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2D NMR studies demonstrate that the residence lifetime of
SNH,* ions within the bimolecular G-quadruplex adopted
by d(G,T,G,) is reduced from 270 ms in the presence of
ammonium ions alone to 36 ms in the presence of Na*
ions.

It is generally appreciated that cations play a central role in
governing the structure, stability, dynamics and function of
nucleic acids.'? G-rich DNA oligonucleotides, for example,
require the presence of monovalent cations to fold into
G-quadruplexes, which are unique among nucleic acid
structures in their sequence dependence and metal ion require-
ments.>*?” The basic building block of a four-stranded G-
quadruplex structure is a G-quartet with the four closely spaced
carbonyl groups that are responsible for the strong cation
coordination (Fig. l1a). The first high resolution structure of
the G-quadruplex adopted by the sequence d(G,T,G,) was
determined by both NMR '? and X-ray crystallography.?! This
sequence forms a dimeric G-quadruplex, where four GGGG
segments are involved in the formation of four stacked
G-quartets with syn—anti-anti-syn orientations around each
quartet, while both TTTT loops span across the diagonals of
the outer quartets such that adjacent strands are in antiparallel
and parallel orientations (Fig. 1b). The critical role that
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Fig. 1 a) The main feature of G-quartets are cyclic hydrogen bonds
between four guanine bases in a coplanar arrangement. b) Location of
ammonium ions in dimeric foldback structure adopted by d(G,T,G,),.
Labels o and i indicate ammonium ions at the outer and the inner
binding sites, respectively. G1-G12 indicate nucleotide residues of
one strand of d(G,T,G,),, whereas G1*~G12* indicate residues of the
symmetry related strand. The guanine bases are shown as rectangles,
where filled grey rectangles represent syn nucleobases. For clarity,
thymine bases are not shown.
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ion movement inside d(G,T,G,), G-quadruplex is
accelerated in the presence of smaller Na™ ions
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monovalent cations play in G-quadruplex formation initiated
considerable efforts for identifying cation binding sites using
NMR, 2% X-ray**?" and computational®®3 techniques. In
particular, molecular dynamics simulations on the nanosecond
time-scale offered some insight into the cation mobility at the
atomic level.®*3° Two-dimensional "H-'>N NMR spectroscopy
allowed direct location of three NH," ions, which were
successfully used as a nonmetallic substitute for monovalent
cations, between the adjacent G-quartets (Fig. 1b).2 This
approach also enabled analyses of '"NH,* ion movement
between the binding sites within the d(G,T,G,),
G-quadruplex.? In contrast, X-ray structures revealed a linear
ion array consisting of three potassium ions embedded between
the planes of the G-quartets and two additional ions between
the outer G-quartets and thymine loop residues of the
d(G,T,G,), G-quadruplex.” Na" ions exhibit a smaller ionic
radius that allows them to be coordinated in the plane of the
G-quartet.?** Li* ions are not known to stabilize G-quartet
formation but are involved in the neutralization of negative
charges along the sugar—phosphate backbone.?!*?

In this work we have focused on d(G,T,G,) which has been
shown to form a G-quadruplex with the same general fold in
the presence of *NH,", K* and Na* ions."* A recent study of
5NH," ion exchange within the d(G,T,G,), G-quadruplex
afforded an estimate of 250 ms for the lifetime of the inner
ammonium ion at 283 K.22 On the other hand, *Na NMR
linewidth studies with the same G-quadruplex revealed the life-
time of bound Na* to be 180 ps at 293 K.** The significant
difference in the lifetime values for NH," and Na® ions
inspired us to explore if the movement of *’NH,* ion changes
with an increase of ionic strength or when smaller Na* ions
partially occupy binding sites inside d(G,T,G,),. We herein
report our initial results on acceleration of NH," ion move-
ment by ca. 7.5-times from the inner to the outer binding sites
of d(G,T,G,), as Na® ion occupancy of the binding sites
progressively increases with the increase in the NaCl/**NH,CI
ratio.

