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to the hydrophobic stack. A tautomeric change of N7H to NgH
for the purine would cause an upfield shift of the C,4 resonance
and a downfield shift of the Cs resonance. Therefore, it is im-
portant to assign C4 and Cs resonances properly. It should be
noted that under certain conditions the solvent effect, i.c., the
transfer of nuclei from aqueous environment to hydrophobic
environment, on '3C NMR shift, particularly for sp2 carbon,
can be substantial. This effect should be kept in mind in the
interpretation of 13C NMR of nucleic acids.
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Proton Magnetic Resonance of NADH in Water—-Methanol
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Exchangeable Proton Resonances as a Function of
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Abstract: The proton magnetic resonance spectrum of NADH (nicotinamide adenine dinucleotide, reduced form) was studied
in H,O-methanol mixtures over the temperature range 35 to —20 °C using long pulse Fourier transform methods to suppress
the solvent resonances. Addition of methanol to 40% by volume disrupted the ring stacking of NADH at 20 °C. Lowering the
temperature caused restacking; the stacking enthalpy was estimated to be —3.5 to —4.2 kcal/mol. In 40% methanol, the amide
resonance of NADH broadened and split as temperature was lowered from 35 °C. This behavior indicated the expected hin-
dered rotation of the amide, but the measured rotation rates were unusually large (680/s at 20 °C) and the maximum peak
separation at low temperature was unusually small (0.28 ppm). Possible explanations of these anomalies are discussed, includ-
ing the possibility of hindered rotation of the entire carboxamide group. Several new resonances, due to exchangeable protons,
appeared in the rcgion 1.0-1.5 ppm downfield of H,O as temperature was lowered from 20 °C. These were assigned to the ri-

bose hydroxyl protons of NADH.

We have studied the proton magnetic resonance spectrum
of NADH in H,0-methanol mixtures, using long pulse and
analogue filtering techniques' to suppress the solvent reso-
nances. Qur motivation was twofold: to study the behavior of
exchangeable proton resonances and the amide group of
NADH, and to investigate the effects of organic cosolvent and
temperature upon its solution conformation.

We shall present evidence that addition of methanol to so-
lutions of NADH at room temperature disrupts the ring
stacked conformation of NADH, as recently observed by

0002-7863/80/1502-0534$01.00/0

Oppenheimer et al.,2 while lowering the temperature rees-
tablishes the stacking. We find that lowering temperature
causes broadening and splitting of the amide resonance, which
we tentatively attribute to a hindered rotation about the amide
carbonyl-dihydronicotinamide ring C-3 bond. Finally, we
report the appearance, at low temperature, of several new
resonances, in the range 1.0-1.5 ppm downfield of H,O, which
we assign to the ribose hydroxyl protons of NADH. Apart from
our interest in the spectrum and properties of NADH, certain
aspects of the present work are of technical interest. These

© 1980 American Chemical Society
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Figure 1. The dihydronicotinamide C4-H resonance as a function of
methanol concentration at 20 °C. The volume percent deuterated methanol

(d4) is given alongside each spectrum. The horizontal scale has been shifted
to align the spectra.

include the observation of low-field exchangeable protons
within 1.5 ppm of H,O by pulsed NMR in a mixed solvent
consisting of 60% H,0-40% CH3OH and the use of saturation
transfer to elucidate a complex spectrum.

Experimental Section

Materials. NADH was purchased from Sigma Chemicals, and used
without purification. Methanol-d4 was purchased from Stohler Isotope
Chemicals; all other chemicals were reagent grade.

NMR Samples. Samples for NMR consisted of NADH (5-15
mM), dissolved in aqueous methanol or deuteriomethanol (volume
percent miethanol noted in figure legends), with 5 or 10% D,0 included
for field frequency lock. The pH was adjusted with minimal HCl to
an apparent meter reading of 6.80-6.95 (Radiometer pH M 26 meter,
GK 232K combination electrode). That these apparent readings gave
a close indication of the molar lyonium ion activity was verified fol-
lowing Bacarella et al.? The constant £ in the equation

E-Eg
2303RT/F

was determined for various dilute solutions of HCI (10-2-10-3 M)
in H>0 and in 40% aqueous methanol by measuring £ and calculating
log apy from the molar lyonium ion concentration and solvent dielectric
constant. The values of £¢ in H,O and aqueous methanol differed by
about 2 mV, corresponding to approximately 0.03 pH units.

