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ABSTRACT NADH and NADPH play key roles in the regulation of metabolism. Their endogenous fluorescence is sensitive
to enzyme binding, allowing changes in cellular metabolic state to be determined using fluorescence lifetime imaging micro-
scopy (FLIM). However, to fully uncover the underlying biochemistry, the relationships between their fluorescence and bind-
ing dynamics require greater understanding. Here we accomplish this through time- and polarization-resolved fluorescence
and polarized two-photon absorption measurements. Two lifetimes result from binding of both NADH to lactate dehydroge-
nase and NADPH to isocitrate dehydrogenase. The composite fluorescence anisotropy indicates the shorter (1.3–1.6 ns)
decay component to be accompanied by local motion of the nicotinamide ring, pointing to attachment solely via the adenine
moiety. For the longer lifetime (3.2–4.4 ns), the nicotinamide conformational freedom is found to be fully restricted. As full
and partial nicotinamide binding are recognized steps in dehydrogenase catalysis, our results unify photophysical, structural,
and functional aspects of NADH and NADPH binding and clarify the biochemical processes that underlie their contrasting
intracellular lifetimes.
SIGNIFICANCE The metabolic cofactors NADH and NADPH exhibit spectrally identical fluorescence, labeled NAD(P)H.
The fluorescence lifetime of NAD(P)H is sensitive to shifts in metabolism, raising hope that FLIM could be used to
determine the metabolic pathways active within the cells of living tissues. However, little is known about how the cofactor
photophysics are mediated by the enzymes to which they bind, making NAD(P)H FLIM measurements difficult to interpret.
Here we show that two distinct binding configurations, in which the nicotinamide chromophore either retains conformational
freedom or becomes fully bound, are associated with distinct fluorescence lifetimes. These represent key steps in the
dehydrogenase catalytic mechanism, demonstrating influence on NADH and NADPH fluorescence by the kinetics of the
metabolic reactions they facilitate.
INTRODUCTION

The intracellular pools of nicotinamide adenine dinucleo-
tide (NAD) and its phosphorylated analogue NADP are
responsible for ferrying reducing equivalents between the
redox reactions of metabolism (1). Their reduced forms
(NADH and NADPH) are fluorescent, emitting at 460
(550) nm after excitation at 340 (530) nm, an absorption
band that is absent when oxidized to NADþ and NADPþ
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(2). The phosphate group that differentiates the two mole-
cules allows enzyme binding sites to be specific to either
cofactor, enabling their regulation of distinct sets of meta-
bolic reactions (3). NAD is primarily involved in catabolic
pathways in which molecules are broken down to provide
energy in the form of adenosine triphosphate (ATP), such
as glycolysis in the cytosol and the tricarboxylic acid
(TCA) cycle in the mitochondria. In contrast, NADP primar-
ily contributes to biosynthetic processes such as the produc-
tion of lipids and nucleic acids and the maintenance of the
glutathione and thioredoxin defenses against reactive oxy-
gen species (ROS) (1).

The absorption and emission characteristics of NADH and
NADPH are identical as the additional phosphate group is
distant from the nicotinamide chromophore (Fig. 1) (1,2,4).
The spectrally indistinguishable endogenous fluorescence
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FIGURE 1 NADH and NADPH are intrinsically fluorescent, structur-

ally similar enzymatic cofactors that regulate contrasting sets of redox

reactions within the cell. Absorption and emission are localized to the

nicotinamide ring of both molecules, with the transition involving trans-

fer of charge between the ring nitrogen to the oxygen of the amide

group, shown in gray. NADPH (b) differs from NADH (a) only by the

presence of a phosphate group at the adenine end of the molecule.

Although the distance of this group from the chromophoric region re-

sults in identical photophysics of the molecules when isolated in solu-

tion, its negative charge allows enzyme binding sites to be specific for

either cofactor. This allows NADH to regulate ATP-generating catabolic

pathways, whereas NADPH is primarily involved in biosynthesis. To see

this figure in color, go online.
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of these molecules, labeled NAD(P)H (1), has been used to
report the metabolic state of living cells and tissues since
the 1950s (5). The lack of any fluorescence signal from
oxidized NAD(P)þ allows changes in the NAD(P)H inten-
sity to be directly correlated to the redox balance within a
biological sample (1). Such measurements were crucial in
early investigations of the mitochondrial electron transport
chain (ETC) (6) and continue to be applied to this day using
laser scanning confocal microscopy in the study of mito-
chondrial dysfunction (7,8). The commercialization of fluo-
rescence lifetime imaging microscopy (FLIM) in the 1990s
enabled work demonstrating the sensitivity of time-resolved
NAD(P)H fluorescence to changes in the metabolic state of
living samples (9). This was widely observed to contain two
components, one with a short lifetime (�0.4 ns) represent-
ing freely diffusing cofactors and one with a longer lifetime
(2–4 ns) arising from enzyme-bound species (1). Both the
average bound lifetime and the proportion of bound to
free NAD(P)H change in response to metabolic perturba-
tions (10–14). This has prompted the development of
FLIM-based diagnostic tools (15) to exploit the close links
between metabolism and pathology (16). However, both the
clinical application of these and use of NAD(P)H FLIM to
2 Biophysical Journal 122, 1–14, April 4, 2023
rigorously interrogate pathophysiological processes have
been held back by inadequate knowledge of the molecular
mechanisms that connect metabolic state with NAD(P)H
lifetime (1). Key to rectifying this is to understand how
metabolic enzyme binding perturbs the photophysics of
these cofactors.

We have demonstrated that changes in the fluorescence
lifetime of the enzyme-bound NAD(P)H population reflect
changes in the balance of NADPH and NADH (17). This
allowed us to use FLIM to separately investigate the roles
of the two cofactors for the first time, in diseases ranging
from hearing loss (18) and cancer (19) to heart disease
(20) and diabetes (21). Our results indicated that the sepa-
rate binding sites of NADH and NADPH give rise to con-
trasting fluorescence lifetimes, which we predicted to be
1.5 (50.2) ns and 4.4 (50.2) ns respectively (17); how-
ever, the underlying mechanisms were unclear. We have
recently studied the relationships between the fluores-
cence and conformational dynamics of NADH and
NADPH in solution using polarized two-photon absorp-
tion and time-resolved intensity and anisotropy measure-
ments. This demonstrated that small-scale motion of the
nicotinamide ring and alterations to its geometry mediate
their lifetimes (22,23). Here, we extend these investiga-
tions to study the fluorescence dynamics of NADH and
NADPH when bound to two corresponding enzymes.
These reveal heterogeneous fluorescent populations re-
sulting from distinct binding configurations associated
with the ‘‘open’’ and ‘‘closed’’ dehydrogenase conforma-
tional states.
METHODS

