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Abstract: The aromatic hydrogen nuclei of tyrosine are photochemically labile and exchange with deuterons
in neutral D,O solution. The site meta to the ring hydroxyl substituent is preferentially deuterated, exhibiting
a meta/ortho deuteration rate of ~4:1. In contrast with acid-catalyzed H/D exchange and with nearly all of
the reported photoactivated H/D exchange studies, the UV-induced H/D exchange of tyrosine is optimal at
pH 9 and is effectively quenched at acid pH. Photochemical H/D exchange is strongly stimulated by the
o-amino group (the aromatic hydrogens of p-cresol are far less subject to exchange) and by imidazole or
phosphate buffers. On the basis of the results obtained here and on the previously identified cyclohexadienyl
radical (Bussandri, A.; van Willigen, H. J. Phys. Chem. A 2002, 106, 1524—1532), we conclude that the
exchange reaction involves a radical intermediate and results from two distinct roles of tyrosine: (1) as a
phototransducer of light energy into solvated electrons (eaq~), and (2) as an acceptor of an electron to
create a radical anion intermediate which is rapidly protonated, yielding a neutral cyclohexadienyl radical.
Regeneration of the tyrosine can occur via a bimolecular redox reaction of the cyclohexadienyl and phenoxyl
radicals to yield a carbocation/phenoxide pair, followed by deprotonation of the carbocation. The oxidation
step is pH dependent, requiring the deprotonated form of the cyclohexadienyl radical. The H/D exchange
thus results from a cyclic one-electron (Birch) reduction/protonation/reoxidation (by phenoxyl radical)/
deprotonation cycle. Consistent with these mechanistic conclusions, the aromatic hydrogens of tyrosine
O-methyl ether are photochemically inert, but become labile in the presence of tyrosine at high pH. The
deuteration rate of O-methyl tyrosine is lower than that of tyrosine and shows a preference for the ortho
positions. This difference is proposed to result from a variation in the oxidation step, characterized by a
preferential oxidation of a cyclohexadienyl resonance structure with the unpaired electron localized on the
oxygen substituent.

Introduction the development of many isotopic labeling strate§iakhough
photochemical H/D exchange studies of tryptoplfaand of
Tyrosine residues play a significant role in enzyme catalysis various phenolic compounds have been reported (refs8%nd
and, as such, have been the focus of extensive investigationsreferences therein), there is a surprising lack of information on
Tyrosine radicals have been implicated in photosynthesis,  the photoactivated H/D exchange of tyrosine itself. In the case
the activity of monoamine oxidasen important drug targét,  of L-tryptophan dissolved in D, exposure to Pyrex-filtered
and in the mechanism of ribonucleotide reducta3grosine
also serves as the precursor to the 2,4,5-trihydroxyphenylalanyl
(6) (a) Griffiths, D. V.; Feeney, J.; Roberts, G. C. K.; Burgen, A. SB\dchim.

quinone (TPQ) cofactor found in copper amino oxiddsesl Biophys. Actal976 446 479-485. (b) Matthews, H. R.; Matthews, K.

i oal- S.; Opella, S. JBiochim. Biophys. Actd977 497, 1-13. (c) Woodworth
t(? .the quorophlore. present in green quor.escent. prot A R. C.; Dobson, C. MFEBS Lett.1979 101, 329-332. (d) Battershy, A.
ditionally, tyrosine is a precursor to dopamine, epinephrine, and R.; Chrystal, E. J. T.; Staunton, J. Chem. Soc., Perkin Tran$98(Q 1,
f ; ; 31-42. (e) Kanska, M.; Drabarek, Radiochem. Radioanal. Lett98Q
other neurotransmitters, so that it plays a central role in 44, 207-210. () Asano. Y.; Lee, J. J.. Shieh, T. L. Spreafico, F.. Kowal,

neurochemistry. These multiple roles of tyrosine have motivated C.; Floss, H. GJ. Am. Chem. S0d.985 107, 4314-4320. (g) Walker, T.
E.; Matheny, C.; Storm, C. B.; Hayden, Bl.Org. Chem1986 51, 1175~
1179. (h) Faleev, N. G.; Ruvinov, S. B.; Saporovskaya, M. B.; Belikov, V.
M.; Zakomyrdina, L. N.; Sakharova, I. S.; Torchinsky, Y. Wetrahedron

(1) Faller, P.; Goussias, C.; Rutherford, A. W.; Un,P8oc. Natl. Acad. Sci. Lett. 1990 31, 7051-7054. (i) Kanska, M.; Drabarek, SRadiochem.
U.S.A.2003 100, 8732-8735. Radioanal. Lett.198Q 44, 207-210. (j) Wishart, D. S.; Sykes, B. D;

(2) Rigby, S. E. J.; Hynson, R. M. G.; Ramsay, R. R.; Munro, A. W.; Scrutton, Richards, F. MBiochim. Biophys. Actd993 1164 36—46. (k) Kendall,
N. S.J. Biol. Chem2005 280, 4627-4631. J. T.J. Label. Compd. Radiopharr00Q 43, 917-924. (I) Augustyniak,

(3) Hogbom, M.; Galander, M.; Andersson, M.; Kolberg, M.; Hofbauer, W.; W.; Suchecki, P. P.; Jemielity, J.; Kanski, R.; Kanska JJVL.abel. Compd.
Lassmann, G.; Nordlund, P.; Lendzian, Foc. Natl. Acad. Sci. U.S.A. Radiopharm2002 45, 559-567. (m) Augustyniak, W.; Kanski, R.; Kanska,
2003 100, 3209-3214. M. J. Label. Compd. Radiopharr@004 47, 977—981.

