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ABSTRACT: Two potentiometric methods have been used to study the pH-dependent changes in proton binding
that accompany complex formation between cytochrome ¢ and cytochrome bs. With one method, the number
of protons bound or released upon addition of one cytochrome to the other has been measured as a function
of pH. The results from these studies are correlated with the complexation-induced difference titration
curve calculated from the titration curves of the preformed complex and of the individual proteins. Both
methods demonstrate that complex formation at acid pH is accompanied by proton release, that complex
formation at basic pH is accompanied by proton uptake, and that the change in proton binding at neutral
pH, where stability of complex formation is maximal, is relatively small. Under all conditions studied, the
stoichiometry of cytochrome c-cytochrome bs complex formation is 1:1 with no evidence of higher order
complex formation. Although the dependence of complex formation on pH for interaction between different
species of cytochrome ¢ and cytochrome bs are qualitatively similar, they are quantitatively different. In
particular, complex formation between yeast iso-1-cytochrome ¢ and lipase-solubilized bovine cytochrome
bs occurs with a stability constant that is 10-fold greater than observed for the other two pairs of proteins
under all conditions studied. Interaction between these two proteins is also significantly less dependent on
ionic strength than observed for complexes formed by horse heart cytochrome ¢ with either form of cytochrome
bs. This study establishes a role for detailed potentiometric analysis of complex formation between electron
transfer proteins that interact in a pH-dependent fashion in providing otherwise inaccessible mechanistic
insight concerning proton-linked complex formation.

9873

Proton Linkage of Complex Formation between Cytochrome ¢ and Cytochrome bs:

r‘[‘he electrostatically stabilized complex formed between
cytochrome ¢ and cytochrome bs represents one of the simplest
systems for the study of interprotein electron transfer, and as
such it has been the subject of considerable experimental (Ng
et al., 1977; Stonehuerner et al., 1979; Mauk et al., 1982; 1986;
Eley & Moore, 1983; McLendon & Miller, 1984; Holloway
& Mantsch, 1988; Kornblatt et al., 1988; Rodgers et al., 1988;
Burch et al., 1990; Whitford et al., 1990) and theoretical
(Salemme, 1976; Mauk et al., 1986; Wendoloski et al., 1987)
investigation. Despite significant advances in our under-
standing of long-range electron transfer in biological systems
(McLendon, 1988; Gray & Malmstrdém, 1989), many factors
controlling protein—protein electron transfer remain ill defined.
Although recent attention has focused upon the role of the
protein—protein interface in the attenuation of electron transfer
rates (Peery & Kostic, 1989; Hazzard et al.,, 1989; Everest
et al., 1991; Nocek et al., 1991), no detailed structural in-
formation is available concerning the exact interfacial contacts
between this or any other pair of electron transfer proteins.
The involvement of charged residues in the specificity and
stabilization of electrostatic complexes between a variety of
electron transfer proteins is well documented (Kosti¢, 1991),
though little is known about the pH dependence of these re-
actions. This deficiency is surprising because the electrostatic
potential surface of a protein is defined by the protonation state
of its constitutent titratable groups [for recent studies con-
cerning this relationship, see Wendoloski and Matthew (1989)
and Northrup et al. (1990)]. Although no detailed structural
characterization of a complex formed by such proteins is
available, much effort has gone into evaluating general features
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of model structures proposed on the basis of crystallographic
information and electrostatic calculations concerning the in-
dividual components of the complex. The specificity of their
binding comes mainly from electrostatic complementarity,
while the driving force for binding comes mainly from solvent
exclusion at the interface and close packing of side chains
within the complex (Mauk et al., 1982; Fisher et al., 1986;
Kornblatt et al., 1988; Chothia & Janin, 1990).

For a pH-dependent associative process, there is by defi-
nition a pH range over which association is accompanied by
the uptake or release of protons that results from the change
in the ionization state of one or more ionizable groups upon
complexation. This complex-formation-linked change in proton
binding arises from perturbation of the electrostatic environ-
ment of those ionizable groups. The protons taken up or
released upon formation of a complex reflect the difference
in net proton charge between the free unbound molecules and
the associated bound complex. Therefore, the pH dependence
of complex-formation-linked proton binding is equivalent to
the difference proton titration curve between bound and un-
bound states. Embodied in this curve is information concerning
the pKjs of the groups that are affected by complex formation
as demonstrated for protein-small molecule complexes (D’-
Albis & Béchet, 1967; Rupley et al., 1967; Glick, 1968; Va-
lenzula & Bender, 1970; Parsons & Raftery, 1972; Folgel &
Biltonin, 1975), protein—metal ion complexes (Coleman &
Vallee, 1961), and the oxygenation of hemoglobin (the Bohr
effect) (Wyman & Gill, 1990, and references cited therein).
In these cases the relatively simple difference curves could be
described adequately by a small number (1-3) of binding-
linked titratable groups.

Ross and Subramanian (1981) have discussed the effect of
proton release on the thermodynamics of protein—protein as-
sociation, but apart from the trypsin—trypsin inhibitor complex
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(Lebowitz & Laskowski, 1962; Laskowski & Finkenstadt,
1972; Yung & Trowbridge, 1980) little quantitative infor-
mation is available concerning complex-formation-linked
changes in protonation states, especially with regard to the
complexes formed between highly charged electron transfer
proteins. For example, an electrophoretic technique has been
used to detect interaction between cytochrome bs and other
proteins (Righetti et al., 1978; Livingston, et al., 1985). On
the other hand, Guerlesquin et al. (1987) have studied the
cytochrome ¢;—ferredoxin complex by both potentiometry and
calorimetry and suggested that the proton release between pH
6.1 and 7.6 was consistent with a shift in pX, of a single
titratable group upon complexation.

