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Abstract: We report a combined NMR and dynamic light scattering (DLS) study on the size of
supramolecular structures formed by disodium guanosine 5'-monophosphate, Nax(5'-GMP), at pH 8. In
general, two distinct types of aggregate species are present in an aqueous solution of Naz(5'-GMP). One
type consists of stacking 5'-GMP monomers, and the other contains stacking G-quartets. Both types of
aggregates can be modeled as rodlike cylinders. The cylinder diameter is 10 and 26 A for monomer
aggregates and quartet aggregates, respectively. For Nax(5'-GMP) concentrations between 18 and 34 wt
%, the cylinders formed by stacking G-quartets have an average length between 8 and 30 nm, corresponding
to a stack of ~24—87 G-quartets. These nanoscale aggregates are significantly larger than what had
previously been believed for Na,(5'-GMP) self-association at pH 8. The length of both types of 5'-GMP
aggregates was found to increase with Na,(5'-GMP) concentration but was insensitive to the added NacCl
in solution. While the aggregate size for monomer aggregates increases with a decrease in temperature,
the size of G-quartet aggregates is essentially independent of temperature. We found that the size of
G-quartet aggregates is slightly larger in D,O than in H,O, whereas the size of monomer aggregates remains
the same in D,O and in H,O. We observed a linear relationship between the axial ratio of the 5'-GMP
cylinders and the Nay(5'-GMP) concentration for both types of 5'-GMP aggregates, which suggests a
common stacking mechanism for monomers and G-quartets.

Introduction 2.6 nm

Guanosine 5monophosphate (85MP) molecules can self-
assemble into a highly ordered structure at neutral or slightly
basic pH! The basic building block of such a supramolecular
structure consists of four guanine molecules held together by
as many as eight Hoogsteen-type hydrogen bonds in a planar
fashion. This structural motif is known as the G-quartet. The
G-quartet is generally stabilized by monovalent cations such G-quartet
as Na, K*, TI*, and NH,. The most common mode of cation
binding is the so-called sandwich mode where a cation is
sandwiched between two G-quartets and coordinated to eightrjgure 1. Schematic illustration of the molecular cylinder formed by:Na
carbonyl O6 atoms. In the solid state, the disk-shaped G-quartetg5-GMP) self-assembly.
are stacked on top of one another with a twist of B8tween
adjacent G-quartets, forming a continuous right-handed Felix.

The overall shape of this&MP supramolecular assembly can
be modeled as a rodlike cylinder; see Figure 1. The interior of
t Queen'’s University. the cylinder is filled with monovalent cations such as‘Nend
¥ University of Maribor and J. Stefan Institute. K*+.577 Such a supramolecular structure is reminiscent of an
@ Eolgfe?ﬁ:g’feog%ug‘g;'gf Ssﬁ"rtﬁts.sgg“rf’l'gb%eg ig)nglsfh'(tk’;;“g(’)tt‘{\’areﬁha““)tvlon channel. In solution, the same cylinder structure may also
G.; Spada, G. P.; Garbesi, A. Gomprehensee Supramolecular Chemistry exist; however, the length of the cylinders must be finite. In

Sauvage, J.-P., Hossenini, M. W., Eds.; Elsevier Science: Rugby, U.K., i ' _ ot ;
1996: Vol. 9, pp 483506, () Davis, J. TAngew. Chem., InEd. 2004 the early NMR studies of N&'-GMP) self-association, it was

48, 668-698.
(2) Gellert, M.; Lipsett, M. N.; Davies, D. RProc. Natl. Acad. Sci. U.S.A. (5) Wu, G.; Wong, A.Chem. Commur001, 2658-2659.
1962 48, 2013-2018. (6) Wong, A.; Fettinger, J. C.; Forman, S. L.; Davis, J. T.; Wu,JGAm.
(3) Zimmerman, S. BJ. Mol. Biol. 1976 106, 663-672. Chem. Soc2002 124, 742-743.
(4) Lipanov, A. A.; Quintana, J.; Dickerson, R. E.Biomol. Struct. Dyn199Q (7) Wu, G.; Wong, A.; Gan, Z.; Davis, J. T. Am. Chem. So2003 125
3, 483-489. 7182-7183.
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believed that the 'SGMP aggregates are quite small at neutral
or slightly basic pH, containing only octamers (2 G-quartet),

for obtaining detailed structural information for G-quadruplexes
in solution and in the solid state, respectively. However, it is
dodecamers (3 G-quartets), or hexadecamers (4 G-qudrtets). also often useful to obtain information about overall molecular
In 1992, Eimer and Dorfriller!® used depolarized dynamic light  shape and aggregate size without solving the entire G-quadru-
scattering (DDLS) and photon correlation spectroscopy (PCS) plex structure. For example, Gottarelli e?alised small-angle

to determine the size of N@'-GMP) self-aggregates at neutral  X-ray scattering (SAXS) and small-angle neutron scattering
pH. In aqueous solution, the hydrodynamic diameter of the 5 (SANS) techniques to study the aggregate size for homoguanyl
GMP self-assembled cylinder is approximately 26 A. On the derivatives, d(G) (m = 2—6). They showed that the length of
basis of the measured rotational diffusion coefficients and a the aggregates is less than 120 A (36 G-quartets) under various
hydrodynamic theory, Eimer and Dorfiter'® concluded that,  salt and thermal conditions. Bolten et?flused dynamic light

