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Detailed Model of the Peroxidase-Catalyzed Oxidation of Indole-3-Acetic Acid at Neutral
pH
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A mechanistic model of peroxidase-catalyzed oxidation of indole-3-acetic acid (IAA) at neutral pH has been
developed, characterized, and compared with experiments. The model is based on experimental facts showing
that IAA is oxidized in the presence of HRP by two pathways: (i) the standard peroxidase cycle, which is
accompanied by (ii) a nonenzymatic free radical chain reaction. The peroxidase cycle normally requires the
addition of a hydroperoxide, whereas IAA oxidation does not. Therefore, the model includes the enzymatic
peroxidase cycle which is initiated by organic hydroperoxide (ROOH) derived from autoxidation of IAA. It
also includes a nonenzymatic free radical chain which utilizes oxygen, oxidizes 1AA, and recycles ROOH
required for the enzymatic cycle. Available experimental values of rate constants were used. Unavailable
rate constants were initially estimated analytically using the steady state assumption and then optimized by
computer simulation. There is a unique set of rate constants which satisfies the model. The average deviation
of simulated kinetic traces from experimental ones was less than 5%. Critical values of the rate constants
were determined; for values smaller than the critical values IAA oxidation stops. In the pre-steady state the
concentration of ROOH rises exponentially. Thus, a decrease of the initial concentration of ROOH by 3
orders of magnitude gives rise to only a 1 min delay of reaction. For all intermediates except ROOH the
steady state was reached in 1 min; for ROOH, 10 min after reaction initiation. More than half of the oxidation
of IAA occurs by the chain reaction, a nonenzymatic pathway. The model satisfactorily describes all available
experimental kinetic data and predicts some previously unobserved behavior which should stimulate further
experiments.

1. Introduction Extensive studies on IAA oxidation for almost 40 years have

It is known that peroxidases are able to oxidize several 1€d to an accumulation of experimental data. However,
substrates aerobically without added peroxide. Among these contradictions in experimental results and their interpretations
substrates are indole-3-acetic acid (IA%Y, NADH,® dihy- abound. Some proposals are still speculative, and several
droxyfumarat€, and isobuteraldehyde. Peroxidases utilize ~ questions remain unanswered. Among the unanswered ques-
oxygen in these reactions. Therefore, such processes are calletions are the following: the mechanism of reaction initiation
peroxidase-oxidase reactions. They are of interest for re- and P-670 formatidi>1’ as well as the mechanisms of reaction
searchers because (i) they exhibit a number of nonlinear dynamicinhibition and activation by the donors of electrdid®

behaviors such as bistabilities and oscillatiéris (i) they In our previous work we conducted a kinetic study of the
produce chemiluminescen&é)*2and (iii) at least one of them  5r0hic peroxidase-catalyzed oxidation of IAA at neutral pH
(oxidation of IAA) is an important physiological reactibhlAA without added HO,5 The kinetic traces of IAA oxidation,

is a known phytohormone. The peroxidase-catalyzed oxidation HRP-II formation and disappearance, P-670 formation, and

?rf IsAn ﬁfyslgtno'rr]ngf rtgr:t rorlg I?hl‘aut ‘tﬁzt?:(())lgscm:ayrl fg@?d oxygen consumption were measured. It was shown that IAA
us In regutatior P grow . ecu o is oxidized through the peroxidase pathway which is ac-
IAA oxidation is a complex process in which many reaction . - ) :

. . ; companied by a free radical chain reaction that recycles ROOH.

intermediates and final products are forniéd.Moreover, . X :

Several rate constants were determined for the first time. The

eroxidase is converted from the native enzyme into several . . .
Eatalytic and inactive form-515.16 Y data obtained allow us to develop a detailed mechanism of IAA

Two main reaction pathways have been recognized, labeled©*idation.
peroxidase and oxidase. In the classical peroxidase pathway, Modeling is a powerful instrument for investigation of the
hydroperoxide (ROOH) is the substrate of native enzyme. IAA reaction mechanism. After a hypothesis of the reaction mech-
is the substrate for the enzyme intermediates, HRP-l and HRP-anism has been developed, modeling can be used to check the
Il. ROOH is recycled in a free radical chain reactfoi® The hypothesis, to determine otherwise unavailabe rate constants,
oxidase pathway involves the ferrous enzyme and HRP-IIIl. The and to predict system behavior under new experimental condi-
substrate of F€—HRP is oxygen, and the substrate of HRP- tions. Kinetic modeling has been applied to the NADH/HRP/

lllis IAA. 34 The pathway which is followed depends upon O, systenf® However, it had not previously been used to
the experimental conditions. A high pH promotes the peroxi- inyestigate the IAA/HRP/@reaction.

dase pathway, while a low pH favors the oxidase pathiivay. Here we present detailed kinetic modeling of the peroxidase-

* To whom correspondence may be addressed. For S.N.K.: phone, catalyzed IAA oxidation using analytical and numerical ap-
For H.B.D: phone, (403) 492-3818; fax, (403) 492-8231; e-mail, P . 9 L . y
brian.dunford@ualberta.ca. suggested mechanism of IAA oxidation (the peroxidase pathway

€ Abstract published irAdvance ACS Abstract®ecember 1, 1995. accompanied by a free radical chain reactim), determine
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unavailable rate constants, and to determine the behavior ofinputis a 12x 10 stoichiometric matrix (see section 4.1 below).

reaction intermediates predicted by the model. Of particular
interest was to model the initiation step of the reaction to
determine whether reaction initiation involves the oxidase
pathway.

