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Proteases have several industrial applications due to
their hydrolytic activity [1] and have attracted consider-
able interest due to their ability to synthesize peptides in
organic media [2,3]. Protease-catalyzed peptide synthesis
occurs either by a thermodynamically controlled process
(condensation of the acid and amine groups) or by a
kinetically controlled process (aminolysis of an ester).
In the kinetically controlled process the rapidly formed
covalent acyl enzyme can transfer the acyl moiety either
to the nucleophilic amino component, resulting in the
formation of the desired peptide, or to water, resulting
in hydrolysis [3]. The hydrolysis step can be suppressed
by performing the reaction at subzero temperature [4-6].

Serine proteases have been employed in the synthesis
of many biological active oligopeptides [2], including
kyotorphin, which is an analgesic dipeptide (Tyr-Arg).
This dipeptide has been synthesized using L-Tyr-OEt
or Bz-L-Tyr-OEt and H-Arg-OH or L-Arg-OEt as the
nucleophile in organic solvent [6,7] and analyzed using
high-performance liquid chromatography (HPLC).1

The presence of water-miscible organic solvents in en-
zyme-catalyzed reaction increases the solubility of
hydrophobic substrates and shifts the thermodynamic
equilibrium of hydrolytic reaction to synthetic reaction
[8,9]. In addition water-miscible organic solvents such
as dimethylformamide (DMF) when added to a subtili-
sin BPN0-catalyzed reaction have shown preference to-
ward aminolysis as His on the active site flips in and a

strong hydrogen bond observed between His and Asp
in water is disrupted [10]. However, increasing solvent
concentration has led to enzyme inactivation [11,12].
Hence, techniques such as site-directed mutagenesis
and directed evolution have been employed to improve
the stability of enzymes in organic solvents. Directed
evolution has been used as an elegant approach to gen-
erate and identify new enzyme variants [13]. A range of
methods for generation of enzyme libraries is available
[14], but the major problem is the lack of a rapid and
reliable assay system for the screening of improved en-
zyme variants out of a pool of 104-106 mutants. To
overcome such difficulty, hydrolase variants were identi-
fied using chromogenic esters to identify an active ester-
ase [15], to increase the stereoselectivity of a lipase [16],
and to identify active esterases using pH indicators [17].
Due to the high number of clones generated during di-
rected evolution techniques, the use of HPLC or gas
chromatography for screening is often a cumbersome
and time-consuming method. It can, however, be used
as the tool to finally confirm the results. In the present
study, a microtiter plate (MTP) assay based on p-nitro-
anilide (pNA) release has been developed for the first
time for rapid analysis of synthetic activity of protease.

Materials and methods

Kyotorphin, Bz-L-Tyr-pNA, and H-Arg-NH2 were
purchased from Bachem, Switzerland. DNase I was
purchased from Boehringer Mannheim. IPTG was pur-
chased from Gerbu, Germany. Lysozyme was purchased
from Sigma, USA and chymotrypsin from Fluka, USA.
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A PCR kit was obtained from Bangalore Genei, India.
Luria Bertoni (LB) broth was procured from Himedia,
India. Acetonitrile and water were of HPLC grade and
were procured from Merck, India.

Determination of synthetic activity of protease. Protease-
catalyzed kyotorphin (Bz-Tyr-Arg-NH2) synthesis was
carried out using the method of Meos et al. [6] with
some modifications. The synthetic activity of protease
was demonstrated in a reaction mixture of 200 ll using
10mM Bz-L-Tyr-pNA and 400 mM H-Arg-NH2 in
90% acetonitrile—water mixture. The reaction was per-
formed at kinetic maximum (2.5h) at -20 °C in MTP at
pH 10.0. The reaction was stopped by addition of 100 ll
of 1M HCl. Analysis of kyotorphin was carried out
using Agilent 1100 series HPLC system equipped with
Novapak Qg column and G1315B diode array detector.
Acetonitrile-water 50-80% was used as mobile phase in
a gradient system and a flow rate of O.Smlmin^1 was
maintained. Alternatively, the amount of p-nitroanilide
released during the protease-catalyzed synthetic reaction
was monitored at 410 nm spectrophotometrically. As the
coloration of pNA is pronounced at basic pH, 10 ll of
10N NaOH was added at the end of the reaction. In
both microtiter plate assay and HPLC measurement
controls were taken without addition of enzyme and
no activity was observed in both experiments.

