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In order to illustrate the roles played by Prod0 in the structure,
properties and functions of Cytochrome bs;, three mutated
genes, P40V, P40Y, P40G were constructed in this work. On-
ly the P40V gene was successfully expressed into holoprotein in
E. coli JM83. According to the results of X-ray crystallo-
graphic analysis and various kinds of spectroscopy studies, it is
evident that substituting valine for Pro40 does not result in sig-
nificant alterations in the protein’s overall structure; however,
local conformational perturbations in the proximity of the heme
do occur. The redox potential of the P40V mmutant is 40 mV
lower than that of the wild type protein. Its stability towards
heat, urea, acid and ethanol were significantly decreased. The
mutation leads to a decrease in the hydrophobicity of the heme
pocket, which is probably the major factor contributing to the
above changes. Binding constants and electron transfer rates
between cytochrome b; and cytochrome ¢ were determined us-
ing UV-visible spectroscopy and stopped-flow techniques for
both the wild type and the mutant. The results showed that the
substitution of Pro40 by valine does not influence the binding
constant of cytochrome b; to cytochrome ¢ ; however, the elec-
tron transfer rate between them decreased significantly. This
indicates that proline-40 is essential to maintaining cytochrome
bs’ s stability and its electron tramsfer with cytochrome c.
These studies also provided a good example that property and
functional changes of a protein do not necessarily require large
overall structural alterations; in most cases, only perturbations
on the local conformations are sufficient to induce significant
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changes in protein’s properties and functions.

Keywords cytochrome bs, mutation, stability, function, X-ray
structure analysis

Introduction

Cytochrome b5 (Cyt bs5) is a membrane-bound pro-
tein. It can be proteolyzed to yield a soluble, hydrophilic
domain containing a non-covalently bound heme group.
Cyt b5 is involved in electron transfer with a variety of
proteins, such as cytochrome ¢ (Cyt ¢),!* metmyo-
globin, 2 methemoglobin,* and cytochrome P450.%% In
1981, Bemardi and Azzone’ presented evidence that in
vivo, Cyt ¢ can function as an efficient electron shuttle
between a form of Cyt b5, existing in the outer mitochon-
dria membrane,® and cytochrome ¢ oxidase. Owing to the
availability of the detailed structures and the easy prepa-
ration of these two proteins, interactions between Cyt bs
and Cyt ¢ serve as models for the electron transfer be-
tween macromolecules in general. It is proposed that the
electrostatic interactions between negatively charged
residues of Cyt bs (including glutamates surrounding the
exposed heme edge and heme propionate group) and posi-
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tively charged residues (mainly lysine residues) of Cyt ¢
help to steer the two proteins to form a transient complex
prior to electron transfer. %1011

Proline-40, one of the hydrophobic patch residues
on the surface of Cyt b5 and also a member of the heme
hydrophobic pocket residues, makes close contacts with
the heme prosthetic group by van der Waals interac-
tions. 12 This residue is an invariant residue among dif-
ferent species of Cyt bs in biology.”® In addition, Pro40
locates at the position adjacent to His39, one of the axial
ligands of heme iron, forming an aromatic ring channel
with Tyr74 and His39 residues. It is also noted that Pro40
is at the B-tun between a-helix IT (residues 30—39)
and a-helix 1II (residues 42—49), and makes a sharp
7-bend of the polypeptide chain (Fig. 1). Its five-atom
ring might serve as a restriction factor in the structure and
folding of the polypeptide chain. It would be expected
that Pro40 would play a unique structural role in modulat-
ing the strength of the closed crevice of Cyt bs. In an at-
tempt to investigate the roles played by this invariant

40 Heme

Fig. 1 Stereoscopic Ca drawing of Cyt b; PAOV mutant, su-
perimposed with those of wild type Cyt bs. The heme
and the side chains of Val40/Prod0 are also shown.
Cyt bs PAQV is shown in thin lines and wild type Cyt
bs in thick lines (PDB access 1M59 for the P40V mu-
tant) .

residue, three mutant genes, P40V, P40G and P40Y
were constructed for this work. Only the P40V gene has
been successfully expressed into holoprotein. The funda-
mental properties and structure of this mutated protein
have been characterized by electrospray-mass spectrome-
try, electrochemical and spectroscopic measurements, and
X-ray crystallographic analysis. Its stability towards heat,
urea, acid and ethanol has been investigated. Further-
more, the binding constants and electron transfer proper-
ties of the mutant and wild type Cyt b5 with Cyt ¢ have
been measured by means of UV-visible difference spectra
and stopped-flow techniques. The X-ray structural analy-
sis shows that elimination of the rigid five-member ring af-
ter mutation of proline by valine has not made significant
overall structural alteration of the protein; only the local
structural changes have been observed. However, the
protein stability: properties and electron transfer reaction
rates have been greatly affected.

Materials and methods
General materials

The pUC19 plasmid containing the synthesized gene
coding for the trypsin-solubilised bovine liver Cyt b5 (82
residues in length) was a kind gift from Professor A.
Mauk.' DNA restriction endonucleases, polymerases,
ligases, and kinases were purchased from Pharmacia or
Promega. Proflavine hemisulfate and methylviologen were
purchased from Tokyo Chemical Industry Co. Ltd. All
other chemicals used were of analytical grade.

