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ABSTRACT. A cationic peroxidase was isolated and characterized from the latex of the perennial
Mediterranean planEuphorbia characiasThe purified enzyme contained one heme prosthetic group
identified as ferric iron-protoporphyrin IX. In addition, the purified peroxidase contained 1 mol of
endogenous calcium per mol of enzyme; removal of this calcium ion resulted in almost complete loss of
the enzyme activity. However, when exces$Oaas added to the native enzyme the catalytic efficiency

was enhanced by 3 orders of magnitude. The mechanism of activation was studied using a wide range of
spectroscopic and analytic techniques. Analysis of the steady state by stopped-flow measurements suggests
that the main effect of calcium ions is to favor the oxidation of the ferric enzyme by hydrogen peroxide

to form compound |, whereas the other steps of the catalytic cycle seem to be affected to a lesser extent.
UV/vis absorption spectra and CD measurements show that the heme iron is pentacoordinated high-spin
in native enzyme and remains so after the binding o¥"C&®nly minor changes in the secondary or
tertiary structure of the protein could be detected by fluorescence or CD measurements in the presence of
C&* ions, except for a significant perturbation of the*F@ner sphere geometry, as detected by EPR
measurements. We propose thafChinding to a low affinity site induces a reorientation of the distal
histidine changing the almost inactive formB@iphorbiaperoxidase to a high activity form. This is the

first example of a peroxidase that responds as an on/off switch to variations in the extethidveh

The superfamily of heme peroxidases isolated from many acidic, neutral, and basic forms. The horseradish peroxidase
higher-order plants, fungi, and bacteria is a group of enzymesisozyme C, HRP-C, is the most studied isoform: it is a single
that utilizes hydrogen peroxide to oxidize a second reducing glycosylated polypeptide chain of 308 residues with eight
substrateX). These enzymes are involved in the regulation oligosaccharide side chains and a relative molecular mass
of cell growth and differentiation, in cell wall lignification,  of 33 900 @). The native enzyme is generally considered to
and in the metabolism of hormones and alkaloids Zrahd contain high-spin F& in a protoporphyrin IX pentacoordi-
references therein). Heme peroxidases can be grouped int;ated to a proximal histidine ligand. This histidine functions
three classes: class | contains bacterial and plant intracellulaio stabilize the higher oxidation states of the iron atei (
enzymes from mitochondria and chloroplasts, such as ascorwhile another histidine, known as the distal, functions as an
bate peroxidase and cytochronteperoxidase. Class Il acid—base catalyst to accept one proton from the peroxide.
consists of secreted fungal peroxidases, for example, man-Two mol of C#*/mol of enzyme are also present in native
ganese peroxidase and lignin-degrading peroxidase. Class lIHRp-C; the binding sites are known as the proximal and
contains secreted plant peroxidases exemplified by horseradthe distal site according to their location relative to the
ish peroxidase (E.C. 1.11.1.7, donor: hydrogen peroxide porphyrin plane. Ck is also found in the other class Il and
oxidoreductase; HRPps the best known. There are more || peroxidases, whereas class | cytochromperoxidase does
than 30 isoforms of HRP classified into three major groups: ot possess bound aat all. The role of these ions has
been intensively investigated, and in generad'Geas been
inv*ezgi;eitt?%xé "\év?iscel?g;tiglil){) asstél;r}aggtsi §r¥d EIRE]e(EOHSORD?agﬁet proposed to maintain the heme pocket structure associated
Project on Biotechnology and Coordinated Proj)éct Age'nzi.a 2'000.g W'th high catalytic aCt'_V't'es' Removal of the-caluum lons
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enzymes, they are not essential for low levels of activity.

Medda et al.

Peroxidase Actity. Activity measurements were per-

This is at variance with the class Il manganese peroxidaseformed in 100 mM sodium-acetate buffer, pH 5.75, and 25

(12) in which the loss of either one or two &dons rendered

°C, using hydrogen peroxide and the reducing substrate

the enzyme inactive. The differences between the two classeABTS by following the increase in absorbance at 415 nm

of peroxidases were attributed to the different locations of
intramolecular disulfide bridges.

We have previously isolated a cationic peroxidase from
the latex of the Mediterranean shr&uphorbia characias
and reported some of its physicochemical characterigt®)s (
Surprisingly, the purified enzyme has a very low specific

resulting from the formation of the ABTS cation radical
product €45 = 36 mM™t cm™). The activity was also
determined by measuring the change in absorbance at 460
nm because ob-dianisidine oxidation. Activity was calcu-
lated in standard enzyme unitanfol min~* mg?), and
catalytic-center activityk¢) was defined as (mol of substrate

activity for classic peroxidase substrates when compared toconsumed)/(mol of active sites) in 1 s. The valuegffor
HRP and other peroxidases. In the present paper, we showELP using varying reducing-substrate concentrations at a

that the catalytic efficiency of this enzyme was enhanced
by 3 orders of magnitude in the presence of‘Cans. We
have used this unique behavior to study the activation

phenomenon by conventional and stopped-flow spectropho-

tometry and through comparison of the results with those
reported for HRP-C, one of the typical peroxidasesd we
present a possible explanation of the mechanism of activa-
tion.

EXPERIMENTAL PROCEDURES
Materials. HRP (RZ value AydAzs0 = 3.2), ABTS,

o-dianisidine, and ascorbic acid were purchased from Sigma K,

(St. Louis, MO). Hydrogen peroxide was from Merck
(Darmstadt, Germany), and apo = 43.6 Mt cm! was
used to determine its concentration. All chemicals were
obtained as pure commercial products and used without
further purification.

