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Abstract: This paper presents results
from a series of pulsed field gradient
(PFG) NMR studies on lipophilic gua-
nosine nucleosides that undergo cation-
templated assembly in organic solvents.
The use of PFG-NMR to measure dif-
fusion coefficients for the different ag-
gregates allowed us to observe the in-
fluences of cation, solvent and anion
on the self-assembly process. Three
case studies are presented. In the first
study, diffusion NMR confirmed for-

cooperative process in CD;CN. In the
second study, diffusion NMR studies
on 5-(3,5-bis(methoxy)benzoyl)-2',3'-
isopropylidene G4 showed that hier-
archical self-association of Gg-octamers
is controlled by the K* cation. Evi-
dence for formation of both discrete
Gg-octamers and G,s-hexadecamers in
CD,Cl, was obtained. The position of
this octamer-hexadecamer equilibrium
was shown to depend on the K* con-
centration. In the third case, diffusion

NMR was used to determine the size
of a guanosine self-assembly where
NMR signal integration was ambigu-
ous. Thus, both diffusion NMR and
ESI-MS show that 5'-O-acetyl-2',3'-O-
isopropylidene G7 and Na' picrate
form a doubly charged octamer
[G7]s2Na*2pic” 9 in CD,Cl,. The
anion’s role in stabilizing this particular
complex is discussed. In all three cases
the information gained from the diffu-
sion NMR technique enabled us to

mation of a hexadecameric G-quadru-
plex [G1];+4K*-4pic” in CD;CN. Fur-
thermore, hexadecamer formation
from  5-TBDMS-2'3'-isopropylidene
G1 and K picrate was shown to be a

spectroscopy

Introduction

While molecular self-assembly is becoming a powerful ap-
proach for nanoscale synthesis,!! characterization of supra-
molecules remains a constant challenge. Single crystals of
non-covalent assemblies are not always possible. Further-
more, packing forces may give solid-state structures that
aren’t well-populated in solution. Determination of supra-
molecular solution structure can also be daunting. Mass
spectrometry,” analytical ultracentrifugation,”) dynamic
light scattering, gel permeation chromatography and vapor
pressure osmometry have been used to determine sizes of
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better understand the self-assembly
processes, especially regarding the
roles of cation, anion and solvent.

NMR

supramolecular complexes. None of these techniques, how-
ever, provide the atomic resolution offered by NMR spec-
troscopy. Whereas standard NMR techniques are excellent
at determining molecular composition, defining the sizes of
high-symmetry complexes can be a problem. For example,
NMR spectroscopy cannot readily distinguish a C,-symmet-
ric tetramer from a Cg-symmetric hexamer, nor can signal
integration differentiate an AB dimer and an A,B, tetramer.
One method for solving such problems is through the use of
pulsed field gradient (PFG) NMR.

PFG-NMR, a method for measuring diffusion rates, pro-
vides information about the sizes of molecules in solution.
PFG-NMR, used to study self-association of natural prod-
ucts,® peptides,”! and proteins,® is also an emerging tech-
nique in supramolecular chemistry. Diffusion NMR has been
used to define the aggregation state of ion pairs and other
organometallic assemblies."'”) The sizes of dendrimers,
supramolecular polymers and nanoparticles have been de-
termined with the technique.’'™ Cohen and colleagues
have pioneered the use of diffusion NMR in host-guest
chemistry, with detailed studies of macrocyclic complexes.!'*]
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Recently, this technique has been used to investigate issues
of structure and mechanism in molecular self-assembly. Hy-
drogen-bonded rosettes, calixarene—nucleoside conjugates
and stacked bisphenylenes have been sized using diffusion
NMR,">7 and solvation’s key role in stabilizing resorcinar-
ene capsules has been revealed."” In addition to structural
characterization, diffusion NMR can also provide insight
into dynamic processes that occur during self-assembly.!"”!

We have been actively studying the cation-templated self-
assembly of lipophilic guanosine derivatives.””! Guanosine
derivatives organize in the presence of alkali and alkaline
earth cations to give hydrogen bonded G-quartets
(Scheme 1).!1 These G-quartets undergo further association
by stacking into columns known as G-quadruplexes. In addi-
tion to serving as models for nucleic acid structures, these
lipophilic G-quartets are also the basis for non-covalent syn-
thesis of ionophores, supramolecular polymers, and nano-
electronic devices.” A better understanding of assembly—dis-
assembly pathways, including identification of stable inter-
mediates, is critical for learning how to construct and manip-
ulate these synthetic G-quadruplexes. Below, we provide
three examples where the use of diffusion NMR to charac-
terize structure also helps illuminate factors that control
guanosine self-assembly.
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Scheme 1. Cation templated G-quartet structures.

Results

Before describing our results, we discuss some basic infor-
mation about diffusion NMR.P! The diffusion rate of a mol-
ecule depends on its size and shape, its concentration, the
temperature and solvent viscosity. The Stokes—Einstein
equation shows that a sphere’s diffusion coefficient (D,) is
inversely related to the hydrodynamic radius (R) and sol-
vent viscosity (7), where k is the Boltzmann constant and T
is temperature [Eq. (1)].

