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ABSTRACT

STRUCTURE DIRECTING ALKALI

AND ALKALINE EARTH METAL IONS IN THE SOLUTION ORDERING

0F GUANOSINE MONOPHOSPHATES

By

Elene Bouhoutsos-Brown

In aqueous solution. the dianion of guanosine-S'-mon0phosphate

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

that are slow to exchange on the 1H HMR time scale.1

 

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-assembly

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. All 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 GHPZ' 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-

assembly. 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 Rb+ to TMAZGMP results in two sets of

distinctly different NMR detectable self-structures, depending on the

metal ion to GNPZ' ratio. At high GHP2'/M+ ratio, a "simple" peak

pattern is formed. At low GMP2'/M+ ratio, the self-structure formed is

that found for the homoionic KZGMP system, and has been termed a

"complex" structure. The Na+ 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 l GMPZT/Na+. Furthermore, the addition

of Na+ to NaZGMP results in a decrease in the extent of self-assembly in

solution, suggesting the blocking of sites which are necessary for self-

assembly. These sites are concluded to be the phosphates on adjacent

stacked tetramers which chelate the metal ion. The addition of K+, Na+

or TMA+ 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 GMP2'/Na+ results in the stabilization of the Na+ self-

structure, and that the addition of Na+ to the "simple" K+ self-

structure results in it being replaced by a Na+-type of self-structure.

0n the other hand, the addition of K+ to ordered Na GNP results in the
2

Na+ 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 Na+

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+ ion enabled an investigation of the alkaline

2+ were found to be capable of directing self-earth cations. Sr2+ 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 pr0perties of five other GMP

derivatives (2'-GMP, 3'-GMP, 2',3'-ECMP, 3',5'-ECMP 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

0F GUANOSINE MONOPHOSPHATES



INTRODUCTION

I. Statement of General Objective

The discovery of nucleic acids in the 1890's1 Opened a new,

extremely 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 metal ions.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)-nuc1eic acid

complexes have Significant antine0p1astic 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 ions not been overlooked completely.4e Despite

the fact that a 70 kg healthy adult human contains 2.3 x 103 g Na+ and

1.7 x 103 9 K,5 little is known about the Specific interactions of

these ions 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 ph0Sphate groups. In contrast, Pinnavaia e£_gl,§ 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 mon0phosphate dianion forms

regular ordered structures in aqueous solution that are Slow to exchange

on the 1H 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 mon0phosphate 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 l. 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 compiled.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.9

ii. Base Stacking Interactions. C.E. Bugg1O 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 guanine11 and 8-azaguanine.12 The other type of



Figure l. 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

derivatives13 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

‘4 that polarizableresponsible 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
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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 l. The glycoside linkage involves a bond between either

N(l) in a pyrimidine or N(9) in a purine and C(1') of the nonpolar

furanose sugar ring. All naturally occuring nucleosides exist aS the B-

epimer; the o-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. Guschlbauer17 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

prefer guanosine rich regions. For example, actinomycin18 or ethidium

l9
bromide are known to bind to guanosine residues preferentially.

Platinum anticancer drugs,20 specifically £j§;(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

nd,2]’22
b0 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 .
GuanOSTne 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 A

between successive purine rings within the stacks. Adjacent bases are

hydrogen bonded through the N(l)-N(7) and the N(2)-0(6) positions. Base-

28
base interactions are also present in aqueous solution. Schellman has

used thermal osmometry and equilibrium sedimentation techniques to find

an association constant of 10-12 molal'1 and a standard free energy

change of -1500 cal for deoxyguanosine self-association in aqueous

solution.

C. Guanosine Monophosghates
 

i. Acyclic Mononucleotides. Nucleotides are composed of
 

nucleosides plus a mon0phosphate residue (only the mon0phosphates 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 thedianion. 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

0

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, O'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 GNP 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
the action of antipsychotic drugs, water

40 the central nervous System,41 and

photoreceptor cells,

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 ions.
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iii. Complementaryijdrogen BondinQAand 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 1H 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

Spectrosc0py,47 Optical rotatory dispersion (0RD),48 raman,49

5] Based on these data, 5'-calorimetry,50 and x-ray fiber diffraction.

GNP 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(l) 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(l) 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 c00perative 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.

0. 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'-hydr0xyl 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 RNA (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).
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III. Conformational Studies
 

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

both theoretical53 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

54 found that essentially twothe phosphate. Donohue and Trueblood

preferred conformations exist about the glycoside bond of purine

nucleosides and nucleotides. Rotation about this bond is defined in

terms Of x.55 the angle defined by 0(1)'-C(l)'-N(9)-C(8) as Shown in

Figure 3. These two common conformations have been termed §yM_(where

the N(9)-C(4) bond is projected onto or near the sugar ring) and 2221.

(where the N(9)-C(B) bond is projected onto or near the sugar ring).

Different conformations in the sugar ring arise from rotation about

the 01'-Cl', Cl'-C2', C2'-C3', C3'-C4' and C4'-Ol' bonds and are

referred to by Sundaralingam as TO, T], T 55

56

2, 13 and T4 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: C3'-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

57
describe this phenomenon is the envelOpe (E) or twist (T) form. Twist
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Figure 3. Newman projections showing the preferred nucleotide

conformations and their nomenclature.
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Four preferred conformations for the nucleotides:

(a) C(3')-endo, anti, gg; (b) C(2')-endo, anti, 99;

(c) C(3')-exo, anti, 99; (d) C(2')-exo, anti, 99.

Taken from reference 55.

5
0
>
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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 Sundaralingam.59 Here, each conformation is defined by the phase

angle Of pseudorotation, P, and the degree of pucker, TM' Knowing the

torsion angles, t as defined by Sundaralingam,55 P can be calculated as

follows:

[(14 + 1]) - (T3 + 10)]

tan P = (I)
 

212(Sin 36 + sin 72)

For negative values of 12, 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 12. 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 orientation Of the phosphate with respect to C4' is

55

the angle v.

defined as the angle o, also shown in Figure 3.

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

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

stable than the syM_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 Nucleotides-g

23

 

p

“ X

1. 5'-AMP-H20 C(3')-end0 (11.3°) anti (25°)

2. 5'-ATP-Na2-4H20 C3')-endo (13.4°) anti (69°)

(molecule 1)

3. 5'-GMP-3H20 C(3')-end0 (8.0°) anti (12°)

4. 5'-TMP-Cao6H20 C(3')-endo (25.2°) anti (44°)

5. 5'-IMP-Ni-7H20 C(3')-endo anti (34°)

6. 5'-GMPoNi C(3')-endO anti

7. 5'-ADP-Rb-4H20 C(2')-endo (l63.8°) anti (38°)

8. 5'-ATP.Na2-4H20 C(2')-endo (155.6°) anti (39°)

(molecule 2)

9. 5'-IMP-Nao8H20 C(2')-endo (l66.8°) anti (41°)

10. 5'-IMP-Na2 C(2')—endo (162.8°) anti (43°)

11. 5'-IMP-Ba C(2')_endo (158.9°) anti (46°)

(molecule 1)

12. (molecule 2) C(2')-endo (152.5°) anti (34°)

13. 5'-UMP-Ba-7H20 C(2')-endo (170.2°) anti (43°)

14. 5’-dCMP-H20 C(l')-end0 (213.6°) anti (-6°)

15. 5'-CMP-Ba8H 0 C(l')-endo (152.4°) anti (40°)

(molecule 11

16. (molecule 2) C(1')-endo (l48.2°) anti (47°)

17. 5'-dAMP-6H20-Na C(1')-end0 (149.4°) anti (63°)

18. 5'-dGMP C(l')-endo (83.6°) anti (54°)

19. 5'-6aza UMP-E C(3')-endo anti (84.5°)

 

ETaken from reference 99
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aqueous dimethylsulfoxide (DMSO)6O have Shown than guanosine exists in a

ratio of 46:54 §1M_to anti. 2',3'-Isopr0pylidene guanosine was shown to

exist as 80%.ilfl conformer. Circular dichroism (CD) has been used to

investigate the conformation of guanine derivatives.61 The CD Spectrum

was Observed to invert on protonation of the base and this was

interpreted as a change from §M£1.t0 gyM conformation. Independent 1H

NMR studies by P.0.P. TS'O and coworkers62 and Danyluk and Hruska,°3

concluded that all 5'-nucleotides in aqueous solution must be in an 2251.

64 andconformation. 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 gyM conformer vs the

gggj_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 syM_conformer relative to the MM£i_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 results.°°'°7

55 21
Independently, Sundaralingam as well as Haschemeyer and Rich

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

°° on substitutedpuckering. A recent 1H 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(B) 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 l'-endo appears to be a

contender with the deoxyribonucleotides (Table 1). In solution, an

65’70’71 to exist between two extremes. theequilibrium is assumed

conformations [C2'-endo, C3'-exo] and [C3'-endo, C2'-exo], the

contributions of which can be determined from coupling constants. 1H

NMR studies have shown that deoxynucleosides favor the same conformation

70 haveas do nucleotides, the [C2'-endo, C3'-exo].72 Davies and Danyluk

shown that for ribonucleotides, a [C2'-endo, C3'-exo] conformation is

favored 70:30 over a [C3'-endo, C2'-exo] conformation. The ratio for

7] thethe ribonucleotide systems was found to be 60:40. They also found

[C2'-endo, C3'-exo] conformer to be favored in the case of 2'- and 3'-

nucleotides. Guschlbauer°5 generally agreed, noting an increase in [C3'-

endo, C2—exo] conformation on decreasing pH for 5'-GMP, 3'-GMP and 2'-

GMP. Dobson°6 and coworkers concluded 30% [C3'-endo, C2'-exo] 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 bands.

E. Cyclic Nucleotide Conformations,_lhe conformation of cyclic
 

3',5'-GMP has been studied in the solid state by x-ray
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13 75
crystallography,74 and in solution by C NMR

76

and by theoretical

calculations. 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'-cyc1ic GMP has been studied by C NMR

1 31
and H NMR.77 Based on 1H-1H and 1H- P coupling constants, guanosine

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

The multiple bonding possibilities, salvation, hydrogen bonding and

stacking capabilities of nucleic acid derivatives make them unique

ligands to study with a variety of metal ions.' 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

4° The N(7) position isions 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(l) 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(l)-0(6) chelation has been

proposed, although no strong evidence exists. Other possible modes of

chelation involve N(ring)-0(sugar), 0(ribose)-0(ribose), 0(ribose)-

0(phOSphate), N(exocyclic)-O(phosphate), N(ring)-0(phosphate) and

0(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(l) and N(9) are
 

protonated“a in the solid state. Ionization leads to deprotonation at

the N(l) position resulting in the anion.7 The cation is formed by

adding a proton at N(7)78 leaving only N(3) unprotonated. The complex

Mi§(9-methy1guanine)triaquoc0pper(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. N(l) 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.48 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(l), N(3) and N(7)

are all protonated in order to allow for coordination at N(9).80 The

dimeric complex di-u-chlorO-Mjéjdichloroguaninium capper(II)] dihydrate

contains a Cu-N(9) bond length of 1.98 3.8]

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 3.82

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 (II),84

)86
manganese (II)85 and cadmium (II exhibit octahedral coordination with

five water molecules and N(7) of the 5'-guanosine mon0phosphate. One of
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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

87
Cu(II) and 5'-GMP. 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 Summary 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

coordination.2'4

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'-cyc1ic
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Table 2. Crystallographically Determined Geometries of Metal-

Nucleoside and Metal—Nucleotide Complexese

 

 

Complex Coordination Site (s) M-L, A

[Cu(9ly91y)(Cyd)l N(3) 2.01

0(2) 2.74

[Cu(0N0)(acac)(dAd0)] N(7) 1.99

[pt(en)(6u0)2]2+ N(7) 1.967(15)

[Co(5'-IMP)(0H2)5] N(7) 2.162

[Ni(5'-IMP)(0H2)5] N(7) 2.105

[Mn(5'-1mp)(0H2)5] N(7)

[Ni(5'-GMP)(0H2)5] N(7) 2.12

[CO(5'-GMP)(0H2)5] N(7)

[Mn(5'-GMP)(0H2)5] N(7)

[Cd(5'-GMP(0H2)5] N(7) 2.37

[Ni(5'-AMP(0H2)5] N(7) 2.08

[Cu3(5'-GMP)3(0H2)]2] gég: 1:53

[Zn(5'-IMP(0H2)n] N(7)

0P03

[Cd2(5'-IMP)3(0H2)6] 3&3;

[Cd(5'-CMP)(0H2)] N(3) 2.36

0P03 2.24

[CO(5'-CMP)(OH2)] N(3) 1.96

0P03 1.95

[Pt(NH3)2(5'-IMP)2]2' N(7) 2.02

 

°Taken from reference 4f
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Figure 6. The sodium ion environments in 5'-Na2dGNP. Taken from

reference 88.
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guanosine mon0phosphate74 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 ion

coordination in several nucleotide and dinucleotide systems.

B. Nucleoside-Metal Ion Interactions In DMSO. Wang and Li92
 

investigated the interactions of ZnCl2 with guanosine in DNSO solution.

They concluded that although the solvent allows greater nucleoside

26
solubility and the observation of NH resonances, the base-stacking

interactions are diminished in comparison to water. A similar study

93
using HgCl2 was reported by Kan and Li. The interactions of HgCl2 and

94
CH3HgCl with 6-thioguanosine and B-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 A 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

0P03

[Ba(5'UMP)(H20)8] 0(2') 2.80 88f

0(3') 2.90

0(2) 2.78

pdTpdT-Na2 0(2) 2.54 889

0(2) 2.41

0P03 bridge 2.46

ApU-Na2 0(2) 2.37 88h, i

0(2) 2.34

GpC-Na2 0P03 89, 883
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proton and 13C 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 NH(1) and NH2 proton resonances when CaCl2 was

added to DHSO solutions of guanosine. MgCl however, did not induce
20

the same shifts. Shimokawa and coworkers96 studied the influence of

HgCl CdCl ZnCl BaCl SrCl CaCl and MgCl2 on the PMR spectra of
2’ 2’ 2’ 2’ 2’ 2

guanosine in DMSO. They concluded that the alkaline earth cations

formed more stable complexes than the transition metal ions. Chang and

Marzilli97 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 ”294- Gushlbauer and

10° noted that addition of alkali or alkaline earth metal ionscoworkers

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 ionic 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' CH of guanosine units in one tetramer, with the NH2 groups of

guanosine units of upper or lower tetramers, thus acting as vertical

connectors. The 2' 0H51d of one guanosine tetramer has been proposed to

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

Double logarithmic plots101 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

0f 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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.°]°'° The gel is postulated to be composed of head to tail stackedgel

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 1' 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 Tm was

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

effect. Sr2+ 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 changedand 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. al.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 ion-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.'01 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 band formed

with a 5' OH group of the upper or lower tetramer layer. A comparison

27 and N(2)-methylguanosine104of the crystal structures of guanosine

shows very Similar bond lengths for the C(2)-N(2) bond, 1.338 or 1.347 A

and 1.329 A, 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

'H NMR time scale.105 Thesolution that are slow to exchange on the

most compelling evidence for structure formation is provided by the

presence of multiple inequivalent H(B) 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(l) and N(2) as donors and 0(6) and N(7) as
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acceptors.

