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ABSTRACT: His-containing polypeptides, including polyHis, are
attractive materials due to the unique characteristics of the
imidazole ring of the His residue. In particular, His-containing
polypeptides with repetitive sequences have a variety of distinctive
features based on their periodic structure. In this study,
chemoenzymatic polymerization of ethyl ester monomers with
sequences His, GlyHis, HisGly, and GlyHisGly with hydrophobic
side chains on the imidazole ring was performed using papain as a
catalyst. Sequence dependence in chemoenzymatic polymerization
was observed for GlyHis- and HisGly-based monomers: GlyHis-based monomers did not undergo polymerization, whereas
polymerization of HisGly-based monomers afforded polypeptides with a degree of polymerization from 6 to 38 and from 5 to 31 and
a number-average degree of polymerization of 16.4 and 12.4 for poly(HisGly) and poly[His(Bu)Gly], respectively. The difference in
polymerizability of these dipeptide monomers was supported by a docking simulation between these monomers and papain, where
the ester group of the HisGly-based monomer was closer to the catalytic center of papain than that of the GlyHis-based monomer.
Infrared spectroscopy and synchrotron wide-angle X-ray diffraction measurements indicated that poly(HisGly) formed a β-sheet
structure whose crystallinity was 41.6%, whereas the other tripeptide-based polypeptides were more amorphous showing 19.6−
30.7% of crystallinity. Poly(HisGly) exhibited the highest thermal stability among all of the polypeptides in the thermogravimetric
analysis, reflecting the difference in the secondary structures.

■ INTRODUCTION
Polypeptides and proteins, which are composed of amino acids
with side chains varying in size, hydrophobicity, charge, and
reactivity, have attracted great interest as biobased materials
with useful physical, chemical, and biological properties.1−6

These properties originate from the sequence of the amino
acid residues and their higher-order structures. Polypeptide-
and protein-based materials are considered promising alter-
natives to synthetic materials because they can be tailor-made
by the selection and arrangement of amino acid residues.
There are 22 proteinogenic amino acids as well as

nonproteinogenic amino acids, such as γ-aminobutyric acid
(GABA), L-3,4-dihydroxyphenylalanine (DOPA), and hydrox-
yproline (Hyp). This diversity of constituent amino acids gives
polypeptides and proteins a wide variety of structural and
functional properties. Among 22 proteinogenic amino acids,
histidine (His) is one of the most versatile because of the
unique characteristics of the imidazole ring in its side chain, as
follows: (i) the imidazole ring is aromatic, which leads to
interaction with aromatic and cationic amino acid residues in
polypeptides and proteins via π−π and cation−π interactions;
(ii) the imidazole ring has a hydrogen-bond donor and
acceptor, that is, a polar hydrogen atom and a basic nitrogen
atom, respectively; (iii) the pKa of the imidazole ring of His is

approximately 6.1 and the protonation of the imidazole ring
occurs near physiological pH; and (iv) the basic nitrogen atom
in the imidazole ring has a lone pair that enables coordination
with transition metals such as Ca, Ni, and Zn. The multiple
interactions of His residues listed above contribute to the
complicated and sophisticated features of polypeptides and
proteins.7−11 The His residue is often a key residue in the
catalytic reactions of enzymes such as serine proteases and
cysteine proteases.12−15 In the catalytic triad of these proteases,
the basic nitrogen atom of the His residue helps deprotonate
hydroxy or thiol groups through His, which is the first step of
the protease-catalyzed reaction.
Although His-containing polypeptides, including polyHis,

are thus attractive materials, the synthesis of His-containing
polypeptides is difficult and costly because the protection of
the imidazole ring of His is necessary to prevent undesired
coupling at the side chain in conventional synthetic methods.
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His-containing polypeptides with complicated amino acid
sequences have been synthesized via solid-phase peptide
synthesis (SPPS) and solution-phase peptide synthesis by
sequential coupling chemistry using condensation reagents
such as carbodiimide derivatives. The primary and higher-
order structures of the resulting His-containing polypeptides
give unique physiological functions performed by the His
residues.16−20 However, tedious stepwise reactions are
necessary, which limits the available peptide length and
large-scale production capable of huge supply for bulk material
applications. Ring-opening polymerization (ROP) of amino
acid N-carboxyanhydrides (NCAs) provides polyHis and its
derivatives with random or block sequences.21−24 This
technique can precisely control molecular weight and construct
special architectures such as block and graft polymers, but
more complicated amino acid sequences are unattainable.
Although the bulk-scale production of functional polypeptides
with sophisticated insertion of His residues is highly desired for
various applications, conventional synthetic methods all have
disadvantages in large-scale production with well-defined
sequential control. To overcome these issues, we are focusing
on the utilization of chemoenzymatic polymerization.
As an eco-friendly synthetic method, chemoenzymatic

polymerization should offer several advantages for the
preparation of His-containing polypeptides. The chemo-
enzymatic polymerization of amino acid ester derivatives
catalyzed by proteases has been developed as an alternative
method to conventional synthetic methods such as SPPS and
ROP of NCAs. In contrast to conventional methods, this
technique does not require any side chain protection of the
monomers, which allows for a facile and cost-effective synthesis
of polypeptides.25−31 Polymerization is performed in an
environmentally benign aqueous system, and purification can
be performed easily by washing precipitates with water
regarding to water-insoluble polypeptides. Using di- or
tripeptide esters as monomers, chemoenzymatic polymer-
ization can afford periodic polypeptides that have previously
been conventionally prepared by costly, time-consuming
stepwise condensation methods using condensation agents.32

