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Val45 is a highly conserved residue and a component of the

heme-pocket wall of cytochrome b5. The crystal structures of

cytochrome b5 mutants V45E and V45Y have been deter-

mined at high resolution. Their overall structures were very

similar to that of the wild-type protein. However, Val45 of the

wild-type protein points towards the heme, but the large side

chains of both Glu45 and Tyr45 of the mutants point towards

the solvent. A channel is thus opened and the hydrophobicity

of the heme pocket is decreased. The rotation of the porphyrin

ring and the conformational change of the axial ligand His39

in the V45Y mutant indicate that the microenvironment of the

heme is disturbed because of the mutation. The binding

constants and the electron-transfer rates between cyto-

chrome b5 and cytochrome c decrease owing to the mutation,

which can be accounted for by molecular modeling: the inter-

iron distances increase in order to eliminate the unreasonably

close contacts resulting from the large volumes of the mutated

side chains. The in¯uence of the mutations on the redox

potentials and protein stability is also discussed. The

structures of seven mutants of cytochrome b5 are compared

with each other and the effects of these mutations on the

protein properties and functions are summarized.

Received 11 February 2002

Accepted 5 June 2002

PDB References: V45E, 1lqx,

r1lqxsf; V45Y, 1lr6, r1lr6sf.

1. Introduction

Cytochrome b5 is a membrane-bound protein existing widely

in biological systems. It is involved in a variety of electron-

transfer processes, such as the desaturation of fatty acids as

well as the reduction of cytochrome P450 and methemoglobin.

The proteolysis of microsomal cytochrome b5 produces a

soluble fragment containing the prosthetic group heme and

exhibiting the biological function of the intact membrane

protein (Mathews, 1985; Mathews et al., 1979).

The crystal structures of both the lipase-solubilized frag-

ment and the recombinant trypsin-solubilized fragment of

cytochrome b5 were determined at high resolution (Durley &

Mathews, 1996; Wu et al., 2000), which provide the detailed

structural basis for studying the structure±function relation-

ship. Recently, the technique of site-directed mutagenesis was

used to investigate the speci®c role played by various key

residues of cytochrome b5.

The trypsin-solubilized fragment of cytochrome b5 is

referred to as Tb5 and contains 84 amino-acid residues (Ala3±

Lys86). Heme is bound in a hydrophobic pocket with the wall

and the bottom composed of four �-helices (helices II, III, IV

and V) and three �-strands (�-strands II, III and IV),

respectively. Val45 is a conserved residue located in �-helix

III, which is a component residue of the pocket wall and

makes van der Waals interactions with heme. Val45 is

expected to be a key residue of cytochrome b5. Some mutants



of Tb5 at this residue were prepared in our laboratory by site-

directed mutagenesis and the effects of the mutations at Val45

on the protein stability and redox potentials have been

reported previously (Wang et al., 2000). Cytochrome c is the

electron acceptor of cytochrome b5. The determination of the

inter-protein binding constants of these mutants with cyto-

chrome c and the electron-transfer rates will be published

elsewhere in detail. To further understand the structural basis

of the effects of the mutations on the protein properties and

functions we present in this paper the crystal structures of two

of the mutants, V45E and V45Y, and discuss the structure±

function relationship revealed by these two mutants.

Val61 is another key residue, located at �-helix IV, and is

also a component residue of the heme-pocket wall and makes

van der Waals interactions with heme. Both Val45 and Val61

are located at the edge of the heme pocket but at the opposite

sides of the heme plane. The crystal structure of the V61H

mutant and the effects of this mutation on the structure and

properties have been reported previously (Wu et al., 2000).

Phe35 and Pro40 are two of the component residues of a

hydrophobic patch on the molecular surface; Phe35 is located

at �-helix II and Pro40 immediately follows this helix. The

crystal structures of F35Y and P40V were also determined and

the structure±function relationship has been studied (unpub-

lished results). The mutation sites of the ®ve mutants F35Y,

P40V, V45E, V45Y and V61H all surround the heme pros-

thetic group, as shown in Fig. 1.

