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ABSTRACT. The distal histidine (His) is highly conserved in peroxidases and has been considered to play
a major role as a general acid-base catalyst for peroxidase reaction cycle. Recently, however, the X-ray
structure of chloroperoxidase from the marine fun@asdariomyces fumagoas revealed that a glutamic

acid is located at the position where most of the peroxidase has a histidine residue, suggesting that the
carboxyl group in the glutamic acid (Glu) can also assist cleavage of -a® ®ond in peroxides
[Sundaramoorthy, M., Terner, J., & Poulos, T. L. (199&ucture 31367-1377]. In order to investigate
catalytic roles of the glutamic acid at the distal cavity, two horseradish peroxidase mutants were prepared,
in which the distal His42 has been replaced by Glu (H42E) or GIn (H42Q). The formation rate of compound

| in the H42E mutant was significantly greater than that for the H42Q mutant, indicating that the distal
Glu can play a role as a general acid-base catalyst. However, the peroxidase activity of the H42E mutant
was still lower, compared to that for native enzyme. On the basis of the CD, resonance Raman, and EPR
spectra, it was suggested that the basicity of the distal Glu is lower than that of the distal His and the
position of the distal Glu is not fixed at the optimal position as a catalytic amino acid residue, although
no prominent structural changes around heme environment were detected. The less basicity and improper
positioning of the distal Glu would destabilize the hent&O,—distal Glu ternary intermediate for the
peroxidase reaction. Another characteristic feature in the mutants was the enhancement of the peroxygenase
activity. Since the peroxygenase activity was remarkably enhanced in the H42E mutant, the distal Glu
is also crucial to facilitate the peroxygenase activity as well as the enlarged distal cavity caused by the
amino acid substitution. These observations indicate that the distal amino acid residue is essential for
function of peroxidases and subtle conformational changes around the distal cavity would control the
catalytic reactions in peroxidase.

Horseradish peroxidase (HRR$ a member of the plant HRP has been well established as below.
peroxidase superfamily and one of the archetypal heme-

containing peroxidases, which utilizes hydrogen peroxide resting statet H,0, — compound - H,0O (1)
(H20,) or alkyl peroxide to oxidize a wide variety of organic
and inorganic compounds. The most abundant isoenzyme, compound H AH, — compound IH AH-  (2)

HRP C, has a molecular mass of 42 kDa and consists of
308 residues (Welinder, 1979), which contains a single
protoporphyrin 1X as a prosthetic group, two calcium ions
(Haschke & Friedhoff, 1978; Ogawa et al., 1979; Morishima ) ) ) ) )
et al., 1986), four disulfide bonds, and eight N-linked The resting ferric enzyme first reacts with® to yield a
carbohydrate chains (Clarke & Shannon, 1976). It catalyzes9réen intermediate, compound I (1). Compound | has
one-electron oxidation of various small substrates to free OXyferryliron (Fé"=0) and porphyrin-cation radical with
radical products, most notably, the conversion of phenols to @ overall oxidation state of5 for the heme prosthetic
phenoxy radicals (Dunfold, 1991). The catalytic cycle of 9rouP, 2 oxidizing equiv higher than that of t_he resting state.
In the next steps, 2 and 3, compound | is reduced by a
T This work was supported by grants-in-aid for scientific research substrate, Al to the re;tmg state In tWO Se,quem'al _One_
from the Ministry of Education, Science, Culture and Sports (08249102, €lectron transfer eventsia a second active intermediate,
07309006 to I. M.). compound Il. Compound Il also contains an oxyferryl center
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has been also known to function as a general acid-base
catalyst. However, functional roles of the Glu residue as a
catalytic amino acid residue have never been examined in
detail.

In order to elucidate functional and structural differences
between distal His and Glu in peroxidases, we have prepared
a HRP mutant in which the distal His at the position of 42
has been replaced by Glu (H42E) (Tanaka et al., 1996).
Although the reaction rate with J@, (formation rate of
compound 1) for the H42E mutant was retarded by the
mutation, the activity was distinctively higher than those of
mutants having Ala or Val at the position for the distal His
(Newmyer & Ortiz de Montellano, 1995), demonstrating that
the distal Glu in H42E mutant can facilitate the reaction with
H,0, as a general acid-base catalyst.

In this paper, to get further insight into the catalytic role
Ficure 1: Heme environmental architecture offZ The residues of the distal Glu in H42E mutant, we examined functional
ig“g’géegtret%rthgg Cﬁgﬁ’gcéﬁfgv HI-||5157% Qﬁgspz\é I;LS%TE'H?:?S and structural alterations by the mutation at the distal His to
Kei)/ hydrogen gonas in the cryste{I structure of the F;erric enzyme Glu. In addltlo_n to the replgcement of the distal His by Glu,
are shown as dashed lines. we also substituted the His for GIn (H42Q) to access the

role of the carboxylate group in the Glu residue. CD, EPR,
Scheme 1: Plausible Mechanism for Compound | Formation and resonance Raman spectroscopies were utilized in this

(Poulos & Kraut, 1980) study to characterize the heme environmental structure of
W the mutants. We also investigate not only the peroxidase
/2‘ ) ) / ) activity of the mutants through the elementary reaction rate
= N constants in the reaction cycle but also the peroxygenase

\H —ooH H. Mo activity for thioanisole sulfoxidation and styrene epoxidation.

