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ABSTRACT: The31P NMR spectra of (TMA)2(5′-GMP), where TMA is [(CH3)4N]+ and 5′-GMP is guanosine
5′-monophosphate, and K2(5′-GMP), containing various amounts of KCl or TMACl, have been obtained
at 2°C. Variable-temperature spectra have also been obtained for K2(5′-GMP). The TMA+ ion serves to
neutralize the charge on the dianionic 5′-GMP and permits the added K+ to bond preferentially in structure-
forming sites.1H NMR spectra (one- and two-dimensional) have been obtained for K2(5′-GMP) and used
to assign the proton resonances in the self-associated structures and determine that all residues have the
anti glycosidic conformation. The31P and1H NMR spectra are very complex and indicate the presence
of a large number of molecular environments and a structural variation dependent upon the mole ratio of
5′-GMP to K+. A new model for the solution structure is proposed in which the 5′-GMP forms a pseudo-
four-stranded helix with guanine-guanine hydrogen bonding forming a continuous helical strand, rather
than the usual planar G-tetrad structure. The guanine-guanine hydrogen bonding sites are the same as
that found in a G-tetrad. The K+ ions would be located in the center of the helix and bonding to the
carbonyl oxygens. They are interacting with the phosphates as well. Integration data from the largest
sized species give an estimate of 14.3( 1.1 residues in a helical structure.

It has been known since 1962 that guanosine and gua-
nosine monophosphates formed gels in the presence of
certain monovalent cations at slightly acid pH (1). A G-tetrad
stucture, I, was proposed to exist in the gels and was later

shown to be consistent with fiber diffraction data(2, 3). In
the 1970s it was discovered that self-associated species also
existed in neutral solutions and that much of the experimental
data were consistent with species consisting of stacked
G-tetrads (4-9). More recently, evidence has been found
for the formation of G-tetrad structures in oligonucleotide
sequences which model the G-rich telomeric sequences

present in chromosomes, and numerous biological functions
have been postulated for them (10-13). NMR, HPLC, X-ray
diffraction, and other techniques have delineated the various
types of G-tetrads (four-stranded or hairpin) and their
conformations in the model telomeres (4, 5, 14, 15). An
X-ray crystal structure determination of d(TG4T) revealed a
G-tetrad structure with Na+ ions located in the center of the
G-tetrad or between two adjacent G-tetrads, depending upon
the position of the G-tetrad in the structure (16, 17), but the
K+ ion has not been definitively located in a G-tetrad
structure (18).

Although formation of macromolecular species was first
observed in guanosine and its monophosphates, many
questions remain regarding the solution structures of the
species in these molecules. In part, this is a result of the
larger number of structural and conformational possibilities
in the guanine monophosphates compared to the oligonucle-
otides. The complexity of the self-associated guanosine 5′-
monophosphate (5′-GMP),1 II, system is illustrated by the
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multiple 1H resonances observed for each nonexchangeable
proton in NMR, which are in slow exchange with the
monomer resonances (5-9, 19). Of the three alkali metal
cations which promote self-association of 5′-GMP (Na+, K+,
and Rb+), the K+ ion has the strongest effect, and its proton
NMR spectrum is the most complex (7). Many aspects of
the 1H NMR spectra of the Na+ and K+ salts are consistent
with the formation of G-tetrads (19), but the existence of
other hydrogen-bonded motifs and/or a variety of isomeric
tetrad structures is possible. The31P NMR spectra were
initially examined by Laszlo (20) and Walmsley and Pin-
navaia and their co-workers (19), and some structures were
postulated.

