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Direct Imaging of Dehydrogenase Activity within Living Cells Using
Enzyme-Dependent Fluorescence Recovery after
Photobleaching (ED-FRAP)

C. A. Combs and R. S. Balaban

Laboratory of Cardiac Energetics, National Heart, Lung, and Blood Institute, National Institutes of Health,
Bethesda, Maryland 20892-1061 USA

ABSTRACT Reduced nicotine adenine dinucleotide (NADH) is a key metabolite involved in cellular energy conversion and
many redox reactions. We describe the use of confocal microscopy in conjunction with enzyme-dependent fluorescence
recovery after photobleaching (ED-FRAP) of NADH as a topological assay of NADH generation capacity within living cardiac
myocytes. Quantitative validation of this approach was performed using a dehydrogenase system, in vitro. In intact cells the
NADH ED-FRAP was sensitive to temperature (Q,, of 2.5) and to dehydrogenase activation by dichloroacetate or cAMP
(twofold increase for each). In addition, NADH ED-FRAP was correlated with flavin adenine dinucleotide (FAD™) fluorescence.
These data, coupled with the cellular patterns of NADH ED-FRAP changes with dehydrogenase stimulation, suggest that
NADH ED-FRAP is localized to the mitochondria. These results suggest that ED-FRAP enables measurement of regional
dynamics of mitochondrial NADH production in intact cells, thus providing information regarding region-specific intracellular
redox reactions and energy metabolism.

INTRODUCTION

The regulation of many cellular processes is thought to b@roposed that the motion effects in FRAP could be elimi-
influenced by the regional distribution of enzymes and localnated by bleaching the entire cell, and be made dependent
conditions (Srivastava and Bernhard, 1987; Saks et algn enzymatic activity through the resynthesis of the fluoro-
1991). The study of cellular compartmentation has generphore pool after photobleaching. This approach would re-
ally been limited to evaluating the intracellular distribution sult in an enzyme-dependent fluorescence recovery after
of enzymes/proteins/metabolites or the imaging of regionaphotobleaching (ED-FRAP).
ionic conditions. A recent study has shown direct visualiza- Conveniently, the NAD/NADH ratio is large in most
tion of enzymatic processes in living cells using fluores-cells (Erecinska et al., 1978), reducing the impact of the
cence resonance energy transfer (FRET) on GFP-modifieMADH photobleaching on the total NADH-NADcellular
proteins (Nagai et al., 2000); however, quantification ofcontent. In addition, the intrinsic NADH fluorescence signal
enzyme activity from regions within living cells has not from cells is a good candidate for ED-FRAP because this
been reported. A method for measuring enzymatic activitymolecule plays a critical role in energy metabolism and
in vivo would assist in integrating regional cytosolic regu- numerous other redox coupled reactions in the cell (Chance
latory processes. We hypothesized that the recovery ot al., 1972; Eng et al.,, 1989). The dehydrogenases that
fluorescence of a fluorophore after photobleaching could bgenerate NADH are highly regulated and compartmental-
used to assay regional intracellular enzymatic activity. Inized enzymes involved in the effects of hormone action
this study we have focused on the regeneration of théMcCormack et al., 1990), as well as the orchestration of
reduced form of nicotinamide adenine dinucleotide (NADH) inworkload with oxidative phosphorylation (Balaban, 1990).
the cell due to its key role in cellular metabolism. To date, the cellular activity of dehydrogenases has been
Fluorescence recovery from photobleaching (FRAP) hagxtrapolated, indirectly, from NADH fluorescence ampli-
been extensively used to measure translational mobility ofude images. These studies cannot discriminate between a
various fluorophores. This technique involves the photo-change in NADH production and NADH utilization result-
bleaching of a fluorophore and observing the kinetics of theng in the net change in [NADH]. This is a general problem
fluorescence recovery dependent on passive diffusion anfbr cellular fluorescence measurements of metabolic inter-
active translational processes (protein transport) (Axelrod etnediates. Here we show that ED-FRAP can provide a direct
al., 1976; Icenogle and Elson, 1983; Smith et al., 1998). Weneasure of dehydrogenase activity, removing the ambiguity
of interpreting NADH fluorescent amplitude changes with

