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ABSTRACT Re-examination of the structure of pyri-
dine coenzymes in solution by use of the 220-MHz high-
frequency nuclear magnetic resonance spectrometer
indicates that there is primarily one folded structure that
is in rapid equilibrium with an open form. Reduced DPN+
and reduced analogs of DPN+ exist predominantly with
the B side of the dihydropyridine ring folded against the
adenine moiety. (The oxidized coenzymes appear to exist
in the same folded structure.) Furthermore, the ribose
protons undergo very little conformational change upon
reduction of the pyridine ring; this observation strongly
suggests a considerable similarity between the folded
forms of the oxidized and reduced coenzymes. A model
of the folded structure is presented.

From early experiments with the 60-MHz nuclear magnetic
resonance (NMR) instrument, it was suggested that many
folded forms of the pyridine coenzymes might exist in solution.
More recent studies from our laboratory on these coenzymes
with the high-frequency 220-MHz NMR instrument sug-
gested the possibility that two folded forms of DPNH, as well
as TPNH (P + M helices), exist in solution. These two folded
structures were thought to be in slow equilibrium with each
other through an intermediate open form. Careful re-examina-
tion of the spectra, together with new data, indicate that such
an interpretation is not correct and that probably only one
distinct folded conformation of the coenzyme, which is in rapid
exchange with an open structure, exists in solution. Here, we
give evidence that we feel with some certainty describes the
structure of the folded form of the coenzyme. In addition, we
discuss the reasons why we believe it was erroneously con-
cluded that two helical forms existed rather than one.

MATERIALS AND METHODS

TPN+, DPN+, DPNH, (AcPy)DPN+, (AcPy)DPNH, and
a-DPN + (P-L Biochemicals) were used without further puri-
fication. p-NMN+ was prepared with purified snake-venom
diesterase, and deamino DPN + was prepared by deamination

Abbreviations: (AcPy)DPN+, the oxidized acetyl pyridine ana-

log of DPN+; (AcPy)DPNH, the reduced acetyl pyridine ana-

log of DPNH; ,#-NMN+, the p3-isomer of nicotinamide mono-

nucleotide; deamino DPN +, oxidized hypoxanthine analogue
ofDPN +; NMNH, reduced ,B-NMN +; a-DPNDA;B, j2DPNDA;B,
3.-NMNDA;B, and deamino DPNDA;B, are a-DPNH, ,j-DPNH,
,B-NMNH, and deamino DPNH, respectively, nonspecifically
labeled with one deuterium at either pyridine C4 position;
DPND and (AcPy)DPND are DPNH and (AcPy)DPNH,
specifically labeled with deuterium at the pyridine C4 position;
DPNHADB and DPNDAHB are DPNH labeled with deuterium
on the pyridine C4 B-side and A-side, respectively; [U-2H]eth-
anol, uniformly labeled ethanol, also called d5EtOH.

of DPN+ (1). NMNH and a-DPNH were prepared by chem-
ical reduction with dithionite (2), as were the compounds non-
specifically labeled with deuterium a-DPNDA;B, O-DPNDA;B,
O-NMNDA;B, and deamino DPNDA;B by dithionite reduction
in D20. DPND and (AcPy)DPND labeled in the A position
were synthesized by incubation of 50 ,umol of the oxidized
nucleotide with 5 ,umol of [U-2H]ethanol (Mallinckrodt,
99.8% D) and horse liver or yeast alcohol dehydrogenase
(P-L Biochemicals) in 3 ml of 0.05 M (NH4)2CO3, titrated to
pH 10.5 with NH4OH. The extent of the reaction was fol-
lowed spectrophotometrically and, after more than 90% of the
oxidized form was converted to the reduced form, the reaction
was quenched by the addition of 10-12 drops of 2 M Ba-
(SCN)2. The solution was then centrifuged and any precipitate
was discarded. The volume was increased to 5 ml with acetone;
once again the solution was centrifuged and the precipitate
was discarded. The addition of two volumes of acetone (10 ml)
and cooling in an ice bath produced a flocculent, pale-yellow,
barium nucleotide precipitate. This precipitate was collected
by centrifugation and washed with a small amount of acetone
to remove any remaining Ba(SCN)2. The barium precipitate
was then dissolved in water and converted to the sodium salt
by the addition of sodium sulfate until no additional barium
sulfate precipitate was formed. The white barium sulfate
precipitate was removed by centrifugation, and the remaining
liquid was lyophilized to give an 80% yield of the respective
A-labeled nucleotides. Spectrophotometric analysis showed
the nucleotides to be more than 95% reduced.
DPND and the other reduced analogs labeled on the B-side

