Biochemistry &
Analytical Biochemistry

ISSN: 2161-1009

Srinivasan et al., Biochem Anal Biochem 2017, 6:3
DOI: 10.4172/2161-1009.1000335

Research Article Open Access

Efficacy of L-Cysteine as an Anti-Oxidant in Papain Catalyzed Synthesis of
Oligopeptides in Organic Solvent System

Santhana Srinivasan’?**, Shubhen Kapila'?, Daniel Forciniti? and Paul Nam'?

'Center for Environmental Science and Technology, Missouri University of Science and Technology, Rolla, Missouri, USA
2Department of Chemical and Biological Engineering, Missouri University of Science and Technology, Rolla, Missouri, USA
SDepartment of Chemistry, Missouri University of Science and Technology, Rolla, Missouri, USA

“Parenteral and Opthalmic Research and Development, Amneal Pharmaceuticals Pvt. Ltd. Ahmedabad, India

Abstract

Enzymatic peptide synthesis has drawn considerable attention for synthesis of high by-pass oligopeptide feed
supplements in animal nutrition. A hardy protease, (papain) with a cysteine moiety at the active site requires the
presence of an anti-oxidant in the reaction medium to ensure that the thiol group remains intact. Free cysteine has been
the antioxidant of choice for papain-catalyzed synthesis of oligopeptides in aqueous systems. However, due to limited
solubility of cysteine in organic solvents, it is generally not a suitable antioxidant for the synthesis of oligopeptides in
biphasic solvent systems; instead, mercaptoethanol is often used. Lysine and Methionine is couple of well-known limiting
amino acids that find application in cattle feed and poultry. Synthesis of co-oligopeptides of Lysine and Methionine has
generally been attempted in bi-phasic solvent systems with Mercaptoethanol as an anti-oxidant. The inherent toxicity of
mercaptoethanol when present even in trace amounts make its use undesirable during synthesis of oligopeptides to be
used as feed supplements. Use of non-toxic antioxidants such as Cysteine would make the end product more amenable
as a nutritional supplement for animal feed.

Therefore efficacy of L-cysteine as an anti-oxidant was investigated during papain catalyzed oligomerization of Lys,
Arg, Glu and Asp in two organic systems: a three phase micro-aqueous media consisting of n-octane, DFP and water, as
well as homogeneous ACN/water mixtures. Reactions were also carried out under an argon atmosphere in the presence
and absence of anti-oxidants. The results of the experiments showed that L-cysteine facilitated oligomer synthesis in
both the three phase system and the ACN/water mixture. The overall oligomer yields were found to be better than 75%
in the presence of L-Cysteine. Oligopeptide yields obtained through reactions carried out under the argon atmosphere

were less than 20%.
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Introduction

Primary function of proteolytic enzymes (proteases) is to catalyze
hydrolysis of the peptide bond; however, under the right conditions
these enzymes can also catalyze the synthesis of the peptide bond [1-5].
Papain belongs to a class of thiol proteases that have a cysteine residue at
their active center. The activity of these proteases is based on a catalytic
diad of cysteine and histidine [6,7].

Oligomers of Lys and Arg have potential application as high by-pass
feed supplements in cattle-feed and poultry nutrition. Several studies
have shown the optimal requirements of these amino acids in the diet
and a complete discussion of the same is beyond the scope of this article
and is available elsewhere [8-11]. Glu and Asp are di-carboxylic amino
acids that are acidic at physiological pH [12]. Glu is one of the key
molecules in cellular metabolism and can serve as metabolic fuel in the
body when released as a consequence of hydrolysis of dietary proteins

[13-15]. It is present in high amounts in the blood and a small amount
of it can easily permeate through the blood-brain barrier providing a
fuel source for the brain [16]. Glu is also the most abundant excitatory
neurotransmitter in the mammalian nervous system [17,18]. It helps to
treat mental retardation, muscular dystrophy and ulcers also [19,20].
The sodium salt of Glu has a brothy taste at neutral pH and is used as a
food additive to enhance the flavor of foods. Glu oligomers can be used
in the fields of food and medicinal chemistry as a masking additive for
bitter compounds in many foods [21]. These highly ionic peptides can
also find applications as functional property modifiers. Asp also plays
a crucial role in generating cellular energy [22,23]. Asp may provide
resistance to fatigue and thus lead to endurance as a neuro-transmitter
[24,25], although the evidence to support this idea is not strong. Asp
is found in dairy, beef, poultry, sugar cane and molasses (the artificial
sweetener aspartame is made from Asp and Phe). People with low
proteinaceous diet or with eating disorders or malnutrition may develop
an Asp deficiency and experience extreme fatigue or depression. Asp
also helps in the removal of harmful ammonia from the body [26]. Glu
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and Asp oligomers have a potential use as slow release source in the
food and medicinal chemistry [21]. Glu and Asp oligomers can serve as
slow release source of Glu and Asp. Aqueous solvents are not suitable
for enzymatic synthesis of these peptides because of the increased
solubility of these hydrophilic oligomers in water [27].

