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A large cell with things inside—in eukaryotes, energy generation is
internalized in mitochondria

Bacteria ruled supreme on Earth for two billion years. They evolved almost
unlimited biochemical versatility but never discovered the secrets of greater
size or morphological complexity. Life on other planets may get stuck in the
same rut. On Earth, large size and complexity only became possible once
energy generation had been internalized in mitochondria. But why did
bacteria never internalize their own energy generation? The answer lies in
the tenacious survival of mitochondrial DNA, a two-billion-year-old paradox.
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Figure 4.2 The mitochondrial respiratory chain consists of three proton
pumps (complexes I, IIT and IV), which act in parallel with respect to the
proton circuit and in series with respect to the electron flow.

Solid lines: pathway of proton flux; dotted line: pathway of electron transfer. For
redox couples, see Table 3.2.
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The Respiratory Chain Includes Three Large Enzyme
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1. The (generally known as complex I) is the largest of the respiratory

enzyme complexes, containing more than 40 polypeptide chains. It accepts electrons from NADH and passes
them through a flavin and at least seven iron-sulfur centers to ubiquinone. Ubiquinone then transfers its

electrons to a second respiratory enzyme complex, the cytochrome b-c, complex.

Molecular Biology of the Cell Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter. 2002
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Figure 5.12 An outline structure for the mitochondrial (and bacterial)
proton-translocating NADH-ubiquinone oxidoreductase (complex I).
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Figure 5.12  An outline structure for the mitochondrial (and bacterial)
proton-translocating NADH-ubiquinone oxidoreductase (complex I).

The 14 subunits are named according to one nomenclature system (Nuo) used
for the bacterial enzyme. Another bacterial system names the proteins as Nqo
(NADH gquinone oxidoreductase), whilst the mitochondrial enzyme is named
with respect to the approximate molecular weights of the proteins and whether
they are assigned to the flavoprotein fraction (FP), the so-called iron protein frac-
tion (IP), stretches of characteristic amino acid sequence, or whether they are
coded for on the mitochondrial genome (ND series): the latter are all predicted
to be very hydrophobic proteins (and constitute what is sometimes called the
hydrophobi¢ fraction (HP) of the mitochondrial enzyme) that do not contain any
known redox active groups. The equivalences are:
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The purpose of this site is to provide general information regarding complex | (NADH quinone
oxidoreductase) to researchers in the field of bioenergetics as well as to those who are simply
curious about what this enzyme complex does.
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About complex |

The NADH-quinone oxidoreductase (complex I) is one of three energy-transducing enzyme complexes of the
respiratory chain in mitochondria. It catalyses the reaction:

NADH +Q +H" + nH*,, > NAD" + QH, +nH"_,;, (Q=quinone; n=3-5)

Complex I is the point of entry for the major fraction of electrons that traverse the respiratory chain eventually
resulting in the reduction of oxygen. Coupled to the electron transfer, protons are pumped from the matrix side
to the intermembrace space of mitochondria. It is the most intricate membrane-bound enzyme known to date,
being composed of at least 46 unlike polypeptides. Of these, 7 are encoded by mitochondrial DNA.

Although four decades have passed since the first isolation of complex I from bovine heart mitochondria by Joe
Hatefi and coworkers, information on its structure and mechanism of action is still limited. This enzyme
complex contains a noncovalently-bound FMN molecule and 2 binuclear and 6 tetranuclear iron-sulfur clusters,
of which 2 binuclear and 4 tetranuclear clusters are EPR-visible.



Why research on complex | is important

Research on complex I has recently T T T T T T T T
taken on greater significance since the o
finding that many human mitochondrial 200 r 7
diseases involve structural and
functional defects at the level of this
enzyme complex. Many cases of
Leber’'s hereditary optic neuropathy
(LHON), appear to be associated with a
defect in complex I. The defect
identified in many cases is a single
nucleotide change in the mitochondrial
DNA converting the 340th amino acid
of the ND4 subunit of complex I from
an arginine to a histidine. In addition to
these documented cases, complex I
inhibitors, 1-methyl-4-phenylpyridium
and rotenone, produce drug-induced 0 [2%eeee
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which suggests a link between

Parkinson's disease and function of Year

mitochondrial complex I. Complex I is

also known to be a target of new pesticides such as acaricides. Moreover, it is suggested that complex I
malfunction is involved in the pathogenesis of diabetes. Therefore, complex I research is important to not only
basic sciences but also clinical medicine. This is evident in the progressively growing number of publications
relating to complex I, as depicted in the figure. There are several milestones in complex I research. In 1973,
Ragan and Racker showed that complex I is a proton pump. In the mid-1980s, it was found that the 7
unidentified genes in mtDNA are encoding complex I subunits by Attardi's group. Shortly after that, the first
case of mitochondrial diseases caused by complex I defects was reported (Wallace et al., 1988).



EM images and 3D models of complex |

crassa. (Leonard et al., 1987)

1.N.

