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ABSTRACT

STRUCTURE DIRECTING ALKALI
AND ALKALINE EARTH METAL IONS IN THE SOLUTION ORDERING
OF GUANOSINE MONOPHOSPHATES

By
Elene Bouhoutsos=Brown
In aqueous solution, the dianion of guanosine-5'-monophosphate

(5'-GMP2') (shown below) is known to form regular ordered structures

that are slow to exchange on the ]H HMR tine sca]e.]

The most compelling evidence for structure formation is the presence of
multiple inequivalent H(8) resonances in the limiting spectra of
dialkali metal ion salts in 020 solution near 0° C. This self-assenmbly
process is dramatically dependent on the nature of the alkali metal
counterion, which is believed to direct structure formation through a
size-selective coordination mechanism.2 Such metal ion dependent

ordering is unprecedented in other nucleotide systems. A1l work to date
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on alkali metal ion interactions with 5'-GMP has been done on pure salt
systems with a metal ion to GMPZ™ ratio of 2:1, Under these conditions,
the structure directing metal ion is present in excess. Thus, the prime
objective of this research was to examine the self-assembly phenomenon
at metal ion to GMP2' ratios between 0 and 2, since in this range
different self-structures may be formed. Such ratios require the
presence of a cation that is not a structure director by itself, and
that does not inhibit the activity of cations capable of directing self-
assenbly, Tetramethylammonium (TMA+) was found to be such an ion.
Proton NMR studies of Na+ as the structure directing ion in the
TMAZGMP system have shown that only one set of sodium self-structures is
generated, regardless of the metal ion to nucleotide ratio. In
contrast, the addition of K+ or rRb* to TMAZGMP results in two sets of
distinctly different NMR detectable self-structures, depending on the
metal ion to GMP2” ratio. At high GMP2~/M* ratio, a "simple" peak
pattern is formed. At Tow GMPZ'/M+ ratio, the self-structure formed is
that found for the homoionic KZGMP system, and has been termed a
"complex" structure. The Nat self-structures are the simplest, as well

2- complexes.

as most unique of the alkali metal ions self-assembled GMP
Studies of the structure-directing abilities of the alkali metal
ions are not inconsistent with structure arising from stacking of
tetramer units with M+ at the center of the tetramers (Na+) or at the
center of two stacked tetramer sites (K+. Rb*). However, evidence was
found for multiple equilibria resulting from the existence of more than
one type of metal ion binding site per structured nucleotide unit. The

fraction of structure present in solution as a function of GMPZ' to Na®
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ratio shows a maximum at about 1 GMPZ'/Na+. Furthermore, the addition
of Ha* to NaZGMP results in a decrease in the extent of self-assembly in
solution, suggesting the blocking of sites which are necessary for self-
assenbly. These sites are concluded to be the phosphates on adjacent
stacked tetramers which chelate the metal ion., The addition of K+, Na®
or TMAY to KZGMP results in a shift in the equilibrium concentrations of
the self-assembled structures to favor those structures present normally
only at very high KZGMP concentrations. This is a nonspecific ion
effect which is time dependent and has been attributed to a phosphate
interaction.

Although K" is a better stabilizing ion than Na+, the latter ion
was found to be the better structure director. This conclusion is based
on the observation that the addition of K to a solution containing a
high ratio of GMPZ'/Na+ results in the stabilization of the Na® self-
structure, and that the addition of Ha+ to the "simple" K+ self-
structure results in it being replaced by a Na+-type of self-structure,

On the other hand, the addition of K+ to ordered Na,GMP results in the

2
Nat structure being replaced by a K+-type structure, suggesting that
once the phosphates are blocked by excess Na+, the K+ is forced to
compete for the structure directing position,

Li* is not a structure-inert cation. Although Li* does not direct
self-association of GMPZ', Li* in solution can induce changes in the nat
and K (but not Cs+) self-structured forms of the nucleotide. This is
consistent with the phosphate being involved in structure formation,
since Li¥ would be expected to closely associate with the phosphate.

Cs+, on the other hand, can induce 5% NMR detectable self-structure
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in the limiting case. The addition of small amounts of a strong
structure directing ion such as Na+, K or Rb* to CSZGMP dramatically
increases the degree of self-structure formation. The self-assembled
units are no longer those characteristic of the strong structure-
directing cation, but are unique. Thus, Cs+ is active in structure
formation when used in conjunction with a strong structure-directing
cation,

The use of the TMA® jon enabled an investigation of the alkaline

a 2+ were found to be capable of directing self-

earth cations, Sr” and Ba
assembly, This is consistent with considerations of ionic radii applied
to the alkali metal ions for the size selective mechanism,

A survey of the structure-forming properties of five other GMP
derivatives (2'-GMP, 3'-GMP, 2',3'-cGMP, 3',5'-cGMP and 5'-dGMP) has
shown that structure formation can occur in all cases in the presence of

an appropriate structure-directing alkali or alkaline earth metal ion.
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STRUCTURE DIRECTING ALKALI
AND ALKALINE EARTH METAL IONS IN THE SOLUTION ORDERING
OF GUANOSINE MONOPHOSPHATES



INTRODUCTION

I. Staterent of General Objective

The discovery of nucleic acids in the 1890'51 opened a new,
extrenely vast and important area of research which has come to the
forefront in the last thirty years. As the building blocks of life, DNA
and RNA are the fundamental units which enable genetic information to be
transmitted and preserved. A plethora of literature exists from a wide
variety of disciplines relating to nucleic acids due to their
multifaceted involvement in vital life processes. The biological
functions of nucleic acids have been shown to often involve the
participation of netal 1'ons.2 Due to the existence of multiple
naturally occuring coordination sites, great interest has been generated
with respect to different metal ion-nucleic acid interactions. Interest
has been further spurred by the finding that Pt(II)-nucleic acid
complexes have significant antineoplastic activity.3 Several reviews of
the liturature on metal binding by nucleic acids and their constituents
have appeared over the last decade,4 but only recently have the alkali

and alkaline earth metal ijons not been overlooked comp]ete'ly.4e

3

Despite

the fact that a 70 kg healthy adult human contains 2.3 x 107 g Na® and

1.7 x 103 g K+.5 little is known about the specific interactions of
these jons with nucleic acids. Far more is known about the actions of
the less abundant transition metal ions.

In general, the role of the alkali metal ion in nucleic acid

chemistry has been relegated to one of neutralizing the negative charge
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on the phosphate groups. In contrast, Pinnavaia gj;gléé have
demonstrated the first example of the ability of alkali metal ions to
direct structure formation of a nucleotide through a size-selective
mechanism, They found that the 5'-guanosine monophosphate dianion forms
regular ordered structures in aqueous solution that are slow to exchange
on the ]H NMR time scale. This self-assembly phenomenon was found to
depend dramatically on the nature of the alkali metal ion present in
solution.

The general objective of this research was a more detailed study of
the metal ion directed self-assembly of 5'-guanosine monophosphate and a
survey of some other guanosine monophosphate derivatives. The following

sections give a brief review of guanine chemistry prior to a discussion

of the specific goals of this research.



II. Guanine and It's Derivatives

A. Guanine

i. The Bases of DNA and RNA., Guanine is one of five aromatic

nitrogenous bases that commonly occur in nucleic acids. The names,
structures and the adopted heterocyclic numbering schemes of the five
bases are shown in Figure 1. The pyrimidines are six membered rings,
with thymine (T) found only in DNA and uracil(U) found only in RNA. The
purines are pyrimidines with fused imidazole rings. Adenine (A),
guanine (G) and cytosine (C) are found in both forms of cellular
polynucleotide. A review of the literature of guanine chemistry and its
derivatives through 1968 was compiled by Shapiro.7
Guanine was first isolated from bird droppings, although it is
found throughout nature. For example, guanine crystals, which have a
shiny silver appearence, are found in the scales of most bony fish and
give rise to the lustrous appearance.8 When substituted in the 9-
position, guanine is found solely in the lactam (keto) form. Extensive
tables of pK values and ultraviolet maxima for guanine and various
derivatives have been compﬂed.7 Although guanine has been studied by x-
ray crystallography, it has a limited solution chemistry. This is
primarily attributable to the low solubility of the base in water, one
part in 200,000 at 20 °C.°

ii, Base Stacking Interactions. C.E. Bugg]0 compiled a review of

the most commonly found purine-stacking interaction in crystals of
purine derivatives and fibers of polynucleotides. He related these
findings to aqueous solution stacking patterns. There are two basic
stacking patterns, one with the imidazole moieties pointing in the same

direction as found in guanine]] and 8-azaguam’ne.]2 The other type of



Figure 1. The purine and pyrimidine parent compounds nucleosides
and nucleotides. v denotes a point of ribose
attachment. ‘ denotes points of possible phosphate
attachment.
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stacking involves the bases being rotated about 180° with respect to
each other, thus the imidazoles of adjacent bases point in opposite
directions, although N(9) in both bases is found on the same side. He
concluded that purine-stacking patterns involve overlapping the polar
regions (carbon-hetroatom bonds) of one base with the polarizable ring
system of an adjacent base. Bugg concluded that although purine
derivatives]3 are known to stack vertically in aqueous solution, and to
a far lesser extent in nonaquous solvents, stacking is not entirely the
result of hydrophobic solvent effects, although they are usually deemed