Enzyme Peroxidase fronE. characiaslatex (ELP; RZ
value= 2.7) was purified as previously describel®). The
latex was drawn from cut branches Bf characiasand
collected in glass containers. ELP was purified as the
following steps (for details, see rdf2). Step 1. acetone

saturating concentration of hydrogen peroxide (25 mM), or
varying concentrations of hydrogen peroxide at a saturating
concentration of reducing substrate (10 mM ABTS), was
calculated from double reciprocal plots by Michaelis
Menten analysis in 100 mM sodium-acetate buffer, pH 5.75,
the optimum pH found for ELP. Thk../Ky value, a more
useful measure of substrate specificity, was compared to that
obtained for HRP. The effect of pH on ELP activity was
tested in 100 mM sodium-acetate and Tris/HCI buffers. The
effects of Ca" ions on ELP activity were examined in buffers
with or without CaCJ or with CaCQ or chlorides of different
metals to distinguish the specific effects of the various ions.
and Ky Determination of Cyanide Bindin@he affinity

of ferric ELP for cyanide, a competitive inhibitor of heme
containing enzymes, was determined by taking advantage
of the characteristic absorbance changes associated with
coordination to the heme iron. The data so obtained were
compared with the inhibition constants determined from the
effect of cyanide on the steady-state parameters. Titrations
were made at 25C in 100 mM Tris/HCI buffer, pH 7.0, or

in 100 mM sodium-acetate buffer, pH 5.75, in the presence
or absence of 10 mM Caions, by stepwise addition to an
ELP solution of 5uL (1.5 nmol) freshly prepared cyanide

powder. Step 2: crude extract. Step 3: dialysis against reagent to the ELP solution, and the optical density changes
deionized water. Step 4: ammonium sulfate fractionation. \yere measured at the appropriate wavelength 15 min after
Step 5: DEAE-cellulose chromatography. Step 6: hydroxy- each addition (see Results). Inhibition constants were de-

apatite column chromatography. Step 7: SP-SephadeXiermined from Dixon plots 45). The determination of

column chromatography.

Gel ChromatographyGel chromatography was carried out
at 4°C using a column (2.5 90 cm) of Sephacryl S-200
High Resolution (Pharmacia Biotech, Uppsala, Sweden)
equilibrated and eluted with 100 mM potassium-phosphate
buffer, pH 7, containing 300 mM KCI. The distribution
coefficient Kq) was obtained as describet3]. The protein

cyanide affinity from steady-state experiments is unequivocal,
given the very low concentration of the enzyme employed
in these experiments. Moreover, direct spectroscopic deter-
minations cannot be carried out at enzyme concentrations
lower than 13 uM (i.e., in these experiments the total and
free cyanide concentrations differ to a significant extent).
The mass law yields [E-CN]/JE = [CN7]/Kg + [CN].

standards were catalase, aldolase, bovine serum albumin, angfaking into account the total concentrations of cyanide

ovalbumin.

Metal and Heme Contenhe presence of metals was
measured by atomic absorption using a Unicam 969 AA
spectrometer Solar (Bournemouth, Dorset, UK). The heme
content was determined from the absorption spectra of the
oxidized and reduced forms of the pyridine hemochromogen
derivative, assuming a differential absorption coefficient of
Aesgq (for the dithionite-reduced enzyme) Aessy (for the
ferricyanide-oxidized enzyme¥ 20.7 mM™ cm™ (14).

Deglycosylation Analysi®2rotein samples were denatur-
ated by boiling for 5 min and then deglycosylated with
N-glycosidase (xg/mL) in 50 mM sodium-phosphate buffer,
pH 7.2, at 37°C for 12 h. Controls were performed in
samples withoulN-glycosidase. FoM, determination, pro-
teins were analyzed on SBAGE.

(ICN71y) and ELP ([E), and the relationships [CN =
[CN7]: — [E-CN] and [E]= [E]: — [E-CN], we obtain the
following equation, whose solution was fed to the minimiza-
tion routine:

[E-CN]? — [E-CN]([CN ], + [E], + Ko +
[CN ][E],=0

SpectrophotometnAbsorption spectra and data from all
activity assays were obtained with an Ultraspec 2000
spectrophotometer (Pharmacia Biotech Ltd., Cambridge, UK)
using 1 cm light-path cells.

Fluorescence Spectr&luorescence spectra were obtained
using a Perkin-Elmer LS-3 spectrofluorimeter (Perkin-Elmer
Ltd., Buckinghamshire, UK).
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Circular Dichroism Spectroscop¥D spectra were mea- by Hamamatsu, Shimokanzo, Shizuoka-ken, Japan). The
sured with a Jasco J-715 spectropolarimeter (Jasco, Hachiojoutput current of the photomultiplier was converted to voltage
City, Tokio, Japan). A 9.2M solution of ELP in 100 mM by a Tektronix ADA400 amplifier and read in a Tektronix
Tris/HCI buffer, pH 7.0, was placed in strain free 0.1 mm TDS360 digital oscilloscope (Tektronix, Beaverton, OR). The
(for far UV spectra) and 1.0 cm (for Soret spectra) quartz use of a faster current to voltage amplifier (model AM3100
cuvettes, and spectra were measured between 260 and 198y Analogue Modules USA, capable of time resolution up
nm or 460 and 350 nm with the following setup: bandwidth to 350 MHz) allowed us to explore the nanosecond and
2 nm, time constant 2 s, scan rate 20 nm/min, apguNging microsecond time regime. However, no spectroscopic changes
rate 25 L/min. A total of eight spectra corrected for could be detected in this time window; therefore, no such
background (phosphate buffer and salt) were averaged anddata are presented in this work.

