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Direct Observation of NADH Radical Cation Generated in Reactions with One-Electron
Oxidants
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The formation of NADH radical cation in reactions with one-electron oxidants was observed for the first
time. Transient products involving two tautomeric (keto and enol) forms of radical cation and neutral radical
were spectroscopically characterized by means of pulse radiolysis. The kinetics of the decay of keto radical
cation and neutral radical was investigated. Tlg palue of the enol form of NADH radical cation was
determined. The simple analogues of NADH and NADamely, 1-methyl-1,4-dihydronicotinamide and its
oxidized form, were studied for comparison.
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OH OH conversiorf:” On oxidation of NADH analogues, the radical

cations initially formed in the keto form cannot easily tautomer-

is based on the ability of the NADH/NADcouple to act as a  12€ 10 & more stable enol form unless a favorable geometry,
source or acceptor of two electrons and a proton. In the overall that is, & favorable orientation pféa carbonyl group for 1,4-
reaction, a hydride anion is transferred to or from a suitable Nydrogen atom transfer, is providédndeed, for a dominant
substraté. Although the mechanism of hydride transfer in number of NADH analogues, a direct observation of radical
NADH == NAD™ conversion is still, in many cases, controver- cation in a keto form was reportéd.” The recent successful
sial, it is accepted that one-step hydride transfer dominates ind€tection of radical cation of NADH analogue (1-benzyl-1,4-
enzymatic reactions whereas in many chemical, electrochemical, dihydronicotinamide) by electron spin resonance (ESR) spec-

and photochemical reactions of NADH analogues a multistep troscopy clearly confirms previous findings that these radical
hydride transfer occurs: cations represent the keto fofim.

Despite the important role of NADH as an electron source, ©ON the other hand, the reverse process of reduction of NAD
a dominant number of reports concerning one-electron oxidation analogues followed by the protonation of an appropriate radical
of NADH characterize the radical cations formed only from |€@ds exclusively to the enol radical cation. Along with the
NADH model compounds, mainly 1,4-dihydropyridine deriva- experimental evidence for spontaneous intramolecular hydrogen
tives. Two different forms of radical cations generated from &lOm transfer (tautomerization of keto form to the enol form),
NADH analogues can be distinguished: the keto and enol form 't _Proves thgﬁzlomversmn stability order for this group of
(see Scheme 1). In the neutral molecule, the enol form is much compoundg®-1®although suggestions that the keto form of the
less stable than the keto tautomer (by over 30 kcal/mol) and is radical cation may be thermodynamically more stable because

of no importance in the chemistry of this group of compounds. ©f Solvation appeir occaltlslonaﬁy. , ,
However, as a result of stability inversion, which is one of the N contrast to the well-documented direct observations of
unique features of molecular ions, the enol radical cation is more fadical cations of NADH analogues, the identification and

stable than its keto tautomer by over 10 kcal/mol and both forms spectral characterization of radical cations of NADH itself are
of radical cation can play a role in the stepwise NABHNAD* very Ilmltgd.5 .It may be somev_vhat surprising that the spectral
characterization of NADH radical cation comes only from the

*To whom correspondence should be addressed. E-mail addressesiPhotoionization experiments and that this species has never been
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oxidants. In this context, we can agree with recent opinion that ] A
the direct detection of NADH radical cation and its definite 0.24f\

assignment has yet to be attairfedhis paper fulfills that 0.1

deficiency because we report the first direct detection of NADH 0.0 . '
radical cations in reactions with one-electron oxidants and 02r B

present spectroscopic characterization of both keto and enol
forms of NADH radical cation in aqueous solution.

