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The isoguanosine h o G ,  mononucleoside 3 forms a CI-symmetric trtramer in organic solvents. Thr 
isoC tetramer 6 has been characterized by 2D NMR spectroxopy. lJV spectroscopy, and FAR mass 
spectrometry. Specilic NOEs hetwem the exocyclic C6N11, amino protons and the ribose H I '  and 
H2' protons confirmed the isoC self-association and was the basis for thr trtramrr model. Molecular 
models of isoC dimers, trimers, and tetramers show that only the C,-symmrtric tetramer 6 id 
consistent with the observed NH6-Hl', H2' NOEs. In the isoG tetramer, hydrogen bonds between 
CGNH, and a purine N3 bring both exocyclic amino prutons within :<+4 A ofthc adjacent monomer's 
ribose H1' and H2' protons. The isoG tetramer 6 organizes hy hydrogen bonding between the  
Watson-Crick face of one isoC base and the complementay hottom edge of another purine. The 
tetramer is stabilized by an inner and outer ring of hydrogen bonds. Thr inner ring forms betwrrn 
the imino NH1 proton of one monomer and the C2 carbonyl oxygen of an adjacent monomer, while 
the outer ring is made up of four NH6-N3 hydrogen bonds. The isoG tetramer is thermodynami- 
cally very stable, with a K .  of ca. 10'- 10' M at ruom temperature, and n AG' of tetramer formation 
of -12.5 kcal mol ' in d,-acetone at 25 'C. The van? Ilofl'plots indicated that the thermodynamic 
parameters for tetramer formation were All' = -18.2 kcal mol : and ZS' .,* = -19.1 eu. Each 
isoC C2 oxygen in  the tetramer has n nonbonded electron pair that points into a central cwity, 
enabling selective cation coordination. Solutions of the isoG mononucleoside 3 in d,-acetone werr 
titrated with LiCI, NaI, KI, and Ral, .  Each ofthese ions had n dramatic effect on the isoC structural 
equilibrium. Thus, Li' destabilized the tetramer and shined the rquilihrium hack to the monomer. 
Low concentrations of N a ' ,  on the other hand, stabilized the trtrnmrr. Titrations of sulutions of 
isoC 3 with the larger cations, K. and Ra", indicated that 1 equiv of mrtal coordinatrd 8 nucleotidr 
monomers, suggesting formation of a metal-stahilized octomer. The NMR mnlvsis indicates that 
the isoC-K trtramer 6 is much more stable than the corresponding guanosinc-K' complex. 

Introduction 

Ion complexation is fundamental to many chemical and 
biological processes, and thousands of natural and syn- 
thetic ionophores have been described.' Usually, covalent 
bonds constrain the ionophore into a preorganized con- 
formation for productive ion binding. Classic examples 
include crown ethers and cryptands.2 An alternative 
design involves the use of noncovalent interactions to 
build a host molecule. Recent reports describe the use 
of noncovalent interactions to form molecular self-as- 
semblies that bind alkali  cation^.^ One of our current 
research goals is to use hydrogen bonds to construct 
multidentate cation-binding ligands (Scheme 1). 

A self-assembled ionophore may have advantages over 
covalent chelators. For example, it  is often difficult to 
recover a metal ion from its ionophore complex because 
of the high stability constants." An ionophore that is held 
together by hydrogen bonds, however, should release the 

cation on addition of a protic solvent to a nonprotic 
organic solution of its metal complex. Self-assembled 
ionophores, therefore, may find applications in the pu- 
rification of rare earth metals and radioactive  isotope^.^ 

Nature provides many examples of organized struc- 
tures performing specific functions. This project's inspi- 
ration comes from nucleic acid structures containing the 
G-quartet (l),fi The G-quartet (1) is a noncovalent 
assembly of four Hoogsteen paired guanines with a 
central cavity containing four oxygens that can coordinate 
cations via ion-dipole interactions. I t  is well-known that 
stabilization of G-quartet structures depends on the 
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radius and charge of the ~ a t i o n . ~  Molecules ranging from 
guanine mononucleotides8 to poly(guany1ic acidIg to DNA 
and RNA oligonucleotideslO form G-quartets. 

Davis et al. 
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Analysis of the G-quartet structure suggested that 
modified nucleosides, with different hydrogen bonding 
patterns, might form self-assemblies even more stable 
than the native G-quartet. The first candidate that we 
studied was isoguanosine 2 (isoG), a C-2 oxidized ad- 
enosine. IsoG differs from G in that the carbonyl and 
amine at the purine’s C-2 and C-6 positions are trans- 
posed. In this paper, we demonstrate that this simple 
change in hydrogen-bond donor and acceptor sites has 
dramatic consequences in stabilizing a self-associated 
isoG complex relative to the corresponding G complex. 

lsoG 2 

IsoG, or its analogs, have been isolated from plants,” 
butterflies,12 and  mollusk^.'^ In addition, isoG is a 
significant DNA oxidation product in Ni(I1) and Co(I1)- 
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treated human ~hr0matin. l~ IsoG is also an essential 
constituent of a Cu(I1) containing ribonucleopeptide 
produced by cultured pig ma~r0phages.l~ This unusual, 
extracellular RNA has been reported to be a potent 
angiogenesis factor. IsoG, or analogs, also stimulate 
cyclic-AMP accumulation in the brain,16 inhibit IMP 
pyroph~sphorylase,~~ and act as adenosine Al-receptor 
agonists.18 

IsoG’s hydrogen bonding pattern undoubtly contributes 
to its unique physical and biological properties. For 
example, poly(isoguany1ic acid) forms highly-organized 
gels in H20.19,20 Spectrocopic studies showed that the 
poly(isoGf)’s secondary structure was even stronger than 
that in poly(G) helices. A Cz-symmetric, hydrogen- 
bonded tetramer was proposed as the basic unit for the 
four-stranded poly(isoG) helix.2o Recently, there has been 
a flurry of reports concerning the use of isoG to study 
nucleic acid structure and function. The groups of 
Benner,21 Seela,22 E c k ~ t e i n , ~ ~  D e r ~ a n , ~ ~  and Eschen- 
moserZ5 have incorporated isoG analogs into oligonucle- 
otides in order to study its pairing with natural and 
unnatural bases. 

This paper describes our initial studies on the self- 
association of the protected isoG 3. The present study 
demonstrates that this isoG mononucleoside forms ex- 
traordinarily stable supramolecular structures, even in 
organic solvents of relatively high dielectric constant. 
NMR experiments indicate that the isoG mononucleoside 
3 associates to give a C4-symmetric hydrogen-bonded 
tetramer. The isoG tetramer is a self-assembled iono- 
phore that, in turn, selectively coordinates monovalent 
and divalent cations to give extraordinarily stable com- 
plexes. 

