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“ ABSTRACT \
————ttla . }

!

The pH dependencies of the oxidations‘6f\L-tyrqsine!
and 3,5-diiodo-L-tyrosine by botﬁ compounds I %nd ITI of \
horseradish peroxidase were investigated at 25°§ and ipnic
strenqgth O.llwby a stopped-flow procedure. *The\ionization
of an enzyme acid group of pKa"S'has'a pronouncedjéffect

on the kinetics of compound I reactions; the depro Fnated

form of this group is most reactive. For the compohnd 1I
reaétions, an enzyme dissociation at pH 8.6 exerts the

. »
greatest influence on the rate. A second .compound II acid

" group of lower pKa also has a'slight effect on the kinetics

. . . N . -
of substrate oxidation. Protonation of the phenolic group
of the substrate is favoured for the reactions of both com-

pounds I¢ and II; it was observed that the total substrate

charge plays an important role. A stoichiometric investiga-"~

tion showed‘;nat either tyrosine or diiodotyrosine is re-}‘
quired in only a 1M equivalent for ﬁhé two—electfon redﬁc—
tion of compound I to ferric enzyme. | ’ " ;\
The horseradish §eroxidase—catalyzed\{eaction of iodidq
with tyrosine was studied as a function of ﬁﬁ. It is pro-
posed that a mecHanism involving molecular iadine'oxidation
to an "Icl’ species and its subsequent reaction with tyro-
sine is operétive aé/lOW'pH. T?g change in kinetics at
pH ~ 5 is attributed to deprotoﬁ;;ion of a compound I a;id

gégup, accompanied by a rapid decrease in the rate of iodide

L\

A




oxidation and an increase in tyrosine oxidation. It was.

L noted that the enzyme does not catalyze efficiently the. .

* iodination of tyrosine under basic conditions; tyrosyl rad-
LY \.. . ’ g
¢ N . .
- icals likely recombine to yield bityrosine before the -oxi-—
dation of iodide takes place.
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CHAPTER I.

INTRODUCTION

1.1 Forms of Iron in Biological' Systems

It is not’ surprising that the element iron, because of
its agundance on our planet, has been incorporated into
many physiological systems. Mahy different biological mole-
cules which utilize this metal, aash with'a specific func-
tion, have evolved. These may be divided into five major
categories as shoxi/}n Table 1.1  (a) iron storage forms;
(b) iron'transport forms; (c) oxygen carriers; (dX enzymes,
and (e) electron carriers. '

'In the more comple:: classes of anlmal life iron must be

stored and -readily avallable for the biosynthesis of oxygen

and electron carriers. Ferritin (la—4) and hemosiderin

(l1a,4) sequester’ifon (II1) into non-toxic and soluble forms"

When reguired, the transport of iron then takes place via

blood serum transferrin, also known as siderophilin or 81

metal-binding globulin (1b,5-7). In certain fungi and anti-

nomycetes, iron conveyance occurs by means of_varibus tri-

hydroxamic acids (8,9); whereas, enterobactins (sntérochel—
\-..._(

ins) are responsible for microbial transfer and metabollsm

of iron (8,10,11).

Hemoglobin nd myoglobin are the oxygen carriers in red

blood and muscle cells respectively. Both are found in ver-
tebrates; however, some crustaceans and roots of leguminous

plants (i.e. leghemoglobin) also contain hemoglobin. 1In

)

-,
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either case, the iron is bound to a porphyrin as illustrated
in Fig. 1.1. For hemoglobin and myoglobin this structure

is known as heme or ferroprotoporphyrln IX; whereas, other
lprotelns may contaln;hematln or hemin, the ferrlprotoporphy-”
rin IX equivalent. Generally speaking, the term heme may
refer to any.. Valent form of iron bound to protoporphyrln
Oxygen transport in a few 51mp1e invertebrates proceeds via
the non-heme iron protein, hemerythrin (12,13).

. There are many iron—containing;enzymes which do not ~
have Eron-sulohur clusters. These may be subdivided into
two gropps,”the heme and thexnoh—heme enzymes. The list of
heme enzymes includes the following: pero;idaee,,catalase,
tryptophan and indoleamine dioxygenases; sulphite and cyto—
chrome c oxidases, lactate dehydrogenase and cytochrome
P-450. The electron—carrylng cytochromes also contain heme.

Llpoxygenase and most dloxygenases (14), with the exceptlon.

of the two already mentioned, are non-sulphur; non-heme,

iron-containing enzymes. In addltlon, a special group of en-

zymes and protelns contain both iron and sulphur (15). Ni-

trogenase, NADH, succinate and dlhydroorotate dehydrogenases.,

v

xanthine and aldehyde ox1dases, blqu1none-cytochrome ¢ and
ferredoxrn-nltr:te red ctases are the major 1ron—su1phur |

» enzymes. Rubredox1ns, ferredox1ns ‘and "high- potentlal" Yron-
sulphur protelns all act ae electron carriers for various
physiological processes. .

Having established the significance of iron in biolog-

ical systems, the author's attention will focus on one of

St ST b e A A% e
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the heme-containing enzymes, peroxidase, and in particular
on several reactions  either catalyzed by horseradish per-

oxidase or involving its intermediates. For comparative

| purposes,.thé Appendix is entirely. devoted to a litérature )

survey of another heme enzyme; L-tryptophan-2, 3-dioxygenase, -

.whose properties, functions and catalytic mechanism of

action significantly differ from those of horseradish per-

,oxidaSe.

!

1.2 Peroxidases

Peroxidases (EC 1,11.1.7, donor-H202 oxidoreductase)

are classified as the group o%menzymes"which catalyze‘the

oxidation of numerous organic and inorganic compounds by hy-
drogen peroxide or‘RdQﬂ. Many perOXidases with diverse phys-
iological functiohs are fouPd io nature. Thay éxist in

most plangs (16); worthy of ﬁote is the root of the horse-l
radish plant in which the‘ehzyme,is highly concentratéd. The
function(sf of these plant enzyhes is not yef clearly ﬁnder-
stooa although investigations have shown that 1ndoleacet1c : i
acid, a plaat growth hormone, reacts quickly with g;;ﬁlp : ‘ !
and horseﬁadlsh peroxidases (17). Many animal tissues and

fluids alSo containfpefcxidases. Among the befter studied

are thyr01d peroxidase wr.ich takes part in the production of

thyr01d gland hormones, mjeloperox1dase of the leucocytes

~and lactoperoxidase which was first isolated from bovine - ' :

milk. . Other peroxidases are,present in molds and yeasts; ;

chloroperoxidase is found in Caldariomyces fumago and baker's '

yeast is a:source of cytochrome ¢ peroxidase.




Q

The prosthetic group of most peroxidases is ferriproto-
porphyrin IX (Fig, 1.1). A notable exception is. glutathione
issential for activity (18).

f

eroxidases, it should.

peroxidase for which selenium is

In spite of the similarities amomg t

be remembered that the enzYmes~from'va ous sourcds often

have very different properties. Horseradish peroxidase has
' : -

. become one of the more intensively studied peroxidases be-

cause of its ready availability and its purity and stability

upon isolation. R

1.3 Horseradish Peroxidase

1.3.1 Properties

There are seven major and thirtee minor isoenzymes of
horseradish peroxidase (20). Discussion will be limited to °
the isoenzyme of isoelectric point ~9 /(isoenzyme C or IIIDb)

~ . . N -

“because of its relative abundance in Horseradish roots (19,

20).

Horseradish peroxidase is a glycoprotein of molecular

. weight 44,000 (20), a carbéhYdrate content of 18% by weight

(21), and 43% a-helical structure (22). One mole of ferri-
p;otopdfphyrin IX is contained perIole of enzyme. The preé-— ,

ehce of'Ca2+

—~—

ions has been detected; presumably these ions

help to maintain the protein sEfucture-near the heme environ-
‘ment (23,24). The amino acid sequencée has been determihed,
yielding valuable information about its structure (20,25).

A total of 308>amino acid residues'wgre found in a single

polypeptide chain, along with eight neutral carbohydrate

s -
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side chains attached to asparagine residues. Four disul-

phide and three histidyl residues are present; one of the

histidines occupies the fifth coordiqﬁﬁﬁon position of

i

‘the ferric ion (26-30). ,

ghe ébntroversy over the presence or absence of water
in tge sixth coordination position of the horseradish per;
oxidase ferric ion has not yet.been resoived. Nmr results
have yielded contradictory evidence (31,32). The physical’
changes accompanying the alkaline‘transiéion'of horseradish
peroxidase (bK;‘ll) were‘origina11Y‘attfibuted to thé con-
version.of water in the si*th position to hydroxide ion
(33,34); however,'an alternative explanation has been of-
fered. It was suggested that a distal histidine céordi—'

~

nates to the ferric ion upon iomization at pH ~ 11 (35).

1.3.2 Intermediates of the Enzymatic Cycles’

sTwo intermediates of horseradish péroxid?se, commonly
W called compound I and cOmpound II, are encountered.during
\\‘ the eﬁzymafic oxidation of‘substrates by hydrogen perokidé.
’Wl Com ound‘ivis produced by the ;ddition of a stoichiometric
“ amoi%f'of hydrogen peroxide to the "native",_ferric enzyme}'
‘, boﬁh oxidizing equivalents of the hydrogen péroxide are
acquired by the enzyme during this step. A subsequént one-
eiectrgn.reduction‘of compound I by a suitéble reducing
agenﬁ produces compdund‘II; its state of oxidation is inter-
mediate to those of compoﬁnd I ang ferrickenzyme. The three
5peciés~ofvhor$eradish pefokidaée are easily disﬁinguished._‘
by their Soret and visible sbeétra, as shown in Fig. i.Z.

o
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- radish peroxidase (36); B, Soret and visible spectra of
horseradish peroxidase compound II- (36)“"; C, Soret spec- ‘
trum of horseradish peroxidase compound I (37);
D, Visible spectrum of horseradish peroxidase compound I /

/

(38). ’ .
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The major transitions observed between 390 and 430 nm (the
Sofét bands), and the distinct isosbestic points faéilitate
the study -of each intermediate. ’
The enzymaﬁic cycle for horseradish peroxidase is de-
pendent on the ﬁature of the reduciﬁgisubstrate. There
are three distinct cycles which accouhtﬁfor the stoichio-
metries of the reaciions of the horseradi§h peroxidase in-
termediates with three different groups of substrates. The
following mechaniém.describes the series of reactions dur-

ing the horseradish peroxidase-catalyzed oxidation of

ferrocyanide (39), p~§min0benzoic acid (40,41) or nitrite
) v

ion (42»)}‘ | ' > :

[1.1]  HRP 4 H,0, ——» HRP-I + H.,0
[1.2] HRP-I + S ———» HRP-II + S_ I
[1.3]  HRP-II + § ——» HRP + Sy 1

where HRP,/HRPfl, HRP-II, S and Sox répresent ferric horse-
radish perogidase, cémpound I, éompound I1, substrate and
oxidized substrate respectively. , |

For tﬁ;-oxidation of‘}odide (37) and bisulphite (42)
ioﬁs, tge,reaction sequence proceeds withqut detectable

formation of compbund II:

[1.1] HRP + Hy0p  —m HRP-I + H,0

. II
[1.4] . HRP-I + § «———» HRP + §

-

OoX ,bXx
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Reaction 1.4 is a two-electron redox rgaction and Sox,ox
c?g}ains~both oxidizing equiﬁglents. Compound 'II, by_it—
self, also reacts with these substrates (42,43); however,
und;r normal conditions, the reaction proceeds as\shown in’
scheme ITI. ' ’ .lvf

The third type.of enzymatic cycle accounts for the

oxidation of p-cyesol (44). When stoichiometric amounts of
substrate, HS, are added, the following steps may explain
the fact that only a 1M equivalent of substrate is re-

quired for the two-electron reduction of compound I to na-

—

[1.1] HRP + H,0, ——» HRP-I + H,0
[1.5] HRP-I + HS ——— HRP-II + S-.

\ ST I1I
[1.6] St —— ok S2 -
[1.7] " HRP-ITI + % §, ——» HRP + products

3

where 5, is a 2,2 -dihydroxy-5,5'-dimethylbiphenyl (44).
if the p~cresol and hydrogen peroxide are in excess,

\ 1
the enzyme recycles until either substrate is depleted,

as shéwn by:

\ ) /};::

[1.1] HRP + H,0, —— HRP-I + {,0 "

Ve R .
[1.5] " HRP-I + HS ———» _HRP-II + $-
[1.8] - HRP-II + HS ———» HRP + S-. T 1y
[1.9] . S. +HS ——» HS,- ~ - |
; ) // v :
[1.10] ‘ HS,: + 5 —» sz' + HS

N 3
N
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i
!
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Sz"is Pummerer's ketone which cannot be oxidized further.

The reaction sequence may be complicated by the oxidation

of HS2-'by either compound I o compound II to yield Sé'

(44) . e

Besides the three species of horseradish peroxidase

which actively take part in the enzymatic cycles, two other

L

. redox forms have been.studied. The reduction of the‘ferric
enzyme by sodium dithionite yields ferroperoxidase. Com-

‘pound IIT (analogous to either oxygen-ferroperoxidase or

superokide—ferripe;oxidase) may be produced by the reactions
. J -

of either compéund II with hydrogen peroxide or ferroper-

oxidase with oxygen. In order of decreasing oxidation

/

state, the five redox species of horseradish peroxidase are:

‘compound III, compound I, cbmpound II, ferriperoxidase and

i.3.3 Compound I and its Reactions

: S . : 5 ‘
The structure and mechanism of formation of compound I
. ' ) . .
have not yet been clearly defined. The available experi-
. AT

mental data indicate,that the iron is oxidized to ferryl
ion, Fe(IV) (45), and that an oxygen atom .occupies the“sixth

coordination position (46,47). The major disagreement over

the nature of compound I, however, concerns the location of

v
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the second oxidizing equivalent. It has beén proposed that
Tt ;

either a porphyrin wm-cation radical or a free radical on an

n ’,‘L‘
. amino acid residue is formed. A strong radical epr signal

for compound I of«thoéhromg c peroxidase ig/indicative of
the protein radical concept{(48); but for horseradish per- ‘
~oxidase compound I, only a ;eak epr signal was detected
(49). An experiﬁént with cobaltous octaethylporphyrin has
shown that a stable n-cation radical, with an optical spec-
trum similar to compound I of horseradish beroxidase, is
formed upon a two-electron oxidation (50). Several other
investigations using epr (45,51-53) and nmr " (54-56) tech-

nigues have been conducted in an attempt to resolve the

problem. Unfortunately, none is conclusive and neither the

n-c§tion nor the protein free radical co;cept may be elim-
inated at the present time. | |

An acid group of horseradish peroxidase (perhaps a
distal aspartéte residue'(57)) plays a significant role in
the formation of compound I from férriperoxidase and hydro-
gen peroxide (58). The possiBility of hemin»propionﬁté
éide chain“participation was ruled out’when peroxidase, re-
constituted with hemin containing esterified propionate
groﬁps,"sti;l produced compound I\k57).- A high-pressure
stopped-flow study is suggestive of the involvement of a
negatively-charged basic group ? spartate)'in the reaction
of ferfic enzyme with hydfogen peroxide (59).-

. y: i

The reactions of various substrates with compound I

have been studied as a function of pPH, to gain some insight

7

12
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into thé acid group(s) of compound I which participates in
the oxidation of substrates. Fig. 1.3 demonstrates the pH

AN

dependencies of the second order rate constant, ka , for

pp
the pseudo-first order reactions of compound I with the

given substrates. One common feature‘is tﬁe enzymatic
pKa-Sl hich accounts for the acid catalysis of iodide (37),
nitrite (42), bisulphiteA(42), p-aminobenzoic acid (40) and
fgrrocyanide (39,58) and the base catalysis of p-cresol

(60).. The significance.of these results will be elaborated

upon in Chapter II. /

"1.3.4 Compound II and its Reactions

The one-electron reduction of compound I yields com-
/“‘J//\\;pound\II, which also has'a ferryl type structure (61). The.
‘ reactions of compound II are generally slower than those of
compound I as shown in Fig. 1.4. The oxidations of p-
aminobenzoic acid (40), ferrocyanide (39,58) and p-cresol
(62) are cataly;gd/by érofonation of an enzyme grouﬁ of
pKa ~.8.6 whereas, tﬁe iodide (43), nitrite (42) and bisul-
phite (42) oxidations are affectgd'by an enzymatic pKy out-
. side of the pH range of study, The relevance of ghese_“
k\\)studies will be-disqussed in Chapfer III. -

-The two most recent review articles on peroxidases

(63,64), include interesting sections on horseradish per-

oxidase.

v
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Fig. 1.3 Log (kapp) versus pH profiles for reactions of
horseradish peroxidase compound I. Substrates: A, p-cresol
(60); B, ferrocyanide ion (39,58); C, iodide ion (37)7

D, p-aminobehzoic acid (40);\Ei\bisu1phite-ion (42) ;

F, nitrous acid‘(42). The compoﬁhd i‘pKa:values are repre-
sented by +. The substrate pKa valués are indicated by

4+. Units of k are M 1571,
app

¢
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Fig. 1.4. ng (kapp) versus '.ﬁ;g'”profiles for reactions of
horseradish peroxidase cqmpouhd II. Subétrates: A,
p-cresol (62); B, ferrocyanide ion (39,58); C, bisulphite
ion (42.); D, p-aminobenzoic acid ‘(40); E, nitrous acid_
(42;; F, lodide ion (43). The compound II’pKa val{:zes are
repreéente‘d by»u'+. 'I‘Uhe 'substrate.pKaw valués are indicated
by 4. Units o‘f'kapé are M 1s71,

7

[ T T YOO T ry LR



16

1.4 Peroxidase-Catalyzed Iodination of Tyrosine

Tﬁe reaction of the amino ac?d, L-(—)—tyrosihe with
iodide>is an essential Stepvin.the production oflﬁhé thy--
roid gland hormones, thyrbxin“and‘3,3',5-triiodothyronine,
as shown in Fig. 1.5.° Physiologicallx,‘the iodination does

not involve free tyrosine; instead, the tyrosyl residues

.0f a large, soluble protein, thyroglobulin, react withy

free iodide to produce monoiodotyrosine and diiodotyrosine
(65). . Still within the thyroglobulin structure, the iodo-

‘ J
tyrosines couple to form the hormones (66). Afterwards

these hormones are released into the bloodstream as free

amino acids‘by'thyroglobulin proteolysis (66). “

Iﬁ the biological system, the conversion bf'tyfosine'
to éhe‘hormoﬁes is catalyzed by thyroid peroxidase. The
enzyméx;s required;for both ‘the tyrosine iodinatignﬂ;nd;v
the coupling reaction (65,66) . The essential hfdrogen per-
okidelfor these steps is perhaps generated,ffom a system
containing NADPH-cytochrbme’c reductase, vitamin Kj and
6xygen;khowever, this hypothe$is has hot vet béén proven

(66) . .