Protein preparation

The site-directed mutagenesis of the gene encoding
Cyt b5 was performed as described by Zoller and Smith. '
Three 21-base oligonucleotides were synthesized and puri-
fied. The codon of Prod0 (CCG) was changed to GTA
(Val), TAT (Tyr) and GGC (Gly), respectively. The
mutated genes were ligated into EcoR 1/Hind III cut
pUC19 plasmid and transformed into E. coli JM83. The
expression and purification of the mutants were performed
according to the literature . ' Electrospray mass spectrome-
try (ES-MS) was used to measure the molecular weight of
the mutant protein. The redox potential was measured by
differential pulse voltammetry (DPV) as described in the
literature . 16
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X-Ray crystallographic analysis of the PAOV musan

The single crystals of the P40V mutant of trypsin-
solubilised cytochrome bs, Cyt Tb; P40V mutant were
grown in handing drops of 5 pL of the protein solution (20
mg/mL) mixed with 5 uL of the reservoir solution (2.6—
2.7 mol/L phosphate buffer, pH 8.0) at 20 °C, which
is similar to the crystallization conditions of both trypsin-
and lipase-solubilised wild type cytochrome b5, Cyt Ths'
and Cyt Lbs'". The crystals belong to the monoclinic
space group C2, which is the same as that of wild type
Cyt b5 crystals, 12 hut the unit cell parameters, a, ¢ and
B are slightly larger than those of Cyt b5 . The crystal data
of the P40V mutant compared with those of wild type Cyt
bs are listed in Table 1.

Table 1 Crystal data of the P40V mutant compared with those of

wild type Cyt Tb;

P4OV  bs(WT)
Space group c2 C2
Cell dimensions
a (nm) 7.096 7.070
b (nm) 4.038 4.044
¢ (nm) 3.943 3.928
B 112.33  111.76
Number of molecules per asymmetric unit JEE 1
Vo(nm’/Da) 0.00277  0.00261

The X-ray data were collected up to 0.19 nm resolu-
tion using one crystal on the MarResearch Imaging Plate-
300 Detector System. The data were processed using the
program DENZO and SCALEPACK,™ giving an R, of
0.053 and the data completeness of 93.7% . Table 2
summarizes the data collection statistics.

The determination and the refinement of the P40V
mutant structure were carried out using the program pack-
age X-PLOR on a Silicon Graphics Indigo2 workstation. '
The model building was performed using the graphics soft-
ware TURBO-FROO.” The initial structural model of the
P40V mutant was determined using the difference Fourier
method based on the crystal structure of the Cyt b5 F35Y
mutant refined at 0.18 nm resolution.?! The rigid body
refinement was carried out, and at this stage the data
were limited to 0.22 nm resolution. The structure was
further refined for both atomic positions and temperature
factors for a number of rounds. The side chain of Val40
was fitted to the electron density, and the model was im-

proved by using the (2F, - F,) and the ( F, - F,) elec-
tron density maps calculated regularly. The simulated an-
nealing “omit” maps were calculated as well when neces-
sary. During the refinement, the resolution was gradually
extended to the highest value 0.19 nm, and the solvent
molecules were gradually fitted..

Table 2 Data collection statistics of Cyt b5 P40V mutant

Highest resolution (nm) 0.190
Number of unique reflections 7747
Riear( %) ° 5.3 (19.4)%
Data completeness (% ) 93.7 (91.8)°%
<I/a(I)>° 21.1(7.9)}

% Rijnear = SUM(ABS (I — < I>))/SUM(I). ° The numbers in
the parentheses correspond to the data in the highest resolution shell
(0.190—0.194 om) . © Mean signal-to-noise ratio.

The more powerful program package CNS? was used
to further refine the structure. The simulated annealing
procedure starts from 2500 K with a cooling rate of 25 K
per cycle, followed by the individual B refinement. Simu-
lated annealing “omit” map was calculated in order to
verify the side chain conformation of Val40.

Stability study of the mutant protein

The denaturation of Cyt b5 P40V mutant by thermal
urea, ethanol and acid were employed as described previ-
ously.??* The proteins were dissolved in 100 mmol/L
sodium phosphate buffer (pH 7.0) or 100 mmol/L potas-
sium acetate buffer (pH = 1.2—5.3) with a concentra-
tion of 5 pmol/L. The concentrations of Cyt bs and its
mutants were determined using €415 p, = 117000 mol ~!
Leem™!.%

Binding and electron transfer between cytochrome bs and
cytochrome c¢

UV-visible difference spectra of the proteins were
recorded using a matched mixing cell. The K, was deter-
mined as described.! The concentration of Cyt ¢ was de-
termined on the basis of €419, = 106100 mol~!- L~
em~1.%

Rapid mixing experiments were performed with a
computer-controlled Hi-Tech SF-61 DX2 Double-Mixing
Stopped-flow  Spectrophotometer ( Hi-Tech Scientific
Lid., U.K.). The electron transfer rates were obtained
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as described.?

