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Abstract. The single nucleotide polymorphism (SNP) R261Q
in the human platelet 12-lipoxygenase has been correlated with
several human diseases. To understand better the biological
performance we have compared enzymatic properties of the
recombinant enzymes: ‘wild-type’ as Q261 and R261 variants
with a single Q261R mutation at the enzyme periphery and
N544L mutant with an altered active site. The R261 variant
does not follow the same kinetics such as WT-Q261 showing
a lag phase, a slower accumulation of product, following a
different time-course without reaching plateau characteristic
for the Q261 variant. The N544L substitution in the active site
almost eradicates enzymatic activity proving that asparagine
is as important for catalysis as the conserved histidines and
C-terminal isoleucine. All three enzymes have comparable
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substrate binding and membrane association behavior. We
conclude that the naturally occurring SNP, causing single
mutation at a location distant to the active site, can alter the
protein-protein association of this oligomeric enzyme making
impact on kinetic properties of an allosteric mechanism and
molecular recognition/signaling at a submembrane frontier.

Introduction

Human platelet 12-lipoxygenase (hp-12LOX, SwissProt
P18054, 663 residues + Fe non-heme cofactor), implicated in
lipid signaling, is present mainly in cytoplasm of the various
cell types and occurs in nature as several variants: E259K,
Q261R, A298T, N322S, R430H. In addition to an arachi-
donate activity leading to 12(S)HETE it exhibits a hepoxylin-
synthase activity, which involves the intermediate formation
of an epoxide. Its biological relevance is also related to its
interactions with other proteins, such as integrins, keratin
type II cytoskeletal 5, lamin-A/C, protein kinase C and other
MAPK kinases. By participating in biosynthesis of
eicosanoids it affects many biological processes such as
positive regulation of cell motility, cell adhesion, cell growth
and cell proliferation. It has also been associated with
molecular and cell signaling and its activity can be regulated
by glutathione (1,2). In our studies of the recombinant
enzyme we have used ‘wild-type’ (WT) designation for the
sequence with amino acids shown above in bold. Recent
cohort studies tracing single nucleotide polymorphism (SNP)
in the hp-12LOX gene brought to attention a possible
connection between the presence of a given SNP and the
susceptibility of its carriers to the certain ailments. According
to a molecular structure [PDB:3d31, (3)] the sequential
substitutions in the four variants of hp-12LOX (except
R430H which is in a distant location from the others) are
concentrated in a fragment (residues ~220-330), which forms
a distinguish subdomain on the outskirt of a catalytic moiety
of the enzyme (4). Each of them provides changes in the
local charge, size and shape of the amino acids. Tracking the
data on the Q261R variants one can find evidence that it
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makes a statistically significant presence in some diseases.
According to clinical studies Gln/Gln genotype prevails in
patients with esophageal and colorectal cancer, diabetic
nephropathy, bipolar disorder and seems to sway negative
regulation of bone mineral density (5-11). While the Arg/Arg
genotype was observed more often (46%) than Arg/Gln (42%)
and GIn/Gln (12%) among patients with essential hyper-
tension and correlated with significantly higher secretion of
urinary 12(S)HETE in GG homozygous individuals (12). The
available data for SNP coding position 261 in hp-12LOX
could be very controversial. Tan er al published statistics for
1,000 colorectal cancer patients and 1,300 controls showing
positive association of hp-12LOX and COX-2 polymorphism
with this disease (8). Goodman et al evaluating 293 patients
and corresponding controls found a statistically significant
association of colon cancer with SLOX (with differences
depending on racial factor), but not with 12LOX, COX-1 or
COX-2 (13). Gong et al reported positive association for
12LOX, but not SLOX in 162 cases with 211 controls (6).
Thus even for the same disease, the results of such studies
seem to depend on the size and ethnicity of the cohort and
might have been impacted by the tumor characteristics. Study
of esophageal squamous cell carcinoma (ESCC) was the only
case were platelets of healthy volunteers where genotyped
and examined for 12LOX activity, which for calculated
average was at 3-fold higher level for GIn/Gln vs. Arg/Arg
homozygous individuals (7).