2. Procedures

2.1. Experimental Kinetic Traces. In our previous paper
we measured the kinetic traces of HRP-II, P-670, and IAA
spectrophotometrically and of Qwith an oxygen electrode.

The program constructs 18 10 minors by deletion of two
rows. The output is the matrix of minors.

The programs (FORTRAN double precision) for integration
of reaction rate equations, which were designed by one author
(S.N.K.), used a RungeKutta procedurd! The program for
the rate constant determination integrates the system of reaction
rate equations and creates a temporal data file which contains
times and concentrations. Since the program has adaptive step-
size control, this temporal file contains data with nonequidistant

Here we have converted the absorbance traces of HRP-Il at 43¢ime intervals. Therefore, the program further transforms the
nm and P-670 at 670 nm to the corresponding concentrationt€mporal data file to a data file with equidistant time intervals,

ARP-Il _

traces using known extinction coefficient

andegro"°

Pl = 7.5 104
=2.4x 10* M~1cm™15 The absorbance of IAA at

290 nm was converted to concentrations using the expression

(A"~ A)

1°
(A” = A9

[IAA] ' = [IAA

whereAb, A, andA® are absorbances at zero time, at time
and when the asymptopic value of the single-exponential curve
is attainec® The oxygen kinetic trace, which was measured in
arbitrary units, was converted to concentration as a function of
time using the initial concentration of oxygen in the reaction
mixture, 2.5x 1074 M.20

All calculated kinetic traces consisteddf= 151 points with
time intervals of 40 s. They were placed in an ASCII file
available for reading by programs integrating the reaction rate
eqguations (see section 2.3 below).

The average HRP-II concentration in the steady state of the
reaction was calculated according to

1 t2 it
——tz_tlﬁl [HRP-11" dt

[HRP-II],,

wheret; = 2 min andt, = 64 min are the time of the beginning
and the end of the steady state, and [HRRdIfhe concentration
of HRP-Il at timet. The concentration of [HRP-Y} thus
calculated was 0.58M.

2.2. Algorithm for Rate Constant Determination by
Computer Simulation. For rate constant determination by

computer analysis we used a method of sequential optimization. 1

The rate constants were optimized one by one in an iterative
procedure using the criterion of minimum of deviation of all
simulated kinetic traces from experimental ones. Deviation is
defined as

11MN

D___
MN &4

exp __
IC;

Cilm|

whereN = 151 is the number of time points on experimental
kinetic traces (section 2.1M = 4 is the four substances for
which kinetic traces were experimentally measured (HRP-II,
P-670, IAA, and @), C* and G™ are experimental and
simulated concentrations of substaped timei. The contribu-
tions of those substances Bbhave to have identical weights.
Therefore, ¢ and q‘,“"d were normalized. The concentra-
tions of the enzyme species HRP-Il and P-670 were divided by
initial enzyme concentration,AM. The concentrations of the
reactants IAA and @were divided by their initial concentra-
tions, 50 and 25(M, respectively.

2.3. Computer Programs. The program for calculation of
all 10 x 10 minors for the 12« 10 stoichiometric matrix was
written by one author (S.N.K.) in FORTRAN using the standard
routine LUDSMP for determinant calculati@h.The program

40 s, the same as in the experimental data file (section 2.1).
Thus, deviation can be calculated using simulated and experi-
mental data files (section 2.2). The program for visualization
of the computer simulation results is quite similar to that for
rate constant determination. The only difference is that the
visualization program creates a final ASCI!I file which contains
both experimental and model concentrations for equidistant time
intervals of 40 s. This file is imported into EXCEL electronic
tables for graph preparation.

All the programs are available upon request.

