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Tomioka, Y. and Hisminuma, T. 4 Pro-R Hydrogen of NADPH was Abstracted
Jor Enzymatic Hydride Transfer by N-Ethylmalevmide Reductase of Yarrowia
lupolytica. Tohoku J. Exp. Med., 1997, 181 (4), 447-457 ——— We studied the steric
course of the reaction catalyzed by the N-ethylmaleimide (NEM) reductase of
Yarrowia (Candida) lipolytica (Y. lipolytica), using 4 R-[4-*H, INADPH and 48-
[4-*H,]NADPH as cofactors and N-ethylcitraconimide as substrate. Active
substrates and inhibitors of NEM reductase and its subcellular distribution were
also investigated to clarify the biochemical properties of this enzyme. NEM
reductase catalyzes the reduction of N-ethylmaleimide to N-ethylsuccinimide with
NAD(P)H as the cofactor. Several maleimide and cyclopentenone derivatives
tested were also active substrates for NEM reductase of Y. lipolytica. Some
pyrazolone derivatives, particularly 1-phenyl-5-pyrazolone, were found to be
effective inhibitors of NEM reductase. Subcellular localization of NEM reductase
was carried out using protoplast formation and differential centrifugation.
Ninety-eight percent of the NEM reductase activity was recovered in the cytosolic
fraction, indicating that NEM reductase in Y. lepolytica was the cytosolic enzyme.
We also determined the stereochemical specificity of the reduction of N-
ethylcitraconimide by NEM reductase in Y. lipolytica, showing that 4 Pro-R
hydrogen of NADPH was abstracted for enzymatic hydride transfer by NEM
reductase, and two hydrogen atoms from NADPH and H,0 added to opposite faces
of the double bond of N-ethylcitraconimide. ——— N-ethylmaleimide metabo-
lism; oxidoreductase antagonist and inhibitor; unsaturated fatty acids

The yeast Yarrowia (Candida) lipolytica (Y. lupolytica) is a typical organism
that can utilize n-alkanes or long-chain fatty acids as the sole carbon source (Nyns
et al. 1967). However, phylogenetic analysis using sequence data from cellular
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ribosomal RNAs or cloned 18S ribosomal genes indicated that the sequence of Y.
lvpolytica was quite distantly related to those of the other Candida species (Barns
et al. 1991). Recently, several new and emerging yeasts have been isolated from
blood cultures of the unusual yeast infection (Hazen 1995). At least one case of
Y. lipolytica infection has also been reported (Walsh et al. 1989).

Maleimide derivatives, such as N-ethylmaleimide, have an active double
bond and are known to be active alkylating agents for sulfhydryl, amino and
imidazole groups (Gregory 1955; Morell et al. 1964; Leslie 1965; Shrapless and
Flavin 1966). Thus, showdomycin, one of these derivatives of carbon-linked
nucleoside antibiotics (Darnall et al. 1967) and first 1solated from Streptomyces
showdoensis by Nishimura et al. (1964), had effective antimitotic activity on
bacterium cells (Titani and Tsuruta 1976).

Many species have various systems of unsaturated fatty acid degradation as
part of their basal metabolism. In B-oxidation of unsaturated fatty acids, for
example, there are differences between Escherichia coli (E. colt), Y. lipolytica, and
rat. We previously suggested the existence of a NADPH-dependent cis-2-enoyl-
CoA reductase pathway in E. colt, which is different from NADPH-dependent
trans-2-enoyl-CoA reductase (Mizugaki et al. 1979).

We also noted N-ethylmaleimide reducing enzyme (NEM reductase) activity
1n the studies of cis-2-enoyl-CoA reductase on the unsaturated fatty acid metabo-
lism (Mizugaki et al. 1979, 1981). NEM reductase of Y. lipolytica catalyzes the
reduction of N-ethylmaleimide to N-ethylsuccinimide with NAD(P)H, has a
molecular mass of 47,000 by SDS-PAGE and 43,000 by gel-filtration chromatogra-
phy, and is active against five-membered ring compounds such as 4-cyclopenten-1,
3-dione (Mizugaki et al. 1989). However, it is not known whether NEM reductase
acts on any endogenous substrate, and the physiological function of this enzyme
1s not clear. We speculated that NEM reductase has some functions for the
metabolism related to unsaturated fatty acids because NEM reductase activity was
detected with the supplementation of linoleic acid into culture medium for E. cols
and Y. lipolytica (Mizugaki et al. 1981, 1989).

