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Introduction

Natural enzymes have long been utilized in industries as well as in
agriculture. Hence, the impdrtance of enZymes as part of the progress in the
life of human being is of no question. However, utilizing these enzymes in
vitro as obtained from nature face several drawbacks when it comes to the
issues like stability, effectiveness, and level of the property. Tﬁis may due to
the fact that enzymes when placed in a foreign environment become unfit
for exerting its function. Recently, the problem involving the utilization of
enzymes are now being resolved through the advancement in technology,
for instance, DNA manipulation.

Enzyme, with or without subunits is a linear polymer composed of
20 different kinds of amino acids. Polymerization of amino acids makes up
the primary structure of the proteins that folds into the proper tertiary
structure for its function. Though gathering the information on the
relationships among primary structure, tertiary structure and the functions
of proteins have aided in understanding features contributing to protein
functions, still the know-how to manipulate and design an enzyme as desired
is not achieved (Arnold, 1993; Arnold, 1996). Nevertheless, these
knowledge on hand provided us ideas as to how proteins are folded for its
function. In consideration of the know-how, possibility exist that the

missing link may be conquered by imitating the way nature has done to



evolve proteins we know at present.

Darwinian principle states that natural proteins have evolved and
developed by alteration of amino acid residues and by natural selection.
This principle becomes the basis of the advancement in evolutionary
molecular engineering which first involves the creation of mutated gene
library. Gene products were screened and those with improved property
are selected and subjected to further cycles of mutation and selection in
order to accumulate beneficial mutations. The experimental mutation and
selection, hence, allows the observation of protein evolution in much a
shorter span when compared to that of natural evolution.

Polymers abundant in nature are widely diversified. The constituent
of polymers can simply be comprised of the 4 different bases asin RNA and
DNA or the 20 essential amino acids as in enzymes. The varieties of possible
sequences in each polymers are prone to mutation during evolution which
way lead to accumulation of beneficial mutations. The turn of events in
mutation and selection can be the cause of improvement in functions of the
polymers or enzymes. Therefore, evolutionary molecular engineering can

be applicable for designing the desired polymers like the RNA (Ekland ez dl.,
| 1995; Ellington & Szostak, 1990) and DNA (Cuenoud & Szostak, 1995)
molecules.

The concept of fitness landscape was first introduced by Wright

(Wright, 1932). This concept was then the basis of Smith (Smith, 1970) for



the “protein sequence space” and adaptive walk through the fitness
landscape. The sequence space consists of all 20V proteins, length N,
arranged such that each protein is a vertex next to all 19N single mutant
variants obtained by replacing one amino acid at one position by one of the
19 remaining possible amino acids. Each protein is assigned some “fitness”
with respect to its ability to perform a specific function, such as catalyzing a
given reaction, binding a given ligand, or a stability in a given condition.
The distribution of these fitness values across the space constitutes the
fitness landscape. Sequential cycles of random mutation and selection
corresponds to the adaptive walk which is a successive movement to a fitter
variants toward the attainable local or global optima.

Sequence space and fitness landscape have been widely used for
theoretical works to study the evolution of polymers and enzyme molecules
(Aita & Husimi, 1996; Huynen et al., 1996; Kauffman & Levin, 1987,
Kauffman & Weinberger, 1989; Schuster, 1995). However, whether or not
will the concept brought to the experimental level is an issue to tackle.
Previously, Trakulnaleamsai, S. et al (1995) had shown that indeed the
fitness landscape can be visualized through the analysis of amino acid
sequence and the property of an enzyme. Local sequence space around the
wild-type protein of catalase I from Bacillus stearothermophilus, with
respect to its catalatic activity, peroxidatic activity and thermostability

showed that the landscape of thermostability was of a single hill with the



wild-type enzyme located near the top of the hill, and that of the catalatic
and peroxidatic activities are rugged with hills and valleys and the wild-type
enzyme was located on the side of the hill. Furthermore, the fitness
landscape of catalase I indicated that as compared to other two activities
improvement on thermostability might face slim chances if additional cycles
of mutation and selection will be imposed. Therefore, it was shown that
fitness landscape can provide a guide map for adaptive walk.

Through the analysis of the fitness landscape, certain features
essential for the adaptive walk were brought to attention. In this thesis, we
thereby dealt with these features for an effective application of the fitness
landscape and the introduction of a new method for evolutionary molecular
engineering as based from the analysis of fitness landscape.

In the first chapter, we have elucidated parameters that is necessary
to estimate the efficient mutation rate and appropriate population size that
will lead to the improvement of the enzyme function during sequential
cycles of mutation and selection. The average and the variance of the effects
of all the one-point mutations on a property of an enzyme, E(z,) and

V(zo) srespectively, and the degree of nonadditivity of mutational effect on

the property of an enzyme had been estimated through the statistical analysis
of the experimental data obtained from the mutant libraries of catalase I
from Bacillus stearothermophilus. The application of these parameters for

the prediction of efficient mutation rate and population size to prompt the



effective adaptive walk is discussed.

In the second chapter, we developed a new method of mutagenesis to
conquer limitations of point mutagenesis and DNA shuffling in cases where
an enzyme’s property is supposedly optimized as deduced from the fitness
landscape. The method involved the expansion of the sequence space
through the addition of a peptide tail to the C- terminus of an enzyme which
gives rise to new landscape. This new landscape on the expanded sequence
space renders additional allowance for improving enzyme function. Here,
the effectively of peptide tail addition in the study of evolutionary

molecular engineering are discussed.



Chapter 1

Nonadditivity of mutational effects on the properties of

catalase I and its application to efficient directed evolution

1.1. Introduction

Directed evolution of enzymes by sequential cycles of random
mutagenesis and screening have proved to be useful for obtaining new or
improved properties (Arnold, 1993; Arnold, 1996; Moore & Arnold,
1996). This strategy is thought to be convenient and even primitive as no
structural information is required. Theoretical works on fitness landscapes
(Aita & Husimi, 1996; Aita & Husimi, 1998) is also underway with the same
aspects and motivations. Therefore, it may be best to integrate both
experimental and theoretical aspects so as to provide a more efficient
strategy for the adaptive walk in directed evolution.

Catalase 1 from Bacillus stearothermophilus is a member of the
bacterial  catalases with  broad-spectrum  peroxidatic  activity
(Trakulnaleamsai et al., 1992) having both the catalatic and peroxidatic
activity. Kinetic studies revealed that the reaction of this enzyme is 95%
specific to catalase and 5% to peroxidase of the total activity(Yomo et dl.,

1997). In our previous work, we prepared a mutant library of the wild-type



enzyme of catalase I by random mutagenesis of the gene (Trakulnaleamsai
et al., 1995). A mutant having a higher peroxidatic activity and a lower
catalatic activity than that of the wild-type enzyme was selected from the
library (Trakulnaleamsai et al., 1995) and named as D130N based on the
amino acid substitution at position 130 from Asp to Asn. D130N mutant was
then used in the present work. There are many examples of mutant enzymes
with different substrate specificity, but few, if any, with different reaction
specificity (Lewis et al., 1997). Therefore, it will be interesting to walk
towards different reaction specificity, i.e., catalase to peroxidase. The gene
encoding the D130N mutant was subjected to random mutagenesis and one
mutant was selected and characterized from the second mutant library. The
reaction specificity of this mutant turn out to be 58% specific to peroxidase.

The above results demonstrated the usefulness of directed evolution.
However, to construct an efficient strategy of adaptive walk in directed
evolution, it is essential to kmow the following basic parameters
characterizing a random mutant population: average and variance of the
effects of one-point mutations and degree of nonadditivity of the mutational
effects.

When the sum of the free energy changes of a functional property
caused by single mutations is equal to that by multiple mutations, then the
mutational effects on the property are defined to be additive. A review of

compiled data of site-directed mutagenesis of proteins shows that, in most



cases, combination of mutations that affect substrate or transition-state
binding, protein-protein interactions, DNA-protein recognition, or protein
stability is simply additive (Wells, 1990). In addition, some deviations from
simple additivity have also been observed when the sites of mutations
interact with one another (Wells, 1990). To date, these data are still limited
to a relatively small number of cases.

In this work, we have developed a new method for estimating the
degree of nonadditivity of the mutational effects using two sample
populations derived from the first and second random mutagenesis. The
average degree of nonadditivity was estimated to be 0.13 irrespective of the
properties of the enzyme. Taking into consideration of the degree of
nonadditivity, we have estimated the average and variance of the effects of
one-point mutations from the data of the first mutant population. The
reliability of these basic parameters in the prediction of the distribution
pattern of a property of the second mutant population was demonstrated.
Based on the accuracy of the prediction, appropriate mutation rate and
effective sample size for further mutation and selection can be determined.
In short, the strategy of an efficient adaptive walk in directed evolution
involves the consecutive processes of sequential cycles of random
mutagenesis, analysis of the mutant population, selection of a mutant with
desired properties, and determination of the conditions for the next

mutagenesis.
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1.2. Material and Methods

1.2.1. Bacterial strains and plasmids
Escherichia coli UM228, a catalase HPI-deficient mutant (Triggs-
Raine & Loewen, 1987), was kindly provided by Dr. P. C. Loewen,
University of Manitoba, Winnipeg, Canada. Plasmid pOD64, a derivative of
pUCI9 containing the gene of catalase I from B. stearothermophilus, was

prepared previously (Loprasert et al., 1990).

