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Chapter 8
Synthesis of Polypeptides

Kousuke Tsuchiya, Yu Miyagi, Takaaki Miyamoto, Prashant G. Gudeangadi,
and Keiji Numata

Abstract Proteases (EC 3.4), enzymes originally used to cleave the amide bonds
of proteins by hydrolysis, have been utilized for the enzymatic synthesis of pep-
tide compounds. This enzymatic synthesis of polypeptides is a biomass-based,
environmentally benign, atom-economical, and stereo-/regioselective method that
can replace petroleum-derived chemical polypeptide syntheses. Enzymatic
polymerization of amino acid derivatives using proteases proceeds via the reverse
reaction of hydrolysis, which is aminolysis, in an equilibrium. Thermodynamic
and kinetic controls in the aminolysis reaction rationally optimize enzymatic
polymerization efficiency. Polymerization is regulated by the substrate specificity
of proteases, namely, a combination of amino acid monomers and proteases. A
great number of polypeptides, including homopolymers, random/block copolymers,
and specific polymer architectures, such as star-shaped polymers, are synthesized
by a protease-catalyzed polymerization technique. In this chapter, versatile
designs and syntheses of polypeptide materials using various types of proteases
are entirely reviewed in detail.

Keywords Polypeptide - Protease - Amino acid - Aminolysis - Protein

8.1 Introduction

Polypeptides are physiologically essential components as the main proteins in
living systems. Proteins are synthesized via the translation of mRNA sequential
information by ribosomes in the central dogma. The diversity of their physiological
functions and properties is associated with their primary, secondary, and higher-
order structures. In addition to proteins possessing well-defined amino acid
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sequences, artificial polypeptide materials, including homopolymers, random or
block copolymers, and special polymeric architectures, such as star-shaped
polymers, have attracted intensive attention as bio-based polymeric materials. The
material properties of these polypeptides can be tuned by amino acid monomer
units and their sequences, promising useful applications in various fields.

There are three approaches to synthesizing artificial polypeptides: chemical,
biological, and biochemical synthetic methods. The chemical method includes solid
phase peptide synthesis (SPPS), which was developed by Merrifield,[1] and ring
opening polymerization of amino acid N-carboxyanhydrides (NCA).[2] In the SPPS
method, polypeptides are synthesized on insoluble solid supports to propagate the
peptide chain in a stepwise manner, enabling precise control of the amino acid
sequence of polypeptides. On the other hand, the polymerization of amino acid
NCA derivatives can provide polypeptides of higher molecular weight; however,
this method is only available for the synthesis of homopolymers and random/block
copolymers. These chemical synthetic methods employ the polymerization of
amino acid derivatives, which are chemically synthesized in advance with organic
solvents. In spite of their beneficial advantages, a recent trend to avoid petroleum-
derived chemicals for a future sustainable society pushes us to pursue an environ-
mentally benign alternative method of polypeptide synthesis.

The biological method includes the biosynthesis of proteins in vivo, which is
generally processed by combination of biomacromolecules, such as enzymes. A key
enzyme involved in biosynthesis is ligase. Free amino acids are activated by
aminoacyl-tRNA synthetases to generate amino-acid-ligated tRNAs, and then, they
iteratively react with the C-terminal of a propagating peptide according to the order
that the mRNA regulates by its codon sequence. Since gene engineering technology
was established, many natural and engineered proteins have been biosynthesized in
living cells, particularly in genetically modified microbes. Biosynthesis using a
sophisticated protein expression system in nature is a powerful way to strictly control
amino acid sequences based on the codon sequences preserved in mRNA. Desired
polypeptide sequences can be obtained by designing proper DNA constructs to
transform host genes. Not only natural proteins but also artificial polypeptides
can be designed for biosynthesis. Tirrell et al. pioneered the biosynthesis of
desired polypeptides using living organisms and demonstrated that artificial poly-
peptides were successfully designed and expressed by in vivo biosynthesis using
microbes transformed with plasmids encoding target sequences. The synthetic poly-
peptides consisting of periodic sequences, such as GluAsp(Glu;;Asp),GluGlu or
[(AlaGly);ProGluGly],, were designed and encoded in plasmid DNA to transform
Escherichia coli [3, 4]. This biosynthetic technique enables the precise, sophisticated
design of functional polypeptides; however, practical use of this biosynthesis system
suffers from some disadvantages. Expression of the target proteins is occasionally
suppressed to a low level by various factors, mainly because of the cytotoxicity of
the expressed proteins. A tedious purification process to isolate target polypeptides
from cell lysates also hampers cost-effective production.
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The biochemical method uses enzymes as catalysts in vitro to synthesize pep-
tides by enzyme-mediated polymerizations. Enzymatic polymerization is another
promising candidate for an alternative green synthetic method for polypeptide syn-
thesis. In contrast to biosynthesis with ligase, the enzymes used for the enzymatic
polymerization of amino acid monomers are proteases, which originally cleave the
peptide bonds in polypeptides. This protease-catalyzed hydrolysis of polypeptides
is a reversible reaction; hence, the reverse reaction can propagate peptide chains
under optimized reaction conditions as described in the next section. Protease-
catalyzed polymerization has several advantages over conventional chemical syn-
thetic methods. Amino acid monomers, generally in a form of ester, are polymerized
in the presence of a protease in an aqueous buffer solution, resulting in the forma-
tion of polypeptides with only small alcoholic by-products. Therefore, this enzy-
matic polymerization is considered as an eco-friendly synthetic method with high
atom economy compared to conventional condensation techniques. In addition, the
substrate specificity of proteases rationally recognizes an appropriate chiral isomer
(generally the L-isomer) and reacting groups attached to an a-carbon. This feature
allows enzymatic polymerization to proceed in a stereo- and regioselective manner.
Some amino acids, therefore, can be polymerized without protection of the reactive
side groups. In addition, the enzymatic reaction is readily scalable because the syn-
thetic protocol simply mixes amino acid monomers and proteases in moderate
conditions.

Enzymatic amide formation has been continually developed to synthesize small
peptide compounds since the 1950s [5]. To date, many comprehensive studies on
enzymatic peptide synthesis have not only elucidated the mechanisms of the
involved reactions but also synthesized novel functional polypeptide materials.
Because protease-catalyzed aminolysis generates amide bonds, an enzymatic
polymerization technique using proteases can be applied to not only polypeptides
but also other synthetic polyamides. Indeed, some reports have employed unnatural
amino acids for enzymatic synthesis in copolymerization with natural amino acids
as described below (Sect. 8.5.6 Unnatural Amino Acids). In this chapter, the target
building blocks are mainly focused on polypeptides [6—8], and not only fundamental
aspects, including polymerization mechanisms and characteristics of proteases, but
also structural variations of polypeptides synthesized by enzymatic polymerization
are thoroughly reviewed.

8.2 Mechanisms of Enzymatic Reactions

Proteases catalyze not only the hydrolysis of peptide bonds but also their aminoly-
sis, which results in the formation of a peptide bond between two amino acids.
There are two strategies to synthesize peptides by proteases [9-16], that is, thermo-
dynamically and kinetically controlled syntheses.
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Fig. 8.1 Equilibrium in thermodynamically controlled peptide synthesis
8.2.1 Thermodynamic Control

Thermodynamically controlled synthesis of peptides can be applied to all proteases.
This synthetic method focuses on an equilibrium between the hydrolysis and ami-
nolysis reactions. As shown in Fig. 8.1, protease-catalyzed peptide bond formation
can be divided into two equilibrium reactions. One reaction is the equilibrium
between the ionization and deionization of carboxylic acid/amine, and the other is
the equilibrium between hydrolysis and aminolysis. Thus, these two steps must be
considered to obtain peptides from amino acids with free carboxylic acid and amine
groups. In the first step, non-charged substrates must be formed by the deionization
of carboxylic acid and amine groups. Subsequently, the aminolysis reaction occurs
via the formation of an acyl intermediate within proteases. Therefore, proteases are
involved in the second step to accelerate the hydrolysis/aminolysis reaction. When
neutral amino acids are used as the starting substrates, the first equilibrium tends to
drive to the left side. This effect can be explained by the equilibrium constant and
the AG of the reaction [17]. In cases using two unprotected amino acids, the equi-
librium constant of the first step is 107, and the AG is approximately 10 kcal-mol~!,
which means that the equilibrium favors not the nonionic but rather the ionic reac-
tants. The equilibrium constant of the second step is 10°7, and its AG is about
—5 kecal mol~!. Therefore, the equilibrium constant of the whole reaction is 103%,
and its AG is approximately 5 kcal-mol~!. This value indicates that the equilibrium
reaction proceeds toward an endothermic reverse reaction. Great disincentives to
forming peptide bonds in this step are a slow reaction speed and a low yield because
of the low equilibrium constant and positive AG. When the aminolysis reaction in
homopolymerization proceeds, the equilibrium constant of the reaction becomes
lower, and the AG of the reaction becomes higher. Hence, it is difficult to obtain the
polypeptide by iterative aminolysis reactions. Thermodynamically controlled syn-
thesis is a method to control the thermodynamic equilibrium constants of these two
elementary reactions. There are two strategies to increase the equilibrium constant
of aminolysis. One strategy is the control of the first reaction, and the other is the
control of the second reaction.

