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Catalysis of Iodination by Lactoperoxidase* 

Martin Morrison and Gladys Sisco Bayse 

ABSTRACT : The kinetics of iodination reactions catalyzed by 
lactoperoxidase have been studied using both potentiometric 
and spectrophotometric methods. The rate of iodination 
could be determined by use of the iodide sensor to  detect 
changes in iodide concentrations, Since the difference in the 
spectrum of tyrosine and L-3-ITyr is maximal at 290 nm, the 
rate of L-3-ITyr formation could be followed at this wave- 
length. The iodination reaction involves three substrates : per- 
oxide, iodide, and the phenolic compound which is iodinated. 
Kinetic studies indicate that a quaternary complex is not 
formed, but that a Ping-Pong-type mechanism is involved. 
Optimal concentrations of peroxide, iodide, and tyrosine for 
the initial rates were established. The K,,,,, values for L-Tyr 
at pH 7.4 and 5.0 were determined, at optimal concentrations 
ofperoxide and iodide, to  be 1.3 x and 3.3 x 1 0 - 4 ~ .  The 

I n order to  study iodination or halogenation reactions cat- 
alyzed by peroxidase, a number of procedures have been used 
(Roche et ai., 1954; Covelli and Wolff, 1966; Hager et al., 
1966; Thomas and Hager, 1969). The most widely applied of 
these procedures is one in which iodination is assayed by iso- 
lating the iodinated derivatives and determining the amount 
of iodide incorporated into the organic compounds. In  order 
to increase the sensitivity of this procedure, radioactive iso- 
topes are usually employed. Thus, a measure of the iodination 
would be the radioactivity incorporated into a compound. A 
second method of following halogenation reactions involves 
the determination of a change in spectral properties of a mole- 
cule as a result of the halogenation (Covelli and Wolff, 1966; 
Hager el a[., 1966). Two modifications of this procedure are 
employed. A static method takes advantage of changes in 
ionization of the phenolic group and spectral properties to  
follow the iodination of tyrosine residues in proteins. Hager 
and his coworkers (1966) have followed halogenation kinetic- 
ally by the change in absorbance due to halogenation of mono- 
chlorodimedon. More recently Thomas and Hager (1969) have 
taken advantage of the differences in fluorescence between 
tyrosine and its iodinated forms to follow the kinetics of halo- 
genation. 

In order to evaluate the ability of lactoperoxidase to cat- 
alyze the iodination of tyrosine and its derivatives, we have 
employed two methods. One is a spectrophotometric proce- 
dure based on the difference in spectral properties of tyrosine 
and monoiodotyrosine, while the second is a procedure using 
the iodide specific electrode (Morrison, 1968). With this latter 
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effect of pH on these parameters was studied in detail. The 
rate of iodination varied considerably with pH, with maximal 
rates being obtained at pH 5.0. At this pH value, 1.5 X I O 5  
moles of L-Tyr was converted into L-3-ITyr per min per mole 
of lactoperoxidase. Most interesting was the fact that D-Tyr 
was iodinated at a faster rate than L-Tyr. The greatest differ- 
ence in the relative rates of D- and L-Tyr occurred at the higher 
pH values. D-Tyr was iodinated 1.5 times more readily than 
L-Tyr at pH 8.2. These data suggest that the catalysis of io- 
dination involves a complex with lactoperoxidase not only of 
the peroxide and iodide, but also of the phenolic compound. 
Lactoperoxidase catalyzed the iodination of L-3-ITyr to  L- 
3,5-IaTyr. Under the experimental conditions employed, no 
changes could be observed when ~-3J-IzTyr was used as a sub- 
strate. 

type of apparatus, we are able to  follow the kinetics of iodina- 
tion catalyzed by peroxidases employing a wide variety of sub- 
strates. 

Experimental Section 

Reagent grade chemicals were used whenever possible. The 
following amino acids were used : L-tyrosine (Calbiochem), D- 
tyrosine (Calbiochem, Sigma Chemical Co.), and ~-3,5-I*Tyr 
(Calbiochem). Chromatographic purity of these compounds 
was assessed by thin-layer chromatography. A Cary Model 14 
spectrophotometer was employed in obtaining spectra. The 
enzyme lactoperoxidase was isolated and purified as previously 
described (Morrison and Hultquist, 1963; Rombauts et al., 
1967). Concentration of the enzyme was based on a millimolar 
extinction coefficient of 114 at 412 nm. Hydrogen peroxide 
concentration was determined using a molar extinction co- 
efficient of 72.4 at 230 nm (George, 1953). Purity of the amino 
acids and identification of the products of enzymatic iodina- 
tion were assessed by thin-layer chromatography. 

