
Abstract. Cysteinyl-leukotrienes are important pro-
inflammatory mediators in bronchial asthma (BA) and are
derived from arachidonic acid by the action of 5-lipoxy-
genase. We identified a novel polymorphism, c.760 G>A
(E254K), in exon 6 of the 5-lipoxygenase gene (5-LO). This
substitution was detected in 11 out of 180 patients with BA,
but not in any of the 150 non-allergic subjects. The frequency
of c.760 G>A showed a significant difference between BA
and non-allergic subjects (P=0.0007). The c.760 G>A
polymorphism existed at the surface edge of the C-terminal
catalytic domain, and the E-to-K substitution changed the
charge of the side chain from negative to positive. Thus, our
results suggest that E254K in the 5-LO might be associated
with BA.

Introduction

Bronchial asthma (BA) is a multifactorial genetic disease (1).
Cysteinyl-leukotrienes (cys-LTs) play an important pro-
inflammatory role in both early- and late-phase asthmatic
responses (2). Cys-LTs constitute a class of potent biological
mediators of inflammation and anaphylaxis. 5-lipoxygenase
is an essential enzyme which catalyzes the first committed
steps in the biosynthetic pathway leading to the production of
cys-LTs (3-6). The actions of 5-lipoxygenase result in the

sequential conversion of arachidonic acid to 5-hydroperoxy-
eicosatetraenoic acid (5-HPETE) and then to leukotriene
(LT) A4.

The 5-LO is located on chromosome 10q11.2 (7). In
several studies, the addition of an Sp-1 binding motif (-GGG
CGG-) or the deletion of one or two Sp-1 binding motifs in
the 5-LO core promoter, has been associated with reduced
gene expression (8,9). In addition, the 5-lipoxygenase-
activating protein (FLAP) promoter gene polymorphisms
(21A repeat and 18A repeat) were reported to be associated
with BA (10). Recent evidence demonstrated that up-
regulation of 5-LO and FLAP mRNAs might be involved in
the increased leukotriene synthesis and play an important
role in the pathogenesis of BA (11).

In this study we identified single-nucleotide poly-
morphisms (SNPs) in the 5-LO and researched the relationship
between SNPs in the 5-LO and BA.

Materials and methods

Patients and non-allergic subjects. One hundred and eighty
BA patients (105 males and 75 females, mean age 8.4±7.6
years of age) and 150 non-allergic subjects (90 males and 60
females, mean age 9.5±8.2 years of age) were studied. The
diagnosis of BA was made according to the criteria of the
American Thoracic Society. The non-allergic subjects were
healthy and did not have a history of allergic diseases. All of
the subjects were randomly selected from patients attending
our hospital. Informed consent was obtained from all
individuals or from their parents.

Detection of SNPs in 5-LO. Neutrophils were collected from
heparinized blood. Genomic DNA was extracted from
neutrophils with a Sepagene kit (Sanko Junyaku, Tokyo,
Japan). The fourteen exons of 5-LO were amplified using the
PCR technique and sequenced using an ABI 3100 DNA auto-
sequencer (Applied Biosystems, CA) in certain individuals
with BA (n=16) and certain non-allergic subjects (n=14). For
further study, the E254K substitution was detected in all
individuals with BA (n=180) and non-allergic subjects
(n=150), and the other three silent polymorphisms (c.21 C>T,
c.270 G>A, c.1728 A>G) were detected in 60 individuals
with BA and 60 non-allergic subjects. The primer details for
the PCR used in the detection of these polymorphisms are
shown in Table I.
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Measurement of urinary LTE4. Urine samples from 14 non-
allergic subjects and 16 individuals with BA (13 without
E254K and 3 with E254K), were stored at -80˚C, and
analyzed within 1 month of collection. The urinary creatinine
level was determined by a creatinine test kit (Pure Auto S
CRE-L, Daiichi-kagaku, Tokyo, Japan). Urinary LTE4
concentrations determined by EIA were corrected for recovery
of [3H]-LTE4. The urinary LTE4 level was expressed as
pg/mg of creatinine.

