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ABSTRACT. One of the highly conserved amino acid residues in the heme distal site of various fungal and
plant peroxidases, glutamic acid 64 (Glu64) in horseradish peroxidase (HRP), interacts with a distal calcium
ion through a hydrogen bond with a water molecule and its peptide carbonyl oxygen on the main-chain
forms the hydrogen bond network to the distal His via the adjacent Asn residue, suggesting that the Glu
residue is related to the stabilization of the calcium ion and catalytic activity of peroxidase [Nagano, S.,
Tanaka, M., Ishimori, K., Watanabe, Y., and Morishima, I. (19B&)chemistry 3514251-14258]. To

perturb the hydrogen bond with the adjacent Asn, we replaced the Glu with Pro (E64P) or Gly (E64G),
which would alter the configuration of the main chain at position 64. Both of the mutants exhibited
substantially depressed oxidation activities for hydroquinone and elementary reaction rates in the catalytic
cycle. However, the E64S (Glu64 Ser) mutant, in which the configuration of the main chain and the
hydrogen bond with Asn70 would not be affected but the interactions with the calcium ion are seriously
perturbed by removal of the carboxylate, also showed quite low catalytic activity as observed for the
E64P and E64G mutants. Spectral features for the E64S mutant are similar to those of the other mutants:
the reorientation of the distal His, disruption of the hydrogen bond between the distal His and Asn70, and
loss of the calcium ion. Thus, we can conclude that, in addition to forming the hydrogen bond network
in the distal site, the Glu residue is a key residue for stable binding of the calcium ion, which maintains
the structural integrity of the distal cavity, resulting in high peroxidase activity.

Peroxidases are a group of heme-containing enzymes thahas been considered to be shared with that of peanut
catalyze the reduction of peroxides at the expense of electrongeroxidase (PnP) (Figure 12)( since both of them belong
donated by a wide variety of organic and inorganic reduc- to the same class of peroxidase. Among several amino acids
tants. One of the most intensively studied members of this in the active site, a key catalytic residue is the distal histidine
enzyme superfamily is horseradish peroxidase (HRP). Upon(distal His). On the basis of the X-ray crystal structure of
addition of hydrogen peroxide, the resting ferric HRP cytochromec peroxidase (€P), Poulos and Kraut 3]
undergoes a two-electron oxidation to yield an intermediate proposed that a major role of the distal His is as a general
termed compound I. The iron of the HRP compound | is in acid—base catalyst in the formation of compound I. Ex-
the ferryl state and is magnetically coupled to the porphyrin perimental support for this catalytic role has recently come
mr cation radical {). Compound | reverts to the resting from the site-directed mutagenesis of”Cand HRP. The
enzyme via two sequential one-electron reactions with replacements of the distal His by Leu ircf’Z @, 5) and by
reducing substrates. The first reaction yields a secondAla, Val (6), or Leu (7) in HRP gave a pronounced effect
intermediate, compound II, an oxyferryl heme without a free on the rate of compound | formation, the apparent bimo-
radical. Another one-electron reduction by a second reducinglecular rate constant being decreased by65orders of
substrate completes the catalytic cycle by converting com- magnitude. The catalytic activities of these mutants were
pound Il to the resting state. suppressed due to the deceleration of the reaction rate with

Although the X-ray crystal structure of HRP has not been H,0,, demonstrating that the distal His is the most essential
published yet, the heme environmental architecture of HRP amino acid residue for peroxidase activity.

Y Thi . ed b e inaid 1 — H As shown in Figure 1, the distal His hydrogen-bonds with
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Ficure 1. Heme environmental architecture of PnP. Amino acid
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Glu residue. Glu64 in HRP was substituted for Pro (E64P)
and Gly (E64G) to perturb the configuration of the main
chain at position 64, which is expected to alter the position
of the peptide carbonyl oxygen of the Glu residue hydrogen-
bonded to Asn70. We also introduced a Ser residue into
the Glu64 position, in which the configuration of the main
chain and the hydrogen bond with Asn70 would not be
affected, but the interactions with the distal calcium ion are
seriously perturbed as is for the E64P and E64G mutants.
The catalytic activities and structural properties of the Glu64
mutants were examined by utilizing various spectroscopies
including CD,*H NMR, resonance Raman, and ICP emis-
sion.

EXPERIMENTAL SECTION

Expression and Purification of Recombinant HRFSste-
directed mutagenesis was performed by using the T7 HRP
expression vector constructed by Nagano etl&). (Double-
stranded DNA sequence analysis with a 373 DNA sequencer
(Applied Biosystems) verified introduction of the mutation
without additional mutations in the whole HRP-coding gene.

The wild-type and mutant HRPs were expressed in

numbering is for PnP, and the numbers in parentheses denote théEscherichia coli(BL21 strain), and apoHRP was extracted

numbering for HRP. Some key hydrogen bonds in the crystal
structure are shown as dashed lines.