Ascending thin-layer chromatography was carried out on 
MN silica gel N-HR (Macherey-Nagel) on precoated plastic 
sheets in benzene-xylene-95 acetic acid (1 :1:3) or on M N  
cellulose powder 300 (Macherey-Nagel) precoated plastic sheets 
in I-butanol-acetic acid-water (78:5:17) (Roche et al., 1954). 
All plates were obtained from Brinkmann Instruments, Inc. 
The products of enzymatic iodination were obtained from lyo- 
philized samples. The dry material was extracted in small vol- 
umes of methanol or 1-butanol and centrifuged to remove ex- 
cess salt. The concentrated extract was then spotted on plates. 
Compounds were detected by one or more of the following 
sprays: 0.5Z ninhydrin in butanol (heated for 10 min a t  
90') for a-amino groups, diazotized sulfanilic acid for phenols 
(Daly and Guroff, 1968), and ferrichloride-ferricyanide- 
arsenious acid spray for iodinated compounds (Gmelin and 
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'"1 TABLE I :  Optimal Conditions for Iodination of Tyrosine as a 
Function of pH." 

FIGURE 1 : HxO? optimum at pH 7.4. The conditions are those given 
under Experimental Section except for the variations in H20, 
concentrations. (0-0) L-3-ITyr production, (X-X) I- disappear- 
ance. 

Virtanen, 19 59). The ferrichloride-ferricyanide-arsenous acid 
spray is not specific for iodinated compounds (Zappi and 
Bublitz, 1968) and can be used to  detect tyrosine. It is,however, 
much more sensitive for the iodinated compounds. As little as 3 
x 10-1O mole of tyrosine can be detected, in a spot 0.5 cm in di- 
ameter, while 3 X mole of L-3-ITyr and 3 X lo-'* mole 
of ~-3,5-I;Tyr can be observed under the same conditions. 

All of the commercial samples of L-3-ITyr checked chroma- 
tographically were contaminated with tyrosine, ~-3,5-I~Tyr,  or 
both. Therefore, commercial L-3-ITyr was purified by a modi- 
fication of the method of Pitt-Rivers and Sacks (1962). Dowex 
AG 1 (Cl- form, X8, Bio-Rad Laboratories) was washed with 
0.1 N NaOH until chloride free. This was followed by water 
washes until the effluent had reached neutrality. A wash of 
saturated sodium acetate was used to convert the resin into the 
acetate form; excess acetate was removed by further water 
washes. To a column 2.5 X 30 a solution of 60 mg of L- 

3-ITyr was applied. The L-3-ITyr was eluted with 0.5 acetic 
acid, The column was run at  4"  in the dark. L-3-ITyr-con- 
taining fractions were pooled and concentrated by lyophiliza- 
tion. The fractions were repeatedly lyophilized from water to  
remove all traces of acetic acid. Such samples were chromato. 
graphically homogeneous in the two solvent systems. The 
purified L-3-ITyr was stored in the freezer. 

Iodide sensors, which were obtained from Orion Research, 
Inc., Cambride, Mass., or National Instrument Laboratories, 
Inc., Washington, D. C., were employed for the determi- 
nation of iodide concentrations. The electrodes were con- 
nected to  a millivolt meter and recorder and were calibrated 
with standard iodide solutions. The calibration was checked 
by reading in the concentration range employed and was 
not markedly affected in the pH range 4-9. A constant 
temperature of 22-25 O was maintained in a jacketed reaction 
flask, and the solution was stirred with a magnetic stirrer. 
With this type of apparatus concentrations of iodide from 
1 x 10-1 to 1 X 10-7 M were readily determined. The re- 
sponse of the apparatus to iodide was unaffected by concentra- 
tions of peroxide as high as 1 X lo-? M. Oxidized forms of 
iodide do  not affect the potentiometric determination of 
iodide except when by reaction with iodide they change its 
concentration. 