SUCCGSSiVG'y smoothed with an eight points Savisky_GoIay Electron Spm Resonance SpectﬂﬁSR spectra were
smoothing procedure. The CD spectrum was normalized asrecorded with a Bruker ESP 300 instrument (Karlsruhe,

Ae units using the molar extinction coefficiegiso = 3 x Germany) using a standard Jgtype cavity for low-
1M tem™ temperature F&measurements. Samples of 3@0in 3 mm

Stopped-Flow ExperimentsStopped-flow experiments j.d. quartz tubes were measured at 100 K. ESR spectra were
were carried out using an Applied Photophysics MV 17 recorded at 1 or 10 mW microwave power, using 0.1 or 1
apparatus (Leatherhead, UK), equippedhvat 1 cmlight- mT modulation amplitude.
path observation chamber and either a monochromator and
a photomultiplier tube (for single wavelength measurements) RESULTS
or a spectrometer and a photodiode array detector (for rapid o _ _ ]
acquisition of absorbance spectra over the range of-250  Characterization of Euphorbia Peroxidas8ince plant
800 nm). Single wavelength measurements were analyzedPeroxidases may existin numerous molecular forms, we used
by a least squares minimization routine (developed using the &l€ctrophoresis under nondenaturing conditions and isoelec-
Borland Pascal 7.0 compiler) capable of fitting to the i€ f0(_:usmg to single out a}II the poss[ble |so.f0rr'n'spe0|es.
experimental data of any desired theoretical model using Péroxidase bands were visualized with telianisidine/
either analytical or numerical integration. Time-resolved hydrogen peroxide method. It was not possible to detect any
absorption spectra were deconvoluted by a singular Va|ueprote|n_ bands_ by PAGE or isoelectric focusing using directly
decomposition performed with the program MATLAB (The the thick whlte latex, probably becausg of mterference
Math Works, Natick, MA). This analysis requires the time- beca_use of its composition. The analysis of the isoform
resolved spectra to be arranged into matrix A, each column SPecies was therefore only made after the acetone powder
being a spectrum and each row a time course or a titrationSteP (Step 1). No isoenzyme species could be detected by
profile at a single wavelength. The application of SVD yields PAGE or by analytical gel electrofocusing in the pH ranges
three matrixesU, S, andV, such thath = USV™. U andV of 3—10 and &8. SDS-PAGE of purified ELP showed a
are orthogonal matrixes, where@ss diagonal, its nonzero ~ Single band with aM: of 46 000 + 1000, whereas gel
elements arranged in decreasing order. Each column offiltration chromatography gaveMd, of 47 000. We analyzed
matrix US represents a pseudospectrum (i.e., the absorptiontn® €xtent of glycosylation ifcuphorbialatex peroxidase
of one of the spectroscopic components required to approxi-T€ating denatured protein samples withglycosidase.
mate the original data, and only the first few columns are Comparing the mobility with that of untreated controls
significant, the last ones corresponding to negligibly small revealed a significant shift in molecular mass from 46 000

S values). Each column of matrix¥ represents the time {0 39000 (not shown), suggesting that the protein may
course or titration profile of the corresponding column of contain about 15% carbohydrate. The isoelectric pH of ELP

US and was analyzed by ordinary nonlinear minimization Was found to be 7.4.
routines (by using either MATLAB or dedicated programs  The purified enzyme contained 0.12% (w/w) iron corre-
developed with the Borland Pascal Compiler) as already sponding to an Fe/protein ratio of 1:1 and a heme prosthetic
described 16), to obtain the pertinent equilibrium or kinetic ~ group that was identified as ferric iron-protoporphyrin IX.
constants and the amplitudes of tfieelements. The fited ~ The purified ELP also contained 1 mol of endogenous
V amplitudes Y5;) were used to calculate the spectra of each calcium per mol of enzyme; this strongly bound calcium
chemical species involved in the reaction in accordance with could be removed by incubating the enzyme in 100 mM Tris/
the formula: Ag = USVgT. HCI buffer, pH 7.2, for 18 h at 25C with 6 M guanidine
Laser Photolysis Experimentsaser photolysis experi- hydrochloride and 10 mM EDTA and extensive dialysis in
ments were carried out using an instrument developed in ourwater ), as confirmed by atomic absorption measurements.
laboratory (7). Briefly, the 5 ns pulse of a Nd:YAG laser The final absorbance of the Soret band was about 70% of
(Quanta Systems, Milan, Italy; we used the second harmonicthat of the native protein, probably because of incomplete
with a wavelength of 532 nm arfl= 10 to 100 mJ/pulse)  heme capture during refolding. The activity of the?Chree
was focused onto one facé @ 1 cmfluorescence cuvette ~€nzyme was approximately 2% of the native enzyme (results
sealed to a Thunberg tube containing the desired solutionnot shown).
and gas phase. The transmittance of the sample was Reaction of ELP with Hydrogen Peroxide and Reducing
monitored by an optical line arranged at’3Gith respect to Substrates: Kinetics ParameteiBhe effect of pH on ELP
the laser pulse, consisting of a 100 W lamp (Oriel, Stratford, activity was tested in sodium-acetate and Tris/HCI buffers
CT), a blue glass filter (Corning Glassware, Corning, NY), using ABTS as substrate. The pH curve showed an optimum
the sample holder, a second filter, a monochromator (Spex,at 5.75 (Figure 1). The value &, for ABTS at a saturating
Edison, NJ), and a photomultiplier module (model H6870 concentration of hydrogen peroxide was shown to be of the
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Ficure 1. Effect of pH onEuphorbiaperoxidase activity. The
buffers used were 100 mM sodium-acetate, pH63and 100 mM
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(data not shown). The activation by €dons was strongly
pH-dependent. As shown in Figure 1, 100-fold activation
was observed in the presence of 10 mMCim sodium-
acetate buffer, pH 5.75. At pH 4.5 and 8, very little activity
(if any) could be measured. After dialysis against 100 mM
Tris/HCI or sodium-acetate buffers or filtration through a
Sephacryl S-200 column, the activating effect was lost. The
dissociation constanK() for the binding of C&" at fixed
saturating concentrations of reducing substrate (ABTS, 10
mM) and hydrogen peroxide (25 mM) was calculated to be
3.5 mM.

