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Abstract—Tumor-associated antibodies of human IgG1 subclass were eluted from cell-surface antigens of human carcinoma
cells and studied by differential scanning calorimetry and binding to local conformational probes, protein A from
Staphylococcus aureus and a monoclonal antibody targeted to the CH2 domain of the Fc fragment. At pH 2.0-7.0, we observed
virtually identical enthalpies of thermal unfolding for IgG1 from normal human sera and tumor-associated IgG1. The exact
values of calorimetric enthalpy (Ak) at pH 7.0 were 6.1 and 6.2-6.3 cal/g for IgG1 from normal serum and IgG1 from carci-
noma cells, respectively. The affinity constants of protein A binding to the CH2—CH3 domain interface demonstrated dif-
ferences between serum IgG1 and tumor associated IgG1 that did not exceed 3-8-fold. The binding affinity toward the anti-
CH2 monoclonal antibody determined for serum IgG1 and IgG1 from carcinoma cells differed not more than 2.5-fold. The
thermodynamic parameters of IgG1 from carcinoma cells strongly suggest that protein conformational stability was essen-
tially unaltered and that the Fc fragment of the tumor-derived IgG1 preserved its structural integrity.
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The humoral immune response to cell membrane
antigens and intracellular proteins of a tumor cell
involves a limited number of effector mechanisms that
generally result in partial degradation of the tumor and a
decrease in tumor cell dissemination through the circu-
lation. Antibody-mediated complement-dependent cel-
lular cytotoxicity (ADCC) and complement-mediated
cytolysis (CML) are the two major mechanisms involved
in these processes. Previous studies have shown the pres-
ence of clinically significant levels of serum antibodies
specific to cell surface antigens of colon [1, 2], lung [3,
4], and ovary [5] carcinomas. However, low efficiency of
the cytotoxic mechanisms mediated by the specific anti-
tumor antibodies was found both in vitro [6] and in vivo
[7].

In our work, we analyzed structural changes in the Fc
fragments of human IgG1 antibody that form complexes
with tumor cell surface antigens as a possible reason for
the impaired effector function of antitumor antibodies.
The lack of a pronounced effector function of antitumor
antibodies could result from significant (global or sub-
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global) changes in the structure of their Fc fragments or,
alternatively, from local changes in the binding sites that
recognize Fc receptors and the C1 component of the
complement. To discriminate between these two possibil-
ities, two approaches were used in the present work. The
first approach involved direct measurement of the anti-
body structural energetics using differential scanning
calorimetry, which provides a solid and quantitative ther-
modynamic estimate of the amount of structure that is
lost in stabilizing tertiary interactions. The second
approach employed monoclonal “secondary” antibody
directed to the CH2 domain and protein A from
Staphylococcus aureus as conformational probes for the
local changes in the CH2 domain or in the interface
between the CH2 and CH3 domains that is responsible
for the binding to leukocyte Fc receptors [8]. Recent
studies revealed that protein A, judging from the location
of its binding site on the IgG molecule, is a functional
analog of neonatal Fc receptors [9] and anti-isotypic
autoantibodies (rheumatoid factors) [10, 11]. The calori-
metric measurements of the stabilization enthalpy per-
formed in the present study demonstrated that tumor-
associated immunoglobulins retained the structural
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integrity of the Fc fragment as a four-domain module of
an IgG molecule. However, in some cases changes in the
cooperativity of the tertiary structure of IgG were
observed without changes in the overall transition
enthalpy. When the maximal changes in the protein A
binding constant were obtained, the calorimetrically
revealed changes in the cooperative structure were also
maximal, this confirming the reliability of the approach-
es employed in this study.