In the first step, deionization of an ionized substrate occurs by proton transfer
from ammonium to carboxylate groups at a pH above its isoelectric point. However,
amino acids exist as zwitterions at pH 5-9, a pH at which most proteases show high
catalytic activity. In this pH range, the neutral form of amino acids is a minor sub-
strate because the equilibrium constant of first step is much lower than 1. In con-
trast, the equilibrium constant of the reaction between N-protected and C-protected
amino acids is 1079, This value is still lower than 1, but it is much higher than that
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of protection-free amino acids. Therefore, the combination of N- and C-protected
amino acids is favorable for driving the equilibrium toward neutral forms. This
method is limited to the synthesis of oligopeptides via a coupling between two reac-
tants and is not favorable for the synthesis of polypeptides, which generally result
from multistep reactions. There are also other factors that can control the first equi-
librium reaction, such as pH and ionic strength. For example, the addition of water-
miscible organic solvents induces a reduction in ionic strength and thereby a
decrease in the frequency of the proton transfer from ammonium to carboxylate
groups. By using the N- or C-protected amino acids as substituents and organic/
water-miscible solution as solvents, the equilibrium constant can increase, and the
equilibrium constant can move to the right side, namely, peptide synthesis.
Homandberg et al. examined the equilibrium constant of the reaction between
benzyloxycarbonyl-protected tryptophan (Z-Trp) and glycinamide (Gly-NH,) in
water, 60 v/v% triethylene glycol solution, or 85 v/v% 1,4-butanediol solution [18].
The equilibrium constant in 85 v/v% 1,4-butanediol solution showed the largest
value. The reaction rate and yields can be controlled by the content of organic
solvent and water.

Precipitation of peptide products is useful to effectively drive the second equilib-
rium toward the right (Fig. 8.1). When products precipitate from the solution, the
concentration of products dissolved in the solution becomes lower, and the equilibrium
shifts toward the right side. In this way, peptide formation proceeds by removing
products from a system. In other words, by using a biphasic condition, products can
be removed from water media. The reaction occurs around the surface between
water and organic layers. A nonpolar organic solvent, such as ethyl acetate, chloro-
form, and toluene, is used as the organic layer. Cassells and Halling reported
protease-catalyzed peptide synthesis in water/organic two-phase systems [19]. The
reaction rate of Z-Phe-Phe-OMe synthesis with a silica-supported thermolysin in a
reaction mixture composed predominantly of ethyl acetate was as fast as that with
thermolysin in the corresponding high-water emulsion system. In this case, the
reaction proceeds as follows: substrates dissolved in the organic layer diffused to
water media in which proteases exist and reacted to afford products. Substrates are
continuously supplied from the organic layer to water media, whereas products are
removed from water to the organic layer. This removal of the peptide product drives
the equilibrium toward aminolysis and prevents hydrolysis of the product. However,
the reaction rate is very slow because of the slow diffusion of the substrate, and the
reaction suffers from denaturing of proteases at the surface.

Hydrolysis of peptides is induced by nucleophilic attack of water molecules
(H,O). Reducing the amount of H,O or the activity of H,O is a useful method to
prevent hydrolysis. An organic solvent suppresses the activity of H,O. However,
proteases do not maintain their structures and functions in organic solvent. Therefore,
water-miscible organic solvents (such as ethanol, dimethylsulfoxide, N,N-
dimethylformamide, dioxane, acetone, and acetonitrile) are used with 2-5% water
as the equilibrium condition [18, 20, 21].
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Fig. 8.2 Mechanism of kinetically controlled peptide synthesis

8.2.2 Kinetic Control

The synthetic scheme of kinetically controlled peptide synthesis is shown in Fig. 8.2
[22]. An ester group is generally introduced at a carboxyl end and used as a mildly
activated acyl donor. The ester donor rapidly reacts at the catalytic center in proteases
and an acyl-protease intermediate forms. Subsequently, the acyl-protease intermedi-
ate is nucleophilically attacked by nucleophiles, i.e., H,O or an amino group of
another amino acid substrate. Thus, hydrolysis/aminolysis occurs by deacylation with
H,O and free amino groups. Hydrolysis and aminolysis are not reversible reactions
but rather cooperative reactions in kinetically controlled peptide synthesis. Therefore,
the degree of the nucleophilic attack affects the rate of hydrolysis/aminolysis, which
is why this effect is called “kinetic control.” At the same time, thermodynamic hydro-
lysis proceeds. Nucleophilic hydrolysis and aminolysis are much faster than the equi-
librium reaction. In the initial stage of the reaction, the concentration of peptide
product rapidly increases. In contrast, in the latter half of the reaction, the concentra-
tion of peptide product reaches a plateau. Qin et al. reported the polymerization of L-
Glu diethyl ester catalyzed by papain [23]. They examined the relationship between
consumption of the starting material and reaction times. The L-Glu diethyl ester was
consumed immediately after the reaction started. The yield reached 80% by 20 min
and did not significantly increase afterward. This result indicates that the aminolysis
reaction rapidly occurs under kinetically controlled peptide synthesis.

Serine or cysteine proteases can be used for kinetically controlled synthesis to
create peptide bonds. The hydroxyl group of serine and the thiol group of cysteine
play an important role in forming the acyl-protease intermediate. Figure 8.3 shows
molecular behaviors around the active site of serine proteases. When carboxylic ester
comes close to the catalytic center, a tetrahedral intermediate forms with a C-O
covalent bond between the ester and the catalytic serine residue. Next, the acyl-pro-
tease intermediate is generated by releasing an alcohol corresponding to the ester
groups of the starting substrates. Subsequently, the tetrahedral intermediate is formed
again by nucleophilic attack of nucleophiles. Finally, an amide bond is formed
through the equilibrium between the tetrahedral intermediate and a product.

There are many factors that enhance the rate of aminolysis. The concentration of
amine nucleophilic groups, pH, and temperature affect the yield of peptide products.
The rate of nucleophilic attack by amines to form acyl-protease intermediates is
increased by raising the concentration of amine substrates. The amine nucleophilic
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Tetrahedral intermediate

Fig. 8.3 The behavior of acyl donors and nucleophiles at the active site of serine proteases

group exists in its reactive neutral form at high pH. A suitable pH is in a range of
5-9 for the enzymatic reaction in the thermodynamic control method, whereas the
kinetic control method needs a higher pH condition [24]. In addition, higher tem-
perature induces a lower reaction rate of aminolysis. Based on these characteristics
of aminolysis by proteases, frozen aqueous synthesis has been developed by many
research groups [25-27]. In frozen aqueous conditions, namely, —20 to 5 °C, the
rate of hydrolysis is reduced, and the yield of peptide formation is increased.

In contrast to the thermodynamic control method, the use of biphasic solution is
inappropriate for kinetically controlled synthesis [28-31]. Proteases exist in an
aqueous phase, whereas amino acid ester substrates exist in both phases. Therefore,
the concentration of acyl-protease intermediates is low and hardly controlled in this
system. On the other hand, the activity of H,O toward the acyl-protease is reduced
in a miscible water/organic solvent system, which suppresses the competing hydro-
lysis reaction. Kisee et al. [32] and Viswanathan et al. [33] reported a miscible
water/organic (methanol, ethanol, tetrahydrofuran, and so on) solvent system. The
yield of resulting peptides was dependent on the content of water and organic sol-
vent. Thus, the water/organic solvent system is an interesting reaction system.
However, it is noted that organic solvent has the potential to cause protease denatur-
ation and dysfunction.

