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ABSTRACT Normally, isothermal titration calorimetry (ITC) is used to study binding reactions between two different
biomolecules. Self-association processes leading to homo-oligomeric complexes have usually not been studied by ITC;
instead, methods such as spectroscopy and analytical ultracentrifugation, which only provide affinity and Gibbs-free energy
(i.e., Kp and AG), are employed. We here demonstrate that complete thermodynamic descriptions (i.e., Kp, AG, AH, and AS) for
self-associating systems can be obtained by ITC-dilution experiments upon proper analysis. We use this approach to probe the
dissociation (and thus association) equilibrium for the heptameric co-chaperonin proteins 10 (cpn10) from Aquifex aeolicus
(Aacpn10-def25) and human mitochondria (hmcpn10). We find that the midpoints for the heptamer-monomer equilibrium occur
at 0.51 = 0.03 uM and 3.5 = 0.1 uM total monomer concentration (25°C), for Aacpn10-del25 and hmcpn10, respectively. For
both proteins, association involves endothermic enthalpy and positive entropy changes; thus, the reactions are driven by the
entropy increase. This is in accord with the release of ordered water molecules and, for the thermophilic variant, a relaxation of

monomer-tertiary structure when the heptamers form.

INTRODUCTION

Complexes resulting from noncovalent protein-protein rec-
ognition play a fundamental role in most biological functions.
In addition to heterogeneous protein-protein complexes,
many proteins are oligomeric due to the association of iden-
tical subunits (1). Isothermal titration calorimetry (ITC) is a
powerful technique to study interactions between two dif-
ferent proteins and between proteins and their ligands in vitro
(2,3). It is the only method that directly determines all the
thermodynamic parameters of a given reaction, by measuring
the reaction heat as a function of concentration. The self-
association of a protein leading to the formation of homo-
oligomers has usually not been studied by ITC since it is
impossible to isolate individual partners and perform a
standard mixing assay. However, it has been reported that
the strength of homo-dimer interactions, such as in the
interleukin-8 and bovine insulin systems, can be measured in
ITC-dilution experiments (3-5). If an oligomeric protein in
the syringe is added stepwise to a cell containing only buffer,
the dilution will, if the concentration is appropriate, result
in oligomer dissociation in the cell. We demonstrate here
the applicability of this approach to the study of two co-
chaperonin proteins 10 (cpn10) that are homo-heptamers.
The primary function of cpnl0 is to assist cpn60 in fold-
ing of nonnative proteins. Upon binding to cpn60, the
heptameric donutlike ring of cpn10 forms a cap covering the
central cavity of cpn60, and the folding of substrates is
achieved through cycles of ATP-dependent binding and
dissociation (6-9). The tertiary and quaternary structures of
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cpnlO appear conserved throughout Nature. CpnlO from
Escherichia coli, GroES, is the most thoroughly studied co-
chaperonin protein and a crystal structure has been described
(10). Each GroES subunit adopts an irregular B-barrel
topology. The dominant interaction between the subunits in
the heptamer ring is an antiparallel pairing of the first
B-strand in one subunit and the final B-strand in the next
subunit (10). The residues at the interface are highly
conserved and have mostly hydrophobic side chains. Human
mitochondrial cpnl0 (hmcpnl0) is 37% identical to GroES
in terms of primary structure. X-ray and NMR studies have
demonstrated that Amcpnl0 has an identical structure (and
thus similar interfaces) to that of GroES (11).