MATERIALS AND METHODS

Reagents. The following reagents were used in this
work: Tris, glycine, protein molecular weigh standards
(Serva, Germany); BrCN-Sepharose 4SL (Pharmacia
Biotech, Sweden); DEAE-Toyopearl 650 (Toyosoda,
Japan); ammonium sulfate (Fluka, Switzerland); biotin-
amidocaproate N-hydroxysuccinimide ester, bovine
serum albumin, streptavidin conjugated to horseradish
peroxidase, protein A, protein A conjugated to horserad-
ish peroxidase, o-phenylenediamine (Amersham, USA);
antibodies to human IgG conjugated to horseradish per-
oxidase (Central Roentgeno-Radiological Research
Institute, Russia). Other reagents were domestic products
of chemical purity grade.

Immunoglobulins. Preliminary fractionation of anti-
bodies directed to human carcinoma cells was previously
described by Bliznukov and coauthors [12]. Human
immunoglobulin of IgG1 subclass was isolated using
monoclonal antibodies directed against human IgG
heavy chain of y1 isotype [13] that were immobilized on
BrCN-Sepharose 4SL according to the manufacturer’s
instructions. The isolated IgG1 was at least 97% pure
judging from electrophoresis in the presence of SDS, only
two bands (23 and 51 kD) being observed. The absence of
molecules of other IgG subclasses was monitored by
enzyme immunoassay with the use of a panel of mono-
clonal antibodies against heavy chain isotypes of human
immunoglobulin [13].

Biotinylated IgG1 was prepared by mixing 0.36 mg
of biotinamidocaproate N-hydroxysuccinimide ester
diluted in 0.12 ml of dimethylsulfoxide with 1 ml of pro-
tein solution containing 1.0 mg IgG1 in 0.1 M Na-borate
buffer, pH 8.5, at a modifying agent-to-protein molar
ratio 120 : 1. After 4 h of incubation at room temperature,
the excess of the reagent was removed by dialysis against
0.1 M Na-phosphate buffer, pH 7.4.

The CH2 domain-specific monoclonal antibody was
obtained as described by Klimovich and co-workers [13].

Ligand-binding assay. All ligand-binding experi-
ments were performed at room temperature in triplicate;
mean values were used for graphic presentation of results.
The binding constants were determined from double
reciprocal plots. The variation of independent measure-
ments of the binding constant was within 16%.

In competitive assay for the binding of protein A to
IgG, polystyrene tubes (12 x 75 mm) were incubated
overnight with a solution containing 3 pg of protein A in
0.25 ml of 50 mM Na-borate buffer, pH 8.5. After three
washings with the same buffer, the remaining absorption
sites of the tube surface were blocked by addition of 0.25 ml
of PBS-BSA (1% bovine serum albumin in 0.1 M Na-
phosphate buffer, pH 7.4) followed by incubation for 40 min.
After washing with distilled water, tubes were filled with
0.25 ml of PBS-BSA containing 25 ng of biotinylated
IgG1 together with increasing amounts of IgG1. After
1.5 h of incubation followed by two washings with dis-
tilled water, 250 ng of streptavidin conjugated to horse-
radish peroxidase in 0.25 ml of PBS-BSA were placed
into each tube. After 1 h of incubation and washing with
distilled water, 0.6 ml of 0.02 M of o-phenylenediamine
and 0.02 M H,0,in 0.1 M Na-citrate buffer, pH 5.0, was
added to each tube and incubation was continued for 10 min
with shaking. After addition of 0.2 ml of 10% H,SO,to
stop the reaction, optical absorption at 492 nm was
measured.

Two-site immunoassay for the binding of protein A
to IgG1 was performed as follows. Protein A (3 pg) was
immobilized as described above for the competitive
immunoassay. After addition of PBS-BSA to block the
remaining absorption sites followed by washing, increas-
ing concentrations of IgG1 in 0.25 ml of PBS-BSA were
added and incubated for 1.5 h. Tubes were washed and
filled with solution containing 250 ng of protein A con-
jugated to horseradish peroxidase. After 1.5 h of incuba-
tion, peroxidase activity was measured as described
above.

