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Abstract

The serine protease subtilisin is one of the most important industrial enzymes and is mostly used as a detergent protease. The developme
of new proteases with improved washing performance is limited by the tedious screening of variants on stained cloths. Here, an easy an
flexible green fluorescence protein (GFP) based protease assay is described, which is performed under almost authentic washing conditio
A GFP-substrate—His-tag fusion protein is hydrolyzed by subtilisin and the activity is followed by measurement of fluorescence values from
the GFP released. Two detergent proteases variBatslus lentusalkaline protease, BLAP P and BLAP X) were investigated using three
model substrates (AAAAPF, AAFAAF and KHDRKD). As expected from the known substrate specificities of these proteases, AAAAPF and
AAFAAF were hydrolyzed rapidly, whereas KHDRKD represents a rather stable peptidk,.fiig-values determined using this GFP-based
assay closely matched the values uginagitroanilides (pNA) of model peptides. In contrast to the use of pNA-substrates, this format is not
restricted to synthetically available substrates and therefore in principle allows the screening of random peptide libraries to determine the
substrate specificities of subtilisins and its variants.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction screening[3-5]. Therefore, the rapid determination of the
specific activity for new mutants regarding different peptide
Subtilisins (EC 3.4.21.62) are a family of alkaline serine substrates is important to understand and improve their prop-
endoproteases secreted by a wide varietgaxdillusspecies erties. This analysis should take place under conditions that
and represent the most important commercial enzyme classeflect the authentic washing process.
used as a detergent additive and for leather procesjap Beside several industrial applications due to their
mostly due to their broad substrate specificity and their opti- hydrolytic activity[1,6], proteases have also been important
mum activity at high alkaline pH. The development of new targets for drug development in a number of an@asThis
proteases with improved washing performance is limited by results in a variety of protease ass§&k Most of them are
the screening of variants on stained cloths. This method performed in solution and usually allow an easy determina-
is extremely tedious, provides only relative activities with tion of kinetic constant§9—12]. In contrast, the hydrolytic
high variations and is not compatible with high-throughput removal of proteinogenic stains occurs on the surface of the
fibers, where steric effect cause additional selection criteria
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proteases, because there reaction takes place in solution. Fu2. Materials and methods

thermore, for simulating washing conditions, the assay must

be performed in the presence of very high concentrations of  Isopropy! thiog-p-galactoside (IPTG) was purchased
detergent, moderate amounts of chelating reagents and arérom Gerbu (Gaiberg, Germany). Primers were synthe-
performed at alkaline pH values. This is important, because it sized by Invitrogen (Karlsruhe, Germany). The Ni-NTA
was shown that the presence of commercial powder detergenbeads were purchased from Qiagen (Hilden, Germany),
has influence on the activity of enzymes, which can differ while the QuikChange Site-Directed Mutagenesis Kit was
between variants of the same enzyjih¢]. Additionally, the from Stratagene (San Diego, USA). 96F Maxisorp Black
synthesis of chemical substrates (penitroanilide deriva- Microwell SH was purchased from Nalga Nunc Interna-
tized peptides) can be complex and expensive. Moreover, thetional, Brand Products (Wertheim, Germany). The synthetic
use of these (activated) surrogate substrates might reveal aubstrates (AAPF—pNA, FAAF—pNA) were obtained from
substrate specificity and activity, which is not identical with Bachem (Heidelberg, Germany). Restriction enzymes were
the true specificity and activity of the protease towards a real from New England Biolabs (Frankfurt am Main, Germany).
peptide sequence. This was demonstrated using a mutanpET-29a(+) was purchased from Novagen (Madison, USA).
of the subtilisin fromB. lentus(BLAP), where the catalytic =~ The twoBacillus lentusalkaline proteases (BLAP) variants
efficiency, as measured By,¢Ky (st M~1) on the artificial and the protease-free detergent powder (Persil Color (pow-
substrate succinyl-Ala-L-Ala-L-Pro1i.-Phep-nitroanilide, der/liquid) as produced and marketed in 2003) were obtained
increases more than four-fold, becaugg; increases and  from Henkel KGaA ([isseldorf, Germany). The commer-
Kwm decreases. In contrast, the proteolytic activity on casein cial available Persil Color detergent powder contains a BLAP
is diminished compared to the non-mutant. This apparent variant for the removal of proteinaceous stains. BLAP P (S3T,
contradiction can be explained in term of a “narrowing” V4l, V199I, L211D) and BLAP X (S3T, V4l, V199I) are

of the substrate binding cleft as a result of the Ser128Gly mutants of BLAP[23].

