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To clarify how the location of distal histidine affects
the activation process of H,O, by heme proteins, we
have characterized reactions with H,O, for the L29H/
H64L and F43H/H64L mutants of sperm whale myoglo-
bin (Mb), designed to locate the histidine farther from
the heme iron. Whereas the L29H/H64L double substitu-
tion retarded the reaction with H,0,, an 11-fold rate
increase versus wild-type Mb was observed for the F43H/
H64L mutant. The V. values for 1-electron oxidations
by the myoglobins correlate well with the varied reac-
tivities with H,0,. The functions of the distal histidine
as a general acid-base catalyst were examined based on
the reactions with cumene hydroperoxide and cyanide,
and only the histidine in F43H/H64L Mb was suggested
to facilitate heterolysis of the peroxide bond. The x-ray
crystal structures of the mutants confirmed that the
distal histidines in F43H/H64L. Mb and peroxidase are
similar in distance from the heme iron, whereas the
distal histidine in L29H/H64L Mb is located too far to
enhance heterolysis. Our results indicate that the
proper positioning of the distal histidine is essential for
the activation of H,O0, by heme enzymes.

Peroxidase is a heme enzyme that catalyzes 1-electron oxi-
dations of a variety of substrates (1, 2). The ferric enzyme is
oxidized by H,0, to yield a ferryl porphyrin cation radical
(Fe'V=0 Por?) known as compound I in the first step of the
catalytic cycle (3). Compound I is reduced to the ferric state
through a ferryl species (Fe'V=0 Por), so-called compound II,
by two sequential 1-electron oxidations of substrates. The in-
variant histidine in the distal heme pocket (1-6) is a critical
residue for peroxidases, and its replacement by aliphatic resi-
dues retards compound I formation by 5~6 orders of magnitude
(7-9). As shown in Scheme I, the distal histidine is believed to
function (i) as a general base to accelerate binding of H,O, to
the ferric heme iron by deprotonating the peroxide and (ii) as a
general acid to facilitate the heterolytic cleavage of the O-O
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bond of a plausible Fe™-OOH complex by protonating the ter-
minal oxygen atom (10). The charge separation in heterolysis is
suggested to be also enhanced by a positively charged distal
arginine (Scheme I), whose substitution results in 2 orders of
magnitude slower formation of compound I (10-12).

Myoglobin (Mb),! a carrier of molecular oxygen, similarly
possesses a distal histidine (His-64) in the heme pocket (Fig. 1)
and can catalyze various oxidation reactions using H,0, (13—
19). However, Mb reacts with H,O,, much slower (~10% M~ s71)
than peroxidases (~107 M~ s71) to afford ferryl Mb (Mb-II)
paired with a transient protein radical (Scheme II). Compound
I of wild-type Mb (Mb-I) has not been observed and is consid-
ered to decay to Mb-II immediately (Scheme II). The poor
reactivity of Mb with H,O, might be partly due to the malfunc-
tion of the distal histidine as a general acid-base catalyst and
the absence of the distal arginine. Whereas the distal histidine
in peroxidase is suggested to raise the basicity of imidazole by
a hydrogen bond with the adjacent asparagine (20, 21), the
absence of the hydrogen bond in Mb (13, 14) is indicative of less
basicity of its distal histidine. Furthermore, wild-type Mb
cleaves the O-O bond of the heme-bound peroxide not only
heterolytically, but also homolytically to give Mb-II and a hy-
droxy radical as shown in Scheme II (22-24). It has been
suggested that the distal histidine in Mb is unable to enhance
heterolysis as a general acid (25); however, the structural fac-
tor for this inability is still obscure.

Comparison of crystal structures of sperm whale Mb and
horseradish peroxidase led us to propose that the distal histi-
dine in Mb is too close to the heme center to enhance heterol-
ysis as a general acid catalyst (Fig. 1) (14, 26). The distances
between N of the distal histidine and the ferric heme iron are
normally 4.1-4.6 A for globins (4.3 A for sperm whale Mb) and
5.5-6.0 A for peroxidases (6.0 and 5.6 A for horseradish perox-
idase and cytochrome c peroxidase, respectively) (6, 14, 26). To
examine our hypothesis, we have studied the reactions of ferric
wild-type, L29H/H64L, and F43H/H64L sperm whale Mb with
H,0, because the estimated iron-distal histidine distances for
the L29H/H64L and F43H/H64L mutants are 6.6 and 5.4 A,
respectively (27, 28). The functions of distal histidines as gen-
eral acids and general bases are examined based on the ratio of
heterolysis versus homolysis of the O—O bond in cumene hy-
droperoxide and association rate constants of cyanide and az-
ide, respectively. The F43H/H64L mutant shows the highest
reactivity with H,0,, and its distal histidine functions as a
general acid-base catalyst most efficiently. Furthermore, the
x-ray crystal structures of the double mutants in this report
confirm that the distal histidine in F43H/H64L Mb is at a

! The abbreviations used are: Mb, myoglobin; Mb-I, compound I of
Mb; Mb-II, compound II of Mb; HPLC, high pressure liquid chromatog-
raphy; mCPBA, m-chloroperbenzoic acid; CHP, cumene hydroperoxide.

