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Abstract Free radicals of lysozyme produced by Ti-H2O2 system were studied in aqueous solution 
at room temperature using ESR with a continuous flow-mixing.

The spectra, each consisting of a doublet with 5.5 G splitting and a broad resonance covering 
80 G splitting are 사。sely similar in shape to that for solid irradiated in vacuum at 77。K and 
observed at room temperature immediately on warming. The res니t is assumed to indicate that the 
secondary protein radical components formed within 0.01 second, dead time of the mixing cham- 
如，and initiated by hydrogen atom abstraction at a-carbon atom of peptide chain in liquid 
solution at room temperature are identical to those resulting from the initial formation of a mixture 
of positive holes and negative ions by ionization processes as well as radical fragments by the 
rupture of chemical bonds in the soHd during similar time at the same temperature.

A broad resonance is observed with considerable amplitude on the high field side of the doublet, 
which is quite dissimilar to the spectra of irradiated solid lysozyme. This resonance was tentatively 
attributed to the polypeptide free radical in which unpaired electrons are localized on side chain.
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Introduction

Though very little is known about the nature 
of the molecular lesions produced in biological 
macromolecules by ionizing radiations, probably 
transient free radicals are important intermedi
ates1 in the chain of events leading to the final 
radiation damage. Furthermore the most impor
tant experimental variable which alters the 
radiosensitivity of enzymatic proteins is the 
presence or absence of water 2>3»4. In addition, 
the radical stabilized in irradiated water is 
assumed to consist mainly of hydroxyl radicals 
5»6. Gordy et al7 suggested, on the other hand, 
a possibility of ESR signal arising from a dam
aged side chain of the polypetide at room 
temperature.

Since most of the living systems contain a 
large amount of water, we are interested in 
the role of hydroxyl radical in the biochemical 
effect of radiation under physiological condition, 
dilute aqueous solution at room temperature8. 
With the aim of ascertaining the production of 
protein free radical in which unpaired electrons 
are localized on side chain, and whether the 
production of protein free radical by hydroxyl 
radical attack in dilute aqueous solution at room 
temperature could simulate the case of irradi
ation of solids, the TLH2O2 flow-mixing system 
was used to generate a lysozyme free radicals 
and the ESR spectrum was recorded. In support 
of this study, bovine serum albumin was in
vestigated in a like fashion.

Experimental

Lysozyme (Code : L Y) and BSA were 
obtained from Worthington Biochemical Corp., 
Freehold, New Jersey. A 0.01M TiCl3 solution 
was mixed with a solution of 0.2M in H2O2 

and 10—15% (w/v) in proteins. The rest of 
the experimental procedure was exactly the 
same as described earlier9.

Results and Discussion

The two enzymes, lysozyme and bovine serum 
albumin, both exhibit a composite resonance 
pattern (Fig. 1 a & b) when they are individ
ually added to 봐le H2O2 side of the Ti~H2O2 
system. Each spectrum consists of a doublet 
with 5- 5G splitting and a broad resonance 
coverin흥 80G. In agreement with expectation, 
the spectra in this liquid solution state exhibits 
considerable narrowing of 솬｝e doublet splitting, 
approximately one-third that for the effect in 
the solid state. The anisotropic broadening 
effect in the s시id state is now well understood2.

Apparently, both of the protein spectra (Fig. 
1 a & b) are superimposed upon that from the 
primary radical. With the concentration of the 
projteins at almost maximum solubility, 15% 
(w/v) for lysozyme and 10% for BSA, and 
with no additional acid employed, the super
position of these spectra and that for the pri
mary radical could har히y be avoided. Although 
addition of acid could have improved the sub
strate spectra with less superimposed spectra of 
the prim죠ry radical, this would have destroyed 
the helical structure of 산protein molecules. 
The dashed curves (see Fig. 1) for Ti-H2O2 
reacted alone in each case indicate that the 
shape change in the secondary spectrum at 
these positions are merely a refelction of the 
unreacted primary r쵸dicaL Superimposed spectra 
in Fig. 1 b demonstrates again that only the low 
field component of the primary radical is respon- 
si니e for producing substrate free radicals in 
the case of proteins as well as in amino acids9.

