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Glu#4, Glud48, Glu56 and Asp60 are the negatively charged
residues located at the molecular surface of cytochrome bs.
Two mutants of cytochrome b; were prepared, in which two or
all of these four residues were mmtated to alanines. The muta-
tions give rise to slightly positive shifts of the redox potentials of
cytochrome b; and obvious decrease of the cytochrome b;-cy-
tochrome ¢ binding constants and electron transfer rates. The
crystal structures of the two mutants were determined at 0.18
nm resolution, showing no alteration in overall structures and
exhibiting slight changes in the local conformations around the
mutation sites as compared with the wild-type protein. Based
on the crystal structure of the quadruple-site mutant, a model
for the binding of this mutant with cytochrome c is proposed,
which involves the salt bridges from Glu37, Glu38 and heme
propionate of cytochrome bs to three lysines of cytochrome ¢
and can well account for the properties and behaviors of this
mutant.

Keywords cytochrome bs, mutant, crystal structure, inter-
protein interaction, electron transfer

Introduction

Microsomal cytochrome bs (Cyt bs) is a member of
cytochrome b; family, and it serves as an electron carrier
in a series of electron-transfer processes in biological sys-
tems. ' Cyt b5 is a membrane protein with M, ~ 16 kDa,
consisting of two domains, one hydrophobic domain which

anchors the protein to the membrane and one hydrophilic
domain which contains heme group and is responsible for
the biological activities.* The proteolysis of bovine liver
microsomal Cyt bs by lipase and trypsin produces the sol-
uble N-terminal fragments consisting of 93 residues
(Ser1—Ser93) and 84 residues ( Ala3—Lys86) respec-
tively.> The recombinant trypsin-solubilized fragment of
bovine liver microsomal Cyt bs, referred to as Cyt Tbs,
was obtained in our laboratory, which contains 82
residues (Ala3—Arg84) and possesses the activity of Cyt
b 'S .6

Electron transfer is one of the basic chemical reac-
tions in biological systems. The process of electron trans-
port can be regarded as two separate steps, highly specific
binding interactions between the redox proteins and the
actual electron transfer reaction within the bound protein
complex.’

Cyt bs and cytochrome ¢ (Cyt c), as electron trans-
fer proteins, widely exist in nature. The X-ray analyses of
Cyt ¢ and the lipid- or trypsin-solubilized fragments of
Cyt bs provided the detailed information about the three-
dimensional structures of the two proteins.%®2 Cyt bs-
Cyt ¢ is an attractive system for investigating the inter-
protein interactions and the electron transfer between the
two proteins.

Cyt bs is an acidic protein with net charge —9, and
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Cyt ¢ is a basic protein with net charge + 7 at pH 7,5
which suggests that the electrostatic interactions might be
very important for the formation of the complex between
the two proteins. The NMR studies indicate the existence
of a 1:1 complex in solution between the two cytochrome
proteins ., 4 However, so far the X-ray or NMR structure of
the Cyt b5-Cyt ¢ complex is unavailable. Salemme estab-
lished the first Cyt b5-Cyt ¢ complex model by optimizing
the intermolecular complementary charge and steric inter-
actions using least-square fitting process, !> and the model
was then extended using molecular dynamics simulation
method.® In this model there are four principal comple-
mentary charge interactions from Glud4, Glud8, Asp60
and the most exposed heme propionate of Cyt bs to
Lys27, Lys13, Lys72 and Lys79 of Cyt ¢, respectively.
The Brownian dynamics simulation modeling was carried
out by Northrup et al., and the results reveal that the
first predominant complex model involves the following
Cyt bs-Cyt c interactions: Glud8-Argl3, GluS6-Lys87,
Asp60-Lys86 and heme propionate-Tml72 (Tml72 denotes
trimethyl Lys72), and the second prodominent one is
consistent with the Salemme’s model. !’