A different type of mutant was also prepared in our

laboratory. Glu44, Glu48, Glu56 and Asp60 are negatively

charged residues located at the molecular surface (Fig. 1) and

are involved in the inter-protein interactions with cytochrome

c (Salemme, 1976; Northrup et al., 1993). The crystal structures

of two mutants of this type have been determined, one in

which two (Glu44 and Glu56) and the other in which all four

residues were mutated to non-polar alanine residues. (The

quadruple-site mutant is referred to as Mut4.) The mutations

lead to little change in the structure (unpublished results).

The crystal structures of the seven mutants and the wild-

type Tb5 were all determined at high resolution and a struc-

ture comparison is presented in this paper. The effects of these

mutations on the properties and functions of cytochrome b5

are also summarized.

2. Materials and methods

2.1. Materials

The materials used for the preparation

of V45E and V45Y mutants have been

reported previously (Wang et al., 2000).

The chemicals used for crystallization of

the two mutants were of reagent grade.

2.2. Mutagenesis, expression and purifi-
cation

The puri®ed V45E and V45Y mutants

were prepared as reported previously

(Wang et al., 2000).

2.3. Crystallization and X-ray data
collection

The single crystals of both mutants

V45E and V45Y were grown at 293 K in

hanging drops using the vapour-diffusion

method by mixing 5 ml protein solution
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Figure 1
Ribbon diagram of the wild-type Tb5. The side chains of Phe35, Pro40, Val45 and Val61 are
shown in red, and those of Glu44, Glu48, Glu56 and Asp60 in green. Heme is shown in blue.
Ala3 and Arg84 are indicated. This diagram was prepared using the program SETOR (Evans,
1993).

Table 1
Data-collection and crystallographic re®nement statistics.

Values in parentheses correspond to the data for the highest resolution shell
(1.80±1.84 AÊ for V45E and 1.90±1.94 AÊ for V45Y).

V45E V45Y

Resolution (AÊ ) 1.8 1.9
No. of unique re¯ections 9048 7563
Rsym² (%) 5.1 (21.9) 6.2 (19.4)
Data completeness (%) 93.6 (74.5) 93.5 (76.3)
hI/�(I)i³ 19.6 (5.7) 14.3 (6.1)
Data with I > 3�(I) (%) 85.9 (53.4) 82.1 (52.7)
Multiplicity§ 3.2 (2.5) 3.1 (2.3)
No. of amino-acid residues 82 82
No. of prosthetic groups 1 1
No. of solvent molecules 68 90
R factor (%) 18.9 19.2
Free R factor (%) 22.2 23.5
R.m.s.d.}

Bond lengths (AÊ ) 0.010 0.008
Bond angles (�) 1.081 1.165

Mean temperature factors (AÊ 2)
Main chain 20.77 23.28
Side chain 24.84 27.93
Heme 22.43 23.71
Solvent 24.37 27.46

² Rsym =
P jI ÿ hIij=P I. ³ Mean signal-to-noise ratio. § The average number of

measurements for each re¯ection used to calculate Rsym. } Root-mean-square
deviation
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(20 mg mlÿ1) and 5 ml reservoir solution. The reservoir solu-

tion consisted of 3.6 M and 3.1 M phosphate buffer pH 7.5 for

V45E and V45Y, respectively. The crystals grew to a typical

size of 0.4� 0.4� 0.3 mm within one week. The crystallization

conditions are similar to those of the wild-type Tb5 (Wu et al.,

2000).

Diffraction data were collected on a MAR Research

Imaging Plate 300 detector system to 1.8 and 1.9 AÊ resolution

for the V45E and V45Y crystals, respectively. The data were

processed using the programs DENZO and SCALEPACK

(Otwinowski & Minor, 1997), giving an Rsym of 5.1 and 6.2%

for V45E and V45Y, respectively. The overall data comple-

teness of both the mutants V45E and V45Y were higher than

93%. The detailed data-collection statistics are shown in

Table 1.