‘-. ~O—H -
\ 93 2, EXPERIMENTAL SECTION
=—=Fe3t ==Fe’tmm —Fe " -
His His His Materials. Native HRP, type VI, was purchased from

Sigma as a lyophilized and salt-free powder and used without
et al., 1995; Patterson & Poulos., 1995; Schuller et al., 1996) further purification; the protein is predominantly isozyme
and has been considered to play a major role as a generaC. The native enzyme exhibited AmAzgo ratio (RZ value)
acid-base catalyst in formation of compound I. Poulos and of 3.2. General molecular biology supplies were obtained
Kraut (1980) proposed that the distal His assists formation from Takara and Perkin-Elmer. All buffer materials and
of the initial Fe-OOH complex by deprotonating an ap- other chemicals were purchased from Wako and Nakarai
proaching HO, as a base and the following heterolytic Tesque as the highest quality available.
cleavage of the ©0 bond by protonating to the departing Site-Directed MutagenesisSite-directed mutagenesis of
distal oxygen as an acid (Scheme 1). recombinant HRP C at the position of 42 was carried out by

Recent studies with mutant peroxidase have been con-the use of the polymerase chain reaction (PCR)-based
ducted to investigate the roles of the distal His. The technique with T7 HRP as a template (Nagano et al., 1995,
replacement of His52 by Leu indB has profound effects 1996). To construct the insert DNA fragment with mutation
on the rate of compound | formation, the apparent bimo- (His 42 — Glu or GIn), the synthetic oligonucleotide-5
lecular rate constant being decreased by 5 orders of GAAGCAGTCCTCGAAGTGCAG-3(H42E) or 3-GAAG-
magnitude relative to the value for native enzyme (Erman CAGTCTTGGAAGTGCAG-3(H42Q) was used as a primer
etal., 1992, 1993). In HRP, the mutants in which the distal to multify mutated DNA fragments. The amplified DNA
His is replaced by Ala, Val, or Leu also exhibited extremely fragments bearing the mutation were then ligated into the
low reactivity to HO, (Newmyer & Ortiz de Montellano,  wild-type gene by utilizing the uniqué&Ndd and Bglll
1995; Rodriguez-Lopez et al., 1996). We have demonstratedrestriction enzyme sites in T7 HRP vector. The ligation
that small structural perturbation around the distal His can mixture was used to transfor@scherichia colistrain BL
seriously decrease the peroxidase activity (Nagano et al.,21 with ampicillin resistance. Positive clones were screened
1995, 1996; Tanaka et al., 1997). Thus, it has been by SDS-PAGE, and introduction of the mutation was
concluded that peroxidase activity requires a His residue atverified by double-stranded DNA sequence analysis using
the specific position as an effective acid-base catalyst. the dideoxy chain termination method with 373 DNA

Recently, however, X-ray structural analysis for one sequencer (Applied Biosystems). No additional mutations
peroxidase, chloroperoxidase from the marine fungabk in the mutated HRP gene were detected.
dariomyces fumaggdCPO), has shown that CPO bears a  Expression, Reconstitution, and Purification of HRPhe
glutamic acid (Glu) at the distal cavity instead of the distal wild-type and mutant HRPs were expresseétircoli strain
His. Although CPO has a different axial ligand from other BL 21 and extracted from inclusion bodies as described
peroxidases, the intermediate species during the catalyticpreviously by Nagano et al. (1996). Reactivation of apoHRP
reaction are assumed to be the same as those of othein the presence of calcium and heme and purification of
peroxidases (Dawson & Sono, 1987). In several enzymesholoHRP was followed by the method of Smith et al. (1990)
such agi-glucosidase (MacLeod et al., 1994), a Glu residue and Gazaryan et al. (1995) with some modifications.
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The RZ values of wild-type and mutant HRPs obtained  Peroxygenase Acfity: Epoxidation of Styrene.Five
finally were about 3.2 and 4.0, respectively. Peroxidase microliters of the 10 mM HO, solution was added to a 0.5
concentration was estimated by using of the Soret extinction mL of sodium phosphate buffer (pH 7.0) solution containing
coefficient in the pyridine hemochrome form (Paul et al., 20 mM HRP and 10 mM styrene to initiate the epoxidation
1953). The extinction coefficients were 102, 103, 115, and reaction. The experimental procedure was the same as that
109 mM cm! for native, wild-type, H42E, and H42Q for sulfoxidation of thioanisole. The residue was analyzed
mutant HRPs, respectively. by gas-liquid chromatography on a Shimadzu GAS CHRO-

