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Redox Chemistry of 3-lodotyrosine in Aqueous Medium

Tomi Nath Das!
Chemistry Diision, Bhabha Atomic Research Centre, Trombay, Mumbai 400 68&

Receied: May 15, 1997; In Final Form: September 30, 1997

The reactions of 3-iodotyrosine (ITyOH) with the prima®H/O~, H*, and g, and selected secondary
radicals in irradiated aqueous solutions have been studied. Ktheapues of ITyOH are 2.3 0.1 (—COOH),
8.3+ 0.05 (Ph-OH), and 10.& 0.1 (—NH3"), and its reactivity is pH-dependent. The phenoxyl radical
(ITyO*) formed during oxidation exhibitémax at 275 nm é = 8200+ 400 Mt cm™1) and 405 nm{ = 3300

=+ 270). The rate of oxidation increases with the pH; e.g., for the Badical,k = 8.1 x 10/ M~'s™! at pH

6.7 and 5.0x 1 M~1stat pH 11.7. TheOH radical reaction leads to the formation of the adduct radical
ITy(OH)2" in 30% of the cases while 70% lead to rapid formation of ITyOxygen shows negligible reactivity
toward ITyO, but it reacts with ITy(OHy with k=1 x 10’ M~ s % The respective one-electron reduction
potentials E) for the ITyC, H/ITyOH, and ITyO/ITyO~ couples are 0.82 0.03 V at pH 7.4 and 0.7%
0.04 V vs NHE at pH 11.5. Reduction byge (k=1.2x 100°MtstatpH 6.5, 7.5x 1° M1 st at pH

10, and 5.0x 10° Mt st at pH 12) follows different paths at different pH. Deamination and deiodination
occur at pH< 8, at nearly equal proportions. However, at pHI&, the yield of ammonia decreases whereas
the yield of I increases. The radical produced by deiodinatidgQOH, exhibitsAmax at 280 nm withe =
6400+ 400 Mt cm™! and reacts with oxygen witk~ 10'—1 M~ s 1. In the absence of oxyger,yOH
decays by radical dimerization reaction witk 2 5.3 x 10° M~ s™%, In alkaline pH, however, thelyO~
radical rearranges into TyO The latter species oxidizes ITyQo ITyO* with k = 10° M~!s™1. Formation

of the semioxidized transient during reduction in alkaline pH is unique to 3-iodotyrosine and has not be
reported for either tyrosine or 3,5-diiodotyrosine. Theatbms reaction takes place wih= 8 x 10° and

5x 1®M~1statpH 1.5 and 5, respectively, and leads to the formation of the adduct IFW@tH Ana—=

360 nm ande = 13704+ 100 Mt cm™

Introduction property of oxygen in biology, its effects on the progress of

. : . o . these reactions have been checked.
3-lodotyrosine (ITyOH) is an intermediate in the synthesis

of the growth hormones triiodothyronine (T3) and thyroxine
(T4) in the thyroid? lodination of tyrosine residues in the

protein thyroglobulin leads to the formation of ITYOH. Physi- Materials. 3-lodo-L-tyrosine (ITyOH) and L-tyrosine (TyOH)
ological disorders resulting in oxidative or reductive stress in (Fluka, purity>99%) were used without further purification. All
the thyroid may affect the hormone synthesis by opening up other chemicals used were of AR or similar grades available
new channels for its chemistry. from Sigma and JT Baker. Solutions were prepared in Barn-
To study the redox chemistry of ITyOH in the laboratory, stead Nano Pure water (resistivityl7 Mohm cnt?). Stock
radiation chemical techniques have been used. The redoxsolutions of ITYOH were prepared and deoxygenated. (At 25
environments in aqueous media were generated employing dilute°C a saturated & 10-3 M solution was obtained.) The gases
solutions of ITyOH in the range of 16—103 M. To study N2, O, and NO used for saturating the samples were obtained
these reactions, conditions generating appropriate radical initia-locally from Indian Oxygen Limited (lolar grade, 99.95%
tors were selected following well-accepted methodology. Some purity). Unless stated otherwise, solutions within the pH range
of these radicals are also involved in in vivo chemistry. The 3—12 were prepared in & 103 M phosphate buffer (mixture
pulse radiolysis technique was used to study transient behavior,of Na;HPQ, and KH,PQy), and the pH of more acidic or alkaline
and y-radiolysis experiments complemented these results to solutions was adjusted to the required value either with HCIO
confirm the reaction mechanism. Although some studies have or KOH, respectively. All organic solvents used in these
been reported on the actions@f and X-radiations on ITyOH experiments were distilled before use.
at low pH and also on itsy-radiolysis in agueousalcohol General Experimental Procedures Some details of the
solutions? no details are available on the transient behavior, nanosecond pulse radiolysis setup (LINAC) employed in this
reaction mechanisms, and nature of degradation products instudy have appeared earlier in the literatUriés current features
aqueous solutions at a pH of biological relevance. In this paper, gre as follows: pulse widths of 25, 50, and 500 ns aneds2
some of these reaction mechanisms have been elucidatedgyration are available from the unit. The absorbed dose in each
separately under oxidizing and reducing conditions. Keeping is variable from a lower 20% of the maximum value to an upper
in view the ubiquitous nature and efficient radical scavenging |imit of ~10 Gy for 25 ns ta~130 Gy for 2us with proportional
values for the intermediate pulse widths. Variation between
® Abstract published iAdvance ACS Abstractfecember 1, 1997. successive pulses was less than 3%. While low-dose conditions
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using nanosecond pulses were preferred for kinetic estimations,TABLE 1: Transient Kinetic and Spectral Data for
higher doses with 500 ns ori& were used in spectral studies. Oxidation of ITYOH/ITyO ~

