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Abstract

We have developed the 8-(m-acetylphenyl)-2’-deoxyguanosine (mAG) scaffold for the self-
assembly of supramolecules in water and for the synthesis of self-assembled dendrimers (SADs)
in organic media. Previously, reported mAG assemblies showed promising characteristics for the
construction of SADs. Yet, none of these SADs had large enough dendrons to reach a fractal
geometry characteristic of high-generation dendrimers. Here we present the synthesis, as well as
the molecular and supramolecular characterization of a fourth generation hydrophilic self-
assembled hexadecameric dendrimer [NAGD4(OH)16]16°3KI (316) With a size and shape akin to
globular proteins. The diameter of 316 (5.0 nm) was measured by Pulsed Field Gradient NMR and
Dynamic Light Scattering experiments, which enabled the construction of a computer-generated
molecular model. This SAD represents an attractive platform for biomedical applications due to its
water solubility, discreteness, well defined structure, thermal stability (T,,= 68 °C), and functional
core.

Introduction

Self-assembly is pivotal in the construction of naturally occurring macromolecules such as
globular proteins. Their structure and function is dictated by the intertwined relationships
between covalent and non-covalent interactions.? Synthetic macromolecules like hydrophilic
dendrimers2:3 offer a convenient platform for the development of systems with sizes and
shapes similar to those of globular proteins making them suitable for biomedical
applications.*> The challenges imposed by the full covalent synthesis and purification of
large and complex dendrimers have made of self-assembly a desirable complementary
strategy.3P Nevertheless, the construction of biomimetic hydrophilic self-assembled
dendrimers (SADs) that relies on a synergistic use of covalent and non-covalent interactions
remains a tremendous challenge.

SADs constructed from biocompatible building blocks such as oligo deoxynucleotides
(ODN) and peptides’+8 are viable scaffolds for selective drug transporters. Yet, the high
expense and synthetic efforts to make these materials limit the amount and types of
functional groups that can be incorporated into them. Furthermore, some of these strategies
provide dendrimers with significant structural imperfections and polydispersity.°

The construction of discrete and well-defined hydrophilic SADs has been primarily limited
to those whose formation is driven by coordinative bonds1® or hydrophobic interactions.11
Recent examples of the latter include the construction of dimeric capsular dendrimers.12:13
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Other water-soluble SADs are well defined in one dimension but ill defined in another
showing a tendency to form fibers, gels, and other aggregates.14:15 In systems that generate
supramolecular objects in the nano- and micrometer scales, it is attractive to precisely
control their size and shape in all dimensions.16 Few of these strategies, rely on the
combination of multiple non-covalent interactions in a programmable fashion.1® Such
strategy may also further illuminate the still imperfectly understood role of water in
molecular recognition and self-assembly.16:17

Guanosine and related compounds have a propensity to form planar tetramers (G—tetrads)
that are held together by hydrogen bonds and cation-dipole interactions (Scheme 1c).
Subsequent stacking of such tetrads lead to structures known as G-quadruplexes (GQs).18:19
Recently, we reported that the 8-(meta-acetylphenyl)-2’-deoxyguanosine (MAG) motif
enables the assembly of isostructural hexadecamers in both organic?® and aqueous media.?!
Concurrently, we developed the use of mMAG analogues for the construction of lipophilic
SADs.22 What makes these assemblies attractive is their high fidelity and molecularity,
which are consequences of a cooperative network of multiple non-covalent. The
supramolecular structure is achieved by the proper balance of attractive (ion-dipole, H-
bonding, dipole-dipole, and n-rt) and the repulsive interactions (steric and electronic effects).

