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Abstract--We have suggested the use of ethyl acetate for extraction of hydroxyl or superoxidc radical adducts 
of the spin trap phenyl N-left-butyl nitronc (PBM). The technique produced EPR spectra with narrow line widths, 
the radical adducts were more stable, and there were sufficiently large differences between the isotropic nitrogen 
hyperfine coupling constant (aM) and the beta hydrogen coupling constant (a. B) for both the hydroxyl and supcroxide 
radical adducts to allow their simultaneous quantitation in mixtures. However, Kalyanaraman. Mottlcy, and Mason 
have suggested that our assignments of aM and a.~ were incorrect and that extraction of spin-trapped adducls into 
ethyl acetate is not as useful as we had proposed. This paper demonstrates that their objections are unfounded and 
are based on a computational error that they made when they attempted to calculate the hyperfine spliuings in 
their spectra. 
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INTRODUCTION 

In a previous publication, B6sterling and TrudelP sug- 
gested the use of ethyl acetate for extraction of hy- 
droxyl or superoxide radical adducts of the spin trap 
phenyl N-tert-butyl nitrone (PBN). We proposed that 
the technique had the following advantages as com- 
pared with measuring the EPR spectra in the aqueous 
solutions in which they were4~roduced: the line widths 
in degassed ethyl acetate are narrow, the radical ad- 
ducts are more stable, and there are sufficiently large 
differences between the isotropic nitrogen hyperfine 
coupling constant (as) and the beta hydrogen coupling 
constant (aHp) for both the hydroxyl and superoxide 
radical adducts to allow their simultaneous quantitation 
in mixtures. However, in two recent publications, Ka- 
lyanaraman e ta] .  2'3 have suggested that our assign- 
ments of a~ and on~ were incorrect and that extraction 
into ethyl acetate is not as useful as we had proposed. 
it is the purpose of the present paper to demonstrate 
that their objections are unfounded and are based on a 
computational error that they made when they at- 
tempted to calculate the hyperfine splittings in their 
spectra. 

It is important to clarify the literature on this point 
because the potential usefulness for a reliable method 
to identify and quantitate hydroxyl radicals and su- 
peroxide radical anions has increased greatly in recent 

years. It has been shown that release of superoxide is 
part of the cytotoxic burst of macrophages? In addi- 
tion, superoxide formation by xanthine oxidase is an 
important fatter in reperfusion damage following an- 
oxia? The use of various spin traps for detection of 
hydroxyl and superoxide radicals has been the subject 
of much research effort. 6-'3 This paper will focus on 
a reevaluation of extraction of spin-trap adducts into 
ethyl acetate as a means to increase their stability and 
improve the resolution of their EPR spectra. This re- 
evaluation is somewhat complicated because, in our 
original paper,' we chose to synthesize the PBN ad- 
ducts that had been shown to be more stable than 
the corresponding 5,5-dimethyl-I-pyrroline-N-oxide 
(DMPO) adducts. ~' However, when Kalyanaraman 
et ai. reinvestigated the usefulness of ethyl acetate 
extraction, they used the less stable DMPO adducts. 
Therefore, a direct comparison of spectra and hyperfine 
splittings is not possible. 

METHODS 

The synthesis of the PBN adducts of hydroxyl 
and superoxide radicals as well as the conditions 
of the measurement of their spectra were described 
previously. I Briefly, the PBN-superoxide adduct 
(PBN--OOH) was prepared by addition of 20 mg of 
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powdered potassium superoxide (KO,)/ml to 0.3 M 
KHPO4 buffer containing 0.14 M PBN at 20°C. The 
adduct was extracted into ethyl acetate immediately to 
prevent hydrolysis. The hydroxyl radical adduct 
(PBN--OH) was produced by adding H,O2 to 0.3 M 
KHPO4 buffer containing 20 #M Fe EDTA and 0.14 
M PBN, as well as by alkaline hydrolysis of 
PBNmOOH." The PBN--OH was extracted into ethyl 
acetate for measurement of the spectra. It should be 
noted that spin traps are reduced in biological systems. 
We found it necessary to saturate the ethyl acetate so- 
lutions with air to reoxidize the spin trap to the free 
radical state and then resaturate the solutions with ni- 
trogen. EPR measurements were carried out on a Var- 
ian E-104A spectrometer that had been calibrated with 
tetracene radical. All spectra were measured in nitro- 
gen-saturated ethyl acetate at 22°C with a modulation 
amplitude of ! G and 10 mW of microwave power. 