The data reported in Figure 2 are consistent with the
binding of 1 additional mol of CA ion per mol ofEuphorbia

Tris/HCI, pH 7-8. (a) Purified enzyme and (b) enzyme in the peroxidase, as suggested by analyzing the dependekgg of

presence of 10 mM Ca ions.k.,:= (mol of substrate consumed)/
(mol of active sites) in 1 s. Data reported are calculated as the

mean of at least five different measurements.

Table 1: Kinetics Parameters of Horseradish Peroxidase (HRP) and

EuphorbiaLatex Peroxidase (ELP) and of ELP in the Presence of
10 mM C&* long

HRP ELP ELP-C&
Ky ABTSP (mM) 0.88+£0.092 1.1+0.12 0.33£0.03
Keal (S71) 890+ 98 102+ 14 10200+ 936
keafKm ABTS (MM1s%) 1010 93 30900
Ky H202¢ (mM) 0.022+0.004 2.6+ 0.37 0.27+0.032
KeafKm H202(MM~1s7%) 40450 39 37700

aBuffer used: 100 mM sodium-acetate buffer, pH 5.78sing
saturating concentrations of,8; (25 mM). ¢ Using saturating con-
centrations of ABTS (10 mM).

10000 . * ¢
80007 .
% 6000
x
4000
2000
0 10 20 30 40
[Ca** 1 (mM)

Ficure 2: Effect of the C&" concentration oftuphorbiaperoxi-

dase activity. The buffer used was 100 mM sodium-acetate, p

on the concentration of g according to the equatiofCa"

= Alog keaf Alog [C221] (18, 19). The use of this equation

is justified if the enzyme activity is tested under saturating
concentrations of both substrates. It is important to state that
this equation would not detect a stoichiometry higher than
1:1 if the binding sites were perfectly equivalent and
independent of each other, but this hypothesis is unlikely in
a monomeric hemoprotein.

Other lonic EffectsSimilar activation to that obtained with
CaClb was seen in the presence of CaCRo effect of CI
was observed. Other divalent cations such & &nd B&+
gave rise to minor activation of the enzyme (20 and 10 times,
respectively, at 10 mM concentration), whereas?Mgnd
Mn?* had no effect on ELP activity.

Mechanism of Actiation of ELP by C&". The catalytic
cycle of HRP-C and other peroxidases is well-established
(20—26) and is briefly summarized here to facilitate the
description of the results obtained. The initial reaction of
hydrogen with HRP forms a ferric hydroperoxide, the
compound 025, 27), the distal histidine acting as a general
base. The transiently protonated histidine then acts as a
general acid to protonate the leaving hydroxide and generate
a green enzyme intermediate compound I, with both of the
oxidizing equivalents of kD, transferred to the enzyme. One
of the two oxidizing equivalents of peroxide is accounted
for by the loss of an electron from the iron atom that is
oxidized to a ferryl complex in compound | (Fe= 0?°),
 Whereas the second electron is donated by the porphyrin ring,

5.75. The continuous curve represents the theoretical binding OXidized to as-cation radical. Compound | then reverts to

isotherm fit to the data.

the resting state by two successive one-electron reactions
with reducing substrate molecules (BHThe red compound

same order of magnitude for HRP and ELP (Table 1), Il, a second enzyme intermediate, is produced by the first
whereas theKy for hydrogen peroxide at a saturating electron transfer of DKHto compound I. The reaction
concentration of ABTS was calculated to be 0.022 and 2.6 proceeds through the following mechanism:

mM for HRP and ELP, respectively. ELP showekiavalue

approximately 9 times lower than that found for HRP. A HRpP(PrixFé') + H,0, —
very smallkea/Kmv value for ELP, as compared with that
found for HRP, was seen for hydrogen peroxide, whereas

the keaf Ky value for ABTS in theEuphorbiaenzyme was
about 11% of that found for HRP.
Effect of C&" on the Enzyme Actity. The effect of added

Ky
compound I(PrIX"Fé¥ = 0) + H,O (1)

k.
compound H- DH, —
compound lI(PrIXF¥ = O) + DH" + H™ (2)

C&* ions on ELP activity was investigated using ABTS as

substrate. When native ELP was incubated for 10 min in
the presence of G4 a drastic activation was observed (Table

1; Figure 2), which showed a maximum at 10 mMVPCion

k.
compound I+ DH,—HRP+DH' + OH  (3)

DH" + DH' = D + DH, (4)

concentration. Since ABTS might bind divalent metal ions,
these experiments were also carried out with the substrate With a large excess of #, and in the absence of reducing
o-dianisidine giving the same results as obtained with ABTS substrates, peroxidases may decompose hydrogen peroxide
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Ficure 3: (A) Absorption spectra oEuphorbiaperoxidase. (a)
native peroxidase (16M) and (b) compound | obtained as reported
in Experimental Procedures. (Bjuphorbia peroxidase in the
presence of CNand 10 mM C&" ions in 100 mM sodium-acetate
buffer, pH 5.75. (a) native peroxidase (&®1), (b) the same in the
presence of 7.5 nmol of CN and (c) in the presence of 15 nmol
of CN~.
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Table 2: Extinction Coefficients of NativEuphorbialLatex
Peroxidase, Compounds | and Il, and the ELP-CN Derivative in 100
mM Sodium-Acetate Buffer, pH 5.75

