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A rapid and effective procedure for screening protease mutants

Lstvan Venekei, Lizbeth Hedstrom and William J.Rutter
Hormone Research Institute, University of California, San Francisco.
CA 941434534. USA

Intmduction
The great achievement of enzymes is the enormous acceleration
of thk chemical reaction rates with an extraordinary specificity
towards both the substrate and the product. This capability is
accomplished by molecular interactions and reaction chemistry,
assisted mainly by functional groups of the amino acid residues
acting in concert. Knowledge of the structural basis of these
enzyme functions hopefully will allow the design of novel
enzyme specificity andor reaction chemistry.
To develop a structure-function hypothesis, chemical modification of an enzyme or, more recently, the construction of
mutants by sitedirected mutagenesis, has been employed to
correlate enzyme activity with three-dimensional structure.
Targeted random mutagenesis has recently been used in substrate specificity studies (Evnin et al., 1990; Teplyakov et al.,
1992), in specificity alteration experiments (Graham et al.,
1993; Khan et aL, 1993; Olesen and Kielland-Brandt, 1993) and
in tuning the activity of subtilisin E for a dimethylformamidecontaining environment (Chen and Arnold, 1993). An advantage of this method is that it may serve as a 'shortcut' in
engineering enzymes because new specificities andor reaction
chemistries can be sought without a precise knowledge of
structure-function relationships. However, the applicability of
untargeted random mutagenesis on longer plypetide chains is
greatly limited by the large number of mutants that must be
tested. Therefore, a rapid and effective screening method is
indispensable in such work. The published screening protocols
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Materials and methods
Materials
Restriction enzymes, T4 polymerase, T4 ligase and Taq polymerase, were purchased from New England Biolabs,
Stratagene, Boehringer or Promega. Bovine serum albumin (A
3294), lactalbumin and gelatin for the protease-selective plates
and activity staining were bought from Sigma Chemical.
Highly purified enterokinase was purchased from Biozyme.
TSK Toyopearl SP-650M was the product of Supelco. The
succinyl-AlaAlaProTyr-AMC and succinyl-AlaAlaProLysAMC tetrapeptide amide substrates with 7-amino4methylcoumarin (AMC) fluorogenic leaving group to measure chymotryp
tic and tryptic activities were obtained from L.Graf (Eotvos
Lorand University, Budapest, Hungary).
Methods
Strains and plasmids Supercompetent Escherichia coli cells
(Epicurian Coli SCS 1) from Stratagene and SM 138 E.coli, an
alkaline phosphatase (phoA) constitutive mutant strain, were
used for library construction and selection, respectively. For
expression in SM 138 cells, pTrap pTryp and pCtryp vectors
were used that contain a phoA promoter. pTrap expresses
trypsinogen as a fusion protein with the signal sequence of
phoA, which directs export of the protein into the periplasm
(Graf et al., 1987). pTrap was digested with BamHYEcoRI to
remove the sequences encoding the propeptide of trypsinogen.
pTryp was formed by ligating the BamHYEcoRI fragment to
a linker formed by annealing oligonucleotides S'GATCTTGGAGGATACACCTGCCAAGAG3' and S'AATTGCTCTTGGCAGGTGTATCCKCAAC3'. To form the pCtryp
plasmid, first a X m I site was intrduced at chymotrypsin sites
Pro24 and Gly25 using the S'GATGCTATTCCCGGGTCCTGGCCC3' oligonucleotide. Then the XmaI-SstI digested
chymotrypsinogen was inserted into the BamHI-SstI digested
pTrap by linking it to the phoA signal sequence with the
annealed oligonucleotides S'GATCGTCAACGGAGAGGATGCTATTCCC3' and S'CCGGGAATAGCATCCTCTCCCITGAC3'. The resulting pTryp and pCtryp plasmids expressed
trypsin and Al-15,Cysl22Ala/Ser chymotrypsins as a fusion
protein with the phoA leader sequence. The amino acid
sequence of the junction between the signal sequence and the
enzymes is (J)Ala-Ala>Ilel6Val, where > marks the site of
signal peptidase cleavage and Ile16 is the N-terminus of mature
enzymes. The fusion propetide is removed by signal peptidase
cleavage after export into the periplasm, producing active
trypsin and chymotrypsin. [A similar construct has been
reported previously (Evnin et al., 1990).]
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We describe a simple and effective procedure to screen for
active proteases among a large number of mutants. First,
the mutants are genetically tested by the protease activity
produced in the periplasm of transformed bacteria which
supplies the cells with a nitrogen source by hydrolyzing a
protein applied to plates. Then a less sensitive activity
staining and an X-ray film digestion assay are used to
verify and estimate the activity of the mutants that proved
to be positive in the first step. Depending essentially on the
level of periplasmic protease activity, the method can detect
both the activity and the stability of the expressed enzymes.
We calibrated the method with transformants that praduce
wild-type trypsin, chymotrypsin and trypsin mutants of
known activity. Using this method we found two active
revertants of the inactive AsnlO2 trypsin mutant, by screening -4.4X lo4 random mutants that were generated by the
polymerase chain reaction on a cDNA fragment. This
procedure should be useful in searching for proteases of
novel specificity andlor reaction chemistry engineered by
random mutagen& and also for in vitro evolution studies.
Keywords: proteasehandom mutantdscreen