D=¢r & @

Thus, the ratio of diffusion rates for two different spherical
molecules, provided they are in the same environment, is in-
versely proportional to the ratio of their radii [Eq. (2)].7*)
Comparative measurements of diffusion rates then help esti-
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mate the relative sizes of molecules in solution. This is espe-
cially valuable when studying molecular self-assembly, par-
ticularly for systems that involve equilibrium formation of
different sized complexes.

k- T
D, 6 -mn-n-R, R,
Fb_ k- T _Ria (2)
6-m-n-R,

Dephasing of an NMR signal, the basis for the diffusion
measurements, is influenced by the gradient strength (g),
the gradient pulse duration (0), and the gradient separation
time (4) between the two opposing gradient pulses.’**!
Equation (3) shows that the NMR signal intensity is a func-
tion of the diffusion coefficient D, for the case of a rectan-
gular pulse gradient.d!

[ =1, - e D-Cnyg97-(4-9) 3)
Diffusion coefficients are determined from slopes of normal-
ized signal intensity (Inf/I,) plotted against the gradient
weighting term (2mygd)*(4—0/3), where y is the gyromag-
netic ratio of the nucleus being observed. In the standard
PFG-NMR pulse sequence, optimized values for the gradi-
ent duration (d) and the gradient separation time (A) are
kept constant and the gradient strength (g) is varied.¥

Case 1—Diffusion NMR confirms that G1 forms a hexade-
camer in solution: Previously, we showed by X-ray crystal-
lography that 5-TBDMS-2'3'-isopropylidene G1 forms an
ordered D,symmetric hexadecamer composed of four
stacked G-quartets (Scheme 2).*) This G-quadruplex 2, with
empirical formula [G1],+4K*-4pic™, is stabilized by four
co-axial cations and by four picrate anions. The anions use
hydrogen bonds to clamp together the “inner” two G-quar-
tets. Similar solid-state structures for [G1],,-2 M**+4 pic™ were
obtained with the divalent cations Ba** and Sr**.”"! Electro-
spray mass spectrometry of these complexes showed significant
amounts of [G1],,:2M?* in the gas phase. Furthermore, NMR
mixing experiments in CD,Cl, with [G1],+2Ba**-4pic™ and
[G1],,-2S?**-4pic” showed the statistical formation of
“homo” and “hetero” complexes, confirming that an intact
[G1],4 hexadecamer predominates in solution.”!

Because of the extensive characterization in the solid, gas,
and solution phases, we reasoned that G1 and its K* G-
quadruplex 2 would provide an excellent test for using diffu-
sion NMR to characterize guanosine self-association in so-
lution. Our goal was to determine whether we could reliably
identify the hexadecamer [G1];¢4K*-4pic” in an equilibri-
um mixture that also contained “monomeric” G1.%¥ Such
identification is essential for understanding the factors that
control the thermodynamics and kinetics of guanosine self-
assembly.

Acetonitrile (¢, = 38.8) is of suitable polarity to strike a
balance between stabilizing the self-assembled hexadecamer
2 and G1. For [G1];¢4K*-4pic™ in DMSO (g,=45) no G-
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Scheme 2. Structures of G1, G-quadruplex [G1],,4K*-4pic” 2 and A3.

quadruplex assembly is observed, whereas in the less polar
dichloromethane (e, = 9.1) only aggregation occurs and no
free G1 is observed. When crystalline [G1],¢4 K*-4pic™ 2 is
dissolved in CD;CN at rt, three sets of '"H NMR signals are
observed (Figure 1). These separate signals, in slow ex-
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Figure 1. Variable temperature 'H NMR spectra of [G1]s4K*-4pic
(0.059mm) dissolved in CD;CN. Signals for “free” G1 (x) predominate

at higher temperatures, whereas signals for the hexadecameric complex
[G1],¢4K*-4pic” (@) predominate at lower temperatures.

change on the NMR chemical shift time-scale, were distin-
guished using 2D COSY and NOESY experiments.””! We as-
signed one set of NMR signals
to “monomeric” G1, with the
understanding that these signals

in a 1:1 ratio, arise from the distinct “outer” and “inner” G-
quartets that make up the D,-symmetric [G1];; hexadecam-
er 2.

Diffusion NMR studies were done at 21°C using a so-
lution prepared by dissolving crystalline [G1],;4 K*-4pic™ in
CD;CN (0.059mMm), conditions that provide an equilibrium
mixture of 94 % monomer G1 and 6 % G-quadruplex 2. The
lipophilic adenosine A3, which is the same size as G1 but
doesn’t self-associate in CD;CN or interact noticeably with
either G1 or G-quadruplex 2 under these conditions, was
used as an internal standard to size the two guanosine spe-
cies. Before carrying out the diffusion NMR experiments,
we calculated an approximate D igne/Dnonomer ratio from
available crystal structure data. The molecular volume for
[G1],¢4K*+4pic is 12140 A® and the molecular volume for
G1 is estimated to be 586 A>*) Assuming that both mole-
cules are spherical, these volumes provide average hydrody-
namic radii of 14.26 A for [G1],+4K*-4pic™ and 5.19 A for
G1, values that predict a theoretical D¢, /Dy ratio of
0.36.1

Figure 2 shows the influence of increasing magnetic field
gradient strength (g) on the intensity of aromatic signals for
the sample containing G1, A3 and G-quadruplex 2. The
corresponding Stejskal-Tanner plots obtained from average
values for eight separate diffusion NMR measurements are
shown in Figure 2d. Analysis of H8 peak intensities gave dif-
fusion coefficients of D, = 13.60+0.30x107 m?s~! for A3
(6 8.21) and D,;=12.00£0.20x 107" m?s™! for G1 (Table 1).
The G-quadruplex 2 (6 6.99 for H8 of the “inner” G-quar-
tet) has a much slower diffusion coefficient in CD;CN (D,=
4.7040.10x10"°m*s™") than A3 or G1. The experimental
diffusion coefficients for G-quadruplex 2 and A3 (D, (G2)/
D, (A3)=0.35) agree well with the theoretical D yer/ Dmonomer
ratio of 0.36, indicating that hexadecamer [G1]16-4 K*-4 pic™
is indeed the structure observed by NMR spectroscopy.

