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ABSTRACT: A rotenone-insensitive NADH dehydrogenase has been isolated from the mitochondria of the
procyclic form of African parasiteéfrypanosoma bruceilhe active form of the purified enzyme appears

to be a dimer consisting of two 33-kDa subunits with noncovalently bound FMN as a cofactor. Hypotonic
treatment of intact mitochondria revealed that the NADH dehydrogenase is located in the inner membrane/
matrix fraction facing the matrix. The treatment of mitochondria with increasing concentrations of digitonin
suggested that the NADH dehydrogenase is loosely bound to the inner mitochondrial membrane. The
NADH:ubiquinone reductase activity is insensitive to rotenone, flavone, or dicumarol; however, it was
inhibited by diphenyl iodonium in a time- and concentration-dependent manner. Maximum inhibition by
diphenyl iodonium required preincubation with NADH to reduce the flavin. More complete inhibition
was obtained with the more hydrophobic electron acceptors, such as@, as compared to the more
hydrophilic ones, such asq@r dichloroindophenol. Kinetic analysis of the enzyme indicated that the
enzyme followed a ping-pong mechanism. The enzyme conducts a one-electron transfer and can reduce
molecular oxygen forming superoxide radical.

The presence of rotenone-insensitive NADH dehydro- was reported that the obligate aerobic yedstrrowia
genase, the so-called alternative NADH dehydrogenase (orlipolytica contains, in addition to complex I, a single
type Il NADH dehydrogenase), has recently been reported alternative NADH dehydrogenase, located on the exterior
in the mitochondria of plants and fungi as well as in bacterial face of the inner mitochondria membrar®. (By contrast,
membranes 1 2). These enzymes, generally a single Neurospora crassanitochondria are reported to contain an
polypeptide containing FAD as a cofactor, provide an alter- ajternative NADH dehydrogenase, which faces the mito-
native pathway to the proton-pumping NADH:ubiquinone chondrial matrix €). Escherichia colihas an alternative
oxidoreductase (complex!l)in the transfer of reducing NADH dehydrogenase (NDH-2 encoded by theh gene)

equivalents to the electron transport chaln ). The first in addition to complex I, NDH-1 encoded by thaooperon
identification of an alternative NADH dehydrogenase was 7.

in plants, which often contain, in addition to complex I, four i
different NADH dehydrogenases located both on the external _ 1TYPanosoma brucethe African trypanosome, has a dual
and internal faces of the inner mitochondrial membrabe ( !lfe cycle in the bloodstream of the mammalian host and the
2). Subsequently, three different rotenone-insensitive NADH Insect vector. In the mammalian bloodstream, the trypano-
dehydrogenases were discovered in the yBastharomyces ~ SOMes exist as dividing long slender forms that lack well-
cerevisiaethat does not contain complex3,@). The NADH developed mitochondria, cytochromes, and cyanide-sensitive
dehydrogenase facing the mitochondrial matrix has beeneélectron transport& 9). The energy requirements of these
purified fromS. cereisiae mitochondria as a single polypep- long slender forms are fulfilled by glycolysis, using the
tide of 53 kDa 8). Two alternative NADH dehydrogenases abundant glucose present in the bloodstream of the mam-
located on the exterior face of the inner mitochondria have malian host 10). The procyclic form, present in the midgut
been identified irS. cereisiaewith the suggestion that their  of the insect host, has a single large mitochondrion that
role is to transfer electrons from the NADH generated in contains a cyanide-sensitive, cytochrome-containing electron-
the cytoplasm into the mitochondrid)( More recently, it transport chain similar to that of eukaryoted.(In recent
studies in our laboratory, a rotenone-sensitive NADH de-

" This work was supported, in part, by a grant from the National hydrogenase activity was observed in procydicbrucei
Scle_Fce Eoundation, M%B 9728#24{0| e add i Phone: 304.293 mitochondria, suggesting the presence of complex | in this
7522, Fax. 304293 6846, E-mail. dbeatie@hscivu.edu, organism L1, 12). A large molecular weight complex having

L Abbreviations: Complex I, proton-pumping NADH:ubiquinone ~fotenone-sensitive NADH:ubiquinone oxidoreductase activity
oxidoreductase; IDP, diphenyl iodonium; DM, dodecyl maltosidg; Q  was isolated from procyclicl. brucei mitochondria by