variation, which improves the enzyme catalytic efficiency on

peptides but not on peptidic substrates]. Therefore, engi-  2.1. Expression of the GFP-substrate—His-tag

neering and screening of subtilisin mutants is an extremely

complex, difficult and long process in order to obtain new  After deletion of theNdd restriction site at position H77
proteases with improved practical performance and real and M78in GFP (pIVEX-GFP, Roche, Mannheim, Germany)
commercial potential. Solutions are protease assays wherewith the QuikChange Site-Directed Mutagenesis Kit (Strata-
the cleavage of a substrate—reporter fusion protein causes thgene) (silent mutation sites are underlined}@T TTT
release of the reporter protejh6—18] or protease activity = CAA GAT ACC CGG ATC ACA TGA AAC GGC ATG AC-
detection by fluorescence resonance energy transfer (FRETB and 3-GGC ACT CTT GAA AAAGTC ATG CCG TTT
[19,20] These fusion proteins allow the easy investigation CAT GTG ATC CGG GTA TC-3), theGFPgene was ampli-

of different substrates and surrender the need for artificial fied using primers, which framed the gene witldd and
chromogenic or fluorogenic groups, which could influence Bglll sites (underlined): 55AG GAT TTA ACA TAT GAC

the substrate specificity and activity. Additionally, they allow TAA AGG TGA AGA ACT TTT CAC TGG AGT TGT

the influence of the prime site residues, which are generally CCC-3 and B-TTC GCA TGT TAG ATC TTT GGT ACA

not considered to determine the substrate specificity of GTT CAT CCA TGC CAT GTG TAA TCC C-3 After the
subtilisins. It was shown that the prime site Tyr217Leu Ndd andBglll digestion, the gene was cloned into the pET-
mutation in subtilisin Carlsberg (equivalent to position 211 29a(+) vector from Novagen. The substrate encoding DNA
in BLAP) provides twice as much cleaning performance sequences were synthesized by two primers according to
through acceleratingca: [21]. Even this variant shows the the method from Sparks et gR4]. The desired substrate

same order of P1 substrate preference withitroanilide, sequences were framed on tHeebd by aBglll restriction
other variants show differences in their preferer2g], site and a GPGG encoding sequence and on’tsée8by a
which can cause the observed differences in washing GGPG encoding sequence (in italics) akghl/Xhd restric-
performance. tion sites (underlined). GPGG and GGPG, respectively, were

Thus, a major challenge is to construct a protease introduced as linkers, which ensure the autonomous folding
assay for peptides, which is only cleaved in the substrate of the individual elements. The peptide sequences AAAAPF
sequence by the non-specific subtilisin. The reporter (5-GGA TTT AAA GAT CTC GGC CCG GGT GGGCG
protein and the immobilization tag must be resistant GCT GCG GCA CCG TTC GGC GGT CCG-and 3-TCG
to subtilisin, while the substrate must be accessible for CATGTT CTC GAG GGG CCACCCGGACCGCGAA
subtilisin. CGGTGC CGCAGC CGC GCC Band AAFAAF (B-GGA

In the present study, a protease assay based on a green fIFTT AAA GAT CTGGCCCGGGTGGCEGGCTTTCG
orescent protein (GFP)-substrate—His-tag fusion protein wasCAG CGT TCG G-3, 5-TCG CAT GTT GGG CCCACC
developed and verified under almost authentic washing con-CGG GCC ACGGAA CGC TGC GAA AGC CGC-3 were
ditions. The proteases (BLAP P and BLAP X) investigated chosen as sensitive substrates, while KHDRKD-G&A
are used in commercial available detergents. TTTAAA GAT CTGGCCCGGGTGGCAACACGACC
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GTAAAG ATG G-3 and B-TCG CAT GTT GGG CCQ\CC
CGG GCC ACCATC TTT ACG GTC GTG TTT GCC-3

was chosen as aresistant substrate sequence. The synthesize ..

fragment was digested witBglll and Xhd and cloned into
the GFP containing pET-29a(+) vector. The resulting vector
was transformed int&. coliBL21 cells.

In order to produce the recombinant proteins, the cells
were grown in LB media with ampicillin (10@g mL~1).
Cells were induced with 1mM IPTG at an @§=1.0 and
grown overnight at 24C. After harvesting and cell lysis, the
fusion proteins were immobilized on Ni-NTA beads (Qia-
gen) for 1 h at £C following the manufacturers protocol. In
addition, two further washing steps with enzyme-free Per-
sil Color solution (6 g/L) were included. The immobilized
fusion proteins were stored at@.

2.2. Determination of the hydrolytic activity of subtilisin

For the determination of the specific activity (fluores-
cence/amount of protein) an aliquot of the immobilized
protein was eluted and the initial protein concentration
[So] was determined by the bicinchoninic acid assay (KMF
Laborchemie Handels GmbH, Lohmar, Germany). The
Ni-NTA-beads with the immobilized fusion protein were
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Scheme 1. Gene lll-fusion protein. GFP: green fluorescent protein; His-tag:
six histidines as immobilization tag.