This paper is available on line at http://www.jbc.org
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similar distance from the heme iron compared with those in
peroxidases, whereas the distal histidine in L29H/H64L Mb is
located too far to activate HyO,.

EXPERIMENTAL PROCEDURES

Preparation of Myoglobin Mutants—The expression vectors for wild-
type and H64L sperm whale Mb were gifts from John Olson (Rice
University) (29, 30). L29H and F43H mutations with new silent Hinfl
and Puul sites, respectively, were introduced by use of a polymerase
chain reaction-based technique. Expression in Escherichia coli strain
TB-1 and purification were performed as described previously (31). To
purified Mb, when necessary, was added ferricyanide for oxidizing
ferrous carbon monoxide Mb to the ferric state. The final purified
protein was stored at —80 °C, except for the L29H/H64L mutant, which
was stored at 4 °C.

Spectroscopy—Electronic absorption spectra in 50 mm sodium phos-
phate buffer (pH 7.0) were recorded on a Shimadzu UV-2400 spectro-
photometer, and the concentration of the samples was 10 um. 'H NMR
spectra in 0.1 M sodium phosphate buffer (pD 7.0) were recorded at
25 °C and 270 MHz on a JEOL EX-270 spectrometer. Chemical shifts
were referenced to HDO.

Reactions with Hydrogen Peroxide—All reactions of ferric Mb with
H,0, were carried out in 50 mM sodium phosphate buffer (pH 7.0).
Formation rates of a ferryl heme in wild-type and F43H/H64L Mb (see
also “Results”) were determined at 20 °C from the decay of absorbance
at 407 nm. Bimolecular rate constants were given by the slope of a plot
of the observed rates versus H,O, concentration. The amounts of H,O,
were kept >10 molar eq over Mb for ensuring the pseudo first-order
condition ([Mb] = 1.0 and 0.5 uM for wild-type and F43H/H64L Mb,
respectively). Whole spectral changes of rapid reactions were monitored
by using a Hi-Tech SF-43 stopped-flow apparatus equipped with an MG
6000 diode array spectrophotometer.

The catalase activity of Mb was measured at 25 °C from amounts of

+ *OH

molecular oxygen formed with a Hansantech DW1 oxygen electrode.
The reaction mixture contained 10 um Mb and 1 mm H,0,.

Consumption rates of H,O, by the L29H/H64L and H64L mutants
were determined at 20 °C as follows. A reaction mixture of 10 um Mb
mutant and 50 um H,O, was incubated for 5-30 min. During the
incubation, to a solution containing a trace amount of horseradish
peroxidase (800 ul, pH 5.3) was added 200 pl of the incubated solution
and then an excess amount of potassium iodide. The remaining H,O,
was quantified from the amounts of triiodide formed using absorbance
changes at 353 nm (€355 = 2.62 X 10* M* cm™) (82). Under these
conditions, the Mb mutants did not show any considerable spectral
change, including absorbance at 353 nm.

Measurements of Oxidation Activities—1-Electron oxidation activi-
ties were measured at 20 °C in 50 mM sodium phosphate buffer (pH 7.0).
At least two experiments were performed for each experimental point.
Steady-state kinetic constants for the oxidations of guaiacol and ABTS
(2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)) were obtained by
measuring the initial rates while varying the substrate concentration.
A Hanes plot of [S]/v versus [S] was used to estimate the V., and K,
values for the oxidations. The formation rate of the guaiacol oxidation
product was determined from the increase in the absorbance at 470 nm
using a molar extinction coefficient of 3.8 X 10> M~ cm™. The 1-ml final
assay volume contained 1 uM Mb, 0.2 mm H,0,, and variable amounts
of guaiacol (0.08—2.5 mMm). The formation of an ABTS cation radical was
monitored at 730 nm, where the absorption of Mb was negligible (19).
The absorption coefficient of the ABTS cation radical at 730 nm (&5, =
1.4 X 10* M* em™) was calculated from that at 415 nm (3.6 X 10* m*
cm™) (33). The reaction mixture contained 0.5 um Mb, 0.2 mm H,0,,
and 20-300 um ABTS.