NAD(P)H and enzyme solutions

NADH and NADPH were obtained from Sigma-Aldrich (Dorset, UK). Re-

combinant human lactate dehydrogenase (UniProtKB: P07195) and isoci-

trate dehydrogenase (UniProtKB: O75874), expressed in Escherichia coli

and chromatography purified (>95% SDS-PAGE), were supplied by Ab-

cam (Cambridge, UK). These were resuspended in 5 mL of 10 mM pH

7.4 Tris buffer (Sigma-Aldrich, Dorset, UK) containing 10 mM NADH

or NADPH, and concentrated by spinning for 15 min at 2000 � g in a

10-kDa molecular weight cutoff Amicon Ultra-4 centrifugal filter unit

(Merck, Watford, UK). Resuspension and centrifugation were repeated a

further two times to ensure negligible presence of the original enzyme

buffer. The final volume of the enzyme and cofactor mixture was between

90 and 100 mL. The mixtures were placed in a 50-mL, 3-mm path length

quartz cuvette for measurements (Hellma, Southend on Sea, UK). Ternary

complexes were produced by adding 10 mL of 1 mM sodium lactate or so-

dium isocitrate into the experimental sample, giving a final substrate con-

centration of at least 100 mM to ensure negligible levels of binary NAD(P)

H-enzyme complexes.
Laser sources

Single-photon excitation at 340 nm was achieved by frequency

doubling the 680-nm output of a tunable optical parametric amplifier

(OPA 9400, Coherent, Cambridge, UK) using a b-barium borate
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(BBO) crystal. The OPA was pumped by a regeneratively amplified

Ti:sapphire laser (Mira 900F and RegA 9000, Coherent, Cambridge,

UK) operating at 800 nm with a repetition rate of 250 kHz, in turn

pumped by an Nd:YVO4 laser (Verdi V18, Coherent, Cambridge,

UK). The direct output of the OPA at 690 nm was used for two-

photon fluorescence measurements.
Polarized time-correlated single-photon counting

Linearly polarized excitation was implemented by passage through a half-

wave plate and Glan-Laser polarizer (Melles-Griot, New York, USA). A

zero-order tunable quarter wave plate (Alphalas, Goettingen, Germany)

was introduced for circularly polarized two-photon excitation (23). A

25-mm focal length achromatic doublet lens (Melles-Griot, New York,

USA) was used to focus the polarized beam onto the sample cuvette. Fluo-

rescence was collected in a 90� excitation-detection geometry by using a

25-cm focal length lens to direct the emission into a multichannel plate pho-

tomultiplier tube (MCP-PMT, R3809U, Hamamatsu Photonics, Welwyn

Garden City, UK). 364-nm long-pass (BLP01-364R-25, Semrock, New

York, USA) and 600-nm short-pass (BG39, Schott, Stafford, UK) filters

were used to eliminate laser breakthrough during single- and two-photon

excitation respectively. A modular time-correlated single-photon counting

(TCSPC) system (Ortec, Oak Ridge, USA) was used for time- and polari-

zation-resolved fluorescence measurements. A computer-controlled rotat-

able polaroid sheet was used to select the polarization of the collected

fluorescence. This was alternated at 10-s intervals to transmit light polar-

ized parallel or perpendicular to the symmetry axis of the excitation polar-

ization (vertical for linear, horizontal for circular) (23). The corresponding

decays, IkðtÞ and ItðtÞ, were built up from excitation-detection coincidence

events allocated to 512 time bins spanning 27 ns and stored separately in

computer memory.

For single-photon excitation, the incident intensity was reduced using an

adjustable neutral density filter wheel to ensure average count rates below

2.5 kHz to avoid pulse pile-up effects. Excitation-emission coincidence

events were collected for approximately 30 min, resulting in approximately

3� 106 total photons collected. For two-photon excitation, count rates were

around a factor of 40 lower. Data collection times were extended to an hour,

resulting in approximately 105 photons per decay. Fluorescence intensity

decays were constructed using

IðtÞ ¼ IkðtÞ þ 2ItðtÞ (1)

In the case of circularly polarized excitation, the symmetry axis is the

direction of propagation of the excitation pulses and the fluorescence inten-

sity is determined from (23),

IcircðtÞ ¼ 2IkðtÞ þ ItðtÞ (2)
sk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
IkðtkÞ þ 4ItðtkÞ

�
RðtkÞ2 � 2

�
IkðtkÞ � 2ItðtkÞ

�
RðtkÞ þ IkðtkÞ þ ItðtkÞ

q
IðtkÞ (7)
For linearly polarized excitation, the time-resolved fluorescence anisot-

ropy was calculated from

RðtÞ ¼ IkðtÞ � ItðtÞ
IkðtÞ þ 2ItðtÞ (3)
Fluorescence intensity and anisotropy decay
fitting

The instrument response function (IRF) of our TCSPC system was

measured, revealing an FWHM of 74 ps (Fig. S1). Its influence was there-

fore neglected in the analysis of our intensity and anisotropy decay mea-

surements, given that this is significantly faster than the typical �400-ps

(22) fluorescence lifetime and rotational correlation time of freely diffusing

NAD(P)H. This allowed us to explore the application of decay models with

complexity beyond the simple sum of exponentials typically offered by

commercially available deconvolution software.

Fitting was performed using Origin 2019 (OriginLab, Northampton MA,

USA). A least-squares algorithm was used to vary the parameters of the

fitting model until the c2
R statistic was minimized. This was calculated using

c2
R ¼ 1

n � l

Xn

k ¼ 1

1

s2
k

½ImeasuredðtkÞ � ImodelðtkÞ�2 (4)

where n is the total number of time bins, l is the number of freely varying

parameters in the model, and ImeasuredðtkÞ and ImodelðtkÞ are the values of the

fluorescence decay data and model at the time after excitation correspond-

ing to bin k. sk is the expected standard deviation of the data point, here

given by (24)

sk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IkðtkÞ þ 4ItðtkÞ

q
(5)

Models of increasing complexity were attempted until the c2
R statistic of

the best fit was no longer improved by the addition of further components.

The 95% parameter confidence intervals were output by Origin using the

model-comparison (F-test) approach. The quality of the fit was also as-

sessed by inspection of the histogram of weighted residuals xk , calculated

from

xk ¼ ImeasuredðtkÞ � ImodelðtkÞ
sk

(6)

Histogram bin widths were chosen using the Freedman-Diaconis rule

(25). Residuals were inspected for normal distribution about zero by calcu-

lating their arithmetic mean and visually comparing the histogram with a

best-fit Gaussian. The lower count rates achievable with two-photon excita-

tion resulted in systematically offset residuals, so a modified approach to

the analysis of these measurements was necessary (see Appendix S1).

