Biochemistry2005,44, 2585-2594 2585

Distribution of Mitochondrial NADH Fluorescence Lifetimes: Steady-State Kinetics
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ABSTRACT. The lifetimes of fluorescent components of matrix NADH in isolated porcine heart mitochondria
were investigated using time-resolved fluorescence spectroscopy. Three distinct lifetimes of fluorescence
were resolved: 0.4 (63%), 1.8 (30%), and 5.7 (7%) ns (% total NADH). The 0.4 ns lifetime and the
emission wavelength of the short component were consistent with free NADH. In addition to their longer
lifetimes, the remaining pools also had a blue-shifted emission spectrum consistent with immobilized
NADH. On the basis of emission frequency and lifetime data, the immobilized pools contrib8@%b

of NADH fluorescence. The steady-state kinetics of NADH entering the immobilized pools was measured
in intact mitochondria and in isolated mitochondrial membranes. The apparent binding consgats (

for NADH in intact mitochondria, 2.8 mM (1.9 ns pool) ard3 mM (5.7 ns pool), were on the order of

the estimated matrix [NADH]3.5 mM). The affinities and fluorescence lifetimes resulted in an essentially
linear relationship between matrix [NADH] and NADH fluorescence intensity. Mitochondrial membranes
had shorter emission lifetimes in the immobilized pools [1 ns (34%) and 4.1 ns (8%)] with much higher
apparenKps of 100u«M and 20uM, respectively. The source of the stronger NADH binding affinity in
membranes is unknown but could be related to high order structure or other cofactors that are diluted out
in the membrane preparation. In both preparations, the rate of NADH oxidation was proportional to the
amount of NADH in the long lifetime pools, suggesting that a significant fraction of the bound NADH
might be associated with oxidative phosphorylation, potentially in complex 1.

Mitochondria participate in a number of metabolic reac- oxidation of the principal electron donor, reduced nicotina-
tions, but their principal biological function is energy mide adenine dinucleotide (NADH). Thus, insight into the
conversion. Adenosine triphosphate (ATRyoduced by compartmentation and protein interactions of mitochondrial
mitochondrial oxidative phosphorylation is the primary NADH is fundamental to the understanding of overall cellular
molecular source of energy for the functional activities of energy metabolism.
mammalian cells. The phosphorylation of adenosine diphos-

phate (ADP) in oxidative phosphorylation is coupled to the As pioneered by Chance and colleaguBs (he intrinsic

fluorescence of nicotinamide adenine dinucleotide phosphate,
reduced [NAD(P)H], has been an extremely useful tool in
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The emission spectra of most tissu2sH, 15) have been MATERIALS AND METHODS
demonstrated to be blue shifted by-116 nm as compared
to free NAD(P)H in solution, suggesting that the fluorescence
emission is dominated by the NAD(P)H pools which are

e e e BT oo o e elanesufonc aa (EPES) 2 i GG 0
K.EDTA; buffer B contained 125.0 mM KCI, 20.0 mM
systems. HEPES, 1.0 mM EGTA, 1.0 mM KEDTA, and 5.0 mM
Another complication has been the need to discern the MgCl,; and buffer C contained 137 mM KCI, 20 mM
relative contributions of cytosolic and mitochondrial HEPES, and 1.0 mM EGTA. The pH of these buffers was
NAD(P)H pools to the emission characteristics. Aside from adjusted to 7.1 with KOH.
physical separation, two approaches have been used to isolate |solation of Heart Mitochondria.Mitochondria were
the signals from these pools. With the use of selective isolated from pig hearts, cold perfused in situ to minimize
metabolic substrates, the redox state of the cytosol has beenvarm hypoxic damage, as described by Territo et 28).(
manipulated 12, 16). Another approach was to directly Mitochondria were suspended in buffer A. Potassium
image mitochondrial and cytosolic NAD(P)H using micro- glutamate and potassium malate (GM) were added when a
fluorescence techniqueg, (9, 17, 18). reducing equivalent source was required. The respiratory

Of all these methods, the fluorescence lifetime provides cONntrol ratio (the ratio of the rates of oxygen consumption

the most quantitative measure of different NAD(P)H fluo- '

in the presence and in the absence of ADP) of each
rescence pools contributing to fluorescence enhancement irpreparation was measured, and for all experiments the initial
complicated biological samples. In intact cells and mito-

respiratory control ratios were10. Since the concentration

; o of NADPH in heart mitochondria is much lower than NADH,
chondria, three fluorescence lifetime pools are generally .. . d that th . f the blue fl
observed: the frege NAD(P)H pool (with a lifetime of It Is assumed that the majority of the biue fuorescence

02-0 4‘ ns), an intermediatepool (12 ns), and a long originates from NADH. The cytochronee(cyt,) content was

e ’ - ' © determined spectrophotometrically in Triton X-100 extracts
lifetime pool (3-8 ns) (L3, 14). The m subscript refers to P b y
mitochondrial NADH pools. The intermediateand long,

as previously describe@4).
lifetime pools were ascribed to protein binding of NAD-

Three buffers were employed as media for intact mito-
chondria and mitochondrial membranes: buffer A contained
137 mM KCI, 10 mM N-(2-hydroxyethyl)piperazin®¥-2-

Pulverized Mitochondria Mitochondria with exposed
matrix elements were obtained by freezing the mitochondrial
o l;suspension (buffer A) in liquid nitrogen and pulverizing the
the majority of the steady-state fluorescence collected from frozen pellet using a tissue Bessman pulverizer (BioSpec
these systems is dominated by this immobilized pool, in proqycts Inc., Bartlesville, OK). The thawing and freeze
agreement with the earlier emission spectral analysis. Therepulverizing cycle was repeated two times. The pulverized
is much less information available on the dynamic redistribu- nreparation showed rapid respiration in the presence of
tion of NAD(P)H pools during physiological perturbations. exogenous NADH (see Results section). No enhancement
In liver mitochondria, Wakita et al.1Q) reported that the  of respiration occurred with an uncoupler (FCCP) or with
mean lifetime of NAD(P)H fluorescence was constant at 2.8 ADpP and P These data are consistent with near|y Comp|ete
+ 0.05 ns during numerous perturbations, including active opening of the matrix elements in this preparation.

