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ABSTRACT: The stability of the complex formed between cytochrome c and dimethyl ester heme substituted 
cytochrome b5 (DME-cytochrome b,) has been determined under a variety of experimental conditions to 
evaluate the role of the cytochrome b5 heme propionate groups in the interaction of the two native proteins. 
Interaction between cytochrome c and the modified cytochrome b5 was found to produce a difference spectrum 
in the visible range that is very similar to that generated by the interaction of the native proteins and that 
can be used to monitor complex formation between the two proteins. At p H  8 [25 " C  (HEPPS), I = 5 
mM], DME-cytochrome b, and cytochrome c form a 1:l complex with an association constant KA of 3 (1) 
X lo6 M-l. This p H  is the optimal pH for complex formation between these two proteins and is significantly 
higher than that observed for the interaction between the two native proteins. The stability of the complex 
formed between DME-cytochrome b5 and cytochrome c is strongly dependent on ionic strength with KA 
ranging from 2.4 X lo7 M-' a t  I = 1 m M  to 8.2 X lo4 M-' a t  Z = 13 m M  [pH 8.0 (HEPPS),  25 " C ] .  
Calculations for the native, trypsin-solubilized form of cytochrome b5 and cytochrome c confirm that the 
intermolecular complex proposed by Salemme [Salemme, F. R. (1976) J .  Mol. Biol. 102, 5631 describes 
the protein-protein orientation that is electrostatically favored a t  neutral pH. For the interaction between 
cytochrome c and the less negatively charged DME-cytochrome b,, an alternative interaction geometry was 
identified that is electrostatically isoenergetic with the original model at neutral pH. This alternative complex 
involves different amino acid residues at the intermolecular interface and positions the heme prosthetic groups 
in a non-coplanar orientation. Further electrostatic calculations indicate that the difference in stability of 
these complexes for either pair of proteins is a kilocalorie or less depending on pH. Therefore, we conclude 
that the nature of protein-protein complexes formed is in part dependent on the solution conditions and 
that an ensemble of protein-protein complexes exists in solution as precursors to an efficient electron-transfer 
geometry. 

S e v e r a l  studies have shown that rates of electron transfer 
between proteins that function as physiological electron- 

'This research was supported by Grant GM-28834 from the National 
Institutes of Health (to A.G.M.). A preliminary account of this work 
was presented at the Annual Meeting of the Federation of American 
Societies for Experimental ~ i ~ l ~ ~ ~ ,  Anaheim, CA, ~ ~ ~ i l  1985 (Mauk et 
al., 1985). 

transfer partners depend strongly on ionic strength. These 
observations have led to the conclusion that electrostatic in- 
teractions are important in facilitating the formation of a 
productive protein-protein electron-transfer complex. The 
reaction between cytochrome b5 and cytochrome is a par- 
ticularly attractive model for studying the electrostatic in- 
teractions involved in protein-protein recognition during 
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protein-protein electron-transfer reactions because the 
three-dimensional structures of both proteins are known 
(Mathews et al., 1979; Takano & Dickerson, 1981a,b). Based 
in part on these structures, a detailed hypothetical model has 
been proposed for the complex that forms between the two 
proteins immediately prior to electron transfer (the precursor 
complex) (Salemme, 1976). 

This structural model incorporates complementary salt 
linkages between negatively charged side chains on cytochrome 
b5 and lysyl residues of cytochrome c (Salemme, 1976). 
Subsequently, spectroscopic measurements established that 
these proteins form a 1:l complex, the stability of which is 
extremely sensitive to the pH and ionic strength of the solution 
(Mauk et al., 1982). Experimental results from several lab- 
oratories (Ng et al., 1977; Stonehuerner et al., 1979; Eley & 
Moore, 1983; McLendon et al., 1985) have provided sup- 
porting evidence for several of the intermolecular electrostatic 
interactions proposed in this model. 

