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ABSTRACT. To elucidate the role played by Val61 of cytochroimge this residue of the tryptic fragment

of bovine liver cytochromés was chosen for replacement with tyrosine (Val61Tyr), histidine (Val61His),
glutamic acid (Val61Glu), and lysine (Val61Lys) by means of site-directed mutagenesis. The mutants
Val61Tyr, Val61Glu, Val61His, and Val61lLys exhibit electronic spectra identical to that of the wild
type, suggesting that mutation at Val61 did not affect the overall protein structure significantly. The redox
potentials determined by differential pulse voltammetry wetE (wild type), —25 (Val61Glu),—33
(Val61Tyr), 12 (Val61His), and 17 mV (Val61Lys) versus NHE. The thermal stabilities and urea-mediated
denaturation of wild-type cytochroniig and its mutants were in the following order: wild typevVal61Glu

> Val61Tyr > Val61His > Val61Lys. The kinetics of denaturation of cytochrotmeby urea was also
analyzed. The first-order rate constants of heme transfer between cytodbyame apomyoglobin at 20

+ 0.2°C were 0.25+ 0.01 (wild type), 0.42+ 0.02 (Val61Tyr), 0.93+ 0.04 (Val61Glu), 2.88+ 0.01
(Val61His), and 3.88: 0.02 hr! (Val61Lys). The crystal structure of Val61His was determined using the
molecular replacement method and refined at 2.1 A resolution, showing that the imidazole side chain of
His61 points away from the heme-binding pocket and extends into the solvent, the coordination distances
from Fe to NE2 atoms of two axial ligands are approximately 0.6 A longer than the reported value, and
the hydrogen bond network involving Val61, the heme propionates, and three water molecules no longer
exists. We conclude that the conserved residue Val61 is located at one of the key positions, the “electrostatic
potential” around the heme-exposed area and the hydrophobicity of the heme pocket are determinant
factors modulating the redox potential of cytochrotie and the hydrogen bond network around the
exposed heme edge is also an important factor affecting the heme stability.

Cytochromebs is a membrane protein. It functions as an resolution 6—7), which reveals that the heme iron is ligated,
electron carrier, participating in a series of electron-transfer in a hydrophobic pocket, by His39 and His63, complemented
processes in biological systems, including reduction of ferric by four N. of pyrrols of the porphyrin. When the microsomal
myoglobin (), fatty acid denaturation2f, and the cyto- cytochromebs is treated with trypsin, a heme-containing 84-
chrome P450 catalytic cycl&), Cytochromebs consists of residue (Ala3-Lys86) fragment is obtained!( and termed
two domains, a hydrophilic heme-containing domain and a cytochrome Bs, and its crystal structure has not been
hydrophobic one, which anchors the protein to the membranereported yet. The crystal structure of the soluble fragment
(4). Proteolysis of bovine liver microsomal cytochrorge of mitochondrial cytochromés at medium resolution was
by lipase produces a hydrophilic heme-containing domain recently reported8), showing that its overall structure is
consisting of 93 amino acid residues (Sef8er93), which similar to that of cytochrome ls.
is termed cytochromelts. The three-dimensional structure In the past decade, several papers were published concern-
of cytochrome Ibs was determined and refined at high ing the investigation of the effects of the specific side chain

of cytochromebs on its structure and properties by using
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Ficure 1: Stereoscopic Cdrawing of cytochrome Bs Val61His superimposed with that of cytochromésl(the C-terminal segment
beyond Arg84 of cytochromels is omitted). Val61His is shown as a thick line and cytochronhe &s a thin line. Heme and the side
chains of residue 61 are shown (only one of the two conformations of Val61 of cytochrioig shown). Ala3, Arg84, and the segment
of Asn16-Ser20 are denoted. This diagram was prepared using the molecular graphics software SBTOR (

Studying the contribution of individual amino acids to the cytochromebs was examined by denaturation and heme
properties and functions of a specific protein is a challenge. transfer reaction between cytochroimeand apomyoglobin.
In the previous studies on the relationship between the The effects of the mutation at Val61 on the crystal structure,
structure and properties of cytochrorg the main efforts stability, and redox potential are discussed.
were focused on investigating the roles of two types of
conserved residues. One is the axial ligation residues, His39MATERIALS AND METHODS
and His63 18, 19). The other type is the negatively charged
residues thought to be involved in the formation of the
complex of cytochromés and its binding partnerd Q, 20—
24). It was concluded that the critical amino acids making
important contribution to the protein stability are relatively
rigid or buried in the folded structurd {, 25, 26). However,

Materials. All endonucleases were purchased from Bio-
labs. X-gal and IPTG were purchased from Signa®3P]-
dCTP and §-*2P]dATP were obtained from Amersham. All
chemicals were reagent grade. The synthesized gene encod-
ing tryptic bovine hepatic cytochromig was a gift from
. é\/' R. Mauk 28). Myoglobin was obtained from Sigma, and

around the heme-exposed edge region of cytochizratso apomyoglobin was prepared according to the published

played an important role in modulating the redox potential, method €9). , , o
maintaining the heme stability, and binding to its partners. Mutagenesis, Expression, and Purification of Cytochrome

Valine 61 of cytochromebs, located at the rim of the bs. The single-site mutations were accomplished according
hydrophobic pocket and near the iron ion of the heme (Figure {0 the method of Zoller and Smith3Q). Four 21-base
1), is one of these residues at a critical position of this region. 0ligonucleotides were synthesized, and the codon of Val61