Results
Mutagenesis , expression and purification of cytochrome bs

The mutated genes, P40V, P40Y and P40G were
obtained by means of site-directed mutagenesis, and were
cloned into the pUC19 vectors, and then transformed into
E. coli JM83 as described in Methods. Replacement of
Pro40 with a valine yielded red color cells which con-
tained the mutant protein. However, the P40Y and P40G
genes cannot be expressed into the corresponding holopro-
tein in this system, suggesting that the mutated proteins
are not stable. The yield of the purified protein of P40V
was 4 mg per liter of culture solution, which is nearly one
fourth of yield of the wild type protein. The purified pro-
tein showed a single band on SDS-PAGE. The molecular
weight determined by ESI-MS is 9464.7 + 2.2, which a-
grees well with the calculated value of 9463.3. These re-
sults confirmed the successful mutagenesis.

General properties of the mutant protein

In order to illustrate the role played by Prod40 in the
structure and functions of Cyt b5, the purified PAOV mu-
tant protein have been characterized. UV-visible spec-
troscopy, circular dichroism of the P40V mutant protein,
and the fluorescence spectrum of apo-P40V (Cyt bs P4AOV
with the heme removed) indicate that spectroscopic fea-
tures of the mutant are practically identical to those of the
corresponding wild-type protein. Thus, the ligation envi-
ronment of the heme and microenvironment that includes
the aromatic amino acids, tyrosine and tryptophan, did
not change significantly by the mutation. These results re-
veal that the substitution of Pro40 to valine did not result
in a significant change of the overall structure of the pro-
tein.

Cyt bs is an electron-transfer protein. Its redox po-
tential ( ~5 mV vs. NHE) can be regarded as the driving
force for the biochemical reactions. It is notable that the
redox potential of the P40V mutant is approximately 40
mV lower than that of the wild type protein.

Crystal structure of cytochrome bs PAOV mutant

The P40V mutant structure that was refined at 0.19

nm resolution gave an R factor of 0.193 and an R, of
0.227, respectively. The r.m.s. deviations of the bond
lengths and bond angles from the ideal values are 0.0010
nm and 1.11°, respectively. Table 3 shows the refine-
ment statistics.

Table 3 Refinement statistics of Cyt b5 P40V mutant

No. of amino acid residues 82

No. of prosthetic group 1

No. of solvent molecules 93
R-factor (%) 19.3
Free R-factor (%) 2.7
r.m.s.d.®

Bond lengths (nm) 0.0010
Bond angles (°) 1.11
Mean temperature factors (nm®)

Main chain 0.1972
Side chain 0.2370
Heme . 0.2190
Solvent 0.4005

¢ Root-mean-square deviation.

The Ramachandran plot® of the final model shows
that all of the non-glycine residues are located within the
acceptable regions, with 91.8% in the most favored re-
gion obtained by running the program PROCHECK[*!!.
The Luzzati plot shows that the estimated error of the
atomic coordinates is approximately 0.022 nm.”

The overall structure of the P40V mutant is similar
to that of wild type Cyt bs;. Fig. 1 shows the superim-
posed Ca backbone of the two molecules. The r.m.s.
deviation of the coordinates of the Ca atoms between the
two molecules is 0.012 nm. The secondary structure of
the P40V mutant is essentially identical to that of Cyt
bs .12 The residue Prod0 is located in the 8-tum of His39-
Gly42 between helix II and helix III, and it was expected
to play an important role in the folding of the polypeptide
chain because proline is a residue favorable to form §-
turn. However, the structure of the P40V mutant shows
that the mutation from the invariant proline to valine does
not eliminate this B-turn, but only results in change of
the local conformation of the polypeptide chain. The Ca
atom deviation of this residue between the P40V mutant
and wild type Cyt bs structures is 0:040 nm when they
are superimposed. The atom CfB of the side chain of
Val40 in the P40V mutant points toward the top of the
heme pocket, and makes van der Waals contacts to the
heme with the shortest distance of 0.418 nm from the
atom Cf of Val40 to the carbon atom C2A of the pyrrole
group of the heme (Fig. 1).
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The conformation of the heme in the P40V mutant is
very similar to that of Cyt b5;. One of the heme propi-
onates is hydrogen-bonded to the main chain and to the
side chain atoms of Ser64, which displays the conserved
conformation in Cyt bs and its mutants. 212! The other
propionate group extends into the aqueous environment
and does not form any hydrogen bonds with protein atoms.
However, the latter propionate group adopts the slightly
different conformations in various mutant protein struc-
tures. The coordination distances between Fe and NE2
atoms of His39 and His63 are 0.209 nm and 0.205 nm,
respectively, which are almost the same as those in the
wild type Cyt b5 and in the V61H mutant structures. !¢

A water molecule, Wat321, with low temperature
factor (0.227 nm?) was found near the mutation site in
the P40V mutant structure. It forms three hydrogen
bonds; one to the main chain nitrogen atom of Vald0, a
second to the main chain oxygen atom of Glu38, and the
third to a water molecule (Wat322) of a symmetry-related
molecule (Fig. 2). Wat321 does not exist in wild type

Heme

His39

-In--“ ‘Wat321

" Wat322

His26 (#3)

Fig. 2 Hydrogen bond network near the mutation site in the
heme pocket of Cyt b5 PAOV mutant. This network in-
volves Vald0, Glu38, and Wai321 of the molecule at
XY Z, as well as His26 and Wat322 of the symme-
try-related molecule at — X +1/2 Y+1/2 - Z (#
3). N and O denote the main chain nitrogen atom of
Val40 and the main chain oxygen atom of Glu38. The
hydrogen bonds are shown in dashed line.

