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Abstract. The role of mitochondrial complex I in ultraweak photon-induced delayed photon emission [delayed
luminescence (DL)] of human leukemia Jurkat T cells was probed by using complex I targeting agents like
rotenone, menadione, and quercetin. Rotenone, a complex I-specific inhibitor, dose-dependently increased
the mitochondrial level of reduced nicotinamide adenine dinucleotide (NADH), decreased clonogenic survival,
and induced apoptosis. A strong correlation was found between the mitochondrial levels of NADH and oxidized
flavin mononucleotide (FMNox) in rotenone-, menadione- and quercetin-treated cells. Rotenone enhanced DL
dose-dependently, whereas quercetin and menadione inhibited DL as well as NADH or FMNox. Collectively, the
data suggest that DL of Jurkat cells originates mainly from mitochondrial complex I, which functions predomi-
nantly as a dimer and less frequently as a tetramer. In individual monomers, both pairs of pyridine nucleotide
(NADH/reduced nicotinamide adenine dinucleotide phosphate) sites and flavin (FMN-a/FMN-b) sites appear to
bind cooperatively their specific ligands. Enhancement of delayed red-light emission by rotenone suggests that
the mean time for one-electron reduction of ubiquinone or FMN-a by the terminal Fe/S center (N2) is 20 or
284 μs, respectively. All these findings suggest that DL spectroscopy could be used as a reliable, sensitive,
and robust technique to probe electron flow within complex I in situ. © 2013 Society of Photo-Optical Instrumentation

Engineers (SPIE) [DOI: 10.1117/1.JBO.18.12.127006]
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1 Introduction
Complex I [reduced nicotinamide adenine dinucleotide
(NADH):ubiquinone oxidoreductase] is the largest enzyme
(∼980 kDa) of the mitochondrial respiratory chain and is com-
posed of 45 different subunits. The global structure of complex I
has a unique L-shaped appearance, with a 180-Å long hydro-
phobic sector embedded in the membrane and a hydrophilic
peripheral arm protruding ∼130 Å into the mitochondrial
matrix.1 In forward mode, complex I catalyzes the transfer of
two electrons from NADH, the reduced form of nicotinamide
adenine dinucleotide (NADþ), to ubiquinone (Q), in a process
that is coupled to the translocation of four protons to the
intermembrane space.2–4 A schematic overview of the main
structural domains of complex I and the specific elements
involved in charge transfer to ubiquinone is presented in Fig. 1
(see also Discussion for more details). The first stage in the over-
all enzymatic reaction is a one-step transfer of two electrons
from NADH to the prosthetic group of the complex, flavin
mononucleotide (FMN), situated in the remotest hydrophilic
(51 kDa) subunit, which is denoted as FMN-b.5–8 Subsequently,
reduced FMN-b transfers individually the two electrons to a
wire of eight consecutive iron-sulfur (Fe/S) clusters that span
the extramembranous domain of the complex. The reduction
of complex I-associated ubiquinone by the first electron from

the terminal Fe/S cluster (N2) produces the ubisemiquinone
radical (Q•), which can then receive the second incoming elec-
tron to become fully reduced ubiquinone (ubiquinol, QH2). It is
currently considered that Q reduction by N2 occurs in a large
cleft formed by the two (49-kDa and PSST) subunits that contact
the first subunit (ND1) of the membranous domain of complex I.
This wide hydrophobic cavity formed at the junction between
the two arms of complex I is also the place where hydrophobic
inhibitors of complex I, like rotenone (ROT), or artificial elec-
tron acceptors, like menadione (vitamin K3; MD), also appear to
bind. Ubiquinone (coenzyme Q) is a hydrophobic molecule with
an elongated structure, which can diffuse freely within the mem-
brane. Coenzyme Q10, the endogenous ubiquinone with ten
isoprenyl subunits in its tail, is found in a large excess in
intact mitochondrial innermembrane.9,10 It is likely11 that the
Q-binding site in the hydrophobic cavity formed at the mem-
brane interface between the two arms of complex I is composed
of two different subsites, one for the quinone moiety near the
extramembrane surface of complex I,8,11 and one for the isopre-
noid chain moiety in the membrane spanning hydrophobic
domain, in the ND1 subunit.11,12 Similar characteristics were
reported for some complex I inhibitors as well.12,13 In addition,
it has been suggested that ubiquinone can protrude deeply into
the extramembrane domain of complex I by moving along an
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inner hydrophobic ramp.14 Consistent with this, the crystal
structure of fungal complex I, which was recently resolved at
high resolution in T. thermophilus,3 indicates that the ubiqui-
none headgroup binds close to center N2, ∼15 Å away from
the membrane surface, at the deep end of a long narrow cavity.
Furthermore, it was proposed that ubiquinone can advance even
further into the core of the peripheral arm of complex I, and it
may thus become possible for the polar group of ubiquinone to
approach and receive electrons from cluster N6a.8 Based on this
idea, our current results suggest that such an event may occur
with extremely low probability in ROT-bound oligomers of
complex I in human leukemia Jurkat cells and is likely mediated
by a conformational change induced by ROT binding to
complex I oligomers. It is conceivable that human complex I
arranged in dimers or higher oligomers, especially in the ROT-
bound form, presents distinct features that are not displayed by
the monomer of its T. thermophilus counterpart.

Moreover, in a recent model derived from electron paramag-
netic resonance detection of ubiquinone associated with the

bovine heart complex I in situ and in proteoliposomes, it is pro-
posed that two different species of protein-associated ubiqui-
none participate in the electron transport and proton pumping
activity of complex I.2,15,18–20 Of these, the fast-relaxing
bound ubiquinone (QNf ) is close (12 Å) to and interacts with
iron-sulfur cluster N2, whereas the slow-relaxing bound ubiq-
uinone (QNs) seems to be located away (>30 Å) from N2, pre-
sumably in the membrane subunit ND2 of complex I.2,15,19 After
receiving the first electron from N2, semireduced quinone Q•

Nf

binds with enhanced affinity to the quinone pocket and, when
accepting the second electron from N2, gates the direct proton
pump, which translocates two protons across the membrane.2,15

Generated ubiquinol (QNfH2) subsequently transfers two elec-
trons, one by one, to the second complex I-associated quinone
(QNs). Semi- and then full reduction of QNs causes first the
uptake of two protons from the matrix side and then the disso-
ciation of QNsH2, which is released from the quinone-binding
pocket to the membrane Q-pool. The latter process causes
a large conformational change of the pocket that, with a pis-
ton-like movement, releases the two protons into the intermem-
brane space.2,15 Currently, the two pioneering complex I models
by Sazanov’s and Ohnishi’s group, respectively, differ in several
key aspects.3,4 For example, the x-ray structural data of fungal
complex I (Ref. 3) argue against the existence of a second Q site
as predicted in mammalian complex I.2,4 However, some recent
independent studies appear to support Ohnishi’s hypothesis.21–23

Since the initial discovery that complex I is also capable of
very slow reduced nicotinamide adenine dinucleotide phosphate
(NADPH) oxidation in which a different flavin might be
involved,24–26 strong evidence has been accumulated that a sec-
ond FMN group (FMN-a), residing in the PSST subunit, can
accept electrons from NADPH bound to a putative second dinu-
cleotide site in the same PSST subunit.5–8 However, this reaction
does not result in the overall oxidation of NADPH, so the
physiological role of the second FMN is not entirely clear.8

It is, however, suggested that its main role is to control the
rate of superoxide∕H2O2 production by complex I via reduction
of center N2.8 There was no indication for the second FMN site
in T. thermophilus complex I.3 However, conformational
changes in this large macromolecule may produce crystal dis-
order in the intercept region of the two arms of complex I,4

which could explain why our current data indicate the existence
of a second FMN bound to complex I associated with agents like
ROT, quercetin (QC), or MD, which are likely to modify com-
plex I conformation. Moreover, T. thermophilus complex I also
does not appear3 to possess the second well-documented pier-
icidin-binding site of the mammalian complex I.8 The large
body of evidences supporting the concept of two FMN and
NAD(P)H sites in mammalian complex I has been thoroughly
and compellingly addressed.6–8

Here we performed a detailed analysis of the properties of
ultraweak photon-induced delayed photon emission [delayed
luminescence (DL)] of Jurkat cells by employing treatments
with ROT, as well as with MD and QC. All the three drugs
share net structural similarities with ubiquinone and therefore
can bind complex I inside or close to the Q-binding pocket.
ROT, a familiar specific inhibitor of mitochondrial respira-
tion,27,28 which is a steroid-type big molecule, is known to bind
to two distinct, noninteracting sites on complex I.8,18,29 These
ROT sites, designated ROT site 1 and ROT site 2, are most likely
situated in the 49-kDa and ND1 subunits of complex I, res-
pectively.8 ROT site 1 and ROT site 2, which display different

