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ABSTRACT. To characterize the proteitrprotein interaction during electron transfer, we used Zn-substituted
cytochromec (ZnCytc) as a model of ferrous Cgtand determined the volume changeys”", for the
dissociation of its complex with ferric cytochrorbg(Cytbs) by the pressure dependence of its photoinduced
electron-transfer kinetics. Under ambient pressure, the dissociation com&fdnipf the ZnCyt/Cytbs
complex was dependent on the buffer concentration, 1.5 andviLih 2 and 10 mM Tris-HCI, pH 7.4,
respectively, which was consistent with formation of salt bridges in its complexation. The dissociation of
one salt bridge is usually associated with large volume change4@to—30 cn? mol~1, while pressure
dependence df" resulted in smaller value &V, —8.5 cn® mol~*. Therefore, the interaction between
ZnCytc and Cybs cannot be explained only by salt bridge interaction, and the partial cancellation by the
positive volume change due to the additional hydrophobic interaction is a plausible explanation for the
observedAVy". In addition, AV4#" of —8.5 cn? mol~! was considerably smaller than the previously
reported volume changAVy™, of —122 cn? mol~1in the ferric Cyt/Cytbs complex dissociation [Rodgers

and Sligar (1991). Mol. Biol. 221 1453-1460]. ZnCyt used here has been assumed to be a reliable
model of ferrous Cyd, and thus the discrepancy between our preg@nf" and the previous\V4™ is
discussed on the basis of the protein docking dependent on the oxidation states of heme ir@n in Cyt

Electron transfer (ET)reactions play essential roles in  upon the complex dissociatiom\Vy, has been a useful
the biological important processes such as photosynthesighermodynamic quantity to characterize protepmotein
and respiration and typically involve the transport of electrons interaction sites. Upon dissociation of protein complexes, the
through a series of distinct protetiprotein complexesl( exposure of the charged groups to solvent results in an
2). For maintenance of the physiological specificity in electrostriction of the solvent, which contributes to a corre-
transferring an electron, the molecular recognition is requisite sponding decrease in the overall volume of systeihiQ to
between redox proteins. The characterization of pretein —30 cn® mol™?) (13, 14). Rodgers and Sligadp, 16) have
protein interactions involved in ET reactions is, therefore, a reported the large volume decreasd,22 cn¥ mol™2, upon
fundamental step for the comprehension of the molecular the dissociation of the ferric complex between horse heart

recognition mechanism. Cytc and rat hepatic Cyt in the solution condition of 2
One of the most widely studied systems for protein  mM Tris-HCI, pH 7.4. In combination with the site-directed
protein interactions is a pair between cytochroro€€ytc) mutagenesis, Rodgers and Sligag)(have further proposed

andbs (Cytbs) (3, 4). The structural characterization of the that the observed\Vy, —122 cn? mol™, can be well
complex between ferric Cygtand ferric Cybs has been  explained by the so-called Salemme mod§&) (vith the four
vigorously attempted by theoretical and experimental ap- salt bridge interactions (Figure 1).

proaches, including computer simulatios—7), chemical The complex formed in ET reactions contains a pair of
modification @, 9), and site-directed mutagenesi9{-12). the reduced and oxidized states of the individual cyto-
In these previous studies, the salt bridge interactions havecnomes. which are well-known to change the structure and

bee_n recognized as t_he crucial_factor for the ferricdCyt  jig dynamics in response to the oxidation state of its active
ferric Cytos complexation. In particular, the volume change  gjie "heme. In particular, the structural difference between

o . od b ~trom Ministrv of Educat ferric and ferrous Cythas been discussed by using various
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sulfate; D-A distance, the distance between electron donor and COmMputer simulationsx-7, 10, 26), implying the sites other
acceptor. than the Salemme model are also amenable to the complex-
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Ficure 1: Salt bridge interactions in the complex betweendGytd Cybs proposed by Salemm@T). The dotted lines indicate pairs of

the salt bridges.

