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ABSTRACT: Allosteric regulation of human lipoxygenase (hLO) activity has recently been implicated in the
cellular biology of prostate cancer. In the current work, we present isotope effect, pH, and substrate inhibitor
data of epithelial 15-hLO-2, which probe the allosteric effects on its mechanistic behavior. The Pk, /Ky for
15-hLO-2, with AA and LA as substrate, is large indicating hydrogen atom abstraction is the principle rate-
determining step, involving a tunneling mechanism for both substrates. For AA, there are multiple rate
determining steps (RDS) at both high and low temperatures, with both diffusion and hydrogen bonding
rearrangements contributing at high temperature, but only hydrogen bonding rearrangements contributing at
low temperature. The observed kinetic dependency on the hydrogen bonding rearrangement is eliminated
upon addition of the allosteric effector, 13-(S)-hydroxyoctadecadienoic acid (13-HODE), and no allosteric
effects were seen on diffusion or hydrogen atom abstraction. The (keuy/Kni)™/(kcar/ Knm)= ratio was observed
to have a pH dependence, which was fit with a titration curve (pK, = 7.7), suggesting the protonation of a
histidine residue, which could hydrogen bond with the carboxylate of 13-HODE. Assuming this interaction,
13-HODE was docked to the solvent exposed histidines of a 15-hLO-2 homology model and found to bind
well with H627, suggesting a potential location for the allosteric site. Utilizing d3,-LA as an inhibitor, it was
demonstrated that the binding of d3;-LA to the allosteric site changes the conformation of 15-hLO-2 such that
the affinity for substrate increases. This result suggests that allosteric binding locks the enzyme into a
catalytically competent state, which facilitates binding of LA and decreases the (kcay/Kn)™/(kcat/Kn)™*
ratio. Finally, the magnitude of the 13-HODE Kp, for 15-hLO-2 is over 200-fold lower than that of 13-HODE
for 15-hLO-1, changing the substrate specificity of 15-hLO-2 to 1.9. This would alter the LO product
distribution and increase the production of the pro-tumorigenic, 13-HODE, possibly representing a

pro-tumorigenic feedback loop for 13-HODE and 15-hLO-2.

Inflammatory response in humans is regulated by fatty acid
signaling cascades which are initiated by the hydroperoxidation
of polyunsaturated fatty acids. This oxidation is accomplished by
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three classes of enzymes, cyclooxygenase (COX)! (1), cytochrome
P450 (2), and human lipoxygenases (hLO) (3), the latter of which
is the focus of this study. Lipoxygenases (LO) are a family of iron
containing metalloenzymes, which utilize a nonheme catalytic
center to incorporate molecular oxygen into a variety of fatty
acids. There are three main LOs of pharmacological importance,
5-hLO, 12-hLO, and 15-hLO, which are named according to the
position at which oxygen reacts with arachidonic acid (AA) (4).
The peroxidation of AA by LO results in their respective
hydroperoxyeicosatetraenoic acid (HPETE) products (5), which
are not only responsible for maintaining the homeostasis of the
inflammatory response (6), but have also been implicated in
human diseases, such as asthma, psoriasis, atherosclerosis, and
cancer (7—10).

Recently, the issue of allostery has become more prominent in
the functional discussion of LO. Allostery for lipoxygenase was
first demonstrated with 5-hLO, which was shown to possess
secondary binding sites for both ATP and Ca®" (11). Kinetic
studies have demonstrated that calcium is required for catalytic
activity, while the binding of ATP synergistically increases the
catalytic activity of calcium-bound enzyme (/2—14). Soybean
lipoxygenase-1 (sLO-1) and reticulocyte human 15-lipoxygenase
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(15-hLO-1) also have allosteric binding sites, as demonstrated by
kinetic studies using the synthetic fatty sulfate, oleyl sulfate
(OS) (15). This work demonstrated that OS binds with consider-
able affinity to an allosteric binding site on both sLO-1 (Kp =
0.6 uM) and 15-hLO-1 (Kp = 0.4 uM), as seen by an increase in
the kinetic isotope effect (KIE) of both enzymes in a saturating
manner, which mirrored their inhibition curves (15). Further
stopped-flow experiments demonstrated that binding of OS to
sLO-1 did not interfere with enzyme activation, indicating that
the allosteric site was not in the active site (/6). The function of
the allosteric site in 5-hLO appears to regulate activity with
endogenous ligands, but since no endogenous allosteric effectors
have been found for 15-hLO-1, the biological role of the allosteric
site in 15-hLO-1 remains unclear.

