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Abstract

Mammalian complex I (NADH:ubiquinone oxidoreductase) exists as a mixture of interconvertible active (A) and de-activated (D) forms.

The A-form is capable of NADH:quinone-reductase catalysis, but not the D-form. Complex I from the bacterium Paracoccus denitrificans,

by contrast, exists only in the A-form. This bacterial complex contains 32 fewer subunits than the mammalian complex. The question arises

therefore if the structural complexity of complex I from higher organisms correlates with its ability to undergo the A/D transition. In the

present study, it was found that complex I from the bacterium Escherichia coli and from non-vertebrate organisms (earthworm, lobster, and

cricket) did not show the A/D transitions. Vertebrate organisms (carp, frog, chicken), however, underwent similar A/D transitions to those of

the well-characterized bovine complex I. Further studies showed that complex I from the lower eukaryotes, Neurospora crassa and Yarrowia

lipolytica, exhibited very distinct A/D transitions with much lower activation barriers compared to the bovine enzyme. The A/D transitions of

complex I as they relate to structure and regulation of enzymatic activity are discussed.

Published by Elsevier B.V.
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1. Introduction

Complex I (NADH:ubiquinone reductase, NDH-1, cou-

pling site I) is found in a variety of prokaryotic and

eukaryotic organisms and couples the oxidation of NADH

by ubiquinone with formation of a transmembrane proton

gradient [1,2]. It was shown that beef heart complex I exists

in active and de-activated forms [3,4]. The active (A) form

of the enzyme is capable of catalyzing the high turnover

rotenone-sensitive NADH-ubiquinone reductase reaction.

The de-active (D) form can be fully reduced by NADH

and oxidized by artificial electron acceptors, but is unable to
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transfer electrons to ubiquinone. De-activation, or the A-to-

D transition, is spontaneous and characterized by high

activation energy. De-activation occurs if complex I is

limited due to the absence of one of the substrates of the

enzyme (either in the presence of NADH and reduced

quinone pool or in the presence of quinone when NADH

is limiting). Activation (D-to-A transition) proceeds through

activation turnover(s), which includes reduction of the

enzyme by NADH, and a slow (at least 100 times slower

than enzyme turnover) reoxidation by quinone. The rate of

activation decreases at alkaline pH and in the presence of

divalent cations [5]. The active form of complex I is not

sensitive to sulfhydryl reagents whereas the de-active form

is specifically modified and irreversibly inactivated by

sulfhydryl reagents [6]. The phenomenon of the A/D tran-

sition of complex I has been demonstrated with isolated

enzyme [7] and submitochondrial vesicles from bovine heart

[3,5], permeablized rat heart mitochondria [8] and isolated

perfused rat hearts [9].

Complex I from Paracoccus denitrificans is almost

identical to its mitochondrial counterpart in terms of com-

position and thermodynamic properties of its redox centers
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[10]. All signs of energization of complex I detected by EPR

were also observed with bovine and P. denitrificans coupled

membranes [11], indicating a similar mechanism of energy

conservation in the bacterial and mitochondrial enzymes.

The only apparent functional difference between the

enzymes from the two sources is the ability to undergo

the active/de-active transition [12].

Electron microscopy and single particle analysis have

shown that complex I from bacteria and mitochondria to be

L-shaped molecules with an intrinsic membrane arm extend-

ing into the lipid bilayer and a peripheral arm protruding

from the membrane [2,13]. However, the subunit composi-

tion and size of the enzymes vary from 14 subunits and

molecular mass of 530 kDa in a P. denitrificans enzyme [14]

to 46 subunits and molecular mass of 980 kDa in beef heart

complex I [15]. Seven of the subunits from bacterial

complex I constitute the peripheral soluble domain harbor-

ing all known prosthetic groups: FMN, six to eight iron–

sulfur clusters [16–19]. The remaining seven subunits are

hydrophobic and form the membrane domain. Homologues

to the bacterial complex I subunits are found among

evolutionary more advanced eukaryotes. Seven membrane

intrinsic subunits are mitochondrially encoded in animals

and fungi; all other subunits are nuclear-encoded [20]. Thus,

all members of the complex I family contain homologues to

a ‘‘minimum’’ Escherichia coli enzyme believed to consti-

tute the structural framework for NADH oxidation, proton

translocation and quinone reduction [21]. In eukaryotes, the

supranumery subunits also share sequence similarities be-

tween species as diverse as Neurospora crassa and mam-

malian enzymes [20]. The function of these additional

subunits, however, remains unclear.

