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ABSTRACT: Poly(L-serine) (polySer) has tremendous potential as a polypep-
tide-based functional material due to the utility of the hydroxyl group on its side
chain; however, tedious protection/deprotection of the hydroxyl groups is required
for its synthesis. In this study, polySer was synthesized by the chemoenzymatic
polymerization (CEP) of L-serine ethyl ester (Ser-OEt) or L-serine methyl ester
(Ser-OMe) using papain as a catalyst in an aqueous medium. The CEP of Ser-OEt
proceeded at basic pH ranging from 7.5 to 9.5 and resulted in the maximum
precipitate yield of polySer at an optimized pH of 8.5. A series of peaks detected by matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry revealed that the formed precipitate consisted of polySer with a degree of polymerization ranging from 5
to 22. Moreover, infrared spectroscopy, circular dichroism spectroscopy, and synchrotron wide-angle X-ray diffraction measurements
indicated that the obtained polySer formed a β-sheet/strand structure. This is the first time the synthesis of polySer was realized by
CEP in aqueous solution without protecting the hydroxyl group of the Ser monomer.
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■ INTRODUCTION

Polypeptides, a linear chain of amino acids linked by peptide
bonds, are potentially applicable in the biological, pharma-
ceutical, and bioinspired material fields.1−4 Polypeptides can
fold into functional higher-order structures depending on
various amino acid sequences.5−7 Such structural diversity
provides fascinating properties, including a high affinity to
genes and proteins, highly selective/efficient intracellular
uptake, high mechanical strength inspired by natural materials,
and distinctive assembled structures.8−10 Among polypeptides,
poly(L-serine) (polySer) is an attractive hydrophilic polypep-
tide for various applications. Since L-serine (Ser) has a
hydroxyl group in the side chain, resulting in high hydrogen
bonding ability, it plays a key role in designing the secondary
structure of polypeptides.11,12 Moreover, the reactive hydroxyl
group of Ser can be used as a reaction site for the
posttranslational modification of polypeptides or proteins.13−17

For instance, antibody-free detection systems for cancer have
been demonstrated by utilizing the phosphorylated reaction of
the hydroxyl groups of Ser in polypeptides.17 The hydroxyl
group of Ser can allow the construction of bioconjugates with
phenylboronic acids, leading to a smart sensor for proteins.14

Therefore, due to its high applicability in various fields, the
facile and convenient synthesis of polySer on a large scale has
been desired.
Various polypeptide synthesis techniques, including liquid-

phase synthesis,18,19 solid-phase synthesis,20,21 and ring-open-
ing polymerization,22,23 have been developed. However, to the
best of our knowledge, there is no report to date on the

synthesis of polySer from Ser monomers without a protecting
group on the hydroxyl group. Ring-opening polymerization of
the α-amino acid N-carboxy anhydrides (NCAs) of Ser
provides high molecular weight polySer with good control of
the molecular weight and polydispersity.11,24−32 However,
NCA syntheses require toxic agents such as triphosgene;
additionally, a condensing agent is required for appropriate
monomer synthesis. Liquid-phase and solid-phase peptide
syntheses as well as NCA ring-opening polymerization require
a large amount of organic solvent for synthesis, purification,
and protection/deprotection. In all existing methods, the
hydroxyl group of the Ser monomer should be protected in
advance to prevent undesired reactions on the hydroxyl group;
thus, various O-protected Ser monomers, such as O-
benzyl,25−27,31 O-pentenyl,11 O-tert-butyl,28−30,32 and O-
acetyl27 Ser derivatives, have been used for the synthesis of
polySer. Although these synthesis methods are useful, the
synthesis of polySer from a Ser monomer without side chain
protection is desirable for practical material production in the
context of atom economy.
In pursuit of the environmentally benign synthesis of