Low-affinity natural amino acids for the enzyme, such as
proline and valine, can be incorporated into the polypeptide
sequence using a tripeptide ethyl ester in which the low-affinity
residue is sandwiched between two alanine (Ala) or glycine
(Gly) residues as monomers.33 This technique is also
applicable for the incorporation of unnatural amino acids
with no specificity for enzymes, affording polypeptides
containing α-aminoisobutyric acid (Aib) units, nylon units,
or aromatic units, which have a similar structure to engineering
plastics.34−36

The introduction of His residues into repetitive sequences
imparts distinct physical and physiological properties to
polypeptides depending on the periodic structures. For
example, periodic polypeptides consisting of His and Lys
residues were synthesized by SPPS followed by a chain
extension reaction via terminal Cys residues for peptide
carriers of DNA delivery.37 The sequential variation of His-
containing repetitive polypeptides displayed distinct diversity
in their ability to bind to DNA. We recently reported the
chemoenzymatic polymerization of the His-containing tripep-
tide ester GlyHis(Bu)Gly using papain to obtain the periodic
His-containing polypeptide poly[GlyHis(Bu)Gly].38 By post-
modification of the imidazole ring with a butyl group followed
by hydrolysis of the butyrate group, we converted it to the

zwitterionic polypeptide poly[GlyHiszw(Bu)Gly] having the
imidazolium salt as a cationic component and the carboxylate
as an anionic component, which exhibited the ability to
dissociate the cellulose network due to the imidazolium-based
zwitterionic structure, similar to ionic liquids. However, there
are only a few reports on the chemoenzymatic synthesis of His-
containing polypeptides, including the above-mentioned
report, although it should be a valid approach for the
preparation of His-containing polypeptides with the potential
for their practical use.39,40 Herein, we examined the chemo-
enzymatic polymerization of histidine derivatives to obtain
polypeptides with various functionalities. Chemical character-
ization of the resulting His-containing polypeptides was
performed by proton nuclear magnetic resonance (1H NMR)
spectroscopy and matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry. In addition,
the secondary structure of the His-containing polypeptides was
characterized by circular dichroism (CD), infrared spectros-
copy (IR), and synchrotron wide-angle X-ray diffraction
(WAXD) measurements.

■ EXPERIMENTAL SECTION
Materials. Papain (EC No. 3.4.22.2) was purchased from

FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan) and
used as received. The activity was approximately 0.5 U g−1, where one
unit hydrolyzes 1 μmol N-benzoyl-DL-arginine p-nitroanilide per
minute at pH 7.5 and 25 °C. N-tert-Butoxycarbonyl-L-histidine (Boc-
His-OH) was purchased from Chemscene LLC (Monmouth Junction,
NJ) and used without purification. The other amino acid derivatives
and 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide (EDC) hydro-
chloride salt were purchased from Watanabe Chemical Industries Ltd.
(Hiroshima, Japan) and used as received. Boc-HisGly-OEt, His(Bu)-
Gly-OEt 2HCl salt, and GlyHis(Bu)Gly-OEt 2HCl salt were
synthesized according to the literature.38 Deuterated trifluoroacetic
acid (TFA-d) was purchased from Sigma-Aldrich (St. Louis, MO).
Deuterated chloroform (chloroform-d) and deuterated dimethyl
sulfoxide (DMSO-d6) were purchased from FUJIFILM Wako Pure
Chemical Co. (Osaka, Japan). The other chemicals were purchased
from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan) and used as
received without purification unless otherwise noted.

General Procedure of Chemoenzymatic Polymerization of
His-Derived Monomers. To a 10 mL glass tube equipped with a stir
bar were added HisGly-OEt·2HCl (154 mg, 0.492 mmol) and 1 M
phosphate buffer (PB, pH 8.0, 492 μL), and the mixture was stirred at
40 °C until the substrate was completely dissolved. Then, papain
(24.6 mg) was added to this solution. The final concentrations of
monomer and papain were 1.0 M and 50 mg mL−1, respectively. The
resulting mixture was stirred at 800 rpm and 40 °C for 2 h. After
cooling to 25 °C, the precipitate was collected by centrifugation at
9000 rpm at 4 °C for 15 min. The crude product was washed with
Milli-Q water and lyophilized to provide poly(HisGly) as a white
solid. The yield was 41.4 mg (32%).