It was decided to screen complex I from different organ-

isms for their ability to demonstrate the A/D transition. In

this study, complex I from a number of organisms, such as

bacteria, fungi, non-vertebrate and vertebrate animals, was

examined. NADH-oxidase activity sensitive to quinone-site

specific complex I inhibitors was assayed in bacterial mem-

branes and submitochondrial particles (SMP). It was found

that among organisms tested, only complex I from vertebrate

animals and fungi demonstrate the A/D transition phenom-

enon. Thermodynamic parameters for the transitions were

determined and the importance of the phenomenon of the A/

D transition for the structure and function of complex I is

discussed.
2. Materials and methods

2.1. Membrane and mitochondrial preparations

E. coli (DH5a) and Yarrowia lipolytica (9773 ATCC) are

standard laboratory strains. N. crassa mitochondria were

obtained from Dr. G. Turner (University of California Los

Angeles). Earthworms (Lumbricus terrestris) and crickets

(Acheta domesticus) were obtained locally. Lobster (Hom-
merus americanus), frog (Rana catesbeiana), carp (Cypri-

inus caprio) and chicken hearts were freshly harvested at a

local market, transported on ice to the laboratory and

processed for mitochondrial isolation within 30 min. E. coli

membranes were isolated by standard procedures [22]. Y.

lipolytica mitochondrial membranes were isolated as de-

scribed [23]. Mitochondria from medium-size (4–5 weeks)

crickets were isolated according to general procedures used

for insects and house fly mitochondria [24]. Mitochondria

from lobster, carp and frog skeletal muscles were isolated by

similar methods [25]. Mitochondria from frog liver were

isolated as previously described [26]. Mitochondria from

chicken hearts were isolated according to Ref. [27]. Mito-

chondria from earthworms were isolated essentially as

described in Ref. [25]. Worms were immobilized by cooling

to 0–2 jC, cut into small (about 2 mm) pieces, and

extensively washed in 0.15 M KCl several times to remove

soil. The tissue fragments (about 20 g) were homogenized

for 1 min in 0.15 M KCl, 50 mM Tris–HCl (pH 7.5), 5 mM

MgCl2 and 1 mM EDTA by using a Waring blender. The

homogenate was centrifuged 10 min at 650� g and mito-

chondria were collected from the supernatant by further

centrifugation for 10 min at 8000� g. The mitochondrial

pellet was washed once with the same medium.

2.2. SMP

Mitochondria were resuspended in 0.125M sucrose. SMP

(except from frog liver) were obtained by sonication (four

15-s pulses with 30-s intervals). The mitochondrial debris

was discarded after centrifugation (20 min at 30000� g) and

SMP were collected by centrifugation (1 h at 130000� g).

SMP from frog liver were obtained by a single passage of

mitochondria through a cell disrupter at 10000 psi (Emulsi-

Flex-C5, Avestin, Canada). Mitochondrial debris was dis-

carded after centrifugation (20 min at 15000� g) and SMP

were collected from the supernatant (60 min at 130000� g).

All SMP preparations used in this study showed a rotenone-

sensitive NADH-Q1 reductase activity.

2.3. Enzyme assays

Activities were assayed at 25 jC in 20 mM Tris–HCl (pH

8.5), 0.25 M sucrose, 40 mM KCl, 0.2 mM EDTA, 1 Ag/ml

gramicidin D with 120 AMNADH (NADH-oxidase), 40–70

AM Q1 and 2 mM KCN (NADH:Q1-reductase). For assay of

the E. coli and Y. lipolytica preparations, deamino NADH

(dNADH) was used as a substrate. The reactions were

followed by the decrease of NADH absorbance at 340 nm

(e340 = 6.22 mM� 1 cm� 1). NADH:hexaaminoruthenium

(HAR)-reductase activity was determined with 150 AM
NADH and 2 mMHAR in the presence of 1–5 AM rotenone.

