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ABSTRACT: Human reticulocyte 15-lipoxygenase-1 (15-hLO-1) and human platelet 12-lipoxygenase (12-hLO)
have been implicated in a number of diseases, with differences in their relative activity potentially playing a
central role. In this work, we characterize the catalytic mechanism of these two enzymes with arachidonic acid
(AA) as the substrate. Using variable-temperature kinetic isotope effects (KIE) and solvent isotope effects
(SIE), we demonstrate that both k.,/Ky and kg, for 15-hLO-1 and 12-hLO involve multiple rate-limiting
steps that include a solvent-dependent step and hydrogen atom abstraction. A relatively low k,/ Ky KIE of 8
was determined for 15-hLO-1, which increases to 18 upon the addition of the allosteric effector molecule, 12-
hydroxyeicosatetraenoic acid (12-HETE), indicating a tunneling mechanism. Furthermore, the addition of
12-HETE lowers the observed k.,./ Ky SIE from 2.2 to 1.4, indicating that the rate-limiting contribution from
a solvent sensitive step in the reaction mechanism of 15-hLO-1 has decreased, with a concomitant increase in
the C—H bond abstraction contribution. Finally, the allosteric binding of 12-HETE to 15-hLO-1 decreases
the Ky[O,] for AA to 15 uM but increases the Ky[O,] for linoleic acid (LA) to 22 uM, such that the
kea/Km[O5] values become similar for both substrates (~0.3 s~' uM~"). Considering that the oxygen
concentration in cancerous tissue can be less than 5 uM, this result may have cellular implications with respect
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to the substrate specificity of 15-hLO-1.

In the human cell, hydroperoxidation of polyunsaturated fatty
acids using molecular oxygen is accomplished by the human
lipoxygenase (hLO) isozyme family (Scheme 1) (/). 5-hLO, 12-
hLO," and 15-hLO are the three main lipoxygenases and are
named according to their positional specificity on arachidonic
acid (AA), producing their respective hydroperoxyeicosatetrae-
noic acid (HPETE) products. The LO products are responsible
for the human inflammatory response (2), and they are also
implicated in a variety of human diseases. 5-hLO is involved in
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asthma (3) and cancer (4, 5), 12-hLO in psoriasis (6) and cancer
(3, 7, 8), and 15-hLO in atherosclerosis (9) and cancer (5, 10).

Recently, the substrate specificity of the 15-hLO isozymes has
been suggested to play a role in prostate cancer since their
respective products have different cellular responses (/7—13).
Reticulocyte 15-hLO-1 and epithelial 15-hLO-2 react with both
linoleic acid (LA) and AA, although 15-hLO-1 reacts preferen-
tially with LA while 15-hLO-2 reacts preferentially with AA (14—
16). The substrate specificity of both 15-hLO-1 and 15-hLO-2,
however, can be affected by product binding to their allosteric
sites, suggesting an autoregulatory mechanism (/4). In contrast,
5-hLO and platelet 12-hLO (12-hLO) are more substrate selective
and react only with AA. For the sake of comparison, soybean
lipoxygenase-1 (sLO-1), a plant homologue and model enzyme
for 15-hLO-1, also reacts preferentially with AA over LA (14, 17),
even though AA is not a native substrate in soybeans.

With regard to the general mechanism of lipoxygenase, the as-
isolated enzyme is in the inactive Fe(II)-OH, form and is
activated to the Fe(I1I)—OH form by the hydroperoxide product,
resulting in an observable kinetic lag phase (Scheme 1). A
hydrogen atom is irreversibly abstracted from the 1,4-diene,
forming a Fe(II)-OH,/pentadienyl radical intermediate (i.e.,
the reductive half-reaction). Oxygen attacks the pentadienyl
radical intermediate, forming a hydroperoxide radical, which is
reduced by the Fe(II)—OHj, species to form the product, leaving
the active Fe(II)—=OH species (i.e., the oxidative half-reac-
tion) (/). This general mechanism is based on extensive studies
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of sLO-1, and the kinetics of the reaction are best described as a
“ping-pong-like” mechanism, where there is no formation of a
ternary complex (/8). At a low temperature (15 °C), the kg,/
Kym[LA] for sLO-1 has three partially rate-determining steps
(RDS) consisting of diffusion, solvent sensitive hydrogen bond-
ing rearrangements, and hydrogen atom abstraction (19), while
keaLA] is solely limited by hydrogen atom abstraction (20). At a
high temperature (37 °C), both ke, /Km[LA] and ke, [LA] are
solely limited by hydrogen atom abstraction. 15-hLO-1 has been
less extensively studied but appears to have similar kinetic
behavior when LA is the substrate, with k,/Ky[LA] having
multiple RDSs at low temperatures (hydrogen atom abstraction
and hydrogen bonding rearrangement) but becoming solely
limited by hydrogen atom abstraction at high temperatures (21).
The keo[LA] for 15-hLO-1 is solely limited by hydrogen atom
abstraction at all temperatures (2/). It has been assumed that the
hydrogen atom abstraction for 15-hLO-1 is irreversible and that
a ternary complex is not formed, due to the general similarities
between sLO-1 and 15-hLO-1, with LA as the substrate.
Nevertheless, it is unclear if the similarities of the kinetic behavior
between the two LOs, described above, extends to the native
substrate for 15-hLO-1 and 12-hLO, AA.

To this end, our laboratories subsequently synthesized AA,
dideuterated on C-13 (13,13-d>,-AA), and determined for sLO-1
that the Pk, with AA was similar to that with LA (22). A large
Pkl AA] was observed with small activation energies, indicating
a similar tunneling mechanism for the hydrogen atom abstraction
of both substrates. Moreover, the extent of diffusion control on
the ke./Km[AA] was at a maximum at 20 °C, decreasing in
prominence as the temperature increased or decreased, compar-
able to that of sSLO-1 with LA as the substrate (19). In contrast,
the Pkeu/Km[AA] for sSLO-1 was shown to be small (~8) and
temperature-independent, with no solvent isotope effect (SIE) at
any temperature. These sSLO-1 results with AA are distinct from
the LA kinetics and can be partially explained by an increase in
affinity for AA, which results in an increase in commitment, and
a subsequent decrease in Pkea/ Km[AA] (22).

