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Selective reduction of native disulfide bonds in immunoglobulins is one of the best meth-
ods for introducing reactive groups on to the protein surface. Additionally, the thiol groups
so generated may allow oriented conjugation at a specific site of the immunoglobulin. Solid-
phase reducing agents have many advantages over soluble ones (including ease of separa-
tion of excess reagent from reduced protein by filtration, and the potential for regeneration
and multiple reuse). In this work we report a comparative study of the reduction of rabbit
IgG and its F(ab0)2 fragments, with mercaptohydroxypropylether-agarose (thiopropyl-aga-
rose), a solid phase reducing agent, and dithiothreitol. The effect of different parameters on
the process, such as the amount of reducing agent, incubation period, and temperature, was
assessed by titration of thiol groups and SDS-PAGE analysis. Optimized reduction with thio-
propyl-agarose introduced six thiol groups in the F(ab0)2 fragment (mol/mol). Native IgG
was less reactive, probably due to steric effects, as only an average of three thiol groups
were introduced. However, by increasing reaction temperature from 22 to 378C, six thiol
groups could be introduced in native IgG (mol/mol). Reduction with dithiothreitol also intro-
duced six thiol groups in F(ab0)2 fragments (mol/mol) but led to higher thiol content for the
whole IgG. These results demonstrated that thiopropyl-agarose can be a very useful tool for
exercising more precise control over the reduction treatment, and for selecting which disul-
fide bridges are to be broken. After 6 h incubation with reducing agent containing 8 and
16 lmoles SH per mg of protein, the resulting reduced IgG retained the same biological
activity as the native immunoglobulin. The controlled modification of native disulfides
achieved with thiopropyl-agarose will be useful for the development of soluble and insoluble
immunoglobulin conjugates.
Keywords: solid phase reducing agents, dithiothreitol, immunoglobulin reduction, thiopropyl
agarose, thiol disulfide exchange, disulfide reduction

INTRODUCTION

Antibody molecules are used in immunoassays, affinity
chromatography, and detection techniques in nearly every
field of the life sciences.1,2 The specificity of the antibody-
antigen recognition reaction provides a powerful tool for the
preparation of immunological reagents. By appropriate meth-
ods the immunoglobulin protein can first be modified, and
then conjugated to soluble or insoluble biomolecules.3 Heavy
and light chains of IgG are covalently linked together by di-
sulfide bonds (Scheme 1).

However, as well as interchain, there are also intrachain
disulfide links. Although the latter are less easy to break, a
balance has to be found between breaking enough interchain
bonds, but at the same time, limiting the number of intra-

chain bonds broken so that biological activity is retained.

The reduced heavy and light chains are still held together by

noncovalent forces but can be dissociated in appropriate con-

ditions (e.g., SDS, high salt, acid medium).4

Enzymatic digestion of intact immunoglobulins is carried

out to obtain the F(ab0)2 fragments and, by reduction of the

inter heavy-chain disufilde bond in the hinge region of the

F(ab0)2, it is possible to obtain the monovalent F(ab0) frag-

ment. The reduction of the disulfide bond introduces one

thiol group in a very specific place, the C-terminal region of

the F(ab0), creating a specific coupling site on this molecule,

which can be used for different purposes.5 Both divalent and

monovalent F(ab0)2 and F(ab0) fragments are widely used

because nonspecific interactions, mainly due to the Fc por-

tion, are diminished in its absence, improving the precision

of immunoassays.

Reductive treatment for protein modification is routinely
performed in solution with different reagents such as mer-
captoethylamine, mercaptoethanol, or dithiothreitol (DTT).4,6

In this work a solid phase reducing agent was used, looking
for a new agent to perform a selective immunoglobulin
reduction. Mercaptohydroxypropylether-agarose (thiopropyl-
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agarose) with high degree of substitution has been used for
enzyme modification, and it has proved to have many advan-
tages over soluble reducing agents.7,8

Solid phase reducing agents prevent dilution of the sam-
ple, allow easy separation of the reduced protein, and regen-
eration of the solid phase reducing agent, and it can be
reused many times.

