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Mitochondria are principal mediators of apoptosis and thus can be considered molecular

targets for new chemotherapeutic agents in the treatment of cancer. Inhibitors of mito-

chondrial complex I of the electron transport chain have been shown to induce apoptosis

and exhibit antitumor activity. In an effort to find novel complex I inhibitors which

exhibited anticancer activity in the NCI’s tumor cell line screen, we examined organized

tumor cytotoxicity screening data available as SOM (self-organized maps) (http://

www.spheroid.ncifcrf.gov) at the developmental therapeutics program (DTP) of the

National Cancer Institute (NCI). Our analysis focused on an SOM cluster comprised of

compounds which included a number of known mitochondrial complex I (NADH:CoQ

oxidoreductase) inhibitors. From these clusters 10 compounds whose mechanism of

action was unknown were tested for inhibition of complex I activity in bovine heart

sub-mitochondrial particles (SMP) resulting in the discovery that 5 of the 10 compounds

demonstrated significant inhibition with IC50’s in the nM range for three of the five.

Examination of screening profiles of the five inhibitors toward the NCI’s tumor cell lines

revealed that they were cytotoxic to the leukemia subpanel (particularly K562 cells).

Oxygen consumption experiments with permeabilized K562 cells revealed that the five

most active compounds inhibited complex I activity in these cells in the same rank order

and similar potency as determined with bovine heart SMP. Our findings thus fortify the

appeal of mitochondrial complex I as a possible anticancer molecular target and provide a

data mining strategy for selecting candidate inhibitors for further testing.
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1. Introduction

Mitochondria are central to apoptosis induction and the

modulation of mitochondria with the intent to promote

apoptosis has been projected as a target for mechanism-

based cancer therapeutics [1,2]. Pro-apoptotic signals trans-

duced to mitochondria from chemotherapeutic agents and/or

cell surface receptors allow permeabilization of the mito-

chondrial outer membrane (MOM) and the release of inter-

membrane space proteins (IMS) (such as cytochrome c) into

the cytosol, events which initiate, enable or amplify the

cascade of caspase proteases to propagate apoptosis [3,4].

Cytochrome c has historically been recognized for its

participation in the ‘‘shuttle’’ of electrons from complex III

to complex IV within the mitochondrial electron transport

system (ETS). However, the egress of cytochrome c to the

cytosol, its participation in formation of the apoptosome and

initiation of caspases may effect a decline in the efficiency of

mitochondrial electron transport. For example, a major

subunit of complex I (NADH: Coenzyme Q oxidoreductase

[EC 1.6.5.3]) [5] is specifically targeted for degradation by

caspases [6]. In normal functioning cells, the production of

reactive oxygen species (ROS) may result from the escape

of single electrons from the ETS, primarily at the level of

Coenzyme Q, and their combination with molecular oxygen, a

process successfully attenuated by anti-oxidant mechanisms

within the cell. During the apoptotic process, however,

damage to ETS complexes may generate elevated levels of

reactive oxygen species [7], augmenting concurrent caspase

action [8], while subjecting the ETS to further insults and

increases of ROS [9–11]. During this process mitochondrial

DNA may be damaged by ROS and this may generate

additional bioenergetic alterations [12]. These changes in

mitochondrial homeostasis are especially critical in cancer

cells, since these metabolically active cells are already under

oxidative stress due to intrinsic production of ROS [13], and

thus are more vulnerable to added stress by exogenous ROS-

generating agents. Increases in ROS and the induction of

apoptosis are also invoked by inhibitors of complex I enzyme

activity, such as rotenone [14,15], MPP+ [16], or the Annonac-

eous acetogenins, annonacin [17], squamocin [18], and

bullatacin [19]. Tamoxifen also induces increases in ROS [20]

and mitochondrial failure upon interaction with complex I

[21].

Complex I is the largest (�1000 kDa) and most complicated

(41–46 subunits) of the electron transport components within

the mitochondrial inner membrane [5,22]. Although no high-

resolution 3D structure has been determined, low-resolution

images have revealed that the complex I is boot (or L) shaped,

and divided into the hydrophilic ‘‘promontory’’ or ‘‘periph-

eral’’ part which projects into the matrix, a connecting region,

a hydrophobic membrane part and accessory subunits [5,23].

