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Abstract—Protein folding is often accompanied by formation of non-native conformations leading to protein aggregation. A
number of reports indicate that antibodies can facilitate folding and prevent aggregation of protein antigens. The influence of
antibodies on folding is strictly antigen specific. Chaperone-like antibody activity may be due to the stabilization of native
antigen conformations or folding transition states, or screening of aggregating hydrophobic surfaces. Taking advantage of
chaperone-like activity of antibodies for immunotherapy may prove to be a promising approach to the treatment of
Alzheimer’s and prion-related diseases. Antibody-assisted folding may enhance renaturation of recombinant proteins from

inclusion bodies.
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Folding of polypeptide chains both in vitro and in
vivo does not always proceed in a productive manner and
may lead to the formation of misfolded conformations
lacking appropriate biological activity. Protein misfolding
is often accompanied by aggregation [1, 2]. In recent
years it has become clear that quite a number of human
diseases, such as Alzheimer’s, Huntington’s, Parkinson’s,
and Creutzfeldt—Jakob’s diseases are related to misfold-
ing and aggregation of proteins [3] taking place inside or
outside cells. Applications of recombinant proteins in
biotechnology are often hampered by misfolding of pro-
tein expressed in bacterial cells and the formation of the
so-called inclusion bodies [1]. Hence, study of causes and
mechanisms of protein misfolding and aggregation, as
well as the search for techniques favoring productive pro-
tein folding in vivo are important tasks. Another task is to
find ways to enhance renaturation in vitro of recombinant
proteins accumulating during expression in the form of
inclusion bodies.

In a living cell specific proteins, called molecular
chaperones, interact with polypeptide chains and folding
intermediates growing on the ribosome, thus preventing
their association and misfolding [4]. Besides chaperones,
specific protein macromolecular ligands can also influ-
ence the folding of cell proteins. Many proteins in their
natural environment are structurally disordered and
undergo folding coupled to binding with DNA, RNA, or
some protein (E-cattgerin, translation factor elF4G,
inhibitor of cyclin-dependent kinase Cdk2, and many
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others) [5, 6]. Thus, an unstructured protein can be in an
inactive conformation until it meets its specific ligand,
and this gives the cell additional possibilities to control
protein functions.

Based on these examples of folding related to specif-
ic macromolecular ligand binding, one can assume that
antibodies can influence the folding of their protein anti-
gens. Antibodies usually possess a high affinity towards
antigen molecules, association constants being in the
range 1077-107'° M, reflecting a significant lowering of
the free energy of the system due to binding. This also
correlates well with data on changes of hydrogen
exchange rate of lysozyme amide groups [7] and those of
cytochrome ¢ [8] in complexes with antibodies. A consid-
erable lowering of hydrogen exchange rates was found not
only at the epitope location, but also at other regions
quite distant from the antibody, pointing to a decrease in
dynamic structural fluctuations of protein antigens and
stabilization of their native conformations. X-Ray study
of several antibody—protein antigen complexes has shown
that antibody binding induces conformational changes in
labile regions of the antigen molecule [9]. Increased ther-
mal stabilities of specific antibody—antigen protein com-
plexes have been demonstrated for quite a number of
enzymes: o- and B-galactosidases [10, 11], catalase [12],
hexosaminidases [13], carboxypeptidase [14], and acetyl-
cholinesterase [15].

Many antigenic determinants are formed by amino
acid residues located far away from each other in the
unfolded protein but brought close upon folding. So-
called conformation sensitive or conformation dependent
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antibodies, recognizing such determinants, have become
a widely used tool for studying domain structure, confor-
mation transitions, and folding of proteins [16]. It is
known that formation of conformational antigenic deter-
minants may precede the final folding of the native pro-
tein. Thus, conformation sensitive monoclonal antibod-
ies (mAb) bind to refolding intermediates of 3,-subunit of
bacterial tryptophan synthase from guanidine hydrochlo-
ride [17, 18]. Further studies have revealed that this
immuno-reactive refolding intermediate possesses char-
acteristics of a “molten globule” in which the secondary
structure is fully formed, while the closely packed tertiary
structure is absent [19]. The binding of conformation sen-
sitive antibodies to folding intermediates of hen lysozyme
[20] and cytochrome ¢ [21, 22] has also been reported.
Immuno-reactive folding intermediates, pointing to co-
translational character of folding, were discovered in
polypeptide chains growing on the ribosome for trypto-
phan synthase [23], B-galactosidase [24], hemagglutinin
[25], and tailspike protein of phage P22 [26].

