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Abstract An ESR study has been made on free radicals produced in frozen aqueous solutions
(ices) of glycine, DL-a-alanine, DL-serine, L-cysteine, DL-leucine and DL-isoleucine by gamma-
irradiation at dry ice temperature.

All free radicals induced were decayed concomitant to the successive annealing but the radical
species which is believed to be dominant seems to be stable even near the melting point of the ice.
These dominant species were found to be identical to those resulted from direct action of radiation
in the solid at room temperature. Small but significant changes in the spectra of glycine and DL-
a-alanine were observed by varying the microwave power. These results seem to support the view
that the spectra obtained were composite consisting of more than two different resonances having
different power saturation characteristics. The relative contribution of unidentified resonances to the
composite spectra was greater for solutions of low concentration. These resonances are assumed to
be induced by indirect effects, mainly hydrogen abstraction by radiation produced hydroxyl radicals
and also C-N bond cleavage by hydrated electrons.

ever, that the solute radicals produced in ir-

Introduction radiated dilute agueous solution are induced as

the result of both direct and indirect action of

In recent years electron spin resonance spectro- radiation®. The indirect effect at 77°K is largely
scopy has been used!™® in the study of radia- due to the action of water radicals’, consisting
tion-induced free radicals in frozen aquecus mainly of hydroxyl radicals?, formed in a small
solutions containing amino acids at 77°K. Most sphere of bound water surrounding each solute
of the spectra obtained in their work were found molecule. The water resonance is relatively
to be composite consisting of mare than two unstable and disappear rapidly in the temperature
different resonances which make their individual range 100° to 130°K but the indirect effects in
identification difficult. It is now believed, how- aqueous solution were found to be increasing

* This work was supported by the U.S. Public Health Service research grant.
** Work reported is a portion of M. S, dissertion, Present address; Department of Agricultural Chemistry, Kang-Won Nationa!
University, Chun-Chon, Korea.
*** Present address; Lawrence Radiation Lab., University of California, Berkeley, California, 94720., U.S. A

-— 256 —



An ESR Study of Amino Acid and Protein Free Radicals in Solution 257

with increasing irradiation temperature, pre-
sumably owing to a greatercontribution of diffus-
ible water radicals formed outside the sphere of
bound water®.

In the present work® the ESR centers have
been induced in frozen aqueous solutions of
glycine, DL-p-alanine, cysteine,
DL-leucine and DL~isoleucine by gamma-irra-

DL-serine,

diation at dry ice temperature. At this tempet-
ature, the composite spectra obtained were ex-
clusive of water resonance but the extent of
relative importance of indirect effect to that of
direct action might be greater than the case of
irradiation at 77°K.

Since the indirect action of radiation in aque-
ous solution is associated with the effect of
hydroxyl radical®5, and different resonances in
the composite ESR spectra seem to have different
microwave power saturation characteristics!, it
is hoped that our previous data®" obtained in
the Ti—H;O, flow experiments at room ternper-
ature and power variation technique could
provide a useful information for the study of
relative importance of direct and indirect effect

of radiation on amino acid ices.
Experimental

All amino acids used in the present experi-
ment were obtained as crystalline powders of
the highest purity available from Sigma Chemi-
cal Company, St. Louis, Missouri, and used
without further purification.

Solutions of 0.01, 0.05, 0.1, 0.5,
molar glycine and DL-c-alanine,

and 1
0.5 molar
DL-serine, 1 molar L-cysteine, 0.01 and .05
moiar DL-leucine and L-isoleucine were pre-
pared and examined.

After the solutions were withdrawn into a
3mm. i.d. quartz syringe tube to a liquid
height of about 2 cm., they were rapidly frozen
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in liquid nitrogen to give opaque crystalline
solids. The ice cylinders of samples were pushed
out into 4mm. i d. pyrex irradiation tubes after
carefully warming the outside of the syringe
tube. The irradiation tubes had previously been
placed into a dewar filled with dry ice. The
tubes were sealed with rubber stoppers, centered
in the dewar, and placed into irradiation faci-
lity.

