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with Different Properties of Cy2 Domains

V. M. Tischenko

Institute of Theoretical and Experimental Biophysics, Russian Academy of Sciences, ul. Institutskaya 3, 142290 Pushchino,
Moscow Region, Russia; fax: (4967) 33-0553; E-mail: tischen@vega.protres.ru

Received March 31, 2014
Revision received September 2, 2014

Abstract—A long-lived metastable minor fraction has been detected and characterized in myeloma protein IgG4 MAM by
hydro- and thermodynamic methods. The sedimentation constants of the minor and the major protein fractions are differ-
ent. The stability of the two C;2 domains in the minor fraction varies. The unique characteristics of these [gG4 MAM con-
formers arise from the fact that on exchange of the heavy chains between IgG4 molecules, in some of them only one non-
canonical bond Cys226—Cys229 is formed in the central part of the “hinge region” instead of two canonical interchain
disulfide bonds Cys226—Cys226 and Cys229—Cys229. This leads to asymmetric structure of the [gG4 MAM molecules.
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Human immunoglobulins of class G belonging to
four subclasses are highly homological structures consist-
ing of two identical light and two identical heavy chains
(H,L,) [1-4]. Each light chain is folded into two globular
domains, and each heavy chain is folded into four globu-
lar domains, the latter chains having a region with unique
primary sequence in its middle part (between the Cy1 and
Cy2 domains). The N-terminal moieties of the H- and L-
chains form two antigen-binding Fab subunits, and the C-
terminal moieties of the H-chains form one Fc subunit [5,
6] that is responsible for several effector functions — inter-
action with an Clq factor of the complement system, with
A and G proteins, as well as with numerous cellular recep-
tors [7, 8]. In an intact molecule, the Fab and Fc subunits
are linked by the above-mentioned so-called “hinge”

Abbreviations: BSA, bovine serum albumin; Cy2(3), the con-
stant domains forming the Fc-subunit (fragment); DSS, disuc-
cinimidyl ester of suberic acid; DTT, dithiothreitol; FITC, flu-
orescein isothiocyanate; Fv subfragment, a structure formed by
a pair of variable domains V;—Vy; GuHCI, guanidine
hydrochloride; H(L)-chains, heavy (light) chains; I[gG4 MAM,
human myeloma immunoglobulin of class G belonging to the
fourth subclass obtained from patient MAM; SPDP, N-succin-
imidyl 3-(2-pyridyldithio)propionate; Vy, variable domains of
heavy chain; V,, variable domains of light chain.
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region. It can be subdivided into three segments — a rigid
and highly stable core hinge [9-15] formed by double
poly-L-proline helix linked by disulfide bonds, and flexi-
ble upper and lower hinges. The last two segments provide
intramolecular mobility of Fab and Fc subunits and flexi-
bility of the whole Ig molecule, which was shown both by
X-ray diffraction analysis [11, 12, 16, 17] and by fluores-
cence depolarization [18].

However, in the last decade it has been shown that at
least some IgG subclasses are capable of yet another sig-
nificantly different type of conformational mobility that is
associated with rearrangements of disulfide bonds and
leads to the formation of conformers. Thus, in the case of
IgG2, the intramolecular rearrangement of disulfide
bonds results in formation of conformers in which one
and then the second Fab subunits appear to be drawn
together with the Fc subunit [19-22]. As shown in our
previous work [23], in the first stage of this process the
asymmetric IgG?2 structure is formed, which is manifest-
ed, in particular, in difference in thermodynamic proper-
ties of the Cy2 domains.

According to many reports, IgG4 molecules can
undergo rearrangements of S—S bonds, but of somewhat
different character. During its implementation, initially the
cleavage of the interchain bonds in the two heavy chains of
a single molecule occurs, and then the exchange of mole-
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cule halves between two molecules (so-called heavy-chain
exchange, or Fab-arm exchange) takes place [24-27].

The questions arise — what kind of structural
changes in IgG4 molecules might occur in the course of
such rearrangements of interchain disulfide bonds at dif-
ferent stages of the reaction, and what are the subsequent
conformational changes that will take place in specific
domains? To answer these questions, it is first necessary to
obtain experimental data on the availability of intermedi-
ate stages in this process (fast kinetic or relatively long-
lived metastable), and then for the affirmative answer, to
characterize them. It turned out that IgG4 MAM might
be in the intermediate long-lived metastable state, which
allowed its use for the study of a comprehensive approach
based on the use of hydrodynamic, optical, and calori-
metric methods.