The synthesis of the hydroxyl radical adduct of DMPO 
(DMPO OH) and measurement of the spectrum shown 
in Figure I was' described by Kalyanaraman et al. ~ in 
order to calculate coupling constants aA, and aH¢ from 
their published spectra, ~ their spectra were photograph- 
ically reproduced, as shown in Figure I. All possible 

spectral splittings, as well as the 10-G reference bar, 
were measured with an accurate vernier caliper, and 
finally the measured splittings were converted into G. 
The integer spin of '4N causes the nitrogen isotropic 
hyperfine coupling to form a triplet of lines of equal 
intensity. The beta hydrogen hyperfine coupling con- 
stant aHo splits each line of the triplet into a doublet. 
In the case of Figure IA, which was measured in water, 
the aM and aH~ are almost exactly the same and the 
result is the observed 1 : 2: 2: l intensity pattern, in the 
case of Figure I B, which was measured in ethyl ace- 
tate, the two coupling constants are different and a six- 
line spectrum of equal intensity is observed. When the 
spectrum in Figure I B by Kalyanaraman et al. was 
analyzed in this laboratory, the only possible assign- 
ment of a pair of triplets was that indicated at the 
bottom of the figure. 

RESULTS 

The aM and a#~ values calculated as described here 
in methods from the spectra of the hydroxyl radical 
adduct DMPOmOH in ethyl acetate (Fig. I B) pub- 
lished by Kalyanaraman et al. were 13.60 and 10.87 
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Fig. I. Spectra A (DMPO---OH in water) and B of (DMPO--OH in ethyl acetate) of Figure I of Ref. 3 were reproduced from 
the original; the'~plittings were measured with a vernier caliper and couverted to G by reference to the 10-G calibration bar. 
All possible assignments for a pair of triplets in spectrum B were considered and the unique possible correct assignment was 
made. This pair of triplets was drawn below spectrum B with the calculated splittings in G; 
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G, respectively. However, the values of an and an~ 
calculated by computer synthesis by Kalyanaraman ¢t 
al. were 10.95 and 13.75 G, respectively. (In their 
paper, they referred to these values as "the correct 
spectral parameters~' but, needless to say, this no- 
menclature will not be adhered to here.) Comparison 
of the values calculated here with those in Table 1 of 
their publication revealed that they had apparently mis- 
assigned the nitrogen hyperfine splitting as the beta 
hydrogen splitting. 

DISCUSSION 

It is surprising that Kalyanaraman and Mason would 
publish an an value as low as 10.95 G for a DMPO 
adduct, especially when they use it as a basis to take 
issue with the work of others. In an extensive review 
of the literature of nitroxides, Janzen ~° found that an 

of DMPO adducts was lowest in dimethyl formamid¢ 
( 12.8 G) or hexane (12.9 G) and highest in water ( 14.1 
G). Intuition would suggest that the a~, of DMPO ad- 
ducts in a solvent with a moderately high dielectric 
constant and a polar carbonyl group, such as ethyl 
acetate, would be between 12.8 and 14. I G. 