Peptide synthesis catalyzed by cysteine proteases requires the
presence of an antioxidant in the reaction medium to maintain
enzymatic activity [28,29]. Free L-Cysteine has often been used as
anti-oxidant during papain catalyzed oligopeptide synthesis in aqueous
media; however, due to its limited solubility in organic solvents
employed in the two phase systems during synthesis of polar amino
acid oligopeptides mercaptoethanol has been used as antioxidant
instead. However, mercaptoethanol is unsuitable for the synthesis of
oligopeptides that are used in feed due to its toxicity. Mercaptoethanol
is toxic (LD-50 190 mg kg™ in mice) and its presence in oligopeptides,
even at trace level, can render oligopeptides unsuitable as feed
supplements [30]. Hence, it is desirable to evaluate a non-toxic anti-
oxidant in organic solvent systems for peptide synthesis.

Papain catalyzed synthesis of Leu, Met, Phe and Tyr oligomers
in citric acid buffer in the presence of L-Cysteine has been reported,
and oligomer yields range between 51% to 96% [31,32]. It has been
shown that papain can catalyze oligomerization of Met and Tyr in a
monophasic system comprising of acetonitrile and citrate buffer with
L-Cysteine as the reducing agent [33]. Papain catalyzed synthesis of a
protected dipeptide BocGly-PheOMe in the presence of L-Cysteine has
been carried out in an aqueous organic two-phase system consisting of
different solvents like carbon tetrachloride, trichloroethylene, toluene
and benzene [34]. Mercaptoethanol was used as an antioxidant in papain
catalyzed hydrolysis and amino acid incorporation into BSA and Zein
(a protein from corn) in low water organic media [35]. Mercaptoethanol
has also been used for papain stabilization during the synthesis of Leu-
Enkaphalin precursors in ethyl acetate saturated with Mes/NaOH
buffer and Tris/HCI buffer [36,37]. Dithiothreithol has also been used
as an anti-oxidant during papain catalyzed oligopeptide synthesis in
water/water immiscible organic solvents such as hexane, toluene and
chloroform [38]. We studied the use of L-Cysteine as a replacement for
mercaptoethanol for papain catalyzed peptide synthesis in two organic
solvent systems: A micro aqueous tri-phasic media and a monophasic
media. Previous studies in tri-phasic media mainly reported the use
of Mercaptoethanol as the anti-oxidant to obtain tailored short chain
oligopeptides of lysine/ arginine with Methionine [27]. This study
focused on the synthesis of only basic amino acid short chain peptides
in tri-phasic solvent system. Animal studies of this peptide showed that
the high toxicity of the resultant product rendered it ineffective for use
as nutritional supplement. Rajesh et al. [28] have mainly studied the
use of L-Cysteine as an anti-oxidant for the synthesis of oligopeptides
of Methionine, phenylalanine and also HMB capped co-oligopeptides
of Methionine and Phenylalanine in aqueous reaction systems [39,40].

Basicand acidicamino acid oligomers find numerous applications as
nutritional supplements and very limited studies have been conducted
on the possibility of synthesizing such oligopeptides in either aqueous
systems or in organic systems without Mercaptoethanol. The authors
have already reported the potential of monophasic aqueous organic
systems for the synthesis of oligopeptides of Lysine and Arginine
[41]. This study utilized Mercaptoethanol as an antioxidant. Further
animal studies showed that the product obtained from the synthesis
with Mercaptoethanol was not suitable as a supplement for cattle feed
due to its high toxicity. This necessitated an evaluation of other suitable
anti-oxidants for synthesis of oligopeptides in both triphasic and
monophasic aqueous organic reaction media.

The use of L-Cysteine as an anti-oxidant for peptide synthesis
has been reported by numerous authors [28,41]. We decided to take
advantage of the earlier reported studies to evaluate the efficacy of
L-Cysteine in triphasic organic and monophasic aqueous organic
reaction systems for protease catalyzed peptide synthesis.

Oligomers of Lys, Arg, Glu and Asp were synthesized in a three-
phase system consisting of n-octane, DFP and water and also in ACN/
water mixture. The efficacy of antioxidants (mercaptoethanol and
L-Cysteine) and use of anoxic conditions on the oligopeptide yield and
degree of oligomerization was evaluated. Concentration of L-Cysteine
required for maintaining enzyme activity was optimized. The results
obtained from this study were also compared with reported literature
on the efficacy of L-Cysteine as antioxidant for protease catalyzed
peptide synthesis.