1.2.2. Preparation of random mutant population

The random mutant population used in this study was prepared by
exactly the same way as that in our previous work (Trakulnaleamsai et al.,
1995). The gene encoding the D130N mutant of catalase I obtained
previously (Trakulnaleamsai et al., 1995) was subjected to random
mutagenesis with sodium nitrite (Myers et al., 1985). Plasmids harboring
mutant genes were introduced into E. coli UM228 cells, and 2,624
transformants were obtained. The catalatic and peroxidatic activities of the
transformants were examined by colony assay as described previously
(Trakulnaleamsai et al., 1995). The transformants were classified into H
group when both activities were of similar level to those of D130N, M

group when both or either one of the activities was weaker than those of
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D130N, and B group when neither of the activities was detectable. There
were 1356, 654, and 614 transformants that belong to H, M, and B groups,
respectively. A sample population was drawn out from the mutant library as
based on the productivity of the mutant enzymes. The transformants with
too low productivity of the enzymes in accordance to the detectable level of
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
protein measurement were excluded from the sample population. In
addition, the transformants in the H group were not included to exclude the
probability of incorporating the starting mutant material (D130N) into the
sample population. From the 599 M-group transformants producing
detectable amount of the enzyme protein, 141 transformants were
arbitrarily chosen and used as the sample population. The sample population
was prepared and chosen by exactly the same methodology as that in the
previous work (Trakulnaleamsai et al., 1995) for direct comparison on the

effect of mutagenesis.

1.2.3. Characterization of the mutant population
For enzyme characterization, cell lysates of the E. coli before and

after heat treatment were prepared. E. coli UM?228 cells harboring plasmid

bearing a mutant gene of catalase I were grown at 37°C for 22 h in 2xTY

medium (Maniatis et al., 1998) containing 50 pg/ml ampicillin. The cells

obtained from a 40-ml culture were suspended in 2 ml 0.1 M potassium
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phosphate (pH 7.0), disrupted by sonication, and centrifuged. The
supernatant obtained after centrifugation was the cell lysate before heat

treatment. The supernatant obtained after centrifugation of the lysate heated

at 70°C for 10 min was the heat-treated lysate.

Both types of lysates were analyzed by SDS-PAGE (Laemmli, 1970),
and the catalase protein concentration in the lysates was determined from
the intensity of the protein bands visualized by Coomassie brilliant blue as
described previously (Trakulnaleamsai ef al., 1995). Thermostability (S) of

catalase was calculated as the ratio of the catalase protein concentration

measured after heat treatment (70°C,10 min) of the cell lysate to that before

heat treatment. This is based on the fact that heat denaturation causes
insolubilization and precipitation of this enzyme.

Catalatic and peroxidatic activities of the lysate before heat

treatment were measured spectrophotometrically at 30°C as described

previously (Trakulnaleamsai ez al., 1992). Reaction mixtures contained 10
ul cell lysate and 3 ml substrate solution. For the catalatic activity, the
substrate solution contained 20 mM H,0, in 0.1 M potassium phosphate (pH
7.0). Enzyme reactions were recorded as the decrease in absorbance at 240
nm (H,0, concentration), and the reaction rate was calculated from the
maximum slope using the molar absorption coefficient of HO, of 43.6 M

'em™ (Hildebraunt & Roots, 1975). The value of the catalatic activity was
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expressed as half of the consumption rate of H,O,, because two molecules of
H,0, are consumed per catalytic cycle. For the peroxidatic activity, the
substrate solution contained 20 mM H,0,, 4.1 mM 2.4-dichlorophenol, and
0.67 mM 4-aminoantipyrine in 0.1 M potassium phosphate (pH 7.0).
Reactions were recorded as the increase in absorbance at 500 nm due to the
formation of ared dye. The reaction rate was calculated from the maximum
slope using the absorption coefficient of the red color of 1.63 x10*M'cm
(Trakulnaleamsai et al., 1992). Both activity values were divided by the
subunit protein concentration obtained from SDS-PAGE, and the specific
activity was expressed as the turnover number of catalytic cycle per second.
The background catalatic activity detected from the host cell was subtracted
with the assumption that this activity is proportional to the protein
concentration of the host cell (Trakulnaleamsai et al., 1995). There is no

background peroxidatic activity detected from the host cell.

1.2.4. Reaction specificity of purified enzymes
The reaction specificity was evaluated as the percentage of

conversion of added H,O, into the dye product (A500) in the presence of

excess amount of substrates for the peroxidatic reaction. Reactions (30C)

were initiated by adding 20 pl enzyme solution into 3 ml substrate solution
containing 20 uM H,0,, 4.1 mM 2,4-dichlorophenol, and 0.67 mM 4-

aminoantipyrine in 0.1 M potassium phosphate (pH 7.0). The increase in

14



absorbance at 500 nm was monitored until completion of the reaction, and
the total amount of dye produced by the reaction was calculated using the
absorption coefficient of 1.6.3 x 10° M'em™ (Trakulnaleamsai et al., 1992).
Horseradish peroxidase (Toyobo Co. Ltd., Osaka) was used as a typical
peroxidase with no catalatic activity. It was confirmed that the values of the
conversion obtained for the purified wild-type and mutant enzymes were

independent of the H,O, concentration (3-30 uM) used for the assay.

1.2.5. Equations for the estimation of the degree of
nonadditivity of the mutational effects and for the prediction of
the statistical properties of the next random mutant population

Let us consider the first mutant population prepared by random
mutagenesis on the gene encoding a wild-type model enzyme. The
difference (z) in a property between the wild-type and a mutant enzyme is

defined by
w (1)

where xy; and x are the values of the property of the wild-type and the

mutant enzyme, respectively; these values are expressed on the free energy
level. If the number of mutations in the mutant sequence is m, and if these

mutations occur one by one in an arbitrary order, the difference, z, is
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expressed as:

Y4t

§' =i Y ' (2)

n Ms
Ms

+L
21

ot

1j=

where 7 is the change in the property caused by the single mutation at the

i'th site, and zj reflects the extent of the nonadditivity of the effects of

double mutations caused by the interaction between the two mutation sites.
Here, for simplicity, the terms reflecting the nonadditivity due to the
interactions among three or more mutation sites are neglected. In addition,
the extent of the nonadditivity is considered to be negatively proportional to

the sum of the effects of two single mutations; i.e.,

Z; =-b(z; +z;) (3)

where b is a constant showing the degree of nonadditivity. Take note that
Equations 2 and 3 are adapted for a simple model protein where b is
constant. Therefore, simplicity is applied for expressing the essential effects
of nonadditivity on statistical average and variance of the mutational effects.

From Equations 2 and 3, the average of z of the first population, E(2), is

expressed as:
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B =B )-2BS & G+zy)

20 i=1j=T,j=i
=E(m)E(z0) ~2x 2 Ezo)E(m(m 1))

=E(m)E(z0) —bE(z0)E(m?-m)
=E(m)E(z0) ~bE(z0)(V(m) + E(m)* — E(m)) 4)

where E(m) and V(m) are the average and variance of the number of
mutations in a sequence, respectively, and E(%,) is the average of the effects
of one-point mutations. On the other hand, the variance of z of the first

population, V(z), is expressed as:

V(zp =E[{z;-E(zp}’]
m m m 2
=El(3; 5-L2% 3 (z+2)-E@} ]

21121 j=1 =i

()

Assuming a Poisson distribution for the number of mutation, Equation 5 is

converted to

V(z)) = E(m)[E(20){2bE(m) —1}" + V(zo){bE(m) -1}
+6"E(m){V(z0) ~ E(z0) }] ©)

where V(%) is the variance of the effects of one-point mutation. Derivation

17



of Equation 6 is shown in the appendix.

In Equation 4, the values of E(z), E(m), and V(m) can be obtained

from experimental analysis of the first mutant population. However, to

obtain the values of b and E(zy), a second mutant population is required.

Suppose that the second mutant population is prepared by the same random
mutagenesis on a mutant, M, in the first population, and that the occurring
mutation sites are different from those exist in mutant M, the average of zof

the second population, E(zp), is written similarly to Equation 4 as:

Een=E(2 20-2E[2 J_§‘k<zk+z )]

+B(2 2)-ZB 2 X i+l

i=n+1 j=n+1,j =i
n. ntm

-bE[kg J_§+1 (24 +2;)]
= zp +[E(m) = b{V(m) + E(m)* = E(m) }]E(z0)

—bE(m)[nE(zq) + k§ 2 il @)

here zy is the difference in the property between the wild-type and mutant

M, and n is the number of mutations in the sequence of mutant M. As E(m)
and V(m) of the second population is the same as those of the first one,

Equation 7 is written using Equation 4 as:

18



E(zy) = zpy + E(zp) ~bE(m)[nE(z¢) + k§1 2l (8)

Assuming a Poisson distribution for the number of mutations, the variance

of z of the second population, V(zp), is expressed as:

V(zy) = EMmM)[{E(zo)2DE(m) + bn—1) + bé:l zk}2

+ V(zo){b(n+E(m)) -1}
+b"E(m){V(zo) - E(z0)"}]

(9)
Derivation of Equation 9 is shown in the appendix.
Rearranging Equation 8 gives
n
E(zp) - [E(zp+z2pml=-b E(m)[l?::1 2+ nE(zp)] (10)

The left-hand side of Equation 10 shows the observed value of nonadditivity,

NA,, i.e.,

NA_, = E(zp) - [E(z) + 2p] (11)

On the other hand, the right-hand side shows the theoretical value, NA,;, and

is transformed by using Equation 4 to
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NAg =-bE(m) 3 [ect E(e)/ [E(m) —b{V(m) + E(m)* - E(m)}1]

(12)

In these equations, E(m), V(m), and n are experimentally obtainable

n

ob,kz::l zyxand E(z) are also experimentally obtainable,

constants. Though NA
the values vary depending on the observed properties. Assuming that the b
value is constant independent of the observed properties, the best estimate of
b value is a value that minimizes the sum of (NA, - NA,)? of the observed
properties. As shown in our results described below, the estimated b value,
b, can commonly be used as the average degree of nonadditivity for
thermostability, catalatic activity, and peroxidatic activity.