The slower diffusion of G1, relative to A3, is likely due
to significant dimerization of G1 in CD;CN.”! To test this
hypothesis, we conducted diffusion NMR experiments on
G1A3 mixtures in [Dg]DMSO, a solvent that completely
denatures G-quadruplex 2. Indeed, G1 and A3 have much
closer diffusion coefficients in [Dg]DMSO (D, (G1)/D,
(A3)=0.96) than in CD;CN (D, (G1)/D, (A3)=0.88), con-
sistent with significant inhibition of G—-G dimerization by
[Dg]DMSO (Table 1).1

Characterization of the hexadecamer [G1],+4K*-4pic™ by
diffusion NMR confirms an important feature of the cation-
templated self-association of G1. Namely, hexadecamer 2 is
part of an equilibrium with “monomeric” G1, and its forma-

Table 1. Diffusion coefficients for G 1 hexadecamer/monomer system. !

also contained time-averaged

D, (G1)
contributions  from  higher (1070 m?s7)
oligomers (mostly dimers) that cp.cN® 12.00+0.20
are in fast exchange with mono- [DJDMSO" 1.90+£0.03

4.70£0.10

D, (2) D, (A3) Ratio Ratio Ratio
10" m?*s™")  (10“m?s™") D, (2)/D,(1) D, (2)/D,(3) D,(1)/D, (3)
13.60+£0.30 0.39 0.35 0.88
1.98+0.03 0.96

mer.”’! The other two sets of
"H NMR signals, always present

166 —— © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] The diffusion coefficients are the mean =+ standard deviation of eight separate measurements at 21°C.
[b] [G1],¢4K*+4pic 2 and A3 dissolved in CD;CN. [c] G1 and A3 dissolved in [Dg]DMSO.
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Figure 2. Stack plot of "H NMR spectra for a mixture of G1, G-quadru-
plex 2 and A3. Signals for a) A3 H8, b) G1 H8, and c) G-quadruplex 2
“inner” H8 with increasing gradient strength in CD;CN at 21°C. d) Stej-
skal-Tanner plot of G1, [G1];;4K*-4pic” 2 and A3 in CD,CN at 21°C.

tion is likely to occur via a cooperative nucleation—elonga-
tion mechanism.’? Thus, other than signals for “monomer-
ic” G1 and hexadecamer 2, we observe no NMR evidence
for any other kinetically stable intermediates in CD;CN so-
lution. Furthermore, the monomer/hexadecamer ratio in
CD,;CN varies significantly with temperature (Figure 1).
Thus, at —40°C, only NMR signals for hexadecamer 2 are
observed. As the temperature increases, more G1 is formed
by dissociation from the G-quadruplex. At 60°C, only G1 is
present. More strong evidence for a cooperative equilibrium
was obtained from CD spectroscopy. G-quadruplex 2, with
its stacked G-quartets, has a characteristic CD absorbance
centered at 258 nm.”>* Figure 3 shows temperature de-
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Figure 3. a) Variable temperature CD spectra of [G1];+4K*+4pic™ 2 in
CD;CN. b) Plot of CD absorbance at 248 nm as a function of tempera-
ture.

pendent CD data for a solution of [G1],#4K*-4pic™ in
CD;CN. The sigmoidal melting curve (with 7,,=25°C) is
characteristic of a cooperative equilibrium. While more ex-
periments are needed to confirm the nucleation—elongation
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Scheme 3. Formation of [G4]¢:K*-DNP~ 5 and [G4],:4K*-4DNP~ 6.
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mechanism,” and the presence of positive cooperativity,!

the NMR and CD data clearly indicate that growth of the
[G1]16 hexadecamer is coupled to the K* templated forma-
tion of G-quartets.

Case 2—Diffusion NMR shows that hierarchical self-associ-
ation of Gg-octamers is controlled by the cation: Unlike
case 1, where no intermediates were detected in the pathway
from monomer to hexadecamer, the next example involves
formation of a kinetically stable intermediate. This inter-
mediate, a Gg-K* octamer, was readily distinguished from
the larger G4 hexadecamer with the help of diffusion NMR.
The position of the octamer—hexadecamer equilibrium is
clearly a function of the K* cation concentration in solution
(Scheme 3).