2,3-dimethoxy-5-methyl-1,4-benzoquinone;,, Qubiquinone-5; @~ gycrose gradient centrifugation and blue native PAGE-{BN
ubiquinone-10; DB, 2,3-dimethoxy-5-methyl-6-decyl-1,4-benzoquinone; PAGE) (L3). The isolated complex has a molecular weight
Qg, ubiquinone-30; DCPIP, dichloropherdhdophenol; BN-PAGE, <) p ¢ g.
blue native-PAGE; DMPO, 5,5-dimethyl-1-pyrrolin&l-oxide. of approximately 600 kDa and contains at least 11 subunits.
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During the sucrose gradient centrifugation of detergent-

solubilized mitochondria frori. brucej a fraction containing

Fang and Beattie

Permeabilization of intact mitochondria by digitonin was
carried out by incubating mitochondria with different amounts

rotenone-insensitive NADH:ubiquinone reductase activity of digitonin (in buffer A) on ice for 25 min. After incubation,

was observed. Immunoblotting studies with specific antibod-

the suspension was centrifuged at 120¢@aad 4°C for 20

ies of the proteins in this fraction revealed the absence of min to separate the released matrix proteins from the

the 51 kDa, TYKY, and PSST subunits of complex I,

suggesting the presence of an alternative NADH dehydro-

genase in the procyclic form @t. brucei(13). In the current

study, we first report the isolation and characterization of a

protein with rotenone-insensitive NADH:ubiguinone oxido-

permeabilized mitochondria. The activities of released
NADH dehydrogenase and citrate synthase in the supernatant
were determined.

Purification of Rotenone-Insensi@ NADH Dehydro-
genaseThe isolated mitochondrial membranes were solu-

reductase activity from the mitochondrial membranes of the bilized with DM, in a proportion of 1.5 mg of DM/mg of

procyclic form of T. brucei.This alternative NADH dehy-

membrane protein, for 30 min on ice, and the resulting

drogenase contains noncovalently bound FMN as a cofactorsuspension was subjected to centrifugation for 30 min at
and appears to be a one-electron donor to ubiquinone or38 00@ and 4 °C. The pellets were discarded and the
oxygen. The active enzyme appears to be a dimer, consistingsupernatant was dialyzed against buffer B (50 mM Tris-HCI,

of 2 subunits of 33 kDa, and is located on the inner
mitochondrial membrane facing the matrix. To our knowl-
edge, this is the first report of an alternative NADH
dehydrogenase in a parasitic protozoan.

MATERIALS AND METHODS

Strain and Chemicals. T. bruce¥it 1.2 (strain 427)
obtained from Dr. Paul Englund, Johns Hopkins University,
Baltimore, MD, was used in this work. Diphenyl iodonium
(IDP) and dodecyl maltoside (DM) were obtained from Fluka

and Anatrace, respectively. The derivatives of ubiquinone,

2,3-dimethoxy-5-methyl-1,4-benzoquinone Q ubiqui-
none-5 (Q), ubiquinone-10 (@, ubiquinone-30 (@, and

1 mM EDTA, 5% glycerol, and 0.025% DM (pH 7.8))
containing cocktail protease inhibitors. All chromatographic
procedures were performed on a Pharmacia FPLC system
(LCC-500) at 4°C. The dialyzed membrane proteins were
first applied to an anion exchange column (HiTrap Q
(Pharmacia) equilibrated with buffer B) and eluted with a
NaCl gradient (68-0.8 M, in buffer B). The fractions
containing NADH:Q reductase activity were pooled, con-
centrated, and dialyzed against buffer C (50 mM Tris-HCI,
1 mM EDTA, 5% glycerol, and 0.025% DM (pH 8.5)). The
enzyme was then loaded on the second HiTrap Q column
(equilibrated with buffer C) and eluted with a NaCl gradient
(0—0.4 M, in buffer C). The fractions containing NADH;Q

2,3-dimethoxy-5-methyl-6-decyl-1,4-benzoquinone (DB), plus reductase activity were pooled, concentrated, and applied to

other chemicals were purchased from Sigma Co.
Preparation of Mitochondria.Growth of the procyclic
form of T. bruceiwas as described previousht3). To

a gel filtration column (Superdex 200, HR 10/30; Pharmacia)
that was equilibrated with buffer B containing 150 mM NacCl.
The proteins were eluted at a flow rate of 0.15 mL/min. The

prepare mitochondrial membranes, cells were harvested bypurified NADH dehydrogenase was store-a80 °C.

centrifugation at 200§at 4 °C for 15 min and washed twice
with a 20 mM sodium phosphate buffer containing 150 mM
NaCl and 20 mM glucose (pH 7.9). The cells were then
resuspended at a density ofé1®cells/mL in buffer A (20
mM Tris-HCI, 250 mM sucrose, 2 mM EDTA, and ap-

Enzyme AssayBlADH dehydrogenase activity was meas-
ured in 50 mM sodium phosphate, 1 mM EDTA, 2 mM
KCN, 200 uM NADH, and 100uM Qi (pH 6.5). The
oxidation of NADH (NADPH and deamino-NADH) was
monitored at 340 nm (extinction coefficient at 340 rm

propriate cocktail proteases inhibitor (pH 7.8)) and washed 6.22 mMt cm™1). Reduction of dichlorophensiindophenol

once. The washed cells were broken with glass beads{(425
600 um) using 8 cycles of 15 s duration stroke at 2 min
intervals in a Braun mixer at-84 °C. The broken cells were
centrifuged for 15 min at 15@0and 4°C. The sediments

(DCPIP) was monitored at 600 nm (extinction coefficient at
600 nm = 16.26 mM?! cm™? (pH 6.5)), and NADH:
K3[Fe(CN)] reductase activity was assayed at 420 nm
(extinction coefficient at 420 nn+ 1.05 mM™t cm™). All

were discarded, and the supernatant was centrifuged atctivities were determined in a Cary 50 Bio UV-spectro-

3800@ and 4 °C for 30 min. The pellets (containing

photometer at room temperature. The citrate synthase activity

mitochondrial membranes) were washed once in buffer A was determined as described previoud$, (16).

and maintained at-80 °C.