In the previous study, Asp70 in the N70D mutant did not

from the inclusion bodies as reported previoudlg)( Heme
reactivation of apoHRP in the presence of calcium ion and
purification of holoHRP were described elsewhet8)(RZ

form a hydrogen bond with the distal His as did Val70 in gjyes of the purified wild-type and mutant HRPs were about
the N70V mutant, although the Asp residue has a carboxyl 32 and 2.8, respectively. Peroxidase concentration was

group that can make a hydrogen bond witfH\bf the distal
His. It should be noted here that, in the X-ray crystal
structure of PnP2), Asn70 in HRP forms hydrogen bonds
not only with the NH of the distal His but also with the
peptide carbonyl oxygen of Glu64 (Figure 1), which is also
highly conserved in peroxidase®, 8—14). Therefore, it is
most plausible that Asn70 is fixed at the optimal position
for the hydrogen bond with the distal His by the Glu64
Asn70 hydrogen bond in peroxidases. Inthe N70D mutant,

the hydrogen bond between Asp70 and Glu64 would be

disrupted due to the amino acid substitution at position 70
and the large perturbation of the Glu6Asp70 interactions
would cause the positional change of Asp70, resulting in
the breakage of the HisAsp hydrogen bond. Together with
the catalytic and structural alterations in the N70D mutant,
we have proposed that Glu64 is one of the crucial amino
acid residues to improve peroxidase activity by controlling
the basicity and orientation of the distal His through the
Glu64—Asn70-His42 hydrogen bond network in the heme
distal site (6, 18.

In addition to forming the hydrogen bond with the amino

estimated by the pyridine hemochrome form at the Soret band
(24). The extinction coefficients were 103, 94, 96, and 95
mM~t-cm™! for wild-type, E64P, E64G, and E64S mutant
HRPs, respectively.

Circular Dichroism (CD) SpectroscopyCD spectra of
HRPs were acquired on a Jasco J-720 CD spectrometer at
ambient temperature. Mean residudnelical contentsf(;)
were evaluated from the mean residue ellipticity at 222 nm
by eq 1 @5). CD spectra reported in this paper were an

1)

average of eight scans recorded at a speed of 100 nm/min
and a resolution of 0.2 nm.

Proton Nuclear Magnetic Resonancél(NMR) Spectros-
copy. 'H NMR measurement was performed on a Bruker
Avance DRX500 spectrometer. All of thel NMR spectra
of ferric- and cyanide-ligated HRPs were recorded at 17.0
°C. Concentration of the samples for th& NMR measure-
ments was~0.5 mM in 90% HO or 100%?H,0 containing
50 mM sodium phosphate buffer, pH(D) 7.0. The pH for

f, = —([6] 5, + 2340)/30300

group in Asn70, the carboxylate in the side chain of Glu64 the enzyme solution was measured with a Beckman model
interacts with a distal calcium ion through hydrogen bonds 3550 pH meter. The pD value was adjusted by using 10 N
mediated with a water molecule (Figure 1). The distal NaOD and was not corrected for the isotope effect. Peak
calcium ion in HRP is closely implicated with stabilization shifts were referenced to the residual water signal, which is
of protein structure and oxidation activity, since apoHRP is calibrated against tetramethylsilane (TMS).
not properly refolded in the absence of the calcium idrg ( Resonance Raman Spectroscopgsonance Raman spec-
and removal of the bound calcium ions from native HRP tra of HRPs were recorded with excitation from a"Kon
results in a large decrease in peroxidase activity and thermallaser (Spectra Physics, model 2016) using the 406.7-nm line
stability 20—23). These observations imply that the Glu and from a He/Cd laser (Kinmon Electrics, model CD
residue controls the catalytic activity by stabilizing the distal 1805B) using the 441.6-nm line. The resonance Raman
calcium ion as well as by forming the hydrogen network in scattering was detected with a charge-coupled device (CCD)
the heme distal site. (PAR 1530-CUV) attached to a single monochromator (Ritsu
In the present study, we have prepared three HRP mutantsOyo Kogaku, DG-1000). The spectral slit width wag50
in order to elucidate the catalytic and structural roles of the um. Sample solutions in a spinning quartz cell were cooled
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by flushing cold nitrogen gas. The frequency calibration was
performed with indene (660900 cnt?) or carbon tetrachlo-
ride (200-400 cm!) as a standard. Wild-type and mutant
compounds Il were prepared by adding a slight excess of
H,0, to the ferric solutions. Buffer systems used here were
sodium phosphate buffer at pD 7.0 and borate buffer at pD
10.0. K0, was prepared frotfO, as described by Sawaki
and Foote 26). Ferrous HRPs were prepared by adding a
small volume of a freshly saturated sodium dithionite solution
to degassed ferric solutions.

Determination of Calcium ConcentrationCalcium ion
in HRPs was quantified by ICP emission spectroscopy
(Thermo Jarrell Ash ICAP-500, Franklin, MA). A15uM
HRP solution was utilized to analyze the amount of calcium
ion. The concentration of HRP was determined by the
absorbance at the Soret band in the-ti¥sible spectrum.

Reaction with HO,. Wild-type and mutant HRP com-
pounds | were generated by adding a small excess,06 H
to the ferric enzyme solution. Turnover of the ferric enzyme
was monitored at various time points on a Shimadzu UV-
2200 spectrophotometer at 2G.