MATERIALS AND METHODS

Isolation and typing myeloma IgG4 and obtaining its
Fab and Fc fragments and Cy2 domains. Myeloma IgG4
MAM was separated from the serum of a patient with mul-
tiple myeloma according to a standard method, as in the
case of rabbit and goat IgG [28-30]. All procedures were
carried out in the shortest possible time at a temperature of
4°C. Using the double immunodiffusion test in a gel, IgG
MAM was ascribed to the fourth subclass and its light
chain to A-type [31]. The number of interchain disulfide
bonds and free SH-groups was determined with '*C-
labeled iodoacetic acid [32]. The Fab and Fc fragments of
these antibodies were obtained by a standard proteolysis
procedure using papain [28-30] and then separated from
the uncleaved material by chromatography on a Superdex
column and further from each other on a Mono Q column
[33, 34]. The Fv subfragments from rabbit and goat anti-
Fab fragments were obtained by low-temperature pepsin
proteolysis as described in our previous work [35]. The Vi
and V| domains of Fv were linked using the SPDP or DSS
by methods described earlier [36, 37]. The Fc fragments
were identified by immune electrophoresis using an anti-
serum to the light and heavy chains of IgG as well as to all
serum proteins [38]. The N-terminal amino acid residues
of the heavy and light chains were determined by the dan-
syl chloride method [39], and their C-terminal residues
were determined using carboxypeptidase [40] as in our
earlier works [41, 42]. Protein of the IgG4 MAM main
fraction (see below) containing partially reduced (nonse-
lectively) disulfide bonds between the H-chains was
obtained and alkylated as described in [43] in the presence
of 10 mM DTT and 20 mM iodoacetamide or '“C-labeled
iodoacetic acid. Heavy and light chains were separated by
gel filtration in 6 M GuHCI of the protein containing
reduced disulfide bonds.

The Cy2 domains were obtained from papain IgG4 Fc
fragments by trypsin hydrolysis as described previously [44,

45] with some modifications. First, the incubation before
proteolysis was carried out at pH 2.8 [45-47] instead of pH
2.5. Second, to stabilize the labile structure of these
domains, hydrolysis was carried out in the presence of Fab
fragments from rabbit antibodies against Cy2 domains at
Cy2/Fab ratio of 1 : 1 [47-49]. After completion of the
reaction, the C2—Fab complex was dissociated at pH 4.0
(10 mM glycine buffer), and the two proteins were separat-
ed by gel filtration under the mentioned conditions. The
resulting fragments were homogenous according both to
SDS-electrophoresis [50] and two-dimensional immune
electrophoresis using commercial mono- and polyspecific
antisera by the Laurell method [51].

Preparation of antibodies against intact IgG4 MAM,
its Fab and Fc fragments, and Cy2 domains. Antibodies
against intact I[gG4 MAM, its Fab and Fc fragments, and
the Cy2 domains (both native and fluorescent labeled)
were obtained by immunization of rabbits and goats with
the corresponding proteins including labeled ones [46].
Antibodies against the fluorescence label were obtained
by immunizing animals with FITC-modified BSA.
Affinity chromatography was performed as described ear-
lier [46].

Preparation of 1IgG4 MAM selectively labeled with a
fluorescent label at the Cy2 and Cy3 domains as well as of
fully modified protein. The proteins were selectively mod-
ified with FITC fluorescent label in 200 mM borate
buffer, pH 8.9, containing 150 mM NaCl, for 12 h at 4°C
and at protein/label ratio 2 : 1 [46, 47, 49, 52]. The only
deviation from the original technique used further [52]
consisted of a slight decrease in pH (from 9.1 to 8.9). In
the case of full modification, the protein/label ratio was
equal to 1 : 4 and the incubation time was increased to
24 h. The amount of the label incorporated in the Fc frag-
ment was determined from the ratio of the solution opti-
cal densities at 495 and 470 nm [53]. Intact IgG4 MAM
proteins containing fluorescently labeled Cy2 or Cp3
domains were isolated as described earlier [46, 47] by
affinity chromatography using immobilized rabbit anti-
bodies. Fully modified samples were obtained by affinity
chromatography using antibodies against FITC-BSA. All
protein samples were prepared using carefully degassed
buffer solutions and stored under nitrogen.

