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Abstract

Rational methods for predicting the chromatographic behavior of human monoclonal antibodies (hMabs) in protein A affinity chromatog-
raphy and cation exchange chromatography from the amino acid sequences information were proposed. We investigated the relation betwe
the structures of 28 hMabs and their chromatographic behavior in protein A affinity chromatography and cation exchange chromatography
using linear gradient elution experiments. In protein A affinity chromatography, the elution pH of the hMabs was correlated with not only the
structure of the Fc region (subclass), but also that of the variable region. The elution pH of hMabs that have LYLQMNSL sequences in betweer
the CDR2 and CDR3 regions of the heavy chain became lower among the same subclass of hMabs. In cation exchange chromatography, t
peak salt concentratiorhg of hMabs that have the same sequences of variable regions (or that have a structural difference in their Fc region,
which puts them into a subclass) were similar. Thealues of hMabs were well correlated with the equilibrium association constant
and also with the surface positive charge distribution of the variable region of the heavy chain (corrected surface net positiedgbérge (
the VH region). Based on these findings, we developed rational methods for predicting the retention behavior, which were also tested witt
eight additional hMabs. By considering the information on the number of binding sites associated with protein adsorption as determined
experimentally, and the surface positive charge distribution from the three-dimensional structure of Mab A, we hypothesized that hMabs is
separated 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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1. Introduction designing chromatography conditions for efficient protein
separation remains still difficult and time-consuming. There-

Chromatography is the main unit operation in the purifi- fore, rational methods for predicting the chromatographic
cation process of recombinant biopharmaceutical proteinsbehavior of protein chromatography are expected to reduce
[1-3]. However, as there are many parameters affecting the time needed for protein purification process development.
the chromatographic behavior (retention time/volume, elu- Several methods for predicting the chromatographic behav-

tion pH, peak salt concentration, resolution, elution curve), ior of low molecular weight substances using information
on the structure and the net charge or the net hydrophobic-

- ity have been reporteffl—7]. However, these methods are
’ Eo”e_s"c’”d'”g author. Tel.: +81 27 353 7385, fax: +81 27353 7400 iy 1t established for protein chromatography, as each pro-
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1 present address: Japan Atomic Energy Research Institute, Tokai-mura,t€iN has its own unique three-dimensional structure as well

Naka-gun, Ibaraki 319-1195, Japan. as its (primary) structure (amino acid sequence), and surface
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charge and hydrophobic distribution. For these reasons, pro-Table 1 o _ _
cess Chromatography of proteins is still designed using trial Human monoclonal antibodies employed in chromatography experiments

and error approachg$-3]. No. Antibodies Subclass Isoelectric point§, p
Monoclonal antibodies (Mabs) have recently been major 1 Mab A 1 8.2
targets in the biopharmaceutical industries, and at least 400 2 Mab B 2 7.9
Mabs are claimed to be in clinical and preclinical trials 3 Mah C 4 1
[8]. Because the speed with which protein- pharmaceutlcal ngg 1 2'3
drugs reach the market and clinics is critical, the ratio- 4 Mab F 1 81
nal process design methods for chromatography separation 7 Mab G 1 8.0
processes are needed. However, Mabs show different chro- 8 Mab H 2 7.7
matographic behavior in chromatography in terms of the 9 Mab | 1 8.1
elution pH on protein A affinity chromatography, and the ngi 11 ?_'91
elution salt concentration on cation exchange chromatog- ;, Mab L 2 75
raphy. Therefore, as mentioned above, there is no rational13 Mab M 4 7.7
or predictive method for purifying Mabs by chromatogra- 14 Mab N 4 7.3
phy. On the other hand, Mabs have similar three-dimensional 1 Mab O 2 76
structures. They are basically Y-shaped proteins, conS|st|ng 16 ngg 2/2/& 7753
of four polypeptides consisting of two identical light and g Mab R 4 73
two identical heavy chains. This indicates that they may 19 Mab S 4 7.3
have similar surface charges and hydrophobic distributions, 20 Mab T 4 7.8
and that, therefore, predicting their chromatographic behav- 21 Mab U 1 79
ior may be possible with information on their amino acid 23 ngy\/ i ;i
sequences. 24 Mab X 4 7.9
We have been investigating the biorecognition of proteins 25 Mab Y 1 7.9
in ion-exchange (or electrostatic interaction) chromatogra- 26 Mab Z 1 8.0
phy with the linear gradient elution mod@-11]. It may be 27 Mab AA 1 8.0
28 Mab AB 1 7.9

possible to use this method to obtain important information
on the relation between the structure and chromatographicNOt€ P! values were calculated by amino acid sequences.

behavior of Mabs. In the present study, we investigated ~ C"'meric19G oflgG andlgG.

the chromatographic behavior of 28 human monoclonal . )

antibodies (hMabs) in protein A affinity chromatography wh|ch. were employed for the e>_<per|ments. Other reagents
and cation exchange chromatography by using linear USed in this study were of analytical grade.

gradient elution experiments. The data on the model that

we developed were analyzed. We then developed methods?-3. Chromatography apparatus

for predicting the chromatographic behavior (elution pH,

peak salt concentratidi, retention voluma/g and elution Most of the experiments were performed on fully auto-
salt concentrationlg) from the amino acid sequences Mated liquid chromatography systems, Hi€TA explorer
information. 100 orAKTA explorer 10S (Amersham Biosciences, Upp-

sala, Sweden) at room temperature.