are slow and use special cells, substrates and cumbersome
evaluation procedures.
We therefore attempted to develop a method for rapid
screening of protease activity among a large number of random
mutants using natural substrates. Here we describe such a
m e t h d and its use in screening -44 000 random mutants of
the Asnl02 trypsin for active revertants.
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transformation efficiency with the library ligate
(1 - transformation efficiency with the control ligate

)x 100

(The control ligate was a product of a ligation reaction from
which the insert was omitted.)
Selection on plates. Before the large-scale transformation of
freshly prepared SM138 competent cells [CaC12 procedure
(Maniatis et al., 1982)l the optimal competent cewplasmid
ratio was determined. After heat shock, the cells were allowed
to recover in SOC broth (SOC) medium at 37°C for 40 min.
Then, to avoid contamination of the protease-selective plates
with SOC (which is rich in nitrogencontaining compounds),

the cells were sedimented in Eppendorf tubes for 20 s and the
cellular pellet was resuspended in cell dilution buffer [2 mM
KH2P04, 100 mM Tris, 37.5 mM NaCl, 1 mM MgS04, 0.2%
glucose, 0.001% vitamin BI solution (pH 7.6)]. The best
screening efficiency could be achieved when the cell suspension
was plated to a maximum density of 20-500 colonies per
15 cm plate.
The screening efficiency was the best when the proteaseselective plates contained 1 mM MgS04, 3 mM CaC12, 0.2%
glucose, 0.125% bovine serum albumin, 0.001% vitamin BI,
50 p g h l ampicillin, 1% bacto agar and 2 mM KH2m4,
100 mM Tris, 37.5 m M NaCl (2 mM phosphate plates) or
16.5 mM KH2P04,33.5 mM Na2HPO4,50 m M Tris, 6.6 mM
NaCl (50 m M phosphate plates) and the pH was set to 7.3.
(The 25% bovine serum albumin and 1% vitamin BI stock
solutions were filter sterilized.) To estimate the effective
number of the transformants (mutant proteins) screened, an
aliquot of the SM138 transformant suspension was plated on
to an LB-ampicillin plate. The positive clones on the proteaseselective plates were rescreened and purified. To this end, a
cell suspension was made from each of these colonies with
cell dilution buffer (see above). Aliquots of these suspensions
were plated on both a protease-selective plate and an LBampicillin plate. A colony was pure when the colony numbers
on the protease-selective and the LB-ampicillin plates were
the same. The resulting colonies on the selective plates were
always free of contaminant cells after a single purification step.
Activity staining. The periplasmic fraction was isolated from
overnight LB-ampicillin cultures with osmotic shock. The
cells, sedimented from 3 rnl cultures, were resuspended in
750 pl of 28% sucrose, 20 mM Tris-HC1 (pH 8.0), 2 m M
EDTA solution and left standing on ice for 10 min. After
sedirnenting the cells the supernatant was aspired completely
and the cellular pellet was resuspended in 450 p1 of ice-cold
water. The suspension was left standing on ice for 10 min
then the cells were sedimented for 10 rnin and 400 p1 of the
clear supernatant were added to 40 plof a 0.5 M E-aminocaproic
acid, 0.1 M CaC12 buffer (pH 6.0). Aliquots of 7.5 p1 of these
periplasm fractions were added to 2.5 p1 of DTT (or 2mercaptoethanol) free,2X sample buffer (L.aernmli, 1970) and
heated at 70°C for 5 rnin. The samples were run in 12.5%
polyacrylamide gels in the presence of SDS. The gels were
prepared according to Laemrnli, except that the running gels
contained 1.4% gelatin (bloom 300). After running, the gels
were soaked in 100 ml of 2.5% Triton XlOO solution for 20
and 10 min, then for 2X 15 min in 100 ml of 50 rnM TrisHCl, 10 rnM CaC12, 0.1 M NaCl buffer (pH 8.0), and left
standing in 100 ml of this buffer for 2-3 h. On staining with
Coomassie Blue, the active proteases appeared as discrete
white bands.
X-ray film digestion assay. SM138 colonies grown overnight
at 37°C on ampicillincontaining LB plates were blotted on a
piece of X-ray film that was previously lightexposed and
developed. The film then was incubated in a moisture chamber
(Petri dish) for 14-16 h at 37"C, laying the blotted surface
over a filter-paper that was pre-wetted with 50 mM Tris-Ha,
10 rnM CaC12, 0.1 M NaCl buffer (pH 8.0). The gelatin layer
of the film was digested and could be washed off along with
the silver particles, so a light spot appeared under the colonies
that produced active protease.
Enzyme purificafion and assay. For purification, wild-type
trypsin and trypsin mutants were expressed as zymogens in
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Mufagenesis. Throughout this study rat enzymes were used
(type I1 for trypsin) with the exceptions noted. The Am102
trypsin mutant and the dl-15,Cysl22AldSer chymotrypsin
mutants were constructed with sitedirected mutagenesis
according to Kunkel (1985). The Al-15,Cys l22AldSer
chymotrypsin mutants were used as wild-type chymotrypsins.
They are different from the wild-type enzyme in that they do