As implied above, proton linkage of protein—protein complex
formation can be studied by two potentiometric methods. The
method developed by Laskowski can be used to measure proton
release or uptake that accompanies protein—protein complex
formation upon mixing of the two proteins at a particular pH.
Alternatively, continuous proton titrations [e.g., Barker et al.
(1991)] of a preformed protein—protein complex and of the
corresponding individual proteins can be used to determine
the complexation-induced difference proton titration curve over
a range of pH. The association between cytochrome ¢ and
cytochrome b; is highly pH dependent (Mauk et al., 1982,
1986). Consequently, formation of the cytochrome c—cyto-
chrome bs complex can be described by eq 1 in which g can

cyt ¢ + cyt bs = cyt cicyt bs + gH* (1)

be nonstoichiometric and negative.!

We have used both potentiometric methods to study the
complexation of horse and yeast mitochondrial cytochromes
¢ with trypsin-solubilized (Strittmatter & Ozols, 1967; Reid
& Mauk, 1982) and lipase-solubilized bovine hepatic micro-
somal cytochrome bs (Strittmatter, et al., 1967). With the
Laskowski technique, interaction between various pairs of these
proteins has been analyzed to determine complexation-linked
proton binding stoichiometry for the first time and to determine
association constants over wide ranges of pH and ionic
strength. We have used the alternative method of direct,
continuous proton titrations (Barker et al., 1991) to obtain the
difference proton titration curves originating from complex-
ation for each of the protein pairs. The results from these two
approaches are compared and a combination of the two
methods shown to be a powerful tool in the study of protein—
protein interaction.

EXPERIMENTAL PROCEDURES

Horse heart cytochrome ¢ (type VI) was purchased from
Sigma Chemical Co. and purified by FPLC cation-exchange
chromatography (Pharmacia, Mono-S HR10/10) to remove
deamidated and polymeric cytochrome (Mauk & Mauk,
1989). Yeast iso-1-cytochrome ¢, in which the cysteine at
amino acid position 102 had been replaced with threonine, was
isolated as described previously (Cutler et al., 1987; Rafferty,
et al., 1990). Two recombinant forms of bovine hepatic mi-
crosomal cytochrome bs were expressed in and isolated from
Escherichia coli. Lipase-solubilized cytochrome bs was pre-
pared as described previously (Funk et al., 1990). The gene
coding for the tryptic form of the protein had been constructed

! The rigorous description of eq | and derivation of eq 3 refer to a
standard state in which all species are fully protonated and require the
introduction of Ac as the number of new cationic groups created as a
consequence of complex formation (Laskowski & Finkenstadt, 1972).
We have chosen to simplify our description of the theory by not referring
to this standard state so that Ac is implicit in our description of q.
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by deletion of N- and C-terminal sequence from the lipase
form (Funk, 1990) and expressed in exactly the same ex-
pression system as used for the lipase-solubilized protein (Funk
et al., 1990). The trypsin-solubilized form of the recombinant
protein has a sequence identical with that of trypsin-solubilized
cytochrome b; isolated from bovine liver (Reid & Mauk, 1982)
and differs from the lipase-solubilized form of the protein by
deletion of two residues from the amino terminus and nine
from the carboxyl terminus of the protein (Funk et al., 1990).
Final purification of these proteins was achieved by FPLC
(Pharmacia, Mono-Q HR10/10). Samples of the FPLC-pu-
rified proteins were exchanged into glass-distilled, deionized
water by centrifugal ultrafiltration in a Centriprep-10 (Am-
icon). Protein concentrations were determined spectropho-
tometrically with a Shimadzu 250 or Cary-219 spectropho-
tometer based On 495 = 106 100 M1 ¢cm™ for ferricytochrome
¢ (Margoliash & Frohwirt, 1959) and ¢, 5 = 117000 M™!
cm™! for ferricytochrome bs (Ozols & Strittmatter, 1964) (0.02
M phosphate, pH 7.2, 25 °C).

Titrations and pH measurements were performed with a
Radiometer ABU93 Triburette that was equipped with three
1-mL burettes and a SAM90 sample station housed within
an aluminum Faraday cage. A glass electrode (Radiometer
G222C) and a double-junction calomel reference electrode
(Radiometer K701) were calibrated at 25 °C with standards
at pH 4 (Radiometer S1316), pH 7 (Radiometer S1336), and
pH 10 (BDH RO1206-74). The lower compartment of the
double-junction reference electrode was filled with 0.1 M KCl
to avoid an increase in ionic strength during the course of the
experiment resulting from leakage of salt from the reference
solution. All measurements were made with maximal stirring
speed. The autoburette was interfaced to a microcomputer
for software control of titrator operation and data acquisition.
Stock solutions of base were standardized against potassium
acid phthalate (primary standard, Aldrich) and used to
standardize stock solutions of acid. Least-squares analyses
of data simulations were performed with the programs FITALL
(version 4.0, MTR Software, Toronto) and MINSQ (version 3,
MicroMath Scientific Software).

Protein—Protein Titrations (Laskowski Method). The four
solutions required for each experiment were the titrand protein,
the titrant protein, and dilute, standardized acid and base for
the titration of protons taken up or released upon addition of
the titrant to the titrand. Titrations were performed with either
the total amount of ferricytochrome ¢ held constant and ti-
trated with ferricytochrome b; or vice versa. In either case,
approximately 30 mg of the titrant protein was deionized by
passage over 1.0 mL of MB-3 mixed bed ion-exchange resin
(Sigma A-7518) and collected into a sealed bottle under an
argon atmosphere. Approximately 3 mg of the titrand protein
was passed over 0.4 mL of the same resin and collected in a
similar fashion. When ferricytochrome b; is treated in this
manner, the protein must immediately be returned to neutral
pH from the isoionic pH at which it emerges from the ion-
exchange resin to avoid precipitation and denaturation of the
protein. Sodium chloride (1 M) was then added to achieve
the required ionic strength.