8.2.3 Specificity of Proteases

The substrate specificity of proteases affects the rate of aminolysis/hydrolysis. An
acyl ester donor is recognized as a substrate at the active sites of proteases, and acyl-
proteases are formed. Therefore, the affinity of acyl esters to proteases is the most
important in forming acyl-protease intermediates. Furthermore, the affinity of amine
nucleophilic groups to the catalytic site depends on the species of amino acids. Fastrez
and Fersht reported a comparison of the deacylation rate of Acyl-Phe-chymotrypsin.
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[34] The rate of aminolysis with L-glycine amide (Gly-NH,) was 11 times faster than
that of hydrolysis with H,O, whereas the rate of aminolysis with L-alanine amide
(Ala-NH,) was 44 times faster than that of hydrolysis with H,O. This result means
that the affinity of Ala-NH, to chymotrypsin is higher than that of Gly-NH, to chymo-
trypsin. The substrate specificity of proteases can be evaluated by the partition con-
stant p. The partition constant p is calculated from the reaction rates of hydrolysis and
aminolysis. Schellenberger reported on the partition constant of nucleophilic amino
acids using maleyl-(3-carboxyacryloyl)-Phe-chymotrypsin as an acyl-protease [35].
The order of nucleophilicity toward the protease is Arg-NH, > Leu-NH, > Val-NH,
> Ala-NH, > Gly-NH, > H,O. Since the affinity of amino acids to proteases affected
the reaction rate of aminolysis, the yields and degree of polymerization (DP) of the
polypeptides depend on the selection of proteases and amino acids.

Proteases have some subsites that align on both sides of the catalytic site, induc-
ing substrate specificity [36, 37]. These subsites determine the cleavage point of
hydrolysis and the reaction rate of aminolysis. Schechter and Berger reported the
subsite of papain [36]. The size of the binding site of papain was estimated using the
oligo(L-Ala) with or without D-Ala; the existence of D-Ala reduces the rate of
hydrolysis. Based on this experimental result, the size of the papain subsite was
estimated at over 25 A. Furthermore, they proposed that there are four subsites (S1—
S4) located on one side and three subsites (S1'—=S3’) located on the other (Fig. 8.4),
and each site is able to accommodate one amino acid residue of a substrate (P1-P4
and P1'—P3’). Peptide bonds far from the D-Ala residue were labile to papain-
catalyzed hydrolysis, whereas peptide bonds next to the p-Ala residue (P1 and P1’
position) hardly reacted. This experimental result indicates that the chirality of
amino acid substrates is most importantly recognized in S; and S’;. On the other
hand, p-residues are acceptable to some extent in occupying the subsites away from

P, P, PP/ = L-Amino acid residue
H,N-Ji8] COOR =D-Aminnacid residue

P, P,’
)]

P, Py
Preferable HN L [-COOR

’

,
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Sj Sg S| S|, Sg‘
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Stereospecific subsite

Fig. 8.4 Schematic illustration of the catalytic site (black triangle) and subsites (denoted as Sn
and Sn’) in the papain active site. Each subsite can accommodate an amino acid residue in poly-
peptide substrates (denoted as Pn and Pn’), and subsites S1 and S1’ strictly regulate the stereo-
specificity of oligoalanine substrates. Peptide bonds next to the L-alanine residue are preferred for
hydrolytic cleavage compared to the bonds next to the p-alanine residue [36]
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the catalytic center. Furthermore, they concluded that active site S, tends to bind the
hydrophobic amino acids, such as Phe, Leu, and Val. In the case of enzymatic
polymerization, this specificity affects the efficiency of the reaction. Detailed
insights into the specificity of subsites in each protease are summarized in Sect. 8.4.

8.3 General Synthetic Procedure for Enzymatic
Polymerization

The homopolymerization and copolymerization of a-amino acids by kinetically
controlled enzymatic polymerization have been reported by many research groups.
The general procedure of protease-catalyzed polypeptide synthesis is as follows:

e 1. C-terminal-activated amino acid is dissolved in a buffer solution.

e 2. A solution of protease in buffer solution is added.

e 3. The mixture is stirred at a certain temperature for several hours.

e 4. After the reaction, the protease is removed, and the polypeptide is isolated.

Amino acid esters or oligopeptide esters [38], such as methyl, ethyl, and benzyl
ester derivatives, have been used as a monomer for enzymatic homo- [39—43] and
copolymerization [44, 45]. To maintain pH conditions, aqueous buffer solutions are
used as a reaction media. A suitable range of pH for protease function is 5-9. For
example, phosphate, carbonate, and citrate buffers have been used as a reaction
solvent. Generally, 25-60 °C is suitable for enzymatic polymerizations because of
proteases’ thermal stability. The final concentration of amino acid substrate needs to
be high enough to overcome the hydrolysis reaction competing with aminolysis.

After the reaction, there are several methods to isolate the resultant polypeptides
from the polymerization solution. If the polypeptides are insoluble in the polymer-
ization solution, we can obtain the peptides as a precipitate. In this case, the precipi-
tate is washed with water to remove the remaining proteases and unreacted
monomers. On the other hand, when the polypeptides are soluble in the polymeriza-
tion solution, the polypeptides, proteases, unreacted monomers, and by-products
are dissolved in the reaction solution. Thus, an additional isolation process is
required to separate the polypeptides from other components. If the molecular
weight of the polypeptides, which is generally less than 5000 in enzymatic polym-
erization, is much smaller than that of the protease, the protease can be removed
from the mixture by centrifuge ultrafiltration with a suitable molecular weight cut-
off MWCO) membrane filter. Qin et al. isolated polyLys and N,-protected polyLys
with different solubilities in a buffer solution with the following procedures [23]. In
the case of water-soluble polyLys, the mixture was centrifuged using a commer-
cially available centrifugal filter with a 3000 MWCO membrane, and then the filtrate
was dialyzed to isolate the polyLys product. In contrast, in the case of water-insoluble
N,-protected polyLys, the precipitate was easily collected by simple centrifugation
of the reaction mixture, and purification was done by washing with a pH =5 diluted
HCl solution three times.
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8.4 Enzymes Available for Enzymatic Polypeptide Synthesis

The enzymes used in enzymatic polypeptide synthesis include cysteine proteases
(papain and bromelain), serine proteases (a-chymotrypsin, proteinase K, and trypsin),
and metalloproteases (thermolysin). In addition to these proteases, enzymes with
distinct properties (carboxypeptidase Y, D-aminopeptidase, alkaline D-peptidase,
and lipase) are also available. The choice of the enzyme is one of the key factors
in successful polypeptide synthesis because each enzyme has its own substrate
specificity and optimal condition for catalytic activity.

8.4.1 Papain

Papain is found in papaya fruit (Carica papaya) and is one of the most investigated
plant cysteine proteases in terms of structure-function relationships. It consists of a
single polypeptide chain with 212 amino acid residues (23,429 Da). The three-
dimensional structure exhibits two domains with a V-shaped cleft at which substrates
can bind (Fig. 8.5). On the top of the V-shaped cleft, Cys25 and His159 form the
catalytic diad. Although Cys25 and His159 are essential for catalysis, additional
residues, including GIn19 [46], Asn175 [47], and Trp177 [48], have been suggested

peptide-like =—p-
inhibitor

&
Nt

Fig. 8.5 (a) Crystal structure of papain (PDB: 1PPN), (b) a 90 °C-rotated view of (a), (c) crystal
structure of papain with a peptide-like substrate (inhibitor, succinyl-QVVAA-p-nitroanilide)
(PDB: 1PIP), (d) an enlarged view of the boxed area in (b)
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to play an important role in catalytic activity. Schechter and Berger proposed that
the papain active site contains seven subsites as described above (Fig. 8.4) [36]. Two
decades later, Turk and co-workers redefined five subsites (S1-S3 and S1'-S2")
[49]. The subsites are located on both sides of the catalytic site, three on the
N-terminal side (S1-S3) and two on the C-terminal side (S1—S2"). Substrate speci-
ficity is mainly determined by the S2 subsite, which prefers hydrophobic amino acid
residues, such as Val, Phe, Tyr, and Leu [50]. Although the S1 subsite exhibits some
preference for Arg and Lys [51], the other sites lack the selectivity for amino acid
residues of the substrate. In addition, the subsites (except for S1 and S1’) have been
shown to accept D-amino acid residues [36]. Taken together, papain favors sub-
strates possessing hydrophobic residues at the P2 position, but it exhibits broad
substrate specificity.

In the field of enzymatic polypeptide synthesis, papain has been widely used
owing to its availability at low cost and broad substrate specificity. To date, papain
has successfully catalyzed the polymerization of various a-amino acid derivatives.
Papain-catalyzed polymerization has often been performed at 40 °C in alkaline buf-
fer solution to obtain a high yield and DP of peptide products. Geng and co-workers
examined the papain-catalyzed polymerization of a side chain-protected L-Glu ethyl
ester (y-ethyl L-Glu-OEt) at various pH to elucidate the relationship between reac-
tion pH and product yield [40]. This study indicated that the suitable pH range was
between 5.5 and 8.0, giving an over 60% product yield and an average DP (DP,,)
of 8.7 £ 0.3 (determined by "THNMR). Since papain maintains its catalytic activity
in the presence of organic solvents, water-miscible cosolvents can be applied to
papain-catalyzed polymerization of poorly water-soluble amino acid substrates.
The polymerization of L-Phe methyl ester (L-Phe-OMe) was achieved by papain in
0.25 M sodium phosphate buffer containing 10% dimethylsulfoxide, 20% metha-
nol, and 18% acetonitrile, resulting in 38%, 50%, and 50% of the product yield,
respectively [33].