experimental perturbations.
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consisting of a 1:1 mixture of Joklik's medium and medium 199 supple-tion (NAD" <> NADH) that re-establishes steady state after
mented with 1 mM creatine, 1 mM carnitine, 1 mM taurine, 1 mM octanoic photobleaching according to the equation:
acid, 10 mM Hepes, 5 mM hydroxybutyric acid, 0.05 units/ml insulin, 10

units/ml penicillin, and 1Qug/ml streptomycin at pH 7.4. Cells were plated _ B — KnaDH
onto coverslips coated with Matrigel (Becton, Dickinson, Franklin Lakes, NADH = NADHe, + (NADH, — NADH.)(e )

NJ) for attachment before each experiment. All experiments were con; .
ducted withn 8 h of isolation. Mitochondria were isolated as previously Wherekyap is the sum of the forwardd) and reversek)

described (Territo et al., 2000). Temperature was maintained at 37°C ikaté constants of the pseudo-first-order reaction, NABH
some experiments by blowing heated air from a commercial air-heatinghe initial fluorescence intensity after photobleachings
system (World Precision Instruments Inc., Sarasota, FL) into a customthe time after photobleaching, NADH is the fluorescent
built box surrounding the microscope and by using a.heated Samp'?ntensity, and NADI@ is the steady-state NADH fluores-
chamber (Warner Instruments, Hamden, CT). Superfusion through the . | after bl a hi Th tion that th
sample chamber was performed by gravity-feed. cence signal after bleaching. The assumption that the recov-

ery was exponential was supported by the observation that

the recovery rate could be fit to Eq. 1 (Chi-squape<
Glutamate dehydrogenase enzyme system 0.05). Because this reaction is enzyme-catalyzed, the ob-

o o o served forward and reverse rate constants will be dependent

Equilibrium conditions were produced by mixing 5 miketoglutarate, 5

mM NAD ", 1 mM glutamate, 50 mM Tris, and 306V NH,* at pH 8.0 O the enzyme concentration (i.kyapn = [Elk; + [Elk =
with varying amounts of glutamate dehydrogenase (Lowry and passonE](K + k). Thus!_kNA!DH should be_ proportional to the_
neau, 1972). Using an equilibrium constant of #510 1 M? (Barman, ~ €nzyme concentration in a pseudo-first-order rate reaction.
1969) the [NADH] was estimated at 1/8\. Borosilicate pipettes drawn  The ca|cu|atedeADH value was found to be proportiona| to
to a tip of =5 wm were used to produce the micro-droplets. All experi- [GDH] (R2 > 0.99) in the droplets (Fig. C). Varying the
ments were conducted under silicone oil to avoid evaporation. : . . . . . .
degree of bleaching with light intensity or time did not
significantly change thé.py Value for a given enzyme
concentration. The initial rate under these conditions .5
10~ %% mol/min/Unit Enzyme), estimated from the initial
All fluorescence emission images of micro-droplets and cardiac myocyteginear region of the ED-ERAP recovery curve indicated that

were obtained with a Zeiss LSM-510 confocal microscope system. Image .
of the droplets were collected with a Fluarx200.5 NA lens. Images of the fhe enzyme was operating well beloW“aX due to the

isolated mitochondria and the cardiac myocytes were collected with apon_centrations of metabolites used in this SteadY'Sta_te_ ex-
C-Apochromat 6%, 1.2 NA, water lens. In all cases the center of the cell periment (Barman, 1969), as well as the fact that true initial

or droplet was selected to image and the pinhole adjusted to produce a thigte conditions might not have been obtained (i_e_, incom-
slice (1.4-2.0uM in cells and mitochondria and 856M in the droplets). plete photobleaching of NADH).

NADH was imaged with the 351-nm line of a UV laser and an LP 385-nm

emission filter (Eng et al., 1989). Flavin adenine dinucleotide (FADas

imaged using the 488-nm line of an argon laser and a BP 505-550 nm

emission filter (Chance et al., 1972). All image processing was performedEffect of steady-state fluorescence imaging on

using custom-written programs written in the IDL programming environ- Iiving myocytes

ment (RSI, Boulder, CO).