Preparation of Protected IsoG Derivative 3. 
Isoguanosine (2) was synthesized from 5-amino-l-(&~- 
ribofuranosyl)imidazole-4-carboxamide according to the 
method of Chern and Townsend.26 The Chern protocol, 
which can easily be done on a 25 g scale, is more 
convenient than the photochemical preparation of isoG 
from adenosine N - l - ~ x i d e . ~ ~  We, first, wanted to com- 
pare, a t  the mononucleoside level, the hydrogen bond 
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Table 1. '€I NMR Chemical Shifts for isoG 3 

resonance &-DMSO CD3OD CDC13 CD3CN ds-acetone 

NH 1 b b 13.04 13.06 13.04 
N H ~ A  b b 10.70 10.73 10.77 
N H ~ B  b b 6.98 7.12 7.17 
H8 7.89 8.00 7.47 (7.72f" 7.57 (7.70Y 7.66 (7.85f" 

5.80 (5.86) 5.86 (6.02) H1' 5.91 6.05 5.76 (5.94) 
H2' 5.24 5.31 4.97 (5.02) 5.00 (5.19) 5.16 (5.32) 
H3' 4.88 5.01 4.75 (4.85) 4.81 (4.86) 4.94 (5.01) 
H4' 4.13 4.32 4.50 (4.32) 4.54 (4.26) 4.59 (4.27) 
HY 3.75 3.87 3.82 (nd) 3.93 (3.82) 4.00 (nd) 
H5" 3.69 3.85 3.71 (nd) 3.73 (3.74) 3.88 (nd) 
CH3 A 1.51 1.60 1.78 (1.60) 1.79 (1.53) 1.85 (1.55) 
CH3 B 1.31 1.40 1.40 (1.34) 1.40 (1.45) 1.49 (1.35) 
tBu 0.81 0.89 0.74 (0.82) 0.76 (0.81) 0.86 (0.81) 
SiMe A -0.03 0.05 -0.04 -0.02 0.04 
SiMe B -0.03 0.05 -0.07 -0.02 0.04 

All spectra are for a 10 mM sample of 3 a t  298 K. Spectra were recorded at 500 MHz. Exchangeable NH1 and C6NH2 resonances 
are exchange-broadened. Values in parentheses correspond to the minor resonance set for the isoG monomer. 

interactions and aggregation behavior of isoG and G. The 
use of 'H, 13C, and 15N NMR spectroscopy to study base 
pairing of protected nucleosides in organic solvents is well 
established.28 Thus, we prepared the three purine de- 
rivatives isoG 3, A 4, and G 5. The preparation of the 
5'-t-BDMS-Y,3'-acetonide isoG 3 from synthetic isoG 2 
was straightforward. The adenosine (4) and guanosine 
(5) analogs were similarly prepared. Protection of the 
ribose 2' and 3' hydroxyls as the cyclic acetonide, and 
blocking of the 5'-OH with a tert-butyldimethylsilyl group 
provided purine derivatives that were soluble in organic 
solvents. Once protected, isoGs hydrogen bonding in- 
teractions could be studied over a wide range of temper- 
atures and concentrations in solvents of varying dielectric 
constants. In addition, the derivatization prevented 
formation of competing hydrogen bonds from the ribose 
hydroxyl protons. 

Isoguanosine (3) :  B= 

Evidence for IsoG Self-Association. The identity 
and purity of isoG 3 was confirmed by U V ,  IR, lH ,13C, 
and 15N NMR spectroscopies, and E1 and FAB mass 
spectrometry. The 500 MHz IH NMR in &-DMSO or 

(28) (a) Iwashashi, H; Kyogoku, Y. J.  Am. Chem. Soc. 1977,99,7761. 
(b) Gmeiner, W. H.; Poulter, C. D., J .  Am. Chem. Soc. 1988,110,7640. 
(c) Williams, N. G., Williams, L. D.; Shaw, B. R., J .  Am. Chem SOC. 
1990, 112, 829. (d) Gannett, P. M.; Sura, T. P. Chem. Res. Toxicol. 
1993, 6, 690. 

CD30D showed a single resonance for each of isoGs 
nonexchangeable protons. Because of chemical exchange, 
the nucleoside's three exchangeable NH protons are not 
observed in these polar solvents. The 125 MHz 13C NMFt 
spectrum in &-DMSO also showed a single set of 
resonances. While lH and 13C NMR in the coordinating 
solvents ds-DMSO and CD30D showed one set of reso- 
nances for isoG 3, analyses in organic solvents of lower 
dielectric constants revealed a more complex structural 
equilibria. For example, two distinct sets of lH and 13C 
NMR resonances, in slow exchange, were observed when 
3 was dissolved in either CDCl3, &-acetone, or CD3CN 
(Tables 1 and 2). The equilibrium between the two sets 
of signals depends on the solvent polarity, the sample 
concentration, and the temperature, and it is diagnostic 
of a self-association process. 

The lH and 13C assignments for both sets of isoG 
resonances were determined from a series of lH-lH 
COSY, 'H-lH NOESY, 'H-'H ROESY, 'H-15N HMQC 
and lH-13C HMQC NMR correlation experiments. For 
example, the IH-lH correlation (COSY) spectrum of a 
solution of 3 in CDC13 at room temperature clearly shows 
two different sets of cross peaks corresponding to the 
ribose's 'H-lH scalar couplings (Figure 1). Under these 
conditions, the two species exist in approximately a 2 .51 
ratio, with the major species having sharper 'H reso- 
nances (Av = 1.5-2.0 Hz) than the minor resonance set 
(Av = 11.5-13.0 Hz). Similar COSY spectra were 
obtained in &-acetone and CDaCN, although in these two 
solvents both species had similar lineshapes (Av = 1.5- 
2.0 Hz). The minor resonances in CDCl3 were assigned 
to the isoG monomer 3 since both the lH and 13C chemical 
shifts in CDCl3 were similar to the chemical shifts 
observed in the coordinating solvent DMSO (Table 1). 
The major 'H resonances in CDC13 were consistent with 
a single self-associated, hydrogen-bonded structure. 
Specifically, the lH-lH NOESY and lH-15N HMQC 
NMR experiments indicated that this major resonance 
set had three exchangeable and nitrogen-bound protons. 

Resonance Assignments for Self-Associated IsoG. 
The isoG's two exocyclic amino protons, CGNHA and 
CGNHB, and its N1 imino proton were identified from 
lH-15N HMQCZ9 and lH-lH NOESVO NMR experi- 
ments. Identification of these three exchangeable pro- 

(29) Bax, A.; Subramanian, s. J. Mugn. Reson. 1988, 67, 565. 
(30) Kumar, A.; Wagner, G.; Ernst, R. R.; Wuthrich, K. J. Am. Chem. 