The substrate specificity of 15-hLO-1 and epithelial human 15-
lipoxygenase (15-hLO-2) has been suggested to play a role in
prostate cancer since their products of AA and linoleic acid (LA)
have different cellular responses (/7—19). This fact, along with
the capabilities of these LO isozymes to catalyze peroxidation of
multiple substrates, led us to hypothesize that the function of the
allosteric site may be to regulate substrate specificity. To in-
vestigate this hypothesis further, a competitive substrate capture
experiment was developed which accurately monitored the sub-
strate specificity by having both substrates present in the enzy-
matic assay (20). These experiments lead to the discovery of an
allosteric, product-feedback mechanism in which the LO pro-
ducts directly affected the substrate specificity for both 15-hLO-1
and 15-hLO-2. Although allostery is commonly used to regulate
protein activity, there are few examples in the literature that
demonstrate allosteric regulation of substrate specificity. Ribo-
nucleotide reductase (RNR) is one of the few enzymes that
regulate substrate specificity through allosteric regulation (21).
RNR synthesizes all four deoxyribonuleoside triphosphates
(dNTPs) by reduction of the 2'-OH of the respective ribonucleo-
tide, and the ability of RNR to allosterically regulate substrate
specificity enables it to maintain homeostatic balance of all four
dNTPs, and allow rapid adaptation to changes in dNTP require-
ments needed for DNA replication and repair. For 15-hLO-1 and
15-hLO-2, the magnitude of the allosteric effects on substrate
specificity for LO were of a magnitude similar to that seen for
RNR (22), and the concentration of the LO products found in the
cell were appropriate to elicit a substrate specificity change for
15-hLO-1 (23), indicating that the allosteric site may have
relevancy for cellular function.

The nature of the allosteric site in 15-hLO-1 was further
investigated with isotopic effect experiments, which determined
that the allosteric effector lowered the rate-limiting nature of a
solvent-dependent, hydrogen bond rearrangement step for the
reaction with AA, consequently increasing the relative impor-
tance of the hydrogen atom abstraction to the overall kine-
tics (24). This was a significant result suggesting that allosteric
binding may regulate substrate specificity by differentially affec-
ting the microscopic rate constants of 15-hLO-1, depending on
the substrate.

In the present study, we have expanded our allosteric site
investigations to probe the allosteric effects on the mechanistic
behavior of 15-hLO-2 with AA, and demonstrate that allosteric
product binding influences the rate-limiting contributions of the
solvent-dependent, hydrogen bond rearrangement step, as pre-
viously seen for 15-hLO-1. The allosteric binding of the effector
molecule, 13-(S)-hydroxyoctadecadienoic acid (13-HODE), also
increases the binding affinity of LA to 15-hLO-2, corroborating
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our previous results that showed 13-HODE increasing the k,/
Ky of LA. In addition, we demonstrate that the allosteric binding
is pH dependent, with a pK, of 7.7, suggesting a charge
interaction between 13-HODE and a His residue. Docking
13-HODE to our 15-hLO-2 homology model, we rationally
hypothesize an allosteric binding site between the two domains
of 15-hLO-2 that contains a charged His residue.

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 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: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-1and 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 4M substrate was run to
completion, extracted twice with 300 mL of dichloromethane,
evaporated to dryness, and reconstituted in MeOH for HPLC
purification. The products were HPLC purified using an isocratic
elution of 75% A:25% B, as described above for the fatty acid
purification. All products were tested with enzyme to show that
no residual substrate was present, as well as tested using both
analytical HPLC and LC-MS/MS, demonstrating greater than
98% purity. The reduced products were purified similarly;
however, trimethylphosphite was added to selectively reduce
the peroxide to the alcohol moiety prior to purification. Purified
hydroxy products were then tested for purity by HPLC and with
enzyme to ensure no loss of lag phase by activation from residual
hydroperoxide product. Perdeuterated LA (d3,-LA) (98% deute-
rated, Cambridge Isotope Laboratories) was purified as pre-
viously described (25). The (10,10,13,13)-ds-AA (ds-AA) was
synthesized as previously described (26—28). All other chemicals
were reagent grade or better and were used without further
purification.

Overexpression and Purification of Epithelial 15- Human
Lipoxygenase-2. Human prostate epithelial 15-lipoxygenase-2
(15-hLO-2), without a Hisg-tag, was expressed and purified as
previously published (29). All enzymes were purified to greater
than 90% purity, as evaluated by SDS—PAGE analysis. Iron
content of 15-hLO-2 was determined with a Finnigan inductively
coupled plasma mass spectrometer (ICP-MS), using cobalt-
EDTA as an internal standard. Iron concentrations were com-
pared to standardized iron solutions.

Steady-State Kinetic Measurements. Lipoxygenase rates
were determined by following the formation of the conjugated
diene product at 234 nm (¢ =25000 M~ cm™") with a Perkin-
Elmer Lambda 40 UV/vis. All reactions were 2 mL in volume and
constantly stirred using a magnetic stir bar in 25 mM HEPES
buffer with substrate concentrations ranging from 1 uM to 20
uM. The pH dependency (pH 7—8) and temperature dependency
(15—37 °C) on the steady-state kinetics of 15-hLO-2 were
determined as previously described (20). Assays were initiated
with 15-hLO-2 (200—500 nM, normalized to iron content) and all
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 which were then fitted to the
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Michaelis—Menten equation using KaleidaGraph (Synergy) to
determine ke, and ke, /Ky values.

