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ABSTRACT: Basic artichokeQynara scolymus.) peroxidase (AKP-C), when purified from the plant, has

an unusually intense and sharp Soret absorption peak. The resonance Raman spégiearMfhlma,

D., etal. (2003)1. Inorg. Biochem 94, 243-254] suggested a mixture of pentacoordinate high-spin (5cHS)
and 6-aquo hexacoordinate high-spin (6cHS) ferric heme species. The rate cdadtahtdmpound |
formation with hydrogen peroxide ¢&,) was also lower than expected. Further stopped-flow studies
have shown this reaction to be biphasic: a nonsaturating fast phase and a slow phase with ce@plex H
concentration dependence. Addition of calcium ions*{Cahanged the absorption spectrum, suggesting
the formation of a fully 5cHS species withka more than 5 orders of magnitude greater than that in the
absence of CGa using the chelator ethylenediaminetetraacetic acid:” @rations gave a dissociation
constant for a single Ca of approximately 2Q:M. The circular dichroism spectrum of AKP-C was not
significantly altered by CH, indicating that any structural changes will be minor, but removal éfCa

did suppress the alkaline transition between pH 10 and 11. A kinetic analysis of the reacticri-ffe@a
AKP-C with H,O, supports an equilibrium between a slow-reacting 6¢cHS form and a more rapidly reacting
5cHS species, the presence of which was confirmed in nonaqueous solution. AKP-C, as purified, is a
mixture of C&"-bound 5cHS, 6-aquo 6¢cHS, and Ldree 5¢cHS species. The possibility that?Ca
concentration could control peroxidase activity in the plant is discussed.

Homologous heme peroxidases are found in plants, fungi, Despite the wide range of processes catalyzed by different
and prokaryotesl(—3) and have been identified playing roles heme peroxidases, the general reaction mechanism is similar
in processes as diverse as the removal of hydrogen peroxideand has traditionally been considered to occur in three
(H20,)! and other oxidant species (class | peroxidases of pro-irreversible steps9). The first of these steps is the two-
karyotic origin including catalase-peroxidase, yeast cyto- electron oxidation of ferric peroxidase by,® to form
chromec peroxidase, and ascorbate peroxidage)), lignin compound |, which is followed by two single-electron
digestion (class Il peroxidases from fungi suchCaprinus  reduction steps of this intermediate by the second (reducing)
cinereusandPhanerochaete chrysosporitiP)) (7, 8), and  substrate, regenerating resting enzyme and forming product.
biosynthesis and pathogen defense (class Ill secretory plantrhys, generally, two moles of reducing substrate are oxidized
peroxidases such as that from horseradish roots (HRP))by one mole of HO,. Compound | (formal oxidation state
(9-13. 5+) contains an oxyferryl iron (Fe(I¥yO) center and a

. o radical delocalized either on the porphyrin ring-¢ation
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1 Abbreviations: AKP-C, basic heme peroxidase from artichoke ; _ ; _
(Cynara scolymus.); ABTS, 2,2-azino-bis(3-ethylbenzthiazoline-6- a single s_tep process with f"‘” apparent Seco.nd order rate
sulfonic acid); BP 1, barley grain peroxidase 1;2Cecalcium ions; constant, in the case of a typical class Ill peroxidase such as
CD, circular dichroism; EDTA, ethylenediaminetetraacetic aciH HRP-C ofk; > 1 x 10’ M~1s1 (3, 9).
hydrogen peroxide; HRP, horseradish peroxidase; LiP, lignin peroxi- . . . . .
dase; PNP, cationic peanut peroxidase; 5cHS and 6¢cHS, penta- and Compound 1 is a highly reactive oxidant species, and

hexacoordinate high-spin ferric heme iron, respectively. enzyme specificity is controlled at a biochemical level mainly
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by the polypeptide architectur2%) acting to restrict access SDS-PAGE stained with silver, was found to consist of a
or binding of the reducing substrate to the active site. single isoenzyme withlp> 9 using isoelectric focusing, and
Specificity is also modulated by factors including gene exhibited an Rz A404 ndA2so nm) Of 3.3—3.8 (dependent on
expression and protein targeting, so a particular per- the presence of calcium ions (Caand/or ethylenediamine-
oxidase may not naturally come into contact with many tetraacetic acid (EDTA), see below).

potential substrates3( 26). The structures of several of Chemicals Reagent-grade 1@, (30% v/v) was obtained
the peroxidases from classes I, Il, and lll have been from BDH-Merck (Poole, UK), and its concentration was
determined and found to share a number of features,determined spectrophotometrically usingo nm= 43.7 M2
including the overall protein fold, in particular the positions cm™. All other chemicals were of reagent grade and obtained
of variousa-helices, and the general architecture of the heme from Sigma or Aldrich (Madrid, Spain). Unless otherwise
pocket with the high-spin ferric iron coordinated to the indicated, all experiments were performed in 50 mM ftris-
proximal histidine and the conserved distal histidine and (hydroxymethyl)aminomethane-HCI (Tris-HCI) buffer, pH
arginine residues that play important roles in compound | 7.0, which did not form a precipitate in the presence of GaCl
formation (9). Many peroxidases, especially those from All solutions were prepared using water drawn from a
classes Il and Ill, also contain tightly bound structural metal Milli-Q system (Millipore).

