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ABSTRACT 1 

NADH-quinone oxidoreductase (respiratory complex I) is a key player in mitochondrial 2 

energy metabolism.  The enzyme couples electron transfer from NADH to quinone with 3 

the translocation of protons across the membrane, providing a major proton-motive force 4 

that drives ATP synthesis.  Recently, X-ray crystallography and cryo-electron 5 

microscopy provided further insights into the structure and functions of the enzyme.  6 

However, little is known about the mechanism of quinone reduction, which is a crucial 7 

step in the energy coupling process.  A variety of complex I inhibitors targeting the 8 

quinone-binding site have been indispensable tools for mechanistic studies on the enzyme.  9 

Using biorationally designed inhibitor probes, the author has accumulated a large amount 10 

of experimental data characterizing the actions of complex I inhibitors.  On the basis of 11 

comprehensive interpretations of the data, the author reviews the structural features of the 12 

binding pocket of quinone/inhibitors in bovine mitochondrial complex I. 13 

 14 
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Introduction 1 

The mitochondrion is an organelle that plays a crucial role in oxidative phosphorylation, 2 

a process whereby ATP is generated as a result of electron transfer from NADH to oxygen 3 

through a series of respiratory enzymes (1).  In most eukaryotic cells, proton-4 

translocating NADH-quinone oxidoreductase (respiratory complex I) catalyzes an initial 5 

step in the mitochondrial respiratory chain.  Complex I couples electron transfer from 6 

NADH to quinone with the translocation of protons across the biological membrane, 7 

contributing to the proton motive force for ATP synthesis (2-5). 8 

Complex I is the largest, most complicated, and least understand enzyme of the 9 

respiratory chain.  The enzyme from bovine heart mitochondria comprises 45 different 10 

subunits with a molecular mass of ~1 MDa (6); the highly conserved 14 “core” subunits 11 

are crucial for the enzyme catalysis (see also Table S1), whereas the 31 mammalian-12 

specific  “supernumerary” subunits are thought to be involved in assembly of the protein 13 

complex and/or regulation of the catalytic cycle (7, 8).  Complex I has a unique L-14 

shaped structure, which is composed of two major domains called “hydrophilic” and 15 

“membrane” domains (Figure 1).  The hydrophilic domain, where electron transfer takes 16 

place, protrudes into the mitochondrial matrix side, while the membrane domain, where 17 

proton-translocation takes place, is embedded in the plane of the inner membrane (2-5).  18 

  Complex I is known to be a major source of cellular reactive oxygen species (ROS, 9-19 

11), which are associated with various pathologies such as diabetes, cardiovascular 20 

disease, neurodegeneration, and cancer (12, 13).   ROS are produced when the catalytic 21 

functions of complex I are disrupted by point mutations or inhibitors like a neurotoxin N-22 

methyl-4-phenylpyridinium (MPP+, 14, 15).  More recently, in vivo and ex vivo studies 23 

demonstrated that the accumulation of succinate in the mitochondrial matrix under 24 

hypoxic conditions accelerates ROS production from complex I, which leads to the severe 25 

oxidative damage called ischemia-reperfusion injury (16, 17).  However, the site and 26 

mechanism of ROS production in complex I remain largely debatable because 27 

fundamental knowledge of the structure and function of complex I is still limited. 28 
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From a historical point of view, mode of action studies of specific inhibitors targeting 1 

respiratory enzymes have provided valuable insights into the structure and function (18, 2 

19).  A variety of naturally occurring or synthetic chemicals are known to inhibit the 3 

catalytic activity of complex I at the nM level.  Some of them, such as rotenone and 4 

piericidin families, have been indispensable tools for mechanistic studies of the enzyme 5 

because they are believed to act at the quinone-binding site, where the quinone reduction 6 

is coupled to proton translocation (3-5).   7 

Complex I has also been successfully exploited as a promising druggable target.  8 

Synthetic chemicals such as fenpyroximate and pyridaben have been developed as 9 

excellent insecticides targeting complex I in agricultural pests (20).  The anthelmintic 10 

compound nafuredin, which was isolated from the fermentation broth of Aspergillus niger 11 