One notable structural feature of this hypothetical complex 
that has not been experimentally examined is the involvement 
of one of the cytochrome b5 heme propionate groups in a salt 
link to a lysyl residue on the surface of cytochrome c. We have 
now examined the role of the cytochrome b5 heme propionates 
in complex formation by measuring the association constants 
for the interaction of cytochrome c with trypsin-solubilized 
cytochrome b5 and with the corresponding dimethyl ester heme 
substituted form of cytochrome b5 (DME-cytochrome b,) 
(Reid et al., 1984). The reduction of the net negative charge 
on cytochrome b5, in the center of the protein surface proposed 
to interact with cytochrome c, was expected to reduce both 
the association constant and ionic strength dependence of its 
interaction with cytochrome c. Neither expectation was 
fulfilled. To interpret these findings, we have used computer 
graphic modeling, computed electrostatic potential surfaces, 
and calculated electrostatic free energies of stabilization to 
show that the observed experimental results are consistent with 
the occurrence in solution of an electrostatically mediated 
ensemble of protein-protein complexes. 

EXPERIMENTAL PROCEDURES 

The tryptic fragment of bovine liver cytochrome b5 and its 
dimethyl ester heme substituted derivative were prepared as 
described previously (Reid & Mauk, 1982; Reid et al., 1984). 
Horse heart cytochrome c was obtained from Sigma (Type 
VI) and used without further purification. HEPPS’ and 
HEPES were obtained from Calbiochem. Phosphate buffers 
were prepared as described previously (Mauk et al., 1982). 
HEPPS and HEPES buffers of known ionic strength were 
prepared by adding the appropriate solid to dilute solutions 
of sodium hydroxide (prepared from standardized stock so- 
lutions) to obtain the required pH. 

Protein concentrations were determined, difference spectra 
were obtained, spectrophotometric titrations were performed, 
and stability constants were calculated as previously described 
(Mauk et al., 1982). 

The pK values for ionizable amino acid residues in the 
proteins of interest and the electrostatic potential surfaces for 
the cytochromes and their complexes were calculated according 
to the solvent accessibility discrete charge formalism. This 
approach takes into account all charged atoms in the protein 
and scales the local dielectric constant of each charged group 

M A U K  E T  A L .  

I Abbreviations: HEPPS, N-(2-hydroxyethyl)piperazine-N’-3- 
propanesulfonic acid; HEPES, N-(2-hydroxyethyl)piperazine-N’2- 
ethanesulfonic acid. 

according to its solvent-accessible surface area (Matthew & 
Richards, 1982; Matthew, 1985). In these computations, it 
is assumed that for each pH and ionic strength the unique 
protein charge array confers an electrostatic potential at site 
i causing the apparent pK, pK,, to deviate from the intrinsic 
pK of the site, pKInt. The pK, of almost every group is found 
to vary with pH, and it is convenient to define the parameter 
pKIl2 for a group, this being the pH at which a particular 
group is half-titrated. In the absence of electrostatic inter- 
action, CJZ,pKlJ goes to zero, the pK,,, equals pKII2, and the 
variations of pK, with pH disappear. 

Atomic coordinates for the soluble fragment of bovine liver 
cytochrome b5 (Mathews et al., 1972) were taken from the 
Brookhaven Protein Data Bank (Bernstein et al., 1977). The 
residue numbering system of Mathews et al. (1972) was re- 
tained although only residues 3-84 of the crystallographic 
structure were used in the modeling and computational studies. 
This slightly shorter protein sequence is consistent with the 
trypsin-cleavage results, which show cleavage sites between 
residues 2 and 3 and between residues 84 and 85 of lipase- 
solubilized cytochrome b5 used in the crystallographic studies 
(Strittmatter & Ozols, 1966). Coordinates for tuna fer- 
ricytochrome c (Swanson et al., 1977) were used as a structural 
model for horse heart cytochrome c. The amino acid sequences 
of these cytochromes c differ by a single residue in length 
(Dayhoff, 1972) and share close structural homology (Sa- 
lemme, 1977). 

