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ABSTRACT. To examine the role of Arg38 in the peroxidative and peroxygenative activity of horseradish
peroxidase (HRP), we have expressed the R38A, R38H, and R38H/H42V mutants. The R38A HRP
mutant gives a normal compoumdpecies with HO; that is reduced by ferrocyanide to the ferric state
without the detectable formation of a compouhdspecies. In the case of the R38H and R38H/H42V
mutants, compountitself is only detected by stopped flow methods. The rates of compbforchation

at 4°C are 8.0x 104 1.3 x 1(f, and 1.6x 10®* M1 s™* for the R38A, R38H, and R38H/H42V mutants,
respectively. The R38A, R38H, and R38H/H42V mutants oxidize guaiacol 10-, 2-, and 55-fold,
respectively, more slowly than the wild-type enzyme and oxidize ABTS 6-, 3-, and 32-fold more slowly
than the wild-type enzyme. The apparkaiKn, values for thioanisole sulfoxidation and styrene epoxidation
indicate that the reaction efficiencies of the R38H and wild-type enzymes are comparable. However, the
R38A and R38H/H42V mutants are 190- and 1400-fold more efficient as sulfoxidation catalysts, and 25-
and 26-fold more efficient as styrene epoxidation catalysts, respectively, than the wild-type enzyme. Thus,
even though Arg38 plays a role in the formation and stabilization of compduadgll , its replacement

by other residues can be used to improve peroxygenative catalysis.

The catalytic turnover of horseradish peroxidase (HRP)
is initiated by reversible reaction of the enzyme withCH
to form compound), a ferric peroxide (F¢1,0,) complex,
that is subsequently converted to compolindrwo oxida-
tion equivalents are stored in compouhdone as a ferryl
(FEV=0) species and the second as a porphyrin radical cation
(P*) (1—4). The activation of other hemoprotein peroxi-
dases by KD, is similar, although in some instances (e.g., Phe 41
cytochromec peroxidase, CcP), one of the oxidation equiv-
alents is stored as a protein rather than as a porphyrin radical
(5). The peroxidase catalytic cycle is completed by sequen- )
tial transfer of two electrons to the activated enzyme. The His 170
first of these electrons quenches the porphyrin (or protein) %\
radical to give compoundl , and the second reduces the
ferryl species to regenerate the resting ferric enzyft)e (  Ficure 1: Model of the active site of HRP based on the crystal
With few exceptions, the two electrons come from separate structure of the active site of peanut peroxidas®.(The Phe41,
substrate molecules, resulting in the oxidation of each to a::Z“SZHO"’\‘L‘g grg?sstrhe:'gfoexsintqgel‘tlig:;gch?gf%s%%éhﬁef;réy;;‘a’g?;‘
Tree rad'cal_' ,The redu,Ct'on of compouhdo compound! . shown edgé-on from the perspective of the puiative substrate access
is often rapid in the native enzyme compared to the reduction channel.
of compoundl , so that compount is commonly observed
in the steady-state turnover of the enzyrég ( CcP, the first peroxidase for which a crystal structure was
A histidine and an arginine are found distal to the heme obtained 7), led Poulos and Kraut to postulate that they
in the active sites of the structurally characterized peroxidasescatalyze the reaction of the enzyme with®1 to produce
(Figure 1) 7—12). The presence of these two residues in compound! (13). This proposal is supported for CcP by
the demonstration that mutation of the distal histidine (His52)
;To whon|1 corres@s)onldencfe 3h0u|d be addressed. FAX: (415) 502- to an alanine decreases compounirmation by a factor
4728. E-mail: ortiz@cgl.ucsf.edu. _ of 10° (14). Mutation of the distal arginine (Arg48) in CcP
G,\;lggé'fggork was supported by National Institutes of Health Grant to an alanine has a smaller impact but still decreases the
1 Abbreviations: heme, iron protoporphyrin IX regardiess of oxida- rate of compound formation by a factor of 13(15). Recent
tioln ﬁgttilcl;%aen?; S‘é‘éeée“éﬁﬁb ?ﬁ;ﬁfrﬁgrizgrgﬁirg%(idzfgxi%oa?gl%%z}\ and studies have demonstrated that mutation of the corresponding
pR%E)B/H hHRP,thgegArgBB* Ala and His mutants ofFf)1HRP, resﬁectively; res_ld_ues n HRP alsq has a Severe.lmp.ad on perom_dase
R38H/H42V hHRP, the Arg38- His, His42— Val double mutant of activity. Mutation of His42, the distal histidine, to an alanine
hHRP; ABTS, 2,2azino-bis(3-ethylbenzothiazoline-6-sulfonic acid). 0Or a leucine decreases the rate of compoufarmation by
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a factor of~10° (16, 17). Mutations of Arg38, the distal Tissue Culture. Spodoptera frugiperd&f9) cells were
arginine in HRP, have also been reported: (a) replacementmaintained in spinner flasks at 2 (75 rpm) in Hink’s

of Arg38 by a lysine produces a protein that is hexacoor- TNM-FH medium supplemented with Grace’s medium (JRH
dinate and has low activitylg, 19) and (b) replacement of  Biosciences) containing 10% heat-inactivated o&filtered
Arg38 by a leucine gives an active protein for which the fetal calf serum (UCSF Cell Culture facility)Trichoplusia
rate of compound formation is decreased by a factor of ni cells (InVitrogen) were maintained in suspension in Sf900-
10 (17, 20). The distal histidine and arginine thus appear Il SFM medium (Gibco BRL) in a rotary shaker incubator
to have comparable roles in HRP and CcP. at 27°C (130 rpm).

