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Poly(amino acids) such as polypeptides and proteins are attractive biomass-based polymers that poten-
tially contribute to circular economy for plastic. In the current study, we synthesized polypeptides con-
taining periodic nylon units to incorporate thermal plasticity into polypeptides. We successfully syn-
thesized polypeptides containing nylon units by chemoenzymatic polymerization. In addition to nylon 4,
which is of biomass origin, nylon 3, nylon 5, and nylon 6 were chosen as the second monomer units with
alanine, a natural amino acid. The synthesized polypeptides showed partial melting behavior prior to their
thermal degradation. It was found that the nylon unit length significantly changed the thermal properties
of the resulting polypeptides, as evidenced by WAXS and DSC analysis. Furthermore, the biodegradability
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and environmental toxicity of the synthesized polypeptides were evaluated using biological systems. The
copolymer containing nylon 4 is considered as a highly potential biopolymer in terms of the polymeriz-
ation results and environmental toxicity. These results open a new door for utilizing nylon-containing
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Introduction

For the circular economy, it is time to consider the recycling,
reduction and reuse of fossil fuel-based polymer materials,
including bulk plastics. To solve the one-way economy and
consumption of fossil oil, many biomass-based polymers have
been studied as alternatives to the present fossil plastics. Poly
(amino acid)s including polypeptides and proteins are attrac-
tive biomass-based polymers that potentially contribute to the
circular economy of plastics. Peptides and polypeptides
emerge as important functional materials owing to their
potential in biomedical applications and
nanobio‘cechnology.l'4 However, as structural bulk material,
polypeptides and proteins are potential candidates to mimic
structural proteins such as spider and silkworm silks.’
Structural proteins, including silk, elastin, and collagen, are
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peptides as biomaterials, especially as thermally processable and eco-friendly structural materials.

mainly composed of periodically repetitive sequences. These
repetitive sequences assemble into higher-order structures
with excellent mechanical and physical properties.® To
improve the physical properties of peptides, diversifying the
peptide backbone by the introduction of unnatural amino
acids enables novel functionalities.” This amendment can
improve the applicability of these peptides, enhancing their
widespread applications, including exploiting them as struc-
tural materials.

To design and develop polypeptides with unnatural func-
tions, we need to choose appropriate synthesis methods and
strategies. Conventional solid-phase peptide synthesis and
ring-opening polymerization of amino acid
N-carboxyanhydrides (NCAs) are a popular technique for
peptide synthesis; however, tedious multistep reactions with
several protection and deprotection steps restrict the large-
scale production of these materials.® On the other hand, che-
moenzymatic polymerizations have emerged as a superior
method over other solution-based syntheses because of their
eco-friendly nature.”" These facile approaches use mild
aqueous media, are atom economical reactions, and are scal-
able to industrial size."> We have developed various polypep-
tides, which include not only homopolymers but also random
copolymers containing several amino acid residues.**® Di- or
tripeptide esters are also available for use as monomers in che-

This journal is © The Royal Society of Chemistry 2020


www.rsc.li/polymers
http://orcid.org/0000-0002-7442-4514
http://orcid.org/0000-0003-2364-8275
http://orcid.org/0000-0003-2199-7420
http://crossmark.crossref.org/dialog/?doi=10.1039/d0py00137f&domain=pdf&date_stamp=2020-07-28
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0py00137f
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY011030

Open Access Article. Published on 20 April 2020. Downloaded on 3/8/2026 4:45:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

' H Q H 0 H 9 X=3(n=2)
papain
H?Nﬁ.)LN‘("‘)nij\:)Loa H N‘;)LN’HﬁrN < T~OEt  4(n=3)
P H o i phosphate buffer CL R 1 5(n=4)
n=25 40°C, 26 h 6(n=5)
AlaNylXAla-OEt poly(AlaNylXAla)

Scheme 1 Chemoenzymatic
tripeptides.

