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ABSTRACT: All known cochaperonin protein 10 (cpn10) molecules are heptamers of seven identical subunits
noncovalently linked byâ-strand interactions. Cpn10 from the deep-branching, hyperthermophilic bacterium
Aquifex aeolicus(Aacpn10) shows high homology with mesophilic and other thermophilic cpn10 sequences,
except for a 25-residue C-terminal extension not found in any other cpn10. Prior to atomic structure
information, we here address the role of the tail by biophysical means. A tail-lacking variant (Aacpn10-
del25) also adopts a heptameric structure in solution and exhibits nativelike substrate-refolding activity.
Thermal and chemical perturbations of bothAacpn10 andAacpn10-del25, probed by far-UV circular
dichroism, demonstrate that both proteins have high thermodynamic stability. Heptamer-monomer
dissociation midpoints were defined by isothermal titration calorimetry; at 25°C, the values forAacpn10
andAacpn10-del25are within 2-fold of each other and close to reported midpoints for mesophilic cpn10
proteins. In contrast, the monomer stabilities for theA. aeolicusproteins are significantly higher than
those of mesophilic homologues at 30°C; thus, heptamer thermophily is a result of more stable monomers.
Electron microscopy data reveals thatAacpn10-del25heptamers are prone to stack on top of each other
forming chainlike molecules; the electrostatic surface pattern of a structural model can explain this behavior.
Taken together, the unique tail inAacpn10 is not required for heptamer structure, stability, or function;
instead, it appears to be an ancient strategy to avoid cochaperonin aggregation at extreme temperatures.

Complexes resulting from noncovalent protein-protein
recognition play a fundamental role in most biological
functions. In addition to heterogeneous protein-protein
complexes, many proteins are oligomeric due to the associa-

tion of identical subunits (1). The function of quaternary
structure, i.e., the arrangement of multiple subunits into an
oligomer, may be to allow for cooperative effects or
formation of novel active sites, provide additional stability,
increase solubility, or decrease osmotic pressure (2). Reported
folding pathways of oligomeric proteins (mostly dimers,
trimers, and tetramers) reveal a variety of mechanisms
(3-7). Some proteins display monomeric or oligomeric
intermediates [e.g.,Escherichia coliTrp repressor and the
ATPase SecA (8, 9)] whereas others fold in apparent two-
state reactions in which folding and oligomerization are
coupled [e.g., P22 Arc repressor (10, 11)]. The heptameric
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cochaperonin protein 10 (cpn10) is an attractive model for
studies of the interplay between polypeptide folding and
protein-protein assembly. The primary function of the cpn10
heptamer is to assist cpn60 in folding of nonnative proteins.
Upon binding to cpn60, cpn10 forms a cap covering the
central cavity of cpn60, and folding of substrates (nonnative
proteins) is achieved through cycles of ATP-dependent
binding and dissociation (12-15). In addition to the estab-
lished substrate-folding function, contemporary work shows
that cpn10 proteins from different species have several other
functions in, for example, pregnancy, cancer, immunogenic
response, and protein-misfolding diseases (16-21).

Both structure and function of cpn10 appear conserved
throughout nature (12-15). Crystal structures forE. coli
cpn10 (GroES),Mycobacterium tuberculosisandMycobac-
terium leprae cpn10, Thermus thermophiluscpn10, and
bacteriophage T4 Gp31 proteins have been reported (22-
26). Human mitochondrial cpn10 (hmcpn10) is 37% identical
to GroES in terms of primary structure: X-ray and NMR
data revealed that its overall fold is identical to that of GroES
(27). In all known cases, each cpn10 subunit adopts an
irregular â-barrel topology in the native heptamer. The
dominant interaction between the subunits is an antiparallel
pairing of the firstâ-strand in one subunit and the final
â-strand in the other subunit (22). Biophysical work on
hmcpn10 (28-30) and GroES (31-33) has shown that the
isolated cpn10 monomers can be folded but that they have
low stability (2.4-3 kJ/mol; 20°C, pH 7). In both cases,
more than 85% of the overall heptamer stability is governed
by the interprotein interactions. Thermal unfolding reactions
of GroES andhmcpn10 are apparent two-state equilibrium
processes in which dissociation and unfolding are coupled
(30, 31). This is also the equilibrium mechanism observed
upon GuHCl1 additions tohmcpn10 (30) whereas GroES was
reported to unfold via a partly folded monomeric intermediate
in GuHCl (32).

Proteins from thermophilic organisms are often similar in
sequence and structure to their mesophilic homologues,
although they are much more resistant to thermal perturbation
(34-36). The ability to remain active at high temperatures
must thus come from a combination of subtle differences.
Notably, hydrophobic interactions become less favorable,
whereas charge-charge interactions get stronger, at higher
temperatures (37, 38). Several sources of thermostability have
been proposed for different proteins; for example, stabiliza-
tion by an increased number of ionic interactions, an
increased extent of hydrophobic surface burial, more efficient
residue packing, an increased number of prolines, and smaller
surface loops (35, 36, 39-42). Less is known about the
mechanisms that govern thermostability ofoligomericpro-
teins, i.e., how stabilizing factors are divided between intra-
and interprotein interactions. To address this issue, we have
cloned cpn10 from the hyperthermostable organismAquifex
aeolicus(Aacpn10) (43). A. aeolicusis a hyperthermophilic
bacterium, capable of growing at 95°C, for which the
complete genome has been sequenced (44). A. aeolicusis
among the most extreme thermophilic bacteria known and
is thought to be one of the earliest bacteria to diverge from

eubacteria. Despite the fact that this organism grows at
bacteria’s extreme thermal limit, only a few specific indica-
tions of its thermophily are apparent from the genome (44).
Most characterizedA. aeolicusproteins, as well as the amino
acid sequences of assigned open reading frames, show high
sequence similarity to their mesophilic counterparts. In this
context,Aacpn10 becomes an interesting exception. Each
Aacpn10 monomer exhibits high sequence homology with
mesophilic and thermophilic cpn10 variants but has an extra
C-terminal peptide extension of 25 amino acids not found
in any other cpn10 molecule (43). The sequence of the tail
(from N- to C-terminal: YSSLIGGEVRWQQRQLST-
TRKQGQN) is not similar to any segment in any known
protein according to BLAST searches.