HRP and related enzymes norma”y do not Cata|yze Site-Directed Mutagenesis, Subcloning,and Production of
peroxygenation reactions in which two-electron reduction of Recombinant VirusMutant hHRP genes were constructed
compound! is coupled to the transfer of the ferryl oxygen by cassette mutagenesis. Double-stranded DNA cassettes
to a substrate. The only well-established exception to this bearing the proper mutation and sticky ends &ard and
rule is the sulfoxidation of thioanisoles and related sulfur Nhé restriction sites (coding for amino acids 260) were
Compounds, for which ferry| oxygen transfer has been Synthesized and inserted into the pUC-HRP construct cut
demonstrated byBO_|abe|ing Studiele, 22) The almost with Sad and Nhd. Proper orientation of the insert was
negligible activity of peroxidases as peroxygenases may stemchecked, and the mutant HRP gene was cut from the pUC
from steric sequestration of the ferryl species in a manner vector at theEcaRI sites and inserted into the pAcGP67B
that interferes with its interaction with potential substrates Vector bearing the leader sequence and a 10-histidine tag
(2, 23, 24). Restricted access to the ferryl species does not (25). Subcloning was accomplished Bscherichia coli
interfere with peroxidase catalysis because it can occur byDhSa. competent cells. The Sf9 insect cells were then
electron transfer to the heme edge rather than by transferinfected with the hHRP-pAcGP67B construct using the
directly to the ferryl species2( 16, 23). Support for this Baculovirus Gold system (InVitrogen). After one round of
hypothesis is provided by the finding that mutation of the Plague purification, the virus was transfected into Sf9 insect
distal histidine in HRP to an alanine or valine, which Cells using a multiplicity of infection of 46.
drastically decreases compouhdormation but increases For protein expressignl L of T. ni insect cells at a
access to the ferryl oxygen, results in a 13- and 9-fold concentration of 1.72.5 million/mL was infected with the
increase, respectively, in the rate of thioanisole sulfoxidation Stock solution of the virus at a multiplicity of infection of
(25). Substantial increases are also observed in the rates oft—5. The virus was added together with heme (final
styrene epoxidation. In an effort to improve the peroxyge- concentration 0.3 mg/mL) and 10 mL Pen/Strep solution
nase activity of the His42 mutants, we have sought to restore(100 000ug streptomycin and 100 000 units penicillin G).
the high rate of compount formation without decreasing ~ For R38H/H42V hHRP expression, 0.01 mM imidazole was
access to the ferryl oxygen. We previously demonstrated also added. Cultures were incubated for-68 h at 27-29
for H42A hHRP that its rate of compoundformation and ~ °C in arotary shaker at 130 rpm, after which the supernatant
the rates of two of its peroxygenase activities are increasedwas collected and the protein was purified.

by adding exogenous imidazoless| or by displacing the _Prote_in Purification. The supernatant obtained by cen-
catalytic histidine to position 41 in the active site (i.e., asin trifugation of the cells (200§ 10 min) was concentrated
the F41H/H42A double mutantp6). and ultrafiltered at~25 °C with an Amicon spiral-wound

In HRP, Arg38, like His42, forms part of the protein cartridge concentrator model CH2PRS (S1Y10, 10 000 MW

barrier that restricts the interaction of substrates with the CUtOff spiral membrane) to a final volume of 15200 mL.
ferryl oxygen (Figure 1). The data on the Arg mutants of |N€ buffer was 20 mM Na{PO, (pH 8.0) containing 500
CcP (L5) and the R38L mutant of HRALY, 20) suggest that MM NaCl. - Aiter centrifugation (1200 30 min) of the
replacement of the distal arginine by a noncatalytic residue ulltraf||trate, the_supernatant \ivas stirred with 720 mL O.f

has a much smaller impact on the rate of compound Ni(ll)-NTA (InVitrogen) at 4 °C for 1.5-2 h. The resin
formation than comparable replacement of the distal histidine. @S then collected in a 1.5-cm diameter column support, and

We have therefore investigated the effect of replacing Arg38 tbhe;fresulti_TghcolLlJmn was w?shed V\r’:th 1 mLimin ?]f the sart?e |
by an alanine or a histidine on the peroxidase and peroxy- Puffer until the eluent was clear. The resin was then washe

genase activities of HRP and have examined the catalytic Wit 20 MM NaHPQ; (pH 6.0) buffer containing 500 mM
consequences of combining the R38H and H42V mutations, NaCl, followed successively by washes with the same buffer
containing 0.1 M and finally 1.0 M imidazole. The final
EXPERIMENTAL PROCEDURES wash was dialyzed against 20 mM PO, buffer (pH 8.0)
before it was run through a 1.% 10 cm Pharmacia Q
Materials. Native HRP and bovine serum albumin were Sepharose fast flow column (0.7 mL/min). The protein was
from Boehringer Mannheim (Indianapolis, IN). Restriction quantitated at the end of the procedure by the Bradford assay
enzymes were purchased from Boehringer Mannheim, New (Bio-Rad kits) with bovine serum albumin as the standard.
England Biolabs (Beverly, MA) and Gibco BRL (Grand For the purification of R38H/H42V hHRP, an additional
Island, NY). Hemin, 30% bD,, thioanisole, styrene, and dialysis step was employed prior to the Ni-NTA agarose
ABTS were obtained from Aldrich (St. Louis, MO). Guai- column chromatography. The filtered enzyme concentrate
acol was from Sigma (Milwaukee, WI). B, was quanti- was dialyzed overnight against 20 mM KO, buffer, pH
tated by its absorbance at 240 nm using the extinction 8.0, containing 500 mM NaCl. During the second dialysis
coefficient 39.4 M* cm™® (27). For enzyme quantitation, procedure prior to Q Sepharose chromatography, 0.01 M
the Soret absorbance of the HRP mutants was taken to bémidazole was added to the 20 mM NP O, buffer, pH
the same as that of native HRP £ 102 000 Mt cm™?). 8.0, due to the instability of the protein in the absence of
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Table 1: Rates of CompourldFormation for HRP and its Mutants Table 2: Apparent Kinetic Parameters for Guaiacol Oxidation at 25
(pH 7, 4°C) °C

enzyme [HO2], uM k,M~tst Keal K

i )’ [E]! [HZOZ]y mMil
nehRp Soi5e (gigi é??) % 107 enzyme oM pH mM  kaS' KmmM s7
R38A 2.5-25.0 (8.0+ 0.5) x 10* native HRP 2.0 6.0 1.0 42640 58+0.7 72
R38H 2.5-40.0 (1.3£0.1) x 1C° + NaCRk 2.0 6.0 1.0 66620 5.0+0.6 132
R38H/H42V 5-50 x 10° (1.6+0.1)x 1C¢° R38A 40.0 9.0 1.0 4% 05 0.6+0.1 68
R38H 25 6.0 25 20&14 0.5+0.1 400