Reaction with Cumene Hydroperoxide—A reaction mixture contain-
ing 10 uMm Mb and 270 uM cumene hydroperoxide was incubated at
20 °C in 50 mM sodium phosphate buffer (pH 7.0). Aliquots of the
mixture were analyzed by a Shimadzu HPLC system equipped with a
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Fic. 2. Absorption spectra of ferric forms of wild-type (—),
L29H/H64L (- - -), F43H/H64L (-~), and H64L (- - — -) Mb in 50 mm
sodium phosphate buffer (pH 7.0).

Shimadzu CR-6A data module on a reverse-phase column (GL Sciences
Inc., Inertsil ODS). Phenethyl alcohol was employed as an internal
standard. The column was eluted with 50% water and 50% methanol at
a flow rate of 1.0 ml/min, and the effluent was monitored at 210 nm.
Assignment of the components was based on the retention time of
authentic samples.

Kinetic Measurements for Association of Azide and Cyanide—The
reactions of ferric L29H/H64L and F43H/H64L Mb mutants with azide
or cyanide were performed at 20 °C on a Hi-Tech stopped-flow appara-
tus in 50 mM sodium phosphate buffer (pH 7.0). The kinetic traces at
408 nm were used for determining pseudo first-order rates. The asso-
ciation rate constants were given by the slope of a plot of the observed
rates versus azide or cyanide concentration.

X-ray Crystallography—Crystals were grown in the P6 space group
using a hanging drop method. 10 ul of 65 mg/ml HPLC cation ion
column-purified protein was mixed with a solution of 3.2 M ammonium
sulfate, 20 mM Tris-HCI, and 1 mMm EDTA (pH 9.0) to give a final
concentration of 2.4-2.6 M ammonium sulfate. The hanging drops were
set up at room temperature and incubated at 4 °C. The crystal was
mounted, and the diffraction data were collected at room temperature.

Diffraction data were collected on a Rigaku R-AXIS IIC imaging
plate system. Data were reduced with XDS and merged using XSCALE.
The L29H/H64L data were 98.5% complete in the resolution range
50.0-1.8 A with R = 4.8%. The FA3H/H64L data were 99.0% com-
plete in the resolution range 50.0-1.8 A with R_,, = 4.1%.

The coordinates of ferric wild-type myoglobin (14) were used as a
starting model. The model was refined using X-PLOR (34). An iterative
procedure of modifying the model using the molecular graphics program
CHAIN (35) followed by Powell minimization, solvent B-factor and
occupancy refinement, and individual B-factor refinement for all atoms
was repeated until Ry, was unchanged and no significant differences
were observed in electron density maps. The side chain for residues 29
or 43 and 64 were changed only after |2F, — F,| and |F, — F| difference
Fourier maps indicated clear positions for these altered side chains.

RESULTS

Spectroscopic Features of L29H | H64L and F43H /H64L Mb
Mutants—The ferric F4A3H/H64L and L29H/H64L Mb mutants
exhibited absorption spectra similar to that of wild-type Mb
(Fig. 2). The Soret maxima is around 408 nm, which indicates
a typical hexa-coordinated ferric high-spin heme. The sixth
ligand in wild-type Mb is a water molecule stabilized by His-64
through hydrogen bonding (13, 14). Since the loss of water
ligation in H64L causes a Soret shift to 393 nm (Fig. 2) (36), the
novel histidines in the double mutants appear to stabilize the
heme-bound water. The absorption maxima of the ferric CN,
ferrous, and ferrous CO forms of the L29H/H64L and F43H/
H64L mutants are essentially identical to the corresponding
states of wild-type and H64L Mb (data not shown).

Fig. 3 presents hyperfine-shifted 'H NMR spectra of the
ferric forms of wild-type, L29H/H64L, and F43H/H64L Mb at
pD 7.0. Four intense peaks in each spectrum are easily assigned
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Fic. 3. 'TH NMR spectra of ferric forms of wild-type (4), L29H/
H64L (B), and F43H/H64L (C) Mb in 50 mM sodium phosphate
buffer (pD 7.0) at 25 °C.

to the heme methyl protons. Although the heme methyl signals of
the mutants were slightly downfield-shifted compared with those
of wild-type Mb (mean methyl shift: 74.6, 77.3, and 78.3 ppm for
wild-type, L29H/H64L, and F43H/H64L Mb, respectively), the
double mutations did not greatly alter the whole spectra. A sim-
ilar shift of the heme methyl protons has been also reported for
various His-64 Mb mutants (37, 38). Therefore, the introduction
of histidines at positions 29 and 43 does not appear to greatly
alter the electronic structures of the ferric hemes.

