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Abstract

Differential scanning calorimetry (DSC) and isothermal calorimetric batch technique were used to
monitor the heat-induced structural changes and adsorption properties of human immunoglobulin G
(IgG), in native and hydrophobized states. The transition temperature (7,x) and enthalpy of
heat-induced conformational changes (A7) of IgG in solution as well as the enthalpy change ac-
companying the adsorption of IgG onto hydrophilic silica (A.4s), were shown to depend on the de-
gree of the protein hydrophobicity (number of covalently attached alkyl chains). The adsorption
enthalpy for all forms of IgG at all surface concentrations was found to be endothermic, that is the
process is entropy driven. Factors affecting the IgG adsorption onto silica are discussed.
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Introduction

The ability to control conformational stability of globular proteins at different
physicochemical conditions, and to control their adsorption onto solids surface are of
great importance in various applications such as enzyme immobilization and chroma-
tography [1-7], emulsification and foaming [8, 9].

Immunoglobulins are used as analytical reagents with very high specificity and
binding affinity. Immunoglobulin G (IgG) molecules are composed of four poly-
peptide chains: two ‘heavy’ with 446 amino acid residues (~50 kDa) and two ‘light’
with 214 amino acid residues (~25 kDa). These chains are cross-linked by disulfide
bonds into the ‘“T’- or “Y’-shaped structure, which is characterized by three fragments
(two F,, and one F ). The secondary structure of the IgG molecule is characterized by
different structural elements, at least twelve domains, composed mainly of anti-
parallel B-sheets and B-turns stabilized by hydrogen bonding [10-13].
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It has been found that chemical hydrophobization of IgG by attachment of alkyl
chains leads to appreciable changes in its surface activity and functional properties.
Hydrophobized human IgG spontaneously aggregates in aqueous solutions, and the
size of aggregates (colloidal clusters) depends both on the number of attached alkyl
chains and on their length. It displays higher affinity for hydrophobic surfaces of
polystyrene and silica coated by phosphatidyl choline monolayer and forms more
compact surface layers as compared with the native protein [14, 15]. Modified IgG
decreases the surface tension at the air/water interface more effectively than the na-
tive protein, and this decrease correlates with an increase in the surface hydro-
phobicity index (SHI) evaluated with the use of fluorescent hydrophobic probe,
8-anilino-1-naphthalenesulfonate [16]. In addition, hydrophobized human IgG re-
tains high specific recognition ability in ELISA tests [14].

An important question is also how the increase in hydrophobicity by the chemical
modification affects the structural characteristics and conformational stability of proteins.

There are several experimental approaches [17-20] providing information on
the conformational changes in the protein molecules (optical rotation dispersion, far-
UV circular dichroism, Raman spectroscopy, and DSC). This last technique allows
the determination of the thermodynamic parameters of conformational transitions di-
rectly from the heat capacity curves, providing an information on the thermodynamic
features of protein unfolding and on the contribution of different forces determining a
protein stability. The heat-induced structural changes in IgG molecules were the fo-
cus of few studies [17, 20-22].

The adsorption behavior of proteins at various solids is a result of multiple inter-
actions between the components of the system, such as adsorbent surface, the protein
molecule, the solvent and the other solutes, which are present in the solution. Calo-
rimetry allows direct measurement of the adsorption enthalpy, A , /, and evaluation
of the entropy change, A, S. Based on this data, one can draw conclusions on possible
mechanisms of the protein adsorption [2, 23—-25]. Elucidation of the physicochemical
parameters governing the adsorption of the native and modified IgG is of great im-
portance for improving the existing and creating the new immunodiagnostic kits,
since adsorption of immunoglobulins onto solids is a necessary step in various types
of immunoassays.

In our recent publications we used DSC and isothermal batch microcalorimetry
to evaluate two aspects: a) The correlation between heat-induced structural changes
and changes in hydrophobicity for the native and chemically modified molecules of
human IgG [26], and b) The enthalpy of adsorption of IgG with various degrees of
hydrophobicity onto silica [27].

The aim of the present paper is to present how microcalorimetry can be used in
studying the effect of chemical hydrophobization of the IgG molecules on their
conformational stability in solution, and during adsorption onto hydrophilic surface.