FT-0554, has been reported as a selective inhibitor of complex I from the parasitic 12 

helminth Ascaris suum (21).  Moreover, there have been interesting reports that anti-13 

diabetic, anti-inflammatory, and anti-tumor effects of some therapeutic reagents are 14 

attributable to complex I inhibition, which alters the cellular energy states or metabolic 15 

profiles (22-25).  Therefore, detailed characterization of the actions of inhibitors 16 

targeting complex I will provide valuable information not only on the structure and 17 

functions of complex I, but also on drug design strategies. 18 

Herein, the author focuses on the following three topics including findings obtained by 19 

chemical biology approaches using biorationally designed inhibitors as molecular probes: 20 

(i) identification of the inhibitor-binding sites in complex I by photoaffinity labeling, (ii) 21 

an overview of the binding pocket of quinone/inhibitor in complex I, and (iii) probing the 22 

binding pocket of quinone/inhibitor through specific chemical modifications.  23 
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Identification of the inhibitor-binding site(s) by photoaffinity labeling  1 

Background 2 

There is a general consensus that quinone reduction is a crucial step in the reaction of 3 

complex I because it couples to triggering proton translocation across the membrane (2-4 

5).  A wide variety of complex I inhibitors, with a few exceptions of flavin-site inhibitors 5 

such as Rhein (an anthraquinone derivative) and DPI (diphenyleneiodonium), are 6 

generally called “quinone-site inhibitors” because they inhibit enzyme activity by 7 

occupying the quinone-binding site (18, 19).  However, at the time the author started the 8 

research, there was no consensus on the position or number of binding sites for 9 

quinone/inhibitor since structural information on complex I was limited. 10 

  A photoaffinity labeling technique, which employs a synthetic ligand possessing a 11 

photolabile group such as diazirine and phenyl azido, is the most commonly used 12 

methodology for specific chemical modifications of proteins (26, 27).  It provides a 13 

powerful means of investigating interactions between biologically active compounds and 14 

proteins of interest.  To identify the quinone/inhibitor-binding site(s) in complex I, 15 

photoaffinity labeling with bovine heart submitochondrial particles (SMPs) was carried 16 

out using various inhibitors such as acetogenin, quinazoline, fenpyroximate, and 17 

amilorides as templates (Figure 2) (28-34).  These labeling studies, for the first time, 18 

provided an overview of the quinone/inhibitor-binding site in mitochondrial complex I as 19 

follows. 20 

 21 

The binding site of acetogenins 22 

Acetogenins isolated from the plant species Annonaceae, such as bullatacin and 23 

rollininstatin-1, are among the most potent inhibitors of bovine complex I (18).  We 24 

designed and synthesized two photoreactive acetogenins ([125I]TDA and [125I]DANA, 25 

Figure 2a), which possess a photolabile phenyl diazirine in place of the toxophoric γ-26 

lactone ring and a small diazirine in the vicinity of the toxopholic bis-THF ring moiety, 27 

respectively.  The two photoreactive acetogenins specifically labeled the hydrophobic 28 
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ND1 subunit, which is located at the junction of the hydrophilic and membrane domains 1 

(Figure 1) (28, 31).  The proteolytic analysis of the ND1 subunit labeled by [125I]TDA 2 

and [125I]DANA revealed that the γ-lactone ring and bis-THF moiety of acetogenin bind 3 

the region covering TMH4−5 and the matrix side third loop connecting TMH5−6, 4 

respectively (Figures 3a and S1a, 30, 32).  These results are the first direct evidence that 5 

the ND1 subunit constructs the inhibitor binding site in complex I. 6 

 7 

The binding site of quinazoline-type inhibitors 8 

Quinazoline-type chemicals including 6-amino-4-(4-tert-9 

butylpheneythylamino)quinazoline (AQ) are other potent inhibitors of complex I.  They 10 

have been recognized as important chemical tools for complex I research because they 11 

inhibit not only mammalian complex I but also enzymes from the aerobic yeast Yarrowia 12 

lipolitica and parasitic helminth A. suum (35-37).  We synthesized a photoreactive 13 

quinazoline ([125I]AzQ, Figure 2b), which possesses a photolabile azido group on the 14 

toxophoric quinazoline ring.   [125I]AzQ labeled both the hydrophilic 49-kDa and 15 

hydrophobic ND1 subunits at a ratio of ~4:1 (29).  The regions labeled by [125I]AzQ in 16 

the 49-kDa and ND1 subunits were determined to be the N-terminal region (Asp41-17 

