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Frederick A. Villamena,* " Edward J. Locigno," Antal Rockenbauer §
Christopher M. Hadad,* * and Jay L. Zweier*:

Center for Biomedical EPR Spectroscopy and Imaging, Theddeart and Lung Research Institute, and the
Division of Cardiaascular Medicine, Department of Internal Medicine, College of Medicine and the
Department of Chemistry, The Ohio State U#nsity, Columbus, Ohio 43210, and Chemical Research Center,
Institute for Structural Chemistry, H-1025 Budapest, Pusztaszeri ut 59, Hungary

Receied: July 31, 2006; In Final Form: September 27, 2006

The carbon dioxide radical anion (GO) is known to be generated in vivo through various chemical and
biochemical pathways. Electron paramagnetic resonance (EPR) spin trapping with the commonly used spin
trap, 5,5-dimethyl-1-pyrrolineN-oxide (DMPO), has been employed in the detection of,COThe
thermodynamics of C®~ addition to DMPO was predicted using density functional theory (DFT) at the
B3LYP/6-31+G**//B3LYP/6-31G* and B3LYP/6-31%G* levels with the polarizable continuum model
(PCM) to simulate the effect of the bulk dielectric effect of water on the calculated energetics. Three possible
products of C@~ addition to DMPO were predicted: (1) a carboxylate adduct, (2) pyrroline-alcohol and (3)
DMPO—OH. Experimentally, UV photolysis of #D, in the presence of sodium formate (NaHg@nd DMPO

gave an EPR spectrum characteristic of a C-centered carboxylate adduct and is consistent with the theoretically
derived hyperfine coupling constants (hfcc). Th& pf the carboxylate adduct was estimated computationally

to be 6.4. The mode of GO addition to DMPO is predicted to be governed predominantly by the spin
(density) population on the radical, whereas electrostatic effects are not the dominant factor for the formation
of the persistent adduct. The thermodynamic behavior of Ci@ the aqueous phase is predicted to be similar

to that of mercapto radicat§H), indicating that formation of C£ in biological systems may have an
important role in the initiation of oxidative damage in cells.

Introduction SCHEME 1
Reactive oxygen species (ROS) have been implicated in the ~ NITRONE NITROXIDE
Spin Trap Spin Addduct

toxicology of various xenobiotics and in the pathogenesis of

various diseasés* Since inorganic anions are ubiquitous in o >O<H
most biological and environmental systems, the interaction of : N on 7
these species with ROS such as hydroxyl radical {jH@ay >© Se

N -

inorganic radical species may lead to an erroneous interpretation
of electron paramagnetic resonance (EPR) spectra observed from
nitrone spin traps.

EPR spin trapping !t has been an indispensable tool in the In spite of this unique feature of spin trapping, there are still
detection of oxygen radical species using the nitrone 5,5- major limitations in its application, and one of them is the
dimethyl-1-pyrrolineN-oxide (DMPQ)!2718 which has been  accurate interpretation of the generated EPR spectra. Since spin
widely employed as a spin trap in the detection of transient trapping is often applied to complex biological or chemical
radicals in chemical or biological systems. For example, two Systems, it is important to have a clear understanding of the
distinct spectra could be obtained from DMPOH and nature of the adducts formed from various radicals which would
DMPO—OOH adducts arising from the addition of H@nd be present in a complex mixture. Spin-trapping experiments
O, to DMPO, respectively? This “fingerprinting” of radicals ~ performed in the presence of inorganic anions may lead to
can be utilized to identify free radicals unambiguously, thus secondary radical adduct formation, so that knowledge of the
providing a spectral “snapshot” of the radical being investigated formed inorganic radical anion adduct is important for the
(Scheme 1). accurate interpretation of certain fundamental chemical and

N . biological processes. It is therefore critical to identify and
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lead to the production of highly oxidizing or reducing radical A o

species that can be detrimental to cell viability. Moreover, from o \ H

an analytical perspective, production of these ROS derived y, gpr signal H >[r><oon4\
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by EPR spin trapping using DMPO as a spin trap, but the nature spectrometer with HS resonator at room temperature. Simulation

of the radical adducts formed was not well underst&oé® It

is therefore important to determine the spin-trapping charac-
teristic of CQ*~ in order to accurately interpret the resulting
EPR spectra during their formation in chemical and biological

of spectra was performed using the program developed by
Rockenbauer, et &P,

Spin Trapping Studies.DMPO (99.9%), NaHC®(99.5%),
30% HO; in water, and 80% k70,-20% H,'%0, were obtained

systems. This study will characterize the spin-trapping processcommercially. All solutions were prepared using deoxygenated,

by 5,5-dimethyl-1-pyrrolinéN-oxide (DMPO) of CQ*~ gener-
ated from UV photolysis of NaHC£ in the presence of ¥D..

