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Rational methods for predicting the chromatographic behavior of human monoclonal antibodies (hMabs) in protein A affinity ch
aphy and cation exchange chromatography from the amino acid sequences information were proposed. We investigated the rela
he structures of 28 hMabs and their chromatographic behavior in protein A affinity chromatography and cation exchange chrom
sing linear gradient elution experiments. In protein A affinity chromatography, the elution pH of the hMabs was correlated with no
tructure of the Fc region (subclass), but also that of the variable region. The elution pH of hMabs that have LYLQMNSL sequences
he CDR2 and CDR3 regions of the heavy chain became lower among the same subclass of hMabs. In cation exchange chroma
eak salt concentrationsIR of hMabs that have the same sequences of variable regions (or that have a structural difference in their
hich puts them into a subclass) were similar. TheIR values of hMabs were well correlated with the equilibrium association constaKe,
nd also with the surface positive charge distribution of the variable region of the heavy chain (corrected surface net positive chacN) of

he VH region). Based on these findings, we developed rational methods for predicting the retention behavior, which were also
ight additional hMabs. By considering the information on the number of binding sites associated with protein adsorption as d
xperimentally, and the surface positive charge distribution from the three-dimensional structure of Mab A, we hypothesized tha
eparated by cation exchange chromatography as the surface positive charge distribution of the VH region is recognized.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Chromatography is the main unit operation in the purifi-
ation process of recombinant biopharmaceutical proteins
1–3]. However, as there are many parameters affecting
he chromatographic behavior (retention time/volume, elu-
ion pH, peak salt concentration, resolution, elution curve),

∗ Corresponding author. Tel.: +81 27 353 7385; fax: +81 27 353 7400.
E-mail address:t-ishihara@kirin.co.jp (T. Ishihara).

1 Present address: Japan Atomic Energy Research Institute, Tokai-mura,
aka-gun, Ibaraki 319-1195, Japan.

designing chromatography conditions for efficient pro
separation remains still difficult and time-consuming. Th
fore, rational methods for predicting the chromatogra
behavior of protein chromatography are expected to re
the time needed for protein purification process developm
Several methods for predicting the chromatographic be
ior of low molecular weight substances using informa
on the structure and the net charge or the net hydroph
ity have been reported[4–7]. However, these methods a
still not established for protein chromatography, as each
tein has its own unique three-dimensional structure as
as its (primary) structure (amino acid sequence), and su
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charge and hydrophobic distribution. For these reasons, pro-
cess chromatography of proteins is still designed using trial
and error approaches[1–3].

Monoclonal antibodies (Mabs) have recently been major
targets in the biopharmaceutical industries, and at least 400
Mabs are claimed to be in clinical and preclinical trials
[8]. Because the speed with which protein-pharmaceutical
drugs reach the market and clinics is critical, the ratio-
nal process design methods for chromatography separation
processes are needed. However, Mabs show different chro-
matographic behavior in chromatography in terms of the
elution pH on protein A affinity chromatography, and the
elution salt concentration on cation exchange chromatog-
raphy. Therefore, as mentioned above, there is no rational
or predictive method for purifying Mabs by chromatogra-
phy. On the other hand, Mabs have similar three-dimensional
structures. They are basically Y-shaped proteins, consisting
of four polypeptides consisting of two identical light and
two identical heavy chains. This indicates that they may
have similar surface charges and hydrophobic distributions,
and that, therefore, predicting their chromatographic behav-
ior may be possible with information on their amino acid
sequences.

We have been investigating the biorecognition of proteins
in ion-exchange (or electrostatic interaction) chromatogra-
phy with the linear gradient elution model[9–11]. It may be
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Table 1
Human monoclonal antibodies employed in chromatography experiments

No. Antibodies Subclass Isoelectric points, pI

1 Mab A 1 8.2
2 Mab B 2 7.9
3 Mab C 4 7.7
4 Mab D 1 8.3
5 Mab E 1 8.0
6 Mab F 1 8.1
7 Mab G 1 8.0
8 Mab H 2 7.7
9 Mab I 1 8.1

10 Mab J 1 8.1
11 Mab K 1 7.9
12 Mab L 2 7.5
13 Mab M 4 7.7
14 Mab N 4 7.3
15 Mab O 2 7.6
16 Mab P 4 7.3
17 Mab Q 4/2/4a 7.5
18 Mab R 4 7.3
19 Mab S 4 7.3
20 Mab T 4 7.8
21 Mab U 1 7.9
22 Mab V 4 7.1
23 Mab W 4 7.1
24 Mab X 4 7.9
25 Mab Y 1 7.9
26 Mab Z 1 8.0
27 Mab AA 1 8.0
28 Mab AB 1 7.9

Note: pI values were calculated by amino acid sequences.
a Chimeric IgG of IgG2 and IgG4.

which were employed for the experiments. Other reagents
used in this study were of analytical grade.