for Nax(5'-GMP) concentrations between 0.1 and 1.0 M, the scattering (DLS) techniques to examine the size and shape of
average size of aggregates contains up to 18 stacks of G-quartetyhree G-DNA oligomers: d(GGTTGGTGTGGTTGG), d(T-
These estimates are considerably larger than the size assumegGGGGGTT), and d(TTGGGGTTGGGGTT). In the presence
in the earlier NMR studie¥:*® Recently, Jurga-Novak et 8. of NaCl or KCI, these DNA oligomers form either uni-, bi-, or
applied PCS and depolarized Raleigh light scattering techniquestetramolecular G-quadruplex structures. No longitudinal stacking
to study 5-GMP aggregation in both acidic and basic buffer \yas found for these G-DNA oligomers. However, with a proper
solutions. They showed that, in an acidic buffer of pH 2, 5 pNA sequence, longitudinal stacking is indeed possible. An
GMP aggregates can become large enough to contain a staCkytreme case for longitudinal stacking of G-DNA oligomers is
of 32 G-quartets, whereas in a slightly basic buffer of pH 7.3, he formation of nanoscale G-wires by a telomeric DNA repeat,
the largest 5GMP aggregate .contalns .only five G-quartets, d(GGGGTTGGGGGY In the presence of Naand M@, the
much smaller than that determined by Eimer and Dothend® length of G-wires can be greater than 1000 nm, as imaged by
It should be noted that the-&MP sample used in the study of ;o mic force microscopy (AFMA Another possible way of

0 4
Jurga-Novak et & was not a pure form of N&&-GMP). In ¢, ing higher aggregates is through an interlock mode as
fact, the ratio between Na@ons and 5GMP molecules in their recently observed by Krishnan-Ghosh e#l.

lesis | han 10%. Thi fici imN . .
samples is less than 10% Is deficiency i Nans must be In addition to the aforementioned DLS, SAXS, or SANS

ible for the ob ddi "HGHMP t
responsible for the observed discrepancy aggregate d techniques, NMR spectroscopy is another powerful technique

size between the two studies. In addition to solution acidity an H b q btain inf . b h d size f
cation concentration, the nature of the cation is also an importantt atcan be used to o tam n ormation & ,OUT,S ape and size for
molecular aggregates. Similar to DLS, diffusion NMR experi-

factor for 3-GMP aggregation process. For example, Spindler . . . o
ments can yield molecular translational diffusion coefficients

et al?1?2 showed that aggregates formed by the NHKalt of ) ) ,
2'-deoxyguanosine'Enonophosphate, (NBb(5-dGMP), con- for molecular aggregates, from which the geometrical size can

tain more than a stack of 133 G-quartets at pH 5.6, which be deduced’ For example, Davis and co-workers recently used
corresponds to a 45-nm-long molecular cylinder. A’\nother diffusion NMR spectroscopy to characterize the self-association

example of guanosine-based self-assembly is the nanotubefrocess of several guanosine nucleosides in,organic ?0%’“3-
(80—1500 nm) formed by calix[4]arereguanosine conjugates, N the context of SGMP self-association, Rymdeand Stilbg! .
as reported by Davis and co-worképg? published an article in 1985 where they used pulse-field-gradient

Similar to 3-GMP self-association, G-rich DNA oligomers (PFG.),NMR techniques to measure t.ranslational diffusion
can also form a variety of folded structures known as the coefficients for Na(5'-GMP) at concentrations between 0.0344

G-quadruplex. NMR and crystallography are standard techniquesand 0.363 M. However, at these concgntranon;, very few

G-quartets (less than 1%) are present in solution at room
temperature. Therefore, their NMR diffusion data reflect only
equilibria involving 3-GMP monomers. To the best of our
knowledge, despite numerous NMR and DLS studies o Na
(5'-GMP) self-assembly, the aggregate size at neutral or slightly
basic pH has not been unambiguously established. Here we use
both diffusion NMR and DLS methods to determine the size
of Nay(5'-GMP) aggregates at pH 8. We also examine the effects
of concentration, temperature, solvent, and salt on the size of
Nao(5'-GMP) aggregates.
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Experimental Section

Sample Preparation. Hydrated disodium salt of guanosiné-5
monophosphate, N@&'-GMP)-xH,O, was purchased from Sigma-
Aldrich (Ontario, Canada). The purity of the compound>199%.
Nay(5'-GMP) samples were prepared in doubly distilled deionized water.

NMR Experiments. All 'H NMR spectra were recorded on Bruker
Avance-500 and Avance-600 spectrometers. ¥bdiffusion experi-
ments, the pulse sequence of longitudinal eddy current delay Q2ED)
with bipolar-gradient pulses was used for samplesi® Bolvent. The
IH 90° and 180 pulse widths were 10 and 2@s, respectively. The
pulse field gradient durationdj was varied from 4 to 15 ms, and the
variable gradient strength (G) was changed from 6 to 356nmT.
The diffusion period A) was varied from 50 to 90 ms. A total of 16

transients were collected for each of the 16 or 32 increment steps with

a recycle delay of 1620 s. The eddy current delag)(was set to 5
us. For samples using B or a mixture of BO/H,O as solvent, a
WATERGATE sequencg was added into the LED sequence before
data acquisition to achieve water suppression. For samples in pQre H
a small capillary tube filled with BO was placed inside the NMR tube
to provide the’H lock signal. All*H NMR spectra were processed and

analyzed with MestRe-C (Beta version 3.6.9). The sample temperature

was carefully controlled with a Bruker BT-3000 unit. Calibration of

the field gradient strength was achieved by measuring the value of

translational diffusion coefficienty) for the residuatH signal in DO
(99.99%H atom),D; = 1.90 x 10-° m?/s. The experimental diffusion
data can be fitted into the following equatiéh:
| =1, exp[-Dy’G*04A — 0/3)] (1)

wherel is the experimental signal intensity (or arek)is the initial
signal intensity (or area), and is the magnetogyric ratio fdH. Using
this equation, we can determirfz from a plot of In{/lp) versusG2.

Dynamic Light Scattering Experiments. The DLS experiments
were performed using a HeNe laser as a light sourcd & 632.8
nm), a photomultiplier as a detector, and a digital correlator (model
ALV5000, ALV-Laser Vertriebgesellschaft, Langen, Germany). The
scattered light was detected at scattering anglemnging from 30 to
90°. The polarization of the scattered light was selected to be parallel
to the incident polarization. The capillary containing the investigated
solution was placed into an index-matching bath to minimize scattering
from the outer capillary wall.