double-distilled water. The total volume of each solution used
for the EPR measurement was &0 and was loaded into a 50

Various modes of radical addition and the stabilities of spin uL quartz micropipette. The carbon dioxide radical anion was

adducts formed will be theoretically and experimentally
assessed.

Experimental Methods

General Computational Methods. Density functional
theory?®2°was applied in this study to determine the optimized
geometry, vibrational frequencies, and single-point energy of
all stationary point$®-33 The effect of solvation on the gaseous

generated from irradiatidhwith a low-pressure mercury vapor
lamp at 254 nm wavelength of 100 mM aqueous solutions of
NaHCG, in the presence of 2550 mM DMPO, and 10«M
H,0, (or 100uM 80% H,170,-20% H'%0,) EPR spectra were
acquired over the course of 10 min.

Results and Discussion
Carboxyl Radical Anion (CO2~) Adducts. Electronic,

phase calculations was also investigated using the polarizableStructural, and Thermodynamic Analysieoretical analysis

continuum model (PCMj*=38 All calculations were performed
using Gaussian 33at the Ohio Supercomputer Center. Single-
point energies were obtained at the B3LYP/6+&** level
based on the optimized B3LYP/6-31G* geometries, and the
B3LYP/6-314+G**//B3LYP/6-31G* wave functions were used
for natural population analyses (NP#&).These basis set

calculations used the standard six Cartesian d functions.

Geometry optimization with diffuse functions at the B3LYP/

of the CQ*~ was carried out at the B3LYP/6-31G**//B3LYP/
6-31G* level and shows a bent geometry with, symmetry.
The charge density distribution of GO from an NPA reveals
negative character onéh2 O atoms{0.76 e) and a positive
charge on the C atomH0.52 e). Calculated €0 bond lengths

in COy~ gave a bond distance of 1.25 A consistent with the
experimental €O bond distances of 1.2 0.01 A in
carboxylates® Spin (densities) populations indicate a 68%

6-311+G* level of theory was performed to account for the €lectron delocalization on the C atom, consistent with the charge
negative charge character of the species being investigated using€nsity calculations.

five (pure) d polarization functions for these calculations.
Vibrational frequency analyses (B3LYP/6-31G*) for each of
the stationary points for DMPO and its @O adducts yielded
only real vibrational frequencies. A scaling factor of 0.9806
was used for the zero-point vibrational energy (ZPE) corrections
with the B3LYP/6-31G* and the B3LYP/6-3#1G* levels of
theory#! Spin contamination for all of the stationary point of
the radical structures was negligible, i.e., 0.F5%0< 0.77.
Calculation of Isotropic Hyperfine Coupling Constants
(hfcc). The prediction of hfcc of the nitrogen atom in simple
nitroxides was demonstrated in several landmark wéAks.
Based on these previous studtés!> we employed similar
models in the prediction of hfcc’s of the nitroggfthydrogen,
and y-hydrogens of DMPGO;H, and a discussion of the
comparative study of calculated hfcc for DMPQ;H optimized
at the B3LYP density functional and basis sets, 6-GI*,
6-31G*, EPR-Il and EPR-IIfé and the core-valence correlation-
consistent cc-pCVDZ in the gas and aqueous phases can be
found on pages S13518 of the Supporting Information of our
previous papet® Also, in the same papé?,the hybrid PBEO
functional and EPR-II basis set was fodhtb yield accurate
ay values in simple nitroxides and was also employed in the
calculation of hfcc for DMPG-OzH. Although the levels of
theory mentioned above gave accuiatdor 2,2,5,5-substituted
pyrrolidine nitroxides, the calculated hfcc’s for DMP@,H

using the same levels of theory gave errors (theoretical hfcc

':0:/\;:) c— —:-9:/\-0 - —> -9:/\::.