Although most thyroid diseases are the indirect result

4

. Gt T cl L
of an 1mproperiy f&nctzontﬁg\EiEB;;ary gland, there are

" several rare types of hypothyroidism which are caused by
. defects in thelsequencé of reactions leading to hormone

biosynthesiSf congential goitrous cretinism has been linked

to the absence of thyroid peroxidase’ahd Pendred's syngdrome

may be due to a malfunction in the“?eneration of hydrogen

1
1
K
]
i
3
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. peroxide (66). Furthermore, in the treatmént of hyper-

[

thyroidism, the antithyroid drugs which have been developed

act as inhibitors of the thyroid peroxidase~catalyzed iodin-

ation (66).

1.4.1 Thyroid Peroxidase

. L 4
The isolation of thyroid peroxidase in its native state

has not yet‘been successfully carried out. The enzyme is

tlghtly bound to cell membranes and is released only'through

'proteoly51s This process undoubtedly alters the nature of

the native peroxidase; however,:active'fragments have been

-~ isolated from both porcine (67-70) and boVine thyroidsd

-

_(71—74). The pgreét and most‘activepfragment thét.has been

1solated to date was obtained from hog thyr01ds (70). It
has a molecular welght of 93,000 and is composed of two

non-equivalent peptlde chains. The\garbohydrate content

~ -
—

was estimated as 10%;} Circular dichroism revealed approxi-

mately.20% each of o-helix and B—structure;‘ The enzyme

also has a large proline content. _Thyroid perOXidase
apparently contains. heme;-however;;tﬁe exact nature of the
heme group has not yet been elu01dated . The most recent

publlcatlon 1llustrates the spectral dlfferences between

:hog,thyrordVaudbhorseradlsh peroxidases and concludes that_

the -heme components of these two enzymes are not identical |

'(70); A study of beef thyroid peroxidase showed that the

majof fragmeﬁt of molecular weight 92 000 also containsfa

heme group ‘with 51m11ar propertles as horseradlsh perox1—

dase (74)

18
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Earlier studies on thyroid peroxidase using nonproteo-
. . . : ﬁ .
lytic methods of enzyme sepatration have yielded fragments

of molecular weights as high as 450,006 (75): These pre-
'parations, however, exhibit less activity than the lower
molecular weight fragments, indicating that parts of the-
cell membrane/nay Stlll be attached (74) Neyertheless,
: the low molecular weight preparatlons may contain the ac- :
tive site and only part of the~prote1n structure. |
Four'assays hate been used.to determine the activity IQ?
‘of thyroid peroxidase preparations and‘nay therefore sig- o ‘
nify the extent-of purification (505. Iodide and guaiacol
oxidations are easily followed spectrophotometrically. The
_1ncorporatlon of labelled 1od1de into bovine serum albumen
. may also be evaluated The. most complex assay 1nvolves

131

the formation of I —labeiledthyrox1n from labelled thy-

roglobulln.';fi . _ ‘ : : .
o / - . . _ ' J

1.4.2 _Tyrosine Todination SR ‘ ;

QerOXidase-catalyzediiodinationAhas been the subject
'of'several investigations in recent years. In addition to
~ the physiologically relevantflodrnation'studies‘inVOlving
'thyroid peroxldase and thyroglobulin, the oxidations of 
iodide and tyrosine by other,peroxidases have,also been
‘studied in considerable detail.

: The oxidation of iodide-has long been. recognized as {

onevof the major ‘'steps in the 1od1natlon of tyr051ne (37 S ' %

43,76,77). For the horseradlsh peroxldase-catalyzed reac-’ _ v 3

tion between ‘iodide and hydrogen perox1de the 1od1de rs'




. . " 2'0 3

®. in aj two-electron step from com- * . ;
_ QA ¢
pound I-to native enzyme without the formation of compound

J first oxidized to "I

°IT (see Section 1.3.2, (37) ’. When released 'into solution,

"IG)"‘reacts very quickly with iodide to form molecular
iodine which.in.turn reacts w1th excess iodide to yield ‘ i
triiodide ion. It was originally reported that, horseradish
perox1dase and iodine slowly form a complex (77) ; however,
in a later. study this complex was not observed spectrally
(37). Reaction scheme II (Section 1.3. 2) was established
by titration experiments show1ng a l:1 correspondence for
the reactldhs of 1od1de with: either compound I or compound
II (37). Iod1de_ox1dat1on by other perox1da;es has ‘also
.been investigatedsbcompound II‘of lactoperoxidase forms a
complex w1th iodide (78) and chloroperox1dase catalyzes _ ?
the oxidation of 1od1de to iodate (79).

Tyrosine is_./ readily oxidi zed by hydrogen peroxide in the

-presence of peroxidase to prdduce bityrosine (or dityrosine) '

'linked at the pos:.tion ortho to the hydroxyl group (80 83).

7
By follow:.ng the rate of bityr051ne formation, a study of the

kinetics of tyrosine. oxidation catalyzed by both horse—

radish perox1dase and lactoperoxidase was carried out (83)
7.

'Thel rate of ‘produ"‘c formation® 13 maximized at pH 8.‘2 for v
: catéalysi‘s by either enzyme. It was also discovered tha_t

- . . ' . : \ . {
~the D and L isomers of tyrosine react with different rates ‘

)

(83, 84), in the case- of horseradish roxidase, the reaction

rate of the D isomer is double that of the L J.somer at pH : "
- e
8.2 (83) . Myeloperox:.das_e catalyzes the ox1dation of tyro- - S

- o ' : N o Q
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'sine, with the apparent formation of tyrosyl radicals (85).

only the few forementioned studies have dealt separ-

: ately with the.peroxidase*catalyzed_oxiaations of iodide
and of tyrosine. Other investigations have been centred
upon the overall tyrosine iodination catalyzed by peroxz-
dase, a-more, complex system that 1nvolves three substrates-—
hydrogen perox1de, iodide and tyr051ne Two mechanisms
have been suggested for the formatlon’of monoiodotyrosin-
(86): (a) enzymatic oxidations of iodide to molecular
iodine and tyrosine teo tyroSyl'radical followed by a free
radical reaction and, (5)'oxidation of iodide to an ny O

‘spec1es whlch reacts spontaneously w1th tyrosine.

The rate of tyrosine iodination and perhaps the reac?‘
tion mechanism greatly depend upon the perox1dase and the -
pH. Nevertheless, a few researchers failed to recognrze
the significance of;pﬁ and drew general and misleading con-

clusions fromvexperiments carried out at only one particular

pH value. For example, one author surmised from a study.at
pH 7.4 that myeloperoxidasé and thyroid perOXidase, but not

f _ "/ horseradish»peroxidase, were. capable of catalyzing the for-

! . mation of mon01odotyr051ne (87) ‘-Aelater'paper on horse-

radlsh perox1dase reported,that ‘the- reaction of tyroslne .

with’ molecular 1od1ne takes place nonenzymatlcally at pH

6.0 (88). It was f;nally observed,that more meanlngful

ed at
aneous reactlon of molecular rcélne

. with tyrosine'is,minimlzed. Using both lacto— and horse-
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radish peroxidases, it was shown that at pH 3.6, the reac-

tion of tyrosine with molecular iodine is indeed peroxidase-

t

catalyzed (89) . The rate. .of the overall reaction of tyro-

sine with 1od1de is maximized, at pH~5 u51ng lactoperoxi-

"/

dase as a catalyst (90) and at pH-4 for horseradish per-

‘)-I‘ —_
oxidase catalysis _(91). 1In addition, chloroperox1dase is

s‘uccessful ﬁx)/cataly21ng the reaction of iodide with tyros:.ne,_

molecular iodine was observed as an intermediate and its

subsequent reaction with terSine is also enzyme- catalyzed :

1

(92)

It has been postulated that horseradish peroxidase has
two reaction sites w1th iodide binding to one and tyrosine
to the other (91, 93 94) . The iodination>1s believed to
occur on.the enzyme surface either by the'okidations of

tyrosine and iodide to free radical species which then -

‘couple, or by.the oxidation of iodide to'"Ie)" which reacts

“immediately with the bound tYrosine moledule. However, the

binding of iodide to either horseradlsh perox1dase compound
I or compound II has not been detectéd (37 43) .

In a step towards the elucidation of the phy51ological
reaction between iodide. and the tyrosyl re51dues of thyro-
globulin, .the kinetlcs of iodination of several tyr051ne-

containing peptides has been studied (95-97). In an in—.

'vestigation involving thyroid, tacto- and horseradish per:

oxidases it wasﬂrevealed that at pH 7 4, thyroid peroxidase
is, 1n general more effiCient ,at catalyZing the iodination ) fé

of tyrosyl peptides than either of the other two perox1d— -
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ases (95); In partlcular, the peptides contalnlng Glu-Tyr

were pfeferred by thyroid peroxidase (95): this is consis-
tentfff;h the amino acid‘eomposition'of thyroglobulin (98) .
On the” other hand, lactoperoxidése and horseradish peroxi-
aase showed no preference towards these same peptides. In
a separate study of the.iodination of the peptide, Glu-Tyr- -~
Gluz evidence was provided'fof'the generation of a thyroid /2>

»

s ' , _ .
peroxidase ~ 1 specles which subsequently reacts \y//

oxidized
'with the peptide (97). , .
Thyroglobulin is the thyroid protein_stfuoture in
which biological iodinétion ahd'hormone‘synthesis.takes
place. For this reason, most of the biochemioal studies
with thyroid peroxidase involve,thyroglobulin.as substfate
instead of free tyrosine (99-106). It was observed £hat -
vexcess.iodide inhibits ehyrogiobulin iodination at pH-val-‘
ues near neutrality 'The competition of . iodide with tyro-
syl residues for a 51te(s) on the enzyme was given as one
p0551ble explanathn (100-,101) . EXCeSS dllodoty;os;ne also
;nhlblts 1odlpat10n, presumably fof/the same reason (103). ‘ ,;
Lactoperoxidase ;é as effect;ye/gs/thyroid‘peroxidase for :
the reaction of iodide with thyrogiobulin at pH 7.0 (102).
"The pH optima for the‘thyroid lacto- and horseradish per-
oxldase-catalyzed thyroglobulln 1od1natlons are 7. 5 6.5
and 5.5 respectlvely\¥106) o
The coupling of the’iodo derivatives of thyroglobuli;‘
tyrosyl residues to form‘triiodothyronine aﬁd thyroxin

(Fig. 1.5) is catalyzed by thyfoid ceroxidase (107). Two
. . \ \ »




mechanisms for the production: of thyroxin are illustkited

volves the peroxidase-catalyzed generation of free diiodo- -

- tyrosyl radicals (108) within the thyroglobulin

‘prove either mechanism.(66,111,112).

catalyze the coupling reaction in thyroglobulin (102,120);f¢"_/

24

)

. .- S N
in Fig. 1.6 (65,86). Reaction mechanism 'V in Fig. 1.6 in-

\

tructure
fEllowed by'inﬁramoleculanvcouéling. Alternativaly, an '
%ﬁtermolecular scheme was proposed (scheme VI, Fig.
éheréby free diiodohydroxyphenylpyruvi; acid hydrs§9ro
igwpfoduced via peroxidase catalysis; an enguihg reactiéh%\ )
with thyroglobulin-bound diiodotyrosine yields thyroxinﬂ;hﬁ\K

N
(109,110). There is not enough evidence to date to dis- xﬁak\
. >,
RN

/

Other important factors influencing hermone production

'within the thyroglobulin matrix have been noted. It was

observed that thyroxin formation takes place sequentially
(113,114); tyrosine iodination is almost complete before
coupling takes place (113). The concentration of free
diiodotyrosine plays a significant rolé in contfqlling hor- .
mone'production, alﬁhough a clear explanation of this be-

haviour has not been presented (103,115). The structure of

a

thyroglobulin and the_spatial alignment of the iodotyrosines

also affect the cohpling reaction (104,11641;9); this may
be expected if mechanism V shown in Fig. 1.6 were operatiie.ﬂ

-~ &

Studies with lactoperoxidase have shown its ability to

-~ .-
LA

‘o, T

N %

and to form a weak complex with diiodotyrosine (121).

In' Chapter IV the peroxidase-catalyzed reaction of

.iodide with tyrosine is discussed in greater detail. Because

-

\

IR
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Fig. 1.6 Proposed mechanisms for coupllng of dn.odo—

tyrosine w1th1n thyroglobulln structure=4{65,86) .

DIHPPA = 4-hydroxy-3, 5-d110dophenylpyruv1c ac1c_1.

.25
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of thg‘difficulty in ispiating high purity thyroid peroxi- »

. . W
dase, horserad}sh peroxidase was used to study various as-

'pects of tyfdéine iodinatioh. It is nevertheless impossible

at the presentr time to make-a direct correlation between
\ .
the two enzymés since the properties of thyroid peroxidase

have not yet been clearly defined. One should theszore X
. _

bear in mind that the results presented in this ﬁfeéis may

not necessarily describe’the physiological processes.
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CHAPTER II.

OXIDATIONS OF L-TYROSINE AND 3,5-DIIODO-L-TYROSINE

BY COMPOUND I QF‘HORSERADISH PEROXIDASE y

2.1 Summary

The rates of oxidaeion bf.both Lftyrosine and 3,5-
diiodo-L-tyrosine with compound I’ofVhorseradish peroxidase
were studied as a funeﬁion of pH atl25°C and ionic strength
0.11. For ﬁhe tyrosinefcompbund I reaction the effects of -
three ionizations were obeerved over the pH range 3.20 -
11.23. The pK values of the phenollc (pK "10'15 and
amino. (pK ~9.2) dlssoc1at10ns of tyrosine and a single en-
zyme ionization (pKa"5.4) were determined by*a nonlinear
least.squares analysis of t =2 l.g (rate) versus. pH proflle i

The reaction rate is maximized at pH 9.6 where only the

phenollc group of tyrosine is protonated. An 1nvest1gation

'of the diiodotyrosineecompound I reactidn within the pH

range 3,07 - 10.54 qgevealed the lnfluences of one enzyme

and two substrate idnizations. 1In order to explaln the

‘log (rate) versus pH profile, a-mechanlsm was proposed where-

by only the basic form of the enzyme (pka-$.0)ﬂis reactive.
The rate of oxidation is fastest at pH 5.9 with protonation
of the pheqolic g;qﬁb (pké"S.G) of diiodotyrosije; neQer-
theless, the phenolate.form.remains reactive as iong as the
emino‘moiety (pKa‘*9.7) is protonated. fﬁothe%yrogine and
diio@otyrosine reéctions with compound I are described as

base-catalyzed since it'is the less ac¢idic form of the en-
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zyme which is most reactive. A total substrate charge of .
-1 is significant. - . A
Tyrosine or diiodotyrosine is required in only a 0.5M

equivalent for the conversion of horseradish peroxidase com-

dotyrosine pK valdes were
4 3 7

pound I to compound II. The)dii
phenolic and amino groups

estimated'as 6.4 and 9.4 for the

respectively.

2.2 Introduction

The oxidations of L—;yrosine and 3,5—diioao~thyrosine
by hydrogen peroxide in the presence of‘peroxidase are major
stepé in the elucidation of the physiblogically relevant‘
iodinatibnznﬁicoupling ngfctions in the formation of thyroid
gland hormones. Compound I of hérserad;sh perokidase con-
tains both oxidizing equivalents of hydrogen peroxide and
~can react quickly with many substrates (l-9f.

In this éhggﬁsr,'the reéox regctipné 6f compound I with
tyrosine and dijiodotyrosine are exaﬁinéd using pseudd-first

order conditions over large pH ranges; and the kinetic

SR N

paramgters are analyzed. The pKa values of the phenolig'and Y,
amino groups of diiodotyrosine, determined independehtly‘py
spectrophotometric and poteéfgometric measuféments are also
_reported. 'In addition, this chapter includes an investiga-

tion of the stoichiometry of thé tyrosine and diioﬁétyrosine

reactions with compounds I and II.

A o ‘ ' . 4
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2.3 Experimental Procedure

2.3.1 Matériels

. Horseradish peroxidase (EC 1.11.1.7, doﬁor-HZOZ-oxido—
reductase, lots 1366531, 140833% and 1399140) was obtained -
from‘Boehringer-Mannheim Corp. as an ammonium sulphate pre-
cipitate, and was extensively dia}yzed at 4°C against water
drstilled five times (9). The purity numbers (ratio of ab-
sorbances at 403 and 280 nm) were 3.28, 3.19 and 3.25 for
lots 1366531 1408333 and 1399140 respectively. The enzyme
concentration was ascertained spectrophotometrically at 403

nm, using a molar absorptivity coefficient-ofﬂl.Oleo5

M_lcm'l (10). Solutions of compound I were prepared by

addlng 0.9 M equivalents of hydrogen perox1de to the

native enzyme; this ensured that none of the enzyme could be

recycled. The standardlzatlon procedure for hydrogen per-

J
oxide has been described elsewhere (2).

