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In this work, we describe the preparation of double-decker cage
[1-He]5* comprising two binding pockets, each with three
ammonium and three amide hydrogen bonding sites. This novel
host possesses a high affinity for trapping two molecules of ATP in
an allosteric fashion, with both experiments and theory suggesting
the synergistic action of charged hydrogen bonds and n—r stacking
in the encapsulation.

In living systems, adenosine-5’-triphosphate (ATP, Figure 1A) is
the ubiquitous source of chemical energy.! The favorable
hydrolysis of this compound drives a multitude of metabolic
processes? including the propagation of electrical potential
within nerves, intracellular signalling, muscle contraction, active
transport of molecules across the cell wall and synthesis of
biological compounds. Correspondingly, there has been a
interest®> toward developing abiotic receptors
visualisation,> and

significant
capable
sequestration® of ATP as well as other nucleotides.” For

of selective detection,?
instance, ATP is overexpressed in cancer cells wherein, among
other things,
molecular pump. This pump is embedded in the cell membrane

it regulates the action of the P-glycoprotein

to direct the active efflux of foreign molecules including
anticancer drugs.8 It has been suggested® that sequestration of
ATP within cancer cells could reduce drug resistance and
improve the therapy. As ATP is a negatively charged molecule
(i.e. a,fB,—phosphates, Figure 1A) with a nonpolar aromatic
group (i.e. adenine base, Figure 1A) the design of abiotic hosts
has primarily centered on complementing these two sites via
ion-ion,*? charged hydrogen bonds (HBs)#2 5b and n—n stacking
interactions.4< ® To increase the effectiveness by which ATP is
sequestered1® but also build more effective chemosensors,!1
we reasoned that constructing hosts comprising two or more
sets of binding sites could lead to the complexation of ATP in an
allosteric fashion>2 12 with, potentially, each subsequent binding
event being more exergonic than the prior one. Accordingly, we
noted that hexasubstituted benzenes are sterically geared?3 to
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Figure 1. (A) Chemical structure of ATP#, with its polar and nonpolar regions targeted
in the design of abiotic receptors. (B) A scheme showing the conformational preference
of hexasubstituted benzenes, which is important for obtaining [1+1] and [1+2] tripodal
cages. (C) The synthesis of double-decker cage 1. (D) Energy-minimized conformers of
[1-Hg]®* and two molecules of ATP* (MMFFs) reveal structural and electronic
complementarity that could facilitate the formation of [ATP,c1-Hg)?*.

assume a stable ababab conformation in which 1,3,5
substituents point to one while 2,4,6 substituents to the
opposite side of the benzene ring (Figure 1B). By connecting a
set of these groups (e.g., 1-to-3-to-5, Figure 1B) with a
complementary trivalent ligand, one can obtain a [1+1] tripodal
cage with functional groups facing the inner space. Indeed,
tripodal hosts of this kind have already been made!4 and studied
for complexing gases,> carbohydrates,’® and biologically
relevant anions.1? On the other side, a functionalization of both
1,3,5 and 2,4,6 groups with trivalent ligands gives a [1+2]
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tripodal cage with two adjacent cavities (Figure 1B).18 It follows
that previously studied!® hexakis aldehyde 2 could undergo
reversible imine condensations?® with two molecules of tris
amine 3 to, after a functional group transformation, give
double-decker cage 1 (Figure 1C). This suggestion is also
supported with recent studies?® 21 in which we used templating
anions to bias the conformation of hexakis aldehyde 2 for
trapping a hexakis amine ligand giving a hexapodal capsule
capable of binding anions in the kinetic fashion.2! An energy-
minimized conformer of [1—Hg]®* (MMFFs, Figure 1D) includes
two adjoining pockets each with three ammonium and three
amide sites. While these groups could hydrogen bond to
triphosphates from ATPs, after their insertion into top and
bottom cavities (Figure 1D), the aromatics from nonpolar belts
might act in synergy to stabilize m surface of the nonpolar
adenines. With this in mind, we set to prepare cage 1 and probe
its capacity to trap nucleotides in an allosteric manner.22