Soc. 1981, 103, 3654. 
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Figure 1. The 'H-lH COSY spectrum of isoG 3 (38 mM) at 
rt in CDCl3 shows the Hl', 2', 3', 4' region for nonexchangeable 
sugar 'H-lH correlations. There are 2 separate sets of 
resonances. Solid lines connect the isoG self-assembly's reso- 
nances while the dotted lines connect the monomer's reso- 
nances. 
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Figure 2. An lsN-lH HMQC spectrum of isoG 3 (200 mM) 
at rt in CDCl3 shows cross peaks for exchangeable protons 
attached to nitrogen. A single NH imino proton is observed at 
13.06 ppm. The exocyclic C6NHz amino protons, NH6.4 and 
M ~ B ,  separated by 3.6 ppm, are attached to the same nitrogen 
P N  6 = 90.0 ppm). 
tons was crucial for determining the base pairing pattern 
of the isoG self-assembly. The 1D lH NMR spectrum of 
isoG 3 in organic solvents showed that the three ex- 
changeable protons had significant downfield shifts and 
sharp lineshapes at room temperature, indicating their 
involvement in strong hydrogen bonds.28 The lH-lSN 
HMQC NMR experiment clearly revealed that the lH 
resonances at 10.70 ppm and 6.98 ppm were attached to 
the same nitrogen atom at 6 = 90 ppm (Figure 2). Thus, 
these resonances were assigned to the two exocyclic 
amino protons, CGNHA and CGNHB. The well-separated 



Self-Assembled Ionophores J. Org. Chem., Vol. 60, No. 13, 1995 4171 

Pp” 

Figure 4. NOE difference spectrum for isoG 3 (38 mM) at rt 
in &-acetone containing KI (76 mM). Similar NOE difference 
spectra were also obtained in the absence of KI. The N H ~ A  
signal at 10.75 ppm was saturated with a 3 s irradiation time. 
Negative enhancements for NH1 (-3%), H1’ (-2%) and H2’ 
(-1%) arise from lH-lH dipolar couplings. The large enhance- 
ment for N H ~ B  is from both dipolar and exchange contribu- 
tions. 

250 aoo as0 

WAVELENGTH (MI) 

Figure 3. Temperature dependent UV spectra of isoG 3 (170 
pM) in CH3CN. At 50 “C, the absorbance maximum for the 
N1-keto tautomer is A308 = 1.22. As the temperature is 
decreased to 3.5 “C the keto absorbance increases in intensity 
and shifts to higher energy (A296 = 1.43). The minor enol 
tautomer absorbs at 278 nm. IsoG keto and enol tautomers 
were assigned on the basis of previous UV studies by Sepiol 
et al.19 

CGNHA and CGNHB resonances (A6 = 3.7 ppm) indicate 
that rotation about the exocyclic C6-N6 bond is slow on 
the NMR timescale. This slow C6-N6 bond rotation, 
observed even at relatively high temperatures (40 “C), 
is consistent with the exocyclic amine’s involvement in 
strong hydrogen bonds. The isoGs C6 amino protons, 
particularly CGNHA a t  10.70 ppm, are shifted far down- 
field compared to other nucleoside amino groups.28 For 
example, the exocyclic C6 amino protons in A4 appear 
as a coalesced singlet a t  5.86 ppm. 

The ‘H-15N HMQC experiment (Figure 2) also clearly 
indicates that  the hydrogen-bonded isoG assembly has 
a single imino proton. The isoG purine could exist as 
either the N1 or the N3 keto tautomer. We assigned the 
resonance at 13.06 ppm to the N1 imino proton since this 
resonance shows strong lH-lH NOES with the exocyclic 
amino protons, C ~ N H A  and CGNHB (see Figure 4). If the 
isoG existed as the N3 tautomer, these NH-CGNHA and 
NH-CGNHB NOES would not be observed, since the 
corresponding interproton distances would be too far for 
a lH-lH dipolar i r~teract ion.~~ 

In addition to NMR evidence, W spectra also sup- 
ported the N1 keto tautomer assignment. Twenty years 
ago, Shugar assigned isoGs long wavelength W band 
a t  300 nm to the N1 keto tautomer, and the 280 nm 
absorbance to the enol tautomer.20 As shown in Figure 
3, the isoG derivative 3 has a predominant long wave- 
length band near 300 nm, indicating that the N1 keto 
tautomer is the major species in CH3CN solution. A 
hyperchromic blue shift from 308 to 294 nm occurs when 
an isoG solution in CH&N is cooled from 50 “C to 3 “C. 
The increase in the N1 keto tautomer concentration as a 
function of temperature is consistent with enhanced isoG 
self-association a t  lower temperatures. 

IsoG Tetramer Model. Both 2D NOESY and 1D 
NOE experiments in CDC13, &-acetone, and CD3CN 

(31) Neuhaus, D. and Williamson, M. P. The Nuclear Overhauser 
Effect in Structural and Conformational Analysis; VCH Publishers: 
New York; 1989; pp 63-103. 

helped determine the basic structure of the isoG as- 
sembly. First, all NOE interactions were negative for 
the isoG mononucleoside’s major resonance set, even at 
25 “C in the nonviscous organic solvents. A mononucleo- 
side of mw 438, with WZ, << 1, should be in the extreme 
narrowing limit with positive N O E S . ~ ~  Instead, the 
negative NOES indicate that isoG 3 is in the slow 
tumbling regime (ut, > l), behaving as a relatively large 
molecule (mw > 1000). Hydrogen-bonded or stacked 
structures formed by monomer self-assembly would 
certainly account for the observed negative NOE interac- 
t i o n ~ . ~ ~  Second, NOES from the purine H8 to the ribose 
H4’ and H5’,5” protons reveal that  isoG 3 can adopt an 
anti conformation about the Cl-N9 glycosidic bond.33 
Third, specific NOES between the exocyclic C6NHz amino 
protons and the ribose H1’ and H2‘ protons confirmed 
isoG self-association. For example, Figure 4 shows 1D 
NOES that result when the CGNHA proton is irradiated. 
In addition to the 1D experiment, the C6NHz-H1‘, H2’ 
NOES were observed in a 2D lH-’H NOESY experiment 
(data not shown). The CGNHz-Hl’, H2’ NOES cannot 
be due to intramolecular interactions since the interpro- 
ton distances of 6.4-9.4 A (depending on the glycosidic 
angle) are much too long for lH-’H dipolar relaxation 
to be observed. In fact, molecular models of isoG dimers, 
trimers, and tetramers show that only the C4-sy”etric 
tetramer 6 is consistent with the observed C6NH-Hl’, 
H2’ NOEs. In the isoG tetramer, hydrogen bonds be- 
tween the CGNHA proton and the purine N3 bring both 
exocyclic amino protons within 3-4 A of the adjacent 
monomer’s ribose H1’ and H2’ protons. Alternatively, as 
suggested by a reviewer, the internucleotide NH6-Hl’, 
H2’ NOES may arise from dipolar interactions between 
stacked isoG structures. We have not discounted this 
possiblity, although our cation titration data presented 
below suggests that stacking occurs only in the presence 
of K+. 

