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Abstract

Objectives: The binding of chaperonin HSP60 to cyclophilin D (CypD) represents an oncogenic pathway that
prevents mitochondria from undergoing permeability transition pore (PTP) opening. Thus HSP60 may be considered
as an attractive target for the design of chemical inhibitors. The complexity of the HSP60 structure prevents the use
of standard screening methods. The present study was aimed to analyze the dynamics of CypD interactions with
different HSP60 domains.

Method: Surface plasmon resonance (SPR) technology was employed. Antibodies that map to various regions
of the HSP60 were immobilized on a CM5 biosensor chip using amino-coupling chemistry. HSP60 was attached to
various antibodies on the chip resulting in different orientations of the protein, and the kinetics of its binding to HSP60
was analyzed.

Results: The dissociation rate constants for HSP60-CypD interactions ranged between 5.5 x 10 s' and 16 x
10* s. The dissociation equilibrium constants varied from 15.8 nM to 43.5 nM. An antibody recognizing a region
between residues 50 and 100 in the equatorial domain of HSP60 prevented its association with CypD.

Conclusion: SPR technology proved successful in the analysis of the interactions between CypD and
HSP60 subunits. The binding strength was comparable to that of a relatively strong antibody-antigen binding. The
preferential binding of CypD to a specific domain within HSP60 subunit suggests the possibility of designing a

molecular antagonist.
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Mitochondria; PTP opening; Kinetics

Abbreviations: CypD: Cyclophilin D; HSP60: Heat Shock Protein
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Introduction

In the last ten years, extensive proteomic analysis has been
performed on the mitochondria of various types of cancer cells [1]. One
of the proteins found selectively overexpressed in the mitochondria of
cancer cells is chaperone HSP60. The elevated levels of HSP60 were
detected in the mitochondria of myeloid leukemia [2], breast [3],
prostate [4-6], colorectal [6,7], gastric [8], and lung cancer [6].

At normal conditions, HSP60 is located in the cytoplasm and
mitochondria. When mammalian cells are exposed to fatal conditions,
HSP60 is quickly transferred into mitochondria by the mechanisms
involving HSP70 [9]. HSP60 exhibits protective effects against
mitochondrial abnormalities [10], neurodegenerative pathologies [11],
and ischemic injury [12]. A high degree of similarity in the amino acid
sequence between HSP60 and E. coli protein GroEL indicates that
HSP60 is a mammalian homolog of GroEL [13]. Electron microscopic
analysis showed that both HSP60 and GroEL protein contain 14
subunits assembled in two 7-fold rings [13,14]. The whole complex
has a shape of a porous cylinder. The crystal structure of the bacterial
chaperonin GroEL shows that each subunit in the 14-mer complex
consists of three domains [15]: a large equatorial domain that forms the
central part of the cylinder, an apical domain that forms the edges of
the cylinder, and an intermediate domain that links the equatorial and
apical domains. HSP60 and GroEL also exhibit physiological properties
in common. The level of these proteins increases drastically at elevated
temperatures. Both HSP60 and GroEL possess ATPase activity and
assist other proteins in folding and the formation of oligomers [16].

Mitochondrial HSP60 is known to play an essential role in apoptosis
through the association with other proteins. HSP60 binds hepatitis B
virus X protein and assists with apoptosis induced by this protein [17].
The chaperone binds pro-caspase-3 and facilitates its maturation thus
controlling one of the steps in the apoptotic program [18]. In contrary,
there is evidence of the antiapoptotic and cancer-stimulating activity
of HSP60. It forms a complex with a tumor suppressor protein p53
inhibiting its activity. HSP60 also associates with survivin, apoptosis
inhibitor, stabilizing it and facilitating cellular growth [6]. HSP60
supports the accumulation of hypoxia-inducible factor (HIF-1a), a
protein identified as a target in cancer therapy [19]. Recently, Ghosh
et al. found that HSP60 forms a complex with immunophilin CypD
[20]. Notably, this association occurs selectively in the mitochondria
of cancer cells as opposed to normal cells. The authors validated the
HSP60-CypD interaction as a potential target in cancer therapy by
demonstrating that the genetic targeting of HSP60 led to CypD-
dependent mitochondrial PTP opening, apoptosis, and the inhibition
of the growth of glioblastoma [20].