NMR Spectroscopy. The home-built 270-MHz spectrometer em-
ployed in these studies has been described previously.! It is capable
of pulsed Fourier operation in nondeuterated solvents without the
necessity of presaturating the strong solvent resonance. This is
achieved by using a long (0.6 ms) observation pulse whose power
spectrum has a null at the solvent frequency, and by analogue filtering
to eliminate any residual solvent signal. Although the spectrometer
is not designed to null simultaneously at two solvent frequencies, e.g.,
H20 and MeOH, the analogue filter cutoff is sufficiently steep that
we can easily obtain spectra downfield of H,O in the presence of 40%

pH = —logay =
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Figure 2. The dihydronicotinamide C4-H resonance in 40% methanol-d4
at various temperatures. The horizontal scale is shifted as in Figure 1.

MeOH, with the power null at H,0. For work upfield of H,O, deu-
terated methanol is required.

For double irradiation (two pulse) experiments, the observation
pulse was preceded by a long (500 ms) low-power preirradiation pulse
to selectively saturate a given resonance, followed by a short (1 ms)
delay. Double irradiation difference spectra (hereinafter “difference
spectra’’) were obtained in an alternating two-cycle experiment. In
the first cycle, the preirradiation pulse was set at a particular frequency
of interest inside the NADH spectrum. In the second cycle, it was set
several kilohertz outside the NADH spectrum. The free induction
decay from the first cycle was subtracted from that of the second, and
the difference was Fourier transformed.

Temperature control was achieved by standard methods and sta-
bility was typically within 0.1 °C; the estimated accuracy was £1.0
°C as measured with copper-constantan thermocouples.

Results and Discussion

Effects of Methanol and Temperature on Conformation. The
conformation of NADH has been extensively studied in
aqueous solution.* It is generally accepted that NADH adopts
a folded conformation with the adenine and dihydronicoti-
namide rings stacked upon each other. Strong support for this
view comes from the observation that the dihydronicotinamide
C,4 protons resonate as an AB quartet;® their magnetic in-
equivalence is presumably due to the stacking.

Figure 1 shows the dihydronicotinamide Cy4 proton reso-
nance at various concentrations of deuterated (d4) methanol,
near room temperature, The two central peaks gradually co-
alesce, while the outer peaks lose intensity, as methanol is
added. Figure 2 shows the C4 proton resonance in 40% meth-
anol as a function of temperature. The splitting of the center
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Figure 3. The spectrum of NADH in 40% methanol, downfield of H,0,
at various temperatures. The horizontal scale is parts per million from
H»0.

peaks is reestablished and the outer lines gain intensity as
temperature is lowered. This behavior is approximately the
reverse of that shown in Figure 1.

All spectra in Figure | display the characteristic AB pattern,
and the splittings and intensities are accounted for by an 4B
Hamiltonian® of the form

w0(1I2+12z)+(6/2)(112_122)+Jl'12 (H

-where the coupling J is approximately constant, but 6 is a
function of methanol concentration and temperature. This
suggests that NADH unstacks upon addition of methanol at
20 °C, and restacks as temperature is lowered. Since the
quartet structure presumably arises from the magnetic in-
equivalence due to stacking, destacking the rings should cause
the protons to resonate as a single line. If exchange between
conformations is fast on the NMR time scale, the observed
splittings should be given by an averaged Hamiltonian of the
form (1) with & = Pdg where P is the fraction of NADH in the
stacked conformation, ¢ is the chemical shift difference be-
tween the C4 protons in the stacked form, and we have assumed
that the coupling constant J is the same in both conformations.
Although direct measurement of &g has not proven feasible,
several workers have obtained estimates for the fraction of
stacked NADH molecules in aqueous solution. Various ex-
perimental methods lead to estimates of 24,7 35,2 and 50%®
stacking near 20 °C. Employing each of these values in turn,
and assuming that ¢ is unchanged by addition of methanol,
we obtain respectively the following estimates of 6 and the
stacking enthalpy: 00 0.48 ppm, AH = —3.5 kcal/mol; 60 0.33
ppm, AH = —3.64 kcal/mol; 0 0.23 ppm, AH = —4.2 kcal/
mol. In an earlier NMR study, the stacking enthalpy of
NADH in D,O was estimated to be —3.1 to —4.6 kcal/mol
from the temperature dependence of the dihydronicotinamide
C4-H and C,-H chemical shifts.”