ElectrophoresisSDS-PAGE was carried out as described

To prepare intact mitochondria, the washed cells suspendeddy Laemmli (L7) with 10% polyacrylamide resolving gels.

in buffer A were forced three times through a 28eedle
at high pressure at-04 °C. The suspension was then
centrifuged at 150§ and 4°C for 15 min to remove the

Blue native PAGE (BN-PAGE) was performed according
to Schgger's method 18, 19) with a small modification.
The proteins eluted from the second ion exchange column

unbroken cells and cell fragments. The supernatant waswere concentrated and added to Bistris buffer (50 mM Bistris,

centrifuged at 16 0GP and 4 °C for 20 min. The pellets
containing mitochondria were washed once carefully in
buffer A, maintained on ice, and used within 2 h. The
integrity of the isolated mitochondria was determined by
measuring the citrate synthase activity.

Hypotonic swelling of mitochondria was performed ac-
cording to Sdner (14). Separation of the mitoplasts from

30% glycerol, and 0.1% Serve Blue G (pH 7.0)) in a 1:1
mixture. The sample was separated on -8a26% linear
gradient gel with a 4% stacking gel (1.5 mm thick). The
cathode buffer was 50 mM Tricine, 15 mM Bistris, and
0.001% Serve Blue G (pH 7.0). The NADH dehydrogenase
activity in the native gel was visualized with nitro blue
tetrazolium as electron acceptor in the presence of NADH

the broken mitochondrial outermembranes and interspace(20). The band containing NADH dehydrogenase activity

proteins were carried out by centrifugation at 16 §a@@d 4
°C for 20 min.

was excised, immersed in 1% mercaptoethanol, and 1% SDS
solution at room temperature for 2 h, washed with deionized
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water to remove the mercaptoethanol for a few seconds, andr,e 1. purification of Rotenone-Insensitive NADH
then SUbjeCted to SDSPPAGE. A 0.5-cm lane of the gel was  Dehydrogenase frorfi. bruceiMitochondrid
placed on a glass plate at the usual position for the stacking

o r ) purification protein specific activity yield purification
gel. After positioning the spacers (0.75 mm thick) and step (mg) (umolimin/mg) (100%)  fold
covering with _the second glass plate, the separating ge! (10%) 5 extract 5873 018 100 10
was poured in through the gap between the gel strip and HiTrap Q (pH 7.8)  60.1 0.81 46 4.5
spacers. After polymerization, the stacking gel (4%) was HiTrapQ (pH8.5)  20.0 1.70 32 9.4
poured in to fill the gap. The comb was positioned until the Superdex 200 0.8 4.80 3.6 26.7

