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Illuminating the Dark Conformational Space of Macrocycles Using

Dominant Rotors

Nat. Chem. 2021, 13, 218-225

Macrocycles can target complex protein interfaces that are
not readily tractable through traditional small-molecule
approaches. “Perhaps the most significant and enabling
feature of macrocyclic drugs and biological probes, in contrast
to their small molecule counterparts, is their intricate three-
dimensional shape, or conformation,” said Professor Andrei
Yudin, from the University of Toronto (Canada): “Apart from
relatively small rings such as cyclohexane, deciphering con-
formation-activity relationships in larger molecules is sub-
stantially more complicated.! As a result, there is substantial
interest in technologies that allow systematic studies of the
effect of macrocyclic conformational changes on biological
activity.”

In a recent paper, Professor Yudin et al. used the term
‘dark conformational space’ to describe the metastable states
in peptide structures observed by NMR and X-ray crystallo-
graphy. “The concept of dark space becomes intuitive when a
parallel is made to less structurally complex small molecules,”
explained Professor Yudin, who continued: “The twist-boat
conformation in cyclohexane is approximately 5.5 kcal mol-!
higher in energy than the chair form, making it challenging
to detect and directly study its physicochemical properties.
Interestingly, the replacement of four hydrogens in cyclo-
hexane with cyclohexyl groups destabilizes the chair con-
formation significantly to exclusively reveal the twist-boat
form.?”

Due to coupled bond rotations, macrocycles belong to a
class of challenging structures in which slight alterations in
dihedral angles can propagate through the ring and trigger
conformational changes at distal position(s). “In the case of
lorlatinib, an anticancer drug developed by Pfizer,” said Pro-
fessor Yudin, “a methyl group five atoms away from the biaryl
linkage results in severe allylic 1,3-strain and effectively
destabilizes the non-bioactive conformer by 8.5 kcal mol-'.?
Remarkably, a single methyl group in a 12-membered ring
provides more stabilization than the tert-butyl group on
cyclohexane (Figure 1A). Removing the methyl group in lorla-
tinib leads to a macrocyclic structure that exists as a mixture
of two atropisomers separated by a conformational intercon-
version barrier of 24.6 kcal mol-'.”

The authors reasoned that coupling among bond rotations
within a macrocycle might be controlled by a ‘dominant rotor’,

whose rotational barrier is substantially higher than the rest
of the system (Figure 1B). Professor Yudin said: “We hypothe-
sized that this feature might remodel the accessible confor-
mational space of a macrocycle into two non-interconverting
ensembles we refer to as a two-well system. Rotors originating
from amino acid amides generally display a cis-trans amide
rotation barrier of about 18-20 kcal mol-', which is too low
of a barrier for maintaining control of a given system under
ambient conditions. To explore the energetic landscape of
constrained peptides, we speculated that the dominant rotor
candidates should possess a rotational energy barrier of at
least 25 kcal mol-'.”

The group evaluated a collection of N-protected biaryl
amino acids and uncovered a particular class of phenylene-
triazolyl rotors to meet their energetic requirements (Figure
1B). “We prepared the tunable atropisomeric building blocks
1-8 that were predicted to span a range of rotational barriers
and introduced them into cyclic peptides,” said Professor
Yudin. He continued: “This simple approach has allowed us
to correlate conformational changes in a wide range of rings
with the nature of the dominant rotor and led to the creation
of two-well systems with controlled conformational behavior.
Figure 2A depicts a representative two-well macrocycle (9)
isolated. What is especially significant is that the two atro-
podiastereomers have completely different conformations,
evidenced by different hydrogen-bond networks and differ-
ences in solubility.”

“Ordinarily, conformational isomers such as S,-9 and R,-9
cannot be isolated because the barrier to interconversion is
easily surmountable at room temperature. This result under-
scores that staying away from equilibrium offers a fascinating
possibility to control complex molecules,” remarked Professor
Yudin, who added: “We also considered larger macrocycles
that are composed mainly of amino acid residues and showed
that higher-energy conformations could be enforced using
dominant rotors. These units effectively remodel the confor-
mational landscape of 16- to 22-membered rings and enable
observation of peptide conformations that are uncommon
because of their irregular geometrical features (Figure 2B).”

According to Professor Yudin, control over conformation
in macrocycles is an unsolved problem. “Had mastery of this
kind been possible, one could easily design a potent and selec-
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Figure 1 A. A methyl group in the appropriate environment of lorlatinib provides more stabilization than a tert-butyl group on
cyclohexane. Both cyclic structures represent conformationally biased systems with a strong preference for one conformer.

B. Tunable atropisomeric constituents with relatively high barriers termed ‘dominant rotors’ as a means to control complex energy
landscapes of constrained chains of ‘subordinate rotors’.
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tive binder to any protein surface. While RNA and phage dis-
play technologies have contributed to the discovery of bioac-
tive macrocycles, they have not advanced our understanding
of the conformational factors that drive recognition at biolo-
gical interfaces,” remarked Professor Yudin, who continued:
“In the area of polypeptides, it is known which amino acid
sequences result in the formation of an a-helix, a B-turn, and
B-sheet structures. Other than formation of canonical motifs,
there is little understanding of how to induce the formation
of unusual conformations and irregular turn motifs in peptide
macrocycles.*” Professor Yudin concluded: “The dominant
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rotor method should now allow exploration of a wide range of
structures, opening the tantalizing possibility that some mo-
lecular properties might have remained veiled because of the
difficulties in generating and stabilizing conformational en-
sembles that are energetically unfavorable. We also recognize
that a drastic increase in the rate of synthesis is needed to fa-
cilitate exploration of the dark conformational space. Current
efforts are directed toward addressing this challenge.”
Professor Giorgio Colombo, an expert in biomolecular
simulation and computational chemistry from the Universi-
ty of Pavia (Italy) commented: “The paper by Yudin and co-
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Figure 2 A. Differences in amide NH hydrogen-deuterium exchange rates and chemical shift/temperature coefficients show that
dominant rotors can stabilize distinct solution conformations. The solubility of dominant rotor peptide R,-9 in methanol at 20 mM
suggests a more compact conformation with reduced polar surface area and higher lipophilicity relative to S,-9. B. Examples of

dominant rotor-containing macrocycles with amino acid residues forced into rare turn motifs not observed in their linear counter-

parts or homodetic rings with all-natural connectivity.
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workers represents an interesting breakthrough in a difficult
and problematic field, such as that of cyclic peptides. The
possibility given by the dominant rotors method to unveil
transient hidden conformations opens up new possibilities
for the design of new active biomolecules. In this context, one
of the main hurdles has often been that active conformations
are not the dominant ones observed in solution. This new
approach has the potential to enrich our design arsenal of an
important new weapon to generate new structures with ob-
servable activities in a rational manner.”
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