CypD is located on the inner membrane and protrudes to the
matrix of mitochondria. The exact mechanism of the CypD-mediated
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PTP control is not understood, however it is suggested that its peptidyl-
prolyl cis-trans isomerase (PPIs) activity facilitates a conformational
change of pore-forming components located in the inner membrane
[21].

To study the kinetics of HSP60-CypD binding, we performed
SPR using CM5 chip and aminocoupling technique. We determined
the kinetic parameters of HSP60-CypD interactions at different
orientations of HSP60 monomer on the chip surface employing five
antibodies recognizing various domains on HSP60. An antibody
specifically recognizing an equatorial domain of HSP60 significantly
weakened the association between the proteins. We hypothesize that
the binding of HSP60 to CypD in the area of the equatorial domain may
lead to the conformational changes in CypD, which in turn prevents
the PTP opening and inhibits apoptosis.

Materials and Method

Recombinant HSP60 protein was purchased from Sino Biological
Inc (North Wales, PA). HSP60 antibodies were purchased from Novus
Biologicals Inc (Littleton, CO). CypD was purchased from ProSpec Inc
(East Brunswick, NJ). The following antibodies were purchased from
Novus Biologicals: NBP1-77396 (residues 300-360, antibody 1), NBP1-
77397 (residues 70-150, antibody 2), NBP1-47309 (residues 50-100,
antibody 3), NBP1-47310 (residues 250-300, antibody 4), and NB100-
91819 (residues surrounding Threonine 547, antibody 5).

Surface Plasmon Resonance (SPR) was performed using the
Biacore X system (GE Healthcare). In SPR system, molecules under
investigation (ligands) are attached to the surface of a sensor chip,
while other binding molecules (analytes) are passed over the surface in
a mobile phase. The interactions of the molecules are then monitored
in real time. The signal is based on the changes in the refractive index of
the surface due to the variations of the mass of the molecules occurring
as a result of binding and dissociation of the analyte.

An antibody was immobilized onto a carboxymethyl dextran
biosensor chip, CM5, using amine coupling. The surface was
equilibrated by applying a continuous flow of water at the rate of 10 ul/
min. The dextran matrix was activated with an 8 min injection of a water
solution containing 0.2 M of 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) and 0.05 M of N-hydroxysuccinimide (NHS).
After the activation, 0.1 mg/ml solution of antibody was applied to
the surface in a 10 mM sodium acetate buffer (pH 5.0) for 8 min. To
inactivate residual esters, the surface was exposed to 1M ethylamine-
HCI (pH 8.5), for 9 min. After the deactivation, the chip surface was
re-equilibrated in Hepes buffer (pH 7.4) containing 10 mM Hepes,
150 mM NaCl, and 2 mM EDTA. The chip was kept under the flow
of the Hepes buffer for at least 24 hours. A long running time was
necessary for the effective equilibration of the antibody moiety on the
chip surface and acquiring a proper antibody’s conformation. HSP60
protein at a concentration of 580 nM in 10 mM Hepes buffer (pH 7.4)
was injected at a flow rate of 10 ul/min over the immobilized antibody.
A 280 nM solution of CypD was injected at a flow rate of 10 pl/min
over the immobilized HSP60, when the RU level was stabilized (45
min after the injection of HSP60 was completed). The chip surface
with antibody covalently attached to it was regenerated by applying
a solution of 10 mM solution of sodium hydroxide for 7 min. The
schematic presentation of the experimental design is show in Figure 1.

The sensograms were analyzed using the Biacore software. The
base level was subtracted from the curves such that the signal at the
beginning of the injection of HSP60 was zero. The fits were performed
by using the “Kinetics Separate k /k,” feature. The dissociation and

association curves from each sensogram were analyzed separately
using the following equations:

R =R, xe ) 1 offset Equation 1

_k, x[cypD] xR, x (1 — ¢ k@l X0y | Ry

k, x[cypD] + &,

The dissociation curve was analyzed first. The fit was started at the
point corresponding to 50 s after the protein injection. The dissociation
fitting interval was 100 s. The association curve was fitted over the
whole range of protein binding. The k, value obtained from the first
fit was used as a parameter in the analysis of the association curve. The
concentration values of 5.8 x 107 and 2.8 x 107 were used for evaluating
the kinetics of HSP60 binding to antibody and CypD binding to HSP60,
respectively. As a result of the analysis of the association curve, the
values of k and K = k /k were obtained. The standard errors for k, and
k, were obtained with the values of the constants. The standard error
for K, was calculated by using a formula for the standard deviation of
a ratio of two variables. The sensograms were measured three times for
each antibody. The average values of k, and K, were calculated from
three experiments, and their errors were determined accordingly.