. - S R38H/H42V+ 119 8.0 100 1221 3441 0.35
either imidazole or high ionic strength (500 mM NacCl). After NaCE

QFF Sepharose, the enzyme was concentrated using an
Amicon system and the final R38H/H42V hHRP preparation
was dialyzed overnight against 20 mM RO, buffer, pH.

a2 The incubation mixture contained 0.25 mM NaCl.

8.0, containing 500 mM NacCl. Table 3: Apparent Kinetic Parameters for ABTS Oxidation at 25
Spectroscopic Characterization of Compoutdsnd 11 . ¢
Compound! of R38A hHRP was generated by adding 1 KealKm,
[Elo [H202], mM~1

equiv of KO, to the ferric enzyme. Efforts to detect a
compoundll intermediate included adding up to 18 equiv -

of K4Fe(CN) to compound and allowing compoundi to ”aivgggpp 09'22 4‘_‘('56 l%)o ‘é}& égo 8:2% 8:8% Ségg
decay SpOﬂtaneOUSly. Efforts were Slmllarly made by static R38A 20.0 4.6 72 66630 0.40+0.04 1650
spectroscopic methods to observe compoundsd Il of R38H 1.3 46 20 1408180 1.6+0.3 875

the R38H and R38H/H42V mutants. However, some of the R38H/H42V 57.4 8.0 20 13612 0.16+04 813
reaction intermediates formed by the R38A, R38H, and _ * Nack

R38H/H42V mutants could only be detected by stopped- The incubation mixture contained 0.25 mM NacCl.

flow methods (see below).

Rate of Compoundl Formation. To determine the rate  or 120-160 nM R38H/H42V hHRP and 5 mM guaiacol and
of compound formation by native HRP or the R38A, R38H, 1.0 mM HO,in 50 mM Na acetate, Na phosphate, or Tris-
and R38H/H42V hHRP mutants, and to detect this interme- HCI buffer at 25°C.
diate in the case of the R38A mutant, the spectrum was ABTS Oxidation.Apparent steady-state kinetic constants
monitored after mixing the enzyme with different amounts were obtained by measuring the initial rates of oxidation of
of H,O, in an Applied Photophysics model SF.17MV ABTS (0.02-10.0 mM) at 25°C with optimal concentrations
stopped-flow spectrophotometer. The data were analyzedof H,O, (see Table 3) in 50 mM Na acetate buffer, pH 4.6,
with the program Xscan, (Version 1.00; by P. J. King, except for R38H/H42V for which pH 8.0 was used. Dif-
Applied Photophysics Ltd., 1995). To follow compouhd  ferent HO, concentrations were required to optimize product
formation under pseudo-first-order conditions, the enzyme formation while minimizing HO,-dependent enzyme inac-
(final concentration 0.2xM) in 100 mM NaHPO, buffer, tivation. ABTS oxidation was monitored at 414 nm, and
pH 7.0, at 4°C or 25°C, was treated with excess aqueous Vo, was calculated usingss = 3.6 x 10 M~ cm™ (28).
H.0; (final concentration 2.525.0uM for R38A, 2.5-40.0 The apparentk.;s and Ky, values were estimated from
uM for R38H, 5-50 mM for R38H/H42V, and 2512.5 Lineweaver-Burk plots as the arithmetic mean of three
uM for wild-type hHRP or native HRP) (See Table 1.) The independent determinations. To measure the pH dependence
data were analyzed using the Pro/Kineticist program (Glint, of ABTS oxidation, the following conditions were used: 0.2
Version 4.10, by P. J. King and M. Maeder, Applied nM native HRP, 20 nM R38A hHRP, 1.25 nM R38H hHRP,
Photophysics Ltd., Leatherhead, U.K., 1993). The second-or 57 nM R38H/H42V hHRP, 1620 mM ABTS and 10
order rate constant for compouhébrmation was determined  mM H,0O, in 50 mM Na acetate, Na phosphate, or Tris-HCI
from the slope of the plot ofkeps) versus the b, buffer at 25°C.
concentration Z6). Thioanisole SulfoxidationH,O, was added to a concen-

Guaiacol Oxidation. Steady-state kinetic constants were tration of 0.5 mM to 1 mL of a solution at 23 of native
obtained by measuring the initial rates for the oxidation of or mutant HRP and thioanisole in 50 mM PO, buffer,
guaiacol (0.0510.0 mM) at 25°C with optimal concentra-  pH 7.0. For the determination of appar&nit andk., values,
tions of HO, (see concentrations in Table 2). Different thioanisole concentrations of 6:5.0 mM were used (added
concentrations were required to optimize product formation as a methanol solution). After a total incubation time of 5
while minimizing HO,-dependent enzyme inactivation. The min for R38H or native HRP and 20 s for R38A or R38A/
reaction was carried out in 50 mM pHPO, buffer at pH H42V, 5-10 nmol of benzophenone was added as an internal
6.0 for native HRP and R38H hHRP, at pH 9.0 for R38A standard, and the solution was extracted with 1 mL of-CH
hHRP, and at pH 8.0 for R38H/H42V hHRP. Guaiacol Cl,. The extracts were concentrated nearly to dryness,
oxidation was monitored at 460 nm, akidwas calculated  redissolved in 10@L of HPLC solvent, and filtered using
using the absorbance valago= 2.6 x 10* M~ cm* (28). nylon Cameo 3N syringe filters (Micron Separations, Inc.).
The apparentk.,x and Ky, values were estimated from The residue was analyzed by isocratic HPLC on a Chiralcel
Lineweaver-Burk plots as the arithmetic mean of two OD chiral column (Diacel Chemical Industries, LTD)
independent experiments. To measure the pH dependencénstalled in a Hewlett-Packard model 1040A system equipped
of guaiacol oxidation, the following conditions were used: with a diode array detector and a Varian 1090 solvent pump
2 nM native HRP, 40 nM R38A hHRP, 2.5 nM R38H hHRP, system. The HPLC effluent was monitored at 242 nm. The