In this study, to clarify the biochemical properties of NEM reductase, we
studied the steric course of the reaction catalyzed by NEM reductase of Y.
lipolytica, using 4R-[4-°H, |NADPH and 4S-{4-2H, |]NADPH as cofactors and
N-ethylcitraconimide and NEM as substrates. Active substrates and inhibitors
of NEM reductase and its subcellular distribution were also investigated.

MaTERIALS AND METHODS
Yeast strain and culture
Yarrowia lipolytica strain IMR30002, provided by Dr. Kamio, Y., Faculty of
Agriculture, Tohoku University, was used in this study. Y. lipolytica was
precultured at 27°C with agitation at 150 reciprocations per min for 24 hr in
medium A (0.59, yeast extract, 19, polypeptone and 29, dextrose) and then
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cultured at 27°C for 18 hr in medium B (3%, meat extract supplemented with 0.3%,
linoleic acid).

Chromatography

Cell-free lysates of Y. lipolytica were applied to a DEAE cellulose column
equilibrated with 50 mM potassium phosphate buffer (pH 7.0) containing 2 mM
EDTA. A linear gradient of 0.05 to 0.3 M KCl was used to elute the bound
protein, and NEM reductase activity of the fractions was assayed and pooled.
The pooled fractions were concentrated, dialyzed and applied to Sephacryl S-200
in 50 mM sodium phosphate buffer (pH 7.2) and 0.5 M NaCl. The eluted fractions
were assayed for NEM reductase and pooled. This enzyme solution was used in
this study.

Chemaicals and materials

N-Ethylmaleimide, p-quinone, menadione, L-ascorbic acid and uracil were
purchased from Wako Pure Chemical Industries, Osaka. Maleimide derivatives
(phenylmaleimide, butylmaleimide, cyclohexylmaleimide, carboxymethyl-
maleimide, N-ethylcitraconimide, N-phenylcitraconimide), unsaturated lactone,
pyrimidone derivatives (such as 1, 3-diethylpyrimidine-2, 5-dione, and 1, 3, 4-
triethylpyrimidine-2, 5-dione), pyridazinone derivatives (3, 6-pyridazinone, 4-
ethylpyridazine-3, 6-dione) and pyrazolone derivatives (1, 2-dimethyl-5-
pyrazolone, l-phenyl-2-methyl-5-pyrazolone, 1-phenyl-2-ethyl-5-pyrazolone, 1-
phenyl-5-pyrazolone, 1-phenyl-3-methyl-5-pyrazolone, 1-phenyl-2, 3-dimethyl-4-
amino-b-pyrazolone, 1-phenyl-2, 3-dimethyl-4-dimethylamino-5-pyrazolone) were
chemically synthesized (Mehta et al. 1960). G2201-C was a gift from Dr. Pole,
Glaxo Co., Middlesex, UK. NADPH and NADH were purchased from Oriental
Yeast, Tokyo. Showdomycin was obtained from Shionogi Pharmaceutical Co.,
Ltd., Osaka. Pentenomycin triacetate was obtained from Tanabe Pharmaceuti-
cal Co., Ltd., Osaka. Benzimidazolylphenylmaleimide (BIPM) and anilinona-
phthylmaleimide (ANM) were gifts from Dr. Kanaoka, Y., Hokkaido University.-
All other reagents used were of analytical grade. Sephacryl S-200 was purchased
from Pharmacia Fine Chemical, Uppsala, Sweden. DEAE-cellulose was pur-
chased from Seikagaku Kogyou Ltd., Tokyo.

