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A Theoretical Study of the Interaction of Ammonium
and Guanidinium Ions with the Phosphodiester Linkage
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The different possible modes of interaction of the ammonium cation with the
phosphate anion were explored both by the SCF ab initio method and by an
empirical procedure developed in order to mimic the SCF results. The empirical
procedure was then applied to the study of the guanidinium cation-phosphate
anion system. The preferred modes of interaction are established.
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1. Introduction

Interactions involving the phosphate group and ammonium or guanidinium cations
are ubiquitous processes in molecular biology. Most conspicuous interactions of
this type occur in the formation of complexes between basic proteins (protamines
and histones) and nucleic acids [1], polyamines and nucleic acids [2, 3], proteins
and acidic phospholipids [4], biogenic amines and bioorganic phosphate-containing
substrates (ATP, vitamin Bg phosphate, etc.) [5-8] and local anaesthetics and phos-
pholipids {9].

In this paper we present the results of a model theoretical study on fundamental
aspects (configurational, energetic and electronic) of such interactions as apparent
in the complexation of ammonium (NH ) and methylguanidinium (MGD *) cations
with the phosphodiester linkage represented by the dimethylphosphate anion
(DMP-).

2. Methods
A series of computations on cation -ligand interactions carried out within the

framework of the ab initio SCF method in the supermolecular approach have been
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presented recently from our laboratory [10-15]. While this procedure is certainly
the most reliable for this relatively delicate and complex type of problems, its
utilization becomes prohibitively expensive when the size of the interacting species
increases.

For this reason we have attempted to establish an additive empirical procedure
capable to reproduce to a fairly satisfactory degree the results of ab initio SCF
computations of intermolecular interactions. The details of this procedure are
presented elsewhere [16]. As in all additive procedures of this type [17, 18], the inter-
action energy is computed as a sum of components, each of which is evaluated
separately. Here we would only like to indicate as a distinctive feature of our treat-
ment that the computation of the electrostatic component, which brings about the
major contribution to the total energy, is taken as a sum of multipole-multipole
interactions, using the overlap multipole expansion of the exact electron density
distribution [19, 20] corresponding to the SCF wave function of the individual
molecules. The other contributions involve a polarization term computed with a
corresponding multipolar expansion of the electrostatic field, a repulsion contri-
bution and a R-° attractive term appropriately fitted [16]. (The interactions
considered in the present paper have not been used for the fitting.)

We present here the results of computations for the interactions of NH{ with
DMP- obtained both by the SCF ab initio supermolecular treatment and by our
empirical additive procedure, from the comparison of which an estimation may be
made on the reliability of the empirical methodology. The computations on the
interaction of the guanidinium ion with DMP~ have been carried out only within
this last procedure.

The geometrical input data and the basis set used for DMP - are the same as in our
previous work of Ref. [11]. For NH} we have adopted an N-H bond length of
1.05 A and an HNH valence angle of 109.5°, the basis set used being that of Ref.
[10]. The input geometry for MGD ™ is taken from crystallographic results on the
structure of MGD-PO,H; complex [21], the basis set used for the computations
of MGD™ is that of Ref. [10] (Ref. [11] for the methyl group).

3. Results and Discussion
3.1. Interaction of NH{ with DMP~
The six principal modes of interaction investigated are illustrated in Fig. 1.

In mode I, NH{ interacts symmetrically through two hydrogen atoms H; and H,
with the two anionic oxygens of DMP~, O; and O, the plane H;NH, being
coplanar with the plane O,PO;. Mode II is a somewhat distorted mode I in which
the interaction between H, and O, exceeds that between H, and O,;. Mode III
corresponds to the optimal arrangement involving a linear NHO bond in the
0,PO; plane; O; interacts then equally with H, and H,. In mode IV, NH;
interacts through one hydrogen atom (H,) with the anionic oxygen O,, and
through H,, H, and H;, with the second anionic oxygen O, in a non-linear fashion,
H, and H; being symmetrical above and below the O,;PO; plane. In mode V, NHf
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Fig. 1. Representation of the different investigated modes of interaction of NH{ with DMP-
(distances in A). SCF and (in parentheses) empirical binding energies in kcal/mole
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interacts through H, with the two anionic oxygens, so that the H,;N axis coincides
with the first bisector of the O, PO, angle. H; and H, are symmetrically above and
below the O,PO; plane. Finally, in mode VI, H; and H, interact symmetrically
with the two anionic oxygens and H; interacts with one esteric oxygen (O,). The
bonds N,N and PO, are approximately coaxial.

Two types of conclusion may be drawn from the computed interaction energies
associated with these different modes of interaction. One concerns the parallelism
between the SCF ab initio and the empirical results, the two procedures indicating
the same order of relative stabilities of the different modes of association. This
result confirms thus the reliability of the empirical procedure to mimic qualitatively
and to a large extent quantitatively the results of the SCF computations.

Concerning the association complexes themselves, the computations indicate that
the coplanar approach of H,NH, to the O,PO; plane of DMP™, as it occurs in
modes I-11I, is favored over the other approaches, the preferred arrangement
corresponding to a symmetrical interaction of H; with O, and H, with O,. Never-
theless, the remaining modes correspond to high interaction energies which do not
differ by more than 10-15% from the most efficient one. Thus, the possibility of
their occurrence in compounds with an ammonium cationic head, under the
influence of specific environmental effects, cannot be excluded.

3.2. Interaction of MGD* with DMP~

In view of the agreement between the SCF and empirical results for the NH - - -
DMP- interaction the empirical procedure was the only one applied to the study
of the large system MGD™ - . . DMP~,

Five modes of interaction have been investigated, which are illustrated in Fig. 2.