Depending on the experimental conditions and the K*
concentration, NMR spectra indicate that 5'-(3,5-bis(me-
thoxy)benzoyl)-2',3-isopropylidene G4 can form different
structures in non-polar solvents CD,Cl, and CDCl,
(Figure 4). Liquid-liquid extraction of KYDNP~ (DNP: 2,6-
dinitrophenolate) (1.2 equiv) from water with G4 (10mm) in
CD,(Cl, provided a single set of "H NMR signals and a G4/
DNP ratio of 8:1, consistent with formation of a C;-symmet-
ric octamer 5 (Scheme 2). However, a different complex was
generated when G4 was used for the solid-liquid extraction
of K*DNP~ (Figure 4b). In the solid-liquid extraction ex-
periment, the two sets of 'H NMR signals in a 1:1 ratio, the
4:1 G4/DNP ratio, and the appearance of signals for the hy-
drogen-bonded N2A amino protons between ¢ 9.5-9.8 sug-
gested formation of a D, symmetric hexadecamer 6 with
empirical formula [G4];:4K*-4DNP~. Since the different
complexes, octamer 5 and hexadecamer 6, exchange slowly
on the NMR chemical shift timescale in CD,Cl, (Figure 4c),
diffusion NMR was ideal for verifying their relative sizes.

The Stejskal-Tanner plots showing results from diffusion
NMR experiments in CDCl; are shown in Figure 5. Analysis
of amide NH peaks at 0 11.74 ppm and at 6 12.28 provided
diffusion coefficients of D,=2.45+0.02x10""m?s™! for the
species with two sets of signals (Figure 4b) and D,=3.13+
0.02x 107 m?s™! for the species with the single set of signals
(Figure 4a). This experimental ratio of 0.78 agrees well with
the theoretical Digpe/Dgmer ratio of 0.79 and supports the
proposal that the complex formed by liquid-liquid extrac-
tion is octamer 5 with formula [G4]g-K*-DNP~, whereas the
species formed in the solid-liquid extraction is hexadecamer
6, [G4],+4K*-4DNP".

hexadecamer 6

[G 4],-4K -4 DNP
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Figure 4. "H NMR spectra in CD,Cl, at 21°C of complexes formed by ex-
traction of K(DNP) with G4. a) octamer 5, [G4]¢K*-DNP~, formed in
liquid-liquid extraction; b) hexadecamer 6, [G4]¢K*+(2,6-DNP)",
formed in solid-liquid extraction; c) mixture of octamer 5 and hexade-
camer 6.

Case 3—Diffusion NMR reveals size where NMR signal in-
tegration is ambiguous: This final example uses diffusion
NMR to discriminate between different possible structures
with identical component ratios. Solid-liquid extraction of
Nat picrate into CDCl; by 5'-O-acetyl-2',3'-O-isopropyl-
idene G7 gave a complex with a single set of NMR signals
and a G7/picrate molar ratio of 4:1 (Figure 6a). Assuming

a)

NH1 Picrate
8.0 3.8
octamer 9
[G 7],,,nNa™npic wa

8.0

2.1
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[G 7],-Na*pic
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Figure 5. Stejskal-Tanner plot of octamer 5 and hexadecamer 6. Diffusion
coefficients for octamer 5 [G4]¢K*-DNP~ and hexadecamer 6 [G4]¢-K™
‘DNP~ in CDCl; at 21°C.

The reliable characterization of these different species by
diffusion NMR allows us to make firm conclusions about
cation-templated self-assembly of G4 in CD,Cl,. First, the
C,-symmetric Gg-octamer S is an intermediate in formation
of the D,symmetric G;s-hexadecamer 6. Second, the K*
concentration controls this octamer-hexadecamer equilibri-
um. Under the solid-liquid extraction conditions used to
generate [G4];¢4KT-4DNP~ 6, sufficient K* cation is
brought into solution to link together two [G4]¢K* octam-
ers (Scheme 2). However, this bridging K* cation must be
held less tightly by hexadecamer 6 than are the cations sta-
bilizing the C,-symmetric [G4]¢K* octamers. This conclu-
sion was supported by an experiment wherein washing a
CD,Cl, solution of hexadecamer 6 with water resulted in
complete formation of octamer [G4]-K*-DNP~ 5. Likewise,
addition of solid KYDNP~ to a CD,Cl, solution of octamer
[G4]¢K*-DNP~ 5 gave quantitative conversion to hexade-
camer 6. This K*-dependent switching of the equilibrium
between octamer 5 and hexadecamer 6 is similar to NMR
solution studies on the human telomere sequence d(T,AG3;),
a G-rich DNA that forms a G-quadruplex monomer at
50mm K* cation concentration and a dimer of co-axial G-
quadruplexes at 300mm K* cation concentration.?

168 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. 'H NMR spectra in CDCl; at 21°C of complexes formed by ex-
traction of Na picrate with G7. a) A species of empirical formula
[G7]ysnNatn(pic)” formed by solid-liquid extraction; b)octamer
[G7]¢Na*+(pic)” 11 formed by washing solution in part a) with water.
The identity of the peak with an x is unknown.

one Na' cation for each picrate anion, this data indicates
formation of a complex with an empirical formula of
[G7]4r(n)Nat-n(pic)~. As depicted in Scheme 4, the struc-
tures that are consistent with this formula are an isolated
C,symmetric G-quartet, [G7],Nat.pic™ 8, a pseudo-D,-
symmetric octamer with two bound Na't cations,
[G7]¢2Na*2pic 9,°% and polymer, ([G7],Na*-pic’), 10.
The first two possible structures, a single Na*-filled G-quar-
tet and a doubly charged octamer, have been previously
identified in the gas phase.®* To our knowledge, however,
no evidence for either structure in solution has ever been
presented.