2. Experimental 2.4. Protein A affinity chromatography experiment

2.1. Chromatography media and columns Linear gradient elution experiments were carried out
with 28 hMabs on the MabSelect protein A affinity col-
MabSelect was used as the protein A affinity chromatog- umn. The column was equilibrated with binding buffer
raphy medium, and packed into a column (column size=1.D. (0.1 M disodium phosphate-0.1M sodium acetate—-0.1M
5.0mmx 50 mm, bed volumeV;=0.98 mL). Hitrap SP glycine—=0.15M NaCl, pH 7.4). The hMabs samples were
Sepharose FF column (column size =1.D. 7.0 mi25 mm, loaded on the column with 1 mg/mL resin. Elution was per-
bed volumeé/; =0.96 mL) was used as cation exchange chro- formed by linear gradient elution from the binding buffer to
matography column and medium. These media are productselution buffer (0.1 M sodium acetate—0.1 M glycine—0.15M

of Amersham Biosciences (Uppsala, Sweden). NacCl, pH 2.5) in a 20 column bed volume. The volumetric
flow rateF was 1 mL/min. The elution pH of each hMab was
2.2. Materials converted to the relative value %B conc. (which was cor-

related with the elution pH), because accurate and reliable
All hMabs used in this study were produced at Kirin. measurements of the pH were not possible due to variations
Table 1shows the physiochemical properties of the hMabs in 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 ifTable 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
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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, 0.5M NacCl) concentration
from the binding buffer, and the gradient volume was set at
a 17.3 column volume. Stepwise elution was performed with
20mM sodium acetate, pH 5.0 containing a predicted con-
. centration of NaCIF was 1.0 mL/min.

the elution buffer was used from the predicted value of each 3. Model and calculation

hMab.F was 1 mL/min.
2.6. Cation exchange chromatography experiment

Linear gradient elution experiments were carried out with

3.1. Linear gradient elution model

We proposed and experimentally verified the methods by
which the relation between the distribution coeffici&rand

the 27 hMabs on an SP Sepharose FF cation exchangdhe saltconcentratidrwere determined from the protein peak

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 slopggM/mL) were
chosen so that the gradient volumes were 10, 20, 30 or 4
columns per bed volumeB.was 0.5, 1.0, 1.5 or 2.0 mL/min.
The linear mobile phase velocitywas calculated with the
cross-sectional are&; and the column bed void fractian
asu=F/(Ace). ¢ was determined from the peak retention
volume of Dextran T 2000 pulses (the retention volume is
column void volumeYp). The data of the linear gradient elu-
tion experiments of each hMab was analyzed by the lineal
gradient elution model (see Sectign

2.7. Experiment to verify the chromatographic behavior
predicted for cation exchange chromatography

The eight hMabs listed iTable 2were used to verify
whether the predicting peak salt concentration of the linea

salt concentratioihg in linear gradient elution. The method

-is explained briefly below. The normalized gradient slope
GH in the linear gradient elutiof8,9-15]is defined by the
following equation.

-

V; is the total bed volumeyp the column void volume and

calculated a3/p=¢V;, G=gVp andH = (Vi — Vp)/V is the

phase rationg (M/mL) is the gradient slope of the salt, which

is defined by the following equation.

Ir—1Ip
Vg

0GH = gV VO} =g(Vi — Vo) 1)

rg= 2
IF is the final salt concentratioly the initial salt concentra-
tion, andVg the gradient volume. The linear gradient elution
experiments were performed at different gradient slo@és (
values) at a fixed pHg is determined as a function &H.
The GH- R curves thus constructed do not depend on the
I flow velocity, the column dimension, the sample loading at

gradient elution or elution salt concentration of the stepwise non-overloading conditions, dg provided that the sample
elution are correct in cation exchan.g.e chroma}tography. Theis initially strongly bound to the columf8,13]. The experi-
SP Sepharose FF column was equilibrated with the binding mentalGH-Ig data can usually be expressed by the following

Table 2

Human monoclonal antibodies employed in verifying experiments and
results of predicted and experimental elution pH in protein A affinity
chromatography

No. Antibodies Subclass Ip LYLQMNSL Elution pH

sequences Predicted Experimental
1 MabAC 1 9.0 No pH34 S
2 Mab AD 4 8.7 No pH 3.4 S
3 MabAE 1 8.5 Yes pH3.0 S
4 Mab AF 1 8.8 Yes pH 3.0 S
5 Mab AG 1 7.8 No pH 3.4 S
6 MabAH 1 8.5 No pH 3.4 S
7 Mab Al 4 8.7 No pH 3.4 S
8 MabAJ 1 9.0 No pH34 S

Note pl values were calculated by amino acid sequences. S: successfull
eluted.

equation3,9-11,13]
I'(QB+1)
A(B+1)

From the law of mass action (ion exchange equilibrium)
[1-3,12,16-19]the following relationship can be derived.

