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Two mutants of trypsin-solubilized bovine liver cytochromeb5 (cyt b5) have been prepared to elucidate the function
of charged residues near the heme exposed edge in the electron self-exchange kinetics of cytb5. The Glu44,
Glu56, and Asp60 were mutated into alanines in mutant I (E44A/E56A/D60A) while Glu44, Glu48, Glu56, and
Asp60 were mutated into alanines in mutant II (E44A/E48A/E56A/D60A). The electron self-exchange rates of
cyt b5 mutants I and II have been measured as a function of temperature and ionic strength using the one-
dimensional1H NMR saturation transfer method. Under the condition ofµ ) 0.10 M and [cytb5] ) 0.50 mM,
the rate constant of the cytb5 mutant I is (4.0( 0.4) × 103 M-1 s-1 at 20°C. The value rises to (7.2( 0.7) ×
103 M-1 s-1 at 35°C; data from 20 to 35°C gave∆Hq ) 6.8 ( 0.8 kcal mol-1 and∆Sq ) -19 ( 3 eu. The rate
constant for cytb5 mutant II is (8.4( 0.7) × 103 M-1 s-1 at 20°C with µ ) 0.10 M and [cytb5] ) 0.60 mM.
The value rises to (17( 1) × 103 M-1 s-1 at 35°C, ∆Hq ) 7.9 ( 0.9 kcal mol-1, and∆Sq ) -14 ( 4 eu. The
rate constant for cytb5 mutants increases with increasing of ionic strength. The values of the rate constants of cyt
b5 mutants extrapolated to infinite ionic strength,kinf, are 2.8× 105 and 1.1× 105 M-1 s-1 for mutant I and
mutant II, respectively. The protein dipole moment projections through the heme exposed edge for two mutants
were obtained from a fit of ionic strength dependence of self-exchange rate constants using van Leeuwen’s approach.
The dipole moment projections were-220 D and-254 D for oxidized and reduced forms of cytb5 mutant I, and
-134 D (oxidized) and-159 D (reduced) for cytb5 mutant II. In terms of Marcus theory, the reorganization
energies of cytb5 mutant I and mutant II have been estimated to be 1.2 and 1.3 eV, respectively. The association
constants for the electron self-exchange reactions of mutant I and mutant II are 0.33 and 1.5 M-1, respectively.
Based on above results, the recognition and electron self-exchange mechanism between oxidized and reduced
states of cytochromeb5 was discussed.

Introduction

Metalloproteins undergo electron-transfer reactions, which are
fundamental phenomena in the mitochondrial respiratory chain,
photosynthesis, oxidative phosphorylation, and many other
processes. The electron-transfer rate constants depend on many
factors, including the distance between electron donor and
acceptor centers, thermodynamic driving force, reorganization
energy, nature of the intervening medium, etc.1-6 Site-directed
mutagenesis method in conjunction with NMR techniques has
proved to be a useful approach to study electron-transfer
reactions between metalloproteins.7

The study of the electron self-exchange reaction is one
effective way to demonstrate the electron-transfer mechanism

because the thermodynamic driving force is zero in self-
exchange kinetics, this simplifies the interpretation of the
intrinsic electron-transfer process.8-13 Cytochromeb5 is a small,
structurally well-characterized protein.14-17 In addition, single
and multisite protein variants can be prepared in order to
interpret those structural elements that affect the rate of electron
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self-exchange reaction of cytochromeb5.18,19 To elucidate the
function of charged residues near the exposed heme edge in
the electron self-exchange kinetics of cytb5, two mutants of
trypsin-solubilized bovine liver cytochromeb5 have been
prepared. Glu44, Glu56, and Asp60 were mutated into alanine
in mutant I (E44A/E56A/D60A) while Glu44, Glu48, Glu56,
and Asp60 were mutated into alanine in mutant II (E44A/E48A/
E56A/D60A). The electron self-exchange rates of cytb5 mutant
I and mutant II have been measured as a function of temperature
and ionic strength using one-dimensional1H NMR saturation
transfer. The dipole moments as well as the reorganization
energies for both cytb5 mutant I and mutant II were calculated.
The results indicate that the four acidic amino acid residues
near the exposed heme edge, E44, E48, E56, and D60, play an
important role in the electron self-exchange reaction of cytb5

mainly because of the electrostatic barrier they create. We can
conclude that the electron self-exchange reactions of cytb5 are
mainly dominated by electrostatic interaction.