Image acquisition and data analysis

In previous studies using bright field microscopy, we found

that the NADH fluorescence signal is dominated by the
RESULTS mitochondrial pool and that a slow decline in signal was
In vitro ED-FRAP validation ob_served over time (_Eng et al., 1989). In the_ cgrrent stud_y

using confocal techniques, we observed a similar dynamic
To validate the ED-FRAP approach, experiments were conphenomenon with imaging time. An initial decay in NADH
ducted on small droplets<350 wm diameter) with gluta- fluorescence was observed followed by an extended steady
mate dehydrogenase (GDH) in an equilibrium mixture of itsstate that was stable for hundreds of more images (Fig. 2).
substrates including NADH~1.5 uM). The photobleach- This result suggested that a new steady state of NADH was
ing was accomplished by bleaching the entire droplet (abeing created by the imaging procedure. This was likely due
351 nm) to eliminate motion effects in the fluorescenceto the competition between the optical destruction of NADH
recovery. Images of an enzyme containing droplet beforewith its metabolic production. This hypothesis was tested by
immediately after photobleaching, and after recovery argpausing the image acquisition and observing the effects on
shown in Fig. 1A. An example of the time course of the NADH signal. The results from one of these studies are
fluorescent recovery is presented in FigBlDroplets that presented in Fig. 3. When imaging was paused, NADH
contained NADH in water alone without the enzyme reac-substantially recovered as metabolism regenerated NADH
tion components were found to bleach uniformly, but notwithout the competition of photobleaching. Over time, the
recover. NADH signal returned to the original steady-state level.

To quantify the NADH recovery rate versus enzyme These data are consistent with a balance between the de-

concentration we assumed that the exponential recovery aitruction, via photobleaching, and generation, via metabo-
NADH fluorescence is a reversible pseudo-first-order reaclism, resulting in the observed steady state of NADH during
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FIGURE 1 NADH recovery is exponential and is en-
zyme-dependant in vitroA) NADH fluorescence im-

ages (85um slice thickness) from a droplet containing B
10 units/ml of GDH and substrates in equilibrium before

and immediately after the bleach pulse @8/, <2 us

dwell time/pixel), and after complete recovery. The
scale bar represents %0m. (B) Representative plot of
NADH fluorescence intensity over time during an ED-
FRAP experiment from a droplet containing the GDH
enzyme system.Q) Plot of exponential rate constant s — oo i
(knapy) for recovery from photobleaching of NADH o 50 100 150 200
from droplets containing variable concentrations of
GDH. n = 5 for each [GDH].
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imaging. This steady-state condition also suggests that th&trated out-of-plane bleaching using slower 3D imaging
photodamage to the NADH generation system is minimaprocedures (data not shown). This result suggests that
over the time of these experiments, because if the NADHhrough-plane diffusion of NADH was unlikely in these
generating capacity was being reduced, the NADH levelstudies. Photobleached cells did not exhibit signs of damage
would be rapidly reduced by the background photobleachsuch as blurred z-lines, spontaneous contractions, or bleb-
ing of the imaging processes itself. Further confirmationbing (Fig. 4 A). The photobleaching pulse had no direct
that metabolic resynthesis of NADH was occurring is pre-effect on mitochondrial membrane potential using tetra-
sented in the ED-FRAP experiments that follow. methylrhodamine methyl ester (TMRE) as a probe (data not
shown).