16% 68% 16%

For the addition of C@~ to DMPO, three products were
theoretically predicted (i.e., DMPECO,, a C-centered radical
adduct, and two O-centered adducts, DMPCO, and DMPG-
OCO; Figure 1). Calculated bond angles and distances in DMPO
and the corresponding nitroxyl G@dduct DMPG-CO, are
consistent with experimental-€N and N-O bond distances
in analogous nitrones and nitroxyl compouRé$3 However,
DMPO—-0OCO showed a much longer C5-N bond distance of
1.55 A compared to DMPOCO, and DMPG-OCOQ,.

The formation of the DMP©GCO, adduct is exoergic by
AGgoggk,aq= —12.1 kcal/mol in the aqueous phase (reaction A,
Scheme 2). The calculatedifg—Cco2 bond distance of 1.60 A
and the Go,—Oco2 bond distance of 1.26 A for DMPECO,
is close to the X-ray crystallographic values of 1-8152 and
1.22-1.30 A, respectively, found in Cu(ll) 3-carbamoyl-2,2,3-
trimethylcyclopentane-1-carboxylateand Mo(VI) amino acid
complexe$® The calculated NO and C-N bond distances are
1.49 and 1.46 A, respectively, and the 48% (N) and 46% (O)
spin populations for the nitroxyl moiety in DMPECQ; indicate
the formation of a carboxylate-pyrrolifg-oxyl radical anion.

Optimization of the O-centered adduct (DMPOCO)

versus experimental hfcc) comparable to that predicted atyielded two final structures, DMPOCQ, and DMPO-OCO

B3LYP/6-31+G(d,p)//B3LYP/6-31G(d). Hence, in this study,
the an, ag-n, anda,—y for all of the spin adducts were only
calculated at the B3LYP/6-31G(d,p)//B3LYP/6-31G(d) level.

EPR Measurements.EPR measurements were carried out

on an X-band spectrometer with HS resonator at room temper-

(Figure 1 and Scheme 2). An aminyl radical, DMBCQO,, was
formed via the intramolecular nitronyl-O atom abstraction by
the carbonyl-C moiety. The calculated free energy of reaction
for the formation of DMP-OCG; in the aqueous phase (i.e.,
reaction B+ C; Scheme 2 and Table 1), A8G0gk aq= —21.4

ature. General instrument settings are as follows unless otherwisekcal/mol, which is 9.3 and 11.1 kcal/mol more exoergic than

noted: microwave power, 10 mW; modulation amplitude, 0.5
G; receiver gain, 3.173.56 x 1(P; time constant, 82 ms; time

the formation of DMPG-CO, and DMPG-OCO, respectively.
Examination of the radical character of DMBPCG,; indicates

sweep, 42 s. EPR measurements were carried out on an X-bandhat 87.9% of the unpaired electron is localized on the aminyl-
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-12.1 (-12.0)
DMPO-CO,

-21.4 (-21.4)
DMP-0CO,

(-0.61, 0.00)
1.16 A

(0.44, 0.00)

31.0 33.5)
DMPO-OCO

Figure 1. Bond distances, charge and spin density population (in
parentheses) of various products arising from the addition of CO
addition to DMPO at the B3LYP/6-31G**//B3LYP/6-31G* level.
Aqueous phase reaction free energiA$fosk aq in kcal/mol) at the
PCM/B3LYP/6-31H-G* level. In parenthese®Ggsk aqare presented

at the PCM/B3LYP/6-3+G**//B3LYP/6-31G* level in kcal/mol.

N, while 4.2% is localized on thg-H (the highest among all

of the H atoms in the molecule). Aminyl radicals are the most

elementary class of nitrogen-centered organic raditalsl are

highly reactive, short-lived intermediates considered to play an

important role in chemic&l and biological processé8.The

most common mechanism for the formation of aminyl radicals

is via thermal or photochemically induced homolytic bond
cleavage of the NH bond or by nitrogen oxidatiopf 61
Recently, aminyl*‘NRy) radicals have been stabilized by metal
coordination as reported by Buettner et®aland EPR along
with DFT studies show a spin density distribution of 56% on
the aminyl-N and 36% on the Rh(l). This high value of the
spin density distribution on the aminyl-N in the Rh{gminyl
complex is consistent with the spin distribution predicted for
the aminyl-N in DMP-OCQO, of 87.9%. Thus far, our study
shows the first theoretical evidence for the formation of aminyl
radicals from a nitroxide. However, due to the high reactivity
of the DMP-OCG; intermediate, its possible fate in solution
is the formation of the pyrrolinecarbonate (DMPHOCG;,™)
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SCHEME 2

H H

e + "OH
Q .

