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Abstract: Hydroxyl radical reacts with the aliphatic-¢H
anaerobic conditions inclusion of2& atom donor resu
et al. Biochemistry200Q 39, 1761-1770]. The site ofH

bonds of amino acids by H atom abstraction. Under
Its iAH/2H exchange into these-H bonds [Goshe
/’H exchange can be detected and quantifiedHby

NMR. Integration of theZH NMR resonances within a single spectrum permits the relative rate of H atom

abstraction from each position to be determined. Anal

lysis of the aliphatic amino acid spectra indicates that the

methine and methylene positions were more reactive than the methyl positiondHTKHBR spectra of

isoleucine and leucine show that H-atom abstraction

distal tetbarbon occurs preferentially. Significant

1H/2H exchange was observed into thgositions of proline and arginine and into thenethylene of lysine,

indicating that a positive charge on a geminal N do
NMR integrations between amino acid spectra indi

es not inhibit'théH exchange. Comparisons &fl
cated H#&tH exchange occurred in the following

descending order: 1>V >R>K>Y>P>H>F>M>T>A>][C,S,D,N,E, Q, G, W]. The

extent of lH/2H exchange into methioniné\-glycyl-me

thionine, and methionine sulfoxide suggests that a

prominent solvent exchange pathway involving hydroxyl radical mediated oxidation of methionine exists to
account for the largéH incorporation into the’-methylene of methionine sulfoxide that is absentNeglycyl-
methionine. Analysis of théH NMR spectra of the reactions with phenylalanine and tyrosine indicated that

hydroxyl radical addition to the phenyl ring under the
either exchange or hydroxylation.

The reaction of the hydroxyl radicalH) with biological

anaerobic reductive reaction conditions did not result in

different *OH-induced products of amino acids generated in

macromolecules has been an area of extensive study due to thaerobic aqueous solution support the conclusion that side chain

deleterious effects it has on biological systenihe reactions

of *OH with nucleic acids have also been used to map solvent-
accessible surfac8sOH reactions with amino acids, peptides,
and proteins are also of interest and the relative reactivity of

reactions are the most prominent at physiological pH. In the
presence of oxygen, the aromatic and sulfur containing side
chains are the most prominent sites of oxidation, with O-atom
incorporation being the main reactiéht!

the amino acids has been established by determining the second- Characterization of the reaction of glycine and glycine

order rate constants for the reaction of t&é¢ with amino acids
using pulse radiolysis.However, determining the sites of
reaction of*OH has been more difficulttH NMR,*8 EPR
radical trappind, and mass spectral characterizatfoaf the
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derivatives with hydroxyl radical has permitted the reactivity
of a-amino, a-carboxylates, and the polypeptide backbone to
be studied independently of the side chain reactions. Initial pulse
radiolysis studies indicated that the glycine anion-i*-fold
more reactive than the zwitterionic foriMore recent results
indicate thatOH reacts with the unprotonated amine by both
electron transfer and H-atom abstraction to generate aminium
and aminyl radicals, respectively despite the glycine €H
bond having a significantly lower bond dissociation energy than
the N—H bond!2 *OH has been shown by EPR spin trapping
to abstract the-H of glycine and alanine residues in peptides,
but for all other amino acids reactions within the side chains
appear to predominafé?

We have developed an anaeroHit/?H exchange procedure
that detects the sites of hydrogen atom abstractiot©Ob{1415
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Previously, detection was provided by mass spectrometric presaturation. Typically, the number of scans required per run for each
analysis of the altered isotope ratios in peptides or in the sample was about 10 000. All the spectra were acquired &C24ith
individual amino acid residues. Here we repdH NMR sweep widths of 6.6 and 1.5 kHz_ féH and 2H, respectively. The
analyses of theOH-induced*H/2H exchange into amino acids ~ acquired data were processed with Varian software on an SGI O
that permit the location of exchange within the side chains of COMPUter. Processing of tfiél NMR data was done referencing the
the amino acids to be quantified and identified with atomic, chemical shift signals to the methyl resonance of DSS, and the spectra