Cyt bs or in other mutants, > while Wat322 is a con-
served water molecule and is hydrogen bonded to the side
chain of His26 as well as another water molecule of a
symmetry-related molecule. This hydrogen bond network
probably helps stabilize the crystal structure of the mu-
tant.

Protein stability

Thermal stability studies Fig. 3a describes the
changes in the absorption spectrum of the P40V mutant
upon exposure to increasing temperature. The maximum
absorbance of Soret band for the oxidized form is at 412
nm. As shown in Fig. 3a, with increasing temperature,
the absorbance of Soret band decreases significantly and is
shifted to shorter wavelengths with an isosbestic point at
392 nm. Previous studies have established that heat de-
naturation of Cyt bs can be generally analyzed in terms of
a two-state mechanism,*>* though some complicated pro-
cesses have been mentioned in the kinetics of Cyt b5 de-
naturation . > Normalized absorbance as a function of tem-
perature is shown in Fig. 3b for both the wild type protein
and the P40V mutant. According to this curve the transi-
tion temperature ( T,,) can be estimated. We have also
investigated the heat stability of the corresponding reduced
protein. Similar results were obtained (Fig. 3c). Ther-
modynamic data are listed in Table 4. Based on these val-
ues, it is obvious that ferrocytochrome b of the wild type
and the mutant are significantly more stable towards heat
than the corresponding ferricytochrome bs. Furthermore,
it can be seen that for both the oxidized and the reduced
forms of P40V, the midpoint temperatures of transition
are about 8.6 and 11.5 “C lower than those for the corre-
sponding wild type proteins (Table 4) . This result clearly
indicates that the substitution of Pro40 by valine leads to
the mutant protein less stable than the wild type protein.

Urea denaturation Absorption spectra of the de-
naturation of the mutant and wild type Cyt b5 induced by
urea changed in the same way as those of heat denatura-

‘tion. Fig. 4 shows the normalized absorbance of wild type

Cyt bs and the PAOV mutant upen exposure to increasing
concentrations of urea. In the case of the P40V mutant,
the midpoint concentration of urea required to produce a
half of unfolded protein (5.4 mol/L) is lower than that of
the wild type protein (6.8 mol/L). Table 5 gives the
thermodynamic parameters of urea denaturation. Substitu-
tion of the invariant Pro40 was shown to decrease the sta-
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Fig. 3 Equilibrium studies of thermal denaturation of the wild
type and P40V mutant of Cyt bs. (a) Absorbance
spectra of the ferricytochrome b5 PAOV at temperatures
of 28.2, 36.8, 46.0, 52.4, 55.1, 57.0, 59.0,
61.0, 63.2 and 67.0 €. (b) Normalized c in
absorbance at 412 nm with increasing temperature for
the oxidized proteins. (c) Normalized changes in ab-
sorbance at 424 nm with increasing temperature for the

Table 4  Thermodynamic data for thermal denaturation of cy-
tochrome b5u
50%
Cytochrome bs Tn AT, AAGY*)
(c)y (0 (kJ/mol)
Oxidized WT 66.7 — —
Oxidized P40V 58.1 -8.6 -10.0
Reduced WT 77.6 — —
Reduced P40V 66.1 -11.5 -12.5

¢ 100 mmol/L sodium phosphate buffer, pH 7.0. -

1.0F
[
é 0.8
8
2 0.6
Cl
% 04}
= '
E 02} ——wildtype
Z —+— Pro40Val

0.0

0 2 4 6 8 10
furea] (mol/L)

Fig. 4 Nommalized changes in absorbance of the wild type and
the PAOV mutant of cytochrome bs measured at 412 nm
as a function of the urea concentration.

bility by 5.3 kJ/mol. The K}, of the P40V mutant is 8.8
fold larger than that of the wild type, indicating that the
peptide chain in the mutant binds heme about 9-fold less
tightly than that in the wild type protein. Thus, the urea
denaturation of the P40V mutant shows similar result that
the mutant protein is less stable than the wild type pro-
tein.

