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Foreword

The ACS Symposium Series was first published in 1974 to pro-
vide a mechanism for publishing symposia quickly in book form. The
purpose of the series is to publish timely, comprehensive books de-
veloped from ACS sponsored symposia based on current scientific
research. Occasion-ally, books are developed from symposia sponsored
by other organizations when the topic is of keen interest to the chem-
istry audience.

Before agreeing to publish a book, the proposed table of con-
tents is reviewed for appropriate and comprehensive coverage and for
interest to the audience. Some papers may be excluded to better focus
the book; others may be added to provide comprehensiveness. When
appropriate, overview or introductory chapters are added. Drafts of
chapters are peer-reviewed prior to final acceptance or rejection, and
manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review
papers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS Books Department

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.pr001

Downloaded by 217.66.152.162 on September 14, 2012 | http://pubs.acs.org

Preface

What many think of as modern biochemical production
technology began in the early 1940s, as an effort to meet the increasing
demand for penicillin during World War II. During that time, penicillin
production moved from surface culture in milk bottles to submerged
culture in tanks as large as 100,000 L. In the 60 years since then,
significant advances in biochemical production technologies have
occurred, as dramatic advances have been made in our understanding of
cellular systems, and how these systems can be manipulated to produce
desirable products. Today, production of biochemicals includes not only
traditional subjects such as fermentation engineering and applied
microbiology, but subjects as diverse as recombinant DNA technology,
metabolic engineering, genomics, and combinatorial chemistry (just to
name a few). This field continues to evolve as new technologies become
available to operate, monitor and control bioprocesses, and as new
biological discoveries are made at an ever increasing pace.

The majority of the papers contained in this text were presented
at the PacifiChem 2000 conference, held in Honolulu, Hawaii in Decem-
ber 2000. Our goal in organizing this symposium and in compiling this
book was to bring together scientists from around the Pacific Rim who
are using various modern biological tools to study various aspects of
biochemical production. The book is divided into three sections: (1)
microbial and enzymatic systems, (2) animal cell systems, and (3)
combinatorial engineering and analytical methods. Expression systems
discussed in various chapters are used for the production of organic
acids, specialty sugars, enzymes, and antibodies. Our hope is that this
book will benefit the reader by providing a glimpse of how modern
biological tools are being applied to the production of a mixture of
biochemical products.

The editors thank the American Chemical Society Books
Department of the Publications Division for assistance in the process,
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Chapter 1

Biological Systems Engineering: An Overview

Mark R. Martenl, Tai Hyun Park2, and Teruyuki Nagamune3

'Department of Chemical and Biochemical Engineering, University
of Maryland Baltimore County, Baltimore, MD 21250
’School of Chemical Engineering, Seoul National University,
Seoul 151-744, Korea
*Department of Chemistry and Biotechnology, Graduate School
of Engineering, The University of Tokyo, Tokyo 113-8656, Japan

Biological systems have been used for thousands of years to produce a wide
variety of products. These historical processes primarily involved microbial
fermentation, and were used to produce food and alcohol. In the last 50 years,
scientific advances have allowed the use of a wide rage of biological systems,
that include not only microbial fermentation, but culture of animal and insect
cells, use of enzymatic systems, and combinatorial biochemistry. These
approaches have been employed to produce a broad range of products that span
the spectrum from high value pharmaceuticals to commodity chemicals. This
chapter gives an overview of some of biological systems currently used, the
engineering of these systems, and the products they are used to produce.

Microbial and Enzymatic Systems

With the introduction of recombinant DNA technology, a completely new
approach to the development of biochemical processes became possible. Various
genetically modified microorganisms are currently used for the production of not
only recombinant proteins but also non-protein compounds. The recombinant
protein products include vaccines, therapeutic agents, and animal growth
hormone. Recombinant DNA techniques have also enhanced the production of a
broad range of low-molecular-weight non-protein compounds including amino

© 2002 American Chemical Society 1
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acids, antibiotics, vitamins, and dyes. Genetically modified microorganisms are
also used to produce biopolymers that are useful in the food-processing,
manufacturing, and pharmaceutical industries. Various kinds of microorganisms
are currently being used as biological factories for the production of such
commercial products. Among the microorganisms, Escherichia coli and
Saccharomyces cerevisiae have been widely used as host microorganisms, since
E. coli is the most studied organism and S. cerevisige is a well-studied
nonpathogenic eukaryotic microorganism.

For the production of commercial products, microbes should be cultivated in
large quantities under conditions that give maximal productivity. This requires
the development of high-expression host cell/vector systems, which can be
regulated and are stable in large-scale processes. High cell density culture is one
way to increase productivity. In high cell density culture, one major problem is
the formation of undesirable by-products. For example, in E. coli culture acetic
acid is a major inhibitory by-product to cell growth, and is produced when cells
are grown under oxygen-limiting conditions and in the presence of excess
glucose. The best way to obtain high cell density is to use a fed-batch
fermentation strategy, and as a result fed-batch operation is one of the most
popular modes of operation for the industrial production of recombinant
proteins. Various feeding strategies for fed-batch operations have been proposed
to obtain a high cell density and high concentration of recombinant proteins.
These include feeding strategies using pH-stat, DO-stat, glucose-stat, and
controlling the specific growth rate.

Gene manipulations either create a new pathway or augment a preexisting
pathway for the production of a specific compound. The production ability of
microorganisms could be improved more systematically by metabolic
engineering (/). In contrast to the prior focus on single reactions in a pathway,
metabolic engineering concerns the enumeration and quantification of
intracellular metabolic fluxes, and emphasizes the integrated metabolic
networks. This systematic and integrated approach can increase product yield
and productivity, and can also provide the formation of novel biochemical
products. More global cellular regulatory data are accumulating with the current
development of functional genomic and proteomic technologies. This will
provide more detailed information for the biochemical production.

Enzymatic systems have also been widely used in a large variety of
industrial applications such as production of high-fructose syrups from corn
starch, enzymatic hydrolysis of lignocelluloses to monomeric sugars,
manufacturing of L-amino acids by resolution of racemic amino acid mixtures,
manufacture of semi-synthetic penicillins and even production of commodity
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chemicals like acryl amide. Important aspects of enzymatic system development
are to obtain suitable enzyme with high activity and stability, to improve the
properties of enzyme, and to design optimal bioreactor system for enzymatic
reaction and product separation. As for screening of enzymes, microorganisms
in extreme environments such as high temperature, salt concentration, pressure
and alkaline pH, have recently drawn much attention as good sources, as
enzymes from these microorganisms possess higher stability and broader
substrate specificity compared to those from microorganisms from moderate
environments.

Artificial evolution techniques, or so called “directed evolution” has been
utilized to improve the properties of a number of enzymes (2). This method has
emerged as a powerful alternative to rational approaches for enzyme engineering.
Directed enzyme evolution typically begins with the creation of a library of
mutated enzyme genes, which are created using mutagenesis methods such as
error-prone  PCR, oligonucleotide-cassette mutagenesis and DNA-shuffling.
Selection or rapid screening is then used to identify improved enzymes with
respect to the desired property. The genes encoding these enzymes are
subsequently subjected to further cycles of random mutagenesis, recombination
and screening in order to accumulate beneficial mutations. As a result of
enzyme screening from extremophiles, or directed enzyme evolution, enzymes
with high activity, thermostability, substrate specificity, enantioselectivity and
organic solvent tolerance have been obtained. These enzymes will contribute to
the development of green chemical process.

Animal Cell Systems

Although microbial systems offer many advantages for the production of
biochemical products, they have limitations in the production of glycoproteins.
Many animal cell systems are able to glycosylate proteins in a fashion that is
reasonably similar to the way in glycosylation occurs in a human being.
Biological properties of the glycoproteins may depend on the glycosylation
pattern, which also affects the therapeutic activity of pharmaceutical
glycoproteins. Therefore, many pharmaceutical glycoproteins are produced in
recombinant animal cell culture. Mammalian cell and insect cell systems have
been widely used for the production of glycoproteins.

The insect cell-baculovirus system has received rapid and wide acceptance
as an alternative to classical bacterial or yeast systems for the production of
recombinant proteins. This system has several advantages, including high
expression owing to a strong polyhedrin promoter, production of functionally
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and immunogenetically active recombinant proteins due to proper post-
translational modifications, and nonpathogenicity of the baculoviruses to
vertebrates and plants (3).

The key issues of the animal cell system have been concerned with the
development of high-expression host cell/vector systems, the high cell density
culture technology on a large-scale, the development of an efficient process for
the production of recombinant proteins or viruses, and media development
including low serum and serum-free media.

For the efficient production of cloned-gene protein, the high rate of cloned-
gene expression and the viability of host cell are important factors. The
increased host cell longevity favors the longer production of recombinant
proteins, which results in higher productivity. Cell death can occur by either
necrosis or apoptosis. This depends on the level of stress experienced by the
cells. In animal cell culture, the decrease in cell viability is a consequence of
apoptosis, which is a feature of many commercially important animal cell lines.
Apoptosis is triggered by infection with viral vectors, suboptimal cultivation
conditions, or heterologous gene expression, resulting in the lower process
productivity (4). To suppress apoptosis in cell culture processes, three basic
approaches have been conducted. Those are elimination of nutrient deprivation,
addition of apoptosis-inhibiting compounds and over expression of apoptosis
suppressor genes.

Combinatorial Bioengineering and Analytical Methods

Since the early 1990°s, one of the key goals of combinatorial chemistry has
been to revolutionize drug discovery. In the time that has elapsed, combinatorial
methods for generating molecular libraries, coupled with high-throughput
screening, have become core technologies for the identification of ligands to
receptors and enzymes. The identified ligands can be utilized as powerful tools
for pharmacological studies, and are essential as lead compounds for drug
development.

Combinatorial libraries of small organic molecules can be generated by a
variety of synthetic methods. For example, combinatorial libraries composed of
completely random sequences of peptides or oligonucleotides can be synthesized
by solid-phase synthesis with mixtures of activated amino acids or nucleotides in
randomized coupling. Libraries consisting of random, site-directed mutants of a
specific protein or nucleic acid oligonucleotide are composed of many variants
of an initial parental molecule and are generated by biological machinery such as
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cells, phage, PCR and cell free protein synthesis systems. The phage display, cell
surface display and ribosome display systems can provide combinatorial libraries
with a pair of DNA and corresponding peptide or protein.

In any combinatorial library composed of peptides or oligonucleotides, all
structures are built from a common set of chemical building blocks, with each
molecule possessing a unique combination or sequence of these building blocks
at each synthetically incorporated position. Additionally, the molecules all
possess a common structural core or synthetic linkage, dictated by the type of
molecules in the library and by the actual synthetic strategy employed. For
example, collections of peptides or protein molecules in a combinatorial library
are usually built from the 20 naturally occurring amino acids, and possess a
common synthetic linkage, an amide bond between each position in the
polymeric molecule. Thus the synthesis of combinatorial libraries composed of
peptides or oligonucleotides can be done in high-throughput and systematic
fashion.

