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Abstract: As one important member of metalloenzymes family, carbonic anhydrase
(CA) is involved in the treatment of several diseases. Different approaches have
therefore emerged to regulate the activity of CA, mostly acting on inner catalytic
active site or outer microenvironment of the enzyme, leading to inhibition or
activation of CA. In recent years, gradually increased attentions have been drawn into
the adoption of constitutional dynamic chemistry (CDC) strategies for the screening
and discovery of potent inhibitors or activators. The participation of reversible
covalent bonds enabled the enzyme itself to select the optimal ligands obtained from
diverse building blocks with comparatively higher degree of variety, resulting in the
fittest recognition of enzyme ligands from complex dynamic systems. With the
increasing implantation of CDC for enzyme target, it shows great potentials for the

drug discovery- or environmental-oriented applications.
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1. Introduction

Constitutional Dynamic Chemistry (CDC) and its application Dynamic
Combinational Chemistry (DCC)™ provide diverse opportunities for screening the
chemical space at molecular and supramolecular levels for dedicated applications in
chemistry, medicine and materials sciences. By using dynamic constitutional systems
constructed by combination of reversible interacting components, it is possible to use
various stimuli, such as light, heat, pH or ionic gradients, leading, in the presence of
templating or molding agents, to self-selection or optimization of the fittest
constituents.

In the last decades, DCC ™ dealing with the studies of dynamic chemical libraries
built on reversible covalent interactions, showed bright prospects in diverse

applications such as drug discovery, »¥) materials science,*® gene delivery,®”

catalyst screening,®®!

etc. Among these, enzyme catalysis has attracted increasing
attention from incipient development of the field. For example, DCC has been applied
for highly selective enzyme-catalyzed asymmetric synthesis, resulting in
identification of the optimal substrates fitting to the target enzyme active sites.!!>!
Moreover, the catalytic activity of enzymes can be tuned effectively with the
participation of dynamic constitutional frameworks,™! as well as discrete enzyme
classification through pattern recognition methodology.™

As a type of most commonly used metalloenzymes, carbonic anhydrase (CA, EC
4.2.1.1) has been selected and integrated with dynamic constitutional systems for the
screening and identification of its inhibitors and activators. CAs are zinc-containing
metalloenzymes, which are encoded by five gene families, including a-CAs, B-CAs,
y-CAs, 5-CAs and {~CAs, with diverse catalytic activity and tissue distribution.®
This superfamily plays a vital role in maintaining a stable body environment by
catalyzing the carbon dioxide hydration reaction.'"*® Therefore, the tuning of
catalytic activity of CAs became a key breakthrough point for the treatment of several
diseases. For example, the inhibitors of CAs can reduce the production of bicarbonate

and lower the intraocular pressure, which is mainly used in the clinical treatment of

glaucoma.l**?? In addition, the treatment of tumors, epilepsy, acute mountain



sickness and obesity are inseparable from the effects of carbonic anhydrase inhibitors
(CAI5).2*2 As for carbonic anhydrase activators (CAAs), they may improve
memory and learning ability, paving the way for the treatment of Alzheimer’s
disease.[?®%]

More specifically, the design of CAls and CAAs usually involve the inner active
site or the outer surrounding microenvironment of CA. It has emerged that CAls can
be mostly developed through direct coordination binding with the metal ion - zinc,
which is playing the key role for catalysis inside the active site of the CA.['®
Meanwhile, the development of CAAs has been, comparatively, much slower,
probably due to their complicated pharmacology and catalytic cycle. It has been
suggested that the location of CAAs in the entrance of enzyme active site cavity is
essential for activating enzyme activity, leading to acceleration of the proton-transfer
step via intermediate water-wires.!"#3% Additionally, the external microenvironment of
enzyme can also make a difference for enhancing the activity of CAs and need to be
further studied for developing continuous processes for medical or environmental
applications.® In both cases, DCC can provide efficient approaches for the screening
of optimal molecular or supramolecular components from various dynamic
constitutional systems, in order to inhibit or activate the catalytic activity of CAs.