Unless otherwise indicated, the following conditions were 
employed for assay of the lactoperoxidase-catalyzed iodina- 
tion of tyrosine at  pH 7.4. The final concentrations were 8.1 X 

M H20s, 9.0 X 10-5 M KI, 1.0 X hi L-tyrosine, 1.0 X 

PH 

8 2  
7 . 4  
7 .0  
6 5  
5 0  
4 2  

HzO? 
(hl x 
10- 4) 

0 5  
1 0  
1 0  
4 0  
6 0  
4 0  

Tyr (M X 
10- 4) 

1 0  
1 0  
1 0  
2 0  
3 5  
2 0  

8 . 1  
8 .1  

16 .2  
30 .0  
8 . 1  

16 .2  

Sp Act. (moles of 
~-3-ITyr/min mole 
of Lactoperoxidase 

0 27 X l o4  
1 05 x 104 
2 16 x 104 
3 65 x 104 

15 80 x 104 
8 65 X l o 4  

a 7.4 X M lactoperoxidase, 1 X M EDTA, 0.05 
M buffers of glycylglycine at  p H  8.2, phosphate at  pH 7.4- 
6.5, and acetate at pH 5.0, 4.2. Rates were measured as I- 
disappearance at  p1-I 8.2, 7.4; L-3-ITyr production at  pH 
7.4 and below. 

M EDTA, 7.4 X hi lactoperoxidase, in 0.05 M phos- 
phate buffer. The final volume of the reaction mixture was 5.0 
ml. The rate of change of iodide concentration was deter- 
mined at  25' with the apparatus described above. The reac- 
tion was initiated by the addition of the enzyme. 

L-3-ITyr formation was assayed spectrophotometrically at 
290 nm on a Gilford recording spectrophotometer a t  25". 
Final concentrations used were the same as those for the pro- 
cedure described above in a final volume of 3.0 ml. The reac- 
tion was initiated with either enzyme or peroxide, The initial 
rate of increase in absorbance at  290 nm, due to formation of 
~-3-ITqr ,  was determined. The difference in absorbance be- 
tween L-3-ITyr and tyrosine gives a maximum a t  290 nm and 
has a 6 molar extinction coefficient of 2340 a t  p H  7.4 and 
below. This value was used in calculations of L-3-ITyr pro- 
duction. 

In order to determine whether any oxidized forms of iodide 
were present in our reaction mixture, excess neutralized 0.05 
M sodium arsenite or 0.05 M sodium thiosulfate was added. 
The arsenite was prepared according to the method of Dyer 
(1956). Under these conditions, I? or 13- is converted into 
iodide. Arsenite was used a t  neutral or higher pH, and thio- 
sulfate at lower pH values. 

Results 

Taking advantage of the ability of the iodide sensor to de- 
tect changes in iodide concentrations, the rate of iodination 
could be determined from the change in concentration of 
iodide (Morrison, 1968). The various parameters for the var- 
iables in the iodination reaction catalyzed by lactoperoxidase 
were investigated. The iodination catalyzed by lactoperoxidase 
involves three substrates: peroxide, iodide, and tyrosine. 

A broad optimum for peroxide concentration was found in 
the region of 1 X M at pH 7.4. As with most peroxidases, 
the enzyme is sensitive to high concentrations of peroxide, and 
has the optimum shown in Figure 1 .  As shown in Table I, the 
peroxide optimum varied with reaction conditions. 

Iodide does not give a simple saturation curve. Figure 2 
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FIGURE 2: Effect of iodide concentration on rate of iodination. 
Optimal concentrations of HzOz and L-Tyr (see Table I) were em- 
ployed at each pH value indicated. 

shows that high concentrations inhibit iodination. This is most 
apparent at  pH 5.0. The optimum iodide concentration varies 
with pH values as can also be seen in Figure 2. However, sat- 
uration occurs at  relatively low concentrations throughout the 
pH range studied (see Table I). 

Under optimal conditions of iodination, the K, values for 
tyrosine vary with pH. The K,,,, values for L-tyrosine were 
determined to be 1.3 x l e 4  and 3.3 X M at pH 7.4 and 
5.0, respectively. Since tyrosine is relatively insoluble, it is 
fortunate that the saturation levels are low. 

