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Abstract

Immobilized metal-ion affinity chromatography (IMAC) performed with four different transition metal ions: copper(ll), nickel(ll), zinc(ll)
and cobalt(Il), was used to study the adsorption properties of human polyclagiabulines (IgG), Cohn II-lll fractions, and their pepsin
cleaved fragments: F(8b and Fc. In each case, digested products showed lower affinity for metal ions, as well by decreasing pH elution as
by competition with imidazole. An explanation was proposed by the presence of a histidine (His) cluster ¢rdth@&in of IgGs, identified
by computer calculation (accessible surface area (ASA) determination) as the more probable His 433-x-His 435 sequence presented in the
CHj; domain of human IgG heavy chain. As shown by IMAC and electrophorésisiiel undigested IgG have higher affinity for transition
metal ions than F(d)p fragments and could be then separated in one step by IMAC. When chelated Zn(ll) or Co(ll) are used as ligands,
the F(ab), fragment could be easily recovered under mild conditions (pH 7) in the non-retained fraction. This approach could be used as a
powerful alternative to conventional protein A/G methods for the commercial preparation of non immunogen actjydra@mbents.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction atite[4] and affinity[5] have advantages and limitations. For
example, ion exchange chromatography, which is probably
Human serum or monoclonal immunoglobulins (IgG) the most employed method, does not display sufficient se-
(generally obtained from mouse ascites fluid or from hy- lectivity and additional steps, such size-exclusion separation
bridoma cell culture supernatant) are of great interest for are necessary to achieve purification. Biological specific lig-
the therapeutic applications (antiserum preparation, au-ands, e.g. proteins A and G, seem to be more appropriate for
toimmune and autocatalytic antibodies) and for biological 1gG recovery with high purification factor. However, the pro-
diagnostics (immunotest, ELISA assays). These numeroustein nature of these high cost ligands, limits their large scale
applications require efficient purification tools in regard applications because of possible cleavage and/or denatura-
to the quantity as well as to the integrity (activity) of the tion during sanitization-in-place (SIP) and cleaning-in-place
isolated immunoglobulins. (CIP) industrial processes. Moreover, the affinity constants
Different chromatographic methods, generally preceded of these ligands are very high and elution step includes de-
by precipitation step have been developed for the purifica- naturing conditions which can lead to loss of activity of an-
tion and functional studies of Ig@L]. Various protocols,  tibodies[6].
including size-exclusiofi2], ion exchangg3], hydroxyap- In order to overcome these different problems, low
molecular weight ligands were introduced and devel-
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extended to thiophilic ligands and small mimicry peptides
produced by combinatorial library.
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2.3. Chromatographic procedures

Pseudobiospecific ligands have been successfully demon- Two millilitres of chelating Sepharose Fast Flow (Amer-

strated to be an interesting alternative to conventional

sham Biosciences, Sweden) (Iminodiacetate-Sepharose

chromatographic ligands, especially for antibody separation (IDA-Sepharose)) were packed in 10 cm lengtil cm i.d.

[8-12].

Among the pseudobiospecific ligand family, immobilized
metal-ion affinity chromatography (IMAC), introduced by
Porath et al[8] is a very efficient tool for biomolecules
purification as well as for studing the surface topography
of proteins in terms of accessibility of their His residues
[13-17] 1gG separation from sera or mouse ascites fluid
using IMAC was previously demonstraté#l18—20]

In this work, we performed IMA chromatographic sepa-
ration of total human IgGs, polyclonal antibodies obtained
from commercial Cohn fraction Il-Ill and their pepsin
cleaved fragments (F(9b and Fc). Four different tran-
sition metals(Il) — Copper (Cu(ll)), Nickel (Ni(ll)), Zinc
(Zn(11)) and Cobalt (Co(ll)) were used in order to separate
F(ab), and Fc fragments and study the His accessibility
in human antibodies according to the ground recognition
rules in IMAC advanced by SulkowsKR1]. Moreover,
molecular modelling was applied in order to determine the
accessibility of His residues.