The efficiency of papain-catalyzed polymerization (i.e., yield and DP of peptide
products) can be influenced not only by reaction conditions (temperature, pH, and
concentrations of the enzyme and substrate) but also by substrate properties. Schwab
and co-workers investigated papain-catalyzed homopolymerizations using four
hydrophobic amino acid methyl esters (L-Leu-OMe, L-Tyr-OMe, L-Phe-OMe, and
L-Trp-OMe) as the substrate [43]. Based on the resulting yield and DP of each
homopolymer, the reactivity of the substrates was classified as L-Tyr-OMe > L-Leu-
OMe > L-Phe-OMe > L-Trp-OMe. Another comparative study using different L-Ala
and Gly esters (methyl, ethyl, benzyl, and rert-butyl esters) revealed that the yield of
poly(L-Ala) and polyGly increased in the order of tert-butyl (no polymer was
obtained) < methyl < ethyl < benzyl esters [52]. The highest yield obtained from the
benzyl esters was likely due to the higher affinity of papain toward aromatic sub-
strates. Proper choice of the ester group can enhance substrate affinity toward
papain, leading to efficient polymerization. In addition to the ester group, the side
chain-protecting group can affect polymerization efficiency. Qin and co-workers
reported the polymerization of side chain-protected L-Lys derivatives (N.-Z-L-Lys-
OMe and N.-Boc-L-Lys-OMe) catalyzed by papain [23]. The resulting poly(N.-Z-L-
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Lys) and poly(N.-Boc-L-Lys) exhibited narrower molecular weight distributions
and higher DP,,, in comparison to the products obtained from the polymerization of
unprotected L-Lys-OMe. The benefit of side chain protection of L-Lys is improved
binding affinity for the S2 subsite, which prefers bulky hydrophobic side chains.
Another benefit is the precipitation of products, which shifts the equilibrium toward
product formation and decreases the propensity toward unfavorable reactions, such
as transamidation and hydrolysis. Moreover, the precipitated products are easily
isolated from the reaction media by centrifugation.

Reports on papain-catalyzed copolymerization of different amino acid esters
have been increasing. Uyama and co-workers first demonstrated that papain suc-
cessfully catalyzed the copolymerization of y-ethyl-L-Glu-OEt with various amino
acid esters, including L-Met-OMe, L-Ala-OEt, L-Leu-OEt, L-Phe-OEt, L-Tyr-OEt,
L-Phe-OEt, and B-ethyl L-Asp-OEt [44]. Papain was also used to synthesize several
random copolymers, such as poly(L-Glu-co-L-Cys) [53], poly(L-Tyr-co-L-Lys) [54],
poly(L-Lys-co-L-Ala) [54], and poly(L-Ala-co-Gly) [52]. Another report showed
papain-catalyzed binary and ternary copolymerization using four hydrophobic
amino acid methyl esters (L-Leu-OMe, L-Tyr-OMe, L-Phe-OMe, and L-Trp-OMe)
[43]. Tt was also reported that papain enabled the conversion of a dipeptide (L-Ala-
Gly-OEt) monomer into a polypeptide with an alternating sequence [38]. From the
examples introduced above, one can conclude that papain is the most versatile
enzyme in enzymatic peptide synthesis and broad substrate specificity is its most
important property. This broad specificity can contribute to product variety with
respect to amino acid sequences.

8.4.2 Bromelain

Specific enzymes derived from the pineapple plant are known as bromelains. Among
these enzymes, stem bromelain, which is present in plant stem extracts, is generally
used for enzymatic peptide synthesis. Stem bromelain is referred to as bromelain in
this chapter. Bromelain is a cysteine protease of the papain family. It is a glycosyl-
ated, monomeric protein of 24.5 kDa that contains seven Cys residues and most
likely three disulfide bonds. The oligosaccharide component has been shown to pro-
vide enzymatic stability and tolerance to denaturants, including guanidine hydro-
chloride [55], urea [56], and sodium dodecyl sulfate (SDS) [57]. The enzyme’s
secondary structure is maintained between pH 7-10, but the enzyme is irreversibly
denatured above pH 10 [58]. Although bromelain exhibits broad substrate specificity
similar to papain, bromelain has been reported to prefer polar amino acid residues at
the P1 and P1’ positions of substrates [59]. Additionally, it shows high hydrolysis
efficiency toward substrates containing Arg and His at P2 and Pro at P3 [51].

Qin and co-workers used four proteases (papain, bromelain, a-chymotrypsin,
and trypsin) for poly(L-Lys) synthesis and compared their activity [60]. Among
them, bromelain showed the highest value of both DP,,, (4.1) and monomer conversion
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(84 = 2%) by maintaining the reaction pH between 7.6 and 7.8. This study also
indicated that bromelain was sensitive to moderate pH although it catalyzed polym-
erizations over a wide range of temperatures (10-40 °C). Monomer conversion
varied from 23 + 1% to 76 + 2% and 46 + 5% for pH values of 6, 7, and 8, respectively.
DP,,, also varied between 2.8 and 4.1 from pH 6 to 9. Interestingly, bromelain was
shown to be more efficient than papain for poly(L-Lys) synthesis, even though both
enzymes are known to exhibit high catalytic activity against substrates containing
Lys at the Pl position. The different efficiency between these enzymes is explained
by their different preferences for the Lys residue at the P2 position: bromelain shows
a higher preference for Lys than papain does. This example suggests that bromelain
is an efficient enzyme to catalyze the homopolymerization of polar amino acids,
although further comparative studies using various amino acid substrates and proteases
are needed.

Bromelain-catalyzed polymerization of hydrophobic L-Phe-OEt was shown to
proceed in 20% MeOH-containing phosphate buffer and provided maximum product
yields (40-45%) at pH 7-8 and 40 °C [33]. In another study, bromelain displayed
relatively high catalytic ability for copolymerizations of L-Leu-OEt with y-ethyl
L-Glu-OEt compared to a-chymotrypsin and protease SG [45]. Moreover, the
catalytic ability of bromelain was comparable to that of papain, which favors hydro-
phobic amino acid residues, such as Leu. These studies indicate that bromelain can
efficiently catalyze the polymerization of hydrophobic amino acid substrates as well
as polar ones.

8.4.3 a-Chymotrypsin

Chymotrypsin, a serine protease, is produced in an inactive form (chymotrypsino-
gen) by the acinar cells of the pancreas and then converted into its active form of
a- or y-type chymotrypsin. a-Chymotrypsin contains three separate polypeptide
chains linked by five disulfide bridges. His57, Asp102, and Ser195, located at the
entrance of a substrate-binding pocket (Fig. 8.6), form the catalytic triad that is
essential for hydrolysis/aminolysis reactions. In addition to these three residues,
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Ser214 contributes to catalytic activity by forming hydrogen bonds with Asp102
and stabilizing the charge of the buried Asp102 [61]. Gly193 and Ser195 are also
considered to be key residues for catalysis activity because they serve as the oxy-
anion hole that stabilizes a tetrahedral intermediate [62]. The substrate specificity of
a-chymotrypsin originates from the P1-S1 interaction. S1 is a hydrophobic pocket
with high specificity for aromatic (Phe, Trp, and Tyr) and bulky nonpolar (Met) side
chains of the substrate [62].

In addition to cysteine proteases (papain and bromelain), serine proteases, such
as a-chymotrypsin, can be applied to kinetically controlled peptide synthesis. In the
1950s, Brenner and co-workers found that a-chymotrypsin polymerizes the isopro-
pyl esters of L-Met, L-Thr, L-Phe, and L-Tyr [63, 64]. Recently, a-chymotrypsin was
used for the homopolymerization of L-Cys-OEt [27]. Since disulfide bond forma-
tion and ester hydrolysis simultaneously occurred for L-Cys-OEt under an unfrozen
condition, polymerization was performed under a frozen condition at —20 °C.
a-Chymotrypsin-catalyzed polymerization successfully provided poly(L-Cys) with
DP ranging from 6 to 11, although papain did not catalyze the polymerization of
L-Cys-OEt at —20 °C. In another report, a-chymotrypsin was reported to catalyze
the rapid conversion of L-Lys-L-Leu-OEt to poly(L-Lys-alt-L-Leu) at pH 8.5,
whereas L-Lys-L-Leu-OEt polymerization by papain resulted in random sequence
oligopeptides [65]. This finding indicated that sequence-controlled polymerization
was achieved by a-chymotrypsin but not by papain. a-Chymotrypsin can be an
alternative catalyst for enzymatic peptide synthesis, particularly when substrates
contain a thiol group that inhibits the catalytic activity of cysteine proteases.