Our proposed model for the basic structural unit in 
isoG self-association is the C4-sy”etric tetramer 6 
shown below. The isoG tetramer 6 is organized by an 

(32) C-G tetramers have negative NOEs at low temperatures: 
Williams, N. G.; Williams, L. D.; Shaw, B. R. J. Am. Chem Soc. 1989, 
111, 7205. 

(33) Rosemeyer, H.; Toth, G.; Golankiewicz, B.; Kasimierczuk, Z.; 
Bourgeois, W.; Kretschmer, U.; Muth, H.-P.; Seela, F. J. Org. Chem. 
1990,55,5784. 
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inner and outer ring of hydrogen bonds between the 
Watson-Crick face of one isoG base and the complemen- 
tary bottom edge of another purine unit. The inner ring's 
hydrogen bonds form between the imino NH1 of one 
monomer and the C2 carbonyl oxygen of an  adjacent base, 
while the outer ring is composed of four C6NHn-N3 
hydrogen bonds. The tetramer has four nonhonded 
oxygen electron pairs that point toward the center of the 
cavity. As in the G-quartet, this central cavity is ideal 
for selective metal ion coordination. Our C4-sy"etric 
isoG tetramer is different from the structure previously 
proposed to be the basic building block of the poly(isoG) 
four-stranded helix.2o That earlier model proposed a 
tetramer of Cz symmetry, with two different N1 imino 
protons and two different C6 amino groups. Our lH NMR 
data shows only a single set of resonances and is more 
consistent with the C4-symmetric tetramer. 

IsoG Tetramer 6 

Thermodynamic Parameters of Tetramer Forma- 
tion. Since the isoG monomer 3 and tetramer 6 are in 
slow exchange on the NMR timescale, values for the 
tetramer's stability constant ( K J  could be determined 
from integration of the 'H resonances for the monomeric 
and tetrameric species. Since tetramer signals were 
evident even at low concentrations and high tempera- 
tures, i t  was clear that isoG tetramer formation was 
thermodynamically favorable. For example, NMR mea- 
surements indicate that Ks for tetramer formation is at 
least 10'" M-" for a 60 JIM solution of 3 in CDC13 at room 
temperature. Even in more polar solvents, such as CDr 
CN and &-acetone, Kd is ea. 109-10'0 M-3 at room 
temperature, as measured by varying the concentration 
of 3 over 0.1 to 10 mM. The temperature dependence of 
K, was used to determine the free enthalpy (AP) and 
free entropy (AS") for isoG tetramer formation. Since its 
chemical shift varies the most for the monomer and 
tetramer, the ribose Hl' resonance was used to determine 
the thermodynamic parameters of self-association. In- 
tegration of 'H resonances indicate that A@ of tetramer 
formation is -12.5 kcal mol-' in &-acetone at  25 "C. The 
isoG tetramer's stability in &-acetone clearly increases 
with decreasing temperature, as indicated by the van't 
Hoff plot (In K, versus T-') displayed in Figure 5. 

Least-squares analysis of the plotted data according 
to the van't Hoff equation (1) allowed W t o  he deter- 

28 I/ 

27 I 

25 ' . 
0.0033 0.0034 0.0035 0.0036 0 37 

Figure 5. The van't Hoff plot for the isoC monomer-tetramer 
equilbrium process. The natural logarithms of  the tetramer's 
stability constant (KJ  are plotted as a function of the inverse 
of the absolute temperature. The dissociation constants were 
determined from integration of the monomer and tetramer's 
separate 500 MHz 'H NMR signals. 

minedfrom the line's slope and A S  to he determined from 
the intercept. Linear fits of data collected in 3 "C 
increments between 25 and 4 "C were very good, with 
correlation coefficients of >0.97. The van't Hoff plot 
reveals that isoG tetramer formation is enthalpically- 
driven, with W = -18.2 kcal mol-'. With at least eight, 
and possibly 12 (see below), hydrogen bonds in the 
tetramer's (6) structure, this AH" gives an  average value 
of 1.5-2.3 kcal/mol per hydrogen bond in &-acetone. 
Apparently, the negative AH' overcomes the entropic 
penalty (A.Yzsn = -19.1 eu) required for organization of 
four isoG monomers. 

Specific Ion Binding by the IsoG Tetramer. Our 
original goal was to build a self-assembled ionophore. The 
G-quartets are size-selective in coordination of monova- 
lent cations.@ Experiment indicates that the G-quartet 
binds K+ (1.33 A) strongly, has a weaker affinity for Na+ 
(0.98 A), and does not coordinate Lit (0.68 AL7 Since 
energy-minimized (MM2) structures34 showed that the 
isoG tetramer's (6) central cavity has a 2.8-2.9 A 
diameter, we anticipated that the isoG tetramer would 
also be size-selective in its ion-binding. The isoG tet- 
ramer's cavity has a similar diameter to that of 18-crown- 
6 p  and it  may be optimal for K' coordination. Indeed, 
we find that isoG self-assembly and ion coordination is 
highly cation dependent. 

Solutions of the isoG mononucleoside 3 in ds-acetone 
were titrated with LiCl, NaI, KI, and BaIz. The ions' 
effect on the isoG structural equlibria was determined 
by integrating the seperate 'H NMR resonances for the 
isoG monomer and oligomer. Each cation had a different 
effect on isoGs 'H NMR spectrum (Table 3). For ex- 
ample, addition of LiCl completely broke up any of the 
tetramer that was in solution (Figure 6A). As little as 1 

(34) The MM2 calculations were done using the CAChe molecular 
modeling program (version 3.5). CAChe Scientific, Inc, P.O. Box 500, 
MS 13-400, Beaverton, OR 97077. 