native ELPe compound k  compound lle ELP-CN €

(mMtcm?) (mMtcm?) (mM~tcm?) (mM~tcm?)
€278 = 66.7

€01=130.7  €303=80.6 enz=120.5 €q18= 138

€458 = 16.3 €541 = 15

€637 — 5.15 €651 — 9 €577 — 12.6

the influence of C& ions on the binding of cyanide, ELP
was titrated with CN in the presence or absence of 10 mM
C&" in 100 mM sodium-acetate buffer, pH 5.75, and in 100
mM Tris/HCI buffer, pH 7. When CN was added to 15
uM ELP, the absorption band at 401 nm disappeared in
parallel with formation of a band at 418 nm (Figure 3B). In
this process, isosbestic points at 460 and 535 nm were
observed. Cyanide titration of ELP showed that the binding
of cyanide was markedly changed in the presence of 10 mM
Cé&' ions.Kqwas found to be 1.9 and 5 in the presence
and absence of G4 respectively, at pH 5.75, and 2.1 and
2.5 uM, respectively, at pH 7 (not shown). These results
agree closely with those obtained by measuring the inhibitory
effect of cyanide on the steady-state parameters. Moreover,
the effect of C&" ions on the dissociation constants of
cyanide reflects the activation effect, which is greater at pH
5.75 than at pH 7 (Figure 1).

Stopped-Flow Determination¥wo types of experiments
were carried out to investigate the fundamental steps of the
catalytic cycle of ELP. First, the resting ferric enzyme was

to oxygen and water. These conditions may also result in mixed with hydrogen peroxide in the absence of the reducing
the formation of oxygen radicals that inactivate the enzyme. substrate. Second, the enzyme was mixed with hydrogen
The inactive compound 1ll, or oxyperoxidase, is obtained peroxide and ascorbate; by repeating this experiment several
(28). Trapped species of HRP compounds | and II, as well times over some minutes, we checked thaOHwas not
as several ferric derivatives, have been reported using X-rayconsumed by ascorbate while waiting in the instrument. Both
absorption studies at low temperatu9)( experiments were carried out at several concentrations of
Spectrophotometric Feature$he electronic absorption each substrate in the presence or absence of calcium ions
spectrum of ELP showed maxima at 278, 401, 498, and 637 (Figure 4). In the presence of calcium ions, ELP reacted
nm in 100 mM potassium-phosphate buffer, pH 7 (Figure rapidly with hydrogen peroxide to yield the compound |
3A). The compound | with characteristic absorption maxima product. When KO, was present in stoichiometric amounts,
at 278, 398, 544, 577, and 651 nm was achieved by and was thus completely consumed in the reaction, com-
pretreating the enzyme with equimolar amounts of hydrogen pound | was stable at least over the time scale explored (i.e.,
peroxide for 24 h at 25°C (26). Then, an additional  up to several minutes). When the concentration of hydrogen
equimolar amount of hydrogen peroxide was added for 15 peroxide exceeded that of the enzyme, at least one further

min at 3°C (Figure 3A). Compound Il with characteristic

reaction took place, the product of which is called X in

absorption maxima at 278, 413, 541, and 576 nm was Scheme 2.

generated from compound | by the addition of 1 equiv of

ascorbic acid (not shown; r&0). From 270 to 700 nm the

In the absence of calcium ions, a different behavior was
observed since the formation of compound | was very slow

spectra of compounds | and Il were similar to those already and this intermediate did not accumulate but was converted
reported for HRP31); the absorbance spectra in the presence into X almost as soon as it was formed (Figure 4B).

of 10 mM C&*" ions were very similar, and similar spectra

Comparison of the time courses of the reaction wit©OH

were also obtained in 100 mM sodium-acetate buffer, pH reveals the striking effect of calcium, which increases the

5.75. The related millimolar extinction coefficients of the

second-order rate constant by a factor of 100 or more (Table

native enzyme, compounds | and Il, are reported in Table 2. 3).

Formation of the Cyanide Derative. CN~ behaved as a
competitive inhibitor of ELP. At pH 5.75 and 7, thevalues
were calculated to be 6 and @2M, respectively. In the
presence of 10 mM Caions, only theK; value at the lower
pH changed markedly to ZM. The extinction coefficients
of the adduct ELP-CN are reported in Table 2. It is well-

The catalytic cycle, with its pre-steady-state processes,
could be studied in the experiments carried out by mixing
ferric ELP with both its substrates {8, and ascorbate).
These experiments show a characteristic fall and rise in
absorbance, with an evident flat region, corresponding to the
steady-state phase (Figure 4). An obvious and model

known that the cyanide adduct may be compared to the initial independent observation is that the fast process of the reaction

binding of hydrogen peroxide to peroxidasgdg)( To analyze

with H,O, observed in the presence of as compatible
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Even an incomplete interpretation of the steady state,
however, requires a kinetic model of the catalytic cycle and
cannot be model independent. The catalytic mechanism of
peroxidases is complex, but under appropriate experimental
conditions (i.e., when the concentration of®4 is low and
that of the reducing substrate is high), it is possible to limit
the number of significantly populated intermediates to three
(i.e., the resting ferric enzyme and compounds | and II). The
I experiments presented in this paper were analyzed using a
10° 10° 10° 10° 10’ modification of this minimum catalytic cycle (Scheme 2),

Time (s) which further contains the intermediate called X. This
intermediate is populated mostly or exclusively in those
B experiments in which the resting ferric enzyme was allowed
to react with hydrogen peroxide in the absence of the
reducing substrate. The catalytic mechanism depicted in
Scheme 2 satisfactorily describes the reaction of ELP in the
presence of calcium but fails to describe the absorbance
changes recorded in the absence of this ion (Figure 4). We
did not attempt to analyze the latter data with more complex
models since the low enzyme activity may favor the
population of several intermediates, giving rise to multiple
Time (s) and _complgx alterngtiye reaction p.athways. Therefore, for

the time being, we limit our analysis to the statement that

Ficure 4: Time course of the absorbance changes recorded at 40 . . .
nm in the presence (A) or absence (B) of 10 mM calcium ions_l.the catalytic mechanism depends on the presence of calcium