bottom of it reached the strip gel. After polymerization of ~ 2The NADH dehydrogenase activity was measured in 50 mM
the stacking gel, the purified enzyme obtained from the iggiurl\f/‘l FS’O(SP:figesl)latmr’\(’)'O'rantzf‘ﬁ ZeQMrECPHeZ%QQE%f ?\I”EDH
Superdex column and the mo_lecular weight .ma”‘efs were was/ﬁnonitlorgd atl340 nm with an F(Jextinctio'n coefficient of 6.22 MM
loaded, and the electrophoresis was started immediately. ¢m1 The yield is calculated as total activity as a percentage of the
Flavin Analysis.The flavin present as a cofactor of the total activity in the DM extract.
enzyme was determined fluorometerical®l). The purified
enzyme was boiled for-34 min followed by centrifugation,  the previously described gel filtration column, using mass
and the presence of noncovalently bound FMN was deter- protein standards range from 12.4 to 240 kDa.
mined fluorometerically using an excitation wavelength of
450 nm and an emission of 525 nm. RESULTS
The released flavin was analyzed by HPLC using a Waters Purification of a 33 kDa Rotenone-Insensé&i NADH
Alliance System consisting of the 2690 separation module, Dehydrogenasén our previous attempts to isolate complex
the 2487 duall absorbance detector, and the 474 scanning | from detergent solubilized mitochondria ®f brucej we
fluorescence detector controlled by Millennitfnsoftware. observed rotenone-insensitive NADH:€ductase activity
A 150 x 4.6 mm i.d. Supelcosil LC-DP column (Supelco) in a fraction obtained by sucrose gradient centrifugation.
was used. The composition of the mobile phase was 80% of Immunoblotting with specific antibodies revealed the absence
0.1% TFA in water and 20% of 0.1% TFA in 40% of three known subunit proteins of complex I, suggesting
acetonitrile. The flow rate through the column at ambient the presence of an alternative rotenone-insensitive NADH
temperature was 1 mL/min. The excitation and emission dehydrogenase if. brucei(13). To confirm this suggestion,
wavelengths of the fluorescence detector were set at 450 andve attempted to isolate and purify such a protein. Mito-
525 nm, respectively. chondrial membranes isolated from the procyclic fornT of
LC/ESI-MS studies of the flavin were performed using a brucei were solubilized with DM prior to anion exchange
Micromass ZMD 4000 quadrupole mass sepectrometer chromatography. Using a three-step chromatographic pro-
coupled to a Waters Alliance HPLC System controlled by cedure, the rotenone-insensitive NADH dehydrogenase was
a computer running Windows NT based Micromass purified to apparent homogeneity with a yield of about 3.6%
MasslynxNT V3.5 software. The source temperature was 100(Table 1). In the final step, the NADH:Qeductase activity
°C with the cone voltage set to 40 kV. Solvent flow through was eluted from the Superdex column with an apparent
the LC-DP column was 1.0 mL/min, with 35% of the flow molecular weight of 65 kDa. The purified protein was light
being diverted to the mass spectrometer. Scan data wergyellow and catalyzed NADH:Qreductase activity that was
collected over a range tovz. 50-500 Da in the full insensitive to rotenone.
scanning mode anaVz. 348 and 457 Da in the SIR mode. Analysis of the purified enzyme by SB$AGE revealed
EPR StudiesDetermination of the semiquinone radical a single major band with a molecular weight of 33 kDa. The
of Qg was performed in 40 mM sodium phosphate, 200 purified enzyme, however, was eluted as a peak with an
NADH, 100 uM Qo, and 1 mM EDTA (pH 6.5) in a total  apparent molecular weight of 65 kDa through exclusion
volume of 200uL. The reaction was started by addition of chromatography. To confirm that the 33 kDa protein
the rotenone-insensitive NADH dehydrogenase and subjectecbbserved on SDSPAGE corresponds to the alternative
to EPR detection immediately. The center field is 3475 G NADH dehydrogenase with a molecular weight of 65 kDa
with a sweep width of 100 G. Microwave frequency and obtained by filtration chromatography, the fraction containing
microwave power were 9.740 G and 20.120 mW. Sweep activity from the second anion exchange column was
time was 83.886 s. subjected to BN-PAGE. To visualize the protein and reduce
Determination of @~ produced by the rotenone-insensi- the background of the native gel, the sample was treated with
tive NADH dehydrogenase was performed in 40 mM 0.05% dye before electrophoresis, and the cathode buffer
phosphate, 1 mM EDTA, 100 mM 5,5-dimethyl-1-pyrroline contained only 0.001% Serve blue G. After BRAGE, a
N-oxide (DMPO), 200uM NADH, and purified rotenone-  few light blue bands were observed in the gel. To establish
insensitive NADH dehydrogenase (pH 6.5) in a total volume which band contained activity, the gel was treated with nitro
of 200uL. The reaction was initiated by addition of NADH  blue tetrazolium, which acts as an electron acceptor for
and subjected to immediate detection by EPR in an EMX NADH dehydrogenase2(). The single band on the gel that
EPR spectrometer (Bruker) at room temperature. EPR spectragradually turned purple and dark, because of the reduction
were recorded at a center field of 3480 G with a sweep width of the electron acceptor, contains NADH dehydrogenase
of 100 G. Microwave frequency and microwave power were activity (Figure 1A). This band was excised and treated with
9.752 G and 20.070 mW. Sweep time was 167.772 s. SDS plus mercaptoethanol prior to SBBAGE in parallel
Other MethodsProtein concentration was determined by with the enzyme purified by gel filtration. The proteins
the method of Lowry et al.22). Molecular mass determi- isolated by these two different procedures migrated to the
nation of the active form of the enzyme was performed in same position in SDSPAGE with an apparent molecular
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Ficure 1: (A) BN—PAGE of the partially purified NADH 100+

dehydrogenase isolated from the second ion exchange column. The 3
proteins were stained with serve blue G and loaded on a blue native 9%
gradient gel (520%). After electrophoresis, the NADH dehydro- i
genase was visualized with nitro blue tetrazoliu2f)( The arrow 1 410

indicates the protein having NADH dehydrogenase activity. (B) C‘qEv-l:l rrrrTTTreTTy 'é',;l,r_} "_T{,; AR "ﬁ ESt
SDS-PAGE of purified NADH dehydrogenase obtained by gel oA win e LAnnels B

filtration and BN-PAGE. Electrophoresis was performed in a 10% 1003 4-10%75 552 7.53.0503 15{:?
acrylamide gel: lane a, purified protein obtained by through gel .
filtration; lane b, molecular weight markers; lane c, NADH %
dehydrogenase purified by BNPAGE. DE
weight of 33 kDa (Figure 1B, lanes a and c). These results FﬁgiFMN 2 o o 2 Channels ES
suggest that the rotenone-insensitive NADH dehydrogenase ] 2.22e4
of T. bruceiexists as a native dimer containing two 33 kDa 9] 545
subunits. ]