Error-prone polymerase chain reaction (ep-PCR) for
generating mutant libraries of protease. The protease
gene from Bacillus licheniformis RSP-09-37 was cloned
in Escherichia coli JM109 competent cells using the
pUC 19 vector and the clones were selected on LBAmp

and casein plates. Screening of 1000 clones on the basis
of their protease activity resulted in the selection of
RSP-46. The clone RSP-46 was later sequenced and to
improve the synthetic protease activity, ep-PCR was
performed using a method modified from Chen and Ar-
nold [18]. PCR was carried out at 94°C for 2min, 48 °C
for 30 s, and 68 °C for 4min and 30 cycles were per-
formed. The last chain extension was carried out at
68°Cfor 8min.

Screening of mutant libraries on MTP. For the screening
of mutants each well of a MTP was filled with 200 ll LB
broth supplemented with ampicillin (lOOngul^1). Each
well was inoculated and incubated for 24h at 37 °C.

From this 100 ll was added to a fresh LBAmp MTP, cul-
tivated, and further induced with 200 mM IPTG. The
culture was harvested and later the pellet was lysed with
250 ll lysis buffer comprising lysozyme and DNase I.
The lysate was centrifuged to obtain the enzyme solu-
tion which was then assayed using the MTP test de-
scribed above. The protein content was determined by
the Bradford's [19] method.

Results and discussion

In this study pNA was used for the detection of syn-
thetic activity of a protease using Bz-L-Tyr-pNA and
Arg-NH2 as the substrates, which resulted in the forma-
tion of Bz-Tyr-Arg-NH2 and concomitant release of
pNA (Fig. 1). In the synthesis of kyotorphin with prote-
ase, normally HPLC, which is a time-consuming and
lengthy procedure, is used for detection. In earlier stud-
ies pNA was employed for the detection of hydrolytic
activity of protease in microtiter plates using succinyl-
Ala-Ala-Pro-Phe-pNA as the substrate and the hydro-
lytic activity was tested based on the release of pNA in
this particular reaction [20]. To verify the reliability of
this method, samples were also tested using conven-
tional HPLC analysis. First, the protease synthetic
activity was tested with the commercially available chy-
motrypsin and the usefulness of this method was then
verified in the screening of libraries generated from a
protease produced by B. licheniformis by using ep-
PCR. Of the 200 clones obtained after the first round
of ep-PCR, RSPep-60 showed the best synthetic activity
of protease in the presence of acetonitrile. After the sec-
ond round of ep-PCR was performed, RSPep-60-1 was
selected from 100 colonies. To further improve the syn-
thetic activity, a third round of ep-PCR was performed
and from another 100 colonies RSPep-60-1-2 was se-
lected. It is evident from Table 1 that the activity of
the enzyme as detected using the MTP assay was very
close to the HPLC data. Although the release of pNA
must not imply synthesis of the peptide but can also
be due to hydrolysis of Bz-L-Tyr-pNA, the amounts of
pNA released and kyotorphin formed were very similar.
We assume that performing the reaction at subzero tem-
perature under kinetic control quantitatively suppressed
the nondesired hydrolysis. This procedure gave repro-
ducible results when carried out for a large number of

Bz-Tyr-pNA + EH Bz-Tyr-pNA.EH

Arg-NH2

Bz-Tyr-E

pNA
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Bz-Tyr-Arg-NH2

Bz-Tyr-OH

Fig. 1. Mechanism of the kinetically controlled peptide synthesis by protease.
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Table 1
Synthetic activity of protease using Bz-Tyr-pNA and H-ArgNH2 as
substrate at pH 10.0

Specific activity
(lmol/min/mg protein)

MTP HPLC

Chymotrypsin
Bacillus licheniformis

RSP-09-37
RSP-46
RSPep-60
RSPep-60-1
RSPep-60-1-2

0.197 ±0.01

0.467 ± 0.02
0.259 ± 0.02
0.310 ± 0.05
0.395 ± 0.07
0.563 ± 0.03

0.205 ± 0.07

0.472 ± 0.09
0.271 ± 0.04
0.310 ±0.05
0.395 ± 0.07
0.575 ± 0.04

The reaction was conducted at — 20 °C for 2.5 h. The reaction was then
terminated using 1M HCl. Samples were analyzed spectrophotomet-
rically for the amount of p-nitroanilide released and by HPLC to
determine the amount of kyotorphin (data are the mean of four
experiments ± SD).

protease-producing B. licheniformis colonies. The prote-
ase obtained from the selected clones was also found to
have a better synthetic activity than the commercially
available chymotrypsin.

Thus this method can be used as a reliable screening
method for rapid detection of synthetic activity. In
principle, this method can also be easily applied to the
synthesis of other bioactive peptides using the release
ofp-nitroanilide. Thus, we have developed a new rapid
assay procedure for synthetic activity of protease that
can be further used for screening of libraries.

Acknowledgments

Ritu Sareen thanks the Council of Scientific and
Industrial research (New Delhi, India) for a senior re-
search fellowship. This work was partially supported
by a Grant (RP01424) from the Ministry of Human Re-
source and Development, India.