On the basis of new data from31P and 1H NMR
experiments, we have proposed a new structure for 5′-GMP
in solution in the presence of K+. Rather than a structure
composed of G-tetrads, it consists of a helical, stacked array
of 5′-GMP, but still containing the same general hydrogen
bonding scheme of a typical discrete G-tetrad.31P NMR has
been used to observe the formation of the self-associated
species in K2(5′-GMP), in K2(5′-GMP) with added KCl or
tetramethylammonium chloride, and in the tetramethylam-
monium salt, [(TMA)2(5′-GMP)], as small amounts of KCl
were added. In the form of the TMA salt, 5′-GMP does not
undergo self-association in aqueous solution at any concen-
tration or temperature unless one of the structure-forming
cations, such as Na+, K+, or Rb+, is added to it (21). This
provides a method of observing the formation of the self-
associated species as they begin to form and gradually
increase in size and complexity. 1-D and 2-D1H NMR
measurements were used to assign most of the proton
resonances and to determine the conformation about the
glycosidic bond.

The reasons for the structural variation of 5′-GMP as a
function of K+ ion concentration are potentially of biological
significance because K+ is primarily an intracellular cation
and is known to be important in nucleic acid functions. Based
on the marked differences in the NMR spectra, the Na+-
induced structure in 5′-GMP solutions is quite different from
that of the K+ structure. It is also known that Na+ and K+

stabilize different G-tetrad structures in telomeric sequences
(22-24).

MATERIALS AND METHODS

Materials. H2(5′-GMP) was purchased from Sigma or
Calbiochem. (TMA)2(5′-GMP) and K2(5′-GMP) were pre-
pared as previously described (25). D2O (99.9 atom %) was
purchased from Norell or Aldrich. Ultrapure KCl was
obtained from Alfa Chemical.

Sample solutions were prepared by dissolving the solid
nucleotides in D2O and adjusting the pD’s with DCl or
TMAOH dissolved in D2O. For solutions containing added
increments of KCl or TMACl, the salt was added to the NMR
tube as the dried solid. The concentrations of the 5′-GMP
solutions were determined by UV spectroscopy (λmax ) 252
nm, ε ) 1.37× 104 M-1 cm-1). The K2(5′-GMP) solution
for 1H NMR contained 0.1 mM TMA-EDTA.

Methods. The 31P NMR spectra were run on a General
Electric QE 300 spectrometer at 121.7 MHz. The samples
were contained in 10 mm tubes except for the variable-

temperature measurements which were done in 5 mm tubes;
85% H3PO4 was used as an external reference. The spectra
were run with gated inverse broad band proton decoupling,
a spectral width of 6000 or 15 000 Hz, a pulse width of 10
µs, and a relaxation delay time of 10 s. Constant low-
temperature experiments were carried out at 2.0( 0.2 °C.
T1 relaxation experiments were done on a Varian INOVA
500 at 202.34 MHz at 2°C.

The 1H NMR 1-D and COSY spectra were run at 499.86
MHZ on a Varian INOVA 500 spectrometer, and the
NOESY spectra were run at 300.65 MHZ on a General
Electric QE 300. Spectra were run at 24°C and were
referenced to internal TMA+ ion at 3.185 ppm. The mixing
time for the NOESY was 200 ms, the data size was 1024,
and the number of transients per increment was 16.

RESULTS

Considerably less research has been done on K2(5′-GMP)
than on Na2(5′-GMP), largely because Na2(5′-GMP) appears
to be less complex, as indicated by both its1H and its31P
NMR spectra (7). However, the solution structures and
conformations of neither of the two salts have been com-
pletely determined. Since (TMA)2(5′-GMP) by itself does
not self-associate, the use of (TMA)2(5′-GMP) with incre-
mental addition of salt allows the observation of the
associated species as they are formed. The TMA+ serves to
neutralize the charge on the dianionic 5′-GMP and permits
the added cation to bond preferentially in structure-forming
sites. Such experiments have provided substantially more
information on the conformation and structure of K2(5′-
GMP).