polypeptides, we have focused on chemoenzymatic polymer-
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ization (CEP) using a protease as a catalyst for the synthesis of
various types of polypeptides, including star-shaped, de-
blocked, and structural protein-like polypeptides.33−41 Unlike
conventional synthesis methods, CEP proceeds in aqueous
solution. Polymerization proceeds in a highly regio- and
stereoselective manner due to the substrate specificity of
enzymes.42,43 Therefore, polypeptides can be synthesized
without any side chain protection of amino acid monomers.
In addition, the enzyme is easily removed just by washing the
resultant polypeptides with water, and the polymerization
technique is scalable. The immobilized enzymes would also be
useful for water-soluble polypeptides in terms of enzyme
removal. Recently, we and other groups have demonstrated
that the CEP of amino acid monomers with functional side
groups can result in various polypeptides with reactive side
groups, including poly(L-lysine), poly(L-cysteine), and poly(L-
tyrosine), without the use of protecting groups.44−50 Most
importantly, in all the CEPs of these amino acid monomers,
polypeptides consisting of α-peptide bonds were formed while
maintaining the intact reactive side groups due to the regio-
and stereoselectivity of protease-mediated reactions.42

In this study, the CEP of L-serine ethyl ester (Ser-OEt) was
performed in aqueous media using papain as the enzyme
catalyst. After the optimization of the reaction conditions, Ser-
OEt without any protection on the hydroxyl group was directly
converted to polySer via enzyme-catalyzed polymerization.
Characterization of the chemical structure of the resultant
product, including proton nuclear magnetic resonance (1H
NMR) spectroscopy and matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometry,
revealed that polySer with a degree of polymerization (DP)
ranging from 5 to 22 was obtained. The secondary structure of
polySer was characterized by circular dichroism (CD), infrared
spectroscopy (IR), and synchrotron wide-angle X-ray
diffraction (WAXD) measurements. The results of this study
should lead to the development of noteworthy research on the
application of hydrophilic polypeptides.

■ MATERIALS AND METHODS

Materials

Papain was purchased from Sigma-Aldrich (St. Louis, MO, USA) and
used as received (EC Number: 3.4.22.2). The activity was
approximately 3 U/mg, where one unit was defined as the amount
of enzyme that hydrolyzed 1 μmol N-benzoyl-L-arginine ethyl ester
per minute at pH 6.2 and 25 °C. Ser-OEt (99%) was purchased from
Watanabe Chemical Industries, Ltd. (Hiroshima, Japan). L-Serine
methyl ester (Ser-OMe, 98.0%) was purchased from Tokyo Chemical
Industry Corporation Ltd. (Tokyo, Japan). Trifluoroacetic acid (TFA,
98.0%), 2,2,2-trifluoroethanol (TFE, 99.0%), dimethyl sulfoxide
(DMSO, 99.0%), N,N-dimethylformamide (DMF, 99.5%), and
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 99.5%) were purchased
from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan)
and used as received. For all experiments, water was distilled and ion-
exchanged prior to use.

Synthesis of polySer

The CEP of Ser-OEt or Ser-OMe was performed according to the
following typical procedure. Initially, Ser-OEt hydrochloride (2 mmol,
0.3392 g) or Ser-OMe hydrochloride (2 mmol, 0.3112 g) was
dissolved in phosphate buffer (1 M, pH 8.0, 2 mL). Then, the pH of
the monomer solution was adjusted to an appropriate pH (6.5−10.0)
using 5 M hydrochloric acid (HCl) or 5 M sodium hydroxide
(NaOH) aqueous solution. The monomer solution was poured into a
glass tube equipped with a magnetic stirrer, set in a reaction device
(ChemiStation, AYELA, Tokyo, Japan) at 40 °C and stirred at 800

rpm. A powder of papain (0.100 g, 50 mg/mL) was then added to the
monomer solution to start polymerization. The solution was stirred at
40 °C and 800 rpm for 4 h. The resultant solution was centrifuged
(20,000 ×g, 15 °C, 1 min) to separate the formed precipitate from the
crude solution. The collected precipitate was washed for at least three
cycles of centrifugation/redispersion using deionized water. The
resulting pellet was then lyophilized to yield polySer. The chemical
structure of the product was characterized by 1H NMR spectroscopy
and MALDI-TOF MS spectrometry.