Meyer et al.'® reported the laser flash photolysis re-
sults, emphasizing the flexibility of electron transfer be-
tween Cyt bs and Cyt ¢ and the existence of a variety of
orientations within the protein-protein complex. Burch et
al " demonstrated by NMR that at least 6 lysyl residues
of Cyt ¢ were involved in the Cyt ¢-Cyt bs binding, and
the two cytochromes form two or more structurally similar
1:1 complexes in the solution. Site-directed mutagenesis
was used to examine the effects of the mutation of the
charged surface-residues of Cyt bs or Cyt ¢ on the pro-
tein-protein interactions and the electron transfer, such as
the mutation from Glud3, Glu44, Glu48, GluS6 and
Asp60 to the corresponding amide analogues .2+

The two known binding models proposed by Salemme
and Northrup'>!7 indicate that a total of 4 negatively
charged surface residues, Glu44, Glud8, GluS56 and
Asp60, of Cyt bs are involved in the electrostatic interac-
tions for binding to Cyt ¢. We prepared a variety of mu-
tants of Cyt Ths, mutated at these key residues, such as
E44A, ES6A and E44/56A, and the influences of the
mutations on the interactions of Cyt b5 with Cyt ¢ and the
electron transfer were previously reported . 2%

In order to further elucidate the molecular recogni-
tion and the mechanism of electron transfer between Cyt
bs and Cyt ¢, we have prepared a quadruple-site mutant

of Cyt Tbs, E44/48/56A/D60A, with Glud4, Glud8,
Glu56 and Asp60 all mutated to alanine,? which is re-
ferred to as Mut4. The solution structures of the mutants
E44A, ES6A, E44/56A and Mut4 were determined by
NMR spectroscopy . '# Since the solution structure of the
wild-type Cyt Tbs is unavailable at present, no solution
structure comparison was carried out between the mutants
and the wild-type protein.

In this paper we present the crystal structures of
Mut4 and E44/56A mutants, and compare them with the
structure of wild-type Cyt Tbs . The redox potential varia-
tion of the two mutants and the electron transfer kinetics
as a function of temperature and ionic strength are also re-
ported in this paper. Based on the crystal structure of
Mut4, molecular modeling method was used to investigate
the docking, geometry and the interactions of Mut4 with
Cyt ¢, and a new binding model is proposed.

Experimental
Materials

Double-distilled water and analytic grade chemicals
were used in the preparation of all the solutions.
Methylviologen and proflavine hemisulfate were purchased
from Tokyo Chemical Industry Co. Ltd.

Protein preparations

The pUC19 plasmid containing the synthesized gene
encoding the Cyt Ths(82 residues in length) was a kind
gift from Professor Mauk.” Site-directed mutagenesis of
the gene was described previously.? Mutant genes were i-
dentified by sequencing the single-stranded DNA and
double-stranded DNA.? The expression of genes and the
purification of proteins were described previously.? Horse
heart Cyt ¢ (type VI) was purchased from Sigma and fur-
ther purified.?® Protein concentrations were determined
spectrophotometrically [ e45 5 = 117000 ecm™! * ( mol/
L) ! and e49 5 = 106100 ecm ™'+ (mol/L) ~1] for ferricy-
tochr-ome 552 and ferricytochrome ¢ ,® respectively .

Crystallization and data collection

Crystals of the E44/56A and Mut4 mutants were
grown in hanging drops by vapor diffusion method. The
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reservoir solution consisted of 2.7—2.8 mol/L phosphate
buffer (pH 8.0) for the E44/56A mutant, and of 3,1—
3.2 mol/L phosphate buffer (pH 7.5) for Mut4. Equal
amounts of the reservoir solution and the protein solution
(20 mg/mL) were mixed into a 10 L drop and the vapor
diffusion was carried out at 20 °C for two weeks. The
diffraction-quality crystals were obtained with a typical di-
mensions of 0.4 mm x 0.4 mm x 0.3 mm. The crystalliz-
ing conditions are similar to those of the wild-type Cyt
Tbs® and other mutants of Cyt Tbs.%

Diffraction data were collected up to 0.18 nm reso-
lution on a MarResearch Imaging Plate-300 Detector Sys-
tem (with an X-ray generator operating at 2 kW) using
two and one crystal for each of E44/56A and Mut4 mu-
tants, respectively. The images were processed using the
program DENZO, and the data were scaled and merged
using the program SCALEPACK,* giving Ry of 4.5%
and 7/,.2% , and the data completeness of 91.6% and
92.1% for the EA4/56A and Mut4 mutants, respective-
ly. The data collection statistics are presented in Table 1.