Reagent grade L-(-=)-tyrosine purchased from Eastman

Kodak was used without further purification. Because of the .

difficulty in obﬁaining concentrated solutions_of tyrosine, .
due‘to its relatively low_solubiliﬁy in water, stock eolu-
tions were\p;:;;i:2\§§ dissdlving the tyrosine in'base,

then tgtrating with ecid; Standardizedgpotassium hYdroxide
was first ; ed to e'partiaily dissolved-tyrosine. After
complete dlssolutlon, the solution was neutrablzed with an
equimolar’ quantlty of nitric acid. The eoncentratlons of

resulting potassium and,nitrate‘ioﬁs were 0.1M. Recrystal-

lization upon addition of acid did not present a problem

D0 e i T
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for solutions of 3.mM or less.:. For k&netic experiments at

'pH values less than 5 or gfeater*gmen 10, concentrated nit-

ric acid or pot‘assium‘eroxide was added to the stock

tyrosine solutions until the desired pH was reached. This <\
prevented pH fluctuatiOns'bethen dilute and concentrated .
sample solutions, where the buffer capacity was—insufficient

. »
to counterbalance the effect of tyrosine ionizations.

.

Tt

3,5-Diiodo-L-tyrosine was obtained from Sigma Chemical
Co. At the time of purchase the molecular weight was 463
- as determined by carbon and nitrogen ana1y51s (240 Elemental

Analyzer) The discrepancy between this molecular weight
anqtthat of the anhydrous form (MW= 434) may be accouﬁted .
for by the association of 1.6 mater molecules ‘per molecule

" of diiodotyrosine. Desiccation at -8°C pre#ented subseguent
_ﬁydraﬁion. Diiodotyrosine solutions were prepared daily
Vwigh‘heating to assist dissolution. The concentrations of O
stock solutions of both substrates wefe determined by weight, )
with an aoproximate erfor of 0.1%. Multldlstllled water
was used in the preparation of all solutlons, SLﬁce compound
I reacts quickly w1th oxidizable 1mpur1t1es. |

D! For the stopped-flow experiments, one of the dfive
syringes contained 1.0 uM compound I. Between pH values of‘
about 5 and 9, buffer of ionic stfength 0.01 was added to |
both subétgate and enzyme.’ Outside of this pH range, how- e
ever, only substrate contained buffer (ionic strength-—O 02)

:

. -din’order to prevent decompos1tnon of enzyme in very ac1d1c

or bas1c solutlons. Pota551um nitrate was added to bothv




vation chamber and photomultiplier tube, énd a stop valve

'solutions were thermostatted to maintain a temp#ure of ?

»

compound I and substrate solutions, maintaining a constant

total ionic strength>of 0.11. The estimated error in ionic

strength ‘is, at most, 5%.

2.3.2 ‘Stopped-flow Method
i ; |
The kinetic measurements involving tyrosine were car-

-3

ried out on a .Gibson-Durrum stopped ffow spectrophotometer

model D- 110, equ1pped with a 2 cm cell; whereas, a Union-

7

Giken stopped-flow spectrophotometer model RA-601 with a ‘%“%
Sk ¢ Y

fl cm cell was employed for the diiodotyrosine experiments

!

' The two instruments have several different features.

The Gibson-Durrum apparatus is provided with horizontal

drive syringes, monochromatic light passing through the ob=

.servation chamber and a stop plate on the stop syringe

plunger. The Union-Giken model has vertical storage cells
(excluding the problem_of’air-bubbles entering the observa-

tion chamber), a ‘onochromator positioned between the obser-
]

"with a variable duration of opening. “The’iatter_feature

A

eliminates the need of drive plungers and a stop syringe,

thereby simplifying the system. .

-

The reactions were follgwed by monitoring the rate of

’ “ .
disappearance of compound I at\\}l.nm, the 1sosbest1c wave-

[\
length between native enzyme and compound II (see Fig 1.2).

Therefore, any ensuing reaction of compound II w1th the

substrate to form the ferric enzyme was not erved. The

Eate

o

&

. :,&7
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. contained 10 ~4y d/zodotyr051ne.‘_bitrate, phosphate and

25.0t0.1°C. The absorbance measu;ements were peffotmed on
Cary. 14 and 219 specttophotOmeters and pH was'measured‘with
a+Fisher model 420 pH meterlin conjunction with a Fisher
combination electrode. .

& For the stopped—flow experiments, the substrate was in

at least 10-fold excess of compound I to ensure pseudo-

first order conditions. Between 7 and 11 traces Qf absorb-

ance versus time were recorded for each reaction under each/
set of ccnditions. A typical pseudo-first order curve is’
iIlustrated in Fig. 2.1. The rate constant of each run was
evaluated by a nonlinear least squares computer program of

Gauss' method (11). The mean pseudo—flrst order rate cOns—

‘tant, kcbs' and standardfdeviat{g;\;e;e then’ determlned

e “"""\‘u»
~ T

Plots of Kobs versug/substrate concentratron\were construct-

N

ed at selected/pH values and the second.order £§te\constants

were obzé/hed from the slopes of these plots. All dther

second order ‘rate constants were calculated by leldlng
/ r

//1nd1v1dual pseudo-first order rate constants by the cogres-'

pondxhg concentxataon of substrate o /
| . I , ‘ ' !
2.3.3 pK_ Values of Diiodotyrosine 4

Two methods, 1ndependent of the klnetlc results/ were”

-used to determlne the pK values of dllodotyr051ne and in

/
each case, the experlmental condltlons we;e/c6n51stent w1th

those of the stopped-flow proced//e. For the spectrophoto-~

: p
metrlc determlnatlon of/fhe phenolic pKa, the 2 ml sample 'A.

- . . ‘ / *".
e o : : - : “

P

o}

41



002

AAMI

00!

ATfirﬁe (ms)

"Fig. 2.1 Typical pseudo-first order trace at 411  nm

- f@g the reaction of horseradish peroxidase compound I
o
0.5 uM and [tyrosine] = 5.723410-4M.

Ve

/0/‘ 20 40 - 6 8 . - 100

with tyiosine. pH=6.75, phosphate buff;ar. [comdpound 1] = N

.42
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trls—HNO3 buffers ‘were employed contrlbutlng 0.01 to e
ionic strength. The addltlon of pota551um~n1trate resulted
in a total ionio strength of 0.11. The reference end sample
cuyettes contained identioel cdnoentrations of potassium
nitrate and buffer. Absorbance'wss meesured at 310 nm, the

wavelength where the spectrum is most sensitive to pH

changes.

For the determination of the approximate pK of the
amino group of‘dllodotyr051ne, a potentlometrlc tltratlon
was carrled out. To 50 ml of 4. 7:{10 4b4 dliodotyr051ne

(ionic strength-=0.10) increments of 0.095 M NaOH were

~introduced and the pH recorded. The.maXimum error in

either the volume or ionic strength is 1%. For all diiodo-

- tyrosine pKa experiments, the temperature was maintained at

25t 1°C. .
/ ' A S

¢

2.3.4 Stoichiometry'of,the Suhstrate-Enzyme"Reactions
[}

- Using a solution of 0.01 ionic strength trls*HNO3 buf-

fer at pH 8 4 and 0. 10 ionic strength potassium nltrate,
compound I was prodUced from -the reaction of the’ ferrlc form
of the enzyme w1th hydrogen perox1de. Compound II was then

formed in 89%f(or 93%) yleld by the addition of a0.5M

"equivalent of tyr051ne (or dllodotyr051ne) Slow regener—

atlon of the natlve enzyme resulted from a second 0. 5 M
equivalent’addition of the substrate./ These measurements
were carried out)on a Cary;219 speotrophotometer.' The same

concentratio of buffer and potassium nitrate were present - -

A
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in the reference cuvette.

- 2.4 Results

2.4.1 pK Values of Diiodotyrosine

|

The pH dependence of the spectrum of dllodotyr051ne is
shown in Flg. 2.2.. Two 1sosbest1c points are evident at
2?//and 290 nm and the greatest change in absorbance occurs
.at 310 nm. By measuring the absorbance change with pH at
31QVnm an ionization of dllOdOtytOSlne becomes evident as

illustrated in Fig. 2.3. The followlngsequatlon accounts

\
\

for the absorbance dependence on PH. \\

X R u‘ - ’ ES . KS ) . \‘\,.\
- . € + a ‘ SN
A : SH mt |
[2.1] A=l —— 81,
. : 1 +
+

o

‘In thls equatlon, the derivation of whlch is glven in Sec-

A -

tion 2.6, A corresponds to the absorbance, fS] is -the

44

,initial concentration of dllodotyr051ne, KS 1s the dissqQecia~.

tlon constant for the phen811c group of d110dotyros1ne and

eSH‘and €g are'the.molar absorpt1v1ty coefficients at 310 nm

for the protonated and deprotbnated.forms due to this par-
ticular ionization.' Using-a_nonlinear least sqnares proQ;
ram the value of Kg was found to be (4.30.6) x 1077 ‘.

(pK = 6.37H£b.06) and the COmputed bestéfit line is shown
'1n Flg. 2. 3.‘ | IR | |
_ Flg. 2 4 shows the potentlometrlc t;tratlon curve fhr

diiodotyr051ne; By s;mple,calculatlon of the number of‘

.
SN

g



'phosphate buffer, 4, \EH
9. 40r 10.76 and 11. 13, 4

o8l
V

(@]
o
I

»

Absorbance
o
L

T

0.2

L 1 1

Pa—

1

280, 300 320

] chelength (nm)

340,

. » '
Fig 2.2 pH dependence of dllodoterS1ne Spectra. All

—

strength in buffer. = Reference and sample cuvettes: contaln

equam concentratlons of

_ c1trate ‘buffer; 2, -pH

KNO., and buffer.

3

PH = 5. 40,

5. 68, c1trate buffed, 3, pH = 6.14,

arbonate buffer.
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Flg. 2.3 Absorbance ‘versus pH for dllodotyrosnxe at 310 nm.

All solutlons ar\e 0.10 ionic strength in KNO3 and 6.01

ionic st:_ength in buffer. - Reference and sample cuvettes . '

contain equal c_oqc'entratiohs of KNO; and buffer. '@, 'trisf

HNO3 buffer: ', phosphate buffer;_" A, c1trate buffer.

The best-—flt line was determlned by a weighted nonllnear "
*

least squa res analysis u51ng Eq. 2 1.




[

_leg solutlon is 0. 10 1on:.c strength in KNO3 and 4 7x 10 M

- ,dla.odotyros ine.

25't1°C

47

05

_Edui‘i)alé'nts ‘of NaOH -

- _at 0.5 and 1.5 molar equ:.valents of: b{aOH. ,

o

A

15+

~o

The pK values for dnodotyros:.ne are 1nd1cated

/’—'Q ta
\.r (/. 3\

- »’Flg 2.4 Potentlometrlc titration curve for dllodotyrosi\ne.

l

'I‘he volume is 50 ml and the temperature li



base equivalents, the phenollc and amlno pK values are read
from the curve as 6 45 and %,i\Wlth esi;mated errors of

‘+0 05 and +O 1 respectlvely. These values, as well as the
phenolic pKa>of'6.37 determinedlspectrophotometrloally_are
in agreement with several reported va1Ues-(12514l. _ﬁ%ver?
theless, a few inéonsistencies in the literature (13,14}
‘madethis‘independent study necessary for clarification pur-

.
GG~

poses.

5\4.2 ReactiOnSCﬁ_Compound I with Tyrosine and -

;.,ﬁ; Diiodotyrosine
|Typical plots of the observed rate constant, kogs'

 versus substrate concentration'arevillustrated in Figs.
2.5 and 2 6. True second order klnetlcs is demonstrated

by the llnearlty of each of these plots, obeyan\Eq.

hY

2 2' X » . ‘ v. »‘Ar“
{2.2] , kobs = app[substrate]
The pH‘dependenoies"of'kapp the second order rate
oonstant;'for_the-reactionsfof compound- I with tyrosine and
_ e - : ' | e

48

difbdoterBine<are demonstrated in Figs. 2.7 and 2. 8'respect—.'

,1vely. Theqbest-flt lines throuqh the poxnts were determined

S,

- mine k bsf The data'are_

In order to determlne the effect of nltrate, 1f any,

" by ay 51m11ar nonllnear legit squares ana1y513 used to deter—
c

mplled in Tables 2.1 and 2. 2

_'at low pH, the compound I reactlon with tyrosine was studied

' t’us:.ng pota381um sulphate of 1on1c strength 0 10 and c1trate
B - » ’

s



. ?
220 =T T T T T | B A T
200 | . : ‘, ]
o - D o e
180 . |
o o o, _’.
160 : o i
eI | |
140 | _ ' ]
wE o - | o o | A
T w00F 4 -
w N .
4 -
o s}
60 ’ L
40 r B
20+ /. — .

0 . 02 04 06 ... 08 0
N [tyrosnne] {mM) :

" Fiij' 2, 5' L:Lnear plots of k obs. ‘versus [tyros:me] £or the

'reactlon of tyr051ne with compound.,; The slopes of the
. \.

- lines correspond to k pp" the second order rate constant,

rand are calculated by a welghted llnear least squares ‘anal-

YSlsCDThe J.ntercepts are equal to zero within the standard

o dev:.at:.on. 4, pH = 9.86, carbonate buffer; & pH = 8.12,'

’trls-HNO.B buffer; O, pH = 6.96, ‘phosphate bufferg
® pH = 3.77, acetate buffer. -
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Flg. 2. 6 Llnear plots of k
the :eact;on_cf.compound I w1th diioddtyrosihé;

corres ond’to k.
| P “app

04 - . S
[duodotyrosme] (mM) B

, the second order rate constant

08 12

obs versusF[dllodotyrQSineJ for

‘fhe

1ntercepts whlch are zero w1th1n the standard devlatlon

| and the slopes are calculated by aweightég llneax Casy s uares
q

/ analysis. @, pH =

“acetate buffer;

o

4 85, c1trate buffer,

W, pH -

O ?H‘3..9,91

= 9 91, carbonate bufg

-t

The glopes -
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kapp X 1074 (M71s7)

L1l

1

Fig. 2.7 Log (kagp)-versus pH profile for the‘reaqtion of

compound I with tyrosine. @, k_.  determined from slopes’

- app

obs Versus [tyrosine]. O, kapp*determlned

by dividing kob by apprOprlate [tyr051ne] ‘The best-fit

of plots of k

| llne was. determlned by welghted nonlinear least squares

analy51s u51ng Eqs. 2 4 and 2 5.

51
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. Fig. 2;8 Log (k ) versus PH profile for the- reactlon of
compound I w1th dllodotyr051ne. @, app determlned from

,the slope of .the plot of- k obs versus [dllodotyr051ne]

O+ kypg detemined by dividing obs BY appropriate
[diiodotyrosihé] " The best- flt 11ne was determlned by

welghted nonllnear least squares analys1s usxng Eq. 2.7.

o '



2.1 valu of k
?able alues of app

as a Function of pH “for the ™

Reaction of Compound I and Tyrosine

A

-

L ‘q‘

.-

NN
pH  Buffer (@) Kopp ¥ 10 4(M g,wg(b’ ~ [tyrosine]'x 103 (m)
3.20 CI 0.451 *+ 0.008 0.25
3.68. c® 0.5+ 0,02 0.25
- 3.69 cI 0.54 t 0.01 . 0.25
' 3.77 A 0.532 * 0,007 (c) 0.005 ~ 1.00
4,12 CI - 0.706 * 0.009 ©0.25
4.52  cI1 1.0.% 0.1 ' 0.25
4.71  cI .16 + 0.03(c) 0.005 - 0.88
4.72  cI 18 + 0.05 ©0.25
4.92 CI - © - 1{49 + 0.06 ©0.25 e
5.29 I A 2.2+ 0.1 - 0.25
5.45 . cCI © 2.64 % 0.04 5.
5,47 CI 2.5% 0.1 0.25
5.76 ‘P ; 3.5 0.1 : 0.25
5.95 P 3.95 ¢ 0.08 A< \.0.25
6.15 P * 3.2+ 0.1 ~ 0.25
6.37 p 4.3+ 0.2 * L Be25
6.57 P . 4.4+ 0.2 *0.25°
6.75 P 0 4.8+ 0.1 0.25
6.96. P , 4.45+ 0.05(c) 0.005 - 0.88
7.15 P 5.00i+ 0.09 : 0.25
7.52 P 5.5+ 0.1 0.25
7.52 T 5.6 + 0.2 0.25
7.63 B .. 5.8+ 0.2 0.25
7.70 T 5.4 : 0.3 . 0.25
7.91 T 6.5+ 0.3 . 0.25
8.12- - T 6.6 + 0.3(c) 0.005 - 1.00
8.14 T 7.1+ 0.6 7 10.25
8.31 - =uT 7.8+ 0.4 0.25
8.51 T 9.5+ 0.3 0.25
& 67 C . 15.7 2-0.7 0.25
8.72 T - 11.4 ¢ 0.6 0.25
8.80 - ¢ . 19.2 *-0.9- 0.25
8.93 T 15.0 + 0.5 0.25,
. 9.05 c ‘ 20+ 2 . 0.25
. 9.08 ™ 16.3 ¢+ 0.6(c) 0.005 ~ 1.00
.. 9.14 T .18 % 1 . 0.25
9.22 ¢ 22+ 2 0.25
9.31 = ¢ 24t 2 . 0.25
: 9.33 - ¢C- 26t 3 . ©0.25
s 9.54 c 22.4 * 0,3(c) 0.005 - 1.25
P = + . n .
i 9.58 C }%§§§gz 1 -o.zs

Y
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Table 2.1, Continued ~ - - » N
- - -1.-1. (b) 3
Q . pH Buffer(a) kapp x 10 4(M %& l) ‘ [tyrosine] x 10 (M)
9.64 C 23 + 2 0.25
9.68 C 23.3 + 0.7 0.25
c 22 2 0,25 £y
c 22 ¢ 1 0.25 '
e 21.8 + 0.3(c) " 0.005 - 0.88
Cc 21 + 1 e 0.25 o
c 17.4 * 0.3 A glas
. C 16 * 1 0.25 V4
C 15 .+ 1 0.25
c 11.2 * 0.5 . 0.25 7
_C 11.6 * 0.4 -+ . 0.005 /
- C 9.4 * 0.2 ¥ O.ig/
" C 7.3 £ 0.3 0.1
Cc 7.6 0.3 ' 0,25
o 6.8 % 0.1 .25
C 5.1+ 0.1 _» 0.25
- C 3.9 £ 0.1 0.38
c 2.84 + 0,07 0.63
. C 3.49 * 0.07 . 0.50
C 2.4 * 0.1 - 0.75
C 2.22 % 0.06 P 0.88
| AT : r"‘/
& . : . -
ffér Key: A, acetate; CF, citrate; P, phosphate;

. . . . /’[ .
G carbonate. i - >
_ 3 / . ,

;‘, -

i

c - * .
/kapptgetérmlned'fromgthe slope of the p&ct of k obs

dted by the leﬁst squares %naly51s.