Peroxidase Actiities. For hydroquinone oxidation, HRP
was added to a solution containing B H,0, and 5-200
uM hydroquinone in 50 mM sodium phosphate buffer, pH
7.0 and the final concentration of HRPs was 5 nM. To

Biochemistry, Vol. 37, No. 8, 1998631

Table 1: Mean Residue Molar Ellipticities at 222 nm and Estimated
a-helical Contents of Wild-Type, E64P, E64G, and E64S HRPs in
Resting States

HRP —[6]222 x 1074 o-helix (%)
wild-type 1.45 40
E64P 1.48 41
E64G 1.42 39
E64S 1.52 42

aMean residue ellipticity in degm?-dmol2.

equation,y andF denote the number of electrons involved
in the redox reaction and the Faraday constant, respectively.
The midpoint potential of HRP was corrected by utilizing
phenosafranine{252 mV) as a standarc().

RESULTS

CD Spectroscopy A CD spectrum in the far-UV region
provides us with information about the secondary structures
in a protein 81). The a-helical content can be estimated
by using the molar ellipticity at 222 nm (eq 135). All of
the mutants exhibited similar spectral patterns, which were
indistinguishable from that of wild-type HRP (data not
shown). Table 1 collects the-helical contents of the HRPs
calculated from eq 1. The-helical contents of the mutants

determine the oxidation rate, the absorbance at 250 nm wagnere in good agreement with that of the parent enzyme. This
monitored on a Shimadzu UV-2200 spectrophotometer at 25result together with the similarity of the UwWisible absorp-

°C. For 2,2-azidobis(3-ethylbenzothiazoline-6-sulfonic acid- tion spectra between the mutant and wild-type HRPs (data
Ydiammonium salt (ABTS) oxidation, the HRP sample was not shown) suggests that all of the mutants were properly

added to a solution containing 1.0 mM® and 25-900

uM ABTS in 50 mM sodium phosphate buffer, pH 6.0, to a
final concentration of 1 nM. The initial oxidation rate was
determined by following the increase of the absorbance at
405 nm at 25°C. The oxidation rates were expressed as
micromolar per minute by using molar absorption coefficients
of the oxidation products of hydroquinone (8.28 minem™1)

(27) and ABTS (36.8 mM*-cm™) (28). Kinetic parameters,

Km andVmax Were obtained from the initial oxidation rates,
kint, and concentration of substrate, [S] (eq 2).

Kint = (Vinad SD/(Kiy + [S]) ()

Elementary Reaction Rates in the Catalytic Cydi®rma-
tion and reduction of compound I, and reduction of com-
pound Il under pseudo-first-order condition, were monitored
on a stopped-flow spectrophotometer (Unisoku) at@5n
50 mM sodium phosphate buffer, pH 7.0. More than a 10-
fold excess of HO, or guaiacol relative to the HRP
concentration («M) was utilized to ensure pseudo-first-
order kinetics. The elementary reaction rate&,0k,, and

refolded as was the wild-type enzyme.

IH NMR SpectroscopyWe utilized'H NMR spectroscopy
to investigate heme environmental structures of HRPs.
Figure 2 displays hyperfine-shiftéti NMR spectra of the
resting states for the wild-type and mutant enzymes in 90%
H,0/10%2H,0 at 17.0°C. For the wild-type enzyme, four
peaks, which have been assigned to the heme peripheral
methyl groups, were observed at 84, 76, 72, and 56 ppm
(5-, 1-, 8-, and 3-methyl groups}2, 33. It is noteworthy
that all the ferric mutants exhibited similar spectral features
and their hyperfine-shifted resonances from the methyl
groups of the porphyrin ring appeared at 82, 80, 69, and 58
ppm (Figure 2). Although the resonance positions of the
signals were slightly shifted, the average position of the four
methyl resonances (72 ppm for the wild-type enzyme) was
not changed by the mutation (72 ppm for the Glu64 mutants),
suggesting that the geometry of the heme is almost similar
(34). A small resonance at 101 ppm for wild-type HRP,
which has been assigned tgHN of the proximal His (His
170) 32, 33, was also found at the same position for the
mutant enzymes. The coordination structure of the proximal

ks were determined by the absorbance change at 395, 412His to the heme iron was not perturbed.

and 424 nm, respectively.

Redox Potential of P&/Fe*" Couple. The redox poten-
tials of HRPs were monitored with platinum electrode on a
Perkin-Elmer Lambda 19 U¥visible spectrophotometer.
The photoreduction of the ferric HRPs was performed as
previously reportedi®). The midpoint potentialy) of HRP
was estimated from a plot df, against the logarithm of
percentage reduction of HRP using eq 39( In the

E, = E, + (RTAF) In{[oxidized HRP)/
[reduced HRP] (3)

To gain further insight into the heme environmental
structure, we measured thel NMR spectra of cyanide-
ligated HRPs. Figure 3 depicts the hyperfine-shifted region
of the cyanide-ligated wild-type and Glu64 mutant HRPs in
90% H0/10%2H,0 at 17.0°C. As shown in this figure,
the amino acid substitution at Glu64 induced some significant
spectral changes, while all the mutants examined here showed
an almost identical spectral pattern. Although the signal
assignments have not yet been done due to the limited
amount of the mutant proteins, the high similarity of the
NMR spectra between the Glu64 mutants and our previous
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resting states of (a) wild-type, (b) E64P, (c) E64G, and (d) E64S ppm from TMS