2.3. Chromatography apparatus

Most of the experiments were performed on fully auto-
mated liquid chromatography systems, theÄKTA explorer
100 orÄKTA explorer 10S (Amersham Biosciences, Upp-
sala, Sweden) at room temperature.

2.4. Protein A affinity chromatography experiment

Linear gradient elution experiments were carried out
with 28 hMabs on the MabSelect protein A affinity col-
umn. The column was equilibrated with binding buffer
(0.1 M disodium phosphate–0.1 M sodium acetate–0.1 M
glycine–0.15 M NaCl, pH 7.4). The hMabs samples were
loaded on the column with 1 mg/mL resin. Elution was per-
formed by linear gradient elution from the binding buffer to
elution buffer (0.1 M sodium acetate–0.1 M glycine–0.15 M
NaCl, pH 2.5) in a 20 column bed volume. The volumetric
flow rateFwas 1 mL/min. The elution pH of each hMab was
converted to the relative value %B conc. (which was cor-
related with the elution pH), because accurate and reliable
measurements of the pH were not possible due to variations
i

ossible to use this method to obtain important informa
n the relation between the structure and chromatogra
ehavior of Mabs. In the present study, we investig

he chromatographic behavior of 28 human monocl
ntibodies (hMabs) in protein A affinity chromatograp
nd cation exchange chromatography by using li
radient elution experiments. The data on the model
e developed were analyzed. We then developed me

or predicting the chromatographic behavior (elution
eak salt concentrationIR, retention volumeVR and elution
alt concentrationIE) from the amino acid sequenc

nformation.

. Experimental

.1. Chromatography media and columns

MabSelect was used as the protein A affinity chroma
aphy medium, and packed into a column (column size =
.0 mm× 50 mm, bed volumeVt = 0.98 mL). Hitrap SP
epharose FF column (column size = I.D. 7.0 mm× 25 mm,
ed volumeVt = 0.96 mL) was used as cation exchange c
atography column and medium. These media are pro
f Amersham Biosciences (Uppsala, Sweden).

.2. Materials

All hMabs used in this study were produced at Ki
able 1shows the physiochemical properties of the hM
 n temperature and other experimental variables.
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2.5. Experiment to verify the elution pH predicted for
protein A affinity chromatography

The eight hMabs listed inTable 2were used to verify
whether the predicting elution pH was correct in the pro-
tein A affinity chromatography. The column was equilibrated
with binding buffer (10 mM sodium phosphate, pH 6.0). The
hMab sample was loaded on the column with 1 mg/mL resin.
Elution was performed with elution buffer (20 mM sodium
citrate, pH 3.0 or 3.4) by stepwise elution. The elution pH of
the elution buffer was used from the predicted value of each
hMab.F was 1 mL/min.

2.6. Cation exchange chromatography experiment

Linear gradient elution experiments were carried out with
the 27 hMabs on an SP Sepharose FF cation exchange
column. The column was equilibrated with binding buffer
(20 mM sodium acetate, pH 5.0, 6.0 or 7.0). The hMabs sam-
ple was loaded on the column with 1 mg/mL resin. Elution
was performed by NaCl linear gradient elution from 0 to
0.5 M in binding buffer. The gradient slopesg (M/mL) were
chosen so that the gradient volumes were 10, 20, 30 or 40
columns per bed volumes.Fwas 0.5, 1.0, 1.5 or 2.0 mL/min.
The linear mobile phase velocityu was calculated with the
cross-sectional areaA and the column bed void fractionε
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buffer (20 mM sodium acetate, pH 5.0). hMabs samples were
loaded on the column with 1 mg/mL resin. The linear gradi-
ent elution was performed with an increasing elution buffer
(20 mM sodium acetate, pH 5.0, 0.5 M NaCl) concentration
from the binding buffer, and the gradient volume was set at
a 17.3 column volume. Stepwise elution was performed with
20 mM sodium acetate, pH 5.0 containing a predicted con-
centration of NaCl.F was 1.0 mL/min.

3. Model and calculation

3.1. Linear gradient elution model

We proposed and experimentally verified the methods by
which the relation between the distribution coefficientK and
the salt concentrationIwere determined from the protein peak
salt concentrationIR in linear gradient elution. The method
is explained briefly below. The normalized gradient slope
GH in the linear gradient elution[3,9–15] is defined by the
following equation.

GH = gV0

[
Vt − V0

V0

]
= g(Vt − V0) (1)

Vt is the total bed volume,V0 the column void volume and
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s u=F/(Acε). ε was determined from the peak retent
olume of Dextran T 2000 pulses (the retention volum
olumn void volume,V0). The data of the linear gradient e
ion experiments of each hMab was analyzed by the li
radient elution model (see Section3).

