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Abstract

The synthesis of the analgesic dipeptide kyotorphin precursor (Bz-Tyr-Arg-WHs studied under kinetically controlled conditions in
10-90% (v/v) aqueous-acetonitrile media-&t0°C using a novel protease obtained from the cell free supernatafadibus licheniformis
mutant strain (RSP-09-37x-Chymotrypsin (CT) was used for comparison. The conditions for maximum yield of kyotorphin precursor
synthesis were optimized using CT by varying the type of nucleophile (amide and ester), nucleophile concentration and nucleophile to acyl
donor ratio. The nucleophile (Arg-Nhlat a concentration 400 mM and nucleophile to acyl donor ratio 1:40 was found to be optimum for
kyotorphin precursor synthesis. The protease fBificheniformisRSP-09-37 was stable even at 90% acetonitrile concentration and allowed
for a significantly higher synthesis over hydrolysis ratio (S/H ratio) of 15.6 compared to only 3.0 found fo~20E.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Protease; Acetonitrile; Peptide synthesis; Kyotorphin; S/H ratio

1. Introduction Most studies on protease-catalyzed peptide synthesis were
performed witha-chymotrypsin (CT)[4,5,9,14]or subtil-

Protease-catalyzed peptide synthesis has several advarisin [11,15] In this report, we used a protease secreted by a

tages over chemical methods as it shows absence of racemmutant strainBacillus licheniformi)RSP-09-37, in aqueous-

ization, lack of requirement of side-chain protection and uses acetonitrile media at20°C, in order to study its potential to

milder non-hazardous reaction conditi¢hs3]. A number of synthesize kyotorphin precursor under kinetically controlled

important dipeptides such as the analgesic dipeptide kyotor-reaction conditions.

phin (Tyr-Arg)[4—6] and aspartame precurs¢r$ have been

synthesized using proteases. As the presence of water is re-

q_uired to maintain high ca_talytic ac_tivity of prote_ases, strgte- 2. Experimental

gies must be used to avoid undesired hydrolysis of peptides

and to promote peptide formatif8]. This can be achieved by

performing the peptide synthesis in a kinetically controlled

reaction, in the presence of water-miscible cosolvigts1]

and by lowering the temperature even to sub zero ranges o

—20°C|[5,12,13]

2.1. Screening and mutagenesis of B. licheniformis

Athermophilic strain was isolated from a hot water spring
fof Sohna, Haryana, India and was subjected to nitrosoguani-
dine (NTG, 1.5%) mutagenesis as described elsewhiéie
The thermophilic strain was characterizedBalcheniformis
* Corresponding author. Tel.: +91 11 26591015; fax: +91 11 26582282. RSP-09 based on its partial 16S rDNA sequence (GenBank
E-mail addresspmishra@dbeb.iitd.ernet.in (P. Mishra). accession no. AY648981) and the culture has been deposited
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in Bacillus Genetic Stock Center, The Ohio State University,

Columbus, Ohio, USA (accession no. 5A37). The mutant ob-

tained from it was nameB. licheniformisRSP-09-37.
2.2. Production of B. licheniformis RSP-09-37 protease

A cell free supernatant, containing the organic solvent tol-
erant protease was obtained after growBdicheniformis
RSP-09-37 for 4.5 h (late log phase) in yeast extract (3) |
peptone (10 g11), dextrose (5 g11) (YPD) medium and cen-
trifuging at 8000 rpm for 20 min. The specific proteolytic ac-
tivity of cell free supernatant was 32 U/mg protein as deter-
mined by the method of Fujiwara et §L.7].

2.3. Kyotorphin precursor synthesis

2.3.1. Materials

All solvents used were of HPLC grade. Benzay
tyrosinep-nitroanilide (Bzi-Tyr-pNA), L-argininamide di-
hydrochloride (H-Arg-NH-2HCI), the methyl ester of argi-
nine dihydrochloride (H-ArgOM&HCI) and Kyotorphin
were obtained from Bachem, SwitzerlandChymotrypsin
(CT) (EC 3.4.21.1) type Il from bovine pancreas with a spe-
cific activity of 60 U/mg was obtained from Fluka, USA. H-
Arg-NH>-2HCI (30 mmol) and 33 mmol of NaOH were dis-
solved in distilled water and-argininamide was extracted
with 200 ml dichloromethane using a rotary evaporator at

room temperature for a period of 30 min. The resulting evap-

orated salt with partial water was dried at4Dfor 4-5h to
obtain the fully dried salt of H-Arg-Nbl For the preparation
of H-ArgOMe from its hydrochloride, a similar protocol was
used.