Composite fluorescence anisotropy decay models (e.g., Eq. 16) were fit

using the same least-squares methods as for the single-photon fluorescence

intensity decays, but with the lifetime (ti) and amplitude (ai) values (see

Eq. 10) fixed using the results of the fluorescence intensity decay fitting

and the expected standard deviation in each time bin tk becoming
by propagating the
ffiffiffiffi
Ik

p
and

ffiffiffiffiffiffi
It

p
uncertainties of the polarized fluorescence

decays through Eq. 3 (24). Using both Eqs. 1 and 3 to eliminate Ik and It
leads to the greatly simplified expression (26)

sk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 � RðtkÞÞð1 þ 2RðtkÞÞð2 þ RðtkÞÞ

3IðtkÞ

s
(8)
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2PA polarization ratios

Average steady-state two-photon absorption (2PA) polarization ratios U

were determined by measuring the ratio of fluorescence intensities after

circularly and linearly polarized excitation at constant incident power (23),

U ¼ hIcircðtÞi
hIlinðtÞi (9)

hIcircðtÞi and hIlinðtÞi were measured by setting the emission polarizer to

the appropriate magic angle (54.7� and 35.3� to the vertical for linearly
and circularly polarized excitation respectively) and recording fluores-

cence for 30 s. This was repeated five times for each excitation polariza-

tion, with the final U value given by the ratio of average total photon

counts.
RESULTS

NADH and NADPH in binding equilibrium with
their corresponding enzymes exhibit highly
heterogeneous and contrasting fluorescence
decay dynamics

The increased intensity of NAD(P)H fluorescence upon
enzyme binding was recognized in the pioneering work of
Britton Chance (27), with a corresponding increase in fluo-
rescence lifetime first quantified by Gregorio Weber and co-
workers in 1970 (28). In subsequent studies, the reported
lifetimes of NADH and NADPH have varied between 1
and 6 ns depending on the specific enzyme under analysis
and the presence of accompanying substrate molecules
(29–32). Drawing conclusions from these data to determine
the molecular mechanisms leading to fluorescence lifetime
changes has proved difficult, presumably due to the limita-
tions of the measurement techniques then available. For
example, closely spaced lifetimes in multiexponential de-
cays may have been obscured by early frequency domain
techniques and in flash-lamp-based photon counting
methods with low (�102 Hz) count rates (33). In recent
years, time-resolved fluorescence techniques have seen sig-
nificant advances, and numerous studies have utilized two-
photon excitation with mode-locked (�108 Hz) Ti:sapphire
lasers. These techniques are not without their drawbacks, as
utilizing the full mode-locked pulse train may introduce in-
accuracies due to the incomplete recording of the total fluo-
rescence decay, limited to the �10-ns inter-pulse separation
(34–36). Polarization artifacts may also be introduced by the
TABLE 1 Fluorescence intensity decay parameters of NADH in sol

dehydrogenase, and in ternary complex with reduced substrates

NADH þ LDH þLactate

t1/ns 0.43 [0.42, 0.44] 0.47 [0.46, 0.49]

t2/ns 1.34 [1.30, 1.37] 1.9 [1.8, 2.0]

t3/ns 3.2 [3.0, 3.4] 3.6 [3.5, 3.8]

a1/% 77 [75, 78] 59 [58, 61]

a2/% 22.5 [21.7, 23.5] 29 [28, 30]

a3/% 0.9 [0.6, 1.1] 11 [10, 13]

Square brackets indicate 95% confidence intervals. IDH, isocitrate dehydrogena
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high (>1) numerical aperture objectives used for two-
photon excitation and fluorescence collection (37–39). To
overcome such issues, we have employed low NA (0.1)
excitation, 90� excitation-detection optics, and full fluores-
cence polarization analysis (22,23). Sample excitation was
achieved using the frequency-doubled output of an OPA
pumped by a 250-kHz regeneratively amplified Ti:sapphire
laser. This permitted the simultaneous collection of fluores-
cence intensity and anisotropy decay data with 400-ns
pulse-to-pulse separation at a maximum photon count rate
of 2.5 kHz.

We performed polarization-resolved TCSPC on solutions
of NADH and NADPH with lactate dehydrogenase and iso-
citrate dehydrogenase respectively. The total intensity
decay data were fit to multiexponential functions of
the form

IðtÞ ¼ IðNÞ þ Ið0Þ
Xm
i ¼ 1

aie
� t=ti (10)

where IðNÞ accounts for any small contributions from
time-uncorrelated background and ai is the fractional

amplitude of species i with lifetime ti. Best fit parameters
are summarized in Table 1. Both solutions exhibited
strongly heterogeneous fluorescence with three decay
(m ¼ 3) components required for an acceptable fit
(c2

R ¼ 1.99 for NADH and 1.85 for NADPH). Simpler
decay functions gave poor fits, with asymmetrically
distributed residuals and c2

R values of 173.1 and 720.4
(mono-exponential) and 8.87 and 21.1 (bi-exponential),
respectively (Fig. 2). The majority (77% and 85.9%)
decay component in both solutions, with a lifetime of
approximately 0.4 ns ðt1Þ, would correspond to free
NADH or NADPH, in line with assignments in living cells
(1). This is likely an average of the 0.3-ns and 0.7-ns
decay components observed in aqueous solutions
(22,40), suggested to correspond to cis and trans configu-
rations of the amide group on the nicotinamide ring
(23,41). An increase in the NAD(P)H fluorescence life-
time upon enzyme binding is well established (1). Here,
introduction of an enzyme to solutions of NADH or
NADPH resulted in the appearance of two longer (nano-
second) decay components of 1.34 and 1.59 ns (t2), and
3.2 and 4.4 ns (t3) respectively. In the next section,
time-resolved fluorescence anisotropy measurements will
ution with lactate dehydrogenase and NADPH with isocitrate

NADPH þ IDH þIsocitrate

0.403 [0.397, 0.409] 0.414 [0.406, 0.422]

1.59 [1.54, 1.64] 1.70 [1.63, 1.77]

4.4 [4.2, 4.5] 5.30 [5.2, 5.4]

85.9 [85.1, 86.7] 86 [85, 88]

12.3 [11.9, 12.7] 11.4 [10.9, 11.9]

