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ABSTRACT Tyrosine 43 is positioned parallel to the fifth heme axial ligand, His34, of heme 1 in the tetraheme cytochrome cs.
The replacement of tyrosine with leucine increased the redox potential of heme 1 by 44 and 35 mV at the first and last reduction
steps, respectively; its effects on the other hemes are small. In contrast, the Y43F mutation hardly changed the potentials. It
shows that the aromatic ring at this position contributes to lowering the redox potential of heme 1 locally, although this cannot be
the major contribution to the extremely low redox potentials of cytochrome c;. Furthermore, temperature-dependent line-width
broadening in partially reduced samples established that the aromatic ring at position 43 participates in the control of the
kinetics of intramolecular electron transfer. The rate of reduction of Y43L cytochrome c; by 5-deazariboflavin semiquinone
under partially reduced conditions was significantly different from that of the wild type in the last stage of the reduction,
supporting the involvement of Tyr43 in regulation of reduction kinetics. The mutation of Y43L, however, did not induce

a significant change in the crystal structure.

INTRODUCTION

A variety of polyheme Class III c¢-type cytochromes
(Ambler, 1980) from the sulfate-reducing bacteria have been
isolated and characterized. Within the superfamily (Bruschi,
1994), examples include tetraheme cytochromes c3 (cyt c3;
mol. wt. ~14,000; Coutinho and Xavier, 1994), octaheme
cyt ¢z (mol. wt. ~26,000; Bruschi, 1994), and hexadeca-
heme cytochrome, Hmc (Pollock et al., 1991). The three
dimensional structures of several tetraheme cyt c; have been
determined (Harada et al., 2002 and references therein), as
well as the structures of octaheme cyt c3 (Czjzek et al., 1996)
and Hmc (Matias et al., 2002; Czjzek et al., 2002). An
important characteristic of cyt ¢; is the extremely low
oxidation-reduction (redox) potential of the hemes, ranging
from —165 to —400 mV as compared to ~260 mV for the
mitochondrial Class I c-type cytochromes (Mathews, 1985).
The low redox potential hemes, a consequence of bis-
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histidine ligation and the environment provided by the folded
protein, facilitates the metabolic need for the Desulfovibrio
to reduce the relatively weak oxidant, sulfate. In the course
of studies designed to better understand the folding, redox
properties and function of the cyt ¢, site-directed mutagen-
esis using an overexpression system from Desulfovibrio
desulfricans has been effectively used (Dolla et al., 1994,
Salgueiro et al., 2001). Nevertheless, much remains to be
learned about the role of specific amino-acid side chains, in
part because of limited amounts of mutated cytochrome.
Recently, we have developed a novel overexpression system
of multiheme cyt c; using the facultative anaerobe,
Shewanella oneidensis (Ozawa et al., 2001). This system
permits the production of relatively large amounts of cyt c3
site-directed mutants and thus facilitates structural studies.
One of the important characteristics of cyt c; is the presence
of aromatic rings in the vicinity of axial ligands of four hemes.
The significance of these aromatic rings has been indicated in
the literature from the structural point of view (Higuchi et al.,
1984; Czjzek et al., 1994), although their individual roles are
still not clear. Among the highly conserved aromatic residues,
tyrosine 43 (Y43) is an interesting candidate for structural
studies. It is present in Desulfovibrio vulgaris Miyazaki F
(DvMF), D. vulgaris Hildenborough (DvH), D. gigas (Dg), and
D. desulfuricans ATCC 27774 (DdA) (Ngrager et al., 1999),
which commonly have the heme binding motifs CXXCH,
CXXXXCH, CXXCH, and CXXXXCH from the amino to
carboxyl termini (X is any amino acid). The aromatic ring of
this tyrosine is parallel to the imidazole of histidine 34, the fifth
axial ligand of heme 1 (the heme numbering according to the
sequence) and in close proximity (within 4 A). Note that the
DvMF cyt c3 has one more alanine at the N-terminus (Ozawa
etal.,2001) compared to the reported sequence (Kitamuraetal.,
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1993). We will generally use the originally reported sequence
numbering to retain consistency with the literature. When the
new numbering is required, it will be shown in italics.