(TMA)2(5′-GMP) + KCl. The 31P NMR spectra of 0.49
M (TMA) 2(5′-GMP) in D2O at 2°C with various amounts
of added KCl are shown in Figure 1. The data show that the
K+ system is very complex and that numerous intermediate
structured species are formed as KCl is added to (TMA)2-
(5′-GMP). The phosphate resonance in (TMA)2(5′-GMP) is
located at 4.198 ppm, and the majority of the new31P
resonances that appear upon KCl addition are situated around
4-5 ppm, which is a typical value for a phosphate monoester
dianion (26). Additional lines become prominent at 6.97 and
5.80 ppm as the K+ concentration increases. These are most
likely to result from phosphates that are found at the ends
of stacks of guanine bases, in agreement with observations
in RNA (27, 28). The multiplicity of the phosphate environ-
ments was rather surprising, but is consistent with the
complex1H NMR spectra of this system (vide infra).

Examination of the spectra in Figure 1 reveals that there
are rather dramatic changes at certain GMP:K+ ratios. The
first of these occurs at the 2:1 mole ratio, where the
appearance and intensity of new lines suddenly increases and
is taken to be the point at which a substantial amount of
structured species are formed. At a ratio of 1:1, the intensities
of the lines in the 5-7 ppm region increase, and again at
1:2 ratio, there is a further increase in intensity in this region,
along with the virtual disappearance of the resonance at 6.3
ppm. It is clear that these changes are the result of
K+-induced structural changes, although it is not clear just
what structures are forming at each ratio.

K2(5′-GMP): 31P NMR. The temperature-dependent31P
NMR spectra of 0.54 M K2(5′-GMP) are shown in Figure
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2. Although there is similarity between these spectra and
those in Figure 1, they appear to have fewer resonances than
do the spectra of (TMA)2(5′-GMP) + KCl. The lines at 5-7
ppm only appear below the 9-16 °C temperature range.
Comparison of the 1:2 mole ratio of GMP:K+ (Figure 1)
with that of 0.54 M K2(5′-GMP) at 2 °C reveals that the
spectra are rather similar, but the latter is still less complex.
It is thought that the difference in the two spectra is not only
a result of the charge-neutralizing role of the TMA+ ions,
but also a result of the increased ionic strength from the
presence of a greater amount of cations in the former case.
This is shown to be the situation because the addition of
solid KCl to the K2(5′-GMP) solution leads to a spectrum
which is very similar to that of the (TMA)2(5′-GMP) + KCl
solution (GMP:K+ ) 1:2) (Figure 3B). Although there are
some differences in the relative intensities of the resonances
in the main cluster, it is noted that the intensities of the 6
and 7 ppm signals have increased dramatically upon KCl
addition to K2(5′-GMP). With KCl additions greater than a
GMP:K+ ratio of 1:3, the spectra no longer are changing
and appear to have reached a limiting structure.

Addition of TMACl to 0.54 M K2(5′-GMP) has an effect
similar to that of adding KCl to this solution (Figure 3C).
At a K2GMP:TMA+ ratio of 1:3, the31P NMR spectrum is

the same as the limiting spectrum for K2(5′-GMP) + KCl.
It might have been thought that additional TMA+ ion would
compete with K+ ion for structural cationic sites and reduce
the amount of structured species, but clearly the structured
species increase in quantity and complexity instead. It is
concluded that ionic strength is an important factor in this
case also. When there is sufficient K+ ion present to give
the structured species, the apparent effects of the added salts
are to shift the equilibrium further toward that species. An

FIGURE 1: 31P NMR spectra of 0.49 M (TMA)2(5′-GMP) in D2O
with added KCl at 2°C and pD 8.6 at various mole ratios of GMP:
K+.

FIGURE 2: 31P NMR spectra of 0.54 M K2(5′-GMP) in D2O at
various temperatures, pD 8.6.

FIGURE 3: 31P NMR spectra of 0.54 M K2(5′-GMP) in D2O at 2
°C. (A) No added salt; (B) with added KCl, GMP:K+ ) 1:4, total
[K+] ) 2.1 M; (C) with added TMACl, GMP:K+ ) 1:2, GMP:
TMA+ ) 1:3, total cation concentration) 2.4 M.
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anion effect can be ruled out because KNO3 added to K2-
(5′-GMP) (29) has the same effect as KCl or TMACl.