ATP production (state 3), resting (state 4), and uncoupled  Oxygen Consumption, Mitochondrial Membrane Potential,
conditions. This occurred despite the fact that the matrix and NADH EmissionThe rate of oxygen Consumption from
[NAD(P)H] and NAD(P)H turnover were modified over g gastight water-jacketed stirred chamber was measured using
nearly the full physiological range. These data suggested thatan YSI Clark electrode (Yellow Springs, OH). The specific
the relative fraction of binding was constant despite large chamber used is the same as previously repo26d Data
changes in matrix NAD(P)H concentration or flux. The were digitized and stored in a custom-built analog-to-digital
mechanism(s) for maintaining this constant fraction of conversion system. Only the initial rate of oxygen consump-
immobilized NAD(P)H is (are) unknown. tion following the addition of NADH was analyzed since

Some of the binding sites within the mitochondrial matrix the consumption of NADH could be quite significant and

are malate dehydrogenage(20), succinate dehydrogenase might alter the bath [NADH]. The linear increase only

(21), and citrate synthas@?). The fluorescence lifetime and occurred over the first 30 s of t.h.e tracing yvhen very low
emission shift effects are themselves nonspecificdnd it concentrations of NADH were utilized. The incubation was

is likely that many interaction sites exist in the matrix performed at 23C in buffer C to match the lifetime data

) S which were collected routinely at 2Z&. Carbon substrates
environment. The overall steady-state kinetics for [NAD- hat Id denerate NADH were not added when evaluatin
(P)H] binding in the mitochondrial matrix has not been atcouldd . : . . 9

. the oxidation of NADH in pulverized preparations while any
established. carbon substrates intrinsic to the preparation were used up
The purpose of the current study was to characterize bothin the equilibration period of these experiments.

the fluorescence emission spectra and lifetime of cardiac E|yorescence Spectr&pectra were measured using two
mitochondrial NADH ([INADPH] is assumed to be negli- approaches. For simple standardization studies standard 1
gible), to determine the steady-state matrix binding kinetics cm quartz cuvettes were used in a luminescence spectrometer
for NADH as compared to the kinetics of NADH oxidation (PerkinElmer Life Sciences LS55 Boston, MA) NADH
by the cytochrome chain, and to establish the relationship fluoresence spectra were obtained as difference spectra
between the total matrix NADH/NAD and the bound  calculated by subtraction of mitochondrial suspension fluo-
NADH/NAD* pool under various conditions. rescence spectra in the fully oxidized conditions (in presence
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of ADP, R, FCCP and absence of GM) from the spectra scattering. Since the short lifetime component of NADH is
obtained in reduced conditions. This approach minimized due to self-quenching of the nicotinamide by the adenine
but did not eliminate inner filter effects. In the second ring (31), the radiative rates of free and bound species should
approach NADH fluoresence spectra were collected in diluted be nearly the same. As will be discussed below, the decay-
mitochondrial suspensions and in small quartz cuvette8(3  associated spectra (DAS) for free and bound species are quite
mm, Spectrocell Inc., Oreland, PA) to reduce absorbancesimilar, with <25 nm blue shift upon binding. The radiative
and emitted light pathlength. The total volume of the sample rate is dependent upon overlap between excited and ground
was only 50uL. Adequate emission signal to noise was state envelopes, so there may be a slightly weaker radiative
obtained using a high power pulsed laser at 355 nm rate for the red-shifted (free) speci&®). Nevertheless, the
(Continuum Surelite 1; Continuum, Santa Clara, CA, peak ratios of the preexponential terms, are a good proxy for
power is 80 mW over-0.2 cn?) as the excitation source. the concentration ratios. The relative concentration of
Since the laser power was strong enough to photolyze NADH [NADH-free]/[NADH-total] was therefore calculated o
(3), only one NADH spectrum was collected for analysis > aj, where short implies all species with~0.2—0.5 ns. In
during a single laser pulse on the sample. NADH fluores- all time-resolved fluorescence experiments, the reference
cence was detected at 9G to the excitation beam using a lamp profile and the color shift used for convolution analysis
fiber-optic-based rapid-scan spectrofluoromeg).(As an were tested with a monoexponential standard (9-anthracen-
additional control, emission spectra were collected over a ecarbonitrile in methanol with a fluorescence lifetime=
range of mitochondrial concentrations from-6Zmmol cyt/ 12 ns). The convolution was compared with the experimental
mL in buffer B which demonstrated that the spectral shape decay by nonlinear least-squares analysis. The best fit
was unaffected by the concentration of mitochondria under between the theoretical curve and the data was evaluated
these conditions (not shown), and was consistent with the from the plot of weighted residuals, the autocorrelation
elimination of inner filter effects. function of the weighted residuals, and the redugedhalue.
Absorption Spectralo minimize the mitochondrial light ~ Estimation of error in the fitting parameters was done using
scattering effects on the measurement of the relative absorpthe “xé-surface” plane method. The uncertainty in the
tion spectra, an integrating sphere was used that allowed theecovered variable was calculated on the basis of a 90%
collection of scattered photons (PerkinElmer Life Sciences confidence interval, which usually corresponds to a 10%
Model Lambda 800, Boston, MAPB). Quantitative analysis  increase in thqﬁ minimum value.
was performed by calculating thAA of mitochondrial
NADH peak absorbance (at 340 nm) in the reduced state,
versus fully oxidized mitochondria (in the presence of ADP
P, and no GM). The percent of reduced nucleotide wa

