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Lipoxygenase purified from rabbit reticulocyte lysate has a molecular mass of 68 kDa on SDS gel and a
pl of 5.97. Lipoxygenase is inhibited by nordihydroguaiaretic acid (NDGA), 3-amino-1-(m-(trifluorometh-
yl)phenyl)-2-pyrazoline (BW755C), 5,8,11,14-eicosatetraynoic acid (ETYA), salicylhydroxamate (SHAM)
or hemin. Metal ions or nucleotides do not affect its activity. The addition of certain of these inhibitors
to the reticulocyte extract also inhibited the ATP-dependent proteolysis of casein, one of the distinct charac-
teristics of reticulocytes. No clear correlation between lipoxygenase activity and ATP-dependent proteolysis
could be detected. Hemin and NDGA inhibited both processes, but the concentrations necessary for inhibi-
tion were quite different. SHAM completely inhibited lipoxygenase, but not proteolysis. o-Phenanthroline
inhibited ATP-dependent proteolysis, but had no effect on lipoxygenase activity. We have also purified a
high-molecular-mass protease, ingensin, from reticulocyte extract. This protease accounted for more than
90% of the casein-degrading activity in reticulocyte extract. NDGA inhibited ingensin at the same concentra-
tions required for inhibition of ATP-dependent proteolysis. These results suggest that lipoxygenase is not
indispensable for the ATP-dependent proteolysis and the novel high-molecular-mass protease, ingensin,
may be involved in the process.
Protease ATP-dependent proteolysis ( Rabbit)

Reticulocyte Lipoxygenase

1. INTRODUCTION

Lipoxygenase is an enzyme which oxygenates
unsaturated fatty acids such as arachidonic acid or
linoleic acid. The 3 distinct enzymes in mammalian
tissues are classified as 5-, 12- and 15-lipoxy-
genases according to the specific site of oxygena-
tion. This activity is low in most tissues, but
reticulocytes contain about 1000-fold more activity
than other cells. However, its biological role in
reticulocytes remains unknown [1]. Rapoport and
co-workers [2—8] have described several enzymatic
properties of reticulocyte lipoxygenase and have

* To whom correspondence should be addressed

Published by Elsevier Science Publishers B.V. (Biomedical Division)

suggested that it is a 15-lipoxygenase involved in
the ATP-dependent degradation of mitochondrial
proteins and pulse-labeled cytosolic proteins. It is
limited to these cells, catalyzing 1-2% of in-
tracellular protein breakdown. These findings have
not been confirmed by other investigators and con-
troversies remain concerning the involvement of
lipoxygenase in the energy-dependent breakdown
of proteins. Other possible mechanisms of ATP-
dependent proteolysis have been postulated, such
as ATP-dependent conjugation of ubiquitin to
substrate proteins or ATP-dependent protease(s)
(review [9]).

This paper reports the enzymatic characteristics
of purified lipoxygenase and discusses the
possibility that it is involved in ATP-dependent
proteolysis in reticulocyte extracts.
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2. MATERIALS AND METHODS

2.1. Assay of lipoxygenase

Lipoxygenase was determined spectrophoto-
metrically according to Rapoport et al. [1]. Typi-
cally, 1 ml reaction mixture contained 50 mM
phosphate buffer, pH 7.4, and 0.1 mM linoleic
acid. The formation of fatty acid hydroperoxide
was assayed by the absorption at 234 nm. In some
experiments lipoxygenase was assayed using
{4Clarachidonic acid as a substrate [10] and
measuring the decrease of arachidonic acid. The
radioactive metabolites were separated by thin-
layer chromatography and counted.

2.2. Purification of lipoxygenase from rabbit
reticulocytes

Reticulocytes were produced by successive injec-
tions of phenylhydrazine [11,12]. Reticulocytes
(40 ml) were lysed by the addition of 1.2 vols of
1 mM dithiothreitol and ultrasonication, and cen-
trifuged at 30000 x g for 1 h. To the resulting
supernatant solid ammonium sulfate was added to
a final concentration of 60%. The precipitate was
dissolved in 3 ml distilled water and dialyzed
against 5 mM phosphate buffer, pH 7.5. The
dialyzed crude extract was loaded on a DEAE-
cellulose column (I X 20 cm) equilibrated with
5 mM phosphate buffer, pH 7.0. After extensive
washing with the same buffer (until the red color
of hemoglobin disappeared), a linear gradient of
0—400 mM NaCl in 200 ml phosphate buffer was
run. Lipoxygenase activity was then eluted at
20-30 mM NaCl. Fractions containing lipox-
ygenase activity were then loaded on a hydrox-
yapatite column (1 x 10 cm) equilibrated with
5 mM phosphate buffer, pH 7.4. The activity was
eluted with a 140 ml linear gradient of 5-300 mM
phosphate. Those fractions containing lipox-
ygenase activity were pooled and stored at 4°C for
up to 7 days. Lipoxygenase was further purified by
preparative isoelectric focusing in Ampholine, pH
58 (fig.1)