Val61 is also a residue of cytochrorbgconserved in most (GTT) was changed into CAT (His), AAG (Lys), TAC (Tyr),
species with the only exception being hors#. (It is and GAA (Glu). The mutant genes from M13mp18 RF DNA

suggested that Val61 is involved in the hydrophobic interac- Were cloned into th&cdRI—Hindlll-cut pUC19 plasmid and
tion at the interface between cytochrommeand cytochrome ~ then transformed intdEscherichia coliJM83 cells. The

¢ (27). To provide further insight into the role of Valel, a €XPression and purification of mutant cytochroimewere
combination of genetic, thermodynamic, and structural data carried out according to the method of Mauldy. The ratios

will be most useful for estimating its specific contribution ©Of the absorbance at 412 nm to that at 280 nm of wild-type
to the protein properties and functions. Therefore, we have cytochromebs and its four mutants were all above 5.7,
constructed four mutants of cytochronbe to study the suggesting thz_;\t the purity of the protein is high enough for
effects of the polarity, electric charge, and volume of the further analysis.

substituted residues on the three-dimensional structure, Electrospray Mass Spectrometlectrospray mass spec-
stability, and redox potential of the protein. The relatively trometry (ES-MS) was performed on a Quattro MS/MS
small and nonpolar residue Val61 was replaced, using site-System (VG Co.) equipped with an electrospray ionization
directed mutagenesis, with large and charged or polarsystem (Analytic Co.). The protein was dissolved in a
residues, glutamic acid (Val61Glu), tyrosine (Val61Tyr), methanol solution (10%). The final concentration of cyto-
histidine (Val61His), and lysine (Val6lLys). Herein, we chromebs was 20 mM.

report the characterization of cytochroimevariants by ES- UV—Visible SpectrometryElectronic spectra were re-
MS (electrospray mass spectrometry), electronic spectra, anccorded on a Hewlett-Packard 8452A diode array spectrom-
redox potential measurements. The three-dimensional struc-eter. The protein was dissolved in phosphate buffer (pH 7.0,
ture of one of the mutants, Val61His, at 2.1 A resolution is 100 mM) with a concentration of around 10 mM. The
also presented in this paper, which was determined by X-rayreduced protein was prepared by addition of a small amount
analysis. The heme stability of the purified mutants of of sodium dithionite 81).
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Redox PotentialThe redox potentials were measured by dissociationAGp
differential pulse voltammetry. Experiments were performed
at 25+ 1 °C using a PAR M273 Potentat Galvanostate AGp = —RTIn K, 3)
(Princeton, NJ) which was interfaced with an IBM computer ] o
and controlled by PAR M270 software. The cell consists of 1he free energy of the heme dissociation, at room temper-
a conventional three-electrode system with a small volume ature and zero urea concentration, can be estimated by linear
sample ¥ ~ 0.5 mL). The working electrode \8aa 2 mm extrapolation and fits the following equation:
diameter gold disk electrode, with a platinum wire coil as 0
the counter electrode and a Ag/AgCI/KCI (3 M) electrode AGp = AG,” — mp[denaturant] (4)
as a reference electrode. The pulse height is 10 mV, and its . .
width is 50x 10-3s. The scan rate is 1 mV/s. The polishing where [denaturant] is the concentration of urea or the

and modification of the working electrode were accomplished ©€mperaturein kelvin) andmp is the slope of the plot of
according to the published methog?. AGp versus temperature or urea concentration. The difference

Thermal DenaturationFor thermal denaturation of the N frée energy between the wild type and the mutants can

wild type and variants of cytochromés, the protein € estimated from
concentration was about 10 mM in phosphate buffer (pH
7.0, 100 mM). The change in optical absorption at the Soret
band was measured with a Hewlett-Packard 8452A diode
array spectrophotometer. Experiments were carried out over . ) e
a temperature range of 285 °C. The temperature was according to thec above equation (_:ould give rise to 30% error
directly determined in the cuvette holder and was maintained (12), the_A(AGD.) was usually estimated at the midpoint of
within £0.2°C for 15 min to ensure that the samples reached heme dissociation

AAGLY) = AGK \t — AGH utant (5)

Since the linear extrapolation under nondenaturing conditions

equilibrium. 5000 50%
Urea-Mediated Denaturation of Cytochrome Bo assess ~ A(AGp™ ) = [ml(denaturangn,™™ —
the urea-mediated denaturation of cytochrobgethe ab- (denaturanE)nutam)F’O%] (6)