Approximately 6.5 mL (the exact volume for each titration
was determined gravimetrically) of the titrant solution (0.3-0.7
mM) was transferred into the sealed, glass titration vessel that
was continuously flushed with humidified argon and main-
tained at 25 £ 0.1 °C by a circulating water bath (RMS-6,
Lauda). Traces of CO, were removed from the gas stream
by passage over KOH pellets and through NaOH solution (4
M) followed by passage through 1 M sodium phosphate and
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finally through deionized water that was maintained at 23 £
2 °C. The pH of the titrant solution was adjusted to ap-
proximately the desired value and then allowed to stabilize.
Adjustments of pH were made with dilute, CO,-free HCI and
NaOH with NaCl added to maintain the ionic strength of the
medium if required. All protein concentrations were corrected
for the change in volume resulting from this pH adjustment.
Once the pH was stable, this protein was transferred anae-
robically to a sealed bottle that was flushed continuously with
argon and loaded into one of the burettes. Approximately 2.5
mL of the titrand protein solution (40-80 nmol) was treated
in the same manner to adjust its pH to exactly the same value
as the titrant protein solution. When the pH of this solution
was stable, the titration was started.

Titrations were carried out under computer control in an
interactive manner. After each volume of titrant protein was
added, the pH of the protein mixture was adjusted to its initial
value with either 0.2 mM HCl or NaOH. The pH change that
occurred on addition of the titrant protein was generally
complete in 2-3 min. A titration curve consisted of 30-50
points that corresponded to the volume of acid or base required
to maintain the pH at its starting value versus the volume of
the titrant protein added at each point. These data were
converted to mole fraction of exchanged protons, Hy, versus
the ratio of protein concentrations for nonlinear regression
analysis fit to eq 2 to obtain the association constant, K, and
saturating value of HY, g:

B L (Rc+c+;;:)-

2
\/ (RC+C+ -1—) —(4RC)] ()
Ky

where C is the concentration of titrant protein at a 1:1 ratio
and R is the molar ratio of titrant to titrand. Over certain
pH ranges (5.7-6.2 and 7.1-8.5), the saturation binding curves
required correction for changes in measured pH upon the
addition of the titrant protein to salt solution alone.
Lebowitz and Laskowski (1962) were the first to use po-
tentiometric measurements for quantitative determination of
the difference titration curve for a protein—protein complex
and to relate it to the pH dependence of the association con-
stant, K,. It can be shown (Edsall & Wyman, 1958; Las-
kowski & Finkenstadt, 1972; Wyman & Gill, 1990) that

dlog Ky/d pH = ¢ (3)

This equation can be integrated readily to yield
pH
(log Ka), = (log Kp)y + [ "gdpH  (4)
pH,

which allows K, to be evaluated at any pH provided that K,
is known at one reference pH and that the difference titration
curve is known over the region between pH, and pH,. No
specific information concerning the origins of the difference
curve is required to make use of this relationship (Lebowitz
& Laskowski, 1962; Rupley et al., 1967).

Continuous Proton Titrations. These experiments were
carried out as previously described (Barker et al., 1991) with
the following modifications. The ionic strength of the medium
was adjusted to 0.01 M with NaCl, and the titrants used were
CO,-free 0.01 M HCl or NaOH. The reference electrode was
the double-junction electrode described above. The individual
proteins were exchanged into 0.01 M NaCl (pH 6.5) by ul-
trafiltration (Centriprep-10, Amicon).
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For each pair of proteins, cytochrome solutions of known
concentration were mixed to give a solution containing a de-
fined ratio of the proteins. The final concentration of ferri-
cytochrome bs was between 75 and 100 uM while the total
ferricytochrome ¢ concentration used was 200-450 uM de-
pending on the particular pair of proteins studied. Approx-
imately 2.5 mL (the exact volume for each titration was de-
termined gravimetrically) of this solution was transferred to
the titration vessel. After the pH of this solution had stabilized,
it was titrated to pH 5.7 followed by titration to pH 8.5 and
then back to pH 5.7. Each protein was also titrated alone in
exactly the same manner. The association constants deter-
mined from the protein—protein titrations established that a
1:1 mixture of the two proteins would not ensure quantitative
cytochrome c—cytochrome bs complex formation over the range
of pH studied. Therefore, we performed the continuous proton
titrations on mixtures of each protein pair with one of the
proteins in significant excess in an attempt to assure quanti-
tative complexation of the other protein over the entire titration
range. Consequently, the raw data are the sum of the titration
of the complex plus the titration of the excess component. For
each protein pair, cytochrome ¢ was added in excess because
it has fewer titratable groups in the pH range 5.7-8.5 than
does cytochrome bs, which leads to less dilution of the proteins
during the experiment.

Titrations were performed under computer control as de-
scribed previously (Barker et al., 1991), and the raw data were
corrected for the titration of an identical volume of 0.01 M
NaCl before conversion to proton equivalents vs pH. For the
proteins titrated individually, these data were further converted
to net proton charge (Z) vs pH. The following relationship
can then be used to obtain the net proton charge (Zgmpiex) for
the 1:1 complex.