Hexakis aldehyde 2 was synthesized by a previously
published procedurel® while 1,3,5-tris(aminomethyl)-2,4,6-
triethyl-benzene 3 was obtained from 1,3,5-triethylbenzene.23
After combining one equivalent of 2 with two equivalents of 3
in DMSO (Figure 1C), there followed a disappearance of the
aldehyde singlet at 9.75 ppm (*H NMR spectroscopy, Figure S4)
with a concomitant emergence of RN=C—H resonance at 8.6
ppm to indicate the formation of desired imine cage. Indeed,
high-resolution mass spectrometry (ESI) confirmed the
presence of [1+2] product with m/z = 1457.7 (Figure S5). Due to
the labile nature of the imine cage, we refrained from its
isolation and decided to “fix” the imine bonds by hydride
reduction (Figure 1C).2* After adding an excess of NaBH, to the
reaction mixture, 1H NMR signal of the imine disappeared with
the appearance of another set of resonances corresponding to
1. Upon purification, [1+2] cage 1 was obtained in 26% vyield
with TH NMR spectrum (Figure 2B; see also Figure S1)
corresponding to, on average, D3y symmetric molecule. When
2-to-3 condensation was run in dimethylformamide (DMF,
Scheme S1), the total yield of 1 increased to 40% (Table S1).

Vapor diffusion of diethyl ether into a solution of 1 in DMF
resulted in the formation of single crystals. X-ray diffraction
analysis revealed centrosymmetric 1 (Figure 2A) with two
preorganized cavities, each lined with six positively polarized
N—H?% groups pointing to the inner space. Three benzene rings
comprising the floors and ceilings of double-decker 1 are nearly
parallel and separated by 7.7 A. Disordered molecules of DMF
occupy the cage’s interior by forming HBs with amine and amide
N—Hs on the concave side. The notion that the synthesis of 1
was most effective in DMF (Table S1) goes well with the
templating role of this solvent.25

To dissolve cage 1 in water and obtain a clear solution, we
lowered the pH to 3 (HCI). Based on a literature precedent,26 we
deduced that 1 would at this pH have all of its amines protonated.
Accordingly, standard solutions of [1-Hg]®* were made in 27 mM
HEPES buffer at pH = 3 (Figure 2B) and then used to carry NMR
binding studies described below. At pH = 3.0, ATP is predominantly a
doubly charged anion with one proton at y—phosphate and another
at N—1 of the adenine base (pKa(3) = 2.1, pKa(4) = 4.0 and pK;(5) =
6.5; Figure 3A).27
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Figure 2. (A, top left) ORTEP diagram (50% probability) of double-decker cage 1. *H
NMR spectrum (700 MHz, DMSO-d®) of 1 with its stick and ball representation (A, top
right) showing the proton assignment. (B) Selected regions of *H NMR spectrum (700

MHz, H,0) of [1-Hg]®* obtained after the solvent suppression (4.5 ppm).
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An incremental addition of a standard solution of ATPZ™ to
[1—Hg]®* resulted in a steady movement of 1H NMR resonances from
both host and guest (Figure 3A; Figure S7). The intermolecular
interaction was taking place fast on the chemical shift time scale with
an excess of ATPZ needed to saturate the host. Importantly, the
proton nuclei from ATPZ™ (Hy.3, Figure 3A) were magnetically shielded
in the presence of [1-Hg]%*. At the same time, benzene nuclei He/p/e
from [1-Hg]®* got shielded as well while the amide Hs became
deshielded with increased quantity of ATPZ". With [1—H¢]¢* lined with
nine benzene rings, positioning a molecule of ATPZ in its vicinity
would result in an upfield shift of its resonances. If ATP2™ thus placed
its phosphate inside the cavity of [1-Hg]®* (Figure 3A) then the
observed downfield shift of the amide Hg protons ought to be
reporting on their hydrogen bonding with the phosphate. Provided
the same scenario, the magnetic shielding of Hcp/e nuclei could have
resulted from the adenine base stacking with the cage’s benzene ring
(Figure 3A). Indeed, 1H-1H NOESY spectrum of a solution containing
1.0 mM of [1-Hg]®*and 2.0 mM ATPZ™ (Figure S8) showed cross peaks
between adenine’s H, and benzene’s Hc/e nuclei as well as ribose’s
H; and benzene’s Hc¢p/er nuclei (Figure 3A). That is to say, the
experimental results are in line with the binding mode in which ATP2~
inserts its phosphate into a cavity of [1—Hg]®* while its adenine t—=n
stacks with benzene sides from, likely, another cavity (Figure 3A). By
changing the proportion of [1-He]* and ATPZ and measuring the
perturbation of 1H NMR signals from the cage’s Hg and He nuclei
(Figure 3A), we constructed the Job plot peaking at ~0.33 to suggest