were produced by coupling the reduction of the oxidized
coenzyme to dithiothreitol through pig heart diaphorase (3).
Typically, 28,mol of the oxidized coenzyme was reacted with
65 ,umol of dithiothreitol in the presence of 5 ,umol of lipo-
amide, and enough pig heart diaphorase (Sigma lot 79B-1560)
to complete the reaction in about 15 min, when 5 ml of 0.05M
NH4HCO3 in D20 was used. Again, the extent of the reaction
was followed spectrophotometrically and the reduced nucleo-
tides were purified by barium precipitation, as described
above, except that after the initial addition of barium, a small
amount of NH40H was added to bring the pH to about 8.
Cyanide adducts were formed by titration of the acid salt of
the oxidized coenzyme in D20 with 1 M KCN in D20 to pD
8.6.
The proton magnetic resonance (PMR) spectra were re-

corded on a Varian HR-220 Nuclear Magnetic Resonance
Spectrometer with field sweep. Decoupling was done with a
Wavetek 131A voltage-controlled generator. Computer aver-
aging was done on a Fabritek Computer Model 1074. The
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FIG. 1. Specific labeling of j3-DPNH. (a) An asymmetric A-B quartet of the pyridine C4 protons offs-DPNHcontaining a 10% a-

DPNH contaminant. (See Fig. 6. for the adenine C1'H and pyridine C6H of this spectrum.) (b) Mixture of A- and B-side labeled DPND
formed by nonspecific labeling by dithionite reduction in D20. (c) Pyridine C4HADB. (d) Pyridine C4DAHB from horse liver alcohol de-
hydrogenase. (e) Pyridine C4DAHB from yeast alcohol dehydrogenase.

FIG. 2. Specific labels of (AcPy)DPNH at 210C. (a) (AcPy)DPNDAHB. (b) Approximately an equimolar mixture of (AcPy)DPNDAHB
and (AcPy)DPNHADB. (c) (AcPy) DPNH with no deuterium labels

FIG. 3. Specific labels of (AcPy)DPNH at 7VC. (a) (AcPy) DPNDAHB. (b) (AcPy)DPNHADB. (c) Approximately equimolar mixtures
of (a) and (b). (d). (AcPy)DPNH with no deuterium labels. (e). Spectra (c), computer averaged 8 times. (f) Spectra (d), computer averaged
16 times. The stick diagram superimposed on spectra (f) was calculated for chemical-shift differences, using a = [(2C)2_J2] 112, and peak
heights, using I = 1 i J/2C. The a used was 11.5 Hz from spectra (c) and the J used was the geminal spin-spin coupling constant meas-
ured for f3-DPNH (Fig. 1).

FIG. 4. (a) High-resolution spectra of a mixture of 30% unlabeled DPNH with specifically labeled DPNDAHB. (b) Broadening caused
by intermediate detuning. (c) Further detuning causes the complete coalescing of the central peaks of the A-B quartet to give the overall
spectra the appearance that the "specifically" labeled PC4DAHB proton came as two peaks [see Fig. 2, ref. 5].

spectra were routinely run at a high spinning rate (>100
revolutions per see), with a Teflon plug inserted to prevent
vortexing, at 20-21"C (as measured with an ethylene glycol
standard). The samples were lyophilized twice in D20 to
remove exchangeable protons and were run as 200- to 250-,g
samples at 40-50 mM concentration. The pD measured was
the pH read on a Corning model 12 pH Meter + 0.4. The
residual HDO absorption was routinely tuned to less than
1.0 Hz. Sodium 2,2-dimethyl-2-silapentane-5-sulfonate (B.
Merck Ag Germany) was used as the internal standard and
the samples were run in D20 (Mallinckrodt 99.8%).