Experimental conditions: 100 mM sodium-acetate buffer, pH 5.75, 10NS. _ . - '
20 °C, and ELP concentration 3.6M (after mixing). The Although the species X could not be identified with
concentration of substrates (after mixing) are as follows: hydrogen certainty, some of its properties were evident from the

peroxide 3.3uM (a&); hydrogen peroxide 1@M (O); hydrogen i in i
peroxide 10¢M and odium ascorbate 1004 (): and hydrogen experiments reported in Figure 4. X was formed only when

peroxide 25«M and sodium ascorbate 1@ (O0). The continuous an excess of b0, W‘,"‘S present and a reducing substrate was
curves were calculated using the constants given in Table 3. absent. On longer time scales than those explored by stopped
flow it disappeared. Moreover, this intermediate X was not
Scheme 1 identical to the dark-red compound Il [Fe(l1)-]) which
ELP + Ca®* — === ELP*+ Ca®' could be formed upon addition of a 25-fold excess of
hydrogen peroxide to the native ELP (not shown). As a
l W

0.15 - i

0.1 7

A401

0.05 1

0
102 107 10° 10"

working hypothesis, we suggest that the species X may be
an intermediate of ELP with a very low catalase-like activity.
Interpretation of the stopped-flow experiments using the

Bl ca L Scheme 2 yielded the rate constants reported in Table 3 and

Scheme 2 the continuous curves shown in Figure 4. Although other,
H,0, H,0 H,0, H,0 more complex, kinetic schemes may also describe our data

. K j u (and actually may better describe those collected in the

E-Fe T CI . X absence of calcium as reported in Figure 4B), deciding

a\ /KS among them would be arbitrary; thus, we prefer the minimal

Sox cn = Scheme 2. Three main points are provided by this analysis:

Sted Sox (i) compound | forms quickly in the presence of?Caons

and slowly in the absence, but in both cases it does not
Table 3: Kinetic Rate Constants Describing the Steady State of the accumulate since it is rapidly converted to compound Il

ELP-Catalyzed Oxidation of Ascorbate by®* ascorbate reacts quickly with compound | and prevents the
ki ko ks ks formation of X; (ii) in the presence of Caions, the rate-
(M7s) Mts™) (M7isT) (MTts™) limiting step is the reduction of compound Il to the ferric
ELP (native enzyme) 7.% 10" 1.3x 107 2.8x 10* 3.2x 10 enzyme, as is usual for peroxidases; on the other hand, in
ELP+10mMC&’ions 1.2x 10" 1.2x 107 3.0x 10 25x 10° the absence of Gaions, eithelk; or ks may be rate limiting,

aExperimental conditions as in Figure 4. All the kinetic processes depending on the concentrations of the two substrates; this
of the model employed to fit the experimental data are second order js very unusual in peroxidases; and (iii)Cdons affect only
(see Scheme 2). or mostly the first step of the catalytic cycle.

Laser Photolysis Experiments. Euphorbperoxidase,

with the steady state (compare the time course indicated byreduced with sodium dithionite, was equilibrated with CO
circles in Figure 4A with that indicated by asterisks). The and submitted to flash photolysis. The rate of CO recombi-
same cannot be said of the experiments carried out in thenation was measured at pH 5.75 (Figure 5A) and at pH 7
absence of C4 (Figure 4B) where the reaction observed in (Figure 5B), in the absence and in the presence of £&CI
the absence of ascorbate is too slow to be relevant for theand 10 mM). Exploration of faster time regimes, down to
steady state. the tens of nanoseconds, revealed neither geminate rebinding
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g FiIGURe 6: ESR spectra of ELP measured at 100 K, in the presence

< 0.047 c (a) or absence (b) of 10 mM €aand after addition of 10 mM
Cat, 8uM H,0,, and 1 mM ABTS (c). The enzyme concentration

was 3.4uM, and the buffer was 100 mM sodium-acetate, pH 5.75.

the affinities measured in steady-state experiments. Since ions
usually combine quickly with proteins, it is unlikely that the
equilibrium of calcium binding and release was reached so

_ o slowly that it could not compete with the recombination of
Ficure 5: Time course of CO recombination as observed after

photolysis of the peroxidas€CO complex. Experimental condi- CO_' In our opinion, it is more likely that, even if calcium IS
tions: 100 mM sodium-acetate buffer, pH 5.75 or 100 mM Tris/ quickly bound (or released) as a consequence of photolysis,
HCI buffer, pH 7; temperature 20C; ELP concentration 3.4M; the structural transition of the protein lags behind the
and observation wavelength 440 nm. ELP was reduced by addingrepinding of CO.

a few grains of sodium dithionite to a sample already equilibrated

0 0.02 0.04
Time (s)

with CO. (A) pH 5.75. (B) pH 7; line (a) without G&; line (b) in Electron Spin Resonance Spectroscdpye heme iron of
the presence of 5 mM Caions; and line (c) in the presence of 10 ELP is believed to be a paramagnetic Fe(lll) species in the
mM Ca&* ions. resting state, as in the other class Il peroxidases, and should

therefore be ESR active. ESR spectra of native ELP measured
at 100 K did not show any signals (Figure 6, line b), but
this is in fact normal for hemoproteins and is most likely