Protein-protein interactions were studied by interactive 
computer graphic techniques similar to those reported pre- 
viously (Weber & Tollin, 1985). The proteins were docked 
to within 3 A of van der Waals contact by maximizing the 
overlap of their complementary electrostatic potential surfaces. 
Individual proteins were then independently rotated and 
translated as rigid bodies until a favorable geometry for closest 
approach was found; rearrangement of side chains involved 
in intermolecular salt linkages was allowed to facilitate docking 
and to maximize favorable interactions between oppositely 
charged atoms. Interatomic distances between all atoms in 
each protein were checked to ensure that no van der Waals 
overlaps occurred at the intermolecular interface. 

RESULTS 
Protein-Protein Association Constants. The difference 

spectra resulting from the interaction of cytochrome c with 
DME-cytochrome b5 and with native cytochrome b5 are com- 
pared in Figure 1. Similar spectra obtained in the Soret region 
as a function of pH are illustrated in Figure 2. The difference 
absorbance maxima produced on mixing the two native pro- 
teins occur at  527 and 562 nm while for the interaction be- 
tween DME-cytochrome b5 and cytochrome c they occur at 
527 and 565 nm. These difference spectra represent a change 
in absorbance of approximately 1.3% at 527 nm. 

The absorbance difference illustrated in Figure 1 was used 
as a measure of complex formation to produce titration curves 
similar to those obtained previously for the native proteins 
(Mauk et al., 1982). The pH and ionic strength dependencies 
of complex stability for native cytochrome b5 and DME-cy- 
tochrome b5 with cytochrome c are shown in Figures 3 and 
4, respectively. The results for the native proteins in HEPES 
and HEPPS are indistinguishable from those obtained in 
phosphate buffers (Mauk et al., 1982) and indicate that 
specific anion effects are not responsible for the difference in 
optimal pH for complex formation. 

Electrostatic Calculations and Computer Graphic Mod- 
eling. Two approaches have been taken to understand the role 
that complementary charge interaction plays in the observed 
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FIGURE I :  Difference spectra resulting from the interaction of cy- 
tochrome c with cytochrome b5 (.-) and with DME-cytochrome b5 
(-) [pH 7.5 (phosphate), I = 5 mM, 25 " C ] .  The concentrations 
after mixing were 96.6 pM cytochrome b5, 97.6 pM DME-cytochrome 
65, and 94.6 p M  cytochrome c in each case. Spectra were obtained 
with matched tandem cuvettes having path lengths of 0.874 cm. Each 
spectrum has been corrected for the instrument base line. 

protein association behavior. In the first of these, the data 
were fit to an equation whose variables are conceptually related 
to an interaction model. The second approach involved the 
application of computer graphic and electrostatic calculations 
based on the available protein crystal structures to generate 
predictions concerning protein-protein association for com- 
parison with the experimental observations. 

Following Wherland and Gray (1976), the data for the ionic 
strength dependence of K, were fit to a form of the Debye- 
Hiickel equation, which consists of a two-parameter [In K,(inf) 
and Z,Zz] model whose values of best fit are assumed to 
represent the protein-protein association constant at infinite 
ionic strength (Le., no Coulombic component to binding) and 
the product of the effective charges on the two interacting 
proteins, respectively. Values of In K,(inf) calculated from 
the cytochrome c-cytochrome b5 data (see Figure 4) are 6.6 
f 0.7 at pH 7.0 and 6.8 f 1.1 at pH 7.5. These values are 
comparable to the cytochrome b5-cytochrome c value of 6.2 
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Table I: Cytochrome b5 Residues with pKII2 Values Calculated To 
Be between 6.5 and 8.5" 

