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Solid-Phase Synthesis of Diverse Macrocycles by Regiospecific
2-Pyridone Formation: Scope and Applications

Skander A. Abboud and Thomas Kodadek*

Cite This: JACS Au 2024, 4,3018-3027 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
OCH
OCHj s A
OCH
OCH; : N XN
e\ HN™ ~O acid cat. 0O
N O >

or 10% |, / acetone

Single Isomer
Highly Efficient

This study introduces a novel solid-phase macrocyclization method generating 2-pyridone rings. This method relies
on the intramolecular condensation between secondary and tertiary dimethoxy-propionic amide units. This selective reaction leads
to the formation of a single well-defined regioisomer. The method demonstrates remarkable efficiency in producing diverse peptidic
and nonpeptidic bioactive targets, paving the way for the development of innovative macrocycle libraries featuring the 2-pyridone
unit.

pyridone, macrocycle, peptide, antibacterial, stapled peptide

Many disease-causing proteins lack deep, readily ligandable (DMPA)]-containing compounds to form 2-pyridones
pocketsl.zMacrocyclic peptides and peptidomimetic com- (Scheme 1) is an unusually clean and efficient method for the
pounds " are one class of molecules that have shown promise creation of homodimeric compounds, both in solution and on

in engaging these difficult targets.”~® Macrocyclization limits the
conformational flexibility of a molecule, often resulting in higher
affinity binding to proteins and RNA targets of interest. In the
case of peptide ligands, macrocyclization provides opportunities
for the formation of intramolecular hydrogen bonds that can
have profound effects on cell permeability and bioavailabil-

resin.”**> Given the efficiency of this chemistry, we were
intrigued by the idea that the same reaction could be employed
for the closure of macrocyclic rings. However, a complication of
this scheme is that two regioisomeric macrocycles would likely
be produced (Scheme 1). As is shown below, this is indeed the

ity.”~"" Therefore, the development of new methods for the case, although the ratios of the two products vary dramatically
efficient creation of macrocycles from linear precursors is an depending on the substrate. In this study, we report a simple
important goal. This is particularly true for the synthesis of strategy to avoid this problem, in which one end of the linear
libraries of macrocycles using diversity-oriented synthesis'> or precursor contains a tertiary DMPA unit and the other a
split and pool strategies."”"'" Common methods for the secondary DMPA unit. This blocks the formation of the

macrocyclization of peptides or peptidomimetic compounds,
such as amide bond formation, are complicated by intermo-
lecular dimerization and often must be carried out under high
dilution conditions to achieve a high yield of the desired
products.'”® Many fail to provide high yields of smaller
macrocycles such as those of tetrapeptides. As a result, there April 20, 2024
has been a surge of interest in more efficient methods to close July 3, 2024
macrocycles,'”~** especially those that provide a high level of July 3, 2024
selectivity for intramolecular coupling.” August 12, 2024
We previously reported that the acid-catalyzed coupling of
3,3-dimethoxy-propionic amide [dimethoxy-propionic amide

regioisomer, in which the nitrogen in the tertiary amide is
incorporated into the pyridone ring. These starting materials
produce a single macrocyclic product. We anticipate that this
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Scheme 1. Synthesis of Dimeric Compounds on Resin via
Self-Condensation of DMPA-Equipped Molecules”
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“Left: mechanism of the 2-pyridone-forming dimerization reaction.
Right: expected production of regioisomers when this reaction is
applied to macrocyclization.

methodology will be useful for the construction of high-quality

libraries of novel macrocycles.