14 that polarizable

responsible for base stacking. He agreed with Hanlon
solvents which posses polar substituents, like dimethyl sulphoxide,
interact with the polarizable n-electron systems of the purines to
account for the absence of stacking interactions,

15 have done theoretical calculations of base-

Gupta and Sasisekharan
base stacking interactions in the free base systems. They stated that
in the guanine system, minimum energies are encountered for what they
define as normal stacking (where the six membered ring of the one base
is generally located over the five membered ring of the other and the
upper and lower N(9) positions can be superimposed by performing a C2
rotation perpendicular to the plane of the base on the upper guanine
unit) and inverted stacking (where the six membered ring is still over
the five membered ring, but the N(9) positions are superimposable only
by a C2 rotation about the C(4)-C(5) double bond of the upper guanine
unit). Furthermore, they concluded that the highest geometric overlap
between the bases does not necessarily give the most stable stacking

pattern. The best base orientations were derived from consideration of

monopole-monopole interactions and monopole-induced dipole interactions



8
in conjunction with the London-dispersion interaction and repulsive
interaction, They felt that H-bonding plays an important role and
compenstated for stacking patterns that appear unfavorable or could have
an additive efect.

B. Guanosine, Nucleosides are purine or pyrimidine bases linked

to a D-ribose or D-deoxyribose sugar as the R group in the structures
shown in Figure 1. The glycoside linkage involves a bond between either
N(1) in a pyrimidine or N(9) in a purine and C(1') of the nonpolar
furanose sugar ring., A1l naturally occuring nucleosides exist as the 8-
epimer; the a-form has never been observed to date. A detailed
discussion of the ribose moiety will be presented later. The
nucleosides exhibit a higher solubility than do their parent compounds.
Of all the nucleic acid components, guanosine has the most complex

structure, with the widest variety of possible hydrogen-bonding

16

interactions. Gusch]bauer]7 noted that physio-chemical properties of

the guanosine-containing region of nucleic acids frequently are
different from the rest of the molecule. Intercalating dyes often

) . . . . 18 .
prefer guanosine rich regions. For example, actinomycin = or ethidium

19

bromide ” are known to bind to guanosine residues preferentially.

Platinum anticancer drugs.20 specifically gig;(NH3)2PtC12. have been
shown to selectively associate with guanosine nucleotides as well as
guanosine rich regions in DNA. The uniqueness of guanosine has been

attributed to the multiple degrees of freedom about the glycosidic

d.2]’22

bon the different electronic structures of guanine resulting in a

completely different orientation of the dipole moment compared to other

23 16,24

bases,”™ as well as multiple protonation sites.

25 26

Guanosine has been studied in aqueous™™ and nonaqueous” solution
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as well as in the solid state. A crystal structure of guanosine27

indicates that the purines are stacked in parallel columns, with 3.3 R
between successive purine rings within the stacks. Adjacent bases are
hydrogen bonded through the N(1)-N(7) and the N(2)-0(6) positions. Base-
base interactions are also present in aqueous solution, ScheHman28 has
used thermal osmometry and equilibrium sedimentation techniques to find
an association constant of 10-12 mola]'] and a standard free energy
change of -1500 cal for deoxyguanosine self-association in aqueous
solution,

C. Guanosine Monophosphates

i. Acyclic Mononucleotides, MNucleotides are composed of

nucleosides plus a monophosphate residue (only the monophosphates will
be discussed here, although di-, tri-, etc., phosphates exist) attached
to the five membered sugar ring through a phosphate ester linkage. The
phosphate group may be bound to the 2'-, 3'- or 5'-positions. All the
mononucleotides are strong acids with two dissociable protons on the
phosphoric acid group having pKa values of about 1.0 and 6.2, At
neutral pH, the free nucleotide therefore exists primarily as the

29 and the

dianion. The 5'-isomer is the most abundant in the cell,
protonated form of 5'-guanosine monophosphate is commonly refered to as
guanylic acid. A crystal structure of guanylic acid has shown the
guanine bond lengths and angles to be very close to those of guanine
bases and their derivatives.30 The existence of the lactam form is
verified, with the C(2)-N(2) bond showing a considerable amount of
double bond character. The perpendicular distance between two parallel

guanine bases was found to be 3.09 A. There was no discussion of

hydrogen bonding between bases.
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ii., Cyclic Mononucleotides. The single phosphate residue may also

be joined to the 3'- and 5'-positions or the 2'- and 3'-positions,
generating the cyclic nucleotides. 3',5'-Cyclic GMP is a biologically

very prevalent molecule. The natural occurence of cyclic GMP was first

31

noted by Ashman and coworkers, Since then, cyclic GMP has been

detected in all phyla of the animal kingdom. The absolute level of

cyclic GMP varies from tissue to tissue, over the range 10"8 to 10'6

moles/Kg. A review of cyclic GMP chemistry through 1973 has been

32

compiled by Goldberg, 0'Dea and Haddox, Cyclic GMP has been

associated with calcium ion activity in organelles, and it is believed
to play a role in immunocytochemistry.33 It is suggested that due to
the large amount of cyclic GMP in nuclear elements, it may be binding to
a receptor protein involved in the control of transcription or DNA
synthesis, Experiments with EDTA have suggested that the calcium ion

34

can influence the binding of the nucleotide to its receptor. The

interaction of calcium metabolism with cyclic GMP has been investigated

35

in a biological context; however, actual coordination was not

addressed. Cyclic GMP has also been associated with differences in the
metabolism of a normal and proliferating epidermis.36 the action of
opiates.37 regulation of the cellular metabolism or function of retinal

33b,38 39

photoreceptor cells, the action of antipsychotic drugs,”  water

40 the central nervous system,4] and

and membrane ion transport,
anaphylactic reactions42 to name a few. Thus, cyclic 3',5'-GMP is
associated with an ever increasing number of physiological processes,
many of which are related to or directly invoke alkali or alkaline earth

metal ijons.
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iii. Complementary Hydrogen Bonding and Self Association.

Mononucleotides, as well as the parent bases and nucleosides, are
capable of undergoing hydrogen bonding with its complementary base-pair

as defined by Watson and Crick.43

Hydrogen bonds are the result of an
associative interaction between a hydrogen-bearing atom (the donor atom)
and an electronegative atom (the acceptor atom) and have a binding
energy of a few kilocalories per mole. This highly specific base
pairing has been studied for nucleosides in non-aqueous solvents by
infrared Spectroscopy.44 Evidence for complementary base hydrogen
bonding has also come from crystal structure determination45 and aqueous

26

proton NMR solution studies. Hydrogen bonded amino protons are

shifted downfield from the monomer position in aqueous solution as
detected by ]H NMR.

Guanylic acid and its derivatives are known to be capable of
hydrogen bonding to themselves, resulting in some rather unique

properties. In 1910, Ban946

reported the formation of gels in
concentrated, acidic guanylic acid solutions. This phenomenon, which
occurs for guanosine and its analogues as well as for 5'-GMP, 3'-GMP and
5'-dGMP between pH 2-5, has been investigated by infrared

spectroscopy,47 optical rotatory dispersion (ORD).48 raman,49

51 Based on these data, 5'-

calorimetry,”? and x-ray fiber diffraction.
GMP at acid pH has been proposed to form a continuous helix with 15
nucleotide units in four turns, 3'-GMP at acid pH is proposed to form
planar tetramer units, as shown in Figure 2, arranged in a stacked
helical array. In both structures, the guanine bases form two hydrogen

bonds per nucleotide unit. This self-association involves the N(1) and

N(2) positions as proton donors and the 0(6) and N(7) positions as



Figure 2.

12

The planar tetramer unit showing hydrogen bonding
between N(1) and 0(6) as well as N(2) and N(7) by
dashed lines. R represents the ribophosphate group.
Note the cavity formed in the center of the tetramer
by the 0(6) positions.
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proton acceptors.

In 1972, Miles and Frazier52 reported I.R. evidence for a regular,
ordered structure of 5'-GMP in neutral solution (pH about 8). This
structuring was distinguished from that found in acidic 5'-GMP solutions
by the lack of gel formation and by different I.R. properties. The
dianion also showed a more cooperative melting profile with a lower Tm
than the monoanionic gels., Based on the marked similarities between the
I.R. spectra of 3'-GMP in acid solution and 5'=-GMP in neutral solution,
they were postulated to have the same stacked planar tetramer unit
structure.