Materials and Methods

Materials

L-Lysine ethyl ester (LysEE) dihydrochloride, L-Arginine ethyl
ester (ArgEE) dihydrochloride, L-Aspartic acid (Asp), L-Glutamic
acid (Glu), L-Cysteine hydrochloride monohydrate (Cys), n-Octane,
2-Mercaptoethanol, N, N diisopropylethylamine (DIPEA) and
acetic acid were purchased from Sigma Chemical Co., (St. Louis,
MO). Sodium salt of Hexane sulfonic acid (HSA), anhydrous
ethanol (200 proof), O-Phosphoric acid, acetonitrile and ethanol
(HPLC grade) were obtained from Fisher Scientific, (St.Louis, MO).
1,1,1,2,3,4,4,5,5,5-decafluorpentane (DFP) was purchased from Miller-
Stephenson Chemical Company (Danbury, CT). Papain (EC 3.4.22.2,
25 units’ activity/mg, 28 mg protein/mL) was provided by Novus
International Inc., (St. Louis, MO). Argon (Grade 336) was purchased
from Oz-Arc Gas, Rolla, MO. RPLC separation of oligomers was carried
out with a XPERCHROM C-18 column (250 mm X 4.6 mm) obtained
from PJ. Cobert Associates Inc., (St. Louis, MO). Nanopure water used
in the experiments was obtained after filtration through a Synergy 185
filtration system purchased from Millipore Corp. (Billerica, MA).

LC with UV detection

A model L-7000 HPLC system (Hitachi High Technologies
America, San Jose, CA) was used to carry out the HPLC separations.
The system consisted of a reciprocating piston pump (L-7100) fitted
with a column oven (L-7300), autosampler (L-7200) and with a 50 pL
injection loop. The analytes separated on reverse phase columns were
then introduced into a UV-Vis absorbance detector (L-7420).

ESI-Mass spectrometer

An Ton Trap Mass Spectrometer equipped with an Electrospray
ionization interface (Model M-8000) purchased from Hitachi High
Technologies America, San Jose, CA was used for the mass analysis of
the synthesized oligomers.

Synthesis of basic amino acid oligomers under anoxic condi-
tions

The synthesis of Lys and Arg oligomers was carried out in an anoxic
condition using argon as the degassing agent. 25 mL of DFP, n-octane
and water were taken in separate 100 mL round bottom flasks and
purged with argon for 15 minutes. From these degassed solvents, 2.5
mL of DFP, n-octane and 0.5 mL of water were added to another 25 mL
round bottom flask that was already purged with argon for 15 minutes.
To this, 123 mg of L-LysEE was added. 100 pL of degassed DIPEA was
added to this reaction mixture. Purging was continued for another 15
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minutes. After purging, 30 mg of papain was added and the reaction
flask was sealed with stopper cock-Para film. The reaction media was
incubated in a shaker for 24 h. After 24 h, the reaction was stopped by
heating the contents at 80°C for 5 minutes. The reaction product was
rotary evaporated to dryness. The resulting product was reconstituted
in 50% ethanol, diluted, centrifuged, filtered and injected into HPLC
for product characterization. Yield was calculated based on the amount
of residual monomer left in the reaction product after the incubation
period. A similar procedure was used for Arg oligomerization except
that 137 mg of L-ArgEE was added as the substrate. A similar approach
was used for the oligomerization of Arg and Lys in a 5 mL ACN/water
system consisting of 10% water. In this case, the supernatant and
precipitate were separated, dried and reconstituted in 50% ethanol/
water solution for HPLC characterization.

Synthesis of basic amino acid oligomers in the presence of L-
cysteine

L-LysEE dihydrochloride (123 mg - 0.5 mM) was added to a
7 mL clear glass reaction vial containing 2.5 mL of DFP, 2.5 mL of
n-octane and 0.5 mL of water. 100 uL of DIPEA, 30 mg of papain, and.
20 mg of L-Cysteine were also added. The reaction vial was placed in
an incubator shaker for a period of 24 h. The reaction was stopped
by heating the reaction mixture to 80°C for 5 minutes. The reaction
product was rotary evaporated to dryness. The dried product was
reconstituted in 50% ethanol in water, centrifuged, filtered and
analyzed in HPLC, to determine the amount of residual monomers and
characterize the oligomers. Arg oligomerization was also carried out in
the same procedure except that 0.5 mM ArgEE was used as a substrate
in that case. Lys and Arg oligomerization was also attempted in 5 mL
of ACN/water mixture containing 10% water in the presence of L-Cys
anti-oxidant. Other reaction conditions and additives were the same as
used for three-phase system.

