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ABSTRACT: Lipoxygenases, important enzymes in inflammation, can regulate their
substrate specificity by allosteric interactions with their own hydroperoxide products. In
this work, addition of both 13-(S)-hydroxy-(9Z,11E)-octadecadienoic acid [13-(S)-
HODE] and 13-(S)-hydroperoxy-(6Z,9Z,11E)-octadecatrienoic acid to human epithelial
15-lipoxygenase-2 (15-LOX-2) increases the k./Ky substrate specificity ratio of
arachidonic acid (AA) and y-linolenic acid (GLA) by 4-fold. 13-(S)-HODE achieves this
change by activating k,./Ky** but inhibiting k,./Ky“"*, which indicates that the allosteric
structural changes at the active site discriminate between the length and unsaturation
differences of AA and GLA to achieve opposite kinetic effects. The substrate specificity
ratio is further increased, 11-fold in total, with an increase in pH, suggesting mechanistic
differences between the pH and allosteric effects. Interestingly, the loss of the PLAT
domain affects substrate specificity but does not eliminate the allosteric properties of 15-
LOX-2, indicating that the allosteric site is located in the catalytic domain. However, the
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removal of the PLAT domain does change the magnitude of the allosteric effect. These data suggest that the PLAT domain
moderates the communication pathway between the allosteric and catalytic sites, thus affecting substrate specificity. These results
are discussed in the context of protein dimerization and other structural changes.

Lipoxygenases (LOX) represent a class of non-heme iron-
containing enzymes that catalyze the stereospecific
peroxidation of polyunsaturated fatty acids (PUFAs) containing
at least one 1,4-cis-pentadiene moiety.' * There are three main
types of human LOXs, 5-LOX, 12-LOX, and 15-LOX, that are
named according to their positional specificity with arachidonic
acid (AA).® The crystal structures of two mammalian LOXs
indicate a single polypeptide chain folding into a two-domain
structure.”® The C-terminal catalytic domain consists of
primarily a-helices and possesses the catalytic site, with the
as-isolated non-heme ferrous ion, which is coordinated by water
and endogenous ligands. The smaller N-terminal domain
consists of primarily -sheets and resembles the C2 domain of
human lipases, known as PLAT domains (polycystin-1,
lipoxygenase, a-toxin),” and has been implicated in membrane
binding'®"" and autoinactivation.">"

Humans ingest and/or synthesize more than seven important
fatty acids that are substrates to the six human LOX isozymes,
as well as to cyclooxygenase (COX) and cytochrome P450."*
This complex web of interactions translates into an extensive
list of possible LOX/COX/P450 products in the body, of
which only a fraction are fully understood from a biological
perspective. The LOX endogenous products differ in the
carbon chain length, the number and position of unsaturation
points, and the degree of oxidation, depending on the fatty acid
substrate and LOX isozyme. Many of these LOX products are
biologically active compounds that not only mediate cellular
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pathways directly but also act as precursors for potent chemical
mediators, such as leukotrienes,'>*® resolvins,'” lipoxjns,lg_22
and protectins.'”'® Regulation of the production of these LOX
products involves a variety of cellular mechanisms,'® with
allostery emerging as one of the more intriguing pathways,
because of its effect on substrate specificity.”>**

Allostery is the means by which cells communicate the effects
of the physical interactions of their machinery, such as proteins,
nucleotides, and small molecules. Because allostery is
fundamentally thermodynamic in nature, the communication
across a particular protein can be mediated by both
conformational and dynamic fluctuations.” Typically, an
allosteric effector regulates the activity of an enzyme, as is the
case with phosphofructokinase-1 (PFK-1), where ATP inhibits
activity and AMP increases activity.”* > However, in a few
cases, allostery can regulate substrate specificity. The most
notable system is that of ribonucleotide reductase (RNR),
which produces deoxynucleotides from ribonucleotides.” "
RNR must maintain proportional concentrations of the four
deoxynucleotides in the cell and utilizes allostery to do this.
RNR regulates its enzyme activity for a particular ribonucleo-
tide by binding a deoxynucleotide, such as GDP or dTTP. The
binding of the deoxynucleotide effector molecule to the
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specificity site alters the structure of a shared loop with the
catalytic site, thus altering RNR’s substrate specificity from 2- to
10-fold.>!

5-LOX was the first LOX isozyme to be shown to possess
allostery,32_35 with calcium and ATP activating its V,,,./Ky by
>25-fold.*> The substrate specificity was also affected by
calcium and ATP, with the V_, /Ky ratio of AA/EPA
increasing 1.8-fold.*® With respect to the human 15-LOXs,
our laboratory first observed that the kinetic isotope effect of
15-LOX-1 increased with the addition of oleyl sulfate,
suggesting a ternary complex and allostery.®® It was then
observed that LOX products changed the substrate specificity
for both 15-LOX-1 and 15-LOX-2.**** For 15-LOX-1, it was
shown that 13-(S)-HODE, the product of 15-LOX with linoleic
acid (LA), increased the k. /Ky /A substrate specificity
ratio.”* 13-(S)-HODE also affected the kinetics of 15-LOX-2;
however, the effect was more complicated. 13-(S)-HODE
appeared to have a tighter affinity for 15-LOX-2 than for 15-
LOX-1, and the allosteric effect was pH-dependent. It was
observed that the pH increased the k. /Ky*/™* substrate
specificity ratio of 15-LOX-2, yielding a pH titration curve (pK,
of 7.7 + 0.1), which suggested the possible involvement of a
histidine residue.”*>* On the basis of these data, homology
modeling indicated that the possible location of the allosteric
site could be between the catalytic domain and the PLAT
domain, with His627 at the bottom of the cleft to interact with
the carboxylic acid of 13-(S)-HPODE.** As mentioned above,
the PLAT domain of LOX is important for membrane
association, because removal of the PLAT domain from various
LOX orthologues produced a decrease in liposome affin-
ity.">'>3773% The loss of the PLAT domain also lowered the
activity for almost all the LOX isozymes investigated; however,
the PLAT domain was not implicated in affecting substrate
specificity. Given the pH dependency of 15-LOX-2’s substrate
specificity and the importance of allostery due to the availability
of various LOX substrates in the cellular milieu, this work
investigated the kinetic nature of 15-LOX-2’s allostery and its
pH dependence more thoroughly. In addition, the location of
the allosteric site was further probed by removal of the PLAT
domain, and its effects on the catalytic and allosteric response
of 15-LOX-2 were probed.

