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Evidence for an Excited-State Reaction Contributing to

NADH Fluorescence
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The fluorescence of reduced B-nicotinamide adenine dinucleotide (NADH) was monitored as a
function of the excitation and emission wavelengths. In aqueous and organic solvents the intensity
decay was found to be more heterogeneous than reported earlier. When the ternary complex of
NADH with the enzyme (horse liver alcohol debydrogenase) and substrate analog (iso-butyramide)
is formed, three exponents are required to fit the data. The decay-associated spectrum for the
shortest lifetime undergoes a sign change from positive at the blue edge of emission to negative
at the red edge. This phenomenon is interpreted as an outcome of reversible excited-state reaction
leading to the appearance of at least one fluorescent product.
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INTRODUCTION

The fluorescence properties of NADH (reduced -
nicotinamide adenine dinucleotide) have been a subject
of multiple studies [1-4]. In aqueous solution the quan-
tum yield of fluorescence is low and the average lifetime
is in the subnanosecond range. In organic solvents the
lifetime increases while spectral position undergoes a
blue shift. Binding to LADH (horse liver alcohol dehy-
drogenase, E.C. 1.1.1.1) leads to a further blue shift in
absorbance and fluorescence and a dramatic increase in
both lifetime and quantum yield. This effect is enhanced
by formation of a termnary complex with the substrate
analog iso-butyramide (IBA). For more details and ref-
erences see review by Ross et al. [5].
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Despite the fact that the fluorescence properties of
reduced nicotinamide nucleotides have been extensively
studied, there is no consensus either on the degree of
deviation from monoexponentiality [6] or on possible
origins of lifetime heterogeneity. Proposed mechanisms
include the presence of different emitting species [3],
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reversible excited-state reaction forming a nonfluores-
cent product [2], and exciplex formation [4].

Two different models suggested in the literature are
presented in Schemes ! and 2. The eatlier proposed
model [2] is depicted in Scheme 1. It describes a re-
versible excited-state reaction with nonfluorescent prod-
uct (B*) and no heterogeneity in the ground state of
reduced nicotinamide (A). Here k,, is a nonradiative
rate, while %, is the sum of radiative and nonradiative
rates. This model predicts that the fluorescence decay
will be double exponential and will not depend on emis-
sion wavelength, Both those facts were reported to be
confirmed experimentally [2].

The second model (Scheme 2) was proposed to ex-
plain the kinetic fluorescence of both mononucleotides
(NMNH) and dinucleotides (NADH) [4]. It assumes that
the stacked conformation of NADH (A, A¥) is in equi-
librium with the open one (B, B*) in both ground and
excited states. The open conformation is believed to
have the same fluorescence properties as NMNH. In the
limiting case of very slow folding the fluorescence decay
is predicted to follow a biexponential law. The two life-
times would represent decays of pure stacked and open
conformations and the preexponential factors would be
connected to the A and B concentrations at equilibrium.
This model was supported by the fact that decay of
NMNH is virtually monoexponential and that its lifetime
is similar to the short component of the NADH decay
[4].

In this study fluorescence of NADH in different sol-
vents and when bound to LADH was studied as a func-
tion of the excitation and emission wavelengths by
means of steady-state, frequency-domain, and photon
counting pulse fluorometry. Results are used to recon-
sider existing models explaining fluorescence of pyridine
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nucleotide coenzymes. A preliminary account of this
work has appeared elsewhere [7].

MATERIALS AND METHODS

Reduced B-NADH was obtained from Sigma (St.
Louis, MO) and iso-butyramide from Aldrich Chemical
Co (Milwaukee, WI). Organic solvents were methanol,
spectrophotometric grade, from Aldrich Chemical Co
(Milwaukee, WI), ethanol, anhydrous, from Warner-
Graham Co (Cockeysville, MD), and glycerol, glass dis-
tilled, from EM Science (Gibbstown, NJ). Liver alcohol
dehydrogenase was obtained from Boehringer Mann-
heim (Germany) as a crystalline suspension, which was
dialyzed against several fresh additions of 0.1 M sodium
phosphate buffer pH 7 (this buffer was used through all
the measurements and will be referred as ‘“buffer’” or
““aqueous buffer’’). The final concentration was deter-
mined spectrophotometrically using an extinction coef-
ficient of 35.3 mM ™! cm™' at 280 nm for LADH and
6.18 mM~! ¢cm~! at 334 nm for NADH in buffer [5].
The binary complex (NADH-LADH) was prepared by
adding a proper amount of LADH to NADH until the
final concentrations (14 pM NADH, 57 uM LADH)
were reached. The ternary complex was prepared by
adding stock solution of iso-butyramide (IBA) to the fi-
nal concentration of 10 mM. Concentrations of NADH
and LADH in ternary complex were 13 and 39 pM, re-
spectively. Under these conditions, according to the data
available in the literature [8,9], virtually all the NADH
was bound in a ternary complex, and for the binary com-
plex the percentage of unbound NADH did not exceed
5%.