Table 4: Kinetic Rate Parameters Describing the CO Combination
to Ferrous ELP in Sodium Acetate and Tris/HCI Buffers

k k % SRF % SRF % SRF : .
pH (Mis?) (M 159 (withoutC&") (5mMC&) (10 mM Ca") because of a too fast relaxation of the ir@d)( However,
575 41x10F 9x 10° 6.0 37 68 when C&" was added to the sample, a broad band appeared
7 72x 10 1.3x 10 6.7 64 86 in the low-field region of the spectrum (Figure 6, line a);

aThe time courses recorded at 440 nm and 1 atm CO were fitted to the position of this signal corresponded to that expected for
two pseudo-first-order processes, described by the rate conlsiamis a peroxidase, with g value close to 6.0. This indicated a

ke, which are independent of calcium. The percentage of the absorbance,a 4 ced relaxation rate of the iron, consistent with a minor

change assigned to the slower process (% slowly reacting form, SRF) . . . . .
increases as calcium is added. Thus, the effect of this ion is to shift the change in the geometry of the ligand field. Given the fixed

equilibrium between the quickly and the slowly reacting forms of the equatorial arrangement of the four porphyrin nitrogen ligands,
enzyme (see text). it is likely that the spectral changes were due to small
positional variations of one of the axial ligands, probably a

of CO nor other optical transitions as those assigned to water molecule occupying the vacant position on the distal
conformational rearrangements in other hemoprote88s ( side of the porphyrin plane.

The time courses recorded at 440 nm at each pH value could The spectra of ELP did not change in the presence of the
be described by two parallel exponential decays with gypstrates bD, and ABTS, except that a narrow line because

common rate constants and whose relative amplitude de-of the expected formation of the ABTS radical was observed
pended on the concentration of calcium ions (Table 4). This 44 g = 2.0 (Figure 6, line c). The spectra of compounds |

finding was compatible Wif[h the hypothesis thqt the enzyme o4 || could not be detected under our experimental
molecule may assume either of two alternative structural conditions

conformations with different CO reactivities; the equilibrium o
between the two conformations was slow as compared with  Intrinsic Fluorescence and CD Spectroscof.P showed
the recombination of CO, at least under our experimental & fluorescence emission spectrum with a maximum at 336

conditions (i.e., 1 atm CO; overall half time of recombination NM when excited at 295 nm. The spectrum was independent
approximately 5 ms). The binding of calcium ions changed of the presence of calcium ions. The CD spectra of native
the equilibrium toward the slowly reacting form. From the ELP show no significant modification upon addition of 10
data reported in Table 4, it was possible to estimate the mM C&", neither at 195 and 210 nm nor in the Soret region,
equilibrium dissociation constant of calcium, which was 7.6 indicating that gross changes in the secondary or tertiary
mM at pH= 5.75 and 2.6 mM at pH= 7, consistent with structure did not occur (results not shown).
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DISCUSSION may be affected by calcium, but in view of the poor fit of

the kinetic model employed we cannot be confident on this

Monovalent and divalent metal cations have been found point
to activate or inhibit many enzymes. These cations can act The laser photolysis results are compatible with the

as alllostdertl)c ehffectors without taking partl mbthe r_eac_tlgn hypothesis that ferrous ELP presents two different structural
cata yzed by the enzyme or can exerta role by malintaining conformations, characterized by different reactivities toward
a specific protein structure conformation necessary for cq anq that the equilibrium between them is shifted by the
catalytic activity. For example, in HRP-C €ahas been i qing of C&* ions. Since the apparent affinity of ELP for
shown to play an important role in maintaining the protein \qjim jons is the same in these experiments and in steady-

S:fuﬁturé’&f‘ fthe hime mlcroenwronmeﬁ?,(and frﬁrr}fov?l_ state measurements (carried out on the ferric enzyme and
of the rom the enzyme causes a loss of half ot its o higher oxidation states), we assume that the calcium-

g fron >
enzymatic activity §, 35-37). Thus, C&" ions are necessary g, ced structural perturbations are independent of the

for optimum catalysis but are not essential for lower levels oxidation state of the heme iron. It may seem paradoxical
of activity. o _ that the structural change favored by calcium ions makes
The results presented here show that a cationic peroxidasgeric ELP more reactive toward hydrogen peroxide, whereas
extracted from the latex of the perennial Mediterranean shrubj; makes the reduced enzyme less reactive toward CO.
E. characiashas one strongly bound endogenous‘dan, However, it should be considered that the ferric and ferrous
as determined by atomic absorption measurements. Removayon have different atomic radii and different bond distances
of that caI_C|um ion after incubation wit6 M guanidine ~with the porphyrin nitrogens3@). Thus, the effect of the
hydrochloride and 10 mM EDTA results in changes in same structural perturbation may not necessarily be the same
electronic structure of the heme iron, and the activity of Ca- i, reduced and oxidized ELP.
free enzyme was approximately 2% of the native enzyme. The results reported above indicate that the combination
However, addition of a second €aion to native ELP ot enzyme with substrate (or cyanide) and with calcium are
!ncreased the enzyme activity 100 times with a t_drastlc not independent so that the free enzyme and the enzyme
increase okcarand a decrease &y for hydrogen peroxide.  cz+ complex (E-Ca) have different affinities for the
The enzyme efficiency parameteka/Kw increased almost  gypstrate. Thus, in the presence ofCians theEuphorbia
1000-fold as compared to the native enzyme. The activation peroxidase is completely converted into the more active form
was strongly pH-dependent, reaghmg. |ts_ maximum at pH g px.c@*. This may be more generally described as a
5.75. An estimate of 1 mol of Caion binding per mol of  rearrangement in which ELP can adopt either of two different
ELP was obtained by analyzing the dependencégion conformations, and calcium changes the equilibrium (see
the concentration of Ca ions; the activating effect disap-  gcheme 1). The conformation indicated as ELP* in Scheme
pears after dialysis or after gel filtration. Thus, we may 1 may explain the effect of calcium on the affinity of ferric
conclude that one endogenous tightly bouné@'Gapresents g p for cyanide, the reaction with hydrogen peroxide, and
an essential factor in maintaining the protein structure around ¢ biphasic rebinding of CO to the reduced enzyme.
the heme environment, as reported for class Il peroxidases, Neither the X-ray structure nor the amino acid sequence
whereas the second €aion is loosely bound but acts as @ ot £| p has been reported, so the local structure in the