2.4. Computing Resources.We used an IBM compatible
computer with a 486 coprocessor operating at 66 MHz for our
computer analysis. Since the program integrating reaction rate
equations operates in adaptive step-size control mode, the
duration of calculation is strongly dependent on the rate
constants. The rate equations are listed in Table 1. In our model
the time-limiting rate constant for computationks= 2.0 x
108 M~1 57122 For this value ofks and zero step-size limit
(highest level of integration precision) the calculation of 100
min of numerical data takes about 700 min of computer time,
while for ks = 1.0 x 10° M~1 s71 only about 3 min. It was
found thatks did not influence the result of simulationk§ >
ks andks/ks = const. The reaction Rwith corresponding rate
constanks is the kinetic rate-limiting step (Table 1). Therefore,
we used the valuelgs = 1.0 x 10° M~1 s ~1 (which is much
more thanks = 2.05 x 10? M1 s71) andkg/ks = 1.36 s1 for
the determination of rate constants that required 400 passes of
100 min kinetics (Figure 3). All of the other results did not
require so many passes and were calculated ugirg 2.0 x
CM1ist

3. Model Development

The main principle in development of the model was to use
a minimum of species and known reactions to yield simulated
data that agree with experiments. The important experimental
facts are the following: at neutral pH the oxidation of IAA goes
through the peroxidase pathway accompanied by a free radical
chain reaction, oxygen is consumed during the reaction, and
HRP-I apparently reacts with hydroperoxide to produce P-670,
which accumulates in the reaction mixt@r.

The reaction scheme presented in Figure 1 describes these
facts. Table 1 contains relevant reaction equations and available
rate constants. The reaction scheme includes the standard
peroxidase cycle (R-R3). A unique feature of the IAA reaction
is that its reduction of HRP-II (B is so slow that a second
reduction of HRP-II is able to compete. Reaction iR the
reduction of HRP-Il to HRP by an unknown electron donor.
For simplicity we consider this reaction to be unimolecular. The
formation of P-670 is apparently initiated by the reaction of
HRP-I with ROOH, which is rate-limiting (§.51> Therefore,
we do not consider any intermediates of this branch beyond
Rs. Reactions Rand R are the free radical chain process which
regenerates the free radicals & well as the hydroperoxide
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ROOH required for enzymatic cycle initiation. Reactions R TABLE 1: Main Reactions, and Their Corresponding

and R are chain termination steps. They could be described E}?ﬁgggg?ﬁae"ngﬁgm;gfgxﬁzg%’aﬁtligteﬁ \Cl)vgggtion of
by a quadratic equation for free radical recombination or a linear Indole-3-acetic acid without Added HO,

equation for free radical reaction with a nonradical species or

reaction vessel wall. For simplicity we consider only linear reaction rate constant pH ref
equations, where the donors of electrons are not specified(R) HRP+ ROOH— HRP-I kk=2x1fMtst 70 2
(unimolecular reactions). It will be shown later that this 4.4
simplification is justified. Reaction B is a unimolecular ~ (R HRP-I+RH—HRP-II+ R kp=22x10°M™s™ 7.4 5
. . (Rs) HRP-I+ RH—HRP+R kk=23x1¥M1st 74 5
reaction for ROOH destructioh. (R HRP-Il— HRP k=30x103%s® 74 5
(Rs) HRP-1+ ROOH— P-670 FM-lst 39 22
Mt Re) R+ O,— ROO =2x1 s .
4. Determination of Rate Constants &Rg ROO 4 RH— ROOH+ R* ke
(Rg) R — P

4.1. Uniqueness of the&k Values. The rate constants— (R) ROO — P,
ks, ks, and kyp are available from the literature (Table 1). (R,) ROOH— P; kio=16x 103s1 44 2
;Jgtkgcot\(]vg Lifng(\i\?ns:g?ésczﬁigh{(:,vsl:igEg;s,a:tsi;f?/et:ﬁeeangc:gg?’?e The _aBIanks indicate rate constants for Whi_ch no experir_nental v_alues
. . DOMETE T exist.P Value of ks was obtained from thg-intercept of Figure 6 in
qguestion can be answered by analysis of a stoichiometric ref 5.
matrix2® A unique and satisfactory set of the rate constants

exists if the rank of the stoichiometric matrix is equal to the ROOH ROH  ROOH ?
number of reactions (rate constants). If the rank of the 1
, . o : HRP HRP-| 5~ p-670
stoicheometric matrix is less than the number of reactions, then
there exists an infinite number of rate constant sets that satisfy R . RH
the model. 3 2
The stoichiometric matrix for our model is RH R
HRP-II
Rl Rz R3 R4 R5 Re R7 Rg Rg qu 02 RH R'
HRP |[-1 0 1 1 0 0 0 0 0 ¢ R—~8 = pog T poon
HRP-| 1 -1 0 0-1 0 0 0 0 O e . 0
HRP-II 0O 1 -1 -1 0 0 0 0 0 O
P-670 0 0 0 0 1 0 0 0 0 D P, P, P3
SH 8 _1 _11 % % _f _1 _2 8 8 Figure 1. Model of peroxidase-catalyzed IAA oxidation at neutral
ROO 0 0 0 0 0 1 -1 0 -1 0 pH: (top) enzymatic reactions; (bottom) nonenzymatic reactions.
ROOH [-1 0 0 0 -1 0 1 0 0 -1 .
0, O o 0O O 0-1 0 o0 0 O dependent substances. The table of minors allows us to
P 0O 0 0O 0O o0 o0 o0 1 o0 determine the two sets of dependent substances as well as the
P, 6 0 o0 o0 0o o0 o0 o0 1 d corresponding conservation relations:
P; 0 0 0 0 0 0 0 0 0 1

o . ) . ) [HRP] + [HRP-I] + [HRP-II] + [P-670]= [HRP],;
This is 12x 10 matrix. Its maximal possible rank is 10. %0