Absorbance was measured on the single-beam spec-
trophotometer LKB 4050 (LKB Biochrom, Cambridge,
England). To avoid inner filter effects, samples with an
optical density less than 0.1 were used for fluorescence
studies. Steady-state and frequency-domain measure-
ments were carried out on the SLM-48000 multifre-
quency phase-and-modulation spectrofluorometer (SLM
Instruments Inc., Urbana, IL). For the steady-state meas-
urements a Xe arc lamp was used. Excitation and emis-
sion wavelengths were selected by a single-grating
monochromators with 4-nm slits. To improve accuracy
in determining the spectral position the following pro-
cedure was utilized: emission spectra were recorded
from 350 to 650 nm with a 1-nm increment and after
background correction were fitted to a log-normal dis-
tribution [10] to yield position of maximal intensity. In
frequency-domain measurements, either the 325-nm line
of a He-Cd laser or the 365-nm Hg line was used for
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Fig. 1A. Experimental decay curves and the results of an analysis with
different numbers of exponents for the NADH in aqueous buffer at
+14°C. The excitation wavelength was 330 nm and the emission reg-
istration wavelength was 460 nm. The timing calibration was 11 ps/
channel. Parameters recovered by best double-exponential fit (upper
panel) are: o, = 59%, 7, = 0.26 ns; o, = 41%, 7, = 0.63 ns; reduced
x> = 1.88. Parameters recovered by best triple-exponential fit (lower
panel) are: o; = 21%, 7, = 0.12 ns; o, = 60%, 1, = 0.37 1s; @y =
19%, 7, = 0.76 ns; reduced x* = 1.11.

excitation. In the latter case the light from a 200-W Hg—
Xe arc lamp (Spectral Energy Corp., Westwood, NJ)
was passed through a combination of Corning 7-60 and
0-52 filters. Emission light was monitored through the
short-cutoff KV-399 filter. For data analysis, errors were
individually calculated based on ten repeated measure-
ments at each frequency. To avoid systematic errors as-
sociated with the color effect [11], a fluorescence single
lifetime reference was employed (POPOP in ethanol, 7
= 1.29 ns).

Time-resolved fluorescence decays were collected
with a time-correlated single photon counting apparatus
as described earlier [12]. The cavity-dumped output of
a synchronously pumped rhodamine-6G or DCM dye
laser was used to generate a laser pulse, which was then
frequency-doubled to 297 or 330 nm, respectively.
Emission was spectrally selected with monochromator
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with 8-nm spectral resolution and detected with the mi-
crochannel plate.

For all types of fluorescence measurements a magic
angle configuration of polarizers was used to exclude the
artifacts associated with dynamic depolarization [13].

Both simulated and experimental data were ana-
lyzed by the nonlinear least-squares miethod assuming
that fluorescence decay can be represented as a sum of
exponential components: [{f) = % «, exp(—#/7,). Scat-
tering from the ludox solution was used as a reference
with a zero lifetime. To recover decay-associated spectra
(DAS), a series of kinetics measured at different wave-
length were analyzed globally by linking the lifetime and
allowing o’s to float independently. The preexponential
factors were normalized to yield intensity, calculated as
% o7, to be proportional to the steady-state intensity
measured independently. The DAS for binary and ter-
nary NADH complexes at different temperatures were
normalized together to produce the same intensity ratio
as their steady-state spectra. The steady-state spectrum
of ternary complex at 6°C was normalized to 100. For
the presentation in tables the preexponential terms were
normalized to a sum of 100%.