Measurement of LTB4 production from neutrophils.
Neutrophils were collected from heparinized blood in 14
non-allergic subjects and 16 individuals with BA (13 without
E254K and 3 with E254K), and 2x106 cells/ml were cultured
in an RPMI-1640 medium with 15% fetal calf serum, after
stimulation with 1 μM ionomycin. At 0, 15 and 30 min after
adding ionomycin, we aspirated 1 ml of the culture medium
and stored it at -80˚C for the measurement of LTB4. We used
the LTB4 Immunoassay (R&D Systems Inc., Minneapolis,
MN) to quantify the LTB4 concentration in a supernatant
from the cultured ionomycin-stimulation neutrophils (12).
The samples were applied to the C18 reverse-phase column,
and were measured by ELISA.

Relative expression of 5-lipoxygenase mRNA. PBMCs were
isolated from the heparinized blood of the 14 non-allergic
subjects and 16 individuals with BA (13 without E254K and
3 with E254K) by gradient centrifugation in Ficoll-Paque
(Pharmacia, Uppsala, Sweden) and stored at -80˚C for the
extraction of mRNA. We quantified the relative expression
of 5-lipoxygenase mRNA by real-time PCR. The real-time

PCR was carried out with a Light Cycler instrument (Roche,
Mannheim, Germany) by using the Light Cycler SYBR-
Green I RNA Master Kit (Roche). Each PCR cycle included
denaturation at 95˚C for 10 sec, primers annealing at 57˚C for
10 sec, and a final extension at 72˚C for 8 sec. The cDNA was
amplified using the following primers: sense primer 5'actgg
aaacacggcaaaaac3' in exon 3 and anti-sense primer 5'tcac
ggggtaaatccttgtg3' in exon 4. The size of the PCR product
was 96 bp and the intron size between these two primers was
>26 kb (7). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the internal control for real-time
quantitative PCR and we analyzed the relative expression of
5-lipoxygenase mRNA by the 2-ΔΔCt method (13).

Homology structural model of 5-lipoxygenase E254 and
K254. An initial homology model structure of 5-lipoxygenase
was made by a FUGUE (http://www-cryst.bioc.cam.ac.uk/
~fugue/) server. Coral 8R-lipoxygenase (2fnq) was selected
as the most homologous template of 5-lipoxygenase from the
Protein Data Bank (www.rcsb.org/pdb). The target-template
identity rate is 39%. On the basis of this initial structural
model, we optimized the structure and performed energy
minimization using Internal Coordinate Mechanics (ICM)
Pro version 3.3 (MolSoft). Furthermore, we generated the
mutational form of this structure using the same software
package. The validity of these structural models was
evaluated by Ramachandran plot. The surface electrostatic
potentials of these wild and mutant structures were calculated
using Molmol software.

Table I. Primer details for PCR used to detect 4 polymorphisms.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Primer Sequence Amplified product size Annealing temp (˚C)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
c.21 C>T FP 5'CGCCATGCCCTCCTACAC3' 150 bp 56
c.21 C>T RP 5'CCACGCTCGAAGTCGTTGTA3'

c.270 G>A FP 5'GTGCCACAGCAGCATACCT3' 401 bp 55
c.270 G>A RP 5'CCTGCACAGCAGTGTCATTC3'

c.760 G>A (E254K) FP 5'CCTGGTAGAGCGGGTCATGAATC3' 179 bp 62
c.760 G>A (E254K) RP 5'ACCTCCTGCTCCAAGGGGAGCT3'

c.1728 A>G FP 5'GAAAGAGGATGGACGGACTG3' 295 bp 55
c.1728 A>G RP 5'CTCGTTTTCCTGGAACTGGC3'
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
FP, forward primer; RP, reverse primer.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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Figure 1. Gene structure and polymorphisms investigated in the 5-LO. The
positions marked were found in polymorphisms in the Japanese population. Figure 2. Big Dye terminator DNA sequence data of E254K in the reverse

chain of 5-LO. The data of a patient with E254 (wild-type) are shown on the
left and the data of a patient with K254 (mutant-homozygous type) are
shown on the right.
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Statistical analyses. Allele and genotype frequencies were
calculated for each locus and tested for Hardy-Weinberg
equilibrium. Distribution of the genotype of E254K in the 5-LO
was analyzed by Fisher's exact test. Probability (P) values
<0.05 were considered statistically significant. The significance
of difference was analyzed by the two-sample t-test.