7 Hpi - (chtc X Mcytc)

&)

complex M complex

where H,,;, is the total number of proton equivalents titrated
in the mixture of proteins, Z,,,, is the net proton charge of
unbound cytochrome ¢, M., is the moles of excess cytochrome
¢ present in the mixture, and M., is the moles of complex
present in the mixture (equal to the moles of cytochrome by).
The difference titration curve (AZ vs pH) between bound and
unbound cytochromes is simply described by

AZ = Zcomplex - chtt - chtbs =-q (6)

where Z,,,, is the net proton charge of unbound ferri-
cytochrome bs.

RESULTS

Protein—Protein Titrations. For the interaction between
lipase-solubilized ferricytochrome bs and horse heart ferri-
cytochrome ¢, the effect of pH on the exchange of protons
(H?) between protein and solution is depicted in Figure 1.
Data obtained from the other pairs of proteins are qualitatively
similar, Below pH 7.3, the reaction is characterized by a
release of protons to the medium, while above pH 7.7 com-
plexation results in the uptake of protons from the medium.
The range of pH available for study is limited by the stability
of cytochrome b5 below pH 5.7 and cytochrome ¢ above pH
9. These titration data can all be analyzed satisfactorily by
nonlinear least-squares fitting to eq 2, which assumes a 1:1
binding stoichiometry. This analysis determines the best value
for both the association constant, K, and for the saturating
value of H7, g, the stoichiometric number of protons ex-
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Molar Protein Ratio

FIGURE 1: Effect of pH upon proton release during the titration of
horse heart ferricytochrome ¢ with lipase ferricytochrome b5 (curves
a, c, d, e, and g) or vice versa (curves b and f) at an ionic strength
of 0.01 M (KCI). The pH of each experiment was (a) 5.77, (b) 6.35,
(c) 6.60, (d) 7.10, (e) 7.27, (f) 8.04, and (g) 8.47. H is the number
of protons released to the medium per mole of complex formed. A
negative value of HY means protons were taken up from the medium.
The molar protein ratio is the ratio of the titrant to titrand concen-
trations (i.e., either [cytochrome bs]/[cytochrome ¢] or [cytochrome
c]/[cytochrome b;s]).
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FIGURE 2: Titration of yeast iso-1-ferricytochrome ¢ with tryptic
ferricytochrome bs at pH 6.82. (A) u = 0.01 M, [cytochrome ¢]iisial
= 21.12 uM; (B) u = 0.05 M, [cytochrome c];pyia = 20.89 uM. The
lines are unweighted nonlinear fits to eq 2.

changed per mole of complex formed. Figure 2 shows the best
fits to data collected at pH 6.8 and ionic strengths of 0.01 and

Mauk et al.

0.05 M for the binding of yeast iso-1-cytochrome ¢ to tryptic
cytochrome bs. For each pair of proteins, the results were
independent of the protein chosen as the titrant. In some
experiments, the ratio of [titrant protein] to [titrand protein]
was taken as high as 10:1 (data not shown). In no case did
the titration data suggest the occurrence of higher order
protein—protein complex formation.

The pH dependencies of both g and K, were obtained from
data collected at an ionic strength of 0.01 M for each pair of
proteins studied here as shown in Figure 3. For all pairs of
proteins, little or no proton release or uptake was observed
between pH 7.3 and 8 (i.e., ¢ was close to zero). In this region,
q could be determined to £0.05 (equivalent to about 2.5 nmol
of protons at the protein concentrations used), but this small
response leads to very large errors in the determination of K,
by curve fitting and precludes the use of these association
constants in the data analysis. In addition, for the complexes
formed between yeast iso-1-cytochrome ¢ and either tryptic
or lipase cytochrome b5 at 0.01 M ionic strength and at the
protein concentrations used in these experiments, the stability
of complex formation is sufficiently great that all log K, values
greater than ~6.4 give equivalent fits with the same g values.

For the case of horse heart cytochrome ¢ binding with lipase
cytochrome bs (Figure 3A), the pH region between 7.3 and
7.9, where there is minimal net change of protonation upon
binding, encompasses the region where maximum complex
stability is observed as predicted by eq 3. The shapes of the
pH dependence of g for all three pairs of proteins are quali-
tatively similar (Figure 3) in that they describe the first de-
rivative with respect to pH of a parabolic curve. The solid
lines in the lower panels of Figure 3 represent simulations of
proton exchange produced by shifts in the pK, of titratable
groups in either protein and are described by eq 7.!

4= SUAPKD): - fPK)] (7a)
where
_ 10(PH-pK,)
f(pK,) = TowHok0 & 1 (7b)
B C

FIGURE 3: pH dependence of g and log K, at an ionic strength of 0.01 M for the association of (A) horse heart ferricytochrome ¢ with lipase
ferricytochrome bs; (B) horse heart ferricytochrome ¢ with tryptic ferricytochrome bs; (C) yeast iso-1-ferricytochrome ¢ with lipase ferricytochrome
bs. The solid symbols represent data obtained by the protein—protein method, while the data described by the open symbols were obtained
by the continuous proton titration of the mixed proteins. The origin of the lines is described in the text. The moles of each protein in the
continuous titration experiments is the same as indicated in the legend for Figure 5.
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Table I: Parameters Used To Simulate the pH Dependence of Change in Proton Binding That Accompanies Interaction between Cytochrome ¢

and Cytochrome bs (Figure 3)¢

horse heart cytochrome ¢ +
lipase cytochrome bs

horse heart cytochrome ¢ +
tryptic cytochrome bs

yeast iso-1-cytochrome ¢ +
lipase cytochrome bs

i pk.f pK.® no.t pK,f pK.b no. pK,f pK,° no.
Protein—Protein Titration Data‘

1 54 4.7 8 5.0 35 6 5.2 3.5 6

2 9.4 11.6 8 9.4 11.5 6 10.0 11.5 6

3 7.6 7.3 1 7.2 6.6 1 6.9 6.4 1

4 8.8 11.3 1 9.0 11.0 1 8.4 11.0 1
Continuous Proton Titrations?