ions (particularly calcium) and are glycosylated. The total  Electronic Absorption SpectroscapyV—visible elec-
mass of a monomeric peroxidase such as HRP is aroundtronic absorption spectra were recorded using a PC-controlled
43 000 Da B). Perkin-Elmer Lambda 2 spectrophotometer at@3Haake

Artichoke peroxidase C (AKP-C) is a basic isoenzymie (p D1G circulating water bath). Spectra of AKP-C as purified,
> 9) which has been purified to homogeneity from artichoke in the presence of excessCaand in the presence of excess
flowers (27) AKP-C, as obtained from the p|ant’ was EDTA were obtained. The dissociation constal('a)(of
characterized as a fairly typical class Ill peroxidase with good AKP-C and C&" was calculated from titrations of CaCl

activity at neutral to acid pH toward phenolic substrates such With AKP-C, recording the spectrum after each addition. The
as chlorogenic and caffeic acids, which are abundant in €nd point was taken to have been reached when no further

artichoke flowers. However, the UWisible spectrum of absorbance changes were observed, taking into account the
native AKP-C exhibited a rather high Soret (404 nm) dilution of the enzyme during the titration. A plot of the
extinction coefficient of 137 008 3000 Mt cm%, and the concentration of bound ligand divided by total ligand added
peak was unusually sharp, lacking the shoulder280 nm  against bound ligand ([EL]/[8} vs [EL]) due to Scatchard
characteristic of HRP. The resonance Raman spectrum of(29) gave a straight line with slope Ka (—1/Kq) and an
AKP-C indicated a majority 6-aquo hexacoordinate high- intercept at thec-axis equal to the concentration of ligand
spin (6¢cHS) ferric iron species, compared to the more usual binding sites (which for an enzyme with a single binding
pentacoordinate (5cHS) iron seen in HRP and most othersite is equal to the enzyme concentration). The alkaline
class Il peroxidases. Additionally, the rate constant of transition of AKP-C in the presence of Ceor EDTA was

compound | formationk,, of AKP-C was unusually low, at ~ observed in 50 mM Tris-HCl at pH 7, 8, 9, 10, and 11. The
74x 1P M1sl spectra of AKP-C with Cd& or EDTA in a nonaqueous

Taken together, these data suggested that AKP-C mightmedium were obtained by preparing the samples in aqueous

not be as typical as first thought. We have therefore carried SC!ution, followed by lyophilization and reconstitution in

out further spectroscopic and kinetic experiments to probe HPLC-.graQe methanol._ ) L
in more detail the reaction of AKP-C with 8, and, in Rapid Kinetics UV—visible rapid-mixing stopped-flow

particular, to examine the effect of calcium ions Qaon experiments were done on an Applied Photophysics Ltd.
reactivity. Both peroxidase and Caare known to be (Leatherhead, UK) Pi-Star 180 spectrometer with a stopped-

involved in regulating the concentrations of® and other flow unit at 25°C (Neslab RTE-7 circulating water bath).
active oxygen species in plant cel28), so the data presented For stopped-flow measurements, the apparatus was operated

in this study on C&-dependent changes in the reactivity of 1 Single-mixing mode using the 1-cm-path-length observa-
AKP-C with H,0, may reveal a way in which plants can 10N cell and demonstrated a dead time of approximately 1.1
adjust the activity of peroxidase in response to the environ- MS: The reactions of AKP-C with 4, were observed under
mental conditions. Furthermore, AKP-C is an abundant and PS€udo-first-order conditions at 405 nm (for AKP-C as
easily purified enzyme with potential industrial and other PUrified and with EDTA) or 398 nm (with added CafCl

applications. Controlling the rate of compound | formation Concentrations of the reagents are given in the Results and
could, in this respect, be of some importance. figures. The kinetic data were fitted to exponential functions

using the PiStar 180’s nonlinear regression curve-fitting
MATERIALS AND METHODS program. The data points shown in the figures are the means
of at least three (normally five) repeat observations. Forma-
Artichoke Peroxidase CAKP-C was purified from fresh  tion of compounds | and Il was also observed using multi-
artichoke Cynara scolymud..) flowers grown in Murcia wavelength kinetics that were analyzed globally using the
(southeastern Spain), using the published proce@IjeThe Pro/K package (Applied Photophysics) to obtain the best-fit
enzyme was extensively dialyzed against water, lyophilized, spectrum of each enzyme species.
and stored at-20°C. Artichokes are commercially cultivated Circular Dichroism Spectroscopgircular dichroism (CD)
in Murcia from November through June; we have carried spectroscopy was also done on the Applied Photophysics
out purifications and studies using material from different Pi-Star 180 spectrometer with a thermostated @% and
seasons and years and have found no evidence of variationsitrogen-purged cuvette holder attached. Near-Wigible
in the enzyme. The purified AKP-C was homogeneous by CD spectra in the Soret region were obtained using a 1-cm-
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path-length cuvette containing M AKP-C in 10 mM Tris-
HCI buffer, pH 7, with 40uM Ca2* or 1 mM EDTA added. 0141
Similar far-UV spectra were obtained using a 1-mm path 042
length and 1uM enzyme. ‘
RESULTS AND DISCUSSION g "
c