The kinetic determination with pNA-substrates were made
in 0.1 M Tris, 10% Brij35, pH 9.0 at 30C and reaction
progress curves were analyzed as descrip2ap

3. Results and discussion

In this study, a green fluorescence protein-substrate—His-
tag fusion protein was used for the determination of the
proteolytic activity of the detergent proteases BLAP P and
BLAP X against three different model substratBsltfeme 1
GFP was chosen as reporter protein because of its robust-
ness, especially against cleavage by prote@&dsTo estab-
lish this method, AAAAPF and AAFAAF were chosen,
as they closely match commercially available synthetic
nitroanilides of AAPF and FAAF. In addition, the peptide
sequence KHDRKD was used as subtilisin-stable substrate
motif.

First, the stability of GFP against the subtilisins BLAP P

resuspended in enzyme-free Persil Color solution to obtain and BLAP X was verified by digestion at 30 andDat a

a 10% (w/v) solution. Several sequential dilutions were
prepared from this solution by the addition of Persil Color
solution (up to 62%L). After adding 75uL of the subtilisin
solution, the end volume was set to 480All pipetting steps
were performed on ice, to prevent pre-digestion of the fusion
proteins. After 20, 40 and 60 min incubation at°8and

10 rpm with the Rotamix RM-1 (ELMI Ltd., Riga, Latvia) the
solutions were kept on ice. The Ni-NTA beads were pelleted
by centrifugation at 1000 g for 4 min af€. The supernatant

20-fold excess of the highest protease concentration used dur-
ing the protease assay. This is more than usually used in the
commercial available Persil detergent powder. As expected,
no decrease of fluorescence was observed (data not shown).
This is consistent with the observation, that GFP is highly
stable towards proteolytic degradation, as reported for a 2-
day treatment with various proteases (trypsin, chymotrypsin,
papain, subtilisin, thermolysin and pancreatin) under optimal
conditions and protease concentrations as greatas 1 mg mL

was kept on ice before fluorescence measurement (Fluostaf26]. Next, the fusion proteins with the three model pep-

Galaxy, BMG Labtechnologies GmbH, Offenburg, Ger-

tides were investigated. It is obvious frofable 1that both

many). Each sample was measured twice. The percentageroteases showed high activity towards the motifs derived
of hydrolysis was calculated as the ratio of released GFP tofrom commonp-nitroanilide-based substrates. AAFAAF is

the initial amount of GFP bound to the beads, which was
quantified by elution with imidazole. Specificity constants
(KcafKm) were determined from Lineweaver—Burk plots.

Table 1

hydrolyzed approximately 12-times (BLAP P) and 6-times
(BLAP X) faster than AAAAPF. The higher preference of
high alkaline subtilisins for the FAAF-substrate is in accor-

Comparison of the hydrolytic activities of the subtilisins BLAP P and BLAP X using the GFP-fusion proteins containing specific peptide sequeNées and p

respectively, under washing conditions

Keat (s71) Km (MM) keatKm (10°* M~1s71) (keatKm)raar/(Keat Km )anpr
pNA GFP-assay pNA GFP-assay pNA GFP-assay pPNA GFP-assay
BLAP P
KHDRKD 15 239 064
AAFAAF 479.3 531 0.79 037 60671 14254 4459 1153
AAAAPF 34.8 9.7 256 078 1359 1236
BLAP X
KHDRKD 3.6 342 106
AAFAAF 365.9 1122 0.05 039 690377 29162 2329 635
AAAAPF 386.0 448 130 098 29647 4592
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dance with literature daf@27,28] The same specificity was  [6] M.B. Rao, A.M. Tanksale, M.S. Ghatge, V.V. Deshpande, Microbiol.

observed for the-nitroanilide-based substraté&@ple ). As Mol. Biol. Rev. 62 (1998) 597-635.

expected for these substantially different substrates (GFP ver- [/l A-J. Docherty, T. Crabbe, J.P. O'Connell, C.R. Groom, Biochem.
. o i : Soc. Symp. 70 (2003) 147-161.

sus pNA.-reS|due), the kinetic values were not identical, but [8] P.L. Richardson, Curr. Pharmacol. Des. 8 (2002) 2559-2581.

they are in the same range. However, the degree of preferenceyg; g. zhivotovsky, A. Gahm, M. Ankarcrona, P. Nicotera, S. Orrenius,

for the FAAF over AAPF differs. This is most probably due to Exp. Cell Res. 221 (1995) 404-412.

the artificial chromophoric group, because it was suggested[10] N.A. Thornberry, H.G. Bull, J.R. Calaycay, K.T. Chapman, A.D.

that thep-nitroanilide leaving group interacts with the amino JHOZ"SQ?HSMS&*:?:I;;% gég'z';"g'gg ?'7'\:' MolineaLx, J.R. Weidner,

acid reSidu? 2”22]' This difference Se_ems to be S_Ubtle' but [11] ED Mate;yoshi, G.T. Wang, G.A. Kraff.t, J. Erickson, Science 247

could play in important role for explaining the differences (1990) 954-958.

in washing performance. As expected, KHDRKD is only a [12] R. Onuki, A. Nagasaki, H. Kawasaki, H. Baba, T.Q.P. Uyeda, K.

poor substrate for both proteases and was hydrolyzed at sub-  Taira, Proc. Natl. Acad. Sci. U.S.A. 99 (2002) 14716-14721.