STRUCTURE OF REDUCED PYRIDINE

Patel (4) and Sarma and Kaplan (5, 6) have interpreted their
data as being consistent with a model in which DPNH exists in
two folded forms, termed the P andM helices. Such a conclu-
sion was derived from the following observations:

i. In DPNH specifically labled with deuterium on the
pyridine C4 A-side, it was reported that the pyridine C4
B-side proton give two resonances 14-Hz apart. This
evidence was interpreted as being "consistent only with a

slow exchange between the P andM helices" (6).
ii. The pyridine C4 protons of DPNH were found to be an

asymmetric A-B quartet. It was thought that, "the
observed asymmetric A-B quartet results from the over-

lap of the two expected A-B quartets from the two
unequally populated, nonequivalent helical forms of
DPNH" (6).

iii. It was found that the C4 protons in (AcPy)DPNH
appeared as a broad singlet. This was consequently
interpreted as probably being due to the fast exchange
between two helical forms (6).

Specific Labeling. We have reinvestigated the PMR spectra
of specifically labeled DPND and some of its analogs and have
observed that all of the pyridine C4 protons of the A-side and
B-side labels appear as singlets. Lines c, d, and e of Fig. 1 show
the specific labels for DPND and of Figs. 2 and 3 the specific
labels for (AcPy)DPNH. These labeling experiments do not
agree with earlier studies (6). It was found, however, that
DPNH specifically labeled with deuterium on the A-side by
the use of the same materials as in the original investigation
gave the lower spectrum of Fig. 4. The partially observed A-B
quartet indicates that this "specifically" labeled sample is ob-

viously contaminated by a substantial quantity of unlabeled
DPNH. It was also found that upon oxidation of this material
to DPN+ with lipoic dehydrogenase, a B-specific enzyme, the
pyridine C4 position was contaminated with 30% hydrogen.
This indicates that the original "specifically" labeled DPNDA
HB contained about 30% DPNH. Furthermore, with a slight
amount of detuning, i.e., recording of the spectrum at
lower than optimal resolution, we have generated the upper
spectrum of Fig. 4, which is essentially identical to that found
earlier (6). The origin of the contamination that produced the
unlabeled DPNH is obscure, since both yeast and horse liver
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FIG. 5. Model for (3-DPNH. This illustrates the puckering
that takes place when the dihydronicotinamide ring folds against
the adenine ring. It also shows the opposing effects controlling
the chemical differences of the A and B protons.

enzymes have subsequently given us "pure" labels (as shown
in Fig. 1).
These findings indicate that our earlier DPND preparations

were most likely contaminated by DPNH. Hence, it appears
that the combination of the impure DPND, plus improper
tuning, gave the spurious double-peak spectrum for the C4
proton in DPND, which in turn led to the incorrect interpreta-
tion that there were two helical conformations in slow ex-
change. As a result, it is our strong belief that caution with
respect to resolution should be exercised with the 220-MHz
instrument in order to prevent similar artifacts as the one
shown in Fig. 4.

Fast Exchange. Our specific labeling studies indicate that
DPNH, (AcPy)DPNH, TPNH, deamino DPNH, and a-
DPNH exist in fast exchange between their various conforma-
tions with respect to theNMR time scale, since the resonances
appear as single peaks that result from the rapid averaging of
all conformations.