The effect of photobleaching magnitude on the rate of
NADH recovery was evaluated serially on individual myo-
cytes. This is presented in Fig4 As seen in Fig. 5A and
Fig. 4 shows an NADH ED-FRAP experiment on a cardiacB, the recovery rate of NADH increased with bleaching
myocyte. Again, the entire cell was photobleached to elimdevel (ANOVA, p < 0.05). There was an apparent nonlinear
inate diffusional processes. The cell NADH fluorescence(exponential) dependence of the rate of recovery of NADH
recovered in a similar exponential function as seen in the inwith the bleaching level as shown in Fig.B5 These data
vitro enzyme studies consistent with an enzymatic processuggest that the metabolic recovery rate is dependent on the
(Fig. 4,A andB) and the resynthesis of reduced NADH. The magnitude of the perturbation imposed and suggest that
photobleaching was found to pass through the entire celtandardized bleaching conditions will need to be used in
using the non-metabolized probe, calcein-AM, that demoneomparison studies. In addition, because these studies were

NADH fluorescence photobleaching recovery
characteristics and distribution in living myocytes

Biophysical Journal 80(4) 2018-2028
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A zoomed region of a myocyte NADH fluorescence

o 200 image is shown in Fig. &. The characteristic fluorescent
2 180 patterns of mitochondria are observed localized to the re-
k5 160 4 gions between the z-lines in the sarcomeres and densely
ﬁ;f located in the perinuclear regions. Previous studies have
€ 5 140 - established that the mitochondrial NADH fluorescence sig-
§ z 120 | ¥\ nal dominates in this preparation (Eng et al., 1989). The
gg mitochondrial NADH signal is large due to concentration
Z < 100 and the large fluorescence enhancement associated with
T 80 | protein binding in the matrix (Nuutinen, 1984; Jameson et
< al., 1989).

60 - Thekyapy Value was calculated on a pixel-by-pixel basis

from an ED-FRAP experiment on this cell to create the
) activity map in Fig. 6B. This image demonstrates that
Time (s) adequate signal-to-noise was attained to determine the dis-
tribution of this process within a single living cell. The
FIGURE 2 NADH fluorescence over time in isolated perfused cardiacactivity map shows the highest rates of NADH recovery
myocytes. Representative plot of NADH fluorescence intensity over timeyyare |ocalized to the mitochondria. NADH signal from the

at a rate of imaging of 3 Hz. Intensity values are the mean of all pixel - .
values greater than the background fluorescence in the myocyte. Note thgytosOI (Z line reglons) and nucleus were too low to quan

there is an initial steep decrease followed by a slow constant decline iﬁify reIiany. ) ) o
fluorescence intensity where NADH bleaching rate is balanced by meta- TO confirm that mitochondria have a significant NADH

bolic generation of NADH. recovery capacity, ED-FRAP experiments were conducted

on isolated porcine heart mitochondria. Fig. 7 shows an

NADH ED-FRAP experiment conducted on a dense field of
performed serially in the same myocytes, there is apparentlgnitochondria at 25°C. The fluorescence recovery in this
no Significant damage to the NADH regeneration SysteniSO'&tEd organelle is CIearIy observed, consistent with the
with the bleaching pulse. Indeed, the fact that the highesfotion that the NADH ED-FRAP recovery is occurring in
bleaching level (i.e., highest power) resulted in the fastesthe mitochondria. Quantitative comparisons of the mito-
recovery rate is also inconsistent with a bleaching-relate¢hondrialky,p and cellular rates are difficult due to the
lesion to the NADH production system. differences in carbon substrates utilized as well as species
differences.

Because the NADH is bound in the mitochondria, intra-
cellular diffusion should not contribute to the NADH recov-
ery even if the whole cell was not irradiated. This was
confirmed by obtaining the samgapy value in a small
bleached region¥ of the cell) as the whole-cell bleach
procedure (not shown). In addition, no evidence of an
increase in the NADH signal around a selectively bleached
region was observed, consistent with the notion that the
mitochondrial NADH is immobilized. One of the concerns
in interpreting the mitochondrial NADH ED-FRAP recov-
ery is the fact that NADH immobilization enhances the
fluorescence so markedly (Nuutinen, 1984; Jameson et al.,
. ' . 1989). The kinetics of this binding process could contribute
0 50 200 250 300 to the ED-FRAP rate constant if binding is much slower that
the enzymatic rates. The contribution of the binding kinetics
will be discussed further below.
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FIGURE 3 Balance between photobleaching and metabolic generation

of NADH over time in an isolated perfused cardiac myocyte during imageCeIluIar NADH fluorescence photobleaching
acquisition as evidenced by regeneration of NADH during pauses in the