sorbance at 412 nm was monitored after 0.3 mL of
cytochromebs (phosphate buffer, pH 7.0, 100 mM) and 2.7 where (denaturarf are the midpoint values of heme
mL of urea (phosphate buffer, pH 7.0, 100 mM) had been dissociation andinCis the average of they, values, for the
mixed for 18 h at 30°C. The final concentration of  wild type and the mutant proteins.
cytochromebs was 4 mM, and the concentration of urea  (2) Kinetic StudiesThe kinetics of heme dissociation from
varied from 0 to 9 mol/L. For the kinetic study of urea- cytochromebs by urea were analyzed as described in the
mediated denaturation of cytochrorbg the time course of  literature (2, 34). The free energy of activation of heme
the absorbance increase at 412 nm was recorded immediatelglissociation AG!® can be derived from the following
after the two solutions were mixed. All measurements were equation:
carried out on a 8452A diode spectrophotometer (Hewlett-
Packard). AG,” = —RTIn(hky/ksT) @)
Heme Transfer KineticsThe kinetics of heme transfer
between cytochromlgs and apomyoglobin were determined whereR is the gas constant, the absolute temperature,
on a Hewlett-Packard 8452A diode array spectrophotometer.Planck’s constantkg the Boltzmann constant, arlg the
A tandem cuvette holder was employed to hold the solutions experimental rate constant of heme dissociation.
of apomyoglobin and cytochroni®. Immediately after the Crystal Structure AnalysisThe single crystals of the
mixing of apomyoglobin and cytochrontg, the time courses  Val61His fragment (Ala3-Arg84) of cytochrome s, larger
of the absorption at 406 nm, corresponding to the maximum than 0.5 mmx 0.5 mm x 0.3 mm, were grown using the
of the difference spectra between cytochraogeind myo- hanging drop vapor diffusion method within 1 week from
globin, were recorded spectroscopically at20.2°C. The the droplet containing 10 mg/mL protein and 323 M
final concentrations of apomyoglobin and cytochroime phosphate (pH 7.5) at 20C, which is similar to the
were both 5 mM based on weighting. conditions used for crystallizing cytochromésd (5). The
Analysis of Denaturation Cues. (1) Equilibrium Study crystals belong to monoclinic space groG@. The crystal
The process of denaturation of cytochrolmeby heat or data are shown in Table 1.
urea is thought to be a procedure of heme dissociation from The X-ray diffraction data were collected up to 2.1 A
the holoprotein and can be described by a two-state mech-resolution using one crystal on a MarResearch Imaging Plate-
anism @3, 12 300 detector system. The X-ray data were processed using
He A ) DENZO and SCALEPACK 35), giving an Rsym of 9.0%
and data completeness of 91.7%. The data collection statistics

in which H represents the holoprotein and A the apoprotein. &€ also summarized in Table 1.

The equilibrium constanip can be calculated from The structure was determined using the molecular replace-
ment method36) by applying the computer program Amore
Ko = falfy = (Ay — Ag ) (Asr — Ay) 2 (37) of the CCP4 suite 38). The molecular structure of

cytochrome Ibs at 1.5 A resolution?) was used as the search
where Ax and Ay and fa and fy are the absorptions and model in which all the water molecules and the side chain
fractions of cytochromebs in the apo and holo forms, of Val61 were omitted. The X-ray data in the resolution range
respectively Kp is related to the free energy of the heme of 10.0-4.0 A were used for the successive calculation and
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Table 1: Crystal Data and Data Collection Statistics

space group c2
cell dimensions
a(d) 70.76
b (R) 40.43
c(A) 39.31
p (deg) 111.88
no. of molecules per asymmetric unit 1
Vi (A3/Da) 2.75
no. of unique reflections 5579
Reym (%0)2 9.0 (23.2%
data completeness (%) 91.7 (79.5)
Mlo(1)® 8.3 (4.0)°

2 Reym = Z|I — OVEI. ® The numbers in parentheses correspond to
the data in the highest-resolution shell (21510 A). < Mean signal-
to-noise ratio.

analysis of rotation function, translation function, and rigid
body refinement.

The crystallographic refinement was carried out using the
program package X-PLOR3®), and the graphics software
TURBO—FRODO 40, 41) was used for model fitting on a
Silicon Graphics Indigo 2 workstation.

Xue et al.

forms exhibit the same absorption at 424, 526, and 556 nm.
The essentially identical electronic spectra of the oxidized
and reduced forms of the protein variants suggest that the
mutation at Val61 did not lead to significant change in the

protein overall structure.

Redox PotentialThe redox potential of cytochroniig was
sensitive to the change in the heme environment. Mutation
at Val6l led to the change in redox potentials, depending
upon the nature of the replacement residues (see Table 2).
The potentials of Val61His and Val6lLys shift to more
positive values while the potentials of Val61Tyr and
Val61Glu to more negative values. These results reflect the
perturbation of the heme environment by the different
replacement residues.

Thermal Denaturation.Figure 2a shows the thermal
denaturation curves of the wild type (WT) and the mutants
of cytochromebs. The apparent transition temperaturg
for the transition between the folded and unfolded states was
estimated from the denaturation curves in Figure 2a. An
isosbestic point indicated no intermediate was observed at
the equilibrium (Figure 2b); the thermal denaturation is a
two-state process as described by P&3. (The stabilities

The search model transformed into the unit cell of the of cytochromebs toward heat are in the following order:
Val61lHis mutant, based on the molecular replacementy;q type > Val61Glu> Val61Tyr > Val61His> Val6lLys.

solution, was initially refined as a rigid body at 2.2 A
resolution, followed by one round of atomic position and
temperature factor refinement. Then fhg— F. difference

electron density map was calculated, which was used for

fitting the side chain of His61. The structure was further
refined for atomic positions and temperature factors with the
resolution extended to 2.1 A. Th&e2— F. andF, — F¢

The thermodynamic data\S;, and AH, obtained during
denaturation from the plot oAG versus temperature are
summarized in Table 3.