HRPs in 90% HO/10%2H,0 buffer, pH 7.0 at 17.0C. ) . . )
Ficure 3: H NMR spectra in the hyperfine-shifted region of

. . cyanide-ligated (a) wild-type, (b) E64P, (c) E64G, and (d) E64S
mutant, N70D, allowed us to assign some NMR signals t0 [irpsin 90% HOI10%?2H,0 buffer, pH 7.0 at 17.6C. The signals

the heme peripheral groups and amino acid residues neag sndb are assigned to J# and NH of the distal His, respectively
heme iron. Inthe N70D mutant, the isotope and NOE effects ) _ -
on the hyperfine-shifted NMR signals were utilized to assign Shift with the mutation. Assignments for the specific res-
the resonancesl®). A broad signal at 16.6 ppm in the onance$ of the mutant enzymes are compiled in Table 2.
spectra of the Glu64 mutants disappeared in the deuterated Resonance Raman Spectroscopygure 5 shows reso-
buffer (Figure 4), which corresponds to,il of the distal ~ nance Raman spectra of wild-type and mutant compounds
His in the N70D mutant¥8). The peak intensity of a signal Il Wlth 406.7-nm excitation. The_spectra were acquired by
at 25.7 ppm (3-methyl group) in the spectra of the mutants Using?H20 buffer to enhance the intensity of the Fe(#
was notably decreased in the deuterated buffer (Figufe 4), Raman band, as reported previously)( The Raman band
suggesting that a resonance derived frophi I9f the distal @t 775 cmit in the spectrum of the wild-type enzyme has
His was superimposed, which was also encountered for thebeen attributed to the Fe=0 stretching vibration mode of
N70D mutant {8). The NH resonance of the distal His in  compound Il 87). Though the corresponding stretching
the mutants exhibited an upfield shift of 6 ppm. In the high- Mode was obscure in the mutants, the difference spectra
field region, a broadened signal of the proximal HigiGn (Figure 5C) clearly showed that the mutation induced an
the mutants experienced a prominent large downfield shift Upfrequency shift of the Fe(I¥jO Raman band from 775
from —31.1 (wild type) to—20.9 ppm with the amino acid ~ (Wild type) to 782 cm* (mutants). The Raman shifts of
substitution (Figure 3). In addition, two resonances &t9 the mutants at pD 7.0 were identical \_Nlth that of the wild-
and—7.2 ppm, which have been assigned fgHGnd GH type enzyme at pD 10.0 (782 c®). Since the hydrogen
of the distal arginine (Arg38)35), were not detected in the ~bond between the ferryl oxygen and the distal ‘A(g8) is
mutants, probably due to the downfield shift to the unre- disrupted in the high-pH region in the wild-type enzyrB&)(
solvable region of the NMR spectra (data not shown). Such
prominent changes in the NMR signal were observed not 2®In the 'H NMR spectrum of a cytochrome peroxidase (CP)
only for the resonances from the amino acid residues near82D-CN mutant, one deuterium-sensitive resonance in the low-field
the heme iron but also for those from the heme peripheral {ﬁglo-n was assigned to the distal AGPY. However, resonances from

e distal Arg were not observed in the low-field region of tHENMR

group. The 8-methyl resonance experienced a large upfieldspectrum of HRP-CN35).
4 Although the distal Arg forms the hydrogen bond with the ferryl
oxygen in @P compound | 38), the K, value of the acig-base
2The integrated value of the peak at 25.7 ppm relative to that at transition for HRP compound Il (8.5 for HRP C and 6.9 for HRP Al)
26.8 ppm in the Glu64 mutants was decreased~6% in the would be in favor of the distal His as the hydrogen bond partner with
deuterated buffer. the ferryl oxygen 87, 39, 40.
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of PnP @). In sharp contrast to the wild-type enzyme, the
ICP emission experiment showed that only one calcium ion
binds to one molecule of the Glu64 mutants.

Reaction with HO,. As shown in Figure 7a, resting wild-

(@) type HRP reacts with a small excess of(d, decreasing
absorbance of the Soret band, which is characteristic of
compound I. In the absence of reductants, compound | was
gradually reduced to compound Il with a shift of the Soret
peak from 402 to 420 nm and finally reverted to the resting

(b) state. Compound | of the E64P mutant was also generated

and underwent reductions as depicted in Figure 7b. How-
ever, compound | of the mutant was easily reduced back to
the resting statedfax = 404 nm) via compound HAgax =

420 nm), relative to that of the wild-type HRP. The time

courses for the E64G and E64S mutants were quite similar
to that of the E64P mutant.