Assignment of Exchangeable Proton Resonances. Figure 3

shows the spectrum of NADH downfield of H>O in 40%
methanol at various temperatures. At 22 °C we observe three
peaks at 2.01, 1.80, and 1.36 ppm from H>O, which are absent
in D,O solvent. The well-resolved peak at 2.01 ppm and the
broad, indistinct peak at about 1.36 ppm both disappear in
double-irradiation experiments where H,O is saturated, in-
dicating that exchange with solvent protons is rapid compared
with magnetic relaxation. The peak at 1.80 ppm does not sat-
urate with H,O, indicating slower exchange. The peak at 2.01
ppm has an integrated intensity of two protons, and is assigned
to the adenine amino protons on the basis of its resonance po-
sition and its broadening at higher temperature.® Note that the
sharp dihydronicotinamide peak (2.14 ppm at 22 °C) moves
into the amino peak at low temperatures. The peak at 1.80 ppm
also corresponds to two protons, and is assigned to the amide
protons. The behavior of the line shape as temperature is varied
is typical of a hindered rotation. The line broadens as tem-
perature is lowered from 40 to 10 °C, and splits in two at about
7 °C. At 5 °C the two components of the split peak are barely
visible at 1.55 and 1.67 ppm. At lower temperatures the study
of the amide line shape is complicated by overlap with other
peaks; we postpone its discussion until later.

The broad peak at 1.36 ppm is just discernible at 22 °C. It
disappears as temperature is raised to 35 °C, and moves
downfield, sharpens, and splits as temperature is lowered from
22 °C. At =7 °C there are four resolved peaks between 1.0 and
1.45 ppm from H,0. The peak at 1.45 ppm is due to the amide
(see below); the remaining peaks at 1.30, 1.22, and 1.05 ppm
have a total integrated intensity of four protons. We identify
these as the four ribose hydroxyl protons of NADH. Although
sugar hydroxyl protons might be expected to exchange very
rapidly with water, there is at least one precedent for their
observation by NMR in aqueous solution.'?

These peaks are not due to low-temperature splitting of the
amide or amino resonances, since double-irradiation experi-
ments with preirradiation of the putative hydroxyl peaks causes
no kinetic transfer of saturation to either the amide or amino
peaks at any temperature, and vice versa. Also the hydroxyl
resonances are not observed in 40% MeOH in the presence of
30 mM sodium phosphate buffer at an apparent pH of 7.0,
whereas the amide and amino peaks are unaffected by this
buffer. This last observation can be explained using Eigen’s
theory!! for the rate of buffer-catalyzed proton exchange with
solvent. We calculate pseudo-first-order rate constants of 103/s
and <1/s for the ribose hydroxyl and amino protons respec-
tively, in 40% M MeOH, 30 mM sodium phosphate buffer,
apparent pH 7.0. These values are consistent with our obser-
vations, since a specific rate of 103/s would broaden the hy-
droxyl protons beyond detection. The calculation is subject to
the following assumptions: (1) Exchange proceeds with ex-
traction of the exchangeable proton by HPO42~. (2) The sec-
ond pK of phosphoric acid in 40% MeOH is approximately
8.0.12(3) The pK of any sugar hydroxyl proton'! is about 12;
the pK of an amino proton!3 is 15, We have no estimate for the
pK of the amide proton; presumably it is greater than that of
an adenine amino proton.