Analysis. Fourier Transform Infrared (FT-IR) Spectroscopy. The
FT-IR spectra of the bulk samples were recorded on an IRPrestige-21
FT-IR spectrophotometer (Shimadzu Corporation, Kyoto, Japan)
with a MIRacle A single-reflection attenuated total reflectance (ATR)
unit using a Ge prism. The spectra from 700 to 4000 cm−1 were
accumulated at 4 cm−1 resolution using 32 scans.
Nuclear Magnetic Resonance (NMR) Spectroscopy. The 1H

NMR spectra were recorded on a Bruker DPX-400 spectrometer
(Karlsruhe, Germany) at 25 °C and 400 MHz. Chloroform-d, DMSO-
d6, or TFA-d was used as the solvent, and tetramethylsilane (TMS)
served as an internal standard.
Matrix-Assisted Laser Desorption/Ionization Time-of-Flight

Mass Spectroscopy (MALDI-TOF MS). MALDI-TOF mass spectros-
copy analysis was conducted using an ultrafleXtreme MALDI-TOF
spectrophotometer (Bruker Daltonics, Billerica, MA) operating in the
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linear positive ion mode. The sample was dissolved in TFA or water
containing 0.1% TFA and mixed with a solution of α-cyano-4-
hydroxycinnamic acid (CHCA) in acetonitrile. The reaction solution
forming no precipitate was purified with ultrafiltration using an
Amicon Ultra unit (Merck, MWCO: 3 k, 9000g, 25 °C, 45 min) to
remove the papain. The collected filtrate solution was desalted using
Zip Tip (Merck, 0.6 μL, C18) and then characterized by MALDI-TOF
MS to identify the water-soluble product.
Wide-Angle X-ray Diffraction (WAXD) Measurements. The

synchrotron WAXD measurements of bulk samples in the pellet
form were performed on the BL05XU beamline (SPring-8, Harima,
Japan) using X-ray energy of 15 keV (wavelength: 0.82 Å). The pellet
was placed in a cell covered with a poly(ether ether ketone) (PEEK)
film on the beamline and irradiated with X-rays for 1 s. The two-

dimensional (2D) diffraction pattern was obtained after subtracting
the background pattern of the PEEK film. The obtained 2D
diffraction patterns were converted to one-dimensional (1D) profiles
by azimuthal integration using Fit2D. The crystallinity was calculated
from the area of the crystal peaks divided by the total area of the
crystal peaks and the amorphous halo by fitting the Gaussian function
using Origin Pro 2021 (OriginLab, Corp., Northampton, MA).
Thermogravimetric (TG) Analysis. The TG measurements were

performed using a Mettler Toledo TGA/DSC 2 Star system
(Greifensee, Switzerland). Samples (3 mg) were encapsulated in
aluminum pans and heated under a nitrogen atmosphere from 30 to
500 °C at a heating rate of 20 °C min−1. To remove the water
completely, the temperature was held at 100 °C for 10 min before

Scheme 1. Papain-Catalyzed Chemoenzymatic Polymerization of His-Containing Monomers
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heating to 500 °C. The 5% degradation temperature (Td5) was
determined based on the weight after the removal of water at 100 °C.
Differential Scanning Calorimetry (DSC). DSC measurements

were carried out on a Perkin-Elmer DSC 8500 (Perkin Elmer)
equipped with a liquid nitrogen cooling accessory. DSC measure-
ments were carried out by encapsulating 3−5 mg of sample in
aluminum pans. The sample was first heated from 30 to 200 °C,
cooled to −50 °C, and heated again to 200 °C. The heating and
cooling rates were 20 and 100 °C min−1, respectively.
Molecular Docking Simulations. All molecular docking studies

were performed using docking program AutoDock Vina version
1.1.2.41 For the protein molecule, the crystallographic structure of
papain (PDB ID: 1ppn) solved at 1.6 Å resolution was used.42 Before
docking, all ligands and water molecules were removed from the PDB
file. Polar hydrogens were added to ligands and receptors by using the
Hydrogen module in AutoDock Tools version 1.5.6. Then, Gasteiger
united atom partial charges and atom types were assigned, and
PDBQT files were generated for AutoDock Vina docking. The protein
molecule was kept rigid, while all of the torsional bonds in substrates
were set free to rotate. A 15 Å docking box around the sulfur atom of
Cys25 was defined. Images were prepared using PyMOL 1.8.5.

■ RESULTS AND DISCUSSION
Chemoenzymatic Synthesis of His-Containing Poly-

peptides Using Papain. We chose and synthesized His-
containing ethyl ester monomers with sequences His, GlyHis,
HisGly, and GlyHisGly for chemoenzymatic polymerization
(Scheme 1). The monomers were synthesized according to
Schemes S1−S6 and Figures S1−S19. Polymerization of
monomers linked with butyl or butyrate groups (Bu, BuCO2Et,
or BuCO2Bzl) to the imidazole ring of the His residue was also
performed to examine the effect of the substituents. Similar to
poly[GlyHiszw(Bu)Gly], the butyl-linked imidazole ring also
can be converted to a zwitterion, which would be of great
interest in spite of lacking some function based on the nature
of the unsubstituted imidazole ring. Two kinds of butyrates
(BuCO2Et and BuCO2Bzl) were selected not only as a model
of an additional functionality but also as substituents that can
be converted to carboxylic acids by deprotection. Among
enzymes available for enzymatic polymerization, papain is
often applied owing to its relatively broad substrate specificity.
The papain-catalyzed polymerization of basic amino acids such
as lysine as well as hydrophobic amino acids such as glycine
and alanine was thoroughly investigated.36,43−46 However,
papain was not previously applied for the polymerization of
His-containing monomers, although proteinase I- and

