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cessfully displayed.

Artificial macrocycle with high binding selectivity in water is often challenging but urgently needed
in various research and application areas. Herein, we report a new water-soluble biomimetic tetralac-
tam macrocycle and realize the ultra-high selectivity to nucleosides over corresponding monophos-
phate nucleotides by rational modification. The introduction of charged groups at the periphery of endo-
functionalized cavity makes the selectivity (guanosine to guanosine 5’-monophosphate) increase remark-
ably from 100 to 1119. Based on the ultra-high selectivity of biomimetic tetralactam macrocycle, the sen-
sitive CD73 enzyme activity assay was then achieved through product-selective fluorescence indicator
displacement assay. Furthermore, the capability of the proposed method for inhibitor screening was suc-

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Selective recognition of biomolecules in water is the founda-
tion of numerous biological functions and thus lies at the heart
of biochemistry [1-4]. Artificial macrocycle receptors with high se-
lectivity in water is rare but urgently needed in various research
and application areas [5-11]. However, it is challenging for ar-
tificial macrocycles to achieve high selectivity in water [12-14].
Synthetic hosts generally suffer from low binding selectivity in
aqueous environments, particularly for hydrophilic molecules [15-
17]. The bioreceptors display excellent selectivity for biomolecules
due to their unique structural feature of deep hydrophobic cav-
ity containing polar binding sites. Inspired by the structure of
bioreceptors, Jiang group developed a series of endo-functionalized
naphthotubes and realized the selective recognition of hydrophilic
molecules in water recently [18-22]. The inward-directed func-
tional groups endow the corresponding naphthotubes with unique
recognition abilities and provide the basis for their applications in
sensing, assembly, molecular machines and so on [23-32].
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Due to the excellent recognition property of biomimetic naph-
thotubes, the design concept was further extended to other water-
soluble macrocycle with diverse skeleton. A water-soluble tetralac-
tam macrocycle (H1) with 2,6-diethoxynaphthalene as sidewalls
was reported by Jiang and our group in 2021 [33]. The tetralac-
tam macrocycle has a slightly wider cavity and more hydrogen
bond sites than naphthotubes, which makes it more suitable for
binding the guests with larger size and more polar sites. For ex-
ample, the as-synthesized biomimetic tetralactam macrocycle H1
could recognize riboflavin in water through the synergistic effect
of hydrogen bonding and hydrophobic effect, resulting in strong
binding (K, > 107 L/mol) and thus enhancement of the photosta-
bility of riboflavin. Very recently, a novel dual-mode colorimetric
and fluorescence indicator displacement assay (IDA) based sensor
was constructed using H1 for urinary uric acid detection [34]. The
abundant hydrogen bonding sites and cavity endow the tetralac-
tam macrocycle with excellent selective recognition capacity [35].

These biomimetic hosts possess remarkable recognition proper-
ties in water owning to their unique cavity, but the charged tail
chain serves mainly to enhance their solubility in water. It is pos-
sible to leverage this feature to further improve the binding con-
stants and selectivity. Davis’s group revealed that the charged side
chains in the bisanthracenyl receptors can indeed be tuned to en-
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Fig. 1. (a) Chemical structures of tetralactam macrocycle H1 and H2, and relevant
nucleotides and nucleosides in this work. (b) Schematic illustration of the highly
selective recognition of H2.

hance binding properties and adjust selectivity [36]. However, the
dendritic side chains located on the benzene group, are a little far
away from the entrance of the cavity. We speculate that the bind-
ing strength and selectivity should be further increased if the ra-
tionally designed groups located near the entrance of the cavity.

For this purpose, the water-soluble tetralactam macrocycle H1
was reconstructed due to the side chains on the naphthalenes
could be easily modified. Four ethyl groups on naphthalenes were
replaced by carboxyl groups to obtain macrocycle H2 (Fig. 1).
The introduction of charged chains near the entrance of macrocy-
cle cavity realized the high affinity and ultra-high selectivity (up
to 1119) for biomolecule through the synergistic effect of endo-
functionalized cavity and charged chains. Subsequently, the en-
zyme assay was performed based on the selective recognition
property of H2.