. - . ' were all processed while maintaining the same vertical scales.
rather than residue, resolution. This procedure should be readily Assignment and Quantitation of Site-Specific Isotope Enrich-

applicable to peptides and other molecules where the reactionsmems in Amino Acids. The 2H chemical shifts in ppm are identical

with “OH are of interest. to the correspondingH chemical shifts, except for small intrinsic
. isotope shifts. On this premise, the chemical shifts obtained were
Materials and Methods correlated with those of thtH NMR of the corresponding standard
Materials. Amino acids and 2,2-dimethyl-2-silapentane-5-sulfonate @mino acids acquired with the same instrument. Any observable scalar
(DSS) were purchased from Sigma, Aldrich, and Fischer Scientific. coupling betweedH and’H, J(*H,?H), which is known to be 6.51 times
D,0 (99.9 atom % D) and $D (H depleted,3H] = natural abundance smaller than the correspondid¢tH,*H) coupling, was eliminated by
x 10-2) were from Aldrich. Dithiothreitol (DTT) was from Boehringer ~ Proton decoupling. The relaxation of tAel nucleus is dominated by

Mannheim. Semiconductor Grade 4.8 nitrous oxideQNwas from an efficient quadrupolar mechanism accounting for the complete loss
Praxair (Cleveland Ohio). of any NOE's. TheJ(®H,?H) scalar couplings are ignored since they
Preparation of Amino Acid Samples for !H/2H Exchange.From characteristically are only 2.4% of t¢H,"H) coupling®® These factors

10 mM stock solutions of each of the 19 standard amino acids@yH  Simplify the resonances observed in fie NMR spectra to singlets
5 mL of 2.5 mM solutions was prepared in 33100 mm test tubes that are characteristic of the various sites in the amino acid side chain

and dried on a centrifugal vacuum concentrator. Solubility constraints and whose relative integration becomes a direct measurement of the
limited the concentrations of tyrosine to 2 mM. The amino acid residues elative ?H enrichment. Each amino acid was dissolved at identical
were redissolved in 5 mL of 5 mM sodium phosphate buffer }®D concentrations and exposed for the same time t&*t@s source. Hence,
pD 7.21¢ and transferred into 12 mL glass vials sealed with Teflon- the integration of each amino acid spectrum should be comparable to
lined silicone septa. To each amino acid solution were added freshly €ach other, permitting the intermolecular propensity'fofH exchange
prepared aliquots of DTT dissolved in.O to achieve a final !0 be assessed by comparing the integrations ofth8IMR spectra
concentration of 25uM DTT in each vial. With 20 G needles  Of the different amino acids.
connected to Teflon tubing, the samples were bubbled with fdr at
leag 2 h tosaturate the solution with 0 and to remove atmospheric  Results and Discussion
O, through the venting needle. To maintain a slight positive pressure
of N;O, a rubber bulb was inflated withJ® and secured on the cap Elucidating the sites 0fOH mediated'H/?’H exchange into
of the vial during irradiation. the side chains of amino acids is important for two reasons.
Radiolysis To Effect'H/?H Exchange into Amino Acids.Reductive Understanding the reactions of th@H with amino acids will
anaerobic*H/?H exchange was achieved at room tempe[‘;ture by serve in unraveling the reaction pathways of the deleterious
€xposing thﬁ amino ac'dsf in the glass vialsyteays from a Chs effects offOH-induced oxidation in biological systems. Second,
|(r3r:f\d|ator. The dose rate of 3018 rads/min (100 rads Gy) and the the irreversible'H/?H exchanged amino acid side chain modi-
(*OH) of 5.6 for NO saturated solutiohs allowed the time of . L
exposure to be calculated by using eq 1. The amino acid solutions werefICatIon can _serve ‘3_‘5 a marker to pro?e solvent acce_55|bll|ty
and hence interactions between peptides and proteins. The
time (min)= relative propensity of the different amino acids to undergo
[OH radical] mM ® 'OHr;promotetljlll-é/ZHdexchan%e arlld the mechr?nisms of thre]
- — exchange will be discussed. Shown in Scheme 1 is the
dose rate (Gy/mink G(OH) x 1.04x 10“mmol/J previously established mechanismtbif?H exchange into amino
exposed to 500M “OH after which they were removed from the ~acids!® At low concentrations, DTT serves more efficiently as
irradiator and an additional 100M DTT was added to each vial. ~ an alkyl radical trap by donating 4 atom than as aOH
Further bubbling with MO was done for 15 min and the reaction was Scavenger. DTT is the preferréid atom donor over other thiols
completed by exposure to an additional 500 *OH. for two reasons: (1) the DTT thiyl radical quenches itself by
Sample Preparation for NMR Analysis. The irradiated samples  forming a stable six-membered ring disulfide radical afffon
were concentrated in ac_entrifugal vacuum concentrator and exphangedand (2) the DTT disulfide radical anion disproportionates to
with H0 three to four times to remove solvent@ In preparation  oxjdized and reduced DT This reactivity with C-centered
o 4 %, e eskieg were desoled 500 o H depleld,  radicals has been shown to_occur wih Second-order rate
: constants of~10’ M1 s71.3 The?H NMR results reported here