We have focused our attention on Y43, and have in-
vestigated the structural and redox properties of two mutations,
Y43F and Y43L. Moreover, the kinetics of reduction of Y43L
cyt 3 by 5-deazariboflavin semiquinone (5-dRfH", E,, = —650
mV) were also investigated using laser flash photolysis to
examine the effect of amino-acid replacement on electron
transfer kinetics. The physicochemical and kinetic results
obtained are discussed in the context of the three-dimensional
structure of Y43L cyt ¢5 at 0.91 A resolution.

MATERIALS AND METHODS
Reagents and enzymes

Synthetic oligonucleotides were purchased from Amersham Pharmacia.
Restriction endonucleases and the Mutan-Super Express Km kit used for site-
directed mutagenesis were from Takara Shuzo (Kusatsu, Japan). Nucleotide
sequencings of pKF19k derivative vectors were carried out using infrared
dye-labeled custom primers, Forward-IRD700 (5'-ATGACCATGAT-
TACGCCAAGCTTGC-3") and Reverse-IRD800 (5'-GTCACGACGTTG-
TAAAACGACGGCC-3") (LI-COR, Lincoln, NE), with a SequiTherm
EXCEL Il DNA Sequencing Kit-LC (Epicentre Technologies, Madison, WI).
The [NiFe] hydrogenase was purified from the DvMF crude membrane
fraction according to the reported method (Yagi and Maruyama, 1971).

Site-directed mutagenesis and purification of
mutant proteins

Plasmid pUCMC3, containing the gene for DvMF cyt ¢ (Ozawa et al.,
2001), was digested with PsfI and EcoRI, and the DvMF cyt ¢3 gene was
ligated at the same sites of the pKF19k vector (Gene bank accession No.
D63847) to generate pKFC3k. Plasmid pKFC3k containing dual-amber
mutations on the gene encoding a kanamycin resistance protein was used as
a template for site-directed mutagenesis. The codon for Y43 in the cyt c;
gene in pKFC3k was replaced with that for Leu or Phe, using
oligonucleotide-dual-amber-LA PCR-based mutagenesis, essentially as
described by Hashimoto-Gotoh et al. (1995). Mutagenic oligonucleotides
Y43L (5'-CGGCAAGGAAGATCTCCAGAAGTGCGCC-3") and Y43F
(5'-CGGCAAGGAAGATTTCCAGAAGTGCGCC-3’) were used to
change the TAC codon at nucleotides 459—461 (Kitamura et al., 1993)
into CTC and TTC, respectively.

The mutated genes were sequenced with a LI-COR Model 4200 DNA
sequencer to confirm the presence of the desired mutations and the absence
of any unwanted mutations. The mutated plasmids, pY43L and pY43F, were
directly electrotransferred to Shewanella oneidensis TSP-C (Ozawa et al.,
2001), and the recombinants were aerobically grown at 30°C in two liters of
2 X YT (with 10 mg rifampicin and 200 mg kanamycin /L) media in 3-liter
Erlenmeyer flasks. The mutant cyt ¢; were purified according to the reported
method (Ozawa et al., 2000). Protein mass numbers were determined by
MALDI-TOF mass spectrometry using a Voyager TMDE (PerSeptive
Biosystems, Framingham, MA) to confirm the mutation.

NMR and electrochemical characterization of the
mutant DVMF cyt c;

For NMR measurements, samples (1~2 mM) were prepared as previously
described (Park et al., 1996). Most "H-NMR spectra were recorded at 303 K in
30 mM sodium phosphate buffer (*H,0), at p2H 7.0, at 400, 500, and 600
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MHz with Bruker (Karlsruhe, Germany), DRX-400, DRX-500, and DRX-
600 spectrometers respectively. NOESY spectra were measured with a mixing
time of 15 ms, a data size of 2048 X 512, and a spectral width of 24 kHz.
Chemical shifts are presented in parts per million (ppm) relative to the internal
standard of 2,2-dimethyl-2-silapentane-5-sulfonate (DSS). Differential pulse
polarograms were obtained with a PerkinElmer (Oak Ridge, TN) 394 digital
electrochemical trace analysis system using a dropping mercury electrode.
The modulation amplitude, sweep rate, and drop time were 20 mV, 4mVs ™',
and 2 s, respectively. The polarograms were fitted using the analytical
equation for the four consecutive one-electron reversible electrode reactions
(Niki et al., 1984). Redox potentials are referred to the standard hydrogen
electrode at 30°C in this work.