R Equation 2

Results and Discussion

The interactions between HSP60 and CypD were studied with
SPR technique. The antibodies were chosen such that they specifically
bound to all major parts of the 64 kDa subunit of HSP60. Experimental
evidence suggests that HSP60 protein is structurally homologous to
the bacterial GroEL protein [13,14]. Based on this structural similarity,
the mapping regions of the HSP60 correspond to the apical domain
(antibody 1), equatorial-intermediate domains (antibody 2), equatorial
domain (antibody 3), and apical domain (antibody 4). The location
of the C-terminal, a region specifically bound to antibody 5 (around
residue 547), could not be very well deduced from the analysis of
the crystal structure. Braig et al. suggested that the C-terminal tail
protrudes towards the interior of the protein cylinder [15].

The antibodies were attached to the CM5 chips using an amino-
coupling procedure as described in “Materials and methods”. The
sensogram demonstrating the signal variation associated with the
addition of NHS/EDC, antibody 1, and ethanolamine onto the chip is
shown in Figure 2A. It can be seen that the attachment of the antibody
to the chip surface is very efficient, even though the treatment with
basic solution removes some portion of covalently attached antibody
from the chip. The sensograms associated with HSP60 binding to
and dissociation from the antibodies were analyzed (Figure 2B), the
values of the equilibrium dissociation constants (K,) of HSP60-
antibody binding varied between 11 and 23 nM (Table 1) indicating
very strong antigen-antibody interactions. It is noteworthy that
the binding strength between HSP60 and the respective antibodies
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Figure 1: Schematic presentation of CM5 chip with attached HSP60-
antibody, HSP60 (ligand), and CypD (analyte) passing over the chip surface.
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Figure 2: Biacore sensograms illustrating the attachment of HSP60 to CM5 chip via HSP60-specific antibody. (A) The immobilization of the antibody 1 to the CM5
chip surface. The chip was equilibrated in deionized water at a rate of 10 pl /min. The sensogram demonstrates (1) the injection of a mixture of EDC/NHS, (2) the
injection of the antibody, and (3) the deactivation of the unreacted sucinimide esters with a basic solution of ethanolamine. The antibody was prepared in a 10 mM
sodium acetate buffer (pH 5) at a concentration of 0.1 mg/ml. After the injection of ethanolamine, the chip was re-equilibrated in 10 mM Hepes buffer (pH 7.4) for 24
hours. (B) The binding of HSP60 to the antibody immobilized on the CM5. A 0.580 pM solution of HSP60 in 10 mM hepes buffer (pH 7.4) was injected at a rate of 10
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Antibody # HSP60 residues
1 300-360
2 70-150
3 50-100
4 250-300
5 around 547

HSP60 domain K, M

apical 1.99x10® + 1.62x101°
equatorial-intermediate 2.32x10% £ 1.94x10°
equatorial 1.12x10® + 2.94x101°

apical 1.80x10® + 6.20x101°

- 1.45%10® + 1.03x10°

Table 1: The average values of the dissociation constants for the interactions between HSP60 and five different antibodies selectively recognizing different parts of the

protein’s domains.

was approximately the same for all five antibodies, which makes the
comparison between various orientations of the protein reliable.

The sensograms representing the variations of RU signal as a
result of CypD-HSP60 binding are shown in Figure 3. It can be seen
that HSP60 attached to the antibodies 1, 2, 4, and 5 retains CypD very
efficiently. This is indicated by very small slopes of the dissociation
curves and the steady levels of the CypD signal observed at long times
after the protein injection. However, in the case of the antibody 3 CypD
completely dissociates from the chip surface with immobilized HSP60
(Figure 3). The sensogram for each antibody was run at least three
times. The analysis of the dynamics of the interactions between the two
proteins led to consistent data within the same antibodies (Tables 2
and 3).