RESULTS

Fluorescence of NADH in Aqueouns and Organic
Solvents

The fluorescence decay data on NADH in buffer
measured by the pulse technique are presented in Fig.
1A. The best double-exponential fit is shown in the up-
per panel, and as revealed by autocorrelation and distri-
bution of residuals, it has nonrandom deviations from
experimental data. A three-component analysis (lower
panel) is free of those deviations and yields lower y2
(Tables I and II). However, obtained lifetimes seemed
to be rather narrowly spaced to prove that three distinct
components are indeed observed. To check on our abil-
ity to recover such lifetimes, a number of simulations
were performed. Figure 1B show the best two- and
three-exponential fits to the simulated data obtained by
convolving the same lamp profile with the three-expo-
nential decay. The Poisson noise and a small component
with the zero lifetime were added to the decay curve to
get a more realistic sitnation. As one can see from the
autocorrelation, distribution of residues, and ¥2, the
three-exponential fit is more adequate and recovered par-
ameters coincide with those input. However, the reduced
x? for the simulated data is lower than that for the ex-
perimental results. It is difficult to say whether this is
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Fig. 1B. Simulated decay curves and the results of an analysis with
different numbers of exponents. Parameters for the triple-exponential
fit from the legend for Fig. 1A were used to generate decay (see text
for details). Parameters recovered by best double-exponential fit (upper
panel) are: a; = 66%, 7, = 0.29 ns; a, = 34%, 7, = 0.67 ns; reduced
x> = 1.80. Parameters recovered by best triple-exponential fit (lower
panel) are: a; = 20%, 7, = 0.12 ns; o, = 60%, 7, = 0.36 ns; a; =
20%, 1, = 0.75 ns; reduced x*> = 1.06.

due to the possible contribution of nonrandom errors or
whether real decay follows an even more complex law.

The heterogeneity of decay becomes even more
pronounced when organic solvents are used (Table I).
Double-exponential analysis was not adequate to fit the
data. On the other hand, addition of a fourth component
leads to only marginal improvements of the fit in most
cases and always yields practically the same average
lifetime as the three-component analysis. The spectral
dependences of the amplitude average lifetime (7, = 2,
a7/2 a,) for NADH in methanol are presented in Fig.
2 and show an increase with increase of excitation and
emission wavelength. This was found to be true for all
the solvents (data not shown).

To further address the question of the excitation
dependence of NADH, fluorescence phase/modulation
and steady-state spectroscopy were applied. It should be
pointed out that the phase instrument allows the exci-
tation source to be easily changed to the same sample
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can readily be measured at two excitation wavelengths.
Table II summarizes the results for the temperature de-
pendence of NADH fluorescence decay in aqueous buf-
fer. In all the cases, due to lower resolution of the
SLM-48000 phase instrument as compared to the pulse
instrument used, only two components were recovered.
At all temperatures the average lifetime measured at
325-nm excitation is shorter than that with 365-nm ex-
citation. (The same was true for a triple-exponential
analysis despite the fact that solutions in this case were
not unique and depended on the initial guess.) However,
the preexponential factor for the short lifetime follows
the opposite pattern, and increase in T, is solely due to
an increase in both lifetimes. This implies that a simple
explanation for the excitation dependence involving two
distinct noninteracting species with different lifetimes
and different excitation spectra is not applicable.

The slight but detectable dependence of steady-state
spectra on excitation was also found for NADH in all
solvents (Fig. 3). In the glycerol solution this depend-
ence is quite strong at the red edge of absorption, as is
expected for photoselection in a system with slow (com-
parable to a lifetime) dipole relaxation [14]. For all the
other solvents, orientational relaxation is much too fast
to contribute to the spectral shift (see also Discussion).

Fluorescence of the Protein-Bound NADH

Fluorescence decay parameters of NADH bound to
LADH with or without IBA are presented in Table III.
To ensure that no heterogeneity in fluorescence is caused
by the existence of two binding sites on the LADH mol-
ecule, an excess of protein (3 mol LADH per 1 mol
NADH) was used.

The formation of a binary complex (NADH-
LADH) results in 4.5-fold increase of average lifetime,
which is in agreement with the earlier report, where
biexponential fluorescence decay was used {2]. In con-
trast, in the present study we found that a much more
complex decay law is needed to describe the system. A
minimum of three exponents was required, and at the
blue wing of emission (420 nm in Table III) a fourth
component brought further improvement to the fit. In
order to improve spectral resolution of components, a
linked (global) analysis of decay data measured at a dif-
ferent wavelength was performed. For this procedure the
lifetimes were linked together across the emission spec-
trum, while preexponential factors were allowed to float
independently. Introduction of the fourth component ap-
pears to be important for the global analysis. The global
reduced x? of 1.7 was achieved with three components
and 1.17 with four components. In order to recover de-
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Table 1. Best Fit Parameters of Fluorescence Decay of NADH in Different Solvents?