Laser flash photolysis experiments

Laser flash photolysis was carried out at room temperature using an N,-dye
laser (Laser photonics), which excites 5-deazariboflavin (5-dRf) to produce
its semiquinone species, 5-dRfH" (E,, = —650 mV) in the presence of excess
EDTA (Tollin et al., 1986). Then 5-dRfH" reduces cyt c3. The concentrations
of 5-dRf and EDTA were 60—120 uM and 10 mM, respectively. All kinetic
experiments were performed under pseudo first-order conditions with a heme
concentration of 2-5 wM. The buffer solution (20 mM sodium phosphate, pH
7) was placed in a rubber septum-sealed cuvette and bubbled with oxygen-
depleted and water-saturated argon for 1 h to remove the residual oxygen
before addition of cytochrome. The reduction of cyt c¢3 by 5-dRfH" was
monitored as the intensity of the a-peak at 552 nm. Before laser flash
photolysis, the cyt ¢3 was partially reduced by illuminating the sample in the
presence of 5-dRfH" and EDTA, with a 35-W tungsten lamp at a distance of
~12 cm for illumination with 1-30 s intervals. The concentration of oxidized
heme was determined spectrophotometrically before each laser flash, and was
checked immediately after the flash photolysis to ensure that the concentration
of the oxidized heme had not changed significantly.

Crystallization and three-dimensional structure
determination of wild-type and Y43L cyt c;

Crystals of the wild-type and Y43L cyt ¢3 from DvMF were grown at 10°C
by the vapor diffusion method. Forty to 100 ul of the protein solution, 15
mg/ml (12.5 mM Tris-HCI, pH 7.4) containing 50% (v/v) ethanol, was
equilibrated against 10 ml of a buffer solution (10 mM Tris-HCL, pH 7.4)
containing 60%(v/v) ethanol. Diffraction experiments were carried out at
100 K using synchrotron x-ray beams (wavelengths: 0.700 A, Y43L; and
0.710 A, wild-type) at the BL-44B2 beam line of SPring-8. The crystals of
the wild-type and Y43L cyt c; belong to orthorhombic space group P2,2,2;.
The changes in the cell parameters between two structures were within 1%.
Since the crystals diffracted to the ultrahigh resolution range, diffraction data
inlow (¢ = 1.80 A) and high (% = 0.90 A) resolution ranges were separately
collected under different conditions, using a MAR-CCD detector system.
They were processed and merged with programs MOSFLM (Leslie, 1990)
and SCALA (Collaborative Computational Project, 1994), respectively. The
structure refinement was started with a program package of X-PLOR
(Briinger, 1992) using the atomic coordinates of the wild-type cyt cz at 1.8 A
resolution (Higuchi et al., 1984) without water molecules, and followed with
SHELXL (Sheldrick and Schneider, 1997). All atoms including water
oxygen atoms were refined with anisotropic B factors. At the final stage
of the refinement, hydrogen atoms were incorporated at the calculated
positions.

RESULTS

Macroscopic and microscopic redox potentials of
Y43L and Y43F cyt c3

"H-NMR spectra of the wild-type, Y43L, and Y43F cyt c5 in
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FIGURE 1 '"H-NMR spectra of wild-type, Y43F, and Y43L ferricyt c; at
500 MHz. (A) Wild-type, (B) Y43F, and (C) Y43L cytochromes c; at 303 K.
Only the fingerprint regions are presented. The heme methyl signals are
labeled alphabetically (A—/ in this region) from low to high field. The
assignment of signals is given in Table 1.

the fully oxidized state (So,) are shown in Fig. 1. The
chemical shifts of the wild-type, Y43L and Y43F heme
methyl signals are presented in Table 1. The chemical shifts
of Y43F cyt c5 are similar to those of the wild type (within
a few percent, Sp), indicating that the immediate heme
environment is not significantly altered by this mutation. In
contrast, the Y43L mutation induced clear changes in the
heme methyl signals except for those of heme 4, indicating
that the substitution of leucine at position 43 affects the
environment in the vicinity of hemes 1, 2, and 3. The pH
dependences of the relevant signals are presented for the
wild-type and Y43L cyt c; in Fig. 2. The features mentioned
above were confirmed in a wide pH range. There are two
regions where a chemical shift changes depending on pH.
Although the extent of the change is different for some
signals, the nature of their pH dependence is similar for the
wild-type and mutant. Therefore, it can be concluded that
the replacement of Y43 by Leu does not change the nature
of the ionizing groups around hemes in the range from pH 5
to 10.