2.4. Structure determination and refinement

The structure determination and re®nement of both the

V45E and V45Y mutants were carried out using the program

package CNS (BruÈ nger et al., 1998) on a Silicon Graphics

Indigo 2 workstation. All data were used to re®ne the struc-

ture except that 10% of the data were randomly selected as a

test data set used for monitoring Rfree. Model building was

performed using the graphics software TURBO-FRODO

(Roussel & Cambillau, 1991).

The initial structures of the V45E and V45Y mutants were

determined using the difference Fourier method based on the

structure of the wild-type Tb5 at 1.9 AÊ resolution (Wu et al.,

2000) in which the water molecules were omitted and the

residue Val45 was replaced by glycine. Rigid-body re®nement

was carried out at 2.2 AÊ resolution and the side chains of

Glu45 and Tyr45 were ®tted to the difference electron-density

maps. The structure was then re®ned for positions and indi-

vidual thermal parameters for a number of rounds. The

coordination geometry of iron was restrained as follows: the

distances from Fe to the N atoms NE2 of the axial ligands

His39 and His63 were restrained to 2.05 AÊ and the angle

NE2(His39)ÐFeÐNE2(His63) to 180�.
During the re®nement the (2Fo ÿ Fc)

and (Fo ÿ Fc) electron-density maps were

regularly calculated and used to manually

rebuild the model. When the resolution

was extended to 2.0 AÊ , the solvent mole-

cules were gradually included in the

model. Only those solvent molecules with

temperature factors lower than 50 AÊ 2 and

with reasonable hydrogen bonds to the

protein atoms or other solvent molecules

were included in the ®nal models at 1.8 and

1.9 AÊ resolution for V45E and V45Y,

respectively.

2.5. Computer modeling

Salemme and Northrup's binding models

(Salemme, 1976; Northrup et al., 1993) of

the wild-type cytochrome b5±cytochrome c

complex were generated by molecular modeling. The manual

docking of cytochrome c (Bushnell et al., 1990) to Tb5 (Wu et

al., 2000) was carried out on a Silicon Graphics workstation

using the graphics software TURBO-FRODO and four inter-

protein salt bridges were formed for both Salemme's and

Northrup's models. The initial model in each binding mode

was then energy minimized for 200 cycles, followed by Carti-

sian molecular-dynamics simulation, during which the inte-

gration time was set to 0.005 ps, and 1000 steps were executed

at 298 K. Another 200 cycles of energy-minimization were

then carried out to generate the ®nal model of the wild-type

Tb5±cytochrome c in each binding mode. Based on these

models, Val45 was replaced by Tyr45, followed by manual

adjustment to avoid unreasonably close contacts to give the

initial model of V45Y±cytochrome c complex in each binding

mode. Starting from each of the initial V45Y±cytochrome c

models, energy minimization and molecular-dynamics simu-

lation were performed by the same procedure as for wild-type

Tb5±cytochrome c, giving the ®nal model of V45Y±cyto-

chrome c for each binding mode.

3. Results

3.1. Quality of the V45E and V45Y structures

The R factor and Rfree of the ®nal structure model of the

V45E mutant at 1.8 AÊ resolution are 18.9 and 22.2%,

respectively, and those of the V45Y mutant at 1.9 AÊ resolution

are 19.2 and 23.5%, respectively. The r.m.s. deviations of the

bond lengths and bond angles from the ideal values are

0.010 AÊ and 1.08� for the V45E structure, and 0.008 AÊ and

1.17� for the V45Y structure, respectively. The re®nement

statistics are shown in Table 1.

The geometry of the two mutant structures was validated

using the program PROCHECK (Laskowski et al., 1993). All

of the non-glycine residues are located within the allowed

regions in the Ramachandran plot, with 91.7% in the most

favoured regions for both the mutants. The Luzzati plots

Figure 2
(2FoÿFc) electron density of �-helix IV of the V45Y mutant, contoured at 1.0�. This diagram
was prepared using the program TURBO-FRODO.



(Luzzati, 1952) of V45E and V45Y show that the estimated

errors of the atomic coordinates are approximately 0.20 and

0.22 AÊ , respectively.

Fig. 2 shows, as an example, the electron density of �-helix

IV of the V45Y mutant.