not have the Cysl-Cysl22 disulfide bridge linked propeptide,
and they have a Cys122Ala or Cysl22Ser substitution. The
chymotrypsin mutants had to be used to obtain ne16 as the
N-terminus after the action of signal peptidase. (The cloning
of wild-type chymotrypsinogen and the characterization of its
A1-15,C122A and A1-15,C122S derivatives will be described
elsewhere.)
For the random mutagenesis of Am102 trypsin, pTrap
expressing Aspl02Asn trypsinogen was linearized by digesting
with AatII. A 1 ng amount of DNA was mutagenid and
amplified using a polymerase chain reaction in the presence
of MnC12 (Leung et al., 1989). The reaction contained 67 mM
Tris-HCl (pH 8.8), 6.7 mM MgC12, 16.6 mM (NH&S04, 10
rnM 2-mercaptoethanol, 1 mM dGTP, 1 m M dCI'P, 1 mM
dTTP, 2 mM dATP, 0.5 m M MnC12, 10% dimethyl sulfoxide
and the following oligonucleotides: TGACTGTAGAGGGATTGGAGAGCTCTA and ATCGTTGGATACAC CIGCCAAGAG. The DNA was denatured at 94°C annealed at 50°C and
synthesized at 72°C. After 25 cycles, an aliquot of the EcoRISstI cleaved mutagenesis product was subcloned into M 13mp18
and partially sequenced to determine the mutation frequency.
Library construction The poorly active Asnl02 trypsin mutant
(Craik et al., 1987) was replaced in pTryp vector to minimize
the background during the screen due to contamination with
an active protease encoding gene. The random mutagenesis
product was quantitatively digested with EcoRYSstI and
inserted into the pTryp vector. (The EcoRI site is at the As1125
and Ser26 triplets, while the SstI site is right at the TAG
stop codon.)
Two milliliters of the Epicurean Coli sh-ain from Stratagene
were transformed with the total ligation volume under the
conditions recommended by the supplier. We plated 5% of the
transformant suspension on 60 pg/rnl ampicillin containing Lbroth (LB) plates to determine the transformation efficiency,
while the rest was used to start liquid culture in 500 ml of
LB-ampicillin. After an overnight incubation at 37"C, the
pTrap plasrnid library was isolated both from the liquid culture
and the colonies on the plates, and purified with standard
procedures (Maniatis et al., 1982). The DNA content was
determined by measuring the absorbance at 260 nm. To
estimate the contamination of the library with plasmids that
did not contain random mutant encoding gene, we quantitated
the library purity as
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Description and calibration
The protease-selective plates. In principle, sufficient protease
activity in the bacterium periplasm should supply the cells
with carbon, nitrogen and energy from protein molecules in
the environment. In practice, using protein as a carbon and
energy source proved to be a too stringent nutritional condition
in our expression system, even for wild-type trypsin-expressing
cells (data not shown). However, bovine serum albumin, when
applied to the plates, worked well as a nitrogen source at
certain concentrations of the other nutrients. We tested 26
different nutrient compositions to optimize the growth rate

and selectivity. The h a l plate compositions are described in
Methods. Most of the other compositions tested did not support
growth of transformants we used for calibration of the method
(see below).
At the optimal composition of salts and other constituents
in the plates, the colony growth and selectivity were not
sensitive to the type of protein that served as nitrogen source:
heatdenatured casein and six different bovine serum albumins
were equally g d ; with gelatin (bloom 60 and 300) the colony
growth was slightly slower. When bovine serum albumin was
omitted and Tris was the only nitrogen-containing compound
on the plates, the selectivity of the plates remained the same
but the growth rates were four times slower. The presence of
ampicillin did not increase the selectivity on 50 mM phosphatecontaining plates but increased it slightly on 2 mM phosphatecontaining plates (i.e. the growth rate difference between wildtype rat trypsin-expressing cells and those that expressed
trypsin mutants of low activity was slightly greater in the
presence of 50-100 pglml ampicillin; data not shown). The
first evaluation of the plates required a minimum 24 h
incubation at 37°C. The colonies were colorless, slightly
opaque and became overgrown (larger than 7-8 mm) after a
60 h incubation. The polypeptide trypsin inhibitors BPTI
and SBTI did not inhibit colony formation, indicating the
periplasrnic localization of the protease used for selection.
Although the SM138 strain is a constitutive phoA mutant
(Graf et al., 1987), the expression of alkaline phosphatase in
these cells is not completely independent of the inorganic
phosphate concentration, the regulator of alkaline phosphatase
expression. Activity staining of the colonies with 5 - b r o m 4
chloro-3-indolyl phosphate, a synthetic substrate for alkaline
phosphatase showed only a relaxed regulation in the range
from 5 mM phosphate (maximal expression) to 30 m M
phosphate (minimal expression). (For HB101, a wild-type