B MATERIALS AND METHODS

Materials. All the commercial fatty acids were purchased
from Nu Chek Prep, Inc., and Sigma-Aldrich Chemical Co. The
fatty acids were further repurified using a Higgins HAISIL (S
um, 250 mm X 10 mm) C-18 column. An isocratic elution of
85% A (99.9% methanol and 0.1% acetic acid) and 15% B
(99.9% water and 0.1% acetic acid) was used to purify all the
fatty acids. Postpurification, the fatty acids were stored at —80
°C for a maximum of 6 months. Different lipoxygenase
products were generated by reacting fatty acids with the
appropriate LOX isozyme, such as 13-(S)-HPODE from
soybean LOX-1 with LA and 13-(S)-HPOT:E (y) from 1S-
LOX-2 with p-linolenic acid (GLA). Briefly, the protocol
involved reacting 50 yM substrate to completion with the
enzyme in 500 mL of reaction buffer. A small sample from the
large reaction was monitored on the UV spectrometer until
complete turnover had been achieved. The products were then
extracted using dichloromethane, reduced with trimethyl
phosphite, evaporated to dryness, and reconstituted in
methanol. The products were purified via high-performance
liquid chromatography using an isocratic elution of 75% A
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(99.9% methanol and 0.1% acetic acid) and 25% B (99.9%
water and 0.1% acetic acid). The purities of the products were
tested using liquid chromatography and tandem mass
spectrometry and found to be >98%. All other chemicals
were of high quality and used without further purification.
Overexpression and Purification of 15-LOX-2 and 15-
LOX-2NPHAT purification of wild-type 15-LOX-2 (15-LOX-2)
and the 15-LOX-2 PLAT domain truncation mutant (15-LOX-
2NOPLATY was conducted using a construct encoding a fusion
protein consisting of an N-terminal Hisg tag fused to maltose
binding protein (MBP). The parent plasmid used in these
studies, pVP68K, is available from the Protein Structure
Initiative Materials Repository (http://www.psimr.asu.edu).
The 15-LOX-2 fusion and the 15-LOX-2NPMT fusion were
expressed using the pVP68K-102188 and pVP68K-Ndeltal88
plasmids, respectively, in Escherichia coli BL21(DE3), where the
first 118 amino acids were removed for the truncated enzyme,
15-LOX-2N"AT For expression of the proteins, the host cells
were grown to an OD of 0.6 at 37 °C, induced by decreasing
the temperature to 20 °C, and grown overnight (16 h). The
cells were harvested in 2 L fractions at a velocity of 5000g and
then snap-frozen in liquid nitrogen. The cell pellets were
resuspended in buffer A [25 mM Hepes (pH 8) and 150 mM
NaCl] and lysed using a power laboratory press. The cellular
lysate was centrifuged at 40000g for 25 min, and the
supernatant was loaded onto an NTA-Ni affinity column.
The column was washed with 15 mM imidazole in buffer A,
followed by elution with 250 mM imidazole in buffer A (no
NaCl). For 15-LOX-2, the fractions were collected, pooled
together, and then dialyzed in 25 mM Hepes (pH 7.5)
containing 150 mM NaCl, followed by overnight treatment
with His¢-TEV protease at 4 °C. For 15-LOX-2N"MT the
pooled fractions were dialyzed for 1 h against 25 mM Hepes
(pH 7.5). It was then removed from the dialysis bag and
cleaved with Hiss-TEV protease for 1.5 h, followed by a second
dialysis for 1 h in 25 mM Hepes (pH 6.5) containing 150 mM
NaCl The use of TEV protease was as previously described.*’
The proteolyzed 15-LOX-2 sample was applied to an NTA-
Co* column and eluted in buffer A containing 15 mM
imidazole. However, the proteolyzed 15-LOX-2NP"T protein
required a different procedure, which entailed an NTA-Ni**
column and then an amylose column to bind residual MBP-
tagged proteins. Both of these procedures were found to yield a
>90% pure protein. It should be noted that after TEV cleavage,
an unnatural serine is left on the N-terminus of both 15-LOX-2
proteins. The resulting nontagged 15-LOX-2 and 15-LOX-
2NOPLAT wvere concentrated by ultrafiltration (30 kDa molecular
mass cutoff), combined with glycerol to yield a concentration of
20% (v/v), and then snap-frozen under liquid nitrogen.
Overexpression and purification of soybean LOX-1 followed a
protocol outlined previously.*' The enzyme purity for all the
isozymes was evaluated by sodium dodecyl sulfate—polyacry-
lamide gel electrophoresis (SDS—PAGE). The iron content of
the LOX enzymes was determined with a Thermo Element XR
inductively coupled plasma mass spectrometer (ICP-MS), using
scandium (EDTA) or cobalt (EDTA) as an internal standard.
Iron concentrations were compared to standard iron solutions.
All the kinetic data were normalized to the iron content. The
protein concentration was determined using the Bradford assay,
with bovine serum albumin (BSA) as a protein standard.
Briefly, Bradford protein dye reagent was diluted 1:5 using
deionized water. Different solutions of BSA in deionized water
were prepared, at concentrations ranging from 0 to 1 mg/mL
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Table 1. Comparison of the Kinetic Parameters of 15-LOX-2 with Various Substrates at pH 7.5 and 8.5°

Kot/ Knt (MM_I S_l)

Keat (S_l)

pH 75 pH 8.5 pH 75 pH 8.5
GLA 0.64 + 0.02 0.37 £ 0.03 1.8 + 0.03 1.1 £ 0.02
AA 0.40 + 0.02 0.76 + 0.06 1.5 £ 0.03 2.0 + 0.04
DGLA 0.26 + 0.04 0.49 + 0.08 1.5 £ 0.08 1.8 £0.1
EPA 0.72 £+ 0.03 14 £+ 0.07 2.1 £ 0.02 2.8 + 0.04
AA/GLA 0.63 + 0.04 2.1 +0.03 0.83 + 0.02 1.8 + 0.05
AA/DGLA 1.5+02 1.6 + 0.3 0.99 + 0.06 1.1 £ 0.07
AA/EPA 0.56 + 0.04 0.54 + 0.0 0.71 + 0.02 0.72 £ 0.02

“Enzymatic assays were performed in 25 mM Hepes at 22 °C.

