|

) <

The University of Osaka
Institutional Knowledge Archive

Characterization of iron-sulfur clusters of NADH
Title : ubiquinone oxidoreductase (complex | ) from
bovine heart mitochondria

Author(s) |i&+H, RA

Citation |KPrKZ, 1993, {Bt:m

Version Type|VoR

URL https://doi.org/10.11501/3065773

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



CHARACTERIZATION OF IRON-SULFUR CLUSTERS OF
NADH:UBIQUINONE OXIDOREDUCTASE (COMPLEX I)
FROM BOVINE HEART MITOCHONDRIA

1993

RYOJI MASUI

DEPARTMENT OF BIOLOGY, FACULTY OF SCIENCE,
OSAKA UNIVERSITY




CHARACTERIZATION OF IRON-SULFUR CLUSTERS OF
NADH:UBIQUINONE OXIDOREDUCTASE (COMPLEX I)
FROM BOVINE HEART MITOCHONDRIA

1993

RYOJI MASUI

DEPARTMENT OF BIOLOGY, FACULTY OF SCIENCE,
OSAKA UNIVERSITY



GENERAL ACKNOWLEDGEMENTS

The present work has been carried out at Department of Biology, Faculty of Science,
Osaka University under the guidance of Professor Hiroshi Matsubara. I am indebted to him
for his invaluable advice and encouragement throughout this study. I am grateful to Dr.
Sadao Wakabayashi for his guidance and valuable discussion on proceeding to this work. I
also express my thanks to Drs. Yasuhiro Takahashi and Hirozo Oh-oka for their helpful
advice.

I express appreciation to Mr. Tomomi Kubota for valuable suggestion and discussion,

and the colleagues in this laboratory for their interest and encouragement.



CONTENTS
Chapter
I Structural Analysis of the Hydrophilic Subunits of ComplexI ~  ------
II.  Isolation and EPR Studies of Iron-Sulfur Proteins from Complex I~ ------

II.  EPR Studies of Complex I Modified with Inhibitory Reagents =~ ------

ABBREVIATIONS

Ac-, N-acetyl-

C-, carboxyl-

Cit-, citraconylated

Cm-, carboxymethylated

DTT, dithiothreitoll

EPR, electron paramagnetic resonance

FP, iron-sulfur flavoprotein fraction of complex I
HP, hydrophobic fraction of complex I

IP, iron-sulfur protein fraction of complex I
MES, 2-(N-morpholino)ehtanesulfonic acid
MOPS, 3-(N-morpholino)propanesulfonic acid
N-, amino-

NBS, N-bromosuccinimide

ODS, octadecylsilane

ORF, open reading frame

PCMPS, p-chloromercuriphenylsulfonic acid
PTH-, phenylthiohydanfoin derivative



Chapter I

Structural Analysis of the Hydrophilic Subunits
of Complex I



SUMMARY

Mitochondrial NADH:ubiquinone oxidoreductase (complex I) is the most complicated
enzyme in the respiratory chain and is composed of at least 30 distinct polypeptides. Two
hydrophilic subfractions of bovine heart complex I were systematically resolved into
individual polypeptides by chroniatography. Three polypeptides (51-kDa, 24-kDa and 9-
kDa) were isolated from the flavoprotein fraction (FP) of complex I, and the complete amino
acid sequence of the 9-kDa polypeptide was determined. The 9-kDa polypeptide is composed
of 75 amino acids with a molecular weight of 8,437. This protein exhibits no obvious
sequence similarity to other proteins. The iron-sulfur protein fraction (IP) of complex I was
separated into eight polypeptides, 75-kDa, 49-kDa, 30-kDa, 20-kDa, 18-kDa, 15-kDa, 13-
kDa-A and 13-kDa-B. The 20-kDa polypeptide was recognized as a novel component of IP
for the first time. The N-terminal and several peptide sequences of the 20-kDa polypeptide
were determined. Comparison of the sequences revealed significant sequence similarities of
the 20-kDa polypeptide to the psbG gene products encoded in the chloroplast genome. The
conserved sequence in these proteins was also found in the small subunit of the nickel-
containing hydrogenases. These results suggest that complex I is related to other redox

enzyme complexes.



INTRODUCTION

NADH:ubiquinone oxidoreductase (complex I) [EC 1.6.5.3] is the first enzyme in the
mitochondrial respiratory chain. Complex I consists of at least 30 unlike polypeptides, a
noncovalently bound FMN and several iron-sulfur centers involved in electron transfer
between NADH and ubiquinone (/-4). This enzyme is so complicated that its detailed
structure and mechanism of action are still uncertain.

Complex I can be resolved with chaotropic agents into three subfractions: the
flavoprotein fraction (FP), the iron-sulfur protein fraction (IP) and the hydrophobic protein
fraction (HP). FP and IP are water-soluble and HP is water-insoluble. FP is composed of the
51-kDa, 24-kDa and 9-kDa subunits. FP contains an FMN and two iron-sulfur centers, and
retains NADH dehydrogenase activity. IP consists of six major protein components, the 75-
kDa, 49-kDa, 30-kDa, 18-kDa, 15-kDa and 13-kDa subunits, and contains at least four iron-
sulfur centers. HP contains the remaining hydrophobic polypeptides of complex I and one or
two iron-sulfur centers.

Seven subunits of HP, known as ND1-ND6 and NDA4L, are encoded in the
mitochondrial genome (5-7). The chloroplast genome has been shown to contain seven open
reading frames (ORFs) that code for protein sequences homologous to these subunits of
complex I (8-13). These chloroplast ORFs are named ndhA-ndhG (or ndhl-ndh6 and
ndh4L). Recently, the 49-kDa, 30-kDa and 23-kDa subunits of mitochondrial complex I were
also shown to exhibit sequence similarities to the ORFs encoded in the chloroplast genome
(14-16). These ORFs were originally called ORF392, frxB and ORF158 in tobacco, for
example, and it has been proposed that they should be renamed ndhH, ndhl and ndhJ,
respectively (/6). These findings suggest that these ndh gene products are the subunits of a
complex I-like enzyme of chloroplasts. Furthermore, the sequences of the 51-kDa, 24-kDa
and 75-kDa subunits of complex I have been found to be similar to those of subunits of the
NAD-reducing hydrogenase from Alcaligenes eutrophus H16 (17-19). This observation
suggests an evolutionary relationship between these enzymes. Many sequences of subunits of
complex I from Neurospora crassa have also been published (20-24).

While some of the above protein sequences have provided significant information

regarding the possible function of certain subunits, little is known about most of the nuclear-



encoded subunits of complex I. We recently reported the amino acid sequences of two 13-
kDa polypeptides of complex I (25). In order to obtain further information on the structure of
the subunits of complex I, I started the resolution of the component polypeptides of FP and IP.
This section presents the subunit composition of each fraction and the sequence studies on
the 9-kDa and 20-kDa polypeptides. The partial setluence of the 20-kDa polypeptide exhibits
significant similarity to an ORF encoded in the chloroplast genome and also to a subunit of
the hydrogenase. Based on these relationships, the structure and organization of complex I

are discussed.



MATERIALS AND METHODS

Materials — FP and IP of complex I from bovine heart mitochondria were prepared as
described in the literature (26).

Enzymes and Chemicals — Enzymes, chromatographic materials and chemicals were
commercially purchased: arginylendopeptidase from Takara; Toyopearl HW-65F and DEAE-
Toyopearl from Tosoh; Sephacryl S-200HR from Pharmacia Fine Chemicals; DEAE-
cellulose (cellulofine A-500) from Seikagaku Kogyo Co., Ltd.; CM-cellulose (CM-52) from
Whatmann Biochemicals; and other enzymes and reagents used in this experiment as listed
previously (25).

Amino Acid Analysis — Amino acid analysis was performed with an amino acid
analyzer (Irica model A-5500) after 6 N HCl hydrolysis for 24 h essentially according to
Spackman et al. (27).

Sequence Determination — The digests were separated by HPLC in 0.1%
trifluoroacetic acid with a linear gradient of acetonitrile at 50°C on.a Shodex ODSpak F-
511A column. The flow rate was 0.8 ml/min. The amino (N-) terminal sequence was
determined with a gas-phase protein sequencer (Applied Biosystems, model 473A) equipped
with an on-line connected HPLC (model 120A) or manual Edman degradation. Procedures
employed for the manual degradation were described previously (25).

Data Analysis — The polypeptide sequence was compared with those in the Swiss-Prot
database using the GENETYX program (Software Development Co., Ltd.).

Nomenclature — K, R, T and V refer to the peptides derived on lysylendopeptidase,

arginylendopeptidase, tryptic and staphylococcal V8 protease digestion, respectively.



SUPPLEMENTAL RESULTS

Separation of FP Component Polypeptides — FP was treated with trichloroacetic acid
to destroy the iron-sulfur clusters, reduced with 2-mercaptoethanol and then
carboxymethylated with iodoacetic acid (28). The carboxymethylated (Cm-) FP was
insoluble in a normal aqueous solution and so was chromatographed on a Sephacryl S-200HR
column (2 x 190 cm) in 50 mM Tris-HCI buffer (pH 7.5) containing 8 M urea. The Cm-FP
was separated into three fractions (Fig. I-1S). The first, second and third fractions contained

the 51-kDa, 24-kDa and 9-kDa polypeptides, respectively.
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Fig. I-1S. Separation of Cm-FP on a Sephacryl S-200HR column. Fractions of
1 ml were collected at a flow rate of 10 mi/h after pre-elution of 250 ml.



Separation of IP Component Polypeptides — After treatment with trichloroacetic acid,
IP was carboxymethylated. The Cm-IP was also insoluble and chromatographed in the
solution containing 8 M urea. Under these conditions some polypeptides aggregated and
were eluted at the void volume of the column. Thus the sample was further citraconylated
with citraconic anhydride (29). The introduction of negative charges to the polypeptides
made them soluble in a slightly alkaline solution. Even under these conditions, however,
some polypeptides still aggregated. Separation of citraconylated (Cit-) Cm-IP was most
effectively achieved in a solution containing relatively high concentration of urea.

Thus the Cit-Cm-IP was separated into four fractions on a Toyopearl HW-65F column
(2 x 190 cm) in 50 mM Tris-HCI buffer (pH 7.5) containing 8 M urea (Fig. I-2S). The first
(1), second (II) and third (IIT) fractions predominantly contained the 75-kDa, 49-kDa and 30-
kDa polypeptides, respectively. Each fraction was dialyzed, lyophilized and purified by
rechromatography. ‘

Fraction III was then applied to a DEAE-Toyopearl 650M column (1.2 x 26 cm),
developed with a linear gradient of NaCl from 0 to 1.0 M in 50 mM Tris-HCIl buffer (pH 8.0),
and separated into two fractions (Fig. I-3S). Both the fractions obtained on polyacrylamide
gel contained 30-kDa polypeptides, which were named the 30-kDa-A and 30-kDa-B
polypeptides, respectively.

The fourth (IV) fraction was further separated into three fractions on a Sephacryl S-
200HR column (2 x 190 cm) in 50 mM Tris-HCI buffer (pH 7.5) containing 8 M urea (Fig. I-
4S). The first fraction (IV-1), containing the 30-kDa polypeptide, was combined with
fraction III. The second fraction (IV-2), enriched with the 20-kDa and 18-kDa polypeptides,
after an unsuccessful attempt by ion-exchange chromatography, was separated successfully
by reverse-phase HPLC on a butyl column (Shodex RSpak D4-613) in 0.05% trimethylamine
(pH 9.5) with a stepwise gradient of acetonitrile (Fig. I-5S). Thus the 20-kDa and 18-kDa
polypeptides were purified.