(4) DuBais, J. L.; Klinman, J. PArch. Biochem. Biophy2005 433 255— (7) Saito, I.; Sugiyama, H.; Yamamoto, A.; Muramatsu, S.; Matsuural. T.
265. Am. Chem. Sod 984 106, 4286-4287.

(5) Barondeau, D. P.; Putnam, C. D.; Kassmann, C. J.; Tainer, J. A,; Getzoff, (8) Saito, |.; Muramatsu, S.; Sugiyama, H.; Yamamoto, A.; Matsuura, T.
E. D. Proc. Natl. Acad.Sci. U.S.A.2003 100, 12111-12116. Tetrahedron Lett1985 26, 5891-5894.
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UV light has been shown to result in a remarkably specific and
clean deuterated produtt.

The photochemical behavior of tyrosine is strongly dependent
on the medium in which the studies are performed. In non-
aqueous environments, degradatiorptooumaryl derivatives
and phenol ring breakdown have been obsefdd.aqueous
solution in the absence of oxygen, the primary photoproducts
are phenoxyl radicals, solvated electrons, and hydrogen &foms,
and the stable products that accumulate include 2-amino-4-
ethenylhex-4-enic acid and 3,8ityrosine?! In the presence of
oxygen, the phenoxyl radical is oxidized to 3,4-dihydroxyphe-
nylalanine (DOPA) and other hydroxylated produtalthough
there is an extensive literature on photoactivated isotope
exchange (refs-918 and additional references therein), we are
aware of no reported studies of photoactivated H/D exchange
in tyrosine, consistent with the fact that little of this work has
been performed in aqueous solution. Additionally, nearly all of

the reported photoactivated H/D exchange studies have beer

performed under acid conditions condition which in the
present studynhibits the reaction. However, FT-EPR studies
of tyrosine photochemistry have demonstrated the production
of a cyclohexadienyl radical intermediate that could mediate
H/D exchangeé? In the present study, we have investigated
photochemical H/D exchange inrtyrosine and related com-
pounds in DO solution, determined the regioselectivity of the
reaction, and obtained strong support for a photoactivated Birch
reduction/protonation/oxidation/deprotonation cycle as the mecha-
nistic basis for H/D exchange.

Experimental Section

UV irradiation utilized a four-bulb low-pressure mercury lamp system
obtained from Ultra Violet Products, Inc. (San Gabriel, CA). Tyrosine
andp-cresol were from Sigma-Aldrich (St. Louis, MO), and@®(99.9
atom %) was obtained from Isotec, Inc. (Miamisburg, OH). All pH
values represent uncorrected pH meter readings. Samples were dissolv
in D,O, placed in quartz NMR tubes (Wilmad, Buena, NJ), degassed
by bubbling with argon for 6 min, and then placed in the UV lamp for
the time periods indicated. All work was done at room temperature.
For the larger volume study, a 50 mL quartz beaker (49 mm>o0.50
mm height, was obtained from Kimble/Kontes (Vineland, NJ).

Proton NMR spectra were obtained at 25 on a Varian INOVA
500 NMR spectrometer ugina 5 mm*H probe. Typical spectra
parameters: spectral width of 8 kHz, pulse width of 2&cquisition
time of 3.125 s, relaxation delay 8 s (to minimize intensity variations

(9) Shizuka, H.; Tobita, SJ. Am. Chem. S0d.982 104, 6919-6927.
(10) Webb, S. P.; Philips, L. A.; Yeh, S. W.; Tolbert, L. M.; Clark, J. H.
Phys. Chem1986 90, 5154-5164.
(11) Wan, P.; Wu, PJ. Chem. Soc., Chem. Commd®9Q 822-823.
(12) Mathivanan, M.; Cozens, F.; McClelland, R. A.; Steenked, 8m. Chem.
So0c.1992 114, 2198-2203.
(13) Pollard, R.; Wu, S.; Zhang, G.; Wan, £.0rg. Chem1993 58, 2605—

(14) Zhang, G.; Shi, Y.; Mosi, R.; Ho, T.; Wan, Ban J. Chem1994 72,
2388-2395.

(15) Mosi, R.; Zhang, G.; Wan, B. Org. Chem1995 60, 411-417.

(16) Chen, Q.; Walczak, W. J.; Barkley, M. D. Am. Chem. Sod.995 117,
556-557.

(17) Lukeman, M.; Wan, PJ. Am. Chem. So@002 124, 9458-9464.

(18) Chiavarino, B.; Crestoni, M. E.; Fornarini, Shem. Phys. LetR2003 372
183-186.

(19) Sakurovs, R.; Nicholls, C. H.; Pailthorpe, M. Rolym. Photochen1.983
3, 421-434.

(20) Feitelson, J.; Hayon, B. Phys. Chem1973 77, 10-15.

(21) Claire, R.; Grabner, G. Mechanism of phototransformation of phenol and
derivatives in aqueous solution. Handbook of Enironmental Chemistry
2; Boule, F., Ed.; Springer-Verlag: Berlin, 1999, Part 1, pp 2280.

(22) Solar, S.; Solar, W.; Getoff, NIl. Phys. Chem1984 88, 2091-2095.

(23) Bussandri, A.; van Willigen, Hl. Phys. Chem. 2002 106, 1524-1532.
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Figure 1. Aromatic resonances of tyrosine. (A) The region of #hé
spectrum containing the aromatic resonances of 5 mM tyrosine dissolved
in 400 mM phosphate, pH 7.0. (B) Sample A after a 15 min period of UV
exposure. Thertho resonances of the B, spin system are at 6.77 ppm,
and themetaresonances are at 7.05 ppm. The sample was preparefin D
treated for 6 min with argon to remove dissolved oxygen, and the stated
pH value represents an uncorrected meter reading.

due to incomplete relaxation). The VNMR integration software was
used to determine resonance intensities.