(linear range of the assay for BSA). Diluted Bradford reagent
and BSA stocks were mixed in a 50:1 ratio, vortexed, and
incubated for S min. Similarly, protein samples with diluted
Bradford reagent were made in duplicate. All the samples were
then spun down, and the absorbance was recorded at 595 nm
on Perkin-Elmer Lambda 40 instrument. The concentration of
the proteins was extrapolated from the standard curve of BSA.

Effect of pH Using the Competitive Substrate Capture
Method. The competitive substrate capture method experi-
ments were performed on the AA—LA substrate pair at pH 7.5
and 8.5 with 15-LOX-2 (from the SF9 and E. coli expression
system) and 15-LOX-2VPMAT ysing the previously described
protocol.”® Briefly, the AA—LA mixture was prepared with a
molar ratio of 1:1. The reaction was initiated by adding (all
normalized to Fe content) ~20 nM 15-LOX-2 (E. coli), ~50
nM 15-LOX-2 (SF9), and ~90 nM 15-LOX-2N"LAT t0 2 30 mL
reaction cuvette [25 mM Hepes (pH 7.5 or 8.5)] at room
temperature, with a total substrate concentration of 1 uM. The
reaction was quenched at 5% substrate turnover using 1%
glacial acetic acid. The reaction mixture was then extracted with
DCM and evaporated to dryness under vacuum. The dried
sample was reconstituted in 100 yL of methanol, centrifuged,
and stored at —20 °C. The substrate capture ratio (k../Ky) of
AA and LA was determined from the peak areas and
normalized on the basis of the ratio of the substrates present
in the initial mixture.

Effect of pH on the Steady-State Substrate Specificity
Kinetics. Lipoxygenase activity was assayed spectrophoto-
metrically (Perkin-Elmer lambda 40) by monitoring an increase
in absorbance at 234 nm due to formation of a conjugated
diene product (e 25000 M~' ecm™'). The reaction was
conducted in 25 mM Hepes buffer (pH 7.5 or 8.5), at a
constant ionic strength of 200 mM, at room temperature, in a
final reaction volume of 2 mL, and at substrate concentrations
ranging from 1 to 20 uM. Assays were initiated by adding 45—
§S nM 15-LOX-2 and 100—200 nM 15-LOX-2N°PHAT
(concentration normalized to iron content) and were
constantly stirred using a magnetic stir bar. Assays for the
different substrates were performed on the same day to allow a
direct comparison and minimize error between AA and GLA
data. The substrate concentrations were quantitatively
determined by allowing the enzymatic reaction to go to
completion. Initial rates were recorded at each substrate
concentration and fit to the Michaelis—Menten equation
using KaleidaGraph (Synergy) to determine k., and Ky values.

Effect of LOX Products on Steady-State Substrate
Specificity Kinetics. GLA steady-state kinetics experiments
were performed in the presence of two different lipoxygenase
products, 13-(S)-HODE and 13-(S)-HOTrE(y) at pH 7.5 and
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8.5 with product concentrations of 0, 5, 15, and 30 M. For the
AA Kkinetics, initially the effect of both the products was tested
with and without 15 M 13-(S)-HODE and 13-(S)-HOTrE(y)
at both pH values. Further, the effect of 13-(S)-HODE on AA
kinetics was investigated in detail at lower concentrations of 13-
(S)-HODE of 0, 1, 3, and S uM at pH 7.5. Enzymatic assays
were conducted using the same conditions mentioned above
(25 mM Hepes, pH 7.5 or 8.5, a constant ionic strength of 200
mM, and room temperature). The enzyme was incubated with
product first (15 s), to facilitate their interaction, followed by an
initiation of the reaction via addition of the substrate. The plots
of Ky and k,/Ky; versus product concentration were fit to the
hyperbolic inhibition equations (vide infra).

CD Half-Transition Temperature Measurements. Pro-
tein unfolding was monitored by CD measurements at 220 nm
using an AVIV model 62DS CD spectrometer in a 0.1 cm
quartz cuvette. Both 15-LOX-2 and 15-LOX-2N"MAT samples
(volume of 200 uL) consisted of S uM enzyme, 25 mM Hepes,
and 150 mM NaCl (pH 7.5). Measurements were taken
between 10 and 80 °C, at intervals of 5 °C, except close to T,
where the intervals were decreased to 2 °C. Each temperature
recording occurred after a 10 min equilibration period.

B RESULTS AND DISCUSSION

Overexpression and Purification of 15-LOX-2 and 15-
LOX-2NoPYAT Methods developed for structural genomics
studies of eukaryotic proteins were applied to the expression
and purification of 15-LOX-2 and 15-LOX-2NAT 2 After low-
temperature growth for 16 h (20 °C) and no IPTG induction,
approximately 40 mg of the Hisg-MBP fusion protein per 2 L of
medium was isolated, at approximately 80% purity after the first
IMAC column. After cleavage of the Hisg-MBP tag with TEV
protease,** and subtractive IMAC, approximately 75% of the
15-LOX-2 and 15-LOX-2NPHAT were recovered, giving a final
yield of approximately 30 mg of pure protein per 2 L of culture
medium. The final proteins isolated from E. coli were 90% pure
as judged by SDS—PAGE, which was comparable to the purity
previously achieved using the SF9 expression system.*
However, ICP-MS data indicated that 15-LOX-2 and 15-
LOX-2N°PMAT had jron contents ranging from 25 to 45%, which
are greater than those of our previous SF9 15-LOX-2
preparations.”>**** The steady-state kinetics of this E. coli
preparation of 15-LOX-2 was also compared to that of the SF9
preparation and found to be significantly more active per active
site iron (Table 1).** With AA as a substrate, the k_,, was 2-fold
greater and the k./Ky 4-fold greater than that of the SF9
preparation of 15-LOX-2.>*** Therefore, the unique benefits of
this expression—purification method were its high yield in E.
coli, its increased metal content, and its increased activity.

dx.doi.org/10.1021/bi4010649 | Biochemistry 2013, 52, 8026—8035
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Figure 1. Structures of AA, LA, 13-(S)-HODE, GLA, and 13-(S)-HOTTE(y).

