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This work concerns the chromatographic separation of protein charge variants using pH
gradients generated by step changes in buffer composition with weak base anion exchange
columns. A local equilibrium model is first developed to describe pH transitions occurring in
the column using buffers comprising neutral, zwitterionic or positively charged species.
Model predictions, based solely on the resins’ titration curves and obtained with the method
of characteristics, show, in excellent agreement with experiments, that induced pH gradients
of varying durations and shapes can be obtained with a broad range of buffer systems
including Tris, Bis-Tris propane, histidine, and their mixtures and ethanolamine. The separation of protein charge variants is then demonstrated for bovine apo-transferrin and for a
monoclonal antibody. The resolution of the charge variants present in these proteins, demonstrated via isoelectric focusing analyses, is obtained for conditions amenable to scale-up for
preparative purposes; that is larger particle sizes (90 lm), higher flow rates (100–600 cm/h),
and higher protein loads (2–5 mg/mL). Because the approach requires only step changes in
buffer composition and commonly available, unretained buffers species, practical implementation is straightforward. The focusing effect of the induced pH gradient results in relatively
sharp peaks and substantial resolution even for these conditions.
Keywords: pH gradient elution, protein chromatography, ion exchange, local equilibrium
theory, protein charge variants

Introduction
The separation of protein charge variants is an important
endeavor in a number of biotechnology applications. Such
variants occur during expression as a result of posttranslational modifications or arise in manufacturing as a result of
chemical or enzymatic actions.1–4 A number of authors have
shown that charge variants of therapeutic proteins can have
vastly different bioactivity. For example, Yem et al.5 showed
that N-terminal analogues of recombinant human interleukin1b (IL-1b) were threefold to sixfold less active than the
native protein. Similarly, Harris et al.6 showed that deamidated variants of recombinant human monoclonal antibodies
had reduced potency in a bioactivity assay. Other authors7–11
have shown that differences in sialic acid content lead to
varying cellular cytotoxicity and pharmacokinetics for various proteins.
Although upstream modifications can some times be used
to reduce or eliminate charge variants12,13 downstream processing is often used to separate them. For example, ion
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exchange chromatography with salt gradients has been used
to separate N-terminus variants of recombinant IL-1b,5 Cterminus variants of monoclonal antibodies (mAbs),14 deamidated variants of mAbs6 and ribonuclease A,14 amino acid
variants of b-lactoglobulin,15 and sialylated variants of
human serum transferrin.16 In general, however, a disadvantage of salt gradient elution is the need for gradient mixing,
which can be cumbersome to implement on a process scale.
Moreover the protein is eluted in high salt, which, in turn,
may have to be removed before the next processing or formulation step.
An alternative to salt gradient elution is elution with pH
gradients. In this approach, ideally the charge variants are
eluted in order of their pI, with more acidic proteins eluting
earlier in cation exchangers and later in anion exchangers in a
manner analogous to isoelectric focusing (IEF). pH gradients
can be implemented in different ways. One approach is to use
strong exchangers with externally generated temporal pH
gradients formed by mixing mobile phases containing nonretained buffering species prepared at high and low pH values.
For example, separations of isoforms with pH gradients have
been shown for deamidated variants of a mAb17 and of
recombinant interleukin,18 for amino acid variants of b-lactoglobulin,19 and for phosphorylated variants of ovalbumin.20
Much like salt gradients, externally generated temporal pH
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gradients are sometimes difficult to implement in large scale
due to the mixing requirements. Moreover, proteins applied to
the column under strong binding conditions merely sit at the
column entrance until the pH is sufficiently low so that elution occurs.
Another approach is to generate pH gradients internally
using strong ion exchangers with a step in mobile phase
composition using buffer species that are adsorbed on the
stationary phase. This process, known as chromatofocusing,
is typically implemented with complex mixtures of zwitterionic buffers known as ‘‘ampholytes.’’21,22 The result is an
axial pH gradient that moves down the column. The separation of charge variants starts instantly as these species
become focused along pH waves where the chromatographic
velocity of the protein equals the velocity of the pH wave,
in a manner similar to IEF. The existence of a substantial
axial pH gradient in chromatofocusing system is thought to
be the reason for the higher resolution obtained is compared
to externally generated temporal pH gradients. However, as
discussed by Strong and Frey,23 chromatofocusing buffers
are expensive and tend to associate with proteins.24 On the
other hand, more recent work has shown that internal pH
gradients can also be generated using nonadsorbed buffers or
their mixtures using weak cation or anion exchangers.25–29
Because in these cases the buffer species are not adsorbed,
they do not compete for ion exchange sites nor do they
usually associate with proteins.
In this article we explore the generation of induced pH
gradients with two commercial weak anion exchangers,
DEAE Sepharose FF and ANX Sepharose FF, using step
changes in buffer composition and their use for the separation of protein charge variants. A local equilibrium model,
based on the resins’ titration curves, is developed and used
to successfully predict the shape and duration of the gradients induced by different buffer combinations. Two different examples of protein charge variant separations are
then considered. The first is the separation of bovine apotransferrin charge variants whereas the second is the separation of monoclonal antibody charge variants. In both cases,
unlike most prior work, the resolution of charge variants,
demonstrated by analytical IEF, is obtained using large
diameter stationary phases (90 lm), higher protein loads (up
to 5 mg/mL), and higher flow rates (up to 600 cm/h) than
previously used.
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have isoelectric points around 6.32 TRIS is monoprotic
with pKa ¼ 8.06, BTP is diprotic with pKa ¼ 6.80 and
9.00, and HIS is triprotic, with pKa ¼ 1.70, 6.04, and
9.28. All pKas given are at 298 K and infinite dilution are
from Refs. 33 and 34. The pH gradients generated with
these buffers were typically between 5 and 7. For these
conditions, only the monovalent cationic and the zwitterionic forms of HIS, corresponding to the second pKa, are
relevant. Ethanolamine with pKa ¼ 9.52 was used for the
separation of antibody charge variants at pH values
between 9.5 and 8. Its dissociation behavior is analogous
to TRIS.
Considering a mixture of TRIS, BTP, and HIS, at each
pH, the charged species must satisfy the electroneutrality
condition:

CCl þ COH ¼ CTRISþ þ CHISþ þ CBTPþ þ 2CBTP2þ þ CHþ
(1)
Coupling this equation with the expressions for the
dissociation equilibrium of each buffering species, we
obtain:

CCl þ

Kw
CTRIS
CHIS
¼
1 þ
2
K
CHþ 1 þ aT 1 þ KaH
CH þ
CHþ
 1

CBTP KaB
=CHþ þ 2
þ
þ C Hþ
K1
K2
1 þ C aBþ þ C2aB
H

ð2Þ

Hþ

where Kw is the ionic product of water and CTRIS, CHIS, and
CBTP are the total TRIS, HIS, and BTP concentrations,
respectively. Note that activity coefficients are required to
calculate corrected dissociation constants from the corresponding infinite dilution values accounting for the finite
ionic strength of the solutions used. These corrections were
made using the Davies equation35 as described in Refs. 29
and 31. Given chloride and total buffer concentrations, Eq. 2
can be solved for CHþ using Newton’s method. The pH can
then be calculated as log10(cHþCHþ), where cHþ is from Eq.
10 in Ref. 31.

Ion exchange equilibria

Theoretical Development
The model used to predict the induced pH gradients is
based on the framework of Bates and Frey30 and parallels
the development of Pabst et al.31 for weak cation exchangers. We consider simultaneously solution and ion exchange
equilibria and solve the column conservation equations by
the method of characteristics. Because this work is largely
an adaptation of our prior development for weak cation
exchangers, only an abbreviated version of the theoretical
development is presented.

Solution equilibria
Tris(hydroxymethyl)aminomethane (TRIS), 1,3-bis[tris(hydroxymethyl)methylamino] propane (BTP), and histidine
(HIS) buffers and their mixtures are considered for the
separation of apo-transferrin variants, which are known to

In principle, the two resins considered in this work contain
a single type of weak base group. Thus, ideally, a single pKvalue should be sufficient to describe the resin’s dissociation.
In practice, however, a description with a single pK-value
sometimes fails to represent the experimental behavior. This
can occur because of chemical heterogeneity as well as
because of interactions among neighboring functional
groups. Accordingly, following Stoyanov and Righetti,36 we
represent the resin as a polyelectrolyte capable of n successive dissociations, each characterized by a dissociation
constant