Reactions of Ferric Myoglobins with H,O,—Ferric wild-type
Mb reacted with H,O, to yield a ferryl heme (Fe'V=0 Por),
equivalent to compound II of peroxidase, paired with a protein
radical as reported previously (22-24). The ferryl heme (Mb-II)
formation in wild-type Mb showed isosbestic points and obeyed
pseudo first-order kinetics. A ferryl porphyrin cation radical
(Fe™V=0 Por™) for wild-type Mb similar to compound I in horse-
radish peroxidase (39) has not been observed, probably due to its
rapid decay to Mb-II and a protein radical (Scheme II). We have
recently shown that the distal histidine (His-64) in wild-type
Mb plays a crucial role in destabilizing compound I (40).

The reaction between ferric F43H/H64L and H,O, also re-
sulted in nearly isosbestic conversion to Mb-II (Fig. 4A). The
kinetic trace obeyed pseudo first-order kinetics in the incuba-
tion with 25 um Hy,0,, but not with 500 um H,0,, (Fig. 4B). In
the presence of a large amount of H,O,, the apparent deviation
of the trace from single exponential curvature reveals a slight
accumulation of an intermediate species, which was not clearly
observed by varying H,O, concentration, pH, and temperature.
The most probable candidate for the intermediate is compound
I (Mb-I) because F43H/H64L Mb-I is stable enough for its direct
observation when the oxidant is m-chloroperbenzoic acid
(mCPBA) (28). The lesser accumulation of Mb-I with H,O, than
mCPBA could be attributed to the rapid reduction of Mb-I by
H,0, to the ferric state (2 X 10* M~ ! s~ ! for F43H/H64L Mb at
5.0 °C and pH 5.3) (28, 40). In fact, F43H/H64L Mb dismutated
H,0, to molecular oxygen and water at a 50-fold higher rate
than wild-type Mb (Table I). Therefore, F43H/H64L Mb-I is
formed in the reaction with H,0,, and conceivable reactions
are summarized in Scheme III.

The reaction rates of ferric wild-type and F43H/H64L Mb
with H,0, were determined under the condition where the
Mb-I accumulation was negligible. As noted above, there is no
kinetic evidence for the formation of wild-type Mb-I. When
incubated with a low concentration of Hy,O, (5.0-20 um), F43H/
H64L Mb-I did not appear to be formed. Plots of the observed
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FIG. 4. Spectral change of the F43H/H64L Mb mutant in the reaction with hydrogen peroxide. A, whole spectral changes in the Soret
region during the incubation with 1 mm H,0,. The spectra were recorded before the reaction (— —-) and at 0.2-1.8 s after mixing with 0.4-s

intervals (

). B, time-dependent absorbance change at 407 nm in the presence of 25 um H,0, (

) and 0.5 mMm H,0, (— — -). The thin lines with

each trace represent the best fit to single exponential functions. Inset, hydrogen peroxide concentration-dependent changes in the observed
formation rates of Mb-II for wild-type (O) and F43H/H64L ((J) Mb. Wild-type and F43H/H64L Mb were present at 1.0 and 0.5 uM, respectively.

TABLE I
Reaction of Mb with hydrogen peroxide at pH 7.0
Mb Mb-II formation® 0, evolution®
uls™1 turnover/min
Wild-type 5.1 X 10? 1.7
L29H/H64L 8.8
F43H/H64L 5.6 X 10° 79

¢ The rates were determined at 20 °C.
® The rates were determined at 25 °C in the presence of 1.0 mm H,0,.

Oz + Hzo HgOz
L4 Ny e
Ho0, Hz02 H20
decay
*OH

—Fg!V=(Mb-Il)

ScHEME III. Plausible scheme for the reaction of ferric Mb with
hydrogen peroxide.