ation. However, it has not been experimentally examined negative pressure on ice for 1 h. The dried protein was gently
whether the interaction between these two cytochromes isdissolved in ca. 10 mL of 50 mM ammonium acetate, 6 M

affected by the oxidation states of the heme iron ion.
To address the proteifprotein interactions dependent

Gdn-HCI, pH 5.0. After the concentration of the solution to
ca. 1 mL by using Centrifugal Filter Device (Millipore), the

upon the oxidation states of the cytochrome, we investigatedcrude porphyrin-Cyt was loaded onto the PD-10 gel
the pressure dependence of the dissociation between Znfiltration column (Amersham Pharmacia Biotech), which was

substituted Cyt (ZnCytc) and Cybs. The structural char-
acterization of ZnCythas suggested that replacement of iron
(1) by zinc (I1) does not perturb the conformation of €yt
and its association with the redox partn2r)( Using ZnCyt

as the reliable model of ferrous @ytwe evaluated the

preequilibrated with 50 mM ammonium acetate and pH 5.0.
The 15-fold excess of zinc acetate (56.6 mg) was added to
the porphyrin-Cyt solution (20 mL, 0.9 mM), and the
mixture was kept in a water bath at 3C for 30 min in
dark to reconstitute zinc ion into porphyrin-CytCrude

dissociation constant from the photoinduced ET reactions ZnCytc was further purified by a HiTrapSP cation-exchange

from ZnCyt to Cyths. As reported by Qin and Kosti28),
the laser-generated triplet-excited state of Zie@g transfer
an electron to Cyds, resulting in its decay to the ground

column fitted to the Pharmacia FPLC system. The samples
were loaded on the column equilibrated with 50 mM-Na
Pi, pH 7.1, and eluted with a linear gradient of 50 mM-Na

state. Out of the total decay amplitude, the fraction occupied Pi, 500 mM NaCl, and pH 7.0.

by the intracomplex ET process, of which the rate constant

is independent of the Clg§ concentration, indicates the
degree of the complexation between Zn€gmd Cybs. The
volume change upon the dissociation of the ZraXyytbs

Laser Flash PhotolysisThe second harmonic (532 nm)
of a Q-switched Nd:YAG laser provided photolysis pulses
with a half peak duration of 10 ns. The monitoring beam
was generated by a xenon lamp (150 W) and focused on the

complex can be further examined from the pressure depen-gample cell at the right angle of the excitation source. The

dence of the ET kinetics between Zn€yand Cybs.
Comparing it with the volume change previously reported
in the ferric pair of the cytochrome46), we discussed the
protein docking between Gytand Cybs in relation to the
oxidation states of Cygt

EXPERIMENTAL PROCEDURES

Protein Preparation.Cyths was prepared as reported
previously @9). Escherichia coliTB-1 cells containing the
plasmid, pUC13, which harbors the gene for the soluble
heme-containing domain of rat hepatic Gytwere grown
in 2xTY culture overnight. The finally purified Clg protein
gave a single band on SDS polyacrylamide gels and\ihé
Aogo ratio of 5.8 and was stored at80 °C.

Substitution of zinc ion for iron ion in Cgtwas performed
as published elsewherg&q). In short, iron bound to the heme
group in Cyt was removed by reaction with anhydrous
hydrogen fluoride, resulting in the formation of porphyrin-
Cytc. Horse heart Cyt (100 mg), purchased from Wako
chemicals, was dissolved in 2 mL of hydrogen fluoride in a
Teflon tube dipped in dry ice/ethanola70 °C. The protein
solution was stirred for 510 min, and it was dried under

transmitted light was detected by a photomultiplier that is
attached on a monochromator, UNISOKU USP-501. A two-
channel oscilloscope (TDS520) was used to digitize, and the
accumulated signals were transferred to a NEC PC-98
computer for the further analysis. High-pressure laser flash
photolysis measurements were performed using the high-
pressure cell (PCI-400) developed by TERAMECS Co. Ltd.
The pressure was transmitted from a high-pressure hand
pump (TP-500, TERAMECS) and was measured by a
Bourdon tube over a range from atmospheric pressure to 200
MPa. Temperature was controlled by using a circulating
water bath. Each rate constant reported in this study is the
average of 20 individual kinetic measurements at the stated
pressure. The transient absorbance chang&n@iytc* were
monitored at 460 nm2@). The concentration of ZnCgtvas