Denaturation by UreaTable 4 gives the results of the
heme dissociation of the wild type and the mutants of
cytochromebs toward urea. The decreases in absorbance in
the Soret band with the increasing urea concentration are

electron density maps were regularly calculated and usedgpown in Figure 3. The mutant proteins are less stable than
for manually rebuilding the model. The simulated annealing the wild type, and the half-denatured concentrations of urea
“‘omit” maps were calculated as well when necessary. In the gtimated from denaturation curves of various mutants exhibit
late stage, water molecule fitting was carried out and only e same order as tfig, values of thermal denaturation. The
those water molecules with temperature factors<60 A? free energy of heme denaturation by urea is the same as that

and hydrogen bonded to the protein atoms were included in ot thermal denaturation, the difference being within 1.25 kJ
the final model. Throughout the refinement, 10% of the X-ray o1~ The kinetics of urea-mediated denaturation of cyto-

data were randomly selected as the test data set used fogpomeh, were treated as a first-order reaction, producing
cross validation42), and the simulated annealing procedure the rate constant of the heme dissociation at different urea
(43) was performed at some points of the refinement to concentrations (see Figure 4). The rate constants increased
remove the model bias possibly introduced during the ith the increase in urea concentration, which is different
refinement. from the linear relationship observed by Vergeres etla). (

Heme Transfer ReactionThe heme transfer reaction
between cytochromies and myoglobin is described by a two-

Mutagenesis, Expression, and Purification of Cytochrome step procedure (eq 8).
bs. Mutant genes of cytochromés were successfully
constructed by site-directed mutagenesis. The vyield of
Val61Glu and Val61Tyr is around 10 mg per liter of culture
solution, while the yield of Val61Lys and Val61His is about
half that of the wild type (about 15 mg/L) for these mutants In the first step, the heme dissociates from cytochrdme
are less stable and the hemes are more easily lost during thend the second step is the recombination of the heme and
purification procedure. The purity of the proteins was apomyoglobin. It was certified that dissociation of the heme
confirmed by ES-MS, resulting in molecular weights of is the rate-determining steg4), and the whole reaction can
9526.1+ 1.9 (Val61Tyr), 9490.1 3.6 (Val6lLys), 9498.9  be described as a first-order reaction. The kinetic curves of
+ 2.0 (Val6lHis), and 9492.3 2.0 (Val61Glu). These the heme transfer reaction are shown in Figure 5, and the
results agreed well with the calculated values. trace can be described mathematically by eq 9

UV—Visible SpectrometryAs shown in Table 2, UV

AA = AA (1€ (9)

visible spectra of cytochromés variants are essentially

identical to that of wild-type cytochromis. All oxidized

forms of the proteins exhibit undistinguished absorption at where AA; is the increase in absorbance at time&\Ag, is
412 nm and in the far-ultraviolet region, while the reduced the increase in absorbance at the equilibrium, ksl the

RESULTS

cytochromeb; < apocytochromé; + hemeb (8)

apo-Mb-+ hemeb < metMb
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Table 2: Characterization of the Wild Type and Mutant Proteins of Cytochimme

method wild type Val61Glu Val61Tyr Val61His Val61lLys
electronic spectra, oxidized (nfn) 412 412 412 412 412
electronic spectra, reduced (nm) 424,526, 556 424,526, 556 424,526, 556 424,526, 556 424,526, 556
molecular weight 9461 (9461) 9492 (9491) 9526 (9526) 9499 (9499) 9490 (9490)
redox potential (m\® -10 —25 -33 11 17

2 Absorption of the oxidized form of cytochroni® in the far-ultraviolet region is not observetAll the potentials listed above are referenced
to SHE. The measurement error8 mV. ¢ Molecular weights calculated according to the amino acid composition are shown in parentheses.

a Table 4: Thermodynamic Data for Urea Denaturation of
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Ficure 2: (a) Thermal denaturation curves of oxidized cytochrome
bs: (O) wild type, @) Val61Glu, A) Val61Tyr, (v) Val61His,
and @) Val6lLys. The data for absorbance at 412 nm were
normalized (sodium phosphate, pH 7.0, 100). (b) UV—visible
spectra of the thermal denaturation of oxidized cytochrime

[ureaj M

Ficure 3: Denaturation curves of oxidized cytochrorhe for
denaturation by urea at room temperatur€) ild type, @)
Val61Glu, (A) Val61Tyr, (v) Val61His, and ©) Val6lLys. The

data for absorbance at 412 nm were normalized (sodium phosphate,
pH 7.0, 100uM).

Table 3: Thermodynamic Data for Thermal Denaturation of

Cytochromebs? . . L.
5 AT AN AS, A(AG corresponding free energies of activatiod3;™) of the heme
m m m D H H 1 o H

cytochromess (°C) (°C) (kJ/imol) (3 moFiK-3)  (kd/mol) d_|ssomat|on at 2a: 0.2°C were ca!culated using eq 7. The
widtype 672 — 398 1169 — first-order rate constants of the wild type of cytochrolbge
Val6iGlu 632 —-40 390 1160 46 and the mutant proteins were 0.250.01 (WT), 0.42+
ValelTyr 625 —4.7 382 1137 —54 0.02 (Val61lGlu), 0.93+ 0.04 (Val61Tyr), 2.88+ 0.01
VallHis  61.3 —59 369 1127 —6.8 (Val61His), and 3.88- 0.02 h'* (Val61Lys). Compared with
Valellys  58.5 —8.7 364 1097 —98 that of the wild type of cytochromébs, the corresponding

activation energies for heme transfer of the four mutants at
20+ 0.2°C declined by 1.676.69 kJ/mol as shown in Table

