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REVIEW

Proton-Coupled Electron Transfer of Unsaturated Fatty Acids and
Mechanistic Insight into Lipoxygenase
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Dedicated to the memory of Professor Hanns Fischer

A proton-coupled electron transfer (PCET) process plays an important role in the initial step of lip-
oxygenases to produce lipid radicals which can be oxygenated by reaction with O, to yield the hydroper-
oxides stereoselectively. The EPR spectroscopic detection of free lipid radicals and the oxygenated rad-
icals (peroxyl radicals) together with the analysis of the EPR spectra has revealed the origin of the stereo-
and regiochemistry of the reaction between O, and linoleyl (=(2Z)-10-carboxy-1-[(1Z)-hept-1-enyl]dec-
2-enyl) radical in lipoxygenases. The direct determination of the absolute rates of H-atom-transfer reac-
tions from a series of unsaturated fatty acids to the cumylperoxyl (= (1-methyl-1-phenylethyl)dioxy) rad-
ical by use of time-resolved EPR at low temperatures together with detailed kinetic investigations on
both photoinduced and thermal electron-transfer oxidation of unsaturated fatty acids provides the
solid energetic basis for the postulated PCET process in lipoxygenases. A strong interaction between
linoleic acid (=(9Z,12Z)-octadeca-9,12-dienoic acid) and the reactive center of the lipoxygenases
(Fe—OH) is suggested to be involved to make a PCET process to occur efficiently, when an inner-
sphere electron transfer from linoleic acid to the Fe'"" state is strongly coupled with the proton transfer
to the OH group.

1. Introduction. — Many biological redox reactions involve transfers of electrons and
protons, in which most reactions involving cleavage of C—H bonds are discussed in
terms of hydrogen-atom transfer (HAT), with concerted proton and electron transfer,
referred to as proton-coupled electron transfer (PCET) [1][2]. HAT is an important
area of chemistry that has been widely studied in the contexts of combustion, halogen-
ation, antioxidant oxidation, and other processes. HAT is typically defined as a process
in which a H-atom moves directly between two groups. There are also PCET reactions
in which the proton and electron are somehow separated in the reactants, products, or
at the transition state, but they may move at the same time. Such PCET reactions are
often defined as concerted proton/electron transfer that is not HAT, but this distinction
has been difficult to make in practice, especially when metals are involved like in many
enzymatic processes. A typical example is seen in the case of lipoxygenases.

Lipoxygenases (LOs) are mononuclear non-heme iron enzymes that catalyze the
regio- and stereospecific peroxidation of polyunsaturated fatty acids and fatty acid
esters containing the (1Z,47)-1,4-diene moiety to the corresponding (2E,4Z)-1-hydro-
peroxy-2,4-diene [3][4]. For example, linoleic acid (=(9Z,12Z)-octadeca-9,12-dienoic
acid), which is a natural substrate for most plant LOs, is oxygenated with positional
stereospecificity to produce (9Z,11FE)-13-hydroperoxyoctadeca-9,11-dienoic acid (13-
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HPOD), completing the first step in the biosynthesis of the growth-regulation sub-
stance jasmonic acid and of the wound-healing compounds traumatin and traumatic
acid [5]. In contrast, autoxidation of linoleic acid radicals in the absence of enzyme
results in multiple regio- and stereoisomeric hydroperoxy-substituted products [6].
Soybean lipoxygenase-I also catalyzes the oxygenation of monounsaturated acids to
enones [7].