AA

2. Results and Discussion o1l

2.1. NADH Radical Cation—Keto Form. A direct detection
of the one-electron oxidized species derived from NADH is a
challenging task, especially in agueous solution, because of the
instability of NADH radical cation (NADH™). Unquestionably, ol X ,
there are numerous examples of NADH reactions that indirectly 400 500 600
confirm an involvement of NADK as the transient speci€s13 X [nm]
However, no reaction has ever been reported leading to a diréClgigyre 1. Transient absorption spectra obtained by pulse radiolysis
experimental evidence for the participation of NADH radical of NADH (0.004 M) in N;O-saturated aqueous solution containing 1
cations. The transient absorption spectrum of NADKas been M KBr. The spectra were collecte®) 100 ns, @) 240 ns, and £) 2
only detected upon laser excitation of NADH in aqueous #s after the electron pulse. The inset shows the changes of absorpance
solution, exhibiting absorption bands at 370 and 5505nm. @t (A) 400 and (B) 560 nm. The sample was 1 cm thick and received
However, the electron-transfer reaction from NADH excited a radiation dose of 80 Gy.
state cannot be recognized as a typical chemical reaction of
NADH' Moreover, Fukuzumi et al. r_lave recently suggested th.at anion leads to the formation of the corresponding radical cation,
radical cations of NADH and of its analogues generated in

. ! ' which has the absorption band at 560 nm (Figure 1, reaction
highly exergonic photochemical electron-transfer processes mayl) Because of the high concentration of NADH in this
be formed directly in the enol forr. '

Unfortunately, the matrix isolation methods are not suitable —_ ot -
for investigation of transient species generated from large NADH + Br, NADH™ + 2Br (1)
organic molecules of biological importance, although a use of
ionic liquids as novel transparent matrixes may soon challenge
that view!* Therefore, at present only the time-resolved
techniques of generation and detection of radical ions can be
applied for that purpose, for example, the pulse radiolysis
technique. First, this time-resolved method can be equipped with
a sensitive UV-vis detection. Second, it allows a generation
of strong one-electron oxidaAtscapable of effective NADH
oxidation in diffusion-controlled reactions, faster than a decay
of NADH"*,

In a series of experiments, we have tested a group of the
well-known one-electron oxidants generated radiolytically. The
use of some of them for oxidation of NADH as, for example,
SOy~ radical anion E°(SOy~/SO27) = 2.43 V)15 turned out
to be unsuccessful because its precursgDgS anion, reacted
with NADH. On the other hand, the much weakes Kadical
(E°(Nz*/N3™) = 1.33 V)™ reacts effectively with NADH, but
we were not able to observe the formation of transient radical
cation of NADH most likely because that reaction was too slow
compared with the rate of NADH decay.

Finally, we have found that dibromide radical anion £By
E°(Br»~/2Br-) = 1.63 V)!® which is a stronger oxidant than
Ns*, is very suitable for that purpose. It has already been

evident that one-electron oxidation of NADH by Br radical

experiment absorbing effectively at 340 nm and also high
absorption of By~ itself, the short wavelength band of NADH
cannot be observed. The assignment of the absorption band at
560 nm to the NADH radical cation is not only based on the
similarity with the results of Czochralska et%éand with the
spectra of radical cations generated from the simple NADH
analoguesbut also based on the kinetic analysis. The rate of
disappearance of the absorbance of one-electron oxidamnt Br
(k=1.1x 1®®M~1s1) is very close to the rate of appearance
of radical cation bandk(= 1.5 x 10® M~1 s1) (see inset to
Figure 1). To our knowledge, this is the first direct observation
of NADH** identified in the chemical reaction. The earlier
observation of NADH radical cation comes from the flash
photolysis experiments.

Similarity of the spectrum of NADM (band location and
its shape) with the spectra of previously characterized radical
cations generated from the model analoguégmainly 1,4-
dihydropyridine derivatives) indicates that unpaired spin and
positive charge of radical cation are mainly located in the
dihydropyridine moiety. The spectrum of radical cation gener-
ated from the simple analogue of NADH, namely, a 1-methyl-
1,4-dihydronicotinamide (MNAH), is presented in Figure 2.

demonstrated that NADH is oxidized by the,Brradical anion, o

although because of the short lifetime of NABHo evidence H

for its presence was fourld:2 As it is shown in the Experi- fj)kNH2

mental Section Bt~ radical anions can be effectively generated

by pulse radiolysis of aqueous solutions containing KBr. ’}‘

Unfortunately, By~ absorbs Amax = 360 nm) in the region of CH;

short wavelength absorption of NADH shown in photo- MNAH

ionization experiment,but it should not interfere with the

second, weaker, but more characteristic band of NADHhis Because of the lower oxidation potential or the higher
band was well-characterized for radical cations generated from diffusion coefficient of MNAH than of NADH or both, the rate
the simple NADH analogues. constant of the reaction with Br is higher: k = 4.5 x 10°

