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Polypeptides containing 2-aminoisobutyric acid (Aib) units as
an unnatural amino acid residue were synthesized by papain-
catalyzed chemoenzymatic polymerization of a tripeptide ethyl ester
L-Ala-Aib-L-Ala-OEt in an aqueous medium. The Aib-containing
polypeptide adopted an a-helix conformation in both the solid and
solution phases, which was induced by the periodic Aib residue.

Polypeptides are bio-based polymeric materials with various
primary structures composed of 20 natural t-amino acids. The
structural diversity in polypeptides offers a wide range of physical
properties, which makes synthetic polypeptides attractive materials.
Integrating unnatural amino acids into the polypeptide backbones
enables the fabrication of novel functionalities by altering their
structures;"* similarly, natural living systems incorporate
rare amino acids such as N-methylglycine and selenocysteine
into proteins for specific functions.>* The introduction of
a,0-disubstituted amino acids into polypeptide architectures
is a powerful way to control their secondary structures.>®
2-Aminoisobutyric acid (Aib), one of the unnatural amino acids,
is known to be a strong helical promoter when it is incorpo-
rated into a polypeptide sequence.” Oligopeptides containing
Aib residues exhibit a strong tendency to form 3;,- or o-helical
secondary structures.®*°

Conventional synthetic methods based on solid phase peptide
synthesis can be used to construct sophisticated sequences
containing unnatural amino acid residues, although the costly
and tedious multistep synthesis limits the attainable chain
length and sequence."” Among the solution syntheses of poly-
peptides, chemoenzymatic polymerization of amino acid ester
derivatives catalyzed by proteases has advantages that include a
facile, green synthesis in aqueous media and a more atom-
economical process than conventional solution methods that
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Scheme 1 Chemoenzymatic polymerization of Aib-containing mono-
mers using papain.

12 various amino acid derivatives

use condensing agents.
can be chemoenzymatically converted not only into linear
polypeptides™* ™ but also into polypeptide architectures with unique
shapes such as star-shaped and telechelic-type polypeptides.*®>>
Furthermore, some proteases, in particular papain, exhibit a
relatively broad substrate specificity, which allows unnatural amino
acid derivatives to be involved in chemoenzymatic polymerization.
For example, in our previous study, m-aminoalkanoates, monomer
units for synthetic polyamides such as nylon, were successfully
copolymerized with diethyl r-glutamate by papain-catalyzed
chemoenzymatic polymerization.”® However, the resulting poly-
mer showed quite low nylon contents even using an excess
amount of m-aminoalkanoates in feed, and contaminated with
the homopolymer of glutamate monomer. In the present work, we
examined the feasibility of polymerizing the non-natural amino
acid Aib via chemoenzymatic polymerization using papain. The
Aib units were successfully introduced into the polypeptide
backbone through the use of an Aib-containing tripeptide ethyl
ester as a monomer (Scheme 1).

According to previous studies, papain was selected as a
reasonable candidate for the catalysis of Aib polymerization
because of its relatively broad substrate selectivity.'*> Papain-
catalyzed polymerization can produce the polypeptides that not only
contain various natural amino acids but also contain unnatural
amino acids such as w-aminoalkanoates.”® The chemoenzymatic
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Table 1 Chemoenzymatic polymerization of Aib-containing monomers
catalyzed by papain?

Aib content®

Run  Monomer Conc. (M)  Yield” (%) (mol%)

1 Aib-OEt 1.0 0 —

2 AibAla-OEt 0.50 0 —

3 AibAla-OEt/Ala-OEt? 1.0 0 —

4 AibAla-OEt/Ala-OEt® 1.5 3.5+ 1.9 4.9 £+ 0.16
5 AlaAibAla-OEt 0.17 15+ 7.3 31 £+ 0.87
6 AlaAibAla-OEt 0.25 30 £ 4.2 28 £+ 0.55
7 AlaAibAla-OEt 0.33 12 £ 5.0 25 +1.2
8 AlaAibAla-OEt 0.50 4.9 + 3.6 23 +£1.2
9 AlaAibAla-OEt 1.0 0 —