2. Experimental
2.1. Materials

Acrylamide, ammonium persulfate, Co$6H,0,
CuSQ;-5H,0, ethylenediamine tetraacetate disodium salt
(EDTA), humany-globulins from Cohn fractions Il and Il
(Lot No. 76H9339), glycine, morpholino ethane sulfonic
acid (MES), morpholino propane sulfonic acid (MOPS),
N,N’-methylenebisacrylamide, NiS&H,O, sodium ac-
etate, sodium chloride, sodium dodecyl sulfate (SDS),
tetramethyl ethylene diamine (TEMED), Zn$6H,O
were all purchased from Sigma—Aldrich Chemical Co. (St.
Louis, MO, USA). All other reagents were of analytical
grade. Ultrapure water, obtained from the Milli RO-Milli
Q System (Millipore, Bedford, CT, USA), was used for the
preparation of all solutions.

2.2. Pepsin digestion

Pepsin digestion was performed by incubating human
IgGs (Cohn fraction II-Ill) with 18 units of pepsin per mg
of protein in 200mM glycine-HCI, pH 3.6 at 3T for
6 h. Digestion was stopped by raising the pH to 7 with
1 M NaOH. Digestion was controlled by electrophoresis and
by 5% trichloracetic acid (TCA) precipitation of aliquots
(100ul) collected at different times. Buffer exchange for
IMAC procedure of digested products was performed by us-

ing PD-10 Sephadex G-25 column (Amersham Biosciences,

Sweden).

column. Experiments were carried out using Biologic sys-
tem from Bio-Rad (Richmond, CN, USA). Transition met-
als — Cu(ll), Ni(Il), Zn(ll) and Co(ll) were loaded at flow
rate of 0.5mlminm!. Non-specific bound metal ions were
removed by five column volumes (CV) of water followed
by five CV wash with the most acidic buffer according to
the metal used in IMAC. Then, the gel was equilibrated
with at least 10 CV of adsorption buffer. Mixture of 25 mM
MOPS, 25 mM MES and 25 mM sodium acetate, 1 M NacCl
(MMA buffer) was used for pH elution protocol according
to Mrabet (1992). When competitive eluent imidazole was
used, 1mM was added to the equilibration buffer 25 mM
MOPS, pH 7.2, 1M NacCl in order to prevent the proton
pump phenomenon as described by Sulko8R]. Tightly
bound proteins were eluted by the final wash with five CV
of strong chelating agent EDTA. Three minutes fractions
(1.5 ml) were collected and protein content was determined
by Bradford method23], using crystalline bovine serum
albumin as standard. All experiments were run in triplicate.

2.4. SDSPAGE analysis

Chromatographic fractions were analysed by 10%
SDS-PAGE gels under non-reducing conditions (sampling
buffer without the reducing age@tmercaptoethanol). Gels
were silver stainef24].

2.5. Molecular modelling

Computer calculations of accessible surface area (ASA)
of His residues in of Fc domain of human IgG1 (1 fcc) were
performed using XPLORR5] with a probe radius of 1.93 A,
mimicking IDA-Cu(ll) [16].

3. Results
3.1. IMAC behaviour of human IgGs

Twenty milligrams of human 1gGs (Cohn fractions I1-lII)
was applied on chelating Sepharose Fast Flow columns
loaded with four different metals — Cu(ll), Ni(ll), Zn(ll)
or Co(ll). Discontinuous pH gradient was used in or-
der to explore the chromatographic behaviour of IgGs
(Figs. 1A-4A. Protein adsorption was different depending
on the metals used. IgGs were strongly retained on chelated
Cu(ll) and not eluted with the protonation gradient from 6
to 4. They were recovered with the strong chelating agent
EDTA, 50 mM. When Ni(Il), Zn(ll) or Co(ll) chelates were
used, affinity of IlgGs decreased. Moreover, the affinity of
IgGs for chelated Co(ll) is lower compared to the other
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Fig. 1. IDA-Cu(ll) separation of (A) IgG and (B) their proteolytic frag-
ments F(ah), and Fc and (C) SDS-PAGE control of separation of mix-
ture of purified F(aB, (pH 4) and entire IgGs (EDTA); F(&h — frac-

tion after pepsin digestion. Chromatography conditions: injection: 20 mg
of human IgG or 20 mg of the mixture of proteolytic fragments F¢ab
and Fc; column volume: 2ml chelating Sepharose Fast Flow; flow rate:

0.5mlh, decreasing pH gradient from pH 6 to 4.
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Fig. 2. IDA-NI(Il) separation of (A) IgG and (B) their proteolytic frag-
ments F(ah)2 and Fc. Chromatography conditions: injection: 20 mg of
human IgG or 20mg of the mixture of proteolytic fragments Fab
and Fc; column volume: 2ml chelating Sepharose Fast Flow; flow rate:
0.5mlh !, decreasing pH gradient from pH 6 to 4.

3.2. IMAC separation of 1gG proteolytic fragments

Pepsin digested IgGs fragments, Fjakhave lower affin-
ity for all transition metals compared tédfragment and en-
tire IgGs Figs. 1B—4B B versus A). The same phenomenon
was observed using competitive imidazole gradient (data not
shown).

When IDA-Cu(ll) chelate was used, chromatographic and
electrophoretic controls revealed that IgGs were fully sepa-
rated from their digested F(9b fragments Fig. 1B). More-
over, after IMAC of equimolar mixture of IgG and F(3h

three metals — they are adsorbed but eluted under slightlyboth species could be efficiently separated on IDA-Cu(ll)

acidic conditions. The affinity of IgGs for these four metals,
Cu > Ni > Zn > Cao, is as predicted by the conventional

recognition rules in IMAC21].

Moreover, we showed by IMAC using Ni(ll), Zn(ll)
and Co(ll) chelates, a heterogeneity in human IgGs. Two

chelate Fig. 10. Thus, F(ah, fragments recovered from
chelated Cu(ll) under acidic conditions (pH 4) followed by
rapid pH adjustment to neutral, can be used for immuno-
chemical reagents.

In the case of chelated Ni(ll), we probably separated dif-

species, probably pertaining to different IgG sub-classes, ferent F(ab), fragments at pH 7.0, 6.5 and 6.0 due to their

were recovered by both discontinuousgs. 2A-4A and

slight differences in structure in terms of His residues ac-

linear decreasing pH gradients (data not shown). IMAC cessibility/microenvironmentHig. 2B). This metal chelate
has already been reported to be an efficient tool for separa-could be useful for fine separation of F(ghfragments cor-
tion of closely related structures as sub-species, isoforms,responding to different IgG sub-species.

etc. [17] and this method can contribute to distinguish

Moreover, we demonstrated that F{abfragments had no

between IgG sub-classes due to differences in accessibil-affinity for chelated Zn(ll) and Co(ll) whereasdfragment

ity/microenvironment of their His residues.

was eluted at pH 5.5Figs. 3B,C and 4B According to
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Fig. 4. IDA-Co(ll) separation of (A) IgG and (B) their proteolytic frag-
ments F(ah, and Fc. Chromatography conditions: injection: 20 mg of
human 1gG or 20mg of the mixture of proteolytic fragments Btab
and Fc; column volume: 2ml chelating Sepharose Fast Flow; flow rate:
0.5mlh1, decreasing pH gradient from pH 6 to 4.
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B versus A). The difference in affinity is really obvious
when Zn(Il) and Co(ll) chelates were used — F{aklrag-
ment was not-retained at pH 7 whereds ffagment was
retained and eluted at pH 5.6i¢s. 3B and 4BB versus A).
According to the recognition rules in IMAQ21], a special

His cluster structure which should be accessible on protein
surface is required for binding to Zn(ll) and Co(ll) chelates.
Consequently, we focused on the tridimensional structure of
Fc fragment to study the accessibility of His residues. By
computer calculations we showed that among the six His in
the primary sequence of Fc, two of them His 433 and His
435 are accessible and closely situated in the tridimensional
structure Table landFig. 5). Thus, we identified His cluster
signature located on Fc fragment which may be responsible
for binding to chelated zZn(ll) and Co(ll).