Table 2. Comparison of Kinetic Parameters of 15-LOX-2 with AA and GLA, with and without Different C,3 Products (pH 7.5)“

kcat/KM (:MM_I S_l)

Keat (S_l)

AA GLA
no product 0.40 + 0.02 0.64 + 0.02
13-(S)-HODE 0.66 + 0.07 029 + 0.02
13-(S)-HOTIE(y) 045 + 0.03 032 + 0.02

AA/GLA AA GLA AA/GLA
0.63 + 0.04 1.5 + 0.03 1.8 + 0.03 0.83 £ 0.02

23 +03 1.3 £0.02 2.0 £ 0.06 0.65 + 0.02

1.4 £ 0.01 14 £ 0.05 1.9 + 0.04 0.73 + 0.01

“Enzymatic assays were performed in 25 mM Hepes (pH 7.5) at 22 °C with and without 15 uM 13-(S)-HODE and 15 yM 13-(S)-HOTrE(y).

Substrate Specificity Determined by Competitive
Substrate Capture for 15-LOX-2. Our lab had previously
reported a novel and simple method for determining the
substrate specificity ratio of lipoxygenases.”® Although k., and
Ky cannot be determined for individual substrates via this
method, it is still a very eficient method for comparing the k,,/
K, ratios of different substrate pairs directly. To confirm that
the newly E. coli-purified 15-LOX-2 behaves like the previously
published SF9-purified 15-LOX-2, the substrate specificity ratio
for AA to LA at pH 7.5 and 8.5 was determined using the
competitive substrate capture method. The k/Ky*"* ratio
for E. coli 15-LOX-2 was found to be 2.3 + 0.4 at pH 7.5 and
4.9 + 0.5 at pH 8.5, which compare well with the k_,/Ky /"
ratio values for SF9 15-LOX-2.** The results indicate that E. coli
15-LOX-2 shares substrate specificity under two pH conditions
similar to that of SF9 15-LOX-2 and support the idea that they
are similar enzymes.

Effect of pH on the Steady-State Substrate Specificity
Kinetics of 15-LOX-2. To further investigate the pH effect on
15-LOX-2, steady-state kinetics were performed at different pH
values on AA and GLA (Figure 1). While GLA is not found in
the body at concentrations as high as those of LA, it was chosen
for this investigation because it is a 20-fold better substrate than
LA, which minimized error and allowed for more detailed
allosteric kinetic analysis (vide infra). The kinetic data indicated
that as the pH increased, GLA became a poorer substrate, with
both k™ and k./Ky“ decreasing with increasing pH
(Table 1). However, for AA both k_* and k_,./Ky/** increased
with increasing pH. This pH effect resulted in a 3.4-fold
increase in the k_,,/Ky™/" ratio (0.63 + 0.04 at pH 7.5 to 2.1
+ 0.03 at pH 8.5) and a 2.2-fold increase in the k! ratio
(0.83 + 0.02 at pH 7.5 to 1.8 + 0.05 at pH 8.5). The other C,,
substrates, DGLA and EPA, also became better substrates with
increasing pH, with EPA having an almost 2-fold greater k,./
Ky, than AA and an almost 3-fold greater k,/Ky; than DGLA,
correlating with their differences in unsaturation. It is unlikely
that this difference in kinetic rates is due to formation of
micelles because the critical micelle concentration of AA under
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these conditions is 43 + 3 uM as determined by isothermal
titration calorimetry (MicroCal VP-ITC),* well above the
concentrations used in these kinetic experiments. This showed
that EPA and DGLA demonstrated a pH activation similar to
that of AA (Table 1) and indicated a distinct catalytic
mechanism for both substrate capture (k./Ky) and product
release (k) between GLA and the other three C,, fatty acid
substrates. We are currently investigating the enzymatic
mechanism of GLA with solvent isotope and viscosity effects
to determine if its rate-limiting steps are comparable to those of
AA 6

Effect of LOX Products on Steady-State Substrate
Specificity Kinetics of 15-LOX-2. The allosteric effect of 13-
(S)-HODE was previously demonstrated to affect the AA/LA
ratio by competitive substrate capture methods,>** but
attempts to investigate the allosteric effect further proved to
be difficult, because of the large error we encountered with LA
as the substrate. With the discovery that GLA was a facile
substrate and with the more active E. coli 15-LOX-2
preparation, the allosteric effects of 13-(S)-HODE and 13-
(S)-HOTrE(y) were investigated with steady-state kinetics on
both AA and GLA, to more fully understand their allosteric
properties (Table 2). It was observed that 13-(S)-HODE
increased the k /Ky (from 0.40 + 0.02 to 0.66 + 0.07 uM ™
s7!) but decreased the k_,./Ky "™ (from 0.64 + 0.02 to 0.29 +
0.02 uM ™" s71). 13-(S)-HOTrE(y) exerted a similar effect by
increasing the k,/Ky** and decreasing the k /Ky, albeit
to a lesser extent (Table 2). As a result, the addition of 13-(S)-
HODE and 13-(S)-HOTrE(y) elicited 3.7- and 2.2-fold
increases in the kg /Ky ratio, respectively. These
increases are comparable in direction and magnitude to the
3.3-fold pH effect on k,/Ky /4, discussed above (Table 1).
Interestingly, the k. M/CMA ratio decreased slightly with the
addition of 13-(S)-HODE (1.3-fold) and 13-(S)-HOTrE(y)
(1.1-fold), which was opposite to the pH effect, where the
ke /G ratio increased by 2.2-fold (Table 1). These data
represent clear similarities and distinctions between the

dx.doi.org/10.1021/bi4010649 | Biochemistry 2013, 52, 8026—8035
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Table 3. Comparison of Kinetic Parameters of 15-LOX-2 with AA and GLA as Substrates and Different C,; Products Added (pH