kept at 7uM, and Cybs was titrated from 5 to 2&xM. The
high-pressure laser flash photolysis measurements were
usually performed at pressure intervals of 50 to 200 MPa.
After lowering the pressure to 0.1 MPa, we confirmed the
decay kinetics ofZnCytc* in the presence of Cig to be

the same as that before raising the pressure within the
experimental error, which further shows that pressure does
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Ficure 2: Normalized transient absorbance changes at 460 nm obtained after laser excitatigd @nCytc with 15 uM Cytbs (A) in

2 mM Tris-HCI, pH 7.4, and (B) in 10 mM Tris-HCI, pH 7.4, at 293 K. The residuals of the single-exponential fitting are shown on the
top. (inset) The dependence of the rate constenpn the Cybs concentration. Open circles indicate the rate constants measured under 2
mM Tris-HCI, pH 7.4, while black circles are under 10 mM Tris-HCI, pH 7.4.
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not induce the irreversible denaturation of the proteins. All
experiments were performed in Tris-HCI buffer, since the
pH of Tris buffer has been shown to be independent of
pressure up to 200 MP&1).

RESULTS

Kinetics under Ambient Pressuréhe quenching of
3ZnCytc* by ferric Cyths has already been examined by Qin
and Kostic (28) and other investigators32, 33) under

ag will be ideally zero (Scheme 1), in the current experiments
az amounts to less than 1% of total decay amplitude because
of the noisy signal of the transient absorbance changes.
Typical decay kinetics observed at 460 nm after a laser pulse
is shown in Figure 2A. The random residuals were obtained
in the fitting of the decay by eq 1 (top of Figure 2), which
confirms that the decay dZnCytc* consisted of the two
kinetic phases.

Under the buffer condition of 10 mM Tris-HCI, pH 7.4,
the rate constanks, for the slower kinetic phase (amplitude
a) is linearly dependent upon the @ytconcentration (See
Figure S1 in Supporting Information), indicating the bimo-
lecular quenching process #nCytc* by Cytbs. When the
buffer concentration (the ionic strength of solution) was
lowered to 2 mM Tris-HCI, pH 7.4s showed the saturation

2As reported previously, dissolved oxygen in the sample also
quenches the triplet-excited state of Zn-substituted hemoproteins and
accelerates the observed decay kinetics. In the absence of ferbis; Cyt
the 3ZnCytc* decay rate constantks, was actually about 10-fold

ambient pressure and confirmed as the ET process fromaccelerated, 70 and 800'sunder anaerobic and aerobic conditions,

8ZnCytc* to ferric Cytbs. Qin and Kostic(28) have also
reported that the observed ET quenching proceZ&reytc*

by Cyths can be explained by the two exponential functions
based upon Scheme 1, the intermolecular EPZofCytc*

by Cyths and the intracomplex ET in the preformed Zn@yt
Cyths complex. Consistent with their results, we observed
that the absorbance decay®@hCytc*, AA, in the presence
of ferric Cyths can be well fitted by two exponential functions
with the rate constant&r andks (eq 17

)

where a; and a, are the amplitudes of the individual
exponential decay processes. The constanin eq 1 means
the final absorbance to whictZnCytc* decays. Although

AA = a; exp(—kt) + a, exp(—kdt) + a,

respectively. In the presence of ferric @ythowever, the decay rate
of 3ZnCytc* was barely affected by oxygen, which would be due to
the 16—10*fold faster ET rate to Cy compared tdy under aerobic
condition, 800 st. Accordingly, even in the presence of the dissolved
oxygen,3ZnCytc* will decay preferentially through the ET process to
Cytbs, and we confirmed, in this study, virtually the same decay kinetics
under aerobic and anaerobic conditions.