For 15-hLO-1, it was determined, using product branching
experiments with dy-AA, labeled at C10 and Cl13, that the
Pkl AA] was small in comparison to the ke, [AA] for sLO-1,
with a value of 11.6 & 2.0 for C13 and 8.5 £ 4.0 for C10 hydrogen
atom abstraction (23). These values were markedly lower
than that seen with LA as the substrate (2/) and raised the
possibility of a different mechanism. It was recently observed
that substrate specificity of 15-hLO-1 with AA and LA could
be changed through product regulation of an allosteric site,
and that 15-hLO-1 displays an increase in KIE for LA in the
presence of the allosteric affector, 12-hydroxyeicosatetraenioc
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acid (12-HETE) (/4). If the mechanisms of catalysis for AA and
LA are fundamentally different and can be altered by the
presence of allosteric effectors, then it is conceivable that this
may help explain the change in substrate specificity of 15-hLO-1
and provide a method for investigating the effect of the allosteric
site. To investigate whether the mechanistic behavior of the
various LO isozymes, sLO-1, 15-hLO-1, and 12-hLO, is depen-
dent on the type of substrate (LA vs AA) and whether allosteric
effectors can alter catalytic profiles, we determined the kinetic
isotope effect (KIE) and the solvent isotope effect (SIE) for both
15-hLO-1 and 12-hLO, with AA as the substrate, and determined
the kinetic changes for 15-hLO-1 with allosteric effectors added.

MATERIALS AND METHODS

Materials. All commercial fatty acids (Sigma-Aldrich Che-
mical Co.) were repurified using a Higgins HAIsil Semi-Pre-
parative (5 um, 250 mm x 10 mm) C-18 column. Solution A was
99.9% MeOH and 0.1% acetic acid; solution B was 99.9% H,O
and 0.1% acetic acid. An isocratic elution of 85% A and 15% B
was used to purify all fatty acids, which were stored at —80 °C for
a maximum of 6 months. LO products were generated by reacting
substrate with the appropriate LO isozyme (13-HPODE from
sLO-1 and LA, 15-HPETE from sLO-1 and AA, and 12-HPETE
from 12-hLO and AA). Product generation was performed as
follows. An assay of 100 mL of 50—100 uM substrate was run to
completion; reactions were quenched with 5 mL of acetic acid,
and mixtures were extracted twice with 50 mL of dichloro-
methane, evaporated to dryness, and reconstituted in MeOH
for HPLC purification. All products were tested with sLO-1 to
show that no residual substrate was present and exhibited, by
both analytical HPLC and liquid chromatography—tandem
mass spectroscopy (LC—MS/MS), greater than 98% purity.
The reduced products were generated by selectively reducing
the 98% pure peroxide product to the alcohol, with trimethyl
phosphite. The purity of the reduced hydroxy products was then
confirmed via LC—MS/MS and by demonstrating no change in
the lag phase of sLO-1 by hydroperoxide product activation.
Perdeuterated LA (d5;-LA) (98% deuterated, Cambridge Isotope
Laboratories) was purified as previously described (24). The
(10,10,13,13)-ds-AA (dy-AA) was synthesized as previously de-
scribed (23, 25, 26). All other chemicals were reagent grade or
better and were used without further purification.

Overexpression and Purification of 15-Human Lipoxy-
genase-1 and 12-Human Lipoxygenase. Human reticulocyte
15-lipoxygenase-1 (15-hLO-1) and human platelet 12-lipoxygen-
ase (12-hLO) were expressed as N-terminally, His¢-tagged pro-
teins and purified to greater than 90% purity, as evaluated by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE) analysis, as previously published (27, 28). The
iron content of 12-hLO and 15-hLO-1 was determined with a
Finnigan inductively coupled plasma mass spectrometer (ICP-
MS), using cobalt-EDTA as an internal standard. Iron concen-
trations were compared to standardized iron solutions and used
to normalize enzyme concentrations.

Steady-State Kinetic Measurements. Lipoxygenase rates
were determined by following the formation of the conjugated
diene product at 234 nm (e = 25000 M~ cm™") with either a
Perkin-Elmer Lambda 40 UV/vis or a Cary 100 Bio spectro-
photometer. All reaction mixtures were 2 mL in volume and
constantly stirred using a magnetic stir bar at room temperature
(22 °C) unless otherwise described. Assays were conducted in
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25 mM Hepes buffer (pH 7.5) with substrate concentrations
ranging from | to 20 uM and were initiated by the addition of
enzyme, as described below. The 12-hLO displays erratic beha-
vior at low substrate concentrations (<1 uM), resulting in large
errors in the Ky values. To circumvent this inherent problem, we
determined that adding the 12-hLO first, and then quickly
initiating the reaction with the addition of the appropriate
amount of substrate, yielded significantly more reproducible
results. Substrate concentrations were quantitatively determined
by allowing the enzymatic reaction to go to completion. Kinetic
data were obtained by recording initial enzymatic rates at each
substrate concentration and were then fitted to the Michaelis—
Menten equation using KaleidaGraph (Synergy) to determine
kear and key/ Ky values.

Determination of the Kinetic Isotope Effect for 15-hLO-1
with AA as the Substrate. The noncompetitive kinetic isotope
effect on the ke (Pkea[AA]) and keo/Kn (Pca/ Kn[AA])
values was determined by comparing the steady-state kinetic
results of protiated arachidonic acid with that of dg-arachidonic
acid, as previously described (19, 21). Kinetic measurements
were performed using a Cary 100 Bio spectrophotometer by
following product formation at 234 nm, at temperatures ranging
from 15 to 40 °Cin 25 mM Hepes buffer (pH 7.5). Reactions were
initiated using ~16 and ~40 nM 15-hLO-1 (normalized to
iron content) for protiated and tetradeuterated arachidonic acid,
respectively, with substrate concentrations ranging from 1 to
15 uM. Reactions were performed in the presence of purified
13-HPODE (~6 uM) (or 15-HPETE, ~6 uM) to activate
15-hLO-1 and remove the kinetic lag phase. Kinetic parameters
were determined as described in Steady-State Kinetic Measure-
ments.