(4)

Here,B is the number of sites (charges) involved in protein
adsorption, which is basically the same as Zheumber in
the literaturd16], K¢ is the equilibrium association constant,
and A is the total ion exchange capacity. From E®.and
(4), Ir can be expressed as follows:

GH = 3)

A= KeAB

Y In = [GH KeAB(B + 1) (5)
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From the iOﬂ-eXChange eqUi”bfium m0d3112116_19hnd ‘ Amino acid sequence of a human monoclonal antibody
Eq. (4), the following equation was derivdd,12].

K — K = KeABI™B (6)

whereK is the protein distribution coefficienK’ the dis-
tribution coefficient of salt, and the ionic strength (salt
concentration).

From Eq.(6), K- curves were constructed, and from the
K-l relationship, a stepwise elution condition (salt concentra-
tionIg) was determined as the protein distribution coefficient
atlg is approximatelK’ (=0.72)[3,12].

If we are only interested in predicting the peak retention
in the linear gradient elution, EQ3) can be used witi and
B as experimental valu¢3,12,13] However, if we construct
the GH-Ir curves as a function of mobile phase pH, and Fig. 2. Flow-chart for predicting protein A affinity chromatography elution
determine the pHg, pH-B and pH-K relationships, quite pH of human mono_clonal antibodies on the basis of amino acid sequences.
. . . . . H chain: heavy chain.
important information can be obtained on the retention (or
biorecognition) and resolution of proteins as a function of  As shown inFig. 1, subclass Ig& hMabs had a lower
the mobile phase pi9-11]. protein A affinity than those of subclasses lgénd IgG.

Vigs Of subclass Ig@and 19G, hMabs, which have identi-
cal variable sequences, and both groups of (Mab A and Mab

No LYLOQMNSL sequence
between CDR 2 and

CDR 3 of H chain ?

Elution pH < pH 3.4

4. Results and discussion C) and (Mab U and Mab V), were almost equal, or subclass
19G4 hMabs showed slightly higher values. The eight hMabs

4.1. Gradient elution data analysis for MabSelect enclosed in the circle had higher values than the other hMabs.

protein A affinity chromatography A different elution pH of hMabs among the subclasses has

already been reportef@0]. The higher elution pH of sub-

Linear gradient elution experiments were carried out with class |gQ hMabs than subclasses |g@nd |gGl seems to
28 hMabs to investigate the elution pH of various hMabs in pe due to the different amino acid sequences of the protein A
MabSelect protein A affinity chromatography. For evaluation hinding domain on the Fc region of the hMabs (although the
of the elution behavior, relative %B conc. values compared to sequence of subclasses lgénd IgG are equal; sequence
%B conc. of Mab A were adopted, and the results are shown data not shown). In addition, the difference in the elution pH
in Fig. 1 The value of the relative %B cond/¢eg) indicates ~ among the same subclass of hMabs suggests that the affinity
the degree of the affinity to protein A compared to Mab A. to protein A is dependent not only on the structure of the Fc
Namely, when a hMab has\liyg, it means that the hMab  region, but also that of the Fab region. There was no rela-
has the same protein A affinity as Mab A; when Whe, of tion between the elution pH and the number of hydrophobic
a hMab is below 1, the hMab has a lower protein A affinity, amino acids, charged amino acids, or isoelectric poinjfp
and furthermore, when thég of a hMab is above 1, the  the Fab region (data not shown). When we compared the vari-

hMab has a higher protein A affinity. able region of the eight hMabs to those of the other hMabs,
1.15
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Human monoclonal antibodies

Fig. 1. Protein A affinity for human monoclonal antibodies from different subclasses and variable regions. %B conc. is peak elution pH of antibiady on pr

A affinity chromatography with pH gradient elution. Relative %B conc.=%B conc. of each antibody/%B conc. of Mab A. Column: MabSelect, 5.0 mm
diameterx 50 mm length; binding buffer: 0.1 M disodium phosphate—0.1 M sodium acetate—0.1 M glycine—0.15 M NacCl, pH 7.4, elution buffer: 0.1 M sodium
acetate—0.1 M glycine—0.15M NacCl, pH 2.5. Flow rate: 1 mL/min; gradient: 20 column volume.
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we found that specific consensus sequences (LYLQMNSL) tion pH of hMabs which have the sequences, probably the
of the eight hMabs existed on the frame region between LYLQMNSL region, may be a protein A binding domain.
CDR2 and CDR3 of the heavy chain. The hMab that have  Inthe preparative process of protein A affinity chromatog-
the LYLQMNSL sequences are classified into the VH3 fam- raphy, stepwise elution with an acidic pH buffer was generally
ily, and some Fab fragments in the VH3 family have protein applied instead of pH gradient elution. Therefore, elution
A affinity [21], which may be the reason why the lower elu- experiments were performed with pH stepwise elution using