Results

Exposure ®a 5 mM solution of tyrosine in neutral D to
254 nm UV produced by a low-pressure mercury lamp results
in aH NMR spectrum that is identical with that of the starting
material, except that the intensities of the aromatic 8r&h¢

et the hydroxyl) and 2,6n(etato the hydroxyl) resonances are

reduced in a time-dependent manner, with thetaposition
preferentially deuterated. Inspection of the NMR spectra (Figure
1) reveals that thenetaprotons appear as superposed doublet
(J = 9.01 Hz) and singlet resonances, with the latter showing
a small upfield displacement from the center of the douldet (
= 1 ppb) due to the-isotope effect of the deuteron present in
the ortho position (Figure 1). The structure of tleetho proton
resonance is analogous, except that the singlet/doublet ratio is
much greater due to the greater level of deuteration atnibiz
position. In addition, only the downfield component of the
doublet resonance for thertho protons is resolved from the
large singlet, again consistent with an upfield isotope shift of
the singlet resulting from deuteration of tletaposition. There

is no significant loss of proton resonance intensity fromdhe
or S proton positions, indicating that the UV irradiation does
not significantly affect the amino acid backbone. The lack of
significant deuteration at thg positions also eliminates the
importance of a quinone methide intermediate in explaining the
observed UV-induced chemistty.

The photoactivated H/D exchange reaction exhibits a pro-
nounced pH dependence (Figure 2), and exponential fits of the
[/l intensity ratio versus time give a mean ratio for theta/
ortho deuteration rate constants of 4.3 (Figure 3). As is apparent
from the data in Figure 2, the exchange rate increases with pH
up to ~9, after which there is a marked decrease. Since the
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Figure 2. pH dependence of photoactivated deuterium incorporation. The

pH dependence of the intensity of theho andmetaresonances of tyrosine,

normalized by the intensity of thie. proton resonance, after UV exposure

for a period of 1 h. Samples were prepared yODtreated for 6 min with
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Figure 4. Intensity ratio of themetaandortho 'H resonances relative to
that of Hot after exposure to UV for 15 min, as a function of the phosphate
buffer concentration. The sample contained 5 mM tyrosine at an uncorrected
pH meter reading of 7. Note that, even in the absence of phosphate, the 15
min irradiation period givesy/l, = 1.84 andl/l, = 1.48 compared with

a value of 2.0 in the absence of UV exposure. Samples were prepared in

argon to remove dissolved oxygen, and the stated pH values representD20, treated for 6 min with argon to remove dissolved oxygen, and the

uncorrected meter readings.
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Figure 3. Time-dependeritn/la. andlo/l o intensity ratios for the pH values
indicated. Samples were prepared gD treated for 6 min with argon to

stated pH values represent uncorrected meter readings.

irradiation as judged by the degree of deuteration suggested the
importance of an intramolecular protonation step involving the
o-amino group, analogous to the process proposed for the
photodeuteration af-tryptophan’8 We therefore investigated
the possibility that buffers could significantly enhance the H/D
exchange rate by providing a more abundant sourceabbs.
Consistent with this hypothesis, photodeuteratiop-ofesol is
readily observed in phosphate buffer. On the basis of the
resonance multiplet structures, the fractional protonation of the
ortho andmetasites is 0.67 and 0.15 afté h of UV exposure

(25 mMp-cresol, 0.3 M phosphate, pH 7.3), again indicating

a meta/orthodeuteration ratio of~4:1. Similarly, phosphate
concentrations up to~50 mM significantly enhance the
deuterium substitution rate at both thho andmetapositions

of tyrosine (Figure 4), with theneta/orthodeuteration ratio
remaining similar to that observed in the absence of buffer.

remove dissolved oxygen, and the stated pH values represent uncorrectednterestingly, the phosphate buffer effect becomes limiting at

meter readings.

~50—100 mM. In contrast with these results, the deuteration
rate was unaffected by 0.5 M concentrations of the nonbuffering

tyrosine hydroxyl group has a pK of 10, one implication of the salts NaCl, CsCl, or LiCIQ However, imidazole buffer was

pH profile shown in Figure 2 is the preferential reactivity of
tyrosine with a nonionized hydroxyl group. Surprisingly, no
significant deuteration of the aromatic positions is observed at step,
pH 2, while the appearance of additional resonances indicates(
partial degradation of the tyrosine. This result was unexpected

since most of the reported tyrosine deuteration stutiesyell

as most of the photochemical H/D exchange studies in related
phenolic compound¥;!® have been performed under acid

conditions. The fact that deuteration under acid conditions is
selective for theortho positiorf and the absence of significant

photochemical H/D exchange at low pH indicates that the
photodeuteration process for tyrosine in aqueous media proceed%I o
by a different mechanism than acid-catalyzed H/D exchange.
One exception to this generalization is the rhodium-catalyzed
deuteration of 4-hydroxybenzoate, which preferentially deuter-

atesmetato the hydroxyl groug*
Exposure of-cresol solutions to UV fol h failed to produce

also effective as a UV H/D exchange catalyst (data not shown).