Stantia”y IOWer rates (222_f0|d BLAP P 275_f0|d BLAP [13] P.M. St. HiIaire, M. WiIIert, M.A. Juliano, L. Juliano, M. Meldal, J.
X) ! ’ ' Comb. Chem. 1 (1999) 509.

. [14] S. Danielsen, M. Eklund, H.-J. Deussen, Ta€und, PA. Nygren,
In addition, the GFP-substrates turned out to be very sta- 1.\, Borchert, Gene 272 (2001) 267—274.

ble, as a 2-months storage at 4 anr@0°C with weekly [15] R. Bott, J. Daubman, L. Wilson, G. Ganshaw, H. Sagar, T. Graycar,
determination of protease activity gave nochangeintheactiv-  D. Estell, in: R. Bott, C. Betzel (Eds.), Subtilisin Enzymes—Practical
ity data. Therefore, these substrates are very well suited for ~ Protein Engineering, AEMB Series, vol. 379, Plenum Press, New
the routine determination of protease activit vork, 1996, pp. 277-283.
. . P Y. o [16] J.C. Pehrson, A. Weatherman, J. Markwell, G. Sarath, S.D.

This assay has the major advantage, that a peptidic flu-  schwartzbach, BioTechniques 27 (1999) 28-32.
orophore is directly attached to the peptide sequence to bg17] D.K. Stafslien, P.P. Cleary, J. Bacteriol. 182 (2000) 3254—3258.
cleaved, which simulates peptidic stains much better than [18] D. Patel, J. Frelinger, J. Goudsmit, B. Kim, BioTechniques 31 (2001)
synthetic substrates bearing chromophores or fluorophore 1194-1198. .
lik it ilide. Most i tantl tid 19] R.D. Mitra, C.M. Silva, D.C. Youvan, Gene 173 (1996) 13-17.
I_ e p'm roaniide. Most importantly, any peP' € sequence [20] L.M. Felber, S.M. Cloutier, C. Kuendig, T. Kishi, V. Brossard, P.
('ln'dUd'ng r‘_”mdom sequences) can be '_nveSUgat'e.d undercon-  jichlinski, H.-J. Leisinger, D. Deperthes, BioTechniques 36 (2004)
ditions, which are close to real washing conditions or for 878-880, 882-885.
an assay on stained cloth. In principle, this protease assay21] R. Bott, in: E.H. van Ee, O. Misset, E.J. Baas (Eds.), Enzymes in
can also be adapted to a high-throughput screening assay foy _ Detergency, Dekker, New York, 1997, pp. 75-91.
deteraent broteases. using maanetic Ni-NTA beads. or usin [22] J.A. Wells, B.C. Cunningham, T.P. Graycar, D.A. Estell, Proc. Natl.

gent pro ’ g mag ' 9 Acad. Sci. U.S.A. 84 (1987) 5167-5171.

plates with afilter bottom followed by the removal of the non- 23] k.-H. Maurer, M. Markgraf, D. Goddette, in: R. Bott, C. Betzel
cleaved substrate through filtration. This enables the substrate  (Eds.), Subtilisin Enzymes—Practical Protein Engineering, AEMB
profiling of proteases, thus leading to a fingerprint of a certain Series, vol. 379, Plenum Press, New York, 1996, pp. 243-256.
protease by digesting a model substrates or in combinationl24! A-B- Sparks, J.E. Rider, N.G. Hoffman, D.M. Fowlkes, L.A. Quil-

. : . liam, B.K. Bay, Proc. Natl. Acad. Sci. U.S.A. 93 (1996) 1540—
with selection based substrate phage disf2&y-31] If nec- 1544
essary, the cleavage site of the protease can be determined bygs) w.w. ward, in: M. DeLuca, W.D. McElroy (Eds.), Bioluminescence

N-terminal sequencing of the cleavage products. and Chemiluminescence: Basic Chemistry and Analytical Applica-
tions, Academic Press, Inc., New York, 1981, pp. 235-242.

[26] S.H. Bokman, W.W. Ward, Biochem. Biophys. Res. Commun. 101
(1981) 1372-1380.
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