2. N. crassa. (Hofhaus et al., 1991)

3. N. crassa (Guénebaut et al., 1997)

4. E. coli NDH-1 (Guénebaut et al., 1998)

5. Bovine heart (Grigorieff, 1998)

6. Y. lipolytica (Djafarzadeha et al., 2000)

7 and 8. E. coli (Bottcher et al., 2002); 7 is "inactive" form, 8 is "active" form
9. Arabidopsis (Dudkina et al., 2005)
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Structure of the Hydrophilic Domain
of Respiratory Complex | from
Thermus thermophilus

Leonid A. Sazanov* and Philip Hinchliffe

Respiratory complex | plays a central role in cellular energy production in bacteria and
mitochondria. Its dysfunction is implicated in many human neurodegenerative diseases, as well
as in aging. The crystal structure of the hydrophilic domain (peripheral arm) of complex | from
Thermus thermophilus has been solved at 3.3 angstrom resolution. This subcomplex consists of
eight subunits and contains all the redox centers of the enzyme, including nine iron-sulfur clusters.
The primary electron acceptor, flavin-mononucleotide, is within electron transfer distance of cluster
N3, leading to the main redox pathway, and of the distal cluster N1a, a possible antioxidant. The
structure reveals new aspects of the mechanism and evolution of the enzyme. The terminal cluster
N2 is coordinated, uniquely, by two consecutive cysteines. The novel subunit Nqol5 has a similar
fold to the mitochondrial iron chaperone frataxin, and it may be involved in iron-sulfur cluster
regeneration in the complex.
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Structure of the Hydrophilic Domain
of Respiratory Complex | from
Thermus thermophilus

Leonid A. Sazanov* and Philip Hinchliffe

Respiratory complex | plays a central role in cellular energy production in bacteria and
mitochondria. Its dysfunction is implicated in many human neurodegenerative diseases, as well
as in aging. The crystal structure of the hydrophilic domain (peripheral arm) of complex | from
Thermus thermophilus has been solved at 3.3 angstrom resolution. This subcomplex consists of
eight subunits and contains all the redox centers of the enzyme, including nine iron-sulfur clusters.
The primary electron acceptor, flavin-mononucleotide, is within electron transfer distance of cluster
N3, leading to the main redox pathway, and of the distal cluster N1a, a possible antioxidant. The
structure reveals new aspects of the mechanism and evolution of the enzyme. The terminal cluster
N2 is coordinated, uniquely, by two consecutive cysteines. The novel subunit Nqol5 has a similar
fold to the mitochondrial iron chaperone frataxin, and it may be involved in iron-sulfur cluster
regeneration in the complex.

Medical Research Council Dunn Human Nutrition Unit,
Wellcome Trust/MRC Building, Hills Road, Cambridge CB2
2XY, U.K.



Hot news on the 3D structure: Hinchliffe and Sazanov recently reported the arrangement of iron-sulfur clusters in the hydrophilic domain of
complex I from Thermus thermophilus as determined by x-ray crystallography.

The electron density of Fe-S clusters shown within the molecular surface of
the peripheral arm

Reference: Hinchliffe, P. and Sazanov.L. A. (2005) Organization of iron-sulfur clusters in respiratory complex I. Science 309:771-774. Reprinted
with permissions from AAAS. Permission from AAAS is required for all other uses.
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The electron density of Fe-S clusters shown within the molecular surface of
the peripheral arm



The electron density of Fe-S clusters shown within the molecular surface of Arrangement of Fe-S clusters in
the peripheral arm complex |



Fig. 2. The folds of individual subunits. Fe-S centers are shown as red spheres for Fe atoms and yellow spheres for S atoms, with cluster names in red.
Subunits are not drawn to the same scale. (A) Ngo1. Its N-terminal domain is in purple, a Rossman-fold domain in blue, an ubiquitin-like domain in green, and
the C-terminal helical bundle, coordinating cluster N3, in red. FMN is shown in stick representation. (B) Nqo2. The N-terminal helical bundle is shown in blue,
the thioredoxin-like domain coordinating cluster N1a in green. (C) Nqo3. The N-terminal [FeFe]-hydrogenase—-like domain coordinating clusters N1b, N4, and
N5 is magenta, subdomains of the C-terminal molybdoenzyme-like domain are shown in | (coordinating cluster N7), blue; Il, green; lll, yellow; and IV, red. (D)
Ngo9, coordinating clusters N6a and N6b, is shown in rainbow representation, colored blue to red from N to C terminus. (E) Nqo6, coordinating cluster N2, is
shown in rainbow representation, with helix H1 indicated. (F) Ngo4. The N-terminal 3 domain is shown in blue, the -helical bundle in green, the extended helix
H2 in yellow, and the C-terminal 3 domain in orange. Clusters are shown for orientation only. (G) Nqo5. The N-terminal /& domain interacting with Nqo4 is
shown in blue, the domain interacting with Nqo9 in green, and the C-terminal loop interacting with Nqo3 in yellow. Clusters are shown for orientation only. (H)
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Fig. 3. The environments of the FMN-binding site and of selected Fe-S clusters. (A) The binding site for FMN and NADH, viewed from the solvent-exposed
side. Residues involved in FMN binding are shown in stick representation with carbon in yellow and hydrogen bonds as dotted lines. Residues likely to be
involved in NADH binding are shown in stick representation, with carbon in magenta. Prefixes to residue names indicate the subunit number. Cluster N3 is
visible to the left. Subunits are colored as in Fig. 1. A ,-weighted 2F _,, — F_, . map contoured at 1 is shown around the FMN. (B) Cluster N5 and (C) cluster N2.
Cluster ligands and polar residues nearby are shown. The backbones of subunits are colored as in Fig. 1. Electron density is from a ,-weighted 2F,,  — F,.