formation rates of Mb-II versus H,0, concentrations showed
good linearity (Fig. 4B, inset). The rate constant for the F43H/
H64L mutant is 5.6 X 103 m~* 571, which is 11-fold higher than
that for wild-type Mb (Table I). The slight accumulation of
F43H/H64L Mb-I with H,0, (Fig. 4A) is consistent with the
fact that F43H/H64L Mb-I is more reactive with H,O, than its
ferric form. In the incubation with 20 um H,O,, F43H/H64L Mb-I
decayed much faster (9.2 s™! at 5.0 °C and pH 5.3) than its
formation or reduction by H,O, (0.1 and 0.4 s~ !, respectively).
The ferric L29H/H64L and H64L mutants showed few ab-
sorption spectra changes upon the addition of H,O,. Neverthe-
less, L29H/H64L and H64L Mb slowly consumed H,0, (0.11
and 0.003 min~?, respectively, at [HyO,] = 50 um) and produced
a protein radical as reported for H64V Mb (16). It is likely that

the ferric mutants react with H,O,, but much slower than the
decay of the oxidized heme to the ferric state. L29H/H64L Mb-I
prepared by mCPBA, as well as F43H/H64L Mb-I, was imme-
diately reduced by H,O, to the ferric state, although a require-
ment for a large excess of mCPBA for the Mb-I preparation
prevented us from determining the exact reaction rate. The
catalase activity of the L29H/H64L mutant was 5-fold higher
than that of wild-type Mb (Table I). Because of the mutants
being in the ferric form during incubation with H,0,, the
reactivity of ferric L29H/H64L and H64L Mb with H,O, can be
estimated from the consumption rates of H,O, to be 3~6- and
~100-fold lower than that of wild-type Mb, respectively. The
results reveal that the enhancement of H,0, activation by
His-64 is more effective than that by His-29.

Oxidation Activities of Wild-type Mb and Its Mutants—1-
Electron oxidations of guaiacol and ABTS were examined at pH
7 using H,0, as an oxidant. The initial rates of oxidation by Mb
showed hyperbolic dependence on the concentration of the sub-
strates under the conditions employed. Table II summarizes
V hax and K, values for the oxidations. F43H/H64L Mb exhib-
ited ~6-fold higher V. values than wild-type Mb both in the
guaiacol and ABTS oxidations. In contrast, the L29H/H64L
mutant gave one-fourth or less V. values, and we could not
find any significant activities for the H64L mutant. The
changes in the V., values correlate well with those observed
for the reactivities of ferric Mb with H,0,, i.e. 11-fold higher
versus wild-type Mb in F43H/H64L Mb (Table I) and 3—6-fold
lower in L29H/H64L Mb. Steady-state absorption spectra of
wild-type Mb during the guaiacol oxidation (Fig. 5) indicated
that most of wild-type Mb existed as Mb-II in the presence of 40
uM guaiacol, but as the ferric form with 4 mm guaiacol. There-
fore, the rate-determining step in the presence of a large excess
amount of guaiacol is the reaction of ferric Mb with H,O,.

Reaction with Cumene Hydroperoxide—To examine the ca-
pability of the distal histidines as general acids (Scheme 1), the
reaction of ferric Mb with cumene hydroperoxide (CHP) was
performed. The heterolytic O—O bond cleavage of CHP is



2842

TaABLE II
1-Electron oxidations catalyzed by Mb at 20 °C and pH 7.0

The concentration of H,O, was 0.20 mM. The units are as follows:

Activation of Hydrogen Peroxide by Myoglobin Mutants

TasLE III
Product ratio in the reaction with cumene hydroperoxide

The ratios were determined after 50 min of incubation in 50 mm
sodium phosphate buffer (pH 7.0) at 20 °C.

V max> nmol of product/nmol of Mb/min; and K,,,, uM.
Guaiacol ABTS
Mb
Vinax K, Vinax K,
Wild-type 6.6 570 26 77
L29H/H64L 1.9 76 3.1 11
F43H/H64L 43 99 150 66
0.20 4
o 0.15-
Q
=
301
2
S 0.10
@
O
<
0.05 A
0.00 T T 1 I 1 T T I T T L]

400 420
wavelength / nm

380

Fic. 5. Steady-state absorption spectra of wild-type Mb during
guaiacol oxidation. The spectrum of the ferric state (A) and the
steady-state spectra in the presence of 4 mMm (B), 400 um (C), and 40 um
(D) guaiacol are shown.

known to produce compound I (or its equivalent) and cumyl
alcohol (Equation 1).

heterolysis
e

Fe Por + PhC(CH,),00H FeV=0 Por™

+ PhC(CH;),OH (Eq. 1)

On the other hand, homolysis of the O—O bond gives compound
II and the cumyloxy radical, which subsequently eliminates the
methyl radical to afford acetophenone (Equations 2 and 3) (41).

homolysis
—_—

Fe'! Por + PhC(CH;),O0H Fe'V=0 Por

+ PhC(CH,),0" + H* (Eq.2)

PhC(CHj;), 0" — PhCOCH; + CHy' (Eq. 3)

The general acid catalyst is expected to selectively enhance
heterolysis, which should raise the ratio of heterolysis over
homolysis (cumyl alcohol/acetophenone).