Experimental Section

Materials. DNA restriction endonucleases, T4 DNA polymerase,
ligase and kinase were purchased from Biolabs. [γ-32P]dATP was
obtained from Amersham. The pUC19 plasmid containing the synthetic
microsomal cytochromeb5 (82 residues in length) was a generous gift
from Professor A. G. Mauk. The other bio-products were from Sigma.
All chemicals were of reagent grade.

Protein Preparations. Unless specified otherwise, site-directed
mutagenesis of the gene coding for the trypsin-solubilized cytochrome
b5 and other DNA manipulations were performed as described by
Sambrook et al.20 To achieve a high efficiency, we adopted some newly
developed methods. We have used two types of synthesized and purified
oligonucleotide mixture. Primers of the first type were same in the
most deoxyribonucleotide sequence just except the triplet code site we
wanted to generate multiple mutations, and in the second type, each
primer of the mixture would introduce a different mutation to the
cytochrome b5 gene at a different site. In all cases, the same
concentration of primers were used to obtain multiple mutants at a single
site or at several different site of the cytochromeb5 gene in just one
process, separately.21 The ratio of concentration during hybridization
between the oligonucleotide mixture and the single-stranded DNA
template containing cytochromeb5 gene was 1:1 in most cases. By
raising the relative quantity of the oligonucleotide mixture (to the above-
mentioned second type only) in hybridization system, the probability
of gaining mutants with multiple mutations at several site in one gene
increased. Different mutants obtained in a single process were dif-
ferentiated by dot blot hybridization screening and were picked out
separately. All mutated cytochromeb5 genes were sequenced by the
dideoxynucleotide chain termination method22 or/and by ABI PRISM
model 377 automatic sequencer. All the mutated genes were ligated
into EcoRI/HindIII cut pUC19 plasmid and then transformed into
Escherichia colihost JM83. The expression of genes and the purification
of proteins were accomplished according to Mauk’s methods.23

NMR Sample Preparation. The NMR samples were prepared in
sodium phosphate D2O buffer (µ ) 0.05 M, pH) 7.0). Samples with
ionic strength higher than 0.05 M were prepared by direct addition of
NaCl to the NMR sample tube. The mutated ferricytochromeb5 was

reduced by the anaerobic addition of solid Na2S2O4 directly into the
NMR tube. Before and after the reduction operation, the samples were
degassed and purged with nitrogen for several times. NMR measure-
ments were performed immediately after preparation of the samples.6

Kinetic Measurements.All 1H NMR spectra were acquired on a
Bruker AM 500 spectrometer equipped with an Aspect 3000 computer
system. The NMR probe temperature was calibrated to(0.1 °C with
the use of a B-VT 2000 temperature unit. The carrier was centered on
the residual water peak. Chemical shift values for all the resonances
are referenced to internal 1,4-dioxane at 3.743 ppm. 1D saturation
transfer experiments were used for calculation of the rate constants.
The overall experiment was performed by applying a presaturation
decoupler pulse either on-resonance for the saturation transfer spectrum,
or off-resonance for the reference spectrum. On- and off-resonance
frequencies were alternated every 16 scans. The difference spectra were
generated by subtracting the reference spectra from the decoupler on-
resonance spectra, in which the phenomenon of saturation transfer was
most evident.24-26

The ratio of oxidized to reduced protein was determined from the
integrated areas of the two forms of the protein in the NMR spectrum.
Measurements of a single rate constant required about 2 h, during which
time the ratio of Fe(II)/Fe(III) cytochromeb5, as calculated from the
peaks in the upfield region of1H NMR spectrum, was stable to better
than (10%. The preirradiation of Leu25 methyl resonance of the
oxidized protein decreases the intensity of the corresponding resonance
of reduced protein. At equilibrium:27,28

whereI′Red andIRed are the intensities of the Leu25 methyl resonances
with or without presaturation of the resonance of the oxidized protein.
tRed is the lifetime of the protein in the reduced state andT1Red is the
longitudinal relaxation time of the reduced Leu25 methyl resonance
measured in the absence of oxidized form. The electron self-exchange
rate constants are calculated from the following equation:27,28

The oxidized protein concentration can be expressed as:

Iox and Ired are intensities of the oxidized and reduced Leu25 methyl
resonance in the mixture of the oxidized and reduced proteins. [cytb5]
is the sum of oxidized and reduced protein concentration.