We showed previously that TentaGel resin-bound molecules
terminating in a DMPA unit can be efficiently dimerized by
treatment with either neat trifluoroacetic acid (TFA) or 10%
iodine in acetone.”® These protocols result in the exposure of the
formyl group, which is followed by spontaneous heterocycle
formation (Scheme 1). To investigate the utility of this reaction
for the on-resin synthesis of macrocycles, we created the simple
compound shown in Figure 1A, in which DMPA units placed at
the N-terminus of the molecule and on a lysine side chain are
linked by an ethylene glycol unit. 5 ymol 90 ym TentaGel RAM
resin displaying this starting material was incubated in a 10%
iodine in acetone solution (S mL volume) for 2 h. The beads
were then washed and treated with 93% TFA for 2 h to release
the bound material, which was analyzed by liquid chromatog-
raphy—mass spectrometry (LC—MS). Note that we demon-
strated in our previous report that the 2-pyridone rin§ is formed
during the iodine treatment prior to TFA cleavage.”> As shown
in Figure 1A-2, two peaks with the masses expected for the
regioisomeric 2-pyridone-containing macrocycles were the
major products, produced in an approximately 83:17 ratio.
Importantly, we did not detect any product peaks with masses
corresponding to the products of the intermolecular coupling
reactions. To probe the generality of this reaction, we utilized
the same protocol to synthesize the diverse cyclic structures
shown in Figure 1B. Gratifyingly, LC—MS analysis of the crude
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material after release from the resin showed that all of these
reactions, including those that formed relatively small rings,
proceeded efficiently. The ratio of the regioisomeric products
varied dramatically from 99:1 to 80:20. We did not attempt to
determine which peak represents which regioisomer since, as
described below, we developed a strategy to limit the reaction to
the creation of a single product. We also created a variety of
macrocycles by using this chemistry to stitch together DMPA-
modified side chains, as shown in Figure 2. Specifically, we
introduced two Lysine residues into the sequence. The side
chains of these Lysine residues were differentially protected
using N-[1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl]
(Dde) and 4-methyltrityl (Mtt) groups. These protective groups
were then selectively removed using 2% hydrazine in N-methyl-
2-pyrrolidone (NMP) and 20% hexafluoroisopropanol (HFIP)
in NMP, respectively, to prepare the amine side chains of the
lysines for the addition of the two DMPA groups. Gratifyingly,
the cyclization proceeded successfully with all of the target
compounds (Figure 2). Again, a range of regioselectivities was
observed, ranging from 95:5 to 55:45. The size, flexibility, and
presence of specific functional groups within the macrocycle,
particularly those neighboring the DMPA units, are parameters
that might favor one isomer over the other due to steric
interactions or hydrogen bonding patterns.

We conclude from the data shown in Figures 1 and 2 that the
macrocyclization of diverse compounds is quite efficient and
generally clean using this chemistry, but as expected, mixtures of
regioisomers will often be produced.

Based on the mechanism depicted in Scheme 1, we hypothesized
that the production of only a single 2-pyridone-linked
macrocycle could be achieved by using a substrate in which
one end of the molecule is a DMP ester rather than an amide. To
test this idea, we synthesized a model compound (14; Figure 3A-
1) in which DMPA units were attached to a serine side chain and
a terminal amine. When the resin was treated with neat TFA and
the crude product was analyzed by LC—MS, we observed none
of the desired macrocycles. Instead, the intermolecular dimer
formed by the condensation of two DMPA units and hydrolysis
of the DMP esters was the major product. The same result was
obtained using the 10% I, in acetone protocol (Figure 3A-2).

Somewhat different results were obtained when the same
reaction was attempted using a substrate (17, Figure 3B-1) in
which a tyrosine rather than a serine DMP ester was present. In
this case, the desired 2-pyridone was formed upon treatment
with TFA but the ester bond hydrolyzed sometime after
macrocycle formation, resulting in the production of compound
18 (Figure 3B-2). In contrast, when bead-bound 17 was treated
with 10% I, in acetone, the desired macrolactone was detected
by LC—MS after release from the beads. However, the reaction
was not clean, and a variety of uncharacterized products were
also formed (Figure 3B-3). Significant attempts at optimizing
this process failed to provide a better result (see Supporting
Information, Section 2-3-2-i).

An alternative strategy would be to use a substrate containing
one secondary DMPA unit and one tertiary DMPA unit. The
nitrogen in the tertiary amide cannot become a part of the 2-
pyridone ring, thus preventing the formation of this regioisomer.
To explore this idea, we synthesized substrate 22 using the route
shown in Figure 4A-1. When beads displaying this compound
were treated with neat TFA or 10% I, in acetone, essentially
quantitative conversion into desired macrocycle 23 was

https://doi.org/10.1021/jacsau.4c00352
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Figure 1. (A) General approach for synthesizing cyclic compounds. (B) HPLC chromatograms of head-to-tail cyclized crude compounds.

observed by LC—MS after release from the resin. Encouraged by
this result, we created another linear molecule containing one
secondary and one tertiary DMPA (26, Figure 4B-1). Again,
treatment with neat TFA or 10% I, in acetone produced a high
yield of the desired macrocycle 27, albeit somewhat less cleanly
that was the case for 23. We conclude that the macrocyclization
of linear precursors containing one secondary and one tertiary