Employing the optimal conditions obtained at  pH 7.4, the 
rate of the reaction is proportional to lactoperoxidase con- 
centration as shown in Figure 3. At high dilutions of the en- 
zyme, however, the rate is no longer proportional to enzyme 
concentration. This may be due to the instability of lacto- 
peroxidase in dilute solution (Morrison et al., 1957; Steele and 
Morrison, 1969). 

Figure 4 shows a comparison of the difference spectrum ob- 

, ' O r  

,I 5 ' -  

E 
\ 

g.10 - 
>- 

,05 - 

FIGURE 3 : Rate of iodination at pH 7.4 as a function of lactoperox- 
idase concentration. The conditions are those given under Ex- 
perimental Section except that 6.5 X M H202 was employed. 
(0-0) L-3-ITyr production, (X-X) I- disappearance. 

Q 

I O 4 !  30 2 

nm 

FIGURE 4: Difference spectrum of L-3-ITyr and L-tyrosine at pH 5.0. 
0-0 was obtained with 0.6 X M L-3-ITyr in one cuvet and the 
same concentration of L-tyrosine in the other. 0-0 was observed 
when each cuvet contained 4.58 X M L-tyrosine, 1.0 X 10-4 M 
KI, 1.0 X M lactoperoxidase in 0.05 
M acetate buffer (pH 5.0), and to one cuvet 0.6 X M H202 was 
added. After 2 min the difference spectrum was recorded. The 
cuvet had a 1-cm light path. 

M EDTA, and 7.4 X 

tained at  pH 5.0 with equimolar concentrations of L-3-ITyr 
us. Tyr and the difference spectrum of the iodination reaction 
mixture versus the same solution without added peroxide. 
Since for each mole of tyrosine iodinated 1 mole of L-3-ITyr 
is produced, the spectra in both cases should be the same. The 
results in Figure 3 show that they are identical, within ex- 
perimental error. 

The difference in the spectrum of tyrosine and L-3-ITyr is 
maximal at  290 nm. The rate of the iodination of tyrosine can, 
therefore, be followed spectrophotometrically at  this wave- 
length. As shown in Figures 1 and 3, the same kinetics are ob- 
tained using the spectrophotometric assay for L-3-ITyr pro- 
duction or the potentiometric assay for iodide disappearance. 
Using ~-3,5-I*Tyr as substrate, no spectral or potentiometric 
changes can be observed. 

x > a y  

0tq jo  ' 5; ' 6b I 710 80 

PH 

FIGURE 5 :  Rate of iodination as a function of pH. The reaction con- 
ditions are those given under Experimental Section except for the 
variation in pH values. Phosphate (0.05 M) was employed at pH 
values of 6 and above, while 0.05 M acetate was employed at lower 
pH values. (e-@) L-3-ITyr production, (X-X) I- disappearance. 
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r WLE 11: RelativeRates of Iodination at  pH 7.4 J 

Re1 Rate Subitraw 

L - T y 1  1 00 
v-l') r 3 22 
I -3-1 ryr 0 34 
~-3,.5-IJTji 0 00 

(1 I he conditions of assay are as described under Experi- 
mental Section The rate IS  expiessed a h  the change in 
iodide concmtr'ition 

_. - . .  

I B  
24t 
20 c 

-10 + 

/ 
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U 
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/* 

[L-r] (mM) 

FIGURE 6:  Reciprocal velocity LS. reciprocal L-tyrosine coiicentra- 
tion. (A) The data were obtained at pH 7.1, using various coiiceiitra- 
tions of H202 and KI in a fixed ratio. (@--e) 0.67 X 10- hi  H,O, 
andKI,(O-O)OSOX 10-lhiHnO?aiidKI,aiid(r --5)0.25 X 10- ' h i  
HzOz and KI.  Other conditions are described in E.xperimenta1 
Section. (B) The data were obtained at pH 5.0, using diHerrnt 
concentrations of H,Oy and KI  in a fixed ratio. (0 3) 2.0 X 10 --; hi  
HnOa and 1.0 X 10-4 Lt KI, (@--e) 1 .O X 10 -' ri  tlrOl. and 0 . 5  X 

I\? KI. Other conditions are as described i n  Euperiniental 
Sectionexcept that 0.05 M acetate; pH5.0. was used. 

