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PREFACE

This dissertation work was carried out under the joint supervision of
Professor Isao Komasawa and Professor Ryoichi Kuboi at the Department of
Chemical Engineering, Faculty of Engineering Science, Osaka University
from 1991 to 1997.

The objective of this thesis is to achieve rational design and
development for protein production and purification process by combining
both stress-response functions of bacterial cells and aqueous polymer two-
phase systems. The interest is focused on the characterization of the stress-
response process of bacterial cells, which is induced by exposing them to the
environmental stress, from macroscopic and microscopic view points. The
author hopes that this research would contribute to the rational design of
bioproduction systems by the use of stress-response functions of bacterial

cells.

W(WM

Hiroshi Umakoshi
Department of Chemical Engineering
Faculty of Engineering Science
Osaka University
Toyonaka, Osaka 560, Japan



CONTENTS

General Introduction

Chapter 1 Evaluation of Surface Net Hydrophobicity and
Local Hydrophobicity of Bacterial Cells and Lipid
Membrane by Using Aqueous Two-Phase Partitioning
Method

Introduction
Theoretical
Experimental
Results and Discussion
1. Partitioning behaviors of bacterial cells and characterization
of their surface properties in aqueous two-phase systems
1.1 Electrostatic effects
1.2 Hydrophobic effects
1.3 Effects of addition of salts
1.4 Effects of addition of nonionic detergent
2. Application of aqueous two-phase partitioning method
2.1 Change in surface properties of bacterial cells as response
to heat stress
2.2 Characterization of surface properties of lipid membrane
(liposomes)
Summary

Chapter 2 Characterization of Intracellular Properties
through Kinetic Analysis of Cell Disruption and
Product Release Process against Physical Stress

Introduction

Experimental

Results and Discussion

1. Effective parameters for cell-disruption process

i

14
14
16
18
22

22

33

38

40

40
42
44
44



2. Kinetic analysis of cell disruption process using the specific
energy.

3. Evaluation of cell properties using the disruption and
release rate constant

4. Characterization of hydrophobic interaction between cell
surface and hydrophobic polymer by using the rate
constants.

Summary

Chapter 3  Selective Release and Recovery of Intracellular
Enzymes from Escherichia coli using Nonionic Detergent,
Triton X-100

Introduction

Experimental

Results and Discussion

1. Release of intracellular enzymes from E.coli cells after Triton
X-100/EDTA treatment

2. Relationship between rate constant and detergent dependent
term

3. Relationship between rate constant and cell dependent term

4. Final correlation and its application

Summary

Chapter 4 Evaluation, Analysis and Control of Stress Response
Function of Bacterial Cells Induced by Combined
Physicochemical Stress.

Introduction

Experimental

Results and Discussion

1. Typical response of intracellular proteins in £.coli cells after
heat treatment

2. Effects of heating time and temperature on location factor of
cytoplasmic B-galactosidase

1i1

48

51

54
62

63
63
64
68
68
71
73
77
81

83
83
85
88
88

91



3. Change in surface hydrophobicity of outer and inner

membrane of E.coli cells after heat stress 95
4. Conformational change of 3-gal under heat stress 96
5. Inhibition of B-gal translocation by induction of HSPs 98
6. Combined effect of other stress under the heat stress 100
7. Process Design for effective and selective recovery of
intracellular B-gal by using its heat induced translocation 101
Summary 104

Chapter 5 Model Simulation of Heat-Induced Translocation
of Entrapped B-Galactosidase Across Lipid

Bilayer Membrane
106
Introdpctmn 106
Experimental 108
Results and Discussion 11
1. Change of B-gal activity in environmental solution of liposome
after heat treatment
2. Other possibility in heat-induced increase in 3-gal activity I
in environmental solution of liposome 13
3. Variation of surface properties of liposomes and (3-gal 119
4. Possible mechanisms for heat induced translocation
of B-gal translocation by induction of HSPs 125
5. Simulation of translocation of $-gal based on the simplest
model
Summary 127
131

Chapter 6 Process Integration of Stress-Response Function of
Bacterial Cells and Aqueous Two-Phase Systems

132
Introduction
Scheme for Integration of Stress-Response Function of Cells 132
and ATPS
Experimental 134
136

Results and Discussion

v



1. Selective recovery of cytoplasmic 3-gal 141
1.1 Optimization of stress condition for the integrated process 141
1.2 Cultivation of cells
1.3 Release and partitioning of (3-gal
1.4 Application to the integrated process

2. Enhanced Production of cytoplasmic HSPs
2.1 Growth behaviors of recombinant cells 155
2.2 Protein location and productivity within the cells
2.3 Partitioning behaviors of HSPs
2.4 Effect of ultrasonic irradiation on cell growth and product

release
2.5 Intermittent operation for production and separation of HSPs
Summary

167
General Conclusion

168
Suggestion for the Future Work

173
Nomenclature

176
Literature Sited

178
List of Publications

190
Acknowledgment

193



GENERAL INTRODUCTION

Many useful biomaterials, such as proteins and polypeptides, have
been produced by utilizing bacterial cells. The process to produce the target
biomaterials and separate them from the cells usually consists of a series of
unit operations, such as cultivation, disruption and/or lysis of the cells,
solid-liquid separation, protein separation, purification and polishing of tar-
get products (Belter et al, 1988; Lightfoot et al, 1987).

In such bioprocesses there are many potential difficulties. i) Concen-
tration as well as separation is essential to extract the required products,
such as proteins and polypeptides, from the large volume of raw materials
and by-products because of the low concentration of target products in the
recovered mixture (Wheelwright, 1991). ii) In most cases, the target prod-
ucts must be recovered from the cells by using physical (mechanical) disrup-
tion methods (Schutte and Kula, 1990) because they are usually not secreted
to the surrounding media but produced in the cytoplasm of the cells
(Wheelwright, 1991), so that they are highly contaminated with many other
products and cell debris at the primary step of the bioprocess. The secretion
of some target proteins can be achieved by its modification using recombi-
nant DNA technology (Jacobs and White, 1986, 1987; Mclean ez al., 1991)
but it is still not effective. iii) The biological activity of proteins, which de-
pends on the specific conformation, is likely to be lost owing to some given
change of temperature, ion strength or pH during the process operations
(Asenjo and Patrick, 1990). iv) Although recent advances in gene technolo-
gies have allowed the production of recombinant proteins and novel engi-
neered polypeptides at high concentration level within host cells, the target
products may form an inactive insoluble aggregates (e.g. inclusion body)
(Bowden et al., 1991; Oeda et al., 1989). The additional operations, such as

purification and solublization of the aggregates (Hatefi and Hanstein, 1969;
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Fig.1 Possible pathways of cell-response against environmental stress

Georgiou et al., 1986) and the refolding of the target (Puri and Cardamone,
1992; Naglak and Wang, 1992), may therefore be needed. The efficiency
and selectivity of the bioprocess for the production and recovery of the tar-
get are still restricted and should be improved from the economical and op-
erational view points.

This may be caused by the lack of the quantitative understandings of
the properties and functions of the bacterial cells. The above difficulties un-
derlying in the conventional bioprocesses may be improved by using the cell
functions, which are for example induced under the stress condition (stress-
response functions). Bacterial cells normally have a variety of functions,
such as intake of environmental nutrients, synthesis of various materials,
metabolism, growth, and further, in order to survive in a given and changing
circumstance, other important functions such as recognition of environment,

response and adaptation to various environmental stresses, what is called,



Table 1 Possibility to solve the problems underlying in conventional bioproc-
esses by using the ‘stress-response’ function of bacterial cells

Problems in Conventional Possible Utilization of
Bioprocesses Cell Functions '
* Low Productivity of * Enhanced Production of Target Protein
Target Proteins . by r-DNA Technology
- Denaturation of Proteins * {Enhanced Refolding of Protein followed by Induction of HSPs
[Path A]; Schein and Noteborn, 1988, Lee and Olines, 1992}
+ Contamination + {Control of Path D; Schutte and Kula, 1990,
with Other Proteins > Felix, 1971, Dabora and Cooney, 1990}

* {{Enhancement of Path B]; Bychkova ez a/, 1988}

*Limited Secretion of Target - Signal-Peptide; Jacobs and White, 1986,1987,
Protein from Cells™ Mclean et al., 1991 [Path B]
* {Use of Sec-Protein; Collier et a/, 1988, Liu ez al/, 1989[Path B]}
* {Enhancement of Lipid-Protein Interaction [Path B];
Bychkova et al., 1988}

* Formation of Inactive *Reduction of Path C; {Optimization of culture condition
Insoluble Aggregates such as temperature, pH, salt concentration
(Bowden et al, 1991, Shein and Noteborn, 1988, Lee et al., 1990}
Oeda et al., 1989) * {Induction of HSPs [enhancement of Path A];

Blumeral, 1992, Lee et al., 1992}

*1 { }; Use of the stress-response function of bacterial cells under the environmental stress
*2  Wheelwright, 1991
*3 Asenjo and Patrick, 1990

stress-response function (schematically shown in Fig.1). When cells were
exposed to heat stress, for example, they respond by transiently inducing
various functions of cells, such as (A) rapid synthesis of a set of heat shock
proteins (HSPs), such as GroEL and GroES (Ellis and Van der Vies, 1976),
and refolding of damaged proteins (Ptysin, 1986; Ayling and Baneyx, 1996),
(B) transmembrane translocation of proteins (Bychkova et al., 1988),
(C) formation of protein aggregates in an inert insoluble form (e.g. inclusion
body) (Di Domenco et al, 1989), (D) protein degradation by protease
(Goldberg and Dice, 1974). Exposing the cells to lethal stresses, such as
mechanical and chemical ones, induces the disruption and/or lysis of cells
and the release of intracellular products (E) (Schutte and Kula, 1990; Felix,
1971, Dabora and Cooney, 1990). If quantitative relationships between



‘stress factor’ and ‘cell-response’ are studied in details, their functions may
be controlled and efficiently utilized for the design and development of bio-
processes. In practice, the above problems of the conventional bioprocesses,
such as low productivity, aggregates formation, denaturation, and limitted
secretion of target protein (Table 1), can be solved by controlling and utiliz-
ing the stress-response functions of bacterial cells, described as pathways
(A)~(E) in Fig.1.

The environmental ‘stress’ is herewith thought to be classified as (1)
physical (mechanical), (2) chemical and (3) combined physico-chemical
(biological) stresses in relation to the responded behaviors of bacterial cells
as shown in Fig.2. Among them, physical stress is most destructive for bac-
terial cells (Schutte and Kula, 1990). This lethal stress usually causes disrup-
tion of cell membrane, which consists of outer and inner membranes in
Escherichia coli cells, the release of cellular products, and cell death.
Chemical stresses induced by the addition of ionic and nonionic detergents,
organic solvents, chelate-reagents, antibiotics, are relatively mild as com-
pared with the physical one (Felix, 1971; Dabora and Cooney, 1990). The

bacterial cells respond in various manners against those chemical stresses.
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Physicochemical - Translocation
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( L) * Denaturation of Proteins

* Aggregates-Formation

Fig.2 Classxﬁcatlon of various stresses and stress-response of cells



For example, the cells, such as E.coli, are lysed by the addition of antibiotics,
while the addition of nonionic detergent induces the limited solublization of
the outer membrane. Further, the bacterial cells respond by inducing a series
of and a variety of their functions especially when they are exposed to the
combined physicochemical stresses, such as heat stress, cold shock, oxida-
tive stress, starvation, and so on (Fig.1). Against these stresses, the latent
cell function can be induced because they are not lethal but sublethal one for
the bacterial cell survival. The inducing mechanism of such stress-response
functions of cells should be studied in each stress level by using both static
and kinetic methods.

Various studies on the biological response of bacterial cells against
environmental stress have been reported (Hendrick and Hartle, 1993; Geth-
ing and Sambrook, 1990; Gething and Smabook, 1992; Horwick et al.,
1990; Ellis and Van der Vies, 1991; Ang et al., 1991). However, they are
mainly concerned with the functions of HSPs, which are rapidly induced
mainly by heat shock and partly by other stresses. Recent studies on the
HSPs also emphasize the central role that the HSPs play not only in cellular
homeostasis but also in an extraordinary variety of other fundamental cellu-
lar processes. For example, the induction of HSPs protects the bacterial cells
from the lethality. Some HSPs are also reported to show an important func-
tion 1in the renaturation (refolding) of denatured proteins. They are classified
as molecular chaperons (via DnaK, Dnal, and GrpE protein), facilitate the
assembly of oligomeric proteins (via GroEL and GroES) [corresponding to
Path (A) of Fig.1], preventing certain transported proteins from folding into
transport-incompetent forms (via SecB) [corresponding to Path (B) of
Fig.1], and facilitate the proper folding and assembly of the newly trans-
ported proteins (via HSP60). However, it is still not completely investigated
yet whether those diverse functions of stress response of bacterial cells in-

volve the cooperation of the HSPs or not.



Biological membranes also play important roles in the bacterial cell
functions. The compartmentation (localization) of intracellular proteins, fol-
lowed by their translocation, is a typical example. Many cases are reported
in which translocation can be occurred. The difficult enough issue of how a
nascent polypeptide traverses a membrane and folds up on the other side has,
therefore, given way to the more general and seemingly more difficult prob-
lem of how a fully folded, soluble protein can pass the lipid bilayer. To date,
most of the data on lipid-protein interactions have been obtained from natu-
ral membrane proteins in reconstituted membrane systems from the view
point of protein translocation across biological membranes (McElhaney,
1986; George et al., 1990). Current approaches to the study of lipid-protein
interactions tend to employ peptide models (Scheele ez al, 1978) which are
designed to interact specifically with either the polar, the interfacial, or the
hydrophobic domains of lipid bilayers (Jacobs and White, 1986, 1987;
Mclean et al., 1991). Recently, the conformational change of protein, fol-
lowed by their denaturation, has also been shown to be required for translo-

cation as shown in Fig.3 (Bychkova et al., 1988). Studying the mechanisms

Protein
@ Translocation

Interaction of Protein (MG)
with Lipid and/or Chaperon

’ @ Proteins of
Q Partly Unfolded or ‘ .
Partly Damaged @ Native State
Proteins
(Molten-Globule State ) StreSS

(a) Normal Condition (b) Stress Condition

Newly
Synthesized
Proteins of
Unfolded State ...
on Ribosome

Fig.3 Role of protein conformation and lipid membrane in transport across
the membrane (Concept from Bychkova ez al.(1988))
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Fig.4 Role of hydrophobic interaction in biological function of chaperon
such as GroEL and GroES. (Yano, 1996)

1s, therefore, important in order to control protein transport across the mem-
brane.

The biological roles of the above biopolymers, such as chaperons, other
HSPs and the phospholipid membranes, are thought to be triggered by the
inter- and intra-molecular hydrophobic interaction because both the protein
refolding (related to the chaperon) and the protein translocation (related to
the lipid membrane) are dependent on whether the local hydrophobic do-
main exists in proteins and the molecules (Ptisyn, 1986; Bychkova et
al,1988). Especially in the former case, the role of GroEL in the refolding of
unfolded carbonic anhydrase from bovine (CAB) has been quantitatively
characterized in relation to the local hydrophobicity of CAB and GroEL
(Yano, 1996, Fig.4). The folding (A) and transport (B) of intracellular pro-
teins in vivo may also be controlled based on such hydrophobic interaction.
It is expected that the mechanisms of the bacterial cell function, such as in
vivo refolding and translocation of proteins, may be clarified by using the

quantitative information on hydrophobic properties of such biomolecules.



Various methods have been reported for the characterization of cell
surface properties, in particular, on the surface hydrophobicity (van Loos-
drecht et al., 1989; Magnusson, 1982; Smyth et al., 1978; Rosenberg, 1980;
Rosenberg, 1981; Jonsson and Wadstrom, 1984; Noda and Kanemasa,
1986). Among them, the method using the aqueous two-phase systems
(ATPS) has specific advantages for obtaining information on a series of sur-
face properties of cells. 1) The surface properties can be analysed through a
mild operation (Albertsson, 1986; Walter et al., 1985). ii) The systematic
analysis of a series of surface properties can be achieved by varying the
mode of partitioning. It has been partly applied by Zaslavsky (1983), Al-
bertsson (1986) and Johansson (1976) as means of determining of the global
properties of biomaterials. Tanaka (1993) has recently suggested the charac-
terization scheme of surface properties of various proteins, such as charge,
molecular weight, hydrophobicity, and local binding site, by using the
ATPS. The surface properties of bacterial cell membrane and phospholipid
membrane can be expected to be obtained, employing the ATPS.

Furthermore, the ATPS has been recently applied to various practical
processes. For instance, the extractive bioconversion using enzyme
(Tjerneld et al., 1984), the extractive cultivation of bacterial cells (separation
of produced enzymes from host cells) (Drouin and Cooper, 1992, Tanaka,
1993, Tjerneld et al., 1984), and the extractive protein folding process using
molecular chaperon (folded proteins from unfolded ones) (Yano, 1996) are
accomplished in the ATPS mainly on the basis of the differences of hydro-
phobicity of targets and hosts. Consequently, the ATPS can be utilized for
the integration of these functions of ATPS and stress-response function of
bacterial cells.

It may be interesting to notice the similarity between the inducing

mechanism of bacterial cell function (the protein transport and refolding)



and the partitioning of proteins and cells in ATPS, since in both cases inter-
molecular hydrophobic interaction play an important role. In order to con-
struct the simple process which integrates the ﬁxncﬁons of bacterial cells and
those of ATPS, it may be reasonable to combine and fuse these two func-
tions based on the common hydrophobic interaction.

In this study, the stress-response functions of bacterial cells against
various stresses were characterized by using both the static (partitioning)
and kinetic methods. The macroscopic properties of biological membrane,
such as bacterial cells and model membranes (liposomes), have been sys-
tematically characterized at the various equilibrium conditions by using the
aqueous two-phase partitioning method. The transient properties of cell
membrane under the stressed conditions, such as the physical (mechanical)
and chemical stresses, have been also studied by the kinetic analysis. The
surface properties of inner membrane of cells was also characterized by us-
ing both the partitioning and kinetic methods. The role of hydrophobic in-
teraction in the biological response of bacterial cells, which is induced by
sublethal stress, has been analysed by using the biological membrane and
liposomes based on the evaluated properties of the membrane and the bio-
molecules as compared with the stress responded behaviors of cells against
the other physical and chemical stresses. The effective and selective bio-
process using bacterial cell functions, which can be estimated by the re-
sponded behaviors of bacterial cells against various stresses, has then been
established. The flame work and the flow chart of the present study are
shown in Fig.5 and Fig.6, respectively.

In chapter 1, characterization methods of surface properties of native
(Tanaka, 1993) and unfolded or partly unfolded proteins (Yano, 1996) were
developed by using the aqueous two-phase partitioning method and applied

to those of bacterial cell membrane and artificial lipid bilayer membrane at



Integration of Stress Response Functions of Bacterial Cells and
Use of Aqueous Two-Phase Partitioning Systems
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the equilibrium. Possibility of cell separation processes based on the differ-
ences In their surface properties, especially their hydrophobicities, was pre-
sented. The surface properties of bacterial cells exposed to various stress
conditions were also characterized based on the above methodology.

In chapter 2, the cell response against the mechanical (physical) stress
was investigated based on the kinetic analysis of cell disruption and prod-
ucts (proteins) release process. The kinetic parameters, which are dependent
on the properties of cells such as physical strength of the whole membrane
and the localization of enzymes in the specific compartment of cells sur-
rounded by outer and inner membrane, were then presented by eliminating
the effect of various operational conditions. The stress-response of cells was
also shown to be controlled by hydrophobic effect. As a case study, the
method for effective recovery of periplasmic enzyme was presented by con-
trolling the hydrophobic effect of synthetic polymer on membrane surface.

In chapter 3, for the kinetic analysis of the outer membrane and sur-
face properties of the inner membrane, the response of cells against the
chemical stress, which was relatively mild compared with mechanical stress
discussed in chapter 2, were investigated. Nonionic detergent, Triton X-100,
was used as a chemical stress in order to clarify the hydrophobic interaction
between the molecules and the cell membranes. The release kinetics of vari-
ous enzymes was systematically investigated on the basis of the hydrophobic
interaction. The methods to control the cell response and to prepare the par-
tially damaged cells by chemical stress were presented. The surface proper-
ties of the inner membrane which affect translocation of proteins were then
finally characterized by using the partitioning and kinetic methods.

[n chapter 4, the biological response against the sublethal stress, espe-
cially heat stress, was investigated in detail in relation to the hydrophobicity

of the bacterial cell surface and the intracellular target proteins. The relation-

12



ship between heat stress and various responses of cells, such as protein fold-
ing (A), translocation (B), aggregates formation (C), and degradation by
protease(D), was clarified by using the quantitative design parameters. Es-
pecially, the transport of cytoplasmic B-galactosidase across the inner mem-
brane, induced by heat stress, was shown to be triggered by the hydrophobic
interaction between the proteins and the membrane surface.

In chapter 5, the in vivo stress-response functions of cells, especially
the heat-induced translocation of proteins across the inner membrane of
cells, were verified by using the phospholipid bilayers (liposomes) trapping
B-galactosidase. In the in vitro model systems, heat-stress was also shown to
induce translocation of the enzyme across the lipid membrane. The stress
condition for the in vitro translocation was well corresponding to that for in
vivo results. The simple scheme for the possible mechanism of heat-induced
translocation of B-galactosidase were presented on the basis of the hydro-
phobic interaction between the liposome and the proteins. Finally the model
simulation for the protein translocation was attempted.

In chapter 6, practical integration was made to apply the results ob-
tained in chapters 1~5 to establish the effective process for the production
and separation of bioproducts. A novel and effective bioprocess to produce
and separate the 1) cytoplasmic p-galactosidase and i) HSPs (GroEL and
GroES) from bacterial cells was developed exploiting the functions and simi-
larity of stress-response of cells and ATPS to enhance both the productivity
and selectivity of the target product.

The results obtained in this work are summarized in General Conclu-
sions. Suggestions for the Future Work are described as extension of the

present thesis.
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Chapter 1

Evaluation of Surface Net hydrophobicity and Local
Hydrophobicity of Bacterial Cells and Lipid Membrane
by Using Aqueous Two-Phase Partitioning Method

1. INTRODUCTION

The membrane surface of bacterial cells is characterized by various
properties such as charge and hydrophobicity, which are due to the composi-
tion on their membrane surface of bacterial cells (phospholipid, intrinsic and
extrinsic protein, lipopolysaccharide and so on) as shown in Fig.1-1. The
development of evaluation methods for the determination of these surface
properties is therefore important with respect to the following two points. (1)
The efficiency and selectivity of product recovery in a practical bioprocess
which involves the selection and separation of microorganisms, their culﬁva—
tions, disruption and/or lysis, and the removal of their homogenates from the
target products may be directly affected by the cell surface properties. The
recent study on the extractive cultivation process using aqueous two-phase
systems (Drouin and Cooper, 1992; Tanaka et al., 1993) also requires the
quantitative data of the surface properties in order to design and develop the
process efficiently. (2) The cell surface properties may be utilized for clarify-
ing the mechanisms of stress-response of microorganisms because the mem-
brane surface will, at first, recognize the environmental stress, followed by
the cell response. For example, Escherichia coli cells exposed to temperature
stress have been reported to cause the change of lipid composition on the cell
membrane (Kito ef al., 1973) and the enhancement of penetration of hydro-
phobic materials to the membrane (Tsuchido ez al., 1975,1985). The devel-

opment of evaluation methods for characterizing cell surface properties is,

14
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Fig.1-1 Structure of biological membrane (Escherichia coli) and model
membrane (Liposome)

Biological Membrane

therefore, needed.

Some researchers previously reported various methods for the charac-
terization of cell surface properties, in particular, on the surface charge
(Stan-Lotter ef al., 1989; Flegr, 1990) and on the surface hydrophobicity
(van Loosdrecht et al., 1989; Magnusson, 1982; Smyth et a/., 1978; Rosen-
berg, 1980; Rosenberg, 1981; Jonsson and Wadstrom, 1984; Noda and
Kanemasa, 1986). In the methodologies applied so far, the aqueous two-
phase partitioning method has several advantages for obtaining information
on the surface properties of cells. 1) The surface properties can be analysed
through a mild operation because these systems are mainly composed of wa-
ter (Albertsson, 1986; Walter ez al., 1984). ii) The systematic analysis of the
surface properties, such as isoelectric points, surface net hydrophobicity, and
other specific properties, can be achieved by varying the mode of partition-
ing. Albertsson (1986) and, recently, Kuboi et al., (1994) investigated the

15



partitioning behaviors of large biomolecular assemblies such as microorgan-
isms, bacteria, and virus as well as small molecules and biopolymers.

In this chapter, the surface properties of bacterial cells, such as isoe-
lectric point, surface net and local hydrophobicity, have been quantitatively
determined by investigating their partitioning behavior in aqueous two-phase
systems. The possibility to separate the intracellular proteins and bacterial
cells was then discussed on the basis of the evaluated surface properties. The
change in the surface properties of the cells exposed to heat treatment was
also analysed using the partitioning method. In addition, the possibility to
apply the above methodology to the characterization of the surface
properties of some kinds of phospholipid membranes (liposomes) as a model

membrane was also investigated.

2. THEORETICAL

The analytical methods for the determination of the surface properties
of biomolecules using the aqueous two-phase systems (ATPS) containing a
polymer, to which charged ligands (such as tetramethylacetate or sulfonate),
hydrophobic ligands, (e.g. palmitate), or biospecific ligands (for example
dye molecules), are attached, have been reported before (Miorner ef al.,
1982; Miorner et al.,1983). If such ligands are not attached to the polymer,
the partition coefficient of biomolecules in an ATPS has been found empiri-
cally to depend on several factors which act independently. The partitioning
coefficient of amino acids, peptides, proteins or cells, may therefore be writ-

ten as described by Baskir ez al. (1989)
In K = In Kejectorstatic. + 1N Kpydrophobic T 1N Ko + I Kiigand (1-1)

Kclectorostatic.a Khydrophobic.: Ksalt; and Kligand are the contribution to the partition'
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ing of the biomolecules from electrostatic, hydrophobic, salt, and ligand ef-

fects, respectively. Considering these effects, the surface of proteins can for

example be characterized, systematically (Tanaka, 1993; Kuboi et al., 1994).

Select Composition
of ATPS and Cells

Y

Cross Partition
Method
|
\

(1)

p

Partition (at pl
VS. H% Pl

drophobici
‘0" Brsp o

\

(2)

(3) Salt Addition
\
(4) Triton Effect

Local
Hydrophobici

\

Characterization
of Surface Properties

Fig.1-2 Scheme of the characteriza-
tion of the surface properties of
biomolecules

The concept is shown in Fig.1-2.
Now, it is thought that the ATPS
method can also be applied for char-
acterizing the surface properties of
bacterial cells, which are highly or-
ganized biomolecular assemblies.
Albertsson (1986) has found
that the pH dependence of cell parti-
tioning in some sets of salt containing
ATPS showed a common cross point
at pH=pI (cross partition method). At
pH=pl and low ionic strength, the
values of In Kelwommﬁc; and In Kgy
can be neglected, and thus,
In K =In Kpydrophob. ~ (1-2)
Nozaki and Tanford (1971)
evaluated the hydrophobicities of
several amino acids in water/ethanol
and water/dioxane systems. Kuboi et
al. (1990) have elaborated a relation-
ship between the Nozaki-Tanford
values and the partition coefficient of

amino acids. They further determined
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the hydrophobic differences between the two phases in ATPS
(Hydrophobicity Factor, HF) and the surface net hydrophobicity of proteins
(HFS) were determined from the slope of Eq.(1-3) using the ATPS.