10 minors were constructed by deleting two rows from the o _ —
stoichiometric matrix. The following 1k 11 matrix shows [RH] +[RT — [0 + [P,] = const

the values of all 10« 10 minors: The first set of dependent substances and the conservation

relation are obvious: they involve all of the enzyme species.

HRP-1 HRP-Il P-670 RH R ROO ROOH O P1 P, Ps The second set can only be determined from the stoichiometric
HRP 0 0 0 -1 1 O 0 1 100 matrix.
HRP-I 0 0 1-1 0 0 -1-100 For the enzyme species the conservation coefficients are
HRP-II 0O -1 1 O 0 1 100
P-670 1-1 0 0 -1-100 i
RH 00 0O 0000 (—DM;
R 0 0 0 00O
ROO 0 0 00O wherei is the number of rows in any columncontaining
ROOH 0 000 nonzero minors and;j is the corresponding minor. For the
(F?lz 0 8 8 species in the second conservation relation the coefficients are
P, 0

(1M

For example, the numberl located at the intercept of the row :

HRP-II and the column RH means that the minor obtained by wherej is the number of columns in any rowcontaining

deletion of the rows HRP-Il and RH from the stoichiometric nonzero minors.

matrix is equal to—1. 4.2, Steady State Assumption: Analytical Approach.
We see in the matrix of minors that nonzero@.0 minors HRP-II is the predominant catalytic enzyme form in the steady

exist. This means that the rank of the stoichiometric matrix is state of IAA oxidation at neutral pFl. The steady state of HRP-

equal to 10; that is, the rank of the stoichiometric matrix is I, and presumably all other intermediates, was reached in about

equal to the number of reactions. Therefore, there is a unique2 min and maintained for approximately 60 min. All the

set of rate constantg —k;o which satisfy our model. experimental data used in this section correspond to the
Since the rank of the stoichiometric matrix is 10, only 10 of conditions [IAA] = 50 uM, [HRP] = 1 uM, pH 7.4% and time

12 substances are independent and there are two sets of = 2 min after the reaction initiation.
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Ten of 12 substances are independent (section 4.1), for

example, all substances except HRP and &hd they are
described by the equations

% =k [HRP][ROOH] — k[HRP-I][RH] —
ky[HRP-1][ROOH] (1)
W = k[HRP-I][RH] — kj[HRP-II][RH] —
k,HRP-11] (2)
d[P£7O]= k[HRP-I][ROOH] 3)
—d[StH] = —k[HRP-I][RH] — k[HRP-II][RH] —
k[ROOT[RH] (4)
%Ff] = ky[HRP-I][RH] + kj[HRP-II[RH] —
k[O,][R'] + K[ROOTRH] — k[R"] (5)
d[ROO
—[Rd? - klO,l[R'] — k[ROOT[RH] — k[ROOT] (6)
—d[R(?tOH] = —k[HRP][ROOH] — ks[HRP-I[ROOH] +

k,[ROOTRH] — k,[ROOH] (7)

doj

i~ KOAR] (8)
dP,] .

o~ KIROO] 9
d[P.
% — k, JROOH] (10)

The concentrations of intermediates (HRP, HRP-I, HRP-II,
R*, ROO, and ROOH) are constant during the time of the steady
state. Therefore, their derivatives are equal to zero.

Equations 1, 2, and 7 can be simplified using the following

Krylov and Dunford

0=Kk{O,][R] + k[ROO][RH] — k,[ROO] (14)

0

—k,[HRP][ROOH] + k,[ROO[RH] — k;[ROOH]
(15)

Equations 3, 4, and 8 describing the kinetics of P-670, RH,
and Q (product and substrates rather than intermediates) can
also be used in the steady state analysis.