A T1 relaxation time experiment on the K2(5′-GMP) +
TMACl (GMP:TMA + ) 1:3) solution at 2°C shown in
Figure 3C revealed that the lines at 6 and 7 ppm had very
long times compared to those in the 4-5 ppm cluster (Table
1). The resonance at∼5.1 ppm had an intermediate T1. The
6 and 7 ppm lines have been proposed to arise from terminal
phosphates and the long T1’s would be expected, while the
phosphates belonging to residues located in the central part
of the structure would have much shorter T1’s.

K2(5′-GMP): 1H NMR. The1H NMR spectrum of 0.49 M
K2(5′-GMP) at 24°C is shown in Figure 4. All of the H8
resonances have chemical shifts in the∼8.1-7.5 ppm region,
and there is obvious overlapping of numerous lines repre-
senting different H8 environments (see also ref7). The
assignments of the ribose protons (3.8-6.0 ppm) are based
on COSY spectra, although it was not possible to assign all
of the lines due to extensive overlap. The H1′ protons were
arbitrarily assigned letters to serve as a starting point for the
assignments. The H5′ and H5′′ resonances could not be
specifically assigned, but are located in the 3.8-4.1 ppm
region. The H8 assignments are tentative and were based
on the NOESY spectrum (see below).

In solutions to which either solid KCl or TMACl has been
added, the H8 and the H1′ regions become even more
complex with additional lines becoming visible (Figure 4,
inset). Both salts have the same effect on the K2(5′-GMP)
spectrum and no effect on the H2′-H5′,5′′ region.

It is significant that all of the H8 and H1′ resonances in
the self-associated species are located upfield of those in the
monomer (H8, 8.2; H1′, 5.9 ppm), indicating that consider-
able base stacking is occurring in all of the self-associated
species. An upfield shift of NMR signals in nucleotides and
nucleic acids is normally associated with ring current effects
resulting from base stacking (30).

To examine the exchangeable protons and identify the
hydrogen-bonding sites, the1H NMR spectrum of 0.47 M
K2(5′-GMP) was also obtained in 90% H2O/10% D2O at 24
°C (Figure 5A). As in Na2(5′-GMP) (19), the imino proton
resonance is located at 11.13 ppm, and the hydrogen-bonded
NH2 resonances are found at 10.44 and 9.42 ppm. The
resonance at 8.69 ppm is likely to be a hydrogen-bonded
ribose OH. The four exchangeable protons integrate at
approximately one each. When KCl is added to the solution
(Figure 5B), the number of resonances in this region
increases, consistent with changes in the nonexchangeable
proton resonances in the presence of KCl (Figure 4).

The NOESY spectrum of 0.49 M K2(5′-GMP) in D2O at
24 °C (data not shown) displayed strong dipolar interactions
between the H8 protons and the 2′ and 3′ ribose protons,
but no interactions between H8 and H1′. This indicates that
all of the 5′-GMP units in the associated species have the
anti conformation about the glycosidic bond. The NOESY
data were used to assign the H8 resonances by assuming
that the stronger NOE for each H8 arose from an intramo-
lecular interaction. Although there are a few additional H8
to ribose NOE’s, they cannot be used for a complete
structural analysis because of the large uncertainty in the
assignments and the multiple overlaps.

Table 1: T1 Relaxation Times for K2(5′-GMP) + TMACl
(GMP:TMA+ ) 1:3)a

chemical shift (ppm) T1 (s)

6.974 13.75( 0.20
5.799 13.12( 0.40
5.145 7.70( 0.26
4.619 2.76( 0.04
4.182 2.83( 0.11

a 31P at 2°C.