enzyme nM pH mM Keat St Km, MM st
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Table 4: Apparent Kinetic Parameters for Thioanisole Sulfoxidation Table 5: Apparent Kinetic Parameters for Styrene Epoxidation (23

(23°C, pH 7, 0.5 MM HO,) °C, pH 7, 15 mM HO)
kCa[Kml |(Ca[Km!
[Elo, mM—1 [Elo, mM~1
enzyme uM SR Koo, S Ko, MM g1 enzyme uM BA:PAA:SO? Keat 571 KmmM st
: ; native HRP  98.0  22:36:42  0.0001 03 0.0003

natveHikp 20 U9 0048 - 08 L 599 Rasa 114 105436 00230002 3114 0.0074
R38H 46 anes 005001 0ttol o4 R38H 92 50:12:33 0.003%0.0002 1.9+ 07 0.0019
RasLHAZY 25 32070 336 031002 110 R38H/M42V 25  10:61:29  0.0030.0001 0.4-02 0.0078

a Abbreviations: BA, benzaldehyde; PAA, phenylacetic acid; SO,

aNumbers were calculated after 20 s, when the enzyme had lost .
styrene oxide.

~70% of its activity.

products were eluted with hexane/2-propanol (8:2) at a flow 0.3 ' ' ' ‘

rate of 0.5 mL min'. The retention times for thes(- and
(R)-isomers of methyl phenyl sulfoxide were 12.6 and 14.6
min, respectively. A standard curve for the products was
constructed by injecting known amounts of methyl phenyl
sulfoxide. 0.2
To test the linearity of product formation as a function of
time, 0.5-mL incubations were carried out containing 0.5 mM
H,0,, 2.0 mM thioanisole, and different amounts of native <C
or mutant hHRP (see Table 4) in 50 mM &0, buffer,
pH 7.0. Reactions were stopped at various time points and
analyzed as described above. The reaction was linear for 0.1
3—5 min for native and R38H hHRP but not for R38A and
R38A/H42V hHRP (see Results).
Styrene EpoxidationH,0, was added to a final concen-
tration of 15 mM to 0.5 mL of a solution at Z& of native
or mutant HRP and styrene (added as a methanol solution)

in 50 mM NgHPO, buffer, pH 7.0. For the determination 0.0 360 460 560

of apparentK, and k. values, 0.55.0 mM styrene

concentrations were used. After a total incubation time of Wavelength, nm

60 min, the solution was extracted with 1 mL of &b, FIGURE 2: Reaction of R38A hHRP with 1 equiv of B, at pH

extracts were concentrated to-180 4L under a stream of 7.0, 25°C. The same result is obtained with 1 equiv of0d by
argon or N, and the concentrate was analyzed on a 0.25 stopped-flow spectroscopy (not shown). The spectra are of the ferric
mm x 30 m DB-1 column in a Hewlett-Packard 5890 series Rf3|§Aoe?Z3{L"e ) Comfpouno;'. Obéa{ﬂed by add't'f(:” of d%j‘te'qm)[/
Il GC system. The column was programmed to run at 80 ©' 220 Ih€ énzyme= = ), and the enzyme after addition to

. . . compound of 0.5 (--*) or 1.0 (~ - —) eq of KyFe(CN).
°C for 17 min and then to rise to 20C at 15 min~%, where P ¢ ( ) eq of KiFe(CN)

it remained for 1 min before recycling. The injection and gnq were expressed i nicells. The three mutants, and
detector temperatures were 200 and 280 respectively.  he wild-type enzyme2g), have a polyhistidine tag at the
The retention times with a head column pressure of 15 psi aming terminus that facilitates their purification by Ni(l)-
were the following: styrene, 5.73 min; benzaldehyde (BA), NTa affinity chromatography. The yields of the pure
6.61 min; phenylacetaldehyde (PAA), 7.97 min; and styrene proteins were 815 mg L2 of culture. The purities of the
oxide (SO), 8.48 min. Standard curves for the products weresg|ated proteins were high, as judged by the presence of
constructed by similarly analyzing known amounts of the single bands on SDSPAGE (not shown). The, values
authentic compounds. To calculate the percentages of théy the purified proteins were 3.0 for wild-type, 2.6 for R38A,
products formed, the total amounts of the substrate andy 5 for R38H, and 1.3 for R38H/H42V hHRP. Upon
products calculated from the peak areas using the appropriatgeconstitution of R38H/H42V hHRP with heme followed by
coefficients for each compound were considered as 100%passage through a bovine serum albumin-Sepharose column
of the material. o to remove excess heme, tRefor the protein only increased
To test the linearity of product formation with time, 0.5- slightly to a value of 1.6. The R38H/H42V enzyme was
mL incubations were carried out containing 15mM34, 5 therefore used as isolated. The R38H/H42V double mutant
mM styrene, and different amounts of native or mutant HRP \ya< chosen for study instead of the R38H/H42A mutant

(see Table 5) in 50 mM sodium phosphate buffer, pH 7.0. hecause the latter, which was also prepared, was too unstable
Reactions were stopped at various time points and analyzed, the present studies.