J. Therm. Anal. Cal., 71, 2003



KAMYSHNY et al.: HEAT-INDUCED STRUCTURAL CHANGES 265

Experimental section

1gG isolation and modification

IgG was isolated from human serum by ammonium sulfate precipitation, purified by
caprylic acid, and concentrated by additional ammonium sulfate precipitation [28].
The IgG modification was performed by covalent attachment of lauroyl residues to
the protein lysine amino groups by reaction with N-lauroyloxysuccinimide [14]. The
ester was synthesized and isolated according Lapidot et al. [29].

The number of covalently bound alkyl chains after modification was determined
by the TNBS method [30, 31]. The samples used for differential scanning calorimetry
experiments were characterized by an average of 4, 12 and 19 attached alkyl chains
per protein molecule (4C,-IgG, 12C,-1gG and 19C,-1gG, respectively), while in ad-
sorption experiments the samples containing 11, 25 and 52 alkyl chains per protein
molecule (11C,-1gG, 25C,-1gG and 52C,-1gG, respectively) were used.

Protein concentrations were determined spectrophotometrically (Hitachi dou-
ble-beam spectrophotometer, Model U-2000) by the Bradford method [32] or by the
improved Lowry method [33] using Bio-Rad protein assay reagents.

Differential scanning calorimetry

Micro-DSC III (Setaram, Caluire-France) was used to monitor the heat induced struc-
tural changes in the native and chemically modified IgG. The protein solution
(2.8 mgmL™") in 0.1 M PBS (phosphate buffer saline), pH 7.4, was used for measure-
ments. The experimental details are described in [26].

The heat conformational stability of the native and chemically modified IgGs was
evaluated from the values of the initial (7}) and maximum (7, ) deviations of the heat
flow signal and also from the value of specific enthalpy change (A ), which was calcu-
lated from the area under the peak transition (after subtraction of the sample baseline)
with the use of a straight baseline between the initial and final temperatures of the peak
transition [19].

Adsorption of IgG

IgG adsorption on silica was performed from 0.1 M PBS (phosphate saline buffer),
pH 7.4 at 25°C as described in [27]. The adsorption isotherms were assessed by a deple-
tion method by measuring the bulk protein concentrations before and after adsorption.

Isothermal calorimetry

The enthalpy changes accompanying the adsorption of immunoglobulins onto silica were
measured by an isothermal microcalorimetric batch technique that allowed the adsorbing
species to be introduced from the outside of the calorimeter into the calorimetric cell con-
taining a homogeneous suspension of solid in the solvent [34]. The differential enthalpies
associated with the subsequent adsorption steps and thereby corresponding to any change
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in the adsorbed phase during its formation were calculated from the experimentally mea-
sured enthalpy changes, taking the effect of dilution into account as described in [27].
In order to cover the whole adsorption range, i.e. from the beginning of the iso-
therm to its plateau saturation, concentrated stock solutions of the protein at our ex-
perimental conditions should be used (construction of the calorimetric cell used in
these experiments demands large volume of the protein solution). However, we were
limited by the solubility of the modified immunoglobulins in the buffer solution (the
maximum protein concentrations used were about 5.5-6.0 mg mL™"), therefore the
adsorption enthalpies were measured up to surface coverage (I'/T". ) of 0.6.

max.

Immunological activity

The immunological activity of IgG was tested with the use of conventional ELISA
procedure [35]. The detailed description of immunotests is given in [27].

Results and discussion

Heat-induced transitions

The first heating DSC curve (0.1°C min™') for native IgG after subtraction of the
buffer curve, shows a single endothermic transition spreading between 60 and 80°C
with the peak at 68°C and the specific transition enthalpy 21 J g ' (Fig. 1a). This tran-
sition corresponds to thermal protein unfolding. The nonsymmetrical shape of the
transition peak could be due to a multistep behavior, as expected for such
multidomain protein as IgG.