polymerization of nylon-containing

moenzymatic polymerization, resulting in periodic primary
structures.’® The periodic sequence with o,a-disubstituted
amino acids controlled the secondary structures of resultant
polypeptides.’® The chemoenzymatic polymerization of tripep-
tide has emerged as an effective method for the incorporation
of natural and unnatural amino acids with poor affinity for
proteases. Proline, which has poor affinity for papain, was
incorporated between glycine and valine units, and the result-
ing tripeptide could be effectively copolymerized to obtain
elastin-mimicking polypeptides.'” To introduce aromatic units
into the peptide backbone, the tripeptide alanine-(4-amino-
benzoic acid)-alanine ethyl ester was also successfully polymer-
ized by chemoenzymatic polymerization.*®

Even though they are attractive structural and functional
materials, polypeptides cannot be processed thermally as
typical bulk plastics, which restricts their use as structural or
bulk materials such as consumable plastics. Peptides and pro-
teins cannot be thermally processed due to strong inter-
molecular interactions through hydrogen bonds, resulting in
thermal degradation prior to melting during the heating
process. As plastics, nylons, which are similar polyamides to
polypeptides, show excellent mechanical and thermal pro-
perties, high chemical resistance, and low permeability to
gases. Among various nylons, nylon 4 is one of the most prom-
ising biodegradable and biobased plastics.’*' The nylon
4 monomer was previously introduced into the polypeptide
chain by chemoenzymatic polymerization of nylon and amino
acid monomers.>> However, only ~14 mol% of nylon units
could be introduced due to the poor affinity of nylon mono-
mers with enzymes, and the sequence could not be con-
trolled."® Here, in the current study, utilizing the same tripep-
tide technique, we designed and synthesized novel nylon-con-
taining polypeptides. Herein, we aimed to increase the nylon
content in the peptide backbone by adopting sequential align-
ment of monomers. We successfully synthesized polypeptides
containing nylon units by chemoenzymatic polymerization
(Scheme 1). In addition, nylon 4, nylon 3, nylon 5, and nylon 6
were chosen to be copolymerized with alanine, a natural
amino acid. These polypeptides are expected to affect melting
characteristics prior to their thermal degradation as well as to
maintain their biodegradability and eco-friendly properties.

Experimental
Materials

Papain was purchased from Wako Pure Chemical Industries,
Ltd (Osaka, Japan) and used as received. The activity was
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approximately 0.5 U g~', where one unit is defined as the
amount of enzyme needed to hydrolyze 1 mmol of N-benzoyl-
pr-arginine p-nitroanilide per minute at pH 7.5 and 25 °C.
N-Methyl-2-pyrrolidone (NMP) and N,N-dimethylacetamide
(DMAc) were dried over 4 A molecular sieves before use.
Diethyl ether and triethylamine were dried over 4 A molecular
sieves and stored under nitrogen. All other reagents were used
as received without any purification unless otherwise noted.

Characterization procedures

'H and "*C nuclear magnetic resonance (NMR) spectra were
recorded on a Varian NMR System 500 (Varian Medical
Systems, Palo Alto, CA) at 25 °C and at frequencies of 500 and
125 MHz, respectively. Dimethylsulfoxide-ds (DMSO-ds) with
trifluoroacetic acid-d (TFA-d) (5/1 in volume) was used as the
solvent for the polypeptides with tetramethylsilane as the
internal standard. Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry analysis (MALDI-TOF MS)
was conducted using an ultrafleXtreme MALDI-TOF spectro-
photometer (Bruker Daltonics, Billerica, MA) operating in
reflection mode at an accelerating voltage of 15 kV. The
sample was dissolved in water/acetonitrile (0.80 mg mL™") con-
taining 0.1% TFA, mixed with a solution of a-cyano-4-hydroxy-
cinnamic acid (CHCA) in water/acetonitrile (10 mg mL™"), and
deposited on an MTP 384 ground steel BC target plate. The
infrared (IR) spectra of the samples were recorded by an
IRPrestige-21 Fourier transform infrared spectrophotometer
(Shimadzu Corporation, Kyoto, Japan) with a MIRacle A single-
reflection ATR unit using a Ge prism. Thermal gravimetric ana-
lysis (TGA) was performed using a TGA/DSC2 (Mettler Toledo,
Columbus, OH, USA). The polypeptide samples (5.0 mg) were
weighed on an aluminum pan and heated with an empty refer-
ence cell at a heating rate of 20 °C min™" from 30 to 500 °C
under nitrogen. Differential scanning calorimetry (DSC)
measurements were conducted by wusing a DSC 8500
(PerkinElmer, MA, USA). The polymer sample of 3-5 mg was
weighed and sealed in an aluminum pan, which was heated
and cooled at 20 °C min™" from —10 °C to 150 °C under a
nitrogen atmosphere. The device was calibrated with an empty
cell to establish a baseline and with indium to characterize the
heat flow and temperature of the system. The synchrotron wide
angle X-ray scattering (WAXS) measurements were performed
on the BL45XU beam line of SPring-8, Harima, Japan, using an
X-ray energy of 12.4 keV (wavelength, 0.1 nm); a beam with a
diameter of approximately 45 pm was employed, according to
a previous study.”> Temperature-controlled measurements
were also performed according to a previous study.* The
sample-to-detector distance during the WAXS measurements
was approximately 180 mm. The obtained two-dimensional
(2D) scattering patterns were converted into one-dimensional
(1D) profiles by using Fit2D software.>®