3 For calculation of the net charge and the dipole moment o€,Cyt
we used the computer program, MacroDox ver. 3.2.2, developed by
Northrup et al. {0)

4To further examine the interactions of ferric €ytith ferrous Cybs
by the ET kinetics and quantify its volume change, we have also
constructed Zn-substituted @yt(ZnCyths) and attempted to evaluate
the pressure dependence of the photoinduced ET reaction of EnCyt
with ferric Cytc. However, the structural characterization by the circular
dichroism spectroscopy suggested that Zmgybas the apo-like
conformation of Cybs (Furukawa et al. unpublished), which hampers
the further discussion on the proteiprotein interactions in the ferric
Cytc/ferrous Cybs complex.
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behavior against the Gy concentration (See Figure S1 in
Supporting Information). Decrease of the ionic strength is
led to reinforce the electrostatic interactions between ZaCyt
and Cybs (28), and the saturation kinetics of the slower phase
is also consistent with the bimolecular quenchinézofCytc*

by Cyths following the complex formation (A~ C— D —

E in Scheme 1).

On the other hand, the rate constdatfor the faster phase
(amplitudea;) was independent of the Qytconcentration
(5—25 uM) and estimated as 1. 1C° s!, which is
independent of the buffer concentration{20 mM Tris-
HCI, inset of Figure 2). The observdg is in agreement
with the previous results by Qin and Kosti28), and it is

considered that the faster phase corresponds to the intrac-

omplex quenching offZnCytc* by ferric Cytbs in the
preformed ZnCyt/Cyths complex before the excitation of
ZnCytc by a laser shot (B> D — E in Scheme 1). The
amplitudesa; anday, parallel the amounts of the preformed
complex (state B in Scheme 1) and the free state (state A in
Scheme 1) of ZnCyt respectively, and these decay ampli-
tudes can further afford the estimation of the dissociation
constant.

To calculate the dissociation constaKt?", of the Zn-
Cytc—Cyths complex, we noted the fraction of the faster
phase.a)/(a;+ay), in the total decay amplitude, by which
the preformed complex state (ZnCiEytbs (FE), state B
in Scheme 1) can be quantified (eq 2)

Y [ZnCytc/Cythg]
a, +a, [ZnCytc] + [ZnCytc/Cyth,]

()

Because the contribution af to the total decay amplitude
was less than 1%, it is not necessary to be taken into accoun
for the determination and the analysiskaf". As shown in
Figure 3, the fractionai/(a;+az), showed the saturation
behavior with increase of the Qytconcentration. It has been
known that ZnCyt and Cybs exhibit simple 1:1 binding
scheme 3), and the dissociation constars", can be
defined as eq 3

7n [ZnCytc][Cytbg]

¢ [ZnCytc/Cyth] 3)

Using egs 2 and 3, the fractioay/(a;+ay), can be expressed
by K" as described in eq 4

C]
at+a,

[ZnCytd], + [Cythy], + K" — \/ (1ZnCytc], + [Cytb], + K2 — 4[ZnCytc][Cytbe],
2[ZnCyt],
(4)

In this equation, [ZnCyf; and [Cybs]; indicate the total
concentrations of ZnCgtand Cybs dissolved in the sample
solution, respectively. In the solution condition of 2 mM Tris-
HCI, pH 7.4, the fitting of the data (Figure 3A, open circles)
to eq 4 resulted ik of 1.5+ 0.1 uM.

We also investigated effects of ionic strength in solution
on the dissociation constar", to examine electrostatic
interactions in the complexation between Zn€gihd Cybs.

As mentioned in the Introduction, the electrostatic interac-
tions have been suggested to play important roles in the/ Cyt
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Ficure 3: Dependence of the fraction of the faster phase,
a/(ayt+ay), on the Cybs concentration (A) in 2 mM Tris-HCI, pH
7.4, or (B) in 10 mM Tris-HCI, pH 7.4. The pressure was as
follows: 0.1 (open circle), 50 (open square), 100 (open triangle),
150 (filled circle), and 200 MPa (filled square). The solid curves
are the least-squares fits by eq 4.