Complex I initiates mitochondrial electron transport by

catalyzing the oxidation of water-soluble NADH and transfer

of electrons via a flavin mononucleotide cofactor and several

iron–sulfur clusters to reduce the lipid-soluble ubiquinone

(Coenzyme Q or ‘‘Q’’). This process is concomitantly coupled to

translocation of protons to the intermembrane space, con-

tributing to the formation of the electrochemical proton

gradient required for and resulting in synthesis of ATP [24].
The size and complexity of complex I offer multiple sites for

interaction with inhibitors of enzyme action which could

effect apoptosis. Sixty different families of compounds are

known to inhibit complex I, some naturally occurring but

many of commercial or synthetic origin, supporting the claim

that it is difficult to precisely classify inhibition of this enzyme

solely in terms of chemical structure [25,26]. Compounds of

natural origin include the rotenoids (rotenone the most

potent), piericidins, Annonaceous acetogenins, myxobacterial

antibiotics (myxothiazol and stigmatellin), vanilloids (capsai-

cin), ubiquinones (idebenone), and tamoxifen [21]. Synthetic

compounds include fenpyroximate, pyridaben, pethidine, and

MPP+ (1-methyl-4-phenylpyridinium ion) [26]. Evidence sug-

gests that complex I possesses a unique wide (cavity-like) [27]

inhibitor binding domain, with binding sites overlapping (at

least) two ubiquinone reaction centers. A functional classifi-

cation groups the inhibitors according to their kinetic behavior

as either Type A/I (quinone antagonists-Annonaceous acet-

ogenins, peiricidin A, Idebenone), Type B/II (semiquinone

antagonists-rotenone), or Type C (quinol antagonists-stigma-

tellin,capsaicin, myxothiazol) [28–30].

Recently, the Developmental Therapeutics Program (DTP)

of the National Cancer Institute (NCI) used a unique set of

computational tools to analyze and sort the complete set of

NCI’s publicly available antitumor drug-screening data,

incorporating structural chemotypes as well as biological data

into self-organized maps (SOM’s). Data mining of the SOM

reorganized data revealed clusters (as loci) of compounds

which exhibit similar toxicity profiles toward the NCI’s panel

of �80 cell lines. For some compounds within clusters sharing

similar cytotoxic profiles, experimental investigation has

validated that they manifest a common mechanism of action

toward a particular molecular target [31]. Cases where

compounds exhibit similar cytotoxic profiles, but lack experi-

mental verification, represent potential opportunities for

novel drug discoveries. Towards this end, we have identified

SOM clusters which contained acknowledged complex I

inhibitors, such as acetogenins, and proposed for investiga-

tion here studies to determine whether previously untested

compounds within these clusters also inhibit mitochondrial

complex I. Using this procedure, we have selected 10

compounds sharing cytotoxic profiles with acetogenins and

examined their capacity to inhibit mitochondrial complex I

activity. We have herein used bovine heart sub-mitochondrial

particles (SMP) as the enzyme source for testing inhibition of

NADH: CoQ oxidoreductase. Our data reveal that five of the 10

chosen compounds exhibited significant inhibition of complex

I activity, a statistic which strikingly attests to the utility of the

SOM clustering for predicting a compound’s biological

response and thereby dramatically improving the efficiency

of discovery of compounds sharing a particular mode of

action.
2. Materials and methods

2.1. Reagents

Beef hearts were obtained from J.W. Trueth&Co., Baltimore,

MD. Potassium cyanide was obtained from Mallinkrodt Baker
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Inc. Magnesium chloride solution from Quality Biological Inc.,

Gaithersburg, MD, and Coenzyme Q1, Antimycin A, rotenone

and all other chemicals were purchased from Sigma–Aldrich,

St. Louis, MO.

2.2. Methods

2.2.1. SOM analysis of NCI’s tumor cell screen
The NCI’s tumor cell screen has functioned for over a decade

to select potentially active compounds based on underlying

mechanisms of growth inhibition (GI50) and cell killing [32–36].

This database consists of GI50 profiles for �42 thousand

compounds measured against �80 immortalized tumor cell

lines. Data of this and other types have been the focus of

considerable statistical mining efforts [37–40] aimed largely at

the identification of novel compounds, as potential candidates

for development as anticancer agents. GI50 patterns across the

NCI60 (60 of the 80 cell lines) have been previously found to be

an information rich source for establishing a compound’s

mechanism of action (MOA) [37].