\

: - :
f‘"ir’. !

- . e . . - o
. o ¢’
. ' v ;o :
R . R - L ]
r . . .

t

/
3
';
iéé
& % :
r’,L "‘ .
-4 L
: 5y
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Table 2.2 Values of ka'pp as a Punction of pH for the oo
Reacition of Compound I and Diiodotyrosine ‘ !
Y o ) ) l, “
. S

’

pH Buffer (2 kapp X 10_4(M-lls'-l) (b) [dii_odotyrosin'é].x 103(1Vi) ~
) - ' -

-

0.61 # 0,05 0.85
3.31 cI 0.8 + 0.1 . 0.85
3.50 cI 0.9 +B.1 | 0.85
3.62 gg 1.7 + 0.1 0..85
3.92- 3.2 £ 0.2 0.85"
3.99 A 3.3 % 0.1(c) 0.018 - 1.23
4.15 cI 3.6 £ 0.2 0.81 g
4.31 cI 4.6 0.2 0.81 "
4.52 cI 8.5 * 0.4 0.85 :
4.68 . CI 11.6 + 0.6 0.81
4.85 CI 14.9 + 0.9 0.85
4.85 C1 15.6 + 0.4(¢) - '0.0k6 - 1.29
4.90 cI 14.4 + 0.6 . A, 0.85 |
5.17 - CI 24 ¢ 2 0.93 ¥ -
5.39 c1 28 1 0.81 "
5.58 CI 24 + 2 0.81 4
5.63 CI 29 + 2 . 0.81 '
5.81  CI 32+ 1 VA el @ o
5.99 - P 33+ 3 - 0.86 -
©6.11 P 29 £ 7 : 0.86
6.23 P 30 27 , . 0.86
6.41 P 26 . 3 L9 0.86
P 24 1 , 0.86" .
P 17+ 1 > " 0.86 .
P 14.7 '+ 0.9 0.86 .
P 11.5 + 0g6(c) . 0.18 - 1.47
P 17+ 1 . < 1.41 ‘,
P+ , .. 13.82% 0.8 1.23
P4 122 2 1,06
P - 12+ 1 0.86"
&P ~"11.7 +: 0.6 0.88
T - 11+ 17 0,71
FP .10.3 +.0.8 . 0,53 ¥
Py 9.7+ 0,9 A i 0.35
P4 0 9.0% 0.5 ‘ EN L 0.18 5 &
P & 8.3% 0.2 e 0.0880 '
P 8.6+ 0.6 . 0:018 ¢
B R 6.4+ 0.8 0.63
LT 6.5+ 0.3 - 0.63
ST "6.23% 0.2 s . 0.63
L C 5.5+ 0.5 e _ 0.63
i T 5.4+ 0.2 - s 0.63 :

175,
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Table 2.2, Continued o -

_ S 4 o \J

? ‘PH . VBhffer(a) kapp x 10~ (M_ls,l)(b)7 [dllodotyrosln@] X 10 (M)
v, ‘" ﬁﬁ”"/ T 4,7+ 0.7 ‘ ’ 0.63
P Bl C, 4.2 0.4 « 0.73
35 8.6 * 4.7 % 0¢8” , M o0.63
¥ 8,73 c ~ 3.8 405 - % 0.73
f,,“g”ﬁﬂl C 3.6 70,5 _ ©0.73
Re8.97 T E LML o+ 0.3 W : 0.63
P e S N P 0.73,
S ~.9.36 Cot M D8 2. 0.73
*'9.37 C . FL, 3.0 £ 0.2 0.98
9,44 T S8, "2:9 % 0.4 0.84
9:46 Cv .77 2.6 % 0.1 : ' . 0.73
9.53 c s % 2.420.1 0.70
59 C . = 2.2 0.3 S 0.56 _
o C 2.2 + 0.1 neoo T 0.73 R
. c 1.9 + 0.1 : 0.42
o 1.8 + (.1 0.73
C 1.6 + 0.2 : 0.28
\C 1.36 # 0.08(c) 0.019 --1.31 .
1.5 £ 0.1 , . 0.73 |
1.5 + 0.1, . ' 0.73
1,29 ¢ 0.07 - 0.73 o’
_ + 0,93 = 1.07 \ \ 0.93
10.54 c 0.57 + U.04 ; 0.93 ’
5 . _aBuffer Key: A, acetate; CI, citrate; P, phosphate;
‘// . . R ¢ . ,
; T, tris-HNO4; C, carbonate. - o S Ni .
. - ' 51‘~’- o . ;

kapb determlnqd by dlvidlng the pseudo—flrst order
- 14

T

rate constant by the approprlate dllodotyr051ne concentra-

1

/
2,

~t10n, unless-otherw1sé§lnd1cated Error(i;'the standard -

deviatiaqn of the mean value of»&épp. . f

v

c ' . ’ ' « )
. kapp determlned from the slope of the plot of k obs

versus [d110dotyros1ne], Error is the standard dev1at10n

b
!
1
{
!
|3
!
£
1
i
-
v Y
o -célcugated by,?he least squares ana1y51s. o . _ . SRS
H 7 v Je -
:
A
g
k-]
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2.5 Discussion,

photometrlcally to be 9 11 and 10.1 c0rrespond§ﬁg to the

. . ’.' )
buffer of ionic strength 0.01 and pH 3.83.  Similarly, for -

the compound I - diiodotyrosine reaction,; the teaction was A
: . - R,
studfed in the absence of n.* - using citrate buffer of _,}.iﬁF.‘

jonic strength 0.11 at pH 4.16. The k_.. values are’

_, app ¥
(5.220.5) x10°M s and (6.120.3) x10PM 1571 for the

compound I oxidations of tyrosine and diiodotyrosine re- ~s
spectively. These values are in good agreement with those

obtained using nitrate to maintain a totals constant. ionic -

strength;. Therefore, the.rates of compound I réactionS'with

either substrate arenot 1nfluenced by nltrate and its pos-* |,

51b1e binding to cogzound I (15)

In the analysis.of the lbg'(k )versus;ﬂiproflle, Flg

2.7, two dlfferent substrate 1onlzatlons and a 51ngle enzyme

1onlzat10n must be con51dered In earller 3§k the two

o
“ TaetN

tyr051ne dlssoc1atlon constants were determlﬂed spectro— N

amino and phenollc groups respectlvely (16,17). Since “the

pKa value of the carboxyl group lies .outside the pH rande
of the'studyn the influence of the ionized carboxyl group is

constant,-and‘hénce'is_not a factor in the analysis (18) .

* The only otherxsign;ficant‘ionization, evident at pH~ 5,

must be due to the enzyme. It has prev1ously been shown

that an ac1d group on the enzyme w1th a pK has a pro—

r

. ngnnced effect onethe kInetlcs of compound IEVeactlons with

other substrates (1 7), p-cresol 1ncluded (9). A mechanlsm

‘Tqvu T o ‘ Ejb

s
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'_12.4]

'the.computer analy51s.b

!

s S

which takes into account these three 1on12atlons and which

{ fa]

.58

may explain the reaction sequence is shown in the follow1ng

scheme

.k -
2 —— ™ products

’ K . /]l/‘ ) . ' -
. E . k

[2.3] E + SHZ' —2 . products’
o _
Bsp-|| ¢
\ - k 3
E + SH ——— products
: A
KSZ L ,
S

from which Eq. 2.4 can be derived.

. kl[Hfj Xy
TR Ykt

- B .

s1 Xs2.

Ks1

k= —
*12 . [H

app +. K
I
. E |
3

- ”Q

+

+ 1).
]

In Eq. 2.4, the derivation of whlch is given in Sectlon 2.6,

Sl and K. S2 are - tﬁe substrate 1on12atlon constants and K

is the enzyme 1onlzatlon constant kl' k

second order rate constants for the most

~

least protonated forms of the reactants. -

e
The log (k

for pH values less than or equal to, 6 37
A

E
and k3 are the

intermediate and A

L

) versus pH proflle was frrst analyzed

ThlS enabled a

more prec1se determlnatlon of the enzyme pK ' and s1mp11f1ed

- Eq. 2.5 takes into con51derat10n only KE’

€

. )
-~ AR N . ? - [

Fhaents

k

¢ ’ Ve .

For the pH range of 3 20 to 6.37,

and k



)

.. 2 E \
1 + ‘
= (H ]
12.5] kapp"- K _
. E -
1+ T " -
(H'] \\
. | AN
The best flt values for kl, kz and KE were determlned by a
. nonllnear least,squares analysis . and are compiled in nable
- < ° }r f 2 WJ

2.3. Substltutlon of the numer1 1 quantltles of these con-
stants into Eq 2.4 and subsequent nonlinear . least squares
'analy51s ylelded the remalnlng three parameters, k3, s1

and KSZ' whlch are also glven in Table 2.3, It can be seen.
that the values of KSl and K, S2. determlned from ‘the klnetlc

o ! .
experiments are in agreement with. the publlshed results

(quoted above) -which provides evldence that the analysis is '

A

cOrrectw Also, the theoretical curve calculated_on the ba-

[

sis of Eq. 2.4, gives an excellent fit to the experimental' &.

¥

data in Fig. 2.7.  On the other hand klnetlc results do
not prove mechansxms, they dlsprove them. What can be sald v

w1th certalnty is that any mechanlsm whlch leads to an
>~

equat%on which cénnot fit the data 1s 1ncorrect . Because of
the cgmpleﬁ‘nature of pH-rate ‘profile and the strong evi-

dence‘iﬁpé}catlng the a01d base equlllbrla on tyr051ne,
) V ' - \ .
»there are few alte 3 ‘ve equatxons w1th as few parameters

~P - {

‘as Eq. y 2 4 w1,1ch couldif;t. the da.ta .

&
The rate of reactlbn réaChes a max1mum at a pH value

. . RN
‘of 9.6. 1n thls regron, dh!& the phenolic group of - tyr051ne

-
a.._»(' -»-" '

13 unlonlzed There is a rapld decrease rg rate with either

v
the protonatlon of the amino gnoup or the deprotonatlon of

AV"' . o . \ ‘ ' i

~
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Table 2 3 : (kapp) veffus
. \ pPH Proflle for the Reac ion of Comp6und I with
\Ty*051ne ) | ' i"‘
\\' - :
J\\~.\
kML s r e x 203@ s
S AW e 4~(a) | CY
koM s \7_ - (4.8 \
k3.'M-1s-1 Y (o 5 ) ~
DKM \ 13\8 6(a) ot
jx\ .<E' . . R v A, . . :r,; .
' - f\pKE S 5.42 + 0.04 -
s P\Ksl _\.“.“ 9 21 o-.'07.—
K‘sz',M ° - \(8 + &x 10 |
- pKSZ".' : 10 10 O;QGJ_
‘ . - \ R o
aValugﬁﬁetermlned fﬁom Eq. 2.5
& ‘ Vi
. \ \\\\\
R y
- [ \u\
’. ,\J‘ . .
i 1 . raN \\
Lt £ - \
) ) \




) catalyzed

the phenolic group of.thelsubstrate.

At 14w pH values, git

R ‘0. € b
is' evident that the more-acidic form of the\enzyme is less

/

]'reactive, The rate increases 10+fold betweenh pH 3 and 6}v§ﬁ

7ue to an acid dissociation on the enzyme. Because it 1s

" the ba31c form of the enzyme that is most reac 1ve, the‘

reactlon of compound I w1th tyr051ne 1s descrlb d as base-

‘using both lactoperox1dase and horseradlsh peroxldhse ag,

d'n : LNy
ca&%lysts (19) Bayse et aZ observed ‘that lactope xiassej'

was more effectlve than horseradlsh

,34\

, at PH 8, 2 for elther enzyme. In the

I with tyr051ne is observed at pPH 9.

that Bayse s kinetic experlments we

that the rea tlon of horseradlsh per
ﬂ 2. . B .

perox;dﬁse at spe ding

'however, they found that the max1mum réactlon rate occu ’

present,study-the rate

6 It should be noted

e carrled -out by observ-

x1 ase w1th elther sub-

base cata1y81s is Xhlblted when elther sybstrate reacts;'

<ww1th compound n (9) \Both tyros1ne and\p 'resol are most

- 61
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reaqtive when the phenolic group .is unionized, and when the . \

© 'enzyme is in its most basic form. ~One major difference in - -
~ the two reactions is, however, the considerably sléwer

reaction rate of tyrosine with compound I. For other sub-
o

) strites, such as iodide ion (7), ferrocyanide ion (1-3),

blsulphlte ion. 16) Jamd ‘p-aminobenzoic ac1d (4 5), acid

p /

~vp.ata13751s has been demonstrated The rates of reaction of

compound I w1th thOSe substrates are comparable w1th the

,!‘ y

tyros:me reactlon rate. L . \>

T

= The dependence'of/ kapp on pH for the oScidation of

dnodotyros:.ne by compound I is shown in Flg. 2.8. The

best fit line was" calculated by a computer analy51s of the

- 2

123

follow1ng mechanlsm.

o . . ! ]

A 1L "k'l

— products %&‘

31“, I

—2 - products

the correspondlng equlllbrlum constant SH 2, SH and S

are the_le.ast 1ntermed1ate ‘and most basic forms of diiodo-
KSl and K S92 are respe,ctlvely the equilibrium'
- constan for tlje phenollc and amino group 1onlzatlons. The

oup of d110dotyrosxne remalns essentlally unpro-

—



Y . o AN |
7. C ... study should not be affected by thls 1onlzatlon (18) kl

T - - and k2 are- the second order rate constants for the reactions
. ' involving the phenollc ang phenolate forms‘of dllodotyr051ne
The least squares values for the flve parameters in scheme
- | _ 2.6 are given in Table 2.4. Thes% ‘were calculated using

Eq. 2.7, the derivation of which is given 'in Section 2.6.