Kj ¼

qRð j1Þþ qHþ
;
qRjþ

j ¼ 1; 2…n

(3)

where all the q are resin phase concentrations. The resin
phase electroneutrality condition is:
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qCl þ qOH ¼

n
X

iqRiþ þ qHþ

(4)

i¼1

In practice, following Helfferich,37 it can be seen that
both qOH and qHþ are usually negligible. Thus, as an excellent approximation, we obtain:
n
P
i¼1

qCl

iqiHþ

i
Q

Kj

q0
j¼1
3
¼ 2
n
j
n
P qHþ 7
6
41 þ Q
5
j
j¼1

(5)

Kk

k¼1

where q0 is the total concentration of weak base groups.
Lastly, on the basis of Donnan equilibrium,37 we have:

qHþ ¼

CCl CHþ
qCl

(6)

For given values of CCl and CHþ, Eqs. 5 and 6 can be used
to compute qCl using experimentally determined values of q0,
n, and Kj. The latter can be determined by fitting the model to
data from a potentiometric resin titration experiment.

Column dynamics
The behavior of a column subject to step changes in
buffer composition is determined by combining the solution
and ion exchange equilibrium relationships described earlier
with material balances for the column. The approach is illustrated here for the case of a TRIS/BTP/HIS buffer mixture.
Mole balances are given by the equation:

e

@Ci
@q
@Ci
þ ð1  eÞ i þ ev
¼0
@t
@t
@z

(7)

with i ¼ Cl, TRIS, HIS, BTP and qi ¼ epCi þ (1  ep)qi.
This equation assumes plug flow and neglects axial dispersion. The resulting system is solvable using the method of
characteristics assuming local equilibrium with the further
assumption that only Cl is bound to the resin. As a consequence qi ¼ epCi for each of the neutral, zwitterionic, and
cationic buffering species. With this simplification, all buffering species have characteristic velocity:

vci ¼

1
1 þ /ep

(8)

Chloride, on the other hand, has characteristic velocities

vcCl ¼

v

 dqCl i
1 þ / ep þ 1  ep dC
Cl
h

v
h

 q0 q00 i
1 þ / ep þ 1  ep CCl0  CCl00 
Cl

ð11Þ

Superscripts 0 and 00 represent values upstream and downstream of the shock front, respectively. In the earlier equations, qCl is given by the solution and ion exchange
equilibrium relations, that is, Eqs. 2, 5, and 6.
The pH waves are determined by setting the characteristic
or shock velocities equal for all components27,38–40 and following the solution on the hodograph obtained by plotting
the buffer concentration versus chloride concentration in a
manner analogous to that shown in Ref. 31 for the case of a
weak cation exchanger. Initial and final states in the column
are represented by points on the hodograph and transitions
from one state to the other are found on coherent paths connecting these states. When a buffer step is applied at the column entrance, the solution comprises a fast wave from the
initial state, labeled I, to an intermediate state, labeled II,
which corresponds to the passage of the unretained buffering
species through the column. The fast wave is then followed
by a slow wave from the intermediate state to the final state,
labeled III, which corresponds to the exchange of Cl
ions.31 Because qCl does not change along the fast wave,31
the chloride concentration of the intermediate state is found
by setting

qICl ¼ qIICl

(12)

Thus, knowing the initial state (CICl , CITRIS , CIHIS , CIBTP )
I
III
II
III
and the final state (CIII
Cl ¼ CCl , CTRIS ¼ CTRIS , CHIS ¼
II
III
II
II
CHIS , CBTP ¼ CBTP ), CCl can be found by trial and error by
determining the Hþ and Cl concentrations that simultaneously satisfy Eqs. 5 and 6.
After the intermediate state, the pH profile follows the
path from II to III, along which CTRIS, CHIS, and CBTP are
constant. This path consists of either a plateau at II followed
by a simple wave (with characteristic velocity described by
Eqs. 9 and 11) if vccl decreases from II to III or of a shock
from II to III (with shock velocity described by Eq. 10) if
vccl increases from II to III. This path can also consist of
shock followed by a gradual wave when vccl initially
increases and then decreases going from II to III. In this
case, the chloride concentration where the wave transitions
from shock to simple is determined by equating the shock
and simple wave velocities. In each case, evaluation of the
derivative qqCl/qCCl is obtained numerically by taking
small CCl increments.