.7. Experiment to verify the chromatographic behavior
redicted for cation exchange chromatography

The eight hMabs listed inTable 2were used to verif
hether the predicting peak salt concentration of the li
radient elution or elution salt concentration of the step
lution are correct in cation exchange chromatography
P Sepharose FF column was equilibrated with the bin

able 2
uman monoclonal antibodies employed in verifying experiments

esults of predicted and experimental elution pH in protein A affi
hromatography

o. Antibodies Subclass pI LYLQMNSL
sequences

Elution pH

Predicted Experiment

Mab AC 1 9.0 No pH 3.4 S
Mab AD 4 8.7 No pH 3.4 S
Mab AE 1 8.5 Yes pH 3.0 S
Mab AF 1 8.8 Yes pH 3.0 S
Mab AG 1 7.8 No pH 3.4 S
Mab AH 1 8.5 No pH 3.4 S
Mab AI 4 8.7 No pH 3.4 S
Mab AJ 1 9.0 No pH 3.4 S

ote: pI values were calculated by amino acid sequences. S: succe
luted.
alculated asV0 = εVt, G=gV0 andH= (Vt −V0)/V0 is the
hase ration.g (M/mL) is the gradient slope of the salt, whi

s defined by the following equation.

= IF − I0

Vg
(2)

F is the final salt concentration,I0 the initial salt concentra
ion, andVg the gradient volume. The linear gradient elut
xperiments were performed at different gradient slopesGH
alues) at a fixed pH.IR is determined as a function ofGH.
heGH–IR curves thus constructed do not depend on
ow velocity, the column dimension, the sample loadin
on-overloading conditions, orI0 provided that the samp

s initially strongly bound to the column[3,13]. The experi
entalGH–IR data can usually be expressed by the follow
quation[3,9–11,13].

H = I
(B+1)
R

A(B + 1)
(3)

rom the law of mass action (ion exchange equilibri
1–3,12,16–19], the following relationship can be derived

= KeΛ
B (4)

ere,B is the number of sites (charges) involved in pro
dsorption, which is basically the same as theZ number in

he literature[16],Ke is the equilibrium association consta
ndΛ is the total ion exchange capacity. From Eqs.(3) and
4), IR can be expressed as follows:

R = [GH KeΛ
B(B + 1)]

1/(B+1)
(5)
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From the ion-exchange equilibrium model[3,12,16–19]and
Eq.(4), the following equation was derived[3,12].

K − K′ = KeΛ
BI−B (6)

whereK is the protein distribution coefficient,K′ the dis-
tribution coefficient of salt, andI the ionic strength (salt
concentration).

From Eq.(6), K–I curves were constructed, and from the
K–I relationship, a stepwise elution condition (salt concentra-
tion IE) was determined as the protein distribution coefficient
at IE is approximatelyK′ (= 0.72)[3,12].

If we are only interested in predicting the peak retention
in the linear gradient elution, Eq.(3) can be used withA and
Bas experimental values[3,12,13]. However, if we construct
the GH–IR curves as a function of mobile phase pH, and
determine the pH–IR, pH–B and pH–Ke relationships, quite
important information can be obtained on the retention (or
biorecognition) and resolution of proteins as a function of
the mobile phase pH[9–11].

4. Results and discussion

4.1. Gradient elution data analysis for MabSelect
protein A affinity chromatography

with
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Fig. 2. Flow-chart for predicting protein A affinity chromatography elution
pH of human monoclonal antibodies on the basis of amino acid sequences.
H chain: heavy chain.

As shown inFig. 1, subclass IgG2 hMabs had a lower
protein A affinity than those of subclasses IgG1 and IgG4.
Vr%B of subclass IgG1 and IgG4 hMabs, which have identi-
cal variable sequences, and both groups of (Mab A and Mab
C) and (Mab U and Mab V), were almost equal, or subclass
IgG4 hMabs showed slightly higher values. The eight hMabs
enclosed in the circle had higher values than the other hMabs.
A different elution pH of hMabs among the subclasses has
already been reported[20]. The higher elution pH of sub-
class IgG2 hMabs than subclasses IgG1 and IgG4 seems to
be due to the different amino acid sequences of the protein A
binding domain on the Fc region of the hMabs (although the
sequence of subclasses IgG1 and IgG4 are equal; sequence
data not shown). In addition, the difference in the elution pH
among the same subclass of hMabs suggests that the affinity
to protein A is dependent not only on the structure of the Fc
region, but also that of the Fab region. There was no rela-
tion between the elution pH and the number of hydrophobic
amino acids, charged amino acids, or isoelectric points (pI) of
the Fab region (data not shown). When we compared the vari-
able region of the eight hMabs to those of the other hMabs,