Decay-Associated Spectra (DAS)AS were obtained
om a global fit of the decay profiles collected at different
' wavelengths with the common lifetimeslinked across the
S data set while optimizing the amplitudesfor each decay

calculated as 33).
% — A — AT oxidized RESULTS
Ored A 340 _ A340
fully reduced fully oxidized NADH Fluorescence Spectr&luorescence spectra of
340 A 340 340 . NADH from intact mitochondria, pulverized mitochondria,
where A™% Ay reduced @Nd Ay oxidized aT€ the relative  — onq e NADH in solution are presented in Figure 1. The

absorption at 340 nm of the sample, of fully oxidized

mitochondria (ADP, Pno GM, FCCP), and of fully reduced e shifted~15 nm compared to free NADH fluorescence,

mitochondria (GM, anoxia), respectively. The path length  hich, s consistent with the suggestion that the bound form
was not determined in these studies and is assumed to b%f NADH is the major contributor to emissiors,( 7).

constant in this highly scattering media.

Fluorescence Decay Measurememtme-resolved fluo-
rescence measurements were performed by the time-cor
related sm_gle-phot_o_n cpunt!ng technique (TCSPZ_Q) With pulverization process, the free matrix [NADH] should be
the following modifications: samples were excited at 335 g hificantly reduced. Disrupting a mitochondrial suspension
nm using a synchronously pumped, frequency doubled, o’y o) of cyt/mL should dilute the matrix NADH by
cavity dumped dye laser (repetition rate 4 MHz, pulse width ~500-fold (assuming-2 L of matrix volume/nmol of cyd).

2 ps, average UV power2004W). The channel widthwas |, 5 qgition to the functional studies showing no oxidative
36 ps, and data were collected 'rl 512_channe|§. Fluor_esc_enc hosphorylation coupled electron flow and direct oxidation
decays were collected under “magic angle” polarization ot NADH (see Materials and Methods), we confirmed that
conditions 80) with the emission monochromator set at 440 matrix NADH was exposed by removing NADH from the
nm. Assuming that fluorescence decay follows a multiex- et hy washing the pulverized preparation several times
ponential law, the total intensity may be calculated as by centrifugation (16008 10 min). Despite the large
n dilution, even in the initial opening of the matrix, the
I(tA) = zaia)e—t/ri + o) (t) pulveri;ed mitoc_hondrial NADH fI_uorescel_"nce spectra were
| essentially identical to those of intact mitochondria, sug-
gesting that the bound fraction of NADH still dominated the
For each sample, the relative amplitudes and decay emission spectra. These results suggest a very high affinity
constantg; were the recovered parameters. An independentfor NADH binding in the matrix. Similar effects were
parameteros represents the sum of Rayleigh and Raman observed when Triton X-100 (1%), CHAPS, or octyl

fluorescence maximum of NADH in intact mitochondria is

Surprisingly, the emission spectrum from the pulverized
mitochondria was essentially the same as that of intact
‘mitochondria. With the opening of the matrix space by the
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Ficure 1. Normalized fluorescence spectra of NADH in intact 3

mitochondria, pulverized mitochondria, and free NADH in buffer

B. The concentration of intact mitochondria and pulverized mito-
chondria was 1 nmol of cyimL while the free [NADH]= 100

uM. Fluorescence spectra were measured using single laser pulse
for excitation in a small quartz cuvette to diminish the scattering .
effect (see Materials and Methods). Fluorescence spectra of intactr'GURE 2: Time-resolved fluorescence decay of curves of free
mitochondria are represented by open circles, spectra of pulverizedNADH in solution (white squares), intact mitochondria (crosses),

mitochondria by filled circles, and spectra of the solution of NADH and the instrument response function (black solid line). The solid
by a solid line. lines drawn through the decay curves show a three-exponential fit.

The intact mitochondria were incubated in buffer B in the presence
. . . of 5 mM GM. The NADH data of the pulverized mitochondria
p-glucoside were used to disrupt the matrix compartment \yere collected in the presence of 10 mM CN and 5 mM GM to

