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Abstract

OCP1 and OCP2, the most abundant proteins in the cochlea, are putative subunits of an SCF E3 ubiquitin ligase. Previous
work has demonstrated that they form a heterodimeric complex. The thermodynamic details of that interaction are herein examined by
isothermal titration calorimetry. At 25 °C, addition of OCP1 to OCP2 yields an apparent association constant of 4.0×107 M−1. Enthalpically-
driven (ΔH=−35.9 kcal/mol) and entropically unfavorable (−TΔS=25.5 kcal/mol), the reaction is evidently unaccompanied by protonation/
deprotonation events. ΔH is strongly dependent on temperature, with ΔCp=−1.31 kcal mol−1 K−1. Addition of OCP2 to OCP1 produces a
slightly less favorable ΔH, presumably due to the requirement for dissociation of the OCP2 homodimer prior to OCP1 binding. The
thermodynamic signature for OCP1/OCP2 complex formation is inconsistent with a rigid-body association and suggests that the reaction is
accompanied by a substantial degree of folding.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The organ of Corti (OC), the mammalian auditory organ,
contains sensory and non-sensory cells. The sensory cell pop-
ulation includes the inner- and outer hair cells, responsible
for acoustic signal transduction and amplification, respective-
ly. The non-sensory cell population, also known as the sup-
porting cell population or epithelial support complex (ESC),
includes 12 morphologically distinct cell types [1]. The ESC
sub-populations share two characteristics — an extensive gap-
junction network and high-level expression of OCP1 and OCP2.

OCP1 and OCP2 comprise approximately 10% of the total cell
protein in the OC [2]. Although their physiological role is
presently unknown, sequence analysis suggests that they are
components of an SCF E3 ubiquitin ligase. SCF complexes direct
ubiquitination of specific target proteins. Ubiquitination is widely
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regarded as the signal for destruction by the 26S proteasome
[3]. However, ubiquitin is known to have additional signaling
functions. Recognition by the proteasome requires polyubiquiti-
nation (N≥4). Mono-, di-, and tri-ubiquitinated species are not
degraded. Protein translation, activation of protein kinases and
transcription factors, and DNA repair are examples of ubiquitin-
dependent phenomena not involving proteolysis [4].

Since their discovery in yeast [5,6], SCF ligases have been
found in all eukaryotic species [7]. SCF is an acronym for Skp1,
cullin, and F-box protein. Cullin – named for the Cul1 gene
product in yeast – serves as the scaffold for complex assembly
[8–10]. Skp1 and the ubiquitin-conjugating enzyme (the E2
ligase) bind to cullin. The F-box protein, which dictates target
protein specificity [11], binds to Skp1 through a characteristic
F-box motif, present in the N-terminal half of the sequence.
Interactions with the C-terminal domain of the F-box protein
evidently position the target protein for ubiquitination by the E2
conjugating enzyme. The protein known as Rbx1 or Roc1 is
also a subunit of the SCF complex [12].

The 163-residue sequence of OCP2 is identical to that of
Skp1, although OCP2 is reportedly transcribed from a distinct
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gene [13]. The 299-residue sequence of OCP1 [14] harbors an
F-box motif and exhibits 81% identity to Fbs1, or neural F-box
protein [15]. OCP1 and OCP2 form a high-affinity hetero-
dimeric complex [16]. Although several Skp1/F-box protein
complexes have been characterized structurally, there is a
paucity of thermodynamic data for the interaction. In this paper,
we examine the energetics of OCP1–OCP2 complex formation
by isothermal titration calorimetry (ITC).

2. Experimental

2.1. Reagents and chemicals

NaCl, CaCl2·H2O, MgCl2·2H2O, trishydroxymethylamino-
methane (Tris), monobasic anhydrous sodium phosphate (NaPi),
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes),
lysozyme, and Spectrapor 2 dialysis tubing (MWCO 12,000–
14,000) were purchased from Fisher Scientific Co. Luria-Bertani
(LB) broth (Miller), LB agar (Miller), ampicillin, kanamycin, and
chloramphenicol were obtained from Research Products Interna-
tional. Isopropylthio-β-D-galactoside (IPTG) and dithiothreitol
(DTT) were purchased from Gold Biotechnology. Diethylami-
noethyl-Sepharose (DEAE-Sepharose), Sephadex G-75, Sepha-
cryl S-100 HR, and trishydroxypropyl phosphine (THP) were
obtained from Sigma-Aldrich Co. Complete® protease inhibitor
tablets were obtained fromRoche Applied Science. 15NH4Cl was
purchased from Cambridge Isotope Laboratories.