Hindered Rotation of the Amide. As noted above, the study
of the amide line is complicated by the proximity of other peaks
in the spectrum. Above 10 °C, the line is clearly visible, but
accurate measurements of the line width are difficult due to
overlap with the amino resonance. In the neighborhood of 7
°C, the amide line is broadened almost beyond detection. At
lower temperatures, e.g., —7 °C, it appears to have split into
two peaks, but here the situation is ambiguous. Apparently,
the low-field component of the line is the shoulder on the amino
resonance at about 1.73 ppm, while the upfield component
resonates at 1.45 ppm but cannot be distinguished from the
ribose hydroxyl protons. These difficulties can be overcome
by difference spectroscopy.
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Figure 4. Difference spectra of the amide resonance at various tempera-
tures, in 40% methanol. Refer to the text for explaration. The horizontal
scale is parts per million from H>O.

At temperatures above the point at which the amide peaks
coalesce, we take the difference spectrum: (normal spectrum
with no preirradiation pulse) minus (spectrum immediately
following preirradiation pulse to saturate the amide resonance).
Clearly, this difference consists of just the amide line, except
for small ghosts of other peaks due either to power spillover
from the preirradiation pulse or to nuclear Overhauser effects.
At temperatures below the coalescence point, we take the
difference spectrum: (normal spectrum with no preirradiation
pulse) minus (spectrum immediately following preirradiation
pulse of the presumed upfield component of the amide dou-
blet). If both the duration of the preirradiation pulse (500 ms)
and the spin-lattice relaxation time are long compared to the
inverse rate constant for the hindered rotation, then saturation
of the upfield component will be kinetically transferred to the
downfield component,'4 and the difference spectrum will
consist of the amide doublet and small ghost peaks. Figure 4
shows these spectra with preirradiation of the presumed upfield
peak, at several temperatures. These spectra permit positive
identification of the amide peaks, despite the interfering
presence of hydroxyl and amino resonances. The difference
spectra allow us to measure the amide peak separation as a
function of temperature. The peak separation reaches its
maximum value, 0.28 ppm, at =7 °C.

The behavior of the amide line shape indicates a hindered
rotation; we estimate an activation barrier of 15 kcal/mol from
the line width and splitting data.!5:!6 Figure 5 shows the
Arrhenius plot.

Two peculiar features of the NADH amide resonance
emerge from the line-shape study. (1) Despite a moderately
large activation barrier, the rotation rate at 20 °C (680/s) is
unusually fast. Typical rate data for other amides at 20 °C
under various solution conditions follow: formamide!”-18 (in
acetone), 0.5/s, E,t = 18 keal/mol; N,N-dimethylacetamide!®
(neat liquid), 0.7/s, Eat = 10.6 kcal/mol; N, N-dimethyl-
benzamide!® (in CH,Bry), 27/s, Eace = 7.7 kcal/mol; pro-
pionamide?® (in H,0, pH 5), 5/s; NAD2 (in H,O, pH 3.5),
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Figure 5. Arrhenius plot for the amide resonance. Circles are points from
line-width data, triangles are points from splitting data, and the square
is from the coalescence point. Splitting data were analyzed according to
ref 16.

2/s; benzamide?® (in H,0, pH 5), 10/s. (The rates in H,O are
estimated from saturation transfer data at the pH minimum
of the solvent exchange rate for the amide protons.) (2) The
maximum peak separation at low temperature (0.28 ppm) is
much smaller than that observed for a variety of amides in H,O
at 20 °C. Typical values follow:2? acetamide, 0.75 ppm; pro-
pionamide, 0.71 ppm; NAD, 0.96 ppm; acrylamide, 0.63 ppm;
benzamide, 0.86 ppm.

A possible explanation for these anomalies of NADH can
be found in the resonance structures of the dihydronicoti-
namide group. Inspection of structures II and III shows that

® ©
0 0 0
¢ ¢ N
F‘sl “NH, “NH, B SNH,
6, 2 ®_
N N N
1 1 1
R R R
I pid m

two hindered rotations ate possible; (1) rotation about the C-N
bond and (2) rotation of the entire carboxamide group about
the ring C3-carboxyl bond. There is no experimental evidence
for simultaneous hindrance of both rotations, which would lead
to four amide lines at low temperature.