\"‘\\« . .

k(]

)
. : i
o - TA o
[2.7] Koo = f51 = : - 4 \\,
R A LY A T A N .
A fe (5] - Ky vt/\’ \

On the basis ‘of mechanlsm 2.6 and Eq. 2.7, the ca-tu-‘

Y v

lated pK values for dllodotyr051ne of 6.6 and 9.7 are 1p

%

' reasonable agreement with those determlned spectrophoto-‘l»‘

—

&

metrlcally and- potentlometrlcally. This correlatlon and . \

the good fit of the theoret1ca1 curve through the data o

_ p01nts in Flg. 2.8 strongly suggest that the analy51s is ' ;;"\
/accurate. !h£s does not exclude other p0551b111t1es, ‘ ; \u;Q

’pﬁé:' ' o however, it would be difficult to flnd a slmpler mechanlsm
T to descrlbe the behaV1our.w .

yd
. '/’
R et e i e

One of the primary features of the log (rate) versus o . \‘i

(2ol
Zeid

-qu proflle ‘is ‘an 1n1t1a1 rate 1ncrease at low pH due to an

enzyme ac1d group 1onlzatlon of calculated pK 5 0.. It has

.. : : ’been noted that thls same group, w1th pK value ranglng

between 4, 6 and 5 4 has an effect on the reactlons of com-

p

t pound I wlth other substrates (1-7, 9). In the case of ‘the

- ~

ox;datlon of dllodotyr051ne by compound I, the reactlon may--if

A

o
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> v . “

- Table 2.4 Kinetic Parameters for the log (k app ) versus

pH Proflf% for the Reactlon of Compound I w1th :

Dllodotyr051ne
x,, Mis™1 (4.0 £ 0.9) x 10°
l -1 -1 ' 4
kyr M s (4.4 + 0.2) "% 10°
Kgs M (9.2t 0.9) x 107°
PK,  5.04 t 0.04 -
Kgps M ] (2.6 + 0.4) x 1of7
Py "~ 6.58 +0.07 : ,
Kgpr M s (2.2 % 0.2) x 10710
s2’ B 5o R '
PRy 19.66 ¢ 0.05



group. The behavlour of the compound I reactlon§ with =

transfer, from the substrate to the enzyme is fac111tated

65

’

be descrlbed as base—catalyzed ’since the rat is,greatly
enhanced w1th deprotonatlon of thls enzyme group The same

observation is noted for compound I reactlons with p -cresol
(9) and tyrosine;,
@ : ,

-~
~

The rate ofg\ diiodotyrosine oxidation reaches a maximum
at pH 5.8. 1In :éis pH region, the basic form ofilre‘enzyme
and the phenollc (not phenolate) form of substrate are

present ;n largest concentratlons. The rate falls rapidly

124

‘w1th ither protonatlon of the enzyme or removal of ithe

,‘.

phenollc proton Thls may be explalned in terms of oxida-

tion taklng place v1a hydrogen atom trarsfer from the. pu

.ollc group of ngodotyr051ne to the deprotonated enzyme.._.

s '

_Lp cresol (9) and tyr051ne may. be 1nterpreted in the same

.,._

‘-way. Slmllarly, for the oxldatlon of p- cresol by compound

- - ITI of horseradlsh peroxldase, 1t‘Was the phenollc, and not

the phenolate,xform of the dubstrate whlch was ‘most reactive.
(21) The enzyme ac1d group of'pK ~ 5 also 1nfluences the
compound I reactlons w1th ferrocyanlde (1—3), p—amlnoben201c
ac1d (4'5), 1od1de (7) and blsulphlte (g). EZ; these sub-

strates, however, the protonated enzyme form is most. react-

1ve, p0351b1y electron transfer, unaccompanled by proton

/-

7 Quite unexpectedly, the effect of 1onlzatlon of- the

/
amlno moigty ofudllodotyr051ne on the rate of: oxldatlon is

h'opp051te to that observed for the compound I - tyr051ne

reactlom In the case of ty oelﬁ%"aa substrate, the rate

A..‘

. . W it e
R4 , s TELS
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a protonated.phenolic group (~OH,~NH;9_-C06C5 is most react-

increases with dissociation of the amino group; whereas,

for the diiodotyrosine reaction with compound I, the oxida-

“tion is faster with protonation of this same group: In

order to explaln thlS Qnf loiction, the total sulstrate
charge should be con51der irst of all, the mos react-
ive form of tyr051ne hasaatotalchargeof -1 (-0OH, -NHZ,—CO63)

The neutral molechle (-OH ~NH;9,~COdg) will also react,

“but, at a much slower rate. No reaction is Observed between

compound I>and_the most basic form of tyrosine of total
charge -2 (-da -NHZ;—COéD) . In.this instance, it appears
that protonatlonrof the tyr051ne phenollc group is a requlr-
ed condltlon for reactlon. ‘Secondly, the rate increases
when the total substrate cﬁﬁrge is -1. For the reaction oK
compound I‘with diiodotyrosine, the neutral substrate with

-t

ive. Nevertheless, reactlon takes place, albeit at a slower

~'rate, with dissociation of the proton from this group, as

long as the amlno m01ety is protonated and the total charge
on the dllodotyr051ne is -1 (-dD -CO&D) Further de-
protonatlon of the amlno group, g;vrng the substrate a

charge of -2 (- 63 NHZ,-COda) results in no react1v1ty. For

-the dllodotyr051ne reactlon w1th compound I, ‘it appears that

o

- o
DT . - .

q‘», » - .
the most-lmportant factor 1s, once again, protonation. of

‘the phenollc group; the second cons;deratﬁ;n is the total

charge on the substrate.f If a positive ¢ fgge lies near the

”compound I active site for molecules such as tyrosine or'

’dllodotyr051ne, ‘then the reactlon W;th'81ther substrate

9
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~

car:/ing a total negatlve charge should be favoured. 1In
the case of the'singlyécharged diiodotyrosine”molecule, a
proton may be transferred from~ the amino moiety to the en-
zyme group of PK, 5. 0 in order to 1n1t1ate the electron
transfer frem the phenolate anion. Neither the tyr051ne nor
dllodotyr051ne of charge -2 is reactive due to the lack of
protons available for transfer.)

The precedlng 1nformat10n may suggest that the oxrda—
tion of tyrosxne and its 1odo derlvatlvg‘takes place at a
site very close to the ferryl 1on. Studles carrled out‘é

the blndlng of p-cresol (22, 23), benzhydroxamic and indole-
d

'iroplonlc ac1ds (23) to the natlve enzyme have suggested

t binding occurs at a 81te very close to the heme. Al-

though there 1s ‘no ev1dence that tyr051ne and d110dotyrosrne

a position similar t¢® the bindingsite.of p-cresol on the

. } ‘; 3
ferric enzyme. It should also be takén into consideration

-that a m=- catlon radlca%>may attract substrates of a single

negatlve charge €24). Future’ 1nvestlgatlons-us1ng new and
varied substrates15ay'clarify the rate dependehce of com-
pound I réactions on substrate charge.

An 1nterest1ng featufe of the 1nteract10ns of tyr051ne
and dllodotyr051ne with the 1ntermed1ates -of horseradlsh
peroxldase is the formatlon of compound II from cqmpound I

by a 0.5:M equxvalent of elther substrate. A‘subsequent

0.5 M equlvalent of “the. substrate is suff1c1ent to reche"

| compound 11 to the native enzyme.- This same sto;chlometry

~

3 L e
. - - ’ <2, > N

form ;omplexes wlth compound I, they may very. well .react at
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~ was pbserved_fg; p-cresol (Section 1.3.2, (25)). \Qhe direct

oxidation by hydrogen peroxide of eitlfi:er.p-cresol-vqratyr,oL —

-sine causes diqgmization. The producfzof diiodotyrosine
. “ A : . . ) o ‘uf

g oxidation may also be a dimer; however, it is difficult to

\. - ' ’ . . ‘ 4

: . ® BT

ate where exactly the coupling may occurs

@ : BT

&

2.6 Wkrivations of Egs. 2.1, 2.4 and 2.7

. } '? . . . B . ) . '. . . ' ‘
‘Dérivépion.qf Eq. 2.1% ° o ,

A= 'ES;[.S]-'F ESH[S‘H] . (

’ . i . L s
L) . wi, - . N “ I

Cspraty

KS .T,_ ~ [SH]‘ E | | ) . “h

o . + - - Y
o feKe ¥ e (HTTY L -
s's SH ) “[S] - .

w

N ) o8 ‘. '..: KS | ) , A . L . . ] , .
e o A N ",
sl =p[S) +-[sH] - . -
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Derivation of Eq.

o= kg’—':

[E]total

“

. {E]
151

total

total = [SHZA\’L+

‘2.4:
[S]

[EH] + Lél ' » o

¢
k [EH][SH ] + k

[E][SH ]
[E][SH]

total 2

i 9
-

(sH] + s\ |

o . ,
kl[EH].[SHzl ! k, [E] [SH,] + ky[E] [SH)

Xapp e

. k ‘LH*]-'

([EH]+[E]) ([SH,l+[SH]+[S])

Sl S2

v =% [E]

app

k
app , + JK
P b B [KH'] '
T _ Kgo )\

Derivatfgﬁ'bf Eq: 2.

[a+]?“,ra

+
8

+itn
' |
o+
-.9_].

7: '?“. .j   j ’nl

Jll

total [S]tota%{lwl [sH,} . ks 18] [SHL;

[Eléﬁtal-

[s] total

[s] + [SH]: + [@2]_ V LE -

“[E] + [;ﬂ(:\\ 'f - | .

k, [E] [SH,]

+ k.Z!E].[SH] E | ‘ R

k .
app .

kB3
.. 7
Sl

([E1+[EH]) ([S)+[sHftISH, 1) . R

. toa
' c}/ |
. ° 3

k,

k .
app
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$r CHAPTER III. a .
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| OXIDATIGNS OF L-TYROSINE AND' 3360DO-L-TYROSINE . »
L ’ . ) T : R ‘,: g > ) R
BY COMPOUND II OF HORSERADISH PEROXIDASE . . o
2 . . L ; . - & . . ' v ) o
T o~ B - Y ‘ . o . v ‘ .
d - 3.1 Summary » - E 2
> .8 : ' -’
5 " The oxlﬁatlons of both L-tyrosine and 3, 5- dllodo-L-
. ) » 1 ce
. 7 _tyr031ne by compound II of horseradlsh peroxxdase were stud— h\g-

ied over the pu range of approxlmately 3 to 10- at 25°c and »

at a constant ionic strength of 0.11. The 1og¢sate) versus

N
-

v T PpH proflle fBr the tyros:.ne compound {I’ %ctlon 1llustrates. . .
R C LA A o

¥ J2
the 1nfluences of at least.two acid group 1onlzat10ns. An 5§P*’

; enzyme dlssoc;atlon (pK ~6.2) has a smail eﬁfect,pn the r
AN

reactlon rateg whereas, a seconder of 9. 2 whlch'may be cy w‘\
co ) - o : o
' “attrlbu d to either the enzyme or substrate, has a greater

e

~t N y
' 1nflu§ho€ on the rate. ; The ox1datlon of ggrosfﬁe by com—

pound IT 1% fastest at pH 9.6, In'the case of the dllodb-v

,\yr051ne—compound II reactlon, three ac1d d155001atlons are

necessary to descrlbe tgl plot of log (k ) versus pH.
These 1nclude two enzyme PK, val es of 3 6 and 8.6, and one

substrSté pK' of 6. 6 The rate opyimum for the reactlon ’
- sy
occurs at pPH 5 2 and déprotonatlon of the phenollc group df -

dllodotyr051ne results‘iﬁ.a dramatlc deCrease ln k_ app® el :
PR ; PR . - - : ' . . L

3.2 Introduétien : ;;r e

0 AN

Compound II is the 1ntermed1ate spec1es of horseradzsh
SR perox1dase whlch contains only one-of the two oxldlzlng
equlvalents o& ‘hydrogen peroxlde. The pH dependenc;es of
e/

‘the oxldatlonsu‘f‘varlous substrates fy compound II have been

n
\ . . . X .. . ’
A . . - ) . v -l
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studled in detall (1-9, Flg; l 4). Compound II reactions
are generally sloder than thelr counterpart compound\I re-

AW

actloas. \

E ) The reactlon‘rates and correspondlng mechanlsms fsr
the oxlqptlons of L—tyr051de and 3,5- d;lodo—L-tyr051ne bf‘
comﬁggq!EﬂI of horseradlsh perox1dase are dlscussed in thi

chapter. These studies were‘conducted over w1de pH ranges

. 3 3 Experimenta;leg:edure e

LI

,'{f; reductase lot 1227335) was, purCh Sed £rom Boehrlnger-'”

“& ‘{.;’! > 3.3.1 Materials ’ 4!9:' -
oy .

-

v -

Mannhelm Corp.dgs an ammon ium sulphate Suspen51on.' After ;5

;‘Js;'a L
'5extenSLVe dlaly51s in water dlstllled five tlmes <(10), the
ﬂ-, ,.‘

concentratlon of the egzyme solutron was determlned spectro—

photome rlcally at 4Q3 nm u51n8:h molar absorpt1v1ty coef-

lerit of 1. 02::105 M- lcm (11). he.purlty.number (ratlo
3 N\

N

of absorbances at 403 and 280 nmt) was 3 31 Com ound II

'was prepared by subsequed% addltlons qf al. l M e&hlvalent
. L A \
'of pota551um ferrocyanlde and a«O 9 M equlvalent of hydro-- -

‘gen peroxide._ The sllght excess of ferrocyanlde ensuréd

\-

;~?%.; qqg%ype ﬁghverszon of compound I to compound I1I; whereas,

; ¥ Wa "i..':' ¥ \.ﬁ“‘tgw’*
. ‘the less-than~Equ1valent -amount of hydrOgen peroxlde pre- \

fvented recycllng of the epzyme. Concentratlons of fe o~ -
_ cyanlde -and hydrogen peroxlde were respectlvely determ1 ed
oby welght and by use of - horseradlsh peroxldase as catalyst

3

for 13 productlon from I .(2).J-'L‘«. : e

0y Lo -~ ; AN

.,Qﬁr- Horseradlsh peroi?dase (F C‘lqll 1.7, donor H202 ox1do—‘

{ o _ N

Y .. 'u)
‘g‘ in order to evaluate the klnetlc and equlllbrlum parameters.‘

W
AN



‘Q:haDCed bﬁ“heat&ng. The gonientratlons;of the stock solu—

o "‘; V : ‘ ’ o .,“‘ S 3 :
S 3.3.2 0 StOpRed-Flow Method: &g.ﬂh et 5
. ;0: A

74

/-c'.

L;ke tyr051ne,4§he solubrflty oihdilo oterSLne was en- s

tlons of both gubstrates were determlne by we1ght,yw1th an

@rror of 0 1%....

PR
I O
"‘“‘" 2‘r7

A .

h‘ . Y - DR N .. .’_ - ) »
L.For all stoppéd-flow experlments a constant total .
1on1c strength of 0. ll was malntalned for the flnal solu—‘ =

-

utlons, Both enzyme and~substrate solutlons were always oo ‘

0. lO{nionic»strengthfin potassiun nitrategudFor'pH values -
between 5 and 9, 0. Oi 1on1c strength buffer was added to -

both enzyme and substrate, however, outszde of thls pH

’range, where the chance of enzyme decomp051tlon 1ncreases,,

: only the substrate solutlons contalned buffer (1on1c

strenyth = 0. 02) : In all chses, the concentratlon of com— B

pound.II 1n the—mlxlngichamber wasao 5 M. The concentra—

- _
‘tlons ‘of" the substrate solutzo 'wére 1n at leaSt a 10 fold

. } K
excess of the enzyme, ensurlng pSeudo—flrst order cond1-~

N !
tlons._._,.‘_‘_i_'# R U E

-

¥ ‘-'i_l"-i.~'-.-;—‘ N -

)

All klnet1C'measurements were performed on a Unzon

leen stbpped—flow spectrOphotometer model RA-601 equxpped~_3'

] . :
. L.

LB
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4
-spectfophotemeter was’ used for the abqorbance meadhrements

l

’are glVen in Flgs. 3. 3 and 3;4 and the experimental r&te

-,

(

Qﬁiea. periments in’ which k

"tign of the mean ‘rate gonstiant andﬁlts stindara dev1at1

T .

withfa;thermostattedil cm cell. 'The rate of dlsap earance

\

’vrts maximum absorbance. Between 7 and ll traces were re-

i

corded for each specxf1c£reaqt1on,‘w1th subsequent eva ua—

n‘

'n

A W
. -
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"\, Table 3.1, Continued .~

! pH* ‘Bugfer (@) Kapp * 107 ~1g-1y(R) '}tyrosine] x 10200

w

.. . . 0.86 i
“ o 0.96
0.77

1.10
. - 0.58

0.89 | e\ig ‘

. 9.52 PH 3.
2 9.62 € 4.
Y 9.67. C w . 4.
” 4.

3.

[= NN

9.68 PH
©9.76 ° .C
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Table 3.2 Values of kapp as a Functior of pH for the

Reaction of Compound II and Diiodotyrosine

pH  Buffer () Kypp X 10 2571 ) aiiodotyrosine] x 103 (M)
3.31 «crI 29 t 3 . 0.37
3.45 CI 34 + 1 1 0.37
3.62 cCI 36 + 2 0.37
3.74 cCI 42 + 1 0.37
3.85 CI < 43 + 3 .. 0.37
4.00 A 48 + 2(c) - ' 0.19 - 1.35
4.13 . cCI 51 + 2 : 0.37
4.30 cCI 60 *+ 3 0.37
4.50 CI\. 61 *+ 3 0.37
4.67 cCI 67 + 2 0.37
4.84. CI 70 + 2 0.37
5.03 CI ' 71+ 6 / 0.37
5.21 CI . 76 * 6 0.37
5.39 CI 84 + 6 0.37
5.61 CI 79 + 3 0.37

. 5.61 cCI 76 + 3 0.37
. 5.64 P 63 + 3 1.26
5.74 P 62.3 + 0.8 1.26
5.81 €I 79 + 2 0.37
5.96 P 50 + 7 1.26
5.99 P 52,4+ 3 1.31
6.11 p S56%: 2 ‘ 1.31
6.18 P 73.3 + 0.8 Y 1,26
6.32 P 48 + 2 1.26
6.37 P 55 + 4 1.31
6.49 P 42.1 + 0.6 1.26 &
6.62 P 37 + 2 : 1.26¢
6.63 P 43 2 1(€) 0.22 - 1.79
6.76 P 30.% 1 1.26
6.80 P 40 + 2 1.31
6.86 P .30 £ 2 1.26
6.92 P 25.8 + 0.9 1.26
6.93 p 30 + 2 ‘ 1.31
6.98 P . 24 + 2 1.26
7.47 T 19 + 2 ' '1.31
7.63 T 14.7 + 0.8° 1.31
7.77 C 10.0 + 0.5 1.51
7.88 T 11.2 + 0.3 1.31
.02 c 9.0 + 0.4 1.51
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Table 3.2, Continued : X Y,
’ -2 -1 -1 (b) |
pH  Buffer (3 Kpp X 10 2 1s7Y [diiodotyrosinel x 10° (M)
8.09 T 4.8 + 0.2 - 1.31
8.35 T 7.62 + 0.09(c) 0.2] - 1.65
8.43  C. 5.5 + 0.6 151
8.51 T 6.8 + 0.4 1.31
8.62 T 5.8 + 0.5 1.31
8.74 C 4.0 *+ 0.2 1.51
9.04 C 2.50 + 0.07 1.51
9.28 C 1.75 + 0.04 1.51
9.43 o 1.01 + 0.06 1.51

dpuffer Key: A, acetate; CI, citrate; P, phosphate;
L .
p T, tris—HNO3§ C, carbonate.

bk determined by dividing the pseudo-first order

app
rate constant by the appropriate diiodotyrosine concentra-

tion, unless otherwise indicated. Error is the standard

deviation of the mean value .0of k .

app
c, .
kapp determined from the slope of the»plot of kobs

versus [diiodotyrosine]. Error is the standard deviation

calculated by the least squares analysis.




.substrate concentration.