Recently our group extended the pioneering work of Paull

et al. [37] by the development of a suite of data mining

tools((http://www.spheroid.ncifcrf.gov) for addressing a range

of bioinformatic and chemoinformatic issues [31,41,42]. Self-

organizing maps (SOMs) [43] were used to cluster the NCI’s

tumor screening data into major response categories [31]

involving agents active in the cellular processes of mitosis,

nucleic acid metabolism, and membrane function. The results

generated by our SOM analysis provide a basis for assessing

compounds in terms of apparent dependencies associated

with a specific structural class and associated GI50 profiles and

an experimentally verifiable MOA. In principle, the current

(http://www.spheroid.ncifcrf.gov) web tools allow user-driven

queries into each SOM cluster for visualization of cytotoxicity

profiles and chemical (2D) structures. Utilizing these tools, the

analysis proposed herein focused on the GI50 responses

observed for the class of acetogenins and additional com-

pounds that also shared this cytotoxic profile. The projected

design constitutes a practical test of whether compounds

sharing a similar response in a cell-based screen might also be

revealed to share a similar biological MOA. Ten compounds

were identified in this scheme, and proposed for testing as

inhibitors of mitochondrial complex I.

2.2.2. Preparation of beef heart mitochondria (BHM)
Preparation of beef heart mitochondria is essentially that of

Smith [44,45]. Beef heart is obtained from a slaughterhouse

within 1–2 h of slaughter and all procedures are carried out at

2–4 8C. Briefly, the heart muscle (left ventricle) is trimmed and

300 g is diced and passed through a precooled meat grinder

(holes 0.5 mm). The resulting mince is suspended in 400 ml

0.25 M sucrose, 0.01 M Tris–Cl, pH 7.8, and the pH adjusted to

�pH 7.8 by addition of 1 M Tris (pH 10.8). The initial buffer is

removed by squeezing the suspension through cheesecloth,

and 200 g of the ground, neutralized heart tissue is resus-

pended in 400 ml of 0.25 M sucrose, 1 mM Tris–succinate,

0.2 mM EDTA, 0.01 M Tris–Cl, pH 7.8 (Smith Sucrose solution).

The suspension is placed in a pre-cooled Waring blender and

homogenized in three bursts of 5, 20, and 5 s. The homogenate

is readjusted to �pH 7.8, and is centrifuged for 20 min at
1200 � g (Sorvall RC5B, SS34 rotor) to pellet the unruptured

tissue and nuclei. The supernatant is decanted, filtered

through cheesecloth, then centrifuged for 15 min at

26,000 � g (Sorvall RC5B, SS34 rotor). The resulting mitochon-

drial pellet is resuspended in 50 ml Smith Sucrose solution

and homogenized with two passes (600 rpm, Talboys Model

102 motorized stirrer, Talboys Engineering Corp., Thorofare,

NJ) of a Teflon-glass Potter-Elvejhem homogenizer (clearance

0.006 in). Total volume is brought to �140 ml and the

suspension is centrifuged for 30 min at 12,000 � g (Sorvall).

The mitochondrial pellet is resuspended in a small volume

(less than 10 ml) Smith Sucrose buffer and the protein

determined (BCA Protein Assay, Pierce). The beef heart

mitochondria (BHM) are stored at a concentration >10 mg/

ml at �80 8C.

2.2.3. Preparation of sub-mitochondrial particles (SMP)
The SMP preparation protocol is adapted from methods

described by Thierbach [46] and Pallotti [45]. Briefly, the beef

heart mitochondrial preparation (BHM) is thawed and sus-

pended to 10 mg/ml protein, sonicated on ice 10 times, with

30 s cooling intervals, for 15 s each (continuous, maximum

output with a microprobe; Model W-225R, Ultrasonics Inc.,

Plainview, NY). The sonicated suspension is centrifuged at

12,000 � g for 10 min (Sorvall RC5B, SS34 rotor), the pellet

discarded, and the supernatant collected and centrifuged at

>100,000 � g for 45 min (Beckman Optima XL 70, 70ti rotor).

The SMP pellet is resuspended in Smith Sucrose buffer, the

protein determined (BCA Protein Assay, Pierce),then aliquoted

at >10 mg/ml and stored at �80 8C.