We measured the normalized homodyne intensity correlation function
g2(t) = m(0)I(t)IIA of the scattered light that probes the dynamical
response of the system given3s:

%0 =1+ 1 A expl-(Ur) ]’ @

where A is the amplitude and; is the relaxation time of thé-th

relaxation mode. For a solution of nearly monodisperse scatterers, the

Kohlrausch-Williams—Watts (KWW) parametef; is close to 1, while
in solutions with polydisperse scattering objects smal|eralues are
obtained. The apparent translational diffusion coefficients were calcu-
lated as

D, = 1hq’ ©)
whereq = (4zn/1) sin(®/2) is the scattering vector amd= 1.33 is the
refractive index of the solution.

(32) Wu, D.; Chen, A.; Johnson, C. S., Jr.Magn. Reson., Ser. 2995 115,
123-126.

(33) Piotto, M.; Saudek, V.; Slenar, \J. Biomol. NMR1992 2, 661—665.

(34) (a) Stejskal, E. O.; Tanner, J. E.Chem. Physl965 42, 288-292. (b)
Tanner, E. JJ. Chem. Phys197Q 52, 2523-2526.

(35) (a) Berne, B. J.; Pecora, Rynamic Light ScatteringWiley: New York,
1976. (b) Schmitz, K. SAn Introduction to Dynamic Light Scattering by
MacromoleculesAcademic Press: San Diego, CA, 1990.
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Figure 2. (A) Complete’H NMR spectrum for 17.8 wt % N¢5'-GMP)

at 298 K. (B) Expansion of the H8 region for three concentrations at 298
K. (C) Degree of G-quartet aggregation as a function op(BlaGMP)
concentration and temperature. 17.8 wt 49,(24.6 wt % (), 33.4 wt %

(@).

270 310

Results and Discussion

IH NMR Spectra. Figure 2 shows the fulH NMR spectrum
and the expanded H8 regions for X&-GMP) (pH 8) obtained
at different concentrations. Spectral assignment for the H8
signals has been established from early NMR stu#i&s.
Specifically, H&, H85, and H@ signals are attributed to the
5'-GMP aggregates containing G-quartets, whileyH8ises
from 5-GMP monomers or monomer aggregates. As seen from
Figure 2, higher 5GMP concentrations promote the formation
of G-quartet aggregates. From the signal integrations far,H8
H8d, and H&, we can estimate the degree of G-quartet
aggregation (i.e., relative population of G-quartet aggregates).
Figure 2C shows the concentration and temperature dependen-
cies of the formation of 5SGMP aggregates. For a giverr5
GMP concentration, the curve shown in Figure 2C is reminiscent
of a melting curve. If we define the “melting” temperature for
5'-GMP self-assembly as the temperature at which the popula-
tion of quartet aggregates is 50% of the total aggregates, the
melting temperature for 17.8, 24.6, and 33.4 wt % aGMP)
samples is approximately 283, 295, and 302 K, respectively.
These melting temperatures are similar to those observed in the
DLS study of Na(5'-GMP)21° The high melting temperatures
observed for high 'SGMP concentrations suggest that the
aggregate size increases withk@VIP concentration (vide infra).
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( A) H8a. H83 than that for the G-quartet aggregates. This suggests that the
latter species has a much larger size. In principle, the two types
of aggregates undergo chemical exchange, which may poten-
H8y tially complicate the interpretation for the observed NMR
diffusion data. However, the chemical exchange amd+@N\aP
aggregates is known to be much slower than the NMR diffusion
time scalé In addition, the bipolar LED pulse sequence is
insensitive to chemical exchange modulatfénFor these
reasons, chemical exchange can be safely ignored in the present
study. As seen from Table 1, in dilute N&-GMP) samples
(below 17.8 wt %), only stacking monomers can be detected at
room temperature. Under these circumstances, our data are in
excellent agreement with the previously repoiiedalues, 3.57
to 1.74 x 10719 m?-s71 for 5-GMP in a concentration range
from 0.0344 to 0.363 M! As also seen from Figure 3, the NMR
diffusion data shows excellent linearity. This immediately
suggests that both types dfGMP aggregates exhibit very good
. . . . : monodispersity.
85 80 75 70 65 PPM A Combined Hydrodynamic Model. In this section, we
describe a hydrodynamic model for interpreting the experimental
D; data. According to hydrodynamic theory, the isotropic
translational diffusion coefficien, for a symmetric cylinder
of lengthL and diameted can be written as:

Il

kT
D, = _3myL(|n p+v) (4)

wherekT is the Boltzmann factom is the solvent viscosityp

is the axial ratio of the cylindemp(= L/d), andv is known as
the end-effect correction term. For symmetric cylinders with 2
< p < 30, Tirado and Garcia de la Torre obtained the following
approximate expression for the end-effect correction®

In(i/l,)

-5.0 . . v=0.312+ 0.565% ' — 0.10Q 2 (5)