The spin-lattice relaxation time T1 of the reduced Leu25 methyl
resonance was measured by the inversion recovery method. The1H
NMR data were taken over the temperature range of 293-308 K.29

The integrated values of signals in the NMR spectra were obtained by
the aid of deconvolution method in UXNMR software. Trypsin-
solubilized cytb5 is a mixture of two isomers and the two forms are in
about a 10: 1 ratio.30 The rate constants reported here were measured
on the major isomer and it was assumed that the rates exhibited by the
major and minor isomers were identical.

Results and Discussion

Kinetic and Thermodynamic Studies.NMR spectroscopy
has provided an effective approach to analyze the electron self-
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exchange reaction.6-12 The self-exchange rates of cytb5 mutants
are relatively slow on the NMR time scale. The upfield region
of the NMR spectra of cytb5 mutant I and mutant II are shown
in Figure 1, including the spectra of the oxidized form, the
reduced form and the mixture of the oxidized and reduced forms.
The full assignment for the resonances of cytb5 mutant II has
been completed.31 The chemical shifts of Leu25 methyl
resonances of cytb5 mutants are very close to those of wild-
type cyt b5. Leu25 methyl resonances from both the reduced
state and the oxidized state are shown in the upfield range of
the NMR spectra in Figure 1. The saturation transfer spectra
for the mixture of the two oxidation states of both cytb5 mutant
I and mutant II are shown in Figure 2. Upon saturation of Leu25
methyl resonance in the oxidized protein, saturation transfer
results in a smaller intensity of the same peak in the reduced
protein. Given the integrated values of signals and the spin-
lattice relaxation timeT1, the magnitudes ofkesewere calculated

using eqs 1-3,27,28 as described in Experimental Section. The
electron self-exchange rate constant of cytb5 mutant I is (4.0
( 0.4) × 103 M-1 s-1 at 20°C with µ ) 0.10 M and [cytb5]
) 0.50 mM, while that of mutant II is (8.4( 0.7) × 103 M-1

s-1 at 20 °C with µ ) 0.10 M and [cytb5] ) 0.60 mM. The
self-exchange rate constants of the two cytb5 mutants at four
different temperatures and three combinations of protein con-
centration and ionic strength are listed in Table 1. The plots of
ln(k/T) vs 1/T are shown in Figure 3. The intercept and slope,
given by linear least-squares fits to the experimental data,
yielded the entropy and enthalpy of activation using the Eyring
equation. The Eyring parameters are also listed in Table 1.

From Table 1 and Figure 3, it is reflected that the kinetic
data is hardly affected by different protein concentrations under
the same temperature and ionic strength. At a given solution
condition, the magnitude ofkesefor the three forms of protein
descends in the following order: mutant II> mutant I> wild-
type cyt b5.6 The mutation of Glu44, Glu56, and Asp60 to(31) Lu, J.; Huang, Z.-X.; Tang, W.; et al. Unpublished material.

Figure 1. Upfield region of the NMR spectra of cytb5 mutants: (a-c) mutant I; (d-f) mutant II. (a, d) Reduced state; (b, e) mixture of reduced
and oxidized states; (c, f) oxidized state.

Figure 2. Saturation transfer difference spectra of a mixture of oxidized and reduced cytb5 mutants: (a-c) mutant I; (d-f) mutant II. (a, d)
Reference spectra; (b, e) saturation transfer spectra upon irradiating at one of the oxidized L25 methyl resonances; (c, f) difference spectra.

Table 1. Kinetic Parameters for Electron Self-Exchange of Cytb5 Mutants

mutant Ia mutant IIb wild typec

[cyt b5] (mM) 0.50 0.40 1.5 0.60 0.40 1.5 1.0
ionic strength (M) 0.10 0.30 0.30 0.10 0.30 0.30 0.3

Self-Exchange Rate Constants×10-3 M-1 s-1

temp (°C)
20 4.0( 0.4 7.7( 0.7 8.9( 0.7 8.4( 0.7 14( 1 14( 1 3.7
25 4.8( 0.4 11( 1 12( 1 9.5( 0.8 19( 1 21( 1 4.6
30 6.5( 0.5 12( 1 15( 1 13( 1 25( 2 26( 2 5.0
35 7.2( 0.7 15( 1 16( 1 17( 1 27( 2 29( 2 6.2

Activation Parameters
∆Hq, kcal mol-1 6.8( 0.8 7.0( 0.9 6.6( 0.8 7.9( 0.9 7.9( 0.9 7.7( 0.9 5.8
∆Sq, eu -19 ( 3 -17 ( 3 -18 ( 3 -14 ( 4 -13 ( 5 -13 ( 5 -22.4
∆Gq,d kcal mol-1 12 ( 1 12( 1 12( 1 12( 2 12( 2 12( 2 12.5

a E44A/E56A/D60A mutant.b E44A/E48A/E56A/D60A mutant.c Data from ref 6.d 25 °C.