Materials and Methods

(9)
Materials

and

vsCl ¼

dqCl
@qCl
@qCl dCTRIS @qCl dCHIS
¼
þ
þ
dCCl @CCl @CTRIS dCCl
@CHIS dCCl
@qCl dCBTP
þ
@CBTP dCCl

(10)

Cl

for simple and shock waves, respectively. In these equations
/ ¼ (1  e)/e is the phase ratio and

The resins used in this study are DEAE Sepharose FF and
ANX Sepharose 4 FF ‘‘high sub’’ (GE Healthcare, Piscataway, NJ). Both resins are based on similar agarose matrices
and contain weak base groups. Table 1 summarizes the relevant properties. The extraparticle porosity, e, and the intraparticle porosity, ep, of the columns packed with these resins
were obtained as follows. For the DEAE resin, e was
obtained from pressure drop measurements in conjunction
with the Carman–Kozeny equation. The value obtained for e
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Table 1. Summary of Sepharose FF Resin Properties
Property

DEAE

ANX

Particle size* (lm)
Extraparticle porosity, e
Intraparticle porosity, ep
Total base group content (lmol/mL){
n
pK1
pK2
pK3
pK4

90
0.30†
0.80§
110
4
9.1
8.2
6.3
5.4

90
0.30‡
0.80§
160
1
8.3
–
–
–

†

* Manufacturer data. Based on pressure drop measurements.
Assumed to be the same as for DEAE Sepharose FF. § Based on retention of acetone. { Values are per milliliters of packed column.

‡

using this approach is comparable with those obtained for
similar resins from the elution time of unretained macromolecular solutes that are excluded from the particle pores.41
The same value of e was thus assumed for the ANX resin,
because the physical structure and particle sizes are the same
for the two materials and the columns were packed with the
same procedure. ep was obtained for both resins from the
retention of an acetone pulse.
Buffer solutions were prepared with a fixed Cl concentration or with a fixed total concentration of buffering species. Solutions containing fixed Cl concentrations were
prepared using ACS grade chemicals from Fisher Scientific
(Fair Lawn, NJ) and Sigma Chemical Company (St. Louis,
MO) by diluting standard 1 N HCl with distilled, deionized
water and adding incremental amounts of the base component until the desired pH was reached. Mixed buffers containing the same Cl concentration and a desired ratio of
buffering species were then prepared by mixing the single
component buffer solutions in the appropriate proportions.
Solutions with a fixed total concentration of buffering species were prepared by adding each free base to distilled,
deionized water and titrating with concentrated HCl to the
desired pH. After preparation, each buffer was degassed by
vacuum filtering. It should be noted that the two types of
buffer preparations are not equivalent and result in different
column behavior. For example, a buffer solution containing
0.01 M TRIS at pH 7 will contain less than 0.01 M Cl. In
turn, because protein binding in ion exchange depends principally on the concentration of the counterion,42–44 protein
retention will be stronger than in a TRIS buffer containing
0.01 M Cl at the same pH.
Bovine apo-transferrin was obtained from Sigma Chemical
(St. Louis, MO). Transferrin is a globular protein with an approximate molecular mass of 78,000 Da and a pI around 6.32
The protein is known to contain different sialytated charge
variants.32,45,46 A monoclonal antibody (mAb) was provided
by Pfizer (St. Louis, MO). As demonstrated by IEF analyses,
the mAb sample comprises several charge variants. In both
cases, protein solutions were prepared in 1–5 mg/mL
concentrations.

monitoring the pH. Theoretical and experimental titration
curves can then be related by considering the following
equations:

CNaþ þ CHþ ¼ CCl þ COH ¼ CCl þ Kw =CHþ

(13)



mHCl ¼ CC1 V þ qCl  q0Cl VR  C0Cl V0

(14)

