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ABSTRACT. To enhance the oxidation activity for luminol in horseradish peroxidase (HRP), we have
prepared three HRP mutants by mimicking a possible binding site for luminaithmomyces ramosus
peroxidase (ARP) which shows 500-fold higher oxidation activity for luminol than native HRP.
Spectroscopic studies B NMR revealed that the chemical shifts of 7-propionate and 8-methyl protons

of the heme in cyanide-ligated ARP were deviated upon addition of luminol (4 mM), suggesting that the
charged residues, Lys49 and Glu190, which are located near the 7-propionate and 8-methyl groups of the
heme, are involved in the specific binding to luminol. The positively charged Lys and negatively charged
Glu were introduced into the corresponding positions of Ser35 (S35K) and GIn176 (Q176E) in HRP,
respectively, to build the putative binding site for luminol. A double mutant, S35K/Q176E, in which both
Ser35 and GIn176 were replaced, was also prepared. Addition of luminol to the HRP mutants induced
more pronounced effects on the resonances from the heme substituents and heme environmental residues
in the 'H NMR spectra than that to the wild-type enzyme, indicating that the mutations in this study
induced interactions with luminol in the vicinity of the heme. The catalytic efficiendigsdKm) for

luminol oxidation of the S35K and S35K/Q176E mutants were 1.5- and 2-fold improved, whereas that of
the Q176E mutant was slightly depressed. The increase in luminol activity of the S35K and S35K/Q176E
mutants was rather small but significant, suggesting that the electrostatic interactions between the positive
charge of Lys35 and the negative charge of luminol can contribute to the effective binding for the luminol
oxidation. On the other hand, the negatively charged residue would not be so crucial for the luminol
oxidation. The absence of drastic improvement in the luminol activity suggests that introduction of the
charged residues into the heme vicinity is not enough to enhance the oxidation activity for luminol as
observed for ARP.

Heme-containing peroxidases distributed in various plants metabolites essential for certain pathogenic defense reac-
and animal tissues perform important physiological roles by tions @).
oxidation reactions with a wide variety of organic and In addition to these functions in the biological systems,
inorganic substrates. In the catalytic cycle of heme peroxi- the oxidation reaction of luminol mediated by HRP has long
dase, the ferric resting enzyme reacts with hydrogen peroxidebeen utilized in immunoassays to detect and quantitate the
(H20,) as an oxidant to yield an active intermediate called analytes bound to HRP by chemiluminescer®)eAlthough
compound I, in which 2 oxidation equiv are stored as a ferryl the detection system based on the oxidation by HRP has been
species and a porphyrincation radical ). Compound | is established and widely used for clinical examinations, one
reduced back to the resting state via the second intermediatedisadvantage of the conventional chemiluminescence assay
compound Il, which is concomitant with oxidation of two is the inefficiency of the luminescence reaction due to its
substrate molecules. One of the most intensively studiedlow quantum yield in comparison with that of the biolumi-
members of this enzyme superfamily is horseradish peroxi- nescence assay. To detect and quantitate smaller amounts
dase (HRP}.HRP is an extracellular plant enzyme involved of the analytes in clinical tests, a lot of effort has been
in regulation of cell growth and differentiation, polymeri- devoted to enhance the luminol activity of HRE. Recently,
zation of cell wall components, and oxidation of secondary one of the heme-containing peroxidas@sthromyces ra-
mosusperoxidase (ARP), isolated from the hypomycete
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NHz O Expression and Purification of Recombinant HRBge-
C directed mutagenesis was performed by using T7 expression
’I“" vector constructed by Nagano et ab).(Double-stranded
N DNA sequence analysis with 373 DNA sequencer (Applied
& Biosystems) verified introduction of the mutation without
o additional mutations in the whole HRP-coding gene.
Ficure 1: Chemical structure of luminol. The wild-type and mutant HRPs were expressed in
Escherichia coli(BL21 strain), and apoHRP was extracted

Since the prominent enhancement in the oxidation activity Reactivation of apoHRP with heme in the presence of
of ARP is characteristic of luminol, and not observed for cajcijum ion and purification of holoHRP were described
other aromatic substrate)(ARP has been expected to have g|sewhere 7). RZ values of purified wild-type and mutant
a specific binding site for luminol. Although the X-ray crystal HRPs were about 3.2 and 3.3, respectively. The concentration
structure of ARP has not yet identified the binding site for of peroxidase was estimated by the extinction coefficient
luminol, the remarkable increase in oxidation activity for getermined in the pyridine hemochrome forms of the enzyme.
luminol prompted us to develop a more sensitive detection (g). The extinction coefficients were 108, 102, 103, 102, 103,
system of chemiluminescence based on HRP by mimicking 102, 101, and 112 mM-cm ! for ARP, native HRP, wild-
a possible binding site for luminol in ARP. type HRP, S35K, S35A, Q176E, Q176A, and S35K/Q176E
In the present study, to estimate the binding site for mytants, respectively.
luminol in ARP, we have examined circular dichroism (CD)  Circular Dichroism (CD) SpectroscopyCD spectra of
and nuclear magnetic resonance (NMR) spectra of ARP ARP and HRPs in the Soret and far-UV regions were
before and after addition of luminol. Together with differ- measured with JASCO J-720 at ambient temperature. ARP
ences of the X-ray crystal structures between ARP and HRP,and HRPs were dissolved in 50 mM sodium phosphate buffer
the spectral changes induced by addition of luminol sug- at pH 7.0, with or without luminol (4 mM). Mean residue

gested that a region surrounded by Lys49, Glu190, 7-pro- o_helical content was evaluated from the molar ellipticity
pionate, and 8-methyl groups of the heme in the distal site 5t 222 nm by following eq 19):

of ARP is involved in the binding site for luminol. Since

the charged residues, Lys49 and Glu190, are substituted for  g-helix (%) = { —([6],5, + 2340)/30309 x 100 (1)
noncharged residues, Ser35 and GIn176 in HRP, respectively,

it is likely that electrostatic interactions between the side cp spectra were an average of 16 scans recorded at a
chains of Lys49 and Glu190 and the polar functional groups speed of 100 nm/min and a resolution of 0.2 nm. Light paths
of luminol (Figure 1) improve the affinity for luminol, o the observing cells were 10 mm for measurements in the
resulting in enhancement of the oxidation activity of ARP. gget region and 1 mm in the far-UV region.