Elementary Reaction Rates in the Catalytic Cydi®rma- MATOGRAPH GC-14A equipped with a 0.25 mm 30 m
tion and reduction of compound | were monitored on a Chiraldex G-TA capillary column (Advanced Separation
stopped-flow spectrophotometer (UNISOKU) at 25M@in Technologies, Whippany, NJ). The column temperature was
50 mM sodium phosphate buffer, pH 7.0. HRP (2)) kept at 100°C during the analysis. 2-Phenyl-2-propanol was
was used to determine the elementary reaction rate constantaused as a standard. The retention times3¥ and R)-
More than 10-fold excess of J, or substrates (guaiacol styrene oxide were 9.7 and 12.7 min, respectively. The
and ferrocyanide) relative to the HRP concentration was usedstyrene oxide enantiomers were identified by chromato-
to ensure pseudo-first-order kinetics. Formatitg) @nd graphic comparison with authenti®)¢styrene oxide and
reduction k;) rates of compound | were measured by racemic styrene oxide. Nonenzymatic styrene epoxidation
following decrease of the absorbance at 395 nm and increasavas observed under these conditions.
of the absorbance at 412 nm, respectively. A solution of Circular Dichroism (CD) SpectroscopyCD spectra of
native compound | was prepared just before the kinetics HRPs were measured with JASCO J-720 at room tempera-
measurements by adding a slight excess o the ferric ture. Mean residue-helical contents were evaluated from
enzyme solution. In case of H42E, tkemeasurement was the mean residue ellipticity at 222 nm by following the

carried out in 10 min after adding a slight excess gDktto equation (Greenfield & Fasman, 1969)
yield enough amount of compound |I. Rate constants were
determined by fitting the recorded data by using an IgorPro o-helix (%) = —([0],,, + 2340)/30300 (5)

program (WaveMetrics). Due to instability of mutant

compounds Il at neutral pH (Tanaka et al., 1996), the In the course of the measurement, nitrogen gas was purged
reduction rates of compounds K, could not be measured into the cell room in order to avoid incorporation of chirality

by the stopped-flow technique. Thegvalue was calculated by dioxygen in the air. CD spectra reported in this paper
by usingk; andk; values and an overall reaction rate under were an average of eight scans recorded at a speed of 100
the steady-state conditioV); The overall reaction rate is nm/min and a resolution of 0.2 nm. Concentration of HRP
represented as below (Cormier & Prichard, 1968; Hasinoff was ca. 5 uM, and the light path of a sample cell was 1

& Dunfold, 1970). mm.
Electron Paramagnetic Resonance (EPR) Spectroscopy.
V = (2k;kK;[HRP][substrate][HO,])/ EPR spectra of HRPs were measured on a Varian E-12

{(kik; + kikg)[H,O,] + KoKg[substrate]) (4) spectrometer equipped with an Oxford ESR-900 liquid
helium cryostat. Measurements were carried out at the
Peroxygenase Aclity: Sulfoxidation of ThioanisoleThe X-band (9.22 GHz) microwave frequency at 5 K. The
reaction of the enzyme {110 M) and thioanisole (1 mM) sample concentration waa. 200uM HRPs and the volume
in 50 mM sodium phosphate buffer (pH 7.0) at 25®was was 100 mL. Compounds | of native and wild-type HRPs
initiated by the addition of kD, (1 mM). Incubation at 25.0  were prepared by adding a small excess gbo the ferric
°C was stopped at various time points, then the product wasresting states. Mutant compounds | were generated by
purified, followed by the analysis as described below. At adding 5 or 100 equiv of ¥D, to the ferric H42E or H42Q
first, the solution was extracted with GEl, and acetophe-  mutant solution, respectively. The sample was frozen in
none was added as a standard to a final concentration of 0.1quartz EPR tubes by submersion in liquid nitrogen over a
mM. The extracts were concentrated nearly to dryness undermeriod of 1 min immediately after addition of,8, to native
a stream of argon. The residue taken up in the HPLC solventor wild-type HRP. For the mutants, the reaction mixture
was analyzed by isocratic HPLC on a Daicel chiral column was incubated for 10 min at room temperature to yield
installed on a Shimadzu SPD-10A spectrophotometer equippedenough amount of mutant compounds I. EPR spectra were
with a Shimadzu LC-10AD solvent pump system. The recorded at 5 K.
column was eluted with 85% hexane and 15% isopropyl Resonance Raman Spectroscopgsonance Raman spec-
alcohol at a flow rate of 0.5 mL/min. The HPLC effluent tra of HRPs were recorded with excitation fromKon laser
was monitored at 254 nm. The retention time for $end (Spectra Physics, Model 2016), using the 406.7 and 413.1
Risomers of methyl phenyl sulfide were 21.1 and 24.7 min, lines, and from He/Cd laser (Kinmon Electrics, Model CD
respectively. The methylphenyl sulfide enantiomers were 1805B), using the 441.6 nm line. The resonance Raman
identified by chromatographic comparison with autheri®e ( scattering was detected with a photodiode array (PAR
methyl phenyl sulfide and racemic methyl phenyl sulfide. 1421HQ) attached to a charge-coupled device (CCD) (PAR
The linearity of the relationship between time and product 1530-CUV) attached to a single monochrometer (Chromex
formation was confirmed in the assay. In the control 2510S). The slit width used here was 14f. Resonance
experiments, thioanisole was oxidized nonenzymatically at Raman spectra were acquired with a spinning quartz cell at
a rate of 0.6 pmol g at 25.0°C. This background level room temperature, except for compound Il. The measure-
has been subtracted from the experimentally determinedments for compound Il were acquired at about 10 by
values in calculating the enzymatic rates and enantiomericflowing cooled nitrogen gas to the sample cell. The
excesses. frequency calibration was performed with indene (50650
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Table 1: Elementary Reaction Rate Constants(st?) of Native,
Wild-Type, H42E and H42Q HRPs at pH 7.0 and 25®