1.8 [1.7, 2.0] 2.3 [2.2, 2.5]

se; LDH, lactate dehydrogenase.
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FIGURE 2 Fluorescence intensity decays of NADH or NADPH in solution with an enzyme contained three distinct decay components. Time-resolved

intensity datasets were constructed using Eq. 1 and the polarized fluorescence decays shown in Figure S2. For both (a) NADH mixed with lactate dehydro-

genase and (b) NADPH mixed with isocitrate dehydrogenase, simpler models with one and two decay components gave unevenly distributed, non-Gaussian

residuals and high c2
R values. The poor fit of two-component models, particularly at excitation-emission delay times beyond 10 ns, is shown as a dotted gray

line. To see this figure in color, go online.
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be used to correlate each lifetime to the corresponding
global and internal motions of the bound cofactors.
Considering the longer lifetime of bound NADPH inside
the cell (1,17), it was also interesting to note that both
t2 and t3 were longer for bound NADPH than bound
NADH in solution. For t2, the difference between
NADH and NADPH was only 0.25 ns, whereas for t3
the increase was much larger at 1.2 ns. The relative pro-
portion of t3 and t2 was also almost four times larger in
NADPH bound to isocitrate dehydrogenase, with a3=
a2 ¼ 0.15 compared with 0.04 in NADH bound to lactate
dehydrogenase. Although our prior 1.5 (50.2) ns estimate
of the lifetime of bound NADH in the cell agreed with the
t2 species of NADH bound in solution, it was the t3 spe-
cies of bound NADPH in solution that corresponded to the
estimate of 4.4 (50.2) ns for the lifetime of bound intra-
cellular NADPH (17).

NADH and NADPH undertake their intracellular roles
by donating hydride ions in the enzyme-catalyzed reduction
of substrates. A number of previous studies have reported
additional increases to the fluorescence lifetimes of
bound NADH and NADPH when substrate molecules are
simultaneously present in a ternary complex (28,30,31).
To investigate the origins of these observations, we added
a saturated solution of sodium lactate or sodium isocitrate
into our enzyme and cofactor mixtures at the end of each
initial experiment and undertook identical fluorescence
decay measurements. As the products of the reactions cata-
lyzed by the two enzymes when reduced cofactors are pre-
sent, these substrates would occupy the binding site without
causing oxidation to non-fluorescent NADþ and NADPþ
(42,43). The lifetimes of the two bound components were
slightly longer in the ternary complex of NADH, lactate de-
hydrogenase and lactate, with t2 increasing from 1.34 to
1.9 ns and t3 increasing from 3.2 to 3.6 ns. More significant
were the changes in the relative amplitudes of each decay
component. Lactate was seen to drive the equilibrium to-
ward the bound species, with a1 decreasing from 77% to
59%. The relative abundance of the longer-lifetime bound
species was also significantly higher, with the ratio a3=a2

increasing to 0.38 from 0.04. In contrast, we observed little
change in the NADPH binding equilibrium induced by iso-
citrate and there was only a very minor increase in t2, from
1.59 to 1.70 ns. However, t3 increased substantially, from
4.4 to 5.3ns. Potential mechanisms governing the contrast-
ing influences of lactate and isocitrate on the NADH and
NADPH binding equilibria, alongside the differences in
their bound lifetimes, are explored in the ‘‘discussion’’
section.
Time-resolved fluorescence anisotropy reveals
two distinct binding configurations

Time-resolved fluorescence anisotropy measurements
were used to investigate differences in the environment
and orientational dynamics of the three fluorescent
Biophysical Journal 122, 1–14, April 4, 2023 5
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populations observed in the intensity decays. The fluores-
cence anisotropy of such multi-component systems reports
on the net transition dipole moment orientation of the
excited state population (22,23). For a homogeneous emit-
ting population in an isotropic solution, the time-depen-
dent fluorescence anisotropy RðtÞ is sensitive to the
global and internal motions of the chromophore and de-
cays monotonically to zero (24). However, for the solu-
tions of both NADH and lactate dehydrogenase and
NADPH and isocitrate dehydrogenase, we observed a
clear departure from such dynamics with a pronounced
dip and rise in RðtÞ (Fig. 3 a and b). This phenomenon
has previously been observed in a range of biological sys-
FIGURE 3 The dip-and-rise dynamics of the time-resolved fluorescence aniso

slow rotational correlation times. Time-resolved anisotropy datasets were const

resolved intensity measurements in Fig. 1 (see Fig. S2). For both (a) NADH w

acceptable composite anisotropy fits required the introduction of dynamics de

13). These revealed that the shorter-lifetime enzyme-bound component (t2) po

in both cofactors. The gray dotted lines in each decay correspond to the anis

time-varying fractional intensities of each component (c and d), calculated us

both t2 and t3 are enzyme-bound species, with these components dominating

this figure in color, go online.
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tems exhibiting heterogeneous fluorescence dynamics
(32,44–47) and can be qualitatively interpreted by a com-
parison with the time-varying fractional contribution of
each species to the overall fluorescence (Fig. 3 c and d).
Before 1 ns, the short-lifetime t1 population predominates
and the anisotropy decays rapidly, indicating this to be a
rapidly depolarizing species. Beyond 2 ns, the preponder-
ance of the emission arises from the t2 and t3 species and
the net anisotropy returns to 80%–90% of its maximum
value (0.4), thereafter decaying monotonically and slowly,
reducing by approximately 0.05 over the next 10 ns. This
indicates that these populations are undergoing signifi-
cantly slower rotational diffusion. This is consistent with
tropies revealed that both longer-lifetime components were associated with

ructed using Eq. 3 and the same polarized fluorescence decays as the time-

ith lactate dehydrogenase and (b) NADPH with isocitrate dehydrogenase,

scribed by the wobbling-in-a-cone model to the bound components (Eq.

ssessed greater orientational freedom than the longer-lifetime species (t3)

otropy decay of free NAD(P)H measured in our previous work (22). The

ing Eq. 12 and the parameters in Table 1, provide fit-free indication that

the signal from 2 ns onward and the anisotropy remaining high. To see
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the assignment of t1 to freely diffusing NAD(P)H and t2
and t3 line to enzyme-bound species.

