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As a model study of the intramolecular interaction between the adenine and pyridi-
nium rings of nicotinamide adenine dinucleotide (NAD+), conformational analysis of 1-[3-
(adenin-9-yl)propyl]-3-carbamoylpyridinium cation was carried out by means of semi-
empirical energy calculation.

The extended conformation of the molecule, which was observed in the crystal struc-
ture, was found to be energetically a metastable one. The most energetically stable
conformations seem to be folded forms, especially forms in which the two aromatic rings
are stacked; four kinds of stacking modes were observed.

Keywords——pyridinium ring-adenine ring interaction; conformational analysis;
semi-empirical energy calculation; PPF method

Introduction

It is well known that nicotinamide adenine dinucleotide (NAD?) acts as a coenzyme in
biological oxidation-reduction reactions. In order to clarify the role of the adenine moiety
of NAD+ in the catalytic reactions, various spectroscopic studies have been carried out on
model compounds.1—®

We previously reported on the crystal structure of 1-[2-(adenin-9-yl)ethyl]-3-carbamoyl-
pyridinium (AC2N+) chloride,® in which the adenine ring is not intramolecularly stacked onto
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Fig. 1. Chemical Structures of AC2N+ and AC3N+*
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the pyridinium ring, although it exists in a folded form. From the spectroscopic studies of
AC2N+ and related compounds,®~? however, it is obvious that an intra- or intermolecular
stacking interaction exists between the two aromatic rings. We therefore considered that
the conformation observed in the crystal is due to the effect of the crystal lattice packing
force and to the shortness of the chain connecting the adenine and pyridinium rings.

We have now carried out the conformational analysis of 1-[3-(adenin-9-yl)propyl]-3-
carbamoylpyridinium cation (AC3N*) by means of energy calculation using the PPF (parti-
tioned potential energy function) method; the propylene linkage in the AC3N+ molecule may
provide more flexibility between the adenine and pyridinium rings than the ethylene linkage
in AC2N+ (Fig. 1).

Experimental

Energy Calculation——The total energy (E) of a molecule was calculated by using the following equation:
E= Enb + Eel + EL (1)

where Epp, Ee1 and E are the nonbonded, electrostatic and torsional energies, respectively. These quantities
can be obtained by computing the following equations; all energy units are in kilocalories per mol.

Eyp = Z,(;(—Ainijﬁﬁ'*‘BiniJ“w) (2)

E. = 2<2 332.0 x @i x QJ X Rij'l x g1 3)

Eb = 25?0.5 X Vo'k X (1.0+COS Xﬁk) (4)
k=1

In Eqgs. (2)—(4), Rjjis the observed distance (in A) between atoms 7 and 7, and Aijand Bjj are the coeffi-
cients in the Lennard-Jones ‘“6—12” potential function. The values used in this work are given in Table
1.8-1)  Q; is the Coulombic charge on atom ¢, calculated by the CNDO/2 method (see Fig. 2), and ¢ is the
dielectric constant (=4.0). Vo xis the barrier potential for internal rotation about the -th torsion angle
(6x). The C-C bonds were assigned a barrier height of 2.5 kcal/mol, and the barrier height of the C-N bond
was considered to be negligible in accordance with Lakshminarayanan and Sasisekharan.®) X is the periodi-
city of the barrier (=3 for C-C bond, =6 for C-N bond).

TasLE I. Constants for the Nonbonded Potential Energy Equations:®

Ajj(keal. As.mol-1) Bijj(kcal. A2, mol-1) x 10-3

Cai Coar H Oc-o0 NNH, Nar Cai Car H Oc-=0 NNH, Nar
Cay 370 286
Car 546 874 477 740
H 128 202 47 38 71 45
Oc=0 372 552 124 369 209 470 25 145
Nnm, 365 553 135 356 125 203 285 32 145 27
Nar 525 640 143 414 412 456 352 311 28 173 166 181

a) Cay=aliphatic carbon; C,;=aromatic carbon; O¢=o=carbonyl oxygen; Nyy,=primary amine nitrogen; N,,=aromatic

nitrogen
b) The values given are for the interactions of the pairs of atoms indicated in the appropriate columns and rows.