Acid and ethanol denaturation The mechanisms
of denaturation for Cyt b5 towards acid and organic solvent
are complicated. The profiles of absorption spectra are
very different from those of spectra obtained from urea or
heat denaturation. No isosbestic point is observed. The
midpoints (where nommalized absorbance equals to 0.5) of

reduced proteins.
Table 5 Urea denaturation of bovine cytochrome bs*
Cy‘tochn)me b Cm mp A(AGISJO%) KD(muta.nt)/
d (mol/L) (kJ*L/moP) (kJ/mol) Kp(WT)
Wild Type 6.8 -3.7 — —
P40V 5.4 -3.9 -5.3 8.8

¢ 100 mmol/L sodium phosphate buffer, pH 7.0.
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the P40V mutant and the wild type protein towards acid
(Fig. 5) are pH 4.5 and pH 4.0, respectively. The
midpoints of the changes in spectra of the proteins to-
wards ethanol (Fig. 6) are 35% (WT) and 28%
(P40V), respectively. In both cases, the P40V mutant
was more susceptible to denaturants than the wild type

protein.

LOF —e— Wild type
0.8k —=— Pro40Val

0.6
041
0.2r

Normalized absorbance

0.0
-0.2

Acid denaturation of the wild type and PAOV mutant of
cytochrome bs in various pH conditions monitored at
412 nm.

Lo —— Wild type
—s— Pro40Val
0.6F
04f

02

Normalized absorbance

0.0r —

0 10 20 30 40 30 60 70
Ethanol concentration (V/V, %)

Fig. 6 Denaturation of the wild type and PAOV mutant of cy-
tochrome b; in different concentrations of ethanol moni-

tored at 412 nm.

Binding and electron transfer between cytochrome bs or the
P40V mutant and cytochrome ¢

Interactions between Cyt bs and Cyt ¢ induce per-
turbations to the heme pocket of the proteins. This leads
to changes in their absorption spectra of the heme center.
The maximum in the difference spectrum occurs near 416
nm (Fig. 7a). When the concentration ratio of Cyt ¢ to
Cyt b5 is increased, the maximum change in the ab-

sorbance at 416 nm increases until a 1:1 complex is

formed between Cyt ¢ and Cyt bs(Fig. 7b). Many in-
vestigations have confirmed that Cyt b5 and Cyt ¢ form a
1:1 complex in solution. The titration data could be fit to
the following equation according to the literature meth-

ods 35

AA=0A,/(2b) x{c + b + I/Ky-[(c + b +
1/K,)? - 4cb ]2}

where AA is the change in absorbance of 416 nm upon
complex formation, and b and ¢ represent the total con-
centrations of Cyt bs and Cyt ¢, respectively. K, is the
equilibrium association constant. A4, is the absorbance
at infinite Cyt ¢ concentration. The K, for the wild type
protein was determined to be (1.13 £0.60) x 10° L/mol
by non-ligear regression fitting of the curves. This is con-
sistent with the value reported in the literature.3 Under
the same conditions, the K for the P40V mutant was

0.0135} "
0.0090
8
g 0.0045
<
-0.0045 -
300 350 400 450 500 550
Wavelength (nm)
0.04
* Wild type )
* Prod0val LY S Boerr®
0.03} Gt
".:. LA ) (] e "
-_. ®
3 omf Egr
ra
0.01} ."-
"“..
ool , . . . .
00 05 10 15 20 25 30
[Cyt c)/[Cyt bs)

Fig. 7 (a) Difference spectrum due to complex formation in a
solution containing 4. 56 umol/L cytochrome ¢ and
7.47 pmol/L cytochrome bs (pH 7. 0 phosphate
buffer, /=1 mmol/L, 25 C). (b) Spectropho-
tometric titration of cytochrome b; with increasing con-
centrations of cytochrome c.



Vol. 20 No. 11 2002

Chinese Journal of Chemistry

1219

found to be (1.78 +0.73) x 10° L/mol, suggesting that
the substitution of proline does not affect the binding be-
tweln the two proteins significantly.

0.58
0.56 |

0.54 1

Abs

052+

050

048 L. L ) A . )
0 0.02 0.04 006 008 0.10

Time (s)

0.0008

-0.0008
Fig. 8 Kinetic trace of reduction of ferricytochrome ¢ by ferro-
cytochrome bs;. Experimental conditions: I = 150
mmol/L phosphate buffer (pH 7.0), 20.5 C.

18F N = Wild type
. *  Pro40Val
17t
g 16f PR
15¢
14 L L . L
0 200 400 600 800

Ionic strength (mmol/L)

Fig. 9 Dependence of the bimolecular rate constant of the re-
duction of ferricytochrome ¢ by wild type and mutant
ferrocytochrome b5 on ionic strength.

Kinetic studies of the reduction of ferri-Cyt ¢ by fer-
ro-Cyt bs were undertaken at different ionic strengths and
various temperatures. Fig. 8 is a typical tracing curve of
absorbance at 428 nm as a function of time. Electron
transfer rate (ky;) was obtained by non-linear regression
using routines in the Hi-Tech program. The second order
rate constants for all redox reactions between ferri-Cyt ¢
and ferro-Cyt bs are presented in Table 6. It is obvious
that the rate constants decrease significantly with increas-

ing ionic strength. Furthermore, In %, was approximately
exponentially related to ionic strength (Fig. 9). This
suggests that electrostatic interactions play a significant
role in the process of electron transfer.? It can be seen
from Table 6 that at all ionic strengths, electron transfer
rates between the P40V mutant and Cyt ¢ are slower than
those of the wild type protein.