Crystal structure determination and refinement

The structure of the E44/56A mutant was deter-
mined using the difference Fourier method based on the
crystal structure of F35Y refined at 0.18 nm resolution
(unpublished results) .

The determination of the initial structure of Mut4 was
carried out using the molecular replacement method by
applying the program Amore® of the CCP4 Suite.>* The
crystal structure of the wild-type Cyt Tb5 at 0.19 nm res-
olution® was used as the search model, in which all the
water molecules were omitted and the four mutated
residues were replaced by alanine. The diffraction data in
the resolution range of 1—0.4 nm were used for the cal-
culation of rotation function and translation function as
well as rigid body refinement. The initial structure model
of Mut4 was obtained by applying the molecular replace-
ment solution to the search model.

The programs X-PLOR® and CNS® were successive-
ly used for the crystallographic refinement of these two
mutant structures. All the data up to 0.18 nm were used
for structural refinement in the CNS stage. 10% of the
data were randomly excluded from the refinement and
used as the test data set to monitor Ry...>” The model fit-
ting was carried out with the graphics software TURBO-
FRODO®'* on a Silicon Graphics Indigo 2 workstation.

The rigid body refinement was applied to the initial
models of the E44/56A and Mut4 mutants, followed by a
number of rounds of positional refinement and tempera-
ture-factor refinement. The resolution was gradually ex-
tended to 0.18 nm during the refinement. The (2F, —
F.) and (F,— F,) electron density maps were regularly
calculated for the model rebuilding. During the refine-
ment, the solvent molecules were gradually included in
the model when the resolution was extended up to 0.22
nm. Only those solvent molecules with temperature factors
lower than 0.5 nm?* and with reasonable hydrogen-bonding
environment were included in the final model. In the CNS
refinement stage the simulated annealing refinement was
carried out, starting from 2500 K with a cooling rate of 25
K per cycle, followed by the individual temperature-factor
refinement, giving the final structural models of the two
mutants.

Spectrophotometric study

The binding constants were determined by difference
spectrophotometry on a HP8452A diode array spectropho-
tometer at (25+0.2) °C according to the reported proce-
dure.”*! Protein solutions were prepared by dissolving
the lyophilized proteins in 1 mmol/L sodium phosphate
buffer (pH=7.0).

Spectroelectrochemical measurements

Spectroelectrochemical measurements were performed
with a Hewlett-Packard 8452A diode array spectropho-
tometer at room temperature.*? Spectra of fully reduced
protein and fully oxidized protein were recorded at — 350
and +120 mV (vs. SHE), respectively. The wild-type
and the mutants of Cyt Tbs were dissolved in phosphate
buffer, pH 7.0, I =0.1 mol/L, containing 0.01 mmol
/L Ru(NH; )¢Cl; as a mediator at a protein concentration
of 0.1 mmol/L.

Stopped-flow kinetics

Rate constants of electron transfer between ferrocy-
tochrome bs and ferricytochrome ¢ were measured by
stopped-flow spectrophotometer in the described proce-
dure.” The empirical dead time is less than 1 ms for the
SF-61DX2 Double-Mixing Stopped-Flow  spectropho-
tometer (1 cm observation path length) interfaced to a
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Dell Dimension XPS M233s computer (Hi-Tech Scientific
Company, UK). The temperature was maintained with a
NESLAB RTE-5B circulating bath instrument, and the
measurement accuracy was within +0.2 °C.