(3.5) Dunitr, J. D.; Dobler, M.; Seiler, P.; Phizaekerly, R. P. Acta 
Crystallogr B.  1984, 30, 2733. 
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Table 3. Cation Dependent lH NMR Chemical Shifts for 
IsoG 3" 

. -  , 
0.0 0.2 0 . 4  0.6 0.8 1 0  1 . 2  

Equiv of LiCl/ IsoG Monomer 

0.0 2.0 4.0 6.0 8.0 10.0 12.0 

Equiv of Na+ / IsoG Monomer 

Figure 6. The percentage of isoG monomer 3 in solution is 
plotted as a function of the number of equivalents of monova- 
lent cation per isoG monomer. The amount of monomer 3 and 
tetramer 6 were determined by integration of 'H NMR spectra. 
The 500 MHz lH spectra were obtained using a 5 mM solution 
of isoG 3 at rt in de-acetone. (A) LiCl titration. (B) NaI 
titration. 

equiv of Li+ per isoG monomer shifted the equilibrium 
entirely to the monomer. The small Li+ cation, with an 
ionic radius of 0.68 A, cannot fit snugly into the isoG 
tetramer's central cavity. Instead, this electropositive ion 
probably coordinates the isoG 0 2  or N3 donor atoms and 
blocks hydrogen bond formation. The larger Na+ ion, 
however, has a much different effect on the tetramer's 
stability. Unlike Li+, small amounts of Na+ (0.5-2.0 
equiv) clearly stabilize the isoG tetramer versus the 
monomer (Figure 6B). Importantly, Na+ did not cause 
formation of additional lH and I3C NMR resonances. This 
suggests that higher-ordered isoG structures, such as 
stacked tetramers, are not formed in the presence of Na+. 
Increasing amounts of NaI (2-10 equidmonomer) de- 
stabilized the tetramer and shifted the structural equi- 
librium back toward the isoG monomer. In fact, satu- 
ration of the NMR solution with NaI resulted in complete 
formation of the isoG monomer. I t  is likely that Na+ 
stabilizes the isoG tetramer a t  the lower concentrations 

chemical shift (ppm) 
resonance no salt LiCl NaI Kl BaI2 

NH1 13.07 12.06 11.10 14.06 13.92 
N H ~ A  10.8 9.35 8.16 10.75 10.83 
N H ~ B  7.20 8.80 8.16 7.17 7.27 
H8 7.66(7.99)b 8.17 8.17 7.98 7.98 
H1' 5.88 (6.06) 6.08 5.94 5.78 5.62 
H2' 5.17 (5.26) 5.43 5.27 4.99 5.02 
H3' 4.95 (4.99) 5.02 4.96 4.99 4.97 
H4' 4.59 (4.33) 4.30 4.33 4.44 4.51 
H5' 4.01 3.85 3.80 4.12 4.17 
H5" 3.86 3.85 3.80 3.94 3.92 
CH3 A 1.85(1.58) 1.58 1.51 1.70 1.75 
CH3 B 1.49 (1.35) 1.37 1.32 1.40 1.42 
tBu 0.85 (0.80) 0.81 0.72 0.89 0.87 
SiMeA 0.05 -0.01 -0.05 0.14 0.11 
SiMeB 0.03 -0.02 -0.06 0.12 0.13 

a Recorded at 400 MHz in &-acetone @ 298 K. All samples 
contained excess salt. bValues in parentheses are for the isoG 
monomer 3 species. 

via ion-dipole interactions. Additional Na+ probably 
disrupts tetramer formation by coordinating the mono- 
mer's 0 2  and N3 hydrogen bond acceptor atoms. 

The K+ ion causes the most dramatic change in isoGs 
'H NMR spectrum. Addition of KI to a solution of isoG 
3 in de-acetone results in disappearance of both the 
monomer and tetramer, with complete formation of a 
single, new oligomer. The K+ titration causes some 
significant 'H and 13C chemical shift changes for the isoG 
multimer (Tables 2 and 3). For example, the NH1 imino 
proton shifts further downfield by 1 ppm to 14.06 ppm, 
and the nonexchangeable H8 shifts downfield by 0.32 
ppm, while the ribose H1' resonance shifts upfield by 0.10 
ppm. These chemical shift changes suggest a structural 
modification upon K+ binding. Indeed, the titration data 
shows that a 1:8 K+ to isoG monomer stoichiometry 
results in a complete change in the 'H NMR spectrum 
(Figure 7). The isoG monomer, tetramer, and K+-octamer 
are all in fast exchange when there is less than 0.125 
equiv of K+ in solution (Figure 7B). Upon addition of 
0.125 equiv or more of K+ (Figure 7, parts C and D), only 
a single set of new lH NMR resonances are observed, 
even a t  temperatures as  low as -45 "C. This unique 
stoichiometry is consistent with a C4h symmetric isoG- 
K+ octamer formed by face-to-face stacking of two isoG 
tetramers. The octacoordinate K+ would be bound be- 
tween the two tetramers. Such a sandwich geometry is 
observed in the X-ray crystal structures of stacked 
G-quartets in DNA oligonucleotides.loagi 

Interestingly, when substoichiometric amounts of BaI, 
are added to an isoG solution, three separate species, all 
in slow exchange at  25 "C, are observed in the 'H NMR 
spectrum (data not shown). When more than 1/8 of an 
equivalent of Ba+2 per isoG monomer is added to the 
solution a new single set of resonances are observed. As 
for K+, this NMR titration data is consistent with 
formation of a C l h  symmetric isoG-Ba+2 octamer. The 
isoG-Ba" octamer is, however, kinetically more stable 
than the isoG-K+ octamer since the octamer and tetramer 
are in slow exchange. The divalent BaC2 (1.34 A) dis- 
sociates slower than K+ (1.33 A) from the isoG ionophore's 
octahedral oxygen cage. 

Variable temperature lH NMR (-30 to 85 "C) in CD3- 
CN demonstrated the extraordinary stabilization pro- 
vided by K+ coordination of isoG. Without K+, the isoG 
tetramer melts between 50-60 "C, with the hydrogen 
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Figure 7. Regions of the 500 MHz ‘ H  NMR spectra of isoG 3 (2.5 mM) in de-acetone at 25 “C are shown with varying amounts 
of KI. The signals correspond to the imino NH1 (13.06-14.06 ppm) and amino N H ~ A  resonances (10.80 ppm), as well as the 
nonexchangeable acetonide CH3 groups (between 1.35 and 1.85 ppm). (A) Without added KI. The CH3 groups for monomeric isoG 
3 are labeled m, while the isoG tetramer’s peaks are labeled t. (B) With 0.0625 equiv of KI per isoG monomer. (C) 0.125 equiv of 
KI per monomer (0.125 equiv). (D) With 1 equiv of KI per isoG monomer. 