Polymerlzatlon was carried out using monomer (HCI salt) and papain
(50 mg mL ™) in phosphate buffer (1 M, pH 8.0) at 40 °C for 2 h. All the
reactions were triplicated. Prec1p1tate was collected by centrifugation,
washed with water and Iyophlhzed The Aib content in the polymer
was estimated by "H NMR. 4 Molar ratio was 1/1. ¢ Molar ratio was 1/2.

polymerization of Aib-OEt was performed using papain in
phosphate buffer (1 M, pH 8.0) at 40 °C; the results are listed
in Table 1. However, unlike the polymerization of hydrophobic
amino acids such as alanine or leucine,"'® no precipitation
occurred after 2 h (run 1). Neither changing the feed concen-
tration of Aib-OEt (0.1 to 2.0 M) nor copolymerization with
t-alanine ethyl ester (Ala-OEt) improved the polymerization,
resulting in no precipitation. We assumed that the inactivity
of Aib-OEt in papain-catalyzed polymerization was due to the
lack of an a-proton, which is essential for the recognition of pL
isomers.** Indeed, the polymerization of p-alanine ethyl ester
(p-Ala-OEt) did not proceed in the presence of papain. Therefore, we
designed dipeptide and tripeptide ethyl esters containing an Aib
unit: Aib-t-Ala ethyl ester (AibAla-OEt) and r-Ala-Aib-1-Ala ethyl ester
(AlaAibAla-OEt), respectively. Dipeptide esters are suitable sub-
strates in protease-catalyzed polymerization to afford alternating
copolypeptides.”> > AibAla-OEt and AlaAibAla-OEt were synthe-
sized as the HCI salts by the conventional solution method.® No
polymerization of AibAla-OEt proceeded (run 2), whereas the
copolymerization of AibAla-OEt with Ala-OEt afforded a precipitate
in low yield (run 4). In contrast, the polymerization of AlaAibAla-
OEt afforded a precipitate in moderate yields (run 5 to 8), which
was maximized at a feed concentration of 0.25 M (run 6). Time
course study of the chemoenzymatic polymerization of AlaAibAla-
OEt was also performed to investigate the kinetics as shown in
Fig. S4 (ESIt). The monomer conversion increased up to 44%
within 1 h, showing a tendency similar to the chemoenzymatic
polymerization of natural amino acid monomers.’*? Among the
monomers used, only AlaAibAla-OEt could be homopolymerized
by papain to afford poly(AlaAibAla), indicating that the 1-Ala unit
is favorable for recognition by papain in the chemoenzymatic
polymerization. High concentrations of AlaAibAla-OEt deterio-
rated the polymerization efficiency, and no polypeptide was
obtained at feed concentration of 1.0 M or greater (run 9).

The structures of the obtained polypeptides were character-
ized by matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry and 'H nuclear magnetic reso-
nance (NMR) spectroscopy. The copolypeptide from AibAla-OEt
and Ala-OEt, poly(AibAla-r-Ala) (run 4), showed two series of
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Fig. 1 (a) MALDI-TOF mass spectrum of poly(AlaAibAla) prepared by
papain-catalyzed polymerization (run 5 in Table 1) and (b) schematic for
the substrate specificity of papain for Aib-containing monomers for the
(i) acylation and (ii) aminolysis steps of chemoenzymatic polymerization.