Quantifying the observed depolarization dynamics
involves fitting of an appropriate decay model to the anisot-
ropy data. RðtÞ is necessarily exponential for a homoge-
neous population of freely diffusing fluorophores (48).
However, additional complexity will be introduced by the
mixed populations of free and enzyme-bound cofactors
studied here. For a heterogeneous population, the time evo-
lution of the composite anisotropy is a sum of the individual
anisotropy decays, each weighted by their time-varying
fractional contribution to the overall fluorescence intensity
AiðtÞ (49),

RðtÞ ¼
Xm
i ¼ 1

AiðtÞRiðtÞ (11)

a e� t=ti
AiðtÞ ¼ iPm
j ¼ 1

aje
� t=tj

(12)

In addition, although unbound NAD(P)H molecules will
be expected to exhibit free diffusion, several X-ray diffrac-
tion studies have reported difficulties in resolving the nico-
tinamide moiety in the dehydrogenase-bound cofactor
(50,51), implying it to be highly mobile (52,53). This has
also been confirmed using nuclear magnetic resonance
(NMR) spectroscopy (53). The diffusional motion of bound
fluorophores is therefore likely to include contributions
from both the global motion of the enzyme and the local mo-
tion of the cofactor itself (54). The time-resolved fluores-
cence anisotropy of such systems has been successfully
described by the ‘‘wobbling-in-a-cone’’ model (24,55,56).
This assigns a bi-exponential fluorescence anisotropy decay
for each bound species,

RðtÞ ¼ Rð0Þ
h
Be� t

�
trot
fast þ ð1 � BÞe� t=trotslow

i
(13)

The slower rotational correlation time trotslow results from
the tumbling of the overall complex, whereas the faster
time trotfast includes contributions from both the rates of tum-
bling and local diffusion. The fluorescence anisotropy
immediately after excitation, Rð0Þ, is determined by the
angle between the absorption and emission transition di-
poles and for single-photon excitation is 0.4 if these are
collinear. The relative amplitudes of the two decay compo-
nents relate to the angle of the cone swept out within the
local motion jc,

cos jc ¼ � 15
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ 8

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � B

pp
2

(14)

Using this angle, the contribution of the overall tumbling
to trotfast can be removed to reveal the diffusion coefficient of
the motion within the cone, Dcone, (56)
Dcone ¼
�
1
.
trotfast

�
� �

1
�
trotslow

	
B

"

1 � cos jc

24

�

� �
6 þ 8 cos jc � cos2jc � 12 cos3jc

� 7 cos4jc

	 � cos2jcð1 þ cos jcÞ2
2ð1 � cos jcÞ

�
�
ln



1 þ cos jc

2

�
þ



1 � cos jc

2

�#

(15)

By assuming the slower rotational correlation time is shared
between t2 and t3, as they result from binding to identical
enzymes, the composite anisotropy decay (Eqs. 11 and 12)
becomes

RðtÞ ¼ Rð0Þ
a1e� t=t1 þ a2e� t=t2 þ a3e� t=t3

�
�
a1e

� t=t1e� t
�
trot
free þ a2e

� t=t2
�
B2e

� t=tcone2

þ ½1 � B2�e� t=trotslow

� þ a3e
� t=t3

�
B3e

� t=tcone3

þ ½1 � B3�e� t=trotslow

��
(16)

where unbound NAD(P)H undergoes unrestricted rotational
diffusion with correlation time trot . This model gave good
free

fits to the experimental data, with evenly distributed resid-
uals and c2

R ¼ 1.76 for NADH and lactate dehydrogenase
and 1.66 for NADPH and isocitrate dehydrogenase. The fit
parameters were also physically realistic, with the ratio of
the global rotational correlation times ðtrotslowÞ between the
two enzymes equal to the ratio of their molecular weights,
in agreement with the Stokes-Einstein-Debye equation
(see Appendix S2). This was not the case for models in
which the local NAD(P)H motion was not included
(achieved by fixing both B2 and B3 at zero), which was
also accompanied by an increase in the c2

R values to 3.09
and 3.11 respectively. Moreover, introducing separate Rð0Þ
values for each species gave no improvement in the fit
quality.

In both mixtures, the parameters from fitting Eq. 16 re-
vealed clearly differing local diffusive motion for the two
enzyme-bound species (Table 2), returning B2 >B3 in all
cases with well-separated confidence intervals. In NADH
bound to lactate dehydrogenase, t2 corresponded to a bind-
ing state in which the cofactor was observed to diffuse
within a cone angle of 20� at a rate of 0.03 ns�1, over 10
times slower than the equivalent rate of free NADH diffu-
sion Dfree ¼ 1=6trotfree ¼ 0.43 ns�1. In contrast, t3 was fully
constrained, with jlong ¼ 0�, albeit with a 95% confidence
interval up to 8�. This absence of local motion effectively
removes tcone3 from the model (B3 ¼ 0) and sets its
diffusion coefficient to zero. For NADPH and isocitrate
Biophysical Journal 122, 1–14, April 4, 2023 7



TABLE 2 Measured (a) and derived (b) parameters describing the composite anisotropy decays of NADH with lactate

dehydrogenase and NADPH with isocitrate dehydrogenase, and in ternary complexes

a NADH þ LDH þLactate NADPH þ IDH þIsocitrate

Rð0Þ 0.409 [0.399, 0.417] 0.41 [0.39, 0.43] 0.40 [0.39, 0.42] 0.40 [0.37, 0.43]

trotfree/ns 0.39 [0.38, 0.41] 0.18 [0.17, 0.21] 0.282 [0.281, 0.288] 0.27 [0.25, 0.29]

B2 0.17 [0.15, 0.18] 0.30 [0.27, 0.35] 0.22 [0.21, 0.23] 0.32 [0.26, 0.43]

tcone2 /ns 1.1 [0.9, 1.3] 1.4 [1.2, 1.9] 0.09 [0.04, 0.13] 0.5 [0.2, 0.6]

B3 0.00 [�0.11, 0.03] 0.02 [0, 0.04] 0.00 [�0.02, 0.01] 0.00 [�0.01, 0.03]

tcone3 /ns – – – –

trotslow/ns 38 [35, 49] 45 [40, 51] 51 [48, 57] 26 [21, 29]

b NADH þ LDH þLactate NADPH þ IDH þIsocitrate

Dfree/ns
�1 0.43 [0.41, 0.44] 0.9 [0.8, 1.0] 0.591 [0.578, 0.592] 0.63 [0.58, 0.66]

Dtumble/ns
�1 0.0044 [0.0034, 0.0048] 0.0037 [0.0033, 0.0041] 0.0032 [0.0029, 0.0035] 0.006 [0.005, 0.008]

jshort
bound/

� 20 [19, 21] 27 [26, 30] 23.3 [22.7, 23.9] 28 [25, 34]

Dshort
cone /ns

�1 0.03 [0.02, 0.05] 0.04 [0.02, 0.08] 0.5 [0.3, 1.2] 0.1 [0.0, 0.7]

jlong/
� 0 [�15, 8] 7 [�4, 8] 0 [�7, 5] 0 [�5, 7]

Square brackets indicate 95% confidence intervals.
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dehydrogenase, no local motion was again observed for the
longest-lifetime species. However, although the shorter-life-
time bound species (t2Þ exhibited a similar degree of
confinement to that for NADH bound to lactate dehydroge-
nase ðjshort

bound ¼ 23�), they underwent a faster degree of local
motion with Dshort

cone ¼ 0.5 ns�1. This would indicate that the
nicotinamide of the t2 population in NADPH, although con-
strained, appears to experience a greater exposure to the sol-
vent. However, the corresponding rotational correlation
time is close to the IRF of the TCSPC system, which likely
introduces quantitative inaccuracies to this parameter value.
The corresponding motion of the t2 population in NADH
must experience a larger degree of local friction, implying
a greater degree of incorporation of the nicotinamide moiety
into the binding site.