proteinase K-catalyzed polymerization of His methyl or ethyl
ester was reported.39,40 This study addresses the papain-
catalyzed polymerization of His-derived monomers and
oligomeric units (Scheme 1).
Polymerization was initiated by the addition of papain to the

pH-adjusted solutions of the monomers in phosphate buffer
(pH 8), followed by incubation at 40 °C for 2 h. The results
are listed in Table 1. Polymerization of the monomeric His
derivatives His ethyl ester (His-OEt) and butyrated His ethyl
ester (His(Bu)-OEt) did not afford any precipitate after the
reaction (runs 1 and 2). The chemoenzymatic polymerization
of hydrophobic amino acids such as alanine and leucine in an
aqueous buffer usually results in a precipitate. In contrast,
polyHis was soluble in an aqueous medium due to its
hydrophilicity,47 even if the chemoenzymatic polymerization of
His-OEt underwent to afford oligoHis or polyHis. Therefore,
each postpolymerization mixture was purified by ultrafiltration
to remove the papain and desalted using pipette tips prepacked
with the C18 stationary phase to isolate the polymerization
medium-soluble part, including the unreacted monomer. The
MALDI-TOF mass spectra of both extracted samples showed
monomeric peaks but no peaks attributed to the oligomeric
compounds, suggesting that polymerization of His-OEt and
His(Bu)-OEt was not catalyzed by papain. This is probably
due to the low affinity of the His residue for papain, which
exhibits higher substrate specificity for aromatic and/or
hydrophobic amino acids.
To improve the affinity of the monomer for papain, we

conjugated a Gly residue to the His residue, which has been
reported to enhance the affinity for papain.33 Two types of
His-containing dipeptide monomers with the Gly residue
linked at the N- or C-terminus were designed. However, the
conjugation of the Gly residue at the N-terminus (GlyHis-OEt
and GlyHis(Bu)-OEt) did not improve the polymerizability of
the His-containing dipeptide monomers (runs 3 and 4). On
the other hand, Gly-conjugated dipeptides at the C-terminus
(HisGly-OEt and His(Bu)Gly-OEt) polymerized well to afford
white precipitates during polymerization (runs 5 and 6). These
insoluble products were collected by centrifugation, washed
with water, and then lyophilized to give white solids in 32 and
28% yields, respectively. A time course study of the
polymerization of HisGly-OEt was performed at pH 8.0, 40
°C, and an initial monomer concentration of 1.0 M. The
precipitate was rapidly formed within 30 min, and the yield of

Table 1. Chemoenzymatic Polymerization of His-Containing Monomers Catalyzed by Papaina

run monomer concn. (M) yieldb (%) DPtop
c DPmax

d DPn
e

1 His-OEt 1.0 0
2 His(Bu)-OEt 1.0 0
3 GlyHis-OEt 1.0 0
4 GlyHis(Bu)-OEt 1.0 0
5 HisGly-OEt 1.0 32 9 39 17.4
6 His(Bu)Gly-OEt 1.0 28 11 35 12.4
7 GlyHisGly-OEt 1.0 57 6 29
8 GlyHisGly-OEt 0.10 0
9 GlyHis(Bu)Gly-OEt 0.10 62 6 20
10 GlyHis(BuCO2Et)Gly-OEt 0.10 70 9 22
11 GlyHis(BuCO2Bzl)Gly-OEt 0.10 54 3 10

aPolymerization was carried out using monomer (HCl salt) and papain (50 mg mL−1) in phosphate buffer (1 M, pH 8.0) at 40 °C for 2 h. bThe
precipitate was collected by centrifugation, washed with water, and lyophilized. cDegree of polymerization of the highest peak determined by
MALDI-TOF MS. dMaximum degree of polymerization determined by MALDI-TOF MS. eNumber-average degree of polymerization determined
by 1H NMR.
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the precipitate was gradually increased to a maximum after 2 h
(Figure S20). On the other hand, prolonging the polymer-
ization time to 4 h basically did not change the yield. This
indicates that a 2 h reaction was enough to analyze the
polymerization yield of His-containing monomers. The water-
soluble part of each polymerization was also analyzed by 1H
NMR (Figure S21). The ethyl esters at the C-terminus of the
monomer and/or the oligomer were found to be substantially
hydrolyzed in 15 min. In addition, the proportion of the
hydrolyzed C-terminus increased with time until 60 min. After
60 min, the ethyl esters were completely hydrolyzed. The C-
terminus-hydrolyzed monomer and oligomer cannot be
subjected to further polymerization. These results coincided
with the results of the yield of the precipitate. Thus, the
termination might occur via both the precipitation of products
and the hydrolysis of ethyl ester groups of the monomers and
oligomers. Both GlyHis and HisGly dipeptide monomers are
expected to result in the same polypeptide with alternating
sequences of His and Gly, but only the HisGly dipeptides
provided the precipitate. These results indicate that the
sequence of monomers is quite important for substrate
recognition by the enzyme during polymerization. We also
attempted the polymerization of His-containing tripeptides,
namely, GlyHisGly derivatives with and without hydrophobic
side chains on the imidazole ring. We have previously reported

