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SUMMARY:  The Fc fragment of human IgGl can be trapped in a stable intermediate
state during thermal denaturation. In this conformation the molecule is compact
with a native-like secondary structure, however, the tertiary structure is
perturbed as revealed by intrinsic fluorescence measurements, the near-uv CD
spectra and by mapping of antigenic sites with monoclonal antibodies. Similar
phenomena were recently described for a few globular proteins of small size,

and termed 'the molten globule' state. Our observation is a unigue example of
this phenomenon for a four domain protein. o 1987 Academic Press, Inc.

It is clear, that the cooperative all or nore mechanism to describe protein
unfolding has no general validity (1), and recent studies have revealed other
mechanisms that go through stable or metastable intermediates (1-6). Detection
and characterization of unfolding intermediates is important for understanding
protein self-organization and stability. The biphasic heat absorbtion curves
of the Fc fragment of immunoglobulins called our attention to this protein for
further investigation (7,8).

The Fc fragment is composed of the four C terminal domains of the two
identical heavy chains of IgG (9,10). These domains have an almost identical
folding pattern, and they are arranged pairwise, connected by covalent /-S-5-/
and noncovalent forces. The Fc fragment carries several specific binding
functions of IghG, and it is considered as a quasi independent part of the
molecule. The native conformation and binding functions of Fc are retained
even when it is isolated as a fragment (11).

We observed that a stable intermediate form (1) can be obtained after the
human Fc fragment has been heated through its first transition. In an attempt
to characterize the unfolding pathway of human Fc and to elucidate the factors
stabilizing the ordered structure we studied the I form with a variety of
physico-chemical techniques.
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MATERIALS AND METHODS

Human myeloma IgGl (Bal) was isolated as described previously (12). The Fc
fragment of IgGl was prepared by papain digestion and purified as described by
Porter (13). The homogeneity of preparation was checked by SDS polyacrylamide
gel electrophoresis. Prof;in concentration was determined using the same
extinction coefficient E250=13.8 as for IgG. Experiments were carried out in
100 mM acetate buffer in the pH range between 4.0 and 5.5.

Calorimetric measurements were performed using a DASM-4 differential scanning
calorimeter at a heating rate of 1 C/min. Solution concentrations of 0.5 to
1.5 mg/ml were employed. CD spectra were recorded on a Jasco 40C dichrograph
using standard procedures. Sedimentation velocity experiments were performgd
in a MOM /Hungarian Optical Works/ 3170/b analytical ultracentrifuge at 20°C
according to (12). Fluorescence intensity and anisoiropy were measured at an
excitation wavelength of 280mm and an emission wavelength of 340nm in an
Applied Photophysics SP3 instrument as described in (14).

In affinity chromatographic experiments the Fc was absorbed on and eluted from
a SpA-Sepharose CL.-4B column (15). Ton exchange chromatography was performed
on a Mono S column with a Pharmacia FPLC system. The elution buffer was 100 mM
acetate, pH 5.0, and a 0-1 M/20min NaCl gradient was used at a 1 ml/min flow
rate.

Solid phase competitive RIA was carried out according to (16) using monoclonal
antibodies specific for the CH2 domain /kindly provided by Dr. G.Séarmay,
Department of Immunclogy, L.Eotvds University, God/ and for the CH3 damain
/0B7/ and the CH2-CH3 contact region /8a4/. These latter antibodies were kindly
provided by Dr. Roy Jefferis and characterized in (17).

RESULTS

Differential scanning calorimetry: Thermal denaturation profiles of the Fc
fragment of human IgG obtaired by differential scanning calorimetry exhibit two

well separated transitions above pH 4. The Tm values and the tranmsition

enthalpies of both transitions are pH dependent, where Tm is the temperature

at which the heat capacity function exhibits a local maximum. At pH 4.5, the
first transition at Tm=5808 is accompanied by an enthalpy chagge of AH=530 kJ/M.
The second transition at Tm:7608 is characterized by & AH value of 490 kJ/M.
During the second transition some irreversible aggregation occurs which may
contribute to the observed thermodynamic effect. Entropy changes calculated
from the AFFThASzD equilibrium relation represent the lower limits for the
real transition entropies because the entropy change of an irreversible process
is necessarily larger than that of the corresponding reversible one. These
values are 1.6 kJ/M/deg and 1.4 kJ/M/deg for the first and second transitions,
respectively.