Previously reported mAG-based assemblies23 showed promising characteristics for the
construction of SADs such as, respectively: 32 and 64 hydroxyls at the end groups and
molecular weights of 12.4 and 16.1 kDa.2 Yet, neither 115 nor 246 had large enough
dendrons to reach a fractal geometry characteristic of high-generation dendrimers.
Furthermore, would the SAD form and be reasonably stable even with the increased steric
hindrance? If it did, what would the structure and stability of the resulting system be? In
here we report the answer to those question.2>

In order to test the tolerance of the mAG motif, to the size of the moieties attached to the
sugar, we constructed 3 having sixteen hydroxyls in each dendron and a molecular weight of
2.4 kDa (Scheme 1, Figure S1).26 The covalent synthesis of the dendronized mAG derivate
3 was achieved as reported previously for 1 and 2.24 The insertion of bis-(MPA) dendrimer
was made via the copper-catalyzed Huisgen cycloaddition of the corresponding Dgs alkyne
and mAGhaz (Scheme 1). The identity and purity of 3 was assessed using a combination of
techniques such as ESI-MS, IH-NMR, 13C-DEPTQ-NMR, and IR (Figures S1-S3).26

Experimental

Materials

Polyester-8-hydroxyl-1-acetylene bis MPA dendron, generation 3 was used as purchased
from Sigma-Aldrich. All other reagents were obtained from commercial sources and used
without further purification. Unless otherwise noted, all compounds were purified by
column chromatography on silica gel 60, 0.04-0.063 mm, and TLC and PTLC (from Sorbent
Technologies) were performed using EMD silica gel 60 Fys54 glass backed plates from
Sorbent Technologies. Visualization of spots was achieved with UV radiation, iodine, and/or
by staining with either 3,5-dinitrophenylhydrazine or phosphomolybdic acid in ethanol.
Reactions requiring anhydrous conditions were carried out using flame-dried glassware
under Argon.

Characterization

1H and 13C NMR spectra were recorded on Bruker DRX-500 (TopSpin v 2.0) with nominal

frequencies of 500.1 MHz for proton or 125.8 MHz for carbon, respectively. 1H NMR

and 13C NMR chemical shifts are reported in parts per million (ppm) relative to the residual

undeuterated solvent as an internal reference. Sodium 3-(trimethylsilyl)propionate-2,2,3,3-d,4
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(Sigma-Aldrich) was used as the internal standard for the NMR experiments performed in
D,0 or H,0:D,0 (9:1). All the NMR experiments were performed at 298.2 K unless
otherwise stated. The following abbreviations are used to describe the multiplicities: s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. High-resolution mass spectral
data were obtained from Emory University Mass Spectrometry Center using a Micromass
VG AutoSpec magnetic sector mass spectrometer (70 eV). FT-IR analyses were performed
in a Bruker Tensor 27 Infrared Spectrometer equipped with a Helios Attenuated Total
Reflectance (ATR) accessory containing a diamond crystal. Melting temperatures were
determined using a Fisher brand electro-thermal digital melting point apparatus (Fisher
Scientific).