D. Polynucleotides. Mononucleotide units can be joined by

phosphoric acid bridges to create nucleotide chains of varying length.
The bridging phosphodiester linkage usually joins the 5'-hydroxyl of one
nucleotide sugar to the 3'-hydroxyl of the following pentose moiety. A
shorthand notation to indicate base sequence is commonly used where p
designates the phosphate group. When p appears to the left of the base
it designates a phosphodiester link to the 5'-position; a p to the
right of the base designates a linkage through the 3'-position. A d
before the base indicates that the sugar is the 2-deoxy-D-ribose. DNA
and the three different forms of RHA (messenger RNA, transfer RNA and
ribosomal RNA) are linear polymers of mononucleotide units. Thus,
nucleic acids are composed of a covalently bonded chain of alternating
pentose and phosphoric acid groups, with the purine or pyrimidine bases
representing side chains attached to the pentose. These side chains can
all be the same heterocyclic base, guanine for example. Such a molecule

is known as poly(G).



15

III. Conformational Studies

A. Definition. A great deal of interest has been expressed in

both theoretica153 and experimental aspects of the stereochemistry of
nucleoside and nucleotide units. There are almost an infinite number of
ways the ribose can be oriented with respect to the base, a large
variety in the possible relative spatial arrangement of the 5 atoms in
the sugar ring, and various angles of attachment between the ribose and
the phosphate. Donohue and Trueb]ood54 found that essentially two
preferred conformations exist about the glycoside bond of purine
nucleosides and nucleotides. Rotation about this bond is defined in

35 the angle defined by 0(1)'=C(1)'-N(9)-C(8) as shown in

terms of ¥,
Figure 3. These two common conformations have been termed §1£_(Where
the N(9)-C(4) bond is projected onto or near the sugar ring) and anti
(where the N(9)-C(8) bond is projected onto or near the sugar ring).

Different conformations in the sugar ring arise from rotation about
the 01'-C1', C1'-C2', C2'-C3', C3'-C4' and C4'-01"' bonds and are

referred to by Sundaralingam as Tgs Ty0 T 55

56

PORE and T respectively.

Although Arnott™" has used a different designation for torsion angles,
Sundaralingam's conventions will be used for all conformatons. The
sugar ring is considered to fall into one of four main classes as shown
in Figure 4: (3'-endo, C2'-endo, C3'-exo or C2'-exo puckers.55 This
nomenclature refers to the position of the designated atom with respect
to C5'., If C5' is on the same side as the designated atom with respect
to the other 4 (presumably close to planar) atoms of the ribose ring,
the conformation is termed endo. If the designated atom is displaced

toward the opposite side, it is termed exo. Another nomenclature to

describe this phenomenon is the envelope (E) or twist (T) form.57 Twist
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Figure 3. Newman projections showing the preferred nucleotide
conformations and their nomenclature.
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Figure 4.
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Four preferred conformations for the nucleotides:
(a) C(3')-endo, anti, gg; (b) C(2')-endo, anti, gg;
(c) C(3')-exo, anti, gg; (d) C(2')-exo, anti, gg.
Taken from reference 55,

IsY)
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nomenclature assumes two atoms show a maximum pucker, and these two
atoms are once again referenced to C5'. The number preceeding the T
refers to the atom that shows major puckering, and the number followig
the letter denotes secondary puckering. A superscript denotes endo,
whereas a subscript denotes exo. Envelope nomenclature assumes
displacement of only one atom from the ring plane, where the same
subscript and superscript conventions apply as in the twist system.
Still another nomenclature to describe ring pucker involving the concept

58

of pseudorotation was developed by Kilpatrick™ and refined by Altona

and Sundara]ingam.59

Here, each conformation is defined by the phase
angle of pseudorotation, P, and the degree of pucker, Ty Knowing the
torsion angles, t as defined by Sundarah’ngam.55 P can be calculated as

follows:

tan P = [(T4 + T]) - (T3 + To)]

(1)

212(sin 36 + sin 72)

For negative values of Tos 180 ° is added to the calculated value for P
from equation (1). A standard conformation is chosen for P=0 ° which
corresponds to a maximum positive value for Toe Figure 5 shows the
relationship between the various nomenclatures.

In 5'-nucleotides, the conformation about the exocyclic C4'-C5'
bond is defined by the orientation of the C5'-05' bond with respect to
the C4'-01' and C4'-C3' bonds as shown in Figure 3, and is defined as

55

the angle v. The orientation of the phosphate with respect to C4' is

55

defined as the angle ¢, ~ also shown in Figure 3.

B. Syn vs, Anti Conformations., Based on crystal structure

determination, it is generally believed that the anti conformer is more

stable than the syn conformer (Table 1). Nuclear Overhauser studies in



Figure 5.
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The pseudo rotation circle shows the relationship
between the phase angle of pseudo rotation P and the
10 envelope CS and 10 symmetric twist C2 conformations
of the furanose ring. The pseudo mirror symmetry in
the envelope conformations is indicated by the dashed
lines and the pseudo twofold axis in the symmetric
twist conformations is shown by the arrows. The signs
of the torsional angles of the sugar ring are
indicated within the furanose ring. The preferred
regions for the P values are 0-18 and 144-180 and they
are generally referred to as C(3')-endo and C(2')-endo
puckerings. Taken from reference 57.
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Table 1. Molecular Conformation of Some Nucleotides2

23

P
v X v
1. 5'-AMP.H.0 C(3')-endo (11.3°) anti (25°) gt
2. 5'-ATP.Nap.4Hz0  C3')-endo (13.4°) anti (69°) g'
(molecule 1)

3. 5'-GMP-3H,0 C(3')-endo (8.0°) anti (12°)  g'

4. 5'-TMP.Ca-6H,0  C(3')-endo (25.2°) anti (44°)  g'

5. 5'-IMP.Ni-7H,0  C(3')-endo anti (34°) g

6. 5'-GMP.Ni C(3')-endo anti gt

7. 5'-ADP.Rb.4H,0  C(2')-endo (163.8°)  anti (38°) ¥

8. 5'-ATP.Nap-4H,0  C(2')-endo (155.6°)  anti (39°) ¢

(molecule 2)

9. 5'-IMP.Na-8H,0  C(2')-endo (166.8°)  anti (41°) g
10, 5'-IMP.Na, C(2')-endo (162.8°)  anti (43°) g
1. 5'-IMP.Ba C(2') endo (158.9°)  anti (46°) g

(molecule 1)
12. (molecule 2) C(2')-endo (152.5°)  anti (34°)  g'
13. 5'-UMP.Ba.7H,0  C(2')-endo (170.2°)  anti (43°) g
14, 5'-dCMP-H,0 C(1')-endo (213.6°)  anti (-6°) g
15. 5'-CMP.Ba8H,0 C(1')-endo (152.4°)  anti (40°) g'
(molecule 1§
16. (molecule 2) C(1')-endo (148.2°)  anti (47°) g
17. 5'-dAMP.6H,0-Na  C(1')-endo (149.4°)  anti (63°) ¢
18. 5'-dGMP C(1')-endo (83.6°) anti (54°) t
19. 5'-6aza UMPg C(3')-endo anti (84.5°) t

ETaken from reference 99
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)60

aqueous dimethylsulfoxide (DMSO have shown than guanosine exists in a

ratio of 46:54 syn to anti, 2',3'-Isopropylidene guanosine was shown to
exist as 80% syn conformer, Circular dichroism (CD) has been used to

investigate the conformation of guanine derivatives.6]

The CD spectrum
was observed to invert on protonation of the base and this was

interpreted as a change from anti to syn conformation. Independent ]H
63

NMR studies by P.0.P. Ts'O and coworkers62 and Danyluk and Hruska,
concluded that all 5'-nucleotides in aqueous solution must be in an anti

64 and

conformation. Using Nuclear Overhauser techniques, Guschlbauer
coworkers found that at neutral pH at low concentration (0.025 M), the
concept of a rigid molecule cannot explain the enhancements observed.
Thus, they concluded that the molecule is flexible. They also concluded
that at neutral pH, the relative time spent as the syn conformer vs the
anti conformer is 1,7 for 2'-GMP, 2.6 for 3'-GMP and 1.1 for 5'-GMP;
whereas under acid conditions, pH=1, the portion of the time spent as
the syn conformer relative to the anti conformer is 4.0 for 2'-GMP, 3.5
for 3'-GMP and 1.0 for 5'-GMP, Independent investigations by other

researchers have shown general agreement with these r‘esu]ts.ﬁs's7

55 21

Independently, Sundaralingam™  as well as Haschemeyer and Rich

have correlated the reaiationship between x and the mode of sugar ring

68 on substituted

puckering., A recent ]H NMR study by Jordan and Niv
adenosine and guanosine nucleoside solutions has shown that although the
ribose conformations remained about the same in all C(8)-amino
nucleosides, the dimethylamino compound was fixed in the syn
conformation whereas the amino and monomethylamino substrates were anti.

