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ABSTRACT: Lipoxygenases are currently potential targets for therapies against asthma, artherosceloris, and
cancer. Recently, inhibition studies on both soybean (SLO) and human lipoxygenase (15-HLO) revealed
the presence of an allosteric site that binds both substrate, linoleic acid, and inhibitors; oleic acid (OA)
and oleyl sulfate (OS). OS (KD ≈ 0.6 µM) is a ≈30-fold more potent inhibitor than OA (KD ≈ 20 µM)
due to the increased ionic strength of the sulfate moiety. To further investigate the role of the sulfate
moiety on lipoxygenase function, SLO and 15-HLO were assayed against several fatty sulfate substrates
(linoleyl sulfate (LS),cis-11,14-eicosadienoyl sulfate, and arachidonyl sulfate). The results demonstrate
that SLO catalyzes all three fatty sulfate substrates and is not inhibited, indicating a binding selectivity
of LS for the catalytic site and OS for the allosteric site. The 15-HLO, however, manifests parabolic
inhibition kinetics with increasing substrate concentration, and it is irreversibly inhibited by these fatty
sulfate substrates at high concentrations. The inhibition can be stopped, however, by the addition of detergent
to the fatty sulfate mixture prior to the addition of 15-HLO. These results, combined with the modeling
of the kinetic data, indicate that the inhibition of 15-HLO is due to a substrate aggregate. These substrate
aggregates, however, do not inhibit SLO and could present a novel mode of inhibition for 15-HLO.

Inhibition of lipoxygenase is a significant area of research
due to its implications in cancer and a variety of inflamma-
tory diseases (1-5). Lipoxygenase catalyzes the oxidation
of fatty acids using a non-heme iron center (6). The generally
accepted mechanism for lipoxygenase involves a hydrogen
atom abstraction at C-3 of the 1,4-diene by Fe(III) with
subsequent trapping of the pentadienyl radical by oxygen,
forming the hydroperoxide product (7-11). The microscopic
rate constants of catalysis can be affected through the binding
of either an inhibitor or a substrate to an allosteric site on
soybean lipoxygenase1 (SLO) and human 15-lipoxygenase
(15-HLO), as demonstrated by saturation-inhibition kinetics
and kinetic isotope effect (KIE) studies (12-15). A key
aspect of this discovery was the conversion of oleic acid
(OA) to oleyl sulfate (OS) which increased its binding
affinity to the allosteric site by≈ 30-fold (Ki ≈ 0.6 µM for
OS and≈ 20 µM for OA) (13). An allosteric site was also
observed on 5-HLO, through photo-cross-linking studies (16),
suggesting that the allosteric site may be a common motif
in the lipoxygenase family.

In the current study, we extend our investigation of the
effects of fatty sulfates (long-chain alkenyl sulfates) on the
kinetic function and allosteric inhibition of SLO and 15-
HLO by comparing the catalytic and inhibitory properties
of several fatty sulfate substrates (linoleyl sulfate (LS),cis-
11,14-eicosadienoyl sulfate (diES), and arachidonyl sulfate
(AS), Figure 1). These data indicate that the fatty sulfates
are excellent substrates for SLO but are not inhibitors, which
suggests no binding to the allosteric site (17). The 15-HLO,
however, demonstrates unusual kinetics which reveal the fatty
sulfates to be substrates at low concentration (<15 µM) and
irreversible inhibitors at high concentration (>20µM). These
data cannot be modeled with simple monomer inhibition and
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FIGURE 1: Chemical structures of fatty sulfate substrates.

4391Biochemistry2001,40, 4391-4397

10.1021/bi002581a CCC: $20.00 © 2001 American Chemical Society
Published on Web 03/16/2001



suggest the presence of substrate aggregates that irreversibly
inhibit 15-HLO, by surface denaturation and/or covalent
modification.

MATERIAL AND METHODS

Materials. SLO and 15-HLO were expressed and purified
as described previously (18). Iron contents of all lipoxy-
genase enzymes were determined on a Finnegan inductively
coupled plasma mass spectrometer (ICP-MS), using internal
standards of cobalt-EDTA, and data were compared with
those from standardized iron solutions. All kinetic measure-
ments were standardized to iron content.

Fatty Acid Synthesis.Linoleyl sulfate (LS), arachidonyl
sulfate (AS), andcis-11,14-eicosadienoyl sulfate (diES) were
prepared as described previously, with the following modi-
fication (13, 17). After synthesis, the fatty sulfates were
purified by flash silica column chromatography. The fatty
sulfate (1 g) was loaded onto a 20 g silica column, washed
with 3 volumes of ethyl acetate to remove the fatty alcohol,
and eluted with 50:50 ethyl acetate/ethanol. The resultant
material was crystallized and used for kinetics measurements.

