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ABSTRACT. The cytochromec/cytochromec peroxidase system has been extensively investigated as a
model for long-range electron transfer in biology. Two models for the structure of the one-to-one
cytochromec/cytochromec peroxidase complex in solution exist: one is based upon computer docking
of the two proteins and the second is based upon the structure of the complex in the crystalline state.
Titration calorimetry is used to investigate the interaction of horse ferricytochoowith baker’'s yeast
cytochromec peroxidase and with six cytochrorag@eroxidase mutants. Five of the six peroxidase mutants
eliminate a negative charge in the cytochrooiginding site by replacing a side-chain carboxylate with

an amide. The sixth mutation replaces a surface alanine residue with phenylalanine. The binding affinity
between cytochrome and the cytochrome peroxidase mutants varies from no significant change in
comparison to the wild-type enzyme to a 4-fold decrease in the equilibrium association constant. The
pattern of decreasing cytochrorainding affinity for the cytochrome peroxidase mutants is consistent

with the cytochrome binding domain defined by X-ray crystallography [Pelletier, H., & Kraut, J. (1992)
Science 2581748-1755]. For those mutants which have lower affinity for cytochrotnéhe lower

affinity is due to a decrease in the entropy change upon complex formation, consistent with the difference
in hydration of carboxylate and amide groups.

Electron transfer between redox proteins is an important Vitello et al., 1990). Both proteins are small; horse cyto-
process in biological systems. Electron transfer occurs bothchromec has a molecular weight of 12 400 (Bushnell et al.,
within static protein complexes such as the four multisubunit, 1990) and yeast CcP has a molecular weight of 34 200
membrane-bound complexes which form the mitochondrial (Poulos et al., 1980). Each protein consists of a single
electron transport chain and via dynamic protein complexes polypeptide chain and a single heme; the crystallographic
such as those between cytochromeand cytochromec structures of the two proteins are known (Bushnell et al.,
peroxidase (CcP).In dynamic electron transfer complexes, 1990; Poulos et al., 1980). Horse cytochromis a basic
the reaction partners form an association complex, electronprotein, p = 10.2 (Marini et al., 1967), with its net charge
transfer occurs within the complex, and the reaction partnersdominated by 19 lysine residues. CcP is an acidic protein,
dissociate. These dynamic complexes allow reducing equiva-pl = 5.25 (Yonetani, 1967), with 45 glutamate and aspartate
lents to be transferred via diffusion of small redox-active residues. The binding affinity between cytochromand
proteins such as cytochrome Specificity in electron CcP decreases with increasing ionic strength consistent with
transfer is determined both by complex formation between the interaction between oppositely charged proteins (Vitello
reactants (proteimprotein recognition) and by the rate of & Erman, 1987).

electron transfer within the protein complex. In the late 1970s, Margoliash and co-workers (Kang et
The cytochromec/cytochromec peroxidase system has g, 1978) were able to define the CcP-binding domain on
been extensively investigated as a model for electron transferthe surface of horse cytochroneeby using derivatives of
within dynamic protein complexes (McLendon, 1988). The horse cytochrome modified at individual lysine residues.
cytochromec/CcP system has a number of properties which Two types of derivatives were developed: trinitrophenyl
make it a useful model for electron transfer. Both proteins gerivatives which neutralized the positive charge on the
are water soluble and easy to isolate (Brautigan et al., 1978;|ysine residue and carboxydinitropheny! derivatives which
introduced a negatively charged carboxylate at the lysine
t This work was supported in part by grants from the NSF, McB location. The CcP-catalyzed oxidation of the modified
91-21414 (J.E.E. and L.B.V.), CHE 92-06158 (G.C.K. and J.E.E.), and cytochromeg was slower than or equal to unmodified horse

and L.B.V.). O . e . :
* Author to whom correspondence should be addressed. inhibition was in the order of modification at residues 72
*Northern lllinois University. 86 > 87 > 13 = 27 > 8, leading to the conclusion that the
¢ University of California, San Diego. CcP-interaction domain of horse cytochroroeincluded
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1 Abbreviations: CcP, cytochromeperoxidase; CcP(E32Q), CcP Iysme residues 72, 86, 87, 13, and 27 with Iysme 8 belng