InK =HFSxHF (1-3)
In analogy, the surface hydrophobicity of bacterial cells can be also deter-
mined with the same methodology, following the scheme described above

for proteins.

3. EXPERIMENTAL

3.1 Materials. Poly (ethylene glycol) (PEG1540, 4000 and 6000; My = 1.5
kD, 3 kD and 7kD, respectively) and dextran 100~200k (Dex; M,, =
100~200 kD) were obtained from Wako Pure Chemicals Ltd. (Osaka, Ja-
pan). Nonionic detergents, Triton X-100, X-405, and X-705 (Mw = 0.65 kD,
2.0 kD, and 3.3 kD), were purchased from Sigma (New York, USA).
Casamino acid was purchased from Difco Laboratory Michigan, USA).
Baker’s yeast (Saccharomyces cerevisiae) was purchased from Oriental
Yeast Co. Ltd. (Osaka, Japan). Cholesterol (CH) and octyl-B-glucoside
(OG), used as modifiers of liposomes, were purchased from Wako. The salts
and other chemicals of analytical grade were from Wako.

3.2 Cualtivation of Bacterial Cells. Two types of cells were used in this
study, namely prokaryotic Escherichia coli W3110 and ML308 and eukary-
otic S.cerevisiae (baker’s yeast). The E.coli cells were grown in the modified
M9 media supplemented with 5g/1 glucose or 50g/l glycerol as a carbon
source. After the cells were grown in a 300 ml shaking flask containing
100ml media (shaking rate, 130 rpm; growth temperature, 27, 37, and

47°C), they were harvested in the stationary or in the early exponential
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growth phase by centrifugation (11000Xg, 10min, 4°0). They were washed
once and were resuspended in 20mM Tris-HCI1 solution buffered at pH of
7.4. S. cerevisiae cells were also suspended in the same buffer.

In the case of bacterial cells which had been stressed by heat treatment,
E.coli ML308 cells were first grown at 30°C in the M9 media; the tempera-
ture of media was then increased to 42°C and the cells were harvested after
0.5~1hr and were resuspended in the Tris-buffer.

3.3 Preparation of Liposome Suspension. The surface properties of model
membrane were also characterized. The crude phosphatidylcholine (PC,
93%) was extracted from egg yolk and purified by Singleton’s method
(Singleton, 1965). Large multilamellar vesicles (LMLV) were prepared by
vortex method (Bangham e? al., 1965). The LMLV suspension was treated
by freeze-thaw in order to stabilize the membrane structure and fuse the
small particles each other. The single unilamellar vesicle (SUV) was pre-
pared by the sonication (80W, 10min, Sml) of ihe LMLV suspension. The
surface of the SUV was modified with hydrophobic cholesterol (CH, from
Wako) and hydrophilic octyl-B-glucoside (OQG). After the ultrasonic irradia-
tion, SUV (60nm) was separated from the smaller MLV (100nm), by gel
filtration (Sepharose 4B, ¢=15mm X 500mm). The SUV, which is containing
calcein (CAL) as an entrapping marker, was also prepared in order to ana-
lyze the permeability of lipid membrane (Weinstein et al., 1981).

3.4 Partitioning Procedure of Bacterial Cells in Aqueous Two-Phase
Systems. The basic compositions of the systems (the total weight is 5g) for
the partitioning of cells were 7~13wt% PEG1540, 4000, 6000 and 7~13wt%
Dex 60-90k, 100-200k. The ATPSs were prepared by mixing stock solutions
of 30wt% PEG and 30wt% Dex with suspensions described above. The pH
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of these systems was adjusted by the addition of HCl and NaOH solution of
high concentration. After mixing in a 10 ml centrifugal tube by 30-times
gentle inversions, a 0.5 mL portion of the total phase systems was sampled
and the cell concentration, Ccepux, Was measured. The systems were then
centrifuged at adequate conditions (10Xg, 5 min, 25 °C) so as to enhance
phase separation but not to induce sedimentation of the cell particles. This
condition has been determined from preliminary experiments of the sedi-
mentation curve of bacterial cells in the single-phase buffer (Fig.1-3). The
cells were also partitioned in the ATPS containing salts (NaCl, NaSCN, and
Na,SO4; 0~400mM) or nonionic detergents (Triton X-100, 405, and 705;
0~2mM). In all cases, the ratio of Cceypuk to the cell concentration of the
suspension was checked from mass balance in order to prevent cell lysis.
The cell concentrations of top- and bottom-phase (Cr,p, and Cgottom) Were
then determined.

The partition coefficient of bacterial cells, K¢, and liposomes,
Kiiposome, Was defined as the ratio of concentration of cells and liposomes in
the top phase to that of bottom phase, Crop/Chortom- When the salts or deter-
gents were added to the two-phase systems, the increment change of parti-
tion coefficient of cells (Aln Kcejsar ( =In (Kcensai/Kceiro) ) or (Aln K Triton
(=In (Kcen,Triton’Kceit o) ) was used as a measure of the salt or detergent effect
detergent effect. Kcensan, Kceil,Triton, and Kceno were, respectively, the parti-
tion coefficient of cells with addition of salts, with addition of Triton, and
without any addition.

3.5 Measurement. The total concentration of bacterial cells was deter-
mined by optical density measurements of diluted samples at 660nm (0.01 <

OD¢go < 0.2). The concentration of LMLV and SUV was also determined
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from the optical density (ODyg) and/or lipid concentration of the liposome
containing solution (Weinstein et al., 1981). The HF values of the ATPS
were determined from the partition coefficient of amino acids, of which the

hydrophobicities have been determined, according to Kuboi ez al. (1990).

4. RESULTS AND DISCUSSION
4.1 Partitioning Behaviors of Bacterial Cells and Characterization of
Their Surface Properties in Aqueous Two-Phase Systems. Based on the
Eq. (1-1) of the theoretical section, four kinds of effects (electrostatic, hy-
drophobic, salt, and Triton effect) on the partitioning behaviors of bacterial
cells in aqueous two-phase systems (ATPS) were investigated by using the
same methodology already successfully applied for the characterization of
the surface properties of protein, following the scheme for the characteriza-
tion of the surface properties (Fig.1-2). The methods for the control of their
partitioning behaviors are, then, discussed on the basis of evaluated values.
4.1.1 Electrostatic Effects on the Partitioning of Bacterial Cells in
Aqueous Two-Phase Systems. The effect of pH on the partitioning behav-
101s of bacterial cells was examined in the ATPS containing various salts.
Figure 1-4 shows the dependence of the partition coefficients of E.coli
W3110 cells, Kcen, on pH values in three sets of PEG4000 (9%) / Dex (9%)
ATPS containing NaCl, NaSCN, or Na,SO, at the same ionic strength of the
anion. The addition of NaCl and NaSCN, leading to a negative electro-
chemical potential (Albertsson, 1986), increases the partition coefficients of
E.coli cells in the lower pH values, while the addition of Na,SO, is not
changed significantly. If cell particles are partitioned at different pH values

in a set of systems containing different salts of the same ionic strength, their
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curves cross at its isoelectric point, pl (Albertsson, 1986; Mioner et al.,
1982; Walter et al., 1985). The pl value of E.coli W3110 celis could there-
fore be determined as being 2.8+0.3.

The isoelectric points (pI) of different kinds of cells were determined
by using the above method and the values are summarized in Fig.1-5, to-
gether with the pl values determined for a variety of proteins, including en-

zymes. In general, the surface of bacterial cells has an isoelectric point in the
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Fig.1-4 Effect of pH on the partition coefficient of £.coliW3110 cells, Kcey,
in the presence of three kinds of salts (cross partition method
(Albertsson, 1986)). Symbols: O, 400mM NaCl, A, 400mM
NaSCN, D, 200mM N&zSO4.
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lower pH range. These resuits are in agreement with a previous report
(Loder and Liminol, 1985). The pl values of E.coli W3110 cells of the sta-
tionary growth phase are, then, greater and smaller than that of E.coli
ML308 cells and S.cerevisiae and that of E.coli cells of the exponentially
growth phase, respectively. The pl values of £.coli W3110 cells recovered in
the stationary growth phase are not changed although they were grown at the
different temperature (27, 37, and 47 °C).

It is thus found that the partitioning behaviors of cells are affected by
electrostatic properties, that the 1soelectric point of bacterial cells can be de-
termined by the ATPS methodology, and that the pl values are dependent on
the type, strain and growth phase, but on the growth temperature.

<Protein / Enzyme> *1
 Lysozyme

—
o
]

“+ Papain

oo
|

4 C.V.lipase <gacterial Cells> *2

Isoelectric Point, pl [-]

66— 61 E.coliW3110
- ADH (Yeast) ~ | / (Exp., 37°C)

4] B5A 4 E.coli w3110
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- 1+ sE.coli ML308

2— 2 ( (S, 27°C)
| t., 37°

- Cytochrome ¢ | § o are C;

- -l \S.cerevisiae
(Yeast)

Fig.1-5 pl ladder. *1: pl values of protein and/or enzyme were re-
ferred to Kuboi et al.(1994-b). *2: St., cells cultivated 1n station-
ary growth phase; Exp., in early exponential growth phase. 27,
37, and 47 °C indicate the growth temperature.
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4.1.2 Hydrophobic Effects on the Partitioning of Bacterial Cells in
Aqueous Two-Phase Systems. At the isoelectric point, pl, of bacterial cells,
their partitioning in the ATPS is governed by a hydrophobic combination as
mentioned in the theoretical section (Eq. (1-3)). Kuboi et al. (1990) have
recently evaluated the hydrophobic difference between the two-phases as the
hydrophobic factor (HF) on the basis of the partitioning behaviors of several
amino acids, of which hydrophobicities have been already defined (Nozaki
and Tanford, 1971). The partitioning behaviors of two kinds of £.coli cells
(W3110 and ML308) are now investigated in some sets of PEG/Dex ATPS,

Strain : E.coli W3110
Cell Conc. : 10 mg-cell/ml
N N W N U N A N B O

0.01 0.02
Hydrophobicity, HF [mol/kJ]

Fig.1-6 Dependence of partitioning coefficient of £.coli W3110, Kce,
on the hydrophobic factor, HF, at the pl
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which have different HF values. In Fig.1-6 the values of partition coeffi-
cient, K¢y, of E.coli W3110 cells are plotted against the HF values at the
corresponding pl of the cells. The data of their partition coefficient are clus-
tered on a straight line. The slope of the line (Kcey vs. HF) of E.coli W3110
then indicates a HFS of -537kJ/mol. The HFS values can be, herewith, de-
fined as the surface net hydrophobicity (Kuboi ez al., 1990).

The surface net hydrophobicity (HFS) of different kinds of cells were
then determined by using the above method and are summarized in Fig.1-7,
together with that of amino acids, and proteins (enzymes). In general, the
surface of bacterial cells has a relatively hydrophilic nature, compared with

that of amino acids, or proteins, and the results are thought to be caused by
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-850 E.coliW3110
-900 (St., 37°C)

S.cerevisiae
(Yeast)

Fig.1-7 HFS ladder. *1: HFS values of amino acids were referred to
Kuboi ef al.(1990). *2: HFS values of protein and/or enzyme were
referred to Kuboi ef al.(1994-b). *3: St., cells cultivated in station-
ary growth phase; Exp., in early exponential growth phase. 27, 37,
and 47 °C indicate the growth temperature.
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the hydrophilic head group of phospholipid, which is the main component of
membrane surface of cells (Kito et al., 1973). The E.coli W3110 cells
the hydrophilic head group of phospholipid, which is the main component of
have a rather hydrophilic nature than £.co/i MLL308 cells. The HFS values of
E.coli cells of the early exponential growth phase are greater than that of the
stationary growth phase. S.cerevisiae have the most hydrophilic nature
among the cells tested in this study. The increase of the growth temperature
cause the increase in the surface net hydrophobicity of E.coli cells.

It is found that the surface net hydrophobicity of cell surface, HF'S, can
be determined by the dependencies of cell partitioning on hydrophobic dif-
ferences of ATPS, HF, and the values is dependent on the type, strain,
growth phase, and growth temperature of the cells.

4.1.3 Effect of Additional Salt on Partitioning Behaviors of Cells in
Aqueous Two-Phase Systems. The effect of additional salt on the partition-
ing of cells was examined in the PEG4000 (9%) / Dex (9%) systems. Figure
1-8 shows the dependence of the increment change of the partitioning coef-
ficient of the E.coli W3110 cells, Aln Kcejsar, on the concentration of addi-
tional salts. In most cases, the partitioning of cells is affected by the addition
of salt in the lower concentration region (0~5 mM) comparable with the case
of proteins (enzymes) (Kuboi et al.,, 1994) and the values of the Aln K¢y sar
reach saturation in the higher concentration range (>200 mM). The partition-
ing behaviors of bacterial cells, which have a large surface and which con-
tain various kinds of biomolecules on the surface, are greatly affected by the
addition of salts because of the salting-out effects in the ATPS. While the

addition of sodium phosphate (NaPi) increases the partition coefficients, the
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addition of NaCl leads to a decrease of the partition coefficients. In the case

of Na,SO,, Aln K¢ey sar Value remains almost unchanged.

The limiting values of Aln Kceysar, of £.coli W3110 and ML308 cells
at high salt concentration using different salts are summarized in Table 1-1.
Comparing the effect of the different anion added, phosphate is found to be
the most effective for increasing the values of Aln Kceysa. The order of ef-
fectiveness is then Pi > SO,> > SCN" > CI". There is a slight difference of

the effectiveness in cations, too (Na" > K"). The efficiency order is corre-
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Table 1-1 Effect of addition of several kinds of salts on the partition coeffi-
cient of £.coliW3110 and ML308 cells

Additional Salt ! Aln Keesatt [-]
E.coli W3110 (St.)
COI’IU’QI KCell,O =14X 10-2
NaPi ~ 2.5
KPi ™ 2.0
Na2804 -0.15
K,SO4 | -0.41
NaSCN™ -1.0
NaCl 2.0
KCl 25
E.coli ML.308 (St.)
Control Keeno =2.2X10
NaPi 1.2
NaCl -0.8

*1 Salts were added to ATPS basically at the concentration of S0mM.
*2 NaPi and KPi indicate sodium phosphate and potassium phosphate, respectively.
*3  The concentration of additional salt 1s 400mM.

sponding to the Hoffmeyster series which is utilized to explain the effect of
salt on the partitioning of macromolecules such as proteins (enzymes).

The partitioning of cells is found to depend on the type of added salts
and the types of bacterial cells used in the ATPS.
4.1.4 Effect of Addition of the Nonionic Detergent, Triton X-100, in
Aqueous Two-Phase Systems. The effect of the addition of nonionic deter-
gents, Triton X-series, on the partitioning behavior of bacterial cells was
investigated at the pl of the cells in the PEG4000 (9%) / Dex (9%) two-
phase system. Figure 1-9 shows the relationship between the Triton X-100
concentration and the increment change of partitioning coefficient,
Aln Kcepi riton, for two kinds of cells. The Aln Koy trion values of E.coli

W3110 cells (circles) are dramatically increased to 5.1~5.9 in the presence
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of 2mM Triton X-100. On the other hand, the Aln K¢e Triton Values of E.coli
ML308 cells are not affected by the addition of Triton X-100 (triangles).

The effect of the average molecular weight, My, of Triton X-series on
the Aln Kcej Triton Value of E.coli W3110 was also examined as shown in
Fig.1-10. When Triton X-100 is added to the ATPS, of Aln Kcey Triton 1S
maximal, and an increase of My of Triton decreases Aln Kcep Triton. The HLB
value, which is used as a measure of the hydrophilic lipophilic balance of
nonionic detergent (Davies, 1954), is therefore also plotted in Fig.1-10. A

decrease in Aln Kcei Triton 15 paralleled by an increase in HLB.

N l ! I !
ATPS : PEG4000(9%) / Dex(9%) systems
— with Triton X-100 atpH=pl —
Cell Conc. : 10 mg-ceil/mi

— ——

-
o

3

—— e
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Increment Change of Partition
Coefficients of Cells, Aln K. 1yiton [-]

0 1 2 3
Fig.1-9 Effect of the concentration of Triton X-100 on the partitioning

behaviors of E.coli ML308 cells in PEG4000 (9%) / Dex
100~200k (9%) two-phase systems
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The Aln Kcen, riton Values (2mM Triton X-100) of various cells were
analysed and are summarized in Fig.1-11 together with the values for a few
biomolecules. The Aln Kcey titon Value of E.coli W3110 cells is higher than
that of several proteins and that of £.co/i ML.308 cells.

Triton molecule contains a hydrophobic p-t-octylphenyl group and a
hydrophilic poly (ethylene oxide) chain and preferentially partitions to the
top phase of the ATPS. The hydrophobic group interacts with membrane
proteins from the fact that Triton have been typically used for the solubliza-
tion of membrane proteins (Felix, 1971), so that it can be used as a hydro-
phobic probe in order to characterize the hydrophobicity of cell surface
(Magnusson et al., 1977). However, there seems to be no relationship be-
tween the values of the increment of partition coefficient of E.coli cells, Aln

Kceil Triton, (Fig.1-10) and the corresponding HFS values (surface net hydro
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phobicity, Fig.1-7). The Aln Kcei triton Value is therefore thought to indicate
the local hydrophobicity of the cell surface, which contains some effects
such as i) the ability of the hydrophobic interaction of Triton molecules, i1)
the types and their composition of membrane proteins, and iii) those of
phospholipids on the cell surface. By using the Triton with constant LB in
the experiments, the effect of i) can be negligible as shown in Fig.1-10. The
difference in Aln Kcey riton Obtained for various £.coli strain is, thus, thought
to be caused by the differences in, mainly, the types and composition of

membrane proteins and reflect local hydrophobic sites of the cell surface.



4.2 Application of Aqueous Two-Phase Partitioning Method. The possi-
bility of application of the above method to the characterization of (1)
stressed cells, which were exposed to heat treatment, and (2) lipid membrane
(liposome) as a cell model was investigated

4.2.1 Change in Surface Properties of Bacterial Cells as a Response to
Heat Stress. As a case study, the method described above for the characteri-
zation of surface properties was applied for the analysis of a possible change
in surface properties of bacterial cells stressed to the heat stress. The surface
properties (pl, HFS, and Aln Kcepriton) Of £-coli MLL308 cells, which were
exposed to heat treatment (from 3OOC~ to 42°C, O~1hr), were evaluated by
using the methods described above. Figure 1-12 shows the time course of
the surface properties of the cells after exposure to heat stress. While the pl

values of the cells are not changed, the values of surface net hydrophobicity,

-200 T T T [ T T T T ]
— Strain : E.coli ML308 (St) 13
~ Media : modified M9 - =
O -300— Heat Stress: 30 — 42°C 4
- B 2 &
3] o
£ c
5 400 g 13 =
X 1 £ | B8
5 3 |,
& -500 K T2
Ty O -
X < —1
_

6003 05 1

Heating Time [h]

Fig.1-12 Change in the surface properties of cells (pl, HFScq; and Aln K,
iton) OF E.coli ML308 cells when cells were stressed by heat treat-
ment at temperature of 42°C
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HFS, are gradually increased, and the local hydrophobicity, Aln Kceyi Triton, 1S
initially increased to 2.0 after 0.5 hr and then decreased to the initial value.
These results are thought to indicate the following two phenomena. (1) Heat
stressing £.coli cells induce a change in their surface hydrophobicity but not
in their surface charge. (2) The cells response in the membrane surface
seems to involve two processes, as a fast response (a change in the composi-
tion of membrane proteins) and a slower one (change in surface net hydro-
phobicity). Tsuchido et al. (1986) have reported that the hydrophobic change
of the surface plays an important role in the stress-response process of E.coli
cells and that the surface hydrophobicity of the cells stressed by heat treat-
ment is then increased. The above results are in agreement with these find-
ngs.

It 1s thus found that the characterization methods described in this
chapter can be applied for stressed cells and that they can be used for the
analysis of the dynamic change of the cell surface properties.

4.2.2 Characterization of Surface Properties of Lipid Membrane
(Liposome). The above methodology was applied to the characterization of
the liposome surface used as a cell model. The membrane surface of
liposomes has no charge in the middie pH range. Therefore, the partitioning
behaviors of liposome particles are mainly dependent on the hydrophobic
effect at this pH range (Eq.(1-2)). The surface hydrophobicity of liposomes
were evaluated by using Eq.(1-3). The effect of (1) the composition, (2) the
preparation method of liposome, (3) the temperature on the surface hydro-
phobicity were, then, investigated.

(1) Effect of Membrane Composition on Surface Hydrophobicity of
Liposome. The cholesterol (CH) and octyl-B-glucoside (OG) have typically
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Fig.1-13 Effect of Surface Modification of SUV with (a) octyl-B-glucoside
(OG) and (b) cholesterol (CH)

used as modifiers of liposome surface because CH and OG have hydropho-
bic and hydrophilic group in their molecules, respectively. The HES values
of liposomes modified by CH and OG were determined by the ATPS
method. Figure 1-13 shows the relationship between the HF values and the
corresponding partition coefficients of liposomes, Kjjposome- The data are clus-
tered on a straight line. The HFS values of liposomes, which were modified
with OG and CH, are respectively, smaller and greater than that of control
normal liposomes. These results are summarized in Fig.1-14.

The effect of the addition of OG can be explained in terms of appar-
ent increase of hydrophilic group at vesicle surface, which is caused by the
incorporation of OG molecules to the fatty acid chain of the lipid bilayer. On
the other hand, the effect of addition of CH on surface hydrophobicity is
caused by the increase in hydrophilic CH-chain domain in lipid bilayer and

the decrease in the phospholipid at the membrane surface.
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PC+CH tyl-B-Glucoside (0G)
(30mol%)
PC+CH PC only
(33mol%) (257C)
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N
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treatment | S.cerevisiae
- -1000 - (Baker's Yeast)

Fig.1-14 HF'S values of various types of SUV and bacterial cells

(2) Effect of Preparation Methods. The dependence of freeze-thaw treat-
ment on the surface net hydrophobicity of liposome, /FS, are also shown in
Fig.1-14. The hydrophobicity of liposome is increased when the suspension
of liposome was treated by the freeze-thaw treatment. This result corre-
sponds to the effect of the treatment on the physical strength, which can be
estimated by the kinetic analysis of disruption process (Yotsuyanagi, ef al.,
1987). It is found that the freeze-thaw process makes the surface of

liposome more hydrophobic.
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Fig.1-15 Effect of temperature on the change in the permeability of
liposome membrane (liposomes (SUV) containing calcein is
used )

(3) Effect of Temperature on Surface Hydrophebicity of Liposome. The
effect of temperature on the surface hydrophobicity of liposome was investi-
gated. The HFS values of liposomes (SUV) at 25°C and 42°C are also
shown in Fig.1-14. As temperature increase, their hydrophobicity increases.
This phenomena may be caused by the increase in the membrane fluidity,
which is due to the exposure of hydrophobic phosphatidylcholine to the
membrane surface. The dependence of the temperature on the release of cal-
cein from liposomes was examined in order to investigate the change of the
membrane fluidity. The results are shown in Fig.15. As temperature rises,
the release rate of calcein also increases. This result can be considered a kind
of stress response of liposomes. This probably indicates that the perturbation
of membrane structure, which also reflects in the AHFSS values, was promot-

ing the release of calcein. In analogy, the increase of the surface hydropho-
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bicity of bacterial cells (Fig.1-11) is suggested to be also caused by the in-
crease of the membrane fluidity.

These functions of cell membranes are, further, thought to be applied
for the design and preparation of the artificial biomembranes such as
liposomes, which are constructed by phospholipid bilayer. In another aspect,
several information obtained from the investigation of liposome can help to
study the induction mechanism of the function of bacterial cells. The devel-
opment of evaluation methods for characterizing surface properties of both

bacterial cells and liposome by common parameter is, therefore, needed.

5. SUMMARY
The physicochemical surface properties of bacterial cells and the
liposomes with or without the environmental stresses were systematically

characterized by using the aqueous two-phase partitioning method.

(1) The surface properties of bacterial cells, such as isoelectric points (pl),
surface net hydrophobicity (HFS) and local hydrophobicities
(Aln Kceyi Triton), could be evaluated by using the same method applied for
the characterization of the surface properties of proteins in aqueous two-
phase systems. In the practical bioseparation process, which contains the
separation of cells and/or their hémogenates from the target protein, the
operational conditions can be effectively optimized on the basis of the
quantitative data both on the protein (enzyme) and on the bacterial cells.

(2) The cells stressed by heat treatment were also characterized quantita-
tively by using the above method. The surface net and local hydropho-
bicities of bacterial cells were varied in response to the heat stress al-

though there was no change of the surface charge.
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(3) Using the same methodology, the surface hydrophobicity of liposome
can be analysed, where the surface hydrophobicity of liposome was
found to depend on the composition of liposomes and their preparation
methods. The increase of the hydrophobicity on the liposome membrane
was found to be caused by the increase in the membrane fluidity. In anal-
ogy, it was suggested that the increase in the membrane surface of bacte-
rial cells exposed to the heat stress could be caused by the increase of the

fluidity of cell membrane.
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Chapter 2

Characterization of Intracellular Properties
through Kinetic Analysis of Cell Disruption and
Product Release Process against Physical Stress

1. INTRODUCTION

The recovery of intracellular products requires, first of all, the cell
disruption with chemical, enzymatic and/or physical (mechanical) methods.
The physical methods induce the disruption of cells and release of intracellu-
lar proteins and are often favored for usual disruption owing to the eco-
nomical and operational limitations contained in the other two methods
(Schutte and Kula, 1990). The target product recovered with the cell disrup-
tion, usually, is contaminated with many other products and cell debris. The
recent increase of intracellular bioproducts, which are genetically engi-
neered, stimulates improvement in the design and operation of disruption
methods for their effective and selective primary separation (White and
Marcus, 1988).

The design and operation of these methods depend very much on the
individual cases and hence are difficult to be generalized because of many
factors involved in the disrdption process. The first-order kinetics has been
typically utilized, however, as the model of disruption process using the
physical methods such as homogenizer (Hetherington ef al., 1971), bead-
mills (Currie et al., 1972) and ultrasonic methods (James et al., 1972). The
specific energy has been recently employed for the comparison of the energy
consumption and the disruption mechanisms for the different disruption
methods (Schutte and Kula, 1986) and microorganisms (Matsumoto ef al.,

1994). The generalization of these disruption methods or the integration of
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these concepts is very important.

The cell disruption process is dependent on cell properties such as
physical strength of microorganism (Sauer et al., 1989) and intracellular
location of enzyme (Follows et al., 1971). A common method for measure-
ment of cell strength has not been reported. Recently the cell strength of
mammalian and bacterial cells was measured by Zhang et al. (1992, 1994)
and estimated by Middelberg ef al. (1993). Sauer et al. (1989) reported that
the behaviors of protein release during the disruption were well correspond-
ing to the cell strength. Some qualitative findings for the intracellular loca-
tion of various enzymes and the release were reported (Marr, 1960). Follows
et al. (1971) studied the relation of enzyme release and their intracellular
location during the physical disruption process. However, the method for
the design of effective disruption process for the selective release of a target
enzyme has not been systematically investigated.