As shown in Table IV, the cumyl alcohol/acetophenone ratio
was not affected by the H64L substitution, indicating that
His-64 in wild-type Mb does not facilitate the heterolysis of the
peroxide bond as reported earlier (25). While L29H replace-
ment did not alter the ratio greatly, the F43H/H64L mutant
showed a higher cumyl alcohol/acetophenone ratio than the
others (Table III). Thus, only His-43 in F43H/H64L Mb is able
to facilitate the heterolytic O—O bond cleavage of the heme-
bound CHP possibly as a general acid.

Association Rates of Cyanide and Azide—Roles of the distal
histidine in H,0, binding (Scheme I) were proposed on the
basis of rates of association of cyanide (kqy) with the ferric
heme iron at pH 7 (Table IV). Most of the cyanide is protonated
at neutral pH (pK, ~ 9), and the crucial step for the cyanide
association with ferric Mb has been shown to be the deproto-

Mb Cumylalcohol/acetophenone
Wild-type 3.3
H64L 3.3
L29H/H64L 2.8
F43H/H64L 5.4

TABLE IV
Association rate constants of azide and cyanide at 20 °C and pH 7.0
Mb Azide Cyanide Source
myu 1571 mu 1571

Wild-type 2.9 0.32 Ref. 42
H64L 34 0.002 Ref. 42
L29H/H64L 3.5 0.0081 This study
F43H/H64L 31 0.88 This study

nation of HCN in the distal heme pocket (42), as suggested for
the binding of H,O, (pK, = 11.6). The 160-fold decrease in the
ken for the H64L mutation was attributed to the loss of a
general base, His-64 (42). We have also measured the rates of
association of azide (ky,) with the ferric heme. In contrast to
the cyanide, azide is negatively charged (pK, = 4.5) at neutral
pH, and the %y, value was reported to largely depend on the
accessibility to the ferric heme center (42). The H64L mutant
showed a 12-fold increase in &y, versus wild-type Mb due to the
distal heme pocket being more open.

The ke value for F43H/H64L Mb was 2.7- and 440-fold
higher than those for wild-type and H64L Mb, respectively
(Table IV). Since the H64L and F43H/H64L mutants showed
similar ky, values (Table IV), the accessibility to the heme
center of the mutants does not seem to greatly differ from each
other. Thus, it is likely that His-43, as well as His-64, facili-
tates cyanide binding as a general base. The ko value for the
L29H/H64L mutant was 40-fold lower than that of wild-type
Mb, whereas wild-type and L29H/H64L Mb reacted with azide
anion at similar rates (Table IV). Thus, His-29 in the L29H/
H64L mutant appears to be a less effective base than His-64
and His-43 in supporting cyanide binding.

Crystal Structures of Ferric L29H/H64L and F43H/H64L
Mb Mutants—As described above, the L29H/H64L and F43H/
H64L mutations to rearrange the distal histidine strongly af-
fected the reactions of Mb with peroxides and anions. To verify
the location of the distal histidine, the crystal structures of
L29H/H64L and F43H/H64L Mb were determined at 1.8-A
resolution (Fig. 6). The data collection and refinement statistics
are listed in Table V. Both Mb mutants exhibited few struc-
tural changes upon the double mutations outside the immedi-
ate vicinity of the substituted residues (Fig. 6). The distal
histidines in the mutants (His-29 in L29H/H64L Mb and
His-43 in F43H/H64L Mb) are directed to the heme center. The
coordination structures of the ferric heme iron (aquo-hexa-
coordinations) are consistent with their absorption spectra
(Fig. 2). The coordinated water molecules appear to be stabi-
lized by a hydrogen bond with the distal histidine through
another water molecule in the active site (Fig. 6). The distance
between N¢ of the distal histidine and the ferric heme iron is 5.7
A in F43H/H64L Mb, which is similar to distances in structur-
ally known peroxidases (5.5-6.0 A). In contrast, the distal
histidine in L29H/H64L Mb is located farther (6.6 A) from the
heme iron than in peroxidases.