F3g. 1. Genomic screening by protease activitydcpendent growth on 2 mM phmphate<ontaining (A) and 50 mM phosphatccontaining (B) plates and by
X-ray film digestion assay (C). Four colonies of each transformants were t r a n s f e d From LB-ampicillin plates with a toothpick to the protease-selective
plates or to a fresh LB-ampicillin plate (X-ray film digestion assay). The proteasc-selective plates were incuba~edfor 40 h at 3 7 T . (For plate composition,
see Methods.) The LB-ampicillin plates were incubated overnight at 37°C and then blotted onto the surface of X-ray film. (Further dctails of the assay are
descrikd under Methais). TIE cells were transformed with vectors e d i n g : (1) wild-type trypsin; (2) wild-type trypsinugen; (3) AsnlM trypsin; (4)
protax noncoding; (5) D189S.YG217-219SSG trypsin (Gmf et al.. 1990); (6) D189S,QI92M,YG217-219SSGw i n (Gmf er al.. 1990); (7) Tr-Kh(S1
L1 + L2) trypsin (Hedstrom er al., 1992); (8) A1-15,C122A chymotrypsin; (9) 61-15.C122S chymotrypsin; (10) random mutant 1 .lo; (1 1) random mutant
1 .U).

+

Downloaded from http://peds.oxfordjournals.org/ at Universitatsbibliothek on September 13, 2012

the SM138 E.coli strain-pTrap vector expression system and
were isolated from the periplasm as described (Graf et al.,
1987). The A1-15,Cys122Ala and A1-15,Cys122Ser chymotrypsins were expressed in a yeast system (Ruhps et al.,
1990) as trypsin-chymotrypsin propeptide chimeras by fusing
the Ilel6-Thr245 chymotrypsin encoding sequence to the rat
trypsin propeptide-encoding sequence (I.Venekei, in preparation). The proteins were isolated from the culture medium on
a TSK Toyopearl SP-650M cation exchanger (Schellenberger
et al., 193). After an overnight treatment with enterokinase
at 37"C, the active enzymes were purified on a soybean trypsin
inhibitor Sepharose aftinity column.
The enzyme activities were determined on succinyl-AlaAlaProXaa-AMC fluomgenic amide substrates (where Xaa denotes
Phe or Lys) in a 50 mM HEPES, 10 mM CaC12, 0.1 M NaCl
buffer (pH8.0) at 37°C (excitation at 380 nm, emission at
460 nm).The data were analyzed with KinetAsyst software.
The enzyme concentrations were determined with BieRad
Protein Assay (mutant enzymes) and with active site titration
(Jameson er al., 1973) (wild-type enzymes).