3.2. Overall structures

The ®nal model of each asymmetric unit contains 82 amino-

acid residues and one heme group as well as 68 and 90 solvent

molecules for the V45E and V45Y mutants, respectively.

The secondary structures of both the mutants are the same

as that of wild-type Tb5 (Wu et al., 2000). Each molecule

contains six �-helices and one �-sheet composed of ®ve

�-strands.

The tertiary structures of the mutants V45E and V45Y are

also very similar to that of the wild-type Tb5, with r.m.s.

deviations of 0.11 and 0.16 AÊ for C� atoms, respectively.

3.3. Local structure around the mutation site

In the wild-type Tb5 structure, the side chain of Val45 is

located at the edge of the heme-binding pocket and points to

the heme. Both the C
 atoms of Val45 make van der Waals

interactions with heme.

In the two mutants, the volumes of the side chains of both

Glu45 and Tyr45 are too large to be accommodated in the

hydrophobic pocket, so that they are forced to point into

solvent, with the carboxyl group and phenol group outside the

hydrophobic pocket. Fig. 3 shows the C� backbones along with

the side chains at the residue 45 of the wild-type Tb5, V45E

and V45Y, which are superimposed. The dihedral angle

between the heme and the carboxyl group of Glu45 is

approximately 45� and the distances from the atoms OE1 and

OE2 of the carboxyl group to the heme atoms are 4.17 and

4.94 AÊ , respectively. The C
 atom of Tyr45 in the V45Y mutant

is in the position similar to that of Glu45 in the V45E mutant.

The phenol ring of Tyr45 is further from the heme than the

Glu45 side chain and the ring plane is almost parallel to the

mean plane of the heme.

The C� atoms of Glu45 and Tyr45 are shifted by 0.29 and

0.34 AÊ , respectively, compared with that of Val45 in the wild-

type Tb5, when the three structures are superimposed. The

segment Glu43±Glu44 shifts in both mutant structures and the

V45Y mutant shows a larger shift than V45E. The large side

chain of Tyr45 is close to the main chain of the segment Gly41±

Gly42, resulting in the conformational change of this segment

as well in the V45Y mutant. For example, the orientation of

the carbonyl group of Gly41 in V45Y differs from that in the

wild-type Tb5 by approximately 10�. Accompanying the shift

of the segment Gly41±Tyr45 of helix III in the V45Y mutant,

the segment Val61±Gly62, which is located in the other side of

heme plane, also makes a corresponding shift of approxi-

mately 0.4 AÊ .

When the main chain of Glu44 is shifted, its side-chain

orientation also alters. In the wild-type Tb5 this side chain fully

extends into the solvent and forms an intermolecular

hydrogen bond with the side chain of Glu44 of a twofold-axis-

related molecule. However, when Val45 is mutated to Glu45

or Tyr45, the side chain of its neighboring residue Glu44

changes orientation and no longer forms a hydrogen bond

with the symmetry-related molecule, although it is still

exposed to solvent.

Val45 is a non-polar residue located at the edge of the

heme-binding pocket and is close to a twofold axis. The

distance from Val45 to the symmetry-

related molecule is longer than 6 AÊ in the

crystal structure of Tb5. The side chain of

Glu45 of the V45E mutant does not

interact with the symmetry-related

molecule either, with a shortest distance

of 4.5 AÊ . However, when Val45 is

mutated to the much larger residue

Tyr45, its hydroxyl group forms a

hydrogen bond with the carboxyl group

of Glu48 of the twofold-axis-related

molecule. The side chain of Glu48

correspondingly rotates by approxi-

mately 70� along the C�ÐC� bond in the

V45Y crystal structure compared with

that in the wild-type Tb5, in order to

facilitate the formation of this hydrogen

bond, which is shown in Fig. 4.