To study the interaction of IgG1 with the antibody
directed against the CH2 domain, polystyrene tubes were
filled with solution containing 3 pug of CH2-directed anti-
body in 0.25 ml of 50 mM Na-borate buffer, pH 8.5, and
left overnight. After addition of PBS-BSA followed by
washing as described above, increasing amounts of IgG1
were added and incubated for 2 h. Tubes were washed
twice with distilled water, and antibodies to human IgG
conjugated to horseradish peroxidase were added. After 2 h
of incubation followed by washing with distilled water, the
solid phase bound peroxidase activity was measured as
described above.

Differential scanning calorimetry. Calorimetric
measurements were made with a DASM-4 differential
scanning microcalorimeter (Biopribor, Pushchino,
Russia) in the temperature range 10-100°C at heating rate
60°C/h. The reference cell was filled with the buffer used
for the preceding dialysis of the sample. The following
buffer solutions were used: 50 mM sodium phosphate, pH
7.0, 50 mM sodium citrate-phosphate or 50 mM sodium
phosphate with HCI at lower pH. The instrumental base
line that was obtained by filling both cells with the
buffer was subtracted from the original calorimetric
curves. Protein concentration varied within the range
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1.0-1.5 mg/ml. At least two scans were recorded for every
sample, the deviation of individual measurements being
within 6%. The calorimetric enthalpy was calculated
according to Privalov and Khechinachvili [14]. Calori-
metric curves were further processed and deconvoluted
using TERMCALC software (Biopribor).

Other methods. Protein purity was assessed by elec-
trophoresis in polyacrylamide gel in the presence of SDS
using 5% stacking gel and 12.5-15% running gel accord-
ing to Laemmli [15].

IgG1 concentration was measured spectrophotomet-
rically using extinction coefficient A%;%m,zgo = 14.7.

RESULTS

In this work, we considered the thermodynamic sta-
bility of tumor-associated antibodies of human IgG1 sub-
class eluted from the cell surface of human carcinomas.
The ability of tumor-associated IgG1 to bind to protein A
and the anti-CH2-domain antibody was analyzed in
comparison with “normal” serum immunoglobulins that
were treated in the same way as the carcinoma-derived
antibodies.

The following eight samples of human IgG1 were
analyzed: an individual control sample obtained from
the serum of a healthy patient, pooled control IgG1 iso-
lated from the sera obtained from 50 healthy patients
18-30 years of age, and six samples of tumor-associated
antibodies eluted from cell surface antigens of lung (n =
2, patients B and E), ovary (n = 2, patients A and C),
and colon (n = 2, patients D and F) carcinoma tissues.
For all carcinoma samples, diagnoses were confirmed
histologically. The sample of patient F was not analyzed
because of the heat-induced proteolysis observed for this
sample.

Thermodynamic stability. Calorimetric studies were
performed in the pH range from 2.0 to 7.0 (Fig. 1).
Lowering the pH decreased the specific transition
enthalpy (Ak) from 6.1 cal/g at pH 7.0 to 2.1 cal/g at pH
3.0 (table). The control IgG1 antibodies demonstrated
the same conformational stability in terms of enthalpy of
thermal unfolding (Ah) over the whole pH range. At pH
4.6, de-cooperation of the IgG1 structure occurred as
judged from the broadening of the melting curve and the
appearance of well-resolved thermal transition(s) that
often preceded the unfolding of the most stable structur-
al blocks of the molecule (Fig. 1b). Lowering the pH to
3.0 resulted in a dramatic structural rearrangement of
IgG1 as demonstrated by a 3-fold decrease in the transi-
tion enthalpy and the disappearance of two of five two-
state transitions revealed by deconvolution of the transi-
tion curve at neutral pH (Fig. 1, a-c). At pH 2.0, the
calorimetric profile did not demonstrate any transition
peak, this being indicative of the loss of cooperative
structure. The same results were obtained for IgG1 from
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patient A (ovary carcinoma) (Fig. 2). The specific transi-
tion enthalpy was 6.4 cal/g at pH 7.0, 5.1 cal/g at pH 4.6,
and 1.8 cal/g at pH 3.0. Tumor-associated immunoglob-
ulins demonstrated significant de-cooperation of the
structure at pH 4.6 (Fig. 2b) and strong destabilization at
pH 3.0 (Fig. 2c, table). Given the above calorimetric
data, the pH values of 7.0 and 4.6 were chosen for further
study in order to analyze IgG1 stability at neutral pH and
under the moderately acidic pH that provided the maxi-
mal de-cooperation of the antibody structure with mini-
mal contribution of inter-domain interactions. At pH
7.0, both the control and the tumor-associated
immunoglobulins demonstrated nearly the same transi-
tion enthalpy of 6.1-6.4 cal/g (table). The corresponding
values at pH 4.6 were 4.9-5.1 cal/g, the difference
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Fig. 1. Heat capacity curves for control IgG1 at pH 7.0 (a), 4.6
(b), and 3.0 (c) in 0.05 M sodium phosphate (pH 7) or sodium
citrate-phosphate (pH 4.6 and 3.0) buffers. Dotted lines repre-
sent two-state transitions obtained by deconvolution of the
experimental heat capacity curves.
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Binding constants (K,) and transition enthalpies (A#) of tumor-associated IgG1