d(G,T,G,) was folded into a G-quadruplex structure upon
titration of *NH,Cl into aqueous solution that was extensively
dialyzed against 10 mM LiCl in order to remove all other
cations. T Titration of NH,CI into one part of the oligo-
nucleotide sample up to a 20 mM concentration resulted in well
resolved imino, aromatic and sugar proton resonances in the
'"H NMR spectrum at 600 MHz, which were consistent with
the known solution-state fold-back structure of d(G,T,G,),.
Analysis of the 2D ""N-'H NzExHSQC spectrum shown in
Fig. 2 revealed three autocorrelation peaks corresponding to
5NH," ions in the bound states, occupying the outer (o) and the
inner (i) binding sites, as well as ions in bulk solution (b).?? No
specific ’NH," ion binding sites between the outer G-quartets
and residues of the T, loops were observed. Further NMR
studies including detailed NOESY analysis for d(G,T,G,), also
showed no specific NOE cross-peaks for the potential ion bind-
ing sites in the T, loops of d(G,T,G,),."* Experimental data,
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Fig. 2 Plot of 2D “N-'H NzExHSQC spectrum (r,, = 100 ms)
of “NH," form of d(G,T,G,), G-quadruplex at 298 K. The
autocorrelation peaks for the two bound sites are labeled (i for the inner
and o for the outer sites) and for bulk (b) ammonium ions. Cross-peaks
indicate *NH," ion movement between these three sites (see text).

however, do not exclude the existence of ion exchange with bulk
solution that is fast on the NMR time-scale. i Several cross-
peaks (labeled as oi, io, ob, ib, bo and bi) in addition to three
autocorrelation peaks were identified in the 2D “N-'H
NzExHSQC spectrum and clearly indicated that "NH," ions
moved from one binding site to another. In particular, the cross-
peak labeled io demonstrated that some "NH," ions moved
from the inner to the outer binding sites during the mixing time
(Figs. 1b and 2).

The io cross-peaks are characterized by the *N chemical shift
of ammonium ions at the inner binding site (d;s5 = 29.5 ppm)
that moved during the mixing time and have been detected at
the 'H chemical shift of the outer binding sites (6,5 = 7.372
ppm). Time evolution of exchange of ammonium ions from
the inner to the outer binding sites can be appreciated by
comparison of the traces at the *N chemical shift of 29.5 ppm
through i and io cross-peaks in the 2D spectrum (Fig. 3a). Signal
intensity of i decreases, while intensity of io increases with
increasing mixing time. The relative integral ratio of io versus
i signals is ca. 0.3 at a mixing time of 100 ms and increases to
0.7 at a mixing time of 450 ms. Analysis of the time-dependence
of autocorrelation and cross-peak intensities as a function of
mixing time showed that signal decrease due to (7',) relaxation
is not significant at mixing times up to 200 ms.
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Fig.3 Traces along f2 dimension of 2D *N-'H NzExHSQC spectrum
at d;sy of 29.5 ppm as a function of increasing mixing time given in ms
on the left. a) d(G,T,G,), sample folded in the presence of 20 mM
SNH,CI; b) the same G-quadruplex in the presence of 20 mM "“NH,Cl
and 5 mM NaCl.

d(G,T,G,) was also folded into the G-quadruplex structure
in the presence of 20 mM “NH,CI and 5 mM NaClL. T A
detailed comparative examination of 1D and 2D 'H NMR
spectra of d(G,T,G,), in the presence of *NH,Cl alone and in
the presence of both NH,CI and NaCl showed the highest
degree of agreement, which led us to the reasonable conclusion
that their 3D structures are identical. Furthermore, 2D "N-'"H
NzExHSQC spectra for d(G,T,G,), quadruplex folded in the
presence of both ®'NH,* and Na* ions showed autocorrelation
and cross-peaks at the identical N and 'H chemical shifts as

found for "NH,* ion only form (Fig. 2). The comparison of
intensities of o and i cross-peaks in the spectra of the two
samples, however, showed a reduction of approximately 18%
and 15%, respectively, which suggested that the outer and the
inner binding sites were partially occupied by sodium ions in
the 20 mM ""NH,* and 5 mM Na" sample. It was particularly
exciting to observe that the cross-peak intensities exhibited
distinctive changes as a function of mixing time in the presence
of both ions and "NH," ions alone. Time evolution of ammo-
nium ion movement from the inner to the outer binding sites in
the presence of 20 mM *NH,Cl and 5 mM NaCl is illustrated
by the comparison of traces at "N chemical shift of 29.5 ppm
through i and io cross-peaks in the 2D spectra (Fig. 3b). The
comparison of Figs. 3a and b shows that io intensity increases
faster in the mixed ammonium-sodium sample. The io/i ratio in
the sample containing 20 mM “NH,CI and 5 mM NaCl was
0.5 at a mixing time of 100 ms, whereas it was 0.3 in the
ammonium only form. The io signal reaches maximum
intensity at shorter mixing times (100 ms) in the presence
of Na™ ions in comparison to the ammonium only sample
(200 ms).