Fig. 1 Modular representation of complex I architecture. The main
seven hydrophilic and seven membranous subunits, labeled accord-
ing to B. Taurus Complex I subunit nomenclature,8,15 are schemati-
cally depicted. For simplicity, subunits ND3, ND6, and ND4L are
comprised in a unique module. The relative positions of various sub-
units and Fe/S centers are only qualitatively pictured. Dashed arrows
indicate possible electron transfer reactions (based on Refs. 16 and
17). The two prosthetic flavin mononucleotide (FMN) groups and their
interaction with reduced nicotinamide adenine dinucleotide/reduced
nicotinamide adenine dinucleotide phosphate (NADH/NADPH) are
illustrated. The two rotenone (ROT) (1 and 2) and two Q (QNf and
QNs) sites are specified. The dashed circle encompasses the Q-bind-
ing pocket at the interface between the hydrophobic and the hydro-
philic complex I domains. Q may slide along the putative hydrophobic
tunnel formed between the 49-kDa and PSST subunits, and interact
with center N6a. The Nnt–complex I interaction may regulate the
reduction of FMN-a via the control of the local NADPH∕NADPþ

ratio by Nnt (Ref. 8) (here, only one Nnt monomer is illustrated;
the three specific domains of the monomer, I, II (extramembrane
domains), and III (membrane domain), are shown).
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affinities for the inhibitor,19 appear to be involved in the forward
and reverse electron transfer, respectively.29 It is widely accepted
that in the forward mode (site 1 involved), ROT disrupts the
electron flow at the level of protein-bound ubiquinone adjacent
to center N2 [i.e., QNf (Ref. 20)], specifically by destabilizing
the ubisemiquinone produced after acceptance of the first elec-
tron from center N2.20 As a direct consequence of the ROT
blockage, respiration ceases and the intracellular level of NADH
augments due to lack of consumption by the mitochondria.
Moreover, the accumulating electrons are deviated from com-
plex I to the surrounding molecular oxygen, thereby producing
superoxide (O−•

2 ) at elevated rates, which is then released into
the matrix.27 The superoxide produced by the mitochondrial
electron transport chain is rapidly converted to hydrogen perox-
ide (H2O2) by the action of mitochondrial superoxide dismu-
tases. ROT and rotenoids, in general, have demonstrated
anticancer activity, which was attributed to the induction of
apoptosis.28,30 The apoptotic effects of ROT on human leukemia
Jurkat T cells have been reported in several studies involving
particular doses and application times.30,31 However, the
reported data on ROT-induced apoptosis in Jurkat cells are
extremely limited. Here, we undertook a systematic study of the
ROT effects on apoptosis, NADH, and oxidized FMN (FMNox)
levels in Jurkat cells, under treatments of differing time and dos-
age. We also report, for the first time to our knowledge, the
effect of ROT on clonogenic survival.

The second drug used in our investigations—MD, a common
stimulator of mitochondrial superoxide production, is a quinone
analog also used as a chemotherapeutic agent in the treatment of
leukemia.32,33 MD reduction at mitochondrial complex I,34,35

which accounts for ∼50% of its metabolism,35 may result in
the formation of a semiquinone with consequent superoxide pro-
duction.27,35 MD was also reported to increase the activity of
complex I and hence the NADH consumption by mice liver sub-
mitochondrial fractions, although it did not affect the rate of O2

uptake in those preparations.34 In other studies, MD was found
to stimulate cellular oxygen consumption.36,37 Consistent with
these reports, our current results indicate that MD decreases
the concentration of mitochondrial NADH in Jurkat cells by
stimulating complex I activity.

To further substantiate the link between DL and complex I,
which was originally suggested by the partial outcomes of our
ROT- and MD-based experiments, we also employed the flavo-
noid QC, on account of its ability to behave as a ubiquinone-like
molecule.38 This phenolic compound has a quinonoid-like
chemical structure, which therefore permits the binding of
QC to complex I.38–40 In previous works, we determined that
QC decreases the cellular content of NADH,41–43 yet the under-
lying mechanism is unclear, having in view the conflicting
reports regarding the effect of QC on the activity of complex I.
Thus, early studies reported that QC can inhibit mitochondrial
respiration at the level of complex I.44 In rat brain and heart
mitochondria, QC was also found to inhibit the enzymatic activ-
ity of complex I and concomitantly decrease its production of
reactive oxygen species (ROS), although apparently the respi-
ration rate was not affected.39 However, the extent of these
inhibitory effects declined at increasing concentrations of ubiq-
uinone, suggesting that QC and ubiquinone compete for binding
in the specific pocket at the junction between the two arms of
complex I.39 In contrast, other studies indicated that QC can bind
with high affinity to complex I without inhibiting it40 and can
even stimulate mitochondrial respiration.45,46 Moreover, QC

appears to be able to remove the inhibition of complex I by sev-
eral nonsteroidal anti-inflammatory drugs38,40 and restore the
electron flow along the whole respiratory chain by acting as
a coenzyme Q-mimetic molecule.38 So, it is likely that in our
experiments, QC, as well as MD, stimulated the activity of com-
plex I in Jurkat cells, hence leading to an increased rate of
NADH consumption.

In view of the common effects of these drugs at the level of
complex I, we could investigate in more detail the connection
between DL and the mitochondrial metabolism. At present,
despite the fact that DL spectroscopy proved successful in
some clinical applications,47–52 the origin of DL of living cells
is still under debate.52,53–62 DL, also called delayed fluorescence,
represents a very weak light emission elicited upon light- or UV-
irradiation, which differs from ordinary (prompt) fluorescence by
an unusually long decay time. Our current results clearly demon-
strate that the ultraweak photon-induced delayed photon emission
of Jurkat cells is quantitatively related to the mitochondrial level
of NADH and that of FMNox, supporting the notion that DL is
mainly produced within the mitochondrial electron transfer sys-
tem at the level of complex I. The data provide novel insights into
the structural and functional organization of respiratory complex
I, which appears to function mainly as a dimer in its native envi-
ronment. Moreover, we present evidence for an active role of sec-
ondary NAD(P)H and FMN binding sites in the functional dimer.

2 Materials and Methods

2.1 Cell Cultures

Human leukemia Jurkat T cell lymphoblasts were cultured in
suspension in RPMI 1640 medium supplemented with 10% heat-
inactivated fetal bovine serum, 2 mM L-glutamine, 100 units∕ml
penicillin, and 100 μg∕ml streptomycin, at 37°C in a humidified
incubator with a 5% CO2 atmosphere. Exponentially growing
cells were adjusted to a density of 0.2 × 106 cells∕ml the day
before the experiment. We used hydrogen peroxide 30% solution
and stock solutions of menadione sodium bisulphite dissolved
in phosphate buffer saline (PBS), or dihydrated QC dissolved in
dimethyl sulfoxide. Unless specified otherwise, all chemicals
were from Sigma-Aldrich, (Germany). After each treatment (a
list of the treatments employed in current fluorimetric andDLspec-
troscopy determinations is provided in Table 1), cells werewashed
thoroughly with PBS (pH 7.4) and resuspended in PBS at room
temperature (20°C) (for DL samples, ∼40 × 106 cells∕ml, or for
spectrofluorimetry, ∼1 × 106 cells∕ml) or in complete medium
for apoptosis assessment (∼0.2 × 106 cells∕ml). DL and fluori-
metric sampleswereassessed immediatelybyDLand fluorescence
spectroscopy, respectively. Cell density, viability, andmorphology
were examined with a CCD camera LogitechQuickCam Pro 4000
connected to an Olympus CK30 phase contrast microscope. For
cell density assessment, 25 μl aliquots of the samples were diluted
in PBS, stainedwith 0.4% trypan blue solution and∼1500 to 2000
cells were imaged on a Bürker haemocytometer at the time of the
DLassay.Cell count evaluationwas performedboth during experi-
ments, directlybyvisual inspectionunder themicroscope, and later
on, by analyzing the micrographs with the use of the software
ImageJ.

2.2 Clonogenic Survival Assay

Cells were treated with ROT for 30 min at the indicated doses.
Immediately after the treatment, cells were washed thoroughly
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with warm PBS and plated in 96-well plates at a plating density
of 3, 4, or 10 cells∕well in 100 μl of complete medium per well.
After three to four weeks of incubation, the plates were
inspected by microscopy and the wells containing colonies
with >50 cells were counted. The plating efficiency was calcu-
lated by the ratio of the theoretical Poisson density of the num-
ber of negative wells observed against the initial plating
density, i.e., ln½96∕ðno: of negative wellsÞ�∕ðplating densityÞ×
100. Clonogenic survival was calculated as the ratio between the
plating efficiency of treated and control cells, respectively.

2.3 Flow Cytometry

Cells were treated with ROT for 30 min at the indicated doses,
then washed thoroughly with warm PBS, and incubated in fresh
medium. After 24 h or 48 h, 106 cells were collected, washed
twice in PBS, and incubated with 5 μl Annexin fluorescein iso-
thiocyanate (V-FITC) (Apoptosis detection kit, BD Pharmingen,
California) and 2.5 μl 7-Aminoactinomycin D (7-AAD) (BD
Pharmingen) in 100 μl Annexin V binding buffer for 15 min
at room temperature in the dark. As recommended by the manu-
facturer, 400 μl of Annexin V binding buffer were then added to

Table 1 Relative levels of reduced nicotinamide adenine dinucleotide (NADH) and oxidized flavin mononucleotide (FMNox) and the delayed
luminescence (DL) yield in Jurkat cells exposed to rotenone (ROT), menadione (MD), hydrogen peroxide (H2O2), quercetin (QC), combination
of QC and MD or H2O2, and antimycin A (AA).