Synthetic procedures

Synthesis of Nyl3Ala-OEt HCI salt. N-Boc-Nylon3 was syn-
thesized according to a previously reported procedure.>® To a
flask equipped with an addition funnel and a stir bar were
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added N-Boc-Nylon3 (25.3 g, 134 mmol), t-alanine ethyl ester
hydrochloride (20.5 g, 134 mmol), 1-hydroxybenzotriazole
(HOBt) monohydrate (18.0 g, 134 mmol), triethylamine
(18.6 mL, 134 mmol) and chloroform (125 mL) at —10 °C
under nitrogen. A solution of 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide  (water-soluble  carbodiimide,
WSCI) hydrochloride (25.6 g, 134 mmol) in chloroform
(125 mL) was added dropwise over 30 min, and the resulting
mixture was stirred at —10 °C for 30 min and then at 25 °C for
24 h. The mixture was washed sequentially with water, 5%
NaHCO; aq., and brine. The organic layer was dried with
Na,SO, and concentrated using a rotary evaporator. The
product was dried in vacuo to give Boc-Nyl3Ala-OEt with a yield
of 36.2 g (94.0%). The obtained Boc-Nyl3Ala-OEt was then sub-
jected to deprotection of the Boc group. To the solution of
Boc-Nyl3Ala-OEt (34.0 g, 118 mmol) in dichloromethane
(84.0 mL) was slowly added trifluoroacetic acid (45.1 mL,
590 mmol) at 0 °C under nitrogen. The mixture was stirred at
0 °C for 10 min and then at 25 °C for 24 h. After the solvent
was removed under reduced pressure, the crude product was
dissolved in dioxane/HCI (4.0 M, 68.0 mL). The solution was
poured into diethyl ether. The precipitate was filtered, washed
with diethyl ether, and dried in vacuo to afford Nyl3Ala-OEt as
a white hygroscopic solid. The yield was 21.5 g (97.0%).
Synthesis of AlaNyl3Ala HCI salt. To a flask equipped with
an addition funnel and a stir bar were added N-Boc-L-alanine
(25.2 g, 133 mmol), Nyl3Ala-OEt hydrochloride (25.1 g,
133 mmol), HOBt monohydrate (18.0 g, 133 mmol), triethyl-
amine (18.6 mL, 133 mmol) and chloroform (75 mL) at —10 °C
under nitrogen. A solution of WSCI hydrochloride (25.6 g,
78.9 mmol) in chloroform (75.0 mL) was added dropwise over
30 min, and the resulting mixture was stirred at —10 °C for
30 min and then at 25 °C for 24 h. The mixture was washed
sequentially with water, aq. 5% NaHCO; and brine. The
organic layer was dried with Na,SO, and concentrated using a
rotary evaporator. The product was dried in vacuo to give Boc-
AlaNyl3Ala in a yield of 45.5 g (95.3%). The obtained Boc-
AlaNyl3Ala was subsequently subjected to deprotection of the
Boc group. To the solution of Boc-AlaNyl3Ala (10.5 g,
29.3 mmol) in dichloromethane (20.0 mL) was slowly added
trifluoroacetic acid (11.2 mL, 146 mmol) at 0 °C under nitro-
gen. The mixture was stirred at 0 °C for 10 min and then at
25 °C for 24 h. After the solvent was removed under reduced
pressure, the crude product was dissolved in dioxane/HCI (4.0
M, 20.0 mL). The solution was poured into diethyl ether. The
precipitate was filtered, washed with diethyl ether, and dried
in vacuo to afford AlaNyl3Ala as a white hygroscopic solid. The
yield was 7.05 g (93.0%). All other nylons containing the
alanine tripeptide ethyl ester AlaNylXAla (X = 4, 5, and 6) were
prepared using the same experimental procedure.
Chemoenzymatic synthesis of poly(AlaNylxAla). A solution
of AlaNyl6Ala hydrochloride (1.07 g, 3.54 mmol) in phosphate
buffer (12.4 mL, 1.0 M, pH = 8.0) was placed in a glass tube
equipped with a stirring bar. To this solution, papain (0.708 g)
was added. The final concentrations of AlaNyl6Ala and papain
were 0.25 M and 50 mg mL™", respectively. The mixture was
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stirred at 40 °C at 800 rpm for 2 h using an EYELA
ChemiStation PPS-5511 (Tokyo Rikakikai Co. Ltd, Tokyo,
Japan). After 2 h, the reaction mixture was cooled to room
temperature; the precipitate was collected by centrifuging at
9000 rpm and 20 °C for 20 min. The non-reacted monomer
remained in the reaction buffer and was removed by the cen-
trifugation step. The crude product was washed twice with de-
ionized water, centrifuged, and lyophilized to obtain poly
(AlaNyl6Ala) as a white powder. The yield was 27%. The non-
reacted monomers and dimers were removed with these
washing process. The lyophilized powders were used for
further characterizations. All other nylons containing the
alanine polypeptide poly(AlaNylXAla) were prepared using the
same experimental procedure.