Dosimetry was performed at 500 nm using 0.01 M aerated oxidizing ki (£10%) €405/275 2k/e (£10%)
solution of KCNS using th&e(CNS)~ value of 2.23x 1074 radical pH (Mishy  (M~tcm™) 405nm (sY)
m? J-* from the literaturé. The optical detection setup consists ¢~ 15-2 2.4x1¢ 3304/8300 4.6¢ 10°
of a kinetic spectrophotometric unit in the range 2800 nm, Bry- 6.7 8.1x 10/ 3410/8360 5.1x 10°
and data analysis is possible within a time scale of 5001i0s 11.7 5.0x 1¢

ms after pulse. The wavelength resolution for spectral measure- 2~ 9.5 16x 100 3600/8410 4.0 10°

11.5 5.8x 107
(SCN)~ 6.8 2.4x 100
11.5 41x10°  3300/8280 6.8« 10°

ments is better than 2 nm in the near-bwvis range and
marginally higher at 4 nm below 300 nm. The contribution of

scattered light was less than 10% at 250 nm, decreasing to a Ny 5 1x 10° 3275/8360 6.2 10P
negligible value above 300 nm. A user-controlled pumped 12 6x 10° 3350/8350 7.2 10
(peristaltic) flow system was used for changing samples. The (Eér(.:| o ; g-gi ﬁ g?gg;g%g ﬁ ig
data analysis was performed on an IBM-PC using dedicated lef 2 5 11% 10° 3350/8320 18 1P
software. , o N O~ 12 65x 1°  3200/8600 8« 1P
Fory-radiolysis experiments, a Co-60 irradiation facility was  co,- 12 3.9% 108 3320/8590 Ix 10°
used. The dose rate, determined by Fricke dosimeter, was 8 NO» 12 3.0x 107 2940/7900 Ix 10°
Gy min~1.9 Optical absorption spectra were measured on a “OH -7 15x10°  3200/9608  4.7x 10°
Hitachi 330 UV~vis spectrophotometer. Sample fluorescence >1g f'g’x 1811&,
was measured on a Hitachi F-4010 fluorescence spectropho- 10 o' Xlomb
tometer. Frequently, an aliquot of the sample used in the 5 6000 4.3 % 100
y-radiolysis experiment was also exposed js2lectron pulses ‘O 13 2.7x 10°¢  3190/8150 6.5 10°

from the z?lccelerator, and the results for the same absorbed dose , Higher value due to the additional 30% contribution of theH

(at very different dose rates) were compared. The total absorbed,qqgyct > competetion kinetics, with respect to SCNneasured at 500

dose in these experiments was maintained at a level such thahm. ¢ At 305 nm, assuming 30% yield and correcting for the contribu-

the ratio [ITyOH]/[all radicals produced}10 in each case. This  tion from the 275 nm peak comparing with transient absorption

was necessary to minimize secondary reactions between thespectrum obtained with Nradical.? Corrected forOH contribution.

radicals and the reaction intermediates or products. Depletion

of ITYOH was estimated from the difference in its absorption radical is converted inttD~ (pKa = 11.9). Selected secondary

spectra in the unirradiated and irradiated samples. In theseradicals were generated by the reactions of the primary radicals

measurements, the extent of positive interference due towith appropriate solutes according to well-established reaction

absorption by reaction products was estimated from the changesschemed?-12

in the absorbance values at the peak and troughs on either sides

of the ITyOH absorption peak. (The estimated error was Results and Discussions

<15%.) Stable end products,| NHs, and tyrosine from . .

irradiated samples were analyzed to estimate the extent of N Spectrophotometric measurements, the absorption peak of

reactions following different paths. These are discussed later TYOH at 280 nm at neutral pH shifted to 305 nm at pHLO.

in the text. These measurements gave k&, walue of 8.3+ 0.05 for the
Generation of Oxidizing and Reducing Radicals. High- phenolic OH. Threelg, values estimated by titrime'_[ric method

energy electrons produce a mixture of primary oxidizing and Were 2.1+ 0.1, 8.30+ 0.1, and 10.Gt 0.1. The first value

reducing radicals (eq 1). The quantities in parentheses indicatehas been assigned to theCOH group and the last to the

their radiation chemical yields (at pH 7) jrmol J-1.99:10 —NHs* group. Thus, at or near the physiological pH (7.4), the
matrix of concern in mammalian thyroid, virtually all ITyOH
H,O w— H,0" (0.28),"OH (0.28), H (0.06), molecules exist in the phenolic form. However, to complement

_ and compare the redox reactions of ITYyOH, a wider pH range
€ (0.28), HO, (0.071), H (0.056) (1) has been covered in this study.