The Electronic Absorption Spectrum of AKP-C: Effects g 008 1
of Calcium lons and EDTAThe UV-visible electronic § 0.06 4
absorption spectrum of AKP-C, as obtained from the plant, < _ times 5
is unusual for a class Il peroxidase and is highly reminiscent 0.04 4
of the spectrum of lignin peroxidase (LiP) from class30).
The Soret extinction coefficient of AKP-C has previously 0.02 1
been determined, using the pyridine hemochrome method,
to be ego4nm= 137 0004+ 3000 Mt cm™! (27). The Soret 0.00 ' ' -
peak of AKP-C is, therefore, more intense and considerably 400 500 600 700
sharper, lacking the shoulder at380 nm, than that of Wavelength (nm)

HRP-C €403 nm = 102 000, M cm™ (9)), Wh'Ch is the Ficure 1: Electronic absorption spectra of artichoke peroxidase C
archetypal class Ill peroxidase. In a previous studly),(  (AKP-C, 0.95«M) in 50 mM Tris-HCI, pH 7.0. Solid line, AKP-C
resonance Raman spectra indicated that AKP-C was aas purified; dashed line, with CaC{50 uM); dot—dashed line,
mixture of at least two ferric heme iron spin forms: a with ethylenediaminetetraacetic acid (5001). Expanded region
majority 6-aquo hexacoordinate high-spin (6cHS) species (X 2) shows AKP-C as purified and with CaCl

along with a pentacoordinate high-spin (5¢cHS) species. It

should be noted that it is generally accepted that LiP is 6¢cHS process, and yielded a dissociation constigtfor C&* of

and HRP-C 'S_SCHS' . . ... 17.84 2.3uM. The intercept at th&-axis (concentration of

_ Heme peromdas_es of all classes con'Fam metal ion binding enzyme-bound ligand, [EL], at the end point) was equivalent
sites, thg metal ions generally serving to stabilize the i, the AKP-C concentration used (2.081), indicating that
polypeptide structure3(l). To our knowledge, all class Il 2+ hinding was being measured at a single site of the two
and Il peroxidases strongly bind calcium ions tGaat \yhich are presumably present in the enzyme, but without
conserved sites on the distal and proximal sides of the hemeﬁndicating which. TheKq for Ce&* was approximately
pocket B, 32). The only known exception is barley peroxi- - confirmed in peroxidase activity assays with'2a2ino-bis-
dase, BP 1, which has a, so far, unique?Chinding site (3 gthylbenzthiazoline-6-sulfonic acid) (ABTS, 2 mM:®,
with a rather low affinity for Ca" (Kq = 4 mM) that exerts 0.2 mM; AKP-C, 3.2 nM; measured at 414 nm using:
conformational control over enzyme activit33). Perhaps 31 100 'Ml cm*i for radfcal product, in 50 mM sodium
surprisingly, C&" binding to BP 1 leaves its UVvisible citrate buffer, pH 4.5). The activity of AKP-C incubated with
spectrum virtually unchange®3) but presents itself in the increasing concentrations of Ca@se approximately 3-fold
form of C&"-dependent changes in kinetic behavior of the between 0 and 1 mM G4, with the half-maximal increase
enzyme during compound | formation, changing from a slow , activity at approximately 52M Ca?*, close to the titration
reaction following HO,-dependent saturation kinetics to a Kq value. This result tends to suggest thatCainding
rapid nonsaturating reaction, that in some respects are similaty¢ects the rate of reaction of compound Il with reducing

to the results obtained for AKP-C (see below). In light of g hsirates3d) as well as the rate of compound I formation,
the unusual electronic absorption and resonance Ramanq giscussed below.

spectra of AKP-C and the known importance ofChinding Ca* titrations of cationic peanut peroxidase (PNP),
in peroxidase structure, we decided to examine the effectsgpitored using!H NMR, gave Ky = 0.1 uM for both

of these cations on AKP-C. binding sites 85), so it appears that thi€s of one of the
The addition of excess €a(50uM) to the AKP-C sample  Cz* in AKP-C was intermediate between the values for PNP
(0.95uM) caused the Soret extinction to fall to a value of and BP 1. In the case of HRP-C,Caould only be removed
€405nm= 114 0004+ 5000 Mt cm~*, more typical of a class  slowly from the enzyme using a combination of guanidinium
Il ferric peroxidase. The peak also broadened, forming a hydrochloride and EDTAJ1). However, EDTA alone was
shoulder at-380 nm (Figure 1). The addition of EDTA (500 capable of rapidly removing Gafrom AKP-C, as shown
uM) to AKP-C, either as purified or with previously added by the UV—visible spectra. In fact, it was quite possible for
Cé", caused the Soret maximum to riggognm= 145000  the enzyme to go through various cycles ofCaddition

+ 4000 M™* cm™) and the peak to sharpen (Figure 1). Other and removal without suffering greatly in activity or spectral
differences between the spectra of Gree and C& -bound terms.