F nt sub on pr
A nc. = % , 5.0 mm
d .1 M so sodium
a dient: 2
Linear gradient elution experiments were carried out
8 hMabs to investigate the elution pH of various hMab
abSelect protein A affinity chromatography. For evalua
f the elution behavior, relative %B conc. values compare
B conc. of Mab A were adopted, and the results are sh

n Fig. 1. The value of the relative %B conc. (Vr%B) indicates
he degree of the affinity to protein A compared to Mab
amely, when a hMab has 1Vr%B, it means that the hMa
as the same protein A affinity as Mab A; when theVr%B of
hMab is below 1, the hMab has a lower protein A affin
nd furthermore, when theVr%B of a hMab is above 1, th
Mab has a higher protein A affinity.

ig. 1. Protein A affinity for human monoclonal antibodies from differe
affinity chromatography with pH gradient elution. Relative %B co

iameter× 50 mm length; binding buffer: 0.1 M disodium phosphate–0
cetate–0.1 M glycine–0.15 M NaCl, pH 2.5. Flow rate: 1 mL/min; gra
classes and variable regions. %B conc. is peak elution pH of antibodyotein
B conc. of each antibody/%B conc. of Mab A. Column: MabSelect
dium acetate–0.1 M glycine–0.15 M NaCl, pH 7.4; elution buffer: 0.1 M
0 column volume.
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we found that specific consensus sequences (LYLQMNSL)
of the eight hMabs existed on the frame region between
CDR2 and CDR3 of the heavy chain. The hMab that have
the LYLQMNSL sequences are classified into the VH3 fam-
ily, and some Fab fragments in the VH3 family have protein
A affinity [21], which may be the reason why the lower elu-

tion pH of hMabs which have the sequences, probably the
LYLQMNSL region, may be a protein A binding domain.

In the preparative process of protein A affinity chromatog-
raphy, stepwise elution with an acidic pH buffer was generally
applied instead of pH gradient elution. Therefore, elution
experiments were performed with pH stepwise elution using

F
d
1

ig. 3. Elution curves of human monoclonal antibodies with protein A affin
iameter× 50 mm length; binding buffer: 10 mM sodium phosphate, pH 6.0;
mL/min (300 cm/h).
ity chromatography. System:ÄKTAexploer 10S; column: MabSelect, 5.0 mm
elution buffer: 20 mM sodium citrate; washing buffer: 1% H3PO4; flow rate:
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a sodium citrate buffer of pH 3.4 or 3.0. The structure of
hMabs and the elution pH were as follows.

Subclass IgG2 hMabs eluted over pH 3.4, subclass IgG1
and IgG4 hMabs eluted under pH 3.4; subclasses IgG1 and
IgG4 hMabs, which have LYLQMNSL sequences on the
frame region, eluted under pH 3.0 (data not shown).

From these results, a method for predicting the elution pH
of hMabs on MabSelect could be deduced from the amino
acid sequences of an arbitrary hMab.Fig. 2shows a flow chart
for predicting the protein A affinity chromatography elution
pH of hMabs on the basis of the amino acid sequences. The
procedure is carried out as follows:

1. If a target hMab does not belong to either subclass IgG1
or IgG4, then the elution pH is≥3.4.

2. If a target hMab belongs to either subclass IgG1 or IgG4,
but lacks the LYLQMNSL sequence in the frame region
between CDR2 and CDR3 of the heavy chain, then the
elution pH is≤3.4.

3. If a target hMab belongs to either subclass IgG1 or IgG4
and has the LYLQMNSL sequence in the frame region
between CDR2 and CDR3 of the heavy chain, then the
elution pH is≤3.0.

4.2. Verification of predicted elution pH
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4.3. Gradient elution data analysis for SP Sepharose FF
cation exchange chromatography

Linear gradient elution experiments of SP Sepharose FF
were performed using 27 hMabs, and the relation between
the chromatographic behavior and structure of the hMabs
was investigated with the linear gradient elution model.

Fig. 4shows typicalGH–IR curves. TheGH–IR curves did
not depend on the flow velocity, as mentioned in Section3.1.
This indicates the applicability of the model to the present
experimental system. Using Eqs.(3)–(5) in Section3.1, B,
Ke andIR (atGH= 0.02) were determined, and the relation
among pI, B, Ke andIR of the hMabs employed in this study
were investigated.

As shown inFig. 5, less correlation was obtained between
IR (atGH= 0.02) of the various hMabs on SP Sepharose FF in
the mobile phase pH 5.0 and pI values calculated by amino
acid sequences of the hMabs. This indicates that the chro-
matographic behavior of hMabs cannot be determined and
predicted simply by net charge properties.