. . . . . Reactions with Secondary Oxidizing Radicals. The ap-
The reactions of theOH radical are studied by prior saturation propriate %+ radicals were generated by the reaction@H

of the matrix with NO. At pH > 4 it leads to an efficient radical with CF (0.05 M), Br- (0.02 M), I- (0.02 M), and SCN
scavenging of the hydrated electron, eqs 2 and 3, that causes(o 02 M). The N,'. radicz;ll was broduéed be/'OL with N3~

the yield of*OH to double. (0.01 M). The spectral parameters and kinetic constants of the
transients formed in reactions of ITyOH with different oxidizing

NO+&, =N, +°0 @ radicals are listed in Table 1. Some representative transient
_ _ spectra are shown in Figure 1. These spectra have been
‘O +H,0="0OH + OH 3) corrected for ITyOH bleaching between 250 and 330 nm (and
absorption due to the ITyOpradical formed by Mreaction,
H'+OH — €q 4) between 330 and 430 nm, discussed below). In these experi-

ments, the radicalradical decay was assumed to be negligible,

The effect of H, produced in comparatively lower yield, has and the yield of the resulting transient was taken equal to the
been neglected in this study unless specifically discussed in theinitiating radical yield. The two peaks observed at 275 and
text. AtpH < 3.5, scavengingsg by HsO" increases the yield 405 nm are similar to those of the phenoxyl radical obtained
of H* (ca.G(H*) = 0.34uM J™! at pH= 2, N, saturated). To  from tyrosine!®14 For Ch~, Br,7, I,7, and (SCN)~ as the
study the reactions of th®H or other oxidizing radicals at pH  oxidizing radicals, due to their intense optical absorption in the
< 3.5, H was scavenged with Othe resulting H@ radicals near-UV and visible rang®,the kinetics of their reaction with
did not react with ITyOH. In highly alkaline pH, th&®H ITyOH were measured near their peak absorptign.§ in the
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Figure 1. Absorption spectra of semioxidized ITyOH/ITyO(top

Oxidizing radical (1) Cl,~, 8 us after pulse, pH= 1.6, O saturated, Dose (GY)

[CI7] = 0.05 M; (o) CClO2, 20 us after pulse, pH= 7, O, saturated,

4% CCl, 48%i-PrOH; @) CO;~, 12 us after pulse, pH= 12, N,O

saturated, [C€¥"] = 20 mM. (bottom) Oxidizing radical B, [N3™] =

10 mM, 8us after pulse, pH 5), pH 12 @), both NO saturated.

Absorbed dose in each case 15 Gy and [ITyGHD.5 mM.

Figure 2. (&) Variation of the bimolecular rate constanivith matrix
pH for the oxidation of ITyOH/ITyO by Br,~. Matrix: 10 mM
phosphate, [Brf] = 10 mM, N;O saturated, dose 5 Ggb) Variation
of (Lir1)sist for ITyO® decay vs [ITyOmax (proportional to the absorbed
dose). Matrix: [N7] = 10 mM, pH= 6.5, N,O saturated, [ITYOH}

presence of increasing amounts of ITYyOH. For lds the 1 mM.

oxidizing radical, the rate constant was measured from the 6.0E—4

formation rate at 405 nm. With Br as the oxidizing radical, @
an increase in the rate constant was observed in the alkaline 2
pH. A plot of k vs pH (Figure 2a) gave al value of 8.3+ ~4.5E—4 . i
0.1. The variation of th& values against pH for fand b~ as - °
the oxidizing radicals (not shown) also gave identid¢&| palues. ) @

This confirmed the assignment of the value of 8.3 for the € 3.0e-4 - 0O 400 800
phenolic—OH since phenoxides are known to be oxidized more =" time (us)
rapidly than the respective phenols. Witit,lin acidic pH, o

the low rate constant probably indicates that the reduction S —_— i

potential of the ITYyGH'/ITYyOH couple is close to that of the
I,-/21~ couple (1.04 V vs NHE).

The linear plot of the inverse of the firs{;, of ITyO* decay 0.0E+0
against the absorbed dose (Figure 2b) indicates a radudical O+ : : :
reaction. The second-order decay remained unaffected with 240 ﬁ:sveler?s%h (r:g\?\) 460
increasing [ITyOH] or [Q]. Low reactivity of tyrosine phe- 9
noxyl radical with oxygen has been observed eatfielThe Figure 3. Time-resolved transient spectrum wifiH radical as the
ITyO* radicals probably decay by dimerization as reported for oxidant: @) 7 ms after pulse;&) 100 ms after pulse andlj 250 ms
tyrosiné®18 and phendP and postulated for 3,5-diiodoty- after pulse. Absorbed dose 11.5 Gy, pH 5.50Nsaturated; [ITyOH]

. L . = 0.3 mM. Oxidation of ITyO with*O~ at pH 13.5 shown for
20
rosine™® Other secondary oxidizing radicals used (Table 1) comparison @) for the same absorbed dose in a similar matrix. Inset:

include the bromine atom generated by the reactio®bf with decay of absorbance at 305 nm in the absence (upper trace) and presenc
1,2-dibromoethane (DBE, saturated) at pR! Trichlorometh- of 0.5 mM G (lower trace) at pH 5.5.
ylperoxyl radical (CGO,* from 0.4 M CCl, 5 M isopropyl
alcohol and saturated with @vith G = 0.62)22 TI2+ generated in Figure 3. While, the peaks at 275 and 405 nm indicate the
from a solution of Tt (5 mM) at pH 2 saturated with oxyge; formation of ITyO, another prominent peak observed at 305
COs™ generated in the presence of €0(0.02 M) in N,O- nm showed different decay kinetics as compared to the transient
saturated matrix; and 4 radicals generated in solutions decays at 275/405 nm (Table 1). The peak at 305 nm was
containing a mixture of pD and Q ([N.OJ/[O;] = 20) at pH absent whenO~ was the oxidizing radical at pH 13.5 (Figure
1210 |n all these cases, the resulting transient characteristics3, contribution from the’OH radical <5%). The probable
(Table 1 and Figure 1) revealed that the oxidation of ITyO transients giving rise to this peak at 305 nm &pjethe *OH
produced only the phenoxyl radical. adduct radical (ITy(OHy}) since *OH is known to add to
Reactions with *OH/*O~ Radicals. These reactions were phenolic ring3* or (ii) a radical cation as observed earlier under
studied over a wide pH range of13.5. From pulse radiolysis  similar conditions for 3,5-diiodotyrosir®®. The nature of the
studies, the time-resolved transient spectra at pH 5 are presentettansient absorbing at 305 nm was confirmed to be the adduct
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ITy(OH),* from its reactivity with Q (Figure 3 inset). The rate R A B AL B L
constant for oxygen addition to ITy(Ob)was 1x 10/ M1 10 "
s (decay of a cation is expected to remain unaffectedyhe
difference in A4osnm Values obtained from a comparative
evaluation of the transient spectra obtained wigh*®H radicals .
suggests the following reaction mechanism: after the initial 10
addition of the*OH radical(a) 70% of the adducts eliminate
H,O in nanosecond time scale, and the resulting ITy©
detected as one of the transier(ty; the remaining 30% of the
*OH adducts have longer lifetime and are detected as the ITy-
(OH)* transient. Differences in the nature of t&@H adducts
arise because ITyOH offers addition sites of dissimilar nature 107
on the ring. Near diffusion-controlled rates (Table 1) suggest

the addition process is of random nature, possibly influenced

10°

k(M™'s™)

by the available electron density at various C atoms. The longer 10° L o i
lived adducts are likely to be those where t# is added at N A ERETT ETT R
the metaposition relative to the phenolie OH, where concur- 10° 107 10°® 10° 10"
rent loss of a molecule of water is not favored. The ITy(@H)

decays by radical dimerization reactiork(2 2.5 x 10 M1 kiryon (M-‘S-1)

s71) but, unlike theOH adduct of 3,5-diiodotyrosin® remains

unaffected by increasing amounts of the parent compound. TheITyOH/ITyO* with secondary oxidizing radicals am®- against

marginal incregse in th? formation rate constant of ITy@h bimolecular rate constants for oxidation of tyrosine) (and 3,5-
pH in the alkaline medium (pH 711, Table 1) reflected the giiodotyrosine ®).

same pattern as observed for,Brpresented above in Figure
2. This suggests that the rate of loss of a molecule of water 8.3 indicates a linear increase Bffor the ITyC,H*/ITyOH
from the o- and p-OH adducts, discussed above, is probably couple in the acidic pH? To estimateE over the pH range
faster or equal to the rate ®bH addition. Neither the phenoxyl  3—12, the following secondary standards were found suitable:
nor the adduct radical showed &gin the pH range +13.5. SO;7/SOZ~ couple?® CyS/CyS™ couplé® where CySis the
Although the [K; of phenoxyl radicals arising from phenols are  thiyl radical derived from oxidation of cysteine; 121~ and
close to pH= 0,26 no measurements have been reported for the NO,*/NO,~ couples?” Briefly, these radicals were prepared as
pKa of the *OH adducts of phenols. follows: NO,* was generated employing eith@j No-saturated
Reactions with these primary and secondary radicals indicatesolution containing N@ (and NQ~ to scavenge the,g) or
that oxidation of 3-iodotyrosine proceeds mainly via the (b) N.O-saturated solution with NO. The G(NO;") was 0.56
phenoxyl radical. Comparison of the absorption spectrum in in both these casés. CyS was produced in bD-saturated
different cases (Table 1) suggests that extents of other reactionsgolution by H-abstraction reaction oDH radical; S@~ was
such as abstraction of an aliphatic hydrogen atom, are negligible.produced by oxidation of S&- in N O-saturated solution. From
Although only some of these radicals may take part in the the equilibrium reaction 5 with*3s the appropriate oxidizing
cellular reactions in the thyroid, other radicals were also included radical, the equilibrium constaitt in eq 6 was estimated.
in this study(i) to estimate the propensity of possible reaction

Figure 4. Comparison of bimolecular rate constants for oxidation of

channels andii) to compare 3-iodotyrosine reactivities with S +ITyO™ (or ITYOH)=S + ITyO" (+H")  (5)
that of tyrosine and 3,5-diiodotyrosine toward these radigels.