Preparation of deuterium-labeled NADPH

Two specimens of stereochemically deuterium-labeled NADPH were prepared
according to the methods of Seyama et al. (1977) and Kawaguchi et al. (1980).
Deuterium-labeled NADPHs, 4 R-[4-2°H, ]NADPH and 4S-[4-°H,]NADPH, were
made by reducing 4-deuterio-NADP* with glucose-6-phosphate dehydrogenase
and isocitrate dehydrogenase, respectively.



450 M. Mizugaki et al.

Preparation of protoplasts and subcellular fractionation

Protoplasts from the cells of the exponential growth phase were prepared in
50mM Tris-HCl buffer (pH 7.4) containing 0.8 M sorbitol and 0.1M 2-
mercaptoethanol with cell-wall-decomposing enzyme, Zymolyase 100,000 (125 n g/
ml), by a similar method to Fukui et al. (1975). The following fractionation of
particles was carried out at 0-4°C according to Fukui et al. (1975) and Mishina et
al. (1978). Briefly, the protoplasts obtained from 4.0 g cells were suspended in 15
ml of 50 mM Tris-HCI buffer (pH 7.4) containing 0.65 M sorbitol and 0.5 mM
EDTA, then homogenized for 5 min under cooling in a teflon-glass homogenizer,
and centrifuged for 10 min at 1,500 x g at 4°C. Pellets sedimented were pooled
(debris), and the supernatant (supernatant 1) was centrifuged again at 25,000 x g
for 60 min. The second supernatant (supernatant?2) was pooled, and pellets
(heavy particulate fraction) were gently suspended in 50 mM Tris-HC1 buffer (pH
7.4). The supernatant 2 was centrifuged again at 230,000 X g for 1 hr. The third
supernatant (cytosol fraction) was pooled, and pellets (microsomal fraction) were
gently suspended in 50 mM Tris-HCI buffer (pH 7.4).

Enzyme assay

NEM reductase activity was measured as previously described (Mizugaki et
al. 1989). Briefly, the assay was performed in 50 mM potassium phosphate buffer
(pH 7.0) containing 1 to 10 nmol of N-ethylmaleimide, 125 nmol of NADPH, and
protein in a total volume of 0.8 ml. The reaction was initiated by the addition
of the NEM solution, and the rates were measured by recording the oxidation of
NADPH (&340=6.2mM-!« cm™!) with a spectrophotometer (type 557; Hitachi,
Hitachi). cis-2-Enoyl-CoA reductase was determined as described before
(Mizugaki et al. 1979). The coenzyme A derivatives were prepared according to
the method of Weeks and Wakil (1968), and the concentration of acyl-CoA esters
were determined according to the method of Ellman (1959). HEach marker
enzyme was measured according to the references; that is, catalase (Aeb1 1984)
and isocitrate lyase (Hirai et al. 1976) for peroxisomal marker, cytochrome c
oxidase (Wharton and Tzagoloff 1967) for mitochondrial marker, NADPH-
cytochorome ¢ reductase (Kawamoto et al. 1977) for microsomal marker, and
glucose-6-phosphate dehydrogenase (Hirai et al. 1976) for cytosolic marker.

Preparation and analysis by gas chromatography and gas chromatography/mass
spectrometry

The enzyme reaction for NEM reductase was performed in 10 mM potassium
phosphate buffer (pH 7.4) containing 2.2 ymoles of coenzyme (NADPH, 4R- or
48-[4-*H,]NADPH) and 7 gmoles of substrate (NEM or N-ethylcitraconimide) in
1.5 ml of a total assay volume. After incubation for 1 hr at 37°C, each reaction
mixture was extracted 3 times with 3 ml of ethyl acetate, then dried over anhy-
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drous magnesium sulfate, and filtered. For gas chromatography, samples were
applied to a glass column (2 m x 3 mm) of OV-17, chromatographed at 120°C with
nitrogen as the carrier gas at a flow rate of 60 ml/min, and then detected using the
FID method. For gas chromatography/mass spectrometry, samples were applied
to a DB-5 fused silica capillary column (15 m X 0.25 mm 1.d., 0.25-mm film thick-
ness, J & W Scientific Co., Folsom, CA, USA) and then chromatographed at 100
or 70°C (16°C/min) at an electron accelerating voltage of 70eV, an ionizing current
of 300 ©A, and ion source temperature of 180°C or 150°C, respectively (DX303
GC-MS, Nippon Denshi Co., Tokyo).