.

Fig. 5. Peak salt concentrationIR and isoelectric points pI relationships of
human monoclonal antibodies. Column: SP Sepharose FF, 7.0 mm diame-
ter× 25 mm length; mobile phase: 20 mM sodium acetate pH 5.0, salt: NaCl;
IR: atGH= 0.02.
To verify the method shown inFig. 2, the elution pH o
he eight hMabs listed inTable 2were predicted, and th
hromatography experiments were carried out. The pred
lution pH of the eight hMabs are also shown inTable 2.

From the results of these predictions, we performed c
atography experiments with an elution pH of 3.4 or 3.0

xamples of the elution curves of the eight hMabs on M
elect, those of six hMabs are shown inFig. 3. In addition,

he results of the chromatography experiments are show
able 2. All chromatography were successfully perform
ith the pH elution buffer predicted. Moreover, Mab AE a
ab AF, whose predicted elution pH was 3.0, could no
luted using pH 3.4 buffer. These results indicate tha
lution pH of hMabs in MabSelect protein A affinity chr
atography can be predicted from the amino acid sequ

nformation, as shown inFig. 2. The proposed method
pplicable under other protein A affinity resin and differ
hromatographic conditions from those of the present ex
mental conditions (e.g., flow rate, column size, binding
lution buffer composition) with the exception of the e

ion buffer pH. The present method can also be applie
wide range of scales, i.e., from a laboratory to a m

acturing scale. It should be noted that the elution pH
rotein A affinity chromatography is determined only

he structure of protein A and the Mabs themselves[20].
lthough the method described here may not be applic

o mouse and chimeric Mabs, it may be applicable to hum
zed Mabs due to their similar structural properties to thos
Mabs.
Fig. 4. GH–IR curves of cation exchange chromatography column
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Fig. 6. Peak salt concentrationIR of human monoclonal antibodies from different subclasses and variable regions in cation exchange chromatography. Column:
SP Sepharose FF, 7.0 mm diameter× 25 mm length; binding buffer: 20 mM sodium phosphate, pH 5.0; elution buffer: 20 mM sodium phosphate, pH 5.0, 0.5 M
NaCl; gradient: GH = 0.02; flow rate: 1 mL/min.Note: Each hMab enclosed in a circle has the same sequences of the variable region.

Fig. 6shows theIR (atGH= 0.02) of various hMabs on SP
Sepharose FF in the mobile phase pH 5.0. The results ofIR
(atGH= 0.02) of various hMabs in the mobile phase pH 6.0
and 7.0 indicated the same tendency (data not shown). The
investigated hMabs indicated that theIR is in the range of
0.15–0.35 M.IR of the hMabs which have the same variable
region were equivalent.Fig. 7 shows the elution curves of
six kinds of hMabs. Mab A, Mab B and Mab C, which have
the same variable region, revealed equivalent elution curves.
These results suggest that the elution behavior of hMabs on
SP Sepharose FF do not depend on the subclass, but on the
variable region. In other words, SP Sepharose FF would not
recognize the Fc region, but would recognize the variable
region of hMabs.

Fig. 8 shows the relation between theKe and IR (at
GH= 0.02) of various hMabs on SP Sepharose FF. When

F man
m in lin-
e FF,
7 pH
6 ate:
1

the Y-axis is on a logarithmic scale, a positive correlation
can be obtained between theIR and theKe. Especially, in the
range of over 0.15 MIR or in mobile phase pH 5.0, a high
correlation coefficient could be obtained (R2�0.95). These
results indicate that chromatographic behavior can be calcu-
lated using the linear gradient elution model and theIR–Ke
relation. Also, considering the results that theIR of hMabs
that had the same variable region were equivalent, if the rela-
tion betweenIR and the amino acid sequences of the variable
region becomes clear, we will be able to predict the chro-
matographic behavior of hMabs on SP Sepharose FF from
the amino acid sequences.

For solving the above relation, the surface charge dis-
tribution of the variable region in hMabs was considered.
Furthermore, the variable region of hMabs according to the
germline family consensus frameworks[22] was classified,
and the relative side chain solvent accessibility (SCA) of