Herein, we have summarized a set of CA inhibitors and activators which were
identified through the DCC strategy. The aim is to highlight recent advances of
dynamic constitutional systems with carbonic anhydrases as the target enzyme.
Representative examples will be illustrated below, hoping to inspire new ideas for the

application of drug discovery or enzyme immobilization for environmental

applications.

2. Enzyme inhibition

The active site of CA is mainly constructed around the Zn®** cation, which is
located at the bottom of the active pocket and coordinated by His94, His96 and
His119 and a water molecule."®!! During the general catalytic cycle (Fig. 1), the

water molecule is first dissociated into proton and hydroxyl ions under neutral pH



conditions prior to nucleophilic addition of the latter onto carbonic acid, generating
bicarbonate, and proton-transfer of the former to regenerate the zinc-water
coordination complex. This proton-transfer step is rate-limiting and therefore
represent a leverage tool for designing CAI and CAA.B2% Regarding the design of
CA inhibitors, not only the zinc-binding groups, but also other enzyme attaching
moieties, such as the Zn** coordinated water and the entrance to the active site, can be
used as the action site.®¥ Until now, five inhibition mechanisms of CA has been
reported,® leading to demonstrated roles of CAIl in numerous diseases, including
glaucoma, epilepsy, obesity and kidney cancer.*53%
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Fig. 1 The catalytic mechanism of the carbon dioxide hydration reaction by CAs.!*®!
Lehn and Huc were the first group reporting a set of hydrophobic
sulfonamide-based CAls generated by reversible imine combinations of constitutional
dynamic libraries composed of amine and aldehyde components. They have been
demonstrated that a known aromatic sulfonamide CAIl, is amplified from the
combinatorial mixture of components, based on its favorable affinity toward bCAI1,1“*
1 via the tetrahedral coordination with the sulfonamide group to the Zn** center.™*®
Thereafter, other classes of sulfonamides CAls and derivatives were exploited for the
CA recognition efficiency through the binding with the enzyme active site.[*2*
Meanwhile, their X-ray crystallography were also disclosed since the first

sulfonamides CAIl was found through X-ray crystallography of the obtained



enzyme-inhibitor adduct.*? In this context, a series of CAls have been obtained and
extended from the DCC approach to target different CA isoforms. They have been
illustrated below (Table 1), classified by different reversible bonds, including

aminocarbonyl/imine interconversion, alkene cross metathesis and acyl hydrazones.

Table 1. Representative reversible bonds for the dynamic generation of CAls targeting
carbonic anhydrases

Regulation Reversible bonds Targeted CA Ref
Inhibition Alkene cross metathesis bCAll [45]
Acyl hydrazones bCAII [46]

Amino-carbonyl/imine

) ) hCAI, hCAII, hCAIX 4750
Interconversion

Amino-carbonyl/imine interconversion under thermodynamic control is one of
the most popular dynamic covalent chemistry used for these purposes. Our group
have used various aldehydes and amines to form stable Schiff base in a constitutional
dynamic library (Fig. 2), for the purpose of corelating the inhibitory power of CAls
with their respective amplification is solution, useful for understanding the role of
multivalent interactions with the enzyme toward the discovery of novel DCC
CAIs.*"* several active compounds from a pool of twenty components can be
efficiently identified with the amplification of the most active CAls, 1C, 1D, 2D (Fig.
2) together with less active CAls 1E or 4E which are probably forming via the outer
side of the enzyme surface-directed reactions or via kinetic-rapid reactions in solution.
We have next showed that the flexible amines obtained by NaBH3;CN reduction of
imine adducts showed better performance on hCAI inhibition, while the rigid imine
expressed higher selectivity towards hCAIl over hCAI (Fig. 3).[*!

At this point, it is important to highlight those reactions occurring in the active
site are of outmost importance, but they may be related to the favourable diffusion
and the oriented binding of the components within the active site. Parallel side
reactions cand be favoured by respective binding of components on other regions

situated out of active enzymatic centre. They are providing “parasite” reactions to be



considered useful for the selection features of the combinatorial systems under
considerations.

