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Nonlinear Multicomponent Gradient Chromatography
in Metal Affinity Systems

SURESH VUNNUM,* VENKATESH NATARAJAN,
STUART GALLANT.t and STEVEN CRAMER*
DEPARTMENT OF CHEMICAL ENGINEERING
RENSSELAER POLYTECHNIC INSTITUTE
TROY, NEW YORK 12180-3590, USA

ABSTRACT

In this paper the metal affinity interaction chromatography (MAIC) model is em-
ployed in concert with appropriate mass transport equations to study preparative
linear gradient chromatography in immobilized metal affinity chromatography
(IMAC) systems. The MAIC model accounts for the nonlinear adsorption of proteins
and mobile phase modulators (e.g., imidazole), and is shown to accurately predict
gradient separations of proteins under overloaded conditions. Experimental and simu-
lation results indicate that the concentration-dependent sorption of imidazole and
protein-imidazole interference effects can severely deform linear gradients in IMAC
systems. The steric accessibility and displacer characteristics of imidazole together
with multicomponent interference effects can lead to unusual protein elution profiles
and the spiking of imidazole between the feed components. Due to their ability to
act as displacers, these imidazole spikes can sharpen protein tails, decreasing the
interface shock layer thickness and improving resolution. Finally, iterative optimiza-
tion schemes are employed to study the influence of the transient displacer characteris-
tics of imidazole shocks on the optimum operating conditions.

INTRODUCTION

Linear gradient elution is widely employed in preparative chromatography
(1-3). As the strength of the mobile phase increases in a linear fashion, the
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2466 VUNNUM ET AL

components of the feed solution are eluted from the column in their order of
increasing affinity. Gradient elution allows components of widely varying
chromatographic affinity to be concentrated and separated in a single chro-
matographic operation.

Immobilized metal affinity chromatography (IMAC) is a group-specific
adsorption technique for the separation of biomolecules. The stationary phase
in these systems consists of metal ions immobilized to a base resin using
chelating agents such as iminodiacetic (IDA) acid. The exposed amino acid
residues on the surface of a protein, such as the imidazole group of histidine,
contribute to the binding of the protein to the immobilized metal ions. The
metal ions typically employed in these systems include Cu(II), Zn(II), and
Ni(II). The type of metal ion employed affects both the selectivity and the
capacity of these systems.

IMAC systems offer many advantages vis-a-vis other chromatographic
techniques based on affinity interactions. These systems are low cost, offer
high capacities, employ mild elution conditions, and can be repeatedly
stripped and reloaded with metal ions (4). Furthermore, it has been shown
in these systems that proteins retain their biological activity after elution (5).

A number of analytical models have been presented for gradient chroma-
tography (6,7); however, such models do not consider the modulator sorption
and assume a single protein eluting with a linear adsorption isotherm. Velay-
udhan and Ladisch (8) presented simulation results which account for nonlin-
ear solute adsorption as well as modulator sorption in reversed phase systems.
In IMAC, due to the high affinity of the traditionally employed mobile phase
modulators (9) (e.g., imidazole), the quantification of the "protein-modula-
tor" interference effects is crucial for the understanding of nonlinear protein
separations.

Several researchers have employed Langmuir equilibria to describe IMAC
systems (10, 11). However, the affinity constants determined using the Lang-
muir model are not adequate for predicting protein adsorption behavior as a
function of modulator concentration. We have recently developed a metal
affinity interaction chromatographic (MAIC) model which accounts for multi-
ple-site interactions and the steric hindrance of stationary phase sites upon
protein binding in IMAC systems (12). This model is able to account for
differential saturation capacities as well as the modulator dependence of pro-
tein adsorption. The MAIC model has also been shown to accurately predict
nonlinear protein adsorption behavior in IMAC systems (9, 12).

In this article, the MAIC model is employed in concert with mass transport
equations to study the influence of "protein-modulator" interference effects
on the operating conditions in preparative linear gradient IMAC systems. The
behavior of these systems with and without imidazole in the equilibration
buffer and the feed mixture are studied using simulations, and the results of
these simulations are experimentally verified. The effects of having weakly
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GRADIENT CHROMATOGRAPHY IN METAL AFFINITY SYSTEMS 2467

binding proteins in the feed mixture are then investigated using simulations.
Subsequently, the model is employed for the optimization of nonlinear multi-
component gradient separations. Finally, the influences of the feed stream
composition, solubility, and gap width constraints on these optimization re-
sults are examined.