Temperature and pH Dependency on the Substrate
Specificity using the Competitive Substrate Capture Meth-
od. The competitive substrate capture method experiments were
performed as previously described (20). Briefly, reaction mixtures
of AA:LA of known molar ratio (1:1) were initiated with 15-
hLO-2 (~20 nM, normalized to iron content). The ratio of the
simultaneous product formation (15-HPETE and 13-HPODE)
by 15-hLO-2 was determined at 1 uM total substrate concentra-
tion (7-fold less than the Ky, of 15-hLO-2 with AA). The reaction
was monitored at 234 nm with a Perkin-Elmer Lambda 40 and
quenched with acetic acid, at ~5% total substrate consumption
(~0.05 uM). The acidified reaction mixture was extracted with
dichloromethane, evaporated to dryness under a vacuum, recon-
stituted in 50 uL of MeOH, and injected onto a Phenomenex
Luna (5 ym, 250 x 4.6 mm) C-18 column. The elution protocol
consisted of 1 mL/min, isocratic mobile phase of 54.9% ACN/:
45% H,0/0.1% acetic acid. The molar amount of 15-HPETE
and 13-HPODE formation was calculated by the corresponding
peak areas determined by the HPLC chromatogram. The ratio of
the peak areas was then used to determine the (kcue/ Kng) ™/ (Keat/
Ky)™* ratio, as described in our previous report (20). The
temperature dependency on the substrate specificity of 15-
hLO-2 was determined from 15—37 °C (25 mM HEPES, pH
7.5), similar to the steady-state kinetic analysis. The pH depen-
dency was determined from pH 6—7 (50 mM MES), from pH
7—8.5 (50 mM HEPES) and from pH 8.5—10 (50 mM CHES).
Assays were performed at 37 °C and at constant ionic strength
(200 mM). The 15-hLO-2 enzyme demonstrated a dramatic
decrease in activity at high pH and consequently reactions
performed at pH 9—10 could not be analyzed using HPLC.
Therefore, product turnover at pH 9—10 was analyzed using a
Finnigan LTQ liquid chromatography - tandem mass spectro-
meter (LC-MS/MS) as described below.

Determining the Effect of Perdeuterated 13-HODE on
the pH Dependency of the Substrate Specificity of 15-hLO-
2 using the Competitive Substrate Capture Method. The
competitive substrate capture reactions were carried out with
the addition of perdeuterated 13-HODE (5.0 uM) at pH 8.5 and
pH 10 (50 mM CHES, 37 °C, ionic strength = 200 mM). The
enzymatic reactions were initiated by the addition of 1 uM
substrate, after preincubation of product and 15-hLO-2
(~20 nM, normalized to iron content). The (kcar/Knt)™/(keat/
Kv)™* ratio was determined using the competitive substrate
capture method as described above; however, the reduced
products were quantitated with a Finnigan LTQ liquid chroma-
tography - tandem mass spectrometer (LC-MS/MS). The titra-
tion of 13-HODE could not be performed directly since the added
products would affect the (key/ Kng)™*/(kear/ Kni)™ ratio calcula-
tion by modifying their HPLC peaks. However, perdeute-
rated 13-HODE can be distinguished from the other LO products
using LC-MS ion peaks. A Phenomenex Synergi Hydro-RP
(4 pm, 150 x 2.0 mm) column was used to detect the reduced
LO products with an elution protocol consisting of 0.2 mL/min,
isocratic mobile phase of 59.9% ACN/40% H,0/0.1% THF.
The corresponding reduced product ion peak ratio was deter-
mined using negative ion MS/MS (collision energy = 35 eV), with
the following masses: 15-HETE, parent m/z =319, fragments m/z
=175and 219, 12-HETE, parent m/z=319, fragments m/z=179
and 257, 13-HODE, parent m/z =295, fragments m/z = 183 and
251, and perdeuterated 13-HODE, parent m/z = 325, fragments
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m/z = 213 and 281 (20). All extracted reaction mixtures were
reduced with trimethylphosphite for LC-MS/MS analysis. Simi-
lar experiments were repeated (pH 8.5) with the titration of 12-
HETE for comparison to 13-HODE data.

Competitive Kinetic Isotope Effects. The variable-tem-
perature competitive KIE for 15-hLO-2 was determined as
previously described (30—32), using 5 uM substrate mixtures of
known molar ratios (1:1) of d5;-LA:H-LA and d;-AA:H-AA, in
25 mM HEPES (pH 7.5). Reactions performed with LA were
initiated using 15-hLO-2 (~40 nM) and analyzed using HPLC,
whereas reactions performed with AA were initiated using 15-
hLO-2 (~20 nM) and analyzed using LC-MS/MS as previously
described (20). Similar experiments were performed in the
presence of 13-HODE (1 uM) to investigate allosteric effects
on KIE.

Viscosity Studies. Viscosity studies on 15-hLO-2 (~200—
500 nM, normalized to iron content) were performed as pre-
viously described for sLO-1 (33, 34). Reactions were carried out
at different relative viscosities (1.e; = 17/%o, 1, 18 the viscosity of
H,0 at 20 °C). Buffer and substrate solutions of 0, 21.5, and 30%
by weight glucose, in 25 mM HEPES buffer (pH 7.5) were
prepared corresponding to relative viscosities of 1, 2, and 3,
respectively, at 20 °C. Enzymatic measurements were performed
similarly as described in the steady-state kinetic analysis section.
Viscosity experiments were also performed at 5 and 37 °C with
AA; however, the viscosity dependency of LA could only be
discerned at 37 °C, due to very low activity below physiological
temperatures. Similar experiments were performed in the pre-
sence of 13-HODE (1 uM) to investigate allosteric effects on the
rate-limiting nature of diffusion in the enzymatic mechanism.