To enhance the luminol activity of HRP, we have prepared Resonance Raman Spectroscdpgsonance Raman spec-
ARP-type HRP mutants, S35K and Q176E, by replacing 5 of HRPs were recorded with excitation from a*Kon
Ser35 and GIn176 with Lys and Glu, respectively. To mimic |55¢r (Spectra Physics, Model 2060) and He/Cd laser
the putative binding site for luminol in ARP more accurately, (Kinmon Electrics, Model CD 1805B) using the 406.7 and
a double mutant, S35K/Q176E, in which both Ser35 and 441 g nm line, respectively. The resonance Raman scattering
GIn176 were replaced, was also expressed. In addition, S35A 55 detected with a charge-coupled device (CCD) (Astromed
(Ser35— Ala) and Q176A (GIn176~ Ala) mutants were  ccp3200) attached to a single polychromator (Ritsu Oyo
constructed as negative controls, in which a hydrophobic Kogaku, DG-1000). Sample solutions were sealed in a
residue, alanine, was introduced, instead of the chargedgpyinning quartz cells cooled by flushing cold nitrogen gas.
residues. The structural properties of the five HRP mutants 1p,¢ spectral slit width was set to 1Q0n throughout the
(S35K, Q176E, S35K/Q176E, S35A, and Q176A) were eyperiments. The calibration of the Raman line was per-
investigated by various spectroscopic techniques including formed with indene (13001700 cnt?) or carbon tetrachlo-
CD, NMR, and resonance Raman. The steady-state kineticsjqe (200-400 cnt?l) as a standard. Ferrous HRPs were
eleme_ntary reaction rates, and redo_x potgr_ﬂials were alsoprepared by adding small amounts of freshly saturated
examined to characterize the catalytic activity of the HRP gu4ium dithionite solution to the degassed ferric enzyme
mutants, and these results were compared with those of ARP g tions.

Nuclear Magnetic Resonance (NMR) Spectroscoply.
EXPERIMENTAL METHODS NMR measurements were performed on a BRUKER Avance
Materials. ARP was provided by Suntory Ltd., Japan. DRX500 spectrometetNMR spectra were recorded at 23.0

Native HRP (type VI), predominantly isozyme C, was (ARP and native HRP) or 17.0C (wild-type and mutant
purchased from Sigma as a lyophilized, desalted powder andHRPS) using a temperature control unit of the spectrometer.
used without further purification. ThéyedAzg ratio (RZ A LOSAT pulse sequence was employed with a 64 000 data
value) of ARP and native HRP is 2.7 and 3.2, respectively. transform of 150 kHz and a 85 90 pulse. The concentra-
15N-enriched KE®N was purchased from Cambridge Isotope tion of cyanide-ligated ARP (ARP-CN) and HRPs (HRPs-
Laboratories. General molecular biology supplies were CN) was ca. 50uM on a heme basis in 90% ,8/10%
obtained from Takara and Perkin-Elmer. General organic and?H,O containing 50 mM sodium phosphate buffer at pH 7.0,
inorganic compounds were purchased from Wako Pure with or without luminol (4 mM). Peak shifts were referenced
Chemical Industries and Nacalai Tesque as the highestto the residual water signal which is calibrated against
uality available. tetramethylsilane : spectra o -ligate
quality ilabl hylsil (TMS)*N NMR sp f &N-ligated
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ARP and native HRP were aquired at 50.67 MHz. Chemical
shifts are given with reference to the resonance of external

15N H3. Sample conditions for théN NMR spectra were the
same as those féH NMR spectra except for the concentra-
tion of the enzymes (1 mM).

Peroxidase Actities under Steady-State ConditioS¢eady-
state kinetic constants for luminol oxidation were obtained
by measuring the absorbance change at 500 nm on
Shimadzu UV-2200 spectrophotometer at°2a The final
concentrations of HRPs and ARP are 20 and 1 nM,

respectively. The solution contains 50 mM sodium phosphate

buffer at pH 7.0, 0.5 mM kED,, and +-10 mM (for HRPS)
or 0.05-0.4 mM (for ARP) luminol. For hydroquinone
oxidation, a HRP or ARP~0.2 uM) solution was added to
a cuvette containing 0.5 mM 4@, and 106-1600uM (for
HRPs) or 206-3200uM (for ARP) hydroquinone in 50 mM
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Ficure 2: CD spectra in the Soret region of ferric (a) ARP and
(b) native HRP in sodium phosphate buffer, pH 7.0. The dashed
and solid lines show the spectra before and after addition of luminol
(4 mM), respectively.

of 1 nM. The initial oxidation rate was calculated by the

of compounds | and Il were determined using the concentra-

absorbance change at 250 nm monitored on a Shimadzu Uvions of each component in the equilibrium, the Nernst

2200 spectrophotometer at 26. For ABTS [2,2-azidobis-

equation, and a value of 0.90 V f&g' (K2lrClg/KslrClg) (10).

(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt] All reduction potentials reported herein are referenesd

oxidation, 10uL of a 0.4 mM HRP or ARP solution was
added 6 a 2 mLsolution containing 1.0 mM kD, and 100~
1600uM (for HRPs) or 12.5-800uM (for ARP) ABTS in

50 mM sodium phosphate buffer at pH 6.0. The final
concentration of the protein was 2 nM. The initial oxidation
rate was determined by following the increase in the
absorbance at 405 nm at 26. The initial oxidation rates
were expressed as mMin~! by using the molar absorption
coefficients of the oxidation products of hydroquinone (8.28
mM~t.cm™) (10) and ABTS (36.8 mM!-cm™) (11).
Kinetic parameterskK, and Vma, Were obtained from the
initial oxidation rateski, and the concentration of substrate,
[S], using eq 2:

Kint = Vina SV(Kp,, + [S]) (2)
Elementary Reaction Rates in the Catalytic CyElerma-

tion (k;) and reduction K;) rates of compound | and the
reduction rateks) of compound Il under pseudo-first-order

NHE.