Although the details of how LO oxidizes fatty acids have been a matter of debatel),
the generally accepted mechanism for the lipoxygenases involves H-atom abstraction
at C(3) of the (1Z,4Z)-1,4-diene in the substrate (linoleic acid), followed by subsequent
trapping of linoleyl (= (2Z)-10-carboxy-1-[(1Z)-hept-1-enyl]dec-2-enyl) radical by oxy-
gen to form the hydroperoxy-substituted product (Scheme 1) [9][10]. The H-atom
abstraction for soybean lipoxygenase has been reported to proceed through a quan-
tum-mechanical tunneling pathway [11][12].
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To clarify the H-abstraction mechanism of lipoxygenases, lipoxygenase model iron
complexes have been synthesized and the reactivity of H-atom abstraction from sub-
strate model compounds containing a (1Z,4Z)-penta-1,4-diene subunit such as cyclo-
hexa-1,4-diene has been examined [13]. However, there have been no lipoxygenase
model complexes that can oxygenate linoleic acid, and the H-abstraction mechanism
of lipoxygenases has yet to be clarified. Understanding the H-abstraction process cer-
tainly requires knowledge of the thermodynamics and kinetics of the possible HAT,
electron-transfer, and proton-transfer steps. It is also important to detect the radical
intermediates involved in lipoxygenases, i.e., pentadienyl radicals and subsequent per-
oxyl radicals derived from unsaturated fatty acids by electron paramagnetic resonance
(EPR) spectroscopy, which provides valuable information of the radicals. Time-
resolved EPR is particularly useful to quantify the reactivity of radical species as dem-
onstrated by excellent works by Fischer and co-workers [14][15].

1) The role of iron(III) (ferric ion Fe'™) has been suggested to form a o-organoiron complex with the
substrate, and dioxygen inserts into the Fe—C bond, see [8].
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This review is intended to clarify the role of the PCET process in lipoxygenases.
First, the position of O, addition to ‘linoleyl’ radical is discussed in relation with the lip-
oxygenase mechanism based on the EPR detection of ‘linoleyl’ radical and the peroxyl
radicals. Then, the HAT reactivity of unsaturated fatty acids is discussed in relation with
the lipoxygenase reactivity, based on determination of the absolute rates of HAT reac-
tions from a series of unsaturated fatty acids to cumylperoxyl (= (1-methyl-1-phenyle-
thyl)dioxy) radical by use of time-resolved EPR at low temperatures. Finally, the ener-
getic basis for the PCET process in lipoxygenases is presented based on the detailed
kinetic investigations on both photoinduced and thermal electron-transfer oxidation
of unsaturated fatty acids.

2. EPR Detection of Intermediate Radicals in Lipid Peroxidation. — The most
widely accepted mechanism of LO involves H-atom abstraction from the unsaturated
fatty acid substrate with concomitant reduction of the Fe""-OH reaction center and
formation of the pentadienyl radical (Scheme 1) [9][10]. The trapping of the radical
by O, to produce the peroxyl radical, followed by oxidation of the (water) iron(II) com-
plex by the peroxyl radical completes the catalytic cycle.

The pentadienyl radical derived from H-atom abstraction of linoleic acid by terz-
butoxyl radical (‘BuQOr), which is generated by the homolytic photocleavage of the
O—0 bond of BuOO'Bu [16][17], has been detected by EPR as shown in Fig. 1,a
[18][19]. The g value (2.0024) of the EPR signal in Fig. 1,a, which is close to the free
spin value (2.0023), is typical for a C-centered radical [20]. The well-resolved EPR
spectrum (Fig. 1,a) is reproduced completely by using the hyperfine coupling constants
(hfc) due to one proton at C(11) (a(H—C(11))=1.13 mT), two equivalent protons at
C(9) and C(13) (a(H-C(9))=a(H—-C(13))=0.99 mT), two equivalent protons at
C(10) and C(12) (a(H—C(10)) =a(H—C(12)) =0.33 mT), and four equivalent CH, pro-
tons at C(8) and C(14) (a(H-C(8))=a(H—-C(14)) =0.825 mT). The computer-simula-
tion spectrum calculated with these hfc values (Fig. 1,b) agrees well with the observed
EPR spectrum (Fig. 1,a). The deuterium substitution of two H-atoms at C(11) of lino-
leic acid ([11,11->H,]linoleic acid) has confirmed the hfc assignment in Fig. 1,b [18],
since the observed EPR spectrum agrees with the computer-simulation spectrum calcu-
lated with the same Afc values, except for the value of the deuterium (I=1) at C(11),
which is reduced by the magnetogyric ratio of proton to deuterium (0.153) [20]. The
hfc values indicate that the spin density is largest at C(11) of the pentadienyl radical.
The Afc assignment is also supported by the DFT calculation (see the calculated Afc val-
ues in parentheses in Fig. 1,c) [18]. Thus, the H-atom abstraction of lipids containing
the (1Z,4Z)-penta-1,4-diene subunit by ‘BuOr, which is produced by the photocleavage
of the O—0 bond of BuOO'Bu, produces the pentadienyl radical in which the spin den-
sity is largest at C(11), as shown in Scheme 2 [18].