As similar to H1, the new tetralactam macrocycle H2 can
be readily synthesized from commercial 2,6-dihydroxynaphthalene
and 1,3,5-benzenetricarboxylic acid (Scheme S1 in Supporting in-
formation). The TFA salt of diamine was synthesized in five sim-
ple steps with a total yield of 34% and active ester was obtained
following the reported procedure [33]. Amide coupling under a
pseudo-high-dilution condition was implemented for the cycliza-
tion of macrocycle. Then the deprotection procedure was per-
formed to obtain the final water-soluble biomimetic tetralactam
host H2. The structure of H2 was confirmed by NMR spectroscopy
and high-resolution mass spectrometry (Supporting information).
With charged carboxylate groups on the naphthalenes and ben-
zene, the new biomimetic tetralactam host shows good water sol-
ubility.

Tetralactam macrocycle has been proven to be an effective re-
ceptor for polar aromatic compounds, including biogenic purine
and its analogues [37,38]. Nucleosides and nucleotides are impor-
tant biomolecules and the hydrolysis of nucleotides to nucleosides
is a ubiquitous process in organisms [39]. The highly selective
recognition of nucleosides and corresponding nucleotides has im-
portant scientific significance and broad application prospects. The
differences in hydrophilicity and charge for nucleotides and nucle-
osides may result in the different binding strength to tetralactam
macrocycle, which has dendritic negative charged side chain. We
speculate that H2 may display higher selectivity than H1 due to
the additional charged chains near the entrance of the cavity.

The binding ability of H1 and H2 to purine nucleosides and
corresponding monophosphate nucleotides was first tested by 'H
NMR spectra. As shown in Fig. 2 and Figs. S1-S3 (Supporting in-
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Fig. 2. Partial "H NMR spectra (500 MHz, D,0, 0.50 mmol/L, 25°C) of GMP, a 1:1
mixture of GMP and H2, H2, a 1:1 mixture of G and H2, and G.

formation), the 'TH NMR peaks of host (H1 and H2) and guest
(adenosine (A) and guanosine (G)) all undergo significant shifts af-
ter mixing with a 1:1 ratio. In contrast, no obvious or slight shift
was observed for corresponding monophosphate, adenosine 5’-
monophosphate (AMP) and guanosine 5’-monophosphate (GMP),
demonstrating the much weaker binding affinity of monophos-
phate nucleotides to tetralactam macrocycles than corresponding
purine nucleosides.

To quantify the binding constants between hosts and guests and
further reveal the driving force, isothermal titration microcalorime-
try (ITC) titrations were performed to measure the binding param-
eters (Figs. S4-S8 in Supporting information). However, the binding
constant of three host-guest pairs (H1-AMP, H2-AMP, H2-GMP)
could not be determined by ITC titrations due to the low heat re-
lease, indicating a weak binding. The binding constants for all eight
host-guest pairs were then calculated by UV-vis titration (Figs. S9-
S16 in Supporting information). The binding data and calculated
selectivity were listed in Table 1. ITC data revealed that enthalpy
contributes to the efficient binding while entropy is adverse. This
suggests that hydrogen bonding and releasing high-energy water
contribute significantly to the binding energy [12,40]. The n values
are close to 1, suggesting a 1:1 binding stoichiometry ratio. Accord-
ing to the titration results of UV-vis method, the biomimetic hosts
H1 and H2 all display excellent selectivity to purine nucleosides
over corresponding monophosphate nucleotides. The selectivity of
H1 is mainly driven by the difference in guest dehydration en-
ergy: nucleotides have a much larger desolvation energy in water
than corresponding nucleosides, so binding the more hydrophilic
nucleotides has a greater desolvation penalty. Moreover, electro-
static repulsion between the negatively charged dendritic groups of
H1 with nucleotides may also contribute to the selectivity. As ex-
pected, the selective factors of H2 are further enhanced to surpass
800, which are much higher than that of H1 due to the enhanced
charge repulsion effect which bring by the negative groups at the
entrance of the cavity. The excellent selectivity of H2 is comparable
to bioreceptor. These results demonstrate that the rational design
of biomimetic macrocycle would result in significantly improved
binding strength and selectivity.

In order to reveal the better binding affinity and the ultra-high
selectivity of purine nucleosides over monophosphate nucleotides,
DFT calculations were performed. As shown in Fig. 3a, the guanine
base was comfortably encapsulated inside the cavity for G@H2. Hy-
drogen bonds are detected between the carbonyl oxygen atoms
of guanine and the NH protons of the hosts, and close contacts
suggest that m---7r interactions are also involved in the complex
formation. In addition, the carboxyl chain of H2 formed multiple
hydrogen bonds with the ribose and purine base of guanosine,
which could explain the slightly enhanced binding constant com-
pared with H1. For GMP@H2 (Fig. 3b), though the host remaining
captures the guanine base through multiple hydrogen bonds, the
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Table 1
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Association constants (K, L/mol) and thermodynamic parameters (AG°, AH°, -TAS®, kJ/mol) of H1 and H2 with purine nucleosides and corresponding monophosphate

nucleotides in water at 25°C as determined by ITC titration and UV-vis titration.