amino acids, except tyrosine, from 5 mL for irradiation to 0.5 mL for . . ) .
NMR analysis resurl)tegin 25 mM samples which enhance@HHeMR are the first NMR characterization of the often invoked, thiol-

signal. mediated “repair reactions” of C-centered radicdls.

'H and ?H NMR Spectroscopy.A Varian Inova 600-MHz NMR 2H NMR is a unique tool to detect the sites of modification
instrument operating at 599.908 MHz (14.1 T) with a broad-band probe by 'H/?H exchange because the observed peaks are necessarily
was used to collect th#H NMR spectra. This equated to a resonance singlets due to negligibléH/2H and 2H/2H coupling. The
frequency of 92.106 MHz fotH. The spectrometer’s electronics were  cnemical shifts oH NMR can be compared directly to those
tuned for?H acquisition with the appropriate 5-point stick inserted into of the corresponding!H NMR, making the assignments

the probe. Prior to tuning, the lock power was turned off and a 1/4 - . . . .
wavelength broadband preamp cable corresponding to-480 MHz straightforward. In addition, integration of the peaks provides

range was attached to the wavelength jack. A sample containing an (18) Fleischer, U.. Kutzelnigg, W.. Limbach, H. H.; Martin, G. J.; Martin
equivalent isotopic mixture of watetH (50 atom %)]HO was used to M. L.: Schindler, M.Deuterium and Shift CalculatiorSpringer-Verlag:
obtain the shim file used in the acquisition of bdthand?H spectra. New York, 1990: Vol. 23.

The data were then acquired on the amino acid samples dissolved in  (19) von Sonntag, CThe Chemical Basis of Radiation Biolgghaylor

2H-depleted HO with broadband proton decoupling and solvent@D and Francis: London, 1987.

(20) Akhlag, M. S.; von Sonntag, G. Am Chem Soc 1986 108 3542—
(16) Glasoe, P. K.; Long, F. Al. Phys Chem 196Q 64, 188-190. 3544.

(17) BuxtonRadiat Res Rev. 1968 1, 209-222. (21) Chan; Bielski, BJ. Am Chem Soc 1973 95, 5504-5508.
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Scheme 1 Table 1. Assignment of ObservetH NMR Resonancés
H resonance
gamma irradiation amino acid position assignment (ppm)
H R H * HOD L-leucine methyls 50.90
. ) & deuteroxy! D,0 + ; & L-leucine methine and methylene 01.63
DN radical DN L-isoleucine o-methyl 00.89
o L-isoleucine y-methyl 01.20
leucine oD leucine carbon-centered radical L'!SOIEUC!ne y-meth_ylene 0 1.40
L-isoleucine p-methine 01.99
DS L-valine y-methyls 0 0.95
/ SD L-valine p-methine 0219
L-arginine d-methylene 03.18
L-arginine p-methylene 0185
oD L-arginine y-methylene 01.60
L-lysine e-methylene 02.96
**s L-lysine y-methylene 01.45
SD L-lysine p-methylene 01.85
L-lysine d-methylene 01.74
~ob L-tyrosine B-methylene 6 3.16
thiyl radical L-tyrosine phenyi 3H and 5H 0 6.86
L-proline y-methylene 01.96
L-proline p-methylene 02.29
L-proline o-methylene 03.22
L-histidine p-methylene 03.24
L-histidine imidazole 2H 07.10
L-histidine imidazole 4H 07.87
L-phenylalanine [-methylene 03.22
L-methioniné e-methyl 0 2.09
L-methioniné y-methylene 02.58
methionine sulfoxide y-methylene 0 3.06
L-threonine y-methyl 01.28
L-alanine p-methyl 0142

a2The amino acid order is indicative of relative incorporation into
the entire amino acid. The intramolecular order also represents the
oxidized DTT DTT disulfide radical anion relative integration of each p_osi_tiohMeth_ionine data obtained from
unoxidized methionine’ Methioninesulfoxide data are for methionine
sulfoxide, not for the methionine sulfoxide formed during irradiation
the relative reactivities of the different sites of incorporation of methionine.

and their propensities toward exchange.