2.2. Protein expression and purification

2.2.1. OCP2
The OCP2 coding sequence was cloned into pTriEx-1.1

(Novagen), between the NcoI and BamHI sites. That construc-
tion was used to transform E. coli BL21(DE3) Rosetta 2 cells
(Novagen). Bacteria harboring the OCP2-pTRIex1.1 plas-
mid were cultured at 37 °C in LB broth containing ampicillin
(100 μg/mL) and choramphenicol (30 μg/mL). When the tur-
bidity of the culture, measured at 600 nm, reached 0.6, ex-
pression was induced with IPTG (0.25 mM). After an additional
3 h, the bacteria were harvested by centrifugation. The cell paste
was resuspended in 20 mM Hepes, pH 7.4, containing protease
inhibitors, and lysed by treatment with lysozyme and extrusion
from a French pressure cell. The resulting suspension was heat-
treated for 5 min at 60 °C, then centrifuged at 4 °C for 30 min at
27,000 ×g. OCP2 was isolated from the clarified lysate by
NaCl-gradient (0–0.6 M, in 20 mMHepes, pH 7.4) elution from
DEAE-Sepharose, followed by gel-filtration through Sephadex
G-75 in PBS (0.15 M NaCl, 0.010 M NaPi, pH 7.4) containing
0.001 M DTT. A 1-L culture yields 20–30 mg with purity
exceeding 95%.

The identical protocol was used to isolate 15N-labeled OCP2,
except that the bacteria were cultured on minimal medium
(M9 salts plus glucose) containing 1.25 g 15NH4Cl per liter.

2.2.2. OCP1
The OCP1 coding sequence was cloned into pET28a

(Novagen), between the Nde I and BamH I sites, downstream
from the hexa-histidine tag and thrombin-cleavage site. Ex-
pression – in Rosetta 2 cells, in LB broth containing kanamycin
(50 μg/mL) and chloramphenicol – and lysis were performed
as described above. OCP1 was isolated from the clarified lysate
by binding/elution from Ni-NTA His-Bind resin (Novagen).
After overnight dialysis at 4 °C against PBS, the protein was
treated, for 4 h on ice, with thrombin (Novagen, 1 U/mg protein).
After confirming cleavage, the thrombin was inactivated
with PMSF (1 mM) and DTT (10 mM). The preparation was
then subjected to gel-filtration through Sephacryl S-100 HR, in
PBS and 1 mMDTT. A 1-L culture yields 6–8 mg of OCP1 with
purity exceeding 95%.

2.3. Quantitation

OCP1 and OCP2 concentrations were estimated spectro-
photometrically. Extinction coefficients at 280 nm – 81,000
and 19,400 M−1 cm−1, respectively – were obtained by parallel
absorbance and interference measurements in a Beckman XL-I
analytical ultracentrifuge.

2.4. Isothermal titration calorimetry

ITC was performed in a MicroCal VP-ITC. Prior to analysis,
OCP1 and OCP2 were dialyzed extensively against a common
buffer. THP (2.0 mM) was included in the buffer reservoir to
maintain the cysteine sulfhydryl groups in the reduced state.
Aliquots of the dialysis buffer were used to make dilutions.

Raw ITC datawere integrated using the software suppliedwith
the instrument. Single datasets were analyzed using the single-site
model. AnOrigin script was written to simultaneously fit multiple
datasets. All titrations included a 2.0 μL pre-injection. The heat
associated with that addition, invariably low due to diffusion of
titrant from the buret during thermal equilibration, was neglected
during the fitting process. The integrated signals from the final
three additions in each experiment were averaged and used to
estimate the combined heat of mixing/dilution, which was sub-
tracted from the data prior to least-squares minimization.

2.5. NMR spectroscopy

The 1H,15N-HSQC spectrum of OCP2 was obtained at 30 °C
on a Varian Inova 600 MHz spectrometer, employing a triple-
resonance cryoprobe equipped with pulsed-field z gradient. The
2.0 mM sample contained 0.15 M NaCl, 0.01 M NaPi, pH 6.0,
0.002 M THP, 5% D2O. Data were acquired with the BioPack
N15-HSQC pulse sequence, processed with NMRPipe [17], and
visualized with Sparky [18]. 1H chemical shifts were refer-
enced relative to sodium 2,2-dimethyl-2-silapentane-5-sulfonate
(DSS); the 15N shifts were referenced indirectly.