A water molecule, Wat240, is found in

the V45Y mutant. It is located at the

entrance of the heme-binding pocket,

also shown in Fig. 4, and forms hydrogen

bonds to the main-chain carbonyl O atom

of Tyr45 as well as the side chains of

Glu48 and Gln49 of the same molecule.
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Figure 3
Superimposed C� backbones of the wild-type Tb5, V45E and V45Y. Ala3 and Arg84 as well as the
residues Asn16 and Ser20 are indicated. Heme and the side chains of residue 45 in the three
structures are shown. Tb5, V45E and V45Y are shown in yellow, green and pink, respectively. This
diagram was prepared using the program SETOR.
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This water molecule does not exist in Tb5 or V45E. On the

other hand, a solvent molecule existing in the wild-type Tb5

disappears in the V45Y structure because it would be too close

to the side chain of Tyr45.

3.4. Heme conformation and
orientation

The heme prosthetic group is located in a hydrophobic

pocket formed by three �-strands as the bottom and four �-

helices as the wall, as shown in Fig. 1. The iron is six-coordi-

nated to four pyrrole N atoms and the NE2 atoms of the two

axial ligands His39 and His63. One of the two propionates is

hydrogen bonded to Ser64, which shows conserved confor-

mation, and the other extends into the solvent and is more

¯exible, as indicated by the relatively weaker electron density

and higher temperature factor.

The conformations of the heme and its axial ligands His39

and His63 in the V45E mutant are very similar to those in the

wild-type Tb5. The distances from iron to the NE2 atoms of

His39 and His63 are 2.05 and 2.03 AÊ , respectively, which are

also similar to those in Tb5 (Wu et al., 2000).

However, when Val45 is mutated to the much larger Tyr45,

the porphyrin-ring system makes a counter-clockwise rotation

of a few degrees about the normal of the mean plane of heme

when one looks down on the heme from His63, as shown in

Fig. 5(a). One of the propionate groups protrudes from

pyrrole group A to form a hydrogen bond with Ser64; the axis

of the above-mentioned rotation of the porphyrin ring is

located approximately at the center of pyrrole ring A. The

vinyl group at ring B correspondingly changes orientation so

that the position of the atom CBB does not change too much.

While the van der Waals contact between CBB and Ser71 C�

remains, that between CBB and Leu25 no longer exists, and

CBB makes van der Waals contacts with Leu32 in V45Y

instead of with Leu25 as in Tb5. Accompanying the rotation of

the porphyrin ring, a conformational change of the axial ligand

His39 is observed in the V45Y mutant structure compared

with the wild-type Tb5, i.e. the imidazole ring of His39 exhibits

a rotation of approximately 10� along the C�ÐC
 bond, as

shown in Fig. 5(b). The side-chain conformation of His63 in

the V45Y mutant is basically the same as that in the wild-type

Tb5. The distances from iron to the NE2 atoms of His39 and

His63 are 2.12 and 2.09 AÊ , respectively, which are slightly

longer than those in Tb5 (Wu et al., 2000) and V45E.

3.5. Structure comparison

Table 2 lists the space groups and unit-cell parameters of the

wild-type Tb5 and the seven mutants: F35Y, P40V, V45E,

V45Y, V61H, E44/56A and Mut4. The space group of six of

the seven mutants is C2, the same as that of Tb5. The only

exception is Mut4, in which the tight packing of the molecules

cannot be maintained in space group C2 because the four long

Figure 4
The intermolecular interactions around the mutation site of the V45Y
mutant. The residues in the molecule at (x, y, z) are shown in red and
those in the symmetry-related molecule at (ÿx, y, ÿz) are shown in blue.
Hydrogen bonds are shown in dashed lines. This diagram was prepared
using the program TURBO-FRODO.

Table 2
Structure comparison of the seven mutants and the wild-type Tb5.