1 5.9 5.2 2 5.9 5.3 3 5.9 1.0 1

2 8.5 14.0 2 8.5 14.0 3 5.8 4.2 1

3 7.5 7.0 1 7.7 7.0 1 6.6 6.3 1

4 9.1 13.0 1 9.1 13.0 1 8.4 13.0 1

2pK,! refers to the pK, of the group(s) in the free protein(s), and pK,® refers to the pK, of the group(s) in the bound protein(s). ®Values in these
columns represent the number of groups given identical parameters. Solid curves in Figure 3. ¢ Curves, not shown, through open symbols in Figure

3.

and (pK,); and (pK,®); are the pK,s of titratable group i in
free and bound states, respectively. The lines through the log
K, data represent the integrated form of eq 7 and can be
described by

i
log K, =X+ EmPKab)i - flpK, )] (8a)

where
SIpK,) = log [1 + 106H-+K)] (8b)

Equation 8 involves the same parameters as eq 7 with the
addition of the integration constant X that is obtained by
evaluating at least one point on the log K, curve experimen-
tally. In Figure 3A, the solid line simulating the pH depen-
dence of log K, for the horse heart cytochrome c-lipase cy-
tochrome b5 binding was generated from the same parameters
as the solid curve, which provides a reasonable simulation of
the pH dependence of g for that pair. The maximum log K
is calculated to be 5.9 at pH 7.65 (1 = 0.01 M). The asso-
ciation constant log K for horse heart cytochrome ¢ binding
to tryptic cytochrome bs reaches a maximal value of 6.2 at
pH 7.8 (u = 0.01 M). The maximum stability constant for
the complex formed by yeast iso-1-cytochrome ¢ and lipase
cytochrome bs is approximately an order of magnitude greater
than that for the complex formed with horse heart cytochrome
¢ but exhibits a similar broad pH maximum centered around
pH 7.4. For this pair of proteins, only one measured value
for log K, fell below our cutoff of 6.4, and that was a value
of 6.1 obtained at pH 5.77. This value (indicated by the arrow)
was used to establish the position of the log K curve in Figure
3C, which predicts a maximum value of 7.0 for log K, (pH
7.4). This maximum is approximately an order of magnitude
greater than that for the complex formed by lipase cytochrome
bs with horse heart cytochrome ¢. All pairs of proteins exhibit
similar broad pH maxima. The values of the parameters used
with egs 7 and 8 to generate the curves in Figure 3 are given
in Table I. Both the association constant and g for lipase
cytochrome b association with horse or yeast cytochrome ¢
are dependent on ionic strength, as shown in Figure 4. The
curves shown in Figure 4 represent unweighted fits of the
experimental data to the van Leeuwen (1983) relationship.
The protein radii and dipole moments for each protein used
in this analysis were as described by Eltis et al. (1991).
However, unrealistic values for the charge product for each
protein pairing were required to the fit the experimental data
to the van Leeuwen equation.?

70 -
< 60+
e L
=1)]
L 50l
a0 -
1
0.0 0.02 0.04 0.06

Ionic Strength (M)

FIGURE 4: lonic strength dependence of log X, at pH 6.70 for the
association of lipase ferricytochrome bs with horse heart ferri-
cytochrome ¢ (O) and yeast iso-1-ferricytochrome ¢ (@) [the stippled
circle was calculated from the integral shown in Figure 3C]. The
lines are unweighted nonlinear fits to the van Leeuwen equation (1983).
(Inset) The ionic strength dependence of g for the same protein pairs.
The symbols are the same as above.

10} °°°%%% J
- o, 4

0.0 \
-1.0 Y, o
L A i

q (#'[mol)
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FIGURE 5: Comparison of the difference proton titration curves (g
vs pH) between free and complexed proteins, obtained by the con-
tinuous proton titration method, for the following protein pairs: (A)
yeast iso- 1-ferricytochrome ¢ (0.528 umol) with lipase ferricytochrome
bs (0.263 umol) in 2.5225 mL (@) and yeast iso-1-ferricytochrome
¢ (0.466 umol) with tryptic ferricytochrome b5 (0.259 umol) in 2.5114
mL (©); (B) horse heart ferricytochrome ¢ (1.65 umol) with lipase
ferricytochrome b5 (0.186 umol) in 2.5078 mL (®) and horse heart
ferricytochrome ¢ (1.08 pmol) with tryptic ferricytochrome bs (0.141
umol) in 2.5053 mL (a).
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Continuous Proton Titrations. Titrations of the mixtures
of ferricytochrome ¢ and ferricytochrome b5 were reversible
within experimental error over the pH range 5.7-8.5. For each
protein pair, g vs pH was obtained from the relationship given
ineq 6. As the point of zero net charge for both proteins and
the complexes could not be obtained from these experiments,
the absolute position of the g vs pH curve with respect to the
g-axis was determined by optimization of overlap with results
generated from the protein—protein titration curves (Figure
3, solid symbols). The continuous curves are described by the
open symbols in Figure 3 and are compared in Figure 5. As
for the protein—protein titrations, we have used eq 7 to generate
curves (not shown) that simulate the g vs pH data obtained
by this technique. The values of the parameters used for this
purpose are also given in Table I. These same values were
used in eq 8 to generate the log K, vs pH curves described
by the dashed lines in the top panels of Figure 3. The inte-
gration constants were evaluated from the log K, values ob-
tained from the protein—protein titrations. Only in the case
of tryptic cytochrome bs binding to horse heart cytochrome
¢ was the predicted maximum value for log K, significantly
different when compared to that predicted from the protein—
protein titrations. By the continuous method, we calculate that
log K, reaches 6.5 at pH 7.65, compared to 6.2 at pH 7.8 from
protein—protein titrations. For the pairing of tryptic cyto-
chrome b5 and yeast iso-1-cytochrome ¢, a complete g vs pH
curve has not been measured by the protein—protein method.
However, on the basis of a value for log K, of 6.4 at pH 6.8
(Figure 2, 4 = 0.01 M) and the ¢ vs pH curve from the
continuous titration (Figure 5), log K, for this complex is
predicted to reach a maximal value of 6.9 at pH 7.4