Initial biophysical work has shown thatAacpn10 adopts
a heptameric structure in solution and that it functions as
well as GroES andhmcpn10 in an in vitro GroEL-dependent
substrate-refolding activity assay (43). Prior to atomic
structure information, here we address the role of the unique
tail by comparing the biophysical behavior ofAacpn10 with
a tail-lacking variant (Aacpn10-del25). We find thatAacpn10-
del25 adopts a heptameric structure, exhibits nativelike
cochaperonin activity, and shows similar resistance to
chemical and thermal perturbations asAacpn10. Upon
dissecting the heptamer energetics into monomer and inter-
face stabilities, respectively, it emerges that most of the
increased stability of bothAquifexproteins, as compared to
mesophilic cpn10 heptamers, stems from more stable mono-
mers. The notable difference betweenAacpn10 andAacpn10-
del25 is that the latter is prone to aggregation; we explain
this behavior by the electrostatic surface pattern of a
structural model. We conclude that the in vivo role of the
peptide tail inAacpn10 is to prevent heptamer aggregation
and perhaps also block interactions with otherAquifex
proteins.

MATERIALS AND METHODS

Preparation of Aacpn10 and Aacpn10-del25 and Simple
Assays. E. coliexpression and purification procedures for
cpn10 fromA. aeolicus(Aacpn10) have been reported (43).
TheA. aeolicusdeletion variant, lacking the last 25 residues
at the C-terminus (abbreviated asAacpn10-del25), was
created using the QuickChange site-directed mutagenesis kit
(Stratagene). The truncation was confirmed by DNA se-
quencing.Aacpn10-del25purification was similar to that of
Aacpn10 except that the heating step was performed at 55
°C and the buffer strength was changed from 50 to 25 mM
Tris-HCl, pH 7.5. Protein concentrations were determined
from ε280 ) 11477 M-1 cm-1 (Aacpn10; one Trp in the
C-terminal tail) andε280 ) 4460 M-1 cm-1 (Aacpn10-del25).
All protein concentrations in this text are given per monomer.
Gel filtration was performed on a calibrated 16/60 Superdex
75 column (Pharmacia) at 4°C using an FPLC system. To
avoid nonspecific binding of the cpn10 proteins to the gel
matrix, 200 mM KCl was included in the buffer (32). For
protein aggregation studies as a function of temperature, 50
µM Aacpn10 andAacpn10-del25 samples were incubated
at temperatures ranging from 30 to 90°C (in 10 °C steps)
in a heat block for 15 min followed by cooling and then
centrifugation to precipitate any aggregated species. The
supernatant of each sample was loaded on an SDS-PAGE

1 Abbreviations: CD, circular dichroism; ITC, isothermal titration
calorimetry; EM, electron microscopy; AU, analytical ultracentrifuga-
tion; GuHCl, guanidine hydrochloride.
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gel, and the subsequent protein bands were quantified using
integrated density values (FluorChem 5500 multiimage light
cabinet; Alpha Innotech).

GroEL-Dependent Substrate-Refolding Assay.The full
procedure for the citrate synthase activity assay has been
reported (28, 45). In short, 30µM pig heart citrate synthase
(Boehringer Mannheim) was denatured in 6 M GuHCl (100
mM Tris-HCl, pH 8, 20°C, 20 mM DTT) for 1 h. GuHCl
was of highest grade from Sigma. While vortexing, denatured
citrate synthase was diluted 100-fold into reaction mixtures
containing 100 mM Tris-HCl, pH 8, 10 mM MgCl2, 10 mM
KCl, 4 µM GroEL, 2 µM cpn10, and 2 mM ATP.E. coli
GroEL was purchased from Sigma. The mixtures were
incubated for 2 h at 20 °C. Citrate synthase activity
(catalyzing the condensation of oxaloacetate and acetyl-CoA
to citrate and CoA) was measured by the decrease in
absorption at 235 nm, which corresponds to acetyl-CoA
disappearance. The reaction mixtures (40µL) were added
to 760µL of 158 mM Tris-HCl, pH 7.6, 0.23 mM acetyl-
CoA (Sigma), and 0.5 mM oxaloacetate (Sigma); the samples
were mixed for 10 s and absorption at 235 nm and then
monitored for 30 min. The percent recovery of citrate
synthase activity was normalized to the activity of the native
protein (i.e., not denatured).

Analytical Ultracentrifugation. Protein samples were
subjected to sedimentation velocity analysis using a Beckman
XL-A analytical ultracentrifuge. In one set of runs, the total
monomer concentration was 60 and 170µM for Aacpn10
andAacpn10-del25, respectively, to achieve an absorption
of ∼0.7 at 280 nm, and in another set, the total monomer
concentration was∼15 µM Aacpn10-del25 to achieve an
absorption of∼0.7 at 230 nm. The temperature was kept at
20 °C. The rotor speed was 30000 rpm for all samples. The
scans were analyzed by the software UltraScan
(http://www.ultrascan.uthscsa.edu/) written by Borries
Demeler (University of Texas Health Science Center, San
Antonio, TX). All data were corrected for protein (using
amino acid sequence) and buffer densities and solvent
viscosity. To estimate molecular weights from theS
values, shape factors for oblate and rod structures were used
for the heptameric rings and the larger structures, respec-
tively.