Employing the conditions found to be optimal at  pH 7.4, the 
rate of iodination was studied as a function of pH as \hewn in 
Figure 5 .  Table I compares all the conditions for optimum 
iodination of tyrosine at  various pH values. The highest 
specific activity under optimal conditions is at  pH 5.0. It 
should be noted that the conditions employed io obtain Figure 
5 were not optimal a t  all pH values. The differences a t  the 
various p H  values are even more marked than those shown in 
the figure (compare Table I and Figure 5). 

I n  a three-substrate system such as the one under study, it is 

'TABLE HI:  Comparison of Iodination of 'Tyrosine Isomers at  
Various pH Vnliie5: 

Sp Act. (n i~ le s~h i in  mole of 
Lactoperoxidase j Re1 Act., 

Ratio 
P H w r q r  1 - i q r  r ) : ~ - ~ y r  

3 6  4 24 x 104 3 82 x 10'  1 11 
7 1  1 20 x 104 0 99 Y 1 0 4  1 22 
5 2  0 24, x 10' 0 19 >( 10' 1 47 

The kinetic, of the reaction nt pH 4.6 uere nicasured 
spectrophotoriietri~~ill~, whik the rates at pH 7.4 and 8.2 
were measured ~ising the iodide \ensor. Ass'iq methods are 
d w " d  under Experimental Section, except that the 

rosine isomer5 were present in f i r i d  concentrations of 1.65 
io \ I  

possible to establish whether a quaternary coiriplex is formed 
(Fronim, 1967). In the data shown in Figure 6, two substrates, 
peroxide and iodide, are held constant while the third, tyro- 
sine, is varied. The siiiiie experiinent is repeated but a t  different 
concentrations of the fixed substrates, peroxide and iodide. 
The ratio of peroxide to iodide is kept constant. Double- 
reciprocal plots of the initial rates obtained under these con- 
ditions yield paralid lines over II wide concentration range. 
This suggests that LI tjiiaternarq complex is not formed, but 
that t)pe of Ping-Pong niechanisni is involved (Fromm, 
1967). The xmie situation was ol)served at tmth pH 5.0 and 
7.4. 

lable  11 compares the rate of  iodination of tyrosine and 
iodinated tjrosine derivatives, I'yrosine is iodinated more 
readily than any oi' the derivatives. ~-3- I - ryr  is iodinated at  a 
considerably luwer rate than tyrosine, and no change in iodide 
can be o b m v e d  in the case of i.-3,S-I;Fyr. Most interesting is 
the finding that D-tyrosine is iodinated more rapidly than 1.- 
tyrosine. I n  Table 111, the rate of  iodination of D- and I - 
tyrosine is compared at different pH values. At low pH values, 
the rate of iodination is maximal, but there ia little dift'erence 
between the rate of iodination of u and I, isomers. At pH 8.2 
the u isomer is iodinated at 1.5 times the rate of r.-tyrosine. 

An attempt was mide to determine whether the enzyme 
lactoperoxidase was capable of catalyzing the iodination of 
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tyrosine by functioning as an  iodinase. In these experiments, 
both p H  5.0 and 7.4 were investigated, and in place of peroxide 
and iodide, oxidized forms of iodide were employed. Solu- 
tions of Is- or I1 were added to the reaction mixture containing 
tyrosine and the enzyme, but there was no evidence that the 
enzyme was capable of catalyzing the iodination of tyrosine in 
the absence of peroxide. 

The possibility suggested by the work of Thomas and Hager 
(1969) that Ie is the substrate for peroxidase-catalyzed iodina- 
tion was also investigated. At low pH values where Iz is stable 
and the spontaneous reaction between phenols and Iz is very 
slow, lactoperoxidase in the presence of peroxide does catalyze 
iodination. The rate of iodination in this p H  region is nearly 
identical whether Ie or I- is employed as substrate. 

The products obtained under initial rate conditions were 
identified by chromatography. The reaction mixture with both 
D- and L-tyrosine contained two components: the original 
tyrosine, and a new component, corresponding in mobility in 
both solvent systems to  that of authentic ~-3-ITyr.  Further, 
the material was identifiable with spray reagents as being a 
phenolic amino acid containing iodide. No ~-3,S-bTyr was ob- 
served in any of the samples investigated. Control experi- 
ments in which the enzyme or peroxide were omitted gave no 
evidence of L-3-ITyr. With L-3-ITyr as substrate a new com- 
pound with the mobility and color reactions of authentic L-3,- 
5-IzTyr was found. Control incubations, in which lactoper- 
oxidase or H20r  was omitted, also showed no detectable 
product formation. 