The fraction of the active form of complex I in the

samples was determined in the presence of 5–10 mM

MgCl2 added to the reaction medium before the reaction

was started by addition of NADH. The fully activated



Table 1

Thermodynamic parameters for activation/de-activation of complex I from

different species

Source Activation E for

de-activation, kJ/mol

Activation E for

activation, kJ/mol

References

Carp skeletal

muscle

204 67 this work

Frog skeletal

muscle

151 66 this work

Bovine heart 270 170 [3,4]
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enzyme (100% of active form complex I) was achieved by

1-min preincubation of the enzyme in the reaction cuvette

with 3 AM NADH before addition of MgCl2.

Stopped-flow kinetics was performed with an OLIS RSM

stopped-flow (Olis Inc., Bogart, GA). NADH oxidation by

SMP (final concentration 10–25 Ag of protein/ml) was

monitored in the standard enzyme assay medium and

followed at 340 nm.

The protein concentration of samples was determined by

the Biuret method.

2.4. Materials

NADH, dNADH, rotenone, gramicidin D, Tris, bovine

serum albumin (BSA), EDTA, MgCl2, KCl and sucrose

were from Sigma. HAR was from Strem Chemicals, New-

buryport, MA. Q1 was a gift from Eisai Co, Tokyo, Japan.
3. Results

3.1. Vertebrate animals

SMP isolated from fish and frog skeletal muscle and

from chicken heart show a rotenone-sensitive NADH-oxi-

dase activity and demonstrate the active/de-active transition

of complex I similar to bovine SMP [3–5]. Fig. 1 represents

the time course of NADH-oxidase activity catalyzed by frog

SMP. Complex I became essentially de-active after SMP

were incubated at 35 jC for 10 min. The NADH-oxidase

activity of such samples is extremely sensitive to the

presence of 5 mM MgCl2 (Fig. 1a). This behavior is

characteristic for the de-active state of complex I as activa-

tion occurs with a lag-phase that becomes very pronounced

in the presence of divalent cations [5]. Preincubation of de-
Fig. 1. NADH-oxidase of SMP from frog skeletal muscle. SMP were de-

activated by incubation for 10 min at 37 jC. The NADH-oxidase activity of
SMP (20 Ag/ml in assay cuvette) was measured as described in Materials

and methods with or without 5 mM MgCl2 added before the reaction was

initiated by addition of 120 AM NADH (indicated by arrows). (a) SMP and

(b) SMP were preactivated during oxidation of 3 AM NADH in the reaction

cuvette before the addition of MgCl2 and initiation of the reaction.
activated SMP with 3 AM NADH in the assay cuvette prior

to initiation of the NADH-oxidase reaction results in the

fully active form of complex I which is insensitive to Mg2 +

(Fig. 1b). In full agreement with bovine complex I studies,

NADH-dehydrogenase activity of the SMP determined with

HAR remains unchanged regardless of the SMP pretreat-

ment with NADH (data are not shown).

The transitions between active and de-active forms of

bovine complex I are extremely sensitive to temperature and

characterized by high apparent activation barriers (Table 1).

The same holds true for the SMP samples tested above.

Once activated, the enzymes within SMP remain in their A-

forms for hours at 4 jC and rapidly (within minutes)

spontaneously convert into the D-forms at temperatures

higher than 35 jC. Divalent cations added to the assay

provide a reliable and simple method to quantify the amount

of complex I A-form. As seen in Fig. 1, only the A-form is

catalytically competent in the presence of Mg2 +. The initial

rate of NADH-oxidase or rotenone-sensitive NADH:Q1-

reductase activity determined in the presence of divalent

cations corresponds to the portion of the A-form of complex

I and can be measured with a high degree of accuracy and

reliability. Fig. 2 represents an example of thermal de-

activation of frog complex I. The initial rate of NADH-

oxidase activity determined in the presence of Mg2 +

decreases upon incubation of SMP at different temperatures

and the half-time of de-activation varies from 25 min at 25

jC to just 1 min at 37 jC (Fig. 2a). When complex I

becomes substantially de-activated, a brief oxidation of

NADH by SMP restores the active form (Fig. 2a, open

symbols). The values of the apparent activation energy for

the de-activation process for complex I in preparations from

frog and carp SMP were calculated from the Arrhenius plots

(Fig. 2b and Table 1).