The supernatant of the reaction solution after collecting the
precipitate was purified with ultrafiltration using an Amicon Ultra unit
(Merck, MWCO: 3 k, 20,000 × g, 15 °C, 30 min) to remove the
papain. The collected filtrate solution was lyophilized and then
characterized by electrospray ionization (ESI) mass spectrometry to
identify the water-soluble product.

TFA Treatment of polySer
To characterize the secondary structure of polySer in an aqueous
solution, the precipitated polySer, which is insoluble in water, was
solubilized in aqueous medium by a subsequent TFA treatment. The
lyophilized precipitate obtained by the CEP of Ser-OEt was dissolved
in excess amounts of TFA. After dissolving, an excess amount of
diethyl ether was added to reprecipitate from the TFA solution. After
removing the supernatant solution, the precipitates were washed three
times by centrifugation/redispersion using fresh diethyl ether. The
remaining precipitates were dried under reduced pressure for 1 h to
obtain a white solid. The polySer solid after TFA treatment was easily
dissolved in aqueous media and used for further characterization by
CD spectroscopy.

Characterization Procedure
1H and 1H-1H COSY NMR spectra were recorded on a Bruker
DPX400 spectrometer (Bruker, Bremen, Germany) at 400 MHz.
Deuterated TFA (TFA-d) was used as the solvent. MALDI-TOF mass
spectra were recorded with an AutoFlex III Plus (Bruker)
spectrometer using α-cyano-4-hydroxycinnamic acid (CHCA) as the
matrix dissolved in acetonitrile. The Fourier transform infrared (FT-
IR) spectra of the collected precipitate samples were recorded by
using an IR Prestige-21 Fourier transform infrared spectrophotometer
(Shimadzu Corporation, Kyoto, Japan) with a MIRacle A single-
reflection attenuated total reflection unit using a Ge prism. The
sample for the FT-IR spectra was used before TFA treatment. ESI
mass spectrometry was performed with the samples using an Exactive
Plus Orbitrap ESI mass spectrometer (Thermo Fisher Scientific, MA,
USA).

CD spectroscopic analysis was conducted using a JASCO J-820 CD
spectropolarimeter (JASCO, Tokyo, Japan). Measurements were
performed on polySer solutions (0.5 mg/mL) in deionized water
using a cuvette with a 1 mm path at 25 °C. The pH of the sample
solution was adjusted using 5 M NaOH or 5 M HCl. Each spectrum
represents the average values of three independent scans from 195 to
290 nm with a resolution of 1 nm.

The WAXD measurement was performed at the BL05XU beamline
(SPring-8, Harima, Japan) using an X-ray energy of 12.4 keV
(wavelength: 0.1 nm). The obtained two-dimensional (2D)
diffraction patterns were converted to one-dimensional (1D) profiles
by azimuthal integration using Fit2D.51 The synthesized materials
were identified by ESI mass spectrometry (Thermo Fisher Scientific
Exactive Plus Orbitrap ESI mass spectrometer, MA, USA).

■ RESULTS AND DISCUSSION

CEP of Ser-OEt Using Papain as the Catalyst

Proteases generally catalyze not only the hydrolysis of
polypeptides but also the aminolysis of amino acid derivatives
to afford polypeptides under certain reaction conditions, such
as high monomer concentrations.35 Appropriate acyl donors,
such as amino acid esters, can kinetically promote the
formation of a tetrahedral intermediate followed by nucleo-
philic attack by the amino group of another amino acid ester.42
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Since CEP utilizes the native function of the protease in the
aminolysis of amino acid derivatives, the reaction pH also
affects the aminolysis reaction efficiency. Therefore, in this
study, we conducted the CEP of Ser-OEt using papain as a
catalyst in an aqueous solution and investigated the reaction
efficiency at various pH values (Scheme 1). Papain was
selected as the enzyme because of its broad substrate
specificity, including neutral amino acids.