Determination of molecular mass. The molecular
masses of the intact IgG4 and its fragments were deter-
mined by high-speed (average molecular mass M,,) and
low-speed (z-average molecular mass M,) equilibrium
centrifugation by the methods of Yphantis [54] and of Van
Holde-Baldwin [55] using a Beckman Spinco model E
high-speed analytical ultracentrifuge (Beckman Coulter,
USA) and MOM ultracentrifuge (MOM, Hungary) at
20°C. Equilibrium centrifugation of immunoglobulins (in
the absence and presence of 6 M GuHCI) was carried out
with incompletely filled centrifuge tubes to reach equilib-
rium in a shorter time. (As it is known, the time needed to
reach the equilibrium in a tube is proportional to the
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square of liquid layer height [56]). The issue of the time of
centrifugation may be critical for large molecules like
IgG4 when they are in a metastable state. In our experi-
ments, equilibrium was reached within 12-14 h, and for
the control samples duration of centrifugation was
increased to 24 h.

Incomplete filling of centrifuge tubes increases the
error of the molecular mass determination, because the
part of the curve (describing dependence of shift of fringe
on rotation radius) that can be used for reliable analysis is
truncated. In experiments with Cy2 domains, the cen-
trifuge tubes were completely filled.

Determination of the sedimentation coefficient.
Sedimentation of intact [gG4 MAM and its Cy2 domains
was studied using the Beckman model E ultracentrifuge
with rotor speed of 24,050 and 50,150 rpm, respectively.
Schlieren optics at protein concentration of 2-9 mg/ml or
a double-beam UV system at wavelengths 230 and 278 nm
at protein concentration of 0.05-0.3 mg/ml was used for
registration. The sedimentation coefficients were deter-
mined in 1 mM buffer (phosphate or glycine) in the pres-
ence of 150 mM NacCl (if necessary supplemented with
10 mM DTT). The value of the sedimentation constant
% was determined by extrapolating the values of sedi-
mentation coefficients to zero concentration.

Study of conformational changes in the Fc fragments
by fluorescence spectroscopy. The temperature induced
conformational changes in the proteins were studied by
measuring the fluorescence intensity of the solution in the
460-600-nm range with excitation of 450 nm using a
Shimadzu RF-5301 PC spectrofluorimeter (Shimadzu,
Japan) with thermostatted cell. Concentrations of the test
solutions were in the range 0.05-0.3 mg/ml. Heating rate
was varied in the range 0.25-2°C/min. Prior to each
experiment, gel filtration of test samples on a column
with Ultragel AcA-34 or AcA-44 (LKB, Sweden) equili-
brated with the appropriate buffer solutions was per-
formed. The temperature dependence of the fluorescence
was analyzed by a method described earlier [46, 49, 52,
57].

Calorimetric measurements and calculation of ther-
modynamic data. All experiments were performed using a
DASM-4A microcalorimeter with a gold capillary cell of
1 ml volume or a DASM-4 microcalorimeter with a plat-
inum spiral capillary cell of 0.43 ml volume. The concen-
tration of protein in solution was varied in the range of 1-
6 mg/ml. Measurements were carried out at speeds of
0.25-2°C/min. The calorimetric curves were processed as
described by Privalov and Potekhin [58].

RESULTS
Myeloma IgG4 MAM consists of two fractions with

different immunological properties. Using affinity chro-
matography on a column with immobilized goat antibod-
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ies against 1gG4 MAM equilibrated with 1 mM phos-
phate buffer, pH 7.0, the protein can be divided into two
fractions. The major fraction (approximately 90%) eluted
from the column with Fc and Fab fragments, and a minor
fraction (about 10%) can be removed under harsher con-
ditions (10 mM glycine buffer, pH 4.0). When stored for 5
days under “physiological” conditions (1 mM phosphate
buffer, pH 7.0, 20°C), in both fractions a new separation
into two fractions with the same proportions occurred.
(Of note, trace amounts of another protein fraction dif-
fering from the first two fractions by the molecular mass
can be detected after extended storage at protein concen-
tration of 2-3 mg/ml.)