(not shown). maximize [NADH] and prevent its oxidation. The lower curve
Mitochoncrial NADH Fluorescence LifetimeSxamples  shows the tpical rancom, residual ditibuion of th ft for
of NADH fluprescence decay curves for free_NADH |r_1 IFi)fetime pools of intact mitochondria under identical conditions used
solution and in nearly fully reduced (State 4) mitochondria g the lifetime measurements alone.
are shown in Figure 2. The decay curves fit satisfactorily
with three exponentials. The insert in Figure 2 shows the pulverized preparation). The relative proportions of the
DAS from intact mitochondria under the same conditions. components were essentially the same as in the intact
The DAS of long, and intermediatg lifetime NADH mitochondria; however, the intermediapus the long pools
components are blue shifted by20 nm relative to the free  still dominated the overall emission to the same extent
or short lifetime pOOl, which is consistent with the Steady' (NSO%) These data suggest that NADH remains S|gn|f|_
state spectra. The individual lifetimes and the average cantly immobilized in the pulverized preparation but that the
lifetimes of NADH fluorescence for intact and pulverized pylverization process has modified the actual molecular
mitochondria, the calculated molar fraction of each lifetime environment. Since the pulverization process causes a rather
pool, and the contribution of each lifetime pool to the grastic change in quaternary structure, the modest change
fluorescence intensity are presented in Table 1. in the lifetimes is not that surprising. In any event, the fact
The estimated lifetimes in intact mitochondria are 0.44 that a significant fraction of NADH remains in the interme-
(freey), 1.88 (intermediatg), and 5.7 (long) ns, values diate to long pools in the pulverized preparation suggests
similar to those reported earliet3). The largest NADH pool that the affinity of NADH for binding is very high under
was the freg pool at~60% followed by the intermediate these conditions.
pool (at 30%) and the lorgpool (7%) of NADH. Estimation To estimate the binding affinity for NADH in mitochon-
of the relative contributiorfij of each component to the total  drial membranes, pulverized mitochondria (0.53 nmol of cyt
fluorescence emission shows that the blue-shifted interme-mL of assay mixture) were titrated with free exogenous
diate, and long, pools together contribute-80% of the NADH. To avoid oxidation of the NADH by the electron
emitted light. A simulated steady-state emission spectrum transfer chain, 10 mM cyanide was added to the preparation,
from the lifetime data has been constructed using the DAS resulting in a maximally reduced NADH level with no
spectra for each component and the(amplitudex lifetime) detectable net oxidation. The initial total [NAD] in the
values. The constructed spectrum is compared with the suspension was estimated to $8.40 uM, assuming 6.8
directly measured experimental spectrum in Figure 3. The nmol of NADH/nmol of cyt and a 2uL matrix volume/
excellent correlation suggests that the steady-state spectrunmmol of cyt, (3). The total [NADH] in the suspension was
can be adequately described by these lifetime componentsyvaried from 3.40 to 53.4M, and the fluorescence lifetime
As in the case of the intact system, the pulverized pools were determined. The results are presented in Figure
preparation also shows three NADH pools with emission 4.
lifetimes of 0.29 (freg), 1.0 (intermediatg, and 4.1 (long) The long and intermediatgelifetime pools are saturated
ns, but these are somewhat shorter than those found in intactvith increasing total [NADH] while the free pool continued
mitochondria (the p subscript indicates NADH pools in the to increase in this limited range. Saturation of the long-

Residuals
o
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Table 1: Summary of TCSPC Data for Intact State 4 and Cyanide-Treated Pulverized Mitochondria

sample N free intermediate long
intact mitochondria 6 lifetime, ns 0.44 0.02 1.88+ 0.04 5.68+ 0.48
fraction 0.63+0.12 0.30+ 0.09 0.07+0.03
fl contribution 0.23+ 0.08 0.45+ 0.05 0.32+ 0.04
av lifetime, ns 1.24+-0.23
pulverized mitochondria 5 lifetime, ns 0.290.04 1.0+0.2 4.1+ 0.7
fraction 0.58+ 0.07 0.344+ 0.06 0.08+ 0.01
fl contribution 0.21+ 0.06 0.41+ 0.05 0.38+ 0.01
av lifetime, ns 0.82t 0.17
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FiIGURE 3: Comparison of the calculated NADH fluorescence FIGURE 4: Effect of total NADH on NADH distribution in
spectrum from DAS data and the measured NADH fluorescence fluorescence lifetime pools in pulverized mitochondria. Pulverized
spectrum in intact mitochondria. The simulated spectrum (open mitochondria (0.53 nmol of cytmL) were titrated with exogenous
symbols) was constructed by summing the (amplitude x NADH, and the distribution of NADH in the different lifetime pools

lifetime) weighted DAS spectra for each lifetime component. The was determined. Concentrations of the three NADH lifetime pools,
measured NADH spectrum was from a dilute sample of mitochon- shor, (filled squares), intermedigie(open circles), and long
dria (0.50 nmol of cyfmL) recorded using a high-power UV laser ~ (crosses), are plotted versus total [NADH]. Total [NADH] repre-

pulse to minimize inner filter effects (see Materials and Methods). sents the contributions of both the intrinsic NADH plus the
o ) ) o exogenously added NADH. The solid lines are fit with the equation
lifetime component is more clearly depicted by normalizing a(1 — e INADHIK:) wherea is constant. The insert is the dose

NADH to nanomoles of NADH per nanomole of gyinsert). response data for the lopgomponent in an expanded format to
The saturable kinetics for these two pools are characterizedillustrate saturation with the calculated Igi¢ADH concentration
by estimating the binding constantss) and the binding g?g\iﬁﬁﬁg ;?Q?Ol of NADH/nmol of cytto estimate the number
capacities (Table 2). The data suggest that the NADH binding '