The CEP of Ser-OEt was carried out at various initial pH
values between 6.5 and 10.0 at a monomer concentration of 1
M (Figure 1a) and resulted in the formation of a white
precipitate from pH 7.5 to 9.5. This polymerization system
should be a kind of a precipitation polymerization, since the
monomer was soluble and the polymerized product became a
precipitate in the polymerization medium. In contrast, no
precipitate is observed during the synthesis of polySer by the
techniques such as liquid-phase synthesis, solid-phase syn-
thesis, and ring-opening polymerization, because the depro-
tection of the hydroxyl group of the polymers of O-protected
Ser are performed in strong acids such as TFA or
HBr.25,27,29,30,32 In the CEP conducted at an initial pH
below 7.0 or above 10.0, precipitation was hardly obtained
after polymerization due to the formation of water-soluble
oligo(L-serine) (oligoSer) (described in detail later). The
precipitate was collected by centrifugation and washed with
water to remove papain for a monomer concentration of 1 M.
Judging from almost no peak other than that originating from
polySer in 1H NMR, we considered that papain was almost
removed from the precipitate of polySer. Although a very small
amount of papain or degraded residues of papain might remain
in the precipitate, their little contamination would not affect

the characterization of polySer. On the other hand, the CEP of
Ser-OEt using 12.5 mg/mL of papain afforded no precipitate,
suggesting the need of a papain concentration of 50 mg/mL
even if the removal of papain would be more troublesome than
at the lower concentration. The average yield of the precipitate
at various pH values was determined (Figure 1b). When the
CEP of Ser-OEt was conducted at slightly basic pH, the yield
of the precipitate increased and reached a maximum of 20.4%
at pH 8.5. This result revealed that the optimum pH to obtain
the precipitate was pH 8.5. A time course study of the CEP of
Ser-OEt was also performed at pH 8.5 and an initial Ser-OEt
concentration of 1 M (Figure 2a). The precipitate rapidly
appeared at approximately 30 min, and the yield of the
precipitate increased to 20% within 60 min, exhibiting a similar
tendency to the CEP of other amino acid derivatives.36 After
60 min, the yield of the precipitate reached a maximum value
and almost remained constant until at least 360 min, indicating
that the hydrolysis of the polySer redissolved in the
polymerization medium hardly occurred with increasing
reaction time. This indicates that the redissolution of polySer
might not occur once the precipitate is formed. In addition, the
number average DP of the precipitated polySer obtained by the
CEP of Ser-OEt after 60 min was calculated to be 7.1 by the
integral ratio of peak a′ to a and a″ in the 1H NMR spectrum
(Figure S1a). This value was similar to that for the polySer
obtained by the CEP of Ser-OEt after 360 min. The ESI MS
spectrum of the water-soluble part in supernatant solution
showed the peaks of small amounts of Ser-OEt as well as those
of hydrated oligoSer (Figure S1b). These results indicated that
the molecular weight of polySer got to the maximum within 60
min. In contrast, the polymerization at pH 7.0 provided no
precipitation. The resultant solution was then adjusted to pH
8.5; however, no precipitation was formed (Figure S2). This
result indicated that the precipitation of polySer after CEP was
not caused by a change in the solubility of the resulting
product and probably due to the low molecular weight of the
resultant product. The pH dependence of the papain-catalyzed
hydrolysis of N-acetyl-L-phenylalanylglycine p-nitroanilide was
reported in the literature.52 This result indicates that the
polymerization activity of papain varies with pH, even though
the optimal pH of aminolysis differs from the hydrolysis. The

Scheme 1. Papain-Catalyzed Polymerization of Ser-OEt

Figure 1. (a) Photographs of the resultant solution after the CEP of Ser-OEt at various pH conditions. (b) Yield of the precipitate formed after the
CEP of Ser-OEt at various pH conditions. The precipitate was obtained as an insoluble part after washing with deionized water by the
centrifugation/redispersion process to remove the remaining monomer and papain.
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difference in the yield of polySer as a precipitate was
determined by the difference in papain activity in addition to
the reactivity of Ser-OEt at each pH, which is the case for
typical CEPs.35

The initial concentration of monomer ([M]0) affects the
yield of polypeptides in CEPs.34,39,42 Similarly, the [M]0 of Ser-
OEt significantly influenced the yield of the precipitate, as

shown in Figure 2b. By optimizing the [M]0 in a range of 0.5−
2.0 M, the yield of the precipitate was improved from 20.4 to
56.9%. The maximum yield was obtained for the CEP
conducted at [M]0 = 1.5 M. It should be noted that the
precipitate hardly formed for [M]0 below 0.5 M or above 1.75
M, probably due to the formation of water-soluble oligoSer
instead of polySer, even though the reaction pH was fixed at