Quantification of volume integrals of the io cross-peak with
respect to its autocorrelation peak i as a function of increasing
mixing time in the presence of *NH," ions alone (Fig. 4) was
then used to calculate the exchange rate of ammonium ion
movement from the inner to the outer binding sites. The
time-dependence of the ratio of the io cross-peak and its auto-
correlation peak volumes at shorter mixing times can be
expressed by eqn. 1,3

Vi tanh (K, ) (1)

io“m

=

where V;, and V] represent volume integrals of io and i peaks,
respectively, tanh is a hyperbolic tangent function, k;,* is the
rate constant for *NH," ion movement from the inner to the
outer binding sites in d(G,T,G,), G-quadruplex in the presence
of ammonium ions alone, and 7, is the mixing time of the 2D
BN-'H NzExHSQC experiment. The least-squares fit of the
experimental ratio of V;,/V; as a function of mixing time gave a
rate constant k;,* of 3.7 s”! for d(G,T,G,), in 20 mM *NH,CI
(Fig. 4). The agreement between the experimental and calcu-
lated data points was excellent, with individual deviations
below 0.01 unit and chi-squared of 0.00008 (Person correlation
coefficient, R = 0.997). The lifetime for the ammonium ion
occupying the inner binding site of the d(G,T,G,), at 20 mM
5NH,Cl is thus 270 ms, which correlates well with previously
published data.”* An analogous iterative fit of the experimental
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Fig. 4 Volume ratios of io cross-peak and its autocorrelation peak i
as a function of mixing time at 298 K. Triangles represent the
experimental points for sample with *NH," ions alone (ie. 20 mM
SNH,CI). Circles correspond to experimental points for 20 mM
5NH,CI and 5 mM NaCl sample. Vertical bars indicate scattering of
experimental points at different concentration ratios of *NH," and
Na™ ions. Dotted curves represent the best fit of the experimental data
toeqns. 1 and 2.
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Table1 Ammonium ion exchange rates in d(G,T,G,), G-quadruplex*

individual % Na % Na
#b [""NH,*)/mM [Na‘)/mM [Na*)/["*NH,"] kiols™! £ (%) deviation/s™! chi-squared ato? atif
1 20 0 0 3.7 100 0.01 0.00008 0 0
2 40 5 0.125 24 66 0.02 0.00027 16 14
3 20 5 0.25 27 77 0.02 0.00028 18 15
4 40 25 0.625 33 73 0.03 0.00040 39 33
5 20 15 0.75 25 78 0.02 0.00024 35 30
6 40 35 0.875 30 72 0.02 0.00029 46 41
7 20 25 1.25 33 78 0.03 0.00030 55 50
8 20 35 1.75 42 82 0.04 0.00037 79 74
9 8 20 2.5 — 89° 0.10 0.00200 93 94

“ At 2.4 mM concentration per strand, 298 K and pH of 5.0. ® Error estimates in rate constants are 0.1 s™! for ammonium only form (#1) and +4 s
for mixed ammonium-sodium forms. Largest individual deviation and chi-squared values are reported for each iterative fitting procedures using

eqns. 1 and 2. ¢ Calculated using eqn. 2 by constraining k;,™ rate constant to average value of 28 s

inner binding sites by sodium ions.

1. 4 Partial occupancy (in %) of the outer and the

ratio of V,/V; for the d(G,T,G,), sample in the presence of 20
mM NH," and 5 mM Na" ions using eqn. 1 did not fit the
data (individual deviations > 0.06 units, chi-squared = 0.0015,
R = 0.970). In particular, the shape of the function through
the experimental data points suggested a contribution of an
additional faster processes to the observed rate in the sample
containing both "NH,* and Na* ions, which prompted us to
include two processes in further analysis. Ammonium ion
movement from the inner to the outer binding sites, which are
occupied by ammonium ions or partially by sodium ions in
the mixed ammonium-sodium form can be described by the
following simplified scheme:

. K §m .
inner® —=— [outera + 011161""](’*7' inner™

Parameters k,,* and k,,™ are exchange rate constants, which
correspond to the movement of *NH,* ions from the inner to
the outer positions in the ammonium only and in a mixed
ammonium-sodium form, respectively. Both exchange steps in
the above scheme, which proceed independently of each other
in two different molecules, give rise to a single io cross-peak
in the 2D "N-'"H NzExHSQC spectrum with isochronous 'H
and "N chemical shifts (Fig. 2). The experimentally observed
time-dependence of io cross-peak intensity contains contri-
butions from *NH,* ion exchange in both forms and therefore
represents a weighted time-average of exchange on the NMR
time-scale. The ratio of volume integrals of io cross-peak and
i autocorrelation peak as a function of mixing time can thus be
expressed by eqn. 2,