The third fraction (IV-3), containing the 18-kDa, 15-kDa and 13-kDa polypeptides, was
applied to a DEAE-cellulofine column (1.2 x 26 cm), developed with a linear gradient of 50
mM to 1.0 M ammonium bicarbonate (Fig. I-6S). Both the obtained fractions, IV3-1 and
IV3-3, contained 13-kDa poiypeptides, which were called the 13-kDa-A and 13-kDa-B
polypeptides, respectively.
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Fig. I-2S. Separation of Cit-Cm-IP on a Toyopearl HW-65F column. Fractions
of 2.5 ml were collected at a flow rate of 12.5 ml/h after pre-elution of 300 ml.
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Fig. I-3S. Separation of Fraction IIl on a DEAE-Toyopearl 650M column. Fractions
of 3 ml were collected at a fow rate of 15 ml/h.
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Fig. I-4S. Separation of Fraction IV on a Sephacryl S-200HR column. Fractions
of 1 ml were collected at a flow rate of 10 ml/h after pre-elution of 250 ml.
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Fig. 1-5S. Separation of Fraction IV-2 on a Shodex RSpak D4-613 column.
Chromatography was carried out with a stepwise gradient system of acetonitrile,
from 18% to 54%, in 0.05% triethylamine (pH 9.5). The flow rate was 0.5 ml/min.
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Fig. I-6S. Separation of Fraction IV-3 on a DEAE-cellulofine column. Fractions

of 4 ml were collected at a flow rate of 20 ml/h.
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The 18-kDa and 15-kDa polypeptides were eluted together (IV3-2) from the DEAE-
cellulofine column, and separated on a CM-52 column, developed with a linear gradient of
NaCl from 0 to 1.0 M in 25 mM ammonium acetate buffer (pH 5.3) containing 8 M urea after
decitraconylation with 10% acetic acid (Fig. I-7S). But these proteins were recovered in low
yields, even though they were recitraconylated upon recovery.

In order to minimize the complexity of the procedure, the fractions containing identical
polypeptides were combined with each other. The purity of each polypeptide was assessed by
SDS-PAGE (30) on a 15% gel containing 12% glycerol. The isolated polypeptides, other
than the 20-kDa and 18-kDa polypeptides, were finally purified by reverse-phase HPLC for

amino acid analysis.
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Fig. I-7S. Separation of Fraction IV3-2 on a CM-52 column. Fractions of 2.8 ml were
collected at a flow rate of 14 ml/h.
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Sequence Studies on the 9-kDa Polypeptide — The N-terminal sequence of the Cm-9-
kDa polypeptide was determined up to the 11th residue. The C-terminal sequence was
analyzed by carboxypeptidase A digestion. Histidine (0.9 mol/mol) was released during a 4 h
incubation.

The Cm-9-kDa polypeptide (40 nmol) was digested with arginylendopeptidase (25 mg)
in 50 mM Tris-HC1 buffer (pH 8.0) at 37°C for 3 h. The digest was separated on HPLC into
four peptides, R-1 to R-4 (Fig. I-8S). Their amino acid compositions are listed in Table I-1S.
Peptide R-1 (18 nmol) was further digested with lysylendopeptidase (6 mg) in 50 mM Tris-
HCI1 buffer (pH 9.0) at 30°C for 5 h. Seven peptides (R1-K-1 to R1-K-7) were obtained on
HPLC (Fig. I-9S, Table 1-2S). But their yields were very low and peptides corresponding to
residues 1-9 and 61-62 could not be recovered. Non-specific digestion was observed for
peptide R1-K-6, which resulted from cleavage on the C-terminal side of a tyrosine residue
(residue 49). The amino acid sequence of about 90% of the protein was determined by
sequencing each peptide.

In order to determine the sequence of the remaining parts, we digested the Cm-9-kDa
polypeptide (30 nmol) with staphylococcal protease (8 mg) in 40 mM sodium phosphate
buffer (pH 7.4) at 37°C for 3 h. Four peptides (V-1 to V-4) were obtained (Fig. I-10S, Table
I-3S). The amino acid compositions of peptides V-3 and V-4 were very similar to each other
except for the content of methionine. This might be accounted for by modification or
destruction of the side chain of a methionine residue. The sequencing of these peptides
established the complete amino acid sequence of the 9-kDa polypeptide. A summary of these

studies is presented in Fig. I-2.
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on a Shodex ODSpak F-511A column.
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Table I-1S. Amino acid compositions of arginylendo-
peptidase peptides of the Cm-9-kDa polypeptide.

R-1 R-2 R-3 R-4
Cmc
Asx 9.3 (9) 0.3
Thr 5.0 (5)

Ser 53() 2.7Q) 1.7(2) 09 (1)
Glx 550) 2402 1.1 (1) 1.1 (1)
Pro 838 29(@) 1.9 (2) 1.0 (1)
Gly 1.9 2) 1.3 (1) 1.0 (1)

Ala 3.6 (3)

Val 1.3 (D)

Met 0.9 (1) 0.9 (1)

Ile

Leu 6.3 (6)

Tyr 2.8 (3)

Phe 2.7 (3)

Lys 7.5 (8) 0.4

His 1.8 (2) 1.0 (1) 1.0 (1)

Arg L1 19(®@ 09(1) 10D
Trp

Total 62 13 8 5
Position 1-62 63-75 63-70 71-75
Yield(%) 63 13 45 48

Cmc; S-carboxymethylcysteine.
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Fig. I-9S. Separation of a lysylendopeptidase digest of peptide R-1 of the Cm-9-kDa
polypeptide on a Shodex ODSpak F-511A column.
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Table I-2S. Amino acid compositions of lysylendopeptidase peptides of
peptide R-1.

R1-K-1 RI1-K-2 R1-K-3 Rl1-K-4 RI-K-5 RI1K-6

Cmc

Asx 1.1 (1) 2.2 (2) 1.9 (2) 49 (5) 2.4 (2)

Thr 0.3 2.6 (3) 2.5(3) 1.9 2) 1.1 (1)

Ser 1.0(D 1.1 (1D 1.0 (1) 22 (2) 1.1 (1)

Glx 1.4 (1) 1.3 () 1.3 (1) 09 (1) 1.3 (1)

Pro 2.8 (3) 1.7 (2) 2.9 (3) 2.5 (3

Gly 1.0 (1) 04 0.4 0.4

Ala 1.6 (2) 1.7 2)

Val 1.4 (1) 1.2 (1)

Met

Ile

Leu 0.8 (1) 4.6 (5) 1.0 (1)

Tyr 09 (1) 0.8 (1) 1.9 (2) 1.7 (2)

Phe 0.7 (1) 0.8 (1) 0.7 (1)

Lys 1.0 (1) 0.9 (1) 2.1 (2) 1.1 (D) 1.2 (D)

His 1.7 (2) 1.8 (2)

Arg

Trp

Total 7 5 17 16 21 10
Position 10-16 18-22 23-39 24-39 40-60 4049
Yield(%) 7 8 4 4 2 3

Cmc; S-carboxymethylcysteine.

18
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Fig. I-10S. Separation of a staphylococcal protease digest of the Cm-9-kDa polypeptide
on a Shodex ODSpak F-511A column.
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Table I-3S. Amino acid compositions of staphylococcal
V8 protease peptides of the Cm-9-kDa polypeptide.

V-1 V-2 V-3 V-4
Cmc _
Asx 1.1 (1) 8.1 (8) 0.1 0.1
Thr 0.1 4.4 (5)

Ser 15@) 3303) 354 364
Glx 22(2) 353 2332 222
Pro 778 29@3) 29@3)
Gly 1.2 (1) 1.4 (1) 1.1 (1) 1.2 (1)
Ala 1.3(1) 232

Val 0.4 1.4 (1)

Met 09 (1) 0.2

Ile

Leu 4.9 (5) 1.0 (1) 1.0 (1)

Tyr 2.6 (3)

Phe 1.8 (2) 0.8 (1) 0.8 (1)

Lys 1.0 616 101 1.1()

His 0.3 1.8 (2) 0.9 (1) 09 ()

Arg 0.3 29 (3) 3003

Trp

Total 8 49 18 17
Position 1-8 9-57 58-75 58-75
Yield(%) 63 70 40 27

Cmc; S-carboxymethylcysteine.

20



Sequence Studies on the IP 20-kDa Polypeptide — The N-terminal sequence of the Cm-
20-kDa polypeptide was determined up to the 28th residue (Fig. I-12S). The Cit-Cm-20-kDa
polypeptide (30 nmol) was digested with trypsin (6 mg) in 50 mM ammonium bicarbonate at
37°C for 4 h. After decitraconylation, the resultant peptides (T-1 to T-9) were separated (Fig.
I-11S) and sequenced (Fig. I-12S).

Acetonitrile (%)
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Fig. I-11S. Separation of a tryptic digest of the Cit-Cm-20-kDa polypeptide on a
Shodex ODSpak F-511A column.
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N-terminus

T-1
T-2
T-3
T-4
T-5
T-6
T-7
T-8
T-9

PSSTQPAVSQARAVVPKPAALPSSRGEY--

ASPR

YDMDR

PSSTQPAVSQAR
KVYDOMPEPR

IWYR

AVVPKPAALPSSR
YVVSMGSCANGGGYYHYSYSVVR
GEYVVAKLDDLI--
IVPVDIYVPGCPP--

Fig. I-12S. Partial amino acid sequences of the 20-kDa polypeptide.
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RESULTS AND DISCUSSION

Subunit Composition of FP — Three polypeptides, 51-kDa, 24-kDa and 9-kDa, were
isolated from FP of bovine heart complex I. Fig. I-1a shows the electrophoretic patterns of
the purified polypeptides on polyacrylamide gel. Table I-1 presents the amino acid
composition of the isolated polypeptides. The compositions of the 51-kDa and 24-kDa
subunits derived from the cDNA sequences are also listed in the table and agree well with

those obtained in this study or published earlier (31).

Fig. I-1. SDS-PAGE of isolated polypeptides from FP (a) and IP (b). a: The samples
applied were as follows: lane 1, FP; lane 2, Cm-FP; lane 3, 51-kDa; lane 4, 24-kDa; lane
5, 9-kDa. Each polypeptide in lanes 3 to 5 was carboxymetylated. b: The samples
applied were as follows: lane 1, IP; lane 2, Cit-Cm-IP; lane 3, 75-kDa; lane 4, 49-kDa;
lane 5, 30-kDa-A; lane 6, 30-kDa-B; lane 7, 20-kDa; lane 8, 18-kDa; lane 9, 15-kDa;
lane 10, 13-kDa-A; lane 11, 13-kDa-B. Each polypeptide in lanes 3 to 11 was
carboxymethylated and citraconylated.
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Table I-1 also gives the yield of each polypeptide obtained from one sample of FP.
Previous studies showed that the 51-kDa; 24-kDa and 9-kDa subunits seemed to be present in
equimolar amounts (31). In this study the 51-kDa and 24-kDa polypeptides were obtained in
comparabie amounts, whereas the yield of the 9-kDa polypeptide was considerably lower
than those of the others. This might have resulted from dissociation of the 9-kDa polypeptide
from FP during purification and/or incomplete precipitation of this small protein by

trichloroacetic acid.

Table I-1. Amino acid compositions of isolated polypeptides of

FP.
51kDa 24kDa 9kDa

Asx 35.0 (35) 20.8 (20) 9.0 (9)
Thr 22.2 (23) 134 (14) 4.8 (5)
Ser 21.7 (22) 6.4 (6) 80 9
Glx 51.1 (46) 25.5 (24) 76 (1)
Pro 22.0 (22) 20.7 (21) 11.0 (11)
Gly 51.8 (52) 17.8 (18) 31 (3)
Ala 43.2 (39) 17.3 (16) 38 (3)
Cys 11.3 (11) 4.9 (5) 0.0
Val 31.9 (29) 17.0 (15) 1.3 (D)
Met 49 (8) 3.0 (5 0.8 (1)
Ile 24.1 (27) 13.2 (14) 0.0
Leu 299 (29) 17.1 (17) 6.0 (6)
Tyr 10.4 (10) 79 (8) 30 (3
Phe 16.0 (18) 6.0 () 28 (3
Lys 22.7 (25) 13.8 (15) 73 (8)
His 89 (9 3.0 (3) 29 (3)
Arg 29.2 (29) 8.0 (8) 33 Q)
Trp nd. (8) nd. (1) nd. (0)
Total (444) (217) (75)

Yield (nmol) 179 217 98

The composition was calculated so that the total number of
amino acid residues agreed with that of the sequence. The yield
of each polypeptide from one sample of FP was determined on
the basis of the amino acid analysis. Cysteine was determined
as S-carboxymethylcysteine. Values in parentheses were
deduced from the sequences (I8, /9). n.d.; not determined.
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Protein Structure of the 9-kDa Polypeptide — We determined the complete amino acid
sequence of the 9-kDa polypeptide of FP, as summarized in Fig. I-2. The total number of
amino acid residues was 75 and the molecular weight was calculated to be 8,437, which was
close to the value of 9,000 estimated by SDS-PAGE. The amino acid composition calculated
from the sequence was in good agreement with that obtained by direct analysis of the protein.
Topological studies suggested that the 9-kDa subunit of FP is exposed to the matrix side of
the mitochondrial inner membrane (32). The hydropathy plot and prediction of the secondary
structure indicate that the 9-kDa subunit contains no obvious membrane-spanning domain.