Host Guest ITC uv Selectivity
K, AG° AH° -TAS® K,

H1 A 6.8 x 103 -21.9 -31.6 9.7 6.2 x103 203
AMP - - - - 25.6
G 1.8 x10° -30.0 —49.2 19.2 2.4 x10° 100
GMP 2.5%x10° -19.4 —42.6 23.2 2.4x10°

H2 A 6.4x103 -21.7 -325 10.7 53x103 707
AMP - - - - 7.5
G 33x10° —-31.5 -52.1 20.7 4.7 x 10° 1119
GMP - - - - 4.0 x 102
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Fig. 3. Energy-minimized structures of (a) G@H2 and (b) GMP@H2 obtained by DFT
(wB97XD[6-31G(d,p)) calculations with the SMD solution model in water.

strong electrostatic repulsion between the phosphoric acid group
of GMP with the carboxyl chains of H2 would decrease the sta-
bility of the complex. For G/GMP with tetralactam macrocycle H1,
the noncovalent interaction force in cavity was similar to that
of H2, but no additional interaction was seen between the ethyl
groups and guests (Figs. S17 and S18 in Supporting information).
The synergistic effect of large desolvation penalty and enhanced
charge repulsion effect result in a much lower binding constant for
monophosphate nucleotides with H2.

Dephosphorylation is an important process in controlling a
wide range of biological activities [41]. The dephosphorylation
of nucleotides was controlled by ecto-5'-nucleotidase (CD73), a
membrane-bound enzyme which could hydrolyze nucleoside-5-
monophosphates yielding the respective nucleoside and phosphate
[42,43]. CD73 is also one of the emerging targets for cancer im-
munotherapy and serves as a crucial metabolic and immune check-
point [44,45]. Elevated CD73 levels in the tumor tissue are linked
to poor patient survival. Therefore, the development of a simple,
rapid and sensitive method to evaluate the enzymatic activity of
CD73 is urgently required [46].

Based on the ultra-high selective recognition capacity of macro-
cycle H2, the substrate-selective indicator displacement assay
(IDA) strategy could be exploited for CD73 enzyme activity assay
[47-49]. To develop the supramolecular tandem assays for the en-
zyme function of CD73 based on H2, a suitable fluorescent dye
must be selected as the signal report unit. According to our pre-
vious report, phenoxazine dyes were ideal indicators to construct
IDA sensors with tetralactam macrocycle due to their obvious
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Fig. 4. Schematic illustration of CD73 activity monitoring with a switch-on fluores-
cence response by TC@H2 reporter pair.

change of fluorescence intensity in and out of the cavity and mod-
erate binding constant. In this research, toloniumchloride (TC) dye
was selected as the fluorescence indicator for enzyme activity as-
say. The constructed IDA for CD73 could be demonstrated as a
product-selective assay (Fig. 4). TC dye formed a strong inclusion
complex with H2, which showed much weaker fluorescence in-
tensity compared with free TC. Moreover, the substrate GMP had
a low affinity to H2 and caused negligible interference with the
TC@H2 complex. The CD73 enzyme could hydrolyze the phospho-
ester bond of GMP and generate G product, a much stronger com-
petitor which displaced TC from the macrocycle and resulted in a
fluorescence recovery. The CD73 activity could be monitored by the
switch-on fluorescence response of TC.

The fluorescence intensity of TC decreases gradually with the
addition of H2. The K, was determined as 4.2 x 10° L/mol (Fig. S19
in Supporting information) by the nonlinear fitting of fluorescence
titration. At the same time, the K; was also calculated by UV-vis
titration and gave a value of 6.3 x 10° L/mol (Fig. $20 in Supporting
information), which was comparable to G with H2. To construct the
sensitive fluorescence IDA sensor, the concentration of TC and H2
were set to 1 and 9 pmol/L, respectively, which was shown to be
significant signal change and highly sensitive according to our pre-
vious research [34]. The optical responses of the TC@H2 complexes
to G and GMP were further studied. The fluorescence of TC shows
obvious recovery with the addition of G while keeping invariable
with the addition of GMP in water at 25°C (Fig. S21 and S22 in
Supporting information). As a control experiment, the fluorescence
titrations of H2 alone with guest G and GMP were performed. No
obvious fluorescence was observed for H2 alone and keeping in-
variable with the gradual addition of guest (Fig. S23 in Supporting
information).