The stepwise reduction of Y43L and Y43F can be resolved
into five "H-NMR spectra for each mutant as found for wild-
type cyt c3 (Park et al., 1996, Fan et al., 1990). The individual
spectra correspond to those of the five macroscopic oxidation
states: the fully-oxidized (Sp), the one-electron-reduced (S,),
the two-electron-reduced (S,), the three-electron-reduced
(83), and the fully-reduced (S,4) states. This observation can
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TABLE 1 Chemical shifts of the heme methyl signals in the five
macroscopic oxidation states of the wild-type, Y43L, and Y43F
cytochromes c; (top, second, and bottom rows, respectively)
in 30 mM phosphate buffers at p?H 7.0 and 303 K

Chemical shift in each oxidation state/ppm

Signals So (mut-wild)* M S5 S3 Sy
heme 1
B [18'-CH;] 29.31 26.97 13.06 5.05 3.30
Y43F 28.94 (—0.37) 26.26 12.59 480 3.24
Y43L 28.23 (—1.08) 21.02 9.27 419  3.69
F [2'-CH;] 18.98 17.70 9.95 430 2.80
Y43F 19.10 (0.12) 17.60 9.39 410 271
Y43L 21.01 (2.03) 16.16 8.02 478  3.20
G [12'-CH;] 18.07 17.26 9.08 3,55 297
Y43F 18.51 (0.44) 17.47 8.65 376 292
Y43L 19.41 (1.34) 14.61 6.45 343 290
heme 2
C [18'-CH;] 20.51 19.83 16.37 6.70  3.15
Y43F 20.27 (—0.24) 19.67 16.75 6.76  3.12
Y43L 21.01 (0.50) 20.30 17.05 7.10 3.12
D [7'-CH3) 20.24 19.30 14.75 6.20 3.18
Y43F 20.11 (—0.13) 19.14 15.13 6.21 3.13
Y43L 20.34 (0.10) 18.68 14.60 6.35  3.10
heme 3
E [12'-CH;]  19.90 16.88 13.46 13.02 349
Y43F 19.67 (—0.23) 16.95 14.03 13.58 343
Y43L 19.68 (—0.22) 16.37 15.09 13.00 3.42
J [2'-CH;] 13.53 13.86 11.45 11.80  4.68
Y43F 13.91 (0.38) 13.36 11.80 1222 4.65
Y43L 14.05 (0.52) 13.05 10.25 11.90 4.63
L [7'-CH;] 10.35 8.56 [8.06] 8.60  3.99
Y43F 10.28 (—0.07) 8.79 8.14 8.68  3.95
Y43L 10.26 (—0.09) 3.94
P [18'-CH;] —3.68 —2.21 —1.25 —0.50 3.65
Y43F —3.74 (—0.06) —2.31 —1.60 —-045 3.61
Y43L —3.74 (—0.06) —-2.17 —1.48 —-0.54 3.61
heme 4
A [18'-CH;] 30.51 12.11 10.81 7.57 3.28
Y43F 30.40 (—0.11) 11.85 9.14 6.56 3.23
Y43L 30.40 (—0.11) 19.00 12.80 748  3.21
H [2'-CH;] 17.53 7.60 6.77 545 3.63
Y43F 17.38 (—0.15) 7.84 6.45 520 3.62
Y43L 17.46 (—0.07) 11.41 8.22 5.62  3.57
I [12'-CH;] 16.45 7.35 6.60 5.50 3.76
Y43F 16.45 (0.00) 7.16 6.28 529 372
Y43L 16.54 (0.09) 10.95 8.11 573  3.69
K [7'-CH;] 10.62 6.13 5.50 5.15 3.00
Y43F 10.58 (—0.04) 6.20 541 495 295
Y43L 10.37 (—0.25) 7.87 6.50 513 294