Results

Polymorphisms in the 5-LO. We identified 4 SNPs in the
5-LO in individuals with BA (Fig. 1). Three SNPs were silent
polymorphisms: c.21 C>T (exon 1), c.270 G>A (exon 2) and
c.1728 A>G (exon 13). There were no differences in the

frequencies of the three SNPs between individuals with BA
and non-allergic subjects (Table II).

One SNP was a missense polymorphism c.760 G>A, and
the amino acid at 254 changed from Glu (E) to Lys (K)
(Fig. 2). We determined the prevalence of c.760 G>A
(E254K) in the 5-LO of individuals with BA and non-allergic
subjects. This SNP was found in 11 (0.061) out of the 180
individuals with BA. One was homozygous AA and 10 were
heterozygous GA (2 out of the 10 were brother and sister). The
mutant allele frequency was 0.033 in 180 individuals with BA.
However, the mutant allele could not be detected in any of
the 150 non-allergic subjects (Table III). There was a
significant difference in the E254K frequency between
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Table II. Allele and genotype frequencies of 5-LO silent SNPs.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Non-allergic subjects (n=60) Bronchial asthma patients (n=60) P-value
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Allele frequency

c.21 C>T
C 108 (0.9) 110 (0.917)
T 12 (0.1) 10 (0.083) 0.824

c.270 G>A
G 115 (0.958) 119 (0.992)
A 5 (0.042) 1 (0.008) 0.213

c.1728 A>G
A 113 (0.942) 116 (0.967)  
G 7 (0.058) 4 (0.033) 0.539

Genotype frequency

c.21 C>T
CC 48 (0.8) 52 (0.867)
CT 12 (0.2) 6 (0.100) 0.463
TT 0 2 (0.033)

c.270 G>A
GG 55 (0.917) 59 (0.983)
GA 5 (0.083) 1 (0.017) 0.207
AA 0 0

c.1728 A>G
AA 53 (0.883) 56 (0.933)
AG 7 (0.117) 4 (0.067) 0.529
GG 0 0

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table III. Allele and genotype frequencies of 5-LO missense SNP.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Non-allergic subjects (n=150) Bronchial asthma patients (n=180) P-value
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Allele frequency

c.760 G>A
G 300 (1) 348 (0.967)
A 0 12 (0.033) 0.0007

Genotype frequency

GG 150 (1) 169 (0.9400)
GA 0 10 (0.0560) 0.0170
AA 0 1 (0.0056)

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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individuals with BA and non-allergic subjects (Fisher's exact
test, P=0.0007).

Associations of E254K with urinary LTE4 or LTB4
production in neutrophils. To examine the functional effects
of c.760 G>A (E254K) in the 5-LO, we measured the urinary
LTE4 levels in individuals with BA (without or with E254K)
and non-allergic subjects. The urinary LTE4 levels were
significantly higher in individuals with BA (without or with
E254K) than in non-allergic subjects (P<0.05). However, the
mean level of urinary LTE4 concentrations showed a
tendency to decrease in individuals with BA and with E254K
compared to those with BA but without E254K, although
there was no significant difference (Fig. 3).

Furthermore, we measured the LTB4 concentrations in
neutrophils isolated from individuals with BA (without or
with E254K) and non-allergic subjects before and after

stimulation by ionomycin. There were no differences in LTB4
production in resting neutrophils from individuals with BA
compared to non-allergic subjects. The mean level of LTB4
concentration showed a tendency to increase in individuals
with BA (without or with E254K) compared to non-allergic
subjects after stimulation by ionomycin at 15 and 30 min
(Fig. 4). The mean level of LTB4 concentrations in neutrophils
showed a tendency to decrease in individuals with BA and
with E254K compared to those with BA but without E254K,
although there was no significant difference (P>0.05).