that sandwiching with Gly residues dramatically improved the
polymerizability of nonproteinogenic amino acids by mitigat-
ing the low affinity for papain.34,35 Similar to previous reports,
the His-sandwiching tripeptide monomer GlyHisGly-OEt
underwent polymerization to give a precipitate in a much
higher yield at 1.0 M than dipeptide monomers (57%, run 7),
whereas polymerization of GlyHisGly-OEt did not proceed at
0.10 M (run 8). A 10-fold concentration of papain at 0.10 M
compared with that at 1.0 M might promote transamidation
and/or hydrolysis of polymerized product in situ because
poly(GlyHisGly) would be easily subjected to transamidation
reaction as well as hydrolysis (described in detail later). In
addition, poly(GlyHisGly) might suffer these side reactions for
an extended period of time due to its higher water-solubility.
These resulted in no precipitate when polymerized at the
monomer concentration of 0.10 M.
To compare the effect of the substituents of His residues on

polymerization, we applied a butyl group and two kinds of
butyrate groups as side chains of the imidazole ring. We used
the monomer concentration of 0.10 M for polymerization of
the substituted monomers GlyHis(Bu)Gly-OEt, GlyHis-
(BuCO2Et)Gly-OEt, and GlyHis(BuCO2Bzl)Gly-OEt because
we had previously found that the highest yield was obtained at
0.10 M for polymerization of GlyHis(Bu)Gly-OEt.38 All of the
substituted monomers polymerized even at 0.10 M in yields

Figure 1. 1H NMR (a) and MALDI-TOF mass (b) spectra of poly(HisGly) obtained by papain-catalyzed polymerization. TFA-d was used as a
solvent for 1H NMR.
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comparable to or higher than those of GlyHisGly-OEt at 1.0 M
(54−70 and 57%). Papain has been reported to prefer amino
acid residues bearing a large hydrophobic side chain at the P2
subsite position in its substrate pocket.48 A similar tendency
was observed in polymerization of the His-containing
tripeptide series, except for polymerization of GlyHis-
(BuCO2Bzl)Gly-OEt. For GlyHis(R)Gly-OEt, the yield of
the precipitates increased in the following order: R = H < Bu <
BuCO2Et. This is in accordance with the order of hydro-
phobicity of the side chain on the imidazole ring of the His
residue in the center of the tripeptide monomer. In addition,
the precipitate yield for GlyHis(BuCO2Bzl)Gly-OEt was the
lowest among the four despite the presence of the largest
hydrophobic side chain on the imidazole ring, implying that a
hydrophobic side chain of suitable size exists at the P2 subsite
of papain.

Chemical Characterization of the Resulting Polypep-
tides. 1H NMR and MALDI-TOF MS measurements were
conducted to characterize the chemical structures of the
polypeptides. All precipitates were insoluble in common
organic solvents, such as alcohols, dimethylformamide
(DMF), dimethyl sulfoxide (DMSO), and pyridine, but were
soluble in trifluoroacetic acid (TFA). Regarding the solubility,
the 1H NMR spectra of all of the precipitates were measured in
TFA-d. The 1H NMR and MALDI-TOF mass spectra of the
precipitates obtained in the chemoenzymatic polymerization of
HisGly-OEt are shown with their peak assignments as a typical
example in Figure 1. In the 1H NMR spectrum (Figure 1a),
methylene protons of Gly residues were found at 4.05−4.20
ppm (e, e′). The signals assignable to the His residue at the N-
terminus (a′, b′, c′, d′) were separated from those of the other
His residues (a, b, c, d). The N-terminal α proton of the His
residue (a′) was shifted downfield from the other His α
protons (a), while methylene and imidazole protons of the N-
terminal His residue (b′, c′, d′) were found upfield compared
to the proton signals of the other His residues (b, c, d). These
assignments proved that the precipitate generated during the
chemoenzymatic polymerization of HisGly-OEt was poly-
(HisGly). The number-average degree of polymerization
(DPn) of poly(HisGly), the average number of HisGly
sequences in the poly(HisGly) chains, was estimated to be
17.4 by the average of the integral ratios of protons c′ to c and
d′ to d. In addition, the methyl proton of the ethyl ester group
at the C-terminus appeared at 1.25 ppm (f). The integral ratio
of the methyl proton should be 0.16, as calculated from the
above-estimated DPn value, whereas the observed value was
less than half of that (0.07), indicating that the hydrolysis of
the ethyl ester group at the C-terminus occurred during
papain-catalyzed polymerization. Moreover, the integral ratio
of α protons of His residues (a′ and a) to α protons of Gly
residues (e′ and e) was almost 0.5, suggesting the equal
composition of Gly and His residues. The MALDI-TOF mass
spectrum of poly(HisGly) mainly showed the three series of
peaks derived from poly(HisGly) with ethyl ester or carboxylic
acid terminal groups (Figure 1b). The peak-top degree of
polymerization (DPtop) and the maximum degree of polymer-
ization (DPmax) were 9 and 40, respectively. The appearance of
the peaks of the C-terminal-hydrolyzed chain is consistent with
the 1H NMR results. On the other hand, there was no peak
attributed to the His or Gly residue-defective polypeptides.
Considering the equal composition suggested by 1H NMR, the
side reactions such as transamidation and hydrolysis of the
peptide chain scarcely occurred in chemoenzymatic polymer-