THEORY

Multicomponent Equilibrium

The metal affinity interaction chromatographic (MAIC) model is a three-
parameter model that incorporates mobile phase modulator effects and explic-
itly accounts for the multipointed nature of protein adsorption and the steric
hindrance of the stationary phase sites upon binding of macromolecules. As
a result, it is capable of accurately predicting multicomponent protein adsorp-
tion in IMAC systems. In this section we briefly review the model [for a
detailed description see Vunnum et al. (12)].

Consider an immobilized Cu surface with a total capacity of A mM. Upon
adsorption, the protein interacts with "n," sites on the stationary phase (num-
ber of interaction sites) and sterically hinders "a ," Cu sites (steric factor).
These sterically hindered sites are unavailable for the binding of other macro-
molecules in free solution. On the other hand, the sterically hindered sites
are accessible to relatively small mobile phase modulators such as imidazole.
For a system of' W proteins and a single mobile phase modifier, "N + 1"
equilibrium expressions can be written to represent multicomponent binding
equilibria. The equation representing the modulator binding equilibrium is

C, + Qv «- Q, (1)

where the subscript " 1 " refers to the mobile phase modulator with a single
coordination site, Qv refers to the vacant sites on the stationary phase, C\
refers to the mobile phase concentration of the modulator, and gi is the
stationary phase concentration of the modulator.

Q + ntQv <=> Qh i = 2, 3, . . . , N + 1 (2)

Equation (2) describes the_protein binding equilibrium. The subscript " /"
refers to the proteins and Qv represents the vacant sites on the stationary
phase that are accessible for the adsorption of the proteins. C,- and Qt represent
the mobile phase and stationary phase concentrations, respectively, of the
proteins. The equilibrium constant, Kh for the modifier is given by

and for the proteins is given by
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2468 VUNNUM ET AL

Mass balance on the stationary phase yields
_ N+l

A = Gv + Gi + £ (m
i = 2

where 2i refers to the modulator bound to the sterically unshielded copper
sites on the stationary phase, «,- is the number of interactions sites of solute
i, and cr,- is the steric factor of solute /. Equations (3), (4), and (5) together
define protein multicomponent equilibria on IMAC surfaces.

Mass Transport Equations

The model employed to describe mass transport in this work is a single
parameter, lumped dispersion model. Equation (6) describes mass transport
in the packed bed of a chromatography column:

D +U+ + = ° (6)

where Z is the axial position, / is time, e is the total porosity of the column,
Uo is the chromatographic velocity and is equal to UJe, where £/s is the
superficial velocity, and Dt represents an effective lumped dispersion coeffi-
cient which includes all transport limitations. The stationary phase is assumed
to be in equilibrium with the mobile phase:

Gi = F,(C,,C2,...,CW+1) (7)

The equilibrium expression F-, is the MAIC formalism discussed above. The
above equations are solved in conjunction with the appropriate initial and
boundary conditions which describe the gradient process.

Numerical Method

In order to solve this system of partial differential equations, a finite differ-
ence numerical technique developed by Czok et al. (13) was employed. In
this technique a simple relation exists between the observed efficiency of the
chromatography column, the effective dispersion coefficient of Eq. (6), and
the dimensions of the finite difference grid:

where H is the height equivalent to a theoretical plate, L is the column length,
k' is the capacity factor, Az is the step size in the spatial dimension, and AT
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GRADIENT CHROMATOGRAPHY IN METAL AFFINITY SYSTEMS 2469

is the dimensionless step size in the time dimension. Based on the observed
plate height from experimental measurements, an effective dispersion coeffi-
cient of 2.0 X 10~2 cm2/s was employed for the solutes in this study.

Chromatographic Optimization

Optimization involves the maximization or minimization of an objective
function. In preparative chromatography the production rate of the process
may be regarded as the objective function (14). The production rate of the
/th component is defined as follows:

PR. = f ^ (9)
'eye ' s p

where C,if is the feed concentration of the ith component, Vf is the feed
volume, Yt is the yield of the /th component, rcyc is the cycle time, and Vsp

is the stationary phase volume. Maximization of the production rate will allow
the largest quantity of purified product to be produced in the shortest amount
of time with the least amount of stationary phase.