In this chapter, a systematic and quantitative investigation were car-
ried out on the cell properties in relation to effective and selective release of
intracellular products from bacterial cells. Disruption process was kineti-
cally analyzed using a generalized parameter for evaluation of cell properties.
The effect of the addition of relatively hydrophobic polymers on the kinetics
was also investigated in order to clarify the hydrophobic interaction between
the membrane surface and the amphipathic polymer. Based on the evaluated
properties and the clarified interaction, the disruption conditions for the re-
covery of cytoplasmic B-galactosidase from E.coli ML308 were optimized

as a case study of the effective and selective disruption method.
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2. EXPERIMENTAL

2.1 Materials D-Glucose-6-phosphate (G6P) and B-NADP”, used as the
substrate and coenzyme for the measurement of D-glucose-6-phosphate de-
hydrogenase (G6PDH), were purchased from Oriental Yeast Co. Ltd.. o-
Nitrophenylgalactopyraniside (ONPG) for the substrate of f-galactosidase
(B-gal) was from Sigma. Casamino acid was from DIFCO Laboratory.
Baker's yeast (S.cerevisiae) was from Oriental Yeast Co. Ltd.. Polyethylene
glycols (PEG600, 1540 and 4000) were from Wako Pure Chemicals Ltd.
The salts and other chemicals used were all of analytical grade.

2.2 Cultivation and Disruption of Microorganisms S.cerevisiae,
B.subtilis ATCC6633 and E.coli OW10/pND5 (harbored plasmid) and
mainly W3110 and ML308 were used in this study. The growth media of
B.subtilis were referred to Nishio ef al. (1983). The basic media of E.coli
cells were modified M9 media (pH7.4, in g/1):Na,HPO,, 7.0; KH,POy4, 3.0;
NaCl, 5.0; NH4Cl, 1.0; casamino acid, 1.0; MgSO,, 0.75; glucose, 5. The
50g/1 glycerol in the replacement of glucose was utilized as a carbon source
for the production of B-gal using E.coli ML308 cells (Gray et al., 1973).
Following overnight growth at 37°C in a 100ml meyer (130rpm) with a
working volume of 20ml, the culture was used as an inoculum for a 300ml
shaking flask using 100ml media. The cells were harvested in the stationary
growth phase by centrifugation, washed once in distilled water, and resus-
pended in treatment buffer (50mM potassium phosphate: KPi, pH7.5) with
the various initial cell concentrations (Cy: 1.5~20mg/ml). The effect of the
growth phase of E.coli cells was also investigated. The PEG solutions of
various concentrations and molecular weights were also utilized as the

treatment solution.
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Disruption of cells was performed using an ultrasonic disrupter UD-
200 (Tomy Seiko Co., Ltd; 20kHz) with microtip (TP-040). Ultrasonic
wave was irradiated to the cell-suspension in a 10ml test tube with various
working volumes (V: 2.5~10ml) and with the various input power (P:
20~80W). The disruption was operated for 30 s periods separated by 60-s
intervals in the ice bath. Samples were then centrifuged (7000rpm, 10min,
0°C) and the supernatants were assayed for enzyme activity and protein
concentration.
2.3 Analytical Methods The enzymes assayed were acid phosphatase
(AcP; EC 3.1.3.2.) as a marker of periplasm (Brockman and Heppel, 1968;
Dvorak et al., 1967), glucose-6-phosphate dehydrogenase (G6PDH; EC
1.1.1.49.) and fumarase (Fum; EC 4.2.1.2.) as markers of cytoplasm (Marr,
1960). The activity of AcP, G6PDH, and Fum were measured, respectively,
in sodium acetate-acetic acid buffer (pH 4.5), glycylglycine-NaOH buffer
(pH7.5), and sodium-phosphate buffer (pH7.5) at a wavelength of 340, 340,
and 250nm using p-nitrophenylphosphste (p-NPP), G6P, and L-malate as a
substrate (Bergmeyer, 1963). The activity of B-gal (EC 3.2.1.23.) was
measured in 50mM Tris-HCl buffer containing 10mM MgSO, at 420nm
using ONPG as a substrate (Steers et al., 1971). The concentration of the
total soluble protein was measured by Pyrogaroll Red method (Fujita et al.,
1983). All measurements were performed by Shimadzu spectrophotometer
UV160-A. The released amounts (&;) of total soluble proteins (i=T) and en-
zymes (i=1;AcP, 2;G6PDH, 3;Fum, G; B-gal) were determined as the
weight and the activity per unit weight of packed cells, respectively.

Obtainable maxima in activity of AcP, G6PDH and Fum and weight of
proteins, Rim, (1 =1, 2, 3, G, and T ), for E.coliW3110 cells were
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0.069U/mg-cell, 0.070U/mg-cell and 0.35mg/mg-cell, respectively. The
concentration of the cells was determined with an optical density at 660nm
(ODsso). The average particle size (d,) by mass of the cell disintegrates was
determined by the dynamic light scattering method (Otuka Electronics,
DLS-700Ar). Three variables such as R;, ODsgg and d, were respectively
normalized as their remained fractioné, D; FRim-R)/Rim), Dc
(=ODsso(#=1)/ODso(#=0)) and Ds (=dy(=t)/d,(+=0)), where R, is the ob-
tainable maximum value and t is the disruption time. These three were ex-

amined as a possible measure of the degree of disruption.

3. RESULTS AND DISCUSSION
3.1 Effective Parameters for Cell-Disruption Process The degree of cell
disruption has been determined from the concentration of proteins
(Hetherington et al., 1971) and enzymes (Follows et al., 1971; Melendres et
al., 1993), the cell size (Agerkvist and Enfors, 1990; Kula et a/., 1990) and

— P=80W , V=5mli
Co=2.5mg/ml
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Fig.2-1 Time course of the size distribution of éells in the cell disrup-
tion process of £.coli W3110
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the number of viable cells (Melendres et al., 1993). The effectiveness of the
cell concentration measured by an optical density, ODggo, was investigated
as a basis for a quantitative estimation of the degree of cell disruption. Fig-
ure 2-1 shows the time course of the size distribution of the cell particles for
a typical disruption process. It was found that the particle size decreased
during the cell disruption process and was an effective measure of disrup-
tion. The time course of other normalized fractions are shown in Fig. 2-2.
These fractions were individually corresponding to the disruption time. At

any disruption time, the disrupted fraction from cell concentration, DF¢

e
-
K

—
o
o
Conductivity,
[mS/cm]

-l

RF; c,

- =10mg/ml
_'._O__' 0.5 P=80W, Vv=5ml —
o O RF;
w ] DF.
O DFg
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0 0 5

Disruption time, f  [min]

Fig.2-2 Time course of three fractions during the cell disruption of
E.coli W3110 at Cy=10g/l, P=80W and V=5ml. Symbols: (a) the

values of pH (A) and conductivity (V) ; (b) disrupted fractions
determined from cell concentration (DF¢,[]) and from average
cell size (DFs,/A\) and released fraction of total soluble proteins

(RFr,0)
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(=1-D¢), was almost corresponding to that from average cell size, DFs (=1-
Ds), whereas these disrupted fractions were slightly greater than the released
fraction of total proteins, RF (=1-D7).

Figure 2-3 shows the relationships between the disrupted fraction
measured by the cell concentration and the fractions measured by other
means. The disrupted fractions from average cell size, DFs, are compared
with corresponding fractions from cell concentration, DF¢, in Fig.2-3(a).
The data were obtained in the range of Cy: 1.3~10mg/ml, P: 20~80W and
V:5ml. The data are seen to cluster on the diagonal line, suggesting that the
cell concentration measured by an optical density can be an effective meas-
ure of the cell disruption. The released fractions of total proteins, RFT, ob-
tained in the range of Cy: 3.5~20mg/ml, P: 20~80W and V:5ml, are com-
pared with corresponding fractions from cell concentration, DF¢, in Fig.2-
3(b). The released fractions are seen to be almost proportional to the dis-
rupted fractions up to 0.8. However, the data deviate from the diagonal line,
suggesting that the present cells are disrupted prior to the release of the in-
tracellular proteins. The released fractions of the three enzymes RF; such as
AcP(i=1), G6PDH(i=2) and Fum(i=3) are also compared with correspond-
ing fractions from cell concentration in Fig.2-3(c). The data obtained in the
range of C, greater than 10mg/ml were used, since the reproducible data for
the enzyme activity were not obtained in the lower Cy range. The different
released fractions of the three enzymes are likely to be caused by the intra-
cellular locations of the enzymes. Follows et al. (1971) have reported the
dependence of the release behaviors of enzymes on their intracellular loca-
tions, and the present results are in line with their findings.

The cell concentration as measured by ODgg is thus proved to be an

46



i |

0011||o.1511 1

DFc (=1-Dc ) [

Fig.2-3 Relationship between disrupted fraction measured from cell con-
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of total soluble proteins (RFT), and (c) those of three enzymes (RF;)
from E.coli W3110 cells
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effective measure for the determination of the extent of the cell disruption
which can be measured both simply and quickly.

3.2 Kinetic Analysis of Cell Disruption Process using the Specific En-
ergy. For the cell disruption process, the first-order kinetics are reported to
be applied (Melendres et al., 1993).

-dC/dt = kc C (2-1)
where C 1s the concentration of undisrupted cells and ¢ is the disruption
rate constant. Integration of Eq.(2-1) with condition of C=C, at =0 gives,

In[Cy/C]=1n D¢ = kt (2-2)
The product release can also be expressed by the first-order kinetics
(Hetherington et al., 1971; James et al., 1972; Schutte and Kula, 1986),
dR/dt = ki(Ri~Ry) (2-3)
where R; is the released amount of total proteins (i=T) and enzymes
(1=1,2,3,..), and £; is their release rate constant. Integration of Eq.(2-3) with
the conditions of =0 at t=0 and Ri=R;, at /= gives,
In[Riw/(Rim-R)1 = In D" = kit (2-4)
The effects of the initial cell concentration (Cy), acoustic power of
ultrasonic wave (P) and the working volume of solution (/) on the cell dis-
ruption rate are shown in Fig.2-4(a), (b) and (c), respectively. Straight lines
are seen in all cases. At fixed values of P=80W and J/’=5ml, the initial cell
concentrations from 3.5 to 20mg/ml are seen in Fig.2-4(a) to have no effect
on the disruption rate constants. When plotted the slopes of the lines shown
in Fig.2-4(b) against the acoustic power, the rate constants were found to be
linearly increased with the power. The constants were also found to be line-
arly decreased with the working volume. James et al. (1972) found identical

dependences with the present results using both batch and flow systems.
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Fig.2-4 Effect of operational conditions on the disruption rate of £.coli W3110
cells. Symbols: (a) initial cell concentration, Cy, at P=80W and V=5ml,
(O)20g/1, (@) 14g/1, (@ )10g/1, (B )3.5g/1; (b)acoustic power, P, at Cy =
3.5g/l and V=5ml, (L), 40W, (), 20W, (M),80W; (c) working volume, V,
at Cy=2.5g/1 and P=40W (A), 5Sml, (A), 2.5ml, (A), 10ml.

These results suggest that the specific energy supplied to the disruption me-
dia, g (=Pt/V), 1s a generalized parameter for the disruption. Actually, the
concept of the specific energy input has been used as an effective parameter
for the comparison of the energy consumption among the different disrup-
tion methods (Matsumoto et al., 1994) and among the different microorgan-
isms (Schutte and Kula, 1986).

The remained fractions during the cell disruption are plotted against g
value in Fig.2-5(a). All the data obtained for £.col/i W3110 are seen to fall

on a single straight line. The data for B.subtilis and S.cerevisiae were on the
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respective straight lines and only the resultant lines are shown in Fig.2-5(a).
These rate constants, ¢, are found to be dependent on the kinds of microor-
ganisms. For the release constants of the total soluble proteins (i=T) and
three enzymes, the identical treatment was carried out. The remained frac-
tions are plotted against g values in Fig.2-5(b). Respective straight lines are
seen as expected from the original data shown in Fig.2-3(c). The release rate
constant of AcP, G6PDH and Fum from E.coli W3110 were greater, equal
and smaller as compared to that of total soluble proteins, respectively. The
disruption rate constant 4c and the release rate constant k; are now general-
ized as follows.

Kc=(VIPkc (2-5)

Ki= (V/P)k; (2-6)
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Fig.2-5 Relationship between the specific energy, ¢, and the remained
fraction of (a) cell concentration (D¢) and (b) total proteins (Dr), or
intracellular enzymes (D,, D,, and Ds) for E.coli W3110 cells. i=T;
total soluble proteins, 1; acid phosphatase, 2, G6PDH, 3, fumarase
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The generalized rate constants, based on this specific energy input, can then
be used as effective parameters.

3.3 Evaluation of Cell Properties using the Disruption and Release
Rate Constant. The cell properties such as cell strength and intracellular
location of enzymes were examined using the generalized rate constants of
cell disruption K¢, total soluble protein release K1, and enzyme release K.
The inverse value of the cell disruption rate constant, 1/K¢, which means the
amount of energy needed for an unit decrease of the cell concentration, is
considered to be dependent on the individual cell wall strength against the
disruptive stress. The relationship between the 1/K¢ values and the types of
microorganisms are summarized in Fig.2-6. The 1/K¢ values of the wild
type strain (£.coli W3110) was 30% smaller than that of the mutant (E.coli
ML308) and 50% greater than that of the plasmid harbored strain (£.coli
OW10/pNDS). The 1/K¢ values of the stationary growth phase was about

(a) Strains
E.coli W3110 (St.)
E.coli ML308 (St.)

E.coli OW10/pND5 (St.)
(b) Growth Phase

E.coli W3110 (St.)
E.coli W3110 (Ex.)
(c) Species
E.coli W3110 (St)
S.cerevisiae (St.) lh
B.subtilis ATCC6633 (St.)
Lo v e bra v e by b oy
0 0.5 1 15" 20 20

UKex 10~ ]

Fig.2-6 Cell disruption characteristics of various microorganisms differ-
ent (a) strains, (b) growth phases, and (c)species. [(St.), stationary
growth phase; (Ex.), early exponential growth phase]
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70% greater than that of the early exponential growth phase. Typically, cell
wall strength of microorganism was reported to depend on the degree of
peptidoglycan cross linkage (Leduc ez al., 1989) and the cell size (Doulah ez
al., 1975). Middelberg et al. (1993) presented the relationship between these
parameters and the effective cell strength of E.coli against the disruptive
stress. The 1/K¢ values shown in Fig.2-6 may reflect the individual cell
properties. The 1/K¢ value of S.cerevisiae is 20 times greater and that of
B.subtilis 1s 40% smaller than that of £.coli W3110. This large difference
may be due to the difference of each cell wall structure. The cell wall
strength against the disruptive stress can then be estimated by the general-
ized disruption rate constant effectively.

The difference in the cell strength affect very much the rate constants
for the protein release processes. However, these differences can be elimi
nated by the use of the ratio between K¢, K1 and K. For example, the ratio
of rate constants between total protein release and cell disruption, K1/Kc, is
defined as the release efficiency of total proteins from cells. The release ef-
ficiencies K1/K¢ of two different strains (£.coli W3110 and ML308) indi-
cate almost the same values of 0.68 and 0.63, respectively. In the same way,
the release rate C(;nstants of intracellular enzymes are normalized. The re-
lease selectivities of each enzymes from £.coli cells defined as Ki/Kt are
shown in Fig.2-7. AcP is known to be in the periplasmic space of cells
(Brockman and Heppel, 1968; Dvorak et al., 1967) and G6PDH and Fum
are in the cytoplasm (Mar, 1960). The cytoplasmic B-gal overproduced in
the mutant strain is accumulated into the periplasmic space both because its
release can be induced by the addition of glycine which is effective for in-

ducing release of periplasmic proteins (Ikura, 1989) and because the -gal
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Fig.2-7 Release selectivity of various enzymes contained in three micro-
organisms. (AcP, AIkP; acid and alkaline phosphatase, ADH,
G6PDH; alcohol and glucose-6-phosphate dehydrogenase, Fum; fu-
marase) *The results of S.cerevisiae were from Follows et al. (1971)

is translocated across the inner membrane under heat stress (Yatvin et al.,
1986, Yatvin, 1987). These values in the ladder of Fig.2-7 agree well with
these of the previous qualitative reports. Follows ef al. (1971) have reported
for the disruption of yeast cells by a high-pressure homogenizer that the en-
zyme release behavior depends on its intracellular locations of the Yeast
cells in the disruption processes using the high-pressure homogenizer. Their
results were recalculated according to the present method and are also repre-
sented in Fig.2-7. Thus the obtained results for enzyme release selectivity

and enzyme location are found to be useful and also in good agreement with
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previous results in spite of the different microorganisms and disruption
methods employed. In the following experiment, the values were used as
location factor of enzyme, LF; (=K/K7).
3.4 Characterization of Hydrophobic Interaction between Cell Surface
and Polymers by Using the Rate Constants.

(1) Effect of Addition of PEG on the Release Kinetics. Methods to im-
prove the release selectivity of target B-gal from £.coli ML308 were investi-

gated based on a knowledge of the rate constants defined in the present
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Fig.2-8 Effect of PEG1540 concentration on the cell disruption and
release of total proteins and three enzymes for £.coli ML308
cells
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work. PEG has been known to interact with the cell surface (Honda et al.,
1981-a; Honda et al., 1981-b) and can be utilized for the modification of
disruption media to improve enzyme recovery (Wang, 1992). The selectivity
of the periplasmic B-gal, LFg, is likely to be improved by the addition of
PEG. The effects of addition of PEG1540 on the cell disruption rate con-
stant, K¢, release rate constant, K1, and their ratio (the release selectivity),
LFg, are shown in Fig.2-8. Addition of PEG from 0 to 5% increased the LF;
values of periplasmic AcP and -gal and further addition of PEG led to a
decline in their LF; values. On the other hand, the release of cytoplasmic
G6PDH was not reduced by further addition. The disruption rate constant,
K¢, was slightly reduced with the PEG concentration, whilst the release rate
constant of the total proteins, K, was kept almost constant. From these re-
sults, the LF; values of proteins, especially periplasmic enzyme, was found
to be more enhanced by PEG as compared with the cell disruption rate
probably because of the hydrophobic interaction between the PEG mole-
cules and the cell wall surfaces (Honda ez al., 1981-a; Honda ez al., 1981-b).
The effect of average molecular weight and concentration of PEG on the
location factor of B-gal, LFg, is summarized in Fig.2-9. The addition of 5%
PEG1540 is seen to be most effective for the selective release of 3-gal.

(2) Effect of Types of E.coli Cells on Release of Enzymes in the Pres-
ence of PEG. The effect of types of E.coli cells was investigated. Two
kinds of cells such as £.coli W3110 and ML308 were disrupted in 5%
PEG1540 solution. Figure 2-10(a) shows the relationship between the LF;
values of two enzymes (AcP and G6PDH) and the increased amounts of LF;
values in PEG solution (ALF; ) in two kinds of cells. In general, the release
of enzyme with larger LF; values is enhanced by the addition of PEG to the
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Fig.2-9 Effect of PEGs of various average molecular weights on the
release selectivity of B-gal from E.coli ML308 cells

disruption media. The slope of the relationship is then almost
the same value in two cells. However, the line of E.coli ML308 is shifted
upward as comparing with that of the E.coli W3110 cells. In chapter I, it
has been reported that the surface hydrophobicity of E.coli ML308 was
greater than that of W3110. The upward shift of the line is thought to be
caused by the differences in hydrophobicity. As shown in Fig.2-10(b), the
LF; values of E.coli MLL308 cells are also plotted against the ALF; values.
The slope of the line is increased with decreasing the values of molecular
weight of PEG. This may be caused by the differences of hydrophobicity of
PEG molecules. PEG1540 was the most hydrophobic in the present poly-
mers according to the concept of Davies (1964). The difference of the slope

may be dependent on the hydrophobicity. It is therefore expected that the
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Fig.2-10 Relationship between the LF; values of two enzymes and the en-
hanced amounts of the values (A LF;) in two kinds of E.coli cells
(ML308 and W3110)

shifted amounts of ALF; against LF; can be used as estimation of the hydro-
phobic interaction between surface and PEG molecules.

(3) Use of Aqueous Two-Phase Systems to Enhance Enzyme Recovery.
Aqueous two-phase systems (ATPS) are effective for separation of bio-
products because of their mild and scaleable properties. When these two-
phase systems having identical tie-lines are employed, the systems have

identical composition for the top and bottom phases but have different phase
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volume ratios. The disruption medium was modified with PEG1540 / phos-
phate ATPS. As shown in Fig.2-11, the effect of the volume fraction of
top-phase on the disruption and release rate constant was investigated in a
same tie-line. At the smaller value of volume fractions, the release selectiv-
ity of B-gal, LF, was increased up to 1.8 and then the release efficiency,
defined as K1/Kc, was decreased. It was found that the ATPS with the lower
volume fraction was the most effective for selective recovery of B-gal.

(4) Optimization of Cell Disruption Process Based on Location Factor.
The specific energy for the selective release of target 3-gal was optimized in
the effective disruption media modified with 5% PEG1540 and PEG1540 /
phosphate ATPS. The released fraction, RF; (=1-D;), and the specific re-
leased fraction normalized by the total soluble proteins, SRF; (=(1-D;)/(1-

Dr)), indicate the yield and the selectivity, respectively. These values can be

I
—
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-
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X L LFg K o
3 = c *
X Xo

— X
-2
PEG1540(13%) / phosphate(12%)
Rl = I N R N R
0.2 0.4 06 0.8
Volume Fraction of Top-Phase 8]

Fig.2-11 Effect of volume fractions of top-phase in PEG/phosphate
aqueous two-phase systems on the cell disruption and release
rate constants during the disruption process of £.coli ML308.
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calculated from the release rate constants. These calculated results about the
total soluble proteins and the target B-gal in 5% PEGI1540 solution are
shown in Fig.2-12(a) and (b) together with the experimental results. The
RF; increased and SRF; decreased as the disruption proceeded. The differ-
ence of released fraction of 3-gal and total soluble protein, DRF; (=RF;-
RF7), is used for the optimization of the disruption process. The dif-
ference is shown in Fig.2-12(¢c). The specific energy input at which the
maximum difference is attained may be the optimal input for the selective
release of the target enzyme with a higher yield. The maximum value is ob-
tained by differentiating DRF; with g as follows.

DRF;= exp (-Kiq) - exp(-K19) 2-7)
d(DRF}) /dg =0 (2-8)

The solution gives,
| Gopt=In LF; / (Ki-K71) (2-9)

The calculated g, values based on Eq.(2-9) and corresponding RF;, SRF;

and DRF; values are summarized in Table 2-1, together with the

Table 2-1 Summary of the optimal specific energy (gop), the released fraction
(RF), the specific released fraction (SRF;), and the difference of released
fractions (DRF;) of target B-gal from E.coli ML308 cells in 5% PEG1540
and PEG1540/phosphate ATPS

Disruption Media gt [JmM°] RE[-] SRE[-] DRF,[]

50mM KPi  (Experiment) 3.8X10° 083 115 0.10
(Calculation) 2.0X10° 070 120  0.10
5% PEG1540 (Experiment)  1.9%X10° 095 170  0.38
(Calculation)  1.2x10° 085 1.75 031
PEG/KPi (Experiment) 1.9x10° 068 1.58 0.25
(Calculation)  3.6X10° 0.86 128  0.19
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experimental data. There are some deviations from the observed data. The
deviations may arise from inevitable scatter contained in the data of release
constants. Based on the above results, the flow chart for the design of selec-
tive and effective recovery of intracellular product in cell disruption was

established and shown in Fig. 2-13 with experimental results.
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Fig.2-12 Optimization of the specific energy input to obtain the selective release
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Fig.2-13 Flow chart for selective recovery and effective disruption of
intracellular product. The results of modified media are shown
in parenthesis

In the same way, the disruption condition in PEG1540/phosphate
ATPS was also optimized and summarized in Table 2-1. It has been found
that target 3-gal can be recovered at the smaller energy input with the higher
yields and selectivity in the 5% PEG1540 media as compared to the control

media.
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4. SUMMARY
A method for the optimization of the cell disruption process was in-
vestigated in order to achieve selective release and recovery of a target intra-

cellular enzyme.

(1) The cell concentration measured by an optical density was found to be
an effective measure for the determination of degree of cell disruption
process. Through the kinetic analysis of cell disruption process, the op-
erational parameters were found to be generalized as a specific energy
supplied into the disruption media. The generalized values of the disrup-
tion rate constant K¢ and the release rate constant for each enzyme Kj
(i=1,2,..) were well correlated with the cell strength against the disruptive
stress and also the intracellular location of each enzyme, respectively.

(2) The evaluated values from the release selectivity of enzyme 1 against the
total proteins, Ki/Kt (defined as location factor, L£;), were found to show
the intracellular location of the enzyme.

(3) LF; values of periplasmic enzymes were increased when cells were dis-
rupted in the polymer solution. Especially, the maximum value was ob-
tained in 5% PEG 1540 solution because of the hydrophobic interaction
between the polymer and the membrane surface of cells.

(4) The disruption condition (specific the selectivity of enzyme recovery
was found to be highly dependent on the LF; values. The ﬂbw chart for
the design to give both the higher yield and selectivity of target protein
was finally established on the basis of the LF; values.
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Chapter 3

Selective Release and Recovery of Intracellular Enzymes
from Escherichia coli using Nonionic Detergent, Triton X-100

1. INTRODUCTION

Cellular response against chemical stress is highly dependent on the
surface properties of cells because the surface must recognize and respond at
first to various stresses from their environment. The biological membranes
include outer and inner membranes of E.coli cells both of which play
important roles especially when cells are exposed to and respond against the
environmental stress. The development of the method to characterize
biological membranes including the outer and inner one is therefore needed
n order to understand stress response functions of cells.

The development of characterization method to evaluate surface
properties of cell membranes also plays an important role in the practical
bioprocess for production and recovery of functional biomaterials. In such
processes, the release of recombinant or functional intracellular enzymes and
proteins is a first unit operation which give a significant impact on all the
following downstream steps. The effective method to achieve the selective
and rapid release of the intracellular products from cells is required in
commercial operations. Among various methodologies, the cell disruption
method using the mechanical stress is usually favored from the operational
aspect (Schutte and Kula, 1990) and have been summarized in chapter 2.
The method, however, still has some drawbacks, such as potential
degradation of enzymes due to shear or heat-mediated inactivation (Engler,
1983) and difficulties in down stream purification of proteins due to

contamination with other proteins and cell debris. By characterizing the cell-

63



response against the weaker chemical stress using chelating agents (DeSmet
et al., 1978; Hancock, 1984), chaotropic agents (Ingram, 1981), organic
solvent (Murakamt et al., 1980), and detergents (Woldringh, 1970; Miozzari
et al., 1978; Schnaitman, 1971; Mirelman and Nuchamowitz, 1979), the
selectivity and efficiency of intracellular proteins recovered is expected to be
improved. Asenjo et al. (1990) have recently suggested the possibility of
differential product release from microorganisms through the sequential Iytic
operations. The controlled lysis of E.coli cells and selective recovery of
intracellular enzymes can further be achieved considering the evalluated
values of the surface properties of cells.

The surface properties of the outer membrane of E.coli cells have
been quantitatively characterized by using the partitioning method in
aqueous two-phase systems in chapter 1. The physical characteristics of the
outer and inner membranes of Escherichia coli cells were also evaluated by
the kinetic analysis of release process of intracellular marker enzymes under
the mechanical stress in chapter 2. The quantitative information on the cell
membrane, especially, the inner membrane of cells is further expected to be
obtained both by characterizing the behaviors of cell-response against
weaker chemical stress as compared with mechanical one and by combining
the characterization method with the partitioning method in ATPS.