Arg63) and the matrix-side third loop connecting TMH5−6, respectively, suggesting that 18 

the two regions are close to each other (Figures 3a and S1b, 33).  Our observations 19 

underline the functional significance of the interfacial region between the hydrophilic and 20 

hydrophobic domains, which is considered to be a key player in quinone reduction and 21 

energy transduction. 22 

 23 

The binding site of fenpyroximate 24 

Fenpyroximate has been used as an acaricide targeting complex I of mites (19).  We 25 

carried out photoaffinity labeling studies using two photoreactive fenpyroximates 26 

([125I]APF and [125I]AIF, Figure 2c) possessing a photoreactive azido group at and far 27 

from the toxophoric pyrazole ring moiety, respectively (34).  [125I]APF and [125I]AIF 28 
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specifically labeled the hydrophilic PSST and 49-kDa subunits, respectively, suggesting 1 

that fenpyroximate binds to the interface between the two.  Careful proteomic analyses 2 

of the labeled subunits revealed that the regions labeled by [125I]APF and [125I]AIF are 3 

located in the peptide Ser63-Arg66 in the PSST subunit and Asp160-Arg174 in the 49-4 

kDa subunit, respectively, which construct the putative quinone/inhibitor-binding pocket 5 

(Figures 3a and S1c, 34).  These results demonstrate that fenpyroximate binds to the 6 

interface of the two regions in a manner such that the toxophoric pyrazole ring and side 7 

chain orient toward the PSST and 49-kDa subunits, respectively.  8 

Together with the results on the photoreactive acetogenins and quinazoline, it is clear 9 

that chemically diverse inhibitors commonly bind to the interfacial region between 10 

hydrophilic and hydrophobic domains, which comprises the 49-kDa, PSST, and ND1 11 

subunits, but in markedly different manners reflecting their chemical structures (Figure 12 

3a).  This view about the binding pocket of quinone/inhibitor in complex I was later 13 

supported by the structural work on Thermus thermophilus complex I (38). 14 

 15 

The binding site of amilorides 16 

The diuretic drug amiloride and its analogues, such as commercially available EIPA, 17 

MIA, and benzamil (Figure 2d), are well-known inhibitors of Na+/H+ and Na+/Ca+ 18 

antiporters and Na+ channels (39, 40).  They have also been shown to inhibit bacterial 19 

and mitochondrial complex I, but their inhibitory potencies, in terms of IC50 values, are 20 

much weaker than those of conventional quinone-site inhibitors such as acetogenin and 21 

quinazoline (41, 42).  As the membrane subunits ND2, ND4, and ND5 are homologous 22 

to the bacterial Mrp-type Na+/H+-antiporters (43, 44), amilorides have long been 23 

considered to bind to any or all of the antiporter-like subunits.  However, there is no 24 

direct experimental evidence to support this. 25 

Commercially available amilorides are not suitable for design templates for the 26 

synthesis of photoreactive amilorides due to their weak inhibition of complex I.  27 

Through comprehensive structure-activity relationship studies on amilorides as complex 28 
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I inhibitors (45), we succeeded in producing four potent photoreactive amilorides, which 1 

possess a photolabile azido group in the toxophoric pyrazinoyl ring ([125I]PRA4 and 2 

[125I]PRA6, Figure 2d) or in the side chain moiety ([125I]PRA3 and [125I]PRA5, Figure 3 

2d), respectively (46).  [125I]PRA3 and [125I]PRA4 have a prototypical guanidine 4 

skeleton, which is thought to be crucial in inhibitors of various antiporters and channels 5 

(39, 40).  [125I]PRA5 and [125I]PRA6 are amide-type amiloride derivatives that elicit 6 

more potent inhibitory activities than prototypical guanidine-type derivatives with bovine 7 

complex I (47). 8 

  Contrary to our initial expectations, the photoreactive amilorides labeled none of the 9 

antiporter-like subunits; they specifically labeled the interfacial region of bovine complex 10 