Combinatorial approaches have been most successful when a semi-rational
approach has been used to design the library of molecules to be prepared and
tested. In these efforts, libraries are designed by using knowledge of the
mechanism or structure of the biological target, or by basing the library upon
lead compounds that have previously been identified to bind to the biological
target. Unfortunately, structural or mechanistic information for many biological
targets is either unavailable, or does not provide sufficient insight to enable
productive library design. Additionally, for many targets, lead compounds have
not yet been identified or novel motifs for binding are desired. Thus, the route
from design and synthesis of compound libraries to identification of biologically
valid lead structure is still long and tedious. To overcome this situation, highly
parallel approaches, including system automation, are required not only in
synthesis but also in analysis and screening. Creating an efficient interface
between combinatorial syntheses and bioassay is indispensable to satisfy these
demands. For example, screening in the interior of resin beads, that of
microarrays and label-free affinity binding detection have been developed (35).
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Chapter 2

Metabolic Systems Engineering Approach
for Efficient Microbial Fermentation
and Future Perspectives

Kazuyuki Shimizu

Department of Biochemical Engineering and Science, Kyushu Institute
of Technology, lizuka, Fukuoka 820-8502, Japan

The recent advancement on metabolic systems engineering was reviewed based
on our recent research results in terms of (1)metabolic signal flow diagram
approach, (2)metabolic flux analysis (MFA) in particular with isotopomer
distribution using NMR and/or GC-MS, (3)synthesis and optimization of
metabolic flux distribution (MFD), (4)modification of MFD by gene
manipulation and by controlling culture environment, (5)metabolic control
analysis (MCA), (6)design of metabolic regulation structure, and , (7) identifi-
cation of unknown pathways with isotope tracing by NMR. The main
characteristics of metabolic engineering is to treat metabolism as a network or
entirety instead of individual reactions. The applications were made for poly-3-
hydroxybutyrate (PHB) production using Ralstonia eutropha and recombinant
Escherichia coli, lactate production by recombinant Saccharomyces cerevisiae,
pyruvate production by vitamin auxotrophic yeast Toluropsis glabrata, lysine
production using Corynebacterium glutamicum, and energetic analysis of
photosynthesic microorganisms. The characteristics of each approach were
reviewed with their applications. It is becoming important to study gene and
protein expressions in relation to metabolic regulations.

Introduction

The recent progress in biotechnology enables us to improve the quality of our
lives and environment, and its research field has been expanded from basic
science to engineering such as (1) bioinformatics including functional genomics
and proteomics, (2) protein engineering including protein structure - function
and structure — activity relationships etc., (3) recombinant techniques including
random mutation, DNA shuffling, and phage — display technique, (4) metabolic
engineering, and (5) bioprocess engineering [1].

8 © 2002 American Chemical Society

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Downloaded by STANFORD UNIV GREEN LIBR on September 14, 2012 | http://pubs.acs.org
Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch002

In particular, the progress in molecular biology enable us to create and/or
discover new high-value biomolecules, with the rapid progress in genetic
engineering and the development of many new recombinant DNA technique.
Metabolic engineering has been defined as “purposeful modification of
intermediary metabolism using recombinant DNA techniques”[2]. Originally,
the term metabolic engineering has been defined as “Improvement of cellular
activities by manipulation of enzymatic transport and regulatory functions of the
cell with the use of recombinant DNA technology” [3]. In a broader sense,
metabolic engineering can be viewed as the design of biochemical reaction
networks to accomplish a certain objective. Typically, the objective is either to
increase the rate of a desired product or to reduce the rate of undesired side-
products [4], or to decompose the toxic or undesired substances. Of central
importance to this field is the notion of cellular metabolism as a network. In
other words, an enhanced perspective of metabolism and cellular function can be
obtained by considering the participating reactions in their entirety, rather than
on an individual basis [4]. This research field is, therefore, multidisciplinary,
drawing on information and techniques from biochemistry, genetics, molecular
biology, cell physiology, chemistry, chemical engineering, systems science, and
computer science:

Although the term metabolic engineering has been defined as above, its
definition is by no means clear-cut, and overlaps with the related terms such as
physiological engineering [5], pathway engineering, in vitro evolution, direct
evolution, molecular breeding, cellular engineering as listed in Cameron and
Tong [2].

The intellectual framework and the potential application of metabolic
engineering have been reviewed [3,6], and yet another reviews have been made
to recognize the importance of metabolic engineering [2,5,7-9]. Several books
have also been published recently [10,11].

In the present article, an overview on metabolic systems engineering approach
is made for the efficient fermentation based on our recent research results. It
should be noted that it is getting more important to investigate gene and protein
expressions in order to uncover the metabolic regulation mechanism.

Metabolic Signal Flow Diagram Approach

One of the objectives of metabolic engineering is to understand how culture
environment affects metabolic pathways, since it eventually guides the
development of gene engineering and cultivation techniques in a direction
toward increased yield or productivity. From the engineering point of view, it
may not be necessary to understand every steps of a metabolic reaction or the
activity of every enzymes in a cell, since the important thing is to direct
metabolic flux to the desired branch through which target products are produced.
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From such a viewpoint, a graph-theoretic approach has been developed by Endo
and his coworkers [12,13]. With this approach, it may be possible to determine
the flow direction of each metabolic pathway for elucidation of the relationship
between culture conditions, cell growth, and product formation. In principle, the
metabolic networks can be expressed in terms of a directed signal flow diagram.
Therefore, the enzyme reaction of conversion of metabolite A to metabolite B
can be considered as the transformation of signal A to signal B. If we consider
the metabolic network of a cell as a system, there are several inputs and outputs
through the boundary of the system with the environment. Then those input-
output relationships may be expressed in terms of the metabolic transfer
coefficients. The resulting complex signal flow diagram can be simplified
through use of the equivalent transformation of graph theory. It should be
noted that the input-output relationship may be identified from the time-series
data. Then we may be able to find some relationships on the metabolic transfer
coefficients, and thus we may be able to estimate the activities of certain
pathway networks [12,14].

In relation to this approach, an interesting network analysis method has been
proposed for formulation of a metabolic model for Escherichia coli by several
researchers [15-17]. In their works, a metabolic objective provides a
physiological rationale for acetate production, which is based on mechanistic
details considered as constraints on the reaction network.

In the same manner, we assumed that a microorganism has as its objective
maximization of ATP production and derived the expression of the metabolic
transfer coefficients [18]. Such expression enables us to understand how the
important branch points are regulated based on the time-series input and output
data. This method was extended for use in on-line estimation [19]. For the on-
line analysis, Shimizu et al.[20] defined an error vector based on stoichiometric
equations, and they attempted to identify the unknown metabolites based on the
magnitude of such an error vector due to unbalance of material.

The next question is whether we can determine in detail every enzyme
reactions in the metabolism occurring inside the viable cell. This is the next
topic to be discussed.

Metabolic Flux Analysis

Quantification of metabolic fluxes is an important analysis technique of
metabolic engineering. A powerful technique for calculation of the fluxes
through various pathways is the so-called metabolic flux analysis (MFA), where
the intracellular fluxes are calculated using a stoichiometric model for all the
major intracellular reactions and by applying mass balances around the
intracellular metabolites. As inputs to the calculations, a set of measured fluxes,
typically the specific uptake rate of substrate and the specific secretion rate of
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metabolites etc. are provided [21-23]. Metabolic flux distribution can then be
estimated using the following stoichiometric equation:
Ar=q )
where A is an m x n matrix of stochiometric coefficients. r is an n-dimensional
flux vector, and q is an m-dimensional vector of the specific substrate
consumption rate and the specific metabolite excretion rates. The weighted least
square solution to Eq.(1) is then obtained for the over-determined system as
r=A"PU4)AT g ()
provided that A is of full rank, where @ is the measurement noise variance-
covariance matrix of the measurement vector q. Several computer programs for
calculating r have been developed by several researchers [24,25].

We made flux analysis for efficient production of poly B -hydroxybutyrate
(PHB) using Ralstonia eutropha. PHB is a homopolymer of 3-hydroxybutyrate
and is most widespread and best-characterized member of poly-3-
hydroxyalkanoates (PHAs). We conducted several fed-batch experiments for
several substrates, and computed the flux distribution for the subdivided growth,
transient, and PHB production phases.

Note that NH, concentration was relatively high during cell growth phase while it
was low during the later PHB production phase. Because of this, the ammonium ion
was dominantly assimilated into the cell through the reaction from « -ketoglutarate
(a-KG) to glutamic acid (GLUT) during cell growth phase. It should also be noted
that NADPH generated via isocitrate dehydrogenase (ICD) was mainly consumed in
glutamic acid synthesis pathway during this phase. We estimated how much and
where NADPH was produced and consumed in each cultivation phase based on the
flux distribution obtained. The result clearly indicates that the block in the amino
acid synthetic pathway due to low level of NH; in the later phase results in the
overproduction of NADPH through ICD and accelerates the biosynthesis of PHB
since NADPH-dependent acetoacetyl-CoA reductase can provide a sink for excess
reducing equivalents. This research result demonstrates that MFA may be useful in
disclosing the metabolic regulation mechanism to some extent [26]. We also made
such MFA for other fermentation systems such as photosynthetic microorganisms
[27,28]

Gulik and Heijnen [29] made 99-demensional metabolic flux analysis of
aerobic growth of S. cerevisiae on glucose/ethanol mixtures and predicted five
different metabolic flux regimes upon transition from 100 % glucose to 100 %
ethanol.  Pramanik and Keasling [30] developed a stoichiometric model for E.
coli which incorporates 153 reversible and 147 irreversible reactions and 289
metabolites from metabolic data bases for the biosynthesis of the
macromolecular precursors, coenzymes, and prosthetic groups necessary for
synthesis of all cellular macromolecules. For such a system, the number of
reactions is greater than the number of metabolites. Because multiple solutions
exist, linear optimization was used to determine the fluxes. Some of the
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objective functions that were used included minimization or maximization of
ATP usage, substrate uptake, growth rate, and product synthesis.

Takiguchi et al.[31] applied the metabolic pathway model to estimate the
physiological state of the cells, that is, the growth and production activity, and
the flux distribution of metabolites for lysine fermentation using
Corynebacterium glutamicum from on-line measurable data.

Metabolic Flux Analysis Using Isotopomer Distributions

The metabolic flux analysis based on the metabolic flux distributions
computed by the above method may be useful to find the metabolic regulation
mechanism for performance improvement of fermentation etc. However, the
application of the above method is limited to relatively simple case. In more
complex metabolic network systems, where product formation occurs
simultaneously, the system involves cyclic pathways such as TCA cycle etc.
where intermediates reenter the cyclic pathway, or the large number of
branching points exist in the metabolic network, a detailed analysis cannot be
done with the above method. In such cases, the application of metabolite
balancing either requires another sets of reactions or forced to be lumped
together [21].

The modeling of isotope distributions may be used to evaluate intracellular
fluxes in more detail and to overcome the shortcomings of the above
conventional MFA method.  Zupke and Stephanopoulos [32] introduced atom
mapping matrices (AMMs) to formulate such a problem, where they describe
the transfer of atoms from reactants to products. For each reaction, there will be
mapping matrices for every reactant-product pair.

The set of equations describing isotope distributions in a metabolic network
using AMMs can be solved iteratively via computer. This requires that the
specific activities of the substrate carbon atoms be initialized (to values between
0 and 1 for fractional enrichment) and a consistent set of flux value be provided.
Then, each of the steady-state equations is solved sequentially for the activities
of the output metabolites, and the process is repeated until convergence is
achieved.

The vector representation of metabolite atom specific activities enables the
equations governing the isotopic steady-state to be written directly from mass
balance equations. The mass balances in turn follow directly from the set of
stoichiometric reactions that forms the biochemical network. The derivation of
AMMs is performed separately and is independent of the biochemical network
[32].

It should be noted that the labeling patterns of the intracellular metabolites are
difficult to measure due to the small pool sizes of these metabolites. However,
since the amino acids reflect the labeling patterns of a number of important
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central metabolites through their precursors from the central metabolism, and
relatively abundant, the labeling patterns of amino acids have been used for
elucidation of labeling patterns in the central metabolism [33]. Thus *C-NMR
and GC-MS have been employed to identify indirectly the labeling patterns of
the intracellular metabolites. In the isotope labeling experiments, the mixture of
90% of unlabeled or naturally labeled carbon source such as glucose and 10% of
uniformly labeled carbon source [U-'>C] and/or the first carbon labeled carbon
source [1-*C] is employed. In the analysis of carbon labeling patterns of amino
acids, it is also necessary to make a correction for the contribution of labeling
arising naturally labeled species of N, 1’0, *Q, *C, ?H etc. This correction
may be carried out using matrix-based methods as given by Lee et al. [34,35]
and Wittman and Heinzle [36].