Human platelet 12-lipoxygenase is acting at the dynamic
frontier of biological membranes where molecules balance
between compartmentalization and communication in transport
and signaling processes. Studies on biological samples could
be ‘tainted’ by the presence of other molecules. To exclude
these secondary effects and to investigate the impact of
amino acid exchanges on the properties of enzyme we have
expressed hp-12LOX variants and characterized the resulting
enzyme species: WT (containing Q261), Q261R (imitating
natural SNP), as well as WT-N544L mutant, which served as
an example of the alteration done in the vicinity of iron
cofactor vs. the peripheral location (Fig. 1).

Materials and methods

Expression of the recombinant enzymes in Sf9 system,
chromatographic purification, activity, for the N-6His-tag
recombinant proteins were carried out side-by-side, following
the protocols described (1). All proteins were aliquoted and
stored in 0.1 M Tris HCI, 0.1 M KCl, pH 8.0 and samples from
the same purification batch were used for all analyses. The
reaction time course of enzymatic activity was monitored
continuously at 234 nm using Beckman Coultier DU640B
UV-VIS spectrometer as change in absorbance caused by
conjugated dienes [molar absorption coefficient ¢ = 27 mM!
cm! for 12HpETE (14)] in 1 ml cuvette containing 1 ml
solution with 20 mM Hepes-NaOH pH 8.0, 33 M arachidonic
acid to which 10 ug of enzyme was added.

Iron content was determined 40 days after purification by
Inductively Coupled Plasma (ICP) spectrometry (University
of California, Santa Cruz, CA - courtesy of Dr T. Holman)
using an internal Co standard and external standardized Fe
solutions.

ALEEM et al: LOX VARIANTS

3D3L:176-211

Figure 1. Structure of human platelet 12-lipoxygenase: Gray - a ribbon
representation of PDB entry 3D3L depicting residues 176-662, with 176-211
in purple, marking the difference from the homology model. Cyan - missing
fragments taken from the homology modeling (1). Orange ball represents
Fe-cofactor, green, blue and red balls show C, N, O atoms from residues N544
and R261.

Arachidonic acid (AA) binding was examined by MALDI-
TOF mass spectrometry (Alphalyse Inc., Palo Alto, CA). The
proteins were analyzed twice by MALDI mass spectrometry
in linear mode using sinapinic acid as matrix. The instrument
was tested to give best resolution at the 75 kDa range. The
mass spectra were calibrated using an external calibration. The
proteins were desalted using Millipore biomax 30 K centrifugal
filters. For arachidonate binding analysis 2 ul of arachidonic
acid were added and incubated for 30 min. A laser beam
was directed at the dry matrix, molecules vaporized and the
ionized proteins were measured in a time-of-flight (TOF)
mass analyzer.

Membrane-binding assay. Endoplasmic membrane prepa-
rations (2 ul) were incubated at room temperature for 10 min
with 2.5 ug of previously centrifuged (20,000 x g, 15 min,
4°C) enzyme in 50 mM Hepes pH 7.4, containing 150 mM
NaCl and 1 mM Ca (total assay volume 25 pl) and processed
following the protocol given previously (1).

Comparison of human lipoxygenases by the native-PAGE.
This non-denaturating method was used to compare all human
lipoxygenases utilizing a kit from Invitrogen containing
Novex® Tris-Glycine Native Running Buffer (10X): used at
1x, Novex® Tris-Glycine Native Sample Buffer (2X): used at
1x and containing 10 mM DTT. Protein (500 ng) (0.2-0.3 ul)
in a volume of 12 pl of the sample buffer/DTT was applied per
lane of the 4-12% Tris Glycin gels. The recombinant enzymes
were the generous gifts of Dr T. Holman, University of
California at Santa Cruz, CA (5LOX, 15LOX-1 and 15LOX-2)
and Dr A. Brash, Vanderbilt University Medical Center,
Nashville, TN (12R-LOX, eLOX3).

Results

The three expressed proteins were ~95% pure and were
analyzed simultaneously ‘side-by-side’ for better comparison.

SNP Q261 and R261 variants differ in kinetics. The enzymatic
activity evaluated by 12HETE formation approaches 3,800 and
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Figure 2. Time-course of the lipoxygenase activity (OD234 nm vs. time, 10 ug
of protein in 1 ml sample, 33 M arachidonic acid) for the wild-type variants
and N544L mutant: (A) All data normalized to the same iron content as in
WT-Q261. (B) The enlargement showing the polynomial trend lines during the
first 120 sec.