Synthesis of 3

To a suspension of alkyne-Dgs (250 mg, 288 mmol) and mAGhaz (90 mg, 135 mmol)24 in
THF:phosphate buffer (5 mL; pH 7.0; 3:1) were added sodium ascorbate (15% mol) and
CuS04-5H,0 (5% mol). The reaction mixture was then allowed to stir at room temperature
until completion as determined by TLC (CH,Cl,:MeOH; 80:20). The solvents were
evaporated and the crude product was purified by dry-loading of a silica column followed by
flash chromatography eluted with dichloromethane and gradually increasing the polarity
with methanol (up to 25%). The fractions containing product were combined, the solvent
removed and the resulting solid further washed three times with acetonitrile (<19%) in
hexanes to give 3 (59%, 194 mg, 80 mmol) as a white foam (purity > 95% as determined by
NMR). mp 249.5-255.5 °C (decomposition). 1H NMR (500 MHz, DMSO-dg): & 10.95 (s,
2H), 8.20 (s, 2H), 8.13 - 8.03 (m, 6H), 7.89 (d, J = 7.7 Hz, 2H), 7.69 (t, J = 7.7 Hz, 2H),
7.28 (s, 1H), 6.71 - 6.62 (m, 2H), 6.57 (s, 3H), 6.10 (t, J = 6.9 Hz, 2H), 5.44 (s, 2H), 5.16 (s,
8H), 4.65 (s, 31H), 4.44 (d, J = 7.2 Hz, 2H), 4.28 (dd, J = 9.2 Hz, 16.1 Hz, 10H), 4.16 (dt, J
=11.9 Hz, 23.8 Hz, 20H), 4.09 (t, J = 9.1 Hz, 31H), 3.53 (s, 2H), 3.42 (dd, J = 10.1 Hz, 27.8
Hz, 69H), 2.63 (s, 6H), 2.39 — 2.32 (m, 2H), 2.32 — 2.23 (m, 8H), 2.20 (s, 2H), 2.07 (s, 9H),
1.82-1.72 (m, 13H), 1.62 (s, 2H), 1.52 (d, J = 8.2 Hz, 8H), 1.39 (s, 1H), 1.22 (d,J =7.2
Hz, 9H), 1.17 (s, 13H), 1.10 (s, 24H), 1.00 (s, 50H), 0.87 (s, 2H) (Figure S2). 13C NMR
(125.8 MHz, DMSO-dg) 6 197.5, 174.4, 174.3, 174.1, 172.6, 172.4, 171.8, 156.7, 153.3,
152.0, 146.1, 141.4, 141.3, 137.1, 133.3, 130.5, 129.2, 128.9, 128.8, 124.7, 117.2, 84.7,
81.8, 74.6, 64.5, 63.7, 63.4, 60.2, 58.1, 57.9, 50.3, 49.2, 46.3, 46.2, 40.2, 40.1, 40.0, 39.8,
39.7, 39.5, 39.3, 39.2, 39.0, 34.0, 33.12, 33.1, 29.4, 29.4, 29.3, 28.1, 26.8, 26.4, 25.3, 25.3,
23.7,23.7,22.5,17.0, 16.7, 1.2. (Figure S3) IR (vmax): 3357, 2942, 2883, 1728, 1684,
1469, 1573, 1371, 1293, 1221, 1123, 1039, 659, 533 cm™1. HRMS (m/z): [M+1]* calcd
2401.0103 for C106H157N11051; found 2401.0105 (Figure Sl).

Self-Assembly Studies

The self-assembly studies were performed using a Bruker DRX-500 NMR spectrometer,
equipped with a 5 mm BBO probe. For the NMR measurements in water we used a
conventional 1D presaturation pulse sequence with the excitation pulse set over the water
peak at 4.7 ppm. Solutions of 3 (10 mM, 600 pL) in 0.1 PBS, pH 7.1 in H,0O-D,0 (9:1) were
used. For the NOESY experiment, a phase-sensitive 2D NOESY pulse sequence with
presaturation (noesyphpr) was used (Figure S4-S5).26

Pulsed Field Gradient NMR (PFG-NMR)

Diffusion experiments were carried out with a Bruker DRX-500 spectrometer equipped with
a5 mm BBO probe and using the Stimulated Echo Pulse Gradient sequence (stebpgpls) in
FT mode. To improve homogeneity a “13 interval pulse sequence” was used with two pairs
of bipolar gradients. The sine-shaped gradient was used and the temperature was actively
controlled at 25.0 + 0.5 °C. Diffusion coefficients were derived using integration of the
desired peaks to a single exponential decay, using the Bruker software package T1/T2
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Relaxation (TopSpin v 2.0). Calculation of the hydrodynamic radius in D,O used the
viscosity value (n = 1.103 Kg m1s71, 298.15 K) reported in the literature.2” The
hydrodynamic radii of the species in the NMR tube were calculated according to the
spherical approximation using the Einstein-Stokes equation:

D= k,T
6,

where T denotes the temperature, # is the viscosity of the solvent at the given temperature,
kg is the Boltzmann-Constant, D is the measured diffusion constant and ry is the
hydrodynamic radius. The data were further processed by the Bruker software package.