RESULTS AND DISCUSSION

CD Spectra of ARP and Nat HRP.Although the heme
prosthetic group is not optically active, the circular dichroism
(CD) is induced by coupled oscillator interactions between
allowed electronic transition moments of the porphyrin ring
and those of neighboring aromatic residues in the heme
pocket (L3). In Figure 2, the CD spectra of ARP and native
HRP in the absence and presence of luminol (4 mM) are
presented. The negative molar ellipticities observed in the
spectrum of ARP were definitely decreased upon addition
of luminol [Figure 2(a)], reflecting the significant changes
in the interactions between the heme chromophore and
environmental amino acid residues, probably due to the
accessibility of luminol to the heme cofactor. In sharp
contrast to the negative ellipticity and prominent spectral
changes by luminol in ARP, the CD spectra of native HRP
show a positive ellipticity, which was insensitive to addition

conditions were measured on a spectrophotometer (OLIS,of luminol [Figure 2(b)]. No substantial changes in the

USA) equipped with a stopped-flow mixer (Unisoku, Japan)
at 25°C in 50 mM sodium phosphate buffer, pH 7.0. More
than 10-fold excess of #, or substrate such as luminol

spectrum of HRP suggest that the weak affinity of luminol
to native HRP is due to the absence of the specific binding
site and/or that structural changes in the heme environment

and guaiacol relative to the concentration of HRP or ARP upon addition of luminol are quite small.

(2.0 uM) was utilized to ensure pseudo-first-order kinetics.
The elementary reaction rates &f, k;, and ks were

IH and N NMR Spectra of ARP and Na#éi HRP.
Structural changes of the heme environment induced by

determined by the absorbance changes at 395, 412, and 424ddition of luminol were supported B NMR spectra of

nm, respectively.
Reduction Potentials of Compounds | andRleduction

the cyanide-ligated peroxidases. Although the cyanide-ligated
form of peroxidase is inactive for the catalytic reaction, the

potentials of compounds | and Il were measured from redox *H NMR spectra of the cyanide adducts show well-resolved

equilibria of HRP with iridate according to the method by
Hayashi and Yamazakil®). Five microliters of 4 mM
K.IrClg containing 0.01 M HCI was added to 2 mL of 10
uM HRP solution in 50 mM sodium phosphate buffer at pH
7.0. The mixture was allowed to be equilibrated for 20 min
at 4.0°C. The concentrations of ferric HRP, compounds |
and Il, and KlIrClg in the equilibrium were calculated by
deconvolution of the UV-visible spectrum of the mixture
into four respective authentic UWisible spectra. The
concentration of KIrClg in the equilibrium was estimated
by subtracting the concentration ofIKClg in the equilibrium

proton resonances, which allow us to examine not only the
electronic state of the heme but also the configuration of
several amino acid residues surrounding the heme group.
Figure 3(a) displaysH NMR spectra of ARP-CN in the
absence (dashed line) and presence (solid line) of luminol
(4 mM). As clearly shown in the spectra, three resonances
(A, B, and C) exhibited slight but significant shifts by
addition of luminol. Although the complete signal assign-
ments in ARP have not yet been done, peak A can be
assigned to the 8-methyl group of the heme with reference
to the *H NMR spectrum of cyanide-ligatecCoprinus
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FicurE 3: ™H NMR spectra in the hyperfine-shifted region of cyanide-ligated (a) ARP and (b) native HRP in 80#40962H,0 sodium
phosphate buffer, pH 7.0 at 23Q. The dashed and solid lines show the spectra before and after addition of luminol (4 mM), respectively.

cinereusperoxidase (CIP)14), which is identical to ARP  Table 1: N Chemical Shifts (ppm from Nk of ARP—C™N and
except for the glycosylation patterns5j. In addition, the ~ Native HRP-C*N at 17.0°C

NOE connectivity with peak A in a NOESY spectrum of peroxidase —luminol +luminol
ARP-CN (data not shown) indicates that peak B is derived ARP 967 977
from the 7-propionate H Since the pseudocontact shift of HRP 975 973

the proton resonance is amenable to the heme environmental
structure 16), the specific shifts of peaks A and B upon
addition of luminol suggest that luminol binds in close

proximity to the 7-propionate and 8-methyl groups of the i, ‘the presence of luminol, implying that luminol also
heme in ARP. However, a previous study pointed out that approaches near the 7-prop’ionate of the heme in HRP as
changes in pseudocontact shifts can be observed for protong .| as in ARP. but the smaller shift might correspond to
far from the structural perturbatioi?). We cannot com- the low bindiné affinity of HRP for luminol and/or the

pletely exclude possibilities for the other luminol binding ¢/ ,ctural perturbation by luminol binding in the heme
site. To gain further insights into the binding site for luminol periphery would be small in HRP.

in ARP, we measured a NOESY spectrum of ARP-CN in To dissect the effects of luminol on the distal side of the

the presence of luminol (10 mM). However, we could not 15

observe clear NOE connectivities between amino acid he”?e- N NMR spectra of ARP'CN. and HRP'CN. were _also

residues and luminol in the NOESY spectrum of ARP-CN aquired (specira are not.shown), S|nce1ﬂnéc_hem[cal_sh|ft
of the heme-bound ©N is one of the sensitive indicators

due to the low solubility of luminol in the buffer and/or the . ;
fast exchange of luminol between bound and unbound forms.for structural perturbations arOl_Jnd the distal H20). A
resonance of the heme-bountfTin ARP-CN was observed