Table I. Membrane binding for hp-12LOX mutants.

Sample: WTS/P Q261R S/P  N544L S/P
% of enzyme in 24/76 5/95 6/94
supernatant (S) 39/61 10/90 16/84

in pellet (P) 4/96 4/96 4/96
Average 22/78 6/94 9/91
+SD +18 +3 +6

p (WT vs. mutant) 0.18 0.27

P, represents 100,000 g pellet; S, 100,000 g supernatant.

2,500 nmol/mg at 10 min accumulation for Q261 and R261
variants respectively, while only 250 nmol/mg for N544L
mutant in the freshly purified samples at 22°C, for data not
normalized for the iron content. The average standardized
count for Fe in the investigated samples was 34x10* for WT,
23x10* for Q261R and 24x10* for WT-N544L mutant with an
error +3x10* counts for the Fe standard. The data measured
in triplicate were consistent and >3 times higher than the
fluctuations observed for the standard indicating that the
differences in the iron content were real and corresponded
to 30 and 26% less iron in the Q261R and N544L mutants,
respectively. Fig. 2A and B showing data normalized to the
same iron content for all samples provide evidence that judging
activity by 12HETE accumulation at some arbitrary chosen
point of time with the iron content as an unknown variable
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Table II. Mass spectrometry (MALDI-TOF) results without
and in the presence of arachidonic acid (all MW in kDa,
estimated error +200).

m/z :* obs
Sample MW calc®  no AA +AA>  AMW obs
WT Q261 76573 76462 77597 1135
Q261R 76601 76607 77606 999
N544L 76572 76386 77606 1220

*Predicted MW (ProPARAM tool from ExPaSy proteomic server)
including 6His-tag and Fe-cofactor. PAA arachidonic acid MW 304.5.

could be misleading. The R261 variant shows a lag phase and
much slower product accumulation at the start, but can
outperform WT-Q261 later on. Our measurements of activity
vs. time at various concentrations of arachidonic acid (from
0.23 to 99 uM) revealed a lag phase of 10-30 sec at every
concentration of fatty acid (data not shown) and the obtained
data did not allow us to explain the kinetics in a concise
mathematical fashion. It is clear that SNP variant R261 does
not follow the equation describing kinetic performance of its
WT-Q261 counterpart (1).

N544L mutation in the active site diminishes activity to
the level of only several percent of the one exhibited by the
WT-enzyme. This significant drop in activity is unrelated to
the iron content and has to be attributed to the change in the
enzyme local structure introduced by the replacement of a
polar Asn in the vicinity of the iron cofactor by a similar in
size but hydrophobic and apolar Leu.

Membrane and substrate binding are not affected by Q261R
and N544L mutations. In the membrane binding assay done
in triplicate the percentage distribution of enzymes between
supernatant (S) and membrane pellets (P) shows wider
discrepancy between WT samples 22/78+18 and more
consistent results for Q261R and N544L yet comparable for
all three proteins within the experimental error (Table I).
MALDI-TOF mass spectrometry done in duplicate (average
results given in Table IT) showed prominent peaks at ~76 kDa
for WT, Q261R and WT-N544L with increase in m/z by
>1,000 kDa when preincubated with arachidonic acid.
Taking into account that at this mass an estimated error is
~200 kDa the change observed may correspond to at least 2
but more likely 3 molecules of fatty acid per one MH* ion of
enzyme.

Recombinant human lipoxygenases are stable as oligomers
in the solution. We have used the native-PAGE method to
catch a glimpse of more realistic, ‘native’ state of the human
lipoxygenases in the solution (Fig. 3). 5-LOX was not highly
purified and thus is omitted as inconclusive. All lipoxygenases
have similar MW ~75-80 kDa and based on homology and
molecular modeling are believed to have similar topology.
Under our experimental conditions 15-LOX-2 aligns with
12S-LOX which has been proven to be stable as a dimer (1),
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Figure 3. Native-PAGE of human lipoxygenases (MW in kDa as in SwissProt
without 0.9 kDa for 6His and iron): 12S-lipoxygenase (P18054, 75.7), 15-lipo-
xygenase-1 (P16050, 74.7), 15-lipoxygenase-2 (015296, 75.9), epidermis-type
lipoxygenase-3 (Q9BYJ1, 80.5) and 12R-lipoxygenase (075342, 80.4). The
dots mark approximate position expected for monomer, dimer and trimer.

