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The reaction rate constants k of e~ with various phenylalanine peptides and related compounds have
been determined by pulse radiolysis at different pH values, taking into consideration the ionization con-
stants of the functional groups present in these molecules. The k values decrease with deprotonation of the
terminal ~NH3* groups, and increase with increase in the number of peptide linkages. The interaction of
eaq~ with these peptides is suggested to take place mainly by addition to the carbonyl group of the peptide.
Both deamination and addition to the aromatic nucleus has been found to occur. This conclusion was
reached based on the observation and identification of the intermediates produced under pulse radiolytic
conditions. From the characteristic transient optical absorptions and extinction coefficients of these radi-
cals, it is found that ~40-60% of e.q~ react with phenylalanine peptides leading to deamination while the
remainder add to the aromatic ring. While deamination reactions of aromatic amino acids cannot be readi-
ly “repaired,” the cyclohexadienyl type of radical produced by €aq~ addition to the ring followed by proton-
ation could, in principle, be repaired by a one-electron oxidation to an acceptor molecule with a higher

(more positive) redox potential than that of the radical.

Introduction

Using the fast-reaction technique of pulse radiolysis and
kinetic spectrophotometry, the effects of ionizing radia-
tions on a number of the major constituents of proteins
have been studied in this laboratory: amino acids,? pep-
tides,36 the peptide linkage,? the sulfhydryl group,® disul-
fides,® and tyrosine.’® Reported below are the results ob-
tained from an investigation of the reaction of hydrated
electrons with phenylalanine, some phenylalanyl peptides,
and related systems in aqueous solution. The extent of re-
ductive deamination vs. e,y addition to the aromatic nu-
cleus has been specifically examined. This work was carried
out in conjunction with studies on the optical excitation of
phenylalanine!! and phenylglycine!? in aqueous solutions.

Experimental Section

The pulse radiolysis set-up used in this work has been
described.?314 Single pulses of 2.3-MeV electrons and ~30
nsec duration were employed.

The radiation chemistry of water produces HyO —~v—
eaq~ (2.8), OH(2.8), and H(0.60), where the values in paren-
theses are G values (yields of radicals per 100 eV of ab-
sorbed energy). The experiments were carried out in argon-
saturated aqueous solutions containing tert-butyl alcohol
to scavenge the OH radicals produced from the radiolysis
of water. The 8 radicals formed from ¢-BuOH absorb!?
below ~280 nm, have a low extinction coefficient, and were
found not to interfere with the systems examined here. The
concentrations of the substrates used were adjusted such
that >90% of the OH radicals react with t-BuOH and not
with the substrate. The transient optical absorption ob-
served from the reaction of e,,~ with the substrate disap-
peared when the solutions were saturated with NyO(~2.5 X
1072 M), due to competition between reactions 1 and 2

€, + NyO — Ny + OH + OH" (1)

where k1 = 8.7 X 109 M~ sec™! (ref 15).

enaq" + 8§ — transient absorption (2)
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The chemicals used were the best purity research grade
commercially available, and were obtained from Cyclo-
chemicals, Calbiochem, Sigma Chemicals, J. T. Baker, and
Mallinckrodt. The solutions were buffered using perchloric
acid, potassium hydroxide, and ~1 mM phosphate and te-
traborate. The solutions were prepared just prior to irra-
diation.

Dosimetry was carried out using KCNS as described.!3
Extinction coefficients were derived based on Gleyq™) =
G(OH) = 2.8 and G(H) = 0.60.

Results and Discussion

Reactivity toward e,,”. The reaction rate constants of
eaq~ with phenylalanine and related compounds were de-
termined in solutions containing 0.1-1.0 M ¢t-BuOH by fol-
lowing the decay kinetics of ey~ at 700 nm. From the
pseudo-first-order rates, the second-order rates were deter-
mined. These are given in Table I and ref 15 and 16. These
rates were determined at the appropriate pH values taking
into account the ionization constants (pK,) of the sub-
strates.