Marx et al. [23] combined the information of 'H-detected *C NMR
spectroscopy to follow individual carbons with carbon balances for cultivation
of lysine-producing strain of C. glutamicum. The result shows that the flux
through pentose phosphate pathway is 66.4 % (relative to the glucose input flux
of 1.49 mmol/g dry weight h), that the entry into TCA cycle 62.2 %, and the
contribution of the succinylase pathway of lysine synthesis 13.7 %.

For the systems having cyclic pathways, Klapa et al. [37] presented a
mathematical model to analyze isotopomer distributions of TCA cycle
intermediates following the administration of *C (or “C) labled substances.
Such theory provides the basis to anatyze *C NMR spectra and molecular
weight distributions of metabolites. This method was applied to the analysis of
several cases of biological significance [38].

Wiechert and his co-workers developed a model for positional carbon labeling
systems, which was further extended to general isotopomer labeling systems
with statistical treatment [39-41]. Mollney et al. [42] compared the different
measurement techniques such as 'H NMR, *C NMR and mass spectrometry
(MS) as well as two-dimensional 'H-"*C NMR techniques to characterize in
more detail with respect to the formulation of measurement equations. Based on
these measurement equations, a statistically optimal flux estimator was
established. Having implemented these tools, different kinds of labling
experiments were compared using statistical quality measures.

Although many applications have been reported for the flux analysis using
NMR, GC-MS is also quite useful and has several advantages over NMR such
that GC-MS require relatively small samples as compared with NMR and GC-
MS gives rapid analysis etc. In GC-MS, the compounds are separated by the gas
chromatography, and the mass spectrometry step analyzes the labeling patterns
of the compounds as they elute. The mass spectrum of a compound usually
contains ions that are produced by fragmentation of the molecular ion (i.e., the
ionized intact molecule). These fragments contain different subsets of the
original carbon skelton, and the mass isotopomer distributions of these
fragments contain information that can, in addition to the information from the
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molecular ion, be used for analyzing the labeling pattern of the metabolites [43].
Christiensen and Nielsen [44] quantified the intracellular fluxes of Penicillium
chrisogenum using GC-MS. They found that glycine was synthesized not only
by serine hydroxymethyltransferase, but also by threonine aldorase. The
formation of cytosolic acetyl-CoA was also found to be synthesized both via the
citrate lyase-catalysed reaction and by degradation of the penicillin side-chain
precursor, phenoxyacetic acid.

We recently used both 'H-*C 2D NMR and GC-MS to quantify the flux
distributions of cyanobacteria at different culture conditions such as autotrophic,
mixotrophic, and heterotrophic conditions, and obtained some insight into the
metabolic regulation with respect to culture environment [45].

Synthesis of Metabolic Pathways and Optimization of Metabolic Flux
Distribution

The synthesis of metabolic pathways involves the construction of pathways,
i.e., sets of enzyme-catalyzed bioreactions whose stoichiometry is given, to meet
certain specifications. Systematic synthesis of pathways that satisfy a set of
specifications is relevant in the early steps of the conception and design of a
bioprocess, where a pathway must be chosen for the production of the desired
product. The first effort for systematic synthesis of metabolic pathways was
made by Seressiotis and Bailey [46]. They presented an approach for
synthesizing pathways that start from a given substrate and produce a target
product with calculation of yield etc.

Mavrovouniotis et al. {47] developed a computer-aided synthesis method of
metabolic pathways, where the algorithm satisfies each stoichiometric constraint
by recursively transforming a base-set of pathways. They applied the algorithm
to the problem of lysine synthesis from glucose and ammonia and discovered
that the yield of lysine over glucose cannot exceed 67 % in the absence of
enzymatic recovery of carbon dioxide.

Another approach is to find the optimal flux distribution based on known
metabolic network structure and the objective function such as yield etc. We
considered this problem for PHB production using recombinant E .coli. The
genes involved in PHB biosynthesis in R.eutropha were cloned in E. coli, and
were sequence 1 and characterized in detail by several researchers. Three genes
form an operon in the order of phb-C-4-B, coding for PHB synthase, S -
ketothiolase, and NADPH-dependent acetoacetyl-CoA reductase, respectively.
Recombinant E .coli provides several advantages over R. eutropha, such as the
ability to utilize several inexpensive carbon sources, easy recovery of PHB, and
no degradation of PHB once synthesized. However, PHB yield is not high
enough depending on the culture media. The regulatory mechanism for PHB
synthesis in recombinant E. coli is markedly different from that of R.eutropha
since the former can efficiently synthesize PHB during growth without any

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Downloaded by STANFORD UNIV GREEN LIBR on September 14, 2012 | http://pubs.acs.org
Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch002

15

nutrient limitation such as NH; limitation. We addressed the problem of how
much PHB can be theoretically produced by recombinant E. coli considering
the constraints imposed by stoichiometry. The steady-state flux balance was
formulated as a linear programming problem in which the production of PHB
was maximized subject to the stoichiometric constraints.

The predicted flux distributions indicate that in order to achieve the
maximum PHB yield, about half of the carbon flow should be metabolized via
the pentose-phosphate (PP) pathway and the flux to TCA cycle should be shut
down. This is easy to understand since there are two pathways signficantly
affect the availability of two substrates for PHB synthesis, NADPH and acetyl-
CoA. The predicted flux from glucose 6-phosphate to the PP pathway was,
however, 46 % which is much higher than the normal value of 28 % [48]. If the
flux to PP pathway was restricted to 28 % of glucose carbon, the PHB yield
decreased from 0.92 to 0.82. Based on our analysis, the metabolic pathway that
metabolizes glucose through part of the PP pathway and the Entner-Doudoroff
(ED) pathway may be the best pathway for a metabolic variant of E. coli to
overproduce PHB [49]. This kind of analysis gives the upper bound for the
yield etc. and may give the motivation of whether further effort should be made
or not.

Modification of Metabolic Pathways

(1) Gene-engineering technique

Optimization of the metabolic flux distribution of recombinant E. coli for PHB
production illustrated the importance of the availability of acetyl-CoA and
NADPH for achieving the maximum yield of PHB. In order to examine whether
the increased availability of the above substances can enhance PHB synthesis in
recombinant E. coli, several E. coli K12 derivatives, namely, HMS174, TA3516
(pta/ack), and DF11 (pgi), were transformed with a plasmid which contains the
native phb operon. The fermentation characteristics of these recombinant strains
were studied and compared. We then examined the effects of intracellular
acetyl-CoA accumulation, which may promote PHB synthesis in vivo, by
perturbations induced from attenuation of acetate kinase and
phosphotransacetylase and by cultivation of E. coli HMS174 using gluconate as
a substrate; it can convert gluconate to acetyl-CoA at higher rate. The effect of
intracellurar accumulation of NADPH were investigated by introducing a
perturbation induced from attenuation of phosphoglucose isomerase, which
redirects the carbon flow to the PP pathway. Results indicate that intracellular
buildup of acetyl-CoA may not be able to promote PHB synthesis in vivo. On
the other hand, since the biosynthesis of PHB in the pgi” mutant strain can utilize
the NADPH overproduced through the PP pathway, the growth of the pgi”
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mutant on glucose was recovered, indicating that the overproduction of NADPH
might be able to enhance PHB synthesis [49].

Consider lactic acid fermentation as another example of modifying metabolic
pathways by gene-engineering technique. In lactic acid fermentation, lactic acid
production increasingly inhibits cellular metabolic activities. Several processes
have, therefore, been developed to remove the lactic acid in situ. Among them,
extractive fermentation has recently been paid most attention. The problem with
this process, however, is that only undissociated lactate is extracted. Since in
lactic acid fermentation, the culture pH is generally maintained at around 6-7,
the direct application of extractive fermentation yields very low productivity due
to large fraction of dissociated lactate at such pH values.

We, therefore, considered to modify the metabolism of Saccharomyces
cerevisiae by expressing the lactate dehydrogenase (LDH) gene to produce a
relevant amount of lactic acid at low pH. The plasmid pADNS which contains
the ADH1 promoter was used as a host vector, and a heterologous gene region,
cDNA-LDH-A (encoding bovine lactate dehydrogenase) digested from plasmid
pLDHI12 was digested and ligated into the two host vectors. The resultant
plasmids were transformed into S. cerevisiae DS37. Using this recombinant S.
cerevisiae strain, several fermentations were conducted at several pH values
(4.5-3.5). Since the recombinant S. cerevisiae produced a considerable amount
of ethanol as well as lactate (about 10 g/1), we then disrupted several pyruvate
decarboxylase (PDC) genes to suppress the ethanol formation. Among the PDC
genes, PDC1, PDCS5, and PDC6, PDC1 showed the greatest effect on the cell
growth and ethanol production. The plasmid which contains the LDH-4
structure gene was then transformed into the mutant strain lacking the PDC/
gene. Cultivation of this strain improved the lactate yield from glucose while
suppressing ethanol formation [50].

Those results indicate that the metabolic pathway modification can be made
by gene-engineering technique locally, but it is not an easy task to modify
metabolic flux distribution to the desired one.

(2) Control of culture environment

Another means of modifying the metabolic flux distribution is to manipulate
the culture environment. We considered this problem for pyruvate fermentation.
There is an increasing demand for pyruvic acid since it is an important raw
material for the production of many amino acids such as tryptophan and tyrosine,
and for the synthesis of many drugs and agrochemicals. Only a small amount of
pyruvate is, however, secreted into the culture broth from wild-type
microorganisms. Some auxotrophic strains, such as thiamine auxotrophs or
lipoic acid auxotrophs have been utilized for pyruvate overproduction.

We investigated the metabolism and fermentation characteristics of
Torulopsis glabrata IFO 0005, a vitamin-auxotrophic pyruvate-producing yeast
screened by Yonehara and Miyata [51]. The strain used is auxotrophic for four
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vitamins such as thiamine hydrochloride, nicotinic acid (NA), biotin and
pyridoxine hydrochloride. Since dissolved oxygen (DO) is an important
environmental factor which affects the tricarboxylic acid (TCA) cycle activity,
and thiamin hydrochrolide plays a key role in the strain [52], attention was
focused on analyzing the effects of these culture conditions on the cellular
metabolism of this strain. Several batch experiments were conducted at
different DO concentrations and metabolic flux distributions were computed for
each experiment for DO=40 %. The point in this research is to control the
specific pathway pinpoint by manipulating culture environment and by addition
of vitamins [53-55].

Metabolic Control Analysis

The concept of metabolic flux analysis is useful for quantification of flux
distribution, but it does not allow for evaluation of how the fluxes are controlled.
One of the most important aspects of metabolic engineering may be control of
flux. The main objective is to find rate-limiting step and bottleneck enzyme.
Delgado and Liao [56] proposed an idea of inverse flux analysis which allows
the prediction of the flux distribution when some of the manipulable fluxes were
perturbed. The application of this method to E. coli suggested that the increase
in the flux of the anaplerotic pathways, indicating the reactions catalyzed by
phosphoenol pyruvate carboxylase and the glyoxylate bypass will decrease
acetate production while increasing the growth yield.

The concept of metabolic control analysis (MCA) was developed by Kacser
and Burns [57] and Heinrich and Rapoport [58]. Several reviews have been
made with some extensions [7,59,60]. In MCA, several kinds of coefficients
play important roles. Elasticity coefficient (EC) is defined as

g;E-d—v’:-fiz dinv, )
dx, v, dlnx,
where v ; is the i-th reaction rate and x, a k-th variable that modifies the rate.
This coefficient is modulated by metabolites, which is of practical concern in
enzyme regulation. If parameter p, is used instead of x, , it may be called as = -
elasticity [61] instead of ¢ -elasticity.
Flux control coefficient (FCC) is defined [57] as
cr E&_e,____dank @

de, J, dlne,
where FCCs express the fractional change in the steady state flux through the
pathway (J, ) that results from an infinitesimal change in the activity of enzymes

( or reaction rates). It should be noted that whereas the elasticity coefficients
are properties of the individual enzymes, the FCCs are properties of the system.