Determination of the Kinetic Isotope Effect for 12-hLO
with AA as the Substrate. The noncompetitive kinetic isotope
effect on the k., and ke, /Ky values was determined as described
above for 15-hLO-1. The steady-state KIE experiments were
performed using a PE Lambda 40 spectrophotometer, using
buffer conditions described above [25 mM Hepes (pH 7.5)] at
temperatures ranging from 15 to 37 °C. Reactions were initiated
using ~5 and ~60 nM 12-hLO (normalized to iron content) for
protiated and tetradeuterated arachidonic acid, respectively, with
substrate concentrations ranging from 0.1 to 10 uM. All kinetic
parameters were determined as described in Steady-State Kinetic
Measurements.

Determination of the Solvent Isotope Effect for 12-hLO
and 15-hLO-1 with AA as the Substrate. The solvent isotope
effect was determined by comparing the steady-state kinetic
results of assays performed in H,O and D,O at temperatures
ranging from 15 to 40 °C as previously described (19, 21).
Reactions were performed in 25 mM Hepes buffer (pH 7.5)
(pH meter reading was 7.1 for buffered D,0) and initiated using
~5 and ~7 nM enzyme (normalized to iron content) for 12-hLO
and 15-hLO-1, respectively. All kinetic parameters were deter-
mined as described in Steady-State Kinetic Measurements. The
variable-temperature SIE experiments for 15-hLO-1 included the
addition of 13-HPODE (6 uM) to remove the kinetic lag phase.
The SIE was also performed with and without 12-HETE (5 uM)
at 15 °C, to determine if allosteric product binding affected the
solvent dependency of the reaction.

Determining the Effects of 12-HETE on the Competitive
Kinetic Isotope Effect and the Solvent Isotope Effect of 15-
hLO-1 with AA as the Substrate. The Pk, Ky[AA] ratio was
determined in a manner similar to the previously published

Biochemistry, Vol. 48, No. 26, 2009 6261

competitive substrate specificity method (/4), which utilizes a
Finnigan LTQ liquid chromatography-tandem mass spectro-
meter (LC—MS/MS) to quantify the product generation. The
enzymatic reactions were initiated by the addition of 1 uM
substrate, of a known molar ratio (1:1) of dy-AA:AA, with and
without preincubation of 12-HETE (5 uM) (or 13-HODE, 5 uM)
with 15-hLO-1 (~4 nM). Enzymatic assays were performed using
buffer conditions described above (25 mM Hepes, pH 7.5, 22 °C).
A Phenomenex Synergi Hydro-RP (4 um, 150 mm x 2.0 mm)
column was used to detect the reduced LO products with an
elution protocol consisting of 0.2 mL/min and an isocratic mobile
phase of 59.9% ACN, 40% H,O, and 0.1% THF. The
corresponding reduced product ion peak ratio was determined
using negative ion MS/MS (collision energy of 35 eV), with
the following masses: 15-HETE, parent m/z = 319, fragments
m/z =175 and 219; 12-HETE, parent m/z = 319, fragments
mjz =179 and 257, 13-HODE, parent m/z = 295, fragments
m/z=183 and 251; and perdeuterated 13-HODE, parent m/z =
325, fragments m/z =213 and 281 (29). All extracted reaction
mixtures were reduced with trimethyl phosphite for LC—MS/MS
analysis.

The effect of 12-HETE on the SIE of 15-hLO-1 was
determined as described above; however, 12-HETE (5 uM) was
added to each substrate concentration for steady-state kinetic
analysis. Reactions were performed in 25 mM Hepes buffer
(15 °C) at pH 7.5 (pH meter reading was 7.1 for D,O) and
initiated using ~40 nM enzyme (normalized to iron content) for
15-hLO-1.

Determining O Kinetics for 15-hLO-1. Reaction rates of
15-hLO-1 with AA and LA were determined by measuring the
extent of oxygen consumption on a Clark oxygen monitor as
previously described (30). Reactions were conducted as a func-
tion of oxygen concentrations in 1 mL solutions, which were
stirred constantly and equilibrated under air at 25 °C (258 uM O).
The reaction was initiated by addition of ~30 nM 15-hLO-1
(normalized to iron content), via a gastight Hamilton syringe to
the reaction chamber. The experiments were repeated at variable
concentrations of oxygen, established by passing mixtures of N,
and O, over stirred solutions in the reaction chamber for 10 min.
The established oxygen concentration was calibrated against the
value of O, dissolved in an air-saturated solution at 25 °C
(258 uM O,). The rate of oxygen consumption was recorded at
oxygen concentrations ranging from 5 to 500 M, in 25 mM
Hepes (pH 7.5, 25 °C) and saturating substrate conditions
(25 uM). Further investigations were performed in the presence
of 12-HETE (5 uM), to determine if allosteric binding affected
the Ky[O-], with either substrate.

Lag Phase Investigations of 15-hLO-1. Observations
that 15-hLO-1 has an extended lag phase (activation period)
with AA as compared to LA prompted us to investigate if
this effect is due to differences in their affinity toward the
ferrous enzyme (resting-state enzyme), as previously seen with
sLO-1 (22). Reactions were conducted as described for the
steady-state experiments (25 mM Hepes, pH 7.5, 22 °C), initiat-
ing the assays by adding 15-hLO-1 to final concentrations of
12 and 18 nM (normalized to iron content, to achieve similar
initial rates) for LA and AA, respectively, under sub-
strate limiting conditions (5 uM). The 15-hLO-1 enzyme
was then preincubated (<5 s, to avoid observable turnover)
with AA (25 uM), followed by addition of LA, and vice versa,
to determine the effect on the lag phase, as previously de-
scribed (22).
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RESULTS AND DISCUSSION