N HO T
e ) 0:

of
DMPH-0CO, DMPO-OH

TABLE 1. Aqueous Phase Reaction EnthalpiesAH sk aq)
and Free Energies AGaggk ag) for Various Modes of CO,*~
Addition to DMPO at the PCM/B3LYP/6-311+G* Level in
kcal/mol

entry AHggsK'aq AnggK'aq
COs~ + DMPO
DMPO—-COGO;, —23.7 —12.1
DMP—-0OCQO, —334 —21.4
DMPO—-0OCO 22.1 31.0
Scheme 2
A —23.7 —-12.1
B+C —-334 —21.4
D 16.5 249
B+E —-15 —10.0
F 6.7 7.5

experimental evaluation of aminyl radical formation will be
presented below.

Analysis of the optimized structure of DMPEDCO reveals
two different C-O bond distances for the carboxylate group
(i.e., 2.14 A for Goz—Oringand 1.16 A for Go—Ocoz Figure
1). The calculated €0 bond distance of 1.16 A for one of the
carboxylate G-O bonds is close to that observed for the
experimentally observed-€0 bond distance for carbon mon-
oxide of 1.13 A0 This difference in G-O bond distances is
indicative of a heterolytic €0 bond cleavage to give carbon
monoxide (&0) and pyrrolineN-oxyl alkoxide, DMPG-O.
Vibrational analysis of the DMPOOCO optimized structure
yields no imaginary vibrational frequencies but did yield a small
vibrational frequency of 29.8 cn, indicative of a weak van
der Waals interaction between thesO and DMPG-O~. This
suggests that DMPOOCO is a local minimum on the potential
energy surface but may exist in a shallow well. The NPA atomic
charge on the carboxylate-O attached to the ring-&81 e
which is close to the calculated charge ©0.97 e for O in
CH30O~ at the same level of theory, further confirming the
formation of an alkoxide, DMPO©O™. Although the eventual

via subsequent H-atom abstraction (reaction D, Scheme 2). Anformation of DMPG-OH via proton abstraction by DMPO
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O~ from HyO is endoergic by 7.5 kcal/moNGagsk ag reaction
F, Scheme 2), the overall free energy of reaction leading to the
formation of DMPG-OH is exoergic WithAGaegk aq= —2.5
kcal/mol. However, the formation of DMPE0OH from DMPO-
OCO is the least thermodynamically favored product, as
compared to the formation of DMP&CO, or DMP—-OCOQO.,.

We previously demonstrated that H&xdition to nitrones is
highly exoergic in the aqueous phage3xn 29sx ~ —39 kcal/
mol),1*63and experimentally, the rate of Mi@ddition to nitrones
is very fast with second-order rate constants on the order of
10° M~1 57164 However, we also theoretically and experimen-
tally demonstrateld-64 that HO addition to nitrones is more
favored in nitrones bearing some positive charge on the nitronyl-
C, the site of radical addition; hence, the nature of d@ition
to nitrones is somewhat nucleophilic in nature. The character
of HO* addition to nitrones could be due to the negative charge
density of—0.45 e and 100% spin distribution on the O atom
of the HO.1* Although CQ*~ also exhibits negative charge on
its oxygens (i.e.;-0.76 €), 68% of the spin density is localized
mostly on its C atom. Based on the preference of'C® form
a C-centered adduct with DMPO by41 kcal/mol compared
to the formation of an O-centered adduct, it can be inferred
that the nature of C® addition to DMPO is mostly governed
by its spin population rather than the charge characteristics of
its atoms.

EPR Spin Trappingexperimentally, the C®~ radical anion
was generated by UV photolysis (254 nm) in an aqueoy3,H
solution containing sodium formate (NaH@GOand DMPO.
Figure 2 shows the resulting EPR spectrum for the addition of
COy~ to DMPO, revealing only the formation of a major sextet
signal (99%) withay = 15.74 G andag-y = 18.74 G. The
formation of the DMPG-CO, adduct from the 1-electron
oxidation of HCQ~ by HO® was further confirmed by using
H,170,/H,1%0; (Figure 2b). A UV-irradiated solution of DMPO,
either in the presence of;HO,/H,%0; or H,10,, gave an EPR
spectrum withey = 15.74 G andi-y = 18.74 G (Table 2 and
Figure 2), which is different from the hfcc’s that would have
arisen from DMPG-%0OH or DMPO-'"OH adducts. These
results indicate the absence of any adducts originating from HO
radicals.