Polymeric stacks of lipophilic G-derivatives are known to
form with the larger K cation, but less is known about the
ability of the smaller Na™ cation to promote formation of
polymeric G-quadruplexes.”’!

As shown in Figure 6b, washing the CDCl; solution of this
unknown complex of formula [G7],,(n)Na*-n(pic)” with
water generated a new species. The NMR spectrum was
consistent with the D,-symmetric octamer [G7]g¢Nat-pic”
11, namely a single set of peaks, a G 7/picrate molar ratio of
8:1, and a significant change in only the N1 amide chemical
shift (A6 =0.50 ppm). We suspected that the similar chemi-
cal shifts (other than NH1) for [G7],,(n)Nat-n(pic)~ and
[G7]¢Na*-pic” 11 indicated that [G7]¢-2Nat2pic” 9 had
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Scheme 4. Self-assembly of G7 and Na™ picrate. Tetramer 8, octamer 9, and polymer 10 are potential structures for [G 7],,-(n)Na*-n(pic)”.

been formed in the solid-liquid extraction of Na™ picrate,
but only diffusion NMR could resolve this structural issue.
As shown in Figure 7, both the octamer [G7]g-Na*-pic™ 11
and the unknown complex generated by solid-liquid extrac-
tion, [G7],+(n)Nat-n(pic)”, had similar CD spectra in

300 a
= 1 //b\\
9 ;/ A
E 0 RS I 1 ) T T
8 | 28 y / 330
i
f \J
-300 - Alnm

Figure 7. CD spectra of a) complex of formula [G7],,+(n)Na*-n(pic)” and
b) [G7]s¢Na*t-pic” 11. Both samples were at concentrations of 0.43mm in
G7in CH,CL.

CD,(l,, with a degenerate negative exciton couplet centered
at 280 nm. This CD signature, corresponding to the long-
axis polarized transition of the G chromophore, is diagnostic
of an assembly with at least two chiral G-quartets rotated
with respect to one another.[*!
While this data rules out the
isolated G-quartet [G7],Na™

problem, we again turned to diffusion NMR measurements.
Because octamer [G7]¢Na*-picc 11 and the
[G7]s+(n)Na*-n(pic)~ complex were in fast chemical shift
exchange in CD,Cl,, individual diffusion coefficients for the
two different complexes could not be determined from the
same NMR experiment (as was done in case 2). Instead, we
used A3 as an internal standard in separate diffusion NMR
experiments, with solvent, temperature and concentration
held constant. The Stejskal-Tanner plots revealed D y,q/Das
values of 0.49 for the octamer [G7]¢Na*-pic” 11 and 0.47
for the [G7],(n)Nat-n(pic)~ complex (Table?2). Both of
these experimental diffusion coefficients agree well with the
theoretical Dygqyer/Dmonomer Value of 0.50, indicating that the
self-assembled species generated by solid-liquid extraction
of Na™ picrate with G7 must be an octamer bound to two
equivalents of Na* picrate, namely [G7]¢2Nat-2pic™ 9.

ESI-Mass spectrometry: The diffusion NMR results were
bolstered by electrospray mass spectrometry (ESI-MS) of
samples sprayed from solutions of CDCIl;. Thus, samples
generated by the solid-liquid extraction of sodium picrate
with G7 gave the doubly charged octamer ([G7]g-2Na)**
(ml/z 1484) as the strongest signal in the mass spectrum. A
much smaller peak for ([G 7,3 Na)** (m/z 1972) was some-

Table 2. Diffusion coefficients for complexes made from G7.1%

-pic” 8 as a structural possibilit D, (G7) D, (Pic) D, (A3) Ratio Ratio
p P y A0 m’s )y (10 °m’s) (10 °m’sY) D, (7YD,(3) D, (Pic)D, (3)
for [G7], (n)Nat.n(pic)” we

1d not distineuish oct octamer 9 4.06+0.10 5.88+0.05 8.62+£0.08 047 0.68
cou e Mot CISUIEHSH OCtaMeE getamer 11 419+0.05 6.54+0.04 8.60+0.06 0.49 0.76
[G7]g2Na*2pic 9 and poly- hexadecamer12 330007 8.72+0.10 0.38

meric ([G7],Nat-pic’), 10 by

CD spectroscopy. To solve this cpcl,,
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[a] The diffusion coefficients are the mean + standard deviation of eight separate measurements at 21°C in
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times observed at low cone voltages. (40 eV). In contrast,
liquid-liquid extraction of sodium picrate with G7 led to
formation of the singly charged ion ([G7]s¢-Na)*t (m/z 2945)
as the major species (Figure 8).5%

a) 1007 |G 7,Na I 1484.6 1 1485.1 (G 7 Na
%‘ { (1484 1484 .1 1485.6
5 ] 1486.1
C
© M
2z A
3 [G 7, Na,Pic]*
[ [G 7. Na]J* a,Pic]*
& * 19372 205516 !
0 _kl — ‘L b r vy |.|l
1400 1900 2400 2900
miz G 7, NaK]*
1001
b) [G 7,Na]* /
Zz 2045 | /
2 /
L |
S
'°2’ 1 /[G 7K
g lcrNay  [STMNeI” =
11784 ° 1972
0 |
1400 1900 2400 2900
miz

Figure 8. a) ESI-MS spectrum of G7 in CHCI, after solid-liquid extrac-
tion of Na*-picrate. b) ESI-MS spectrum of the same solution after wash-
ing with water.