When the photoirradiation was carried out with an O,-saturated solution containing
linoleic acid and ‘BuOO'Bu, no EPR signal due to the pentadienyl radical was
observed, but instead a broad doublet EPR signal due to the peroxyl radical was
observed at g=2.0152 as shown in Fig. 2,a. The g value and the hyperfine coupling con-
stant (a(H)=0.406 mT) is diagnostic of secondary alkylperoxyl radicals [21][22]. The
observed a(H) value agrees with the value of 11-HPO* (0.47 mT) estimated by DFT cal-
culation by using B3LYP/3-21G* basis set [18].
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Fig. 1. a) EPR spectrum of ‘linoleyl’ radical observed under photoirradiation of a deaerated

‘BuOO'Bu (neat) solution containing linoleic acid (1.3m) with a high-pressure Hg lamp at 273 K. b)

Computer-simulation spectrum of pentadienyl radical derived from linoleic acid with c) the hfc values.
Values in parenthesis were obtained from the DFT calculation (B3LYP/6-311G™ basis set)

Scheme 2
hv

(1/2)BuOOBu

When the photoirradiation was carried out with an air-saturated solution under oth-
erwise the same experimental conditions, the EPR signal due to the pentadienyl radical
(g=2.0024) derived from linoleic acid was observed together with the peroxyl radical
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Fig. 2. a) EPR spectrum of peroxyl radical observed under photoirradiation of an Ojysaturated

'‘BuOO'Bu (neat) solution containing linoleic acid (1.3m) with a high-pressure Hg lamp at 253 K. b)

EPR spectrum of ‘linoleyl’ radical and peroxyl radical observed under photoirradiation of an air-satu-

rated 'BuOO'Bu (neat) solution containing linoleic acid (1.3Mm) with a high-pressure Hg lamp at 253
K. R=C,H,,COOH, R’ =C;H,,.

(g=2.0152) as shown in Fig. 2, b. This indicates that the O, addition to ‘linoleyl’ radical
derived from linoleic acid to produce the peroxyl radical is a reversible process.

Oxygen may be preferably added to C(11) of the pentadienyl radical to produce 11-
HPOr, which can abstract a H-atom from linoleic acid to form 11-HPOD, accompanied
by regeneration of the pentadienyl radical as shown in Scheme 3. This is indicated by
observation of a single-line EPR signal, when linoleic acid is replaced by [11,11-
’H,]linoleic acid [18]. The disappearance of the hyperfine splitting results from the
decrease in the hyperfine coupling constant by the D substitution at C(11), because
the hyperfine pattern would be changed from a doublet signal of the peroxyl radical
derived from linoleic acid to a triplet signal of that derived from [11,11-*H,]linoleic
acid due to one deuteron splitting (/=1) at C(11), and the a(D) value should decrease
by the magnetogyric ratio of proton to deuterium (0.153). In such a case, the hyperfine
structure would be hidden within the line width of the EPR signal to afford a single-line
EPR signal. The preferable addition of O, at C(11) rather than at C(9) and C(13) may
result from the largest spin density of the pentadienyl radical at C(11) (Fig. 1).