SItQS, under these COhdltlonS, have a very high affinity Table 2: Summary of Binding Kinetics Data for Intact
(micromolar) and capacity~61 nmol of NADH/nmol of Mitochondria and Pulverized Mitochondria

cyty) for NADH, especially when considering that the total
matrix [NADH] is only ~3 mM, corresponding te-7 nmol

free intermediate long

of NADH/nmol of cyt, (3). These steady-state kinetic data '”t";ﬁttochondria Al ,\?/'i 2%'290 4 240 >5égoo

from pulverized mitochondria suggest that essentially all of Cg’;)ﬁcity, N/A 4324037 ND

the NADH should be “bound” in the matrix under normal nmol of NADH/

conditions, which is clearly not the case in intact mitochon- ) nmol of cyt,

dria (Table 1), where only-35% NADH is in a bound state. p“%ﬁgﬁﬁgndria ?D?/SIM N Y
We hypothesized that the observed binding of NADH in capacity, N/A 61+5 34403

the pulverized preparation was partially related to the nmol of NADH/

utilization of NADH in electron transfer through the cyto- nmol of cyt

chrome chain. To test this hypothesis, the [NADH] depen-

dence of mitochondrial oxygen consumption was determined steps of NADH oxidation by the cytochrome chain in this
in the pulverized preparation. The effects of bath oxidation uncoupled preparation. It was noted that no inhibition of
of NADH on the [NADH] was minimized by using low  NADH oxidation was observed at high [NADH] (Figure 5),
concentrations of pulverized mitochondria (0.1 nmol offyt  which is inconsistent with product inhibition by NADH (at
mL) as well as by considering only the initial rates of oxygen these levels) on complex 1 NADH oxidation. Since [NAD
consumption. The oxygen consumption dependence onis on the same order of magnitude of [NADH] in the matrix
[NADH] was saturable with a half-maximal valu€,, of for these studies, we further evaluated whether exogenous
23 mM (Figure 5), which is essentially identical to tkg [NAD*] had any effect on NADH oxidation. The addition
of NADH in the long lifetime pool of the same preparation of 2 mM NAD® increased the half-maximal value of
(Table 2). These data suggest that a significant fraction of [NADH]-dependent oxygen consumption to onh40 mM
NADH binding sites might be related to the rate-limiting (Figure 5). Although this increase was significapt< 0.05,
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FiGURE 5: Steady-state kinetics of NADH oxidation in pulverized ~adjusted by varying the concentration of glutamate and malate in
mitochondria. Oxidation of NADH was measured by monitoring the incubation medium. The shartfilled squares), intermediae
the rate of oxygen consumption, as described in Materials and (OPen circles), and longlifetime (crosses) pools are plotted as a
Methods. Only the initial rate of Oconsumption during the first ~ function of the matrix [NADH], assuming 3.4 mM in the fully
30 s following the addition of NADH was analyzed to avoid the reduced state. Solid lines are fit with the equatigh— e NVAPHI),
consumption of NADH significantly influencing the total bath Whereais constant.
concentration. Experiments were conducted in buffer C. Closed

symbols are for NADH additions alone. The open symbols are in 12 004
the presence of 2 mM NADadded to buffer C. These are paired
experiments from the same sample preparatiorss 8). The error 3 14 8
bars show the standard errors of mean values. Solid lines are drawn®
to guide the eye between the two data sets. %’ o8 008
c U.0 7

n = 3), the overall difference was less than 2-fold, which g F e
indicates that there was minimal inhibition of NADH 8 .| £
oxidation by high levels of NAD. 8 §

In intact mitochondria, we do not have direct access to 8 £
manipulate [NADH] or [NAD'] independently. The total 3 041 w0 0
NAD pool in the matrix is constant due to its compartmen- =
tation in the matrix. Physiological perturbations are usually g 021
associated with changes in the NADH/NADatio and not
by changes in [NADH] or [NAD] alone. Thus, we varied 0 g ; ; : i

the NADH/NAD ratio in intact mitochondria to determine
the effect of this ratio on the distribution of NADH within . 7N lized NADH f bsorotion det
: P ; IGURE 7: Normalize uorescence vs absorption deter-

the dllffe.ren't Ilfetlme pools, as well as to es“m"’?te the NADH mined matrix [NADH] in intact mitochondria. The NADH differ-
matr|x b|nd!ng aﬁ|n|ty to compare tp the pulverized prepara- ence fluorescence and relative absorbance were measured in the
tion. In addition, this protocol permits us to evaluate whether same samples in 1 cm cuvettes (see Materials and Methods). The
the overall NADH fluorescence intensity is proportional to mitochondria concentration was 0.5 nmol gytlL. The raw

the [NADH] in the matrix, for future noninvasive monitoring ~ fluorescence and absorbance data is presented in the two inserts of

. : . the figure. The top insert is the absorbance data; the bottom insert
needs. The NADH/NAD ratio was systematically varied is the normalized fluorescence data. The NADH concentration was

by altering the GM concentration. Using this approach, yaried by altering the concentration of glutamate and malate in the
matrix [NADH] could be varied from~1 to 3.4 mM. Below mitochondrial suspension. [NADH] was calculated assuming 3.4
1 mM, the contamination from FAD fluorescence becomes mM NADH in the matrix under fully reduced conditions (see
more significant and interferes with the lifetime measure- Materials and Methods). The line represents a linear fit to the data
ments 84). The total NADH concentration in these studies (slope intercept is 0.29)2i0.99). The error bars show the standard

) . . errors of mean valuesi(= 3).
was estimated from relative absorption measurements, as
described by Bose et al2®). The results of this study are NADH/NAD* ratio by GM is accompanied by other matrix
presented in Figure 6 and in Table 2. The intermegiptl changes that distort the lifetime profiles.
saturated with increasing total [NADH] as did the interme-  With regard to the relationship between NADH fluores-

diate, pool (Figure 4). TheKp value for intermediate cence and total [NADH] in the matrix, we addressed the issue