Synthesis of Asp and Glu esters

Asp and Glu were esterified with anhydrous ethanol in the presence
of HCI gas using a procedure described by Rajesh et al. [28]. The
synthesized ester was rotary evaporated to dryness. The dried ester
was reconstituted in water, centrifuged, filtered and injected into RPLC
for characterization. The percent conversion of monomers to ester
was calculated based on the amount of residual monomers left in the
product after the esterification reaction.

Synthesis of acidic amino acid oligomers in organic solvent
system

Glu and Asp oligomers were synthesized from their corresponding
esters in three-phase and monophasic solvent systems. The synthesis
followed the same procedure as in Lys and Arg oligomerization. In this
case, either 0.5 mM Asp-diester or Glu-diester was added as the substrate.
For oligomerization in monophasic system, 0.5 mM Glu-diester/Asp-
diester substrate was added to a 7 mL clear glass vial containing 0.5 mL
of water and 4.5 mL of acetonitrile along with 100 pL DIPEA and 30
mg of papain. The reaction mixture was incubated in a shaker for 24
h. After the incubation period, the mixture was heated at 80°C for five
minutes to deactivate the enzyme. The supernatant was separated and
rotary evaporated to dryness and the precipitate was lyophilized. The
dried products were reconstituted in 50% ethanol, centrifuged, filtered
and injected into HPLC for determining reaction yields based on the
residual monomer. Product distribution information was obtained by
injecting the dried precipitate into ESI (+)-MS. In both solvent systems,
either 20 mg of L-Cysteine or 25 pL of 2-mercaptoethanol was added as
the anti-oxidant to maintain papain stability.

HPLC analysis of synthesized oligomers

The separation of residual Lys, Arg, Asp, Glu monomers and Lys,
Arg oligomers was carried out with a reverse phase C-18 column (250
mm X 4.6 mm id, 5p) and detected with a fixed wavelength UV-Vis
detector maintained at 210 nm (Hitachi High Technologies, San Jose,
CA). A gradient elution was used, the mobile phase gradient was
changed from 100% A (Water + 10 mM HSA +0.1% O-Phosphoric
acid) to 75% B (50% acetonitrile + 10 mM HSA +0.1% O-Phosphoric
acid) in 50 minutes for the separation of residual monomers of Lys, Arg
and the corresponding oligomers. In case of Asp and Glu oligomers, the
separation of residual monomers was again carried out using a gradient
elution with a mobile phase gradient from 100% A (Water + 5mM HSA
+0.1% O-Phosphoric acid) to 60% B (50% acetonitrile + 5 mM HSA
+0.1% O-Phosphoric acid) in 30 minutes. The mobile phase flow rate
was maintained at 1 mL min" and 10 uL of the sample after filtration
with a 0.22 p membrane filter was injected into the column in all the
cases.

ESI (+)-Mass Spectrometric characterization of acidic amino
acid oligomers

Asp and Glu oligomers were characterized by injecting them
directly into an ESI-MS (M-8000, Model 3D-Q ion trap, Hitachi High
Technologies, San Jose, CA). An electrospray ionization interface was
used. The mass analyzer was scanned from 50 — 1200amu. The operating
parameters of the MS were as follows: Electrospray capillary voltage,
+3.5KV; detector voltage, 400V; assistant gas heater temperature, 200°C;
desolvator temperature and the aperture-1 temperature, 200°C and
150°C respectively. Asp and Glu oligomers were dissolved in ethanol/
water (50:50) mixture to form a nominal concentration of 0.5 mg/mL
solution. The solution was injected into the MS using a syringe pump
(Harvard Apparatus) at a flow rate of 1 mL/hr. A make-up solution
(50% acetonitrile in water with 0.1% acetic acid) was infused along with
the sample at a flow rate of 0.2 mL/min.

Results and Discussion

Oligomer synthesis under an argon atmosphere

The oligomerization of Lys and Arg in three-phase system
was carried out under an argon atmosphere. The oligomerization
was evaluated with and without antioxidants (L-Cysteine and
mercaptoethanol). Oligomer yield was calculated on the basis of initial
concentration of monomer (AA-EE) in the reaction and concentration
of residual monomer (AA-EE + free AA) in the reaction mixture after
the set incubation period.

Percent yield = {(AA-EE)
x 100

initial

- (AA-EE + free AA) . }/ (AA-EE)

initial final

The residual amount of monomer and ester left in the reaction
mixture was calculated based on the calibration curve obtained by
determining the response of standards of the monomer and ester with
HPLC-UV.