To further evaluate the role of an intramolecular protonation
we performed similar studies on 3-hydroxyphenylalanine
m-tyrosine) (Figure 5). The resulting spectrum demonstrates
that the major determinant of photochemical H/D exchange is
the position relative to the hydroxyl substituent since the C-5
position meta to the C-3 OH is clearly the most heavily
deuteratedl§¢/l, = 2.2% after 5.5 h, where the intensity of the
H-5 resonancdg, has been normalized relative to the intensity
of the Ha proton resonance). In the deuterated species, the H-4
and H-6 resonances, which initially appear as overlapping
ublets, are observed as singldigl{ = 29%, l¢/l, = 24%
after 5.5 h). The H-2 position shows the lowest level of
deuteration, although there is a significant loss of intensity at
this position relative to d (I2/l, = 37% after 5.5 h). Hence,
although the presence of an amino group optimally positioned
for intramolecular protonation/deuteration at the site undergoing

significant deuteration and resulted only in low levels of 5 exchange is beneficial, the results fortyrosine indicate

deuteration even after 16 h, as judged from fhe NMR

that it is not an absolute requirement. Presumably, the role of

spectrum. This result was unexpected since previous FT-EPR,q ¢_amino group in this case is similar to the role of the

studies have not found significant differences in the photo-

chemical behavior of these two molecut8sThe dramatic
difference between the response of tyrosine puwadesol to UV

(24) Fairley, D. J.; Boyd, D. R.; Sharma, N. D.; Allen, C. C. R.; Morgan, P.;

Larkin, M. J. Appl. Erviron. Microbiol. 2002 68, 6246-6255.
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phosphate or imidazole buffer described above.

Involvement of a Radical Anion Intermediate. In FT-EPR
studies of phenol in BD subjected to UV radiation at a
wavelength of 266 nm, Bussandri and van Willigen have
observed a cyclohexadienyl radical, in which the deuterated
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(b) m-tyrosine + 5.5 h uv H4 l conclusion of a radical-based mechanism, addition £ Nan
. agent that reacts with free electrons to yield hydroxyl ions and
If ‘ hydroxyl radicals, produces effects somewhat analogous to
||| lowering the pH, quenching the H/D exchange, and resulting
I ol in extensive chemical transformations. Thug,ahd NO, which
i both scavenge electrons, inhibit the photochemical H/D ex-
| l‘d| |.| change of the aromatic protons in tyrosine. Surprisingly, the
W‘ rate reported for the reaction afge with tyrosine only decreases
- by a factor of ~3 above the hydroxyl pK, indicating that
ionization does not significantly reduce the reaction rate. On
R the basis of the absorption spectra obtained, it was concluded

Figure 5. Aromatic ff?SO“a“CESth*t)r’]rOSi”e (3'hydL0Xy€he”Y'a'a”|i”e)f:t that reaction at the high pH resulted in the same product(s) that
(a) 15 mMm-tyrosine in 5 mM phosphate, pH 7.1; (b) above sample after are produced at lower pf—@.

5.5 h UV exposure. The structure and position identificatiomf/rosine . ! .
are indicated in the inset. The two overlapping doublets corresponding to  In the pulse radiolysis study noted above, the reaction rate
H-4 and H-6 in (a) become primarily singlets in (b). The sample was of e,y with p-cresol was determined to be 4210’ M~1s™1,
prepared in O, treated for 6 min with argon to remove dissolved oxygen, 4, 1504 of the reaction rate with tyrosine. Hence, both a lower
and the stated pH value represents an uncorrected meter reading. . . ’ .
reaction rate and the lack of an intramolecular protonation
mechanism would be expected to reduce the rate of formation
of the cyclohexadienyl radical, consistent with the lower rate
pf photochemical H/D exchange observed for this analogue.
A rough estimate of the rate of formation of the tyrosine
radical anion, kry-, can be made based on the electron
concentration, the fraction of tyrosine in the protonated/

position is meta to the hydroxyl substituert® This is the
presumed intermediate species for thetadeuteration product
observed in the present studies and supports a free radical
mechanism for the photochemical H/D exchange reaction. The
EPR studies were interpreted in terms of a bimolecular abstrac-
tion of a hydrogen radical, &1 to yield a phenoxyl/cyclohexa- o

dienyl radical pair. However, as noted in this study, this reaction unprotonatgd forms, aqd the rate constants for reaction in these
requires a nondissociated phenolic proton and so becomedWO forms given by Feitelson and Haydh:
inoperative above the phenolic pK. In contrast, the H/D ~Ta — ~ N3
exchange reaches a maximum near pH 9, and significant Krye- ~ [8aq Jafryr-on + Kefryro-) ~ pH >7< o

exchange is observed at pH 13 (Figures 2 and 3). Thus, even if 2.8x 10° + 9.6 x 10°(10™™) )

the He abstraction process contributes to the H/D exchange 1+ 10PKPH 1+ 10°PKPH

reaction at low pH, another mechanism would need to become ) ] o

operative at higher pH. Since photolysis of tyrosine at lower Wherefry—or/fry—o- is the fraction of tyrosine in the protonated/
pH yields b radicals and since the reaction of #ith tyrosine unprotonated form (pk= 10), the rate constantg andk; (in

has been reported,addition of H to the ring could produce M ~* s are given by Feitelson and Hayéhand the electron

the cyclohexadienyl radical. However, no signal arising from concentration has been approximated by a cubic dependence
this reaction pathway could be identified in the FT-EPR sfiidy.  On the pH. The latter approximation is suggested by data given
Photoexcitation of tyrosine also produceg €ons, and these ~ PY Bussandri and van Willigen, who report that the EPR signal
have also been shown to react with tyrosine at rates not too far&/sing from eq~ decreases by 77% on going from pH 11 to

below the diffusion limit® Reaction rate constants of 2:8 72 This behavior is most simply modeled by the pH
108 M1 s (pH 6.6) and 9.6x 107 M~1 st (pH 12.5) were dependence shown above. Clearly, the actual variatiopqof e

determined from pulse radiolysis stud@hus, formation of ~ With pH would be represented by a much more complex
a tyrosine radical anion resulting from the addition aqfe function, with the primary dependence resulting both from the

produced by a second tyrosine molecule, followed by a PH-dependent generation of4e by tyrosine photoexcitation
protonation step, provides a likely pathway for formation of @nd the scavenging of the electron by idescribed by the
the cyclohexadienyl radical intermediate (Scheme 1). reaction: g + H" — He. A plot of eq 1 using an arbitrary
As indicated in Scheme 1, the deuteration step might involve scaling faCtor gives a qualitatively rea_s_onable desr_:rlpt|on of the
an intramolecular deuteron transfer from tie@mino group or Lh deuteratlor_l Ievel_s_ at thmeta position, determm_ed from
an intermolecular transfer from the amino group of another the resonance intensities as-amvla, although there is a large

tyrosine molecule or from the buffer. Consistent with the d|vergence. above pH- .11 (Figure 6). Undoub.tedlly, the
deprotonation of the--amino group and the reduction in TH