When the solutions are prepared at pH 4.16, using only
citrate buffer of ionic stréngth 0.11 (instead of adjusting
the ionic strength with 0.10 M po}assium nitrate), !..e rates
of reaction for either tyrosine orvdiiodoterSine withk ~or

pound II remain unchanged. In the absence of nitrate, ttr-

kapp values for the tyrosine-compound II or diiodotyrosine-
compound II reactions respectively are (5.4 2 0.7)x102M_ls—l
and (5.6 * 0.4)){103M-ls-1. When plotted, each point falls

. very near the best-fit line of the appropriate,graph.”ﬁ@ﬁce,

if nitrate binding to compound II does occur, the rate of

N

-€ac-jon with either tyrosine or diiodotyrosine is not in-

i uen 2d.

3.5 Discussion

For the compound II reaction with tyrosine several alt-
ernatives must be considered when analyzing the profiie of
log (kapp) versus pH. Two major observations are.noted.
Firstly, a% shown in Fig. 3.3, the reaction rate increases.
with increasing'pH between pH 5 and 7 and, secondly, a
draratic decrease in_kapp is noted aboveépH 8. .One mechan-
ism which may account for these observations is given by the

following scheme.

k

"EH + SH 1 products

s o,
E + SH ———» products

! ka ']SL . - .

84




_#5.3]

[
E, ﬁh, S and SH are the basic and acidic forms of the en-
zyme and substrate respectively with ionization constants
KE aqﬂLKs whereas, kl and k2 are the second order rate
constants gor the reactions involving the protonated and
deprotonafea forms of the enzyme. -In the pH range of study,
only the amino group dissociation of tyrosine is considered
since the acidic form of the carboxyl group and‘the basic
form of the phenolic group are present in small czncentra—
tions; hence, there is less likelihood of these forms exert-
ing an influence on chenges in the reaction rate (12). Using
scheme 3 2, Eq. 3.3 is derived gs shown in Section 3.6 and
the best fit parameter values and standard deviations are
shown in.Table 3. 3.
k, + kZKE

K~ o)

app K ( Kg
+ 1 + 1
([H'J ) (5") )

pKS is in good agreement with the literature value of 9.11

. for the dissociation of the tyrosine amino group (13} and

‘the theoretical curve drawn in Fig. 3.3 gives a reasonable

fit to the data.

If scheme 3.2 does indeed represent the mechanism for

the oxidation of tyrosine by compound II, then in the region

where the reactlon rate reaches a maximum (between pH 7 and
8) the basic form of the enzyme and the acid formzof the

substrate are both present in largest concentrations. Depro-
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Table 3.3 Kinetic Parameters for the log (ka

iAY

versus pH
pp)/ . p

Profile for the Reéction of Compound II with Tyrosine

kl' M“ls_l

kz} Mnls_l
KE' M

PKE

KS, M 2

PKg

(5.0 £ 0.3) x 102‘
L2+ 1) x 103
(7 ¢ 2) x 10”
6.2+ 0.1
6.9+ 0.6) x 10
9.16 + 0.04

I+

7

1+

10

I+
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tonation of the enzyme group Wit';h a pKa value. of 6.2 slight-
ly enhances the rate of reaction; a similar effect was ob-
served at pH 5.7 for the compound II reaction withp-cresol -
(6). A second ionization with a pKa of 9.16 corresponding
to the am‘ivno group of/tyrosine, results in a large decrease
in kapp' However, in 'Spite of the good correiation between
the kinetic determination of the amino PK, of tyrosine

and that given in the literature, the pos.sibility that

the change in rdte at pH > 8, as illustra’ted in Fig. ‘3,

results from the deprotonation of a gecond enzyme !ciq group
cannot be rejected. Previous’ studies of the reactions of
compound II with various substrates (ie. ferrocyanide (1—3) ’
p-aminobenzoic acid (4,5) and p-cresol (6)) have shown the com-
mon feature of an enzymatic pKa of approximatelym
<-{Q.n.ceivable that the calculated pK‘_=1 value of 9.16 for the
tyrosine-compound II reaction corresponds to the $ame en-
zyme ionization. Wlth the present availab e kxytvledge,
howeve;, one cannot positively ascertain to which ioniza-
tion (substrate or enzyme) the p_Ka'value ‘of 9.16 should be
assigngd.

For the reaction of 3,5-diiodo-L4tyrosir;eAwith com-
pound II, the assignment of the pKa values seems less am-
biguous. As shown in Fig. 34, i:l;xe reaction rate is at a
max';.mum at pH 5.2 and decreases with increasing acidity or

ba{lcn:y. ‘The following mechanism may describe such be-

haviour.
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EH, .
| _K311l .
[3.4] _ EH + SH —2—» products
KS]L . o
EH + S 2z . sproducts
2]
E

EH,, EH and E are the most, intermediate and least proton- __

ated forms of the enzyme; whereas, SH and S correspond to

the acidic and basic forms of the substrate phenolic‘group.

. .‘ N
kl and k2 are the second order rate constants; Kg, KEL and

_ \ ’
KE2 are the ionization constants for the substrate group,

Cy . . ‘
and two enzyme moietdies respectively. The.ionizations for

the carpoxyl and amino groups of diipdgtyrosine lie outside

the pH';ange of study and hence may not make significant
contributions to changes in reaction rate. -Eq.‘3.5,,derivéd
from this scheme (see Section 3.6), has five‘parémeﬁers;.

-
&

- ¢
kl + 2+S—
R [H ] )
[3.5] k = - -
! PP ———LH+] + 1+ -———-KEz (1 + KS
| X1 CA AN

The numerical values of these parameters and their standard
deviations which were determined by a nonlinear least
squares method are summarized in Table 3.4. The best-fit

line coincides with the data points and the value of PKg

,corresponds well with the spectrophotometrically evaltated
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Table 3.4 Kinetic Parameters for the log (ka ?) versus

P
pH Profile for the Reaction of Compound II with

¥

Diiodotyrosine '
e
—
kg, M:is:i (7.7 % 0.4) x 10;3
ko M 7s (1.0 = 0.4) x'lo_4 !
Kpyr M (2.4 £ 0.4) x 10 )
PKgq ( ° 3.6 + 0.1 s ‘
Kgor M (2.5 + 0.6) x 10
PKp, 8.6 + 0.1 .
Koo M (2.7 £ 0.5) x 10 ' -

—pKS . 6.6 + 0.1
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PK, (6.37) for the phénolic dissociation of diiodotyrosine
(ChapterkII). A sécond mechanism invold&ng the reacﬁion,
E§2-+S ;—l—a>products, cannot be discounted 6n the basis of
kinetic evidence alone. |

It is not unexpected that the reaction rate of diiodo-
tyrosine with compound II is greatest with protonation of
the phenolic group. A previous study involving compound II
. and p-cresol révealed that removal of the phenolic proton i "

results in a large decrease in kapp (6); hence, the reac-
tion of the fully pfotonated enzyme with the phenolate form
of ‘diiodotyrosine seems less plausible. The two enzyme acid
groups, at pH 3.6 and pH 8.6 for the diiodotyrosine reac-
tion have opposite effects on the reaction rate. The group
with PK, 3.6 increases-the rate slightly when in its basic
form. The second enzyme dissociation occurring at pH 8.6
has been observed for compound II reactibqs with other sub-
stratéé (%—é). - : g.

The mechanism of oxidation of substrates by compoun
II is not entirely clear and requires diséussion.> Fiisﬁzof
all, there appears, for the compouné II reactions with p-
cresol (6), tyrosine and diiodotyrosine, an eﬁzyme atid group
of pKa 5.7,6.2 andf3.6rrespectively which slightly affects
the regction fate. Thié partichlar'group.which may or may
not be;idéétical in all three cases possibly functions as a
sépoﬁdary'proton acceptor- for the phenolic proton thereby
enhancing the reaction rate to a small degree. This postu-

e
lation concurs with a high pressure stopped-flow experiment

x

]



involving the oxidations of tyrosine, monoio6dotyrosine, diiodo-

tyrosine and p-aminobenzoic acid by compound II (14). The ne-

gative activation volumes for these reactlons at pH 7 may be

' J.nterpreted as\prgton transfer from a neutrally charged sub~
strate group to a neutral basic group (perhaps a histidyl resi-
due) on the enzyme. It had previous ly beeh suggested for the
p-cresol - compound II reaction that the enzyme group of pK 5.7 .
does not lq.e :meedlately in the reactlon site and is therefore '

" only 1nd1rectly involved in base catalysis (6).

It is possible that an owerall charge of zero on the
substrate (p-cresol, tyrosine or diiodotyroeine) is?prefer;
able for compound II reactions. It may be-this faetorﬁwhich
limits the reactivity of the phenolate forms of p- cresol
and dllodotyr051ne._ This' may also explain the decrease in
k with deprotonation of the amino meoiety of tyrosine.

app
One should not otherw:.se expect the 1onlzat10n of thls group

to influence the rate since it seems unlikely that electron :

1

(or hydrogen atom) transfer would occur at an aliphatic ¢

. 51de chaln. The opposite effect was noted fpr the ox1dation
of tyrosine by compound I where the rate‘increases with de-
-protonation of the amino group (Chapter 11, '(15)). The com-
blned electrostatic and/eonformatlonal effects which p0551b-
ly differ for c?mpounds I an@_II_may be responsible (16).
Thejmost significant observation for the compound II
reactions is thevenzyme acid group of pKa"8.6 which has a
large effect on the compound II reactions with p-cresol (6),
diiodotyrosine, ferrocyanide.(l—3), p-aminobenzoic acid

(4,5) and poss/ibly tyrogine. This group is thought to be a

91
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distal group (perhaps a lysine residue) which, in its‘§f04 K

v
N
)

tonated form, promotes electron transfer from the substrate e

Ty

“to the ferryl.ion by partial proton transfer to the h&Stl-"“"
/ j/
dyl residue occupying the fifth c°°rd1nat19n1P°51t§ogu,5 -
T

the heme (17). This explanatlon may account fot :féfm j
“,‘,p '
difference between the compound I ana tﬁé comp\ Af II- ‘reac-

N N

ticns with substrates such as p- cresol <t93081ne a;dpdllodo—
tyrosine. T%e compound I reactions are base—catalyzed by
an ehzyme group of pKa‘" 5; whereas, the compound II re‘ac\tions
are acid-catalyzed by an enzyme group of pKa 8.6.

K As illustrated in Fig. 1.4, a second enzyme dissocia-

‘tioe of bK&-O‘ﬁasﬁe large effect on the oxidetion rates of
ferrocyanide,"p-amihobenzoic acid, iodide, bisulphite and
nitrous acid by compound II. This has been attributed to
protonation of the imidazole ligand in the fifth coofdin—
ation position by hydronium ion (17). Specific acid cata-
lysis is not observed for the reactions of compouhd'II with

p-cresol and the tyrosines.

3.6 Derivations of Egs. 3.3 and 3.5

Derivation of Eq. 3.3:

v = kaPP [E]total [s]total = kl[EH][SH] + kZ[E][SH]
m%wu=[m-+wm
[Sltotal = [8] -+ [SH]

k, [EH] [SH] + k,[E] [SH]

k ;
aPP ([E]+[EH]) ([S)+[SH])



]

A preliminary study of the campound II reaction with

tyrosine was carried out by Dr. H.C Malho@ra.'>f
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k kZKE
+
-~ 1 +
k = IH ] o T
app KE KS ‘ - : 4
+— t 1 T + 1 _ ' -
[H'] [H'] R
Derivation of Eq. 3.5:
V = Kapp Eltota1lSleotal = ko [EH] [SH] + k, [EH] [S]
[E]total = [E] + [EH] + [EH2]
Ky [EH] [SH] + k, [EH] [S]
k =
3PP ([EI+[EH]+[EH,]) ([S]+[SH])
k, + kZKS <
i | + N
k - [H ] L4
I app + K K oo
El [H) [(H']
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CHAPTER 1IV.

‘ HORSERADISH PEROXIDASE~ CATALYZED IODINATION OF TYROSINE

N

4.1 Sumhary

'The horseradish peroxidase-catalyzed reaction of iodide

with tyrosine was studied as a function of pH. A'prominent

F + . ‘
change in the reaction kinetics was observed at pH~ 5, cor-

responding to the ionization of an acid groupiof horseradish

k53

perox1dase compound I. Several mechanisms for tle reaction

under acrd conditions were ﬁliminated by the comparison of

. N
the measured“rate constants with -calculated theoretical val—

. @ll

ues./ A mechanism inVOlVing an "I species reacting with

tyrosine to yield monOiodoterSine may be operative at . low,

pH{ The oresenct of a free radical species was not detected

bngn;epr experiment.i‘ln basic solution, the coupling of

'terSyi radicals to.fcrm}bityrosine is likely the favoured

(",‘-,

reaction.v Nowenzyme iodine complex was observed when mole-

cular iodine ‘was added te."the ferric enzyme.

v 2
%_ R *w )n
’ Y

4.2 Introduction .

-

)

'

L; Because offthe physrblogical Significance of tyrosine

iodination, seNeral studies have been devoted to the peroxi-
S
dase- catalySis of this particular reaction (1—19) Under

i ,‘;:1

baSic condihions molecular iodr\ioreacts spontaneously with

the phenolate iorm of terSine, wever, at low‘pH the reac-

bA

tion rate is slower. 1In acidic, baSlC, or neutral solutions,

iodide ion’and tyIOSine are unreactive, unless peroxidase is -
‘11 .

Present as a catalyst.-
- s 95



One of the major questions concerning the formation of
monoiodotyrosine from iodide and tyrosine is whether the
peroxidase-catalyzed reaction proceeds via a free radical
mechanism (ie. combination of atomic iodine with a tyrosyl
radical) or via attack of an "IGR. species on tyrosine (20).
Another point of contention is whether the iodination of
tyrosine takes place in solution or within  the strucﬁure of
the enzyme (3&6—9,12,13,15,17,19). The mechanistic details
of the horseradish peroxidase—catalyzed‘reactign of iodide

with tyrosine are outlined in this chapter.

443 Experimental Procedure

- 4.3.1 Materials
| The horseradish perox1dase (EC 1.11.1.7 donor-H202 oxi-
_doreductase, lot 1399140) was purchased as an ammonlum sul-
phate precipitate from Boehringer-Mannheim Corp. After dia-
lysisgfh quintuply—distilled water (21) a purity number of
3.25 was determiheé from -he ratio of absorbances at 403 and
280 nm. The concentration cof the enzyme solution was estab-
llshed by spectrophotometrlc measurement at*403 nm where the
molar absorptivity coefficient is l.QZ)(lOSbe'cm_l (22).
Reagent grade potassium iodide and L-(-)-tyrosine were
© -bbtained from Shéwinigan and Eastman Kbdak respectively.
"Solutions were prepared daily andigheir concentrations were
determined by weight. . The standardization ?rocedure for hy-

drogen peroxide has been reported elsewhere (23).

96
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4.3.2 Apparatus and Methods

Absorbaﬁce measuréments were conducted on a Cary 219
'spectrophotometer and pH was measured with a Fisher model
42Q pH meter in combination with a Fisher electrode. \Ex—
periments where the monitoring of fast reactions was requir-
ed were carried out on a Union-Giken stopped-flow spectro-
photometer model RA-601 equipped with a thermostatted 1{cm
cell. : _ | : .

The initial rates of reaction were determined. The
rate of appéarance of monoiodotyrosine was moniﬁored at
3,-1 -1

290 nm using Ae (2.34x10°M ~cm - (10)), the difference in

the molar absorptivities of monoiodotyrosine and tyrosine.

Triiodide ion formation or consumption was followed at either

290 nm (e =4.00 x10 M Tem™ ! (24)) or 353 nm (e =2.55 x 107

M Lcm ! (23)). The change in concentration of molecular

iodine with time was determined at 460 nm (e==7.4><102Nr

cmf'l (24)). ‘The initial'rates of molecular iodine or tri-

1

iodide ion formation‘were determined by taking the tangent
to the curve at zero time (Fig. 4.i). To estimate the rate
of initial production of monoiodotyrosine the tangent was
drawn to the curve at the point where moﬁoiodotyrosine for-
mation Qas first obéerved (Fig. 4.2). At low pH the error
associated with this method'is small since essentially all
of the triisdide is convertéd to molecular iodine before
monqyég;tyrosine formation fékes place and there is hence

little overlap in the ‘absorbances due to triiodidé ion and

monoiodotyrosine. At higher pH values, however, the initial
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Fig. 4.1 Formation and disappearance of triiodide ion and

~

molecular iodine'during the ho'fseradish peroxidase-catalyzed

iodination of ‘tyrosine: (---) triiodide ion measu:;ed at
290 nm; (—) triiodide& ion measu;red at 353 nm; 9
(——) molecular iodine measured at 460 nm. Solution is
0.01 ionic strength in citrate buffer’of;‘pH, 3.68 and 0.10
ionic strength in potassium sulphate.. Initial concentra-

tions are: [KI. = [tyrosine] =3.24 x10 % p;

"[Hy0,] =1.11x1073M; [HRP) =1.73x10" %M. Stopped-flow

~

procedure enabled rapid mixing of solutions.
(—~-—) Initial rate determined from tangent to. the. curve.

Ll
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Fig. 4.2 pH Dependence of the horseradish peroxidase-cata-;
lyzed tyrosine iodination. Réactidn monitored at 290 nm.
Each ;egctipn studied over a period of 60s. All solutions
are 0.01 ionic strength'in citrate buffer’and 0.10 ionic N

‘ strengthhin potassium sulphate. Initial concentrations

4 3

are: [KI] = [tyrosine] =3.24x10 "M; [H,0,]1=1.11x 107 7 M;

[HRP]:=4.33><10_7M. The reaction was initiated by addition
of enzyme. (--=) Initial rate determined from tangent th

the curve.
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rate of monoiodotyrosine;formation cannot be measured with
confidence.