The kinetics of P-670 formation was determirted[P-670]/
dt was determined from a tangent to the kinetic curve of [P-670]
vs tat timet = 2 min. At constant the left side of eq 3 is a
constant and the equation becomes

d[P-670]

0= ky[HRP-IJ[ROOH] — =

(16)

We found that the kinetic traces of RH consumption are single
exponentialswith kops = 6.8 x 1074 s7%:

[RH] = [RH] .e™*
Equation 4 can be integrated in the steady state:

[RH] — [RH] ef(kz[HRP-I]+I<3[HRP-II]+I<7[ROOH'])I
n

Using the last two equations and multiplying by [RH] we have

0= k,, JRH] — k[HRP-I[RH] — k{HRP-II][RH] —
k[ROOTRH] (17)

We also can use the stoichiometric ratio between RH and
0O,. By summation of egs 4 and 15 and division by eq 8 we
obtain

0=14+ 8

kelO2]

where d[RH]/d[Q] can be calculated from the kinetic curves
[RH] vs tand [Q] vs t>

Equations 1+18 can now be solved. There are experimental
values for the rate constanks—ks, ks, andk;o (Table 1). At
the beginning of the steady state [IAA] [IAA] in =5 x 1075
M, [Oz] = [Og]in=2.5x 1074 M, and [P-670} 0. Moreover,
the following parameters were calculated from the steady state
kinetic measurementHRP-II] = 9.0 x 1077 M, d[P-670)/d
= 2.4 x 10°1°M s71, and d[RH]/d[Q] = 1.31. Therefore,
egs 13-20 contain the following unknowns: the rate constants

_d[RH]

40] (18)

assumptions. For the beginning of the steady state the followingks and k;—ke and the concentrations [HRP], [HRP-I], IR

inequality is true:ks[RH] > k4. Therefore, the terrk[HRP-

II] can be neglected in eq 2. Moreover, during the oxidation
of 50 uM of IAA only about 0.5uM of P-670 is formed. We
can conclude from this thd&[ROOH] < k;[RH] and neglect
the termks[HRP-I][ROOH] in egs 1 and 7. Using the above

[ROCO1], and [ROOH]. Since the system is nonlinear, it cannot
be solved by the methods of linear algebra. However, it is
sufficiently simple that it can be processed manually.

By summation of egs 11, 15, and 17 and twice the value of
eq 12, we get

assumptions the steady state equations for intermediates be-

come

0 = k[HRP]J[ROOH] — k[HRP-I[RH]  (11)

0 = k,[HRP-IJ[RH] — k;[HRP-I][RH] (12)

0 = k[HRP-I][RH] + kHRP-II][RH] — kjO,J[R] +
kROOTRH] — kg[R'] (13)

Kops — 3KIHRP-I1]
klO

[ROOH] = [RH] (19)

Equation 12 can be solved for [HRP-I]. By summation of eqs
11 and 12 we get
_ KHRP-II[RH]

[HRPT = [ROOH]

(20)

By summation of eqs 13 and 17 we obtain
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Ko

TABLE 2: Parameters of Computer Simulation

- bs
[RT= ke + k6[02][RH] (21) Basic Equations
d[HRP]/dt = —k[HRP][ROOH] + ks[HRP-II][RH] + k[HRP-II]
The value ofks is determined from eq 16 ar@ from eq 18. d[kligg;]ﬂ][zl?g[gﬁp]moom_ ke[ HRP-1[RH] =
We have determined all parameters exdepls, and [ROC]. d[HRP-11]/dt = kHRP-I][RH] — ks HRP-I[J[RH] —
These unknowns occur in eqs-185 and 17, which form a KJHRP-I1]
linearly dependent system ¢G[ROC] and kgROCO]. The d[P-670]/d = ke[HRP-I][ROOH]

number of unknowns exceeds the number of independent Ad[RH)dt=—k[HRP-I[RH] — k[HRP-II[RH] — k[ROO][RH]

equations. Therefore, the only possibility is to determine the d[Fli'][/lgto:O']‘a[qHHF}P"]k[gF[Qs_]] + ke[HRP-I][RH] — ke[O2][R] +
; _

ratio k7/k9. From egs 1416 d[ROO]/dt — k5[02][R'] - k7[ROO'][RH] _ kg[ROO']
d[ROOH)/dt = — K[HRP][ROOH] — ke[HRP-IJ[ROOH] +
ks ky[HRP] + Ky k[ROOT[RH] — ki[ROOH]
= (22) d[02)/dt = —ke[O][R"]

ke N (k,[HRP] + ko + k[ O,][R*)/[ROOH])[RH]
Additional Equations
(d[RH]oxidgizeddt)enz = ko[HRP-I][RH] + ke[HRP-II][RH]

From a spreadsheet the unknown parameters were calcu- (ARH e e = K[ROOTRH]

lated: ks = 1.41x 103M~1s71 kg=1.55x%x 10* s7%, andk+/kg

=6.82x 1ML Initial Concentratior’s

4.3. Computer Optimization. The system of differential [HRPJ; = 1 uM [Ozjn = 250uM
equations of the reaction rates, the initial concentrations, and [RH]in = 504M [ROOH]in = 0.0254M"
computing parameters appear in Table 2. The equations for Integration Parameters
the rates of R P,, and R formation are not included because step size lower limit= 0 step size error 1 x 1072
they are filjal products_ and do not influenc_e the overall reaction. Optimal Set of Rate Constants
Two additional equations were included in the system for the k=2.0x 1M 1s?t ke=2.0x 10 M-1st
determination of the contribution of enzymatic and nonenzy- ky=23x 1M 1st k;=1.0x 1°M1s?
matic pathways of IAA oxidation (section 5.2). sz: i-ggx ig;\ﬂ’i st ||:s= é-gzx 1104 st

i i =1./0x% S =2. S
After we obtained estimates of the unknown rate constants K= 6.2x 1M 151 kio= A5 x 10351

ks andk;—kg using the steady state assumption, we optimized
these values by computer simulation (see the Procedures a All other initial concentrations are zerbExcept when otherwise
section). We found that &, was much more thaks, the rate stated.