The RPLC separation of Lys oligomers synthesized under anoxic
conditions with argon purging in three-phase system for a 24 h
incubation period is shown in Figure 1. The chromatogram contains a
series of peaks that appear after the Lys and LysEE peaks. Percent yield
for [Lys] _based on the formula mentioned above was determined to
be approximately 30%. Tentative identification of the oligomer peaks
was based on ESI-MS results and expected increase in retention time
with increased molecular weight within the homologous oligomers.
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Figure 1: RPLC separation of Lys oligomers synthesized under anoxic
conditions (argon atmosphere) in three-phase system. Separation was
achieved with a RPLC C-18 column using a mobile phase gradient 100% A
(Water + 10 mM HSA +0.1% O-Phosphoric acid) to 75% B (50% acetonitrilze
+ 10 mM HSA +0.1% O-Phosphoric acid) in 50 minutes. The Chromatogram
shows the presence of peaks corresponding to oligomers of Lysine.

A
Substrates Conversion (%) Dominant species
. No . No
Anoxic L-Cys M.E AO Anoxic L-Cys M.E AO
Lys (K) 30 80 80 15 4-7 2-7 2-7 2.3
Arg (R) 28 82 78 17 4-7 2-7 2-6 2.3
Asp (D) 20 80 40 12 2 2-6 2 2
Glu (E) 24 83 38 15 2 2-7 2 2
B

Conversion (%) Dominant species

Substrates
Anoxic L-Cys M.E No Anoxic L-Cys M.E No

A.0O A.0
Lys (K) 25 73 70 18 2 2-7 2-7 2.3
Arg (R) 27 70 65 20 2 2-7 2-7 2
0,
5% 30 80 35 15 2 25 2 2
Water
Asp (D) 10%
Water 20 40 30 22 2 2 2 2
Glu (E) 30 80 35 20 2 25 2 2
C
Substrates Conversion Dominant Species
Lys/Met >75 3to6
Arg/Met >70 3to6
D
Substrate Conversion Dominant Species
Met 75 3to8
Phe 80 3to8
Tyr 70 5t08

Table 1: Comparison of amino acid oligomerization efficiency of L-Cys,
mercaptoethanol and argon purge as anti-oxidant conditions for papain stabilization
in (A) three-phase system and (B) monophasic (acetonitrile/water) system. (C)
Amino acid oligomerization efficiency for basic amino acid oligomerization in three
ph.ase system with Mercaptoethanol as antioxidant as reported by Roy et al. (D)
Amino acid oligomerization efficiency with L-cysteine as antioxidant in aqueous
system as reported by Rajesh et al. [28].

The degree of oligomerization ranged from 2-7 in case of [Lys]
in three-phase system. Similar yield (~30%) was obtained for Arg
oligomerization also in three-phase system. In this case, the degree
of polymerization ranged from tetramer to heptamer. The percent
yield for Lys oligomerization based on residual monomers left in the
supernatant from a 10% water/90% ACN mixture was determined to
be ~ 25% (Table 1).

The degree of oligomerization for Arg in case of a monophasic
system ranged from 2-7. The results obtained for Arg oligomerization in

ACN/water system was similar to that obtained for Lys oligomerization
(Table 1).

Basic amino acid oligomerization in the presence of free cys-
teine

The synthesis of Lys oligomers in a three-phase system with free
L-Cys as the anti-oxidant was also evaluated. The RPLC separation of
Lys oligomers synthesized in three-phase system with L-Cysteine anti-
oxidant for a 24 h incubation period is shown in Figure 2.

The oligomer yield was calculated on the basis of residual monomer
found to be present in the reaction after the specific incubation period,
as outlined earlier. The yield for [Lys] was found to be ~ 80%. The
chromatogram consists of a series of peaks eluting after the retention
time of LysEE. These peaks correspond to oligomers of Lysine. Tentative
assignment of oligomer peaks was carried out on the basis of ESI-MS
data and expected retention increase in a homologous series. Similar
oligomer yield (~80%) was obtained in the case of [Arg] in three-
phase system (Figure 3).

The Lys and Arg oligomers synthesized are mostly 2 to 7 residues
long. The percent conversion for both Lys and Arg in 10% water/90%
ACN mixture in the presence of L-Cysteine anti-oxidant was ~75%
(Table 1). The degree of polymerization in this case ranged from 2-7 for
both Lys and Arg. These results compare well with the yield and degree
of polymerization obtained for basic amino acid oligomerization in
both three-phase and monophasic systems with mercaptoethanol as the
anti-oxidant [28,33]. The results in the presence of mercaptoethanol are
also given in Table 1. With mercaptoethanol anti-oxidant, the yield in
the three-phase system was close to 80% while it was close to 75% in
case of ACN/water system [28,33].

This is significantly different from the results obtained in the
absence of mercaptoethanol or L-Cysteine or argon purging (Table 1).
In the latter case, the percent conversion was only 15% and the product
mainly comprised of the dimer with very little trimer and tetramer.