Thermally Induced Unfolding.Thermal unfolding was
monitored by far-UV circular dichroism (CD) at 228 nm on
Aviv 62A DS and Jasco J-810 instruments both equipped
with digital thermal cells. In all CD measurements, the
sample compartment was purged with nitrogen gas to avoid
absorption by O2. All reactions were reversible and occurred
in single transitions (midpoint corresponding toTm). Different
equilibration times (5-10 min) at each temperature did not
change the thermal profiles, and rescans of original samples
gave identical results. Experiments were performed in 50
mM (Aacpn10) and 25 mM (Aacpn10-del25) Tris-HCl
buffers (pH 7.5) and 1.25, 1.75, and 2.25 M GuHCl for
protein concentrations (total monomer concentration) of 10,
50, and 100µM. Linear extrapolations for each data set
revealed theTm in the absence of denaturant for that particular
protein concentration. The scan rate was 60°C/h, starting
from 20 °C and going up to 90°C, followed by slow cool-
ing.

Chemically Induced Unfolding.Equilibrium unfolding of
Aacpn10-del25andAacpn10 at specific temperatures (30-

90 °C) was monitored by far-UV CD and upon GuHCl
additions. For most experiments, 50µM total monomer
concentration was used; at some temperatures (30 and 70
°C), titrations with 10, 50, and 100µM protein concentrations
were compared. In all cases, stock solutions of GuHCl were
mixed with cpn10 solutions to give a fixed final protein
concentration in each set of experiments. The equilibration
time before measurements, at each experimental temperature,
was 5-10 min (no effect on the unfolding behavior was
observed for incubations times varying between 2 and 15
min). Unfolding of both Aacpn10-del25 and Aacpn10
exhibited protein concentration dependence, and data analysis
was performed using an apparent two-state reaction in which
unfolding (subscript U) is coupled to dissociation (subscript
D) (30):

The equilibrium constant for this reaction,KU+D, and the free
energy change,∆GU+D, for reaction 1 are defined as

[Foligomer] is the concentration of folded oligomers (in molar)
and [Umonomer] is the concentration of unfolded monomers
(in molar) at each GuHCl concentration. Standard concentra-
tions of 1 M of all reactants are introduced;R is the gas
constant andT is the absolute temperature. The use of 1 M
protein concentration as the standard state is commonly used
for concentration-dependent protein-unfolding reactions (46-
49). The free energy change can be expressed as a function
of denaturant (here, GuHCl) concentration:

In this equation,m describes the sensitivity of the transition
to GuHCl and is thought to reflect the extent of hydrophobic
surface exposure upon unfolding (50). ∆GU+D(H2O) is the
free energy of unfolding and dissociation in aqueous solution
per mole of oligomer.

Since GuHCl is a salt in addition to being a denaturant,
the free energies derived from these experiments may not
be fully accurate (51-54). However, the nonionic denaturant
urea could not be employed as a control since the twoA.
aeolicusproteins have high stability and urea is a weaker
denaturant than GuHCl (55). Although unfolding ofAacpn10-
del25 and Aacpn10 begins at∼6 M urea (as detected by
far-UV CD), unfolded state baselines are not established
within the accessible concentration range of urea. Nonethe-
less, many stability studies on cpn10 proteins have been
reported that use GuHCl as the denaturant (28, 30, 32, 56,
57).

Isothermal Titration Calorimetry (ITC).Measurements of
heat changes linked to heptamer-monomer dissociation were
made in a VP-ITC (MicroCal). The protein samples were
dialyzed against 50 mM (Aacpn10) and 25 mM (Aacpn10-
del25) Tris-HCl, pH 7.5. All samples were filtered through
0.22 µm sterile filter membrane (Millipore) and degassed
(ThermoVac, MicroCal) before being loaded into the ITC
syringe. Injection schedules that were found to cover
appropriate protein concentration ranges in the cell (1.4 mL

FoligomerT 7Umonomer (1)

KU+D ) [Umonomer]
7/[Foligomer] (2)

∆GU+D ) -RT ln KU+D (3)

∆GU+D ) ∆GU+D(H2O) - m[GuHCl] (4)
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volume) were 3µL additions of 2-7 µM protein spaced
between 5 min intervals. For both temperatures (25 and 50
°C) studied, at least two independent experiments were
performed. 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 of heptamer
in the syringe and in the cell is roughly similar and close to
1). In each case, this value was subtracted out before the
resulting isotherms were analyzed as described below.
Attempts to obtain dissociation data at 70°C failed due to
high background signals and temperature-related noise.

ITC Data Analysis.The ITC data report on the individual
heat change associated with each separate injectionqobs(i).
It was analyzed via an iterative nonlinear least-squares
algorithm (58) to obtainKD (i.e., the heptamer-monomer
dissociation constant) and∆HD (i.e., the heptamer-monomer
dissociation enthalpy; in per monomer units) using the
relation betweenY (fraction monomer) and [M]tot (total
monomer concentration), which is a seventh-order poly-
nomial:

and the equation for the heat associated with each injection
(59, 60):

In the latter equation,Yi is the fraction of monomer in the
cell after injectioni, Yi-1 is the fraction of monomer in the
cell after the previous,i - 1, injection,n(i) is the number of
moles of total monomer in the reaction cell after injectioni
()V[M] tot,i; V, reaction cell volume), andn(i - 1) is the
number of moles of total monomer in the reaction cell after
injectioni - 1 ()V[M] tot,i-1). Ysyr is the fraction of monomers
in the syringe (i.e., in the injected sample), andn(inj) is the
number of moles of total monomers injected into the reaction
cell at each injection ()V[M] tot,syr; V is injected volume).