Biodegradation test

The biochemical oxygen demand (BOD) test was performed to
estimate the biodegradability of the samples in sea water
(Chemicals Evaluation and Research Institute, Japan) with an
Oxitop IS-6 (WTW GmbH, Weilheim in Oberbayern, Germany)
according to previous literature.>*” The biodegradability was
calculated from the theoretical oxygen demand (ThOD) and
BOD as follows:

Biodegradability (%) = BOD/ThOD x 100

The poly(AlaNylxAla) sample (approximately 10 mg) was
immersed in 43.5 mL of seawater at 25 °C for 5 days. The sea-
water used in this study was obtained from Odaiba Seaside
Park in Tokyo Bay (Tokyo, Japan), which had a pH of 8.0 and
salinity of 3.6%.

Environmental toxicity test

The environmental toxicity of the samples was tested accord-
ing to the OECD test guideline 202, acute immobilization test
(OECD), with slight modification.*®* Briefly, 30 or 60 Daphnia
magna, which were not more than 24 h old at the beginning of
the test, were used for each test sample and control. For each
treatment, the animals were divided into six or 12 groups of
five animals, and each group was kept in 10 mL of synthetic
M4 medium containing one of the test samples (or no addi-
tives as a control) for one week at a water temperature of 20 +
1 °C and a light-dark cycle of 16 : 8 h. The final concentration
of the samples was set at 100 mg L™", which was the higher
limit provided by the test guidelines. The powder samples
were dispersed well by sonication just before use. Survival
curves of each treatment were produced based on daily obser-
vations during the test period. The effects of the samples on
their survival were evaluated by comparing the Kaplan-Meier
survival curves using the log-rank test followed by Bonferroni
correction.

Statistical analysis

The significance of differences in studies of biodegradation
and environmental toxicity tests were determined by unpaired
t-tests with a two-tailed distribution. Differences were con-
sidered statistically significant at p < 0.01 (*).