I formed by the multiple core subunits (49-kDa, PSST, and ND1) and the 39-kDa 11 

supernumerary subunit (Figure 3b)  The specific binding of the four photoreactive 12 

amilorides to the target subunits was markedly suppressed in the presence of excess short-13 

chain ubiquinones or quinone-site inhibitors such as acetogenin, quinazoline, and 14 

fenpyroximate.  These results clearly demonstrate that amilorides bind to the quinone 15 

binding pocket in complex I, rather than directly blocking its activity by binding 16 

antiporter-like subunits (46).  Furthermore, as discussed in the next section, the labeling 17 

study provided the first evidence that the supernumerary 39-kDa subunit, together with 18 

the core 49-kDa, PSST, and ND1 subunits, comprises the binding pocket of 19 

quinone/inhibitor. 20 

 21 

22 
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An overview of the binding pocket of quinone/inhibitor in complex I 1 

An overall structure of respiratory complex I 2 

In 2013, the entire structure of complex I from an aerobic hyper-thermophilic bacteria 3 

Thermus thermophilus was determined by X-ray crystallography at a 3.3 Å resolution, 4 

revealing how the 14 conserved core subunits and cofactors are arranged (38).  The 5 

hydrophilic domain (7 subunits: 51-kDa, 24-kDa, 75-kDa, 49-kDa, 30-kDa, PSST, and 6 

TYKY) contains one non-covalently-bound FMN and seven Fe-S clusters, which are 7 

responsible for electron transfer from NADH to quinone (Figure 1a).  The membrane 8 

domain (7 subunits: ND1, ND2, ND3, ND4, ND4L, ND5, and ND6) includes the three 9 

largest antiporter-like subunits ND2, ND4, and ND5, which are arranged towards the 10 

distal end of the domain.  As these three subunits show sequence similarity with MrpA 11 

(ND5 homolog) and MrpD (ND2 and ND4 homologs) subunits of bacterial Mrp-type 12 

Na+/H+-antiporter (MrpA to G, 43, 44), they are likely to contribute to proton 13 

translocation.  The overall architecture of complex I suggests the mechanism of redox-14 

driven proton translocation by complex I: the quinone reduction at the interface between 15 

hydrophilic and membrane domains may induce some conformational changes in the 16 

region, which are transmitted to the antiporter-like subunits, resulting in the translocation 17 

of protons (3-5). 18 

On the basis of the crystal structure of T. thermophilus complex I, the architectures of 19 

the 14 core subunits of mitochondrial complex I from yeast (Y. lipolitica, 48) and bovine 20 

heart (49) have been determined at moderate resolutions by X-ray crystallography and 21 

single-particle cryo-electron microscopy (cryo-EM), respectively.  More recently, the 22 

entire structures of mammalian mitochondrial complexes I from bovine (50, 51), ovine 23 

(Ovis aries, 52), porcine (Susscrofa domesticus, 53), and mouse (Mus musculus, 54) 24 

hearts and human (Homo sapiens) HEK293F cells (55) were modeled by cryo-EM, 25 

clarifying the locations of all 45 subunits including the assignment of 31 supernumerary 26 

subunits (Figure 1b).   27 

 28 
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Architecture of quinone-access channel 1 

One of the notable findings obtained with T. thermophilus complex I (38) is the 2 

identification of a quinone-access channel, which extends from the membrane interior to 3 

the terminal Fe-S cluster N2 (~30 Å long, Figure 1a).  The channel is a completely 4 

enclosed tunnel with a narrow entry point (3~5 Å diameter) that is framed by TMH1, 5 

TMH6, and amphipathic α-helix1 from the ND1 subunit and TMH1 from the ND3 6 

subunit.  Ubiquinones with varying isoprenyl chains (UQ1 − UQ10) are considered to 7 

enter and transit the channel to be reduced at the “top” of the channel.  Since the planar 8 

quinone ring is wider (~6 Å across) than the diameter of the entry point, the channel has 9 

been considered to undergo structural rearrangement to accommodate quinones in the 10 

channel (38, 54).  The quinone-site inhibitors such as rotenone, piericidin A, and 11 

quinazoline are considered to enter the channel and block its interior (38, 48).  12 