MabSelect ——UV280 nm —pH MabSelect
mAU pH mAU pH
Mab AH Mab AJ
1600 112 1600 112
pH 34 {10 pH A 1 10
1200 | J 1s 1200 | 18
1% H,PO,
800 b— 800 . | 1% H,PO, | ¢
400 [ 400 -
0 : . 0 . .
0 10 20 0 10 20
MabSelect —— UV 280 nm —— pH MabSelect —— UV 280 nm ——— pH
mAU pH mAU pH
Mab Al Mab AD
L 112 1 12
2000 pH 344 1600 - pH 34
- 1 10
1600 - 10
ls 1200 {8
1200 | o
00 . 1% HPO,
U YT Y —— -
800 | 4 14
a00 | ) 400 - 1,
0 L 0 0 L L 0
0 10 1 0 10 20 30 ml
MabSelect —— UV 280 nm_——pH MabSelect [—Uv2800m — pH]|
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Mab AE pH 3.0 Mab AF
112 pH 3.0 112
1200 | 1600 -
110 410
_ 1s 1200 | _
800 f \ 1% H,PO), B 19% H.PO! 8
S E o H,POl
_— Y 6 800 ___J \ Y]
400 | 14 14
( 12 400 - kﬂ‘kﬂ—‘ 5
0 L L h 0 0 L L L 0
0 10 20 30 ml 0 10 20 30 40 ml
MabSclect —vamm ] MabSelect
mAU pH
Mab AE pH 3.4 mAU Mab AF o
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600
110 300 10
18 8
400 - % H,PO), 200 -
e e e ‘ 6
e s NP
200 - LI 14 100 4
J \J - ] 2
0 L 1 0 0 . 0
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Fig. 3. Elution curves of human monoclonal antibodies with protein A affinity chromatography. SyskeFAexploer 10S; column: MabSelect, 5.0 mm
diameterx 50 mm length; binding buffer: 10 mM sodium phosphate, pH 6.0; elution buffer: 20 mM sodium citrate; washing buffegPI% How rate:
1 mL/min (300 cm/h).
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a sodium citrate buffer of pH 3.4 or 3.0. The structure of 4.3. Gradient elution data analysis for SP Sepharose FF

hMabs and the elution pH were as follows.
Subclass Igg hMabs eluted over pH 3.4, subclass lgG
and lgG hMabs eluted under pH 3.4; subclassesilg@d

cation exchange chromatography

Linear gradient elution experiments of SP Sepharose FF

IgG4 hMabs, which have LYLQMNSL sequences on the were performed using 27 hMabs, and the relation between

frame region, eluted under pH 3.0 (data not shown).

the chromatographic behavior and structure of the hMabs

From these results, a method for predicting the elution pH was investigated with the linear gradient elution model.

of hMabs on MabSelect could be deduced from the amino
acid sequences of an arbitrary hM&ly. 2shows a flow chart

Fig. 4shows typicalGH-Ir curves. Th&H-Ig curves did
not depend on the flow velocity, as mentioned in Sec3idn

for predicting the protein A affinity chromatography elution This indicates the applicability of the model to the present
pH of hMabs on the basis of the amino acid sequences. Theexperimental system. Using Eq8)—(5) in Section3.1, B,

procedure is carried out as follows:

Ke andlr (at GH=0.02) were determined, and the relation

among b, B, K¢ andlr of the hMabs employed in this study
1. If a target hMab does not belong to either subclasg IgG were investigated.

or 1gGg, then the elution pH is3.4.

2. If atarget hMab belongs to either subclass1@61gGy,

As shown inFig. 5, less correlation was obtained between
Ir (atGH=0.02) of the various hMabs on SP Sepharose FFin

but lacks the LYLQMNSL sequence in the frame region the mobile phase pH 5.0 and yalues calculated by amino
between CDR2 and CDR3 of the heavy chain, then the acid sequences of the hMabs. This indicates that the chro-

elution pH is<3.4.