The calculated isotropic hyperfine coupling constants (hfccs)
of various products for the GO addition to DMPO are shown
in Table 2. Gas-phase hfcc calculations at the B3LYP/6-
31+G**//B3LYP/6-31G* level of theory have been employed
previously® to predict theay and ag— of DMPO—OH and
DMPO—0;H adducts. From that study, the predicted gas-phase
ay values are 11.69 G for DMPEOH and 11.87 G for
DMPO—0OzH, an underestimation of 3.31 and 2.43 G, respec-
tively, compared to their experimental hfcc values. Also, the
gas-phasess—y of 5.92 G for DMPG-OH and 6.60 G for
DMPO—O;H were also underestimated by 8.83 and 5.1 G,
respectively. However, using more realistic computational
models, which account for the explicit interaction of water as
well as the bulk dielectric effect of water, can greatly improve
the ay and az—y as has been previously demonstrated for
DMPO—OH and DMPG-O;H (see Table 25765 However, in
this study, due to the high computational cost associated with
using such models, direct calculation of the hfcc values in the
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Figure 2. X-band EPR spectrum of the carbon dioxide radical {CJO
addition to DMPO by UV photolysis of 100 mM NaHGOn the
presence of 50 mM DMPO and (a) 101 H,0,-1%0; (b) 100uM
(80%/20%) H'O,/ H,1%0;; (c) simulated spectrum; (d) UV photolysis

of 50 mM DMPO and 10Q«M (80%/20%) H'’0,/H,'%0, alone and
simulated spectrum (dotted line). See the Experimental Section for the
EPR parameters used.

and 10.22 G, respectively, relative to the experimental values
of ay = 15.74 G anda-y = 18.74 G. These predicted hfcc
values for DMPG-CO; are reasonable values on the basis of
what have been predicted for DMP@H and DMPG-O,H.
As shown in Table 2, the DMPOCG; product gave unreason-
able overestimated hfcc values @f = 15.36 G andag—y =
37.14 G, whereas DMPOOCO gave underestimated values
of ay = 13.30 G and a significantly lowag_n of 0.43 G.
However, inferences derived from the calculated hfcc may
seem disputable due to their still relatively high error compared
to the experimental values. Therefore, results from the EPR spin
trapping experiments using isotopically enriched®, which
did not yield a spectrum typical of DMPS&-’OH (as described
above) unequivocally suggest that the major peak arising from
the CQ*~ addition to DMPO is most probably that of the
DMPO—CGO, adduct.
To experimentally test if DMPHOCQO,™ is formed, NaHC®

gas phase was used. It follows, then, that the predicted gas-100 mM) was irradiated in the presence of DMPO (50 mM)

phase hfcc's for DMP©CO; should give an underestimated
ay and az—y in the range predicted for DMPEOH and
DMPO—-0O,H at the B3LYP/6-3%+G**//B3LYP/6-31G* level
of theory. The predicted hfcc values for DMPQO, areay =
11.37 G andy-4 = 8.52 G, which are underestimated by 4.37

and HO, (58 mM), and product analyses using GC-MS as well
as thin layer chromatography were carried out. Extraction of
the reaction mixture with CHGland GC-MS analysis of the
CHCI; extract gave no evidence of DMPHDCQO,~ formation.
Moreover, thin layer chromatography of the aqueous reaction
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TABLE 2. Calculated Isotropic Hyperfine Coupling 136 A
Constants (hfcc’s) in Gas and Aqueous Phases at the

B3LYP/6-31+G** of N, f-H, and y-H? of Various DMPO 059, 000@ oo
Spin Adducts Using the B3LYP/6-31G* Optimized Geometry / -
Hp>®< 21 K (-0.00, 0.45)
2 15 .
X *