[NADH], mM

binding was, however, very high, at 28 0.2 mM. In in two ways. First, the absorbance of NADH at 340 nm was
contrast, both the frgeand long, pools increased linearly  used to estimate total matrix [NADH], assuming that binding
with total [NADH]. The apparenip value for long, binding or the matrix environment had little effect on the absorbance

in intact mitochondria exceeds 3 mM, in sharp contrast to at 340 nm. The relative NADH absorbance was then
the pulverized preparation witkp values in the micromolar  compared to the NADH fluorescence in the same sample
range. These data indicate either that the binding of NADH (Figure 7). A linear relationship between NADH absorbance
is severely inhibited in intact mitochondria when compared and fluorescence was observed, suggesting that the depen-
to the pulverized preparation or that the variation in the dence of NADH binding on the NADH/NAD ratio results
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s50Pp GM__ ADP FCCP lifetimes, we found that simplifying these data by dividing
I 1 them into three lifetime pools provides an effective descrip-

500 tion in concert with previous investigatord3). Three

450 lifetime populations of NADH were modeled in intact

mitochondria, a short lifetime pool (frge 0.4 ns), an
400 intermediate lifetime pool (intermediate1.9 ns) ,and a long
350 lifetime pool (long,: 5.7 ns). Under high NADH/NAD ratio
conditions, the intermediat@nd long, pools make up-35%

NADH fluorescence intensity, a.u.

%00 of the total NADH while contributing almost 80% of the

250 B Anoxia fluorescence emission. This is due to the proportional

200 relationship between fluorescence lifetime and intensity per
0 200 400 Time, s gog molecule. Steady-state kinetic studies in intact mitochondria

FiGURE 8 Effect of ADP and FCCP on NADH fluorescence ~Suggest that longand freg, were linearly dependent on the
intensity from intact heart mitochondria: [mitochondria], 1 nmol matrix [NADH]. The intermediatg reveal saturation in
of cyt/mL; GM, 5 mM; R, 3 mM; buffer B at room temperature.  matrix [NADH] with a very highKp of 2.9 mM. The matrix

The black bars represent the addition of ADP (2 mM) and FCCP indi i ;
(0.2 uM). Anoxia is indicated by the arrow at the bottom of the l[.NADH] ldetpencrj]_encge ton bm?lrt]gl rﬁ‘;lgtﬁdﬂm an essentlall()j/
figure. Note that FCCP was added after NADH had reached its Inear relationship between fota uorescence an

full reduction level at anoxia to evaluate the effect of uncoupler [NADH]. Attempts to further characterize the steady-state
on the overall NADH emission efficiency. binding kinetics of NADH in pulverized mitochondria
revealed an increase in the apparent NADH affinity for
in a fortuitous relationship between the amount of NADH binding (~20 uM) that correlates with overall NADH
and the emission value. oxidation steady-state kinetics. The discrepancy between the
In our second approach, we modeled the lifetime data for affinity of NADH in pulverized mitochondria and the
each [NADH] and calculated the total NADH fluorescence apparentKDs in the intact preparation is Current'y unex-
intensity for all three pools a¥ (ai/asumTi, Whereosym = plained.
Qong + Qlntermediate + Oshon @Nd 1 represents each individual — The Jargest single NADH pool in the matrix is frgat
pool while a represents the relative amplitude. The NADH approximately two-thirds of the entire matrix NADH. This
fluorescence intensity of fully rgduped m.itochondria.was pool is consistent with a freely diffusing NADH population
taken to be 1. The result of this simulation was a linear a5 characterized by the fluorescence lifetime of NADH in
relationship R = 0.99) and, within experimental error,  sojution and the DAS spectral maximum. We estimate the
supports the notion of a linear dependence of fluorescencesee NADH concentration to be approximately 2.2 mM under
intensity on total matrix [NADH]. This rather fortuitous fully reduced conditions assuming a total NADH pool of
linear relationship is due to the linear freand long, pools 3.4 mM (6.8 nmol/nmol of cytand 2uL matrix water/nmol
and the relativel_y low aff.inity of the intermedia{epools: of cyt) (3). This high concentration of “free” NADH
One hypothesis regarding the large3) order of magni-  contrasts with recent studies suggesting a much lower free
tude shift in the apparent NADH binding in the matrix NADH concentration in the nucleus/cytosol-el5 mM (35).
elements between intact mitochondria and membranes couldrhe gpparent relationship between binding and lifetime must
be the presence oAW in the intact preparation. If the  gways be accompanied with the caveat that short-lived
interaction by NADH is energetically coupled 20¥, then  emjssion could occur from bound sites. The most obvious
the binding of NADH could be inhibited bAW. Indeed,  \yays this could occur are (1) direct quenching by binding
taking data from Figures 4 and 6, we can estimate that only i, the “folded” form (self-quenching), (2) FRET of ®0%
~20% of the long lifetime sites identified in the pulverized o the excitation to nearby absorbers such as heme, and/or
preparation are occupied in intact mitochondria, which is (3) FRET homotransfer, first among many closely spaced
consistent with this notion. This hypothesis was tested by hound NADH and then to a terminal free (or otherwise
determining the effect of dissipatingW in intact anoxic  quenched) acceptor. In cases 1 and 2, DAS of short species
mitochondria with an uncoupler (FCCP, QuM) on the  \ould be blue shifted from free NADH, while case 3 should
NADH emission efficiency and on the NADH fluorescence only occur when the bound NADH forms a proximal array