The cycle time includes the time for column regeneration. In this study a
regeneration time corresponding to 7 column dead volumes was assumed.
Thus, the cycle time is defined as

'eye = (Tf + Tsep + l)tQ (10)

where Tf and T ^ are the dimensionless feed and separation times, respec-
tively, and t0 is the time taken by an unretained tracer to traverse the column.

The yield in the objective function is calculated from the formula

I
Jt.

r2

Qdt
(11)

where rf is the feed time, and the cut times, ti and t2, are selected to maximize
the yield at the specified purity.

Parameters

In this study the separation of an equal composition mixture of ribonuclease
A (Rnase A) and myoglobin was optimized. The parameters in this problem
are fixed quantities and include the capacity of the stationary phase, the initial
imidazole concentration, pH, and the adsorption properties of the proteins.

Decision Variables

During optimization the values of the decision variables are selected to
maximize the objective function. In this study the effects of two decision
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2470 VUNNUM ET AL.

variables, the feed time, ff, and the gradient slope, Gsiope, are considered.
Manipulation of these variables allows the mass of protein purified per cycle
and the time per cycle to be controlled. Proper selection of the feed volume
and gradient slope will allow the largest amount of protein to be purified in
the shortest amount of time.

Constraints

Most industrial processes have prespecified requirements (i.e., constraints
on the variables of the problem). Four important constraints which are often
imposed are: maximum protein concentration (to prevent precipitation or ag-
gregation), purity, yield, and separation gap width. Maximum protein concen-
tration is an example of a physical constraint on the process. In contrast,
purity, yield, and separation gap width are all constraints that are defined by
the efficiency of the purification system and by the desired quality of the
product. In this study, constraints were set on the separation gap width, maxi-
mum protein concentration, purity, and yield.

Optimization Technique

The optimization technique employed in this manuscript was an iterative
scheme adapted from the work of Gallant et al. (14). For a given feed volume
and set of parameters and constraints, the iterative loop employed to optimize
the gradient slope is shown in Fig. 1.

EXPERIMENTAL METHODS

Materials

Bulk chelating Superose (10 p,m) containing covalently bound iminodia-
cetic acid (IDA) was donated by Pharmacia LKB Biotechnology (Uppsala,
Sweden) and was packed in a 57 X 5 mm I.D. glass column. A strong cation
exchange (SCX) (sulfopropyl, 8 p.m, 50 X 5 mm I.D.) column was donated
by Waters Chromatography (Milford, MA). Bulk BioSeries strong cation
exchange (SCX) material (donated by Rockland Technologies, Newport, DE)
was packed in a 250 X 4.6 mm I.D. column. POROS R/H reversed phase
chromatographic column (100 X 4.6 mm I.D.) was donated by PerSeptive
Biosystems (Cambridge, MA). Acetonitrile was purchased from Fisher Scien-
tific (Fairlawn, NJ). Sodium chloride, sodium monobasic phosphate, sodium
dibasic phosphate, sodium acetate, cupric sulfate, ethylenediamine tetraacetic
acid (EDTA), imidazole, and all proteins were purchased from Sigma (St.
Louis, MO).
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FIG. 1 Iterative scheme employed for optimization studies. Adapted from Ref. 14.

Apparatus

The system consisted of two Model P-500 pumps (Pharmacia, LKB) con-
nected to the chromatographic column via a Model MV-7 injector (Pharmacia,
LKB). Fractions of the column effluent were collected from the linear gradient
chromatography experiments using a model 2212 Helirac fraction collector
(Pharmacia, LKB). The collected fractions were subsequently analyzed for
protein and imidazole concentrations. A Spectroflow 757 UV-VIS absorbance
detector (Applied Biosystems, Foster City, CA) was employed to monitor
the column effluent, and a model C-R3A Chromatopac integrator (Shimadzu,
Kyoto, Japan) was employed for data acquisition and analysis.

Immobilization of Cu2+

The IDA column was washed with 10 column volumes of distilled water
and subsequently loaded with copper ions by equilibration with an aqueous
solution of 0.3 M copper sulfate, pH 3.9. Unadsorbed metal ions were re-
moved by perfusing the IDA-Cu(II) column with 5 column volumes of 0.1
M sodium acetate, pH 4.0. The column was then washed with 3 column
volumes of distilled water and equilibrated with the appropriate buffer solu-
tion.
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2472 VUNNUM ET AL

Determination of MAIC Parameters

The linear adsorption parameters of the proteins, the number of interaction
sites («/), and the equilibrium constant (£,-) were estimated from linear elution
experiments at various imidazole concentrations. The steric factors (cr,-) of
the proteins were obtained from nonlinear frontal experiments carried out
over a range of imidazole concentrations. The MAIC parameters of imidazole
were obtained by fitting the isotherm data points to the single component
Langmuir expression. For a detailed discussion of these parameter estimation
techniques, the reader is referred to Vunnum et al. (12).