Figure 2. (a) Time course of the yield of the precipitate during the CEP of Ser-OEt conducted with papain (50 mg/mL) at pH 8.5. The monomer
concentration was fixed at 1 M. (b) Yield of the precipitate for CEPs conducted at various monomer concentrations. The yield was an average of
three independent experiments to determine the standard deviation (N = 3).

Figure 3. (a) 1H NMR and (b) MALDI-TOF MS spectra of the precipitated polySer obtained by the CEP of Ser-OEt at pH 8.5. TFA-d was used
as the solvent for 1H NMR.
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8.5. At 0.5 M Ser-OEt, papain might exhibit the lower substrate
recognition against Ser-OEt, resulting in the formation of
water-soluble oligoSer. At over 1.75 M of Ser-OEt, the papain
concentration was not sufficient for the excess amount of Ser-
OEt. Also, the larger decrease in the reaction pH was caused by
the polymerization of excess amounts of Ser-OEt, resulting in
the synthesis of oligoSer instead of polySer.
The collected precipitate was characterized by 1H NMR and

MALDI-TOF MS spectra (Figure 3). The chemical structure
of the precipitate was characterized by 1H NMR, and the
protons of polySer were detected and assigned (Figure 3a). We
assigned three peaks that appeared at 4.6−5.0 to the α-proton
of polySer because they correlated to the peaks assigned to the
methylene protons (indicated as b, b′, and b″ in Figure 3a), as
determined by 1H-1H COSY NMR (Figure S3). The split
peaks include the α-proton of the Ser residue at the N-
terminus and C-terminus in addition to that of repeating units,
as with the other polypeptides.34 Moreover, the MALDI-TOF
MS spectrum of the obtained precipitate for CEP at pH 8.5
revealed a series of peaks with an m/z interval of 87
corresponding to the Ser monomer unit (Figure 3b). Each
peak (marked with blue dots in Figure 3b) matched the exact
mass of polySer with an ethyl ester C-terminus. The most
intense peak appeared at 850 m/z and was assigned to polySer
with a DP of 9. The DP assignable to the series of peaks of
polySer ranged from 5 to 22. In addition, the second largest
series of peaks (marked with red dots in Figure 3b) had m/z
values that were 28 less than the peaks of polySer with an ethyl
ester C-terminus. These peaks were assigned to polySer with a
hydrolyzed C-terminus. This result indicated that a com-
petitive hydrolysis reaction occurred during CEP when using
papain. The MALDI-TOF MS spectra for polySer obtained
from pH 7.5 to 9.0 showed similar profiles, indicating that the
DP of the precipitated polySer was hardly affected by the
reaction pH during CEP (Figure S4). The water-soluble part of
the supernatant after CEP was also characterized by ESI mass
spectrometry. Notably, the formation of oligoSer with DP
values from 2 to 4 was confirmed for the solution resulting
from the CEP of Ser-OEt conducted at pH 7.0, 8.5, and 10.0
(Figure S5). Even though no precipitation was obtained from
CEP conducted at pH 7.0 and 10 (Figure 1a), oligoSer formed
as the water-soluble part after CEP (Figure S5a,c). The
formation of oligoSer was also confirmed in the supernatant
solution after the CEP of Ser-OEt at the optimal pH (pH 8.5)
(Figure S5b). Collectively, the polymerization activity of
papain was enhanced at the optimized pH, resulting in polySer
as a precipitate. The polymerization probably competed with
the hydrolysis reaction at the C-terminus of polySer at lower or
higher pH to give only oligoSer, although the aminolysis
reaction also occurred.
The molecular weight of the polySer obtained by the CEP of

Ser-OEt was relatively low compared to that of the polySer
obtained by the NCA ring-opening polymerization via the
protection/deprotection process29−32 probably due to the
precipitation during the CEP. The addition of the solvent such
as fluorinated solvents might be effective on the further
increment of the molecular weight by avoiding the formation
of the β-structure to prevent the precipitate of polySer. It was
reported that the poly(L-phenylalanine) (polyPhe) with a high
molecular weight (ca. 30,000) was obtained by enzymatic
synthesis in 1,1,1,2-tetrafluoroethane using subtilisin Carlsberg
as an enzyme.53

Reactivity of the Other Ester Monomer on CEP

The CEP of Ser-OMe was also conducted to compare the
reactivity of the ester groups of the Ser monomer (Scheme 2).