This journal is © The Royal Society of Chemistry 2020
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Results and discussion
Chemoenzymatic polymerization

We synthesized tripeptide ethyl esters where the
w-aminoalkanoic acid unit (nylon monomer unit) was sand-
wiched between two alanine residues, one of the amino acids
with high affinity for papain (Scheme 1). The resultant tripep-
tide AlaNylXAla (X = 3, 4, 5, and 6) was polymerized by papain
to obtain polypeptides containing periodic nylon units. The
chemoenzymatic polymerization of the tripeptide was carried
out using 1 M phosphate buffer solution (PBS) of pH 8.0 at
40 °C; the results are listed in Table 1. The reaction was
carried out at different time intervals and at varied concen-
trations. The reaction at a 1.0 M concentration of the tripep-
tide ethyl esters (Runs 1, 5, 9, 13) resulted in a poor yield.
Additionally, the reaction was carried out at lower concen-
trations (0.1, 0.25, and 0.5 M). In the case of the reactions with
0.1 M of the tripeptide ethyl esters (Runs 4, 8, 12, 16), the
product yield was highest. However, the reaction often yielded
a high percentage of undesired product (contaminated with
alanine due to transamidation'®), as shown in Fig. 1. In the
reactions with 0.5 M tripeptide ethyl esters, the reaction yields
were relatively higher than those of the reactions with 1.0 M
tripeptide ethyl esters (Runs 2, 6, 10, 14). The reaction at 0.25
M of the tripeptide ethyl esters (Runs 3, 7, 11, and 15) showed
relatively better yields and reduced the formation of undesired
products. Hence, this optimized condition at 0.25 M
AlaNylXAla was employed in synthesizing polypeptides con-
taining nylon units.

Chemical structure analyses by MALDI-TOF MS and NMR
spectroscopy

The chemical structures of all these products were confirmed
by MALDI-TOF MS and H NMR. MALDI-TOF MS spectra of

Table 1 Chemoenzymatic polymerizations with AlaNylXAla tripeptides

Run®  Monomer Conc. (M)  Yield’ (%) Time(h) DPpa®
1 AlaNyl3Ala 1.0 4.4 2 3
2 AlaNyl3Ala 0.5 12 2 4
3 AlaNyl3Ala 0.25 35 2 5
4 AlaNyl3Ala 0.1 34 2 5
5 AlaNyl4Ala 1.0 10 6 5
6 AlaNyl4Ala 0.5 20 2 6
7 AlaNyl4Ala 0.25 39 2 6
8 AlaNyl4Ala 0.1 35 2 6
9 AlaNyl5Ala 1.0 4.3 2 3
10 AlaNylsAla 0.5 13 2 5
11 AlaNyl5Ala 0.25 43 3 5
12 AlaNyl5Ala 0.1 40 2 6
13 AlaNyl6Ala 1.0 16 2 3
14 AlaNyl6Ala 0.5 17 2 4
15 AlaNyl6Ala 0.25 30 2 6
16 AlaNyl6Ala 0.1 42 2 6

% Polymerization was carried out using monomer (HCI salt) and papain
50 mg mL™') in phosphate buffer (1 M, pH 8.0) at 40 °C for 2-6 h.
Precipitation was collected by centrifugation, washed with water, and

lyophilized. “Maximum degree of polymerization of AlaNylxAla deter-

mined by MALDI-TOF mass.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper
Poly(AlaNyi3Ala)
708.420 * Poly(AlaNyI3Ala)-OEt + Na
3(AN3A-OEt) « Poly(AlaNyI3Ala+Ala)-OEt + Na
. 770.481 * Poly(AlaNylI3Ala)-OH + Na
3(AN3A+A-OEt)
i 1134.715
5(AN3A-OEt)
Lotdw LUGL el T
750.490 « Poly(AlaNyl4Ala)-OEt + Na
Poly(AlaNyl4Ala) 3(AN4A-OEY) « Poly(AlaNyl4Ala+Ala)-OEt + Na
821.522 « Poly(AlaNyl4Ala)-OH + Na
3(AN4A+A-OEt)
1431.969
B6(AN4A-OEt)
'™ i L L
400 600 800 1000 1200 1400 1600
m/z
Poly(AlaNyl5Ala) - Poly(AlaNyl5Ala)-OEt + Na
;ﬁ@; OFt « Poly(AlaNyl5Ala+Ala)-OEt + Na
(ANSA-OEY) « Poly(AlaNyI5Ala)-OH + Na
1104.309
4(AN5A+A-OEt)
i 1588.470
l . 6(AN5A-OEt)
Al [ v
834.585 « Poly(AlaNyl6Ala)-OEt + Na
Poly(AlaNyl6Ala) SIANGA-OF |  Poly(AlaNyl6Ala+Ala)-OEt + Na
« Poly(AlaNyl6Ala)-OH + Na
806.530
3(ANBA-OH
1600.197
6(ANBA-OE)

o L A .:LJ g1
400 600 800 1000 1200 1400 1600
m/z

Fig. 1 MALDI-TOF mass spectra of poly(AlaNylXAla) obtained by
papain-catalyzed polymerization.