Table 2: Peroxygenase Activities (nmbk™ umol™?) of Native,
Wild-Type, H42E and H42Q HRPs at pH 7.0 and 25®

HRP ki ko (quaiacol) k; (ferrocyanide) ka2 HRP thioanisole (%S) styrene (%S)
native 14x 100 6.9x 1¢° 2.8x 10° 1.3x 1 native 8.0 (52) trace
wild-type 1.4x 10° 5.9x 1C° 5.4x 10° 1.2x 1¢° wild-type 48 (61) 0.057 (15)
H42E 49%x 100 7.7x 10° 7.2x 10° 7.9%x 10° H42E 2.6x 1C° (45) 40 (15)
H42Q 9.6x 10t  NDP ND ND H42Q 16 (36) 0.69 (53)

aks was determined with guaiacol as a reductamD denotes not
determined.

cm™1) or carbon tetrachloride (266600 cm'?) as a standard.
Native and wild-type compounds Il were prepared by adding
a slight excess of pD, to the ferric solutions. H42E and

ferrocyanide, which is only an electron donor to HRP. The
k. value for native HRP (6.% 10° M~ s71) to guaiacol is
approximately in accord with the values reported by Yamaza-
ki et al. (1973) (9x 1C° Mt s™1). In contrast to thek;
value, thek; value for the reaction of H42E mutant with

H42Q compounds Il were prepared by addition of 5 and 100 guaiacol (7.6x 1° M~ s™1) were not so much different

equiv of HO,, respectively. Sodium phosphate buffer at
pD 7.0 and borate buffer at pD 10.0 were used in the
measurements. 4O, was prepared frorfO, as described

from those of native and wild-type HRPs. Deviations in the
k. value for the H42E mutant to ferrocyanide (8<7 1P
M~ s™1) from those for native (2.& 10° M~ s™1) and wild-

by Sawaki and Foote (1979). Ferrous HRPs were preparedtype HRPs (5.4x 10° M~1 s1) were also small.k, values

by addition of a small volume of a freshly saturated sodium

for the H42Q mutant could not be obtained due to the

dithionite solution to degassed ferric solutions. The pH value extremely lowk; value.

in the HRP solution was exactly corrected after the addition
of the sodium dithionite solution. A cyanide-ligated form
of HRP was prepared by mixing 100 equiv of potassium
cyanide solution with a ferric HRP solution in 50 mM sodium
phosphate buffer at pH 7.0. The pH value in the HRP

Since compound |l for the H42E mutant at neutral pH
was quite unstable (Tanaka et al., 1996), the reduction rate
of compound Il ks) could not be measured by the stopped-
flow technique. Théss value was estimated by eq 4 (Cormier
& Prichard, 1968; Hasinoff & Dunfold, 1970). The value

solution was not changed after the addition of the potassiumof the H42E mutant for guaiacol was decelerated t07.9

cyanide solution.

Redox Potential of P&/Fe* Couple. The redox poten-
tials of HRPs were monitored with platinum electrode and
a Shimadzu MPS-2000 UWis spectrophotometer. The

mediator used here was a mixture of safranine T, phenosa

franine, benzylviologen, ard-hydroxyphenazine. The ferric

1 M~1stas listed in Table 1.

Peroxygenation Actity. The sulfoxidation activity of
thioanisole was assayed, and the activities of HRPs are listed
in Table 2. The higher activity of wild-type HRP compared

“with that of native protein suggests that the glycosylation in

native HRP is an obstacle to the incorporation of a substrate,

HRPs were photoreduced in a 50 mM potassium phosphate,hich was supported by the low sulfoxidation activity of

buffer (pH 7.0) containing 50 mM EDTA (Makino et al.,
1982). The midpoint potential of HREf) was determined
from a plot of E, against the logarithm of percentage
reduction of HRP using eq 6 below (Yamada et al., 1975).
Eh -

E, + (RTAF)In{[oxidized HRP]/[reduced HRP] (6)

In the equation,y and F denote number of electron
involved in the redox reaction and Faraday constant,
respectively. The midpoint potential of HRP was corrected
by utilizing phenosafranine{252 mV) as a standard.