Solvent o, (%), 7, (ns) @, (%), T, (ns) a; (%), 7, (ns) a, (%), 7, (ns) X 7, (ns)
Aqueous buffer 67, 0.23 33, 0.56 1.52 0.34
38, 0.18 47, 0.37 15, 0.65 1.22 0.34
Methanol 76, 0.37 24, 1.18 9.2 0.56
38, 0.18 55, 0.58 7, 1.77 1.23 0.51
21, 0.10 37, 0.32 37, 0.7 4, 2.1 1.05 0.50
Ethanol 85, 047 15, 1.72 104 0.66
40, 0.20 54, 0.68 6, 2.41 1.22 0.58
23, 0.11 38, 0.37 36, 0.84 3,29 1.02 0.56

“Measurements were carried out at 24°C with the photon counting pulse technique under 330-nm excitation and 440-nm emission.
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Fig. 2. Average lifetime of NADH in methanol measured as a function

of emission wavelength with excitation at 297 nm (3) and 330 nm (0).

Table IL. Best Fit Parameters of the Fluorescence Decay of NADH
in Aqueous Buffer Measured by Fluorescence Phase/Modulation
Spectroscopy*

t (°C) Excitation 325 nm Excitation 365 nm

+8 T, = 037 ns; o, = 81% T, = 0.44 ns; o, = 83%
T, =09%ns;0,=19% 1,=1.071ns; 0, = 17%
7, = 048 ns 7, = 0.55 ns

+24 7, = 025 ns; o, = 80% 7, = 033 ns; a; = 85%

T, = 0.72 ns; a, = 20% T, = 0.84 ns; o, = 15%
7, = 0.34 ns T, = 0.41 ns

+35 7, = 0.12 ns; o; = 81% T, = 0.29 ns; o, = 90%
T, = 0.58 ns; o, = 19% T, = 0.82 ns; a, = 10%
T, = 0.21 ns T, = 0.34 ns

“The reduced x? was in the range of 1.05-1.26.

cay-associated spectra (DAS) for individual lifetimes the
a’s were normalized to produce the steady-state spec-
trum measured independently (see Methods for details).
The DAS for the NADH-LADH binary complex are
presented in Fig. 4. A slight spectral difference leads to
a greater contribution of longer-lived components at
greater wavelength.
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Fig. 3. Dependence of the steady-state fluorescence spectra on the
excitation wavelength for NADH in (from top to bottom) ternary com-~
plex (NADH-LADH-IBA) at +8°C, glycerol at +12°C and at +50°C,
and aqueous buffer at +8°C and at +24°C.

When the ternary complex is formed (NADH-
LADH-IBA) the fluorescence decay simplifies some-
what (Table II). Four components are no longer needed,
and in a particular wavelength region (approximately at
the emission maximum) decay is adequately described
by two exponents. However, a peculiar feature appears:
a component with a negative amplitude is essentially im-
portant to get an acceptable fit when fluorescence is
measured at the red edge of emission. On the far blue
edge a component with a similar lifetime has a positive
amplitude. Two longer lifetimes appear to be very sim-
ilar across the spectrum. This provides a rationale for
using the global analysis with the linked lifetimes. The
DAS for NADH-LAD-IBA ternary complex obtained
by this procedure are shown in Figs. SA (14°C) and 5B
(6°C). They appear to be very similar for both temper-
atures. The longest component dominates and it is re-
sponsible for the greatest portion of steady-state intensity
(up to 80%). This is the only component with a tem-
perature-dependent lifetime. An intermediate component
has slightly-blue shifted spectrum, while the shortest un-
dergoes a sign change and becomes negative at the
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Table IIL Best Fit Parameters of Fluorescence Decay of NADH in Different Complexes with LADH=

Complex o, (%), 7 (8) o, (%), T, (ns) oy (%), 75 (ns) e, (%), 74 (0S) X 7, (ns)
Free NADH 460 nm 59, 0.26 41, 0.63 1.88 0.41
21, 0.12 60, 0.37 19, 0.76 1.11 0.39

Binary complex 420 nm 47, 0.90 53, 3.14 4.3 2.08
26, 0.29 45, 1.68 29, 3.66 1.22 1.89

18, 0.13 22, 0.68 50, 2.3 10, 4.8 1.06 1.80

Binary complex 460 nm 42, 0.98 58, 3.07 3.8 2.19
21, 0.38 47, 1.82 32, 3.58 1.07 2.07

Ternary complex 420 nm 20, 1.47 80, 5.47 1.64 4.69
13, 0.19 18, 2.23 69, 5.58 1.02 4.30

Ternary complex 460 nm 21, 2.64 79, 5.63 1.06 5.01
—10, 0.06 21, 2.46 89, 5.59 1.02 547

Ternary complex 500 nm 32, 3.59 68, 5.84 1.92 512
=26, 0.10 22, 2.54 104, 5.58 1.09 6.32

“Measurements were carried out at 14°C with photon counting pulse technique under 330-nm excitation.