The chemical shift assignments shown in Table 1 summarize into each of the alkyl carbons of the aliphatic amino acids. There
the sites of enrichment of the amino acids susceptibl¢itéH is a direct relationship between the amountidf?H exchange
exchange. The relative propensity to undergo #h&2H and the number of aliphatic-€H bonds. The most prominent
exchange reaction is indicated by being listed in descendingresult is that'H/’°H exchange was increased, the greater the
order of enrichment. The absence of the polar amino acid distance from the.-carbon. The incorporation into the methyl
residues, glycine, cysteine, and tryptophan, does not indicategroups decreased in the order Leulle > Val > Ala. These
thatH/2H exchange is absent in these residues, only that with results suggest that the ionized ammonium and carboxylate
the less sensitivéH NMR detection method, this exchange groups either have an inductive or steric effect that diminishes
could not be unequivocally detected. We estimate the limit of as the CG-H bonds become further removed from thearbon.
detection to be between0.25 and 0.5 mMH. Because of the ~ These results are consistent with our previous determination of
concentration step, the effectivt®H concentration generated 'H/?H exchange by mass spectromeétty.
was 10 mM. Integration of the2H NMR peaks shows enrichment of the

H/2H Exchange into Aliphatic Amino Acids. The aliphatic methyl sites to be 1.4 times greater than the methine and
amino acids have the greatest susceptibilitfHé?H exchange methylene hydrogens of leucine. The sites of enrichment in
with incorporation being effected into the side chain C-centers, L-isoleucine for the-methine, y-methylene,y-methyl, and
illustrating separable reactivities of the primary, secondary, and §-methyl groups are in the ratio 1.3:1:1.5:2, respectively. After

§—S

tertiary sites. The rate constants for the reactions of@té normalizing to the number of hydrogens under each peak the
with aliphatic amino acids range from 77 10/ M~1 s7! at yields showed a 4:2:1.5:2 ratio for the four sites, respectively.
the lower end for alanine to 20-fold greater, 1x310° M~1 This implies that the3-methine hydrogens are more prone to

s™%, for leucine? At physiological pH, theo-H atoms of the exchange relative to the methylene and methyl hydrogens.
amino acids are less reactive to tt@@H than the side chain  Similarly in valine, the incorporation éH is 2.85 times greater
C—H bonds due to inductive deactivation by both the am- into the methine position when compared to the methyl groups.
monium and carboxylate groups present in the zwitterionic These results are qualitatively consistent with previous experi-
state?? This is demonstrated by the lack &fl incorporation mental and computational studies that have shown that the
into glycine and is a feature 8H/?H exchange into peptides  methylene hydrogens of propane ard0-fold more reactive
as well?14 than the methyl hydrogertd:?4In leucine the3-methylene and
Figure 1 shows'H/?H exchange intoL-alanine, L-valine, y-methine?H resonances are not resolved. The methyl groups
L-leucine, and -isoleucine?H incorporation can be identified

(23) Droege, A. T.; Tully, F. PJ. Phys Chem 1986 90, 1949.
(22) Simic, M.; Neta, P.; Hayon, B. Am Chem Soc 197Q 92, 4763~ (24) Hu, W. P.; Rossi, |.; Corchado, J. C.; Truhlar, D.JGPhys Chem
4768. A 1997 101, 6911-6921.
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_Flgure .1' .The H. NMR s'pectra of alanine, _Val'ne’ leucine, and Figure 2. ?H NMR spectra of proline, lysine, and arginine illustrating
isoleucine illustrating the sites of hydroxyl radical induced afkyl the sites of hydroxyl radical induced alkj/ZH exchange. ThéH
2H exchange. ThéH NMR chemical shifts were correlated with those NMR chemical shifts were correlated with those of fie NMR of

of the 'H NMR of the same amino acid samples referenced to DSS.
The relative ratios of incorporation determined by integration of the
peaks demonstrate an increaséhi*H exchange with the increase in
the number of side chain alkyl groups.

the same amino acid samples referenced to DSS. Incorporation into
the o-methylene group of arginine and thenethylene group of lysine
suggests that the side chain guanidinium ion of arginine and the
e-ammonium ion of lysine do not deactivate these alkyl carbon centers.
Similarly for proline, there was minimal deactivation toward toé
showed a 2.1-fold greatéH incorporation than the methine by the amino group on the neighboridgmethylene carbon.