Mechanistic Investigations of Human 15-Lipoxygen-
ase-1 with AA as the Substrate. (i) Noncompetitive Kinetic
Isotope Effect. Previous variable-temperature KIE studies with
LO isozymes were limited to deuterated linoleic acid (19, 21, 24),
since appropriately deuterated AA is not commercially available
and is difficult to synthesize. In this study, (10,10,13,13)-d,-
arachidonic acid (d;-AA) was synthesized as previously de-
scribed (23, 25, 26) and utilized to investigate the KIE of
15-hLO-1 and 12-hLO. Deuterium labeling at both C10 and
Cl13 was required to prevent changes in regioselectivity (23). Since
both carbons are dideuterated, the observed KIE results include
both primary and secondary effects. It should be noted that
the secondary KIE will likely not make a large contribution to the
observed KIE, since oxidation of LA by sLO-1 was previously
shown to exhibit a small secondary effect (20). Investigations of
15-hLO-1 with LA have previously demonstrated a temperature-
dependent Pk, /Km[LA] and kea/Km[LA] SIE and a tempera-
ture-independent Pk, [LA] (~40) and ke [LA] SIE (21). These
studies suggest 15-hLO-1 displays hydrogen atom tunneling and
has multiple RDSs at low temperatures for k,/ Kp[LA], whereas
the k., [LA] is solely rate-limited by hydrogen atom abstraction.
In this work, the noncompetitive, variable-temperature KIE of
15-hLO-1 with AA was significantly different than the 15-hLO-1/
LA data, demonstrating temperature dependency for both Pk ,/
Km[AA] and Pk, JAA] and with markedly lower magnitudes
(Figure 1). The Pke./Km[AA] was determined to be 6.3 + 2.5,
6.0+1.59.0+£1.6,10.0+£2.3,3.6 £ 1.5,and 4.5 £ 2.0 for 15, 20,
25, 30, 35, and 40 °C, respectively. The Pk [AA] data were
determined to be 6.7 &+ 0.6, 8.6 & 0.6, 8.9 = 1.1, 10.3 £ 0.7,
8.9 + 14, and 6.6 + 0.9 for 15, 20, 25, 30, 35, and 40 °C,
respectively.

The temperature dependence of k., /Km[AA] and Pk, [AA]
is suggestive of multiple rate-limiting steps, as seen by the increase
and then decrease of ke /Km[AA] and Pk JAA] as the
temperature increases above 30 °C. The magnitudes of both
Pk at/ KM[AA] and Pk, JAA] for 15-hLO-1 are considerably
smaller than the previously reported Dk car/ Km[LA] and Pk, [LA]
values for 15-hLO-1 (21), suggesting a different mechanistic
behavior between AA and LA. Unfortunately, it is difficult to
probe this mechanistic difference thoroughly with AE, . and Ay/
Ap investigations, as was reported for sSLO-1 and 15-hLO-1 with
LA (21, 31), due to multiple RDSs for the k., [AA] of 15-hLO-1
at low temperatures (vide infra). Moreover, the observed inacti-
vation of 15-hLO-1 with AA at high temperatures makes the
energy of activation (E,) and the Arrhenius prefactor (4) for
ds-AA unattainable. Therefore, caution should be used when
interpreting the temperature dependence data in Figure 1, since it
does not reflect the intrinsic KIE.

The variable-temperature, noncompetitive KIE data for 15-
hLO-1 with AA were obtained in the presence of 13-HPODE
(6 uM) to remove the kinetic lag phase, which is more pro-
nounced with AA than with LA. However, this raises the concern
that binding of 13-HPODE to the allosteric site may be affecting
the observed KIE, which was seen previously with the addition of
12-HPETE or 12-HETE to 15-hLO-1 and LA (/4). The non-
competitive KIE study was therefore performed in the presence
of 15-HPETE (6 uM) in 25 mM Hepes (pH 7.5, 25 °C), which
demonstrated that addition of 15-HPETE afforded very similar
KIE results as with 13-HPODE added (Pkey/Km[AA]=11 + 2,
and Pk [AA]=7.3 £ 0.6).
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FIGURE 1: Temperature dependence of the observed KIE for 15-
hLO-1: Pkey (O) and Pkey/Ky (M). Enzymatic assays were per-
formed in 25 mM Hepes buffer (pH 7.5) with addition of 13-HPODE
(6 uM).

(ii) Competitive Kinetic Isotope Effect. To confirm the
Dk cat/ KM[AA] value of 15-hLO-1, the competitive Pkea/Km[AA]
was determined with a mixture of d4-AA and AA at 22 °C, using
the LC—MS/MS method previously described for substrate
specificity studies (/4). Using dy-AA, the Pke,/Km[AA] values
were determined to be 8 + 1 and 10 £ 2 for abstraction from C13
and C10, respectively (Figure S1 of the Supporting Information).
These values are in good agreement with the observed noncom-
petitive KIE data (the average KIE for both C13 and C10) and
with the previously published Pkc,[AA] values from product
branching experiments (23). Considering that no product was
added to the competitive experiments and yet the Pkea/ Km[AA]
value was the same as the noncompetitive results, which had both
13-HPODE and 15-HPETE added, the data indicate that there
was no allosteric effect on the Pkey/Km[AA] of 15-hLO-1 with
the addition of these LO products.

The low KIE values, relative to Pkey/Km[LA], could be due to
a variety of reasons, including a large kinetic commitment with
AA as previously seen for sSLO-1 (22), a decreased contribution of
the abstraction step to the rate-limiting step (/9), or a change
in the activation barrier shape (32). To probe this further, 12-
HETE (5 uM) was added to the competitive reaction mixture of
di-AA/AA with 15-hLO-1, and the observed Pkey/Km[AA]
increased from 8 + 1 to 18 & 3, clearly indicating that tunneling
is involved in the hydrogen atom abstraction process. A similar
result was previously observed with the addition of 12-HPETE or
12-HETE to 15-hLO-1, with Pk ,/Kp[LA] increasing from 24 to
44 (14). It should be noted that 13-HODE was also added to the
competitive peroxidation of d;~-AA/AA by 15-hLO-1 and was
shown to have little effect on Pk, /Km[AA] (10 £ 2), confirming
the noncompetitive KIE result (vide supra).