(25) (a) Navon, G.: Stein, Gisr. J. Chem.1964 2, 151-154. (b) Ye, M.: at high pH are related to the difference between the theoretical
Schuler, R HRadiat. Phys. Cheni986 28, 223-228. T and experimental data at high pH. A better fit is obtained by
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- K oxidative regeneration of tyrosine from a related intermediate
1.75 LA . ) .
sl o '.,\ by the phenoxyl radmé‘_! have previously been pr_oposed. Da_s
,;f PN and co-workers have discussed the redox chemistry of tyrosine
m 125 ¢ o [ and related phenolic compounds and note that above the
2-0- 10} . ,f e hydroxyl pK, a facile redox reaction, can océirUnder the
0.75 '),;,?' L * conditions of the present study, deprotonation of the cyclohexa-
0.5 F ; % ' . dienyl radical will allow it to be oxidized by the photochemically
025 F ‘,_.:""' '*-\ generated phenoxyl radical according to Scheme 2.
N P
2 4 6 8 10 12 Scheme 2
pH

Figure 6. Comparison of deuteration level at theetaposition of tyrosine
after a 1 h period of UV exposuresf, calculated as 2- Im/la, with
calculated rate constant given by eq 1: (1) assumiagle- pH® (- - *);
(2) assuming [g;] ~ pH® up to pH 11, and constant thereafter)( (3)

o o
=
=
NI, ND,
COy ‘\_,_
e

0,
assuming [g;] ~ pHS, and no electron addition to the tyrosine (phenolic) _~:<: '
anion = 0) (— — —). The scale of the calculated curves was set arbitrarily o D o o o
to approximate the deuteration level. N

| »-

H
/ co, : B H*
o o o o
D H
R + D
P . N | J
i)
NI, NI, ND,
oo, co, 0.

4—/ -
H
n

[ D
ND,

\|/Nn:
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assuming that, after building up to a high levekq[é remains
constant above pH 11, which would be consistent with the
maximum yield of electrons after the tyrosine hydroxyl group
is fully deprotonated (Figure 6). A more accurate approximation
of the H/D exchange data would require a more complete
description of all of the reactions that produce and consume
€xq , and particularly the rates for protonation of the tyrosine
radical anion and for the subsequent chemical transformations
of the cyclohexadienyl radical. Nevertheless, in addition to
providing a qualitatively reasonable description of the exchange, According to Scheme 2, oxidation of the cyclohexadienyl
the fit is consistent with the high pH results obtained. A model radical anion (a structurally distinct species relative to that
that assumes no electron addition to the phenoxide kk.e=,0 formed from by g4 addition to tyrosine depicted in Scheme
in eq 1 above) predicts that the exchange rate falls to near zerol) would be expected to yield a biradical species which would
above pH~12, in contrast with the observations (Figures 3 and be expected to adopt the lower energy, zwitterionic resonance
6). Although eq 1 also lacks rate constants for the oxidation/ form indicated in Scheme 2. This should rapidly deprotonate,
deprotonation steps described in Scheme 2 (see below), suchbut the carbocation can also tautomerize, providing one possible
steps may not be rate limiting if formation of the cyclohexa- avenue for deuteration of thertho position. A particularly
dienyl radical via the pathway shown in Scheme 1 is irreversible. attractive feature of Scheme 2 is the consistency with the EPR
On the basis of these observations, a reaction betwgen e observation of the cyclohexadienyl radical formed in the FT-
and tyrosine, as has been observed in pulse radiolysis experi£PR studies reported by Bussandri and van Willigem that
ments?® appears to be central to the H/D exchange reaction. study, the EPR signal for this radical is approximately constant
The reaction shown in Scheme 1 also is equivalent to the initial between pH 2 and 7, but is absent in basic solution. This
step of a Birch reductioff-?”in which electrons derived from  behavior is consistent with Scheme 2, in which deprotonation
alkali metals react with aromatic substrates to yield a radical of this radical facilitates its oxidative decomposition.
anion which is subsequently protonated to produce a cyclo- Photochemistry of Amino Acid Mixtures. Scheme 1
hexadienyl radical intermediate. For the Birch reduction, postulates two separate roles for tyrosine in the photochemical
however, the strongly reducing conditions result in a second H/D exchange reaction. Initially, a tyrosine molecule that
electron addition/protonation step to yield a reduced product. absorbs light energy serves as a source for the photoejected
Interestingly, Birch reduction of the tyrosine O-methyl ether electron, which then reacts directly with a second tyrosyl ring
has been used as a starting point for the synthesis of aerugito produce a radical anion. Therefore, the critical role of the
nosins?® tyrosine is as a transducer of light energy into an aquated
Regeneration of Tyrosine Regeneration of tyrosine can, in  electron radical, while the role of acceptor theoretically could
principle, be accomplished by reversing the steps involved in be played by another ring system. To evaluate this possibility,
its formation, that is, a deprotonation followed by dissociation we studied two mixtures containing equimolar concentrations
of the electron from the tyrosyl radical anion or by a one-electron of tyrosine and phenylalanine, or tyrosine and tyrosine-O-methyl
oxidation followed by loss of a proton. Regeneration of ether (O-methyl tyrosine: OMT). Exposure of either phenyl-
phenylalanine by oxidation of the cyclohexadienyl raditahd alanine or OMT to UV light under the conditions of the above
studies does not result in significant deuteration of the ring
(26) Hook, J. M.; Mander, L. NNat. Prod. Rep1986 3, 35-85. . . . . .
(27) Pellissier, H.; Santelli, MOrg. Prep. Proc. Int2002 34, 609-642. positions, but in chemical transformations, as judged by the