constant of the rate-limiting step, then the outcome of the | 0.6
computer simulation did not depend knandkg separately but 08 A B
depended on the ratig/kes. The behavior of the system is the ‘
same with respect t&s and kg: if ks is much more tharks,
then the result of computer simulation does not depenéson
andkg separately but depends on the rédditiks. This simplified 0.2
the problem of optimization. We fixek; = 1.0 x 106 M1 0.0 0.0
s 1 and varied the ratiéz/kg by varyingks. The valuesks, kg, 0 20 40 60 80 100 0 20 40 60 80 100
andk;/kg estimated from the steady state assumption were used Time, min Time, min
for the first iteration in computer optimization. Optimal values 50 250
of the rate constants weke = 5.7 x 1 M~1s71, kg = 9.1 x 0 C 240 D
10*s ™ kg =5.62 51, andkz/kg = 1.91x 10°P M~1. The values

of ks andkg determined by computer analysis are close to those
calculated using the steady state assumption, while theketio
ko Obtained from computer approach is 1 order of magnitude
more than that estimated in the steady state assumption. One °© 20 40 o0 B0 100 200 o 20 40 o0 a5 00
of the possible reasons for this discrepancy could be that a steady

N 3 . A i Time, min Time, min
_st_af[e _concentrfatlon of ROOH is not attained 2 min after reaction Figure 2. Comparison of (1) experimentand (2) simulated kinetic
initiation (section 4.1).

; . . L traces obtained using optimized values of the previously unknown rate
Figure 2 shows the computer simulation of the kinetic traces constants:ks = 5.7 x 1FM1s% ks = 9.1 x 10* 5%, andks = 5.62

N
EN
N

0.6 1
0.4

[HRP-I1]), iM
[P-670], uM

o
N

30 230

20 220

[1AA], uM
[Oxygen], uM

10 210

of HRP-II, P-670, IAA, and @using the rate constanks—ka, s! obtained assuming; = 1.0 x 10f M1 s°1. Panels A-D show

ke, and ki available from the literature (Table 1) akg and concentrations of HRP-II, P-670, IAA, and oxygen as a function of
k;—kg optimized by computer simulation. The deviation was time.

45 x 1072

After the initial optimization of the unknown rate constants, for ki (Figure 3). The deviation decreases with increasing
we carried out a further optimization which involved all rate Up to ki = 2 x 10° M~* s7%, beyond which it remains
constants (excludings and k;), because the rate constants unchanged. The value & = 2.0 x 10° M~ 571, available
obtained experimentally have standard errors associated withffrom the literaturé, lies on the plateald = 2.7 x 1072, and
them (Table 1). We did not varks and k; in this final we consider this value as an optimal one.
optimization because the result of the simulation depends on The system is very sensitive to values of the rate constants
the ratiosks/ks andkz/kg rather than orks andk;. We changed for chain terminationksg andkg. There are critical values ¢
these ratios by varying values kf andkg. The final optimal andkg which are 3 and 10 times more than the optimal values.
set of the rate constants is presented in Table 2. For the ratelf kg and/orky values exceed the critical ones, then the free
constantsk,—ks and ks—kjo there are well-recognizable mini-  radical multiplication factor becomes less than unity and the
mums of deviation when the rate constants have their optimal reaction stops. The system exhibits the same behavior when
values. In contrast, the deviation does not have a minimum the rate constantk; or/andk, decrease below critical values.
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Figure 4. (1) Experimenta&land (2) simulated kinetic traces obtained
using optimal values for all rate constants including those obtained
experimentally (Table 2). The panels—® correspond to the same
panels in Figure 2. Obvious better fits are obtained in A, HRP-II; and
B, P-670.

cal investigation of the steady state assumption results in the
ratio 1/32/310 (egs 12 and #21), which is close to that
obtained by computer simulation.