FP contains an FMN and at least two EPR-visible iron-sulfur centers. Comparison of
the sequences has shown that none of the 51-kDa, 24-kDa and 9-kDa subunits contain
sequences related to FMN-binding proteins (/8, 19); however, it is most probable that the
FMN-binding site is located in the 51-kDa subunit since this subunit binds NADH, from
which electrons are likely to be directly transferfed to FMN (4).

The 4Fe-4S center designated N-3 is assigned to the 51-kDa subunit, whereas the 2Fe-
2S center assigned to the 24-kDa or 9-kDa subunit (33). The mammalian 24-kDa subunit
contains five conserved cysteine residues but has no sequence motif characteristic of various
iron-sulfur proteins (I8, 34-36). The 9-kDa subunit contains no cysteine residue and exhibits
no sequence similarity to any known iron-sulfur protein. Thus the 2Fe-2S center is probably
located in the 24-kDa subunit.

Pilkington et al. have recently shown that the sequences of the 51-kDa and 24-kDa
subunits exhibit an extensive similarity to that of the o subunit of the NAD-reducing
hydrogenase from the bacterium Alcaligenes eutrophus and that the N-terminal region of the
75-kDa subunit of IP is also similar to that of the <y subunit of the hydrogenase (19). These
similarities suggest an evolutionary relationship between the FP of complex I and the NAD-
linked hydrogenase. However, the A. eutrophus NAD-linked hydrogenase does not contain a
counterpart of the 9-kDa subunit of FP (37) and comparison of the sequences revealed no
homologue of the 9-kDa subunit in the operon for this hydrogenase (38). Moreover, no
subunit corresponding to the 9-kDa subunit was detected in a FP-type fraction of the
NADH:quinone oxidoreductase from Paracoccus denitrificans (39). Generally, mammalian
respiratory complexes contain additional polypeptides as compared with their bacterial

counterparts.
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These results indicate that the 9-kDa subunit has been identified as a constituent only in
the mammalian complex I. A search in database did not reveal any homologous proteins to
the 9-kDa subunit. Further studies will be required to elucidate the function of this subunit.

Subunit Composition of IP — From the IP of bovine heart complex I, nine polypeptides,
that is, 75-kDa, 49-kDa, two 30-kDa, 20-kDa, 18-kDa, 15-kDa and two 13-kDa polypeptides,
were isolated. Fig. I-1b shows the electrophoretic patterns of the isolated polypeptides. Most
proteins showed slightly lower electrophoretic mobilities upon carboxymethylation and
citraconylation. Previous studies have shown that the major protein components of IP are the
75-kDa, 49-kDa, 30-kDa, 18-kDa, 15-kDa and 13-kDa polypeptides (/—4), and suggested the
multiplicity of the 13-kDa band (40). Table I-2 gives the amino acid composition of each
'polypeptide. The compositions deduced from the cDNA sequences agreed well with the
values obtained in this study. The two 13-kDa polypeptides showed dissimilar compositions.
Our previous study showed that the primary structures of the 13-kDa-A and 13-kDa-B
polypeptides differ from each other (25).

IP is rather heterogeneous and may contain variable amounts of FP subunits (3, 4). The
IP preparation used for this study contained a relatively minor amount of the 24-kDa
polypeptide of FP, as can be seen in Fig. I-1b (lane 1). The Cm-24-kDa polypeptide gave a
band corresponding to an apparent molecular weight of about 30,000 (Fig. I-1a). Comparison
of amino acid compositions revealed that those of the 30-kDa-A and 24-kDa polypeptides
resembled each other. In fact the partial amino acid sequence of the 30-kDa-A was identical
to that of the 24-kDa subunit (data not shown), suggesting that the 30-kDa-A protein
corresponds to the contaminating 24-kDa protein and that IP probably contains only one
subunit with a molecular weight around 30,000.

The cDNA sequence of the 30-kDa subunit has recently been determined (/5) and the
calculated composition was in good agreement with that of the 30-kDa-B polypeptide. We
have reported the partial amino acid sequence of the 30-kDa-B band separated from IP ( 25).
Most of the peptide sequences of the 30-kDa-B polypeptide could be aligned with the cDNA
sequence, except for one peptide (CIYCGFCQEACPVDAIVE). This peptide sequence con-
tained the cysteine-rich motif that is common in a 4Fe-4S cluster-containing protein. More
recently, Dupuis et al. have réported the cDNA sequence of the 23-kDa subunit of complex I,

which is homologous to the frxB gene product encoded in the chloroplast DNA (16).
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Surprisingly, the cysteine-rich peptide obtained from the 30-kDa-B band had the same
sequence as residues 116 to 134 of the 23-kDa subunit. This means that the 30-kDa-B band
contained the 23-kDa protein. The 23-kDa subunit is likely to be a component of HP.
However, the frxB protein, which is homologous to the 23-kDa subunit, has been obtained
from a high-salt extract of the thylakoid membrane (47). It is possible that upon resolution of
complex I with chaotropic salts a considerable amount of the 23-kDa polypeptide dissociates
from HP and becomes incorporated into IP. It is further possible that this polypeptide
migrates together with the 30-kDa polypeptide of IP after reduction and alkylation of the
cysteine residues, as in the case of the 24-kDa polypeptide. That the 30-kDa subunit has no
sequence for harboring an iron-sulfur cluster is now clear from the data of Pilkington e al.
(15).

IP also contains variable amounts of several polypeptides with apparent molecular
weights in the region of 20,000 (4). In this experiment we obtained a relatively large amount
of one of these polypeptides. The amino acid composition of this polypeptide was quite
different from those of the 18-kDa, 23-kDa and 24-kDa subunits. HP contains several
polypeptides including the ND6 gene product in this apparent size range. The composition of
the ND6 gene product was also different from that of the 20-kDa polypeptide. It is at present
unclear whether this protein fraction contains multiple polypeptides or not. However, the N-
terminal sequence analysis suggests that this fraction contains mainly a single polypeptide
(Fig. I-12S). Therefore, this 20-kDa polypeptide may be a novel component of IP or an
unidentified subunit of HP.

The stoichiometry of the component polypeptides was difficult to determine in this
experiment because parts of the proteins were lost at some steps of the resolution procedure.
For example, trichloroacetic acid could only incompletely precipitate small proteins, and
lyophilization decreased the solubilities of some proteins. In addition, the relative amounts of
some polypeptides varied from one preparation of IP to another. However, the yields of the
polypeptides could roughly reflect their stoichiometric relationships.

Table I-2 gives the yield of each polypeptide isolated from one sample of IP. The 30-
kDa-B, 20-kDa, 18-kDa, 13-kDa-A and 13-kDa-B polypeptides were obtained in comparable
amounts. Previous studies showed that the 49-kDa, 30-kDa and 13-kDa subunits seemed to

be present in a 1:1:1 molar ratio (42). The yields of the 75-kDa and 49-kDa polypeptides
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were higher than those of other polypeptides, whereas that of the 15-kDa polypeptide was
lower. Both the 75-kDa and 49-kDa polypeptides could be isolated only by gel filtration
chromatography, and the high yields of these proteins might be due to this simple purification
method. In contrast, several resolution steps and the decreased solubility due to

decitraconylation appear to be at least partly responsible for the low yield of the 15-kDa
polypeptide.

The 20-kDa polypeptide was isolated from every sample of IP by reverse-phase HPLC
and its yield was comparable with those of other component polypeptides. This suggests that
the 20-kDa polypeptide may be present as a major component of IP. This expectation would
be supported by the observation that the sequence of this polypeptide is similar to the ORF
cotranscribed with two ndh genes in the chloroplast DNA. The relationship between these
proteins will be discussed later.

Minor amounts of other proteins smaller than 13-kDa are also present in IP, as can be
seen in Fig. I-1b (lane 1). We isolated the 10-kDa polypeptide, whose amino acid
composition seemed to be different from that of the 9-kDa subunit of FP (data not shown).
However, its yield was considerably lower than those of other major polypeptides. Probably
this polypeptide is a minor component, although other respiratory complexes contain small
polypeptides as true constituents.

In conclusion, these results indicated that major protein components of IP were eight
polypeptides, that is, 75-kDa, 49-kDa, 30-kDa, 20-kDa, 18-kDa, 15-kDa, 13-kDa-A and 13-
kDa-B polypeptides.

Protein Structure of the 20-kDa Polypeptide — Iron-sulfur proteins contain essential
cysteine or histidine residues that participate in cluster formation. In addition to the subunits
that have been sequenced, the 20-kDa and 15-kDa polypeptides contain enough cysteines and
histidines to be candidates for iron-sulfur proteins. In order to obtain structural information,
we determined the partial amino acid sequence of the 20-kDa polypeptide (Fig. I-125). The
N-terminal sequence of this protein was not related to any other reported sequences; however,
a comparison of several peptide sequences with protein sequences in database revealed a
significant similarity to the psbG gene product encoded in the chloroplast DNA (10, 12, 13,
43, 44) and cyanobacterial génomic DNA (45, 46). Fig. I-3 shows an alignment of eight
peptide sequences (except for T-5) of the 20-kDa polypeptide with the PsbG sequences from
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several species. A psbG-like ORF in the mitochondrial genome of the ciliate Paramecium

(47) is also aligned in Fig. I-3.

20-kDa
Paramecium
Maize

Rice

Wheat
Tobacco
Liverwort

S. 6803 G1
S. 6803 G2

20-kDa
Paramecium
Maize

Rice

Wheat
Tobacco
Liverwort

S. 6803 G1
S. 6803 G2

20-kDa
Paramecium
Maize

Rice

Wheat
Tobacco
Liverwort

S. 6803 G1
S. 6803 G2

Bovine heart complex I 20kDa subunit
Paramecium aurelia PsbG (mtDNA)

Zea mays PsbG t(>cC?DNA)

Oryza sativa PsbG (cpDNA)

Triticum aestivum PSEG (cpDNA)
Nicotiana tabacum PsbG (cpDNA)
Marchantia polymorpha PsbG %:SDNA)
Synechocystis sp. PCC 6803 PsbG (genome)
Synechocystis sp. PCC 6803 PsbG (plasmid)
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Fig. I-3. Alignment of peptide sequences of the 20-kDa polypeptide with the sequences of the
psbG gene products. Peptides T-3, -6, -8, -2, -1, -4, -7, and -9 from the 20-kDa polypeptide are
aligned in that order. Identical amino acids are boxed. The figures in parentheses are the
numbers of amino acids in these regions. Dashes (-) show insertions to improve alignment.
mtDNA; mitochondrial DNA, cpDNA; chloroplast DNA. PsbG2 is the product of second
psbG gene located on a megaplasmid in that cyanobacterium (46).
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The intensive similarity is limited to short stretches of the primary structures. However,
since these sequences are located at the center of highly conserved regions in all the PsbG
proteins, they could be functionally significant. The 20-kDa sequence appears more similar
to that of the Paramecium protein thatn the others. These results suggest that the 20-kDa
polypeptide of complex I shows overall similarity to the psbG gene product. It should be
pointed out, however, that the size of the 20-kDa protein is smaller than those of the PsbG
proteins and its N-terminal sequence is not related to them. Also, in PsbG proteins the
terminal regions are not well conserved (46). In particular, the Paramecium protein is
shortened at the N- and C-termini, and its size (156 residues) is significantly smaller than the
others (243248 residues) (47).

