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Excited=-State Dynamics of NADH and 1=N-propyl-1,4-dihydronicotinanide

D. W. Boldridge, T.'H. Morton, and G. W. Scott
Department of Chemistry, University of California, Riverside, CA 92521

J. H. Clark, L. A. Philips, S. P. Webb, and S. M. Yeh
Laboratory for Chemical Biodynamics, Lawrence Berkeley Laboratory,
and Department of Chemistry, University of California, Berkeley, CA 94720

P. van Eikeren : .
Department of Chemistry, Harvey Mudd College, Claremont, CA 91711

The reduced form of nicotinamide-adenine dinucleotide (NADH) is an im=—
portant enzyme cofactor containing two chromophores = a dihydronicotin-
amide (lowest absorption band at 340 nm) and an adenine (absorption at
265 nmm). Fluorescence of NADH. has a Xmax at 460 nm and has been used for
in vivo assays of NADH. The photophysics of NADH has been extensively-
studied [1-9]. In room temperature aqueous solution, the fluorescence
quantum yield is 0.02 and the lifetime ~ 0.40 ns [3-5]. Recently, bipho-
tonic¢ induced electron ejection by NADH has been reported [9]. NADH
reportedly exists in aqueous solution 'in two conformations--extended and
folded [3,5,10]. ' :

The present study reports time-resolved emission and transient absorp-
tion studies on the disodium salt of NADH and on a simple analog, 1-N-

propyl=-1,4-dihydronicotinamide (NPNH), (shown below) in several solvents.
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Purity of NADH (Boehringer-Mannheim) and of NPNH (prepared acdording to
ANDERSON and BERKELHAMMER (11]) was tested using a reverse phase HPLC ana-
lysis, which showed for each a single peak with a homogeneous uv absorp-

tion spectrum. The photophysics of directly excited dihydronicotinamide
was observed following excitation by a 355-nm pulse from a modelocked neo-

dymium laser. Fluorescence decay kinetics were obtained using Nd:YAG

laser excitation and 2-ps resolution streak camera detection [12]. Tran-

sient absorption spectra and kinetics were obtained using Nd:glass laser
excitation and a picosecond continuum probe with polychromator/vidicon de-
tection [13]. Energy transfer from adenine to dihydronicotinamide in NADH
was studied by fluorescence kinetics after excitation at 266 nm.

Following excitation of NADH, the growth of a broad, unstructured ab-
sorption spectrum was observed (see Fig.. 1). The similarity of these
spectra to that of the solvated electron, e,.” (14], suggests this iden-
tification, but does not exclude a solvated electron—-ion pair.. A decon-

volution analysis indicates a buildup time of 40 £ 10 ps for the transient
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absorption spectrum. No perceptible decay occurs within 2 ns following
excitation. Identical observations were made on NPMH. The spectral
buildup rate is slower than electron solvation in water (14-16] and may le
limited by electron ejection [17,18]. Since the electron ejection time
does not match the known NADH fluorescence liftime [3-5], multiple species
and decay routes must be involved. Using the known extinction coeffi-
cient for the solvated electron [19], the transient absorbance observed
upon excitation of NADH with an actinometrically calibrated pulse gave a
quantum ‘yield for photon-induced electron ejection from NADF of =0.5.

This yield is significantly higher than NADH photodecomposition [(20],
implying a high yield of ion recombination.

NADH fluorescence kinetics data with detection at 380 nm and 460 nm
show a previously unreported, fast decaying emission component on the blue
edge of the spectrum (see Fig. 2). Fluorescence kinetics detected at 420
to 700 nm yielded only longer fluorescence lifetimes and no risetime (<10
ps). The decay time of the fast component (*30 bs) is similar to the
absorption buildup. Fluorescence lifetimes of NMADH and MPNH are sum-
marized in the Table.