and methylene groups, corresponding to an equal reactivity on

a per H basis. These results indicate that the preferentialalso reflected in the observed large rate constant o3P
abstraction of methine and methylene hydrogens in the aliphaticM ! s™* for the reaction of arginine wittDH3. The predominant
amino acids is reduced by their closer proximity to the 'H/’H exchange into thé-methylene of arginine is consistent
deactivating effects of the-amino and carboxylate groups. With the greater rate constant for the reaction being attributable
Because significanH/2H exchange is observed into the to the presence of the guanidinium group. Thkydrogens of
thermodynamically less stable methyl positions, we infer that Proline were most prone to exchange, showing a 2.7-fold greater
the DTT radical trap is sufficient to prevent either inter- or “H incorporation than thg-hydrogens, while thé-hydrogens
intramolecular migration of the radical. Knowledge of the Showed exchange 1.4 times greater tharfthgdrogens. These
reactivities of the amino acid-€H bonds with"OH is required ~ data may all be taken to indicate that the presence of a formal
to predict sites of biological oxidative damage to proteins. These Positively charged N atom does not deactivate the vicinaHC
results further establish the direct abstraction of hydrogen atomsPonds from"OH-induced'H/?H exchange. These results cor-
by *OH and subsequent replacement withdonated by DTT robc_)rate the observatl_on that _tﬁ_emethylenes of arginine and
as the mechanism 0OH-induced!H/2H exchange. proline are preferentially oxidized to carbonyl groups by

Influence of Positive Charge on'H/2H Exchange. Incor- Fe-EDTA catalyzed oxidation of polyamino acils.

poration of°H into L-arginine,L-lysine, and.-proline is shown "H/AH Exchange info Sulfur-Containing Amino Acid
- L= 1 - i I 2
in the 2H NMR spectra of Figure 2.-Arginine Shows Residues.Figure 3 shows the results of thel/2H exchange

) o . ) ._into methionine. ThéH NMR spectrum following theH/2H
|ncorpprat|on |n_to all the methylene side chain carbons, the ratio exchange reaction shows a small but detectable amount of
of .er.1r|chment Into th@-CHz’ V.'c.:HZ’ and_ﬁ-(;Hz sites being methionine sulfoxide being formed, estimated by relative
.11'3'1' re_spectlvgly. As |n-arg|n|ne_,L-|ysme incorporate$H integration of thes-methyl hydrogens of methionine sulfoxide
into tI_’ne side chain m.ethylenes.wnh tkhke and y-methylenes at 2.73 ppm as 4.0% or 1 mM. In tAel NMR, they-methylene
showing 3'f_°|d_ more _|ncorpora'_uon_ than the andﬁ-methyl_— resonance of methionine sulfoxide at 3.1 ppm represents at least
enes. The significant incorporation into the methylenes adjacent, 5 ,v2H (corresponding to 250M in the irradiated solution).

to the positively charged functional groups was unanticipated gacause no other amino acids demonstrated any signs of

based on the dogma that the Erotonat@daming group  oxidation in the!H NMR, the formation of this amount of
deactivates the reaction of theC—H.> However, previous EPR  ethionine sulfoxide cannot be attributed to oxidation by

spin trapping studies with protonated amines indicate that the :
vicinal C—H bonds are subject to H-atom abstraction* 6} 14é23§)1hs/lggsoba, M. M.; Rosenthal, |.; Riesz,®an J. Chem 1982 60,

and that the guanidinium group is particularly activatih@his (26) Amici, A. A.; Levine, R. L; Tsai, L.; Stadtman, E. &.Biol. Chem
activation of H-atom abstraction by the guanidinium group is 1989 264, 3341-3346.
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Figure 3. The!H (top panel) andH NMR (bottom panel) spectra of
methionine subjected to hydroxyl radical mediatéti’H exchange.
The?H NMR spectrum indicates minimal incorporation into th€H,
and thee-CHjs groups of methionine and a larger amount of exchange
into they-CH, group of methionine sulfoxide. The ratio of tkeCHs
group of methionine to the-CHs group of methionine sulfoxide (2.73
ppm) shown in the!H NMR spectrum indicates the absence of
nonexchanged methionine sulfoxide hydrogens.

