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Accelerating Effect of Umbelliferone on Peroxidase-Catalyzed Oxidation of
Indole-3-acetic Acid at Neutral pH
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The acceleration by the phenol umbelliferone (7-hydroxycoumarin) of the horseradish peroxidase (HRP)
catalyzed oxidation of indole-3-acetic acid (IAA) was studied at pH 7.4 using spectral and kinetic approaches.
For the system 0.1 mM IAA/LM HRP/variable umbelliferone concentration, an increase in rate by a factor

of 8 was reached in the presence QiNl umbelliferone; further increase of the umbelliferone concentration
had no further effect. The rate constants for the peroxidase compounds | and Il (HRP-I and HRP-II) reductions
by umbelliferone in the absence of IAA were measured in the transient state as functions of the umbelliferone
concentration. The plot of the pseudo-first-order rate con¥anvs [umbelliferone] for HRP-I reduction

was curved upward. This result implies that umbelliferone catalyzes its own oxidation by HRP-I. The
bimolecular rate constant of the reduction gill HRP-1 by 1 4M umbelliferone was estimated to be 1x1

10° M~ s71. The plot ofkys vs [umbelliferone] was linear for HRP-II reduction, yielding a bimolecular

rate constant of 1.%x 10° M~1s™1. The influence of umbelliferone on the rates of HRP-I and HRP-II reduction

by IAA was also studied. It was found thap/M umbelliferone accelerates the reduction @il HRP-1 by

a factor of 10 but did not influence the reduction of HRP-II by IAA. The influence of umbelliferone on the
HRP-I reduction by umbelliferone and/or IAA suggests that HRP-I can bind umbelliferone at a site different
from the active site, where it provides a beneficial conformational change. However, the binding of
umbelliferone to native HRP was not observed. A detailed mechanism for the HRP-catalyzed oxidation of
IAA, both in the absence and in the presence of umbelliferone, is presented. There are three umbelliferone-
induced accelerating effects: (i) the reduction of the rate-limiting HRP species, HRP-II, by umbelliferone,
which increases the rate of enzyme turnover and hence the rate of IAA oxidation, (ii) the nonenzymatic
oxidation of IAA by free radicals of umbelliferone formed in the HRP-catalyzed oxidation of umbelliferone,
and (iii) umbelliferone-induced acceleration of the HRP-I reduction by IAA. The magnitudes of these three
effects are similar.

1. Introduction electron-oxidizing substrate of the native enzyme, converting
) o it into compound . 1AA is the one-electron-reducing substrate
Peroxidases are able to catalyze the oxidation of severalfOr both of the enzyme intermediates, HRP-I and HRP-Il. A

substrates aerobically without added peroxide. Among these,onclassical part of the peroxidase pathway is a free radical

substrates are: indole-3-acetic acid (IAAf, NADH,® dihy- chain reaction in which ROOH is regeneraféd® The oxidase
droxyfumarate,? and isobutyraldehyd¥. These peroxidase-  hathway involves the ferrous enzyme and HRF:IIThe

catalyzed @consuming processes are called peroxidase g pstrate of F—HRP is oxygen, and the substrate of HRP-
oxidase reactions. Peroxidasexidase reactions are of interest | is |aA. 34 The pathway which is followed depends upon

to researchers because (i) they exhibit a number of nonlineary,q experimental conditions. A high pH promotes the peroxi-

dynamic behaviors such as bistabilities, oscillations, and j55e pathway while a low pH favors the oxidase path@vay.
chaos’*2(ii) they produce chemiluminescente**and (i) In a very recent paper Gazaryan et al. suggested a relatively
at Ie_ast one of them (OX|d_at|on of 1AA) is an Important simple alternative mechanism for the HRP-catalyzed IAA
physiological reactiod® IAA is a phytohormone with many  iqation22 They postulated that a ternary complex of native
growth regulatory function$’ The peroxidase-catalyzed oxida-  farric HRP, IAA, and Q plays a key role in both the initiation
tion of IAA plays an important role in IAA catabolisim vivo step and subsequent reaction cycle. This provocative hypothesis
and thus in control of plant growt. is speculative, since there is no evidence for the ternary complex.
IAA oxidation by peroxidase is a very complex process in  However, it is certain to stimulate further work.
which many reaction intermediates and final products are 114 mechanism of HRP-catalyzed IAA oxidation at neutral
forme_d.19 Moreover, during the course of the reaction peroxi- pH has been intensively studied for the past two y&afslt
dase is converted from the native enzyme into several catalytic,, -« proven that IAA is oxidized by a combination of both the

and inactive forms:2%.21 o enzymatic cycle and a free radical chain reacfiorThe

Two main reaction pathways for the oxidation of IAA have  enzymatic cycle produces free radicals of IAA required for
been recognized, labeled peroxidase and oxidase. In thesystaining a free radical chain, while a free radical chain reaction
classical peroxidase pathway, hydroperoxide (ROOH) is the two- produces hydroperoxide needed for sustaining the enzymatic
cycle. It was shown that the symbiotic effect of the enzymatic

* To whom correspondence may be addressed. For S.N.K. phone (403) cycle and the free radical chain reaction is so efficient that no
ﬁﬁé_'g_z‘gﬁ'0;ix(é‘ég%gg_zégfgﬁg'{zgg) e e 4 additional steps are required for the reaction initiation; the traces
ualberta.ca. of hydroperoxide derived from IAA, which cannot be totally