The precipitate gradually appeared after papain was added to
the solution of Ser-OMe similar to the CEP of Ser-OEt, and
the yield of the precipitate reached 29.0% after 240 min. The
structure of the precipitate was determined by 1H NMR and
MALDI-TOF to confirm the synthesis of polySer from Ser-
OMe (Figure 4). In the 1H NMR spectrum, two peaks
originating from the α-protons of polySer appeared at 4.6−5.0
ppm (indicated as a, a′, and a″ in Figure 4a) and were assigned
by the cross peaks with the methylene protons (indicated as b,
b′, and b″ in Figure 4a) in the 1H-1H COSY NMR spectrum
(Figure S6). For polySer derived from Ser-OMe, the α-proton
of the Ser residue at the N-terminus (indicated as a′ in Figure
4a) was divided from those of the repeating units and the C-
terminus (indicated as a and a″ in Figure 4a). In addition,
some hydrolysis of the methyl ester at the C-terminus
occurred, judging from the integral values of the α-proton of
the Ser residue at the N-terminus and the methyl proton of the
methyl ester at the C-terminus. In the MALDI-TOF MS
spectrum of the precipitate, there were two main repeating
series of mass peaks with 87 m/z intervals corresponding to a
Ser monomer unit (Figure 4b). The larger series of peaks was
assigned to hydrolyzed polySer at the C-terminus (marked
with red dots in Figure 4b), and the other was assigned to
polySer with a methyl ester at the C-terminus (marked with
blue dots in Figure 4b). The DP assignable to the series of
peaks of polySer ranged from 7 to 24, and the highest peak was
observed at 737 m/z, DP = 8.
The effect of the ester group of the monomers on the CEP

was investigated. In the CEP of L-alanine (Ala) and glycine
(Gly) esters, the ethyl esters exhibited higher yields than the
methyl esters, while the DPs of the resultant poly(L-alanine)
(polyAla) or poly(glycine) (polyGly) were comparable for the
two ester monomers.39 However, the CEP of Ser-OEt
performed under the same condition ([M]0 = 1.0 M, at pH
8.5, for 4 h) afforded a slightly lower yield (20.4%) than that of
the CEP of Ser-OMe. For the DP of the resultant polySer
determined by MALDI-TOF MS, the two were comparable.
On the other hand, the number average degree of polymer-
ization (DPn) of polySer was determined by the integral ratio
of the peak a′ against the peaks a and a″ in 1H NMR spectra
(Figures 3 and 4). The DPn of polySer obtained by the CEP of
Ser-OEt was calculated to be 6.6, while that obtained from Ser-
OMe was calculated to be 14. For Ala and Gly, the affinity of
their ethyl esters to papain might be higher than the methyl
esters, resulting in a higher yield for the ethyl esters.39 In
contrast, the affinity of Ser-OMe to papain might be higher
than Ser-OEt, resulting in a higher yield as well as a higher DPn
for the methyl ester. Ser is a hydrophilic amino acid having a
hydroxyl group, whereas Ala and Gly are hydrophobic amino
acid. Therefore, the trend of the affinity could be reversed.
Moreover, considering that the main series in the MALDI-

Scheme 2. Papain-Catalyzed Polymerization of Ser-OMe
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TOF MS spectrum of the polySer derived from Ser-OEt was
assigned to the nonhydrolyzed polySer at the C-terminus in
contrast to the polySer derived from Ser-OMe, the methyl
ester might have been more easily hydrolyzed than the ethyl
ester. A similar tendency was exhibited in the CEP of methyl
esters and ethyl esters of Ala or Gly.