imaging experiment. Plot of NADH fluorescence intensity over time at arecovery rate is ser_ms_ltlve to temperature and
rate of imaging of 3 Hz with two pauses. Intensity values are the mean odehydrogenase activity

all pixel values greater than the background fluorescence in the myocyt .
Note that NADH substantially recovers during the two pauses and foIIowsero further evaluate whether the NADH ED-FRAP rates in

an exponential decay similar to the initial decay upon resumption ofth® myocytes were dependent on enzymatic processes, ex-
imaging. periments were conducted to examine the effects of tem-

Biophysical Journal 80(4) 2018-2028
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FIGURE 4 NADH fluorescence recovery and cellular viability after photobleaching in isolated perfused cardiac my@QyiSDH fluorescence

images (2uM slice thickness) from a myocyte before photobleaching (¥8, <2 us dwell time/pixel), immediately after, and following recovery.
Obvious structures that can be seen in the cardiac myocyte are the nucleus (large dark spot in the left center) and the z-lines of the sarcoimgres (repeat
dark lines). The scale bar representsutf. (B) Representative plot of NADH fluorescence intensity recovery after a bleach pulse. Intensity values are the
mean of all pixel values greater than the background fluorescence in the myocyte. Note that the recovery is exponential and similar to the kecovery cur
in Fig. 1. .

perature and dehydrogenase activation with dichloroacetiprocesses, such as NADH protein binding, as it is unlikely

acid (DCA) and cAMP (theophylline) (Bersin and that both of these agents would affect NADH binding rates.

Stacpoole, 1997). Fig. 8 shows the avergg,,, value in The distribution of the effect of DCA is presented in Fig.

cardiac myocytes as a function of these treatments. Raising, C andD, where a reference NADH intensity image (Fig.

the temperature by 12°C increased the rate by more than&C) and a pixmap of the difference kqy.p, values before

factor of 2.5. This is consistent with the effect of tempera-and after DCA (Fig. D) are presented. Fig. B shows a

ture on the activity of most enzymes (Hochachka and Somelearly punctate pattern of activation by DCA. These

ero, 1984). However, as discussed above, the temperatuchanges correlate with the distribution of mitochondria

dependence of NADH binding to matrix proteins could havebased on NADH fluorescence correlation with mitochon-

a similar temperature dependence. dria-specific dyes and metabolic perturbations (Eng et al.,
DCA increased averade by factors of 3 and 1.5 at 25 1989). This image demonstrates that adequate signal-to-

and 37°C, respectively. Theophylline was used to simulat@oise is attained in this approach to image the difference in

hormone activity by increasing cellular cyclic adenosinedehydrogenase activity within a single cell during experi-

monophosphate (cCAMP) levels. Theophylline increaked mental perturbations.

by 2.5-fold (Fig. 8). These increaseskig,py are similar to

thg enh_ancc_ement of pyruvate dehydrogenas_e actlwty, deteEﬁects of NADH photobleaching on

mined in vitro, caused by these agents in intact heartls_.ADJ, fluorescence

(Bersin and Stacpoole, 1997; Depre et al., 1998). These later

data are consistent witkypy being proportional to the Another internal verification of the enzymatic requirement

enzyme activity in the mitochondria and not other physicalfor NADH recovery after photobleaching is the FAD

Biophysical Journal 80(4) 2018-2028



FRAP Imaging of Enzyme Activity 2023

100
0]
A 3 /Bleach
C
3
@ 90 | 1
o 5,
5%
32 2
w o
—_
FIGURE 5 Rate of recovery of the autofluores- g £ 80 -
cence of NADH is proportional to bleach level in o) 3
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NADH fluorescence intensity recovery after O
bleach pulses designed to produce different de- °\° 70 -
grees of photobleaching in repeated measurements
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values for the exponential rate constant (averaged
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fluorescence response. FADand NAD" redox states are sistent with the enzymatic coupling of the FADand
linked via the NADH ubiquinone reductase, pyruvate dehy-NADH metabolite pools as probed using the ED-FRAP
drogenase, and other dehydrogenase reactions. Predictablypproach. Finally, the similar kinetics of FADenhance-
with NADH depletion, the FADH pool should also be ment and NADH recovery after NADH photobleaching also
reduced, as it is used to regenerate NADH through thessuggest that the binding kinetics of NADH to proteins,
reversible reactions. In contrast to NADH, the oxidized enhancing the NADH fluorescence signal, are not dominat-
form of FAD" is fluorescent, not the reduced form (i.e., ing the NADH fluorescence recovery kinetics.