AKP-C were a shift of the peak at 499 nm to 493 nm with  Alkaline Transition of AKP-CThere were no changes
some loss of sharpness and a shift of the peak at 632 nm tabserved in the absorbance spectrum of AKP-C over the pH
635 nm. These data suggested that AKP-C possesses gange 4-10. The presence or absence of2Caad a
binding site from which C# can be removed comparatively  significant effect on the alkaline transition of ferric AKP-C
easily and also that AKP-C, as purified from the plant, lacks petween pH 10 and 11. Figure 2A shows that, in the presence
its full complement of C#. of Ca*, the Soret peak was shifted from 405 to 412 nm and
Dissociation Constant of Calcium lonBhe Scatchard plot  the 493 nm visible peak to around 550 nm. The peak at 635
of titrations of AKP-C with C&" gave a straight line that nm was abolished. The changes were essentially reversible

suggested that ligand binding was a simple noncooperative
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Ficure 2: Alkaline transition (pH 16-11) of artichoke peroxidase ti

C (AKP-C, ~0.6 uM) in the presence and in the absence ot'Ca ime (s)

(A) AKP-C with CaC}: solid line, pH 10; dashed line, pH 11. (B)  Ficure 3: Stopped-flow kinetic traces of the reaction of artichoke

AKP-C with ethylenediaminetetraacetic acid (ncQa solid line, peroxidase C (AKP-C) with hydrogen peroxide to form compound

pH 10; dashed line, pH 11. All spectra in 50 mM Tris buffer. I. (A) Solid line, AKP-C as purified ([HO,] = 12.54M) and dashed
line, with ethylenediaminetetraacetic acid (EDTA) {{p}] = 25

on lowering the pH. These data are consistent with hydroxyl 4M). (B) AKP-C with CaCb ([H-0;] = 5 uM). All experiments
ion or possibly bis-histidine coordination to the heme iron, Were done in 50 mM Tris-HCl, pH 7.0, [AKP-C 0.96 uM,
- . : [EDTA] = 5 mM, [CaC}] = 500 uM.

although the second possibility seems less likely since the
spectral changes are quite different from those previously the active site before ¥, can bind to the iron center,
observed in LiP 36). In C&*-free AKP-C (with EDTA), initiating compound | formation. However, in light of the
changes between pH 10 and 11 were minimal (Figure 2B) results presented above for the binding of Cw AKP-C,
and suggest that the coordination of the heme was unal-we decided to further examine the effects o?Can the
tered, consistent with the presence of a ligand, presumablyreaction kinetics of AKP-C with KD, using stopped-flow.
water, at the sixth coordination site of the iron or of other  AKP-C, as purified, demonstrated a biphasic reaction with
C&'-dependent differences (e.g., conformational) that permit H,O, (Figure 3A), with approximately 25% of the total
(with C&*) or prohibit (without C&") hydroxyl ion coor- observed amplitude (absorbance fall) occurring in the fast
dination. phase and 75% in the slow. The stopped-flow data were

Effects of Calcium lons and EDTA on the Formation of therefore consistent with the resonance Raman sp&tiya (
AKP-C Compound.[The apparent second-order rate constant that indicated the presence of at least two AKP-C species
for AKP-C compound | formation has previously been with distinct heme coordinations. Furthermore, assuming that
determined to bé&; = 7.4 x 10° M~1s71(27), an unusually  the extinction changes for the reactions were of a roughly
low value for a class Ill peroxidase since tkevalues of similar magnitude (which is reasonable, considering the
most 5¢cHS peroxidases tend to be aroundQ)Lx 10’ M~* spectra of the enzyme species and compound |), it appeared
s1(3). Howeverk; in the case of LiP compound | formation that the proportions of the reactions withh®} (the slow
is 5.4 x 1P M~1 s71 (3), rather closer to the value given phase representing at least three-quarters of the total) agreed
above for AKP-C. These results can be rationalized if both with the populations of 6¢cHS (slow phase) and 5¢cHS (fast
LiP and AKP-C are taken to be, at least predominantly, phase) species in the enzyme sample. The rates of both
6¢HS, due to the need to displace the 6-aquo ligand from phases were dependent on th&kiconcentration. The faster
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500 The addition of CaGl (1 mM) to the enzyme sample
had a profound effect on the stopped-flow observations.
A Under these conditions, the reaction withd4 consisted of
400 - ] a single fast phase with an amplitude equal to the sum of

the fast and slow phases observed previously (Figure 3B),
taking into account the lower extinction coefficient of

£ 300 1 C&"-bound AKP-C. The second-order plot kf,s gave a

value of ki® = 1.7 x 10" M~* s7%, in agreement with

_1)

fast
=l

£ 200 - L) the value of thekfastarPabove (the small difference most
x probably being due to the greater amplitude of the reaction
in the presence of CGa that facilitated more accurate
100 - measurements at higheg®h concentrations), suggesting that
all the AKP-C was now reacting with @, as a typical 5cHS
0 peroxidase.

0 5 10 15 20 25 The addition of EDTA (5 mM) to the enzyme sample had
the converse effect to CaLlthe fast phase was abolished
[H,0,] (uM) and AKP-C reacted more slowly, with the complexQ4
dependent behavior of the slow phase now dominant (Figures
3A and 4B). The effects of Ca removal in AKP-C were
markedly different from the effects that have been observed
in HRP-C. Thek; of HRP-C is not greatly affected by the
removal of C&", dropping only slightly to 1.4< 10’ Mt
s (31), suggesting that Ga may possibly play a more
intimate role in controlling AKP-C activity than is the case
for HRP-C. Mutation of Glu64 in the distal €abinding
site of HRP-C did result in a large reductionlafto 4.3 x
10° M1 s71 (31), and one of the ligands to the proximal
C&" (Thrl71) is adjacent to the proximal histidine (His170),
so changes to this residue may possibly also affect enzyme
reactivity.