Peroxidase Actities. We examined the peroxidase activ-
ity of the mutants by use of two typical substrates, hydro-
quinone and ABTS. Hydroquinone donates both a proton
and an electron to the enzyme, whereas ABTS is only an
electron donorX6). The kinetic parameters for the reaction

(d) with hydroquinone and ABTS under steady-state conditions
are summarized in Table 4. The consequences of introducing
LA LB L BN RN AR IR the mutation at position 64 are dramatic. Upon oxidation
35 30 25 20 15 of hydroquinone¥Vmax values for all the mutants decreased
ppm from TMS by a factor of 20 for the mutants, compared with those of

FIGURE 4: H NMR spectra in the hyperfine-shifted region of wild-type HRP. The apparen,, values for the oxidation

cyanide-ligated (a) wild-type, (b) E64P, (c) E64G, and (d) E64S of hydroquinone were also reduced by the mutation. For

HRPs in 99%H.0 buffer, pH 7.0 at 17.0C. ABTS oxidation, howevery . values were significantly

increased relative to those of the parent enzyme. The
mutation decreased appardt values for the oxidation of

Table 2: Chemical Shifts (ppm) and Assignments of Heme and
Amino Acid Protons of Cyanide-Ligated Wild-Type, E64P, E64G,

and E64S HRPs at 17C ABTS ~8-fold.

assignment  wildtype E64P  E64G  E64S  NFOD Et'etmemart};] R?%‘?“%” Rlattes'[o c:?rr]ﬁy the e):fjects of tlheth

- mutation on the individual steps of the peroxidase cycle, the

Egmg ggg gé:g gg:; %g:? gg:? %g elementary reaction rates were examined With a stopped-
His170 CH -31.1 -204 —209 —-209 —182 flow spectrophotometer. The elementary reaction rates for
His42 N-H 31.8 25.7 25.7 25.7 25.5 the mutant and parent enzymes are listed in Table 5. The
His42 NyH 16.4 16.6 16.6 16.6 16.7 i ild-

His42 GH 133 121 121 151 131 forma7t|on_[atfa1 of cpmpound k{)_ for wild-type HRP (1.73

x 10" M~1.sY) is in accord with the value (1.4 10
* Measurement was performed at 230 (18). M~L-s71) reported by Smith et al2g). The replacement of

) ) Glu64 severely depressed tkevalue for all the mutants.
the hydrogen bond is not formed at neutral pH in the Glu64 11,4 reduction rate of compoundKyf was determined by
mutants. Such a higher wavenumber shift was also reportedusmg guaiacol as a reductant. Tkevalue for wild-type

for the HRP Asn70 mutant4.7), in which the hydrogen bond enzyme (5.3« 10° M~-s71) is virtually the same as the value

was missing at neutral pH. reported by our group (6.2x 10° M~%s%) (16) and

Figure 6 displays resonance Raman spectra in the 10W-v 4 mazaki and Yokotad@) (9 x 10° M~L-s71). The Glu64
frequency region of ferrous HRPs with 441.6-nm excitation. mutants exhibited-5-fold reducedk, values (Table 5).

The spectra of the reduced wild-type enzyme is characterized . . .
1 . . By using guaiacol as a reductant, the reduction rates of
?k?/ea}stsrter:z:%?nbarggdaé tz):t%veenvmlecperhrﬁﬁsbﬁgg ::é'?#ée:ntigmccompound Il k;)* were obtained. Ths value of the wild-
9 type HRP (3.6x 10® M~1-s71) was identical to the value

proximal imidazole (His 170)41). For the Glu64 mutants, . et

T . - previously reported (3x 1P M~1-s1) (43), whereas the
the Fé—His stretc_:hlng Raman_ ba_md.exh|b|ted a subtle mutations moderately depressed Kaevalues by 50%.
downfrequency shift to 239 cm, indicating that the Pe- Redox Potential of the PalFe** Couple The potentio-
His bond is slightly weakened, presumably because themetric titration curve for the P&/Fe™ couple by eq 3

proximal His has less anionic character. However, the Fe o : A
conformed to a one-electron oxidatiereduction equilibrium

N. vibration frequency in the mutants was still much higher =" e ) S
thean that of myoglobin with a neutral His ligand (220 cin with a midpoint potential compiled in Table 6. The value
(42).

Determination of Calcium Concentrationlable 3 sum- 51t should be noted that saturation kinetics is sometimes observed

; ; ; ; ; in the reaction rate of compound Il to resting state, which makes it
marizes the calcium ion contents in HRPs determined by difficult to estimate the exact reaction ratégl). In the present study,

ICP emission spectroscopy. The wild-type HRP contained the k; value was obtained as the second-order rate constant from the
two calcium ions, as suggested by the X-ray crystal structurelinear part of the rate vs [guaiacol] profile.
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Ficure 5: Resonance Raman spectra of compounds Il of (a) wild-type, (b) E64P, (c) E64G, and (d) E64S HRPs at pD 7.0 and (e) wild-
type HRP, at pD 10.0 by 406.7-nm excitation. Laser power, 4.5 mW; accumulation time, 8 min; enzyme concentratidn,Kay:
Compound Il derived from (A) K50, and (B) K0, (C) Hy'%0, — H,'%0,.
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Ficure 6: Resonance Raman spectra of ferrous states of (a) wild-
type, (b) E64P, (c) E64G, and (d) E64S HRPs at pH 7.0 by 441.6-
nm excitation. Laser power, 15 mW; accumulation time, 4 min;
enzyme concentration, 3@M.