All soluﬁions were ﬁaintained ag}ZS?C aﬁd‘at a ébﬁstant
total ionic strength (0.10 due to potassium sulphate and
0.01 dug to buffer). For the stopped-flow experiments,
citrate buffer of pH 3.68 was used. One storage cell con-
tained a solution of_3.24><10-4b4 potassium iodide and
1.73){10—6pd horseradish peroxidase; whe;eas, a solution of
1.11x10 3 n hydrogen peroxide (and 3. 2’4 x10" 4 m tyrosine,
when appiicable) was stored in the, éecond cell. Experimental
conditions for other steady state reactions at pPH 3.7 are
described in Table 4.1. In\the study’of thé'pﬁ dependence
of tyrosine iodination, citrate buffer was employed for all
solutions, except for the exéeriment at pH 8.37 where tris-
HNO, buffer was used. The initial concentrations of react-

ants in the 2 ml sample were 3.24 x10 %M potassium iodide, é\

4

s

3.24x10"*M tyrosine and 1.11 x10 > M hydrogen peroxide. .

The reactions were initiated by the addition of 4.33:{10_7M
horseradish peroxidase.
For the gualitative test ondthé reaction products of
. & ~ _

the horseradish peroxidase-catalyzed oxidation of iodide,
) ‘ :

3bl'hydrogen peroxide,

_ the ,3 ml sample contained 9.255{10—
1.08x10 3 m potassium iodide and 5.16 x 10"’ M enzyme. Af-
ter incubation for 10 min, silver nitrate was added to the

mixture. The precipitate which formed was filtered, washed

and dissolved in 0.5N HCl. Carbon tetrachloride and potas-

sium thiocyanate were then added and the mixture was shaken (25).

o~

</



Table 4.1 1Initial Rates of Tyrosine Iodination at Low pH

{a)

101

. Conditions Wavelength  Species " "Initial Reaction
' (nm) monitored (b) rate (Ms-1)

: 290 MIT 1.0 x 10~

[1,] = 8.1x10-5M(c) :
460 1, 5.2 x 10~8
[H0,] = 2.78 x107% M - .

. 290 MIT : 5.4 x 10~
g (I-] = 1.62x10-4M

' » 460 I, 2.8 x 10~7

[HRP] = 3.43 x 10-7m ()

[H,0,] = 2.78x10 % m . 4
s 290 MIT - 5.5 x 10

[1,] = 8.1x107°m - , | _
460 I 2.0 x 10
[HRP] = 3.43x 10~ 7 m ()

@11 soutions contained 0.01 ionic strength citrate
bufféx: of pH 3,7, 0.10 ionic strength potassium sulphate
and 4.§4 x107° M tyrosine. - '

bMIT corresponds to monoiodotyrosine formation and I,

corresponds to the disappearance of molecular iodine.

-CReaction ini tiator:
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To determipe whether or not molecular iodine binds'to

3

the ferric enzyme, 1.22x10 ° M iodine was added to

7.62;(10_6)d"horseradish peroxidase. The sample was 0.10
ionic strength in potassipm sulphaté aﬁd 0.01 ionic strength
in citrate buffer of pH 3.7. ;Thé reference cuvette con-
.tainedmbuﬁier, electrolyte and iodine, but no enzyme.

A Bruker ER400 Cohsul with a Varian Vv3601-12 magnet and
VFR-2503 field ;egulaﬁor waS“émployed for the epr experi-
- ments, Scans were carried out at g-52 fbr 75 G ;n either
directibn. The aqueous samples were contained invflatquartz
cells., The reactant concentrafions were‘equivalent to those
used in ‘the pH study; the?sol:;ion‘was buffered-by'citrate
at éH 3.68.. A>special cell équipéeq with two rese QoirS—en—
?bied continuous mixing and flow ofaﬁhe solutions through the
cell; hence, ‘the spectrum was recorded soon after mijxing.
The iodide aﬁd enzyme were led in one compaftment f the
celi; wﬁereas, tyrosine and hydrbgen peroxide were contained

X

in the other. . ' ~

4.4- Results

Using the stopped-flow procedure, the formation and/or
disappearance of triicdide ion and molecular iodine were

monitored at 290 (13—), > (I;7) and 460 (I,) nm, as shown
in Fig. 4.1. The initiai -ates of molecular iodine forma-
tion ‘at 460 nm were found te e 3.3x20 % Ms™ ! ana

3.2);10_4bds-l respectively ¥or che horseradish peroxidase-~

catalyzed oxidation of iodide in the absence and presence of
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tyrosine at pH 3.7. These same reactions are shown over a

longer time scale in Fig. 4.3.
Similar experiments to thoée.performed by Bayse and

" o -
Morrison (10) were carried out and the results are given in
1

Table 4.1.

" The pH dependence of tHe,horseraéish peroxidase-

catalyzed reaction of iodide with tyrosine was followed at

290 nm and the results are demonstrated in Figs. 4.2 and

t

4.4.

4.5 Discussion

The rgsults of steady state experimeﬂts carried out by
Bayse and Morrison (10) at low pH are verified in the pre-
sent study. Ty;osihe iodinat;on was followed at three
wavelengths. At 460 nm the formation and subsequent dis-
appearagée of ﬁolecular'iodine was observed. The chanée in

concenfration of triiodide ion was.monitored at 353 and

290 nm. Also at 290 nm, the formation of monoiodotyrosine

was traced. In agreement with previously recorded data(10),

the foliowing observations were made: (a) the rate of mono-
iodotyrosine formation measured at 290 nm is tyiée'that of
moiecular iodine consumption followed at 460 nm; (b) essen-

tially all iodide is convéfted to iodine before tyrosine

" iodination occurs; (c) the rate of appearance of monoiodo-

tyrosine is unchanged if one mole of molecular iodine is
substituted for two moles of iodide. 1In addition to these

results, new observations were recorded. ‘When the spontan-

~ eous reaction of tyrosine’with moleciular iodine was measured,
, S )
N

i o | o

103



0]2 o =
(0] 0]
©.008
&
8
Q Q06
0
- ¢
004 -
002 F =
i | A 1 1
0 20 - 40 60 80 100
Time (s)

b ’ . ~ s
Fig. 4.3 Molecular iodine formation and disappearance at

460 nm: (1) absence of tyrosine;  (2) presence o% tyrosine.

Initial concentrations are given in Fig; 4.1.
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‘Fig. 4.4 Iodination of tyrosine at pH 8.37. Reaction cony

dltlons are the same as those for Fig, 4.2 except that .

Ltrls HNO buffer 1s used
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the rate was at least 5-fold slower than the catalyzed re-
action. 'Usinéﬁa stopped—fldw procedure it was ﬁossible to
measure.- and compare the initial rates of molécular ioaine
formation for the enzyme—cataly;ed system in ‘the presenée
and absence of tyrosine. It was observed that the rate of
production of iodine was equal in_both cases. All'e;peri-
ments provide evidence that molecular iodine is an interme-

diate of tyrosine iodination and that peroxiéase not only

participates by oxidizing iodide to iodine, but, it also

, v Y _ : o
catalyzes the further reaction of iodine and tyrosine to-.

yield monoiodotyrosine. Théf conclusion is not novel and
has been discussed previouSiy (10). Both chloro- and
lactoperoxidases yield molecular iodine during the reaction

of iodide and tyrosine (5,7). It was suggested that iodine

is an obligatory intermediate in the case of gatélysiq by

chloroperoxidase (5).

-

During the study of the hérseradishp@rokidase-cétalyzed

oxidation of iodide ion, no iodate was detected. A small

~

amount of ¥ellow p}ecipitate was formed uponthe addition of

silver nitrate ta the incubated reaction mixture of iodide

ian, horsefadish peroxidase»andfexcess hydrogen peroxide:’
After dissolving this precipitate in acigd, na reaction was:
observed witﬁ‘the"ihtroduction of thiocygnéte and carbon
tetrachloride. Iédqte is expected téﬁform a white precipi-
tate with silyeraion; reduction of iodate by thiocyanate
yields‘moleéular.idhine'which iS'éasily identified by its

purple colour in carbon tetrachloride. Althouéh it appears

106
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«
from this study that no iodine species in an oxidation state
grgater than that of molecular iodine is produéed‘in the
yorseradish~peroxidase catalyzed oxidatidh\o%iiodine, it is

showh in Fig. 4.2 that molecular iodine does undergo a slow

,réaction. For the qualitative analysis, the conditions may

have been unsuitable for the accumulation of a detectable
éuanfity of iodate. The presence of the yellow precipitate,
silver iodide, suggests incomplete oxidation of the iodide.
It should be clarified that the described test is also use-

S

ful for detecting the presence of hypoiodite ion which rap-

" idly disproportionates to iodate and iodide (26,27).

The most striking feature of the studyvon the pH -

t

pendence of tyrosine 1od1natlon is the pronouncag change in

kinetics at pH'~5 As shown in Fig. 4.2, the rapid formaj

tion of triiodide ion is observed at loQ‘pH( followed by its

disappearance and the slow appearahce of mohoiodotyrosine.
With inéreasing Easicity, however, tfiéodide Ef?ductioh be-
comes slower. At pH~5 the effect of diminished triiodide
formation on the reaction profile is apparent. The produc-

tlon of mon01odotyr051ne contlnues to be hindered with de-

'crea51ng~ac1d1ty. At pH 8.37 another intéresting feature

is observed; an oscillating reaction i$ superimposed on the

production curve of monoiodotyrosine. It is possible that

“this oscillating system is the Bray-Liebhafsky reaction

which may bquummarized}by the following alternating

reactions (28,29):
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[4.1) \ I2 + 5H202 e 2103 + 2H  + 4H20

- + ‘
[4.2] 2Io3 + 5H202 + 2H T ;2 + 502 + 6H20

In 'order to explain the resglts of the pH study it is
\EEEsssary to considér the log(rate) versus pH profiles for
tﬁe oxidations of iodide and tyresine by both compounds I
and II of horseradish peroxidase as illustrated in Fig. 4.5.
’At'vefy low pH, where thei%eroxidasewcata;yzed.iodinatien
of tyrosine is most efficient, iodide oxidation by compound
I occurs very rapidly. There is approximately a 1000-fold
difference in the rates of iodide and tyrosine oxidations by
“compound I in the pH';egion 3 to 4. No compound I1I is pro-
duced during the enzymatic oxidation.of iodide. The initial
rate of molecular iodine formatlon may be related to the

initial reactant concentrations as shown by Eqg. 4 3 (deriva-

tion in Section 4.6). ;

_2dl1,)  k [HRP] [H,0,]

A

[4.3] at v T K, 6,0,
/ | (l + --~:~> s
| k(1] |

. S )
[HRP]  is the total concentration of enzyme. Substijution

of the initial concentrations of reactants, azkI value of ~

1. 5x107M"l s-l (30) and a k value of 1.1 x 106

(31)), gives an 1n1t1al rate of 3 1::10 4515—1 for iodine

(Fig. 4.5,

formation which compares favourably w1th that measured dur-

ing the steady state analysis (312:{10_4hdsfl). Monoiodo-

tyrosine formation begins only after molecular iodine is

)
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Fig. 4.5 ;;H“DepéndenCies of oxidations of tyrosine and
i‘odid‘e by both compounds I and II 6f» horseradish peroxidase:
(—~) iodide oxidation by copmpound I (30); (---) iv‘odide
oxidation by compound II {32); (ese-- ) tyrosine oxidation
Sy compound I (Chap‘ter‘II, | (31)); (;—.—-—l;) tyrosine oxida- .
tion by compound II (Chapter III). | | | T
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produced in almost a stoichiometric yield.

Three mechanisms for the peroxidase-catalyzed ioaina—
tion of tyrosine must be considered: (a) oxidation of tyro- i
sine to tyrosyl radicals which react with molecular iodine, .
(b) oxidation of the small amount of iodide femainiﬁg in

” I @"

species which reacts with tyrosine and

@ll

. solution to an

(c) oxidation of molecular iodine to an "I species which
reacts with tyrosine. ‘

Both compounds I and II of hbrseradish pe:oxidase are
involved in ;he»stgady state cycle of tyrosine oxidation
(see Chapters I and II). As shown in Section 4.6, the fol-

. '
lowing equation describing monoiodotyrosine formation may be

derived:

ammrr) | 2Kyk3kg [HRP] [H,0,1[tyr]

at kl[azoz]_(k3+k4) +vk3k4[tyr]

[4.4]

where MIT and tyr represent monoiodotyrosine and tyrosine
respéctivelyfl With substitution of [H,0,] = 1.16§<10_4bh

: : Co e
"“initial concentrations of tyrosine and enzyme and values for -

k. and k, (see fig, 4.5, Chapters I and’II),.the rate of

3 4
monoiodotyrosine formation is calculated to be 1,4><10-8b(sfl.

This predicted value is lower than the experimental value

of 5.4:{10_7his—l. 'Tyrosine oxidation is therefore too slow

.to take an active part in monoiodotyrosine production; the
mechanism involving tyrosine radicals may be eliminated.
Furthermore, an attempt to detect the formation of tyrosyl

radicals by an epr experiment failed; no signal was observed
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for a solution eontaining tyrosine, iodide, hydrogen per-

Sxide and‘énzymé. 7 '. |
Since molecular iodine is produced in almost a stoi-

" chiometric yield, the amount of unoxidized iodide present

in solution may be estimated by considering the following

equilibrium:
[4.5] "12 + HLO — B 4+17 +10H; Keq=6.8x10-l3M/ (32)
v Je.sx107t3 L,
[4.6] [I71= .
[H ] )

Using Eqg. 4.6 and assuming a stoichiometric yield of mole-
cular iodine, the conéentratibn of iodide in solution

(pH'=3.7) at the time of -initial monoiodotyrosine formation |

is calculated to be 5.3x10” /M. Subsequent substitution of

4@4_and the initial concentra- !

fhis value, [H202] = 1,16 x10
7 1 |

tion of enzyme into Eq. 4.3 yieids a rate of 2.0x10 ' Ms~
for iodide d%sappearance or monoiodotyrosine formation.

This value is also somewhat lower than the measured rate of

'7Ms_1; hence, the mechaniém'involving the oxidation

n I @u

5.4x10°
of trace amounts of-iodide to an species appears to

be in doubt.

L I @Il‘

The oxidation of molecular iodine to an species

which then reacts with tyrosine is an alternative mechanism.

Unfortunately no pertinent rate data ig’ available for the
peroxidaée~cata1yzed oxidation of molecular iodine; however,

it appears that a slow reaction of/iodine takes place in the

\

REN
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absence of tyrosine as shown in Fig. 4.3. The present
mechanism is proposed solel& by elimination of other plaus-
ible schemes. Several authors have suggested'the_same

- mechanism (10,17); however, no direct evidence has been pre-

sented to prove the involvement of an,"If&' species.

In neutral or basic solutions, the oxidation of tyro-
sine by compounds I and II of horseradish peroxidase domin-
ate over iodide oxidation as shown in Fig. 4.5. The combin-
ation of tyroéyl radicals to form bityrbsine prébably_takes
place before sufficientvmolecular iodine is produced to
react with fhe>oxidized tyrosine. ‘Bityrosine, which.also
absorbs at 290 hm (33) can be oxidized’by the enzymé; how-
ever, no pH dependent study has been‘attempted. If ény
"IG%’ is produced at‘high pPH, it probabiy forms hypoiodoﬁs
acid in solution which in turn may be capable of iodinating
. gifyrosine or tyrosine. It is obvious that under basic con-
ditions‘the‘reaction is complicated by mapy,side reactions.
Furthermore, manyrspgpiesn(txnpsine)monoiodotyroSihe, bi-
tyfosine, t:iiodidg ion and ﬁx?oiodite ion (34)) absorb
strongly in the 290 nm reqiéh:; The onset of the Bray-
Liebhafsky reaction givéé a more complex(éystem.

A controversy.had ariéen in'the literature over the
existence of»a horseradish peroxidasé-—iodﬁne complex. The
,sﬁpposéd binding of iodine to the enzyme was first syggested
" by ?jéfkstén who recorded ainew spéctium by adding equimolar.

quantities of iodide and hydrogen peroxide to th%_ferric

enzyme at pH~6 (8,35). However, this complex was not de-

-
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tected under conditions of high iodide concentration By
Roman and Dunford (31).  Furthermore, they reported that the
molar ratio of comﬁound I reacted to molecular’iodine formeé)
is unity; hence no“iodine {s incorporafed into an enzyme-
iodine complex in the initial stages”bf the reaction (31).
.Ih the'bresent study, a shift in the épectruﬁ of the ferric
eﬁzyme‘corresponding to that observed by Bjérkstén'wag‘ini—
tially noted when iodine was added to the‘system. ,Héwever,
whén the solution in the reference chette contained an
equimplar quantit} of iodine,. it was realized that the spec-
trum of the ferric énzyme had not changed upon addition of |
iodine. Similarly, no céﬁplex fofmation was ebéerVed at

pH 6.1fan§ 8.4. Since waterfwag usadras a reference in
Bjérkstén's study (35), the observed spectral'changés were
due to the production of iodine and the effect of9its 6ver—
lapping absorbance with horseradish peroxidasé.

An eﬁzyme-iod;ne qompléx was alsoireported by Nunez and
_Pommier in<éistuay using labelled iodidq\ana tthoglqbulin
(3). The.hbrseradish peroxidase was initially incubafed;
with iodide contain;Pg/tracé amount$ of 1311; Afterwards,
thyroglobulin and iodide labelled with 1251 were added to
the'system.“The prd@uct, iodinated thyfoglobulin, contained

more +31I than 125, suggesting that the thyroglobulin reacts

131

with oxidized I bound to the enzyme (3). The experimen-

tal conditions, however, are suspect since the original con-
centrations of 131I'and 1251 are not specified (3). 1In

another paper, Ppmmier et al. (13), give evidence for two

Ty b s e
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\
iodide binding §%tﬁ5*99 horsefadish'peroxidase by showing
that a sigmoidal relationship between molecular iodine for.
mation\and iodide concentration exists at pH~ 7. At pH ™35,
however, the sigmoidicicy was reduced (13). Nunez and
Pommier also claim that oxidizea,thyroglobulin binds tO
horseradish peroxidase (6). bTﬁgs study must be carefully
epocoeched siocevglucoseeglucose oxidase was used as a by
d;o/en peroxide generating system and the amount of 1251
uséi to label the thyroglobulin was not mentioned.

| It has not yet been established whether an oxidized
.‘{odlde enzyme complex takes part in the lactoperoxldase’
‘catalyzed 'iodination of tyrosiné (19) ~The\reactlon 'is
- thought to involve tyrosine binging to the eniymel(7);‘this .
«<onclusion 'was based on the fact that D and L isomers are
iodihated at different rates. A thyroid peroxidase-bound
okidized iodide intermediate has apparently been jsolated

Al

(17).