2.6. Accessible surface area calculations

The surface area buried in the Skp1/Fsb1 interface was
analyzed with CNS [19]. Hydrogen atoms were added to the
coordinates of the Skp1–Fsb1 complex (PDB code 2E31) using
the ALLHDG topology and parameter files. Water molecules



Fig. 1. Titration of OCP2 with OCP1. A sample of 5.0 μM OCP2 was titrated
with 50 μM OCP1 at 25 °C in 0.15 M NaCl, 0.025 M Hepes, 0.002 M THP, pH
7.4. (A) Raw differential power data for the reaction. (B) Integrated injection
heats plotted against the molar ratio of OCP1 to OCP2.
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were omitted. The interfacial area was calculated as the
difference in the solvent-accessible surface areas of the isolated
proteins and the complex, employing a 1.4 Å probe. For
estimation of the polar and apolar contributions to the interface,
carbon and sulfur atoms, and hydrogen atoms bonded to C or S,
were considered apolar. All other atoms were considered polar.

3. Results

Complex formation between OCP1 and OCP2 was first dem-
onstrated by electrophoretic mobility shift assay (EMSA).
Table 1
Summary of ITC data for OCP1/OCP2 complex formation a

Temp Titrant buffer K (×10−7) ΔG b

25 OCP1 PBS 4.0 (0.4) −10.4
25 OCP 2 PBS 3.9 (0.4) −10.4
25 OCP 2 Hepes 3. 9 (0.4) −10.4
25 OCP 2 Tris 3.6 (0.4) −10.3
28 OCP 1 PBS 2.8 (0.3) −10.3
28 OCP 2 PBS 2.7 (0.2) −10.2
31 OCP 1 PBS 1.7 (0.1) −10.1
31 OCP 2 PBS 1.7 (0.2) −10.1
34 OCP 1 PBS 1.6 (0.2) −10.1
34 OCP 2 PBS 1.5 (0.1) −10.1
37 OCP 1 PBS 1.4 (0.2) −10.1
37 OCP 2 PBS 1.4 (0.1) −10.1
a All reactions conducted at pH 7.4. Temperature is expressed in °C; K is express

expressed in units of cal mol−1 K−1. Uncertainties are listed in parentheses.
b ΔG=−RTlnK.
c −TΔS=ΔG−ΔH.
Addition of OCP2 to OCP1 yields a new species with reduced
electrophoretic mobility. When examined as a function of in-
creasing OCP2 concentration, the mobility shift was shown
to be complete at a 1:1 molar ratio of OCP2:OCP1 [16]. If an
equimolar mixture of the two proteins is subjected to sedi-
mentation equilibrium, the resulting data can be satisfactorily
modeled with the assumption of a single species withMr 51,000
[16]. This value agrees well with the combined sequence-derived
molecular weights of OCP1 and OCP2 (52,300), strongly sug-
gesting that the OCP1/OCP2 complex is a heterodimer.

OCP1/OCP2 complex formation is amenable to study by
isothermal titration calorimetry (ITC). Fig. 1A presents rep-
resentative raw data from a titration of OCP2 (5 μM) with
OCP1, at 25 °C in 0.15 M NaCl, 0.025 M Hepes, pH 7.4.
It might be noted that these data were collected at 240 s
intervals. Increasing the injection interval to 500 s had no
perceptible impact on the results, indicating that the analysis
was not complicated by slow association kinetics. Fig. 1B
displays the enthalpy change for the reaction as a function of the
molar ratio of OCP1 to OCP2. The solid line through the points
represents the optimal least-squares fit to the data.

OCP1/OCP2 complex formation is highly exothermic, with
an apparent ΔH° equal to −35.9 kcal/mol. The association con-
stant for the reaction, 4.0×107 M−1, corresponds to a ΔG°′ of
−10.4 kcal/mol. The reaction is highly unfavorable entropically
(−TΔS°′=25.5 kcal/mol). Although qualitatively similar behav-
ior is observed when OCP1 is titrated with OCP2, the accom-
panying enthalpy change is 1–2 kcal/mol less favorable (Table 1).