The values of E(z;) and V(z) of any second mutant population can
be estimated from the data of the first population. The E(zy) and V(zy)

values are obtained from Equations 4 and 6, respectively. Using these values,
E(zp and V(zp can be estimated from Equations 7 and 9, respectively.
Using the estimated valués, appropriate conditions for the second
mut.agenesi‘s can be predicted as described under Results and discussion. The
consecutive steps of mutagenesis, énalysis, and prediction can continue as

long as required,' and will be an efficient strategy of directed evolution.
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1.3. Result and Discussion

1.3.1. Second random mutagenesis

Catalase I from B. stearothermophilus has high catalatic and low
peroxidatic activities (Trakulnaleamsai et al., 1992; Yomo et al., 1997).
That is, the reaction specificity of the wild-type enzyme is more of catalase
than peroxidase. The first random mutagenesis of the gene encoding the
wild-type enzyme gave rise to a mutant enzyme having a lower catalatic
activity than that of the wild-type enzyme and a higher peroxidatic activity
(Trakulnaleamsai et al., 1995). The nucleotide sequence of the gene
encoding the mutant enzyme was determined using a Toyobo Sequence Kit
(Toyobo Co. Ltd., Osaka). The deduced amino acid sequence revealed that
Asp-130 of the wild-type enzyme is altered to Asn, from which the mutant
is named D130N. To change the reaction specificity further to peroxidase
side, the gene encoding D130N was subjected to random mutagenesis, and
the second mutant population comprising of 141 mutants was obtained as
described under Materials and methods. It should be noted that the second
mutant population was prepared by exactly the same way as that of the first
mutant population.

Thermostability (S), specific catalatic activity (CA), and specific
peroxidatic activity (PA) of the 141 mutant enzymes were measured as

described under Materials and methods. Fig. 1-1 shows the distribution of
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-In(-in(S))

0 20 - 40 60 80 100 120 140 160
Cumultative number

Fig. 1-1. Distribution pattern of the three properties of the first (O) and second (A) random mutant
population. Thermostability (S), specific peroxidatic activity (PA), and specific catalatic activity (CA) of the
mutant enzymes in the second population were measured as described under Materials and methods, and the
values were arranged in the order of the highest to the lowest values; the positions of the mutants with
regard to the cumulative number are 6-147, 1-142, and 1-142 for the thermostability, peroxidatic activity,
and catalatic activity, respectively, including the position of the D130N mutant. For the thermostability, S
values of less than 0.001 were regarded as 0.001, and for the catalatic activity, CA values of less than 0.04
s* were regarded as 0.04 s’. The data of the first mutant population obtained in our previous work
(Trakulnaleamsai ef al., 1995) are also shown; the positions of the mutants including the wild-type with
regard to the cumulative number are 1-82, 37-118, and 23-104, for the thermostability, peroxidatic activity,
and catalatic activity, respectively. The positions of the wild-type enzyme (@) and the D130N mutant (A)
are indicated by the filled marks. The curved lines represent the expected distribution patterns of the second
mutant population prepared by the random mutagenesis of the D130N mutant with E(m) = V(m) =2.5. The
lines were drawn assuming a normal distribution with E(zp) and V(zp values calculated using Equations 7
and 9, respectively, where n = 1 and the zv values are those given in Table 1-1. The E(zo0) and V(20) values
in Equations 7 and 9 were calculated from Equations 4 and 6, respectively, under the following conditions:
for the solid lines, the whole data of the first population and a b value of 0.13 were used (i.e., values in
Table 1-1); the dashed lines calculated with b = 0; the broken line calculated after omitting the samples from
no. 92 to 104 of the first population with b= 0.13 (i.e., values in parentheses in Table 1-1).
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the first and second mutant populations as to the values of the above
mentioned properties. As -In(S), CA, and PA correspond to the rate

constants, the position of the three properties in the distribution is expressed

with the activation free energy level (4 G*/RT) by using -In[-In(S)],

In(CA), and In(PA) in Fig. 1-1.

Fig. 1-1 shows results as predicted from the landscape around
catalase I in case of introducing further mutations (Trakulnaleamsai ef dl.,
1995). Almost all the mutants in the second population have lower
thermostability than the D130N mutant as the thermostability of the wild-
type enzyme is near the local optimum level and the probability of obtaining
a mutant with much higher stability is very slim. For peroxidatic activity,
many mutants at higher level than the highest mutant in the first population
are found in the second population. This indicates that the peroxidatic
activity of the D130N mutant, though is the highest in the first population, is
still at a much lower level than the optimum and can be increased further by
successive adaptive walks. It should be pointed out, however, that while the
peroxidatic activity of the wild-type enzyme is almost the same as the
average value obtained for the mutants of the first population, that of the
D130N mutant is higher than the average of the second population. This
indicates that the fraction of mutants having higher peroxidatic activity will
decrease with the increase in the number of steps of the adaptive walk. The

same tendency is observed for the catalatic activity such that the level of the
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D130N mutant is lower than that of the wild-type and the fraction of the
mutant with higher activity is increased in the second population. This
tendency comes from the presence of nonadditivity of the mutational effects

as described below.

1.3.2. Change in the reaction specificity

From the second mutant population, one mutant was selected as
based on the shift of reaction specificity. The gene of the mutant enzyme
was sequenced, and the amino acid sequence deduced. The mutant enzyme
was found to have two alterations in the amino acid sequence of the D130N
mutant, namely, Ile-108 to Thr and Ile-222 to Thr. Hence, the mutant is
named as triple mutant (I108T/D130N/I1222T).

To trace the shift of reaction specificity during the two-step adaptive
walk, the wild-type, the D130N mutant, and the triple mutant were purified
according to the procedures described previously (Trakulnaleamsai ez al.,
1992). The reaction specificity of these enzymes was calculated as the
percent conversion of the added H,O, into the product of peroxidatic |
reaction, a red dye. The values obtained for the wild-type, the D130N
mutant, and the triple mutant were 2%, 20%, and 58%, respectively. These
results evidently show a shift in the reaction specificity of catalase I.
Catalase I that was originally 98% specific to catalatic activity and only 2%

to peroxidatic activity was converted to 58% specific to peroxidatic activity
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after two-step walks. The results so far obtained confirm the effectiveness
of directed evolution by adaptive walk for improving the properties of an

enzyme.

1.3.3. Nonadditivity of the effects of mutation

From the data of the two random mutant populations prepared for
the adaptive walk described above, the degree of nonadditivity of the
mutational effects was estimated using the equations derived for the model
protein as presented in Materials and methods. The observed values of
nonadditivity, NA ,, defined by Equation 11 were calculated for the three
properties using the observed values of E(z), E(zp), and z listed in Table
1-1, where E(z!) and E(z,) are the average of the differences in a property
between the wild-type and the mutant enzymes in the first and the second
mutant populations, respectively, and z, is the difference in the property
between the wild-type and the mutant M, the D130N mutant, used for the
preparation of the second population. The average E(m) and variance V (m)
of the number of mutatidns determined previously to be 2.5 and 1.5,
respectively (Trakulnaleamsai et al., 1995), are constant for the first and
second mutant populations, as the same methods were used for the

preparation of both mutant populations. The D130N mutant being one-point

n_
mutant of the wild-type, n = 1, and hence, ,Z-:lzk= Zyq- Accordingly, the

theoretical value of nonadditivity, NA,, defined by Equation 12, is
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expressed as:

NA,, =-2.5{E(z)/(2.5 - 5.25b) +25;} (13)

where bis the degree of nonadditivity defined by Equation 3. Assuming that
the b value is constant independent of the observed properties, the sum of
(NA,, - NA,)? i.e., the sum for the three properties was taken at the
minimum level to estimaie the common b value. The estimated b value, b, is
0.13. For simplicity, a Poisson distribution for the number of mutations was
assumed, i.e., V(m) = E(m) = 2.5, which indeed resulted to the same b value
of 0.13. Accordingly, the Poisson distribution is assumed for the number of
mutation in further analysis. Using this b value, the average and variance of
the effects of one-point mutations, E(z5) and V(%5), can be calculated from
Equations 4 and 6, respectively, and the values are listed in Table 1-1. The
high correlation coefficient (R?=0.999, p=0.01) with a regression line
having a slope of -0.13 (Fig. 1-2) demonstrates that with the estimated b
value, the observed nonadditivity for the three properties can be explained

by the following relationship:

NA = —BE(m)[zy + E(z()] (14)

This means that Equation 10 derived for a simple model protein is

applicable to catalase I with a common b value of 0.13 for the three
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properties. It should be pointed out that when the values of b and E(z,) are

calculated independently for each property from Equations 4 and 8, nearly
the same value were obtained as shown in Fig. 1-2, hence, an identical
regression line confirms that the average degree of nonadditivity of 0.13 is
common for the three properties. This relationship will be applicable not
only to the case of the D130N mutant but also to other mutations in the
sequence of catalase I and to those of other enzymes. In fact, the b values
calculated using the data of various proteins listed by Wells (Wells, 1990)
are 0.10 and 0.07 for the transition-state stabilization and unfolding,
respectively. Therefore, the average degree of nonadditivity of the
mutational effects can be concluded to be in the range around 0.1 for
globular proteins. In addition, as shown in Fig. 1-2, the observed value of
nonadditivity, NAob, negatively correlates with the mutational effect,
E(m)[z, + E(zx)]. Accordingly, from Equation 11, the diminishing effect
of nonadditivity on the average of z of the second mutant population, E(zp),
will increase with the increase in the mutational effect.