EXAMPLES OF CHAPERONE-LIKE
ACTIVITY OF ANTIBODIES

Until recently there were no systematic studies on
the effect of antibodies on protein folding, publications
on the theme being few and far between. Increase in
renaturation yield in the presence of specific antibodies
was first established for refolding of acetylcholinesterase
after its thermal denaturing [27] and for refolding of
bovine serum albumin (BSA) from urea [28]. Later anti-
body induced folding of a subunit fragment of bacterial
tryptophan synthase [17], S-protein, fragment of pancre-
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atic ribonuclease A [29], and some other proteins was
reported (see table).

The effect of antibodies is strictly specific, nonspecif-
ic antibodies being incapable of influencing folding [27,
32]. Some antibodies induce folding while others inhibit it
(table). From a panel of several mAb against a single pro-
tein antigen, only some could influence folding [29, 32-
34]. Moreover, conformation sensitive antibodies against
yeast cytochrome ¢, recognizing the native epitope at early
stages of folding, did not change the slow kinetic phase of
folding [21], and antibodies recognizing the folding inter-
mediate of hen lysozyme had no effect on restoration of
catalytic activity during refolding [20]. Antibodies recog-
nizing a partially folded monomer of phage P22 tailspike
protein did not influence the refolding yield of the protein
from urea, while antibodies against the native trimer form
of phage P22 tailspike protein inhibited trimerization
[37]. Evidently, there is no universal mechanism of the
effect of antibodies on folding; it is rather dependent on
the epitope properties and the folding pathway of each
particular protein. It should also be noted that antibodies
influenced folding both in cases when there was no aggre-
gation during refolding (BSA [28], horseradish peroxidase
[32], creatine kinase [36]), and in cases where aggregation
competed with productive folding (S-protein [29], car-
boxypeptidase [30], firefly luciferase [34], D-glyceralde-
hyde-3-phosphate dehydrogenase [35]).

It is the ability of antibodies to inhibit protein and
peptide aggregation that has recently drawn the attention
of researchers to the earlier underestimated chaperone-
like activity of antibodies [38-40]. In vitro inhibition of
aggregation of PB-amyloid peptide that forms insoluble
fibrils and plaques in the brain of Alzheimer patients by
mADb against its N-terminal region was first reported in

Effect of antibodies on enzyme renaturation yield estimated by restoration of catalytic activity

Protein Denaturation method Effect of antibodies Aggregation dur- | References
on renaturation yield ing renaturation

Acetylcholinesterase thermal 10-fold increase not observed [27]
S-Protein 6 M guanidine hydrochloride 4-fold increase present [29]
(ribonuclease A fragment)

BSA 8 M urea 10-fold increase* not observed [28]
Carboxypeptidase A thermal 2-3-fold increase present [30, 31]
Horseradish peroxidase 6 M guanidine hydrochloride 2-10-fold increase not observed [32, 33]
Firefly luciferase 6 M guanidine hydrochloride 2-3-fold increase present [34]
D-Glyceraldehyde-3- 4 M urea 10-fold decrease present [35]
phosphate dehydrogenase

Creatine kinase 8 M urea 3-fold decrease not observed [36]

* Immunological activity of the protein was monitored.
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[41]. The same mAb were effective in a partial disaggrega-
tion and solubilization of already formed fibrils [42].
Later it was shown that immunization of mice with amy-
loid peptide results in a drastic reduction of amyloid
plaques in Alzheimer disease transgenic model [43, 44].
The immunotherapeutic effect is partially due to Fc-
dependent phagocytosis and also to antibody binding
proper [45]. It was also demonstrated that mAb against
the native form of the cellular form of prion-protein
(PrPC) inhibit prion propagation both in vitro [46] and in
vivo [47]. The inhibition by antibodies of the formation of
a mutant fibril form of human lysozyme observed in
patients with systemic amyloidosis was also reported [48].