2.2.4. Assay for complex I NADH:ubiquinone oxidoreductase
activity in beef heart sub-mitochondrial particles
Mitochondrial complex I activity in beef heart SMP was

determined by monitoring the rate of absorbance decrease at

340 nm due to NADH (e = 6.81 mM�1 cm�1) [47] oxidation by

Coenzyme Q1 [48], with 425 nm as the reference wavelength.

The rate of absorbance decrease at 620 nm representing 2,6,-

dichlorophenolindophenol (DCIP, e = 19.1 mM�1 cm�1) reduc-

tion by Coenzyme Q1H2 served as an additional measurement

of activity [49–51]. The assay is performed basically as

described by Birch-Machin [50] in a 1 cm temperature-

controlled cuvette (30 8C), stirring, in a final volume of

2.05 ml using the Hewlett-Packard Model 8453 Diode-array

Spectrophotometer in Kinetics mode.

Assay buffer contains 0.025 M KPO4, pH 7.2, 5 mM MgCl2,

2.5 mg/ml bovine serum albumin (BSA, fatty acid free), 50 mM

Coenzyme Q1, 70 mM 2,6-dichlorophenolindophenol (DCIP),

Antimycin A (2 mg/ml), 2 mM potassium cyanide (KCN).

Rotenone (2 mg/ml) is added to the Assay Buffer for the

rotenone control. Two millilitres of assay buffer, 10 ml DMSO

(dimethyl sulphoxide-DMSO control) or 10 ml of inhibitor in

DMSO, and mitochondria (30–50 mg of SMP protein, activated

by freeze-thawing two times) is added to the cuvette and

incubated for 2 min. The addition of 0.13 mM NADH initiates

the complex I reaction, and absorbance readings continue for

three minutes. Since the assay is performed with saturating

concentrations of NADH, CoQ1, and DCIP, the enzyme velocity

is constant and product formation linear with time. Specific

activity is reported as mmol/(min mg) SMP based on the rates
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Fig. 1 – The electron transport mechanism in the bovine

sub-mitochondrial particles (SMP) complex I assay (as in

Jewess et al. [49]). In a buffer enriched with excess NADH,

Coenzyme Q1 and DCIP, SMP containing bovine complex I

enzyme oxidize NADH to NAD+ and reduce Coenzyme Q1

to Coenzyme Q1H2, resulting in a decline of NADH

absorbance at 340 nm. Coenzyme Q1H2 reduces DCIP,

resulting in a decrease in absorbance at 620 nm. The
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(Au/s) of either NADH oxidation or DCIP reduction obtained

with the Kinetics Program of the Hewlett-Packard Spectro-

photometer. Total activity of the DMSO control minus the

activity in the presence of rotenone constitutes 100%

rotenone-sensitive NADH:ubiquinone oxidoreductase activ-

ity. Dose–response curves of the five best complex I inhibitors

were obtained using dilutions at final concentrations of 20 mM

to 1 nM in the complex I assay described above and IC50’s were

determined by non-linear regression analysis (GraphPad

Prizm).

2.2.5. Polarographic assay (oxygen electrode)
Digitonin is added to 2 ml (20 � 106 cells in ‘‘Attardi’’ Buffer A

[52]—10 mM MgCl2, 250 mM sucrose, 20 mM HEPES, pH 7.1) at

.005% (1 ml of 10% solution to two ml). The mixture is gently

mixed for �15 s, then cells are suspended to 10 ml with Buffer

A (without digitonin [53]), then centrifuged 800 � g, 5 min (T40

rotor, Jouan centrifuge). Cell pellets are resuspended in 2 ml

Buffer A (aerated and pre-equilibrated to 37 8C), and 1 ml of the

suspension is added to each of two Hansatech Oxygraph

(Hansatech Instruments Ltd.) oxygen electrode water-jacketed

chambers connected to a circulating water bath at 37 8C with

integral constant magnetic stirring. The chamber top is

inserted and all additions are made with Hamilton syringes

through the slotted top. ADP is added at 0.5 mM, along with

2 mM KPi, pH 7.1. The NADH substrates for complex I, 5 mM

malate (pH 7.1) and 10 mM glutamate are added and oxygen

consumption is recorded. Drugs are added (1 ml of 1 mM stock

in DMSO) and immediate interference with oxygen consump-

tion occurs with inhibition of complex I. Succinate addition

(5 mM) results in the resumption of oxygen consumption

which indicates that complex III is still active. Addition of

Antimycin A inhibits complex III activity and oxygen con-

sumption (and oxidative phosphorylation) is stopped. The

change in rate of oxygen consumption is recorded with a

custom Windows1 data acquisition and instrument control

program provided by Hansatech, and rates of oxygen

consumption after the addition of each reagent are computed

using this software.