Surface Tension Measurements.The buffers used cor-
respond to those used in the kinetics measurements. Surface
tension was measured as described by Mogul et al., using a
thin platinum plate (perimeter 2.5 cm) and a Cahn electro-
microbalance (13). The critical micelle concentrations (cmc)
of all substrates (LA, LS, AS, and diES) were determined,
as described previously (13, 19).

Substrate Kinetics.Lipoxygenase rates were determined
following the formation of product at 234 nm (ε ) 25 000
M-1 cm-1) with a Hewlett-Packard 8453 and/or a Perkin-
Elmer Lambda 40 spectrophotometer. All reactions were 2
mL in volume, run at room temperature (≈22 °C), and
constantly stirred with a rotating magnetic bar. The substrate
solutions used in each experiment were measured for accurate
LA, LS, AS, or diES concentration by quantitatively
converting substrate to product using lipoxygenase. Theε

for all of these products is assumed to be 25 000 M-1 cm-1.
Steady-state kinetics measurements for SLO were performed
in 10 mM CHES (pH 9.2) or 25 mM HEPES (pH 7.5), as
indicated. Substrate inhibition kinetics measurements for 15-
HLO were run in 10 or 25 mM HEPES (pH 7.5). Reaction
rates for SLO and 15-HLO were measured at varying
substrate concentrations, 1-60 µM, to reveal the degree of
inhibition with increasing amounts of fatty sulfate. All
substrates exhibited typical lag phase behavior for both SLO
and 15-HLO; therefore, the maximal rate was used as the
approximate steady-state rate. Enzymatic reactions were
initiated by the addition of≈3 nM SLO (80( 5% Fe) and
≈200 nM 15-HLO (50( 5% Fe).

IrreVersible Inhibition of 15-HLO by Fatty Sulfates.A
sample of 15-HLO (6µM) was incubated with LS (600µM)
for ≈5 min, dialyzed versus 25 mM HEPES (pH 7.5) for 10
h, and measured for enzyme activity using LA. Control
samples that contained no LS were dialyzed in parallel. The
dialyzed samples were subsequently passed through a 2 mL
SP-Sepharose column (Pharmacia), eluted with 500 mM
NaCl, and assayed for activity.

The effect of sequential substrate additions to 15-HLO was
measured as follows. An aliquot of 9µM LS was added to
200 nM 15-HLO and the reaction was allowed to proceed

to completion. This was repeated four additional times and
the rates were recorded. The effect of sequential enzyme
additions to a constant concentration of LS was measured
as follows. Increasing amounts of 15-HLO (from 0.1 to 2
mM) were added to a particular concentration of LS until
the rate reached≈0.001 abs234/s. This was done for various
LS concentrations (from≈3 to ≈200 mM), and the amount
of 15-HLO needed to achieve≈0.001 abs234/s was then
graphed versus the concentration of LS.

Detergent and Ionic Strength.Steady-state kinetics for LS
catalysis by 15-HLO were measured in the presence of 50
µM Tween 20R (0.006%, w/v) at varying substrate concen-
trations, in the specified reaction buffers. Enzymatic rates
were also measured in the presence of various other
detergents to assess the role of detergent concentration on
fatty sulfate aggregation and substrate inhibition. The
detergents assayed were Tween 20 (cmc≈ 0.06 mM), Tween
20R (cmc ≈ 0.06 mM), cholate (cmc≈ 14 mM), and
n-heptyl-D-glucopyranoside (cmc≈ 70 mM). Reaction rates
for 15-HLO were measured at≈60 µM LS using a
concentration of≈10% and ≈80% of the cmc of the
specified detergent (25 mM HEPES, pH 7.5). The effect of
ionic strength on LS catalysis by 15-HLO was also assayed
by running substrate reactions in 25 mM HEPES (pH 7.5)
containing 100 and 500 mM NaCl. Control experiments
containing no detergent or NaCl were performed in parallel.

RESULTS

Protein Purification.SLO and 15-HLO were purified with
yields of≈4 and≈50 mg/L and metal contents of 80( 5%
and 50( 5%, respectively (18).