The values of the parameters used in eq 7 to simulate the
g vs pH curves obtained by either method do not represent
unique solutions to the equation in each case. To the extent
possible, we have tried to limit the values used for i = 3 and
i = 4 to describe known properties of some titratable groups
on either protein (vide infra). For other i values, parameters
were varied systematically until reasonable qualitative
agreement between experimental and simulated data was

2 The van Leeuwen relationship is defined by

Ink =
In k. - [Z,Z, + ZP(1 + «R) + PP(1 + «R)?][4?/4meyeks TRf(x)
where
Z\P, + Z,P,
ZP = R
| — e R2
Sl =

2KR2(1 + KR])

and where R = R, + R,, PP = P\P,/(qR)%, x = 0.329()'/2, Z, and Z,
are the monopole charges on ferricytochrome ¢ and ferrocytochrome by,
R and R, are the radii of the two proteins, g is the elementary charge,
¢ is the dielectric permittivity, ¢ is the dielectric constant of water, kg
is Boltzmann’s constant, and P, and P; are the components of the dipoles
of the proteins through their respective exposed heme edges. For cyto-
chrome bs, the heme edge was taken to be the 4 methine carbon, and in
cytochrome ¢ the heme edge was taken to be the methyl carbon of the
heme pyrrole most exposed to solvent. To generate the curves shown in
Figure 4, the net protein electrostatic (monopolar) charges required for
each protein were —1.5 and 130 for lipase cytochrome bs and horse heart
cytochrome c, respectively, and =71 and 0.2 for lipase cytochrome b5 and
yeast iso-1-cytochrome ¢, respectively. The parameters used for cyto-
chrome b5 and horse heart cytochrome ¢ were described previously (Eltis
et al,, 1991). For yeast iso-1-ferricytochrome ¢, P, = 455 (S. H.
Northrup, personal communication).
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obtained. Comparison of the two sets of parameters can
therefore only be qualitative and is a first step toward un-
derstanding the origins of such curves. This in no way com-
promises the validity of the integral (log K,) curves, which
are independent of the parameters used to simulate the g
curves,

DISCUSSION

Proton involvement in protein—protein reactions has been
studied for very few pairs of proteins but may serve to have
two significant effects upon the interaction of small oppositvely
charged electron transfer proteins. The protonation states of
the titratable groups contribute to the electrostatic potential
surface of each protein and thereby make a major contribution
to the exact arrangement and orientation of the protein—protein
complex. Additionally, proton exchange with the medium
resulting from changes in pK, upon association contribute
unfavorably to the overall thermodynamics (Yung & Trow-
bridge, 1980; Ross & Subramanian, 1981). Therefore, the
pH dependence of these binding reactions provides important
mechanistic information.

We have studied the proton linkage of 1:1 cytochrome ¢-
cytochrome bs complex formation through use of two com-
plementary potentiometric methods that allow us to define the
complex-formation-linked proton difference titration curve and
thereby deduce the dependence on pH of K, and proton
binding stoichiometry (g) for this interaction. We find no
evidence of higher order complex formation as reported pre-
viously (Miura et al., 1980; Whitford et al., 1991) on the basis
of NMR studies employing much higher protein concentra-
tions. One property of the system under study in this report
is that at maximum stability of the complex the net change
in proton binding that accompanies complex formation is
minimal. However, complex formation over this pH range can
be evaluated if it is considered as part of a broader collection
of data spanning a wide pH range. With these data, the
association constant at maximum stability can be calculated
as demonstrated by our analysis of the results shown in Figure
3. Qualitatively, the shape of the pH dependence of log K
determined experimentally is similar to that predicted from
the pH dependence of g. The relative maximal stabilities of
complexes formed between the pairs of proteins studied here
follows the following order: yeast iso-1-cytochrome ¢/lipase
cytochrome bs =~ yeast iso-1-cytochrome ¢/tryptic cytochrome
bs > horse heart cytochrome ¢/tryptic cytochrome b5 > horse
heart cytochrome ¢/lipase cytochrome bs. The greater stability
of complexes formed by yeast cytochrome c relative to those
formed by the horse heart protein is difficult to rationalize
solely on the basis of electrostatic considerations insofar as the
distribution of surface charges on the yeast protein are similar
to those of the horse heart cytochrome. Consequently, it seems
likely that stabilizing hydrophobic interactions may be of
greater importance in complexes formed by yeast cytochrome
c. One likely reason for the difference between the binding
behavior of the cytochrome bs proteins is the C-terminal ex-
tension on the lipase form that interacts with the acidic
electrostatic binding surface of the protein (Funk et al., 1990).