If protonation/deprotonation events accompany the binding
reaction, then the observed enthalpy will be dependent on the
buffer ionization enthalpy according to this equation:

DHobs ¼ DHbind þ nDHbuffer ð1Þ

In this equation, ΔHbind represents the intrinsic enthalpy of
association, n is the number of protons released, and ΔHbuffer

represents the buffer ionization enthalpy. To determine whether
OCP1/OCP2 complex formation is accompanied by protonation/
deprotonation phenomena, the reaction was examined in three
ΔH −T ΔS c ΔS

(0.1) −35.9 (0.3) 25.5 (0.4) −85.6 (1.3)
(0.1) −34.4 (0.3) 24.0 (0.4) −80.6 (1.3)
(0.1) −34.1 (0.2) 23.7 (0.3) −79.6 (1.0)
(0.1) −34.0 (0.3) 23.7 (0.4) −79.4 (1.3)
(0.1) −39.7 (0.2) 29.4 (0.3) −97.7 (1.0)
(0.1) −38.1 (0.2) 27.9 (0.3) −92.5 (1.0)
(0.1) −43.8 (0.3) 33.7 (0.4) −111 (1.3)
(0.1) −42.1 (0.2) 32.0 (0.3) −105 (1.0)
(0.1) −47.2 (0.2) 37.1 (0.3) −121 (1.0)
(0.1) −45.9 (0.2) 35.8 (0.3) −117 (1.0)
(0.1) −51.7 (0.3) 41.6 (0.4) −134 (1.3)
(0.1) −50.2 (0.4) 40.1 (0.5) −129 (1.6)

ed in units of M−1; ΔG, ΔH, and −TΔS are expressed in kcal/mol; and ΔS is



Fig. 2. Titration of OCP1 with OCP2 in buffers of differing ionization enthalpy.
10 μM samples of OCP1 were titrated with 100 μMOCP2, at pH 7.4 and 25 °C, in
0.15 M NaCl, buffered either with 25 mM Hepes (squares), 10 mM phosphate
(circles), or 25mMTris (triangles). The datasets have been offset vertically for clarity.

Fig. 4. Diagram of the Skp1/Fbs1 complex. The interface between Skp1 (cyan)
and the F-box protein Fbs1 (magenta) is formed by juxtaposition of helices 5–7
and the C-terminal loop of Skp1 with helices 1–4 of Fbs1. Coordinates are from
PDB 2E31 [22]. The figure was produced with PyMOL [45]. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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buffers having disparate ionization enthalpies — phosphate,
Hepes, and Tris. Their respective ionization enthalpies are
1.2 kcal/mol, 5.0 kcal/mol, and 11.3 kcal/mol [20,21].

In these experiments, OCP1 (10μm)was titratedwithOCP2 at
25 °C. Fig. 2 displays the integrated data from all three titrations.
The solid line represents the optimum global fit, obtained with
the assumption of a common ΔH° value. The observation that
all three experiments can be satisfactorily accommodated by
the same apparent reaction enthalpy, −34 kcal/mol, indicates that
protonation effects are negligible.

The enthalpy change associated with the OCP1–OCP2
interaction is strongly temperature-dependent. The dependence
of ΔH on temperature is given by the relationship:

DH Tð Þ ¼ DH Trð Þ þ DCp T � Trð Þ ð2Þ
where ΔH(T) is the enthalpy change at temperature T,ΔH(Tr) is
the enthalpy change at a reference temperature Tr, and ΔCp is
Fig. 3. Temperature-dependence of the OCP1–OCP2 interaction. The interac-
tion between OCP1 and OCP2 was examined, in PBS, as a function of
temperature between 25 and 37 °C. Two series of experiments were conducted.
In one case, 5.0 μMOCP1 was titrated with 50 μMOCP2 (squares); in the other,
5.0 μM OCP2 was titrated with 50 μM OCP1 (circles).
the change in the heat capacity resulting from the reaction.
Thus, when the enthalpy change associated with a reaction is
plotted versus temperature, the slope of the best-fit line through
the points provides an estimate for ΔCp. Over a suitably narrow
temperature range, ΔCp can be treated as a constant.

Fig. 3 displays the enthalpy change of OCP1/OCP2 complex
formation as a function of temperature. Two sets of experiments
were performed. In one case (○), samples of OCP2 were titrated
with OCP1 at 25, 28, 31, 34, and 37 °C. In the other (□),
samples of OCP1 were titrated with OCP2 at the same five
temperatures. The two datasets yield identical estimates forΔCp

of −1.31±0.02 kcal mol−1 K−1. Although the choice of titrant
has no impact on the slope, the two lines are offset vertically by
1.6 kcal/mol.