Surface Tension Measurements.The cmc’s of LA, LS, AS,
and diES in the corresponding kinetic buffers were deter-
mined. In 25 mM HEPES (pH 7.5), LA had a cmc of 48(
11 µM, LS had a cmc of 72( 13 µM, and AS had a cmc of
57 ( 5 µM. In 10 mM HEPES (pH 7.5), diES had a cmc of
15 ( 0.7 µM. In 10 mM CHES (pH 9.2), LS had a cmc of
65 ( 10 µM, diES had a cmc of 8( 0.4 µM, and AS had
a cmc of 80( 1.4 µM (13).

Steady-State Kinetics of SLO. SLO exhibited hyperbolic
steady-state kinetics in 10 mM CHES (pH 9.2) for LS, AS,
and diES (Table 1). The steady-state kinetic parameters for
LS, Km andkcat, were determined to be 7.7( 1.5 µM and
296( 19 s-1, respectively (Figure 2, Table 1). These results
are in good agreement with those previously published (17).

FIGURE 2: Michaelis-Menten kinetics of LS catalysis by SLO in
10 mM CHES (pH 9.2), whereKm ) 7.7( 1.5µM andkcat ) 296
( 19 s-1.

4392 Biochemistry, Vol. 40, No. 14, 2001 Mogul and Holman



The kinetic parameters for LA, AS, and diES are also listed
in Table 1 and no substrate inhibition was detected. The
structures of the fatty sulfates are shown in Figure 1.

IrreVersible Inhibition of 15-HLO by Fatty Sulfates.The
fatty sulfates were substrates for 15-HLO at low concentra-
tion (less than≈15µM), but at higher concentration (greater
than ≈15 µM) they were inhibitors. This inhibition was
determined to be irreversible through the following experi-
ments. First, a sample of 15-HLO (6µM) and LS (600µM)
was dialyzed against 25 mM HEPES (pH 7.5), containing
50 µM Tween 20, for 10 h, and no activity was recovered.
A parallel sample of untreated 15-HLO was also dialyzed,
and greater than 90% activity was recovered. Second, these
same dialyzed samples were then passed through an SP-
Sepharose column (cation exchange). The control 15-HLO
sample, which had no LS added, bound to the SP-Sepharose
column and retained activity after being eluted with a 500
mM NaCl wash (Figure 3). The LS-treated 15-HLO did not
bind to the column and it remained inactive (Figure 3). This
result suggested that multiple negatively charged LS mol-
ecules bound to lipoxygenase, and this binding affected the
retention on the SP-Sepharose column. Third, the addition
of increasing amounts of 15-HLO to a solution of 70µM
LS overcame the inhibition by LS at approximately 0.9µM
15-HLO. This indicated consumption of the inhibitory
species by 15-HLO (i.e., through irreversible activation, as
described by Segel) and that the excess amount of 15-HLO

was responsible for converting the remaining substrate to
product (Figure 4) (20). The amount of enzyme required to
overcome the inhibition (i.e., a rate of≈0.001 abs234/s)
increased linearly with increasing LS concentration (Figure
4, inset). The fit to this line ([LS]) -4 + 89[15-HLO])
indicated that at 100µM LS, ≈1.2 µM 15-HLO is required
to achieve a rate of 0.001 abs234/s. To prove that this effect
was not due to a synthetic impurity, LS (9µM) was added
to a solution of 15-HLO (200 nM) and was allowed to
proceed to complete conversion to product. At this point,
an additional aliquot of 9µM LS was added and the rates
were recorded. This was repeated a total of five times, and
after the final addition of 9µM LS (45µM total) a significant
amount of activity remained (45% of the activity of the first
9 µM addition). This was markedly greater than the rate after
one addition of 45µM LS (0.05% of the activity of the first
9 µM LS addition). This result indicated that the inhibition
was dependent on the initial concentration of LS and not
the total amount of LS added, suggesting a fatty sulfate
aggregate and not a synthetic byproduct as the inhibitory
species. The loss of the activity observed after the fifth LS
addition, relative to the first addition (45% the initial activity),
was due to the well-documented auto-inactivation of 15-HLO
and was not attributed to the aggregate inhibition (21).