Furthermore, it was revealed that the channel is linked to the network of potentially 13 

ionized or protonated residues inside the membrane domain, which may play critical roles 14 

in the transmission of conformational changes triggered by the quinone reduction and in 15 

proton translocation across the membrane (38).  Similar structural models were reported 16 

for mammalian complex I (Figure 1b, 50, 51, 54).  17 

These advances in structural studies along with computational simulations (56-58) 18 

have provided a common consensus on the coupling mechanism of complex I: the 19 

structural and electrostatic rearrangements induced by quinone reduction, which take 20 

place inside the proposed quinone-access channel, transmit to the membrane domain via 21 

the link continuing over the domain as the central axis of potentially ionized or protonated 22 

residues to trigger the translocation of four protons (3-5).  Thus, quinone reduction is a 23 

key event in energy conversion by complex I; however, the mechanism responsible 24 

remains elusive because the scenarios for the binding of quinones and inhibitors to the 25 

channel have yet to be experimentally verified.  26 

  27 
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Probing the binding pocket of quinone/inhibitor through specific chemical 1 

modifications  2 

Background 3 

As we predicted, the binding pocket of quinone/inhibitor in complex I was identified 4 

at the interfacial region between the hydrophilic and membrane domains, which is 5 

primarily composed of the 49-kDa, PSST, and ND1 subunits (Figure 3, 38, 48, 50).  6 

However, the sites labeled by the various inhibitor probes do not completely overlap the 7 

interior of the proposed quinone-access channel (28-34, 46.  For example, acetogenin 8 

([125I]DANA and [125I]TDA) was demonstrated to bind to the ND1 subunit in a manner 9 

such that the bis-THF ring and γ-lactone are oriented toward the loop connecting TMH5-10 

6 and the region spanning TMH4-5, respectively (Figure 3a,  30, 32).  A part of these 11 

regions comprises an entrance of the channel, but the acetogenin molecule is positioned 12 

outside the channel (Figure 3a).  Furthermore, photoaffinity labeling using 13 

photoreactive amilorides revealed that they bind to the interfacial domain of multiple core 14 

subunits (49-kDa, ND1, and PSST) and the 39-kDa supernumerary subunit (Figure 3b, 15 

46), although the latter does not make up the channel in the current models.  The results 16 

of photoaffinity labeling studies strongly suggest that the binding pocket of the 17 

quinone/inhibitor is distributed around the predicted channel.  Based on comprehensive 18 

interpretations of our findings, we questioned whether the current channel model fully 19 

reflects catalytically relevant states of the enzyme.  Therefore, we need to explore new 20 

techniques in order to elucidate the structural features of the binding pocket of 21 

quinone/inhibitors through chemical biology approaches.   22 

 23 

Site-specific chemical modification of complex I via LDT chemistry 24 

In an attempt to meet this challenge, we carried out site-specific chemical 25 

modifications of intact complex I via ligand-directed tosylate (LDT) chemistry.  LDT 26 

chemistry, which is based on the principle of affinity labeling, is a unique technique for 27 

chemical modifications of proteins (59).  This technique employs a labeling reagent, in 28 
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which a high affinity ligand moiety for the target protein and a synthetic tag of choice are 1 

connected by a phenyl sulfonate (tosylate) group.  The tosylate group undergoes an SN2 2 

reaction with nucleophilic amino acids such as Cys, His, Glu, and Asp nearby the ligand 3 

binding site.  We synthesized a high affinity ligand derived from acetogenins (AL2, 4 

Figure 4b) to transfer the tag to the binding pocket of quinone/inhibitor (60).  The 5 

terminal azido in AL2 was selected as a tag to be incorporated into the enzyme because 6 

this group can serve as a “handle” for subsequent various chemical modifications (e.g., 7 

modifications by biotin or fluorophores) via a reaction called “Cu+-catalyzed click 8 

chemistry” (azide−alkyne [3+2] cycloaddition in water, 61). 9 

Bovine SMPs were incubated with AL2 to achieve the modification (azidation) of 10 

complex I through LDT chemistry.  Detailed proteomic analyses by means of mass 11 

spectrometry in combination with biotinylation of the modified peptides via Cu+-12 

catalyzed click chemistry revealed that the modification by AL2 occurs at Asp160 in the 13 