The quantitative characterization of the enzyme release process
induced by the treatment of the outer membrane with nonionic detergent,
Triton X-100 (Schnaitman, 1971; Mirelman and Nuchamowitz, 1979), as a
typical example of chemical stress, is the first objective of this chapter. The
release of enzymes with different location factors was kinetically analysed

concerning with the effect of hydrophobic interaction between the detergent
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and the cell surface by using the evaluated parameters such as surface
properties of cell surface and location factors of intracellular enzymes. The
second objective is, then, to quantify surface properties of the obtained inner

membrane of cells by using the partitioning method in ATPS.

2. EXPERIMENTAL

2.1 Materials. D-Glucose-6-phosphate (G6P) and B-NADP", used as the
substrate and coenzyme for the measurement of D-glucose-6-phosphate
dehydrogenase (G6PDH) were purchased from Oriental Yeast Co. Ltd.
(Osaka, Japan). p-Nitrophenylphosphate (p-NPP) for substrate of acid
phosphatase (AcP) and alkali phosphatase (AlkP) was purchased from
Wako. o-Nitrophenyl-galactopyraniside (ONPG) for the substrate of (-
galactosidase (f3-gal) was purchased from Sigma (N.Y., USA). Casamino
acid was purchased from DIFCO Laboratory (Chicago, USA). Nonionic
detergent, Triton X-series (X-45, 100, 165, 305, 405, and 705) and
polyethylene glycols (PEG600, 1540 and 4000) were from Wako Pure
Chemicals (Osaka, Japan). The salts and other chemicals used were all of
analytical grade.

2.2 Cultivation of Bacterial Cells. The strain used in this study is E.coli
W3110. The basic media of £.coli cells were modified M9 media (pH7.4, in
g/1):Na,HPO,, 7.0; KH,PO,, 3.0; NaCl, 5.0; NH,4Cl, 1.0; casamino acid,
1.0; MgSQ,, 0.75; glycerol, 50. Following overnight growth at 30°C in a
100ml erlenmeyer flask (130rpm) with a working volume of 20ml, the
culture was used as an inoculum for a 300ml shaking flask using 100ml
media. The cytoplasmic f-gal was then induced by the addition of 2mM
[PTG into the culture at ODggp = 0.1~0.2. The cells were harvested in the
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stationary growth phase by centrifugation (11000 X g, 10min), washed once
in 50mM Tris-HCl buffer, and resuspended in the buffer at the cell
concentrations, Coy, of 10mg/ml. The suspension of heated cells, which were
exposed to heat stress (10min, 42, 47, 50, 55, and 60°C), was also prepared.
2.3 Treatment of Cells with Triton X-series and EDTA. After the
suspension of cells and heated cells was diluted by Tris-HCI buffer (50mM,
pH 8.0) containing EDTA (final concentration 5SmM), adequate amounts of
Triton solution with various molecular weight was added to a final
concentration of 0.01~20mM. The solution was stirred at 25°C for 0.1~3hr.
One-ml portion of the solution was withdrawn and was centrifuged
(8000rpm, Smin). The supernatant activity of various enzymes was analysed
(Rirysis [U-enzyme/mg-Cell]; 1 represents enzyme types). The precipitates
containing the Triton-treated cells were resuspended to the Tris buffer and
were disrupted by ultrasonic method (input power, P=40W; solution volume,
V=1ml, disruption time, =2min) in order to determine the total activity of
various enzymes per unit weight of packed cells (R nax [U-enzyme/mg-Cell]).
The released fraction of enzyme (RF 1ysis™ Ri 1ysis/Rimax) Was then determined
as the ratio of released amounts of enzymes (R; ysis and Rimax) and was used
as a parameter for the kinetic analysis .

2.4 Analytical Methods for Cell Properties. The intracellular location of
various enzymes and the surface properties of cells were determined by the
following method as described in chapter 1 and 2 in details.

(1) Location Factor of Intracellular Enzymes (Kinetic Analysis Method).
The released fraction (RF;) of intracellular enzymes (i; 1, 2, 3,... enzyme
types) and total soluble proteins (i=T) can be correlated with the total input

energy, g (=Pt/V), during the cell disruption and enzyme release processes
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on the basis of the first order kinetics.
In (1-RF)" =Kiq G-1)

Then the release rate constant, K, has been reported to depend on the
intracellular distribution of enzyme within a cell (chapter 2). A location
factor (LF;) of enzymes can be herewith determined from the release
selectivity of intracellular enzymes, which is normalized by using the rate
constant of total soluble proteins, Kiy/Kt. The LFi value of enzymes is
determined by analyzing the RF; values during the ultrasonic disruption
process and used as a measure of enzyme location within a cell.
(2) Surface Properties of Bacterial Cell Membrane (Aqueous Two-Phase
Partitioning Methods). The surface net hydrophobicity (HFS) and local
hydrophobicity (LHcey) of cells were determined by the following method
using aqueous two-phase systems (ATPS). The partitioning of bacterial cells
is mainly dependent on the hydrophobic effect at the isoelectric point (pl)
and at the lower ionic strength. The HFS values can then be determined
from the slope of Eq.(3-2).

In Kcaw =HFSx HF (3-2)
HF 1s herewith the hydrophobic differences between the two phases in
ATPS (Kuboi et al., 1990) and K¢y is the partition coefficient of cells. The
Kcen values were determined in the ATPS (the total weight is 5g), of which
compositions were 7~13wt% PEG1540, 4000, 6000 and 7~13wt% Dextran
100-200k at pH=pl, followed by the centrifugation (10X g, 5min, 25°C).
The local hydrophobicity of cells, LHcen, was determined as the increment
change of partitioning coefficient of cells in the presence of 1mM Triton X-
100, Aln Kcentriton (& In (Kcen Triton/Kcen0); Kce,Triton and Kcenp are the
partitioning coefficient of cells in ATPS with and without Triton) at pH=pI.
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2.5 Measurements. The enzymes assayed were acid (AcP; EC 3.1.3.2.) as
marker enzyme for periplasm (Brockman and Heppel, 1968; Dvorak et al,
1967), glucose-6-phosphate and lactate dehydrogenase (G6PDH; EC
1.1.1.49. and LDH; EC 1.1.1.50.) as markers of cytoplasm (Nishio, et a/,
1983). The activity of AcP was measured in sodium acetate-acetic acid
buffer (pH 4.5) at a wavelength of 340nm using p-NPP as a substrate
(Bergmeyer, 1963). The activity of G6PDH was measured, respectively, in
glycylglycine-NaOH buffer (pH7.5) at a wavelength of 340nm using G6P as
a substrate. The activity of B-gal (EC 3.2.1.23.) was measured in S0mM
Tris-HCI buffer containing 10mM MgSO, at 420nm using ONPG as a
substrate (Steers et al., 1971). The cell concentration was determined with
an optical density at 660nm (ODgg). All measurements were performed by

Shimadzu spectrophotometer UV160-A (Kyoto, Japan).

3. RSULTS AND DISCUSSION
3.1 Release of Intracellular Enzymes from Escherichia coli Cells after
Triton X-100 / EDTA Treatment. After the E.coli cells were treated by
Triton X-100 and EDTA, the released behaviors of some intracellular
enzymes were investigated. The maximum released amounts of each enzyme
are herewith thought to be corresponding to the obtainable maximum values
after the exposing by the physical stress for infinite time. The released
fractions, RFiy,s, were determined as the ratio of the released amounts of
enzymes and the maximum values. Figure 3-1(a) shows the typical example
of the time course of the RFj;, values of some intracellular enzymes
(RF;ys: =1, AcP: 2, G6PDH: G, B-gal) after the treatment with Triton X-

100 / EDTA. These fractions are increased with increasing the incubation
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time in exponential manner and saturated to the value corresponding to the
specific value of each enzymes. The release rates of periplasmic enzyme (i.e.
AcP) were quite different from that of cytoplasmic one (i.e. G6PDH). This
is caused by the membrane structure of E.coli cells which consist of outer
and inner membrane. If the released behaviors of enzymes can be controlled,
the selective release of periplasmic enzyme was expected to be achieved as
compared with the behaviors of cell response against the mechanical stress.
The process of enzyme release followed by cell permeabilization process
induced by chemical stress can, therefore, be explained by the first-order

kinetics, which can be represented in the following equation .

In Diyys”' =1In (1-RFi 1) = ki t (3-3)
1 v I ! I ! |
. O AcP 1mM Triton X-100
A G6PDH E.coliW3110
O B-Gal ]

Released Fraction of Enzyme, RF; | s []

60

Time, t [min]
Fig.3-1(a) Time course of released fraction of enzymes by Triton X-100/EDTA
treatment
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Fig.3-1(b) Time course of released fraction of enzymes by Triton X-
100/EDTA treatment

where £; is a release rate constant of intracellular enzymé i after the Triton
treatment. As shown in Fig.3-1(b), the remainder fraction of the above
enzymes are plotted against the corresponding disruption time, ¢. At the
lower ¢ values, all the data obtained for each enzymes fall on a single straight
line. Such enzyme release process followed by cell permeabilization process
with Triton treatment is thought to be mainly dependent on i) the operational
conditions of nonionic detergent, Triton X-series, (the concentration, Cryion;
the molecular weight, My) and (2) the evaluated properties of bacterial cells
such as the surface properties of bacterial cells (surface net hydrophobicity,
HFScen; local hydrophobicity, LHc.) and the location factor of enzyme (LF).
By using such parameters, the release rate constant of the enzyme i may be

expressed as functions of the following two terms, such as i) the detergent
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dependent term, fp, and (2) the cell dependent term, fcen, i (Crriton, My, LF,
HFEScen, LHcen) (Eq.(3-3)). The former term is expected to depend only on
detergent, while the latter term both on cell conditions and enzyme location
in the cells.
ki < feeni (Crriton, My, LEF;, HEScan, LHcen)

o foet (Criitons Mw) X feeni (LF;, HEScen, LHcen) (3-4)
In the following sections, the release rate constants, £;, for some intracellular
enzymes including B-gal (i=G) were determined at various condition and
their relationship, which could be applied to any enzyme, was investigated.
3.2 Relationship between Rate Constant and Detergent Dependent
Term. The effect of the operational conditions of nonionic detergent, Triton

X-100, such as Crqn and My, on the rate constant, kg, was investigated in
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Fig.3-2 Relationship between Triton concentration and rate constant
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order to clarify the detergent depending term, fper (Crriton, Mw). The
controlled release of enzyme is dependent on whether the release of
cytoplasmic enzyme can be controlled or not. The release behaviors of the
B-galactosidase (B-gal) were investigated in the following.

The effect of concentration of Triton X-100, Crrion, On the release rate
constant of 3-gal (1=G) was investigated. Figure 3-2 shows the log-log plot
of the rate constant, kg, against the Cryo, values of Triton X-100 during the
release process of B-gal from £.coli cells. The values of rate constant, kg, are
increased with increasing the CTm;m values in this experimental range. The
line has a slope of 0.63 and the relationship between kg and Cryon can thus

be expressed as
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— s
C
8
7 -41 ]
S 10 ¢ ]
O -
() N
il
4]
o
'5 i 1 1 i 1 |
10

10°
Average Molecular Weight of Triton

Fig.3-3 Relationship between molecular weight of Triton and rate constant
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ks < Criiton > (3-5)
The effect of molecular weight of additional Triton X-series on the rate
constant, kg, was investigated. Figure 3-3 shows the dependency of 4 on
the molecular weight of Triton, M,,. The %g Values are decreased with
increasing the My, values. The slope of the relationship can be determined as
-3.6 and the relationship can be written as
kg o< M,>® (3-6)
From the above results, the detergent function, fo, is represented as
following equation by using the Cry0n and M,, values.
Infoee = 0.63 X InCrhgon - 3.6 X InM, (3-7)
The operational parameters of the Triton X-100 were thus generalized as a
detergent function, fp.;.
3.3 Relationship between Rate Constant and Cell dependent Term. The
effect of the cellular conditions, such as the location factor of enzymes (LF;)
and surface properties (HFScay and LHcy) on the rate constant, k;, was
investigated in order to clarify the function of cellular conditions, feeu,
depending on the cell properties such as HFScey, LHcey and LF;.
Effect of Location Factor of Intracellular Enzymes on the Release Rate

Constants. The effect of location factor of intracellular enzyme on the rate

Table 3-1 Location factor of various enzymes

Enzyme Location Factor, LF; [-]
AcP(i=1) 1.62
G6PDH(1=2) 0.63
B-gal(i=G) 0.78
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constant was investigated. The E.coli W3110 cells were disrupted by
ultrasonic irradiation and the location factors, LF;, for some enzymes were
determined by using the Eq.(3-1). The values are summarized in Table 3-1.
The LF; values of periplasmic enzyme (AcP; i=1, AIkP; i=2) indicate the
value of more than 1 and those of cytoplasmic one (G6PDH; i=3, B-gal;
1=QG) is less than or nearly equal to 1. These values are corresponding to
those described in chapter II. The treatment with Triton X-100 / EDTA has
been reported to solublize the outer membrane of E.coli cells selectively. The
release rate constants, k;, for various enzymes are therefore expected to
depend on the LF; values. Figure 3-4 shows the log-log plot of the release

rate constants for those enzyme, £;, against LF; values. Experimental data are
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Fig.3-4 Relationship between LF values of enzyme and rate constant
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Table 3-2 Location factor of various enzymes and surface properties of cells
under the heat stress

Heat Stress for Cell LFG [-] HFScen LHce
Control 0.78 -435 0.11
47 °C, 10min 1.56 -407 2.19
55 °C, 10min 1.47 -251 3.09

well correlated with the straight line. The following equation can be obtained
from the above plot.

k oc LF*® (3-8)
To date, there have been a lot of qualitative reports on the intracellular
location of various enzymes and selective release of intracellular enzyme
have been accomplished in trial and error manner by considering the enzyme
location in each case. The evaluated LF; values of enzymes can be correlated
with the release rate constant and found to be effective parameters for the
design of the selective release process of various enzymes using Triton
freatment.
Effect of Surface Properties of Cell Membrane on the Rate Constants.
The effect of surface properties of £.coli cells, such as surface net
hydrophobicity (HFSce) and local hydrophobicity (LHc.y;), on the release
rate constant, kg, of 3-gal was investigated. The evaluated properties such as
surface net hydro- phobicity, local hydrophobicity, and location factors for
enzymes can be varied by their surrounding condition (chapter 1 and 2). For
example, in chapter 1, the surface properties of cells were changed in
correspondence with the heat stress condition. The location factor for each

enzyme was also shown to depend on the cultivation condition of £.coli cells.
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Fig.3-5 Relationship between LH values of cell surface and rate constant

After the E.coli cells were exposed to heat treatment at various temperature,
their surface properties (HFScen and LHcey) and the location factor for $-gal
were determined. The values of HFScen and LHc.y, and LFG after heat
treatment at various temperature were summarized in Table 3-2. The release
rate constant for B-gal was then normalized by using the LF; values, which
were determined in each experiment, on the basis of the Eq.(3-8) in order to
eliminate the effect of the LF values. The normalized values of kg/LFg '
of these data are plotted against the LHcq (Fig.3-5) and HFScy values
(Fig.3-6). As shown in Fig.3-5, the kg/LF ' values are scattered against the
corresponding LHce values. On the other hand, the kg/LFg 13 values are
well correlated with the corresponding HFScy, values (Fig.3-6). The HFScy,

and LHcey values indicates the average hydrophobicity and local
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Fig.3-6 Relationship between HFS values of cell surface and rate constant

hydrophobicity in membrane surface of cells, respectively. The binding of
Triton molecule to such local hydrophobic site, which may indicate number
and kinds of membrane proteins, of cell surface is thought to be a trigger
factor for solubilization of membrane surface. The HFSc; value is found to
be an important factor for the enzyme release process and the following
relationship can thus be obtained.
ks o (-HFSca)®> (HES<0) (3-9)
The Term Depending on Cellular Conditions. From the above results, the
cell dependent term, fcoy, i represented as following equation by using the
LF; and HFEScey values on the basis of Eq.(3-8)~(3-9).
Infeaq;= 43 X In(-HFS) + 2.8 X InLF; (3-10)

The dependence of release rate constants, 4, on the properties of cell
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membrane surfaces and the location of enzymes in the specific compartment
of cells are thus shown as the above quantitative correlation. Both the
surface net hydrophobicities and the location factors of enzymes are thus
found to be correlated with their release rate constants.
2.4 Final Correlation for f; and its Application All the data on the £;
values for various enzyrhes, determined at various conditions, are plotted
against the following function, f;, based on the Egs.(3-7) and (3-10) as
shown in Fig.3-7. The final correlation can be expressed as follows.
Inf; = In fper + In foen;

= (0.63 XIn Cryiton - 3.6 XIn My, ) + (2.8 XIn LF ; + 4.3 XIn (-HFS)) (3-11)
The release rate constant, &;, for any enzyme from any cells can be correlated

with the generalized equation.
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Conventional method for the selective recovery of intracellular
enzymes, the optimal condition was obtained only by trial and error method
in each case. In the present method based on Eq(3-11), the release rate

constant of any enzyme is correlated as a simple unique function of 1)

operational condition of
Select Target Enzyme, Cells,

selected nonionic and Detergent

detergent and 1) cell 1st
Operational Condition

properties evaluated. By Detergent (Triton X-series)

Term
taking the evaluated W
properties of bacterial
cells mto account in the Surface Hydrophobicity

of Cells

above correlation, the  2nd.

_ _ Cell Condition
effective design for the Tem w

selective TECOVETY

process of intracellular Location Factor of Periplasmic
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p y g Yes
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the first stage of this scheme, the operational conditions such as
concentration and molecular weight of nonionic detergent, Triton X-series,
are selected. In the next stage, the surface hydrophobicity of cells and
location factor of the above enzymes are determined. The 4p and k¢ values
can be calculated based on Eq.(3-11). If the difference between the values 1s
high enough for the periplasmic enzyme, &p, and that for the cytoplasmic one,
kc, the optimal condition for selective release of periplasmic enzyme can be
obtained. It can be concluded that the presented method based on the
quantitative correlation could be novel and effective method for design of
selective recovery of enzymes, accompanying with selective solublization of
the outer membrane of E.coli cells by nonionic detergent in relation to
hydrophobic interaction.

In another aspect, the scheme for the selective recovery of periplasmic
enzyme can be used as the characterization of inner membrane of cells by
combining with the method described in chapter 1. The controlled release of
periplasmic one 1s thought to be corresponding to the solublization of the
outer membrane of cells. The surface properties of E.coli cells, which were

treated by 10mM Triton X-100 for 30min and lhr, were determined by

Table 3-3 Surface Properties of Bacterial Cells Treated by Triton X-100 or
Lysozyme in the presence of EDTA

Treatment HEScalkl/mol]  LHcal-]
Control -435 0.11
10mM Triton X-100, 30min -420 0.18
10mM Triton X-100, 60min -410 0.21
Img/ml lysozyme, 30min -412 0.19
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using aqueous two-phase systems and were summarized in Table 3-3. The
values of both surface hydrophobicity and local hydrophobicity of the whole
and spheroplasted cells are slightly increased and are saturated after 1hr. The
behaviors of this change are well corresponding to the release behaviors of
enzymes and also to those treated by lysozyme described in chapter 4. The
difference of cells before and after the treatment is thought to reflect
solublization of the outer membrane. In this way, it has been shown that the
surface hydrophobicity of the inner membrane can also be measured by
solublizing the outer membrane of cells. The variation of surface
hydrophobicity of the inner membrane caused by heat stress is discussed in
chapter 4 in relation to heat induced translocation of -gal across the inner

membrane.

4. SUMMARY

The enzyme release process treated with nonionic detergent, Triton X-
100, was quantitatively characterized as an example of chemical stress based

on the cellular conditions evaluated in chapter 1 and 2.

(1) The enzyme release process treated with Triton X-100 / EDTA could be
analysed by the same kinetic analysis in chapter 2. The release rate
constant of enzyme was found to be highly dependent on the surface

hydrophobicity of cells and location factor of intracellular enzymes.

(2) On the basis of the generalized equation about the enzyme release by
using Triton X-100, the selective release of periplasmic enzymes and
selective solublization of outer membrane of £.coli cells were found to be

achieved by considering the cellular conditions, such as surface
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hydrophobicities of cells and location factor of intracellular enzymes.

(3) The possibility to analyse the surface hydrophobicity of inner membrane
of E.coli cells was shown by using both selective solublization method of
outer membrane and the characterization method of cell surface using
aqueous two-phase systems described in chapter 1. Such quantitative

information of the inner membrane surface of cells may contribute to the

stress-response functions of cells.
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Chapter 4
Evaluation, Analysis and Control of
Stress Response Functions of Bacterial Cells
Induced by Combined Physicochemical Stress

1. INTRODUCTION

It is a common statement that heat stress impairs cellular functions be-
cause some essential proteins are heat-denatured. The heat shock or stress
response systems have been universally conserved among microorganisms
(Morimoto et al., 1990, Georgopoulus et al., 1990, Gross et al., 1990) and
are important adaptation systems for survival of microorganisms at high
temperature or under stressed conditions. When the gram-negative bacte-
rium, £.coli, is treated with a heat shock, the cell responds by transiently and
rapidly inducing various functions of cells, mainly, (i) synthesis of a set of
heat shock proteins (HSPs) (Ellis and Van der Vies, 1976) and refolding of
damaged proteins (Ptysin, 1986; Ayling and Baneyx, 1996), (i1)) formation
of inactive protein-aggregates in an inert insoluble form (e.g. inclusion
body) (Di Domenco et al., 1989), (iii) protein degradation by some HSPs
(proteases) (Goldberg and Dice, 1974), (iv) translocation (transmembrane,
transport) of proteins (Bychkova et al., 1988). However, the mechanism
behind the stress response of bacterial cells is not thoroughly understood
because of the lack of unified quantitative information about cell functions

and related properties from microscopic to macroscopic view points.
In this chapter, stress response of E.coli cells against sublethal stress,
especially heat stress, was studied in relation to the hydrophobicity of the
bacterial cell surface and that of the intracellular target protein from both

macroscopic (cell-basis) and microscopic (molecular-basis) view points,
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based on the results obtained in chapter 1, 2, and 3. The quantitative rela-
tionship between ‘heat stress’ and ‘various stress response functions of
cells’ (as represented by several pathways of Fig.4-1), such as protein fold-
ing (A), translocation (B), aggregates formation (C), and degradation by
protease(D), was firstly investigated by using the quantitative parameters.
Especially, protein translocation across the inner membrane of E.coli cells,
induced by heat stress, was shown in this chapter to be triggered by the hy-
drophobic interaction between partly damaged cytoplasmic enzyme, B-
galactosidase (-gal), and the membrane surface in Escherichia coli cells.

In this case study, the purpose is set to design and develop the effec-
tive bioprocesses exploiting the above stress response functions of cells for
the production and separation of typical cytoplasmic protein, 3-gal, as a tar-
get. The stress-response functions of bacterial cells such as control of (1)
protein-aggregates formation and (2) translocation of -gal through cell

membrane have been firstly investigated. The control mechanism of their
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functions assisted by the stress proteins (HSPs) were then discussed from

microscopic (molecular basis) and/or macroscopic (cell basis) view points.

2.EXPERIMENTAL

2.1 Material. 3-Galactosidase (f-gal; from Escherichia coli ; E.C. 3.2.1.23)
and o—nitrophenyl-B-D-galacto pyranoside (ONPG) of the substrate were
purchased from Sigma (New York, USA). Poly (ethylene glycol) (PEG1540,
4000 and 6000; My = 1.5 kD, 3 kD and 7kD, respectively) and dextran
100~200k (Dex; M,, = 100~200 kD) were obtained from Wako Pure
Chemicals Ltd. (Osaka, Japan). Nonionic detergent, Triton X-100 Mw =
0.65 kD), were purchased from Sigma. Lysozyme (from egg white, E.C.
3.1.1.2) was purchased from Wako. Casamino acid was purchased from
Difco Laboratory (Michigan, USA). Isopropyl-B-D-thiogalactopyranoside
(IPTG), which is a inducer of -gal, was purchased from Wako. Ethylene
diaminetetraacetate (EDTA) was obtained from Wako. The salts and other
chemicals of analytical grade wére from Wako.

2.2 Cultivation of Cells and Heat Stress Treatment. The strain used in
this study was mainly £.col/i W3110. The HSPs-defective strains of £.coli
(E.coli SKB178 galE sup +groEL(Ts) or + groES(Ts), Georgopolos et al,
1973) were also used in this study. The basic media used were modified M9
media (pH 7.4, in g/L): Na,HPOQ,, 7.0; KH,POy,, 3.0; NaCl, 5.0; NH,Cl, 1.0;
casamino acid, 1.0; MgSQ,, 0.75; glycerol 50. A solution of trace elements
(Gray et al., 1973) was also added (1mL/L-media). Stock culture was main-
tained on 1.5% agar slant of the modified M9 media. Following overnight
growth at 30°C in a 100ml flask (130rpm) with a working volume of 20ml,

the culture was used as an inoculum for a 300ml shaking flask using nor-



mally 100ml media. Intracellular $-gal was then induced by the addition of
2mM IPTG. The cells were harvested in the late log phase (ODgg=1.5~2.0)
by centrifugation (4°C, 10000rpm, 10min). After washing by Tris-HCI
buffer (50mM, pH 8.0), the cells were resuspended in the buffer or the M9
media. The cell suspension (Cce =10mg/ml) were prepared and the stored at
0°C for 30min. The cell suspension was heated from 0°C to 55°C or to other
temperature in the solution.

2.3 Fractionation of Cellular Components and Solublization of Protein
Aggregates. At first, 1 ml portion of the above cell suspension treated with
heat stress were irradiated for 3 min by using ultrasonic disrupter UD-200
(Tomy Seiko Co., Ltd.; 20kHz; input power, 40W). The disruption was then
operated for 30 s periods separated by 60-s intervals in the ice bath. The so-
lution was centrifuged at 15,000 X g for 15min to separate the protein aggre-
gates and other insoluble material from the soluble one. The supernatant was
recovered as a soluble-protein fraction, [SP], and the other pellet was resus-
pended in 0.5 ml buffer I (S0mM Tris-buffer, 2wt% Triton X-100 and 5wt%
EDTA; pH 7.5) after washing the pellet. After 1-hr incubation at 37°C, the
sample was centrifuged at 15,000 Xg for 15min. The pellet was once
washed by 50mM Tris-HCI buffer and was solublized by buffer II (50mM
Tris-buffer, 1wt% SDS; pH 7.5) at 37°C for 1-hr and recovered as aggre-
gate-protein fraction, [AP].