The spectrum obtained by pulse radiolysis of NADH in M~!s 1 determined from the dibromide radical anion decay or
aqueous solution containing KBr is presented in Figure 1. It is k= 4.2 x 10° M~ s~1 determined from the growth of MNAH
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Figure 2. Transient absorption spectra obtained by pulse radiolysis

of MNAH (0.005 M) in N;O-saturated aqueous solution containing
NaN; (0.05 M). The spectra were collectel)(100 and 4) 500 ns

after the electron pulse. The inset shows the changes of absorbance
(A) 420 and (B) 560 nm. The sample was 1 cm thick and received a

radiation dose of 65 Gy.

radical cation absorption. In this case alsog-Mediated
oxidation of MNAH was fast enough to allow the observation
of MNAH** (see Figure 2).
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Figure 3. The dependence of the pseudo-first-order rate constant of
deprotonation oketoNADH** radical cation on pH of the solution.

dinium cations. Also this method leads to the product, which

& bsorbs at 400 nm (reduction of NAD and at 420 nm

(reduction of MNAF). In neutral deoxygenated solution, these
radicals undergo dimerizatidfi.1”

2NAD" — (NAD), (4)

On the microsecond time scale the 560 nm absorption bandThe rate constants for dimerization of NABnd MNA® radicals
of radical cation disappears and only the product with absorption are 7.4x 10" and 7.3x 108 M~1 s71, respectively. The rate

band at 400 nm is seen. For NADH, that band is obscured by constants of the decay of radicals were determined independently

the strong absorptions of Br and NADH™ radical cation.
However, in the case of oxidation of MNAH bysNradical,

in the experiments using different methods of radical generation,
that is, oxidation of NADH (MNAH) followed by the depro-

which has no absorption above 300 nm, it was possible to tonation of radical cation or reduction of NADIMNA*). The
observe the simultaneous disappearance of radical cationagreement between these two methods additionally supports an
absorption band and formation of the absorption band at 420 assignment of the products of these reactions to the appropriate
nm. The bands located around 400 nm can be assigned to theadicals. Similarity of the spectra of radicals and their dimer-
neutral radical, the product of radical cation deprotonation ization process suggests that NABHleprotonates from the

(Figure 2)1112

same 4-position of the 1,4-dihydropyridine ring as its simple

This assignment remains in agreement with our previous MNAH** analogue.

spectral characterization of radicals of NADH analogues sup-

ported by quantum mechanical calculati@nBut it is also

supported by the kinetic analysis of the radical cation decay
and formation of the product. The rate of the radical cation decay
is pH-dependent (Figure 3), and most likely, two processes

contribute to NADH™ decay under our experimental conditions
(reactions 2 and 3).

NADH"" 4+ OH™ — NAD" + H,0 (2)

®)

The rate constants for radical cation deprotonation onto OH
or water molecules afe = 2.9 x 18 M~1s 1 andks = 3.5 x
10° s71, respectively. Similar values were found for the decay
of MNAH*" (4.7 x 10° M~! s1 and 2.7 x 10° s! for
deprotonation onto OHor water molecules, respectively). The
decay rates of NADH and MNAH do not depend on their

NADH"" + H,0 — NAD" + H,0"

In the presence of oxygen, the radicals decay mainly by the
electron transfer to oxygen molecufe.
NAD® 4+ O,— NAD" + 0, (5)
Assuming the concentration of,Gn aerated and oxygenated
solution as, respectively, 2.5 107 and 1.25x 1073 M, the
rate constant for the reaction of NARBnd MNA® radicals with
the oxygen are 1.& 10° and 3.5x 10° M~1s71, respectively.