(28) (a) Bonjoch, J.; Catena, J.; Isabal, E.; Lopez-Canet, M.; Valls, N. gppearance of new proton resonances (spectra not shown).
Tetrahedron: Asymmetr$996 7, 1899-1902. (b) Bonjoch, J.; Catena,

J.; Terricabras, D.; Fernandez, J.-C.; Lopez-Canet, M.; Vall§,éttahe-

S
|
aTH
D
NI,

Coy oy

dron: Asymmetryl997, 8, 3143-3151. (c) Valls, N.; Lopez-Canet, M;
Vallribera, M.; Bonjoch, JChem—Eur. J. 2001, 7, 3446-3460.
(29) Mittal, J. P.; Hayon, EJ. Phys. Chem1974 78, 1790.
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(30) Lynn, K. R.; Purdie, J. WInt. J. Radiat. Phys. Cheml976 8, 685-689.
(31) (a) Das, T. NJ. Phys. Chem. A998 102, 426-433. (b) Das, T. N.; Huie,
R. E.; Neta, PJ. Phys. Chem. A999 103 3581-3588.
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greater level of deuteration at tleetho positions. Specifically,
e o - radical localization at C-4 will result irortho deuteration as
Figure 7. Aromatic resonances of a solution containing 3 mM tyrosine, 3 shown, while radicals formed at C-1 will need to tautomerize

mM O-methyl tyrosine in 50 mM phosphate, pH 11: (a) prior to UV B - -
irradiation; (b) after a 60 min exposure to UV. The sample was prepared in to the oxygen-centered structure in order to become oxidized.

D,0, treated for 6 min with argon to remove dissolved oxygen, and the Neglecting any kinetic isotope effect, this would lead to equal
stated pH value represents an uncorrected meter reading. labeling at theortho and metapositions. Consistent with the

chemistry shown in Scheme 3, studies of the chemical behavior

The presence of tyrosine confers some protection from the of the anisole radical cation have been interpreted in terms of
degradative effects of the UV, and in the case of OMT, a |ocalization of the radical on the carbon bearing the methoxy
significant level of ring deuteration is observed (Figure 7). substituen?
Interestingly, the deuteration pattern observed in OMT under  Using pulse radiolysis, Mittal and Hayon find that the rate
these conditions differs from that of tyrosine, with a lower level constant for the reaction of phenylalanine witlyeis 1.6 x
of deuteration and a relatively greater incorporation at the 3,5- 108 M—! s, more than half the rate of reaction afge with
ortho position than at the 2,6ietapositions. In this experiment,  tyrosine under similar conditiorf8.Although the above rate
tyrosine itself exhibits the same deuteration pattern observedshould be sufficient to allow significant ring deuteration if
in solutions not containing the phenylalanine or OMT (Figure electrons are generated by the photolysis of tyrosine in the
1). Additionally, although a complete pH-dependent study was mixture, the regeneration pathway shown in Scheme 2 will not
not performed, a negligible level of OMT deuteration was be operative in the absence of the hydroxyl substituent. Another
observed at pH 7, in contrast with the results shown in Figure limitation on the reaction with phenylalanine results from the
7, which were obtained at pH 11. Thus, the greater photochemi-greater symmetry of the ring, which would be expected to result
cal yield of electrons from tyrosine at higher pH is correlated in a more even distribution of the negative charge in the radical
with a greater degree of H/D exchange of the OMT. The anion. Lack of charge buildup at specific ring positions would
dramatic difference between the effects of UV exposure on in turn be expected to reduce the rate of protonation and hence
OMT in the presence or absence of tyrosine provides strong formation of the cyclohexadienyl radical. Thus, it is not
support for the general features of Scheme 1, which postulatessurprising that no significant deuteration of phenylalanine was
two separate roles for tyrosine. In this case, the tyrosine is the observed even in the presence of tyrosine.
primary transducer of light energy producing free electrons,  Effect of Tyrosine Concentration on H/D Exchange The
while either molecule can act as the electron acceptor. As notedphotochemical H/D exchange reactions outlined in Scheme 1
above, Birch reduction of OMT to produce a synthetic inter- s inherently multi-molecular and would be expected to show a
mediate has previously been described. positive correlation with tyrosine concentration. Similarly, a

The basis for the significant difference in the regioselectivity bimolecular reaction of the cyclohexadienyl and phenoxyl
of the H/D exchange reaction between tyrosine and OMT is radicals is proposed to be important for converting the former
unclear. However, since the oxidation pathway outlined in back to tyrosine (Scheme 2). The concentration dependence of
Scheme 2 is not available for OMT, a modification of this the photoactivated H/D exchange reaction was investigated at
pathway is required. We postulate that the different regiospeci- pH 11, due to the limited solubility of tyrosine at neutral pH,
ficity of OMT deuteration is related to a variation in the and the absence of a deuteration reaction at low pH (Figure 2).
oxidation chemistry. One such pathway is shown in Scheme 3. As shown in Figure 8, the resonance intensities of the tyrosyl