mutant in which the glutamate (E) at position 32 in the wild-type Near the periphery. These residues surround the solvent-

enzyme has been replaced by glutamine (Q) (the same namingexposed edge of the heme group in cytochrame

convention is used for all of the CcP mutants in this study); Ru27- . S
hCc, modified horse cytochronin which a ruthenium complex is With the elucidation of the crystal structure of CcP, Poulos

covalently attached to Lys-27. and Kraut (1980) made the first attempt at defining the
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negatively charged. However, the two sites do not overlap,
and it is possible to simultaneously bind a cytochroorat
each site without steric constraint.

The conditions used to determine the structure of the horse
cytochromec/CcP complex were intricate (Pelletier & Kraut,
1992). The mole ratio of CcP to horse cytochrooia the
crystals was consistently greater than one. Two CcP
molecules and a maximum of one and a half horse cyto-
chromec molecules were observed in each asymmetric unit
of the crystal. One CcP and one horse cytochreméthin
the asymmetric unit form a well-ordered structure, and this
cytochromec/CcP pair is the basis for the one-to-one horse
cytochromec/CcP structure. The structure of the second CcP
molecule within the asymmetric unit could be solved
although the structure of the second cytochrameuld not.
The best approximation for the interaction of the second
cytochromec and CcP is that cytochromeis located near
Leu-294 of CcP. In addition, there are CcP/CcP interactions
within the crystal. Lysine residues on the back side of the
Ficure 1: Surface of cytochrome peroxidase showing two  first CcP molecule interact with the putative high-affinity
possible cytochromes binding sites. The residues in yellow cytochromec binding site on the second CcP molecule,

represent the cytochronebinding site originally determined by o . -
visual docking of cytochrome peroxidase and cytochronsaising specifically Asp-34, Glu-35, and Glu-290. These interactions

computer graphic techniques (Poulos & Kraut, 1980; Poulos & cause some concern about the impact of crystal forces in
Finzel, 1984). This binding site is referred to as the Poulos/Finzel/ determining the structure of the CcP/horse cytochrame

Kraut binding site in the text. The residues in white define the Comp|ex and whether the horse Cytochrwf@cp Comp|ex

cytochromec binding site, determined by X-ray analysis of two : ; ; :
cytochromec/CcP complexes (Pelletier & Kraut, 1992). The binding in the crystal is the same as the complex in solution. In this

site in white is referred to as the Pelletier/Kraut binding site in the PaPer we report on calorimetric studies of the interaction
text. between horse cytochromeand CcP mutants in solution

_ designed to probe the high-affinity cytochromebinding
structure of the cytochrom&#CcP complex. A hypothetical  site on CcP. Our conclusion is that the structure of the one-
model of the complex was proposed on the basis of the visualto-one horse cytochrome/CcP complex in solution is
docking of the two proteins with the aid of a computer consistent with that found in the crystal (Pelletier & Kraut,
graphics display system. The model was determined by 1992).
optimizing interactions between carboxylate groups on the Binding of cytochrome to wild-type CcP is characterized

surface of CcP with the lysine residues ;urrqgnding the by a small unfavorable enthalpy change and dominated by
solvent-exposed heme edge on cytochranidentified by 5'|5rqe positive entropy change (Kresheck et al., 1995). These
Kang et al. (1978) as being within the CcP-binding domain ,ermodynamic parameters are consistent with the release
on cytochromec. The model paired aspartates 37, 79, and ¢ go|vent upon complex formation. In this study we have
217 of CcP with lysines 13, 27, and 72 on cytochrome 5154 determined the effect of eliminating negatively charged
respectively. Use of the refined crystal structures of CcP gjiag within the cytochromebinding domain on the surface
and tuna cytochromealtered the model slightly (Poulos & ¢ ~cp in terms of the thermodynamic parameters for