lifetimes. If AW was inhibiting the binding of NADH, the  ith an effective concentration20 mM. Interestingly, case
removal of AW should increase the long lifetime fraction 3 \yould also lead to a paradoxical rise in lifetime upon

and enhance the overall fluorescence efficiency of NADH. isyuption/dilution, which was not observed in this study.
The addition of FCCP slightly decreased the NADH fluo- Nevertheless, we must always consider the presence of these
rescence of anoxm.mltochon'drlal NADH 38 Q.3% h= and other alternate lifetime modifiers when interpreting
3) (Figure 8). In paired experiments, the fraction of NADH |ifetime data, especially the interpretation of short lifetimes
in longy, was not significantly different in control (8%) and a5 peing exclusively free. All of the spectral, lifetime, and
in FCCP (9%) treated samples. These data do not supporjijution data are consistent with frgeeflecting the free
the notion thatAW is inhibiting NADH binding in the  mobile pool of NADH in the matrix of heart mitochondria.
mitochondrial matrix. The two long lifetime NADH pools, intermediateand
DISCUSSION Iongn, are consistent with NADH population_s vyith res.tricted
motion thereby enhancing fluorescence emission lifetime and
These data confirm the existence of different pools of blue shifting the emission spectrum (see DAS spectra). These
NADH in the mitochondrial matrix based on their fluores- long lifetime pools had been identified by fluorescence
cence lifetimes. From what is likely a continuum of NADH  efficiency 6, 7), spectral shifts §), and direct lifetime
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measurementd 8). The specific binding sites for NADH in  of AW in matrix NADH interactions, we repeated intact
the matrix have not been fully described. In solution, many mitochondria lifetime studies in the presence of FCCP (0.2
dehydrogenases have been demonstrated to shift emissiopM) to minimize AW. In agreement with previous studies
and increase emission efficiency, including malate dehydro- (13), we found no effect of FCCP on the NADH lifetime

genase I6), mitochondrial aldehyde dehydrogena&&)( distribution or apparent fluorescence enhancement in this
alcohol dehydrogenas8&—40), phosphoglycerate dehydro-  preparation. Thus, differences &% do not affect NADH
genase4l), lactate dehydrogenasé4?j, and succinic semi-  binding. We could not vary the NADconcentration in the

aldehyde dehydrogenas@1j. In addition, several other pulverized preparation, since these experiments take over 15
enzymes and cofactors have also been demonstrated to bluenin to run and require the presence of cyanide to maintain
shift and enhance NADH fluorescence, including citrate a steady-state [NADH] (i.e., NADH oxidation is blocked).
synthase 42), transcriptional cofactors4B), and even Under these conditions, the NADs essentially in its fully
albumin (7). Thus, the immobilization of NADH leading to  reduced state; any addition of NAQvould simply generate

a blue spectral shift and extended fluorescence lifetime needmore NADH through the numerous dehydrogenases. We
not be considered as a specific interaction. However, it is indirectly looked for an effect of [NAD] on NADH binding
also possible that NADH in a few prevalent binding sites by monitoring the effect of NAD on the instantaneous rate
could be the major constituents of the long lifetime NADH of NADH oxidation in this preparation before significant
pools. Again, an inventory of the potential NADH binding metabolism of NAD could occur. High [NAD] (2 mM)
sites in the matrix has not yet been completed. Understandingonly shifted the half-maximal NADH oxidation concentration
molecules involved in the immobilization of NADH would by 2-fold, suggesting a modest effect of NADn NADH
greatly aid in the understanding of the modulation of matrix oxidation. However, since the binding sites for NADH are
NADH chemical activity as well as the mechanisms associ- unknown, we cannot eliminate a competitive inhibition of

ated with the immobilization processes and control. NAD* for NADH interaction sites not associated with
In intact mitochondria, NADH fluorescence intensity of NADH oxidation.

longn is linear with [NADH], while the intermediatgis The elimination of AW as a factor in NADH binding

apparently approaching saturation witiKa of ~2.9 mM. suggests that either the dilution or physical disruption of