The kinetics of the inter-protein electron transfer was
examined under the pseudo-first-order condition with the
concentrations of Cyt b5 and Cyt ¢ at 3—5 pmol/L and
30 pmol/L respectively. Reduction of Cyt bs was com-
pleted by photo-reduction of a solution containing
methylviologen/proflavin hemisulfate. Oxidation of Cyt b
by Cyt ¢ was monitored at 428 nm where the total ab-
sorbance and the change in absorbance of Cyt ¢ are
small. At least ten absorbance changes obtained were av-
eraged and fitted to a first-order rate expression to gener-
ate the electron transfer rate (appended on the KinetAsyst
Software) .

Molecular modeling

Molecular modeling of the interactions between Mut4
and Cyt ¢ was carried out using the program CNS.,

The coordinates of the horse heart Cyt ¢ were taken
from the high resolution crystal structures,!! and those of
Mut4 from the crystal structure described in this paper.
No water molecule was included in the models.

The Mut4 model was fixed, and the model of Cyt ¢
was docked to the proximity of Mut4 by using the graphics
software TURBO-FRODO, so that the positively-charged
surface region of Cyt ¢ could make contacts with the neg-
atively-charged region of Mut4. A set of starting models
were established, by altering the Cyt ¢ orientation and
position. The side chains of some residues located in the
interface of the complex model were manually adjusted us-
ing TURBO-FRODO to avoid unreasonably close contacts
with each other and to form as many salt bridges as possi-
ble.

For each of the starting model the energy was mini-
mized for 200 cycles. Then the Cartesian molecular dy-
namics simulation was carried out, with the integration
time of 0.005 ps, and 1000 steps were executed at 298
K, which was followed by another 200 cycles of energy
minimization to generate a series of models of the Mut4-
Cyt ¢ complex. The final model was selected from a set of
the generated models with the criteria of the minimum to-
tal energy and the most reasonable intermolecular interac-
tions.

Throughout the energy minimization and molecular

dynamics modeling procedure, no restraint was imposed
except that the coordination geometry of the iron atoms
were restrained, based on the crystal structures of Cyt
Tbs and Cyt ¢, as follows: the coordination distances
from iron to the nitrogen atoms NE2 of the axial ligands
His39, His63 of Cyt bs and to- NE2 of Hisl8 of Cyt ¢
were restrained to 0.205 nm, and that from iron to the
sulfur atom of Met80 of Cyt ¢ was restrained to 0.235
nm; the angle NE2 (His39)-iron-NE2 (His63) in Cyt bs
was restrained to 180°.

Results

Crystal structures of the E44/56A and Mutd mutants

The E44/56A mutant crystals belong to the mono-
clinic space group C2 with unit cell parameters of a =
7.069 nm, b =4.049 nm, ¢ =3.920 nm and B =
111.43°, which are the same as those of the wild-type
Cyt Tbs. However, Mut4 crystallizes in the orthorhombic
space group P2,2,2; with a =4.093 nm, b =4.088 nm
and ¢ =5.295 nm. The crystal data are shown in Table
1.

The molecular replacement™ solution of Mut4 is as
follows: o = 86.32°, 3 =48.40°, ¥ =130.73°; T, =
0.3038, T, = 0.1396, T, = 0.2374. The refinement
statistics are also shown in Table 1. The R factor and
Ry of the final model of the E44/56A mutant at 0.18
nm resolution are 19.3% and 23.2%, respectively, and
those of Mut4 at 0.18 nm resolution are 19.4% and
23.8%, respectively. The r.m.s. (Root-mean-square)
deviations from the ideal bond lengths and bond angles
are (.0010 nm and 1.22° for the F44/56A mutant struc-
ture, respectively, and 0.0009 nm and 1.18° for the
Mut4 structure, respectively. The refinement statistics are
summarized in Table 1.

The Ramachandran plots* of the models of the two
mutants show that all the non-glycine residues are located
within the acceptable regions, with 91.7% (E44/56A)
and 93.1 % (Mut4) in the most favored regions respec-
tively, validated by using the program PROCHECK.%
The Luzzati plots® of the F44/56A and Mut4 mutants
show that the estimated mean errors of the atomic coordi-
nates are approximately 0.022 nm and 0.023 nm, respec-
tively .