Solvent Isotope Effects. The solvent isotope effect was
determined by comparing the steady-state kinetic results of
assays performed in H,O and D,O under temperatures ranging
from 15—40 °C as previously described (30, 32). Reactions were
performed in 25 mM HEPES buffer at pH = 7.5 (pH meter
reading was 7.1 for D,O), and initiated using 15-hLO-2
(~200—500 nM, normalized to iron content). All kinetic para-
meters were determined as described in the steady-state kinetic
section. Experiments were performed in the presence of 13-
HODE (1 uM) to investigate allosteric affects on SIE.

Docking 13-HPODE]/13-HODE to the Surface of a 15-
hLO-2 Homology Model. The existing homology model of 15-
hLO-2 from our previous publication (20) was employed for
docking studies of 13-HODE. Similar to previous studies (35),
flexible ligand docking of the 13-HODE was performed using the
Glide (Schrodinger, Inc.) program (36, 37), which uses a modified
version of the Chemscore energy function to score the pro-
tein—ligand interactions (38). The optimized force field reduces
the net ionic charge on formally charged groups by ~50% to
make the gas-phase Coulombic interaction energy a better
predictor of binding. The charge—charge interaction is not a
qualification, but a contributor to docked poses. Molecules were
docked using the extra precision mode (XP), which uses an
optimized scoring function as well as an extensive search of ligand
conformations.

Steady-State Inhibition Kinetics of 15-hLO-2 with d3;-
LA. Steady-state inhibition kinetics of 15-hLO-2 (~300 nM,
normalized to iron content), with d5;-LA as an inhibitor, were
performed as previously described (39). The deuterated substrate
was used as an inhibitor due to its extremely slow turnover by 15-
hLO-2. At the maximum inhibition concentration (100 xM), the
rate of d3;-LA turnover was undetectable in the time frame of the
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FIGURE 2: Temperature dependence of k.,,/ Ky (open squares) and
keat (closed circles) for 15-hLO-2 with AA. Enzymatic reactions were
performed in 25 mM HEPES buffer at pH 7.5.

initial rate determination. Steady-state kinetic analysis was
performed as described above, using ds;-LA concentrations of
0 uM, 25 uM, 50 uM, and 100 uM, in the presence of Triton
X-100 (0.01%) to disrupt aggregate formation, as previously
described (39). Further inhibition investigations were performed
with 13-HODE (1 uM) added, at d3,-LA concentrations of 0 uM,
5uM, 10 uM, and 15 uM (25 mM HEPES, pH 7.5, 0.01% Triton
X-100).

RESULTS AND DISCUSSION

Mechanistic Investigations of Human 15-Lipoxygenase-
2with AA. pH Dependency of Steady-State Kinetics. The
pH dependency of 15-hLO-2 activity was investigated with AA,
at constant ionic strength (20 mM) and found to be approxi-
mately level between pH 7—8, similar to previously reported
results for other human lipoxygenases (32). The k ./ Ky values
were determined to be 0.24 + 0.06 uM ™~ 's™', 0.15 £ 0.02 uM ™!
s 1 and 0.28 +£0.04 yM_l s~ ! and k., values were determined to
be 0.624+0.03s1,0.754+0.02s ", and 0.74 +0.04 s, for pH 7,
pH 7.5, and pH 8.0, respectively (Figure 1). All subsequent
experiments were performed at physiological pH (7.5), unless
otherwise described.

Temperature Dependency of Steady-State Kinetics. 15-
hLO-2 displayed temperature dependent steady-state kinetic para-
meters with no observable autoinactivation. The k,/ Ky, normal-
ized to iron content, was determined to be 0.05 £ 0.02 yM_' s !
0.15£0.02uM ™ 's™',046£0.03uM 's71,0.75+£0.03uM s~
for 15, 22, 30, and 37 °C, respectively (Figure 2). The k., data was
determined to be 0.57 £ 0.01s™',0.75 £ 0025, 1.04 £ 0.07 s,
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1.38 £0.08 sfl, for 15,22, 30, and 37 °C, respectively. At 22 °C, the
keat/ Ky and ke, values are in excellent agreement with previously
published results (20).

Competitive Kinetic Isotope Effects. The KIE of 15-hLO-2
can only be determined with the competitive KIE method, due to
the extremely slow reactivity with deuterated AA. The observed
competitive Pkea/ Km[AA] was determined to be 28 + 5, 35 + 6,
38 + 6, and 31 £ 4, at 15, 22, 30, and 37 °C, respectively
(Figure 3). As seen in Figure 3, the magnitude of the Pkey/
Km[AA] for 15-hLO-2 is greater than semiclassical predictions,
which is indicative of a hydrogen tunneling mechanism (40—44).
Furthermore, there appears to be a slight temperature depen-
dency of the Pke,/Km[AA], possibly due to multiple rate-
determining steps; however, further experiments are required to
confirm this hypothesis (vide infra). To determine if allosteric
binding affects the KIE of 15-hLO-2, as previously seen for 15-
hLO-1 (20, 24), 13-HODE (1 uM) was added at 37 °C, but little
effect was observed (Pkea/ Km[AA] =33 + 4). This result suggests
that allosteric binding either does not affect the nature of the
RDS or the change is so small in comparison to the observed KIE
that it is not measurable.