as described above. The reaction was linear for at least 60 Reaction of R38A with D,. Reaction of R38A hHRP

min. which has a Soret maximum at 403 nm, with 1 equiv of
RESULTS H>0, produces a typical compoumdpectrum, with no shift
of the Soret band from its position in the ferric enzyme, a
Construction, Expression, and Purification of R38A, R38H, 2-fold decrease in the Soret intensity, and a flatteaél
and R38H/H42V hHRPThe R38A, R38H, and R38H/H42V  band region (Figure 2). Addition of 1 equiv of;Re(CN}
mutants of hHHRP were constructed by cassette mutagenesiso compound leads to recovery of the resting ferric enzyme
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Ficure 3: Characterization by stopped-flow spectroscopy of the
reaction of R38H hHRP with 10 equiv of B, at pH 7.0, 4°C.
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FIGURE 4: Static spectroscopic characterization of the reaction of
R38H/H42V hHRP with 1 and 100 equiv (inset) o®} at pH

The spectra are for the intermediates calculated by the computer7.0. In the main panel is shown the spectrum of ferric R38H/H42V

for the reaction A— B — C: ferric enzyme €), compoundl
obtained~1 s after mixing the ferric enzyme and.®; (— — —),
and the spectrum obtained10 s after mixing the enzyme with
H,0, (— + —). The inset, determined at 2&, shows the spectrum
of ferric R38H (), the spectrum obtained by addition of 1 equiv
of H,O, (— — —), and the spectrum obtained by further addition
of 1.0 (-++), 2.0 (— - —), and 18 ¢ - - —) equiv of K;Fe(CN}.

(Figure 2) without observation of a compourit-like
spectrum. compoundl is normally characterized by ap-
proximately a 10-nm red-shift of the Soret band with a
recovery of Soret band intensity. Compouihds also not
observed when the R38A compouhdbtained with 1 equiv
of H,O, is allowed to decay spontaneously over-3® min
to the ferric state (not shown). A compoufidspecies is
also not observed by stopped-flow spectroscopy if 1 equiv
of H,O; is used to generate compouhdalthough a species
with Amax = 408 nm (possibly compounidl ) is detected if
a 10-fold excess of KD, is employed in the reaction.
Compoundll of the R38L HRP mutant has been reported
to be very short-lived17).

Reaction of R38H with $D,. Addition of from 1 to 100
equiv of HO, to R38H hHRP, which has an asymmetric

hHRP () and the spectra obtained at 23 after addition to the
ferric enzyme of 1 equiv of kD, (— — —) followed by 1 ¢-+), 2
(= - —), and 100 equivL - - —) of K4;Fe(CN}. The spectra in the
inset are for transient intermediates detected &C 4y stopped-
flow spectroscopy: ferric enzyme-§, compound obtained~1 s
after mixing with 100 eq KO, (— — —), and the species obtained
~10 s after mixing with 100 equiv of D, (— - —).

asymmetric Soret band at 399 nm, reacts with 1 equiv of
H,O, to produce a spectrum with a more intense Soret
maximum atlmax = 404 nm andy/f3 bands at 632 and’500

nm, respectively (Figure 4). Addition of up to 100 equiv of
K4Fe(CN}) to this species only slightly decreases the intensity
of the 404-nm peak (Figure 4). Neither a compouintbr

a compoundll intermediate is detected by this static
spectroscopic method. However, as found for the R38H
mutant, both of these intermediates can be detected@t 4
by stopped-flow spectroscopy. Reaction of R38H/H42V
hHRP with up to a 100-fold excess of®;, produces during
the first 0.5-2.0 s a sharper Soret band with an unchanged
maximum at 399 nm but approximatel of the starting
intensity (Figure 4, inset). During the subsequentlB s,

the Soret absorbance increases and shifts to 404 nm to give

Soret maximum at 399 nm, only produces a sharp andthe final spectrum. Further incubation leads to a gradual

slightly more intense Soret band at 405 nm without the 380
nm shoulder (Figure 3). Addition of up to 18 equiv of
K4Fe(CNj} to this species causes little change in its spectrum
(Figure 3, inset). This species, which is clearly not a
compound intermediate, appears to be a form of the ferric
protein with an altered iron coordination state. However, if
the reaction is monitored by stopped-flow techniques, the
transient formation of a typical compoumdspectrum can
be observed after the addition of 2.5 or more equiv gdH

decrease in the Soret absorbance due to prosthetic group
degradation.

Rate of CompountFormation. The rate of compount
formation was determined by monitoring the absorption
spectrum between 350 and 750 nm after adding varying
amounts of HO; to the ferric enzyme. The value &foys)
was calculated by a computer algorithm as the rate constant
for formation of a new species (compouhdrom the ferric
enzyme. This was done by fitting the calculated kinetic

(Figure 3). Thus, the Soret intensity decreases to half of its curve to the scan of the actual Soret bahgk and by

original value with a slight shift ofmax from 399 to 401 nm
(Figure 3). At pH 7.0 and 4C, this compound species is

matching the calculated final spectrum of the new species
to the real final spectrum of compoumd As the response

not stable and spontaneously decays within 0.4 s to thetime of the instrument limits the accuracy of the rate

species withlmax = 405 nm and very broad/$ bands at
~640 and~500 nm, respectively.

Reaction of R38H/H42V with J@,. As shown for R38H
hHRP, the R38H/H42V hHRP mutant, which also has an

determined at 25C for compoundl formation with the

native enzyme, the rates for the mutant enzymes were
compared with those for the native and wild-type proteins
at4°C. Atthis temperature, the rate constants for compound
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| formation for the R38A, R38H, and R38H/H42V enzymes
are (8.0 0.5) x 104 (1.340.1) x 1%, and (1.6+ 0.1) x
10° M1 s1, respectively (Table 1). These values are
approximately 450-, 28-, and 21000-fold lower, respectively,
than those for the native and wild-type enzymes.