Protein reduction with thiopropyl-agarose involves a thiol-
disulfide exchange reaction, an easily reversible S-alkylation,
which occurs in two stages: first, an insoluble mixed disul-
fide (protein-solid phase) is formed, and second, nucleophilic
attack by another SH group of thiopropyl-agarose on the
mixed disulfide forms a new disulfide bond, releasing the
reduced protein7,8 (Scheme 2).

Previous studies on the performance of thiopropyl-agarose
confirmed important differences in its effects on different
target proteins depending on the location of disulfide bridges.
Steric hindrance because of the matrix of the reducing agent
allows selective reduction of the most exposed disulfide
groups, while most internal disulfides can react only in the
presence of denaturing agents.7,8 Parameters like optimal
incubation time and amount of reducing agent also varied
significantly from one protein to another.7,8

With the purpose of optimizing this method for rabbit im-
munoglobulin and F(ab0)2 fragments, reduction with thio-
propyl-agarose was assayed under different conditions and
compared with the performance of DTT. The extent of
chemical modification was determined by titration of thiol
groups and SDS-PAGE analysis (without mercaptoethanol).
The presence of interchain disulfide bridges in IgG and frag-
ments led to molecular cleavage upon reduction, which was
easily confirmed by electrophoretic analysis.

MATERIALS AND METHODS

Sepharose 4B and PD-10 columns (Sephadex G25) were
from Amersham Pharmacia Biotech (Uppsala, Sweden).
Epichlorohydrine (1-chloro-2,3-epoxypropane), dithiothreitol
(DTT), 2,20dipyridyl disulfide (2-PDS), 2,20-azino-bis (3-eth-
ylbenzo-thiazoline-6-sulfonic acid) diammonium salt
(ABTS), and 5,50-dithio-bis(2-nitrobenzoic acid) (DTNB)
were from SIGMA (St Louis, MO). Immobilized pepsin,
supplied as 50% glycerol slurry containing 0.1 M sodium ac-
etate, 0.05% sodium azide, pH 4.5 was from PIERCE (Rock-
ford, IL). Specific anti-peroxidase rabbit serum was kindly
donated by Professor J. Battistoni. Hydrogen peroxide (30–
31%) was from FLUKA Chemie (Buchs, Switzerland). All
other products were of reagent or analytical grade.

Synthesis of mercaptohydroxypropylether-agarose
(thiopropyl-agarose)

Thiopropyl-agarose containing about 1,000 lmoles of SH
groups per g of dried gel was prepared essentially as
described by Axén et al.9 Agarose beads were first reacted
with epichlorohydrine in alkaline conditions. As a standard
procedure it is recommended to use 2.5 mL epichlorohydrine
per 15 g of suction dried Sepharose 4B in 15 mL of 1 M
NaOH. Oxyrane groups thus formed were then converted
with sodium thiosulfate 2 M (in phosphate buffer 0.5 M,
pH 6.3) to gel-bound thiosulfate groups which finally
were reduced with DTT to thiol groups. It is recommended
to use 0.3 g DTT dissolved in 15 mL EDTA 1 mM and
15 mL bicarbonate buffer 0.2 M, pH 8.5, per 15 g suction
dried gel.Scheme 1. Schematic diagram of rabbit IgG.

Scheme 2. Mechanism of disulfide bond reduction with thiopropyl agarose.
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Titration of thiol groups (SH) onto solid phase

The thiol content of thiopropyl-agarose was determined
spectrophotometrically by titration with 2-PDS (saturated so-
lution, 1.5 mM) dissolved in 0.1 M sodium phosphate, pH
8.0, according to the method of Brocklehurst et al.10 As a
standard procedure it is possible to use 1 g suction dried gel
per 10 mL 2-PDS solution and to incubate 1 h at room tem-
perature. Absorbance at 343 nm is studied afterwards.

Titration of thiol groups (SH) in solution

The thiol content of reduced proteins in solution
was determined with Ellman’s reagent (5,50-dithio-bis(2-
nitrobenzoic acid, DTNB), mixing 1.0 mL sample with 200
lL Ellman’s reagent (DTNB 4 mg/mL in sodium phosphate
0.1 M, pH 8). After 15 min, absorbance at 412 nm was
studied.11

Preparation of the Sepharose-peroxidase affinity adsorbant

Sepharose 4B was activated with cyanogen bromide and
horseradish peroxidase was immobilized following the proce-
dure reported by Carlsson et al.12

Purification of specific anti-peroxidase fraction

Anti-peroxidase fraction was purified from immune rabbit
serum first by salting out with 33% ammonium sulfate. The
precipitate was separated by centrifugation and suspended in
phosphate-buffered saline (PBS). The IgG solution obtained
was dialyzed against the same buffer overnight.