The psbG gene is located between ndhC and ndhJ in the chloroplast DNA and
cyanobacterial genome DNA, and has been proposed to encode a component of photosystem
I (43). However, the similarity to the 20-kDa polypeptide suggests that the PsbG protein
might be a component of a putative complex I-like assembly in the chloroplast and
cyanobacteria, which agrees with the more recent view of Nixon et al. (44). Therefore, it is
reasonable that the psbG gene should be renamed ndhK, according to the proposal of Dupuis
et al.(16). Inconsistency of the amount of this protein in IP preparations may be explained by
its loose binding to the subcomplex since the PsbG polypeptide has been suggested to be a
peripheral protein (9).

Another psbG-like ORF has recently been found in an operon coding for components of
formate hydrogenlyase from Escherichia coli (48,49). Some of gene products in this operon
share the sequence similarity with the subunits of complex I and the ndh gene products.
Among them AycG gene product is related to those of psbG (Fig. I-4).

In order to obtain clues to the function of the 20-kDa and PsbG proteins, we searched
for protein sequences similar to the well conserved region among these proteins in databases
and currently available sequences, and detected a limited but significant similarity to the
small subunits of nickel-containing hydrogenases from eubacteria and archaebacteria (38,
50-58). All known nickel-containing hydrogenases have at least two unlike subunits that
seem to comprise the catalytic core of the hydfogenase. Similarity to the 20-kDa and PsbG
proteins was detected in the central segment of the small subunits. Fig. I-4 presents the

related regions of the small subunits from several bacteria. Two cysteine residues and several

32



other residues in these segments appear to be conserved in all the sequences currently
available. Like complex I, the hydrogenase system contains multiple iron-sulfur centers, and
at least one cluster is presumed to be located in the small subunit (38). These conserved
cysteine residues may be involved in the formation of an iron-sulfur cluster within each

enzyme complex.

20-kDa Bovine complex I 20-kDa

Paramecium Paramecium PsbG

Tobacco Nicotiana tabacum PsbG

Liverwort Marchantia polymorpha PsbG

S. 6803 Synechocystis sp. PCC 6803 PsbGl

(Con 1) (Consensus 1: 20-kDa, PsbG, and HycG)

Ec HycG Escherichia coli HycG

(Con 2) (Consensus 2: hydrogenase and Consensus 1)

Ec HyaA Escherichia coli HyaA

Av HoxK Azotobacter vinelandii HoxK

Rc HupS Rhodobacter capsulatus HupS

Bj HupS Bradyrhizobium japonicum HupS

Rl Hup$S Rhizobium leguminosarum Hup$S

20-kDa KVYSQMPEPRYVVS Gl YYHY-SYSV-VR IV---PVDITV
Paramecium LRRLYDQTADPKWVLS !» YYHY~SYAV-VKGCDKII---PVDIFV AEA
Tobacco LVRLYEQMPEPKYVIA VESTDSYST-VRGVDKLI---PVDVYL] PEA
Liverwort LVRLYEQMPEPKYVIA VFSTDSYTT-VRGVDKLI---PVDIYL| PEA
S. 6803 LVRLYEEMPEPKYVIZ MFSSDSTTA-VRGVDKLI---PVDVY] PEA
(Con 1) ot ozl T [ N I :
Ec HycG ALRAWQSAPDPKICIS IFH-DLYCV-WGGTDKIV~-~~-PVKVY] PAA
(Con 2) T : e : : s [ : ey e
Ec HyaA IEKLKRAAAGASAIIA VQAARPNPTQATPIDKVITDKPI-IKVPGCPPIPDV
Av HoxK IEQLRHVAKDAKAVIA VQAARPNPTQAVPIHKVITDKPI-VKVPGCPPIAEV
Rc HupS VEKLRHAAEGAKAIIS VQAAAPNPTQATPVHKVITDKPI-IKVWPGCPPIAEV
Bj HupS VEKLKMMAEDAMATIIA VQAAKPNPTQATPIDKVITNKPI-IKVWPGCPPIIAEV
RI! HupS VEKLKWMAEDAMAITA VQAAKPNPTQATPIDKVILDKPI-IKVIPGCPPIAEV
Fig. I-4. Sequence similarity to the 20-kDa/PsbG proteins to the small subunits of

nickel-containing hydrogenases. Consensus 1 indicates the location at which an amino
acid residue identical with the HycG protein occurs in all the 20-kDa/PsbG proteins.
Consensus 2 indicates the location at which an identical residue with Consensus 1
occurs in most of the sequences of the small subunits. Vertical bars (I) show identical
amino acids. Colons (:) show conservative substitutions. Dashes (—) show insertions to
improve alignment. Sequences from hydrogenases were obtained from the references
(50-54).
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In addition, it should be noted that the large subunits of the nickel-containing
hydrogenases also showed a significant similarity to the 49-kDa subunit of complex I and the
ndhH gene products. Therefore, it seems that both the core subunit of the nickel-containing
hydrogenases are related to the subunits of complex I. In this respect it should be noted that
the Paramecium mitochondrial genome contains the two ORFs homologous to the ndhH and
psbG genes of the chloroplast DNA, respectively. The results presented in this chapter
suggest that these genes may encode the functional 49-kDa and 20-kDa subunits of the
Paramecium complex I although these have never been identified in other mitochondrial
genomes. These relationships imply that the 49-kDa and 20-kDa subunits constitute a

structural unit in mitochondrial complex I, which may play a fuctional role as redox carriers.
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Isolation and EPR Studies of Iron-Sulfur Proteins
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SUMMARY

NADH:ubiquinone oxidoreductase (complex I) contains several iron-sulfur clusters and at least
four clusters, N-1b, N-2, N-3, and N-4, are detectable in the intact enzyme by EPR

spectroscopy. Complex I from bovine heart mitochondria was dissociated in the presence of
detergents, and three subfractions, here called IP-1, IP-2, and FP, were obtained by ammonium
acetate fractionation. IP-1 consisted predominantly of the 75kDa subunit. IP-2 was composed
of about 13 polypeptides including the 49-, 30-, 23-, and 20-kDa subunits. FP consisted

predominantly of the 51kDa and 24kDa subunits. These fractions contained EPR-detectable
iron-sulfur clusters, some of which were similar to EPR-detectable species in the intact complex
I. By combining information on subunit structure, it was proposed that the N-1b, N-2, N-3,

and N-4 clusters are associated with the 24-, 23-, 51-, and 75-kDa subunits, respectively. EPR
studies of IP-1 and IP-2 also revealed the presence of additional clusters and suggested that
complex I contains “EPR-silent” clusters, which can not be detected in the intact enzyme. EPR
spectra of IP-2 revealed the presence of a radical signal with a narrow line width at g = 2.00,
which resembled a signal from ubisemiquinone species. These results suggested that all the

redox components are located in relatively peripheral domain of the enzyme.
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INTRODUCTION

Complex I contains one FMN and several iron-sulfur clusters detected by EPR
spectroscopy. There is still considerable uncertainty regarding the number and type of iron-
sulfur clusters and their spatial distribution in complex I (for reviews see I, 2). Based on the
EPR and thermodynamic analysis of iron-sulfur clusters in bovine complex I, two binuclear
clusters, namely N-1a and N-1b, and four tetranuclear clusters, N-2 through N-5 (designated
by Ohnishi), have been reported (3, 4). However, from the spin stoichiometry relative to the
flavin in these systems as well as other organisms, only four clusters, N-1b, N-2, N-3, and N-
4, have been generally accepted as intrinsic redox components of complex I (5-7).

Analysis of the structure and localization of iron-sulfur clusters in complex I has been
greatly facilitated by the use of resolved subfractions, which retain non-heme iron and acid-
labile sulfide and which also elicit some distinct iron-sulfur EPR signals. The disruption of the
bovine enzyme with chaotropes has proved to be paﬁicularly valuable (8-11). Two water-
soluble fractions, the FP (flavoprotein) fraction and IP (iron-sulfur protein) fraction, have been
characterized after treatment with perchlorate. We have been detrermined the subunit
compositions and primary structures of some subunits, as partly described in the preceding
chapter. The FP fraction appears to contain FMN and two iron-sulfur clusters and transfers
electrons from NADH to ferricyanide and several other electron acceptors (12). The IP fraction
contains at least two iron-sulfur clusters. The remainder of the subunits, known as the HP
(hydrophobic protein) fraction, also contains some of iron-sulfur clusters. By further
resolution of the FP and IP fractions with chaotropic agents, some iron-sulfur proteins have
been isolated (9, 11). EPR spectroscopic studies of these fractions have suggested that seven
or eight iron-sulfur clusters are present in complex I (1). However, most of original line
shapes of the clusters have lost in these resolved fractions, and it is obscure at present which
subunits ligate these clusters.

As described below, complex I from bovine heart mitochondria have been resolved by
treatment with detergents, and three distinct fractions containing iron-sulfur cluters have been
isolated and characterized. EPR spectroscopic studies have revealed that the obtained fractions
contained all of the iron-sulfur clusters detectable in the intact complex I. Based on these

results, possible location of the iron-sulfur clusters have been discussed.
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MATERIALS AND METHODS

Materials — NADH:cytochrome ¢ reductase was prepared from beef heart muscle by the
method of Rieske (/3) with slight modifications. The following steps during preparation were
changed from those in the original method: a starting material was a Keilin-Hartree preparation
(14) instead of a mitochondria preparation; pretein concentration was increased from 25 to 35
mg/ml on extraction of membrane proteins. As the results of these modifications, NADH
dehydrogenase activity was shown in the fraction between 0 and 35% saturation of ammonium
sulfate in the presence of cholate. The NADH dehydrogenase was further purified because this
fraction still exhibited a slight NADH:cytochrome ¢ activity. The following fractionation
procedure with ammonium sulfate was performed accoding to the method of Hatefi e al. (I5).
The final preparation had only NADH dehydrogenase activity. The subunit composition was
almost the same as reported by Hatefi ez al. (16). This preparation also contained large amounts
of two polypeptides with apparent molecular weights in the region around 52,000. These
polypeptides seemes to be oo and B subunits of F;-ATPase. Any procedure could hardly
remove these polypeptides from the preparation without loss of NADH dehydrogenase
activityl. Thus this preparation was used as a strating material for resolution experiment.

Chemicals — Deoxycholic acid and cholic acid (recrystallized) were purchased from
Nakalai tesque, Inc..Sucrosemonolaurate was purchased from Mitsubishi-Kasei Food Co.
Ltd.. Other chemicals were all required commercially.

Analytical Methods — Protein concentrations were measured by Biuret method (17)
using bovine serum albumin as a standard. Polyacrylamide gels containing 15% acrylamide
and 12% glycerol were prepared and run in the buffer system of Laemmli (I8).

Resolution of Complex I — The experimental procedure described below was based
partly on the method of Suzuki and Ozawa (19, 20). All operations were carried out at 0—4°C.
The enzyme was dissolved in 15 mM Tris-HCl buffer (pH 8.0), 0.25 M sucrose, 0.1 M KCl,
and 5 mM DTT at a protein concentration of approximately 5 mg/ml and dialyzed against 10
volumes of the same buffer for 1 h at 4°C. A 10% (w/v) solution of potassium deoxycholate
and a 20% (w/v) solution of potassium cholate were added to a final concentration of 1.5% and
1.0 %, respectively, and incubated at 4°C for 3 h with moderate stirring under a nitrogen

atmosphere. After the incubation, chilled ethanol was added to a final concentration of 10%
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(v/v) and the resulting mixture was centrifuged for 20 min at 38000 g after 30 min of stirring.
A small pellet was discarded and to the supematant was added a solid urea to give a final
concentration of approximately 2 M, and the resulting solution was subjected to the ammonium
acetate fractionation.