Steady-State Kinetics of Guaiacol and ABTS Oxidation.
The R38A, R38H, and R38H/H42V hHRP mutants catalyze
the peroxidation of guaiacol and ABTS. The pH optimum
for guaiacol oxidation by the R38H mutant is 6.8, a value
similar to that for native HRP; however, the pH profile for
the R38A mutant is more narrow, and the maximum is
shifted to 8.6-9.5. At pH values<7.0, R38A hHRP has
very low guaiacol oxidizing activity. The R38H/H42V
hHRP pH profile for guaiacol oxidation is also narrow and
has a maximum at pH-78: at pH 2-5 the enzyme has
very low guaiacol oxidation activity.

The kinetics of guaiacol oxidation by native HRP and the
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Ficure 5: LineweavetrBurke plots for the oxidation of thioanisole

by the R38H/H42V double mutant and (inset) the R38A mutant.
TA stands for thioanisole. Similar plots are obtained for the

R38A, R38H, and R38H/H42V mutants have been examined °Xidation of styrene.

to evaluate the role of Arg38 in peroxidase catalysis. The
apparenK, values for guaiacol oxidation by R38A, R38H,
and R38H/H42V hHRP are 0.6, 0.5, and 34 mM, respec-

tively. These values are to be compared with an apparent

Km of 5.8 mM for the native enzyme (Table 2). The apparent
keat Values for guaiacol oxidation by the R38A, R38H, and
R38H/H42V mutants are 41, 200, and 12,gespectively.
The corresponding value for native HRP is 420.sThe
activities of the R38A and R38H/H42V mutants, as judged

tively, than that of the native enzyme, and their efficiencies,
as given by their apparet./Kn, values, are~3-, 6-, and
12-fold lower, respectively. If the R38H/H42V data is
compared against the wild-type enzyme under high salt
conditions, the apparek{,; value is only 2.6-fold lower, and
the efficiency is essentially unchanged.

Peroxygenase Reaction3.he time course for the oxida-
tion of thioanisole by R38H and R38H/H42V hHRP is linear

from their relativek. values, are therefore 10- and 55-fold for atleast5 min and 20 s, respectively (Figure 5). However,
lower than that of the native enzyme, whereas the R38H thioanisole sulfoxidation by the R38A mutant is nonlinear
mutant is only 2-fold less active than native HRP. The (the first two time points were taken at 5 and 10 s) even at
guaiacol oxidation efficiency (i.e., appardat/Km) of R38A a low (57 nM) concentration of the enzyme due to rapid
hHRP is almost the same as that for the native enzyme, thatinactivation by HO,. Michaelis-Menten parameters for
of R38H hHRP is 6-fold higher, and that of the R38H/H42V thioanisole oxidation were calculated for the three mutants,
mutant is 380-fold lower if it is compared to native HRP in  but the calculated kinetic parameters for R38A hHRP may
the presence of a similar h|gh salt concentration. The underestimate the true values due to enzyme inactivation
activities of R38H/H42V hHRP were measured in the (Table4). The apparent kinetic parameters for R38A, R38H,
presence of a high salt concentration because it is unstableand R38H/H42V ar&, = 0.6, 0.5, and 0.3 mM ankta =
in the absence of either imidazole or a high salt concentration.9-1, 0.05, and 3373, respectively. These values are to be
The kinetic studies were carried out for each enzyme nearcompared with an appareKt, of 0.6 mM andkc, of 0.048
its pH optimum, and the pH optima of the enzymes differ s 1for native HRP. The reaction efficiencies of the R38A,
(Table 2). R38H, R38H/H42V, and native hHRP, as judged from their
The pH optima for ABTS oxidation by the R38A, R38H, apparentc./Kn values, are 15, 0.1, 110, and 0.08 mM
and R38H/H42V, and native proteins are 5.2, 4.6, 8.0, and S, respectively. Thus, R38A and R38H/H42V hHRP are
4_6, respective|y_ The pH prof"es for the oxidation of ABTS at least 190- and 1400-fold more efficient in thioanisole
show that R38H hHRP has little or no activity at pH®, oxidation, respectively, than the native enzyme. The R38H
that R38A hHRP is active up to pH 8, and that R38H/H42v Mmutant has the same thioanisole sulfoxidation activity and
hHRP has little activity at pH values6. Kinetic studies  efficiency as native HRP. R38H and R38H/H42V hHRP
of ABTS oxidation for the native and single mutants were closely resemble native HRP in that they produce more of
carried out at pH 4.6 and for the double mutant at pH 8.0 the |®)- than §-sulfoxide enantiomer, whereas the R38A
(Table 3). The concentrations ot®, used in these studies ~Mutant produces more of th&)(isomer (Table 4).
differed and were optimal for each enzyme. Styrene oxidation by HRP produces styrene oxide (SO)
The apparenk, values for ABTS oxidation by the R38A, and phenylacetaldehyde (PAARS). A third product,
R38H, and R38H/H42V enzymes are 0.4, 1.6, and 0.16 mM, benzaldehyde (BA), is also formed but appears to be
respectively (Table 3). These values are to be comparedgenerated by a nonenzymatic mechanism. All four enzymes
with an apparenK,, of 0.8 mM (0.43 mM at high salt  produce roughly similar percentages of styrene oxide, but
concentration) for native HRP. The apparkntvalues for the proportion of PAA differs. R38A and R38A/H42V
ABTS oxidation by R38A, R38H, and R38H/H42V hHRP hHRP produce more, and R38H produces less PAA than the
are 660, 1400, and 130% respectively, and the correspond- native enzyme (Table 5). As a nonenzymatic product,
ing value for native HRP is 4100 5(340 s at high salt benzaldehyde has not been taken into consideration in
concentration) (Table 3). Thus, the activities of the R38A, calculatingVy. The apparent kinetic parameters for styrene
R38H, and R38H/H42V mutants, as judged by thei: epoxidation by the R38A, R38H, and R38H/H42V mutants
values, are approximately 6-, 3-, and 32-fold lower, respec- areK,, = 3.1, 1.9, and 0.4 mM, ani., = 0.023, 0.0037,
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and 0.0031 s, respectively. The corresponding apparent k. values for guaiacol (1.87%) and ABTS (100 s')