570 400 430 460 4% 520 550
Wavelength (nm

Fig. 4. DAS of binary complex (NADH-LADH) measured with 330-
nm excitation at 14°C. Spectra correspond to the following lifetimes:
0.15 ns (*); 0.80 ns (A); 2.56 ns (+); 6.41 ns (). Global reduced x?
= 1.17.

wavelength >440 nm. This behavior indicates the ex-
istence of an excited-state reaction [15].

DISCUSSION

Earlier results obtained with binary (NADH-
LADH) and ternary (NADH-LADH-IBA) complexes
were shown to be in a good agreement with a double-
exponential decay [2]. However, the time resolution of
those studies was limited by the use of a flash lamp.
Improvement of the pulse technique allows us to recover
and analyze more than two components. Application of
global analysis [16] of the data collected at different
wavelengths provides the possibility of improving spec-
tral resolution and interpreting our results in terms of
decay-associated spectra (DAS).

Amplitude

70 400 430 460 490 520 580
Wavelength (nm)

o

T8707 400" 430 460 490 520 550
Wavelength (nm)

Fig. 5. DAS of ternary complex NADH-LADH-IBA) measured with

330-nm excitation at (A) 14°C, and (B) 6°C. Spectra correspond to the

following lifetimes: (A) 0.22 ns (x); 2.17 ns (A); 5.56 ns (+). Global

reduced x> = 1.10. (B) 0.26 ns (*); 2.13 ns (A); 6.41 ns (+). Global

reduced x> = 1.19.

Combination of these two conditions (advanced
pulse technology and a global analysis) allowed us to
provide evidence that the excited-state reaction contrib-
utes to the NADH fluorescence. This evidence comes
from the existence of a negative component in the DAS
of the ternary complex (Fig. 5). Moreover it implies that
unlike earlier suggestions (Scheme 1), the *‘product”” of
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Fig. 6. Sum of the DAS of the two shortest components from Fig. 5
for (¢) 14°C and (X) 6°C.

the excited-state reaction is fluorescent. Similar DAS
were reported for excited-state proton transfer in aro-
matic alcohols [15]. Later studies contain several im-
portant conclusions based on experimental observation
and simulations of two-state excited-state reactions with
no heterogeneity in the ground state:

(i) Negative amplitudes are always associated with
the shortest lifetime.

(ii) The DAS “‘“involved’’ in an excited-state reac-
tion have mirror symmetry at the longer wavelength.

(iii) Existence of a region of positive amplitude
(usually blue edge of emission) for a component with
negative amplitude in another region (usually red edge)
indicates the reversibility of the excited-state reaction,
and that depletion from the directly excited state (‘‘sub-
strate’”) occurs faster than that from the state populated
by the reaction (“‘product’”).

All of the aforementioned are characteristic for
NADH fluorescence in ternary compiex. However, other
evidence might significantly complicate direct applica-
bility of these conclusions to our case.

First of all, we observe three decay components,
not two, predicted for two-state reactions [17,18] and
observed for aromatic alcohols [15]. It is possible that
only two components are involved in the reaction and
that the third (with the longest lifetime) originates from
an independently excited and depleted state. In this case
we will still have a two-state reaction. As it was pre-
dicted earlier [18] for such reactions (with no hetero-
geneity in the ground state), the sum of the DAS
represents a species-associated spectrum (SAS) of the
“product’” and thus should always be positive. The re-
sults of such summation of DAS corresponding to the
shortest and intermediate decay times for NADH in ter-
nary complex are presented in Fig. 6. It is rather difficult
to conclude whether a negative component observed at
6°C is real or is due to experimental error. The shape of
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the curves is also somewhat different for the two tem-
peratures, which could hardly be explained if only two
states are involved in the reaction.