Another Sig”?" perturbgd by addition Qf luminol (peal_< C) at 967 ppm (Table 1). Addition of luminol (4 mM) to ARP-
was observed in the upfield region, which can be aSS|gnedCN caused a large shift to the low field by 10 ppm. Such a

to the proton resonance of & in the proximal His 18). | : ; .
i . . . ow-field shift of the G°N signal was also reported when
Although the notable upfield shift for this resonance might the steric hindrance around the heme-bound cyanide was

reflect conformational changes around the proximal His, the . . : A
" . , increased in the model compleX1), supporting the binding
rlessgnance p?]gtkl‘ons of the. proglrgaltrl;h%,l-\lcoaésls.S ancti site of luminol in the distal site of ARP. On the other hand,
- ppm, Which were assigned by the spectrum only a slight upfield shift (2 ppm) was detected for HRP-

(data no_t shown), were insensitive to addition of luminol, CN (Table 1), which also suggests the weaker binding of
suggesting that the proximal structure was not perturbedluminoI in HRP

seriously. Since the previous analysis for tHé NMR . - . .

hyperfine shift pattern of HRP-CN has revealed that the Possible Binding Site for Luminolhe presentH and

resonance position of & in the proximal His depends on .N NMR spectra, therefore, allow us to propose that luminol

the orientation of the heme magnetic ax&9)( it is more pmds near th? 7-propionate and 8-methyl groups of the heme

likely that the binding of luminol in the distal site affected " the distal site of ARP. However, comparison of the heme

the configuration of the heme-bound cyanide, resulting in environmental structure between ARP and HRP has revealed
’ that the relative positions of these heme substituents to the

the shift of the proximal histidyl (. . X
For native HRP-CN, luminol induced quite minor spectral backbone structure of ARP are almost identical to those of

changes [Figure 3(b)]. The resonance positions of the
8-methyl group of the heme and the proximal histidyHC _ ZAnother_ factor determining the chemical shift of heme_—bouFﬁNC
which are sensitive to binding of luminol in ARP, were is the basicity of the proximal His3@). However, perturbation on the
- o, . ’ basicity of the proximal His in ARP upon the binding of luminol would
almost independent of addition of luminol, whereas only the pe small, since two resonance positions of the proximal histighl C

resonance position of the peak at 19.6 ppm was perturbedwere not affected by the addition of luminol (Figure 3).

which has been assigned to the 7-propionat@tthe heme
(18). The signal was shifted to the upfield region by 0.2 ppm
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Ficure 4: Heme environmental structure of (a) ARP and (b) HRP. Lys49 and Glu190 in ARP correspond to Ser35 and GIn176 in HRP,
respectively 21, 22. One of the possible binding modes of luminol is shown at the proposed binding site in ARP (a).

be superimposed with that of BHA and that the polar

Table 2: Amino Acid Sequences of ARP and HRP - A ] . ’
substituents of luminol electrostatically interact with the

peroxidase " am'zlo acl'g Sequenlzf charged residues, Lys49 and Glul190, in close proximity to
ﬁgl; 3Z\A/§gllll__37 ..... ius,f,\%glﬁm the 7-propionate and 8-methyl groups of the heme, as shown

in Figure 4.
aThe amino acid residues in boldface characters are highlighted in Th b bindi . h . d
this study. Comparison of the amino acid sequences is based on e substrate binding site near the 7-propionate an

reference2?2. 8-methyl groups of the heme is not specific to ARP, but
common to several peroxidases. Manganese peroxidase
(MnP) binds its substrate, Mhion, by coordination of the
7-propionate of the heme, Glu35, GIn39, and Asp1Z8).(

HRP, which would exclude the possibility that the specific

binding site for luminol is characterized by the relative GIu35, Glu39, and Aspl79 in MnP correspond to Ser4s,

positions of the heme substituents in ARP. . . ! ;
It should be noted here that ARP shows a much higher !_ys49, and Glul90 in ARP, respectively, which are included

o o ; : the proposed binding site for luminol. In HRP, Veitch et
oxidation activity for luminol than for other aromatic n
substrates including typical substrates, phends As al. 'rec.ently found bylH NMR spectroscopy that_ Phe_179,
illustrated in Figure 1, the structure of luminol can be which is located adjacent to the proposed binding site for

; o : luminol in ARP, is related to the binding of aromatic
characterized by the several positively and negatively charged ' . . o X
substituents at the periphery of the ring, which differentiates substrates26). The previous Inactivation stu'dles on HRP
luminol from other aromatic substrates. On the basis of the by phenylhydrazine also revealed that the oxidation reaction
X-ray crystal structure near the proposed binding site of ARP, °CCUr'S near the-meso carbon of the hemeq). Other
we found that charged residues, Lys49 and Glu190, areel\/lde.nce tha_t substrates are bound near the proposed binding
located in the vicinity of the 7-propionate and 8-methyl Sit¢ is provided by the observation of NOEs between
groups of the heme in the distal site of ARE, which substrate molecules such as_resorcmol paedesol, and the
would fix luminol near the heme moiety by electrostatic 8-methyl group of the heme in HRE2§, 29. These results
interactions with the carbonyl oxygen and amino groups of SU99est that the 7-propionate and 8-methyl groups of the

luminol. The charged amino acid residues in ARP, Lys49 heme constitute the core of the binding site for substrate.
and GIu190, are replaced with noncharged residues in HRP, T herefore, the substrate specificity of peroxidase would
Ser35 and GIn176, respectivelgd) (Figure 4, Table 2), depenq on amino acid residues in the vicinity of the

resulting in the lack of electrostatic interactions with luminol. /-Propionate and 8-methyl groups of the heme. Since Lys49