F
r ;
m

ig. 7. Comparison of elution curves (chromatogram) of various hu
onoclonal antibodies with cation exchange chromatography column
ar gradient elution. System:ÄKTA explorer 100; column: SP Sepharose
.0 mm diameter× 25 mm length; binding buffer: 20 mM sodium acetate,
.0; elution buffer: 20 mM sodium acetate, pH 6.0, 0.5 M NaCl; flow r
.5 mL/min; gradient: 20 column volume.
ig. 8. Equilibrium association constantKe and peak salt concentrationIR
elationships. Column: SP Sepharose FF, 7.0 mm diameter× 2.5 cm length
obile phase: 20 mM sodium acetate, salt: NaCl;IR: atGH= 0.02.
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Fig. 9. Picture A: Alignment VH sequences of human monoclonal antibodies.cN of VH region: corrected surface net positive charge of variable region of
heavy chain = 0.75a+ 0.50b. a: number of positive side chains (relative side chain solvent accessibility = 0.75) of VH region;b: number of positive side chains
(relative side chain solvent accessibility = 0.50) of VH region.Note: Relative side chain solvent accessibility atresidues was estimated 0.50. Relative side
chain solvent accessibility at residues was estimated 0.75.
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Fig. 10. Relation between peak salt concentrationIR and corrected surface
net positive chargecNof variable region of heavy chain (VH region). Col-
umn: SP Sepharose FF, 7.0 mm diameter× 2.5 cm length; mobile phase:
20 mM sodium acetate, pH 5.0, salt: NaCl;IR: atGH= 0.02.

the amino acid residue of the variable region in each fam-
ily [22] was considered. From this information, the number
of charged amino acid residues in the variable region and
the ratio of exposure of these residues from the SCA were
calculated. Then, as shown inFig. 9, by the alignment of
the variable region of the heavy chain (VH region) from the
hMabs and by simplifying the values of the SCA of amino
acid residues at the positions indicated in the Figure, we
defined the summation of each simplified SCA values mul-
tiplied by the number of positive side chains at the indicated
positions (seeFig. 9) as the corrected surface net positive
charge (cN) of VH region. Here, we found that thecNof the
VH region has a positive correlation withIR (atGH= 0.02)
in pH 5.0 (R2 = 0.84), as shown inFig. 10. Therefore,IR and
VR in the arbitrary linear gradient elution condition and the
elution salt concentrationIE in stepwise elution can be cal-
culated using thecN–IR relation,IR–Ke relation, the linear
gradient elution model and information on the amino acid
sequences of the VH region of hMabs.Fig. 11shows the pro-
tocol for predicting the chromatographic behavior of hMabs

on SP Sepharose FF on the basis of the amino acid sequences
and the chromatography model. Below is an outline of the
proposed procedure.

1. The VH sequence of a target hMab is aligned with Picture
A (Fig. 9).

2. The number of positive side chains with an SCA of 0.5
or 0.75, respectively, is counted using Picture A.

3. The cN of the VH region is calculated accord-
ing to the following, where thecN of the VH
region = 0.75a+ 0.50b.
a. Number of positive side chains (SCA = 0.75) of the

VH region.
b. Number of positive side chains (SCA = 0.50) of the

VH region.
4. The IR is calculated according to thecN–IR relation

(IR = 0.0537cN+ 0.0241).
5. TheKe is calculated according to theIR–Ke relation

(Ke = 0.0003 e37.503IR).
6. B is calculated according to theGH–IR relation (Eqs.(3)

and (4)). Λ of SP Sepharose FF is 0.215 mmol/mL gel
according to the information supplied by the manufac-
turer.

7. In the case of stepwise elution, theK–I curve is plotted
by Eq.(6).

ion
n

tra-

1 ient

1

1

1 nt

Table 3
Results of predicted and experimental cation exchange chromatography

Antibodies a b cNof VH region CalculatedKe Calcula

ntal

M 6.00
M 6.00
M .09
M .87
M .87
M .09
M .09
M .10

S charge e
c ber o of VH
r

ab AF 3 4 4.25 3.64E+00
ab AE 3 4 4.25 3.64E+00
ab AH 2 2 2.50 1.22E−01 7
ab AJ 2 3 3.00 3.22E−01 8
ab AC 2 3 3.00 3.22E−01 8
ab AI 2 2 2.50 1.22E−01 7
ab AG 2 2 2.50 1.22E−01 7
ab AD 1 4 2.75 1.98E−01 7

: successfully eluted;cN of VH region: corrected surface net positive
hains (relative side chain solvent accessibility = 0.75) of VH region;b: num
egion;IR: peak salt concentration;IE: elution salt concentration.
8. The IE value is determined based on theK–I curve,
and Eq.(6). IE is determined as the protein distribut
coefficient atIE, which is approximately the distributio
coefficient of saltK′ (= 0.72). In this study,IE was cal-
culated asK= 0.76 with Eq.(6).