If a target hMab belongs to either subclass1@G1gGy

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

To verify the method shown iRig. 2, the elution pH of
the eight hMabs listed iTable 2were predicted, and the
chromatography experiments were carried out. The predicted
elution pH of the eight hMabs are also showrTable 2

From the results of these predictions, we performed chro-
matography experiments with an elution pH of 3.4 or 3.0. As
examples of the elution curves of the eight hMabs on Mab-
Select, those of six hMabs are showrHig. 3. In addition,
the results of the chromatography experiments are shown in
Table 2 All chromatography were successfully performed
with the pH elution buffer predicted. Moreover, Mab AE and
Mab AF, whose predicted elution pH was 3.0, could not be
eluted using pH 3.4 buffer. These results indicate that the
elution pH of hMabs in MabSelect protein A affinity chro-
matography can be predicted from the amino acid sequence
information, as shown irFig. 2 The proposed method is
applicable under other protein A affinity resin and different
chromatographic conditions from those of the present exper-
imental conditions (e.g., flow rate, column size, binding and
elution buffer composition) with the exception of the elu-
tion buffer pH. The present method can also be applied on
a wide range of scales, i.e., from a laboratory to a manu-
facturing scale. It should be noted that the elution pH of
protein A affinity chromatography is determined only by
the structure of protein A and the Mabs themsel{2g].

Although the method described here may not be applicable _ _ _ o o
Fig. 5. Peak salt concentratidp and isoelectric pointsipelationships of

human monoclonal antibodies. Column: SP Sepharose FF, 7.0 mm diame-

to mouse and chimeric Mabs, it may be applicable to human-

GH[M|

matographic behavior of hMabs cannot be determined and
predicted simply by net charge properties.

0.1
[ SP Sepharose FF pH 6.0
Mab E Mab A
0.01F
4 4.2 cm/min
© 8.5 cm/min
0 12,7 em/min
e 16.9 cm/min
0.001 it :
0.01 0.1 1
Ix[M]

Fig. 4. GH-r curves of cation exchange chromatography column.

Isoelectric points pl

9
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8.5
.
L
.
3 e *
- . .
* .
.
. .t
7.5 +
e +
7 L I L * I L
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Peak salt concentration I [M]

0.35

ized Mabs due to their similar structural properties to those of (e 25 mm length: mobile phase: 20 mM sodium acetate pH 5.0, salt: NaCl;

hMabs.

Ir: atGH=0.02.
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Human monoclonal antibodies

Fig. 6. Peak salt concentratitgof human monoclonal antibodies from different subclasses and variable regions in cation exchange chromatography. Column:
SP Sepharose FF, 7.0 mm diamete25 mm length; binding buffer: 20 mM sodium phosphate, pH 5.0; elution buffer: 20 mM sodium phosphate, pH 5.0, 0.5M
NaCl; gradient: GH=0.02; flow rate: 1 mL/mihlote Each hMab enclosed in a circle has the same sequences of the variable region.

Fig. 6shows thdgr (atGH=0.02) of various hMabs on SP  the Y-axis is on a logarithmic scale, a positive correlation
Sepharose FF in the mobile phase pH 5.0. The resulig of can be obtained between theand theKe. Especially, in the
(atGH=0.02) of various hMabs in the mobile phase pH 6.0 range of over 0.15 Mg or in mobile phase pH 5.0, a high
and 7.0 indicated the same tendency (data not shown). Thecorrelation coefficient could be obtained’(R 0.95). These
investigated hMabs indicated that thgis in the range of results indicate that chromatographic behavior can be calcu-
0.15-0.35 MIR of the hMabs which have the same variable lated using the linear gradient elution model and lheKe
region were equivalentig. 7 shows the elution curves of relation. Also, considering the results that tlreof hMabs
six kinds of hMabs. Mab A, Mab B and Mab C, which have that had the same variable region were equivalent, if the rela-
the same variable region, revealed equivalent elution curves.tion betweerr and the amino acid sequences of the variable
These results suggest that the elution behavior of hMabs onregion becomes clear, we will be able to predict the chro-
SP Sepharose FF do not depend on the subclass, but on thmatographic behavior of hMabs on SP Sepharose FF from
variable region. In other words, SP Sepharose FF would notthe amino acid sequences.
recognize the Fc region, but would recognize the variable  For solving the above relation, the surface charge dis-
region of hMabs. tribution of the variable region in hMabs was considered.

Fig. 8 shows the relation between th& and Ir (at Furthermore, the variable region of hMabs according to the
GH=0.02) of various hMabs on SP Sepharose FF. When germline family consensus framewori2] was classified,

and the relative side chain solvent accessibility (SCA) of

MabH ----MabE ——MabB
SP Sepharose FF pH 6.0 | ——Mab C —5—Mab A Mab G | +pHS50 cpH60 2pH 7.0]
mAU s Mab B mS/cm 1E+02
140 F Ny Cond b SP Sepharose FF
Mab A 50 £ LE+01
120 | g
o>
=
100 b 40 g LE0 & P50
e * = 00003757
80 | 1 30 £ 1E-01 5T ot
= =) R = 0.9666
60 I g sl 0B
w =
u=12.7 cm/min 20 E4 LA oo A o
40 IGH=0.0167 E B3 REVIEH,
= 4 10 — -E-03 pas
20 Z=25cm E
E (u]
o i 0 g 1.E-04
20 25 30 35 40 min A
1.E-05 : : . . '
0.0 0.1 0.2 0.3