Rotenone-Insensite NADH Dehydrogenase Contains 0 T i
FMN as CofactorThe supernatant obtained after boiling the "{‘E‘E’! 548

purified enzyme followed by centrifugation fluoresced with ]
a strong emission maximum at 525 nm when excited at 450 o]
nm, indicating the presence of noncovalently bound flavin ]
(Figure 2A). Separation of standard flavins by HPLC as , ; r , ,
specified in Materials and Methods revealed retention times 4.00 6.00 800
for FAD and FMN of 7.54 and 8.75 min, respectively (Figure FIGURE 2: Analysis of the flavin cofactor of rotenone-insensitive
2B). The released flavin from the purified NADH dehydro- NpaDH thydrc)(g_e?]%se af. E)ruc¢afi t(ﬁ\) Fluoresetncet exlcitatiog ]gleft) "

H H H ana emission (ri spectra O € supernatant released from tne
genase s_eparated asa single peak at 874 min (Figure ZB)énzyme by boilin%. (B)pHPLC analysis:pFAD and FMN standards
(Authentic FAD boiled under these conditions was stable (y"3ng sample< —). The retention time for FAD was 7.54 min,
and generated little FMN). These results suggest that FMN for FMN was 8.75, and for the sample was 8.74 min. (C) MS
is the cofactor present in the rotenone-insensitive NADH detection of authentic FAD and FMN standards and the sample
dehydrogenase of. brucei. using single ion monitoring atvzz 348 and 457, respectively: top

. . . . anel,m/z. 457 of the sample; 2nd panelyzz 348 of the sample;
Further studies using LC/ESI-MS analysis provided ad- grd panel,m/z. 457 of FAB and FI\BIN standards, bottom ppanel,

ditional evidence for the presence of FMN as cofactor in nyz 348 of FAD and FMN standards.

the rotenone-insensitive NADH dehydrogenase. In the full

scanning mode, the sample from the enzyme displayed thethe sample separated as an apparent ian/at 457 and a
same retention time (6.64 min), molecular weight (apparent retention time of 6.64 min, identical to the FMN standard
MH™ ion atnvVz. 457), and fragmentation pattern as authentic (Figure 2C, top panel). Moreover, the sample did not show
FMN (data not shown). In the single ion monitoring mode, an apparent fragmentary ion at/’z: 348 or 457 at the

- Time
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Table 2: Kinetic Parameters of the Rotenone-Insensitive NADH
Dehydrogenase of. bruceiMitochondria

appareny, Vmax
substrates (uM) (umol/min/mg)

NADH? 120 12.0
deamino-NADH 160 3.1
NADPH 400 14
QP 33 12.8
Q 71 9.6
DCPIP 100 16.8
ferricyanide 190 23.8

@ For determination of the kinetics for NADH, deamino-NADH, and
NADPH, 150uM Qo was used as the electron acceptdn measure-
ments of the kinetic parameters of different acceptors,28MWNADH
was the electron donor.

retention time of 5.46 min observed for authentic FAD in
the single ion monitoring mode (Figure 2C, second panel).
These results indicate that the cofactor of the rotenone-
insensitive NADH dehydrogenase is FMN.

Catalytic Characterization of the Alternag NADH De-
hydrogenaseThe kinetic parameters of the purified rotenone-
insensitive NADH dehydrogenase of bruceiwere exam-
ined using different electron donors and acceptors (Table
2). The purified NADH dehydrogenase isolated fram
brucei mitochondria can reduce several ubiquinone ana-
logues, DCPIP, and ferricyanide. The purified enzyme can

also reduce more hydrophobic ubiquinone analogues such

as Q, DB, and @Q; however, their high hydrophobicity and
low solubility in water prevented the accurate determination
of K, values. In addition, the enzyme can oxidize NADPH
and deamino-NADH but at much lower rates, 10% and 25%
of that observed with NADH as substrate. Many rotenone-
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Ficure 3: Initial velocity pattern for rotenone-insensitive NADH
dehydrogenase with both substrates. (A) Initial velocity pattern of
the enzyme with [NADH] varied at fixed levels of DCPIP.

(Concentrations of DCPIP:@) 100uM; (O) 70 uM; (M) 50 uM;

10

insensitive NADH dehydrogenases show a similar preference(d) 25 mM.) (B) Initial velocity pattern for the enzyme with

for NADH over deamino-NADH, as substrate and do not
oxidize NADPH @3); however, the alternative NADH

[DCPIP] varied at fixed levels of NADH. (Concentrations of
NADH: (®) 200uM; (O) 100 uM; (M) 50 uM.)

dehydrogenases isolated from plants are capable of oxidizingof the purified enzyme was blocked by addition of diphenyl

NADH and deamino-NADH but show no preference for
NADH or NADPH (24, 25).