The lag phase in NADH-oxidase activity catalyzed by

de-activated frog SMP shows first-order kinetics as revealed

by stopped flow measurements (Fig. 3a and b) and is in

agreement with data for bovine complex I [3]. The duration

of the lag phase depends on the temperature. The Arrhenius

plot of ka determined within the temperature range of 17–35

jC gave the apparent activation energy value of 66 kJ/mol

for the D-to-A transition (Fig. 3c) in the frog SMP.

Using the experimental approach described above, the

apparent activation energy for the reversible activation and

de-activation of complex I from carp was determined



Fig. 2. De-activation of complex I in frog muscle SMP. (a) SMP (0.25 mg/

ml) were preincubated with 200 AM NADH at 25 jC, pH 7.5 for 5 min in

order to achieve complete activation of complex I and then were incubated

for varying time at the temperatures indicated in the figure. An aliquot of

suspension (20 Ag protein/ml final concentration in the assay) was

withdrawn and NADH-oxidase was assayed as described in Materials and

methods (closed symbols). The arrows indicate when a second pulse of 200

AM NADH was added to the suspension and the activity was assayed after

2 min (open circles) demonstrating complete restoration of active form of

complex I. One-hundred percent of activity corresponds to 600 nmol/min/

mg protein. (b) Arrhenius plot of half de-activation time of complex I from

frog (closed symbols) and carp (open circles) skeletal muscles.
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(Table 1). Comparison of several vertebrate animals

showed significant similarities between these species as

related to the active/de-active transition of Complex I. In all

cases tested, complex I exists as a mixture of two distinct

forms: active and de-active. The A/D transitions of com-

plex I in cold-blooded animals (frog and carp), however,

are characterized by apparent lower activation barriers

compared to that of bovine complex I (Table 1).

3.2. Fungal complex I

Oxidation of NADH by mitochondria from fungi is only

partially sensitive to the specific complex I quinone-site

inhibitors due to the presence of an alternative NADH-

dehydrogenase (NDH-2) [28]. NDH-2, in contrast to com-

plex I, is not able to oxidize dNADH. When dNADH is

used as a substrate with fungal SMP, the reaction of

dNADH oxidation is fully sensitive to rotenone. Y. lip-
olytica mitochondrial membranes, as isolated, show a lag

phase in dNADH-oxidation measured at 20 jC that

becomes extremely pronounced in the presence of 5 mM

MgCl2 (data not shown). When the membranes are pre-

treated with 5 AM dNADH for 1 min before the reaction,

dNADH-oxidation is no longer sensitive to MgCl2. Thus, Y.

lipolytica complex I shows the active/de-active transition.

The rate of activation observed at 20 jC (pH 8.0) increased

dramatically with temperature and became undetectable at

temperatures higher than 30 jC. However, the D-form of

complex I retained its sensitivity to Mg2 + and the use of

divalent cations allows quantitative determination of the A-

form even at elevated temperature as is seen for vertebrate

complex I. The dNADH:HAR-reductase activity of Y. lip-

olytica complex I does not change upon preincubation of

SMP with dNADH (data are not shown). Examination of N.

crassa dNADH-oxidase activity also showed kinetic be-

havior very similar to that of the Y. lipolytica enzyme (data

not shown) and is in agreement with recent observations of

Grivennikova et al. [29].