Table 6 Rate of electron transfer from ferrocytochrome b5 to ferri-
cytochrome ¢ at various ionic strength®

I (mmol/L) WT PAQV
150 66.6+2.3 39.2x1.1
250 34.3+1.4 20.5+1.6
350 12.4+0.2 7.9+0.5
500 6.9+0.1 4.7+0.1
800 3.1x0.2 2.2+0.1

All rates are given in unit of 10f mol~!+L+s~!. Experimental
conditions are 20 °C, phosphate buffer (pH 7.0).

Electron transfer rates between ferro-Cyt b5 and fer-
i-Cyt ¢ become faster with increasing temperature.
Fig. 10 shows the temperature dependence of electron
transfer rate constant at ionic strength of 150 mmol/L.
The activation entropy (AS™) and enthalpy (AH*™)
were obtained from linear regression analysis and are pre-
sented in Table 7.

12.8} - Wild type
*  Pro40Vval
124}
€ 120f
~
<
g 116}
1.2}
10.8}
330 3.35 340 345 3.50 3.55 3.60 3.65
1T (K 'x10%)

Fig. 10 Eyring plots of, the rate constant of ferricytochrome ¢
reduction by wild type and mutant ferrocytochrome b5
(1 =150 mmol/L, pH 7.0 phosphate buffer) .

Discussion

Structural comparisons and redox property of the proteins

Globular proteins usually have highly compact struc-
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Table 7 Enthalpy and entropy changes for the electron transfer from ferrocytochrome b5 or its PAOV mutant to ferricytochrome ¢ at different

ionic strengths

I AH™ (k] mol 1) AS*(Jomol~1-K"1)
(mmol/L) WT P4OV WT P4OV

150 36.7+3.5 41.410.7 30.3:12.3 42.0+2.5

350 32.6+1.9 30.2:2.4 2.2+6.4 -9.4+8.2

500 31.1+0.8 30.121.0 -8.0£2.8 -14.6%3.5

800 33.6+0.8 35.421.5 -5.9+2.8 -2.2+5.2

tures, which might be influenced by the volume change of
the side chains introduced by mutation. When proline
was replaced by valine, tyrosine or glycine, the changes
of volume are +0.012, +0.074, and - 0.063 nn’,
1respective1y.37 Furthermore, the Prod0 residue, which
locates at the B-turn between a-helix II (residues 32—
39) and a-helix IIT (residues 43—50) in the hydropho-
bic heme pocket, might serve as a restriction factor in the
folding of the protein, owing to its five-member ring side
chain. Originally, it was expected that when Prod0 was
replaced by another residue, it might result in the elimi-
nation of the restriction. This would cause a large change
of the polypeptide chain folding. From this point, it
would be expected that Prod40 might play an important
role in the folding of Cyt b5.3%%

However, what struck us most was that the results of
UV-visible spectroscopy, circular dichroism and fluores-
cence spectrum suggested that the substitution of proline
by valine does not lead to significant change to the overall
protein. In order to provide further structural information
on the P40V mutant, the three-dimensional structure of
the P40V mutant was determined by X-ray crystallograph-
ic analysis. The results show that the secondary structure
of the mutant does not differ significantly from that of the
wild type protein, and the S-tum in which the Prod0 is
located is not eliminated by the mutation. The tertiary
structure of the P40V mutant is also very similar to that of
the wild type protein and only conformational changes
were observed in the local region near the mutation site in
the heme pocket. It was found that the Ca atom of Vald0
moves away from the heme plane by 0.040 nm compared
with the position of the Ca atom of Prod40 in the wild type
protein. Furthermore, the side chain of Val40 points to-
ward the top of the heme and makes van der Waals con-
tacts with the heme (Fig. 1). Interestingly, it is noted
that elimination of five-member ring of the proline and
moving away of Val40 backbone open a crevice on the

side of the heme pocket, a water molecule (Wat321) is
found near the mutation site. This water molecule forms
two hydrogen bonds with the amide nitrogen atom of
Val40 and the main chain oxygen atom of Glu38, respec-
tively, in addition to a hydrogen bond with a water
molecule { Wat322) of the symmetry-related molecule.
Therefore, a new hydrogen bond network is formed near
the mutation site in the heme pocket. These interactions
probably influence the heme conformation and perturb the
heme environment.