To determine the mechanism of the reaction catalyzed by
the purified alternative dehydrogenaseélobrucej the initial

velocity was determined using DCPIP as an electron accep-

tor. DCPIP, an artificial electron acceptor, was selected
because of its high solubility in aqueous solution and the
large molar extinction coefficient for the reduced form. The
double reciprocal plots showing the dependence of the

iodonium (IDP), a well-characterized inhibitor of flavo-
proteins 28—30), in a time and concentration-dependent
manner (Figure 4A). A loss of 90% of the NADH;Q
reductase activity was observed aftel min incubation of
the enzyme with 20M IDP in the presence of NADH.
Incubation of the enzyme with 50M IDP under the same
conditions resulted in the loss of 40% of NADH:@ductase
activity; however, if the incubation time was 6 min, 95% of
the activity was lost. The effectiveness with which IDP

reaction rate for both substrates appear parallel at concentrainhibited the purified alternate NADH dehydrogenase de-

tions of the substrate that varied (data not shown). Similarly,
replotting the reciprocal 0¥« against the reciprocal of the

pended on the electron acceptor used in the assay (Figure
4B). A 98% inhibition was observed with Qs acceptor,

fixed substrate concentrations displayed a linear relationship90% with Q, 68% with Q, and 54% with DCPIP after

suggesting that catalysis by the alternative NADH dehydro-
genase occurs by a ping-pong mechanism.

The alternative NADH dehydrogenase Df bruceiwas
stable within the pH range from 4.5 to 9.5, with a pH
optimum between pH 6:06.5.

Inhibition of the Enzyme by Diphenyl lodoniuBeveral
well-known inhibitors of complex | and other NADH

incubation of the enzyme with IDP for 1 min. An increase
in the incubation time of the purified enzyme with NADH
and IDP to 20 min increased the inhibitory rate just to 66%
with DCPIP as electron acceptor. Similar low inhibitory
effects of IDP were observed with ferricyanide as electron
acceptor (data not shown).

One-Electron Transfer by the Enzynfa earlier report

dehydrogenases were tested for their effects on the alternativendicating that IDP is an inhibitor of flavoproteins conducting

NADH dehydrogenase of. brucei NADH:Q; reductase
activity was not affected by rotenone, the well-known
inhibitor of complex I, by flavone, an inhibitor of NDI1 of
S. cereisiae (1), or by dicumarol, an inhibitor of cytosolic
NAD(P)H:quinone oxidoreductas2g, 27); however, activity

one-electron transfer3() suggested that the alternative
NADH dehydrogenase of. bruceimight catalyze a one-
electron transfer. To establish the ability of the NADH
dehydrogenase to catalyze the transfer of one electron to
ubiquinone, we used EPR to assay directly the formation of
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0 1 2 3 4 5 6 tive NADH dehydrogenase. NADH (2Q€M) was incubated in 40
. i mM sodium phosphate with 100M Qo and 1 mM EDTA (pH
Time (minutes) 6.5) in a total volume of 20QL. The reaction was started by

addition of purified NADH dehydrogenase and subjected to

immediate analysis by EPR. The EPR spectrum was recorded at
2.4 - room temperature in a Bruker EMX EPR spectrometer and
measured at a center field of 3475 G with a sweep width of 100 G.
Microwave frequency and microwave power were 9.740 G and

=

x* 20.120 mW. The sweep time was 83.886 s: (A)g@miquinone
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Ficure 4: IDP inhibited rotenone-insensitive NADH dehydro-
genase of. brucei (A) Inhibition of rotenone-insensitive NADH:
Q: reductase by IDP. Rotenone-insensitive NADH dehydrogenase B
was incubated with IDP in the presence of NADH (2001) in B b | A s i i
buffer containing 50 mM sodium phosphate (pH 6.5) at room
temperature. At the times indicated, enzyme assays were started 100G
immediately by addition of 102@M Q; in a volume of 1QuL. The —

relative activity was determined by calculating the ratio of the FiGURe 6: Formation of superoxide radical by alternative NADH
residual NADH:Q reductase activity observed in the presence of dehydrogenase. The determination was performed in 40 mM
IDP to that obtained in the absence of IDP (100% activity was 105 phosphate, 1 mM EDTA, 100 mM DMPO, and 208 NADH
nmol/min). (Concentrations of IDP usedm) 200 «M; (O) 150 (pH 6.5) in a total volume 200L. The reaction was started by the
uM; (@) 100 uM; (O) 50 uM.) (B) Inhibition of the rotenone- addition of NADH and subjected to immediate analysis by EPR in
insensitive NADH dehydrogenase activity by IDP with different a Bruker EMX EPR spectrometer. The EPR spectrum was measured
acceptors. (Acceptors usedl)(20 uM Q; (O) 100uM Q,; (@) at a center field of 3480 G with a sweep width of 100 G. Microwave
100uM Qq; (O) 80 uM DCPIP.) frequency and microwave power were 9.752 G and 20.070 mW.
Sweep time was 167.772 s: (A) generation of superoxide in the
the ubisemiquinone radical (Figure 5). Incubating the enzyme Presence of rotenone-insensitive NADH dehydrogenase; (B) inhibi-