4. Discussion

OCP1 and OCP2 were discovered during an electrophoretic
survey of OC proteins. The two most abundant proteins in the
auditory organ, they account for 10% of the total protein. Their
distribution coincides with the boundaries of a gap-junction
system that unites the non-sensory cells in the OC, fueling
speculation that they function in the regulation of gap-junction
activity.

Amino acid sequence data suggest that OCP1 and OCP2 are
subunits of an SCF E3 ubiquitin ligase:OCP2 is an ortholog of
Skp1; and OCP1 harbors an F-box motif and is homologous to
the F-box protein known as Fbs1 or NFBP. The latter evidently
targets glycoproteins and is believed to mediate the degradation



68 A. Tan et al. / Biophysical Chemistry 134 (2008) 64–71
of misfolded proteins recovered from the endoplasmic reticu-
lum [22].

To the best of our knowledge, the OCP1 and OCP2
expression levels are unrivaled by any other Skp1/F-box protein
complex. Moreover, the OC does not appear to contain com-
parable levels of cullin 1, the scaffold protein in SCF complexes
[23]. Therefore, it is possible, if not likely, that the OCP1/OCP2
complex has a function beyond its putative role in an SCF
ligase. Thus, the investigation of the OCP1–OCP2 interaction,
in the absence of the other SCF subunits, has potential phys-
iological relevance.

Although the structure of the OCP1/OCP2 complex has not
been determined, high-resolution structural data are available
for several other Skp1/F-box protein complexes. These include
Skp1/Skp2 [24] and Skp1/Fbs1 [25]. A cartoon of the latter is
displayed in Fig. 4. The F-box domain in Fbs1, which exhibits
90% identity to OCP1, spans residues 55–95 and includes
α helices 1–4. The interface between the Skp1 and Fbs1 buries
960 Å2 and 2520 Å2 of polar and apolar surface area, res-
pectively. Approximately two-thirds of this interface is pro-
duced by contact between F-box helices 1–4 and Skp1 helices
5–7. The remainder results from contact between the C-terminal
loop of Skp1 and the opposite face of F-box helices 2 and 3.

The half-life of the Skp1/Skp2 complex reportedly exceeds
9 h (koffb2×10

−5 s−1) [24]. Assuming that kon≥5×104 M−1 s−1

for the interaction, a decidedly conservative lower limit, the
thermodynamic association constant for the Skp1/Skp2 complex
(equal to kon /koff) must exceed 2.5×109 M−1. The OCP1–OCP2
interaction, exhibiting an apparent binding constant at 25 °C of
4.0×107M−1, is evidently substantially weaker. Slow association
kinetics can lead to underestimation of the binding affinity, if
insufficient time for equilibration is allowed between injections.
However, the raw ITC data for the OCP1–OCP2 interaction show
no evidence of kinetic limitation. Following an injection, the
differential power trace exhibits a rapid rise time and return to
baseline, and the injection heats are independent of the injection
interval beyond 240 s. Thus, the relatively low affinity measured
for the OCP1/OCP2 complex is not a reflection of slow as-
sociation. Although the documented self-association behavior
of OCP1 and OCP2 [16,26] could reduce the apparent binding
affinity, the impact is expected to be relativelyminor, as discussed
below. It is more likely that the observed difference in affinity has
a structural basis.

Although the interactions between Skp1 and the F-box motif
are similar in the Skp1/Skp2 and Skp1/Fbs1 complexes, they
are not identical. Notably, whereas the C-terminal peptide of
Skp1 adopts a helical conformation in the Skp1/Skp2 complex,
it adopts a loop structure in the Skp1/Fbs1 complex. The helix is
presumably destabilized by the encroachment of helix 2 from
Fbs1. Because the OCP1–OCP2 interaction surface is expected
to resemble that in Skp1/Fbs1, an unfavorable steric interaction
between helix 2 in OCP1 and the C-terminal sequence of OCP2
could contribute to the reduced stability of the OCP1/OCP2
complex, relative to Skp1/Skp2.

The apparent binding constant at 25 °C corresponds to a
ΔG°′ value of −10.4 kcal/mol. The reaction is driven by a large
enthalpy change, −35.9 kcal/mol, and is entropically unfavor-
able, with a −TΔS°′ term of 25.4 kcal/mol. The enthalpy of
complex formation is independent of the buffer ionization en-
thalpy, indicating that protonation phenomena do not contrib-
ute significantly to the observed enthalpy change.