0.00 0.04 0.08 0.12 Using egs 4 and 5, one can obtain information alpfiom
G2 (T?/m?) D:. This is known as the cylinder model of Tirado and Garcia
Figure 3. (A) Stack plot of'H NMR spectra from the diffusion experiment  de la Torre. Furthermore, if the cylinder diametgrjs known
for Nao(5-GMP) (33.4 wt %) at 298 K. (B) Plots of diffusion data for  for g particular system, the only variable to be determined is
Nax(5'-GMP) at three different concentrations: 17.8 wt %9,(24.6 wt %_ the length of the cylindel.. For cylinders formed by'SGMP
(O, W), and 33.4 wt % ©, @). Data for stacking monomers and stacking s )
quartets are represented by open and filled symbols, respectively. self-association, the diameters for monomer aggregates and
G-quartet aggregates are known to be 10 and 26 A, respec-
NMR Diffusion Experiments. Although the!H NMR spectra tively.29 However, one limitation of the cylinder model is that
shown in Figure 2 contain valuable information about stoichio- egs 4 and 5 are valid only for cylinders with<2p < 30. For
metric distributions of different molecular species present in short cylinders|§ < 2), Jurga-Nowak et &° recently demon-
solution, they cannot yield information about the geometrical strated that the bead model works better than the cylinder model.
size for the two types of'85GMP aggregates. In this work, we  Thus in this study we used a combined hydrodynamic model
performed extensivéH NMR experiments to measure transla- that couples the cylinder model with the bead model. As
tional diffusion coefficients @y) for the 3-GMP aggregates. illustrated in Figure 4, we used the cylinder model to analyze
From the observed; values, it is then possible to obtain situations withp > 2 and the bead model to treat cylinders with
information about the aggregate size, as will be discussed furtherp < 2. It should be mentioned that the cylinder model is valid
in the next section. One of the advantages of NMR diffusion for the majority of the cases examined in the present study.
experiments is thdd; can be determined separately for G-quartet Using this combined model, we obtained the geometrical size
aggregates (H8and H& signals) and for monomer aggregates for the cylinders composed of stacking monomers and stacking
(H8y signal). The concentration for the molecular species G-quartets (Table 1). For both types of aggregates, the spacing

associated with the HBsignal is negligible.
. . . . (36) Chen, A.; Johnson, C. S., Jr.; Lin, M.; Shapiro, MJJAm. Chem. Soc
Figure 3 shows the results from a typical NMR diffusion 1998 120, 9094-9095.

)

experiment for N5 -GMP). The complete NMR diffusion data ~ (37) Jirado. M. M.; Garcia de [a Torre, J. Chem. Phys1979 71, 2581

obtained for Na5'-GMP) at various concentrations and tem- (38) Tirado, M. M.; Garcia de la Torre, J. Chem. Phys198Q 73, 1986
; i 1993

peratures a_‘re _sur_n_marlzed in Tables 1 and 2. In general, the(39) Tirado, M. M.; Lopez Martinez, C.; Garcia de la TorreJJChem. Phys

value ofDy is significantly larger for the monomer aggregates 1984 81, 2047-2052.
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Table 1. Experimental NMR Translational Diffusion Coefficients (D;)@ and Sizes for Nay(5'-GMP) Self-Assemblies

stacking monomers stacking quartets
concentration (wt %) population of G-quartets (%)° Dy n L (nm) p D¢ n L (nm) p
17.8 0 1.98 181 3.4 3.4 - - -
24.6 29 1.42 191 6.1 6.1 0.55 48- 3 16.0 6.15
28.9 44 1.18 26t 1 8.5 8.5 0.47 625 20.7 7.96
33.4 53 0.98 34t 2 11.2 11.2 0.38 8% 8 29.2 11.2

aMeasured in RO at 298 K. AllD; values are in units of 16° m%s. The uncertainty i; was estimated to b&0.04 x 10-1°m?s. b Determined from
relative signal areas for H8 signafsAveraged value between those measured fow ldB8d H& signals.

Table 2. Experimental NMR Translational Diffusion Coefficients (D)@ for Naz(5'-GMP) Self-Assemblies at Various Temperatures

stacking monomers stacking quartets
temp (K) Dy n L (nm) p Dy n L (nm) p
17.8 wt % 293 1.84 *1 2.7 2.7 0.68 242 7.8 3.00
288 1.47 1+ 1 3.4 34 0.63 24 2 7.8 3.00
283 1.13 13t 1 4.1 4.1 0.50 24 2 7.8 3.00
278 0.88 141 4.4 4.4 0.38 242 7.8 3.00
24.6 wt % 298 1.42 1¢1 6.1 6.1 0.55 483 16.0 6.15
293 1.13 22+ 1 7.1 7.1 0.45 48t 3 16.0 6.15
288 0.90 24+ 1 7.8 7.8 0.40 48t 3 16.0 6.15
283 0.72 2H 2 8.8 8.8 0.33 48 3 16.0 6.15
278 0.59 2H 2 8.8 8.8 0.25 48-3 16.0 6.15

aMeasured for N&5'-GMP) in D;O. All D; values are in units of 16° m&s. The uncertainty ifD; was estimated to b&0.04 x 10710 m?/s.

between two adjacent stacks is 3.42%8The length of the temperatures. As seen from Table 2, the magnitudeDof

cylinder,L, is equal tof — 1) x 0.34 nm, whera is the number generally decreases with temperature. However, this does not

of stacks in each cylinder. necessarily mean that the aggregate size must be increased as
Effect of Concentration and Temperature. As seen from temperature decreases. To properly analyze the variable tem-

Table 1, the size of both monomer and quartet aggregatesperatureD; data, we must also take into consideration the

increases with concentration. This is in agreement with the temperature dependence of solvent viscosjtysee eq 4). In

observed melting behaviors discussed earlier. The largestthis study, we use the following relationship to describe the

G-quartet aggregate found in this study is composed of a stacktemperature effect for fD:4°

of 87 quartets forming a cylinder of 29.2 nm. Such nanoscale

aggregates are significantly larger than what has been believed log 7(D,0) = —1.2911— 164.97 ©6)

for Nap(5'-GMP) self-assembly at pH 8. It is also interesting to 174.24—-T

see from Table 1 that aggregates composed of stackiGivs? ) ) o

monomers can have a considerably large size as well. In this"here the unit for; is centipoise (cP, 1 cP= 0.001 kg m*

study, the accuracy in the reported aggregate size is derivedS )- Combining eqs 46, we were able to determine the size

from the standard deviation of the experimental NMR diffusion for the 3-GMP cylinders at different temperatures (Table 2). It

data. If systematic errors were considered, the actual errors iniS duite surprising to see from Table 2 that, whereas the size of

the estimated aggregate size may be greater than those reporte{f)® Mmonomer aggregates shows a small but notable increase in
To obtain further information about M@ -GMP) aggrega- the tempera_ture range from 298 to 278 K, the size of the quartet

tion, we also performed NMR diffusion measurements for two aggregates is essentially independent of the temperature. These