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Downloaded by STANFORD UNIV GREEN LIBR on September 14, 2012 | http://pubs.acs.org

Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch002

18

The FCCs are, therefore, not fixed but change with the environmental conditions

[51.

Concentration control coefficient (CCC) is defined as

Ct = dx, e, _ dinx, ©)
de, x, dlne,

We applied MCA for lysine fermentation. We studied how FCC changed as
fermentation proceeds. It was found that the bottleneck enzyme changes:
aspartokinase during lysine formation phase while permease at the late stage
fermentation. We could increase the lysine production rate by increasing those
enzyme activities by constructing gene-engineered C. glutamucum [62,63].
Nielsen and Jorgensen [64] have made the similar analysis for penicillin
biosynthesis using Penicillium chrisogenum.

Although MCA approach has been enthusiastically employed by many
researchers [65], the application to practical experimental systems is quite
limited. Liao and Delgado [7] pinpointed the gaps still remaining between
mathematical treatment and experimental implementations.

Stephanopoulos and Simpson [66] proposed a means for calculating group
control coefficients as measures of the control exercised by groups of reactions
on the overall network fluxes and intracellular metabolites pools. The concepts
of this method were illustrated through the simulation of a case study involving
aromatic amino-acid biosynthetic pathway. It was further demonstrated that the
optimal strategy for the effective increase of network fluxes was through the
coordinated amplification of a small number of steps in order to maintain
maximum throughput while ensuring an uninterrupted supply of intermediate
metabolites.  Simpson et al [67] also proposed a method of determining group
flux control coefficients based on many experimental data without using
mathematical models.

Dynamic extension of metabolic control analysis has been made with dynamic
model for the metabolic change on the order of minutes [68-70].

MCA is not a modeling framework, but it is a set of postulates that allows the
systematic computation of network sensitivities to single perturbations in the
environmental or network parameters. Thus its predictive capability is limited
by the quality of the model employed. Since traditional kinetic models lack the
description of the regulatory component, the sensitivity coefficients for MCA is
suspect. The cybernetic framework developed by Ramkrishna and his co-
workers may offer some advantage over conventional methodologies [71,72].
The framework hypothesizes that metabolic systems have evolved optimal goal
oriented strategies as a result of evolutionary processes. The inclusion of a goal-
oriented regulatory strategy gives the cybernetic description of a metabolic
network, the key feature of regulatory responsiveness, an element that is missing
from many other contemporary metabolic network analysis and modeling
frameworks.
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As stated above, MCA is based on information of the kinetics of individual
reactions. The lack of in vivo kinetic information on the individual pathway
reactions are limiting a widespread use of this concept. To overcome such a
problem, there are yet alternative approaches based on thermodynamic
considerations. The relevant thermodynamic variable for a thermodynamic
feasibility analysis is the Gibb’s free energy of a reaction (AG). A strict
requirement for flow of carbon through cellular pathways is that A G is negative
for all individual reactions. Mavrovouniotis [73,74] used this concept in order to
develop a procedure that seeks the range of metabolic concentrations where all
the reactions are feasible (A G < 0). This procedure is based only on the
knowledge of the value of AG”, the standard Gibbs free energy and the
concentration of cofactors. Pissara and Nielson [ 75]applied the thermodynamic
feasibility algorithm of Mavrovouniotis [73,74] to the « -aminoadipic acid
pathway in P. chrysogenum. Thereafter they considered the penicillin
biosynthetic pathway, for which they calculated the standard Gibbs free energies
using the concept of group contributions [73], and they used measurements of
the pathway metabolite concentrations to calculate the A G values for the
reactions during a fed-batch cultivation.

Design of Metabolic Regulatory Structures

It has recently been shown that genetic modification of metabolic control
systems can significantly enhance the process performance. However, past
modifications of enzyme properties in metabolic system were usually based on
trial and error methods, which becomes ineffective when the system becomes
optimization method is the utilization of kinetic model derived by the S-system
complex. Since the recent genetic engineering techniques allow modifications
of both gene-level (expression of genes) and protein-level (activity of enzymes)
regulations, it is desired to develop a useful method for finding the optimal
metabolic structure. However, the optimization techniques for metabolic system
design are not well established now. One metabolic optimization method is to
maximize the objective metabolic flux based on the stoichiometric information
of a metabolic system. This approach may provide the optimal flux distributions
for individual pathways of a metabolic network. However, it does not suggest
the effects of the modification of metabolic regulatory structure, since no
kinetics are considered in this method. Another conventionally used
optimization method is the utilization of the kinetic model deried by the S-
system formalism [76,77]. This approach does not also address the effect of the
change in regulatory structure, although the optimum manipulation of external
inputs can be provided [78-80]. The only way to find the optimal regulatory
structures for a metabolic network may be to use the kinetic model obtained
from enzymatic reaction mechanism. Since the mechanism-based kinetic
expressions are usually nonlinear, and many data are required for the
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optimization of nonlinear system, a (log)linearized model formulation has been
developed by Hatzimanikatis et al. [81]. This type of (log)linearized model has
been verified to approximate the original nonlinear model much better than the
general linearized model [82]. By constructing a set of regulatory structures in
which every metabolite is considered to be capable of regulating any enzyme in
the system, and by considering every possible combination, the optimization can
be carried out effectively for the nonlinear systems, and the optimal regulatory
structures obtained can give the direction on how genetic engineering will be
applied.

We attempted to find the optimal metabolic regulation structure by applying
the mixed integer linear programming method to the log (linearized) model for
the lysine synthetic pathway. The results indicate that more than 20% increase
of internal lysine flux can be obtained when only the inhibitory regulation was
allowed, and eight optimal structures with one regulatory loop were adopted.
When regulation of enzyme activation was allowed, internal lysine flux can be
increased by more than 70%. Changes of participating precursor and cofactor
concentrations may not improve lysine flux significantly in this system [83].

Identification of Unknown Pathways

Historically, the isotopomer has been used to find the unknown pathways.
However, the method itself is not systematic. It is expected that the metabolic
synthesis methodology be extended for identifying unknown pathways. Here I
just give our recent experiences for finding the new pathways in vitamin B,,
fermentation.

When propionibacteria are grown under anaerobic condition, propionate,
acetate, and CO, are produced through the randomizing pathway. Moreover,
vitamin By, is accumulated intracellularly under anaerobic condition. The
accumulation of propionate causes strong inhibition on cell growth as well as
vitamin B,, synthesis. In contrast, if cultivation was switched from anaerobic to
aerobic, the propionate and vitamin B,, ceased to be produced while acetate
continued to be produced. Noting the experimental fact that the propionate
accumulated during anaerobic cultivation was decomposed when the cultivation
was shifted to an aerobic condition, we considered to change the DO
concentration periodically between 0 ppm and 1 ppm to keep the propionate
concentration at low level and thus to show the improvement of vitamin B,
productivity [84].

Although the metabolic pathway of propionibacterium grown under anaerobic
condition has been well investigated, its pathway under aerobic condition is not
fully investigated yet.  The randomizing pathway may function in a reversed
direction in the presence of oxygen, through which the propionate is oxidized.
The overall reaction of this pathway may be expressed as: Propionate—
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pyruvate + 4H. Four electrons are released in this direction. In fact, the
pyruvate concentration increased in the presence of oxygen. This hypothesis
was supported by the analysis of isotope °C assignation. The *C1 of propionate
was first assigned to *C1 of propionyl-CoA in reaction (Propionate + succinyl-
CoA— propionyl-CoA + succinate ) catalyzed by propionyl-CoA transferase. It
was, thereafter, assigned to C2 of pyruvate in reaction (Oxaloacetate +
propionyl-CoA — pyruvate + methylmalonyl-CoA(a)) catalyzed by
methylmalonyl-CoA: pyruvate carboxyl-transferase. It was further assigned to
C1 of acetate in the oxidation of pyruvate. From the analysis, the direct
oxidation of propionate to acetate could be excluded, although it may happen
due to the presence of propionyl-CoA transferase. If we assume that CoA was
transferred from acetyl-CoA to propionyl-CoA as shown in reaction
(Propionate-+acetyl-CoA—acetate+propionyl-CoA ) under catabolization of
propionyl-CoA transferase, the peak assigned to 2-"*C of pyruvate will not
appear in the spectra of >C NMR. In fact, this peak appeared (data not shown).
Thus it can be said that propionate is not directly oxidized to acetate [85].

Futeure Petspectives

Recent rapid progress in molecular biology unveiled the intricacies and
mechanistic details of genetic information transfer and determined the structure
of DNA and the nature of the gene code, establishing DNA as the source of
heredity containing the blueprints form which organisms are built. These
scientific revolutionary endeavors have rapidly spawned the development of
new technologies and emerging fields of research based around genome
sequencing efforts (i.e., functional genomics, structural genomics, proteomics
and bioinfomatics) [86].

Once presented with the sequence of a genome, the first step is to identify the
location and size of genes and their open reading frames (ORF’s). DNA
sequence data then need to be translated into functional information, both in
terms of the biochemical function of individual genes, as well as their systematic
role in the operation of multigenic functions.

Genomic technologies can be broadly divided into two groups, namely those
that alter gene structure and deduce information from altered gene function and
those that observe the behavior of intact genes [87]. The former methods involve
the random or systematic alteration of genes across an organism’s genome to
obtain functional information. Current genome-altering technologies are
distinguished by their strategies for mutagenizing and analyzing cell populations
in a genome-wide manner.

For the latter, several methods have been developed to efficiently monitor the
behavior of thousands of intact genes. DNA chips are tools that fractionate a
heterogeneous DNA mixture into unknown components, while a complementary
method, called SAGE (Serial Analysis of Gene Expression), has been important
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for identifying transcripts not predicted by sequence information alone [88]. The
two commonly available DNA chips are oligonucleatide chips and DNA
microarrays. A primary technical difference between oligonucleotide chips and
DNA microarrays is the size of their DNA targets. DeRishi et al. [89] showed
how the metabolic and genetic control of gene expression could be studied on a
genome scale using DNA microarray technology. The temporal changes in
genetic expression profiles that occur during the diauxic shift in S. cerevisiae
were observed for every known expressed sequence tag in this genome.

One of the key issues in functional genomics is to relate linear sequence
information to nonlinear cellular dynamics. Toward this end, significant
scientific effort and resources are directed at mRNA expression monitoring
methods and analysis, and at the same time the field of proteomics (the
simultaneous analysis of total gene expression at the protein level) represents
one of the premiere strategies for understanding the relationship between various
expressed genes and gene products [90].

From annotated genomes, we can directly construct the stoichiometric matrix
for the entire metabolic network of an organism, which allows us to determine
metabolic pathways. The genome-specific stoichimetric matrix can be obtained
for any recently sequenced and annotated genome, and it may be used to
synthesize in silico organisms. With this thinking, Palsson and his co-workers
[86,91] constructed an in silico strain of E. coli K-12 from annotated sequence
data and from biochemical information. Using this ir silico microotganism, one
can study the relation between E. coli metabolic genotype and phenotype in the
in silico knockout study [91]. At the heart of this persective is the study of the
system as a whole rather than the detailed study of individual components and
their direct interactions.

It should be noted that it is important to understand the regulation mechanism
of gene and protein expressions as well as metabolic regulation. Recently, we
investigated how culture environments affect those regulations for Synechocystis
using RT-PCR and 2-dimensional electrophoresis as well as NMR and GC-MS
[92]. We found that many genes are differentially regulated according to
different mechanism, and the regulation of metabolic fluxes may be exerted at
the transcriptional, post-transcriptional, translational, post-translational, and
metabolic levels. Although at present, the transcriptomics, proteomics, and
metabolic flux analysis allow high-throughput analysis of gene expression
profiles, each of these techniques has its own advantages and limitation,, and
only their integration may provide us with a detailed gene expression phenotype
at each level and allow us to tackle the great complexity underlying biological
processes.