The overall structures of the E44/56A and Mut 4
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Table 1 Data collection and refinement statistics

E44/56A Mut4
Space group C2 P22
a (nm) 7.069 4.093
b (nm) 4.049 4.088
¢ (nm) 3.920 5.295
7 (°) 111.43
Number of molecules | 1
per asymmetric unit
Veo(nm*/Da) 0.00262 0.00225
Highest resolution 0.18 0.18
(nm)
rNe‘f’l‘e“z:nzf umque 8874 8012
Rym(%)° 4.5 (22.8)¢ 7.2 (35.2)¢
Data completeness (%)  91.6 (59.1)%¢  92.1 (75.5)¢
<1/3s(I)>*® 18.2 (4.8)¢ 24.3(6.9)¢
Te:i.d::;mno acid 2 82
No. of prosthetic group 1 1
No. of solvent
molecules 9 8
R-factor (%) 19.3 19.4
Free R-factor (%) 23.2 23.8
r. m. s. d. Bond
lengths (nm)® 0.0010 0.0009
r. m. s. d. Bond 1.2 118
angles (°)°
Mean temperature factors
Main chain (no?) 0.205 0.205
Side chain (nm?) 0.247 0.225
Heme (nm?) 0.237 0.180
Solvent (nm?) 0.423 0.3%4

® Reym = Sum[ ABS(1 - < I>)]/Sum(I); ® Mean signal-to-noise
ratio; ° Root-mean-square deviation; ¢ The numbers in the paren-
theses correspond to the data in the highest resolution shell
(0.180—0.184 nm). ° The data completeness in the resolution
shell (0.184—0.189 nm) is 74.5%.

mutants are similar to that of the wild-type Cyt Tbs .6 Fig.
la shows the Ca backbone of Mut4, superimposed with
that of the wild-type Cyt Tbs. The r.m.s. deviations of
all the Ca atoms are 0.008 nm between E44/56A and the
wild-type Cyt Tbs, and 0.029 nm between Mut4 and the
wild-type Cyt Tbs. The secondary structures are the same
in the three molecules. However, the significant differ-

ence in the conformation of the molecular surface segment
Asn16-Ser20 can be observed between Mut4 and either of
the other two structures when the three structures are su-
perimposed (Fig. 1a shows the difference between Mut4
and the wild-type Cyt Tbs) although each of them con-
tains a B-turn. Furthermore, the temperature factors of
this segment are higher in Mut4 than those in Cyt Tbs and
E44/56A.

Glud44, Glu48, GluS6 and Asp60 are located at the
molecular surface of Helix III and Helix IV that are the
components of the heme pocket wall of Cyt bs,%%° and
their side chains extend into the solvent, as shown in
Fig. 1b. The mutations from two or four of these hy-
drophilic residues to the small hydrophobic alanine
residues lead to slight changes in the local conformation

Héme Heme
f Arg84 ? Arg84
16—20 16—20
Ala3 Ala3

Fig. 1a Ca backbones and the hemes of the Mut4 mutant superim-
posed with the wild-type Cyt Tbs. Wild-type Cyt Ths is
shown in thick lines, and Mut4 in thin lines. Ala3,
Arg84 and the segment Asnl6—Ser20 are indicated.
This diagram was prepared using the molecular graphics
program SETOR. ¥

D60 D60
ES6 E56
E44 E44
E48 E48
R84 R84
A3 A3

Fig. 1b The ribbon diagram of the wild-type Cyt Tbs. The side-

chains of Glwd4, Ghd8, Glu56 and Asp60 are shown.
This diagram was prepared using the molecular graphics
program SETOR.
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around the mutation sites. Ca and CB atoms of Glud4 shift
by approximately 0.03 nm and 0.04 nm respectively, and
the segment around Glud4 (Glu43—Argd7) also shows a
slight shift. The shifts of Ca and CB atoms of Glu48,
Glu56 and Asp60 are very small, ranging from 0.009 nm
to 0.018 nm.