2.4 Intracellular Location of Enzymes. Subcellular distribution of f-gal
was determined by the following two methods.

(1) Lysozyme/EDTA Treatment. Activity of B-gal in periplasm was de-
termined by solublizing the outer membrane of £.coli cells. The cells sus-

ension were added to SM sucrose solution containing 5% ethylenediami-
p g y
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netetraacetate (EDTA) for 5min at 0°C and then the lysozyme (final concen-
tration; 0.01mg/mL) was added to the solution. The spheroplast formation of
E.coli cells was confirmed both by observing the morphological change of
the cells using optical microscopy and by analyzing the release behaviors of
cytoplasmic and periplasmic enzymes (Chapter 3). After centrifugation
(8000rpm, 5Smin), the resultant supernatants were analysed as periplasmic
fraction, [PP]. The pellet was resuspended in 50mM Tris buffer and was
further disrupted by ultrasonic method at the above condition. The B-gal
activity of the supernatant was measured as total activity of 3-gal. The per-
centage of periplasmic 3-gal was determined from the ratio between the pe-
riplasmic activity and the total one.
(2) Location Factor Using Enzyme Release Rate. The distribution of in-
tracellular protein was also evaluated from the kinetic analysis of release
process of the enzyme and total soluble proteins (Chapter 2), followed by
cell disruption process. The cells were then disrupted in a Iml eppen tube by
ultrasonic method in the Iml Tris buffer at the input power of 40W for
0~5min. The productivity of total soluble proteins was determined as their
maximum released amount per unit weight of cells. The resultant super-
natants recovered after various disruption times were utilized for characteri-
zation of intracellular distribution. For the disruption process of cells and the
release process of intracelluiar proteins, the relationship between the re-
leased fraction of intracellular soluble protein (RF;) and total input energy
(g) can be obtained in the following equation.

In (1-RFY" =In (1-R/Rimax)" = Kiq (4-1)
where R; (R na) 1S (maximum) released amount of intracellular proteins per

unit cell weight and 1 indicates either the total soluble proteins or each spe-
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cific protein. The ratio of release rate constant of target product over that of
total proteins, Ki/Kr, indicate the intracellular location of enzymes (described
in Chapter 2) and can be defined as location factor of enzyme 1, LF;.

2.5 Surface Properties of Bacterial Cells and Spheroplast. The surface
properties such as surface net hydrophobicity (HFS) and local hydrophobic-
ity (LHcen) of E.coli cells and spheroplasted ones (treated by lysozyme /
EDTA) were analysed by using the aqueous two-phase partitioning method
(Chapter I). When pH is then selected at the pl at lower ionic strength, the
partition coefficient of cells, K., was mainly dependent on the hydrophobic
effect and the following relationship can be obtainable.

InKcey =HFSx HF (4-2)
where hydrophobic factor (HF), which have been defined from the partition
coefficient of amino acids, is an indicator of the hydrophobicity of two-
phase systems and the HF'S values can be ldeﬁned as net hydrophobicity of
cell surface. The saturated values of Kcey, triton Values in the presence of Tri-
ton X-100 can be determined as an indicator of local hydrophobicity of cell
surface. The LHcen (FIn Kceir Triton/Kcent, 0) Values can herewith be defined as
the increment of the partitioning coefficient of cells in the presence
(Kceti Triton) and absence of 1mM Triton X-100 (Kcey, o). By using the same
methodology, the values of HFS and LH of 3-gal were also determined.

2.6 Measurement. The activity of p-gal was determined from the initial rate
of hydrolysis reaction of ONPG. The concentration of total soluble proteins
was determined by Bradford method (Bradford, 1975). The various proteins
in fractionated samples were separated by SDS-polyacrylamidogel electro-
phoresis (SDS-PAGE) using PhastGel System (Pharmacia, Uppsala, Swe-

den) for analysis. The gel (PhastGel Gradient 3-25, Pharmacia) was stained
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by coommassie brilliant blue (CBB) and the content of HSPs (GroEL and
GroES) in the above sample was determined from the densitometry analysis

of CBB-stained gel.

3. RESULTS AND DISCUSSION

3.1 Typical Response of Intracellular Proteins in Escherichia coli cells
after Heat Treatment. The behaviors of heat stress-response of E.coli cells
were investigated. After the cells were stressed at various heat-condition, the
percentage of each fraction such as soluble proteins (SP) and protein aggre-
gates (AP) over the protein weight per dry weight of control no-stress cells
was determined and the remained percentage was defined as the amounts of
degraded proteins (DP). Figure 4-2 shows the effect of (a) heating time and
(b) temperature on the percentage of SP, AP and DP fractions. The amounts
of SP are decreased and AP and DP fractions are increased with increasing
the heating time at the temperature of 55°C (Fig.4-2(a)). Then, the values
are saturated in a short-time heating (1~10min). The SP and AP fractions
are respectively decreased and increased especially when temperature is in-
creased to more than 55°C (Fig.4-2(b)).

Heat stress has been reported to induces the conformational change of
intracellular proteins and cells then respond by transiently inducing various
functions of cells, such as (A) the synthesis of a small set of heat shock pro-
teins (HSPs; GroEL, GroES) to refold heat-denatured proteins (Ellis and van
der Vies., 1976), (B) the formation of insoluble protein-aggregates (Di Do-
menico et al., 1982), (C) the protein degradation by protease (Goldberg and
Dice, 1974), (D) the translocation of proteins across the inner membrane
(Yatvin et al., 1986; Yatvin, 1987; Kitagawa et al., personal communica-

tion) and so on. In this experimental range, the paths (B) and (C) are

89



Fraction of Total Proteins [-]

Fraction of Total Proteins [

(Soluble, Aggregates, Degradation)

(Soluble, Aggregates, Degradation)

0.5

0.5

[ Strain :£.coli W3110
— Heat Stress : 55 C,
50mM Tris-HCI

17 T 7 7 174

A

O Soluble Protein SP
Aggregates AP
[0 Degregadation DP

/\

SP

DP[]_|

|

=l

AP A__
I ._T

20

40 60

Exposing Time [min]

SP

O soluble Protein

A

[0 Degregadation

Aggregates

SP
AP
D

Strain : E.coli W3110
Heat Stress : 10min,
50mM Tris-HCI

| S I‘
40

Temperature

proteins by protease (D)

90

50 60

[o]

[Cl

Fig.4-2 Effect of (a)Heating Time and (b) Temperature on Fraction of
soluble proteins (SP), protein aggregates (AP), and degradation of

observed especially at higher temperature (>55°C). The CBB-stained images
of SDS-PAGE gel of SP and AP fractions of cells heated at various tempera-
ture (47, 55 and 60°C) are also shown in Figure 4-3, together with that of
PP fractions after the lysozyme/EDTA treatment in a separate experiment.

The amounts of B-gal which is a kind of cytoplasmic enzyme are increased
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Fig.4-3 CBB-stained SDS-PAGE gel showing the protein contents of (a)
soluble, (b)aggregate and (c) periplasm fraction at various temperature.

in AP fractions and are decreased in SP fraction with increasing the heating
temperature. The cytoplasmic [3-gal is also detected in PP fraction and sug-
gested to be translocated to periplasm by exposing cells to heat treatment. In
the following, the responded behaviors of E.coli, especially, the behaviors of
protein translocation are investigated by using cytoplasmic (-gal as a re-
porter enzyme.

3.2 Effects of Heating Time and Temperature on Location Factor of
Cytoplasmic B-Galactosidase. It has been reported that the L/ values are
well corresponding to the subcellular distribution of intracellular soluble pro-
teins and, especially, that of periplasmic enzyme is more than 1.0 (described

in chapter II). The effect of heating time at 55°C on the subcellular location
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Fig.4-4 Effect of Heating time on the location factor and the percentage of
periplasmic activity of 3-gal
of B-gal was investigated by using LFg values, which could be determined
by Eq.(4-2) as a measure of the location (Fig.4-4). Figure 4-4(a) shows the
relationship between the heating time and the LFg values. The LF values
dramatically increase from 0.78 to 1.5 by heat treatment for 1-10min and,
then, decrease with increasing time. The activity of $-gal in periplasm was
also analysed by the conventional method using lysozyme / EDTA. Figure
4-4(b) shows the time course of percentage of periplasmic activity of B-gal.
The values are well corresponding to the LF values and the same results

can be obtainable. 5% of total cytoplasmic (-gal was translocated to perip-
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Fig.4-5 Effect of Heating temperature on the location factor and the per-
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lasm and the heat-exposing to cells for 1-10min are found to be optimal for
the increase in the LF; values, that is, the translocation.

The effect of temperature on the translocation of cytoplasmic 3-gal was
further investigated. E.coli cells were exposed to heat stress for 10min at
various temperature and then the LFs values in each cell stressed were de-
termined. Figure 4-5(a) shows the dependence of LF values on tempera-
ture. The LF values are increased with increasing temperature at less than

47~50°C and are slightly decreases at more than 50°C. The percentage of
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periplasmic activity of 3-gal was also analysed after lysozyme/EDTA treat-
ment and was shown in Fig.4-5(b). The same behaviors can also be obtain-
able. The percentage of (3-gal translocated to periplasm 1s then maximum at
the temperature of 47~50°C. It has been reported that the heat stress induce
the translocation of non signal sequence protein (Yatvin ef al., 1986, Yatvin,
1987) in E.coli cells. Recently, Kitagawa et al. (private communication)
have reported that the translocation of cytoplasmic (3-gal is induced by ex-
posing E.coli cells to heat treatment and is maximal at 45°C. The obtainable
phenomena on the translocation of cytoplasmic -gal are well corresponding
to their results.

In the translocation of -gal across inner membrane, there are thought
to underlie several phenomena in relation to the protein-lipid interaction.
Among of them, the change in physicochemical properties of cellular bio-
polymers, such as (a) the change in surface hydrophobicity of inner mem-
brane of E.coli cells, (b) the conformational change (denaturation) of 3-gal,
and (c) restabilization of denatured proteins by GroE proteins, are thought to
be a main factor affecting the translocation process. In the following, the
surface properties of cell membrane and the conformational change of target
B-gal after heat treatment and the effect of GroE protein on the translocation
were investigated.

3.3 Change in Surface Hydrophobicity of Outer and Inner Membrane
of E.coli Cells after Heat Stress. Effect of heat stress on the surface hy-
drophobicity of £.coli membrane was firstly investigated by using the aque-
ous two-phase partitioning method (chapter 1). After the cells were exposed
to heat stress at various temperature, the surface properties, such as surface

net hydrophobicity (HFScen) of the spheroplasted cells (treated by ly-
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sozyme/EDTA) were analysed. Their surface properties of the spheroplasts
are shown in Fig.4-6 as a function of the stressing temperature, together
with those of whole cells. The HFScy values of the spheroplasts are signifi-
cantly increased at the temperature of more than 42°C although those of
whole cells are gradually increased with increasing temperature and are the
highest at 60°C. |

The values of HFSce; are reported to be caused by the contribution of
the composition of phospholipid and hydrophobic membrane proteins on the
cell surface, respectively (described in chapter 1). Other results in our labo-
ratory show that the membrane surface hydrophobicity of small unilamella
vesicle (SUV) prepared by palmytoyloleilphosphochorine (POPC) is m-
creased with increasing temperature and then the membrane fluidity is also
increased (data not shown). It is found that the surface properties of the
outer and the inner membrane is independently changed and, especially, the

increase in the surface hydrophobicity at the inner membrane of cells at rela-
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Fig.4-6 Effect of heating temperature on the surface net hydrophobicity
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tively lower heat-stress (42 and 55°C) are well corresponding to the translo-
cation phenomena (Fig.4-5). Typically, it has been reported that the mem-
brane fluidity could be the critical factor in the outer membrane and périp-
lasmic proteins reaching their final compartment (Ito ez al., 1977). Here, one
possible explanation for the triggering event of translocation of cytoplasmic
B-gal is thought to be a heat induced disordering of the lipid membrane.
3.4 Conformational Change of B-Gal Induced by Heat Treatment. The
behaviors of thermal inactivation of 3-gal were investigated. The percentage
of B-gal activity remained after heat treatment was plotted against the heat-
ing time in Fig.4-7. In general, the 3-gal activity decreases with increasing
heating-time. The inactivation rate of in vitro B-gal is then greater than that
of in vivo B-gal. It is possible that the heat treatment induce conformational
change of (-gal.

The conformational change of B-gal after heat treatment was analysed
in vitro by using this method and the results were summarized in Table 4-1.

The HFS values, defined as the surface net hydrophobicity of the (3-gal, are
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Fig.4-7 Time course of the relative activity of B-gal under the heat stress
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Table 4-1 Surface properties of 3-gal under the heat stress

Kinds of Stress’ HFESg[kJ/mol] LHG[-] Amax[nm]
Control -450 0.78 339
500C, 1hr -17.7 1.27 339
600C, thr 96.2 0.27 339

increased with increasing the temperature. The LH values, defined as a
local hydrophobicity, are maximum at relatively lower temperature (50°C).
On the other hand, the A, values, which is an typical indicator of confor-
mational change of -gal (Ayling, A. and Baneyx, F., 1996), are not
changed after heat treatment. These results indicates that heat-stress at rela-
tively lower temperature may induce the only limited conformational
change of oligomeric $-gal and transform the structure to partially dissoci-
ated and/or unfolded stnicture having strong local hydrophobic site.
Bychkova et al. (1988) have recently discussed that the conformational
change of protein from native state to the partially-folded state is required in
the protein translocation process. The local hydrophobicity of monomer pro-
tein carbonic anhydrase from bovine (CAB) has been reported to be in-
creased sharply when the conformation is transformed to the partially-folded
state (Kuboi et al., 1993). The change in local hydrophobicity (LHg) of -
gal is well corresponding to the previous findings although it is an oli-
gomeric protein. The enhancement of hydrophobic interaction between the
partially unfolded protein and lipid, followed by the heat-induced conforma-
tional change, is thus thought to be the trigger of the f-gal translocation.
Figure 4-8 shows the relationship between the local hydrophobicity of $-gal,

LHg, and the corresponding location factor, LFg under the heat stress. The
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translocation phenomena is herewith found to depend on the conformational
changé of B-gal under the heat stress. This concept is also supported by the
result that the heat stress (42~47°C) induces the in vitro translocation of B-
gal across the POPC membrane of SUV as described in chapter 5.
3.5 Inhibition of B-Gal Translocation by Induction of HSPs. The effects
of the induced quantity of GroEL on translocation of {3-gal are investigated.
Figure 4-9 shows the dependence of i) quantity of GroEL in SP fraction and
i) surface hydrophobicity, HFS, of spheroplasts on the corresponding LF
values in the stressed E.coli cells. In general, the LF values increase when
the induced quantity of GroEL is relatively low and when the surface hydro-
phobicity of inner membrane indicates the higher values.

In order to clarify the inhibitory effect of GroEL, the location factor of
B-gal, LF G, before and after the heat treatment of the cells at 47°C for 10min
was investigated in the GroES- or GroEL-defective E.coli cells. The LFg
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values are shown in Fig.4-10, together with the amounts of AP fraction and
the SP fraction of intracellular total proteins. Figure 4-10(a) shows the
control values of each strains without heat stressing. As shown in Fig.4-
10(b), the LFg values in the HSPs-defective strains are greater than that in
wild-type strains. The amounts of protein-aggregates in the GroES-defective
strain are the largest. The amounts of soluble proteins in GroES-defective
strain are greater than those in other strains. The 3-gal translocation is thus
found to depend weakly on the induced amounts of GroEL and strongly on
the hydrophobicity of inner membrane.

GroE proteins such as GroEL and GroES which are induced by heat
stress have been reported to facilitate the assembly of oligomeric proteins
(Gouloubinoff, 1988). It has been recently reported that the GroEL inter-
acted with the folding-intermediate and the refolding was inhibited in the

presence of GroES and ATP in the in vitro refolding processes of gua-

nidine-hydrochloride denatured 3-gal (Ayling and Baneyx, 1996). The
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hsp60, including GroEL, has been reported to show following two-
activities : 1) enhancement of protein folding and 2) maintaining proteins at
the unfolded or partially refolded state to facilitate their channeling through
the machineries for the transport across the inner membrane of mitochondria
(Koll et al., 1992). The above results postulated the heat-induced transloca-
tion model of B-gal which includes thermal denaturation and partial confor-
mational change of B-gal, increase in membrane fluidity and hydrophobicity
of inner membrane of cells, enhancement of hydrophobic interaction
between lipid and the stressed (3-gal, and inhibitory stabilization of the pro-
tein with HSPs (GroE proteins) induced by heat stress.

3.6 Combined Effects of Other Stresses under the Heat Stress. The

combined effects caused by the addition of salts on the stress-response of
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Table 4-2 Effect of addition of salts on location factor of $-gal under the
heat stress (55°C, 60min)

Solution Types Location Factor, LFg
Control (50mM Tris-HCI) 1.02
M9 media 2.07
M9 media + 10wt% KPi 2.43
M9 media + 20wt% KPi 2.23

bacterial cells can not be neglected because cells have been also reported to
respond against such osmotic stresses in the same way, for example, by pro-
ducing a kind of heat shock proteins (Meury and Kohiyama, 1991). The lo-
cation factor of B-gal, LFg, in E.coli cells was examined after the cells were
exposed to heat stress (55°C, 60min) in i) M9 media and ii) potassium phos-
phate (KPi) solutions of various concentrations. The results are summarized
in Table 4-2. The values of LF are increased m the M9 solution even
though the cells have been exposed to relatively strong heat stress (55°C,
60min). This is mainly due to the presence of the nutrition salts in the media.
In the case of the addition of 10wt% KPi salts, the LFg value is also in-
creased. In the presence of KPi at higher salt concentration (20wt%), the
LF value is still improved (although it is less than that in the case of 10wt%
KPi solution). These results of the further enhancement of heat-induced
translocation of -gal in the presence of KPi salts or nutrition imply that the
cells may induce the enhanced response against the combined heat and
osmotic stresses. It suggests that the translocation curves, shown in Fig.4-4,
shift upwards by the combined effects of nutrition and the additional KPi
salts under the heat stress conditions, ex. Stress induced translocation of 3-

gal can be improved and controlled by the addition of salts (osmotic stress).
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3.7 Process Design for Effective and Selective Recovery of Intracellular
B-Gal by Using Its Heat-Induced Translocation. In this chapter, the pos-
sibility of selective release and recovery of the cytoplasmic (3-gal from £.coli
cells has been presented based on the results of the stress-response function
of cells (i.e. stress induced translocation of the partly damaged protein.). In
chapter 2, the design scheme for the selective release of intracellular en-
zymes has been reported by using LF; (=Ki/Kr) as a design parameter. In the
case of periplasmic enzymes (K;/Kt>>1), it has been shown that they can be
selectively recovered not only by mechanical stresses (chapter 2) but also by
the chemical stress by solublizing the outer membrane of E.coli cells in
chapter 3.

As a conclusion, the scheme for the optimization of selective release
and recovery of intracellular proteins by using stress-response function of
cells can be shown in Fig.4-11. The stress-response function of cells can be
utilized even if the target protein is neither secretary nor periplasmic and
existing in cytoplasm by using ALH as a design parameter (Table 4-1,
Fig.4-8). Here, if the increment of local hydrophobicity (ALH) of the target
protein is high enough under the stress (heat) condition, the target
cytoplasmic protein can be translocated into the periplasmic space accross
the inner menbrane by using stress-response function of cells and can be
selectively recovered by using the selective disruption method (Chapter 2) or
selective solublization method of the outer membrane of cells (Chapter 3).

In practice, the stress condition for selective recovery of (1) B-gal and
(2) HSPs (GroEL and GroES) from £.coli cells can be optimized followed
by this scheme. At the normal condition for cultivation of cells (at lower

temperature of 30°C), both B-gal and HSPs are existing in cytoplasm of
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Fig.4-11 Scheme for optimization of selective release and recovery intracel-
lular proteins by using stress-response function of cells (the tran-
slocation phenomena across inner membrane of E.coli)

E.coli cells. The possibility of the translocation of the former cytoplasmic

enzyme, f-gal, to periplasm across the inner membrane of E.coli cells is

positive as indicated in this chapter, while that of the latter HSPs is negligi-
ble. Because the Lf£; value for the former is increased while the latter is not
as described in chapter 6 when E.coli cells were exposed to heat stress

(Fig.4-2, Fig.4-4 and Fig.4-5). This was shown to be caused by the increase

of local hydrophobicity LHg of the target 3-gal under the heat stress and the

enhancement of hydrophobic interaction between the target and the inner
membrane of E.coli cells. In this experimental range, the LF; is optimal at

47 °C for 10min in GroEL defective strain. On the other hand, LF of HSPs

is not increased so much in the same temperature range because of their high

stability against heat stress as expected from their own functions. In this way,

the selective recovery process of cytoplasmic proteins can be rationally de-
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signed regardless of kinds of proteins and cells by using the stress-response
functions of bacterial cells.

The combined effects of osmotic stress under the heat stress should be
further considered when the cells are reutilized to the further cultivation. The
heat stressing to cells at relatively high temperature also induce the cell death
because of the thermal denaturation of intracellular proteins (Fig.4-7) and so
on. In the conventional process containing cultivation, disruption and fol-
lowed various unit operations, the use of the above phenomena on the heat-
induced translocation of target protein may improve the efficiency and selec-
tivity of target recovery. Because the death of the bacterial cells is a serious
problem in the process using the living cells, such as an extractive cultiva-
tion process using aqueous two-phase systems (described in chapter 6),
where the cells must be reutilized for the further cultivation in order to
achieve continuous operation. The results on the heat-induced translocation
of B-gal enhanced by using the osmotic stress under the heat stress (Table
4-2), therefore, imply following advantages, i.e. the stress-response function
of cells, especially the translocation of $-gal can be induced at the relatively
weak heat stress conditions (for example 37~40°C) which cause both the
reduction of cell death and the enhancement of translocation of $-gal. In the
following chapter related to the extractive cultivation process the optimal

condition was determined based on this results.

4. SUMMARY

The stress response functions, such as protein folding (A), transloca-
tion (B), aggregates formation (C), and degradation by protease (D), were

investigated by using the quantitative parameters.
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(1) The heat stress to E.coli cells at relatively high temperature (more
than 55°C) was found to induce the formation of insoluble aggregates
and the degradation of intracellular total proteins.

(2) Heat-stress to E.coli cells at relatively lower temperature range
(40~50°C) was found to induce the translocation of cytoplasmic en-
zyme, [3-gal, across the inner membrane of E.co/i cells. This behavior
of B-gal was analysed by using parameters determined from the ki-
netic analysis of enzyme release processes. The maximal value was
obtained when the E.coli cells were heated at 47 °C for 10min.

(3) The surface hydrophobicities of cells and spheroplasts, HFS, with
various heat stress were determined by using aqueous two-phase sys-
tems. The values of inner membrane of cells were increased with in-
creasing temperature. The local hydrophobicity of B-gal, LHg, was
maximized at the temperature of 40~50 °C. The mechanisms of 3-gal
translocation are thus suggested to be triggered by the enhancement of
hydrophobic interaction between the inner membrane of cells and B-
gal molecules.

(4) The design scheme for the selective recovery of intracellular enzymes
using heat-induced translocation of f3-gal was presented on the basis
of hydrophobic interaction between the cell membrane and the protein
to show the possibility to apply the optimization method to the other
proteins. The use of combined stress (heat and osmotic stresses) was
also found to induce the traﬁslocation phenomena more efficiently

with reducing its impact against the bacterial cells.
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Chapter §

Model Simulation of Heat-Induced Translocation of
Entrapped B-Galactosidase Across Lipid Bilayer Membrane

1. INTRODUCTION

Among various functions of biological membranes, the transport of
protein across the lipid membrane is one of the most important function.
From the in vivo results in chapter 4, the cytoplasmic 3-galactosidase ([3-gal)
has been shown to be translocated to periplasm across the inner lipid mem-
brane of E.coli cells by exposing them to heat stress, depending on the hy-
drophobicity of inner membrane, the local hydrophobicity of target B-gal,
and the induced amounts of HSPs (GroEL). Liposomes, which are self-
assemblies of closed phospholipid bilayers, have been widely studied as a
model for the biological membrane and for many other purposes, in particu-
lar, as drug delivery systems (Ho et al., 1986) and artificial cells (Oberholzer
et al., 1995). The in vivo heat-induced translocation of cytoplasmic B-gal
can be applicable to such artificial membrane and verified by using the
liposomes as a cell membrane model.

To date, most of the data on lipid-protein interactions have been ob-
tained from membrane and/or periplasmic proteins in both natural and re-
constituted membrane systems from the view point of protein translocation
across biological membranes (McElhaney, 1986; George et al., 1990). Cur-
rent approaches to the study of lipid-protein interactions tend to employ pep-
tide models (Blobel and Dobberstein, 1975) which are designed to interact
specifically with either the polar (the surface), or the hydrophobic domains
of lipid bilayers (Jacobs and White, 1986, 1987; Mclean et al., 1991). In the

other approach, the transport of many precursor proteins have been reported
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Fig.5-1 Interaction between protein and lipid membrane in transport

across the membrane (Concept from Bychkova et a/.(1988))
to involve interaction with a cytoplasmic chaperon (Collier et al., 1988;
Crooke et al., 1988). Recently, the conformational change of protein, fol-
lowed by their denaturation, has also been shown to be required for translo-
cation (Bychkova et al., 1988) as shown in Fig.5-1. Among possible protein
conformations, the protein of the partially unfolded state having the strong
hydrophobic binding site is thought to be appropriate for binding to or inser-
tion into lipid bilayers and play an important role in biological systems, es-
pecially, in binding to heat shock proteins (HSPs) (Martin, 1991; Zahn,
1994), which stabilize the protein structure or promote protein folding. In
both cases, translocation of proteins is thought to be triggered by the hydro-
phobic interaction between the target protein and lipid surface. It is expected
that the mechanisms of protein translocation may be clarified and controlled
by using the quantitative information on hydrophobic properties of such
biomolecules.

The objective in this chapter is the verification of in vivo response of
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cells under the physicochemical stresses, especially focusing on ‘heat-
induced translocation of cytoplasmic B-gal’ found in chapter 4. The
liposomes entrapping B-gal were firstly prepared. Secondly, the liposomes
were exposed to the heat stress in the same manner as in vivo in order to
investigate the heat-induced translocation phenomena. Based on these results,
a possible model for the in vivo heat-induced translocation of B-gal was pre-

sented and compared with the experimental results.

-

2. EXPERIMENTAL

2.1 Materials. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
was purchased from Avanti Polar Lipids Inc. B-Galactosidase (3-gal) and o-
nitrophenyl-f3-D-galactopyranoside (ONPG) as the substrate were purchased
from Sigma (New York, USA). Poly (ethylene glycol) (PEG1540, 4000 and
6000; Mw = 1.5 kD, 3 kD and 7kD, respectively) and dextran 100~200k
(Dex; M,, = 100~200 kD) were obtained from Wako Pure Chemicals Ltd.
(Osaka, Japan). Fluorescent probe, diphenyl-1,3,5-hexatriene (DPH) was
also purchased from Wako. Nonionic detergent, Triton X-100 (My = 0.65
kD), were purchased from Sigma. The salts and other chemicals of analyti-
cal grade were from Wako.

2.2 Preparation of Liposome. Multilamellar vesicles (MLVs) were firstly
prepared by hydrating a POPC thin film with 100mM TriS-HCl buffer (pH
7.5) followed by freeze-thaw treatment (five times) with dry ice / ethanol.
Large or small unilamellar vesicles (LUVs or SUVs) composed of POPC
were prepared by extrusion (15 times) of MLVs through polycarbonate fil-
ters with various pore size (50, 100, and 200nm) using an extrusion device

(Lipofast; Avestin Inc.). Liposomes containing B-gal were also prepared by
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the same procedure described above except that the lipid film was hydrated
with buffer containing 4mg/ml 3-gal. The lipid concentration of each sample
was 15 u M.