Heat flow/p'W
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Fig. 1 DSC curve for the native IgG (2.8 mg mL " of the protein in 0.1 M PBS, pH 7.4;
heating from 10 to 100°C at 0.1°C min™")

The curve for IgG with 4 and 12 attached caprylic chains were also characterized
by endothermic transitions with peaks located at 68°C for 4C,-1gG but at a lower tem-
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perature (66°C) for 12C,-1gG. The corresponding A, H values decreased with an in-
crease in the number of attached caprylic chains (20 and 17 J g for 4C,-IgG and
12C,-1gG, respectively). The transition peak for IgG with 19 attached alkyl chains
was not repeatable, and we consider its A /7 value equal to zero. The overall heat of
reaction is due to positive contribution of the hydration of hydrophobic groups and to
negative contribution of the hydration of polar groups as well as subsequent pro-
tein-protein interactions, which can take place in the same transition temperature
range [17-19, 36]. In our previous study [26] we observed for 1°C min ™' heating rate a
drastic change in DSC curve, with a large distortion due to an exothermic peak corre-
sponding to aggregation of unfolded protein molecules with maximum at 73°C. The
absence of aggregation peak at low heating rate was explained by assuming that in
this case at any time only a low concentration of denatured protein molecules is avail-
able for aggregation, while at higher heating rates a much higher concentration of de-
natured molecules is available, resulting in rapid formation of very compact aggre-
gates [17]. For hydrophobized IgGs the temperatures corresponding to the initial and
maximal deviations of the heat flow as well as the area under the transition peak de-
crease as the number of attached alkyl chains increases. As seen from Table 1, the de-
crease in relative values of the enthalpy of heat-induced conformational transitions
for hydrophobically modified and native IgGs correlates with an increase in the rela-
tive values of the surface hydrophobicity index, as determined previously [26, 37].
Thus, the decrease in the heat of IgG unfolding is accompanied by enhanced exposure
of initially buried groups of the protein molecules to the aqueous medium. These
findings may be explained by weakening of the intramolecular interactions responsi-
ble for the rigidity of the IgG molecules with simultaneous strengthening of the pro-
tein-protein interactions as previously reported for other globular proteins under the
effect of heat denaturation [37].

Table 1 Variations of enthalpy of heat-induced conformational transition (A., /) and surface
hydrophobicity index (SHI) for hydrophobically modified human IgG, relative to the na-
tive IgG (calculations are based on data from [26]. Upper indices M and N correspond to
the modified and native IgGs, respectively

IgG A /A QHY SHI™/SHIY
Native IgG 1.00 1.00
4Cy-1gG 0.95 1.85
12C4-IgG 0.80 5.40
19C4-IgG - 6.40

Calorimetric characterization of IgG adsorption

The adsorption isotherms presented in Fig. 2 indicate a high affinity of all forms of the
protein for the silica. The plateau surface concentration increases in the order native IgG
(~1.65-10"° mole m *)<11CyIgG (~1.95-10* mole m *)<25C,-IgG (~2.2:10"* mole m?)
and then decreases for IgG with 52 attached alkyl chains (~1.4-10*mole m ). These val-
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ues correspond to the molecular cross section areas of 10000, 8500, 7500 and 12000 A*
for the native IgG, 11C,-1gG, 25C,-1gG and 52C,-1gG, respectively. According to X-ray
diffraction data, the dimensions of ‘cap’ and ‘leg’ of T-shaped IgG molecule are
142x50x40 and 45%x45x38 A, respectively [11]. Therefore, the molecular area of the na-
tive T-shaped IgG in a compact monolayer should be equal to 7100 A’ in the case of
‘cap’-on and ‘leg’-on disposition of the protein molecule on the surface, that corresponds
to surface concentration of ~2.3-10"* mole m* which is comparable with experimentally
found values.
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Fig. 2 Adsorption isotherms for o — native IgG, O — 11Cs-1gG, & —25Cs-1gG and
A —52Cs-1gG onssilica (0.1 M PBS, pH 7.4, 25°C)

Adsorption of proteins at solid/liquid interfaces is controlled by various contri-
butions: electrostatic interactions between the surface and the protein as well as be-
tween the protein molecules in the surface layer, van der Waals forces, hydrophobic
interactions, structural rearrangements and conformational changes, changes in the
state of hydration of the sorbent and protein surfaces, rearrangement of the excluded
water or ion molecules in a bulk solution and redistribution of charged groups in the
interfacial layer [2, 23-25, 38]. Regardless of the mechanism, adsorption of proteins
takes place only if the Gibbs energy of the system decreases (A, G=A,  JA-TA,,S<0),
were G, H, S and T are the Gibbs energy, enthalpy, entropy and absolute temperature,
respectively. Calorimetry allows measurement of A , / directly. The sign and magni-
tude of the adsorption enthalpy are governed by a competition between above-
mentioned subprocesses, and A,/ shows, as a rule, complex dependencies on the
surface concentration, pH and temperature.