The results'of-studies involving peroxidases other than

" horseradish perox1dase or protein acceptors 1nstead of free
tyr051ne may not necessarlly be representatlve of the syStem \
descrlbed in the present report On the other hand, the
horseradlsh perox1dase—cata1yzed iodinatioh of free tyrosihé:%
is several steps removed from proViding a clear undersfand\

ing of the thyroid gland reaction.
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4\6 Derivations of Egs. 4.3 ang 4.4

Dendwvation of Eg. 4.3: ’

Ve kl
HRP + H,0, ———» HRP-I + %

ok
- ¥ 72 "
HRP-I + I —~ » yrp + "19
G _  fast , ,

"I+ I, —— I, (exCeyg jodide) /

1@ 4 ogyr L35 yir (o excess iodide)
%) [HRP] [H,0,] = k,[HRP~I}[I ]  (steady state approximation)

kl[HRP] [HZOE,]-,

k(171 R

[HRP-I] =

[HRP]O = [HRP] + [HRP-~I]

/
\~/[HRP]

[HRP] = —— e
1 + EEEEESE_.> i —
- ky[I7] |
-, 2d[I.] o
d[r7y . 2} apurrg .
T TEET T Ta - T ae o N HRPIIHO,]

. i=v  ky[HRP] [H.D.]
dfI ] _ "1V otT2Yy;
- gt 'kTHO“%‘/
(1+ 122) 3
| 3 _
k,[17] '
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Derivation of Ey. 4.4:

f\\\,/\\\\ , n | 1' - ,/”7' )

S =
HRP + H.0, —Xt_» HRy_7 . H,0

272
N& Xy o - | .
HEP—I + tyr ——~ HRP—II + tyrOx AN P /
. ky . )
HRP-II + tyr ——> RNgp + tyrg,
- . \._/ !
a 2tyrg, + I, fast, 2 MIT <>

k; [HRP] [H,00" = k3[Hf?‘11[tyr] = 'k, [HRp~I1] [tyr]

" _ - (steady state @Pproximation) :
. .. ky[HRP] [H,02] IV
[BRP-I] = -
k3 23

| 7 x,[HRp][H,O3)
[HRP-TII] = “l"T’”’ngg\ ~ | ,

o kyleyr . ‘
. [HRP] _ = [HRP] + [HRP~L] 4 [HRP-I . ‘ 5
. ( lo [ ] [ < 1+ [t I] | » |
| oo ¥alHz2l kg [H,0p) o | ?
[HRP]O'— [HRP]('ESTE?ET\ + EZTE§;T—,+.1) . ;
- X kg (¥ [mrP] .
HRP] = — % ,
_ _klk4IH202 T+ M 3 HZOZ + k3k4 tyr
o kgkalvgey oo
[HRP-T] L o272

kK, [H 0, k1k3'H202 ¥ KK, [ty | - -

_ dltyr], _ dIMITY _ o k. . , - - | ‘
=% g3~ ® 273 [HRP 1] [tyr] E ‘ o -

/ .
amrr) _ - 2kpkye 0B k]°[32°2][tyr]
dt Kk 0T+ kGTH,0, T kK Ty E
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Abbreviatjons: : ’ .

- HRP; horseradish peroxidase

- HRP-I; horseradish peroxidase compound I

HRP-II; horseradisﬁ pggéxidase compound II
[HRP]O; initial concentration of horseradish perqxidase
tyr; tyrogine‘ | |
tyrox: tyrosyl radidal

MIT; monoiodotyrosine
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APPENDIX

S

THE CATALYTIC MECHANISM OF ACTION OF
A
L-TRYPTOPHAN-2, 3- DIOXYGENASE

A. {I troduction ' L\\
.l n uction . \_/////

Biological oxidation has been studied in great detail

ever since Lavoisier initifted the inVestigation.over 200
years ago. Since that Eime, thé mechanism by which living
organisms oxidize organic substances has remained.oné of
the masf important and interesting topics in‘biological
sciencé. L—tryptophan—z,3-dioxygenase‘is Ohe of the‘many
enzymes involved in such oxidation procesées.

| Létryptophan—Z,3-dioxygenase is é heme-containing/en-
zyme which catalyzes the oxidative ring cleavage of the
amino acid, LjpryptOphan, to yiéld N-formylkynurenine;

CH.CH-COOH | C-CH,CH~COOH
l ‘ 2 { ’ + 0, —/—» ! /
NH, : 2 . NH,

=0

‘ N—ﬁ—H
H ) 3 H o
L-tryptophan N-formylkynurenine

both atoms of molecular oxygen are incorporated in the pro-
duct. This reaction is the first anq one of the rate limit-
ing steps in a metabolic pathway which leads td-the'bio—

synthesis of the coenzyme NAD. Tryptophan dioxygenase
. ' _ ¥, : .
was first isolated in 1950 (1). The two major sources of

the enzyme are rat liver (1) and Pseudomonas geidovorans (2).
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The bacterial enzyme, which can be obtajned in a highly
pure form, has a molecular weight of 122,000 (3);_whereas,
the rat liver enzyme haé a.moleculér weight of 167,000 (4).
The enzymes from both sources consist of four subunits and
contain two moles of ferriprotoporphyrin IX per mole of
protein (4,5). When isolated the heme jron exists in a
ferric state with a Soret maximuym at 403 nm (6). Reduction
with Hz/Pd or sodium dith%gg}te yields the ferrous species;
its Scret maximum occurs ath433 nm (6). ‘
Investigations have revealed valuaple information
labout the catalytic mechanism of tryprtophan dioxyge@ase.
The'involvemgpt of an oxygenated intermediate (7-11) and
the allosteric behavidur of the enzyme (12-15) are well es¥
tablished facts; howevér, controversies\over ;he presénce
of copper in the enzyme (5,16725)'and the valence state of:

the heme iron daring the various stages of catalysis (26-31)

remained unresoﬁved until very recently (32).

A.2 The.Oxygenated Intermediate
. [ ¢

Probably the most siék?!ieﬁntlstep in the elucidation

of the reaction mechanism of tryptophan dioxygenase was the

.discoﬁery in 1967 of an oxygenated int?rmediape (7). lIt
wascpbsefved fhat addition of the substrate,-tryptophén, to
either the ferrous or native ferric state 6f the enzyme un-
der anaerobic conditions resulted in Slight shifts of the
soret band (26). This observatjcn indicates that trypto-

phan binds to the enzyme regardless of jts oxidation state.
] , _ ~—
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On'the other hand, the spectra of both yalence forms of
the enzyme wefq essentially unaffected by oxygen in the ab;
sence/of tryptophan (7). From ghese observations it |
appears that - the enzyme binds first with the organic sub-
Etrate”and_then with PXygen to form a ternary complex (8).
To verify the eXistence‘of such a ternary complex}_
expe;;ments Were barried out at 5°C.to slow down the rate
of reagtion (8),. When o;ygen was bubbleébthrough a solu-
tion containing ferrous enzyme and tryptOphan, a new spec-
tral species immediately appeared. The absorption maxima
of thisg species~were observed at 418, 545 and 580 nm which
compare favourably w1th the o, B8 and Yy bands of oxygenated
heme proteins such as hemoglobln, myoglobin and perox1dase
(11). ZIn contrast to these results, when oxygen was bub-
bled through a,sfstem containing ferric enzyme and trypto—
phan, no spectral changes were observed (7). If oxygen
were added to the ferrous enzyme in{ghe ahsence of'trypto-
phan, the spectrumfchanged very slowly to tnat of the ferric
enzymev(7x. The‘formation of this new species therefore
seems tp depend on'the simultaneous presence of.ferroue
heme, tryptophan and oxygen (7—11)} ;
AdditiOnal stndies”were carried out to establish whe-
ther or not'thie ternany complex of tryptophan dioxygenase
is indeed aﬁlintermediate of the reaction. By studying the
reection using stopped-flow techni§Ue5'the spectrum. of the

short-lived intermediate was determined (1Q). Furthermore,

when the overalllreaction rate was compared to the amount of

v

~.

o

2%
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complex formation at different time jintervals, a linear

plot was obtained, indicating that the oxygenated complex
is definitely an intermediate of the reaction (10).
The following reaction sequencg may account for all of

.

the observations (11):

E 2 » EFe+ TO
AN N z
Fe ] F’Q- _

T: tryptophan
‘,-k
\J’—p o2 %3

The organlc substrate,ktryptophan, tirst combines with the

L¥s

' enzyﬁe; the ongen molecule is then bound to form a ternary ”

' c0mpﬁe§Wof enzyme heme,‘fryptophan and oxygen. It is jim-

portanrjto note,‘hOWever, that £he hindiég site of’tryptq?
phan ischot clear The fact that the appearance of an
oxygenatedﬂlntermedlate is dependent on the presence of
tryp@&phan 1mp11es that either tryptophan combines dlrectly

w1th the heme or elsewhere on the enzyme, evoking a conforv

matibnal change and thereby lncreaslng the reactivity of

. tha,heme‘m01e§xitowards okygen (7). This interpretation ig

20

supported byxstudies with»cyanide-and‘carbon moﬁoxide’where
the presence of tryptophan in the system enhances the bind~

ing of these ligands to the enzyme (7).

A.32 Allosteric¢ Behaviour of Tryptopnah Didngenaseb-

The act1v1ty of tryptophan dloxygenase was measured as

a functlon of trygroéhan concentration, yleldlng -a 51gm01del

curve whlch suggests the ex1stence Qf and p0551b1e 1nter-

* .
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|

A

N

<

oction between more than one tryptophan binding site on
the enzyme (12). When a-methylt?yptOphah,'an anelogue of
tryptophan, was added to the system, the rate of proqQuct
formation was considefably increaéed at low tryptophan con-

centrations; whereas, it had no catalytic effect at very

- ‘v
high tryptophan concentrations (12).  With this additjon of

a-methyltryptophan, the sigmoidal shape of the curve dis~.
-

appeared and a'classical hyperbolic tryptophan saturation

curve resulted, Further experlments showed that a-methyl—

tryptophan did not inhibit tryptog%an dloxygenase act;v1ty

(12), It was therefore concluded that a-methyltryptOphan

is neither-an inhibitor nor a sybstrate of the enzyme and

it presumably hinds to a site op the enzyme, other: than the

.catalytic site (12). Investigations also showed that the

bindinhg of tryptophaﬁ or a-methyltryptophan to the non-

r alJosteric site modifies the enzyme's inter-

Kact;on with oxygen (12). : , .

" The use of a—methyltryptophan to saturate the allo-

sterlc site enabled a study ‘0of carbon monoxlde inhibition®
of oxygen 114). The\results indicated uncompetitive in-
hibition by carbon monoxide with respect to'tryptophan; an

.o . =, .o -
ordered bi-uni mechanism where tryptophan binds before

) oxygen is compatible_with the findings (14). As shown in

the following scheme two explanations for this bi-uni pro-

cess were provided (14):
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T: tryptoph;n " FK: N—formylkynurenine 

In séheme I the heme exisﬁs in a divalent state‘befofe and -
- A . -

after tryptophan binds. In"scheme II, the valehce,state of

. the heme may cycle during the réactioﬁ, with tryptophansre-

sponsible for the réduqtion of the heme iron. 'Oniy this -
second ekblanation is conSiStehf with the iaét thét carbon
monbxidé inhibition witﬁ respéct.;o trypﬁophén is uncompeti-
tiQe;' For séheme i'there'is no’reason whylcarbdn monoxide °

or oxydén\couid not bind to the ferrous heme (14). This
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result is rather surprising since it héd'previously been

- shown that only the ferrous form of the enzyme iy cataly--

tically active (6).

A.4 Controveréial‘Studies on the Heme Iron Valence State

‘and Coppey | Presence 1n the Enzyme

A prellmlnary study of the valence state of tryptophan

'dibxygenase wag carried out in 1959 (6). It was proposed

_ that the native ferric enzyme is catalytically inactive and

that ascorbate is°required to reduce the native'enZyme to
its active feryous form. By reacting the native ferric
enzyme (Soret maximum at 403 nm) with trypﬁophan and ascor-

bic acid, a nev spectrﬁm with a Soret band at 433 nm.was

recorded. Thiy new spectral species was associated with

~ the ferrous foym of the enzyme since reduction by H2/Pd

or sodium dithjonite of the native enzyme yieldeq the same

spectrum’(s) " additional evidence was provided by‘studies

on cyanide and carbon monoxlde blndlng (6), catalase 1nh1—

bltlon-(G) and enzyme reconstltutlon (27) All Qf these

early results p01nted to one very 1mportant conclusion:

- only the enzyme 1n its d?valent state is catalytlcally

active.
A major disputebconcerning the valence state of the

enzyme auringAcatalysis_a:ose<earlyvin the history of try-.

ptophan dioxygenase,and-was not resolved until racently.

-Two research groups, one in Japan and the other in the

*

U.S.A., have collaborated azd ceme»to terms with the pro-

-~ . ;
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blem after many years of disagreement; However, for al-
most .a decade the American laboratory strongly opposed the -
idea that only the ferrous form of the enzyme is catalytic-

ally active; it also claimed that Copper was a cofactor of

: e
‘the enzyme (5,16,18520,23,25,30).

I _ '
4( The’discovery by Feigelson and coWorkers.in the U.S.A.

of two moles of copper per mole of enzyme and 1ts apparent

,

requ1rement for catalytic activity led.them to predict

that it was the oxldation state of the.copper and not that
of the heme\iron which go§erned the enzyme's activity (5).
They claimed to have isolated three redox forms of trypto-

phan dloxyqenase (19,20). By treatment with an oxidiz-

1ng agent ferricyanide, the fully-oxidized form,

(Fe )2(Cu )2wasproduced ThecatalytlcalLyactlvefully—

reduced form, (Fe )Z(Cu )2, was easily obtained by the

/
,addltlon of sodium dithionjite under anaerobic condltlons.

The half—reduced form,‘(Fe )2(Cu)2, which also exhlblted

‘catalytic act1v1ty, was the most dlfflcult to preparer

Hav1ng obtalned the two catalytlcally active forms of the
enzyme, .the main concern Was the. determlnatlon of the roles

of copper and heme components as substrate binding sites"

(19). By stpdying the competitive inhibition of oxygen-by.
' carbon mcnoxide, it was shown that both the fﬁlly—reddced
‘and the half-reduced forms of the enzyme were inhibited to
b'the same degree (19). It was hence postulated that for
 the half-reduced form of tryptophan dloxygenase, oxygen and

ilts analogous substrates ‘were bouné to a site on the enzyme

R
.
. A\

-

&
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other than the heme moféties. It was assumed that copper,
the presence of whlch had prev1ously been determlned was
‘thlS second binding site. ‘The proposed strﬁgtures for the
OXy and carboxy complexes- of half-reduced and fully;reduced
}e represented by the following

tryptophan dloxygenase we
scheme (20) : .

Half-reduced | Fully—reduced

re3t 5 - cut I Fe?t _o. - oyt
2 | . | 2
Fe?t  co-cut | Fe?* - co - cu?

It was belleved that the oxygen (or carbon monoxide) acted
as a brldglng molecule between copper and heme. Depending
on the ox1datlonrstate'of the 1ron/ the oxygen.was more or
less exclusively'bound to“the heme. If the heme were ox1-';
dlzed the. oxygen molecule would lie 1n closer prOlelty to
the cuprous ion., _ )

] Felgelsonfs discovery of copper in the enzyme was not,

howeVer, supported by the Japanese workers in the fleld

-‘led by Hayalshl (17,21,22, 24, 31) 051ng 51m11ar technlques

for copper analys1s, only trace amounts of cop/er were

found in Hayaxshl s enzyme preparatlons (;7 22,31). : It was

_subsequently suggestedthatF@1gelson ] enzyme contalned con-

'tamlnant copper protelns w1th melecular propertles 51m11ar

/

to those of tryptophan dloxygenase (22)

In a very recent publlcatlon (32) the issue was flnally

settled. Durlng a visit to the Amerlcan laboratory,

'Hayalshl proved that his method of enzyme separatlon from

»
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both rat liver and bacteria yields enzyme preparations which
exhlblt full catalytic act1v1ty but contaln no copper.
L1kew1se, Feigelson was successful in produc1ng active, -

Copper-poor, enzyme samples, simply by the addition of

ethylenedlamlnetetraacetate to the buffer solutlons in

order to remove contamlnant’metals. The agreement was es-

tabllshed only through open communlcatlon and dlrect co- .

operatlon of the two laboratories involved (32).

4

.AQS Summary

In most recent years, llttle work with the exceptlon

of the 1atest paper (32), has been carrled dut on the cata-:'

3

lytlc mechanlsm of tryptophan dloxygenase Nevertheless,

‘the stand-off between ‘the Japanese.and American groups has

been put to rest and several‘definite,conclusions may be
drawn: N

1. An ongenated‘intermediate pPlgys a major role in

cataiysis;'

- 2. Tryptpphan blnds with the enzyme before oxygen.-

3. The enzyme exhlblts allosterlc behav10ur.

4. Copper is not an obllgatory cofactor of the enzyme
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