ResuLTs AND DiscussioN
Substrate specificity of NEM reductase

We previously reported that «, S-unsaturated five-membered ring com-
pounds, such as NEM and 4-cyclopenten-1, 3-dione, act as good substrates. To
further characterize the substrate specificity, we tested the maleimide derivatives
and cyclopentenone derivatives. The substrate specificities of NEM reductase in
Y. lipolytica is summarized in Table1l. &, B-unsaturated five-membered ring
compounds, such as maleimide or cyclopentenone derivatives, were active sub-
strates for NEM reductase of Y. lupolytica. It seemed that the «, B-unsaturated

TaBLE 1.  Substrate specificities of N-ethylmalevmide reductase in Yarrouna
lipolytica to N-substituted maleimide derwatives and cyclopentenone

derwatives
Substrate (;Iflr\nl) (nmol/ me;lri); protein)
N-Substituted maleimide derivatives
N-Ethylmaleimide 2.2 179
Maleimide 8.7 216
N-Butylmaleimide 6.7 276
N-Phenylmaleimide 6.6 166
N-Cyclohexylmaleimide 23.0 52
N-Carboxymethylmaleimide 6.9 114
N-Benzimidazolylphenylmaleimide 2.0 57
(BIPM)
N-Anilinonaphthylmaleimide 11.0 25
(ANM)
N-Ethylcitraconimide 7.0 131
3-Methyl- N-phenylmaleimide 79.0 39
Cyclopentenone derivatives
4-Cyclopenten-1, 3-dione 3.8 172
G2201-C 510 57

2-Cyclopentenone 140 30
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carbonyl group was essential for NEM reductase as substrates. However, show-
domycin [2-(-D-ribofuranosyl)-maleimide]| was not an active substrate for NEM
reductase (data not shown). Steric hindrance may exist in the encounter between
NEM reductase and showdomycin.

Inhibition of N-ethylmalevmide reductase by phenylpyrazolone deriatives

In E. cols K12, we reported that NEM reductase and cis-2-enoyl-CoA
reductase were similar in terms of their molecular weight, the optical pH, the heat
stability and the necessity of coenzyme (Mizugaki et al. 1979, 1981). Some
pyrazolone derivatives, however, did not inhibit the activity of cis-2-enoyl-CoA
reductase but did inhibit the NEM reductase (Mizugaki et al. 1981). Therefore,
the sensitivities of NEM reductase to pyrazolone derivatives, which were chemical
N-analogues of maleimide derivatives, were tested (Table2). We first tested
1-phenyl-5-pyrazolone for inhibition of NEM reductase. At a concentration of 1
mM, activity of NEM reductase was decreased to 279, of the control. The
activity was also decreased to 789, of the control activity at 10 xM and to 59%,
at 100 M, suggesting that the pyrazolone derivatives were potent inhibitors of
NEM reductase. Furthermore, 1-phenyl-5-pyrazolone was the most effective
inhibitor of NEM reductase. The phenyl group at the position 1 of pyrazolone
derivatives seemed to be important for the inhibition of NEM reductase. The
inhibitory effect of 1-phenyl-3-methyl-5-pyrazolone was smaller than that of
1-phenyl-5-pyrazolone. Moreover, aminopyrine, which contains methyl-
substituted group at the carbon-carbon double bond, did not inhibit NEM
reductase, indicating that carbon-carbon double bond is critical for inhibition.