Nay(5-GMP) samples (17.8 and 24.6 wt %) at different €mperature dependencies are best illustrated in a Stokes
Einstein (SE) plot D; versusT/y), as shown in Figure 5. As

4.00 predicted by eq 4, if the aggregate size is independent of
3.50 P temperature, a straight line should be observed in the SE plot.
It is clearly seen from Figure 5 that, while the data for quartet
aggregates lie on straight lines, the data for monomer aggregates
stacking show an upward curvature.
2.00 - monomers Although the monomer aggregates and quartet aggregates
1.50 % have quite different sizes, we found strong evidence that the
- two types of aggregation processes are intrinsically related. As
Q 1.00 illustrated in Figure 6, a plot of the axial ratio of the cylinder,
0.50 - \ p = L/d, against Ng5'-GMP) concentration exhibits a nice
0.00 linear relationship for both types of-&MP aggregates. This
0 20 40 60 80 100 somewh_at surprising observation may imply that the same
mechanism is operative for the stacking of monomers and the
Num ber of stacks stacking of G-quartets. This is an interesting proposal, because

Figure 4. Combined hydrodynamic model for relating translational it has been long believed that stacking of G-quartets is more
diffusion coefficient to number of stacking G-quartets. Bead model
(symbols) and cylinder model (solid curve). Thevalues used inthe model  (40) Lapham, J.; Rife, J. P.; Moore, P. B.; Crothers, D. MBiomol. NMR
correspond to those determined inMat 298 K. 1997, 10, 255-262.

0

3.00 -
1©  stacking

2.50 quartets

(10" m?s)
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(A) 200 9 11 13 aggrega_ltes can be modeled as cylinders. Whereas crystal-
1'80 ] 14 lographic evidence warrants the use of a cylinder model for
’ 19 describing G-quartet aggregates, the detailed structural informa-
0 1601 22 tion for monomer aggregates is unavailable. At higitGB1P
T 1401 24 concentrations, it is possible that the overall structure of a
g 1201 27 monomer aggregate deviates considerably from a cylinder shape.
:: 1.00 1 Nevertheless, it would be of importance to further investigate
0.80 the different roles that base stacking and-alipole interactions
0.60 - play in the -GMP aggregation process.
0.40 + T - T Solvent Isotope Effect.In general, NMR diffusion experi-
100 15 200 250 300 ments are performed for samples dissolved @®DHowever,
Tin (K/cP) Borzo et al*? observed that the melting temperature of(8a
GMP) aggregates is slightly higher inO than in BO. In this
(B) 0.80 24 section, we attempt to address the question as to how the size
0.70 4 of 5'-GMP aggregates depends on the isotope composition of
— 060 48 the aqueous solution. As seen from Table 3, we measbyed
2 values for Na(5'-GMP) (24.6 wt %) in aqueous solutions with
f 0501 a different HO/D,O mix. In general, the magnitude d;
2 0401 decreases with an increase of thgCDcontent in the solvent.
q 0.30 However, similar to the analysis of variable temperaiydata,
0.20 . it is also critical to know the viscosity for the mixed,®/D,0O
0.0 solvent before the experiment&d; data can be properly

P interpreted. Fortunately, previous studies have shown that the
viscosity of a HO/D,O mixture can be calculated from the
viscosity of pure liquids at the same temperature and pressure
from the following simple linear relatioff

1

(=3
o

T (KIcP)

Figure 5. Stokes-Einstein (SE) plot for (A) monomer aggregates and (B)
guartet aggregates at two }a-GMP) concentrations: 17.8 wt %1f and
24.6 wt % @).

14,0+0,0(T:P) = 241,0Mh,0(T:P) + 2p,0Mp,0(T:P)  (7)

15.00
wherey represents the mole fraction of the solvent component,

2 10.00 4 n(H20) = 0.8920 cP andy(D,0) = 1.097 cP at 298 K and 1

% atm pressure. Using the correct solvent viscosity, we determined

= the sizes for the 'SGMP aggregates. It is seen from Table 3

% 5001 that, while the monomer aggregates do not exhibit any solvent
isotope effect, the quartet aggregates have a larger sizgdn D

0.00 than in HO or mixed solvents. This observation is in line with

the prediction based on the solvent isotope effect on hydrogen
bonding, because hydrogen bonding is the most important
) ) ) ) ) difference between the two types dfGMP aggregates. On
Figure 6. Linear relationship between axial ratio and &GMP) the other hand, it is speculated that hydrophobic interactions
concentration for monomer aggregat€y énd quartet aggregates)( . . .

such asr stacking may also play a role in the formation of
favored than stacking of guanine monomers. However, the linear5'-GMP aggregate¥.
relationship shown in Figure 6 suggests that the reason for the Effect of Added Salt. It is known from previous studies that
formation of longer quartet aggregates is because the diameteadding salt (monovalent cations) int6-GMP solution can
of the G-quartet (so the ability to form stacking) is greater  strongly change the formation of-&MP aggregates. Very
than that of a single guanine molecule. It appears thatithe often, previous studies focused on competition or synergy
stacking is the predominant force to induce@MP aggregates  between two different types of cations such agMH,* or Na/
along the axial direction. The function of the monovalent cations K*. Because the surface and cavity of theG@P aggregates
is simply to stabilize the G-quartet structure via the-iglipole exhibit quite different binding affinities for various monovalent
interaction. Some crystallographic evidence seems to supportcations?® the presence of two or more types of cations often
this viewpoint. For example, there are cases where two results in complicated effects. Sometimes it is desirable to have
G-quartets are stacked on top of one another with a void centralmore than one type of cations present in solution so that one
cavity, as observed in both G-DNA oligomé¥s* and self- can use them to control the aggregation process. One example
assembled guanosine systet®Of course, the current analysis  is the control of G2-DNA and G4-DNA formation by changing
is based on the assumption that both monomer and G-quartethe Na/K* ratio in solution, so-called the “Na-K* switch”4°