The positions and the orientations of the heme in
F44/56A and Mut4 are similar to those in the wild-type
Cyt Tbs. One of the two propionates forms two hydrogen
bonds to the main- and side-chain atoms of Ser64, ex-
hibiting the conserved conformation in the three struc-
tures. The other propionate extends into the solvent, and
its conformation is very different in Mut4 from those in
Cyt Tbs and the E44/56A mutant,. as shown in Fig. la.
The latter heme propicnate does not interact with any pro-
tein atoms of the symmetry-related molecules in Cyt Tbs or
the E44/56A mutant structures. However, in the Mut4
structure, this heme propionate is involved in an inter-
molecular interaction network by forming one hydrogen
bond to a solvent molecule and two hydrogen bonds to the
guanidinium group of Argd7 of a symmetry-related
molecule. Two solvent molecules near the heme make
bridges between the molecule at x, ¥, z and its symme-
try-related molecule at x + 1/2, -y —-1/2, — z. These
hydrogen bonding interactions make the conformation of
this propionate very different from those in the wild-type
Cyt Tbs and E44/56A mutant structures.

Redox potential

The redox potentials of the E44/56A and Mut4 vari-
ants are 7.5 mV and 15 mV, respectively, which are on-
ly slightly higher than those of the wild-type Cyt Tbs(4.5
mV) and its single-site mutants E44A (6.0 mV) and
ES6A (6.3 mV).%

Binding between Cyt bs and Cyt ¢

As reported by Mauk et al. ,*! the absorption change
at Y-band in its electronic difference spectrum is consid-
ered to be an indication of the formation of Cyt bs-Cyt ¢
complex. The binding constant between the EA44/56A
mutant and Cyt ¢ was determined using this method,
showing that its association constant [ (1.14 + 0.05) x
10° (mol/L) ~!] was lower than those between Cyt ¢ and
the wild-type Cyt Ths, FA4A or ES6A [(4.70+0.10)

x 10° (mol/L) "', (1.88 +0.03) x 10° (mol/L) ',
(2.70 £0.13) x 10°(mol/L) ~!, respectively], as pre-
viously reported.?

The binding of Mut4 with Cyt ¢ was proved by NMR
studies with the binding constant of 5.1 x 10° ( mol/
L)~!, which is obviously lower than 2.2 x 10* (mol/
L)', the binding constant determined by the same
method for the wild-type protein.?

Electron transfer between Cyt bs and Cyt ¢

Figs. 2 and 3 illustrate the dependence of electron
transfer rate constant ( kgy) between Cyt ¢ and the wild-
type Cyt Tbs or its mutants on temperature and ionic
strength, respectively. In Fig. 2, a weighted linear least-
squares analysis of the electron transfer rates yields the
thennodyna\mic parameters, activation enthalpy (AH™)
and entropy (AS™) of the electron transfer reaction,
which are listed in Table 2. The data of the activation en-
thalpy and entropy of the wild-type Cyt Tbs are in good a-
greement with those reported by Eltis et al. !> The order of
the electron transfer rate constants kg under the experi-
mental conditions is as follows: wild-type Cyt Tbs > E44/
56A > Mut4 (Table 2). The Oxidation of ferrocytochrome
bs by ferricytochrome ¢ strongly depends on the ionic
strength, the kgp dropping greatly with the increase of the
tonic strength, as shown in Fig. 3.

17

16 \;\\°

4
7

15 T T T T
330 335 340 345 3.50 355 3.60 3.65

UT(X103 K1)

Plots of the bimolecular rate constant of the reduction of
ferricytochrome ¢ by wild-type Cyt Ths (@), E44A
(O), E56A (&), F44/56A (), and Mutd () at
different temperatures [ 1 = 350 mmol/L, pH = 7.0
(phosphate) .

Fig. 2
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15 +

L=
14 T I I T T
0 200 400 600 800 1000 1200
Ionic strength (mmol /L)
Fig. 3 Ionic strength dependence of the electron transfer rate con-

stant In kq, of the reduction of ferricytochrome ¢ by wild-
type Cyt Tb; (@), E44A (), E56A (&), E44/56A
(©), and Mud (O) [T=(15£0.2) C, pH=7.0
(phosphate) ]. The data points were empirically connected
with a solid line. The error in the natural log of the second
order rate constants is less than the size of the symbol.