5.

rate constant of the heme transfer reaction. Data analysis Crystal Structure of Val61His'The molecular replacement
was accomplished using the SigmaPlot program (Jandelsolution is shown in Table 6. Figure 6 shows the— F
Corp.). The essence of this method is to directly reflect the electron density map of the side chain of His61, calculated
tightness of the heme binding to the polypeptide chain of from the initial model in which the side chain of His61 was
cytochromebs. The time course of the increasing absorption omitted.

at 406 nm is shown in Figure 5. The rate constants of heme The final structure refined at 2.1 A resolution gave an
transfer between cytochroni® and myoglobin were ob-  R-factor of 19.1%. The rms deviations are 0.017 A and 1.70
tained by fitting individual time courses to eq 9, and the from the ideal bond lengths and bond angles, respectively.

aSodium phosphate, pH 7.0, 100 mMThe temperature was
maintained within+0.2 °C.
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Table 5: First-Order Rate Constants for Heme Transfer between
Cytochromebs and Apomyoglobin and the Corresponding Free
Energy of Activatiod

cytochromebs k(h™ AGp (kJ/mol)
wild type 0.254 0.01 95.10
Val61Glu 0.42+ 0.02 93.42
Val61Tyr 0.93+ 0.04 91.92
Val61His 2.88+ 0.01 89.12
Val6llLys 3.88+ 0.02 88.41

aPhosphate buffer, pH 7.0, 28 0.2 °C, 100uM.

Table 6: Molecular Replacement Solution

Eularian angle (deg)

o 43.99

B 89.35

y 34.94
translation vector (fractional)

Tx 0.2622

Ty 0.0000

Tz 0.2109
correlation coefficient (%) 55.9
R-factor (%) 38.2

The overall structure of Val61His is similar to that of
cytochrome Ibs (7), as shown in Figure 1. The rms deviation
is 0.46 A for a total of 82 Gatoms. The secondary structures
are the same in these two structures. However, the segments

FIGURE 4: Rate constant of heme dissociation as functions of urea of Asn16-Ser20 in the two structures exhibit different

concentration at room temperatured)(wild type, @) Val61Glu,
(») Val6lTyr, (v) Val6lHis, and ¢) Val6lLys. The data for

conformations, although each containg-gurn, which can

absorbance at 412 nm were normalized (Sodium phosphate’ pH 70,be ascribed to the intermolecular interactions that result from

100 uM).
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Ficure 5: Time course of heme transfer between apomyoglobin
and cytochromebs measured at 406 nm:Of wild type, @)
Val61Glu, @) Val61Tyr, (v) Val61His, and ) Val6lLys. The

the particular crystal packing. In the cytochromeosL
structure, this segment is somewhat flexible, with only two
hydrogen bonds to the protein atoms of a symmetry-related
molecule, indicated by the relatively high temperature factors
(7). However, in the structure of the Val61His mutant, the
segment of Asn16Ser20 interacts with the protein atoms
of a symmetry-related molecule, forming four hydrogen
bonds, which makes it more rigid with low temperature
factors. In addition, the main chain conformations of helices
V are somewhat different from each other in the two
structures, also related to the intermolecular interactions.
In the cytochrome bs structure, the side chain of Val61
is located in the heme-exposed edge region and points to
the heme. The mutation from the small hydrophobic residue
valine to a large histidine residue not only forces the side
chain of this residue to point away from the heme-binding
pocket to avoid the unreasonably close contacts with heme
and the surrounding residues but also significantly influences
the main chain conformation of the segment of Gkt59
Gly62. His6l extends into the solvent, its main chain
carbonyl oxygen and NE2 of the imidazole forming hydrogen
bonds with two water molecules. In addition, ND1 of the
imidazole is hydrogen bonded to the main chain oxygen atom

data for absorbance at 412 nm were normalized (sodium phosphategf Asn57. These hydrogen bonding interactions help to

pH 7.0, 100uM).

The refinement statistics are listed in Table 7. All the
conformational angle$ andg of the backbone are located

stabilize the particular orientation of the His61 side chain.
His61 makes van der Waals contacts with heme, and the
dihedral angle between the mean plane of the heme ring and
the imidazole ring of His61 is about 30However, the

in the acceptable regions (93% in the most favored regions) shortest distance between His61 and His63 is longer than

of the Ramachandran plot4%), obtained by running
PROCHECK #6). The Luzzati plot 47) shows that the

4.5 A, and the two imidazole rings are almost perpendicular
to each other, without the stacking interaction between them.

estimated error of the atomic coordinate is approximately Panels a and b of Figure 7 show thE,2- F. electron

0.21 A.

density map of the heme of the Val61His mutant in two
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Ficure 6: F, — F¢ electron density map calculated from the initial model in which the side chain of His61 and all the water molecules
were omitted. The map is contoured at@.Whereo is the rms electron density value of the map. The refined model is superimposed with
the electron density. This diagram was prepared using the molecular graphics software TURBO-FHRDO (

themselves differ from each other as well, which can be
described as a rotation about the normal of the mean plane