Solubility Test of polySer

Solubility testing was performed to determine a good solvent
for the obtained polySer. The isolated polySer (10 mg, white
powder) was dissolved in various solvents (1 mL) (Figure 5),

and the solubility was determined by its appearance. The
obtained polySer was insoluble in common solvents such as
alcohols and chloroform. Highly polar solvents such as DMSO
and DMF and fluorinated solvents such as TFE and HFIP,
which are often used as good solvents for polypeptides, were
unable to completely dissolve polySer. A highly basic aqueous
medium (pH 12.0) was a suitable solvent for the obtained
polySer, whereas polySer did not dissolve in aqueous solution
at pH 1.0 or 8.0. TFA was also a good solvent to completely
dissolve the obtained polySer. Solubility testing at the lower
concentration (1 mg of polySer was dissolved in 1 mL of
various solvents) exhibited a similar tendency (Figure S7). On
the other hand, the polySer obtained by the NCA ring-opening
polymerization of O-protected Ser followed by the depro-
tection process was reported to be partly soluble in water,
although the molecular weight of the polySer was estimated as
650 comparable for that obtained in this study.29

The obtained polySer was insoluble over a broad range of
pH values from 1.0 to 8.0 but was soluble in a highly basic
aqueous solution (pH 12). The pKa of the hydroxyl group of
the Ser residue incorporated in the oligopeptide was 12.8,
which was lower than that of the hydroxyl group in the Ser
monomer (15.9).54 Therefore, the hydroxyl groups in the side
chain of polySer were deprotonated to some extent at pH 12,
allowing polySer to dissolve in water despite tending to adopt a
β-sheet structure (described in detail later). The obtained
polySer was soluble in TFA and basic aqueous solution,
promising further functionalization of polySer by post-
modification of the free hydroxyl group on the side chain.

Figure 4. (a) 1H NMR and (b) MALDI-TOF MS spectra of the precipitated polySer obtained by the CEP of Ser-OMe at pH 8.5. TFA-d was used
as the solvent for 1H NMR.

Figure 5. Solubility testing of the precipitated polySer (10 mg/mL).
Photographs of the resultant solution after dissolving the polySer that
formed during polymerization.
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As shown in Figures 1a and 5, the synthesized polySer did
not dissolve in aqueous solution except under highly basic
conditions. However, once polySer was dissolved in TFA and
then reprecipitated with diethyl ether, and the obtained solid
was temporarily soluble in water at various pH values (Figure
S8). Note that the dissolved polySer gradually precipitated
from water again after a long time period, such as 1 week at 25
°C. The small amount of remaining TFA in polySer might
influence the secondary structure or the hydrated state of
polySer in aqueous solution, similar to the case of proteins.55

Characterization of the Secondary Structure of the
Obtained polySer

To date, there are no reports of experimental characterization
of the secondary structures of polySer at various pH values. To
reveal the secondary structure of polySer, the precipitated
polySer obtained by CEP was characterized by IR spectros-
copy. The IR spectrum of the precipitated polySer from CEP
conducted at pH 8.5 is shown in Figure 6a. The strong peak in

the amide I region (1600−1700 cm−1) was attributed to the
stretching vibration mode of the amide carbonyl group in
polySer. The shift in this peak reflected the structural
difference of the amide bonds with specific hydrogen bonds.
In particular, the peak top region at 1620−1640 cm−1 was
assignable to the β-sheet structure.56 PolyAla and poly[O-tert-
butyl L-serine] [poly(O-tert-butyl Ser)] prepared via NCA ring-
opening polymerization was also reported to form β-structures,
suggesting no contribution of the hydroxyl group to the
formation of the β-sheet structure, and it was indicated that the
propagating polySer formed a β-sheet structure during CEP
and assembled into large aggregates, resulting in an insoluble
precipitate.
The secondary structure of polySer in aqueous solution was

also investigated by CD spectroscopy. An aqueous solution of
polySer at various pH values was prepared by using polySer
after TFA treatment (Figure S8). After dissolving 1 mg of
polySer in deionized water, the pH of the solution was adjusted
to 3, 5, 7, 9, and 12 by the addition of NaOH or HCl. The CD

Figure 6. (a) IR spectrum of the precipitated polySer obtained after CEP at pH 8.5. (b) CD spectra of polySer in water at various pH values and 20
°C. The peptide concentration was 0.5 mg/mL.