Fractions of IgG4 MAM are formed by the exchange
of heavy chains. The I[gG4 MAM major fraction (2 mg/ml
in 1 mM phosphate buffer, pH 7.0) was supplemented
with an equimolar amount of the same protein that was
fully modified with FITC. (Each protein molecule con-
tained on average three fluorescent labels.) After 5 days of
incubation, over 85% of the IgG4 MAM from both major
and minor fractions was sorbed on a column with immo-
bilized anti-FITC antibodies, indicating modification by
FITC (at least one label per protein molecule). Moreover,
the minor fraction accumulated symbatically with
increase in number of molecules containing at least one
fluorescent label.

Note that the kinetics of the heavy-chain exchange
in the proteins of the major fraction with partially
reduced disulfide bonds has not been studied in detail.
However, we conclude (using the above-described proce-
dure) that although it is somewhat faster (up to 2-fold), it
remains rather slow.

Proteins from both fractions are in monomeric state.
The presence of two IgG4 MAM fractions with relatively
low rate of exchange from one faction to the other allows
exploring some physicochemical parameters of the pro-
tein in each of the states. As only intramolecular proper-
ties of proteins will be further investigated, it is necessary
to ensure that the representatives of the two fractions, at
least under certain conditions, are in the form of
monomers. This approach is especially relevant because,
as mentioned above [24-27], IgG4 molecules can
exchange their moieties, which implies the existence of
intermolecular contacts. Therefore, the molecular mass-
es of proteins in both fractions were determined by equi-
librium centrifugation, resulting in the calculated average
molecular mass M,, and z-average molar mass M, (table).

It is seen that average molecular mass of protein from
major fraction is M,, = 153 £ 8 kDa and z-average molec-
ular mass is M, = 156 * 11 kDa. For protein from the sec-
ond fraction, M, = 154 = 8 kDa and M, = 159 £ 11 kDa.
Since M,, and M, are differently sensitive to the presence
of aggregates, from these data one can draw the following
conclusions. First, the two proteins do not differ in
molecular mass; second, both are in the monomeric
form, which is consistent with data previously obtained
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Characteristics of proteins from two IgG4 MAM fractions

Protein, Molecular mass, Sedimentation, Temperature, °C Enthalpy, kJ/mol Number
fragment kDa S of SH-groups'®

IgG4 MAM! 153 £ 81° 6.5+ 0.05 0.02
156 + 11"

1gG4 MAM? 154 + 81 6.3 £0.05 47.8'%; 46.9" 208'% 219" 1.86
159 + 11" 61.8'%; 62.41 248'3; 2371

1eG4 MAM? 155 + 81° 6.3 £0.05 1.91
158 + 1M

IgG4 MAM* 76 + 410 5.3+£0.05 4.07
77 £ 6"

IeG4 MAM? 151 + 810 6.2 +£0.05 — — — — 0.03
157 £ 11" — - —

1gG4 MAM® 153 £ 8" 5.9£0.05 - - - - 1.81
158 £ 11" — — — —

Cy2 domain 14.7 £0.5" 1.25+0.02 - 46.6" — 20714 0.01

of IgG4’ 14.6 £0.7"

Cy2 domain 14.4 +0.5" 1.20 £ 0.02 — 50.2' — 216™ 0.01

of IgG4® 14.5 £ 0.7"

Aggregates 310-1200 1.03; 0.62;

of IgG#° 0.47

12 Major and minor fractions of IgG4 MAM at pH 7.0, respectively.

34 Major and minor fractions of IgG4 MAM at pH 7.0 and 10 mM DTT + 6 M GuHClI, respectively.

56 Major and minor fractions of IgG4 MAM at pH 4.0, respectively.

78 Fractions of Cy2 domains with larger (smaller) positive charge, respectively.

° Dimer, trimer, and tetramer based on gel-filtration data.

10,11 Average molecular mass and z-average molecular mass, respectively.

1213 Temperature and enthalpy for the first and second elementary transitions, respectively, determined from the calorimetric curves; errors £0.5°C

and 12 kJ/mol.