2.3. Assay of proteolytic activity

The substrate for proteolytic assays was
prepared by reductive methylation of casein (kind-
ly provided by Dr K. Hanada, Taisho Pharm. Co.,
Ohmiya). Caseinolytic activity was determined by
the release of 4C-labeled peptides soluble in
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Fig.1. Preparative isoelectric focusing of reticulocyte

lipoxygenase. The fractions obtained by hydroxyapatite

that contained lipoxygenase activity were pooled and

loaded on an isoelectric focusing column (LKB) using

Ampholine as a carrier. The activity of lipoxygenase was
assayed as described in section 2.

trichloroacetic acid. The reaction mixture con-
tained 400 xg [**C]casein in 100 zl of 50 mM Tris-
HCI, pH 8.0. The amount of casein in the assay
mixture should be no less than 400 xg because
ATP dependency tends to vary at the low substrate
concentrations which have been typically
employed by other investigators [11-13]. The
assay mixture was incubated at 37°C for 60 min,
and the reaction terminated by the addition of
400 xl1 of 10% trichloroacetic acid. After 1 h on
ice, the solution was centrifuged, and 200 xl of the
supernatant was added to 4 ml nonion scintillator.
The casein-degrading activity generally accom-
panies succinyl-leucyl-leucyl-valyl-tyrosine-methyl-
coumarinamide (SLLVT)-degrading activity.
Therefore we measured this activity upon purifica-
tion. The reaction mixture contained 0.3 mM
SLLVT in 20 mM Tris-HCI, pH 9.0 [14].

2.4. Purification of the high-molecular-mass
protease, ingensin, from rabbit reticulocytes
Reticulocyte extract was prepared as described
above. On DEAE-cellulose the protease activity
was eluted at 250 mM NacCl. The active fractions
were collected, concentrated with ammonium
suifate (60% saturation) and dialyzed with 5 mM
phosphate buffer, pH 7.0. The crude protease
fraction was separated by gel filtration with an
HPLC TSK3000SWG column in 0.1 M phosphate
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buffer, pH 7.0. The active fraction was dialyzed
with distilled water and loaded on a hydrox-
yapatite column (1 X 10 cm) equilibrated with
5 mM phosphate buffer, pH 7.0. The activity was
eluted with a 140 ml linear gradient of 5—-300 mM
phosphate. The enzyme was eluted at a molecular
mass of 700-1000 kDa by HPLC. Gel elec-
trophoresis without SDS showed a single band, but
SDS gel electrophoresis revealed several bands in
the range of 25-35kDa. The results were
reproducible from preparation to preparation, and
from tissue to tissue [14—16]. The protease appears
to consist of about 20 subunits and was named in-
gensin [14].

3. RESULTS

3.1. Characterization of reticulocyte lipoxygenase

The SDS gel electrophoresis profiles of the
polypeptide present in the purified lipoxygenase
preparation are shown in fig.2a. The enzyme was
highly purified to homogeneity as shown in fig.2.
A polypeptide of 68 kDa co-migrated with enzyme
activity during all of the purification steps. This
molecular mass agreed with that obtained by gel
filtration of crude extract (not shown) on HPLC.
The isoelectric point was determined to be 5.97 by
isoelectric focusing (fig.1). The two values are
slightly different from those reported [1]. Usually,
0.5-2.0 mg lipoxygenase was obtained from 40 ml
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Fig.2. SDS gel electrophoresis of purified reticulocyte
lipoxygenase (a) and ingensin (b).
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reticulocytes. The purified lipoxygenase catalyzed
the 0.243 unit increase in absorbance at
234 nm/min per zg. The K, for linoleic acid in the
reticulocyte lipoxygenase reactions was 18 zM.
The most striking characteristic of the lipox-
ygenase reaction was its inhibition by substrate.
6 ug of the enzyme underwent 50% inhibition
when 80 «#M linoleic acid was added and 9 xg en-
zyme was inhibited by 50 xM substrate.