These data imply that the interaction of NADH with its sites mitochondria might be responsible for the shift in apparent
occurs well below any saturation value, resulting in a very binding constant with pulverization. It has been demonstrated
labile NADH fluorescence signal with changes in [NADH], that complex 1 can form supramolecular complexes with
as has been reported in the literature for many years. Indeedmatrix dehydrogenases in yeagt4) and in mammalian
a direct comparison of NADH fluorescence with total matrix systems45). These dehydrogenases include enzymes, such
[NADH], based on 340 nm absorbance, results in an as malate dehydrogenase, that are known to bind NADH and
essentially linear relation (Figure 7). This relation is likely cause a blue shift and enhance the fluorescence lifetime. It
due to linear increases in freand long, with [NADH] and is possible that the disruption of mitochondria or the dilution
the fact that intermediatgis always near its affinity value,  of the matrix volume disrupts this putative complex, thus
2.9 mM, with the limited dynamic range of matrix [NADH]  shifting the binding of NADH on these associated dehydro-
(~1-3.4 mM). The simulation of net fluorescence signal genases. Evidence that the physical disruption of the mito-
from the lifetime distributions observed as a function of chondria could alter dehydrogenase coupling to oxidative
[NADH,] also predicts an essentially linear relation between phosphorylation can be found in the substrate dependence
fluorescence and [NADH], within experimental error. The of oxygen consumption in intact and pulverized mitochon-
linear relation between NADH fluorescence and matrix dria. Figure 9 presents the effects of various conditions and
[NADH] supports the notion that NADH fluorescence is a substrates on intact and pulverized mitochondria oxygen
useful method to follow the matrix NADH redox state in  consumption. The cytochrome oxidase activity was evaluated
intact porcine heart mitochondria. using ascorbate/TMPD and found to be essentially identical
In an attempt to better characterize NADH binding in both preparations. Exogenous NADH was highly effective
kinetics, a membrane preparation was used where the matrixn supporting oxygen consumption in the pulverized prepara-
was essentially open. This permitted the determination of tion, in a rotenone-sensitive manner, confirming that the
the NADH lifetime distributions and oxidation under more cytochrome chain was intact from site 1 to cytochrome
controlled conditions than intact mitochondria. Surprisingly, oxidase. However, attempts to generate NADH with GM,
the affinity for NADH in the intermediatgand long is much or FADH with succinate, essentially result in very modest
higher for binding in the disrupted membranes than in intact increases in oxygen consumption in the pulverized prepara-
mitochondria, with apparerips of ~103 and~24 uM, tion in contrast to state 3 in the intact mitochondria. These
respectively. These studies on mitochondrial membranesdata suggest that the dehydrogenases generating NADH or
suggest a much higher apparent affinity for NADH binding FADH, via GM and succinate oxidation, for the cytochrome
when compared to intact mitochondria (Table 2). chain are inhibited in the pulverized preparation. This could
What could be contributing to the differences in steady- be due to the disruption of the macromolecular structures
state affinity between intact mitochondria and mitochondrial under these conditions or dilution of other critical factors
membranes? Beyond the obvious differences of dilution of with the opening of the matrix space. The hypothesis that a
all matrix solutes and cofactors by500-fold and the macromolecular complex between the dehydrogenases and
physical disruption of membranes in the pulverized state, complex 1 exists and influences the NADH binding and
AW is completely depolarized and [NADis generally much oxidation could be tested by observing the effects of
lower in the membrane preparations where NADH is generating this supramolecular complex in vitro and observ-
maintained in a highly reduced state. To evaluate the role ing the steady-state kinetics of NADH binding and oxidation.
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Ficure 9: Effect of various conditions on intact and pulverized
mitochondria oxygen consumption. Paired experiments were con-
ducted to compare the ability of these preparations to consume
oxygen. All experiments were conducted in buffer C at room
temperature with 1 nmol of cymL. State 4 was in the presence
of 5mM P.and 5 mM GM. State 3 was identical to state 4 with 5
mM ADP. The GM condition was 5 mM GM alone. NADH
indicated the direct addition of NADH to the bath at 1 mM.
Succinate indicates the effect of adding 5 mM succinate alone.
Ascorbate (2 mM) and TMPD (2 mM) were used as a control for
cytochrome oxidase activity. The numbers at the bottom of each
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that the maximum rate of respiration is related to the amount
of NADH in these two pools. This notion is strongly
supported by observations in the pulverized preparation
where the binding affinity for NADH increases by2 orders

of magnitude in the intermedigtand long while the half-
maximal oxidation rate of NADH through the entire cyto-
chrome chain is also shifted to essentially the same value
(~20 uM). It is interesting to note that th&,, for the
membrane NADH oxidation is similar to the apparent affinity
of isolated complex 1 for NADH 20 uM) (49). On the
basis of these observations, we speculate that the intermediate
and long lifetime NADH pools both in intact mitochondria
and in mitochondrial membranes reflect, at least partially,
the NADH involved in NADH utilization by oxidative
phosphorylation. The strong correlation between NADH
fluorescence and mitochondrial activity state led Chance and
Baltscheffsky 8) in 1958 to a similar conclusion suggesting
the binding to “a special component of the phosphorylation
system”. The obvious candidate for this interaction site is
complex 1 of oxidative phosphorylation, and potentially
associated dehydrogenas&6)( but (to our knowledge) no
NADH fluorescence enhancement or lifetime studies on
NADH binding have yet been conducted on this complex
or its subunits.

In summary, three NADH fluorescence lifetime pools have
been identified in intact heart mitochondria. The steady-state
kinetics for the NADH interaction with these sites results in
an essentially linear relationship between NADH fluores-

column represent the number of experiments; the error bars arecence and matrix [NADH]. The apparent affinity of NADH

the standard errors of the means.
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Ficure 10: State 3 respiratory rate vs NADH fluorescence for dog
heart mitochondria respiring on four different substrates. Data are
from ref 46.
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How are the intermediateand long, pools related to the
oxidation of NADH by oxidative phosphorylation? In intact
mitochondria, the maximum rate of oxygen consumption has
been shown to be linearly related to the total NADH
fluorescence in heartt6) and in liver @7, 48) mitochondria.

An example from these studies is presented in Figure 10.
These data suggest that the oxidation of NADH is not
saturated in the matrix under normal physiological conditions
and that the affinity for NADH is much higher than the
maximum ~3 mM concentration attainable in the intact
matrix. Since the intermediateand long, pools dominate

the steady-state fluorescence signal, it is reasonable to suggest

is affected by the overall structure and/or concentration of
cofactors in intact mitochondria, with isolated mitochondrial
membranes binding and oxidizing NADH with a much higher
affinity than observed in intact preparations. The specific
matrix binding sites for NADH within the matrix and the
membranes are unknown. However, on the basis of the tight
correlation between NADH binding and the rate of oxidation,
we speculate that a significant component of the NADH
binding is involved in NADH oxidation by oxidative
phosphorylation. The most logical location of this NADH
interaction site would be within complex 1.
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