2.3 Gel Permeation Chromatography. Prepared liposomes solutions were
fractionated to each sample of 1ml by using the gel permeation chromatog-
raphy (Sepharose 4B; ¢, 15mm; length, 150mm). The optical density at
660nm (ODgg) and B-gal activity (dA4y/dt) of each fractions were then
monitored. In each fractions, the (3-gal activity in the solution treated by
2mM Triton X-100 for Imin was also measured. Figure 5-2 shows the elu-
tion profile of gel permeation chromatography for the solution containing

liposome with entrapped B-gal and untrapped free B-gal. The liposomes and
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Fig.5-2 Elution profile of gel permeation chromatography (Sepharose 4B)
by Monitoring optical density at 400nm and activity of 3-gal after
entrapping 3-gal in POPC liposomes.

109



the free B-gal were, respectively, detected at the fraction of number 7~10
and at the fraction of 13~18. The percentage of entrapped B-gal was esti-
mated as about 38% from mass balance of the activity. In the following ex-
periment, the liposome fractions (humber 7~10) were recovered and used as
the solution of liposomes entrapping f3-gal. Then, the total amount of 3-gal
initially entrapped inside the liposomes (100 %) was measured after solubi-
lization of the liposomes membrane with 2 mM Triton X-100, again. All
measurement for the activity of B-gal was determined from the initial rate of
hydrolysis reaction of ONPG (Gray et al., 1973).

2.4 Analytical Methods for Characterization of Liposome Membrane.
(1) Surface Hydrophobicity of Liposome and B-Gal. ~ Aqueous Two-
Phase Partitioning Method ~ The surface net hydrophobicity (HFS) of
liposomes and f3-gal was analysed by using the aqueous two-phase panit.ion-
ing method (described in chapter 1). When pH is then selected at the pI at
lower ionic strength, partition coefficient of liposomes and proteins was
mainly dependent on the hydrophobic effect and the following relationship
can be obtainable.

InK =HFS X HF (5-1)
where hydrophobic factor (HF), which have been defined from the partition
coefficient of amino acids, is an indicator of the hydrophobicity of two-
phase systems and the /FS values can be defined as surface net hydropho-
bicity of liposome membrane. Further, the local hydrophobicity of proteins
was also determined as LH),; (= Aln Kp, = In Kpy triton - In Kpr0; Kpr Triton » Kpro 5
the partition coefficient of protein with and without 1mM Triton X-405). In
the case of local hydrophobicity of liposome, the values of surface net hy-

drophobicity H/FS may reflect the LH values because the HFS values of
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liposomes can be well correlated with the conventional values of local hy-
drophobicity which are determined by the fluorescence intensity of 8-
anilino-1-naphthalene-sulfonate (ANS; data not shown).
(2) Membrane Fluidity. Membrane fluidity of liposome was determined as
fluorescence polarization () using the fluorescent probes, DPH (Macdonald
et al., 1988). The fluorescent probe was oriented into lipid bilayer as follow-
ing way. The solutions of DPH (in ethanol) were added to the liposome sus-
pension to maintain the lipid/probe molar ratio at 250 ( [DPH]gn=2uM).
The mixture was then incubated at least for lhr at room temperature with
gentle stirring. Probes remained in outer aqueous phase of liposomes were
negligible since they have little fluorescence in water. The fluorescence po-
larization of samples was measured with a spectrofluorometer to which exci-
tation and analyzing polarizers (FP 2010, JASCO) were fitted. The sample
was excited with vertically polarized light (360nm) and then the emission
intensity at 430nm of both parallel (,) and perpendicular (/) to the excited
light was recorded. Then, polarization of DPH was calculated from the fol-
lowing equation.

P=(L -1,)/(L + L) (5-2)
The membrane fluidity of liposomes was determined as the inverse values

(1/P) by using the P values.

3. RESULTS AND DISCUSSION
3.1 Change of B-Gal Activity in Outer Aqueous Phase of Liposome af-
ter Heat Treatment. After the prepared liposomes trapping -gal were ex-
posed to heat stress at various temperature for various time, the 3-gal activ-
ity in outer aqueous phase was then measured. Figure 5-3 shows the effect

of the heating time on the B-gal activity in the outer aqueous phase. The
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B-gal activity is not increased when the liposomes are heated less than 40°C.
At the temperature of 42 and 47 °C, the value increases in a few minutes and
then gradually decreases. Especially, when the liposomes were heated at the
temperature of 45°C for 30min, B-gal activity in the outer aqueous solution
is dramatically increased to 50~60%. On the other hand, (3-gal activity is not
detected at more than 55°C. The obtainable maximal activity of B-gal in the
outer aqueous phase is plotted against the heating temperature as shown in
Fig.5-4. Rather interesting bell-shaped curve with narrow width is observed,
where the width of the profile is sharply limited between 40 and 50°C.

B-Gal 1s a typical example of cytoplasmic proteins that have no signal
sequence and reported to translocate to periplasm across inner membrane of
Gram-negative Escherichia coli cells in vivo by heat treatment (Yatvin et al.,
1986; Yatvin, 1987; Kitagawa et al., private communication). By exposing
the liposomes with entrapped (-gal to heat treatment, the similar results on
the in vitro heat-induced translocation could be obtained in vitro (Fig.5-3
and Fig.5-4). These phenomena on the increase in $-gal activity in the outer
aqueous phase may be caused by the following phenomena. i) Not only outer
B-gal but also inner one may catalyze the reaction because of the transport of
substrate due to the enhancement of the membrane permeability. i) The
liposome structure may be destroyed and the inner B-gal is leaked from
liposomes. In the following experiments, these possibilities of 1) and ii) were
investigated.

3.2 Other Possibility in Heat-Induced Increase in B-Gal Activity in
Outer Aqueous Phase
(1) Stability of Liposome during Heat Treatment. Heat stability of

liposome structure was investigated at the 45°C in order to confirm whether
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Fig.5-5 Stability of POPC liposomes under heat stress (45°C)

the liposome structure was destroyed by heat treatment or not. Figure 5-5
shows the time course of optical density at the wavelength of 660nm, ODgg,
of liposome solution at 45°C. Notable change is not detected in ODgg values
in this experimental condition (25~60°C). The change in liposome size of
such samples was also not detected by the DLS methods, so that the size was
maintained at almost the same value (particle diameter = 175=%21nm).
Kikuchi et al. (1991) has also reported that the liposome size was not
changed and further there is no leakage of encapsulating materials although
they were exposed to heat stress at relatively high temperature (121°C,
20min). In this experimental range (heat treatment at 40~60°C), it is con-
firmed that the liposome was stable during the heat treatment. In our ex-
perimental temperature (40~50°C), therefore, destruction of liposomes can

be neglected.
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(2) Gel Permeation Profile of Heated Solution with Entrapped B-Gal.
In order to clarify whether the increase of the (-gal activity in outer aqueous
phase is caused by the enhancement of membrane permeability of substrate
or not, the components containing the heated solution of B-gal-entrapped
liposome were analysed after separation using the gel permeation chroma-
tography. Samples of each fractions were detected from optical density at
660nm (ODgg), absorbance at 280nm (A,sp), and the activity of B-gal
(dA4/dt). Figures 5-6 shows the elution profiles of (a) control (without
heating) and heat-stressing liposome (b) at 45°C for 30min and (¢) at 55°C
for 30min. In the control profile, only one peak is detected in fractions of
number 4~7. On the other hand, there are two major peaks which are corre-
sponding to liposomes and free 3-gal released from liposomes when the
liposomes entrapped B-gal were exposed to heat stress at 45°C for 30min
(Fig.5-6(b)). The fractions of free B-gal can be further separated to two
types. One is a fraction which is detected from both A,z and dAssy/dt
(number 19~22). The other fractions are detected by only A,gy (number
23~26). The results imply that two kinds of 3-gal, which are active and inac-
tive, are existing in the surroundings of liposomes after heat treatment. As
shown in Fig.5-6(c), there is no change in the profile of ODgg, and Aog after
heat treatment at 55°C for 30min as compared to control profiles. The activ-
ity of B-gal is not detected at all in all fractions. It is found that the B-gal is
translocated by the adequate heat conditions (45°C), that two kinds of B-gal
are existing in the outer aqueous solution at the condition, and that the over-
heating induce the inactivation and no translocation of B-gal entrapped in the
inner aqueous phase. In this way the 3-gal is shown to be translocated by

heat treatment.
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3.3. Variation of Surface Properties of Liposomes and B-Gal

(1) Variation of Membrane Fluidity and Surface Hydrophobicity of
Liposome after Heat Treatment. As a first possibility, 3-gal translocation
is thought to be caused by the change in general properties of phospholipid
membrane by exposing them to heat treatment. The physicochemical proper-
ties of liposome membrane, such as membrane fluidity (1/P) and surface
hydrophobicity (HFSvipesome), Were investigated during the heat treatment
(Fig.5-7). The membrane fluidity of POPC liposomes was determined by

7 T T T | T 1 T
O POPC Liposomes
- 0O POPC Liposomes +8-Gal ()
O
_ 6 (a) N
]
a | ,B’/ 1
~ g ‘ —
L -
4 L 7 pu—
1 I L I 1 l [
200 T ' T T T

3 (b) |

£ B i

~

)

X i
QEJ | .
S 0
Q -
2
-

w - -

L

T j

! 1 .

R
=]
S

L ] l
20 30 40 50
Temperature [°C]

Fig.5-7 Dependence of 1/P and HF'S values on temperature
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using the fluorescent probe DPH, which was bound to the hydrophobic site
of membrane surface. Figure 5-7(a) shows the inverse values of polarity
(1/P) as a function of heating temperature. With increasing the temperature,
the values are increased, indicating that the fluidity of POPC membrane is
then increased. By using the above method, the change in membrane fluidity
of liposome with entrapped -gal after heat treatment was also investigated.
In this condition, the similar curve of 1/P against temperature is obtained
except for 40~50 °C. However, the values of the latter liposomes indicate
smaller values than that of control, so that the 3-gal is thought to stabilize the
membrane fluidity in the range from 40 to 50°C. (Especially in the range
from 40 to 50°C, the 1/P values indicate the smaller values as compared with
that of the control.) These results indicate that the heat-exposing to liposome
encapsulating -gal may enhance the interaction between the inner mem-
brane surface and the 3-gal existing in inner aqueous phase because of the
enhancement of membrane fluidity and local hydrophobicity of liposomes,
depending on the heating temperature.

The hydrophobicity of liposome exposed to heat treatment at various
temperature was also determined by using the aqueous two-phase partition-
ing method (Kuboi et al., 1991, chapter 1). Figure 5-7(b) shows the rela-
tionship between heating temperature and surface hydrophobicity of
liposomes, AFStiposome; Which can be determined by the above method. The
HFSLiposome Values are increased with increasing the temperature and these
values are saturated at the temperature of more than 50°C. Further, the
HFSLiposome Value is found to be well corresponding to 1/P value.

The in vivo heat-induced translocation of 3-gal across inner membrane
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of E.coli also indicates that the change in the lipid composition of inner
membrane cause such translocation (Yatvin, 1987). In our in vivo experi-
ments using £.coli cells exposing to heat treatment, surface hydrophobicity
of inner membrane of cells has increased with increasing the heating tem-
perature (chapter 4). In the case of POPC liposomes, the surface hydropho-
bicity of the membranes was increased with increasing the temperature
(Fig.5-7(b)) and then the membrane fluidity of liposomes, determined by
using fluorescent probe, DPH, was also increased (Fig.5-7(a)).

These results imply that the heat stress changes the physical state of
liposomes membrane, especially, in the membrane fluidity and that the in-
crease in membrane fluidity is well corresponding to the increase in surface
hydrophobicity of membrane surface.

(2) Thermal Denaturation of B-Gal Accompanying with Change in
Conformation and Surface Properties after Heat Treatment. Second
possibility for heat-induce translocation of B-gal across the lipid membrane
is the heat induced denaturation of $-gal, accompanying with the conforma-
tional change. The behaviors of denaturation of 3-gal and their conforma-
tional change were investigated after the 3-gal was exposed to the heat stress.
Figure 5-8 shows the time course of the relative activity of B-gal at the vari-
ous heating temperature. The values are exponentially decreased with in-
creasing the heating time. The rate of denaturation is then increased with
increasing heating temperature. Edwards ef al. (1990) have previously indi-
cated the change of 3-gal conformation during their thermal denaturation

process and the inactive tetramer of 3-gal existed during the thermal denatu-

119



ration process. The surface properties (e.g. surface net hydrophobicity, HF'S,
and local hydrophobicity, LH) have previously reported to be caused by such
conformational change and analysed by aqueous two-phase partitioning
method (Kuboi et al., 1992). The surface properties of B-gal (HFSg and
LHg) were analysed after the 3-gal was exposed to heat treatment. The re-
sults are summarized in Table 5-1. The HFSg values are gradually increased
in proportion to the temperature. On the other hand, LHg values, which indi-
cate the local hydrophobicity of protein, are maximal in exposing the [-gal
to heating. The dependence of LH values on the temperature was investi-
gated in details and the results are shown in Fig.5-9. The bell-shaped profile
of LH values, of which range is from 40 to 50°C, can be obtainable. The
surface properties, especially, the local hydrophobicity of B-gal are thus

found to maximal at the heating temperature of 40~50°C.

-
o
(=]

Relative Activity of p-Gal
In(AVA') [-]

Incubation Time [sec]
Fig.5-8 Time course of relative activity of 3-gal under the heat stress
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Table 5-1 Surface Hydrophobicity of 3-gal after heat treatment at various

temperature

Kinds of Stress HESG [kJ/mol] LHG [-]
Control -450 0.78
50°C, 1hr -17.7 1.27
60°C, 1hr 96.2 0.27

Typically, it has been reported that the translocation of proteins (e.g.
extracellular «-lactalbumin (Herreman er al, 1981), periplasmic -
lactamase (Minsky et al., 1986), and so on) across a variety of membranes
involves a non-native or denatured conformational states. The denaturation
of protein has also shown to be required for translocation from some evi-
dences (Bychkova, et al., 1988). The denaturation of the proteins must be a

first step of translocation process.
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Fig.5-9 LH values of 3-gal after heat treatment at various temperature
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Ayling and Baneyx (1996) have recently reported about the conforma-
tional change of 3-gal during various denaturation methods, such as acid,
GuHCI, Urea, and the refolding of them. In the case of thermal denaturation
of B-gal, a minimal scheme for the thermal denaturation of 3-gal has been
presented and shown the existence of reversible inactive tetramers during the
thermal denaturation (Edwards ez a/., 1990). The denaturation of 3-gal has
also reported to continue to occur after activity is lost but must proceed
through intermediate partially unfolded structure as is expected for protein
denaturation (Shortle, 1989). Such intermediate of 3-gal is thought to be

formed during the thermal inactivation of 3-gal (Fig.5-8). It has been re-
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Fig.5-10 Relationship between LH value and obtained maximum values
of B-gal activity in outer phase
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ported that the LH values of carbonic anhydrase (from bovine, CAB) having
various conformations were investigated and the local hydrophobicity, LA,
values of CAB of partial unfolded states indicated relatively high values
(Yano, 1996). In the case of 3-gal, the LH value of the intermediate-states
is much higher than that of other states (Fig.5-9) and the B-gal of such state
is therefore thought to interact easily with the hydrophobic binding sites of
liposome surface which increase the surface hydrophobicity (Fig.5-7). The
relationship between LHg values (Fig.5-8) and corresponding activity of
translocated {3-gal (Fig.5-4) after heat treatment at various temperature was
summarized in Fig.5-10, so that the behaviors of heat-induced transiocation
of B-gal were found to be well corresponding to the increase in their local
hydrophobicity under the heat condition.

3.4 Possible Mechanisms for Heat Induced Translocation of B-Gal
Across Lipid Membrane. It is clarified that the -gal transiocation is
highly dependent on 1) the increase in surface hydrophobicity of liposomes
together with the membrane fluidity and ii) the increase in the local hydro-
phobicity of B-gal followed by thermal denaturation. The possible mecha-
nism for heat-induced translocation of $-gal can be now presented on the
basis of the heat-induced enhancement of hydrophobic interaction between
the liposomes and the 3-gal. The possible scheme for the mechanism is
shown in Fig.5-11. The first step for translocation is the denaturation of f3-
gal by heat stress. Then, the conformation of B-gal is changed and the local
hydrophobicity is increased (Table 5-1 and Fig.5-9). When 3-gal is exces-
sively exposing to heat stress, the -gal tetramer is further dissociated to four
subunits and cannot interact with membrane surface of liposomes (Fig.5-

6(c)) (Edwards et al., 1990). At the same time, the heat stress also induce
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Fig. 5-11 Possible pathways in heat induced translocation of protein
across lipid membrane of liposomes

the increase in membrane fluidity and local hydrophobicity of POPC
liposomes (Fig.5-7(a) and (b)). The increase in the local hydrophobicity of
both proteins and liposomes enhances the hydrophobic interaction between
them (Fig.5-7(a)) and induces the translocation of B-gal (Fig.5-3,
5-4, and 5-6) or the release to the same phase with active state. The translo-
cated B-gal is again exposed to the same heat stress and the inactivation of
B-gal is occurred in the outer aqueous phase. In such mechanism, the B-gal

is translocated by heat treatment. Among of all pathways, the dissociation
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pathways of inactive tetramer in inner and outer aqueous phase and the re-
lease pathways to the same phase can be negligible at the adequate heat con-
dition because the kinetic rates of the pathways are thought to be very slow
as compared with that of other pathways. The simplest pathway can here be

represented as

Nojn = Dajn — I — Nigow — Disou (5-3)
Region *-+ Inner Phase Membrane  Outer Phase

In the following, the heat-induced translocation of (-gal, especially, at the
condition of 45°C stressing was simulated based on the simplest model.

3.5 Simulation of Translocation of B-Gal Based on the Simplest Model.
Based on the above discussion, possible pathways which underlie in the
heat-induced translocation process of B-gal can be modeled as schematically
shown in Eq.(5-3). Nso and Ny, are B-gal of active state (4 denote te-
trameric), which are respectively existing in outer and inner phase of
liposomes. Da o, and Dy, indicate the 3-gal at the inactive state in the outer
and inner phases, respectively, and / represents the intermediates of B-gal
bound and entrapped into the lipid membrane. These pathways can be here-
with expressed as a series of rate equations for the concentration of each
species. The decrease rate of the active tetrameric (3-gal at inner phase

(-d[N4n)/df) may be expressed as
-A[Nyinl/dt = kq[Nyn] (5-4)

Here, the initial concentration of the unfolded protein is equivalent to the

activity of B-gal ([NV4in]). In the same way, the rate of decrease of Dy, 1,
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Naout, Da oy can be expressed as

d[Dyin}idt = ka[Nuin] - ki [Diin) (3-3)
alll/dt = ki [Dyin] - k2 [1] (5-6)
A[Nyoul/dt = k3 [1] - ki [Nyoul (5-7)
A[Dyoulldt = ka [Niou] (5-8)

The concentration profile of the native 3-gal in the inner phase was calcu-
lated with varying the kinetic parameters by using Runge-Kutta method.
Figures 5-12 show the time course of the concentration of [3-gal translo-
cated to the outer phase of liposomes. A series of lines are the calculated
values of the B-gal concentration when kinetic parameters such as (a) &4, (b)
k;, and (c) k, were varied as shown in this figure. Generally, the shape of the
curves are well corresponding to that of expected curves from the experi-
mental values. As shown in Fig.5-12(a), the time for maximal percentage of
B-gal concentration of each curves transfer from the 80 to 2 min when the &,
values are varied from 0.01 to 1. The most suitable curve for the experimen-
tal data 1s obtained at the £, value of 0.025. When the %, values are varied
from 0.01 to 15, the curve which is similar to the experimental curve can be
obtained at £, values of nearly 10 (Fig.5-12(b)). Furthermore, the increase in
k; values increase the height of curves, so that the optimal curves can be
obtained at the £, values of nearly 10 (Fig.5-12(c)). The values of the above
kinetic parameters at the condition of 45°C were determined by trials and

errors and the obtained optimal values are shown as follows.

ks=0.025min", 4k =119min", 4,=9.5 min’ (5-9)
The denaturation constant of B-gal obtained from the experimental data,
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ka(exp), indicate 0.042 min™". The difference between these values may be
caused by neglecting the other pathways (Fig.5-11) in the simulation. The
values of the above kinetic parameters under the other stress conditions were
determined by using the same method. The rate constant of $-gal denatura-
tion, k4, is gradually increased with increasing temperature. Figure 5-13(a)
shows the dependence of the calculated values, &) and &,, on heating tem-
perature. The calculated values are well corresponding to the experimental
values which have been obtained in Fig.5-8. The calculated values of both £;
and £, indicate the higher values than that of k4. They are increased at the
temperature of less than 45°C and decreased at the higher temperature range.
These shapes are well corresponding to that of temperature dependence of
maximum values of translocated f3-gal (Fig.5-4). As shown in Fig.5-13(b),
the k; and £, values can be correlated with the local hydrophobicity of (3-gal
under the above heat stress. The PB-gal translocation is suggested to be

achieved mainly by means of such fast process, which involves (i) the inter-
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Fig.5-13 Dependence of calculated rate constants (4; and 4;) on (a) tempera-
ture and (b) local hydrophobicity of B-gal, LHg
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action between the partly damaged B-gal having high local hydrophobicity
and the local hydrophobic sites of fluidized membrane and (ii) the transloca-
tion of f-gal across the liposome membrane with accompanying the con-
formational change on the membrane. The translocated amounts of 3-gal 1s
therefore saturated in a short exposing-time. As shown in Fig.5-10, the
maximum values of translocated -gal have been also dependent on the local
hydrophobicity of B-gal. The phenomena is confirmed by comparing the
results obtained by model simulation and the experimental results.

The concentration profiles of B-gal were calculated by using these
parameters and shown in Fig.5-14. Generally, calculated curve simulates
experimental results fairly well. From the figure, following tendency can
also be noticed. The concentration of native 3-gal in the inner aqueous phase
is decreased exponentially. The concentration of the inactive tetramer and

lipid-bound intermediates of 3-gal are not varied because k; and &, values
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are much higher than £, value. The concentration of native (3-gal translo-
cated to the outer aqueous phase are increased at the initial treatment of heat
stress (less than 30min) and then decrease owing to the heat denaturation in
the outer aqueous phase. Accompanying with a series of phenomena, the
concentration of translocated inactive (3-gal increases with increasing the
heating time. Although further study on model simulation is needed in future,
the heat-induced translocation process of B-gal can be explained and simu-
lated even by the simplest model expressed in Eq.(5-3), suggesting that heat
induced translocation in vivo (described in chapter 4) can be analysed by the

similar model.

4. SUMMARY
The mechanism of the in vivo heat-induced translocation of 3-gal were

verified by using the liposomes entrapping 3-gal as a cell model system.

(1) Heat-stress against liposomes entrapping cytoplasmic enzyme, B-gal,
was found to induce its translocation across the liposome membrane.
The translocated activity of -gal in the outer solution was maximized
when the liposomes entrapping B-gal were heated at 45°C for 30min.

(2) The surface and local hydrophobicity of liposome membrane,
HFSLiposome aNd LHjiposome, Increased with increasihg temperature and
the local hydrophobicity of B-gal, LHg, was maximized at the tem-
perature of 40~50 °C. The mechanisms of B-gal translocation were
thus suggested to be triggered by the enhancement of hydrophobic in-
teraction between the liposome surface and 3-gal molecules.

(3) The simple scheme for the possible mechanism of heat-induced tran-
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slocation of 3-gal were successfully presented on the basis of the hy-
drophobic interaction between the liposome and the proteins. The
heat-induced translocation process of -gal could be explained and

simulated even by the simple model expressed.
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Chapter 6

Process Integration of Stress-Response Function of
Bacterial cells and Aqueous Two-Phase Systems

1. INTRODUCTION
In Chapter 4, the method for the utilization of the stress-response func-
tion of cells was investigated and it was found that the optimized heat (and
osmotic) stresses against the bacterial cells could induce 1) translocation of
cytoplasmic 3-gal and ii) enhancement of productivity of cytoplasmic heat
shock proteins (HSPs; GroEL and GroES). While extractive cultivation in
aqueous two-phase systems (ATPS) has been shown to provide effective
bioprocesses to produce and separate product biomolecules from the recom-
binant microorganisms using a continuous operation. And thus, much re-
search has been devoted to extractive bioconversion, such as the production
of biosurfactant (Drouin and Cooper, 1992) and intracellular enzymes
(Tanaka, 1993-a) from Bacillus subtilis and glucose from cellulose enzymes
(Tjerneld et al., 1984). The integration of the stress-response functions of
cells and the extractive cultivation process using ATPS can be expected to

result in further efficient and simple bioprocesses.

Some heat shock proteins (HSPs; DnaK, GroEL and GroES) from
Escherichia coli are classified in terms of the molecular chaperones, which
are involved in mediating the folding of denatured proteins (Ellis and van
der Vies, 1976). The HSPs are induced as the response to the lethal stresses
against cells, such as temperature shift (Miyake et al., 1993), carbon starva-
tion (Groat et al., 1986-a) and others (Groat et al., 1986-b; Hightower,
1980). Recently, the osmotic stress by the addition of salts has been reported
to trigger the production of HSPs, especially DnaK (Meury and Kohiyama,
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Fig. 6-1 Extractive cultivation process by combining both the stress-
response function of bacterial cell and aqueous two-phase systems

1991). It is expected that the independent or combined use of these cell’s
own functions can be exploited for the improvement of the efficiency of the
bioproduction process.

The HSPs have been, typically, purified using multi-step separation
methods such as the combination of ion-exchange chromatography, gel-
exclusion chromatography and salting-out (precipitation) (Hendrix, 1979;
Schoner et al., 1985). ATPS are effective for the quantification of surface
properties of proteins and cells (Kuboi et al., 1994-a), and can be utilized to
the production and separation of bioproducts, such as amino acid, proteins
and bacterial cells, because of their mild and scaleable properties
(Albertsson, 1986). Surface properties of GroEL and GroES from E.coli
have been quantitatively measured and proved to be utilized for the regula-
tion of their partitioning behavior in aqueous two-phase systems (Yano ez
al., 1994). It is expected to establish more simple and effective separation
processes by integrating these stress response functions of cells and the

ATPS, based on the quantitative properties of HSPs and E.coli cells.
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In this chapter, the scheme for the design and development of the
stress-mediated extractive cultivation process using such stress-response
functions of cells in the ATPS was firstly presented. As case studies, (i) cy-
toplasmic B-gal and (ii) HSPs from E.coli cells were selected as target
prteins. The optimal condition for the extractive cultivation of each target
proteins has been determined following the presented scheme. Finally,
semi-continuous stress-mediated extractive cultivation.processes have been
developed, where the top-phase containing target proteins is recovered and

bottom phase containing the surviving cells is recycled.

2. SCHEME FOR INTEGRATION OF
STRESS-RESPONSE OF CELLS AND ATPS

Strategy for the integration of stress-response functions of cells and
aqueous two-phase systems (ATPS) can be presented by integrating each
sub-scheme for partitioning of bacterial cells and proteins (chapter 1), cell
disruption (chapter 2), lysis (chapter 3), and utilization of stress-response
functions (chapter 4) as shown in Fig.6-2. Major importance is in the sub-
scheme for the utilization of stress-response. Firstly in this sub-scheme, the
release methods are selected on the basis of the enzyme location factor
within the cells as shown in chapter II in details. The production, release and
recovery method of the target protein can be improved by using the stress-
response function of cells. The growth condition of cells are then examined
in ATPS after suitable ATPS are selected. Finally, the partitioning condition
to separate the target protein from cells is optimized, following the separa-
tion sub-scheme of bacterial cells (chapter 1) and protein (Tanaka, 1993).