DMPA unit is a promising approach to create a single
regioisomer of 2-pyridone-linked macrocycles. Note that using
proline to generate a tertiary DMPA also resulted in the
formation of the desired macrocycle, but with a very low
conversion. (see Supporting Information, Section 2-3-5-ii).).
Furthermore, to investigate the influence of resin loading on the
formation of the desired macrocycle, we resynthesized
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Figure 3. Attempted macrocyclization between DMPA and DMP ester moieties. (A-1) Addition of DMPA on serine side chain. (A-2) HPLC
chromatogram of crude compound 15 after treatment with 10% iodine in acetone followed by TFA cleavage. (B-1) Addition of DMPA on tyrosine side
chain. (B-2) HPLC chromatogram of crude compound 18 upon resin treatment with TFA. (B-3) HPLC chromatogram of crude compound 19 upon

resin treatment with 10% iodine in acetone followed by TFA cleavage.

compound 23 using high-loading TentaGel and polystyrene
resins. The cyclization reaction yielded the desired product in
each case but with different conversion efficiencies (detailed

comparison in Supporting Information, 2-3-4).
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2-Pyridone-Based Macrocyclization to Create Bioactive
Macrocyclic Peptides

Antimicrobial peptides (AMPs)*’ are characterized by their
positive charge and amphiphilic helical structure. AMPs exhibit
broad-spectrum activity against various microorganisms includ-

ing bacteria, fungi, and viruses. Their mode of action involves

https://doi.org/10.1021/jacsau.4c00352
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Figure 4. Regiospecific macrocyclization between secondary and tertiary DMPA moieties. (A-1) Addition of DMPA on a secondary amide. (A-2)
HPLC chromatogram of crude compound 23. (A-3) High-resolution spectra of purified 23. (B-1) Addition of DMPA on a secondary amine. (B-2)
HPLC chromatogram of crude compound 27. (B-3) High-resolution spectra of purified 27.

binding to microbial cell membranes, inducing structural
changes that compromise membrane integrity, leading to cell
lysis. Numerous studies have demonstrated that introducing
conformational rigidity through cyclization is an effective
method for enhancing the activity of AMPs. For example, Phe-
Trp-Lys-Phe-Lys-NH, is a small peptide that has modest
antimicrobial activity against Escherichia coli and Bacillus
subtilis”® To probe the utility of 2-pyridone-linked macro-
cyclization to create bioactive macrocyclic peptides, we
synthesized the linear bis-DMPA-containing precursor 30
using the route shown in Figure S. The resin was then treated
with 10% I, in acetone, followed by TFA-mediated release from
the bead. As shown in Figure S, an approximately 75% yield of
the desired “i to i + 47 2-pyridone-stapled peptide 31 was

3022

indicated by LC—MS analysis. The crude product was readily
purified to apparent homogeneity by HPLC.

Linear peptide 28 and macrocyclic peptide 31 were then
assessed for their antibacterial activity against E. coli and B.
subtilis. The 2-pyridone-stapled macrocycle inhibited growth of
both Gram negative and Gram-positive bacteria (E. coli and B.
subtilis, respectively) with an ICy of 125 pg/mL. The activity of
the linear peptide was about 4-fold worse against E. coli and
unmeasurable against B. subtilis.

As a second example, we investigated the utility of the 2-
pyridone-forming macrocyclization reaction for creating a
stapled derivative of the wasp venom peptide Anoplin, a 10
amino acid linear peptide with modest antibacterial activity.””
Again, an established approach to enhance the bactericidal
properties of Anoplin is to stabilize its helical structure. For

https://doi.org/10.1021/jacsau.4c00352
JACS Au 2024, 4, 3018—-3027
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example, Zhang™ and Trylska®" groups have used a ring closing
metathesis reaction to generate stapled versions of Anoplin with
improved activity.

We synthesized a 2-pyridone-stapled analogue of the Anoplin
peptide using the route shown in Figure 6A. Arg 6 and Ile 2 were
replaced with Dab(Mtt) and Dap(Dde) residues, respectively,
to maintain the same number of atoms in the staple ring as in the
previously mentioned studies. The side chain of the Dap residue
was then exposed, and the resulting free amine was methylated
and subsequently acylated to establish a tertiary DMPA unit at
this site. The Mtt protecting group was then removed, and the
resulting amine was acylated to create a secondary DMPA unit.
Finally, the resin was treated with 10% iodine in acetone and,
after washing, dilute TFA was used to release the products from
the resin.