ization of HisGly-OEt, although the transamidation products
were sometimes observed in chemoenzymatic polymerization
of the di- or tripeptides containing Gly or Ala.34,35 In addition,
peaks attributed to the dehydration products of poly(HisGly)
were observed, probably due to the formation of diketopiper-
azine and/or oxazolone at the C-terminus via protonation of
the amide group of the His residue by imidazole.49 The 1H
NMR and MALDI-TOF mass spectra of poly[His(Bu)Gly] are
shown in Figure S22. No dehydration peak was observed for
poly[His(Bu)Gly], suggesting that the dehydration peaks for
poly(HisGly) could be attributed to the imidazole-catalyzed
reaction.
The 1H NMR spectra of all of the His-containing

polypeptides obtained from tripeptide-type monomers (Figure
S23) did not show the peak separation of N-terminal Gly and
the other Gly residues, making the estimation of DPn by NMR
impossible. In the MALDI-TOF mass spectrum (Figure S24),
hydrolysis of the C-terminal ester was found to occur during
polymerization. Also, the insertion of one to three Gly residues
in poly(GlyHisGly) was detected. The insertion of one or two
Gly residues in poly(GlyHisGly) was caused by the trans-
amidation and/or the hydrolysis of poly(GlyHisGly), whereas
the insertion of three excessive Gly residues in poly-
(GlyHisGly) indicated at least one transamidation side
reaction along with the other transamidation and/or the
hydrolysis. In the 1H NMR spectrum of poly(GlyHisGly), the
integral ratio of the α protons of Gly residues to those of His
residues was 6.5, which is larger than the theoretical value of 4
for poly(GlyHisGly). These results suggest that irregular
GlyGlyGly and GlyGlyGlyGly sequences should be included in
poly(GlyHisGly) via transamidation. Transamidation and
hydrolysis were sometimes observed in the chemoenzymatic
polymerization of the di- or tripeptides containing Gly or Ala,
which have a high affinity to papain.34,35 Rapid chain
propagation and product precipitation were reported to be
important in minimizing or avoiding the transamidation
reaction in polymerization of AlaGly-OEt.32 The optimization
of polymerization conditions such as the reaction pH, initial
concentration of the monomer, and reaction time might
suppress the transamidation side reactions to some extent,
although complete suppression would be inherently unattain-
able. In contrast, considering that the integral ratio of α
protons of Gly residues to those of His residues was almost 4
for His-substituted polypeptides, poly[GlyHis(R)Gly] (R =
Bu, BuCO2Et, BuCO2Bzl), the polypeptides were confirmed to
contain the periodic GlyHis(R)Gly sequence with negligible
transamidation. The DP of poly(GlyHisGly) was lower than
those of poly[GlyHis(Bu)Gly] and poly[GlyHis(BuCO2Et)-
Gly]. Poly(GlyHisGly) might have relatively high solubility in
aqueous media, which could cause enzymatic degradation of
the polypeptide main chain by papain due to the longer
contact time with papain. This situation was assumed to lead
to a nonnegligible amount of transamidation, in contrast to the
other His-substituted polypeptides. The DP of poly[GlyHis-
(BuCO2Bzl)Gly] also decreased, probably due to its lower
solubility in aqueous media, which was ascribed to the benzyl
group, leading to precipitation in the early stage of polymer-
ization.

Molecular Modeling Study of Monomers and Papain.
As mentioned above, HisGly-OEt underwent polymerization,
while GlyHis-OEt did not polymerize. To elucidate how such a
large difference in the polymerization behavior arises when
only the Gly-conjugated positions (N-terminus or C-terminus)
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differ, we performed molecular docking simulations of GlyHis-
OEt or HisGly-Oet to papain. The estimated free energies of
binding in the best conformation for GlyHis-Oet and HisGly-
OEt to the catalytic site of papain were −5.7 and −6.1 kcal
mol−1, respectively (Table 2). In addition, the second and

subsequent binding energies ranged from −5.6 to −5.2 kcal
mol−1 and from −5.7 to −5.5 kcal mol−1, respectively. These
results indicate that the two monomers did not have a
substantially different affinity for papain. However, the binding
direction of GlyHis-OEt was found to be opposite from that of
HisGly-OEt in the most stable conformation (Figure 2). The
ester moiety of the monomer was generally thioesterified by
the thiol of the Cys residue in the catalytic triad of papain,
leading to the activation of the monomer in papain-catalyzed
polymerization. In the catalytic site of papain, the ethyl ester
moiety of GlyHis-OEt was located apart from the Cys residue,
whereas that of HisGly-OEt was located close to the Cys
residue. The location difference of the ester group should
result in the disparity in the polymerization behavior between
the two monomers.
Molecular docking simulations of three tripeptide-based