DISCUSSION

Roles of the Distal Histidine in the Reaction with Hydrogen
Peroxide—We have prepared L29H/H64L and F43H/H64L mu-
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residue 64

Fic. 6. Active-site structures of
L29H/H64L (A) and F43H/H64L (B)
Mb (gray) superimposed with that of
wild-type Mb (black). Balls represent
water molecules.
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TABLE V
Data collection and refinement statics for L29H/ H64L and F43H/
H64L (sperm whale) Mb mutants

L29H/H64L F43H/H64L
Unit cell (A) a=b=9144 a=b=9151
. ¢ =45.76 ¢ = 46.06
Resolution range (A) 5.0 to 1.8 5.0 to 1.8
R-factor (%) 16.2 15.3
R (%) 21.9 19.5
r.m.s.” deviations from ideal geometry
Bond length (A) 0.010 0.010
Bond angle 1.793° 2.172°
Dihedral angle 18.639° 18.496°
Improper angle 1.416° 1.214°
PDB entry code 10FJ 10FK

“r.m.s., root mean square; PDB, Protein Data Bank.

tants of sperm whale Mb in which novel distal histidines were
designed to be farther from the heme iron than the distal
histidine (His-64) in wild-type Mb (Fig. 1). The spectral fea-
tures of the mutants do not greatly differ from those of wild-type
Mb (Figs. 2 and 3), suggesting similar coordination and electronic
states of the heme chromophore. The crystal structural analysis
revealed that ferric L29H/H64L and F43H/H64L Mb are hexa-
coordinated with an aquo-ligand as well as ferric wild-type Mb
(Fig. 6). The distal histidines in wild-type and double mutant Mb,
regardless of their location, are able to stabilize the coordinated
water molecule through hydrogen bonding (Fig. 6).

The reactivity of ferric Mb with H,O, is largely dependent on
the existence and location of the distal histidine. The ferric
H64L mutant with no distal histidine reacted with H,0, ~100
times slower than wild-type Mb, although the single mutant
has a vacant sixth coordination site, which seems to be advan-
tageous for H,0, binding. Thus, it is apparent that His-64 in
wild-type Mb enhances the reaction with H,O,. To estimate the
capability of His-64 as a general acid (Scheme I), we have
performed the reaction with CHP. The ratio of the heterolytic
over homolytic O—O bond cleavage was not affected by the
H64L substitution (Table III). A similar result was reported for
the H64V mutant using 4-hydroperoxy-4-methyl-2,6-di-tert-bu-
tylcyclohexa-2,5,dien-1-one (25). Thus, it is unlikely that
His-64 functions as a general acid catalyst. To the contrary,
His-64 in wild-type Mb has been shown to enhance the associ-
ation of cyanide with the ferric heme iron presumably by ab-
stracting a proton as a general base (42). Therefore, the role of
His-64 should be the enhancement of the binding of H,O, to the
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L O26TA

ferric heme, but not the acceleration of the O—O bond cleavage
of the heme-bound peroxide (Scheme I).

The distance of His-29 in L29H/H64L Mb from the iron was
revealed by x-ray crystallography to be 6.6 A, which is farther
from the heme by 0.6—1.1 A than in structurally known per-
oxidases (Figs. 1 and 6A). The ferric L29H/H64L mutant ex-
hibited ~40-fold higher reactivity with H,O, than the H64L
mutant, but 3—6-fold lower than wild-type Mb. This indicates
that His-29 in the double mutant facilitates the reaction less
efficiently than His-64 in wild-type Mb. On the other hand,
ferric F43H/H64L Mb has the distal histidine at a similar
distance from the heme iron compared with peroxidases (Figs.
1 and 6B) and showed an 11-fold rate increase in the reaction
with H,O,, versus wild-type Mb (Table I). These results indicate
that the proper positioning of the distal histidine is essential
for the activation of H,O, by heme enzymes.

The distal histidine in L29H/H64L Mb, as well as that in
wild-type Mb, does not appear to work as a general acid cata-
lyst (Table III). Furthermore, His-29 could not efficiently sup-
port cyanide binding (Table IV). Therefore, the low reactivity of
L29H/H64L Mb with H,0, could be attributed to the poor
ability of His-29 as a general base as well as a general acid. In
contrast, the F43H/H64L double mutation maintains the high
reactivity of ferric Mb with cyanide and raises the heterolytic
0-0 bond cleavage of CHP (Tables III and IV). We conclude
that His-43 serves as a general acid-base catalyst to improve
the reactivity with Hy,O,, although it is still less effective than
the distal histidine in peroxidase.