The presence of a protonated amino group, -NH3*, as in
benzylamine, phenylalanine (Phe), phenylalaninamide
(Phe-NHo), and the glycine peptides of phenylalanine in-
creases the reactivity toward e, as compared to the ion-
ized -NH, group. This effect has also been observed+7.17
for simple amino acids and peptides. It is interesting to
note that the presence of a -CO»>~ group increases the rate:
k=16 %X 108 M~1sec™! for PhCHsNH; compared to 3.0 X
108 M~1! sec™! for PhCH(NH2)CO:~. In the absence of an
amino group, k = 2.0 X 107 M~ sec™! for PhCHyCOs~ and
k= 1.2 X 107 M~! sec”! for toluene.}®> When the amino
group is on the § carbon (with respect to the benzene ring),
as in phenylalanine, the reactivity toward e, decreases
further. It is clear that benzyl derivatives interact more
strongly with the benzene ring. This is based on both their
reaction with e,,~ and their spectroscopic properties. Gly-
cine, alanine, and benzene react relatively slowly!® with
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€aq", while the rate is considerably higher with phenylgly-
cine and phenylalanine, -

The formation of peptide groups as in Phe-NH,, Gly-
Phe, Gly-Phe-Gly, Phe-Gly-Gly, and Gly-Gly-Phe in-
creases the reactivity of these molecules, as observed ear-
liert? for aliphatic peptides. Ionization (loss of proton) of
the ~NHj3* group has a relatively smaller effect (Table 1)
with aromatic peptides compared to aliphatic peptides,
since the peptide linkages and the aromatic ring interact
strongly with e,q™. The highest rate observed, ~2 X 10°
M~-1 gec—!, is still appreciably lower than diffusion-con-
'trolled limits.

Phenylglycine and Derivatives

The pulse radiolysis of 10~2 M phenylglycine (in pres-
ence of 1.5 M t-BuOH) at pH 9.0 in the presence of argon
(1 atm) produces a transient absorption with a A\n.. 282
nm, see Figure 1. On saturation of the agueous solution
with N2O, all the e,q™ react via reaction 1 and a relatively
weak absorption is obtained with Apax ~322 nm. The fol-
lowing reactions are suggested

€,,” + PhCH(NH,)CO,” — PhCHCO,” + NH, (3)

" + PhCH(NH,)CO,  — adduct on ring (4)

€.
H + PhCH(NH,;)CO,” — adduct on ring (5)

Support for the deamination reaction (3) was obtained
by producing the PhCHCO,~ radical by an independent
reaction. Figure 2 shows the transient spectra obtained
from the reaction of e,~ with a-chlorophenylacetic acid

e,  + PhCH(C1)CO,” — PhCHCO,” + Cl°  (6)

agq

Dechlorination of compounds by ey, is well known!8 and
produces specific radicals. Based on eggo 3.3 X 101 M~!
cem™! for the PhCHCO,~ radical, derived via reaction 6, it
is found that 90 £ 5% of e,,~ deaminate phenylglycine via
‘reaction 3. The remaining e,q~ presumably add to the ben-
zene ring. The weak spectrum observed in N3O solutions
(Figure 1) is the H-atom adduct to phenylglycine. An iden-
tical spectrum was observed on pulse radiolysis of phenyl-
glycine at pH 0.4, when all the e,,~ were converted to H
atoms

ag

e + H' — H (7)

and these atoms predominantly add to phenylglycine. An
€322 ~8 X 102 M~! cm™! was obtained. At this pH both the
amino and carboxyl groups are protonated.

The PhCHCO;~ radical can be protonated and a pK, of
5.5 &+ 0.1 was observed (see Figure 2) for its acid~base equi-
librium.

PhCHCO,H == PhCHCO,” + H" (8)

This value is to be compared to pK, = 4.3 for phenylacetic
acid. This difference is consistent with that observed for
other carboxylic acid radicals (see ref 19). Based on esg0 3.3
X 104 M~1 cm~! for the PhCHCO,~ radical, excellent
agreement was obtained for the second-order decay of this
radical produced via reactions 3 and 6, 2k = 1.3 X 109 M—!
sec™! (see Table II).