In dilute solution (about 0.02 M) all salts exhibit a single Sharp

H(B) resonance near 8.17 ppm downfield from TSP(sodium 3-

trimethylsilylprOprionate-2,2,3,3-d4), characteristic of unassociated 5'-

GMP.° LiZGMP and TMAZGNP (TMA= tetramethylannmnium) Show no evidence

for structure formation at low temperatures. NaZGMP shows a four line

Spectrum in the H(B) region, KZGMP shows a 6 or 7 line spectrum, RbZGMP

shows a 4 or 5 line spectrum, and C52 GMP Shows only a small amount of

structure with 2 new lines. Although some coincidence occurs, the

chemical shifts of these H(B) resonances Span more than 1 ppm. The

binding constants for complexation of alkali metal ions by phosphate

106 107 and DNA108
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 an electrostatic grounds,

the observed qualitative stability order of self-assembled 5'-GMP salts

is K+ > Na+, Rb+ >> Cs+ >> Li+. This type of metal ion ordering has

109 althoughbeen 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 ion stability. The center of the planar tetramer unit is about

2.2-2.3 A from the center of the carbonyl oxygens, a value close to that

observed for Na-O bonds. Thus, the Na+ is 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-0 bond length of 2.6-

2.9 A. With a 3.4 A Spacing between plates the calculated K-O distance

0

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(B) environments for the sodium system have been

explained by observing the Symmetry of the tetramer unit and building

models.HO 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.In

results from his fiber diffraction studies of 5'-NaZGNP. 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(B) lines

are predicted with the two plates of the octamer being inequivalent. In

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

coworkerslIZ. 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 A. 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.H3
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Several other groups have investigated the self-assembly of 5'-GMP

114
in aqueous solution. Klump used Raman Spectrosc0py in conjunction

with calorimetry to determine the enthalpy of stacking in a 5'-NaZGMP

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 ion is

necessary for self association to occur.116 Gels of GpG have been

studied by Raman spectroscopy and calorimetryH7 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 006 parallels that of GpGpG. The rate of disaggregation

‘19 requires the 3'-Of GpG was also found to be Slow. The model proposed

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 )121
In contrast to poly(G), both poly(X) and poly(I exhibit size

selective alkali metal ion complexation 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

‘22 anion

124

investigate cationic binding to nucleic acid substituents,

123
binding to nucleic acids, and cation binding to biomolecules.



45

V. Specific Goals of this Research

All work to date an alkali metal ion interactions with 5'-GMP has

been done on pure salt systems with a metal ion 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

systems with a metal ion to GHPZ' ratio between 0 and 2, Since in this

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

such conditions, a salt of GMPZ' was required where the cation is

structure inert. A Size selective binding mechanism is known to be

essential for self-assembly; 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 Na+

was especially of interest since they are biologically active, and also

,GMP
2

interactions have been done, where M is any of the alkali metal ions,

induce self-assembly. Although preliminary investigation of 5'-M

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'-EGMP and

3',5'-£GMP was undertaken to investigate their metal ion dependence.
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VI. Practical Considerations

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 5'0MP,83'85 and

Ag+ is ruled out since a proton is released on binding.125 Another

important criterion is that of ion size. The ion Should have a radius

6
close to 1.5 A, 0.7 A being too Small and 1.9 A being too large. Thus,

certain alkali and alkaline earths, Tl+ and Eu2+ are potentially

suitable. of these, Li+, Na+, K+, Rb+, Cs+, C82+, Mg2+, Sr2+ and 8a2+

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(l) 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(B) 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 little 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

RNA, 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 most 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. All 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 low 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 NMR time scale, and since 1H 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, 31P NMR, 13C NMR,

IR, Raman, UV, C0 and ion selective electrode techniques may prove

useful once a clear overview exists; however, these techniques were not

applied in this investigation. 1H NMR in H20 has the advantage of

enabling observation of hydrogen bonded NH and 0H 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(B) and N-H or O-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
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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 performed 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. iaterials, Techniques and Preparation

5'-Guanosine mon0phOSphate was purchased as the disodium salt

monohydrate from Calbiochem, Inc., and as the free acid from Sigma

Chemical CO. All other nucleotides were purchased from Sigma Chemical

Co. 5'-Inosine mon0phosphate, 2'-deoxyguanosine-5'-monophosphate, and

cyclic 3',5'-guanosine mon0phosphate 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) l % HCl, (2)

H 0—CH 0H, (6) CH0 and EDTA, (3) 10% NaOH, (4) H20, (5) 1:1 H OH,
2

(7) 1:1 CH30H-CH

3

(10) CH30H,

2

OH-CH

3

Cl (8) CH C1 (9) 1:1 CH C1
2 2’ 2 2’ 3 2 2’

(11) 1:1 H 0-CH 0H, (12) H20, (13) 10% HCl, (14) H20 and EDTA, (15)
2 3

1M_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 Illinois 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% 020 (Stohler IsotOpe Chemicals). The 020 solutions were

usually prepared under nitrogen to minimize H20 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. LiCl, NaCl, KCl and BaClZ were

purchased from Mallinckrodt, RbCl and CsCl were ultrapure quality from

Alfa-Ventron. MgC12 and CaCl2 were Obtained from Matheson, Coleman and

Bell and tetramethylammonium chloride was purchased from Aldrich

Chemical Company. SrCl2 was purchased from J.T. Baker Chemical Co.

Sodium 2,2,3,3-d4-3-trimethylsi1ylpr0pionate (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 i 1 °C.

Due to the dynamic range problems created by the solvent peak of

samples run in H20, some 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.

8. 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 (c) at the absorption maximum is listed below for the

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

nucleotide c(M']cm']) Xmax(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'-GNP.
 

Structure formation of GMPZ' in aqueous solution is indicated by

the appearance of new lines in the 1H 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(B) 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 CS+ self-structure.

The maximum extent of structure formation that has been observed for a

pure CS+ system corresponds to about 5% of the total nucleotide

concentration. The next Spectrum is that of 0.6 M.ROZGMP at 4 °C. Four

broad lines are present indicating that more than one large complex

exists in this self-assembled form. Tetramethylammonium chloride

(TMACl) 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_KZGMP 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

least two high field Shoulders on the 7.54 ppm peak, to yield a total of

55
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Figure 9. The H(8) regions of the self-assembled alkali metal

5'-GMP2' 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 0.9211

NaZGMP at 4 °C. Three structure lines are present at 8.55, 8.26 and

7.25 ppm. The 7.71 ppm 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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II. The Sodium-GMP Self-Structure

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

the tetramethylammonium (TMA+) salt of GMP27 over wide ranges of

concentration and temperature have shown that TMA GNP does not form an

2

ordered structure. Under nonstructure forming conditions (i.e., at

2' salts exhibitelevated temperatures 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(B)

lines nor any Shift or broadening in the monomer line (°1/2 = 6.2 Hz)

are Observed. Thus TMA+ is not a structure directing cation.

Comparison of spectra before and after addition of 0.5 M TMACl 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, TMA+ does not

inhibit the formation of sodium self-structure. The structure inertness

of TMA+ 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 M (TMA)ZGMP at

2.8 °C. The three new H(B) 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 NaZGMP. Analogous

results are obtained when solid NaCl is added to a (TMA) GMP solution to
2

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
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Figure 10. Effect of adding aliquots of 4.0 M NaCl on the H(B)

region of 0.76 M (TMA)2GMP at 2.8° 0. Initial GMPZ‘

concentration (upper Spectrum) is 0.76 M, Final GNPZ'

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 M_(TNA)2GMP at

2.8° C; (c) ratios of 0.76 M (TMA)2C:MP and 0.76 M

NaZGMP are mixed maintaining constant volume in the

preSence of 0.5 M TMACl 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 lepe occurs between

GMPZT/Na+ = 3 and GMPZT/Na+ = 6.

The only difference observed between a mixed Na+/TMA+ - GMPZ'

solution and a pure NaZGNP solution is the chemical shift of the monomer

line, 06 ” 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 GMPZT species. The

suppression of the base stacking interactions in the presence of TMA+

may arise from differences in the ability of Na+ and TMA+ to form ion

pairs with monomeric and ordered forms of GMPZT.

B. TMA+/GMP2' Ion Pairing, In an attempt to minimize the dynamic
 

range of the TMA+ resonance in the 1H NMR Spectra of TMAZGMP solutions

and facilitate data collection, a gated decoupling experiment was

undertaken. Figure 12 shows a 0.55 M_TMAZGMP solution with 0.31 M NaCl

at 4 °C. both with and without peak suppression. Clearly, in the

spectrum where the TMA+ line was irradiated, the two outer sodium H(B)

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(B) 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)ZGMP with 0.31 M

NaCl at 4° C (A) without peak supression and

(B) irradiating the methyl resonance of TMA+ at 3.2

ppm.
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coupling 0? it Can be the result of dipole-dipole interactions.]2°

Since neither TMA protons nor H(8) protons are capable of rapid

exchange, a dipole-dipole mechanism must be invoked. NOE can be

correlated to internuclear distance d by equation (2),127

NOE = 100 / Ad° (2)

where the magnitude of the NOE is measured in percent and A = 1.8 x 10"2

O

A for H-H interactions. Using NOE = 90, a distance of about 2 A is

126
calculated for d. Glickson et al. have Shown the relationship

between homonuclear NOE 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 801C >> 1, where do is the precession frequency and TC is

the tumbling correlation time. Independent measurements of T1 and T2

for the outer two sodium structure H(B) lines (T]=2.17 and T2=0.016 sec

at 1 °C and 0.59 M_NaZGMP) confirm that the Spectra are in fact for the

slow tumbling region.134

The observed NOE is prOportional to the concentration of TMA+ 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_NaZGMP and 0.3611

TMACl at 0° C. Clearly, when the TMA+ is present in smaller amounts,

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

13.



Figure 13.
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The H(8) resonances of 0.56 M NaZGMP with 0.36 M

TMACl. The dashed line represents the Spectrum

without peak supression. The solid line represents

the spectrum when the methyl resonance of TMA+ is

irradiated at 3.2 ppm. These Spectra were recorded

100 MHz on a Varian instrument, and were provided

courtesy of 3M.

at
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The difference in the percent Species present represented

by a peak as determined by integration at two different

field Strengths, both with and without TMA+ peak suppression

 

 

 

(0.56 M NazGMP with 0.32 M TMACl at 0° C).

8.55 8.26 Monomer 7.25

(ppm)

100 MHz Varian

1. No Peak Suppression 2 % 26% 29% 19%

2. Peak Suppression 22% 29% 32% 17%

180 MHz Bruker

1. No Peak Suppression 27% 2 % 24% 26%

2. Peak Suppression 15% 32% 38% 15%



72

C. HDO/GMPZ' Association. Irradiation of the ribose peaks in a

NaZGMP Spectrum results in only a Slight drOp in intensity of the lines

in the H(B) region as well as the rest of the ribose region.

Irradiation of the H00 peak, however, results in the assymmetric

reduction in peak intensity of the outer two H(B) lines. The ordered

structure line at 8.55 ppm is affected more than the line at 7.25 ppm as

Shown in Figure 14. Thus, H20 is in close proximity to H(B) in the

Structure giving rise to the Outer lines. Although these lines are

believed to arise from the same structure, the H(8) environment giving

rise to the downfield line either has more H20 in its immediate

surroundings or is closer to the H20 molecules than the environment

corresponding to the upfield H(B) line. This is in direct contrast to

the results of irradiating the TMA+ peak, where the NOE is equal for the

outer lines.

D. Destabilization of the Na+ Self-Structure by Excess Na+ and K+.
 

The addition of excess lla+ to a structured solution of NazGMP leads to a

reduction in the extent of the Na+ self-structure. This observation is

illustrated by the H(B) resonances in Figure 15, where the relative

intensity of the monomer line for 0.78 M_NaZGMP is markedly increased in

the presence of added NaCl. The addition of aliquots of NaCl to NazGMP

showed the same effect as shown in Figure 16. As shown in Figure 17, a

similar decrease in the fraction of structured nucleotide is observed

for a mixed Na+/TMA+ - GMPZT solution when the GMP2'/Na+ ratio is < 1.0.

The decrease in the fraction of structured GMPZ' with increasing Na+

concentration beyond Optimum concentration suggests that multiple

equilibria are probably involved in the complexation of the metal ion by

the ordered nucleotide.



Figure 14.

73

The H(8) resonances of 0.36 M_NaZGMP at 1.5° C where

the solid line represents the spectrum without peak

supression and the dashed line represents the spectrum

when the H00 resonance is irradiated.
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Figure 15. Comparison of the H(B) region of 0.78 M_NaZGNP (lower

spectrum) with 0.78 M_NaZGMP containing 0.38 M NaCl

(upper spectrum). Note the relative intensities of

the monomer line and the structure lines.
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Figure 16. Effect of adding aliquots of 4.0 M NaCl on the H(B)

resonances of 0.91 M_NaZGMP at 4° C. The initial GMP

concentration (lower spectrum) is 0.91 M, The final

GMP2' concentration (upper spectrum) is 0.84 M, Note

that the intensity of the monomer resonance increases

slightly with increasing Na+/GMP2' ratio.

2-
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Figure 17. Effect of varying the GMPZT/Na+ ratios on the fraction

of structured GMPZ' in 0.78 M_(TMA) GNP at 0.3° C;

[(TMA)C1] = 0.5 M.
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The addition of excess K+ to a solution of structured NaZGMP also

leads to a decrease in the fraction of structured nucleotide, as shown

in Figure 18. Upon addition of sufficient excess K+, the Na+ self-

structure is replaced eventually by a K+ self-structure, which will be

discussed in more detail later.

E. Stabilization of the Na+ Self-Structure by K+. Although the
 

extent of Na+ self-structure in solution is decreased an addition of Na+

2' ratios greater than about 1.0, the Na+ self-structureor k+ at M+/GMP

is actually stabilized by K+ at Na+/GMP2' ratios below 1.0. As shown in

Figure 19, the addition of KCl to a 0.63 M_GMPZ' solution containing 0.5

Na+/GHP2' leads initially to a dramatic increase in the intensity of the

Na+ self-structure lines and a concomitant decrease in the intensity of

the monomer resonance. The increase in percent sodium self-structure in

solution is accompanied by the disappearance of the highest field

structure line and a new line growing in just downfield of it. The line

position exchange is clearly Shown in the spectrum with a K+/Na+ ratio

of 0.51. The changes in equilibrium concentrations caused by the added

K+ are much greater than would be observed by the addition of an

equivalent amount of Na+.

The further addition of KCl beyond a K+/Na+ ratio of 1.0 leads to

the appearance of new H(B) lines which can be assigned to a K+ self-

structure (gj,, Figure 19). However, even at a K+/Na+ ratio of 2.2, the

Na+ self-structure dominates. This means that the species represented

by the Na+ self-structure lines are more favored than those represented

by the K+ self-structure lines. Since the Na+ and K+ self-structures

involve specific complexation of Na+ and K+, respectively, it is

. +

apparent that Na+ is a stronger structure directing cation than K .
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Figure 18. Effect of adding aliquots of 4.0 M KCl on the H(B)

2GMP at 3.4° C. Note the increase

in monomer line intensity and the increase in K+

region of 0.9 M_Na

structure lines with the decrease in Na+ structure

lines.
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Figure 19.

84

Effect of adding aliguots of 4.0 M KCl on the H(B)

lines of a solution containing the Na+ self-structure

at a Na+/GMP2' ratio of 0.5. Note the dramatic

increase in the Na self-structure lines that appear at

the expense Of the monomer line at low K+/Na+ ratios.

[(TMA)2GMP] = 0.63 M, [NaCl] = 0.32 M, Temperature is

2.9° C.