Effects of AA Mutations on Cytb5 Kinetics Inorganic Chemistry, Vol. 38, No. 25, 19995751



alanine increases the self-exchange rate constants significantly.
Additional mutation of Glu48 by alanine brings even larger
values for the self-exchange rate constants. So the Glu48 plays
a much more important role in the cytb5 electron self-exchange
reaction. It is well-known that cytb5 has a highly asymmetric
distribution of charges.32 Dixon et al. studied the electron self-
exchange of cytb5 and proposed a heme edge-to-heme edge
complex model, assuming that the electron self-exchange
reactions occur at the partially exposed heme edge.6 The E44,
E48, E56, and D60 are all located near the exposed heme edge
in wild-type cytb5 with their carboxylic groups fully extended
into solution and completely exposed to solvent. As a result,
these carboxylic groups provide a significant contribution to
the electrostatic barrier, which is a disadvantage to the formation
of the precursor complex for the self-exchange reaction of wild-
type cytb5.6 When these acidic residues are mutated into alanine
(Figure 4), the electrostatic barrier between the two electron

self-exchange reaction partners certainly decreased significantly
with the elimination of the carboxylic groups. After mutation
of these specific residues the increases of rate constant of
electron self-exchange reaction of cytb5 is expected.

The temperature dependence of electron self-exchange reac-
tions of cytb5 mutants are different from that of wild-type cyt
b5.6 The values of∆Hq became larger after mutation, while the
absolute values of∆Sq became smaller. The less negative values
of ∆Sq are favorable for the electron self-exchange process. That
is to say, the change in∆Sq values should facilitate the electron
self-exchange reactions of cytb5 mutants. On the other hand, it
should be noted that the∆Hq values are more positive for
mutants than for wild-type cytb5.6 The increase in∆Hq values
are unfavorable for the electron self-exchange process. In this
study, the favorable effect on the self-exchange reaction brought
about by the changes of∆Sq is greater than the unfavorable
effect brought about by the changes of∆Hq, leading to the
increased values ofkese in cyt b5 mutants.

Electrostatic Studies. Information about the electrostatic
interactions between two reactants can be obtained from the
ionic strength dependence of electron self-exchange rate con-
stants.8,34,35At pH 7.0 and 25°C, the rate constant for electron
self-exchange reaction of cytb5 mutant I is (4.8( 0.4) × 103

M-1 s-1 with µ ) 0.10 M. Thekesevalues increase monotoni-
cally with increasing ionic strength as shown in the ionic
strength dependence (Figure 5a). The cytb5 mutant II has similar
ionic strength dependence of the self-exchange reaction shown
in Figure 5b. The dipole moment can be obtained by a fit of
the ionic strength dependence of electron self-exchange rate
constants.6,35-37 Van Leeuwen’s approach36 is used to treat the
ionic strength dependence of self-exchange reactions. The
approach presumed that electron transfer takes place on the
partially exposed heme edge and it has proved to be effective
at high ionic strength, which is needed for NMR studies.
Equations are as follows:

where Zox and Zred are the net charges of the oxidized and
reduced protein;D′red andD′ox are the components of the dipole
moments through the exposed heme edge;r is the sum of the

(32) Koppenol, W. H.; Margoliash, E.J. Biol. Chem. 1982, 257, 4426-
4437.

Figure 3. Eyring plots of cytb5 mutants electron self-exchange rate constants at various protein concentrations and ionic strengths. (a) Mutant I;
(b) mutant II; (9) µ ) 0.10 M, [cyt b5] ) 0.50 mM; (+) µ ) 0.30 M, [cyt b5] ) 0.40 mM; (2) µ ) 0.30 M, [cyt b5] ) 1.5 mM.