8.4.4 Proteinase K

Proteinase K is a serine protease and the main proteolytic enzyme produced by the
fungus Tritirachium album Limber [66]. The designation “K” was chosen to indi-
cate that it can even hydrolyze native keratin [67]. Proteinase K is composed of a
single polypeptide chain with 278 amino acids (MW 28,930). It has a catalytic triad
(Asp39, His69, and Ser224) and requires calcium ions for its full activity [68]. One
characteristic of proteinase K is its broad substrate specificity, although its S1 sub-
site prefers aromatic and hydrophobic amino acids [69]. Another feature is that pro-
teinase K retains its activity at relatively high temperatures and in the presence of
denaturants, including urea, 0.5% (w/v) SDS, and 1% (w/v) Triton X (surfactant
based on 4-octylphenol ethoxylates) [70]. These easy-to-use features make protein-
ase K one of the most widely used proteases in molecular biology.

Ageitos et al. first investigated proteinase K-catalyzed synthesis of poly(L-Phe)
[71]. The highest DP,,, of peptide products (12 + 0.5) was obtained from the polym-
erization performed with 0.6 M L-Phe-OEt and 1.0 mg/mL proteinase K in sodium
phosphate buffer (pH 8.0) at 40 °C for 3 hours. Furthermore, a star-shaped polypep-
tide was successfully synthesized by the proteinase K-catalyzed polymerization of
L-Phe-OEt with a trifunctional terminal modifier, tris(2-aminoethyl)amine (TREN)
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[71]. Other star-shaped polypeptides were also constructed by proteinase K [72].
The star-shaped polypeptides consist of the three-armed TREN center and cationic
polypeptide branches of poly(L-Lys), poly(L-Arg), or poly(L-Lys-co-L-Arg).
Proteinase K was shown to catalyze copolymerization of L-Cys-OEt with L-His-
OEt or y-ethyl L-Glu-OEt. The resultant poly(L-Cys-co-L-His) and poly(L-Cys-co-
y-ethyl-L-Glu) exhibited DP,,, values of 7.3 = 1.1 and 9.5 =+ 0.6, respectively [73].
So far, reports on proteinase K-catalyzed polymerization are limited compared to
those on papain. This limitation might be due to the relatively higher cost of protein-
ase K compared to papain.

8.4.5 Trypsin

Trypsin is a serine protease that preferentially cleaves peptide bonds after Arg or
Lys residues of substrates. It has a catalytic triad consisting of His57, Asp102, and
Ser195. Trypsin strongly prefers substrates that possess an Arg or Lys residue at the
P1 position [74], whereas it exhibits decreased catalytic activity for substrates with
an Arg, Ile, Leu, Lys, or Phe residue at P2 and Pro at P3 [50]. The residue at P4 does
not affect activity [75]. There are a few reports on enzymatic polypeptide synthesis
catalyzed by trypsin. Poly(L-Arg) was synthesized by trypsin-catalyzed polymer-
ization [76]. More than 40% of the substrate was converted into L-Arg-L-Arg within
1 hat25 °Cin 0.2 M carbonate buffer (pH 10). Trypsin was also shown to catalyze
the polymerization of L-Lys-OEt [77]. The resultant poly(L-Lys) ranged from a
dimer to an octamer. The highest monomer conversion was 70.7%, which was
afforded by an optimal reaction condition (1 mM trypsin, 200 pM L-Lys-OEt, pH
10,25 °C, 2 h). Interestingly, an addition of NaCl into the reaction mixture enhanced
monomer conversion by 30% without affecting the polymerization degree, although
the reasons for this enhancement were unclear. Trypsin is useful for the polymeriza-
tion of polar substrates, including Arg and Lys, since it shows relatively high speci-
ficity against such residues.

8.4.6 Thermolysin

Thermolysin is a thermostable zinc metalloproteinase isolated from Bacillus ther-
moproteolyticus Rokko [78]. In addition to the Zn?* ion, this enzyme binds four Ca*
ions for its thermal stability [79]. The overall structure is divided into an N-terminal
beta-sheet-rich domain and a C-terminal alpha-helix-rich domain. The two domains
are spanned by a central alpha-helix located at a cleft running across the middle
of the molecule. The central helix contains a zinc-binding HEXXH motif that is
essential for hydrolysis activity. In the HEXXH motif, the two histidine residues
coordinate with a Zn?* ion, and the glutamate residue plays an important role in the
hydrolysis reaction [80].
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Although it is very rare to exploit thermolysin as a catalyst for amino acid polym-
erization, this enzyme has been applied to the industrial-scale synthesis of Z-L-Asp-
L-Phe-OMe, the precursor of an artificial sweetener, aspartame [81]. Owing to this
successful example, thermolysin has been extensively studied in terms of its cata-
lytic ability for condensation reactions affording oligopeptides [82—85]. Wayne and
Fruton investigated the substrate specificity of thermolysin in the condensation
reaction [86]. Substrates with Phe or Leu at the P1’ position were efficiently con-
densed into oligopeptides by thermolysin. Additionally, the presence of aromatic
residues (Phe and Trp) at P1 and hydrophobic residues (Ala, Met, and Phe) at P2
enhanced the condensation efficiency. Since thermolysin-catalyzed condensation
proceeds through a thermodynamically controlled mechanism, the reaction condi-
tions must be optimized to shift the equilibrium toward peptide bond formation.
Kitaguchi and Klibanov have proposed an improved cosolvent system consisting of
90% organic solvent (tert-amyl alcohol), 9% water mimic (formamide or ethylene
glycol), and 1% water that provides a high yield of peptide product [87]. Another
approach is non-covalent immobilization of thermolysin by absorption on a porous
support material (Celite) in a hydrophobic organic solvent, such as toluene [88].
The Celite-immobilized enzyme maintained its catalytic activity even in hydropho-
bic organic solvents owing to an aqueous phase around the Celite surface, thereby
enabling highly efficient peptide condensation. Ulijn and co-workers have employed
thermolysin for SPPS in which an amine substrate was linked to a solid support
[89]. The immobilized amine substrate contributes to an equilibrium shift toward
condensation, and its hydrophobicity is critical for efficiency [90]. One advantage
of this strategy is that the reactions can achieve high conversion efficiency in bulk
aqueous solution without needing an organic cosolvent and activated carboxylic
acid. Although thermolysin has often been used for condensation reactions in previ-
ous studies, polymerization catalyzed by this enzyme is also interesting.

8.4.7 Others

In addition to the proteases described above, several enzymes with distinct proper-
ties are of interest as a catalyst for enzymatic polypeptide synthesis. For example,
exopeptidases cleaving only the C-terminal amide bond are distinguishable from
endo-type proteases, such as papain, which digest amide bonds within the polypeptide
backbone. Exopeptidases, including carboxypeptidase Y (CPDY) [91], are expected
to prevent unexpected hydrolysis of polypeptide backbones during polymerization,
leading to a narrow molecular weight distribution of products. Indeed, CPDY-
catalyzed polymerization successfully provided poly(L-Leu) with a relatively
narrow molecular weight distribution [92]. Another example is D-stereospecific
peptidase, which recognizes D-amino acid residues of substrates. Owing to its speci-
ficity for p-amino acids, D-stereospecific peptidase can be applied to the synthesis
of peptides consisting of D-amino acids. Komeda and Asano demonstrated poly(D-
Phe) synthesis catalyzed by alkaline D-peptidase from Bacillus cereus [93].
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Synthesis of poly(D-Ala) was also achieved by immobilized D-aminopeptidase from
Ochrobactrum anthropi in organic solvents [94]. Polymerization of amino acid
esters can also be catalyzed by hydrolases, such as lipase. Lipase-catalyzed polym-
erization of L-Asp diethyl ester afforded high molecular weight polypeptides with a
high yield, although peptide bond formation proceeded less regioselectively com-
pared to protease-catalyzed polymerization [95, 96]. These distinct enzymes can be
utilized as a special tool to provide novel peptides that are difficult to synthesize by
commonly used proteases.

8.5 Amino Acid Esters for Enzymatic Polymerization

To date, there have been a great number of reports on the synthesis of polypeptides
via enzymatic polymerization of various amino acid derivatives, especially amino
acid esters. The amino acids used in enzymatic polymerization can be roughly
classified into six different types in terms of their side groups, namely, hydrophobic,
aromatic, acidic, basic, neutral, and unnatural amino acids (Fig. 8.7). These amino
acids differ in their chemical and physical properties, and hence, enzymatic polym-
erization conditions differ for each amino acid.