Linear Gradient Chromatography of Proteins

The column was initially equilibrated with Carrier A (0.5 mM imidazole,
0.5 M NaCl, 50 mM sodium phosphate, pH 7.0). The feed solution was
subsequently loaded onto the column. After an appropriate feed volume was
loaded, a linear gradient from Carrier A to Carrier B (30 mM imidazole, 0.5
M NaCl, 50 mM sodium phosphate, pH 7.0) was initiated. All the experiments
were carried out at room temperature at a flow rate of 0.2 mL/min. Fractions
were collected directly from the column effluent and analyzed as described
below. Details of the individual experiments are given in the figure legends.

Regeneration

While these columns can be readily regenerated using several column vol-
umes of 30 mM imidazole, in the experiments shown in this paper extra
precaution was taken to ensure that the total bed capacity remained constant
in these experiments. Accordingly, the column was then washed with 10
column volumes of deionized water and stripped of Cu2+ ions by perfusing
with 5 column volumes of 0.1 M EDTA, followed again by washing with
10 column volumes of deionized water. The immobilization of Cu2+ was then
carried out as described above.

Effluent Analysis by HPLC

Effluent fractions obtained from the frontal chromatography experiments
were diluted 5-100-fold, and 25-fiL samples were analyzed using the follow-
ing methods.

Imidazole Analysis. Isocratic chromatography was performed on a
250 X 4.6 mm I.D. SCX column using a carrier of 15 mM phosphate buffer,
pH 5.0, and a flow rate of 0.9 mL/min. The column effluent was monitored
at 400 nm.

Ribonuclease A Analysis. Isocratic chromatography was performed
on a 50 X 5 mm I.D. SCX column using a carrier of 50 mM phosphate
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! buffer, pH 6.0, containing 60 mM NaCl and a flow rate of 0.5 mL/min. The
| column effluent was monitored at 280 nm.
j Myoglobin Analysis. Isocratic chromatography was performed on a
I 100 X 4.6 mm I.D. POROS reversed phase column using a carrier of 38%
| (v/v) acetonitrile in 50 mM phosphate buffer, pH 2.2, at a flow rate of 0.9
\ mL/min. The column effluent was monitored at 280 nm.
I
|
| RESULTS AND DISCUSSION
j The model was first employed to examine the behavior of these systems
i when there was no imidazole in the equilibration buffer or the feed mixture.
[ Figure 2 shows simulations of the separation of Rnase A and myoglobin
! employing various gradient slopes of imidazole. (Note: The MAIC parameters
I employed in these simulations are presented in Table 1.) The concentration-

dependent sorption of imidazole and the concave downward nature of its
adsorption isotherm leads to the formation of an imidazole shock layer at the
front of the gradient. In addition, the nonlinear competition for the stationary
phase sites between the proteins and the imidazole leads to further deforma-
tion of the linear gradient. Figure 2(a) shows the elution profile of the Rnase
A-myoglobin separation employing an imidazole gradient of 0.25 mM per
column volume. Since imidazole exhibits concentration-dependent displacer
characteristics (9), the imidazole shocks lead to the displacement of certain
proteins. Under these conditions, myoglobin elutes in the imidazole zone
while the imidazole shock effectively displaces Rnase A. Figures 2(b) and
2(c) show the simulation results of this separation at gradient slopes of 1 and
2 mM per column volume, respectively. At a gradient slope of 2 mM the
imidazole shock is strong enough to effectively displace both Rnase A and
myoglobin (Fig. 2c), while a slope of 1 mM results in a transient desorption
of myoglobin (Fig. 2b). (Note: In other words, given sufficient length of
column, under the same gradient slopes as in Figs. 2a and 2b, myoglobin
would also eventually be displaced ahead of the imidazole shock as in Fig.
2c.) This is because 1) the imidazole concentration across the shock is an
increasing function of column length and 2) for a given protein there exists
a critical concentration beyond which imidazole will effectively displace the
protein ahead of its front (9).