FinZ(_eI, 1984). In the refined model, strong interactions were omplex formation. Conversion of binding-site carboxylates
predicted between aspartates 33, 37, and 217 on CcP ang, amides has no significant effect on the enthalpy change

lysines 8, 13, and 72 on cytochrorogrespectively. for complex formation. The decrease in affinity is due to a
Pelletier and Kraut (1992) reported crystal structures of a yacrease in the entropy change, consistent with weaker

horse cytochrome/CcP complex and a yeast iso-1 Cyto-  pygration of the amides in comparison to the carboxylate
chromec/CcP complex. The two complexes were crystal- Jqiq,es

lized under different salt concentrations, and there are small

differences in the relative orientation of cytochroate CcP MATERIALS AND METHODS

in the two complexes. In the crystal structure of the horse

cytochromec/CcP complex, Glu-35, Asn-38, and Glu-290 Wild-type yeast CcP was isolated as previously described
on CcP interact with lysines 87, 8, and 72 on cytochrame  (Vitello et al.,, 1990). CcP solutions were prepared by
respectively. The CcP-binding domain on the surface of dissolving the crystalline enzyme into 0.050 M ionic strength
horse cytochrome is nearly identical to that predicted by buffers, pH 6.0 (0.010 M potassium phosphate with added
Kang et al. (1978). However, the cytochromebinding KNO3 to adjust ionic strength). Samples were dialyzed
domain on CcP is quite different from that predicted by against four changes of buffer at a buffer/sample ratio of
Poulos and Kraut (1980) and Poulos and Finzel (1984). A >100. After dialysis, samples were centrifuged at 17¢000
comparison of the cytochrome binding sites on CcP  toremove any insoluble material. CcP concentrations were
determined by the computer graphics docking model (Poulos/determined spectroscopically using an absorptivity of 98
Finzel/Kraut site) and by X-ray crystallography (Pelletier/ mM~'cm™ at 408 nm (Vitello et al., 1990). PZ values for
Kraut site) is shown in Figure 1. The two binding sites the three preparations used in this study were 1.25, 1.29,
approach one another near the center of the figure, whereand 1.30. Absorbance ratios at 408/380 and 620/647 nm
five of the six residues between positions 32 and 37 are were 1.504+ 0.01 and 0.74t 0.01, respectively, indicating
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that the CcP preparations were five-coordinate, high-spin ' : ; " ]
Fe(lll) forms (Vitello et al., 1990). 2.0 v 1

Surface mutants of CcP were constructed, expressed in
E. coli, and isolated as previously described (Fishel et al., ]
1987; Liu et al., 1995). Solutions of the mutant enzymes 151
were prepared from crystalline samples as described aboves
for the wild-type enzyme.

Horse heart cytochrome (type VI) was obtained from
Sigma Chemical Co. (St. Louis, MO) and used without
further purification. Cytochrome solutions were prepared
by dissolving the lyophilized protein in 0.050 M ionic
strength buffer, pH 6.0. At the high concentrations of
cytochromec used in these studies (1.62.46 mM) the pH
of the resulting solution had to be readjusted to pH 6.0 with
dilute HNG;. Samples were then dialyzed in the same : . | . . :
manner as described for CcP. Cytochromm®ncentrations 0 2 4 6 8
were determined spectrophotometrically using an absorptivity Molar Ratio
of 106.1 mMt cm™! at 410 nm (Margoliash & Frohwirt,  FiGURE 2: Calorimetric titrations for the binding of horse ferricy-
1959). tochromec to CcP. Symbols: open and filled triangles, duplicate

Isothermal titration calorimetry experiments wer rried titrations of 49.0uM yeast .CCP (1.34 mL) using 14 injections