Anti-peroxidase immunoglobulins were separated by affin-
ity chromatography, using a Sepharose-peroxidase column.
Elution of specific anti-peroxidase immunoglobulins was
achieved using 0.1 M

Glycine-HCl, pH 2.5, 0.5 M NaCl. A second elution step
was carried out with 0.1 M Glycine-HCl pH 2.5, 0.5 M
NaCl, and 40% DMSO.

Purified specific anti-peroxidase immunoglobulins were
obtained after dialysis against appropriate buffer (reduction
buffer or digestion buffer, depending on the desired
product).

IgG digestion with immobilized pepsin

1.25 mL of the 50% slurry of immobilized pepsin was
washed and equilibrated in digestion buffer (20 mM sodium
acetate, pH 4.5); it was separated from buffer by filtration
and buffer was discarded. Immobilized pepsin was sus-
pended in 2 mL of digestion buffer and 5 mL of 10 mg/mL
IgG solution was added. The mixture was incubated for 10 h
at 378C with agitation.

The digested product was separated from the immobilized
pepsin by vacuum filtration and then gel filtered on a PD-10
column with reduction buffer (0.1 M sodium phosphate, pH
7.5, 0.15 M NaCl, and 10 mM EDTA).

Biological activity determination

In the ELISA (enzyme linked immunosorbent assay) for
the peroxidase/anti-peroxidase system, affinity purified rabbit
IgG anti-peroxidase (10 lg/mL) in PBS, was immobilized
onto Nunc Maxisorb plates, with 100 lL per well and incu-

bated for 1 h at 378C when shaken. The plate was blocked
with 200 lL per well of 1% BSA in PBS and incubated for
30 min at 378C. Different concentrations of antigen solution
(horseradish peroxidase from 0.1 to 1 lg/mL) were incu-
bated for 1 h at 258C when shaken. The wells were washed
with PBS/Tween 20 and then 200 lL per well of substrate
(substrate solution was prepared by mixing: 20 mL 40 lM
ABTS in 0.05 M citrate buffer pH 4.0 with 20 lL 10%
hydrogen peroxide) were added. After 20 min of incubation
when protected from light, with shaking, the absorbance at
414 nm was measured.

Reduction of proteins with DTT

Aliquots of protein solution in reduction buffer (0.1 M so-
dium phosphate, pH 7.5, 0.15 M NaCl, 10 mM EDTA) were
incubated at room temperature under gentle agitation with
different amounts of DTT to achieve ratios from 0.03 to
8 lmoles DTT per mg of protein. The same procedure was
repeated for different incubation times. Excess DTT was
removed by gel filtration on PD-10 columns. The SH content
was determined with DTNB (as described earlier), before
and after reduction.

Each sample was analyzed by SDS-PAGE electrophoresis
(without mercaptoethanol).

Reduction of proteins with mercaptohydroxypropylether-
agarose (thiopropyl-agarose)

Aliquots of protein solution in reduction buffer (0.1 M so-
dium phosphate, pH 7.5, 0.15 M NaCl, 10 mM EDTA) were
incubated at different temperatures (room temperature and
378C) with different amounts of thiopropyl agarose, to
achieve ratios (R) of 0.5–16 moles SH from the reducing
agent per milligram of protein. The same procedure was
repeated for different incubation times.

Thiopropyl-agarose was separated from the protein solu-
tion by filtering under vacuum. The SH content was deter-
mined as described earlier.

Regeneration procedure for thiopropyl-agarose

Extensively used thiopropyl-agarose, 60 g suction-dried
gel, was incubated 1 h at RT when shaken with 60 mL
0.2 M bicarbonate buffer, pH 8.5 and 1.2 g DTT dissolved
in 60 mL 1 mM EDTA. Afterwards, it was washed with the
same buffer, distilled water, and acetic acid 0.1 M.