The total absorbed dose was 3—4M rad. y-ray
from %Co source given at a dose rate of 3,400
rpm. as measured by replacing the samples by
Fricke dosimetric solution taking G{Fe®*)=15.5.

After irradiation the ice cylinders were trans-
ferred, without allowing to warm up, into a
V-4340 variable temperature controller accessory
tube which fits into the cavity of an ESR spec-
trometer.

The ESR measurements were made using a
Varian model V-4500 spectrometer. The spec-
trometer operates at a nominal frequency of 9.5
k Mec. /sec.,

and phase sensitive detection,

employs 100 ke. /sec. modulation
and records the
first derivative of the absorption signal on Varian
F-80 XY recorder.

With the frozen samples, the experimental
modulation amplitude was chosen by decreasing
the modulation to that value where no change
was observed in the spectral line width. A
stream of dry nitrogen gas entered one side of
the cavity to prevent moisture condensation on
the tube. During the experiments where the
temperature was varied from 195°K to 265°K,
the samples were annealed stepwise of 10 degree
intervals for 3 minutes to assure temperature
equilibration. After each annealing, the spectrum
was recorded. Power of approximately 10 to 25
mw. to the cavity was used during all experi-
ments.
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Results and Discussion
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Fig. 1, Qualitative™spectra of glycine ices obtained
after irradiation with y.rays:
(A) spectrum of . 1M glycine ice observed
at 185°K after irradiation at 195°K; (B)
spectrum observed immediately after anneal-
ing (A) at 265°K and the same signal
level; (C) spectrum of 1M glycine obtained
after irradiation at 195°K with Klystron
microwave power attenuated at 10db; (D)
spectrum of (C) after increasing the atten-
uation from 10 to 20 db with the other
settings unchanged.

Glycine; The spectrum of a 1M glycine ice,
irradiated with 7-rays at 195°K and observed

at 185°K, exhibits a triple with 21 G hyperfine
splitting, and a line width of 11 G (Fig. 1 O).
The relative intensity distribution is about 1-2-
1. This spectrum seems essentially the same as
that observed in the range of 173°K—243°K
following irradiation of 1.5M glycine ice with
X-rays at 77°K8%° If the spectrum is compared
to the well-known pattem of irradiated, poly-
crystalline glycine at room temperature, 10712 it
appears that the hyperfine splitting and intensity
The line width in

the ice is about 8 G which is narrower than

distribution are the same.

the line width observed in irradiated polyerystal.
line glycine. This difference may result from
differences between the matrix fields.

It is interesting to note that when the relative
microwave power is lowered from 10 to 20 db
the line width becomes narrower and additional
small resonances are unmasked on either side of
the triplet. This spectrum is closely similar to
that observed for crystalline solid glycine ex-

11 However,

posed to low doses of «a-particles.
no plausible explanations as yet have been of-
fered for these small resonances.

The signal height of the glycine triplet re-
presents concomitant growing with successive heat
treatments up to —20°C at a 10db microwave
power (Fig. 2A) whereas that of other amino
acids investigated decreased. No reasonable ex-
planation why glycine exclusively shows this
unusual behavior can be given at the present
time. However, the phenomenon was interpreted
as due to 2 microwave power saturation effect.
When the signal heights are plotted as a func-
tion of microwave power at two different tem-
peratures, —90°C and —10°C (Fig. 2B), sig-
nificant discrepancies appeared between these
two curves. It becomes obvious from the curves
(a) and (b) that within the temperature range
of —90°C and—10°C at 10 db of relative micro-
wave power, the signal height should increase
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Fig. 2, Variation of signal height of the spectra of

irradiated glycine ice as a function of tem-
perature and microwave power:
(A) signal height change due to temper-
ature variation at 10 db; (B) signal height
change due to microwave power variation
at --10°C (a) and —90°C (b).

concomitantly with annealing.