Finally, it should be stated that a fusion of concepts from biological and
nonbiological disciplines, including mathematics, computer science, physics,
chemistry and engineering is required to address the theoretical and
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experimental challenges facing the field of genomics, and together promise great
breakthroughs in our understanding and engineering cellular systems [87].
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Chapter 3

Engineering of Escherichia coli Central Metabolic
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Succinic acid is an important chemical which is used in a wide
range of applications. Recently, fermentative production of
succinic acid by employing metabolically engineered bacteria
has been drawing much attention. Escherichia coli, the best
studied bacterium, produces only a small amount of succinic
acid. To enhance the succinic acid flux, fluxes of PEP
carboxylation and pyruvate carboxylation, which link C;- and
C,-branch, were amplified. By the overexpression of PEP
carboxylase gene, succinic acid productivity increased by 36%.
The malic enzyme which converts pyruvate to malic acid was
overexpressed, and metabolic flux analysis and metabolic
control analysis were carried out to have an insight into the
metabolism. Intracellular metabolic fluxes were optimized
according to the simulation results, and succinic acid
productivity could be increased by 700%, resulting in the 85%
of maximum theoretical yield.
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Succinic acid is a member of C,-dicarboxylic acid family, and has been
used in many industrial applications including a surfactant, an ion chelator, a
food additive, and a supplement to pharmaceuticals, antibiotics and vitamins
(Figure 1). Succinic acid can also be used as a precursor of several important
chemicals such as 1,4-butanediol, tetrahydrofuran, y-butyrolactone, and other C,
chemicals (7). Especially, succinic acid is an intermediate of several green
chemicals and materials. For example, the ester compound of succinic acid and
1,4-butanediol is used to make biodegradable polymer Bionelle by Showa
Highpolymer Co., Ltd. (Tokyo, Japan). At present, succinic acid is
manufactured by hydrogenation of maleic anhydride to succinic anhydride,
followed by hydration to succinic acid. Only small amount of succinic acid is
produced by microbial fermentation. Recently, much effort is being exerted for
the production of succinic acid and its derivatives by microbial fermentation
using renewable feedstocks (/).

Anaerobiospirillium succiniciproducens and Actinobacillus succinogenes
have been shown to be the most efficient succinic acid producing strains (2, 3,
4). When, continuous cultures of 4. succiniciproducens have been carried out, a
volumetric productivity of 6.1 g succinic acid/L/h could be obtained (3, 3, 6). A
rumen bacteria 4. succinogenes 130Z also produces succinic acid to a high
concentration from various carbon substrates such as glucose, fructose, lactose,
maltose, mannitol, mannose, sucrose, xylose, and cellobiose (4, 7). The
fluoroacetate-resistant mutant of A. succinogenes could produce 110 g/L
succinic acid with the apparent yield of 120 mole succinic acid/100 mole
glucose (7).

In these days, metabolic engineering has become a new paradigm for the
more efficient production of desired bioproducts (8). Metabolic engineering can
be defined as directed modification of cellular metabolism and properties
through the introduction, deletion, and modification of metabolic pathways by
using recombinant DNA and other molecular biological tools (8, 9). E. coli has
been the workhorse for the production of recombinant proteins and various
metabolites. These have recently been several studies on succinic acid
production by metabolically engineered E. coli, which are reviewed in this
chapter.

General strategies for succinic acid production by
metabolically engineered E. coli

Anaerobic metabolic pathway of E. coli is presented in Figure 2. Under
anaerobic condition, E. coli can produce various C,, C;, and C,-compounds as
final products. However, E. coli normally produces C;-compound (lactic acid)
or C,-compound (acetic acid and ethanol) as major product. Only a small
amount of C,-compound (succinic acid) is produced (typically, 7.8% of total
fermentation products) (/0). Therefore, reorientation of carbon flux from the C,-,
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Detergents and surfactants
Health agents
Chelators and corrosion inhibitors
Plant growth stimulants
Food ingredients
Feed additives, Green solvents

Special Chemicals

Commodity
Chemicals Organic acids
Adipic acid Hydroxysuccinimide Maleic acid Malic acid
y-butyrolactone 1.4-butanediol Fumaric acid Aspartic acid
Hydroxysuccinimide Ietrahydrofuran Itaconic acid

Figure 1. Various applications of succinic acid.
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and Cs-branch to the C,-branch is required for the enhanced production of
succinic acid. The representative C,-C, linkages present in E. coli are
phosphoenolpyruvate (PEP) carboxylation and oxaloacetate decarboxylation.
The malic enzyme coded by the sfc4 gene also connects C,- (pyruvate) and C,-
units (malic acid). However, under normal conditions, malic enzyme converts
malic acid to pyruvate without reverse reaction (see below).

Glucose
lGcholysis
TN ]
co, Phosphocnolpyruvatc C
3
ok ~’\TP \ |
P - \ \\
Oxaloacetate
rndhl !
! sfcA _CO, ' ‘
Malic acid | Acetyl- CoA Formic acid
ta
i l P / mx
Fumaric acid Acetyl-P Acetaldehyde
4 ke &
KA a
frdABCDl ac LATP l 2.
Succmlc acid Acetic acid Ethanol

Figure 2. Anaerobic metabolic pathways in E. coli. The thick arrows
represent C3-Cy linkages. The open triangle direction does not
normally operate in E. coli. Enzymes encoded by the genes shown are:
ppc, PEP carboxylase; pck, PEP carboxykinase; mdh, Malate
dehydrogenase,; pyk, Pyruvate kinase; \dhA, Lactate dehydrogenase;
pfl, Pyruvate formate-lyase, pta, Phosphotransacetylase; ackA, Acetate
kinase,; adhE, Alcohol/acetaldehyde dehydrogenase, sfcA, Malic
enzyme,; fumB, Fumarase B; frd ABCD, Fumarate reductase.
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Amplification of PEP carboxylation flux

Millard et al. (//) reported the results of the amplification of PEP
carboxylation reaction to direct more carbon flux toward C,-branch. As
presented in Figure 2, PEP carboxylase functions to direct PEP to oxaloactate. It
is an important enzyme of the anepleoretic pathway, since it functions to supply
additional oxaloacetate, which is consumed in biosynthetic pathways, to TCA
cycle under aerobic condition. PEP carboxykinase plays an important role in
gluconeogenesis. It catalyzes the phosphorylation of oxaloacetate to PEP with
concomitant consumption of ATP. PEP carboxylase and PEP carboxykinase
form a futile cycle, in which ATP is consumed without any product, when the
PEP carboxykinase gene is overexpressed (/2). Overexpression of PEP
carboxylase gene resulted in a significant increase in the amount of succinic acid
produced, while overexpression of PEP carboxykinase gene did not. When cells
with amplified PEP carboxylase gene were cultivated in LB medium under
anaerobic condition, the amount of succinic acid produced increased from 3.27
to 4.44 g/L (11).

The anaerobic PEP carboxykinase of A4. succiniciproducens was also
overexpressed in E. coli (13). It was supposed that the PEP carboxykinase of 4.
succiniciproducens is more suitable for the production of succinic acid since it
produces ATP and conserves the free energy of PEP, while the PEP carboxylase
of E. coli dissipates the free energy of PEP. The sequence of A.
succiniciproducens PEP carboxykinase was found to be similar to those of all
known ATP/ADP dependent PEP carboxykinases. Especially, the amino acid
sequence of A. succiniciproducens PEP carboxykinase was 67.3% identical and
79.2% similar to that of E. coli PEP carboxykinase. Overexpression of the A4.
succiniciproducens PEP carboxykinase gene in E. coli, however, did not result
in any increase in the amount of succinic acid produced (7 3).

Amplification of pyruvate carboxylation flux

The NAD"-dependent malic enzyme was overexpressed to reorient pyruvate
to C,-branch and to enhance succinic acid production (74, 15). In normal E. coli
metabolism, however, the majority of pyruvate is dissipated through C, and C;-
branches, and acetic and lactic acids are produced as major products under
anaerobic condition. It is due to the higher affinities of lactate dehydrogenase
and pyruvate formate-lyase to pyruvate compared to that of NAD"-dependent
malic enzyme. In addition, the K,, value of malic enzyme for pyruvate (16 mM)
is much higher than that for malic acid (0.26 mM), which means that malic acid

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Downloaded by NORTH CAROLINA STATE UNIV on September 14, 2012 | http://pubs.acs.org
Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch003

35

is not produced from pyruvate under normal cultivation condition. Therefore, a
mutant E. coli strain NZN111, in which pyruvate-formate lyase and lactate
dehydrogenase are partially blocked, was used. By double inactivation of
pyruvate-formate lyase and lactate dehydrogenase genes, anaerobic pyruvate
dissipation pathways are mostly blocked and the accumulated pyruvate is
directed to C,-branch by the malic enzyme (/4, 15). Moreover, this strategy is
superior in the energetic point of view. If two pathways of converting PEP to
malic acid are compared, this latter pathway mediated by pyruvate kinase and
malic enzyme is superior because ATP is produced when PEP is converted to
pyruvate by pyruvate kinase, while the free energy of PEP is dissipated through
the conversion of PEP to oxaloacetate (Figure 2). The NAD'-dependent malic
enzyme gene was overexpressed under the control of #r¢ promoter in NZN111
to convert accumulated pyruvate to malic acid. Then, malic acid was further
converted to succinic acid. At the end of cultivation in LB medium under
anaerobic condition, 12.8 g/L succinic acid was produced and the apparent yield
of succinic acid was 1.2 g succinic acid/g glucose. The malic enzyme of Ascaris
suum was also overexpressed in E. coli NZN111 (I6). The amount of succinic
acid produced increased from 2.06 to 7.07 g/L, and succinic acid was produced
as a major product.

In contrast with the results of flask culture, a considerable amount of malic
acid, an intermediate metabolite in succinic acid producing pathway, was also
produced in the fermentor scale studies. Therefore, metabolic flux analysis
(MFA) was carried out to examine the change of metabolism in this
recombinant NZN111 strain (/5). By the use of MFA technique, the
intracellular metabolic fluxes can be quantified by the measurement of
extracellular metabolite concentrations in combination with the stoichiometry of
intracellular reactions (8, /7). This system, however, could not be analyzed by
conventional metabolic flux analysis techniques, since the intracellular
accumulation of pyruvate was required for the conversion of pyruvate to malic
acid (see above). Therefore, a new flux analysis method was proposed by
introducing intracellular metabolite pools to mimic the intracellular
accumulation of metabolites. From the results of MFA, it was found that
conversion of malic acid to succinic acid became a new controlling step in this
engineered pathway (/5).

To identify the bottleneck, metabolic control analysis (MCA), which is a
statistical modeling technique that can be used to understand the control of
metabolic pathways and pathway regulations, was carried out. From the results
of MCA, it was found that the succinic acid flux is highly sensitive to the
activity of fumarate reductase. Redox balance is thought to be an important
factor affecting the activity of fumarate reductase (/8). According to the results
of MCA, sorbitol which produces six moles of [H] during its conversion to PEP
was examined as a carbon substrate to supply additional reducing power to the
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system (Figure 3). When NZNI111 harboring pTrcML containing the E. coli
NAD"-dependent malic enzyme was cultured in LB medium containing 20 g/L
sorbitol in a 5 L fermentor, 10 g/L of succinic acid which is 7 times higher than
that obtained with wild type E. coli strain was produced. The apparent yield of
succinic acid was 1.1 g succinic acid/g sorbitol, which is 85% of the maximum
theoretical yield (Hong and Lee, manuscript submitted).