where mHCl is the moles of HCl added, V and V0 are the current and initial volumes of solution, q0Cl and C0Cl are the
initial resin and solution phase concentrations, respectively,
and VR is the resin volume. qCl is related to the solution pH
and Cl concentration through Eqs. 5 and 6. Thus, the volume of titrant HCL added at each pH can be determined by
solving the Eqs. 5, 6, 13, and 14 simultaneously. The total
concentration of weak acid groups, q0, and the resins’ pKvalues were then determined by fitting the titration curves
predicted from these equations to the experimentally determined ones.
Column pH transients
Column experiments were conducted with an ÄKTA
Explorer system (GE Healthcare, Piscataway, NJ) with the
resins packed in either 0.5  20 cm Tricorn columns (GE
Healthcare) or in 1.1  20 cm Vantage-L columns (Millipore, Billerica, MA). pH gradients were generated by implementing step changes in buffer composition after loading the
protein with the system load pump. Effluent conductivity
and pH were monitored with the ÄKTA system instrumentation although fractions were also collected and tested offline
with a calibrated meter (Model S20 Mettler-Toledo, Columbus, OH). Conductivity traces were converted to chloride
concentration for a qualitative comparison with the model
predictions by assuming a linear relationship with Cl
concentration.
Analytical IEF
IEF analyses were conducted on samples of the crude protein and on selected fractions from the pH gradient runs. For
apo-transferrin IEF was conducted using Novex pH 3–7 precast vertical mini gels and buffers obtained from Invitrogen
(Carlsbad, CA) with 0.75–1.5 lg protein loads. Following
electrophoresis, the gel was fixed with a solution containing
12% trichloroacetic acid and 3.5% sulfosalicylic acid for
30 min. Protein bands were visualized using Colloidal Coomassie Blue G-250 stain from Invitrogen. Gel images were
recorded using a Bio-Rad (Hercules, CA) GS-800 calibrated
densitometer.
IEF analysis of mAb samples was conducted in a similar
way but using IsoGel pH 7–11 agarose plates obtained from
Lonza (Walkersville, MD) with 2–4 lg protein loads.

Results and Discussion

Potentiometric titrations
Potentiometric titrations of the resins were conducted as
follows. A sample of each resin (~2 mL) was flow packed in
0.5  10 cm Tricorn column (GE Healthcare, Piscataway,
NJ) at 2 mL/min and equilibrated with 0.1 M NaCl adjusted
to pH 11 with NaOH. The packed resin was then manually
extruded from the column into 25–50 mL of 0.1 M NaCl at
pH 11, and titrated with standardized 0.01 M HCl while

Resin titrations
The experimental titration curves are shown in Figure 1.
Starting at high pH, the amount of HCl added increases
gradually at first and then reaches a plateau corresponding to
the resin’s total concentration of weak acid groups. At pH
values lower than this point, the titration curves rise sharply
because the resin has lost all its buffering capacity.
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Figure 1. Potentiometric titration curves for DEAE Sepharose
FF and ANX Sepharose FF resins.
Lines are calculated from Eqs. 5, 6, 13, and 14. Experimental
conditions are noted in text and model parameters are given in
Table 1.

Calculated titration curves obtained from Eqs. 5, 6, 13, and
14 based on the fitted parameters given in Table 1 are also
shown. As seen in Figure 1, in the case of ANX Sepharose,
a satisfactory fit of the data could be obtained with a single
pK value (n ¼ 1). Conversely, four different pK-values (n ¼
4) were needed to accurately describe the DEAE Sepharose
data. Although the exact reasons for this difference are not
known, the results are consistent with information from the
resin manufacturer that ANX contains exclusively truly weak
base groups and is thus more chemically homogeneous than
the DEAE resin.47

Induced pH gradients
Implementing separations based on internally produced pH
gradients is dependent on the ability to predict the buffer
compositions that will generate gradients of appropriate
slope. Thus a broad range of buffer compositions was tested
experimentally with DEAE Sepharose and the results compared with model predictions. The buffer compositions tested
for pH 7–5 steps are represented in Figure 2 for TRIS, BTP,
HIS, and their mixtures, all with a 0.02 M chloride concentration. The experimental pH profiles obtained for each condition indicated are shown in Figure 3 along with those
predicted by the local equilibrium model.
In all cases, a fast wave emerges from the column in
about 1 CV, which corresponds to the passage of the unretained buffer species. The ensuing plateau has chloride concentration and pH that are lower than those of the initial
buffer. Their values are dependent on the buffer employed.
For example, HIS, whose pKa is closest to the step pH,
results in a large decrease in chloride concentration and pH
at the intermediate state. On the other hand, TRIS, whose
pKa is farthest from the step pH, results in only a small
decrease in chloride concentration and pH at the intermediate
plateau. The BTP buffer and mixtures of the three buffers
fall in between the two extremes. As discussed in ‘‘Column
dynamics’’ section, a slow wave follows the initial plateau
and has a shape that is dependent on the particular buffer
employed. Using HIS only (point a in Figure 2) or buffer