So, € a} atio ca'o . ey e pe € S €re carred of 1,97 mm cytochromec; open and filled squares, duplicate
out with a MicroCal ITC titration calorimeter (MicroCal, Inc., titrations of 90.2:M CcP(E290N) (1.34 mL) using 1AL injections
Northhampton, MA) using procedures previously described of 1.67 mM cytochrome. Experimental conditions: pH 6.0, 0.010
(Kresheck et al., 1995). The reaction cell volume of the M potassium phosphate buffer with added KNIO adjust ionic
instrument is 1.34 mL, and the titrant was added in 25 10- fﬁfggg;gggﬁ%gﬂajﬁé tg.ti;l;gﬁc:;nse.s represent the best fit to
uL increments. The time between injections was 480 s, and

the injection syringe was rotated at 400 rpm for the duration Table 1: Equilibrium Constants and Thermodynamic Parameters for

of each eXpe_riment-_ _Cyt(_)Chrom_@NaS tr_eated as _the ligand  the Binding of Horse Ferricytochroneto Wild-Type and Mutant
and placed in the injection syringe with CcP in the cell. Cytochromec Peroxidast

Following the procedure recommended by MicroCal, each = ¢nyme K (10°M-Y) AH (kI mol)  AS(J motK-Y)
titration was integrated manually using the data before and

1.0 1

kcal/mole of inject:

after each peak to establish a base line. The heat changesccp(E2910) 11% ‘3‘ g)l) g:gi 8:2 iﬁgﬂ
that accompanied the addition of buffer to solutions of CcP ccP(E32Q) 3.6 1.6 (4) 9.4+ 0.1 122+1
in the cell were negligible. However, corrections were CcP(E35Q) 3.2:0.8(3) 4.4+£03 102+ 2
necessary to account for the heat change that resulted whenggﬁggézig) g% ig g; 1%'051 g? ﬁgi 18
cytochromec was placed in the syringe and diluted into the  ccpE2goN) 2.3+ 0.4 (2) 8.6+ 0.3 113+ 2

cell comammg.JUSt bUﬁer'. s apH 6.0, 0.010 M potassium phosphate buffer, with added KNO
Data analysis to determine binding parameters was con-y, adjust the ionic strength to 0.050 M, 26 1 °C.°Number in

ducted using a nonlinear iterative procedure utilizing the parentheses indicates the number of titrations performed.
Marquardt algorithm (Bevington, 1969). The data were fit

to a model describing one-to-one complex formation as Tapje 1 along with those for the five other CcP mutants used

described in detail by Wiseman et al. (1989). in this study. Entropy changes, calculated from the equi-
RESULTS lll_grl;lemlconstants and enthalpy changes, are included in

Significant absorption of heat occurs upon injecting 10  The equilibrium association constai, is reproducible
ulL aliquots of horse ferricytochrome(1.67—2.46 mM) into to about 35%, estimated from the standard deviation of
the calorimeter cell (1.34 mL) containing either CcP or one Multiple titrations. The enthalpy and entropy changes are
of the CcP mutants (42109 4M). The absorption of heat ~ reproducible to about=1.5 kJ mof™* (~17% of the mean
indicates that complex formation is endothermic. Figure 2 value) andt6 J moft K=t (~5% of the mean), respectively.
shows calorimetric titrations of the reaction between horse
ferricytochromec and wild-type yeast CcP and between horse DISCUSSION
ferricytochromec and a mutant CcP in which the negatively ~ Thermodynamic ParametersThe strong ionic strength
charged Glu-290 is replaced by a neutral asparagine residuedependence of the interaction between CcP and cytochrome
CcP(E290N). Duplicate titrations are shown to give an cindicates that the binding is largely electrostatic in nature
indication of the reproducibility of the data. Experimental (Vitello & Erman, 1987; Kresheck et al., 1995). Previous
conditions are given in the figure legend. studies show that, for native CcP and horse ferricytochrome