values for the native enzyme akg, = 0.3 mM andK¢y = peroxidation by the double mutant are considerably higher
0.0001 s*. The efficiencies of the R38A, R38H, R38H/ than the corresponding values of 0.12 and 04%¥a& H42A
H42V, and native enzymes, as given by the appatgin hHRP. Most significantly, a real improvement was observed
values, are 0.0074, 0.0019, 0.0078, and 0.0003 n$/*, in the thioanisole sulfoxidation (5.3’ and styrene epoxi-

respectively. Thus, the R38A, R38H, and R38H/H42V dation (0.024 st) rates 26).
mutants are 230-, 37-, and 31-fold more active, and 25-, 6-, The R38A, R38H, and R38H/H42V mutants, obtained in
and 26-fold more efficient, respectively, in styrene oxidation high purity and yield by heterologous expression in a
than the native enzyme. baculovirus/insect cell system, exhibit differences in their
Soret maxima suggestive of differences in iron coordination

DISCUSSION state. The spectrum of the ferric R38A mutant, with a sharp

The R38A, R38H, and R38H/H42V hHRP mutants were Soret maximum at 404 nm, differs only slightly from that
constructed and examined to determine whether a histidineof the wild-type enzyme and the previously reported R38G
can replace Arg38 in the catalytic mechanism and, more mutant 9). In contrast, the Soret bands of the R38H and
importantly, whether replacement of Arg38 by a histidine R38H/H42V mutants have maxima at 399 nm and are
can compensate in peroxidative and peroxygenative catalysigelatively broad due to the presence a shoulder280 nm.
for simultaneous replacement of His42 by an alanine or a These spectra resemble those reported for the R38L mutant,
valine. This choice of mutations was based on the premisewhich was shown by resonance Raman spectroscopy to have
that the low peroxygenase activity of HRP is due to steric a predominantly pentacoordinate, high-spin iron configura-
interference with the interaction of the substrate with the tion (29). These spectra suggest that the R38A, R38H, and
ferryl oxygen @, 23, 24). Examination of the crystal R38H/H42V mutants have essentially intact active sites.
structure of peanut peroxidase, which is closely related to  The reaction of HO, with the R38A, R38H, and R38H/
HRP, and of other available peroxidase crystal structures H42V hHRP, as indicated by a 1-2-fold decrease in Soret
indicates that the key residues in HRP that limit interaction band intensity with no more than a minor shift in its position,
of the substrate with the ferryl oxygen are Phe4l, His42, in each instance produces a detectable compospcies
and Arg38. His42 is particularly critical in this regard, as it (Figures 2-4). In the case of the R38A mutant, compound
sits in the center of the access channel over the heme ironl is observed if 1 equiv of kD, is simply added to the protein
atom (Figure 1). Thus, mutations that reduce the bulk of (Figure 2, inset), but compoundis not observed with the
these residues should make the iron more available and thusR38H and R38H/H42V mutants except by stopped-flow
improve the peroxygenase activity of the enzyme. Unfor- methods. The only change observed by static spectroscopic
tunately, His42 and Arg38 are critical catalytic residues, and methods with these proteins upon addition of 1 or several
their replacement by neutral residues slows down the catalyticequiv of O, to these proteins is a sharpening ans-nm
activation of HO, and consequently the rate of enzyme red-shift of their Soret bands with a slight increase in molar
turnover. Thus, the rate of formation of compouhd  absorbance. These spectra correspond to modified ferric
decreases from 0.89 10’ M~ts1t0 1.94x 10t M 1s?t proteins because the spectra are little altered by the addition
upon mutation of His42 to an alanin2g) and to 1.1x 10* of ferricyanide. The nature of the modification caused by
M~! s 1 upon mutation of Arg38 to a leucin@@). Despite reaction with HO; is unclear, but the result is a change in
the drastic decrease in the rate of compourfdrmation the coordination state of the iron. However, if the R38H
caused by the H42A mutation, which is reflected in a and R38H/H42V reactions are monitored by stopped-flow
decreased rate of guaiacol peroxidation, the appatgnt  methods at very short time periods aftesQd is added,
values for thioanisole sulfoxidation and particularly styrene spectra characteristic of compouhdpecies are transiently
epoxidation for the mutant (0.03 and 0.007,sespectively) observed (Figures 3 and 4).
are as high as or higher than for the wild-type enzyme (0.05 Reduction of the easily observed R38A compounit
and 1x 10°®s™%, respectively) 26). Mutation of Phe4lto  the ferric state proceeds without the detectable formation of
an alanine does not significantly alter the rate of compound compoundll whether the reduction is promoted byHé-
| formation but increases the rates of thioanisole sulfoxidation (CN)s or simply allowed to occur with time (Figure 2).
and styrene epoxidatio2®). However, Phe4l is placed in However, a compoundl -like species can be detected by
the active site (Figure 1) in such a way that its replacement stopped-flow spectroscopy following the transient formation
with smaller residues does not open up access to the iron toof compound I-like species with the R38H and, less
the same extent as does mutation of His42. This finding is convincingly, with the R38H/H42V mutants (Figures 3 and
in accord with the observation that the F41A mutation does 4). The properties of the hypervalent ferryl states of R38A
not improve styrene epoxidation activity as much as the hHRP resemble those reported previously for the R38L
H42A mutation despite the difference ofL(f in their rates mutant @0), in that it gives a stable compouhdpecies but
of compound formation @5). a very unstable or undetectable compouhdpecies. In