® Abstract published ifAdvance ACS Abstractfecember 1, 1996. eliminated from the IAA solutions, are all that is required for
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the initiation®” The mechanism of the phenol-induced inhibi- conditions. Thus, it does not influence the kinetics of HRP-II
tion of the HRP-catalyzed IAA oxidation was also studidtl. reduction. Both HRP-I and HRP-II were stable for the duration
was shown that phenolic inhibitors act mainly as competitive of the kinetic measurements. The initial concentrations of
substrates of HRP-I and HRP-II. Free radical scavenging HRP-I and HRP-II after mixing with uimbelliferone wereuM.
abilities of phenols also can contribute to the inhibition but at  The rate constants,,sfor the reduction of HRP- by IAA in
relatively high phenol concentrations. A detailed model of the the presence and in the absence of umbelliferone were measured
HRP-catalyzed IAA oxidation has been develdpadd applied  as described in the previous paragraph. The rate constants for
to the analysis of phenol-induced inhibitién. the reduction of HRP-II by IAA in the presence and in the

Candeias et al., in two recent papét$¢ carefully identified absence of umbelliferone were measured in deoxygenated
free radical species obtained in IAA oxidation and measured solution using the procedure described eaPligx.small amount
their redox potentials and, in one case, the acid ionization of deoxygenated concentrated umbelliferone was added by
constant. They also measured several important rate constantssyringe through the rubber cover at the beginning of the single-
Their results can be used for further understanding the detailsexponential part of HRP-II decay. The initial concentrations
of HRP-catalyzed IAA oxidation and in particular for the after mixing were 1uM HRP, 0.1 mM IAA, and 1uM
development of a detailed model of this reaction. umbelliferone.

Despite significant progress in understanding the mechanism  Unless otherwise stated, an excess of IAA and umbelliferone
of HRP-catalyzed IAA oxidation at neutral pH, some proposals was used in the reaction mixtures compared to the enzyme
are still speculative, and several questions remain unanswered.concentration. Therefore, for these cases the kinetics of HRP-I
Umbelliferone is known to accelerate IAA oxidatiéh.How- and HRP-II reactions were pseudo-first-order. Khgvalues
ever, nothing has been known about the mechanism of its action.yere determined by single-exponential curve fitting with floating
Here we present an experimental study of the umbelliferone- end point using the standard program “Origin” (Microcal
induced acceleration of the HRP-catalyzed IAA oxidation at Software). Bimolecular rate constants were determined from
pH 7.4. We also present a detailed model for the HRP-catalyzedthe slope of the plot dk,,sagainst substrate concentration, if a
IAA oxidation, making use of recent results obtained by [inear plot was obtained, or from the slope of the tangent to the
Candeias et al. The mechanism of umbelliferone-induced curve of ko, versus substrate concentration, if curvature was
acceleration of the HRP-catalyzed IAA oxidation is explained gpserved.

as an extension of the detailed model. 2.4. Colorimetric Determination of IAA Concentration.
. The Salkowski reagent was prepared by mixing 50 mL of
2. Materials and Methods perchloric acid (70%, w/w), 50 mL of D, and 2 mL of 0.5 M

2.1. Materials. HRP (RZ= 3.0), umbelliferone, and IAA ~ FeCk?® To evaluate a time dependence of IAA concentration
were obtained from Sigma (St. Louis, MO), while the compo- N the reaction mixture IAA/HRP (with or without umbellifer-
nents of buffers (acetate, phosphate, tris- and bicarbonate) a®ne). 1 mL aliquots of the reaction mixture were added to vials
well as ferric chloride and perchloric acid were purchased from containing 2 mL of Salkowski reagent every 0.5 min after the

Fisher Scientific (Fair Lawn, NJ). Prepurified nitrogen (99.999%) eaction initiation. An absorbance was measured at 535 nm in
was obtained from Praxair (Mississauga, ON). 25 min after the addition of the reaction mixture to the

IAA was dissolved by prolonged stirring in hot water. The Salkowski reagent. The concentration of IAA in the reaction

HRP concentration was determined spectrophotometrically usingMiXturé was determined using a calibration line (absorbance
the extinction coefficient at 403 nm of 1.0210° M~1 cm1.26 vs [IAA]).

Unless otherwise stated, solutions were prepared in 0.1 M pH 2.5. Spectral Analysis of HRP Species in the IAA/HRP
7.4 phosphate buffer using deionized water. The final volume System. It was shown in our previous paper that HRP-IIl is
of the reaction mixture was 1 mL for spectrophotometric Nhot formed during HRP-catalyzed IAA oxidation at pH 7.4. In
experiments and 3 mL for oxygen consumption experiments. the present work the concentrations of native HRP, HRP-I, and
The reaction was initiated by the addition of enzyme. Unless HRP-Il in the reaction mixture 0.1 mM IAA/LM HRP were
otherwise indicated, prior to reaction initiation the solution of calculated from the corresponding absorption kinetic traces
IAA was saturated with air; the initial oxygen concentration measured at 397 nm (isosbestic point for HRP-I and HRP-I

was about 25(M.2” The temperature was kept at 26:00.5 spectra), 411 and 430 nm, respectively. The following extinc-
°C. tion coefficients were usedehey ., = 9.76 x 10, et =

2.2. Equipment. The absorption spectra and most of the 4.32 x 10% and ehgynm = 7.11 x 10* M~1 cm L. The
kinetics were measured with a Beckman DU 650 spectropho- extinction coefficients were determined by the absorption
tometer. Kinetics were corrected for lamp intensity drift during measurements for precisely preparedM native HRP, HRP-
the period of measurements. Quartz cuvettes with 1 cm pathl, and HRP-II (The procedures for HRP-I and HRP-II prepara-
length were used. Stopped flow experiments as well as tions are in section 2.3.)
fluorimetric experiments were made on a SX.17MV sequential  2.6. Spectral Analysis of the HRP Species in the 1AA/
stopped-flow spectrometer (Applied Photophysics, UK). Oxy- HRP/Umbelliferone System. It was suspected that in the IAA/
gen consumption was followed on a Yellow Springs Instrument HRP/umbelliferone system HRP-IIl might be formed. There-
Model 53 oxygen monitor (Yellow Springs, OH). fore, a more sophisticated spectral analysis was performed to