The circular dichroism (CD) spectrum of AKP-C (data
not shown) was similar to that of HRP-@7), with a peak
at ~410 nm in the Soret and a double trough at 222 and
[H,0,] (mM) 208 nm in the far-UV. The spectra were essentially identical

Ficure 4: Second-order plots (observed rate constaps, versus in the pr+ese_nc_e or absence (with EDTA). onCandlcatlr_lg
hydrogen peroxide concentration, 4Bb]) for the two phases  that ca _b'”d'ng doe_s not lead to major conformatlo_nal
observed during the reaction of artichoke peroxidase C (AKP-C, changes in the protein secondary (far-UV CD) or tertiary
as purified) with HO,. (A) Fast phase, the slope of straight line  (Soret CD) structures. Since, at present, neither the full amino
fitted to the data yielded a second-order rate constant for compoundacig sequence nor the crystal structure of AKP-C is available,
| formation of ky = 1.6 x 10" M™ s°% this value was almost it is not possible to do more than speculate about any

kobsSIOW (5-1 )

0 T T T T T
0 2 4 6 8 10

identical to the value obtained in the presence of Ga@|) Slow

phase, using eq 4 and Appendix, the data dave 537 M1 s2: differences between the &abinding sites of AKP-C and
these data were essentially identical to those obtained in the presencélRP-C or the nature of any changes that occur in the
of ethylenediaminetetraacetic acid. structure of the enzyme upon Tabinding, except that,
taking into account the CD data, they will be subtle in nature.
reaction could be determined only at fairly low.®} It is worth noting, however, that resonance Raman spectra

concentrations (up to about 4fM) before becoming too  of HRP-C from which the proximal G& has been removed
rapid to measure reliably; at higher concentrations its (38) bear some similarity to the data for AKP-C.

presence could be inferred fmf“ the “missing” amplitgde at  cgr binding in AKP-C is, therefore, somewhat enigmatic
the s,tart of opservauons (d_urlng the stopped-flow instru- since in some ways it is more akin to HRP-C and in others
ment's dead time). A plot (Figure 4A) of the observed rate j gp 1. Despite the very significant effects of %Ca

constants for the fast reactiolgfy s%) against [HO,] binding to BP 1 on the kinetics of compound | formation,
yielded an apparent second-order rate constant for the fasthe yv-—visible spectrum was almost unaltered, showing that
phase ofk{**= 1.6 x 107 M~ s°%, which is a typical  the C&" did not perturb the heme iron coordination or spin
value for a peroxidase. The plot also passed through thestate. The crystal structure of BP 1 indicates that the distal
origin, suggesting an irreversible reaction. The observed rateshistidine is mobile, turning away from the iron in the inactive
(kg'g:o of the slow phase were approximately 100-fold enzyme (pH> 5) and reorienting into position above the
lower than those of the fast phase, and their dependence orheme in a proton-induced conformational change in the slow
H,O, was more complex (Figure 4B). At lower {B,], the reacting form of BP 1KZX = 4.5 s at pH 3.1) 83, 39).
second-order plot appeared hyperbolic but a maximum rateCa* binding, possibly in a novel distal site, presumably leads
(Vmay Was not reached, a linear relationship te@4] being to further conformational changes and/or stabilizes the

observed at higher concentrations. histidine or other groups in fast-reacting BPKL £ 1.5 x



8804 Biochemistry, Vol. 42, No. 29, 2003 Hiner et al.

Scheme 1: Mechanism of Reaction ofZC&ound Scheme 2: Reaction Mechanism of Peroxidase with
Artichoke Peroxidase C (€&—E) with Hydrogen Peroxide Hydrogen Peroxide ($D,) Where the Enzyme Is an
(H20)2 Equilibrium between a Reactive Form, E, and a Nonreactive
K, Ky Form, E*
Ca*"-E + H,0, <> [Ca®*-E - H,0;] —* Compound | ki ks
K4 E+H,0,«—> [E-H0;] — " Compoundl
2The mechanism will exhibit single-exponential nonsaturating H+O k
kinetic behavior in the stopped-flow K; is too fast to be observed 2
(egs 1 and 2). K Hk
10" M1 s Y (33). The conformational change of BP 1 is
fairly slow, whereas stopped-flow experiments with AKP-C E*

(data n(?t shown) suggested that the 'changes (e.g., to the aThe mechanism would give 9, concentration-dependent satura-
absorption spectrum) caused by’Chinding occur rapidly, tion kinetics (eq 3).

i.e., beyond the stopped-flow observation limit under pseudo-
first-order conditions and possibly diffusion-controlled. Hydrogen Peroxide (¥D;) Where the Enzyme Is an

Stability of Compound AKP-C compound | was obsewed Equilibrium between Two Forms, E and E*, That React with
to be unstable compared to that of HRP-C, decaying to H,O, at Different Rate®

compound Il in less than 1 min. The addition of*Calid

Scheme 3: Reaction Mechanism of Peroxidase with

not affect the rate of compound Il formatiokyfs ~ 0.1— $ . L,

0.4 s'%), which was slightly dependent on §&]. At higher £ RO —— [F R0 Compotind |