A variety of other amino acids and peptides were studied 
and will be the subject of another paper. It is important to 
note, however, that with the exception of histidine, none of 
the other naturally occurring amino acids was iodinated. 

Discussion 

Previous methods uwd to  study the kinetics of iodination 
reactions catalyzed by peroxidases have not been well suited to  
the type of investigation presented here. Static procedures 
based on the isolation of iodinated derivatives and determina- 
tion of the amount of iodide incorporated are not easily ap- 
plied to kinetic study of iodination. The use of spectral pro- 
cedures such as those employed by Hager et d. (1966) make it 
necessary to  study the spectrum of each substrate and its 
iodinated derivatives. Only when the spectrum of the iodinated 
compound deviates sufficiently from that of the noniodinated 
compound can a spectral assay be used. Consequently, catal- 
ysis of the iodination was not generally applied to the study 
of a wide variety of substrates. The use of the iodide specific 
electrode makes it possible to overcome this obstacle, and to 
monitor reactions continuously, thus making it possible to  
study the kinetics of iodination of a wide variety of com- 
pounds. 

The kinetics of peroxidase-catalyzed tyrosine iodination 
have not been comprehensively investigated. Lactoperoxidase, 
horseradish peroxidase, chloroperoxidase, and crude beef 
thyroid peroxidase (Coval and Taurog, 1967; Hager et al., 
1966; Klebanoff er a / . ,  1962; Ljunggren, 1966; Taurog and 
Howells, 1966; Thomas and Hager, 1969; Yip and Hadley, 
1966) have all been shown to be capable of catalyzing the 
iodination of tyrosine. No comprehensive investigation of the 
effect of concentrations of various substrates or  pH has been 
undertaken with any of these peroxidases. In none of these 

studies have the investigators calculated turnover numbers of 
the peroxidase in the catalysis of tyrosine iodination. It should 
be stressed that the kinetics of iodination with tyrosine as a 
substrate are not identical with those with proteins or  peptides 
(Morrison, 1968; Morrison et a/., 1970). 

The overall iodination reaction, involving a t  least three sub- 
strates, is unquestionably a multistep process. Hence, the 
kinetics of the peroxidase-catalyzed iodination are complex. 
A number of investigators (Fromm, 1967; Cleland, 1963; 
Frieden, 1959) have dealt with the problem of multisubstrate 
reactions and developed equations which make it possible to  
derive information concerning the mechanism of catalysis 
from initial rate studies. The Lineweaver-Burk plots shown in 
Figure 6 indicate that a mechanism is operative which does 
not require that all substrates, peroxide, iodide, and tyrosine, 
be present on the enzyme simultaneously. This is consistent 
with a mechanism in which the enzyme is first oxidized to  the 
relatively stable forms of peroxidases produced by the inter- 
action of peroxide and the enzyme. 

Lactoperoxidase and other peroxidases can catalyze the 
oxidation of iodide to triiodide very efficiently (Hosoya and 
Morrison, 1967; Alexander, 1962; Hosoya, 1963). Triiodide 
would interfere with the spectrophotometric assay for L-3- 
ITyr since it would produce an  increased absorbance a t  290 
nm. The formation of triiodide would also interfere with the 
potentiometric assay procedure. Oxidation of iodide to tri- 
iodide would result in a change of millivolts equivalent to  the 
change in iodide concentration. To determine whether any 
triiodide was present during the course of the reactions, so- 
dium arsenite or sodium thiosulfate was added. Since these 
reagents convert triiodide into iodide, a decrease in absorbance 
in the 290-nm region of the spectrum would occur. In a similar 
way, the potentiometric procedure would reflect the conver- 
sion of 13- into I-. No evidence for triiodide interference in 
the assay procedure was obtained a t  any stage of the reac- 
tion. 