On reaction of €aq” With N-acetylphenylglycine, no
deamination can occur and essentially all the €aq” add to
the benzene ring (see Table I11).

The reaction of benzylamine (pK, = 9.3) with e.q” at pH
7.5 gives rise to a transient spectrum with maxima at 318
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Figure 1. Absorption spectrum of the PhCHCOO™ radical produced
from the reductive deamination by e,;~ of phenylglycine (1 X 1072
M, pH 9.0, in presence of 1.5 M tBuOH, Ar (®), and N,O(C3)). Full
line is difference spectrum. Total dose ~1.2 krads/pulse.
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Figure 2. Absorption spectra of the PhCHCOOH (@) and PhCHCOO~
(M) radicals produced from the reaction of e, with «-chlorophe-
nylacetic acid (1.2 X 1072 M, in presence of 2.0 M tBuOH). The in-
sert shows the change in absorbance at 300 nm with pH. Total dose
~1.8 krads/pulse.

and 307 nm, qualitatively similar to the spectrum for the
benzyl radical reported?® recently. Based on the e315 9.0 X
103 M~! em~! for the PhCHy- radical, it was found that
~60% of the e,q™ lead to deamination
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TABLE I. Reactmn Rate Constants of €.q~

J. P. Mittal and E. Hayon

with Phenylalanine Peptides and Related Compounds in

_Aqueous Solutmn

of €is

Compound pKa pH Ionic form kleaq™ + S), M1 sec1¢
~ Phenylacet:c acid . 4.3 9.0 PhCH,CO, - 2.0 X 107 (4.1 X 107
o Chiorophenylacetic acid 9.2 PhCH(Cl)C?2- 2.7 X 109 -
~ ‘Benzylamme 9.3 . 6.9 PhCH,NH, 8.0 X 108 (1.5 X 109
‘ 10.9 PhCH,NH, 1.6 X 108 (3.4 X 107)®
b ane 9.2 PhCH,CH,CI 6.0 X 108
%ﬁ;‘fﬁg‘i?’éffé' o 18,49 92  PhCH(NH,CO:- 510 % 10°
: 1 Iphenylglycxne 9.2 PhCH(NHCOCH,)-
. CO,~ 1.7 X 108
1.8,9.1 6.9 +H-Phe-O - 1.6 X 108 (1.5 X 10%)
11.2 Phe-O~ (1.4 X 107
9.2 Ac-Phe-O~ 5.3 X 107
7.2 5.4 +H-Phe-NH, 1.4 X 10°®
9.2 Phe-NH, 1.4 X 108
etylphany!alanmamﬁea 9.3 Ac-Phe-NH, 2.5 X 108
1 henyialamne 3.1,8.2 5.9 +H-Gly-Phe-O -~ 6.1 X 108 (1.6 X 10%)
9.4 Gly-Phe-O~ 1.3 X 108
lphenylalamne 9.2 CICH.CO-Phe-O~ 2.3 X 10°
1enylalanylglycine 5.5 +H-Gly-Phe-Gly-O - 1.6 X 10°
. 11.6 Gly-Phe-Gly-O~ 5.4 X 108
alanylglycylglycine 6.6 +H-Phe-Gly-Gly-O - 1.1 X 109
- ; 11.3 Phe-Gly-Gly-O -~ 3.7 X 108
_Glyeylglyeylphenylalanine 6.1 +H-Gly-Gly-Phe-O ™ 1.2 X 10°
. 9.1 Gly-Gly-Phe-O~ 3.8 X 108

ilﬂ%;‘ rates obtained from two to three concentrations of the substrates; values in parentheses from ref 15. b From ref 16.