 



 

.
.
:
1
3

l
.

.
1

H
1
1
1
4

1
1
1
1
1
.
1

1
.

$
2
1
.
0
2
.
}
i
t

£
1
.
0
5
.

.
1
T
a
l
i
.
£
5

1
.

.
-

.
w
t
.
.
.

.

w
i
l
l

.
l
.
.
.

1
1
0
1
.

L
t
l
u
a
u
-
p
g
4
3
-
4
1
.
.

1
.

 

/\

K ' structure

85

O

0.0

7.25monomer

ppm

 

8.55



86

However, non-Specific metal ion complexation reactions also appear to be

operating in the self-assembly process. Relative to Na+, the binding of

+ . . . . . . . . ..

K at the non-Spelelc Sites 15 more effective 1n Stablllzllng the Na+

self-structure.

The stabilization of the Na+ Self-structure by K+ at low Na+/GMP2'

ratios is also illustrated by the melting experiments shown in Figure

2..

20. The mixed metal ion solution containing 0.50 K+/GMP and 0.16

2-

Na+/GHP2' (total M+:GMP = 0.66:1 is not entirely melted out to monomer

at 41 °C, whereas an analogous solution containing only Na+ metal ions

at 0.66 Na+/GMP2' is completely melted out by 26.5 °C.

F. The Structure Directing Influence of Li+. Unlike TMA+, Li+
 

cannot be used as a structure-inert ion in GMPZT systems. Pure LiZGNP

Shows no evidence for structure formation at high concentrations and low

temperatures. Figure 21 shows the result of mixing LiZGMP and NaZGMP at

2 °C. Clearly, the Spectrum corresponding to 4GMP2'/Na+ is quite

different from that of an equivalent solution where Li+ is replaced by

THA+. Also, the addition of Li+ to a solution often induces

precipitation whereas the addition of TMA+ often has a solubilizing

effect. Thus, although Li+ is not a structure directing ion, it does

not play a passive structural role in the presence of a strong structure

director such as Na+. The complete results of the NaZGMP-LizGMP

experiment are contained in Appendix A.
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Figure 20. The melting out of H(8) lines for two solutions

containing the Na+ self-structure at a total alkali

metal ion to GMPZ' ratio of 0.66:1. Solution A

contains a mixture of K+ and Na+ (K+/GMP2' = 0.50,

Na+/GMP2' = 0.16); solution B contains only Na+

(Na+/GMP2' = 0.66). [(TMA)ZGMP] = 0.57 M,
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Figure 21.

89

Effect on the H(8) region of mixing different volumes

of 0.72 M_LiZGMP and 0.72 M_NaZGMP at 2° C and

constant overall volume. Note that at high Li+

concentration (upper spectrum) the lines arising from

a normal sodium self-structure are no longer present.
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III. The Potassium GMP Self-Structure

A. "Simple" and "Complex" K+[GMP2- Structure. Figure 22 Shows the
 

results of addition of KCl to a 0.85 M_TMAZGMP solution at 3.2 °C.

Structure formation begins with a marked broadening of the monomer line

and the appearance of two new high field lines. Further addition of KCl

promotes an increase in intensity of the new lines until at GMP2'/K+ =

2, all of the monomer is converted into a self-assembled form. Spectra

2' to K+ was greater than or equal to twoof solutions whose ratio of GMP

showed no Similarity to a pure KZGNP spectrum at corresponding

concentrations and temperatures. There is a marked difference between

the spectrum at GMP2'/K+ = 2 and GMPZT/K+ = 1, although over this range

the change is gradual. Spectra showing structure up to and including

GMP2'/K+ = 2 represent the "simple" structure. The "complex" structure

is represented by GMPZT/K+ :11.

Figure 23 shows a melting profile of a 0.70 M_TMAZGMP solution with

GMP27/K+ = l. The "complex” structure is never converted to the

"simple" even as the "complex” structure is melted out. The existence

of two types of KZGMP structures is quite different from what is

observed for ordered NaZGMP, which exhibits only one pattern of

structure lines regardless of GMP°'/Na+ ratio.

8. Effect of Excess K+ on the "Complex" KeGMP Self-Structure.

Addition of KCl to KZGMP results in a marked shift in the equilibrium

concentrations of the self-assembled Species as a function Of time and

temperature. Two solutions of 0.5 M KZGMP made up at room temperature,

one stored at 0 °C and the other at 20 °C, gave identical Spectra at 3.6

°C. These solutions Showed no change in the H(8) resonances with time

as shown in Figure 24. In contrast, two different solutions containing



 



Figure 22.
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H(B) resonances Observed upon addition of aliquots of

4.19 M KCl to 0.85 M (TMA)ZGMP at 3.2° c. The

"Simple" structure (and monomer) is seen at GMPZ'lK+ =

12, 6 and 2. The "complex" structure is represented

GMP2'/K+ = 1 and 0.5. The initial GMPZ‘ concentration

(lower spectrum) is 0.85 M, The final GMPZ'

concentration (upper Spectrum) is 0.60 M,
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Figure 23. The melting out of H(B) resonances of the "complex" K+-

GMPZ' self-structure at GMP2'/K+ = 1.0. [(TMA)ZGMP] =

0.70 M. [KCl] = 0.70 M.
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Figure 24.
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The H(8) region of (A) 0.5 M_KZGMP prepared at room

temperature and stored at 0° C as a function of time

eXpressed in minutes, and (B) 0.5 M_KZGMP prepared

and stored at room temperature as a function of time

in minutes. Spectra obtained at 3.6° C.



A

mmuteA

585

minutes

240
300

75 70

l l —l——I—_

7.91 254 7.91 7.54 (ppm)

 



98

0.5 M_KZGMP and 0.38 M KCl made up and stored under conditions identical

to those discussed above Showed "new" structure formation as a function

of time. These "new" structure lines are present to some extent in more

concentrated KZGMP solutions, but are "new" at the concentrations

discussed. Thus, they actually represent a change in the relative

concentrations of the different ordered structures in a given solution.

Figure 25 shows that the shoulders at 8.04 and 7.44 ppm increase in

intensity until they are larger than the 7.91 and 7.54 ppm K+-Structure

peaks. The peak at 7.23 ppm also increases in intensity. The peaks

sharpen with this increase, suggesting the presence of smaller, more

discrete structural units. It is clear from comparison of the 300

minute spectra for the solutions containing KCl, that the equilibrium

shift to "new" structures is more dramatic for the solution stored at 0

°C than at 20 °C. Thus, it appears that the "new" structures are formed

from self-structures normally present in an ordered KZGMP solution.

Melting profiles of solutions with and without KCl indicate that the

"new" structures melt out to the structures corresponding to the inner

peaks as shown in Figure 26. Although about 10 hours are necessary to

reach an equilibrium state in the KCl-K GMP system at 3.6 °C, rapid

2

equilibrium (several minutes) occurs on melting at elevated

temperatures. Heating a KCl-KZGMP solution until only monomer is

present and then rapidly cooling and recording the spectrum resulted in

broad lines, and the absence of an upfield Shoulder on the highest field

peak (Figure 27.E).

The effect observed an addition of KCl to a KZGMP solution appears

to be a nonspecific cation effect. Similar, although not identical

effects are observed an addition of TMACl (Figure 27). If an anion
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Figsre 25. The time dependence of the H(8) region of (A) 0.511

KZGMP containing 0.38 M KCl prepared at room

temperature and stored at 0° C, and (B) 0.5 M_KZGMP

containing 0.38 M KCl prepared and stored at room

temperature. Time is measured in minutes from the

time the solution was prepared as zero minutes.

Spectra measured at 3.6° C.
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Figure 26. The melting out of the MB) region of (A) 0.5 M K2011P

prepared and stored at room temperature, and (B) 0.5 M

KZGMP containing 0.38 M KCl prepared and stored at

room temperature.
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Figure 27.
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The H(8) region of (A) 0.5 fl_KZGMP stored for 10 hours

at 0° C and recorded at 3.6° C, (B) 0.5 fl_KZGMP

containing 0.38 flKNO3 stored for more than 10 hours

at 0° C and recorded at 3.6° C, (C) 0.5 fl KZGMP

containing 0.38 fi_TMAC] stored for more than 10 hours

at 0° C and recorded at 3.6° C, (D) 0.5 fl_KzGMP

containing 0.38 g KC] stored for 10 hours at 0° C and

recorded at 3.6° C, and (E) 0.5 fl_KZGMP heated to

boiling and then cooied in ice to 0° C with the

spectrum immediateiy recorded at 3.6° C.
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effect were operative, these "new" structures would not be present in

the more concentrated solutions of KZGMP which contain no other anion.

Also, addition of KNO3 has virtually the same effect as KCl, as shown in

Figure 27. In effect, the cation appears to be causing a shift in the

equilibrium which normally occurs with increasing KZGMP concentration,

except without the increase in GMPZ' concentration. Addition to NaCl to

KZGMP resulted in similar time dependent changes in the spectra (Figure

28). Figure 29 shows NMR spectra of a KZGMP/KCl system with conditions

comparable to those for an analogous KZGMP/NaCl system. When aliquots

of NaCl were added to the KZGMP system, the equilibrium shifts were not

observed unless the system was allowed to remain undisturbed for a

period of time (days). In contrast, the addition of aliquots of KCl

induced more immediate perturbations. This is quite different from

NaZGMP self-assembly, which shows no spectral changes as a function of

time to date, with or without excess cations present. It is evident

from the TMACl/KZGMP system (Figure 27), that the 8.04 and 7.44 ppm

peaks do not arise from the same structure. Clearly, they are more

different in intensity in the KCl/KZGMP system than they are in the

TMACl/KZGMP system. Thus, different cations favor different structures,

and cause "new“ structure formation to varying degrees. However, if one

discounts details in spectral intensities, the same general effect is

observed for three cations with markedly differing size and solvation

properties.

C. Stability of the "Simple" K+ Structure in the Presence of

fig:L_ Figure 30 shows how a sodium like structure grows in when NaCl

solution is added to a "simple" K+ structure, 0.63 fi_TMAZGMP with GMPZ'

/K+ = 2 at 2.3 °C. Addition of only a small amount of Na+ is necessary



Figure 28.

l06

Effect on the H(8) resonances of 0.92 fl_KZGMP on

addition of aliquots of 4.0l fl_NaCl at 4° C. The

initial concentration of GMPZ' (lower spectrum) is

0.92 fl_and the final concentration of GMPZ- (upper

spectrum) is 0.83 E, Note the ratio l:2:0.l7, (A) was

recorded 96 hours after (B). The sample was stored at

room temperature. A definite change in the relative

intensities of the inner and outer lines is apparent.
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Figure 29.
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Effect on the H(8) resonances of 0.92 fl_K2GMP on

addition of aliquots of 4.03 fl_KCl at 4° C. The

initial concentration of GMPZ' (lower spectrum) is

0.92 fl_and the final concentration of GMPZ' (upper

spectrum) is 0.59 fl,
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Figure 30. Effect on the H(8) resonance of adding aliquots of

4.0 fl_NaCl to the "simple" potassium self-structure at

2.3° c. [(TMA)ZGMP] = 0.63 E. [KCl] = 0.32 L‘-
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to induce formation of a sodium-type self-assembled structures.

Eventually all the "simple" K+ structure had disappeared and only Na+

self-structure was present in solution. Further addition of K+ resulted

in a “complex" K+ self-structure beginning to grow in. The "simple” and

"complex" K+ structures are most easily distinguished by the presence of

a structure line upfield of the highest field sodium self-structure line

in the "simple” K+ case. In the presence of K+, there is a marked

decrease in the intensity of the monomer line in the Na+ self-structure,

indicating that the K+ is stabilizing the Na+ self-structure as

discussed earlier. Thus, by varying the relative amounts of K+ and Na+

in a TMAZGMP solution, the two K+ self-structures and the one Na+ self-

structure can be interconverted with the following order of increasing

stability: "simple" K+ < Na+ (in the presence of K+) < "complex" K+.

D. Effects of Li+ on the K+ Self-Structures. Addition of KCl to a

concentrated LiZGMP solution results in precipitation. In order to

2' with GMP2'/TMA+ = 4.2avoid this problem, KCl was added to 0.72 fl_GMP

and GMP2'/Li+ = 6.6 as shown in Figure 3l. The ordered species which

grew in were different from either the "simple" or "complex" K+ self-

structures. Although Li+ is not a structure directing ion itself, it

has structure perturbing ability when present with a stronger structure

director. The lines were extremely broad, and it was difficult to

distinguish any structural features other than the presence of a peak

with a chemical shift equal to that of the second highest field line in

the "simple" K+ structure. The other peaks characteristic of the

"simple" K+ structure were clearly absent however. It is also

noteworthy that in the presence of Li+, the onset of observable self-

assembly occurred at much lower GMP2'/metal ion ratio than in the pure
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Figure 3l. Effect on the H(8) region of adding aliquots of 4.0 [1

KCl to 0.72 g GMPZ' containing 0.56 g TMA+ and 0.88 _M_

.+
Li at 2.3° C.
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TMA+ system.

In order to investigate the effect of Li+ on the "simple" K+

structure, LiCl was added to 0.78 fl_TMA GMP with GMPZ'lK+ = 2 at 0.3 °C
2

as shown in Figure 32. As the amount of Li+ in solution increased, a

new line grew in in between the two structure lines, and the highest

field line began to melt out. Eventually the highest field line melted

out completely and only the new line remained.

Thus it is clear that Li+ does not play a passive role in the

presence of structure directing ions, although it is not a structure

director in itself. Based on the marked increase of line widths in the

presence of Li+, it appears that the extent of aggregation is increased.



Figure 32.
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Effect on the H(8) resonance of adding LiCl to a

"simple” K+-GMP self-structure at 0.3° C. [(TMA)ZGMP]

= 0.775 _I~_1_. [KCl] = 0.36 91.



ll7



ll8

IV. The Rubidium GMP Self-Structure

A. Similarity of K+ and Rb+ StructuringgPatterns,_ Figure 33 shows

the addition of RbCl to 0.85 fl_TMAZGMP at 3.2 °C. Comparison of Figure

33 and Figure 22, which shows the effect of the addition of KCl to

TMAZGMP, shows that self-assembly follows virtually identical patterns

in the two systems. Self-structure formation begins with a broadening

of the monomer line and the appearance of two new upfield lines. At any

GMPZ' to metal ion ratio the extent of structure formation is greater in

the K+ system than in the Rb+ system. The Rb+ case appears to initially

form the same "simple" structure as the K+ system, which is then

transformed into a "complex" structure on addition of more RbCl. The

”complex" structure for the Rb+ system, in much the same way as the K+

system, shows a unique melting out of structure lines which does not

invoke the "simple" Rb+ structure, as shown in Figure 34. The presence

of the highest field line in the 0.5 GMP2'/Rb+ spectrum, however,

suggests that the conversion from "simple" to I'complex" structure in the

Rb+ case is incomplete. Thus, it appears that the Rb+ and the K+

structures in solution in the presence of TMA+ form the same structures;

however, the K+ structure has a higher ratio of "complex" to "simple"

structure at low GMP2'/metal ion ratios.