Using an assigned value ofKD and the protein concentra-
tion in the syringe ([M]tot,syr), eq 5 was first solved to obtain
the fraction of monomer in the syringe (Ysyr). Next, account-
ing for the protein concentration in the syringe, the cell
volume, and the injection volume, the total concentration of
protein in the cell after each injectioni was calculated
([M] tot,i). Then, the fraction of monomers (Yi) in the cell was
calculated after each injectioni by solving eq 5. From the
increment in monomer concentration in the cell after each
injection, also accounting for the fraction of monomers
coming directly from the syringe, the heat associated with
each injection was calculated according to eq 6 and an
assigned value of∆HD. The calculated heats were compared
with the experimental ones, and the complete procedure was
repeated until convergence was achieved and the experi-
mentalqobs(i) versus [M]tot data could be accurately repro-
duced (58). KD is related to the Gibbs free energy of
dissociation via∆GD ) -RT ln KD, and∆SD is calculated
from ∆GD ) ∆HD - T∆SD.

Electron Microscopy.The proteins were diluted to various
total monomer concentrations in 50 mM (Aacpn10) and 25
mM (Aacpn10-del25) Tris-HCl buffer, pH 7.5, adsorbed to
a freshly prepared thin carbon foil, washed in distilled water,

and stained with 0.75% uranyl formate. Transmission
electron microscopy was performed using a JEOL2010
electron microscope. The micrographs were recorded on a
CCD detector at 50000× nominal magnification.

Computer Modeling.TheAacpn10 monomer was modeled
through a homology search using SWISS-MODEL (61, 62).
The 122-residue sequence was searched against proteins with
homologous sequences in the Protein Data Bank. The
resulting structure for theAacpn10 monomer was modeled
on the basis of the crystal structure ofT. thermophiluscpn10.
The C-terminal 25 residues were ignored in the search, and
thus the output model is one ofAacpn10-del25. T. thermo-
philusandA. aeolicuscpn10 sequences are 57% identical if
the 25-residue tail is ignored. An overlay of the CRs of the
two structures (theAacpn10-del25 model and theT. ther-
mophiluscpn10 crystal structure) shows a nearly perfect fit
(RMS deviation of 0.3 Å) with the exception of a four-
residue region (residues 21-24 in T. thermophiluswhich
correspond to residues 17-20 in A. aeolicus). Next, seven
copies of theAacpn10-del25 monomer were created and
named as different chains. TheT. thermophiluscpn10
heptamer (1WE3) was used as template on which the seven
monomers ofAacpn10-del25 were merged in Swiss-PDB
Viewer. The created data file was then submitted to SWISS-
MODEL for modeling of theAacpn10-del25 heptameric
structure. The electrostatic surface potential of theAacpn10-
del25 heptamer structure was calculated by solving the
Poisson-Boltzmann function using Delphi in the software
GRASP (63, 64). The ionic strength was set to 0.1 M, and
all histidines were protonated.

RESULTS

Oligomeric State and Cochaperonin Function.Initial
biophysical characterization ofAacpn10 revealed that this
hyperthermostable molecule retains many hallmark charac-
teristics of mesophilic cpn10 molecules, including the
heptameric structure (43). However, the polypeptide of each
Aacpn10 monomer is 122 residues long, with the last 25
amino acids not found in any other cpn10 molecule. To
elucidate the role of this unique tail, we prepared a deletion
variant that lacks the last 25 C-terminal residues (Aacpn10-
del25).

Both Aacpn10 andAacpn10-del25samples elute as hep-
tamers in gel filtration experiments (not shown). Gluteral-
dehyde cross-linking results ofAacpn10 andAacpn10-del25
are similar: a set of bands corresponding to monomers,
dimers, trimers, tetramers, pentamers, hexamers, and hep-
tamers are observed at 20°C. This behavior was previously
assigned to the lysine side chains not being fully available
for cross-linking in the heptamer at this temperature (43).
Notably, cross-linking ofAacpn10 and Aacpn10-del25
becomes dominated by heptamers when the temperature is
increased (not shown). This suggests that the heptameric
structures become more flexible at higher temperatures,
which makes the lysines more available for the cross-linker.
Electron microscopy (EM) images at 4°C demonstrate the
presence of ring-shaped molecules, in support of nativelike
heptamers, for bothAacpn10 andAacpn10-del25 samples
(Figure 1A,B).

The quaternary structures ofAacpn10 andAacpn10-del25
were also assessed by analytical ultracentrifugation (AU).

Y7 + (YKD)/(7[M] tot
6) - (KD)/(7[M] tot

6) ) 0 (5)

qobs(i) ) ∆HD[Yin(i) - Yi-1n(i - 1) - Ysyrn(inj)] (6)
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According to sedimentation velocity measurements,Aacpn10
has a sedimentation coefficient near 4.4 S (Figure 2). This
value is slightly larger than previously publishedS values
for GroES (33) and corresponds to an estimated molecular
mass of∼90 kDa if a shape factor for an oblate ellipsoid
(1.45) is used. Noting that the true structure is ring-shaped,
this estimate is in good agreement with the actual 95 kDa
molecular mass ofAacpn10. Sedimentation velocity experi-
ments with Aacpn10-del25 (at >100 µM protein) reveal
larger molecules with a sedimentation coefficient of 22 S
(Figure 2). However, AU experiments at lower protein
concentrations (i.e., 20µM protein; samples with<20 µM
protein did not give enough signal) display a distribution of
two sedimentation coefficients, one of∼4.1 S and one of
∼19 S (data not shown). AnS of 4.1 corresponds to a
molecular mass of∼75 kDa (using an oblate ellipsoid shape
factor) which is the actual molecular mass of heptameric
Aacpn10-del25.This result supports thatAacpn10-del25can
form heptamers but emphasizes that it has a tendency to
aggregate at higher protein concentrations (further discussed
below).