Absorbance

0.0 B B e o e B B
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Table 3: Calcium Contents of Wild-Type, E64P, E64G, and E64S
HRPs Ficure 7: Time-dependent U¥visible absorption spectral changes
of (a) wild-type and (b) E64P HRPs after the addition of a small

HRP mol of C&"/mol of HRP -

- excess of HO,. The dotted line shows the spectrum before the
‘I’E"gigype 211& 8'% addition of HO,. The repetitive scans were recorded at (a) O (thick
£64G 1'11_ 0.1 I!ne), 1, 5, 20, 50, 110, 170, 290, qnd 470 min an.dl (b) O (thick
£64S 1'&1[ 0'1 line), 1, 2, 3, 6, 9, 13, 21, and 54 min after the addition eOk

DISCUSSION
of —261 mV for wild-type enzyme coincides well with the
value (258 mV) for native HRP reported by Yamada et =~ Heme Emironmental Structure.Although overall struc-
al. (29), whereas the midpoint potentials for all the three tures of the mutants were similar to wild-type HRP as shown
mutants increased by60 mV. by CD spectroscopy, structural changes in the distal site were
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Table 4: Kinetic Parameters of Oxidation for Hydroquinone and to conclude that the disruption of the Hiésn hydrogen
ABTS by Wild-Type, E64P, E64G, and E64S HRPs bond reoriented the distal His in the Glu64 mutants. The

effect of the missing hydrogen bond between the distal His
and Asn70 is prominent in the basicity of the distal His. The
distal His has a hydrogen bond with the adjacent Asn residue,

hydroquinone ABTS
HRP  Km (uM) Viax (@M-min™) K (uM)  Vinax (@M-min~?)

‘I’E"g%ype i‘;ig 3‘13§i gl ngi %2 2337:5 0.6 which is a common feature in peroxidase and promotes the
peroxidase reaction by raising the basicity of the distal His.

E64G 174+ 1 13+2 30+3 29+ 4 )

E64S 15+ 2 14+ 2 31+ 2 244 2 !n fact,_ the_ pH—dependent Raman frequency shifts of_the

wild-typer 37 281 288 71P iron—histidine stretching band suggested the lower basicity

N70v 19 18 279 217 of the distal His in the Asn70 mutants, in which the His

N70D? 33 29 278 234

Asn hydrogen bond is cleaved®). Although the pH

* Reference 16” Concentration of HRP (0.5 nM) is different from  dependence of the stretching bond in the Glu64 mutants has
that in this study (1 nM). not yet been examined due to the small expression level of
the mutant proteins, the basicity of the distal His in the Glu64

Table 5: Elementary Reaction Rates (W) of Wild-Type, mutant would be also decreased due to the breakage of the
E64P, E64G, and E64S HRPs HiS—Asn hydrogen bond_

HRP ky/107 ko/10° ka/10° Such perturbations in the distal site were also detected
wild-type 14+ 0.1 53+ 02 3.6+ 0.2 around the distal Arg, which is one of the most conserved
E64P 0.044+ 0.002 1.0£0.1 1.7£0.1 and key residues for peroxidase activity. As evidenced by
E64G 0.043+ 0.001 1.0£01 2.0+£0.2 the TH NMR spectra of the cyanide-ligated forms, the
E%\S/a 83'10243;&002 0110; 01 %‘% 0.1 resonance positions forz8 and GH of the distal Arg were
N70D 015 0.45 0.58 affected by the mutation at Glu64 (see Results), indicating
2 Reference 16° Two phases were observedCalculated from the the positional chang_e ofthe diStal Arg in the Glu64 ”?“ta”ts-

initial reaction rate under the steady-state conditiarand k. Thus, the perturbation of the distal Arg is responsible for

the disruption of the hydrogen bond between the ferryl
oxygen and the M of the distal Arg in the mutant
compounds I, which was found by the increase of the
FeV=0 stretching Raman frequency (Figure 5).

Table 6: Redox Potential (FEFe*" Couple) of Wild-Type, E64P,
E64G, and E64S HRPs

HRP E/mv In addition to the structural defects on the distal side, ICP
wild-type —261 emission spectroscopy found the loss of one calcium ion in
o —2 all the Glu64 mutants. Recently, it was shown that a single
E64S ~199 mutation at the amino acid residue coordinating to a distal
N70D? —267 calcium ion can dissociate the calcium ion in manganese
a Reference 18. peroxidase (MnP)49). In the present study, the absence