In modes I and I the interaction involves the two anionic oxygens of the phosphate,
O, and O,, the plane of MGD™* coinciding with the O,PO; plane of DMP-.
However, while in mode I the interaction involves one amino group, through H,,,
and the imino H; of MGD*, in mode II it involves the two amino groups, through
H.,, and H;,. In modes III-V the interaction involves one anionic and one ester
oxygen of DMP -, O; and O, respectively, the plane of MGD™* coinciding with the
plane O;PO, of DMP~. In mode I1I the interaction occurs between the N, amino
group of MGD* and O, of DMP~ and between the imino group of MGD* and
O; of DMP~. In mode IV this arrangement is reversed. In mode V, the interaction
involves the two amino groups of MGD*.

The results indicate that the preferred modes of association are I and II, it means
those which involve the two anionic oxygens of DMP~ and that mode I which
implies one of the amino groups and the imino group of MGD* represents the
most stable arrangement.

The computed values of the interaction energy are smaller than the values found
in the interaction NH; - - - DMP~. This is due, principally, to the large delocaliza-
tion of the net positive charge of MGD™* over its whole skeleton, which decreases
the electrostatic contribution to the interaction energy.
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The distribution of Mullikens net charges in MGD~* is shown in Fig. 3, whick
indicates also that the amount of the net positive charge on atoms H,, and H, is
greater than the corresponding amount on atoms Hj,, and H,,, a situation which
plays a decisive role in determining the preference of arrangement I over arrange-
ment II.

The energy differences between I and II and between these two configurations and
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Fig. 2.
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Fig. 2. Representation of the different
investigated modes of interaction of
MGD* with DMP- (distances in A).
\' Empirical binding energies in kcal/mole

the remaining ones are sufficiently large to indicate most probably the order of
their intrinsic preferences, but also sufficiently close to enable the different con-
figurations to be produced under appropriate environmental influences. Examples
illustrating this situation may be found in Ref. [21]. In this paper the authors
report the results of a study on the structure of the ternary staphylococcus nuclease—
thymidine diphosphate-calcium complex, in which two arginines, Arg-35 and
Arg-87, play a specific role in binding simultaneously the inhibitor through H-bonds

0.403
H3l

Fig. 3. Mulliken net charges in MGD*
(in millielectron units)
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with the 5’-phosphate group. This binding involves the modes I and V of interaction
of the guanidinium groups with the phosphate. In the same publication the authors
present also results of an X-ray crystallographic study of hydrogen bond inter-
actions between MGD* and H,PO; in (MGD) H,PO,. The mode of binding is
of type I11. In a similar crystallographic study of the interaction of two MGD* ions
with HPOZ ~ ions in (MGD),HPO,, both MGD* ions are bound to the phosphate
ions through one NH; and their NH group. The preference for the utilization by
MGD* of these two groups rather than of its two amino groups in binding
associations seems thus to be a reality.

References

1. See e.g. Hopfinger, A. J., in: Intermolecular interactions and biomolecular organization.
New York: John Wiley and Sons 1977

. Sakai, T. T., Cohen, S. S.: Progr. Nucleic Acid Res. Mol. Biol. 17, 15 (1976)

. Bolton, P. H., Kearns, D. R.: Nucleic Acid Res. 4, 1315 (1978)

. See e.g. Dufourq, J., Faucon, J. F.: Biochem. 17, 1170 (1978) and references therein

Katz, R., Yeh, H., Johnson, D. F.: Biochem. Biophys. Res. Commun. 58, 316 (1974)

Katz, R., Yeh, H., Johnson, D. F.: Mol. Pharm. 13, 615 (1978)

Weder, H. G., Wiegand, U. W.: FEBS Letters 38, 64 (1973)

. Muro, L, Morishima, 1., Yonezawa, T.: Chem. Biol. Interaction 3, 213 (1971)

. Cerbon, J.: Biochim. Biophys. Acta 290, 51 (1972)

. Pullman, A., Berthod, H., Gresh, N.: Intern. J. Quantum Chem. $10, 59 (1976)

. Pullman, B., Gresh, N., Berthod, H., Pullman, A.: Theoret. Chim. Acta (Berl.) 44, 151
1977

. Pullman, A., Pullman, B., Berthod, H.: Theoret. Chim. Acta (Berl.) 47, 175 (1978)

. Perahia, D., Pullman, A., Pullman, B.: Theoret. Chim. Acta (Berl.) 43, 207 (1977)

. Pullman, A., Armbruster, A. M.: Theoret. Chim. Acta (Berl.) 45, 249 (1977)

. Demoulin, D., Pullman, A.: Theoret. Chim. Acta (Berl.) 49, 161 (1978)

. Gresh, N., Pullman, A., Claverie, P.: Intern. J. Quantum Chem., in press

. Claverie, P., in: Intermolecular interactions: from diatomics to biopolymers. Pullman, B.
Ed., p. 69. New York: Wiley 1978

18. Clementi, E., in: Lectures notes in chemistry, vol. 2, p. 84. Berlin: Springer-Verlag 1976

19. Dreyfus, M.: Thése 3¢ cycle, Paris 1971

20. Pullman, A., Perahia, D.: Theoret. Chim. Acta (Berl.) 48, 29 (1978)

21. Cotton, F., Hazen, Jr. E., Day, V., Larsen, S., Norman, J., Wong, S., Johnson, K.: J. Am.

Chem. Soc. 95, 2367 (1973)

—

[V Sy
~NT N bW

Received November 15, 1978