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 4



s ChemCompn i

Journal Name

(] O _NH
HO’ oy, C
7 T
HO oz 0-P=0-P-OH
Jae ° o

0.06

02 04 06 08
[[1-Hgl**lo
(I11-Hgl*Jo + [IATP To)

o
o
=

[1-Hl®*]o (dobs = dree)
o
8

86 84 82 78 76 74 62 6.0 58 56

~——— d(ppm)

(B)

7.9-
©

L 78f
o [+ )
A ®N{1 HoN
= > ®
= H,N
e e @ :
2 @

75k

5 ° o

&7 NH =N Yo

L |
4 6 8 10 12 14 i \
[ATPP"/[1-Hg]®*

N

0.004 1L L L

0.000 _!#%_

-0.004
Figure 3. (A) Partial *H NMR spectra (700 MHz, 27 mM HEPES buffer at pH = 3.0) of 0.35
mM solution of [1-Hg]* obtained upon an incremental addition of 23.3 mM standard
solution of ATPZ (0-14 molar equivalents). (Bottom right) The Job plot for the
complexation of [1-Hg]®* by ATPZ (total 1.0 mM) in 27 mM HEPES buffer at pH = 3.0 was
obtained from 'H NMR spectroscopic measurements. (B) The change in chemical shift
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(9) of Heypje/e protons from [1—Hg]®* after incremental addition of ATP? (see A) would fit
well to 1:2 complexation model (Figure S7) with a random distribution of residuals
(bottom). (C) Chemical structure of [1+1] tripodal cage [4—Hs]3* (Scheme S1 and Figure

the formation of ternary [ATP,c1—Hg]%*. The nonlinear least-squares
fit of TH NMR titration data to a 1:2 stoichiometric model was
satisfactory (i.e., random residuals; Figure 3B)28 with association
constants K; = 1.3+ 0.4 - 10* Mt and K, = 2.1 + 0.4 - 103 M (Table
1). It follows that the formation of ternary [ATP,c1—Hg]?* occurred
with a negative cooperativity of two consecutive binding events (=
4K,/K, = 0.6; for a statistical complexation « = 1).2° In the similar
manner, we used H NMR spectroscopy to probe the complexation
of ADP~and AMP (Figures S9-510)3° thereby finding that the stability
of the corresponding ternary and binary complexes would decrease

Table 1. Association constants K; and K, for the complexation of hosts [1-Hg]* and
[4—H3]3* (last row) were obtained by nonlinear least-square analysis of experimental
binding isotherms at 298 K (Figures $7/59-12). The reported values are shown as a mean

Guest K1(M1) K2(M1) a = 4K2/K1
ATPZ 1.3+0.4-10* 2.1+04-10° 0.6
ADP™ 2.25+0.03 - 10? 7+3-10! 1.2
AMP _—a —a —a
H2P207 1.4+0.4-10° 3+2-10° 0.9
ATP2b 4.8+1.8-10° N.A. N.A.

of three independent measurements + standard deviation.