The putative binding site for luminol near the 7-propionate @Nd Glul90 are specific to ARP, not found for other
and 8-methyl groups of the heme and interactions with peromdases, these charged_aml_no aC|_d _reS|dues are I_|kely
nearby amino acid residues would also be supported by thefesponsible for the preferential high affinity for luminol in
recent X-ray crystal structure of the ARP complex with an
aromatic substrate, benzhydroxamic acid (BHA). Although  Design of ARP-Type HRP Mutant§o enhance the
relatively low oxidation reactivity for BHA by ARP might  oxidation activity for luminol of HRP, we have prepared
still suggest a different binding site of luminol from that of three ARP-type HRP mutants by introducing the charged
BHA, the structural similarity of BHA to the aromatic ring residue in the proposed binding site for luminol of ARP into
of luminol allows us to speculate that some of the interactions HRP. Ser35 and GIn176 in HRP were replaced with the
for the binding of BHA are common with those of luminol. corresponding residues in ARP, Lys (S35K) and Glu
In the X-ray crystal structure, the aromatic ring of BHA is (Q176E), respectively. To mimic the putative binding site
almost parallel to the heme plane and located near thefor luminol more accurately, a double mutant, S35K/Q176E,
8-methyl group of the heme in the distal pocket, and the in which both Ser35 and GIn176 are substituted, was also
functional polar groups (CO, NH, OH) of BHA are directed prepared. As the negative controls, S35A (Ser3Bla) and
to the heme iron by the hydrogen bonds to His56 (distal His) Q176A (GIn176— Ala) mutants were also constructed. The
N, Arg52 N, and Pro154 OZ4). Thus, we can propose structural and catalytic features of the five HRP mutants
that the position of the aromatic ring in luminol would also (S35K, S35A, Q176E, Q176A, and S35K/Q176E) were
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Table 3: Mean Residue Molar Ellipticities at 222 nm and Estimated
o-Helical Contents of Ferric Wild-Type, S35K, S35A, Q176E,
Q176A, and S35K/Q176E HRPs

HRP —[6]222 x 1042 o-helix (%)
wild-type 1.40 39
S35K 1.48 41
S35A 1.45 40
Q176E 1.51 42
Q176A 1.47 41
S35K/Q176E 1.45 40

aMean residue ellipticity in degm?-dmol.

1372
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Raman Shift (cm™)
Ficure 5: Resonance Raman spectra of ferric (a) wild-type, (b)
S35K, (c) S35A, (d) Q176E, (e) Q176A, and (f) S35K/Q176E HRPs
at pH 7.0 by 406.7 nm excitation. Laser power, 5 mW; accumulation

time, 3 min; enzyme concentration, 30/.

T —
1700 1600

investigated and compared with those of ARP by various
spectroscopies.
CD Spectra of HRP Mutantslo assess the mutational

effects on the secondary structure of HRP, we examined the

CD spectrum in the near-UV region. The five HRP mutants
exhibited analogous spectral patterns, which were indistin-
guishable from that of wild-type HRRdata not shown).
Table 3 collects ther-helical contents of the wild-type and
mutant HRPs calculated from eq 1. Thehelical contents
of the mutants were in fairly good agreement with that of
the parent enzyme. This result together with the similarities
of the UV—visible absorption spectra of the mutants to that
of the wild-type enzyme (data not shown) confirms that all
the mutants were properly refolded as wild-type HRP.
Resonance Raman Spectra of HRP Mutahte coordi-
nation and oxidation states of the heme in the ferric state
were investigated by resonance Raman (RR) spectra wit
406.7 nm excitation (Figure 5). The Raman lines in the
region for both wild-type and single mutant HRPs were
detected at 1490 and 1497 ch which show 6- and
5-coordinated high-spin forms of the heme, respectivady. (

3 Since both wild-type and mutant HRPs are not glycosylated due
to expression fronEscherichia coli wild-type HRP, instead of native
HRP, was utilized as a reference for the structural and catalytic
properties of the HRP mutants.
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Ficure 6: Resonance Raman spectra of ferrous (a) wild-type, (b)
S35K, (c) S35A, (d) Q176E, (e) Q176A, and (f) S35K/Q176E HRPs
at pH 7.0 by 441.6 nm excitation. Laser power, 5 mW; accumulation
time, 6 min; enzyme concentration, a0/.
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Thus, the coordination and spin states of the heme group in
the single mutants were similar to those of wild-type enzyme.
On the other hand, the S35K/Q176E mutant showed the
Raman lines at 1485 and 1504 chboth of which have
been assigned to 6-coordinated high- and low-spin forms of
the heme, respectivel3Q). The transition of the coordination
and spin states was also encountered for some HRP mutants
having the mutations at the distal residues, in which the
polarity in the distal cavity is perturbe®@. The double
mutation in this study would, therefore, also affect the
polarity of the distal cavity, resulting in the changes of the
coordination and spin states. As previously reported),(
however, such changes in the heme group of the double
mutant do not seriously impair the peroxidase activity.

The coordination state of the proximal His to the heme
iron was also examined by RR spectra in the low-frequency
region of ferrous HRPs with 441.6 nm excitation (Figure
6). The RR spectrum of the reduced wild-type HRP is
characterized by the presence of a strong line at 243 cm
assigned to the stretching mode between the ferrous heme
iron and the anionic proximal imidazole (His17@1). The
Fe*—His stretching lines of the mutants were detected at
almost the same position (241 or 242 ¢inas that of the

hparent enzyme, which was much higher than that of

myoglobin having a neutral proximal Hi8Z%). Therefore,
the anionic property of the proximal His was not influenced
by the mutations at positions 35 and 176.

H NMR Spectra of HRP Mutant$he electronic state of
the heme cofactor was explored By NMR spectroscopy.
Figure 7 displays paramagnetld NMR spectra of the ferric

wild-type and mutant enzymes in 90%®/10% 2H,0O at

17.0°C. For wild-type enzyme, four peaks assigned to the
heme peripheral methyl groups were observed at 84, 76, 72,
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' Ficure 8: 'H NMR spectra in the low-field regions of cyanide-
Ul ligated (a) wild-type, (b) S35K, (c) S35A, (d) Q176E, (e) Q176A,
" and (f) S35K/Q176E HRPs before (dashed line) and after (solid
| : : : : . : . . line) addition of luminol (4 mM) in 90% KD/10%2H,0 sodium
100 80 60 40 phosphate buffer, pH 7.0 at 17°C.

ppm from TMS
°C. Although the single amino acid substitutions induced a

Ficure 7: H NMR spectra in the hyperfine-shifted region of the ;
resting states of (a) wild-type, (b) S35K, (¢) S35A, (d) Q176E, (e) few spectral changésthe spectral pattern of the single

