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Over the last decade, constitutional dynamic chemistry has
been successfully demonstrated as a compelling strategy to
identify and select new ligands for biological receptors.'! Key
to the formation of dynamic systems are the reversible self-
assembly properties of the incorporated system components,
allowing rapid rearrangement of all possible associations.
Reversible covalent and noncovalent interactions are thus
used for component assembly into discrete constituents,
resulting in complex systems of an adaptive nature. The
exploration of such systems is under rapid development,™ and
the implementation of complex processes are emerging.>*
Despite growing interest in the scientific community for
dynamic systems, the restricted number of biocompatible,
dynamic covalent processes available remains a limitation.
An important challenge is therefore the exploration and
discovery of efficient reversible reactions and their applica-
tion to biological systems. In general, dynamic reactions that
can be controlled in neutral, aqueous buffer systems are
especially advantageous in this context. A further challenge
with complex dynamic systems is the analysis of the effects
that arise upon interaction with a selector. Therefore, direct
in situ analysis of the binding interactions would be a highly
convenient means to rapidly identify the appropriate binding
partners.”] These challenges have been addressed in the
present study; herein we show that hemithioacetal (HTA)
formation is a fast and efficient reversible reaction that can be
used to generate systems of potential enzyme inhibitors in
aqueous media under neutral conditions. These systems were
also subjected to direct binding analysis by saturation transfer
difference (STD) NMR spectroscopy, a rapid and efficient
technique for protein-ligand binding studies, in which the
optimal HTA interactions with the biological target can be
readily deduced (Figure 1).
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Figure 1. Concept of direct STD NMR identification of enzyme inhib-
itors from a virtual dynamic hemithioacetal system.

Sulfur-containing components and constituents such as
thiols, disulfides, and thioesters occupy a privileged position
in aqueous-phase dynamic chemistry owing to their good
biocompatibility and their reactivities in reversible process-
es.) However, HTA formation has not yet been applied
toward constitutional dynamic chemistry protocols, although
these products offer all the requirements stated. The addition
of a thiol derivative to a given aldehyde or ketone thus leads
to the fast and reversible formation of two HTA stereoiso-
mers, albeit thermodynamically displaced toward the starting
components.”! As a consequence, only a transient amount of
HTA is present in solution, resulting in virtual dynamic
systems.!

To probe hemithioacetals for their performance in
dynamic chemistry, a prototype system was designed and
tested for binding to a biological receptor. The effects were
first evaluated by STD NMR experiments designed to
observe and identify the best component associations, and
subsequently in separate inhibition studies for validation of
the STD NMR results. Thus, the reactions between two
aldehydes and five thiol derivatives in water resulted in the
spontaneous formation of 10 transient HTA products (20
stereoisomers) in equilibrium with the initial building blocks
and two hydrate derivatives (Scheme 1). The system size was,
in this case, composed of 29 discrete compounds, all
continuously communicating with each other in the reaction
vessel. Potential formation of disulfide product was avoided
by the use of freshly prepared solutions. The resulting
dynamic system was subsequently directed at a target protein;
to prevent any competing HTA formation between the
aldehydes and a cysteine residue in the active site”) f-
galactosidase, free of cysteine residues in the active site, was
chosen.'”! B-Galactosidase is a well-studied hydrolase that
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Scheme 1. Virtual dynamic hemithioacetal system formation and enzymatic selection of the best

inhibitors.

catalyzes the hydrolysis of the O-glycosidic linkage of -
galactosides into their corresponding alcohol and galactose
derivatives.!!! The thiol building blocks of the present
dynamic system consisted of three 1-thioglycopyranoses (1-
thio-p-p-galactopyranose 1, 1-thio-f3-pD-glucopyranose 2, and
1-thio-o-p-mannopyranose 3) and two alkyl thiol derivatives
(2-(dimethylamino)ethanethiol 4 and N-acetylcystamine 5).
As electrophiles, aromatic and branched aliphatic aldehydes
(pyridine-4-carboxaldehyde A and isovaleraldehyde B) were
chosen because of their similarities to known substrates (o-
nitrophenyl-B-galactopyranoside (ONPG)) and inhibitors
(isopropyl-1-thio-B-p-galactopyranoside (IPTG)) of B-galac-
tosidase, respectively.'