3.2, Effect of various compounds on lipoxygenase
activity

A number of effectors that have been reported
to inhibit other lipoxygenases were tested to deter-
mine the effects on the reticulocyte enzyme (table
1). Divalent cations such as Ca®*, an activator of
5-lipoxygenase [10] or Cu2?*, an inhibitor of
12-lipoxygenase [17], or chelators had no effect on

Table 1

Effect of various compounds on lipoxygenase activity

Effectors Final %

concentration activity
No addition (100)
Metal ions (Ca, Mg, Mn,

Ni, Fe, Cu, Hg) 1 mM 100
EDTA, o-phenanthroline 1 mM 100
ATP, ADP, AMP 1 mM 100
ETYA 1 xg/ml 0
NDGA 10 uM 0
BW755C 10 M 21
SHAM 10 xM 0
a-Naphthol 100 xM 72
a-Tocopherol 100 M 83
Hemin 0.2 u:M 47
Protoporphyrin IX 0.2 M 100
Mepacrin 10 zg/ml 100
Indomethacin 10 xM 100
Cycloheximide 10 xM 83
w7 10 xg/mi 100
Polylysine 100 xg/ml 100

Various reagents were added to the assay mixture, and
lipoxygenase activity was assayed under standard
conditions. The relative activity is expressed as the
percent of activity found in the absence of compounds.
Stock solution of the anti-lipoxygenase was initially
dissolved in dimethyl sulfoxide (DMSQO). DMSO (final
concentration 1%) did not inhibit lipoxygenase activity.
These data were obtained with purified enzyme
(3 ug/assay)
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the oxidation of linoleic acid by reticulocyte lipox-
ygenase. ATP, known as an activator of
5-lipoxygenase of peritoneal polymorphonuclear
leucocytes [10], failed to activate either purified
reticulocyte lipoxygenase or the enzyme activity in
the crude extract. However, several compounds
reported to be selective inhibitors of lipoxygenase
inhibited the enzyme strongly. Among these,
5,8,11,14-eicosatetraynoic acid (ETYA), nor-
dihydroguaiaretic acid (NDGA) and salicylhydrox-
amate (SHAM) inhibited the enzyme completely at
concentrations less than 10~% M; BW755C was less
effective, but its apparent K; was 5 #uM. The an-
tioxidant a-naphthol or a-tocopherol inhibited
lipoxygenase slightly, as reported [3]. Hemin was a
potent inhibitor of the lipoxygenase reaction
whereas its Fe-depleted analogue protoporphyrin
IX did not inhibit (see also fig.3). Mepacrin, an in-
hibitor of phospholipase A, and indomethacin, an
inhibitor of cyclooxygenase, had essentially no ef-
fect. Calmodulin is not involved in the lipox-
ygenase reaction because the specific inhibitor W7
did not affect it. Polylysine did not inhibit lipox-
ygenase. Cycloheximide slightly inhibited the reac-
tion, but its mechanism of inhibition is unknown.
These inhibitors had similar effects on purified
lipoxygenase and on the enzyme activity in the
crude extract.

3.3. Possible involvement of lipoxygenase in
ATP-dependent proteolysis of exogenous
protein in reticulocyte extract

It has been inferred that lipoxygenase is involved
in ATP-dependent protein breakdown in
reticulocytes because the ATP-dependent pro-
teolysis of hemoglobin or amino acid analog-
containing abnormal proteins was inhibited by the
lipoxygenase inhibitor, SHAM [1-8]. To test this
possibility, we studied the effect of the inhibitors
listed in table 1 on the ATP-dependent breakdown
of exogenously added casein.

As shown in table 2, 1 mM SHAM did not in-
hibit ATP-dependent casein degradation in
reticulocyte extract, contrary to the observation of
Rapoport et al. [2—8]. Other anti-lipoxygenase
such as NDGA and hemin inhibited both ATP-
dependent casein hydrolysis of reticulocyte extract
and lipoxygenase itself, but the concentrations
necessary for inhibition were quite different
(fig.3). Hemin inhibited lipoxygenase completely
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Table 2

Inhibition of ATP-dependent proteolysis by anti-
lipoxygenase reagents

Condition % activity
ATP- ATP-
independent dependent
Reticulocyte extract (R) (100) (100)
R + SHAM (100 M) 100 100
R + SHAM (1 mM) 109 83
R + NDGA (100 zM) 100 75
R + NDGA (1 mM) 100 35
R + BW755C (500 uM) 100 100
R + ETYA (100 £g/ml) 100 100
R + Hemin (10 M) 93 98
R + Hemin (100 xM) 45 2
R + PPIX (10 xM) 100 91
R + PPIX (100 M) 94 80
R (anaerobic condition) 100 100