“Competition” between structures analogous to Il and I11
has been invoked!® to explain the low activation barriers (ap-
proximately 7 kcal/mol) in N, N-dimethylacrylamide and
N,N-dimethylbenzamide.!® The type II structure should be
more favorable in NADH than in acrylamide or benzamide
derivatives, since in NADH the formal positive charge resides
on nitrogen rather than on carbon. Thus one could argue that
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structure Il dominates in NADH and that the observed hin-
dered rotation is that of the entire carboxamide group.

This argument does not lead to predictions of splitting and
rate behavior, not does it suggest a conformational preference
for the carboxamide. However, the behavior of NADH is
clearly atypical, and, since the typical amides are all presum-
ably characterized by the C-N hindered rotation, it is not
unreasonable to propose an alternative for the atypical case.

Taking an entirely different tack, one might argue that the
anomalous behavior of NADH is only apparent, and that the
variation of peak separation with temperature is not due to
rotational coalescence, but arises instead from specific
chemical shift effects due to destacking. According to this
argument, peak separation should continue to increase with
stacking. However, peak separation is complete at —7 °C,
whereas stacking is still incomplete at =25 °C, to judge from
the dihydronicotinamide Cg4-H resonance. Also, this argument
does not explain the linearity of the Arrhenius plot. Finally,
in NAD, which is estimated to be 15-20% stacked at 20 °C
with a stacking enthalpy of —5 kcal/mol, the amide peak
separation is virtually unchanged between 0 and 20 °C.2!

In conclusion, the nature of the hindered rotation in NADH
is an open question whose resolution will probably require
further study. Even for “typical” amides, the origin of the
chemical shift difference between cis and trans protons. is
poorly understood.22
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Abstract: The kinetics of the intermolecular proton exchange between methanol and acetic acid dissolved in tetrahydrofuran-
dg have been studied by '"H NMR line shape analysis. In the slow exchange range the line shapes of the carboxyl singlet and
the methanol multiplets provide information about the proton-exchange rates between methanol and acetic acid and between
molecules of methanol. In very carefully prepared samples of high purity no methanol self-exchange is observed. The proton-
exchange rates between methanol and acetic acid were found to be proportional to the total concentrations of the reactants.
The temperature dependence of the observed bimolecular rate constants is given by kopsa = €xp(18.6 £ 0.7) exp(—27 £ 1.3 klJ
mol~!/RT), 196 < T < 258 K. The absence of methanol self-exchange and the kinetic law prove that the exchange takes place
during one encounter of the reactants in a hydrogen-bonded intermediate which contains one molecule of acetic acid and one
molecule of methanol. The rate-limiting step of the proton exchange is the proton transfer in this intermediate. The observed
rate constants depend on the equilibrium constants of the formation of the active 1:1 complex from the dominating quasi-
monomers which form a hydrogen bond with the solvent. The values of the activation parameters provide evidence that the pro-
ton exchange takes place in a cyclic 1:1 intermediate along a reaction pathway which does not involve a solvated ion pair as in-

termediate.

I. Introduction

The kinetics of intermolecular proton exchange in buffered
mixtures of carboxylic acids and alcohols have been studied
by Grunwald et al.!-5 using dynamic 'H NMR spectroscopy.
In protic media ionic exchange mechanisms dominate which
consist of successive proton-transfer reactions involving free
solvated ions. However, side reactions involving only neutral
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molecules were also observed. There is evidence that this type
of exchange takes place in cyclic hydrogen-bonded interme-
diates as shown, for example, in Scheme I. The number of
participating alcohol molecules was found to vary between one
and three. The question whether the exchange proceeds via an
intimate ion pair or whether there is a concerted proton motion
has been discussed in several papers,2-’ and a stepwise mech-
anism was favored.>¢
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