The model was next employed to examine the behavior of these systems
when the equilibration buffer and the feed mixture contained imidazole. It
turns out that the nonlinear competition for the stationary phase sites between
the protein and the imidazole can lead to significant system peaks in these
separations. The elution profiles of the Rnase A-myoglobin separation when
the column is initially equilibrated with a finite imidazole concentration are
shown in Fig. 3. In contrast to the results shown in Fig. 2, when there is
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1.50 T

f 1-0
ou
•| 0.50 +
2
a.

0.00

r 12.00

Rnase A

•+- 0.00
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00

Column Volumes

0.00
0.00 5.00 10.00

Column Volumes

15.00
0.00

20.00

2.50 j

2.00-

1.50 - •

1.00-

S 0.50 +

0.00
0.00

Rnase A

Myoglobin - _ 20.00

^ +^/^ Imidazole .. 16 00

( • 12.00 §
O

• 8.00 %

• 4 . 0 0 1

0.00
5.00 10.00

Column Volumes

15.00

FIG. 2 Effect of gradient slope on the concentration change across the modulator shock and
the modulator-induced displacement effects. Feed: 2 column volumes of 0.5 mM each of Rnase
A and myoglobin. Gradient slope: (a) 0.25 mM per column volume, (b) 1 mM per column

volume, and (c) 2 mM per column volume.
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TABLE 1
MAIC Adsorption Parameters"

Solute

Ribonuclease A
Myoglobin
Conalbumin
Lysozyme
Ovalbumin
Imidazole

Interaction sites
"/

1.81 ± 0.05
3.3 ± 0.4
4.7 ± 0.4
1.5 ± 0.1
2.7 ± 0.2

1.0

Equilibrium
constant Kt

2.1 X 10"'
6.6 X 10~2

3.0 X 10"5

3.5 X 10"2

6.0 X 10"4

3.55

Steric factor

4.1 ± 0.4
3.0 ± 0.7
16 ± 1.

b

1.8 ± 0.1
0.0

" Phase ratio: 0.24. Bed capacity (A): 201.45 mM.
* Not estimated due to solubility constraints. A value of 8.0 has been assumed for the simula-

tion shown in Fig. 7.

imidazole initially in the column, the linear gradient is not subjected to as
severe a shock formation. Furthermore, the adsorption of the feed proteins
during loading leads to an induced imidazole step increase (Fig. 3a).

The effect of an increased gradient slope on this separation is shown.in
Fig. 3(b). The steeper imidazole gradient leads to the formation of prominent
negative imidazole "system peaks" which coelute with the proteins and pro-
duce highly concentrated, narrow bands. In addition, this type of separation
can lead to scenarios where the positive imidazole system peak ahead of the
protein zone is completely engulfed by the shock formation at the front end
of the gradient (Figs. 3b and 3c). While the magnitude of the change in the
imidazole concentration across the shock is comparable to those shown in
Fig. 2, under these conditions (i.e., when the column is initially equilibrated
with imidazole), proteins cannot be displaced by the imidazole shock.

Figure 3(c) shows the influence of the feed load on the gradient separation.
The feed volume in this simulation is three times that shown in Fig. 3(b),
while the gradient slope is the same in both cases. As can be seen from these
figures, increasing the feed volume leads to a dramatically different elution
profile under identical gradient conditions. The gradient is severely deformed
under these conditions and the complex imidazole system peaks lead to a
multiple peak profile of Rnase A with a sharp rear of the peak. In addition,
the myoglobin concentration is higher than that in Fig. 3(b) due to the transient
displacement effect of the imidazole shock layer.

In order to confirm that the theory was predicting the experimental behav-
ior, a comparison was carried out for the Rnase A-myoglobin separation
under conditions where the column was initially equilibrated with an imidaz-
ole concentration of 0.5 mM (Fig. 4). After loading the feed mixture in 0.5
mM imidazole, a linear gradient of 1 mM imidazole per column volume was

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



2476 VUNNUM ET AL.
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Column Volumes

16.00

15.00

FIG. 3 System peaks in linear gradient chromatography. Feed composition: 0.5 mM each of
Rnase A and myoglobin in 0.5 mM imidazole. (a) Feed: 2 column volumes; gradient slope:
0.5 mM per column volume, (b) Feed: 2 column volumes; gradient slope: 2 mM per column

volume, (c) Feed; 6 column volumes; gradient slope: 2 mM per column volume.
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FIG. 4 Comparison of simulation and experimental chromatograms. (a) Experimental profile.
(b) Simulation result Feed: 2 column volumes of 0.5 mM each of Rnase A and myoglobin in

0.5 mM imidazole. Gradient slope: 1 mM per column volume.
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2478 VUNNUM ET AL

employed. As can be seen from these figures, the concentrations of the posi-
tive and negative imidazole system peaks and the protein elution bands are
well quantified. Further, the elution volumes of the proteins are in close
agreement with the model prediction.