8.5)¢
Kot/ Knt (/‘M_l S_l) Kt (s_l)
AA GLA AA/GLA AA GLA AA/GLA
no product 0.76 + 0.06 0.37 + 0.03 21 +02 2.0 + 0.04 1.1 £+ 0.02 1.8 £ 0.0
13-(S)-HODE 14 £ 0.1 0.21 + 0.02 6.7 + 0.8 1.9 £ 0.03 1.1 £+ 0.02 1.7 + 0.04
13-(S)-HOTrE(y) 0.87 + 0.09 0.22 + 0.02 40 + 0.5 1.8 + 0.04 1.1 + 0.03 1.6 + 0.06

“Enzymatic assays were performed in 25 mM Hepes (pH 8.5) at 22 °C with and without 15 yM 13-(S)-HODE and 15 uM 13-(S)-HOTrE(y).

allosteric and pH effects with respect to k./Ky (substrate
capture) and k_, (product release).

Combined Effects of the pH and Product on the
Steady-State Substrate Specificity Kinetics of 15-LOX-2.
The steady-state kinetic data presented above demonstrate that
both pH (Table 1) and the two LOX products at pH 7.5 (Table
2) affected the kinetic parameters of GLA and AA. The ability
of 13-(S)-HODE and 13-(S)-HOTTE(y) to affect the kinetics
was then investigated at pH 8.5, to determine if the pH and
product effects were additive. As seen in Table 3, addition of
13-(S)-HODE and 13-(S)-HOTrE(y) at pH 8.5 demonstrated
the same trends in substrate specificity as at pH 7.5, with k,/
Ky increasing and k., ™/ remaining unchanged.
However, the magnitude of the AA/GLA substrate specificity
ratios increased significantly, indicating that the pH and
product effects were partially additive. For example, the k,/
Ky ™G substrate specificity ratio changed from 0.63 + 0.04 at
pH 7.5 with no product present (Table 2) to 6.7 = 0.8 at pH
8.5 with 15 uM 13-(S)-HODE present (Table 3). This is an 11-
fold increase in the substrate specificity ratio when both effects
are taken into account and suggests the mechanisms of the pH
and allosteric effects are similar but distinct.

Hyperbolic Inhibition of 15-LOX-2 by LOX Products.
The overall trends for the 13-(S)-HODE and 13-(S)-HOT<E-
(7) effects were comparable; however, their magnitudes were
different (Tables 2 and 3). These data suggested that the
additional double bond at C¢ for 13-(S)-HOTrE(y) (Figure 1)
did register functional allosteric differences. This exquisite
selectivity of the allosteric site between 13-(S)-HODE and 13-
(S)-HOTrE(y) is consistent with our previous data that
demonstrated that 12-(S)-HETE and 15-(S)-HETE do not
register any allosteric effect with 15-LOX-2.>* Given this
functional allosteric difference between 13-(S)-HODE and 13-
(S)-HOTIE(y), both products were titrated against 15-LOX-2,
at pH 7.5 and 8.5 with GLA as the substrate. From the data, it
was observed that 15-LOX-2 exhibited a hyperbolic response to
increasing amounts of 13-(S)-HOTrE(y) with an increase in
Ky(app) for GLA from 2.8 to ~9.8 uM (Figure 2) and a
decrease in k,./Ky(app) from 0.64 to ~0.28 uM ™" s~ (Figure
3). The saturation behavior of Ky(app) and k.,/Ky is
indicative of hyperbolic inhibition (ie., partial inhibition), as
seen previously for soybean 15-LOX-1 and the inhibitor oleyl
sulfate.® These data indicate the presence of an allosteric
binding site that affects the catalysis by changing the
microscopic rate constants of 15-LOX-2, as described in
Scheme 1. From Scheme 1, eqs 1—4 allow for the
determination of K;, the strength of binding, «, the change in
Ky P, the change in k_,, and f/a, the change in k./Ky.

1/v = (aKy/k)[([1] + K;)/(BI] + aK)] x 1/[S]

+ ke X [([1] + aK)/(B1] + akK;)] (1)
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Figure 2. Effect of 13-(S)-HOTrE(y) on the Ky(app) of 15-LOX-2
with GLA (pH 7.5, 25 mM Hepes, 1-20 M GLA at each product
point). The data are fit to eq 2 (Scheme 1), where Ky, = 2.8 yM. a and
K; were determined to be 3.5 + 0.2 and 4.9 + 0.7, respectively.
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Figure 3. Effect of 13-(S)-HOT:E(y) on the k,/Ky(app) of 15-LOX-
2 with GLA (pH 7.5, 25 mM Hepes, 1—20 yM GLA at each product
point). The data are fit to eq 3 (Scheme 1), where Ky = 2.8 uM, k., =
0.65 s}, a = 3.5, and K, = 4.9 uM. 3 was determined to be 1.2 + 0.02.