The titration curves can be analyzed on the basis of ac, formation of the horse cytochrom&gCcP complex is
model assuming simple binding between the two proteins endothermic with a small, positive enthalpy change af 9
to give a one-to-one complex (Wiseman et al., 1989; 1 kJ mol?, independent of ionic strength between 0.01 and
Kresheck et al., 1995). The analysis gives both the equi- 0.20 M (Kresheck et al., 1995). The thermodynamics of
librium association constant and the enthalpy change for complex formation, including the strong ionic strength
complex formation. Equilibrium constants and enthalpy dependence of the reaction, is dominated by the positive
changes for the titrations shown in Figure 2 are collected in entropy change which increases from 92 to 155 Jiéi?
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between 0.20 and 0.010 M ionic strength (Kresheck et al.,
1995). The large positive entropy change strongly suggests
that the thermodynamics of complex formation are dominated
by solvation effects. The mechanism for CcP/cytochrome
¢ binding is that electrostatic forces bring the two macroions
together, squeezing the solvent from the protgirotein
interface. The released water of hydration provides a
substantial increase in entropy for the reaction. The enthalpy
change for the reaction is small, indicating that the enthalpic
contributions of the proteinprotein and waterwater in-
teractions in the product essentially cancel the enthalpic
contribution of the proteirthydration layer interactions in
the uncomplexed proteins.

The CcP mutations used in this study are relatively benign,
and their effect on the binding of horse cytochromig small.
The CcP mutants segregate into two groups on the basis of
their affinity for cytochromec. The binding of cytochrome  Ficure 3: Interface between cytochroneeperoxidase and horse
¢ to CcP(E291Q) is identical to that of wild-type enzyme cytochromec at the Pelletier/Kraut binding site (Pelletier & Kraut,
within experimental error. The cytochroradinding affinity 1992). CcP is shown in blue on the right and horse cytochrome
for the other five CcP mutants is three to four times weaker - shown in yellow on the left. Five of the six residues which were

' > mutated in CcP and used in this study are shown in white (Ala-

than that of wild-type CcP. The effect of the mutations can 193 is not shown but would be in the background toward the center
be interpreted in the context of the thermodynamic param- of the interface).
eters for binding of wild-type CcP and horse cytochrotne
(Kresheck et al., 1995). For all of the mutants, except CcP- to formation of the CcP/horse cytochroncecomplex in
(A193F), the charge on specific glutamates or aspartates issolution. Since each of these mutations converts a solvent-
removed by substitution of amides, and for one mutation, exposed carboxylate residue to an amide, the effect of each
E290N, a methylene bridge is eliminated from the side chain. mutation on the surrounding solvent should be approximately
Substitution of amides in the mutants for carboxylate groups the same. The results in Table 1 show that all three mutants
in wild-type CcP still permits the mutants to form hydrogen in the 32-35 cluster (E32Q, D34N, and E35Q) have similar
bonds with appropriate lysine residues on cytochronihe effects onKa, decreasing the affinity of CcP for horse
major difference in the thermodynamic parameters of the cytochromec by 3—4-fold. On the other hand, although
mutants relative to the wild-type enzyme will be due to CcP(E290N) also causes a 4-fold decreadéiirthe E291Q
differences in releasing water of hydration from a neutral mutation has no effect on the binding of cytochrome
asparagine or glutamine residue rather than from a charged The results are consistent with the crystal structure of the
aspartate or glutamate as the two proteins interact. As canCcP/horse cytochrome structure complex (Figures 1 and
be seen from Table 1, the enthalpy change upon complex3). Figure 3 gives a perpendicular view of the interface
formation for all of the mutants, except CcP(E35Q), is between horse cytochronteand CcP as determined from
identical to that to the wild-type enzyme (within experimental the crystal structure. In Figure 3, the CcP molecule is on
error), suggesting that the hydrogen bonding between thethe right with Glu-32 toward the top and in the foreground
CcP mutants and cytochroneeis similar to that of wild- of the figure. Glu-291 in CcP is toward the bottom
type CcP and cytochrom®e The major decrease in binding foreground of the figure. Ala-193 of CcP is not shown but
affinity is an entropic effect with smaller increases in the would be in the background, toward the center of the
entropy of interaction in the mutants. This is consistent with interface. The interactions between horse cytochroied
weaker hydration of the amide groups in the mutants relative CcP shown in Figure 3 can be used to rationalize the binding
to the charged carboxylate groups in wild-type CcP and a affinities of the CcP mutants given in Table 1. The crystal
smaller increase in entropy as the water of hydration is structure of the complex shows that the carboxylate side
released from the mutants upon complex formation. chain of CcP Asp-34 is within hydrogen-bonding distance