Viscosity Studies. To probe the presence of multiple RDSs,
viscosity experiments were performed as previously described for
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FIGURE 5: Temperature dependence of the SIE for 15-hLO-2 with
AA as substrate: ke, (close squares) and ke, /Ky (open circles).
Enzymatic assays were performed in 25 mM HEPES buffer (pH 7.5).

sLO-1 (30, 34). From Figure 4, the reaction rate of 15-hLO-2 with
AA at 37 °C demonstrates 50 + 3% viscosity dependence,
decreasing to 35 + 2% and 2.5 + 0.3% at 20 and 5 °C,
respectively (Figures S1 and S2, Supporting Information) in-
dicating that diffusion is partially rate limiting in the reaction,
which decreases in significance with temperature. There is a slight
increase in the k. [AA] with decreasing viscosity at 37 °C
(~6.2%), which was also observed for sLO-1 (~10%), demon-
strating that the viscogen does not inhibit 15-hLO-2 (30). It
should be noted that previous viscosity experiments with 12-hLO
and 15-hLO-1 could not be performed due to inhibition by the
viscogens (32). To test if allosteric binding affects the rate-limiting
nature of the diffusion step, the viscosity dependency measure-
ments were also performed in the presence of 13-HODE (1 uM)
at 37 °C, which demonstrated no effect, within error (57 + 5%,
data not shown).

Solvent Isotope Effects. The solvent isotope effect depen-
dency experiments demonstrated an inverted k.,/ Km[AA] SIE of
0.70 & 0.09 for 15-hLO-2 at 15 °C, which saturates at 1.3 £ 0.2,
between 22—37 °C (Figure 5). The k. [AA] SIE was nearly
reciprocal of the k¢, /Km[AA] SIE data, demonstrating a normal
solvent dependence of 1.3 £ 0.1 at 15 °C, which decreased to
0.73 £ 0.04 at 37 °C (Figure 5).

To determine if allosteric binding affects the solvent depen-
dency of 15-hLO-2, as previously seen for 15-hLO-1 (20), 13-
HODE (1 uM) was added to the SIE[AA] assay at 10 and 37 °C.
The binding of 13-HODE abolished the SIE, demonstrating a
keal AA] SIE 0f 0.91 £0.05 and a k..o/ KM[AA] SIE 0f 0.9 £ 0.3 at
37°Cand a k., [AA]SIE of 1.05 £ 0.09 and a kc,/ K, J[AA] SIE of
1.0 & 0.2 at 10 °C. These results indicate that upon allosteric
binding of 13-HODE, the rate-limiting nature of the solvent
dependency is eliminated, similar to that seen for 15-hLO-1
with AA (24).

Summary of 15-hLO-2 with AA as Substrate. The large
observed Pk, /Ky that 15-hLO-2 displays for AA indicates that
the H-atom abstraction occurs through a tunneling mechanism,
similar to that seen for 15-hLO-1 with AA (24). The slight
lowering of the observed KIE at high temperature appears to
be due to both diffusion and hydrogen-bond rearrangements
becoming increasingly rate-limiting. At low temperature, how-
ever, the nature of the RDS for k., /Ky is distinct, manifesting
only a slight decrease in KIE, with little contribution from
diffusion and an inverted SIE. These data suggest that the
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FiGuRre 6: pH dependence of the substrate specificity for 15-hLO-2,
using the competitive substrate capture. Enzymatic assays were
performed at 1 uM substrate concentrations in 50 mM MES (pH
6—7), 50 mM HEPES (pH 7-8.5), 50 mM CHES (pH8 0.5—10) at
37°C and constant ionic strength (200 mM). Fitting the data revealed
a pKa(app) =177+0.1.

substrate capture (ko / Ky) for 15-hLO-2 with AA is rate-limited
by three steps (diffusion, hydrogen bonding rearrangement,
and hydrogen atom abstraction) at physiological temperature
(37 °C): however, the small temperature dependence of Pka/Ky
is perplexing since the large effect in viscosity and in SIE would
have suggested a greater effect should be observed, as seen for
sLO-1 (30). This muted temperature dependence was also
observed with the addition of 13-HODE, which removed the
SIE but did not affect the observed Pkey/Kn. We currently do
not have a biochemical explanation for this discrepancy, but we
partially attribute it to the inherent degree of error in our LC-MS
method as compared to the HPLC method. We are currently
optimizing our LC-MS method in the hopes of probing these
results further.