Tb5 F35Y P40V V45E V45Y V61H E44/56 A Mut4

Space group C2 C2 C2 C2 C2 C2 C2 P212121

Unit-cell parameters
a (AÊ ) 70.70 70.71 70.96 70.91 69.40 70.76 70.69 40.93
b (AÊ ) 40.44 40.39 40.38 40.34 40.44 40.43 40.49 40.88
c (AÊ ) 39.28 39.30 39.43 39.15 39.20 39.31 39.20 52.95
� (�) 111.76 111.72 112.33 111.57 111.70 111.88 111.43

Resolution (AÊ ) 1.9 1.8 1.9 1.8 1.9 2.1 1.8 1.8
R factor (%) 19.8 19.2 19.3 18.9 19.2 19.2 19.3 19.4
Rfree (%) 24.8 23.8 23.7 22.2 23.5 24.4 23.2 23.8
R.m.s. deviation of C� (AÊ ) from Tb5 0.07 0.12 0.11 0.16 0.10 0.08 0.29
Heme binding

Fe� � �His39 NE2 (AÊ ) 2.06 2.04 2.09 2.05 2.12 2.11 2.10 2.07
Fe� � �His39 NE2 (AÊ ) 2.03 2.06 2.04 2.03 2.09 2.08 2.02 2.07
His39 NE2� � �Fe� � �His63 NE2 (�) 175.02 176.57 176.34 176.55 175.34 173.37 175.07 177.10



side chains Glu44, Glu48, Glu56 and Asp60 are mutated to

small hydrophobic alanine residues, so that Mut4 crystallizes

in a different space group, P212121. The unit-cell parameter a

exhibits an obvious change in the mutant V45Y, being 1.3 AÊ

shorter than that in Tb5, which can be attributed to the

intermolecular interactions of Tyr45 with Glu48 of a

symmetry-related molecule, as described above. The tight

intermolecular contacts lead to the reduction of the unit-cell

parameters. On the other hand, for the P40V mutant the unit-

cell parameter � is slightly larger than those of Tb5 and the

other mutants to avoid the unreasonably close contacts

between the side chain of Val40 and the Tyr27 of a symmetry-

related molecule.

The overall structures of the seven mutants are very similar

to the wild-type Tb5. However, Asn16±Ser20 is a ¯exible

segment (Fig. 3) located at the molecular surface (Durley &

Mathews, 1996; Wu et al., 2000), showing a signi®cant differ-

ence in conformation in Mut4 from those in the other seven

structures. This can be accounted for by the different inter-

molecular interactions involving this segment, which results

from the different crystal packing. The r.m.s. deviations of all

the C� atoms of the seven mutants compared with those of the

wild-type Tb5 are shown in Table 2. Mut4 gives the largest

r.m.s. deviations.

Table 2 also lists the heme-binding parameters: the

distances from iron to the NE2 atoms of the two axial ligands

His39 and His63 and the angles His39 NE2ÐFeÐHis63 NE2.

No obvious difference is observed based on these data. The

heme conformation and orientation are conserved, except

those for V45Y which are described above. The conformation

of one of the propionates is highly conserved; it is hydrogen

bonded to Ser64. The other propionate extends into the

solvent and is more ¯exible, exhibiting a

very different conformation in Mut4 from

that in Tb5 and in the other mutant struc-

tures, since this propionate is involved in

an intermolecular hydrogen-bonding

network in space group P212121, while no

such interactions exist in space group C2

for the other structures.

4. Discussion

Val45 is a residue located at the edge of the

hydrophobic heme-binding pocket. The

mutation of Val45 to the larger residue

Glu45 or Tyr45 in¯uences the properties

and functions of cytochrome b5, such as the

redox potential, protein stability, cyto-

chrome b5±cytochrome c binding constant

and electron-transfer rate.

4.1. Redox potential

The redox potentials of the mutants

V45E and V45Y are negatively shifted by

ÿ23 and ÿ32 mV, respectively, compared

with that of Tb5 (Wang et al., 2000).

The mutation from Val45 to Glu45

introduces a negative charge into the

entrance of the heme-binding pocket,

which leads to a negative shift of the redox

potential of this mutant compared with

Tb5.