FIGURE 4: 1H NMR spectrum of 0.49 M K2(5′-GMP) in D2O at 24
°C, pD 8.6. Ribose assignments are based on COSY spectra of the
same sample at 24°C. H1′ protons were arbitrarily assigned letters
as a starting point for assignments. H8 proton assignments are based
on NOESY data. TMA+ is located at 3.185 ppm; *) unknown
species. Inset: 0.54 M K2(5′-GMP) in D2O at 25°C with added
KCl, GMP:K+ ) 1:4.

FIGURE 5: 1H NMR spectrum of 0.47 M K2(5′-GMP) in 90% H2O/
10% D2O at 24°C, pH 8.3. (A) No added salt; (B) with added
KCl, GMP:K+ ) 1:4; * ) unknown species.
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DISCUSSION

The complexity and multiplicity of the phosphate environ-
ments in 5′-GMP in the presence of K+ ion have a striking
similarity in appearance to the31P NMR spectra of tRNA
from yeast (27) and of 5S RNA fromE. coli (28), both of
which have many phosphodiester environments. However,
the resonances of the RNA’s occur in a different chemical
shift range. The spectra consist of a main cluster of
resonances with several downfield lines of weaker intensity
and, in some cases, there are also a few weak upfield lines.
The 31P NMR assignments for 5S RNA were based on the
spectra of its fragments of known structures (28). The most
downfield lines (weak) were assigned to terminal phosphates,
and the lines in the 5-7 ppm region of our spectra can be
similarly assigned on the basis of their long relaxation times
(Table 1). These would be phosphates at the ends of stacks
of 5′-GMP and must have an unusual conformation since
they are much further downfield than a typical phosphate
monoester (26). This conformational change is induced by
K+ interactions because these resonances only appear at
GMP:K+ ratios of 1:2 or higher K+ concentrations. Com-
parison of the other assignments in RNA with our spectra is
not possible because it is difficult to imagine that 5′-GMP
structures can have the loops and bulges found in the RNA
structures.OVerall, it is the similarity in complexity between
the RNA spectra and our spectra that seems to be important.

To account for the31P and1H NMR spectra, a model is
proposed which consists of a pseudo-four-stranded helix with
guanine-guanine hydrogen bonding forming a continuous
helical strand (Figure 6). This could be thought of as a
G-tetrad in which two of the eight hydrogen bonds are broken
and re-formed with another guanine from a similar G-tetrad
to form the helix. This hydrogen-bonding arrangement in a
helical, rather than planar, structure would lead to a large
number of slightly different1H and31P environments when
the number of nucleotides per turn of the helix is large, that
is, when there is a small shift in angle between a nucleotide
and the one closest above it. NOESY data show that all of
the residues have the anti conformation about the glycosidic
bond and, therefore, would all be stacked in the same
direction (5, 14). In telomeric sequences in the presence of
K+, which are proposed to have a parallel four-stranded
structure, all residues also have the anti conformation. On
the other hand, the anitiparallel hairpin structures formed in

the presence of Na+ have both syn and anti conformations
(13, 15, 18).

The hydrogen-bonding scheme between any two 5′-GMP
moieties in the helix is the same as that in a discrete, planar
G-tetrad. This is confirmed by1H NMR of K2(5′-GMP) in
H2O (Figure 5, also ref31) which has the imino (11.13 ppm)
and hydrogen-bonded amino (10.44, 9.42 ppm) resonances
in the same chemical shift regions as Na2(5′-GMP) (imino:
11.1-11.3; amino: 9.3-10.1 ppm) (19) and a number of
telomeric oligonucleotides known to have the G-tetrad
structure (14, 24, 32, 33). The location of the imino at 11.1
ppm results from an N(1)H‚‚‚OdC bonding because an
N(1)H‚‚‚N(heterocyclic) hydrogen bond, such as in a Wat-
son-Crick G-C base pair, is found at 13 ppm (34, 35).