Ky(app) = aKy[([1] + K)/([1] + aK;)] (2)
keat/ Kng = (keye/ aKp) [(B[1] + aK)/([1] + K;)] 3)
ke = ket (BI1] + aK)/([1] + aK})] (4)
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Scheme 1

<4K1/

aK, Pk,
I'E <= [*E*S —— [*E + P
+S

A plot of Ky(app) with the addition of 13-(S)-HOTrE(y) at
pH 7.5 (Figure 2), when fitted with eq 2, yielded an a of 3.5 +
0.2 and a K, of 4.9 + 0.7 uM. The values of a and K; were then
utilized in eq 3 and fit to the k /Ky data (Figure 3), which
yielded a ff of 1.2 & 0.02. The value of  was also determined
from the k., data with eq 4, with the values of a and K| given
above applied (data not shown), which yielded a § of 1.2 +
0.05 that matched well with the f value from the k./Ky plot.
These values indicate that the kinetics show mixed hyperbolic
allostery, @ > 1 (K-type inhibition) and f > 1 (V-type
activation),*” with the majority of the kinetic change being seen
in the value of Ky; (o = 3.5 & 0.2) and only a slight effect on
the k., (f = 1.2 + 0.02). This comparison is best observed in
the f/a value, the allosteric effect on k_,/Ky, which is less than
1 (f/a = 0.34) and indicates k., /Ky allosteric inhibition. The
hyperbolic data suggest the formation of a catalytically active
ternary complex (I'E-S) between 15-LOX-2 and 13-(S)-
HOTTIE(y) and are consistent with our previous finding of an
allosteric site in 15-LOX-2.>* Similarly, graphing of steady-state
kinetic data of 15-LOX-2 with 13-(S)-HOTrE(y) at pH 8.5
gave an a of 2.0 + 0.1 and a K; of 6.1 + 1 from the Ky plot
(Supporting Information, Figure S1) and a 8 of 0.9 # 0.04 from
the k../Ky (Supporting Information, Figure S2). From these
data, it was observed that while the @ and S values have
decreased with pH, the K; value for 13-(S)-HOTrE(y) showed
little pH dependence. Therefore, the pH change of the AA/
GLA substrate specificity ratio was not due to a change in the
affinity of 13-(S)-HOT:E(y) at higher pH values, but more
likely a pH-dependent structural change, which affected the
allosteric communication between the catalytic and allosteric
sites (@ and f3), but not 13-(S)-HOTrE(y) binding.

Fitting the 13-(S)-HODE data in a similar manner yielded an
a value of 7.3 + 0.06 (K-type inhibition) and a K| value of 9.8 +
0.2 uM from the Ky(app) plot (Figure 4). The a value was
double that of the a value for 13-(S)-HOTrE(y), while the K,
value was comparable to that of 13-(S)-HOTrE(y), indicative
of a stronger allosteric effect on Ky for 13-(S)-HODE. This is
supported by the lower f/a value of 0.22 for 13-(S)-HODE,
compared to that of 13-(S)-HOTrE(y) (/a = 0.34). The j
value was determined to be 1.6 = 0.1 (Figure S), which is V-
type activation, similar to that seen for 13-(S)-HOTrE(y), and
highlights a key similarity between the two LOX products. The
13-(S)-HODE data at pH 8.5 could not be fit using hyperbolic
inhibition (Scheme 1) or a simple noncompetitive model;
therefore, the change in k../Ky(app) was plotted versus 13-
(S)-HODE concentration and fit with a saturation curve
(Supporting Information, Figure S3). Using this method, the
Kp at pH 8.5 increased to 53 + 25 uM, considerably greater
than that observed at pH 7.5 (8.6 + 0.7 uM), indicating a lower
binding affinity with increasing pH. This lower affinity could
account for the smaller change in k./Ky™* with 13-(S)-

8031

12 -

K, (app) (uM)

2 L ] L 1 1 L !
15 20 25 30 35

[13- (S)-HODE] uM

Figure 4. Effect of 13-(S)-HODE on the Ky (app) of 15-LOX-2 with
GLA (pH 7.5, 25 mM Hepes, 1-20 uM GLA at each product point).
The data are fit to eq 2 (Scheme 1), where Ky = 2.8 uM. a and K]
were determined to be 7.3 & 0.06 and 9.8 + 0.2, respectively.
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Figure S. Effect of 13-(S)-HODE on the k_/Ky(app) of 15-LOX-2
with GLA (pH 7.5, 25 mM Hepes, 1—20 uM GLA at each product
point). The data are fit to eq 3 (Scheme 1), where Ky, = 2.8 uM, k. =
0.65 s, a = 7.3, and K; = 9.8 uM. 8 was determined to be 1.6 + 0.1.

HODE at pH 8.5 than at pH 7.5 and not necessarily a change
in @ and f, although we cannot determine this directly. It
should be noted that this alternative fitting method yielded a
Kp of 8.6 + 0.7 uM at pH 7.5 for 13-(S)-HODE, which was
comparable to the K; of 9.8 & 0.2 M found by the hyperbolic
inhibition fit and validated this fitting method. Interestingly, the
fact that 13-(S)-HODE binding was affected by pH but the
binding of 13-(S)-HOTrE(y) suggests that the structural
differences between the two LOX products (i.e., degree of
unsaturation) change their allosteric binding modes.

As described above, the addition of 15 uM 13-(S)-HODE
and 13-(S)-HOTTE(y) exhibited the opposite effects depending
on the substrate, with the AA kinetics being activated and the
GLA kinetics inhibited (Table 2). To investigate this effect
further, titration kinetics with 13-(S)-HODE, the more potent
activator, were determined with AA at pH 7.5. It was observed
that 13-(S)-HODE affected AA kinetics with an @ value of 0.2
+ 0.01 (K-type activation), a /3 value of 0.76 + 0.01 (V-type
inhibition), a /a value of 3.8 (k../Ky allosteric activation),

dx.doi.org/10.1021/bi4010649 | Biochemistry 2013, 52, 8026—8035



Biochemistry

4

3.5 ¢

3

25

K, (app)** (uM)

0 1 2 3 4 5
[13-(S)-HODE] uM
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AA (pH 7.5, 25 mM Hepes, 1—20 M AA at each product point). The
data are fit to eq 2 (Scheme 1), where Ky = 3.5 yM. a and K; were
determined to be 0.2 & 0.01 and 1.2 + 0.03, respectively.
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Figure 7. Effect of 13-(S)-HODE on the k_/Ky(app) of 15-LOX-2
with AA (pH 7.5, 25 mM Hepes, 1—20 M AA at each product point).
The data are fit to eq 3 (Scheme 1), where Ky = 3.5 uM, k., =1.4 57,
a =02, and K; = 1.2 uM. f# was determined to be 0.76 + 0.01.