Under conditions suitable for the enzyme (pH 7.2,
ambient temperature),!'® the HTA formation and dissociation
processes are much faster than the NMR relaxation time
scale.” In our system, the addition of an aldehyde to a thiol in
the absence of enzyme did not result in the generation of a
characteristic HTA signal;™ instead, and at a high concen-
tration only (20 mm), spontaneous broadening of the thiol and
aldehyde signals occurred. This is consistent with an exchange
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OH process and with an equilibrium in
N o favor of the building blocks under
N~ these conditions. However, changing

c the pH from 7.2 to 4.0 considerably
decreased the elimination rate and
resulted in the formation of specific
HTA signals slightly downfield from
the hydrate signals of the corre-
sponding aldehydes. However, neu-
tral conditions were used in subse-
quent studies with the enzyme, in
which the latent presence of HTA
products, a direct consequence of
the very rapid formation/dissocia-
tion rate and the thermodynamic
stabilities, resulted in virtual
dynamic systems.

STD NMR was subsequently
adopted for binding studies of the
virtual systems with [3-galactosidase.
The advantage of this spectroscopic
technique rests in the exclusive
observation of bound ligands to the
receptor.™ Only a small amount of
-0 non-isotope-labeled protein (ca.
100 nmol) is required for
STD NMR experiments. In these
experiments, the magnetization is
transferred from the protein protons
to those of the bound ligand, which
is detected after dissociation from
the receptor, provided the dissocia-
tion rate is fast relative to the
relaxation time scale. Subtraction
of the reference spectrum (off reso-
nance) from the saturation spectrum
(on resonance) yields the STD NMR
spectrum. However, the distinction
between specific and nonspecific binding may be somewhat
challenging.'®! It was therefore expected that the aromatic
species would produce non-negligible binding due to the
presence of hydrophobic regions of $-galactosidase, whereas
the glycopyranose moieties were expected to provide only
specific interactions. The 'H STD NMR analyses of the
overall system, however, completely support the hypothesis
that the galactose-containing species would be exclusively
selected by the enzyme (Figure2a,b). The results proved
highly conspicuous, and the complex 'H NMR spectra (off
resonance) were much better resolved in the STD spectra.
Among the carbohydrate species, the proton signals from
component 1 could be clearly identified in the STD spectra,
whereas no signals from components 2 and 3 were thus
recorded, attesting to the specific recognition of [3-galactosi-
dase by galactose analogues. In addition, insignificant traces
of components 4 and 5 were observed. The presence of
aldehyde A, its corresponding hydrate C, and to a lower
extent, components B and D were likely the consequence of
simultaneous specific and nonspecific binding (Figure 2b,c).
Although the HTA product signals were not distinctly

best inhibitors
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Figure 2. 'H STD NMR studies: a) full system spectra; enlarged areas
of b) the aliphatic region and c) the aromatic region. *Signals from
corresponding constituents.

observed from the starting components during the STD NMR
experiments, binding of constituents 1-A and 1-B (20 um) to
the (3-galactosidase active site was recorded. Thus, significant
signal broadening of both aldehyde and 1-thio-B-D-galacto-
pyranoside resonance signals, as well as a downfield shift of
the anomeric proton (H-1) of 1 were observed in the regular
1D and STD NMR spectra only in the presence of the enzyme
(see Figures S6 and S15 in the Supporting Information).
Nevertheless, to confirm the structural nature of the enzyme-
selected molecules (thiol, aldehyde, and/or HTA), additional
'"H STD NMR experiments were performed. Thus, compar-
ison of the STD spectra of the individual components 1, A,
and B with the enzyme indicated the presence of interactions
between the isolated components and $-galactosidase. How-
ever, no broadening of the resonance signals of these
molecules was observed in the regular 1D NMR spectra,
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indicating that the affinity for the isolated components was
much lower than that for the HTA constituents 1-A and 1-B.
In addition, careful examination of the data from the binding
experiments provided indications on the binding mode of the
carbohydrate moiety inside the active site of the enzyme.
Analysis of the STD signal ratios suggested that the C2 and
C3 region of the carbohydrate ring is the binding epitope (100
and 80% of the relative STD for H-2 and H-3, respectively;
larger than for the other protons). As expected,
"H STD NMR studies of reduced systems, containing compo-
nent 1 with either one or both of aldehydes A and B, resulted
in the same observation as with the full system. Nevertheless,
modifications of the STD epitope ratios for the galactose
moiety in component 1 alone, 1-A and 1-B, suggested a
different spatial orientation of the three galactose derivatives
within the active site. The STD ratios on the C5/C6 region are
markedly different for 1-A and 1-B (see Figure S14, Support-
ing Information). The subtle structural changes of the
galactose interaction would naturally affect the HTA binding
properties, and the specific binding to 3-galactosidase would
be reinforced or weakened at some positions for the same
component. The hypothesized nonspecificity of the binding
originating from A, B, and their corresponding hydrates (C
and D), in the absence of thiol, was also confirmed by
competition STD NMR experiments with IPTG at various
concentrations (from 50 to 350 equiv). Effectively, the STD
signals from A, B, C, and D remained constant throughout the
titration with IPTG, thus demonstrating their binding to a
different site of the enzyme (see Figures S16 and S17,
Supporting Information).