Treatment

Spectrofluorimetry DL spectroscopy

Relative
½NADH�m

Relative
[FMNox]

DL yielda

(VIS)
DL yielda

(Blue)
DL yielda

(Green/Yellow)
DL yielda

(Red)

Control 1 1 0.970 0.276 0.335 0.359

25 μM ROT × 30 min 1.46� 0.24 1.32� 0.22 1.547 0.534 0.537 0.476

50 μM ROT × 30 min 1.74� 0.29 1.65� 0.25 1.939 0.658 0.738 0.543

75 μM ROT × 30 min 2.13� 0.30 1.95� 0.21 4.868 1.318 2.764 0.785

150 μM ROT × 30 min 2.08� 0.33 1.73� 0.28 n.d. n.d. n.d. n.d.

200 μM ROT × 30 min 1.98� 0.20 2.06� 0.32 n.d. n.d. n.d. n.d.

250 μM ROT × 30 min 2.33� 0.34 2.01� 0.40 n.d. n.d. n.d. n.d.

10 μM ROT × 60 min 1.40� 0.20 1.28� 0.22 1.224 0.372 0.510 0.341

25 μM ROT × 60 min 1.60� 0.12 1.29� 0.18 2.346 0.731 0.622 0.525

50 μM ROT × 60 min 1.99� 0.31 1.81� 0.26 4.979 1.586 2.100 1.293

50 μM ROT × 90 min 1.83� 0.32 1.62� 0.26 2.535 0.677 1.157 0.701

25 μM MD × 20 min 0.82� 0.10 0.87� 0.10 0.577 n.d. n.d. n.d.

25 μM MD × 4 h 0.50� 0.08 0.82� 0.13 0.332 n.d. n.d. n.d.

250 μM MD × 20 min 0.55� 0.18 0.68� 0.15 0.319 n.d. n.d. n.d.

100 μM H2O2 × 20 min 0.96� 0.17 0.86� 0.16 0.852 0.237 0.378 0.237

500 μM H2O2 × 20 min 0.91� 0.06 0.77� 0.06 0.677 n.d. n.d. n.d.

10 μM QC × 1 h 0.85� 0.09 0.52� 0.27 0.702 n.d. n.d. n.d.

5 μM QC × 24 h 0.76� 0.03 0.46� 0.12 0.794 n.d. n.d. n.d.

50 μM QC × 24 h 0.27� 0.09 0.13� 0.03 0.556 0.220 0.183 0.152

10 μM QC × 1 h, then
250 μM MD × 20 min

0.86� 0.16 0.28� 0.16 0.362 n.d. n.d. n.d.

10 μM QC × 1 h, then
500 μM H2O2 × 20 min

0.93� 0.15 0.67� 0.12 0.647 n.d. n.d. n.d.

150 μM AA × 30 min 6.53� 1.80 0.90� 0.27 n.d. n.d. n.d. n.d.

Note: n.d., not determined.
aCalculated in the time interval of 11 μs to 10 ms; expressed in a.u.
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the samples, which were then analyzed on a Becton Dickinson
FACS Calibur flow-cytometer. The excitation wavelength was
488 nm (air-cooled argon-ion laser, 15 mW) and emission
was collected with 530 nm (FITC) and >670 nm (7-AAD)
bandpass filters. Data acquisition and analysis was performed
with the use of the software CellQuest and WinMDI 2.9, respec-
tively. Cells negative for both Annexin V-FITC and 7-AAD
were considered as living cells, those positive for Annexin V-
FITC and negative for 7-AAD were considered as early apop-
totic cells, and those positive for both dyes were considered as
late apoptotic/necrotic cells.

2.4 Delayed Luminescence Spectroscopy

We used an improved version of the ARETUSA setup,57 a
highly sensitive equipment able to detect single photons. Cell
samples were excited by a nitrogen laser source (Laser
Photonics, Lake Mary, Florida LN 230C; wavelength
337 nm, pulse-width 5 ns, energy 100� 5 μJ∕pulse). A multi-
alkali photomultiplier tube (Hamamatsu, Iwata City, Shizuoka
Prefecture, Japan R-7602-1/Q) was used as a detector for photo-
emission signals with wavelengths in the visible range (VIS, 400
to 800 nm), in single photon counting mode. In some determi-
nations, two broad band (∼80 nm FWHM) Lot-Oriel interferen-
tial filters, placed in a wheel between the sample and the
photomultiplier, were used to select photons with wavelength
of ∼460 nm (blue) and ∼645 nm (red), respectively, so that
the experimental setup allowed one to detect only one spectral

component each time. The detected signals were acquired by a
multichannel Scaler (Ortec, Oak Ridge, Tennessee MCS PCI)
with a minimum dwell time of 200 ns. The laser power was
reduced, in some cases, to prevent the dimpling of the photo-
multiplier. DL measurements were done on at least three differ-
ent drops from each cell sample (drop volume 15 to 25 μl) at
room temperature (20� 1°C). PBS luminescence was sub-
tracted from all the recordings. Photoemission was recorded
between 11 μs and 100 ms after laser excitation. Raw data
were accumulated in the 50,000 acquisition channels of the
multichannel scaler with a dwell time of 2 μs, since at the
end of this interval, the intensity of the emitted luminescence
was comparable with the background value. The counts of
100 repetitions of the same run were added, with a laser repeti-
tion rate of 1 Hz. Preliminary tests showed that, under these
experimental conditions, repeated runs on the same sample
did not give rise to drastic monotonic changes of the intensity,
whose fluctuations were inside the statistical errors. As a con-
sequence, we excluded the possibility of photobleaching and/or
photodamaging. To reduce random noise, a standard smoothing
procedure63 was used by sampling the experimental points
(channel values) in such a way that final data was equally spaced
in a logarithmic time axis. Finally, DL intensity (I) was
expressed as the number of photons recorded within a certain
time interval divided to that time interval, to the number of living
cells in the drop and to the energy of the laser. The intensity of
yellow/green DL was estimated by subtracting the additive
contribution of blue and red DL intensities from the VIS DL
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Fig. 2 Kinetics of delayed photoemission in VIS by Jurkat cells exposed for 30 min to dimethyl sulfoxide
(DMSO) (control) or to the indicated doses of ROT. The time elapsed after UV-excitation of the cell sam-
ple is presented on the abscissa. Each curve was obtained by fitting the data to the equation
y ¼ P5

i¼1 Ai expð−t∕τi Þ. Insets present the ROT-dose dependence of the delayed luminescence (DL)
yield (i.e., the product Ai τi ) corresponding to each kinetic component. The characteristic times (τi ) of
individual exponential components are indicated. The first component (τ1 < 10−5 s) is not specified
and was disregarded in further analysis.
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intensity. The time decay data of DL photoemission curves were
fitted to an equation of the type y ¼ P

Ai expð−t∕τiÞ with
a variable number of exponential components. For each set
of VIS, blue, green/yellow, or red DL emission data, the time
decay constants (τi) and the minimal number of exponential
DL components were established from the best simultaneous
fit to all DL curves obtained with control and ROT-treated
cells in the respective spectral data set. Then the DL yield cor-
responding to each kinetic component was calculated for each
individual DL curve as the product Aiτi. DL decay curves exhib-
ited, in some cases, some significant differences in emission
kinetics (see Figs. 2 to 5), which reflected evident changes of the
slope in three main time intervals. Accordingly, as mentioned
above, it was possible to fit all DL curves corresponding to a
certain treatment series with exponential components having
the same time decay constants (see insets of Figs. 2 to 5) that
can be clustered in time intervals differing from each other by
one order of magnitude. So, to facilitate comparison between
different spectral DL components, the DL yield was calculated,
in some cases, in three time domains of the DL emission,
corresponding to three main classes of light-emitting states—11
to 100 μs (S1 states), 100 μs to 1 ms (S2), and 1 to 10 ms (S3), as
the integral of the I-fitting function over the respective time
domains. This analysis could not be performed in a consistent
manner in the time domain 10 to 100 ms, as in some cases the
signal-to-noise ratio was too low within this region.

2.5 Spectrofluorimetry

For the determination of NADH and FMNox levels, 2 ml cell
samples prepared in PBS as described above were placed

into a covered quartz cuvette maintained at 20°C under continu-
ous stirring in a Horiba Jobin Yvon, (New Jersey) spectro-
fluorimeter equipped with two monochromators. All slits
were set to 5 nm. After 5 min allowed for thermal equilibration,
emission spectra were collected in triplicate, with excitation
at 340 nm for NADH64,65 and at 450 nm for FMNox.