(~10 mM) H,O, concentrations, the formation of compound H0

Il (due to the binding of HO, to compound 1) was also

observed, which may have affected the observed rates of kak.w

compound Il formation, resulting in the small rangekgf;

values observed, whereas compound Il formation itself is ki ks

independent of [kD]. Multiwavelength kinetic data allowed E* + H0, . [E* - H20;] ——» Compound |
1

the spectrum of compound | to be observed, proving to be
typical, with a slightly blue-shifted and much less intense a Artichoke peroxidase C is proposed.to follow such a mechanism
(€400 nm ~ 60000 ML cm?) Soret peak compared to the " the absence of Ca (eq 4 and Appendix).
ferric enzyme 27). AKP-C compound Il also exhibited a  resolved 40), with the values of the exponential phases given
typical absorbance spectrum, with an intense red-shifted Soreby
peak. Koo = K (1)
The similarity of the rates of decay of compound | to ast 2
compound Il in samples that contained’Cand those that Kejow = Ki[H,0,] +k_; (2)
did not suggested that the compound | formed in each case
was identical, unlike the case of ascorbate peroxidase, inTherefore, for a peroxidase mechanism in whigls greater
which two distinct compound | species have been identified than the stopped-flow limit 4500-600 s?), a single-
(16). exponential phase (the slower) is observed, and a linear
Kinetic Analysis and Mechanisms of Compound | Forma- dependence of the observed rate constant versus peroxide
tion in AKP-C. (a) Compound | Formation in the Presence concentration is predicted. This is the behavior observed for
of Calcium lons.As observed in the spectrophotometric the reaction of C&—E with H,O,. The second-order plot
assays described above,’Caroduces a change in AKP-C,  of kossgave a value ok = 1.7 x 10’ M~* s7%, similar to
favoring the presence of a €a-AKP-C species with a  the value for reaction of other peroxidases, such as HRP-C
typical 5¢cHS spectrum. Stopped-flow experiments suggestedor ascorbate peroxidase, with®.
that all the AKP-C was reacting with J@, as a typical (b) Compound | Formation in the Presence of EDTA.
peroxidase (Figures 3B and 4A). Although no evidence for Addition of EDTA to AKP-C efficiently chelates the €a
a two-step reaction was observed, it is widely accepted thatfrom C&"—AKP-C, as can be deduced from the YVisible
peroxidases follow such a mechanism during compound | spectrum, and the abolition of the fast phase in purified AKP-
formation (L7—20). Thus, in the presence of &a the C. EDTA increases the amount of the 6¢cHS form of AKP-
mechanism of AKP-C compound | formation can be depicted C. The coordination of the heme has important consequences
as shown in Scheme 1, where’CaE represents Ca-bound for the reactivity of the enzyme with 4@,. The apparent
AKP-C. bimolecular rate constantk;J of compound | formation in
This mechanism predicts biexponential behavior, with the most 5cHS peroxidases tend to be aroundZ)Lx 10° M1
second phase (controlled lky) being faster than the first  s71(3). However, the rate constant for compound | formation
(controlled byki[H-0,]) in the range of peroxide concentra- in a typical 6-aquo 6¢cHS enzyme, such as LiP, drops to 5.4
tions used for this experiment. Although the valuegfor x 10° M~ s71 (3). Two mechanisms for the reaction of
C&"™—E has not been determined, the nonsaturating kinetic water-coordinated peroxidases, involving displacement of the
behavior of the enzyme suggests that this value is probablywater molecule, are depicted in Schemes 2 and 3. The main
close to those of other peroxidases: approximateky 20 difference between the mechanisms is that, in Scheme 2, the
s %, as determined for HRP-C using steady-state kinedids (  peroxide can react only with the 5cHS form, whereas in
The mechanism shown in Scheme 1, in which the first step Scheme 3, both enzymatic forms are reactive toward the
is significantly slower than the second, has been kinetically peroxide substrate.
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Table 1: Rate Constants Controlling the Reaction of AKP-C with
H,0, To Form Compound |

kf(M1s ) k'®(M sl kb(s)
1.6 x 10 537 1.11

K_w?
1424 (apparefis ™)
25.7 (2nd ordefM~ts™1)

a Determined from the slope of the straight line fitted to the data in
Figure 4A.° Calculated using the data in Figure 4B and eq Bhe
apparent value ok-, is divided by the concentration of water (55.5
M) to obtain the second-order constant, ik = k_,[H-0].

A complete analysis of a simplified form of Scheme 2, in
which it is assumed that the reaction controlledkbys too
fast to be observed using stopped-flow, gives the following
expression for the slow phasa3j:

Kobs = KalH O/ (ky + kowlky +[HO)  (3)
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The observed kinetics of the slow reaction are predicted to FIGURE 5: Electronic absorption spectra of artichoke peroxidase C

show saturation with respect to the® concentration.

Because the experimental data for the reaction of AKP-C

with H,O; in the presence of EDTA revealed more complex
behavior (identical to the data shown in Figure 4B), we

(AKP-C) in methanol. Solid line, sample prepared in the presence
of ethylenediaminetetraacetic acid (EDTA, no?Qadashed line,
sample prepared with CaC(AKP-C (~0.5uM) was mixed with
5004M EDTA or 50 uM CaClk in 10 mM Tris-HCI, pH 7.0. The
samples were then lyophilized to dryness and reconstituted in

proceeded to a detailed kinetic analysis of the mechanismHPLC-grade methanol.

presented in Scheme 3 (see Appendix). Assuming that the

first-order steps, controlled bk and k', are much faster

(38). The possibility also needs to be considered that the

than the other steps, the dependence of the slow phase ofi@tes of reaction with b0, (k) of C&*—E and E may not

H,O, concentration followed a 2:1 expression:

K/ H0,1% + ((kik,, + k'K )/ky)[H,05]
a [H,0,] + (K, + K_,/k)

4)

bs

The data presented in Figure 4B fitted eq 4, and the values

for ki, ky, andk-,, could be determined assuming a value
for ky of 1.6 x 10"’ M~ s7! (Table 1). According to the
mechanism described in Scheme 3, AKP-C in the presenc
of EDTA is an equilibrium between two forms, a slow-
reacting 6-aquo 6¢HS form (E*) and a fast-reacting 5cHS
form (E). In water solution ([HO] = 55.5 M), the equilib-
rium is almost completely displaced to EKy{ = k_w/ky),
and also gives an apparent value lof,, where k*? =
k-w[H20], as shown in Table 1. Addition of 4@, displaces
the equilibrium to form E, particularly at higher .8,
concentrations, resulting in the transition from saturating
to nonsaturating kinetics. It should be noted that form E,
posited here, is not necessarily identical to the 5cH& Ca
bound form of AKP-C (C& —E). The spectra of AKP-C
with C&™ or EDTA, prepared in aqueous solution but then

€,

be identical, which could affect the kinetic analysis some-
what.

(c) Compound | Formation in AKPC, As Extracted
from the Plant.The spectroscopic evidence suggests that
AKP-C, purified from artichoke, consists of a mixture of
species: CH-bound 5¢cHS (CH—E) and 6-aquo 6¢HS (E*)
in equilibrium with a small amount of C&-free 5¢cHS (E).
During reaction with HO,, the kinetics followed by
these species are distinct, as indicated in the previous
sections. The rates of reaction of aAKP-C and
6-aquo AKP-C with HO; are sufficiently different that they
can effectively be determined separately using stopped-flow
and the proportions of the species determined from the
amplitudes of the exponential curves?Géee 5cHS AKP-C
is a minor constituent of the enzyme sample in aqueous
solution but becomes significant at highes®4 concentra-
tions when it affects the kinetics of the reaction of 6-aquo
AKP-C. The compound | formed by the reaction of each
species appears to be identical and, from its-tisible
absorption spectrum, is an oxyferryl (Fe(¥{p) s-cation
radical species, as found in HRP-C4 and most, if not all
(22), other class Il peroxidases. AKP-C compound | formed

lyophilized and redissolved in methanol so that the sixth i, the presence and in the absence of*Calso decays to
coordination position to the iron should be vacant (i.e., 5cHS) compound II at the same rate and will form compound 11

in both samples, were distinct (Figure 5). In’Géree AKP-

C, the Soret peak was shifted to 397 nm, compared to 398

nm with C&"; C&"™-bound AKP-C also exhibited small
peaks at~380 and~600 nm that were not present with
EDTA. The distinct spectra in the presence and in the

with excess HO..

CONCLUSIONS

This study has clearly demonstrated the importance of

absence of Cd suggest the existence of two pentacoordinate heme coordination in the reactivity of peroxidase with its

forms of AKP-C, one of these being form E and the other

natural substrate, #,. Coordination of a water molecule

Ca&"—E. A detailed examination of the resonance Raman at the sixth coordination position of the ferric iron center of
data @7) also hinted at the presence of a second 5cHS or AKP-C produced a drastic change in the velocity of
possibly an unusual 6¢ quantum mechanically mixed-spin compound | formation. The rate constak{)(dropped from
species, which has also been suggested to be present il.6 x 10" to 5.4 x 10? M~1 s7%; a difference of more than

HRP-C from which the proximal Ca has been removed

5 orders of magnitude. Caeffectively controlled the heme
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iron coordination and hence the rate of reaction. Although a Scheme 4: Simplified Reaction Mechanism of Peroxidase
more detailed physiological study would be required, the data with Hydrogen Peroxide (¥D;) Where the Enzyme Is an
indicate the potential importance of heme coordination in Equilibrium between Two Forms, E and E*, That React with
the regulation of peroxidase activity in vivo, and in this H202 at Different Rates

respect it is worth noting that €ahas already been shown E+S

to be implicated in HO, homeostasis, cell signaling, and N‘
pathogen defense in plants in pathways linked to catalase

(42) and peroxidase2f). We expect that further studies on K Kk Ccl
AKP-C will show that it is distinct in various ways but also w w

shares many properties in common with other peroxidases, /

such as a catalase-like reaction and mechanism-based ki

(suicide) inactivation with peroxideg2—46). Whatever the E*+S

results of future experiments, it is clear that the®Ca 2The mechanism is a simplified version of Scheme 3.

concentration and the coordination state of the heme iron

will need to be taken into careful consideration. Scheme 5:  Connectivity Diagram for the Linear

Compartmental System Equivalent to the Reaction
APPENDIX Mechanism of Peroxidase with Hydrogen Peroxide Shown in
Scheme &
Given herein is a kinetic analysis of the reaction of AKP-C X
with H,O, in the absence of calcium ions, as shown in 2
Scheme 3 (slow phase of the reaction of AKP-C, as purified,
or the whole reaction in the presence of ethylenediamine-
tetraacetic acid). k
Notation. X, X;, X3, concentrations of the species 6-aquo w
6¢cHS AKP-C (E*), 5cHS AKP-C (E), and compound I (Cl),
respectively; [S] initial concentration of HOy; X(l), initial
concentration of E*;Xg, initial concentration of E; [E) X1
total initial concentration of the enzyme, that is,

X3

a2 The compartmentX;, Xz, andX; represent the species E*, E, and
Cl, respectively.