(iii) Solvent Isotope Effect. It was previously shown that
the reaction of 15-hLO-1 with LA (no 13-HPODE added)
displayed a temperature-dependent k.,/Kym[LA] SIE yet no
SIE for k., [LA], indicating that k.,/Km[LA] is partially rate-
limited by a solvent-dependent step while k., [LA] is not (21). In
contrast, the results for 15-hLO-1 with AA (13-HPODE added)
demonstrate a temperature-dependent SIE for both k., /Ky[AA]
and k. [AA], indicating multiple rate-limiting steps at low
temperatures for both kinetic parameters. The SIE values range
from2.24+0.4to 1.1 £ 0.3 for ko /Ky and from 2.0 £ 0.2to 1.1 £+
0.1 for ke, (Figure 2). This observation is consistent with the
chat/KM[AA] and Pk, [AA] temperature dependence data. The
observed SIE at lower temperatures also explains the decreased
substrate KIE values at low temperatures, as a solvent-dependent
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FIGURE 2: Temperature dependence of the solvent isotope effect for
15-hLO-1: key (O) and key /Ky (M), Enzymatic assays were per-
formed in 25 mM Hepes buffer (pH 7.5) with addition of 13-HPODE
(6 uM).

step would partially mask the observed KIE of the hydrogen
atom abstraction step, since abstraction is not fully rate-limiting.
The SIE data, however, do not explain the decreasing substrate
KIE values at high temperatures, since there is no SIE effect in
this temperature range (vide infra).

As discussed above, the addition of 12-HETE increased the
competitive ke, /Km[AA] considerably, whereas 13-HPODE
and 15-HPETE had little effect on the Pk, /Km[AA]. The effect
of 12-HETE on the reaction mechanism of 15-hLO-1 was
investigated further by probing the SIE at low temperatures
(15 °C), where the SIE was greatest. It was determined that the
addition of 12-HETE [5 uM, 5 times the allosteric Kp (/4)]
significantly lowered the SIE (15°C)to 1.440.2and 1.4 0.2 for
keat/ Km[AA] and k., [AA], respectively. This indicates that the
solvent-dependent step for 15-hLO-1 has become less rate-limit-
ing with the addition of 12-HETE and corroborates the compe-
titive chat/ Km[AA] results that show an increased substrate KIE
with the addition of 12-HETE.

(iv) Determining O, Kinetics for 15-hLO-1. Previously,
our laboratories performed O, dependency experiments for the
oxidation of LA by 15-hLO-1 and AA by 12-hLO and deter-
mined the Ky[O,] values to be 42 + 1.1 and 7.0 &+ 1.4 uM,
respectively ([fatty acid] = 25 uM, at 25 °C) (21). In the
investigation presented here, 15-hLO-1 was studied with AA
and LA (25 °C) concurrently, for direct comparison, and the
Km[O,] was determined to be more than 2-fold greater for AA
than for LA (Table 1). The k., values were determined and are in
agreement with k., values determined spectrophotometri-
cally (14). The k., /Km[O-] values therefore indicated a greater
than 3-fold preference for LA, under oxygen limiting conditions.
The addition of 12-HETE (5 uM) demonstrated a decrease in the
kcar/ Km[O5] for LA (an increase in Ky[O,]) and an increase in the
keat/ Km[O-] for AA (a decrease in Ky[O5]), yielding similar A,/
Km[O,] values for both LA and AA (Table 1). This is a
remarkable result since the binding of 12-HETE to the allosteric
site not only increases the fatty acid (kea/Kno)™/(keat/Kni)™
ratio 4-fold (14) but also increases the oxygen (keay/Knt)™/(keat/
KM)LA ratio 3-fold, which indicates a dramatic change in the
substrate specificity of 15-hLO-1 toward AA. The k., values
showed little effect with the addition of 12-HETE and are in
agreement with the previously published spectroscopic data (14).
It should be noted that with sLO-1, saturating amounts of 13-
HPODE were required for maximal k¢,;/Ky[O-] (30), which was
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FIGURE 3: (A) Lag phase comparison of 15-hLO-1 with AA (5 uM)
(&) and LA (5uM) (O). Preincubation with AA (25 uM) followed by
addition of LA (5uM) (@) and preincubation of LA (25 uM) followed
by addition of AA (5 uM) (a). (B) Magnified view of 15-hLO-1 lag
phase data. Enzymatic assays were performed in 25 mM Hepes buffer
(pH 7.5, 22 °C).

Table 1: Comparison of the Steady-State Kinetic Parameters of 15-hLO-1
for Oxygen with AA and LA as Substrates®

no product addition 12-HETE addition

AA
Keat 571 5602 51401
Kn[O2] (uM) 24 +3 1541
kea/ Kn[Oo] 571 M ™Y 0.23 + 0.04 0.34 £ 0.03
LA

Kea 571 7.6£0.1 70403
Km[O5] (uM) 9.6+ 0.6 2 +4
Kea/ Kn[O2] (57" M) 0.79 + 0.08 0.32 + 0.07

“Enzymatic assays were performed in 25 mM Hepes buffer (pH 7.5,
25 °C), with and without product addition, in the presence of 25 uM
substrate. Oxygen consumption was detected using a Clark oxygen
monitor.

explained to be due to loss of the substrate radical, generating the
inactive ferrous enzyme. This hypothesis was consistent with the
data; however, it is possible that in addition, the product is
binding to the allosteric site of sLO-1. Further investigations
are needed to determine if the allosteric site is also playing a role
with sLO-1.