2.3. Determination of the Rate Constants. The rate evaluate the concentration of four HRP species. One micro-
constantskqps for the reduction of HRP-I and HRP-Il by  molar solutions of native HRP, HRP-I, HRP-II, and HRP-III
umbelliferone were measured using the stopped-flow apparatuswere prepared, and their absorption spectra were measured.
by following the absorbance changes at 411 nm (isosbestic pointHRP-I and HRP-II were prepared as described in section 2.3.
for HRP and HRP-II spectra) and 430 nm (isosbestic point HRP-IIl was prepared by the addition of exces©k(10.2 mM)
between HRP and HRP-I spectra). HRP-I was prepared by to native HRP. The spectra were digitized with a resolution 1
mixing equimolar amounts of HRP and,®; HRP-II was nm and stored in an ASCII file so that they were available for
prepared by mixing equimolar amounts of HRP,(O4, and the spectra-analyzing program. The absorption spectra of HRP
caffeic acid. Caffeic acid is completely oxidized under these in the reaction mixture 0.1 mM IAA/luM HRP/1 uM
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Figure 1. Influence of umbelliferone on the oxidation of 0.1 mM IAA
catalyzed by uM HRP, followed by absorbance of IAA at 290 nm
(A) and by oxygen consumption (B). The concentrations of umbelli-
ferone are 0 (1), 0.1 (2), 0.2 (3), and Q&1 (4).

umbelliferone were measured in the Soret (3860 nm) and
visible (500-600 nm) regions at different times after the reaction
initiation. They were also digitized with a resolution 1 nm and
put in an ASCII file. A program for the spectral analysis was
designed by S.N.K. A model spectrum was calculated according
to

4

Anodt) = ) Gl @)

whereC; ande; are the concentration and extinction coefficient
for HRP species numbér i = 1, 2, 3, 4 represents four HRP
species: native HRP, HRP-I, HRP-Il, and HRP-Illjs an
optical path length. The concentratioBswere evaluated in
an iteration procedure by minimization of the function

Z{Aexpw — Anod A} )

whereAey(4) is an experimentally measured spectrum of HRP
species during IAA oxidation.

3. Results

3.1. Effect of Umbelliferone on IAA Oxidation. Umbel-
liferone caused an acceleration of HRP-catalyzed IAA oxidation
which was detected by following the decrease in IAA absorption
at 290 nm and by measuring oxygen consumption (Figure 1).
We quantitate the extent of acceleration by umbelliferone by
use of the ratio of the initial rate of IAA oxidation in the
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Figure 2. Accelerating effect of umbelliferone on the oxidation of
0.1 mM IAA catalyzed by *M HRP. Acceleration is the ratio between
the initial rate of IAA oxidation in the presence of umbelliferone and
that in its absence. Each point on the plot is an average of three values
obtained in three different ways: (1) by IAA depletion followed by
absorption at 290 nm, (2) by IAA depletion measured with Salkowski
reagent, and (3) by oxygen consumption measured with an oxygen
electrode.
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Figure 3. Concentrations of native HRP (1), HRP-I (2), HRP-II (3),
and HRP-III (4) during the oxidation of 0.1 mM |AA catalyzed by 1
uM HRP without umbelliferone (A) and in the presence oful!A
umbelliferone (B).

mM IAA/1 uM HRP system and 45 s after reaction initiation
in the 0.1 mM 1AA/1 uM HRP/1 uM umbelliferone system.
The critical concentrations of caffeic acid were found to be 1.3
+ 0.3 uM without umbelliferone and 1.8 0.3 uM in the
presence of umbelliferone. We conclude that umbelliferone
does not have a pronounced influence on the concentration of
hydroperoxide during HRP-catalyzed IAA oxidation.

3.3. Effect of Umbelliferone on the Composition of HRP
Species. No HRP-Ill was observed during IAA oxidation in

presence of umbelliferone to that in its absence. The accelera-the 0.1 mM IAA/1uM HRP system at pH 7.4. Traces of HRP-I

tion increased with increasing [umbelliferone] up to a factor of
8 at [umbelliferonel= 1 uM (Figure 2). Further increase of
[umbelliferone] did not influence the acceleration.

3.2. Effect of Umbelliferone on the Concentration of
ROOH. Hydroperoxide is formed in a free radical chain
reaction which constitutes part of the IAA oxidation mech-
anism®8 Since umbelliferone increases the rate of IAA
oxidation, it could result in an enhanced formation of hydro-

were detected only in the pre-steady state, whereas HRP-II is
the predominant HRP intermediate in both the pre-steady state
and the steady state (Figure 3A). The steady state of the HRP-
catalyzed IAA oxidation is sustained for about 80 min for the
above experimental conditiofis.Spectral analysis (based on
the assumption that four HRP specigmtive HRP, HRP-I,
HRP-II, and HRP-Ilt-were present in the reaction mixture; see
section 2.6) indicated that only traces of HRP-I and HRP-III

peroxide. In a previous paper we showed that the hydroperoxidewere formed in the presence of«M umbelliferone during the

concentration can be determined indirectly in the presence of presteady state (Figure 3B).

inhibitor by measuring the critical inhibitor concentration

HRP-II appeared to reach its
maximal concentration of 0.6M in 25 s, then declined, and

required to cause an abrupt decrease in the rate of reactionremained at the level of about 3/ during the steady state.

critical inhibitor concentration is about twice the hydroperoxide
concentratiof. We measured the critical concentration of
inhibitor, caffeic acid, for the system 0.1 mM IAA{AM HRP

in the absence and in the presence ofM umbelliferone.
Caffeic acid was added 90 s after reaction initiation in the 0.1