49-kDa subunit (49-kDa Asp160, 60), which is located in the inner part of the proposed 14 

quinone-access channel (Figures 1a and 4a).  The modification was completely 15 

suppressed in the presence of an excess amount of other quinone-site inhibitors such as 16 

bullatacin, quinazoline, and fenpyroximate.  Our studies demonstrated that the quinone-17 

access channel in intact complex I can be site-specifically modified by the LDT ligand, 18 

thereby providing a positive clue into diverse chemical modifications of the enzyme in 19 

combination with click chemistry. 20 

 21 

Pinpoint chemical modification of 49-kDa Asp160 located inside the quinone-access 22 

channel of complex I 23 

Ring-strained cycloalkynes are known to covalently attach to an azido group via a 24 

reaction called “strain-promoted click chemistry” under physiological conditions, leading 25 

to a triazole product (62, 63).  Therefore, Asp160-N3 may serve as a “handle” for 26 

subsequent diverse chemical modifications by externally added ring-strained 27 

cycloalkynes as a second tag, which would lead to unique biochemical and/or biophysical 28 
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studies of complex I.  We used a cycloalkyne possessing a bulky rhodamine fluorophore 1 

(TAMRA-DIBO, Figure 4b, 60) as the reaction partner of the azido group incorporated 2 

into 49-kDa Asp160 (Asp160-N3) because it is of interest to examine whether the bulky 3 

TAMRA-DIBO can directly react with Asp160-N3 of intact complex I in SMPs.  4 

Notably, TAMRA-DIBO directly reacted with Asp160-N3.  Short-chain ubiquinones 5 

and an excess amount of quinone-site inhibitors did not interfere with the reaction 6 

between TAMRA-DIBO and Asp160–N3. 7 

We also synthesized various LDT ligands using bullatacin as a template, which possess 8 

different first tags to be incorporated into 49-kDa Asp160, and examined reactivities 9 

against externally added second tags (60).  We found that instead of strain-promoted 10 

click chemistry, reverse-electron-demand Diels-Alder cycloaddition (64) of a pair of 11 

cyclopropene (65) incorporated into 49-kDa Asp160 (via LDT chemistry using AL6, 12 

Figure 4b) and externally added BODIPY-tetrazine (Figure 4b) is more efficient for the 13 

pinpoint modification (66).  We also noted that excess quinone-site inhibitors did not 14 

interfere with Diels-Alder cycloaddition between the cyclopropene and tetrazine.  15 

 16 

Physiological relevance of the quinone-access channel model 17 

The findings through the modifications of complex I are difficult to reconcile with the 18 

quinone-access channel model derived from the structural studies (38, 48, 50, 52); the 19 

channel (~30 Å long cavity) is completely shielded from water with only a narrow entry 20 

point (3~5 Å diameter) for quinone/inhibitors (Figure 1).  If there is only one entry point 21 

for quinone/inhibitors, as modeled, bulky TAMRA-DIBO and BODIPY-tetrazine have 22 

to enter through the narrow entry point and transit the channel to react with the 49-kDa 23 

Asp160 modified by AL2 and AL6, respectively (Figure 4).  However, we considered 24 

the possibility of this to be very low because these bulky second tags are much larger than 25 

the minimal diameter of the channel.  Moreover, if excess quinone or quinone-site 26 

inhibitors occupy the channel, these tags may be unable to come into close proximity with 27 