Minimization of the energy, with the torsion angles as variable parameters, was performed using the
Powell algorithm.'® The minimization was carried out by parabola approximation with 4° intervals and no
angle was permitted to vary by more than 12° at each step. All numerical calculations were carried out
on the ACOS-900 computer at the Computation Center of Osaka University.

Procedure The atomic numbering and torsion angles of AC3N* are presented in Fig. 2. Torsion
angle x, C11-C10-N9-C8, was measured clockwise from C11 to C8 when viewed along the C10-N9 bond,
and the other torsion angles, wl, w2, w3 and 0, were also measured in the same manner.

The structural parameters were taken from the X-ray analysis of AC3N* bromide.!® Based on various
reports, the most reasonable values for the starting torsion angles were determined to be as follows: y=60°,
120°, 180°, 240°, 300°, @1=60°, 180°, 300°, w2=60°, 180°, 300°, w3=60°, 120°, 180°, 240°, 300°, 6=0°. Thus,
225 different conformations were calculated for the AC3N* molecule.
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8. 2. The Atomic Numbering, Torsion Angles and CNDO/2 Net Electronic
Charges (in Electronic Units) for AC3N+

Results and Discussion

As listed in Table II, the conformations having 180° as the starting angle of either wl
or w2 unequivocally converged to the extended form, and their energy values were in the
range of —9——12 kcal/mol. Irrespective of the starting values of the remaining torsion
angles, the conformations taking the extended form had almost the same energy values,
suggesting that these conformations are meta-stable ones.

Figure 3 shows the most energetically stable extended conformation (Fig. 3(a)) and the
observed one in the crystal structure (Fig. 3 (b)).!® The latter conformation has an energy
value of —9.39 kcal/mol, and also belongs to the metastable category.

Tasre II. The Starting and Final Torsion Angles and Their Energy Values

of the Energetically Stable Extended Conformations, along with
the Angles observed in the Crystal Structure

Starting angle (°) Final angle (°)

Energy Order

L ol o2 @3 6 1 ol w2 w3 B (kcalmol)
120 300 180 120 O 136.6 306.0 167.6 92.3 301.2 —12.38 1
240 300 180 120 0  264.6 304.2 184.2 87.9 298.5 —11.85 2
240 300 180 240 O 264.4 3053 185.1 274.9 297.0 —11.83 3
240 180 60 120 O 242.5 181.1 56.8 78.3 298.0  —11.69 4
120 180 300 120 O 102.9 168.6 296.2 121.6 302.5 —11.56 5
120 180 60 240 O  93.8 180.3 62.2 257.9 299.3  —11.23 6
240 180 300 120 O  242.8 182.0 298.0 100.2 299.8  —11.21 7

60 180 60 60 O  99.8 182.6 59.1 75.6 298.3 —11.13 8
300 180 300 300 O 262.5 180.2 301.2 287.5 296.6  —11.09 9
120 180 300 240 O 108.9 190.4 288.2 271.3 302.1  —11.01 10

95.5 188.6 178.1 97.4 321.3  —9.39 Crystal
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The most stable conformations, how-

e ot
3 ever, were the folded forms, especially
those in which the two aromatic rings are
stacked. Ten energetically stable con-
> formations out of 225 different starting
sets are listed in Table 111, together with
their starting angles and final energies.
In this table, the letters, A, A’, B and B’,
represent the stacking modes between the
(a)
(b)

adenine and pyridinium rings, and the
most stable conformations are illustrated
in Figs. 4 and 5, in which the molecules
are projected onto the adenine ring.

As is obvious from Tables IT and III,
torsion angles wl and w2 are important
for the stacked conformations as well as
the extended ones.

In Figs. 4 and 5, the pyridinium rings
are very well stacked onto the adenine
rings, and the aromatic rings are almost
parallel (their dihedral angles =5.5°—9.6°);

Fie 3 St Vi  the Most . there are some short contacts less than
5.5, Shomegrc Vi of the Mest e the normal van der Waals separation (3.4
the Conformation observed in the Crystal A).  There are four kinds of adenine-
Structure (b) pyridinium ring stacking modes (A, A’,