[Elp= X1+ X; (A1)
Time Equations for [E], [E*], and [CI]. The equations
Kw, equilibrium constant for the interconversion of E* and for the accumulation of E*, E, and Cl over time can be
E, that is, resolved from the linear system of differential equations that
describe the kinetics of the reaction mechanism shown in
Ky = Kouw/k, (A2) Scheme 4, which is a simplified version of Scheme 3. The
time equations can also be obtained by treating the enzyme
Initial Conditions.(a) Initially the enzymatic forms E*and  mechanism as a linear compartmental system and directly
E are at equilibrium, with the sum of their concentrations applying the general equations recently developed for this
being [E} and the equilibrium constant beirg, (eq A2). type of system by GafatMeseguer et al.4() using the

Thus, the concentrations of E* and E are software that is described in this reference. The species E*,
E, and Cl were arbitrarily assigned to compartmekKis Xz,
o KulElo A3 andXs, respectively), and using one of the examples given
1714 K, (A3) in ref 47, a connectivity diagram (Scheme 5) for the linear
compartmental system equivalent to Scheme 4 was estab-
0= [Elo A lished.
2= 17K, (A4) In this way, it is possible to establish that
(b) Cl is not present. X, =AM+ A e (AT)
(c) The addition of HO, (S) disrupts the equilibrium _a 2
between E* and E. X, =P e+ Ay e (A8)
(d) The initial HO, concentration is much greater than _ it it
that of the enzyme, that is, Xg=RAgpt Az e ™t Ag,e™ (A9)
[S]o > [E], (A5) wherel; andA, are the roots of the equation
ensuring that the ¥D, concentration does not vary signifi- AP —FA+F,=0 (A10)

cantly during the reaction:
and
[S]~ [S]o (A6)
Fp= (k' +k)I[Slp + k, + ky, (Al1)
and all the interconversions between the enzymatic forms . 5 ,
E, E*, ES, E*S, and Cl are first-order or pseudo-first-order. Fo=k'kySly" + (kik, T K 'k )ISly  (Al2)
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The equation rootsif and 1) are positive real numbers
or complex numbers with the real part taking a positive value
and satisfy the relationships

At A,=F (A13)
Ad,=F, (A14)
Their individual expressions are
F, — y/F,° — 4F,
A= (A15)
2
F,+ yF,°> — 4F
Ay=— 21 2 (A16)
The coefficients in eqs A7A9 are given by
_ X3(A+ ke + Ky [S]y) + X5k,
1= - (A17)
2 1
XU + Ky F klSlo) + X5k,
12= 1= (A18)
1 2
Xy + X34 + KISl + k)
01 = F—) (A19)
2 1
X9k, + X3(—4, + k[S], + k_
XX - 2_11[ btk a0,
1 2
— 0 0
Az o= X1+ X5 (A21)
and, finally

_ X?(—kl'[S]O/'Ll + Fz) + Xcz)(_kl[s]oll + Fz)
11(12 - 11)

3,1
(A22)
_ X3(—K,'[S]oA, + Fo) + X3(—ky[S]oh, + F,)
12(11 - /12)

3,2
(A23)

Equations A7A9 and A15-A23 describe the changes over
time of each of the enzymatic forms involved in the mech-
anism shown in Scheme 4. X; and X in these equations
are substituted by the expressions given in eqs A3 and A4,
they will then be a function of the total initial enzyme
concentration, [E] and the equilibrium constari,,, as well
as the individual rate constants.

Single-Exponential Beh#or. Equations A7A9 contain
two exponential terms; however, in practice, in many cases
and specifically the case under consideration e
reaction of AKP-C with HO, in the absence of CGa
(Schemes 3 and #the time-dependent concentration varia-
tions of the enzymatic species involved in the reaction fit
well to a single-exponential curve. Thus, the following

Biochemistry, Vol. 42, No. 29, 2008807

X, =A &M (A24)
X, =A, e (A25)
Xg=Ago+ Ay 8 (A26)

The necessary and sufficient condition for the exponential
term to be disregarded is that the absolute valugé,dbe
much greater than that df:

Ay> A4 (A27)
or, compared to the value d@f,
Ay — o0 (A28)

The consequences of eqs A27 and A28 are that

Ay = A = Ay (A29)
and

Ay Ay~ Ay (A30)

Taking into account eq A27 in eq Al3, we obtain
A, ~ Fy (A31)
If now eq A31 is applied to eq Al4, the result is
A~ Bl (A32)

The coefficientsA; (i = 1, 2, 3) in eqs A24A26 are
described in eqs AX7A23. But taking into account eqs Al1,
Al13, A28, and A29 and defining, for the sake of conven-
ience,A; as4, the results for eqs A24A26 are

X, =X%e™ (A33)
X,=X3e™ (A34)
X;=[Elo(1 — e ™) (A35)

wherel, in agreement with eqs A32, A13, and A14, is given
by

&S5+ b[S],

c[S], +d (A36)
where
a=k/'k, (A37)
b= kk, + k'k_,, (A38)
c=k' +k (A39)
d=k, +k_, (A40)

Assuming thatk; > ki', thenc = k;, and eq A36 can be
simplified to give eq 4 (main text).

section justifies the monoexponential behavior observed that

implies that, in eqs A7A9, the exponential terna ; €2,
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