However, this interpretation could be incorrect. Figure 4 shows
an example of experimentally determined and optimally modeled
spectra. There are differences between the experimental and
model spectra at 398400 nm and in the visible region. The
difference in the Soret region can be explained by the formation
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1.0 1.4 Absorption spectra obtained during the oxidation of umbelli-
A (ol ferone in the steady state in the 0.1 mM umbelliferone/10 nM
0.8 ’ HRP/1 mM HO, system showed two isosbestic points at 300
o g 1.0} and 392 nm (Figure 2S). This indicates that a single product
X 06 * of umbelliferone oxidation is formed. Therefore, the rate
g g 08 constant for HRP-II reduction by umbelliferone can also be
§o4 é 0.6 determined in the steady state, since the reduction of HRP-II is
2 § the rate-limiting step in the reaction. Single-exponential kinetic
04 curves for umbelliferone oxidation were observed at 325 nm in
02 0zl the 0.1 mM umbelliferone/10 nM HRP/1 mM B, system.
From the slope of the linear plot &§,s vs [HRP] (data not
0800 a0 430 450 °Boo =5 830 575 600 shown), the rate constakis = (1.73+ 0.05) x 1° M1 s7?
Wavelength, nm Wavelength, nm was obtained. Thus, the value of the rate constant for HRP-II

Figure 4. Spectral analysis of the HRP absorption spectrum obtained reduction by umbelliferone obtained from steady state kinetics
33 s after reaction initiation in the 0.1 MM IAA/ZM HRP/1 uM is equal within experimental error to that obtained from the

umbelliferone system. Plates A and B show Soret and visible spectral transient state. . .
regions. Line 1 is an experimental spectrum whereas line 2 is an optimal ~ 3.5. Effect of Umbelliferone on the Reduction of HRP-I

model spectrum consisting of four components: Q¥native HRP, by IAA. The reduction of HRP-I by IAA in the presence of
0.03uM HRP-I, 0.484M HRP-II, and 0.05«M HRP-II. umbelliferone was followed in the transient state at 411 nm.
Figure 6A shows the kinetic trace for the reduction ofi
A ] B HRP-I by 1 uM umbelliferone, Figure 6B the trace for the

300¢ 100r reduction of 1uM HRP-1 by 0.1 mM IAA, and Figure 6C that

for the reduction of uM HRP-I by the combination of kM
umbelliferone and 0.1 mM IAA. The rate constaRtgs were
obtained from single-exponential fits of experimental kinetic
traces®® Figure 7A shows the rate constarits,s for the

50}
reduction of 1uM HRP-I by 1M umbelliferone, by 0.1 mM
IAA, and by 1uM umbelliferone+ 0.1 mM IAA. It is seen
that the presence of the catalytic amount of umbelliferone results
in a dramatic (factor of 10) acceleration of HRP-I reduction by

80 07 0z 03 o4 00 02 o4 o6 IAA:
[Umbelliferone], mM {Umbelliferone], mM IAA+Umb AA U
mb m

Figure 5. Plots of the pseudo-first-order rate constdqts versus bs ~ 1O(kobs + kobsb) 3)

[umbelliferone] for the reduction of HRP-1 (A) and HRP-II (B) by

umbelliferone. The acceleration was not the only effect of umbelliferone on

HRP-I reduction by IAA. Figure 7B shows the maximal change
of IAA oxidation products which absorb in this range, whereas in absorbance at 411 nm during the reduction @\ HRP-I
the difference in the visible range (small, but perhaps significant) by 1 M umbelliferone, 0.1 mM IAA, and a mixture of both
cannot be ascribed to the absorption of IAA oxidation products, reducing substrates. It is seen that the changes of absorbance
nor to umbelliferone, nor to umbelliferone oxidation products, are equal for each substrate by itself but significantly lower for
nor to the experimental errors. Therefore, it may be concluded the combination of both substrates. Since the initial absorbances
that one of the HRP species formed in IAA/HRP/umbelliferone are equal for all three experiments, the final absorbance for the
system differs from that in the absence of umbelliferone. experiment with both substrates present is lower than that for
Additional results giving rise to the same conclusion are single substrates. A possible explanation is that the product of

discussed below (section 3.5). HRP-I reduction by IAA (presumably HRP-II) is spectrally
P-670 is an inactive HRP species accumulated during the different in the presence of umbelliferone from that in its

HRP-catalyzed IAA oxidatioR2° In the absence of umbelli-  absence.

ferone the amount of P-670 formed in the 0.1 mM IAA/M 3.6. The Effect of Umbelliferone on the Reduction of

HRP system reached 0:8M,° while in the presence of AM HRP-II by IAA. The reduction of HRP-II by IAA in the

umbelliferone it was less than 02V (Figure 1S). Thus, presence of umbelliferone was also studied. Since HRP-Il is

umbelliferone significantly diminishes formation of P-670 during rapidly regenerated in the presence of oxygen (because of the

the HRP-catalyzed IAA oxidation. chain reaction), deoxygenated solutions were used (see section
3.4. Reduction of HRP-I and HRP-II by Umbelliferone. 2.3). It was found that

The plot ofkyps Vs [umbelliferone] for the reduction of HRP-I

by umbelliferone is shown in Figure 5A. The rate constant PATUMD  KAA + KD (4)
increases with increasing [umbelliferone]; at 394 it is 1.3
x 106 M~1s71 about 6 times higher than that at BM (2.3 x that is, umbelliferone does not influence the reduction of HRP-

1 M~1s1). The experimental data were fit with a polynomial 11 by 1AA.
function. For 1uM umbelliferone the rate constant was 3.7. Examination of Umbelliferone Binding to Native

estimated by extrapolation of the polynomial tolgg= 1.1 x HRP. A possible explanation of the striking data on both HRP-|
1® M~1 s The results show that there is a self-accelerating reduction by umbelliferone and the effect of umbelliferone on
effect of umbelliferone on the reduction of HRP-I. the reduction of HRP-I by IAA is that there is binding of