The midpoints for heptamer-monomer dissociation occur
at 0.7 uM and 3 uM total monomer concentration, for GroES
(12) and hmcpnlO (13), respectively, as determined by
analytical ultracentrifugation and fluorescence changes,
respectively. If folding and assembly processes are coupled
(i.e., if isolated monomers are not folded), this modest
protein-protein affinity may be explained by a significant loss
of entropy upon oligomerization. However, in disagreement,
monomeric Amcpnl0 adopts a folded structure in solution
at conditions below the Kp (14) and GroES populates
a monomeric intermediate that is at least partially folded
during chemically induced equilibrium unfolding (15). To
obtain mechanistic insight into the assembly process, we have
probed the entropic and enthalpic contributions to the Gibbs-
free energy of association via ITC for cpnlO proteins from
two different species: hmcpnlO and cpnlO from the hyper-
thermostable bacterium Aquifex aeolicus (Fig. 2, insets). A.
aeolicus cpnl0 contains a C-terminal 25-residue extension
not found in any other cpnl0 sequence. This peptide
extension is situated after the conserved C-terminal 8-strand
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that is part of the monomer-monomer interface. To be able to
make direct comparisons with other cpnlO proteins, we
prepared a truncated version of A. aeolicus cpnl0 that lacks
the last 25 residues (Aacpnl0-del25). Aacpnl0-del25 shares
45% and 38% sequence identity with GroES and /#mcpnl0
sequences, respectively. Biophysical work on Aacpn10 (full-
length) and Aacpnl0-del25 have shown that both proteins
are heptameric and exhibit similar activity to GroES and
hmepnl0 in a GroEL-dependent refolding assay (16). Our
ITC-dilution experiments demonstrate that the assembly
processes of both Amcpnl0 and Aacpnl0-del25 heptamers
are entropy-driven. This is explained by a release of ordered
water molecules from the hydrophobic interfaces upon
association.

MATERIALS AND METHODS
Preparation of hmcpn10 and Aacpni10

Purification of recombinant zmcpn10 expressed in E. coli has been described
(11,17). Purification of cpn10 from A. aeolicus expressed in E. coli has also
been reported (16). Since the latter protein has a C-terminal extension not
found in any other cpn10 protein (16), we created a deletion variant lacking
the last 25 residues at the C-terminus (here abbreviated as Aacpn10-del25).
Aacpnl0-del25 retains wild-type-like secondary, tertiary, and quaternary
structure, as well as thermal stability, as determined by a range of biophysical
experiments (K.L. and P.W.-S., unpublished results). Homology modeling
(SWISS-MODEL (18,19)) using Aacpn10-del25’s primary structure predicts
a heptamer structure identical to that of GroES with an RMS deviation of the
C,s of 1.6 A and to that of Thermus thermophilus cpnl0 with an RMS
deviation of the C,s of 0.3 A. Protein concentrations were determined from
250 = 4200 M~ em ™! (hmcpn10) and &g9 = 4460 M ™" em™! (Aacpn10-
del25). All protein concentrations reported herein are per monomer.

Isothermal titration calorimetry (ITC)

Measurements of heat changes linked to heptamer-monomer dissociation
were made in a VP-ITC (MicroCal, Northhampton, MA) at 25°C. The
hmcpn10 samples were dialyzed against 5 mM phosphate buffer, pH 7; the
Aacpnl0-del25 samples were dialyzed against 25 mM Tris-HCL, pH 7.5. All
samples were filtered through a 0.22-um sterile filter membrane (Millipore,
Billerica, MA), and degassed at 25°C (ThermoVac, MicroCal) before loading
into the ITC syringe. Injection schedules that were found to cover appropriate
protein-concentration ranges in the cell (1.4 ml volume) were 3-ul additions
of 25 uM hmcpnl0 and 3-ul additions of 5 uM Aacpnl10-del25, all spaced
between 5-min intervals. The background heats from dilution of the proteins
were estimated from the constant heats produced by the injections at very
high protein concentrations (i.e., in the latter part of the titrations; here, the
fraction heptamer in the syringe and in the cell is roughly similar and close to
1). In each case, this value was subtracted out before data analysis. For all
conditions studied, at least two independent experiments were performed.
The resulting isotherms were analyzed as described in the text.