Steady-State Kinetics of 15-HLO.15-HLO exhibited a
striking parabolic inhibitory response to increasing amounts
of LS in 25 mM HEPES (pH 7.5) (Figure 5). 15-HLO (200
nM) reached a maximum rate of≈5 mol of LS consumed
per second per mole of enzyme (mol s-1 mol-1) at ≈12 µM
LS, while at concentrations above≈55 µM LS the rate was
negligible. The parabolic shape of the rate curve was
indicative of substrate inhibition due to the presence of a
secondary binding site that inhibits catalysis. The simple
monomer binding site model which forms a nonproductive
complex (Scheme 1, eq 1) yielded a poor fit to the data and
a negativeKm value, indicating an incorrect model. Inclusion
of a catalytically competent allosteric complex (eq 2), as seen
for the OS inhibition of SLO, did not improve the fit (13).
Sequential binding of two LS molecules to form a nonpro-
ductive complex (eq 3), as proposed for SLO by Wang et

FIGURE 3: SP-Sepharose purification of dialyzed 15-HLO (tri-
angles) and dialyzed LS-treated 15-HLO (circles) in 25 mM HEPES
(pH 7.5). All fractions of the LS-treated 15-HLO were devoid of
lipoxygenase activity, while the 15-HLO fractions showed greatest
activity coincident with the protein elution (dashed). The elution
of protein was instigated by a step gradient of 500 mM NaCl
(dotted).

Table 1

Km
(µM)

kcat
(s-1)

kcat/Km
(s-1 µM-1) KiKaggr(µM6)

SLO (pH 9.2)
LA 12.4 ( 1.1 276( 5 22.3( 2.4 - -
LS 7.7( 1.5 296( 19 38.4( 7.9 - -
AS 8.6( 1.3 352( 17 40.9( 6.5 - -
diES 4.5( 0.6 289( 11 64.2( 8.9 - -
LS (pH 7.5) 10.5( 4.7 360( 60 34.3( 16.4

15-HLO (pH 7.5,n ) 6)
LA 5.5 ( 1.0 9.4( 0.6 1.7( 0.3 - -
LS 4.0( 0.7 6.7( 1.4 1.7( 0.2 2.0× 107 ( 3.0× 106

AS 2.9( 0.5 4.5( 0.9 1.6( 0.2 1.2× 108 ( 2.0× 107

diES 12.8( 2.8 13.1( 3 1.0( 0.1 8.9× 105 ( 7.2× 104

15-HLO W/Detergent (n ) 2)
LS 23( 16 12.3( 8.8 0.54( 0.1 513( 102µM2

FIGURE 4: 15-HLO concentration is plotted versus its corresponding
rate at≈70 µM LS in 25 mM HEPES (pH 7.5). LS inhibition was
considered overcome when the rate became greater than 0.001
abs234/s. The 15-HLO concentration required to overcome inhibition
is plotted versus the initial concentration of LS (inset). A linear fit
to the data yielded the equation [LS]) -4 + 89[15-HLO], where
≈1.2 µM 15-HLO is required to overcome the inhibition of 100
µM LS (R2 ) 0.99).
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al. (12), yielded a good fit to the data but required negative
fit parameters, indicating a poor model (fit not shown). The
data were best fit by the formation of a fatty sulfate
aggregate, prior to enzyme binding, that inhibits catalysis
by yielding a nonproductive aggregate-enzyme complex
(Scheme 2, Figure 5). The formation of the substrate
aggregate (eqs 4 and 5) was required to incorporate a higher
power substrate concentration term ([S]n) into the rate
equation (eq 6) and to achieve a good mathematical fit to
the steep decline in activity (eq 7, Figure 5). Inclusion of an
irreversible step after aggregate binding (eq 8) did fit the
data but yielded negative fit values. This suggested that the
substrate aggregate bound extremely tightly to the protein
(Ki) which may mask an irreversible chemical step after
aggregate binding. This corroborated the dialysis and cation
exchange experiments, which showed the LS molecules
tightly bound to 15-HLO. From Scheme 2, eqs 4-7 were
derived which allowed for the determination of four param-

eters: kcat/Km, Km, KiKaggr, andn, wheren is the approximate
value for the number of molecules in the aggregate. The
steady-state parameters,kcat/Km and kcat, have the standard
definitions, while the combined term ofKiKaggr can be
considered an indirect measure of enzyme inhibition. It
contains both the propensity of aggregate formation (Kaggr)
and the dissociation constant of inhibitor aggregate binding
to the enzyme (Ki). The KiKaggr term has an inverse
relationship to the magnitude of inhibition; hence, a lower
value of KiKaggr indicates stronger inhibition by the fatty
sulfate aggregate. The approximate aggregate size,n, was
determined by comparisons of the quality of fits with
different integer values ofn, and its error was determined
by approximation.