In an effort to preserve rapid compouhtbrmation while the case of R38H and R38H/H42V hHRP, both compounds
decreasing the size of the residue at position 42, wel andll are sufficiently unstable that they are not detected
demonstrated earlier that complementation of the H42A except by stopped-flow methods. This instability is clearly
mutation with an F41H mutation produces a peroxygenaselinked to the R38H mutation because compoungireadily
catalyst more effective than the H42A muta2®), The rate observed with the H42A and H42V mutanf5).
of compound! formation with the F41H/H42A double The rates of compound formation are impaired when
mutant is 3x 10* M~ s, approximately 18&fold faster Arg38 is replaced by a neutral amino acid. Replacement of
than that of the H42A mutant. Furthermore, the apparent Arg38 by a noncatalytic alanine results in a 450-fold decrease
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in the rate of compountdformation. This is comparable to
the decrease of10® previously observed with the R38L
mutant @0). Stopped-flow studies of the R38L mutant
resulted in observation of a transient species with an
absorption spectrum slightly different from that of the ferric
enzyme prior to the formation of compouhd This transient
spectrum was tentatively attributed to the ferric peroxo
(FeOOH) complex, in which case cleavage of the peroxo
complex is the rate-limiting step in the mutaB0). Spectra

of the reaction of the R38A mutant with,8, taken at very
short reaction times also exhibit small changes that differ
from those that lead to compoundformation, but the
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with the conclusion that compouridformation is not the
only rate-limiting step in the reaction.

In contrast to peroxidative catalysis, which is modestly
impaired by mutations of the catalytic residues His42 and
Arg38, peroxygenative catalysis is actually improved by the
same mutations (Tables 4 and 5). Thus, the R38A mutation
increases the appardq}; values for thioanisole sulfoxidation
and styrene epoxidation 182- and 660-fold, and the R38H/
H42V-coupled mutations increase the same parameters 230-
and 31-fold. Inthe R38A mutant, the relatively large Arg38
group is replaced by a small but catalytically incompetent
alanine residue. In the R38H/H42V double mutant, Arg38

changes are not the same as those reported for the R38lis replaced by a large histidine residue, but His42 is replaced
mutant. In the absence of more definitive data on the naturepy a relatively small valine. Together, these mutations

of the transient species obtained with either the R38L or
R38A mutant, we cannot conclude that the ferric peroxo
complex is observed in our experiments.

In contrast, compounbdformation with R38H hHRP was
only 28-fold slower than with wild-type hHRP (Table 1).

increase the size of the cavity and, therefore, access to the
active site. If Arg38 is replaced by a comparably large
histidine residue without simultaneous changes at the His42
site, the rate of thioanisole sulfoxidation is not altered and
that of styrene epoxidation is increased 37-fold. The

Thus, a histidine at position 38 substitutes to some extentincreases seen with the R38A and R38H/H42V mutations

for Arg38 in the catalytic mechanism but not in stabilization
of compound. Rodriguez-Lopez et al2(Q) have proposed
that Arg38 promotes compouthdormation by (a) facilitating
proton transfer to His42 and thus assisting binding of the
peroxide anion to the iron and (b) stabilizing the transition
state for heterolytic oxygenoxygen bond cleavage. Our
earlier demonstration that exogenous imidazol&, (or an
imidazole substituted for Phe426), partially rescue the
catalytic activity of the His42 mutant by facilitating binding
of the peroxide anion to the iron suggest that the histidine
at position 38 may also fulfill this function of Arg38. Itis
not possible at this point to determine whether the histidine
substitutes to some extent for Arg38 in stabilizing the
transition state for peroxide bond cleavage.

The rate for compound formation in the R38H/H42V
mutant is 1.6x 10° M~ s, approximately 21000-fold
slower than for wild-type hHRP. On the other hand, the
rate of compound formation for the H42V mutant is 1.8
10t Mt s71 a rate approximately $dold lower than for
the wild-type @5). Thus, replacement of Arg38 by a
histidine improves the rate of compouhdormation of the
H42V mutant by a factor of approximately 150, presumably

must be placed in the context of the 450- and 21000-fold
decreases in compouhdormation. These results, together
with the earlier results obtained with the F41A and H42A
mutations 25, 26, 28), indicate that steric access to the
activated oxygen species exerts a major control on the rate
of the peroxygenase reactions. Furthermore, the collective
results indicate that much better peroxygenase catalysts can
be constructed by increasing that access, even if the
modifications impair the catalytic machinery involved in
formation and stabilization of the activated species.
Although higher intrinsic peroxygenase activities are
achieved with the R38A and R38H/H42V mutations, the
mutations also decrease the stability of the ferryl species and
lead to accelerated catalysis-dependent inactivation of the
enzyme. Studies with cytochronteperoxidase have indi-
cated that Arg48, the residue equivalent to Arg38 in HRP,
is important not so much for compoumdormation as for
stabilization of the compounidferryl species 15, 30). The
stabilization may include an electrostatic component but also
involves a hydrogen bond to the ferryl oxygeBl{33).
Arg38 appears to have a more significant role in compound
| formation in HRP; however, the present results show that

because the histidine, even if not optimally located, is amore jt js also critical for stabilization of the ferryl species,

versatile catalytic residue than the arginine.
Key results emerge from comparisons of the effects of

presumably as the result of both static and hydrogen bonding
interactions. A further requirement may be that the residue

the mutations on the peroxidation of guaiacol and ABTS and at position 38 needs to be resistant to reaction with the

on the peroxygenation of thioanisole and styrene. Replace-activated oxygen species, a possible basis for the very poor
ment of Arg38 by an alanine decreases the appakent  stability of the R38H and R38H/H42V hHRP compouhd
values for the oxidation of guaiacol and ABTS by a factor species. The construction of optimal peroxygenase catalysts
of <10, a value considerably smaller than the decrease ofhased on the HRP skeleton thus requires the elaboration of
~450 in the rate of compoundformation. Replacement  mytations that increase access to the active site but preserve
of Arg38 by a histidine decreases the two peroxidation rates stapilization of the reactive ferryl species even if they cause

by a factor of<3, again an effect 10-fold lower than that of
the mutation on compoundformation. The same is true

a decrease in the rate of compountbrmation.
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