Proteolytic activity of reticulocyte extract was

determined as described in section 2. ATP-dependent

activity was calculated from the difference between

[**C]casein-degrading activities in the presence and

absence of added ATP (5 mM). PPIX, protoporphyrin

IX. Addition of ATP increased the degradation of
casein by 3-fold

at 20 M, which did not affect proteolysis. NDGA
inhibited ATP-dependent proteolysis specifically
(apparent K; = 300 M), whereas it inhibited lipox-
ygenase 100% at less than 1075 M. Preliminary
observations demonstrated that NDGA inhibited
ATP-dependent proteolysis of fatty acid-free
reticulocyte extract strongly (fatty acids were
removed using a Sep-Pak column), suggesting that
fatty acids avoided NDGA-induced inhibition of
ATP-dependent proteolysis. ETYA, a specific in-
hibitor of lipoxygenase, did not affect proteolysis
at 100 zg/ml. In contrast, ]| mM o-phenanthroline
inhibited ATP-dependent proteolysis by 70%, but
did not affect lipoxygenase activity (table 1).
Moreover, adding lipoxygenase with or without
arachidonic acid to reticulocyte extract or to
erythrocyte extract which had lost ATP-dependent
proteolysis had no effect on proteolysis. Thus no
evidence was obtained to demonstrate the involve-
ment of lipoxygenase in ATP-dependent degrada-
tion of casein.

We recently purified a fatty-acid activated high-
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Fig.3. Effects of NDGA or hemin on purified
lipoxygenase activity or ATP-dependent proteolysis of
reticulocyte extracts. (a) NDGA and (b) hemin were
dissolved in DMSO umax Luubcnuduun, 1"/0) ATP-
dependent (O) or -independent (e) casein-degrading
activity of reticulocyte extracts was assayed as described
in section 2. Here, the proteolytic activity in the presence

of 5 mM ATP was determined as 100%. As shown,

NDGA and hemin inhibited purified lipoxygenase (D) at

much lower concentrations than those required for
inhibition of ATP-dependent proteolysis of casein.

molecular-mass protease, ingensin ([14—16); see
fig.2b), which constitutes about 60% of the
[**C]casein-degrading activity in reticulocytes and

more than 90% of the activity in erythrocytes at

alkaline pH. NDGA inhibited purified reticulocyte
ingensin (apparent K; = 200 zM). Therefore a new
protease, ingensin, may be involved in the ATP-
dependent degradation of exogenously added
proteins.

4. DISCUSSION

The molecular properties of the reticulocyte
lipoxygenase were different from those reported in
(11. Rapoport has determined the molecular mass

ad» /0 KUd dﬂu lIlt: pl as D J marumlya €l d.l 1138]
have partially purified 15-lipoxygenase from rabbit
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peritoneal leucocytes and calculated the molecular
mass as 61 kDa by gel filtration. The value
reported here is intermediate between these. The
enzyme is rapidly inactivated by ingensin (S.
Ishiura, unpublished) and suitable precautions
must be taken during the course of purification.
Reticulocyte lipoxygenase is not directly activated
by Ca or ATP as S-lipoxygenase is [10]. Metal ions
are mnot essential for its activity, which
distinguishes it from 15-lipoxygenase from
peritoneal leucocytes [18]. However, anti-
lipoxygenase compounds such as NDGA, ETYA,
SHAM and BW755C inhibited reticulocyte lipox-
ygenase quite strongly.

In mammalian cells, the ATP-dependent pro-
teolysis of endogenous and exogenous proteins was
demonstrated only in reticulocyte extracts [11,12]
and in liver mitochondria [19]. Attempts to purify
ATP-dependent protease(s) in these fractions were
unsuccessful; the ATP-dependent casein-degrad-
ing activity was reported to disappear after several
purification steps. Hershko and co-workers have

dAamanctratad that ATD _danandant nratanlyeic can
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be reconstituted from two fractions, one a heat-
stable protein called ubiquitin and the other con-
taining three enzymes isolated by affinity
chromatography on ubiquitin-Sepharose [20].
They showed that ATP is used in part for conjuga-
tion of ubiquitin to substrate protein and ATP is

alen occantial far degradatinn af tha unhianitin.
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substrate complex [21]. However, they have failed
to demonstrate an ATP-dependent protease. Ac-
cording to Goldberg’s and Hershko’s group, there
is no evidence that reticulocytes, but not
erythrocytes, contain distinct proteins (or factors)
responsible for energy-dependent breakdown of