LVenekel, L.Hedstrom and WJ.Rutter

difference between wild-type trypsin and the trypsin mutants,
but Al-15,Cysl22AldSer chymotrypsin was not detectable.
Probably the enzyme concentration was at least 50-1Wfold
lower than that of wild-type trypsin and trypsin mutants (Figure
2B, lanes 1-8). These data showed that the differences in the
growth rates on protease-selective plates and in the periplasmic
protease activities between the wild-type and mutant trypsin
expressing transformants were due to the differences in the
specific activities of the expressed proteins, and that the poor
growth rate and low periplasmic protease activity of the A115,Cysl22AldSer chymotrypsin producing cells were caused
by the low enzyme concentration. These results indicate that
the screen system measured not only the specific activity of the
expressed protease but also its stability. Indeed, chymotrypsin is
a very unstable compared with trypsin, even if its propeptide
was present (i.e. in zymogen form; unpublished data).
X-rayfilm digestion assay. Under the conditions we used, the
sensitivity of this overlay zymography was 106-lo8 orders of
magnitude higher than in the published applications (Wallenfels
and von Pechmann, 1951; Cheung et al., 1991; Paech et al.,
1993). Calibrating with bovine enzymes, the method detected
5X 102 molecules of trypsin and 4X 104 molecules of chymotrypsin. In spite of this, we could detect only those colonies
that produced wild-type trypsin (Figure lC), implying that the
periplasmic enzymes did not interact freely with the gelatin
substrate on the X-ray film. A large number of mutants can
easily be tested with this assay, because hundreds of colonies
on a plate can be blotted on to a film,
Calibration of the screen We compared the specific activities
of the expressed enzymes with the growth rates on proteaseselective plates and the periplasmic protease activities detected
with activity staining and X-ray film digestion assay, to
calibrate the sensitivity of the screen system (Table I). This
allowed a rough activity estimation for positively screened
random mutants, provided they were stable in the periplasm
(i.e. the specific activity of a random mutant is underestimated
if the mu&t is not stable).
Screening the random mutants of Asnl02 w p s i n
We tested the effectiveness and reliability of the screening
system by searching for active revertants among the random
mutants of the inactive Asnl02 trypsin mutant.
The DNA encoding the Asnl02 trypsin was randomly
mutagenid by the Mn2+-PCRmethod e u n g et al., 1989)
in the Val27-Am245 segment that comprises 95% of the
protein (Figure 3). We checked the mutation frequency by
sequencing eight mutants partially and five mutants completely.
Altogether 6433 bases were sequenced. The average mutation
frequency was 0.03 substitutionlbase (minimum 0.013, maximum 0.041 substitutionlbase). The probability of an A, C, G
or T base substitution was 39, 24, 2.6 and 34%. respectively.
The probability that a base will be substituted for A, C, G or
T was also unequal (14, 30, 45 and 11%, respectively);
therefore, the A + G, A + C and T + C, T + G substitutions
were the most frequent. The distribution of the substitutions
along the sequencewas also non-random. Mutational hot-spots
occurred at Gly148, Gly188a and Gln210. The Gln210 was
substituted in all of the five mutants that were sequenced in
this region. Surprisingly, in four &ses the base substitution
was the same, resulting in a Gln + Lys mutation; in the fifth
case the Gln was also substituted to a basic residue (Arg,
Figure 3). Owing to an unequal distribution of the base
substitutions among the three triplet positions, the average
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strain this range was from 0.5 to 5.0 mM phosphate.) Since
the expression of the protease genes in the P T ~ GpTryp
,
and
pCtryp vector is regulated by a phoA promoter, we could set
the sensitivity of the protease-selective plates to two levels
using low or high phosphate concentration in the plates.
On the 2 m M phosphatecontaining plate, both wild-type
trypsin and chymotrypsin as well as some trypsin mutantexpressing transformants could grow but at significantly different growth rates (Figure 1A). Transformants producing less
active trypsin mutants and, surprisingly, also the Al-15,Cysl22AldSer chymotrypsin producers, formed smaller colonies.
Cells transformed with wild-type trypsinogen-encoding pTrap
also formed colonies, but these were small. None of the
transformants formed colonies on the 50 rnM phosphatecontaining plate except the wild-type trypsin-producing ones
(Figure 1B). The growth rate of these was the same as on
2 m M phosphate plate. The cells that produced inactive Asn102
trypsin, and those that were transformed with protease nonc d n g plasmid survived, but were not able to form colonies
on either plate (Figure 1). When the HBlOl E.coli strain
was used instead of SM138, not even the wild-type trypsin
producing transformants could form colonies on 2 rnM phosphate plate (data not shown).
We tested whether the selection for protease activity could
be adopted to liquid culture. Overnight LB-ampicillin cultures
of wild-type and Am102 trypsin-producing SM138 transformants were mixed in a 1:16 ratio. The protease-selective
culture was started by a W f o l d dilution of the mixture into
50 mM phosphatecontaining medium. Samples were taken at
0, 28 and 51 h incubation times and diluted 104-105 fold.
Aliquots of 10 pl of the dilutions were plated on to LBampicillin plates to follow the cell growth. The number of
wild-type trypsinexpressing cells was determined by blotting
the colonies on to X-ray film (see Methods). The ratios of
wild type trypsin-producing vs the total number of cells in
10 pl cultures were 016x104, 5X104L2.4~106and 4 . 5 x l d l
2.7X 106 at the incubation times given above. Although these
data indicated some cross-feeding between the cells, the -104
fold enrichment of the active prokase-producing cells showed
that our selection method also works in a continuous liquid
culture.
Activify staining in polyacrylamide gels. A similar type of
zymography, where the substrate (gelatin) is copolymerized in
the acrylamide slab gel, has been described for detecting the
activity of gelatinase, collagenase, plasmin and several bacterial
proteases (Heussen and Dowdle, 1980; Every, 1981; Mackay
et al., 1990; Crabbe et al., 1994; Kleiner and Stetler-Stevenson,
1994). The sensitivity was in the rnia-0~-r,icogram
range,
depending on the enzyme and assay conditions. We applied
this techinque for the assessment of trypsin and chymotrypsin
activity in periplasmic fractions. Calibrating with bovine
trypsin and chymotrypsin the maximal sensitivity was about
10 pg, loaded in a 10 pl solution, but chymotrypsin bands
were always much fainter than the bands of the same amount
of trypsin. We did not find protease activity with this method
in either the periplasm of trypsinogen or mutant trypsinexpressing cells (except for the two random mutants-see
later), while the level of Al-15,Cysl22AlalSer chymotrypsin
activity was close to the detection limit (Figure 2A, lanes 28). These results were in concert with the growth rates observed
on the protease-selective plates.
We also checked the enzyme levels in crude periplasm
preparations by Western blot analysis. There was no significant
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pcriplasm prcparations were run on a 1.4% gelatin<ontaining (A) and a normal (B) 12.5% SDS-polyacrylamide gel. A-gel was stained for protease activity
(see Methods), B-gel was blotted on nitrmllulose. The nitrocellulose filter was blocked with 1% milk powder suspension, treated with rabbit antibody
agamst wilbtypc rat tryps~n11, then with pcroxidase conjugated anti-rabbit antitdy from sheep (Cappel) in 1XPBS. After four washes with l XPBS the
bands wen visualized by chemilumnesence (ECL system. Amersham).
a n t i m y against rat trypsin LI recognized rat chymotrypsin(ogen) as well as rat
trypsin; data not shown.] Periplasm samples were prepared from (lanes): (1) wild-type trypsin; (2) wild-type trypsinogen; (3) AsnlO2 trypsin; (4)
D189S.YG217-219SSG trypsin (Graf et al., 1990); (5) D189S. Q192M. YG217-219SSG trypsin (Graf et al., 1990); (6)Tr-tCh(S1 + L1 + L2) w i n
(Hedstrom et aL, 1992); (7) AI-15,C122A chymotjpsin; (8) AI-15.C122S chymotrypsin; (9) random mutant 1.10; (10) random mutant 1.30-producing
transformants.