These results confirm the need for an anti-oxidant in the reaction
medium to maintain the activity of a thiol protease like papain. The
anti-oxidants maintain the active site cysteine residue in its native thiol
form and avoid the formation of disulfide bridges between the active
site cysteine residue with another cysteine residue (Cys-22, 63) that
denature the enzyme [39,40].

Synthesis of Asp and Glu acid oligomers

The synthesis of di-carboxylic amino acids Asp and Glu oligomers
was also evaluated in three-phase and monophasic systems. The
synthesized ester of Asp and Glu (Figures 4A and 4B) was used as

a s s is zo s 30 s a0 as

RetentionTime (min)

Figure 2: RPLC separation of Lys oligomers synthesized in three-phase system
with L-Cysteine as the anti-oxidant. Separation was achieved in a RPLC C-18
column with HSA as the ion-pairing agent in the mobile phase using a mobile
phase gradient mentioned in Figure 1. The separation shows the presence of
peaks corresponding to oligomers of Lysine.
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the substrate for oligomerization of Asp and Glu in three-phase and
monophasic system in the presence of L-Cysteine and mercaptoethanol.
The RPLC chromatogram of the residual monomers left in the Asp
oligomers synthesized in three-phase system with L-Cysteine and
mercaptoethanol for 24 h incubation is shown in Figures 5A and 5B.

The chromatogram shows a clear separation of Asp, Asp monoester
and Asp diester. The percent conversion of the reaction was calculated
from the residual monomer left in the reaction mixture as mentioned
above.

The separation of residual monomers in the Glu oligomerization
product obtained from three-phase system for 24 h incubation is shown
in Figures 6A and 6B.

Conversion was close to 80% in the presence of L-Cysteine while it
was close to 40% in the presence of mercaptoethanol. Similar conversion
was obtained for Glu oligomerization.

L A B B B A R B I B B I B L e I I B A L M B R B B B I B I I R B B I B B
= 18 1s 20 an ag as a0 an

Retention Time (min)

Figure 3: RPLC separation of Arg oligomers synthesized in three-phase system
with L-Cysteine as the anti-oxidant. Separation was achieved in a RPLC C-18
column with HSA as the ion-pairing agent in the mobile phase using a mobile
phase gradient mentioned in Figure 1. The separation shows the presence of
peaks corresponding to oligomers of Arginine.

AmpEE
A — —
T T T T T T T T T g g g
RetentionTime (min
@)
e~ TEE
Chu EE
a
3 I .
h T T T T T T T T T T T

Retention Time (min

L

Figure 4: HPLC separation of acidic amino acid esters (A) Asp and (B) Glu
synthesized with absolute ethanol. Separation was achieved with a RPC-18
column using a mobile phase gradient comprising of 100% A (Water + 10 mM
HSA +0.1% O-Phosphoric acid) to 60% B (50% acetonitrile + 10 mM HSA +0.1%
O-Phosphoric acid) in 30 minutes. The chromatograms show the presence of
two peaks eluting after the retention time of Asp and Glu corresponding to their
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Figure 5: RPLC separation of residual monomers left in the Asp oligomer
product synthesized in three-phase system with (A) L-Cysteine and (B)
2-mercaptoethanol as anti-oxidant. Separation was achieved in a RPLC C-18
column with HSA as the ion-pairing agent in the mobile phase using a mobile
phase gradient mentioned in Figure 4. The chromatograms show the clear
separation of residual Asp ester and monomer.
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Figure 6: RPLC separation of residual monomers left in the Glu oligomer
product synthesized in three-phase system with (A) L-Cysteine and (B)
2-mercaptoethanol as anti-oxidant. Separation was achieved in a RPLC C-18
column with HSA as the ion-pairing agent in the mobile phase using a mobile
phase gradient mentioned in Figure 4. The chromatograms show the clear
separation of residual Glu ester and monomer.

mono and di-esters, respectively.

The ESI (+)-MS analysis of the synthesized oligomer product was
carried out to determine the product distribution in the oligomer chain.
Figure 7A shows the ESI-MS spectrum of Asp oligomer synthesized
in three-phase system with L-cysteine as the anti-oxidant, for a 24 h
incubation period. The spectrum consists of a series of peaks appearing
at m/z 305, 448, 591, 734, 877 and 1020. These peaks appear at a mass
difference of 143 amu corresponding to an Asp residue backbone with
an intact ester group. These peaks correspond to 2 to 7 residues of Asp.
A simple Asp dimer is shown in Figure 8.
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Figure 7: Direct injection ESI (+)-MS spectra of Asp oligomers synthesized with (A) L-Cysteine and (B) 2-mercaptoethanol as the anti-oxidant in three-phase system.
The spectrum shows the presence of series of peaks corresponding to oligomers of Asp.
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Figure 8: Structure of an Asp dimer indicating the possible sites for the presence of intact ester groups. Both the a - carboxyl group and the side chain carboxyl group
can have intact ester moiety.
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Figure 9: Direct injection ESI (+)-MS spectra of Glu oligomers synthesized with (A) L-Cysteine and (B) 2-mercaptoethanol as anti-oxidant in three-phase system. The
spectrum shows the presence of peaks corresponding to oligomers of Glu.