Similarity of the Cytochrome ¢/CcP Complex in Solution of the side-chain nitrogen of Lys-13 of horse cytochraene
and Crystal One purpose of this study is to determine if and that the carboxylate oxygen atoms of CcP Glu-35 are
the crystal and solution structures of the cytochramtcP 4.5 A from the respective side-chain nitrogen atoms of Lys-5
complex are the same. Figure 1 shows the surface of CcPand Lys-87 in horse cytochronee The carboxylate of Glu-
and indicates the cytochronuebinding site determined by 32 bends away from the binding interface in the crystal
crystallography (Pelletier & Kraut, 1992). Figure 1 also structure (Figure 3) but is still close enough to influence the
indicates the cytochrome binding site identified by  binding of cytochromec.
computer docking (Poulos & Kraut, 1980; Poulos & Finzel,  Particularly interesting are the relative binding affinities
1984). of mutations at Glu-290 and Glu-291 in CcP. Conversion

Three regions of the CcP molecule make contact with of Glu-290 to an asparagine causes a 4-fold decrease in
horse cytochrome in the crystalline CcP/horse cytochrome binding affinity while conversion of Glu-291 to a glutamine
c complex. Two of the three regions are composed of acidic has no effect even though this two residues are adjacent.
amino acid residues: the first contact point includes residuesThis is easily reconciled by Figure 3 where it is seen that
32—-35 and the second includes residues 290 and 291.Glu-290 makes a strong hydrogen bond to Lys-72 of horse
Mutations at residues 32, 34, 35, 290, and 291 were createdcytochromec while Glu-291 projects away from the cyto-
to assess the contribution of individual carboxylate residues chromec binding interface.
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The third region of interaction between CcP and horse links are consistent with the crystallographic data (Figure

cytochromet is near Ala-193 and Ala-194 of CcP and GIn-
12 of cytochromec. The A193F mutation was created to
decrease the affinity of CcP for horse cytochroméy
introducing steric conflict to formation of the CcP/horse
cytochromec complex seen in the crystal. In the crystalline
CcP/horse cytochrome complex, Ala-193 is only 4.8 A
from the side chain of GIn 16 of horse cytochrome

3). No cross-links involving the region of CcP including
residues 221 or 224 were detected.

Das et al. (1988) replaced Lys-32 of yeast iso-1 cyto-
chromec with several different amino acid residues and
found these mutations had little influence on the interaction
between yeast iso-1 cytochrorn@nd CcP. Lys-32 in yeast
iso-1 cytochromec is analogous to Lys-27 in horse cyto-

Computer simulations showed that the Phe side chain atchromec and was proposed to interact with Asp-79 in CcP

position 193 will have very restricted movement about the
bond between the. andf carbons and will exist predomi-
nantly in thetrans conformation (i.e., with a dihedral angle
of approximately 18%). This orientation will make the

distance between the phenyl ring and the side chain of Gin-

in the original Poulos/Kraut model of the complex (Poulos
& Kraut, 1980). This interaction does not occur in the crystal
structures of either the yeast iso-1 cytochrarfiiecP or the
horse cytochrome/CcP complexes.

Corin et al. (1991) made point mutations in CcP at residues

16 less than the sum of the standard van der Waals radii in37, 79, and 217, converting the aspartate residues in wild-

the CcP/horse cytochromecomplex and was expected to
decrease the affinity for horse cytochroméy increasing
the enthalpy of complex formation. Our results provide no
evidence for this type of effect, however. Instead, the
decreased affinity for complex formation for the A193F

type CcP to lysine residues. The mutations at positions 79
and 217 had no significant effect on the binding of yeast
iso-1 cytochromec or the steady-state kinetics of horse
ferrocytochromee. The results reported for residues 79 and
217 are consistent with the crystal structure in that these

mutant is caused by entropic effects, much like the other residues are far from the CcP/horse cytochrarmgeraction
mutants examined here. The results suggest that the effecsite. Although Asp-37 is not at the interface, it would not

of the A193F mutation on complex formation is caused by

be surprising to find that mutation of this residue to lysine

a change in the solvation of the side chain at residue 193has a significant effect on the local structure of CcP near

instead of a steric effect.

the interaction site. Asp-37 forms a charge-mediated hy-

In summary, these binding studies are consistent with the drogen bond with the imidazolium side chain of His-181 and

horse cytochrome/CcP interface as determined from X-ray
crystallography (Pelletier & Kraut, 1992) and shown in
Figures 1 and 3.