Possible interactions between the distal histidines and
heme-bound peroxide are depicted in Scheme IV. Our results
strongly suggest that the distal histidine in wild-type Mb (His-
64) is too close to the heme center to support heterolysis of the
peroxide bond to generate compound I. His-64 may interact with
both oxygen atoms in the ferric-peroxide complex (Scheme IV). In
ferrous oxy-Mb (with structural relevance to the ferric-peroxide
complex), heme-bound and terminal oxygen atoms are similar
distances from N€ of His-64 (2.7 and 3.0 A, respectively) (36).
Therefore, although His-64 in oxy-Mb forms a hydrogen bond
with the terminal oxygen (43), the iron-bound oxygen atom in the
ferric-peroxide complex could also interact with the distal histi-
dine. In fact, the heme-bound water in ferric wild-type Mb makes
a direct hydrogen bond with His-64 (13, 14). The interaction of
the distal histidine with both oxygen atoms of the iron-bound
peroxide (Scheme IV) does not facilitate the charge separation, as
suggested for the transition state of the heterolysis (Scheme I).
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ScHEME IV. Possible interaction between distal histidines and
heme-bound peroxide.

Alternatively, His-43 in F43H/H64L Mb could interact exclu-
sively with the terminal oxygen, whereas His-29 in L29H/H64L
Mb could be too far to do so (Scheme IV). These putative struc-
tures are supported by changes in the stability of oxy-Mb upon
the double mutations. The oxy form of wild-type Mb is stabilized
by His-64 and slowly autoxidized to the ferric state (0.05 h™). The
autoxidation of the H64L mutant proceeds much faster (10 h™2)
than that of wild-type Mb (44), and L29H/H64L oxy-Mb is too
unstable to determine the rate. The results are consistent with
the absence of a histidine-oxygen interaction. The modest autox-
idation rate for the F43H/H64L mutant (1.3 h™) is indicative of
the hydrogen bond between His-43 and heme-bound oxygen,
even though crystal structures of oxy forms of the double mu-
tants are not available at this point due to their instability.

Effects of the Location of the Distal Histidine on Catalytic
Activities—The catalytic activities of Mb were measured for the
dismutation of H,O, and the 1-electron oxidation of guaiacol
and ABTS (Tables I and II). The 1-electron oxidation activities
roughly correlate with the reactivities of ferric Mb with H,O,
(Tables I and II). On the contrary, the dismutation activity of
L29H/H64L Mb was, despite the slower formation of Mb-I, five
times higher than that of wild-type Mb (Table I). The 46-fold
increase in F43H/H64L versus wild-type Mb is greater than the
11-fold improvement in the reactivity of the ferric mutant with
H,0, (Table I). The rate-determining step for the 1-electron
oxidation is the formation of high valent heme iron as revealed
by the steady-state spectra (Fig. 5) in the presence of a large
excess amount of the substrates. Since F43H/H64L Mb-I is
more reactive with HyO, than its ferric form, the Mb-I forma-
tion by H,O, can be involved in the rate-determining step of the
H,0, dismutation as in the 1-electron oxidations.

The distinct feature between the 1-electron oxidation and the
H,0, dismutation is that Mb-II can oxidize guaiacol and ABTS,
but not H,O0,. Wild-type Mb-I has not been identified yet,
possibly due to its rapid decay to Mb-II and a protein radical.
The short lifetime of wild-type Mb-I should cause a significant
decrease in the dismutation activity of H,O,, but at most, a
2-fold decrease in the 1-electron oxidation. We have recently
shown that His-64 in wild-type Mb plays a crucial role in
destabilizing Mb-I (40). The H64L, L29H/H64L, and F43H/
H64L mutations prolonged the lifetime of Mb-I enough for its
direct observation in the reaction with mCPBA (28, 40), sug-
gesting the more efficient oxidation of H,O, by Mb-I in the
mutants than in wild-type Mb-I. Therefore, the dismutation
activity largely depends on the lifetime of Mb-I as well as the
reactivity of ferric Mb with H,O, (Table I).

In summary, we have prepared L29H/H64L and F43H/H64L
mutants of sperm whale Mb to clarify the effects of the location
of distal histidines on the activation of H,0,. The F43H/H64L
mutation causes an 11-fold increase in the activation of H,O,
versus wild-type Mb presumably because the distance between
the distal histidine and the heme iron is similar to that in
peroxidases. On the other hand, the distal histidine in L29H/
H64L Mb is too far from the iron to enhance the reaction with
H,0,. The changes in the reactivity of the mutants with H,0,
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are rationalized in terms of roles of the distal histidine as a
general acid-base catalyst. Whereas His-64 in wild-type Mb
functions only as a general base, His-43 in the F43H/H64L
mutant is suggested to work as a general acid-base catalyst. It
appears that His-29 in the L29H/H64L mutant lacks complete
acid-base functionality. Thus, the proper positioning of the distal
histidine in heme enzymes is essential for the activation of H,O,
especially as a general acid. High catalytic activities are also
observed for the F43H/H64L mutant because of the highest
reactivity with H,O, and the prolonged lifetime of Mb-I.
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