Fe-Fe distance for 
cyt b5 bound to cyt c 

residue isolated proteinb 17.9 A 25.9 A 
native cyt b5 

His-80 6.6 6.6 6.5 
His-26 7.5 7.2 7.3 
Ala-3 8.0 8.0 8.0 

D M E-cyt b5 
His-80 6.6 6.6 6.5 
His-26 7.3 7.0 7.6 
Ala-3 8.0 8.0 8.0 
"Ionic strength = 4 mM. bResidue numbers are based on the sys- 

tem of Mathews et al. (1972). The cytochrome 65 tryptic cleavage 
sites occur between residues 2 and 3 and between residues 84 and 85 of 
the lipase-solubilized cytochrome used in the crystallographic studies. 
The resulting protein contains 82 amino acid residues. Cytochrome c 
has no titratable groups in this range. 

f 1.3 at the optimal pH of 8.0. The corresponding Z,Z2 values 
of -56 f 6, -63 f 12 for cytochrome c-cytochrome b5 and 
-73 f 13 for cytochrome c-DME-cytochrome b5 suggest that 
the charge product for the protein-protein complexes involved 
is not reduced by the elimination of the two propionate charges. 

Electrostatic calculations based on the three-dimensional 
protein structures were carried out to determine the molecular 
basis for the similar behavior observed for the native and 
charge-modified cytochrome b5 in their interactions with cy- 
tochrome c. At any given pH and ionic strength, an effective 
pK value, pKi, is calculated for the ionizable groups of each 
protein or protein-protein complex by summing all pairwise 
Coulombic interactions within the isolated protein (Matthew, 
1985; Matthew et al., 1983; Matthew & Richards, 1982). 
Experimental hydrogen ion titrations and the electrostatic 
calculations both indicate that no cytochrome c groups titrate 
in the pH range of 6-8 (Matthew et al., 1978). The calculated 
proton dissociation constants for residues in isolated native 
cytochrome b5 and DME-cytochrome b5 with titration mid- 
points, PK,/~,  between pH 6 and 8.5 are given in Table I. The 
electrostatic effect of propionate esterification on ferri- 
cytochrome b5 predicted by these calculations is the reduction 
of the pKIj2 of His-26 from 7.5 to 7.3. In the cytochrome b5 
structure, His-26 is salt-linked to Glu-59, and elimination of 

I I 1 1 1 I I I I I 

270 370 470 270 370 470 

WAVELENGTH (nrn) 
FIGURE 2: Effect of pH on difference spectra resulting from the interaction of cytochrome c with cytochrome b5 or DME-cytochrome b5 (I 
= 5 mM, 25 O C ,  HEPPS buffer except where noted). Spectra were normalized to a concentration after mixing of 9.84 pM cytochrome b5 
or DME-cytochrome b5. (A) Difference spectrum produced on mixing cytochrome b5 with cytochrome c .  The concentration of cytochrome 
c after mixing was 11.07 p M  at pH 7.0 (.-, HEPES buffer), 10.80 p M  at pH 7.5 (---), and 11.15 pM at pH 7.75 (-). (B) Difference spectrum 
produced on mixing DME-cytochrome b5 with cytochrome c.  The concentration of cytochrome c after mixing was 10.58 pM a t  pH 7.5 (a-) ,  

10.86 p M  at pH 8.0 (---), and 11.25 pM at pH 8.5 (-). Spectra were obtained with matched tandem cuvettes with path lengths of 0.874 
cm as described previously (Mauk et al., 1982). 
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FIGURE 3: pH dependence of K A  for complex formation between 
cytochrome c and either native cytochrome b5 or DME-cytochrome 
65 (25 "C, I = 5 mM): cytochrome b5-cytochrome c complex in 
HEPPS (m), HEPES (m), and phosphate (0) buffer; DME-cytochrome 
b5-cytochrome c complex in HEPPS buffer (A). 
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FIGURE 4: Ionic strength dependence of K A  for complex formation 
between cytochrome c and either native cytochrome b5 or DME-cy- 
tochrome bS: cytochrome bs-cytochrome c (pH 7.5,25 "C)  in HEPPS 
(0.. S O )  or phosphate (a - 0); cytochrome b5-cytochrome c (pH 
7.0, 25 "C) in phosphate (0 - -  - 0)  or HEPES (0 - - - 0) ;  DME-cy- 
tochrome b5-cytochrome c [pH 8.0 (HEPPS), 25 " C ]  (A-A). The 
lines are weighted least-squares fits of the data to the Wherland-Gray 
equation (Wherland & Gray, 1976). 

the heme propionate charges destabilizes this interaction. 
Other residues titrating in the neutral pH range, the amino 
terminus (Ala-3) and His-80, are not predicted to be perturbed 
by esterification of the heme propionates. 