Thus, they concluded that no direct interaction between ribose pucker

and glycosyl conformation exists. Correlating theoretical chemical
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shift calculations with literature experiments, Giessner-Piettre and

69

Pullman~~ have concluded that C(8) substituted purines favor

conformations with 240 ° < 60 °.

< XCN
C. Ribose Conformation. Crystal structure determinations have

shown either the 2'- or 3'-endo to be the favored conformation in
ribonucleotides and nucleosides, whereas the 1'-endo appears to be a
contender with the deoxyribonucleotides (Table 1). In solution, an

65,70,71

equilibrium is assumed to exist between two extremes, the

conformations [C2'-endo, C3'-exo] and [C3'-endo, C2'-exo], the
contributions of which can be determined from coupling constants. ]H
NMR studies have shown that deoxynucleosides favor the same conformation
as do nucleotides, the [C2'-endo, C3'-exo].72 Davies and Danyluk70 have
shown that for ribonucleotides, a [C2'-endo, C3'-ex0] conformation is
favored 70:30 over a [C3'-endo, C2'-exo] conformation. The ratio for

d7] the

the ribonucleotide systems was found to be 60:40. They also foun
[C2'-endo, C3'-ex0] conformer to be favored in the case of 2'- and 3'-
nucleotides. Gusch]bauer65 generally agreed, noting an increase in [C3'-
endo, C2-exo] conformation on decreasing pH for 5'-GMP, 3'-GMP and 2'-

GMP, Dobson66

and coworkers concluded 30% [C3'-endo, C2'-exo0] exist for
both 5'-GMP and 5'-dGMP at neutral pH, whereas at pH=2 the 5'-GMP system
shows 57% [C3'-endo, C2'-exo].

D. The C(4')-C(5') and C(5')-0(5') Conformations. General
60,63,65,73

agreement between different solution studies and in
conjunction with x-ray studies indicate the gauche-gauche conformer is
favored for both bonds.

E. Cyclic Nucleotide Conformations. The conformation of cyclic

3',5'-GMP has been studied in the solid state by x-ray
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]3C NMR75 and by theoretical

crysta]]ography.74 and in solution by
ca]cu1at1’ons.76 There is good agreement between the different studies.
The base exists in a syn conformation with respect to the sugar ring,
with the ribose forced into a [C4'-exo, C3'-exo] conformation due to the
cyclized phosphate group. The phosphate ring is locked in a chair
conformation, being puckered at the C3'-C4' bond and flattened at the
phosphate end,

13

The conformation of 2',3'-cyclic GMP has been studied by "“C NMR

]H NMR.77 Based on ]H-]H and ]H-3]P coupling constants, guanosine

and
shows no conformational preference for any of the principle conformers.
The conformation about the 5'-CH20H was found to be mainly gauche-gauche
(47%), but with an appreciable amount of gauche-trans (34%) for the

sodium salt. The pyridinium salt shows a more even distribution between

the two rotamers, 48. and 47%, respectively.



27

IV. The Interaction of Metal Jlons with Guanine and Its Derivatives

The multiple bonding possibilities, solvation, hydrogen bonding and
stacking capabilities of nucleic acid derivatives make them unique
ligands to study with a variety of metal ijons. ' Reflecting this, the
literature shows a large number of techniques have been used to
investigate the effects of metal ions on nucleic acids and thier
components. Both solution techniques and x-ray crystallography have
been applied to help identify the species formed.

A number of different potential sites exist for bonding of metal

% 1he N(7) position is

jons in guanine and its derivatives.
unprotonated at neutral pH, and has a lone pair which is available for
donation to a metal makes this a favored binding position for many
transition metal ions. The N(1) site is protonated at neutral pH;
however, bonding can be so favored as to lower the effective pKa' The
deprotonated nitrogens are very strong binding sites. The NH2 site is
not available for bonding normally, since the lone pair is delocalized
into the n-ring system. Thus, bonding must be preceeded by
deprotonation., N(3) shows no evidence for binding, probably due to
steric considerations. Evidence for monodentate binding to 0(6) is
ambiguous. N(7)-0(6) chelation or N(1)-0(6) chelation has been
proposed, although no strong evidence exists. Other possible modes of
chelation involve N(ring)-0(sugar), O(ribose)-O(ribose), O(ribose)-
0(phosphate), N{exocyclic)-0(phosphate), N(ring)-0(phosphate) and
O(phosphate)-0(phosphate). X-ray crystatallographic results have been

used to help interpret solution studies and thus will be considered

first.
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A. X-Ray Structure Determination

i. Transition Metal Ions. In neutral guanine, N(1) and N(9) are

protonated”a in the solid state. Ionization leads to deprotonation at
the N(1) position resulting in the am’on.7 The cation is formed by
adding a proton at N(7)78 leaving only N(3) unprotonated. The complex
bis(9-methylguanine)triaquocopper(II) sulfate trihydrate [Cu(9-
MeG)2(0H2)3]SO4'3H20,79 contains two neutral 9-methylguanine ligands
coordinated to the copper through N(7). 0(6) of both purine ligands act
as hydrogen bond acceptors forming hydrogen bonds to the same
coordinated water molecule. HN(1) and N(2) of one purine act as hydrogen
bond donors when they form a hydrogen bond with a sulfate anion. In the
complex dichloro(aquo)(9-ethylguanine)zinc(II), N(7) coordination is
also observed.4e Two cationic complexes of guanine have been
investigated and both exhibit coordination through the N(9) position.
In trichloroguaninium zinc(II), the nitrogen atoms N(1), N(3) and N(7)
are all protonated in order to allow for coordination at N(9).80 The
dimeric complex di-u-chloro-bis[dichloroguaninium copper(II)] dihydrate
contains a Cu-N(9) bond length of 1.98 R.B]
Relatively few crystal structures are available for guanosine
complexes. The crystal structure of [Pt(en)(guanosine)2]2+ indicates
coordination of the Pt(II) with the N(7) atoms of the two guanosine
ligands. The Pt-N bond length is found to be 1.97 A.82
Although far more crystal structure determinations are available
for metal ion nucleotide systems, most of those involving transition
metal ions have the same general form. Nickel (II),83 cobalt (11).84
)86

manganese (II)85 and cadmium (II exhibit octahedral coordination with

five water molecules and N(7) of the 5'-guanosine monophosphate. One of



29
the water molecules is also involved in an intramolecular hydrogen bond
with 0(6), while two other waters are hydrogen bonded to phosphate
oxygens., A different type of structure was found for a 1:1 complex of

Cu(11) and 5'-gMp.87

The compound is polymeric with a spiralling
sequence, (-Cu-phosphate-sugar-base-)w’ where the turns are crosslinked
by additional copper-phosphate oxygen bonds as well as by hydrogen
bonding betwen coordinated water molecules and phosphate oxygens. There
are three independent square pyramidal Cu atoms, each bound to N(7) of
the GMP, but with varying numbers of H20 and phosphate oxygens in the
other coordination sites.

A surmary of transition metal ion coordination to guanine and its
derivatives as well as other purines is given in Table 2, A number of
reviews describe the interactions of metal ions with nucleic acids;
however, frequently no mention is made of alkali or alkaline earth
2,4

coordination.

ii. Alkali and Alkaline Earth Metal Ions., The crystal structure

of the disodium salt of deoxyguanosine-5'-phosphate has been solved

independently by two different groups.88

There are two types of sodium
coordination. One sodium has an octahedral coordination geometry
involving four water molecules, the 0(3') of one dGMP and the 0(6) of
another, The other sodium is five coordinate, showing a distorted
square-pyramidal geometry. The second sodium is coordinated to two
phosphate oxygens, a water, and the other two coordination sites are the
same 0(6) and water found in the coordination sphere of the first
sodium. Thus, the two sodium coordination polyhedra share a common edge

as shown in Figure 6.