SDS-PAGE analysis

SDS-PAGE was performed using Phast System (Amer-
sham Pharmacia Biotech) apparatus, following the standard
procedure but without b-mercaptoethanol. Gradient gels (8–
15%) were used.

RESULTS

Reduction of F(ab0)2

F(ab0)2 fragments were reduced with different amounts of
the solid phase reducing agent, thiopropyl-agarose, which led
to markedly different final thiol contents in the protein (Fig-
ure 1). Therefore, we found that the degree of protein

1156 Biotechnol. Prog., 2008, Vol. 24, No. 5



reduction can be controlled by adjusting the amount of thio-
propyl-agarose.

The amount of solid phase reducing agent in relation to
the amount of protein was expressed as the ratio R: micro-
moles of SH from the reducing agent per mg of protein. The
degree of reduction was estimated by titrating SH groups in
the reduced protein.

A titre of 6 moles of SH per mol of F(ab0)2 was achieved
after 6 h incubation, when the relative amount of reducing
agent was R 8 (Figure 1). This means that three disulfide
bridges were broken, most probably interchain ones because
reports in the literature describe them as the ones most easily
broken.4 This was confirmed by the electrophoretic pattern
obtained after reduction (SDS-PAGE without mercaptoetha-
nol), which showed absence of the F(ab0)2 band, and an
increase in the intensity of two other bands, most probably
corresponding to monovalent F(ab0) and heavy and light
chains separated by SDS (Figure 2). Besides that, it could be
seen that for R 8, there was no further change in the pattern
for incubation times greater than 2 h (Figure 2). However,
SH groups determined by titration of the reduced proteins
increased slightly after 6 h incubation, but this can be
explained by the different sensitivity of the two assay meth-
ods (Figure 1).

SDS-PAGE electrophoresis has the advantage that SDS
disrupts the non-covalent interactions between heavy and
light chains, otherwise both chains would have remained
attached to each other, even after the disulfide bonds were
broken.

The maximum degree of F(ab0)2 fragment reduction
achieved with thiopropyl agarose was the same as that
obtained with DTT. Even with high ratios of soluble dithio-
threitol the maximum of 6 moles of SH per mol of F(ab0)2

could not be surpassed under all the conditions assayed (R
1; R 2; R 5; and R 10 for 30 min and for 1 h). All the evi-
dence confirms that intrachain disulfides are not easily
reduced in the F(ab0)2 fragments. Presumably, intrachain di-
sulfide bridges located close to the active site of the mole-
cule are highly protected and therefore more difficult to
break.

Reduction of IgG

Disulfide bonds in the rabbit immunoglobulin molecule
were apparently not accessible to thiopropyl-agarose because
they exhibited low reactivity at room temperature, compared
with F(ab0)2 fragments, even with a large excess of reducing
agent (Figure 3). When reduction was carried out with R16,
only an average of 3 moles of SH per mol of IgG were
obtained.

This is probably due to the tertiary structure of IgG, as
evidently the Fc portion prevented contact between disulfide
bonds and the solid phase reducing agent. Increasing the
temperature from 22 to 378C led to a doubling of the SH
titre on the protein, most likely caused by the cleavage of
interchain bridges (Figure 4). This difference can be
explained by an increase in the vibrational movement of the
protein, which makes the disulfide bonds more available to
the solid phase reducing agent.

IgG recovery after reduction onto solid phase was experi-
mentally confirmed, 96% of the applied protein was recov-
ered after elution and two washings (protein determinated by
Lowry method). This value is higher for solid phase reduc-
ing agents than for DTT, since after reduction with DTT is
necessary to gel filtrate to eliminate excess of reducing
agent, and there are some loss of the protein in gel filtration
tails.

Studies on the biological activity (antigen recognition) of
IgG reduced by thiopropyl agarose, with different amounts

Figure 1. F(ab0)2 fragment reduction with thiopropyl-agarose,
as a function of the amount of reducing agent* and
the incubation time (2 and 6 h).
�R, ratio of micromoles of SH in reducing agent per milligram
of protein.

Figure 2. SDS-PAGE (without b-mercaptoethanol) analysis of
the F(ab0)2 fragment reduction process with thio-
propyl-agarose (R 8).