Figure 4. Ribbon diagram of cytb5 showing the residues 44, 48, 56,
and 60, which are replaced by four alanines in wild-type cytb5

crystallographic structure (PDB entry pdb3b5c.ent). The figure was
created with the program MOMOL.33

ln(kese/kinf) ) -{ZoxZred + (ZD)(1 + κr) +

(DD)(1 + kr)2}(q2/4πε0εkBTr)f(κ) (4)

ZD ) (ZoxD′red + ZredD′ox)/qr (5)

DD ) D′oxD′red/(qr)2 (6)

f(κ) ) (1 - exp(-κr))/κr(1 + κr/2) (7)
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radii of the two electron-transfer partners (r ) 31.8 Å); κ )
0.329µ1/2, and µ, ionic strength;kese is the rate constant at a
given ionic strength, andkinf is the rate constant at infinite ionic
strength. Other abbreviations used are as follows:q, elementary
charge in coulombs (q ) 1.6 × 10-19 C); kB, Boltzmann’s
constant (1.3807× 10-23 J K-1); ε0, permeativity constant
(8.85418× 10-12); ε, static dielectric constant (80). It is assumed
that all arginine and lysine residues and the amino-terminus are
protonated and that all carboxylic acids (including those of the
heme and carboxyl-terminus) are dissociated; and histidines are
in neutral form. GivenZox ) -6 andZred ) -7 for mutantI,
Zox ) -5 andZred ) -6 for mutant II, a fit of the current data
to these equations givesD′ox ) -220 D,D′red ) -254 D, and
kinf ) 2.8× 105 M-1 s-1 for cyt b5 mutant I, andD′ox ) -134
D, D′red ) -159 D, andkinf ) 1.1 × 105 M-1 s-1 for cyt b5

mutant II. For wild-type cytb5, the corresponding values are
D′ox ) -250 D, D′red ) -280 D, andkinf ) 3.7 × 105 M-1

s-1.6 It has been noticed that the fitted values of dipole moments
are sensitive to the value of ionic strength of the solution.8 In
this work, the ionic strength is calculated on the basis of small
ion concentrations plus the charge on the protein multiplied by
the protein concentration.6,8 The dipole moment of the protein
decreased after mutation.6 The consideration of the asymmetric
charge distribution on the proteins32 is very important in order
to understand the changes in dipole moments of cytb5 mutants.
After the mutation of E44, E56, and D60 by alanine, the charge
distribution of cytb5 becomes less asymmetric. This is consistent
with the smaller absolute values of dipole moments in mutant
I than in wild-type cyt b5. The absolute values of dipole
moments of mutant II are even smaller than those of mutant I.

In addition, van Leeuwen’s approach allows the calculation
of an interaction energy,wr ) -RT[ln(kese/kinf)], for the two-
electron self-exchange partners in a heme edge-to-heme edge
geometry. The calculated values are 1.9 and 1.0 kcal mol-1 for
cyt b5 mutant I and mutant II, respectively. The corresponding
value for wild-type cytb5 is 3.1 kcal mol-1 reported by Dixon
et al.6 The smaller thewr value, the faster the electron self-
exchange reaction. It is consistent with the results obtained under
experimental conditions.

Reorganization Energy. The reorganization energy (λ),
defined as the energy required to distort the nuclear configu-
ration of product state into the geometry of the reactant state
without electron transfer,38 is a very important factor in
determining the rate of electron self-exchange reaction. The
reorganization energy can be calculated in many ways.3,6,39We
used the approach developed by Dixon et al.6 for calculating
the reorganization energy of self-exchange reactions of the cyt
b5 mutants.

With use of Marcus formalism, the self-exchange rate constant
can be expressed as3,6

whereS is the steric factor,Ka is the association constant for
formation of the precursor state from the two separated electron
self-exchange partners,νn is the nuclear frequency factor,κel is
the probability of electron tunneling and∆Gf* is the free energy
of activation. The association constant can be estimated by the
following equation:6

whereN is Avogadro’s number,r is the sum of the radii of the
two proteins (31.8 Å),6 the value ofδ(r) (1.11 Å) is usually
taken asâ-1, the distance at which the electron self-exchange
rate constant decreases to 1/e of its value in the heme edge-to-
heme edge complex,6 and with the use of van Leeuwen
formalism, exp(-wr/RT) ) kese/kinf.12 Given these values,Ka is
calculated to be 0.33 and 1.5 M-1 for cyt b5 mutant I and mutant
II, respectively. For wild-type cytb5, Ka ) 0.045 M-1 as
reported by Dixon et al.6 The association constant for the
precursor complex of cytb5 mutant I is more than seven times
larger than that of wild-type cytb5. The association constant
for the precursor complex of cytb5 mutant II is 4.5 times larger
than that of cytb5 mutant I. It indicates that the reduction of
surface charge by mutation of the charged residues to neutral
residues is favorable for the formation of the precursor complex
to a large extent. The value of steric factorS is estimated by
Dixon et al. as 0.036.6 νnkel can be expressed as3,6

(33) Koradi, R.; Billeter, M.; Wu¨thrich, K.J. Mol. Graphics1996, 14, 51-
55.