Fig. 7. Comparison of elution curves (chromatogram) of various human
monoclonal antibodies with cation exchange chromatography column in lin- Peak salt concentration I' [M]

ear gradient elution. Syste®KTA explorer 100; column: SP Sepharose FF,

7.0 mmdiametex 25 mm length; binding buffer: 20 mM sodium acetate, pH  Fig. 8. Equilibrium association constalkt and peak salt concentratiop
6.0; elution buffer: 20 mM sodium acetate, pH 6.0, 0.5 M NaCl; flow rate: relationships. Column: SP Sepharose FF, 7.0 mm diame2es cm length;
1.5 mL/min; gradient: 20 column volume. mobile phase: 20 mM sodium acetate, salt: NaglatGH=0.02.
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Fig. 9. Picture A: Alignment VH sequences of human monoclonal antibodisf VH region: corrected surface net positive charge of variable region of
heavy chain =0.7&+ 0.5(. a: number of positive side chains (relative side chain solvent accessibility =0.75) of VH régimmber of positive side chains
(relative side chain solvent accessibility =0.50) of VH regiNote Relative side chain solvent accessibility"htesidues was estimated 0.50. Relative side
chain solvent accessibility Ctresidues was estimated 0.75.
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0.5

on SP Sepharose FF on the basis of the amino acid sequences

SP Sepharose FF pH 5.0

vy =0.0537x + 0.0241

and the chromatography model. Below is an outline of the

R2=0.8444
0.4

1.
0.3

2.
0.2

3.

Peak salt concentration 7, [M]

0.1

0

0 1 2 3 4 5 6

Corrected surface net positive charge ¢V of VH region

Fig. 10. Relation between peak salt concentratipand corrected surface
net positive chargeN of variable region of heavy chain (VH region). Col-
umn: SP Sepharose FF, 7.0 mm diamet&5cm length; mobile phase:
20 mM sodium acetate, pH 5.0, salt: Na({; 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 Fig. 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 (sed-ig. 9) as the corrected surface net positive
charge ¢N) of VH region. Here, we found that treN of the

VH region has a positive correlation with (at GH=0.02)

in pH 5.0 (R =0.84), as shown iffig. 10 Therefore)g and

VR in the arbitrary linear gradient elution condition and the 11.
elution salt concentratiolt in stepwise elution can be cal-
culated using theNH R relation, Ig—Ke relation, the linear
gradient elution model and information on the amino acid
sequences of the VH region of hMalbég. 11shows the pro-
tocol for predicting the chromatographic behavior of hMabs

9.

10.

12.

13.

Table 3
Results of predicted and experimental cation exchange chromatography

proposed procedure.

The VH sequence of atargethMab is aligned with Picture

A (Fig. 9).

The number of positive side chains with an SCA of 0.5

or 0.75, respectively, is counted using Picture A.

The cN of the VH region is calculated accord-

ing to the following, where thecN of the VH

region=0.7a+0.5M.

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.

. Thelr is calculated according to theNH R relation

(Ir=0.053%N+0.0241).

. TheKe is calculated according to thig,—Ke relation

(Ke = 0.0003 &7-503/r),

. Bis calculated according to tiieH-I relation (Eqs(3)

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

. In the case of stepwise elution, tkel curve is plotted

by Eq.(6).

. The lg value is determined based on tKel curve,

and Eq.(6). Ig is determined as the protein distribution
coefficient at g, which is approximately the distribution
coefficient of saltk’ (=0.72). In this studylg was cal-
culated a¥k =0.76 with Eq.(6).

Thelg value is determined as the elution salt concentra-
tion in stepwise elution of the target hMab.

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

Thelg is calculated according to Eg&) and (4)with

the previously calculateB andKe.

Calculaté/r using the following equatior|8,12,15,23]

VR =(Ir — l0)/g +Vo (1 +HK’), H= (Vi — Vo) Vo.

The calculatetk andVR are those of at the set gradient
elution volume for the target hMab.

Antibodies a b cNof VH region Calculatede CalculatecB Ir (M) (gradient) Ig (M) (stepwise)
Predicted Experimental Predicted Experimental
Mab AF 3 4 4.25 3.64E+00 6.00 0.25 0.26 0.53 S
Mab AE 3 4 4.25 3.64E+00 6.00 0.25 0.21 0.53 S
Mab AH 2 2 2.50 1.22E01 7.09 0.16 0.15 0.25 S
Mab AJ 2 3 3.00 3.22E01 8.87 0.19 0.19 0.27 S
Mab AC 2 3 3.00 3.22E01 8.87 0.19 0.21 0.27 S
Mab Al 2 2 2.50 1.22E01 7.09 0.16 0.14 0.25 S
Mab AG 2 2 2.50 1.22E01 7.09 0.16 0.16 0.25 S
Mab AD 1 4 2.75 1.98E01 7.10 0.17 0.16 0.27 S