After each addition of 50% saturation ammonium acetate, the suspension was allowed to
stir for 15 min, and precipitated material was collected by centrifugation at 38000g for 20 min.
The precipitate between 6 and 12% saturation was dispersed in 0.25 M sucrose, 50 mM Tris-
HCI buffer, pH 8.0, 5 mM DTT. The material precipitated between 12 and 14% saturation was
discarded to avoid cross-contamination. The fraction of 14-30% saturation was suspended in
sucrose-Tris-DTT buffer. The supernatant was dialyzed against the same buffer and
concentrated after the addtion of 0.1% sucrosemonolaurate by an ultrafiltration apparatus using
an ADVANTEC UP-20 membrane (Toyo Roshi Co. Ltd.). The 6-12% and 14-30% fractions
were homogenized by hand in a small volume of sucrose-Tris-DTT buffer containing 0.1%
sucrose monolaurate, and solubilized by the addition of 1 NNaOH. Alternatively, the 14-30%
fraction was dissolved in a large volume of the same buffer and concentrated by ultrafiltration
on a ADVANTEC UK-50 membrane.

EPR Spectroscopy — Concentrated samples of protein were kept on ice in the presence
of 2 mM NADH for 1 min or 5 mM dithionite (freshly prepared) for 3 min. The samples were
transferred into EPR tubes and immediately frozen in liquid nitrogen. Most of EPR
measurements were performed on an X-band EPR spectrometer (model EPR-200, Bruker,
F.R.G.) equipped with a liquid-helium cryostat (model EPR-900, Oxford Instruments,
England) at the Analytical Instrument Center of the National Institute for Basic Biology (21).
The EPR spectra of some fractions were recorded at X-band (9.23 GHz) microwave by using a
Varian X-band cavity with home-built EPR spectrometer with 100-kHz modulation at the
laboratory of Dr. Hori at the Faculty of Engineering Science of Osaka University (22).

In a following description, N-1 type cluster detected in the intact complex I is referred to
cluster N-1b, taking account of the proposal that the N-1 cluster is attributable to two species,
N-1a and N-1b (23). The iron-sulfur clusters of complex I are defined as follows: cluster N-
1b, g, .. =1.92, 1.94, 2.02; cluster N-2, 8x,y,: = 1.92, 1.92, 2.05; cluster N-3, 8x,y,; = 1.86,
1.93, 2.04; cluster N-4, g, . =1.88, 1.94, 2.10.
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RESULTS

Resolution of Complex I — Complex I has been resolved by chaotropic agents (10, 11)
or by treatment with phospholipase at high pH(24), and resulting smaller fragments have been
characterized. Most of these resolution methods require the vigorous, drastic treatment of the
enzyme such as incubation at high temperature (e.g. 37°C) and repeating freezing and thawing.
However, such conditions cause loss of intactness of the iron-sulfur clusters, leading to an
irreversible alteration of their EPR signals. The resolution of the enzyme ought to be carried
out in such a way that iron-sulfur clusters retained their intactness in resulting fractions. It is
clear that treatment at alow temperture, e.g. 4°C, is favorable. Thus, several factors influencing
the resolution were examined. at 4‘C based on the fractionation by precipitation with ammonium
sulfate.

It has been reported that complex I can be disrupted with detergents such as Triton X-
100, deoxycholate, and octylglucoside (9). Various détergents including some other ones were
examined for ability to dissociate the enzyme at 4°C. Some gave the same kind of fractionation
- pattern, but deoxycholate gave the cleanest resolution. Deoxycholate has also been reported to
be most effective to separate the IP polypeptides. Contrarily, sucrosemonolaurate was rather
effective to keep the stability of the enzyme, and so, in the following experiment this detergent
was added to the fractions obtained for solubilization and stability. After all, the practical
procedure employed was based partly on the method of Suzuki and Ozawa, which has
originally required incubation of the enzyme at 30°C for 1 h (19, 20).

After incubation of complex I at 4°C for 3 h in the presence of 1.5% deoxycholate and
1.0% cholate, chilled ethanol was added and the precipitate, containing polypeptides of other
membrane enzymes, was removed. Without addition of ethanol, separation of the subunits in
the following fractionation was insufficient. The precipitate between 0 and 6% ammonium
acetate saturation was white and insoluble, contained predominantly the hydrophobic
polypeptides.

The precipitate of 6-12% saturation was dark brown and insoluble at neutral pH. The
pellet was suspended in sucrose-Tris—DTT buffer containing 0.1% sucrosemonolaurate and
solubilized by increasing the pH to 11. Alternatively, 50 mM CAPS buffer (pH 10.5) was also

used for the buffer to solubilize it. The solution did not decolorized even under these
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conditions. This fraction was enriched in the 75-kDa polypeptide (Fig. II-1).

Fig. II-1. Subunit composition of fractions obtained from deoxycholate
and cholate/ammonium acetate treatment of complex I. The samples
applied were as follows: IP-1, material precipitated between 6% and 12%
saturation with ammonium acetate; IP-2, material precipitated between 14%
and 30% saturation; FP, supernatant fraction after precipitation at 30%
saturation; CI, complex 1.
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The precipitate of 14-30% saturation was yellowish brown and soluble in a large amount
of neutral (sucrose-Tris—DTT) buffer. The resulting pale yellow solution could be concentrated
by ultrafiltration. As concentration proceeded, the solution became dark brown but highly
viscous and so, the concentration was limited to some extent. In order to obtain a high
concentration solution for EPR spectroscopy, the pellet was suspended in a small amount of the
same buffer and solubilized by increasing the pH to 9.5. This fraction contained about 15
polypeptides, including the 49-, 30-, 23-, 20-, 19-, 18-, 15-, and 13-kDa polypeptides (Fig. II-
1). In one-dimensional electrophoresis system, the smaller proteins were not clearly resolved.
It has been shown that several of the smaller bands are composed of more than one type of
polypeptide (25).

The supernatant at 30% saturation, which was pale yellow, was dialyzed .against
sucrose-Tris-DTT buffer to remove salts, and the dialyzed solution was easily.concentrated by
ultrafiltration. This fraction was enriched in the 51- and 24-kDa polypeptides (Fig. II-1).

Subunit compositions of these three fractions were similar to those of IP and FP obtained
by treatment of chaotropes (8, 12), except for one difference, that is, the 75-kDa polypeptide
was separated from the other IP polypeptides, such as the 49- and 30-kDa polypeptides. The
bovine 75-kDa subunit has been reported to polymerize into filamentous structures by
subsequent extraction and purification (26). Thus the low solubility of 6-12% fraction might
be due to its own structural property. In a subsequent description, the fractions of 6-12%,
14-30%, and supematant at 30% saturation are referred to IP-1, IP-2, and FP, respectively.

EPR Spectroscopy — In order to analyze the distribution of iron-sulfur clusters, EPR
characteristics were examined in individual subfractions. Fig. II-2 presents EPR spectra of the
IP-1 solution reduced with 5 mM dithionite and recorded at two different temperatures (8 and
30 K) at a fixed microwave power level of 10 milliwatt. EPR signals arising from two species
of iron-sulfur clusters were discernible and exhibited distinct spin relaxation behavior and EPR
line shape. Signals from a rapid relaxing species were clearly seen at 8 K with a peak at g =
2.10 and principal absorption centered at around g = 1.94. The line shape of this species was
dissimilar to that of any iron-sulfur cluster detectable in intact complex I, but the g value of 2.10

agreed well with the g, value of the N-4 cluster in intact enzyme.
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Magnetic field (mT)

Fig. II-2. EPR spectra of IP-1. The IP-1 fraction (22 mg of protein/ml) was reduced
with 5 mM dithionite, and spectra were recorded at the indicated temperatures. EPR
conditions were as follows: microwave frequency 9.64 GHz; modulation amplitude 1 mT;
microwave power 10 mW; time constant 0.16 s; scanning rate 240 mT/min.
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Upon raising the temperature of the sample, the intensification of the EPR spectrum of an
axial line shape with a peak at g = 2.03 and principal absorption centered at around g = 1.96
was recognized. Based on the relatively isotropic line shape, which was similar to that of a
typical binuclear clusters of adrenodoxin, this iron-sulfur species could be assigned to be a
binuclear cluster. Another possibility was that the g = 2.03 signals may arise from artificial
conversion of a tetranuclear cluster to the binuclear-like form during the resolution.

IP-2 was first solubilized in a small volume of an alkaline buffer to obtain a high
concentration of protein for EPR study. Fig. II-3 shows EPR spectra of dithionite-reduced IP-
2 under different conditions. So many signals were observed in this sample that the spectrum
of each species was difficult to be separated from each other accurately. However, it was
recognized that this sample contained at least two distinct species of iron-sulfur clusters which
differed in their spectral line shape and spin relaxation behavior.

The spectrum of a slowly relaxing species was selectively seen at 15K at a micropower
level of 5 milliwatt. This species had a spectrum with a peak at a g = 2.04 and principal
absorption centered around g = 1.93. The line shape of this species was similar to that of the
N-2 cluster. Upon raising the temperature of the sample, the intensity of this spectrum
decreased, whereas that of an axial line shape with a peak at g = 2.00 and principal absorption
centered at around g = 1.94. In addition to these two species, a weak signal with a peak at g =
2.07 was recognized, but its EPR characteristics could not be determined. It has been known
that complex I contains the fifth cluster, so-called N-5, which gives the signals with g valués of
2.07 and 1.90, and that the relative concentration of this species is very low. It was not certain
whether the signal observed in IP-2 corresponded to the N-5 cluster or not.

The IP-2 solution was also prepared by dissolution of the precipitated residue in a large
amount of a neutral buffer followed by concentration. The spectra of this sample are shown in
Fig. II-4. The intensity of the signals were relatively low, if compared to those seen in Fig. II-
3. From the parallel temperature dependence of EPR signals, it was clear that the g = 2.05
signal was associated with the g = 1.92 absorbance. The signals of this species probably
correspond to those of the species with g values of 2.04 and 1.93 in Fig. II-3. The axial line

shape of this species was very similar to that of the N-2 cluster in intact complex L
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Fig. II-3. EPR spectra of IP-2 solubilized in a alkaline buffer. The IP-2 fraction (38 mg
of protein/ml) was reduced with 5 mM dithionite, and spectra were recorded at the
indicated conditions. EPR conditons were as follows: microwave frequency 9.227 GHz;
time constant 0.04 s; scanning rate 200 mT/min.
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Fig. II-4. EPR spectra of IP-2 prepared by concentration of a dilute solution. The IP-2
fraction (20 mg of protein/ml) was reduced with 5 mM dithionite and spectra were
recorded at the indicated temperatures. EPR conditions: microwave frequency 9.63 GHz;
modulation amplitude 1 mT; time coonstant 0.16 s; scanning rate 60 mT/min; microwave
power 10 mW. '
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Also, an intense free radical signal (g = 2.00) was observed over a wide range of
temperature as shown in Fig. II-4. The sample contained no mediator dye, which gives a
symmetric EPR signal centered at & =2.00. The line width of this signal (<1 mT) was much
narrower than that of such a radical and was similar to that of semiquinone associated with
complex I reduced with NADH (27, 28) and complex II (29) and complex III (30).

Another signal probably from an iron-sulfur cluster existed at around g = 2. 00, although
it was difficult to be assigned owing to overlapping of two signals. This signal seemed to
exhibit similar spin relaxation behavior to that with a peak of g = 2.00.

EPR measurement of NADH-reduced FP revealed the presence of at least three distinct
species of iron-sulfur clusters (Fig. II-4). A slowly relaxing species selectively seen at 50 K
had a spectrum of rhombic Ssymmetry with g values of 2.00 (g,), 1.95 ( 8y), and 1.91 (84)-
Below 15 K the signal from this species was mostly saturated, and a spectrum arising from a
rapidly relaxing species was seen with 8 values of 2.035 (g,), 1.95 (8y), and 1.86 (g,). The g
values of this iron-sulfur cluster agreed well with those of the N-3 cluster in intact complex I.

In addition to these two species, this fraction contained weak signals of another species
over a wide range of temperature. This species had a spectrum with g values of 2.02 (g,), 1.94
(), and 1.91 (g,). The spectrum of this component could be clearly distinguished from the
others at S0K. The line shape of this species was similar to that of the N-1b cluster observed in
intact complex L.