1415 Temperature and enthalpy for the first and second elementary transitions, respectively, and for isolated Cy;2 domains determined from optical

curves; errors +1.5°C and £21 kJ/mol.
16 Calculated per monomer of IgG (150 kDa).

for the unfractionated IgG4 [29]. Furthermore, the previ-
ously obtained data on standard SDS-electrophoresis of
unfractionated protein with reduced S—S bonds showed
only two distinct bands corresponding to the heavy and
light chain [30]. This indicates at least at the proximity of
molecular masses of the heavy and light chains in the pro-
teins from the two fractions, if not complete coincidence.
It should be noted that the mechanism of exchange with
halves of IgGG4 molecules itself requires contact between
two IgG4 molecules. Almost identical molecular masses
at different times of centrifugation indicate that the
monomer—dimer equilibrium in the two fractions is
strongly shifted towards monomers (table), and the char-
acteristic time associated with the formation of aggregates
exceeds a few days.

Note that moderate concentrations of DTT do not
affect the molecular mass values of proteins from either
fraction, although after the only disulfide bond in IgG4
MAM of the minor fraction is reduced (see below), this
protein converts into a dimer (HL + HL) without cova-
lent bonds that is subject to dissociation in 6 M GuHCI.
Under native conditions, the presence of the dimer is
exclusively caused by very strong interactions between the
Cy3 domains of the two H-chains [59-62] and, therefore,
by a very low dissociation constant of the dimer.
Therefore, at the concentrations of protein that are used
in the subsequent experiments, the equilibrium is strong-
ly shifted towards the dimer.

The N-terminal portion of heavy chains in proteins
from both fractions is locked. Glycine was revealed as the
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N-terminal amino acid residue in the light chains of both
fractions. Glycine was found as the C-terminal amino
acid residue in the heavy chain, while Ser was found in
the light chain of proteins from both fractions [9]. These
data confirm the correctness of assignment of the protein
to MAM IgG4 (1) [29, 30] and indicate that the presence
of the fractions themselves is not related with partial
degradation of any of the four polypeptide chains consti-
tuting the intact [gG4 MAM molecule.

One SH group per H-chain is present in minor frac-
tion protein. The presence of free SH groups in the pro-
tein of the minor fraction was confirmed by its titration
with '*C-labeled iodoacetic acid [63, 64]. According to
these data, one free SH group is present in this protein,
i.e. in the H-chain with stoichiometry of one group per
chain. The data of the gel filtration of IgG4 MAM from
the indicated fraction under denaturing conditions when
disulfide bonds of the protein are reduced unequivocally
show this [32, 63, 64]. It was found that the radiolabel is
only in the heavy chain, but not in the light one (see table;
data of gel filtration is not shown). This is also indicated
by the fact that the conditions that caused only partial
reduction of the interchain disulfide bonds in the major
fraction proteins in proteins of minor fractions lead to
disappearance of the disulfide bonds, as evidenced by the
data of ultracentrifugation in 6 M GuHCI.

Determination of sedimentation constant of I1gG4 of
major and minor fractions. The long relaxation time allows
determining the sedimentation coefficient of intact pro-
teins from the two factions. Figure 1 shows the correspon-
ding results. It is evident that they are characterized by dif-
ferent values of the sedimentation constant s5,. For the
protein that belongs to the major fraction, this value is
6.50 = 0.05 S, which is very close to the value that was
obtained earlier for IgG4 in other reports [65, 66]. It is
also seen that on nonselective partial restoration of one
from the two disulfide bonds between the H-chains,
changes in hydrodynamic parameters in [gG4 MAM from
the major fraction are not observed (Fig. 1 and table).