As shown in Figure 6B, a peak with the correct mass for the
expected macrocycle 35 was the major product observed in the
LC—MS trace of the crude reaction product (~83% purity).
This was readily purified to homogeneity by HPLC (Figure
6C,D). As anticipated, the stapling of Anoplin increased its
antibacterial potency approximately twofold against E. coli and
fourfold against B. subtilis. (Figure 6E). Finally, comparison of
the circular dichroism (CD) spectra of linear Anoplin and the
stapled macrocycle 35 in a membrane-mimicking solvent (50%
2,2,2-trifluoroethanol in water) demonstrated the latter has a
much higher propensity to adopt a helical conformation [3S5 was
76% helical vs 19% for linear Anoplin (Figure 6F,G)]. We
conclude that the 2-pyridone-forming macrocyclization chem-
istry is an efficient method to create bioactive stapled peptides.

We recently reported the synthesis of a one bead one compound
DNA-encoded library of nonpeptidic macrocycles of macro-
cycles in which the ring was closed by thioether formation and
showed that this library could be mined for high affinity
streptavidin (SA)-binding macrocycles.”” However, the thio-
ether unit is a potential metabolic liability because it is relatively
easily oxidized. Therefore, we were curious whether this linkage
could be replaced by the 2-pyridone unit. Thus, macrocycle 39
was synthesized using the route shown in Figure 7A. Compound
36 was synthesized using the previously reported method."
Subsequently, a second DMPA group was added to yield
compound 37, which was then treated with 10% iodine in
acetone to generate macrocycle 38. Finally, the Dde protecting
group was removed, and fluorescein was attached to the peptide
using N-a-Fmoc-N-£-(5/6-carboxyfluorescein)-L-lysine. After
Fmoc removal, the resin was treated with TFA, resulting in the
release of cyclic compound 39 (x65% yield). The affinity of this
macrocycle for streptavidin was measured by titration of the
labeled compound with streptavidin followed by the increase in
fluorescence polarization (FP),” yielding a Kp, of approximately
38 uM. This value is much higher than that measured for the
thioether-linked macrocycle-streptavidin complex (Kp = 0.5
uM)."® The ring sizes of the 2-pyridone- and thioether-linked
macrocycles are slightly different, and the two linkages likely
result in different conformational preferences in the two
molecules; therefore, this result is not surprising and highlights
the fact that one cannot confidently “swap out” macrocycle
linkages without expecting significant changes in the properties
of the ligand. The important result here is that the efhiciency of
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Figure 6. Synthesis, characterization, and activity of 2-pyridone-stapled Anoplin peptide. (A) solid-phase synthesis of stapled Anoplin 35. (B,C) HPLC
chromatograms of crude and purified 35. (D) High-resolution MS spectra of purified 35. (E) Minimum inhibitory concentration (MIC) assay results.

(F,G) CD spectra of 32 and 35.

the 2-pyridone-linked, nonpeptidic macrocycle is efficient
enough to support the creation of libraries that can be screened
directly for binding to proteins of interest.

In conclusion, we show here that the intramolecular
condensation of two DMPA units to form a 2-pyridone ring is
a highly efficient method for the solid-phase synthesis of
macrocycles. Linear precursors that contain two secondary
DMPA units can form a dimer free mixture of two regioisomers,
the ratio of which varies substantially depending on the
particular substrate. A key finding presented here is that efficient
macrocyclization leading to a single 2-pyridone-linked product
can be achieved if one of the DMPA units is a tertiary amide,
blocking that nitrogen from incorporation into the heterocyclic
ring. Using such starting materials, we show that this chemistry is
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useful for the construction of several bioactive macrocycles.
These findings set the stage for the synthesis and screening of
novel libraries of macrocycles containing the 2-pyridone unit.