Figure 5 shows the experimental result and the theoretical prediction of
this separation under identical gradient conditions as in Fig. 4, but with 2.5
times the feed volume. As in Fig. 4, the model does a good job of capturing
the salient features of this complex elution profile. The results presented in
Figs. 4 and 5 indicate that the MAIC model is indeed capable of describing
complex behavior in nonlinear IMAC gradient systems.

The presence of weakly binding proteins in the feed mixture can dramati-
cally alter the elution profiles in IMAC gradient systems. The elution profile
of a gradient separation of conalbumin (a weakly retained protein), Rnase A,
and myoglobin is shown in Fig. 6(a). As seen in the figure, the imidazole
gradient is severely deformed, and the earlier eluting protein, conalbumin,
coelutes with the induced imidazole step increase. Figures 6(b) and 6(c) illus-
trate the influence of the gradient slope on this separation. As can be seen
in these figures, while the elution times of the other proteins are dependent
on the gradient slope, the conalbumin retention time is not. This is due to
the fact that the conalbumin adsorption isotherm is very sensitive to imidazole
concentration, resulting in elution in the induced step increase.

Focusing of protein shocks in the presence of mobile phase modifiers can
sometimes be detrimental to separations. Figure 7 shows the linear gradient
separation of lysozyme, ovalbumin, and Rnase A at an initial imidazole con-
centration of 0.5 mM. Lysozyme and ovalbumin are weakly binding proteins
and elute in the induced imidazole step increase. As seen in Fig. 7, the weakly
retained proteins are focused at the induced imidazole step, resulting in a
significant overlap of their bands. Further, the linear gradient undergoes a
shock formation, resulting in a "bracketing" of lysozyme and ovalbumin
between this shock and the induced imidazole step increase. Thus, despite a
reasonable linear separation factor between lysozyme and ovalbumin, gradient
chromatography, under these conditions, is unable to resolve the two proteins
due to complex imidazole system peaks. It is important to note that this
behavior would not be predicted from other isotherm models such as the
Langmuir model.

Figure 8 shows the dependence of the linear retention of Rnase A and
conalbumin on imidazole concentration (Ci). The data indicate that these
proteins exhibit a selectivity reversal in the imidazole concentration range
that was employed in Fig. 6. However, as was shown in Fig. 6, a good separa-
tion was achieved with an imidazole gradient in this range. Clearly, the selec-
tivity in these systems is more complex than can be ascertained by simply
examining linear retention plots. Thus, this precludes generalizations based
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FIG. 5 Comparison of simulation and experimental chromatograms. (a) Experimental profile.
(b) Simulation result. Feed: 5 column volumes of 0.5 mM each of Rnase A and myoglobin in

0.5 mM imidazole. Gradient slope: 1 mM per column volume.
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FIG. 6 Elution profiles of conalbumin containing feed mixtures. Feed: 2 column volumes of
0.5 mM of each protein in 0.5 mM imidazole. Gradient slope: (a) 1 mM per column volume,

(b) 2 mM per column volume, and (c) 4 mM per column volume.
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FIG. 7 Separation of weakly binding proteins. Feed: 0.5 mM each of ovalburain, lysozyme,
and Rnase A in 0.5 mM imidazole. Gradient slope: 1 mM per column volume.

on converging and diverging linear retention plots such as has been put forth
for ion exchange and reversed phase systems (14, 15).