The best fit to the LS rate curves for 15-HLO (eq 7)
yielded the kinetic parameters listed in Table 1 and displayed
in Figure 5. 15-HLO was also inhibited by AS (25 mM
HEPES, pH 7.5), with a maximal rate of≈4 mol s-1 mol-1

at ≈15 µM AS (Figure 6), and was fit to eq 7 (Table 1).
DiES inhibited 15-HLO (10 mM HEPES, pH 7.5), with a
maximal rate of≈4 mol s-1 mol-1 at ≈8 µM diES (Figure
6), and could be best fit to eq 7 with a diES aggregate ofn
) 6 ( 2 (Table 1). This is in contrast to the saturation
kinetics results for 15-HLO with LA, in which no substrate
inhibition is observed (Table 1).

Under the same pH conditions as in the 15-HLO reactions
(25 mM HEPES, pH 7.5), SLO exhibited saturation kinetics
with LS yielding aKm of 10.5( 4.7µM and akcat of 360(
60 s-1 (Table 1). This experiment demonstrated that the
solution-state aggregates that inhibit 15-HLO did not sig-
nificantly affect SLO catalysis, though a slight deviation from
the steady-state fit may suggest slight monomer inhibition.

Detergent Effect on Catalysis.The steady-state kinetics
of 15-HLO with LS were studied in the presence of 50µM
Tween 20R in order to assess the role of substrate aggregates
as inhibitors. Immediate addition of Tween 20R (50µM) to
an inhibited mixture of 200 nM 15-HLO and 50µM LS did
not recover activity. However, if the detergent was added to

FIGURE 5: Steady-state inhibition kinetics of LS catalysis by 15-
HLO (200 nM) in 25 mM HEPES (pH 7.5) (solid circles). The
data are fitted to eq 7, Scheme 2, whereKm ) 4.0 ( 0.7 µM, kcat/
Km ) 1.7 ( 0.2 µM-1 s-1, KiKaggr ) 2.0× 107 ( 3.0× 106 µM6,
andn ) 6 [R2 ) 0.94, RMS) 1.3]. The effect of 50µM Tween
20R on the steady-state kinetics of LS catalysis by 15-HLO in 25
mM HEPES (pH 7.5) (solid triangles). The data are fitted to eq 7,
whereKm ) 23 ( 16 µM, kcat/Km ) 0.54( 0.1 µM-1 s-1, KiKaggr
) 513( 102µM2, andn ) 2 [R2 ) 0.92, RMS) 1.2]. The units
of the graph are moles of substrate consumed per second per mole
of enzyme (mol s-1 mol-1).

Scheme 1

V ) kcat/Km[S]/(1 + (1/Km + 1/Ki)[S] + 1/RKmKi[S]2)
(1)

V ) (kcat/Km[S] + (âkcat/RKmKi))/

(1 + (1/Km + 1/Ki)[S] + 1/RKmKi[S]2) (2)

V ) kcat/Km[S]/(1 + (1/Km + 1/Ki)[S] +

(1/KmRKi + 1/KiKii )[S]2 + 1/KmRKiδKii [S]3) (3)

Scheme 2

Kaggr) KD
1KD

2KD
3‚‚‚KDn-1 (4)

[Sn] ) [S]n/Kaggr (5)

V ) kcat/Km[S]/(1 + 1/Km[S] + 1/Ki[Sn]) (6)

V ) kcat/Km[S]/(1 + 1/Km[S] + 1/KiKaggr[S]n) (7)

V ) kcat/Km[S]/(1 + 1/Km[S] + 1/KiKaggr[S]n +

kirrev/KiKaggr[S]n) (8)
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the fatty acid solution prior to addition of the enzyme, activity
was observed. The addition of detergent reduced the extreme
parabolic substrate inhibition to a slight parabola, indicating
only minimal inhibition by LS (Figure 5). The rate data could
be fit using the aggregate inhibitor model (eq 7, Scheme 2),
however, then is reduced to 2 (Km ) 23 ( 16 µM, kcat/Km

) 0.54( 0.1 µM-1 s-1, KiKaggr ) 513 ( 102 µM2, n ) 2,
Table 1). The data could also be fit with the monomer LS
binding to the allosteric site, forming a noncatalytic species
(eq 1, Scheme 1) (kcat/Km ) 0.54 ( 0.1, (1/Km + 1/Ki) )
0.044( 0.3, 1/RKmKi ) 0.002( 0.0004). This fit did not
require an aggregate formation and was simply due to the
monomer binding to an unproductive allosteric site. Kinetic
models utilizing either a catalytically competent allosteric
complex (eq 2) or multiple allosteric sites (eq 3) yielded
negative fit parameters and were considered inaccurate
models.