The rate of reduction of HRP-II by umbelliferone is linearly umbelliferone to HRP-I away from the active site, which
dependent upon the concentration of umbelliferone (Figure 5B). somehow causes a catalytic effect. It is impossible to measure
The rate constant for this reaction, obtained from the slope of the binding of umbelliferone as a mediator of HRP-I reduction
the line in Figure 5B, idys = (1.684 0.05) x 1 M1 s71, because umbelliferone is also a substrate of HRP-I. Therefore,
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Figure 6. Kinetic traces for the reduction of @M HRP-I by 1M umbelliferone (A), 0.1 mM IAA (B), and M umbelliferone+ 0.1 mM IAA
(C) followed at 411 nm.

o
»

2.5 0.020 0.4

0.015 i

o
w
:
=3
w
=

aA,, at 411 nm
o
2
=

0.005

124
o
v
o
-

0.0 Lomammmmmszs Lih : 2] B -
THMUmb 0.1mM IAA Uml 1w MUmb 0.1mM fAA Umb+lAA

Substrate for 1 p M HRP-I Substrate for 1 ¢ M HRP-I
Figure 7. Kkos (A) and maximal change of absorbance at 411 nm (B 0. - y - - 0. . - .
fo?the reducti(()n)of M HRP-I by 113M umbelliferone (column l),( ) 200 420 440 460 480 500 850 300 350 400 450
0.1 mM IAA (column 2), and 1M umbelliferone+ 0.1 mM IAA Wavelength, nm Wavelength, nm
(column 3). Figure 9. Fluorescence (A) and excitation (B) spectra of umbelliferone.
Both spectra were measured using 4@ umbelliferone in 0.1 M
0.98 phosphate buffer pH 7.4. For plate &, = 325 nm.
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does not exceed 0.5%, which is about the volume error occurring
during umbelliferone injection. These results do not disprove

dom OW‘&W the binding of umbelliferone to HRP-I; but they show that
0.97 :ZgA,Z:ﬂA indirect evidence is lacking.

3.8. Determination of the K, for Umbelliferone. Um-
belliferone is intensively fluorescent with a maximal emission
at 465 nm (Figure 9A). Hence, its fluorescence was used for
determination of its K, value. The spectrum of excitation has

0.96 X , . , ; . a maximum at 325 nm (Figure 9B), which is in agreement with
0 20 40 60 80 100 120 140 absorption spectrum (see Figure 2S). When the pH is changed,
[Umbeliiferone], p M the shape of fluorescence spectrum is unchanged but the
Figure 8. Titration of native HRP by umbelliferone: experimentally ~ intensity of fluorescence is affected: the neutral form has more
measured absorbance (1) and absorbance calculated by correcting fomtensive fluorescence than the anionic one. Figure 3S shows
dilution and the additional effect of umbelliferone absorption (2). the effect of pH on the fluorescence intensity (The following
function was used for the nonlinear regression analysis of the
experimental daté vs pH:

Absorbance at 403 nm

we studied the effect of umbelliferone on the absorption of
native HRP. Figure 8 shows experimental absorbance and
calculated absorbance as functions of added umbelliferone. The | 1 x 10PKapH)
theoretical line was calculated according to the following | = -un _max
expression: 1 + 1QfPKaPH)

AV + UMbV ums! wherelmin, Imax @and K, were variable parameters. Th&p
= Vo + Vs (5) value obtained from this analysis was 7#80.03.
m

assuming that only HRP dilution and umbelliferone absorption 4. Discussion

contribute to the change of absorption when umbelliferone is  4.1. Mechanism of HRP-Catalyzed IAA Oxidation. The
added. In eq 5A0 andV; are the absorbance of HRP at 403 kinetics of the HRP-catalyzed oxidation of IAA at neutral pH
nm and the volume of HRP solution before umbelliferone are now well understood: enzymatic IAA oxidation in the
addition, [Umb] is the concentration of umbelliferone in its stock standard peroxidase cycle is accompanied by a nonenzymatic
solution, Vymp is the volume of umbelliferone addeéymy is free radical chain reaction® In our previous papers we
the extinction coefficient of umbelliferone at 403 nm (1x0 developed a model for the HRP-catalyzed IAA oxidattoh.

10® M~t cm™Y), andl is the optical path length. The maximal This model did not define the structures of the free radicals
deviation of the experimental curve from the calculated line involved in the chain reaction.
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Detailed model of the HRP-catalyzed IAA oxidation at
(top) a free-radical chain reaction; (bottom) HRP turnover.

Figure 10.
neutral pH:

TABLE 1: Main Reactions Involved in the HRP-Catalyzed
Oxidation of 1AA at pH 7.4 in the Absence of Umbelliferone
(Reactions +13) and in the Presence of Umbelliferone
(Reactions 14-16)

no. reaction rate constants ref
1 I1AA — IAA*T ki=3x107s1 7
2 IAA*T—R+CO; kx=90s1 23
3 R+ 0,—ROC ks=2.0x 18M~1gs1 23
4 ROOTIAA —ROOH+ IAAY Kk=10x 10°M~1s? 6
5 I1AAT+ IAAT—P; 2ks=5.3x 1®M~1s1 23
6 R—P ke =1.8x 10¢s? 6
7 ROO—’Pg k7=5.62 st 6
8 ROOH— P4 k8=1.45x 103s! 2,6
9 HRP+ ROOH—HRP-I1+ROH kg=2.0x 10°fM~1s! 2,6
10 HRP-I+ IAA — kip=23x 10®M1sl 56
HRP-Il + IAA-T
11 HRP-lI+IAA —HRP+ IAA**  k;1=2.05x 1®M~1s!l 56
12 HRP-lI—HRP kip=1.75x 103571 6
13 HRP-I+ ROOH— P-670 kiz=6.2x 1®¥M-1s1 6
14 HRP-14+Umb— kiu=11x1PM1sl a
HRP-II + Umb
15 HRP-ll+Umb—HRP+Umb kis=17x 1°PM~1s1 a
16 Umb + IAA — Umb+ IAA*T b