FADH), resulting in a decrease in fluorescence intensity

with increasing level of FADH (Chance et al., 1972; Kunz
and Ku_nz, 19_8_5, Romashko et al., 1998). T_hus, the ﬂuoreSbISCUSSION
cence intensities from these two metabolite pools change
inversely with increasing reduction level. To test whetherThese data demonstrate that NADH ED-FRAP can be used
the NADH and FAD" pools were enzymatically linked, we to image the distribution of enzyme-dependent reaction
monitored the NADH and FAD fluorescence signal recov- rates in vitro and in intact cells. The correlation between
ery after a NADH photobleaching pulse in a single cell. AnNADH ED-FRAP kyapy and enzyme content (Fig. @)
example of these studies is presented in Fig. 9. A transierdonfirms that quantitative enzymatic activity can be deter-
increase in FAD fluorescence was observed that mirroredmined using this approach in vitro. The temperature, DCA,
the decrease in NADH fluorescence in response to thand theophylline sensitivity of the ., and the correlation
NADH-directed photobleaching pulse. These data are corwith FAD™ fluorescence levels found in cardiac myocytes

Biophysical Journal 80(4) 2018-2028



2024 Combs and Balaban
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FIGURE 6 Pixmaps of NADH recovery rate reveal regional dehydrogenase activity in isolated cardiac myaanekC) NADH fluorescence intensity
images (1.5uM slice thickness).B) False color pixmap of exponential recovery ratd0~>s™*. The NADH intensity image was smoothed over two pixels
before exponential fitting=£1 wm in plane and z-resolution). Only pixels that passed a chi-square distribution function were fit. Temporal resolution was
0.49 s for exponential fits.) Pixmap of the difference in exponential recovery rate between superfusion with nutrient medium and 5 mM DCA of the
cell depicted in C). Imaging and photobleaching parameters are the same as in Fig. 1.

support the notion that ED-FRAP is determining the en-vided a minimal perturbation but adequate signal-to-noise to
zyme-dependent NADH generating capacity of regionameasureékyapy-
within the cell. A surprising result was the dependencekgfp, on the

In this initial study we have not attempted to determinebleaching level in the cells, getting faster with larger de-
the initial rate of NADH formation (i.e., [E]k;) because we creases in NADH (Fig. 5). This was not observed in the
have not been able to attain complete removal of the NADHsolated enzyme system. The increasing recovery rate with
pool with photobleaching. Attempts to perform completeNADH bleaching level suggests that bleaching is not sig-
photobleaching with higher power or longer times of irra- nificantly destroying the dehydrogenases, because just the
diation resulted in irreversible cell damage based on grosspposite would occur. The fact that the rate of recovery is
structural changes. This damage could be due to direaependent on the magnitude of the displacement from the
photodamage of the cell or depletion of the total NAD steady state could be due to thermodynamic effects on the
NADH pool as the NADH is rapidly cycled through the metabolic driving forces (i.e., NADH/NAD (Wilson, 1994))
reaction and photobleaching process. This latter effect wagr direct negative-allosteric effects of NADH on the dehy-
observed in the enzyme system in vitro with long irradiationdrogenases (Patel and Roche, 1990)). These possibilities
times. However, no evidence of direct GDH destruction waseed to be explored further with regard to the quantitation of
observed. We selected a photobleaching level-80% in  ED-FRAP rates and the regulation of cellular NADH pro-
these studies based on empirical observations that this prauction. Without a complete model it is clear that the