adventitious @. A similar O,-independent oxidation of dimethyl
sulfide has been report@dThe large preference for incorpora-
tion of ?H in the y-methylene of the methionine sulfoxide
relative to thes-methyl suggests that the mechanism for forming
the sulfoxide involves exchange of the methylene hydrogens
from an intermediate generated during the oxidation with solvent
D,0. The radical cation of methionine is known to form a cyclic
structure with a 2-center 3-electron bond between the amino N
and thioether 3830 Deprotonation of the’-methylene would
form the preferred endocyclic double bond whereas deproto-
nation of thee-methyl would yield the exocyclic double bond.
The oxidant required for the second one-electron oxidation is
unidentified but may possibly be derived from disproportionation
of the radical cation as suggested for the anaerobic oxidation
of dimethyl sulfidé” and shown in Scheme 2.

To confirm the role of the cyclic intermediate, tAkl/?H
exchange intoN-glycyl-methionine and into preformed me-
thionine sulfoxide was investigateN-Glycyl-methionine was
less prone to oxidation as minimal-glycyl-methionine sul-
foxide was detected in thiéd NMR. However,'H/?H exchange
into both they-methylene and-methyl groups ofN-glycyl-
methionine was readily detected. Importantly for future studies
with peptides and proteins, methionine incorporated into this

(27) Schoneich, C.; Aced, A.; Asmus, K. D. Am Chem Soc 1993
115 11376-11383.

(28) Hiller, K. O.; Masloch, B.; Goebl, M.; Asmus, K. 0. Am Chem
Soc 1981, 103 2734-2743.

(29) Bobrowski, K.; Holcman, Jnt. J. Radiat Biol. Relat Stud Phys
Chem Med 1987, 52, 139-144.

(30) Schoneich, C.; Zhao, F.; Madden, K. P.; BobrowskiJ¥dm Chem
Soc 1994 116, 4641-4652.
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Figure 4. The ?H spectra of the aromatic amino acid tyrosine,
phenylalanine, and histidine. Th#H NMR chemical shifts were
correlated with those of thtd NMR of the same amino acid samples
referenced to DSS. Exchange occurred predominantly intg-tme-
thylene hydrogens of all three amino acids. The low signal-to-noise
ratio of the tyrosine spectrum is due to its low solubility at 5.
(The concentration of tyrosine used was approximately half that of all
the other amino acids.) Incorporation into the aromatic rings is minimal
except for tyrosine wher&H/?H exchange occurs at C3 and C5. The
peak at 8.6 ppm is a contaminant.
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model peptide underweritH/2H exchange in preference to
oxidation. InN-glycyl-methionine, they-hydrogens ab 2.60
and thee-methyl hydrogens ab 2.10 of methionine showed a
1:1 ratio for'H/?H exchange. MinimalH/?H exchange directly
into methionine sulfoxide was detected, indicatingiHeresent
in the methionine sulfoxide formed from methionine was
incorporated during the oxidation reaction and not after oxidation
to the sulfoxide. The decreased incorporation relative to
methionine suggests that the thioetheMNs§lycyl-methionine
promotes théH/?H exchange reaction.

1H/2H Exchange into Aromatic Amino Acids. The 1H/?H
exchange into aromatic amino acids is shown in Figure 4. The
B-methylenes ofi-histidine, L-phenylalanine, and-tyrosine
were the major target sites for incorporation. In histidine 81%
of the total incorporation occurred in th# position, 13% in
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the C2 position of the ring, and only a trace in the C4 position D3N reduction
of the ring. Exchange into the C2 position may be mediated by
acid—base exchange from a histidyl radical as observed during
anaerobic photolysis of histidine in the presence’ld$O.3!
Phenylalanine shows incorporation only intoftposition while
63% of the totaPH incorporated into tyrosine is found in ifs
position with the remaining 37% contained in the C3 and C5
positions of the aromatic ring.