of the carboxylate at position 64 interacting with the distal
observed byH NMR spectra of cyanide-ligated ferric low-  calcium ion through a water molecule would be enough to
spin forms of the mutants. One of the notable spectral dissociate the distal calcium iénindicating that the car-
features is the large upfield shift of N in the distal His. boxylate in the side chain of Glu64 is crucial for tethering
Since the resonance position of the distal histidgyHN  the distal calcium ion. The X-ray crystal structure of MnP
depends on the dipolar shift from the anisotoropic paramag-showed that the distal calcium ion structurally maintains
netic center of the heme iron%), the deviation of the  amino acid residues above the heme in helix B, including
resonance position can be interpreted as the reorientation othe distal His and Arg 1). Upon the loss of the distal
the distal His 18). The reorientation of the distal His is calcium ion, the distal His ligated to the heme iron to form
also supported by the large downfield shift ofHCin the a six-coordinated heme and the peroxidase activity was
proximal His. Although the proximal His is not directly suppressed, implying that the dissociation of the distal
connected to the distal His, the perturbation in the orientation calcium ion rearranged the distal amino acid residues
of the distal His can be transmitted to the proximal His essential for peroxidase activity in MnP. In the HRP Glu64
through the hydrogen bond between the distal His and heme-mutants, it is likely that the loss of the distal calcium ion
bound cyanide, affecting the hyperfine-shifted resonance of induced distinct changes in the heme environment of the
the proximal His CH (46, 47. The large downfield shift ~ enzyme as well as the catalytic activity. As thé NMR
of C.H in the proximal His in the mutants, therefore, would spectra in cyanide-ligated forms has revealed, the disruption
correspond to the reorientation of the distal His. of the His—Asn hydrogen bond, the reorientation of the distal
As reported in our previous study, the reorientation of the His, and the positional change of the distal Arg in the distal
distal His is implicated with disruption of the hydrogen bond cavities of the mutants were induced by the mutation at
between the distal His and Asn708]. The signal broaden-  Glu64, which depressed the peroxidase activity, although it
ing for the distal His NH (16.6 ppm) in théH NMR spectra ~ has not been clear whether these functional and structural
(Figure 3) of the Glu64 mutants, which was also manifested
in the spectrum of the N70D mutarit§), can be attributable 6 The oxidation activities for hydroquinone of the mutants«(@)
to a fast chemical exchange of thgHNin the distal His were not significantly enhanced by addition of excess calcium ion (5

; indimati mM) (data not shown). This result shows that a calcium ion fails to
with protons of bulk water48), indicating cleavage of the bind to the distal sites of the mutants in the presence of excess amount

His—Asn hydrogen bond 18). The spectral similarity o calcium ion, suggesting the large dissociation constant of the distal
between the Glu64 mutants and the N70D mutant leads uscalcium ion.
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defects are attributable to the dissociation of the distal the activity but never enhanced 2§, 54, 55). It is thus
calcium ion or the cleavage of the hydrogen bond between unlikely that the enhancement of the ABTS activity is due
Glue4 and Asn70. One of the key results is the close to the rearrangement in the distal cavity. Instead, our and
similarity of the catalytic and spectral properties of the E64S other groups have demonstrated that the higher reduction
mutant to those of the E64P and E64G mutants. As shownpotential of compound Il in the HRP Asn70 mutanis)(
in some mutagenetic studieb-53), an amino acid  andArthromyces ramosuseroxidase (ARP)2J7) increases
replacement by proline or glycine residue often seriously the ABTS activity. The increase of the reduction potentials
perturbs the configuration of the main chain, whereas the for compounds Il of the Glu64 mutants were also supported
structural effects would be much smaller in the replacement by Figure 7b. The more ready reduction of compound Il to
by serine residue. Thus, the deviations in the main chain the resting state in the mutants than that in the wild-type
for the serine (E64S) mutant would be much less than thoseenzyme shows destabilization of the mutant compounds I,
for the proline (E64P) and glycine (E64G) mutants, which which corresponds to the high reduction potential of com-
exhibited the functional and structural defects. However, pound Il. Similar time-dependent UWisible spectra were
the catalytic and spectral properties of the serine mutant wereopserved for the HRP Asn70 mutants and ARP having high
quite similar to those of the other mutants, suggesting that reduction potentials of compounds 115, 16, 2J. Thus,
the rearrangements of the distal cavity in all the Glu64 the improvement of ABTS activity in the Glu64 mutants
mutants were caused by the dissociation of the distal calciumwould be responsible for the higher reduction potentials of
ion rather than by the disruption of the hydrogen bond their compounds Il. However, peroxidase activity for
between Glu64 and Asn70. In the present stage, we cannohydroquinone was highly retarded by the mutation at the
rule out the possibility that configuration of the carbonyl Glu64, which cannot be explained by the increase of the
oxygen on the main chain in the E64S mutant is also reduction potential of compound Il. The oxidation reaction
perturbed as expected for the E64P and E64G mutants.of hydroquinone is quite different from that of ABTS, in
Crystallographic studies are now in progress to investigate that it requires a proton abstraction. In the initial step in
the Structural rearrangements in the d|Sta| Ca.VitieS of the the reduction of Compound ||, abstraction of a proton from
Glu64 mutants in more detail. hydroquinone would be substantially decelerated probably
Our current results also shed light on the roles of the que to absence of the hydrogen bond between the ferryl
calcium ion in the proximal site. While the previous NMR ' oxygen and the distal Arg. To confirm the deceleration in
study revealed that the removal of two calcium ions from the proton abstraction process and discuss the effects of the
native HRP caused large upfield shifts of the resonances formtation on the peroxidase activity in more detail, we
heme peripheral methyl groups and the proximal histiiN oy 3mined the elementary reaction ratks k., andks) in
in the 'TH NMR spectrum of the ferric state2?), the the catalytic cycle.
deviations of the resonance positions in the Glu64 mutants .
from those in wild-type enzyme were rather small. Although The _formatl_or_1 rate of c_ompou_nd ki depends on the
the dispersion of the resonance from the heme methy! groupsCatalytic reactivity of the distal His as a general aciise
in the ferric mutants was different from that in wild-type Cc&t@lyst. The distal His is considered to facilitate the
enzyme as shown in Figure 2, the average position for the formation of the initial Fe-OOH complex (compound 0)
four methyl group was insensitive to the mutation. In PY deprotonating a kD, as a base and subsequently assists
addition, the resonance position of the proximal HigiNn the heterolytic cleavage of the-@ bond by protonating
the mutants lacking the distal calcium ion appeared aroundthe distal oxygen as an aci@5). The disruption of the
101 ppm, which coincided well with that in the parent hydrogen bond by the mutation at Asn70 hydrogen-bonded
enzyme. These spectral similarities suggest little perturbationWith the distal His caused the reorientation and decrease of
around the proximal His in the Glu64 mutartsThus, the basicity of the distal H|§, resulting in deceleratiorkpf
elimination of the proximal calcium ion is expected to induce to less than 10% of the wild-type enzyme5¢-18). The
the remarkable shifts in the hyperfine-shifted resonances ofHis—Asn hydrogen bond is essential for the rapid reaction
the heme peripheral methyl groups and the proximal Hid N~ with H.O, by controlling the position and basicity of the
as found for the calcium-free native HRE2, suggesting  distal His 15-18, 54, 56, 5). As observed in the previous
that the proximal calcium ion retains the geometry of the studies, the reorientation of the distal His and decreased
heme and the coordination structure of the proximal His. basicity by the rearrangement of the distal cavity would result
Peroxidase Actities. The oxidation activity for ABTS  in the depression of thig values in the Glu64 mutants. The
was enhanced by the replacement of Glu64 in contrast toalternative amino acid residue responsible for the high
that for hydroquinone (Table 4). The rearrangement in the reactivity toward HO, is Arg38. The distal Arg stabilizes
distal site of the mutants indicated by the NMR spectra would the negative charge that develops in the transition state during
be a primary factor affecting the ABTS activity. However, the cleavage of the ©O bond in the iror-peroxide complex
as previous studies have shown, such perturbations depresse@, 58), which also facilitates the scission of the-O bond.
As indicated by'"H NMR spectra, the position of the distal
7We observed the large deviations of the signal position for the Arg is perturbed by the mutation, suggesting that the