We propose that octamer [G7]g¢2Nat2pic™ 9 is stable
under the solid-liquid conditions because the coordination
sphere of the “capping” Na* in 9 is completed by a picrate
anion, thus inhibiting growth of structures such as hexade-
camer [G7],+4Nat-4pic” under these conditions. The pic-
rate anion is well known to function as a bidendate ligand
for metal cations in crown ethers, serving to inhibit forma-
tion of sandwich complexes.””! This proposal is supported by
the observation that picrate’s NMR signal is shifted far up-
field (A6=0.29 ppm) in [G7]¢2Na*-2pic” 9, relative to oc-
tamer [G7]g¢Na*-pic” 11, presumably due to shielding of the
bound picrate anion by the nearby Gj,-quartet (Figure 6).
Similar upfield shifts of the picrate NMR signal, caused by
anion—x interactions, have been noted in crown ether chem-
istry.[*®! Furthermore, the calculated diffusion coefficient for
this “capping” picrate in [G7]g2Na*2pic” 9 (D,=5.88 +
0.05x 107 m?*s™)*! is much lower than picrate’s diffusion
coefficient in [G7]eNa*.picc 11 (D;=6.54 =+ 0.04x
107 m?s7!), also consistent with intimate coordination of
this “capping” anion with the guanosine octamer. To test
our hypothesis that a “capping” picrate anion stabilizes the
octamer [G7]g¢2Na*2pic” 9, we conducted similar solid—
liquid extractions in CD,Cl, with NaPh,B, a salt containing
the poorly coordinating tetraphenylborate anion. Indeed,
the NMR signal pattern (2 sets of signals in a 1:1 ratio) and
integration (a G7:Ph,B ratio of 4:1) were consistent with
formation of hexadecamer [G7],¢4Na*+-4Ph,B~ 12. The
diffusion coefficient for this complex (D,=3.30+0.07 x
107" m?s™"), with A3 as an internal standard, was also con-
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sistent with generation of a hexadecamer (D gmer/Dmonomer =
0.38, see Table 2). These experiments indicate that the coun-
ter-anion can dramatically influence the course of guanosine
self-assembly.[*!

Conclusion

We presented three examples where the use of diffusion
NMR revealed important features about self-assembly of
lipophilic guanosines. The confirmation that hexadecamer
[G1],¢4K*4pic is stable in CD;CN solution, in the pres-
ence of significant amounts of unassembled G 1, allowed us
to conclude that the cation-templated assembly of G1 in
this polar solvent proceeds via a cooperative equilibrium
without formation of significant intermediates. Changing the
ligand structure (from G1 to G4) and the solvent (from
CD;CN to CD,Cl,) allowed us to identify a discrete octa-
meric intermediate in G-quadruplex formation. Again, the
size of this octamer intermediate was confirmed from a
series of diffusion NMR experiments. In the last example,
diffusion NMR was used to distinguish between possible
structures of identical sub-unit stoichiometry. In all three
cases the information gained from the diffusion NMR tech-
nique enabled us to better understand the self-assembly
processes, especially regarding the roles of cation, anion and
solvent. We hope to be able to use this structural and mech-
anistic information to rationally construct and manipulate
functional G-quadruplexes.

Experimental Section

All '"HNMR spectra were recorded on a Bruker DRX-400, a Bruker
Avance 400 instrument operating at 400.13 MHz, or on a Bruker DRX-
500 operating at 500.13 MHz. The *C NMR spectra were recorded on a
Bruker DRX-400 and Bruker Avance 400 instrument operating at
100.61 MHz. Chemical shifts are reported in ppm relative to the residual
protonated solvent peak. Variable temperature 'H NMR experiments
were controlled to £0.1°C and calibrated with methanol at low tempera-
tures and ethylene glycol at high temperature. Fast atom bombardment
(FAB) mass spectra were recorded on a JEOL SX-102A magnetic sector
mass spectrometer. Circular dichroism (CD) spectra were recorded on a
JASCO-810 spectropolarimeter with a 1 cm path length quartz cuvette.
Variable temperature CD experiments were controlled by an attached
PFD425S Peltier system with a 1.0 cm path length quartz cuvette. Deuter-
ated solvents were purchased from Cambridge Isotope Laboratories. All
chemicals and solvents were purchased from Sigma, Fluka, or Aldrich.
Guanosine 1,>*! adenosine 3,/ quadruplex 2,” guanosine 7, and the
potassium and sodium phenolates®®” were prepared following published
methods.