(v) Lag Phase Investigations. As mentioned, AA demon-
strates a higher affinity for the ferrous sLO-1 enzyme than LA,
manifested by a difference in their lag phase (22). This observa-
tion suggested that AA had a smaller K than LA for the ferrous
enzyme, which could increase the commitment with AA, conse-
quently lowering the observed Pkco/Km[AA]. As seen in Figure 3,
15-hLO-1 also displays a longer lag phase with AA than with LA,
at low substrate concentrations. Preincubation of 15-hLO-1 with
LA (25 uM) followed by AA addition (5 M) had the same lag
phase as pure AA (5 uM), whereas a large increase in the lag
phase is seen with preincubation with AA (25 uM), followed by
addition of LA (5uM). These data suggest that the affinity of AA
for the ferrous 15-hLO-1 is at least 5-fold greater than that of LA,
since S uM AA outcompetes 25 uM preincubated LA (Figure 3A,
B). Interestingly, the LO products, 13-HPODE and 12-HPETE,
were shown to eliminate the lag phase for 15-hLO-1 with AA, but
the reduced products, 13-HODE and 12-HETE, did not, suggest-
ing that allosteric binding does not affect the lag phase. Finally,
no autoinactivation of 15-hLO-1 was observed with either AA or
LA at low substrate concentrations; however, AA autoinacti-
vates 15-hLO-1 to a much greater extent than LA at high
substrate concentrations, as seen by the lower level of overall
product generation (Figure 3A). This difference may indicate that



6264  Biochemistry, Vol. 48, No. 26, 2009

the autoinactivation with AA is not relevant for cellular processes
since the low substrate concentration is more similar to that seen
in the cell.

(vi) Summary of 15-hLO-1. The observed KIE for 15-
hLO-1, with AA as its substrate, demonstrates that the kinetic
behavior of 15-hLO-1 with AA is remarkably different from its
kinetic behavior with LA as its substrate (27). The Pk [AA] and
Pk cat/ KM[AA] values are small and temperature-dependent, with
decreasing Pkea/Km[AA] and Pke, [AA] values at both low and
high temperatures, suggesting that hydrogen atom abstraction is
not the sole RDS. At low temperatures, the decrease in “key/
Km[AA] and Pk, [AA] is partially due to a hydrogen bonding
rearrangement step, as seen by the large SIE at low temperatures.
However, at high temperatures, no SIE was observed for either
kcat/ Kn oF key, indicating hydrogen bonding rearrangement is
not responsible for the decrease in Pkeu/Km[AA] or Pk [AA]
This decrease in the observed KIE values could be due to
inactivation of 15-hLO-1 at high temperatures or diffusion being
a rate-determining step, but unfortunately, the diffusion step
cannot be investigated because the available viscogens affect
catalysis (21).

These results are distinct from the 15-hLO-1/LA kinetic
results, in that both k., /Ky and ke, for 15-hLO-1/AA are
sensitive to solvent (i.e., SIE) and that the values of Pk / Km[AA]
and Pk, [AA] are significantly lower than the values with LA as
the substrate (21). This latter issue was probed further by
investigating the lag phase of 15-hLO-1. Previously, our labora-
tories postulated that the Pke/Km[AA] for sLO-1 was masked
by a large commitment (k3/k»; vide infra), since AA appeared to
bind more tightly to the ferrous sLO-1 species than LA, extending
the lag phase (22). This experiment was repeated with 15-hLO-1,
and it was observed that AA also extended the lag phase of LA
catalysis. This result corroborates the hypothesis that AA binds
more tightly to 15-hLO-1 than LA and therefore 15-hLO-1 could
have a larger commitment (ks/k,) with AA. Commitment (ks/k,)
can be defined by examining the proposed mechanism of 15-
hLO-1 (Scheme 2). This scheme assumes that hydrogen atom
abstraction is irreversible, with no ternary complex formation,
and that the substrate radical (L") has a high affinity, as
demonstrated for sLO-1 (18, 30).

Scheme 2
kj[LA] ks . ks[O2] . Kk kg
E+LA —= ELA —> EL  —> ELOO === ELOOH —» E-+P
ky ke kg

KIE = Pkl Ky = (keal Kng) kcad Knn)® = (k3" + ks ka1 + kst (1)

According to Scheme 2, Pk, /Ky would be defined by eq 1,
where substrate release (k,) and hydrogen atom abstraction (k3)
are the primary determinants for Pk,/Ky (assuming ks is
irreversible, a ternary complex is not formed, and the multiple
steps observed at low temperatures are included in k3). The
Dk eat/ K increases to a maximum of k5™ /k;” when commitment
(ks/k») i1s small and decreases to a value approaching 1 when
commitment for 15-hLO-1 with AA is large, assuming that the
intrinsic k3" /ks" remains unchanged (eq 1). Therefore, a large
commitment for 15-hLO-1 with AA would lower the observed
KIE and potentially mask a large intrinsic KIE. It should be
noted that the small observed KIE for 15-hLO-1 and AA does
not necessarily exclude the possibility of tunneling (33—36).
Another possible explanation could be a change in the shape of
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the potential energy barrier. Sutcliffe and Scrutton postulate that
the small KIE value of aromatic amine dehydrogenase (AADH)
with certain substrates could be due to a change in the shape of
the potential energy barrier (32), which could also be occurring
with 15-hLO-1 and AA.

The small Pk, /Km[AA] was investigated further by adding
the allosteric effector molecule, 12-HETE, which increased the
observed Pke,/Km[AA] from 8 to 18. This latter value is well
above the semiclassical prediction (37, 38) and suggests that the
hydrogen atom abstraction of AA by 15-hLO-1 is occurring
through a tunneling mechanism, once 12-HETE is added. The
reason for the increase in the KIE is most likely not due to a
decrease in commitment, as seen for sLO-1 with AA (22), since
addition of 12-HETE decreases the Ky[AA] (/4), which in the
framework of Scheme 2 would have the opposite effect on
commitment. Moreover, it was observed that while 13-HPODE
and 12-HPETE reduced the kinetic lag phase for 15-hLO-1 with
AA, 13-HODE and 12-HETE did not. This observation indi-
cated that the release rate of AA (k,), and hence commitment,
was not changing upon allosteric binding.