10.0 20.0 30.0 40.0
[Na,(5'-GMP] (wt%)

(41) Laughlan, G.; Murchie, A. I. H.; Norman, D. G.; Moore, M. H.; Moody,  (45) Shi, X.; Fettinger, J. C.; Davis, J. J. Am. Chem. So001, 123 6738~
P. C. E,; Lilley, D. M. J.; Luisi, BScience (Washington, D.C1§94 265, 6739

520-524. (46) Kestin, J.; Imaishi, N.; Nott, S. H.; Nieuwoudt, J. C.; Sengers, Physica
(42) Phillips, K.; Dauter, Z.; Murchie, A. I. H.; Lilley, D. M. J.; Luisi, BJ. 1985 134A 38-58.

Mol. Biol. 1997, 273 171-182. (47) Carsughi, F.; Ceretti, M.; Mariani, Bur. Biophys. J1992 21, 155-161.
(43) Horvath, M. P.; Schultz, S. Q. Mol. Biol. 2001, 310, 367—377. (48) Wong, A.; Wu, GJ. Am. Chem. So2004 125 13895-13905.
(44) Kotch, F. W.; Fettinger, J. C.; Davis, J.@rg. Lett 200Q 2, 3277-3280. (49) Sen, D.; Gilbert, WNature 1990 344, 364—366.
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Table 3. Solvent Isotope Effect on the Size of Nax(5'-GMP) (24.6 wt %) Self-Assemblies at 298 K&

stacking monomers stacking quartets
solvent solvent viscosity? Dy n L (nm) D¢ n L (nm)
H.0 0.8929 1.72 21 6.5 0.75 40t 2 13.3
H,O/D,0 (80:20) 0.9322 1.70 1921 6.1 0.72 40t 2 13.3
H>0/D,0 (40:60) 1.016 1.60 181 5.8 0.65 442 13.6
DO 1.097 1.42 191 6.1 0.55 48+ 2 16.0

aAll Dy values are expressed in units of 1®dm?/s. The uncertainty ifD; was estimated to b&0.04 x 10-1° m?/s. b Calculated using eq F.Averaged
value between those measured foroH@nd H& signals.

Table 4. Experimental NMR Translational Diffusion Coefficients (D) for Naz(5'-GMP) Self-Assemblies in Different Salt Solutions

stacking monomers stacking quartets
[NaCl] population of G-quartets (%) Dy n L (nm) Dy n L (nm)
0 0 1.98 11+ 1 34 - - -
100 mM 1 2.13 16t 1 3.1 0.74 28+ 2 9.2
250 mM 7 2.02 1H-1 3.4 0.78 26t 2 8.5
500 mM 15 1.95 1H1 34 0.79 26+ 2 8.5

aMeasured for 17.8 wt % N&'-GMP) in D,O at 298 K. All D; values are in units of 13%m2/s. The uncertainty iD; was estimated to be-0.04 x
10719 m?/s. b Determined from relative signal areas for H8 signals.

Table 5. Comparison of Translational Diffusion Coefficients (Dy)2 Determined by NMR and DLS Experiments for Naz(5'-GMP) in H,O

NMR experiment DLS experiment?
¢ (wt %) D, (monomers)© D, (quartets)® D; (average) s ¢ (wt %) Dy
17.8 2.43 - - - 18 3.244+0.09
24.6 1.74 0.65 1.335 0.964 25 1.440.05
28.9 1.45 0.58 0.983 0.956 30 1.620.02
334 1.20 0.47 0.738 0.950

aAll Dy values are expressed in units of ¥0m?%s. ? DLS experiments were performed at 296 K and pH 7Qalculated from th®; values experimentally
determined in RO using eq 9.

However, our goal in the present study is to avoid complication are shown in Table 5. However, there are two major issues that
arising from competition or synergy between different types of need to be addressed before it is possible to compare DLS data
cations. For this reason, we examined the salt effect by addingwith NMR data. First, because the DLS experiments were
Na' into Na(5'-GMP). The results are presented in Table 4. performed for Na5'-GMP) samples dissolved in B, the
The influence of added NaCl on the solvent viscosity can be observedD(DLS) data cannot be directly compared with the
corrected by using the following equatiéh: corresponding NMR dat®)(NMR), which were measured for
samples dissolved indD. To facilitate a meaningful compari-
n =1n(1+ 0.0067x +/[NaCl] + 0.0244x [NaCl]) (8) son, we converted the experimental NMR diffusion d&a,
(D20), to the “expected” values f@(H,O) using the following
wherer; is the solvent viscosity in the absence of NaCl. This equation:
salt correction term is generally small (e.g., at 500 mM NacCl,
n = 1.0170). As seen from Figure 7, the added NaCl increases 296 K x 7(H,0, 296 K)
the population of G-quartet aggregates but has little effect on D(H;0, 296 K)= D(D,0, 298 K)298 K
. x 17(D,0, 298 K)
the sizes of both monomer and quartet aggregates.
Dynamic Light Scattering. To obtain an independent evalu- ©)
ation for the size of Nd5'-GMP) aggregates at pH 8, we also
performed DLS experiments at l&-GMP) concentrations
similar to those used in the NMR experiments. The DLS results

The underlying assumption in the above equation is that the
aggregate sizes are the same yOHand in BO. However, in
the previous section, we described a small solvent isotope effect
40 20 for quartet aggregates. Nonetheless, because of the qualitative
nature of the discussion presented in this section, we ignore