9. TheIE value is determined as the elution salt concen
tion in stepwise elution of the target hMab.

0. In the case of linear gradient elution, the linear grad
elution volume is set.

1. TheIR is calculated according to Eqs.(3) and (4)with
the previously calculatedB andKe.

2. CalculateVR using the following equations[3,12,15,23],
VR = (IR − I0)/g +V0 (1 +HK′), H= (Vt −V0)V0.

3. The calculatedIR andVR are those of at the set gradie
elution volume for the target hMab.

tedB IR (M) (gradient) IE (M) (stepwise)

Predicted Experimental Predicted Experime

0.25 0.26 0.53 S
0.25 0.21 0.53 S

0.16 0.15 0.25 S
0.19 0.19 0.27 S
0.19 0.21 0.27 S
0.16 0.14 0.25 S
0.16 0.16 0.25 S
0.17 0.16 0.27 S

of variable region of heavy chain = 0.75a+ 0.50b. a: number of positive sid
f positive side chains (relative side chain solvent accessibility = 0.50)
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4.4. Verification of predicted chromatographic behavior

To verify the method inFig. 11, chromatography experi-
ments were performed using the eight hMabs listed inTable 2.
In this study, the gradient volume was set as a 17.3 column
volume for simplicity.Fig. 12shows theK–I curves of the
eight Mabs plotted with the calculated parametersKe andB
(Table 3). From theK–I curves and Eq.(6), the predictedIE
was determined. The predictedIR andIE determined with the
method and the results of the chromatography experiment

of the hMabs are summarized inTable 3. The prediction
and verification ofVR in the linear gradient elution with
the linear gradient elution model has already been reported
[3,12,15,23].

In the linear gradient elution, experimentalIR of each
hMab was approximately equivalent to the predictedIR. In
the experiment for the stepwise elution, all hMabs were suc-
cessfully eluted by the predictedIE. These verification results
indicate thatIR andIE on SP Sepharose FF can be successfully
predicted from the information on the amino acid sequences

F
c
a
n
d
S

ig. 11. Flow-sheet for predicting cation exchange chromatographic behav
hromatography models.Note: aThe calculation method ofcN is as follows: (1) Co
nd 0.75, respectively, with the alignment of amino acid sequences of VH re
et positive chargecN of VH region according to the equation in theFig. 9. bStep
istribution coefficient atIE is approximately distribution coefficient of saltK′ (=
epharose FF is 0.215 mmol/mL gel according to the information supplied b
ior of human monoclonal antibodies on the basis of amino acid sequences and
unt positive side chain whose relative side chain solvent accessibility of 0.5

gion of a objective hMab usingFig. 9(Picture A). (2) Calculate corrected surface
wise elution condition (salt concentrationIE) is determined as the protein
0.72). In this study,IE was calculated asK= 0.76 with Eq.(6). cΛ of SP
y the manufacturer.
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Fig. 12. Distribution coefficientK–salt concentrationI curves.

in hMabs. Therefore, it was concluded that the this novel
approach may, within a certain level of accuracy, predictIR
andIE with the use of SP Sepharose FF cation exchange chro-
matography based on the amino acid sequences of arbitrary
hMabs. The proposed method is applicable and scalable to

different chromatographic conditions from those of the exper-
imental conditions presented here (e.g., under different flow
velocity, column dimension, gradient steepness, the sample
loading at non-overloading conditions, orI0 provided that the
sample is initially strongly bound to the column). This vari-
ation is possible because the present method was developed
based on the linear gradient elution model. Although this
method may not apply to mouse and chimeric Mabs, it may
apply to that of humanized Mabs, due to their sequence simi-
larity with the hMabs used here. The same approach may also
be applied with other cation exchange chromatography resins
and different mobile phase pH conditions. The mobile phase
pH of the method developed here is pH 5.0 (Generally, mobile
phase pH around pH 5 is commonly used, in the preparative
cation exchange chromatography of hMabs, especially for
biopharmaceutical purification process including protein A
affinity chromatography). In fact, as shown inFig. 8, a pos-
itive correlation can be obtained at pH 6.0 and 7.0, although
the correlation coefficients were lower than that at pH 5.0 (pH
6.0: R2 = 0.82, pH 7.0: R2 = 0.83, respectively). TheIR range
of pH 6.0 and 7.0 shown inFig. 8was 0.03–0.22 M. At levels
under the 0.1 MIR range, there may be less of an interaction

F
o
i
o

ig. 13. Three dimensional structure of Mab A.Note: Red, blue and yellow circle
f the antibody molecule indicates constant region of heavy chain, Pink segm

s Lys and Arg residue on the molecular surface, Cyan segment is His resid
f stationary phase which is drawn by considering the size of hMabs molecu
or arrowhead indicate viewing directions toward the molecule. Red segment
ent is variable region of heavy chain, white segment is light chain. Blue segment

ue on the molecular surface. White straight line and white square line is diagrams
le and pore size of stationary phase.
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between the hMabs and the resin, which may account for the
lower correlation coefficients at pH 6.0 and 7.0 than at pH
5.0. Therefore, if the chromatography conditions required for
stronger interactions could be optimized at various pH values,
and if a correlation betweencN–IR at the various pH values
could be obtained, then this approach may be applicable to
various mobile phase pH values.