The SIE of 15-hLO-1 was subsequently probed via the
addition of 12-HETE to determine if the allosteric site affected
the relative contributions of the partially rate-limiting steps.
Interestingly, the kc./Km[AA] SIE was observed to decrease
from 2.2 to 1.4, indicating that 12-HETE binding decreases the
contribution of the solvent dependency to the overall rate and
increases the contribution of hydrogen atom abstraction. This
increase in contribution of hydrogen atom abstraction to the
overall rate is also exhibited by an increased observed KIE
upon addition of 12-HETE. It should be noted that previously
our laboratories demonstrated that 12-HETE increased the
observed KIE for 15-hLO-1 with LA (/4), and we postulated
that the increase was due to a decrease in commitment, as
seen by the decrease in ke, (LA] (i.e., k3). Given the current
data, it is possible that the loss of the solvent-dependent step
could also be contributing to the increase in the observed KIE
with 15-hLO-1 and LA, and further studies are required. The
change in the chm/KM for 15-hLO-1 with AA upon addition of
12-HETE could also be due to a change in the shape of the
potential energy barrier as seen for AADH (32), but this cannot
be probed using the temperature dependency of k., as pre-
viously done for sLO-1 and 15-hLO-1 with LA (21, 31), since k¢,
for 15-hLO-1 with AA is not fully rate-limited by hydrogen atom
abstraction and 15-hLO-1 autoinactivates at high temperatures
with AA.

Interestingly, 13-HPODE does not increase the ke, / Km[AA],
nor does it decrease the SIE, even though it has an allosteric effect
on substrate specificity, like 12-HETE (/4). This result is unusual
since one would suspect the KIE for the abstraction step to
be more sensitive to allosteric binding than the change in
substrate specificity. These results may suggest that 12-HETE
and 13-HPODE affect the microscopic rate constants differently
upon binding to the allosteric site and that their effect on
substrate specificity is not necessarily linked to the change in
the solvent-dependent, hydrogen bonding rearrangement step.
Additional investigations are in progress to probe these results
further.

Previously, our laboratories determined that the Pkg,[AA]
values for abstraction of a hydrogen atom from C10 and C13
were comparable (23). In the investigation presented here,
we observe that the competitive ke, /Km[AA] for abstraction
of a hydrogen atom from C10 is also comparable to that for
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FIGURE 4: Temperature dependence of the observed KIE for 12-
hLO: Pk, (O) and Pk ,/Ky (W). Enzymatic assays were performed
in 25 mM Hepes buffer (pH 7.5).

abstraction from C13 (23). These results suggest that the hydro-
gen atom abstraction at these two structurally distinct positions is
of a comparable mechanism. This finding is unexpected since the
active site would have to spatially accommodate these two
disparate positions for the same hydrogen atom abstraction
process. A previously postulated explanation for abstraction
from different positions is that the substrate can bind in two
conformations, head-first or tail-first (39). Another possible
explanation could be that the intrinsic KIEs for these two carbon
centers are in fact different, and the similarities in the observed
KIE values reported in this work are due to masking of their
intrinsic KIE values. We are currently investigating these possi-
bilities further.

Another difference between 15-hLO-1 kinetics with AA and
LA is the difference in their kc,/ Ky[O5] values. The ke, /Km[O-]
for AA is more than 3-fold smaller than that of LA. This ratio is
similar to that seen for sLO-1, whose k./ Kp[O-] is more than 9-
fold less for AA than for LA (under saturating conditions of 13-
HPODE) (40). However, the addition of 12-HETE increases the
keat/ Km[O-] value of 15-hLO-1 with AA and decreases the k.,/
Km[O-] value for LA, such that their k,/Knm[O»] values become
near-equivalent for both substrates. This result is due to a change
in Kyv[O,] and may be relevant for human disease models since
the oxygen concentration varies from 20 M in normal tissue (41)
to as low as 6 uM in prostate cancer (42), and hence, oxygen
concentration could contribute to the regulation of LO substrate
specificity in the cell.

The change in the Ky[O,] upon 12-HETE binding also has
relevance for the microscopic steps of the oxidative half-reaction.
Previously, Klinman and co-workers demonstrated with sLO-1
that the oxidative half-reaction consisted of the following micro-
scopic steps (Scheme 2): O, reversibly diffuses to the surface of
sLO-1 and then moves through the O, channel (included in ks);
O, reacts with the intermediate radical (L°) to form LOO®
(proposed as the RDS) (included in ks); transfer of a hydrogen
atom to LOO" to form LOOH (k7); and release of product
(ko) (30). Assuming that 15-hLO-1 has a ping-pong-like mechan-
ism similar to that of sLO-1 (Scheme 2), as is suggested for
rabbit 15-LO (43), then oxygen reacts with the fatty acid
radical after the irreversible hydrogen atom abstraction, with
no formation of a ternary complex and with no observable
loss of the fatty acid radical. Therefore, if the fatty acid
is saturating, as is used in our experiments, then all of the enzyme
will be in the EL® complex, the k.../Ky[O-] will be independent
of fatty acid concentration, and the microscopic rate constants
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12-hLO: Pk, (M) and Pk, /Ky (O). Enzymatic assays were per-
formed in 25 mM Hepes buffer (pH 7.5).

can be expressed as follows:

B ksykako
N kiky + ksks + kiky + k3ky

kcat [02} (2)

k3(k6k3 + kaky + k6k9)
(krko + ksks + ksky + ksk7)

Ku[0o] = T (3)

kskako
keat/ K = 4
t/KulO2 keks 4 krko 4 keko @

Considering that k., [O,] decreases only slightly for both
substrates upon addition of 12-HETE, the effect of allosteric
binding on k,/Ky[O5] arises primarily from changes in Ky{O,].
However, since Ky[O,] is a kinetically complex parameter, 12-
HETE binding could affect a variety of steps in the oxidative half-
reaction. For example, the allosteric site could change either the
position of the substrate relative to the O, channel or the nature
of the O, channel itself, such that the attack of O, on L° is
affected. An added complication is that if hydrogen atom
abstraction is not irreversible, as is assumed above, then the rate
constant for k¢, /Km[O-] could also include microscopic steps in
the reductive half-reaction. Currently, we are investigating the O,
kinetics further for both 15-hLO-1 and 12-hLO to determine their
RDS and how the allosteric site may affect them.