2.2.6. Preparation of inhibitor solutions
Each candidate inhibitor (1–2 mg) was weighed using a Cahn

microbalance and DMSO was added to yield a 20 mM

solution. Immediately prior to the initial testing of all 10

compounds, the 20 mM concentrates were diluted into a

series of stock solutions so that a 10 ml aliquot would be

diluted to 0.5, 1.0 or 5 mM final concentration in the 2.0 ml

assay buffer. Those compounds which exhibited significant

inhibitory activity at 0.5 mM final concentration were re-

tested over a range of at least eight inhibitor concentrations

(final concentrations ranging from 5 mM to 1 nM) in order to

determine their IC50’s For all of these compounds the stock

solution in 100% DMSO was diluted 1:200 when added to the

assay buffer.
decrease in absorbance at 340 nm, and also at 620 nm

continues until all exogenously added NADH is oxidized.

Antimycin A (an inhibitor of complex III) prevents

Coenzyme Q1H2 from passing reducing components to

complex III, and KCN (an inhibitor of complex IV) prevents

cytochrome oxidase activity of complex IV.
3. Results

Complex I in bovine SMP’s was measured using a coupled

assay involving NADH, hydrophilic Coenzyme Q1 as the
electron acceptor for NADH oxidation, and DCIP [26,49]. In

the assay, electrons were passed from NADH to CoQ1,

generating CoQ1H2 which then proceeded to reduce DCIP,

changing its color from the blue (oxidized) form to the

colorless (reduced) form (Fig. 1) The Coenzyme Q1 was

chosen as the initial exogenous electron acceptor for NADH

because it is rotenone sensitive in aqueous buffer solutions,

yields one of the lowest rotenone insensitive rates of the less

hydrophobic coenzyme Q analogs, and generates a high

enzymatic rate [12,49,54]. DCIP was added to accelerate the

rates and increase specificity for NADH dehydrogenase

[55–57] and would also facilitate the development of a plate

assay for use in a high-throughput screen, should that prove

advantageous [49]. CoQ1H2 was prevented from passing its

electrons to complex III of the electron transport chain by

the addition of antimycin A, an inhibitor of complex III.

Complex IV was also inhibited by the inclusion of KCN in the

reaction buffer.

The reaction occurred under zero-order steady state

conditions with respect to coenzyme Q1 with rates initially

recorded as DAU (absorbance units)/s). Complex I (NADH:

CoQ oxidoreductase) activity was initiated by the addition of

NADH and enzyme rates monitored simultaneously follow-

ing NADH oxidation at 340 nm and DCIP reduction at

620 nm, with a slight delay between the start of NADH

oxidation and that of DCIP reduction. Rates are expressed as

specific activities (mmol/(min mg) SMP protein) for NADH

oxidation and DCIP reduction both in the presence or

absence of rotenone or inhibitor. The maximal control rate

for complex I activity in the absence of rotenone varied

between 1.03 and 1.203 mmolNADH/(min mg) SMP and

agrees well with published rates for NADH oxidation with

CoQ1 (0.965 mmol/min/mg SMP [48]). The slightly higher rate



Fig. 2 – The % control complex I activity as monitored by NADH oxidation (white columns) and DCIP reduction (grey columns)

for each of the 10 compounds tested at concentrations of 0.5, 1.0 and 5.0 mM. Each compound was incubated with the SMP

for at least 2 min before the addition of NADH. The specific activity of the complex I enzyme in the presence of the three

concentrations of compounds was compared to total rotenone sensitive activity (DMSO control-rotenone control).
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we recorded may be an acceleration in NADH oxidase due to

the inclusion of DCIP as the final electron acceptor. In the

presence of rotenone, the rate of complex I activity

decreased to �0.167 mmolesNADH/min/mg. A small amount

of apparent enzyme activity was expected even with

rotenone due to background NADH oxidation (e.g. by

cytochrome b5 reductase), and was termed the ‘‘rotenone-

insensitive’’ activity. The activity obtained from the DMSO

control when no inhibitor was present minus the ‘‘rote-

none-insensitive’’ activity is termed the 100% ‘‘rotenone-

sensitive’’ activity. The specific activities at three inhibitor

concentrations (0.5,1 and 5 mM) was divided by the ‘‘rote-
Table 1 – Effect on the rate of oxygen consumption (nmol/(ml
compounds tested for complex I inhibition