proximal His CH in the cyanide-bound mutants from those in the wild-  positional change of the distal Arg also decelerates the
type enzyme (Figure 3). However, the chemical shift of the resonance reaction rate with kD
in the cyanide-bound form highly depends on the configuration of the 2

liganded cyanide in addition to the structural alterations on the proximal ~ Another factor to decrease tie values for the mutants

side @6, 47). Since the configuration of the liganded cyanide would i +
be affected by the cleavage of the hydrogen bond with the distal His would be the redox potentials of the¥4€"" couple. The

in the mutants, it is unlikely that the spectral changes of the mutants in "€dOX potentials of the F&/Fe** couple of the Glu64 mutants
Figure 3 arise from the large structural changes in the proximal site. are increased by60 mV, compared with that of the wild-




Roles of Glu64 in the Distal Site of HRP Biochemistry, Vol. 37, No. 8, 1998637

type enzymé. The higher redox potential of the FéFe* same configuration of the carbonyl oxygen on the main chain
couple is considered to decelerate the cleavage rate of theas the wild-type enzyme, also exhibited catalytic and spectral
O—0 bond in the peroxide-bound iron comple®2), properties quite similar to those of the E64P and E64G
resulting in decrease of the formation rate of compound I. mutants. The catalytic and structural defects observed in
For instancek; of a CcP D235N mutant was decreasest the three mutants were found to be due to dissociation of
fold presumably due to the increase of its redox potential the distal calcium ion by removal of the carboxylate in the
(FeT/Fe) by ~100 mV @, 61). Therefore, the increase side chain of the Glu64 residue rather than the disruption of
of the redox potential (P&/Fe*") as well as the reorientation  the hydrogen bond between Glu64 and Asn70. These results
and reduced basicity of the distal His might be responsible lead us to conclude that the Glu64 residue, one of the amino
for the greater decrease of tkievalues observed in the Glu64  acid residues forming the hydrogen bond network in the distal
mutants’ site, is crucial for stable binding of the distal calcium ion,
The reduction rates of the mutants’ compounds) &lso which maintains the structural integrity of the distal cavity,
decreased to 20% of the parent enzyme. The reduction ofresulting in high catalytic activities.
compound | is accomplished by uptake of a proton from the
substrate and the subsequent electron transfer from theACKNOWLEDGMENT
substrate to porphyrin moietg%). We previously reported
that less basicity and improper orientation of the distal residue
impaired the uptake of a proton from the substrdi@ (8,
57). Inthe Glu64 mutants, the perturbation of the distal His
would retard the abstraction of a proton from substrates
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