(34) Mauk, M. R.; Mauk, A. G.; Weber, P. C.; Matthew, J. B.Biochemistry
1986, 25, 7085-7091.

(35) Rush, J. D.; Lan, J.; Koppenol, W. H.J. Am. Chem. Soc. 1987, 109,
2679-2682.

(36) Van Leeuwen, J. W.Biochim. Biophys. Acta 1983, 743, 408-421.
(37) Rush, J. D.; Koppenol, W. H.Biochim. Biophys. Acta1988, 936, 187-

198.

(38) Moser, C. C.; Keske, J. M.; Warncke, K.; Farid, R. S.; Dutton, P. L.
Nature1992, 355, 796-802.

(39) Muegge, I.; Qi, P. X.; Wand, A. J.; Chu, Z. T.; Warshel, A.J. Phys.
Chem. B 1997, 101, 825-836.

Figure 5. The ionic strength dependence of cytb5 mutants electron self-exchange rate constant (pH 7.0, 25°C). The solid line is a best fit to the
experimental data. (a) Mutant I: fitted values areD′ox ) -220 D,D′red ) -254 D, andkinf ) 2.8 × 105 M-1 s-1 for Zox ) -6 andZred ) -7. (b)
Mutant II: fitted values areD′ox ) -134 D,D′red ) -159 D, andkinf ) 1.1 × 105 M-1 s-1 for Zox ) -5 andZred ) -6. The dipole moments are
the component of the dipole moment through the exposed heme edge.

kese) SKaνnκel exp(-∆Gf*/RT) (8)

Ka ) 4πNr2δ(r) exp(-ωr/RT) (9)

νnkel ) 1013 exp[-â(d - d0)] (10)
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where d (7.5 Å) is estimated to be the closest heme-heme
distance,d0 ) 3 Å, andâ ) 0.9 Å-1.6 The value forνnkel is
1.74× 1011 s-1. The values of∆Gf* are calculated to be 7.2
and 7.8 kcal mol-1 for cyt b5 mutant I and mutant II,
respectively. The corresponding value for wild-type cytb5 is
6.9 kcal mol-1.6 According to Marcus formalism,3,6

Here, ∆G0 is the free energy change of the reaction, andwp

andwr represent the work required to bring the reactants and
products to separation achieved in the electron-transfer complex.
For self-exchange reactions,wp ) wr and∆G0 is zero, so,λ )
4∆Gf*. The calculated values ofλ are 1.2 and 1.3 eV, for cyt
b5 mutant I and cytb5 mutant II respectively, compared with
the value of 1.2 eV for wild-type cytb5.6 It should be noted
that the heme edge-to-heme edge distance for cytb5 mutants
might decrease due to the reduced electrostatic repulsion because
of the reduction of net charges in cytb5 mutants. However,
even a decrease in the heme edge-to-heme edge distance of 2
Å would lead to only small change on the reorganization
energy,6 so it is acceptable to adapt the heme edge-to-heme edge
distance of wild-type cytb5 in calculating the reorganization
energies of cytb5 mutants.

The values of reorganization energies of mutants only change
slightly compared with theλ value of wild-type cytb5, that is,

the energies required for the oxidized state protein to assume
the geometry of the reduced partner in mutants and in wild-
type cytb5 are similar.6 In addition, according to the structural
similarity between wild-type cytb5 and cytb5 mutants,31 the
degree of the heme exposures of mutants and wild-type cytb5

are nearly the same. The different values ofkese for wild-type
cyt b5 and mutants at a given ionic strength and temperature
may be attributed to the electrostatic effect. The change in
electrostatic effect becomes more favorable to the electron self-
exchange process of cytb5 after mutation of the negatively
charged amino acid residues by alanine. It could be concluded
that mutation selectively alters the electrostatic interaction, which
is thought to be involved in protein-protein recognition.40,41

Removal of acidic residues near the exposed heme edge by site-
directed mutagenesis facilitated the self-exchange reactions of
cyt b5 favorably under the experimental conditions. In other
words, the current work supports the heme edge-to-heme edge
model for cytb5 self-exchange complex.6
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∆Gf* ) (λ/4)(1 + ∆G0′/λ)2 (11)

∆G0′ ) ∆G0 + wp - wr (12)
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