
of the model protein is inversely proportional to the urea gradi-
ent slope (&), meaning that as £ increases the Yy decreases and
vice versa; and (2) the contribution of the urea gradient slope to
the fractional mass recovery (frecprot) is negligible. The fact that
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Fig. 7. AEXR refolding experiments as a function of the urea gradient slope (&).
(A) Typical elution profiles of the anion-exchange model system as a function
of the urea gradient slope. Solid thick line: £=0.03moll-! min~!; dash-dot line:
£=0.10mol "' min~'; solid thin line: £=0.35moll~! min~'. The D&R protein load
in these experiments was fixed at 1 mg. (B) SEC analysis of the fractions collected
during the AEXR experiments. Solid thin line: AEXR fraction F3; dash-dot line: AEXR
fraction F2; solid thick line: AEXR fraction F1. Inset: correlation between the fraction
of monomers to aggregates ratio (fy/fa) and &.

Table 5

Performance of the AEXR model system as a function of the urea gradient slope (&).
3 N FerotRec bfwlfa
0.35 0.14 0.55 0.41
0.10 0.18 0.57 0.61
0.03 0.20 0.57 0.84

2 Load =1 mg protein/ml of packed bed.
b This indicator was determined from the SEC analysis of the AExR fractions.
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the frecprot remained practically constant was anticipated, as this
indicator strongly depends on the protein load (Table 4, Fig. 4A-C),
which was fixed during these experiments. The change in the AExR
refolding yield as a function of £ is reasonably explained by the
dependency of the fraction of monomers to aggregates ratio (fy/fa)
on&.This dependency is presented in Table 5 and the inset of Fig. 7B.
The data show that fy/fa is inversely proportional to &, explaining
the refolding yield variation. Overall, based on the data gathered it
can be concluded that there is a direct link between the AExR yield
and the urea gradient, and this link can be quantitatively described
by the gradient slope (&). Finally, it is important to mention that
these experiments do not capture the individual contributions to
the magnitude of change in the AEXR refolding yield, from the speed
of change in urea concentration and the change in residence time
of the bound protein, as both are changing with &. Eq. (9) shows the
relation between the residence time, represented by the duration
of the urea gradient block (ty eacradient) (Fig. 1), and &. Basically, a
shallower (low &) or steeper (high &) urea gradient not only results
in a change in the speed at which the urea concentration is chang-
ing, butitalso results in a change on the time the protein is bound to
the column (a shallower gradient means a longer time and a steeper
gradient means a short time). Understanding these individual con-
tributions is important and it is the aim of future work.

Ve _ 1 (CUrea,Init - CUrea,End)
¢v,UreaGradient %_ ACV

(9)

tUreaGradient =

4. Conclusion

The work presented in this paper described a quantitative anal-
ysis of two of the main acknowledged advantages of ion-exchange
refolding (IExR), namely the spatial isolation and the controllable
change in the chemical composition, attained using a urea gradi-
ent. These advantages were described using two descriptors, the
fractional surface coverage (0) and the slope of the urea gradient
(&). Using these descriptors, the following observations were made:
(a) there is a good correlation between fractional mass recovery
(frecprot) and 6. This correlation indicated that as 6 approaches a
certain threshold, the frec prot Will begin to decrease. Basically, as the
6 increases the spatial isolation between bound protein molecules
decreases, leading to an increase in protein-protein interactions
between the bound protein molecules and incoming molecules,
resulting in the formation of a tightly bound layer of protein; and
(b) this work showed that there is a direct link between the urea
gradient and the ion-exchange refolding yield (Yy), and that this
link can be quantitatively described by the urea gradient slope (&).
Additionally this study shows: (1) that the difference in saturation
capacity of an adsorbent (qs) for a denatured protein and a native
protein, can be reasonably explained by their difference in acces-
sible binding surface area; (2) that the protein load does affect the
fractional mass recovery (frecprot) and that the magnitude of this
effect strongly depends on the loading state of the protein solu-
tion (i.e., native, denatured, denatured and reduced (D&R)), and

the adsorbent type. Furthermore, the effect of the adsorbent is pre-
dominantly related to the nature of the adsorbent’s backbone; and
(3) that increasing the denatured and reduced (D&R) protein load
adversely affect the ion-exchange refolding yield, and this adverse
effect could be linked to an increase in the mass fraction of aggre-
gated protein.

Finally, as a consequence of the answers given to the ini-
tial questions posed at the beginning of this work, it became
evident that significant progress could be made if future stud-
ies on ion-exchange protein refolding set to investigate what are
the contributions of the physicochemical properties of a given
ion-exchange medium, to the performance of the ion-exchange
refolding reactor. Such knowledge, would pave the way towards
the rational design or selection of an ion-exchange media suitable
for the efficient refolding of a target protein.
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