The glycine radical was found to increase
almost linearly with the concentration, which
1s consistant with a previous observation at 77°
K. This result seems to indicate that the major
fraction of the glycine radicals induced at 195°
K as well as 77°K is the result of the direct
action of radiation, However, when the glycine
concentration is lowered to 0. 10, the spectrum
exhibits a singlet centered around the free spin
value, with a 21.6 G line width (Fig. 14),
instead of the wsual triplet. This singlet changed
when the glycine solution was annealed at 265°
K; the resonance of the glvcine solution then

consists of a triplet with some other resonance
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superimposed, (Fig.1B). This result implies
that the singlet is the reflection of the radical
species induced primarily by indirect action of
radiation. This radical concentration could be
so low relative to the species which gives rise
to the triplet in solutions of higher concentra-
tions that the spectrum of the singlet is masked
by the triplet spectrum.
pectation the singlet obtained from further dilut-
(0.05A3f and 0.013f) vanished
after annealing to 205°K with no other resonance
appearing,.

It is of interest that a similar broad singlet

In agreement with ex-

ed solutions

with little indication of structure was also ob-
served following irradiation of polycrystalline
glycine with a high dose (1293f rad.) of a-
particles at room temperature!l. This was also
subject to further modification upon storage in
air. In addition, a similar spectrum was report-
ed!® by heating the j-irradiated polycrystalline
glycine at 160°C for 45 minutes.

In all cases described above, the spectra were
not identified. However, at this stage, it seems
apparent that the radical species giving rise to
the singlet in the ice are induced by an indirect
effect. This radical produced by the indirect
effect is not identical with that induced in solid
state!®1!; although both exhibit singlets, they
show quite different stability on heat treatment.

The indirect effect at 77°K was found to be
largely due to the action of a water radical,
believed to be OH radical,
sphere of bound water surrounding each solute

formed in a small

molecule. OH radicals will abstract H-atoms
from amino acid molecules and thereby convert
these into amino acid free radicals. The radical
CH(NH,H)COO~ could be formed by H-atom
abstraction when glycine is exposed to H-atoms
12,15. However, H-atoms in solution above 77°K
do not seem to be significant®®,

Box et al" reported that the principal inter-
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mediate free radical results from cleavage of the
C—N bond of crystalline glycine. A recent in-
dication?®,1% is that hydrated electrons, e, in
irradiated aqueous solution can also react with
both the zwitterion and cation forms of the sim-
ple amino acids as well as their peptides to
cleave the C—N bond of the primary amino
group. This reaction takes place via the reduc-
tive deamination

€ s+ RCH(NH;H)COO-—NH; +RCHCOO- (1)

Thus, after studies on glycine in the solid
state as well as in ices, the ESR absorption has
been variously assigned to CH(NH;*)COO™ (or
CH(NH)COOH), CH,.COO~(or CH,COOH),
N-H,, CH,NH; and CHCOO~(at 77°K in solid).
In view of the uncertainities which remain it
would be premature to postulate detailed mech-
anisms for the various chemical reactions, How-
ever, the present indications are that in irra-
diated glvcine ices greater than 10713/, mainly
radicals similar to those observed in solid gly-
cine are formed. In irradiated glycine ices less
than 107!3{ mainly unidentified radicals are
formed which are different from those obtained
in solid glycine.

DL-a-Alanine; Fig. 34 shows the spectrum
obtained following y-irradiation of 1M alanine
ice at 195°A and observed at 185°K. The spec-
trum exhibits a broad single line with appre-
ciable indication of structure, Upon warming
to 213°K it was converted to the well-known
five line alanine structure obtained at room tem-
perature in the solid3!%,

The same result was also observed for the
solution of lower concentrations (0.01, 0.05,
0.1, 0.5M) but the total radical concentration
was found in decreasing amounts almost linearly
with the concentration and with lesser indication
of structure.

=
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Fig, 3. Qualitative spectra of DL-a-alanine ice ob-
tained after irradiation with y-rays:
(A) spectrum of 1Af DL-a-alanine observed
at 185°K; immediately after irradiation at
195°K (B) spectrum obtained after the
sample was annealed at 215°K with other
settings unchanged; (C) spectrum of 0. 053/
DL-c-alanine observed at 185°K after irra-
diation at 195°K and with 5db attenuation
of the microwave power; (D) spectrum ob-
tained from the same sample after the atten-
vation of the microwave power increased

to 15 db.