Cytbs complexation. In the higher ionic strength condition,
{40 mM Tris-HCI and pH 7.4, the fractiomy/(a;+a,), was
smaller than that in the buffer condition of 2 mM Tris-HCI
(Figure 3B) and can be fitted to eq 4 with the dissociation
constant of 12+ 1.6 uM. Compared toK£" under 2 mM
Tris-HCI, the approximately 10-fold reduced affinity in the
increased ionic strength solution (10 mM Tris-HCI) suggests
the relevance of the electrostatic interactions in the complex
formation between ZnCygtand Cybs.

Kinetics under Higher Pressur&Ve have further exam-
ined the pressure dependence of the intracomplex ET
guenching process: exp(—kgt) in eq 1, up to 200 MPa
with an interval of 50 MPa so as to gain an insight into the
effects of pressure on ZnQyCyths complexation process.
Under higher pressures up to 200 MPa, the decay kinetics
of 3ZnCytc* quenched by ferric Cyts consisted of the two
phases (Figure 4), and the rate constant of the faster phase,
ke, remains independent of the @ytoncentration (data not
shown), indicating that the faster phase under higher pressure
also expresses the intracomplex ET process. The fraction of
the fast processu/(a;+ay), was significantly decreased under
higher pressure (Figure 3), indicating that the Zrgigytbs
complex tends to dissociate by pressurization. The volume
change,AV¢#", in the dissociation of the ZnCg/Cytbs
complex was estimated for the quantitative analysis by the
following equation:

AVdZn
RT

3ln K"

)=

The plot of the natural logarithm df" against pressure

®)
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Ficure 4: Normalized transient absorbance changes at 460 nm obtained after laser excitatiod @nCytc with 15 uM Cytbs at (A)

0.1 and (B) 200 MPa in 2 mM Tris-HCI, pH 7.4, 293 K. The residuals of the double-exponential fitting are shown on the top. (inset) The
typical pressure dependence of intracomplex ET tigten the pair of ZnCyt and Cybs. The data on this inset are taken in the condition

of 7 uM ZnCytc with 15 uM Cytbs in 2 mM Tris-HCI, pH 7.4.

-10 Because the proteifprotein binding site in its complex
affects the D-A distance (), the analysis of the BA
distance change with pressurization can provide information
-11 on the binding site in the ZnCy¢/Cytbs complex under higher
pressure. For the quantitative analysis of theAdistance
change under higher pressure, we introduced the activation

ﬁg 12— volume, AV, as the following equation:
()~ av A
"] # Jr- RT ©)

whereP is the pressureR is the gas constant, afdis the
M | | | | | temperature. T_he rate constam, s_howed the slight ac-
0 50 100 150 200 250 celeration against the pressurization, and the plot of the
Pressure (MPa) natqral logarithm okp_agginst the pressure was_linear (inset
FiGURe 5: Pressure dependence of the dissociation constant betwee of Figure 4). The activation VOlu.maV*’ for the mtracom-
ZnCytc and Cybs estimated from the fraction of the faster kinetic rblex ET at each Cyk anpentratlon was determined by the
phase (Figure 4) in (filled circles) 2 mM Tris-HCI, pH 7.4, and linear least-squares fitting:==1.0 = 0.3, —1.5 £ 0.3,
(open circles) 10 mM Tris-HCI, pH 7.4. Solid lines are linear least- —1.54 0.1, —1.1 4 0.1, and—0.8 & 0.3 cn? mol™?! at 5,
squares fits. 10, 15, 20, and 2xM of the Cyts concentration, respec-
was linear (Figure 5), and the volume change for the tively. AV* does not appear to be dependent upon thé&{Cyt
dissociation was determined by the linear least-squaresconcentration, and we used its averaged vatke2 + 0.2
fitting; AVZ"= —8.5+ 0.8 and—8.7+ 0.9 cn¥ mol-tunder ¢ mol™?, for further analysis.
2 and 10 mM Tris-HCI, pH 7.4, respectively. While changes ~ On the basis of our previous studg4j, the activation
of ionic strength can lead to perturbation of the@structure ~ volume,AV#, for the ET rate constantk, can be expressed
(22) and might affect the binding geometry with ®ytthe as eq 7 using the Marcus equation (eq B) (
ionic strength-independentVy" observed here implies that
the ZnCyt/Cyths complex has the same structure in the range AV = ﬁRT(@) +
from 2 to 10 mM Tris-HCI. P