To test the similarity ofAacpn10-del25 to Aacpn10 in
terms of function, and as another method to confirm
heptameric structures, an in vitro activity assay was per-
formed (30, 45). GroEL-dependent refolding of citrate
synthase was measured in the presence of the twoA. aeolicus
cpn10 proteins. The two proteins gave identical results in

terms of promoting citrate synthase refolding: bothAacpn10-
del25andAacpn10 promoted 26( 1% refolding of citrate
synthase at our conditions (see Materials and Methods). At
the exact same conditions, GroES has been reported to
promote 28% refolding of citrate synthase (45). In addition,
an earlier study revealed thatAacpn10 andhmcpn10 promote
citrate synthase refolding with similar efficiencies (43). As
a negative control, a mutanthmcpn10 that does not assemble
into heptamers (28) resulted in less than 3% refolding of
citrate synthase in this assay.

Stability toward Thermal Perturbations. Hmcpn10 and
GroES, in accord with being mesophilic, have thermal
midpoints around 70°C at pH 7 (30, 31). The reversible,
equilibrium transitions are protein concentration dependent
since unfolding and disassembly are coupled in the thermal
reactions. In Figure 3, we show thermal midpoints (probed
by far-UV CD) forAacpn10 andAacpn10-del25, at different
protein concentrations, as a function of GuHCl concentrations
to lower the transitions to below 100°C. The inset in Figure
3 shows CD spectra ofAacpn10 andAacpn10-del25at 20
°C; both proteins have the characteristic cpn10-like CD signal
as reported for GroES (31, 32). Extrapolation of the
midpoints, for each protein concentration, yields the thermal
midpoint in the absence of denaturant in each case (Table
1). Like hmcpn10 and GroES (30, 31), the thermal processes
for Aacpn10 andAacpn10-del25are reversible and protein
concentration dependent, suggesting a coupled unfolding/

FIGURE 1: Transmission electron microscopy images ofAacpn10-del25(panel A,∼20 µM monomer concentration),Aacpn10-del25(panel
B, ∼5 µM monomer concentration), andAacpn10-del25(panel C,∼30µM monomer concentration) at 4°C. The micrographs were recorded
at 50000× nominal magnification. In (C), a few representative single rings are circled and aggregates of stacked rings boxed in white.

FIGURE 2: Sedimentation-velocity data showing relative frequency
versus S-values (data analyzed using UltraScan software) for
Aacpn10 (solid line) andAacpn10-del25(dashed line) samples at
60 and 170µM monomer concentration, respectively. Both samples
appear as rather pure components with sedimentation coefficients
of about 4.4 and 22 S, respectively. Inset: Enlargement of the 4-5
S region. Analysis of samples with lowerAacpn10-del25concentra-
tions (below 50µM) results in a mixture of two species with 4.1
and∼19 S, respectively (not shown).

FIGURE 3: Thermal midpoints (Tm), determined from CD-monitored
unfolding curves, forAacpn10 (open symbols) andAacpn10-del25
(filled symbols) as a function of GuHCl concentration for 10
(squares), 50 (circles, and squares at 1.25 and 1.5 M), and 100
(triangles) µM total monomer concentrations (pH 7). Linear
extrapolation givesTm in the absence of denaturant in each case
(Table 1). Inset: Far-UV CD signals ofAacpn10 (solid line) and
Aacpn10-del25 (dashed line), 20°C.

Unique Peptide Tail inA. aeolicuscpn10 Biochemistry, Vol. 44, No. 44, 200514389



dissociation reaction: the more protein present, the higher
the midpoint. Notably, there is only a nominal difference in
the thermal behavior ofAacpn10 andAacpn10-del25: the
wild-type protein is slightly more heat stable.

Stability toward Chemical Perturbations.SinceAacpn10
andAacpn10-del25are stable in a wide temperature range,
we investigated their stability toward chemical perturbation
at several temperatures. In Figure 4A, we show the GuHCl
concentrations at the midpoints of the equilibrium unfolding
transitions (probed by far-UV CD) as a function of temper-
ature. In all cases, the transitions have sigmoidal shapes and
are at least 90% reversible. The unfolding processes were
investigated in detail at two selected temperatures: 30 and
70 °C (Figure 4B; Table 2). At both temperatures, protein
concentration dependence in the transition midpoints is
observed. This is similar to the thermal behavior and to the
behavior of hmcpn10 upon GuHCl additions at room
temperature (30). Therefore, the data were fitted to a seven-
to-one reaction mechanism (30), and free energies for the

coupled unfolding/dissociation reactions were estimated
(Table 2). Interestingly, although the midpoints shift to lower
GuHCl concentrations at the higher temperature, as expected,
the free energy associated with the reaction remains roughly
the same.

Heptamer-Monomer Dissociation Reactions.Self-as-
sociation processes leading to homooligomeric complexes
have usually not been studied by isothermal titration calo-
rimetry (ITC), except for a few dimeric cases (59, 60, 65).
We recently demonstrated that complete thermodynamic
descriptions (i.e.,KD, ∆G, ∆H, and∆S) for self-associating
systems with high molecularity can be obtained by ITC
dilution experiments (58). With a protein concentration in
the syringe above the midpoint for dissociation, ensuring
oligomers, injections into a buffer-filled cell can result in
sufficient dilution so that oligomer dissociation is triggered;
upon proper analysis (58), the corresponding heat changes
for such titrations can be used to derive thermodynamic
parameters (see Materials and Methods). In Figure 5, we
show the heat changes (in calories per mole of injectant) as
a function of total monomer concentration in the cell for
ITC dilution experiments withAacpn10 (A) andAacpn10-
del25(B) at 25°C. It is immediately clear that, in both cases,
heptamer dissociation corresponds to negative enthalpy
which, therefore, means that association is an endothermic
process. Similar experiments were repeated at 50°C and
analyzed as described in Materials and Methods; the resulting
thermodynamic parameters are reported in Table 3.