66

Fluorescence intensity was averaged, corrected for background,
and then normalized to cellular density. The mitochondrial level
of NADH, ½NADH�m, was quantified by the ratio of fluores-
cence emitted at 450 nm to that emitted at 374 nm and is con-
sidered to be not affected by inherent artifacts related to cell
movements, sample inhomogeneities, etc.67,68 In control (non-
treated) cells, this ratio was 1.86� 0.31 (n ¼ 18). The
NADH fluorescence ratio obtained with treated cells was nor-
malized to the corresponding mean value of the control cells
(1.86). As discussed in more detail in the paper, our results
are consistent with the notion that mitochondrial NADH consti-
tutes the major component of cellular NADH under our condi-
tions, in agreement with other reports [Refs. 65 and 67 to 69; see
also Ref. 64 for a review]. It is also assumed that the concen-
tration of NADPH, whose photophysical properties are virtually
identical to those of NADH, is much lower than that of
NADH.64,70 This idea is also strongly supported by the strong
correlation found in the present study between the fluorescence
of NADH and that of FMN in cells treated with complex
I-targeting agents (discussed below). The level of FMNox is
expressed as the fluorescence emission at 515 nm with excita-
tion at 450 nm.65,66 In QC-based experiments, due to consistent
spectral overlap between the two fluorescent species, FMN
fluorescence was recorded with excitation/emission at
485 nm∕515 nm, where QC fluorescence is very weak.41,43
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Fig. 3 Kinetics of delayed photoemission in red by Jurkat cells exposed for 30 min to DMSO (control) or
to the indicated doses of ROT. Each curve was obtained by fitting the data to the equation
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i¼1 Ai expð−t∕τi Þ. Insets, the ROT-dose dependence of the DL yield (i.e., Ai τi ) produced by
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further analysis.
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This assessment may somewhat overestimate emission from
FMN due to contribution from QC. Nevertheless, this further
strengthens the current conclusion that QC decreases the
level of FMNox. As discussed below, the results obtained in
this study suggest that the fluorescence we detected at
515 nm originates mainly from FMN rather than flavin adenine
dinucleotide (FAD) or other mitochondrial flavins, which, due
to their similar optical properties, are virtually indistinguishable
by spectrofluorimetric means.

In kinetic fluorimetric recordings, cell suspensions prepared
in PBS at a density of ≈106 cells∕ml were measured under con-
tinuous stirring at 37°C. Fluorescence was recorded in kinetic
mode, with alternate excitation at 340 and 450 nm, respectively.
Excitation pulses were repeated every 22 s. Emission detected at
450 nm∕exc. 340 nm (NADH) and at 515 nm∕exc. 450 nm
(FMN) was corrected for background and normalized to cellular
density. At indicated time points, the drugs were added directly
to the cuvette, without interrupting the recording.

2.6 Statistics

Unless indicated otherwise, the data are presented as
median� standard error of the mean of at least three different
measurements.

Data fitting was performed using the program Origin,
version 7.5.

3 Results

3.1 Effect of ROT on Clonogenic Survival and
Apoptosis

ROT decreased the clonogenic survival of Jurkat cells in a dose-
dependent manner [Fig. 6(a)]. In acute (30 min) exposure to
ROT, the corresponding median effect concentration (required
to reduce clonogenicity to 50%) and Hill-type coefficient of
ROT were estimated to be Dm ¼ 114.7 μM and m ¼ 1.35,
respectively. As also discussed below, these results indicate
that the cooperative interaction between at least two ROT-bind-
ing sites contributes to the biological endpoint (cell death).

ROT also induced apoptosis dose-dependently, which corre-
lated well with the clonogenic survival [Fig. 6(b)]. The kinetics
of apoptosis induction appeared to be relatively slow, since 48 h
after the treatment, a significant number of cells were found in
early apoptotic phases. The specific evolution of apoptosis
through early/late stages strongly indicated that ROT preferen-
tially induced apoptosis, not necrosis in Jurkat cells. This con-
clusion was further substantiated by forward and side scatter
analysis (not shown).

3.2 Effect of ROT, QC, MD, and H2O2 on NADH
and FMNox Levels

We investigated by spectrofluorimetric means the effect of ROT
on the mitochondrial level of NADH and FMNox. As expected,
steady-state measurements (Fig. 7) and kinetic recordings (not
shown) showed that in ROT-treated Jurkat cells, the NADH level
increased substantially. Moreover, inhibition of complex I by
ROTwas additionally confirmed by separate fluorimetric deter-
minations of the level of mitochondrial superoxide, which dis-
played a consistent increase after addition of ROT (not shown).
Interestingly, contrary to our expectations based on a leading
effect of the cellular redox state (see, for example, Ref. 65),
the level of FMNox also increased after addition of ROT

(Fig. 7), probably reflecting a direct effect of NADH on the
rate of FMN oxidation at the level of complex I in this cell
type (discussed below). From steady-state measurements carried
out after treatments with increasing doses of ROT [Fig. 7(a)], the
microscopic dissociation constant associated with ROT binding
to complex I was estimated to be ≈33 μM, and the Hill coef-
ficient of 2.0 to 2.4 must indicate cooperative binding of at
least two molecules of ROT to a complex I oligomer, since
the Hill coefficient for ROT binding in complex I in the forward
mode (site 1 involved) was determined to be equal to 1.18

Importantly, our data, corroborated by additional results pre-
sented below, suggest that in intact Jurkat cells, complex I func-
tions mainly as a dimer in which two molecules of ROT bind
cooperatively to the corresponding ROT sites 1.

The data presented in Fig. 7(b) indicate that the effect of ROT
was complete in ∼60 min. Indeed, treatments with 50 μM ROT
for 30, 60, or 90 min had similar effects on NADH and FMNox

levels. However, the slight reduction of ≈10%, which was vis-
ible after the 90-min treatment, corroborated by results from DL
spectroscopy (discussed below), indicate that a conformational
change in complex I may be induced after longer treatments
with ROT.

We also investigated the effect of QC, MD, and H2O2 on the
mitochondrial concentration of NADH or FMNox. In agreement
with our previous reports,41–43 current measurements confirmed
that QC decreases the NADH level in Jurkat cells (this point will
be discussed in more detail in the next sections). In addition, QC
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Fig. 6 Dependence of clonogenic survival (a) and apoptosis (b) on
the dose of rotenone. Jurkat cells were exposed for 30 min to the indi-
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in Materials and Methods. Data in (a) were fitted to the equation
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also depressed the level of FMNox (Table 1). MD had similar
effects, considerably decreasing the concentration of both
NADH and FMNox in Jurkat cells (Table 1). It should be
noted that the former effect is consistent with previous findings
that MD increases the NADH consumption by mice liver sub-
mitochondrial fractions.34 High concentrations of H2O2 (100
and 500 μM) applied for 20 min (which were found to induce
substantial apoptosis in Jurkat cells42,62) did not cause signifi-
cant variations in ½NADH�m and produced only a slight decrease
in [FMNox] (Table 1).

Taken together, the steady-state fluorimetric data presented
here demonstrate a strong linear correlation between the level
of NADH and that of FMNox in Jurkat cells treated with
ROT, MD, QC, combination of QC and MD, and H2O2

[Fig. 7(c), Table 1]. The Pearson correlation coefficient associ-
ated with these data was r ¼ 0.93. A similar atypical behavior of
flavin fluorescence was previously reported in muscle tissue71

and human monocytes,72 where ROT was found to increase
flavoprotein emission, but the reason for this was unclear.
In addition, we found that under similar conditions, antimycin
A (AA), an inhibitor of respiratory complex III, induced a sub-
stantial increase of ½NADH�m but had no measurable effect on
[FMNox] under the current conditions [Fig. 7(c)].

A number of studies have identified α-lipoamide dehydro-
genase (LipDH), FAD bound in the electron transfer protein
(ETF), free oxidized FAD/FMN, enzymes of fatty acid oxida-
tion, or lipofuscin as possible contributors to flavin autofluor-
escence;73–76 for a comprehensive recent review of possible
cellular sources for autofluorescence and their relation to the
metabolic state, see Ref. 77. Our data strongly suggest that
the main flavoprotein detected in Jurkat cells under our condi-
tions is most likely complex I-related FMN. It should be men-
tioned that in our determinations, FMN fluorescence was
relatively weak (10 times lower than NADH fluorescence).
It is generally recognized that the fluorescence of flavins can
be substantially quenched (20- to 100-fold) upon binding to pro-
teins that are involved in electron transfer.78 However, the FMN
fluorescence of complex I is measurable.79,80 In addition, if

FAD were the major component of the flavin autofluorescence
detected in our assay, we would have observed a significant
decrease in flavin fluorescence in both ROT- and AA-treated
cells.65,81,82 The same also stands for lipoamide dehydrogenase,
another major flavoprotein that could contribute to the observed
fluorescence signal. Since the redox state of its flavin cofactor is
in tight equilibrium with the mitochondrial NADþ∕NADH
pool,65 autofluorescence originating from LipDH should be
inversely related to the mitochondrial metabolic activity, and
hence to NADH autofluorescence. However, this was not the
case here. Moreover, the changes in cellular ROS levels were
not correlated with the variations in the flavin fluorescence
observed in our assay. Indeed, using a general oxidative stress
indicator as well as a mitochondrial superoxide indicator, we
found that, in treatments similar to those employed in this
study, both ROT and MD induced a substantial increase,
whereas QC induced a substantial decrease of the ROS produc-
tion (manuscript in preparation). In addition, the accumulation
of lipofuscin pigments, which can generate significant auto-
fluorescence, was reported to be induced by ROT (Ref. 83)
as well as by MD (Ref. 84) via oxidative stress. However, under
our conditions, the effects of ROT and MD on flavin autofluor-
escence were opposite, hence arguing against the idea that our
recordings reflect fluorescence changes originating from lipo-
fuscin. Furthermore, the parallel variations in both NADH
and flavin autofluorescence manifested immediately after addi-
tion of ROT [Figs. 7(d) and 7(e)] or MD (not shown), whereas
augmentation of lipofuscin fluorescence is expected to develop
on a much longer time scale after exposure to ROT.83 In certain
systems, a significant fraction of flavin-associated autofluores-
cence can be provided by the FAD prosthetic group of the ETF.75

However, since ETF’s fluorescence is not NADH-dependent
and, moreover, is substantially quenched upon ETF reduction
treatments with complex III inhibitors,75 our data clearly indi-
cate that the major flavin detected in our measurements is not
related to ETF.