These data show that antibodies can favor proper
folding of the antigen protein and prevent its aggregation.
This suggests a chaperone-like activity of antibodies,
although in contrast to cellular chaperone proteins the
effect of antibodies is strictly specific and involves only
the antigen protein. The mechanisms of true chaperones
and the effect of antibodies on folding are apparently also
different.

Lately the ability of antibodies to influence cis-trans
isomerization of proline residues limiting the folding
process of many proteins was shown [49]. By immuniza-
tion with synthetic hapten, mAb capable of catalyzing cis-
trans isomerization of proline residues in phage T1 pep-
tides and RNase were obtained. In this case, the anti-
body-abzyme acts not as a specific chaperone, but as an
enzyme also favoring folding.

MECHANISM OF CHAPERONE-LIKE
ACTION OF ANTIBODIES

Antibodies can probably influence folding and
aggregation of proteins in a number of ways. Antibody
may sterically hinder their aggregation upon binding to
the antigen molecules. That may be the mechanism of
solubilization of B-amyloid peptide, which is only 42
residues long. Aggregation of $-amyloid peptide is inhib-
ited both by antibodies raised against the short N-termi-
nal peptide fragment (the first five residues) [50] and
those raised against residues 13-28 [50]. Apparently, anti-
bodies against different determinants sterically hinder the
conformation prone to aggregation, or screen the surfaces
involved in aggregation. A similar mechanism may
explain the increase of firefly luciferase refolding yield in
the presence of mAb N2E3, which recognizes the deter-
minant accessible for binding only in the denatured state
of the antigen [34]. This antibody may bind to a folding
intermediate and thus screen hydrophobic regions
involved in luciferase aggregation.

A different mechanism can be invoked for the inhi-
bition of human lysozyme aggregation. Several mutations
were found in the gene of the human lysozyme related to
systemic amyloidosis, including mutation D67H. The
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Fig. 1. X-Ray structure of antibody cAb-HuL6 (black) and
human wild-type lysozyme (gray) complex [48]. Residue 67 is
shown light gray.

latter markedly reduces lysozyme stability as compared
with the wild-type protein, resulting in partial unfolding
and aggregation of lysozyme [51, 52]. The mutant
lysozyme aggregation was inhibited in the presence of
antibody cAb-HuL6 fragment against the native protein
[48]. Substituting D67H lowers the thermal stability of
lysozyme by 10°C, but in the presence of antibody cAb-
HulL6, the melting temperature of the D67H variant is
increased by 15°C (5°C higher than for the wild-type
lysozyme) [48]. The structure of antibody cAb-HulL6
complexed with native lysozyme was solved by X-ray
analysis [48]. It turned out that residue 67, whose muta-
tion leads to aggregation, makes no part of the epitope
and is out of contact with the antibody (Fig. 1). The
destabilizing effect of D67H substitution is due to disrup-
tion of interaction between a- and B-domains of
lysozyme [51]. The antibody binds to the C-terminal loop
region of f-domain and C-helix of a.-domain [48] and in
this way compensates for the D67H mutation, stabilizing
essential for the native conformation interaction between
o- and B-domains of lysozyme.