Table 4. NOE Enhancements for isoG 3 in the Presence 
of Excess Na+ and K+ 

% NOE 

NOEb KI NaI 
N H ~ - N H ~ A  -5 C 
NH1 - N H ~ B  -6 
N H ~ B - N H ~ A  -46 
N H ~ B - N H ~  -4 
N H ~ A - H ~ ’  -6 
N H ~ A - H ~ ’  -5 
N H ~ B - H ~ ’  -5 
N H ~ B - H ~ ’  -2 
H8-H1‘ -2 +2 
H8-H2’ -2 +4 
Hl’-H2’/H3’ -1 +1 
Hl’-H4‘ -1 +1 

- 
- 
- 
- 
- 
- 
- 

Determined from 1D NMR in de-acetone @ 293 K. The first 
proton in the pair was the irradiated resonance. Exchangeable 
protons are not observed at room temperature. 

bonded NH1 and NH6 protons completely broadened into 
the baseline at 40 “C. With 2 equiv of KI per isoG 
tetramer, however, the isoG octamer is the only observ- 
able species, even a t  temperatures as high as 85 “C. 
Even at these high temperatures distinct IH resonances 
are still observed for a single NH1 imino proton at 14.06 
ppm and two C6NHz amino protons a t  10.73 and 7.12 
ppm, respectively. 

One-dimensional NOE experiments, in the presence of 
different monovalent cations, also reveal the cation- 
dependent isoG association. Thus, the global correlation 
time (rc) for the isoG species is sensitive to the cation 
additive. As mentioned before, a mononucleoside of mw 
438, with o x c  *: 1, should be in the extreme narrowing 
limit with positive N O E S . ~ ~  All isoG NOES are negative, 
however, in the presence of K+. The negative NOES 
indicate that the isoG-K+ octamer is in the slow tumbling 
regime (wz, > 11, behaving as a large molecule. When 
excess Na+ (> 15 equidmonomer) is present, however, 
isoG monomer 3 has positive NOES in &-acetone (Table 
4). 

Chemical shifts are not the only NMR indication that 
K+ stabilizes the isoG tetramer. For instance, %JHH 
coupling constants are also cation dependent. Appar- 

ently, the isoG sugar conformation is cation-sensitive, 
with the ring being much more rigid in the presence of 
K+. For instance, with K+ present both 3 J ~ ~ , , ~ 2 ,  and 
3 J ~ y , ~ 4 j  are < 1 Hz, indicating a narrow pseudorotational 
angle of P = 255-265 “ C ,  with a sugar pucker between 
C4’-endo and 04’-end0.~~ With excess Na+, however, 
3 J ~ 1 , , ~ 2 ,  and 3 J ~ y , ~ ~  are 2.7 Hz and 2.3 Hz, respectively. 
Since 3 J ~ 1 , , ~ 2 ,  and 3 J ~ y , ~ g  can never be simultaneously 
2-3 Hz, according to A l t ~ n a ; ~ ~  there must be conforma- 
tional averaging over a wider pseudorotation range of P 
= 216-324 “C for the monomer’s sugar ring in the 
presence of Na+. 

Lastly, isoG (3) also associates in the gas phase. FAB 
mass spectrometry of an isoG-K+ solution (glycerol ma- 
trix) gave strong dimer peaks (mw 875.5,45-50% of M+), 
as well as signals for K+-isoG trimer (mw 1352.1, 0.5% 
of dimer), and K+-tetramer (mw 1787.7, 1% of dimer). 
Softer ionization methods, such as  electrospray, may 
allow for better observation of isoG aggregation in the 
gas phase. Such studies are ongoing. 

Comparison of IsoG Tetramer with G-Quartet. 
The K+-stabilized isoG assembly is remarkable in that 
one symmetrical structure is formed. For example, we 
compared isoG-K+ self-assembly with that for the gua- 
nosine (G) analog 5. The NH1 imino region of the G 
analog‘s lH NMR spectrum is shown in Figure 8. With- 
out K+, the G mononucleoside shows two separate NH1 
imino resonances. As K+ is incrementally added, the IH 
NMR spectrum changes dramatically, with disappear- 
ance of the two original imino proton signals, and 
formation of new resonances. Eventually, a t  least six 
different NH1 imino protons are formed in the presence 
of relatively small amounts of K+ (1 equidmonomer). 
Such a complex ‘ H  NMR spectrum, with numerous 
separate NH1 imino resonances, clearly indicates that 
more than one G macrostructure exists on the NMR 
timescale. In addition, these G-K+ structures are not 
nearly as stable as the isoG-K+ octamer. For instance, 
heating the G-K+ sample above 45 “C shifted the equi- 
librium entirely back to the G monomer. 

(36) Rinkel, L. J.; Altona, C. J. Biomol. Struct. Dyn. 1987, 4,  621. 
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internucleoside NH6B-02’ base-sugar hydrogen bonds 
may provide enthalpic stabilization that is unavailable 
for the G-quartet. 

In summary, isoG (3) uses complementary hydrogen 
bonds to self-assemble into a C, symmetric tetramer (6). 
These isoG tetramers form even in high-dielectric organic 
solvents. Two isoG tetramers, in turn, can coordinate 
K’ and Ba+2 to form extremely stable octamers in solu- 
tion. The isoG tetramer‘s extraordinary structural sta- 
bility and its selective cation binding affinity are remark- 
able for such a noncovalent assembly made from mono- 
nucleosides. The synthesis of other self-assembled iono- 
phores is underway. 

C) 1 equiv K+ l h  
A U L  

1 n  

A) 0 equiv K+ I1  
J W \  
I I I I I , I J / l l l l f l  , 
125 12.0 11.3 Ib.0 105 
P P  

Figure 8. The NH1 imino region of the 500 MHz lH NMR 
spectra of the tBDMS-guanosine acetonide 5 (10 mM) in CD3- 
CN at 25 “C in the presence of varying amounts of KI. (A) 
Without added KI. (B) With 0.2 equiv of KI. (C) with 1 equiv 
of KI added. At least six separate NH1 imino protons are 
observed under these conditions. 