Q176A, and (f) S35K/Q176E HRPs in 90%BI1098H,0 sodium mutants resembled that of wild-type HRP. In the high-field
phosphate buffer, pH 7.0 at 17°C. region, three resonances were clearly observedba®, —7.2,

and —31.1 ppm in the spectrum of the wild-type enzyme

and 56 ppm (5-, 1-, 8-, and 3-methyl group, respectively) (data not shown), which are assignable to Arg3B GArg38
(33). All the ferric mutants exhibited similar hyperfine-shifted  CoH, and proximal His CH, respectively $4). These chemi-
resonances from the methyl groups of the porphyrin ring to cal shifts were also insensitive to the single mutations. On
the parent enzyme. The average position of the four methyl the other hand, the double mutation caused substantial spec-
resonances was 72 ppm for wild-type HRP, which was not tral changes as shown in Figure 8(f), corresponding to those
altered by the mutations at positions 35 and 176. The in the ferric form. The introduced charged residues in the
broad resonance forgM of the proximal His (His170)33) S35K/Q176E mutant, Lys35 and Glul76, might interact
observed at 101 ppm in the spectra of all the mutants waselectrostatically with other neighboring residues, resulting
also found at the same position as that of the parent en-in the heme environmental changes. Assignments for the
zyme. However, some minor but significant spectral changes specific resonances of the mutant enzymes are summarized
were found in the region from 30 to 50 ppm for the double in Table 4.
mutant, in which the proton signals from heme propionate ~ Structural changes in the heme environment of the HRP
and vinyl groups were detected. These spectral changegnutants upon addition of luminol (4 mM) were followed by
suggest the introduction of the two charged residues would'H NMR spectroscopy (Figure 8, solid line; Table *4).
induce some significant structural perturbations in the heme Addition of luminol to the ARP-type HRP mutants, S35K,
substituents, but the structural changes in the mutants wouldQ176E, and S35K/Q176E, induced significant deviations of
be small, compared with those of our previous distal HRP the resonances not only from the heme group but also from
mutants, N70V (Asn76~ Val) and N70D (Asn70— Asp) the amino acid residues near the heme, whereas in the
mutants 6).

The heme environmental structure was investigatetHoy #The S35K and S35K/Q176E mutants were not spectroscopically

Al ; ; homogeneous. Since the purity of the mutant enzymes is confirmed
NMR spectra of Cyamde Ilgated HRPs. Figure 8 (daShed Ime) on SDS-PAGE, the minor peaks might arise from different conformers

depicts the hyperfine-shifted region of cyanide-ligated of the mutants. Such a heterogeneity has been encountered for NMR
wild-type and mutant HRPs in 90%,8/10%?2H,0 at 17.0 spectra of recombinant peroxidasd§)(
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Table 4: Chemical Shifts (ppm from TMS) and Assignments of Heme and Amino Acid Protons of Cyanide-Ligated Wild-Type, S35K, S35A,
Q176E, Q176A, and S35K/Q176E HRPs at 1708

assignment wild-type S35K S35A Q176E Q176A S35K/Q176E

heme 8-CH 31.8 32.5¢0.1) 313 31.1€0.8) 31.6 (-0.1) 27.8

heme 3-CH 26.7 ¢-0.2) 27.3(-0.3) 26.8 (+0.2) 26.4 (-0.4) 26.5(0.2) 26.6 (+0.7)
heme 4-H 20.4 (+0.1) 20.9 ¢-0.1) 21.1 19.740.3) 19.9 ¢-0.1) 20.1 ¢-0.6)
heme 7-H 19.6 (-0.5) 20.8 0.3) 20.1 ¢0.5) 19.1¢1.3) 21.4 ¢0.5) 20.5 ¢0.7)
His42 NH 32.3 32.0¢0.1) 32.0 32.7 325 ND
His42 NsH 16.3 16.3 16.3 16.3%0.1) 16.3 16.5
His42 CH 13.4 13.2 13.3€0.1) 13.5(¢-0.1) 13.4 13.1
His170 GH. 24.4 23.6 {-0.1) 22.8(-0.1) 24.3 24.4 21.4
His170 GH» 15.9 15.5 15.2 16.0<0.1) 16.0 14.7
His170 CH —-31.2 —29.9 (-0.3) —28.4 —30.9 -0.6) -31.3 —18.1 (-0.1)
Arg38 GH -5.9 —-5.4 —5.2 (+0.1) -5.8 —5.9 +0.1) —7.9(-0.3)
Arg38 GH -7.3 —7.4(-0.1) -7.2 —7.1(+0.5) -7.4 -11.2

2 The value in parentheses denotes the shift upon addition of luminol (4 mM). ND denotes not determined.

Table 5: Kinetic Parametersf Oxidation for Hydroquinone, ABTS, and Luminol of Wild-Type, S35K, S35A, Q176E, Q176A, and S35K/

Q176E HRPs and ARP

luminol hydroquinone ABTS

peroxidase Km? Vimas VinadKm K€ Vimax' Vinal Kim? Km® Vimax Vinal Kim?
wild-type 3.50 0.194 55.4 319 483 1.51 317 19.3 60.9
S35K 2.28 0.164 71.9 357 356 0.997 355 37.3 105
S35A 2.92 0.171 58.6 326 409 1.25 613 37.8 61.7
Q176E 4.01 0.172 42.9 360 423 1.18 365 13.3 36.4
Q176A 4.01 0.141 35.2 354 478 1.35 428 23.7 55.4
S35K/Q176E 145 0.152 105 736 80.9 0.110 339 21.5 63.4
ARP 0.143 3.48 24300 969 273 0.282 102 296 2900

2Error is less than 1096.mM. € AAsornM~Y(heme)min. ¢ AAsoenM~L(heme)min~t-mM~L. ¢ uM. fuM-min~t. 9 min~. " The final concentration

of ARP (1 nM) in the reaction is different from that of HRPs (20 nM).