Although the degree of nonadditivity is not large, it was confirmed
by t test with unequal variances that the values of E(zy) and [E(z) + z] are
significantly different (p < 0.001) for the three properties. In addition, as
discussed below, nonadditivity is an essential factor in predicting the

distribution of the next mutant population on the successive adaptive walks.
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Table 1-1. The values of E(z) and V(z) were calculated from the data of the first mutant
population (82 mutants) prepared previously (Trakulnaleamsai et al., 1995). The 24 value
is for the D130N mutant. The values of E(zr) and V(zn) were calculated from the data of
the second mutant population (141 mutants) prepared in this work. The values of E(z0)
and V(zo) were calculated from Equations 4 and 6, respectively, using a common b value
of 0.13 and E(m) = V(m) = 2.5.

a :The values in parentheses were calculated after omitting the samples from no.
92 to 104 in the first population.

PI‘OpCI’tiCS E(ZI) V(ZI) ZM E(ZH) V(ZII) E(Zo) V(Zo)

Thermo- -1.75 0.81 -0.52 -1.85 023 -1.04 048
stability

Peroxidatic  0.05 0.61 251 2.00 081 0.03 0.49
activity

Catalatic -1.35 6.62 -2.63 -2.67 251 -0.80 5.21
activity (-0.35)2 (1.45)2 (-0.21)2(1.16)a

catalatic 1°57
activity

PyvN

1 o
thermo- 0.5
stabilit
y E(m)[zy + B )]
-10 -5 5 10

peroxidatic
activity

Fig. 1-2. Plot of the observed nonadditivity (NA_,) versus E(m)[zu + E(z0)] for the three
properties of catalase I. The values of NA , defined by Equation 11 and E(m)[zv + E(20)]
were calculated using the data listed in Table1-1 and an E(m) value of 2.5.
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1.3.4. Strategy of adaptive walk

The first step in the directed evolution of an enzyme involves the
selection of the best mutant from the first mutant population. The gene
encoding the selected mutant is further subjected to random mutagenesis,
from which a mutant with better properties is again selected. The process of
the consecutive steps of selection and mutation continues until a mutant
enzyme having the desired properties is obtained. To have an effective
directed evolution, it is essential to know the appropriate mutation rate and
effective sample size in the process of mutation and selection.

From the analysis of the first mutant population, the values of E(z),
V(z), and E(m) are obtained. Assuming a Poisson distribution for the
number of mu_tations, V(m) = E(m). Using the common b value of 0.13
obtained above, the values of E(z,) and V(%) are calculated from Equations
4 and 6, respectively. Supposing that a mutant M is selected from the first
population and its gene is subjected to second random mutagenesis, the

: n
values of zy, n, anc)kz1 zycan then be obtained. Consequently, the values of
K=

E(zp and V(zp for the second mutant population can be estimated from
Equations 7 and 9, respectively. Accordingly, the distribution of the
properties of the mutants in the second population can be predicted
assuming a normal distribution.

Taken as an example, the distribution pattern of the second mutant
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population prepared by introducing random mutagenesis to the gene
encoding the D130N mutant with an E(m) value of 2.5 was predicted
through the data of the first mutant population derived from the wild-type
catalase I, and compared with the observed data. Fig. 1-1 shows that the
expected distribution pattern (solid lines) fits well to the observed data
except that of catalatic activity. The observed deviation with the catalatic
activity was analyzed and was attributed to the gap in the values of the
activities between sample number 90 and 92 of the first pdpulation (Fig.
1-1) which causes overestimation of the V(zp) value. In fact, omission of the
samples from no. 92 to 104 for the calculation resulted to a well fitted
expected pattern of the catalatic activity (Fig. 1-1, dotted line). These results
show that unless the distribution pattern of the first population has a large
gap, the above procedures can be applied directly for predicting the
distribution pattern of the second population.

Fig. 1-1 also includes the results when the mutational effects are
assumed to be additive, i.e., b= 0 (broken lines). Comparison of the broken
lines with the solid ones clearly indicates that the nonadditivity of the
mutational effects must be taken into account for the prediction of the
distribution pattern of the second population.

As stated above, the distribution pattern of the second mutant
population prepared from a mutant M by random mutagenesis with an

average number of mutation of E(m) can be predicted assuming a normal
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distribution for the second population. Accordingly, supposing that a
mutant with a level of a property higher than zexists with a probability of P
in the second population and a sample size of N, z can be expressed as a
function of E(m). This relationship can be used as a guide for determining
the conditions of the second mutagenesis and selection. That is, when we
desired for a mutant with a level of thermostability higher than z at a
probability of 0.5, we can determine the appropriate population size for
analysis that is to be prepared at a mutation rate of E(m); or when we fixed
the values of N and E(m), we can expect with a probability of 0.5 to obtain
a mutant with thermostability higher than z (Fig. 1-3A).

When E(z5) value is positive, the chance to have a better mutant
increases with the increase in E(m). However, as the property of the enzyme
improves, E(z5) will decrease and become negative due to the increase in
the chance of deleterious mutation and the decrease in that of beneficial one
(Aita & Husimi, 1996). Interestingly, even E(zy) is negative, still a better
mutant can be included in the population (Fig. 1-3A). That is, there will be
an optimum E(m) value when E(zy) is negative. The presence of an
optimum E(m) value comes from the balance of the effects of E(im) on the
average [E(zp] and standard deviation [V(zp)'?] of the second mutant
population. When E(m) is small, the increase in the variety of the population

exceeds the decrease in E(zp) and increase the chance to take a better mutant,

while with a larger E(m), the decrease in E(z) exceeds the increase in the
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variety. In other words, when E(m) is too large, the probability of
occurrence of beneficial mutations in one mutant sequence is much smaller
than that of deleterious mutations, and hence, the chance to take a better
mutant is very slim. In addition, the nonadditivity of the mutational effects
suppresses the increase in the variety of the population.

In our previous paper, a parameter "smoothness" was introduced,
which is defined as | E(zo) | /(V(%5)'*) (Trakulnaleamsai et al., 1995).
Above consideration indicates that when E(zy) is negative, the chance to
obtain a better mutant increases with the decrease in the smoothness of the
landscape in protein sequence space (Fig. 1-3B). Hence, b, E(z5), and V(zy),
being the basic parameters for characterizing a random mutant population,
are essential to the construction of an efficient strategy for adaptive walk in
protein sequence space.

Fig. 1-3A also shows that although the z value increases with the
increase in the sample size (N), the effect will not come up to the different
numerical order of increase in the sample size, indicating that the stepwise
adaptive walks with a small sample size has more advantage over the one-
step selection from a large sample population. Therefore, an efficient
adaptive walk will be achieved by determining appropriate values of E(m)
and N at each step of mutagenesis based on the analysis shown in Fig. 1-3

with the knowledge of the basic parameters of the random mutant
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0 ' 1 l 2 3
E(m)

Fig. 1-3. Correlation between z and E(m) at different values of sample size, N, (A) and

smoothness, | E(zo0) | /(V(20)'?, (B). For (A), calculation is based on the following
situation: the second mutant population is prepared by introducing random mutagenesis to
the gene encoding the D130N mutant with an average number of mutation of E(m); a
Poisson distribution is assumed for the number of mutations, i.e., V(i) = E(m); a normal
distribution is assumed for the second population with E(zp) and V(zp values calculated
from Equations 7 and 9, respectively, where n = 1, b= (.13, and the values of zv, E(z0),
and V(zo) are those given in Table 1-1 for thermostability; a mutant having a z value
defined by Equation 1 exists with a probability of (.5 in the second population with a
sample size of 3 x 10, 3 x 10?, 3 x 10°, 3 x 10* or 3 x 10°. For (B), calculation is based
on the same situation except that the sample size is fixed at 300 and the value of V() is
changed so as to make the value of smoothness becomes 0.5, 1.5, or 4.0.
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population.