Lanes: 1, F(ab0)2; 2, 1 h reduction; 3, 2 h reduction; 4, 6 h
reduction; 5, 20 h reduction; 6, LMW St (94, 67, 43, 30, 20,
14 KDa).

Figure 3. Reduction of IgG onto thiopropyl agarose.

Effect of the amount of reducing agent (R 8 and R 16) and
incubation time.
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of reducing agent (R 8 and R 16) for 6 h, were performed.
For that purpose ELISA was carried out with specific anti-
peroxidase antibodies and antigen capture was measured
through the colorimetric assay described in Methods section.
No significant differences were found, compared with native
IgG activity, because accepted error for experimental values
is �15% and almost all values for reduced IgG (R 8 and R
16) were within this margin of error (Figure 5).

IgG treatment with 6 lmoles SH from DTT per mg of
protein (R 6) resulted in 11 moles SH per mol of IgG, indi-
cating that many more than the three interchain disulfides
were broken (Table 1).

Doubtless the additional intrachain disulfides, which were
broken were in the Fc portion, since the extent of reduction
observed for F(ab0)2 fragments was lower than that observed
for the whole IgG. Even with a larger amount of DTT (R
10), the maximum thiol group titre achieved for F(ab0)2 frag-
ments was 6 moles of SH per mol of F(ab0)2.

The electrophoretic pattern showed that cleavage of IgG
with DTT was complete with R 6, since the IgG band disap-
peared and there were two new bands, most probably corre-
sponding to the hemimolecule (half IgG) and separated
heavy and light chains (Figure 6).

CONCLUSIONS

Thiopropyl agarose proved to be an excellent solid phase
reducing agent for use with rabbit F(ab0)2 fragments. Like
DTT, it produced 6 mol of SH per mol of F(ab0)2, and it
also allowed better control of the reduction process. By
adjusting the amount of solid-phase reducing agent and incu-

bation time it was possible to select the degree of fragment
modification.

On the other hand, rabbit IgG was less reactive towards
thiopropyl agarose, most probably due to the steric hindrance
arising from the Fc portion. However, an increase in the
incubation temperature led to an important change in the
degree of protein reduction.

The presence of the Fc portion had no effects on the per-
formance of the soluble reducing agent assessed, with which
even intrachain disulfides could be broken. These SAS bonds
were most probably located in the Fc portion, as these are
the more exposed intrachain disulfides. This was confirmed
by comparing the different extent of reduction achieved with
DTT for IgG and for F(ab0)2 fragments.

This work shows that solid phase reducing agents can be a
very useful tool for selective reduction of IgG and F(ab0)2

fragments with full retention of their biological activity.
Additionally, the simplicity of the method used allows easy
separation of the product, as well as regeneration and reuse
of the solid phase reducing agent, thus cutting down overall
costs.

The controlled modification of native disulfides achieved
with thiopropyl-agarose, as reported here, has potential uses
for the development of soluble and insoluble immunoglobu-
lin conjugates with wide applications in biotechnology.

Acknowledgments

The authors are grateful for financial support to Programa de
Desarrollo de las Ciencias Básicas (PEDECIBA). They also
thank Dr. Valerie Dee for linguistic revision.

Figure 4. Reduction of IgG onto thiopropyl agarose.

Effect of the amount of reducing agent and temperature.

Figure 5. Biological activity of reduced IgG with thiopropyl
agarose.

Effect of the amount of solid phase reducing agent (R 8/1 and
R 16/1) on biological activity.

Figure 6. SDS-PAGE analysis showing the effect of the amount
of reducing agent (DTT) on the reduction of rabbit
IgG.

Lanes: 1, R 6, 30 min; 2, R 0.06, 2 h; 3, initial IgG; 4, LMW
St (94, 67, 43, 30, 20, 14 KDa).

Table 1. Reduction of IgG with DTT: Effect of Incubation Time and

Amount of Reducing Agent

R* Incubation Time Moles SH/Moles IgG

0.06 30 min –
1 h 2
2 h 3

0.6 30 min 6
1 h 7

6 30 min 11
1 h –

*R: lmoles SH from DTT/mg protein.
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