After the addition of lactate, the time-resolved fluores-
cence anisotropy revealed that the only significant change
in the diffusional characteristics of the nicotinamide moiety
of bound NADH was a small (7�) increase in the cone
angle of the t2 species (Table 2). Any simultaneous in-
crease in the cone angle of the t3 species was obscured
by its confidence interval overlapping with zero. A rise
in jshort

bound was also observed upon the addition of isocitrate
to the NADPH mixture with a possible decrease in the
associated diffusion coefficient, from 0.5 to 0.1 ns�1,
obscured, however, by the large uncertainty in the value
for the binary complex. Interestingly, we also observed
an increase in the diffusion coefficient of the overall tum-
bling motion of the isocitrate dehydrogenase ternary com-
plex compared with the complex with NADPH alone, at
0.0032 ns�1 compared with 0.006 ns�1. Given that isoci-
trate is unlikely to significantly alter the volume or shape
of the enzyme complex, this may suggest that its addition
alters the solvent-solute boundary conditions (22). How-
ever, an alternative explanation may be provided by the re-
sults of a post hoc computational investigation into the
impact on the fitting parameters resulting from the exclu-
8 Biophysical Journal 122, 1–14, April 4, 2023
sion of the IRF (Appendix S3). Although this confirmed
that the contrasting restriction of the two bound states
(B2 >B3) could indeed be successfully resolved using our
approach, repeatedly re-generating Poisson noise on the
simulated datasets resulted in a large spread in the returned
values for trotslow, ranging from 29 to 52 ns. This would
result from the low fluorescence signal at extended delay
times due to trotslow > t3 and suggests that significantly
extended acquisition times would be required to investigate
these observations in more detail.
Two-photon polarization ratios indicate two
differing nicotinamide enzyme-binding
geometries for both NADH and NADPH

In previous work, we demonstrated that the fluorescence
lifetimes of NADH and NADPH are mediated through
constraints to the conformational freedom of the nicotin-
amide ring, reducing the rate of non-radiative transition
from the excited to ground state by activated barrier
crossing (22). Such constriction should manifest as a
decreased diffusion coefficient in time-resolved fluores-
cence anisotropy measurements. In the mixture of
NADH and lactate dehydrogenase, the longer lifetime of
the t2 bound species over that of the free species was
indeed correlated with a smaller Dshort

cone than Dfree. How-
ever, the equal diffusion rates of the t1 and t2 species in
mixtures of NADPH and isocitrate dehydrogenase
implied that the rate of activated barrier crossing was
not reflected in the rate of local diffusional motion alone.
We recently showed that changes in the fluorescence life-
times of NADH and NADPH can also result from altered
geometries of the nicotinamide ring, presumably through
modifications to the barrier frequencies that control the
non-radiative decay process (23). This was revealed by
the polarization dependence of 2PA, measured by the
ratio of absorption strengths with circularly and linearly



TABLE 3 Polarized two-photon absorption ratiosU calculated

for each species of NADH mixed with lactate dehydrogenase

and NADPH mixed with isocitrate dehydrogenase, and in

ternary complexes

NADH þ LDH þLactate NADPH þ IDH þIsocitrate

U1 0.4 (50.1) 0.4 (50.2) 0.63 (50.08) 0.27 (50.04)

U2 1.3 (50.2) 1.42 (50.09) 1.2 (50.1) 1.3 (50.2)

U3 0.4 (50.4) 0.82 (50.05) 0.6 (50.4) 0.5 (50.4)
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polarized two-photon excitation. This value, denoted U,
reflects the symmetry of the two-photon transition (57).
As this involves transfer of charge across the nicotinamide
moiety in NADH and NADPH (2,4), altered values of U
may imply changes in the nicotinamide geometry (23).
We therefore performed polarized 2PA measurements on
the NAD(P)H-enzyme solutions to investigate whether
this was occurring in the bound populations.

U measurements are typically made by comparing the
steady-state fluorescence intensity after circularly and line-
arly polarized two-photon excitation with equal incident po-
wer (58). In a heterogeneous mix of fluorophores, this will
provide a population average (23) that we denoteU (see sec-
tion ‘‘methods’’). As the restricted two-photon excitation
volume, localized to the beam waist of the excitation laser
(59), leads to lower fluorescence intensities compared with
single-photon fluorescence measurements, we carried out
steady-state polarized 2PA measurements on new prepara-
tions in which we further concentrated the enzyme-bound
population through repeated centrifugal filtration. From
these, we measured U ¼ 1.04 (50.01) for NADH with
lactate dehydrogenase and U ¼ 0.94 (50.01) for NADPH
and isocitrate dehydrogenase. As we previously observed
aqueous solutions of NADH and NADPH to exhibit
U ¼ 0.8 (50.1) (23), these results indicated that enzyme
binding causes a change in the nicotinamide geometry in
at least one of the species. The larger value for NADH
and lactate dehydrogenase could have resulted from the
presence of a larger proportion of enzyme-bound species
relative to the NADPH and isocitrate dehydrogenase mix-
tures or may have reflected a fundamental difference in
the individual U values of the t2 and t3 species in NADH
and NADPH. Determination of the componentU parameters
required time-resolved two-photon fluorescence measure-
ments using linearly and circularly polarized excitation.
The polarization ratio for each component is then given
by (23)

Ui ¼
acirc
i

P3
i ¼ 1

alin
i tlini

alin
i

P3
i ¼ 1

acirc
i tcirci

U ¼ acirc
i htlini

alin
i htcirciU (17)

Our two-photon fluorescence decay measurements
unavoidably contained an order of magnitude fewer photons
than with single-photon excitation. This required us to adopt
a maximum likelihood fitting approach (see section
‘‘methods’’ and Appendix S1). We sought to minimize the
accompanying drop in precision by reducing the number
of freely varying parameters. From Kasha’s rule (60), as
both linearly and circularly polarized excitation would
result in emission from the lowest energy excited state,
the lifetimes of the three species would be expected to be
equal in the two fluorescence decays. We therefore per-
formed global fits in which the lifetimes t1, t2, and t3
were shared between both datasets. This decreased uncer-
tainties in the lifetimes by a factor of two. However, the in-
dividual lifetimes remained relatively imprecise compared
with the single-photon measurements, with average uncer-
tainties of 50% (see Table S1). Fortunately, the separate U
values of each decay component depend on the overall
amplitude-weighted mean lifetime of the sample (Eq. 17)
to account for changes in the average quantum yield of
the mixtures with each excitation mode (23). The uncer-
tainties in this composite parameter were more reasonable
(10%–20%). Furthermore, the precision of the relative
decay amplitudes of each component was sufficiently high
to reveal clear differences between circularly and linearly
polarized excitation. In NADH and lactate dehydrogenase,
the amplitudes of the t1 and t3 components were larger
with linearly polarized excitation, at alin

1 ¼ 21(51)%
compared to acirc

1 ¼ 9(51)% and alin
3 ¼ 10(52)%

compared to acirc
3 ¼ 4(55)%. In contrast, the amplitude

of the t2 component was larger for circularly polarized
excitation, with acirc

2 ¼ 87(54)% and alin
2 ¼ 69(51)%.