Subcellular fractionation of Y. lipolytica and determination of the subcellular
localization of NEM reductase

The subcellular localization of NEM reductase in Y. lepolytica was examined
using techniques of protoplast formation and differential centrifugation. We

TaBLE 2. The effects of the pyrazolone derivatives on the activities of the N-
ethylmalevmide reductase in Yarrowia hipolytica

% Inhibition

Compound
(M) 1073 10-* 10-°
1, 2-Dimethyl-5-pyrazolone 39 17 15
1-Phenyl-2-methyl-5-pyrazolone 25 10 N.E.
1-Phenyl-2-ethyl-5-pyrazolone 45 17 N.E.
1-Phenyl-5-pyrazolone 73 41 22
1-Phenyl-3-methyl-5-pyrazolone 5 N.E. N.E.
1-Phenyl-2, 3-dimethyl-4-amino-5-pyrazolone 2 N.E. N.E.

N.E,, no effect.
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fractionated the nuclei-free homogenate derived from 0.3%, linoleic acid-grown
cells to three fractions: heavy particulate (HP), microsomal (Ms) and cytosolic
(S) fractions. Asshown in Fig. 1, cytochrome ¢ oxidase, known to be localized in
mitochondria, was recovered in the HP fraction, while catalase, known to be
localized 1n peroxisome, was detected in both the HP and the S fractions. This
would be attributed, at least partly, to the degradation of particles during the
preparation steps as mentioned previously (Tomioka et al. 1991). However, in
yeast Saccharomyces cerevisiae, catalase T was localized in the cytosol, while the
others (rat liver catalase, bovine liver catalase, human kidney catalase) were
supposed to be localized in peroxisomes (Susani et al. 1976; Quan et al. 1986;
Okada et al. 1987). These findings indicated that most of the peroxisomes and all
of the mitochondria were recovered in the HP fraction. Glucose-6-phosphate
dehydrogenase, known to be localized in the cytosol, was recovered mainly in the
S fraction. However, NADPH-cytochrome ¢ reductase, known to be localized in
microsomes, was recovered in not only the Ms fraction but also in the HP and the
S fractions. Ninety-eight percent of NEM reductase activity was recovered in the
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Fig. 1. Fractionation by differential centrifugation of the post nuclear fraction
from Yarrowia lipolytica.
The activities of N-ethylmaleimide reducing enzyme (a), cis-2-enoyl-CoA
reductase (b), cytochrome ¢ oxidase (c), glucose-6-phosphate dehydrogenase
(d), NADPH-cytochrome ¢ reductase (e), catalase (f), and isocitrate lyase (g)
were measured. Fractions are represented by their relative protein contents.
soluble fraction; [ ] microsomal fraction; <] heavy particulate fraction.
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S fraction, and about 22%, and 779, of the NADPH-cis-2-enoyl-CoA reductase
activity were recovered in the Ms and S fraction, respectively. This suggested
that NEM reductase in Y. lipolytica was the cytosolic enzyme and NADPH-cis-2-
enoyl-CoA reductase was the microsomal enzyme.

The stereospecificity of the reduction of NEM by NEM reductase

NEM reductase from Y. lepolytica requires the presence of NADPH or NADH
as a coenzyme in reducing NEM (Mizugaki et al. 1989). To determine the
stereospecificity of this reduction, NADPH or H,O labeled with deuterium as
described by Seyama et al. (1977) were used instead of NADPH or H,O in the
standard incubation mixture, and the reduced products were analyzed by gas
chromatography/mass spectrometry (GC/MS) monitoring the specific molecular
ions. The m/z 127 and 128 fragments were the molecular ions of N-
ethylsuccinimide and one deuterium-substituted N-ethylsuccinimide, respective-
ly. (a) The reaction was performed in 50 mM potassium phosphate buffer (pH
7.0) containing 0.15 M NADPH and 1 mmol N-ethylmaleimide, and m/z 127 was
detected. (b) In 4R-[4-2H, [NADPH instead of NADPH, m/z 128 was detected.
(c) In 4S-[4-*H,]NADPH, m/z 127 was detected. (d) In 2H,O instead of H,O,
m/z 128 was detected. When G2201-C, an antibiotic produced by Streptomyces
cattleya, was used as the substrate for the experiment of (b) and (d), the m/z 243
fragment shifted to m/z 244 (Table 3); that is, hydride from the 4 pro-R position
of NADPH and proton from H,0O were used for the reduction of NEM. The effect
of deuterium substitution of NADPH on the rate of the reduction of NEM or
G2201-C by NEM reductase were also investigated. The initial reaction rates of
4R-[4-*H,]NADPH/H,0O, 4S-[4-°H,]NADPH/H,0, and NADPH/?H,0 were
compared spectrophotometrically with a non-deuterated mixture (NADPH/H,0)
(Table 3). The calculated relative initial reaction rates suggested that there were
measurable isotopic effect, especially the rate decrease to 28%, when 4 R-[4-?H, |
NADPH was added as a cofactor.