Asymmetric A-B Quartet. It is clearly observable from Fig. 1
that the A-B quartet of the pyridine C4 protons of DPNH is
not symmetrical, but that the downfield A-proton is higher
than the upfield B-proton. This apparent asymmetry can be
accounted for by puckering of the dihydropyridine ring, which
causes the upfield B-proton to be more highly split by the pyr-
idine C5 proton than the downfield A-proton, and by an a-
DPNH contaminant formed by epimerization (this will
be discussed below). Consequently, an asymmetric A-B quartet
in DPNH is not necessarily consistent with "two unequally
populated, nonequivalent helical forms of DPNH" (6).
Nicotinamide Ring Puckering. As can be seen in Figs. 1, 2,

and 3 and Table 1, a difference exists between the spin-spin
coupling constants of the pyridine C4 A and B protons to the
pyridine C5 proton, not only in f3-DPNH but also in TPNH,
and in the other reduced analogs as well. This difference in
coupling constants is consistent with a puckered dihydro-
pyridine ring, in which the B-proton moves equitorial and the
A-proton moves axial. This preferential puckering (see Fig. 5),
which is nonexistent in the respective mononucleotides and for
the dinucleotides at high temperature or in CDsOD, is brought
about by the folding of the dihydronicotinamide ring against
the adenine ring. This observation shows that when DPNH
and its analogs are folded, they exist predominantly in a con-
formation or conformations with the pyridine C4 B-proton
towards the adenine ring and pyridine C4 A-proton away from
the adenine ring. This observation would also indicate that

helices, since nearly equal populations of P and M helices
would tend to average out any puckering interactions.

Chemical-Shift Differences of Pyridine C4 Protons. With
regard to the above model, one would, a priori, expect a con-

siderable chemical-shift difference between the A and B
pyridine C4 protons, due to differential anisotropic shielding
by the adenine ring. However, since the dihydronicotinamide
ring is puckered, the B-proton experiences a large diamagnetic
deshielding with respect to the A-proton, due to the adjacent
0C- single-bonds and the ring double-bonds (see Fig. 5) (7).
This effect is directly opposed to that produced by the adjacent
adenine ring. As a result, the chemical shift one observes be-
tween the A- and B-protons is the small difference between
these large opposing effects. This observation explains why
some dinucleotides such as (AcPy)DPNH can have nearly
magnetically equivalent pyridine C4 protons, and yet be folded
as mentioned above.

(AcPy)DPNH, an Unresolved A-B Quartet. As can be seen in
Figs. 2 and 3 and Table 1, specific labeling experiments and
spectra taken at low temperature clearly show that the pyr-

idine C4 protons of (AcPy)DPNH do not appear as a singlet,
but as an unresolved A-B quartet. At lower temperature, it is
possible to resolve the side peaks of the A-B quartet; at 70C,
the A-B quartet as shown in Fig. 3 is consistent with the
superimposed stick diagram calculated by the use of a value of
11.5 Hz for the chemical-shift difference obtained from specific
labeling experiments and a geminal, spin-spin coupling
constant of 19 Hz measured from DPNH. As indicated by Figs.
1, 2, and 3, deuteration shifts the resonance about 3-Hz up-
field due to the slight shielding of the remaining proton by
deuterium.

Epimerization. The pyridine C4 protons occur as an asym-

metric A-B quartet with regard to both their height and area

(6). While the asymmetry in height could be explained by the
difference in the spin--spin coupling constant to the pyridine
C5 proton, this effect alone cannot explain the difference in
area, which can be as great as 20%. This difference in area can

be explained on the basis of a slow epimerization of the pure

t3-DPNH to about a 10: 1 mixture of 13-DPNH with the enzy-
matically inactive a-DPNH form, and the fortuitous appear-