Binding constant Binding of protein A Transition enthalpy, cal/g
Patient for IgG1 binding
to the anti-CH2- competitive assay two-site assay pH7 pH 4.6 pH3
domain antibody (K, x 105, M~ (K, x 107, M
(K, x 108, M)
Control 1.5 0.95 1.75 6.1 5.3 2.1

A 1 2.5 6 6.3 5.1 1.8

B — 0.35 0.6 — — —

C 1.2 0.8 1.7 6.2 5.1 —

D 0.7 0.25 0.6 — 5.1 —

E 0.6 0.12 0.2 — 4.9 —
between control and tumor-associated IgG1 remaining
insignificant (table). Only one IgG1 sample demonstrat-
ed a significant change in the cooperativity of the struc-
ture (Fig. 3). The cooperativity of a structure is frequent-
ly characterized by the ratio of the maximal heat capaci-
ty of a heat absorption peak (ACp,,,,) to the temperature
interval of denaturation. Analysis of the thermal transi-
tion curves obtained at pH 4.6 revealed the value of 19-
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Fig. 2. Heat capacity curves for tumor-associated IgG1 at pH

7.0 (a), 4.6 (b), and 3.0 (¢). IgG1 was isolated from carcinoma
cells of patient A. See Fig. 1 for details.

Temperature, °C

Fig. 3. Heat capacity curves of tumor-associated IgG1 of
patients C (a) and E (b) in 0.05 M citrate-phosphate buffer, pH
4.6.
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Fig. 4. Competitive immunoassay for binding of protein A to
IgG1: I) control; 2) patient A; 3) patient B; 4) patient C; 5)
patient D; 6) patient E. Human IgG1 in increasing concentra-
tions competed with biotinylated IgG1 for the binding to pro-
tein A which was immobilized on polystyrene tubes. Binding
was monitored by measuring peroxidase activity.
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Fig. 5. Two-site immunoassay for the binding of protein A to
IgG1. Human IgG1 in increasing concentrations were allowed
to bind to protein A immobilized on polystyrene tubes. Binding
was monitored by measuring peroxidase activity. See Fig. 4 for
details.
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samples (Figs. 1b, 2b, 3a). However, tumor-associated
IgG1 eluted from the carcinoma cell surface antigens of
patient E (squamous lung carcinoma) demonstrated at
pH 4.6 a lower ACp,,,, value for the low temperature
transition. The half width of the corresponding integral
transition was small, 12.9°C (Fig. 3b). These data suggest
a rearrangement of the domain interaction in the carci-
noma-derived immunoglobulins without changes in
overall stability of the IgG1 molecule.