Similar Spectral changes are observed on adding RbCl and KCl to

CsZGMP, as shown in Figures 35 and ll, respectively. Figure 35 shows

the effect of addition of RbCl to 0.72 fl_Cs GMP at 3.6 °C. An increase
2

in self-structure formation begins with a broadening of the monomer

line, due in part to the presence of a downfield shoulder. As the

monomer line broadens and decreases in intensity, the upfield structure

line increases in intensity. On further addition of RbCl, two
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Figure 33. The H(8) resonances observed upon addition of aliquots

of 4.l5 fl_RbCl to 0.85 fl_(TMA)ZGMP at 3.2° C. The

final GMPZ' concentration was 0.60 fl,
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Figure 34. Melting out of the structure lines in the H(8) region

of 0.60 fl_RbZGMP containing l.70 fl_(TMA)Cl.
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Figure 35. Effect on the H(8) resonance of 0.72 [*1 CsZGMP upon

addition of aliquots of 4.l5 [1 RbCl at 3.6° C.
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additional structural lines grow in, one upfield and one downfield of

the already existing lines. Although these "outer" lines grow in at a

higher GMPZ' to metal ion ratio in the K+-Cs+ system, the chemical

shifts of the lines in the Cs+-Rb+ and Cs+-K+ systems are identical.

The difference in structure onset is probably attributable to the

difference in structure directing ability of the two ions. Based on

comparison of the results of addition of RbCl and KCl to TMA GMP and

2

CsZGMP, it is clear that Rb+ and K+ are similar in their mode of self-

structure directing, and markedly different from Na+.

B. Li+-Rb+/GMP2" Gel Formation. An attempt to investigate the

effect of Li+ on the Rb+-system resulted in gel formation. Combinations

of different volumes of 0.5 fl_Rb GMP and 0.5 fl_LiZGMP resulted in gel
2

formation on contact of the two solutions. The gel could be melted out

by heating, but many of the solutions gelled again upon cooling. It

appeared qualitatively that the gel formation occurred most readily from

a lzl ratio of LiZGMP and RbZGMP. No further investigation of the

effects of Rb+ in conjunction with Li+ on GMPZ' were undertaken.
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V. The Cesium- MP Self-Structure

A. Effect of Addition of Li+ on the Extent of_the Cs+-GMP2'

Self-Structure. Figure 36 shows the addition of aliquots of CsCl to

0.85 fl_TMA26MP at 4.2 °C. There is no evidence for structure formation

until the solution contains lGMP2'/2Cs+. Since less than % of pure

CsZGMP fonns a self-structure, this result is expected.

Figure 37 shows the effect of the addition of LiCl to 0.72 _l*_i_

CsZGMP. The solution showed no change in percent structure up to the

point where precipitation occurred. Similarly, addition of CsCl to 0.96

fi_Li26MP showed no structure formation at 3.6 °C prior to precipitation

at a ratio of lGMP2'/Cs+. Thus, Li+ induces no changes in the stability

of the Cs+ structure, nor changes in the type(s) of structure(s) formed.

8. Effect of Addition of Na+ and K+ to the Cs+ Self-Structure.

Figure 38 shows the addition of aliquot of NaCl to 0.72 fi_Cs GMP at 3.3
2

oC. Only a very small amount of Na+ need be present to create a

dramatic increase in the amount of structure present. Initially, the

upfield and downfield lines closest to the monomer line are cesium

structure lines whereas at 7.6 ppm there is a new structure line.

Chemical shifts are calculated based on the lowfield sodium self-

structure line consistently apearing at 8.55 ppm downfield from an

internal TSP reference. Increasing the Na+ concentration resulted in an

increase in the intensity of all structure lines and the appearance of

two new structure lines. These new lines are on either side of the

monomer line at 8.4 and 7.4 ppm. Furthur addition of Na+ resulted in a

shoulder on the monomer peak. As this peak grew in with increasing Na+,

a new lowfield peak grew in at 8.6 ppm. The highest and lowest field

structure lines at 8.6 and 7.4 ppm, together with a structure line
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Figure 36. Effect on the H(8) resonance of 0.85 [1 (TMAlzGMP UPC”

addition of 3.2 u CsCl at 3° c. The final GMPZ'

concentration was 0.57 [1.
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Figure 37. Effect on the H(8) region of adding 4.0 fl LiCl to

0.72 [1 CsZGMP at 3.6° c. The final GMPZ'

concentration was 0.6l fl.
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GMP uponFigure 38. Effect on the H(8) resonances of 0-72 1‘1 CS2
2-

addition of 4.0 fl_NaCl at 3.3° C. The final GMP

concentration was 0.58 M,
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downfield of the monomer line at 8.3 ppm have chemical shifts virtually

identical to the three structure lines of a pure NaZGMP system of

comparable temperature and GMPZ' concentration. Concurrent with the

increase in the intensity and number of self-structure lines was a

decrease in the intensity of the monomer line. The structure lines

correSponding to the Na+ system and the Cs+ lines were initially present

at low GMPZ' to metal ion ratios. It is interesting to note that the

Cs+ structure lines remained present. In an analogous experiment adding

CsCl to HaZGMP, the Na+ self-structure remained unperturbed except for a

new line growing in at about 7.7 ppm. This structure line corresponds

to the structure line present in the pure CsZGHP system.

Figure 39 shows the effects of the addition of aliquots of KCl to

l.l9 fi_CsZGHP at 5.0 °C. Two new structure lines grow in at the same

rate with increasing K+ concentration, one upfield and one downfield of

the Cs+ structure lines. These new structure lines and the Cs+

structure line just upfield of the monomer line increase in intensity

with increasing K+ concentration, whereas the monomer line decreases in

intensity. At low GMP2'/K+ ratios, shoulders or new peaks grew in

upfield of the originally present structure lines. The increase in new

peaks was accompanied by line broadening until precipitation occured.

Many of the structures formed for CSZGMP in the presence of Na+ are

unique to that system of cations. The ordered forms in the presence of

K+ appear to be different than those formed in the presence of Na+.

Thus, although Cs+ is a very weak structure directing ion by itself, in

the presence of strong structure directors, Cs+ actively participates in

the self-assembly process.



134

Figure 39. Effect on the H(8) resonances of l.l9 fl CSZGMP upon

addition of aliquots of l.l {1 KCl at 5° C. The final

GMPZ' concentration was 0.87 [1.
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VI. Alkaline Earth Salts of 5'-GMP
 

The homoionic alkaline earth salts are too insoluble to allow

proton NMR investigation of structure formation. Thus, an alternative

approach was taken. Alkaline earth chlorides were added to TMAZGMP

systems. The increased solubility induced by the TMA+ was sufficient to

allow enough salt into solution to qualitatively investigate the

structure directing ability of the +2 ions, although limiting spectra

were still unattainable.

The addition of MgCl or CaCl to 0.73 M_TMA GMP solutions,
2 2 2

reSpectively. resulted in precipitation prior to structure formation at

3.2 0C. Addition of CaCl to a Na GMP solution in a ratio of 4GMP2-
2 2

/Ca2+ resulted in precipitation. The solution was stored at room

temperature for a month at which time the formation of white spherical

particles of solid material was noted, while the solution was clear.

Scanning electron micrographs revealed that the spheres were made up of

+ 2+
2 or Ca weresmall, flat sheets. No further investigations with Mg

undertaken in a 5'-GMP system.

The addition of both SrCl and BaCl to 0.73 M_TMA GMP, resulted in
2 2 2

self-association of the nucleotide. Since a certain amount of

precipitate was always present, quantitative studies were not feasable.

Figure 40 shows the effect of the addition of microliter quantities of

4.74 MSrCl2 to a TMAngp solution. After addition of each aliquot, the

solution was heated to boiling and then cooled to 3.6 °C. Structure

formation is evident. The monomer line decreases in intensity with

increasing Sr+2 concentration, and two new lines are present upfield of

the monomer peak. The solution represented by the uppermost spectrum

gelled on aging at room temperature for two hours.
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Figure 40. Effect on the H(8) resonance of 0.73 M_(TMA)ZGMP upon

addition of aliquots of 4.74 M_SrCl2 at 3.2° C. Due

to the presence of precipitate, exact solution ratios

were unattainable.
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Ba2+ is also a structure director as shown in Figure 41. The

scheme of ordering for Ba2+ is quite similar to that for Sr+, although

2+ and Ba2+less structure is observed for the Ba2+ system. Both Sr

showed H(8) line patterns more similar to K+ than Na+, as expected from

comparison of ionic radii. An interesting phenomenon observed for the

+2 ions was the formation of gels on heating, and increased solubility

on cooling. The gelling phenomenon was totally reversible. Although

the Ba2+ and Sr2+ ions appear to form identical structures, this is not

necessarily the case since limiting spectra were not obtained. Rb+ and

K+ also appear to form identical self-assembled units prior to total

ordering of the solution, at which time it is quite clear that they are

different. The Ba+ solution represented by the uppermost spectrum of

Figure 4l yielded small fibers over a 24 hour period. The use of mixed

ion systems allowed an investigation of the interaction of the alkaline

earth cations with 5'-GHP by increasing the solubilities, and thus

allowed Sr2+ and Ba+ to be identified as structure directing ions.
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Figure 4l. Effect on the H(8) resonance of 0.73 M_(TMA)ZGMP upon

addition of aliquots of 2.0 M_BaClz at 3.2° C. Due to

the presence of precipitate, exact solution ratios

were unattainable.
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VII. NH Proton Resonances of GMP Self-Structures in Water

A wealth of information an ordered forms of GMPZ' is available from

the NH region of the NMR Spectra, which ranges from about 6 to 12 ppm

downfield from TSP. The NH region shows unique multiline patterns which

can be used in conjunction with the H(8) lines to create a picture of

the self-structures formed. In order for the NH protons to be

observable, spectra must be recorded in H20 at low temperatures to

prevent rapid exchange. By comparing the number of hydrogen bonded NH

protons with the number of structured H(8) protons, insight into the

number of hydrogen bonds per structured nucleotide should be attainable.

At about 6.3 ppm in H20 at 0 °C the GMPZ' monomer is known to exhibit an

amino proton signal, which shifts to about 6.5 ppm on hydrogen bonding

with 5'-CMP.128 Thus, information with respect to monomer can also be

acquired. Difficulties, however, arise when using H20 solutions due to

the extremely large intensity of the water peak. As discussed earlier,

peak suppression of the H20 peak perturbs the H(8) region and therefore

cannot be employed with routine spectra. Another problem occurs in

distinguishing between N-H and O-H protons. O-H protons usually exhibit

chemical shifts of less than 6 ppm downfield from TSP; they have,

however, been reported to have chemical shifts as large as about 7.2 ppm

in cyclic nucleotide systems.129

Figure 42 shows spectra of several different concentrations of

NaZGMP in H20 at low temperature. In the concentrated solution

spectrum, the presence of the three H(8) sodium self-structure lines at

8.55, 8.26 and 7.25 ppm is quite clear. The monomer line is at 8.00

ppm. In addition, concentration dependent lines are clearly present at

about ll.l4, 10.16, 9.35, and 7.69 ppm. All these peaks have been
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Figure 42. The NH and H(8) regions of (A) 0.3 M_NaZGNP in H20 at

2° C, and (B) 0.7 M_NaZGMP in H20 at 2° C. These

spectra were provided courtesy of Jeol. Co.
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105
assigned as originating from NH protons. Since the 7.69 ppm peak is

similar in chemical shift to the 2’-0H peaks which have been observed

129 further investigationhydrogen bonded to H20 in cyclic nucleotides,

of this peak seemed warranted. Based on the probable difference in

relaxation rates between an amino and a hydroxyl proton, a relaxation

experiment was done. Inversion recovery T1 experiments revealed very

small differences existed between T1 values for all peaks in this

region, and thus were inconclusive.

Figure 43 shows the behavior of the 6.3 ppm NH2 resonance of

monomeric GMPZ' as a function of concentration. At intermediate

concentration, the NH2 peak has broadened. In the concentrated

Spectrum, where the self-assembled unit is the predominant species in

solution, the NH2 appears to be present as two peaks, one at 6.3 ppm and

the other at 6.1 ppm. These lines may correspond to the unassociated

monomer (6.3 ppm), and GMPZ' involved in disordered base stacking (6.1

ppm). If tetramers existed in solution to a significant extent, a

downfield Shift to 6.5 ppm would be expected based on the results of G-C

128 Thus, although the lines are broadened. andpairing experiments.

obscured by the intensity of the water peak, these results provide

further evidence for the presence of a "fully" self-structured NaZGMP

solution. Thus, assignment of the third highest field line as monomer

is justified.

A spectrum of self-assembled KZGMP in H20 at low temperature showed

a different NH pattern from the sodium system as Shown in Figure 44.

The chemical shifts of the NH lines are 11.25, 10.48, 9.54 and 8.64 ppm

downfield from TSP. A TMA GMP system containing 6GMP2'/Na+ and

2

26MP2'/K+, which exhibits a Na+ type of self-structure, shows neither a
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Figure 43. The H(8) and unstructured 1in resonances for (A) 0.7 fl

NaZGMP at 2° C in H20, (8) 0.3 M_ NaZGMP at 2° C in

H20, and (C) 0.1 M_NaZGMP at 2° C in H20. These

spectra were provided courtesy of deal. Co.
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Figure 44. The H(8) and NH resonances of 0.91 M_K GMP at 2° C in

H20 containing NaTSP (1 wt%).

2
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sodium nor a potassium N-H hydrogen bond pattern as Shown by the upper

Spectrum in Figure 45. This Spectrum was obtained on the Bruker NH-TBO

and is typical of the quality of Spectra observed from water solutions.

The lower Spectrum was obtained on a Bruker NP-200 and shows markedly

better signal to noise. Unfortunately, the two spectra were recorded at

different scales so comparison is somewhat difficult. The lower

spectrum shows the result of H20 peak suppression in this system. Note

the marked decrease in the intensity of the 7.69 ppm line relative to

the highest field sodium structure line when peak suppression is

applied.

Table 6 Shows the ratio of the concentration of NH protons to

structured CH protons. Due to the problem of the origin of the 7.69 ppm

peak which may be either a NH or ribose proton line, ratios were

calculated both including and not including protons giving rise to this

peak. In addition to the hydrogen bonds between 0(6), N(7) and N(l),

N(2), respectively, additional hydrogen bonding could be envisioned

between the phosphate groups and NH2’ 2'-0H, 3'-OH or some type of water

interaction with an NH2 or ribose. Thus, in addition to the two known

hydrogen bonding Sites, others could exist giving rise to NH to CH

ratios greater than two. At low temperatures, the ratio was about 3 for

a 0.7 M_Na GMP solution. This value may, however, be artificially high
2

Since at low temperature monomer NH peaks could be present in addition

to structured NH peaks. At slightly higher temperatures these NH peaks

from the monomer would not be present due to exchange. At higher

temperatures, it appears a value of about 2 predominates. Thus, this

suggests that extensive hydrogen bonding beyond tetramer formation is

unlikely.
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Figure 45. A comparison of the NH and H(8) regions of two Spectra

of 0.79 M (TMA)ZGMP in H20 with 0.13 M NaCl and 0.40 _M_

KCl at 1° C. (A) was recorded on a Bruker NH-lBO

without H20 peak supression. (B) was provided

courtesy of Bruker and represents the same system with

H20 peak supression. Note the intensity of the 7.57

ppm peak relative to the 7.25 ppm peak in both cases.
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Table 6. Effective NH/H(8) Ratios for Various Temperatures and

Concentrations of Solutions Exhibiting a "Sodium" Self-

Structure.

Solution Temperature

0.7 M NaZGMP 2.0° C

0.45 M_NaZGMP 4.2° C

0.77 M_NaZGMP 8.0° C

0.77 M NaZGMP 21.0° c

0.79 M (TMA)ZGMP 2.7° C

0.13 M NaCl

0.53 M KCl
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(

2.