map contoured at 1. Clusters are shown as spheres of 0.3 van der Waals radius.
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Fig. 4. Possible quinone- and iron-binding sites. The solvent-accessible surface area is shown, calculated with the APBS plug-in in PyMOL using a sphere of
1.4 A radius as a probe. It is colored red for negative, white for neutral, and blue for positive surface charges. (A) Close-up of the quinone-binding site, viewed
from the membrane space up toward the peripheral arm. Residues likely to interact with the quinone are shown. Prefixes before residue names indicate the
subunit number. Subunits are colored as in Fig. 1. (B) Overview of the interface with the membrane domain in surface representation. The orientation is similar
to that in (A). The quinone-binding site is indicated by an arrow and Q. Helix H1 and subunit names are indicated for orientation. (C) A possible iron-binding
and/or iron storage site. Histidines and other polar residues lining the cavity are shown.



, 4R350
6C45 | 4Y87 403 Q |
J Y

Fig. 4. Possible quinone- and iron-binding sites. The solvent-accessible surface area is shown, calculated with the APBS plug-in in PyMOL using a sphere of
1.4 A radius as a probe. It is colored red for negative, white for neutral, and blue for positive surface charges. (A) Close-up of the quinone-binding site, viewed
from the membrane space up toward the peripheral arm. Residues likely to interact with the quinone are shown. Prefixes before residue names indicate the
subunit number. Subunits are colored as in Fig. 1. (B) Overview of the interface with the membrane domain in surface representation. The orientation is similar
to that in (A). The quinone-binding site is indicated by an arrow and Q. Helix H1 and subunit names are indicated for orientation. (C) A possible iron-binding
and/or iron storage site. Histidines and other polar residues lining the cavity are shown.
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Hot topics http://www.scripps.edu/mem/biochem/Cl/research.html

Topic 1: Where are proton-translocating site(s) and quinone-binding
site(s)?It is generally believed that the energy coupling site(s) in complex | is
located between Center N2 (the highest mid redox potential [4Fe-4S] cluster)

and electron acceptor quinone. However, the location(s) has not been
identified yet. In addition, there is no consensus about the number of coupling
sites in complex |.
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Topic 2: Can Complex | pump not only protons but also sodium ions?
Recently, Steuber's group demonstrated that complex | in certain bacteria can
work as a sodium pump. A question arises whether this feature is common to
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located between Center N2 (the highest mid redox potential [4Fe-4S] cluster)

and electron acceptor quinone. However, the location(s) has not been
identified yet. In addition, there is no consensus about the number of coupling
sites in complex |.

Topic 2: Can Complex | pump not only protons but also sodium ions?
Recently, Steuber's group demonstrated that complex | in certain bacteria can
work as a sodium pump. A question arises whether this feature is common to

complex | of other sources.

Topic 3: Are accessory subunits in mitochondrial complex | really
accessory?Weiss'group and Walker's group reported that acyl carrier protein
of the bacterial fatty acid synthesis system is a subunit of complex |. Hatefi's
group and Schulte's group showed that the HP39k subunit binds NADPH.
Papa's group reported that the IP18k subunit is phosphorylated and this
phosphorylation is involved in regulation of complex | activity. Videira's group
suggested involvement of some subunits in the assembly of N. crassa
complex |. Recently, Scheffler's group demonstrated that the MWFE subunit is
essential for complex | activity. These results raise a question as to whether
"the accessory subunits” are really accessory.
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Figure 5.12 An outline structure for the mitochondrial (and bacterial)
proton-translocating NADH-ubiquinone oxidoreductase (complex I).



H* H* H*
INTERMEMBRANE cytochrome ¢
SPACE

inner
' [
membrane

MATRIX

m ubiquinone

NAD*
L J NADH cytochrome cytochrome
10 nm dehydrogenase b-¢y c:mphx oxidase
complex complex

The Respiratory Chain Includes Three Large Enzyme
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Next lecture

Complex I. Part 2. Complete
structure, including the
hydrophobic domain.
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