A crystal structure shows that the sodium salt of 3',5'-cyclic
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Table 2. Crystallographically Determined Geometries of Metal-

Nucleoside and Metal-Nucleotide Complexesd

Complex Coordination Site (s) M-L, A
[Cu(glygly)(Cyd)] N(3) 2.01
0(2) 2.74
[Cu(ONO) (acac)(dAd0) ] N(7) 1.99
[Pt(en)(6u0), " N(7) 1.967(15)
[Co(5'-IMP) (OH,), ] N(7) 2.162
(i (5'-IMP) (OH,) ] N(7) 2.105
Mn(5"-1mp) (OH,) ] N(7)
[Ni (5'-GMP) (OH,) ;] N(7) 2.12
[Co(5'-GHP) (OH,) ] N(7)
[Mn(5*-GMP) (OH,) ] N(7)
[Cd(5'-GMP(OH,) ] N(7) 2.37
[Ni (5'-AMP(OH,) ;] N(7) 2.08
[Cu(5'-GMP) (OH,,) ] gég; 2.22
[Zn(S'-IMP(OHZ)n] N(7)
00,
[Cd,(5'~IMP) 5(OH,) ] gég;
[Cd(5'-CMP) (OH,) ] N(3) 2.36
00, 2.24
[Co(5'-CMP) (0H,)] N(3) 1.96
0PO 1.95
[PL(NH,),(5'-IMP), 1% N(7) 2.02

gTaken from reference 4f
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Figure 6. The sodium ijon environments in 5'-Na2dGHP. Taken from
reference 88,
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guanosine monophosphate74 shows only one type of sodium. In this
structure, the sodium is not directly attached to the base or the
phosphate oxygens, but is coordinated to six water molecules. Adjacent
sodium octahedra share edges to form an infinite column Thus, the
crystal packing consists of alternating layers of stacked nucleotides
with the interstitial holes filled by the sodium-water octahedra. The
structure of the free acid of 3',5'-cyclic GMP is quite similar to that
of the sodium salt, the most noteworthy point being that the compound
exists as a zwitterion in the solid state, with N(7) of the base
protonated,

The crystal structures of two GpC dinucleotide units have been

89 90

solved, one as the disodium salt”” and the other as the calcium salt”™”,
and the structures are shown in Figure 7. In the sodium case, the
cations exhibit face-sharing octahedral coordination, involving four
waters and two phosphate oxygens from different dinucleotide segments.
The sodium cations serve to bridge the GpC fragments and organize them
into sheets within the crystal. The Ca2+ also shows octahedral
coordination, with the ca’ bridging phosphate oxygens from different
dimers. Table 3 shows a summary of alkali and alkaline earth metal ijon
coordination in several nucleotide and dinucleotide systems.

B. Nucleoside-Metal Ion Interactions In DMSQO. Wang and L192

investigated the interactions of ZnCl2 with guanosine in DMSO solution.
They concluded that although the solvent allows greater nucleoside

26 the base-stacking

solubility and the observation of NH resonances,
interactions are diminished in comparison to water. A similar study
using HgC]2 was reported by Kan and Li.93 The interactions of HgC]2 and

CH3HgC194 with 6-thioguanosine and 8-thioguanosine were examined by
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Figure 7. (A) The calcium ion environments in GpC. Taken from
reference 90, (B) The sodium ion environments in GpC.
Taken from reference 89.
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Table 3. Alkali and Alkaline Earth Nucleotide and Dinucleotide
Coordination.
Complex Coordination M-L R Reference
Site(s)
Na urate 0(6) 2.53 88d
0(8) 2.35
0(2) 2.38
[Na2(5‘ATP)(H20)3] N(7) 2.69 to 2.90 88e
OPO3
[Ba(S'UMP)(HZO)B] 0(2') 2.80 88f
0(3') 2.90
0(2) 2.78
pdTpdT-Na 0(2) 2.54 88g
0(2) 2.41
OPO3 bridge 2.46
ApU-Na2 0(2) 2.37 88h, i
0(2) 2.34
GpC-Na2 OPO3 89, 88j
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proton and 13

C NMR in DMSO. The 6-thio derivative showed the largest
shifts resulting in the postulation of an N(7) mercury complex.
Although the interaction of transition metal ions with nucleosides
was expected, the interaction found between alkali and alkaline earth
metal ions was not. Jordan and McFarquhar95 observed downfield shifts
of about 1 ppm for the NHH(1) and NH, proton resonances when CaCl2 was

added to DMSO solutions of guanosine., MgCl,, however, did not induce

20
the same shifts. Shimokawa and coworkersg6 studied the influence of

HgClz. CdC1,, ZnCl,, BaCl,, SrCl CaC]2 and MgCl, on the PMR spectra of

2° 2° 2°
guanosine in DMSO. They concluded that the alkaline earth cations
formed more stable complexes than the transition metal ions. Chang and

Marzi11i%’

found that the spectral changes caused by the alkaline earth
chlorides were not induced by alkaline earth nitrates. They also found
that tetraethylammonium chloride induced large spectral shifts, Thus
they concluded that the chloride was responsible for the shifts, not the
cation, Sohma98 and coworkers have concluded that both the cation and
anion must be considered in interactons between metal salts and
nucleosides, Similar discrepancies exist in the study of alkali and
alkaline earth cations with cytidine in DMSO.93

C. Guanosine Metal Ion Interactions in H,0. Gushlbauer and
100

coworkers noted that addition of alkali or alkaline earth metal ions
to a guanosine solution in water resulted in gel formation which could
be monitored by hypochromic effects in the absorption spectra. They
noted that a minimal electrolyte concentration (between 0.010 and 0,016
M salt) was necessary for gel formation. They further concluded that

the nature of the cation as well as the ijonic strength influenced the

formation and thermal stability of the aggregate, whereas anions had
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only a minor effect. Potassium salts gave stable gels, whereas sodium
salts caused gelation followed by precipitation of the guanosine. Gel
formation was also dependent on a minimum nucleoside concentration
(about 0,002 M for guanosine). The results of a survey of various
guanosine derivatives indicate the importance of the 5' OH on gel
formation., They suggest a possible hydrogen bonding interaction between
the 5' OH of guanosine units in one tetramer, with the NH2 groups of
guanosine units of upper or lower tetramers, thus acting as vertical

51d

connectors, The 2' OH of one guanosine tetramer has been proposed to

hydrogen bond to a 5'-0 two levels above.

Double Togarithmic p]ots]O]

of hypochromicity vs. concentration for
a number of guanine nucleotides have consistently shown graphs with
lines of 3 different slopes. The linear regions have been assigned to
monomer, tetramer, octamer and finally polymer formation,

A recent Raman study102

of guanosine monomers, gels and polymers
assigned bands based on the idea that there are three kinds of
interactions which stabilize a structure: horizontal (base-base
hydrogen bonds), vertical (base-sugar hydrogen bonds) and stacking
interactions between superimposed heterocycles. They concluded that
over the concentration range 0.01 - 0.015 M guanosine, the tetramers are
all stacked as octamers and are beginning to polymerize. Infrared
studies indicate that two different forms can exist for guanine
nucleosides in the solid state, a helical tetrameric form and a
"crystalline form".47c
Of the guanosine derivatives which have been studied, 8-

bromoguanosine and N(2)-methylguanosine are the most interesting. 8-

Bromoguanosine is in the syn conformation and is able to form a
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ge].S]b’d The gel is postulated to be composed of head to tail stacked

tetramers in the same manner proposed for guanosine (all the sugars are
oriented in the same direction and therefore the directional hydrogen

51d 103

bonding is the same betwen tetrameric plates). A study of Tm as a

function of cation and anion showed I~ to be the most stabilizing halide
anion, and SCN~ to be the most stabilizing anion studied. B4072-
prevented gel formation. Approximately a 10 °C difference in T, was

observed between the various anions. The cations had a more pronounced

2+

effect, Sr” showed the largest effect, K* showed the largest

monovalent cation effect, and Mn2+ showed the largest transition metal

2+ 2+

ion effect (Cd were also investigated). T _ values changed

and Zn m

over approximately a 30 °C temperature range, indicating that the cation
effect is predominant. Although Guschlbauer could not explain the
cation dependence of gel formation, a similar dependence was observed by
Pinnavaia et, a1.6 in 5'-GMP neutral solutions, which involves a size
selective complexation mechanism in solution ordering. The stabilizing
effect of the transition metal ions is somewhat curious in light of
their known binding site. The association of the nucleosides to form
gels must be greater than the metal jon-N(7) binding constant, otherwise
gel formation would be inhibited by blocking a hydrogen bonding site.
If the tetramer association constant is greater, then a size selective
mechanism similar to the group I and II cations operates for transition
metal ions.

N(2)-methylguanosine forms the most stable gel of the guanosine

derivatives studied.lO]

This strongly suggests the absence of hydrogen
bonding to the H of the NH2 not involved in tetrameric hydrogen bonding.

Guschelbauer concludes that the amino group must be involved in gel
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formation. He postulates that the increased electronegativity of the
nitrogen of the amino group with the added methyl should make it a
better hydrogen bond acceptor, and postulates a hydrogen bond formed
with a 5' OH group of the upper or lower tetramer layer. A comparison

of the crystal structures of guanosine27 104

and N(2)-methylguanosine
shows very simnilar bond lengths for the C(2)-N(2) bond, 1.338 or 1.347 R
and 1,329 K. respectively. The bond lengths indicate that a large
degree of double bond character is present in the C(2)-N(2) bond,
indicating the lone pair exists in a p orbital. Thus, the lone pair is
not available for H-bonding, and Guschlbauer's explanation is somewhat

suspect.