The same EPR spectrum as observed in Fig. 2,a was obtained when (9Z,11FE,135)-
13-hydroperoxyoctadeca-9,11-dienoic acid (13-HPOD) was used instead of linoleic
acid for the photoirradiation. In the case of H-atom abstraction of 13-HPOD by the
tert-butoxyl radical, the peroxyl radical (13-HPO*) in which O, is attached at C(13)
must be initially produced by the H-atom abstraction from the hydroperoxide moiety
of 13-HPOD by ‘BuO-. If the observed EPR spectrum comes from 13-HPOr, the deu-
terium substitution of two H-atoms at C(11) of 13-HPOD would not affect the ESR
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spectrum, since the hyperfine splitting results from H—C(13). However, the EPR spec-
trum of the peroxyl radical observed under photoirradiation of a ‘BuOO'Bu solution
containing [11-*H]-13-HPOD at 253 K exhibits no hyperfine structure [18]. This indi-
cates that the peroxyl radical 13-HPOr, which is initially formed by the H-atom abstrac-
tion from the hydroperoxide moiety of 13-HPOD by ‘BuO, isomerizes at least partially
to 11-HPOr, via removal of O, from 13-HPO" and addition of O, to ‘linoleyl’ radical to
produce 11-HPOr, as shown in Scheme 4. Thus, the C—O bond cleavage in 13-HPO*
results in the formation of ‘linoleyl’ radical to which O, may be added mainly at
C(11) rather than at C(9) and C(13), since the spin density of ‘linoleyl’ radical is largest
at C(11) (Scheme 4).

The preferable addition of O, at C(11) of the ‘linoleyl’ radical derived from linoleic
acid, where the spin density is largest, provides valuable insight into the mechanism of
the regioselective oxygenation of linoleic acid by LO. If O, has free access to the pen-
tadienyl radical derived from linoleic acid, O, would add mainly to C(11) to produce
the 11-HPOr radical. Even if 13-HPO-" is formed, it would be readily isomerized to
11-HPOr, if the peroxyl radical can move freely in the enzyme. Thus, the regio- and ster-
eoselective addition of O, at C(13) in LO may result from the enzyme protein environ-
ment, which limits O, access to the pentadienyl radical bound to the enzyme. The X-ray
crystal structure of soybean lipoxygenase-1 (SLO) reveals a side channel intersecting
the substrate pocket near the reactive C(11) of linoleic acid [23-25], which is proposed
to be the O, access channel [26]. This channel is constricted at the Fe™—OH by the side
chains of Leu** and Leu™*. Klinman and co-workers [9] have reported that steady-state
kinetics and product distribution data from single-point mutants of SLO show that
Leu™* and Leu™ grant selectivity for (135)-13-HPOD by blocking O, access to C(9)
of linoleic acid and that O, enters the active site via the postulated side channel. The
reactivity of O, with SLO has also been examined by using a range of kinetic evidences
to rule out diffusional encounter of O, with protein, an outer-sphere electron transfer to
0,, and proton transfer as rate-limiting steps [27]. Either a radical combination of O,
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with ‘linoleyl’ radical or a subsequent slow conformational change is suggested to be
the rate-determining step [27]. The primary role of the Fe' cofactor is, therefore, to
generate an enzyme-bound radical, while the protein controls the stereo- and regio-
chemistry of O, encounter with this radical [27].

3. Hydrogen-Atom-Transfer (HAT) Reactivity of Unsaturated Fatty Acids. — The
rates of HAT from a series of unsaturated fatty acids to the cumylperoxyl radical
have been determined in propanenitrile (EtCN) at various temperatures by means of
time-resolved EPR [28]. The cumylperoxyl radical is formed via a radical chain process
as shown in Scheme 5 [28]. The photoirradiation of ‘BuOO'Bu results in the homolytic
cleavage of the O—O bond to produce ‘BuOr, which abstracts a H-atom from cumene to
give the cumyl (=1-methyl-1-phenylethyl) radical, followed by the facile addition of
oxygen to the cumyl radical to produce the cumylperoxyl radical. The cumylperoxyl
radical abstracts a H-atom from cumene in the propagation step to yield cumyl hydro-
peroxide, accompanied by regeneration of cumyl radical (Scheme 5). When the light is
cut off, the EPR-signal intensity due to cumylperoxyl radical fades slowly due to the
bimolecular reaction. The decay rate is accelerated by the presence of unsaturated
fatty acids due to HAT from unsaturated fatty acids to cumylperoxyl radicals [28].
The decay rate in the presence of unsaturated fatty acids obeys pseudo-first-order
kinetics, and the pseudo-first-order rate constants increase linearly with an increase
in concentrations of unsaturated fatty acids. The rate constants (k) of HAT from a ser-
ies of unsaturated fatty acids to cumylperoxyl radical were determined from the slopes
of linear plots of the pseudo-first-order rate constants vs. concentrations of unsaturated
fatty acids. The results are summarized in Fig. 3, where the ky values at different tem-
peratures are linearly correlated with the number n of active H-atoms of the penta-1,4-
diene subunit of unsaturated fatty acids. Such linear correlations in Fig. 3 demonstrate
that a simple additive rule holds in the HAT reactions as given by Egn. 1, where ky; is
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the HAT rate constant of one H-atom of a penta-1,4-diene subunit (linoleic acid, lino-
lenic acid, or arachidonic acid) and ky, is the H-atom-transfer rate constant of the
allylic subunit (oleic acid). Eyring plots of the ky and kp, values are shown in Fig. 4,
and the activation parameters are given in Table 1 [28]. There is a significant difference
in the activation enthalpy between unsaturated fatty acids containing penta-1,4-diene
subunits (linoleic acid, linolenic acid, and arachidonic acid) and that containing only
an allylic subunit (oleic acid). Such a difference in the activation enthalpy is consistent
with the calculated energy differences between H-atom-abstracted radicals and unsatu-
rated fatty acids (AE): the AE values of the allyl-type radicals, which are nearly the
same among the unsaturated fatty acids, are by 5042 kJ-mol ™! larger than those of
the corresponding pentadienyl type radicals derived from the same unsaturated fatty
acids [28].