peaks derived from polyAla and poly(AibAla-r-Ala) with ethyl
ester and carboxylic acid terminal groups (Fig. S1, ESI}). In
addition to the formation of polyAla, only one unit of Aib was
incorporated in poly(AibAla-r-Ala), indicating a low affinity of
AibAla-OEt for papain. The "H NMR spectrum of poly(AibAla-r-Ala)
exhibited a new signal compared to the spectrum of polyAla; this
new signal was assigned to the methyl group of the Aib unit at
1.53 ppm (Fig. S2b, ESIt), and the proportion of Aib was estimated to
be 4.9 mol%. By contrast, distinctive peaks derived from the tetramer
and pentamer of the AlaAibAla unit appeared in the MALDI-TOF
mass spectra of poly(AlaAibAla) (Fig. 1a), indicating successful
polymerization of AlaAibAla-OEt using papain. The molecular
weight of poly(AlaAibAla) was in the range from 900 to 1800, which
is similar to the results of other hydrophobic polypeptide synthesis
by papain.'®® This is due to the limited solubility of the resulting
polypeptides in the buffer solution, causing the precipitation
during the reaction. The molecular weight dispersity was assumed
to be narrow from MALDI-TOF mass spectra, although the exact
value could not be estimated because of poor solubility of
poly(AlaAibAla) in common eluents for size exclusion chromato-
graphy. In addition to the peaks corresponding to the tetramer and
pentamer, a series of peaks with an interval of 71 m/z corres-
ponding to an Ala unit were also observed. This insertion of
additional Ala units into poly(AlaAibAla) can occur via transamida-
tion during polymerization.**?® Hydrolysis of the amide bonds in
the poly(AlaAibAla) backbone may also cause the introduction
of Ala units. However, no peak assignable to the polypeptide
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with a hydrolyzed C-terminal (i.e., carboxylic acid terminal) was
detected in the MALDI-TOF mass spectra. Thus, transamidation is
assumed to have been the major pathway for Ala insertion. The
peaks corresponding to the Ala-inserted poly(AlaAibAla) became
more intense when the feed concentration of AlaAibAla-OEt was
increased (Fig. S3, ESIt), indicating that transamidation likely
occurred at a higher concentration of substrate.” In the "H NMR
spectrum of poly(AlaAibAla), the peak derived from the methyl
protons of the Ala units shifted and overlapped with the peak of
the Aib methyl groups at 1.45 ppm (Fig. S2c, ESIT). This sub-
stantial change in the chemical shift of the Ala units is assumed
to reflect a structural transition of poly(AlaAibAla) compared to
polyAla. The Aib contents in the poly(AlaAibAla)s were also
estimated from "H NMR spectra as listed in Table 1. When the
polymerization was carried out at the low concentration (0.17 M),
the Aib content was 31 mol%, which corresponded to the theore-
tical value of an authentic AlaAibAla homopolymer (33 mol%). The
Aib content decreased with an increase in feed concentration of
AlaAibAla-OEt, because of the Ala insertion, namely, transamida-
tion, revealed by MALDI-TOF mass spectra.

The mechanism of protease-catalyzed polymerization is
known to proceed through several steps, including substrate
activation by a catalytic triad in proteases and aminolysis to
the activated acyl intermediate. Subsites are located next to a
catalytic Cys residue in the active site of papain that recognize
suitable substrates for both the activation and aminolysis
reactions.”® Aib-OEt and AibAla-OEt clearly possess a low
affinity for papain based on the results of the polymerization
(Fig. 1b). Aib-OEt appears to be mismatched with the subsite
next to the active site and therefore neither acylation by a thiol
group nor aminolysis takes place. AibAla-OEt can function as
an electrophile in the activation step, as indicated by the slight
copolymerization with Ala-OEt. However, the amine group of
AibAla-OEt is located near the a-carbon of the Aib unit, resulting
in a mismatch during the aminolysis step. By contrast, the Aib
units of AlaAibAla-OEt can occupy a subsites one unit farther
from the active site that is more tolerant of p-substrates.** Thus,
AlaAibAla-OEt can participate as an electrophile and a nucleo-
phile in the activation and the aminolysis steps, respectively, to
propagate the polypeptide chain.