In the Tb5 structure the small and non-

polar residue Val45 points towards the

heme and forms a `gate' restricting the

access of the solvent molecules into the

heme-binding pocket. When Val45 is

mutated to the larger residues Glu45 and

Tyr45, the side chains cannot be accom-

modated in the pocket so that they are

forced to point into the solvent instead.
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Figure 5
The heme group and the side chains of His39 and His63 of V45Y superimposed with those of the
wild-type Tb5. (a) and (b) show two different views. The heme of V45Y and wild-type Tb5 are
shown in dark blue and pink, respectively. The pyrrole rings A, B, C and D, and the atom CBB
are labeled. These diagrams were prepared using the program SETOR.
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The two C
 atom positions of Val45 of Tb5 are not occupied by

any atoms in the two mutants. Thus, in both V45E and V45Y

mutants the gate does not exist and a channel is open for the

access of the solvent molecules, which is demonstrated by the

introduction of a new water molecule, Wat240, in the entrance

of the pocket in the V45Y mutant, as described above.

Therefore, the hydrophobicity of the heme-binding pocket is

reduced by the mutations, which results in a negative shift of

the redox potentials of both the mutants compared with Tb5.

Both the carboxyl group of Glu45 and the phenol group of

Tyr45 are outside the pocket. The larger volume of the latter

causes it to move farther from the heme than the former, as

indicated by the smaller dihedral angle between the phenol-

ring plane and the mean plane of heme, as shown in Fig. 3.

Therefore, the hydrophobicity of the heme-binding pocket in

V45Y would be less than that in V45E, leading to the more

negative shifts of the redox potentials of V45Y, although the

V45E mutant introduces a negative charge and V45Y does

not.

4.2. Protein stability

The decrease in the hydrophobicity of the heme pocket of

the mutants not only results in a redox-potential change, but

also gives rise to a decrease in the stability of the protein

towards heat and denaturants such as urea, i.e. the heme

prosthetic group can be removed more easily from V45E and

V45Y than from Tb5. For example, the transition concentra-

tions of urea (Cm) are 6.8, 5.6 and 4.8 mol lÿ1 for the wild-type

Tb5, V45Y and V45E, respectively (Wang et al., 2000). The

stability of the V45E mutant is less than that of the V45Y

mutant, which can be attributed to the negative charge of the

side chain of Glu45. In the V45E mutant the negatively

charged side chain of Glu45 is located right at the entrance of

the heme pocket. The electrostatic attraction between the

positively charged heme and the negatively charged Glu45

may favour movement of the heme out of the pocket, leading

to lower stability of the protein.

4.3. Cytochrome b5±cytochrome c binding

The binding constants of both V45E [0.34 (0.18) �106 Mÿ1]

and V45Y [0.13 (0.03) � 106 Mÿ1] are lower than that of

Tb5 [1.13 (0.60) � 106 Mÿ1] when they are mixed with cyto-

chrome c.

Cytochrome b5 is an acidic protein and cytochrome c is a

basic protein, both containing the prosthetic group heme, with

negatively and positively charged residues, respectively,

distributed at the molecular surface. Salemme and Northrup's

binding models (Salemme, 1976; Northrup et al., 1993) illus-

trate the electrostatic interactions between the two cyto-

chromes. Four salt bridges are formed in each binding model

and Glu44 and Glu48 are two of the acidic residues involved in

the salt bridges. The side chain of Val45 is close to the binding-

interface region and is involved in inter-

protein binding through hydrophobic

interactions (Guillemette et al., 1994).

Taking Northrup's binding model as an

example, Fig. 6 shows the C� backbone of

the Tb5±cytochrome c complex model

generated by computer modeling, super-

imposed with the side chains of Glu45 and

Tyr45 from the crystal structures of the

V45E and V45Y mutants. The mutation of

Val45 to Glu45 or Tyr45 introduces a large

side chain to the interface of the two

proteins and leads to unreasonably close

contacts between the two cytochrome

molecules. In particular, the very large and

rigid side chain of Tyr45 even protrudes

into the entrance of the heme pocket of

cytochrome c, closely contacting with the

heme of cytochrome c. In order to elim-

inate these unreasonable contacts the two

cytochrome molecules have to change their

orientations and move away from each

other, which would weaken the binding

between them and reduce the binding

constants. The computer-generated model

of the V45Y mutant±cytochrome c

complex in Northrup's binding mode

reveals that in addition to the salt bridges

from Glu48, Glu56, Asp60 and the heme

propionate of cytochrome b5 to Arg13,

Figure 6
Computer-generated models in Northrup's binding mode of the wild-type Tb5±cytochrome c
complex. The C� backbones of Tb5 and cytochrome c are shown in pink. The heme and the side
chains involved in the inter-protein salt bridges of Tb5 are shown in green and those of
cytochrome c in dark blue. The side chains of Val45, Glu45 and Tyr45 in the crystal structures of
Tb5, V45E and V45Y are superimposed and shown in dark blue, red and orange, respectively.
This diagram was prepared using the program SETOR.