Sequential heating experiments show (Fig.1l) that the transitions are
separate, apparently irreversible processes. Thus, after the protein has been
heated through the first tramsition to 64°C and cooled down, the second
transition is the only one observed upon rescanning. In a subseguent scan
neither transition appears.

In the simplest model, the caleorimetric profile of Fc reflects a two-step
denaturation of the folded fragment, that can be described by the following
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Fig.l. Temperature dependence of partial heat capacity of the Fc fragment of human
IgG at pH 4.5 in 100 nM acetate buffer.
— first heating up to 64 C; --- second heating

reaction scheme:

Ne—> T -——= D
where N denotes the folded state, D is the heat-denatured state which is
formed on heating through both transitions, and I is an intermediate state
which is formed as a result of the first transition. This intermediate form of
Fc is stable even at room temperature for a long time, at least for several
days. The properties of this intermediate state were further investigated by a
variety of physico-chemical technigues in order to characterize its physical
nature.

Ultracentrifugation: Sedimentation velocity experiments show that the I form

is as compactly folded as the native conformation. Sedimentation coefficients
characteristic of the overall shape of the entire macromolecule are virtually
identical both for the intermediate, 820,w=4.lt0.l S, and for the native state,
SZD,wza.ltG.l 5. These experiments do not show any evidence for aggregate
formation in the intermediate state.

CD measurements: The far-UV CD spectrum from 200 to 250nm contains information
about the amount of regular structural elements, i.e. a-helix and @ -structure
in proteins, while the near-UV region CD from 250 to 310mnm depends on the
enviromnment and clustering of the aromatic side chains.

A1l Fc domains are folded in a similar way into a pair of @ -pleated
sheets (9). The far-UV CD spectrum of such a structure is characterized by a
single negative trough at 220mm (18). The CD spectra of the N and I forms in
the amide region are very similar, suggesting that the secondary structure is
largely unaltered in the I form (Fig.2a).

Significant differences arise in the aromatic region of the circular
dichroic spectra, however (Fig.2b). The ellipticity of the I form is decreased
by about 30% in the 250-310nm region, and the shape of the spectrum is also
slightly distorted. These results show that the asymmetric enviromments and the
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Fig.2. Circular dichroic spgctra of the two forms of the Fc fragment in 100 mM acetate

buffer, pH 5.0 at 25°C.
native (N) state; ---- intermediate (I) state.

a.) far-UV region 250-200 nm
b.) pear-UV region  310-250 nm.

specific tertiary structure around aromatic side chains have been substantially

perturbed in the intermediate state as compared to the native state.

Fluorescence measurements: Two apparently conflicting results were obtained

from the intrinsic fluorescence measurements on the N and I forms. The value

of the steady state fluorescence anisotropy in state I was the same as in the
state N, thus, A=0.13 in both states. This confirms the ultracentrifuge and CB
evidence that the intermediate form of Fc was not unfolded, by showing that
the fast intramolecular movements of the aromatic side chains on the ns time
scale were not less restricted than in the native conformation.

In contrast, the intensity of the tryptophan fluorescence in the I state
was almost twice that of the N state. As Trp fluorescence is critically depen-
dent on specific interactions between the tryptophan and its environment, the
largely unguenched emission of fluorescence in the intermediate state indicated
that the tertiary structures around Trp residues had been significantly
disturbed.

Binding studies: To detect rearrangements of hydrophobic patches and clusters
of charged residues on the surface of the Fc molecule brought about by the
N -» I transition, SpA-Sepharose affinity chromatographic and FPLC Mono S ion

exchange chromatographic experiments were performed.
Protein A (SpA) is a major cell wall component of most strains of

Staphylococcus aureus which binds tightly to the Fc region of IgG. X-ray diff-
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Table 1

Apparent dissociation constants for the binding of various monoclonal
antibodies to the correspanding domains of Fc

The specificity of K ()%
the monoclonal Ig6 d
N 1
CH2 2 1078 8 1078
CH2-CH3 0.8 1078 3 1078
CH3 11078 5 1078

* K (M) values were estimated from the inflexion points of RIA
iRhibition curves.