At the optimal condition, the stress-mediated extractive cultivation
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processes of bacterial cells for the production and recovery of the target in-
tracellular protein can be constructed.

Two examples, as case studies, using stress-response function of cells
were examined following the presented strategy. The one is the extractive
cultivation of E.coli cells for the selective recovery of cytoplasmic $-gal,
which is widely produced for the commercial use and the fused marker en-
zyme for the production of engineered novel enzymes. In this case, the
process 1s expected to be optimized by utilizing stress induced translocation
of cytoplasmic B-gal to periplasmic space across inner membrane of cells
(enhancement of pathway B in Fig.4-1). The other is the extractive cultiva-
tion for the production of cytoplasmic heat shock proteins (HSPs), such as
GroEL and GroES, which are needed to produce for various medical and
analytical uses. In this case, instead of translocation, refolding and produc-
tivity of HSPs are expected to be enhanced by utilizing heat and osmotic

stresses against the cells (pathway A in Fig.4-1).

3. EXPERIMENTAL

3.1 Materials. Poly (ethylene glycol) (PEG600, 1540, 4000, 6000 and
20000) of various molecular weight and dextran (Dex 100~200k) were ob-
tained from Wako Pure Chemicals Ltd. Casamino acid was obtained from
DIFCO Laboratory (Michigan, USA). o-Nitrophenyl--D-galacto-
pyranoside (ONPG) was obtained from Sigma Chemical Company. Coom-
massie Brilliant Blue G-250 was purchased from Fluka. The salts and other
chemicals used were of analytical grade.

3.2 Cultivation. The bacterial strains used were gram-negative £.coli

ML308 (-gal constitutive) and OWI10/pNDS5 (GroEL and GroES constitu-
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tive). The details of this microorganism and plasmid were referred to Mi-
yake et al.(1993). The basic media for £.coli were modified M9 media (pH
7.4, in g/l): Na,HPO,, 7.0; KH,PO,, 3.0; NaCl, 5.0; NH,Cl, 1.0; casamino
acid, 1.0; MgSOy, 0.75; glycerol 50. In the case of recombinant strain, the
5g/1 glucose was used as a carbon source in the place of glycerol and the
antibiotics, ampicillin (50mg/ml) and tetracycline (25mg/ml), were supple-
mented to the media to select for and maintain drug resistance. A solution of
trace elements (Gray et al., 1973) was also added(1ml/l-media). Stock cul-
ture was maintained on 1.5% agar slant of modified M9 media. Following
overnight growth at 37 °C (for ML308) or 30 °C (for OW10/pND5) in a
100ml flask (130rpm) with a working volume of 20ml, the culture was used
as an inoculum for a 300ml shaking flask using normally 100ml media. In
the case of E.coli OW10/pNDS, the temperature of the culture broth was
increased from 30 °C to 42 °C at an optical density at 610nm, ODg1(, of 1.0

in the logarithmic growth phase in order to give the heat stress. After the
heat treatment, the cells were harvested by centrifugation (10000rpm,
10min) (Yano et al., 1994). In the same way, the E.coli cells were also
grown in aqueous two-phase media containing water, PEG, Dex or phos-
phate and the above salts at various concentration.

3.3 Ultrasonic Disruption. E.coli cells were disrupted by ultrasonic irradia-
tion, during the late exponential growth phase i.e., at an optical density at
660nm (ODggo) of 1.0 (for ML308 strain) and after the heat treatment of
cells (ODg0=1.5~2.0; for OW10/pNDS5 strain). The 100ml culture-broth
containing E.coli cells was irradiated by ultrasonic wave with the input
power of 80W, using an ultrasonic disrupter (Tomy Seiko Co. Ltd; UD-200,
20kHz). Five-ml of the media was then sampled and centrifuged (5000rpm,
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10min), and the supernatant assayed.

The crude extract solution containing i) B-gal or 11) HSPs together
with other soluble proteins were obtained by ultrasonic disruption (273K,
80W, 4min, against 10ml cell-suspension in ODgg of 1) and centrifugation
(7000rpm, 10min), and were used for the investigation of the partition be-
havior of the target B-gal and the total soluble proteins in aqueous two-phase
systems.

3.4 Aqueous Two-Phase Systems. Both PEG/Dex and PEG6000 / phos-
phate aqueous two-phase media were utilized in the cultivation of the E.coli
cells. PEG, Dex or phosphate salts for the two-phase media, the M9 mini-
mal salts and water were measured in flask before sterilization (394K,
20min). The composition of the salts in the two-phase systems is repre-
sented by the total input concentration ((w/v)%). Two kinds of phosphate
salts, KH,PO,/ Na,HPO, (Phosphate(I)) and KH,PO,/ K,;HPO4 (Phosphate
(II)) in a weight ratio of 3/7, were used in most cases as the forming compo-
nent. In all partition experiments, ATPS were separated with centrifugation
(5000rpm, 10min) and the top and bottom phases analyzed.

3.5 Behaviors of Production and Partitioning of Target Proteins in
Aqueous Two-Phase Systems. The cells harvested in the modified M9
media were resuspended in 50mM Tris-HCl buffer (pHS8.0) / IOM
MgSO4 (TM-buffer,5ml) and were disrupted in a 10ml test tube by ultra-

sonic method (80W,8min). The cell-free extract containing 1) B-gal or i)
HSPs and other proteins was used for the characterization of their partition-
ing behaviors. The cells cultivated in the aqueous two-phase media with the
excess salts were also disrupted in the Sml TM-buffer at the input power of

80W for 0~8min. The productivity of total soluble proteins and 1) 3-gal or
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ii)) HSPs were determined as their maximum released amount per unit
weight of cells (Rjma.x [mg-protein/mg-cell]). The resultant supernatants re-
covered after various disruption times were utilized for characterization of
cell strength and the productivity of HSPs through the kinetic analysis of
cell disruption and protein release process (described in chapter 2).

The partitioning behaviors of 1) 3-gal or ii)) HSPs and total soluble

proteins were, respectively, examined in PEG6000 (8%) / phosphate (8%)
and in PEG4000(9%) / Dex100-200k(9%) ATPS containing various salts at
various concentrations by feeding the above cell-free extract. The two-phase
systems were separated to top and bottom phases by centrifugation
(5000rpm, 10min) and were analyzed for partition coefficients of -gal
(Kp-gal), HSPs (Kgroes and Kgropr) and proteins, Kop;.
3.6 Integrated Processes using Aqueous Two-Phase Systems. The ex-
tractive cultivation of E.coli cells, which was including the cultivation and
disruption of cells and the release and separation of intracellular target pro-
teins, was operated intermittently as follows. The flowchart of a series op-
eration is shown in Fig.6-3, especially, in relation to the intermittent opera-
tion to produce and separate the HSPs.

1) Case I: B-Galactosidase The extractive cultivation of £.coli cells was

studied in the following manner. Firstly the £.coli MLL.308 cells were grown
at 37 °C in PEG/phosphate aqueous two-phase media (100ml) and the cul-
ture broths were irradiated by the ultrasonic wave under the conditions de-
scribed above. The aqueous two-phase systems were then separated into top
and bottom phases by centrifugation. The top phase (45ml) was recovered
and the bottom phase containing the surviving £.coli cells was reutilized for

cultivation together with a new top phase (45ml). This operation was re-
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peated three times. In each operation, the new top phase was prepared by
separating the similar aqueous two-phase systems with the components of
the modified M9 media but without the presence of E.coli cells.

11) HSPs (GroEL and GroES) In the case of extractive cultivation process for

the recovery of HSPs, the recombinant £.co/i OW10/pNDS5 cells were firstly
grown in PEG/Dex aqueous two-phase media (100ml) and the culture
broths were heated from 30 to 42 °C at the ODg]( of 1.0 to produce HSPs

(Miyake et al., 1993). In batch process, they were then irradiated by the ul-
trasonic wave (100W,0~16min) and were recultivated at the temperature of
30 °C. In a semi-continuous one, the aqueous two-phase systems were then
separated into top and bottom phases by centrifugation (5000rpm, 10min).
The top phase was recovered (20~30ml) and the bottom phase containing
the surviving E.coli cells was reutilized for the cultivation together with a
new top phase (20~30ml). In this operation, the new top phase was prepared
by separating the similar aqueous two-phase systems with the same compo-

nents of the above media but without the presence of E.coli cells. The series

Aqueous Two- H : . - .
Top- Phase Media Cultl\ratlon Stress Disruption Separation
] ( * * |

-

T=303 K

al Phase
onic

T=315K, Ultras

45min P=100 lzfegxglzll:
g e B —— Sroccoy Gaiie
: @ Normal Cells (Sub-Lethal) L@: (Desruptive)

Fig. 6-3 Intermittent operation of extractive cultivation of bacterial cells in
aqueous two-phase systems

140



of operations were repeated five times.

3.7 Assay. The cell concentration was determined by optical density at
660nm and 610nm. The activity of B-gal was assayed by using ONPG as
substrate (Gray ef al., 1973). Proteins were assayed by the Bradford method
(Bradford, 1976). GroEL and GroES contained in cell free extracts were
analyzed by transmittance of SDS(sodium dodecyl sulfate)-polyacrylamide
gel after electrophoresis. Transmittance was measured by using a Dual-

Wavelength Flying-Spot Scanner CS-9000 (Shimadzu Corp.).

4. RESULTS AND DISCUSSION

4.1 Selective Recovery of Cytoplasmic 3-Gal by Using Combined Heat
and Osmotic Stresses. As a case study for the process integration of ATPS

and stress-response functions, especially, heat-induced translocation across

inner membrane (Pathway B in Fig.4-1), cytoplasmic (-gal was selected as
the first target enzyme for the stress-mediated extractive cultivation process.

4.1.1 Optimization of Stress Conditions for the Integrated Process. The
stress condition for translocation of f-gal were firstly optimized following
the scheme shown in Fig.6-2. In chapter 4, the heat-induced translocation
was shown to be maximized at the range of 40~50°C (Fig.4-4) because of
the partial unfolding of target 3-gal, followed by the in vivo thermal denatu-
ration. However, the heat stress of this temperature range is known to give
serious damage to the bacterial cell for their survival owing to the induction
of the thermal denaturation of intracellular proteins and the formation of the
insoluble molecular aggregates. In the above integrated process especially in
a continuous (or intermittent operation), the cell death, caused by excess

stress, is a serious problem since the cells are often reutilized to the further
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cultivation after the recovery of intracellular proteins. In chapter [V, com-
bined osmotic stress with heat stress was shown to induce more effective
translocation of B-gal (Table 4-1), so that such translocation phenomena
was induced at the relatively weak heat stress condition (37~40°C). The op-
timal condition can, therefore, be determined at lower temperature range by
considering the combined effects of heat and osmotic stresses.

Secondly, the ATPS, which were suitable for the extractive cultivation
process, were selected. Previous workers have studied mainly polymer phase
systems such as PEG-Dex for the extractive cultivation in ATPS. PEG/Dex
systems however appear to involve certain economical and operational limi-
tations due to high viscosity. It can be overcome by the use of PEG/salt
phase systems (Walter ez al., 1984). PEG/salt systems have a wide range of
hydrophobic differences between the two phases of these systems (Kuboi ef
al., 1994). The selectivity in partitioning target enzymes can, therefore, be
enhanced by use of these phase systems (Veide ez al., 1983). Little attention
has been given, however, to the extractive cultivation in PEG/salt media,
since the high salt concentration for this system is thought to inhibit the
growth of normal cells such as Escherichia coli (Stanier et al., 1979). In
some cases, the addition of salts in quantities greater than the minimal salt
concentration leads to strong inhibition of growth (Stanier et al., 1979).

The use of PEG/phosphate ATPS is, however, found to be useful from
the view points of the effective separation of the target from cells and the
effective induction of its translocation, even though the growth rates of cells
were reduced in such ATPS. For example, the growth curves of E.coli cells
in a control culture and also in aqueous two-phase systems are shown in

Figure 6-4. In the PEG/Dex systems, composed of two polymers, the cell
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growth, as expected, was almost the same as that in the control. E.coli cells
were able to grow in PEG/phosphate two-phase media although their growth
rates were lower than that in above two culture.

The culture condition at relatively low temperature (37°C) in the
PEG/phosphate ATPS media, which are expected to enhance the transloca-
tion of target B-gal due to their combined effects, was selected as the basic
conditions. In the following, the optimal condition was determined by con-
sidering growth of cells, translocation, productivity and partitioning of the
target enzyme on the basis of the scheme shown in Fig.6-2.

4.1.2 Cultivation of E.coli Cells in PEG/Phosphate ATPS
(1) Effects of Two-Phase Systems Forming Components on the Cell

Growth. The effects of the concentration of phosphate salts (Phosohate(I))
and PEG on cell growth were examined using a single phase media contain-
ing Phosphate(I) or PEG4000 of various concentrations. The observed spe-
cific growth rates are summarized in Table 6-1. Growth rate decreased con-
tinuously with increasing Phosphate(I) and PEG4000 concentration. Table
6-2 shows the growth rate of E.coli cells in single phase media to which
PEG of various molecular weights and Dex of 100~200k were added at the
concentration of 20%. A slight reduction of specific growth rate was ob-
served in the solutions that contain PEG20000 and Dex. In solutions con-
taining a polymer such as PEG600, 1540, and 4000, the growth rate is dra-
matically reduced. In Table 6-2, the viscosities of the polymer solution were
also shown so as to discuss them. In the former case, inhibition of cell
growth can be caused by dissolved oxygen limitation owing to the inade-

quate aeration in the high viscous media. However, the latter inhibition of
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Fig. 6-4 Growth behaviors of £.coli ML308 cells in two kinds of aqueous
two-phase systems

Table 6-1 Effects of phosphate(I) and PEG4000 concentration on the
specific growth rate of E.coli cells in the single solutions

Kinds of ATPS Specific Growth Rate

Forming Components [hr']
Control 0.640
Phosphate (I) 5% 0.504
10% 0.298

20% 0.092

PEG4000 10% 0.642
20% 0.251
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Table 6-2 Relationship between the specific growth rate and the viscosity
of various polymers (polymer concentration is 20%)

Kinds of Specific Growth Rate Viscosity

Polymer [hr'] X 107 [Pa-s]
Control 0.640 0.89
Dextran 100-200k 0.462 50.9
PEG600 0 2.30
PEG1540 0 3.39
PEG4000 0.251 5.71
PEG6000 0.637 15.3
PEG20000 0.462 50.6

cell growth in the low viscous media is likely to be caused by the interaction
between the cell wall and PEG molecules (Honda ez al., 1981-a,b). Based on
these results, the use of PEG6000 as ATPS forming component was found
to be suitable for the cultivation of £.coli cells in aqueous two-phase media.
(2) Effect of Tie-Line Length and Phase Volume Ratio on Cell Growth
in PEG/phosphate Systems. The tie-line length is increased with increas-
ing phosphate concentrations. The effects of tie-line length were examined
in various PEG6000/Phosphate(I) aqueous two-phase systems, in which
Phosphate(I) concentrations were varied, but in which PEG concentrations
were maintained at 6%. Figure 5-4 shows the growth curve of E.coli cells
for these systems; the results indicating that the cell growth is inhibited by
increasing Phosphate(I) concentration. This inhibition is caused by the in-
crease in the Phosphate(I) concentration in the bottom phase where the

E.coli cells are partitioned.
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When aqueous two-phase systems having identical tie-lines are em-

ployed, the systems have identical compositions for the top and bottom

phases but have different phase volume ratios (Albertsson, 1986). The effect

of the phase volume ratio on the growth in PEG/Phosphate(I) systems was

investigated in a same
tie-line.  Figure 6-6
shows the growth analy-
sis of E.coli cells for sys-
tems with different vol-
ume ratio along a sin-
gle tie-line in PEG6000/
Phosphate(I) (12%/8%)
systems. In this, the
measured growth rates
are nearly identical for all
volume ratios. The ag-
gregation of the E.coli
cells was not observed
when the volume of the
bottom phase was greater
than that of top phase.
Under the other condi-
tions, however, the E.coli
cell aggregates were ob-
served when an ODgg

based on the bottom
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Fig. 6-5 Effect of tie-line length on the growth

of £.coli ML308 cells in the PEG6000
/KNaPi aqueous two-phase systems
(tie lines A~C refer to Figure 6-7)
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Fig. 6-6 Effect of phase volume ratio on the growth of E.coli MLL308
cells in the PEG6000/KNaPi aqueous two-phase media

phase volume reached approximately a value of 2.

The results in PEG6000/Phosphate(I) systems are summarized in
Fig.6-7. The key in this Figure indicates the growth behavior and the
shading of key indicates the degree of aggregation. The increase in tie-line
length, that is, the increase in phosphate concentration in the bottom phase
is related to the reduction of growth rate. The cause of cell aggregation,
which are identical for growth rate, seems to be related with the phase vol-

ume ratio in a single same tie-line. Summarizing the effects of the controlla-
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ble factors as shown in Fig.6-7, cell growth is shown to be most suitable in
the phase systems near the plait point.

4.1.3.Release and Partitioning of the Target B-Gal from E.coli Cells.
(1) Release of B-Gal from E.coli Cells. The culture broths of E.coli cells,
cultivated in single phase media, were irradiated by the ultrasonic wave with

the input power of 80W for various time length at the ODgg of 1.0 and the
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Fig. 6-8 Time course of (a) ODgq , (b) activity of $-gal, and (c) concentra-
tion of total soluble proteins after ultrasonic irradiation in the single
phase solution.

surviving cells were then utilized for the recultivation as shown in Fig.6-8.
At the greater disruption times, the values of cell concentration (ODgg) de-
creased (Fig.6-8(a)). Similarly, the larger amount of 3-gal (Fig.6-8(b)) and
total soluble proteins (Fig.6-8(c)) were then released to the surrounding
media. Here both the decreased amounts of cell concentration and the re-
leased amounts of B-gal and total proteins were proportional to the loga-
rithm of the disruption time. £.coli cells were found to grow again immedi-
ately after disruption in any condition as shown Fig.6-8(a). However, the
growth rate was slightly reduced when disrupted for longer than 16min. As
shown in Fig.6-8(b), the amount of f3-gal released was maintained at the

same for a long incubation period following disruption. However, the total
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soluble protein decreased to 60~70% of the initial value as shown in Fig.6-
8(c). Some of the proteins released were therefore probably hydrolyzed by
the protease released together. The specific activity of B-gal after 0.5~1hr,
thus, increased to higher values of 15~18U/mg as compared to values of
10~13U/mg, obtained immediately after disruption. Based on these findings,
the condition of the ultrasonic irradiation for 8min was effective for the
greater growth rate of cells and the greater amounts of released B-gal.

(2) Partitioning of B-Gal in PEG/Phosphate ATPS. In this extractive cul-
tivation, target $-gal is preferred to be recovered from the top phase of two-
phase systems. Using the crude extract from E.coli, the effects of additional
salts on the partition coefficients of B-gal (Kp...) and total protein (Kp,) were
examined in PEG/phosphate systems. Table 6-3 shows the effects of the
addition of M9 salts on the partition coefficients. The values of Kg g, in
PEG/Phosphate(Il) systems were 7 to 8 times greater than those in
PEG/Phosphate(I) systems. The values of K., were reduced in almost all
conditions by the addition of M9 salts. The values of Kj.,, decreased dra-
matically especially when NaCl was added. Figure 6-9 shows the effect of
NaCl or Na,SO; salt concentration on the K, values and on the Kp, values
in PEG/Phosphate(]) systems. The addition of NaCl of 10g/l minimized the
Kp.ga values, as shown in Fig.6-9(a). The M9 media for cultivation of E.coli
cells contains 5g/l NaCl. The partition coefficient for the total proteins, Kp,,
however remained almost at the same level. The effect of other sodium salts
with a strong salting out effect, i.e. Na;SO,, was also examined and this is
shown in Fig.6-9(b). The partition coefficient of B-gal was dramatically in-
creased to about 70, by the addition of 5 to 10g/l Na,SO,, while
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Table 6-3 Effects of salts containing M9 media on the partitioning behav-
iors of B-gal and total soluble proteins

Kinds of Salt Kpea [-] Kpe [-]
PEG6000 / Phosphate(I)
- 7.58 0.285
NaCl (5g/l) 0.135 - 0.369
NH,4CI (1g/1) 2.71 0.533
Casamino Acid (1g/1) 7.23 0.477
Glycerol (50g/1) 3.09 0.618
MgSO, (0.25g/1) 7.09 0.134
PEG6000 / Phosphate (IT) '
- 52.5 0.124

while that of total protein was varied only slightly. Thus the partitioning be-
havior can be improved by replacing NaCl by Na,SO,. The partitioning be-
havior of (-gal have been found to be controlled by the addition various
salts (Kuboi et al., 1994; Tanaka, 1993-b). The above effect of NaCl and
Na,SO, thus corresponds to these findings.

4.1.4 Application to the Integrated Process.

(1) Selection of Optimal Conditions for the Integrated Process. The re-
sults obtained for growth rate, productivity and the partitioning behavior of
-gal in the two PEG/phosphate systems are summarized in Table 6-4. The
E.coli cells were cultivated in aqueous two-phase media containing NaCl or
Na,SO,, and the culture broths were irradiated by an ultrasonic wave for
8min when at an ODgg values of 1.0. The growth rate and the productivity
of B-gal were slightly reduced with increasing salt concentration. In PEG/

Phosphate() systems, the partition coefficients for 3-gal were less than |

151



! | ' I

100 (a) NaCl

-]

O B-gal
A Total Protein

ATPS : PEG6000(8%)
/ Phosphate(1)(8%)

L] lllll|l

1 Ll LLLLII

—

L ] lllljll

Partition Coefficient, K oo, Kpp.

0.1

llll

I L

25 50

e

0 25 50
NaCl Conc. [g/1 Na,SO, Conc. [g/]

o

Fig. 6-9 Partitioning behavior of B-gal and total soluble proteins in
PEG6000(8%) / phosphate (I) (8%) aqueous two-phase systems
when (a) NaCl or (b) Na,SO, was added.

less than 1, but were greater than 1 for the PEG/Phosphate(Il) systems.
These partition coefficients can be increased to values greater than 10, by
the addition of 5g/1 Na,SO,. Consequently, PEG/Phosphate(I) systems con-
taining 5g/1 Na,SO, and not NaCl was found to be optimal for the integrated
process.

(3) Intermittent Operation. The integrated process was extended finally to
an intermittent mode. The E.coli cells were cultivated in PEG/ Phosphate(II)
media containing not NaCl but 5g/1 Na,SO,. 3-Gal was released by ultra-
sonic irradiation with an input power of 80W for 8min against 100ml media.

The top phase was recovered and the bottom phase containing surviving
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cells was recycled for further cultivation with a new top phase. This opera-
tion was repeated three times. The results are shown in Fig.6-10(a)~(d).
Figure 6-10(a) shows the growth curve of E.coli cells through the above
intermittent operation. The upper arrows indicate the time when the top
phase was replaced and the lower arrows the time of ultrasonic irradiation.
The cells were grown three times at the same growth rate. Figure 6-10(b)
shows the time course in the partition coefficients of the B-gal and the total
soluble proteins. The total soluble proteins were partitioned mainly into the
bottom phase and -gal could, thus, be recovered continuously from the top
phase. The activity of -gal in the recovered top phase was increased step-
wise by the repeated ultrasonic irradiation, and the specific activity of the

recovered solution was kept more than 20U/mg as shown in Fig.6-10(c).

Table 6-4 Effect of the addition of NaCl or Na,SO, on the growth rate,
productivity of B-gal and partitioning behaviors of proteins in
PEG6000(8%) / phosphate(I) (8%) and in PEG6000(9%) / phos-
phate (II) (9%)

Additional Salts [g/l] Growth Rate Productivity  Partition Coefficient [-]

NaCl  Na,SO, [hr'] [U/mg-Cell] Kp-gal Ko,

PEGG6000 / Phosphate (I) (8% / 8%)

5.0 - 0.187 4.48 0.0392  0.0808

- - 0.202 5.52 0.277 0.116

- 5.0 0.164 5.20 0.281 0.130

- 10.0 0.156 5.08 0.242 0.111
PEG6000 / Phosphate (II) (9% / 9%)

5.0 - 0.218 4.40 1.16 0.221

- - 0.224 5.30 2.22 0.213

- 5.0 0.191 4.26 10.3 0.127

- 10.0 0.160 4.08 17.6 0.198
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The total soluble proteins remained at constant level as shown in Fig.6-
10(d). Consequently, the present integrated process using PEG/phosphate
aqueous two-phase systems can be utilized for the effective extractive bio-

separation of the intracellular bioproducts.

Pt T T T T T T LT T T T3
. | PEG(9%) @ @ @ _
N 4 L / Phosphate(i1)(9%) (@) _
- HFaee
O - [ i | -
O 01k o @ o =
= WO T N T O | I A O Y I
b T T T T T T 1T T
—. 10! (b) =
= p-gal =
¥ 10° =
&l Total protein M\A\&\A §
a -1 A
x 10 N T T T N T O B B O B A |
Lo T T rrrrrrd IIII(')'3O
— c o
o . Recovered p-gal 0O-—0 -
g_)? 0.2 _O in the top phase l' h___g-{] —20 gﬂﬁ
“ 3 L. S.A.of p-gal in 1 — @ L
g E 0 the recovered | 105 B
:é § 0.1 :‘ _top phase _ < 5
= I T I | L lg @
< N N B B I
o
g_ .—g— 10__‘ in both phase L
® @
© E )
= E 4 in bottom phase
o 8 [ -]
£ 2
8 = 0 S N A I OO A A O O
0 10 20 30

t

Fig. 6-10 The intermittent operation : the time cource of (a)ODygo, (b) parti-
tion coefficient of 3-gal and total proteins, (c)activity and specific
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( upper and lower arrows shown in (a) indicate the time when ul-

trasonic was irradiated and upper phase was replaced, respec-
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4.2. Enhanced Production of Cytoplasmic HSPs by Using Heat and
Osmotic Stresses. As the second case study for the process integration of
ATPS and stress-response functions, especially, the enhancement of produc-
tivity of heat shock proteins (HSPs; GroEL and GroES) (Pathway A in
Fig.4-1), the cytoplasmic HSPs were selected as target proteins for the sec-
ond stress-mediated extractive cultivation process.

4.2.1 Growth Behaviors of Recombinant E.coli Cells in Aqueous Two-
Phase Systems. Figures 6-11 show the growth behaviors of E.coli
OWI10/pNDS in the two-phase systems. As shown in Fig.6-11(a), the
growth rate of the cells was reduced when the average molecular weight of
PEG decreased. In PEG1540/Dex systems, the cell growth was strongly in-
hibited, although they were grown in PEG4000, 6000/Dex systems at almost

the same growth rate as that in control culture. Honda er a/. (1981) have
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Fig. 6-11 Effect of (a)molecular weight and concentration of PEG on the
growth behaviors of recombinant £.coli cells (OW10/pND5) in PEG/
Dextran aqueous two-phase media.

155



reported that PEG molecules interact with the cell walls. In the cell disrup-
tion process, the addition of PEG1540 to the media enhance the release rate
of the intracellular enzyme, especially periplasmic one (Kuboi et al, 1995-b).
This growth inhibition of the cells encountered is possibly caused by the
interaction between the PEG molecules and the cell walls.