2.40)§

NH/H(8)

3.08

(2. 69 )9.

77

.04

.67)E

.78

.saie

.33

.92)3

9The values in parenthesis were obtained by excluding the resonance at

7.69, which could be a ribose 0H line rather than NH line.
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VIII. A Survey of GNP Derivatives

A. 2'-MQGMP(M = Na+, K+). Figure 46 shows the extent of

structure formation of 2'-NaZGMP. Comparison of the Spectra at 1.3 °C

(lower Spectrum) and 26 °C (upper Spectrum) reveals an upfield shift of

the monomer line as well as two new lines growing in, one at 7.23 ppm

and one at 8.51 ppm relative to TSP, indicative of structure formation.

From examination of the Spectra, it is clear that at 1.3 °C, a 0.64 M 2'

NaZGMP solution shows less than 10% Structure formation. Thus, although

the chemical shifts are similar to those for 5'-Na GMP, the extent of

2

structure formation is considerably less.

In contrast to the sodium case, 2'-K26MP exhibits far more

extensive self-structure formation as shown by the melting profile in

Figure 47. The 0.85 M_2'-K26MP solution at 1.3 °C Shows seven distinct

structure lines which Span 1.2 ppm. 0n heating, the monomer line shifts

to lower field as the intensity of the structure lines decreases.

Structure is totally melted out by 44 °C. The concentration study Shown

in Figure 48, together with Figure 47, indicates the Similarity in H(8)

behavior with concentration and temperature dependence. At 1.3 °C, a

0.20 M_solution Shows only a monomer line. The 2'-KZGMP structure

appears quite different from that of 5'-KZGMP. The extent of structure

formation is greater for K+ than Na+ in the 2'-GMP case, which is

consistent with observations for 5'-GMP. The degree of structure

formation, however, is much more extensive for 5'-GNP than 2'-GMP.

+

B. 3'-MQGMP (M = TMA:,_Na , k1). In neutral solution, 3'-NaZGMP
 

was too insoluble to ever attain concentrations where structure would be

expected to be observable. Solutions of 3'-TMAZGMP were very viscous,

but saturated solutions showed no observable structure at 0.7 °C. In
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Figure 46. H(8) resonances of 0.64 M 2'Na GMP.
2
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Figure 47. A temperature dependence study (° C) of the H(8)

resonances of 0.85 M 2'KZGMP.
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Figure 48. A concentration study of the H(8) resonances of

Z'KZGMP at 1.3° C.
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the presence of 0.19 M KCl precipitation occured.

A spectrum of the solution and precipitate revealed structure was

present as indicated by the line upfield of the monomer as Shown in

Figure 49. Addition of NaCl to 3'-TMAZGMP resulted in partial gelling

at low temperature. A spectrum of the partially gelled solution showed

very broad lines and a Small broad structure peak 0.8 ppm upfield of the

monomer line. Thus, although it is qualitatively clear that the sodium

and potassium salts of 3'-GMP form ordered self-structures, due to the

various solubility problems, no quantitative studies have been

undertaken.

C. 2',3'-Cyc1ic GMP. The Li+ salt of 2',3'-£6MP does not form an
 

ordered structure. Addition of KCl to create a Li+/K+ ratio equal to

one resulted in the formation of a clear gel. The sodium salt of 2',3'-

EBMP gelled on attempting to make a concentrated solution. Neither

Spectra of the gel nor Spectra taken of the viscous solution which

resulted from heating the gel gave any indication of structure

formation. No further studies were attempted.

D. 3',5'-Cyclic GMP. The TMA+ salt of 3',5'-26MP showed no
 

structure at high concentrations and low temperatures. Addition of KCl

to attain a ratio of 4_c_CMP'/K+ resulted in gelation at room temperature

and no NMR detectable structure. Attempts to form a concentrated

solution of the K+ salt of 3',5'-£CMP resulted in gelation. Diluting

the sample until a viscous solution remained, or heating the gel in an

attempt to observe NMR detectable structure were to no avail. Addition

of K+ to the Na+ salt also resulted in gel formation. In all cases the

gels were clear and colorless. The Na+ salt of 3',5'-g6MP, however, did

exhibit NMR detectable structure.
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Figure 49. The H(8) region of (A) 0.5 M_3'(TMA)ZGMP containing

0.19 ['1 KC1 and (B) 0.5 _M_ 3'(TMA)ZGMP both at 0.7° C.

Some precipitate is present in solution (A).  
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The Na+ salt of 3',5'-ECMP crystallizes quite readily. In order to

attain super saturated solutions of sufficient concentration for

structure to be observed, solutions were heated and then cooled rapidly;

spectra were then recorded as quickly as possible. A 0.74 M 3',5'-£6MP

solution at 5 °C Showed a marked broadening of the monomer line, in

addition to the presence of an upfield shoulder as Shown in Figure 50.

In this system, indications of structure formation are more dramatic in

the ribose region than in the H(8) region. In the ribose region,

extreme line broadening and a total change in peak pattern occur as

shown in Figure 51.

Since 3',5'-cyclic NaZGMP was capable of self-structure formation,

an investigation was undertaken to see if it could be incorporated into

the 5'-Na26MP self-structure. Figure 52 Shows the addition of 0.74lfi

cyclic-3',5'-NaGMP to an initially 0.58 M_5'-Na GMP solution at 5 °C.
2

Increasing the £6MP' concentration resulted in a line growing in just

downfield of the 7.25 ppm sodium self-structure line. This new line

increased in intensity and Shifted downfield with increasing cyclic

nucleotide concentration. This new peak, however, never reached the

normal chemical shift for the cyclic GMP- monomer. Thus, it is clear

2..

that although gCMP' did not incorporate into the 5'-GMP structure,

some sort of interaction did occur between the two nucleotides.

It is likely that a simple stacking interaction took place between

3',5'-gchp' and the ordered 5'-GMP2'.

2-

It is obvious that incorporation

into the 5'-GMP self structure did not occur Since the simple sodium

type of H(8) pattern is retained. If incorporation had occured, the

synnetry of the Self-assembled units would be expected to be drastically

decreased and subsequently new H(8) environments would be expected,
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Figure 50. A temperature study (° C) of the H(8) region of 0.74 M_

3',5'-cyclic NaGMP. As the temperature increases the

concentration decreases due to crystallization of the

salt.
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Figure 51. A temperature study (° C) of the ribose region of

0.74 M_B',5'-cyclic GMP as the sodium salt. As the

temperature increases the concentration decreases due

to crystallization of the salt.
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Figure 52. Effect on the H(8) resonance of 0.58 M_NaZGMP upon

addition of aliquots of 0.74 M_Na-B',5'-cGMP at 5° C.

An impurity in the system is marked with an X.
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manifesting themselves as new H(8) resonances. Since the cyclic

nucleotide resonance was the only line that was shifted, it is likely

that the cyclic nucleotide merely associated with the outside of the

octamer unit.

E. Inosine-5'-monophosphate. Although all of the salts

2-

 

investigated were quite soluble, none of the IMP systems studied

Showed any evidence for structure formation. The salts investigated

+ + + 2

include TMA+, Li , Na , K , Rb+ and CS+. IMP ' differs from GMPZ' in

the 2 position. Nhereas GMPZ' has an amino group in this position

capable of hydrogen bond formation, IMPZ' has only a hydrogen.

Combinations of 5'-KZGMP and KZIMP Showed no perturbation of the H(8) or

H(2) resonances, indicating that the structured 5'-KZGMP neither

2-

incorporated the IMP into the self-assembled units nor associated with

it to any great extent.

F. MQdGMP (M = TMA+, Li+, Na+, K+,Rb+, Csf,,$r2+).

2-

 

i. Sodium. Figure 53 Shows a 1.0 M_dGMP solution at 0.7 °C with
 

dGHP2'/Na+ = 0.67 (lowest spectrum) and dGMP2'/Na+ = 0.5 (middle

spectrum). The H(8) region shows no change between 26 °C (tap spectrum)

and 0.7 °C; however, the entire ribose region showed a marked

broadening of lines and a change in intensities as well as changes in

chemical shifts of the lines. Thus, structure formation is reflected in

the ribose region although it is not necessarily indicated by the H(8)

region. Since the Na+ salt showed the ability for self-assembly, an

attempt was made to titrate deoxyguanylic acid to make szGMP and

(TMA)2dGMP. Unexpectedly, the titrations both resulted in precipitation

of the very dilute solutions (1.0 g of HZdGMP in > 100 mL H20) at le:

6. Apparently, the neutral K+ and TMA+ salts must be prepared by ion
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Figure 53. The H(8) and H(1)' regions of a 0.9 M_solution of

2'deoxy-5'-GMP at neutral pH (A) with 1.5 Na+/dGMP]'5-

at 0.7° c. (B) with 2.0 Na+/dGMP1°5' at 0.7° c, and

(C) with 2.0 Na+/dGMP]’5' at 26.2° C.

 



174

exchange, although this was not undertaken. Instead, a number of

studies were performed at pH :_6 rather than the usual pH = 8.3 of 5'-

GMP solutions investigated. Although the solutions did not gel, they

were quite viscous and often turbid.

2' solution withFigure 54 shows a melting profile for a 1.08 M_dGMP

dGMPz-ma+ = 4.4, prepared by titrating to a pH = 4.75 with TMAOH. In

the absence of Na+, the 1.08 M_TMAdGMP solution (which had a pH = 5.45

due to the concentration change) Showed no structure at less than 1 °C.

Addition of Na+ resulted in new lines at 8.08, 7.64 and 7.09 ppm, while

the monomer always remained at 8.02 ppm. Further addition of NaCl to

the solution creating a ratio of dGMP./Na+ = 1 resulted in

precipitation. A spectrum of the dGMP' remaining in solution showed

only a monomer line in the H(8) region at 0.7 °C.

Figure 55 Shows a "melting profile" for a 0.61 M_dGMP' solution

with dGMP'/Na+ = 4.07. The TMA+ salt was prepared by titrating HZdGMP

to a pH=5.5 with TNAOH. The TMA+-dGMP' solution showed no evidence for

structure formation at low temperature prior to additions of Na+. The

pH of the concentrated solution was 6.2. The addition of Na+ resulted

in a four line Spectrum at 1.0 °C. The highest field line at 6.95 ppm

appears to correspond to the 7.09 ppm line of Figure 54, based on

comparison of the TMA+ peaks and the ribose regions of the two sets of

Spectra. The difference is attributable to placing the TSP reference in

the outer tube for the Spectra shown in Figure 55 and in the inner tube

with the sample for the spectra Shown in Figure 54. Although the same

lines appear to be present at both pH values, at the higher pH the lines

appear to be Shifted slightly upfield. At both pH values investigated,

it appears that heating of the 0.7 °C solutions results in a decrease in



 

 

 

Figure 54.
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A temperature study (° C) of the H(8) region of 1.08 ['1

(TMA)2dGMP at pH = 5.45 containing 0.245 M_NaTSP to

give a ratio of 4.4 dGMP'/Na+.
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Figure 55. A temperature study (° C) of the H(8) region of 0.61 M

(TMA)2dGMP at pH = 6.2 containing 0.15 M_ NaCl to give

a ratio of 4.07 dGMP'/Na+.  
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the intensity of the two highest field lines, concurrent with the

merging and subsequent increase in intensity of the two lowfield lines.

Although the solution with pH=5.45 has a considerably higher

concentration than the solution with pH=6.2, both contain roughly equal

sodium concentrations. Comparison of the 17 °C spectra in both cases

reveals that the solution with the higher pH and lower dGMP-

concentration exhibits a greater degree of structure formation.

ii. Potassium. Figure 56 shows a melting profile for a 0.70 M

dGMPZ' solution with 4.4 dGMP2'/K+ at pH = 5.45. Figure 57 Shows a

2' solution with 4.4 dGMP2'/K+ atmelting profile for a 0.61 M_dGMP

pH=6.2. The melting profiles are quite similar to each other; both

have the smaller highfield line which melts out around 70 °C, the

lowfield peak which is made up of at least two structure lines and

monomer, and the middle peak composed of at least three structure lines

which change in relative intensity as a function of temperature. The

highest field structure line has a chemical Shift of 6.96 from an

external TSP reference, which is the same as the highest field sodium

structure line. The lowest field sodium structure lines are also

identical to the K+ lowest field structure line with a chemical shift of

7.85 ppm. The chemical Shifts of the middle peaks, however, are

different in the sodium and potassium cases. The middle peaks in the K+

system have lines at 7.64 and 7.44 ppm in addition to other lines which

are less well defined. Although the Na+ and K+ systems may appear quite

similar at low temperature, they follow quite different melting

patterns. In the K+ system the monomer line grows in at 7.85 ppm,

without any interaction with the central peak whereas the sodium monomer

results from the merging of a central peak and the 7.85 ppm line. The
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Figure 56. A temperature profile (° C) of the H(8) region of

0.70 M (TMA)2dGl-1P at pH = 5.45 containing 0.16 M KCl

to give a ratio of 4.4 dGMP-/K+.
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Figure 57.
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A temperature study (° C) of the H(8) region of 0.61 M

(TMA)2dGMP at pH = 6.2 containing 0.16 M KC1 to give a

ratio of 4.4 dGMP'/K+.
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relative stabiltities of the Na+ and K+ systems are not as markedly

different as would be expected based on observations of the Na+ and K+

5'-GMP systems.

iii. Rubidium. Figure 58 shows a melting profile for a 0.6111
 

dGNPZ' Solution with 5.27 dGMP2'/Rb+ at pH = 6.2. The greatest amount

of structure is observed at 0.7 °C as portrayed by the two overlapping

lines at 6.99 ppm, a large peak consisting of several lines at 7.54 ppm

and a broad shoulder on the 7.54 ppm peak ending at about 7.91 ppm

arising from the overlap of several lines including the monomer. All

chemical shifts are referenced from an external TSP solution. Melting

out of the structure on heating can be followed by an increase in the

monOmer line, while the peaks at 7.54 ppm and 6.99 ppm decrease in

intensity. Comparison of the 0.7 °C 4.07dGMP2'/Na+ spectrum in Figure

55 and the 17.4 °c 5.27dchp2'ma+ spectrum in figure 58 clearly shows

the definite Similarities between the two systems. It appears as if the

Rb+ system is more extensively structured at the lower temperature, if

the Systems are assumed to follow similar structuring patterns. This is

in fact shown by the fact that the Rb+ system still shows some structure

at 38.5 °C, whereas the Na+ system shows no structure. Increasing the

extent of structure in the sodium system would be expected to result in

a Spectrum similar to that of the Rb+ System at lower temperatures. The

bottom Spectrum in Figure 59 shows a 0.61 M solution with dGMP'/Na+ =

3.0 at 0.7 °C with pH = 6.2, which is in fact very similar to the bottom

spectrum of Figure 58, 0.61 M and dGMP'/Rb+ = 5.3 at 0.7 °C with pH=6.2.