The “rescue” of activity by the detergent was not depend-
ent on the detergent charge and/or structure but was only
observed when the detergent was close to its cmc value. At
≈60 µM LS, 15-HLO (200 nM) exhibited a negligible rate
in 25 mM HEPES (pH 7.5), however, at detergent concen-
trations of≈75% of their respective cmc values (Tween 20,
Tween 20R, cholate, andn-heptyl-D-glucopyranoside), the
rate of 15-HLO increased by≈2000-3000% (Figure 7). At
concentrations of≈10% of their cmc values, these detergents
yielded no significant effect on the enzymatic rate of 15-
HLO (Figure 7), indicating that catalysis was dependent on
the presence of detergent micelles, and not on the particular
detergent structure and/or charge.

The NaCl concentration of the LS substrate solutions was
also varied in order to address the role of fatty sulfate
aggregation on 15-HLO catalysis since higher ionic strength
increases aggregation (22). The changes in the maximum
rate of 15-HLO upon increasing amounts of LS were
measured at 100 and 500 mM NaCl in 25 mM HEPES (pH
7.5) (Figure 8). Fits to the data with eq 7 yielded a steady
decrease inKiKaggrvalues from 6.0× 106 µM6 (0 mM NaCl)
to 3.5× 105 µM6 (100 mM NaCl) and 3.9× 104 µM6 (500

mM NaCl), indicating increased inhibition. This was quali-
tatively seen by the decrease in the amount of LS required
to completely inhibit 15-HLO and suggested that the higher
ionic strength increases the concentration of the substrate
aggregate.

DISCUSSION

Recently, inhibition of SLO and 15-HLO by OS has been
shown to proceed through an allosteric binding site which
modulates substrate turnover by changing the microscopic
rate constants of catalysis (13). TheKi of OS for SLO (≈0.6
µM) is markedly lower than that of OA (Ki ≈ 20 µM),
presumably due to an increase in the ionic strength of the
sulfate moiety (13). In the current study, we have extended
this investigation of the effect of the sulfate moiety on
lipoxygenase function by synthesizing several fatty sulfate
substrates (LS, AS, diES) and assaying their catalytic and
inhibitory properties on SLO and 15-HLO.

The steady-state parameters of fatty sulfate catalysis by
SLO indicate that the sulfate moiety of the substrate increases
the relativekcat/Km as compared to those for the natural
carboxylic acid substrate, LA (Figure 2, Table 1). Thekcat/
Km for LS is≈1.7-fold greater than that of LA, while itskcat

is approximately the same as that of LA. AS displays akcat/

FIGURE 6: Steady-state inhibition kinetics of AS catalysis by 15-
HLO in 25 mM HEPES (pH 7.5) (solid circles). The data are fitted
to eq 7, whereKm ) 2.9( 0.5µM, kcat/Km ) 1.6( 0.2µM-1 s-1,
KiKaggr ) 1.2 × 108 ( 2.0 × 107 µM6, and n ) 6 [R2 ) 0.96,
RMS ) 0.87]. Steady-state inhibition kinetics of diES catalysis by
15-HLO in 10 mM HEPES (pH 7.5) (solid triangles). The data are
fitted to eq 7, whereKm ) 12.8 ( 2.8 µM, kcat/Km ) 1.0 ( 0.1
µM-1 s-1, KiKaggr ) 8.9× 105 ( 7.2× 104 µM6, andn ) 6 [R2 )
0.99, RMS) 0.53].

FIGURE 7: Effect of detergent concentration on LS catalysis by
15-HLO. Substrate concentration is≈60µM LS, and reactions were
run in 25 mM HEPES (pH 7.5).

FIGURE 8: Effect of ionic strength on the steady-state kinetics of
LS catalysis by 15-HLO in 25 mM HEPES (pH 7.5). Enzymatic
rates were measured at increasing amounts of sodium chloride: 0
mM NaCl (squares), 100 mM NaCl (triangles), 500 mM NaCl
(circles). The data are fitted with eq 7 yieldingKiKaggr values of
6.0 × 106 ( 2.5 × 106, 3.5× 105 ( 7.5 × 104, and 3.9× 104 (
8.2 × 103 µM6, respectively.
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Km value similar to that of LS, but diES is catalyzed with
an even greater efficiency than either LS or AS. In contrast,
the kcat for diES is within experimental error of that of LS,
but both are∼1.2-fold lower than that of AS. These data
indicate that SLO has an optimal rate of substrate capture
(kcat/Km) for diES yet an optimal rate of product release (kcat)
for AS.