monomers, GlyHis(R)Gly-OEt (R = H, BuCO2Et, Bu-
CO2Bzl), to papain were also carried out to examine the
effect of the monomer side chain on the polymerization
behavior. The estimated free energies of binding in the best
conformation for GlyHis(R)Gly-OEt (R = H, BuCO2Et,
BuCO2Bzl) to the catalytic site of papain were −6.5, −6.4,
and −6.5 kcal mol−1, respectively (Table S1). The second and
subsequent binding energies were comparable, ranging from
−6.2 to −5.7 kcal mol−1, from −6.4 to −6.2 kcal mol−1, and

from −6.4 to −6.0 kcal mol−1. Moreover, the arrangements of
the monomers in the catalytic site of papain were similar to
each other, in contrast to dipeptide-based monomers (Figure
S25). These results indicate that the hydrophobic side chain of
the tripeptide monomers did not greatly affect the affinity for
the catalytic site of papain. Namely, the molecular docking
simulation suggests that the polymerizability of tripeptide
monomers on the chemoenzymatic polymerization is similar.
Therefore, the decrease in the yield and DPs in poly[GlyHis-
(BuCO2Bzl)Gly] could be attributed to precipitation in the
early stage of polymerization due to hydrophobicity, not the
catalytic activity of papain.

Secondary Structure of the His-Containing Polypep-
tides. WAXD analysis of the obtained His-containing
polypeptides was performed except for poly(GlyHisGly),
which includes a random sequence to some extent caused by
transamidation (Figure 3). Several strong diffraction peaks

were detected for the dipeptide-based polypeptides (poly-
(HisGly) and poly[His(Bu)Gly]), while broad amorphous
peaks were observed for the tripeptide-based polypeptides
(poly-GlyHis(R)Gly, R = Bu, BuCO2Et, BuCO2Bzl). Judging
from the sharpness of the peaks, the crystallinity of the
dipeptide-based polypeptides seems to be higher than that of
the tripeptide-based polypeptides, which indicates the ordered
structure for the dipeptide-based polypeptides. The crystal-
linity of the polypeptides were calculated by peak separations
of the WAXD profiles to be 41.6, 50.2, 29.3, 19.6, and 30.7%
for poly(HisGly), poly[His(Bu)Gly], poly[GlyHis(Bu)Gly],

Table 2. Estimated Free Energies of Binding of GlyHis-OEt
and HisGly-OEt to Papain and the Distances between the
Thiol of Cysteine in the Catalytic Center of Papain and the
Carbonyl of the Ester Group of Monomers

GlyHis-OEt HisGly-OEt

mode

estimated
ΔGbinding

(kcal mol−1)

distance of
S···C�O

(Å) mode

estimated
ΔGbinding

(kcal mol−1)

distance of
S···C�O

(Å)

1 −5.7 5.2 1 −6.1 1.8
2 −5.6 4.8 2 −5.7 0.9
3 −5.6 2.2 3 −5.7 0.9
4 −5.6 2.3 4 −5.6 2.4
5 −5.4 4.7 5 −5.5 0.7
6 −5.3 5.0 6 −5.5 3.8
7 −5.3 5.8 7 −5.5 2.4
8 −5.2 3.5 8 −5.5 1.7
9 −5.2 2.7 9 −5.5 0.8

Figure 2. Best binding conformations of GlyHis-OEt (a) and HisGly-OEt (b) to the catalytic site of papain. Papain is displayed as a gray cartoon.
The sulfur atom of the Cys25 catalytic residue is shown as a deep yellow stick representation, and the ester group of the monomer is circled in
yellow.

Figure 3. 1D WAXD profiles of poly(HisGly) (a), poly[His(Bu)Gly]
(b), poly[GlyHis(Bu)Gly] (c), poly[GlyHis(BuCO2Et)Gly] (d), and
poly[GlyHis(BuCO2Bzl)Gly] (e) in the solid state.
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poly[GlyHis(BuCO2Et)Gly], and poly[GlyHis(BuCO2Bzl)-
Gly], respectively (Figure S26).
The FT-IR spectra of the polypeptides were also measured

to investigate the secondary structure in the solid state (Figure
4). The strong absorption bands exhibited in the amide I

region were attributed to the carbonyl stretching vibration of
the amide group in the main chain for all the polypeptides. In
addition, absorption bands attributed to the carbonyl
stretching vibration of the ester group in the side chain were
observed for poly[GlyHis(BuCO2Et)Gly] and poly[GlyHis-
(BuCO2Bzl)Gly]. Poly(HisGly) showed amide I absorption at
1631 cm−1, which reveals that poly(HisGly) forms a β-sheet
structure.50−53 On the other hand, the other polypeptides
showed peaks at 1649 and 1656 cm−1, which were assignable
to α-helical and/or random structures. Combined with the
WAXD data, the tripeptide-based polypeptides predominantly
adopted a random structure. A periodically repeating sequence
of HisGly promoted the formation of a β-sheet structure via a
precise hydrogen-bonding pattern between polypeptide strands
for poly(HisGly). On the other hand, the substitution of a
large hydrophobic side chain on the imidazole ring of the His
residue might disturb the hydrogen bonding between
polypeptide strands to form a random structure for the other
polypeptides despite the periodic HisGly or GlyHisGly
sequences.