Dynamic Light Scattering (DLS)

DLS measurements were performed in a DynaPro Titan (Wyatt Technology Corporation)
with temperature control (25 °C) and a microsampler with a diode laser at a scattering angle
of 90°, a wavelength at 657 nm, and a power of 15 mW. The measurements were performed
using solutions of 3 (10 mM) dispersed in a PBS solution (0.1 M, pH 7.1) and filtered with a
0.45 um Nylon filter (Fisher brand, 10 mm o.d. glass tubes) prior to all DLS measurements.
(See Table 1, Graph S1-S3)

Computational Analysis

Molecular models of 1,4 and 31 were constructed and minimized using MacroModel
representing water as a continuum solvent.28 The hydrodynamic radii (r) were calculated
by averaging seven measurements starting from the central cation to the terminal groups
with the error reported as the standard deviation. The resulting calculated hydrodynamic
radii (ry) for 115 and 316 were 2.5 nm and 2.9 nm respectively (Figure S6).26

Variable Temperature 1H NMR

A solution of 31 (10 mM) in PBS (0.1 M, pH 7.1, 3 M KI) was placed in a threaded cap
sealed NMR tube. The IH-NMR was recorded in H,O-D,0 (9:1) in the range of 25-80 °C in
increments of 5 °C or 10 °C. The Ty, is defined as the temperature at which there isa 1:1
ratio of 314:3 as determined by the average of the integrations of four peaks corresponding
to the protons of each species at: 8.0 ppm, 7.8 ppm, 7.6 ppm, and 6.5 ppm.

Results and discussion

Self-assembly studies

Self-assembly studies were performed by adding K1 (3 M) to a suspension of 3 (10 mM in a
H,0:D,0 (9:1) phosphate buffered saline (PBS, 0.1 M, pH 7.1)) and letting the sample
equilibrate overnight in a shaker after which time the solution becomes clear and
homogenous. The sample was analyzed by TH-NMR and 2D NOESY using presaturation
pulse sequence (Figure S4-S5,28 Figure 1c). *H NMR experiments of 31¢ reveal the
signatures for its self-assembly in aqueous media.?! The *H NMR spectrum shows the
hexadecamer's characteristic double set of signals at 12.8 ppm and 11.3 ppm (Figures 1c and
S4) corresponding to two pairs of tetrads in different chemical environments (Figure 1b).
The 2D NOESY spectrum supports the formation of 316, by showing the signature cross
peaks distinctive of a hexadecamer in water (Figure 1b, 1c).2
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Size and molecular weight

Assembly 314 has a molecular weight of 38.9 kDa and 256 hydroxyls as end groups. The
size of 315 was measured by both Pulse Field Gradient-NMR (PFG-NMR), and Dynamic
Light Scattering (DLS) using very similar conditions to those used in the NMR experiments.
The calculated diameters (D) by PFG-NMR and DLS experiments are in good agreement
with each other giving values of (4.8 + 0.8) nm and (5.3 = 0.1) nm, respectively.(See supp.
Table S1, Graph S1-S3) A molecular model constructed and minimized, using a continuum
solvation model for water,28 provides a diameter of (5.8 + 0.8) nm (Figures 2b' S6).26 The
size discrepancies between the values calculated by molecular modeling and those
determined experimentally are likely from limitations in the modeling protocol (e.g.,
shortcomings in the solvation model). The minimizations were performed using a low ionic
strength solvation model whereas the PFG-NMR and DLS experiments were performed in
PBS (0.1 M) containing KI (3 M). The average diameter for 315 (from PFG-NMR and DLS
measurements) was 5.0 nm with that for its lower generation congeners 116 and 215 being
4.3 nm and 4.5 nm, respectively.24 It is evident that an increase in the dendron generation,
and concomitant increase in molecular weight, does not lead to a proportional increase the
size of the resulting SAD. This is characteristic of the fractal geometry of higher generation
dendrimers in which the size increases slower than the density.22° Dendrimers of higher
generations are described as having a fractal geometry if they have a particular property
(e.g., topology, pattern of connectivity) that shows “scale-invariance” or “self-similarity”.2
The fractal geometry of 314 is evident in Figure 2 where its solvent accessible surface area is
more congested than that of 1,4. Other consequences of reaching this fractal geometry is the
increase in surface irregularity, or complexity, and the formation of void spaces with
potential for encapsulating smaller guest molecules.