Table II-1 summarizes the results obtained from EPR spectroscopic studies of each
fraction. The accurate g values could not be determined for several spectra because they
overlapped one another. Particularly, the broadening of the signals at high magnetic field
region was observed in the spectra of IP-1 and IP-2, which showed axial or nearly axial line
shapes. On the other hand, the spectra of FP were relatively sharp and clearly thombic. These
results implied that some of the clusters of IP-] and IP-2 might be slightly damaged.
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Fig. II-5. EPR spectra of FP. The FP fraction (12 mg of protein/ml) was reduced with 2
mM NADH and spectra were recorded at the indicated temperatures. EPR conditions were
the same as in Fig. II-4.
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Table II-1. EPR signals detected in fractions obtained from complex L.

&y 8y &,
Fraction @ @ @ —————e——-————— Probable cluster
&y 8
IP-1 1.93 1.96 2.10 N-4
1.96-1.97 \ 2.03 (N-1a)
IP-2 (sample 1) 1.92-1.93 2.04 (N-2)
1.94-1.95 2.00
(1.93-1.94) 2.07
(sample 2) 1.95 2.05 N-2
(1.92-1.93) 2.00
FP 1.86 1.92 2.04 N-3
1.91 1.94 2.02 N-1b
1.91 1.94 2.00

Sample 1 of IP-2 was solubilized in a small volume of a alkaline buffer.
Sample 2 of IP-2 was prepared by dissolution of the precipitate in a large amount
of a neutral buffer and by ultraconcentration.
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DISCUSSIONS

It has been very difficult to determine which subunits chelate a specific iron-sulfur cluster
in the multiple iron-sulfur clusters in complex I. One approach to study this has been the
disruption of complex I, for example, with chaotropic agents, and the characterization of the
smaller fragments (/0, /1). In particular, EPR spectroscopy has provided invaluable
information on the iron-sulfur clusters of the enzyme. The advantages of this method are that
the existence of a cluster can be unambiguously demonstrated, and the separation may allow
previously EPR-silent centers to become visible. Several attempt has been undertaken to
subfractionate complex I, but isolation and identification of the iron-sulfur proteins has been
very difficult (10, 11). The present investigation provided significant information regarding the
iron-sulfur clusters in bovine complex I.

IP-1 — In this study the 75-kDa subunit was purified as IP-1 from the enzyme for the
first time. It has been reported that the 75-kDa sﬁbunit has been dissociated from the IP
fraction in the presence of deoxycholate (9), but its EPR spectrum has llost a characteristic line
shape of iron-sulfur clusters (/7). EPR spectroscopy of IP-1 indicated that the 75-kDa subunit
contained two iron-sulfur clusters. One of them had a spectrum with a peak at g = 2.10, which
was similar to g, value of the N-4 cluster. This result suggests that the N-4 cluster is located in
the IP-1 fraction, that is, 75-kDa subunit. However, the whole line shape of the spectra differ
from each other: the IP-1 spectrum is nearly axial, whereas the N-4 spectrum is cleérly
thombic. This discrepancy may resulte from slight alteration of the native structure. The N-4
cluster has never been identified so far in any fraction or protein obtained from resolved
enzyme, and so this is the first report of identification of the N-4 cluster.

The other species of IP-1 did not resemble any iron-sulfur cluster detected in complex I
but might be similar to the N-1 cluster. Ohnishi ef al. observed a relatively isotropic line shape
in the 75-kDa subunit from the IP fraction and assigned it to be a binuclear cluster, N-1a (23,
31). The spectra of the N-1a cluster appears to be similar to that of IP-1 rather than that of their
sample. Cluster N-1a was observed only at very low redox potentials and which was not
reduced with NADH. Other groups have been unable to detect this cluster (3, 32,33).
Experimental evidence for the presence of two distinct species of cluster N-1 in intact enzyme

have not been obtained from this work (see Chapter IIT). However, it has also been suggested
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by other groups that cluster N-1 is certainly attributable to two clusters with axial spectra (34).
Therefore, the N-1-like species detected in IP-1 may be one of such clusters.

IP-2 — Among its 10 or so subunits, IP-2 contained 6 subunits of the water-soluble IP
fraction obtained by chaotropic treatment. In addition, IP-2 contained the 23- and 20-kDa
subunits, which have been detected in some preparation of the IP fraction and considered to be
water-soluble proteins (see Chapter I). Additionally, IP-2 contained some subunits, which
have been contained in the HP fraction, although identification of the subunits was incomplete.

This experiment showed that one of EPR-detectable iron-sulfur Clusters in intact enzyme,
N-2, was present in this fraction. Previous experiments have shown that the signals of the N-2
cluster resides in the membrane-embedded hydrophobic fraction (HP) (/1). In this resolution
process, most of hydrophobic proteins were precipitated at the first step with ammonium acetate
fractionation. Therefore, this discrepancy suggests that the N-2 cluster is associated with the
subunit which was first recovered in hydrophilic fraction, IP-2, by this experiment. The
candidate for iron-sulfur proteins will be discussed latef.

Among iron-sulfur clusters of complex I, cluster N-2 has the most positive,
phospholipid-dependent redox potential (35). It has been further reported that the rotenone-
sensitive ubisemiquinone signal interacts with one of the tetranuclear clusters, most 'probably
N-2 (27, 28, 36). These data have suggested that the N-2 cluster serves as the electron donator
for the substrate ubiquinone. In this respect, it is of interest that a radical signal observed in the
IP-2 spectra may be a signal attributable to ubisemiquinone.

Many investigators have assumed that complex I contains an intrinsic ubiquinone. There
is a possibility that incubation of IP-2 with dithionite for a short time partially reduce an
ubiquinone and produce a radical of semiquinone form. The content of ubiquinone in the IP-2
fraction was not determined in this work. It should be noted that the resolution procedure
employed here was an adaptation of the method developed for preparing an ubiquinone-binding
protein from complex I (19, 20). Evidence from various lines indicates that ubisemiquinone
exists as the ubiquinone-protein to form a stable radical in the enzyme (27, 28, 36). Suzuki and
King have proposed a ubiquinone-binding protein to be a 14-kDa polypeptide isolated from the
IP fraction of bovine complex I (20). On the other hand, Heinrich er al. has recently identified
the 9.5-kDa subunit as a ubiquinone-binding protein in Neurospora crassa by photoaffinity

labeling (37, 38). At present it is not clear whether IP-2 contains these proteins or not.
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Characterization of component polypeptides and ubiquinone content in this fraction provide
information on these problems in the most direct way.

The EPR spectra of IP-2 revealed the presence of two additional species. Both species
have no similarity to that of intact complex I. It is possible that the handling of the fraction
affects the structure of the N-2 cluster and causes appearance of a species with different line
shape. Another possible explanation is that an “EPR-silent” cluster undetectable in intact
enzyme become visible after resolution of the enzyme. It has been reported previously that the
IP fraction or its subfractions contain the two species dissimilar to that of any detectable cluster
in complex I (11).

' FP — EPR measurements indicated that the N-3 and N-1b clusters reside in FP. The
presence of the N-1b and N-3 clusters in the so-called the soluble NADH dehydrogenase,
corresponding to FP in this study, have been previously reported by Ragan et al. (10, 23).
The spectra of FP are very similar to those reported for those preparations except for the
existence of an additional species besides a N-1 and N—3 type species. The signals of such a
species have also been observed in some of the dehydrogenase preparations, in which the
signals similar to the N-1b cluster disappeared concomitantly (/0). Ragan et al. have suggested
that the spectrum of the slowly relaxing species rapidly changes from an N-1 type to another
during preparation of the dehydrogenase and that only two clusters are present in this fraction.
The present data might be regarded to support their interpretation, although there is a possibility
that an extra cluster is present. |

After all EPR-detectable iron-sulfur clusters in intact enzyme were identified in
hydrophilic subfractions obtained from resolution of complex I with detergents.

Possible Location of Iron-Sulfur Clusters — Attempts to separate and purify individual
iron-sulfur proteins of the enzyme were unsuccessful in this study except for the 75-kDa
subunit. The above results alone are insufficient to make firm conclusions as to the location
and structure of the iron-sulfur clusters of the enzyme. By combining our data with other
information on the enzyme, however, it can be found to make positive identification in many
instances.

Walker et al. have been characterized the primary structure of bovine complex I, and
recently completed sequencing of 34 different nuclear-encoded subunits (39-51), including

those sequenced as given in the preceding chapter. Also, the primary structure of a fair number
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of subunits have become available from other organisms such as Neurospora crassa and
Paracoccus denitrificans (1, 52-54). Furthermore, the detection of sequence homologies with
other redox proteins and the existence of conserved characteristic motifs has permitted the
relation of individual subunits to distinct redox centers, respectively.

As summarized in Table II-2, at least four subunits are thought to involve in formation of
iron-sulfur clusters. These subunits have cysteine motifs characteristic of some iron-sulfur
proteins. The sequence of the 75-kDa subunit, IP-1, suggests that it contains at least one
tetranuclear cluster (46). The sequence of the 23-kDa subunit, present in IP-2, shows
similarity to those of bacterial type ferredoxins and suggests that it contains two tetranuclear
clusters (39). The 51-kDa subunit of FP appears to contain a tetranuclear cluster, in addition to
the binding sites of FMN and NADH (44). The sequence of the 24-kDa subunit, also. present
in FP, has four conserved cysteine residues. Although its cysteine arrangement is not similar to
that of any known iron-sulfur protein, this subunit has been proposed to contain an iron-sulfur
cluster (43). These data strongly suggest that the clﬁsfer N-1b, -2, -3, and -4 of complex I are
associated with the 24-, 23-, 51-, and 75-kDa subunits, respectively.

In addition to typical cysteine motifs, the 75-kDa subunit contains seven cysteines that are
conserved among the homologous proteins. Particularly, the spacing of the three cysteines
among them agreed with that of the sequence of endonuclease III in Escherichia coli , which
contains an iron-sulfur cluster (55, 56). The three-dimensional structure of this DNA repair
enzyme indicates that four cysteines, including three ones mentioned above, ligate a tetranuélear
iron-sulfur cluster (57). Thus, it is possible that another tetranuclear cluster is present in the
75-kDa subunit and gives the signals of the second species observed in the IP-1 spectra.

Two unidentified species have been observed also in IP-2 by the EPR spectra. IP-2
contains the other candidates of iron-sulfur proteins in addtion to the 23-kDa subunit. The
complete cDNA sequence of the 20-kDa subunit has recently been determinied by using
sequence information presented in the preceding chapter (50). It contains three cysteines that
are conserved across a wide range of species. Another protein detected in IP-2, the 19-kDa
subunit, contains eight conserved cysteines (40). These subunits could possibly be additional
iron-sulfur proteins, which might be EPR-silent in intact enzyme and become visible in a
subfraction, IP-2, although there is no direct evidence to support this suggestion at present. It

should be confirmed whether an “EPR-silent” cluster exists in complex I or not. The study of
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an “EPR-silent” cluster ought to be pursued further not only in order to confirm its presence,

but also to elucidate the electron transfer pathway within complex L

Table II-2. Possible location of iron-sulfur clusters in complex I.

Cluster Possible location

Fraction
(&) Type Subunit Cysteine clusters

FP 2.04 N3 51-kDa  CcQCTPCREX31TICA
FP 2.02 Nib 24-kDa CTTTPCMLX30:VECLGACV

IP-1 2.10 N4 75-kDa  CIQCIRCIRX39sDICPV

IP-2 2.04 N2 23-kDa CIACKLCEAVCPX27CIYCGFCQEACP

IP-1 2.03 Nla 75-kDa CX10CRMCX15CX3sCPICXsCD
IP-2 2.00 — (20-kDa 3 conserved cysteines)
IP-2 2.07 — (19-kDa 8 conserved cysteines)

Dashes (—) show the clusters which have not been detected in intact complex L
The 20-kDa and 19-kDa are listed as a candidate for an iron-sulfur protein. Two
signals with g-values of 2.00 and 2.07 in IP-2 cannot be assigned to an specific
subunit.
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The dissociation of complex I also provides important information about both the
structure of the enzyme and the electron pathway from NADH to ubiquinone. The results from
this work imply that the hydrophilic fractions obtained by dissociation of complex I with
detergents contain all of the subunits with the prosthetic groups detected in intact enzyme.
Many subunits in the fractions obtained can also be considered from their sequences to be
water-soluble. It is possible that these proteins lies mostly in the peripheral region of the inner
membrane, presumably on the matrix side.