Fig. 3. IDA-Zn(ll) separation of (A) 1gG and (B) their proteolytic frag-
ments F(ah), and Fc and SDS-PAGE control of proteolytic fragments sep-
aration (C) C — IgG fragments after pepsin digestiad; p— non-retained
fraction; pH 5.5 —retained fraction. Chromatography conditions: injection:
20mg of human IgG or 20mg of the mixture of proteolytic fragments
F(ab), and Fc; column volume: 2ml chelating Sepharose Fast Flow;
flow rate: 0.5 mlht, decreasing pH gradient from pH 6 to 4.

the ground rules in IMAQ21], the retention of € on both

Zn(11) and Co(ll) chelates is probably due to the presence of

accessible His cluster in its tridimentional structure. There- 4. Discussion

fore, these two metal chelates are potentially interesting for

fast recovery of the F(d)e fragments under mild conditions Immobilized metal-ion affinity chromatography is not
which is very useful for the preparation of immunochemical only one of the most popular techniques for protein pu-
reagents. rification, but also it is a very efficient method for study-
ing protein structure in terms of His residue accessibility
[7,13,14,17,26] As postulated by Sulkowskjl13,14,21]

the affinity of proteins for chelated Cu(ll) requires at least
one accessible His residue. When proteins are retained on
chelated Ni(ll), they have more than one His residue and

3.3. Molecular modelling of F'c fragment

F'c fragment of 1IgG was found to have stronger affinity
for four chelated metals compared to FlalfFigs. 1B-4B
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Table 1 immunoglobulin classes of human, mouse, guinea pig and
Accessibility of solvent-exposed histidine residueg)/# human 1gG1 rabbit, was the specific binding site for metal chelate.
(1fcc) calculated using XPLOR with a probe-radius of 1.93A However, the accessibility of His residues isige qua

Histidine residue number Atom number Accessibility?JA none requirement for binding to metal chelatfls’]. That

433 N 0.00 is why we used molecular modelling to determine the ac-
CA 7.50 cessibility of His residues located irfdFregion. Computer
cB 19.70 calculations reveal the accessibility of His residues in Fc
CG 2.39 domain of IgG and show that possible cluster could be His
Egi 25_'33 433-X-His 435 because: (1) both His were found accessible
CE1 14.92 to probe radius of 1.93 A mimicking metal chelate and (2)
NE2 7.80 they are close in the primary sequence as well and separated
c 0.00 only by one amino acid which also meets the requirements
o 0.00 for binding to Zn(ll) and Co(ll) chelatef21]. His residues

435 N - are also present in the primary structure of the Pfafibdg-
gg 8-88 ment, but there are not located near each other in the 3D

structure. Consequently, the absence of His cluster could

ggz 8:88 explain the non-retention of F(db)on Zn(ll) and Co(ll)
ND1 0.00 chelates. Thus, the characterisation by molecular modelling
CE1 10.33 of specific His cluster signature situated ot Homain of
NE2 0.00 human IgG may contribute to the understanding of the bind-
g 8'88 ing mechanism of IgG to metal chelates.

Moreover, in our study human IgGs and their pepsin di-
gested fragments, F(gp and Fc, can be separated on four
different metal chelates (Cu(ll), Ni(Il), Zn(Il) and Co(ll))
the adsorption on chelated Zn(ll) and Co(ll) signifies a which is an attractive approach for industrial exploitation.
cluster of His residues accessible for coordination. Two of the metal chelates, IDA-Zn(ll) and IDA-Co(ll), were

In our study, IgGs are retained on four transition metals, found to be of particular interest for F(3p recovery in
Cu(ll), Ni(ll), Zn(l1) and Co(ll), which signifies that at least  the non-retained fractionF{gs. 3B and 4B These metal
two His and also a His cluster are accessible on their sur-chelates could also be applied for separation of papain di-
face. Based on the recognitions rules established in IMAC gested products Fab and Fc due to the cluster His signature
[21], the lack of affinity to chelated Zn(ll) and Co(ll) of situated on Fc fragment. This is very useful rapid one-step
F(ab), fragments and the retention ofcHragment shows  procedure under mild conditions (pH 7) for preparing less

that the relevant His cluster is probably situated fa Fe- immunogenic commercial products of industrial relevance
gion. Hale and Beidl€27], described a histidine-rich region  for immunochemical, diagnostic and therapeutic purposes.
in the third constant domain of heavy chain (§}téf IgG1. IMAC has numerous advantages compared to the con-