RESULTS

The closest relatives to Aacpnl0-del25 in terms of primary
structure are Thermus thermophilus cpnl0 and GroES
(16,20,21). Therefore, the initial ITC-dilution experiments
were designed based on the reported heptamer-monomer
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midpoints for Amcpnl0 and GroES (no biophysical studies
have been reported for T. thermophilus cpnl0). With ap-
propriate protein concentration (assuring mostly heptamers)
in the syringe, the first set of injections into the cell will result
in complete dissociation and thus give the largest heat-
changes. The injections that follow will reveal a gradual
decrease in the heat-changes as the protein concentration in
the cell approaches the concentration of the heptamer-
monomer midpoint. Finally, when the concentration in the
cell reaches well above the heptamer-monomer midpoint
concentration (i.e., toward the end of the titration), injections
will not result in dissociation and there will only be heat-
changes associated with sample dilution. In Fig. 1, we show
a representative figure of thermal power as a function of time
for a cpnlO-dilution experiment. In Fig. 2, we show the
corresponding integrated heat changes as a function of total
monomer concentration in the cell for ITC-dilution experi-
ments with Aacpnl0-del25 (Fig. 2 A) and hmcpnl0 (Fig. 2
B). It is immediately clear that in both cases, heptamer dis-
sociation corresponds to negative enthalpy which, therefore,
means that association is an endothermic process.

The data in Fig. 2, A and B, reports on the individual heat
change associated with each separate injection gqps(7) and,
therefore, the midpoints of the transitions do not correspond
to the midpoints of the heptamer-monomer dissociation
equilibria. The data was analyzed via an iterative nonlinear
least-square algorithm to obtain Kp (i.e., the heptamer-
monomer dissociation constant) and AHy, (i.e., the heptamer-
monomer dissociation enthalpy; in per monomer units)
values for the heptamer-monomer dissociation reactions as
described below.

The relation between Y (fraction monomer) and [M]
(total monomer concentration) for a heptamer-monomer
equilibrium is a seventh-order polynomial:

Y+ (Y X Kp) /(7 X [M];,) — (Kp)/(7 X M) = 0. (1)
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FIGURE 1 The figure shows a representative thermogram of thermal

power (ucal/s) as a function of time (min) for an ITC-dilution experiment
with one of the cpnl0 proteins (Aacpn10-del25 data shown).
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FIGURE 2 Heat changes (gobs(i)) versus total monomer concentration
([Mlior) in the cell for (A) Aacpnl0-del25 and (B) hmcpnlO. Squares are
calculated heat changes using optimized values of Ky and AHp, (Table 1;
nonlinear-regression procedure described in text). (Insets) Cartoon illus-
trations of (in A) the Aacpn10-del25 structural model and (in B) the crystal
structure of ~mcpnl0; in both heptamers, one monomer is shown in green
and all interface-forming SB-strands are shown in blue and red (the Amcpn10
structure does not include resolved loops).

Although there appears to be no analytical solutions to Eq. 1,
it can be solved numerically. Using an assigned value of K
and the protein concentration in the syringe ([Mlio syr), Eq. 1
was first solved to obtain the fraction of monomer in the
syringe (¥y,). Next, accounting for the protein-concentration
in the syringe, the cell volume and the injection volume, the
total concentration of protein in the cell after each injection i
was calculated ([M]or;)- Then, the fraction of monomers (Y;)
and heptamers in the cell was calculated after each injection i
by solving Eq. 1. We note that not all monomers in the cell
come from heptamer dissociation upon injection since there
is a fraction of monomers in the syringe and, therefore,
monomers are also injected from the syringe. From the
increment in monomer concentration in the cell after each in-
jection, also accounting for the fraction of monomers coming
directly from the syringe, the heat associated with each
injection (i.e., gops(i)) was calculated according to Eq. 2 and
an assigned value of AHp (3,4):

Gons (1) = AHp X[Y, Xn(i) — Yo, Xn(i — 1) — Y, Xn(inj)].
2
Here, Y; is the fraction monomer in the cell after injection
i, and Y;_; is the fraction monomer in the cell after the
previous, i—1, injection. Furthermore, n(i) is the number of

moles of total monomer in the reaction cell after injection
i (=V X [M]o;; Where V is the reaction-cell volume), and
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n(i—1) is the number of moles of total monomer in the
reaction cell after injection i—1 (= V X [M]oi—1). Yeyr is the
fraction monomers in the injected sample, i.e., the fraction
monomer in the syringe, and n(inj) is the number of moles
of total monomers injected into the reaction cell at each
injection (= v X [Mliosyr; Where v is the injected volume).