In a previous study® 10% alanine aqueous solu-
tions were irradiated with X-rays at 77°K and
subsequently subjected to successive heat-treat-
ment for 3 minutes. They observed composite
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spectra of the radicals stabilized in the solid
and in the solution at 77°K. After the water
resonance had been bleached by heat-treatment
they found the spectrum which is similar to
those found when alanine was irradiated in the
dry state and subjected to similar heat-treatment,

The spectrum shown in Fig. 34 of course
does not show the water resonance because it
is not stable at 195°K: However, the composite
spectrum of the principal radical giving rise to
five lines and some other unidentified radical
which was not observed by former workers®
during their heat-treatment at 77°K—-250°K,
may be the reflection of the radical species in-
duced by the indirect effect. A more relative
contribution of the latter radical than the former
in a lower concentrated solution may support
this assumption,

Lately, it was indicated that the initial frag-
ment formed at 80°K in the single crystalline
state!” has the unpeired electron localized mainly
on the carboxyl group and is converted to CHs-
CHCQOH upon warming to 140—150°K. Thus
the final free radicals produced by X-irradiation
in solid alanine is known to result exclusively
from the rupture of the C—N hond®., In aque-
ous solution, in addition, reductive deamination
of the primary amino group by the hydrated
electron, € ., in alanine has been reported'®.

In the present experiments, however, small
but significant changes in the five line spectrum
at 195°—265°K were observed by varying the
microwave power employed. As shown in spec-
trum C and D in Fig. 3, the peak ¢ shows
an appreciable increase when the power is
changed from 5 to 15db., while the remaining
part of the composite line # remains constant,
This result obviously demonstrates that at least
two different radical species are involved in the
irradiated alanine ice.

The findings in this experiment and the cited
Ppaper seem to indicate that the final free radi-
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Fig. 4. Qualitative spectra of DL-serine and L-cys-
teine ices obtained after irradiation with
Y-rays,

(A) spectrum of 0.5 DL-serine obtained
immediately after irradiation at 195°K; (B)
spectrum of the same sample after annealing
at 225°K; (C) specirum of 1A/ L-cysteine
obtained immediately after irradiation at
195°K; (D) spectrum of the above sample
observed after annealing at 265° X and with
the same signal level.

cals produced by X-rays as well as 7-rays in the
solid and in the irradiated ices of alanine at
around room temperature are mainly CH;CH-
CQOOH. This radical will give a five fine spectrum
due to the hyperfine interaction of four protons.
In addition, the experimen'ts with ice seem to
indicate some unidentified radicals co-exist in
the solution and may be induced by the indirect
effect of radiation presumably mainly due to
action of e

D L-serine: 0. 5M serine ice irradiated at 195°K
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and observed at 185°K, exhibits a broad singlet
with little indication of structure (Fig. 44).
After the sample was warmed to 225°K, the
spectrum changed appreciably and showed more
indication of structure (Fig. 4B) yet not sufh-
cient for its identification. This latter spectrum
was found to be stable up to the melting point
of the ice.

Because of the lack of symmetry in this mole-
cule and the complexity of the ESR patterns,
it could not be ascertained what free radicals
are formed. However, it was apparent that
there is an evidence for more than one free radi-
cal species at 195°K. Some of the radicals
were probably induced by the indirect effect
and decayed more rapidly than the others.

Observations of the solid serine at 77°K and
300°K by previous workers!® showed also the
complexity of its ESR patterns which were not
identified.

The spectrum in Fig. 4B, with less resolved
hyperfine structures than that observed in poly-
crystalline state!®, may be the reflection of the
free radical being attacked by oxygen in the
solution.

L-Cysteine: The qualitive spectrum of 1 4Af
L-cysteine ice irradiated at 195°K and observed
at 185°K, as well as the effect of heat-treatment
are shown in Fig. 4C and D. This spectrum
C is essentially the same as that obtained in
the solid observed at 77°K after irradiation
with X-rays at 295°K%.% and has been attri-
buted to the “characteristic sulfur pattern.” It is
interesting to note, however, that 10% glutathi-
one frozen aqueous solution failed to exhibit
this spectrum in contrast to that spectrum ob-
served in the irradiated solid at 370°K%2 No
clear explanation has yet been given for this
result.