TABLE 1. Chemical-shift difference of the PC4H2 at 20'C

PC4HB PC4HA J5-4B J5-4A

O-DPNH 599.2 576.8 2.5 3.6
TPNH 612 588 2.5 3.8
(AcPy)DPNH 557.8 548 2.4 3.8

542.2* 531.2* 2.2 3.9
Deamino DPNH 633.5 618.5 2.8 3.5
cz-DPNHt 600 590.5 -

O-NMNH 671.5 671.5 3.4t 3.4t

The concentration was 40-50 mM, pD 8.5. The chemical-shift
differences are ±0.1 Hz, while the absolute chemical-shift is

1.0 Hz. Measured directly from the PC4H in the specifically
labeled coenzyme by spin decoupling the PC6H.

* 70C.
t Arbitrary assignment of A and B protons.

these reduced nucleotides do not exist as a pair of P and Mtt Measured directly from the PCrH.
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ance of the a pyridine C4 protons as a singlet under the central
downfield peak of the g-pyridine C4 A-B quartet (Fig. 1).
Mild heating causes extensive epimerization of a-DPNH to

enzymatically active ,B-DPNH (8). We have found that heat-
ing of pure a-DPNH or ,3-DPNH at 1000C in an inert at-
mosphere for a few minutes yields an equilibrium mixture of
10:1 #5DPNH to a-DPNH. Thus, enzymatically prepared
/3-DPNH quickly acquires different trace amounts of a-DPNH
as a contaminant (Fig. 6). It can be seen from the 220-MHz
NMR spectra of a-DPNH (Fig. 7) that the pyridine C4 pro-
tons come as a broad, unresolved A-B quartet (as determined
by nonspecific labeling) centered at 597 Hz. (See Table 1).
At 2100, the downfield central peak of the # pyridine C4
A-proton comes at about 597 Hz, right on top of the two-
proton peak of the a-DPNH. Thus, an a-DPNH contaminant
of as much as 10% can give a 20% enhancement in the area
under the j3 pyridine C4 A-proton. We have not observed the
epimerization of oxidized a-DPN+ and (3-DPN+ with heating.
Misassignment of PC6 - PC1' Protons. In 60-MHz NMR

studies of the pyridine nucleotides, it was observed that upon
reduction of DPN+ to DPNH, little change occurred in the
region that corresponds to 1300 Hz at 220 MHz. Studies (9,
10) on ribose and deoxyribose bases have indicated that ab-
sorptions in this region were Cl' ribose protons; thus, the two
overlapping doublets in DPNH were also assigned as the
adenine and pyridine C0' ribose protons (11). With the 220-
MHz NMR spectrometer, it was possible to resolve these
peaks clearly; the sharp downfield doublet was assigned to
the adenine C0' proton and the broad upfield doublet was
assigned to the pyridine C0' proton (12). Furthermore, it was
found that a doublet of triplets and a sharp doublet resided
under the residual-water peak at normal temperature. At
elevated temperatures, these peaks separated from each other

6

345.540

j319.5

and from the water peak and were assigned as the pyridine C5
and pyridine 06 proton, respectively (6).

It is quite evident that there are problems with these as-
signments. The model compounds N-methyl-l,-dihydro-
nicotinamide (13) and 1-(2,6-dichlorobenzyl)-1,4-dihydro-
nicotinamide (14), clearly show in their 100-MHz PMR
spectra that not only is the pyridine C6 proton found about
1.5-ppm downfield from the pyridine C5 proton, but also there
are extensive long-range spin-spin interactions with the
pyridine C2 and C4 protons. Conversion of these results to
220-MHz chemical shifts shows that the pyridine C6 proton
would come as a broad doublet at 1340 Hz in the N-methyl-
and at 1380 Hz in the 1-(2,6-dichlorobenzyl)-1,4-dihydro-
nicotinamide. The pyridine proton absorptions in these model
compounds all come within 0.1 ppm of their corresponding
pyridine absorptions in unfolded DPNH if the broad doublet
in DPNH assigned as the "pyridine Cl' ribose" proton is
assigned as the pyridine C6 proton. The broadening of the
"pyridine Cl' ribose" proton was accounted for by invoking
nitrogen quadrapole-coupling between the pyridine nitrogen
and the C0' ribose proton, based on the apparent observation
of increased broadening at high temperature (12). As can be
seen from Figs. 6 and 8, the "pyridine Cl' ribose" proton of
DPNH does not appreciably broaden with elevated tempera-
ture, suggesting that the broadening is indeed due to unre-
solved spin-spin coupling instead of quadrapolar or kinetic
relaxation. This unresolved, long-range spin-spin coupling
would explain why the protons of the dihydropyridine ring
appear considerably broader than do the protons of the ade-
nine ring.
Furthermore, PMR temperature studies of DPNH (see