Table 1: Thermal Midpoints (Tm) in the Absence of Denaturant
(Figure 3) forAacpn10 andAacpn10-del25as a Function of Protein
Concentration (Total Monomer Concentration), pH 7.5

variant 10µM 50 µM 100 µM

Aacpn10 106 ((2) 119 ((2) 121 ((2)
Aacpn10-del25 103 ((2) 111 ((2) 116 ((2)
hmcpn10a 71 73
GroESb 70 74 75
a From ref30. b From ref31.

FIGURE 4: (A) GuHCl-induced transition midpoints, as monitored by far-UV CD, for 50µM Aacpn10 (open symbols) andAacpn10-del25
(filled symbols) as a function of temperature. TheTm values, defined in Figure 3, for 50µM protein (corresponding to the transition
midpoints at 0 M GuHCl) are also marked. (B) GuHCl-induced unfolding ofAacpn10 (30°C, open squares/triangles; 70°C, filled squares/
triangles) andAacpn10-del25 (30 °C, open circles/diamonds; 70°C, filled circles/diamonds) at two different total protein concentrations
(50 µM, squares and circles; 100µM, triangles and diamonds). Each transition was fit to an apparent two-state folded heptamer-to-unfolded
monomer transition (see Table 2).

Table 2: GuHCl Concentrations at Transition Midpoints ([GuHCl]1/2) and Corresponding Free Energies for Heptamer-to-Monomer Reactions
[∆GU+D(H2O), Values Given per Heptamer] forAacpn10 andAacpn10-del25Unfolding/Dissociation Processes Induced by GuHCl as a
Function of Protein Concentration (Total Monomer Concentration) and Solution Temperature (T) at pH 7.5a

10 µM 50 µM 100 µM

protein variant T (°C) [GuHCl]1/2(M)
∆GU+D(H2O)

(kJ/mol) [GuHCl]1/2(M)
∆GU+D(H2O)

(kJ/mol) [GuHCl]1/2(M)
∆GU+D(H2O)

(kJ/mol)
average
(kJ/mol)

Aacpn10 30 1.3 ((0.1) 267 ((5) 2.6 ((0.1) 266 ((5) 2.7 ((0.1) 265 ((5) ∼266
Aacpn10 70 1.1 ((0.1) 266 ((5) 1.8 ((0.1) 261 ((5) 2.0 ((0.1) 262 ((5) ∼263
Aacpn10-del25 30 2.5 ((0.1) 284 ((5) 2.7 ((0.1) 279 ((5) 2.8 ((0.1) 281 ((5) ∼281
Aacpn10-del25 70 1.5 ((0.1) 281 ((5) 1.8 ((0.1) 284 ((5) 1.9 ((0.1) 285 ((5) ∼283
hmcpn10b 20 1.5 216 ((10) 2.8 218 ((10) ∼216

a 50 and 100µM data shown in Figure 4B.b From ref30.
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Aggregation BehaVior. ForAacpn10-del25samples of high
protein concentration, protein aggregates are observed in the
EM images in addition to single rings (Figure 1C). These
larger structures are consistent with side views of “stacks”
of rings, forming chainlike molecules. The length of the
chains depended on the protein concentration; the higher the
Aacpn10-del25concentration, the longer the chains, and less
nonassociated rings were observed. In accord, the AU
experiments (Figure 2) with highAacpn10-del25concentra-
tions demonstrate the presence of a population of large
molecules with anSvalue of 22. Using a shape factor for a
rod, this corresponds to molecular masses in the range of
500-600 kDa.

Protein incubation studies as a function of temperature
show thatAacpn10-del25 is more prone thanAacpn10 to
aggregation in a temperature-dependent fashion. For example,

incubation at 80 and 90°C leads to 20% and 30% reductions,
respectively, in solubleAacpn10-del25 after 15 min. In
contrast, at the same conditions, less than 3% ofAacpn10
samples are lost to aggregation (Figure 6).

Structural Modeling of the Aquifex Heptamer.Homology
modeling usingAacpn10-del25’s primary structure predicts
a fold for theAacpn10-del25monomer that is indistinguish-
able from that of theT. thermophiluscpn10 monomer (Figure
7A). TheT. thermophiluscpn10 sequence is 57% identical
to that of Aacpn10-del25. The C-terminal tail cannot be
modeled since it exhibits no homology to anything in the
PDB. On the basis of the monomer model, a heptamer
structure was assembled (Figure 7B). The electrostatic
surface potential for theAacpn10-del25heptamer is much
more negative than that of GroES andT. thermophiluscpn10
(Figure 7C). Notably, the mobile loopâ-hairpins ofAacpn10-
del25have a higher density of charged residues as compared
to GroES andhmcpn10. We imagine thatAacpn10-del25
rings interact via intermolecular salt bridges between hep-
tamers stacking on top of each other.