N - denotes Fc in native state
I - denctes Fc in intermediate state.

raction studies have revealed that the SpA binding site is localized at the
interface of the CH2-CH3 domains and involves residues from two large hydro-
phobic patches (9). The abilities to bind SpA-Sepharose of both the N and I
forms of Fc were compared, and the affinity chromatography profiles were found
to be essentially the same. Similar resultis were obtained by FPLC on Mono S ion
exchange column that is, the elution profiles were also indistinguishable.

While SpA affinity chromatography and ion exchange chromatography look at
gross structural features, binding of antibodies to specific surface regions
can reveal slight differences in the arrangements of surface residues. The
binding of monoclonal antibodies specific for the CH3 or CH2 domains or for
their contact region was studied by competitive RIA, and the data are summarized
in Table 1. In all cases the antibodies exhibited significantly reduced affini-
ties, with an increase of about 5 fold in the apparent dissociation constants
towards the I form relative to the native conformation. These observations
suggest that subtle changes in the native structure of both demain pairs occured,
while dramatic conformational rearrangements or partial unfolding of the chain
did not take place.

DISCUSSION

Although intermediate states generally are regarded as partially unfolded
states of the main chain, the I form of the human Fc fragment which has been
trapped during the thermal unfolding process has many properties in common with
the native state. Our studies demonstrate that the I form is compact and has a
secondary structure similar to the native one. No significant difference has
been found in the fast rotational movements of aromatic side chains taking
place on the ns time scale. In addition, the arrangements of hydrophobic patches
and the distribution of charged residues is essentially the same in both forms
on the surface of the Fc macromolecule.
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The T form, however, has a higher entropy and a smaller internal binding
energy than the native state. The changes in these thermodynamic quantities
suggest the elimination of some kind of organized intramolecular interactions
and an increase of flexibility and confromational fluctuations. Because our
fluorescence anisotropy measurements cannot detect any change in fast intra-
molecular movements, we conclude that slow conformational fluctuations of the
tertiary structure have increased, resulting in the disturbance and
randomization of the specific tertiary structure. This conclusion is supported
by the results of the near-uUV CD, intrinsic fluorescence intensity and
competitive RIA experiments.

Our experiments suggest that the I form of the human Fc fragment is the
equivalent of the 'molten globule' state observed for some smaller globular
proteins (19-22). Although the domains of Fc are supposed to be indeperdent
with reépect to their folding and stability, it is interesting that the two
domain pairs attain the 'molten globule' state as a whole, as revealed by our
binding studies with monoclonal antibodies. The very similar fold of the Fc
domains may account for this phenomencn (9).

Based on theoretical calculations it has been proposed that the increase of

slow conformational fluctuations in the 'molten globule' state is due to a
slight increase of the molecular volume leading to a sharp decrease of Van der
Waals intramolecular interactions (23). According to this model, the loss of
binding energy is compensated by an increase of conformational entropy, i.e.
internal motion is liberated, resulting in a local minimum of Gibbs free
energy different from the native state. The molecular basis of the relative
stability of the 'molten globule' state is not completely clear. Cis-trans
isomerization of proline residues and/or disulphide exchange might contribute
to the stabilization of the polypeptide chain in this metastable conformation.
Qur preliminary results suggest, that for large multidomain proteins such as
the Fc not only one, but several minima may exist corresponding to distinct

'molten globule' states.

The existence of the 'molten globule' state for a number of different
proteins suggests tnat this state may play a significant role in protein self-
-organization. Indeed, a native-like intermediate has been shown to accumulate
on the refolding pathway of several proteins (2-6,24-26) and this intermediate
was demonstrated to be identical to the 'molten globule' state for carbonic
anhydrase B and o -lactalbumin (24-26). During refolding of the constant
fragment of the IgG light chain, formation of an intermediate with a folded
conformation similar to the native protein has been established (27,28). As
IgCG domains have a very similar folded structure (9,10}, this intermediate
may represent a 'molten globule' state similar to that which we have studied

here.

97



Vol. 148, No. 1, 1987 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

ACKNOWLEDGEMENT

We are indebted to Drs Tamds Keleti, Verne N. Schumaker and Istvén Simon for
discussion and instructive criticism. We thank Dr Jézsef Sods and Dr Marton
Kajtar for their help in the CD measurements and Ms Eva Bird for her skilful
technical assistance. This work was supported by grants OKKFT (Tt) 312/1986
from National Foundation of Technical Development, AKA B6/225 and OTKA 318
from Hungarian Academy of Sciences.

