Two-Stage Amplification of Receptors
Using a Multilevel Orthogonal/Simultaneous
Dynamic Combinatorial Library
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Sequential activation of different reversible exchange reactions in a dynamic combinatorial library allows directed exploration of the chemical
space: initially a macrocyclic scaffold is selected by the template and finally side chain and conformational constrains are introduced into such a

scaffold.

In the past decade, Dynamic Combinatorial Chemistry’
has proven invaluable for the identification of novel binders
for a variety of targets, impacting several fields such us
materials science,” drug and fragrance delivery,’ two phase
transport, biosensing,’ and systems chemistry.®
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Dynamic combinatorial libraries (DCLs) have become a
powerful source of high affinity receptors with complex
and, sometimes unexpected, structures.’

Most of the DCLs prepared to date have involved only
one reversible exchange process; however, there are some
examples where two exchange reactions are combined
in the same system. Depending on the relative functional
state of the exchange processes (activated/inactivated), the
systems can be simultaneous or orthogonal. In simulta-
neous DCLs, both exchange reactions occur at the same
time, as observed in the dynamic system based in thioesters
and disulfides reported by Otto et al.® In orthogonal
DCLs, each reversible reaction used can be activated under
different conditions allowing their manipulation in a se-
quential order.’ In previous work the groups of Otto,°
Miller,'! and ourselves'? have described the combination
of hydrazones and disulfides to prepare orthogonal DCLs.
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Later on, we described the combination of hydrazones,
disulfides, and thioesters to prepare multilevel DCLs
wherein orthogonal and simultaneous levels of diversity
coexist."? In such libraries each orthogonal reversible reac-
tion can be used to explore independently its own dimen-
sion in structural space, opening the possibility for
evolutionary approaches. In addition, incorporation of
simultaneous exchange processes in a given orthogonal
level increases the size of the diversity space explored by
that level.

In this work we use such a multilevel DCL setup to build
up diversity in a directed stepwise fashion.

Building block 1 is equipped with an acyl-hydrazide and
a protected aldehyde. Both groups can react to give rise to a
hydrazone-based DCL of macrocycles (Figure 1). In addi-
tion, the cysteine residue in 1 is connected via a disulfide
bond to an adamantane group. Reduction of the disulfide
produces thiols which, in turn, can engage in exchange
reactions with thioesters and disulfides.
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Figure 1. Building blocks 1-3.

Building block 1 is inspired by a family of dipeptide
building blocks developed by the Sanders group.'* One of
those building blocks, compound 2, has been used in the
preparation of dynamic systems that respond to the pre-
sence of several templates,'” including alkaline metal salts.'®

Acid-catalyzed cyclization of building block 1 generated
a hydrazone-based DCL of macrocycles. The procedure
for cyclization entailed stirring a solution of monomer 1
(0.75mM) in CHCl3/MeOH (98:2) containing TFA (30 mM)
at room temperature. The mixture was analyzed by
liquid chromatography coupled to electrospray mass
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spectrometry (LC-ESI-MS); we observed the presence
of macrocyclic hydrazones formed by two and three units
of A (Figure 2a). The equilibrium is reached within 6 days;
at that time the area for the cyclic trimer AAA peak
represented 59% of the total area for the library whereas
the cyclic dimer AA peak area represented 41% of the total
area.

Given the recognition properties of 2, we have screened
the library for its affinity for LiBr. Cyclization of 1 was
carried out in the presence of LiBr (3.75 mM), and after
3 days, most of the DCL peptide material had converged to
form AAA which then represents 99% of the total area of
the DCL chromatogram (Figure 2b).

N 0
“z,' N r IntensA. ®)
- ] x104: AAA
\\/®/§° 0% NH 3z
! B

16 20 Time [mirn

Figure 2. Chromatograms obtained by LC-MS of the DCL
generated from 1 (0.75 mM) in CHCl3/MeOH (98:2) and TFA
(30mM) in the absence (a) or in the presence (b) of LiBr (3.75 mM).

The hydrazone-based DCL in the presence of LiBr was
scaled up and the trimer AAA was isolated by filtration
of TFA through a basic resin'® (neutralization), followed
by chromatography on silica gel. AAA was characterized
by NMR, ESI-MS, and MS/MS experiments (Figure 3; see
NMR data and Figure S3 in the Supporting Information)."”

Once the macrocycle size was selected using hydrazone
exchange, an orthogonal diversity level was used to explore
side chains. This second level of diversity is orthogonal to
the first level and includes two simultaneous exchange
processes: disulfide and thioester exchange.