For “intact” protein from the minor fraction, the 55,
value slightly but quite reliably differs and is 6.3 = 0.05 S.
The reliability of the distinctions indicates not only the
difference in the values of s9, for the two conformers, but
also more clear distinguishes the slope of the straight line
describing the dependence of the sediment coefficient on
concentration (non-ideality coefficient &k, [67]), as seen
in Fig. 1. It is interesting to note the differences in the
hydrodynamic properties of the proteins from the two
factions also stored at pH 4.0 (table). This means that dif-
ferences in the properties in the case of IgG4 MAM con-
formers are not associated with a property of the
immunoglobulin under “physiological” conditions in a
metastable state, after preincubation of the protein under
acidic pH conditions [44, 45, 68]. As shown in our earli-
er reports [59, 62], this condition can be long-lived for a
number of myeloma proteins.
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In the case of protein of the minor fraction, the addi-
tion of the same DTT concentration leads to very signifi-
cant changes in its hydrodynamic parameters (Fig. 1 and
table). However, it should be noted that in this case the
“sedimentation constant” s3, has no strict sense, since in
this case we are dealing with a noncovalent dimer of
HL + HL. In this case, the equilibrium is shifted toward
dimerization even at relatively low protein concentrations
due to the high affinity between the Cy3 domains [7, 8,
12, 16, 46, 52].

Calorimetric studies of I1gG4 from the two fractions.
The proteins of the two fractions also have different ther-
modynamic characteristics. The dependence of the molar
heat capacity on temperature for IgG4 MAM of the
minor fraction, which is derived from the melting curve at
pH 5.8, is shown in Fig. 2. These conditions were chosen
for the following reasons. On one hand, it is desirable to
have results obtained under conditions as close as possible
to “physiological”. On the other hand, proper thermody-
namic analysis requires data to be obtained under equilib-
rium conditions. However, it should be emphasized that
when the pH is increased to 7.0, the shape of the melting
curve does not change significantly, suggesting that the
data (see below) are also valid for “physiological” condi-
tions.

It is noteworthy that the region of the melting curve
of IgG4 MAM from the minor fraction that describes
processes at relatively low temperatures has very distinc-
tive features (Fig. 2). Earlier only one peak of heat
absorption could be seen in this region [40, 69] of the heat
absorption curve of I[gG4 protein (which can be attributed

7.07

6.51

6.0

5.51

5.0

Sedimentation coefficient, S

45 T T T T 1

Concentration, mg/ml

Fig. 1. Determination of sedimentation constant for gG4 MAM
at pH 7.0 (10 mM phosphate buffer, 150 mM NaCl): for protein
of the major fraction (closed circle) and minor fraction (open cir-
cle), for protein of the major fraction with one reduced disulfide
bond (closed triangle), for protein of the minor fraction with one
reduced disulfide bond (open triangle); at pH 4.0 (50 mM glycine
buffer, 150 mM NacCl) for protein of the major fraction (closed
square) and minor fraction (open square).
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Fig. 2. a) Temperature dependence of partial molar heat capacity
of IgG4 MAM; b) a fragment of the curve of dependence of excess
molar heat capacity on temperature in the absence of anti-Cy2
Fab (Fv) fragments (solid line) and in the presence of anti-Cy2
Fab (Fv) fragments in equimolar amounts with Cy2 domains
(dashed line). Conditions: 10 mM phosphate buffer, pH 5.8, at
concentration of 1gG4 equal to 20 pmol/ml (3 mg/ml).

to the major fraction), which was true for a number of
other intact IgGs and their Fc fragments. Such experi-
ments included various subclasses of human IgG as well
as IgGs from different animals [29, 30, 41, 46, 70, 71].
That is, it was a quite general rule reflecting a general
principle of the structural organization of Fc subunits in
IgG molecules. In a similar melting curve of the minor
fraction protein, in this region two peaks are clearly visi-
ble, indicating the presence in this temperature range of
at least two elementary heat absorption peaks, each of
which corresponds to the melting of a cooperative unit
(domain).

Earlier it has been shown repeatedly for all investi-
gated immunoglobulins that the melting process at low
temperatures is entirely due to the disintegration of the
cooperative structure of the two Cy2 domains. In this
case, almost all of the data quite unequivocally indicate
melting of two identical and practically non-interacting
domains. The only exception was myeloma IgG2 MAT,
whose melting curves in the low-temperature region were
similar to those described above for the minor fraction of
IgG4 MAM [41, 47]. That is, on the melting curve of
myeloma IgG2 MAT, two separate heat absorption peaks
are present corresponding to the melting of two Cy2
domains that are non-interacting and differing in thermal
stability. It is noteworthy that according to electron
microscopy the structure of IgG2 MAT has a distinct
asymmetry because one of the C;2 domains is adjacent to
the Fab subunit [23].