Possible variations in intracellular pH are also unlikely to be
the underlying cause of the atypical flavin response observed
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in our assay. To induce variations in intracellular pH, we used
the uncoupler of oxidative phosphorylation, 2,4-dinitrophenol
(DNP), which can reduce the pH gradient across cellular mem-
branes by acting as a protonophore. First, sequential addition of
the mitochondrial inhibitors ROT or AA to Jurkat cell suspen-
sions produced a prompt and substantial stepwise augmentation
of NADH fluorescence [Figs. 7(d) and 7(f)], whereas flavin
autofluorescence was apparently responsive to ROT, but not
to AA at effective concentrations (≤15 μM) [Figs. 7(e) and 7(g)
and data not shown]. These levels of inhibition produced
increases in NADH and flavin fluorescence that were similar
to those obtained in steady-state measurements described
above [Fig. 7(c)]. Since the simultaneous block of complexes
I and III should produce high levels of reduced flavins down-
stream of complex I and upstream of complex III, the ROT-AA
combination should produce a large decrease in flavin autofluor-
escence if complex II- or ETF-associated FAD were the main
fluorescent flavin in Jurkat cells, which was not the case
here. Even more, high concentrations of AA (150 μM) added
after exposure to 50 μM ROT induced a twofold increase in fla-
vin fluorescence (not shown), suggesting that the actual increase
in FMN fluorescence is probably higher if we compensate for
the contribution of the presumably decreased FAD fluorescence

to the detected signal. After addition of 75 μMDNP, a rapid and
consistent decrease in both NADH and flavin autofluorescence
was observed [Figs. 7(d) to 7(g)]. This strong NADH response
to DNP was unlikely to be the effect of a pH change, since sub-
sequent addition of HCl or NaOH affected NADH autofluores-
cence to a modest extent in comparison with the wide variation
elicited by DNP. In the presence of ROT and DNP, flavin auto-
fluorescence was unaffected by the addition of 2.5 mM HCl, but
decreased after subsequent addition of 5 mM NaOH [Fig. 7(e)].
In the presence of ROT, AA, and DNP, flavin autofluorescence
responded with a twofold increase on addition of 1 mMHCl and
then decreased three times upon further addition of 2 mMNaOH
[Fig. 7(g)]. NADH and flavin fluorescence emissions were
strongly correlated during exposure to ROT [Pearson coefficient
r ¼ 0.81 for data in Figs. 7(d) to 7(e) and r ¼ 0.83 in Figs. 7(f)
to 7(g)] and after addition of DNP [r ¼ 0.93 in Figs. 7(d) to 7(e)
and r ¼ 0.82 in Figs. 7(f) to 7(g)], irrespective of the induced
pH variations. The typically expected effect of DNP is to
decrease NADH fluorescence and increase flavin fluorescence
by inducing an oxidized state of the mitochondria.85 DNP at
higher concentration (250 μM) was reported to induce a rela-
tively small decrease (0.1 pH units) in the intracellular pH,
while evoking substantial plasma-membrane and mitochondrial
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Fig. 9 The dependence of the VIS (a), blue (b), green/yellow (c), and red (d) total DL yield on the relative
concentration of NADH or FMNox, obtained after treatments of Jurkat cells with ROT, MD, QC, or H2O2.
The total DL yield was calculated from emission over the time interval of 11 μs to 10 ms. The data (col-
lected in Table 1) were fitted to the equation y ¼ Y 0 þ Ymax × ch∕ðch þ Kh

d Þ (curves), where c is the
relative ligand concentration. The fit to VIS-DL data was done with Ymax set to 21.0, the maximal
value obtained for the first exponential component of the photoemission curves in Figs. 2 and 3. The
fit to spectral components was done with fixed Ymax and Y 0, which were considered to be a certain
fraction of the corresponding VIS values. The blue and red fractions were set to 0.291 and 0.318, respec-
tively, which were equal to the maximal values observed from all measurements. The remaining fraction,
0.391, was attributed to green/yellow DL. Parameters derived from the fit are presented in Table 2.
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depolarization.86 We also found that under our conditions, all
the three agents, ROT, QC, and MD, produced substantial mito-
chondrial depolarization (not shown), indicating that the cur-
rently observed NADH-flavin positive correlation is not due
to variations in the mitochondrial transmembrane potential.

MD- or QC-based determinations also confirmed the paral-
lelism of the NADH and flavin fluorescent signals under con-
ditions where autofluorescence was depressed after addition of
the oxidative stressor (not shown). Taken together, all these
results and observations strongly support the notion that in
our assay both NADH and flavin fluorescent signals arise
primarily from the mitochondria, since they display strong
responses to various mitochondrial inhibitors, and also indicate
that the major fluorescent flavin detected in our assay is FMN.
Some relevant molecular aspects will be further discussed in
Sec. 5. As analyzed in more detail therein, the most likely inter-
pretation that can explain all of the outcomes in the present study
is that ROT, QC, and MD induce a complex I conformational
change in which the flavin radical FMNH• produced after
reduction of center N3a by FMNH2 dislocates within the
FMN binding cavity of complex I and reacts with molecular
oxygen. Regenerated FMNox then rebinds with high affinity
to its site. Since the dissociation of FMNH• from the FMN
site of complex I is stimulated by NADH,87 increased levels
of NADH would lead to more FMN released within the binding
cavity of complex I and thus to an apparent prolongation of the
FMN dwelling time in the oxidized state before rebinding to the
FMN site. In addition, unbound FMN is much more fluorescent
than in its bound form and has a quantum yield that is 10 times
higher than that of FAD,88 hence explaining the increased fluo-
rescence of flavin at increased levels of NADH.

3.3 Effect of ROT on Delayed Luminescence

To probe the relationship between the ultraweak photon-induced
delayed photoemission and complex I, we investigated the effect
of ROT, QC, MD, and H2O2 on DL.

DL spectroscopy in VIS revealed a notable enhancement of
DL following ROT treatments of Jurkat cells. Light emission
following UV excitation presented a complex kinetic profile,
which was well fitted by a linear combination of four exponen-
tials, with characteristic decay times of 22.9 μs, 140 μs, 1.40 ms,
and 8.50 ms, respectively (Fig. 2), indicating the existence of
four main classes of light-emitting states. With treatments of
30 min duration, the corresponding yields associated with the
total number of excited states of each component increased
with the dose of ROT (Fig. 2, insets).

Under the same treatment conditions, the kinetics of delayed
red-light emission exhibited six dominant exponential compo-
nents, with characteristic decay times of 13.3 μs, 129 μs,
388 μs, 1.70 ms, 3.87 ms, and 8.25 ms, respectively (Fig. 3).
Some of these components provided an extremely low DL
yield in certain treatments. Therefore, to obtain a unitary
description and gain relevant insights into the effect of ROT
on red DL, we collected the contributions of some adjacent
DL components as shown in the insets of Fig. 3. Together,
these data show that the overall effect of ROT was to stimulate
red DL.

Next, we maintained the ROT dose constant and varied the
treatment duration from 30 to 60 and 90 min, respectively.
Delayed luminescence in VIS (Fig. 4) as well as in the red
region of the spectrum (Fig. 5) presented a biphasic dependence
on the treatment time, exhibiting a maximum in 60-min

treatments. In particular, a marked (∼12-fold) increase was
observed in the delayed red-light emission by a distinctive com-
ponent with decay time constant of 129 μs.

We have so far determined the yields and time decay con-
stants of the dominant VIS and red DL components. After ana-
lyzing in the same manner, the delayed light emission in the blue
and the green/yellow regions of the spectrum, which displayed
similar features with regard to the dependency on the ROT dose
and treatment duration, we could notice that some kinetic com-
ponents were not common to all spectral components of DL.
Therefore, to obtain a more general description of the DL char-
acteristics and perform a consistent comparison between differ-
ent spectral domains, we considered three distinct classes of
light-emitting states, namely one class of fast-decay states
(S1, lifetime ∼10 μs) and two classes of intermediate- (S2, life-
time ∼100 μs) and slow-decay states (S3, lifetime ∼1 ms); this
approach, together with the individual decay times determined
above, proved particularly useful in identifying the specific elec-
tron transfer rates in complex I (see Discussion for more details).
We should stress that, taking into consideration the specific DL
decay times obtained above for the VIS and red spectral regions
(Figs. 2 to 5), this actual classification provided the most con-
sistent analysis of the data and, moreover, allowed us to describe
the green/yellow DL emission in terms of emission kinetics with
similar dominant decay times.