Thermal stability studies

Variable temperature (VT) NMR experiments were performed to assess the thermodynamic
stability of 314, using identical conditions to the previously described assembly studies
(Figure 3). A concentration of 10 mM in 3 offers a good proportion of monomer to assembly
316, enabling a determination of a melting temperature (T, defined here as the temperature
at which the ratio 315:3 is 1:1) by integration of the peaks corresponding to both species
(Figure S7).22:26 These experiments show that the steric bulk within 315 induce a slight
decrease in the thermodynamic stability (T, = 68 °C),26 when compared to its lower
generation congeners (116, Tm = 77 °C; 216, Ty = 72 °C)?4 (Table 1). Nevertheless, the
decrease in stability is relatively small, with a significant amount of 314 (19%) still present
at 80 °C (Figure 3). This remarkable stability might reflect the antagonistic effects within
316- On one hand, it is energetically more costly to bring sixteen sterically bulky subunits
close to each other. On the other hand, the protected microenvironment created by the
dendrons should shield the core from detrimental interactions with the solvent molecules, in
addition to the potential to establish other stabilizing van der Waals interactions between the
dendrons.

Conclusions

To the best of our knowledge 315 is the first reported discrete and water soluble SAD with
the largest molecularity. The versatility of this approach for the construction of dendrimers
of sizes akin to soluble proteins? is illustrated by the fact that 315 display 256 hydroxyls at
the end groups. By comparison, to achieve an equivalent architecture with a fully covalent
dendrimer will require, for example, the synthesis and coupling of four sixth-generation
dendrons to a tetrafunctional core.3? Moreover, in addition to being discrete and water
soluble, this family of SADs (1-3)4¢ are: well defined, relatively easy to make, chiral,
thermally stable, and possess a functional core (suitable for the encapsulation of guest
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molecules such as drugs).31:32 The fact that these SADs are held together by multiple
noncovalent interactions enables the fine-tuning of their structure and dynamics by using a
wide variety of external stimuli. The use of polyester dendrons also increases the chances for
these SADs to be biocompatible. We are currently evaluating the use of these and related
systems in the development of dendritic molecular containers and multifunctional probes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(a) Covalent synthesis of 3 via the key step of a copper-catalyzed Huisgen cycloaddition. (b)
Self-assembly of hexadecameric dendrimer by the addition of the potassium cation template.

(c) Line structure of a tetrad of 3, where the colors represent the different dendritic

generations: green, D1; pink, D2; orange, D3; blue, D4.
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(a)g Molecular model of 346 constructed and minimized using MacroModel28 (the colors
represent the different dendritic generations: green, D1; pink, D2; orange, D3; blue, D4).
The inset shows a close up of the core of the assembly (carbons are shown in pink; oxygens
in red; hydrogens in white; nitrogens in blue). The the double point arrows indicate to
selected NOE interactions that give rise to the hexadecamer signature cross peaks. (b) 2D
NOESY (500 MHz) showing a series of signature cross peaks that support the the structure
of 34 (Figure S5).21,26
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Figure 2.

Molecular models of (a) 116 and (b) 315 minimized using a continuum solvation model for
water.28 Carbons are shown in pink, oxygens in red, hydrogens in white, and nitrogens in
blue. The reported diameters are the average of the values determined by PFG-NMR and
DLS.
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Figure 3.

Variable temperature (VT) 1H NMR (500 MHz) spectra for 31 in Hy0-D,0 (9:1; 10 mM in
3; 3 M KI; 0.1 M PBS; pH 7.1). The amounts of 314 as a function of temperature are (from
bottom to top): 75%, 68%, 69%, 59%, 63%, 61%, 45%, and 19%. The percentage of
assembly (31g) were calculated from the average values obtained by integrating the marked
peaks corresponding to 316 (red stars) and 3 (blue circles).26
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