Table 7: Refinement Statistics

28: g}: g?;gﬂ;icédgrrgﬂgues 812 by approximgtely 10 The c_onformation of one of the heme
no. of solvent molecules 69 propionates is conserved in the two structures, and it forms
R-factor (%) 19.1 two hydrogen bonds with Ser64)( however, the other
ffeec';'facmr (%) 27.0 propionate exhibits a conformation slightly different from
M eond lengths (A) 0.017 that of cytochrome bs.
bond angles (deg) 1.70 Three water molecules are involved in the hydrogen
mean temperature factors A bonding interactions with heme propionates in the cyto-
ggé”cig"’i‘:]n ﬁ'_é chrome Lbs structure 7). However, none of the three water
heme 13.2 molecules can be found in the Val61His mutant structure.
solvent 33.7 On the other hand, the two water molecules hydrogen bonded
aRoot-mean-square deviation. to His6l in the Val6lHis mutant do not exist in the

cytochrome Ibs structure.

different views. Panels ¢ and d show the heme and two axial

ligands, His39 and His63, of the Val61His mutant, super- DISCUSSION

imposed with those of cytochromebi. The remarkable

feature of the Val61His mutant structure is that the coordina- Mutant Design Strategyl he properties and functions of
tion distances between Fe and NE2 atoms of His39 and His63cytochroméos are mainly governed by two factors: structural
are 2.72 and 2%A , respectively, about 0.6 A longer than  stability and reduction potential. For the former, two kinds
those in the cytochromels structure {), suggesting that  of stability are considered essential in the hemoproteins,
the coordination is more relaxed in this mutant than that in namely, the stability of the secondary and tertiary structure
cytochrome Ibs. Imposing a shorter distance restraint, as a of the protein polypeptide chain and the stability of the
test, does not change the results. The orientations of bothbinding of heme to the hydrophobic pocket of the protein.
the imidazole rings of the histidine ligands are also somewhat For the latter, three hypotheses were proposed to be dominant
different in the two structures, approximately 10 and 20 for modulating the reduction potential: the hydrophobicity
different iny; andy,, respectively, for His39. The two hemes of the heme pocket48, 49), the hydrogen bond network
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%

i
S
LB

S

His39 His63 His39 His63

Heme Heme

FiGure 7: Stereoscopic diagrams prepared using the molecular graphics software TURBO-FROD@)(Z, — F. electron density
map of the heme of Val61His, contoured atd..Qb) 2F, — F. electron density map of heme and the axial ligands His39 and His63 of
Val61His, contoured at 10 (c) Heme of Val61His, superimposed with that of cytochronig. Val61His is shown as a thick line and
cytochrome Ibs as a thin line. (d) Heme and His39 and His63 of Val61His, superimposed with those of cytochbgméal61His is
shown as a thick line and cytochroméslas a thin line.

(50, 51), and the orientations of the heme plane and the axial To elucidate the roles of the Val61 of cytochroimein
imidazole planes as well as the binding between th&g) (  the protein stability, the reduction potential, and the interac-
52). tion between cytochrom and its electron transfer partners,
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site-directed mutagenesis is a powerful method for studying ¢ shifts the reduction potential of hemoprotein positively,
these effects. It is well understood that comparisons of closely stabilizing the reduced state of the heme iron. On the
related proteins offer the possibility of estimating the contrary, a decrease in positive charge shifts the reduction
contributions of specific interactions to protein stability. The potential negatively, destabilizing the reduced state of the
design of the Val61Tyr mutant is to test whether the bulkier heme iron. Here, however, in the case of the Val61 mutation
residue will open a channel for water molecules to traverse of cytochromebs, Lys and His are positively charged
the heme. The mutants Val61Glu and Val61Lys are designedresidues, which reduced the negative charge density of the
to test the importance of the negatively charged surface areaexposed heme edge and thus destabilized the oxidized form
of cytochromebs to the protein redox potential and the of the heme iron. Val61Tyr and Val61Glu maintained and
protein interaction. The mutant Val61His is directed to strengthened the negative environment of the exposed heme
exploring the effects of the positively charged side chain and edge and consequently introduced negative shifts of the redox
the possibility that the imidazole of His61 competes with potentials. From these results, we find out that (a) no matter
the coordination to the heme iron against His63. Both the whether it is a positively charged hemoprotein (cytochrome
tyrosine and histidine substituents are also used to examinec) or a negatively charged hemoprotein (cytochrdm)ethe
whether there is a side chain stacking interaction against thecharge density (or the electrostatic potential) at the exposed
imidazole of His63. heme region regulates the reduction potential of the heme