% = f.tanh (kii:»rm )+(1 -/ )tanh (k;:"rm)

i

(@)

where f, represents a fraction of the exchange process in
ammonium only form. The assumption made in the first term
of eqn. 2 is that the k;,* exchange rate constant in ammonium
only G-quadruplex is not affected by the presence of Na* ions
in bulk solution or by nearby mixed ammonium-sodium forms.
The second term accounts for the dynamics of ammonium ion
exchange inside G-quadruplex molecules where some of the
binding sites are partially occupied by sodium ions. The least-
squares fit through the experimental data points using eqn. 2
resulted in the k; ™ rate constant of 27 s~!, which corresponds to
a lifetime of 37 ms for ®NH," ions in the mixed ammonium—
sodium forms (Fig. 4). The estimated contribution of the
ammonium only form (f,) to the experimentally observed io/i
cross-peak ratio was 77%.

In further experiments we examined whether the experi-
mentally determined ammonium ion exchange rate was
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sensitive to a change in the concentration and possibly relative
ratios of ®*NH," and Na* ions. The d(G,T,G,), G-quadruplex
was formed in the presence of 20 and 40 mM *NH,Cl together
with 5, 15, 25 or 35 mM NacCl. Perusal of NMR spectra at
various "NH,"/Na" ratios showed full agreement with the data
for the ammonium only solution when the concentration of
Na* ions was below 25 mM. At 20 mM *NH,CI and 25 mM
NaCl the 'H NMR spectrum revealed the presence of small
peaks corresponding to the minor (<10%) sodium form of
d(G,T,G,), with the majority of G-quadruplex in ammonium
form but with some binding sites partially occupied by Na*
ions. The further increase of NaCl concentration to 35 mM at
the same concentration of NH,CI resulted in 50% of the
sodium form of d(G,T,G,), in solution. The 'H NMR spec-
trum of the 20 mM NaCl and 8 mM “NH,Cl sample showed
protons of major (ca. 85%) sodium form of d(G,T,G,), and
smaller peaks corresponding to 15% of mixed ammonium—
sodium forms of the same G-quadruplex.

A series of NZExHSQC experiments with mixing times in the
range from 13 ms to 225 ms were acquired for the d(G,T,G,), at
different concentrations of *NH,* and Na' ions and were
used to calculate k;,™ rate constants and f, values using eqn. 2
(Table 1). Increases in "NH,* concentration from 20 mM to
40 mM, while maintaining the 5 mM Na* ion concentration,
resulted in a minor change for the k;,™ rate constant that is
within the error limits of the experiment. The fraction that the
ammonium only form contributed to the overall exchange rate
dropped from 77% to 66% (entries 3 and 2 in Table 1). The k,,™
rate constants for samples with Na* ion concentrations increas-
ing from 5 to 25 mM were within the range from 24 s™' to 33 s™"
at both 20 mM and 40 mM '“NH,*, whereas f, values varied
from 66% to 78%. All of the least-squares fits exhibited satisfac-
tory agreement with experimental data (Table 1). Integration of
autocorrelation and cross-peaks for 20 mM ®NH," and 35 mM
Na™ ion sample was less accurate due to their weaker intensities
in the 50% presence of the sodium only form of d(G,T,G,), in
solution and resulted in a k;,™ rate constant of 42 s~' which
contributed 18% to the overall exchange rate (entry 8 in
Table 1). The uncertainty in integration of weak io and i cross-
peaks was even more pronounced for the § mM “NH," and 20
mM Na” ion sample and precluded quantitative analysis in the
analogous way.

Individual k)™ rate constants were used to calculate an
average value of 28 s™' with a standard deviation of 4 s~!
(entries 8 and 9 were not included in the calculation). It is
noteworthy that different ratios of *'NH,CI and NaCl resulted
in almost the same rate constant for the io cross-peak with
standard deviation that was comparable to the error of the
measurements. The average contribution of the ammonium
only form to the observed rate constant (f,) was 74% (std.
deviation = 4%). No correlation between the fractions that



the ammonium form contributed to the overall exchange rate
and "NH,"/Na* concentration ratios could be established.

