
ENZYME CATALYSTS FOR A BIOTECHNOLOGY-BASED 
CHEMICAL INDUSTRY 

Professor Frances H. Arnold 
California Institute of Technology 

DOE Contract DE-FG02-93CH10578 
Quarterly Progress Report, September 29 - December 28, 1997 

January 15, 1998 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spc- 
cific commercial product, proctss, or Service by trade name, trademark, manufac- 
turer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency tbcreof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible 
ejectronic image products. Images are 
produced from the best avaiiabje original 
document. 



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 quarter September 29 -December 28 and plans for next quarter. 

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

and random mutagenesis plus recombination (6sF9) each contain 9 amino acid mutations 
and a number of silent mutations, relative to the wild-type sequence. Eight of the mutations 
are present in both genes, for a total of ten potentially adaptive mutations. Because several 
of these mutations occurred in the same generation, it is difficult to identifjr the mutations 
responsible for the increases in activity and stability. In order to aid in this identification, 
the thermostable genes were recombined with the wild-type gene, in hopes of removing 
neutral mutations. The gene from the first-generation variant, with five amino acid 
substitutions was also recombined with wild-type. 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 are now 
using a site-directed 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. 

The most thermostable esterases obtained by sequential random mutagenesis (6H7) 

The unfolding of pNB esterase is irreversible. In the case of two state, irreversible 
protein unfolding, the activation energy of the unfolding may be calculated from the 
differential scanning calorimetry (DSC) profile [ 1,2]. There are at least four ways to 
calculate the activation energy [ 11 and the results of these four calculations should agree. 
One of these equations includes a dependence on the scan rate of the DSC experiment. In 
order to use this equation, and to insure that the DSC profiles are in fact scan rate 
dependent, DSC scans were performed at three scanning rates on variant 3H5, the best 
mutant from generation 3. The Tm of 3H5 does in fact depend on the DSC scan rate; it 
varies from 61.3 to 62.3 "C for the scan rates studied. The variance in Tm for samples 
from the same purification measured on consecutive days using the same scan rate is less 
than 0.1 OC, making the observed differences in Tm at different scan rates experimentally 
significant. The activation energies calculated from these and other DSC data using three of 
the four equations are not in agreement indicating that the folding transition of pNB esterase 
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is not a two-state irreversible transition, but rather involves some intermediate, reversible 
steps. 

Specific activities at 30 "C for wild-type pNB esterase and the best variants from 
each generation are shown below (measured on para-nitrophenyl acetate in 0.1 M PIPES 
pH 7.0): 

variant Mean specific Standard deviation 

activity (mmol of specific activity 

product/(min * mg (mmol product/(min 

enzyme) * mg enzyme) 

Wild-type 0.052 0.008 

A5D1 0.0 18 0.003 

2A12 0.033 0.002 

3H5 0.042 0.006 

4G4 0.072 0.010 

5H3 0.153 0.009 

6H7 0.136 0.007 

6sF9 0.166 0.0 15 

Kinetic parameters at 30 "C for wild-type and the best mutants from generations 5 
and 6 have been determined and are listed below: 

Mutant Vmax WSK) Km (m) kcat (s-l) kcatmm 

(M-1 s-1) 

Wild-type 6 . 4 ~  10-7 0.78 160 2.1 x 105 

6H7 6.0 x 10-7 0.17 150 8 . 9 ~  105 

5H3 1.2 x 10-6 0.29 290 1.OX 106 

6sF9 1.2 x 10-6 0.26 290 1.1 X lo6 
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The increased 30 "C ac ivity of 5H3 relative to wild-type is surprising. It is rare that 
a mutation would lead to an increase in both activity and stability. This increased activity is 
manifest over the entire studied temperature range (Fig. 1). The wild-type pNB esterase 
does not show a significant increase in specific activity upon raising the temperature from 
30 to 40 "C whereas 5H3 and 6sF9 show an increase in specific activity of 30 percent upon 
raising the temperature to 40 "C. This increase in activity with temperature continues up to 
and including 60 "C. The optimum temperature for 6sF9 is more than 20 "C higher than the 
wild-type's. Up to and including 50 "C the variants 6sF9 and 5H3 display Arrhenius type 
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Figure 1. Activity versus temperature profile for wild-type pNB esterase and thermostable 
variants 5H3 and 6sF9 in 0.1 M PIPES pH 7.0. Displayed are the mean values k the 
standard deviation. 

At 30 "C 6sF9 retains its activity for over a month, whereas wild-type loses more 
than 50 percent of its activity within 15 days. The increased stability of 6sF9 is also 
reflected in the half lives of 6sF9 at 60 and 63 "C, temperatures where the wild-type 
enzyme is almost immediately inactivated. At 60 "C the heat inactivation of 6sF9 is 
biphasic whereas at 63 "C the inactivation of 6sF9 is monoexponential. At 65 "C 6sF9 
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loses 70 percent of its activity within 2 minutes and at 70 "C it loses over 90 percent of its 
activity within 2 minutes. 