Thus, Rb+ is clearly a better structure director than Na+, although it

. . +

15 not as good a structure director as K .
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Figure 58. A temperature study (° C) of the H(8) region of 0.61 M

(TMA)2dGMP at pH = 6.3 containing 0.11 M RbCl to give

a ratio of 5.27 dGMP'/Rb+.
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Figure 59. A comparison of the H(8) regions of solutions of

0.61 M_(TMA)2dGMP at pH = 6.2 and 0.7° C with

(A) 0.6 MLiCl, (B) 1.3 MCSCl, (C) 0.2 M KCl,

(0) 0.2 M_SrCl2 and (E) 0.2 M NaCl.
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iv. Strontium. Figure 60 Shows the melting profile for a 0.6111
 

dGMPZ- solution with 5.01dGMP2'/Sr2+ at pH = 6.2. Structure lines for

the most ordered solution appear at 6.98, 7.51, 7.59 and 7.85 ppm as

referenced from external TSP. Melting out of the structure is clearly

denoted by the increase in monomer line at 7.85 ppm, and a decrease in

the remaining structure line. The overlapping peaks at 7.59 and 7.51

ppm become better resolved on heating, and it becomes clear that there

is at least one definite line between the 7.85 and 7.59 lines, as well

as a shoulder upfield of the 7.51 line. The melting pattern for Sr2+ is

far more Similar to that of K+ than to that of the Na+ or Rb+ systems.

This is the expected result based on the similarity between the ionic

radius of K+ and Sr2+. Figure 59 Shows in Spectrum 0 a 4dGMP2'/Sr2+

solution, and in Spectrum C a 3dGMP2-/K+ solution, both 0.61 M_at 0.7 °C

with pH = 6.2. Comparison of these two Spectra Show the similarities

between the two systems. Further similarities are observed in the

melting patterns in that there is a central broad peak made up of

several overlapping peaks, a small upfield peak, and an independent

downfield monomer peak which grows in "separately" from structure line

decrease. In the Rb+ and Na+ systems, the increase in monomer line

intensity and the decrease in structure line intensity appear

concomitantly.

The top two spectra of Figure 59 Show ldGMP2./Li+ and

0.48dGMP2'/CS+, both 0.61 M_at 0.7 °C with pH = 6.2. The Li+ system

Shows no structure, but only the monomer at 7.9 ppm. Further addition

of LiCl resulted in precipitation and gelling. The Cs+ system Shows

some structure, but it is less than 1 %. Structure formation is

indicated by the upfield Shift of the monomer line to 7.65 ppm and the
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Figure 60. A temperature study (° C) of the H(8) region of 0.61 M

(TMA)2dGMP at pH = 6.2 containing 0.12 M SrC12 to give

a ratio of 5.01 dGMP2'/Sr2+.



191

79

65

 

26’

7.59

J 1 1 l

7.85 7.51 6.98 (ppm)



192

small broad peak at 7.29 ppm from external TSP. This is Similar to the

5'-GMP system.

v. Summary. Thus, in the 5'-deoxyguanosine mon0phosphate system

2+

 

the order of structure directing ability is found to be Sr > K+ >> Rb+

> Na+ >>> CS+ > Li+, TMA+. The four principal structure directors all

exhibit a similar peak at about 6.95 ppm and one at about 7.85 ppm from

an external TSP reference. They also all give parallel melting

.4.

2+ and K+ are most similar to each other and Napatterns, although Sr

and Rb+ are quite Similar. This is quite different from what is found

in the 5'-GMP system, where sodium diSplays a very unique structure line

pattern as well as melting profile. It must be noted, however, with

2+, K+ and Rb+ that in the 5'-GMP system, their individualregard to Sr

characteristics did not appear until a GMPZ' to metal ion ratio of 1:1

was reached. This may be the case for all four structure directing ions

for the 5'-dGMP system discussed here. Unfortunately, ratios of

ldGMP/metal ion were unattainable due to precipitation of the

nucleotide. Although the 5'-GMP and 5'-dGMP systems were studied at

different pH'S, qualitative comparison of trends seems valid in

attempting to evalutate the different possible mechanisms for structure

formation.



DISCUSSION

I. The Advantages of TMA+ as a Counter-Ion.
 

we have seen that the addition of TMA+ to a NaZGMP solution

induces an upfield Shift of the monomer H(8) line, although it

causes no change in the percent nucleotide self structure in

solution. We have also seen that the presence of TMA+ in solution

allows one to add metal chlorides that would otherwise induce

precipitation of the nucleotide.

With the information that TMA+ is a structure inert ion and

2' unit, we were ablethat it also enhances the solubility of the GMP

to investigate structure formation as a function of metal ion

concentration. The H(8) NMR results shown in Section II A. of

Results showed that the types of self-structures formed with Na+ as

structure director are independent of GMPZ'INa+ ratio. In contrast,

K+ and Rb+ Show structural properties that depend on metal ion

concentration.

The structure inertness and high solubility of TMAZGMP also

2+ and Ba2+ as structure directors.allowed the investigation of Sr

The pure GMP salts of these alkaline earth metals are very sparingly

soluble in water and do not lend themselves to structural investi-

gation by NMR.
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II. Specific and Non-Specific Na+ and K+ Ion Complexation
 

Reactions.
 

A. The Best Structural Model and Evidence for Specific Metal

111 on

 

Ion Binding. Previous results of fiber diffraction studies
 

neutral fibers of NaZGMP indicated the presence of stacked planar

tetramer units. In addition, infrared studies of the carbonyl

region of structured NaZGMP and KZGMP Showed features which are

indicative ofstructuresinvolving hydrogen bonding and base stacking.

It is likely, therefore, that the forces operating between the

nucleotide units are quite Similar in both the Na+ and K+ ordered

110
forms. The fact that the order of stability of the metal ion

.+ .

complexed self-assembled units, K+ > Na+, Rb+ >> CS+, L1 , 15

106-108
unrelated to the expected electrostatic ordering suggests

that a Size selective mechanism is operative. An analogous stability

order has been observed for alkali metal ion complexes of macro-

]09 Thus, the proposedcyclic antibiotics and cyclic ether systems.

model for self assembled alkali metal ion complexes of GMP involves

complexation of the metal ion through a size specific binding cavity.

The center of the tetramer was proposed as the sodium binding site

and the center of the octamer was proposed as the potassium binding

6
Site, based on Size considerations.

Based on the symmetry of the stacked tetramers, several

geometrical isomers are possible, giving rise to multiple H(8)

113
environments. Without considering the chiral ribophosphate, the

symmetry of the eclipsed or staggered head-to-head stack of two
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tetramer units is 04. Thus, the octamer is chiral and the plates

are equivalent; by considering the ribophosphate, two diastereomers

can be envisioned. Since the plates are equivalent, each diastereo-

mer should give rise to a Single H(8) environment. Thus, with 8

+30“ twist angle between the two tetramer plates, two H(8)

resonance lines are expected, one from each diastereomer. Similarily,

for a -30° twist angle, two lines are expected Since the two twist

angles are inequivalent. The likelihood of a :_30° twist angle is

111 If
indicated by the fiber diffraction studies of Zimmerman.

restricted rotation is assumed about the glycosidic bond, then

tail-to-tail stacking becomes distinguishable from head-to-head

stacking and four additional isomers are possible. Schematics of

the various stacking patterns are shown in Figure 61. In head-to-

tail Stacking, the symmetry is C4 for staggered tetramers without

considering the ribophosphate. Thus, the octamer is chiral, and in

the presence of the chiral ribophosphate two diastereomers result.

The point group of the total octamer is C4, thus the plates are

inequivalent. For a twist angle of +30°, two H(8) environments are

expected and for a -30° twist angle, two H(8) environments are

expected. Thus, twelve distincet H(8) environments are possible

through stacking of two tetramer units, if all eight isomers are

present. The twist angles, head-to-head, tail-to-tail or head-to-

tail stacking patterns may be influenced by the metal ion(s) in

solution.
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Figure 61. A representation (schematic) of the various stacking

patterns for two tetramers. The double arrow

represents the direction of the hydrogen bonds.
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B. Other Models Nhich Have Been Proposed. LaszloHS has

proposed several different structures for self-assembled NazGMP and

KZGMP. Based on 3]

the staircase model shown in Figure 62a. The tetramer is indicated

P, 23Na and 39K NMR results. One structure is

by the rectangle. The metal ion is Situated in the center of the

tetramer, and is also coordinated to a phosphate of an adjacent

plate. He Suggests that the multiple H(8) lines result from

different degrees of stacking of this structure. He indicates that

two of the adjacent phosphates of a tetramer unit point in the

opposite direction of the other two phosphates. From this he

concludes that a rapid exchange occurs as shown in Figure 62. In

the same paper he proposed a stacked tetramer type of structure

where Na+ is found either at the center of the tetramer plate or

the center of two stacked tetramers.

There appears to be some basic discrepancies in Laszlo's model.

He proposes the same coordination Sites and identical structural

arrangements to account for sodium self-structure115d

1158

gpg_potassium

self-structure. Clearly, if identical structures existed, the

H(8) regions of both systems would be identical. Since this is not

the case, it appears inconsistent to invoke the same model in both

instances. In both cases, he assigns the staircase structure to have

C2h symmetry neglecting the chiral ribophosphate. In the staircase

he indicates only a partial overlap of tetramer units. This would

result in only minimal hydrophobic interactions, whereas direct

overlap would be expected to be energetically favored. This model

is unable to explain the differences observed between "Simple" and



Figure 62.
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Models proposed by Laszlo for the self-structures of

5'-GMP. (A) Shows the "staircase" model where M+

represents either Na+ or K+. The differences in H(8)

environments he rationalizes in terms of (8), showing

the overlap of tetramer units, where the open circles

represent phosphates poited “down" and the darkened

circles represent phosphates pointed "up".
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+

"complex" K Spectra. Another attempt by Laszlo at rationalizing

the multi-line H(8) environment in the K+ system was to change the

number of phosphates pointing "up" and "down" in an octamer stair-

case unit.”5a In order to achieve these "up" or “down" orienta-

tions of the ribose, a conformation other than anti must be

generated about the glycosidic bond. If Sundarlingam is correct in

his proposed rigid nucleotide concept where there are definite

preferred conformations, it is unlikely that the nucleotide would

be found in both syn and anti conformations at fixed ratios, which

Laszlo seems to imply change, depending on the alkali metal ion in

solution. Although there is no direct experimental evidence to

Support or rule out Laszlo's staircase model, it ignores the pre-

cedent for the tetramer stacking pattern observed by fiber diffraction

studies. More importantly, his model is almost completely lacking

in interpretive power and it Should be abandoned in favor of the

stacking model proposed above.

C. Evidence for NonsSpecific Metal Binding Sites and a
 

+

Suggested Model. If a simple association occurs between Na and

2-

 

GMP with only one metal ion site involved in the self-assembly

process, increasing the sodium to GMPZ‘ ratio should increase the

degree of structure formation. AS Shown in Figure 17, however, the

degree of structuring decreases with increasing sodium ion concentra-

tion beyond a ratio of about1.0-1.SGMP2'/Na+. This strongly suggests

that multiple binding sites exist and excess sodium in the system

blocks a site which favors structure formation. The sites available

for metal ion coordination other than 0(6) or positions involved in
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hydrogen bonding are the ribose and the phosphate. In addition to

binding of Na+ at the principal structure directing 0(6) positions

of a tetramer unit, a second binding site involving a sodium -

phosphate interaction is proposed to play a part in structure

formation. Support for phosphate participation is given by the Li+ -

Na+ system. Addition of Na+ to LiZGMP results in precipitation;

however, the Spectrum of the GMPZ- remaining in solution is different

from that of a Na+-GMP system. Instead of the usual Na+ four line

pattern in the H(8) region, the Li+-Na+ system shows only monomer and

a smaller upfield line (5:;J_Figure 21). Thus, although Li+ is not

a structure directing ion, it is not a structure "inert" ion either.

The spectrum of a system containing 4GMP2'I7Li+ and lNa+ shows the

same "nonsodium” type of structure as addition of Na+ to LizGMP.

2..

The binding constant for Li+-phosphate association in AMP is 4.1,

1.6 times that of Na+. Since Similar relative association constants

2-

are expected for GMP and AMPZ', Li+ Should be more strongly ion

paired to the phosphate than Na+, and not allow the Na+ to associate.

2' involves sodium chelationThe proposed association between Na+ and GMP

of interplate phosphates. The binding of more than one phosphate

oxygen to Na+ is not uncommon. For example, in the crystal structure

of NaGpC, the sodium ions are bound by the phosphate groups of two

different double-helical fragments with O-Na distances of-2.3 - 2.4

O

A.89 In the crystal structure of NaApU, one sodium coordination Site

involves two oxygens of one phosphate from different fragments.130

In NazATP, one of the purposes of the sodium is to link the ATP dimers

together by bridging phosphate oxygens. The Na-O distances are ~2.3
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° 131
A 2‘Thus, in the GMP System, interplate phosphate oxygen distances

should theoretically be 4.6 A or less in order to consider chelation

as feasible. Model studies,H3

111

compatible with Zimmermans x-ray

results, have shown that interplate phosphate distances can range

from 2 to 12 A depending on the stacking pattern, [Ol'-Cl'-N9-C8]

twist angle, and the [05'-C5'-C4'-C3'] twist angle. Thus chelation

of Na+ can occur within the constraints of the proposed models.

Sodium ion chelation is also supported by the dependence of

2-

structure formation on Na+/GMP ratio in the Na+-TMA+ systems (51;,

Figure 10). The addition of NaCl to the TMA+ system resulted in a

2- units per Na+, until a ratioconstant ratio of two structured GMP

of two total GMPZ’INa+ was reached. This value of two was determined

by using the concentration of self assembled GMPZ' for a given

GMP2'/Na+ ratio as calculated from the percent solution structure

shown in Table 4. This concentration was then divided by the concen-

tration of sodium in solution for the particular GMPz'lNa+ ratio.

2:1 is an overall ratio, including a fraction at size-specific

structure directing positions and the remainder at non-Specific

positions. At GMP2'/Na+ ratios greater than about 1.0, the amount of

self-structure decreases while the concentration of monomer increases.

The equilibrium constant for self assembly of NaZGMP at 0°C has been

estimated to be about 15,132

2-

and the phosphate association constant

for Na+ and AMP is 2.6.107b A comparable value is expected for the

Na+-GMP2' system.

Based on the GMP2'/Na+ ratio and these equilibrium constants,

a structure is proposed that has sodiums at the center of each tetramer,
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and in addition, sodiums at opposing edges of the octamer as shown

schematically in Figure 63. Thus, the tetrameric plates are proposed

to be held together by interplate phosphate chelation of the sodium

ions, in addition to the stacking interactions. There are three

types of interplate interactions which will be considered: (1) a

phosphate-phosphate sodium chelation interaction, (2) a phosphate-

ribose sodium chelation interaction and (3) hydrogen bonding between

a phosphate and a hydrogen bond donor not involving a metal ion. A

phosphate-phosphate sodium chelate is proposed instead of a phosphate-

ribose sodium chelate based on two observations. First, in the

absence of a Size—specific coordination site the sodium would have a

greater affinity for a charged oxygen than an uncharged one. Second,

excess sodium should enhance the ribose chelation. If a sodium were

necessary for a ribose-phosphate interaction, addition of sodiums

should lead to additional chelation and thus greater stability. This

is Shown below schematically.