Binding to protein A. To study the conformation of
the CH2—CH3 domain interface in tumor-associated
immunoglobulins, the ability to bind protein A was ana-
lyzed by means of competitive (Fig. 4) and two-site (Fig.
5) immunoassays. The competitive assay provided a probe
for the local conformation of protein A binding sites,
while the two-site assay probed the relative spatial loca-
tion of the two identical sites through analyzing the abili-
ty of an antibody to bind two molecules of protein A.

In most cases, protein A binding assay for samples of
control and tumor-associated immunoglobulins did not
demonstrate a dramatic difference in binding capacity.
The protein A binding constant for tumor-associated
IgG1 was 2.8-4-fold lower than that for control IgG1 (two
patients) or 2.8-fold higher (1 patient); in one patient the
K, value was the same as for control IgG1. Only IgG1 of
patient E (squamous lung carcinoma) demonstrated a
significant (8-fold) decrease in the protein A binding
constant. It is worth noting that the maximal change in
the protein A binding constant (Figs. 4 and 5) for patient
E was consistent with the change in the calorimetrically
revealed cooperativity of the structure (Fig. 3).

Competitive immunoassay revealed that the protein
A binding constant obtained for the control immunoglob-
ulins of (0.95-10® M~!) was 5-fold higher than the K, value
obtained in the two-site immunoassay, which strongly
suggests limited accessibility of the second protein A
binding site on the IgG1 molecule. A strong correlation
was observed between the binding constants that were
obtained in the competitive and two-site immunoassays
(table). This provided evidence that the structural
changes in the tumor-associated IgG 1 molecules did not
result from rearrangement of domains.

Together, these results suggest that no significant
changes occurred in the conformation of the CH2—CH3
domain interface in the tumor-associated immunoglobu-
lins.

Interaction with the anti-CH2-domain antibody. The
monoclonal antibody directed against the CH2 domain of
human IgG1 [13] was used as a probe for the conforma-
tion of the CH2 domain. We did not observe a significant
difference between the control and the tumor-associated
immunoglobulins (Fig. 6). The decrease in constants of
the anti-CH2 antibody binding to the tumor-associated
immunoglobulins did not exceed 2-fold versus control
IgG1 (table). Only IgG1 from patient E demonstrated a
2.5-fold decrease in the binding constant.
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Fig. 6. Interaction between the anti-CH2-domain monoclonal
antibody and human IgG1: /) control; 2) patient A; 3) patient
C; 4) patient D; 5) patient E. Human IgG1 was allowed to bind
to the anti-CH2 antibody that was immobilized on polystyrene
tubes. Binding was monitored by measuring the activity of the
horseradish peroxidase that was conjugated to the anti-CH2
antibody.

Thus, our data did not reveal significant conforma-
tional changes in the CH2 domain that would result dra-
matic changes in the epitope on tumor-associated IgG1.

DISCUSSION

Although IgG can bind to antigens exposed on a
tumor cell membrane, the complement-dependent cellu-
lar cytotoxity and complement-mediated cytolysis, which
are mediated by tumor-specific antibodies, remain gener-
ally low. Several hypotheses recently appeared in attempts
to explain the above phenomenon in terms of inhibition
by anti-idiotypic antibodies [16], shedding of
antigen—antibody complexes from the tumor cell surface
[17], poor immunogenicity, and low expression of tumor
glycoprotein and glycolipid antigens [18, 19]. Another
possible explanation would implicate a structural modifi-
cation of an antibody Fc fragment involved in immune
complexes that would occur in a pre-membrane milieu of
a tumor cell after binding the antigen. Previous studies of
Horejsi and coworkers [20] revealed changes in the num-
ber of disulfide bonds in pooled IgG that was isolated
from the sera of lung carcinoma patients, which is consis-
tent with the “Fc structural alteration” hypothesis.