A significant difference between the reversible A/D

transitions in Y. lipolytica and vertebrate complex I is a

low apparent activation energy barrier for de-activation in

the fungal enzyme. This resulted in poor stability of the A-

form even at 4 jC. Fig. 4 demonstrates the kinetics of Y.

lipolytica complex I de-activation at 20 jC. The upper trace
shows the oxidation of 5 AM dNADH added to the

spectrophotometric cuvette in the presence of SMP. The

dashed arrows indicate when 150 AM dNADH was added

to the cuvette, and the initial rate of the dNADH-oxidase

reaction (lower graph) was determined with 5 mM MgCl2
(filled circles) or without MgCl2 (opened circles). As seen

from the figure, SMP are characterized by very low

dNADH-oxidase activity when assayed in the presence of

5 mM MgCl2, indicating that complex I is largely in the de-

activated form as isolated. Oxidation of 5 AM dNADH for 1

min converted complex I into the active form based upon

the high rate of dNADH oxidation measured in the pres-

ence of MgCl2. Within 4 min, when about 0.5 AM of

dNADH remains in the reaction medium, complex I

remains predominately in the active form. However, after

almost complete oxidation of dNADH (5 min), a fast de-

activation of complex I occurred. A second addition of 5

AM dNADH again completely activated the enzyme within

a minute.

3.3. N-Ethylmaleimide (NEM)-modification of A and D

forms of complex I in frog and Y. lipolytica

The de-activated bovine complex I is irreversibly

inhibited by the sulfhydryl modifying agent NEM, while

the active form is almost insensitive to the inhibitor [6].

Fig. 5 shows the NEM inhibition of frog and Y. lipolytica

complex I as a function of the active/de-active transition.

Frog complex I showed very similar kinetics to the bovine

enzyme for NEM inhibition, i.e. strong inhibition of the



Fig. 3. Activation of frog complex I. Frog muscle SMP (1 mg/ml) were de-activated by incubation for 15 min at 35 jC. (a) The lag-phase in NADH-oxidase

reaction during activation of the de-active complex I (trace 1) was recorded with a stopped-flow spectrophotometer as described in Materials and methods (pH

8.0, 17 jC). Final protein concentration was 25 Ag/ml. Trace 2 shows the extrapolation to a linear phase of trace 1. (b) Determination of activation constant (k).

The difference in absorbance between traces 2 and 1 in semi-logarithmic coordinates. (c) Arrhenius plot for activation process measured as shown in (b).
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de-active form (Fig. 5a). Due to the poor stability of the

active form of Y. lipolytica complex I, it is impossible to

reproduce the above experiment with the fungal SMP.
Fig. 4. Active/de-active transitions of Y. lipolytica complex I. SMP (12.5 Ag/ml) w

sucrose, 0.2 mM EDTA and 1 mg/ml BSA (pH 8.4), at 20 jC. At zero time, 5 AM
SMP at the time indicated by dashed arrows, dNADH-oxidase activities of compl

MgCl2 (lower graph).
Instead, Y. lipolytica SMP were incubated with NEM

directly in the reaction cuvette (Fig. 5b). De-activated

SMP (20 Ag/ml) were incubated with 0.5 mM NEM at
ere placed in a 1-ml cuvette (upper trace) containing 50 mM Tris, 0.25 M

dNADH (solid arrows) was added to the cuvette and upon its oxidation by

ex I were determined with (closed circles) and without (open circles) 5 mM



Fig. 5. Irreversible inhibition of complex I in SMP from frog skeletal

muscle and Y. lipolytica by NEM. (a) Frog SMP (0.5 mg protein/ml) were

activated with 100 AM NADH for 5 min at 25 jC (open circles) or de-

activated by incubation for 10 min at 35 jC (closed circles). The samples

were then incubated with 1 mM NEM at 20 jC for the time indicated in the

abscissa. An aliquot of suspension was withdrawn and NADH:Q1-reductase

reaction was assayed. (b) De-activated Y. lipolytica SMP (25 Ag/ml) were

added to the spectrophotometric cuvette and incubated with 0.5 mM NEM.

Then the dNADH-Q1-reductase reaction was measured at the indicated time

(closed circles). To keep SMP in the active form during the experiment, 5

AM dNADH was added to the cuvette with SMP for 1 min prior to addition

of 0.5 mM NEM. When the concentration of dNADH dropped to 1 AM,

another portion of 5 AM dNADH was added. At the time indicated the

dNADH-Q1-reductase reaction was determined (open circles).