With respect to the inverted SIE with AA as substrate, our
laboratory previously observed an inverted SIE with a sLO-1
mutant, Q697E, which we interpreted as being due to the catalytic
Fe'"-OH species, which abstracts the hydrogen atom (45). This
explanation appears not to be appropriate for 15-hLO-2 since the
allosteric effector, 13-HODE, reverts the SIE to unity but does
not affect the KIE value. If the inverted SIE were due to the Fe''-
OH species of 15-hLO-2, then the rate-limiting nature of the
abstraction (i.e., the KIE) should decrease as the magnitude of
the inverted SIE changes since they are due to the same chemical
species, the Fe'"OH. This was not observed, so the inverted SIE
appears to be due to a different chemical species than the Fe''-
OH. In the literature, inverted SIEs are most commonly asso-
ciated with nucleophilic cysteines (46—48), but no cysteines have
been implicated in the mechanism of the LO family of isozymes,
even though there are two cysteine residues in the active site of the
15-hLO-2 homology model, C549 and C564, with the former
being conserved within most human LOs. Inverse SIE values can
also be caused by thermodynamic effects (49, 50). The acid
dissociation constants of D,O and H,O can be different, with the
pK, of some amino acid side chains increasing as much as ~0.4
units in D»0O. If a critical amino acid is partially protonated (its
pK, being slightly below the pH of the SIE experiment, pH="7.5),
then in D,0O the residue will be partially deprotonated, which
could affect the enzymatic rate and lead to an inverse SIE.
Another possible explanation is that in the absence of 13-HODE,
15-hLO-2 is partially unfolded at low temperatures, which could
potentially have a different fractionation factor than the folded
state (the fractionation factor of a hydrogen bonded amide
backbone is approximately 1.1 (57)). If the binding of 13-HODE
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FiGURE 7: (a) 15-hLO-2 homology model docked with 13-HODE (space filling model) in the proposed allosteric site. Figure generated with
Pymol. (b) Magnified view of 15-hLO-2 homology model docked with 13-HODE (stick model) in the proposed allosteric site, depicting hydrogen
bonding interactions of the carboxylate of 13-HODE with H627 and its alcohol moiety with R407 and Y408. Figure generated with Pymol.

leads to a conformational change which results in the formation
of a strong hydrogen bond, then this step could lead to an inverse
SIE (52, 53). We are currently investigating these hypotheses
further with pH dependence, proton inventory, mutantional and
denaturation experiments, in the hopes of understanding the
inverse SIE in more detail.

Mechanistic Investigations of Human 15-Lipoxygenase-
2 with LA. Competitive Kinetic Isotope Effects. The
observed competitive chat/KM values for 15-hLO-2 with LA
were determined to be approximately temperature independent,
with an average chat/KM[LA] value of 45 £+ 3 (Figure 3);
however, there is a high degree of error in each individual
temperature point, which could mask a slight temperature
dependence. Unfortunately, performing steady-state viscosity
and solvent dependency measurements to confirm the presence
of multiple rate-limiting steps is not possible due to the low rate of
reaction (ke,) with LA. A high concentration of enzyme is
required for LA kinetics, which approaches the substrate con-

centration and consequently leads to kinetic conditions that
violate the steady-state approximation. Nonetheless, the magni-
tude of the observed chat/KM[LA] indicates that the hydrogen
atom abstraction occurs through a tunneling mechanism, as seen
with AA.

Substrate Specificity and Allosteric Binding Investiga-
tions. Temperature and pH Dependency Studies. The
(keat/ Kng) ™ /(kea/ Kn) ™ ratio was determined to be temperature
independent (2.1 £ 0.1 at 15°C,2.2+0.2at22°C,2.5+ 0.2 at
30 °C and 2.4 £+ 0.1 at 37 °C (25 mM HEPES, pH 7.5, ionic
strength = 200 mM)); however, the (kcat/KM)AA/(kcal/Kl\,[)LA
ratio did show a significant dependence on pH (Figure 6).

The (keat/Knt) ™ (kea/ Kr)™" ratio increased from 1.4 4 0.3 at
pH 6.0 to 4.5 £ 0.5, at pH 10 (Figure 6). This value is lower than
that observed with steady-state kinetics ((kcat/KM)AA/(kcat/
Ky)™ ratio =8 £ 1 (20), which we attribute to the inaccuracies
of the steady-state method. As stated above, the amount of 15-
hLO-2 needed for measurable rates with LA as substrate is such
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FI1GURE 8: Steady-state inhibition kinetics data for the determination of K; and K; for 15-hLO-2 with d5;-LA as an inhibitor, with and without 13-
HODE addition. (A) Kniapp)/kcat(i) (slope) versus [d3-LA] uM is the secondary replot of inhibition data used to determine K;. Without 13-HODE
addition K; = 17 & 3 uM (open circles) and with 13-HODE addition (1 uM) K; = 5 £ 1 uM (closed squares). (B) 1/kcq) (y-intercept) versus d;-
LA uM is a secondary replot of inhibition data used to determine K;. Without 13-HODE addition K; = 149 £ 10 uM (open circles) and with 13-
HODE addition K is not observed (closed squares). Enzymatic assays were performed in 25 mM HEPES (pH 7.5) at 22 °C with AA as substrate.

that it is of comparable concentration as the substrate, leading to
a high degree of error. Therefore, we consider the value of 4.5 +
0.5 to be more accurate since it was done with our competitive
method. The pK, value was determined by fitting the data toeq 1
(Figure 6), which is derived from a simple acid dissociation
equilibrium (54):

Y = (1.34(4.65 x 10%79)) /(1410 ~2) (1)

where 1.3 and 4.65 are the end points of the fit, Y is the (kca/
K (kea/ Kn)™ ratio, X is the pH of the system and Z is
the calculated pK,. The fitted data from Figure 6 indicates a
PKagapp) = 7.7 £0.1.