The fatty sulfates do not inhibit SLO which indicates a
markedly different behavior than displayed by the natural
substrate, LA. Previously, Wang et al. observed that LA
inhibits SLO at high concentrations (≈60 µM, pH 10) (12).
This is consistent with other investigations, which demon-
strated an increase in the KIE with increasing LA concentra-
tion for both SLO and 15-HLO (14, 15). These studies
indicate that LA binds to the allosteric site on both SLO
and 15-HLO, albeit with a much lower affinity than that of
OS (LA, KD > 50 µM, OS,KD ≈ 0.6µM, SLO). The diene-
containing fatty sulfates (LS, AS, diES), however, are not
inhibitors to SLO and exhibit saturation steady-state kinetics
at pH 9.2; this indicates that the diene-containing fatty
sulfates bind preferentially to the catalytic site and not
significantly to the allosteric site of SLO. This is the opposite
of the binding preference of the fatty sulfate inhibitor, OS,
which binds preferentially to the allosteric site and indicates
a structural selectivity between the catalytic and allosteric
sites of SLO. The two fatty sulfates, OS and LS, have the
same carbon chain length and charge; therefore, the selectiv-
ity of binding is due to the difference in the degree of
unsaturation between the two molecules (OS,C18:∆1 and LS,
C18:∆2). This binding selectivity between LS and OS could
be due to either a conformational difference between the
monoene- and diene-containing fatty sulfates and/or aπ-π
stacking of the diene moiety with an aromatic residue within
the catalytic site (21). In either case, SLO manifests a
selectivity between the two molecules which is remarkable
considering the structural similarity between LS and OS.

The fatty sulfates (LS, diES, AS) are substrates for 15-
HLO as well; however, the catalytic selectivity is slightly
different from that of SLO. The steady-state parameter of
kcat/Km for 15-HLO, determined using eq 7, indicates that
LS and AS are both catalyzed to approximately the same
efficiency as that of LA (Table 1). However, all three
manifestkcat/Km values that are≈1.6-fold greater than that
of diES. Thekcat for diES, in contrast, is≈2-fold greater
than that of LS,≈3-fold greater than that of AS, and≈1.4-
fold greater than that of LA. These trends in kinetic
parameters indicate that the rate of substrate capture
(kcat/Km) for 15-HLO is best for LA, LS, and AS, while the
rate of product release (kcat) is best for diES. This is a
different trend from that of SLO, which suggests that the
active sites of 15-HLO and SLO contain slightly different
binding determinants. This is within reason, since both
enzymes utilize different substrates in vivo (15-HLO, AA;
SLO, LA) and have different active site cavities (23, 24). It
is interesting to note that both SLO and 15-HLO are capable
of catalyzing a fatty sulfate substrate (AS, C20:∆4) that is
four atoms longer on the anionic side of the 1,4-diene than
LA (C18:∆2). This suggests that the charge stabilization
epitope for both SLO and 15-HLO is remarkably flexible
and can accommodate the additional four-atom length of AS
(two additional carbons, a sulfur, and an oxygen). For 15-
HLO, Lys403 has been proposed as the cation that interacts

with the substrate anion; however, it is unclear how it could
accommodate both AS and LA considering their chain length
difference (21). Additional cationic residues could possibly
stabilize the anion depending on the particular substrate; we
are currently investigating these questions through mutagen-
esis.

At high concentration, however, the fatty sulfates are
potent inhibitors to 15-HLO, as illustrated by the striking
parabolic response of 15-HLO to increasing amounts of
substrate (Figure 5). The inhibition is irreversible, as il-
lustrated by the lack of enzyme activity recovered after
dialysis. In addition, the dialyzed LS-treated 15-HLO does
not bind to a cation exchange column, unlike native 15-HLO,
which indicates that the protein has an increased overall
negative charge (Figure 3). This is most likely due to the
adhesion of multiple LS molecules to 15-HLO, which adds
negative charge to the protein, thus repelling it from the
cation exchange column. These LS molecules cannot be
dialyzed away, and are either bound extremely tightly to the
protein or covalently attached. The inhibition of 15-HLO by
LS, however, can be overcome by the addition of excess
15-HLO (Figure 4). The amount of excess 15-HLO needed
to overcome the inhibition increases linearly with substrate
concentration and is determined to be≈1.2% of the total
substrate concentration (Figure 4, inset). It is unclear why
the relationship is linear, but the simplest explanation is that
the concentration of the inhibitor increases linearly with LS
concentration; further studies are required. The observed
inhibition is not due to a trace synthetic impurity since
sequential additions of LS (up to 45µM LS total) yield high
activity, as compared to the complete inhibition with only
one addition of 45µM LS. This indicates that inhibition is
dependent on the initial LS concentration and not the total
amount of LS added, which points to the presence of a
substrate aggregate as the inhibitory species of 15-HLO.