The factors that cause the shift in aA, of nitroxides 
in polar solvents are well understood. Interactions of 
the polar solvents with the lone pair electrons of the 

nitroxide oxygen atom increase its electron affinity, 
resulting in a redistribution of the '~-electrons such that 
there is maximum unpaired electron density on the 
nitrogen atom.14.~s This theoretical prediction is borne 
out experimentally. For example, Janzen t° supported 
the finding of Wajer that a plot of the isotropic nitrogen 
hyperfine coupling constant wi~s linear with respect to 
Reichard's solvent polarity parameter. Thus, the a,v of 
a nitroxide radical can be used to give information 
about the polarity of the environment in which the 
probe is found. Trudell et al.~6 measured the decrease 
in an of nitroxide spin labels attached to fatty e, cids at 
increasing depths toward the center of a phospholipid 
bilayer. They interpreted this change as reflecting a 
decrease in dielectric constant and polarity as the probes 
were moved from near the phospholipid headgroups 
into the hydrocarbon interior of the bilayer. A similar 
study by Griffith et al. ~7 used the change in an as a 
function of depth of spin probes in the bilayer as evi- 
dence that water penetrated into phospholipid bilayers. 

The as and a,~ values calculated from spectra of 
PBN adducts measured in ethyl acetate by B6sterling 
and TrudeiP were: 14.90 and 4.28 G for PBN--OOH 
and 13.71 and 2. ! G for PBN~OH, respectively. The 
point made in that paper was that in ethyl acetate, the 
large differences between the four coupling constants 

allowed simultaneous quantitation of the two radical 
adducts without using computer subtraction. In a re- 
view of hydroxyl and superoxide adducts of PBN in 
different solvents, Janzen =° found that at~ ranged from 
13.4 in benzene to 15.98 G in water. The an calculated 
here from the spectrum of PBN--OOH in ethyl acetate 
by B6sterling and Trudell j was 14.90 G, a value in- 
termediate between the extremes of solvent polarity. 

Janzen I° has pointed out that the at~ and a~ 0 for a 
given spin-trap adduct in different solvents should be 
related by a linear equation of the form a ~  = a(a,) + 

b. Kalyanaraman et al) suggested that an and anp for 
DMPO--OH listed in their Table I could be related 
by the equation aHp = 0.2832 an + 10.9. However, 
when their computer calculated values for DMPO-.--OH 
in ethyl acetate are inserted into this equation, the re- 
sulting fit is the poorest among all the solvents tabu- 
lated in their Table 1. Even when the values for their 
spectra as calculated in this paper from Figure I B are 
inserted in the same equation, a poor fit is obtained. 
It is likely that incorrect a~ and a,p assignments have 
led to an incorrect fitting equation. 

Similar equations were derived by Janzen et ai) for 
the hydroxyl and superoxide radical adducts of PBN 
in various solvents (but not including ethyl acetate). 
Insertion of the aHp (2.1 G) and as (13.71 G) values 
calculated from PBN--OH t into the appropriate equa- 
tion a,~ = 0.60an - 6.5 gives a result of 1.73 G, a 
0.37-G error between observed and predicted, inser- 
tion of the corresponding values of a,~ (4.28 G) and 
an (14.90 G) calculated for PBNnOOH ~ into the ap- 
propriate equation from Janzen, a,B = 1.26an -- 15.7, 
gives a result of 3.07 G, a 1.2-G error between ob- 
served and predicted. 

CONCLUSIONS 

The calculations presented in this paper suggest that 
both the DMP--OH radical adduct prepared by Ka- 
lyanaraman et al. and the PBN--OH radical adduct 
prepared by B6sterling and Trudeil were made by cor- 
rect synthetic techniques. However, .it would appear 
that the objections of Kalyanaraman et al. to the ethyl 
acetate extraction technique were based on their un- 
fortunate transposition of an and amp in their calcula- 
tions and their failing to realize that the resulting an 

was not in the range of possiblities. It is hoped that 
this paper confirms the value of extraction of spin-trap 
adducts before measurement of their EPR spectra. The 
stability of the adducts and the ability to observe clear 
differences between hydroxyl and superoxide radical 
adducts, without a requirement for computer synthesis 
and subtraction, would seem to be of considerable value. 
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