This observed pH dependency of the substrate specificity,
coupled with our previous data which demonstrated that perdeute-
rated 13-HPOD, at pH 7.5, had no effect on the substrate specificity
ratio, lead us to suspect that pH may be affecting the binding
affinity of 13-HODE to the allosteric site, presumably via a
hydrogen bonding interaction. To test this hypothesis, perdeuer-
ated 13-HODE (100 nM) was added at pH 8.5 and pH 10, and the
(kca/ Kng) ™ (K car/ Knp) = decreased from 4.6 + 0.8 to 1.8 +0.3 and
from 4.8 £ 1.0 to 1.9 £ 0.3, respectively. This effect was not seen
with the addition of 2 uM of 12-HETE (pH 8.5), supporting the
hypothesis that 13-HODE binding to the allosteric site is affecting
this change.

The above data allows an approximation of the binding
coefficient of 13-HODE to the allosteric site at the two extremes
of the pH titration curve. Given that the addition of 13-HODE
has no effect on the substrate specificity at pH 7.5 and below, and
that the AA/LA ratio is markedly greater under steady-state
conditions (20), these data suggest that the allosteric site is
saturated. Since the competitive assay is stopped at 50 nM
product production (5% of 1 uM) and 13-HODE is only 40%
of the total product formed ((kcm/KM)AA/ (km/KM)LA =1.5), then
the maximal concentration of 13-HODE in solution is 20 nM.
Since the site appears to be saturated at this 13-HODE concen-
tration, then we estimate the Kp, to be approximately 5 nM. This
value is at least 200-fold less than that of 13-HODE binding to 15-
hLO-1, which is 1 uM (20). At pH 8.5 and above, 100 nM of 13-
HODE is sufficient to saturate the allosteric site, suggesting a Kp
of approximately 50 nM. This approximate 10-fold difference in
Kp upon pH titration of 15-hLO-2 represents a AG® of ~1.4 kcal/
mol. This value, along with the pK, of the titration curve

(PKaappy = 7.7 £ 0.1), is consistent with a solvent exposed
histidine hydrogen bonding to the carboxylate of the 13-HODE.
Docking 13-HPODE/13-HODE to the 15-hLO-2 Homol-
0gy Model. Assuming the protonation state of a solvent exposed
histidine was responsible for the varying affinity of 13-HPODE/
13-HODE, a 15-hLO-2 homology model was employed to
determine the location of the allosteric site. Visual analysis of the
homology model enabled the selection of seven solvent exposed
histidines to be used in a docking study (H160, H368, H376,
H394, H396, H405, H411, and H627). The protonation state of
the seven histidines was altered manually to provide the overall
+1 charge on the histidine side chain in the 15-hLO-2 homology
model. Separate docking grids were created for each of the seven
histidines and 13-HPODE was docked to each corresponding
model. Only three models were able to accommodate 13-HPODE
in the alternative binding pockets based on the grids centered
around H376, H394, and H627. Of these, only the poses centered
on H627 provided an interaction between the carboxylic moiety
of 13-HPODE and the +1 charged histidine. 13-HODE was also
docked to this site and found to have an additional bifurcated
hydrogen bond with residue R407 and Y408 (Figure 7).

Steady-State Inhibition Kinetics of 15-hLO-2 with d3;-
LA. As discussed in Materials and Methods, 15-hLO-2 activity
against d3;-LA is undetectable in the time frame of our steady-
state experiments. Therefore, d3;-LA was utilized as an inhibitor
for steady-state inhibition studies, allowing the Kyj(pp) and
keatapp) Values with AA as substrate to be obtained at various
d3-LA concentrations (plots not shown). The addition of d5,-LA
manifested linear mixed-type inhibition toward 15-hLO-2, de-
monstrating a K; and K{ (55). The K; and K; are defined as the
equilibrium constants for the dissociation of inhibitor from the
catalytic site and a secondary site (presumably the allosteric site),
respectively (15, 20). The Kyapp)/kearciy versus [ds-LA] uM plot
yielded a K; of 17 £ 3 uM, and the 1/kcy) versus [d3-LA] plot
yielded a K; of 149 £+ 10 uM (Figure 8, panels A and B,
respectively), indicating a nearly 10-fold difference in affinities
between the catalytic and secondary site.