This pattern of relative amplitudes was also observed for
NADPH with isocitrate dehydrogenase.

Table 3 shows the clearly distinct U values calculated for
the two bound NADH species, with U2 ¼ 1.3 (50.2) and
U3 ¼ 0.4 (50.4). Similar results were also found for
NADPH, with U2 ¼ 1.2 (50.1) and U3 ¼ 0.6 (50.4).
The 0.3- and 0.7-ns single-photon excited lifetimes present
in aqueous NAD(P)H solutions were again represented by a
single short lifetime component in these measurements,
with corresponding U1 values of 0.4 (50.1) and 0.63
(50.08) for NADH and NADPH respectively. Our earlier
work revealed that the two free species exhibit U values
of 0.6 (50.1) and 1.1 (50.2), likely reflecting distinct
values for the cis and trans geometries of the amide group
of the nicotinamide (23). The lower U values here might
result from the experimental conditions pushing the equilib-
rium of the unbound cofactors toward one of the two forms,
perhaps due to the preference of binding sites for the trans
configuration (23,61). However, these small values are
more likely an artifact of the low signal levels from the
t1 population. Only 3% of the photons counted from the
NADH and lactate dehydrogenase measurements were
emitted from this species (a1t1=

P
aiti). This increased to

20% in the NADPH and isocitrate dehydrogenase mixtures,
where U1 was closer to our previously obtained values.
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U2 values that exceed those measured from free NADH
and NADPH confirmed an altered nicotinamide geometry
in the shorter-lifetime bound species and hence may
explain the increased lifetime of the t2 component in
NADPH bound to isocitrate dehydrogenase relative to t1
even with equal diffusion coefficients. To within experi-
mental accuracy, we found that the addition of substrate
altered the 2PA polarization ratio U only in the t3 popu-
lation of NADH bound to lactate dehydrogenase,
increasing to 0.82 (50.05) from 0.4 (50.4). We also
note that all U values were within the theoretical limits
of 0.25–1.5 for the planar two-photon transition in
NAD(P)H (4,58), providing additional confidence in these
measurements.
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FIGURE 4 Conformational heterogeneity in the dehydrogenase reaction

mechanism. (a) In solutions of NADH or NADPH with a corresponding

enzyme, the shortest-lifetime species (t1) exhibited rapid rotational diffu-

sion, the intermediate-lifetime species (t2) displayed rotational diffusion

consistent with a cone model, and the longest-lifetime species (t3) was

associated with only the slow tumbling of the enzyme. (b) These configu-

rations participate in the reaction mechanism of a dehydrogenase, in which

the open t2 form promotes the binding of substrate and the closed t3 form

facilitates hydride transfer. (c) Catalytically unproductive, abortive confor-

mations are also possible, such as when reduced substrate binds alongside

reduced cofactors. To see this figure in color, go online.
DISCUSSION

We have observed two distinct fluorescence lifetimes
arising from the binding of NADH and NADPH to lactate
dehydrogenase and isocitrate dehydrogenase respectively.
For each enzyme, these correspond to two different config-
urations. The shorter lifetime (t2) is associated with bind-
ing in which the cofactor is free to move within a cone
angle of approximately 20�. As spontaneous emission in
NADH and NADPH involves the nicotinamide moiety,
the cofactors in this state must be bound at the opposing
adenine/phosphate end. This conclusion is reinforced by
circular dichroism studies that show a lower Michaelis con-
stant associated with binding of the adenine moiety than
the nicotinamide (62), reflected by our results with
a2 > a3 in all mixtures. Eliminating local nicotinamide
motion upon its binding then produces the longer-lifetime
(t3) bound species (Fig. 4). Local nicotinamide motion in
the bound state has previously been recognized in time-
resolved anisotropy measurements on NAD(P)H autofluor-
escence in living tissues (32). Here we took advantage of
the extended collection times achievable when studying
bound NADH and NADPH in solution, alongside recording
of the complete polarized fluorescence decay, to apply
composite wobbling-in-a-cone anisotropy models to quan-
tify the distinct binding configurations and identify the
fluorescence lifetimes associated with each for the
first time.

As inside cells (17), the fluorescence lifetimes associated
with NADPH binding in solution were longer than for the
corresponding species in bound NADH. This can be under-
stood through the extensive efforts made to study differ-
ences in the NADH and NADPH binding sites to facilitate
the creation of novel enzymes with the cofactor specificity
switched (50,63–65). These are desirable for industrial
biotechnology where the use of NADH, rather than
NADPH, would be preferable due to its higher stability
and lower production cost (3). X-ray diffraction studies
have demonstrated that electrostatic effects are the principal
means by which binding sites differentiate between the two
10 Biophysical Journal 122, 1–14, April 4, 2023
cofactors (3). NADH binding sites contain negatively
charged amino acids that form hydrogen bonds with the
adenine ribose and cause repulsive forces toward the nega-
tively charged phosphate group of NADPH. These are re-
placed by positively charged residues to confer specificity
for NADPH and, importantly for the different fluorescence
decay dynamics, result in a more rigid binding site (64).
This would induce a longer fluorescence lifetime for
NADPH by increasing conformational restriction and
decreasing non-radiative relaxation (22,66). Supplementary
mechanisms could nevertheless contribute; the nicotinamide
moieties of NADH and NADPH may be constrained in
different configurations (64) or be in direct contact with
contrasting active site residues (63). Such contributions
are indeed supported by our polarized two-photon absorp-
tion measurements on NADPH, where binding-induced al-
terations to the nicotinamide ring structure were resolved
even in the absence of constraints to its diffusional motion.
Such ring perturbations are known to facilitate hydride
transfer in the active site (67).
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Given our earlier predictions of 1.5 (50.2) and 4.4
(50.2) ns for the fluorescence lifetimes of enzyme-bound
NADH and NADPH inside cells (17), our results suggest
that intracellular NADPH is more likely to be found in the
fully bound t3 state, whereas intracellular NADH is bound
more loosely in the t2 state. To understand how this could
occur, we must consider how the two binding configurations
relate to the reaction mechanism of the enzymes and how
these may differ inside the cell for NAD- and NADP-asso-
ciated pathways. In general, enzymes must both sufficiently
immobilize the reactants within the protein for catalysis but
expose the binding sites to the surroundings for unimpeded
ligand capture and release (68). Dehydrogenases overcome
this apparent paradox by utilizing a structural change, tran-
sitioning between an open conformation, which allows sub-
strate and cofactor binding and release, and a closed
conformation, which facilitates the hydride transfer between
the two (52,69). These conformations have been observed in
structures of a wide range of enzymes, including isocitrate
(70), glycerol 3-phosphate (71), glutamate (72), homoserine
(73), malate (74), and alcohol (75) dehydrogenase. The re-
action mechanism itself has been studied in most detail us-
ing lactate dehydrogenase as a model system (52,68,76).
This has revealed that the adenine end of the cofactor
must bind first. Subsequent binding of the substrate then ini-
tiates structural rearrangements that promote both the
attachment of the nicotinamide and the open-to-closed tran-
sition of the ligand binding pocket, bringing the reactants
close enough for hydride transfer. The process then occurs
in reverse to reopen the binding pocket and release the
product and cofactor.