The strong ionic strength dependence of K, (Figure 4) is
consistent with electrostatic stabilization of complex formation
between oppositely charged reactants. As indicated previously,
the difference in behavior observed for the yeast and horse
heart cytochromes is not readily explained by differences in
the charged surface residues of the two proteins and probably
involves a greater contribution of hydrophobic interactions to
the stabilization of complexes formed by the yeast cytochrome.
The inability of the van Leeuwen analysis to fit the data to
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known parameters? may reflect the narrow ionic strength range
of these experiments. Alternatively, this relatively simple
relationship, in which the Debye—Hiickel theory is modified
by both monopolar and dipolar interactions, is not applicable
to this system. This finding is consistent with our previous
observations concerning the kinetics of electron transfer be-
tween these two proteins (Eltis et al., 1991). We note that
van Leeuwen (1983) obtained reasonable parameters from
analysis of our previous binding data (Mauk et al., 1982).
However, these previous data are not quantitatively reproduced
by our current measurements (vide infra), and the sequence
of cytochrome b5 on which his electrostatics calculations were
based is now known to have been incorrect (Cristiano &
Steggles, 1989).

Comparison of the g vs pH curves obtained by each tech-
nique (Figure 3) shows that over most of the range of pH
studied here there is good agreement between continuous and
discontinuous measurements of g. However, absolute evalu-
ation of this curve by the continuous method requires at least
one, and preferably more, values of g obtained from the
protein—protein titrations. The largest discrepancy between
the two methods is observed below pH 6.2 for the complexation
between horse heart cytochrome ¢ and lipase cytochrome b;
(Figure 3A, lower panel). Under these conditions, these two
proteins associate with the lowest affinity observed (Figure
3A, upper panel) in this study, and we therefore suggest that
the cytochrome bs was not fully associated with cytochrome
¢ in this region of the continuous titration experiment. The
concentration of cytochrome ¢ and/or the total protein con-
centration required to achieve quantitative complex formation
over the entire pH range for these cases is greater than can
be accommodated by this experimental technique. We con-
clude, therefore, that these pairs of proteins define the lower
limit of complex stability for which the continuous titration
method can be reasonably useful.

Although the dependence of X, on pH is qualitatively sim-
ilar for each pair of proteins studied here, more quantitative
comparison reveals subtle differences between them (Figure
5). For example, the complexation-induced difference proton
titration curves shown in Figure 5B for complexes formed by
horse heart cytochrome ¢ are relatively independent of the
identity of the cytochrome b with which it interacts compared
to the corresponding titration curves determined for yeast
iso-1-cytochrome ¢. As noted above, the difference observed
between the two titration curves at acid pH in Figure 5B is
even smaller if the results from protein—protein titrations are
considered (Figure 3A,B). In addition, complexes formed by
horse heart cytochrome ¢ exhibit greater proton release upon
binding either cytochrome b5 between pH 6.8 and 7.6 (vide
infra).

The changes in pK|, values responsible for the results shown
in Figure 3 result from changes in the dielectric of titratable
groups on the interacting proteins. Three mechanisms by
which these dielectric perturbations may arise can be envi-
sioned. Clearly, those residues directly involved in salt-bridge
formation undergo significant changes in their dielectric en-
vironment. In addition, residues adjacent to the protein—
protein interface but not directly involved in salt-bridge for-
mation or more distant residues (Russell & Fersht, 1987) can
undergo binding-linked pKj shifts through perturbation of the
dielectric constant of their environment. Finally, residues
remote from the protein—protein interface could undergo pK,
shifts as the result of binding-induced conformational changes.
The amino acid residues responsible for the pH dependence
of g, K, and the differences in binding behavior exhibited by
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different species or derivatives of the cytochromes studied here
cannot be described definitively without additional information.

To explain the origin of the proton release and uptake, we
refer to information currently available concerning the indi-
vidual proteins and the complexes that they form with each
other, and we suggest that all three mechanisms described
above can be observed in this system. There are a total of five
surface histidines in horse heart cytochrome ¢ and bovine
cytochrome bs. Yeast iso-1-cytochrome ¢ possesses one ad-
ditional histidyl residue. In an attempt to assess the effect of
electrostatics in the cytochrome c—cytochrome bs system,
electrostatic calculations were performed (Mauk et al., 1986)
with model complex structures (Salemme, 1976) to establish
the effect of complexation on the titratable groups. This
analysis predicted that the pK, of His-26 on cytochrome b
is decreased by complexation with cytochrome ¢, that the
protonation state of His-26 influences the exact structure of
the complex, and that more than one cytochrome c—cyto-
chrome b5 complex occurs in solution, the distribution between
which is a function of solution conditions (viz., pH, ionic
strength, and temperature). The change in the protonation
state of His-26 of cytochrome b5 is assigned to the shifts in
pK, around neutrality (Table I, i = 3) that are required to
simulate the positive values of ¢ between pH 6.5 and 7.5 for
cytochrome b binding to horse heart cytochrome ¢. It is also
possible that the proton release in the region of pH 6-6.5 is
due to a shift in the pK,, of one (or more) of the histidines on
cytochrome ¢, although this has not been explicitly included
in the modeling. Notably, His-33 has a pK,, of 6.6 in unbound
horse heart cytochrome ¢ (Cohen & Hayes, 1974). This
residue has a similar value in the yeast protein as does His-39
(Cutler et al., 1989). The other two histidines on cytochrome
bs are not predicted to be affected by the electrostatic field
generated by cytochrome ¢ (Mauk et al., 1986). Systematic
assignment of the histidyl residues responsible for these effects
will be undertaken through characterization of appropriate
variant cytochromes constructed by site-directed mutagenesis.