S; denotes the i-electron-reduced state. The data for the wild type are from
Fan et al. (1990).
*The chemical-shift differences (mutant — wild) are in parentheses.

be explained by the combination of two distinct exchange
rates: first, by the intermolecular electron exchange that is
sufficiently slow to give rise to distinct signals for each
macroscopic oxidation state; and second, by the intra-
molecular electron exchange between hemes within cyt c3,
which is sufficiently fast to average out the chemical shifts of
each heme for the oxidized and reduced states, giving rise to
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FIGURE 2 The chemical shifts of heme methyl signals as a function of
p2H at 600 MHz. Squares, diamonds, inverse triangles, crosses, and circles
represent the signals B, C, E, F, and H (see Table 1), respectively. Solid and
broken lines stand for the wild-type and Y43L cyt c3, respectively.
Temperature is 303 K.

single set of signals for each heme in a certain macroscopic
oxidation state. However, line-widths of the spectra of Y43L
cyt ¢3 in the intermediate oxidation states are broader than
those of the wild type and Y43F (30-150 Hz). Since the line-
width is the function of ratio of the exchange rate to the
chemical shift difference in two oxidation states, either the
intramolecular or the intermolecular electron exchange is
affected by the Y43L mutation. In the former case, the line
broadening will become more significant on lowering the
temperature (that is, slowing the exchange rate), whereas the
situation is the opposite in the latter case. As can be seen in
Fig. 3, the line-widths of the S signals become sharper with
an increase in temperature (from 330 Hz at 283 K to 133 Hz
at 303 K for signal B), suggesting that the origin of the
broadening is the slower intramolecular electron transfer.
This conclusion is confirmed by the observation that the
spectrum for the mixture of the Sy and S states shows that the
line-widths of the signals for S are much broader than those
for Sy (Fig. 3), because the intermolecular exchange
broadening should also appear in the signals in So. Line-
broadenings of the heme methyl signals were reported in the
intermediate oxidation states for DvH cyt c¢3 (Turner et al.,
1996). They were attributed to the slow proton exchange
because of different pK, in different oxidation states. This is
not the case for Y43L cyt c3, because the origin of the line-
broadening is the fast exchange as mentioned above.
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FIGURE 3 'H-NMR spectra of partially reduced Y43L cyt c3 at 600 MHz
(coexistence of Sy and ) at different temperatures. (A) 283 K, (B) 293 K,
(C) 303 K, and (D) 313 K. The thin and thick arrows indicate signal B in S,
and S, respectively.

Two-dimensional chemical exchange (NOE) spectra at
400 MHz were obtained for different intermediate redox
stages to determine the chemical shifts of the heme methyl
groups in the five macroscopic oxidation states. The heme
proton signals in the fully reduced state (S;) were
independently assigned using TOCSY and NOESY as
reported previously for wild-type cyt ¢; (Ohmura et al.,
1997). The assignment of the heme methyl signals in the
five macroscopic oxidation states were established on the
basis of the assignment in the fully reduced state. The
results for Y43L and Y43F cytochromes c¢; are summarized
in Table 1. The reduction fraction (R) of each heme (the
contribution to total reduction of each heme) can be
obtained from the chemical shifts in Table 1 according to
the equation in Table 2 (Fan et al., 1990). The average
reduction fractions were calculated under the conditions of
3Rl =3;R! =1 using signals B for heme 1, C for heme
2, E for heme 3, and H for heme 4, following the selection
of signals by Turner et al. (1996), and given in Table 2.
Here, i and j stand for the heme and reduction step
numbers, respectively. The data in Table 2 demonstrates
that the order of reduction (major fraction at each step) is
hemes 4, 1, 2, and 3, for both Y43L and Y43F cyt c3, as
has been found for the wild type (Park et al., 1996).