8.5.1 Hydrophobic Amino Acids

Hydrophobic amino acids are appropriate substrates for enzymatic polymerization
using proteases with a relatively high affinity for hydrophobic amino acids. One
great advantage to using hydrophobic amino acids for enzymatic polymerization is
that the resulting polypeptides precipitate from water due to their hydrophobicity.
This precipitation is useful for easy isolation of the polypeptides obtained by simple

Natural amino acids

Hydrophobic ~ Aromatic Acidic Basic Neutral
Glycine Phenylalanine Glutamic acid Lysine Serine
Alanine Tryptophan Aspartic acid Histidine Threonine
Valine Tyrosine Arginine Cysteine
Leucine Methionine
Isoleucine Glutamine
Proline Asparagine

Fig. 8.7 Classification of natural amino acids based on their side group characteristics
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centrifugation or filtration. The feature also restricts further chain elongation and
hydrolysis of the obtained polypeptides after precipitation. The molecular weight of
the obtained polypeptides is up to 3000 Da. However, fine-tuning of the reaction
parameters, such as temperature and pH, can improve further polypeptide
elongation.

There have been many reports on the enzymatic polymerization of hydrophobic
amino acid esters, such as Ala and Leu. As a pioneering work of enzymatic polym-
erization, enzymatic synthesis of poly(L-Leu) was reported by Dannenberg and
Smith using proteinase I from the bovine lung [97]. They found that the yield of
polypeptide products remarkably relied on the pH of the reaction medium, which
was monitored by tracking amine consumption using a ninhydrin assay. Poly(L-
Leu) was also synthesized by the polymerization of L-Leu methyl ester using papain,
and the average DP of poly(L-Leu) was 8-9 [98]. They revealed that the reaction
proceeded with a pronounced induction period at a low substrate concentration
before the precipitation of poly(L-Leu). The induction period can be shortened by
the addition of a corresponding dimer or trimer, which implies that dimerization rate
is very slow and that chain growth is rapid from the trimer onward. This finding
means that chain elongation proceeds stepwise.

Ala derivatives are another hydrophobic amino acid monomer used in enzymatic
polymerization. Poly(L-Ala) tends to adopt water-insoluble p-sheet structures,
which facilitate rapid precipitation during enzymatic polymerization. Poly(L-Ala)
can be readily synthesized by papain-catalyzed polymerization of L-Ala ethyl ester
[42]. The reaction parameters influence the resulting poly(L-Ala) chain length to a
certain extent. This influence was investigated by the papain-catalyzed polymeriza-
tion of L-Ala ethyl ester in two different pH buffer solutions (i.e., I M sodium
phosphate buffer at pH 7.0 and 1 M sodium carbonate buffer at pH 11.0). A higher
yield (67.1%) was obtained at pH 7.0 than at pH 11.0 (35.7%). Interestingly, maxi-
mal DP increased at pH 11.0 (DP,,,, = 16) compared to that obtained at pH 7.0
(DP.x = 11) as determined by MALDI-TOF mass spectrometry. The resultant
poly(L-Ala) formed characteristic microfibrils with the predominantly p-sheet
structure, which was confirmed by atomic force microscopy and infrared (IR)
spectroscopy.

As a highly promising structural material, silk fibers from animal species, such
as silkworms and spiders, have attracted a wide range of attention from the scientific
community due to their extraordinary strength and toughness. Silk proteins have a
relatively longer repetitive domain between their conserved N- and C-terminal
domains. In spider dragline silk proteins, an oligo(L-Ala) sequence in the repetitive
domain forms p-sheet structures, whereas a glycine-rich domain forms random coil
and helical structures. The higher-order structures constructed by these domains in
silk fibers realize the excellent mechanical property of silk fibers in nature.
Polypeptides mimicking spider silk proteins were synthesized utilizing enzymatic
polymerization as shown in Fig. 8.8 [99]. The B-sheet-forming poly(L-Ala) motif
was prepared by papain-catalyzed polymerization. The DP of poly(L-Ala) was con-
trolled by adding poor organic solvents, such as methanol, in aqueous media to
match the oligo(L-Ala) sequence length in spider silk proteins. On the other hand, a
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Fig. 8.8 (a) Synthesis of multiblock polypeptides inspired by spider dragline silk proteins via
enzymatic polymerization followed by polycondensation, (b)enzymatic polymerization of L-
AlaGly dipeptide ethyl ester affording alternating AlaGly sequence, (¢) random copolymerization
of L-Ala and Gly benzyl esters catalyzed by papain

more flexible glycine-rich motif was prepared by random copolymerization of Gly
and L-Leu esters using papain. This poly(Gly-r-L-Leu) acts as a “soft” motif
expressed between the ‘“hard” polyAla motifs in spider silk proteins. The
post-polycondensation of these hard and soft polypeptide motifs was accomplished
using polyphosphoric acid (PPA) as a condensing agent at an elevated temperature.
The resulting multiblock polypeptide, poly(L-Ala)-b-poly(Gly-r-L-Leu), adopted
characteristic secondary structures and crystallinity based on the polyAla and Gly-
rich sequences similar to natural spider silks. This chemically ligated tandem
sequence is a biomimetic polypeptide of spider dragline silks, proving that enzy-
matic polymerization is greatly applicable to the synthesis of polypeptide motifs in
structural proteins.

Another p-sheet-forming peptide motif is GAGAGX, which is seen in Bombyx
mori silkworm silk proteins. Two strategies were used to synthesize polypeptides
similar to the GAGAGX motif (Fig. 8.8). Qin et al. used a dipeptide ester L-
alanylglycine ethyl ester (L-AlaGly—OEt) to obtain a polypeptide with a strictly
alternating sequence poly(L-Ala-alt-Gly) via enzymatic polymerization [38].
Stoichiometrically equivalent quantities of alternating L.-Ala and Gly units were
obtained, which was confirmed by MALDI-TOF mass spectrometry. To obtain
alternating sequences of polypeptides, dipeptide esters can be used as monomers in
enzymatic polymerization. On the other hand, Ageitos and co-workers used the
strategy of copolymerization of L-Ala and Gly esters for the synthesis of polypep-
tides containing motifs similar to GAGAG [52]. This technique cannot control the
exact sequence but can fine-tune the Gly/Ala content of the resulting polypeptides.
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Papain shows less affinity for Gly than Ala, resulting in a significant mismatch
between Gly and Ala reactivities. To overcome this mismatch, L-Ala and Gly benzyl
esters with similar reactivities were used for papain-catalyzed copolymerization. By
changing the feed ratio of L-Ala/Gly benzyl esters, the compositions of L-Ala/Gly
in the copolypeptides could be controlled. The resulting polypeptides differed in
secondary structures and thermal stabilities depending on their L-Ala content.

8.5.2 Aromatic Amino Acids

Aromatic amino acids also exhibit a high affinity for proteases because of their
hydrophobic aromatic side group. These aromatic amino acid esters are good sub-
strates for enzymatic polymerization, but rapid precipitation usually causes a low
DP for the resulting polypeptides. Enzymatic polymerization of poly(L-Phe) was
reported by Dannenberg and Smith using proteinase I from the bovine lung [97].
The DP,,, of the obtained poly(L-Phe) was 6. Gross and co-workers reported enzy-
matic synthesis of poly(L-Phe) using bromelain in various reaction conditions [33].
Ageitos et al. reported enzymatic polymerization of L-Phe esters using proteinase K
[71]. In aqueous solutions, the obtained linear poly(L-Phe) showed a unique self-
assembly property. In addition to linear poly(L-Phe), three-armed, star-shaped oli-
goPhe was synthesized by polymerization of L-Phe ethyl ester with tris(2-aminoethyl)
amine. This star-shaped poly(L-Phe) self-assembled to form fibrous networks.
Tyrosine is an aromatic amino acid with a relatively polar side group. The phenol
moiety of Tyr is polar and reactive; therefore, polypeptides containing Tyr as a mono-
mer unit can be easily functionalized by further chemical modification. Adhesive
polypeptides from the copolymerization of L-Tyr and L-Lys ethyl esters were devel-
oped using enzymatic polymerization, which was inspired by a natural adhesive pro-
tein, foot protein 5 (Mefp-5), produced by a blue mussel (Mytilus edulis) [54]. This
polymerization was achieved by two-step synthesis (Fig. 8.9). First, copolypeptides
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Fig. 8.9 Two-step enzymatic synthesis of adhesive polypeptides consisting of L-Tyr, L-Lys, and
L-DOPA residues
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of L-Tyr and L-Lys units were synthesized by papain-catalyzed polymerization, and
then, enzymatic conversion of L-Tyr to L-3,4-dihydroxyphenylalanine (DOPA) was
carried out using tyrosinase. The poly(L-Tyr-r-L-Lys-r-L-DOPA) with a Tyr/Lys/
DOPA ratio of 50/25/25 at pH 12 showed excellent adhesiveness (adhesion strength,
0.95 MPa; Young’s modulus, 6 MPa), and this adhesiveness was higher than that of a
commercially available superglue as determined by an adhesive lap joint shear
strength test using mica sheets. Lampel et al. demonstrated that another functional
polypeptide material, tyrosine-containing tripeptides prepared by enzymatic synthe-
sis, acted as a polymeric pigment with tunable coloration ability [100].