ky= ko +nky (1)

When linoleic acid is replaced by [11,11-*H,]linoleic acid, the &y, value becomes
smaller than that of linoleic acid, to exhibit the kinetic isotope effect (KIE). The
KIE values of one active H-atom of a pentadiene subunit were determined as
6.1+0.3 from the ky, kp, and ky, values by using the relation, ky/kp, = (ki — kyo)/
(kp —kyo) as shown in Table 2. The ki /kp, value is significantly smaller than those
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Fig. 3. Plots of rate constants ky vs. the number of H-atoms n of the penta-1,4-diene subunits for H-

atom transfer from unsaturated fatty acids (n values in parentheses) to cumylperoxyl radical in O,-

saturated EtCN at 203 K (0), 213 K (A), 223 K (), 233K (e), and 243 K (A). R=C,H,,COOH,
R'=C,H,COOH.

Table 1. Activation Parameters for H-Atom Transfer from Unsaturated Fatty Acids to Cumylperoxyl
Radical in O,-Saturated EtCN

Unsaturated fatty acid?) AH™ [kJ-mol™] AS* [J-K™'-mol™]
Oleic acid 34.7+0.3 —101+1
Linoleic acid 21.94+0.3 —140+1
Linolenic acid 20.1+0.3 —143+1
Arachidonic acid 20.6+0.5 —137+2
[11,11-*H,]Linoleic acid 255+13 —135+6

) Oleic acid =(9Z)-octadec-9-enoic acid; linoleic acid = (9Z,12Z)-octadeca-9,12-dienoic acid; linolenic
acid=(9Z,12Z,15Z)-octadeca-9,12,15-trienoic ~ acid; arachidonic acid=(5Z,8Z,11Z,14Z)-eicosa-
5,8,11,14-tetraenoic acid.

observed in SLO (81) [9-11], exhibiting no significant tunneling effect in HAT from
linoleic acid to cumylperoxyl radical. In addition, the H-atom-transfer reactivity of
oleic acid is only five times smaller than that of linoleic acid at 243 K (Table 1), whereas

the rate of SLO-catalyzed oxygenation of oleic acid is 10° slower than that of linoleic
acid [7].
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Fig. 4. Eyring plots of ky for H-atom transfer from oleic acid (0), linoleic acid (A), linolenic acid
(O), arachidonic acid (e), and [11,11H,]/linoleic acid (A) to cumylperoxyl radical in O,-saturated
EtCN

Table 2. Rate Constants (ky; and kp,) and Kinetic Isotope Effect (kylkp) for H-Atom Transfer From
Linoleic Acid ([11,11°H,]Linoleic Acid) to Cumylperoxyl Radical