15-LOX-1 position appears higher suggesting a trimer, while
eLOX3 and 12R-LOX might be trimers or higher oligomers.

Discussion

The enzymatic activity (Fig. 2) is clearly different for the
recombinant SNP variants, but the observed discrepancy is
lower than cited for WT variants obtained from humans. For
enzymes isolated from human plasma Guo et al reported
0.405+0.047 and 0.136+0.022 nmol/mg/min activity of hp-
12LOX for individuals with GG and AA alleles respectively,
i.e. 3 times higher for variant with Q261 (7). In studies of
Lagarde er al this parameter for human platelets was at 3-4
nmol/mg/min level or ~20 nmol/mg of protein at 10 min
accumulation (15). Hp-12LOX activity diminishes very
quickly with time and strongly depends on the environmental
factors such as temperature, buffer, pH, amount of substrate
and other additives (salts, reducing agents, surfactants)
(1,14,16). Since the conditions in different experiments were
not standardized the reported numbers greatly vary and
cannot be compared directly (Table III). Also, the purity of
the sample and the iron content have a very strong impact on
the activity. Unfortunately, in the majority of publications the
enzyme:iron stoichiometry is not addressed but most likely
never equimolar. Thus, when corrected to 1:1 the kinetic
values may appear much higher (16) than observed other-
wise. For 12-lipoxygenases the iron, when measured, was
reported in the range 0.01 to 0.67 of iron per one molecule of
enzyme, with the values for the native sequence usually
higher than for the various mutants from the same series of
experiments (1,16-18). There is always a question about
compatibility when comparison is made between native and
recombinant protein. Chen and Funk (19) observed lower

Table III. Literature data concerning activity of human 12-

lipoxygenase.
Activity
Source of 12LOX (nmol/mg/min) T (°C) Ref.
Human (blood)
Platelets 300 37 (20)
Platelets 3.0-4.0 (15)
17-20 (10 min)? (15)
Platelets: Arg/Arg 0.06-0.22 (7
R261Q Arg/Gln 0.04-0.62 @)
variants GIn/GIn 0.2-0.6 @)
H. Recombinant
HEK?293 native 97.6 (10 min)® (19)
with 6His-Ntag 75.0 (10 min)® (19)
H/Q at Fe-site 0 (19)
Sf9 2000-4000 37 (14)
Sf9 6250¢ 22 (16)
Sf9 Q261 variant 3800 (10 min)*4 22
R261 variant 2500 (10 min)*¢ 22
N544L 250 (10 min)2¢ 22

aEstimated from the time-course of lipoxygenase activity at 10 min
accumulation. PActivity in 10,000 g supernatant from transfected
HEK?293 cells at 10 min. “Estimated using k., = 8 at 22°C, iron

content corrected to 1. ‘Data not normalized for iron content.

activity (77%) for the 6His-tag-12LOX vs. native, while
review of available data shows in general higher numbers for
recombinant, His-tagged enzymes than for native extracted
from platelets (Table III). It is noteworthy that in contrast to
Hada et al (20) Guo et al and Lagarde et al (7,15) used
Tyrode buffer which prevents platelets aggregation, but it
contains carbonates that were found to promote iron with-
drawal in creating apo-enzyme from soybean lipoxygenase
(21).