2 Present papef.No data available.

The literature on free radical participation in IAA oxidation
by HRP begins in 1956 and has been well revie#fetiowever,
it was not until 1986 that a free radical was detected by EPR.
Mottley and Masoff trapped and identified the skatolyl radical
in a system containing HRP, 1AA, and.8, in acetate buffer
at pH 4.6. In a later study by Escobar et3lysing the same

Krylov and Dunford

remarkable recent studies by Candeias ét#lof one-electron
oxidation of IAA, the IAA cation radical was detected, its aeid
base properties were measured, and its rate of decarboxylation
to form the skatolyl radical was determined.

Here we present our model, modified on the basis of the
above results, so that all free radical species are identified. The
major change in the kinetics is the incorporation of one
additional elementary reaction, which is not rate controlling.
This step is the decarboxylation of the IAA cation radical to
form the skatolyl radical. The modified model is shown in
Figure 10; corresponding reactions (reactiorsll) and the
rate constants are listed in Table 1. The notations IAA, ¥AA
R*, ROO, ROOH, and ROH are used for the species shown in
Figure 11.

Reaction 1 is a very slow nonenzymatic process responsible
for the production of IAAT traces in the absence of HRFhis
reaction is important for the initiation of enzymatic oxidation
(particularly in the presence of inhibitors) but does not play
any significant role during the steady state of HRP-catalyzed
IAA oxidation.” IAA** tends to deprotonate rapidly at neutral
pH; however there is an equilibrium fraction of protonated
IAA*t which can decarboxylate to the skatolyl radical R
(reaction 2). R*, in turn, is rapidly scavenged by,@o form
ROQ (reaction 3¥324 ROQO reacts with IAA producing IAA*
and ROOH (reaction 4% Reactions 58 are termination steps
for the intermediates IAX, R, ROO, and ROOH It was
shown that IAA"T undergoes bimolecular radicaladical
recombination (reaction 3¥,whereas the termination steps for
R* and ROO and ROOH are satisfactorily described by the
unimolecular reactions-68.5 The reaction sequence-8 is a
complex free radical chain process, producing two essential
intermediates: IAA" and ROOH. Reactions-18 are respon-
sible for the presence of ROOH traces in the IAA solution in
the absence of HRPafter HRP addition, these traces of ROOH
initiate HRP participation in the reaction. During the steady
state the reaction sequence&regenerates the hydroperoxide,
ROOH, required for sustaining the enzymatic cycle.

IAA is oxidized in the standard peroxidase cycle (reactions
9—11). Two cation radicals required for sustaining the free
radical chain are produced during one HRP turnover. HRP-II
is slowly reduced in the absence of IAA (reaction 19).
Reaction 13 represents a rate-limiting step in P-670 formation.
The essence of the mechanism is that a trace of peroxide
(ROOH) is all that required to initiate the reaction. The
combination of the nonenzymatic free radical chain and the

reactants, the skatolyl radical was also detected at pH 7.4. Inperoxidase cycle continually produce ample ROOH for the

SN

o
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:: / o
N
|
H

Indole-3-acetate (IAA)

HoC—0—0e
: :N:

|

H

Indole-3-methyl hydroperoxyl
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Indole-3-acetate cation radical (IAA*°)

: l;l N
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: :: o
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Figure 11. Structures of compounds and radicals, their names, and abbreviations.
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2 6 TABLE 2: Rate Equations and Parameters Used for
ot 5 s Computer Simulation of the HRP-Catalyzed IAA Oxidation
1 Y
s . +£15 2 Rate Equations
2 E 5 9 N 1. d[IAA)/dt = — (ky + k[ROOT] + kao[HRP-I] + kya[HRP-II)[IAA]
= E 4 Z 2. d[IAAH)/dt = (k; + k[ROOY] + kio[HRP-I] + kia[HRP-II])[IAA] —
- Sosh /2 281* 8 (ko + 2K[IAA ] [IAA *+]
= 5 1y o 3. d[R)/dt = k[IAA **] — (kg[O2] + ke)[R']
21 = ,213 © 4. d[O;)/dt = —ks[OZ][R]
= T2 3 4 & 5. d[ROO)/dt = kg[O2][R*] — (K[IAA] + kr)[ROOT]
H Time. min 5 6. d[ROOH]/d = k[ROOY[IAA] — (ks+ k[HRP] +
p: 8 kigHRP-I])[ROOH]
= &# 7. d[HRPY/d = (ku1[IAA] + ki)[HRP-II] — ke[HRP][ROOH]
1= 8. d[HRP-I]/d = ke[HRP][ROOH] — (kio[lAA] + ki ROOH])[HRP-I]
9. d[HRP-IlJ/ct = kio[HRP-I][IAA] — (ku[IAA] + ki2)[HRP-I1]
0 0 10. d[P-670]/t = kis[HRP-I][ROOH]
0 20 40 60 80 100 Initial Concentrations

Time, min [HRPl,=1uM [ROOH]o = 2.7 x 1074IAA] o
[IAA] o = 50uM all other initial concentrations are zero

Figure 12. Simulated kinetic traces of intermediates: (1) FAA(2) [02]o = 250,M?7

R*, (3) ROO, and (4) ROOH during HRP-catalyzed IAA oxidation.
Differential equations and parameters used for computer simulation
are listed in Table 2.

Integration Parameters
step size lower limit= 0 step size error 1 x 1072

250 all the species, except |IAA and R, are the same for modified

B and nonmodified models (see Figures 5 and 6 in ref 6). Thus,
the modified model is in good agreement with the experimental
N kinetics® With regard to the concentrations of IAAand R,
their sum for the modified model is simply equal to the
4 concentration of Rin the original model.