In this respect, it is also worth noting that a smaller form of NADH:ubiquinone
oxidoreductase is produced in Neurospora crassa mitochondria by inhibition of the organeller
protein synthesis (58). This small form consists of approximately 13 subunits and contains
FMN and the iron-sulfur clusters, N-1b, N-3, and N-4, but is devoid of cluster N-2 9. Itis
uncertain at present whether this small form contains the subunits corresponding to those of the
fractions in this work, because its subunit composition have not been characterized so
extensively. Recently, three-dimensional structure of complex I from Neurospora crassa was
determined by electron microscopic study and it was revealed that the enzyme has an L-shaped
structure with two distinguishable arms, one of which protrudes from the membrane to the
matrix (60). Furthermore, three-dimensional reconstruction of the small form has shown only
peripheral domain of the enzyme (60). It seems reasonable that such a bulky structure is
composed of hydrophilic proteins like those of the fractions obtained in this work. In that case
it can be proposed that the electron route from NADH to ubiquinone exists within the
hydrophilic domain, and the hydrophobic domain mainly participate in binding of the enzyme to
the membrane. The function of the hydrophobic domain is of interest, since the membrane
anchoring portion may be important to drive proton gradient formation. Among the subunits in
the fractions obtained in this work, the 75-kDa subunit has been reported to be
transmembranous and the 23-kDa and some smaller subunits has been contained in the
hydrophobic protein fraction by resolution with chaotropic agents (2, 61). There is another
possibility that the putative bulky structure composed of the subunits of IP-1 and IP-2 also are
embedded in the membrane partly. All these ideas, however, remain speculative and await

further experimentation.
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Chapter III

EPR Studies of Complex I Modified with
Inhibitory Reagents

63



SUMMARY

Reduction levels of iron-sulfur clusters of NADH:ubiquinone oxidoreductase (complex I) were
measured after treatment of two inhibitory reagents, N-bromosuccinimide and p-chloro-
mercuriphenylsulfonic acid. Both reagents destroyed the signal from the N-4 cluster at
relatively low concentrations, while other signals were little affected. The signal from the N-3
cluster increased with decreasing that from the N-4 cluster, implying the interaction between the
N-3 and N-4 cluster. These results suggested that the N-4 cluster is on a surface side and
probably on a gate region of the electron flow in the complex. Based on these results, electron

transfer pathway within complex I are proposed.
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INTRODUCTION

NADH:ubiquinone oxidoreductase (complex I) contains FMN and at least four iron-
sulfur clusters, but pathway of the electron transfer through these redox components and the
site of energy coupling are still uncertain. Most of our information have been based on EPR
studies of the constituent iron-sulfur clusters. On the basis of results of EPR measurements,
there is still a controversial discussion favoring different functional models (1-3).

Potentiometric titrations combined with EPR spectroscopy have revealed a major potential
gap of about 300 mV between the cluster N-2 (E,, ; = =30 mV) and the other clusters, N-1b,
N-3, and N-4 (E,, 7 = =360 to —260 mV) (4). Analysis of the electron transfer pathway in
complex I has been hampered by the lack of suitable inhibitors that block the electron flow at
distinct sites (5, 6) and by the failure of rapid mixing and freezing techniques in combination
with EPR spectroscopy in resolving the fast intramolecular electron transfer steps (7, 8).
Complex I catalyzes electron transfer from NADH to a variety of electron acceptors such as
ubiquinone analogues and ferricyanide (9, 10). The reduction of ubiquinone and its analogue is
rotenone-sensitive, whereas that of ferricyanide is rotenone-insensitive, which shows different
sites for electron donation from the complex. Studies with sulfhydryl and other reagents have .
shown several inhibition sites characterized by selective inhibition with different acceptors (11,
12). 1t has been thought that there are two specific sites accessible for inhibitors, the NADH-
binding site and the site for the substrate ubiquinone. However, they are the sites for the
electron input and output, and such investigations give less information for electron pathway
within the enzyme.

On the other hand, information for the structure of complex I has been accumulated. The
topographical organization of the subunits have been studied by labeling and chemical cross-
linking them with hydrophobic and hydrophilic reagents (/3—-15). Recently, three-dimensional
structure of complex I from Neurospora crassa have been reported to show an L-shaped
structure with two arms (/6). The enzyme has been resolved with chaotropic agents into
smaller fragments (/7, 18). Also, the preceding chapter presented that complex I could be
dissociated with mild detergents and the possible location of iron-sulfur clusters could be
assigned to respective subunits. Taking these information into account, we should reconsider

many proposals for electron transfer pathway.
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Krishnamoorthy and Hinkle have measured electron transfer activities and steady state
reduction levels of iron-sulfur clusters of complex I in mitochondria and submitochondrial
particles after treatment with various reagents (/), which is rather informative to design a new
approach to study the electron flow in the complex. In this chapter, effects of two inhibitory
reagents, N-bromosuccinimide (NBS) and p-chloromercuriphenylsulfonic acid (PCMPS) are
investigated to elucidate the reduction levels of the clusters in purified complex I. Based on the

results and other information, electron transfer pathway within the enzyme is discussed.
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MATERIALS AND METHODS

Complex I was prepared as described in the preceding chapter (19, 20). The reagents
used for chemical modification were obtained from Wako Pure Chemical Industries or Nakalai
Tesque, Inc..

Chemical modifications were performed by the addition of the reagent to a suspension of
complex I (final protein concentration of 1 mg/ml), and incubation at 25°C for 30 min under
nitrogen. In the case of NBS, the enzyme was suspended in 0.25 M sucrose and 10 mM K-
MOPS, pH 7.5, whereas in the case of PCMPS in 0.25 M sucrose and 10 mM K-MES, pH
6.5. The excess reagent was removed by pelleting the suspension at 30,000 g, and the
resulting pellet was resuspended in 0.25 M sucrose, 50 mM Tris-HCI buffer, pH 8.0, to a final
concentration of about 20 mg of protein/ml. |

The suspensions were incubated on ice with 2 mM NADH for 1 min and/or § mM
dithionite for 3 min. It has been demonstrated that NADH alone giyes maximal reduction of the
iron-sulfur clusters in complex I (27). The samples were transferred into EPR tubes and
immediately frozen in liquid nitrogen. EPR measurements were performed as described in the
preceding chapter (22). In this chapter, N-1 type cluster detected in the intact enzyme is '
referred to cluster N-1 or N-1b. N-1 was estimated from the amplitude of the g =2.02 line at
30K. N-2 was estimated from the area under the g = 2.05 line at 10K. Reduction of N-3 and
N-4 were estimated by the areas covered by the troughs at g = 1.86 and g = 1.88, respectively.
N-4 was also determined from the area under the g, (2.10) line. The g, (2.04) line of N-3

could not be used for the estimation owing to its overlap with those from other clusters.

67



RESULTS

Fig. ITI-1 shows the spectra of the iron-sulfur clusters in the complex I prepared in this
work. Four iron-sulfur clusters of complex I can be recognized after full reduction with NADH
and dithionite. The signal of respective cluster exhibits a distinct relaxation behavior and so
distinguishable by changing the temperature of the sample. In order to observe the reduction
level of each cluster, EPR measurements of the modified complex I were carried out at 10K and
30K. At 10K the intensity of the g, lines of cluster N-3 and N-4 are easily estimated, whereas
they are saturated at 30K. The signals of cluster N-1 and N-2 can be estimated at 30K without
overlap with N-3 and N-4. The EPR spectrum recorded at the sample temperature of 50K
showed only the signals arising from the N-1 cluster. It could be clearly seen that two-troughs
are present at around g = 1.94. It was difficult to be answered without the help of computer
simulation of the spectrum whether the particular line shape of this spectrum is caused by a
superposition of two axial lines or by a thombic line. In the following description, the term N-
1 refers to N-1b. v
| Figs. II-2 and II-3 show EPR spectra of complex I treated with NBS, which oxidizes
tryptophan residues. When reduced with NADH, the signal of N-4 was lost more than 90% '
by the treatment with 40 pM NBS. Higher concentrations of NBS resulted in progressive loss
of the signal from the N-4 cluster. The progressive loss of the N-4 signal seemed to saturate at
160 pM. The N-4 signal was not restored even when the sample was reduced with dithionite,
as shown in Fig. III-3. These results suggested that NBS affected the N-4 cluster itself, rather
than electron transfer of N-4. Contrarily, the signal intensity of the N-3 cluster increased on
treatment of NBS. The signals of other clusters were little affected by treatment with lower
concentration of the reagent, but as increasing the concentration of the reagent they were
gradually decreased. Among all of the clusters, N-3 was least affected with NBS, suggesting
that the N-3 cluster is hard to access from the environment. In addition, it should be noted that
the N-1 cluster, which is known not to be reduced with dithionite, was reduced with dithionite
in modified enzyme, although the level of reduction with dithionite was slightly lower than that
with NADH. This implies that experimental procedures may harm intact reactivity of the

enzyme or redox components.
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Fig. III-1. EPR spectra of intact complex I. Complex I (20 mg of protein/ml) was reduced
with 5 mM dithionite and 2 mM NADH, and recorded at the indicated temperatures. EPR
conditions: microwave frequency 9.63 GHz; modulation amplitude 1 mT; microwave power
10 mW; time constant 0.16 s; scanning rate 60 mT/min.
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Fig. III-2. EPR spectra of NADH-reduced complex I treated with NBS. Complex I was
treated with NBS at the indicated concentrations. The samples were reduced with 2 mM
NADH, and spectra were recorded at 10K (a) and 30K (b). Other EPR conditions were the
same as in Fig. III-1. '
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Fig. III-2. (continued) (b) spectra recorded at 30K.
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Fig. ITII-3. EPR spectra of dithionite-reduced complex I treated with NBS. Complex I
were treated with NBS at the indicated concentrations. The samples were reduced with 5
mM dithionite, and spectra were recorded at 10K (a) and 30K (b). Other EPR conditions
were the same as in Fig. III-1.
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Fig. III1-3. (continued) (b) spectra recorded at 30K.



p-Chloromercuriphenylsulfonic acid (PCMPS) is one of sulfhydryl reagents. Reaction of
PCMPS even at a low concentration (30 pM) with complex I resulted in the loss of the N-4
signal to a considerable extent (Fig. III-4). As the concentration of PCMPS increased , the
signal intensity of N-4 progressively decreased. The loss of the N-4 signal was hardly
reversed by reaction with dithionite (Fig. III-5). It has been reported that treatment of
PCMPS-treated complex I with DTT restored the N-4 signal (), but such restoration did not
observed in this study.

Also in this case, the signal of the N-3 cluster increased on the treatment with the reagent.
This increased intensity of N-3 might be the result of relieving of spin-spin interaction. These
results suggested that spin-spin interaction existed between N-3 and N-4, and that destruction
of N-4 resulted in relieving of this interaction which causes the increase of the N-3 signal
intensity.

It has been reported that reaction of PCMPS (200 pM) with NADH-preconditioned
complex I resulted in very low levels of reduction of all the clusters (/). Figs. III-6 and III-7
present EPR spectra of NADH-preconditioned complex I treated with various concentration of
PCMPS. When reduced with NADH (Fig. III-6), the reduction levels of all clusters still
remained high at the low concentration (30 pM) of PCMPS. Higher concentrations (above 100
nM) of the reagent caused progressive loss of all of the signals. The signal of N-4 also tended
to be affected at lower concentrations than the others were. Comparing to the spectra in Fig.
II1-4, the reduction levels of all signals in Fig. ITII-6 became lower at higher concentrations of
PCMPS. Another important feature was that reduction level of N-1 was lower in Fig. III-6
than in Fig. IlI-4. The decreased intensity of the N-1 signal in NADH-preconditioned complex
I was apparent in the case of reduction with dithionite (Fig. III-7). Particularly, EPR spectra
recorded at 30K revealed loss of the N-1 signal even at low concentrations, as shown in Fig.
II-7b. A previous study revealed that dithionite restored all the signals except for N-4 (1). If
compared the spectra in Fig. ITI-6 to those in Fig. III-7, the statement is likely to be true to a
certain extent that dithionite is effective for restore of some signals.