The purification of pNI3 esterase involves an acid precipitation step at pH 5.0 which 
occurs immediately following cell lysis. In this step contaminating proteins are precipitated 
but the pNB esterase remains in solution. This is probably the most delicate step of the 
purification because precipitated protein can interfere with the pH measurement and the pH 
7 lysis buffer is not an effective buffer around pH 5. At pHs below 5, the pNB esterase 
itself may begin to precipitate. If the thermostable variants can survive heating at 55 "C, a 
heating step might provide a robust alternative to the delicate pH precipitation step. 

mutant 6sF9 were subject to heating at 55 "C. Following only 5 minutes of incubation at 
55 "C all of the samples became cloudy due to precipitated protein, and the wild-type 
samples lost all of their activity. The 6sF9 samples lost two-thirds of their activity 
following 5 minutes of incubation at 55 "C and showed no additional loss of activity after 
30 minutes at 55 "C. The background of the non-heat treated control made it difficult to 
observe the pNB esterase band on the SDS PAGE gel. For all incubation times, the wild- 
type showed no pNB esterase bands above the background of the gel indicating that the 
pNB esterase may have precipitated out of solution. For incubations at 55 "C of 5 minutes 
and longer a band corresponding to pNB esterase was clearly visible on the 6sF9 gel. The 
intensity of this band did not vary with incubation time indicating that the 6sF9 pNB 
esterase remained in solution. These results demonstrate that, with some additional 
thermostabilization, a heating step at 55 "C should provide a viable alternative to the acid 
precipitation step. 

To test this possibility, cell lysates from cells expressing wild-type pNB esterase or 
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2. Directed evolution of subtilisin E to enhance thermostability. 
Wild type subtilisin E gene has been subjected to several generations of directed 

evolution. After a first round of error-prone PCR carried out at the condition with 2-3 base 
changes per gene and a thermostability screen at 65"C, five variants were identified from 
5000 clones (designated as first generation variants), each having a half-life at 65°C 3-8 
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fold longer than that of wild type (Table 1). The genes encoding these five variants were 
subjected staggered extension process (StEP) in vitro recombination. Another 8000 clones 
were screened for thermostability at 75°C. This resulted in a second generation subtilisin E 
variant 47B5, which has a half-life at 65°C which is -50 times that of wild type. Sequence 
analysis revealed that this variant contained four non-synonymous mutations: G 166R, 
NlSlD, S194P and N218S. 

Table 1. The thermostability of evolved subtilisin E variants and wild type 

Temperature at which 

is measured("C) 
dT50 Subtilisin E 

variants Generation inactivation kinetics t1/2 (min) 
~~ 

0 wild type 65 5.0 0.0 

1 

4A5 
15C1 

32G11 
35F10 
36D10 

65 

-44 
-35 
-15 
-40 
-15 

2 47B5 
65 
75 

-250 
-8.0 

3 
5H2 

16D11 
20E8 

75 
-12.0 
-12.5 
- 14.0 

4 8B3 
75 
80 

-20.0 
-7.1 

5 3H5 80 
85 

10.3. 
2.2 17.2 

The 47B5 gene was subjected to a second round of error-prone PCR and screen for 
thermostability by incubation at 75 "C. Three positives clones have been identified from 
2000 clones and verified in a more careful thermal inactivation assay (Table 1). These three 
genes were then recombined again by StEP. Another 3000 clones have been screened. 
This has resulted in one variant, 8B3, which has a half-life at 75 "C -2.5 fold longer than 
variant 47B5 (Table 1). Sequence analysis revealed that two stabilizing mutations P14L 
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and N76D had been incorporated into gene 8B3. The lack of stabilizing mutation S9F in 
8B3 was very likely because it is too close to mutation P14L. The 8B3 gene was subjected 
to a third round of error-prone PCR and screened for thermostability by incubation at 
80 "C. One more thermostable variant 3H5 was identified from 2000 clones (Table 1). 
Sequence analysis revealed that this variant contained two more nonsynonymous 
mutations: N118S and S161C. Among them S161C has been identified as a 
thermostabilizing mutation. 

The half-life of 3H5 at 83 "C is 3.6 min at the condition of lOmM Tris-HC1 (pH 
S.O), 1 mM CaC12, which is about three fold longer than that of subtilisin E's thermophilic 
homolog, thermitase, isolated from the thermophile Thermoactinomyces vulgaris. (the 
reported half-life of thermitase under similar conditions is only 1.2 min). The temperature 
where the enzyme loses 50 % activity after 20 minute incubation (defined as T50) has been 
increased from 59.2"C for wild type subtilisin E to 76.4"C for 3H5, a net of 17.2"C 
increase (Table 1). The activity of 3H5 at 37"C, however, is still 3.5 fold more active than 
that of wild type subtilisin E. Enzyme purification of intermediate variants and detailed 
characterization are still underway. 

Collaborations: 
We are continuing the research collaboration with ThermoGen, Inc. to evolve 

thermostable esterases. 
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