To determine the microscopic redox potentials, the
macroscopic redox potentials of Y43L and Y43F cyt c3
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TABLE 2 The reduction fractions of the four hemes at the
four reduction steps

R RU R RV
Y43L
heme 4 0.442 0.237 0.167 0.153
heme 1 0.301 0.487 0.187 0.025
heme 2 0.047 0.190 0.536 0.227
heme 3 0.210 0.086 0.109 0.594
Y43F
heme 4 0.693 0.105 0.090 0.112
heme 1 0.104 0.536 0.302 0.058
heme 2 0.035 0.174 0.582 0.209
heme 3 0.167 0.184 0.027 0.622

The average reduction fractions were calculated by the least-squares fitting
method under the conditions of 3; Rl = 1 and 3 R! = 1, where i and j stand
for the heme and reduction step numbers, respectively. Reduction fraction,
R} =[v Si_) — v SDV[v (So) — v (S4)], where v (S;) is the chemical shift
in oxidation state S;.

were obtained by analyzing differential pulse polarograms, as
described in Materials and Methods and are given in Table 3
along with the wild-type parameters. The microscopic redox
potentials at the first and fourth reduction steps (¢' and e,
respectively, with the subscript representing heme number),
and the interacting potentials (/;; for hemes i and j) were
determined using the macroscopic redox potentials and the
average reduction fractions as described previously (Fan
et al., 1990). The results are presented in Table 3 together
with the results for the wild type. In the Y43L mutation, the
changes in e; are relatively large (44 and 34 mV) in com-
parison with those in other hemes, showing that the effect of

TABLE 3 The macroscopic (E° at the ith reduction step) and
microscopic (e' and &'V, respectively) redox potentials, and

the interacting potentials J;

Potential/mV (deviation from the wild)

Wild type* Y43L Y43F
e —307 —263 (+44) —303 (+4)
&' —332 —312 (+20) —330 (+2)
e —287 —273 (+14) —290 (—3)
eq! —251 —253 (=2) —253 (=2)
ey —289 —254 (+35) —282 (+7)
e" —317 —311 (+6) —316 (+1)
es" —344 —336 (+8) —345 (—1)
e —306 —301 (+5) —300 (+6)
I +40 +25 (—15) +44 (+4)
I3 -20 —12 (+8) —27 (-7)
I -2 —4 (=2) +2 (+4)
I -5 —16 (=11) —4 (+1)
Ly -20 —8 (+12) —25 (-5)
I -32 —36 (—4) —24 (+8)
EP —242 —232 (+10) —243 (—1)
E —296 —271 (+25) —293 (+3)
E” —313 —303 (+10) —314 (-1)
ES” —358 —350 (+8) —357 (+1)

Subscripts in e and / denote heme numbers. The superscripts of ¢ show the
reduction steps. The error is +2 mV.
*Recalculated from the data reported by Fan et al. (1990).
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mutation is local. It led to inversion of the order of ¢} and e!.
With the Y43F mutation, however, the changes are small for
every heme.

Laser flash photolysis experiments on wild-type
and Y43L cyt c;3

Laser flash photolysis experiments were carried out for both
the wild-type and Y43L cyt c¢3 to determine if the mutation
influenced the electron transfer kinetics. Although the
reduction of fully oxidized cyt c3; by 5-dRfH" can be
described with a single apparent second-order rate constant,
the four hemes have been shown to have different reactivity
with reductants with the wild-type cyt c3 as reported
previously (Akutsu et al., 1992). An insight into the
contributions of the individual hemes to the rate constant
was obtained by performing photo titration experiments
involving laser flash photolysis on cyt ¢; samples that were
partially reduced by white light illumination before flash
photolysis. The pseudo first-order rate constant (kop,s) for
reduction by 5-dRfH" was plotted against the fraction of the
heme reduced before the laser flash, as shown in Fig. 4. The
observed curve is quite different for the wild type as
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FIGURE 4 Pseudo first-order rate constants for the reduction of wild-type
and Y43L cyt c; by 5-dRfH" plotted as a function of %-reduced heme. (A)
Wild-type and (B) Y43L cytochromes c3. The pseudo first-order rate con-
stants were obtained from laser flash photolysis experiments on partially
reduced samples. The best-fit curves are the solid lines (see text).
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compared to the Y43L mutant. To obtain information on the
individual rate constant for each macroscopic oxidation form
(the molecules in the S; state), the kinetic data can be
analyzed assuming that the reduction of each macroscopic
oxidation form makes a contribution to the observed kinetics
that depends on its rate constant and the relative amount of
the heme oxidized (Akutsu et al., 1992). The concentrations
of the fully oxidized, one-electron-reduced, two-electron-
reduced, and three-electron-reduced forms can be estimated
using the macroscopic redox potentials and the total
concentrations of the oxidized hemes obtained from the
absorption spectrum.