The incorporation ofH into theortho position of the phenyl
ring of tyrosine suggests abstraction of the phenoxyl hydrogen
of tyrosine. The phenoxyl radical has significant radical
character at theortho positions, such that spin traps are
incorporated at this positioff,ando-dityrosine is an identified
reaction product of tyrosine oxidatidA.’H atom donation to
the ortho position results in the formation of the keto tautomer
of tyrosine. Enolization rearomatizes the phenol ring, resulting 4 ) )
in the potential incorporation 6H as shown in Scheme 3. A radical be reduced by electron transfer with concomitant loss

primary kinetic isotope effect on enolization would preferentially ©f hydroxide in the reducing environment. The reductant may
retain the?H label at theortho position. The tyrosyl radical be hydrated electrons, DTT disulfide radicals, or the DTT thiols.

may alternatively be transiently oxidized to the quinone methide. Similar dehydration has been previously observed from
Reduction of the quinone methide would resulBkhincorpora- hydroxy tyrosyl radicald! These results agree with the mass
tion into the 3-methylene. The significantly greatd# incor- spectrall isotope ratio measurement&#tfH exchange into these
poration into the tyrosine3-methylene than observed in aromatic amino acids!

phenylalanine is suggestive of this mechanism, although a H/?H Exchange into Acidic and Polar Amino Acids.The
resonance effect of the-hydroxyl group may also be respon- absence of exchange into thecarbon of the amino acids has

reaction of the*OH adduct under our anaerobic reaction
conditions was for DTT to trap the radical Byl atom donation.
Subsequent rearomatization of the 1-hydroxy-2,4-cyclohexadi-
ene [62H] intermediate by dehydration would result in partial
2H atom incorporation into the ring, as shown in Scheme 4.
However, the stability of the hydroxy-cyclohexadienyl radical
has been shown to preclude trapping by th#ladditionally,

the absence of observed exchange excludes this route of
reactivity. The absence of any detectable hydroxylated aromatic
rings in the!H NMR requires that the hydroxy-cyclohexadienyl

sible for the enhancetH/?H exchange at the tyrosinemeth- been attributed to the deactivation by the protonated amine. The
ylene. results of our studies suggest that the carboxylate and carboxa-
The absence ofH/2H exchange into the phenylalanine mide are also functional groups that deactivate H atom abstrac-
aromatic ring was unexpected. Pulse radiolysis stdtliasd tion from vicinal C-H bonds. This can be seen directly in the
the characterization of the aerobic reaction product®éf with IH/?H exchange into proline, where both themethylene and
phenylalanine and tyrosine both indicate that 19é&1 readily o-C—H are bonded to the amino group, but exchange is

adds to the aromatic ring to form a 1-hydroxy-2,4-cyclohexa- observed only into thé-methylene, implying that the carboxy-
dienyl radicaP® Under aerobic conditions, these radicals are late must be deactivating the abstraction of thdd. The
oxidized, forming hydroxylated aromatic rings. The anticipated deactivating character of the carboxylate and carboxamide
groups is reinforced by the absencéidf?2H exchange detected

(31) Holt, L. A.; Milligan, B. Biochim Biophys Acta1972 264, 432—

439, by 2H NMR into glutamate, glutamine, aspartate, and asparagine
(32) McCormick, M. L.; Gaut, J. P.; Lin, T. S.; Britigan, B. E.; Buettner,  in these studies and by the minimal exchange into these residues

G. R.; Heinecke, J. WJ. Biol. Chem 1998 273 32030-32037. iti i i
(33) Karam, L. R.; Dizdaroglu, M.; Simic, M. Gnt. J. Radiat Biol. detected by g?l_hmore Se?SItlve rlnass Sﬁethalhlsotoptal ratio

Relat Stud Phys Chem Med 1984 46, 715-724. measurements. These results correlate well with the very low
(34) Solar, S.; Solar, W.; Getoff, NIl. Phys Chem 1984 88, 2091

2095. (36) Von Sonntag, CThe Chemical Basis of Radiation Biolggyon

(35) Dizdaroglu, M.; Simic, M. GRadiat Res 198Q 83, 437. Sonntag, C., Ed.; Taylor and Francis Inc: Philadelphia, 1987; p 353.
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rate constants for the reaction of these polar amino acids with exchange into the ring position®H addition to the aromatic

*OH, ranging from (5 to 10x 10’ M~1s13 rings is reversed under the reductive reaction conditions.
) Identification of the preferred sites of H-atom abstraction will
Conclusion now permit a better assessment of the reactive surface of the

The 2H NMR has permitted the sites of modification by amino acid in peptides and proteins, and will aid in the
*OH-induced*H/2H exchange into the amino acids to be detected interpretation of planned macromolecular protection experiments
and quantified, demonstrating the relative propensities of thesethat employ'H/?H exchange.
amino acids toward exchange. The aliphatic residues show
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