Second, it seems to be rather difficult to prove (or
disprove) that no heterogeneity exists in the ground state
and that no direct excitation of ‘“product™ occurs. One
of the possibilities to do so is to analyze the excitation
dependence of fluorescence. Unfortunately, one can
hardly expect dramatic changes in fluorescence of the
ternary complex with the change of excitation, since a
long-lived component (whose participation in the reac-
tion is questionable) dominates the decay and
steady-state spectra. Only a marginal spectral shift with
excitation is observed (curve 1 on Fig. 3). Indirect evi-
dence on this matter might come from fluorescence
properties of NADH in solution.

It appears that both temporal and energetic prop-
erties of NADH fluorescence in solution depend on ex-
citation wavelength (Table II, Figs. 2 and 3). One
possible explanation of a spectral shift in emission seen
with the change in excitation wavelength is a photose-
lection of chromophores with different energies of in-
teraction with the solvent shell [14]. Two requirements
to observe such effects are the existence of the distri-
bution of energies of interaction within the solvate and
slow relaxation which will not allow photoselected states
to be ‘‘remixed’’ prior to emission. This, however, can-
not explain the spectral shift observed with NADH in
buffer when the excitation or temperature is changed,
since relaxation of water dipoles occurs on a subpico-
second time scale. Moreover, existence of “‘red-edge ef-
fects’” at 50°C in glycerol is quite unusual and was not
observed for fluorescence of indole or tryptophan [14].
In the latter case, but at lower temperatures, the position
of the emission spectrum was invariant with the excita-
tion wavelength in the mean band absorbance until the
“red edge”” (A > 290 nm for tryptophan) is reached.
This is clearly not the case with NADH in glycerol so-
lution (Fig. 3), whose curves will not flatten even at the
blue edge of absorbance. This is a minor effect and the
main contribution to the excitation-dependent spectral
shift for NADH in glycerol comes from photoselection
of chromophores with different energies of dipole inter-
action within a solvate. Certainly, some other kind of
ground-state heterogeneity should be involved in the
explanation of the excitation dependence of NADH in
nonviscous solvents. Visser and van Hoek [4] reported
a small spectral shift between the fluorescence of NADH
and NMNH (reduced B-nicotinamide mononucleotide)
which they initially attributed to an exciplex formation
in dinucleotide. It seems reasonable to suggest that
stacking of NADH suggested in Scheme 2 will produce
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two ground-state forms A and B with somewhat differ-
ent spectral properties. This can occur either via direct
interaction of rings or indirectly by providing shielding
from the influence of the solvent.

The “‘stacking model’’ presented in Scheme 2 was
also used to explain a biexponential decay of NADH in
aqueous buffer [4]. Our results suggest that the fluores-
cence decay is more complex and does not follow a
biexponential law (Table I). A few empirical observa-
tions can be emphasized from these data. With the de-
crease of polarity (i) the average lifetime increases, (ii)
the ratio of longest to shortest lifetime increases, and (iii)
heterogeneity of decay increases. It is also peculiar that
an uncertain but high number of exponents (three or
four) is required to describe decay with such a short
average lifetime. This behavior is more reminiscent of a
continuous distribution of decay times rather a discrete
number of exponents.

CONCLUSIONS

Our findings suggest that the excited-state reaction
that governs NADH fluorescence is reversible and yields
a fluorescent product. In solution, the ground-state het-
erogeneity is apparent and at least two forms with dif-
ferent excitation and emission spectra coexist in
equilibrium. The interconversion between those forms
occurs on the same time scale as the depletion of excited
states. It is possible that in all systems, with the excep-
tion of a ternary complex, a distribution of reaction rates
exists. This leads to an infinite number of lifetimes. The
distribution of the reaction rates depends on the polarity
of the solvent. In the case of the binary complex, the
protein serves as a matrix to keep NADH at low polarity
where it otherwise would not be soluble. Addition of a
substrate (or an analog in ternary complex) provides a
condition where a broad distribution of decay rates of
the excited-state reaction reduces to a finite (if not
unique) number of rates.

The conclusions of the study presented here cer-
tainly are mainly empirical. Much work needs to be done
to answer some specific questions. Is this a two- or
higher state reaction? Is there a direct excitation of
“product’ species in the ternary complex, or is the
slight observed dependence on excitation wavelength
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due to a photoselection of a subpopulation of molecules
that have an electronic configuration close to one of the
“‘products,”’ as was suggested for intramolecular elec-
tron transfer in bianthryl [19]. Perhaps the answers will
bring us closer to an understanding of what the mecha-
nism of the reaction is and how relevant it is to the
biological function of NADH.
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