S: successfully eluted;N of VH region: corrected surface net positive charge of variable region of heavy chaine=t078b. a: number of positive side
chains (relative side chain solvent accessibility =0.75) of VH regionumber of positive side chains (relative side chain solvent accessibility = 0.50) of VH

region;|r: peak salt concentratiofg: elution salt concentration.
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4.4. Verification of predicted chromatographic behavior of the hMabs are summarized fable 3 The prediction
and verification ofVg in the linear gradient elution with
To verify the method irFFig. 11, chromatography experi-  the linear gradient elution model has already been reported
ments were performed using the eight hMabs listeichinie 2 [3,12,15,23]
In this study, the gradient volume was set as a 17.3 column In the linear gradient elution, experimenta of each
volume for simplicity.Fig. 12 shows theK-I curves of the hMab was approximately equivalent to the predictgdin
eight Mabs plotted with the calculated parametegsandB the experiment for the stepwise elution, all hMabs were suc-
(Table 3. From theK—I curves and Eq(6), the predictedg cessfully eluted by the predictég These verification results
was determined. The predictgglandl g determined with the indicate thatr andlg on SP Sepharose FF can be successfully
method and the results of the chromatography experimentpredicted from the information on the amino acid sequences

| VH sequence of a human monoclonal antibody |

v

Calculate c¢/N of VH region by alignment sequences with picture A?

.

| Calculate I (at GH = 0.02) by equation A |

v

| Calculate K, by equation B |

.

l Calculate B by equation C |

Stepwise elution Linear gradient elution

h 4 A
Plot K-I curve by equation E | Set linear gradient volume to be predicted

v ‘

Determine I, by K-I curve and Calculate Iy and Vyby equation C

equation E b and D with calculated B and K,
Determined I; = elution salt concentration Calculated Iy = peak salt concentration
in stepwise elution (predicted) Calculated Vy = elution volume
in set linear gradient elution (predicted)

Equation A: I, = 0.0537 ¢N + 0.0241 (See Fig. 10)

Equation B: Ke=0.0003¢ 37-503R (See Fig. 8)

Equation C: GH = I3 VK, A® (B +1)] (See Eq. (3) and (4)) ©
Equation D: Vg = (Ig-Iy)/g +V ((1+HK') [References 3., 12, 15, 23]
Equation E: K- K'=Ke A BI'® (See Eq. (6))

VH: Variable region of heavy chain ¢N : Corrected surface net positive charge
Iy: Peak salt concentration K .: Equilibrium association constant

B : Number of binding sites K : Distribution coefficient

I: Salt concentration K’: Distribution coefficient of salt

Iy Elution salt concentration GH =g (V-Vy)

V: total column volume A :ion exchange capacity

I,: initial salt concentration 2 : gradient slope (M/mL)

Vy: column void volume H=V-V)lVy

Fig. 11. Flow-sheet for predicting cation exchange chromatographic behavior of human monoclonal antibodies on the basis of amino acid sequences and

chromatography modelslote 2The calculation method afiNis as follows: (1) Count positive side chain whose relative side chain solvent accessibility of 0.5
and 0.75, respectively, with the alignment of amino acid sequences of VH region of a objective hMabigs&h@icture A). (2) Calculate corrected surface
net positive chargeN of VH region according to the equation in thég. 9. PStepwise elution condition (salt concentratigf is determined as the protein
distribution coefficient atg is approximately distribution coefficient of st (=0.72). In this studylg was calculated ak =0.76 with Eq.(6). A of SP
Sepharose FF is 0.215 mmol/mL gel according to the information supplied by the manufacturer.
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SP Sepharose FF pH 5.0 differentchromatographic conditions from those of the exper-
100 & —F—F—F—F—— imental conditions presented here (e.g., under different flow
_— * Mab AE, Mab AF i velocity, column dimension, gradient steepness, the sample
PP “ maz 2(:1' “'\23’; ZJ et AG ] loading at non-overloading conditions,lgprovided that the
10 o " ’._ : M:b AD’ e | sample is initially strongly bound to the column). This vari-
T g ation is possible because the present method was developed
= = ”D s based on the linear gradient elution model. Although this
< 40 KN 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
°-10 o 02 03 04 05 pH of the method developed here is pH 5.0 (Generally, mobile
NaCl, / [M] phase pH around pH 5 is commonly used, in the preparative
cation exchange chromatography of hMabs, especially for
Fig. 12. Distribution coefficienk—salt concentratiohcurves. biopharmaceutical purification process including protein A
affinity chromatography). In fact, as shownFiyg. 8 a pos-
itive correlation can be obtained at pH 6.0 and 7.0, although
approach may, within a certain level of accuracy, prefict  the correlation coefficients were lower than that at pH 5.0 (pH