spectrum of wild-type HRP the signals from the 3-methyl
and 7-propionate of the heme were slightly affe&&ince
the negative control mutants (S35A and Q176A) exhibited
almost similar'H NMR spectra to wild-type HRP,the
spectral changes in thel NMR spectra of the S35K, Q176E,

~18-fold, and thé/n.« value was enhanced25-fold, leading

to the catalytic efficiency \(ma/Km) of ARP being~450-
fold higher than that of wild-type HRP. Although none of
the HRP mutants showed such a remarkable incredgg.ih

Km as observed for ARP, a slight but significant increase in

and S35K/Q176E mutants can be attributable to the introduc-V,,,,/K., was detected for the S35K and S35K/Q176E
tion of the charged residue into the heme environment, andmutants. The S35K and S35K/Q176E mutants exhibited 1.5-
the charged residues at the positions 35 and 176 wouldand 2-fold higher catalytic efficiencyVa/Km) than wild-

interact with polar functional groups of luminol.
Peroxidase Actiities under Steady-State Conditiof%
assess the oxidation activity for luminol in the ARP-type
HRP mutants, we examined the kinetics of luminol oxidation
under steady-state conditions. The kinetic parametess (
and Vmay of wild-type HRP, mutant HRPs, and ARP are
compiled in Table 5. Th&,, value of ARP was depressed

5We tried to examiné&y values for luminol by*H NMR spectros-
copy to interpret the spectral changes upon addition of luminol in the
H NMR spectra and to estimate the difference in affinity for luminol
between the HRP mutants quantitatively. The low solubility of luminol,
however, prevented us from determining Kevalue. We also tried
to utilize UV—visible spectroscopy to estimate thg value. Unfor-
tunately, however, the overlap of the absorbance of lumihgl(=
352 nm) to that of the Soret band in HRP did not allow us to decide
the Kqy value.

6 The deviation of the resonance from the 3-methyl group of the
heme was not clear in théd NMR spectrum of native HRP (Figure
3). The absence of glycosylation in wild-type HRP might have some
effects on the spectral changes induced by the binding of luminol.

70n the basis of the X-ray crystal structure of HRP, the side chains
of Ser35 and GInl176 form a hydrogen bond with 6- and 7-propionates
of the heme, respectivel28). Although the hydrogen bonds between

type HRP, respectively. The increasé/m./Km of both HRP
mutants was achieved by the decrease ifkthealue, which
reflects higher binding affinity for luminol. While introduc-
tion of the negatively charged Glu residue at position 176
into the S35K mutant (S35K/Q176E double mutant) in-
creased the oxidation activity for luminol, the single mutation
of GIn176 to Glu did not improve it. Thus, the negative
charge at the position 176 can form effective interactions
for the binding of luminol in the presence of the positive
charge at position 35. In the absence of the positive charge,
however, the interactions between the Glu residue at position
176 and the positive charge on the substituent of luminol
cannot contribute to the stable binding of luminol.

The oxidation activities for hydroquinone and ABTS were
also measured to reveal substrate specificity of the HRP
mutants. These substrates are different types of reducing
agents in that hydroquinone donates both a proton and an
electron to the enzyme, like luminol, whereas ABTS donates
only an electron®). For the hydroquinone oxidation, a large
decrease iVna/Km Was detected in the S35K/Q176E mutant.

heme propionate and protein matrix have been considered to be crucialThe characteristic decreas®¥.x and increased,, values

for catalytic activities and structural maintenance around the heme
prosthetic group41), the present results from the S35A and Q176A
mutants clearly showed that the contribution of these hydrogen bonds
to the catalytic and structural properties of HRP was rather small.

in the double mutant were shared with those in ARP, which

showed a 3-fold increase iR, and a 1.8-fold decrease in
Vmax cOmpared with wild-type HRP. The oxidation activities
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Table 6: Elementary Reaction Rat€M~*-s™1) of Wild-Type, Table 7: Reduction Potentials (mV) of Compounds | and Il of
S35K, S35A, Q176E, Q176A, and S35K/Q176E HRPs and ARP Wild-Type, S35K, S35A, Q176E, Q176A, and S35K/Q176E HRPs
luminol guaiacol and ARP
. - Eo'(compound Ey'(compound
peroxidase  k/107 KN1® k101 kAP kKIC peroxidase I/compound 11) I1/ferric)
WT 1.3 1.7 4.2 5.0 2.9 -
S35K 0.94 2.1 6.0 47 2.2 wild-type 900+ 2 8640
S35A 1.1 26 47 75 32 N g ey
Q176E 1.3 1.4 3.7 4.3 2.2 176E 8981 2 8734 1
Q176A 1.1 1.5 3.3 4.4 2.1 Q176A 904+ 1 855+ 1
S35K/Q176E  0.31 17 8.6 18 11 Q
ARP 075 47 ND 42  NDP S35K/Q176E ND ND
ARP? 915 982
" - S - - -
Com%rorg:lés Illezts :]Z?J?r;&f_"NOt determined due to instability of ARP aReferencel0. " ND donotes not determined (see Results and
’ Discussion).

for hydroquinone of the S35K and Q176E mutants were  Reduction Potentials of Compounds | and®@ne of the
moderately depressed. factors determining catalytic activities of peroxidase is the
In the ABTS assay, ARP exhibited 15-fold increaskg reduction potential of active intermediate speci&8).(As
and 3-fold decreasel, values, resulting in enhancement summarized in Table 7, the reduction potential of ARP
of the Vima/Km by ~50-fold, relative to wild-type HRP. While ~ compound Il is much higher (more than 100 mV) than that
the S35K mutant also showed an increas&a/Km by a of wild-type HRP, while the increase in the reduction
factor of 1.7, that value was decreased in the Q176E mutant.potential of ARP compound | is confined to 15 mV. The
On the other hand, the double mutation did not change thesingle mutants, S35K and Q176E, also displayed higher