In Figure 4, the rate constants with different radicals are K = [S]T [ITyO" ©)
compared for tyrosine, 3-iodotyrosine, and 3,5-diiodotyrosine. - [ITyO ] [S]

Close matching of these values for the latter two and their almost
1 order of magnitude higher than the former (especially in those These studies were carried out at a low absorbed dosatof

cases where the oxidizing radicals are moderate) indi¢gtes Gy, and by keeping [solute]/[radical} 100, radicatradical

the initiation of oxidations of iodsubstituted tyrosines will not o5 ctions were minimized. It was assumed that any other mode
be affected appreciably in the presence of each other in theyt reaction was negligible within the time scale of equilibration.

thyroid where these are reported to coexist @ndirstiodine  pepending on the absorption characteristics of the radicals
substitution on the ring enhances the electron density appremablymvowed, either the formation or decay of the ITy@dical at
to override any opposing steric effect due to the presence of 575/405 nm or the decay of &t appropriate wavelength was
bulky iodine substitution. However, similar values for both the easured. In the case of cysteine, the error due to the absorptior
substituted tyrosines suggest that, with the second iodine ¢ CyS or its dimer cation radical (Cy$SCy, formed during
substitution, these opposite effects become balanced. Since thgg reaction with excess parent cysteine) was0% of the
oxidation is initiated mainly by an electron transfer, inside the absorption due to the ITyQadical at 275 nm. For the SO
thyroid cells, the extent of ITyOH depletion under an oxidative gnqg NG radicals, measurements were made at 405 nm. To
stress can be better judged from its one-electron reduction estimateK in relation 6, radical concentrations were estimated
potential. from the absorbance values using the relation Alel (I = 1
One-Electron Reduction Potential. The reactivity of ITy- cm in the present casewas corrected for bleaching or mixed
OH with the secondary oxidants and the reported one-electronabsorption) and taking [B+ [ITyO*] = [initiating radical]. The
reduction potentials of tyrosin€E(= 0.93 at pH 7) and 3,5- methodology has been described in the literafdre.
diiodotyrosine E = 0.78 at pH= 7.4f%2728 suggest that The results are presented in Table 2 and in Figure 5Ethe
reference couples wite < 1.0 V vs NHE may be suitable for ~ values measured at different pH are shown. From this plot,
estimation ofEryon at different pH; the parent phenolicpof the E for ITyO*,H"/ITyOH and ITyO/ITyO™ couples are 1.26
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1.5 T T T T T T TABLE 3: Transient Kinetic and Spectral Data for
Reduction of ITYOH/ITyO ~
1.3 F i reducing k;(ﬁ:llool/o) e(lnm)l .
/I.: ITy0",H* /ITyOH radical pH (M™isl) (Micml) 2Ke (£10%) (s1)
I €q 6.5 12.2x 10° 6400 (280) 8.3 1(°
Z 1.1 1 10 7.5x 1¢°
12 5.0x 10° 1x 162
0 He 1.2 6.1x 10°P
> 0.9 . 14 4x10°¢
15 4x10 1370 (360) 3.1x 1P
\>, 5.0 4.8x10° 1370(360) 2.8 1¢°
0.7 . (CHg):COH 7 <1 x 10°¢
SV ITyO"/1Ty0" (CHy),CO~ 12 <1x10¢
COs~ 7,12 <1x 10°d
0.5 4 L 1 L : » Oy~ no reaction
0 6 8 10 12 14 ) . )
pH 2Reacts with ITyO forming TyO™ and ITyO. " Competetion
kinetics with thionine measured at 770 nhCompetetion kinetics, with
Figure 5. Plot of measured one-electron reduction potentgl \(s methylviologen, measured at 595 nfrEstimated fromG(l17) in
matrix pH. Reference couplesa)1,7/217; (®) NO2/NO;; () CyS/ y-radiolysis assuming competition from radical dimerization reaction.

CyS, and () SG;7/SO?". Absorbed dose 5 Gy in each case. Solid
line represents the variation &ftaking into account theky, of 8.3 of

the phenolic group. From plo® = 0.73 V for ITyO/ITyO™ and 1.26 0.4 T T T T
V for ITyO*,H/ITyOH couples.

TABLE 2: One-Electron Reduction Potentials of ITyO*,H*/ 0.3 t
ITyO ~ and ITyO*/ITyO ~ Couples
oxidizing
radical pH K Erer (V) E (+0.03 V) 00.2 +
P 3 0.46 1.04 1.06
5.3 110 1.04 0.92 0.1 L
NO; 43 12.6 1.04 0.975 .
5 40.8 1.04 0.945
5.8 276 1.04 0.896
cys 6.5 22 0.92 0.841 0.0
10.7 1120 0.72 0.740
SOs~ 5.6 0.14 0.84 0.89 0.8
11.3 0.011 0.63 0.745
12 0.026 0.63 0.723

o
o

VatpH=0and0.73 V at pH= 11.5, respectively. The solid
line represents the calculated value based Upen0.73 V at

pH 11.5 taking into account the ITyOHKp of 8.3. Close
matching of different data sets with the continuous line indicates

AA405 nm
o
'S

that the assumptions have been supported by the experimental 0.2

conditions. These results indicate that, at low pH, the oxidation . . ) 4
of ITyOH is expected to be more difficult than at alkaline pH. 0.0 4 6 8 10 12
However, near physiological pH of 7.£(= 0.82 V), the pH

oxidation of ITyYOH is expected to be fast. A marginally smaller
value of E for 3,5-diiodotyrosine at pH= 72° suggests an
equilibrium may be established between the semioxidized iodo-
substituted tyrosines inside the thyroid cells.