Relative expression of 5-lipoxygenase mRNA. We used the
real time PCR (LightCycler 1.5 Instruments and SYBR-
Green I system) to quantify the relative expression of
5-lipoxygenase mRNA in individuals with BA (without or
with E254K) and non-allergic subjects. GAPDH was used as
the internal control for real-time quantitative PCR and the
relative expression of 5-lipoxygenase mRNA was analyzed by
the 2-ΔΔCt method. The relative expression of 5-lipoxygenase
mRNA in individuals with BA but without E254K increased
2.6-fold above that in non-allergic subjects. In individuals
with BA and with E254K the relative expression increased
3.1-fold above that in non-allergic subjects. The relative
expression of 5-lipoxygenase mRNA was higher in individuals
with BA and with E254K than in those with BA but without
E254K (Fig. 5).

Homology structural model of 5-lipoxygenase E254 and
K254. The human 5-lipoxygenase structural model consisted
of the N-terminal ß-barrel domain, thought to interact with
lipids, and the C-terminal catalytic domain containing the
active site that is the iron-binding site and the substrate-
binding cleft. We found that the SNP of 5-LO, E254K,
existed at the surface edge of the C-terminal catalytic
domain, but this site was far from the active site of that
enzyme (Fig. 6A). However, part of glutaminic acid 254 and
lysine 254 had side chains, which obviously are exposed to
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Figure 4. LTB4 production of ionomycin stimulation in neutrophils from
individuals with bronchial asthma (BA) without E254K (n=13) and with
E254K (n=3), and non-allergic subjects (n=14). The significance of
difference between groups of LTB4 was tested using a two-sample-t-test.
We detected no difference in LTB4 production in resting neutrophils from
individuals with BA compared to non-allergic subjects. The mean level of
LTB4 showed a tendency to increase more in individuals with BA (without
or with E254K) than in non-allergic subjects after stimulation by ionomycin
at 15 and 30 min, but there were no significant differences (P>0.05).

Figure 5. Relative expression of 5-lipoxygenase mRNA in individuals with
bronchial asthma (BA) without E254K (n=13) and with E254K (n=3) and
non-allergic subjects (n=14). The Y-axis on the left indicates the fold-
increase compared to the mRNA expression in non-allergic subjects shown
by the open bars. The relative expression of 5-lipoxygenase mRNA in
individuals with BA but without E254K increased 2.6-fold above that in
non-allergic subjects; in individuals with BA and with E254K it increased
3.1-fold above that in non-allergic subjects.

Figure 3. Urinary LTE4 production in individuals with bronchial asthma
(BA) without E254K (n=13) and with E254K (n=3), and non-allergic
subjects (n=14). The difference between individuals with bronchial asthma
and non-allergic subjects was tested using a two-sample t-test. The urinary
LTE4 productions were significantly higher in individuals with BA (without
or with E254K) than in non-allergic subjects (P<0.05). The red mark is the
mean level.
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the solvent in these structural models (Fig. 6B), and the E-to-
K substitution changed the charge of the side chain from
negative to positive (Fig. 6C).

Discussion

Clinically similar asthma symptoms may be caused by
different mechanisms (14). Chronic airway inflammation is a
feature of asthma. Recently, evidence has demonstrated that
leukotriene C4, D4 and E4 increase in the serum, urine and
exhaled breath condensate (EBC) of asthma patients (11,15).
The first committed enzyme in the biosynthetic pathway
leading to the production of leukotrienes is 5-lipoxygenase.
The addition of an Sp-1 binding motif (-GGGCGG-) or
deletion of one or two Sp-1 binding motifs in the 5-LO core
promoter has been associated with reduced gene expression
(9). We studied the polymorphisms in the 5-LO and
attempted to clarify the relationship between the novel
polymorphism (c.760 G>A) and bronchial asthma.