Recently, a mutant strain of NZN111, AFP111 having a spontaneous ptsG
gene (which encodes the glucose-specific permease of the phosphotransferase
system) was isolated (79, 20). AFP111 produced 2 moles of succinic acid, 1
mole each of acetic acid and ethanol from 2 moles of glucose. When the
disrupted ptsG gene was introduced to a /dhA4 pfl double mutant strain DC1327,
the strain restored the glucose fermentation ability and produced succinic acid,
acetic acid and ethanol at a molar ratio of 2:1:1, which is equivalent to those
obtained with AFP111. From these results, it is obvious that inactivation of the
ptsG gene redirect metabolic fluxes towards succinic acid production, even
though the exact mechanism of this effect is not clear.

1/2 Glucose 1/2 Sorbitol

t’Z[H] % 3[H]

Phosphoenolpyruvate

2[H \
2[H]

2[H]
Malic acid 4———{—— Pyuvate Lactic acid

v Formic aci
Fumaric acid Acetyl-CoA
2[H] -] 4[H]
v
Succinic acid Acetic acid Ethanol

Figure 3. Redox balance in E. coli NZN] 11 using glucose or sorbitol as
carbon source. The formation and consumption of reducing power, [H],
are shown.
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Conclusions

As reviewed above, several metabolic engineering strategies have been
successfully employed for the enhanced production of succinic acid by E. coli.
Through the amplification of the fluxes of PEP carboxylation and pyruvate
carboxylation, succinic acid could be produced to a high concentration with a
high yield and productivity in metabolically engineered E. coli. Furthermore,
MFA and MCA allowed thorough understanding of metabolic pathways for
designing better pathways (75, 21). As demonstrated in NZN111 fermentation
studies, however, it is important to consider not only carbon flux but also the
redox balance between the substrate and product for the production of primary
metabolites.

Considering the limited nature of fossil fuels and pollution problems caused
by petroleum industry, it is expected that biologically produced chemicals will
eventually replace much of commodity chemicals currently based on
petrochemicals. As further improvement of microbial strains is made by
metabolic engineering, the cost effective production of succinic acid from
renewable resources will be achieved.

Acknowledgement

Our work described in this paper was supported by the National Research
Laboratory Program (2000-N-NL-01-C-237) of the Korean Ministry of Science
and Technology (MOST).

References

1. Zeikus, J. G.; Jain, M. K.; Elankovan, P. Appl. Microbiol. Biotechnol. 1999,
51.545-552.

2. Lee, P. C; Lee, W. G.; Kwon, S.; Lee, S. Y.; Chang, H. N. Enzyme. Microb.
Technol. 1999, 24, 549-554.

3. Lee, P. C.; Lee, W. G.; Kwon, S. H.; Lee, S. Y.; Chang, H. N. Appl.
Microbiol. Biotechnol. 2000, 54, 23-27.

4. Van der Werf, M. J.; Guettler, M. V.; Jain, M. K.; Zeikus, J. G. Arch.
Microbiol 1997, 167, 332-342.

5. Lee, P. C; Lee, W. G,; Lee, S. Y.; Chang, H. N. Process Biochem. 1999, 35,
49-55.

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Downloaded by NORTH CAROLINA STATE UNIV on September 14, 2012 | http://pubs.acs.org

Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch003

38

6. Lee, P. C.; Lee, W. G; Lee, S. Y.; Chang, Y. K.; Chang, H. N. Biotechnol.

Bioprocess Eng. 2000, 5, 379-381.

7. Guettler, M. V.; Rumler, D.; Jain, M. K. Int. J. Syst. Bacteriol. 1999, 49, 207-

216.

8. Edwards, J. S.; Ramakrishna, R.; Schilling, C. H.; Palsson, B. O. In Metabolic

engineering; Lee, S. Y.; Papoutsakis, E. T.; Ed.; Marcel Dekker: NY, 1999,
pp 13-57.

9. Bailey, J. E. Science 1991, 252, 1668-1674.

10.

11.

12.
13.

14.
15.

16.
17.

18.

19.

20.

21.

Neijssel, O. M.; de Mattos, M. J.; Tempest, D. W. In Escherichia coli and
Salmonella; Neidhardt, F. C.; Ed.; ASM press: WA, 1996, pp 1683-1692.
Millard, C. S.; Chao, Y.; Liao, J. C.; Donnelly, M. 1. Appl. Environ.
Microbiol. 1996, 62, 1808-1810.

Flores, C. L.; Gancedo, C. FEBS Lett. 1997, 412(3), 531-534.

Laivenieks, M.; Vieille, C.; Zeikus, J. G. Appl. Environ. Microbiol. 1997, 63,
2273-2280.

Stols, L.; Donnelly, M. L. Appl. Environ. Microbiol. 1997, 63, 2695-2701.
Stols, L.; Kulkarni, G.; Harris, B. G.; Donnelly, M. 1. Appl. Biochem.
Biotechnol. 1997, 63-65, 153-158.

Hong, S. H., Lee, S. Y. Biotechnol. Bioeng. 2001, 74(2), 89-95.

Nielsen, J.; Villadsen, J. In Bioreaction engineering principles; Nielsen, J.;
Villadsen, J.; Ed.; Plenum press: NY, 1994, pp 97-161.

Maklashina, E.; Cecchini, G. Arch. Biochem. Biophys. 1999, 369(2), 223-
232.

Donnelly, M. I.; Millard, C. S.; Clark, D. P.; Chen, M. J.; Rathke, J.W. Appl.
Biochem. Biotechnol. 1998, 70-72, 187-198.

Chatterjee, R.; Millard, C. S.; Champion, K.; Clark, D. P.; Donnelly, M. 1.
Appl. Environ. Microbiol. 2001, 67, 148-154.

Hong, S. H.; Lee, S. Y. J. Microbiol. Biotechnol. 2000, 10(4), 496-501.

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Downloaded by STANFORD UNIV GREEN LIBR on September 14, 2012 | http://pubs.acs.org
Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch004

Chapter 4

Metabolic Control Analysis in Glutamate Synthetic
Pathway: Experimental Sensitivity Analysis at a Key
Branch Point

Hiroshi Shimizu, Hisaya Tanaka, Akinori Nakato,
Keisuke Nagahisa, and Suteaki Shioya*

Department of Biotechnology, Graduate School of Engineering,
Osaka University, 2—-1 Yamadaoka, Suita Osaka 565-0871 Japan

Experimental method for metabolic control analysis (MCA)
was applied to investigation of a metabolic network of
glutamate production by Corynebacterium glutamicum. Flux
distribution at a key branched point of 2-oxoglutarate was
investigated in detail. Enzyme activities of isocitrate
dehydrogenase (ICDH), glutamate dehydrogenase (GDH),
and 2-oxoglutarate dehydrogenase complex (ODHC) around
the branched point were changed, using some genetically
engineered strains and controlling environmental conditions.
It was quantitatively found that the greatest impact on
glutamate production around the branch point was obtained
by attenuation of the ODHC activity.
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Introduction

Metabolic Engineering is a methodology of a target improvement for
metabolite formation or cellular properties through the modification of specific
biochemical reactions in the complicated metabolic networks (1, 2). To enhance
the target product in bioprocesses, both genetic improvement of metabolic
pathway and process operation strategies are very important. Recently wide
varieties of methodologies in metabolic engineering have been developed:
metabolic flux analysis based on the measurements of extracellular metabolites
reaction rates (3) and/or '°C isotope labeling and enrichment measurements in
metabolites (4), analysis of control mechanism in the complicated metabolic
networks (metabolic control analysis (MCA))(5, 6), and application of
metabolic flux distribution analysis to operation and control of bioprocesses (7).

It has been well known that there are some triggering operations for
glutamate production in C. glutamicum: depletion of biotin which is required
for cell growth, addition of a detergent such as polyoxyethylene sorbitan
monopalmitate (Tween 40), and addition of a lactum antibiotic such as
penicillin. It was reported that decrease in activity of 2-oxoglutarate
dehydrogenase complex (ODHC) and enhancement of glutamate production
were observed after these triggering operation (8). The aim of this article is to
determine quantitatively the degree of impact of changes in the enzyme
activities around a key branch point, 2-oxoglutarate on a target flux of
glutamate.

A metabolic reaction (MR) model was constructed for central carbon
metabolism and glutamate synthetic pathways, and consistency of the model
was statistically checked. Metabolic flux distribution was analyzed in detail by
using the developed MR model. Especially, flux distribution at a key branched
point of 2-oxoglutarate was investigated in detail. Enzyme activities of
isocitrate dehydrogenase (ICDH), glutamate dehydrogenase (GDH), and 2-
oxoglutarate dehydrogenase complex (ODHC) at the branched point were
changed, using two genetically engineered strains and controlling
environmental conditions. GDH and ICDH were enhanced in two
transformants with each plasmid, which involved plasmids encoding
homologous gdh and icd genes, respectively. ODHC activity was attenuated by
biotin deficient condition.

The mole flux distributions in these strains were calculated by the
metabolic reaction (MR) model, and the effect of the changes in the enzyme
activities on the mole flux distributions were compared with each other.
Sensitivity of enzyme activity changes on the glutamate production was
evaluated by flux control coefficients (FCCs), which are defined by sensitivity
of relative change in the steady state flux resulting from infinitesimal change in
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the activity of enzyme of the pathway (9). In this article, FCCs for the effect of
enhancement of ICDH and GDH, and effect of attenuation of ODHC at the
branch point, on the glutamate flux were quantitatively evaluated by the FCCs.
The FCCs were experimentally determined by the method using large
perturbation theory (5, 6) without precise kinetic information.

Materials and Methods

Microorganisms and Medium

Corynebacterium glutamicum AJ-1511 (ATCC13689) was used as a wild
type strain of the glutamate producing microorganism. C. glutamicum AJ13678
and AJ13679 were genetically engineered strains which harbored plasmids with
homologous gdh and icd genes, respectively. Strain, plasmid, relevant
characteristics are summarized in Table I. Elemental composition analysis has
shown the dry cell composition of AJ1511 strain to be C417H7320:14:N (ash
content was 4.6%). It was assumed that the elemental compositions of the
transformant strains of AJ13678 and AJ13679 were the same as that of AJ1511.

Table 1. Bacterial Strains and Plasmids Used in This Study

Strains and Plasmids Relevant Characteristics

Corynebacterium gluatmicum AJ1511 wild type strain

(ATCC13869)

Corynebacterium glutamicum AJ13678 transformant of AJ1511 with
pGDH

Corynebacterium glutamicum AJ13679  transformant of AJ1511 with
pICDH

pGDH gdh (10), Cm', ori

pICDH icd (11), Km', ori

Medium with following composition was used for the preculture and main
culture (per liter deionized water): 80 g glucose, 30 g (NH,),SO,, 10 g KH,POy,,
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0.4 g MgSO, * TH,0, 0.01 g Fe SO, « 7TH,0, 0.01 g Mn SO, * 5H,0, 200 ug
vitamin B1 + HCI, 3 pg biotin, 480 mg-N soybean protein hydrolysate.

Cultivation Conditions

All cultivations were done in batch mode. A 5L jar-fermentor (KMJ-5B,
Mitsuwa, Japan) with a liquid working volume of 3L was used for fermentation.
The temperature was controlled at 31.5°C and pH was maintained at 7.20 by
addition of 28% ammonia water. Dissolved oxygen concentration was
maintained at higher levels than 3.0 mg/L by manipulating agitation speed in
the range of 100 — 700 revolution per minute. Aeration rate was kept at one
vvm.

Online Measurement

The data of CO, and O, concentrations in exhaust gas were measured by
gas analyzers (CO, analyzer, Fuji Electric Co., Japan and O, analyzer, Fuji
Electric Co., Japan), respectively. Cell concentration was measured by laser
turbidimeter (LA-300LT, ASR Co., Japan). Addition rate of ammonia water
was monitored by electric balance (FX-6000, Kensei Kogyo Co. Inc., Japan).
All these data were input to a data logger (Thermic, Eto Electric Co., Japan)
and transferred to the personal computer (PC-286VE, Epson Co., Japan) by RS-
232C multiplexer.