The calculated heats were compared with the experimental
ones and the complete procedure was repeated (with slightly
modified Kp and AHp, values each time) until convergence
was achieved and the experimental gp,s(7) versus [M], data
could be accurately reproduced (Fig. 2). The optimized Kp
(corresponding to midpoints at 3.5- and 0.51-uM total
monomer concentration for AmcpnlO and Aacpnl0-del25,
respectively) and AHp (—23.5 and —44.5 kcal/mol for
hmepnl0 and Aacpnl0-del25, respectively) values for both
proteins are reported in Table 1. K is related to the Gibbs-
free energy of dissociation via AGp = —RTInKp and ASp, is
calculated from AGp = AHp—TASp. All thermodynamic
parameters calculated for assembly of the two cpnlO
heptamers are summarized in Table 1.

DISCUSSION

The excellent agreement between heptamer-monomer con-
centration midpoints identified via ITC and by earlier
biophysical methods gives the ITC-dilution method validity.
We report an ITC-derived midpoint for ~Amcpnl10 of 3.5 uM
and earlier fluorescence studies revealed a midpoint of ~3
uM at similar conditions (pH 7, phosphate buffer, 20°C)
(13). For GroES, a midpoint of 0.7 uM was reported from
analytical-ultracentrifugation experiments at 20°C (12); we
find a midpoint of 0.51 uM by ITC for the homologous
Aacpnl0-del25 heptamer (Table 1). No experimental infor-
mation on the enthalpic and entropic contributions to cpnl10
heptamer formation has been reported. It was proposed that,
from structure-based thermodynamic calculations on the
GroES crystal structure, heptamer association should be
favorable both enthalpically and entropically (22). However,
this calculation assumed that folding of isolated monomers
was very unfavorable. Although isolated monomers have

TABLE 1 Thermodynamic parameters for the
heptamer-monomer equilibria for Aacpn10-del25 and hmcpn10
calculated from the ITC-dilution experiments as described

in the text

Midpoint AGa AH AS A
(uM) (kJ/mol) (kJ/mol) (J/mol,K)

Aacpnl0-del25 0.51 (£0.03) —31.5 (£0.5) +186 (£8) +730 (*30)

Protein

hmcpnl10 3.5(%x0.1) —27.4(£0.5) +98 (£4) +420 (+20)
hmcpnl0 3% —27.8 - -
GroES 0.7t -31 - -

For comparison, available data for GroES is also shown. All values cor-
respond to assembly (indicated by subscript A) at 25°C, pH 7 (hmcpn10) or
7.5 (Aacpnl0-del25), and are given per mol monomer.

*From dilution experiments measuring fluorescence changes (13).

tFrom analytical ultracentrifugation experiments (12).
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low thermodynamic stability, it is clear from recent work that
they adopt folded structures in solution (14).

Our ITC experiments directly demonstrate that assembly
of hmcpnl0 and Aacpnl0-del25 is accompanied by unfavor-
able (i.e., endothermic) enthalpy (98 and 186 kJ/mol,
respectively) and favorable (i.e., positive) entropy (420 and
730 J/mol K, respectively). The overall enthalpy change may
include three major terms: 1), conformational enthalpy; 2),
interaction enthalpy; and 3), solvation enthalpy (23).
Conformational enthalpy is generally exothermic since
formation of secondary structure is favorable; however,
since the cpn10 monomers are probably folded in solution
(14), this term will be negligible. The second term is also
exothermic, since it involves the formation of new non-
covalent interactions such as electrostatic attraction, van der
Waals interactions, and hydrogen bonds (23). Since the
overall enthalpy change is endothermic in the case of cpn10,
the second term is likely compensated for by a large positive
third term, which involves the release of ordered water mole-
cules from the monomer surfaces that form the interfaces.
This reaction is enthalpically unfavorable since it involves the
breakage of hydrogen and ionic bonds. The positive entropy
associated with cpn10 assembly follows the classical hydro-
phobic effect, which is an entropy-driven process. Partition-
ing of a nonpolar molecule from water to a nonpolar phase is
accompanied by an increase in the entropy of the system (24).
Since the cpnl0 interfaces are mostly hydrophobic (10,11),
there may be a significant number of ordered waters released
upon assembly. Thus, both the favorable entropy and the
unfavorable enthalpy can be explained by a release of ordered
water molecules upon heptamer assembly.