Electrostatic potential surfaces, 4 kT, calculated from the 
computed charge distributions for native and modified cyto- 
chrome b5 at pH 7.6 are shown in Figure 5A. The electro- 
static potential outside the protein's solvent accessibility surface 
is exclusively negative at this energy level. The absence of 
contoured potential about large areas of the protein's surface 
indicates that the positive and negative charges on these 
surfaces are symmetrically disposed. Removal of the heme 
propionates does, however, substantially reduce the extent of 
the negative potential and actually shifts its center away from 
the heme edge. The electrostatic potential about cytochrome 

c, also shown in Figure 5A, is positive in the vicinity of the 
heme edge (Matthew et al., 1983). Figure 5B shows the 
expected orientation of cytochrome c relative to the electro- 
static potential surfaces of isolated native and modified cy- 
tochrome b5. 

Figure 6A shows a molecular model for the interaction of 
DME-cytochrome b5 with cytochrome c. The molecules were 
aligned to maximize the overlap of their individual electrostatic 
potential surfaces. The proteins were then rigidly rotated and 
translated to remove any intermolecular van der Waals overlap. 
Only the conformations of charged side chains were altered 
to facilitate formation of intermolecular salt linkages. Figure 
6B shows the molecular model for native cytochrome b5 and 
cytochrome c complexed [as originally proposed by Salemme 
(1 976)] to maximize Coulombic interaction and minimize 
interprosthetic group distance in a coparallel arrangement. 
Both complexes involve considerable overlap between the op- 
positely charged electrostatic potentials of the isolated proteins 
(parts A and B of Figure 5). Four intermolecular salt linkages 
also stabilize each complex. However, comparison of the 
models shown in Figures 5 and 6 readily shows the differences 
in relative molecular orientation. The complexes differ in their 
interprosthetic group geometry in two ways. The heme iron 
to heme iron separation is increased to 25.9 A in the complex 
between the native proteins. The heme moieties of the 
DME-cytochrome b5-cytochrome c complex are no longer 
coplanar as in the complexed native proteins but are oriented 
at approximately 127.4' to each other. 

In Figure 7, the calculated electrostatic stabilization is given 
as a function of pH for the interaction of native and modified 
cytochrome b, with cytochrome c for both of the interaction 
geometries shown in Figure 6. The heme edge to heme edge 
complex, Figure 6B, is predicted to be relatively independent 
of pH for both native and esterified cytochrome b, (Figure 
7, curves 1 and 2, respectively); however, removal of the 
propionate charges reduces its electrostatic stability by about 
1.1 kcal/mol, -6.75 to -5.6 kcal/mol. In the off-edge complex 
geometry (Figure 6A) the interaction of cytochrome c with 
both native and modified cytochrome b, is calculated to be 
pH-dependent (Figure 7, curves 3 and 4, respectively). The 
computed pH dependence for this geometry is attributable to 
the proximity of the intermolecular protein interface to the 
His-26/Glu-59 salt bridge within cytochrome bs. Over the 
pH range of 6.5-8.0, the heme edge complex of cytochrome 
c with unmodified cytochrome b5 is preferred, but at pH 
8.0-8.5, the predicted electrostatic interaction between un- 
modified cytochrome b, and cytochrome c is essentially the 
same in either complex. In contrast, the electrostatic inter- 
action energies of DME-cytochrome b5 with cytochrome c in 
either complex are isoenergetic at low pH (6.75) and diverge 
at higher pH values in favor of the off-edge geometry (Figure 
6A). On the basis of electrostatic stability alone, the calcu- 
lations do not predict a dominant protein-protein interaction 
but rather a mixture of complexes whose relative populations 
shift with pH. The pKlj2 values that were calculated for the 
titrating residues of cytochrome bS and DME-cytochrome b, 
are reported for both complex geometries in Table I. The pKlj2 
value for His-26 is sensitive to heme propionate esterification 
and the association geometry with cytochrome c. Reducing 
the negative potential at His-26 by propionate esterification 
or docking with the positively charged cytochrome c is expected 
to decrease the pKl12 value. However, when the cytochrome 
c is located such that the protein-protein interface is in close 
proximity to His-26, the predicted pKII2 value increased to 
7.6. The interaction of His-26 with several nearby anionic 
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residues at the protein interface is enhanced by a reduction 
in their solvent accessibility. 