To be able to interpret the results concerning the
low-temperature part of the calorimetric melting curve of
IgG4 MAM directly and unambiguously, we used two

independent approaches. The first approach, which has
already been repeatedly tested in the study of other IgGs
[46, 47, 52], is based on selective introduction of a fluo-
rescent label in certain domains. This approach was used
in the present work.

As can be seen from the data presented in Fig. 3 and
the table, the results support the assumption that the low-
temperature peaks in the melting curve of the minor frac-
tion of IgG4 MAM are related to the disintegration of the
structure of two Cy2 domains (Fig. 2). Furthermore, the
results allow satisfactory decomposition of the transition
curve (change in fraction of denatured state calculated
from the experimental optical melting curve) into two
transitions by postulating their number (Fig. 3a, curves /
and 2). Of course, all thermodynamic parameters for

124 a

Fraction of denatured state
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\
6 1 /(\

C°, kd-mol™"-deg™’
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Fig. 3. a) Change in the fraction of denatured state of Cy2
domains of IgG4 MAM of minor fraction determined based on
fluorescence intensity of the intact protein (closed circle), and
decomposition of the curve into elementary transitions correspon-
ding to melting of each from the two Cy2 domains (7, 2). Curve 3
is the sum of curves 7 and 2. Curves 4 (dashed line) and 5 (dotted
line) correspond to the melting of the two insulated Cy2 domains
derived from IgG4 MAM of the minor fraction. b) Temperature
dependence of the excess heat absorption during melting of Cy2
domains (solid line) and its decomposition into elementary tran-
sitions corresponding to the melting of each from the two domains
(dotted line).
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these transitions, which can be calculated from the opti-
cal curves, especially melting enthalpy, are determined
with large error. However, at this stage it is extremely
important that according to both optical and calorimetric
data, the melting of the Cy2 domains occurs in the same
temperature range (Figs. 3a and 3b).

The second approach that we applied for analysis of
melting curves of [gG4 MAM minor fraction involves use
of antibodies (more precisely, their Fab fragments or Fv
subfragments) against different regions of the intact pro-
tein. The Fab fragments (Fv subfragments) against the
Cy2 and Cy3 domains as well as against the Fab subunits
were used. It follows from the Fig. 2b that changes in the
low-temperature region of the calorimetric melting curve
were observed only in the case when Fab fragments (Fv
subfragments) against the Cy2 domain were used. It can
be seen that in this case there are changes in the position
of the maxima of both peaks in the low-temperature
range. The changes in the calorimetric melting curve at
higher temperatures were only recorded when either anti-
Fab (Fv) fragments against Fab subunits or against Cy3
domains were used (data not shown).

Qualitative evidence that the optical melting curve of
IgG4 MAM reflects decay of just two cooperative blocks
formed by two independent Cy2 domains are also fully
supported by more rigorous thermodynamic analysis of
the excess heat absorption curves [58, 72]. The results are
shown in Fig. 3b and the table. It can be seen that there
are two elementary transitions that correspond to the
melting of two different cooperative blocks. The results do
not correspond to the model of a molecule in solution,
based on a set of thermodynamic and structural data for
IgG (Fc fragments), according to which two Cy2 domains
do not interact and have identical characteristics. The lat-
ter is possible only in the case when not only the domains
themselves are identical in protein composition and their
carbohydrate moieties have similar composition, but the
Fc subunit (fragment) also has a symmetrical structure
and environment [11, 12, 73, 74].

Therefore, the results can be explained simply given
that the thermal stability of the Cy2 domains is deter-
mined by not only the structure of the globule itself, but
also the carbohydrate moieties, which in all IgG con-
served Asn297 was modified [71]. The Cy2 domains were
isolated from the intact proteins of the minor fraction and
separated on a Mono Q column [75] into two new sub-
fractions whose melting curves were obtained by record-
ing change in fluorescence intensity (Fig. 3a). According
to these data, the thermal stability of the C2 domains of
the subfractions is only slightly different (table).

