
PDFlib PLOP: PDF Linearization, Optimization, Protection

Page inserted by evaluation version
www.pdflib.com – sales@pdflib.com



Strategy for the Directed Evolution of a 
Peptide Ligase 

HUIMIN ZHAO, YOU LI, AND FRANCES H. ARNOLD 
Division of Chemistry and Chemical Engineering 

California Institute of Technology 
Pasadena, California 91 125 

INTRODUCTION 

Available natural resources are being tailored to fulfill increasing demands for 
new biocatalysts. A practical strategy for altering enzyme properties is to introduce 
random base substitutions into the gene sequence and then select or screen for 
variants that express the desired phenotype(s). Features that have been enhanced by 
random mutagenesis include catalytic activity,’ activity in organic sol~ents,2-~ thermo- 
stability4 and alkaline stability,s and substrate specificity.IV6 Once the genes are 
sequenced, effective mutations can be accumulated by site-directed mutagenesis.4~~ 
An attractive alternative to sequencing and site-directed mutagenesis is to accumu- 
late beneficial mutations in sequential rounds of random m~tagenes is ,~ .~  following a 
“directed evolution” strategy.s Directed evolution is likely to prove useful for 
enhancing enzyme performance in “nonnatural”  environment^^.^ as well as for 
obtaining new features never required by nature, provided an efficient selection or 
screening method can be found to channel the enzyme’s evolution towards the 
desired properties. A significant advantage of this approach over “rational” design 
methods is that neither structural information nor a mechanistic road map is 
required to guide the desired evolution experiment. 

Subtilisin is a useful catalyst for organic synthesis, particularly in the presence of 
organic solvents. Subtilisin can catalyze regioselectivey and stereoselectivelo acyla- 
tions in organic media. The enzyme also catalyzes peptide synthesis, either by direct 
reversal of the hydrolytic process or by aminolysis of N-protected amino-acid or 
peptide esters.” The addition of water-miscible organic solvents shifts the reaction 
direction to favor aminolysis and also increases the solubility of the substrate and 
products. Compared to chemical peptide synthesis, enzymatic peptide synthesis 
offers several advantages, including high efficiency, mild reaction conditions that can 
minimize problems of undesired side reactions, minimal use of noxious chemicals, 
and simple scale-up after optimization of the process. Most importantly, enzymes 
have high selectivity, including enantioselectivity, chemoselectivity, and regioselectiv- 
ity, which can be invaluable for fine chemical, pharmaceutical, and agricultural 
applications. To make full use of these advantages, a broadly applicable peptide 
ligase functioning in organic solvents is needed. 

Here, we report the successful application of the directed evolution approach to 
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improve the activity of subtilisin in the presence of a polar organic solvent, dimethyl- 
formamide (DMF). A B. subtilis-E. coli shuttle vector has been developed to 
facilitate establishment of the mutant library in B. subtilis. The resulting evolved 13M 
subtilisin is 471 times more active than wild-type subtilisin E in 60% DMF. A new, 
direct method for rapid screening of peptide ligase activity in a random mutant 
library is also described. 

RESULTS 

B. subtilis-E. coli Shuttle Expression Vector pBE2 

Successful application of directed enzyme evolution requires the screening of 
large numbers of variants for the desired feature(s). The size of the mutant library 
that can be established in E. coli i s  not generally a limiting factor for screening. 
However, the direct cloning of mutant subtilisin E genes into B. subtilis<ompetent 
cells occurs with low efficiency relative to E. coli. The B. subtilis-E. coli shuttle vector 
pBE2 was designed to increase the size of the mutant library that could be 
established in B. subtilk. As shown in FIGURE 1, the shuttle vector was constructed by 
ligating three DNA fragments from plasmids pUBllO and pUC19 containing the 
replication origin region and the kanamycin resistance gene of PUB1 10, the portion 

FIGURE 1. The B. subrilis-E. coli shuttle vector pBE2 was constructed by ligating three DNA 
fragments from plasmids pUBllO and pUC19 containing the replication origin and the 
kanarnycin resistance gene of PUB1 102 
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TABLE I. Kinetic Parameters k,,,, K M ,  and k,,, / K M  for Hydrolysis of suc-Ma- 
Ma-Pro-Phe-p-Nitroanilide by Subtilisin E Variants in 0.1 M Tris-HCI/lO mM 
CaC12 (pH 8.0) Containing 0%, 20%, and 60% (v/v) DMF (37 "C) 

0% DMF 20% DMF 60% DMF 

(mM) (s-I) (M-l-s-l x 
K M  kcat kcatlKM KU kcat kcatlKM kcat ~ K M  

Variant (mM) (s-I) (M-I-s-I x 

WT 0.56 21 38 12 17 1.4 0.014 1" 

10M 0.1 27 270 0.7 73 1 04 2.2 157" 

13M 0.067 39 582 0.4 98 245 6.6 471" 

(M-l-s-l x 

"Catalytic efficiency relative to wild-type (WT) subtilisin E. 

of PUB1 10 covering the minus-strand replication origin, and the replication origin 
region of pUC19. The subtilisin E gene was subcloned from pKWZ. 

Catalytic Activities of the "Evolved" Enume 

Starting with the gene for 10M subtilisin E,2 two additional generations of 
PCR-based random mutagenesis and screening were conducted. As shown in TABLE 
1, the specific catalytic efficiency k,, , /KM of the resulting evolved 13M subtilisin E is 
greater than that of its parent 10M and much greater than that of the wild-type 
enzyme in the presence of DMF cosolvent. For instance, in 60% DMF, kc, , /KM for 
13M subtilisin E is 3-fold higher than 10M and 471-fold higher than the wild-type 
subtilisin E. The increase in catalytic efficiency reflects an increase in k,,, as well as a 
decrease in KM. The crystallographic model of 13M subtilisin E is shown in FIGURE 2. 
The ten amino-acid substitutions in the parent 10M enzyme (shown in white) are on 
the surface and are clustered on the enzyme face that harbors the active site and 
substrate binding pocket. The two new amino-acid substitutions found in 13M 
subtilisin E (shown in black) also appear more or less on the same face. Interestingly, 
most of the twelve amino-acid substitutions already exist in subtilisins from different 
species.2,3 

In  Situ Screening Method for Peptide Ligase Activity 

In this method, one amino-acid ester is tethered to a cellulose filter paper, while a 
fluorescent dye is attached to the second amino acid. Protease-catalyzed coupling of 
these two amino acids results in the attachment of dye to the paper. The location and 
intensity of the fluorescence can be used to identify protease variants with improved 
activity. In this case, L-methionine methyl ester was tethered to the paper through 
linker-], while L-methionine was attached to fluorescein isothiocyanate (FITC) 
through linker-2. Tetraethylene glycol derivative linkers serve as spacer arms to 
make the amino acids accessible to the enzyme. The assay scheme is outlined in 
FIGURE 3. Preliminary results indicate that a fluorescent spot above background 
corresponding to the position of active enzyme occurred on the derivatized filter 
paper. Further quantification and optimization are under way. 
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FIGURE 2. Model of subtilisin E showing the ten amino-acid mutations in 10M (white) and the 
two additional mutations identified in the 13M variant (black) evolved for increased activity in 
aqueous DMF. Peptide substrate s-AAF'F-pNA is shown in the CPK model. 
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FIGURE 3. Scheme of the in siru screening method for peptide ligase activity. 
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