A number of investigators have employed the production of 
triiodide in an  assay for peroxidase. It should be emphasized 
that this assay for triiodide is very dependent upon the con- 
centration of iodide. With the low concentration of iodine em- 
ployed in these studies such assays are impossible. As a matter 
of fact, in the absence of tyrosine no triiodide formation could 
be detected at  neutral or higher p H  values. At lower p H  values, 
a transient change in absorbance, probably attributable to  a 
very small amount of triiodide, could be observed. With the 
iodide sensor, there is a change in potential consistent with the 
disappearance of I- and its conversion into an oxidized form, 
In either case, the observed changes are rapidly reversible 
with arsenite or thiosulfate. The potentiometric procedure was 
used with caution a t  low p H  values. The reaction products 
were always checked to determine whether the observed 
changes were in any way attributable to  oxidized iodide, In  
the presence of tyrosine, the spectrophotometric assay gave 
completely reliable results, and was the assay of choice below 
p H  7. Even though the enzyme is capable of oxidizing 
iodide to triiodide, the triiodide formed would not iodinate 
tyrosine a t  the rates observed. Further, if the enzyme catalysis 
only involved oxidation of iodide, no differences in the rate of 
iodination of D- and L-tyrosine should be observed. Thus, it is 
clear that iodination catalyzed by lactoperoxidase does not take 
place cia triiodide. 

It is clear from studies at  low p H  values that lactoper- 
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oxidase catalysis of iodination is not simply the result of oxi- 
dation of I- to I? which then reacts spontaneously with tyro- 
sine. At pH values below 5 this spontaneous reaction is very 
slow. Our results which indicate that lactoperoxidase can use 
either I- or 1 2  as substrate are similar to the results obtained 
by Thomas and Hager (1969). It is not necessary to assume 
that 1 2  is an  obligatory intermediate in the iodination re- 
action. It may simply represent a competitive side reaction. 
The mechanism of catalysis may involve an oxidized species 
of iodide which reacts to give either Ia or iodination at  low pH. 
The reaction leading to Iz is very much faster than the reaction 
which results in iodination. The reactive oxidized iodide in 
this scheme would be catalytically generated from either I- or 
I?. Thus, a reactive oxidized iodide is common to I-r and L-3- 
ITyr formation. 

Both assay procedures give essentially identical results and 
only a single product, ~-3-ITyr ,  can be identified chromato- 
graphically. Stoichiometry of the reaction dictates that 1 
mole of tyrosine disappears for every mole of L-3-ITyr pro- 
duced. Theoretically, then, the difference spectrum between 
equimolar solutions of L-3-ITyr and tyrosine should be ob- 
tained in the reaction. As can be seen in Figure 5 ,  the differ- 
ence spectrum obtained from the reaction mixture is, indeed, 
identical with the difference spectrum of L-3-ITyr cs. Tyr. If 
any other product such as ~-3 ,5- I~Tyr  were formed, deviations 
in the spectrum would have resulted. Thus, the evidence is 
convincing that the procedures employed accurately reflect the 
anticipated iodination reaction, 

The present investigation clearly indicates that, in the 
iodination reaction, tyrosine must form a complex with 
lactoperoxidase. This complex formation is stereospecific in- 
volving the a-amino group, and D-tyrosine is iodinated more 
readily than L-tyrosine. Although stereospecificity in per- 
oxidase-catalyzed reactions has been shown (Saunders et al., 
1964; Yonetani and Ray, 1966), the substrates have always 
been hydrogen donors. These studies, then, represent a new 
type of specificity. The enzyme mechanism can involve two 
active sites: the oxidation site and the halogenation site. The 
halogenation site may be equivalent to a transiodination site 
in the enzyme. This would be comparable with the enzyme 
activity labeled “iodinase.” Lactoperoxidase, however, in the 
absence of peroxide, does not catalyze the iodination of tyro- 
sine in the presence of I?- or I?, and the enzyme probably, 
therefore, does not have “iodinase” activity. 

The effect of pH on the reaction was pronounced. The pH 
optimum was at 5.0. At this pH, however, little stereospeci- 
ficity is observed. At the higher pH values the reaction is 
stereospecific, and appears to be independent of the buffer 
used. The differences in the stereospecificity also clearly 
suggest the possibility that ionizable groups of the en- 
zyme are involved in the binding of the phenolic com- 
pounds. The most obvious suggestion would be that the amino 
group of the substrate, tyrosine, is involved. Results with 

derivatives of tyrosine modified at the carboxyl or amino 
groups confirm this speculation (Morrison et al., 1970). 
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