2.2. NADH Radical Cation—Enol Form. In strongly acidic
solution, the absorption bands of neutral radicals undergo red
shift as the result of their protonation (Scheme2y.16 The
radical cation formed is not identical with the radical cation
formed by the one-electron oxidation of dihydro forms; instead
of an absorption band at 560 nm, the absorption band at 430
440 nm is observed (Figure 4). Because the spectra of NAD
and MNA" reduction products under acidic conditions are very
similar, one can assume that protonation took place on the

concentration, as well as on the concentration of parent nicotinamide moiety. Because the protonation of radical leads
compounds. This may indicate that the disproportionation to the radical cation and because the radical cation in the keto
reaction or proton transfer from radical cation to parent molecule form, which is obtained by protonation at C-4, is less stable
are less important in the aqueous solutions. According to thesethan the corresponding enol form, which arises upon protonation

results, the radical cations of NADH and MNAH do not

of the carbonyl function, it is reasonable to assume that the latter

tautomerize to the more stable enol forms but instead loseis being formed predominantfy.”.9-1016 On the basis of our

protons to give neutral radicals.
Neutral radicals NAD and MNA* can be formed indepen-
dently by one-electron reduction of the corresponding pyri-

results obtained for NADH model compounds supported by the
guantum mechanical calculations, this absorption band can be
assigned to the enol form of radical catibiihe estimated g,
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Figure 4. Transient absorption spectra of the admhse forms of NAD
radical obtained by pulse radiolysis of NAD0.003 M) in NO-
saturated aqueous solution containisgPrOH (1 M): @) spectrum

obtained in neutral agueous solutio®)(spectrum observed in 1.5 M

HCIO, aqueous solution. The spectra were collecteduk.Bfter the
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observed. We have shown recently the formation of the enol
form of MNAH radical cation upon oxidation of MNAH in ionic
liquid glass at 150 K# This radical cation can be formed by
intramolecular hydrogen atom transfer ketoMNAH*" al-
though intermolecular protonation of neutral radicals can be a
more important route to the enol radical cation. It is also possible
that some changes in the geometry of the molecule are required
as, for example, those taking place in the binding sites of
enzymes? to facilitate intramolecular hydrogen transfer in
radical cations of NADH.

3. Conclusions

We have presented for the first time an evidence for the direct
formation of the radical cation of NADH in its chemical reaction
with a strong one-electron oxidant. The transient species formed
on one-electron oxidation of NADH and reduction of NAD
and their simple analogues MNAH and MNAhave been
spectroscopically and kinetically characterized. Removal of an
electron from NADH produces the radical cation in the keto
form, while the reduction of NAD under acidic conditions leads

electron pulse. The inset shows the titration curve determined at 460 t0 the enol form of radical cation. The formation of enol form
nm. For pH< 0.5, theH, scale for perchloric acid has been used. The 0f NADH** indicates its higher stability than the keto form,

sample was 1 cm thick and received a radiation dose of 60 Gy.

SCHEME 2
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TABLE 1: Spectroscopic Features of the Transient Species
Identified in This Study

NADH MNAH
Amax e x 1073 Amax € x 1073
transient species [nm] [M~lcm] [nm] [M~lcm]
keto radical cation 560 1.6 560 1.4
enol radical cation 430 5.2 440 5.2
neutral radical 400 2.5 420 35

values are-0.3 and 1.3 foenotNADH** andenotMNAH "
radical cations, respectively.

although the intramolecular tautomerization in the latter was
not observed. However, in the stepwise electrproton—
electron reduction of NAD, one should take into consideration
the formation of the enol form of radical cation as the product
of neutral radical protonation. Because protonation occurs only
in strongly acidic solution, the process is unlikely in bulk
aqueous solution. But in the contact pair between NAdhd

the reductant or in the environment of low proton affinity, the
multistep NAD' reduction may take place with the participation
of enol form of NADH radical cation.

4. Experimental Section

4.1. Compounds. 1-Methylnicotinamide, Chloride Salt
(MNATCI7). The iodide (MNA"I™) was prepared via reaction
of nicotinamide with methyl iodide in methanol at room
temperature and then converted to the chloride salt by shaking
its aqueous solution with freshly precipitated silver chloride.
Mp 243°C.