oxidation activity for ABTS. reduction potentials of compound Il by 27 and 9 mV than
By inspection of Table 5, the S35K and S35K/Q176E Wild-type enzyme, respectively. Since the mutant compound
mutants displayed similar propensitiesef andViaxto ARP Il of the S35K/Q176E mutant was very unstable to being

for the substrates used in this study. Although the changeseasily reduced back to the ferric resting state, the prominent
in the kinetic parameters of the HRP mutants, relative to increase in the reduction potential of compound Il was sug-
wild-type HRP, were much smaller than those in ARP, the gested. Unfortunately, however, the close similarity of the
observed changes in the S35K and S35K/Q176E mutantsUV —Visible spectra between the resting state and the equili-
are significant. Thus, it can be safely concluded that the brated state after the oxidation by iridate prevented us from
charged residues in the vicinity of the heme can contribute estimating the reduction potential of mutant compound II.
to enhancement of the oxidation activity for luminol, though ~ The reduction potential of compound Il is one of the key
the contribution might not be so important. factors to affect th&/ .« value under steady-state conditions,
Elementary Reaction Rates in the Catalytic CyElegain _since a r_ate—determining step for the g:ataly’gic cycle of HRP
further insights into the catalytic activities of the ARP-type 1S reduction of compound Il to the ferric resting state (Table
HRP mutants, elementary reaction rates in the catalytic cycle8)- As indicated in our previous stud§)( the high reduction
were measured with a stopped-flow spectrophotometer. ThePotential of compound I1'in peroxidases corresponds to the
elementary reaction rates for the mutant and parent enzymeda'9€ Vmax Vvalue. The high reduction potential of ARP
are listed in Table 6. Although the single amino acid compound Il can, Fherefo_re, _be r_esponS|bIe for the enhanced
substitution of Ser35 and GIn176 did not significantly affect Vmax value for luminol oxidation in ARP (Table 7). For the
the formation rate of compound ki, the double mutation ~ Present ARP-type HRP mutants, however, ¥hax values
depressed the reaction rate with®4, whose characteristics for luminol oxidation were depressed despite the increase
were shared with ARP. in the reduction potentials of their compounds Il (Table 5).

The reduction rates of compoundsk)(and Il ()8 were ~ 'NUS, the decreasellma. values of the ARP-type HRP
determined using luminol or guaiacol as a reductant. mutants cannot be attributed to the changes of the redox

Although the reaction rates of the HRP mutants did not differ POtential. One of the possible factors is the depression of
so prominently from those of wild-type HRP, thevalues proton abstraction from the substrate. Some HRP mutants

of the S35A mutant for both luminol and guaiacol were 1.5- lacking the distal histidine residue exhibited the depressed
fold increased (Table 6). For the process, it is notable ~ Proton abstraction rate, showing decreaSig (35, 39.

that theks values for luminol of the S35K and S35K/Q176E Enhanced polarity in the heme environment would be another
mutants were 1.5- and 2-fold improved, respectively, relative factor 1o decrease théna. (37, 39. Although we could not

to that of wild-type HRP. The increase in thgvalue for ~ detérmine the primary factor to decrease ¥hg, it can be
luminol has also been expected for AR, though we could concluded that the acceleration effect of the higher redox
not measure thé value of ARP due to the instability of potential is canceled by perturbations of other factors.
ARP compound Il at neutral pHL(). On the other hand Luminol Binding Site in ARP-like Mutants and Effects of
the Q176E mutant did not show any substantial changes inMutations on Oxidation Aciity. In the ARP-like HRP

the k, andks values for luminol. mutants, addition of luminol induced some significant
changes in théH NMR spectra of the cyanide adducts, which
clearly indicates that the newly introduced charged residues

Saturation kl.l’]etICS are sometimes observed in the reaction of in HRP, Lys35 and Glul76, interact with luminol in the
compound Il, which makes it difficult to estimate exact reaction rates

(42). In this study, theks value was obtained as the second-order rate ViCinity of the heme. The slight but significant increase in
constant from the linear part of the rate vs [substrate] profile. Vma{Km for the luminol assay was observed in the S35K
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and S35K/Q176E mutants, supporting the significant con- Molecular Science) for kind permission to use the resonance
tribution of the newly formed electrostatic interactions to Raman observing system. We are also thankful to Dr. Satoshi
the high-affinity binding of luminol to the HRP mutants. Takahashi (Kyoto University) for technical assistance with

However, the observed spectral changes in the ARP-like HRPthe resonance Raman experiments and critical reading of the

mutants did not coincide with those in ARP, and the manuscript.

enhancement of the luminol oxidation activity was not so

prominent. Thus, the interactions between the charged REFERENCES

residues and luminol in the mutants might be different from
those in ARP and/or some structural factors in HRP might
offset the effective interactions formed by the newly
introduced amino acid residues.

One of the structural factors differentiating HRP from ARP
is structural differences in the distal site residues. While the
main chain structure in the distal cavity is conserved between
ARP and HRP, the orientations of the distal residues in ARP
are different from those in HRP. For instance, the orientations
of the imidazole ring of the distal His and the guanidinium
group of the distal Arg in ARP are apparently distinguished
from those in HRP 22, 23. Since the distal His and Arg
play crucial roles in the reaction mechanism of substrate
oxidation, the subtle orientations of these distal residues
might be essential to the oxidation activity for luminol.

Another notable structural difference in the heme cavity
between ARP and HRP is phenylalanine (Phe) residues.
While no Phe residues are located at the luminol binding
site of ARP, three Phe residues (68, 142, 179) at the heme

periphery are supposed to be located at the substrate binding11.

site in HRP 22, 23. The steric hindrance and hydrophobicity

of the Phe residues would hamper the binding of luminol to
the binding site formed by newly introduced amino acid
residues in the ARP-like HRP mutants. Additional mutations

of some of these Phe residues to nonaromatic and less bulky 14.

amino acid residues in HRP would, therefore, mimic the
binding site for luminol in ARP more accurately, which
might further promote luminol oxidation.

In summary, we proposed that the binding site for luminol
in ARP is located near the 7-propionate and 8-methyl groups
of the heme. To enhance the luminol activity of HRP, we
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