Previous Studies.The Poulos/Finzel/Kraut model of the
cytochromec/CcP complex (Poulos & Kraut, 1980; Poulos
& Finzel, 1984) has been important in promoting the
cytochromec/CcP system as a model for detailed studies of
electron transfer within dynamic protein complexes. It was
the first model for an electron transfer complex between

physiologically related proteins and prompted a number of

is known to stabilize the native conformation of the enzyme
(Miller et al., 1988). Replacing Asp-37 with lysine would
introduce chargecharge repulsion between the imidazolium
of His-181 and the-amino group of lysine. This in turn
would decrease theqq of His-181 and destabilize the native
conformation of the enzyme. The decreased affinity of the
Lys-37 mutant enzyme may therefore represent a perturbation
of the binding region by a more global effect on enzyme
structure.

The observation that modification of Asp-217 does not

investigations into the binding and electron transfer propertiesinfluence the binding and kinetic properties of CcP with
of this system. Previous studies designed to test the Poulostytochromec and that modification of Glu-290 causes

Finzel/Kraut model did show discrepancies from predictions,

and these can now be understood in light of the crystallo-

graphically defined binding site.

Bechtold and Bosshard (1985) found that acidic residues

significant changes provides strong evidence that the Pelle-
tier/Kraut binding site is the correct site and that the Poulos/
Finzel/Kraut site is not (Figure 1).

Electron Transfer within the Horse Cytochrome c/CcP

33, 34, 35, 37, 221, and 224 and at least one of the threeComplex. Miller et al. (1994) and Liu et al. (1995) have
carboxylates between residues 290 and 294 in CcP becametudied the kinetics of electron transfer between cytochrome

less reactive when bound to cytochrome The negative
cluster between residues 337 is consistent with either

¢ and CcP using many of the same CcP mutants used in this
calorimetric study. Liu et al. (1995) have used a ruthenium-

binding site, but the protection of a residue (or residues) modified horse cytochrome to explore electron transfer

between 290 and 294 is only consistent with the binding
site determined by crystallography. The altered reactivity

between cytochrome and CcP. A ruthenium(ll) complex
is covalently attached to Lys-27 of horse ferricytochramne

at residues 221 and 224 cannot be explained by binding of (Ru27-hCc). At low ionic strength, stoichiometric mixtures

cytochromec at either the Pelletier/Kraut or the Poulos/

of Ru27-hCc and CcP form a one-to-one complex. Photo-

Finzel/Kraut sites. Residues 221 and 224 are too far from excitation of the Ru(ll) ion produces Ru(ll*), a strong

either binding site to be blocked by a single cytochrame

reductant. Ru(ll*) rapidly reduces the heme iron of the

molecule bound to either site. There must be some othercovalently attached ferricytochrone(k = 2.3 x 10’ s71)
explanation for the altered reactivity at residues 221 and 224.to generate ferrocytochroneeand Ru(lll). Ru(lll) is a strong
Waldmeyer and Bosshard (1985) cross-linked CcP and oxidizing agent and, in the one-to-one complex with CcP,

horse cytochrome with a carbodiimide under conditions
where one-to-one complex formation is favored. Two major
cross-links were localized: one between Lys-13 of cyto-
chromec to an acidic residue within the cluster of acidic

rapidly (k=7 x 1P s'1) oxidizes Trp-191 in CcP to a radical
state regenerating ground-state Ru(ll). The photoinitiated
redox cycle is completed by electron transfer from the heme
iron of cytochromec to the Trp-191 radical in CcP with a