Prior to the detailed discussion akV4", it would be AG° + 14 AV LAV
necessary to reveal that pressurization does not perturb the ( 22 )( ZnCyte*~ZnCytct CVfbs(F@*)*Cyﬂ)s(Fe“))
binding site. As previously reported by u34j and another (7)
group B5), the pressure dependence of the ET rate constants . .
in proteins afford the changes in the-B distance (Zn- k=10 exp[-4(d — 3)] ex;{— (AG° +4) ®)
porphyrin in ZnCyt and heme in Cyis) with pressurization. 4ART
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wheref and are distance decay factor and reorganization reportedAV,™ is that ZnCyt does not interact with ferric
energy, respectivelyAG® is the redox potential difference  Cyths in the same manner as ferric €ydoes.

between the redox cofactors at ambient pressure. In eq 7, Electrostatic Interactions: Salt Bridge Formatioria.the

the activation volumeAV#, for the ET reactions can be complex between ferric Cgtand ferric Cybs, AV e of —122
illustrated by the pressure-induced change of theAD cm® mol~! has been well interpreted as the rupture of four
distance,d, and the volume change of the redox centers, salt bridge interactions on the basis of th&0 to —30 cn?
AVezncyi—zncyct aNdAVeyigre)—cyigre). It has been sug-  mol~! contribution from one salt bridge dissociationAl/q#"
gested 84, 36—38) that the volume changes of heme or Zn- results from the salt bridge interaction alone, at most one
porphyrins are rather small; therefol®Vszncyer—zncye + salt bridge would be formed on their complexation. Because
AVeyinret—cytg(Fe) 1S @approximately 0 cshmoltin eq 7. salt bridge interaction depends on the electrostatic properties
Because the ET system betweégnCytc* and Cytbs exhibits on protein surface4(l—45), Zn substitution could lead to
AG® and/ of —0.8 and 0.8 eV, respectivel?), the term, perturbation on the electrostatic potential of thedjybtein
(AG® +14)/24, in eq 7 would be nearly equal to zero. Upon surface and result in the different interaction with Kgyt
the basis of these assumptions, the equatiom\féfin the between ferric Cy¢t and ZnCyt. Affinity between the

ET reaction between ZnQyiand Cybs can be reduced to  electrostatically stabilized protein pairs is influenced espe-

the following equation: cially by the net charge and dipole moment of protein
molecules 41, 42). The zinc substitution for ferric iron in
AVF =ﬁRT(a—d) ) Cytc decreases its net charge froh8.1 to +7.1 and the