2',3'-O-Isopropylidene-5'-0-(3,5-bis(methoxy)benzoyl)-guanosine (G 4):
3,5-Dimethoxy benzoyl chloride (465 mg, 1.5 mmol) was added to a so-
lution of 2',3’-O-isopropylidene guanosine (500 mg, 1 mmol) and 4-dime-
thylaminopyridene (5 mg) in distilled pyridine (7.5 mL). The resulting so-
lution was stirred at rt under a N, atmosphere for 4 h. The solvent was
evaporated under reduced pressure. The remaining white solid was dis-
solved in CH,Cl, (40 mL) and washed with 0.In HCl (10 mL), sat
NaHCO; (10 mL), and H,O (2x10 mL). After removal of the solvent,
trituration with Et,O gave G4 as a white powder (630 mg, 84%).
"H NMR (400 MHz, [D¢]DMSO): 6 = 10.84 (s, 1H, NH1), 7.82 (s, 1 H,
HS8), 7.00, (d, 1H, J=2.3 Hz, HY'), 6.76 (t, 1H, J=2.3 Hz, H10'), 6.61
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(brs, 2H, NH,), 6.05 (d, 1H, J=1.5Hz, HI'), 526 (dd, 1H, J=6.0,
1.5 Hz, H2'), 5.24 (dd, 1H, J=6.0, 2.5 Hz, H3'), 437-4.51 (m, 2H, H5'),
441 (brs, 1H, H4'), 3.77 (brs, 6H, OCH,), 1.52 (s, 3H, CH3), 1.32 (s, 3H,
CH,); *CNMR (100 MHz, [D]DMSO): 6 = 165.1, 160.5, 156.9, 153.9,
150.4, 136.0, 131.3, 117.0, 113.3, 106.9, 105.2, 88.5, 84.34, 83.9, 812, 65.0,
55.5, 27.0, 25.3; HRMS (FAB): m/z: caled for C,H,sO4NsLi: 494.186,
found 494.186 [M-+Li]*.

Octamer [G4]¢K*-DNP~ 5: A solution of G4 (5.0 mg, 10.3 mmol) in
CH,Cl, (1 mL) was added to a solution of K*2,6-DNP in water (2 mL,
0.65mwm). The resulting biphasic mixture was stirred at rt for 12 h. The or-
ganic layer was then separated and concentrated. "H NMR (400 MHz,
CD,CL): 6 = 12.23 (s, 8H, NH1), 7.88 (d, 2H, /J=8.1 Hz, mDNP), 7.21
(s, 8H, HS8), 7.17 (d, 16 H, J=2.3 Hz, HY), 6.65 (t, 8H, /=2.3 Hz, H10'),
5.90 (s, 8H, H1"), 5.90 (t, 1H, J=8.1 Hz, pDNP), 5.62 (dd, 8H, /=6.3,
2.9 Hz, H3'), 5.24 (d, 8H, J=6.3 Hz, H2'), 4.88 (dd, 8H, /=14.1, 8.5 Hz,
H5',), 4.80-4.74 (m, 16 H, H4', H5's), 3.80 (s, 48H, OCH3;), 1.68 (s, 24H,
CH;), 1.44 (s, 24H, CHs;).

Hexadecamer [G4],-4KT-4DNP~ 6: A Kt 2,6-DNP solution in water
(1 mL, 10.3mm) was added to a solution of G4 (5.0 mg, 10.3 mmol) in
CH,Cl, (1 mL). The resulting biphasic mixture was stirred at rt for 12 h.
The organic layer was then separated and concentrated. The designations
a (outer G-quartet) and b (inner G-quartet) in the 'H NMR data refer to
the two sets of signals for the hexadecamer. 'H NMR (400 MHz,
CD,ClL,): 6 = 11.76 (s, 8H, NHla), 11.70 (s, 8H, NH1b), 9.72 (s, 8H,
NH,,a), 9.56 (brs, 8H, NH,,b), 7.86 (d, 8H, J=7.6 Hz, mDNP), 7.17 (s,
8H, HS8b), 6.97 (s, 8H, H8a), 6.94 (s, 8H, NHysb), 6.81 (d, 16H, J=
2.2 Hz, H8b), 6.80 (d, 16H, J=2.2 Hz, H8a), 6.55 (t, 8H, J=2.0 Hz,
H10'a), 6.33 (brs, 8H, NH,za), 6.26 (t, J=2.0 Hz, H10'b), 5.95 (dd, 8H,
J=5.9, 3.5 Hz, H2'b), 5.90 (t, 4H, J=7.6 Hz, pDNP), 5.85 (s, 8H, H1'D),
5.74 (dd, 8H, J=6.3, 2.4 Hz, H3'b), 5.53 (d, 8H, J=3.5Hz, Hl'a), 5.33
(brs, 8H, H2'b), 5.23 (d, 8H, J=5.9 Hz, H3'a), 5.04 (t, 8H, J=10.2 Hz,
H5'\b), 4.79-4.68 (m, 16H, H4'a, H4'b), 4.54 (dd, 8H, /=11.0, 8.4 Hz,
H5',a), 434 (m, 8H, H5'sb), 4.17 (dd, 8H, J=11.0, 4.1 Hz, H5'ga), 3.74
(s, 48H, OCH;a), 3.38 (s, 48H, OCHsb), 1.77 (s, 24H, CHja), 1.65 (s,
24H, CH;b), 1.50 (s, 24 H, CH;a), 1.43 (s, 24H, CH;b).

Octamer [G7]g-2Na*2pic” 9: Na*Pic™ (2.0 mg, 8.0 mmol) was added to
a solution of G7 (5.0 mg, 13.7 mmol) in CH,Cl, (1 mL). The resulting
suspension was stirred at rt for 12 h. After centrifuging, the organic layer
was decanted and concentrated. "H NMR (400 MHz, CDCl,): 6 = 11.86
(s, 4H, NH1), 8.58 (s, 2H, picrate), 7.12 (s, 4H, HS8), 5.86 (s, 4H, H1’),
5.39 (dd, 4H, J=5.4, 3.4 Hz, H3'), 5.25 (d, 4H, J=5.4 Hz, H2'), 4.63 (dd,
4H, J=10.8, 5.9 Hz, H5',), 4.58 (ddd, 4H, J=6.9, 5.9, 3.4 Hz, H4'), 4.41
(dd, 4H, J=10.8, 6.9 Hz, HS'g), 2.23 (s, 12H, Ac), 1.62 (s, 12H, CHs),
1.42 (s, 12H, CHs).