The model depicted in Figure 10 is the most realistic and
comprehensive model of HRP-catalyzed IAA oxidation at
neutral pH presently available. All the rate constants were either
experimentally measured or determined in a computer simula-
205 00— tion. The model satisfactorily describes most of the available

0 N .
0 20 40 60 80 100 0 20 40 60 80 100 .
Time, min Time, min experimental facts.

Figure 13. Simulated kinetic traces of substrates (A) and HRP species  4.2. Mechanisms of Accelerating Effect of Umbelliferone
(B) during the HRP-catalyzed IAA oxidation. HRP species are (1) native on the HRP-Catalyzed IAA Oxidation. Phenols are known
HRP, (2) HRP-1, (3) HRP-II, and (4) P-670. Differential equations and  t he positive effectors of peroxidase-catalyzed reacfiofs
parameters used for computer simulation are listed in Table 2. Three possible mechanisms of acceleration are examined: (1)
ROOH ROH the phenol-induced reduction of compound Il (rate-limiting
\ / peroxidase species) to native enzyme, which results in increasing
9 HRP-| the rate of enzymatic oxidation of a substrété} (2) the
nonenzymatic oxidation of a substrate by a phenol free radical
(formed in HRP-catalyzed phenol oxidation), which does not
increase the rate of enzymatic substrate oxidattéhand (3)
the allosteric effect of phenols, changing the conformation of
HRP in a favorable way’ Here we consider all three possible
mechanisms with respect to umbelliferone-induced acceleration
IAAT® of HRP-catalyzed IAA oxidation.

Phenols react as hydrogen atom donors to the oxidized
peroxidase compound&3* Since the [, value for umbelli-
Umb® + IAA —€ = Umb + 1AA"° ferone (7.78) is close to the pH used for the present studies
Figure 14. Reactions required to explain the accelerating effect of (7-4), the umbelliferone reaction mixtures contain about 50%
umbelliferone on the HRP-catalyzed IAA oxidation. of the ionized form, which would be unreactive.

4.2.1. Reduction of Rate-Limiting HRP Speciésmbelli-
'ferone is oxidized by HRP-I and HRP-II (see section 3.3). Its
involvement in the enzymatic cycle is represented by reactions
14 and 15 in Figure 14. Since umbelliferone influences the
cusse8” by adding reactions 2 and 5, the decarboxylation of overall rates of HRP-I apd HRP-II reduction, it influences the
IAA*+, and its formation of secondary products. The rate steaqu state concentrations of HRP, HRP-I, and HRP-II ac-
constantsks, ke—ks, and ki3 (see Table 1), obtained from cording to
computer simulation, might be affected by the modified model.

Therefore, we carried out the computer simulation of the [HRP] =

modified model, using software described elsewlSete, [HRP],

examine the v:_;llues of the above rate constants. _Figures _12 and k[ROOH] ke[ROOH] (6)

13 show the simulated concentrations of all the intermediates, 1+
substrates, and HRP species. The simulated concentrations of KiollAA] + ki [Umb] — ky,[IAA] + Kk, JUmb]

o
o

S [0)uM &
o

N
[HRP species], uM

o
L)

HRP

Umb*® Umb

+o
IAA " 1
" Umb Umb®

I1AA

HRP-II

reaction to reach and maintain its maximal steady state rate
which is maintained until inactivation processes become domi-
nant.

The present model was derived from that previously dis-
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[HRP-I] = above assumption we obtained the rate of IAA oxidation in
[HRP], reactions 10, 11, and 16:
O
ki[lIAA] + ki JUmb] K [IAA] + k; [JUmb] dIAA)/dt = —k,JHRP-I][IAA] — ky,[HRP-II][IAA] —
kK ,[IAA] + ki [Umb] k[ROOH] Kk, JHRP-1][Umb] — k;[HRP-I1][JUmb] (10)
[HRP-II] = Using egs 7, 9, and 10, as well as the rate constiast&;s
[HRP], listed in Table 1, and the concentrations [IAA] 0.1 mM,
HRP]p = 1 uM, and [ROOH]= 6 uM, we calculated maxima
(8) [HRP] d[ ] lculated maximal

K [IAA] + k,JUMD]
Kyo[IAA] + ky[Umb]

kyy[IAA] + ki g[Umb]
k[ROOH]

possible accelerating effect ofulM umbelliferone to be about
6.4. The value calculated is still less than that obtained
experimentally (see Figure 2). Thus, the steady state analysis
shows that reduction of HRP-I and HRP-II by umbelliferone
(reactions 14 and 15) together with the oxidation of IAA by
the free radical of umbelliferone (reaction 16) still cannot
account for the experimentally observed acceleration factor.

The low reactivity of umbelliferone radicals with IAA can
be explained thermodynamically. The reduction potential of
9) IAA radicals is 0.922 V at pH 7.4% and that of umbelliferone

is 0.315 V at pH 13.5% The reduction potential of umbelli-

Using eqs 7-9, we calculated the acceleration of IAA oxidation  ferone radicals can be calculated at pH 7.4 using the following
by 1u4M umbelliferone. The acceleration is defined as the ratio expressior®

between d[IAA]/d in the presence of umbelliferone and in its
absence. The following concentrations were used in the cal-
culation: [IAA] = 0.1 mM, [HRP} = 1 uM, and [ROOH]=
6 uM. The value of [ROOH] used in the calculations corre-
sponds to that estimated for the steady state of HRP-catalyze
IAA oxidation in the absence of umbelliferofé. Our experi-
ments showed that the presence of umbelliferone did not
influence significantly the concentration of [ROOH] (see section
3.1). Moreover, numerical analysis of eqs showed that
the acceleration is not sensitive to the value of [ROOH] over a
wide range. For the rate constants listed in Table 1 the maximal
acceleration was equal to 2.5, which is much less than the value (12)
of 8 observed experimentally (see Figure 2). Even if it is
assumed that;4 = 0, so that all reacted umbelliferone reduces the equilibrium constant for reaction 16 is estimated to be 1.8
compound Il, the maximal acceleration is only a factor of 3, x 10710 Thus, it appears that reaction 16 is not an effective
which is much less than the experimental value. Therefore, pathway for IAA oxidation and indicates the importance of the
the reduction of HRP-II alone cannot explain accelerating effect allosteric effect of umbelliferone on HRP.
of umbelliferone on the HRP-catalyzed IAA oxidation. 4.2.3. Allosteric Effect of Umbelliferone on HRRt is