Offline Measurement

Cell concentration was measured by ODge. Glucose and glutamate
concentrations were measured enzymatically by glucose analyzer (Model-2700,
YSI, USA) and Bioanalyzer (BF-400, Oji Electric Co., Japan). To determine
enzyme activities, cells were washed twice with 0.2 N KCl and resuspended in
Tris-HC1 buffer. Cells were disrupted by sonication and the supernatant was
used as cell extract. The enzymes activities were assayed photometrically at
31.5°C in 1 mL of a reaction mixture. The reaction mixture for ICDH activity
assay contained 35mM Tris-HCl, 1.5SmM MnSO,, 0.lmM NADP’, 1.3mM
isocitrare. The ICDH activity was measured from increase in the absorption at
340 nm. (11).

The reaction mixture for GDH activity assay contained 100mM Tris-HCI,
20mM NH,CI, 0.25mM NADPH, 10 mM 2-oxoglutarate. The GDH activity
was measured from decrease in the absorption at 340 nm. (10).

The reaction mixture for ODHC activity assay contained 100mM N-
tris(hydroxymethyl)methyl-2-aminoethanesulfornic acid (TES)-NaOH, 0.2
mM Co-enzyme A, 0.3m M thiamine pyrophosphate, ImM 2-oxoglutarate,
3mM cysteine, SmM MgCl,, and 1mM 3-acetylpyridine adenine dinucreotide,
the last of which was used instead of NAD". The enzyme activity was measured
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from increase in the absorption at 365 nm (8). The protein concentration was
measured by protein assay kit (Biorad Co., USA).

Metabolic Reaction Model

Metabolic map for glutamate synthesis is shown in Figure 1.
Stoichiometric representations are summarized in Tablell.

5/3ANADH

I'10=61.8

Fig.1 Metabolic map of central
carbon metabolism and glutamate
production. Flux distribution of AJ1511
in the growth phase is also shown.

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Downloaded by STANFORD UNIV GREEN LIBR on September 14, 2012 | http://pubs.acs.org
Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch004

44

Table IL. Metabolic Reaction Model for Glutamate Production

(Phosphotransferase system)

11: Gluc +PEP=>G6P+pyr
(Glycolysis)

1,: G6P=>F6P

r3: FGP+ATP=>2GAP
14:GAP=>PEP+ATP+NADH

15: PEP=>pyr +ATP

(TCA cycle and glutamate synthesis)
1s: pyr+Oxa=>IC+CO,+NADH

I7. Ic=>KG+COZ+NADPH

rs: KG=>SucCoA+CO,+NADH

19: KGHNH;+NADPH=>Glu

110: SucCoA=>0xa+5/3NADH+ATP
(Anaplerotic pathway)

111: PEP+CO,=>0Oxa

(Pentose phosphate pathway)

I12: 3G6P=>2F6P+GAP+3CO,+6NADPH
(Lactate synthesis)

T13: pyr+NADH=>Lac

(Anabolism)

I14: Bo. GEP+B(1-0r) pyr+NH;HDW/Y p1p)+1.06NADPH=> C,; 17H73201 92N
(Oxidative phosphorylation)

Tis: NADH+02=>2(P/ O)ATP
(Excess ATP)

g ATP=>ADP

Abbreviation: Gluc, glucose; G6P, glucose-6phosphate; PEP, phosphenolpyruvate; pyr,
pyruvate; F6P, fructose-6phosphate; GAP, glycelardehyde-3-phosphate; IC, isocitrate;
KG, 2-oxoglutarate; SucCoA, succinyl CoA; Oxa, oxaloacetate; Lac, lactate

In this model, it was assumed that GTP and FADH were equivalent to ATP
and 2/3NADH, respectively. Parameters o and  were to be 0.8 and 0.76,
respectively. (P/O), Yarp, and molecular weight of the cell, DW, were to be, 2.0,
10.0 (g-cell/mol-ATP), and 107.5 g/moll-cell, respectively. Glyoxylate shunt
was ignored because the activity of isocitrate lyase at the entrance of glyoxlate
shunt was very low under glucose rich condition. Glutamine synthetase-
glutamine-oxoglutarate aminotransferase (GS-GOGAT) system was also
ignored because the GDH was main pathway to NH, uptake under nitrogen rich
condition in the Corineform bacteria.
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The material balances of intracellular and extracellular metabolites are
represented in eq.(1).

Ar, =rm )]

where 7, (16x1), and ;m (19x1) are the calculated reaction rate vector and

measured reaction rates with measured errors vector represented as

re=ln n n .. nef @)
and

m =[ Vgluc Veell YGlu ¥CO2 Y02 YNH3 VLac
T
¥Gep V'F6P YGAP YPEP Ypy ¥IC YKG ¥SucCoA VOxa YATP ¥NADH ”NADPH]

3)
respectively. A4 is a stoichiometric coefficients matrix (19x16).

Metabolic Flux Analysis (MFA)

Reaction rates of glucose uptake, cell growth, glutamate synthesis, CO,
evolution, O, uptake, ammonia uptake, lactate synthesis were measured, and
intracellular metabolites accumulation rates were to be zero because of pseudo
steady state assumption. Since the system has redundancy of measurement
(degree of freedom is three), 7, is determined with reconciled measured values

by a least square method (9) as

re = [AT A]'IAT P @

where 7, is a reconciled measured reaction rate vector given by rm and the

estimated measured error vector, S as
g =rm—0 (5)

where d is determined with the information of variance-covariance matrix of
measured errors. The consistency of the metabolic reaction model was checked
by comparison the consistency index of the developed model, A, with
statistics value of the degree of redundancy of the system (9).
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Determination of Flux Control Coefficients (FCCs) Based on
the Large Perturbation Theory

Flux control coefficients, FCCs, C; k , are defined as relative effects of
infinitesimal changes in the activities of enzymes on changes in the steady state

ﬂuxeS.
k / "k 6
( )

Ci - 68,'
€

where e; and J; are enzyme activity of reaction i and flux of reaction k,
respectively. At the branch point such as 2-oxoglutarate in glutamate
production, nine FCCs are defined because there are three enzyme activities
and three fluxes at the branch point. To determine FCCs experimentally, many
methodologies have been proposed (9). Among them a bottom up approach was
based on the kinetic model of the metabolic pathway, which is very robust if the
kinetic model represents the real metabolic pathway. However, there exist
difficulties to construct the good kinetic model because it is necessary to
identify many kinetic parameters in the model. An approach to draw the figure
of relationship between e; and J; experimentally, also encounters some
difficulties because many different plots of e; and J, are necessary and this fact
requires a lot of genetically engineered strains. A large perturbation theory is a
method based on the linear reversible enzyme reactions network, and this
method is available for analysis of branch point, using small number of
perturbation experiments of enzyme activities and metabolic flux distribution
data (5, 6, 12).

Determination Method of FCCs with Fluxes and Enzyme Activities Data
In the large perturbation experiments at the branch point, first deviation

index, Df , are determined experimentally as

y

J"

k k

D; =

z Aei (7)
eir

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washmgton DC, 2002.



Downloaded by STANFORD UNIV GREEN LIBR on September 14, 2012 | http://pubs.acs.org
Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch004

47

where AJy, Ji, Ae;, and e] are large perturbaticn of flux of k reaction,

perturbed flux of k reaction, large perturbation of enzyme activity of i reaction,
and perturbed enzyme activity of i reaction, respectively.
FCCs are determined by deviation index with the correction factors Fik as

k k -k
ck = pkF, ®
Fik are given as (9, 12)
T |
R 1_Cl! _'r_
) R — — ®
: kY -1
1-D; —
4]

where ; are enzyme activity amplification factors defined as the ratio of the
perturbed enzyme activity to the original enzyme activity of the reaction i as

(10

-~
(\"Q
Soly

As for the reaction directly catalyzed by the perturbed enzyme FCC is exactly
coincided with the deviation index as

¢} =D} an

Fl =1 (12)

14

After FCCs are determined by above equations, flux change is predicted by the
specified change in enzyme activity. Flux amplification factor is defined as the

ratio of perturbed flux to the original flux, fik ,as
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Jr
1k =_k0 (13)
Ik

The flux amplification factors is calculated from the information of determined
FCCs and enzyme amplification factors as

fhe— 14)
171
l—Ci _

T

From the determined flux amplification factors, it is predicted how flux will be
changed when the new genetic modification is introduced in the metabolic
pathway.

Results and Discussion

Metabolic Flux Analysis by The Constructed MR Model

The MR model shown in Table II and eq. (1) was constructed, and
consistency of the model was checked by using the consistency index. When the
ammonia addition rate for pH control was assumed to be ammonia uptake rate,
large residual error was observed and the MR model was not consistent. Taking
into account decrease in pH due to accumulation of glutamate in the medium,
the estimated values of ammonia uptake rate were corrected. The model with
the corrected measured values of ammonia uptake rate was consistently
satisfied by the % statistics. Here after this model was used for flux distribution
analysis. As an example, flux distribution of wild type strain AJ1511 in the
growth phase was shown in Fig.1.

Metabolic Flux Distribution at the 2-Oxoglutarate Branch Point in
Perturbed Experiments

Metabolic flux distribution was analyzed in all the strain of AJ1511,
AJ13678 and AJ13679. In this article the flux distribution at the key branch
point of 2-oxoglutarate is focused on. By using the strains of AJ13678 and
AJ13679 and biotin depletion condition, respectively, effects of the
amplification and attenuation of enzyme activities on the glutamate flux were
analyzed. The flux distribution at the 2-oxoglutarate is shown in Table III and
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the amplification factors based on the flux distribution analysis was
summarized in Table IV.

Table III. Comparison of Normalized Fluxes at 2-Oxoglutarate

WT* ICDH ODHC GDH
enhanced® attenuated ° enhanced®
J;ICDH) 0.73 0.93 0.68 0.83
J3(ODHC) 0.62 0.66 0.15 0.71
Jo(GDH) 0.11 0.27 0.53 0.11

a: fluxes of wild type strain AJ1511 were estimated before biotin depletion.

b: fluxes of icd enhanced strain of AJ13679 were estimated.

c: fluxes after ODHC attenuation of wild type strain were estimated after biotin
depletion with both experimental data of AJ1511 and AJ13679.

d: fluxes of gdh enhanced strain of AJ13678 were estimated.

Table IV. Enzyme Activity Amplification Factors r; and Flux Amplification
Factors fik in ICDH, ODHC, and GDH perturbed experiments

ICDH ODHC GDH
enhanced ® attenuated® enhanced °
¥i 2.96 0.52 3.21
fi k
J>,(ICDH) 1.27 0.93 1.13
Js(ODHC) 1.06 0.24 1.15
Jo(GDH) 241 477 1.02

a: AJ13679 (ICDH enhanced) compared with those of AJ1511 (wild type).
b: before biotin depletion were compared with after biotin depletion of AJ1511
c: AJ13678 (GDH enhanced) compared with those of AJ1511.

It was found that enhancement of ICDH and GDH did not change flux
distribution at the branch point of 2-oxoglutarate. Even though ICDH and GDH
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activities were enhanced 2.96 and 3.21, respectively, more than 70 % of carbon
flux still flows into TCA cycle. On the other hand, when ODHC activity was
decreased to around 50 % after depletion of biotin, dramatic changes in fluxes
of GDH and ODHC were given. More than 75 % carbon directed into
glutamate production. Trend of time courses of enzyme activities, glutamate
production and growth was almost the same as those reported previously (8).

By using the data of Table IV, Deviation index and FCCs were determined,
and calculation results are summarized in Table V.