T [K] ky®) [m's7] kpi®) M7 kni/kpy

203 (45+03)-10"" (8.7+0.1)-102 52404
213 (8.1402)-10"" (1240.1)-10"! 68406
223 1.5+0.1 (23402)-10"! 6.5+0.6
233 23402 (3.7£05)-10"" 62+1.0
243 3.9+0.1 (6.5 :t().S)'l(T1 6.0+0.5

) ke =k — ko3 ®) ki =kp — k-

Significant differences in the relative reactivities and KIE values of unsaturated
fatty acids in HAT reactions with cumylperoxyl radical from those in lipoxygenases
indicate that the simple HAT from unsaturated fatty acids to radical species is quite dif-
ferent from the tunneling H-atom transfer (PCET) in lipoxygenases, where an electron
and a proton may be transferred at the same time, but separately to the Fe™ site and the
OH site, respectively [29].

4. Electron-Transfer Oxidation Properties of Unsaturated Fatty Acids. — Since the
relative reactivities and KIE values of unsaturated fatty acids in simple HAT reactions
are quite different from those in lipoxygenases (vide supra), we have examined the
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rates of photoinduced electron-transfer oxidation of unsaturated fatty acids with a ser-
ies of photosensitizers from which the fundamental one-electron-oxidation properties
of unsaturated fatty acids can be deduced [30].

A number of rate constants (k) of photoinduced electron transfer from unsatu-
rated fatty acids (linoleic acid, methyl linoleate, linolenic acid, arachidonic acid, and
oleic acid) to the singlet excited states of a series of electron acceptors, i.e., 1-methyl-
3-cyanoquinolinium ion (CNQuH™), 1-methylquinolinium ion (QuH™), naphthalene-
1,4-dicarbonitrile (NDC), 10-methylacridinium ion (AcrH"), 10-methyl-9-phenylacri-
dinum ion (AcrPh"), 9-isopropyl-10-methylacridinium ion (Acr'Pr"), and anthracene-
9,10-dicarbonitrile (ADC), were determined by fluorescence quenching in MeCN at
298 K [30]. The k. values thus determined were plotted against the one-electron reduc-
tion potentials (E;,,) of the singlet excited states of electron acceptors [31][32] in Fig. 5.
The k., values increase with increasing FE; , values to reach a diffusion-limited value.
This is a typical driving-force dependence of the rate constant of photoinduced elec-
tron-transfer reactions [33][34]. The unknown values of the one-electron oxidation
potentials of unsaturated fatty acids (E,,) and the intrinsic barrier of electron transfer
(AG?) are determined from the driving-force dependence of the rate constant of photo-
induced electron transfer as reported in [33][34]. The E,, and AG” values are listed in

Table 3 [30].

HH HH
Oleic acid

crf Y )

HH HH HH
Linoleic acid

corf Y

HH HH HH
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10

; CH;3 R’
, HH HH HH HH
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20 25 30  R'=CeHCOOH,
R? = C4H1,COOMe,

E,eq vs. SCE[V] R® = C,H,COOH

Fig. 5. Plots of log k., of photoinduced electron-transfer from unsaturated fatty acids (oleic acid (0),

linoleic acid (A), methyl linoleate ([J), linoleic acid (@), and arachidonic acid (A)) fo the singlet

excited state of organic sensitizers vs. one-electron reduction potentials (E,,;,) of the singlet excited

states of organic sensitizers (1: CNQuH*; 2: QuH*; 3: NDC; 4: AcrH*; 5: AcrPh*; 6: Acr'Pr; 7:
ADC).
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Table 3. One-Electron Oxidation Potentials (E,,) of Unsaturated Fatty Acids and Intrinsic Barrier (AG])
of the Electron-Transfer Oxidation in MeCN

Unsaturated fatty acid?®) E, vs. SCE [V] AG] [kcal mol ']
Oleic acid 2.03+£0.02 15.8+0.42
Linoleic acid 1.76£0.04 18.5+0.96
Methyl linoleate 1.76 £0.04 18.5+£0.96
Linolenic acid 1.76 £0.04 18.5+£0.96
Arachidonic acid 1.76 £0.04 18.5+£0.96

) See Fig. 5 for structures.