1.4. Summary

Catalase I from Bacillus stearothermophilus has high catalatic and
low peroxidatic actives. The mutant from the first random mutant
population, the D130N mutant, which has higher peroxidatic and lower
catalatic activities than those exhibited by the wild-type enzyme, was
subjected to second random mutagenesis in observance of the change in
reaction specificity. From the second mutant population, triple mutant
(I108T/D130N/1222T) was selected and examined. The reaction specificity
of the purified enzyme revealed that catalase I that was originally 98%
specific to catalatic activity and only 2% to peroxidatic activity was brought
to 58% specific to peroxidatic activity after two-step walks. From the
statistical analysis of the two random mutant populations, the average
degree of nonadditivity of the mutational effect was estimated to be 0.13
irrespective of the properties of the enzyme. As b value was estimated to be
0.13 irrespective of the three properties of catalase I, the value obtained for
the average [E(z)] and variance [V ()] of z of the first population, and the
average of the number of mutations in a sequence [E(m)] were used to

estimate E(%5) and V(Z,). It was demonstrated that the distribution pattern

of a property of the second mutant population can be predicted well from
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the data of the first mutant population which is E(z) and V(z) by taking into
consideration the degree of nonadditivity. Accordingly, with the average
[E(zp] and variance [V(z)] of z of the second population as a function of
E(m), if a mutant has a level of a property higher than z with a probability
of P in the second population and a sample size of N, z can be expressed as
a function of E(m). Thereafter, appropriate mutation rate and efficient
sample size for further mutation and selection was shown to be predictable.

Hence, we conclude that E(%,), V(z5) and b value are essential parameters

for efficient adaptive walk.

35



Chapter 2

Evolutionary molecular engineering by

random elongation mutagenesis

2.1. Introduction

Mutation and selection have always been a part in the evolution of
enzymes and have been adapted in the evolutionary molecular engineering
for obtaining enzymes with new or improved properties (Matsuura et al.,
1998; Moore & Arnold, 1996; You & Arnold, 1996; Zhang et al., 1997). As
the directed evolution is considered to be an optimization process through
adaptive walk on the fitness landscape (Aita & Husimi, 1996) , it is
important to understand the characteristic feature of the landscape around
an enzyme (Trakulnaleamsai et al., 1995) and to construct an efficient
strategy for the adaptive walk (Matsuura et al., 1998).

Studies on the landscapes around catalase I from Bacillus
stearothermophilus revealed that both catalatic and peroxidatic activities
can easily be improved by random mutagenesis (Trakulnaleamsai ef dal.,
1995). However, the landscape on thermostability showed that the
probability of obtaining a mutant with a much higher stability is very slim

as the thermostability of the enzyme is near the local optimum level
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(Matsuura et al., 1998; Trakulnaleamsai er al., 1995). In this regard, we
have developed a method of mutagenesis to overcome such cut-off crippling
in vitro molecular evolution. Instead of the random substitution on the main
gene, we added peptides with random sequences to the C-terminus of the
enzyme to increase the dimension of the sequence space in order to create a
new landscape. The random elongation mutagenesis indeed generated
mutant library containing mutants with higher thermostability. The method
is beneficial for the study of in vitro molecular evolution since it relieves us
from the limitations set in by substitution mutagenesis such as further
improvement of a supposedly optimized property of an enzyme. By
expanding the sequence space, random elongation mutagenesis provides a

new landscape where further diversification of a property is acceptable.

2.2. Material and Methods

2.2.1. Bacterial strains and plasmids

The bacterial strains and plasmids were as in Chapter 1.

2.2.2. Preparation of mutant population by random elongation
The schematic diagram for random elongation mutagenesis is
illustrated in Fig. 2-1. A synthetic linker DNA containing stop codons for

all three frames between Pst I and Kpnl sites was ligated to pPOD64EX that

37



had been digested with BstEIl. The resulting plasmid was named
pOD64EXI. The mixture of 70-mer single-stranded synthetic
oligonucleotide (random DNA) containing two randomized portions each
composed of 15-mer random oligonucleotides was made double-stranded
by Klenow fragment before digestion with Pst I. The Pst | fragments were
ligated with pOD64EXI that had been digested with Pst 1. To prevent
multiple insertion of random DNA, the ligated DNA was digested with
Bglll and religated before introducing to E.coli UM228. The hybrid
plasmids were isolated from the transformants, and the gene structure of the
added random DNA was examined. Out of the hybrid plasmid examined, 72
contained one unit random DNA as judged from the length of BamHI-Kpnl
fragment by PAGE. The 58 elongation mutants with one-unit random DNA
were used as the sample mutant population, and the nucleotide sequence of

the region containing random DNA were identified.

2.2.3. Characterization of the mutant population
Catalatic activity, peroxidatic activity and thermostability of mutant

enzymes were characterized as described in Chapter 1.

2.2.4. Preparation and heat inactivation of catalase I mutants DI
and DI-Tail

E. coli UM228 harboring the plasmid bearing the gene for DI
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I..ink_er DNA

stop codons
GTCACCGCTCTGCAGTAAGTAAGTAAGGTACCG

L__JeerpeommcarearsgeaTagpeaeg

BstEII PstI Kpnl BstEII
]
Random DNA

5' 3
GAEHGCTGCAG(NNY)SAGAICT(HNR)SCTGCAGCCGCTCACAAITCCACA

| I 1 ] L 3 ]

Pstl BglIl PstI Primer annealing

site

——————— VTALQ Kpa1
ﬂﬁ— Klenow
BstEII| BstEII
Pstl
Pstl
"fbtl “’

BglII

religation

Fig. 2-1. Construction of plasmids for random elongation mutagenesis. pOD64 contains
the catalase gene in the Pst 1-EcoRI fragment. The unique Pst I site was converted to X ho
I site by site-directed mutagenesis and the plasmid obtained was named pOD64EX.
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mutant (D87N/I311T) was obtained from the mutant library prepared
previously by random point mutagenesis of catalase 1 gene
(Trakulnaleamsai et al., 1995). The gene for DI-Tail was prepared by
replacing the Sty I- Eco RI fragment of the plasmid bearing the gene for DI
mutant with that contained in the plasmid of the elongation mutant indicated
by the open arrow in Fig. 2-2 (top panel). The mutant enzymes, DI mutant
and DI-Tail, were purified according to the procedure described previously

(Trakulnaleamsai ef al., 1992) , except that the heat treatment of the crude

enzyme solution was done at 55C and 60°C for DI mutant and DI-Tail,

respectively. The purified enzymes in 50 mM potassium phosphate (pH 7.0)

were heated at 70°C for various time intervals. The residual catalatic

activity were measured as described above. The amino acid sequence of the

fused peptide tail was deduced to be LQYRSLDRSGDVENLQ.

2.3. Result and Discussion

2.3.1. Random elongation mutagenesis of wild-type catalase I
A mutant population comprising of 58 elongation mutants were
prepared as described under Material and methods. Though the elongation
mutants were designed to fuse artificial peptide tails of 16 amino acid
residues containing 10 random ones at the C-terminus of catalase I,

sequencing of the elongated region revealed some deviations on the size of
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the peptide tails (Table 2-1). These deviations from the originally intended
length can arise during the synthesis of the random DNA.

The catalatic and peroxidatic activities of the mutants expressed in

terms of activation free energy level (4 G*/RT) vary from -1.7 to 6.4 and

from -3.8 to -0.24, respectively (Fig. 2-2). Hence, the distributions of both
activities in the elongation mutant population are as wide as those obtained
previously by random point mutagenesis, where the values for the catalatic
and peroxidatic activities ranged between -2.3 and 6.6 and between -3.0 and
1.2, respectively (Trakulnaleamsai et al., 1995). It is to be noted that the
wild-type, the starting material for mutagenesis, has the catalatic and
peroxidatic values of 4.4 and -1.3, respectively. These results show that
addition of small peptide at the C-terminus can bring about diversity in the
properties of catalase I. The random elongation mutagenesis, therefore, is
as effective as the random point mutagenesis in producing a library of
mutants with functional diversity.

For thermostability, the distribution of the values of the elongation
mutants arising from the wild-type (0.76) is wider (-1.7 to 2.6) than that of
point mutagenesis (-2.0 to 1.6) (Trakulnaleamsai et al., 1995) (Fig. 2-2). In
addition, assuming normal distribution with the observed mean and
standard deviation of the values, the expected frequency of elongation
mutants having higher thermostability than the wild-type were calculated to

be about 27% of the total population, a ten times higher than the 2.6%
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obtained after point mutagenesis (Trakulnaleamsai et al., 1995). This
indicates that the new landscape in the sequence space expanded by
increasing the dimension includes mutants with much higher level of
thermostability.

For the relationship among the understudied properties of the
elongation mutant population, the two catalytic activities are positively
correlated where mutants with high catalatic activity do have high
peroxidatic activity (Fig. 2-3A). The positive correlation means that the
elongation mutagenesis causes little effect on the reaction specificity.
Similar correlation was observed for the previous point mutant population
(Trakulnaleamsai et al., 1995). This may be attributed to the fact that
catalatic and peroxidatic reactions are catalyzed at the same active site and
share a common intermediate of compound I (Yomo et al., 1997). The same
positive correlation is observed between the thermostability and the two
enzyme activities (Figs. 2-3B and 2-3C), a characteristic of the elongation
mutant population that was not observed with the point mutant population

which showed no clear correlation (Trakulnaleamsai et al., 1995).