The accuracy of the k;,,™ rate constant was intrinsically
hampered by the fact that only ca. 26% of the experimentally
observed exchange was due to ammonium ion movement in the
mixed ammonium-sodium forms of the G-quadruplex. In
further analysis we made use of the average k;,™ rate constant
and calculated fractions (f,’) that inner *NH," ions contribute
to the overall exchange rates at several *NH," and Na* concen-
trations. The results of iterative fitting using eqn. 2 where k;,™
was constrained to 28 s~! gave satisfactory agreements with
experimental data and showed the following: (i) £, values were
very close to f, values with the biggest difference being 3 unit%,
and (ii) f," values were found in the range between 68 and 79%
with the average f,’ value of 74% (std. deviation = 4%) which is
identical to the average f, value.

The k;,™ rate constants were obtained at several "’NH,*/Na*
ratios. A Na* ions addition as small as 5 mM resulted in the
increase of "'NH," ion movement from the inner to the outer
binding sites in the mixed ammonium—sodium forms to the
maximum value of 28 s~!. The addition of Na™ ions results in
partial occupancy of some of the binding sites, which acceler-
ates ’NH," ion movement, whereas ion concentration in bulk
solution does not exert noticeable influence on the "'NH," ion
movement from the inner to the outer binding sites inside of the
G-quadruplex. Along these lines, the k;,™ rate constant at the
smallest amount of Na* ions already corresponds to NH,"
movement from the inner binding site to replace Na™ ion at the
outer binding site of mono-sodium/di-ammonium form of
d(G,T,G,), G-quadruplex. Further increase in the concen-
tration of such mono-sodium species or even appearance of
di-sodium form apparently does not lead to further increase in
the rate of "'NH,* ion movement. At this stage experimental
determination of the Na*/'*NH," ratio that already leads to
di-sodium/mono-ammonium structures of G-quadruplex is
elusive. Nevertheless, the k; )™ rate constant represents a good
estimate for *'NH," ion movement from the inner to the outer
binding sites where Na* ion movement is not rate limiting. This
movement is considerably slower when all binding sites are
completely occupied by ammonium ions which requires partial
opening of individual G-quartets for the *NH," ions to move
through the central ion cavity of the G-quadruplex (i.e. double
5NH,* movement).

In summary, NMR study of ammonium ion movement
inside d(G,T,G,), G-quadruplex reported here shows that
dynamics of ammonium ions is influenced by smaller sodium
ions. The lifetime of the inner *NH," ion at 298 K is 270 ms
when only ammonium ions are present in solution. The lifetime
for the inner *'NH," ions in the mixed ammonium-sodium
forms is 36 ms. Further increase in the concentration of NaCl in
solution leads to higher Na* ion occupancy of the binding sites
but does not increase the exchange rate of inner "'NH," ions.
We feel that the present findings represent a significant step
toward understanding the complexity of exchange and
dynamics of ions inside G-quadruplex structures and nucleic
acids in general.
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Notes and references

+ DNA oligonucleotide d(G,T,G,) (Oxy-1.5) was synthesized on an
Expedite 8909 synthesizer using phosphoramidite chemistry following
the manufacturer’s protocol. DNA was purified on a 1.0 m Sephadex
G15 column. Fractions containing only full-length oligonucleotide

were pooled, lyophilized, redissolved in 1 ml of H,O and dialyzed
extensively against 10 mM LiCl solution. The concentration of Na*
ions in the dialysed sample was well below 0.5 mM. The same sample
was split into several equivalent portions with a concentration of 2.4
mM in strand (1.2 mM in G-quadruplex). TMSPA was used as refer-
ence. HCI was added to adjust the pH of the samples to 5.0. "NH,CI
was titrated into the samples to a total 20 or 40 mM concentration for
each sample. NaCl was titrated to 5, 15, 25 and 35 mM concentration.
i All NMR spectra were collected on a Varian Unity Inova 600 MHz
NMR spectrometer at 298 K. The 2D SN-'H NzExHSQC spectra were
acquired with 832 complex points in F2 and 128 increments in F1
dimensions, eight scans for each increment, and a spectral width of
4000 Hz in F2 and 1000 Hz in F1 dimensions. NZExHSQC spectra were
acquired at mixing times of 13, 20, 30, 40, 50, 60, 70, 80, 90, 100, 120,
140, 160, 180, 200 and 225 ms (including the inherent 13 ms delay). The
additional longer mixing times of 250, 275, 300, 350, 400, 450, 600, 800,
1000, 1200, 1500 and 2000 ms were also acquired for sample containing
20 mM NH,CI. Standard HSQC experiment was used to determine
SNH,"/Na" ion occupancy of the binding sites. >*Na 1D spectra were
collected on a Varian Unity plus 300 MHz NMR spectrometer using a
standard one-pulse sequence.
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