It was suggested previously?! that none or
very few radicals are formed at 77°K, but that

they are induced as the result of secondary pro-
cesses at around 193°K and are observed as
time dependent spectral changes. In addition,
it was found that about 15% of the “water
radicals”, believed to be OH radicals, become
effective in producing solute radicals in a 10%
solution of glutathione?. The H-atom abstraction
by the OH radical, from the SH group in cys-
teine molecule was confirmed by photolysing
H,0. cysteine solution??,. However, H-atoms
induced in irradiated HyO are assumed to be
relatively ineffective in forming substrate radical®
It is therefore reasonable to conclude that the
secondary process has been almost completed in
aqueous solution at 195°K after about 17 hours
irradiation and results in the characteristic sulfur
pattern, in part with the aid of the indirect
effect. The radical has been attributed to be
SCH,CH(NH:*)CO02,20.:21,%,

DL-Leucine: 0.01 Af DL-leucine ice, when
irradiated at 195°K and observed at 185°K,
gave an ESR pattern which appears to be a
superposition of the signals from two distinct
free radicals (Fig, 5A). The spectrum consists
of a strong asymmetric singlet component and
some broad weak lines spread over the total
spectrum.

Previous workers!® observed quite well resolved
hyperfine structure at 300°K in solid DL-leucine
which was irradiated at 77°K in vacuum. After
heat-treatment, the samples were cooled again
to 77°K where equally spaced six lines were
observed. This spectrum enabled them to attri-
bute the dominant pattern to be a single free
radical, CH;C(CHz)CH;CH(NH)COOH.

The following results, however, seem to dem-
onstrate that the dominant free radical species
induced in ice at 185°K and in the solid at
300°K are identical; the broad weak lines ob-
served at 185°K (Fig. 5A) seem to originate
from the same spectrum as the six lines observed

Journal of the Korean Chemical Society



An ESR Study of Amino Acid and Protein Free Radicals in Selution 263

0.0IM LEUCINE
. 185°K
40gauss \/ \/_’A’
—
H —_—

265°K
B

0.05M ISOLEUCINE

Ak

185°K
40 gauss
—_—
H_
(]
D . 265°K

\Vau

Fig. 5 Qualitative spectra of DL-leucine and L-
isoleucine ices ohtained after irradiation with
y-rays:

(A) spectrum of 0.01M D L-leucine observ-
ed at 185°K after irradiation at 195°K:
(B) spectrum of the above sample observed
after annealing at 265°K; (C) spectrum of
0.03M L-isoleucine observed at 185°XK after
irradiation at 195°K; (D) spectrum of the

above sample observed after annealing at
265° K,

in the solid'® after re-cooling back to 77°K from
room temperature. This resonance appeared to
be superimposed on a strong single line, When
the solution was warmed to 265°K the spectrum

shape changed significantly. The broad lines
decayed rapidly while the strong singlet remains
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unchanged. No further change was observed
after recooling back to 195°K. This latter spec-
trum appears to be very similar to that observ-
ed at 300°K in the solid which was j-irradi-
ated at 77°K in vacuum and exposed to air at
300°K for 10 minutes'®, This spectrum in the
annealed solid then was attributed to the DL-
leucine free radical after attack by oxygen®™
These findings in the present experiments obvi-
ously indicate that the oxygenated DL-leucine
free radicals are already formed at 195°K in
the ices. This radical gives rise to a strong
asymmetric singlet which is superimposed on
the broad, weaker lines which were attributed
to the dominant free radical, CH;-(CH;)CH.CH-
(NH)COOH, in the irradiated solid. Upon an-
nealing the ice, the weaker, multi-lined radical,
unattacked by oxygen, gradually decays and
the spectrum reflects mainly
free radicals.