Supuran group has designed a series of sulfanilamide derivatives, while using
imine Schiff bases chemistry to probe the structure-activity relationship of CA
inhibitors, thus providing efficient screening of the most effective inhibitors for CA
isoforms.’> %1 The precise position of the interactional groups on the molecular
platform is highly important, substantially affecting the functional binding of the CAI
within the active center. The impact of sulfonamide group position on the phenyl ring
has been studied through a stopped-flow CO, hydrase assay, indicating that smaller K,
values for hCAI and hCAII can be obtained from para position than meta- and ortho-
positions, under the condition of the same substituents on the isatin ring. They also
illustrated the docking position in the active site of hCAIX with hydrogen bonds
formed between GIn 92 and the imine group. In the end, compound a meta-substituted
aromatic sulfonamide group presented the highest selectivity towards the

tumor-associated isozyme hCAIX, compared to the cytosolic hCAl and hCAI1.E”
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Fig. 2 a) Constitutional dynamic library of amino, A-E and aldehyde, 1-4 components
towards the discovery of isozyme-specific inhibitors; (b) Relative peak area
expressing the amplification of the DCL function of inhibitory power (KI) against
hCA 11,147

Considering the pharmacological importance for the discovery of isoform-selective
CAls, hCAI and hCA 11, have been subjected to a parallel screening of the same CDL.
The use of parallel constitutional screening of CDL chemistry for the discovery of
enzyme inhibitors is straightforward method that provides insights toward the
generation of efficient classes of selective, high affinity inhibitors. These results by our

T also point to the possibility of modulating the drug discovery methods by

group,
constitutional recomposition induced by a specific enzymatic target (Fig. 3). The
structurally fittest CAls have been found for each isozyme, illustrating that the
response a CDC system may evolve differently to the presence of two different

enzymatic effects. This example is demonstrating variable behaviours of CDC

systems, showing precise adaptation under the pressure of variable external factors.

a8 38
Dynamic constitutional library o, 0 —, SONE

Fig. 3 Inhibition constants K, and the amplification of the constitutional dynamic
library (CDL) against catalytically active human hCA | and hCA Il cytosolic
isosymes.! %!

Aiming for the dual functionality, aromatic sulphonamideacyl-hydrazone can be
combined with various aldehydes and used for the generation of a dynamic
combinatorial library towards selection of bCAIl inhibitors (Fig. 4a).l* Amino acid

derivatives were included into the dynamic system through hydrazone exchange



reactions, to provide extra periphery recognition with the targeting enzyme. Then the
screening of enzyme-ligand complexes was performed directly from the dynamic
combinatorial library with Fourier transform ion cyclotron resonance mass
spectrometry. As a result, the sulfonamide-amino acid conjugates with acyl-hydrazone
linkages presented developable potential as CA inhibitors. Furthermore, Poulsen
group reported a pre-equilibrated dynamic combinatorial library (pDCL) based on
reversible alkene metathesis (Fig. 4b).! In this design, allyl ester benzene
sulfonamide, which composed with an allyl substituent for terminal alkene metathesis
and an aromatic sulfonamide moiety for bCAII recognition, was used to construct the
dynamic scaffolds through the reversible reaction with ten additional building blocks
respectively. Regarding to the fragment-based drug discovery to bCAII inhibitors, it
was demonstrated that the cross-metathesis compound with a terminal acetate group,
as well as homodimer and trans-isomers, exhibited more potent bCAIll binding
affinity with a lower equilibrium dissociation constant. Meanwhile, heterogeneous

catalysis showed advantages on the convenience and benefits over homogeneous

catalysis.
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Fig. 4 Generation of the DCL with (a) acyl hydrazones exchange!® and (b) alkene
cross-metathesis reaction.[**!

3. Enzyme Activation

It has been reported that CA level may have influences on the memory therapy as well
as spatial learning, thus, the tuning of CA activity can be important for the related
treatments.[® > However, no CAAs have been exploited for clinical applications

because of their complicated pharmacology and catalytic cycle. Considering the



design of CAAs, it has been suggested that those CAAs ligands are usually located at
the entrance of enzyme active site cavity.®® For instance, spectroscopic evidence
provided by X-ray crystallography showed that histamine, which is indeed located
at the entrance of enzyme active site, exhibited activation of human CA isoform
(hCAIl) through the imidazole moiety which accelerated the proton-transfer
rate-determining step of the CA catalytic cycle.% %! Furthermore, selective CAAs
have been demonstrated with the structure of ureido/bis-ureido histamine derivatives,
which showed activation effect towards hCAIL®!