To corroborate the 'H STD NMR results, inhibition
studies were performed for each system. ONPG was chosen
as substrate, and its enzymatic hydrolysis to o-nitrophenol
(ONP) and p-galactose could be followed in the presence or
absence of the dynamic system components. To ensure
uniformity of the results, the same conditions were applied
for both binding and inhibition studies, and 'H NMR
spectroscopy was therefore used to measure the formation
of ONP over time. The inhibition studies were performed
using an inhibitor/substrate ratio of 5:1, and the inhibitory
effects were estimated as the ratio of the t5, values (time
required for 50% ONPG hydrolysis) in the presence and
absence of inhibitor. The results clearly support those of the
binding studies and thus, as deduced from analysis of the STD
experiments, all the thiogalactose-containing derivatives
indeed inhibit p-galactosidase activity (Figure 3). Constitu-
ents 1-A, 1-B, and, to a lesser extent, component 1 showed the
strongest inhibition behavior, and the rates of ONPG
hydrolysis were approximately 12-, 4-, and 2-fold lower,
respectively, relative to the blank reaction. Constituent 2-B
was also found to show trace properties, and exhibited an
inhibition value of about 1.5. Interestingly, the enzyme
activity was totally unaffected by the presence of the
aldehydes and their corresponding hydrates. In addition,
none of the other adducts caused any decrease in the rate of
ONPG hydrolysis. As a consequence of the virtual character
of the system, other interactions between the active species
and the enzyme could, in principle, be involved during the
process of ONPG hydrolysis. Therefore, two additional
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Figure 3. Inhibition studies of the system components and constitu-
ents. Inhibition = tsg u /ts0 planky, fOr Which tso=time required for 50%
ONPG hydrolysis.

controls involving D-galactose and 4-pyridinylmethanol, the
reduced form of aldehyde A, were performed to further
support the conclusions. Neither of these compounds results
in HTA formation, and significant inhibitory effects would
indicate other factors of importance. However, no inhibition
was observed when D-galactose was tested together with
aldehyde A, and when 1-thio-B-pD-galactopyranose (1) was
evaluated with 4-pyridinylmethanol, the same trace inhibitory
effect as for compound 1 alone was found. Furthermore, and
in both cases, no signal broadening was recorded in the
regular 1D NMR spectra in the presence of f-galactosidase.
This demonstrates that the combination 1-A is necessary for
inhibition.

The combined results from the inhibition studies and the
"H STD NMR experiments unambiguously confirms the for-
mation of virtual HTA systems of -galactosidase inhibitors.
The transient constituents 1-A and 1-B were efficiently
identified as the best species selected by the enzyme from a
total of 19 compounds (HTA stereochemistry not taken into
consideration). Furthermore, the lack of effect by the
aldehydes and their respective hydrates toward ONPG
hydrolysis supports the nonspecific binding character of
these entities with 3-galactosidase.

In conclusion, we have successfully demonstrated, for the
first time, hemithioacetal formation applied to dynamic
combinatorial system generation in aqueous media. Equilib-
rium formation using this chemistry proved very rapid and
resulted in truly virtual dynamic systems in which '"H NMR
analyses confirmed the presence of transient HTA constitu-
ents. It has further been demonstrated that 'H STD NMR
spectroscopy can be used for efficient and direct in situ
identification of the best enzyme binders of the virtual
dynamic system. Inhibition studies unequivocally support the
"H STD NMR experimental data and enable the distinction
of different -galactosidase inhibitors and nonspecific bind-
ers. The HTA resulting from the addition of 1-thio-f-b-
galactose and pyridine-4-carboxaldehyde proved to be the
best inhibitor in the system tested. This combination of
dynamic system formation with STD NMR spectroscopy,
resolving complex systems by the identification of the best
ligands, can be easily expanded to accommodate a wider
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variety of components, resulting in efficient and rapid
mapping of enzyme inhibitory potentials.
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