Table 2 Thermodynamic and kinetic parameters for electron trans-
fer between Cyt ¢ and Cyt Tbs or its variants®

Cyt Tbs  E44/56A Mut4
kp [ x107 71+ (mol/L) ~1] 1.8 1.5 1.1
AS™ (eu) -1.3 1.0 -1.0
AH™(kJ/mol) 31.4 32.7 32.2

%The reactions were carried out under pH = 7.0 (phosphate), I =
350 mmol/L.

Interactions between Mut4 and Cyt ¢

A binding model for the interactions of Mut4 with
Cyt ¢ was generated by molecular modeling based on the
crystal structure, which is shown in Fig. 4. It involves
three inter-protein salt bridge interactions between the
negatively charged residues of Mut4 and the positively
charged residues of Cyt ¢ at the molecular surface,
i.e., Glu37-Lys86, Glu38-Lys87 and heme propionate-
Lys13. The salt bridge interactions are shown in Table 3.
In addition to the salt-bridges, the main chain oxygen of
Val61 of Mut4 forms a hydrogen bond to GInl2 side chain
of Cyt ¢, also shown in Table 3.

The angle between the mean planes of Mut4 heme
and Cyt ¢ heme is about 20° in this binding model. Com-
pared with Northrup’s model, Cyt ¢ in this binding model

is rotated by approximately 180° along the axis running
through the iron and the pymole nitrogen of ring D of
Mut4 where the extended propionate protrudes to the sol-
vent. The mean heme planes in the two binding models
make an angle of approximately 50°. The iron-iron dis-
tance in this model is 1.84 nm, slightly longer than those
reported for the wild-type Cyt bs-Cyt ¢ complex models
(1.78 nm and 1.67 nm).'> 77

Cytochrome ¢ Cytochrome ¢
K13
Heme
Mut 4 Mut 4

Fig. 4 The binding model of the Mutd-Cyt ¢ system, generated by
molecular modeling. The Ca backbones of both Mut4 and
Cyt ¢ are shown in black. The salt-bridged residues are
shown in gray and labeled. This diagram was prepared us-
ing the program SETOR.

Table 3 The salt bridge and the hydrogen bond interactions in the
Mutd-Cyt ¢ system (atom 1 in Mut4, atom 2 in Cyt ¢)

Atom 1 Atom 2 Distance {nm)

E37 OE1 K86 NZ 0.26

E37 OE2 K86 NZ 0.27

E38 OEl K87 NZ 0.27

E38 OE2 K87 NZ 0.26

Heme 01D K13 NZ 0.27

V61 0 Q12 NE2 0.29
Discussion
Crystal packing

Glu44, Glud8, GluS6 and Asp60 are the negatively
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charged residues located at the surface of Cyt 7Tbs
molecule. Glu44 is close to a 2-fold axis of symmetry,
and Glud4 of the two molecules related by the 2-fold axis
are close to each other. The side chain of Glu56 of Cyt
Tbs molecule at (x, y, z) is close to the main chain
and side chain of Glu69 of the molecule at ( — x + 1/2,
y - 1/2, - z). Each of the side chains of Glu44 and
Glu56 in Cyt Tbs forms a hydrogen-bonding network
which involves the symmetry-related molecules as well as
two or three water molecules. Glu48 and Asp60 are far
from other molecules.

In the E44/56A mutant, the crystal packing does
not change due to the mutation although the hydrogen
bonding networks involving Glud44 and Glu56 disappear.
However, when all of the Glu44, Glud48, Glu56 and
Asp60 are mutated to small hydrophobic alanine residues,
the tight packing of the molecules can not maintain in
space group C2, so that Mut4 crystallizes in a different
space group P2,2,2,. Three new hydrogen bonding net-
works involving the main-chain oxygen and nitrogen atoms
of Ala44 and Ala48 are formed in Mut4 by introducing
some new water molecules, while the water networks in-
volving Glu44 and Glu56 in Cyt Tbs no longer exist in
Mut4 structure.