In principle, the locations of the disulfide bonds in AAA
allow the exploration of a diversity of side chains without
affecting the size of the central scaffold of AAA. With the
aim of activating the disulfide—thioester exchange level,
the disulfide bonds contained in AAA were reduced with
DTT. The procedure entailed stirring in an open vial, a
solution of AAA (0.25 mM), DTT (1.125 mM), and TEA
(5 mM) in CHCIl;/MeOH (98:2). Thioester 3 (1.125 mM)
was added (Figure 1), and the reaction mixture was split
into two fractions. One control fraction was stirred with-
out addition of further reagents, and the other fraction was
treated with the template LiBr (1.25 mM). The assignment

(17) The isolation of trimer AAA was carried out in order to remove
the template and to carry out its complete characterization; however it is
not strictly necessary for the activation of the second diversity level that
can be activated without removal of reagents as described in ref 13.
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Figure 3. Molecular structure of AAA selected in the hydrazone
exchange level.

of library members was carried out using LC-MS and
HRMS experiments.

After 15 days, the control DCL showed AAA as the main
component, together with at least five new macrocycles in-
cluding thioesters, disulfide, and thiol groups (Figure 4a).
In compounds AAB and ABB one or two adamantyl groups
from parent homotrimer AAA have been exchanged with
benzoyl moieties. Their peaks account for 30% of the total
area of the DCL chromatogram. The peaks for three other
library members account for 7% of the total area and
include the fully reduced trithiol macrocycle HHH, one
macrocycle equipped with a new disulfide moiety AAT,
and one macrobicycle with an intramolecular disulfide
bond AS-S (Figure 4a).

The DCL treated with LiBr showed a different composi-
tion (Figure 4b). The clear amplification of two macro-
cycles containing a benzoyl ester side chain was observed: a
3.3-fold increase in the area of the peak for ABB, that in
the presence of template represents 44% of the total area of
the DCL chromatogram, and a 19-fold increase in the area
the peak of BBB that now represents 12%. The preference
of LiBr for members containing benzoyl chains such as
ABB and BBB suggests its coordination with carbonyls.

Additionally, one previously undetected compound was
generated in the presence of the template (HS-S). HRMS
experiments indicated that this compound contains one
free thiol group and one intramolecular disulfide bond
(Figure 5). Incorporation of an intramolecular disulfide
bond in HS-S probably decreases the flexibility and intro-
duces conformational changes through a strategy that is
very commonly used in nature to control function.

Electrospray ionization mass spectrometry is an impor-
tant analytical technique for identifying and characterizing
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Figure 4. Chromatograms obtained by LC-MS of the exchange
between AAA and 3 in the absence (a) or in the presence
(b) of LiBr.

HS-S

Figure 5. Molecular structure of the HS-S generated in the thiol-
thioester level.

noncovalent interactions.'® The mass spectrum of the
templated library, acquired by direct infusion in the pre-
sence of LiBr, shows the singly charged adducts of each of
the macrocycles AAA, BBB, ABB, and HS-S, with H,
Nat, K", or Li*."” The relative proportion of the com-
plexes indicated that they have different cation preferences

(19) Although Na™ and K™ have not been added to the mixture, its
presence is due to contamination of solvents, glass, and the spectrometer
itself.
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Figure 6. Relative abundance of the different macrocycle/Li™
complexes for macrocycles HS-S, BBB, ABB, and AAA com-
pared with the other adducts that include each of these
macrocycles.

(Figure 6). The peak for complex HS-S:Li™ represents
45% of the abundance of the peaks for the species that
include the macrobicycle HS-S. Similarly, the peak for
BBB:Li" represents 44% of the species that include BBB.
In the case of macrocycle ABB, amplified to a lesser extent,
the peak for its complex with Li* represents 29% of the

(20) Although coordination of Li* with carbnoyls has been proposed
asin the case of related macrocycles (ref 16), LiBr forms a strong ion pair
in CHCls. Therefore, it could be the ion pair that acts as the template.
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total species that include this macrocycle. Finally, the peak
for the complex AAA:Li" represents 23% of the total species
that include the macrocycle AAA. These results suggest that
the amplified receptors, particularly HS-S and BBB, possess
a stronger preference for LiBr than its precursor AAA.

In summary, we have demonstrated how the diversity
space can be explored sequentially using three different
reversible exchange processes that can be activated orthog-
onally or simultaneously. Using this approach, hydrazone
chemistry was initially used to select an appropriate
macrocycle size for the template LiBr.?® Finally, the simul-
tancous exchange of disulfides and thioesters was applied
to build up diversity on the previously selected macrocycle.
Diversity was increased by exchanging side chains through
disulfide and thioester bonds and also changing the rigidity
and conformation through the formation of an intra-
molecular disulfide. This multistep approach to dynamic
combinatorial chemistry work could shed light in studying
evolutionary processes.
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