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The goal of this research is to engineer enzymes to be efficient and economically 
attractive catalysts for the chemical industry. We are attempting to demonstrate generally- 
applicable approaches to enzyme improvement as well as develop specific catalysts for 
potential industrial application. 

Progress during quarterApril I-July 1 and plans for next quarter. 

1. Random mutagenesis of pNB esterase: improved activitv and stabilitv. 

The two most thermostable esterases (6H7 and 6sF9) from the sixth generation of 
directed evolution each contain 9 amino acid mutations and a number of silent mutations, 
relative to the wild-type sequence. Due to the close proximity of several of these 
mutations, and the introduction of novel mutations, it was difficult to identify, in the 
selected genes from the resulting libraries, which mutations were adaptive. We therefore 
used a site-directed mutagenesis approach to introduce the ten mutations individually into 
the wild-type sequence in order to measure their effects on the enzyme's stability and 
activity . 

By addition of the mutations individually to wild-type pNB esterase, the following 
eight mutations have been identified as stabilizing: 

Leu3 13Phe 
His322Tyr 
Ala343val 
Met358Val 
Phe398Leu 
Gly4 12Glu 
Tyr3 7OPhe 
Ile437Thr 

Ile60Val and Leul44Met do not appear to be stabilizing in the wild-type background. 

mutations. 5 mutations (3 13,343,358,370,437) are located in helices, according to the 
model esterase structure. Based on helix propensity scales, the mutation at position 370 
results in an increase in helical propensity, while all the others are destabilizing. With the 
removal of the mutations at locations 60 and 144, the mutations appear more clustered in 
one half of the enzyme (depending upon the rotation of the model structure). It is also 

We see no clear trends in hydrophobicity changes for the known stabilizing 



worth noting that all of the stabilizing mutations are located in the last third of the primary 
structure. 

Only one of the stabilizing mutations appears to be totally buried in the model 
structure. This mutation (412) is also located in a turn, and this Gly -> Glu mutation seems 
unusual for this location. The other seven mutations are at least partially solvent accessible: 
five are on the surface of the enzyme, and two are in the active site cleft. Leu 3 13 Phe, 
which restores the activity at 30 "C to wild-type levels while simultaneously stabilizing the 
enzyme, is located near the active site and occurs in a sequence that is already highly 
aromatic (YLFF -> YFFF). 

Relationship between activity and stability 

Studies of naturally occurring thermostable enzymes indicate an inverse correlation 
between activity at low temperature and stability at high temperature. Whether these 
properties are inversely correlated for our libraries can be discerned from the linear 
correlation coefficient (r) calculated from the measured activities (A) and stabilities (s = 
residual activity/ initial activity = A, /Ai) (1): 

where 
the population. Positive values of r indicate that the two properties are correlated, while 
negative values indicate an inverse correlation. Clones displaying initial activities less than 
20% of the parent value were not included in these calculations since low initial activities 
generate artificially hgh  stability values. At least 200 mutants were used for each 
calculation. 

and S are the mean values of the initial activities and stabilities, respectively, for 

The mean of the calculated correlation coefficients from the first six random mutant 
libraries is -0.05, indicating that over the entire population initial activity (i.e. activity at 
room temperature) and stability are not correlated. Since the mutations are distributed over 
the full length of the gene, inverse correlations that may exist for specific residues, such as 
those in the active site, are not identifiable. 



Further Directed Evolution of pNB Esterase 

A library of random mutants of the sixth generation mutant 6sF9 was prepared 
using standard mutagenic PCR. 665 mutants from this library were screened. Three of 
these mutants were identified as more stable upon rescreening in situ and these three 
mutants (7G5,7H12 & 7A12) were recombined to generate libraries for generation 8. The 
generation 7 mutants were recombined using either DNA shuffling (2) or staggered 
extension process (StEP) in vitro recombination (3). 1140 mutants were screened from 
each recombined library and one mutant, 8G8, from the DNA shuffled library was 
identified as more stable. A library of random mutants of 8G8 was prepared, 1198 mutants 
were screened and two mutants were identified as more stable. 