Redox PotentialTo assess whether structural changes iron and (b) no matter whether it is an “exogenous” charged
introduced by site-directed mutagenesis have an effect onspecies such as Mgion (54) and polylysine $3) or an
their functions (reduction potential is the most characteristic “endogenous” charged group such as lysine, glutamic acid,
one), it is often desirable to measure the reduction potentialand histidine (this study), it exerts influence on the reduction
of the redox protein and its site-directed mutants. Redox potential of the heme iron.
potentials of cytochromdss were well studied by cyclic During the preparation of this paper, we noticed that Rivera
voltammetry and the spectroelectrochemical method in theet al. (L5) recently reported their study on polylysine-
presence of promoters3%, 53, 54), but the addition of promoted cyclic voltammetry of outer membrane cytochrome
promoters such as polylysine and’Cand Mg ions causes  bs and dimethylpropionate cytochronse. They found that
the formation of the proteinpromoter complex and thus a negative shift in the reduction potential of the cytochrome
influences the electrochemical behavior of proteins at the bs Val45Leu/Val6lLeu double-site mutant was due to an
surface of the electrode. We measured the reduction potendincreased dielectric constant in the heme microenvironment.
tials using differential pulse voltammetry in the absence of In addition, the crystal structure of the Val61His mutant
promoters to rule out the effect of cations, and we believe shows that mutation from Val61 to His61 does reduce the
that these results directly reflect the electric property of hydrophobicity of the heme pocket. Moreover, we also
cytochromebs. The redox potentials of the mutant proteins studied mutants of cytochronig at position of Phe351(),
varied in two opposite directions. The redox potentials of and it is demonstrated that perturbation of the hydrophobicity
Val61lLys and Val61His, compared with the potential of the of the heme pocket is also one of the most important factors
wild type, shift by 27 and 21 mV, respectively, in the positive determining the redox potential of the heme proteins. On
direction, while the redox potentials of Val61lTyr and the basis of the observations described above, we believe
Val61Glu shift by 23 and 15 mV, respectively, in the that the electrostatic potential in the heme-exposed region
negative direction. The dominant factors affecting the and the hydrophobicity of the heme pocket control and/or
reduction potentials of hemoproteins generally include axially modulate the reduction potential of the positive heme
ligated residues and the heme microenvironment. Since the Protein Stability.In our study, the hydrophobic residue
coordinated residues of the heme are unchanged, the changegal61 was mutated to four larger and/or polar residues to
in redox potential of cytochrombs can only be attributed  assess the contribution of Val61 to the structural stability
to the perturbation by the replacement residues of the hemeand properties of cytochront. Denaturation of cytochrome
environment and the conformation or orientation of the heme bs by heat and denaturants such as urea was usually used to
(55—58). measure the stability of cytochronbe and its variantsq1,