oP magnitude of the dipole moment of the overall protein from

225 to 195 B. In ZnCytc, reduction of the positive characters
To evaluate the distance change under high pressure, wen the net charge and dipole moment could weaken the
applied 1.4 A! for the value of 8, which has been electrostatic interactions with negatively chargedhgyt
encountered for many protein ET systen3§)( Using the It is well known @1—45) that ionic strength of solution
observed value of-1.2 4 0.2 cn? mol™* for the activation can reduce electrostatic interactions for the salt bridge
volume, AV¥, eq 9 shows that the distance change by formation. As reported by Mauk et a#), the dissociation
pressurization,ad/aP)r, was (-3.5+ 0.6) x 104 AMPa .. constant of the ferric complex between €yand Cybs
This small value of {d/oP)r means that the distance between amounts to 0.2xM in solution of 1 mM ionic strength and
Zn-porphyrin in ZnCyt and heme in Cyis results in the is increased to as much as Bl at 10 mM ionic strength
order of 0.1 A reduction at 200 MPa, to the extent of which (46), which is consistent with the presence of the salt bridge
the ZnCyt/Cytbs complex structure would be little perturbed interactions between ferric Gytand ferric Cybs. In the
by pressurization. If the shift of the binding site was induced present ZnCy/Cyths complex,K#" at 2 mM Tris-HCI buffer
by pressure, the distance change estimated by the ET rateoncentration was 1.aM (Figure 3A). Compared to the
constants might be more significant. It can be well considered ferric Cytc/Cyths complex Kq of 0.254M), a reduced affinity
that the binding geometry remains unchanged in the pressureébetween ZnCyt and Cybs might be due to the decline in
range (0.1-200 MPa), on the basis of which we will discuss the positive characters of the surface on cClyy the Zn-
the interaction between ZnGyand Cybs in the next section.  substitution. Nonetheless, increasing the buffer concentration
to 10 mM led to the 10-fold increase iKs#", 12 uM.
DISCUSSION Although it remains unclear whether the specific salt bridges
o proposed in the ferric pair exist in the Zn€AZythbs complex,
Pressure dependence of the ET kinetics in the ZaCyt  the significant dependence Ki?" on ionic strength indicates
ferric Cyths complex resulted in a volume changgyy™", the importance of the electrostatic interactions in formation
of —8.5 cn® mol~* upon its dissociation, which is consider- of the ZnCyt/Cytbs complex. On the basis of the ionic
ably smaller compared to the previous data on the ferric Pairstrength dependence dfZ", AVZ" is expected to be
of the Cyt and Cybs proteins,—122 cn? mol™ (AV4™) comparable toAV e, —122 cnd mol?, but the observed
(16), despite the same solut.ion coqdition, 2 mM Tris-HCI, Ay 2" was much smaller<8.5 cn# mol-1). Therefore, in
pH 7.4, and the same protein species, horse heatt@yt  aqdition to salt bridge interactions, the Zn@@ytbs complex
rat hepatic Cyts. The method to monitor the dissociation s supposed to have some other interactions with the positive
of the Cyt/Cytbs complex is one of the different points yolume change upon its disruption, and such interactions are
between the present and the previous studi); (the not available in the ferric Cytferric Cyths complex.
previous AVy"® was monitored by the perturbation of the  Hygrogen-Bonding Interactionther than salt bridge
Cyths absorption spectrum upon its complexation with€yt  jnteraction, it has been recognized that hydrogen bonding
In the case of the CgtCyths complex, these two methods,  anq hydrophobic interactions also stabilize protginotein
i.e., the ET kinetics and the absorption spectrum, are complexes. The volume chang@Vg' "4 caused by
suggested to be comparable for the evaluation of its dis'disruption of hydrogen bonding interaction appears to be

sociation constan#()), and therefore a much smallaVe™  positive (13, 14). Czeslik and JonasA{) have estimated
thanAV4is not due to the different techniques to monitor Ay H-bond of about +1.75 cn? mol? per one hydrogen
the protein-protein interactions. bonding interaction by examining the pressure dependence

As mentioned in Introduction, dissociation of protein  of the hydroxyl proton chemical shift of methanol in the
protein complexes usually accompanies the volume changemonomet-tetramer equilibrium using high-pressufé
and its degree is characteristic of the type of the interactionsNMR. Compared to the large decrease in volumé0 to
in its complexes13, 14). Accordingly, the simplest explana- —30 cn® mol™, of one salt bridge dissociation, the small
tion for the smaller value oAV4" than the previously  positive value ofAV41~°nd +1.75 cn¥ mol™, is considered
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Ala83
Phes2  Ile85

(A) (B)