This hypothesis of aggregate inhibition for 15-HLO is
supported by the fact that detergent (at cmc concentration)
significantly reduces the substrate inhibition of 15-HLO when
it is added to the substrate prior to enzyme addition (Figure
7). This “rescue” of activity by detergent is most likely due
to a breakup of the inhibitory substrate aggregates by
formation of mixed micelles between the fatty sulfate and
detergent. These mixed micelles are no longer inhibitory,
and the fatty sulfate can then be catalyzed through micelle
surface kinetics (Figure 5) (25). The resultant rate curves of
15-HLO with detergent present could be fit with either a
dimer aggregate (n ) 2, eq 7) or a monomer binding to the
allosteric site (Scheme 1, eq 1); however, we cannot
differentiate between these two inhibition mechanisms at this
time. The presence of a substrate aggregate is further
supported by the increase in inhibition as ionic strength
increases, i.e., NaCl concentration, a known inducer of lipid
aggregation (22). The increase in salt concentration decreases
the amount of LS needed to fully inhibit 15-HLO, as seen
by their loweredKiKaggrvalues (Figure 8). It should be noted
that millimolar concentrations of SDS do not inhibit 15-HLO,
so we believe the inhibition is not due to a detergent effect;
however, further studies are needed. Taken together, these
data indicate that 15-HLO is inhibited by an aggregate of
fatty sulfate substrates.

This conclusion is critical to the analysis of the enzymatic
rate data for 15-HLO, since the rate data cannot be fit with
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a simple monomer allosteric binding site model (Scheme 1,
eq 1) nor sequential binding of two substrate molecules to
an allosteric site (eq 3). The steep parabolic inhibition,
however, can be mathematically fit with the inclusion of an
aggregate binding site into the kinetic inhibition model for
15-HLO (Scheme 2, eq 7, Figure 5). Scheme 2 assumes that
the inhibitory fatty sulfate aggregate forms prior to enzyme
interaction (Kaggr) and subsequently binds to the protein (Ki).
Based on this kinetic model, the fit parameters indicate that
diES is a more potent inhibitor to 15-HLO than either LS or
AS. The inhibition (KiKaggr) by diES is≈22-fold greater than
that by LS, and≈135-fold greater than that by AS [diES>
LS > AS] (Table 1). This inhibition trend roughly correlates
with the cmc of each substrate, since the value for diES (15
( 1 µM) is 4-5 times lower than the cmc of both LS (72(
13 µM) and AS (57( 5 µM), which supports a dependence
of fatty sulfate aggregation on 15-HLO inhibition. The cmc
values, however, do not fully explain the differences in
KiKaggr, since LS inhibition is≈6-fold greater than that of
AS, even though its cmc value is higher than that of AS.
This suggests that the chemical structure of the fatty sulfate
may also play a role in aggregate binding and the inactivation
of 15-HLO.

In conclusion, conversion of fatty acid substrates to their
corresponding fatty sulfates renders suitable substrates for
SLO which do not bind to the allosteric site and inhibit the
enzyme. This indicates a selectivity of OS binding to the
allosteric site over that of LS, presumably due to the change
in bond saturation. The fatty sulfates, however, are potent
inhibitors to 15-HLO which irreversibly abolish activity
above≈50 µM. This inhibition is due to the presence of
fatty sulfate aggregates, which denature and/or covalently
modify the protein, rendering it inactive. In contrast, ag-
gregates of LA do not significantly inhibit 15-HLO, though
the cmc of LA is ≈2-fold lower than that of LS. This
suggests that the sulfate moiety plays a critical role in
aggregate binding, suggesting the presence of a polycationic
binding site on 15-HLO. This result may have broader
significance, since Gillmor et al. have proposed the presence
of a membrane docking site on theâ-barrel domain of rabbit
15-lipoxygenase which may be structurally related to the
aggregate binding site proposed in this study (23). We are
currently investigating this hypothesis with EI-MS and
site-directed mutagenesis in order to ascertain the location
of the aggregate binding site and its mechanism of lipid
binding.
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