: Absorption Maxima, Extinction Coefficients, and Decay Kinetics of Radicals Produced from the
with Phenylalanine and Related Compounds

Compound pH Radical Amax, DM emax, M ~1em™! 2k, M ) sec ™!
9.0 PhCHCO,~ 282 1.3 X 10°
phenylacetic acid 9.2 PhCHCO, " 282 3.3 X 10 1.3 X 109

3.8 PhCHCO,H 287 3.7 X 10
7.5 PhCH, 318 9.0 X 103 5.1 X 10°

: 5.3 €., adduct 325°

ylphenylalanine 5.9  CH.CONH-Phe-O~ 435 1.1 X 10%
hloroacetylphenylalanine 9.2 CH,CONH-Phe-O~ 435 1.3 X 10% 4.2 X% 108
ylphenylalanylglycine 5.5 CH,CONH-Phe-Gly-O~ 435 9.0 X 108

q

(9)
(10)

e, + PhCH,NH;" —> PhCH,- + NH,

“ €,, + PhCH,NH;" — adduct ring

On pulse radiolysis of benzylamine solutions at pH 11.5,

nly a very small fraction (<10%) of e, appear to deami-

nate, L.e., most of the electrons add to the benzene ring to
I Suhstituted cyclohexadienyl radicals.

Phenylaianme and Derivatives

’ _ The interaction of €aq~ with phenylalanine may reqult in
b{)th deammatlon and addition to the aromatic nucleus

- PhCH,CHCO,  + NH; (11)
€2+ PhCH,CH(NH;")CO,” -

addition to ring (12)

. The PhCH,CHCO, radical is expected?! to have a low ex-
tinetion coefficient and to start absorbing below ~350 nm.
The transient optical absorption spectrum observed is
shown in Figure 3a. In the presence of N30, a similar spec-
trum is observed due to the H-atom adduct, for which eza5
~1 X 10* M~ cm™! can be estimated.

The reaction of e,,~ with N-acetylphenylalanine gives

_mainly an ey~ adduct (Figure 3b), with an egp5 ~1.2 X 104
M ! em~1 Based on this extinction coefficient, and assum-
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20, 2 Absorption band contains contribution from the H atom adduct. ¢ Based on e 1.5 X 103 M ' cm ~L

TABLE III: Interaction of e,,~ with Phenylalanine
Peptides and Related Compounds. Deamination vs.
Addition Reactions

Compound pH 97, deamination ¢, addition
Phenylglycine 9.0 90 £ 5 10 + 5
N-Acetylphenylglycine 9.2 0 ~100
Benzylamine 7.5 ~60 4 10 ~40 + 10

11.5 ~10 = 10 ~90 £ 10
Phenylalanine 6.9 ~5H0 =+ 10 ~B0 4 10
N-Acetylphenylalanine 9.2 0 ~100
Phenylalaninamide 6.2 ~60 + 10 ~40 *x 10
Glycylphenylalanine 5.9 50 4+ b5 50 4+ 5
Glycylphenylalanylglycine 5.5 40 += 5 50 & 5
Phenylalanylglycylglycine 6.1 55 + 10 45 + 10
Glycylglyceylphenylalanine 5.7 45 + 10 55 + 10

ing that the ¢ for the e,q~ adduct to Phe to be the same as
that of N-acetylphenylalanine (with no contribution from
the PhCH,CHCO,™ radical at 325 nm), one concludes that
~50 £ 10% of e,y react via reaction 11, the remainder pre-
sumably add to the benzene ring.

Hydrated electrons have been shown to add to peptide
linkages*®7 and to amide groups® to produce ketyl-type
radicals

ag

. H* .
e + —CONH- — -C(O7)NH- == -C(OH)NH- (13a)
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(a)

X, nm

Figure 3. Transient spectra produced from the reaction of €, With
(a) phenylalanine (5 mM, 1.5 M tBuOH) at pH 6.9 in presence of Ar
(@) and N,O (M) (Difference spectrum is shown as a full line. Total
dose ~6.5 krads/pulse.) (b) N-acetylphenylalanine (10 mM, 1.5 M ¢-
BuGH) at pH 9.2 in presence of Ar (@) and N,O (M) (Difference
spectrum is shown as full line. Total dose ~8.0 krads/pulse.).

e, + —CONH, —> ~C(OT)NH, == —C(OH)NH, (13b)
and also to lead to deamination
€x + NH;CH,CONH, —> CH,CONH, + NH, (14)

The ~C(OH)NR,, radicals?? and the —C(OH)NH- radicals?
have relatively low extinction coefficients, absorb in the
far-uv region, and have high pK, values. The CH,CONH,
radicals* have ¢ ~1100 M~! ¢cm™~! and absorption maxima
in the range 350-450 nm, depending on the nature of the
substituents on the C- and N- atoms.