The E,, values of linoleic acid, methyl linoleate, linolenic acid, and arachidonic acid
are all the same, i.e., 1.76 V £0.04 vs. SCE, whereas a higher E, value, i.e., 2.03 V£0.02
vs. SCE, is obtained for oleic acid. The E,, values of unsaturated fatty acids are well
correlated with the first adiabatic ionization energies (/) determined by the Hel pho-
toelectron spectra: The I, value of oleic acid (8.63 eV) is significantly larger than that
of linoleic acid (8.45 eV), which is the same as that of linolenic acid (8.45eV) [35].

The occurrence of photoinduced electron-transfer reactions of unsaturated fatty
acids was confirmed by laser-flash-photolysis experiments. Laser excitation of an
MeCN solution of AcrH" (1.0-10~* M) and linoleic acid (5.0-107% m) afforded a transi-
ent absorption spectrum at 10 ps with appearance of a new absorption band at 460 nm
due to the radical cation of linoleic acid and a shoulder at 510 nm due to AcrH’, as
shown in Fig. 6 [30]. This indicates that photoinduced electron transfer from linoleic
acid to 'AcrH™" occurs to produce AcrH' and the radical cation of linoleic acid. The
decay of absorbance at 460 nm is much faster than that at 510 nm due to AcrH, coin-
ciding with the rise of absorbance at 320 nm as shown in the inset of Fig. 6. This indi-
cates that the radical cation of linoleic acid deprotonates to produce ‘linoleyl’ radical
which has absorption at 320 nm. The deprotonation rate constant was determined as
8.1-10° s7! from the first-order plots for the decay of absorbance at 460 nm as well as
the rise of absorbance at 320 nm (inset of Fig. 6).

When linoleic acid was replaced by [11,11-H,]linoleic acid under the same exper-
imental conditions, the same transient absorption spectra were obtained as in the
case of linoleic acid in Fig. 6 [30]. However, the decay of absorbance at 460 nm became
slower, and the deuterium kinetic isotope effect on the deprotonation of the radical cat-
ion of linoleic acid was determined as ky/kp=7.4 + 0.4 [30].

The large difference in the E,, values between linoleic acid (1.76 V+0.04 vs. SCE)
and oleic acid (2.03 V£0.02 vs. SCE) has been confirmed in the photoinduced electron
transfer to the singlet excited state of ADC ('ADC"), because the photoinduced elec-
tron transfer from linoleic acid to 'ADC" is exergonic (AG,,=—0.21 V), whereas the
photoinduced electron-transfer from oleic acid is endergonic (AG,=+0.06 V). In
such a case, the products of the photoinduced electron transfer would only be observed
in the case of linoleic acid. In fact, laser excitation (355 nm from Nd: YAG laser) of an
MeCN solution of ADC (2.7-107* m) in the presence of linoleic acid (0.30m) afforded a
transient absorption spectrum at 8 us, which exhibits appearance of the absorption
bands at 510, 640, and 710 nm due to ADC ™ [36][37] as shown in Fig. 7 [30]. In contrast
to the case of linoleic acid, only triplettriplet absorption due to the triplet excited state
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Fig. 6. Transient absorption spectra observed in photoinduced electron transfer from linoleic acid

(5.0-1072 m) fo the singlet excited state of AcrH' (1.0-10* M) in deaerated MeCN at 298 K observed at

10 us (0) and 200 us (@) after irradiation by a laser pulse at A 355 nm with 64 mJ/pulse. Inset: Plots of
the time profiles of the absorbance at A 320 and 460 nm.
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Fig. 7. Transient absorption spectra observed in photoinduced electron transfer from linoleic acid (0.30
M) to the singlet excited state of ADC (2.7-107*m) in deaerated MeCN at 298 K observed at 8 us (0)
and 200 us (@) after irradiation by a laser pulse at A 355 nm with 64 mJ/pulse.
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of ADC (PADC") appears at 460 nm [36] in the case of oleic acid under otherwise the
same experimental conditions [30].