Although a number of X-ray studies indicate the formation
of essentially planar G-tetrad structures in guanine nucle-
otides and oligonucleotides (2, 3, 16-18, 36), there has also
been one account of a helical structure such as the one
proposed here for K2(5′-GMP). Based on X-ray fiber
diffraction data, a helical structure held together by hydrogen
bonds between guanines was postulated for 5′-GMP fibers
(Na:GMP < 1, no K+) pulled from gels at pH 5 (37).
Although the conditions were different from ours, this shows
that a helical structure is possible in a 5′-GMP system.

However, the large number of resonances in the NMR
spectra of K2(5′-GMP) does not rule out a planar G-tetrad
structure. If adjacent tetrads in a stacked array had a small
rotation angle about the central axis, multiple environments
are also probable. However, oligonucleotides (models of
telomeric sequences) which are postulated to have planar
G-tetrad structures and which have been studied by NMR
lack the spectral complexity of K2(5′-GMP); most or all of
their imino and H8 resonances are distinctly separated (14,
23, 24). Also, Na2(5′-GMP), for which a structure composed
of discrete, stacked G-tetrads is quite well established (6, 8,
9, 19, 21, 36), has much simpler1H and 31P spectra, with
four separated resonances in the H8 region and four
phosphate environments (19, 21, 25). Moreover, the presence
of “terminal” phosphates at 6 and 7 ppm in K2(5′-GMP) is
inconsistent with a structure composed of planar G-tetrads.

The K+ ions would be located in the central core of the
helix and bonding to the CdO groups of the base. Evidence
to support this comes from an X-ray crystal structure
determination of d(TG4T), which revealed a G-tetrad struc-
ture with Na+ ions located in the center of the G-tetrad or
between two adjacent G-tetrads, depending upon the position
of the G-tetrad in the structure (16, 17). Kang and co-workers
were not able to definitely locate the K+ in an X-ray
structural determination of d(G4T4G4), but they reported that
a ‘disturbance’ in the center of the G-tetrad structure was
thought to be due to the K+ (18). An additional possibility
for the role of K+ in our structures is the bridging of a K+

ion between the phosphate groups of two 5′-GMP residues
which are vertically stacked. This latter interaction would
considerably increase the stability of the self-associated
structure.

An estimate of the size of the structured species can be
obtained by integrating the31P NMR data from spectra in
which the maximum size has been reached, as judged by
the lack of further change in the spectra. This occurs for
K2(5′-GMP) with added KCl, with added TMACl, and for
(TMA)2(5′-GMP) + KCl. Combining the data from five

FIGURE 6: Proposed helical structure of K2(5′-GMP) in aqueous
solution at neutral to slightly basic pH.
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spectra, it was found that 14.0( 1.1% of the total GMP
units was accounted for by the 6 and 7 ppm resonances.
Assuming one of these terminal phosphates is found at each
end of the helix, an estimate of 14.3( 1.1 residues per
structured species is obtained. Although this is not a
tremendously large molecule, a helix of this size could
account for the multiple resonances observed in the NMR.

No one piece of data proves that the proposed structure is
correct, but it is the sum of all the data which provides the
best evidence for the structure. In light of the extreme
difficulty or impossibility of obtaining crystals for a high-
resolution X-ray determination, NMR solution data give the
greatest amount of evidence for this structure. The helical
model is consistent with the fact that the self-association of
5′-GMP in the presence of K+ is much stronger than that in
the presence of Na+ (7, 9). In our structure, the pseudo-G-
tetrads would be held together by a continuous hydrogen-
bond helical network, base stacking, and metal ion effects,
whereas discrete G-tetrads composed of 5′-GMP will have
fewer intermolecular interactions. It is also known that with
G-rich telomeric sequences, K+ leads to the formation of
four-stranded G-tetrad structures while Na+ favors hairpin
structures (22).

The physiological relevance of the K+-induced structure
is uncertain, but could be related to the expansion of nucleic
acid structures to facilitate the binding of proteins (38), such
as the binding of DNA to thrombin (39), HIV-1 (40), and
other proteins (41).
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