2
Q
£ 30 G-quartet 15§ this small solvent isotope effect. The second issue is more
g g significant. On the basis of NMR data, we know that there exist
‘s L10 5 & two types of molecular aggregates in £&-GMP) solution.
8 Monomer s Because of the similarity between the two types of molecular
E D 5 ‘_g* species, all experimental DLS curves can be perfectly fitted by
= s a single exponential function, which yields only obevalue.
0o As seen from Table 5, the magnitude Df(DLS) data is
0 100 250 500 intermediate betweem®{monomers) andDi(quartets). This
[NaCI] (mM) strongly suggests that DLS data reflect an averaged effect.
Figure 7. Size and population of Né5-GMP) aggregates as a function In the discussion that follows, we describe a procedure that
of added NaCl. allows us to obtain an averagBdvalue from the experimentally

6996 J. AM. CHEM. SOC. = VOL. 127, NO. 19, 2005



Nay(5'-GMP) Forms Nanoscale Cylinders at pH 8 ARTICLES

Table 6. Comparison of Translational Diffusion Coefficients and Molecular Dimensions Observed for 5'-GMP Self-Assemblies and
G-Quadruplexes Formed by Telomeric DNA Oligomers

system method Dy (1071 m?/s) n L (nm) ref

d(TTGGGGTTGGGGTT)

bimolecular hairpin quadruplex DLS 1.48 5t50.5 1.53 26
d(GGTTGGTGTGGTTGG)

unimolecular quadruplex DLS 1.8 805 0.68 26
d(TTGGGGTT)

bimolecular quadruplex DLS 1.34 6:80.5 1.97 26
d(TGGGGT)

unimolecular quadruplex DLS 14 620.5 1.77 50

tetramolecular quadruplex DLS 0.8 191 6.1 50
Nay(5'-GMP), pH 8

24.6 wt % NMR 0.55 48+ 3 16.0 this work

28.9 wt % NMR 0.47 62:5 20.7 this work

33.4wt% NMR 0.38 878 29.2 this work

aBecause th®, data from the DLS experiments were reportedDg$i,0, 293 K) (also known a®?9), they need to be converted usibgD-O, 298
K) = 1.113 x Dy(H20, 293 K) before one can use the combined hydrodynamic model shown in Figure 4 to deterfiine (n —1) x 0.34 nm.

determinedD; data for monomer aggregates and quartet ag- unimolecular quadruplex in the presence of . ®53 The
gregates. The procedure consists of two steps. (1) Wéuse quadruplex structure consists of two stacking G-quartets and
(monomer) andD(quartet) listed in Table 5 to calculate the three loops, as shown in Figure 8A. As seen from Table 6, the
relaxation times in the expected “experimental” DLS curve using

eq 10. The amplitude of each relaxation mode was (A) (E) (F) (G)

(1) = [A, exp(-tir,) + A exp(-tr)>+ 1 (10)

weighted by the degree of aggregation of the corresponding(B)

species determined by NMR (Table 1). (2) We then use a single-
exponential decay to fit the “experimental” DLS curve. To :
determine the deviation from pure monodispersity, the KWW "

parametef; was usedf = 1 for pure monodisperse scatters).
From the obtained relaxation time the averaged diffusion
coefficient,Di(average), was obtained. As seen from Table 5, a (C)
qualitative agreement is observed between NMR and DLS data. L
|
|
|

Considering the number of oversimplified assumptions used in
the above analysis, the observed agreement between the NMF
and DLS data provides strong evidence to support our evaluation
of the 3-GMP aggregate size. It is also noted in Table 5 that
the NMR and DLS results are different even for the low
concentration sample (17.8%) where only monomer aggregates ‘l A

|

|

o b 4 A i
|
|
|
|
|
|
|
|
|
|
|
|
|
|

are present. The precise reason for this discrepancy was uncleal
However, because the NMR and DLS experiments were not
conducted for the same samples and under identical conditions,
the conclusm_m C_lrawn from this section should be considered to Figure 8. Schematic illustration of various forms of G-quadruplex structure.
be only qualitative. (A, D) Unimolecular quadruplex. (B) Bimolecular hairpin quadruplex. (C,
Nay(5'-GMP) Supramolecular Structure and Telomeric E) Tetramolecular parallel quadruplex. (F) G-wire. (GY@MVP self-
DNA. As we have discussed in the previous sections, the assembly.
stacking of individual G-quartets in N&'-GMP) aggregates  value ofD; observed for this DNA is 1.& 10719 m%s. Using
can form a 30-nm-long molecular cylinder. The overall shape the combined hydrodynamic model, we determined that the
of such a cylinder is very similar to those of G-quadruplexes length of this quadruplex is equivalent to three stacking
formed by telomeric DNA sequences. The major difference is G-quartetsL. = 0.68 nm. Because there are only two stacking
that, in G-quadruplexes, all G-quartets from a single strand are G-quartets in d(GGTTGGTGTGGTTGG), the extra length (
linked by a DNA backbone. Because telomeric DNA G- = 3.0-2 = 1.0) must be contributed by the T2 loops. With
quadruplexes form well-defined folding structures, they serve such a short cylinder lengtlp & L/d = 0.68/2.6= 0.26), the
as excellent models for testing the validity of our hydrodynamic folded structure of d(GGTTGGTGTGGTTGG) looks more like
model. Table 6 gives a summary of the translational diffusion a disk than a cylinder.
coefficients determined for G-quadruplexes formed by telomeric
DNA oligomers. The molecular dimensions shown in Table 6
were obtained by using the combined hydrodynamic model 1