Thermal Properties of the His-Containing Polypep-
tides. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were applied to elucidate the
thermal properties of the His-containing polypeptides (Figure
5). Poly(HisGly) showed the highest 5% degradation temper-
ature (Td5, 256 °C) (Figure 5b), probably due to the formation
of a β-sheet structure. The Td5 values of the other polypeptides
ranged from 230 to 248 °C. Poly[GlyHis(BuCO2Bzl)Gly] had
the lowest thermal stability, which might be attributed to the
low molecular weight of the polypeptide. PolyHis was reported
to show an endothermic peak ascribed to thermal decom-
position at 181 °C by differential thermal analysis.54 The
periodic introduction of Gly residues increased the thermal
stability of His-containing polypeptides even though their
molecular weights were not very high. In the DSC curves, no
transition temperature was detected for poly(HisGly) and
poly[His(Bu)Gly], whereas a glass transition temperature (Tg)
was observed for poly[GlyHis(Bu)Gly] and poly[GlyHis-
(BuCO2Bzl)Gly] (120 °C and 76 °C, respectively) (Figure
6). Although common polypeptides, including polyGly and

polyLeu, exhibit no phase transition, the incorporation of
aromatic rings or aliphatic chains into the polypeptide
backbone has been reported to induce a glass transition.36,46

We found that the introduction of a flexible alkyl chain into the

Figure 4. IR spectra of poly(HisGly) (a), poly[His(Bu)Gly] (b),
poly[GlyHis(Bu)Gly] (c), poly[GlyHis(BuCO2Et)Gly] (d), and
poly[GlyHis(BuCO2Bzl)Gly] (e) in the solid state.

Figure 5. (a) Thermograms of TGA (20 °C min−1) (a) and enlarged view from 100 to 300 °C (b) of poly(HisGly) (i), poly[His(Bu)Gly] (ii),
poly[GlyHis(Bu)Gly] (iii), poly[GlyHis(BuCO2Et)Gly] (iv), and poly[GlyHis(BuCO2Bzl)Gly] (v).

Figure 6. DSC profiles in the second heating run (20 °C min−1) of
poly(HisGly) (a), poly[His(Bu)Gly] (b), poly[GlyHis(Bu)Gly] (c),
poly[GlyHis(BuCO2Et)Gly] (d), and poly[GlyHis(BuCO2Bzl)Gly]
(e).
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functional group of polypeptide side chains would be an
alternative design to afford polypeptides that show a glass
transition before decomposition.

■ CONCLUSIONS
We demonstrated that papain-catalyzed polymerization of His-
containing dipeptide ethyl esters [GlyHis(R)-OEt and His-
(R)Gly-OEt, R = H or Bu] proceeded in a sequence-
dependent manner: His(R)Gly-OEt was well polymerized,
while GlyHis(R)-OEt did not undergo polymerization. The
obtained polypeptides had a distinct alternating sequence of
HisGly residues. A docking simulation study between
dipeptide monomers and papain revealed that the HisGly-
based monomer adopted a conformation more likely to react
with the catalytic center of papain, supporting the difference in
the polymerizability of the dipeptide monomers. GlyHis(R)-
Gly-OEt (R = H, Bu, BuCO2Et, or BuCO2Bzl) was also
polymerized well to afford the periodic His-containing
polypeptides. The MALDI-TOF mass and 1H NMR spectra
revealed that the His-containing polypeptides with distinct
periodic sequence structures were obtained with their C-
termini partly hydrolyzed except in polymerization of
GlyHisGly-OEt, where transamidation caused the random
insertion of additional Gly residues. Polymerization proceeded
well regardless of the side chain modification, and the DPmax of
the obtained His-containing polypeptides was up to 39 for
polymerization of HisGly-OEt, which afford a degree of
polymerization of the highest peak (DPtop) of 9 in the MALDI-
TOF mass spectrum and a DPn of 17.4. The structural
characterization of the obtained His-containing polypeptides
using IR spectroscopy and WAXD indicated that the β-sheet
structure formed for poly(HisGly), whereas more amorphous
structures formed for the other polypeptides. Poly(HisGly)
exhibited the highest thermal stability among all of the
obtained HisGly- and GlyHisGly-based polypeptides, reflecting
the difference in secondary structures ascribed to their
sequences. The results of chemoenzymatic synthesis of
periodic His-containing polypeptides with high molecular
weights in a sequence-dependent manner will provide new
insight into the rational design and synthesis of periodic
polypeptides, potentially enabling the use of polypeptide
materials in various applications.
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