1-Methyl-1,4-dihydronicotinamide (MNAH)Io a stirred,

Scheme 3 summarizes the reactions of NADH oxidation or degassed solution of sodium dithionite (6 g) and sodium
NAD™ reduction and transient species identified in this study. carbonate (2 g) in 50 mL of watel3 g (17.4 mmol) of
Spectroscopic features of these species are presented in TabIMNA*CI~ was added during a 20-min period. The solution was
1. Direct spontaneous tautomerization of NADH radical cation extracted with chloroform (% 100 mL), the extract was dried
to its enol form is not observed, most likely because of a short with anhydrous MgS@ and the solvent was removed on a

lifetime of the keto form (fast deprotonation dominates in

rotary evaporator. The residual oil was pumped out and dried

aqueous solutions) and rather high barrier for intramolecular over ROs to give a yellow solid (60% yield}:H NMR (Bruker
hydrogen atom transfer. It is possible that in an environment of 250 MHz, CDC}) 6 ppm: 2.94 (s, 3H, Ch), 3.05 (m, 2H,
low proton affinity the tautomerization of radical cation can be CHy), 4.73 (m, 1H), 5.68 (m, 1H), 7.01 (s, 1H).
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Other Reagentgi-NADH, NAD*, and KSCN were obtained
from Sigma-Aldrich. KBr, NaN, (NH4)>S;0g, 2-propanol,
perchloric acid, and sodium hydroxide were from POCH
(Poland).

4.2. Pulse Radiolysis.Pulse radiolysis experiments were

Zielonka et al.

sodium hydroxide and measured with ORION 420A pH meter
(Orion Research, Inc.).

Kinetic analysis was done with the Levenbefdarquardt
algorithm. The first-order rate constant valudgnd were
evaluated from the plot oAA vs time. The bimolecular rate

carried out with a high-energy (6 MeV) 17 ns electron pulse constants were determined from the slope of the linear plot of
generated from ELU-6 linear electron accelerator. The dose kg5 VS solute concentration.

absorbed per pulse was determined wit®©Naturated aqueous
solution of KSCN (0.01 M), assumin@((SCN)*~) = 6.0 and
€((SCN)*™) = 7600 M1 cm™! (G represents yield of radicals
per 100 eV of energy absorbed, aadis molar extinction
coefficient at 475 nmj° The dose delivered per pulse was within
the range 580 Gy. Details of the pulse radiolysis system are
given elsewheré!

The pulse radiolysis of neutral water produces three highly

reactive species,,(2.6),"OH (2.7), and F(0.6), in addition
to the formation of less-reactive products@ (0.7), H; (0.45),
and HO™ (2.6) (numbers in parentheses are @&alues 100
ns after electron pulséy.

To study the reaction of NADH with Br-, the pulse
radiolysis was carried out in the solution of KBr so that the
*OH radicals react with bromide anions to form dibromide
radical aniong?

Br~ -+ °OH— 'Br + OH~ (6)

()

The solution was saturated with® to convert ginto hydroxyl
radicalst®

‘Br+Br —Br,”

€+ N,O—"OH+ OH +N, ®)

Pulse radiolysis of aqueous solution of Nakads to the
formation of Ny radicals in reaction ofOH radicals with N—.

©)

The radical NAD was produced by the reaction of NAQvith
2-propanol ketyl radical formed via reactions 10 and 11.

Ny~ +"OH— N, + OH"

“OH + (CH,),CHOH— (CH,),COH+ H,0  (10)

"H + (CHy),CHOH— (CH,),’COH+H, (1)

The reduction was carried out in agueous solutions containing

1 M 2-propanol saturated with & to convert g, into *OH
radicals.a-Hydroxy alkyl radicals formed in reactions 10 and
11 with 85% yield (the remaining 15% are unreacfiviydroxy

radicals) are strongly reducing species that react with many R

compounds via one-electron transféf ((CHz).CO,H"/(CHz),*-
COH) = —1.39 V)15 This reduction method was also used in
the determination of thely of enol forms of radical cations,

assuming that yield of generated radicals does not change within

the pH range used.
To study the reactivity of NAPradical toward oxygen, the
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