Ficure 6: Distribution of the hydrophobic residues on the surface of ferrous @presented by CPK model. Hydrophobic residues and
heme are colored by blue and red, respectively. A is from the side near heme, while the figure from the opposite side are shown in B. The
coordination of the structure was taken from the protein data bank; 1GIW of ferrogs Cyt

to have a little contribution to the observed/#" of —8.5
cm?® mol™%, and approximately 10 hydrogen bonds might be
necessary to compensate the negative contribution from only
one salt bridge interaction. It seems to be too many hydrogen
bonds for the interaction between protei)( and the
observedAV4#" cannot be fully explained by taking the salt
bridge and the hydrogen bonding interactions into consid-
eration. \
Hydrophobic Interactions.Another stabilizing factor, : ) ~{ Heme
hydrophobic interaction, is also considered to exhibit the
positive volume change upon its dissociatig/ "vdrorhobic
which has been often examined by the transfer of a nonpolar
molecule from a nonpolar environment into aqueous solution. Glu3?7
Prehoda and Markley9) estimated that the volume change =~

f:luebt 0 Itn _ﬁ%r?%tlor?;f tT_el hydr](.)(Erbe tr;] molecultles Wltr} water Cyths. The hydrophobic residues which would be exposed to solvent
IS abou -L0 CnY mol-= per or the nonpolar surface by the cleft formation are colored blue, and the acidic residues,

area. Also in proteiﬁprotein interactions, a Significant Asp and Glu, at the rim of the cleft are shown in yellow.
positive volume change-50 cn® mol™?, has been observed
(50) upon dissociation of the complex between digoxigenin this hydrophobic cluster of Cgt(Figure 6A) is in contact
and antidigoxin MAb 26-10, where all of the contacts are with the corresponding hydrophobic region of €giidase
hydrophobic $1). On the basis of about 300?Auried area  with help of three or four salt bridge interactions between
in this digoxigenin/MAb 26-10 complex, +0.17 cnt the positive residues (Lys) on Gyand the negative ones
mol~*A~2 was evaluated for the value diV varphobicper 1 (Asp and Glu) on Cyt oxidase. Upon dissociation of the
A2 Therefore, one possibility to account for much smaller Cytc/Cytc oxidase complex, approximatetyl00 cn? mol—!
value of AV¢" is that hydrophobic interactions can partially  of AV, can be estimated solely on the basis of the salt bridge
cancel out the negative characters of the volume changesnteractions. In contrast, positive value Ay, +6.3 cn?
arising from the salt bridge interactions. mol~%, has been observe84, 55). Thus, the hydrophobic
The hydrophobic interactions play an important role in region on the surface of Qytis available for the binding
the association of Cgtwith the other redox proteins such  with its redox partners, which would make the obsen&d
as Cyt oxidase 52) and plastocyanin53). As shown in more positive than expected based upon the salt bridge
Figure 6A,B, Cyt has a unique hydrophobic cluster includ- interactions.
ing Cys17, lle81, Phe82, Ala83, and Ile85 (colored blue) on  While there seems to be no hydrophobic regions on the
its surface around heme, which are further surrounded by surface of Cys to interact with the hydrophobic cluster on
several Lys residues to bear the positive electrostatic Cytc, the recent molecular dynamics simulation on the
potential. The hydrophobic vinyl and methyl groups of heme structural fluctuation of Cyis (56) has proposed the forma-
(colored red) are also included in this hydrophobic cluster, tion of a large cleft that exposes the hydrophobic interior
the surface of which amounts to more than 100(dctan- and the heme group (Figure 7) to solvents. Though opening
gular surrounded by Cys17, lle81, Ala83, and 1le85). In the and closing of the cleft occurred in nanosecond time scale,
Cytc/Cytc oxidase complexation process?, for example, Hom et al. ) have suggested in their two-dimensional NMR

Glu43

Ficure 7: Cleft site proposed by Storch et a8f on rat hepatic
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spectroscopic experiments that the hydrophobic cleft dfCyt SUPPORTING INFORMATION AVAILABLE

can interact with the hydrophobic cluster of the €stirface
to form the complex. As calculated by Storch et &B)( the
maximum dimensions of this cleft were 15.2>410.5 A x

A figure of the plots of the rate constam, against the
Cytbs concentration under 2 and 10 mM Tris-HCI, pH 7.4.

115 A (length by width by depth). Taking 0.17 &m This material is available free of charge via the Internet at

mol~—tA~2 of AVfvdrorhobicinto account, larger than 100?A http://pubs.acs.org.
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