The simplest model is one in which the rate constants for
all four macroscopic oxidation forms, namely, all four
hemes, are identical within the limits of resolution. However,
this would result in a linear plot of the observed rate constant
against the fraction of the heme reduced. Clearly this is not
the case (Fig. 4). The next simplest model is one where the
data can be described by two rate constants; in this case,
there are seven possible equations, as shown below (Akutsu
et al., 1992),

kovs = ki([ci] + [cal) + kii([cia] + [ew]) (1a)
kovs = ki([ci] + [cia]) + ki ([ea] + [en]) (1b)
kovs = ki([ci] + [en]) + kil[ca] + [ci]) (Ic)
kovs = ki[ci] + ki ([ca] + [cai] + [en]) (2a)
kobs = kilci] + ki([ci] + [ea] + [ew]) (2b)
kobs = kiii[cii]) + ki([ai] + [c] + [ew]) (2c)
kovs = kiv[cn] + ki([ei] + [ca] + [ci])s (2d)

where k; and ¢; denote the apparent second-order rate
constant and the concentration of the (j-1)-electron reduced
form, respectively. For Eq. 1a, for example, k; = k;;, whereas
kiii = kiy. The data were fitted by nonlinear least-squares
fitting to each equation listed above (Eqs. 1a—2d). The best fit
for the reduction of the wild-type was obtained with Eq. 2a,
with the fit shown as a solid line in Fig. 4 A. This fit (see
Table 4 for the fitted rate constants) is consistent with the
previous result, at a low ionic strength, using the wild-type
DvMF cyt c3 (Akutsu et al., 1992). In contrast, the best fit for
the reduction of Y43L cyt c3 was obtained with Eq. 2d, and
the curve obtained from the best-fit parameters is given in
Fig. 4 B, and apparent rate constants are summarized in

TABLE 4 Apparent second-order rate constants for reduction
of wild-type and Y43L cytochromes c; by 5-dRfH"

Wild type* X 108 M~ ! 57!

Y43Lt x 1078 M~ 57!

k 39 + 09 1.1 =06
ki 1.6 =02 1.1 =06
ki 1.6 * 02 1.1 06
kiy 1.6 = 0.2 147 = 1.1

*Rate constants derived from fitting using Eq. 2a with k; = ki = kiy-
TRate constants derived from fitting using Eq. 2d with & = k; = k.
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Table 4. Clearly, the analysis is limited by the ability to
resolve individual rate constants and the use of models,
which assume the minimum number of resolvable rate
constants. Nevertheless, the data show a clear change in the
rate constant for the fourth reduction step.

The crystal structure of wild-type and Y43L cyt c;

The refinement of the structures of the oxidized wild-type
and Y43L cyt c3 has been completed at 1.15 (PDB code
1J0O) and 0.91 A (PDB code 1JOP) resolution with
crystallographic R-factors (free R) of 10.77 (16.69)% and
10.57 (13.60)%, respectively. The mean standard errors of
the positional parameters for all protein, main-chain, and
side-chain atoms were 0.019, 0.015, and 0.023 A, re-
spectively, for the Y43L mutant in full matrix least-squares
refinement without all restraints. The mean coordinates error
estimated on the basis of a Luzzati plot (Luzzati, 1952) was
smaller than 0.030 A for both structures. Eight and 17
ethanol molecules were identified in the wild-type and Y43L
structures, respectively. In addition, two sulfate anions were
clearly identified near Lys57 and Lys101.