poly(AlaNylXAla) are shown in Fig. 1. Poly(AlaNyl3Ala) exhibi-
ted three series of products, one series with a terminal ethyl
ester and another with carboxylic acid at the C-terminal end.
Interestingly, a new series of peaks were observed that were
attributed to alanine units along with tripeptide monomer
units. The formation of this product was found to increase at
lower concentrations. The series of peaks with an interval of
213 m/z, which corresponds to the AlaNyl3Ala tripeptide unit,
indicates the successful polymerization of AlaNyl3Ala. Similar
sets of peaks were detected for AlaNyl4Ala, AlaNyl5Ala, and
AlaNyl6Ala with up to 6-mer chain lengths. The molar mass of
poly(AlaNylXAla) was in the range from 400 to 1600 Da. The
maximum degree of polymerization (DP,,,,) was determined
with MALDI-TOF mass as listed in Table 1. The reaction con-
ditions for higher yields gave relatively higher DP.,.. The
negative control reactions without enzyme were also performed
(Fig. S1t), resulting that no polymerization of tripeptide was
detected. Overall, unexpected impurities were not detected as
major components.

The poly(AlaNylXAla) was characterized by both 'H and '*C
NMR using TFA-d as a solvent (Fig. S21). The methyl peaks
originating from alanine appeared at 1.2-1.4 ppm. The nylon
peaks appeared at 1.5-4.0 ppm. The quartet peak corres-
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Fig. 2 *H NMR spectra of poly(AlaNylXAla) obtained by papain-cata-
lyzed polymerization.

ponding to the methine proton for poly(AlaNylXAla) appeared
at 3.5-5.0 ppm. The quartet corresponding to the methylene
proton of the terminal ester group appeared at 4.2-5.0 ppm for
poly(AlaNylXAla) (Fig. 2).

Thermal analysis

To characterize the difference in the thermal behavior of poly
(AlaNylXAla), we performed TGA and DSC measurements. The
lyophilized powder samples after removal of the non-reacted
monomers and dimers were used for the measurements. All
the samples were supposed to be crystallized via alanine
motifs by the lyophilization.®® The TGA profiles of poly
(AlaNylxAla) showed a 5% degradation temperature (T4s) of
approximately 190 °C regardless of the nylon chain length
(Fig. 3a). PolyAla was used as a negative control, which did not
contain any nylon units. The thermal stability of all poly
(AlaNylXAla) was found to be relatively the same, meaning that
the carbon chain length of the nylon unit does not contribute
to the thermal properties. DSC profiles of the first heating
scans are shown in Fig. 3b. The first heating scan indicated an
endothermic peak ranging from 50 °C to 120 °C, which corre-
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Fig. 3 Thermal properties of poly(AlaNylXAla). TGA (a) and DSC profiles
(b) at 20 °C min™.

sponded to water removal from the peptide based on the TGA
results and previous literature.”® The endothermic peak
observed from 240 °C to 260 °C could be due to the melting
behavior. This result was probably due to the inhibition of the
intermolecular hydrogen bonds in poly(AlaNylxXAla) with
approximately 30 mol% nylon units, and thus, the thermal
stability of poly(AlaNylXAla) decreased. Poly(AlaNyl3Ala) and
poly(AlaNyl6Ala)  demonstrated  crystallization  around
180-220 °C, and hence melting behaviors were more clear
than other samples. Among 4 types of poly(AlaNylLxAla)
samples, poly(AlaNyl5Ala) did not show obvious melting be-
havior, similar to polyAla. The chain-end structures, such as
hydroxyl group or ethyl ester, are known to affect the thermal
properties, especially, in the case of lower molecular weight
polymers.”" In the current study, we detected two types of the
C-terminal structures, namely, carboxylic acid and ethyl ester
ends. However, the most of the C-terminal end was ethyl ester,
and hence the effect of the chain end structure was not signifi-
cant. The thermal degradation temperatures and the melting
region were too close to be characterized in the second heating
profile.