5. Proton-Coupled Electron Transfer (PCET) of Unsaturated Fatty Acids in Lipoxy-
genase. — Since deprotonated radicals are much stronger one-electron reductants than
the parent electron-donor molecules [38], proton-coupled electron transfer (PCET)
becomes thermodynamically feasible even if initial electron transfer is endergonic as
shown in Scheme 6. In such a case, the observed rate constant of overall electron trans-
fer (kq) to form 2 equiv. of Ox*~ is given by Egn. 2, under the conditions that the
deprotonation rate constant (k,) is much smaller than the back-electron-transfer rate
constant (k) and the equilibrium constant of electron transfer (K =k /ky.)«1. In
such a case, no intermediate could be detected in the PCET process because of the
small equilibrium constant (K, «1).

kobs = kaKet (2)
Scheme 6
Ox Ox™
K. K
DH + Ox =2 (DH™ Ox") —2w pr BV (e
H* +Ox™

Since the K., value is determined from the E , value of an electron donor and the
E..4 value of an electron acceptor, and the k, value has been determined as 8.1-10°
s7! (vide supra), the kg, value of outer-sphere electron transfer followed by proton
transfer can be estimated with Egn. 2. For example, the k., value of PCET from lino-
leic acid to a strong one-electron oxidant, [Ru(bpy);]’" (bpy=22"-bipyridine;
E.q=124 Vvs. SCE)), is estimated as 2.6- 10> m~' s'. In such a case, virtually no elec-
tron transfer from linoleic acid to [Ru(bpy);]** occurs. This has been confirmed exper-
imentally [30], when [Ru(bpy),]** acts as an outer-sphere oxidant because [Ru(bpy);]**
is a coordinatively saturated complex.

The one-electron reduction potential of an iron(IIT) hydroxide cofactor (Fe™—OH)
of soybean lipoxygenase (0.6 V) [13] is much lower than those of [Ru(bpy);]*". The dif-
ference in the one-electron reduction potentials between an iron(III) hydroxide cofac-
tor of soybean lipoxygenase (0.6 V) and [Ru(bpy);]*" (1.24 V) indicates that the elec-
tron-transfer rate with an iron(III) hydroxide cofactor is 6.5-10' times slower than
that with [Ru(bpy);]**, because AE,.q (0.64 V) corresponds to FAE,./2.3RT (=10.81,
T=298 K) in terms of logarithm of the rate constant. In such a case, an outer-sphere
PCET pathway in the reaction of linoleic acid with Fe"™—OH can be definitely ruled
out.

As far as the relative reactivity between different substrates is concerned, however,
the relative reactivity in lipoxygenases is similar to that in electron-transfer reactions of
unsaturated fatty acids as compared with that in H-atom-transfer reactions. For exam-
ple, a 10° slower rate of soybean lipoxygenase-1 (SLO)-catalyzed oleic acid oxygena-
tion than of the oxygenation of linoleic acid [7] is consistent with a large rate difference
(3.7-10% in electron transfer between linoleic acid and oleic acid, which is expected
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from the difference in the E, values (1.76 V vs. SCE of linoleic acid and 2.03 V vs. SCE
of oleic acid). Such a large difference is not observed in the H-atom-transfer reactions
of linoleic acid and oleic acid (Fig. 3). On the other hand, the SLO-catalyzed oxygen-
ation rate of arachidonic acid has been reported to be similar to that of linoleic acid
[10]. This is also consistent with the same E,, values between arachidonic acid and lino-
leic acid in contrast with the observed difference in the HAT reactivity (Fig. 3).

The similar relative reactivity of LO despite the highly endergonic outer-sphere
electron transfer suggests that a strong interaction between linoleic acid and the reac-
tive center of the lipoxygenases (Fe™—OH) is involved to make a PCET process to
occur efficiently, when an inner-sphere electron transfer from linoleic acid to the
Fe' state is strongly coupled with the proton transfer to the OH group. The important
distinction between the outer-sphere electron transfer and inner-sphere electron trans-
fer has previously been discussed in detail [39]. The PCET process is clearly distin-
guished from an HAT process or an outer-sphere electron-transfer process, followed
by proton transfer, because an electron and a proton are transferred at the same
time but separately to the Fe™ site and the OH site in the PCET process, respectively.
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