potent activator. proximity of the distal and proximal Ga binding sites is
Other divalent cations such as’Sand B&* gave rise to ot known. UV/vis absorption spectra and CD measurements
less activation of the enzyme, whereas™gnd Mi#* had  show that the heme iron of ELP is pentacoordinated high-
no effect on ELP activity. Similar findings were reported spin. Since fluorescence and CD spectroscopy could not
for barley peroxidasesd); the lack of efficient activation  detect any modification of secondary and tertiary structure
by other metal ions might simply be related to the difference of ELP after addition of C#, the structural changes
in ionic radii. associated with activation by this effector must be quite
CN~ behaves as a competitive inhibitor of ELP. Since it subtle. This is by no means uncommon for hemoproteins,
is well-known that the cyanide adduct may be compared to and indeed it occurs also in the case of the allosteric effectors
the initial binding of hydrogen peroxide to peroxidasé®)( of hemoglobin. Nevertheless, a significant change in the
it seemed worthwhile to analyze the influence ofCins relaxation behavior of Fé was detected by EPR after
on the binding of cyanide. In the presence of Cthe K; addition of C&*, suggesting a change in the local geometry
value, at pH 5.75, was shown to be lower than in the native close to the iron.
enzyme, demonstrating that the affinity for this anion is  Because of the lack of structural information, the effect
markedly changed after the binding of €a of calcium ions on the kinetic and catalytic properties of
The determination of the rate constants of the single ELP cannot be fully explained. Basically, two effects on the
elementary steps of the catalytic cycle is difficult and model heme reactivity should be considered, both indirectly linked
dependent; therefore, the data reported in Table 3 should beo calcium binding. Proximal effects are due to the position
read with some caution. This said, it is obvious from our of the proximal histidine, the only amino acid residue directly
experiments that (i) the second-order rate constant for thebound to the heme iron. The position of the proximal
formation of compound Ik;) depends on calcium ions, being histidine dictates the geometry of the heme (i.e., whether it
much faster in the presence of this ion, and (ii) the model of is flat or domed), and as a consequence, its reactivity. Distall
the catalytic cycle presented in Figure 4 is sufficient to effects occur on the opposite side of the heme and may make
account for the results obtained in the presence of calciumthe iron more or less accessible to a ligand or change the
but not for those in its absence. Our analysis also suggestinteractive strength of amino acids involved in the substrate
that the rate constants of other steps of the catalytic cycleactivation. Although it is not easy to discriminate between
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proximal and distal effects, it is unlikely that the ferric heme

iron may be made unreactive toward hydrogen peroxide;
therefore, we favor the hypothesis that the most relevant
effect of calcium ions may be exerted on the distal residues

of the heme pocket. This hypothesis is in keeping with the

EPR data; however, the effects observed cannot be attributed
with certainty to geometry changes at the distal side. In fact,
it was recently demonstrated that structural changes on the

proximal side of a peroxidase could affect the binding of
C&" to the distal site 39).

In conclusion, evaluation of the experimental data available

in this work suggests that the endogenous proximaitCa
ion is strongly bound irfcuphorbiaperoxidase, and it plays

a critical role for retaining the active site geometry. The loss 13.

of this proximal C&" ion causes essentially a reversible
inactivation. The distal Ca appears to be located in a low

affinity binding site but is necessary for expression of the
full activity of the enzyme. The drastic enhancemenigf

Kwu that this C&" produces, together with the ease of its

removal, suggests that the enzyme activity is regulated strictly 16.

by the presence of calcium. To our knowledge, ELP is the
first peroxidase to display this type of extreme modulation,

and considering that Gahas a second messenger action in 17,

plants, this activation could be a control mechanism of ELP
activity of physiological relevance. It is well-known that the

formation rate of compound | in peroxidases depends on the

catalytic reactivity of the distal histidine as a general acid

base catalyst. From the results obtained, we suggest that the

reorientation of the distal histidine after addition of calcium

ions, and the consequent increase in basicity induced by the
rearrangement of the distal cavity, results in an increase of

8.
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Converso, D. A., and Fernandez, M. E. (1996%'Cactivation of
wheat peroxidase: a possible physiological mechanism of control,
Arch. Biochem. Biophys. 3359-65.

9. Rasmussen, C. B., Hiner, A. N. P., Smith, A. T., and Welinder,

10.

11.

K. G. (1998) Effect of calcium, other ions, and pH on the reaction
of barley peroxidase with hydrogen peroxide and fluoriddiol.
Chem. 2732232-2240.

Henriksen, A., Welinder, K. G., and Gajhede, M. (1998) Structure
of barley grain peroxidase refined at 1.9-A resolutidnBiol.
Chem. 2732241-2248.

Sutherland, G. R. J., Zapanda, L. S., Tien, M., and Aust, S. D.
(1997) Role of calcium in maintaining the heme environment in
manganese peroxidaggiochemistry 363654-3662.

12. Floris, G., Medda, R., and Rinaldi, A. (1984) Peroxidase from

14.

15.

18.

19.

the k; value. Obviously, alternative mechanisms may also 5
be hypothesized. A definitive explanation of the mode of
activation ofEuphorbiaperoxidase will probably be estab-
lished by site-directed mutagenesis and X-ray diffraction
studies soon.
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