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SUMMARY: Existing data contain proof that the iodinating species of tyrosine
and its derivatives contained in mixtures of iodine and iodide is hypoiodous
acid, HOI. It appears likely that the peroxidase~catalyzed iodination
reaction with hydrogen peroxide, tyrosine or a tyrosine derivative and either
iodide or iodine as substrates involves enzyme-activated HOI.

Mayberry, et al. recognized 1,, H201+ and HOI as the potential iodinating
species in their superbly accurate kinetic study of the iodination of tyrosine
derivatives (1). The purpose of the present communication is two-fold: first
to poiné out that of these three possibilities only HOI is compatible with
their experimental data; and secohd to discuss evidence which points to
peroxidase-activated HOI as the iodinating species in the enzyme-catalyzed
tyrosine iodination reaction.

MATERIALS AND METHODS

All materials and experimental procedures have been described in detail
{(2) and will be made available in more accessible form in a forthcoming
publication.
RESULTS AND DISCUSSION

The uncatalyzed iodination reaction obeys accurately the second order

rate equation based upon the stoichiometry

k
—2PP, y* 4174+ 1TOH (1)

HTOH(total) + I2(total) (total)

where the H in HTOH refers to a hydrogen in the position ortho to the phenolic
group; HTOH(total) means the sum of all tyrosine gpecies whether or not the

phenolic OH group is ionized and I5(total) Means I, + I3_ (1). The relevant

equilibria involving iodine species are

I; <___—2_—_> I+ 1”7 (2)
K +
I, + H20 —3->. HZOI + 1 (3)
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K
HOI++HO—A_>HOI+HO+ (4)

2 2 - 3
where K, = 1.3 x 1073 M (3), Ky = 107'" M (4) and K, = 4 x 1072 M (5,6).
)
Iodide inhibits reaction 1 approximately to the second power and it inhibits

to the first power (1). The ionization of the phenolic group of the tyrosine

derivative may be represented as
K5 +
HTOH =% HTO + H (5)

With a slow reaction 1 it may safely be assumed that equilibria are maintained
in Egs. 2-5 (6). Thus in Eq. 2, in principle either I, or I3~ might be the
iodinating species but the total pool of I, + 13' would be depleted with the

equilibrium maintained., If I, is the iodinating reagent, then

k
HTO + I, % e ' 1+ 107 (6)

which at pH values where ah) > Kg leads to

k_K
Rapp = 85 (7
wh) e L1
Ky

Eq. 7 explains proton inhibition to the first power but not iodide inhibition
to the second power. Therefore I, (and 13') are eliminated as the iodinating
species. If either H201+ or HOI is active then the inhibition by a requires

that the mechanism be either of
k

HTO + H201+ —8 1m0+ H3O+ (8)
k
HTOH + HOI ~—— ITOH + H_O (9)

2

which leads to either of

k _K_K
aop - 8'3's _ (10)
whan « £
K
2
k K_K
. - of3¥a (1)
app

+., - (1)
(o ){(1 Y1 +-—K~;-

Both Eqs. 10 and 11 appear to explain the cbserved kinetics. However, a

choice can be made based upon the kinetic exclusion principle: if a mechanism

leads to a rate constant which exceeds the diffusion-controlled limit then

that mechanism is eliminated (7). For N-acetyl tyrosine (1) at pH 7.20, ionic
~1 -1

strength 0.64 and 25.00°C, kapp =31+ 1M s and (I7) = 0.015 M.
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1

Therefore kg = 3.5 x 104 ™1 g1 which exceeds the diffusion-controlled limit

by a factor of 104, on the other hand, kg = 9 x 10° M™' s™! which is
physically possible and chemically reasonable. It would appear that the
uncatalyzed iodination reaction occurs between a tyrosine derivative with an
unionized phenolic group and HOI.

Three possibilities deserve consideration for the enzyme catalyzed
reaction in which both peroxidase and hydrogen peroxide are present as initial
reactants.,

I. Molecular iodine is activated in the enzymatic reaction., 1If this
were so one might expect evidence for an enzyme-iodine complex. Our results
show that an optical spectrum attributed to such a complex (8) is merely the
sum of the spectra of the enzyme and molecular iodine.

II. Tyrosine is first oxidized to a free radical which is then
iodinated. We shall present evidence in a forthcoming publication which
eliminates this possibility.

I1I. En2yme-activated HOI is the iodinating species. In experiments in
which the reaction mixture contains lactoperoxidase or horseradish peroxidase,
Hy05, I~ and tyrosine the reaction sequence I~ > 13' + I, + monoiodotyrosine
can be followed at low pH {2,9). It is known that iodide reacts with compound
I by direct two-electron transfer (10), which probably indicates oxygen atom

transfer. Therefore, the reactions

Peroxidase + H202 -—# Compound I + H20 (12}
Compound I + I~ — Peroxidase OI (13)
R - fast . -
PeroxidaseeOI + I —=——» Peroxidase + I2 + OH (14)
- fast -
I —_—
5 ¥ I I3 (15)

account for formation of the first product, 13'. In the presence of excess
I-, all molecular I, is complexed as 13—. However, reaction 13 continues to
remove I~, so that the equilibrium 15 is shifted to the left, producing the
second observed product, molecular I,. With little iodide left in the system
then Eq. 14 becomes unimportant and the iodination of tyrosine is controlled

by the hydrolysis
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K
16 + -
—
I, +H0 HOI + H + I (16)
Eq. 16 is a combination of Bqs. 3 and 4 so that X.. = 4 x 10~'3 M2 {5). The

16
actual iodination step would follow reaction 13

PeroxidaseeOI + tyrosine ————— 3
(17)
Peroxidase + monoiodotyrosine + H20

For any given pH and (12), if the equilibrium is maintained in Eq. 16,
then (HOI) and (I7) can be calculated. Figure & of reference (9) is

relevant. At pH 3.6, (I,) = 1.5 x 107 M so that (HOI) = (I7) = 5 x 1077 M.

When the blank rate of disappearance of I, is subtracted, then the horseradish

peroxidase catalyzed rate of disappearance of I, is 7 x 1077 ms7!

when (HRP)0
= 10"6 M. The above calculation can be checked using transient state kinetic
results. With excess tyrosine present the rate-controlling step in the
iodination reaction is Eq. 13 which has a rate constant of 106 M 5'1 for
horseradish peroxidase at pH 3.6 (10). Therefore, the rate of iodide

oxidation for the above set of conditions is equal to the rate of

monoiodotyrosine formation and is given by

_da)
at

k13(HRP)°(I )

106 X 10-6 x 5 x 10-7

- -1
=5x 10 7 Ms

in excellent agreement with the steady state calculation. Our steady state
measurements are also in agreement.
The rate of iocdide oxidation by compound I of lactoperoxidase is not

known. However, from Figure 6, reference (9), one can calculate that for

(Lp), = 1078 M the rate of disappearance of I, is 4.3 x 107¢ M s7'.  Thus,

v = k13(LP)°(I ) _
v 4.3 x 10

- - -7
(e) (1) 10 8 x5 x 10

-1 -1
9 x 10° M s

6

ky3 =

Our conclusions are confined to water-soluble peroxidases. The
conclusion that iodine is an obligate intermediate (11) is correct in the
presence of excess iodide. In the presence of only a small amount of iodide

it appears that iodination can occur directly through Egs. 13 and 17.
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