49-kDa Asp160; but this was also not the case (60, 66).   28 
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Thus, our observations are difficult to reconcile with the current quinone-access 1 

channel model (38, 48, 50, 52) unless the channel undergoes large structural 2 

rearrangement to allow bulky ligands into the proximity of 49-kDa Asp160.  The 3 

channel was originally postulated to undergo slight structural rearrangement since the 4 

planar UQ ring is wider than the minimal diameter of the channel (38, 54).  However, 5 

the structural rearrangement required for the modification by TAMRA-DIBO or 6 

BODIPY-tetrazine should be much more marked than the originally proposed one, 7 

because these ligands are much wider than the channel entrance and body.   8 

With the results above and those obtained by photoaffinity labeling experiments, it is 9 

likely that the binding pocket of the quinone/inhibitor is considerably “open” to allow a 10 

wide range of ligands access to the deep inside.  The putative open access path may be 11 

located in the area where the regions labeled by different types of photoreactive inhibitors, 12 

including acetogenin (30, 32), quinazoline (29, 33), fenpyroximate (34), and amilorides 13 

(46), are in contact or close to one other.  We tentatively propose a potential common 14 

entry area of the open path, as marked by the yellow circle in Figure 3b, because all these 15 

photoreactive inhibitors examined were competitive with each other.  This area is not 16 

only closer to the terminal Fe-S cluster N2 than the predicted channel entrance but also 17 

includes or is in close contact with loops connecting TMH5−6 in the ND1 and that 18 

connecting TMH1−2 in the ND3.  Based on the current structural model of complex I, 19 

there is not enough space for quinones and inhibitors in this area  because these loops 20 

shield the quinone-reaction site (or 49-kDa Asp160), although a part of the loops is 21 

disordered to varying degrees.  These flexible loops may be dynamic “lids” that allow a 22 

variety of ligands including quinones to access the reaction site rather than rigid “walls” 23 

that enclose the site.   24 

  25 
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Conclusion 1 

We have characterized the binding pocket of quinones/inhibitors in mitochondrial 2 

respiratory complex I through chemical biology approaches.  Our photoaffinity labeling 3 

studies first revealed that chemically diverse complex I inhibitors bind to the interfacial 4 

region between hydrophilic and hydrophobic domains of the enzyme, which mainly 5 

comprises the 49-kDa, PSST, and ND1 subunits.  Furthermore, we achieved the 6 

pinpoint chemical modification of the 49-kDa Asp160, which is located deep inside the 7 

quinone-access channel, via two-step conjugation reactions.  Interestingly, in contrast to 8 

the channel model proposed by X-ray crystallographic and cryo-EM studies, our studies 9 

strongly suggest that the channel undergoes marked structural rearrangements to allow a 10 

variety of ligands access to the deep inside.  In order to clarify whether the channel 11 

model fully reflects the physiologically relevant state of complex I, structures of the 12 

enzyme under different conditions (e.g., quinone-bound or different inhibitor-bound 13 

states) with higher resolution are needed to solve the current contradictions.   14 
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Figure legends 1 

 2 

Figure 1. The entire structure of respiratory complex I.  (a) The X-ray 3 

crystallographic structure of complex I from T. thermophilus (PDB entry 4HE8, ref. 38).  4 

The subunits are named according to the nomenclature of bovine complex I.  The 5 

binding pocket of quinone/inhibitor in complex I is located at the interfacial region 6 

between the hydrophilic and membrane domains, which is composed of the 49-kDa, 7 

PSST, and ND1 subunits (colored in pink, blue, and orange, respectively).  In the 8 

magnified view, the proposed quinone-access channel and entrance of quinone (Q) are 9 

denoted by a dark column and red arrow, respectively.  The terminal Fe-S cluster N2, 10 

which donate electrons to quinone, is also approximately 30 Å away from the entrance.  11 

The position of 49-kDa Asp160, which is specifically modified by acetogenin ligands 12 

(AL2 and AL6, see in Figure 4), are marked by a dotted red circle.    (b) The cryo-EM 13 

structure of ovine complex I (PDB entry 5LNK, ref. 52).  The accessory subunits are 14 

colored in gray.  The quinone-access channel proposed in ovine complex I was 15 

generated using MOLE (67) and is shown in black.  The nomenclatures for the core 16 

subunits of complex I from various species are presented in Table S1. 17 

  18 
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Figure 2.  Structures of complex I inhibitors and their photoreactive analogues.  1 