0.03hase substitution rate was equivalent to an average 0.055
substitution per amino acid. Thus, on average, we expected
12 substitutions within the 218 amino acid long sequence.
This substitution rate, if randomly distributed, could generate
1.7XldS variants (see below), but only -2.9X10I2 different
molecules were actually generated during the mutagenesis.
The efficiency of the transformation was 4-5 orders of
magnitude lower for the SM138 than for the Epicurean Coli
SCSl cells. Therefore, when the random mutagenesis product

was inserted into the pTryp vector, we transformed SCS 1 cells
with the ligate, and the pTryp library isolated from these cells
was used to transform SM138 cells for screening the mutants.
The transformation efficiency of the Epicurean Coli cells was
3 X 1 d coloniedpg DNA for the library ligate and 6 X 102
coloniedpg DNA for the control ligate, &the library was
99.8% pure with respect to plasmids containing random mutants
(see Methods for definition). The library represented only
1.5 X ld variants in about loT copy number. The one colony

-
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Fig. 2 Enzyme levels in the pcriplasm detected by activity staining (A) and Western blotting (B) of SDS-polyaqlami& gels. Samples from the same
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per 5 X 106 DNA molecules transformation efficiency of the
SM138 cells and the copy number of the DNA molecules
made it possibte that each mutant was transformed and could
be screened.

Craik and cuworkers measured four orders of magnitude
reduction in activity for AsnlO2 rrypsin relative to wild-type
enzyme on ester substrates at pH8.0 (Craik et al., 1987; Sprang
et al., 1987), thus demonstrating experimentally that the

Table L Calibration of the screen system

Expressed enzyme

kdK~
(moVl.s)

Screen level
Growth on protease selective plates
2.0 m M phosphate

X-ray film digestion

Activity staining In
acrylamide gel

50.0 mM phosphate

'Substrate succinyl-Ala-Ala-PmLys-AMC.
bSubstrate succinyl-Ala-Ala-Pmh-AMC.
Wedstrom er al. (1992).
%raf er 01. (1990).
CSubs!mk ~Val-Leu-Arg-AMC.
EcoRI