Optimization of Gradient Separations

In addition to employing the model to examine some of the complex behav-
ior in nonlinear IMAC gradient systems, the model can also be used to identify
operating conditions that lead to an optimum production rate for a given
separation. The iterative scheme shown in Fig. 1 was used for identifying
optimum gradient conditions for the separation of an equal composition feed
mixture of Rnase A and myoglobin. This analysis was carried out with a
separation gap constraint of 0.5 column dead volumes and with no constraint
on the maximum protein concentration. Figure 9(a) shows the optimum imid-
azole gradient that produces the highest production rate of myoglobin at var-
ious feed volumes. As expected, the optimum gradient slope decreases with
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FIG. 8 Log k' plots. C\ = imidazole concentration (mM)!

increasing feed volume. The purity and yield are both 100% due to the separa-
tion gap constraint. Figure 9(a) also shows the influence of the initial imidaz-
ole concentration on the optimum gradient slope. Rnase A-myoglobin have
a linear selectivity that is higher at lower imidazole concentration (Fig. 8).
Hence, it would be expected that the optimum gradient slope for this separa-
tion would be higher when the initial imidazole concentration is lower. Sur-
prisingly, the results at an initial imidazole concentration of 1.5 mM are higher
than those at 0.5 and 5 mM. Thus, the results suggest the existence of an
optimum initial imidazole concentration for these types of separations. Figure
9(b) shows the optimum production rate for this separation as a function of
the feed volume. As seen in the figure, the production rate initially increases,
reaches a plateau, and then declines with increasing feed volume. This is
because the optimum gradient slope decreases with an increase in feed vol-
ume, resulting in longer separation times. The maximum production rate is
0.24 mmol/mL-min and is obtained at a feed volume of 5, with an initial
imidazole concentration of 1.5 mM. Again, the data suggest a significant
effect of the initial imidazole concentration.

Figures 10(a), 10(b), and 10(c) examine the effect of initial imidazole con-
centration on the effluent profile. The simulated chromatograms at initial
imidazole concentrations of 1.5, 0.5, and 5.0 mM are shown in Figs. 10(a),
10(b), and 10(c), respectively. As seen in these figures, the gradient deforma-
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FIG. 9 Influence of initial imidazole concentration on the (a) optimum gradient slopes and
(b) production rate for the Rnase A-myoglobin separation under a 0.5-column volume gap
width constraint and no solubility constraint. Protein feed consists of 0.5 mM of each protein.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



2454 VUNNUM ET AL.

5.00 10.00

Column Volumes

15.00
0.00

20.00

5.00 10.00 15.00
Column Volumes

20.00

T 16.00

25.00

0.00
5.00 10.00

Column Volumes

15.00 20.00

FIG. 10 Effect of initial imidazole concentration on the linear gradient separation of Rnase
A-myoglobin. Feed: 5 column volumes of 0.5 mM of each protein in the corresponding equili-
bration imidazole concentration. Gradient slope: 0.758 mM per column volume. Initial imidazole

concentration: (a) 1.5 mM, (b) 0.5 mM, and (c) 5 mM.
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tion is more severe at lower initial imidazole concentration. At an initial
imidazole concentration of 1.5 mM, the gap width constraint is satisfied (Fig.
10a). At an initial imidazole concentration of 0.5 mM (Fig. 10b), the strong
gradient deformation results in a separation gap smaller than 0.5 column
volumes and thus, the gradient slope would have to be lowered to satisfy
the gap width constraint. On the other hand, at the higher initial imidazole
concentration of 5 mM (Fig. 10c), the protein adsorption is highly attenuated.
Furthermore, the positive influence of the displacement effect of the imidazole
shock is not taken advantage of, since the gradient deformation is minimal
under these conditions. Thus, in order to satisfy the gap width constraint of
0.5 column volumes under these conditions, the gradient slope would have
to be increased.

Effect of Feed Stream Composition

Gradient deformation due to protein-imidazole interference effects is sen-
sitive to the concentration and composition of the feed components. Further,
the displacement effect of the imidazole shocks is generally a transient phe-
nomenon. Thus, the feed stream composition and concentration can have a
major impact on the selection of the optimum operating conditions.

Figures 11 (a) and ll(b) show simulations of the separation of 2 column
volumes of a 1:9 and 9:1 feed mixture of Rnase A-myoglobin, respectively.
The gradient slope employed in these simulations is the optimum that satisfies
a gap constraint of 0.5 column volumes. The significant difference in the
optimum gradient slope shown in these figures arises primarily due to the
nonlinear adsorption of myoglobin. In the case of a 1:9 feed mixture (Fig.
1 la), the front of the myoglobin peak elutes approximately 6 columns ahead
of its rear. This places a greater restriction on the maximum imidazole slope
that can be selected. On the other hand, for the 9:1 feed mixture, a steeper
gradient could readily be chosen since this separation can take advantage of
the displacer characteristics of the imidazole shock.