2.3.2. Reaction conditions for the synthesis of
Kyotorphin precursor

The standard reaction mixture (2@0 contained 10 mg
CT (60 U/mgq), the acyl donor Bz-L-Tyr-pNA (10 mM) and
the nucleophiles-Arg-NH; or L-ArgOMe (400 mM). This
was dissolved in 50 mM Tris—HCI buffer (pH 8.0) containing
acetonitrile ranging from 40-90% to make up a final reaction
volume of 20Qul. After addition of protease, the reaction
mixture was incubated for 8 h either a20°C or in a wa-
ter bath maintained at 2%. The effect of the ratio of the
acyl donor to the nucleophile was studied by varying ratios

ratio was calculated from the amount of kyotorphin precur-
sor formed divided by the amount of BzTyr-OH formed.
Experiments with protease from. licheniformisRSP-09-

37 were performed using 17.2 mg (32 U/mg protein) of the
enzyme. All experiments were performed in duplicates. Re-
actions without enzyme served as blanks.

2.4. Stability of B. licheniformis RSP-09-37 in
agueous-acetonitrile media

The enzymes obtained froBacillus and CT were incu-
bated for 10 h in acetonitrile ranging from 10 to 90% (v/v)
concentration, and the synthetic activity for kyotorphin pre-
cursor was determined. The stability of these two enzymes
was also checked by incubating in 50% (v/v) acetonitrile-
aqueous medium for given time intervals. The activity was
calculated as mM kyotorphin precursor produced per second
at—20°C. The relative activity of the enzyme was measured
by incubating the enzymes with different percent concen-
trations (v/v) of aqueous-acetonitrile media for a given time
interval and then determining the activity-aR0°C. All the
protease activity determinations were carried out at a time
when maximum amount of kyotorphin precursor synthesis
was obtained foB. licheniformisRSP-09-37 protease (i.e.
2.5h) and for CT (i.e. 2.0 h), respectively.

3. Results and discussion
3.1. Synthesis of kyotorphin precursor

Synthesis of kyotorphin precursor was carried out using
the solvent tolerant protease obtained from the cell free super-
natant of a mutanB. licheniformisRSP-09-37. The kinetic
maximum of the reaction was determined by performing the
reaction in the presence of 50% (v/v) aqueous-acetonitrile
medium. The mechanism of the kinetically controlled synthe-
sis of kyotorphin precursor by protease is depicteBim 1
The maximum concentration of kyotorphin precursor (7 mM)
was observed at 2.5 h after which, due to the complete con-
sumption of the acyl donor, the reaction shifted to the ther-
modynamic routeKig. 2). Hence all further reactions using
this protease were performed for 2.5h. For CT, the maxi-
mum concentration of kyotorphin precursor (7.5 mM) was

from 1:10 to 1:50. Reactions were stopped by the addition of observed at 2 hHig. 2). Hence the reactions with CT were

100pl of 1 M HCI and the solution was later filtered through
0.20pm filters to remove the enzyme and insoluble fractions

performed for 2 h.
The conditions usingx-chymotrypsin (CT) were opti-

before the samples were analyzed by HPLC (Agilent 1100 mized for maximum selectivity towards kyotorphin precursor

series) using a {g Novapak column (4 mnx 250 mm) (Wa-

ters, USA) and detected by a G1315B diode array detec-

tor at 257 nm. The flow rate of 0.8 mImih with a linear
gradient of acetonitrile/water from 50% to 80% over 10 min

was maintained with a G1311A quaternary pump. The tem-

perature was maintained at 20 by a G1316A temperature

synthesis over hydrolysis which included temperature, type
of nucleophile and ratio between the nucleophile and the acyl
donor, as these parameters play an important role in kyotor-
phin synthesi§4,15,18,19] The CT-catalyzed synthesis of
kyotorphin precursor was studied atZ5and at-20°C and

the conditions were standardized for the highest synthesis

controller. The yield was calculated from the peak areas of over hydrolysis ratio (S/H ratio). The S/H ratio for kyotor-
substrates, kyotorphin precursor and by-products. The S/Hphin precursor synthesis was 0.8 atZcand increased to 2.0
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Fig. 1. The mechanism of the kinetically controlled synthesis of kyotorphin precursor by protease.