An example of the analyzed curve is shown in Figure 4. The values
of k,and K, obtained from the individual experiments as well as their
averages are presented in Tables 2 and 3, respectively. The values of
k, ranged between 5.50 x 10* s and 16.0 x 10* s™* (Table 2), and the
values of K, ranges between 15.8 nM and 43.5 nM (Table 3).

According to the crystal structure of GroEL, a bacterial analog of
HSP60, the protein assembles into a porous cylinder consisting of two
rings. Each ring is made of 7 identical monomers, and the rings are
stacked together in a dyad symmetry. Each monomer consists of three
major parts, an apical domain constituting the edges of the cylinder,
an equatorial domain that forms the waist of the cylinder, and an
intermediate domain that links the other two domains together (Figure
5) [15].

Fenton et al. performed mutation analysis to determine sites on
GroEL protein responsible for its chaperonin function [22]. The data
indicated that unfolded polypeptides attach to the central channel of

the cylinder, specifically the binding occurs via hydrophobic amino
acids on the protein’s inside face of the apical domain (residues 199,
203, 204, 234, 237, 259, 263, and 264). Protein segments facing the
central channel and segments located on the top surface of the cylinder
are poorly resolved in the crystal structures and have high temperature
factors. The authors suggested that this region could be intrinsically
adaptable to a wide range of unfolded polypeptides rather than to
fully folded proteins. Our data indicate that the binding of CypD to
HSP60 is very strong when HSP60 is attached to the chip surface via its
apical domain (antibody 1 and antibody 4), while the binding of CypD
is much weaker when HSP60 is attached to the chip via its equatorial
domain. As indicated in Tables 2 and 3, the values of k ., and K, are at
least two-fold greater in the case of the equatorial orientation of HSP60
than those determined with the protein’s apical orientation. This result
suggests a preferential binding of a fully folded protein CypD to the
regions of the equatorial domain on HSP60 rather than to its apical
domain.

Cheng et al. investigated the kinetics of the formation of the HSP60
14-mer assembly and concluded that there must be a pre-existing
fully folded HSP60 oligomer in order to catalyze the assembly of new
14-mer complex [23]. The authors excluded the possibility of self-
assembly of HSP60 monomers. In the present work, HSP60 monomers
were attached to the chip surface. In this case, various parts of the
protein are almost equally accessible by the antibodies specifically
recognizing different segments of the protein. This is supported by
the values of HSP60-antibody binding constants (Table 1). The SPR
data indicate that out of the five HSP60 antibodies explored antibody
3, which recognizes a region in between residues 50 and 100 (a part
of the equatorial domain), causes a complete dissociation of CypD
from HSP60 and thus antagonizes the binding. Equatorial domain
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Figure 3: The binding of CypD to HSP60. A solution of CypD in 10 mM Hepes buffer (pH 7.4) was passed over sensor chips on which HSP60 was immobilized.
Retention of the protein on the sensor chip was indicated by a change in RU over the course of the 300 s injection interval. (A) Grey line — a sensogram illustrating the
interactions between CypD and HSP60 attached to antibody 1 (residues 300-360), black line — binding of CypD to HSP60 attached to antibody 2 (residues 70-150); (B)
binding of CypD to HSP60 attached to antibody 3 (residues 50-100); (C) binding of CypD to HSP60 attached to antibody 4 (residues 250-300); (D) binding of CypD to
HSP60 attached to antibody 5 (around a residue 547). The concentration of the injected solution of CypD was 280 nM, and the injection time was 5 min.

Antibody 1 Antibody 2
Exp. 1 6.39x10* + 3.06x10°° 6.96x10* + 1.57x10°
Exp. 2 4.57x10* £ 6.97x10° 7.27x10* £ 9.89x10°
Exp. 3 5.54x10* £ 2.38x10° 9.84x10* £ 2.00x10°
Avg 5.50x10* + 1.31x10° 8.02x10* £ 9.09x10¢

Table 2: The values of the dissociation constants, k

Antibody 3
1.96x10° + 1.11x10*
1.83x10° + 7.99x10°
1.00x10° + 4.34x105
16.0x10* + 4.78x10°

Antibody 4
9.98x10* + 6.78x10°
5.51x10* £ 2.20x10°
6.54x10* £ 9.73x10°¢
7.34x10* + 2.40%10°°

Antibody 5
9.36x10* £ 2.15x10°
6.31x10* £ 8.94x10°
3.78x10* £ 3.27x10°
6.48x10* + 7.84x10°

Ky s, of HSP60-CypD interactions measured with different orientations of HSP60 immobilized on the antibodies.