D. 5'-GMP Alkali Metal Ion Interactions in Water. The dianion of

GMP has been reported to form regular ordered structures in aqueous

T HMR time scale.'0® The

solution that are slow to exchange on the
most compelling evidence for structure formation is provided by the
presence of multiple inequivalent H(8) resonances in the limiting
spectra of dialkali metal ion salts in 020 solution near 0 °C. This
self assembly process is dramatically dependent on the nature of the
alkali metal ion which is believed to direct structure through a size-
selective coordination mechanism, The large chemical shift differences
for the H(8) protons and the appearance of nonequivalent amino proton
lines indicate that both base stacking and hydrogen bonding are
important in the self-structuring process. Based on these observations
and consideration of infrared frequency shifts in the carbonyl
stretching region, it was concluded that structure formation arises from

limited stacking of planar tetramer units formed by hydrogen bonding

between positions N(1) and N(2) as donors and 0(6) and H(7) as
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acceptors.

In dilute solution (about 0.02 M) all salts exhibit a single sharp
H(8) resonance near 8.17 ppm downfield from TSP(sodium 3-
trimethy]si]y]prOprionate—2,2,3,3—d4), characteristic of unassociated 5'-
GMP.6 LiZGMP and TMAZGMP (TMA= tetramethylammonium) show no evidence
for structure formation at low temperatures. NaZGMP shows a four line
spectrum in the H(8) region, KZGMP showis a 6 or 7 line spectrum, RbZGMP
shows a 4 or 5 line spectrum, and Cs2 GMP shows only a small amount of
structure with 2 new lines. Although some coincidence occurs, the
chemical shifts of these H(8) resonances span more than 1 ppm. The
binding constants for complexation of alkali metal ions by phosphate

106 107 and DNA'IO8

groups in polyphosphates, adenine nucleotides are known
to decrease with increasing metal ion radius. In contrast to the cation
stabilization order that would be predicted on electrostatic grounds,
the observed qualitative stability order of self-assembled 5'-GMP salts
is K > Na+, Rb* >> st s> Lit. This type of metal ion ordering has

109 although

been observed when a size selective mechanism is operative,
it is unprecedented for other nucleotide systems.

The stacked tetramer model has been used to explain the order of
metal jon stability. The center of the planar tetramer unit is about
2.2-2.3 R from the center of the carbonyl oxygens, a value close to that
observed for Na-0 bonds. Thus, the Na¥ s proposed to fit in the center
of a tetramer with the possibility of a solvent molecule or another GMPZ'

in its fifth position. When two tetramers are stacked, a central
cavity is formed that can easily accomodate the K-O bond length of 2.6-

] ]
2.9 A. With a 3.4 A spacing between plates the calculated K-0 distance

[+
would be 2.8 A. Since Rb+ is similar in size to K+ a similar
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coordination mechanism to K' was predicted. Li* and Cs+, however, have
ionic radii which do not fit the "hole" hypothesis, and experimentally
are found not to be good structure directors.

The multiple H(8) environments for the sodium system have been
explained by observing the symmetry of the tetramer unit and building

models.n0

Based on the directional character of the hydrogen bonds,
stacking can occur one of two ways in an octamer., Either the direction
of hydrogen bonding can be the same in the two tetramers (refered to as
head-to-tail stacking) or can be in opposite directions (refered to as
head-to-head stacking). Model studies were based on Zimmermans]]]
results from his fiber diffraction studies of 5'-NaZGMP. The plates
were set at a twist angle of 30 ° with respect to each other, and the
ribose was placed in an anti configuration with respect to the base and
in a C(3')-endo conformation. Then the symmetry of the two stacking
patterns was considered. In the head-to-tail pattern, four H(8) lines
are predicted with the two plates of the octamer being inequivalent., 1In
the head-to-head pattern, the plates are equivalent with four H(8) lines
also predicted. Chemical shift values can be predicted using the
theoretical calculations of Giessner-Prettre, B. Pullman and
coworkers]]Z. These calculations are based on the spatial dependence of
the ring-current magnetic anisotropy of nucleic acid bases at a vertical
stacking distance of 3.4 R. In classical mechanics, in the absence of
an applied field, charges are assumed to circulate in the n-cloud rings
of the base. Although the predicted shifts are not as large as those
actually observed, they still prove useful in the overall qualitative

13

model. This model system has been invoked to explain "“C NMR results in

a NaZGMP system.”3
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Several other groups have investigated the self-assembly of 5'-GMP

in aqueous solution, Klump”4 used Raman spectroscopy in conjunction

with calorimetry to determine the enthalpy of stacking in a 5'—Na2GMP

115 23 39K NMR to

system to be 1.75 Kcal/mole. Laszlo has used ““Na and
study 5'-KZGMP as well as 5'-NaZGMP systems. He has predicted a number
of structures based on lineshape analysis.

E. Other Systems. Polyriboguanylic acid is known to self

structure in aqueous solution; however, no specific metal jon is
necessary for self association to occur.”6 Gels of GpG have been

studied by Rarian spectroscopy and ca]orimetry]]7

at pH=5, although
similar results were obtained over the range 3-7. Peticolas and
coworkers found that aggregation of GpG is a multistep process which
involves intermediates whose concentration decreases with increasing
temperature, thus slowing the process. The slow rate of structure

118

formation of GpG parallels that of GpGpG. The rate of disaggregation

of GpG was also found to be slow. The model proposed”9

requires the 3'-
and 5'- bound guanosine residues to be engaged in the formation of
alternate tetramers related by a 54 ° screw rotation. These pseudo
octamers which are formed by 4 GpG molecules are linked together in 4-
stranded helical arrangements by hydrogen bonding involving the 3'- and

5'- OH groups of the sugars.

120 1)121

In contrast to poly(G), both poly(X) and poly( exhibit size
selective alkali metal ion corplexation in the central channel of a 4-
stranded helical structure. Cooperative melting profiles, as detected
by IR, were found for both systems., The qualitative stability order for
the interaction of alkali metal ions with poly(I) is K+ > Rb+ > Cs+ >>

Na*. The magnitudes of the metal ion effect are smaller for poly(X),
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and somewhat different from poly(I). This has been attributed to the
additional counterion screening at the non size-specific C(2) oxygens.
A number of theoretical studies have recently appeared that

122 anion

124

investigate cationic binding to nucleic acid substituents,

123

binding to nucleic acids, and cation binding to biomolecules.
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V. Specific Goals of this Research

A11 work to date on alkali metal ion interactions with 5'-GMP has
been done on pure salt systems with a metal jon to GMPZ' ratio of 2:1.6
Under these conditions, the structure directing metal ion was present in
excess. Therefore, the prime objective of this research was to look at

2-

systems with a metal ion to GMP®™ ratio between 0 and 2, since in this

range different self-structures might be formed. In order to attain

such conditions, a salt of GMP2~

was required where the cation is
structure inert. A size selective binding mechanism is known to be
essential for self-assenbly; however, multiple equilibria may be
involved that are either size or nonsize specific. Thus, both specific
and nonspecific metal ion complexation was investigated. If nonspecific
metal ion interactions are important, then Li+ is expected to have an
effect on self-assembly. An investigation of the effects of K" and ta*
was especially of interest since they are biologically active, and also
induce self-asserbly. Although preliminary investigation of 5'-MZGMP
interactions have been done, where M is any of the alkali metal ions,
nothing is known about alkaline earth metal ion interactions or other
GMP derivatives. Thus, an investigation of 5'-GMP with the alkaline
earths was undertaken, Also, a survey of alkali and alkaline earth
metal ion interactions with 3'-GMP, 2'-GMP, 5'-dGMP, 2',3'-cGMP and

3',5'-cGMP was undertaken to investigate their metal ion dependence.
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VI. Practical Consijderations

The range of structure and composition that might be encountered in
metal ion directed self-assembly represents a formidable multi-
dimensional puzzle, There are three major components which create the
system of interest; they are the metal ion, the nucleotide and the
solvent, all of which can be varied. The metal ions of interest are
those which do not bind to a base hydrogen bond donor or acceptor, and
do not cause a change in pH on binding. They also must be sufficiently
soluble to allow adequate quantities into solution to meet the criteria
of self-assembly. Thus, most transition metal ions are ruled out since
they preferentially bind at the N(7) positions of the 5'GMP,83'85 and
Ag+ is ruled out since a proton is released on binding.]25 Another
important criterion is that of ion size. The ion should have a radius
close to 1.5 R, 0.7 R being too small and 1.9 R being too large.6 Thus,

2+

certain alkali and alkaline earths, 71" and Eu are potentially

2+ 2+ 2+

al and Ba

suitable. Of these, Li', Ma', k', Rb", Cs*, ca®t, Mg“", sr
will be investigated in this study.