DISCUSSION

Based on the data presented above, we can quite
clearly state that conformers of IgG4 MAM molecules
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appear having properties differing from standard IgG4
and suggest the structure of these conformers. According
to our results, which were obtained in experiments using
fully modified protein, a minor fraction is formed by the
exchange of heavy chains (together with the adjoining
light chains) of two molecules of IgG4 MAM. The most
reasonable hypothesis about the mechanism of the
exchange of the heavy chains is that at the intermediate
stage, the breaking of the interchain bonds Cys226—
Cys226, Cys229—Cys229 and the formation of intrachain
bonds Cys226—Cys229 takes place [26]. Then the original
protein devoid of covalent bonds between the two its moi-
eties dissociates and new dimerization occurs with HL
dimer of the other protein formed similarly. The process
is accompanied by the formation of two canonical bonds
between the heavy chains. The presented findings of cen-
trifugation of a minor fraction protein under denaturing
conditions (6 M GuHCI) but without reducing the disul-
fide bonds reactants clear indicate that this protein keeps
the tetramer form H,L, using disulfide bonds. However,
data of titration of minor fraction protein indicate forma-
tion of one free SH group in the heavy chain. This leads
to the unequivocal conclusion that from two disulfide
interchain bonds only one chain is retained.

A question arises — which of the two interchain
disulfide bonds is formed in the protein structure? To
answer this question, it is possible to obtain the corre-
sponding peptides from the “hinge” area of the IgG4
MAM minor fraction in which these bonds are localized
and to determine which Cys residues were modified by
14C-labeled iodoacetic acid.

There is, however, another possibility to make a def-
inite conclusion concerning this. Earlier, it was shown
that the partial reduction (and subsequent alkylation) of
interchain disulfide bonds in myeloma IgG4 does not
lead to a change in such parameter as hydrodynamic vol-
ume, which characterizes the overall configuration of
protein molecules [43]. According to a more precise def-
inition of configuration of molecules of the IgG4 MAM
major fraction, both with intact and partially reduced
interchain disulfide bonds, we can conclude that not only
the sedimentation constant s, for the two proteins but
also the slope, which determines the concentration
dependence of the sedimentation coefficients s, remain
virtually unchanged. This follows from the ultracentrifu-
gation data (table). A completely different picture is
observed during centrifugation of the [gG4 MAM minor
fraction. Both sedimentation constant s5, of the protein
and the corresponding slope have significant differences
(table).

IgG4 has only two interchain disulfide bonds
between the H-chains, and the partially reduced proteins
of the major fraction retain either the bond between two
Cys226 or a bond between two Cys229 of heavy chains
(and this does not influence hydrodynamic parameters).
From this, a logical suggestion can be made that in the
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case of the minor fraction proteins, the only disulfide
bond is formed not between the canonical pairs
Cys226—Cys226 or Cys229—Cys229, but between Cys226
and Cys229 of the neighboring H-chains. This leads to a
significant change in the conformation of the molecule,
which is manifested, in particular, in a noticeable
decrease in the sedimentation constant s, (table).

The formation of such noncanonical bond with high
probability can be accompanied also by quite noticeable
changes in other characteristics of the IgG4 MAM
macromolecule of the minor fraction such as mobility of
Fab subunits, rate of splitting of the “hinge” area with
altered conformation by action of proteolytic enzymes,
and others. This is a subject for further studies.

In this study, we have shown that the probable for-
mation of noncanonical disulfide bond in IgG4 MAM
results in significant difference in thermostability between
the two Cy2 domains within the Fc subunit. Since a sig-
nificant effect is observed only for Cy2 domains of the
intact minor fraction protein but not in the case of isolat-
ed Cy42 domains, we can assume that it is due to the over-
all asymmetry of the molecule. It can occur when Fab
subunits are differently arranged relative to the Fc sub-
unit. Earlier, we observed a similar situation for IgG2
using different methods, in particular, electron
microscopy [23]. The asymmetry is also shown for IgG4
molecules using the same method [69]. Existence of such
an asymmetric structure (described using a number of
methods) suggests that the activity of IgG4, different
from the activity of immunoglobulins of the other sub-
classes, can be due not only to steric hindrances from Fab
subunits [7, 8]. It is shown that the state of one of the C;2
domains is changed, and this may induce changes in its
affinity for a variety of ligands involved in immunological
reactions. Anyway, such a pattern seems to occur in case
of IgG2, which we have investigated in detail [23, 29, 30,
41, 47, 76].
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