Biophysical Journal 80(4) 2018-2028
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FIGURE 7 NADH fluorescence recovery is exponential in isolated perfused mitochogrADH fluorescence images (1AM slice thickness) from
mitochondria before photobleaching (45V, <2 us dwell time/pixel), immediately after, and following recovery. The box represents the bleaching area.
The scale bar represents uin. (B) Plot of NADH fluorescence intensity recovery after a bleach pulse. Intensity values are the mean of all pixel values
greater than the background fluorescence. Note that the recovery is exponential and similar to the recovery curve in Figs. 1 and 2 .

perturbation, or bleaching level, must be consistent betweeaf experiments, the approach to steady state alone in an
experimental conditions to access differences in NADHimaging experiment may provide additional information
generation capacity. on NADH production.

One other interesting consequence of the NADH ED- One of the most important facets of ED-FRAP is that it
FRAP is what it means in the evaluation of NADH using can provide significantly more information than steady-state
standard fluorescence microscopy techniques. Many inmetabolite measurements usually obtained in conventional
vestigators have assumed that the bleaching of NADH istudies. Steady-state measurements of metabolite fluores-
minimized in studies where the NADH fluorescence sig-cence are complicated by the inability to correlate mecha-
nal is nearly constant or slowly drifts down during an nism to the observed concentration changes. For instance,
experimental observation period (Eng et al., 1989). How-an increase in cellular NADH fluorescence could be a
ever, this apparent constant NADH signal is reflectingfunction of decreased NADH oxidation or increased NAD
the balance between the photobleaching destruction angduction by metabolism. In contrast, an increase in ED-
enzymatic production of NADH described in the current FRAP rates of recovery must be ascribed to either an
study (Fig. 3). Similar concerns may exist for steady-increase in dehydrogenase activity and/or increases in rate
state fluorescence studies on FARNd other metaboli- limiting substrate concentrations in the region of the en-
cally active markers. Potentially, with a more completezyme. Thus, ED-FRAP provides much more information
model of NADH bleaching and production in these typesthan the determination of concentration alone.
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FIGURE 8 The NADH recovery exponential rate constant is temperature- and dehydrogenase activity level-sensitive in cardiac myocytes. Mean and
SEM values for the exponential rate constant (averaged over the entire cell volume) of recovery after photobleaching versus treatment b camgpiaduse
myocytes. Control at the two temperatures stands for superfusion rate3 wil/min with nutrient mediumr(= 11 and 12 at 25 and 37°C, respectively).

DCA at the two temperatures stands for superfusion with 5 mM DCA and 5 mM pyruvate added to the nutrient nmedilBrat each temperature).

Theo 25°C stands for superfusion with theophylline (@@/ml). The combination of DCA and pyruvate is reported as a potent stimulator of
dehydrogenase activity. The lines at the top of the panel indicate significant differences in mean values between treatments (ANO\PA<TREY,

As discussed earlier, these data are consistent with thiem(s) contributes to the NADH recovery rate. Based on in
notion thatkya,py from ED-FRAP of NADH in cardiac vitro activity measurements (Table 1) many dehydrogenases
myocytes is correlated with mitochondrial dehydrogenaseould contribute to the ED-FRAP rate. Based on these
activity based on its localization in the mitochondria. How- activities determined in vitro, malate dehydrogenase has the
ever, it is unclear which mitochondrial dehydrogenase syshargest activity and can enhance the fluorescence of NADH

(Jameson et al., 1989). However, DCA and theophylline
were found to increadg,py ~3-fold at 25°C in this study.

1800 DCA and cAMP have been shown to activate pyruvate
5. 1700 ”0.... NAD!* b dehydrogenase (PDH) (Sugden and Holness, 1994; Bersin
= *Cee FAD o and Stacpoole, 1997). These data suggest that PDH may
S E 1600 also play an important role in NADH ED-FRAP despite its
< 5 1500 o low in vitro activity (Table 1). These hormone effects could
8 = | RYYTYL Y also be affecting the net flux through several upstream and
o 1400 °® . . .
5 g .0 downstream metabolic steps kinetically via substrate and
Q5 1300 | 29000000500 © product concentrations, as well as a variety of allosteric
g i 1200 .COO effects. Thus, localizing these effects to one dehydrogenase
=) 006006000 system is difficult. The reciprocal effects of NADH photo-
L 1100 4 bleaching on FAD (Fig. 7) suggest that ED-FRAP is
1000 L — ‘ _ . ‘ interrogating an NADH pool enzymatically coupled to the
0 10 20 30 40 50 60 FAD"/FADH system, implying that the pool is in general
Time (s) metabolic communication within the matrix and not an