RESULTS

Peroxidase Actiity. The second-order rate constants for
the reaction with KO, or substrate were summarized in Table
1. The formation rates of compound k) for native and
wild-type HRPs (1.4x 10 M~! s7%) are in close agreement

polyhistidine-tagged HRP (Newmyer & Ortiz de Montellano,
1995). While the activity of the H42Q mutant was as low
as that of wild-type HRP, the H42E mutant aquired extremely
high activity (2.6x 10° nmol! st umol™?), and the activity
was superior to that of P450cam (58 nmios™* umol™?)
(Fruetel et al., 1994; Newmyer & Ortiz de Montellano, 1995).
The preferred enantioselectivities of the distal His mutants
were relatively low (H42E, 45%; H42Q, 36%) compared
with that of wild-type HRP (61%).

We also examined the epoxidation activity of styrene as
summarized in Table 2. The activity of wild-type HRP was
significantly higher than that of native enzyme, indicating
that the glycosylation affected the epoxidation reaction. The
H42Q mutant exhibited a little higher activity than wild-
type HRP, whereas H42E mutant was a much better
epoxidation catalyst than wild-type enzyme. The activity
of the H42E mutant (40 nmot st umol™?) is still higher
than that of P450cam (18 nmadls™! umol™1) (Fruetel et

with values reported by Smith et al. (1992). The replacemental., 1992; Newmyer & Ortiz de Montellano, 1995). The

of the distal His with Glu or GIn gave a substantial effect
on thek; value, depressing itto 4.8 103 or 9.4x 10t M1
s1, respectively. The; value for the H42E mutant was,
however, still significantly larger than that of another mutant,
H42Q. The H42Q mutant exhibited a very smiallvalue
as observed for H42L mutant in which the distal His was
substituted for Leu (Rodriguez-Lopez et al., 1996).

The reduction rate of compound KJ was examined by

preferredS enantioselectivity of styrene oxidation of the
H42E mutant (15%) is similar to that of wild-type HRP
(15%), while that of the H42Q mutant showed the quite
higher enantioselectivity (53%).

CD SpectroscopyFigure 2 depicts CD spectra of ferric
native, wild-type, H42E and H42Q HRPs, and Table 3
collects their-helical contents (%) from eq 5. The spectral
shapes of the mutant HRPs are almost identical to those of

using two types of substrates. One is guaiacol, which is a native and wild-type HRPs, and tleehelical content is also
proton and an electron donor to HRP, and another is insensitive to the amino acid substitution at the distal His as
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Ficure 2: Circular dichroism spectra of resting state native (thick

line), wild-type (thin line), H42E (broken line), and H42Q (dotted
line) HRPs in 50 mM sodium phosphate buffer at pH 7.0.

Table 3: Mean Residue Molar Ellipticities at 222 nm and Estimated
a-Helical Contents of native, wild-type, H42E and H42Q HRPs in
their Resting States

HRP —[9]222 x 10742 o-helix (%)
native 1.37 37
wild-type 1.45 40
H42E 1.39 38
H42Q 141 39

aMean residue ellipticity in deg chrdmol.

1 T T T
1650 1600 1550 1500 1450 1400
Raman Shift (cm™)

Ficure 3: Resonance Raman spectra of resting state of (a) native,
(b) wild-type, (c) H42E, and (d) H42Q HRPs at pH 7.0 by 406.7
nm excitation. Laser power, 10 mW; accumulation time, 4 min;
enzyme concentration, 3M.

listed in Table 3. These results indicate that the mutants
are refolded properly as is native enzyme.
Resonance Raman Spectroscopihe high-frequency
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also encountered in F41V and F41W mutants (Smulevich et
al., 1994), which contain the 6-coordinate high-spin (6-cHS)
species in their resting states.

Figure 4 provides resonance Raman spectra of native, wild-
type, and mutant compounds Il with 406.7 nm excitation.
The Raman band at 775 cfin the spectrum of native HRP
has been attributed to the'F==0 stretching vibration mode
in compound Il. The corresponding stretching mode was
observed at 789 cm for the mutants (Figure 4A). Although
the isotope shift forf®O was not clear in Figure 4B, the
difference spectra (Figure 4C) clearly show that the mutation
induces an upshift of there—o Raman band from 776 crh
(native and wild-type HRPs) to 788 cth The Raman shifts
of the mutants at pD 7.0 were comparable with that of native
HRP at pD 10.0 (785 cni) (data not shown). The intensity
of the ¥e—=0 Raman line in mutant compounds Il is small,
corresponding to the destabilized compounds Il at neutral
pH as previously reported (Tanaka et al., 1996).