DISCUSSION

Cpn10 proteins are ring-shaped heptamers that appear
conserved throughout nature.â-Strand pairing between the
N-terminus of one subunit and the C-terminus of another is
the major source of interactions at the subunit-subunit
interfaces. There are 86 full-length sequences of cpn10
molecules from different species in SwissPROT; only cpn10
from A. aeolicus, which is a hyperthermostable ancestral
bacterium, contains a C-terminal peptide extension. Here we

Table 3: Thermodynamic Parameters for the Heptamer-Monomer Equilibria forAacpn10-del25andAacpn10 Calculated from the ITC
Dilution Experiments As Described in Materials and Methodsa

protein T (°C) midpoint (µM) ∆GA (kJ/mol) ∆HA (kJ/mol) ∆SA [J/(mol‚K)]

Aacpn10-del25 25 0.51 ((0.03) -32 ((0.5) +186 ((4) +732 ((15)
Aacpn10-del25 50 0.55 ((0.03) -34 ((0.5) +96 ((4) +402 ((15)
Aacpn10 25 0.27 ((0.03) -33 ((0.5) +36 ((4) +232 ((10)
Aacpn10 50 0.43 ((0.03) -35 ((0.5) +67 ((4) +316 ((10)
hmcpn10d 20 3.0b -27.8
GroESe 20 0.7c -31

a For comparison, available heptamer-monomer midpoints for GroES andhmCpn10 are also shown. All values correspond to assembly (indicated
by subscript A) at the indicated temperature and are given per mole of monomer.b From dilution experiments measuring fluorescence changes.
c From analytical ultracentrifugation experiments.d From ref30. e From ref75.

FIGURE 5: ITC dilution data (heat changes,∆Hi, in calories per
mole of injectant versus total monomer concentration in the cell
with fits overlaid) for (A) Aacpn10 and (B)Aacpn10-del25at 25
°C. Thermodynamic parameters were derived as described in
Materials and Methods (see Table 3).

FIGURE 6: Fraction of solubleAacpn10 (filled circles) andAacpn10-
del25(open circles) after 15 min incubation at temperatures between
30 and 90°C. After incubation, the samples were centrifuged, and
the supernatant of each sample was loaded on an SDS-PAGE gel,
followed by quantification. Inset: SDS-PAGE bands for the 70,
80, and 90°C samples.
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have assessed the role of the unique peptide tail inAacpn10
by comparing the biophysical behavior ofAacpn10 with a
tail-lacking variant (Aacpn10-del25). We find thatAacpn10-
del25adopts a heptameric structure (by gel filtration, cross-
linking, EM, and AU experiments), exhibits nativelike
refolding activity, and shows roughly similar resistance to
chemical and thermal perturbations asAacpn10 (Figures 3
and 4; Tables 1 and 2). In addition, the heptamer-monomer
dissociation midpoints are within 2-fold of each other for
Aacpn10-del25andAacpn10 and, moreover, are similar to
midpoints for other cpn10 proteins (Figure 5 and Table 3;
the corresponding free energies are within(15% of each
other). This suggests that the the C-terminal tail is not
important for cochaperonin function, heptamer stability, or
heptamer assembly. By comparing our findings on theA.
aeolicus proteins to reported data on mesophilic cpn10
proteins, we can obtain insight into sources of thermophily
in this oligomeric protein system. First, it is clear from Figure
4A that the two A. aeolicus oligomers exhibit modest
temperature dependence in their stability toward GuHCl
perturbation. That the free energy profile for a thermophilic
protein would be a flattened version of that for the mesophilic
protein has been proposed as one model to explain higher

stability of thermostable proteins (35, 36, 39-42). Small
temperature dependence can be achieved via low heat
capacity changes associated with the unfolding reactions.
This will be the case if the thermostable protein’s unfolded
state has less entropy than that of the corresponding
mesophilic protein (66, 67); in support of this mechanism,
Aacpn10 has many more prolines than GroES.

The GuHCl-induced transitions for theA. aeolicusproteins
report on coupled unfolding/dissociation processes, and thus
the free energies estimated for the processes (∆GU+D; see
Table 2) are truly the sum of the free energy for heptamer
dissociation into seven monomers (∆GDiss) and the free
energies for unfolding of the seven monomers (7∆GU) as
follows:

Since the free energies associated with heptamer-monomer
dissociation have been determined independently by ITC,
we can use the above thermodynamic cycle to estimate the
unfolding free energies of the monomers (∆GU). Using
∆GU+D at 30 °C (Table 2) and∆GDiss at 25 °C (Table 3;
note that there is only minor temperature dependence in

FIGURE 7: (A) Ribbon diagram of theAacpn10-del25monomer model. The N-terminus is shown in blue and the C-terminus in red. (B)
Ribbon diagram of the structural model of theAacpn10-del25heptamer. In both (A) and (B), light blue corresponds toâ-strand, gray to
coil, and green to turn secondary structure elements. (C) Electrostatic surface potential (scale ranges from-5 to 5 kT) of theAacpn10-
del25heptamer calculated by GRASP (red, negative; blue, positive; white, neutral potential). From left to right: top view, bottom view,
and side view of theAacpn10-del25heptamer.