with NADH and Q produced a partially resolved (five lines) tion of superoxide formation by addition of superoxide dismutase.
characteristic signal of a Qsemiquinone radical with  reaction, little signals were generated (Figure 6B). These
hyperfine structure due to splittings from the methyl protons results suggest that, under aerobic conditions, the alternative
(32). This result indicates that the enzyme reduces ubiquinoneNADH dehydrogenase &F. bruceican generate superoxide

through one-electron transfer. radicals in the presence of NADH.

Production of Superoxide Radical§o determine if the Intramitochondrial Location of the Alternatt NADH
rotenone-insensitive NADH dehydrogenase from procyclic Dehydrogenasél.o test for the intactness of the mitochondria
T. brucei mitochondria can reduce ;directly with the isolated from the procyclic form oF. brucej the activity of

production of @~, EPR was used to detect directly the rotenone-insensitive NADH:Qreductase was compared to
superoxide radical signal. Because th& @adical is unstable  that of the mitochondrial matrix enzyme, citrate synthase,
with a short lifetime, DMPO was used as a spin trap. When which is inaccessible to exogenous substrates if mitochondria
the purified enzyme was incubated with NADH aerobically, remain intact. The activity of citrate synthase of the isolated
strong EPR signals that are typical of the DMPOOH T. brucei mitochondria was 9 nmol/min/mg (Table 3).
formed by Q= were observed (Figure 6A). If superoxide Treatment of the mitochondria with 1% DM prior to assay
dismutase (200 units/mL) were added prior to starting the resulted in a 9-10-fold increase in citrate synthase activity
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Table 3: Determination of Rotenone-Insensitive NADH:Q 100

Reductase and Citrate Synthase ActivitiesTobruceiMitochondria

< 80
enzyme activity (nmol/min/mg) >
S 60
hypotonic-treated %
mitochondria < 40
- ]
intact 1% DM-treated super-  mito- 2
. . . . ® 20
enzyme mitochondria mitochondria natant  plast °
rotenone-insensitive 21 220 0 24 & 0 T T T "
NADH:Q 0 0.5 1 1.5 2
reductase TN
citrate synthase 9 87 Ad nd Digitonin (%)

FIGURE 7: Treatment ofT. brucei mitochondria with increasing
concentrations of digitonin. Aliquots of intact mitochondria sus-
pended in buffer A were incubated with increasing concentrations

to 87 nmol/min/mg, suggesting that mitochondria isolated of digitonin on ice for 25 min and centrifuged at 120 @dor 20

; ; ; ; ; : min at 4 °C. The activities of NADH:Q reductase and citrate
from T. bruceiare intact with an integrity of approximately synthase were determined in the supernatant. The enzymatic activity

90%. Similarly, the rotenone-insensitive NADH:@ductase  of the mitochondria in each aliquot was defined as 1008:)(-
activity of the T. bruceimitochondria was increased from Released NADH dehydrogenaseli{} Released citrate synthase.
21 to 220 nmol/min/mg after DM treatment (Table 3). The
low activity of NADH:Q; reductase activity in the isolated 2). The presence of noncovalently bound FMN as cofactor
mitochondria may result from broken mitochondria, because in the T. bruceialternative NADH dehydrogenase raises the
NADH cannot permeate the inner mitochondrial membrane possibility that FMN as cofactor may confer the enzyme with
(33). properties or functions that differ from other FAD-containing
Hypotonic swelling of intact mitochondria under controlled alternative NADH dehydrogenases. The rotenone-insensitive
conditions results in the destruction of the outer mitochon- NADH dehydrogenase ii. bruceimitochondria is located
drial membrane while maintaining the inner membrane/ on the inner membrane facing the matrix similar to the
matrix fraction (mitoplast) intact. The NADH Qeductase NADH dehydrogenase dfl. crassa(6) and to one or more
activity of the mitoplasts was 24 nmol/min/mg, a value of the alternative dehydrogenases Sf cereisiae (3) or
similar to that observed with intact mitochondria. No NADH: plants @).