Reactions with Reducing Radicals.To study the reactions  electrostatic repulsion between the molecule agdpon going
of esq~ and H with ITyOH, the*OH radicals were scavenged from the dianion to the species in neutral solution, which has

Figure 6. (a) Variation ofG(NH3) (W) andG(I~) (O) with pH for exq~
reaction.G(e,q ) shown for comparison=). (b) Transient absorption
(AA x 100) at 405 nm in the similar matrix vs the pH.

by tert-butyl alcohol. The resulting radical, (G}AC(OH)CHa, no overall charge. Furthermore, as the pH is decreased below

did not show any reactivity toward ITyOH. 12, the yield of t was found to decrease to a limiting value of
Reaction with e,q~. These reactions were studied over the ~0.555(e,q") at pH < 8. This decrease in the yield of vas

pH range 413. The rate constant for reaction afye with found to be accompanied by an increasing yield of;NiFHgure

ITyOH was measured by pulse radiolysis by following the decay 6) to a limiting value of~0.45G(e,q") at pH < 8. This result

of the eq~ absorption at 700 nm. The values varied fronx 5 suggests that the initial electron adduct to ITyOH has a finite
1M tstatpH 12t0 12.2x 10° M~1s 1 at pH 6.5 (Table lifetime which permits the electron to go either to the iodine
3). These rate constants are more than 1 order of magnitudesite resulting in the release of br to the positively charged
higher than that for tyrosine and reflect the effect of the iodine NHs* site and form NH. In fact, NH; is known to be a major

on the electron affinity of the compound. In previous studies product from the reaction of,g with amino acids (with N&*

with iodo-aromatics it has been reported that dissociative group), although the rate constants are considerably lower in
electron capture reactions take place to form dnd the the absence of iodin€:1” The analytical methods employed
appropriate aromatic carbon centeregtype) radical tran- in this study to estimate Nfand I have been discussed
sient!6:17.31 Indeed, at high pH, all the,g reacting with ITyO" earlier3!

were found to lead to deiodination. The higher rate constant The transient spectrum at neutral pH from pulse radiolysis
measured at lower pH values may be due to the decreasedexperiments is shown in Figure 7. The two possible radicals
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8000 ' ' ' 1=21uM [ITy0]
i =21uM [ITy
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Figure 7. Absorption spectrum ofTyOH transient at pH 7, @s after Figure 8. Bleaching signal observed at 310 nm at pH 12 with
pulse; absorbed dose 10 Gy. Matrix: 0.1 tMBUOH, N, saturated, increasing [ITyO] in the matrix (10 mM phosphate bufferpNaturated,
[ITyOH] = 0.8 mM. 0.1 M t-BuOH, and absorbed dose 50 Gy; G(e,q ) = 0.34.

giving rise to this spectrum are (i) the deiodinat&gOH with SCHEME 1
the radical center on the ring or (ii) the deaminated aliphatic o o
radical with the radical center on tleecarbon bearing the GO
group. To eliminate the contribution from the latter, spectral
studies were conducted at pH11. However, due to intense aq
absorption by the parent ITyOand opening up of other
secondary reaction channels (see below), no conclusive evidence R ~ R
could be obtained. Since the hydroxyphenyl radical has been 02
shown to absorb at 275 nfjt is likely that the spectrum in R=ChCH Transient |
Figure 7 is due to theTyOH. The other radical present in
solution is an aliphatic radical at positighto the ring, which
is likely to absorb mainly below 260 nm. Assuming that the o
spectrum obtained is that 9fyOH only, and taking into account
that the yield of this radical corresponds to only 55%:5¢€,, "), : +HO
the molar absorptivity was estimated (Table 3 and Figure 7).

The reactivity of oxygen withiTyOH was measured by pulse
radiolysis. For these studies, at 7 Gy absorbed dosg wés R
restricted within a narrow range of {4.0) x 107> M while
[ITyOH] was maintained at 4 10-3 M, and 1 Mtert-butyl Transient | Transient |1
alcohol was used to scavenge t@H radicals. Due to these
severe restrictions in matrix preparation, the rate constant value

of reaction between £and TyOH radical was estimated to lie ? o o
in the range 10-1 Mt sL. ! !
In pulse radiolysis experiments, at pH11, it was observed + —_— +
R R

«OH"~

R

that g4 reactions produced the phenoxyl radical (IFy@s
the secondary transient with a rate constant close to 108
M~1s1andG(ITyO") ~ G(eaq ) (Figure 6). At pH< 11, the sodotyrosi )

G(ITyO*) decreased rapidly and was negligible below pH 7. phenoxyl radical phe:g;&semaison

As shown in Figure 8, at pH 12, during the progress of this

reaction, the initial fast bleaching signal (in nanosecond time of bleaching in the microsecond time scale). Similar rearrange-
scale) at 305 nm at first showed a partial recovery that was ments have been postulated earlier during reductiorp-of
masked by enhanced bleaching in a slower (microsecond) timebromophenol in aqueous medildf. The tyrosine phenoxyl
scale. In alkaline pH, tyrosine (TyOH) was recovered as an radical oxidizes another molecule of 3-iodotyrosine to generate
end product. From fluorescence measurements of the irradiatedhe 3-iodotyrosine phenoxyl radical (ITyOas the tertiary
samples, its yield was found to be better than 80% of3feg,") transient and a molecule of tyrosine. During radiolysis, although
at pH 11. For these measurements, calibration was performedtwo molecules of ITyOH were destroyed for eaglr €Scheme