and a K; value of 1.2 + 0.03 uM (Figures 6 and 7). The f/a
values with 13-(S)-HODE/AA is the opposite of that seen with
13-(S)-HODE/GLA, which showed k. /Ky, allosteric inhib-
ition (/a = 0.22). In addition, the f value for 13-(S)-HODE/
AA indicated V-type inhibition, which was the opposite of the
value for 13-(S)-HODE/GLA (V-type activation; = 1.6 +
0.1). This difference is significant because 13-(S)-HODE both
activates and inhibits, depending on the length and
unsaturation of the substrate, and suggests subtle structural
changes in the active site. It should be noted that we previously
reported a slight inhibition of both k,, and k_,/Kj, at the single
concentration of 10 M 13-(S)-HPODE and AA.>* We were
not able to reproduce this result, and considering that the
previous data utilized only one product concentration and one
pH condition, we consider the current data more reliable for
interpretation. In addition, 13-(S)-HODE manifested different
thresholds of response, with the allosteric effect on AA catalysis
occurring at a lower concentrations than the allosteric effect on
GLA catalysis (K; values of 1.2 + 0.03 and 9.8 + 0.02 uM,
respectively). These differences in K; values are difficult to
rationalize with the current one-site allosteric model. The data
may indicate two distinct allosteric sites with distinct K values
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or two distinct 15-LOX-2 species, which bind 13-(S)-HODE
with different affinities, such as E-AA and E-GLA. Further
studies are required to differentiate these possible explanations.
Finally, the K; for 13-(S)-HODE binding with AA as the
substrate is considerably greater than was estimated by our
competitive substrate capture method with both AA and LA
being present.”* Considering that the K; for 13-HODE varies
with AA and GLA, it could be possible that the presence of LA
also affects the K; value of 13-(S)-HODE, which we are
currently investigating further.

Summary of 15-LOX-2 Data. In summary, the wild-type
15-LOX-2 kinetic results showed that GLA and AA had
different responses to pH, indicating that the molecular
mechanisms for GLA and AA were distinct. Addition of 13-
(S)-HODE and 13-(S)-HOTrE(y) mirrored the k./Ky pH
effect, with an increase in k.,/Ky*"“"*; however, the pH and
allosteric effects were additive, with the combined effect being
11-fold, suggesting both mechanistic similarities and differences
between the pH and allosteric effects. The two allosteric
effectors, 13-(S)-HODE and 13-(S)-HOTrE(y), displayed
comparable hyperbolic inhibition kinetics; however, the K; of
13-(S)-HODE was pH-dependent, while that of 13-(S)-
HOTrE(y) was not, indicating a difference in their binding
modes and supporting the presence of a specific binding site,
because it is unlikely their structural differences would affect
nonspecific binding. Finally, it was observed that 13-(S)-HODE
activated k_,./Ky™* but inhibited k. /Ky 2. This difference is
significant and indicates that the allosteric structural changes
differentiate the length and unsaturation of AA and GLA.
Recently, it has been postulated that addition of 13-(S)-HODE
induces dimer formation for rabbit 15-LOX-1 (ie, 12/15-
LOX) ;%% however, the data presented above suggest a more
complicated scenario. Considering the opposite effects of 13-
(S)-HODE on GLA and AA catalysis, it is unlikely that only
dimer formation could account for these two opposing effects
(vide infra).

Characterization of the PLAT Domain Deletion
Mutant (15-LOX-2"°PYAT) Thermal Stability Measurements
of 15-LOX-2"°P'AT Homology modeling of 15-LOX-2
previously suggested that its allosteric site could be located in
a cleft between the PLAT and catalytic domains.** This
hypothesis was investigated by removing the PLAT domain and
generating 15-LOX-2N°""AT, The thermal stability of 15-LOX-
2NOPLAT a5 measured, and as seen in Figure 8, both 15-LOX-2
and 15-LOX-2NPMAT ynderwent a loss of secondary structure
with a two-state unfolding transition and a Ts, between 40 and
45 °C for both proteins. These data indicated the thermal
stability of the truncated protein to be approximately the same
as that of the wild-type protein.

Characterization of Steady-State Kinetics of 15-LOX-
2NoPLAT with AA and GLA. Steady-state kinetics were conducted
with 15-LOX-2NPMT at pH 7.5, using both AA and GLA to
investigate the effect of removing the PLAT domain (Table 4).
A loss of activity was observed for 15-LOX-2NPMAT with a 50%
decrease in k™ (0.75 + 0.03 s™') and was consistent with
previous results, where an 84% decrease in k.,** for rabbit 15-
LOX-1NPIAT wwas observed.!® The k. /Ky value of 15-LOX-
NOPLAT 4150 decreased approximately 50% (0.21 + 0.02 uM™
s™"), which was also consistent with the previous 73% decrease
in ke/Ky™ for rabbit 15-LOX-1NPHAT 13 1 comparing the
substrate specificity of 15-LOX-2VP!T with AA and GLA, we
observed that the k., /% ratio (0.76 + 0.06) did not change

cat

much relative to that of 15-LOX-2 (0.83 + 0.03). However, the
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Figure 8. CD half-transition temperature (Tso) measurement for 15-
LOX-2 (O) and 15-LOX-2N"MT (). The experiment was performed
in 25 mM Hepes buffer [150 mM NaCl (pH 7.5)] between 10 and 80
°C.

ko/ Kp G ratio did change, with a ratio of 1.3 + 0.2 for 15-
LOX-2N""T and a ratio of 0.62 # 0.04 for 15-LOX-2. These
data indicated that the PLAT domain affected substrate
specificity and warranted further investigation.

Substrate Specificity pH Profile of 15-LOX-2NPAT. The
competitive substrate capture method was employed to explore
whether the PLAT domain was responsible for the pH effect on
substrate specificity. It was determined that the k /Ky
ratio for 15-LOX-2NPMAT was found to be 2.5 + 0.2 at pH 7.5
and 3.6 + 0.3 at pH 8.5. These values were comparable to that
found in this work for wild-type 15-LOX-2 (vide supra) and
indicated that the PLAT domain had a minimal contribution to
the pH effect.