2.3.2. Random elongation mutagenesis of mutant catalase I
As mentioned in Chapter 1, two sequential cycles of random point
mutagenesis and  selection  produced the triple  mutant

(1108T/D130N/1222T) with reaction specificity of 42% catalase and 58%
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Fig. 2-2. Distribution pattern of the three enzymatic properties of the two elongation mutant populations
prepared from the wild-type enzyme (O) and the triple mutant (I108T/D130N/I222T) (A). Thermostability
(S), specific catalatic activity (CA), and specific peroxidatic activity (PA) of the mutant enzymes were
measured as described under Experimental protocol. As -In(S), CA, and PA correspond to the rate constant,
the three properties are expressed on the ordinate in terms of activation free energy level (4 G*/RT) by
using -In[-In(S)], In(CA), and In(PA), and the values were arranged in the order of the highest to the lowest
values for each population. For the thermostability, S values of more than 0.93 were regarded as 0.93, and
for the catalatic activity, CA values of less than 0.18 s™ were regarded as 0.18 s * . The positions of the
wild-type enzyme (L) and the triple mutant (Il are indicated by the filled arrow. The open arrow in the top
panel indicates the elongation mutant of which peptide tail was added to the C terminus of DI mutant
(D87N/I311T).
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Fig. 2-3. Correlation between two properties of the elongation mutants in the populations

prepared from the wild-type enzyme (O) and the triple mutant (A). Each mutant is
located at the position having the coordinates of the following properties: (A) catalatic
activity vs. peroxidatic activity; (B) catalatic activity vs. thermostability; (C) peroxidatic

activity vs. thermostability. The positions of the wild-type enzyme (LJ) and the triple

mutant (M) are indicated by the filled arrow. The value of the upper or lower detection
limit for each property are shown by the broken line (the values are the same as those in
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Table 2-1. Properties of elongation mutants prepared from the wild-type catalase I and its
triple mutant (1108T/D130N/1222T). Thermostability (S), specific catalatic activity (CA),
and specific peroxidatic activity (PA) of the enzymes were measured as described under
Experimental protocol. For the thermostability, S values of more than 0 93 were regarded
as 0. 93 and for the catalatic activity, CA values of less than (.18 s” were regarded as
0.18 s™. Amino acid sequences were deduced from the nucleotide sequences.

Amino acid sequence -In(S)/600 CA PA

of peptide tail (s (s )

wild-tyvpe 7.8x10*  7.9x10 2.7x10"
LOHCCHLRSSAETVLO 1.2x10* 1.9x10* 5.0x10"
LOTLILTPM 1.2x10* 1.2x10%* 3.9x10"
LOLLVFDRYEKGTAVSK 1.2x10* 5.3x10%2 7.9x10*
LOSFTINRSTTNRLO 1.2x10* 3.6x10%> 7.8x10"
LOTSNRDRSNRDVTLQ 1.2x10*  5.7x10* 6.9x10™
LOLVSFNRSSIINRLO 1.3x10* 1.0x102 5.9x10!
LOGTASNRS INNKGLO 4.0x10*  2.0x10*> 3.4x10"
LOCVLATDL 5.3x10™ 7.6x10  3.6x10"
LOISRYPRSNTTIACSK 7.4x10*  1.9x10> 3.6x10"
LONNCDNRSDVVVTLO 8.1x10™* 8.1x10  3.5x10"
LOLSDESRSINEKTAVSK 8.7x10™ 1.4x10% 3.5x10!
LOPDNINRSTGTRKLO 9.3x10* 4.4x10* 5.8x10"
LOGSNYPRSRITKDLO 9.7x10™ 1.3x10% 2.8x10"
LOTGDVDRSGESDIRK 9.9x10* 4.4x10* 3.3x10*
LOYTHFDRSVDAAVSK 9.9x10™ 1.1x10%* 3.8x10*
LODHSNVRSEVSDMLO 1.0x10? 1.1x10* 3.0x10!
LOGNYFYRSGGITIRLO 1.3x10%  2.7x10*> 4.4x10
LOFSTPPRSIVNNGLO 1.4x10° 2.3x10% 4.5x10!
LORFDRSMNTATLO 1.4x103 43x10 2.2x10"
LOSSRCFRSTDNAVLO 1.5x103 9.6x10  1.5x10"
LOCTTVSRSNEKAGLO 1.5x103 2.5x10  1.8x10"
LOFFLNRSKSIAVLO 1.6x103 2.3x10% 3.6x10"
LOVSDGIRSMGTANLO 1.6x10° 7.9x10 2.6x10"
ILONFGADRSMVEVALQ 1.7x10° 6.2x10  2.0x10"
LOCCHTPRSDMIGGLO 1.7x103 8.4x10  2.0x10"
LODDCLGRSIIEIMLO 1.8x103 2.1x10%> 4.4x10"
I.OGNGHNRSSIDEVIO 1.9x103 7.5x10  2.5x10*
LODCSIIRSDVTNKLO 2.0x10° 2.3x10  1.2x10"
LOSTFLRRSG 2.0x10° 2.0x10%* 2.9x10"
LOLDSAPDLARLMICSK 2.0x10° 9.8x10 2.5x10"
LOTNRINRSNNGTVLSK 2.1x10° 1.5x10%* 6.3x10"
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LOTYCYPRSKSKENLO 2.1x10° 3.6x10 1.1x10"
LOCPHARRSAVEAGLO 2.4x10° 4.1x10 2.1x10*
LOFNSSIRSIITKALO 2.5x10° 1.0x102 2.5x10!
LOPYSFIRSEGSAGLO 2.6x10° 4.5x10 8.5x107
LOHFCHPRSVNGIELOQO 2.6x1073 3.0x10 9.8x10?
LOVSAATRSVGGRNLO 2.6x10° 1.4x10*  2.5x10"
LOCFCNFRSVGINTLO 2.8x10° 8.2x10  3.2x10"
LODTTGNR 2.8x107 6.7x10  2.1x10"
LOSFNLRRSAGTTRLQ 2.8x10° 1.6x102 4.0x10"
LOALDNTDLRGGCTAVSK 3.1x10° 1.3x10> 2.6x10°
LOYAYYSRSTTKNMLO 3.4x10° 1.1x10* 2.6x10"
LOGGNGVRSNIKGILO 3.5x10° 6.0x10 1.8x10"
LOCFNDARSVRTGTLOQO 3.5x10° 4.1x10  2.7x10"
LOFNISSRSVSSGNLO 3.6x107 3.4x10  7.0x10?
LOHVDYVRSGRVSALQ 3.7x10° 6.7x10  1.9x10"
LOIDDYNRSKDNINLO 3.7x103 5.0x10 1.2x10"
LOLSGIIDLTG 3.8x107 7.3x10  2.2x10"
LOSYTTPFLDLRLVLNCSK  4.1x10° 1.8x10" 6.5x10*
LONNSYRRSENDGDLO 4.2x10° 49x10 9.5x10?
LOVTIFYRSAAGEELQ 4.3x10° 1.5x10 1.0x10*
LOVYPYTRSKGVGVLO 4.5x107 2.0x10  3.0x10"
LOINLLHRSERGNELQ 4.6x10° 3.2x10  9.4x107
LOYFISIRSKIAG 4.7x103 4.2 7.8x107
LOTGALPDLLLIINCSK 4.8x10° 1.8x10" 5.6x10*
LOCIIFSRSDVAIALQ 6.3x10° 1.8x10" 2.3x107?
LOYFLNFY 7.4x107 1.4x10  6.7x10%
LOLIFHIRSKMVTAVSK 9.4x10° 1.8x10" 2.8x10?
trinle mutant 4.0x10° 5.9x107 3.6x10"
LOCICTDRSATIIKLO 1.2x10° 45 3.6x10"
LOYRSLDRSGDVENLO 2.8x10* 2.7 2.4x10"
LOGCSRSRSDVIEGLO 4.5x10* 2.5 4.7x10"
LOTNTPCRSGNNMNLOQ 5.0x10™ 2.6 3.6x10"!
LOSVHSNRSDTARNLOQO 5.1x10* 2.2 2.9x10!
LOYPAPFRSVSVGSLQ 5.5x10% 2.5 4.8x10
LOYDSSDRSSAAIDLO 6.7x10* 1.1 3.2x10"
LOTGDSDRSMKKTILOQ 6.7x10" 2.1 3.9x10™
LOIHSGIRSMTGANLO 6.8x10™ 2.2 2.8x10"
LOGSTYNRSIKGEALQ 6.9x10* 2.4 2.6x10"!
LOHTSPVDLS 7.3x10* 1.8 2.6x10"
LODSHHLRSGAGTDLQ 7.3x10% 1.7 2.8x10""
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LOLLPNTRSIGSDMLQ
LOSDLSFRSVGVDILQ
LODCYSVRSNDANTLQ
LOFDTSTRSGSGENLQ
LOLNCHNRSMGSTTLQ
LODIVILARSAATASLQ
LOSRYRCRSNTVIGLQ
LOTFGDPRSVAEDVLQ
LOTPRYVRSRDGNELQ
LOIVTSTDLE

LONTHGPRSGKKVNLQ
LOFYSFVRSVTEEKLQ
LOYHSGSRSVITSGLQ
LOFRYNRRSGDVTVLQ
LODYTNIRSGGVDTLQ
LOHFVAARSKTAEELQ
LOTIISYRSAGDVTLQ
LOTGFYHRSSTKVSLQ
LODALSYRSNTAVRLQ
LOVLFNTRSGTVAKLQ