Figure 5 illustrates resonance Raman spectra of (ANC
(B) C*N-ligated states, and (C) their difference spectra with
413.1 nm excitation. The Raman band at 451 tof native
cyanide-ligated HRP has been assigned to the axialdf¢
stretching Raman frequency (Al-Mustafa & Kincaid, 1994).
Although the corresponding Raman bands for the cyanide-
ligated H42E and H42Q mutants were almost diminished,
as shown in Figure 5A, the difference spectra (Figure 5C)
clearly showed an isotope shift of thetFEN mode. The
Raman shifts in the H42E (443 c’) and H42Q (443 cm)
mutants were lower by about 13 cithan those in native
(456 cmrl) and wild-type (456 cmt) HRPs, indicating the
significant perturbation of the FeCN bond in cyanide-
ligated forms of the mutants. Such a lower frequency was
also found for native HRP at high pH (444 chat pH 12.5),
where the distal His does not make a hydrogen bond with
the heme-bound cyanide due to deprotonation of the distal
His (Al-Mustafa & Kincaid, 1994).

Figure 6 displays the low-frequency region in resonance
Raman spectra of ferrous HRPs with 441.1 nm excitation.
The spectra of reduced native and wild-type HRPs are
characterized by a strong band at 242 ¢mvhich has been
assigned to the stretching mode between the ferrous iron and
the N atom of the anionic proximal imidazole (His 170)
(Teraoka & Kitagawa, 1981). In the spectra of the H42E
and H42Q mutants, the Raman band of FElis exhibited
downshift by 3 cm?, indicating that the Pe-His bond in
the ferrous states of the mutants is weakened by the amino
acid substitution at the distal His, while all other bands did
not exhibit a detectable frequency shift.

The pH-dependent profile of EeHis bond is shown in
Figure 7, and the I, values are summarized in Table 4.
The K, values for native (7.4) and wild-type HRPs (7.0)
correspond to the value (7.17) reported by Teraoka and
Kitagawa (1981). Although thelky value for the H42E
mutant might not be so accurate due to small pH dependence
of the F¢ —His Raman frequency, thekp value (4.6) was

region of the resonance Raman spectra of the resting stateapparently decreased from that of wild-type HRP (7.0). Since

HRPs by 406.7 nm excitation is shown in Figure 3. As
previously reported for native HRP (Smulevich et al., 1994),
the characteristic bands at 1499, 1572, and 1629 dras
been assigned to the 5-coordinate high-spin state (5-cHS)

the K, value has been considered to be correlated with the
basicity of the distal His (Teraoka & Kitagawa, 1981; Mukai
et al., 1997), the basicity of the distal Glu in the H42E mutant

was substantially depressed relative to those of the distal His

In the spectra of the H42E and H42Q mutants, extra Ramanin native and wild-type enzymes. We could not determine

bands at 1485, 1563, and 1623 ¢nappeared in thes, vy,
andvc—c regions, respectively. These spectral features were

the K, value for the H42Q mutant due to the unclear
sigmoidal curve in the pH titration.
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EPR SpectroscopyFigure 8A presents EPR spectra of of ferric high-spin species. The broad signabat 2 was
resting states of HRPs. Native and wild-type HRPs exhibited clearly detected in both of the mutant compounds I, indicat-
almost identical spectral basis with prominent rhombic high- ing that the mutants can yield compound I. An additional
spin splitting. The splitting for the H42E and H42Q mutants peak atg = 4.3, arising from the degraded heme, appeared
was smaller than those of native and wild-type HRPs, in the EPR spectrum of the H42Q mutant.
implying some improvement of the symmetry around the  Redox Potential of Pé/Fe** Couple. The redox poten-
heme in the mutants, probably due to contribution of 6-cHS tials of F&t/Fe*t couple are compiled in Table 5. The value
species. EPR spectra of compounds | were illustrated inof —260 mV of native enzyme coincided with the value
Figure 8B. A broadened featureless pealgat 2 in the (—278 mV) reported by Makino et al. (1975). The redox
spectra of native and wild-type compounds | have been potentials of the mutant HRPs (H42E278 mV; H42Q,
attributed to the porphyrim-cation radical (Schulz et al., —260 mV) were almost the same as those of native and wild-
1979), and a peak gt= 6 is derived from a small component type HRPs, suggesting that the electronic donation from
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Table 4: X, Value of Distal Residues in HRPs Proved by
pH-Dependent Resonance Raman Shift df-Rdis Bond

HRP Ka
native 7.4
wild-type 7.0
H42E 4.6
H42Q ND*

aND denotes not determined.

proximal His to the heme iron in the mutants is quite similar
to that of native HRP in the resting state.

DISCUSSION

Peroxidase Actiity. As listed in Table 1, one of the most

sodium phosphate buffer at pH 7.0.