When the enzymes were treated with the reagents at high concentrations, the troughs low-
field to g = 1.86 signal of the N-3 cluster were observed in the spectra recorded at 10K. These
signals might arise from the N-S cluster (g, =2.07 and g, = 1.90). These signals appeared

under the conditions, which affected the reduction levels of the signals from the other clusters.
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Although the relative concentration of this cluster was very low, these results suggested that the

N-5 cluster also interacts with some of the other clusters.

I .
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Fig. III-4. EPR spectra of NADH-reduced complex I treated with PCMPS. Complex I
was treated witth PSMPS at the indicated concentrations. The samples were reduced
with 2 mM NADH, and spectra were recorded at 10K (a) and 30K (b). Other EPR
conditions were the same in Fig. I1I-1.
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Fig. I11-4. (continued) (b) sped:ra recorded at 30K.
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Fig. III-5. EPR spectra of dithionite-reduced complex I treated with PCMPS and then
with DTT. Complex I was treated with PCMPS at the indicated concentrations and then
with 2 mM DTT. The samples were reduced with 5 mM dithionite, and spectra were
recorded at 10K (a) and 30K (b). Other EPR conditions were the same as in Fig. II-1.
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Fig. III-5. (continued) (b) spectra recorded at 30K.
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Fig. III-6. EPR spectra of NADH-reduced complex I treated with PCMPS after
precondition with NADH. Complex I was preincubated with 1 mM NADH and the
treated with PCMPS at the indicated concentrations. The samples were reduced with 2
mM NADH, and spectra were recorded at 10K (a) and 30K (b). Other EPR conditions
were the same as in Fig. ITI-1.
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Fig. I11-6. (continued) (b) spectra recorded at 30K.
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Fig. III-7. EPR spectra of dithionite-reduced complex I treated with PCMPS after
precondition with NADH. Complex I was preincubated with 1 mM NADH and then
treated with PCMPS at the indicated concentrations. The samples were reduced with 5
mM dithionite, and spectra were recorded at 10K (a) and 30K (b). Other EPR conditions
were the same as in Fig. ITI-1.
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DISCUSSIONS

Experiments in this chapter are reexamination of the effects of chemical modification on
purified complex I. When treated with mitochondria and submitochondrial particles, NBS
inhibited electron transfer activities from NADH to several acceptors (). In this experiment
NBS destroyed the signal from the N-4 cluster even at low concentration such as 40 pM.
Under such conditions, other clusters including N-2, which is thought to be a donator of
electrons to an acceptor, was highly reduced with NADH. Furthermore, rotenone-sensitive
electron transfer from NADH to ubiquinone analogue is little affected at low concentrations of
NBS (7). Destruction of the N-4 cluster was also observed in the enzyme modified by low
concentrations of PCMPS. The presence of multiple reaction sites with PCMPS or other
sulfhydryl reagents has been revealed previously (/, /1), and the site associated with the loss
of the N-4 signal is one of them. These data suggest a non-linear arrangement of the iron-
sulfur clusters in the enzyme. For example, it can be proposed that the N-4 cluster is on a
branched pathway of electron transfer and serves as an electron pool with buffering function.
Destruction of the N-4 cluster by NBS or PCMPS and concomitant increase of the N-3 cluster
suggests a spin coupling between the two clusters. Also it could be said that the N-4 cluster |
show a high accessibility to the reagents. This implies that the subunit with N-4 is exposed to
the environment. Contrary to this, the N-3 cluster is likely to be located in relatively intrinsic
area of the enzyme.

Prolonged incubation with NADH was shown to affect the N-1 cluster ( 7). Similar
results were obtained in this experiment (Figs. III-6 and III-7). However, a difference between
two experiments is that the N-1 signal was not restored even by dithionite in this study. Tyler
has suggested that superoxide generated during preconditioning with NADH could be the cause
of inactivation of the enzyme (23). The extent to which such inactivation occurred may explain
that discrepancy. Although it is uncertain what is responsible for inactivation of the N-1
cluster, it might be probable that N-1 is located close to the NADH-binding site in the enzyme.

Many schemes have been proposed for electron transfer pathway and mechanism of
energy coupling remains controversial. Bakkar and Albracht have suggested a linear pathway
of electron flow through the iron-sulfur clusters (8). Their proposed arrangement of iron-sulfur

clusters is similar to the order based on their midpoint potentials. Krishnamoorthy and Hinkle
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have proposed a scheme very similar to the “b-cycle” at the coupling site 2 (/). In spite of the
differences, it has been generally accepted that the N-2 cluster donate electrons to the substrate
ubiquinone. Therefore, the arrangement of the other iron-sulfur clusters, N-1b, N-3, and N-4,
is the subject to be elucidated. In the following I have attempted to combine the data so far
obtained with other available information particularly for the structure of the subunits and
homologues to discuss the electron pathway in complex L.

The electron input is thought to occur at the 51-kDa subunit. This subunit has been
reported to be the NADH-binding subunit of complex I (24, 25). EPR studies of subfractions
from the enzyme has revealed the presence of the N-3 cluster in the FP fraction, probably in the
51-kDa subunit (see Chapter II). In view of the suggested interaction between FMN and N-3
(4) and the likelihood that FMN is the primary oxidant of NADH, FMN can be assigned to be
located on the 51-kDa subunit. It is also conceivable that the 24-kDa subunit (in FP) bears the
N-1b cluster. The N-4 cluster could be assigned to the 75-kDa subunit as suggested in this
experiment. The 75-, 51-, and 24-kDa subunits are very likely to constitute a structural and
functional unit. These three subunits are closely related to subunits of the NAD-reducing
hydrogenase from the bacterium Alcaligenes eutrophus (26). This soluble [NiFe]-type
hydrogenase consists of four subunits, namely o, B, ¥, and 8. Sequence similarities are |
present between the o subunit and the 24- and 51-kDa subunits, and between the 7y subunit and
the N-terminal region of the 75-kDa subunit (27). The ay dimer exhibits diaphorase activity
and contain at least two iron-sulfur clusters (28), which give the EPR signals similar to N-3 and
N-1b (29, 30). The absence of the N-4 type signal may coincide with the suggestion that N-4
is dispensable in the electron flow of the enzyme under the conditions studied.

The reduction level of the clusters in modified enzyme has suggested that the N-1b cluster
is located close to the NADH-binding site and that N-1b cluster is the primary acceptor of
electrons from NADH. Howevef, the NADH-binding site is present on the 51-kDa subunit and
the N-1b cluster is probably present in the 24-kDa subunit (24, 26, 31). The location of the
FMN-binding site is less clear because of insufficient data for the consensus sequence motif,
but the 51-kDa subunit contains a pair of glycine residues in predicted B-a-B structure that
might be the FMN-binding site (32). Therefore, it is reasonable to assume that the initial stage
of electron transfer occurs in the 51-kDa subunit and that electrons flow from NADH primarily

to FMN and then to the N-3 cluster. The 51- and 24-kDa subunits are contained in the same
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subfraction (FP) as shown in the preceding chapter and so the 24-kDa subunit probably lies
close to the 51-kDa subunit in the enzyme. Therefore, the N-1b cluster may be located close to
the NADH-, FMN-, and N-3 binding sites. On the other hand, Krishnamoorthy and Hinkle
have suggested that cluster N-1 lies before N-3 (). This proposal is consistent with the data
that midpoint potential of the N-1 cluster is lower than that of the N-3 cluster. However, their
midpoint potentials are in a small range, and the midpoint potentials of the iron-sulfur clusters
of complex I also have been shown to be dependent on the preparations of the enzyme ( 1, 3).
It seems reasonable at present that the N-1, N-3, and N-4 cluster are almost isopotential.

Therefore, the N-3 cluster can be considered as the first iron-sulfur cluster to be reduced by
flavin.

The N-terminal region of the 75-kDa subunit has sequence similarities not only to the
subunit of the NAD-reducing hydrogenase, but also to the N-terminal region of the [Fe]-type
hydrogenases. Homologous regions present in all these sequences contain the cysteine motifs
(see Table II-2). These similarities suggest that the N-terminal region of the 75-kDa subunit

| constitute a structural domain with iron-sulfur clusters. The 75-kDa subunit have been cross-
linked to the 51-kDa subunit and exposed to the matrix in mitochondria (14, 15). These
suggestions may support the proposals that N-4 in the 75-kDa subunit interacts with N-3 in the .
51-kDa subunit and that N-4 is exposed to the environment. From the results obtained in this
work, it can be assumed that N-4 builds a electron pool or a gate of the electron flow. This
assumption may be supported by the small range in the midpoint potentials of N-1, N-3, and
N-4.

It is almost certain that the N-2 cluster is located on an output side in electron transfer
pathway. From the results presented in Chapter II, it is probable that the 23-kDa subunit, .
which probably contains N-2, constitutes another structural unit together with the other
subunits in IP-2. Formate hydrogenlyase (hyc) operon of E. coli contains eight genes, the
products of five of which, HycC, HycD, HycE, HycF, and HycG, have sequence similarity to
subunits of complex I, that is, the ND4 (or NDS5), ND1, 49-kDa, 23-kDa, and 20-kDa
subunits, respectively (33, 34). The formate hydrogenlyase complex appears to comprise the
formate dehydrogenase and the hydrogenase 3. The hydrogenase 3 is one of three [NiFe]-type
hydrogenases in E. coli. The hyc operon is thought to encode the components of the

hydrogenase, although formate hydrogenlyase has not yet been isolated. The hycE is a putative
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gene for the large subunit of hydrogenase 3, and surprisingly, its gene product shows a
significant similarity to the 49-kDa subunit of complex I. The HycG and HycF proteins are
very similar to the 20-kDa and 23-kDa subunits of complex I, respectively.

These similarities invite speculation about the phylogenetic relationship between bacterial
hydrogenase and complex I. From the standpoint of electron transfer, the NAD-reducing
hydrogenase and formate hydrogenlyase (hydrogenase 3) can be considered as a model of an
input and output segment in electron transfer in complex I, respectively. Both hydrogenases are
[NiFe]-type hydrogenases and contains catalytic core subunits, that is, they are so-called large
and small subunits. The NAD-linked hydrogenase is water-soluble, while the hydrogenase 3 is
bound to the membranes. During the oxidation of hydrogen catalyzed by the membrane-bound
hydrogenases, the electrons from hydrogen are injected into the respiratory chain apparently at
the level of ubiquinone and transferred to oxygen. The 49- and 20-kDa subunits have been
proposed to be evolutionarily related to large and small subunits of nickel-containing
hydrogenases, respectively (as mentioned in Chapter I discussion). If that is the case, the 49-
and 20-kDa subunits must be responsible for linking different reactions, oxidation of NADH
and reduction of ubiquinone.

One important difference among these redox systems is that complex I catalyses proton
translocation across the membranes, whereas both hydrogenases lack energy-transducing ‘
functions. This may suggest that the subunits lacking similarity to both hydrogenases may
function in the energy coupling in complex I. Weiss ef al. hypothesize that the ND1 protein is
involved in proton translocation (35). It has been indicated that ND1 protein bears DCCD-
binding site and rotenone-binding site (36, 37). Therefore, it may be conceivable that ND1
subunit is involved in proton translocation. It should be pointed out that the HycD, a putative
component of the formate hydrogenlyase, shows a significant similarity to the ND1 protein.
Even if the ND1 builds a chanhel for protons, some other components must be involved in
energy coupling. The linkage of two different reactions may be essential for bears the energy-
transducing functions. A major potential gap exists between the cluster N-2 and the others. N-
2 is located on a electron output site, while the others are on a electron input site. The electron
connector between the low-potential clusters (N-1, -3, and -4) and the high-potential cluster (N-
2) could be some form of an intemal ubiquinone (38) or “EPR-silent” clusters. This idea is

purely speculative and awaits a further characterization of the electron transfer in complex I
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