4.5. Mechanism of hMabs biorecognition

In this study, the relation betweenIR andcNof the variable
region of the right chain (VL region),cN of the VL region
and VH region, and the surface charge distribution consider-
ing the negative charge was also investigated. However, less
correlation was obtained compared tocN of the VH region
(data not shown). In addition, theIR of two hMabs, Mab Y and
Mab Z, whose structures differed only in the light chain, were
equivalent (Fig. 6). These results suggest thatIR of hMabs
on SP Sepharose FF is determined by the surface positive
charge distribution of the VH region. In other words, hMabs
seem to be separated on SP Sepharose FF with the biorecog-
nition of the surface positive charge distribution of the VH
region.Fig. 13 shows the Mab A molecule sterically from
four directions. It can be understood that the stationary phase
(in this case, SP Sepharose FF) recognizes only a part of the
hMab molecule, rather than the entire molecule, because of
t oth-
e would
b
t
o bile
p pec-
t ites
( onal
s e
f is
i e His
r ites
( igher
p , the
p esent
M cular
r ively
c ps.

5

in
p hro-
m abs
a ogra-
p was
i

the
h gion

(subclass), but also that of the variable region. The elution pH
of hMabs with LYLQMNSL sequences in between the CDR2
and CDR3 regions of the heavy chain was lower among the
same subclass of hMabs. Based on these results, a method for
predicting the elution pH on MabSelect on the basis of the
amino acid sequences of hMabs was developed and verified
using eight hMabs.

In cation exchange chromatography,IR of each hMab with
the same sequences of variable regions were equivalent to
each other.IR of the hMabs was correlated withKe of the
hMabs. TheIR was also correlated withcNof the VH region.
With the results of this investigation, and using the linear
gradient elution model, a method for predictingIR/VR of the
arbitrary linear gradient elution condition and for predicting
IE of stepwise elution on SP Sepharose FF on the basis of the
amino acid sequences was developed. The predictive ability
of the method was then verified with additional chromatog-
raphy experiments using eight hMabs.

The hypothesis that hMabs are separated on SP Sepharose
FF with the biorecognition of the surface positive charge dis-
tribution of the VH region was supported by the result of
theB value of Mab A, and the consideration with the three-
dimensional structure of Mab A.

The results reported here thus provide the first line of
evidence to demonstrate that chromatographic behavior can
be predicted quantitatively from the amino acid sequences
o on-
s od-
o The
a mino
a ior of
h atog-
r esent
m pro-
c tries,
a nd-
e aphy
c

R

emic

ds.),

tog-

ogr.

atogr.

nder

[

he molecules’ three-dimensional structure. From the hyp
sis mentioned above, hMabs and the stationary phase
iorecognize (bind) each other, as shown inFig. 13. From

he results of the linear gradient elution model, theB value
f Mab A on SP Sepharose FF were ca. 7 in the mo
hase pH 5.0, ca. 6 in pH 6.0, and ca. 4 in pH 7.0, res

ively. The number of our hypothesized binding positive s
green arrowhead in the figure) from the three-dimensi
tructures were similar to theBvalue in pH 5.0. Moreover, th
act that theB value is reduced while the mobile phase pH
ncreasing can be explained by the non-dissociation of th
esidue, which is located on the biorecognition (binding) s
green arrowhead and cyan residue in the figure) in a h
H solution. Although biorecognition has broad meaning
resent study has shown that the biorecognition in the pr
ab A-SP Sepharose FF system is based on the mole

ecognition due to electrostatic interaction between posit
harged His residues and negatively charged ionic grou

. Conclusion

From the viewpoint of the biorecognition of hMabs
rotein A affinity chromatography and cation exchange c
atography, the relation between the structures of 28 hM
nd their chromatographic behaviors in these chromat
hy modes using a linear gradient elution experiment

nvestigated.
In protein A affinity chromatography, the elution pH of

Mabs was related by not only the structure of the Fc re
f proteins. In addition, the present investigation dem
trated, for the first time, the reliability of a novel meth
logy for structure-based chromatography for hMabs.
pproach described here may enable the use of a
cid sequences to predict the chromatographic behav
Mabs that can be expected when using the chrom
aphy modes described above. Furthermore, the pr
ethod may contribute to accelerating the purification

ess development of hMabs for biopharmaceutical indus
s it eliminates the necessity of carrying out a trial-a
rror approach to determine the appropriate chromatogr
onditions.
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