Though the elevated temperature and buffer solution result in
the decreased binding strength to 3.3 x 10° L/mol between H2 and
guest (Fig. S24 in Supporting information), the TC@H2 pair still
displays remarkable differentiated fluorescence response, which
makes the possibility to construct the IDA sensing system for CD73
activity (Fig. S25 in Supporting information). Prior to the enzyme
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Fig. 5. (a) Determination of the Ky value by monitoring CD73 (0.3 pg/mL) activ-
ity with various concentrations of GMP (7.5-30 pmol/L) in the presence of TC@H2
reporter pair (1/9 pmol/L, Aex =610 nm, Aem =660 nm). The experiments were per-
formed in Tris-HCl buffer (25 mmol/L, pH 7.4) containing 0.25 mmol/L MgCl, (acti-
vator of CD73 activity) at 37 °C. (b) The Lineweaver-Burk plot for CD73.

assay, the effect of H2 on the activity of CD73 was also investi-
gated. As CD73 can catalyze the degradation of GMP into free inor-
ganic phosphate, the CD73 enzymatic activity could be monitored
by assaying the concentration of inorganic phosphate based on the
Malachite green phosphate assay [50]. The results show that the
macrocycle H2 has no obvious effect on the absorption intensity
at 620 nm, which is correlated with the concentration of free in-
organic phosphate (Fig. S26 in Supporting information). There was
no obvious effect of H2 on the activity of CD73.

In fact, the CD73 assay worked as designed and showed the ex-
pected response of the fluorescence on the activity of the enzyme
with fixed GMP concentration (Fig. S27 in Supporting information).
For the measurement of enzyme kinetic parameters, a range of
substrate concentrations was used to monitor the enzyme kinetics
(Fig. 5a). According to the Michaelis-Menten model, the data was
fitted and gave a Ky, value of 3.1 +£0.2 pmol/L (Fig. 5b), which was
in agreement with the literature value [46].

After successfully verifying the effectiveness of TC@H2 as a sen-
sor for detecting CD73 activity, we further evaluated its potential
as a screening tool for enzyme inhibitors, a crucial aspect of drug
candidate assessment. Adenosine diphosphate (ADP) and adeno-
sine triphosphate (ATP), two different types of CD73 inhibitors
were selected as samples to investigate the screening ability of IDA
sensing system. ADP and ATP showed negligible effect to the flu-
orescence of TC dye and TC@H2 reporter pair (Figs. S28 and S29
in Supporting information), demonstrating the weak binding of in-
hibitors with H2. These compounds caused an obvious inhibition of
CD73 activity, and a decrease of CD73 activity was displayed with
the gradual increasing concentrations of ADP and ATP, which could
be observed in a sharp decrease in the initial conversion rates of
GMP (Fig. 6 and Fig. S30 in Supporting information). The ICsy of
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Fig. 6. (a) Continuous fluorescent assay for CD73 activity inhibition by ADP
(0.01-1000 pmol/L) with the TC@H2 reporter pair (1/9 pmol/L, Aex =610nm,
Aem =660nm), CD73 (0.3 pg/mL) and GMP (20 pmol/L). (b) Dose-response curve
and associated plot analysis for CD73 activity inhibition by ADP. The experiments
were performed in Tris-HCl buffer (25mmol/L, pH 7.4) containing 0.25 mmol/L
MgCl, (activator of CD73 activity) at 37°C.
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ADP and ATP against CD73 was calculated to be 7.5+0.9 pumol/L
and 3.6 £ 0.5 pmol/L, respectively.

In summary, we reported a new biomimetic tetralactam macro-
cycle (H2) with high binding selectivity through the synergetic
effect of endo-functionalized cavity and enhanced charge repul-
sion effect. The selectivity of H2 to nucleoside and correspond-
ing nucleotide is up to 1119, which is much higher than H1, and
is comparable to bioreceptor. The charged chains at the entrance
of the cavity are responsible for the improved selectivity. This re-
search provides an example of the rational design of macrocycle to
enhance binding selectivity in water. Furthermore, a fluorescence
IDA-based sensing assay for enzyme activity detection was suc-
cessfully constructed based on H2 and TC dye. The ability of this
method for enzyme inhibitors screening was also displayed. We
anticipate that this design strategy will stimulate the development
of other synthetic receptors featuring outstanding properties.
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