LOCSPISRSTVGRVCSK

LOTLTGLRSVGAVVLQ
LOITYDDRSEKTVDLQ
LONTHGSRSKKVRVLQ
LOVNYITDLPLG

LONSFVCRSVGTIDLQ
LOTFVSHRSKKESRLQ
LOGCAALRSKIGKRLQ
LOSSNRIRSVVGESLQ
LOYVRSHRSNGGRGLQ
LOGYLTVRSMTRSNLQ

LOGCLSCRSIVIVGIL.Q

7.5x10*
7.5x10™*
7.5x10*
7.7x10*
7.8x10*
8.0x10™
8.2x10™
8.6x10™
8.7x10*
9.2x10*
9.3x10™*
9.4x10™*
9.4x10*
9.5x10*
9.5x10™*
9.6x10™

- 9.7x10*

9.9x10*
1.0x103
1.1x103
1.1x103
1.2x103
1.2x10°
1.3x103
1.3x10°
1.4x103
1.6x10°
1.9x103
2.0x103
2.1x103
2.4x10°
3.2x1073

2.6
2.9
2.8
1.1
2.6
1.7
5.0
2.1
2.7
1.4
2.0
8.1x10"
1.6
2.3
1.2
1.9
2.4
1.7
1.4
1.8
3.4
2.9
3.3
3.1
1.0
2.5
1.8
1.7
1.3
1.0
9.8x10"
3.0

3.2x10™
5.5x10"!
3.8x10!
3.8x10"
4.2x10"
2.5x10"
4.6x10"
2.3x10"!
3.5x10™"
3.5x10"
6.1x10"
2.2x10"
3.5x10"
2.6x10"
2.8x10"
6.2x10!
3.6x10"
3.8x10*
2.2x10!
3.3x10!
3.5x10*
4.5x10"
4.9x10"
3.4x10"
4.3x10"

- 3.9x10!

5.5x10!
2.9x10"
5.4x10*
5.0x10™
4.4x10"
1.6x10*
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peroxidase. However, the mutant was found to have low thermostability.
Furthermore, analysis of the point mutant population showed that
thermostability tends to decrease with the increase in the number of
mutations on the wild-type enzyme (Trakulnaleamsai et al., 1995). This
indicates that the probability to improve the thermostability of the triple
mutant by another point mutagenesis is quite low. On such a particular
situation, random elongation mutagenesis can be an alternative method for
it was effective in improving the thermostability of the wild-type enzyme.

The same process of random elongation mutagenesis applied to the
wild-type gene was carried out on the triple mutant gene. A mutant
population comprising of 44 elongation mutants was obtained with the
indicated size distribution of the peptide tails (Table 2-1). All mutant
enzymes possess higher thermostability than the triple mutants to an extent
that some are even higher than the wild-type (Fig. 2-2). The results further
support that random elongation mutagenesis can be an efficient tool in

improving the properties of enzymes.

2.3.4. Correlation between the amino acid sequence of the added
peptide tails and the mutational effect

Each amino acid residue has its own physicochemical properties

such as hydrophobicity (Kyte & Doolittle, 1982), electric charge, molecular

weight, «-helix forming tendency (Chou & Fasman, 1978) and p-sheet
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forming tendency (Chou & Fasman, 1978). Now, let w; (i=1,2,....,20) be
the value of a property of i’th amino acid residue, and hij be the number of

the i’th residues in the added peptide tail of j’th mutant in a population. The

value of the property (dj) of the peptide tail of j'th mutant is then defined as:

20
4,= & thyw

It follows that the value of a physicochemical property is determined by the
amino acid composition of the peptide tail. Therefore, any correlation
found between the physicochemical property and the enzymatic property
being optimized can be basis for improving the design of the random DNA
used for the elongation mutagenesis to increase the chance of obtaining
better mutant population.

Of the two elongation mutant population prepared, correlation
between each of the three enzymatic properties of the mutants and each of
the stated physicochemical properties of the peptide tails was examined. As
shown in Fig. 2-4., negyative correlation was observed between the
hydrophobicity of the peptides and the thermostability of the mutants; the
slopes of the regression lines of both populatiohs are almost the same (0.07).
This means that elongation mutants with less hydrophobic peptides tend to
be more thermostable than those with more hydrophobic peptides. It should
be noted that this trend is observed within the detection limit of

thermostability. Analysis of both elongation mutant populations showed that
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aside from the combinations of hydrophobicity and thermostability, no
general correlation’s can be drawn between other combinations involving
one of the enzymatic properties to one of the physicochemical properties
mentioned above (data not shown). Hence, other physicochemical
properties except hydrophobicity can be rated insignificant in designing the
random DNA for elongation mutagenesis. On the other hand, it was also
confirmed that the size distribution of the peptide tails does not affect the
correlation discussed above.

The thermostability of the triple mutant was profoundly increased
by elongation mutagenesis(Fig. 2-2). If the effect of elongation and amino
acid substitution are simply additive, then the stabilizing effect of the
peptide tail on the mutant will be similar when added to another mutant, i.e.,
the degree of stabilizing effect of a peptide tail will be independent of the
amino acid sequence of the enzyme. To test the additivity, the peptide tail in
the open arrow in Fig. 2-2. was added to the C-terminus of a mutant DI, and
the resulting mutant was named DI-Tail. The thermostability of DI mutant
(-In[-In(S)]=-0.47) is higher than the triple mutant (-In[-In(S)]}=-0.88) but is
much lower than the wild-type enzyme (-In[-In(S)}=0.76). Fig. 2-5 shows

the course of the heat inactivation of the purified DI mutant and DI-Tail at

70°C with rate constants of 5.4x10* s and 4.1x10™ s, respectively. For

the wild-type enzyme, the heat inactivation rate constant at 70°C was
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-In(-1In(S))

hydrophobicity

Fig. 2-4. Correlation between hydrophobicity of the peptide tail and thermostability of the
elongation mutants in the population prepared from the wild-type enzyme (O) and the
triple mutant (1108T/D130N/I1222T) (A).The regression lines for each population were
obtained by the least square method, omitting the points for the mutants of which
thermostabilities are above the upper detection limit shown by the broken line. Correlation
coefficients (R?) for the populations prepared from the wild-type and the triple mutant,
respectlvely, are 0.09 (p=0.03) and 0.15 (p=0.01), whereas slopes are 7.08x10? and
7.11x10>
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calculated to be 5.6x10” s based on the results reported in (Kobayashi et al.,
1997); the slope is shown by the broken line in Fig. 5. These results indicate
that although the added peptide tail enhances the thermostability of the DI
mutant, the stabilizing effect on the DI mutant is

not as great as it did to the triple mutant, of which derived mutant bearded
thermostability higher than that of the wild-type. Therefore, the effect of
elongation and substitution are not simply additive.

We have demonstrated that random elongation mutagenesis can
generate mutant population with properties variation as wide as that of
random point mutagenesis (Fig. 2-2). This means that the added peptide tail
does impose some effects on the original enzyme molecule and modifies the
original structure. Hence, there will be deviation from simple additivity of
the two mutational effects of elongation and substitution, as pointed out by
Wells for two point mutations (Wells, 1990). Accordingly, the mutational
effect of a peptide tail is not constant but varies depending on the amino acid
sequence of the enzyme, and a peptide tail exerting most beneficial effect to
an enzyme may not do with another. Hence, there is no specific tail sequence
that can be universal for improving a property of enzymes. However, as the
resulting diversity of a property is not dependent on the enzyme sequence
and is wide enough to include better mutants with fitted peptide tail, the
issue on the universality of peptide tail sequence is not a concern for the

random elongation mutagenesis.
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Fig. 2-5. Time course of the heat inactivation of catalase I mutants DI and DI-tail. E.coli
UM228 harboring the plasmid bearing the gene for DI mutant was obtained from the
mutant library prepared previously by random point mutagenesis of catalase I gene. The
gene for DI-tail was prepared as described in Material and methods. DI mutant and DI-tail
were purified according to the procedure described previously, except the heat treatment
of the crude enzyme solution was done at 55C and 60C respectively. These purified
enzymes dissolved in 50mM potassium phosphate (pH 7.0) were heated at 70C for
various time intervals. The remaining catalatic activity measured as described under
Material and method was expressed relative to the value after 600 s heating.
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2.3.5. Random elongation mutagenesis as a tool for evolutionary
molecular engineering
Improvement of an enzyme by molecular evolution, repeated cycles
of sequential random mutagenesis and screening, is an optimization process
on the fitness landscape around the enzyme. In this regard, random
substitution and random elongation involve different concepts of random
mutagenesis. For an enzyme with a length of " m " amino acid residues, a
variety of 20™ sequences are located in the m -dimensional sequence space.
Random substitution is a process that aids in the pursue of the best sequence
"X" for a property in the sequence space. On the other hand, elongation
mutagenesis opens a new n -dimensional space for each sequence in the m
-dimensional space through the addition of a peptide tail with a length of n.
In the newly added n-dimensional sequence space corresponding to the
length of peptide tail n, the location of the unextended sequence expressing
the optimized enzyme "X" in the original m-dimensional space will fall not
on the peak but will generally be on the slope (Fig. 2-6), as the enzyme has
not been optimized by any means, either natural or artificial, in the new
n-dimensional space. Thereafter, random elongation mutagenesis will
provide allowances for adaptive walk on the expanded (m+n)-dimensional
sequence space to pave the way for a new peak. That is, after locating the
highest peak in the m-dimensional landscape by random substitution,

random elongation will provide new peaks on the newly drawn n-
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Fig. 2-6. Sketch of the landscape of a property of an enzyme in the ,m and n-dimensional
sequence space. The landscape in the m-dimensional space is illustrated by plotting the
values of the property of all the mutants with m amino acid residues over the assigned
axis for m-dimensional space. The landscape in the n-dimensional space is for all the
elongation mutants, prepared by adding a peptide tail with n amino acid residues to the C-
terminus end of the enzyme, locating at the highest peak in the m-dimensional landscape.
The m- and n-dimensional sequence space are degenerated to the corresponding axes.
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dimensional landscape, and consequently, random substitution will do the
work in searching for the new optimum peak in the (m+n)-dimensional
landscape. Therefore, combining the two types of random mutagenesis,
substitution and elongation, can be the basic strategy for evolutionary
molecular engineering. The alternating events of the two random
mutagenesis as required can be similar to those events occurring on the

actual evolution of natural enzymes.