The overall structures of the wild-type and Y43L cyt c3 are
almost identical. The root mean square deviation for all
identical protein atoms was found to be 0.525 A between the
wild-type and Y43L structures with the program SHELX-
PRO (Sheldrick and Schneider, 1997). The most striking
feature of the Y43L mutant structure is the displacement of
several residues in the N-terminal region in comparison with
the wildtype (Fig. 5 A). The side-chain atom, C61, of Leu43
pushes out the atoms of Ala0O-Lys3 (Alal-Lys4). The
a-carbon atom of Alal (Ala2) is displaced by 1.1 A. In
addition, the Og2 atom of Glu96 in the Y43L mutant was
displaced by 1.1 A. This residue is located in the vicinity of
heme 2 but far from the mutated position. In the Y43L
structure, the propionate groups at C-13 of heme 1 and heme
2 exist in two resolvable conformations. One of the carboxyl
oxygens of the propionate group of heme 1 retains the
hydrogen bond with the amide proton of Cys46 in both
conformers as that found for the wildtype. The two
conformers of heme 2 are shown in Fig. 5 B. The solvent
accessibilities obtained by WHAT IF (Vriend, 1990) for
hemes 1, 2, 3, and 4 of the wild type are 145, 161, 137, and
133 A?, respectively. Those of the Y43L mutant are 142
(same for two conformers), 164 and 147 (for two con-
formers, respectively), 130, and 142 AZ, respectively.

DISCUSSION

The crystal structure of Y43L cyt c¢; showed that the
mutation changes the conformation of the N-terminal peptide
chain, which will affect only the environment of heme 1. In
contrast, the mutation affects the nature of the axial
coordination of not only heme 1 but also hemes 2 and 3,
judging from the chemical shift changes of the heme methyl
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signals. The microscopic redox potentials in the first
reduction step (el) showed a similar tendency (Table 3).
This suggests that the structural perturbation at position 43
propagates from heme 1 to hemes 2 and 3 in solution.

Although Leu and Phe are both hydrophobic, only Y43L
substitution induced changes in the redox potentials.
Therefore, the aromaticity should be responsible for
lowering the redox potentials. The effect of the aromatic
ring on the redox potentials was found local. Therefore, this
should not be the major reason for the extremely low redox
potentials of cyt c3. It is well-known that the bis-imidazole
coordination and high exposure of the hemes are important
factors to lower the redox potentials of cyt c3. The structural
element mentioned above should be another complementary
factor to lower them. While the aromatic ring orients parallel
to the imidazole ring of His34 in the crystal structure of the
oxidized form, it moves away from the ligand in the reduced
solution structure (Harada et al., 2002). The 7r-7r interaction
between the stacked rings seems to stabilize the oxidized
form of heme 1. Since the main chain of Y43 is located close
to heme 2, the loss of the 7-7r interaction should also be
associated with the large decrease in the interacting potential
I, for the Y43L mutant. This is consistent with the previous
report (Harada et al., 2002) that Tyr43 is involved in the
cooperative reduction between hemes 1 and 2. Furthermore,
suppression of the intramolecular electron exchange rate was
found for Y43L cyt c3, a situation not encountered with
Y43F.

Laser flash photolysis of the Y43L protein provided an
insight into the reduction mechanism. The apparent rate
constant k;, was found to be 13X greater than k;, k;;, and ky;,
which were not resolvable, and ~9X as large as k;, for the
wild-type cyt c3 (Table 4). This means that the reduction rate
of the three-electron-reduced form of Y43L cyt c; is different
from those of the other macroscopic oxidation forms and also
from the same oxidation form of the wild type. The heme
responsible for the major reduction of this oxidation form is
heme 3 (Tables 2 and 3). However, the relatively small
changes in redox potential induced by Y43L mutation do not
provide a reasonable explanation for the significant change

A Double
conformers

FIGURE 5 Comparison of the crystal structures of wild-
type and Y43L cyt c3. (A) The N-terminal region (around
Pro2) of the Y43L structure is shifted from the position in
the wild type. The structure models are color-coded red
and blue for the wild-type and Y43L proteins, respec-
tively. (B) Double conformers of the propionate group at
C13 of heme 2 in the Y43L (blue) structure.

Lys75

B

in k;, for Y43L relative to the other three rate constants and
relative to k;, for the wild type. A significant change in
individual rate constants could be ascribed to a significant
change in heme accessibility. However, the crystal structures
determined in this work do not indicate any large changes in
heme accessibility in the fully oxidized state. In contrast, the
Y43L mutation results in the slower intramolecular electron
transfer, and it also appears to suppress the interaction
between hemes 1 and 2. This can change the reduction rate of
heme 3 through intramolecular electron transfer. Conse-
quently, the 5-dRfH" reduction kinetics of the four hemes
might not be independent processes, but instead correlated
through intramolecular electron transfer.
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