(50) Wilodarczyk, A.; Gapinski, J.; Patkowski, A.; Dobek, Acta Biochim.
Pol. 1999 46, 609-613.
) Wang, K. Y.; McCurdy, S.; Shea, R. G.; Swaminathan, S.; Bolton, P. H.
Biochemistry1993 32, 1899-1904.
)
)

described earlier. (52 Malcaya, (;2. F.; Schultze, P.; Smith, F. W.; Roe, J. A.; FeigoRrdc.
_ ; Natl. Acad. Sci. U.S.A1993 90, 3745-3749.
The 15-mer DNA, d(GGTTGGTGTGGTTGQ), is known as  sa) lpiiitze, p.. Macaya, R. F.. Feigon.JJMol. Biol. 1994 235 1532
the thrombin binding aptamer (TBA), which folds into a 1547.
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Both d(TTGGGGTT) and d(TTGGGGTTGGGGTT) are techniques have firmly established that(8&GMP) aggregates
related to the telomeric repeat frohetrahymenahromosome, are on the nanometer scale. Becaus&BIP represents the
TTGGGG. Although these two DNA oligomers have very simplest case for nucleotide self-association processes, the
different lengths, the observé values are quite similar, 1.34  findings in this study may have important implications for
and 1.48x 1071° m?s, suggesting that the folded structures understanding mechanism and structure in DNA or RNA
for these two DNA molecules have similar overall shapes. superstructures. The nanoscale structure and morphology ob-
Bolten et ak® interpreted theseD; data as evidence that served for Na5'-GMP) at relatively high concentrations can
d(TTGGGGTTGGGGTT) forms a bimolecular hairpin quadru- be considered to be an intermediate state between isotropic
plex (Figure 8B) and d(TTGGGGTT) is a tetramolecular parallel solution and liquid-crystalline DNA phase. The observed self-
quadruplex (Figure 8C). Using our hydrodynamic model, we assembled behaviors of M&-GMP) under various conditions
determined the length for d(TTGGGGTT) and d(TTGGGGT- may provide insights into DNA packing in cells and eventually
TGGGGTT) to be 1.97 and 1.53 nm, respectively. It should be biological functions of G-quadruplex structures. In a broader
noted that both quadruplex structures consist of four stacking context, the present work also illustrates the useful utility of
G-quartets. Similar to the case in TBA, the extra length= diffusion NMR spectroscopy in supramolecular chemistry. One
5.5-4.0= 1.5) observed in the d(TTGGGGTTGGGG) hairpin advantage of diffusion NMR over DLS is that aggregates with
quadruplex is due to the presence of T2 loops. In contrast, thesimilar sizes can be measured simultaneously by NMR. Using
extra length is significantly larger in the tetramolecular parallel diffusion data reported for telomeric DNA oligomers with well-
quaruplex d(TTGGGGTT)n = 6.8-4.0 = 2.8. This strongly defined folding structures in solution, we have confirmed the
suggests the formation of at least one T-quartet at each end ofvalidity of the combined hydrodynamic model. The major
d(TTGGGGTT), similar to the situation observed in d(T- conclusions about Né6'-GMP) aggregation at pH 8 are outlined
TGGGGT)> below.

Wilodarczyk et aP’ used PCS to study anoth&etrahymena (i) The length of the molecular cylinder formed by stacking
telomeric DNA repeat, d(TGGGGTTGGGGTTGGGGTTGG- G-quartets is 830 nm for Na(5'-GMP) concentrations between
GGT). They observed that two types of quadruplexes coexist 18 and 33 wt %. Another type of aggregate is composed of
in solution in the presence of NaOn the basis of experimental  stacking 5GMP monomers and has a considerably shorter
Dy values and the bead model, they interpretedDhédata as length, 3-11 nm, for the same N&'-GMP) concentrations.
arising from unimolecular (Figure 8D) and tetramolecular These nanoscale N&-GMP) aggregates are significantly larger
(Figure 8E) quadruplexes. Using our combined model, we found than what has been believed for many years.
that the length for the unimolecular quadruplex is 1.77 mm ( (ij) We have found that, while the length of the monomer
= 6.2). This value is slightly longer than that of the hairpin aggregates increases slightly with temperature, the length of the
quadruplex formed by d(TTGGGGTT). For the tetramolecular quartet aggregates is essentially independent of temperature.
quadruplex, the length of the molecular cylinder is 6.1 mm ( (iii) We have found that, at a given B&-GMP) concentra-
= 19) (Figure 8E). This size is consistent with the presence of tion ~the monomer aggregates and quartet aggregates form
16 G-quartets and three T2 joints in this quadruplex. These mojecular cylinders with the same axial ratio. This can be

results for the well-defined DNA G-quadruplexes further considered as strong evidence suggesting that the same stacking
confirm that the combined hydrodynamic model is valid for echanism is in action for both types of aggregates.

interpreting the experimentd®; data. As seen from Table 6,
the Na(5'-GMP) aggregates are significantly larger than the
listed DNA oligomers. However, it should also be noted that
the 3-GMP concentrations (ca. 68.0 M) are much higher
than those for the DNA oligomers (typically just a few
millimolar). At higher DNA strand concentrations, telomeric
DNA oligomers can also form high molecular weight aggregates.
In the case of the G-wires formed by d(GGGGTTGGGG)  Acknowledgment. This work was supported by research
(Figure 8F), the aggregates can be as long as 1008 nm. grants from the Natural Sciences and Engineering Research
Council (NSERC) of Canada, the Province of Ontario, and
Queen’s University. A.W. thanks the Province of Ontario for
We have studied the geometrical size of ;(§aGMP) an Ontario Graduate Scholarship. R.I. thanks Queen’s University

supramolecular structures at pH 8 by a combination of diffusion for an R. S. McLaughlin Fellowship. We wish to thank an
NMR and DLS methods. The results from these two different anonymous reviewer for very he|pfu| comments.

(iv) We have detected a small solvent isotope effect for
G-quartet aggregates. That is, the size of G-quartet aggregates
is slightly larger in BO than in HO.

(v) While the added NaCl increases the population of
G-quartet aggregates, the length of theGBMP aggregates
appears to be insensitive to the presence of NaCl in solution.

Conclusions

(54) Wang, Y.; Patel, D. JI. Mol. Biol. 1993 234, 1171-1183. JA042794D
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