(8) using authentic samples of tyrosine in the presence of ITyOH 1), the observed bleaching of only G@,,") was supported

in the matrix andb) employing the standard addition technique by the TyO™ absorption characteristics at 305 nm where the
and estimating the amount of radiolytically generated tyrosine remaining 80% absorption reappeared due to its creation. This

in the irradiated samples from the linear plot of [TyOH]lys mechanism does not operate at lower pH where the phenolic
These observations can be rationalized by the mechanism showr©OH group is not dissociated. Negligiblé(tyrosine) from
in Scheme 1. After the initial deiodination, transientTyO~ y-radiolysis experiments and a second-order radical decay

in this case) rearranges in the presence of water to give thekinetics even in the presence of excess ITyOH in pulse radiolysis
tyrosine phenoxyl radical (transient Il which also shows experiments instead suggest a radical dimerization reaction,
substantial absorption near 305¥m@nd effects the fast recovery  probably forming a bityrosine type of product. The higher value
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These results indicate that the oxidation of ITyOH follows
the trend for phenolic compounds; formation of the phenoxyl
370 am radical followed by its dimerization that remain unaffected in
decay the presence of £or excess parent compound. For tigH
radical, although the rate constant for the reaction is similar for
S0 100 150 | ; - ) i .

Dose &;y) tyrosine and 3,5-diiodotyrosine, the transient yields suggest
different pathways. It appears that, with each additional iodine
substitution, the extent of formation of the cyclohexadienyl
. radical is increasingly disfavored, and instead, simultaneous loss
of a molecule of water is favored. Thus, going from tyrosine
to 3-iodotyrosine and 3,5-diiodotyrosine, the extent of formation
0 L 1 L of the *OH adduct decreases from50%3 to ~30% and
300 350 400 450 500 ~15%20 respectively. This decrease may result from addition
woveleng’rh (nm) of *OH onto the iodine atoms, as is known to occur in aliphatic
iodine compound$: followed by rapid loss of water to give
'(i%“ragl- ?Svsitohrplflig? Q?F;icér‘g? OfHIEyVOVik:f‘;[rinaie;;%a af;ebrsF(’)Lr‘LS:c; the phenoxyl radical. The reaction ®H with iodobenzene
dosgzo G_y. Matrix: 0.2 M—BuOIPL N, saturated, [ITYOHE 0.8 mM. f}as bﬁ'en shoyvn Fo fyleld a ;adlcal Catlon I.n ?Eldllc SOIIUt?énhS'
Inset: variation of (i) for ITyOH; decay vs [ITyOH]max If such a species Is ormed from ITyOH, it is li eyt_o ose the
(proportional to the absorbed dose). —OH proton rapidly and form the phenoxyl radical. The
reduction potential value of ITyOH at physiological pH also
of the one-electron reduction potential of the tyrosyl phenoxyl SuggeStS cellular oxidation to be fast and Irl'everSIb|e, I'esu|'[lng

radical as compared to that of the 3-iodotyrosyl phenoxyl radical in l0ss of active ITyOH under oxidative stress. .
at pH > 11 supports the electron-transfer mechanism in  Reduction of ITyOH, although very rapid with the primary

(1]

1500

N N
» o
1

[
£

s

=
~

1000

& (M'em™)

500

Scheme 1. reducing radicals, is quite slow with secondary reducing radicals.
Reaction with H*. Near pH 5, the Mradical was generated ~ Since, in living cells, the primary reducing radicals are efficiently
in deoxygenated solutions containing 0.2tét-butyl alcohol scavenged by other chemical species present in the surrounding

and 1 M KHPOy.3* Below pH 2, Hreactions were studied in (e.q., om_nipresentg th_e chance of surv_ival for ITYOH under
deoxygenated solution§(H*) = 0.34 in both cases. Transient & reductive stress is high. Fogqe reactions, although thie
spectra obtained from *Heactions are presented in Figure 9. Values are of similar order of magnitude for 3-iodo- and 3,5-
The spectral and kinetic parameters are listed in Table 3. Thediiodotyrosines, only in the case of 3-iodotyrosine is the
rate constants for the reaction of ith ITyOH were measured ~ Sémioxidized transient formed following reduction (Scheme 1).
(i) directly from the formation kinetics at 360 nm and also from Since the initial delodmatlon step occurs with both these species,
(i) competition kinetics with respect to methylviologen and the subsequent reactions of the hydreigdo—phenyl radical
thionine by following the kinetics of the formation of the &nion from 3,5-diiodotyrosine are also expected to produce the

appropriate transients arising out of these solt#8sThe rate ITy_O‘ as the secondary transient (following ‘_similar reactions
constant values indicate that® Heaction with ITyOH is @S in Scheme 1). Probably, due to a small difference between
independent of pH. From the reported reactions ofwith reduction potentials of the respective phenoxyl radicals (FTyO

tyrosiné” and 3,5-diiodotyrosirfé and the close matching of ~ and bTyO')2°further oxidation of 3,5-diiodotyrosine by ITyO
the transient spectra at both pH 1.5 and 5, formation of the Was not observed earliét. Thus, favorable energetics in
H-adduct, i.e., ITyOH, is indicated. Iny-radiolysis experi- aqueous medium makes this mode of reaction unique for
ments, neither nor NH; was detected as end products after 3-iodotyrosine between the iodine-substituted tyrosines. Mim-
radiolysis. The second-order transient decay characteristicsiCking a situation where both 3-iodo- and 3,5-diiodotyrosines
(Figure 9 inset) indicated that it does not react with ITyOH, @are present in the same matrix, as reported during hormone
and instead a radicaradical route is favored. The possible Synthesis in the thyroid cells,f reactions may show interesting
reactions are the dimerization and the reaction between IgyOH esults.