andlg with the use of SP Sepharose FF cation exchange chro-8-0: R'=0.82, pH7.0: 'Q:_ 0.83, respectively). Thig range
matography based on the amino acid sequences of arbitrany?f PH 6.0 and 7.0 shown iRig. 8was 0.03-0.22 M. At levels
hMabs. The proposed method is applicable and scalable tounder the 0.1 Mg range, there may be less of an interaction

in hMabs. Therefore, it was concluded that the this novel

Stationary phase (SP Sepharose FF)

recognition

ognition

Fig. 13. Three dimensional structure of MabMote Red, blue and yellow circle or arrowhead indicate viewing directions toward the molecule. Red segment
of the antibody molecule indicates constant region of heavy chain, Pink segment is variable region of heavy chain, white segment is light ckgmeBiue s

is Lys and Arg residue on the molecular surface, Cyan segment is His residue on the molecular surface. White straight line and white squarealing is diagr
of stationary phase which is drawn by considering the size of hMabs molecule and pore size of stationary phase.
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between the hMabs and the resin, which may account for the(subclass), but also that of the variable region. The elution pH
lower correlation coefficients at pH 6.0 and 7.0 than at pH of hMabs with LYLQMNSL sequences in between the CDR2
5.0. Therefore, if the chromatography conditions required for and CDR3 regions of the heavy chain was lower among the
stronger interactions could be optimized at various pH values, same subclass of hMabs. Based on these results, a method for
and if a correlation betweetN- R at the various pH values  predicting the elution pH on MabSelect on the basis of the
could be obtained, then this approach may be applicable toamino acid sequences of hMabs was developed and verified

various mobile phase pH values. using eight hMabs.
In cation exchange chromatographypf each hMab with
4.5. Mechanism of hMabs biorecognition the same sequences of variable regions were equivalent to

each otherlr of the hMabs was correlated witke of the

In this study, the relation betweénandcN of the variable hMabs. Thdr was also correlated wittN of the VH region.
region of the right chain (VL regionkN of the VL region With the results of this investigation, and using the linear
and VH region, and the surface charge distribution consider- gradient elution model, a method for predictinrgVr of the
ing the negative charge was also investigated. However, lessarbitrary linear gradient elution condition and for predicting
correlation was obtained compareddd of the VH region I of stepwise elution on SP Sepharose FF on the basis of the
(data notshown). In addition, the of two hMabs, MabYand  amino acid sequences was developed. The predictive ability
Mab Z, whose structures differed only in the light chain, were of the method was then verified with additional chromatog-
equivalent Fig. 6). These results suggest tHat of hMabs raphy experiments using eight hMabs.
on SP Sepharose FF is determined by the surface positive The hypothesis that hMabs are separated on SP Sepharose
charge distribution of the VH region. In other words, hMabs FF with the biorecognition of the surface positive charge dis-
seem to be separated on SP Sepharose FF with the biorecogribution of the VH region was supported by the result of
nition of the surface positive charge distribution of the VH theB value of Mab A, and the consideration with the three-
region. Fig. 13 shows the Mab A molecule sterically from dimensional structure of Mab A.
four directions. It can be understood that the stationary phase The results reported here thus provide the first line of
(in this case, SP Sepharose FF) recognizes only a part of theevidence to demonstrate that chromatographic behavior can
hMab molecule, rather than the entire molecule, because ofbe predicted quantitatively from the amino acid sequences
the molecules’ three-dimensional structure. From the hypoth- of proteins. In addition, the present investigation demon-
esis mentioned above, hMabs and the stationary phase wouldtrated, for the first time, the reliability of a novel method-
biorecognize (bind) each other, as showrFig. 13 From ology for structure-based chromatography for hMabs. The
the results of the linear gradient elution model, Biealue approach described here may enable the use of amino
of Mab A on SP Sepharose FF were ca. 7 in the mobile acid sequences to predict the chromatographic behavior of
phase pH 5.0, ca. 6 in pH 6.0, and ca. 4 in pH 7.0, respec-hMabs that can be expected when using the chromatog-
tively. The number of our hypothesized binding positive sites raphy modes described above. Furthermore, the present
(green arrowhead in the figure) from the three-dimensional method may contribute to accelerating the purification pro-
structures were similar to tlievalue in pH 5.0. Moreover, the  cess development of hMabs for biopharmaceutical industries,
fact that theB value is reduced while the mobile phase pH is as it eliminates the necessity of carrying out a trial-and-
increasing can be explained by the non-dissociation of the Hiserror approach to determine the appropriate chromatography
residue, which is located on the biorecognition (binding) sites conditions.
(green arrowhead and cyan residue in the figure) in a higher
pH solution. Although biorecognition has broad meaning, the
present study has shown that the biorecognition in the present
Mab A-SP Sepharose FF system is based on the moleculafReferences
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