The concentration of umbelliferone was 2 orders of magnitude known that HRP can bind some phenols at more than oné’site.
less than that of IAA. Reactions 14 and 15 result in very fast Phenol bound away from the active site cannot be oxidized but
oxidation of umbelliferone. If there is no umbelliferone can favorably change the conformation of HRP so that the rate
regeneration, then all of it is oxidized in the first few seconds. of substrate oxidation is increased. Our experiments showed
In contrast, umbelliferone-induced acceleration was observedthat umbelliferone increased the rate of HRP-I reduction by IAA
over several minutes. by a factor of 10 but did not influence the rate of HRP-II

4.2.2. 1AA Oxidation by the Free Radical of Umbelliferone. reduction by IAA. HRP-I is not a rate-limiting HRP species;
The free radicals of umbelliferone formed in reactions 14 and therefore, umbelliferone-induced acceleration of the HRP-I
15 are able, in principle, to participate in reaction 16. This reduction by an order of magnitude cannot result in acceleration
reaction provides us with a mechanism of umbelliferone of the overall rate of IAA oxidation by a factor of 10. However,
regeneration needed to explain the prolonged accelerating effectthe umbelliferone-induced increase in the rate con¥tgmoes
Moreover, reaction 16 itself can contribute to acceleration of resultin considerable increase in the rate of IAA oxidation. The
IAA oxidation. Since reaction 16 requires the formation of increased reactivity of HRP-I would mean that the steady state
umbelliferone free radicals (reactions 14 and 15), the accelerat-concentration of HRP-I is lowered. Since P-670 is formed from
ing effect of both reactions 15 and 16 must be considered reaction of ROOH with HRP-I, the smaller concentration of
together. Thus, we are now examining the cumulative effect the latter would account for the decreased rate of P-670
of acceleration caused by compound Il reduction and of formation.

The above expressions were obtained using reactiefis $hat
are directly involved in HRP turnover (see Figure 14) and the
assumption that [HRP], [HRP-I], and [HRP-II] are constant in
the steady state. The rate of IAA oxidation in the enzymatic
cycle is

d[IAA)/dt = — k, JHRP-I][IAA] — k,[HRP-II][IAA]

RT, (107" + 107"
F 10+ 107"

C{NhereEpH1 is the unknown reduction potential at pHE,, is
the known reduction potential at pHR is the gas constant,

is the absolute temperature, aRdhe Faraday constant. The
pKa of umbelliferone is 7.78 (section 3.8) and thi€;of IAA

is 5.092* The result is a reduction potential of 0.346 V for
umbelliferone at pH 7.4. From the Nernst equation

Eon, = Eppy, + (11)

K = gFAERT

umbelliferone free radicals.

To estimate the accelerating effect of reactions-14, we
assume that (i) the steady state for reactiond® (Figure 13)
is established (the concentrations of HRP, HRP-I, HRP-II, Umb,

We calculated the total accelerating effect ofl umbel-
liferone on HRP-catalyzed IAA oxidation using egs 7, 9, and
10 and the rate constarits and ki1—kss listed in Table 1, as
well as kjp = 2.3 x 10* M~ s71, which accounts for the

and Umb are constants) and (ii) reaction 16 is fast enough that enhancing effect of umbelliferone on HRP-I reduction by IAA.
the steady state concentration of umbelliferone is much higher The calculations were made for the following concentrations:
than that of its radical. These assumptions allow us to estimate[IAA] = 0.1 mM, [HRP} = 1 uM, and [ROOH]= 6 uM. The

maximal possible acceleration of IAA oxidation provided by
the addition of reactions 1416 to reactions 911. Using the

maximal possible acceleration by all three mechanisms was
calculated to be about 9.3. Taking into account that this value
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is an upper limit of acceleration, we can conclude that it is in
good agreement with experimentally observed value of 8. Thus,
a combination of all three effectghe reduction of HRP-II by
umbelliferone, oxidation of IAA by free radicals of umbelli-
ferone, and umbelliferone-induced acceleration of HRP-I reduc-
tion by IAA—can explain umbelliferone-induced acceleration
of overall IAA oxidation catalyzed by HRP.

5. Concluding Remarks

To summarize, umbelliferone accelerates the HRP-catalyzed

IAA oxidation due to combination of three accelerating ef-
fects: (i) the reduction of the rate-limiting HRP species, HRP-
I, by umbelliferone, which increases the rate of enzymatic IAA
oxidation, (ii) nonenzymatic oxidation of IAA by free radicals

of umbelliferone formed in the HRP-catalyzed oxidation of
umbelliferone, and (iii) umbelliferone-induced acceleration of
HRP-I reduction by IAA. Quantitative contributions of all three

effects are similar.

Further development of this research should involve a detailed
experimental investigation of the mechanisms of umbelliferone-
induced acceleration of the HRP-I reduction by IAA as well as
by umbelliferone itself. Moreover, further progress in detailed
modeling requires the knowledge of the rate condtagas well
as the rate constant of umbelliferone free radical recombination:

Umb’ + Umb’ — products
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