They proposed that this domain, conserved among severalentional methods employing protein A/G, for separation

Fig. 5. Accessibility of cluster His 433-X-His 435 as calculated by computer modelling of Fc domain of human IgG1 (PDB: 1 fcc).
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of proteolytic fragments of 19gG. Protein A/G are obtained [2] J.P. Bouvet, R. Pires, A. Pillot, J. Immunol. Methods 66 (2) (1984)
from microorganisms or genetically modified bacteria 299.

. . [3] G. Corthier, E. Boschetti, J. Charley-Poulain, J. Immunol. Methods
through complex and expensive procedures, and require 53 (1984) 313.

time‘co_nsuming ?-nalytical controls to check the presence Of [4] B. Pavlu, V. Johanson, C. Nyghlen, A. Wichman, J. Chromatogr.
contaminants which may affect the safety of the purified an- 359 (1986) 449.

tibody for clinical purposes. Moreover, most protein-based [5] A. Forsgren, J. Sjsquist, J. Immunol. 97 (1966) 822. '
affinity chromatography media are very sensitive towards [6] J. Buchner, M. Renner, H. Lilie, H.J. Hinz, R. Jaenicke, Biochemistry

. X 30 (28) (1991) 6922.
alkaline treatment, a preferred method for regeneration and [7] MA. Vijayalakshmi, Trends Biotechnol. 7 (1989) 71.

_remOVa.J of Co_ntaminams from the purification devices in [8] J. Porath, J. Carlsson, I. Olsson, B. Belfrage, Nature 258 (1975)
industrial applications. 598.

Here we should emphasise that IMAC sorbents are [9] A. El-kak, M.A. Vijayalakshmi, J. Chromatogr. Biomed. Appl. 570
less expensive, stable to harsh chemicals and tempera- _ (1991) 29.

tures and exhibit easy regeneration and cleaning up pos-*“ (Pl'gé':)' g};’e'd’ S. Copping, R.L. Himsworth, Mol. Immunol. 21

sibilities, longevity, resistance to proteolytic degradation, [11] m. Belew, N. Junti, A. Larsson, J. Porath, J. Immunol. Methods 102
etc. Moreover, the recovery of IgG fragments in gen- (1987) 173.

tle, non-denaturing chromatographic conditions (pH 7) [12] R.Li, V. Dow, D.J. Stewart, S.J. Burton, C.R. Lowe, Nat. Biotechnol.
allow obtaining high yield of quality product and also re- 16 (1998) 190.

. . . ) . . . . [13] E. Sulkowski, Trends Biotechnol. 3 (1985) 1.
tain the integrity of its tridimensional structure which is [14] E. Sulkowski, in: Burgess (Ed.), Protein Purification: Micro to Macro,

very important for immunotherapeutic applicatioffs8]. New York, 1987, p. 149.

Therefore, IMAC can be considered as a cost-effective, [15] E.S. Hemdan, Y.J. Zhao, E. Sulkowski, J. Porath, Proc. Natl. Acad.

process-compatible alternative to affinity chromatography Sci. U.S.A. 86 (1989) 1811.

protein A/G sorbents for non-denaturing recovery of the E?} ’F\)‘-Ee'\r"nrzbzt' 3;‘;‘;}2‘:”35%”318 e(iz?jgnzegobeweese 1. Porah. MA

prOte()lytIC fragments of human IgG. Vijayalakshmi, Biochemistry 36 (1997) 6896.

[18] J. Porath, B. Olin, Biochemistry 22 (1983) 1621.

[19] S.A. Al-Mashikhi, S. Nakai, J. Dairy Sci. 71 (1988) 1756.
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