As illustrated by MatthewsA), in cytochromebs one edge 63, 64). As shown in Tables 3 and 4, the stabilities of
of the heme is exposed to the aqueous environment. Thecytochrome bs determined by both heat and urea are
Val61 is situated at the rim of the heme hydrophobic pocket, displayed in a decreasing order: wild typeVal61Glu >
its isopropyl group restricting the accessibility of water Val61Tyr > Val61His > Val6lLys. The crystal structure
molecules to the interior of the heme pocket. In addition, of Val61His shows that its secondary and tertiary structures
cytochromebs is a negatively charged proteirr {0 at neutral do not obviously change, compared with those of cytochrome
pH), and the charge distribution on the protein surface is Lbs, implying that the denaturation is probably not related
uneven. The heme-containing upper part of the molecule hasto the stability of the overall structure of cytochroime On
11 negative charges, and the negatively charged residues arthe other hand, it was certified that the denaturation of
mainly arranged around the heme-exposed edge; the lowercytochromebs toward heat and urea is accompanied by heme
part possesses one positive chargé)( The overall macro-  dissociation. There are several factors, including the hydro-
dipole resulting from highly asymmetric charge distribution phobic effect and hydrogen bond, salt bridge, and van der
facilitates the oriented binding of charged moleculgS).( Waals interaction, contributing to the stability of the protein.
A number of investigations®60—62) have discussed the effect Among these, hydrophobic interaction is considered to be a
of surface charge near the prosthetic group of proteins ondominant force. It was reported that the hydrophobic effects
redox potentials. It has been indicated that an increase incontribute approximately 8 kJ/mol per residue, on average,
positive charge at the heme-exposed surface of cytochrometo the free energy of protein folding at room temperature
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(65). Meanwhile, mutagenesis studies with phage T4 lysozyme with the decrease in the negative charge and the increase in
have shown that single hydrogen bond typically contributes the positive charge of the mutated residue, implying that the
4.18-6.27 kJ/mol to protein stability2@). “electrostatic potential” is probably one of the main factors
First of all, let us consider the side chain volume of the influencing the heme binding stability. Nevertheless, in the
residues being substituted for Val61. The increases in thethree-dimensional structure of cytochromésLl(69), it is
volume of the mutants are 13 (Val61Glu), 62 (Val61Tyr), noted that one of the propionates of the heme group is
26 (Val61His), and 30 A (Val6llLys) 65). It seems that  completely buried in the heme pocket, and the other
the volume increase of the replacement residues makes gropionate is located entirely out of the heme pocket. There
contribution to the instability of the heme binding, but the is a hydrogen bond network formed by carboxyl oxygen
Val61Tyr mutant does not conform to this rule. The crystal atoms of both propionates, Val61, Ser64, and three water
structure of the Val61His mutant shows that the side chain molecules around the exposed heme edge. This hydrogen
of His61 points away from the heme-binding pocket and bond network helps to stabilize the heme binding. However,
extends into the solvent. Although the exact three-dimen- the hydrogen bond network can easily be destroyed by the
sional structures of the other three mutants have not yet beerintroduction of the larger and charged residues, resulting in
determined, the preliminary computer modeling of them was the changes in redox potentials and the destabilization of
performed, based on the crystal structure of the Val61His the hemoproteins ) 61). The crystal structure of the
mutant, by replacing the side chain of residue 61, manually Val61His mutant does indicate that this hydrogen bond
adjusting the side chain conformation, and examining their network no longer exists, suggesting that this part of the
environment. The computer-built models show that the bulky protein molecule is disturbed. It is obvious that the hydrogen
or long side chains of glutamic acid, tyrosine, and lysine bond network is another principal contributor to the stability
are impossible to be buried in the heme pocket. To avoid of cytochromebs.
unreasonably close contacts, it is necessary for these side Apomyoglobin was often employed as a trap to test the
chains to extend into solvent. Theg &d C, atom positions tightness of heme attaching to the peptides of cytochrome
of these three mutants are similar to those of Val61His, and bs since it comparatively traps heme so fast that the heme
the remaining parts of the side chains of this residue are dissociation from the other hemoproteins is the rate-
located completely out of the heme-binding pocket. There- determining step12, 70). The ratio of the rate constants is
fore, the increases in the side chain volume will not lead to 1:2:4:12:16 (WT:Val61Glu:Val61Tyr:Val61His:Val61Lys),
much change in the heme environment or the heme-bindingimplying that the polypeptide chain of wild-type cytochrome
stability. bs binds the heme 162 times as tightly as the mutants do.
As mentioned above, the conserved residue Val6l is The heme binding ability examined by the heme transfer
located at the rim of the heme hydrophobic pocket, with a reaction is virtually consistent with those by thermal and
shortest distance of about 3.9 A to the heme atom, and itsurea-mediated denaturation as discussed above, which further
isopropyl group might act as a “gate” restricting the access confirm that the denaturation of cytochrorgtoward heat
of water molecules to the heme pocket. The crystal structureand urea is mainly a heme dissociation process. Probably,
of the Val45Leu/Val6lLeu double-site mutant of outer the more relaxed coordination of two axial ligands with iron
membrane mitochondrial cytochronie was recently re- ion, indicated by the longer coordination distances, in the
ported (L5) and compared with the corresponding wild-type Val61His mutant than in those in cytochromésl(7) can
structure 8), which shows that the isobutyl groups of Leu45 account for these results. Since the crystal structure of wild-
and Leu61 point away from the heme group, thus resulting type cytochrome s has not yet been determined, this
in a “channel” that traverses the heme cavity. In our Val61His conclusion will not be drawn until the wild-type structure
mutant structure, the main chain of the segment of Glu59 analysis is completed. Meanwhile, if we compare the results
Gly62 moves toward the heme, and the position of one of with those from heme transfer reactions of Tyr74L$&)(
the C, atoms of Val61 of cytochromelis is not occupied, and Glu44Ala, Glu56Ala, and Glu44Ala/Glu56Ala mutants
suggesting that the gate formed by Val61 could be consideredof cytochromebs (10), the heme binds the apo form of wild-
partially opened in the Val61His mutant structure. On the type cytochromebs about 6-fold more tightly than the
other hand, the bulky imidazole ring swings away to the site, Tyr74Lys mutant does, while being only slightly different
making a dihedral angle of about 3@ith the heme mean from the Glu44Ala, Glu56Ala, and Glu44Ala/Glu56Ala
plane and the shortest distance to the heme atoms being aboututants {0). This is because the side chains of these mutants
3.5 A, which implies that the imidazole ring of His61 might are located on the protein’s surface and do not greatly affect
form a new gate. Therefore, the microenvironment of heme the heme stability. On the contrary, the mutant proteins varied
and the accessibility of water to the heme pocket are slightly at the Phe35 of cytochromis induce the decrease in the
disturbed. heme stability since Phe35 is adjacent to the heme in the
Furthermore, it is indicated that the heme environment hydrophobic pocket, and NMR results show that it has close
could be altered by changing the polarity of the side chain contact with the hemer7().
located near the heme or changing the extent of solvent
exposure of the heme. Increases in the positive charge densi ONCLUSION
of bovine pancreatic trypsin inhibitor and phage T4 lysozyme  The results obtained in this study provide further insight
at solvent-exposed positions decreased the stability by-2.09 into the role of Val61 of cytochromies. Val61 is positioned
4.18 kJ/mol 66—68), and in the heme protein, alteration of at the rim of the heme hydrophobic pocket and is proximate
the charge density near the exposed heme area causes moret only to the heme ring but also to the heme propionates.
severe effect on protein stability (4.48.36 kJ/mol). The  The properties of the mutants at Val61 of cytochrobe
stabilities of the four mutants of cytochrorbgare reduced  are closely related to the properties of the substituting
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residues. Val61His and Val61Lys introduce positive charges,
while Val61Glu and Val61Tyr bring a negatively charged

mutations at Val61 change the electrostatic potential of the
microenvironment of the exposed heme edge and the
hydrophobicity of the heme-binding pocket, thus conse-
quently giving rise to the change in the redox potential of
cytochromebs. The crystal structure of the Val61His mutant
shows that the imidazole side chain of His61 points away
from the heme-binding pocket and extends into the solvent,
the coordination distances from Fe to NE2 atoms of two axial
ligands are 0.6 A longer than those in wild-type cytochrome
Lbs, and the hydrogen bond network of cytochromies L
involving Ser64, the carbonyl oxygen of Val61, the heme
propionates, and three water molecules is destroyed. Hence,
we can reach the conclusion that the electrostatic potential
around the Val61 area is an important factor in modulating
the redox potential, while the hydrogen bond network around

18.

20.
21.
22.
23.
24.
25.
26.

27.

the exposed heme edge also contributes to the properties and?8:

stability of cytochromebs.
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