The sequences of 7G5,7H12,7A12 and 8G8 were all subsequently determined. 
Mutants 7H12 and 7A12 are identical to the parent 6sF9. 7G5 has three nucleotide 
mutations resulting in two amino acid changes, Thr73Cys and Thr459Ser. 8G8 has two 
additional base changes leading to two amino acid mutations, Ala56Val and Ala400Thr. 

differential scanning calorimetry (DSC). The melting temperature (T,) for 8G8 is 69.5 "C, 
3 "C higher than the T, of 6sF9 and a full 17 "C higher than the T, of wild type pNB 
Esterase. In addition, the specific activity of 8G8 at 30 "C towards the screening substrate 
para-nitrophenyl acetate (pNPA) is more than twice that of wild type and 6sF9. 

The eighth generation mutant 8G8 was purified and its stability was measured using 

Preliminary experiments on the substrate specificity of mutant 8G8 indicate that 
larger substrates such as lorcarbef nucleus para nitrophenyl, which can be hydrolyzed by 
wild type and 6sF9 pNB esterase, are not utilized as substrates by 8G8. Additionally, at 
least one inhibitor, Pefabloc (4-(2-Aminoethyl)-benzenesulfonyl fluoride), which inhibits 
the wild type enzyme, does not inhibit 8G8. These changes in substrate specificity may be 
due to the Ala400Thr mutation which occurs in the active site. Further experiments are 
planned to characterize the substrate specificity of wild type, 8G8 and other mutant pNB 
esterases in detail. 

Future Experiments 

mutants identified in the 8G8 library will also be purified and characterized in order to 
verify that they are in fact more thermostable. If they are more thermostable they will be 
sequenced and the directed evolution will be continued by recombining these mutants. 
Recombination and/or site directed mutagenesis experiments will be conducted in order to 
positively identify the thennostabilizing mutations in 7G5 and 8G8. 

The T, and specific activity of mutant 7G5 will be determined. The positive 



Experiments are currently underway to examine the interrelation between 
thermostability and stability to other stresses. In particular, the ability of the thermostable 
esterase mutants to withstand proteolysis and denaturing agents such as guanidine 
hydrochloride is being probed. 
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2. Directed evolution of subtilisin E to enhance thermostability. 
We have prepared and submitted a paper describing the evolution of subtilisin E 

into its thermophilic counterpart. The abstract is given here: 

We have used directed evolution to convert Bacillus subtilis subtilisin E into an 
enzyme functionally equivalent to its thermophilic homolog thermitase from 
Themzoactinomyces vulgaris. Five generations of random mutagenesis, recombination and 
screening were sufficient to create subtilisin 5-3H5, whose half-life at 83 "C (3.5 min) and 

temperature optimum for activity (Top,, 76 "C) are identical to those of thermitase. The 

Topt of the evolved enzyme is 17 "C higher and its half-life at 65 "C is >200 times that of 

wild type subtilisin E. In addition, 5-3H5 is more active towards the hydrolysis of 
succinyl-Ala-Ala-Pro-Phe-p-nitroanilide than wild type over the whole range of 
temperatures, from 10 to 90 "C. Thermitase differs from subtilisin E at 157 amino acids. 
However, only eight amino acid substitutions were sufficient to convert subtilisin E into an 
enzyme equally thermostable. The eight substitutions, which include known stabilizing 
mutations (N2 18S, N76D) as well as several not previously reported, are distributed over 
the surface of the enzyme. Only two (N218S, N181D) are found in thermitase. Directed 
evolution provides a powerful tool to unveil mechanisms of thermal adaptation and is an 
effective and efficient approach to increasing thermostability without compromising enzyme 
activity . 



3. Methods for invitro recombination. 
Dr. Alex Volkov has been assembling a genetic system for rapid evaluation and 

comparison of in vitro recombination methods. This system is necessary, because it 
remains difficult to perform in vitro recombination by the available methods, including the 
DNA shuffling method of Stemmer as well as our new StEP method. This system is now 
functional and has been used to evaluate DNA shuffling and improve StEP. It will be used 
to optimize heteroduplex-based recombination. 
Collaborations: 

We are continuing the research collaboration with ThermoGen, Inc. to evolve 
thermostable esterases. 
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