Table 5: Redox Potential (F&Fe*™ Couple) of Native, Wild-Type,
H42E and H42Q HRPs

HRP En/mV
native —266
wild-type —258
H42E —258
H42Q 277

Scheme 2: Plausible Mechanism for Compound | Reduction
(Dunfold, 1991)

Nt N N
N H r'.

HoA (_ AH v - AH
[0} o [0}
o |l +o I I
+_Fe4+_ e Fot —=Fetm
| | |
His His His

mutant is the preferential depressiorkpndks. k; is almost
insensitive to the amino acid replacement of the distal His
by Glu. Thek; process, which corresponds to the reduction
of the compound |, has been considered to proceed as
Scheme 2 (Dunfold, 1991) and consists of the two steps
proton abstraction of the substrate and electron transfer. In
native HRP, the electron transfer step is the rate-determining
step (Job & Dunfold, 1976). Since tHe for the H42E
mutant was not affected by the amino acid substitution at
the distal position, the electron transfer process is independent
of the mutation and still the rate-determining step. This
finding is not so surprising, since the distal amino acid
residue would not directly contribute to the electron transfer
step as manifested in Scheme 2. It should be noted that the
rate-determining step for the reaction by the H42E mutant
is also the electron transfer step, which suggests that the
proton abstraction by the distal Glu does not retard seriously.
On the other hand, tHa value of H42E mutant decreased
greatly compared with those of native and wild-type en-
zymes. In thek; process (Scheme 1), formation of the
heme-H,O,—distal His ternary complex has been considered

characteristic features in the peroxidase reaction of the H42Eto be a key step to yield compound | as well as the proton
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abstraction by the distal amino acid residue (Dawson & Sono, of CPO showed that the distal Glu is fixed in the position
1987; Dunfold, 1991; Newmyer & Ortiz de Montellano, by a hydrogen bond with an adjacent His (Sundaramoorthy
1996). Sincek; for the H42E mutant indicates that the et al., 1995), as expected for native HRP (Nagano et al.,
proton-abstraction step is not dramatically perturbed by the 1995, 1996). In our previous studies (Nagano et al., 1995,
mutation, it is plausible that the ternary complex as the 1996), the breakage of the hydrogen bond between the distal
reaction intermediate is unstable, resulting in the large His and Asn70 in HRP induced severe functional defects in
deceleration in thég process. The destabilization of the peroxidase activity. Therefore, the hydrogen bond which
ternary complex in the H42E mutant is suggested by the fixes the distal catalytic amino acid residue in peroxidase is
resonance Raman spectra. As Figure 7 and Table 4 indicatecrucial to locate the distal amino acid residue at the optimal
the K, for the H42E mutant is lower than that of the parent position to play a role of a general acid-base catalyst. If the
enzyme, which corresponds to the lower basicity of the distal distal Glu in the mutant HRP is fixed at the optimal position
Glu (Mukai et al., 1997) and would destabilize the ternary by such a hydrogen bond like in CPO, the distal Glu would
complex. The higher frequency shift of heme-bound cyanide work as a more efficient general acid-base catalyst and the
(Figure 5) for the H42E mutant also implies that the hydrogen reaction rate with KO, could be improved.

bond between the bound cyanide and the distal amino acid ¢ ks value, the reduction rate of compound I, of the

residue, which would stabilize the ternary complex, was a2 mutant was also discouraged by the mutation. One
disrupted in the mutant. i of the factors to determine the reaction rate for the reduction
‘The heme environmental structure around the proximal o¢ compound Il is reduction potential for compound II.
His would be also one of determinants to the rapid reaction accelerated electron transfer from a substrate to compound
of peroxidase with KO, (Vitello et al.,, 1992). The strong | \yas observed for the peroxidase reaction mediated by
electron donation from anionic proximal His to hemieon — Arthromyces ramosyseroxidase (Farhangrazi et al., 1994),
facilitates the cleavage of thgﬂD bond in thek; process which has high reduction potential for compound Il. The
(Dunfold, 1991). The stretching mode betweeti Bed the | pp mytants (N70V and N70D) we prepared in the previous
proxmal His (Flgure_ 6) suggested that thg eIecFron donapon study (Nagano et al., 1996) also exhibited high reduction
in the H42E mutant is smaller than those in native and wild- ,tenial for compound 11 and thereby promoted the electron
type enzymes. However, such alittle downshift of theton  yanefer step. Although the exact reduction potential of the
His stretching mode is encountered for our prévious mutantsy45e compound I could not be determined due to instability
(Mukai et al., 1997), in whiclk valu:}z were not depressed 5 naytral pH, the time-dependent profile of BVis spectra
SO much as the H42E mutant. In tF NMR spectrum of in the reaction of ferric H42E with D, suggested that the
the ferric H42E mutant, the chemical shift ofs from reduction potential of H42E compound Il is also much higher
proximal His was identical to that from wild-type HRP, than wild-type compound Il (Tanaka et al., 1996). The

indicating that the electronic structure around the proximal ¢q,,ction potential for H42E compound Il, therefore, cannot
His is not changed (Tanaka et al., 1996). These observatlonbe responsible for the decrease of kgealue in the mutant.