Scheme 2 
R 

N b  

\ R 

IsoG G 

IsoG’s self association is similar to that for guanosine 
which also have match- 

ing hydrogen bond donor and acceptor groups that enable 
tetramer formation. Our data, however, show that isoG 
forms self-assemblies that are much more stable than the 
corresponding G structures. Comparison of the MM2 
energy-minimized structures for an  isoG tetramer 6 and 
a G-quartet reveal why isoG self-association may be 
favored (Scheme 2). First, the isoG three-atom acceptor 
unit (02-C2-N3), on the purine’s bottom face, ha$ a 
more favorable hydrogen bond geometry than the G- 
quartet’s 4-atom Hoogsteen acceptor (N7-C5-C6-06).39 
Hydrogen bonds are neccesarily nonlinear in the G- 
quartet. In contrast, the isoG tetramer’s hydrogen bond 
angles are close to 180”. Second, and perhaps of greater 
importance than hydrogen bond angle, is the ability of 
the isoGs exocyclic N H ~ B  proton to hydrogen bond with 
a ribose 02’ atom in an adjacent monomer. Such 
internucleoside sugar-base hydrogen bonds are not 
possible, however, in the G-quartet (1). In the G-quartet, 
the N H ~ B  proton is solvent-exposed and inaccessible for 
internucleoside hydrogen bonding. Thus, isoGs four 

inosine:’ and folic 

(37) Howard, F. B.; Miles, H. T. Biochemistry 1982,21, 6736. 
(38)  Ciuchi, F.; Nicola, G. D.; Franz, H.; Giovanni, G.; Mariani, P.; 

Bossi, M. G. P; Spada, G. P. J. Am. Chem. SOC. 1994, 116, 7064. 
(39) (a) Schuster, P.; Zundel, G.; Sandorfy, C. The Hydrogen Bond; 

North Holland Co.:  New York, 1976,403. (b) Jeffrey, G. A.; Saenger, 
W. Hydrogen Bonding in Biological Systems; Springer-Verlag: New 
York, 1991, pp 103-110. 

Experimental Section 
General. All synthetic reactions were done under an inert 

atmosphere using freshly distilled and dried solvents. TLC 
was performed on Kieselgel60 F~54 silica-coated glass plates 
and visualized by ethanollsulfuric acid charring. Flash chro- 
matography was performed using thick-walled glass columns 
and Kieselgel60 brand silica gel (230-400 mesh). LiC1, NaI, 
KI, and BaIz were recrystallized and dried under vacumn 
before being used in titration experiments. Solvents used for 
NMR spectroscopy were 99.0-99.9% deuterium enriched and 
were used without furthur purification. All samples were 
degassed by repeated freeze-thaw cycles prior to the NMR 
experiments. The NMR spectra were obtained on a Bruker 
AM-400 or a Bruker AMX-500 spectrometer and are reported 
in ppm relative to internal TMS or the nondeuterated solvent 
peak. Spin multiplicities are reported as singlet (s), doublet 
(d), triplet (t), quartet (q), doublet of a doublet (dd), or multiplet 
(m), and coupling constants are given in hertz (Hz). IR spectra 
were recorded on a Nicolet 5DXC FT-IR spectrometer. Mass 
spectral data were obtained on a Fenningan 3200 twin E1 and 
CI quadrupole mass spectrometer. 
2,3’-O-Isopropylideneisoguanosine. To a solution of 

isoguanosineZ6 (1.00 g, 3.50 mmol) in anhydrous acetone (100 
mL) were added 2,2-dimethoxypropane (2.9 g, 27.8 mmol) and 
p-toluenesulfonic acid (0.17 g, 0.89 mmol). After stirring at 
rt for 30 min,-TLC indicated that the reaction was complete. 
The reaction mixture was concentrated to 10 mL, diluted with 
CHzClz (50 mL), and washed with a 0.1 M KHzPO~KOH 
solution, pH 7.0 (50 mL). The organic layer was dried over 
KzS04 and concentrated in uacuo to give 0.90 g of a white 
powder. The crude product was used without purification in 
the next step. ‘H NMR (200 MHz; &-DMSO): 7.95 (s, lH, 
H8); 7.70 (bs, 2H, NH6.4 and NH~B);  5.86 (d, J I , , ~  = 3.4 Hz, 

(dd, J Y , ~  = 6.0 Hz, J T , ~ ,  = 2.2 Hz, lH, H3’); 4.16 (m, lH, H4‘); 
3.53 (m, 2H, H5’, H5”); 1.52 (8, 3H); 1.30 (s, 3H). 

5’4  tert-Butyldimethylsilyl)-2‘,3’-0-isopropylidene- 
isoguanosine (3). To a solution of the crude 2’,3’-O-isopro- 
pylidene-isoG (0.88 g, 2.72 mmol) and NEt3 (0.55 g, 5.45 mmol) 
in anhydrous CHzClz (20 mL) was added a solution of tert- 
butyldimethylsilyl chloride (0.55 g, 3.66 mmol) in CHzClz (5 
mL). The mixture was allowed to stand at rt for 6 h. TLC 
analysis ( 1 O : l  CHzC12/MeOH) showed two major spots, corre- 
sponding to the desired product 3, and to the N2, 05‘- 
disilylated material. The reaction mixture was diluted with 
CHzCl2 (25 mL) and washed with 0.1 N HCl(3 x 25 mL) and 
HzO (1 x 50 mL) and concentrated in uacuo. The crude solid 
was triturated with hexane to give a 3 as an analytically pure 
white solid (0.64 g, 54%). lH NMR (200 MHz; &-DMSO): 7.89 
(s, lH, H8), 5.91 (d, J i , , z ,  = 3.4 Hz, lH, Hl’); 5.24 (dd, J Y , ~  = 
6.0 Hz, Jif,~ = 3.4 Hz, lH, H2’); 4.88 (dd, Jy,r = 6.0 Hz, 5 3 ’ 4  
= 2.2 Hz, lH, H3’); 4.13 (m, lH, H4‘); 3.75 (m, lH, H5‘); 3.69 
(M, lH, H5”); 1.52 (9, 3H); 1.30 (s,3H). For ‘H NMR spectral 
data in different solvents see Tables 1 and 3 in the text. For 
13C NMR data in different solvents see Table 2. MS (FAB, 
sulfolane matrix) 438 (M+, loo%), 460 (M+ + Na+, 24%), 476 
(M+ + K+, 91%); (FAB, glycerol matrix) 438 (M+ + H+, loo%), 
476 (M+ + K+, 100%); 876 (2M+ + H+, 35%), 914 (2M+ + K+, 
12%), 1352 (3M+ + K+, 0.4%), 1790 (4M+ + K+, 1%). HRMS 

lH, Hl’); 5.18 (dd, J2.x = 6.0 Hz, Ji’,y = 3.4 Hz, lH, H2’); 4.88 
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calcd for C19H32N505Si 438.2095 (M+), found 438.2099. IR 
3418 m, 3100 b, 2956 s, 2768 m, 1681 8,1606 s. UV 308,252, 
208 nm. 