DISCUSSION 
The experimental approach employed in this work is similar 

to that used in a large number of studies involving specifically 
modified derivatives of cytochrome c to assess the role of 
individual amino acid residues in interaction of cytochrome 
c with other redox-active proteins [e.g., Osheroff et al. 
(1980a.b) and Smith et al. (1977, 1980)]. In these previous 
studies, however, protein-protein interactions are examined 
by determining the effect of specific chemical modifications 
on steady-state kinetic results rather than by direct deter- 
mination of stability of complex formation. In addition, these 
previous studies generally involved incorporation of fairly 
substantial derivatizing groups into the protein, e.&, tri- 
nitrophenyl, monocarboxydinitrophenyl, trifluoroacetyl, and 
trifluoromethylphenylcarbamoyl groups. Our approach, 
therefore, differs in that we have attempted to study pro- 
tein-protein binding independent of electron transfer and we 
have employed a relatively minor chemical modification. We 
note, nonetheless, that the resulting propionate methyl ester 
is not isosteric with the native structure. 

We have shown that both native and heme-substituted cy- 
tochrome b, form a 1:1 complex with cytochrome c. Their 
interactions with cytochrome c show similar dependencies on 
ionic strength (Figure 4). The results shown in Figure 3 
demonstrate that esterification of the heme propionates does 
not diminish the maximum observed stability of complex 
formation between the cytochromes. Esterification of the heme 

propionates does, however, shift the pH optimum for complex 
formation to higher pH and gives a slightly more stable final 
complex with cytochrome c. This finding is contrary to the 
expectation that loss of one of the intermolecular salt links 
would decrease the stability of the cytochrome b5-cytochrome 
c complex. Our model building and experimental data, when 
taken together, are consistent with an electrostatically driven 
association of cytochrome c and cytochrome b, (Le., a I:1 
complex between cytochrome c and both native and esterified 
cytochrome b, that is stabilized by long- and short-range 
electrostatic forces arising from the unique surface-charge 
distribution of each protein and the formation of intermolecular 
linkages); however, the geometric details of the complex are 
predicted to depend on solution pH and ionic strength. 

Figure 5 shows the calculated electrostatic potential surfaces 
for native cytochrome bS and DME-cytochrome b5. Both 
molecules possess negatively charged electrostatic potential 
surfaces. Neutralization of the two negatively charged pro- 
pionates decreases the extent of the electrostatic potential 
surface for cytochrome b, and shifts its center away from the 
exposed heme edge. Computer graphic modeling of the in- 
teraction between cytochrome b, and cytochrome c indicates 
that a number of protein-protein complexes that maintain the 
overlap of oppositely charged electrostatic potential surfaces 
are possible. 