There are three possible sites for the presence of ester intact ~ The ESI - MS spectrum of Glu oligomers synthesized with L-Cysteine
residues. The oligomer residues of Lys, Met, Arg and other amino acids and mercaptoethanol in a three-phase system, for 24 h incubation is
obtained in a three-phase system typically has the o - carbon in a free shown in Figures 9A and 9B.
acid form. This coupled with the dominant presence of diester in the
starting substrate is an indication of the presence of intact ester residue
in the side chain carboxylic acid group. When mercaptoethanol was
used as the anti-oxidant in three-phase system, the mass spectrum of
Asp oligomers showed a product consisting of only Asp dimer (Figure
7B). Oligomerization is more complete in the presence of L-Cysteine
than in the presence of mercaptoethanol. Only the dimer is formed in
mercaptoethanol whereas higher oligomers are formed in L-Cysteine.

Figure 9A consists of series of peaks appearing at m/z 490, 647, 804,
961 and 1118 with 157 amu difference indicated the formation of Glu
oligomer products with residue numbers (n) 3, 4, 5, 6 and 7 respectively.
The mass difference of 157 amu corresponds to the addition of Glu
backbone with intact ester residue. The ion at m/z 316 corresponds to a
fragment ion of Glu dimer arising from the loss of ammonia as a neutral
from the actual dimer ion. Only Glu dimer is formed in the presence of
mercaptoethanol as the anti-oxidant (Figure 9B).
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Figure 11: Direct injection ESI (+)-MS spectra of Asp oligomers synthesized with (A) L-Cysteine and (B) 2-mercaptoethanol as anti-oxidant in monophasic solvent
system comprising of 90% acetonitrile/ 10% water. The spectrum shows the presence of only Asp dimer.

Asp and Glu oligomerization was also carried out in a monophasic
system (acetonitrile/water (9:1)). The equilibrium was shifted towards
peptide synthesis by the precipitation of the formed Asp and Glu
oligomers from the reaction medium because of the presence of very
little water. The percent conversion was calculated based on the residual
amount of monomer left in the supernatant of the reaction mixture. The
conversion was close to 80% for Glu oligomerization in the presence of
L-Cysteine while it was only 50% in the presence of mercaptoethanol
(Table 1), for a 24 h incubation of the reaction mixture. The ESI (+)-MS
spectrum of the precipitated Glu oligomers synthesized in acetonitrile/
water system in the presence of L-Cysteine, for a 24 h incubation is
shown in Figure 10A. The product profile though close to three-phase
system, shows only the formation up to pentamer. The tetramer and
pentamer were the dominant products. As the product precipitates out,
the solubility of the higher oligomer residues decrease thereby reducing
their availability as substrates for further oligomerization. This resulted
in the formation of shorter chain oligopeptides in monophasic solvent
system when compared to a three-phase system. The ion appearing
at m/z 316 corresponds to the ion resulting from the fragmentation
of Glu dimer in the MS with the loss of ammonia as a neutral. The
precipitated product mainly comprised of an ion appearing at m/z 333
corresponding to a Glu dimer residue with two intact ester groups
when mercaptoethanol was used as the reducing agent (Figure 10B).

The percent conversion for the Asp oligomerization reaction, based
on the amount of monomer left in the supernatant in an acetonitrile/
water (9:1) solvent system with L-Cysteine as anti-oxidant for a 24 h
incubation was only 45% (Table 1).

The reduction in oligomerization efficiency in case of Asp is due to
the highly polar nature of Asp that results in the chemical hydrolysis of
the synthesized oligomers even when only 10% water is present. The
percent conversion dropped to 35% when mercaptoethanol was used
as the reducing agent (Table 1). The ESI-MS analysis of the precipitated
product synthesized in the presence of L-Cysteine and mercaptoethanol
in a 10% water/ACN mixture for a 24 h incubation (Figures 11A and
11B) revealed only the presence of a dimer with three intact ester
groups appearing at m/z 333.

In order to increase the percent oligomerization of Asp, the solvent
composition was changed to acetonitrile (95%)/water (5%). The RPLC
separation of the supernatant from the reaction product in the presence
of L-Cysteine, for a 24 h incubation (Figure 12) shows that the percent
conversion of monomer was ~80%. The percent conversion in the
presence of mercaptoethanol was only 35% (Table 1).