According to Scheme 3, the more likely deuteration of the ring protons show a large dependence on tyrosine concentration,
ortho position of OMT results from the availability of a  such that the deuteration reaction is nearly eliminated at 50 mM
resonance structure with the radical localized on the oxygen tyrosine. One limitation on the reaction rate is the inner filtering
substituent. In this form, a redox reaction with the phenoxyl of the UV light by the tyrosine itsef® The significance of this
radical can take place, ultimately leading to a carbocation which
deprotonates as in the case of tyrosine, resulting in deuteration(33) foleman, J: Sehesieq, K Fys. Chemiars 80 1642 e dsoa 110,
at C-3. Oxidation/deprotonation via Scheme 3 will lead to a 417-419.
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photosynthesis, and neurochemistry, as well as to preparative
methods for introducing deuterium or tritium labels. Addition-
ally, the lability of deuterium and tritium labels to photochemical
H/D(T) exchange makes this phenomenon of practical impor-
tance for the analysis of deuterated or tritiated biological
phenols. The isotopic labeling pattern that is produced as a result
of physical or chemical manipulations provides information
about the chemical history of the molecule. The regiospecificity
and pH dependence of photochemically activated H/D exchange
in tyrosine are unusual and differ from the widely used acid-

concentration. Samples contained the tyrosine concentration indicated atcatalyzed deuteration pattern which favarsho substitution.

pH 11 and were subjected to a 60 min period of UV irradiation. Note that

Despite an extensive literature on photochemical H/D exchange

under these conditions, at the lowest tyrosine concentration evaluated (2.55nd excited-state proton transfer (ESPT), we found essentially

mM), 1o/l = 0.91, I/l ~ 0.05.
effect was confirmed by studie§ @ 5 mM tyrosine solution
(100 mM phosphate, pH 11.0 in,D) that were performed in

a 49 mm diameter quartz beaker. In this case, the larger volume,

had the same effect as higher concentration in limiting the
observed H/D exchange reaction (data not shown).

An additional limitation on the H/D exchange reaction is
expected to result from the formation of small amounts of more
absorptive tyrosine oligomers. Tyrosine radicals formed under
anoxic conditions are known to form oligomeric species,
particularly 3,3-dityrosine, as well as 3,%,3"-trityrosine and
pulcherosiné* These adducts are fluorescent and will absorb
UV radiation and emit longer wavelength light, thus inhibiting
UV-dependent H/D exchange. Although thé NMR spectra
generally indicate that such side reactions are of limited

guantitative significance, the small singlet at 6.74 ppm observed

in the OMT—tyrosine experiment (Figure 7) most probably
arises from the H-2 protons in 3;8ityrosine (the resonance is
shifted~0.4 ppm upfield relative to the reported shift of 3,3
dityrosine34 probably due to the pH difference). The presence
of some colored material, barely detectable in the NMR tubes,

was readily apparent in the larger diameter beaker. Nevertheless

while these products significantly influence the light absorption

no reported study of photoactivated H/D exchange in tyrosine,
consistent with the fact that little of the reported work was done
in agueous solution. More importantly, nearly all of the reported
work has been performed under acid conditiendich in the
present studjnhibit the H/D exchange reaction. In general, most
of the reported deuteration studies of aromatic systelnash
chemical and photochemicahave been performed under
considerably more acidic conditions at which cationic species
are formed:®-1° Interestingly, a 1994 study of UV-induced H/D
exchange in the-methoxyphenol ring of the antibiotic tomay-
mycin suggested that this might be the first example of
photoactivated H/D exchange in an aromatic ring at neutrdfpH.
The cyclohexadienyl radical that has been observed in FT-
EPR studies of photochemically activated tyrosine and related
phenolic compounds is the presumed intermediate in the
photoactivated H/D exchange reactiSnHowever, there are
fundamental questions regarding the predominant synthetic
route, the mechanism for regeneration of tyrosine from the
radical intermediate, and the reason for the poor correlation
between the pH dependence of the H/D exchange reaction and
of the EPR observation of this radical intermediate. We have
considered three likely pathways for the formation of the
cyclohexadienyl radical: (1) direct addition of a hydrogen atom;

characteristics of the sample, the NMR analysis indicates that 2) a bimolecular M abstraction that yields the cyclohexadienyl/

in most of the studies, they do not represent a significant fraction
of the available tyrosine molecules (e.g., Figure 1). Most

probably, the accumulation of these products is related to the

phenoxyl radical pair, as proposed by Bussandri and van
Willigen;2® (3) direct addition of g~ generated by tyrosine
photolysis to the ring of a second tyrosine molecule, followed

“reaction fatigue” that can be observed at the longest time points by protonation. Although the direct reaction of ith tyrosine

of the studies (Figure 3).

A final consideration relevant to the effect of tyrosine
concentration is a potential redox reaction between the initially
formed radical anion and a phenoxyl radical. It is likely that
the phenoxyl radical can oxidize this radical, perhaps involving
a resonance form in which the radical is localized on the oxygen
(Scheme 4).