Interestingly, the magnitude of the enthalpy change for the
reaction is perceptibly smaller when OCP2 is the titrant. This
phenomenon presumably reflects the strong self-associative
tendency of OCP2 [26]. With a Kd in the low μM range, OCP2
will be substantially monomeric when titrated with OCP1, due
to the relatively low concentration (5–10 μM) of the protein
in the sample cell. By contrast, it will be largely dimeric at the
concentrations present in the buret (50–100 μM). Thus, when
OCP2 is the titrant, the observed ΔH will include a larger
contribution from the enthalpy of OCP2 dissociation. Although
we do not presently have a precise estimate for this quantity,
preliminary sedimentation data (not shown) indicate that dis-
sociation is endothermic, consistent with the observed reduction
in exothermicity. In this context, it should be noted thatOCP1 also
dimerizes [16]. However, that interaction is substantially weaker.

What impact will self-association of OCP1 and OCP2
have on the apparent free energy change for heterodimer for-
mation? Allowing for the self-associative tendencies of OCP1
and OCP2, we can write the following equilibria:

2OCP1W
K11

OCP1ð Þ2;K11 ¼
OCP1ð Þ2

� �
OCP1½ �2 ð3Þ

2OCP2W
K22

OCP2ð Þ2;K22 ¼
OCP2ð Þ2

� �
OCP2½ �2 ð4Þ

OCP1þ OCP2W
K12

OCP1•OCP2;K12 ¼ OCP1•OCP2½ �
OCP1½ � OCP2½ � ð5Þ

K11 andK22– the equilibrium constants for homodimer formation
by OCP1 and OCP2 – are on the order of 105 M−1 and 106 M−1,
respectively [16,26]. In Eq. (5), K12 represents the true het-
erodimer association constant. The observed, or apparent, asso-
ciation constant K12′ is related to K12 by the relationship:

K V
12 ¼

OCP1•OCP2½ �
OCP1½ � þ 2 OCP1ð Þ2

� �� �
OCP2½ � þ 2 OCP2ð Þ2

� �� �
¼ K12

1
1þ 2K11 OCP1½ �ð Þ 1þ 2K22 OCP2½ �ð Þ ð6Þ

so that

K12 ¼ K V
12 1þ 2K11 OCP1½ �ð Þ 1þ 2K22 OCP2½ �ð Þ: ð7Þ

For illustration, assume that 1.4 mL of 1×10−5 M OCP2 is
titrated with 0.01 mL aliquots of 1.0×10−4 M OCP1. Eqs. (3)–
(6) can be solved to obtain the (free) concentrations of OCP1
and OCP2 at the mid-point in the titration, 1.42×10−7 M
and 1.37×10−6 M, respectively. Substituting these values into
Eq. (7) yields K12=1.5×10

8 M−1. Thus, the observed hetero-
dimer association constant (4×107 M−1) is roughly 3.8 times
smaller than the true value, corresponding to an error, at 298 K,
of approximately 0.8 kcal/mol.



Fig. 5. 1H,15N-HSQC spectrum of OCP2. Data were collected at pH 6.0 and 30 °C.
Note the cluster of intense peaks centered around 8.3 ppm in the proton dimension.
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Proteins exhibit a broad spectrum of flexibility. Many protein–
protein associations approximate rigid-body interactions, accom-
panied by modest conformational changes. The binding of turkey
ovomucoid third domain to elastase is a particularly well-studied
example [27]. In stark contrast, the folding event that accom-
panies association of HIV envelope glycoprotein (GP120) and
CD4 involves nearly one hundred residues [28]. In the following
paragraphs, we show that the behavior of the OCP1–OCP2
reaction is more reminiscent of the latter system.

If OCP1/OCP2 complex formation were unaccompanied by
a significant conformational alteration, then the observed ΔH
and ΔCp values would be largely attributable to the changes in
polar and apolar surface area. Employing the scaling factors
reported by Xie and Freire [29], the enthalpy change at 60 °C,
ΔH(60), and the change in heat capacity for a process can be
related to the associated changes in surface area through these
equations:

DH 60ð Þ ¼ 31:4DASAp � 8:44DASAap ð8Þ

DCp ¼ 0:45DASAap � 0:26DASAp ð9Þ
where ΔH(60) and ΔCp are expressed in units of cal mol−1 and
cal mol− 1 K− 1, respectively, and ΔASAp and ΔASAap

represent the changes in solvent-accessible polar and apolar
surface area, respectively, in Å2.