Figure 7. (a) 1D powder WAXD profile of polySer and (b) schematic illustration of the antiparallel β-sheet structure of polySer.
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spectra of polySer at various pH values are displayed in Figure
6b. The CD spectra of polySer in aqueous solution from pH 3
to 12 exhibited a negative Cotton effect with a negative peak at
approximately 220 nm and a positive peak at approximately
205 nm, indicating the formation of a β-strand structure. The
CD profiles were almost identical regardless of solution pH.
This result indicated that polySer strongly tended to form a β-
strand structure in aqueous solution even at a basic pH of 12,
and this structure enabled polySer to dissolve. Although the
TFA treatment might affect the secondary structure of polySer
in a solution state, these results coincide with the report that
polySer with a number average of a molecular weight of 600
would have a propensity to form a β-strand structure in
water.30

Subsequently, WAXD analysis of the as-precipitated polySer
was performed to investigate the secondary structure. Figure 7
shows the 1D WAXD profile of the as-precipitated polySer
obtained by the CEP of Ser-OEt at pH 8.5. Seven strong
diffraction peaks were detected and represented d-spacings of
2.3, 2.7, 2.9, 3.5, 4.1, 4.6, and 5.4 Å. Typical antiparallel β-sheet
patterns in X-ray analysis have been reported for various
polypeptides, where the interstrand distance is constant at
4.6−4.7 Å among the polypeptides due to the strong
interaction of multiple hydrogen bonds between polypeptide
chains.57−59 The sheet was assembled with fully extended
polypeptide chains with the side chains of adjacent amino acids
pointing in opposite directions, where the distance between
amino acids was 3.5−3.7 Å.7,59 Thus, the peaks with d-spacings
of 4.6 and 3.5 Å were assigned to the interstrand distance of
polySer and the distance between the serine residues in
polySer, respectively (Figure 7b). Moreover, the intersheet
distance of a β-sheet structure is known to alter depending on
the side chain of the amino acids and is correlated with the van
der Waals volume of the amino acids.57−59 Previously, we also
demonstrated that the WAXD 1D profile of linear polyAla
exhibited an antiparallel β-sheet structure and revealed that the
intersheet distance of the β-sheet structure was 5.2 Å.33,60,61

The peak with a d-spacing of 5.4 Å for polySer was assumed to
be the intersheet distance of the β-sheet structure (Figure 7b),
and the distance was larger than that of polyAla. The difference
in the intersheet distance between polySer and polyAla was
caused by the steric repulsion of the hydroxyl group on the
side chain of Ser.57−59 The other diffraction peaks with d-
spacings of 2.3, 2.7, and 2.9 Å were difficult to assign to a
specific periodic structure. However, these peaks were also
similar to those appearing in the WAXD profile of polyAla in a
β-sheet structure.33 Collectively, the peaks detected in the
WAXD profile of polySer were assumed to be the β-sheet
structure, as illustrated in Figure 7b.

■ CONCLUSIONS
We demonstrated that the protecting group-free synthesis of
polySer was achieved by the papain-catalyzed polymerization
of Ser-OEt in aqueous solution. At pH 8.5, polySer with DP
values ranging from 5 to 22 was obtained as a precipitate after
CEP. The MALDI-TOF mass and 1H NMR results of the
precipitate revealed that the obtained polySer consisted of a
Ser residue with a free hydroxyl group. The precipitated
polySer was soluble in TFA or highly basic aqueous solution at
pH 12.0. The structural characterization of the obtained
polySer using IR spectroscopy, CD spectroscopy, and WAXD
indicated that the precipitate was formed via the assembly of
the β-sheet structure of polySer during CEP. We are convinced

that the facile and sustainable preparation of protecting group-
free polySer will lead to the development of versatile functional
polypeptides.
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