We ascribe the large values of g observed and predicted at
the extremes of pH in these experiments to deprotonation and
protonation of the carboxylates and lysines, respectively, that
are believed to participate in salt-bridge formation during
association. Although the pK;s of these groups are well outside
of the range of pH described here, calculations suggest that
when several (4-6) of each type of titratable group are involved
in the electrostatic interaction, their combined pK, shifts affect
each end of the region of pH range studied. However, some
of the pK,s and numbers of groups required (Table I, i = 1
and 2) to simulate the significant proton exchange observed
at the high and low pH are outside the bounds of currently
accepted values for the pKs of these titratable groups (Edsall
& Wyman, 1958; Tanford, 1964) and for the numbers of
groups proposed to be involved in salt-bridge formation (Sa-
lemme, 1976; Mauk et al., 1986; Hollaway & Mantsch, 1988;
Kornblatt et al., 1988; Rodgers et al., 1988; Burch et al., 1990).

An effect of ionic strength on g for the binding of lipase-
solubilized cytochrome b to both horse and yeast cytochrome
¢ is expected as many of the pK,s of groups involved are
dependent on ionic strength. In particular, we note that the
pK, of cytochrome bs residue His-26 that we have implicated
above as undergoing a significant binding-induced pK, shift
is also predicted to be acutely sensitive to ionic strength (Mauk
et al., 1986; Altman et al., 1989).

The two mitochondrial cytochromes ¢ studied here undergo

a conformational change that is linked to the deprotonation
of a group at pH 11 (Davis et al., 1975; Pearce et al., 1989).
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For the yeast cytochrome, this pH-linked conformational
change occurs with an apparent pK, of 8.5. Therefore, above
pH 8.0, a significant fraction of this protein exists in the
alkaline conformational state. However, the apparent pK, for
the corresponding conformational transition of the horse heart
protein is 9.1, so the influence of the alkaline conformational
change is expected to be mostly outside of the range of this
study. If cytochrome b5 binds differentially to the native and
alkaline forms, the resulting shift in conformational equilibrium
will result in proton uptake or release. We observe that the
formation of complexes involving either horse heart or yeast
iso-1-cytochrome ¢ and cytochrome bs above pH 8 results in
proton uptake. Although the proton uptake occurring for
complexes involving yeast cytochrome ¢ is consistent with
preferential binding of cytochrome b5 to the native confor-
mation of cytochrome ¢, the proton uptake is greater for the
complexes involving the horse heart protein. This appaernt
contradiction could be resolved in two ways. One possibility
is that the native conformation of yeast cytochrome ¢ binds
preferentially to cytochrome b5 and that some other mechanism
is responsible for the proton release observed for binding of
cytochrome bs to horse heart cytochrome ¢. Alternatively, an
additional proton-uptake process, possibly involving lysyl
residues (vide supra), occurs in the binding of both species of
cytochrome ¢ to cytochrome b, and this is attenuated in the
case of yeast cytochrome ¢ by the preferential binding of the
alkaline conformation to cytochrome bs, which would be a
proton-releasing phenomenon. The relative simplicity of the
second mechanism leads us to prefer it in the absence of ad-
ditional information. The availability of cytochrome ¢ variants
with significantly altered alkaline pK, values (Pearce et al.,
1989) provides an avenue for future clarification of this issue.

The current results are similar to but not quantitatively
identical with our previous results in which cytochrome -
cytochrome bs complex formation was monitored by electronic
difference spectroscopy. The advantages provided by the
potentiometric method include greatly improved precision and
sensitivity. As a result, the range of pH and ionic strength
over which binding can be measured is much greater with the
potentiometric method. The potentiometric results concerning
complex formation between horse heart cytochrome ¢ and
trypsin-solubilized cytochrome b differ from results based on
electronic difference spectroscopy in that the maximum log
K, observed is 0.5 (protein—protein titration) to 0.8 (continuous
titration) greater than that obtained optically, and the optimal
pH for complex formation is found to be 0.3 (continuous
titration) to 0.5 (protein—protein titration) pH units greater
than obtained optically. These differences may result from
the relatively great uncertainty inherent in the spectroscopic
measurements. We note that these two experimental tech-
niques may differ in their ability to detect various putative
forms of the cytochrome c—cytochrome b5 complex. It seems
reasonable to expect, for example, that the electronic difference
spectrum produced by complex formation between these two
proteins may not be equivalent in line shape or intensity for
all forms of the complex that occur in solution as a function
of pH. Nevertheless, as the putative orientational variants of
1:1 complex that may be present in solution are presumably
in equilibrium with each other, this differential sensitivity of
the difference spectrum should not in itself compromise the
validity of stability constants determined by this spectroscopic
method. Finally, aside from the unique mechanistic infor-
mation the potentiometric technique provides concerning
complexation-linked proton binding, this method also permits
assessment of protein—protein association at much higher
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protein/protein ratios than can be studied effectively by any
spectroscopic technique.

CONCLUSIONS

Formation of 1:1 complexes between cytochrome ¢ and
cytochrome b is linked to proton binding to one or both of
the interacting proteins. The complex formed by the two
proteins exhibits maximum stability at a pH where there is
minimal net change in protonation of the proteins. While
unequivocal assignment of the amino acid residues responsible
for this behavior may be theoretically possible through this
type of analysis for the wild-type proteins, the availability of
single-site mutants of both cytochrome ¢ (Mauk, 1991) and
cytochrome b5 (von Bodman et al., 1987; Funk et al., 1990)
will allow a more systematic analysis of the residues at the
interface between these proteins. Studies of this type are
currently in progress.

Potentiometric measurement of protons exchanged upon
complex formation between cytochrome ¢ and cytochrome bs
is a sensitive, precise, and noninvasive method of obtaining the
association constant that does not require the modification of
either protein. This characteristic is essential if any meaningful
analysis of the role of electrostatics using site-specific mutants
is to be achieved. The use of mutant proteins in this manner
must also involve the measurement of binding over a wide pH
range; mutations that alter the electrostatic potential surface
of either protein will affect the pH of maximum stability, the
maximum stability constant, and the distribution between
alternative docking geometries.
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