isolated pool. Though more work will be required to iden-

FIGURE 9 Dual acquisition of NADH and FAD autofluorescence re- tlfy th_e SpQCIfIC enzymes and bou,nd p.OO.|S of NADH par-
veals inverse metabolic coupling with NADH bleaching. Plot of NADH tiCipating in the ED-FRAP reaction, it is apparent that
(open circley and FAD' (closed circle} fluorescence intensity over ime ED-FRAP is monitoring one aspect of the delivery of the
from a single cardiac myocyte. The drop in NADH fluorescence aroundprimary energy source, NADH reducing equivalents, to the
29 s is due to the photobleaching pulse (at 351 nm) that is selective foaectron transport system.

NADH. The FAD" (flavin adenine nucleotide) signal (excitation 488 nm, . . . L
emission 520 nm (Chance et al., 1972) increases immediately after the Given th,ese considerations it |§ clear that ED-FRAP
NADH photobleaching. Intensity values are the mean of all pixel valuesCOUld contribute to the understanding of the cellular regu-

greater than the signal from the nucleus. latory processes involved in energy metabolism in living
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TABLE 1 Mitochondrial enzyme activities obtained from the

literature for rat cardiac muscle
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olites could be used to monitor other reaction mechanisms
inside cells. In these applications, the substrates must be

Assay Activity converted between a fluorescent species and a molecule
Enzyme  Temperature (°C) (U/g wet weight) ~ Reference with different absorption and fluorescence spectral proper-
Malate 25 405 Shonk and ties to selectively eliminate a product or a substrate using
dehydrogenase Boxer, 1964 the photobleaching approach. If exogenous tracer probes are
Isocitrate 30 155 Poston and used, the effect of bleaching on probe concentration will not
dehydrogenase Egg‘;mea“' be as critical as naturally occurring metabolites like NADH
+
3-Hydroxyacyl- 37 81 Zonderland et or FAD™.
coenzyme A al., 1999 In summary, we have demonstrated that NADH ED-
dehydrogenase FRAP provides a new tool for unraveling the role of NADH
NADH 30 35 Genova et al., generation in the regulation of mitochondria ATP produc-
?:Ohrﬁ‘;{gselr;ase 1995 tion, as well as potential new insights into complexities of
Succinate 25 6+ Link et al., cellular compartmentation in this process.
dehydrogenase 1998
P t 30 5 S d . .
yruvate eymour an We thank Drs. Anthony Aletras and Han Wen for many useful discussions
dehydrogenase Chatham, . . ) .
1997 and assistance in IDL programming. We also thank Stephanie French and
a-Ketoglutarate o5 3 Lucas and Ralrtn_un?o Correatl for prepall_’atllon of porcine mitochondria and rabbit
dehydrogenase Szweda, ventricular myocytes, respectuvely.
1999
Glutamate 25 1* Adisa and
dehydrogenase Odutuga, REFERENCES
1998

Adisa, A. O., and A. A. Odutuga. 1998. Changes in the activities of three
*Converted from U/mg protein in homogenized to Ulg wet weight by  diagnostic enzymes in the heart of rats following the consumption of
multiplication by 140 mg protein/g wet weight (Balaban et al., 1996). diets deficient in zinc and essential fatty aciBsochem. Mol. Biol. Int.

TConverted from U/mg mitochondrial protein by multiplication by 36 mg 46:571-576. .
mitochondrial protein/g wet weight (Balaban et al., 1996). Axelrod, D., D. E. Koppel, J. Schlessinger, E. Elson, and W. W. Webb.
’ 1976. Mobility measurement by analysis of fluorescence photobleaching
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