I
AsnlO2 Rat trypsin-2

20

30

40

50

60

I

I

I

I

I

.70

I

ivggytcgensvpyqvsln..sgyhfcggs1indqrnrvsaah~.yksriqvrlge

Ran102 Rat T2
R.mut. 1.10
R.mut.l.30
R.mut.l.17
R.mut.1.64
R.mut.l.lOO

Ran102 Rat T2
R.mut.l.10
R.mut.l.30
R . m t . 1.17
R.mut.1.64
R.mut.l.lOO

AanlO2 Rat T2
R.mut.l.10
R.mut.l.30
R.mut.l.17
R.mut.1.64
R.mut.l.lOO

190

200

210

220

I

I

I

I

230

I

240

I

dacqgdaggpwc . .nge . .lqgivswgyg .calpdnpgvytkvcnyvdwigdtiaan

Fig. 3. The sequence of Am102 bypsin and five random mutants. 7he pTrap plasmid DNA was isolattd from purified colonies and the EcoRI-Sac1 fragments
were subclonal into M13mp19 phage. The single-stranded templates were sequenced from the EcoRI site with standard 17-mer M13 primer (New England
Biolabs), and from the 'Ilu144 triplet to the Sstl site with trypsin-specific primer. The two sequences overlapped in a -70 base long segment The As11102
trypsin sequence is aligned to chymotrypsin (gaps arc represented by dots) and chymmypsin numbering is used Only the substihlted sites arc labeled in the
s e q m of the mutants (x denotes silent mutation. 0 is 'nonsense' mutation.). Site 102 is o u t l i d with capital letters.
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Wild-type trypsin
A1-15, C122A chymolrypsin
AI-15, C122S chymotrypsin
Tr+Ch(S 1 + L 1 + L2) trypsin
Dl 89S, YG217-219SSG trypsin
D189S. QIWM, YG217-219SSG trypsin
AsnlO2 trypsin
Random mutant 1.10
Random mutant I .30
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aspartate residue is indispensable in the swcalled catalytic
triad (His57, Aspl02, Ser195; see Kraut, 1977, for a review).
Therefore, to obtain an active trypsin by random mutagenesis
an Asnl02Asp mutation had to occur. Assuming that the
probability of each amino acid substitution was the same, the
Table 11. Screening of the random mutants of AsnlO2 trypsin on proteaseselective p l a m
Screening
step

Expressed
protein

Screened colony
Positive

Total
(I) Screening on 2.0 mM
phosphate plates

Random mutants
Wild-tye trypsin
AsnlO2 bypsin

-44 000.
128
97b
108
124~
0

Random mutants
Wild-type trypsin

5
5

Rescreening on 2.0 mhl
phosphate plateC

Random mutants
Wild-type trypsin

110
5

4d
5

Random mutants
Wild-type trypsin

110
5

2g
5

(2) Scmning on 50.0 mM
phosphate

4c.d

5

The protease selective plates were incubated for -40 h at 37OC. The
composition of the plates and the colony purification p d u r e are
descrild under Methcds.
'Estimated from the number of colonies on an LB-ampicillin plate.
%R n u m k r of colonies on an LB-ampicillin plate.
T h e colonies from the first screening were 7040% pure (for determination,
see Methods).
d ~ a n d o mmutants 1.10, 1.17, 1.30 and 1.64.
The colonies were transferred with a toothpick from the 2.0 m M phosphate
plate on which they were first screened.
See Figure 4 also.
Qandom mutants 1.10 and 1.30.

-

Fig. 4. Screening of the random mutants of Am102 w i n on 50 mM phosphate-containing protease-selective p l a k The colonies were t r a n s f e d with a
toothpick from the 2 mM phosphak plates wherc they were screened first, hen irtcubatcd on the 50 m M phosphate plate at 37°C for 40 h (see Table U also).
+, Random mutant 1.10; ++, random mutant 1.30; 0, positive control-wild-type trypsin-producing transformants.
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Rescreening with colony
purification on 2.0 mM
phosphate plates

probability of finding an Asp102 revertant (P) and the minimum
number of mutants to be screened (1lP) could be calculated
from P = NIM, where N is the frequency of mutants carrying
an Asnl02Asp substitution {or (1lk)X [kX(218!E(n!)]
= 4.1 X 1025). and M is the maximum n u m b of mutants [or
kX(218!/216!)
1 . 7 1O29.
~
(k is the number of possible
substitutions, including stop axle.) So P is 2.4x1W4 and
approxmately 4.2X 1 d colonies had to be screened to find an
Asp102 revertant.
The results of the screening are summarized in Table 11.
During the first screening on the 2 mM phosphate plates (the
most sensitive level of the screen system) we screened about
1 0 0 coloniedplate (i.e. well above the optimal colony density),
because we expected a sigrdcant difference in the growth
rate between the true and false positives or the background.
The growth rate of the positive mutants (random mutants 1.10
and 1.30 that were positive later on the less sensitive screening
tests) was 8-10 times faster than that of the background
colonies estimated from the colony sizes. The growth rate was
only 3-5 times faster for those colonies that proved to be false
positives during the rescreening, or were not detected by the
less sensitive levels of the screen system (random mutants
1.17 and 1. a ) . Both these and the background colonies stopped
growing after a 24-28 h incubation, while the random mutant
1.10 and 1.30 colonies and the wild-type trypsin-producing
colonies continued to grow.
The rescreening and colony purification were performed in
the same step (see Methcds) for random mutants 1.10 and
1.30 and for three others that exhibited slightly faster growth
rates than the background during the first screening (random
mutants 1.17, 1.64 and 1.100; Table 11). These and the other
105 colonies from the first screening step were rescreened on
2 mM phosphate plates and in the second screening step, they
also were tested on 50 m M phosphate plates by transferring