When the precipitated Asp oligomers synthesized in the presence
of L-Cysteine was analyzed using ESI (+) - MS, the spectrum shows the
presence of peaks appearing at m/z 305,448, 591,734, 877 corresponding
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Figure 12: RPLC separation of residual monomers left in the Asp oligomer product synthesized in monophasic system with 95% acetonitrile and 5% water in the
presence of L-Cysteine as an anti-oxidant for papain stabilization. Separation was achieved in a RPLC C-18 column with HSA as the ion-pairing agent in the mobile
phase using a mobile phase gradient mentioned in Figure 4. The chromatogram shows the clear separation of residual Asp ester and monomer.

Intensity 1

(Asp)-nEE
(Asp i+ DEE

-
i — o

I “u.llm Mllad x‘ P

PP SR KON OO N RO TSR PR PR M O B 1
™
Al g
-

YR TUN P

T T T T T T T T

Mass (m/z)

A
S. No Peak (S
189.80
305.20
352.67
450.20
501.07
734.13
877.13

AU R LN —

Intensity
1

v ] (Asp), nEE
{Asp ) {n’+ DEE

-

bl bk aisisdiasnd

Mass (m/z)

(B)

Peak
1 189.8
2 304.93

Figure 13: Direct injection ESI (+)-MS spectra of Asp oligomers synthesized with (A) L-Cysteine and (B) 2-mercaptoethanol as anti-oxidant in monophasic solvent
system comprising of 95% acetonitrile/ 5% water. The top spectrum consists of a series of peaks corresponding to oligomers of Asp, while the bottom spectrum shows

only the formation of Asp dimer.

to Asp oligomer residues ranging from 2 to 6 respectively (Figure 13A).
Asp dimer dominated the product synthesized under the same solvent
composition in the presence of mercaptoethanol (Figure 13B). The
dimer in this case had only two ester intact residues.

Table 1 is a summation of results obtained for different amino
acids with different anti-oxidants and also under anoxic conditions.
The higher amounts of residual monomers left in the reaction medium
incubated under anoxic conditions and in the absence of anti-oxidants
show their importance in maintaining the activity of thiol proteases
in reaction medium. The anoxic conditions used are not sufficient
to maintain the cysteine residue of the active site in its reduced form
(-SH) and it oxidizes and forms a disulfide bridge with another cysteine
residue. Rzychon and Chmiel [39] reported that the catalytic activity of
Cysteine proteases is mainly dependent on the formation of a thiolate/
imidazolium pair resulting from the proton transfer between Cys-25
and His-159 residue. Hussain and Lowe [40] have reported the amino
acid sequence of Papain. The sequence shows that the Cys residues (Cys
- 22, 63) that are adjacent to the active site Cys-25 can form a disulfide
bridge, thereby preventing the proton transfer to the Histidine group
during the catalytic process. L-Cysteine served as an effective anti-
oxidant for oligomerization reactions in three-phase and monophasic
solvent systems. Oligomers of Lys, Arg, Asp and Glu were successfully
synthesized in the presence of L-Cysteine. The oligomerization
efficiency in the presence of L-Cysteine was close to 80% and there was

no change in product distribution for basic amino acid oligomers when
mercaptoethanol was replaced with L-Cysteine. The results obtained
in this study compare well with results reported by Roy, et al. [27]
and Rajesh, et al. [28] that have also been presented in Table 1. In the
study conducted by Roy et al. in triphasic organic solvent system for
the synthesis of tailored oligopeptides, the conversion was close to 80%
in the presence of Mercaptoethanol for co-oligopeptides of Lys/ Arg
with Methionine. Rajesh et al. has reported that conversion with
L-Cysteine as anti-oxidant in an aqueous system was close to 75%.
This augurs well with the results obtained in the monophasic aqueous
organic system evaluated in this study where the conversion was close
to 80% with L-cysteine as an anti-oxidant and is also in-line with results
published by our group earlier [41]. This is also the first study to report
the synthesis of acidic amino acid oligomers in both triphasic and
monophasic reaction system. In case of acidic amino acid oligomers
L-Cysteine provided better conversion than mercaptoethanol. The
elimination of mercaptoethanol by L-Cysteine will result in reduction of
product toxicity. We believe that the protease catalysis system devoid of
Mercaptoethanol presented in this study provides the best opportunity
to synthesize oligopeptides of acidic and basic amino acid oligomers
that would be amenable as supplements for animal nutrition.

Conclusion

We have shown that anti-oxidants in the reaction medium are
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needed for papain-catalyzed oligomerization of basic and acid amino
acids. Our results show that L-Cysteine may be used efficiently to

replace mercaptoethanol as the anti-oxidant.

The elimination of

mercaptoethanol from the reaction mixture would allow the use of the
synthesized oligopeptides as dietary supplements.
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