Compared with traditional peptide macrocyclization meth-
ods, the 2-pyridone linkage offers significant advantages. It
requires fewer steps, achieving a high efficiency under mild
conditions, making it simpler to implement. Unlike amide bond
formation, which can suffer from intermolecular dimerization
and necessitates high dilution, the 2-pyridone method is
particularly suitable for smaller macrocycles like tetrapeptides.
DMPA condensation exhibits a high selectivity, leading to high
yields with minimal intermolecular side products. These findings
collectively highlight the robustness and efficiency of the 2-
pyridone linkage for peptide macrocyclization.
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Structure of the original thioether macrocycle.

Syntheses were performed on a 0.05 mmol-per-reactor scale. Protected
amino acids (6 equiv, 0.35 M) were coupled using Oxyma 0.5 M in
DMF (5 equiv) and DIC 0.5 M in DMF (5 equiv) for 1 h at 37 °C. The
capping of eventual unreacted amine groups was achieved by treatment
with acetic anhydride (S M in DMF) and DIEA (2 M in DMF) for §
min. The Fmoc group was deprotected by two successive treatments
with 20% piperidine in DMF for 3 and S min, respectively. DMPA
addition was carried out following this protocol (P1).

Peptidyl resin was washed with dichloromethane (DCM) and then
dried under an air flow. The crude peptide was deprotected and cleaved
from the resin by treatment with TFA/H,0/iPr;SiH (93:5:2v/v/v) for
2 h, and the peptide was precipitated by dilution into an ice-cold diethyl
ether, recovered by centrifugation and washed twice with diethyl ether.

Cyclization and stapling were carried out by treatment with 10% I, in
acetone or TFA [1 mM] for 2 h at room temperature.

The synthesis was performed on a 0.05 mmol-per-reactor scale. The
deprotected N-terminus was acylated by preparing a solution of halide
displaying backbone (80 mM) and coupling reagents DIC/Oxyma
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(125, 80 mM, added to resin and incubated for 2 h at 37 °C. The resin
was washed, and amine containing solution (1 M, DMF) was added and
incubated for 3 h at 37 °C. These two steps were repeated until the
peptoid synthesis was complete.

Cultures were grown to mid logarithmic phase and diluted to 10°—10°
cfu/mL in MH broth. The concentrations of peptides 28, 31, 32, 35,
and kanamycin (used here as positive control) were present at a
concentration of 1-500 gg/mL. All samples were loaded in triplicate,
and the average ODy, value was taken for calculating the minimum
inhibitory concentration (MIC). Each assay was repeated twice. Stock
solutions were prepared in H,O. Plates were loaded with a 95 uL
bacterial suspension in MH broth and 5 uL aliquots of twofold serial
dilutions of 28, 31, 32, 35, and kanamycin. Plates were then incubated
at 37 °C for 20 h with gentle shaking. The MIC was defined as the
lowest concentration of peptide that inhibited 90% of bacterial growth.

The CD spectra of all peptides were measured by using a JACSO-(J-
810) spectrophotometer (Japan). All samples (66 uM) were dissolved
in a 1:1 mixture of water and trifluoroethanol (TFE). The following
instrument parameters were employed: 50 nm/min scanning speed, 0.1
nm step size, 0.5 s response time, 0.1 cm path-length cell, and the
scanning wavelength from 190 to 250 nm. The CD curves were
smoothed by using standard parameters. Data were expressed as delta
epsilon Ae (cm™ M™"). Ag was calculated as [# X (MRW x 0.1)/(C X
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L)/3298], where 0 is the ellipticity (in millidegrees), C is the
concentration (in mg/mL), L is the path length (in cm), and MRW is
the mean residue weight.

The concentrations of the labeled molecules were determined using the
absorbance of carboxyfluorescein at 493 nm (£493 = 83,000 M~ cm™")
using a Nanodrop UV—vis spectrophotometer (Thermo Scientific). FP
binding saturation were performed in 384-well, medium bind black
microtiter plates (Greiner Bio-One). Serial dilutions of streptavidin
(238 nM to 200 M) were titrated into PBS containing the fluorescent
probe (10 nM final concentration, 10 L final volume). Plates were
incubated (30 min, RT, shaking) and read on an infinite M1000
ProPlate Reader (Tecan) using 470 nm excitation and 5§17 nm emission
filters. The K, value was obtained using Prism (GraphPad Software,
Inc.) with a nonlinear regression with a one site total. The data shown
are averages of technical triplicates.

More detailed procedures and characterization data are provided in
the Supporting Information.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00352.

Detailed experimental and synthetic protocols and
characterization of compounds (PDF)
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