The last step is probably unlikely, Since the ribose hydroxyl has

a limited affinity for the sodium ion. If a ribose-phosphate

interaction occurred, and addition of too much sodium blocked the

phosphate site for H-bonding, this could explain the sodium results,

. . +

but it cannot explain the effects observed upon the addition of K ,
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Figure 63. A schematic diagram of the head-to-tail Na+ self-

structure. Na+'s are located above and below the tap

and bottom plates, respectively, complexed in the

principal structure-directing site to the 0(6)

position. Additional Na+ binding sites are the

phosphates (represented by curved lines) from adjacent

tetramers chelating the Na+.
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as will be seen later. In a phosphate-phosphate sodium chelation,

with a small amount of sodium in the system, the phosphates on

adjacent plates are forced to "share" a sodium in common in order

to effectively shield the phosphate charge. As more sodium is added

and all the phosphates become partially coordinated, maximum

stability is achieved. If still more Na+ is added, this "sharing"

is no longer necessary since there are enough Na+ ions to complex

each phosphate individually, and this results in a decrease in

stability since the plates are no longer tied together by the phosphate

shared sodiums, i.e., the equilibrium Shifts from chelation to

monodentate binding.

In pure NaZGMP, at 0°C and a concentration of 0.41 M, a fifth

structure line has been observed at 7.6 ppm downfield from TSP.132

This is the same chemical shift as the fifth line observed in the

LiZGMP system, or the only structure line observed when precipitation

occurs in the Na+-LizGMP system. It is proposed that these lines

arise from the same basic structure in both cases, a tetramer with

sodiums directing from the center and either sodium or lithium ions

blocking phosphate chelation Sites as Shown in Figure 64. Indirect

support for the existence of a tetramer is given by T1 studies.

h
The T1 of the St line is shorter than the other structured H(8)

resonances in the pure NaZGMP, which suggests it is a smaller species

than those giving rise to the other H(8) resonances.132

Unlike the sodium self structure, where the same complexes are

present at both high and low GMPZ'INa+ ratio, potassium exhibits

different types of self structures depending on the metal ion to
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Figure 64. A schematic diagram of the sodium tetramer with the

phosphate positions blocked by Li+.
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nucleotide ratio. At high GMP2'/K+ ratios, self-association leads

to the appearance of three lines upfield from the monomer line. The

complex(es) giving rise to these lines are referred to as the "Simple"

structure(s). AS the GMPz'lK+ ratio is lowered, the highest field

line melts out and several broad lines grow in from about 7.9 to

7.4 ppm. The complexes represented by these lines are referred to

as the "complex” structure.

Phosphate participation in structure formation is readily

2' to K+ ratios, theapparent in the potassium case. At high GMP

ratio of the concentration of metal ion in solution relative to the

concentration of self-structure is constant at 1:4. This ratio was

established by integrating the spectra from the experiment shown in

Figure 22, determining the concentration of self-structured species,

2' to K+ in solution.and then taking the ratio of self-assembled GMP

This suggests a higher coordination number for the K+ ion than the

Na+ ion, as well as a lower extent of phosphate-metal ion binding in

the "simple” potassium structure than the sodium self-structures.

This is expected since K+ has a phosphate association constant of 1.7

with AMPZ', a value which is 0.65 times smaller than that for

sodium.]07b The binding of K+ to phosphate oxygens is also consistent

with the finding that addition of LiCl to the "simple" K+ structure

causes a new H(8) line to grow in at the expense of the highest field

H(8) line (2:;' Figure 32); and these two lines are within 0.23 ppm

of each other. There is, however, no dramatic change in the spectrum.

Thus, the "simple" K+ structure has minimal phosphate participation.
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AS more K+ is added to the "simple" system, the K+ complexes

change their structures, as indicated by the appearance of new H(8)

lines (31;, Figure 24). This change is attributable to K+-

phosphate interactions, since heating the "complex" structure does

not cause it to revert to the "simple" structure; only lowering the

+ 2..

K to GMP
2-

ratio can accomplish this. Addition of k+ to a Li+-GMP

system results in structure formation occurring at much lower GMPZ'lK+

ratio than in a TMA+-GMP2- system (51;, Figures 31 and 22). The lines

appear very broad. The increased phosphate coordination by the

lithium ion appears to result in a different mechanism of self-

association, eliminating a pathway for ”simple" structure formation.

Whether or not a "complex" K+ structure is formed in the mixed Li+-K+

system is not clear due to the extensive peak overlap resulting in

broad lines.

Based on model building studies and consideration of metal ion

6 the K+ has been proposed to fill the hole in the center of theradii,

octamer. Thus, the "Simple" structure is proposed to be an octamer

unit as Shown in Figure 65. The "complex" structure is proposed to be

stacked octamer units with chelating K+ ions as shown in Figure 66.

The presence of Li+ may result in more effective shielding of charge

and thus allow further stacking, resulting in even broader lines.

This type of extensive stacking is not possible in the Na+ case Since

the central Na+ is probably positioned just outside the plane of the

tetramer with a water molecule in its fifth coordination site. Thus,

- . +

stacking of octamers would result in unfavorable Na contacts.

Furthermore, in the sodium system, if the phosphate sites are blocked



210

 

 

K+

 

 

k4 1_/

//--{ ]--\\

Figure 65. A Schematic diagram of the proposed "simple" K+ self-

structure.
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Figure 66. A schematic diagram of the proposed "complex" K+ self-

structure.
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to interplatelet phosphate interactions, no hydrogen bonding or metal

ion coordination would be available to hold the plates together. Thus,

only stacking interaction would remain. Thus, the model would predict

that an ion that binds strongly to phosphate could dramatically disrupt

Na+ directed self structures; this is in fact observed when Li+ is

added to the Na+ self-structure.

In the K+ case, metal ion coordination holds the plates together

regardless of phOSphate interaction; thus, Li+ would be predicted to

have minimal effects on the complexed units. Lithium would be expected

to influence the extent of stacking, however, based on a balance between

the blocking of chelation sites and the increased Shielding of phosphate

charge as shown in Figure 67. Since the K+ is proposed to be in the

center of the octamer, extensive stacking should be able to occur

without unfavorable metal ion contacts. The limiting factor in the

extent of stacking would be the unfavorable build up of too much

negative phosphate charge in the aggregated units. Thus, Li+ would be

expected to effectively shield the phosphates and allow more extensive

stacking, resulting in a broader H(8) resonance than in the absence of

Li+. 'This is in fact observed (EIM, Figure 31). The extent of

nucleotide stacking may explain why KZGMP gels far more readily than

NaZGMP, and why addition of Li+ appears to promote gel formation in

KZGMP.

Addition of K+, as either the chloride or nitrate salt, to the

"complex" K+- structure results in a decrease in line widths as well as

a dramatic shift in the equilibrium concentrations of the structured

species present (gfiL, Figure 27). Decreases in line width seem to
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Proposed structure (schematic) of the "complex" K+

structure in the presence of Li+. The increased

phosphate Shielding by Li+ allows more plates to be

stacked together without excessive build up of

negative charge.
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suggest a decrease in viscosity, which can be related to a decrease in

complex size, as shown diagramatically in Figure 68. This idea is

consistent with the model presented, Since an increase in K+ concen-

tration should decrease the fraction of chelated phosphates without

acting like Li+ to markedly decrease the effective phosphate charge.

This would thus diminish the extensive stacking that is presumably

present in the "complex" K+ system. This explanation of the effects of

excess K+ on the "complex" K+ structure contains both long and short

patterns of stacked tetramers. The Short stacks are slow to form by

cleaving long stacks at low temperatures, and the long stacks appear to

be thermodynamically favored on heating as shown in Figure 26.

The question arises as to whether the observations are the effect

of metal ion chelation involving the phosphate, or hydrogen bonding

between the plates involving the phosphate which can be blocked by metal

ion interaction. These two cases are not easily distinguished. The

question also arises as to whether K+ can fill the center of the sodium

octamer and thus stabilize the sodium structure, or whether sodium can

block or inhibit stacking in a potassium structure. These questions

will be addressed here. Potassium does not fill the structure-directing

position at the center of the octamer in a sodium self-structure.

Figure 18 Shows that the addition of KCl to a NaZGMP system results in

a "potassium-type" structure growing in at the expense of the sodium

structure. Thus, a completely new set of structures replace the less

stable Na+ structures. This result is not surprising, since in the pure

salt systems, K+ is clearly a better structure director than Na+. For

a given nucleotide concentration, the K+ structures have higher melting
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temperatures for a given concentration, as well as having a greater

percent structure for any given temperature and concentration. Thus,

K+ does not coordinate at the center of the octamer or displace the

Na+ from its central structure directing position.

The addition of KC1 to a 26MP2’/Na+ system, however, clearly

stabilizes the Na+ self-structure (5:4, Figure 19). Thus, the addition

of K+ causes an increase in §pgi 9 structure and a decrease in monomer

intensity. Melting profiles for two solutions of equal GMPZ' concen-

tration and equal metal ion to GMPZT ratio, one containing exclusively

Na+ and the other containing a mixture of Na+-K+, clearly shows that the

solution containing K+ exhibits a higher Tm (Figure 20). The K+ is

stabilizing the sodium structure, and this stabilization can not be the

result of the K+ inserting into the center of the octamer, since if this

were possible, stabilization of the pure NaZGMP system by K+ would have

been observed. Thus, K+ must be stabilizing the system through phosphate

chelation. This is Shown schematically in Figure 69. Furthermore,

hydrogen bonding Schemes between the plates can not be used to explain

this phenomenon. The K+ is actively participating in the sodium structure

stabilization.

In the pure NaZGMP system, under structure-forming conditions, only

one out of eight Na+ ions is needed for occupying the central cavity of

a tetramer unit. The seven "excess" Na+ ions per tetramer unit are in

ion pair equilibrium with the phosphate oxygens. Chelation of K+ by

phosphate is favored over Na+ when both ions are present at GMPz'lmetal

ion ratios greater than or equal to one (gjL, Figures 19 and 30). Once



Figure 69.
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and the K+ occupies the phosphate sites, stabilizing

the self-structure.
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enough cations are present in solution, chelation sites are saturated

by Na+ and K+ starts to direct a self-association on its own.

Unlike the NaZGMP system where addition of KCl, TMACl and NaCl,

produce different results, comparable effects are observed an addition

of TMACl, NaCl, KNO3 and KC1 to a KZGMP system (gig, Figure 27). The

observed effect is thus attributable to nonspecific cation binding to

the structural nucleotide. The metal ion complexation is proposed to

involve a phosphate interaction. The effect of adding any of the afore-

mentioned salts to a solution containing "complex" K+ structures is a

time dependent shift in the K+ self-structure equilibrium as shown in

Figure 27. This excess salt-KZGMP system is the only self-associating

system investigated in this study which exhibits a slow ordering. The

presence of excess salt induces a slow Shift in the species present at

equilibrium. At higher ionic strength, the favored Species appears to

be smaller based on line widths of the structured solution. The slow

forming Species favored at high ionic strength appears to form from the

Species favored at lower ionic strength.

In summary, the addition of Na+, K1 and TMA+ to KZGMP causes a

shift in the concentration of ordered species present in the "complex"

solution structure, a non Specific ion effect. The addition of Na+ to a

"simple" potassium structure results in formation of a sodium-type

structure. The addition of KC1 to NaZGMP results in a potassium self-

structure growing in, and the addition of KC1 to a ZGMPZ'INa+ solution

results in a stabilization of the sodium self-structure. Thus, sodium

is the better structure director in the presence of K+ and potassium

is the better at binding at chelating Sites. The relative energies of
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the different structures are Shown in Figure 70. It appears that the

structure, however, is also determined by the ability of the metal ion

to tie the plates together by binding the phosphate oxygens-at the

"outer Sites.”

0. Features of the Outer Lines in 8 Sodium 5'-GMP Self Structure.
 

From Figure 19 which illustrates the effect of K+ on the Na+ self-

structure, it is clear that the highest field sodium structure line is

being replaced by a new field line just downfield with almost the same

chemical shift. This change is not observed for the lowest field line

even though the outer lines are proposed to arise from the same

structure. The fact that changes can occur in one H(8) environment

while leaving the other H(8) environment arising from the same structure

unchanged is postulated to result from favored binding of K+ to one

tetrameric plate of the octamer unit over the other. For example, if

the outer lines arise from a head-to-tail type of tetramer association,

then the two plates of the octamer are inequivalent. Then, the

association of the K+ by the phosphates may result in the K1 being in

closer proximity to the H(8) regions of one tetramer than the other.

The presence of K+ instead of Na+ would then induce a slight change in

the effective Shielding of the H(8) region and a change in chemical

shift of the H(8) resonance arising from that tetramer would be

expected; the H(8) resonance of the other tetramer in the octamer unit

would be unaffected. Thus, the tetramers can behave differently from

one another to selectively favor binding.

In the experiment involving irradiation of the H00 peak in a 5'-

NaZGMP system shown in Figure 63, the outer H(8) lines are not affected
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equally. The low field line shows a larger effect. This observation

together with the observation that irradiation of the H20 peak in a

water Na2-5'-GMP system results in a marked decrease in the 7.69 ppm

resonance (31;, Figure 45),_has led to the postulation of a NHz-HZO

association which puts an H20 molecule in close proximity to H(8). A

possible structure is shown below.

 
The water is in rapid exchange with the bulk water and therefore is

saturated by the decoupling experiment. The H(8) of the adjacent

resonance is in close proximity and the saturation is transfered to

this proton. This type of water association is favored by the opposite

tetramer from the one that is affected by K+ complexation. This is

consistent since steric interactions may interfere with a water molecule

associating with the NH2 of 8 guanine unit that is in close proximity

to phosphates. The water molecule could be further hydrogen bonded to

the ribose or phosphate of an adjacent nucleotide unit, possibly from

a different tetramer unit.

Thus, even though the outer lines exhibit different behavior from

one another in these two situations, it is still believed that they

result from the same structure. This is based on their similar behavior

2+ 105 105
in the presence of Mn , the similar T1 and T2 values, their
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coincidental appearance an addition of NaCl to TMAZGMP, and the similar

behavior on irradiation of one of the outer peaks, followed by the

subsequent drop in intensity of the outer peak.

E. Comparison to Polynucleotide and Nucleoside Systems. The
 

finding that Na+ is the better director for GMPZ' than K+ is not

inconsistent with previously reported results on the effects of alkali

metal ions on ordering of nucleosides or polynucleotide systems. The

100-103
nucleosides have no phosphates and therefore, have no consider-

ations as to charge build up and shielding. Similarly in the poly-

nucleotide120'12] systems, there are no "inner" sodium type of directing

positions Since all the nucleotides are linked together through phospho-

diester bonds. Thus there are only "octamer" type sites which favor K+

over Na+ binding, except at the ends of the chains. Thus, the fact that

K+ in either of these systems, nucleosides or polynucleotides, Shows a

higher Tm than Na+ is not surprising.
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III. Cesium ”Structure Director" Systems
 

Cs+ is capable of ordering only about 5% of the nucleotides

in CSZGMP. However, a large number of structures grow in and melt

out on increasing NaCl concentration (2:2; Figure 38). The Cs+ ion

is too large to fit in the hole of a tetramer, or the center of an

octamer without loss of stacking interactions. It seems likely,

however, that Cs+ could associate with phosphate oxygens on the

outside of a tetramer. In a pure CSZGMP system, even if tetramer

formation were possible, association into vertical stacks would be

limited since the CS+ would not be likely to chelate. Thus, rapid

2' andexchange would be likley to occur between associated GMP

monomer. The addition of Na+, however, could help stabilize the

CS+ system by chelation or by added tetramer formation. The

structures formed an addition of Na+ are not NaZGMP type structures,

thus the Na+ is merely enhancing the action of the CS+. The outer

structure lines which are present at high Na+ concentrations have

chemical Shifts which correspond to “Na+ structure" lines. These

lines, however, do not grow in together. Since in the sodium system

these lines are proposed to arise from the same structure, there must

be a coincidence of chemical Shifts for the 7.23 ppm peak. Thus, the

proposed structures are shown in Figure 71.