LVenekei, L.Hedstrom and WJ.Rutter

We have described a procedure for screening protease activity
among random mutants. It has four levels of sensitivity that
have been calibrated using wild-type rat trypsin, chymotrypsin
and trypsin mutants of known activity. The estimation of the
specific activity of a new mutant is limited, however, because
the detectability of an active mutant at each sensitivity level
was dependent not only on the activity but also on the
protein stability.
The method is sensitive and reliable. We found two active
revertants among -44 000 random mutants of the inactive
Am102 trypsin. Both contained the Asnl02Asp (back) mutation that is apparently a prerequisite for protease activity.
The method is rapid. The screening of -44 000 mutants on
the protease-selective plates, the verification of the active
variants using the activity staining and the X-ray film digestion
assay took 2 weeks. In its present form, the method can be
effectively used to find active proteases among 1 6 mutants.
Using the protease-selective plates in combination with a
similar selection in liquid cultures the screening capacity can be
increased further to 106-lo9 mutants. This might be sufficient to
screen a random mutagenesis experiment involving longer
polypeptide chains. We must note, however, that the Mn2+PCR method for generation random mutants produces a nonrandom frequency and distribution of base substitutions, therefore the probability of obtaining each mutant is not the same.
[A similar observation was reported by Cadwell and Joyce
(1992).]The extremely biased &urrence of mutations to basic

residues in the Gln210 codon might partially be caused by a
selection effect of the screen.
Simple modification of the screen system can make it more
sensitive or specific. For example, changing the expression
system to one that uses stronger promoter andor more effective
periplasmic transport systems may result in higher periplasmic
enzyme levels, and thus better detectability of mutants of
lower activity or stability. Proteins or non-protein compounds
as nitrogen source, other than those tested in this study, might
also increase the sensitivity andor the specificity of the
protease-selective plates.
The development of enzymes of new specificity or reaction
chemistry by non-targeted random rnutagenesis linked to an
effective screen for function mimics motein evolution. Our
screen seems to be a suitable method for exploring 'evolutionary protein engineering'. Being essentially an in vivo selection
system, these protease-selective plates can also be used for
in vitro evolutionw studies similarly to phage resistance
(Luria and Delbruck, 1943), streptomycin resistance (CavalliSforza and Lederberg, 1956) and Lacf reversion (Cairns et al.,
1988). The selection for protease activity represents the same
type of (mild) selection pressure as the selection for Lacf
reversion, under which the advantageous variants grow much
faster than the others. With these protease-selective plates both
an increase in bacterium genome-kncoded periplasmic protease
activity and the reversion of a plasmid-encoded inactive
protease can be studied as mutation events of different evolutionary origin.
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them with a toothpick The two rescreenings gave the same
results: random mutants 1.10 and 1.30 were positive while
random mutants 1.17 and 1.64 formed only very small colonies.
No other colonies were evident so the remainder were assumed
to be false positives. On the 50 rnM phosphate plate, however,
only random mutants 1.10 and 1.30 were positive (Table 11,
Figure 4). These were screened further with activity staining
(both were positive; Figure 2A, lanes 9 and 10) and X-ray
film digestion assay (both were negative; Figure 1C).
From the results of the complete screening we estimated
that the random mutants 1.10 and 1.30 have several per cent
activity of wild-type trypsin. This proved to be correct for
random mutant 1.10 by measuring the activity of the purified
was 1.57 X lo-' s-' and K,,,
enzyme (Table I). The value of k,
was 7.75 pM for this mutant. The k, value decreased tenfold and K,,,increased more than ten-fold relative to the
wild-type enzyme. The activity of random mutant 1.30 was
underestimated by the screen because the periplasmic concentration of this mutant was 5@ to 100-fold lower than that of
random mutant 1.10 and wild-type trypsin (Figure 2B, lanes
1, 9 and 10). In mutant 1.30, the Cys136Gly substitution
leaves cysteine 201 unpaired, while the Gly148Cys mutation
generates an unpaired cysteine in a flexible surface loop. The
unpaired cysteines might disturb folding forming improper
disulfides, and the faster degradation of the misfolded fraction
of the mutant could reduce its overall expression level. At the
same time the Cys136Gly mutation eliminates the Cys136
Cys201 disulfide, resulting in a situation in the properly folded
fraction that is characteristic of chymotrypsin which is a much
less stable protein in this expression system (see above). The
low expression level and the unstable nature of random mutant
1.30 made the isolation impossible, so we could not determine
its activity.
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