Mechanistic Investigations of Human 12-Lipoxygenase
with AA as the Substrate. (i) Noncompetitive Kinetic
Isotope Effect. Variable-temperature KIE experiments demon-
strated that the Pke,/Km[AA] and Pk [AA] of 12-hLO were
temperature-dependent, with values ranging from 4.8 + 0.9 to
62 + 18 and from 7.5 &+ 0.8 to 20 £ 3 between 15 and 37 °C,
respectively (Figure 4).

The magnitudes of both b kear/ KM[AA] and Dk [AA] at high
temperatures, indicate hydrogen atom tunneling, as previously
seen for both sLO-1 and 15-hLO-1 with LA (79, 2/). The
temperature dependence of both Pk, /Km[AA] and Pk, [AA]
for 12-hLO is suggestive of multiple RDSs in the reaction
mechanism which have different contributions to the overall rate
at the different temperatures.

(ii) Solvent Isotope Effect. Previously, our laboratories
determined that 12-hLO displayed a temperature-dependent SIE
for k.. [AA], but a temperature-independent k,./Km[AA] SIE,
albeit with a large degree of error (21). However, in this study, 12-
hLO exhibited a temperature-dependent KIE for both Pke,/
Ku[AA] and Pk, [AA], suggesting a possible discrepancy be-
tween these two results. Considering that the original SIE
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Table 2: Summary of the Observed Kinetic Behaviors for the Lipoxygenase Enzymes

kcat/KM kcal
diffusion H bond rearrangement H atom abstraction H bond rearrangement H atom abstraction
(viscosity)” (observed SIE)” (observed KIE)? (observed SIE)” (observed KIE)?
sLO-1/LA® 48% (20 °C) 3.7(5°C) 30(25°C) 2.2(5°C) 48(25°C)
sLO-1/AAY 56% (20 °C) 1.0 (Ind.) 8(Ind.) 1.0 (Ind.) 150 (5°C)
15-hLO-1/AA ND¢ 2.2(15°C) 10(30°C) 2.0 (15°C) 10(30°C)
12-hLO/AA ND* 1.4(15°C) 50 (40°C) 1.4 (15°C) 20(37°C)

“Data are presented as percent diffusion limited at the temperature that the maximum effect was observed. ° The SIE and KIE data are the observed values
at the temperature of the maximal effect. Ind., temperature-independent kinetic parameter. “Data were obtained from ref (19), but it should be noted that

subsequent work (20) with recombinant sLO-1 showed different k., values.

“Data were obtained from ref (22). ¢ Not determined.

data (2/) and the current KIE data were determined under
different conditions [25 mM Tris (pH 7.5) and 25 mM Hepes
(pH 7.5), respectively], the SIE experiments were re-examined
using the KIE reaction conditions used in this investigation.
Under these new conditions, the error was reduced considerably
and the solvent isotope effect for 12-hLO at pH 7.5 was
determined to be 1.4 £ 0.1 and 1.4 £ 0.2 at 15 °C for keu/
Km[AA] and k., [AA], respectively. The SIE decreased with
increasing temperature to 1.01 £ 0.04, for both k., /Kym[AA]
and k., [AA] (Figure 5). The new SIE data correlate well with the
substrate KIE data, providing further support for multiple,
partially rate-limiting steps at low temperatures for both kg,/
Km[AA] and ke, [AA]

(iii) Summary of 12-hLO. These results demonstrate that
12-hLO is distinct from 15-hLO-1 not only in both its fatty acid
selectivity (only reacting with AA) and its primary sequence
(80% similar) but also in its kinetic behavior with AA. Our data
demonstrate that both Pk, /Ky and Pk, for 12-hLO increase to
large values at high temperatures, whereas the KIE for 15-hLO-1
with AA is at a maximum at 30 °C. However, the catalytic
mechanism of 12-hLO is similar to that of 15-hLO-1 with AA in
that its hydrogen atom abstraction proceeds through a tunneling
mechanism, and both isozymes demonstrate a solvent-dependent
step for both k¢, /Ky and ke, at low temperatures. Interestingly,
the magnitude of the SIE value for 12-hLO, at 15 °C, is lower
than that for 15-hLO-1, suggesting a weaker participation in the
rate-limiting step. Unfortunately, it could not be determined
if diffusion is also a rate-limiting step, as seen for sLO-1 with
both LA and AA (19, 22), since viscogens inhibit catalysis by
12-hLO (21).

CONCLUSION

In conclusion, this study reports three important findings with
human lipoxygenase. First, both 15-hLO-1/AA and 12-hLO/AA
have multiple RDSs at low temperatures (hydrogen atom
abstraction and hydrogen bond rearrangement), and for both
systems, the abstraction appears to proceed through a tunneling
mechanism. However, the magnitude of the Pk, /Km[AA] for 15-
hLO-1 is significantly lower than that of 12-hLO. These data,
coupled with the previously published sLO-1/AA data (22),
indicate that there are mechanistic differences in sLO-1, 15-
hLO-1, and 12-hLO, with the two substrates (AA and LA), even
though hydrogen atom tunneling is a common mechanistic
feature. Second, the binding of 12-HETE to the allosteric site
of 15-hLO-1 decreases the contribution of the solvent-dependent
step to the overall reaction rate, such that hydrogen atom
abstraction (KIE) becomes the predominant RDS. Finally,

12-HETE increases the AA/LA ratio for ke, /Ku[O;] with
15-hLO-1, such that there is no substrate preference between
LA and AA, under limiting oxygen concentrations. These results,
as well as our previous discovery that 12-HETE increases the AA/
LA ratio for ke, /Kwu[fatty acid] (/4), suggest that under cellular
conditions (low fatty acid and low oxygen concentrations), the
allosteric binding of 12-HETE to 15-hLO-1 could increase the
substrate specificity of 15-hLO-1 toward AA over LA signi-
ficantly, which may have important implications in cancer
progression.
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