Lys87, Lys86 and Lys72 of cytochrome c, as modeled in the

wild-type protein complex (Northrup et al., 1993), the

hydroxyl group of Tyr45 forms a hydrogen bond with Gln16

side chain of cytochrome c. An energy rise and an increase of

approximately 1.2 AÊ for the inter-iron distance are observed in

the V45Y±cytochrome c complex compared with those of the

modeled Tb5±cytochrome c system.

4.4. Electron-transfer rate

Usually, the redox potential difference between the elec-

tron-transfer partners is the driving force for the electron

transfer. The redox potentials of V45E and V45Y are nega-

tively shifted compared with Tb5, so that the electron-transfer

rate would be expected to increase. However, the experi-

mental results from stopped-¯ow spectroscopy reveal that the

electron-transfer rates to cytochrome c from the mutants are

lower than that from the wild-type Tb5. For example, the

electron-transfer rates are 59.9 (2.9) � 106, 54.7 (2.1) � 106

and 66.6 (2.3) � 106 Mÿ1 sÿ1 for V45E, V45Y and Tb5,

respectively, at 293 K and an ionic strength of 150 mM in

phosphate buffer pH 7.0. This fact can be accounted for by the

increase of the distance between the two heme groups of

cytochrome b5 and cytochrome c, as shown by computer

modeling, which results from the introduction of the large side

chains to the binding-interface region. This factor is likely to

make a greater contribution than the redox potential to the

electron-transfer rate.

4.5. Comparison of the effects of various mutations

The effects of the mutations in the seven mutants on the

properties and functions of cytochrome b5 are summarized in

Table 3.

F35Y, P40V, V45E, E45Y and V61H are mutants with the

mutation sites surrounding the heme. The latter four of the

®ve mutations open a channel for access of the solvent

molecules into the heme pocket and decrease the hydro-

phobicity of the pocket, which results in negative shifts of the

redox potentials and a decrease in the stability of the protein

towards heat and denaturants. The introduction of a positive

charge at the entrance of the pocket in V61H exerts a positive

effect on the redox potential greater than the negative effect

resulting from the decrease of the hydrophobicity, leading to a

®nal potential shift of +21 mV (Xue et al., 1999). In the F35Y

mutant there is suf®cient space to accommodate the additional

hydroxyl group of Tyr35, so that the local structure at the

mutation site in F35Y is basically the same as that in Tb5.

However, the mutation introduces a hydroxyl group pointing

towards the edge of the heme group and gives the shortest

distance of 3.2 AÊ from the hydroxyl O atom to a C atom of

heme. It greatly reduces the hydrophobicity of the heme

pocket, resulting in the largest shift of the redox potential in

the negative direction. The van der Waals interactions of the

hydroxyl group with heme prevents the heme from moving out

of the pocket, so that the stability of this mutant is higher than

that of Tb5. Most of these ®ve mutations give rise to lower

electron-transfer rates compared with Tb5 owing to the lower

hydrophobicity of the heme pocket, although the more

negative redox potential is favourable for electron transfer.

The only exception is F35Y, which shows the largest potential

shift in the negative direction, leading to a higher electron-

transfer rate than that of Tb5.

For E44/56A and Mut4, the mutations from the negatively

charged surface residues to small non-polar residues give rise

to small increases in the redox potential and protein stability.

However, these residues are involved in inter-protein binding

with cytochrome c, therefore the mutations, especially in

Mut4, result in an obvious decrease of the binding constants

and electron-transfer rates between the two proteins.
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