(2.5-fold) by lowering the temperature te20°C (Fig. 3A). interaction of this derivative with the acyl donor facilitating
Thisincreased nucleophile selectivity atlow temperature may the formation of a eutectic mixturfd8,19] This efficiency
be attributed to lowering of thB-value. TheP-value is de- of Arg-NH» was further improved by lowering the reaction

fined as the nucleophile concentration at which the rate of temperature, which decreased thealue resulting in a bet-
the aminolysis reaction equals the rate of hydrolysis at given ter synthesis of kyotorphin precursor. The ratio of acyl donor
reaction condition§9,20,21]and thus describes the compe- (Bz-Tyr-pNA) (S) and acyl acceptor (Arg-N§) (N) plays
tition between nucleophile and water for the acyl enzyme. an important role in peptide synthesis. Hence the selectivity
Thus, at lower temperature a lower concentration of nucle- of the kyotorphin precursor synthesis was determined by the
ophile is required for a higher yield of peptide. These results [N]/[S’] ratio in the form of a saturation curve as depicted in
are in agreement with an earlier report where a 15% increasefig. 3C. It is apparent from the saturation curve that more
in peptide yield was obtained when the peptide synthesis wasthan a 20-fold excess of the nucleophile over the acyl donor
carried out at-20°C instead of 25C [15]. results in a S/H ratio towards kyotorphin precursor synthesis
The choice of nucleophile that exhibits higher efficiency of ~1.7. Interestingly, it was observed that the S/H ratio of
is an important parameter for increasing peptide synthesis.the reaction depends upon the [N]][8atio rather than the
It has been reported that hydrophobic amino acids act asconcentration of the nucleophil&i¢. 3C). The maximum
poor nucleophiles in the presence of organic solvents as com-S/H ratio (2.0) was obtained at a 1:40 ratio of [N]j[&nd
pared to charged amino acids like arginine and lysine towardsan acyl donor concentration of 10 mM. These findings are
CT [5]. Hence, the kyotorphin precursor synthesis was con- in agreement with Meos et al., who reported that a [N}/[S
ducted at—20°C using Arg-NH/ArgOMe as nucleophiles  ratio >20 gave a saturation in the yield of kyotorpiyj.
until the kinetic maximunf22] was reached. With Arg-NJ Further experiments were carried out using a 1:40 Ko
a 2.3-fold higher S/H ratio was found compared to ArgOMe with 10 mM concentration of acyl donor.
(Fig. 3B). The lower S/H ratio found using ArgOMe could be

attributed to lower nucleophilic efficiency of the amino acid 3 5 petermination of the selectivity of the synthetic
ester[18,19] as these derivatives have a reduced capacity t0 ;o 4ction catalyzed by-chymotrypsin and the protease

form eutectic mixtures with the acyl donors compared to the gptained from B. licheniformis RSP-09-37

corresponding amidg23]. Further, the improved S/H ratio

observed in the case of Arg-NHan be attributed to greater Next, the S/H ratio of both enzymes for kyotorphin pre-
hydrogen bonding capacity of the amide, which enhances thecyrsor synthesis was studied at increasing concentrations of

acetonitrile. In the case of CT, the S/H ratio increased 1.4-
fold by increasing the acetonitrile concentration from 40%
to 50% (v/v). The highest S/H ratio 3.0 was observed at 50%
(v/v) acetonitrile. A further increase of the concentration of
acetonitrile probably led to denaturation of the enzyme, as no
reaction was observe#ig. 4). On the contrary, the protease
obtained fromB. licheniformisRSP-09-37, tolerated higher
acetonitrile concentrations (up to 90%) and this resulted in a
significantly higher S/H ratio of 15.6-(g. 4). Thus, a~13-