∆GU+D ) 7∆GU + ∆GDiss
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∆GDiss), we derive monomer stabilities of 5.1(1.0 and
8.0(1.0 kJ/mol forAacpn10 andAacpn10-del25, respec-
tively. These values can be compared to reported monomer
stabilities (20°C, pH 7) of 2.4 and 3.0 kJ/mol for GroES
andhmcpn10, respectively (30, 32). Thus, monomer stability
is increased by 100-200% in theA. aeolicusproteins. Taken
together with the comparable monomer-monomer affinities,
it emerges that most of the increased stability of theA.
aeolicusproteins, as compared to mesophilic cpn10 hep-
tamers, stems from more stable monomers. Comparison of
the amino acid sequences ofAacpn10,hmcpn10, and GroES
demonstrates that theA. aeolicuscpn10 proteins harbor many
of the hallmark features, mentioned in the introduction, that
are associated with increased stability. For example, the ratio
of charged to polar residues, (E+ K)/(Q + H), is generally
higher for thermostable proteins; in accord, GroES has such
a ratio of 18 whereasAacpn10-del25 has a ratio of 26.
Moreover, GroES has only 2% prolines and 16% negatively
charged residues whereasAacpn10-del25 has 6% prolines
and 21% negatively charged residues. To somewhat of a
surprise, theAacpn10-del25monomers are more stable than
the Aacpn10 monomers at 30°C. The reason for this is
elusive although speculations include (i) that the C-terminal
extension makes more favorable interactions in the unfolded,
than in the folded, monomeric state (the peptide extension
is highly charged and long-range ionic interactions may form
in the unfolded state) or (ii) that the presence of the
C-terminal tail causes some disruption of the structure in
the core of the folded monomer. Both explanations are in
agreement with the C-terminal extension being in a flexible,
solvent-exposed state in the foldedAacpn10 monomers (see
further arguments below).

The ITC dilution experiments demonstrate that the as-
sembly processes ofAacpn10 andAacpn10-del25 are ac-
companied by unfavorable (i.e., endothermic) enthalpy and
favorable (i.e., positive) entropy (Table 3). This can be
explained by the release of ordered water molecules from
the monomer surfaces that form the interfaces (68). This
reaction is enthalpically unfavorable since it involves the
breakage of hydrogen and ionic bonds. The positive entropy
associated with assembly follows the classical hydrophobic
effect, which is an entropy-driven process. Partitioning of a
nonpolar molecule from water to a nonpolar phase is
accompanied by an increase in the entropy of the system
(69). Since theAacpn10 interfaces are mostly hydrophobic,
there may be a significant number of ordered waters released
upon assembly. The positive entropy and enthalpy values
associated with assembly are smaller in magnitude for
Aacpn10 than forAacpn10-del25at both temperatures (Table
3). This may be explained byAacpn10 assembly involving
also folding of the C-terminal peptide. Such a reaction is
enthalpically favorable, but entropically unfavorable, and will
thus lower the positive magnitudes of∆HA and∆SA. This
observation supports that the C-terminal tail adopts an
ordered structure and makes tertiary interactions in the
Aacpn10 heptamer but not in the monomers. The crystal
structure of theAacpn10 heptamer may directly establish
the conformation of the tail and what tertiary interactions it
is making (work in progress). Inspection of the data in Table
3 also reveals that the unfavorable enthalpy and favorable
entropy changes upon assembly are decreased at the higher
temperature forAacpn10-del25. This is likely an effect of

the increased water mobility at higher temperatures; at these
conditions, less ordered water molecules are bound to the
monomers, resulting in less water released upon assembly.

The only significant difference discovered in this study
betweenAacpn10 andAacpn10-del25 is that the latter is
prone to stacking (i.e., ordered aggregation) as demonstrated
by EM and AU experiments as well as high-temperature
incubations. The fact thatAacpn10-del25 oligomers ag-
gregate although this behavior has never been observed with
hmcpn10 or GroES may be due to differences in overall
electrostatic surface potential and amino acid composition.
Aacpn10-del25 has a much more negative overall surface
potential, and a higher density of positive and negative
charges in the mobile loops, than GroES andhmcpn10
(Figure 7). We propose that head-to-tail ring-ring stacking
via intermolecular charge-charge interactions results in the
observed chainlike aggregates (Figure 1C). Theoretical work
has shown that salt bridges often stabilize protein-protein
interactions (70). Moreover, it was noted that protein-protein
interfaces can have like charge pairs; this may shift the pKa

of the ionizable groups so that one or both become neutral
or the pairs may form triads with opposite charges or, if the
charges are solvent accessible, counterions may bind to
balance the like charges (70). The involvement of counterions
offers an explanation for how the stacking is possible in the
context of the highly negative top and bottom surfaces of
the Aacpn10-del25 rings.

A similar type of ring-ring stacking interactions as we
observe herein has been reported for a heptameric mini-
chromosome maintenance (MCM) protein fromMethano-
bacterium thermoautotrophicum(71). Cpn10 from M.
tuberculosiswas shown by crystallography and light scat-
tering experiments to form a complex of two heptamers that
were associated face to face through hydrophobic mobile
loop interactions (72). However,Aacpn10-del25 stacking
cannot be based on the same type of interactions as inM.
tuberculosiscpn10 given that then only dimers would be
observed. Because stacking is not observed withAacpn10,
the hydrophilic tail with its many positive charges may
sterically shield interactions between the heptamers (it also
increases the pI from 4.7 to 5.1). In analogy, it has been
reported that fusions of charged peptide extensions to the
C-termini of large proteins can rescue these proteins from
aggregation and precipitation during bacterial overexpression
(73). We propose that the in vivo role of the unique tail in
Aacpn10 is to prevent heptamer-heptamer aggregation and
unwanted interactions with other proteins.

We note that there exists one other report of anA. aeolicus
protein that has a peptide insertion not found in homologous
proteins from other species. The editing domain of leucyl-
tRNA synthetase (LeuRS) fromA. aeolicushas a 20-residue
insertion not found in any other bacterial LeuRSs (74). The
authors speculate that this peptide motif disappeared during
the evolution of LeuRSs due to the acquisition of new tRNA-
binding domains that helped to stabilize the editing activity.
In the case of cpn10, we propose that the extra peptide tail
in the ancient hyperthermophilicA. aeolicusvariant was lost
during evolution due to (i) point mutations altering the
surface charge patterns as well as (ii) decreased growing
temperatures of mesophilic organisms.
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