The results collected in Fig. 8 show that the fast-decay (S1)
states emitted predominantly blue light, with somewhat lower
contributions from red- and green/yellow-light emitting states,
whereas states S2 and S3 appeared to emit mostly in the
green/yellow region, with some significant blue- and red-light
emission from S2 recorded only after ROT treatments of 60 min.

The data presented in Fig. 7(b) indicate that under our con-
ditions, the effect of ROTon both NADH and FMNox levels was
complete in ∼60 min. The slight attenuation of the effect that
was observable after longer treatments (90 min) was reflected
more prominently by the DL yield (Figs. 4 to 8). It is conceiv-
able that mitochondrial complex I may become insensitive to
ROT after long exposure to the inhibitor via a slow

Table 2 Fit-derived parameters of the DL-yield dependence on rel-
ative ½NADH�m and [FMNox]. The DL yield in the indicated spectral
domains was calculated in the time interval of 11 μs to 10 ms.

Parameter VIS Blue Green/Yellow Red

NADH

Y0 0.446 0.130 0.174 0.142

Ymax 21.0 6.11 8.21 6.68

Kd 2.92 2.95 2.37 4.15

h 4.26 3.98 7.42 2.84

FMNox

Y0 0.473 0.138 0.185 0.150

Ymax 21.0 6.11 8.21 6.68

Kd 2.65 2.79 2.19 4.01

h 4.39 3.68 6.94 2.66
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deactivated/activated state transition,89 which could be regulated
metabolically in intact cells. Hence, this mechanism would
explain the apparent recovery from inhibition, which, under
our conditions, seems to manifest in exposures of increased
duration.

3.4 Correlation Between DL and the Level of
NADH and FMNox

DL spectroscopy and NADH/FMNox fluorimetric data were col-
lected after treatments with ROT, QC, MD, and H2O2, or QC in
combination with MD or H2O2. Consistent with our previous
reports,42,62 QC and MD significantly inhibited the ultraweak
photon-induced delayed photoemission of Jurkat cells in a
dose- and time-dependent manner (Table 1). H2O2 elicited as
well an inhibitory effect on DL, but to a much lesser extent
(Table 1). Combination of QC and MD at high dose also consis-
tently decreased the VIS-DL yield, whereas combination of QC
with a high dose ofH2O2 exerted a more reduced effect (Table 1).

Taken together, the data revealed a strong correlation
between the total DL yield in VIS and the mitochondrial con-
centration of NADH or FMNox [Fig. 9(a)], which also mani-
fested robustly for all classes of states S1, S2, and S3 (not
shown). The dependence of the total VIS-DL yield on both
½NADH�m and [FMNox] was very well fitted by a modified
Hill equation [Fig. 9(a)]. Interestingly, the apparent Hill coeffi-
cient of both ligands was estimated to be 4.3 to 4.4, which is
approximately two times higher than the value estimated
above for the binding of ROT to oligomeric complex I.

The total yield of delayed emission of blue, green/yellow, or
red light exhibited a qualitatively similar dependence on
½NADH�m and [FMNox] [Figs. 9(b) to 9(d)]. However, the cor-
responding individual Hill coefficients varied from 3.7 to 4.0
(blue) to 6.9 to 7.4 (green/yellow) and 2.7 to 2.8 (red)
(Table 2). As also discussed below, all these figures substantiate
the idea that the dominant structural arrangement of complex I in
Jurkat cells is the dimeric form, which binds cooperatively to
two ROT molecules, and that a significant contribution also
comes from tetrameric complex I, in which at least three
(most likely four) molecules of ROT bind to ROT site 1 in
a cooperative manner.

From a quick inspection of the spectral DL domains, we can
gain some relevant insights concerning the relative frequency of
complex I dimers and tetramers. Thus, the DL data indicate that
green/yellow light emission (presumably associated with tetra-
meric complex I) contributes 39%, and blue- and red-light emis-
sion (associated with dimeric complex I) contributes 61% to
total DL. So, our results suggest that ∼60 and 40% of complex
I oligomers in Jurkat cells are in dimeric and tetrameric form,
respectively.

In conclusion, based on the main current findings that (1) DL
is closely related to the level of FMNox, which is found primarily
in the mitochondria,65,90 (2) DL is also linked to the level of
NADH, the substrate of mitochondrial complex I, (3) ROT, a
specific inhibitor of complex I, affected DL considerably, and
(4) MD and QC, which interact robustly with complex I, also
affected DL significantly, all our results reinforce the idea62

that mitochondrial complex I plays a major role in the ultraweak
photon-induced delayed photoemission in Jurkat cells.

4 Discussion
Perhaps the most physiologically relevant outcomes of our
investigations derive from the finding that the DL yield depends

in a Hill-like fashion on the level of NADH as well as that of
FMNox, with apparent Hill coefficients of 4.3. In addition, spec-
tral DL analysis indicated different degrees of cooperativity of
both NADH and FMNox, reflected in differing Hill coefficients
associated with blue-, green/yellow-, and red-light emission,
namely 3.9, 7.2, and 2.8, respectively. In addition, fluorimetric
measurements of NADH and FMNox levels indicated that ROT
binding exhibits an apparent Hill coefficient of 2.0 to 2.4, sug-
gesting that complex I functions mainly as a dimer in intact
Jurkat cells. Based on these findings, we propose that blue
and red DL is produced predominantly by dimeric complex
I, whereas green/yellow DL arises mainly from tetrameric com-
plex I. At first sight, these results could suggest a cooperative
action of the NADH and NADPH sites of a complex I mono-
mer,8 as well as cooperativity between both oxidized flavins
[i.e., FMN-a and FMN-b (Ref. 8)], to generate DL-specific
states, corroborated by the cooperative interaction between all
monomers that are coupled within a complex I oligomeric
form. In addition, a necessary condition would be that the con-
centrations of NADH and NADPH in the matrix are similar.
Nevertheless, such cooperativity between sites situated at the
two extremities of the hydrophilic sector of complex I has to
involve a long-range interaction (which nevertheless has been
documented91–93) and might reflect that in the particular com-
plex I conformation induced by specific modulators like
ROT, MD, and QC, the affinity of NADPH for its site is
increased in the NADH-bound complex I. However, having
in view that the concentration of NADPH in the matrix is gen-
erally much lower than that of NADH (reviewed in Ref. 64), a
more plausible interpretation can be drawn from the idea of a
tight interplay between complex I and nicotinamide nucleotide
transhydrogenase (Nnt), a mitochondrial enzyme catalyzing the
reaction NADHþ NADPþ ↔ NADPHþ NADþ. It is sug-
gested8 that Nnt (a homodimer) can form a heteromer with com-
plex I and thus regulate the NADPH∕NADPþ ratio in the
vicinity of the NADPH site of complex I (Fig. 1). By this mecha-
nism, for example, Nnt cooperates with complex I in the attenu-
ation of H2O2 generation by complex I.8 It is thus conceivable
that in situ, NADH binding to its site in complex I leads some-
how to the stabilization of the complex I-Nnt heteromer, hence
increasing the apparent rate (and affinity) of NADPH binding to
its distal site on complex I. Thus, we propose that, in order for
ROT-, MD-, or QC-bound complex I to generate DL, one
NADH molecule must be bound to its site on complex I, one
NADH molecule must associate with the Nnt monomer that
is docked on the comer of complex I, and complex I and
Nnt must form a tightly bound heteromer. Finally, in the
same particular conformation of complex I, binding of
NADH and similarly, NADPH to their corresponding sites
enhance the rate of FMN-b and FMN-a oxidation, respectively.
Therefore, an apparent Hill coefficient of 2 obtained for NADH
per complex I monomer will be closely linked to an apparent
Hill coefficient of 2 characteristic for FMNox. In the Nnt-com-
plex I heterotetramer, the NADH binding sites situated on the
two monomers of complex I, as well as the two NADH sites
on the two Nnt monomers, must interact cooperatively. Thus,
our results are consistent with the notion that in Jurkat cells,
the main structural organization of mitochondrial complex I
is most likely a supercomplex composed of one complex I
dimer and one Nnt dimer. In favor of this, the concentrations
of complex I and Nnt in bovine-heart submitochondrial particles
have been found to be closely similar.8
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At this point, it should be recalled that multiple dinucleotide
[NAD(H) and NADP(H)] binding sites were identified within
the sequence of complex I,94 and, consistent with this, five sub-
units isolated from complex I were found to bind NADH and/or
NADPH.94 Steady-state kinetic studies of the transhydrogenase
activity of complex I also indicated that a single dinucleotide-
binding site is incompatible with the data.95 Moreover, co-
operative binding of NADH in complex I, with an associated