Subject to these aspects, the spectra a and b 
in Fig. 1 are closely similar to those for solid
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Fig. 1 Spectra obtained by flow-mixing of Ti-H2O2- proteins:
(a) 0.01 M TiCl3 and 0.2M H2O2-15% lysozyme;
(b) 0. 01 M TiCl3 and 0. 2M HQzTO% BSA. No acid was added. The dashed curves 

are the spectra of TiCl3 and H2O2 without presence of proteins under the same 
conditions, except for signal level, for the respective protein.

lysozyme10 and BSA,11 respectively, irradiated 
in vacuum at 77°K and observed at room tem
perature immediately on warming. The lyso
zyme and BSA spectra in both cases, flow and 
irradiation, exhibit little resonance which can 
be attributed to sulfur radicals, on the low 
field side o£ the spectrum.

Good evidence1 is now available for the 
interpretation that the broad resonance on the 
low field side of the doublet is due to a sulfur 
radical in which the unpaired electron is local
ized mainly on the sulfur atom in the cysteine 
residue, and that the doublet is due to a radical 
in which the unpaired electron is localized in a 
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7r-orbital of an a-carbon atom in the protein 
backbone: -NHCRCONH-. The group R is pri
marily a H-atom.

Patten and Gordy12 have concluded that, 
when proteins are irradiated at 77° K, a variety 
of ESR centers are induced which upon heating 
to room temperature are irreversibly clanged 
to give spectra indistinguishable from those 
usually found after irradiation at room temper
ature. In addition, Henriksen had demonstrated 
13 that the s니fur radicals are formed rather 
slowly, unless the temperature exceeds about 
280° K.

It is therefore reasonable to assume, based 
upon the findings in preceding papers and the 
present experiments, that the secondary protein 
radical components formed within 0.01 second 
(dead time of the mixing chamber) and initi
ated by H-atom abstraction at a-carbon atom of 
peptide chain in liquid solution at room tempera
ture are identical to those resulting from the 
initial formation of a mixture of positive holes 
and negative ions by the ionization processes 
as well as radical fragments by the rupture of 
chemical bonds1 in the solid during a similar 
time at the same temperature. However, the 
question remains whether the indirect effect of 
radiation, known to be mai이y H-atom abstrac
tion by OH radical generated from radiolysis 
fo water, lead to the same result with that of 
direct effect of radiation. The question was 
investigated by examining the spectrum of T- 
irradiated, frozen aqueous solutions of lyso
zyme; this will be discussed later.

In a recent study on polyamino acids, Gordy 
et al7 have found that the main resonance for 
polyglycine, polysacrosine, polyleucine and poly
glutamic acid consisted of a doublet with approx
imately the same splitting- They then suggest
ed a possibility of ESR signals arising from a 
damaged side chain or R-group at room tempera

ture. In addition, Henriksen pointed out in a 
recent paper1 that the two types of resonance, 
backbone and sulfur, can not adequately account 
for the full protein spectra. He hence suggested 
that the backbone type radical formed on some 
of the amino acid other than glycine, sacro- 
sine, leucine, and glutamic acid are responsible 
for some weak resonance present on the high 
field side of the spectra.

It should be emphasized now that in the 
present flow experiments a broad resonance 
appeared with considerable amplitude on the 
high field side of the spectra (example in Fig.
1 a) which is quite dissimilar to the spectra of 
irradiated solid lysozyme in which o시y a very 
weak high field resonance has been observed.

The findings in these experiments and other 
works1*7 that the OH radical generated by Ti- 
H2O2 system abstract a H atom from the amino 
acids preferentially at the carbon atom furthest 
from the carboxyl group supports the view that 
in proteins reacted with OH radical formation 
of the backbone type radical is accompanied by 
the formation of side chain radicals.

The conclusion may therefore be drawn that 
in H2O2 How・mixin용 system protein molecules 
are exposed to random attack of the electro
philic OH radical to produce the backbone type 
radical with an accompanied large amount of 
side chain radical on some of the amino acids 
other than 흥lycine. This may be contrasted to 
the breaking of a C-H bond in an irradiated 
s이너 at the site of the glycine residue after 
intramolecular migration of initial radiation 
damage.
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