Structural characterizations

The FTIR spectra of poly(AlaNylXAla) were obtained to evaluate
the effect of nylon monomers on hydrogen bond formation
(Fig. 4). In the FTIR spectra of polyAla, which is a control

PolyAla
Poly(AlaNyl3Ala)

Poly(AlaNyl4Ala)

(a) [PolyAla (b)

Poly(AlaNylI3Ala)

Poly(AlaNyl4Ala)
Poly(AlaNyl5Ala)

L L L . . . L L L L L L L L
4000 3600 3200 2800 2400 2000 1600 1200 800 3500 3400 3300 3200 3100 3000 2900 2800 2700

Poly(AlaNyl5Ala)

Poly(AlaNyl6Ala)

Wavenumber/cm! Wavenumber/cm!

Fig. 4 FTIR spectra of poly(AlaNylXAla) and polyAla. (a) Overall spectra
from 800 to 4000 cm™. (b) Enlarged spectra from 2700 to 3500 cm™.
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sample without nylon units, a strong peak in the amide I
region (1700-1600 cm™") with a major contribution of the
C=O0 stretching vibration coupled with the C-N stretching
vibration was detected. In particular, the peak at 1628 cm™
corresponding to f-sheet structures was also confirmed.** The
FTIR spectra of the nylon-containing polypeptides, poly
(AlaNylxAla), showed a slight shift to lower wavenumbers in
the amide I region. The amide II region (1550-1530 cm™%),
resulting from C-N stretching and N-H bending modes in
amide bonds, also showed a slight shift to lower wavenumbers
for nylon-containing polypeptides. On the other hand, the
peak at approximately 3280 cm ™, which corresponds to the N-
H stretching vibration that reflects the hydrogen bonding
between amide groups in the peptide backbone," was clearly
detected. As the chain length of the nylon increased, the inten-
sity of this peak decreased, indicating that the presence of
longer nylon units successfully reduced more inter- and intra-
molecular hydrogen bonding. A new peak was recognized at
approximately 2860 cm™' assignable to the C-H stretching
vibration, which became significant with increasing nylon
chain length.

To investigate the effect of the nylon units on the secondary
and crystal structures of poly(AlaNylxAla), we performed WAXS
measurements using polyAla as a control sample (Fig. 5a).
WAXS 1D profiles of polyAla show peaks originating from the
polyAla antiparallel f-sheet structure (020), (210) and
(211),>**** which did not closely match the other profiles of
poly(AlaNylXAla). Furthermore, the reported nylon structures
were not identical to the current d-spacing. This result indi-
cates that the crystal structures of poly(AlaNylXAla) were more
affected by nylon units than by alanine residues. The different
d-spacing values for poly(AlaNylxAla) also suggested that the
crystal structures of poly(AlaNylXAla) were dependent on the
type of nylon units. However, we could not assign the peaks,
and hence did not evaluate more details of the crystalline state
such as crystallinity and orientation. To characterize the effect
of the nylon units on the thermal properties of poly
(AlaNylXAla), we performed temperature-dependent WAXS with
a heating rate of 20 °C min~" (Fig. 5b and Fig. S31). The WAXS
results of poly(AlaNyl3Ala) and poly(AlaNyl5Ala) showed a

(a) 020) | (211) (b) Poly(AlaNyl3Ala)
| (210) | H
o i
'
b l '
S5 Poly(AlaNyl6Ala) 3
© ' ©
2 -
2 Polj(AlaNyl5Ala) %‘
2 1 c
5] ! 2
€ Poly(AlaNyl4Ala) S
T
Poly/(AlaNyl3Ala)
L || PoyAa
5 10 15 20 25 30 5 10 15 20 25 30 35

q/nm" q/nm!