and thes-hydroxy radical derived frortert-butyl alcohol used

to scavenge theOH radicals. The effect of ©on ITyOH, Acknowledgment. | thank Dr. P. Neta for reviewing the
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its anion) from NO-saturated 1.0 M isopropyl alcohol. ITyOH
was found to be unreactive towardg Oradical. However, its (1) Address for correspondence in 1991998: Chemistry 222 #A-
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olysis studies with the latter two radicals. From the yields of @) Waé(s't’(E_ S?;-Tod-d,W. R.; Mason, H. S: van Bruggen. Tektbook

I~ and assuming competition between the reduction process ancf Biochemistry4th ed.; The Macmillan Company: London, 196271.

the radicat-radical reaction, the rate constants with both the (3) Eberhardt, N. L.; Apriletti, J. M.; Baxter, J. D. IBiochemical

radicals were estimated to bel0® M1 sL. Ammonia was Cgtlio\?”ofg%rpr:gpgiitwack, G., Bd.; Academic Press: New York, 1980;

not d(.atec.ted as an end product, indicating the absence of the  (4) oppenheimer, J. H.; Samuels, H. Molecular Basis of Thyroid
deamination reaction. Hormone Action;Academic Press: New York, 1983.

References and Notes



3-lodotyrosine in Aqueous Medium

(5) (a) Yalow, R. SRadiat. Res1959 2, 30. (b) Yalow, R. S.; Berson,
S. A. Radiat. Res1961, 4, 590.

(6) Obaid, A. Y.; Basahel, S. N.; Diefallah, E. NI. Radioanal. Nucl.
Chem.1990,139, 355.

(7) Guha, S. N.; Moorthy, P. N.; Kishore, K.; Naik, D. B.; Rao, K. N.
Proc. Indian Acad. Sci. (Chem. Sci87 99, 261.

(8) Fielden, E. M. Chemical dosimetry of pulsed electron and X-ray

source in the £20 MeV range. InThe Study of Fast Processes and
Transient Species by Electron Pulse RadiolyBiaxendale, J. H., Busy,
F., Eds.; Reidel: Boston, MA, 1984; p 59.

(9) Spinks, J. W. T.; Woods, R. An Introduction to Radiation
Chemistry 3rd ed.; John Wiley and Sons: New York, 1990; (a) p 97, (b)
p 520 forG value.

(10) Buxton, G. V.; Greenstock, C. L.; Helman W. P.; Ross, AJB.
Phys. Chem. Ref. Dati988 17, 513.

(11) Hug, G. L. U.S. Department of Commerce, National Bureau of

Standards Report NSRDS-NBS 69, 1981.

(12) Neta, P.; Huie, R. E.; Ross, A. B. Phys. Chem. Ref. Daf088
17, 1027.

(13) Solar, S.; Solar, W.; Getoff, N.. Phys. Chem1984 88, 2091.

(14) Adams, G. E.; Aldrich, J. E.; Bisby, R. H.; Cundall R. B.; Redpath,
J. L.; Willson, R. L.Radiat. Res1972 49, 278.

(15) Cudina, I.; Josimovic, LRadiat. Res1987 109, 206.

(16) Lehrer, S. S.; Fasman, G. Biochemistryl967, 6, 757.

(17) von Sonntag, CThe Chemical Basis of Radition Biolggyaylor
and Francis: London, 1987; p 404.

J. Phys. Chem. A, Vol. 102, No. 2, 199833

(18) Prutz, W. A,; Butler, J.; Land, E. It. J. Radiat. Biol 1983,44,
183.

(19) Ye, M.; Schuler, R. HJ. Phys. Chem1989 93, 1898.

(20) Das, T. N.; Priyadarsini, K. . Phys. Chem1994 98, 5272.

(21) Lal, M.; Moenig, J.; Asmus, K. DFree Radical Res. Commun
1986 1, 235 5984.

(22) Shen, X.; Lind, J.; Eriksen, T. E.; Merenyi, G. Phys. Chem
1989 93, 553.

(23) Bonifacic, M.; Asmus, K. DJ. Phys. Chem1976 80, 2426.

(24) Land, E. J.; Ebert, MTrans. Faraday Socl967 1181.

(25) Das, T. N.Int. J. Radiat. Biol 1996 70, 7.

(26) Dixon, W. T.; Murphy, DJ. Chem. Soc., Faraday Trans.1®76
72, 1221.

(27) Wardman, PJ. Phys. Chem. Ref. Datt989 18, 1637.

(28) DeFelippis, M. R.; Murthy, C. P.; Broitman, F.; Weinraub, D.;
Faraggi, M.; Klapper, M. HJ. Phys. Chem1991, 95, 3416.

(29) Huie, R. E.; Neta, PJ. Phys. Chem1984 88, 5665.

(30) Surdhar, P. S.; Armstrong, D. 8. Phys. Chem1986 90, 5915.

(31) Das, T. N.J. Phys. Chem1994 98, 11109.

(32) Cercek, B.; Kongshaug, M. Phys. Chem1970,74, 4319.

(33) Schuler, R. H.; Neta, P.; Zemel, H.; Fessenden, RI.\&m. Chem.
Soc 1976 98, 3825.

(34) Ye, M.; Schuler, R. HRadiat. Phys. Cheni986 28, 223.

(35) Mohan, H.; Moorthy, P. NRadiat. Phys. Chen1989 33, 211.