Figure 2. Ternary diagram showing buffer compositions with
0.02 M Cl2 used to generate pH 7–5 gradients with
DEAE Sepharose.
The corresponding experimental results and model predictions
are shown in Figure 3.

mixtures containing HIS (points d, f, and g in Figure 2), the
pH profiles consist of a shock transition followed by a gradual wave. This combined wave behavior occurs because, in
these cases, the chloride binding isotherm, plotted with constant buffer concentration, has an inflection point, transitioning from a favorable shape (i.e. concave downward) to an
unfavorable one (i.e. concave upward) as the Cl concentration increases from the intermediate plateau value to the final
value. As a result, we obtain a shock for the favorable portion, followed by a gradual wave. The chloride concentration
where the wave transitions from shock to gradual is found
by equating shock and simple wave velocities according to
the so-called ‘‘Golden rule.’’48
On the other hand, for TRIS, BTP, and their mixtures
(points b, c in Figure 2) the pH profile following the initial
plateau is just a gradual wave. This occurs because in these
cases the chloride binding isotherm remains unfavorable (i.e.
concave upward) as the Cl concentration increases from the
intermediate plateau value to the final value. However, compared with BTP, TRIS results in extremely shallow gradients. For example, using TRIS alone (point c in Figure 2)
results in a gradient that reaches the final pH of 5 in 608
CV. Such a long gradient may result in substantial resolution, but is probably impractical. BTP, on the other hand,
provides fairly shallow smooth gradients that are not excessively long. For example, BTP alone (point b in Figure 2)
reaches pH 5 in 101 CV.
In all cases, the agreement between experimental and predicted curves is excellent. Because parameters determined
from the titration curve were used in the model calculations
without adjustment, the lines shown are true predictions. Significant deviations are seen only when shocks are formed.
This is because the model assumes local equilibrium and
plug flow with no axial dispersion. In practice, however,
some flow non-idealities obviously exist in these columns
(e.g. see Ref. 49) resulting in experimental profiles that are
smoother than the shock transitions predicted.
As is obvious from these results, in practice, shallow gradients can be obtained using a simple single component
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Figure 3. Experimental and predicted Cl2 concentration profiles and pH transitions for pH 7–5 steps in a 0.5 3 20 cm DEAE Sepharose column at 1 mL/min with buffers containing 0.02 M Cl2 for the following buffers.
(a) HIS, (b) BTP, (c) TRIS, (d) equimolar HIS/BTP, (e) equimolar BTP/TRIS, (f) equimolar HIS/TRIS, (g) equimolar HIS/BTP/TRIS. Lines are
based on the local equilibrium model with parameters in Table 1.

buffer system provided the buffer pKa is approximately 2 pH
unit above the operating pH. This rule of thumb will vary
from resin to resin, and with buffer concentration, but it is a
good place to start when designing shallow pH gradients.
Two additional effects of the buffer composition are
shown in Figure 4 for buffers containing only BTP. Figure 4a
shows the effect of chloride concentration (and hence buffer

concentration) on the pH profiles generated by pH 7–5 buffer
steps with DEAE Sepharose, whereas Figure 4b shows the
effect of using buffer steps with different initial and final pH
values. As seen in Figure 4a, decreasing the buffer Cl concentration prolongs the length of the induced pH gradient.
Conversely, as seen in Figure 4b varying the initial and final
pH values affect only the plateau region of the profile. The
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Figure 5. Experimental and predicted pH profiles for DEAE
and ANX Sepharose generated with pH 9.5–8 steps
using 0.01 M ethanolamine in 1.1 3 20 cm columns
at 1.6 mL/min (100 cm/h).
Lines are based on the local equilibrium model with parameters
in Table 1.

Figure 4. Predicted pH transitions for BTP buffer steps with
DEAE Sepharose.
(a) Effect of Cl concentration for pH 7–5 BTP buffer steps;
(b) Effect of initial and final pH for BTP buffer steps with 0.01
M Cl.

gradual wave that follows has the same shape and duration
until the final pH is attained.
As a final example, Figure 5 shows a comparison of the
predicted pH and Cl profiles for DEAE and ANX Sepharose generated with pH 9.5–8 steps using 0.01 M ethanolamine as the buffer. Experimental pH profiles are also shown.
Gradual waves are obtained in both cases. However, the
ANX profile is much shallower because, as seen in Figure 1,
this resin has a substantially greater buffering capacity over
this range of pH values. Model predictions are again in good
agreement with the experimental results.