Given the sequence similarity between OCP1 and Fbs1 (90%
identity in the F-box motif), the interface between OCP1 and
OCP2 is expected to resemble the Skp1/Fbs1 interface — with
ΔASAp and ΔASAap values of −960 and −2520 Å2, respec-
tively. Substitution of these values into Eqs. (8) and (9) affords
estimates for ΔCp and ΔH(60) of −0.88 kcal mol−1 K−1 and
−8.88 kcal/mol. Extrapolation of ΔH(60) yields a predicted
enthalpy change at 25 °C of +22.1 kcal/mol. The disparity
between the calculated and observed values of ΔCp and ΔH(25)
(−1.31 kcal mol−1 K−1 and −35.9 kcal/mol, respectively) strong-
ly suggests that the observed thermodynamics are inconsistent
with a rigid-body interaction.

The correlation between ΔCp and accessible surface area
derived by Xie and Freire [29] incorporated cyclic peptide
dissolution data [30], as well as protein denaturation data.
Robertson and Murphy obtained somewhat different fitting
coefficients based exclusively on thermal denaturation data for a
set of 49 proteins [31]:

DH 60ð Þ ¼ 20:54DASAp � 1:91DASAap ð10Þ

DCp ¼ 0:16DASAap þ 0:12DASAp ð11Þ
Using the aforementioned ΔASAp and ΔASAap values,

these parameters return values for ΔCp and ΔH(60) of
−0.52 kcal mol−1 K−1 and −14.9 kcal/mol. Extrapolating the
enthalpy change to 25 °C yields a value of +3.3 kcal/mol. Clearly,
the conclusion that the energetic signature of the OCP1–OCP2
association is incompatible with a rigid-body association is
independent of the structural parametrization scheme employed.

The ΔASA values derived from analysis of the Skp1/Fbs1
structure assume reaction between Skp1 and Fbs1 monomers.
Because OCP2 and OCP1 are capable of forming homodimers,
as noted above, the actual net change in accessible surface area
upon heterodimer formation could be smaller. This circum-
stance would impact the calculated values forΔCp andΔH(60),
but would not alter the fundamental conclusion. For example, a
50% reduction in the magnitudes ofΔASAp andΔASAap yields
a ΔCp of −0.44 kcal mol−1 K−1 and ΔH(60) of −4.5 kcal/mol,
employing the Xie and Freire correlations in Eqs. (8) and (9).

As noted above, OCP1–OCP2 complex formation is
entropically unfavorable. At 25 °C, the overall entropy change
for the protein–protein association, ΔSassoc, is −86 cal mol−1

K−1. This quantity reflects the sum of several terms:

DSassoc ¼ DSsolv þ DSrt þ DSconf ð12Þ
ΔSsolv is the entropy contribution due to changes in solvation;
ΔSrt represents the entropy contribution resulting from re-
stricted rotational and translational motion; and ΔSconf is the
entropy component resulting from changes in conformation,
including folding.

The entropy of solvation, polar and apolar, approaches zero
at 385 K [32,33]. Thus, the solvation entropy change at 25 °C
can be estimated from the relationship:

DSsolv ¼ DCpln
298:15
385:15

� �
ð13Þ

When substituted into this equation, the observed ΔCp value of
−1310 cal mol K−1 yields a solvation entropy contribution of
335 cal mol−1 K−1.

The ΔSrt term has been the subject of controversy. Statistical
thermodynamic calculations [34,35] have suggested that protein–
protein association should reduce the rotational and translational
entropies of the system by roughly 50 cal mol−1 K−1 apiece.
Values between −50 and −100 e.u. have been widely applied
in the analysis of protein–protein and protein–nucleic acid
complexes [36–38]. On the other hand, Amzel [39] has ar-
gued that the loss of translational entropy should not exceed
−10 cal mol−1 K−1. Moreover, an elegant DSC comparison of
monomeric and disulfide-linked dimeric forms of a subtilisin
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inhibitor yielded an estimate for the translational entropy decrease
of −5±4 cal mol−1 K−1 [40]. Baker and Murphy [27] contend
that the rotational and translational entropy contributions are
effectively accounted for by the classical “cratic” entropy term, a
statistical correction for the mixing of solute and solvent
molecules:

DSmix ¼ Rln
1

55:5

� �
¼ 8:0 cal mol�1K�1 ð14Þ

This approximation will be employed in the present calculation.
Rearranging Eq. (12) and solving for ΔSconf yields:

DSconf ¼ DSassoc � DSsolv � DSrt ð15Þ
Substituting the observed ΔSassoc value (−86 e.u.) and
the calculated ΔSsolv value (335 e.u.) into Eq. (8), and re-
placing ΔSrt with −ΔSmix, we obtain an estimate for ΔSconf
of −413 cal mol−1 K−1. This value is comparable in magni-
tude to the conformational entropy change associated with the
folding of small proteins.

Formation of the OCP1/OCP2 complex is apparently
accompanied by the ordering of numerous residues on one, or
both, proteins. Spolar and Record [38] have suggested that the
number of residues participating in a linked folding transition,
Nfold, can be estimated by dividing ΔSconf by −5.6:

Nfold ¼ DSconf
�5:6

ð16Þ

For the present case, this formula indicates that 74 residues are
involved.

Robertson and Murphy [31] also derived correlations
between changes inΔCp andΔH(60) and the change in number
of solvent-accessible residues accompanying a transition. Their
heat capacity-based scaling factor is 13.9 cal K−1 (mol res)−1.
Dividing the observed ΔCp (−1310 cal mol−1 K−1) by this
value, we estimate that 95 residues become solvent inaccessible
upon complex formation. The enthalpy-based scaling factor is
0.70 kcal (mol res)−1. Dividing the extrapolated ΔH(60) value
for OCP1/OCP2 complex formation (−81.8 kcal mol−1) by this
value, we conclude that 117 residues are buried in the reaction.
Although the exact number of residues that lose accessibility
upon heterodimer formation is ambiguous and model-depen-
dent, the conclusion that the association reaction is accompanied
by a substantial degree of folding is unassailable.

Whether these disordered residues reside in OCP1 or
OCP2, or both, is unknown. The 1H,15N HSQC spectrum of
OCP2 (Fig. 5) suggests that the protein contains a disordered
region. At the concentration employed for this experiment
(2 mM), the protein will be completely dimeric. Although the
spectrum exhibits reasonably good dispersion, a cluster of
intense signals appears in the vicinity of 8.3 ppm, the proton
chemical shift commonly associated with random coil amide
signals. The intensity of the signals indicates that the associated
amides enjoy a high degree of mobility. Potentially, some of
these residues could become more ordered upon association
with OCP1.
We do not have corresponding NMR data for OCP1.
However, there is some evidence that the protein may contain
one or more relatively unstructured regions. For example, the
PEST domain (encompassing residues 1–54) is not visible in
the electron density map of Skp1/Fbs1 [25], an indication
that it is highly flexible. In addition, preliminary sedimentation
velocity data on the protein (not shown) imply that the molecule
is highly extended, which would be consistent with a loosely
folded protein. Moreover, the binding of oligosaccharides by
Fbs1 is strongly exothermic [41], suggesting that binding of the
biological target provokes a significant conformational change
in the C-terminal target-binding domain.

There is increasing awareness that many proteins harbor
unstructured regions that become more ordered upon inter-
action with a suitable binding partner [42–44]. Proteins in-
volved in signal transduction commonly exhibit this behavior
because effective regulation requires that signaling complexes
1) associate rapidly and specifically following an appropri-
ate stimulus and 2) dissociate promptly when signaling is
complete. Coupled folding/binding events can produce highly
specific, (relatively) low-affinity complexes capable of fac-
ile association/dissociation. Given the likelihood that OCP1
and OCP2 play a regulatory role in the cochlea, it is rea-
sonable that they should exhibit this conformationally malle-
able signature.

5. Conclusions

The association of OCP1 with OCP2 exhibits a ΔG°′ of
−10.4 kcal/mol. The reaction is enthalpically-driven (ΔH=
−35.9 kcal/mol), entropically unfavorable (−TΔS°′=25.5 kcal/mol),
and is unaccompanied by protonation/deprotonation events.
The enthalpy change is strongly temperature-dependent (ΔCp=
−1.31 kcal/mol). Analysis of the reaction entropy suggests that
complex formation is associated with a substantial ordering of
one or both polypeptide chains.
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