Asn16—Ser20 is a flexible segment.® The conforma-
tional change of this segment was observed in Mut4 struc-
ture, which can be attributed to the different intermolecu-
lar interactions that result from different crystal packing.
In the structures of Cyt Tbs and its E44/56A mutant, this
segment forms five intermolecular hydrogen bonds with the
protein atoms of a symmetry-related molecule. However,
this segment is not involved in any intermolecular interac-
tions in the Mut4 structure, which results in its conforma-
tion change and higher temperature factors.

Mut4-Cyt ¢ interactions

For the mutant in which two negatively-charged sur-
face residues were mutated to the non-polar alanines, the
binding constant with Cyt ¢ is lower than that of the wild-
type Cyt Tbs-Cyt ¢ complex, as described above. NMR
study demonstrated that although Mut4 does bind to Cyt
¢, as indicated by titrating Cyt ¢ with Mut4 and record-
ing the competitive paramagnetic difference spectra, the
binding constant of Mut4-Cyt ¢ determined by NMR is
obviously lower than that of the wild-type Cyt Tbs-Cyt ¢

complex.

The electron transfer raie between the two proteins,
which was measured by stopped flow technique, is also
obviously lower for E44/56A-Cyt ¢ and Mut4-Cyt ¢ sys-
tems than that for the wild-type Cyt Ths-Cyt ¢, in the or-
der of wild-type Cyt bs > E44/56A > Mut4.

The reduction potentials of the E44/56A and Mut4
mutants increase by +3.0 and + 10.5 mV respectively,
compared with that of the wild-type Cyt Tbs. The small
increase of the redox potentials resulting from the mutation
is insufficient to give rise to the obvious decrease of the
inter-protein binding and the electron transfer between the
two proteins. Instead, this influence can be attributed to
the difficulty in the molecular recognition resulting from
the destruction of the salt bridges between the negatively
charged residues of the Cyt b5 mutants and the positively
charged residues of Cyt ¢ at the molecular interface. Each
of the two known binding models indicates that the molec-
ular recognition involves four salt bridges in the wild-type
Cyt Tbs-Cyt ¢ complex. In the E44/56A mutant some of
these salt bridges no longer exist, and in Mut4-Cyt ¢ sys-
tem more salt bridges are eliminated, resulting in the
molecular recognition problem.

In either Salemme’ s or Northrup’ s model there is
only one of the four salt bridges originally existing in the
wild-type Cyt Tbs-Cyt ¢ complex remains in the Mut4-Cyt
¢ system, i.e., the one involving heme propionate, and
the other salt bridges do not exist. However, the experi-
mental results indicate that the inter-protein binding does
exist and the electron transfer can still take place although
its rate is slower, suggesting the flexibility of the docking
geometry. While the two known models predominate over
other binding models for the wild-type protein interac-
tions, the population among the multi-binding models
would alter when the charged surface residues are mutated
to non-polar residues. In the case of Mut4 the known
binding models with only one remaining salt bridge would
be less favorable, and the binding model with three salt
bridges, as shown in Fig. 4, would turn out to be the
predominant one. Although the new binding model differs
from Salemme’ s and Northrup’ s binding models, there
are some common features in the three binding models,
i.e., the heme groups of the two proteins face each oth-
er, and the iron-iron distances are similar in the three
models, which are required by the electron transfer. The
new model well accounts for the inter-protein binding and
the electron transfer in Mut4-Cyt ¢ system. However, the
reduction of the electrostatic interactions due to the muta-



Vol. 20 No. 11 2002

Chinese Journal of Chemistry

1233

tion results in the decrease of the binding constant and the
slight increase of the iron-iron distance, consequently
leading to decreasing the electron transfer rate.

On the other hand, the inter-protein interactions be-
tween Cyt b5 and Cyt ¢ include not only the electrostatic
interactions but also the inter-protein hydrogen bonding
and van der Waals interactions at the molecular inferface
region, for example, one hydrogen bond is observed at
the Mut4-Cyt ¢ interface.
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