References

[1] M.B. Rao, A.M. Tanksale, M.S. Ghatge, V.V. Deshpande,
Molecular and biotechnological aspects of microbial proteases,
Microbiol. Mol. Biol. Rev. 62 (1998) 597-635.

[2] I. Gill, R.L. Fandino, X. Jorba, E.N. Vulfson, Biologically active
peptides and enzymatic approaches to their production, Enzyme
Microb. Technol. 18 (1996) 162-183.

[3] K.M. Koeller, C.H. Wong, Enzymes for chemical synthesis,
Nature 409 (2001) 232-240.

[4] A. Jonsson, P. Adlercreutz, B Mattiasson, Effects of subzero
temperatures on the kinetics of protease catalyzed dipeptide
synthesis in organic media, Biotechnol. Bioeng. 46 (1995) 429-436.

[5] M. Haensler, S. Thust, P. Klossek, G. Ullmann, Enzyme-
catalyzed preparative peptide synthesis in frozen aqueous systems,
J. Mol. Catal. B: Enzym. 6 (1999) 95-98.

[6] H. Meos, V. Tougu, M. Haga, A. Aaviksaar, M. Schuster,
H.D. Jakubke, Single-step synthesis of kyotorphin in frozen
solutions by chymotrypsin, Tetrahedron: Asymmetry 4 (1993)
1559-1564.

[7] V.Y. Levitsky, P. Lozano, J.L. Iborra, Kinetic analysis of
deactivation of immobilized a-chymotrypsin by water-miscible
organic solvent in kyotorphin synthesis, Biotechnol. Bioeng. 65
(1999) 170-175.

[8] H. Kise, A. Hayakawa, H. Noritomi, Protease-catalysed syn-
thetic reactions and immobilization-activation of the enzymes
in hydrophilic organic solvents, J. Biotechnol. 14 (1990) 239-
254.

[9] J.S. Dordick, Designing enzymes for use in organic solvents,
Biotechnol. Prog. 8 (1992) 259-267.

[10] R.D. Kidd, P. Sears, D.H. Huang, K. Witte, C.H. Wong, G.K.
Farber, Breaking the low barrier hydrogen bond in a serine
protease, Prot. Sci. 8 (1999) 410-417.

[11] Y.L. Khmelnitsky, V.V. Mozhaev, A.B. Belova, M.V. Sergeeva,
K. Martinek, Denaturation capacity: a new quantitative criterion
for selection of organic solvents as reaction media in biocatalysis,
Eur. J. Biochem. 198 (1991) 31-41.

[12] V.V. Mozhaev, Y.L. Klemelnitsky, M.V. Sergeeva, A.B. Belova,
N.L. Klyanchko, A.V. Levashov, K. Martinek, Catalytic activity
and denaturation of enzymes in water/organic cosolvent mixtures.
a-Chymotrypsin and laccase in mixed water/alcohol, water/glyc-
erol and water/formamide solvents, Eur. J. Biochem. 184 (1989)
597-602.

[13] F.H. Arnold, A.A. Volkov, Directed evolution of biocatalysys,
Curr. Opin. Chem. Biol. 3 (1999) 54-59.

[14] F.H. Arnold, G. Georgiou (Eds.), Directed Evolution Library
Creation: Methods and Protocols, Humana Press, New Jersey,
2003.

[15] U.T. Bornscheuer, J. Altenbuchner, H.H. Meyer, Directed
evolution of an esterase: screening of enzyme libraries based on
pH-indicators and growth assay, Bioorg. Med. Chem. 7 (1999)
2169-2173.

[16] M.T. Reetz, M.H. Becker, H.W. Klein, D. Stockigt, A method
for high-throughput screening of enantioselective catalysts,
Angew. Chem. Int. Ed. 38 (1999) 1758-1761.

[17] L.E. Janes, A.C. Lowendahl, R.J. Kazlauskas, Quantitative
screening of hydrolase libraries using pH indicators: identifying
active and enantio selective hydrolases, Chem. Eur. J. 4 (1998)
2324-2331.

[18] K. Chen, F.H. Arnold, Tuning the activity of an enzyme for
unusual environments: sequential random mutagenesis of subtil-
isin E for catalysis in dimethylformamide, Proc. Natl. Acad. Sci.
USA 90 (1993) 5618-5622.

[19] M.M. Bradford, A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of
protein-dye binding, Anal. Biochem. 72 (1976) 248-254.

[20] L. You, F.H. Arnold, Directed evolution of subtilisin E in Bacillus
subtilis to enhance activity in aqueous dimethylformamide,
Protein Eng. 9 (1996) 77-83.