The effect of tie-line length on the growth behaviors was examined in
various PEG4000/Dex systems, varying PEG4000 concentrations. As
shown in Fig.6-11(b), the cell growth was inhibited with PEG concentration,
i.e., with increasing tie-line length. The increase of tie-line length has been
reported to increase the interfacial potential between two-phases, interfacial
tension (Albertsson, 1986) and hydrophobicity (Kuboi et al., 1994-a). The
cell growth may be dependent on these differences. Although the mecha-
nism has not been clearly understood yet, the cell growth was optimal near
the binodial curve, especially, near the plait point.

The E.coli cells were grown in PEG4000(9%)/Dex(9%) two-phase sys-

! l ! |
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Fig. 6-12 Dependence of the growth rate of £.coli cells (OW10/pNDS5) on the
concentration of various salts supplemented to PEG/Dex two-phase
media.
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tems which contained additional salts at various concentrations. The growth
rates, u, normalized by that in control culture, Ly, were plotted against salt
concentration in Fig.6-12. The specific growth rates, p/,, of E.coli cells
were found to be exponentially reduced with increasing salt concentration.
The sensitivity of cells against various salts was, then, determined by the
slopes of these lines in each condition. When KPi salt was added to the two-
phase media, the values of the slopes of E.coli OW10/pND5 and ML308
were -5.6 and -2.1 M, respectively. Clearly, the recombinant E.coli cells
(OW10/pNDS5) were more sensitive against KPi salt than the normal cells
(ML308) which were able to grow in PEG/KPi systems. It is found that the
polymer-polymer aqueous two-phase systems were suitable for the cultiva-
tion of the recombinant strains. The effects of the addition of KPi,
(NH4),SO, and Na,SO,4 on the growth rate of E.coli cells were examined in
the same way. The value of the respective salts were -5.6, -7.2 and -9.5 M.
The addition of KPi was found to be the smallest effect on the growth rate
and to be acceptable for the cultivation from the view point of cell growth.
4.2.2 Protein Localization and Productivity within the Cells. Through
the kinetic analysis of disruption process of the E.coli cells, the' physical
strength of bacterial cells and the intracellular location and productivity of a
target protein can be quantitatively evaluated (described in chapter 2).

For the cell disruption process, the remainder fraction measured from
cell concentration, D¢, can be correlated to the total input energy supplied
into the disruption media, g, as expressed by the next equation (described in

chapter 2).
InD. =t (C/C)" =Kcgq (6-1)
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Fig. 6-13 Relationship between the specific growth become small when

rate and disruption rate constant from Eq.(6-
2). The disrupted cells were cultivated in
PEG / Dex two-phase systems containing
various salts.

cells have relatively
strong walls. As
shown in Fig.6-13,
the disruption rate constants, K¢, of E.coli cells, cultivated in the media con-
taining the various salts, were plotted against their normalized growth rates.
In general, the K¢ values decreased, that is, the cell strength increased with
the decreasing growth rate. The specific growth rate, p/p,, of cells 1s expo-
nentially decreased with increasing the salt concentration. The cells culti-
vated in the media containing salts at high concentration may, therefore,
construct the strong cell wall. It has been reported that the slower growing
cells can construct the stronger cell walls (Sauer et al., 1989). The above
results are also corresponding to their findings.

For the release process of intracellular proteins, the similar relationship

between the remainder fraction of protein, D;, and total input energy, ¢, can

be obtained as expressed in the following equation.
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In D' =1n {1-Ri/Rimax}” = K

(6-2)

where R; ( Rimax ) 1S ( maximum ) released amount of intracellular protein

per unit cell weight and 1 indicate either the total soluble proteins or each

specific protein. The ratio of release rate constant of target product over that

of total proteins, Ki/Kt, can be estimated from this equation and indicate the

Maximum Releasable Amounts of Proteins, R¢pj max [mg/mg-cell]
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Fig. 6-14 Summary of the productivity of total soluble proteins and HSPs.
The dependence of the productivity of HSPs within cells, the final
concentration of cells, and net productivity of HSPs on the salt ((a),
(d) KPi, (b), (e) (NH4),SO4, and (¢), (f) Na,SO,) concentration.
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indicate the intracellular location of the target protein (Kuboi et al., 1995-b).
The values of the target HSPs can here be defined as location factor, LF;.
The LF; values of HSPs (GroEL and GroES) were examined. The LF g -
values were about 1.0 and the LFggs values were from 0.7 to 1.0 in any
condition; it is evaluated that the HSPs, such as GroEL and GroES, located
in cytoplasm under the stress condition. These results are corresponding to
the previous findings. In these protein release processes, Rimax value for the
maximum amounts of the released total proteins per unit weight of cells
(Kuboi et al., 1995-b; Hetherington et al., 1971) was used as the total
amount of produced proteins. The R;n.« value for each protein and the final
concentration of cells after the heat treatment, Cg,, were plotted against the
salt concentration as shown in Figs.6-14(a)~(c). The productivities of total
proteins and HSPs were increased with increasing KPi concentration up to
0.2M and were reduced at the greater concentration (Fig.6-14(a)). As
shown in Fig.6-14(b) and (c), these productivities were similarly increased
with the increasing (NH,4),SO4 and Na,SO,4 concentrations up to 0.1M.
They were, then, decreased when (NH,4),SO, (Fig.6-14(b)) and Na,SO,
(Fig.6-14(c)) were added into the media at the concentration of more than
0.1M. The osmotic stress caused by the addition of salts has been reported
to induce the production of the heat shock protein, DnaK (Groat et al.,
1986-a). The enhancement of the production of the GroE proteins may also
be caused by the osmotic stress. The final cell concentration of various cul-
ture broths was corresponding to that of the growth rate shown in Fig.6-12.
Thus, the net productivity of HSPs in each systems can be determined by

the product of them as shown in Fig.6-14 (d)~(f). The maximum values
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the PEG/Dex media supplemented with KPi and Na,SO, at the concentra-
tion of 0.1M (Fig.6-14(a) and (c)) although productivity was gradually re-
duced in the addition of Na,SO, (Fig.6-14(b)). It can be concluded that the
addition of salts such as Na,SO, and KPi to the growth media can improve
the productivity and the optimal concentration is 0.1M.
4.2.3 Partitioning of Heat Shock Proteins in PEG/ Dex Aqueous Two-
Phase Systems. In the extractive cultivation, the target HSPs are desirably
to be recovered from the top phase of the two-phase systems. Phosphate and
sulfate salts effectively increase the partition coefficient of proteins with
high molecular weight (Kuboi et al., 1994-a). The effect of addition of vari-
ous salts, such as KPi, (NH,;),SO, and Na,SQ,, on the partition coefficients
of total proteins and HSPs inPEG4000(9%) / Dex100-200k (9%) two-phase
systems was shown in Fig.6-15. As shown in Fig.6-15(a), the partition co-
efficients of total proteins were increased up to 1.0~2.0 when KPi or
(NH;),SO, was added at the concentration of more than 0.05M. Figure 6-
15(b) shows the dependence of the partition coefficient of GroEL on the salt
concentration. These values were increased when KPi and (NH,),SO, salts
were added. Then, the addition of KPi made the partition coefficient in-
crease up to 4~20. The effect of the addition of salts on partition coefficient
of GroES was also shown in Fig.6-15(c). The above two salts, especially
(NH,),S0, were effective for the increase of partition coefficient of GroES.
Whilst, there is no effect of addition of Na,SO, on the partition coefficient
of above proteins as shown in Fig.6-15(a)~(c).

In the presence of other salts for bacterial nutrition, combined effects

of the addition of the above salts on the partitioning of GroEL, GroES and
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Fig. 6-15 Partitioning behavior of (a) total soluble proteins, (b) GroEL,
and (c¢) GroES in PEG4000(9%)/Dex (9%) two-phase systems
when KPi, (NH,),SO,, and Na,SO,4 were added.

total proteins were examined in PEG4000/Dex two-phase systems and the

results were summarized in Table 6-5. With increasing the concentration of

additional KPi salt, the values of the partition coefficients of target GroEL

and GroES were selectively increased to about 1.0 although that of total pro-

teins was only increased to about 0.5. By the addition of (NH,4),SOy, the

partition coefficients of both total proteins and two HSPs increased to about

2.0. Similarly, the values of the partition coefficient of these proteins were

also improved to more than 1.0 by the addition of Na,SO,4. Although the

results of the partition behaviors of these proteins in the presence of other

salts were not directly corresponding to the results which were shown in

Fig.6-15, it was confirmed that the addition of KPi was effective for the
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Table 6-5 Summary of partition coefficients of total soluble proteins and
HSPs in PEG4000(9%)/Dex(9%) two-phase systems containing
KPi, (NH,4),SOs, and Na,SO4 with other salts (0.25g/1 MgSO,, 2 g/l
glucose, 1g/1 casamino acid, and 5g/1 yeast extract)

Additional Salts [M] Partition Coefficient, K [-]

KPi (NH4)2SO4 Na,SO, Total Pr. GroEL GroES
....... 007 .00t ..004 .02 023 076

0.10 0.01 0.04 0.68 0.84 1.5
0.15 0.01 0.04 0.53 0.97 1.3
0.07 0.05 0.04 0.53 0.59 0.97
0.07 0.10 0.04 1.3 1.8 1.0
0.07 0.15 0.04 2.5 2.0 1.5
0.07 0.01 0.10 0.50 0.51 1.3
0.07 0.01 0.15 1.3 1.3 1.8

selective recovery of HSPs from the top-phase.

4.2.4 Effect of Ultrasonic Irradiation on Cell Growth and Products Re-
lease in PEG/Dex Media As indicated in the previous chapter, GroEL and
GroES were produced in cytoplasm of bacteria, and therefore, cells should
be disrupted to release those proteins. The culture broths of cells, cultivated
in PEG/Dex systems at 303K, were irradiated by ultrasonic wave with the
input power 100W for various time length after heat shock treatment at
315K for 45min and the surviving cells were then utilized for the recultiva-
tion at 303K as shown in Fig.6-16. When the longer disruption time was
used, the values of cell concentration (ODg,o) decreased at the greater dis-
ruption times (Fig.6-16(a)) and larger amount of total soluble proteins

(Fig.6-16(b)) with GroEL and GroES (Fig.6-16(c)) were released to the sur
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rounding media. As shown in Fig.6-16(a), the recultivated cells were found
to grow again right after disruption in any conditions at almost the same
growth rate as that before ultrasonic irradiation. As shown in Fig.6-16(b)
and (¢), the amount of total soluble proteins and HSPs decreased and their
decreased amounts were greater at the longer disruption time, especially, at
16min. Some of the released proteins were probably hydrolyzed by the pro-
tease released together. From these results, irradiation for 8min is found to
be effective for the release of HSPs (GroEL and GroES) and also the re-
peated growth of E.coli cells.

4.2.5 Intermittent Operation for Production and Separation of Heat

Shock Proteins Finally, the intégrated process for the production and re-

covery of HSPs was extended to an intermittent mode. The E.coli OW10
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Fig. 6-16 Time course of (a)ODgeo, (b)concentration of total proteins, and (c)
concentration of HSPs after ultrasonic irradiation in PEG4000 (9%) /
Dextran (9%) two-phase media.
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/PNDS5 cells were cultivated in PEG/Dex media containing 1M potassium
phosphate salt at 303K. At ODg,o of 1.0, the HSPs was induced by the heat
shock treatment (315K, 45min) and then was released by ultrasonic irradia-
tion with an input power of 100W for 8min against 100ml media. The top
phase containing the HSPs was recovered and the interface and the bottom
phase containing the surviving cells was recycled for further cultivation at
303K with a new top phase. This operation was repeated five times and
their operations were indicated in Fig.6-17(a). The results are shown in
Fig.6-17(b)~(e). Figure 6-17(b) shows the growth curve of the E.coli cells
through the above intermittent operation. The cells were grown five times at
almost the same growth rate. Figure 6-17(c) shows the time course of parti-
tion coefficients of the total soluble proteins, GroEL and GroES. The parti-
tion coefficient of the total soluble proteins was maintained at the same
value. Then those of GroEL and of GroES wére slightly greater and smaller
than 1.0, respectively. As this operation proceeded, these values approached
to 1.0. This may be because of the effects of the impurified materials re-
leased with proteins and accumulated in the systems. Figure 6-17(d) shows
the time course of the contents of GroEL and GroES and that of total soluble
proteins in the top phase. The fraction of GroEL and GroES in the total
soluble proteins were maintained at the values of 50% and 10%, respec-
tively. The concentration of the total soluble proteins was maintained within
the range from 0.10 to 0.18mg/ml. As a result, the accumulated weight of
each protein recovered from the top phase was increased stepwisely by the
repeated ultrasonic irradiation and fraction of GroEL and GroES remained

at the values of about 50% and 10%, respectively, as shown in Fig.6-17(e).
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Fig. 6-17 The intermittent operation : the time course of (a)ODsggo, (b) par-
tition coefficient, Kp,, (c)content of HSPs and concentration of to-
tal proteins in top phase (d), and integration of weight of total pro-
teins and HSPs in recovered top phase (¢). The arrows on this fig-
ure show the time of the treatment of heat shock (42°C, 45min) ,
ultrasonic irradiation (power, 100W, 8min), and exchange of top
phase.
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5. SUMMARY
Stress mediated extractive cultivation processes to produce and sepa-
rate the cytoplasmic 1) B-gal and 1) HSPs were successfully accomplished
by integrating stress-response functions of cells and ATPS.

(1) The PEG/Dex two-phase systems, which were composed of two
polymers, were suitable for the cultivation of recombinant £.coli cells
because of their higher sensitivity against salts. Then, the addition of
KPi salts had the minor effect to the growth rate of cells. While the
normal E.coli cells were found to grow in the PEG/phosphate systems,
of which salt concentration was relatively high.

(2) The heat induced translocation of [3-gal and the productivity of HSPs
and total proteins were improved by the addition of salts, especially
KPi salt into the growth media.

(3) The partition coefficient of f-gal was dramatically increased when the
Na,SO,4 were added to the PEG / phosphate media. For the partition-
ing of HSPs in the PEG / Dex two-phase systems, the partition coef-
ficients of GroEL were increased to the 100 times greater values,
when KPi was added to these systems. Those of GroES were in-
creased when Na,SO, was added.

(4) Although the ultrasonic irradiation was applied repeatedly, both re-
combinant and normal £.coli cells were able to be grown at the same
growth rate as before.

(5) Based on the above results and those in chapter 4, the extractive culti-
vation process was developed and extended to a semi-continuous op-
erating mode, where the top phase containing target -gal or HSPs
was recovered following intermittent ultrasonic irradiation with
/without heat stress and the bottom phase containing the cells was re-
cycled together with new top phase solution to repeat production and
recovery of the target proteins.
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GENERAL CONCLUSIONS

A systematic approach using aqueous two-phase systems (ATPS) to
quantify and to integrate various stress-response functions of bacterial cells
was successfully carried out for the design and development of the effective
production and selective recovery process of intracellular proteins,
exploiting the stress mediated enhancement of intra- and inter-molecular
hydrophobic interaction. The evaluation method of the surface properties of
cells, especially those under stressed conditions, was firstly established to
obtain the quantitative relationship between the stress factor and the stress
respohded change in surface properties by using the aqueous two-phase
partitioning method. Secondly, the kinetic/physical properties of bacterial
cells and their membranes were evaluated through the kinetic analysis of cell
disruption and enzyme release processes as a cell response against the
mechanical stress. The enhancement of stress response functions of cells by
using hydrophobic interaction between cells and hydrophobic synthetic
polymer was clarified. Thirdly, the method to manipulate the lytic process,
cellular stress response against chemical stress, was investigated by
controlling the hydrophobic interaction between cell membrane and the
detergent through the kinetic analysis of cell lysis process using nonionic
detergent, Triton X-100. Fourthly, the bacterial cell function induced by
sublethal stress was clarified based on the hydrophobic interaction between
intracellular biopolymers including heat shock proteins (HSPs), which were
induced by various stresses, especially concemning with i) heat-induced
translocation and ii) heat-enhanced production and renaturation of the
intracellular protein mediated by HSPs. The observed heat-induced

translocation of B-gal was verified by using the liposomes as a model
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systems. Finally, the bioprocesses integrating the stress-response functions
of cells and aqueous two-phase systems was developed in relation to 1) the
selective recovery of periplasmic P-galactosidase and ii) the effective
production of intracellular heat shock proteins (HSPs; GroEL and GroES).

The physicochemical properties of bacterial cell surfaces (isoelectric
point, surface net and local hydrophobicity) have been systematically
characterized by using the partitioning method in ATPS. The isoelectric
point (pI) can be determined by the cross partition method. At the pl, the
surface net hydrophobicity (HFSc.;) and local hydrophobicity (LHce) of
bacterial cells were determined from the partitioning behaviors in ATPS
changing the mode of partitioning. By using parameters, such as pl, HFScey,
and LHcey, the surface properties of bacterial cells exposed to various
stresses were successfully characterized, so that, especially, the cells
exposed to heat treatment were found to change not their charges but their
surface net and local hydrophobicities.

The cell response against the physical stresses induces the following
transient behaviors such as i) the destruction of cell structure and ii) the
release of intracellular enzymes at different rates. Through the kinetic
analysis of cell disruption process, the generalized operational parameters
were firstly presented as a specific energy supplied into the disruption media.
The generalized values of the disruption rate constant K¢ and the release rate
constant for each enzyme K; (i=1,2,..) were well correlated with the cell
strength against the disruptive stress and also the intrace_llular location of
each enzyme, respectively. The values evaluated from the release selectivity
against the total proteins (Ki/Kt) were found to show the intracellular

location of the enzyme (Location Factor, LF;), which indicated that
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intracellular enzymes were transported to the individual compartments
across the membrane depending on stressed conditions. The hydrophobic
interaction between the membrane surface and the polymer molecules was
also found to be characterized and mediated by the LF; values. The selective
release of periplasmic enzyme was successfully achieved at the optimal
condition determined by LF; values.

The cell response against the chemical stress are mainly categolized by
1) the solubilization of outer membrane of £.coli cells and ii) the release of
periplasmic enzymes. The release process of various enzymes induced by the
disruption of the outer membrane was characterized based on the first-order
kinetics. The enzyme release process was systematically analysed by using
the quantitative parameters such as 1) operational parameters of nonionic
detergent (Triton concentration; Crgon, molecular weight; My) and 11)
evaluated properties of cells (surface hydrophobicity of cells; HFSce, the
local hydrophobicity; LHc.y;, location factor of intracellular enzymes; LF)).
From the generalized correlation, the importance of the hydrophobic
interaction between the detergent and the membrane surface was studied in
detail. As a case study, the operational condition to give both the higher
yield and the higher selectivity of cytoplasmic f3-gal was obtained based on
the generalized relationship.

Based on the evaluated properties of bacterial cells, the biological
response of bacterial cells was analysed as targetted the cytoplasmic f-
galactosidase in £. coli cells. The heat stress was found to induce 1)
reduction of the amounts of intracellular soluble proteins, ii) the formation
of their inactive aggregates, 111) degradation of them, and iv) translocation of

cytoplasmic [3-galactosidase. Especially, the phenomena of heat-induced
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translocation of -gal across the inner membrane were analysed by using
LFg values. The Kg/K7 values were found to be maximal when cells were
stressed at the temperature of 45~47°C and further enhanced by the addition
of salts. From the result on the surface properties of both 3-gal and cell
membrane under the heat stress, it is suggested that (1) the conformational
change of cytoplasmic proteins to the partially unfolded state with higher
local hydrophobicity, (2) the increase in membrane fluidity of inner
membrane, (3) the enhancement of hydrophobic interaction between lipid
and protein, and (4) the inhibition of translocation by GroEL restabilizing
the heat-damaged proteins, all phenomena could drive the heat-induced
translocation of 3-gal across the inner membrane.

The mechanism of heat-induced translocation of in vitro -gal was
verified by using the model-cell systems prepared by phospholipid.
Exposing the liposomes entrapping p-gal to heat treatment (40~50 °C,
1~60min) was also found to induce its translocation across the liposome
membrane. The translocated activity of [3-gal to the outer aqueous phase
indicated the maximal value when the liposomes entrapping -gal were
heated at 45°C for 30min. The gel permeation profiles of the liposomes
before and after heat treatment (45°C, 30min) also supported the
translocation of [-gal across the liposome membrane. The surface
hydrophobicity of liposome membrane, HFSiiposome, Was increased with
increasing temperature and the local hydrophobicity of B-gal, LHg, which
was maximized at the temperature of 40~50 °C. In this way, the in vitro
mechanisms of P-gal translocation have found to be triggered by the
enhancement of hydrophobic interaction between the liposome surface and

B-gal molecules. These results were well corresponding to the results
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obtained in vivo. From the results in vivo and in vitro, the simple and
plausible scheme on the heat-induced translocation of (-gal was finally
presented on the basis of the hydrophobic interaction between the liposome
and the proteins. This is applied for the heat-induced translocation of other
cytoplasmic proteins.

Based on these results, the bioprocess using the stress-response
function of cells and aqueous two-phase systems for the production and
separation of intracellular proteins was developed in relation to the following
two functions such as i) heat-induced translocation enhanced by salts and ii)
refolding (renaturation) of intracellular proteins. In both phenomena, the
conditions were optimized on the basis of the results on stress-response
against mechanical, chemical, and mainly against heat stress. In the former
case, the cytoplasmic -gal was selected as a target enzyme. The cultivation
condition was selected at moderately high temperature and high sait
concentration to give the high translocation of target and the optimal growth
of cells. In the latter case, the efficient recovery of the heat shock proteins
(HSPs) such as GroEL and GroES was accomplished by combining the heat
and osmotic stress. At the optimal condition, the extractive cultivation
process was carried out, where the top phase containing the target was
recovered and the interface and the bottom phase containing the surviving
cells was recycled for further cultivation with a new top phase. This
operation was repeated several times. In both cases of the intermittent
extractive cultivation process, the B-gal and HSPs were successfully

recovered with high selectivity and with high recovery yield.
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SUGGESTIONS FOR THE FUTURE WORK

(1) Evaluation of Other Stress-Response Functions of Bacterial Cells.
In this study, two functions of bacterial cells, i.e. (1) reactivation or
refolding of the proteins partly denatured under sublethal stresses and (2)
their specific translocation across inner membrane induced by heat and/or
osmotic stresses (the latter one or combined one should be studied further),
were mainly investigated among their various stress response functions.
Among other important functions, especially (3) the aggregates formation
and (4) the degradation of proteins, both mediated by stress-induced other
HSPs and protease, should be further studied by using the same
methodology presented in this work, ie. quantitative evaluation of the
surface properties of outer and inner cell membranes, intracellular location
of enzymes, and their release rate constants. In practical process level, the
control of (3) aggregates formation may contribute both to solve the serious
problem in relation to the formation of inclusion body of recombinant
proteins and to develop new bioprecipitation processes. And by the control
of (4) the degradation by the protease, selectivity and recovery yield of the
target protein may also be improved. In all of these processes mediated by
some stress proteins / HSPs, the important issue may be evaluation and
control of the ‘hydrophobic interaction’ in the target proteins, the functional
stress proteins such as molecular chaperon and HSPs, and/or the cell
membrane.

(2) Stress Mediated Translocation of Other Proteins and Those Fused
with B-Galactosidase. It has been shown that the surface properties of
proteins and phospholipid membrane were varied depending on the variation

of conformation and the stress conditions. In chapter 4, the change in
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surface hydrophobicity of cytoplasmic f3-galactosidase induced by heat
stress were shown and, especially, the dependence of the biological function
(transmembrane) on their properties were presented, where the surface
properties, especially, local hydrophobicity of proteins played an important
role. It is mteresting to study whether this stress mediated translocation is
general stress response function of cells applicable to other proteins and also
those fused with B-galactosidase. The quantitative characterization of
surface properties of those proteins and cell membranes and their
hydrophobic interactions may give the sound base for the rational design and
development of novel and advanced bioprocesses and materials which
would recognize and respond to environmental stresses.

(3) in vitro Reconstitution of Intracellular Materials Relating to in vivo
Functions. Based on the quantitative characterization of the properties and
functions of proteins at various stress conditions, the functions of stress
proteins such as HSPs and molecular chaperons should be verified in the in
vitro reconstituted systems using the phospholipid membrane (liposomes),
which is used as a cell model. The biological role of the stress proteins can
also be characterized by applying the presented method to the reconstituted
model cells. |

(4) Model Simulation of Biolegical Functions based on the
Hydrophobic Interaction. A possible model for the translocation of f-gal
was presented in this work. Several possible pathways were herewith
neglected for the simplification of the model. The improved model should be
investigated by considering the effect of the presence of HSPs and salts, the
aggregation of proteins, the re-translocation of translocated proteins. Further,

the possible application of the improved model for the in vivo results has to
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be shown by comparing the results in vitro and in vivo.

(5) Application of Model Cells As a Functional Biomaterials. The
liposomes trapping f-galactosidase and HSP (GroEL) were used as model
systems of in vivo heat-induced transmembrane of proteins. They can also
be used as a functional biomaterials by clarifying the effect of composition
of host membrane, the effect of the types of trapping protein, and in details
quantitative relationships between ‘stress factor’ and ‘response of the

materials’.

The above approaches both in vivo and in vitro seem to be
corresponding well each other, suggesting that the common phenomena in
relation to the role of hydrophobic interaction may underlie in both cases.
The breakthrough of the approaches based on the fusion or integration of
microscopic to macroscopic views is needed for the design and development
of new-conceptual biomaterials and bioprocess. These may be accomplished
by the characterization of surface properties, interaction, and stress response

functions of biomaterials, biomembranes, and cells as a common parameter.
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NOMENCLATURE

AP = fractions of aggregate proteins

ATPS = aqueous two-phase systems

C, Cy = cell concentration {mg-(dry)cell/ml]

[Dainl, [Dsoun] = tetrameric B-gal of inactive state

D¢, D; = the remained fraction of cell disruption and enzyme and protein
release [-]

DF¢, DFs=1-D¢, 1-Ds {-]

DRFi= RF-RFT []

d, = average particle size of bacterial cells [nm]

HF'S = surface hydrophobicity of proteins, liposomes, and cells

[ = intermediate states of 3-gal inserted to lipid membrane

K= pzirtition coefficient of biopolymers, liposomes and cells

Ke, Ki = (V/P)ke, (V/P)kr [m’ ']

kc, k; = rate constant of cell disruption, cell lysis or enzyme release [min™]
(chapter 2 and 3)

ki, k> , kg= kinetic parameters of model simulation of heat-induced
translocation of protein [min™'] (chapter 5)

LF; = location factor of intracellular enzyme i (=K;/ K1) [-]

LH = local hydrophobicity of proteins or cells

MP = fraction of membrane proteins

[N4in], [Nsou]= concentration of tetrameric $-gal of active state

PP = fraction of periplasinic proteins

OD = optical density

pl = isoelectric point of proteins or cells [-]
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P = acoustic power of ultrasonic wave [W]

g = specific energy supplied into the disruption media [J m™]

Gopt = Optimal specific energy of target enzyme [J m”]

R; = released amounts of enzymes or total soluble proteins per weight of
packed cells [U/mg-cell or mg-pr/mg-cell]

RF=1-D; [-]

SP = fraction of soluble proteins

SRF; = RF{/RFt [-]

t = stressing time  [min]

V' = working volume of disruption media [ml]

<Subscript>

C = cell concentration determined by optical density

G = B-galactosidase

1=kinds of enzymes (1= 1, 2, and 3 are AcP, G6PDH, Fum, respectively )
Lysis = treatment with Triton X-100

S = average cell size

T = total soluble proteins
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