This table reports oxygen electrode data based upon the specific activity (n

NADH producing substrates (malate, glutamate) are added to the chamb

when the complex I inhibitors (and non-inhibitors) are added. The five in

have no effect. Succinate, when added, enters the ETC via complex II, an

Antimycin A eliminates oxygen consumption as it is a powerful inhibit

inhibiting complex I exclusively. If they were inhibitors of complex I

resumption of oxygen consumption through the electron transport syste
none-sensitive’’ specific activity and presented as ‘‘%

Control’’ in Fig. 2. Some of the agents tested inhibited all

enzyme activity, and this complete inhibition is shown by

deflection below the 0% line. Five (Fig. 3) of the 10

compounds tested demonstrated significant inhibition of

complex I activity and were chosen for further dose-

response analysis. Four of these five most potent com-

pounds inhibited the control more than 70% at the lowest

concentration of inhibitor. Subsequent dose-response ana-

lysis was determined for NADH oxidation (data not shown)

and DCIP reduction (Fig. 4) with the IC50’s for the five

inhibitors determined for both dose-response curves. For
min)) (% of maximal rate) in K562 leukemic cells of

mol/(ml min)) of the rates of oxygen consumption determined when

er of digitonin-permeabilized K562 cells, and the effect on the slopes

hibitors severely limit oxygen consumption, and the non-inhibitors

d thus maximal rates of oxygen consumption resume. As expected,

or of complex III. This data shows that the complex I inhibitors are

I or III, the addition of succinate would not have stimulated the

m.



Fig. 3 – Structures of the five most potent inhibitors. NSC

619196, N4-(12-((5-amino-6-chloro-4-

pyrimidinyl)amino)dodecyl)-6-chloro-4,5-

pyrimidinediamine; NSC 619195, N4-(12-((2-amino-6-

chloro-4-pyrimidinyl)amino)dodecyl)-6-chloro-2,4-

pyrimidinediamine; NSC 629621, N4-(10-((2-amino-6-

chloro-4-pyrimidinyl)amino)decyl)-6-chloro-2,4-

pyrimidinediamine; NSC 668602, 1-(12-(3-formyl-1H-

indol-1-yl)dodecyl)-1H-indole-3-carbaldehyde; NSC

618296, 2-((9-((7-oxo-1,3,5-cycloheptatrien-1-

yl)amino)nonyl)amino)-2,4,6-cycloheptatrien-1-one.

b i o c h e m i c a l p h a r m a c o l o g y 7 3 ( 2 0 0 7 ) 3 3 1 – 3 4 0336
increased clarity the graph shows only the DCIP set of dose–

response curves, but the IC50 for each inhibitor reported on

the graph represents the average of computations for both

NADH oxidation and DCIP reduction.

The cytotoxicity profiles toward the NCI 60-cell line

cancer screen revealed that the five inhibitors were

particularly cytotoxic to leukemia cells, especially the

K562 cell line. We decided to determine if the 10 original

compounds would show a pattern of inhibition similar to

that with bovine heart SMP’s once complex I inhibition was

measured by effects on oxygen consumption in K562 cells.

Complex I inhibitors should decrease oxygen consumption

and oxidative phosphorylation through the mitochondrial

electron transport system when NADH generating sub-

strates, such as malate or glutamate, are added to the

cellular milieu after the plasma membrane is disrupted by

digitonin permeabilization. The digitonin-permeabilized K-

562 cells consumed oxygen at the rate (avg) of �22 nmol/

(ml min) for 1 � 107 K562 cells upon addition of malate,

glutamate. When rotenone, as control, and the 10 com-

pounds were added (in individual experiments at a con-

centration of 1 mM), oxygen consumption became severely

limited only by rotenone and the five compounds we had

determined to be complex I inhibitors, e.g. NSC 619196

(see Table 1). The other five non-inhibitors (e.g. NSC 622637)

had no effect on oxygen consumption. Succinate addition

produces FADH from the TCA cycle which enters

the electron transport system at complex II; when added

to the cells, oxygen consumption in all cases resumed

(avg �32 nmol/ml min�1), demonstrating that neither

complex II nor complex III (nor any latter portion of the

ETS) was inhibited. Although it has often been shown that

complex I inhibitors may also inhibit complex III ([58]),

these results indicate that the inhibitors we discovered are

exclusively inhibiting complex I of the ETS. Dose-response

curves for the five inhibitors also confirmed that NSC 619196

was the most potent, and that the other four were in similar

rank order as that determined with bovine heart SMP’s

(Fig. 5).