’
’

The fluorescence kinetics show these features: (1) The kinetics are
relatively independent of excitation wavelenath or the opresence of huffer.
(2) In D30 and ethanol lifetimes are longer than in H,O. Since the
fluorescence decay kinetics following excitation at 266 nm and at 355 nm
are similar, this fluorescence is ascrited to a "folded" conformation of
NADH, which allows energv transfer from the adenine (3] . Threrefore,
folded forms of NADF exist in H,O ané D50 and contrilute to the loncer-
lived fluorescence. The results on NPVF succest that open forms of NAD¥
also contribute to this lonacer-lived fluorescence.
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Figure 2. Fluorescence
kinetics of NADH in
aqueous solution at room
temperature using excita-
tion at 355 nm. Detec-
tion was at the indicated
wavelengths through 10 nm
wide bandpass filters.
Shortlived fluorescence
at 380 nm was also ob-
served for NPNH in water
and for both NADH and

L | l —1 - NPNH .in methanol.
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Table. Lifetimes of the longer-lived fluorescence of NADH and NPNH at
room temperature broad=-band detected.

Solute1 501vent2 Aexc

. Adetect T (ps)
NADH Hy0 266 > 345 nm ~ 470 £ 50
NADH ' D50 . 266 > 345 nm 720 £ 70
NADH ' Hza/Buffer ' 266 > 345 nm 520 £ 50
NADH H,0/Buffer . 355 > 375 nm 440 * 40
NaDH Dzo/Buffer 355 > 375 mm 620 * 60
NADH H,0 ' 355 > 375 nm 450 * 40
NADH EtOH/Buffer 355 > 375 nm 850 £ 80
NPNH HoO/Buffer 355 > 375 mm 320 £ 30
NPNH D,O/Buffer 355 > 375 mm 460 t 50
NPNH EtOH/Buffer 355 > 375 nm 940 £ 90

TNapr = Reduced form of nicotinamide-adenine dinucleotide, NPNH = 1<N-propyl-
1,4-dihydronicotinamide, 2Buffer = 102 M Tris (pH 8.6 in water)

Pogsible explanations of the observed photophysics of NADH and NPNH
include (1) two different excited-state forms of reduced nicotinamide arising

‘from two ground state conformers or (2) a branched excited state decay mech-
-anism involving two fluorescent forms. For case (1), the two planar rotamers

of reduced nicotinamide with different amide orientations were investigated by
INDO/CI M.O. calculations, which indicated a small energy difference between
these two forms (~ 3kJ/mole). For case (2), an excited state mechanism could
include the following kinetic scheme:




Sq 1s the relaxed, fluorescent, excited singlet state of reduced nicotinamide,
(D**...e”] is a solvated, nonfluorescent ion pair, and D* + eaq are a sepa-
rated radical cation and a solvated electron. Initially fluorescence comes
from "vertically" excited molecules, {81}, with, for example, ground-state
solvent organization or hydrogen bonding. 51} could exhibit a slightly blue-
shifted fluorescence, relative to S4, with a lifetime dJdetermined by the sum of
k1 and k3. The ion pair and the solvated electron may well have similar ab-
sorption spectra. Whether the equilibrium wlth constant K would need to ke
established during the lifetimes of S4 and [pe*+,..e "1 is unclear. However,
this could explain the complex multiexponential decay reported for the longer
lived fluorescence (4, 5]. If the lifetime of Sq were determined by k,, then
the rate of ion pair separation would have to depend on solvent deuteration
(see table). A high probability of recombination of ot with e, ~ is consis-
tent with its low reactivity observed in the gas phase. NPNH has an ioniza-
tion potential < 8 eV, and molecular ion dominates its mass spectrum at low
ionization energies. In a Fourier Transform Mass Spectrometer, veNHe b does
not react with neutral NPNH or with 1076 torr of NH3 on the 0.1 s timescale
(during which Nenue * experiences ~ 50 collisions with NH3). Further work to
refine the kinetic model is in progress.

This work was supported by the Committee on Research, University of Cal-
ifornia, US Department of Energy Contract DE-AC03-76SF0098, and NIH grants
NS 14992 and BRSG RR 07010-15. J. H. Clark is an Alfred P. Sloan Foundation
Fellow and a Camille and Henry Dreyfus Foundation Teacher-Scholar. -We thank
Ms. Marian Hawkes for preparing the manuscript.
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