The conclusion from our experiment is that the activity
observed for the recombinant variant Q261R shows a change
less dramatic than 3-fold reported for the average values
observed for 12LOX variants from platelets of healthy, human
volunteers with GG (n=6) and AA (n=10) genotypes [p=0.001,
(7)]. The recorded activities may represent variations in the
iron content in lipoxygenase from different individuals. This
parameter was not determined and a larger pool of GIn/Arg
heterozygotes (n=22) shows numbers covering both ranges of
the other two groups. However, a multivariate logistic
regression model applied to cancer patients and controls
shows increased risk of developing ESCC for individuals
with GG allele over AA homozygotes (odds ratio 1.42, 95%
confidence interval 1.12-1.81, p=0.003, with 1.08, 0.88-1.32
and p=0.466 for GA). While the iron deficiency in hp-
12LOX (22) may be a real cause for imparied activity a
single mutation in a location crucial for the enzymatic
performance could have a more serious impact (Table III).
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active site was exchanged, exhibited only a marginal
catalytic activity. This was irrelevant to the iron presence
since Q261R had a similar content. Previous studies
concerning active site of mammalian 12LOX were focused
on substituting the iron ligands bound to the central metal
ion, such as histidines (19) or the C-terminal isoleucine (23).
N544 in hp-12LOX might be at a longer distance but
geometrically in a proper place of the iron's coordination
polyhedron, and participating in a tightly woven hydrogen
bonding network, like in soybean enzymes (24) where the
role of this residue was extensively studied (25,26). Human
lipoxygenases 5-, 12S- 12R- and eLOX3 have Asn while 15-
LOX has His in type 1 and Ser in type 2, which might
contribute to their so remarkably different behavior (27,28).
We do not know a high resolution structure of any human
lipoxygenase except an engineered catalytic domain of hp-
12LOX depicted on Fig. 1, corresponding to residues 172-
662 in sequence and representing variant R261 (PDB:3d31)
(3). In that structure Asn544 has its side chain ~6A away
from Fe but participates in a strong hydrogen bonding
network (Fe-water...Asn544...GIn547...Glu356... His360),
which could be preserved in the intact enzyme and essential
for interactions with the substrate, like in soy LOXs. Our
study proves that Asn544 is as important for catalysis as the
residues bound to iron (19).

The Q261R variant has an undisturbed active site, with
mutation at a great distance, but this mutation can affect how
molecules associate into oligomers and thus alter active site
accessibility or the way how the enzyme performs its allosteric
mechanism. Although PDB:3d3l structure might not depict
truly the WT enzyme due to the engineering done, the location
of R261 is far away from the parts that might be disturbed by
the expression vectors. Thus a portrayal of this residue
(resolution 2.6A) confirms its position on the surface at the
outskirt of the molecule and pointing outward (Fig. 1). The
replacement Q<R affects all crucial elements (pK,, size and
shape) of molecular interactions and surface complementarity
so it might be important in molecular recognition and complex
formation (4), consequently influencing a supramolecular
chemistry of the interlocked molecular architecture in the
biological system.

To investigate how the mutations Q261R and N544L can
affect arachidonic acid processing all three expressed
enzymes were tested for membrane and substrate binding.
The WT exhibits less adhesion to the membranes (Table I),
but considering a wide margin of error observed for this assay
this difference cannot be claimed as significant. Also, our
experiment provides evidence that enzymatic activity is not
required for membrane binding as was suggested (29).
Although results from MALDI-TOF (Table II) vary for the
individual mutants it cannot be said based on these data that
the mutants behave differently than WT enzyme regarding
arachidonic acid binding.

Our understanding of the precise functionality of the
molecules at the submembrane location in the biological
environment is daunting. Recently a concept has been
developed that ‘enzyme mechanisms should be viewed as
catalytic networks with multiple conformations that occur
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serially and in parallel mechanism’ (30). It has been found
that hp-12LOX enzymatic activity strongly depends on
self-association into aggregates with higher oligomers
being more active than dimers (1). Comparison of human
lipoxygenases using native-PAGE to show their ‘native’ state
in solution indicates that formation of stable oligomers may
be true for other human lipoxygenases as well (Fig. 3).
They all could be allosteric although their kinetic properties
might be different (28,31,32). Bearing that in mind and the
fact that each molecule of hp-12LOX can bind to 3
molecules of substrate/product one can presume that any
changes in self-association would impinge on the enzymatic
activity.

Our conclusions from this study are: i) Asn544 is
crucial for catalysis. This single mutation N544L practically
inactivates the enzyme probably by disrupting the local chain
of interactions (hydrogen bonds) surrounding the active
site. ii) The enzymatic activity is not required for membrane
binding and for the inactive enzyme or one with diminished
activity could be on par with or higher than for the active one.
iii) Single nucleotide polymorphism causing Q261R variation
in sequence imposes changes in enzymatic activity without a
significant impact on its ability for membrane or arachidonic
acid binding. The differences in biological activity could be a
consequence of how single mutation in the molecular structure
changes behavior of this enzyme at the submembrane frontier
in vivo, making impact on the diseases stimulated by this
lipoxygenase.
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