Scheme 4

oD Oe oD o
PO —
ND,* ND;* ND;* ND,*
[ele)y COy COy COy

has been reported,Bussandri and van Willigen were unable
to assign an EPR signal to this reaction path#fawy addition,

the pH dependence of the photoactivated H/D exchange
observed here appears to be inconsistent with a significant
contribution from a reaction involving &lthe concentration of
which varies inversely with pH due to the reactiong et H*

— He. Thus, while B addition may be occurring, it does not
appear to make a significant contribution to the observed
exchange rate. The bimoleculas &bstraction reaction proposed
by Bussandri and van Willigen exhibits an apparent inconsis-
tency with the concentration dependence of the H/D exchange
reaction (Figure 8). Nevertheless, as discussed above, there are
several other factors that may mask the concentration depen-
dence of the reaction. Alternatively, the observation of a

Analogous reactions have been discussed by Lynn andsignificant rate of H/D exchange at pH values up to 13 appears

Purdie€® and, forp-aminobenzoate, by Nakkeh.
Discussion

An understanding of the photochemistry of tyrosine is central
to an appreciation of its many roles in enzyme biochemistry,
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to be inconsistent with this reaction mechanism, and indeed,
these authors explain the disappearance of the EPR signal of

(34) Jacob, J. S;; Cistola, D. P.; Hsu, F. F.; Muzaffar, S.; Mueller, D. M.; Hazen,
S. L.; Heinecke, J. WJ. Biol. Chem.1996 271, 19950-19956.
(35) Nakken, K. FRadiat. Res1964 21, 446-461.
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the cyclohexadienyl radical in basic solution as a consequencereaction pathways for the synthesis of the cyclohexadienyl
of the elimination of this reaction pathway resulting from radical. For the proposed oxidation of the OMT cyclohexadienyl
deprotonation of the phenolic hydroxyl substituéht. radical, no deprotonation step is involved (Scheme 3). Hence,
the fact that the H/D exchange rate at pH 11 is much greater
than the rate at pH 7 indicates that formation of the cyclohexa-
dienyl radical is much more rapid at the higher pH. This
observation unambiguously favors thgéH* reaction pathway
over the R pathway, due to the correlation ofse with pH.

Although, as discussed above, the H/D exchange data
generally do not support the importance of a bimolecular H
transfer reaction, a bimolecular electron-transfer reaction might
form the initial radical anion, and in fact, the entire process
could, in principle, involve a pair of tyrosine molecules, as
illustrated in Scheme 5.

In contrast to the problems with pathways 1 and 2 sum-
marized above, the reaction ofqe with the tyrosine ring
followed by protonation, as shown in Scheme 1, forms the basis
for known Birch reduction chemist?f-28 A “photo-Birch
reduction”, which requires the addition of a reducing agent to
drive the reaction toward two-electron reduction, has also been
described in the literatuf8 The EPR spectra of several aromatic
radical anions formed by reaction withqe have been ob-
served®’ The increase in the observed deuteration level parallels
the large increase in the,g signal with pH that has been
observed in EPR studié$The observation of a significant rate
of H/D exchange at pH 13 is consistent with the data of Feitelson Scheme 5
and Hayon, showing that the reaction rate gf evith tyrosine Tyl

ODe+ D* 0 o
falls off by only a factor of 3 above the phenolic pK. v /
Alternatively, since this observation is made well above the
amino pK, there is no optimal candidate for the protonation g ND; /’ ND; ND:
Co, coy €Oy,

reaction shown in Scheme 1. Most probably, the solution to co,
this problem is that the much higher level qfeat high pH? Tyr2

compensates for the lack of an optimal protonation reaction, as T
ND,*
oy

Reaction

© , quench?

/ ’

oD ¥
C

+
+ H
D* o :>< o o
H H
\ b D D
ND;,* ND, ND, ND,
s co, coy €O,

0.

is qualitatively indicated by the calculations shown in Figure
6.

The regeneration of tyrosine from the cyclohexadienyl radical
is proposed to result from a redox reaction involving the
cyclohexadienyl and phenoxyl radicals, which becomes optimal
upon deprotonation of the former (Scheme 2). This mechanism
provides an attractive explanation for the unobservability of the

cyclohexadienyl radical at high pH noted by Bussandri and van ,,yever the bimolecular complex illustrated above would be

. 23 o . T
Willigen,? that s, |t.results from rapid 0)$|dat|on rather than strongly destabilized above pH 11, at which the tyrosine is
from reduced formation. Continued formation of the cyclohexa- dianionic and the tyrosine radical anion (for which the pK values

dienyl radical at high pH is required to explain the observed 50 \nnown) could be trianionic. Hence, there appears at this
photoactivated H/D exchange. Possibly, the coupled redox point to be no compelling basis to invoke such a complex. In
reaction shown in Scheme 2 may be related to the negatively yis context, we note that Stevenson and co-workers have
correlated polari_zation be_tween the EPR §ignals of the phenoxylobserved that the aromatic hydrogens of adjacent, stacked
a”‘_’ cyclohexadler_lyl radicals (_)bserved in the '_:T'EPR study, fjyorene molecules can exchange if activated via electron
which has been interpreted in terms of a bimolecular H - 5qqition3s This process might have some common features with

extraction proces® As noted above, related redox reactions the mechanism of photochemical H/D exchange in tyrosine
involving phenolic compounds have been reported by Das and yaqcribed here.

co-workers3!

Although the possible significance of the oxidation of the
tyrosine anion radical by the phenoxyl radical is unclear, this
reaction would lead to a strong inhibitory effect of tyrosine
concentration, as is observed in these studies (Figure 8).

The apparent ease with which the tyrosine radical anion can
As noted above, the rate constant given by eq 1 neglects thebe generated suggests that it may play a more general biochemi
pH-dependent effect of the oxidation reaction described by cal role. The ability of a protonation step to trap the anion radical
Scheme 2. However, the observation of deuterated tyrosinespecies would appear to have interesting implications for
requires both the formation of the radical intermediate as well electron-transfer reactions in proteins.
as the regeneration of the tyrosine. Interestingly, the results for - acknowledgment. The authors are grateful to Drs. Colin
OMT may provide a more unequivocal interpretation of the Chignell, Louis A. Levy, and Tom Burka for many helpful
relative importance of the contributions ofstnd eq /H" discussions. This research was supported by the Intramural
Research Program of the NIH, and NIEHS.
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