Hill coefficient of 2.3 (Ref. 18) or 2.6 (Ref. 96), has been
reported by different groups. In addition, in complex I prepara-
tions where the Hill coefficient for NADH binding was 2.3, the
corresponding Hill coefficient for ROT binding was found to be
1.1.18 We remark that the ratio of number of NADH molecules/
number of ROT molecules bound to complex I derived in our
study (≈2) is in good accord with these figures, but, based on the
number of NADH and FMN molecules involved (two of each

F

A

B

Fig. 10 (Continued on p. 15)
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per bound molecule of ROT), suggests that the second active
dinucleotide site must interact with the second flavin (i.e.,
FMN-a). However, at the moment, the only well-defined
NADH-binding site of complex I remains that situated in the
FMN-b containing 51 kDa subunit of the complex.92–94

Therefore, in the absence of conclusive knowledge of a func-
tional NADH site that would be able to interact with FMN-a,
we believe that the hypothesis of heteromeric Nnt-complex I
coupling can reasonably explain our DL data. Moreover, the

presumed ability of complex I to form oligomers in the native
inner membrane of intact cell mitochondria is in line with recent
evidences of the existence of large functional respirasome super-
complexes in various combinations of monomers, dimmers, or
trimers of individual respiratory complexes with different stoi-
chiometries.97,98 So, it is conceivable that in situ, complex I can
form dimers, as also suggested by a number of previous stud-
ies,97–101 or even tetramers.102 To date, dimeric complex I has
been detected in fungal mitochondria,98,99 and it has been

C

Fig. 10 Minimal model of DL-generating states produced during electron transfer in complex I, in accor-
dance with data presented in Figs. 2 to 9. S1, S2, and S3 classes of states are discussed separately in (A),
(B), and (C), respectively. Arrows indicate the main product(s) resulting after electron transfer in the
respective step. The reduced form of Fe/S centers is indicated by the subscript r. Individual time con-
stants of electron transfer steps are taken from Ref. 17, except the values estimated in this work (itali-
cized). Regenerated FMNH•, which can participate in subsequent reactions, is indicated by a dashed
rectangle. Dashed arrows at the beginning of the reaction series in (B) and (C) indicate the two possible
electron transfer modalities shown in (Ab) and (Ac). Dashed arrows at the end of the reaction series
indicate the time elapsed between the collision of the O2 molecule with the FMNH• or Q• radical,
and the ensuing dimol photoemission.
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proposed that such dimers may occur in organisms possessing
alternative respiratory enzymes.98,99 It is thus possible that under
the ROT blockage, the alternative oxidase is activated in Jurkat
cells, hence increasing the likelihood of complex I aggregation.
In favor of our hypothesis on the formation of complex I dimers
or higher oligomers, we found in a different set of experiments
that QC induces in Jurkat cells, long after drug removal, a per-
sistent mitochondrial hyperpolarized state, which is inhibited by
ROT in a biphasic manner, with corresponding Hill coefficients
of 1.2 to 1.4 and 2.8 to 3.6, respectively (manuscript in prepa-
ration). Moreover, those measurements involved the fluorimetric
detection of the fluorescent emission of a well-established fluo-
rescent indicator, JC-1, not that of NADH or FMN. Hence, these
latter results lend further support for the concept of cooperative
interaction between two and three to four ROT binding sites,
respectively. In addition, an independent nonfluorimetric assay
conducted here on the basis of clonogenic survival determina-
tions [Fig. 6(a)] also indicated cooperativity between at least two
ROT binding sites, arguing against the idea that the current out-
comes might reflect some potential fluorescence artifacts rather
than the actual dependence of NADH and FMN levels on the
ROT dose. In conclusion, the human leukemia Jurkat cell
line appears to be an appealing candidate for further studies
investigating the possible formation of complex I oligomers
in mammalian cells. Our current results suggest that in Jurkat
cells, complex I oligomers are formed, at least in the presence
of ROT, QC, or MD, and may exist in either dimeric or tetra-
meric form, with an abundance ratio of 3∶2. Approximately 50
to 90% of complex I is currently thought to be associated with
dimeric complex III in supercomplexes that may also contain
one to four subunits of complex IV.103,104 Interaction between
complex I and complex III within the respirasomes was
found to be essential to the activity and stability of complex
I.97,101 Importantly, the existence of even larger supercomplexes
containing multiple monomers of complexes I, III, and IV was
unambiguously confirmed.104 It is therefore possible that our
assay detected mixed responses originating from such super-
complexes assembled from oligomeric complex I and oligo-
meric complex III, having in view the peculiar effects of
ROT and/or AA on flavin autofluorescence observed in our
experiments. Knowledge of monomeric/oligomeric complex I
specific distribution may be significant for the understanding
of the molecular and functional properties of the respiratory
complexes and supercomplexes in physiological or pathological
conditions.

Given the characteristic timescales of various electron trans-
fer steps in complex I,16,17 we propose a minimal model consis-
tent with the current DL data. UV photoexcitation of FMN
generates excited FMN singlet states that may either decay to
the ground state by prompt fluorescence105 or undergo intersys-
tem crossing to long-lived triplet states,106 which can further
relax to metastable intermediate states.106 In analogy with the
Photosystem II case,58,60 the long lifetime of the triplet- or meta-
stable-state species allows a series of photochemical reactions to
occur in complex I and produces secondary excitations, thus
giving rise to the ultraweak photon-induced delayed photoemis-
sion. The currently described S1 states emitting blue or green/
yellow light are most likely excited states of NADH or FMNox,
respectively, that are produced after a series of forward and
backward electron transfer steps reaching up to the Fe/S center
N4 [Fig. 10(A)]. A necessary condition for the two sequences
shown in Figs. 10(Aa) and 10(Ab) is that the primary oxidized

NADþ molecule does not dissociate from complex I during the
entire time interval. Indeed, the average time for which NADþ

remains attached to complex I (∼1 ms, Refs. 16 and 17) is much
larger than the overall lifetime of 29.3 μs estimated for the S1
domain of the blue light emission traces (not shown). Next, the
S2 states emitting blue (or green/yellow) light may represent
excited states of NADH (or FMNox) regenerated via backward
charge recombination after the primary sequence of forward
transfer steps reaching the center N2 [Fig. 10(Ba)]. The appear-
ance of S3 states probably involves charge transfer from center
N1b to N5 and backward, as well as from center N1a to N3
[Fig. 10(C)].

In view of the similarities with the other spectral components
(e.g., Fig. 8), delayed emission of red light appears as well to be
closely linked to complex I. In consequence, we propose that red
DL is most likely produced via dimol photoemission generated
by two colliding molecules of singlet oxygen (1O2). Dimol
luminescence can be observed at the characteristic wavelengths
of 579, 634, and 703 nm,107,108 with main emission at 634 nm.
Thus, increased levels of superoxide produced by the semifla-
vone at the FMN-b [Figs. 10(Ac), 10(Ad), 10(Bb), and 10(Ce)]
or FMN-a site [Figs. 10(Bd) and 10(Bh)], or by the ubisemiqui-
none at the Q site [Figs. 10(Bc), 10(Cd), 10(Cf), 10(Cg), and
10(Ci)] could lead, particularly in the presence of superoxide
dismutase, to the generation of significant levels of singlet oxy-
gen109 and consequent dimol photoemission. We should note
that our results differ from those of Mik et al.51,52 who found
that ROTand other mitochondrial respiration inhibitors decrease
the delayed (red) luminescence of endogenous protoporphyrin
IX (PpIX), which is synthesized inside the mitochondria. ROT
inhibition of PpIX red DL appeared to be a process mediated by
increased levels of mitochondrial O2.

51 However, the experi-
mental design used therein was based on the application of a
PpIX precursor [5-aminolevulinic acid hydrochloride (ALA)]
to enhance the intracellular PpIX concentration. In the absence
of ALA, red DL of HeLa cells was virtually undetectable [Fig. 4
(a) in Ref. 51]. Under our conditions (excitation at 337 nm, ver-
sus 405 nm in Ref. 51 or 510 nm in Ref. 52), we observed a
strong enhancement of red DL by ROT, which could suggest
that, at least in Jurkat cells, singlet oxygen is the likely dominant
generator of red DL observed upon excitation at 337 nm. On this
basis, our current DL data suggest that the average time elapsed
since the generation of semiflavone at FMN-b until the collision
of the emerging 1O2 with a second singlet oxygen situated in
close vicinity is 13.3 μs [Fig. 10(Ac)]. For simplicity, we
also assume that the other two sites of superoxide generation
in complex I, namely FMN-a and Q, exhibit the same kinetics
of dimol photoemission, with an overall time of electron transfer
from semiflavone/semiquinone to molecular oxygen, dimol
production and radiative decay, of 13.3 μs. Moreover, our DL
data are best explained by assuming that center N2 is reduced
by NADH within 90 μs, in accord with previous reports,16

which provides a characteristic time of 54 μs required for the
electron transfer from center N6b to N2 [Fig. 10(Ba)]. It is
worth noting that the two values derived above explain very
well the dominant kinetic component of both blue and green/
yellow (140 μs derived from DL emission curves, not
shown), as well as red light emission from S2 states (148 μs)
produced via NADH reduction of N2, followed by reverse elec-
tron transfer to FMN-b and NADH [Figs. 10(Ba) and 10(Bb)].
However, we propose that the prominent S2 component (129 μs)
of red DL is produced via reduction of ubiquinone by the first
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electron of NADH received from center N2 (estimated time,
20 μs), generation of superoxide and then singlet oxygen
dimol by the usual pathway [Fig. 10(Bc)]. In the presence of
ROT, the ubisemiquinone becomes unstable, dissociates from
the QNf -site, and reduces O2 to superoxide.20 In the absence
of ROT, ubisemiquinone remains attached to the QNf -site (for
which it has a high affinity) and is further reduced to ubiquinol
(QNfH2) by the second incoming electron from N2. QNfH2,
which cannot react with molecular oxygen because the reaction
is spin forbidden,8 participates in electron transfer within the
membrane domain and in proton translocation. In consequence,
ROT will increase the red-light emission from the semiquinone
radical produced at the Q-site via reduction by NADH. The
slower component (390 μs) of red DL may be produced in
a similar manner, via reduction of flavin FMN-a by NADH
through center N2, and subsequent interaction with O2