Under normal circumstances in the cell, the main source

of reactive oxygen species is the mitochondrial electron

transport system when single electrons pass to oxygen from

reduced substrates entering the chain at complex I and III

[59]. Mitochondrial complex I inhibitors can stimulate

increased production of reactive oxygen species [15], which

may signal mitochondrial permeability transition and/or

apoptosis. Preliminary experiments with NSC 619196,

using rotenone and the acetogenin Bullatacin as controls,

indicated that reactive oxygen species (H2O2) increased

in the presence of all three compounds (data not

shown).

Regarding structure, the five tested compounds that

showed the most significant inhibition of complex I, NSC

619196, NSC 619195, NSC 629621, NSC 668602 and NSC

618296 are barbell-shaped, possessing aromatic cyclic and

heterocyclic end groups separated by 9, 10 or 12 saturated

carbon spacers or ‘‘handles’’ (Fig. 3). Three of the most

potent inhibitors displayed pyrimidinediamine headgroups

(NSC’s 619196, 619195 and 629621). NSC 619195 and NSC

629621, which possess spacer chain lengths of 12C (dodecyl)
and 10C (decyl), respectively, have identical headgroups,

very similar IC50’s (629621 = 0.10 mM and 619195 = 0.16 mM),

and a Tanimoto index of 0.99 [60,61]. The most potent

compound, NSC 619196 (IC50 of �50 nM), also has a 12C

spacer and head groups which differ from NSC 619195 and

629621 only in the relative placement of Cl- and NH2, an

alteration in substitutions which lowers the Tanimoto

index between NSC 619195 and NSC 619196 to 0.87.

Furthermore, although the forth most potent compound,

NSC 668602 (IC50 0.28 mM) possesses a 12C spacer, its head



Fig. 4 – Dose–response curves for the five strongest inhibitors discovered by the survey in Fig. 1. Inhibitor concentrations for

NSC 619196, 629621, 619195 and 668602, and 618296 ranged from an initial concentration of 20 mM to 1 nM final

concentration in the complex I assay. Inhibitors were incubated with the SMP for at least 2 min prior to addition of NADH to

initiate the assay, then NADH oxidation and DCIP reduction was monitored for several minutes and slopes at each

concentration of inhibitor were used to calculate specific activities. The IC50’s obtained by the dose–response curves for

each compound were obtained by non-linear regression analysis, one-site competition, using GraphPad Prizm. The specific

activity of complex I enzyme in the presence of the serial dilutions of the compounds was divided by maximal (total)

rotenone sensitive specific activity (DMSO control DCIP activity-rotenone control DCIP activity) to obtain calculations for %

control (n = 3).
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group, an indole-3-carboxaldehyde [62,63] markedly

differs from the pyrimidinediamines. A fifth compound,

NSC 618296, whose IC50 is 1.52 mM differs from all the others

in possessing a cycloheptatrienone head group with a 9

carbon spacer.
Fig. 5 – Dose–response curves for complex I inhibition of

K562 Cells by the five strongest inhibitors confirmed by

Table 1. Dose–response curves are based upon the change

in rate of oxygen consumption when increasing

concentrations (range = 1 nM to 1 mM) of inhibitors of

complex I are added, after 1 � 107 cells have been

permeabilized with digitonin and energized with complex

I substrates. The IC50’s obtained by the dose–response

curves for each compound were obtained by non-linear

regression analysis, one-site competition, using GraphPad

Prizm. n = 2–4 separate experiments for each

concentration.
4. Discussion

The DTP self-organized maps (SOM’s) were constructed not

only to organize large collections of drug cytotoxicity patterns

observed toward the panel of �80-cancer cell lines, but to

simplify the process of finding new chemotherapeutic agents

whose mechanism of action is unknown and co-located in loci

which contain compounds with known molecular mechan-

ism. Within a cluster may be found structural analogs and/or

diverse structures which nevertheless demonstrate similar

cytotoxic patterns, inferring that even structurally dissimilar

compounds may be directed toward the same molecular

target. Considering that known complex I inhibitors encom-

pass a large variety of chemical families [26], compounds of

markedly variant structure but unknown mechanism which

sort to loci of known inhibitors of complex I may also share the

ability to inhibit mitochondrial complex I activity.