Antibody 1 Antibody 2 Antibody 3 Antibody 4 Antibody 5
Exp. 1 1.92x10%+ 9.48x101° 2.30x10%+ 6.07x107° 4.14x10%+ 3.07x10° 1.63x10®%+ 1.15%x10° 2.04x10%+ 5.78x10°
Exp. 2 1.33x10%+ 3.16x10"° 3.09%10%+ 5.64x10"° 6.63x10%+ 3.70x10° 1.24x10%+ 5.16x10° 2.40x10°+ 4.65%10°
Exp. 3 2.11x10%+ 9.45x101° 3.83x10%+ 1.04x10° 2.27x10%+ 1.09x10° 1.88x10°+ 3.36x10"° 1.27x108+ 1.47x10"°
Avg 1.79x10%+ 4.58x10-"° 3.07x10%+ 4.44x101° 4.35%x10® + 2.46x10° 1.58x10%+ 4.36x10"° 1.90%10%+ 2.52x10-"°

Table 3: The values of the dissociation rate constants, K, M, of HSP60-CypD interactions measured with different orientations of HSP60 immobilized on the antibodies.

forms a foundation of the HSP60 14-mer assembly having cylindrical
shape (Figure 5). The two rings in the cylinder are connected via their
equatorial domains [15]. The equatorial domain of one HSP60 subunit
does not contact the apical and intermediate domains of the adjacent
subunits, and the essential part of the domain is accessible by solvent
components. Interestingly, the K value measured with antibody 2
recognizing parts of both intermediate and equatorial domains is only
1.4 times lower than that measured with antibody 3, while other K,
values are at least 2.3 times lower (Table 3). The intermediate domain
forms covalent connections between the equatorial and apical domains
within the same subunit. Moreover, the intermediate domain is attached
non-covalently to the apical domain of the adjacent subunit (Figure 5).
Thus the intermediate domain facilitates the allosteric communication
between the domains within the same subunit and between different

subunits of HSP60. We hypothesize that the binding of CypD protein
in the area of equatorial domain adjacent to the intermediate domain
of the HSP60 subunit may stimulate allosteric modifications that could
spread though the neighboring subunits affecting the conformation
and the PPIs activity of CypD attached to the other HSP60 subunits.
These cooperative allosteric adjustments within the HSP60-CypD
compex could modulate PTP opening.

The majority of protein-protein interfaces involved in oncogenic
signaling pathways is not druggable due to a flat shape or a large area
[24]. A target may be considered druggable with small molecules
if its surface accessible to the solvent possesses a pocket lined with
hydrophobic amino acid side chains [25]. In an earlier study,
Nagamuto et al. found that epolactaene tertiary butyl ester (ETB)
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Figure 4: Biacore sensogram depicting the interactions between HSP60 and
CypD. HSP60 is immobilized on the chip surface via antibody 1. The grey line
shows the RU signal as the solution of CypD passes over the chip. The black
lines represent the fitting curves of the association and dissociation parts of
the sensogram. The k, value is 4.57x10* s*, and the k, value is 3.44x10*
M-'s', as determined by fitting Eqns 1 and 2.
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Figure 5: Schematic presentation of GroEL structure showing two rings and 2
subunits consisting of apical (A), intermediate (1), and equatorial (E) domains.
The figure is based on the crystallographic data obtained by Braig et al. [15].

inhibits chaperone activity of HSP60 via the covalent binding to Cys-
442 residue. Remarkably, Cys-442 residue is located in close contact
with the ATP-binding pocket (Asp 87) on HSP60 (Nagumo et al., 2005,
Supplemental Figure 1), which is a part of the protein’s equatorial
domain [26]. Our study demonstrates that the interactions between
HSP60 and CypD are significantly weakened by the antibody whose
immunogen maps to a region between residues 50 and 100 in the
equatorial domain. The presence of an invagination in this spot and
a number of hydrophobic amino acid side chains potentially makes it
suitable for targeting with small molecules.
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