The observed pH dependencies of the protein-protein as- 
sociation constants are bell-shaped and display pH optima 
between 7.5 and 8.5. The increase in association constant as 
the pH is raised can be understood as a shift in complex 
populations as His-26 of cytochrome b, is deprotonated. For 
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FIGURE 6: (A) Stereoscopic view of a molecular complex modeled to maximize overlap between oppositely charged electrostatic potential surfaces 
of cytochrome c and DME-cytochrome b5. Lysyl residues 72, 79, 86, and 87 are respectively salt-linked to residues Glu-48, Glu-13, Glu-56, 
and Asp-60 of cytochrome b5. (B) Stereoscopic view of the electron-transfer complex between cytochrome b5 and cytochrome c proposed by 
Salemme (1976). Intermolecular salt linkages are formed between lysyl residues 13,27, 72, and 79 of cytochrome c and ‘3111-48, Glu-44, Asp-60, 
and a heme propionate of cytochrome b5, respectively. The 0-carbon backbone and all atoms of the heme prosthetic groups are shown for 
both cytochromes in each model. In addition, all pertinent lysyl side chains on cytochrome c (upper molecule) and all relevant aspartyl and 
glutamyl side chains on cytochrome b5 (lower molecule) are shown. The side chain of His-26 on cytochrome b5 is also included. Residue numbering 
for cytochrome b5 is that of Mathews et al. (1972). Intermolecular salt-link distances are 2.9-3.1 A in each case. 

the interaction between DME-cytochrome 65 and cytochrome significantly on solvent conditions such as pH and ionic 
c, the deprotonation of His-26 makes the off-edge complex the strength. A variety of complexes may exist transiently in 
electrostatically preferred complex. For the interaction be- solution, of which a small number may represent productive 
tween unmodified cytochrome 65 and cytochrome c, the heme precursor complexes for electron transfer. In other words, the 
edge complex is favored at low pH and the deprotonation of 
His-26 leads to the two binding geometries being isoenergetic. 
As the pK,,* value for His-26 in the off-edge geometry with 
cytochrome c is predicted to be 7.3 and 7.6 for unmodified 
cytochrome 65 and DME-cytochrome bS respectively, the in- 
teraction between either form of cytochrome b5 and cyto- 
chrome c is expected to exhibit a similar dependence on pH 
with a midpoint at  lower apparent pK for the unmodified 
cytochrome 6,-cytochrome c interaction. The calculations 
suggest two possibilities for the decrease in K, as the pH is 
raised further. The deprotonation of the amino terminus of 
cytochrome 65 can lead to another shift in the mixture of 
geometries favored for the association of cytochrome c, and/or 
the increasing net charge on cytochrome 65 at higher pH leads 
to destabilization of the isolated protein and may interfere with 
the entropy of docking. 

The computer modeling results for cytochrome 65 and cy- 
tochrome c imply that the interaction geometry between 
proteins whose association is electrostatically driven can depend 

static models that have been developed to represent electron- 
transfer complexes of heme proteins are best regarded as 
apparent minima in the free energy surface for complex for- 
mation that probably possesses several nearly isoenergetic 
minima. The rate and mechanism of interconversion between 
possible complexes are not easily examined. If a protein pair 
must separate by a few angstroms to migrate across each 
others surface, the electrostatic energy barrier is likely to be 
several kilocalories per mole. However, if the proteins can walk 
across each others surface, making and breaking ion pairs (see 
Figure 6), then the electrostatic barrier is 1 kcal/mol or less. 
It is possible, nevertheless, that steric constraints may offset 
the energetic advantage of the latter mechanism. 

The most obvious question regarding the two complexes 
proposed here concerns the difference in rate of intramolecular 
electron transfer that each should exhibit. On the basis of 
current theories (Scott et al., 1985), electron transfer is ex- 
pected to be significantly slower within the off-edge complex 
owing to the increase in heme iron to heme iron distance and 
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FIGURE 7: Calculated energy of complex formation for native proteins 
in the orientation proposed by Salemme (curve 1) and in the alternative 
orientation (curve 3) and for the DME-cytochrome b,-cytochrome 
c complex in orientation proposed by Salemme (curve 2) and in the 
alternative orientation (curve 4) (I = 4 mM, 25 "C). 

the non-coplanar orientation of the heme prosthetic groups in 
this docking geometry. 

Registry No. Cytochrome c, 9007-43-6; cytochrome b5, 9035-39-6; 
heme, 14875-96-8. 
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