residues between positions 32 and 37 on CcP and the secondate constant of 6.1x 10* s1. As the ionic strength is

between Lys-86 of cytochromeand a carboxyl group in

increased, dissociation of the Ru27-hCc/CcP complex occurs

the same cluster of acidic residues in CcP. These two cross-and the amplitude of the intramolecular reactions between
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Table 2: Comparison dfa for Binding of Ruthenium-Modified and Unmodified Horse Cytochrom® Wild-Type and Mutant Cytochrome
Peroxidase

horse cytochrome ruthenium-27 horse cytochronge

enzyme Ka (10* M) relative affinity AAG (kJ mol?) Ka (10* M) relative affinity AAG (kJ mol?)
CcP 10 100 98 100
CcP(E291Q) 11 110 -0.4 89 91 0.2
CcP(E32Q) 3.6 36 25 49 50 1.7
CcP(E35Q) 3.2 32 2.8
CcP(A193F) 29 29 3.0 18 18 4.2
CcP(D34N) 25 25 3.4
CcP(E290N) 2.3 23 3.6 10 10 5.7

apH 6.0, 0.050 M ionic strength.Ruthenium complex covalently attached to Lys-27 of horse cytochmm@ata from Liu et al. (1995).

sites on Ru27-hCc and CcP decreases. From the decreastne specificity of protein/protein recognition can only be
in amplitude the fraction of complexed and uncomplexed examined through the study of complexes where structure
proteins can be estimated and an estimated equilibriumof the complex is known. In the present study we have
constant for complex formation determined. These kineti- begun the characterization of one such system, that of the
cally determined equilibrium association constants deter- complex formed between cytochrome peroxidase and
mined by Liu et al. at pH 6.0, 0.050 M ionic strength are cytochromec. The studies reported in this paper demonstrate
shown in Table 2 and compared with the calorimetric results. that the structure of the CcP/horse cytochroocneomplex
The values of the kinetically determined equilibrium in solution is consistent with the structure of the complex in
constants may be subject to systematic errors. These valueghe crystalline state. Moreover, the crystal structure shows
depend upon interpretation of kinetic data, the assumedfew strong interactions between CcP and cytochrama
kinetic mechanism for the reaction, and how well rapid- result consistent with the unfavorable enthalpy of complex
equilibrium conditions are met. In spite of the possible formation. The binding of CcP and cytochrome is
systematic errors, the trend in the kinetically determined dominated by a favorable entropy change as the protein/
equilibrium constants for the Ru27-hCc derivative and the protein interface is desolvated upon complex formation. This
CcP mutants is almost identical to those for native horse type of interaction is beneficial for formation of dynamic
cytochromec and the CcP mutants. These data strongly protein complexes where the reacting partners must associate
support the conclusion that Ru27-hCc binds to the sameand dissociate rapidly. The rate of formation of the
surface domain on CcP as horse cytochrame cytochrome c/CcP complex is extremely fast, probably
Miller et al. (1994) investigated the reaction between CcP diffusion controlled (Matthis et al., 1995), and the half-time
compound | and both horse and yeast ferrocytochrame of dissociation is on the millisecond time scale (Vi et al.,
The redox reactions were studied under somewhat different1994). It appears that the binding-site specificity in these
conditions than our calorimetry experiments: 0.11 M ionic types of dynamic, electrostatically stabilized protein/protein
strength sodium phosphate/NaCl buffer at pH 7.0,°¢5 complexes is determined by the electrostatic potentials of
Under these high ionic strength conditions, the reaction the interacting partners rather than by multiple, strong
between CcP compound | and ferrocytochrotrie second complementary side-chain interactions at the binding surface.
order. Assuming that the redox mechanism involves rapid These studies provide a basis for further exploration into
binding of CcP compound | and ferrocytochromédollowed more fundamental questions of specificity, dynamics, and
by intramolecular electron transfer within the complky, electron transfer pathways in the CcP/cytochramemplex.
the observed second-order rate constant is giveKAk:.
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