nrnfmnc I'Q_l 1

roteing 131,

In 1981, Rapoport demonstrated that ATP-
dependent breakdown of pulse-labeled en-
dogenous proteins was inhibited under anaerobic
conditions and with the lipoxygenase inhibitor,
SHAM ([6], suggesting that lipoxygenase was
necessary for energy-dependent breakdown of
reticulocyte proteins. Moreover, the most suitable

substrate of retlculocyte lipoxygenase was isolated
mitochondria. From these observations, Rapoport
et al. concluded that the main significance of the
reticulocyte ATP-dependent proteolysis appeared
4 lan An o At smibmnlemar Aeio Arawiea
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maturation of the red cells. This is a very attractive
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model because the occurrence of lipoxygenase is
highly specific in reticulocytes and the content of
the enzyme decreases during maturation [1]. This
led us to compare the sensitivities to inhibition of
purified lipoxygenase and ATP-dependent pro-
teolysis. We chose casein as the substrate for
subsequent experiments for the following reasons.
(i) Of several proteins, casein is most susceptible to
general proteolysis. (ii) Many exogenous proteins
in addition to the pulse-labeled endogenous pro-
teins are degraded by the reticulocyte ATP-
dependent proteolytic system, although the ATP
dependency differs from substrate to substrate
[11,13]. (iii) If ATP is required only for the activity
of protease itself or for a marking reaction such as
ubiquitin conjugation, there is still a problem in
explaining differences in ATP dependency. (iv)
There is no report indicating that casein is an inap-
propriate substrate for studying the ATP-
dependent pathway of protein breakdown. (v) If
lipoxygenase is involved only in the ATP-
dependent degradation of newly synthesized en-
dogenous proteins, but not in that of exogenously
added denatured proteins, two distinct mecha-
nisms of ATP dependency should be present.
However, no evidence of such mechanisms has
been reported.

As shown in fig.3, the sensitivity of both lipox-
ygenase and ATP-dependent proteolysis to in-
hibitors was quite different over a wide range of
concentrations. Hence there is no evidence in-
dicating that lipoxygenase is involved in ATP-
dependent proteolysis. The inhibition of ATP-
dependent proteolysis as well as of purified ingen-
sin by high concentrations of NDGA suggests that
the newly isolated protease ingensin is involved in
ATP-dependent degradation of casein. Rapoport
et al. [6] could not observe an inhibition of the
ATP-dependent degradation of exogenous sub-
strate BSA by SHAM. We have been unable to
demonstrate that SHAM inhibited the degradation
of casein. These observations suggest that SHAM
does not inhibit the breakdown of all proteins add-
ed to reticulocyte extract, indicating that involve-
ment of lipoxygenase in the endogenous pro-
teolysis, if it exists, might be highly selective. We
were also unable to demonstrate the inhibition of
ATP-dependent breakdown of casein under
anaerobic conditions, contrary to the report of
Rapoport using pulse-labeled protein. Rapoport
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and Dubiel [22] also reported that reticulocytes
produced by injections of phenylhydrazine dif-
fered from those obtained by bleeding. The
discrepancy between Rapoport’s and our results
may be due to qualitative differences of
reticulocyte preparations.

In spite of its limited localization and unknown
substrate specificity, ATP-dependent proteolysis
has been believed to be of importance in living
organisms because it is an absolutely cytosolic
system. However, recent results suggest that the
only general mammalian cytosolic system of pro-
teolysis is Ca-dependent and contains specific pro-
teases; its structure has been elucidated [23-25].
The importance of the Ca-dependent system is ap-
parent in the degradation of stable proteins in
disease states or during developmental changes.
Quite recently, we have identified a new cytosolic
proteolytic system, a fatty acid-dependent pro-
teolysis, in porcine skeletal muscle [14], human
placenta [15,16] and rat liver (Yamamoto et al.,
submitted). However, the physiological signifi-
cance of this system is unknown at present.
The ATP-dependent proteolytic system can be
demonstrated under specific conditions with a
small amount of exogenous substrate and a
1000-fold excess of endogenous proteins only in
reticulocytes. Our results suggest that ATP-
dependent proteolysis is a reticulocyte-specific ex-
pression of the second cytosolic proteolytic system
specifically mediated by a new protease, ingensin.
Further study is necessary for elucidating the ex-
ceptional ATP-requirement of proteolysis in
reticulocyte extract.
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