Figure 3 shows the isothermal enthalpy for the native and hydrophobically mod-
ified human IgG adsorption on silica as a function of surface coverage (I'/T",,). For
all forms of IgG at all surface concentrations studied, the adsorption is endothermic,
that is the process is entropy driven. These results are in agreement with previously
published data on adsorption of a number of proteins on various sorbents, such as
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RNase on negatively charged polystyrene [23], myoglobin and HPA on hema-
tite [39, 40], bovine serum albumin on hydrophobized Sepharose at high surface con-
centrations [5], on silica-based cross-linked polyethyleneimine cation-exchanger
resin [6], and on cellulosic quaternary amine-bearing anion-exchanger [41] and re-
combinant soluble tryptic fragment of rat cytochrome b, on quaternary amine-based
anion-exchanger [42].
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Fig. 3 Enthalpy of adsorption of o — native IgG, O — 11Cs-1gG, ¢ —25Cs-1gG and
A —52C5-1gG as a function of the surface coverage

The positive A , H values for various forms of IgG are nearly constant and low at
low surface coverage (up to about 25-30%). At higher surface concentrations, how-
ever, significant endothermic heats are observed. Adsorption of 11C,-1gG is the most
endothermic, followed by adsorption of 25C,-IgG, while the adsorption enthalpies
for the native IgG and 52C,-I1gG are the least endothermic and very similar at all sur-
face coverages.

The main contributions to the positive values of A ;.S may arise from dehydra-
tion of the sorbent and protein surfaces and from structural changes in the protein
molecules upon adsorption. As silica has hydrophilic surface, dehydration of the
sorbent will not occur to a significant extent, but dehydration of exposed hydrophobic
sites of the IgG molecules might sufficiently contribute to the adsorption entropy. At-
tachment of alkyl chains to IgG molecules should result in an increase in contribution
of the positive dehydration term to entropy and in simultaneous increase in the posi-
tive enthalpy of the process at high surface coverage due to electrostatic repulsion of
identically charged protein molecules, since the net negative charge of the modified
protein molecules is greater than that of the molecules of native IgG (E potentials of
the native, 11C,-, 25C,-, and 52C,-IgGs in 0.1 PBS, pH 7.4, are 4.5, —6.4, —9.9 and
—16.2 mV, respectively). Dehydration may be followed by hydrophobic interactions
between alkyl chains of adjacent protein molecules that results in formation of more
compact surface layer.

The large entropy increase driving the unfolding of globular proteins in aqueous
solutions can also drive the protein adsorption. The enthalpy change in the protein un-
folding process is, usually, large and endothermic due to the loss of favorable
intramolecular interactions.

J. Therm. Anal. Cal., 71, 2003



270 KAMYSHNY et al.: HEAT-INDUCED STRUCTURAL CHANGES

Micro-DSC curves of proteins adsorbed on hydrophilic sorbents, including sil-
ica, indicate changes in the protein structure upon adsorption [38, 43—45].
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Fig. 4 Immunological activity of the native IgG (o), 11Cs-1gG (O), 25Cs-1gG (<) and

52Cs-1gG (A) desorbed from silica as a function of the surface coverage.

Irreversible structural changes in adsorbed molecules were confirmed by reduc-
tion of immunological activity of all forms of IgG desorbed from silica as compared
with the corresponding forms before adsorption (Fig. 4). This reduction was more
pronounced at low surface concentrations, when there is enough room for unfolding
of the protein molecules on the surface, while at a high surface concentrations the
protein molecules are sterically hindered from unfolding.

Thus, from the results presented in this manuscript, it may be concluded that
hydrophobization of the protein molecules by covalent attachment of alkyl chains results
in noticeable changes in conformational stability of proteins in solution. The changes in
conformational stability also influence the adsorption of proteins at hydrophilic nega-
tively charged silica surfaces in terms of the adsorbed amount and calorimetric effects.
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