Octamer [G7]g:Na*-pic” 11: A Na*Pic™ solution in water (2 mL, 0.6mm)
was added to a solution of 7 (5.0 mg, 13.7 mmol) in CH,Cl, (1 mL). The
biphasic mixture was stirred at rt for 12 h. The organic layer was then
separated and concentrated. '"H NMR (400 MHz, CDCl;): 6 = 12.38 (s,
8H, NHI1), 9.66 (s, 8H, NH,,), 8.85 (s, 2H, picrate), 7.10 (s, 8H, HS),
6.21 (s, 8H, NH,), 5.85 (s, 8H, H1"), 5.25 (dd, 8H, J=5.9, 3.4 Hz, H3'),
5.25 (d, 8H, J=5.9 Hz, H2'), 4.64 (dd, 8H, J=10.3, 5.9 Hz, HS',), 4.58
(ddd, 8H, /=6.9, 5.9, 3.4 Hz, H4'), 4.42 (dd, 8H, J=10.3, 6.9 Hz, HS'y),
221 (s, 24H, Ac), 1.61 (s, 24H, CH;), 1.38 (s, 24 H, CH,).

PFG NMR experiments: Diffusion experiments were carried out with a
Bruker DRX-500 spectrometer, using the Stimulated Echo Pulse Gradi-
ent sequence in FT mode.*® To improve homogeneity a “13 interval
pulse sequence” was used with two pairs of bipolar gradients.*”) All sam-
ples for the diffusion measurements were prepared in Shigemi tubes (Shi-
gemi, Inc., Allison Park, PA) and the temperature was actively controlled
at 21.040.5°C. Diffusion coefficients were derived using integration of
the desired peaks to a single exponential decay, using the “Simfit
(Bruker XWINNMR v3.1)” software.

Hexadecamer 2 and adenosine 3 in CD;CN: Experiments consisted of 24
points with gradient strengths (g) ranging from 0.687-30.91 Gem™'. All
experiments comprised 256 scans with a pulse delay of 4 s and ¢ value of
2.8 ms, 4 value of 99.8 ms, and y value of 4258 Hz per G. Quadruplex 2
and A3 were at concentrations of 0.059 and 0.16 mm, respectively.

Chem. Eur. J. 2005, 11, 164—173 www.chemeurj.org

FULL PAPER

G ine 1 and ad ine 3 in DMSO: Experiments consisted of 24
points with gradient strengths (g) ranging from 0.687-30.91 Gem ™. All
experiments comprised 64 scans with a pulse delay of 4s and 6 value of
4.6 ms, 4 value of 199.8 ms, and y value of 4258 Hz per G. Both G1 and
A3 were at concentrations of 10.0mm.

Octamer 5 and hexadecamer 6 in CDCI;: Experiments consisted of 32
points with gradient strengths (g) ranging from 3.420-61.560 Gem ™. All
experiments comprised 256 scans with a pulse delay of 4 s and d value of
2.6 ms, 4 value of 59.9 ms, and y value of 4258 Hz per G. Octamer 5 and
hexadecamer 6 were at concentrations of 0.64 and 0.32mwm, respectively.

Octamer 9, octamer 11 and adenosine 3 in CDCIl;: Experiments consist-
ed of 24 points with gradient strengths (g) ranging from 0.687—
30.91 Gem™. All experiments comprised 128 scans with a pulse delay of
4 s and 0 value of 2.6 ms, 4 value of 59.8 ms, and y value of 4258 Hz per
G. Octamers (9 and 11) and monomer 3 were at concentrations of 1.7
and 6.4 mwm, respectively.

Hexadecamer 12 and adenosine 3 in CDCI;: Experiments consisted of
24 points with gradient strengths (g) ranging from 0.687-30.91 Gem ™.
All experiments comprised 128 scans with a pulse delay of 4s and 0
value of 2.6 ms, 4 value of 59.8 ms, and y value of 4258 Hzper G. Hexa-
decamer 12 and monomer 3 were at concentrations of 0.52 and 4.0mm,

respectively.

ESI-MS experiments: Electrospray mass spectra were recorded with a
ZMD Micromass single quadrupole mass spectrometer, operating at m/z
4000. A Hamilton syringe driven by a Harvard pump was used for direct
injection of the sample at a rate of 10 uLmin'; a capillary voltage of
3.2kV and a cone voltage of 40 V were applied, and a desolvation tem-
perature of 120° was used. The charge of the species observed was de-
duced directly from the spacing of the isotope peaks, a part from the less
resolved m/z 2945 signal: the space between the principal peak and the
minor adjacent peak at 2961 corresponds to the mass difference between
K* and Nat, indicating a monocharged species. Sample a was prepared
by a solid-liquid extraction experiment: a SmMm chloroform solution of
G7 (2mL, 0.01 mmol) was stirred over-night in the presence of NaPi-
crate (4 mg, 16 mmol), and the organic layer was then decanted. Sam-
ple b was obtained by washing twice 1 mL of sample a with an equal
amount of water: the organic phase was then recovered and injected into
the mass spectrometer.
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