Fig. 6. Thermal incubation of complex I from various organisms. SMP from

earthworm (a), cricket (b) and lobster (c) were incubated at a concentration

of 1–5 mg protein/ml at the indicated temperature. An aliquot of

suspension was withdrawn and NADH oxidase was determined in the

presence (closed circles) or absence (open circles) of 5 mM MgCl2 in the

reaction medium as described in Materials and methods. One-hundred

percent activity corresponds to 260 (a), 700 (b) and 530 (c) nmol of NADH

oxidized per minute per milligram of protein.
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20 jC for the period of time indicated on the abscissa and

the dNADH-Q1 reductase reaction was initiated by simul-

taneous addition of KCN, dNADH and Q1. To keep

complex I in its active form during the incubation of

SMP with NEM, 1–5 AM of dNADH was maintained in

the cuvette. In agreement with active/de-active complex I

phenomenology, both frog and Y. lipolytica SMP show

similar patterns of NEM inhibition, where the active form

is resistant to inhibition.

3.4. Complex I that does not show the A XD transitions

The third group of organisms tested in this study con-

sisted of a bacterium (E. coli) and non-vertebrate animals

(earthworm, cricket, and lobster) which did not show the

active/de-active transition of complex I. The NADH-oxidase

and NADH:Q1-reductase activities of SMP isolated from
non-vertebrate animals were completely sensitive to rote-

none. Fig. 6 represents a typical experiment on thermal

incubation of SMP from non-vertebrate animals. SMP (1–5

mg/ml) were incubated at the indicated temperature and the

initial rates of NADH-oxidase activity were determined in

the presence (open circles) or absence (closed circles) of

MgCl2. The complex I activities in all samples were linear

and not sensitive to divalent cations upon prolonged incu-

bation of membranes at elevated temperature. The same

pattern of dNADH-oxidation as seen in Fig. 6 is character-

istic for E. coli membranes (data are not shown). In addition,

no difference in NEM inhibition was found in the mem-

branes before and after thermal incubation (data not shown).
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These data are evidence for the absence of an active/de-

active transition in complex I from E. coli, cricket, earth-

worm and lobster.
4. Discussion

This work was initiated because of the ability of bovine

heart complex I to undergo the active/de-active transition,

whereas there is a lack of this phenomenon in the bacterial

P. denitrificans enzyme. The functional properties of bacte-

rial complex I are almost identical to those of the mito-

chondrial one; however, the bacterial enzyme is structurally

much simpler. The only functional difference between the

enzymes is the active/de-active transition. Simple kinetic

characteristics for the A/D transition were used in this study:

(i) presence of a lag-phase in the NADH-quinone reductase

reaction sensitive to divalent cations and corresponding to

complex I activation; (ii) strong dependence of de-activation

rate on temperature; (iii) selective inhibition of the D-form

of complex I by SH-modifying agents. Table 2 summarizes

the data on complex I from different species indicating the

ability of the enzyme to undergo the active/de-active tran-

sition. The organisms from the Table 2 can be divided into

three distinct groups. The first group is represented by

vertebrate animals in which complex I exists in two ther-

modynamically stabilized forms and the reversible transi-

tions between the forms satisfy the above criteria;

importantly, that A/D equilibrium may be completely

shifted towards fully active or de-active forms of the

enzymes. It should be noted that the active/de-active phe-
Table 2

Active/de-active transition in complex I from various organisms

Source Active/de-active

phenomenology

References

Bacteria

E. coli � this work

P. denitrificans � [12]

Th. thermophilus � V. Sled, personal

communication

Non-vertebrate

Earthworm � this work

Cricket � this work

Lobster � this work

Vertebrate

Carp skeletal muscle + this work

Frog; skeletal muscle, liver + this work

Rat, heart + [8,9]

Beef, heart + [3,7]

Chicken, heart + this work

Fungi

N. crassa + [29] and this work

Y. lipolytica + this work

+, Shows active/de-active transition.

� , Active/de-active transition is absent in these organisms.
nomenology of complex I is not tissue-specific and is

observed in complex I from heart, liver and skeletal muscle.