We found a missense SNP and three silent SNPs in the
5-LO. All patients who had an E254K substitution suffered
from BA. There was a significant difference in the E254K
frequency between individuals with BA and non-allergic
subjects. Three other silent SNPs (c.21 C>T, c.270 G>A and
c.1728 A>G) described previously (16), were also identified,
but there were no significant differences in the frequencies
between individuals with BA and non-allergic subjects.

To examine the functional effects of c.760 G>A (E254K)
in the 5-LO, we measured the production of urinary LTE4
and LTB4 in neutrophils in individuals with BA (without or
with E254K) and non-allergic subjects. We found that
urinary LTE4 production was significantly higher in
individuals with BA (without or with E254K) than in non-
allergic subjects. Furthermore, the mean level of LTB4
production in neutrophils showed a tendency to increase in
individuals with BA (without or with E254K) more than in
non-allergic subjects after stimulation by ionomycin. These
results support the theory that leukotrienes play an important
role in BA. The relative expression of 5-lipoxygenase mRNA
in individuals with BA (without or with E254K) increased
2.6- or 3.1-fold above that in non-allergic subjects. This
result supports the opinion of Koshino et al that the up-
regulation of 5-lipoxygenase mRNA might be involved in the
increased leukotriene synthesis and play an important role in
the pathogenesis of asthma (11). In this study, the relative
expression of 5-lipoxygenase mRNA was higher in individuals
with BA and with E254K than in those with BA but without
E254K. As a result, the 5-LO pathway productions (urinary
LTE4 and LTB4 levels in neutrophils) should be higher in
individuals with BA and with E254K than in those with BA
but without E254K. However, in this study, the urinary LTE4
and LTB4 levels in neutrophils showed a tendency to
decrease in individuals with BA and with E254K compared
to those with BA but without E254K. This result may be
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Figure 6. (A) Homology model structure of 5-lipoxygenase. The arrow indicates the part of the E254K polymorphism. (B) Comparison of the orientation of
the side chains of glutamine acid 254 and lysine 254. (C) The focuses of the surface electrostatic potential of 5-lipoxygenase structures. Electrostatic potential
representations of these two with red indicate areas of negative charge and blue indicate areas of positive charge. Arrows indicate the part of E254 and K254.
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caused by the change of the E-to-K substitution at amino acid
254. This SNP in the 5-LO, which changes the charge from
negative to positive, may affect the stability of the 5-lipoxy-
genase. Therefore, this SNP is induced to inhibit the synthesis
of cys-LTs.

In order to clarify the functional effect of E254K, we
analyzed the structural model of 5-lipoxygenase. The human
5-lipoxygenase structural model consisted of the N-terminal
ß-barrel domain, thought to interact with lipids, and the C-
terminal catalytic domain containing the active site that is the
iron-binding site and the substrate-binding cleft. Our new
finding is that the substitution of 5-LO, E254K, existed at the
surface edge of the C-terminal catalytic domain, but this site
was far from the active site of that enzyme. However, part of
glutamine acid 254 and lysine 254 had side chains, which are
obviously exposed to the solvent in these structural models.
Also, the E-to-K substitution changed the charge of the side
chain from negative to positive, and it has been reported that
this type of change can induce certain diseases (17,18). A
previous report showed that some of the other cellular
proteins interact with 5-lipoxygenase using the yeast two-
hybrid screening method (19). Glutamine acid 254 might
influence 5-lipoxygenase to interact with some other cellular
proteins but not with FLAP or with the substrate of this
enzyme (20-25). Pharmacogenetics is the study of how
genetic differences influence the variability in patients'
responses to therapy (26). Further studies may be necessary
to define the relationship between these 4 SNPs and patients'
response to therapy.

In conclusion, our study suggested that the c.760 G>A
polymorphism, E254K, in the 5-lipoxygenase gene, is
associated with bronchial asthma, and our findings can
contribute to the evaluation of one of the genetic risk factors
for this disease.
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