In our experiments, the conformational freedom of the
nicotinamide identified in the short-lifetime bound popula-
tion (t2) suggests this corresponds to NAD(P)H bound to
the open-conformation enzyme. The complete restriction
of local nicotinamide motion in the long-lifetime bound spe-
cies (t3) suggests this to be NAD(P)H bound to the enzyme
in its closed conformation. The presence of this species even
in the absence of substrate is in agreement with the work of
Qiu et al., who observed the open and closed forms in fast
equilibrium under these conditions (68). The substrate-
induced nature of the open-to-closed transition was also
evident in our measurements by the 10-fold increase of
a3=a2 upon the introduction of lactate to NADHwith lactate
dehydrogenase. This may clarify recent work by Ranjit et al.
in which the fluorescence decay of NADH bound to lactate
dehydrogenase was measured to be mono-exponential with
a lifetime of 3.4 ns (77). To optimize the accuracy of their
lifetime measurements, the authors eliminated free cofac-
tors by lowering the dissociation constant using high con-
centrations of oxalate. This will also have promoted the
closed enzyme conformation, resulting in a single lifetime
close to the 3.6 ns we measured as t3 in the presence of sub-
strate. The small difference could be attributable to a persist-
ing minority of open-conformation enzymes that could not
be resolved with the phasor method of fluorescence decay
analysis. Only a 14% contribution from this species would
be required if the single lifetime were an amplitude-
weighted average of the substrate-associated t2 and t3
values that we observed.

In contrast to lactate dehydrogenase, isocitrate had no sig-
nificant effect on the relative population of long- and short-
lifetime bound species of NADPH and isocitrate dehydroge-
nase. The catalytic function of this enzyme is known to
require a divalent metal ion to bind alongside the substrate
to lower the activation energy by altering the redox potential
of the reactants (78). Although these were absent from our
solutions, the increase in the fluorescence lifetimes of
each bound NADPH species upon isocitrate addition
demonstrated that the substrate could nevertheless bind.
The lack of a subsequent increase in a3=a2 implies a role
for this ion in facilitating the transition between open and
closed states. This is in agreement with structural studies
in which the fully closed form could only be achieved
with the metal ion present alongside substrate and cofactor
(70).

To unite this model of dehydrogenase function with our
knowledge of the time-resolved fluorescence of intracellular
NADH and NADPH, we integrated our new understanding
of their bound photophysics with a quantitative analysis of
the reaction mechanism (see Appendix S4). This revealed
two possible biochemical contributors to the longer lifetime
of bound NADPH, relative to bound NADH, inside cells.
The first involved an increased ratio of product binding to
unbinding (k� 6=k6 in Fig. 4) for NADPH-associated dehy-
drogenases in the complex cellular environment. Such a dif-
ference could facilitate the contrasting roles of the two
cofactors; a higher k� 6=k6 ratio would favor the recruitment
of substrates for reduction in NADPH-associated anabolic
reactions, whereas a lower value would promote the release
of the products of NADH-associated catabolic oxidations.
However, this model relies upon the fluorescence lifetime
of the reduced cofactor being the same in ternary complex
with oxidized products (pyruvate, a-ketoglutarate) as with
the reduced substrates (lactate, isocitrate) measured here.
There is evidence that oxidized substrates can provide an
additional excited state decay route for the reduced cofactor
through photoinduced electron transfer (79), decreasing the
fluorescence lifetime. Under these circumstances, a second
contributor to the longer fluorescence lifetime of bound
NADPH inside cells would be the characteristic lower
NADPþ to NADPH ratio promoting the formation of
‘‘abortive’’ complexes of the reduced cofactor alongside
the reduced substrate (42,43). To determine which of
these mechanisms has the greater influence on the contrast-
ing intracellular fluorescence lifetimes of NADH and
NADPH, further experiments will be required to quantify
both the reaction rates of their associated enzymes and their
excited-state dynamics in ternary complex with oxidized
substrates.
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CONCLUSIONS

This work has established, for the first time, links between the
time-resolved fluorescence ofNADHandNADPHand the re-
action mechanisms of the enzymes to which they bind. This
will allow the interpretation of intracellular NAD(P)H
FLIM measurements in greater biochemical detail in terms
of the equilibria between different enzyme conformations
and the cofactor redox balances that drive them. We have
also demonstrated the sensitivity of the time-resolved anisot-
ropy to conformational changes involved in the dehydroge-
nase reaction mechanism, which will be important for
understanding polarization-resolved NAD(P)H fluorescence
inside cells as this imaging technique becomes more wide-
spread (32,38).Moreover, ourwork highlights the importance
of recognizing heterogeneity in biological fluorescence mea-
surements to ensure key phenomena are not overlooked.
Although fluorescence has played a major role in the study
of biological processes due to its molecular-level sensitivity,
adaptability to most classes of intracellular molecules, and
applicability in intact complex tissues and whole organisms
under physiological conditions (80), the drive toward quanti-
tative descriptions of living systems will place a greater
burden on understanding probe photophysics to obtain accu-
rate, precise, and artifact-free results (81). The extensive het-
erogeneity of fluorescent populations in biological systems
will therefore present a significant challenge (82). Character-
izing the multiple states with distinct lifetimes exhibited both
intrinsically by autofluorescent biochemical molecules and
by otherwise homogeneous synthetic probes within heteroge-
neous biological environments will be facilitated by the
ongoing application of the tools and methodologies we have
advanced in this work.
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