As an electron transfer protein, the reduction poten-
tial is generally regarded as the thermodynamic driving
force for the redox reaction. In the biological electron
transfer reactions, it is the redox potential difference be-
tween the protein partners that makes the electron transfer
take place in the correct direction. Thus, it is often de-
sirable to examine redox potential change between a pro-
tein and its mutants for exploring the roles played by a
particular residue. In previous studies, a large number of
theoretical and experimental studies have been focused on
the factors affecting the redox potential of the proteins.
Taking all these results together, we conclude that at
least six major factors contribute to the redox potential of
Cyt bs: (a) direct perturbations on the heme, including
the axial ligand and the interactions between the heme
propionates and exogenous ions;“**!(b) perturbations in-
duced by interactions of residues in the proximity of the
heme with the prosthetic heme group;?**(c) changes of
the electrostatic potential around the heme-exposed
area;'®(d) alteration of the hydrophobicity of the heme
pocket;>43(e) the different heme orientation in the heme

~ pocket of hemoproteins;46(f) the orientation of imidazole

planes of axial ligand modulates the redox potential . *’

In this work, a very interesting result is that the re-
dox potential of the mutant is 40 mV lower than that of
the wild type protein. The change from proline to valine
is reasonably conservative. Neither the volume nor the
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hydrophobicity of the mutated residue was changed much.
The X-ray structural analysis confirmed that the overall
structure is not affected significantly by this mutation.
Therefore, in the case of the P40V mutant, the first three
factors discussed above probably exhibit little effect on
the redox potential. However, in this mutant, substitu-
tion of a valine residue for Pro40 opens a channel for the
water molecule to enter the heme pocket and forms a new
network of hydrogen bonding. This suggests that the de-
crease in hydrophobicity of the heme pocket results in the
redox potential shift. In the oxidized state of cytochrome
proteins, the heme possesses a formal charge of + 1,
while in the reduced state, the heme possesses a formal
charge of zero. Consequently, a hydrophobic environment
destabilizes the oxidized state, compared to the reduced
state, and results in a relatively higher redox potential.
On the other hand, a hydrophilic environment stabilizes
the oxidized state leading to a lower redox potential . “®
Therefore, the reduction of hydrophobicity reasonably ac-
counts for the lower redox potential of the P40V mutant.
Earlier, we investigated the effects of the mutations at
Phe35, Val45 and Val6l on the redox potential of the
proteins . “>16-2 Tt was demonstrated that perturbation of
the hydrophobicity of the heme pocket is one of the most
important factors contributing to the redox potential alter-
ation. Structural comparisons show that the overall struc-
tures of all these mutants are essentially the same as that
of the wild type protein. All of these results demonstrate
that the redox potential of Cyt bs could be regulated by
hydrophobicity and electrostatic potential of the heme
pocket without significantly changing its overall structure.

Protein stability

As mentioned previously, it was expected that sub-
stitution of the invariant Pro40) might induce changes in
the stability of the protein. Denaturation studies of the
P40V mutant towards heat, urea, acid and ethanol did
indicate that the mutant was less stable than the wild type
protein. We have also used UV-visible, CD, and fluo-
rescence spectroscopy to investigate the unfolding and the
refolding processes of wild type Cyt b5 and the PAQV mu-
tant that were induced by methanol.? These studies re-
veals that the substitution of valine for proline makes the
protein less stable.

Previous studies have shown that there are several
factors contributing to the stability of protein.® Because

Pro40 is in direct van der Waals contact with the heme,
factors such as hydrophobic effects, hydrogen bonds, and
local polarity must also be considered for their importance
in the stability of the protein. Crystallographic analysis of
the PAOV mutant demonstrates that substitution of this
proline residue by valine opens a crevice on the side of
the heme pocket that may function as a channel for sol-
vent access to the heme center. A trapped water molecule
in the heme pocket also increases the hydrophilicity of the
active site. These local perturbations make hydrophobic
residues in proximity of this position more exposed to the
solvent. These factors should also contribute to the de-
creased stability of the PAOV mutant. The decreased sta-
bility caused by opening of a water channel was also ob-
served in the Cyt bs V61H mutant.'®

In general, hydrogen-bonding interactions are usual-
ly conducive to the stability of proteins. In the structure
of Cyt bs P40V mutant, although two hydrogen bonds are
formed in the heme pocket from a new water molecule to
protein main chain atoms, this stabilization factor is not
sufficient to compensate for the destabilization due to de-
crease in hydrophobicity of the heme pocket and the ex-
posure of the heme to the solvent; thus, the PAOV mutant
is less stable than wild type Cyt bs.

On the basis of the above discussion, it is evident
that substitution of Pro40 led to local structural perturba-
tion and destabilization of the heme binding in these vari-
ants. As we mentioned before, three mutant genes
P40V, P40G and P40Y were successfully constructed;
however, only the P40V gene was successfully expressed
into holoprotein. Protein electrophoresis results showed
that a clear band of the apo-cytochrome bs appeared in
the P40G and P40Y expressed protein spectra. One of
the reasons for those variants not successfully expressed
could be that the structural perturbations that were intro-
duced by some residues in the heme pocket, cause the
association for the heme to be diminished to such extent
that the holoproteins could not be formed. For the PAOV
mutant, although the holoprotein has been obtained,
however, significant decreases of the stability are also ob-
served.