the oxygenated

D L-Isolencine: 0.05 M DL-isoleucine ice

gave a different spectrum {(Fig.5C) from that of
DL-leucine at both 185°K and 265°K. The
hyperfine structure observed by others® in solid
isoleucine at 300°K after irradiation at 77°K in
vacuum was attributed to the free radical ana-
logous to that discussed above for DLI-leucine,
CHyCH-C(CH,)CH(NH,)COOH. Similar oxgen
effects were observed in DL-isoleucine ices as
were observed in DL-leucine ices. The electron
spin coupling with protons in both DL-leucine
and DL-isoleucine free radicals was suggested
to occur through hyperconjugation®, _
Thus, the present experiments on y-irradiated
amino acid ices have shown that all free radicals
induced decay concomitant to the successive
annealing. However, the radical species which
is believed to be dominant in the solution seems
to be quite stable even near the melting point
of the ice. The signal intensity of the glycine
spectrum showed a gradual growth with heat-
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treatment up to around 255°K which was inter-
preted as due to microwave power saturation.

Most of the spectra studied in this work were

found to be composite, in almost every case,
consisting of more than two different resonances
which make their individual identifications difh-
cult. These different radicals, however, seem
to have different power saturation characteristics,
in other words relaxation time differences. Micro-
wave power variation seems then to be a
general technique for separating free radical
mixtures.

Qualitative spectra and a linear relationship
between spin number and amino acid concentra-
tion in a solution have indicated that the dom-
inant radicals induced in ices are generally
identical to those produced in the solid at room
temperature. However, in certain amino acids,
DL-leucine for example, the spectrum was attri-
buted to the radicals which are believed to be
attacked by oxygen in the solution. All samples
investigated in these experiments were irradiated

therefore,
to assume that in all cases the free radicals

and observed in air. It is resonale,

have more or less reacted with oxygen. DL-
leucine-type signal (Fig. 5B) which is found
to be somewhat similar to that of H,0, ice, is
ascribed tentatively to a peroxy-organic free rad-
ical. Appreciable amounts of unidentified re-
sonances compared to the dominant resonance
have been observed, These former resonances
are assumed to be induced by the indirect effect.
The main part of the indirect effect is believed
to be H-atom abstraction by radiation-produced
OH radicals, but cleavage of C—N bond by
hydrated electrons, e, also appear to be sig-
nificant. Direct action of radiation on amino
acids, on the other hand, is generally known
to result in the disruption of the C—H bond as
well as the C—N bond.

The present vesults, therefore, could hardly

distinguish indirect effects from direct effects.
Quantitative analysis on evacuated samples are

necessary to improve the experimental results,
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Significant Structure Theory of Physical Adsorption

Yun-liang Wang, Taikyue Ree and Henry Eyring
Department of Chemistry, University of Utah, Salt Lake City, Utah

(Received Sept. 24, 1971)

Abstract A significant structure theory of monolayer physical adsorption is developed. The theory
is tested with the adsorptions on graphite of gases Ar, N,, CHCl;, and CCl,. A restricted rotation
model is used for the polyatomic molecules N,, CHCl; and CCl. The computed isotherms and
heats of adsorption are in good agreement with experiment in all cases studied.

Introduction

we showed that the
significant structure theory of liquids was success-

In a previous paperl,

fully applied to a two-dimensional liquid of
hard discs. A further extention of the investi-
gation is to show how the theory can describe
the physical adsorption of gases on solids. In
this paper only a theory of monolayer adsa:n'ptionI

fcds=‘[ z,(l +nhe'%_)j"'_ﬁl’_ﬂf2‘] ¥(a-

is the partition function for the

foe the
partition function for the two-dimensional gas-
like structure, N’ the number of adsorbed
molecules, A4s the molar area of the two-dimen-
and A the molar

where f 25
two-dimensional solid-like structure,

sional solid-like structure,

on homogeneous surfaces will be discussed, For
a basic understanding of the significant structure
theory, the readers are referred to the literature?
and the references cited therein,

Theory

According to the significant structure theory,
the partition function for the adsorbed state is
given by®
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‘area of the adsorbed state. Let & be the fraction
of the surface covered with adsorbed molecules,
N, be the number of adsorbed molecules when
§=1, and A, be the molar area of the adsorbed
molecule at #=1. We then find that A=A,/8
and N'=N_6. Eq. (1) becomes,
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