Since the screening efficiency is relatively low by designing and synthesizing
diverse ligands one by one, dynamic combinatorial approach was adopted to
accelerate the process. Lehn and Ramstrom have reported an efficient screening
method with Dynamic Deconvolution,®” %8 to select and amplify the active molecules
for enzyme activations. During the procedure, a parallel screening among diverse
building blocks was carried out, by removing the components one by one from the
final dynamic combinatorial library and test the activity of the enzyme. If the removed
component is active an important effect in the catalytic enzyme activity is observed.
With all these in mind, we combined agonistic inhibitor and activator components
within different DCLs mixtures. Dynamic dominant behaviours in the expression of
human of Carbonic Anhydrase hCA | activity are observed, most probably related to
the differences in the long-distance binding behaviors of the of CAAs compared to the
stronger direct binding of CAls to Zn*" in the active enzyme pocket. The relative
activity of the mixtures reveals the inhibitory effects dominate over the activating
ones in DCLs containing both inhibitors and activators of the hCA 1.5

Apart from the active site, the external enzyme microenvironment is also worth to
be exploited, since it is essential for the catalytic activity and selectivity of the
enzymes.®® ® In this respect, dynamic constitutional chemistry has also found its
applications in screening optimal three-dimensional frameworks reversibly
connecting at molecular and supramolecular levels for better enzyme activation effect.

Dynamic reversible connections between components can be transferred from

A-B binary type of combinations as previously described before toward 2D-3D



Dynamic Constitutional Frameworks DCFs, constructed from bi(tri)functional
components and core connectors via different covalent reversible chemistries.”

For example, the direct addition of PEG-ylated dynamic constitutional
frameworks linked with reversible imine bonds at equipped with H-bonding motifs,
showed enzyme activation effect towards CA.1*" 263 The mechanism can be that the
in situ generation of dynamic framework via imine, bond formation simultaneously
encapsulate CA through hydrogen-bonding and supplementary imino-bond formation
with the amino groups on the enzyme surface. They are generating an adaptive
protective layer around the enzyme, leading to more stabilized tertiary protein
structures and they are providing proximal multivalent proton acceptor groups in the
close proximity of the enzyme surface, assisting the proton shuttling during the

catalytic cycle (Fig. 5).
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Fig. 5 Concept of enzyme activation via dynamer encapsulation.*!

Our group has pioneered this field by reporting a straight-forward constitutional
enzyme activation strategy, using dynamic constitutional frameworks as enzyme

microenvironment activators (Fig. 6).!
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Fig. 6 Dynamic Enzyme Activation in Multivalent H-bonding DCFs composed of
core centers, PEG connectors and (a) single-amide head, sSDCF and b) multi-amide
head mDCF. Enzymatic activity of bCA on hydrolysis reaction of p-nitrophenyl
acetate, was determined by using UV absorbance at 400 nm recorded within time for

different concentrations of DCFs relative to the concentration of the BTA core center
[31]

The DCFs were composed from benzenetrialdehyde, BTA core centers, water
soluble polyethyleneglycol (PEGisoe) connectors and mono or dendrimeric
amide-head components. The only former H-bonding components show a very low
activity, while they became very active when they are multivalently assembled within
DCFs. Interestingly the former PEGylated network, despite its strong interactions
binding probably via imine-bond formation on the enzyme surface, did not enhance
the CA activity.®Y Further results showed that the multi-amide substituted dendrimer
(PAMAM) provided higher activation effect towards CA than single-amide
substituted building blocks, emphasizing the importance of multivalent presentations
of the active sites as proton sponges within DCFs. The enzyme catalytic activities
were determined to be 1.7 mM sDCF and 0.62 mM MDCEF respectively, presenting
moderate activation effect compared to molecular activators, but attributed to the
number of H-bonding interactions with enzyme surface and the facilitated proton
shuttling.