REFERENCES

1.) Protein Folding (1980) ed. Jaenicke,R., Elsevier/North-Holland Biomedical
Press, Amsterdam, New York.
Krebs,H., Schmid,F.X., and Jaenicke,R. (1985) Biochemistry 24, 3846-3B852.
Mui,P.W., Konishi,Y., and Scheraga,H.A. (1985) Biochemistry 24, 4481-4489.
Betton,J.-M., Desmadril,M., Mitraki,A., and Yon,J.M. (1984) Biochemistry
23, 6654-6661.
5.) Goldberger,D.P., and Creighton,T.E. (1985) Biopolymers 24, 167-182.
6.) Craig,S., Hollecker,M., Creighton,T.E., and Pain,R.H. (1985)
J.Mol.Biol. 185, 6B81-687.
7.) Tischenko,V.M., Zav’yalov,V.P., Medgyesi,G.A., Potekhin,5.A., and
Privalov,P.L. (1982) Eur.J.Biochem. 126, 517-521.

=AW N
N e

8.) Zavodszky,P., Jaton,J.C., Venyaminov,S.Yu., and Medgyesi,G.A. (1981)
Mol.Immunol. 18, 39-46.

9.) Deisenhofer,J. (1981) Biochemistry 20, 2361-2370.

10.) Huber,R. (1980) Klin.Wochenschr. 58, 1217-1231.

11.) Burton,D.R. (1985) Mol.Immunol. 22, 161-206.

12.) Kildr,F., Simon,I., Lakatos,S., Vonderviszt,F., Medgyesi,G.A. and
Zdvodszky,P. (1985) Eur.J.Biachem. 147, 17-25.

13.) Porter,R.R. (1959) Biochem.J. 73, 119-126.

14.) O0Ovadi,J., Mohamed Osman,I.R., and Batke,J. (1982) Biochemistry 21,
6375-6382.

15.) Hjelm,H., Hjelm,K., and Sjdquist,d. (1972) FEBS Lett. 28, 73-76.

16.) Hunter,W.M. (1978) Handbook of Experimental Immunology, 3rd Edition

(ed. Weir,D.M.), 14.4-14.24, Blackwell Scientific Publications, Oxford,
London, Edinburgh, Melbourne.
17.) Nik Jaafar,M.I., Lowe,J.A., Ling,N.R., and Jefferis,R. (1984)
Mol.Immunol. 21, 137-143.
18.) Manavalan,P., and Johnson Jr.,W.C. (1983) Nature 305, 831-832.
19.) Dolgikh,B.A., Gilmanshin,R.I., Braznikhov,E.V., Bychkova,V.E., Semisotnov,
G.V., Venyaminov,S.Yu., and Ptitsyn,0.B. (1981) FEBS Lett. 136, 311-315.
20.) Ohgushi,M., and Wada,A. (1983) FEBS Lett. 164, 21-24.

21.) Braznikhov,E.V., Chirgadze,Yu.N., Dolgikh,D.A., and Ptitsyn,0.B. (1985)
Biopolymers 24, 1899-1907.

22.) Hiraoka,Y., and Sugai,S. (1984) Int.J.Peptide Protein Res. 23, 535-542.

23.) Shakhnovich,E.V., and Finkelstein,A.V. (1982) Dokl.Akad.Nauk., SS5SR 267,
1247-1250.

24.) Dolgikh,D.A., Kolomiets,A.P., Bolotina,I.A., and Ptitsyn,0.B. (19B4)
FEBS Lett. 165, 88-92.

25.) Jagannadham,M.V., and Balasubramanian,D. (1985) FEBS Lett. 188, 326-330.

26.) Ikeguchi,M., Kuwajima,K., Mitani,M., and Sugai,S. (1986) Biochemistry 25,
6965-6972.

27.) Goto,Y., and Hamaguchi,K. (1982) J.Mol.Bicl. 156, 891-910.

28.) Goto,Y., and Hamaguchi,K. (1987) Biochemistry 26,1879-1884,

98