Binding and electron transfer
To assess the effect of the substitution of valine for

Pro40 on the function of Cyt b5, binding and electron
transfer between Cyt bs; and Cyt ¢ were studied. The
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binding constant of Cyt bs to Cyt ¢ was almost the same
as that for the wild type protein. However, the electron
transfer rates decreased significantly due to the mutation.
Thus, it was showed that there was no direct relationship
between the binding constant and electron transfer. This
may be attributed to dynamic nature of electron transfer
process, which is related to the association and succes-
sive electron transfer of the two protein partners within a
short time, while the binding constants exhibit the bind-
ing strength in terms of a thermodynamic equilibrium.
Perhaps, the most stable conformation for binding is not
necessarily the most favorable conformation for the elec-
tron transfer.

As we mentioned above, the redox potential of the
electron transfer protein can be regarded as the thermody-
namic driving force for the reaction. In general, the more
negative the redox potential of Cyt b5 mutant, the faster
electron transfer should occur. However, it was not the
case in the P40V mutant. Although its redox potential is
about 40 mV lower than that of the wild type protein, the
higher driving force of Cyt b5 P40V-Cyt ¢ system should
have higher electron transfer rate compared with the wild
type Cyt bs/c system. Actually, its electron transfer rate
was only three fifths of that of the wild type protein at
ionic strength of 150 mmol/L. It is evident that redox po-
tential is not the only factor influencing the electron
transfer rate. Previous studies have demonstrated that
electron transfer is modulated by several factors, includ-
ing driving force, orientation, distance, intervening me-
dia and in some cases dynamics.® Then the question
which can be asked is what the important factors con-
tributing to such rate behaviors here are?

As shown in Fig. 9, electron transfer rates of the
wild type and the P40V mutant are strongly dependent on
the ionic strength, which suggests that electrostatic inter-
actions play an important role in the electron transfer.
However, the fitted curves for electron transfer for the two
proteins are almost parallel. This phenomenon is different
from the results of other mutants. For example, when
Glud4 or GluS6 of Cyt bs or Lys32 of Cyt ¢ were replaced
by Ala, Ala, and Gln, respectively, the differences in
rate constants were most pronounced at low ionic strength
and were minimal at higher ionic strength.!*¥+*! In con-
trast, the difference in the rate constants between the
wild type and the P40V mutant was independent on ionic
strength. This kind of independence reveals that here the
structural perturbations also play roles in electron transfer

between Cyt bs PAOV mutant and Cyt ¢. This result com-
bined with previous studies mentioned above indicates
that both electrostatic interactions and structural perturba-
tions are major factors contributing to the electron transfer
of the P40V mutant with Cyt c.

Substitution of proline by valine does not introduce a
change in charge, so those electrostatic interactions are
not likely to be disturbed. However, owing to the great
structural complexity of proteins, the conformational per-
turbations caused by the mutation must be considered. In
wild type Cyt bs, Prod0 is a member of the hydrophobic
patch residues, which is partially exposed to solvent at
the surface of Cyt bs.!""12 In addition, this residue is lo-
cated at the rim of the heme hydrophobic pocket. Any
subtle conformational change around Pro40 would perturb
the heme propionate and the negatively charged area at
surface (including Glud4, etc.) proposed to be involved
in the interaction with Cyt ¢. Although replacement of
proline by valine did not induce large changes in the
overall structure, the local conformational changes influ-
ence the interface between Cyt b5 and Cyt c, conse-
quently, decreases the electron transfer rate. The driving
force of the P40V mutant is favorable to the electron
transfer, however, it can not compensate for the effect of
unfavorable conformational changes, so the ultimate result

is the decrease of the electron transfer rate.
Conclusions

In this paper, The structure, properties and func-
tion of Cyt b5 P40V mutant have been investigated. For
the P40V mutant protein the redox potential and stability
towards heat, denaturant and organic solvent have been
dramatically changed, and its electron transfer reaction
with Cyt ¢ significantly affected. X-ray structural analysis
shows that on the whole, the overall structure of the mu-
tant is less affected, while the local conformational
changes have been observed. It is the local conformation
perturbations that cause the dramatic change in the pro-
tein stability and electron transfer rate between Cyt b5 and
Cyt c. It is demonstrated that invariant proline-40 is es-
sential to maintaining Cyt b5 s stability and its electron
transfer with Cyt ¢. Moreover, mutations at Val61,
Vald45 and Phe35, which are also invariant or highly con-
served residues in the heme pocket of Cyt bs, exhibit the
similar behaviors.'®?'* From these structure-based
functional analysis studies, it is becoming clearer that
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functional changes of proteins, especially in the globular
proteins like Cyt bs, do not necessarily originate from or
require large overall structural alterations. Only perturba-
tions on the local conformations are sufficient to induce
significant changes in protein properties and functions of
Cyt bs. It really gives us a good example in understand-
ing that proteins are so well-structured and architectured
in most cases, especially in the globular proteins, and
the exquisite organization, assembling and the extent of
matching are so precise and wonderful. Good fidelity of
biological activity is very much dependent on just those
subtle conformational changes (sometime, it is alteration
of only few tenths of Angstroms).
detailed molecular base for understanding why point mu-
tations and structural transformations that occurred in nor-

mal protein would cause a variety of physiological dys-
5254

It also provides us a

function.
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