Next, we changed the target enzyme from carbonic anhydrase to lipase, the
catalytic enhancement effect on enzyme catalytic activity is still observed suggesting
that observed effect is broad and effective potential applications with the
DCFs-enzyme systems can be developed in the future. The shell-like encapsulation of
the enzyme through the multivalent interactions between DCF and enzymes is most
probably connected to the presence of the PEGylated matrix, contributing to the
whole lipase interfacial activity enhancement. With such combined effects, the

amide-PEG-DCFs accelerate lipase-catalyzed hydrolysis with high efficiencies.!*”
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Fig. 7. Exponential activation of Carbonic Anhydrase by encapsulation in a) DCFs
host-matrices with stereochemical and chiral discrimination. Activity change of bCA
on the hydrolysis reaction of p-nitrophenyl acetate, with the addition of a dynamer 7
(concentrations relative to 1) followed by UV-vis spectroscopy.(®”

Linear, cross-linked and optically active DCFs have been synthetized by including
of diamino components, leading to an exponential activation of the bCA enzyme
catalytic activity. While the DCFs-enzyme interaction is considered as shell-like
matrix around the enzyme, the asymmetric DCFs may generate a chiral
micro-environment for the enzyme encapsulation, leading to high exponential
enhancement of the enzyme activity.[®?

The nature and structural behaviors of functional groups used for the DCFs
synthesis are highly important and their influence on CA activation has been further
explored by using an efficient enzyme self-screening system, in order to obtain
optimized microenvironment of CA (Fig. 8). In a given dynamic system, the
interactions between CA and the functional DCFs were controlled by the competition
between protein-DCF affinity and the direct DCFs formation via imine cross-linking
reactions. Based imine bond formation with the amine groups and via non-covalent
interactions on the enzyme iso-surface a re-equilibration can be achieved upon the
addition of CA. It was found that lower incorporation of small amine components in

DCFs exhibited higher activation effects, owing to the enzyme selection preferences.



The enzyme structure directed DCF formation kinetic studies were in good correlation
with their activation effects, providing insights into the CA-substrate interactions
upon addition of the DCFs.[®®! This constitutional dynamic strategy offers a new
opportunities for enzyme self-directed microenvironment optimizations and further

tuning of enzyme activities.
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Fig. 8 General concept of enzyme-driven microenvironment optimization by dynamic
constitutional imine systems.®

4. Summary and outlook

Over the past few decades, dynamic constitutional strategies have been emerged
to generate enzyme-dynamic combinatorial systems that have been used in drug
discovery- or environmental-oriented applications. The convergent combinatorial
synthetic strategy uses simple synthetic building blocks with participation of
reversible molecular and supramolecular linkages to provides a parallel and facile
screening of complex mixtures of appropriate ligands or external networks from the
adaptive constitutional polymers. It allows variability, versatility and easy screening
for the best performances.

With Carbonic Anhydrase-CA as the target enzyme, both inhibitors and activators
have been widely explored and the using dynamic constitutional chemistry may led to
efficient easy discovery and rapid identification of highly efficient CAls and CAAs
candidates. It is worth noting that not only enzyme active site but also the surrounding
microenvironment is essential for the regulation of enzyme activity.

The examples discussed here illustrated the developing advances with regarding

to inhibitors and activators of CA, through the generation of dynamic adaptive



libraries. Different enzyme-ligands complexes have been classified by the ligand
architectures, as well as the type of reversible linkages. The inhibition capacity of
small dynamic molecules towards CA were realized through binding at the inner
enzyme active site. On the other hand, as for the design of activators of CA, dynamic
constitutional frameworks composed of diverse building blocks were self-screened for
the optimal outer microenvironment with the presence of CA, with activation effects
further verified. It leaves the enzyme the freedom to select its fittest effector.

As an important disease-related enzyme target, CA has long attracted a lot
attention from researchers, and the search of its inhibitors and activators has been
continuously conducted. In this process, dynamic constitutional chemistry has showed
high efficiency and demonstrated broader application potentials. However, there is
still some space for further exploration. For example, ligands for several CA isoforms,
including hCAI, hCAII, hCAIX and bCAII, have been screened, while others still
remain to be studied. Operate the inner active pocket or outer enzyme/protein
environment should constitute an important endeavor for future research activities in
this field. Moreover, the exact activation and inhibition mechanism still need be
explained through conformations of enzyme-dynamer structures. Therefore, further

innovations can bring more exciting improvements to this field.
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