2.4, Summary

The new method of random mutagenesis employs the addition of
peptide tails with random sequences to the C-termirius of enzyme molecules,
and was termed random elongation mutagenesis. The mutant population
prepared as such from catalase I of Bacillus stearothermophilus has a
diversity in thermostability and enzyme activity as that prepared by random
point mutagenesis. When a triple mutant of catalase I
(IT108T/D130N/1222T) of which thermostability is much lower than that of
the wild-type was subjected to elongation mutagenesis, we generated a
mutant population containing only mutants with higher thermostability than
the triple mutant, and to the extent that some had even higher stability than
the wild-type enzyme which possessed supposedly an optimized

thermostability. These results indicate that the peptide addition allows the
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protein sequence space to expand, which results to a new fitness landscape.
The enzyme can then move along the routes of the new landscape until it
reaches a new optimum. We therefore conclude that combination of random
elongation mutagenesis with random point mutagenesis is no doubt a

powerful tool for evolutionary molecular engineering.
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Conclusion

Based on the fitness landscape of catalase I from Bacillus
stearothermophilus, we elucidated the essential parameters determining
effective mutation rate and population size to bring about improvement in a
property of an enzyme. Statistical analysis of the understudied properties of
the 1st and 2nd mutant libraries gave the b value, which is the degree of
nonadditivity of mutational effect on the property of an enzyme. As b value
was estimated to be 0.13 irrespective of the three properties of catalase I,
the value obtained for the average [E(z)] and variance [V(z)] of z
(differences in property from wild-type in a free energy level) of the first
population, and the average of the number of mutations in a sequence [E(m)]
~ were used to estimate the average [E(%z5)] and the variance [V(Zy)] of the
effects of all the one-point mutations on a property of an enzyme.
Thereafter, assuming normal distribution for the mutant population, with a
mutant M of the first population, the values of the difference in the property

between the wild-type and mﬁtant M [z, ], the number of mutations in the
sequence of mutant M [n], and the sum of property difference caused by
each mutation on mutant M [kgnl zk] give the average [E(z;)]and the variance
[V(zp] for second mutant population. As mentioned above, the b value for

catalase I was estimated to be 0.13. Therefore, though b value may differ
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from one enzyme to another, the value may fall in the range of 0.1, as that
calculated for various proteins which are 0.10 and 0.07 for the transition-
state stabilization and unfolding, respectively (Wells, 1990).

Through the statistical analysis, the distribution pattern of the
properties of second mutant population was predicted. Accordingly, with
E(zp) and V(zp as a function of E(m), if a mutant has a level of a property
higher than z with a probability of P in the second population and a sample

size of N, z can be expressed as a function of E(m).

+00
_ 2
P=1—(1-— 1 exp (9——@ dt)
vV 27tV (zip) V(zp
<

This relationship can be used as a guide for determining the conditions for

N

the second mutagenesis and selection. That is, when a mutant with a higher
level of thermostability than z is desired at a probability of 0.5, the
appropriate population size required within a mutation rate of E(m) can be
determined. On the other hand, if values of N and E(m) were fixed initially,
a mutant with thermostability higher than z can be expected.

Random substitution mutagenesis including DNA shuffling has been
adopted in improving the properties' of an enzyme. However, the
probability of obtaining an enzyme with a higher property will be very slim
if the property is near the optimum level as deduced from the fitness

landscape. In this regard, we have shown that random elongation
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mutagenesis, a method of adding a random peptide tails to the C-terminus of
an enzyme, is effective in overcoming such cut-off crippling in vitro
molecular evolution. Indeed, the method proved to be useful in the further
improvement of the thermostability of catalase I, a property that was
supposedly optimized as deduced from the fitness landscape. By random
elongation mutagenesis, the expected frequency of elongation mutants
having higher thermostability than the wild-type were calculated to be about
27% of the total population, a ten times higher than the 2.6% obtained after
point mutagenesis. Moreover, when a mutant catalase I, triple mutant
(I108T/D130N/I1222T), of which thermostability is much lower than that of
the wild-type was subjected to random elongation mutagenesis, we
generated a mutant population containing only mutants with higher stability
than the triple mutant, to an extent that some had even higher stability than
the wild-type enzyme.

This thesis thereby shows that by integrating the concept of sequence
space and fitness landscape in engineering enzymes at molecular level, we
may obtain desired enzyme or polymers for industrial, medical or
agriculture use. Furthermore, we have shown that statistical analysis of the
fitness landscape can be handy in establishing guideline for molecular
engineering of enzyme. This thesis then provides new frontier in the field of
enzyme optimization and for the studies of molecular evolutionary

engineering.
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As most existing proteins have a length of more than a hundred, the
fitness landscape are mostly in a high dimensional space. Therefore,
visualization of the landscape in these dimensional space is difficult with the
knowledge we have now. At present, we have dig into some parameters
relating to the feature of the fitness landscape which allow us to predict the
outcome of an experimental molecular engineering of an enzyme. However,
further elucidation on other essential parameters might be relevant to
foresee more of the high dimensional space. Moreover, we might need to
consider further relationship between the required population size for
adaptive walk and the measurement limitation of the assay system of an
enzyme property, particularly in improving novel property of an enzyme.
That is, when the enzyme property increases minimally or no significant
increase in each cycle of mutation and selection, minimizing the error in
measurement will be the essential factor for further property improvement.
With regard to this aspect, one may ask, “How far can an assay system hold
true for the detection of property to be within the standard error in
measurement?”’, “How much deviation can we allow to accommodate error
in measurement?” and “Can increasing mainly the population size be the
answer in obtaining the desired range of a property?”. Answering some of
the questions raised may give an possibility to bring a novel property of an

enzyme to existence with evolutionary molecular engineering.
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Appendix

I) Derivation of Equation 6
z,is the difference between the property of a mutant enzyme and the
wild-type. I indicates the first mutant library. The variance of z; is

expressed as:

V(zp =E[{z;-E(zp} g

B3 o 2,;}_2 (4 +2) ~E(zD} |

= EI{(1-bim-1)3, 2~ E(z)} )

= E[m E(z2)(1 — b(m — 1)) +m(m —1)(1 - b(m - 1))*E(z)”
~2B(z)(1 - b(m~ 1) 2 +Ep’]

= E[m(1 - b(m~ 1))V(z)] + E[{m(1 - b(m - 1))E(z0)- E(z)} "]

(a)
Assuming the Poisson distribution, E(m) is then expressed as:
E(m)=V(m)=E(m(m-1))=E(m(m-1)(m-2))=...... (b)
Hence, from Equation 4 and b, Equation a is converted to
V(zp =E[m(1-b(m-1))V(zp)]
+E[{m(1 - b(m — 1))E(z0)~ E(mE(z0)(1 -bE(m))} ]
= E(m)[E(z0) X2bE(m) — 1} + V(zo){bE(m) - 1}
+b*E(m){V(z0) ~ E(z0)}] )
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IT) Derivation of Equation 9
zy; 1s the difference between the property of a mutant enzyme and the
wild-type. II indicates the second mutant library. The variance of z, is

expressed as:

V(Zn) —E[{ZII—E(ZII)}2]
_E[{Z zk——Z 2 (z+7))

—IJ Lkej

n+m n+m n+m n n+m
+ 2z _b > Z (zi +25)- bz > (zx +2;)
i=n+1 21—n+15 =n+1,j =i k=1 j=n+1

~zp—E(zy) +PE(m)[nE(z0) + Z 23]

-E[{bz (Em)(Eo) +20 — 2 (zc+2p)

n+m

+ 2 {z;—b(m—-1)z;} + E(z)}7]

i=n+1
n+m

—E[{bZ {E(m)(E(zo) +2) — 2 (zc+zp)

n+t+m

+1_§+ {z;—b(m - 1)z;} + E(z)}’] (©)

Assuming Poisson distribution and from Equation 4, Equation c is

converted to:

V(zy) =E[m(1-b(m +n-1)>V(z,)
+{m(1 = b(m + 1~ 1)B(z0) +b(E() ~m) 3. 23+ bE(mnE(zo)
—{E(m) - b(V(m) + E(m)” - E(m))}E(z0)}*
= B(m[{E0)@Em) +bn-1) +b3, 2}
+ Vo) b(r+E(m) - 1}
+b°E(m){V(z0) - Ez0)}]
9
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