Antibody induced stabilization of the conformation
of a protein may be the cause of not only inhibition of
protein aggregation but also of antibody-dependent fold-
ing, found for acetylcholinesterase, S-protein, BSA, and
horse-radish peroxidase (table). In fact, reactivation of
catalase [12] and B-galactosidase [11, 53, 54], largely
inactivated due to destabilizing mutations, was observed
in the presence of antibodies against the native enzyme.
In both cases, antibodies did not influence the activity of
the wild-type protein. The activation during refolding
probably results from a shift in equilibrium between
unfolded and native conformations of the both enzymes
towards folding induced by the antibody. It is worth note
that antibodies that reactivated mutant forms of catalase



1236

ERMOLENKO et al.

a Unfolded protein

Folded protein C
in complex with antibody

Folding intermediate
in complex with antibody

Fig. 2. Schematic representation of the three alternative mechanisms of chaperon-like activity of antibodies (see details in text).

and B-galactosidase also increased their thermal stability
[11, 12, 53].

Thus, one might expect that antibodies against non-
native protein conformations should inhibit folding.
Indeed, it was shown that antibodies against apo-form of
myoglobin, structurally different from its holo-form,
induce heme release from holo-myoglobin [55].
Monoclonal antibodies, binding to denatured creatine
kinase [36], and antibodies against dimer intermediate of
unfolding of tetrameric D-glyceraldehyde-3-phosphate
dehydrogenase [35] inhibited renaturation of these
enzymes from urea. As noted above, folding induced by a
macromolecular ligand stabilizing the native conforma-
tion is not limited to an example of antibody—antigen
interaction, but is a general mode of folding and binding
coupling common to many proteins.

It cannot be excluded that antibodies favor folding
not only through stabilization of the native protein, but
also of the folding intermediates. In fact, antibodies can
bind to conformational determinants formed at early
stages of folding [17, 20-22, 26]. In situations when fold-
ing is hampered by a high activation barrier, stabilization
of the transition state by antibody can lower the free ener-
gy of its formation.

Alternative mechanisms of chaperone-like activity of
antibodies, discussed above, are presented in Fig. 2.
These are: stabilization of the native protein conforma-

tion with a shift of equilibrium between unfolded and
native conformations of the protein antigen towards the
native form (mechanism (a)); inhibition of folding inter-
mediates aggregation through screening of hydrophobic
surfaces by antibody (mechanism (b)), and, lastly, lower-
ing of activation barrier through stabilization of the fold-
ing transition state (mechanism (c)). Today, only the
hypothesis of folding due to stabilization of the protein
native conformation has serious experimental foundation
[48]. Which of the mechanisms is responsible for the
chaperone-like activity of antibodies in most of the cases
remains to be determined.

PERSPECTIVES OF STUDIES
OF THE INFLUENCE OF ANTIBODIES
ON PROTEIN FOLDING

Despite various data on the ability of antibodies to
influence folding and inhibit polypeptide aggregation, the
phenomenon of chaperone-like activity of antibodies is
still little studied. Except for the antibody hampering
aggregation of the mutant form of lysozyme [48] and sev-
eral antibodies inhibiting aggregation of f-amyloid pep-
tide [39, 50] and prion protein (PrP) [39, 46], epitopes of
antibodies with chaperone-like activity have not been
characterized.
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Antibody dependent folding can serve as a conven-
ient model for studying folding coupled to binding, as
well as to help in determining the general mechanisms of
folding. The understanding of circumstances under which
antibodies influence folding is necessary for correct inter-
pretation of experiments in which folding is detected
based on restoration of binding of conformational anti-
bodies with the protein.

Antibodies can serve as an effective tool for renatura-
tion of recombinant proteins from inclusion bodies.
Disulfide isomerase, peptidyl-prolyl-cis-frans-isomerase,
and chaperonine GroEL immobilized on agarose were
successfully used for “refolding chromatography” on
renaturation of MHC class I-like protein from inclusion
bodies [56]. Analogous to this system, it would be logical
to assume that immobilized antibodies might be used for
simultaneous affinity purification and renaturation of
recombinant proteins from inclusion bodies.

Lastly, immunotherapy in the near future may
become one of the promising methods of treatment of
human disorders associated with protein and peptide
aggregation. Recent studies have shown the possibility of
using antibodies for preventing aggregation of B-amyloid
peptide in Alzheimer disease [38, 39] and prion protein
(PrP) [46, 47].
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