Fig. 9 of ref. 6) clearly show that the pyridine C5 proton,
which is supposedly spin coupled to the sharp doublet of the
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FIG. 6. Adenine C1' region of fl-DPNH computer-averaged 16 times, 10% a-DPNH contamination resulting from incubation at 100°C
for 5 min.

FIG. 7. 20 mM a-DPNH, pD 8.2, at 220 MHz.
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FIG. 8. Spin-decoupling experiments on ,B-DPNH. (a) Irradiation at the PC6H. (b) Irradiation at the PC6H.
FIG. 9. (AcPy)DPN +-CN adduct. The lower spectrum is the (AcPy)DPN +-CN adduct formed in D20 at room temperature. The

upper spectrum shows the formation of the same cyanide adduct, but in [U-2H]methanol. The structures labeled A and B are the two
isomers present in the spectrum. Note that the proportions of the two isomers formed change drastically from D20 to [U-2H] methanol-
D20 1: 1.

"pyridine C6" proton, is able to move through this doublet
with no evidence whatsoever of any second-order distortions
that would characterize such a coupled system where the
chemical-shift differences are of the same order of magnitude
as that of their coupling constant, as is the case of the pyridine
C4 protons.
Thus, there is a strong evidence for the assignment of the

broad doublet at 1315 Hz as the pyridine C6 proton, and not as
the pyridine "0C' ribose". To demonstrate this assignment
conclusively, spin-decoupling experiments were undertaken at
74°C, where the pyridine CB proton is clearly visible. The
results can be seen in Fig. 8; the broad doublet that has shifted
to 1330 Hz decouples the pyridine C5 proton and vice versa,
which proves that it is indeed the pyridine C6 proton. Further,
it was observed that the sharp doublet at 1050 Hz could be
decoupled by irradiation of a partially hidden triplet at 925 Hz,
and thereby assigning these two protons as the pyridine C,'
and C2' ribose protons, respectively.

TABLE 2. Ribose coupling constants

A1.-2 AJ2-. AJ3.4 PJ1-2 PJ2-. PJ3-4
DPN+ 5.5 5.0 4.5 5.4 6.1 2.3
DPNH 5.5 5.5 3.8 7.4 4.0 *
NMN+ - 5.8 5.2 2.0
NMNH - 7.1 5.4 2.1
AMP 5.5 5.8 5.9
(AcPy)DPN+ 6.0 5.0 * 5.2 4.6 2.7
(AcPy)DPNH 5.5 4.5 4.5 6.2 * *

Values are 4+0.2 Hz, pD is about 8.5 and concentration is
about 40-50 mM at a temperature of 200C. These coupling
constants are all consistent with a C3'-exo-C4' endo configuration
of the ribose ring (10).

* These coupling constants were obscured by other absorptions.