8.5.3 Acidic Amino Acids

Glutamic acid and aspartic acid are acidic and hydrophilic amino acids since they
contain a carboxylic acid residue in their side chain. There are no reports of success-
ful enzymatic polymerization of Glu and Asp monomers with a free carboxylic acid
side group. This lack of successful polymerization is probably because the carbox-
ylic acids interact with the catalytic center of proteases by undesired proton transfer.
However, the conversion of carboxylic acid to its corresponding ester causes a
polarity change, causing the amino acid to become hydrophobic, which allows Glu
to be a good substrate. Indeed, L-Glu diethyl ester is frequently used for enzymatic
polymerization using various proteases. The polymerization of L-Glu diethyl ester
to give poly(y-ethyl L-glutamate) [poly(L-Glu-OEt)] using proteases, including
papain, bromelain, and a-chymotrypsin, was reported by Uyama et al. (Fig. 8.10)
[44]. Poly(L-Glu-OEt) was generated as white precipitate, and the average DP was
estimated at approximately 9 by 'H NMR spectroscopy. The polymerization of
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Fig. 8.10 (a) Papain-catalyzed polymerization of L-Glu diethyl ester with remarkable regioselec-
tivity, (b) enzymatic polymerization of L-Asp diethyl ester using various enzymes
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y-methyl L-glutamate, which possesses an ethyl ester group only at the side chain,
did not proceed under similar reaction conditions using papain. This fact revealed
that protease-catalyzed polymerization regioselectively proceeds to generate an
a-peptide linkage in the resulting polymer backbone. Copolymerization of L-Glu
diethyl ester with L-Met methyl ester, L-Ala ethyl ester, L-Leu ethyl ester, L-Phe
ethyl ester, L-Tyr ethyl ester, and L-Asp diethyl ester proceeded using papain, pro-
viding various random copolypeptides.

The other acidic amino acid, aspartic acid, is an analog of glutamic acid with
only one less methylene group. However, the reactivities of Glu and Asp in enzy-
matic polymerization are quite different. Geng et al. reported that papain-catalyzed
polymerization of L-Glu diethyl ester in 0.9 M phosphate buffer for 10 min resulted
in poly(L-Glu-OEt) at 80% yield [40]. In contrast, L-Asp diethyl ester was not
polymerized in the presence of papain, probably because of the poor affinity of
papain for Asp substrates. Matsumura et al. reported that polymerization of L-Asp
diethyl ester by alkalophilic proteinase from Streptomyces sp. at a temperature
between 4 and 50 °C yielded poly[(B-ethyl a-L-aspartate)-co-(a-ethyl p-L-aspartate)]
[101]. Soeda et al. later polymerized L-Asp diethyl ester by a bacterial protease
from Bacillus subtilis (BS) using an organic solvent at a temperature ranging from
30 to 50 °C (Fig. 8.10). The resulting a-linked poly(p-ethyl a-L-aspartate) [poly(L-
Asp-OEt)] with a weight average molecular weight (M,,) up to 3700 was obtained at
85% yield [102]. Lipase, a subclass of esterases that hydrolyzes lipids, can also
catalyze the polymerization of Asp ester derivatives. Zhang et al. reported that lipase
(Candida antarctica lipase B) catalyzed the polymerization of diethyl D- or L-Asp
diethyl ester, providing poly(a-ethyl f-p-aspartate) or poly(a-ethyl f-L-aspartate) in
a solvent-free condition, respectively. The DP,,, was found to be 60 with up to 96%
B-linkages, indicating that lipase provided dominantly amide bonds with p-linkages
(Fig. 8.10) [95]. However, recently, Gross and co-workers reported the polymeriza-
tion of L-Asp diethyl ester with improved regioselectivity using an immobilized
lipase at 80 °C for 24 h [96]. The reaction successfully yielded approximately 95%
a-linked poly(L-Asp-OEt) with a 70% yield, and the DP,,, was approximately 50.
They concluded that polymerization proceeds in a controlled manner by a chain-
growth mechanism with up to 90% conversion, and then, a step-growth mechanism
competes with the chain-growth mechanism.

8.5.4 Basic Amino Acids

Amino acids possessing a basic side group, such as L-Lys, L-Arg, and L-His, fall in
this category. No protection of the amine group in the side chain is required for the
enzymatic polymerization of these amino acids because of sufficient regioselectiv-
ity in protease-catalyzed polymerization. The resulting cationic polypeptides have
been employed as cell-penetrating peptides and peptide carriers for gene delivery
systems [103, 104]. Enzymatic synthesis of poly(L-Lys) from L-Lys ethyl ester in an
aqueous medium using four proteases (papain, bromelain, a-chymotrypsin, and
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trypsin) was studied to determine their activity in Lys polymerization at pH values
ranging from 6 to 11 [60]. Bromelain was found to be the most effective protease
since it gave the highest yield and DP,,, of poly(L-Lys). Qin et al. further explored
the polymerization of N.-protected L-Lys esters (Fig. 8.11). This protection of the
e-amino group improved the yield of the resulting N.-protected poly(L-Lys) by
enhancing the hydrophobicity of the polymer, which facilitated a water-insoluble
precipitate [23]. The protecting groups of the e-amino group included Boc and Z
groups. Poly(N.-Boc-L-Lys) and poly(N,-Z-L-Lys) resulted from enzymatic polym-
erization of the corresponding Lys monomers. These poly(L-Lys) with hydrophobic
moieties were easily collected by centrifuging the precipitates.

Diblock and random polypeptides of L-Lys and L-Ala were synthesized by one-
pot enzymatic polymerization using papain [105]. Characterization by 'H NMR
spectroscopy and MALDI-TOF mass spectrometry revealed that the sequential
addition of an L-Lys ethyl ester followed by an L-Ala ethyl ester resulted in the for-
mation of diblock polypeptides. Observation by optical microscope clearly revealed
that the crystal morphology of the copolymers was dependent on the monomer dis-
tribution in the copolymers and the pH of the solution. Diblock copolypeptides
formed cubic or hexagonal crystals with a hollow structure at pH 3.0. This type of
unique crystal with low cytotoxicity can be used as a biomedical material, e.g., as a
carrier for drug delivery systems. Utilizing dipeptide esters as a monomer is another
method to synthesize the copolypeptide, as reported by Gross and co-workers [38,
65]. An alternating copolypeptide of L-Lys and L-Leu units was enzymatically syn-
thesized using a-chymotrypsin at pH 8.5 [65]. The resulting poly(L-Lys-alt-L-Leu)
in the aqueous reaction solution underwent a sol-gel transition in which p-sheet
structures assembled into a nanofibril network. This polypeptide hydrogel system
can be a promising stimulus-responsive material that has potential in biomedical
applications.
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Fig.8.11 (a) Enzymatic polymerization of L-Lys ethyl ester derivatives, (b) proteinase K-catalyzed
copolymerization of L-His and L-Cys
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There have been a few reports on the enzymatic polymerization of Arg and His.
The homo- and copolymerization of L-Arg ethyl ester was conducted using protein-
ase K in a condition similar to the polymerization of Lys esters [72]. Ma et al.
reported the copolymerization of L-Cys and L-His ethyl esters with changing ratios
of His/Cys using proteinase K (Fig. 8.11) [73]. The resulting copolypeptides with
various His/Cys ratios were successfully obtained in 40-50% yields. Poly(L-His-
co-L-Cys), inspired by a catalytic diad of cysteine proteases, exhibited protease-like
activity to cleave an amide bond using fluorescein isothiocyanate-labeled casein as
a substrate. This feature was utilized to peel off living cells from a culture plate to
obtain a monolayer cell sheet.