The nucleotide that has been most extensively investigated is 5'-
GMP. The nucleotide is made up of 3 major parts: the base, the sugar,
and the phosphate. In order to have an understanding of the unit as a
whole, an understanding of each component and its relationship to the
others, as well as with the various metal ions, is important. By
slightly altering the nucleotide unit, the role of the metal ion in the
self-assembly process can be investigated. The guanine base has the
unique property of having hydrogen bond donors (N(1) and N(2)) at right
angles to hydrogen bond acceptors (0(6) and N(7)). Since protonation or

deprotonation of the base is known to disrupt self-structure formation,
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not many modifications of the base can be perpetrated. Substitution of
a halide, amino or alkyl group for the H(8) position is possible, but
even this will cause some change in the electronic properties of the
molecule and was not be investigated in this study. Modifications,
however, can be made in the sugar region with 1ittle effect on the base.
The most similar molecule to 5'-GMP is that which has been modified in
the 2'-hydroxy position. Structural differences exist between DNA and
RIA, so there is reason to believe that the presence or absence of the
2'-oxygen and the resulting conformational change might have an impact
on the self-assembly process. This was the only ribose modification
studied in this research, Other possible modifications could involve
changing the ribose to a different sugar, either a larger ring or the
other epimer, for example. The ribophosphate could also be forced to
either the syn or anti configuration with respect to the base, changing
the overall shape of the molecule. However, the phosphate can be
changed nost of all. The phosphate can be situated between the 2'- or
3'- position, can be cyclic between the 2'- and 3'- positions or the 3'-
and 5'- positions, or can be removed altogether. Thus, the nucleotide
can be redesigned in a wide variety of ways to help asses the role
played by each component. A1l phosphate modified nucleotides mentioned
above were studied in this investigation.

The solvent must be either H20 or 020 since the nucleotide has not
been found to be sufficiently soluble in other solvents. The solution
pH, temperature and nucleotide concentration are important factors in
the self-assembly of guanine nucleotides. 5'-GMP is known to gel at pH
values less than 6 or greater than 2, the range where the phosphate is

monoprotonated. No self-assembly is observed at pH values less than 2
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or greater than about 9 in the range where the base is protonated or
deprotonated, respectively. The question exists as to whether or not
these same properties are observed when the nucleotide is modified.
Structure formation is favored at lTow temperatures (aH < 0), but
structure formation has been observed at temperatures as high as 70 °C.
Thus, investigation of all systems over a range of temperatures was
necessary. Self-assembly is favored at high concentrations, but it has
been found to occur over a broad range of concentrations, from about 0.2
M to the limits of solubility, about 1.2 M. Since the ordered structure
is slow to exchange on the HMR time scale, and since ]H NMR is the only
technique where the individual structures can be observed, it appears to
be the technique best suited for preliminary investigation of this

phenomenon, Secondary investigation by metal ion NMR, 3]P NMR, 13

C NMR,
IR, Raman, UV, CD and ion selective electrode techniques may prove
useful once a clear overview exists; however, these techniques were not
applied in this investigation. 'H MR in H,0 has the advantage of
enabling observation of hydrogen bonded NH and OH protons not observable
in 020. Thus, spectra in H20 are of interest in investigating hydrogen
bonding schemes, but spectra in 020 are also necessary in order to
distinguish between H(8) and N-H or 0-H protons which often occur in
similar chemical shift regions.

An idealized complete investigation of the metal ion and mixed
metal ion dependence of the GMP systems can be represented schematically
as shown in Figure 8, Each metal ion GMP system has other metal ions
added to it in increasing concentration until precipitation occurs.

Each system would be investigated over a temperature range from 0 °C

until melting out of structure is complete; a concentration range from



Figure 8.
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A schematic representation of an idealized complete
set of experiments to study each nucleotide system.
The x-axis indicates all dimetal nucleotide systems of
interest. For each set of divisions, concentration
increases from left to right. The z-axis represents
all metal ions of interest to be added to the dimetal
nucleotide systems. A single anion should be used in
all metal salts. Concentration within each division
increased from bottom to top. The y-axis represents
temperaure from 0-100° C.
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dilute solutions exhibiting only monomer until concentrations are
reached which induce precipitation should be considered. Other
dimensions are those of time and pH. A "cube" of experiments would
ideally be perforred on each guanine nucleotide with both H20 and 020 as
the solvent, Since time did not permit such an extensive investigation,
selected experiments were performed to maximize information gained about
the number of unique structures which can be formed for a given metal
ion in a given nucleotide system. In addition, experiments were
designed to investigate the relationship between the structures and the
role of the metal ion in those structures with respect to specific and

nonspecific binding.



EXPERIMENTAL

I. Materials, Techniques and Preparation

5'-Guanosine monophosphate was purchased as the disodium salt
monohydrate from Calbiochem, Inc., and as the free acid from Sigma
Chemical Co. A1l other nucleotides were purchased from Sigma Chemical
Co. 5'-Inosine monophosphate, 2'-deoxyguanosine-5'-monophosphate, and
cyclic 3',5'-guanosine nonophosphate were purchased as the free acids.
The desired metal ion forms of these nucleotides were obtained by
titrating the free acid with the appropriate metal hydroxide. Dilute
solutions (~0.01M) were titrated to a pH of ~7.8 (unless otherwise
specified) with the use of a Fisher model 370 pH meter with a Markson
combination pH electrode. Guanosine-3'-monophosphoric acid and
guanosine-2'=-monophosphoric acid were purchased as the disodium salts,
while guanosine-2',3'-cyclic monophosphoric acid was acquired as the
monosodium salt., Exchange of metal ions was accomplished using a Dowex
50W-X8 (100-200 mesh) cation exchange resin obtained from Dow Chemical
Company. The resin had a cation exchange capacity of 1.7 meq/mL. The
resin was prepared by the following wash procedure: (1) 10% HC1, (2)
H,0 and EDTA, (3) 10% NaOH, (4) H,0, (5) 1:1 H

0-CH.,0H, (6) CH3OH,

2 3

(7) 121 CHyOH-CH,C1,, (8) CH,C1,, JOH-CH,C1,,
(11) 1:1 H

30H. (12) H,0, (13) 10% HC1, (14) HZO and EDTA, (15)

(9) 1:1 CH (10) CH3OH,

20'CH
1IN solution of the desired metal ion hydroxide and (16) washed back to

neutrality with water, Water purification was accomplished by passing

52
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distilled water through an I1linois Water Treatment Company purification
system to remove paramagnetic ion impurities and organic residues. All
nucleotide solutions not prepared in H20 were lyophilized three times
from 99,8% DZO (Stohler Isotope Chemicals). The 020 solutions were
usually prepared under nitrogen to minimize HZO contamination. NMR
spectra were obtained from samples in 5mm tubes stoppered with rubber
serum caps, then placed in 10 mm tubes positioned by Teflon O-ring
spacers.,

The metal hydroxides were used without furthur purification. RbOH
and CsOH were purchased from Apache Chemical, Inc. Tetramethylammonium
hydroxide solution was purchased from Matheson, Coleman and Bell, LiOH
from Alfa-Ventron, and KOH from Mallinckrodt. The metal chlorides were
also used without furthur purification, LiCl1, NaCl, KC1 and BaC]2 were
purchased from Mallinckrodt, RbC1 and CsCl1 were ultrapure quality from
Alfa-Ventron. MgC]2 and CaC]2 were obtained from Matheson, Coleman and
Bell and tetramethylammonium chloride was purchased from Aldrich
Chemical Company. SrC]2 was purchased from J.T. Baker Chemical Co.
Sodium 2.2,3,3-d4-3-trimethylsi1y1propionate (TSP), purchased from Merck
and Company, was used either as an internal reference (0.1 wt%) or as an

external reference in the 10 mm tube while the sample was in the 5 mm

tube.

II. Instrumentation

A. Nuclear Magnetic Resonance Spectroscopy. NMR spectra were

obtained on a Bruker WH-180 interfaced to a Nicolet 1180 with 32 K of
memory. Probe temperatures were maintained by a Bruker temperature

control unit, and monitored by means of a thermocouple mounted in the
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probe and attached to a Doric trendicator that gave a constant visual
temperature display. Temperatures were measured to within + 1 °C.

Due to the dynamic range problems created by the solvent peak of
samples run in H20. sore of the spectra were run on other instruments,
and this is indicated in the captions. These spectra were run courtesy
of Bruker (250 MHz and 200 MHz), Varian (200 MHz), Nicolet (200 MHz),
and Jeol (200 MHz).

NOE experiments at two different field strengths necessitated the
use of a lower field frequency instrument. Dr. R. Newmark of 3M kindly
provided Varian XL-100 spectra for this purpose. Probe temperature was
determined by measuring the chemical shift differences between methanol
proton resonances and applying the Van Geet equations.