[Fig. 10(Bd)]. We estimated that in the presence of ROT, the
mean time for electron transfer from reduced center N2 to
FMN-a is 284 μs in situ, which suggests that the likelihood
for N2 to reduce ubiquinone is 14 times higher than to reduce
FMN-a. On the millisecond timescale, delayed red-light emis-
sion may involve electron transfer between centers N1b and N5,
or transfer from center N1a to N3, and subsequent superoxide
production at the FMN-b, FMN-a, or Q sites [Figs. 10(Cd),
10(Ce), 10(Cg), 10(Ch), and 10(Ci)]. In addition, we propose
that the distinct red-DL component with decay time of
3.87 ms is associated with the reduction of ubiquinone by center
N6a. Nevertheless, the long time required for this charge transfer
reaction is compatible with a reduced likelihood of a process in
which the long, flexible tail of ubiquinone manages to arrange
itself inside the putative hydrophobic tunnel formed between the
49-kDa and PSST subunits of complex I (Ref. 8) (Fig. 1).
Although the crystal structure of complex I isolated from two
prokaryotic systems (E. coli, T. thermophilus) does not present
clear evidence for this scenario,1,3,93 it is possible that it does not
accurately reflect the constitution of mammalian complex I,110

which could present distinct particularities, especially in its
native mitochondrial environment. Accordingly, our data sug-
gest that both situations are possible; however the protrusion
of ubiquinone into the hydrophobic tunnel up to cluster N6a
appears to be a rather rare event, which could essentially be
facilitated by the binding of ROT at site 1.

Fluorimetric measurements performed in this study also
demonstrated, contrary to expectations,65,81 a strong linear cor-
relation between the mitochondrial level of NADH and that of
FMNox in Jurkat cells treated with complex I targeting agents
like ROT, MD, and QC. This rather unusual feature was
observed previously in muscle tissue71 and human monocytes,72

where ROTwas reported to increase flavoprotein emission. The
correlation established here could suggest that in Jurkat cells,
the ROT-, MD-, or QC-bound complex I accelerates the electron
transfer from reduced FMN, either toward the neighbor Fe/S
centers or backward, to the NADþ molecule, if the latter has
not dissociated yet from FMN. In any case, assuming that
the total level of mitochondrial flavins does not change signifi-
cantly during the treatment, the observed increase in the fluo-
rescence of FMNox at increasing levels of NADH definitely
reflects an overall increase in the population (and relative
dwell time) of the oxidized state of FMN and a corresponding
decrease in the population (and relative dwell time) of the semi-
or fully reduced states of FMN. Having in view that an NADH
increase does not induce by itself an increase in the level of

FMNox, as demonstrated by experiments employing the com-
plex III inhibitor, AA [Figs. 7(c) and 7(g)], we infer that
ROT, MD, and QC most likely induce a conformational change
in complex I, in which the density of the FMNox population is
directly related to the level of NADH in the matrix, and hence
with the apparent residence time of NADH∕NADþ at its bind-
ing site in complex I [since binding of NADH to the enzyme
results in a long-range conformational change at the membrane
interface (quinone-binding pocket),91–93 it is conceivable that the
reverse situation is also possible]. A likely explanation may be
that the binding of ROT or MD/QC to complex I in situ inhibits
or stimulates, respectively, the dissociation of NADþ from com-
plex I following reduction of FMN by NADH, and that associ-
ated NADþ favors the oxidized state of FMN in this particular
conformation. However, since ROT does not affect the reduction
kinetics of neither of the Fe/S clusters,8,100 it seems more likely
that the semiflavin radical FMNH•, which is produced rapidly
after reduction of center N3a by FMNH2, dislocates within
the FMN binding cavity and produces a conformational
change of the protein,87 which would allow access to molecular
oxygen (even in the presence of NADþ in the substrate binding
cleft), leading to subsequent production of superoxide.
Regenerated FMNox can then rebind with high affinity to its
site. Moreover, high levels of NADH appear to stimulate the
dissociation of FMNH• from the FMN site,87 which lends fur-
ther support for our interpretation. Thus, our data suggest that
ROT increases, whereas MD and QC decrease, the probability of
O2 reduction by FMNH• via modulation of the NADH level and
also by conformational facilitation of the NADH effect on
FMNH•. In addition, since both QC and MD decrease
½NADH�m and [FMNox] and also have closely similar effects
on DL (Ref. 62), it is expected that both agents share a common
binding site and operate by similar mechanisms at the level of
complex I in Jurkat cells. Reports that QC can act as a coenzyme
Q-mimetic molecule38 or decrease the ROS production by com-
plex I (Ref. 39) further substantiate the current proposal that MD
and QC decrease the affinity of NADþ for the reduced form of
complex I (the apparent Kd ≈ 10 μM under normal condi-
tions87) by stimulating the dissociation of NADþ from reduced
complex I. In turn, the vacancy in the NADH site hampers the
detachment of FMNH•, so the inability of the flavin radical to
access dioxygen leads to decreased superoxide production. The
observation that ROTexerts opposed effects in H2O2 production
by mitochondria, although its site is situated in the same hydro-
phobic cavity at the matrix/membrane interface,39 is also in
agreement with our results. QC and MD are likely to inhibit
the accessibility of ubiquinone to both Fe/S centers N2 and
N6a, as well as the reduction of N2 by FMN-a, hence explaining
the considerable decrease of DL observed especially on the S2
and S3 timescales.62 Interestingly, in the rat brain and heart mito-
chondrial preparations of Lagoa and collaborators, QC exercised
its inhibitory effects on complex I without affecting the respi-
ration (oxygen consumption) rate,39 suggesting that QC is
able to both receive electrons from N2 and redirect them to
QNs without the destabilization of the intermediary radical,
thereby acting as a substitute for ubiquinone.39 However,
since MD produces superoxide at complex I by forming a semi-
quinone,27,35 presumably after accepting one electron from
center N2, we infer that the main mechanism responsible for
the observed effects of MD and QC on DL are caused by
the inhibition of (1) semiflavin lifetime (indirectly via an
NADH∕NADþ mediated effect), (2) ubiquinone reduction at
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center N6a, and (3) N2 reduction by FMN-a, whereas ROT
enhances DL by stimulating all these processes and also the
backward electron transfer from center N2 to FMN-b (due to
an increased pool of electrons dwelling inside complex I). In
addition, having in view that the rate-limiting step that defines
the enzymatic activity of complex I is the dissociation of NADþ
from its site, which has a typical lifetime of ∼1 ms under normal
conditions,16,17 our results support the idea that ROT inhibits,
whereas MD and QC stimulate, complex I activity by inhibiting
or stimulating the dissociation of NADþ.

5 Conclusion
We present evidence that the ultraweak photon-induced delayed
photoemission of intact Jurkat cells originates mainly from
mitochondrial complex I, which appears to function predomi-
nantly as a dimer (with a relative frequency of ∼60%) and
less frequently as a tetramer (with a relative frequency of
∼40%) in this cell type. Complex I oligomers appear to exhibit
cooperative interaction between monomers at the level of the
ROT site 1, NADH/NADPH sites, and FMN-b/FMN-a sites.
Moreover, in individual monomers, both pairs of pyridine
nucleotide (NADH/NADPH) binding sites and flavin (FMN-
b/FMN-a) binding sites, which are situated at the two extrem-
ities of the extramembranous domain of complex I, display
strong cooperativity in the binding of their specific ligands.
In addition, the timescales of various electron transfer steps
involving the formation of flavin and ubisemiquinone radicals
with subsequent production of superoxide can be estimated
from delayed red-light emission. All these findings raise the
attractive possibility that DL spectroscopy could be used as a
reliable, sensitive, and robust technique to probe electron
flow within complex I and gain valuable insights into the struc-
tural and functional organization of this respiratory complex
in situ. Future developments toward clinical diagnosis of mito-
chondrial disorders or cancer can be envisioned.
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