8.5.5 Neutral Polar Amino Acids

Neutral amino acids include various side groups. This category focuses on amino
acids with polar side groups rather than those with hydrophobic side groups, which
were already described in the section on hydrophobic amino acids. Amino acids
containing a sulfur in their side groups, namely, cysteine and methionine, play an
important role in both natural proteins and synthetic polypeptides because of their
specific functionality and availability as reactive residues for chemical modification.
Cysteine has a reactive thiol group in the side chain that can be easily oxidized to
form a disulfide bond. This feature hampers polypeptide formation during the
polymerization process by undesired cross-linking of the polypeptide via disulfide
bonds. Therefore, the thiol group of Cys must be protected prior to polymerization
in conventional synthetic methods. Narai-Kanayama et al. reported that the poly(L-
Cys) was synthesized by enzymatic polymerization of L-Cys ethyl ester using
a-chymotrypsin in a frozen aqueous medium [27]. The thiol groups of the obtained
polymer were intact during polymerization and purification, indicating that the poly-
Cys was successfully synthesized without a tedious protection/deprotection process.
The DP of the obtained polyCys ranges from 6 to 11 as confirmed by MALDI-TOF
mass spectrometry. Ma et al. synthesized poly(L-Cys) by enzymatic polymerization
using proteinase K, and the DP of the polyCys was as high as 17 [106].

Methionine is another sulfur-containing amino acid with a sulfide moiety in the
side group. The sulfide group can be utilized for modification of the polypeptide by
chemical reactions, such as oxidation and alkylation by electrophiles. One early
example was the enzymatic synthesis of poly(L-Met) and its derivatization
(Fig. 8.12) [107, 108]. Poly(L-Met) was synthesized from L-Met methyl ester by
papain-catalyzed polymerization in a citrate buffer at pH 5.5. However, character-
ization of the product was limited due to the insolubility of the obtained poly(L-
Met) in common solvents. The chemical conversion of sulfide groups in L-Met
residues to sulfoxide or sulfone by treatment with acids increased the water solubil-
ity of the resulting polypeptide, poly(L-methionine sulfoxide). From "H NMR spec-
troscopy, the DP,,, was found to be up to 8.
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Fig. 8.12 Papain-catalyzed synthesis of poly(L-Met) and its oxidation to sulfoxide and sulfone
derivatives

Serine and threonine, which possess a hydroxy group in their side chain, were
used in enzymatic polymerization without protecting the hydroxy group, as demon-
strated in early reports [63, 64]. To date, there are no reports on the enzymatic
polymerization of glutamine and asparagine derivatives, although some short pep-
tides containing these amino acids were synthesized by protease-catalyzed coupling
reactions [109, 110].

8.5.6 Unnatural Amino Acids

Incorporation of unnatural motifs into the polypeptide backbone is an innovative
method to fabricate various polypeptide materials with novel functionalities. The
polymerization of unnatural amino acid esters using proteases was demonstrated in
order to synthesize polypeptides containing unnatural structures, although proteases
show poor substrate specificity for these substrates. Yazawa et al. demonstrated that
ester derivatives of m-aminoalkanoic acids, monomer units of nylon, were not
polymerized alone using papain but were successfully introduced into polypeptides
via papain-catalyzed copolymerization with natural amino acids, such as L-Leu and
L-Glu esters, in a phosphate buffer [111, 112]. In general, polypeptides exhibit nei-
ther melting behavior nor glass transition because of intermolecular multiple hydro-
gen bonds, resulting in a lack of thermoplasticity. The insertion of nylon units into
the polypeptide is assumed to drastically reduce intermolecular interactions via
hydrogen bonds and induce melting behavior in the polypeptides. Papain-catalyzed
copolymerization of L-Glu diethyl ester with various nylon monomers, including
ethyl 3-aminopropionate, ethyl 4-aminobutyrate, and methyl 6-aminohexanoate,
afforded polypeptides containing nylon units [111]. Only papain can polymerize
copolymerization among many proteases due to its relatively broad substrate speci-
ficity. In the resulting polypeptides, one nylon unit was incorporated at the C-terminal
of poly(L-Glu-OEt)s as evidenced by 'H NMR spectroscopy and MALDI-TOF
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mass spectrometry. On the other hand, in the case of the copolymerization of L-Leu
and nylon esters using papain, approximately 15 mol% of the nylon unit was intro-
duced into the poly(L-Leu) backbone [112]. The obtained copolymers showed a
broad melting behavior at approximately 200 °C below the decomposition tempera-
ture. This result indicates that the introduction of artificial units, such as nylon, into
the polypeptide backbone imparted thermoplasticity (Figs. 8.13 and 8.14).
Another example of an artificial amino acid is 2-aminoisobutyric acid (Aib), an
a,a-disubstituted amino acid that has a tendency to form helical structures [113,
114]. Enzymatic polymerization of Aib ethyl esters resulted in no polymer formation
since Aib is hardly recognized by the catalytic sites of proteases, even in
copolymerization with natural amino acid esters. To overcome the incompatibility,
the Aib unit was sandwiched in between L-Ala residues to form a tripeptide
ester, which resulted in effective recognition by papain (Fig. 8.13b). Enzymatic
polymerization of the Aib-containing tripeptide ester, L-Ala-Aib-L-Ala ethyl ester,

O
HN A 0 papam
" NOEt
; HZN\/\)L % \/uﬁ»% /\/}%
OEt O/m

poly(L -Leu-r~-Nylon)

[¢] H O ;
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Fig. 8.13 Introduction of unnatural amino acid units in polypeptide backbones via enzymatic
polymerization using (a) 4-aminobutyric acid (nylon) and (b) 2-aminoisobutyric acid (Aib)
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Fig. 8.14 Enzymatic synthesis of special polypeptide architectures; (a) three-armed, star-shaped
poly(L-Phe), (b) telechelic poly(L-Ala)
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proceeded smoothly in the presence of papain [115]. IR and circular dichroism
(CD) analyses revealed that the obtained poly(L-Ala-Aib-L-Ala) adopted a helical
conformation in both solid and solution states. The tripeptide strategy is an effective
method to incorporate unnatural amino acids, which are poorly recognized by
proteases, into polypeptides. Because the introduction of artificial synthetic amino
acids into polypeptide backbones can tune their physical properties, it is useful to
produce novel polypeptide materials with a distinctive property compared to natural
polypeptides (proteins).

Using multifunctional monomers can afford polymers with a variety of special
architectures. These include special structures, such as star-shaped polymers, hyper-
branched polymers, polymer brushes, and cross-linked gels, that cannot be synthe-
sized by biological methods. Two types of special polypeptides have been reported
using enzymatic polymerization: three-armed, star-shaped polypeptides and telech-
elic polypeptides. The three-armed, star-shaped polypeptide was formed by polym-
erization of L-Phe ethyl ester in the presence of TREN catalyzed by proteinase K in
an aqueous buffer [71]. The triamine TREN acts as a trifunctional terminal modifier
at the C-terminus of the polypeptide. 'H NMR proved that the resulting polyPhe was

a star-shaped polypeptide with a TREN core. Another three-armed star-shaped
polypeptide consisting of L-Lys, L-Arg, or a copolymer of the two was prepared

by proteinase K-catalyzed polymerization in the presence of TREN [72]. Cationic
star-shaped polypeptides are frequently used as peptide/plasmid DNA complexes
for gene delivery. The high efficiency of gene transfection into human embryonic
kidney 293 cells was confirmed using these cationic star-shaped polypeptides.

Telechelic polypeptide architecture, where two polypeptide chains propagate
from two initiation points in N- to C-terminal direction, was synthesized by enzymatic
polymerization [116]. In this study, a novel telechelic bifunctional compound with
an amino acid ester at both terminals was prepared, and then, papain-catalyzed enzy-
matic polymerization of Gly or L-Ala ethyl ester in the presence of this bifunctional
compound was performed. The formation of telechelic poly(L-Ala) and polyGly was
confirmed by '"H NMR spectroscopy and MALDI-TOF mass spectrometry. From
atomic force microscopy observations, the crystals of telechelic poly(L-Ala) showed
long nanofibrils with a high aspect ratio in contrast to the authentic linear poly(L-
Ala), which assembled into granule-like crystals. Due to its self-assembling feature
into a specific structure, telechelic poly(L-Ala) was utilized as a reinforcing agent for
structural materials, such as regenerated silk fibroin films [117, 118].

8.6 Perspective

Enzymatic polymerization of amino acid derivatives using proteases is a powerful
way to synthesize various types of polypeptides with a green synthetic protocol. The
broad structural versatility of enzymatically synthesized polypeptides in recent
studies is beneficial for realizing polypeptide materials in our forthcoming sustain-
able society. Further improvement of this technique is inevitable for practical
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applications of polypeptide materials. It should be noted that the molecular weight
of the obtained polypeptides remains in an oligomeric range except for some exam-
ples. On the other hand, enzymatic polymerization of some amino acids, such as
proline and glutamine, has not yet been achieved, which hampers the design of
specific sequences of polypeptides. Developing more efficient polymerization sys-
tems will allow us to control the synthesis of well-defined polypeptides with high
molecular weight and fine-tune amino acid sequences.
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