Infrared (IR) spectra of the polypeptides were collected to
investigate the effect of the Aib residue on the secondary
structures (Fig. 2a). The amide I region corresponding to the
stretching vibration mode of carbonyl groups (1700-1600 cm ™)
exhibits a different profile depending on the secondary structure
of the polypeptide.>®** A strong peak assignable to a B-sheet
conformation was recorded at 1630 cm™ ' in the IR spectrum of
polyAla. A shoulder from 1700 to 1650 cm™ ' appeared in the IR
spectrum of poly(AibAla--Ala); however, the peak for the -sheet
structure was still detected because of the low Aib content. By
contrast, the spectrum of poly(AlaAibAla) showed a distinctively
different peak at 1660 cm™*, which is assignable to an o-helical
conformation. This dramatic change in the secondary structure
from B-sheet to a-helix was induced by the introduction of Aib
units into the polyAla backbone. In particular, polypeptides
consisting of an XaaXaaAib triad tend to assemble into a helical
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Fig. 2 (a) IR spectra of Aib-containing polypeptides and (b) CD spectra of
the polypeptides in 2,2,2-trifluoroethanol solution (100 mM). Poly(AlaAib-
r-Ala): run 4; poly(AlaAibAla): run 5 in Table 1.

conformation because of the steric hindrance of the methyl
substituent at the o-carbon.”'°

The secondary structures of the polypeptides in the solution
phase were analyzed by circular dichroism (CD) spectroscopy.
The CD spectra of the obtained polypeptides in 2,2,2-trifluoro-
ethanol (100 uM) are displayed in Fig. 2b. The CD spectrum of
polyAla exhibited a negative peak at 218 nm and a positive peak
at 193 nm, indicating the formation of a B-sheet structure.*?
However, the peak intensity was quite low because of the poor
solubility of polyAla. Poly(AibAla-r-Ala) exhibited a CD profile
similar to that of polyAla, with a slight deviation at approxi-
mately 190 nm. By contrast, the CD spectrum of poly(AlaAibAla)
was typical of a-helix structures in which two negative peaks at
218 and 208 nm and a positive peak at 191 nm were detected.*’
The negative Cotton effect clearly indicates that the o-helix
structure of poly(AlaAibAla) has a right-handed screw sense that
originates from the r-Ala residues.

In general, polyAla most commonly forms B-sheet structures,
even in solvents that stabilize a-helix conformations, such as
2,2,2-trifluoroethanol.*® The introduction of Aib units, which is
known to be a strong helical inducer, into the polyAla backbone
caused the distinctive transition of the secondary structure from
B-sheet to an o-helix conformation. The poly(AlaAibAla)s pre-
pared from different feed concentrations of AlaAibAla-OEt
showed almost identical CD profiles regardless of the structural

34,35

variations (i.e., the difference in the amount of Ala insertion) as
depicted in Fig. 1a. This indicates that introducing the AlaAibAla

This journal is © The Royal Society of Chemistry 2017
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triad, or perhaps only the Aib unit to a certain extent, into the
polyAla backbone can trigger an enormous conformational
change without the design of elaborate sequences, resulting in
the formation of a definite o-helix structure.

In summary, we demonstrated the successful chemoenzy-
matic polymerization of an Aib-containing tripeptide ester,
AlaAibAla-OEt, by papain in an aqueous buffer solution, resulting
in the formation of poly(AlaAibAla). The obtained poly(AlaAibAla)
was found to adopt an o-helical conformation in both the solid
and solution phases by IR and CD spectroscopic analyses. The
polymerization results of three types of Aib-containing monomers
suggest that appropriate control of the affinity for papain is
essential for achieving the papain-catalyzed polymerization of
unnatural amino acids. That is, the chemoenzymatic polymeriza-
tion of unnatural amino acids, even with little or no substrate
specificity in proteases, can reasonably proceed when Ala units (or
potentially any natural amino acids) are present on both sides
which is essential for recognition at the active site in proteases.
This methodology can broadly extend the versatility of chemo-
enzymatic synthesis for the precise construction of polypeptide-
based architectures. This technique for synthesizing polypeptides
consisting of unnatural amino acid residues can be further applied
to the fabrication of various artificial polypeptide materials with
unique structures.
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