The transient spectrum observed on reaction of €aq”
with phenylalaninamide is shown in Figure 4. The absorp-
" tion at ~320 nm is clearly due to the e,q_ adduct with a rel-
atively low apparent ¢. In addition, the species with Ay
~370 nm is presumably the radical PhCH,CHCONH,
formed by deamination

~ + PhCH,CH(NH,')CONH, —>
PhCH,CHCONH, + NH, (15)

eaq

Taking € 1100 M~* em™! for this radical, one can calculate
that ~60 + 10% of the €aq~ lead to deamination of pheny-
lalaninamide.

Glycylphenylalanine. The interaction of €.q~ with this
peptide leads to deamination and addition reactions. Fig-
ure 5 shows the transient spectra obtained.

e, + NH;CH,CONH-Phe-O~ —»
' CH,CONH-Phe-0"~ + NH, (16)
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Figure 4. Transient spectra produced from the reaction of €54~ with
phenylalaninamide (1072 M, 1.5 M t-BuOH) at pH 6.2 in presence of
Ar (@) and NoO (M). Full line is the difference spectrum. Total dose
~8.5 krads/pulse.
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Figure 5. Transient spectra produced from the reaction of €,q" With
glycyiphenylalanine (3 mM, 1.5 M t-BuOH) at pH 5.9 in presence of
Ar (@) and N,O (W). Full fine is the difference spectrum. Total dose
~9.5 krads/puise.

. . ; . !
250 300 350 400 450 500 550

Figure 6. Transient spectra produced from the reaction of €54 With
N-chloroacetylphenylalanine (4 mM, 1.5 M t-BuOH) at pH 9.2 in pres-
ence of Ar (®) and N,O (M). Total dose ~19 krads/puise.

e,  + NH;CH,CONH-Phe-O~ —> adduct  (17)

The CHyCONH=-Phe-O— radical was produced from the
reaction of e,q~ with N-chloroacetylphenylalanine, Figure
6. A maximum at A 435 nm was found and an €435 1.3 X 103
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Figure 7. Transient spectra produced from the reaction of e;q~ with
glycylphenylalanylglycine (2.4 mM, 1.5 M +-BuOH) at pH 5.5 in pres-
ence of Ar (@) and N,O (M). Difference spectrum is shown as full
line. Total dose ~19 krads/pulse.

M~ em~!, Based on this ¢, ~50% of the electrons are found
to react via reaction 16. The transient with Apnax 325 nm in
Figure 6 is mainly the H atom adduct to N-chloroacetyl-
phenylalanine.

Glycylphenylalanylglycine Similar results are obtained
for this peptide, see Figure 7 and Table III. The reaction of
€aq~ with phenylalanylglycylglycine and with glycylglycyl-
phenylalanine result in both deamination and addition to
the aromatic nucleus (Table III, transient spectra not
shown).

Conclusion

The results presented above conclusively show that re-
ductive deamination of phenylalanine and its peptides by
eaq” Is an important process. The data indicate that ~40-
60% of the hydrated electrons lead tq the deamination of
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simple oligopeptides of phenylalanine. The remaining €,q~
apparently all add to the aromatic ring. Similar eaq™ addi-
tion to the aromatic nucleus of phenolic compounds and ty-
rosine has been found.!® While deamination reactions of ar-
omatic amino acids are damaging (i.e., no “repair” of the

"molecule can be brought about), addition reactions to the

aromatic nucleus could, under certain conditions, be “re-
paired.” Such a restoration of the original molecule can
occur by one-electron oxidation of the substituted cyclo-
hexadienyl type of radical in the presence of electron ac-
ceptors having a higher (more positive) redox potential.
The kinetic redox potential of the electron adduct to phe-
nylalanine has been determined and is relatively high (pos-
itive).23
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