TaBLE 3.  Relative wnitial reaction of NADPH consumption with NADPH /H,O,
4R-[4*H, | NADPH/H,0, 4S-{4*H |NADPH/H,0 and NADPH/
2H,0 and fragment tons derwed from N-ethylsuccinimide (m/z 127) and
deutervum-added N-ethylsuccimimade (m/z 128) or derwed from hydrated
G2201-C (m/z 243) and deutertum-added hydrated G2201-C (m/z 244)

NEM (G2201-C

Reaction cofactor and solvent

m/z  Catalytic rate (%) m/z Catalytic rate (%)

NADPH/H,0 127 100 243 100
4R-[4°H,)NADPH/H,0 128 28 244 26
48-[4-"H, ]NADPH/H,0 127 44 243 68

NADPH/*H,0 128 64 244 45
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A B
Compound A Compound B
H H H H
Hr, proR “MCH, (1 CH,
Hs, proS
(0] 'l‘ (o] 0o r\q o]
CH2CH3 CH2CH3
Compound C N-ethylcitraconimide
2y CH3
\""CH3 —
Ri=Ribose-diphosphate-ribose-adenine o o o o
y i
CH2CH3 CHZCH3

Fig. 2. (A) Common structure of NADPH. Designations Hr and Hs refer to
pro-R and pro-S, respectively. (B) The chemical structures of N-
ethylcitraconimide and its derivatives, compound A, compound B and com-
pound C.

To clarify the stereochemistry of NEM reductase, we used N-
ethylcitraconimide (NEC, Vmax=131 nmol/min/mg and Km="7.0 mM), which
has a methyl group at 3-position of NEM, as the substrate (Fig. 2). The resulting
product was N-ethyl-3-methylsuccinimide from 'H-NMR analysis. Each reac-
tion mixture was extracted with ethyl acetate, purified on thin layer chromatogra-
phy and analyzed by 'H-NMR (Fig.2). Compound A (EI-MS m/z; 127[M"];
'H-NMR (300 MHz, C*HCl;) ¢: 1.17 (3H, ¢, J=7.0 Hz), 1.34 (3H, d, J="7.0 Hz),
2.29 (1H, dd, J=17.0 and 4.0 Hz), 2.83 (1H, m), 2.90 (1H, dd, J =17.0 and 4.0 Hz),
3.55 (2H, ¢, J=T7.0Hz)) was detected from the experiment of (a) and (c).
Compound B (EI-MS m/z, 128[M*]; 'H-NMR (300 MHz, C?HCl,) ¢: 1.17 (3H, ¢,
J=7.0Hz), 1.34 (3H, d, J=17.0 Hz), 2.83 (1H, dg, J =9.0 and 7.0 Hz), 2.90 (1H, dt,
J=8.7 and 2.2 Hz), 3.55 (2H, ¢, J=7.0 Hz)) was detected from the experiment of
(b). Compound C (EI-MS m/z, 128[M*]; 'H-NMR (300 MHz, C?HCl;) ¢: 1.17
(3H, t, J="17.0 Hz), 1.34 (3H, s), 2.29 (1H, d, J=18.0 Hz), 2.90 (1H, d, J=18.0 Hz),
3.55 (2H, ¢, J=7.0 Hz)) was detected from the experiment of (d). These results
indicate that hydrogen from NADPH added to the C-4 position of N-
ethylcitraconimide and hydrogen from H,O added to the C-3 position of N-
ethylcitraconimide, and the two hydrogen atoms from NADPH and H,0 added to
opposite faces of the double bond of N-ethylcitraconimide.
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