A similar mechanism of action appears to be operative for Rb+

and K+. Rb+ appears to be less effective in aiding Cs+ structure

formation than K+, although both of these structure directors influence

the Cs+ system towards formation of species that give broad lines.
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This is in contrast to the Na+ case, where the lines remain narrow.

Since the K+ or Rb+ ions are proposed to direct structure from the

center of the octamer, whereas sodium is proposed to direct from the

center of a tetramer, it follows that K+ and Rb+ would not do as well

as Na+ when forced to direct self-assembly from a tetramer Site. The

broad lines suggest a further association of the octamer units, as

Shown in Figure 72, is probably taking place in the K+ and Rb+

systems. This would be favored since the K+ or Rb+ could occupy an

. . . +

octacoordinate Site, but it would not be favored for Na .
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Figure 72. A possible mixed CS+-K+ or Cs+-Rb+ self-structure

(schematic). The Cs+ associates with the outer

tetramer plates, while the K+ or Rb+ occupy the Sites

between the tetramers as well as the phosphates sites.
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IV. The Sr2+ and Ba2+ Systems
 

Due to the limited solubility, a ratio of one metal ion per

nucleotide unit was unattainable. Thus, only small amounts of

structured nucleotides were observed. Both of these systems exhibit

the unusual property of reversibly forming gels pg heating. This

has led to the postulation of the possibility of helix formation in

these systems. If a tight helical system were formed an addition

2+

of M , heating could lead to an unwinding of the helix and formation

of a gel in a manner similar to that of protein denaturation.
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V. Derivatives
 

The derivative survey gave some insight into the important

features of the nucleotide which must be present for self-assembly to

occur. In gel studies it has been noted that an N,N-dimethylamino

‘00 It is clear that ingroup in the 2-position inhibits gel formation.

gel systems both hydrogen bonds are necessary for self-assembly. This

also appears to be the case in solution. The lack of self-assembly in

IMPZ' systems has shown that the amino group in the 2 position of GMPZ'

is necessary for self-structure formation. Clearly, one hydrogen bond

is not Sufficient. Furthermore, an attempt to incorporate IMPZ- into a

GMPZ' structure, using the K+ salts in both systems proved unsuccessful.

This indicates that guanine nucleotide systems with only single hydrogen

bond forming capabilities cannot replace even single GMPZ- units in a

structured System. Thus, the two hydrogen bonding donor-acceptor

positions are necessary to form self-assembled units, or to incorporate

into an ordered complex.

The ribophOSphate is also important to solution structure. If

solution ordering were solely dependent on the ability of the guanine

base to hydrogen bond, then all guanine nucleotides Should form the

same self structure, depending only on the metal ion present in the

System. Clearly, this is not the case (gf,, Figures 56, 47, and 22).

For example, the Simple modification of removing the 2'-hydroxyl, and

replacing it with a hydrogen to form 2'-deoxyguanosine-5'monophosphate

drastically changes the extent of solution ordering as well as the

types of structures formed. This suggests that either the

ribose conformation or the 2'-hydroxyl functionality is crucial to
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structure formation. Moving the phosphate to the 2' position also

results in changes in the type of structures formed and the extent

of structure. In the 2', 3'-cGMP system, the sodium salt as well as

combinations of K+ and Li+ salts formed gels, where the ordering was

too cooperative and the structures too extensive to be NMR detectable.

3', 5'-cCMP also formed gels in pure K+ systems, or mixed K+/Na+

and K+/TMA+ systems, showing no NMR evidence for structure on the

melting of the gel.

Attempts to incorporate the Na salt of 3', 5'-cGMP into a

structured 5'-NazGMP system resulted in the cGMP monomer associating

with the 5'-GMP but cGMP did not incorporate into a GMP structured

unit. Incorporation of cGMP would be expected to result in additional

H(8) resonances for the 5'-GMP system due to the reduced symmetry of

the system. This was not observed. Instead, only a downfield shift

of the cGMP H(8) resonance on increasing cGMP concentration was

observed (gig, Figure 52). Although the Na+ salt of cGMP was able to

form an ordered solution as detected by the appearance of new lines in

the H(8) and ribose regions of the NMR spectrum (gfL, Figures 50 and

51), it was unable to incorporate into the 5'-NaZGMP self-assembled

unit. Thus, some sort of interaction, probably involving the

phosphate, must be able to occur in order for 5'-GMP units to self-

assemble.

It is interesting to note that all guanosine mon0phosphates are

capable of self-association. It also appears that all the systems

show a metal ion dependence. Thus, the ability to form self-structures

appears to be dependent on the guanine part of the unit, whereas the
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type of structure formed appears to be dependent on the metal ion

radius and the ribophosphate unit of the nucleotide.



CONCLUSIONS

All studies of the alkali metal ion dependent self assembly

of 5'-guanosine mon0phosphate in neutral aqueous solution prior to this

studyhavebmen performed on pure salt systems where the nucleotide to

metal ion ratio is 1:2. Under these conditions the metal ion is in

excess. The prime objective of this research was to evaluate by

proton NMR spectroscopy the self-assembly pheonomenon with a metal ion

to nucleotide ratio between 0 and 2. This required the presence of a

cation which is not a structure director by itslef, and does not

inhibit the activity of cations capable of directing sefl-assembly.

Tetramethylammonium was found to be such an ion. Although TMA+ ion

pairs with the structured GMPZ- units, as indicated by double

irradiation experiments as well as by increased nucleotide solubility

in its presence, TMA+ had no effect on the percent structure in the

ordered Na+-GMP2’ system.

Studies of Na+ as the structure directing ion in the TMAZGMP

system have shown only one set of sodium self-structures to be

generated, regardless of the metal ion to nucleotide ratio. In

contrast, the addition of K+ or Rb+ to TMAZGMP produces two sets of

distinctly different NMR detectable self-structures, depending on the

2' ratio. At high GMPZ'lM+ ratio, a "Simple"metal ion to GMP

structure is formed. At low GMP2'/M+ ratio, the self-structure

formed is that found for the homoionic KZGMP system, and has been

termed a "complex" structure. Thus the sodium self-structures are the

Simplest of the metal ion self-assembled GMPZ' complexes.

231
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Primary structure-directing Site studies reported are not

inconsistent with structure arising from stacking of tetramer units

with M+ and the center of tetramers (Na+) or at the center of two

stacked tetramer plates (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+ ration Shows a maximum at about one GMPz'lNa+. Furthermore,

the adition of Na+ to NaZGMP results in a decrease in the extent of

self-assembly in solution, suggesting the blocking of Sites that are

necessary for self-assembly. These sites are concluded to be

ph0Sphates on adjacent stacked tetramers which chelate the metal ion.

The addition of K+, to Na+ or TMA+ to K GMP results in a shift in the
2

equilibrium concentrations of the self-assembled structures present

in solution 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 potassium is the better stabilizing ion, sodium was

found to be the better structure director. This conclusion is based

on the observation that the addition of K+ to a high ration of GMPZ'lNa+

results in stabilization of the Na+ self-structure and that the

addition of Na+ to a high ration of GMP2'/K+ results in the “Simple"

K+ self-structure being replaced by a Na+-type structure growing in,

suggesting that once the phOSphates are blocked by excess Na+, the K+

is forced to compete for the structure directing position. It is clear

that K+ can not stabilize the Na+ structure by complexing to the
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eight 0(6) positions formed on stacking of the tetrameric plates.

Instead, K+ forms its own unique structure when it binds to these

eight 0(6) positions. It is also evident that interplate hydrogen

bonding cannot account for the stabilization of the Na+ self-

Structure by K+, because the K+ W0uld either be expected to block

the phosphate Sites and reduce the stability, or have no effect on

the stability at all Since metal ions are not involved in hydrogen

bonding. Thus in no case would a stabilization be observed.

Li+ is not a structure inert cation. Although it does not

direct self-association of GMPZ', Li+ in solution can induce changes

in the Na+ and K+ (but not Cs+) self-structured forms of the nucleotide.

This is consistent with the phosphate being involved in structure

formation, Since Li+ is expected to closely associate with the

phosphate.

CS+, on the other hand, can induce about 5% NMR detectable

self- structure. 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 director, in

the presence of Cs+, but are unique. Thus, Cs+ is an active self-

assembly director when in conjunction with a strong self-assembling

ion.

The use of the TMA+ ion facilitated an investigation of the

alkaline earth cations. Sr2+ and Ba2+ were found to be capable of

directing self-assembly. This is consistent with considerations of
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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'-£0MP, 3', S'-g6MP and 5'-dGMP)

has shown that structure formation can occur in all cases in the

presence of an appropirate structure directing alkali or alkaline

earth metal ion. From studies with IMP it was concluded that both

hydrogen bond donor positions as well as both hydrogen bond acceptor

positions are necessary for self-structure formation. The inability

of 3', 5'-gGMP to incorporate into self-assembled NaZGMP further

indicated the importance of the ribophosphate in sodium directed

self-assembly. The differences in the H(8) line patterns formed by

the different nucleotides gives further credence to the importance of

the ribophosphate group.



RECOMMENDATIONS

A. General Directions. This research has attempted to
 

qualitatively investigate the relationships between GMPZ' and mixed

metal ion systems, as well as to survey the relative importance of

the different nucleotide components. Further research should be

directed towards a more quantitative investigation in both these

areas. An attempt should be made to determine the number of metal

ions necessary to induce self-assembly in each nucleotide system.

This would allow determination of equilibrium constants and other

thermodynamic data. A detailed investigation of the nonbase Sites

potentially involved in self-assembly might help to understand the

mechanism of guanine nucleotide self-association. Attempts at

incorporating dissimilar nucleotides into one self—structure should

also help in understanding which features of the nucleotide are

necessary for compatible solution ordering. Interactions of

structured units with other nucleotides or related molecules may

give insight into the relative stability of the self-assembled unit

or may possible be a method of investigating ring current effects.

8. Suggested Experiments. Modifications of the sugar may be
 

helpful in understanding its role in self-assembly. Such changes

could involve methylation or acetylation of the ribose, or even

changes in sugar ring size.

Since the NH4+ ion has approximately the same ionic radius

1 13
as K+, IR, H NMR and C NMR investigations of (NH4)2GMP and

(TMA)ZGMP as a function of NH4+ concentration would be of interest.
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Furthermore, the effects of Na+, K+ and Rb+ at different GMPZ'INHq+

ratios could prove to be interesting if NH4+ acts in a manner similar

to K+ as expected.

A fiber diffraction study of the KZGMP salt would be quite

informative. Low concentrations of KZGMP gel quite readily; the

addition of LiCl to higher GMPZ' concentrations quite often induces

gelation with time. A fiber diffraction study could help distinguish

between a continuous helix vs. a helix of stacked tetramers, or a

different structure altogether. Fibers can be readily drawn with the

use of a wooden clothes pin.

Addition of KC1 to TMAZGMP Should be monitored by IR to see if

the "Simple" structure produces the same shifts in the C=O and ring

stretch regions as the homoionic K+ system. Although KZGMP has been

investigated by IR, none of the other K+-systems have been studied.

Similar studies Should be undertaken on higher ratios of GMPZ-le+ and

GMP2'/Na+. Similarly, proton T1 measurements should be performed on

the "simple" and "complex" structures as well as the structures formed

an addition of KC1 to KZGMP to determine their relative Sizes.

The addition of NaCl to a "simple" Rb+ self-structure would be

of interest to investigate by 1H NMR to see if Rb+ behaves in a manner

similar to that of K+.

Double irradiation experiments of the outer lines in the sodium

self-structure in the presence of K+ and Cs+ would be of interest, to

investigate their behavior in the presence of these ions. In other

words, these experiments might determine whether or not there is a

coincidence of lines arising from different structured units.
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The addition of Tl+ to K GMP and TMAZGMP is definitely worthy
2

of investigation. Appendix B Shows a spectrum of 10% TlCl in

NaZGMP under self-assembling conditions. The T1+ disrupts the Na+

self-structure. Further investigation of this phenomenon appears

worthwhile.

Based on size considerations, an investigation of Eu2+ as a

self-structure director, as well as in conjunction with other

structure directors, would be of interest.

The use of long chain ammonium ions has some interesting

133 If the phosphate is in fact involved in thepossibilities.

self-assembly process, a long chain amine might help to tie the plates

together and increase stability by reducing the exchange rate,

enabling isolation of a structured unit. They may also help to

*(induce crystallization. Preliminary studies with (CH3)3 N CH2)2+N(CH
3)3

indicate that precipitation occurs in a concentrated NaZGMP system

on addition of this ion. However, crystals were present in the

solution after several days. No investigation of the crystals was

attempted.

Alot CM" research remains to be done on the derivatives.

Investigation of different salts of neutral 5'-dGMP is of prime

interest. Incorporation studies, to determine which nucleotides are

compatible with the self-assembled forms of different nucleotides,

should give some structural insight. Since most available information

is for the 5'-GMP system, these studies Should begin with an attempt

to incorporate 5'-dGMP as either the Na+ or K+ salt into 5'-GMP as

either the Na+ or K+ salt, respectively. This is most easily
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accomplished by means of 1H NMR, deuterium exchanging the H(8) of

the 5'—dGMP and looking for changes in the 5'-GMP H(8) region. Then,

the experiment should be repeated exchanging the 5'-GMP H(8) and

observing the 5'-dGMP H(8) resonances.

A systematic approach to all the derivatives Should be taken,

investigating all the homoionic salts and then investigating

self-structure formation as a function of nucleotide to metal ion

ratios using the TMA+ salt. These derivatives should also be

investigated by IR or Raman. Furthermore, some of the derivatives

that do not form gels readily at lower pH should be investigated as

a function of pH as well as time, concentration and temperature by

1 13
H NMR and C NMR for all the alkali and alkaline earth metal ions

2+

as well as NH + Eu and Tl+. Thisis.shown schematically in4 9

Figure 8 of the introduction.
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Figure 73. A comparison of 0.72 M NaZGMP and 0.72 M LiZGMP at 2° C.
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Figure 74. A temperature profile of 0.72 M NaZGMP from 2-30° C.
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Figure 75. A temperature profile of 0.72 M NaZGMP from 35-45° C.
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Figure 76. A temperature profile of a 0.72 M GMP $01U’C10n

containing 12.5% Na+ and 87.5% Li+.
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A temperature profile of a 0.72 M GMP solution

containing 25% Na+and 75% Li+.
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Figure 78. A temperature profile from 2-30° C of a 0.72 M_GMPZ'

solution containing 37.5% Na+and 62.5% Li+.
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Figure 79. A temperature profile from 35-45° C of a 0.72 M_GMPZ'

solution containing 37.5% Na+ and 52.5% Li+.
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Figure 80. A temperature profile of a 0.72 M_GMPZ' solution

containing 5 % Na+ and 50% Li+.
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Figure 81. 0.72 M_GMPZ- solutions containing different ratios of

+ .+

Na to L1 at 2° C.
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0.72 M_GMPZ- solutions containing different ratios of

Na+ to Li+ at 15° C.
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Figure 83. 0.72 M_GMPZ' solutions containing different ratios of

Na+ to Li+ at 20° C.
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Figure 84. 0.72 M_GMPZ- solutions containing different ratios of Na+

to Li+ at 30° C.
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Figure 85. A 0.75 M Na GMP solution containing 10% 11* at 2° C.
2
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