5'4 tert-Butyldimethylsilyl)-2',3'-O-isopropylidene- 
adenosine (4) and 5'-(tert-Butyldimethylsilyl)-2',3-0- 
isopropylidene guanosine (5). The A 4 and G 5 analogs 
were prepared in the same manner as described for the isoG 
3. The A 4 was recrystallized from hexandCHzCl2 to give 
colorless needles. The G 5 analog, instead, precipitated from 
hexandCHzCl2 to give an amorphous white solid. Character- 
ization of A 4 lH NMR (200 MHz, CDCL): 6 8.41 ( 8 ,  lH, H2), 
8.09 (s, lH, H8), 6.20 (s, lH, Hl'), 5.86 (8, 2H, C~NHZ), 5.26 
(d, lH, H2', J = 6.1 Hz), 4.98 (d, lH, H3', J = 6.1 Hz), 4.45 
(m, lH, H4'), 3.87 (AB q, lH, H5', J = 10.5,6.0 Hz), 3.78 (AB 
q, lH, H5", J = 10.5, 6.0 Hz), 1.67 (s, 3H), 1.47 (8 ,  3H), 0.90 
(s, 9H, t-Bu), 0.07 (s,6H, Me&). MS (FAB, sulfolane matrix) 
422 (M+, loo%), 460 (M+ + K+s 20%). 

Characterization of G 5: IH NMR (200 MHz, CDCl3): 6 
12.00 (bs, lH, NHl), 7.89 (s, lH, H8), 6.38 (bs, 2H, C2NHz) 
5.98 (s, lH, Hl'), 5.20 (d, lH, H2', J = 6.0 Hz), 4.90 (d, lH, 
H3', J = 6.0 Hz), 4.37 (m, lH, H4'), 3.80 (m, 2H, H5', HY), 
1.60 (9, 3H), 1.37 (s, 3H), 0.92 ( 8 ,  9H, t-Bu), 0.04 ( 8 ,  6H, Me2- 
Si). MS (FAB, sulfolane matrix) 438 (M+, loo%), 476 (M+ + 
K+, 36%). 

NMR Spectroscopy. One-Dimensional (1D) NMR Ex- 
periments. The 1D IH spectra were recorded on a Bruker 
A M X d O O  NMR spectrometer. Spectra recorded in CD3CN, 
CDC13 CDsOD, and &-DMSO solvents were referenced inter- 
nally to the signals of the solvent's residual 'H peak. Steady 
state NOE measurements were performed at 298 K on a 
Bruker AM-400 NMR spectrometer. A total of 320 transients 
were accumulated with alternate blocks of 32 on-resonance 
and 32 off-resonance pulses using an irradiation period of 3.0 
s and a relaxation delay of 9.0 s. NOE difference spectra were 
obtained by subtracting the off-resonance spectra from the on- 
resonance spectra. 

Two-Dimensional (2D) NMR Experiments. All 2D 
NMR experiments were performed on a Bruker AMX-500 
NMR spectrometer using TPPI quadrature detection (Redfield, 
A.; Kunz, S. D. J, Magn. Reson. 1975, 19, 250-254) . Data 
were typically processed by zero-filling in the tl domain to give 
2K x 1K matrices, which were then apodized with a sine-bell 
squared filter function in both dimensions prior to Fourier 
transformation. 

'H-lH Correlation Experiments. The 2D COSY experi- 
ment on isoG 3 (38 mM) in CDCl3 (0.400 mL) at 298 K was 
recorded in the magnitude mode with 2048 data points in the 
tz  dimension and a spectral width of 8620 Hz. The other 
acquisition parameters for the COSY experiment included 700 
tl experiments, 32 acquisitions per experiment, and a relax- 
ation delay of 3.0 s. The 2D NOESY experiments on isoG 2 
(38 mM) were done in CD3CN (0.400 mL), with and without 
saturated KI (78 mM, 2 equiv K+/isoG monomer). The 
experiments were done at 233 K using the standard pulse 
sequence (90°-tl-90"-f-900-t2)30 with a 300 ms mixing time. 
NOESY experiments were also performed at 298 K using 200 
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and 300 ms mixing times. The data were collected with a t 2  
spectral width of 7812 Hz, 2048 data points for each FID, and 
64 transients for each of the 512 tl experiments with a 4.0 s 
relaxation delay. 

HMQC Experiments. The lH-13C HMQC experiments on 
isoG 2 (200 mM) in CDCl3 (400 uL) at 298 K were recorded 
using the pulse sequence of Bax and S~bramanian .~~ The data 
were collected at a 13C frequency of 125.77 MHz with a 7575 
Hz spectral width in the t 2  dimension. A total of 2048 data 
points were collected in the t z  dimension, 338 tl values were 
collected for each data set, and 90 transients were collected 
for each of the 338 tl values using a 3.0 s relaxation delay. 
The natural abundance IH-15N HMQC experiments on isoG 
3 (200 mM) in CDC13 (400 pL) at 298 K were also performed 
using the pulse sequence of Bax and S~braman ian .~~  An 15N 
frequency of 50.69 MHz was used with a 7812 Hz spectral 
width in the tz  dimension. A total of 1024 data points were 
collected in the t 2  dimension; 180 transients were collected for 
each of the 180 tl values using a 3.0 s relaxation delay. 

Determination of Thermodynamic Parameters for 
isoG Tetramer Formation. Solutions of isoG mononucleo- 
side 3 were made up in various solvents. Integration of the 
'H NMR resonances for the isoG monomer 3 and tetramer 6, 
which are in slow exchange, provided concentrations of the 
two species. Stability constants were determined by consider- 
ing only isoG monomer and tetramer using the equation K, 
(M-3) = tetramer/monomer4. The K, values were measured 
in 3" increments over the temperature range 253 to 293 K. 
Thermodynamic parameters, AHo and AS", were obtained from 
van't Hoff plots of 1/K, vs UT. 

Stoichiometry of isoG Cation Binding. The stoichiom- 
etry of K+ binding by isoG 3 was determined by 500 MHz lH 
NMR. A solution of isoG 3 (2.5 mM) in CD3CN was titrated 
with increasing amounts of a stock KI (25 mM) solution. 
Conversion of the isoG monomer and tetramer to the K+ bound 
isoG octamer was monitored by the disappearance of the 
monomer's and tetramer's IH NMR signals, and the appear- 
ance of a new set of signals due to the isoG-K+ bound species 
(see Tables 2 and 3 for assignments). Similar experiments 
were performed with LiCl, NaC1, and BaI2. 

Temperature Dependent W Spectra. A quartz cuvette 
containing isoG 3 (170 pM) in CH3CN was sealed with 
parafilm. UV measurements were made at 5 "C increments 
over a temperature range from 3.5 to  50 "C. Measurements 
were done on a Milton Roy 2000 Diode Array spectrometer 
connected to a circulating water bath. 
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