Effect of 13-(S)-HODE on GLA and AA Steady-State
Kinetics of 15-LOX-2V°P*T, Wild-type 15-LOX-2 demonstrated
a hyperbolic allosteric effect, with 13-(S)-HODE and GLA (pH
7.5) (Table S). For 15-LOX-2NP4T increasing amounts of 13-
(S)-HODE also evoked a hyperbolic allosteric effect with GLA,
revealing an o value of 4.9 + 2, a f value of 1.6 + 0.2, a f/a
value of 0.33, and a K; value of 6.1 + 2 uM (Table 5 and
Supporting Information, Figures S4 and SS). The fact that 15-
LOX-2N"MAT had an allosteric response similar to that of 15-
LOX-2 indicates that removal of the PLAT domain does not
eliminate allostery and that the allosteric site is located in the
catalytic domain.

The addition of 13-(S)-HODE to 15-LOX-2N°PLAT with AA
as a substrate, however, evoked kinetic behavior dramatically
different from that of 15-LOX-2. The Ky(app) fit revealed an a

value of 2.3 + 0.4, a ff value of 1.1 + 0.03, a #/a value of 0.48,
and a K value of 2.0 + 0.6 uM (Table S and Supporting
Information, Figures S6 and S7). The fact that the f/a value is
now 0.48, which is the opposite effect seen for 15-LOX-2 (f/a
= 4), represents a significant change in the allosteric effect with
removal of the PLAT domain. It should be noted that 13-(S)-
HODE also manifests different K; values for AA and GLA
catalysis with 15-LOX-2NPLAT gimilar to that seen for 15-LOX-
2. These data support the hypothesis postulated above, that
there are either two distinct allosteric sites or two distinct
allosteric binding species, such as E-AA and E-GLA. Both of
these hypotheses are bein% investigated further.

Summary of 15-LOX-2"°"T Data. In summary, removal of
the PLAT domain does not affect the overall protein stability
and does not affect its kinetic pH dependence, indicating the
source of the pH effect is in the catalytic domain and not at the
interface of the two domains with H627, as postulated
previously.*® Alignments of the actives sites of 15-LOX-2 and
15-LOX-17 do not indicate a potential histidine in the 15-LOX-
2 active site, as the pH dependence suggests;46 however, it does
not exclude the possibility of a buried histidine emerging into
the active site upon catalytic protein motions. However, the
removal of the PLAT domain did manifest a 2-fold increase in
keo/ Ko™, indicating that the PLAT domain does influence
substrate specificity. Interestingly, 15-LOX-2N"T retained its
allosteric properties, indicating that the allosteric site is also
located in the catalytic domain, like the pH effect, and not in
the cleft between the two domains. Nonetheless, removal of the
PLAT domain does affect the degree of allostery (i.e., the sign
and magnitude of a and f3), suggesting that the PLAT domain
does moderate the communication pathway between the
allosteric and catalytic sites. Therefore, the PLAT domain has
a role in not only membrane affinity™® but also allostery and
substrate specificity. Nonetheless, it is still unclear what specific
biophysical changes occur upon allosteric effector binding. As
mentioned above, Kuhn and co-workers proposed that
dimerization was induced upon addition of 13-(S)-HODE to
rabbit 15-LOX-1, and that the postulated dimerization interface
was opposite to the PLAT domain, which is consistent with our
current results. However, the SAXS data could not determine if
dimerization was the only structural change.**** It could be
that the allosteric effect is responsible for not only dimerization
but also specific structural changes in the active site, as seen in
RNR,* or for protein dynamic changes, as seen for calbindin
Dq,.>® A possible explanation could be similar to that seen for
COX-2. COX-2 is a homodimer, but binding of an inhibitor to
only one of the monomers establishes a conformational
heterodimer, whose active monomer has altered kinetic
behavior.>' 15-LOX-2 could also manifest a similar behavior
where allosteric effectors not only induce dimerization but also
bind to only one of the subunits, establishing a functional
heterodimer. Continued efforts are underway to refine our
understanding of the allosteric properties of 15-LOX-2 in terms
of the location of the allosteric site and its molecular

Table 4. Comparison of Kinetic Parameters of 15-LOX-2 and 15-LOX-2N°PLAT with AA and GLA as Substrates (pH 7.5)°

Kot/ Koy (ﬂM_l 5_1)

Keat (S_l)

AA GLA
15-LOX-2 0.40 + 0.02 0.64 + 0.02
15-LOX-2NoPLAT 021 + 0.02 0.16 + 0.02

“Enzymatic assays were performed in 25 mM Hepes (pH 7.5) at 22 °C.
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AA/GLA AA GLA AA/GLA
0.62 + 0.04 1.5 £ 0.03 1.8 + 0.03 0.83 + 0.03
13 £02 0.75 + 0.03 0.99 + 0.04 0.76 + 0.06
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Table 5. Comparison of Hyperbolic Fit Parameters of 15-LOX-2 and 15-LOX-2N°""AT with 13-(S)-HODE and AA or GLA as
Substrates at pH 7.5

15-LOX-2 15-LOX-2NoPLAT
conditions K a p pla K a p pla
GLA with 13-(S)-HODE 9.8 +£02 7.3 + 0.06 1.6 + 0.1 022 61+2 49 +2 1.6 + 0.2 0.33
AA with 13-(S)-ODE 1.2 + 0.03 0.2 + 0.01 0.76 + 0.01 3.8 20+ 06 23 + 04 1.1 + 0.03 0.48

“Enzymatic assays were performed in 25 mM Hepes (pH 7.5) at 22 °C with and without products.

mechanism. Synthetic allosteric effectors are also being homo () linolenic acid; EPA, eicosapentaenoic acid; k., rate
investigated in the hopes of developing the allosteric site as a constant for product release; k. /Ky, rate constant for fatty
possible therapeutic target for LOX regulation by changing the acid capture; Kp, equilibrium constant for the dissociation of a
proportions of LOX products produced, as opposed to ligand from the protein site; k.,./Ky[O,], rate constant for O,
inhibition of the entire enzymatic activity. If achieved, this capture.

could be an important advance, because some LOX products
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