Q: reductase activity was observed in the supernatant |nhibitors for alternative rotenone-insensitive NADH de-
obtained after centrifugation of the treated mitochondria, hydrogenases are rare and nonspecific. For example, the
suggesting that the alternative NADH dehydrogenase is glternative NADH dehydrogenase isolated from red beetroot

located in the inner membrane/matrix fraction (Table 3). s sensitive to dicumaroR§), while the NDI1 ofS. cereisiae
To obtain a more precise location of the alternative NADH s inhibited by flavone ). The enzyme isolated frorf.

dehydrogenase, the isolated mitochondria were treated withpruceiis not inhibited by either of these compounds but is
increasing concentrations of digitonin in order to achieve a sensitive to IDP, a potent inhibitor of flavoproteins such as
sequential opening of the matrix compartment. The releaseneutrophil NADPH oxidase2g). The inhibition of NADPH
of NADH:Q reductase activity was compared with that of oxidase by IDP is proposed to occur though a reductive
the marker enzyme citrate synthase, a soluble proteinmechanism in which the reduced flavin transfers one electron
localized in the mitochondrial matrix, which is released with to IDP, resulting in the formation of a flavin semiquinone
increasing concentrations of digitonin. At a 0.1% digitonin  and a neutral diphenyliodonyl radica2§—30). The di-
concentration, 12% of the total rotenone-insensitive NADH phenyliodonyl radical disproportionates to iodobenzene and
dehydrogenase activity was released to the supernatan reactive phenyl radical, which is proposed to combine with
compared to 46% of the citrate synthase activity (Figure 7). the flavin semiquinone to form a phenylated adduct. The
Raising the concentration of digitonin to 1.6% resulted in opservation that incubation of the rotenone-insensitive
the release of 40% of the NADH dehydrogenase activity as NADH dehydrogenase of. bruceiwith IDP and NADH
compared to the release of 80% of the citrate synthasewas a prerequisite step for enzyme inhibition indicates that
activity. The results of the hypotonic swelling and digitonin  the inhibitory effects of IDP also require a reduced redox
treatment suggest that, unlike citrate synthase, the rotenonecenter. In addition, greater inhibition by IDP was observed
insensitive NADH dehydrogenase is bound to the inner with the more hydrophobic electron acceptors. One explana-
mitochondrial membrane facing the mitochondrial matrix. tion for this observation might be that the phenyl radicals
reacted with amino acid residues adjacent to the cofactor,
DISCUSSION resulting in the inaccessibility of the active site to the electron
In the current study, we have identified and characterized acceptors especially the hydrophobic ubiquinones.
a rotenone-insensitive NADH dehydrogenase in mitochondria  The rotenone-insensitive NADH dehydrogenase Tof
of the procyclic form ofT. brucei The active form of the bruceihas the ability to transfer one electron from the FMN
enzyme elutes from Superdex chromatography as a dimercofactor to various electron acceptors, including oxygen and
of 65 kDa, which separates after SBBAGE as a 33 kDa  ubiquinone-0. By contrast, other reported alternative NADH
subunit, and contains FMN as cofactor. In general, alternative dehydrogenases containing FAD as cofactdy Z) are
NADH dehydrogenases present in mitochondria from other reported to conduct two-electron reductioB, @4). The
organisms are single polypeptides with molecular weights transfer of one electron would make the NADH dehydro-
ranging from 40 to 60 kDa containing FAD as cofactdy (  genase ofT. bruceiparticularly prone to produce reactive

and = not determined.
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oxygen species, because superoxide is generated when 7.

molecular oxygen is reduced by one electron trans3gy. (
The possible role of the rotenone-insensitive NADH dehy-
drogenase in the production of superoxide radical§ .in
brucei mitochondria is currently under investigation.

The physiological functions of alternative NADH dehy-
drogenase are still ambiguous.3ncereisiae mitochondria,
the internal NADH dehydrogenase has been suggested to
play a role in regulating the redox balance at the level of
mitochondrial NADH produced by the citric acid cycleg).
The external NADH dehydrogenases Sf cereisiae have
been suggested to contribute to the reoxidation of cytosolic
NADH (4, 37, 38). By contrast, the external NADH
dehydrogenase isolated frokarrowia lipolytica was not
required for cell growth). A recent report suggested that
the type Il NADH dehydrogenase present in the cyano-
bacterium Synechocystisp. strain might be involved in
regulation of metabolism rather than respirati8g, @0). The
procyclic form of T. bruceihas a well-developed mitochon-
drion with cytochromes and cyanide-sensitive respiration.
The major reducing equivalents are provided by the oxidation
of the abundant amino acids, such as proline, in the midgut
of the insects. A rotenone-sensitive NADH dehydrogenase
from procyclic T. bruceimitochondria has been identified
and characterized {—13); however, the activity of complex
| in T. bruceimitochondria was low as compared to that
observed in other species and may be rate limiting for NADH
oxidation. One possible function of the alternative NADH
dehydrogenase described in this study might be a comple-
ment of complex | mediating the electron feeding from
NADH to the electron-transfer chain. Its location on the inner
mitochondrial membrane facing the matrix is consistent with
this suggestion.

In this paper, a rotenone-insensitive NADH dehydrogenase
in T. bruceiwas identified, isolated, and characterized. As
far as we know, this is the first report of an alternative NADH
dehydrogenase in protozoan mitochondria. Attempts are
currently underway to investigate the physiological function
of the alternative NADH dehydrogenase in the intermediary
metabolism ofT. bruceiby isolating the gene for the protein
and constructing null mutants.
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