Separation of apo-transferrin charge variants
The resolution of apo-transferrin charge variants was
obtained with pH gradients from 7 to 5 generated by buffer
steps with 0.01 M Cl concentrations using a DEAE Sepharose column. Figure 6 shows a representative result obtained
with BTP buffers at 1 mL/min (~300 cm/h). Although the resolution is obviously limited, IEF analyses of fractions collected at the points indicated by the arrows show a
substantial separation of the protein charge variants along
the induced pH gradient. Although fractions 1 and 2 contain
three and two variants, respectively, of the five major variants present in the protein sample, fractions 3 and 4 contain
only one major variant. As confirmed by IEF, the variants
elute in order of decreasing isoelectric point. When the pH
step occurs at the top of the column, each variant instantly
becomes trapped along a pH wave where its chromatographic velocity is equal to that of the pH wave. More acidic

Figure 6. Chromatographic separation of apo-transferrin
charge variants using a pH 7 to 5 BTP buffer step
with 0.01 M Cl2 in a 0.5 3 20 cm DEAE Sepharose
column at 1 and 5 mg/mL protein load.
Dashed line shows the experimental induced pH gradient. Bottom graph shows IEF analyses of peak fractions indicated.
Lanes labeled ‘‘L’’ are the crude protein load.

species accumulate closer to the anode in the IEF gel and
are retained longer in the column.
Various conditions were explored to determine their
effects on resolution. Figure 7 shows the effects of the buffer
type on the separation of apo-transferrin charge variants
using pH 7–5 steps with equal 0.02 M Cl concentrations.
As seen in Figure 7, the conductivity remains low and nearly
constant when the protein elutes. Thus separation is primarily determined by the induced pH gradient shape and length.
In the case of HIS (Figure 7a) the induced pH gradient is
steep (8 CV) and there is no discernible resolution of charge
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Figure 7. Effect of buffer type on the chromatographic separation of apo-transferrin charge variants using pH 7–5
BTP buffer steps with 0.02 M Cl2 in a 0.5 3 20 cm
DEAE Sepharose column at 1 mL/min.
Protein load was 5 mg/mL. Upper traces show the conductivity
profiles. (a) HIS, (b) BTP, (c) TRIS.

variants. Some resolution is evident using BTP (Figure 7b),
although, for these conditions elution occurs in the first 20
CV, where the pH gradient is steep so that resolution is
again limited. Better resolution is obviously evident for
TRIS (Figure 7c), which results in a shallow gradient.
Figure 8 shows the effect of the buffer chloride concentration (and thus buffer concentration) for pH 7–5 gradients
generated using BTP with the DEAE Sepharose column at
1 mL/min. Protein was loaded to 5 mg/mL of packed bed.
The effect is complex because the chloride concentration
affects the pH profile, as previously shown, as well as the
protein retention. Longer pH gradients are formed with lower
chloride concentrations, which lead to higher resolution of
variants. Increasing ionic strength leads to weaker binding,
and less protein retention. Thus, the charge variants elute
earlier in the induced gradient at higher pH-values. For the
results shown in Figure 8, the apo-transferrin variants elute
in the pH range of 5.75–6.1 for 0.02 M Cl, 5.5–5.75 for
0.01 M, and 5.2–5.7 for 0.005 M.
Figure 9 shows the effect of the initial pH for pH gradients generated using BTP buffer steps to pH 5 with equal
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Figure 8. Effect of Cl2 concentration on the chromatographic
separation of apo-transferrin charge variants using
pH 7–5 BTP buffer step in a 0.5 3 20 cm DEAE
Sepharose column at 1 and 5 mg/mL protein load
and 1 mL/min.
Dashed line shows the induced pH gradient. (a) 0.02 M Cl,
(b) 0.01 M Cl, (c) 0.005 M Cl.