Fig. 5 WAXS 1D profiles of poly(AlaNylXAla) and polyAla. (a) WAXS 1D
profiles at 25 °C. The peaks originated from the beta-sheet structure of
polyAla are assigned. (b) WAXS 1D profiles of poly(AlaNyl3Ala) at elevated
temperatures from 40 to 260 °C.
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decrease in peak intensity, especially with a d-spacing value of
0.20 nm, as the temperature increased. A similar tendency was
observed in the case of poly(AlaNyl4Ala) and poly(AlaNyl6Ala).
However, the crystal structures were still maintained even at
260 °C, demonstrating that the melting behaviors detected by
DSC were caused by semicrystalline regions of the polypep-
tides. Furthermore, the predominant structure of poly
(AlaNylxAla) was beta-sheet-like crystalline state. In other
words, the tightly packed crystalline region was not melted in
the DSC experiments.

Biodegradability and degradation product assay

Polypeptides composed of natural amino acids are considered
to show biodegradability in natural environments; however,
polypeptides containing nylon such as poly(AlaNylXAla) need
to be studied for biodegradability. To confirm the bio-
degradation of poly(AlaNylXAla), we performed a BOD test
using poly(AlaNylXAla) powder samples under seawater con-
ditions at 25 °C (Fig. 6). The biodegradability of the sample
was calculated from the ThOD and experimental BOD values
as described in the Experimental section. As a result, the sig-
nificant biodegradability of poly(AlaNylXAla) was confirmed,
even though polyAla showed higher biodegradability. The bio-
degradability based on the BOD tests did not indicate signifi-
cant differences among the poly(AlaNylXAla) samples.

We performed environmental toxicity tests of poly
(AlaNylxAla) and polyAla using D. magna, and no reduction in
survival was observed in any of the conditions compared to the
control (Fig. 7). In contrast, polyAla, poly(AlaNyl3Ala) and poly
(AlaNyl4Ala) significantly improved their survival compared to
the control, in which most animals experienced death from
starvation during the test period (p < 0.05), suggesting that
they may act as a nutrient rather than a toxicant for daphnids.
These results with D. magna demonstrate that poly(AlaNyLxAla)
and its degradation products did not provide toxic effects on
the natural model animal.

Considering that the types of nylon wunits in poly
(AlaNylxAla) showed different thermal and structural pro-
perties, as shown in Fig. 3 and 5, the biodegradability and

80
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2
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g 40 e o
Y e
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Fig. 6 BOD tests of poly(AlaNylXAla) and polyAla in seawater at 25 °C.
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Fig. 7 Kaplan—Meier survival curves to evaluate the effects of poly
(AlaNylXAla) and polyAla on the aquatic model animal Daphnia magna at
20 °C. Control denotes the background values without any test samples.
Number of sample daphnids (n) = 30 (for poly(AlaNyl3Ala), poly
(AlaNyl4Ala), poly(AlaNyl6Ala)) or 60 (for control, polyAla, poly
(AlaNyl5Ala)).

environmental toxicity also show different behaviors among
the different poly(AlaNylXAla) samples. In particular, similar
to poly(Ala), poly(AlaNyl4Ala) showed higher survival rate in
average.

Conclusions

In conclusion, we successfully synthesized polypeptides con-
taining periodic nylon units by sandwiching a nylon unit
between two alanine residues. We successfully established
optimized chemoenzymatic polymerization conditions for
the synthesis of poly(AlaNylxAla), even though the molecular
weight was not so sufficient for bulk applications. The nylon
content (approximately 30 mol%) within the polypeptide
chain could be enhanced by utilizing the tripeptide strategy.
The current nylon content was significantly enhanced in com-
parison to the previous study on the random copolymeriza-
tion of nylon and amino acid monomers.”* The resulting
nylon-containing polypeptides showed different melting
behaviors prior to degradation depending on the length of
the nylon units, which opens a new door for utilizing poly-
peptides as thermally processable biomaterials, which can be
processed with 3D printers. Lower molecular weight products
are supposed to be degraded more easily, and thus the resul-
tant polypeptides can be potential candidate for fast-degrad-
able materials. Utilizing enzymes for the reaction not only
helps in obtaining stereospecific and sequential amino acid
sequences but also provides an eco-friendly and sustainable
synthetic approach. Future aspects include variation in
amino acid sequences and employing longer-chain nylon
units, which could provide more interesting biological
polymers.
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