aNo changes observed in H NMR spectroscopic titration (Figure S10). bThe
complexation of [1+1] tripodal host [4—H3]3* (Figure S12).
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in the series of nucleotides (Table 1). The complexation of ADP~ by
[1—Hg]6* (Figure S9) caused similar magnetic perturbation of the
cage’s nuclei as ATP2 (Figure 3A) indicating a comparable mode of
association but noncooperative allostery (= 1.2 ~ 1, Table 1). On
the other side, this less charged anion formed weaker electrostatic
contacts with the hexacationic host.#2 As AMP had no measurable
affinity toward [1-Hg]®*, we hypothesize that, apart its neutral
charge, inserting a single phosphate sufficiently deep into the host
would result in steric repulsions therefore inhibiting the interaction.
And finally, pyrophosphate (H,P,0,27, Table 1) having the same
charge as ATPZ™ at pH = 3 (pKa(2) = 2.28 and pKa(3) = 6.70) showed a
weaker binding affinity toward [1-Hg]6* (Table 1) due to, we posit,
the absence of aromatic adenine acting in synergy with the
phosphate residue.3! In this regard, [1+1] tripodal cage [4—Hs]3*
(Figure 3C; Scheme S2), missing the “upper deck” and therefore a set
of benzene rings for stabilizing ATP’s adenine (Figure 3A), showed a
comparable affinity toward ATPZ as H,P,07% toward [1-Hg]6* (use
statistically corrected K1/2 from H,P,0,2 for comparison, Table 1). In
support of the deduction, the complexation of ATP?™ caused greater
magnetic perturbations of Hc/p/er nuclei within stronger binding
[1—H¢]®* (Figure 3B) than weaker binding [4—H3]3* (Figure S12).

To further examine the nature of ternary complexes of ATPZ and
ADP~ with [1-He]®*, we completed replica exchange molecular
dynamics (REMD) simulations.32 In brief, REMD samples the
conformational space more effectively than classical molecular

dynamics (MD) by using a set of temperature baths for overcoming
higher kinetic barriers corresponding to molecular movements

(A)

42%
top cavity

75%
top cavity

ATP?

25% 55%
bottom
cavity,

ADP~
49.5% 58%
bottom
cavity

ATP mode of binding
ADP mode of binding

a-m
top cavity

bottom cavity
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Figure 4. (A) Pie charts show percentage of time (or frames) that adenine base from

ATP2~ and ADP~ spends in the vicinity of benzene side arms (centroid-to-centroid
distance of <4.5A) within [ATP,c1-Hg]?* and [ADP,c1-Hg|** as obtained from 640 ns
REMD simulations (298 — 370 K); for clarity, the illustrations are only showing one
nucleotide per host. (B) Single crystal X-ray structure of [ATP,c1-Hg]?* with host-
guest N—H---O HBs (I-V; 2.696-3.20 A) and n—r stacking (VI, <3.6 A) interactions.

and rearrangements. For [ATP,c1-Hg)?* placed in a box of water

molecules, each triphosphate tail from the guests occupies one
pocket of the host. However, adenine bases would spend 55% of the

J. Name., 2013, 00, 1-3 | 3
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simulation time within n—m stacking distance of a benzene arm from
the host and 75% of that time associating with a benzene from the
neighboring pocket occupied by the phosphate from another ATP
(Figure 4A). On the other side, [ADP,c1—Hg]** assumes a geometry
that, for most of the simulation time (58%, Figure 4A), has each of
adenine bases m—m stack with benzene arms from the chamber
holding its phosphate moiety. The computational results are thus in
support of our experimental observations disclosing the synergy of
charged hydrogen bonding and n—r stacking for establishing the
allosteric encapsulation of nucleotides. Finally, X-ray structure of
[ATP,c1—Hg]?* (Figure 4B) corroborates the spectroscopic and
computational findings with two ATP molecules populating two
cavities of 1 in the similar manner with the notion that packing in
solid state could have some effect on the mode of binding. The
phosphate groups form up to five HB contacts with ammoniums (I-
IIl) and amides (IV-V) while each adenine base m—m stacks with
benzene groups from the neighbouring pockets (VIII). The fact one
ATP guest in Figure 4B forms an additional HB with the host along
with its more extensive m—m contacts (i.e. a greater surface overlap)
could explain the negative allostery (« = 0.6, Table 1) observed for
the consecutive binding events.

In conclusion, we developed a synthetic method for obtaining
dual-cavity host of type 1. This novel abiotic receptor traps two
molecules of ATP in water by a synergistic action of hydrogen
bonding and n—n stacking contacts. With facile access to 1 and,
perhaps, its derivatives possessing other aromatics as side walls, this
work sets the stage for exploring the preparation of novel and
allosteric chemosensors, colorimetric reagents and sequesters of
nucleotides.
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