0.01 M Cl concentrations. pH gradients that started at pH
7.5, 7, and 6.5 all had shock transitions to pH 6.4, followed
by identical gradual waves, a result consistent with prediction based on the local equilibrium model. As seen in Figure
9, a consequence of this result is that the effect of the initial
pH on resolution is limited.
Figure 10 shows the effect of flow rate with 5 mg/mL protein load. Conductivity and pH traces show very little sensitivity to the flow rate confirming that the ion exchange
processes involved in generating the induced gradient are not
mass transfer limited. Remarkably, the resolution also shows
relatively little sensitivity to flow despite the fact that the superficial velocity is increased by a factor of 4 and that the
particles are 90 lm in size. As discussed in Pabst et al.,31
this occurs because of the axial pH gradient established in
the column as a result of the interaction of the mobile phase
components with the resin. These authors showed that proteins separated with internally generated pH gradients had
HETP values nearly 10-fold lower than expected based on
the generalized HETP expression of Snyder and Kirkland.50
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Figure 9. Effect of initial pH on the chromatographic separation of apo- transferrin charge variants using BTP
buffer steps with 0.01 M Cl2 in a 0.5 3 20 cm
DEAE-Sepharose column.
Protein load was 5 mg/mL. Upper traces show the conductivity
profiles. The final pH was 5 in all cases.

Figure 11. Chromatographic separation of mAb charge variants using a pH 9.5–8 buffer step with 0.01 M ethanolamine in a 1.1 3 20 cm DEAE Sepharose
column at 1.6 mL/min (100 cm/h) and 5 mg/mL
protein load.
Dashed line shows the experimental induced pH gradient.
Bottom graph shows IEF analyses of peak fractions indicated.
Lanes labeled ‘‘L’’ are the crude protein load.

Figure 10. Effect of flow rate on the chromatographic separation of apo-transferrin charge variants using pH 7–
5 BTP buffer steps with 0.01 M Cl2 in a 0.5 3 20
cm DEAE Sepharose column.
Protein load was 5 mg/mL. Upper traces show the conductivity profiles.

Therefore when the increased flow rate does broaden the
peak, the axial pH gradient tends to compress it. Thus,
sharper bands and greater resolution are obtained with the
induced pH gradients,
Separation of mAb charge variants
Figures 11 and 12 show the resolution of mAb charge variants obtained using pH 9.5–8 steps with 0.01 M ethanolamine buffers at 100 cm/h for DEAE Sepharose and ANX
Sepharose columns, respectively. The mAb contains three
major charge variants, which were fully resolved by imaging
capillary electrophoresis—iCE (results not shown). As seen
from the accompanying IEF analyses in Figures 11 and 12,
two of these variants appear as a single broader band,
whereas the third is fully resolved. Remarkably, however,
while the separation is not complete all three major variants

Figure 12. Chromatographic separation
iants using a pH 9.5–8 buffer
anolamine in a 1.1 3 20
column at 1.6 mL/min (100
protein load.

of mAb charge varstep with 0.01 M ethcm ANX Sepharose
cm/h) and 5 mg/mL

Dashed line shows the experimental induced pH gradient.
Bottom graph shows IEF analyses of peak fractions indicated.
Lanes labeled ‘‘L’’ are the crude protein load.

are resolved in fractions collected at the apexes of the peaks
obtained in both columns with the induced pH gradients.
The resolution is better with the ANX Sepharose and this
result is likely due to the shallower gradient that, as
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discussed previously, is generated for this particular pH
range. In both cases, however, the order of elution of the
variants follows the order of their pIs as determined by IEF.

Conclusions
The local equilibrium model developed in this work provides accurate quantitative predictions of the pH gradients
induced by step changes in buffer composition with weak
base anion exchange columns. The model predictions, based
only on the resin’s potentiometric titration, are validated
over a broad range of buffer types, ionic strength, initial and
final pH, and flow rate. Application of the induced pH gradients to the separation of charge variants provided remarkable results. As confirmed by IEF analyses, the induced pH
gradients provide charge variant resolution at low ionic
strengths, with large particle sizes, high flow rates, and substantial protein loads. Thus, the technique appears suitable to
solve the difficult industrial separation problems that arise
when charge variants, which are sometimes present in therapeutic protein products, need to be separated. One aspect
that will require further study is the effect of protein load.
The loads used in this work are higher than previously used
in chromatofocusing studies and are considerable for high-resolution applications. On the other hand, the absolute limits
are currently not known and will be explored in future work.
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Notation
C
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Ka
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liquid phase concentration
number of column volumes (¼evt/L)
resin phase dissociation constant
buffer dissociation constant
ionic product of water
column length
resin phase concentration
concentration averaged over particle volume
time
mobile phase velocity
solution volume
initial value of V
resin volume
column axial coordinate
extraparticle void fraction
intraparticle void fraction
phase ratio [¼(1  e)/e]
activity coefficient
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