B. Ultraviolet Absorption Spectroscopy Concentrations of all

guanosine monophosphate solutions were determined by UV absorption using
a Beckman DU spectrophotometer updated with a Gilford photometer 252,
Solution concentrations were determined using Beer's Law. The molar
absorptivity (e) at the absorption maximum is listed below for the

nucleotides studied and was assumed to be independent of metal ion.

nucleotide e(M']cm']) Amax(nm)
5'-GMP 13,700 252
2'-GMP 13,300 253
3'-GMP 13,300 253
3',5'-GMP 12,900 254
2',3'-GMP 12,900 254
5'-IMP 12,700 249

5'-dGMP 13,800 253



RESULTS

I. Structure Forming Homoionic Salts of 5'-GMP.
2a

Structure formation of GMP® 1in aqueous solution is indicated by
the appearance of new lines in the ]H NMR spectrum, Although spectral
changes occur throughout the spectrum, structure formation is most
clearly evident from the appearance of new well-resolved lines in the
H(8) region from about 6.5 to 9 ppm downfield from TSP, Figure 9 shows
spectra of the H(8) regions of the ordered forms of the structure
directing homoionic alkali metal salts. The top spectrum is of 0.85 M
CsZGMP at 4 °C. The large peak at 8.17 ppm represents unstructured
monomer, The smaller upfield peak represents the cst self-structure.
The maximum extent of structure formation that has been observed for a
pure cst system corresponds to about 5% of the total nucleotide
concentration. The next spectrum is that of 0.6 M Rb,GMP at 4 °C. Four
broad lines are present indicating that more than one large complex
exists in this self-assembled form. Tetramethylammonium chloride
(TMAC1) is present in the solution to increase the solubility of the
nucleotide as will be discussed later. The following spectrum is for
0.92 M K,GMP at 4 °C. The k' structure consists of two main peaks, one
at 7.91 ppm and one at 7.54 ppm. The chemical shifts of the ordered K+
structures are all quite similar, making quantitative structure
evaluations difficult, A low field shoulder is clearly present on the
7.91 ppm peak. A low field shoulder is detectable in addition to at

Teast two high field shoulders on the 7.54 ppm peak, to yield a total of
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Figure 9. The H(8) regions of the self-assembled alkali metal
5'-GMPZ salts at low temperature.
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at least five structure lines. The monomer concentration is too low to
give a distinct and separate resonance; the system is thus estimated to
be more than 90%. self-assembled. The bottom spectrum is for 0.92 M
NaZGMP at 4 °C. Three structure lines are present at 8.55, 8.26 and
7.25 ppn.  The 7.71 ppn peak has been assigned to the monomer line.
Integration of the H(8) lines reveals that the solution is about 75%

structured,
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II1. The Sodium-GMP Self-Structure

A. Tetramethylammonium as a Structure-Inert Cation. Studies of

the tetramethylammonium (TMA+) salt of GMPZ™ over wide ranges of
concentration and temperature have shown that TMAZGMP does not form an
ordered structure. Under nonstructure forming conditions (i.e., at

2= calts exhibit

elevated tenperatures and/or low concentrations) all GMP
only a single sharp monomer resonance at about 8,17 ppm. This same
chemical shift value is observed for TMAZGMP even at concentrations
greater than 1,0 M and temperatures of 0.1 °C; neither additional H(8)
Tines nor any shift or broadening in the monormer line (v]/2 = 6,2 Hz)
are observed. Thus ™A " is not a structure directing cation.

Comparison of spectra before and after addition of 0.5 M TMACI to
0.78 M NaZGMP shows that at 0.3 °C, within experimental error, there is
no change in the fraction of structured nucleotide. Thus, T™MA* does not
inhibit the formation of sodium self-structure. The structure inertness
of TMAY is further verified by the spectra in Figure 10 in which
aliquots of 4.0 M NaCl are added to a solution of 0.76 ﬂ.(TMA)ZGMP at
2.8 °C. The three new H(8) structure lines, which appear at the expense
of the monomer line, grow in at the same rate and are identical to those

observed for a self-assembled solution of pure Na,GMP. Analogous

2
results are obtained when solid NaCl is added to a (TMA)ZGMP solution to
maintain constant GMP concentration and when (TMA)ZGMP and NaZGMP
solutions are mixed in the presence of (TMA)C1 to maintain constant GMP
concentration and ionic strength as shown in Table 4. Thus, the
structure formation observed is not a consequence of ionic strength
changes or dilution effects, but is the result of increasing Na+/GMP2'

ratio. Figure 11 shows the behavior of the sodium self-structure lines



Figure 10.
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Effect of adding aliquots of 4.0 M NaCl on the H(8)
region of 0.76 M (TMA),GMP at 2.8° C. Initial GHP®~
concentration (upper spectrum) is 0.76 M. Final GHPZ'

concentration (lower spectrum) is 0.64 M.
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Figure 11,
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Graphical representations showing the results of three
different experiments. The results of integrating the
H(8) resonances to determine the concentration of
structured nucleotide in solution when: (a) solid
NaCl is added to 0.64 M_(TMA)ZGMP at 1.0° C;

(b) solution NaCl is added to 0.78 ﬂ_(TMA)ZGMP at

2.8° C; (c) ratios of 0.76 ﬁ.(TMA)ZGMP and 0.76 M
NaZGMP are mixed maintaining constant volume in the
presence of 0.5 M TMAC1 at 0.3° C.
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as a function of increasing GMPZ' to metal ion ratio. Clearly no sharp
end point exists, although a definite change in slope occurs between
P /a* = 3 and P2 /Na* = 6.

The only difference observed between a mixed Na+/TMA+ - GMPZ'
solution and a pure NaZGHP solution is the chemical shift of the mononer
Tine, 4¢ ~ 0.3 ppm. Studies of the concentration dependence of NaZGMP
ordering have shown an upfield chemical shift of the monomer line to be
associated with increasing solution structure. In the Na+/TMA+ system,
the monomer line appears to experience this shift to a far lesser
extent. The upfield shift in the monomer line is presumably the result
of diamagnetic ring current effects that result from non-specific base
stacking interactions between monomeric and ordered GMPZ' species. The
suppression of the base stacking interactions in the presence of TMA+
may arise from differences in the ability of ha* and TMA* to form ion
pairs with monomeric and ordered forms of GMPZ-.

B. TMAf/GMPZ' Ion Pairing. In an attempt to minimize the dynamic

range of the TMA® resonance in the ]H NMR spectra of TMAZGMP solutions
and facilitate data collection, a gated decoupling experiment was
undertaken. Figure 12 shows a 0.55 M TMA,GMP solution with 0.31 M HaCl
at 4 °C, both with and without peak suppression. Clearly, in the
spectrum where the MA* Tine was irradiated, the two outer sodium H(8)
structure lines at 8,55 and 7.25 ppm are selectively reduced drastically
in intensity, whereas little change in intensity is observed in the
ribose region or the remaining H(8) lines. This reduction in intensity
of one peak when another is irradiated is a negative intermolecular
nuclear Overhauser effect (NOE) and can arise from one of two

mechanisms, It can either originate from exchange modulation of scalar
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Figure 12. The H(8) resonances of 0.55 M (TMA)ZGHP with 0.31 M
NaCl at 4° C (A) without peak supression and
(B) irradiating the methyl resonance of At at 3.2
ppr.
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coupling or it can be the result of dipole-dipole 1’nteractions.]26

Since neither TMA protons nor H(8) protons are capable of rapid
exchange, a dipole-dipole mechanism must be invoked. MNOE can be

correlated to internuclear distance d by equation (2).]27

NOE = 100 / Ad® (2)
where the magnitude of the NOE is measured in percent and A = 1.8 x 10°2
K for H-H interactions. Using NOE = 90, a distance of about 2 R is

calculated for d. Glickson et a1.126

have shown the relationship
between homonuclear HOE and correlation time (TC). They have found that
when tumbling is slower, the NOE is reduced and "negative enhancements"
of the type observed here are possible. The slow tumbling region is
defined when wole > 1, where o is the precession frequency and e is
the tumbling correlation time. Independent measurements of T] and T2
for the outer two sodium structure H(8) lines (T]=2.17 and T2=0.016 sec
at 1 °C and 0.59 ﬂ.NaZGMP) confirm that the spectra are in fact for the
slow tumbling region.]34
The observed NOE is proportional to the concentration of ™A in
solution and to the frequency of the NMR, as expected. Figure 13 shows
the results of irradiating the methyl resonance at 3.2 ppm on a 100 MHz
spectrometer, Table 5 shows the difference in the effect observed at
180 MHz and 100 MHz. The solution contained 0.56 M Ma,GMP and 0.36 M
TMAC1 at 0° C. Clearly, when the ™At s present in smaller amounts,

the observed NOE is less as can be seen by comparison of Figures 12 and

13.



Figure 13,

69

The H(8) resonances of 0.56 M Ha,GMP with 0.36 M
TMAC1. The dashed line represents the spectrum
without peak supression. The solid line represents
the spectrum when the methyl resonance of ™Y s
irradiated at 3.2 ppm. These spectra were recorded
100 MHz on a Varian instrument, and were provided
courtesy of 3M.
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Table 5. The difference in the percent species present represented
by a peak as determined by integration at two different
field strengths, both with and without TMAt peak suppression

(0.56 M NaZGMP with 0.32 M TMAC1 at 0° C).
8.55 8.26 Monomer 7.25
(ppm)
100 MHz Varian
1. No Peak Suppression 26% 26% 29% 19%
2. Peak Suppression 22% <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>