To analyze the low efficiency of humoral immune
response to tumor cells in terms of the above “Fc struc-
tural alteration” hypothesis, we considered the confor-
mational stability and local structure of the Fc fragment
of IgG1 eluted from the surface of human carcinoma
cells. Conformational stability of the IgG1 was measured
using differential scanning calorimetry, which provides a
direct and solid estimate of protein structural stability in
terms of enthalpy of thermal unfolding. The thermody-
namic study was supplemented by probing local confor-
mation using the monoclonal anti-CH2-domain anti-
body and protein A from Staphylococcus aureus as confor-
mational probes that recognize their specific binding sites
in the Fc fragment. Protein A binds to the interface
between the CH2 and CH3 domains, the site that is also
involved in the specific recognition of cellular Fc recep-
tors and rheumatoid factors. In most cases, calorimetric
studies did not reveal a significant difference between
control and tumor-associated immunoglobulins in stabil-
ity of the multi-domain structure or cooperativity of
domain interactions (Figs. 1 and 2; table). The only
exception is IgG1 isolated from patient E with squamous
lung carcinoma (Fig. 3). This IgG1 displayed a significant
decrease in the binding affinity to protein A and the anti-
CH2-domain monoclonal antibody (table). The correla-
tion between the calorimetric data and ligand binding
assays confirms the utility of these methods as reliable
probes for establishing the functionally significant con-
formational changes in IgG1. Other samples of tumor-
associated antibodies demonstrated slight changes in the
affinity towards protein A (Figs. 4 and 5) and the anti-
CH2-domain antibody (Fig. 6) without any significant
changes in thermodynamic stability (Figs. 1-3, table).
Thus, we conclude that tumor-associated IgG1 antibod-
ies display relatively small changes in ligand binding affin-
ity together with lack of dramatic changes in thermody-
namic stability, the latter demonstration being the struc-
tural integrity of the Fc fragment. Given the complicated
relationships between changes in the ligand binding affin-
ity and the effector activity of IgG [21, 22], development
of adequate model systems for direct measurement of the
effector activity for tumor-associated IgG1 is required to
establish the physiological implications of the described
combination of thermodynamic and ligand binding prop-
erties. To give an example of the complicated relation-
ships mentioned above, as little as 3-fold difference in the
constants for Clq binding to monomeric IgG1 versus
IgG4 previously determined from independent biophysi-
cal and immunological studies [23-25] was accompanied
by a dramatic distinction in the ability of these IgG sub-
classes to mediate complement-dependent cytolysis in
vitro [26, 27]. Previous studies revealed that, although the
existence of allotypes of heavy yl chain and its N-glyco-
sylation-induced heterogeneity do not influence thermo-
dynamic stability of the IgG1 Fc fragment [28, 29], the
allotypes [30] and glycoforms [31, 32] of IgG1 demon-

BIOCHEMISTRY (Moscow) Vol. 66 No.1 2001



STABILITY AND ACTIVITY OF TUMOR-ASSOCIATED ANTIBODIES 33

strated significant differences in antibody-mediated cel-
lular cytotoxity and complement-mediated cytolysis.
Moreover, it is generally known that antigens mediate
most effector functions of antibodies. It was recently
shown that signal transmission from the antigen-binding
site to the effector sites of immunoglobulins could be sig-
nificantly altered without pronounced changes in ther-
modynamic stability [33]. In this context, one cannot rule
out the possibility of altered domain interaction in tumor-
associated IgG that would lead to changes of the signal
transmission from the antigen binding site to effector
sites, as was previously described for “normal”
immunoglobulins [34].

From these results, we conclude, first, that the lack of
a pronounced effector function of tumor-associated IgG
in vivo cannot be attributed to unfolding of significant
structural blocks in the Fc fragment. As a second conclu-
sion, local structural changes in the interface between the
CH2 and CH3 domains were found in tumor-associated
IgG that resulted in 3-8-fold changes in the ligand binding
affinity. The present work is a first attempt at thermody-
namic description of the properties of tumor-associated
IgG. Further detailed studies are required to reveal the
structural mechanisms responsible for the lack of the
effector functions of the immunoglobulins.

We thank P. I. Bliznukov for helpful discussions of
the results.
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