B and B’): these conformations have
practically the same energy values (—20——21 kcal/mol). A significant difference between
conformers A and A’ or between conformers B and B’ is the orientation of the pyridinium
ring relative to the adenine ring: conformer A or B could be related to conformer A’ or B’,
respectively, by 180° rotation around the C12-N13 bond. On the other hand, the stacking
mode in conformer A or A’ is quite similar to that in conformer B or B’: the stacking orient-
ation of adenine-pyridinium rings in the former is almost identical with that in the latter.
In the conformers A and A’, the pyridinium rings are stacked from below the adenine
rings, while in the conformers B and B’, the rings are stacked from above. These results
mean that the pyridinium ring could stack well with the upper site as well as the lower site

TaBLE III. The Starting and Final Torsion Angles and Their Energy
Values of the energetically Stable Stacked Conformations

Starting angle (°) Final angle (°) Energy Order
Y ol w2 w3 0 X wl - w2 w3 0 (keal/mol)

60 60 300 300 O 56.3 80.3 297.9 301.0 312.0 —21.29 1 A
120 300 60 240 0 115.7 297.7 78.0 235.6 306.5 —20.79 2 A
120 300 60 120 O 122.5 297.4 77.2 63.4 293.3 —20.37 3 A’
240 60 300 120 0 239.4 52.9 278.7 124.0 297.3 —20.25 4 B
300 300 60 60 0 297.3 283.0 58.7 55.6 300.8 —~20.08 5 B
300 300 60 240 0 302.9 285.1 67.3 239.6 332.1 —20.07 6 B’

60 60 300 240 O 45.1 83.0 303.2 286.2 301.4 —19.92 7 A
300 300 60 120 O 306.6 283.2 55.3 65.9  300.0 —19.89 8 B

60 60 300 120 O 56.0 76.5 297.5 125.4 305.0 ~-19.65 9 A
120 300 60 60 O 115.5 287.4 65.7 57.3  300.7 —19.63 10 A’
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Fig. 4. Stereoscopic View of the Most energeti- Fig. 5. Stereoscopic Views of the Most energeti-
cally Stable Stacked Conformations, projected cally Stable Stacked Conformations, projected
onto the Adenine Ring onto the Adenine Ring
(a) conformer A, (b) conformer A’. (a) conformer B, (b} conformer B’.

of the adenine ring; in other words, the pyridinium ring could interact with both sites of the
adenine ring with the same stacking forces.

On the other hand, the torsion angle 6 did not affect these stacked conformations to any
significant extent and their energy values were essentially unaffected by different starting
values of 6.

From the conformational analysis of AC3N* molecule, it could be considered that the
extended conformation observed in the crystal structure is mainly due to intermolecular
effects in the crystal packing. On the other hand, Johnson et al.l¥ also reported that the
dicationic form of AC3N* protonated at N1 (AH*+C3N*) takes a folded conformation in the
AH+C3N* bromide hydrobromide crystal structure, and this conformation is due to the electro-
static interaction between the N1 atom as a center of positive charge and the polarizable oxygen
atom (021). In the energy calculations of AH+C3N* having the torsional values listed in
Table II and III as its starting angles, the most energetically stable conformation was the
folded form (x=121.5°, w1=293.6°, w2=51.6°, w3=69.7° and 6=299.7°), which is more
energetically stable by 2.1 kcal/mol than the one observed in the crystal structure (see Figure 6).

This conformation is energetically unstable (energy value =-—b5.45 kcal/mol), and the
overlapping area between the adeninium and pyridinium rings is small, compared with the
stacked conformations of AC3N+*. This result could be due to the electrostatic repulsion
between the positively charged aromatic N1 and N13 atoms.

From the results of hypochromicity studies at the 260 nm band in NAD+ and model
compounds having a positive charge, Leonard ef al.% concluded that the plane-parallel confor-
mation and/or the approach of the positive charge to the adenine ring bring about hypochro-
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Fig. 6. Stereoscopic View of the Most energetically Stable AH*
C3N+ Conformation, projected onto the Adenine Ring

mism, and AC3N* exhibits hypochromism similar to that of NAD+. The insights obtained
in this work, therefore, provide important information as to the possible interaction between
the adenine and pyridinium rings of NAD+.
Conclusion

The major results of this work are as follows. (1) The stacking interaction between
adenine and pyridinium rings brings about an energetically stable conformation. (2) Four
kinds of stable conformations exist that exhibit adenine-pyridinium ring stacking. (3) The
pyridinium ring can stack equally well on either side of the adenine ring.
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