The second group represents bacteria and non-vertebrate

animals, organisms where complex I remains in its active

form upon prolonged thermal incubation, and none of the

above criteria established for active/de-active transition are

satisfied. The third group is represented by lower eukaryotic

organisms. Although complex I from fungi clearly displays

the active/de-active transition phenomenon, the kinetic

parameters of the transition are different from those of

vertebrates. This is especially true for the Y. lipolytica

enzyme characterized by the low activation energy of the

transition in either direction. The latter leads to fast inter-

conversion between the forms into stabilized de-active form

even at temperatures as low as 4 jC.
The bacterial enzymes represented in Table 2 contain 14

subunits [10]; in contrast, the fungal enzymes contain more

than 35 subunits [23], and mammalian enzymes contain 46

subunits [13]. An attractive explanation for the absence of

the A/D transition in the bacterial enzymes would be their

simpler structural organization compared to mammalian and

fungal complex I. Unfortunately, there is no information

available on the composition of complex I from the non-

vertebrates used here; however, it can be assumed that the

enzyme from these eukaryotes would also contain ‘acces-

sory’ subunits like those found in the other eukaryotes.

Thus, by itself the number of ‘accessory’ subunits is not

sufficient to explain the lack of the A/D transition in the

non-vertebrates. However, the difference between active and

de-active forms of complex I is not only in the kinetic

behavior. Based on selective irreversible modification of the

D-form by NEM, it was suggested that A and D forms are

also structurally different [4,6]. The similar effect of NEM

inactivation on the enzyme from different organisms is

indicative of a similar mechanism for the active/de-active

transition. It was shown that a subunit of bovine complex I,

which has an approximate mass of 15 kDa, is specifically

modified by the sulfhydryl reagent in the de-active form of

the enzyme [6]. However, the specific subunit has not yet

been identified and thus no data on homology of the subunit

within various species have been presented. Thus, another

possible reason for the lack of the A/D transitions in

bacterial and non-vertebrate animals is the absence of a

homologue to that of the 15-kDa subunit and/or posttrans-

lational modification of other subunits that may be essential

for the enzyme transitions.

The different sensitivity of the active and de-active forms

to the specific quinone-site inhibitor rotenone (Ki for rote-

none in active and de-active forms is 1 and 80 nM,

respectively [30]) indicates that the major perturbation of

complex I structure in the active and de-active forms is

within the quinone-binding region. Recent data on photo-

affinity labeling of complex I with the potent quinone-site

inhibitor trifluoromethyl-diazirinyl[3H]pyridaben gave dis-

tribution of radioactivity between the ND-1 and PSST

subunits of complex I in bovine SMP [31]. Interestingly,
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incubation of SMP with NADH increased PSST labeling

and decreased ND-1 labeling [32]. In standard preparations

of bovine SMP, about 60% of complex I is in the active state

[7]. Thus, the above data support the suggestion of structural

difference in the Q-binding site of A and D forms in

mammalian complex I. In contrast, the photoaffinity probe

labeled only the NQO6 subunit of these bacteria, the

counterpart of mitochondrial PSST subunit [33]. This is

consistent with the data from Table 2 showing that P.

denitrificans and Thermus thermophilus NDH-1 exist only

in the active form.

Complex I as a major source for electron input into the

respiratory chain is an attractive site to regulate the overall

rate of electron transfer. Bacteria often adjust the composi-

tion of electron transport chains depending on available

energy sources and final electron acceptors. Different organ-

isms may also develop various adaptation mechanisms to

control NADH oxidation including alternative NADH-qui-

none reductases (NDH-2) [34] or enzyme modification such

as phosphorylation [35]. Most eukaryotic animals contain a

single complex I in the inner mitochondrial membrane. The

evidence reported in this manuscript supports a suggestion

that regulation of NADH oxidation in the mitochondrial

respiratory chain via reversible activation/de-activation of

complex I has been achieved in evolution by introducing

additional protein subunits. The A/D transitions in warm-

blooded animals are characterized by high apparent activa-

tion energy. The body temperature of 37–39 jC is high

enough to enable interconversion between the forms within

minutes. If the activation state of complex I regulates overall

NADH oxidation in mitochondria, then the activation ener-

gy of the transitions should correlate with body temperature.

Indeed the results presented in Table 1 support the above

suggestion, with the transition in frog and carp complex I

characterized by lower activation barriers compared to

mammalian enzyme.
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