fold increase in selectivity was observed with protease from
B. licheniformisRSP-09-37, when the acetonitrile concen-
tration was increased from 40% to 90% (v/v). Even though a
Fig. 2. Reaction profile and determination of the kinetic maximum of ky- Nigherincrease in S/H ratio was found for CT compared to the
otorphin precursor synthesis catalyzed by () @nd protease fronB. protease fronB. licheniformisRSP-09-37 at 50% (v/v) aque-
licheniformisRSP-09-37 @). Reactions were performed at 50% acetoni-  gus acetonitrile media, the final S/H ratio was five-fold higher

trile concentration. The reaction was carried out at pH 8.0 in the case of CT for the latter enzyme The S/H ratio observed in the present
and pH 10.0 in the case of protease obtained fBoiicheniformisRSP-09- tud . cT S/H.‘ 3) is sianifi tiv hiaher th ..
37 with 10 mM of the acyl donor and 400 mM of the nucleophile (Arg4)\H study using ( =3) is significantly higher than simi-

and at—20°C. lar experiments performed on immobilized CT (CT-celite)

Concentration of kyotorphin precursor (mM)

<

Time (hr)
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Fig. 3. Standardization of the reaction conditions with CT for maximum S/H

ratio towards kyotorphin precursor. (A) Effect of temperature on the selec-
tivity of the reaction towards kyotorphin precursor synthesis. The reactions
were performed at 28C and—20°C using 400 mM Arg-NH and 10 mM
of the acyl donor in the presence of 30% acetonitrile in the reaction mixture.
(B) Effect of the nucleophile on the synthesis of the reaction towards ky-
otorphin precursor. The reactions were performed2®°C using 10 mM
of the acyl donor and 400 mM of the nucleophile (Arg-Nahd ArgOMe)
in the presence of 30% acetonitrile in the reaction mixture. (C) The effect of
nucleophile/acyl donor substrate (N/S) ratio on the synthesis of kyotorphin

precursor in the presence of 30% acetonitrile in the reaction mixture. The pH
of the reaction mixture was 8.0 and the reaction was carried out for 2 h. The

concentration of acyl donor were 2 mNllj, 3mM(4), 5mM (a), 10mM
(0), 20mM($), 50 MM (@).
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Fig. 4. Effect of acetonitrile concentration on the kyotorphin precursor syn-
thesis. The reaction was performed with protease BofitheniformisRSP-
09-37 @) and CT @) with 40—-90% (v/v) aqueous-acetonitrile media until
the kinetic maximum with 10 mM of the acyl donor and 400 mM of the
nucleophile (Arg-NH) at —20°C. The values are mean of three separate
experiments conducted using the protease fBnticheniformisRSP-09-
37,and CT.

(S/H=0.4) with dimethylformamide (DMF) as organic sol-
vent, although in the latter case the stability of the enzyme
was higher, i.e. the enzyme was stable at even 60% DMF
[24].

3.3. Stability of CT and protease obtained from B.
licheniformis RSP-09-37 in agueous acetonitrile media

The effect of the acetonitrile concentration on enzyme
stability was studied by incubating the enzymes for a pe-
riod of 10 h in aqueous-acetonitrile at concentrations between
10 to 90% and the residual activity was checked at the re-
spective kinetic maximum. Initially at 10% (v/v) aqueous-
acetonitrileB. licheniformisRSP-09-37 protease showed a
1.2-fold increase in its residual activity as compared to CT.
This improvement in the tolerance fBr licheniformisRSP-
09-37 increased to 3.8-fold at 50% acetonitrile and was at
its maxima at 60% with a 60-fold increase, while no ac-
tivity could be observed for CT under similar conditions
(Fig. 5A).

The stability of the enzyme in aqueous-acetonitrile was
also checked as a function of time whereby the enzymes
were incubated in 50% acetonitrile for the given time in-
terval and the residual activity was checked at the respec-
tive kinetic maximum Fig. 5B). B. licheniformisRSP-09-37
protease showed a 1.5-fold increase in its stability compared
to CT, when the two enzymes were exposed to 50% (v/v)
acetonitrile for 2 h. However, on increasing the exposure to
acetonitrile it was observed that the residual activity in both
cases decreases. However, the decrease is less pronounced
in the case oB. licheniformisRSP-09-37 protease, which
retained 70% of its activity even after 10 h of exposure to
acetonitrile, which corresponds to a six-fold higher toler-
ance compared to CT. This suggests that the protease ob-
tained fromB. licheniformisRSP-09-37 has a substantially
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