shows that the electron donation from proximal His is not )
responsible for the decrease in the reaction rate witb,H The other key factor for thés process is the hydrogen
in the H42E mutant. bond between a ferryl oxygen in compound Il and théiN

Although the heme environmental structure of the H42E atom of distal His, which has been believed to enhance the
mutant is almost the same as that of native enzyme, it is reactivity of compound Il with a substrate (Sitter et al., 1985;
evident that the distal Glu cannot be fixed at the optimal Makino et al., 1986). As shown in Figure 4, the"eO
position for the stable ternary complex formation by the Strétching Raman frequency for tlhe_ H42E mutant was
interaction from the other amino acids. As we reported ObServed at 789 cm, which is 14 cm* higher than that for

previously (Nagano et al., 1995, 1996: Tanaka et al., 1997)’native HRP. This shift corresponds to cIeavagg of the
the mutation which perturbs interactions fixing the distal His Nydrogen bond between the ferryl oxygen and the distal Glu,

at the optimal position for the peroxidase reaction drastically Since the Raman shift of the H42E compound II at neutral
depressed the reaction rate of theprocess, even though pH was comparable to that of native compo_und Il at alkaline
the mutant has the distal His. In addition, our preliminary PH. in which the hydrogen bond was disrupted due to
X-ray crystal analysis of the H42E mutant also suggested deprotonation of the distal Hls. In d|acetylheme-subst|tqted
that the distal Glu moved away from the heme relative to HRP, the FE=O stretching Raman frequency for its
the distal His in native enzyme. In particular, it would be compound Il is 9 cm* higher than that of native enzyme
noteworthy that the position of the.@tom from the distal compound Il and exhibits lower reactivity (Makino et al.,
Glu, which would be essential to form the formation of the 1986).

ternary complex in the reaction, is quite different from that  The absence of the hydrogen bond between the distal
of the N. atom from the distal His in the parent enzyme. In amino acid residue and an ferryl oxygen on the heme iron
the H42E mutant, therefore, we can conclude that the was also encountered for the mutants (N70V and N70D)
deceleration in thé process is originated from not only lacking the interactions to fix the distal His (Mukai et al.,
the less basicity but also the improper position of the distal 1997). In these mutants, less basicity and improper orienta-
Glu for the formation of the stable ternary reaction inter- tion of the imidazole ring of the distal His disrupt the

mediate. hydrogen bond to the ferryl oxygen. Thus, it is most likely
It is also of interest that thkg value for CPO, in whicha  that the less basicity and positional change of the distal
Glu residue is located at the distal cavity, is 2310° M~1 residue found for the H42E mutant weaken or disrupt the

s (Sun et al., 1994), which is much higher than that of the hydrogen bond between the ferryl oxygen anti@tom of
H42E mutant (4.9x 10° M~1 s7%) and comparable to that the distal Glu residue, which led to the retardation of the
of native HRP (1.4x 10° M~ s71). The crystal structure  reaction rate with a substrate.
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Peroxygenase Aclity. In sharp contrast to the decreases in the distal cavity is also requisite to promote the epoxidation
in peroxidase activity by the replacement of the distal His reaction. In other words, the formation of compound | is a
with Glu, the peroxygenase activities of the H42E mutant crucial step for styrene epoxidation as well as the accessibility
significantly increased (Table 2). The thioanisole sulfoxi- of the substrate.
dation rate increased 50-fold for the H42E mutant and the In summary, we have demonstrated that the distal Glu can
activity of styrene epoxidation was enhanced by approxi- play a role as a general acid-base catalyst in the peroxidase
mately 3 orders of magnitude. Such an enhancement inand peroxygenase reaction, in spite of the low basicity and
peroxygenase activity was also reported in the HRP mutantsimproper orientation of the Glu residue. Another charac-
bearing a small-size amino acid residue at the distal cavity teristic feature in the function of the mutants is the enhance-
(Newmyer & Ortiz de Montellano, 1995). These mutations ment of the peroxygenase activity, due to the enlarged distal
make the ferryl oxygen more accessible to thioanisole or cavity caused by the amino acid substitution. These obser-
styrene oxide and thereby facilitates ferryl oxygen transfer vations indicate that the distal amino acid residue is essential
to the substrates (Newmyer & Ortiz de Montellano, 1995). for function of peroxidases and subtle conformational
In this study, the replacement of the His residue by Glu, changes around the distal cavity would control the catalytic
which has smaller van der Waals volume (85.% cnol™?) reactions in peroxidase.
than that of His (98.8 cAmol™1), enlarged the distal cavity
in the H42E mutant. The enlarged distal cavity for the H42E ACKNOWLEDGMENT
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