Simulated kinetic traces of*RROC, and ROOH are shown
in Figure 6. The shapes of the Bnd ROO traces (curves 1
However, these critical values f& andk, are about 3 orders  and 2) are similar. Their concentrations reach maxima of 2
of magnitude less than the optimal values. Figure 4 shows nM and 2uM, respectively, 0.5 min after reaction initiation
experimental kinetic traces and those simulated using the optimaland then drop to less then 1 nM angil¥ during the next 0.5
set of the rate constants. Deviation was X%71072. By min. These sharp peaks correspond to the pre-steady state of
comparison of the data in Tables 1 and 2 it can be seen that thethe reaction. The steady state is reached in 1 min. After that,
optimization results in little change in rate constants from the [R°] and [ROQ] decrease slowly with decreasing [IAA].
experimental values, except for the valuégfwhich does have We examine the possible pathways ofdhd ROO disap-
a large experimental err8r.However, this final fine-tuning of pearance. One is free radical recombination through dimeriza-
the results did improve the fit to some experimental kinetic tion or disproportionation which leads to quadratic rate equa-
traces (compare Figures 2 and 4). tions:

'

5. Investigation of the Optimal Model . L . L
R* + R"— chain termination

®)
5.1. Kinetic Traces of Intermediates. From the model with
the optimal set of rate constants we are able to simulate the K ) o
kinetic traces of intermediates which were not measured ROC + ROO — chain termination R

experimentally. Figure 5 presents simulated traces of enzyme

compounds during IAA oxidation. HRP, HRP-I, and HRP-Il whereks and kg are bimolecular rate constants. The second
achieve a steady state in 1 min. Based on computer simulationpathway is free radical deactivation via reaction with nonradical
of the steady state of the reaction, the ratio [HRP]/[[HRP-I}J/ molecules or with the walls of the reaction reservoir. Usually
[HRP-II] can be crudely expressed as 1/100/1000. The analyti- such reactions can be described as pseudo-unimolecular, which
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leads to linear rate equations. A quadratic equation is required 30
only if the concentration of free radicals is sufficiently high. 2

First we will show that the process of Risappearance obeys 257
the linear reaction Rrather than quadraticdR From the steady 2 20 1
state assumption it was estimated that the experimentally =
measured values d[RH]/dfD= 1.31 andks = 2 x 10® M1 B 15
s 1require thaks = 1.55x 10* s~ (section 4.2). The quadratic 5
equation can provide such a high rate of free radical disappear- S0t
ance only if - ]

=& - 155x 10° >j9104= 1.55x 10°M s 0
R 10 0 20 40 60 80 100
Time, min

which is much more than the diffusion-controlled limit. Thus,
the quadratic equation is incompatible with the experimental
ratio d[RH)/d[O;] = 1.31. We checked this result by computer
simulation in which we replaced the linear equationly the
quadratic one R. Our previous conclusion was confirmed: the
ratio d[RH)/d[Q;] = 1.31 is satisfied only iks > 103 M1

st inhibition is still unknown, and we plan to investigate it.

With regard to reaction & it is impossible to prove that a 5.2. Nonenzymatic Oxidation of IAA. In our previous
quadratic equation is not appropriate because the rate constangaper we estimated a lower limit of 1/3 for the nonenzymatic
kzis not known. Therefore, we used computer simulation with contripution to 1AA oxidation. That estimate was based upon
reaction R' instead of B to check the quality of the fit. The  experimentally measured rate constants and the upper limit of
best fit in this case was too far from experimental resubts< HRP-II concentrationkops= (6.8 4+ 0.4) x 10*s7L, ks = (2.3
5.9 x 107! compared to 2.% 1072 for the optimal model). +0.2) x 1®M~1s% and [HRP-II]< [HRP], = 1 uM. Using
Therefore, we believe that linear reactionsaRd Ry rather than 3 more precise value for the average concentration of HRP-II,
quadratic reactionsgRand R/ are responsible for disappearance [HRP-Il]ay = 0.58uM (section 2.1), and the same approach as

of the free radicals Rand ROO. . _in ref 5, we calculate the experimental contribution of non-
ROOH formatlon haS a 05 min |ag pel’IOd and reaCheS its enzyma“c reac“ons |n 1AA Ox|dat|0n as

maximum value of &M 10 min after reaction initiation (Figure

6, curve 3). In contrast to other intermediates (HRP, HRP-I,
HRP-II, R, and ROQ®), ROOH does not achieve its steady state
in 1 min. The slow attainment of the steady state occurs because

Figure 7. Simulated contributions of (1) enzymatic and (2) and
nonenzymatic pathways in IAA oxidation obtained using the optimal
set of rate constants.

of IAA oxidation exhibit the same critical behavior with respect
to IAA oxidation as ascorbaté. The mechanism of this

exp
nonenz

C 0.62+ 0.27

the relaxation timeg, of ROOH is determined by the slow
reactions of ROOH disappearance, Rs, and Rg:

7= (k[HRP] + ks[HRP-I] + k;o) '~ 4 min

Therefore, the concentration of ROOH reaches its maximum

Using the two additional equations listed in Table 2, we
simulated the kinetic traces of IAA oxidized by both enzymatic
and nonenzymatic reactions (Figure 7). The simulated contribu-
tion of the nonenzymatic pathway is

sim

nonenz—

C 0.57

value only int = 2.5 x T = 10 min after reaction initiation.
Strictly speaking, the system reaches the steady state when allThe experimental and simulated contributions are very close to
the intermediates reach the steady state, that is, in 10 min. Ineach other. This confirms that the suggested model is adequate.
our consideration of the steady state we assumed that the steady 5.3. Initiation Step of IAA Oxidation. Identification of
state is reached in 2 min. We believe that some minor the initiation step of peroxidase-catalyzed IAA oxidation remains
discrepancies between the results of the steady state assumptioane of the unsolved problems in this system. Two possible
and computer simulation can arise from the result that ROOH ways of reaction initiation were suggested: the peroxidase and
does not reach the steady state in 2 min, as we considered. oxidase pathway4® The peroxidase pathway requires the
We believe that experimental measurements of [ROOH] as presence of hydroperoxide traces in IAA. Neither the sublima-
a function of time can be made to examine the validity of the tion nor recrystallization of IAA influences the reaction initia-
kinetic trace of ROOH predicted by the model. Nakajima and tion,*1”which means either that oxidase pathway is the initiation
Yamazaki suggested an indirect way to measure the concentrastep or that the reaction can be initiated by a very low
tion of ROOH during the IAA oxidatio. They used ascorbate  concentration of organic hydroperoxide formed or remaining
to induce a lag period in IAA oxidation. They believed that after purification of IAA. We were not able to model the
the critical concentration of ascorbate which abruptly increased oxidase pathway as the initiation step because the relevant rate
the lag time is equal to the concentration of ROOH. It was constants are not available. Therefore, we modeled the initiation
bright idea. However the mechanism of the effect of ascorbate of the reaction by the peroxidase pathway, which is the main
on IAA oxidation is not completely clear. Ascorbate is known pathway once the steady state is established. We simulated the
to be an effective free radical scaverdyend at the same time  effect of initial hydroperoxide concentration, [ROGHDPn the
a substrate for HRP-I and HRP-II. Therefore, ascorbate could rate of reaction initiation. We found that a decrease of
inhibit IAA oxidation either by (1) free radical scavenging or [ROOH], resulted in a short delay of the reaction initiation,
by (2) acting as a competitive substrate. In the first case therewhich is followed by kinetic traces of HRP-II (Figure 8). The
is no direct connection between ascorbate and hydroperoxidedelay is proportional to the negative logarithm of [RO@H]
concentrations. In the second case it needs to be proved thafThe dependence of the delay on [ROQ@H§ so weak because
the critical concentration of ascorbate is equal to the concentra-in the pre-steady state (initiation step) the production of ROOH
tion of ROOH. It should be noted that many phenolic inhibitors by the branching chain reaction obeys the exponential law
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Figure 8. Computer simulation of the effect of [ROOKipn the kinetic
traces of HRP-Il showing increasing lag period with decreasing
[ROOH]J. The initial concentrations of ROOH are (1) 2651078, (2)
25x 1071 (3) 2.5%x 107, (4) 2.5x 107Y, (5) 2.5x 107%° and (6)

2.5 x 1072 M. Optimal values for all rate constants are used. The
inset shows reaction lag period as a function of the negative logarithm
of [ROOH];.

[ROOH] = [ROOH], €

We also investigated the influence kf on the lag period
caused by changing [ROOH] The value ofk; had not
previously been optimized because kgr= k; the simulation

results for the reaction beyond the lag period were dependent

upon the ratioks/kyg (section 4.3). The result of simulation

showed that the lag period is almost independent of the value

of k; in the range between 1@nd 13 M~1 s7%; the value ok;
used in the optimal model is within this range.

Although IAA purification had no apparent influence on
reaction initiationt'7 it is a negative result which does not
disprove reaction initiation by hydroperoxide. Hydroperoxide
is always formed from IAA in the presence of oxygen, and even
a very small [ROOH] would be enough for reaction initiation.
Indeed, according to our modeling, the decrease of [RQOH]
by a factor 16° to [ROOH}, = 2.5 x 10722 M (which
corresponds to one molecule of ROOH per liter of solution)
results in only a 5 min delay in reaction initiation.

6. Concluding Remarks

Krylov and Dunford

fied exponentially by a branching chain reaction. Computer
simulation predicts that [ROOH] reaches its steady state value
10 min after reaction initiation, whereas all other intermediates
reach a steady state in 1 min. Experimental examination of
the 10 min delay to reach a steady state in [ROOH] is required.
Such an examination requires development of reliable techniques
for measurement of [ROOH]. Since ROOH is apparently
responsible for light emission during IAA oxidatidh,the
comparison of ROOH kinetic data with those of chemilumi-
nescence would be of interest.

The model presented here predicts the value of a new
investigation of the inhibition of IAA oxidation by the donors
of electrons such as phenols. There are two main hypotheses
for the mechanism of inhibition: the inhibitor is a free radical
scavenger and/or a competitive substrate.
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