.?.
isotropic hyperfine splitting constants (G) 1.9 (22 9
adduct nitronyl-N p-H y-HP DMPO-CO,H-cis
Theoretical (-058,0.01) (0.81,0.02)
DMPO-CGO; 11.37 8.52 ®
DMPO-CO,H 11.89 20.24 W
DMP—-0OCQO, 15.36 37.14 '
DMPO—-0OCO 13.30 0.43 1.86;1.12 (-0.72,0.01)
DMPO—-OH 11.69 5.92
DMPO—0OHs(H,0),2 12.89 9.38 i
DMPO—O;H 11.87 6.60 147
DMPO—0;He(H,0)2 11.76 13.62
Experimental
COs~ + DMPO 15.74 18.74 128 A
DMPO—OH® 15.00 14.75 ’
DMPO—-1"0OHd 14.98 1472 YO=4.65 0.0 (0.0)
13C(2)=5.3 DMPO-CO,H-trans
BC(2)=7.0G ; ; ; ; - ;
DMPO—O,H 143 117 125 Figure 3. Bond distances, charge, and spin density population (in

parentheses) of GO adduct of DMPO in their protonated forms at
a Predicted hfcc with 2 explicit water molecules at the PCM/B3LYP/ the B3LYP/6-3%-G**//B3LYP/6-31G* level as well as relative gas
6-31+G** level. The Aay (defined asasq — agag for the effect of and aqueous (in parentheses) phase free enery&sg in kcal/mol).
solvation on hfcc for DMPGOH areAay = 1.20 G andAagy =
3.46 G, whereas for DMPOO,H they areAay = —0.11 G andAas_ SCHEME 3
=7.02 G% b Predicted isotropic hyperfine coupling constants/fét’s
with less tha 1 G are not included in the tableThe hfsc differences
A8y gas (defined asaexpn — acarcd,gad iN the gas phase for DMPEOH
are Aangas = 3.31 G andAag-n,gas = 8.83 G, whereas for DMPO
O;H they areAan gas= 2.43 G andAag-gas= 5.1 G. In the aqueous
phase, thé\ay,a, (defined aSexpi — acaicd,ag for DMPO—OH areAa aq OH
= 2.11 G andA&g-n,aq = 5.38 G, whereas for DMPEO,H they are
Aayaq = 2.54 G andAas—aq = —1.97 G.¢ With DMPO—H adduct )
contamination (23%). Conclusions

Theoretical as well as experimental evidence shows that

caled. pK, = 6.4

pH= 6.8

.O-

mixture did not give any indication for the presence of an amine o )
functionality using ninhydrin reagent. Subjectingproline or CO;~ forms a C-centered adduct with DMPO. The mode of

pyrrolidine solutions, however, to the same spin-trapping fadical addition to DMPO is governed mostly by the spin
conditions as with DMPO in the presence of similar concentra- population on the reacting radical, whereas charge characteristics

tions of NaCOs and HO, showed positive results for an amine of the radical only p_Iay a minor role in detelrr.mining the type of
as evidenced by a yellow color upon ninhydrin treatment. These 2dduct formed. Various modes of @O addition to DMPO in
negative results for the DMPHOCO;~ formation may be due solution were predicted that can result in the formation of
to the endoergic nature of the H-atom abstraction (reaction D) Various species such as (1) formation of a carboxylate adduct;
With AGaosk aq= 24.9 kcal/mol. (2) aminyl radical, in which thus far, our study shows the first
In order to gstablish the final form of the DMPEZO, adduct theoretical evidence for the formation of aminyl radicals from
in solution, the protonated form, DMPECO,H, was theoreti- @ Nitroxide, and (3) DMPOOH. Although the formation of
cally optimized (Figure 3). According to Figure 3, the most the aminyl radical is the most thermodynamically favored in

preferred conformation in solution for DMPECOH is the cis ~ solution but perhaps due to its high reactivity, only the
conformation: however, the trans conformation is preferred in carboxylate adduct was experimentally observ_ed by EPR
the gas phase. ThecG,—Cing bond distances for both the cis ~ SPECtroscopy. The favorability of GO (AGzosk.aq = —12.1
and trans isomers are shorter (18355 A) compared to the kcal/mol) addition to DMPO is similar to that' reportep! for
unprotonated adduct with @,—Cying bond distances of 1.60 ~ Mercapto SH) (AGaozk,aq= —12.8 kcal/mol) radical addition

A. The acidity of DMPO-CO, adduct was then approximated {0 DMPO suggesting that C£" formation in vivo can have
based on our previous wofR according to the relationship biological significance and therefore consequences for oxidative

damage.
PK, = 0.538AG,, op) — 136.9 _
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