(a) Structures of bullatacin (a member of natural acetogenins) and photoreactive 2 

acetogenins ([125I]TDA and [125I]DANA), possessing a photolabile phenyl diazirine in 3 

place of the toxophoric γ-lactone ring and a small diazirine in the vicinity of the 4 

toxopholic bis-THF ring moiety, respectively.  (b) Structures of aminoquinazoline (AQ) 5 

and photoreactive quinazoline ([125I]AzQ), possessing a photolabile azido group on the 6 

toxophoric quinazoline ring.  (c) Structures of fenpyroximate and photoreactive 7 

fenpyroximates ([125I]APF and [125I]AIF), possessing a photoreactive azido group at and 8 

far from the toxophoric pyrazole ring moiety, respectively.  (d) Structures of 9 

photoreactive amilorides, possessing a photolabile azido group in the toxophoric 10 

pyrazinoyl ring ([125I]PRA4 and [125I]PRA6) or in the side chain moiety ([125I]PRA3 and 11 

[125I]PRA5), respectively.  [125I]PRA3 and [125I]PRA4 are prototypical guanidine-type 12 

amilorides such as commercially available EIPA, MIA, and benzamil, while [125I]PRA5 13 

and [125I]PRA6 are amide-type amilorides that elicit more potent inhibitory activities with 14 

bovine complex I. 15 

  16 
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Figure 3. An overview of the binding site of various quinone-site inhibitors in 1 

mitochondrial complex I.  The 49-kDa, PSST, ND1, and 39-kDa subunits in ovine 2 

complex I (PDB entry 5LNK, ref. 52) are colored in pink, blue, orange, and green, 3 

respectively.  The quinone/inhibitor-access channel predicted in the current models is 4 

shown in black.  (a) The regions labeled by photoreactive acetogenins, quinazoline, and 5 

fenpyroximates.  The labeled regions are shown in spheres: The region spanning 6 

TMH4-5 (Val144-Glu192) and the loop connecting TMH5-6 (Thr201-Ala217) of the 7 

ND1 subunit (labeled by [125I]TDA and [125I]DANA, presented in yellow and orange, 8 

respectively); The N-terminal region (Val44-Arg63) of the 49-kDa subunit and the loop 9 

connecting TMH5-6 of the ND1 subunit (labeled by [125I]AzQ presented in light pink and 10 

orange, respectively); Ser43−Arg66 of the PSST subunit (labeled by [125I]APF, presented 11 

in blue) and Asp160−Arg174 of the 49-kDa subunit (labeled by [125I]AIF, presented in 12 

deep pink).  The regions labeled by each inhibitors are also shown in Figure S1.  (b) 13 

The regions labeled by photoreactive amilorides.  The labeled regions are shown in 14 

spheres: The N-terminal region (Val-44–Glu-67) of the 49-kDa subunit (labeled by 15 

[125I]PRA4, [125I]PRA5, and [125I]PRA6, presented in pink); Leu33–Tyr67 of the PSST 16 

subunit (labeled by [125I]PRA5, presented in blue); the loop connecting TMH5-6 17 

(Thr201–Ala217) of the ND1 subunit (labeled by[125I]PRA6, presented in orange); and 18 

Thr227–Pro252 and Pro277–Lys283 of the 39-kDa subunit (labeled by [125I]PRA3, 19 

presented in green).  The yellow circle marks the putative entry area to the open binding 20 

pocket for the quinone/inhibitor.  In ovine complex I (ref. 52), Asp41–Leu43 and 21 

Phe253–Glu276 in the 49- and 39-kDa subunits, respectively, were not modeled.  22 
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Figure 4. Schematic diagram of the pinpoint modification of the 49-kDa Asp160 1 

located inside the quinone-access channel of bovine mitochondrial complex I. 2 

(a) The position of 49-kDa Asp160 (marked by a dotted red circle) in the proposed 3 

quinone-access channel in ovine complex I (PDB entry 5LNK).  The 49-kDa subunit is 4 

colored in pink. (b) The 49-kDa Asp160 can be modified by externally added bulky tags 5 

such as TAMRA-DIBO and BODIPY-tetrazine through the two-step conjugation 6 

procedures (refs. 60 and 66). 7 

  8 
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