An alternative source for endothermic enthalpy and positive
entropy accompanying association is the idea of structural
loosening of the monomer structure (25). This phenomenon
has been shown to correspond to endothermic enthalpies and
positive entropies and several biological examples have been
reported (e.g., peptide-membrane interactions (25) and com-
plex formation between metalloprotease inhibitor N-TIMP-1
and stromelysin 1 (26)). The crystal structure of GroES shows
that the interfaces may have high plasticity since there are clear
deviations in side-chain and backbone positions when com-
paring the seven interfaces (10). Thus, the cpn10 monomers
may adopt compact structures in solution to avoid exposing too
much hydrophobic surface to the solvent. These compact
structures then need to relax (loosen up) in order to form the
interfaces in the heptameric structure.

Structure-based thermodynamic parameterization of the as-
sembly reaction for GroES has been reported (22). The GroES
crystal structure was used for this and the calculations, defined
in (27-31), decomposed the Gibbs free energy into generic,
ionic, and translational components. The calculated entropy of
(de)solvation, based on the surface area buried upon assembly,
was reported to be +390 J/molLK for GroES at 25°C (per
monomer) (22). If we assume that both ~mcpn10 and Aacpn10-
del25 bury similar surfaces in terms of both side chains and
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areas upon assembly, which is reasonable due to the high
structural and sequence homology to GroES, this implies that
desolvation (i.e., water release) accounts for most of the positive
entropy involved in Amcpn10 assembly (+420 J/mol,K; Table
1). However, Aacpn10-del25 assembly involves significantly
larger values of both the endothermic enthalpy and the positive
entropy than imcpnl0 assembly (Table 1). Therefore, in the
case of Aacpnl0-del25, approximately half of the total entropy
gain upon assembly may be due to structural loosening [730 J/
molLK (total) — 390 J/molLK (solvation) = 340 J/mol,K
(structural loosening)]. This difference between hmcpnl0 and
Aacpnl10-del25 can be explained by the thermophilic origin of
A. aeolicus resulting in the Aacpnl0-del25 monomers being
more rigid than Amcpnl0 monomers at 25°C. In support, pre-
liminary work demonstrates that Aacpn10-de/25 monomers are
greater than twice as stable toward chemical denaturation as
are the ~mcpnl10 monomers (K.L. and P.W.-S., unpublished
results). The structure-based estimate for the conformational
entropy corresponding to complete unfolding of the GroES
monomer is ~1600 J/molLLK (22). Since this value is much
higher than the entropy assigned to structural loosening of
Aacpnl0-del25 (~340 J/mol K, see above), it appears that the
relaxation only involves ~20% of the Aacpn10-del25 structure.

We note that the hmcpnl0 and AacpnlO-del25 experi-
ments were performed in different buffers. In part, this was
a strategic choice to allow for comparisons of dissociation
midpoints with earlier studies. In addition, Aacpn10-del25
precipitates in phosphate buffer and /ZmcpnlO has been
reported to exist as a mixture of various oligomeric species in
Tris-HCI buffer (32), which we also confirmed by glutaral-
dehyde crosslinking experiments, precluding comparisons
in the same buffer. Phosphate and Tris-HCI buffers have dif-
ferent ionization energies (~2 kcal/mol and ~11 kcal/mol,
respectively (27)) and, therefore, protonation/deprotonation
events (if they occur) will give different contributions to the
enthalpy change of heptamer assembly in the two buffers.
We will address the involvement of protonation/deprotona-
tion in the heptamer-assembly processes of the two proteins
in a future study involving ITC experiments in a range of
buffers with different ionization energies and in which the
cpnl0 proteins are soluble and heptameric.

In summary, we here demonstrate that ITC is a useful
method for thermodynamic analysis of heptameric homo-
oligomeric systems. Moreover, we establish that cpnlO
assembly is an endothermic reaction that is entropy-driven.
This is explained by the release of ordered water from
hydrophobic surfaces (both Aacpnl0-del25 and hmcpnl0)
and structural loosening of the monomers (only Aacpnl0-
del25) upon heptamer formation.
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