The correct assignment of the pyridine C6 and pyridine Cl'
ribose protons has great significance in formulating a structure
for the reduced pyridine coenzymes. It can be seen from Table
2 that the conformation of the pyridine ribose has undergone
little change upon reduction, i.e., the configuration remains
essentially the same as that of the oxidized pyridine ribose,
contrary to previous reports. With use of the correct assign-
ment, the pyridine C1' ribose proton is observed to shift 1.4-
ppm upfield upon reduction, much more in line with the effects
that would have been expected when the magnetic and
chemical environment of that proton is changed from adjacent
to the positively charged nitrogen of the aromatic pyridine
ring to adjacent to an uncharged, nonaromatic dihydro-
pyridine ring of DPNH. Thus, the nonequivalence of chemical
shifts observed in the BlP NMR spectra of the pyrophosphate
backbone of DPN+, as compared to their chemical equiva-
lence in DPNH (16), would appear more likely to be the
result of interaction between the 81P and the positively
charged pyridine ring than due to changes in the pyrophos-
phate configuration. Finally, without the proper assignments
of the pyridine C2 and C6 protons, it has been impossible
previously to reach any conclusions about the orientation of
the dihydropyridine moiety with respect to the ribose ring
(17).

OXIDIZED NUCLEOTIDES

Cyanide Adducts. DPN+ and the oxidized analogs cannot
be studied directly as can DPNH, since they do not possess a
pyridine C4 methylene group. DPN+ and the oxidized analogs
do give clues to their folded conformation when their cyanide
adducts are studied. First, cyanide can add to either side of the
pyridine C4 carbon to produce two isomers of the cyanide
adduct, as can be seen in Fig. 9. These nonequivalent isomeric
adducts have different PMR spectra in aqueous solution, so
that the observed spectra consist of the superposition of their

Proc. Nat. Acad. Sci. USA 68 (1971)
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respective absorptions such that it appears that most of the
resonances are doubled. This result would be predicted by
stereochemical considerations (18). The inability of cyanide to
add to either side of the pyridine ring should be a direct
measure of the hindrance or electrostatic repulsion imposed on
that side of the pyridine ring.

In the case of (AcPy)DPN+, which should be about 50%
folded in D20 at 20'C (19), the isomeric adducts were formed
in the ratio of about 1.8:1 (see Fig. 9). In D20-CD30D 1:1
however, where (AcPy)DPN+ is almost totally unfolded, the
two isomers are produced in the ratio of about 1.1:1. This
result indicates that the folded conformation is probably
responsible for the difference in populations of the cyanide
adducts. In fact, if the folded form existed so that cyanide were
totally hindered from attacking on one side by the adenine
ring and/or by electrostatic repulsion from the pyrophosphate
backbone, the ratio of the adducts in aqueous solution at 20'C
would be 2: 1. This result is consistent with the ratio of about
1.8:1 observed in Fig. 9. Consequently, it appears that
(AcPy)DPN+ and probably the other oxidized nucleotides,
also exist in a folded conformation with the same side of the
pyridine ring towards the adenine ring. Again, this evidence
seems to preclude the possibility that the oxidized nucleotides
exist in nearly equal proportions of P and M helices (5, 20),
since the P and M helices would direct cyanide to opposite
sides of the pyridine ring to give nearly equal populations of
the two adducts.

MODEL
DPNH and the reduced analogs exist predominantly with the
B-side of the dihydropyridine ring folded against the adenine
ring; furthermore, this folded interaction puckers the dihydro-
pyridine ring in such a manner that the B-proton moves
equitorial and the A-proton moves axial. From cyanide-
adduct studies, (AcPy)DPN+, and probably the other oxi-
dized analogs, fold with primarily one side of the pyridine
ring against the adenine ring. Interestingly, both chemical
oxidation by ferricyanide and reduction by hydrosulfite show a
marked preference for the removal and addition of the pyri-
dine C4 A-proton (21). This observation suggests that the
specific folded conformation of the oxidized dinucleotides,
as indicated by the cyanide adducts, maintains the same
pyridine-adenine ring orientation as in the reduced di-

nucleotides. This hypothesis is further supported by the fact
that the ribose protons of the oxidized dinucleotides undergo
very little conformational change upon reduction, indicating
that no major conformational changes have taken place.
We have preliminary results that indicate that the struc-

tures for the oxidized and reduced coenzymes are in fact
identical; a full discussion of these findings will be presented in
a later publication.
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