In this report we examined a group of 10 structurally varied

compounds whose mechanism of action is unknown but can

be found in the same SOM map loci as known complex I

inhibitors. Of the 10 tested, we describe the discovery of five

new complex I inhibitors by utilizing an assay with bovine sub-

mitochondrial particles (SMPs), and confirmed their activity in

cancer cells by measuring interruption of oxygen consump-

tion in the K562 leukemic cell line. All five compounds display

certain structural similarities, i.e. they are all ‘‘barbell’’ shaped

with cyclic or heterocyclic ring moieties separated by a

saturated carbon (alkyl) spacer. These new compounds share

attributes of many known inhibitors of complex I which mimic

coenzyme Q (‘‘Q’’), usually with a cyclic ‘‘head’’ corresponding

to the ubiquinone ring and a hydrophobic ‘‘tail’’ [26].

Compounds with similarity to ‘‘Q’’ have been shown to be
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Type I/A (quinone antagonists) inhibitors according to the

classification cited by Okun, and include the annonaceous

acetogenins and the aminopyrimidines [30]. Three of the more

effective new inhibitors have pyrimidinediamine cyclic head

groups (NSC’s 619195, 619196, and 629621) which bear some

structural similarity to the aminopyrimidines such as the AE

F117233 4(cis-4-tert-butylcyclohexylamino)5-chloro-6-ethyl-

pyrimidine), a robust Type I/A complex I inhibitor [30]. The

most potent among the new inhibitors identified in this study

(NSC 619196) was included within the same SOM cluster

(k20.15) as the acetogenins bullatacin, NSC 615484, asimicin,

NSC 609700, and annonacin, NSC 606194, lipophilic com-

pounds which contain one or more tetrahydrofuran (THF)

rings, two alkyl chains, and a g-lactone ring [64–66]. It is

notable that each of the barbell shaped compounds we

identified as inhibitors has an alkyl spacer between the ring

moieties which possibly contributes to potency: three have

12C, one has 10C, and the least potent has 9C. The g-lactone

ring of certain acetogenins has been described as interacting

directly with the complex I binding site [67] and experiments

with synthesized acetogenins indicated that the g-lactone and

the THF rings act in a cooperative manner on the enzyme, but

both functional units work efficiently only if separated by an

alkyl spacer of �10–13 carbons [68,69]. It would appear that as

acetogenins partition into lipid membranes, the alkyl spacer

apparently is necessary to place the two ring moieties in

optimal spatial position for enzyme inhibition. A similar

function would be presumed for the alkyl spacer in the more

potent of the new compounds we have identified.

Recently it has been shown that the g-lactone ring of

acetogenins may be substituted with a ubiquinone ring and

still retain complex I inhibitory activity [70], indicating that

there is broad specificity or loose recognition of inhibitor ring

moieties, possibly attributed to the ‘‘cavity-like structure’’ of

the enzyme’s ubiquinone binding domains [69,71]. In addition,

evidence for at least two, perhaps three Q binding sites has

been advanced, making it possible for inhibitors from

structurally diverse chemical classes to interact specifically

with different Q binding sites [71–73]. The compounds we have

identified are likely to be categorized as Type I/A inhibitors in

the classification by Okun [30], bearing resemblance at least in

part to the acetogenins and aminopyrimidines.

Novel complex I inhibitors have now been identified in loci

known to contain other compounds acknowledged to be

potent complex I inhibitors. In addition to identifying these

new inhibitors which may serve to promote apoptosis,

especially in chronic myeloid leukemic K562 cells which have

demonstrated resistance to apoptosis [74,75], the present

study has validated the hypothesis (in vitro recapitulates in

silico) that the computational procedures used to reorganize

the NCI drug-screening data can in fact identify clusters of

compounds with similar cellular reactivity, thus significantly

narrowing the search for novel agents which share common

mechanisms of action.
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