To test whether the secondary binding site of LA is the same as
the allosteric binding site, the inhibition studies were also
performed in the presence of 13-HODE (1 uM) to saturate the
allosteric site (pH 7.5). The data demonstrated that the mode of
inhibition of ¢3;-LA, in the presence of 13-HODE, changed from
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mixed-type inhibition to competitive inhibition with a K; of 5 £
1 uM (Figure 8A,B). Considering that the Kp of 13-HODE for
the allosteric site is approximately S nM (pH 7.5), there is nearly a
30000-fold difference in affinity for the allosteric site between 13-
HODE and the substrate, LA (~5nM vs ~150 uM, respectively).
This is remarkable given the structural similarities between 13-
HODE and LA; however, it is consistent with our previous result
which showed the allosteric site in SLO-1 discriminating between
similar inhibitors, oleyl sulfate and palmitoleoyl sulfate, by ~230-
fold (56). This result is also consistent with our allosteric binding
model, which demonstrates hydrogen bonds between the 13-
HODE alcohol and R407/Y408, which is not possible with LA.
Furthermore, the binding of 13-HODE to the allosteric site
decreased the K; from 17 £ 3 uM to 5 £ 1 uM, which
corroborates our previous observation of a nearly 2-fold decrease
in the Ky, for LA with 13-HPODE activated enzyme (20). This
result indicates that the allosteric effector, 13-HODE, changes the
conformation of 15-hLO-2 such that substrate affinity toward
LA is significantly increased. These findings are distinct from the
findings of COX, which manifests a change in conformation only
after substrate binding (57).

CONCLUSION

Our laboratory has been interested in the allosteric regulation
of LO activity since our initial discovery of the allosteric site on
sLO-1 and 15-hLO-1 (15). Since the original findings, we have
demonstrated the existence of an allosteric, product-feedback
loop which directly affects the substrate specificity of both 15-
hLO-1 and 15-hLO-2 (20). In the case of 15-hLO-1, the allosteric
effector not only changes the substrate specificity but also the
nature of the rate-limiting contributions of the individual steps in
the reaction mechanism (24). In the current work, we have
extended this investigation to 15-hLO-2 and present isotopic
effect, pH, and substrate inhibitor data, which probe the allo-
steric affects on the functional behavior of 15-hLO-2.

The Pkey /Ky for 15-hLO-2, with AA and LA as substrate, is
large indicating hydrogen atom abstraction as a principal RDS
and that there is a tunneling mechanism for both substrates. In
addition, there are multiple RDSs for AA at both high and low
temperature, with both diffusion and hydrogen bonding rear-
rangements contributing at high temperature, but only hydrogen
bonding rearrangements contributing at low temperature.
The observed kinetic dependency on the hydrogen bonding
rearrangement is eliminated upon addition of the allosteric
effector, 13-HODE, and no allosteric; however, no allosteric
effects were seen on diffusion or hydrogen atom abstraction.
These results are similar to those with 15-hLO-1, which also
manifests a solvent dependency of the RDS, which is eliminated
upon binding of an allosteric effector (12-HETE), suggesting that
the structural change upon allosteric effector binding may be
similar between the two isozymes. Interestingly, the allosteric site
conformation changes of 15-hLO-2 not only affect the solvent
dependency of the RDS, but also the affinity for substrate, as seen
by the decrease in K; for d5;-LA. These results corroborate our
original findings which demonstrated that the addition of 13-
HODE increased the ke, /Ky of LA (20). We speculate that
allosteric binding may be locking the enzyme into a catalytically
competent state, which facilitates binding of LA and decreases
the (kcal/KM)AA/(kcal/KM)LA ratio.

A notable difference between the allosteric behavior between
15-hLO-1 and 15-hLO-2 is the pH dependence of their substrate
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specificity. For 15-hLO-1, there is no effect of pH (data not
shown), but for 15-hLO-2, there is a large pH effect. In fact, the
pH dependency can be fit with a titration curve (pK, = 7.7),
suggesting the protonation of a histidine residue, which could
hydrogen bond with the carboxylate of 13-HODE. Assuming this
interaction, 13-HODE was docked to the solvent exposed
histidines of our 15-hLO-2 homology model and found to have
a chemically reasonable interaction with H627 (Figure 7B). This
proposed allosteric site is ~15 A from the edge of the active site
and is located between the two domains, which could affect the
enzymatic activity through domain—domain interactions, since
removal of the beta-domain has been shown to affect sLO-1
catalysis (58). We are currently generating mutants of H627,
R407, and Y408, in order to confirm or refute the location of the
allosteric site and its molecular mechanism for changing substrate
specificity.

Finally, the magnitude of the 13-HODE Kp for 15-hLO-2 is
over 200-fold lower than that of 12-HETE and 13-HODE for 15-
hLO-1. This observation may have important implications in the
cell since very small amounts of 13-HODE have large effects on
the substrate specificity of 15-hLO-2. It has been hypothesized
that 15-hLO-2 is antitumorigenic due to its high level of expres-
sion in normal tissue (59) and the fact that 15-hLO-2 produces
mainly 15-HETE (kea/Knt)™/(kea/ Kni)™ ratio = 4.5), which is
antitumorigenic (60, 61). Interestingly, the current data indicate
that at small levels of 13-HODE (5 nM), the (kca/ Knt)™/(kca/
Ky)™* ratio of 15-hLO-2 changes to 1.9, which would alter the
LO product distribution by increasing the production of the pro-
tumorigenic 13-HPODE (61, 62). This effect possibly represents a
pro-tumorigenic feedback loop for 13-HODE against 15-hLO-2,
which we are currently investigating directly in cancer cells.
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