Gap Width and Solubility Constraints

The optimum production rate curves with and without the gap width con-
straint are shown in Fig. 12 as a function of the feed volume. With a finite
gap width constraint the production rate increases with feed volume up to a
certain point, after which the production rate decreases. This is due to the
fact that at higher feed volumes the optimum gradient slope must decrease
in order to satisfy the gap width constraint. Relaxing the separation gap con-
straint leads to touching band profiles. Under these conditions, sample dis-
placement can have a significant effect on the separation. As can be seen in
Fig. 12, the production rate for separations with no gap constraint continues
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FIG. 11 Effect of feed composition on the optimum gradient slope under a gap width constraint
of 0.5 mM. (a) Feed: 2 column volumes of 0.05 mM Rnase A and 0.45 mM myoglobin in 1.5
mM imidazole (feed ratio 1:9); gradient slope: 0.784 mM per column volume, (b) Feed: 2
column volumes of 0.45 mM Rnase A and 0.05 mM myoglobin in 1.5 mM imidazole (feed

ratio 9:1); gradient slope: 3.26 mM per column volume.
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FIG. 12 Comparison of the production rates for the Rnase A-myoglobin separation under
various optimization conditions. In all four cases the yield and purity constraints were 99.5%

and 99%, respectively, and the initial imidazole concentration was 0.5 mM.

to increase well after the gap constraint separation has reached its maximum.
Thus, preparative IMAC separations that include displacement effects will
be able to separate significantly more protein per unit time, provided the yield
and purity constraints are satisfied. These results are in qualitative agreement
with prior results which indicated that sample displacement effects could
substantially increase the chromatographic productivity of preparative linear
gradient ion exchange systems (14).

A solubility constraint can also have a significant impact on the optimiza-
tion results. Separations with both a gap width and a 1-mM solubility con-
straint (denoted by triangles in Fig. 12) result in lower production rates than
those separations with a gap width constraint alone (denoted by squares in
Fig. 12) at relatively low feed volumes. At higher feed volumes the gap
width becomes the dominant constraint and the two curves coincide. The
incorporation of the solubility constraint for the case with no gap constraint
(denoted by crosses in Fig. 12) results in lower production rates than those
with no solubility and gap constraints (denoted by diamonds in Fig. 12).
However, the production rates are still significantly higher under these sample
displacement conditions than those obtained with a finite gap width constraint.

CONCLUSIONS

In this paper the MAIC model has been shown to accurately account for
the nonlinear adsorption of proteins and the mobile phase modifier in linear
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gradient chromatography. The model has been employed to investigate defor-
mation of linear gradients in IMAC systems and the unusual chromatographic
behavior of proteins that result from multicomponent interference effects and
the displacer characteristics of imidazole. It has been demonstrated in this
article that the selectivity in these systems is more complex than can be
ascertained by simply examining linear retention plots. In addition, iterative
optimization schemes were employed to study optimum operating conditions
for linear gradient IMAC systems under various conditions. The choice of
the constraints to be imposed on the system has a profound effect on the
optimum conditions. While the imposition of a gap width constraint results
in an optimum initial imidazole concentration, relaxation of this constraint
results in sample displacement effects and a marked improvement in the
production rates in these systems. These results demonstrate that the MAIC
model is well suited for aiding in the methods development and optimization
of protein purification in preparative linear gradient IMAC systems.

NOMENCLATURE

C mobile phase concentration (mM)
D axial dispersion coefficient (cm2/s)
H height equivalent to a theoretical plate (cm)
k' capacity factor
K equilibrium constant (mM*"")
L length of column (cm)
n number of interaction sites
Q stationary phase concentration (mM)
Qv concentration of vacant sites on the stationary phase (mM)
(2v concentration of vacant sites accessible to proteins (mM)
Uo chromatographic velocity (cm/min)
C/s superficial velocity (cm/min)
t t ime (min)
ta hold-up time (min)
Vf feed volume (mL)
Vsp volume of stationary phase (mL)
Y yield
Z axial distance along column (cm)

Greek letters

e total porosity
A bed capacity (mM)
a steric factor
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i
j T dimensionless time ( = t/t0)

Subscripts

i component number

f feed
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