Table V. Deviation Index Dik and FCCs C ,k at 2-Oxoglutarate

ICDH ODHC GDH
enhanced attenuated enhanced
ot
J,(ICDH) 0.32 0.08 0.17
Js(ODHC) 0.09 3.43 0.19
Jo(GDH) 0.88 -0.84 0.025
ct
J,(ICDH) 0.32 0.33 0.19
Js(ODHC) 0.08 3.43 0.22
Jo(GDH) 1.67 -16.9 0.025

The FCCs of ODHC attenuation on glutamate production became negative
value because glutamate production was enhanced by decrease in ODHC
activity, namely competitive pathway showed negative sensitivity. The most
important issue in Table V is that the greatest impact on glutamate production
indicates the greatest absolute value of the FCC. The greatest value of FCC is
one of the ODHC attenuation. Second impact on glutamate production was
given by ICDH enhancement, and GDH enhancement was not effective for
glutamate production. These flux distribution analysis and FCCs data
quantitatively supported that GDH and ICDH enhancements did not change
glutamate production effectively (10, 11) but ODHC attenuation after biotin
depletion was a trigger of glutamate production (8).

As shown in Table III and IV, when GDH and ICDH were enhanced
glutamate production was not changed significantly. Especially, GDH did not
make any impact on glutamate flux. This is a clear evidence that the GDH does
not have large responsibility for glutamate flux. From the view point of kinetics,
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it is speculated that Km value of GDH for 2-oxoglutarate concentration is very
large and the elasticity of this enzyme is very large. FCCs values in Table V
indicated the grades of impact of changes in enzyme activities on fluxes.

Summation of all FCCs for the enzyme activity changes on each flux was
not unity and this result would become a controversial problem. One reason is
clearly that there are no constraints related with summation theorem in the
FCCs determination method used here. This fact suggested that there are other
enzymes which did not exist around 2-oxoglutarate had possibility to control
metabolic network flux. Upstream of ICDH would have the responsibility to
determine the glutamate flux. Alternative method to determine FCCs with
summation theorem constraints has been also developed (6). The results by this
method strongly suggested upstream of ICDH has more responsibility. This
results will be published in the near future.

Prediction of Flux Change from Change in Enzyme Activity

Flux change from change in the specified enzyme activity was estimated by
the determined FCCs shown in Table V. The prediction results are summarized
in Table VI. The flux amplification factors were predicted as example cases
when ICDH, ODHC, and GDH activities were changed 5 times, 1/5 times, and
5 times, respectively.

Table VI Predicted Flux Amplification Factors fik at
2-Oxoglutarate

ICDH ODHC GDH

5 X enhanced  1/5 X attenuated 5 X enhanced
fik
J,(ICDH) 1.35 0.91 1.16
Js(ODHC) 1.08 0.06 1.18
Jo(GDH) 2.80 5.60 1.02

The 5.6 times larger glutamate flux is given by the 1/5 attenuated ODHC
activity, comparing with the original strain. This modification should be
selected as the best candidate to improve glutamate production in
Corynebacterium glutamicum.
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Chapter 5

Biological Production of Xylitol by Candida tropicalis
and Recombinant Saccharomyces cerevisiae
Containing Xylose Reductase Gene
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Xylitol, a natural sweetener, was produced from xylose using
Candida tropicalis ATCC 13803 and recombinant
Saccharomyces cerevisiae containing the xylose reductase
gene from Pichia stipitis in various culture modes. A two-
substrate fermentation was designed in order to increase
xylitol yield and volumetric productivity for C. tropicalis:
glucose was used for cell growth and xylose for xylitol
production.  Computer simulation was undertaken to
optimize the two-substrate fermentation using kinetic
equations describing rates of cell growth and xylose
bioconversion as a function of ethanol concentration. The
optimized two-substrate fermentation resulted in xylitol yield
of 0.81 g-xylitol/g-xylose and volumetric productivity of
5.06 g-xylitol/L-hr, which are in good agreement with the
computor simulation results. To improve xylitol
productivity and final xylitol concentration without
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sacrificing xylitol yield, cell-recycle fermentations were
attempted. A series of cell-recycle experiments showed that
the feeding of xylose, glucose and yeast extract in the xylitol
production phase was the most effective in enhancing xylitol
productivity. A metabolically engineered Saccharomyces
cerevisiae containing a xylose reductase gene from Pichia
Stipitis was employed in an attempted to improve xylitol
yield further. The recombinant S. cerevisiae strain in the
optimized fed-batch culture resulted in xylitol yield of 0.95
g-xylitol/g-xylose and xylitol productivity of 1.69 g-
xylitol/L-hr.

Introduction

Xylitol, a five-carbon sugar alcohol, is a reduction product of xylose and
found naturally in plants, fungi, microorganisms, and the human body (in which
the liver alone can synthesize 5 to 15 g of xylitol daily) (/). It has a sweetness
equivalent to sucrose with an extreme cooling effect and has been used as a
sweetening agent in human foods (2, 3). Recently, it has been gaining
significance as an alternative sweetener due to its functional properties such as
reducing the development of dental caries (cavities) and insulin non-dependency
in metabolic regulation. It can be used as a sugar substitute by diabetics and
glucose-6-phosphate dehydrogenase deficient individuals since it does not
require insulin and glucose-6-phoaphate dehydrogenase for regulation of
metabolism (4, 5). Xylitol is currently produced by chemical hydrogenation of
xylose in hemicellulose hydrolyzates using Ni/Al,O; as a catalyst. The product
cost is high due to difficulties of purification and separation of xylitol, removal
of by-products from hemicellulose hydrolyzates and a low yield of 40~50 %
based on xylan (6). Even though enzymatic conversion of xylose to xylitol is
possible by using NAD(P)H-dependent xylose reductase from a technical aspect,
the enzymatic process is not feasible from an economic standpoint as the
continuous regeneration of NAD(P)H is required. Instead, microbial conversion
for xylitol production has been employed by using Candida species such as C.
pelliculosa (7), C. boinidii (8), C. guilliermondii (9), C. parapsilosis (10, 11)
and C. tropicalis (12, 13). The microbial process has several advantages
compared with the chemical process in terms of selective conversion of xylose to
xylitol with high yield. In the xylose metabolism of C. tropicalis, xylose was
taken up by a specific transferase and reduced to xylitol by xylose reductase
(XR) with NADPH followed by conversion to xylulose by xylitol dehydrogenase
(XDH) with NAD" (Figure 1). Xylulose is then used for cell growth and
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Figure 1. Metabolic pathway of xylose in C. tropicalis
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NADPH regeneration through the pentose phosphate pathway after conversion to
xylulose-5-phosphate by xylulose kinase with ATP as a cofactor. To obtain high
xylitol yield, the xylose flux to xylulose has to be controlled by oxygen supply
sufficient for regeneration of NADPH and cell maintenance. Low oxygen levels
are also required for xylitol production because they decrease the NAD/NADH
ratio, which favors the xylitol dehydrogenase-catalyzed reaction to xylitol
accumulation by changing the equilibrium constant.

For the continuous production of xylitol from xylose, immobilization
techniques of whole cells have been used (/4). Calcium alginate,
polyacrylamide, and non-woven fabric were used as the entrapping materials of
cell immobilization. Cell immobilization techniques could improve the
productivity, but were associated with a lower mass transfer rate from a bulk
flow to cells, and leakage of cells into the medium (/5). In order to solve the
problems involved in the cell immobilization system, a cell-recycle fermentation
system with a hollow fiber membrane was used to keep high concentration of
cells as biocatalysts for conversion of xylose to xylitol. Specifically, the
composition of the feeding solution in the xylitol production period was
optimized for high productivity.

Natural xylose-fermenting yeasts utilize a fraction of xylose for cell growth
and endogenous metabolism, resulting in decreased xylitol yield. A recombinant
S. cerevisiae strain transformed with the xylose reductase gene (XYL/) could
allow the efficient conversion of xylose to xylitol with high yields over 95 % as
xylitol is not further metabolized to xylulose (16). Wild type S. cerevisiae is
known to lack the metabolic pathway to convert xylose to xylulose via xylitol. A
metabolically engineered S. cerevisiae strain containing the xylose reducing gene
from P. stipitis was analyzed in order to produce xylitol from xylose. A two-
substrate fermentation process has been adopted: glucose is used as an energy
source for cell growth and co-factor regeneration and xylose as a substrate for
conversion to xylitol.

This paper summarizes research efforts on xylitol production which have
been performed in my laboratory, to compare the fermentation characteristics of
wild type C. tropicalis and recombinant S. cerevisiae.

Materials and Methods

Microorganism and Culture Conditions

C. tropicalis ATCC13803 was maintained at 4 °C on a YPX agar plate
containing 10 g/L yeast extract, 20 g/L bactopepton, 20 g/L xylose and 15 g/L
agar. The medium composition for inoculation and main culture was the same as
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the maintenance medium except for carbohydrate concentrations. Twenty g/L
glucose and 60 g/L. xylose were added to the preculture medium and 100 g/L
xylose and various concentrations of glucose were added to the fermentation
medium. This yeast was cultured in 100 mL of the preculture medium at 30 °C, pH
6 and 200 rpm in a shaking incubator (Vision, Seoul, Korea). Batch and cell-
recycling fermentations were performed at 30 °C, pH 6, 500 rpm and 1.0 vvm
(Ko = 1.06 min"') in a 2.5-L jar fermentor (Korbiotech, Incheon, Korea)
containing 1 L of the fermentation medium. Hollow fiber membrane (Amicon
cartridge type HIP 100-43, USA) with molecular weight cut off 100,000 was
installed for cell recycle fermentations.

A recombinant yeast strain able to express the xylose reductase gene from P.
stipitis was constructed using S. cerevisiae EH13.15 [Mat o, trpl] as a host
harboring plasmid pY2XR (Figure 2). The xylose reductase gene in plasmid
pY2XR is expressed by the constitutive glyceraldehyde dehydrogenase promoter.
Inoculum was prepared by transferring a loopful of recombinant S. cerevisiae
cells grown on the YNB plate to a test tube containing 5 mL of YNB medium.
Flask cultures were carried out in 500-mL baffled flasks containing 100 mL
culture media. Three mL of the inoculum culture was transferred and incubated
at 30 °C in a shaking incubator at 200 rpm. Fermentor cultures were carried out
in a 2.5-L fermenter with a 1-L working volume. An agitation speed was set at
400 rpm, and aeration rate at 1 vvm. pH was controlled at 5.0. Fed-batch
fermentations were done with 750 mL of the defined medium as a start-up
medium described by O’Connor et. al.(/7). After glucose in the medium was
depleted, a mixture of glucose and xylose was fed to study the effect of various
molar ratios of xylose to glucose during the fed-batch period.

Analytical Methods

Xylose, xylitol and glucose were determined by HPLC (Knauer, Berlin,
Germany) using the Carbohydrate Analysis (Waters, Milford, U.S.A.) column
with 85 % (v/v) acetonitrile as mobile phase at a flow rate of 2 mL/min.
Carbohydrates were measured by using a reflective index detector (Knauer).
Aminex HPX-87C and Aminex HPX 87H (BioRad, Hercules, CA, U.S.A)
columns were also used to monitor by-products. Xylitol concentrations below 1
g/L were determined by using the p-sorbitol/xylitol kit (Boehringer Mannheim,
Mannheim, Germany). Ethanol was measured by gas chromatography (Younglin,
Seoul, Korea) using a column (Carbowax 20M, Hewlett Packard, U.S.A) with N,
as a carrier gas at a flow rate of 50 mL/min and a flame ionized detector.
Temperatures of injector, detector, and column were 200 °C, 200 °C, and 150 °C,
respectively. Cell mass was estimated by using the relationship between dry cell
weight and optical density (OD) measured at 600 nm. Specific rates of xylose
consumption and xylitol production were defined as differences in xylose and
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Figure 2. Genetic map of plasmid pY2XR
(Reproduced with permission from reference 22. Copyright 2000 ELSEVIER)
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xylitol concentrations divided by average cell mass and the time interval between
the two samples of interest, respectively.

Results and Discussion

Two-Substrate Batch Culture of C. tropicalis

Efficient production of xylitol from xylose requires continuous regeneration
of NADPH, a cofactor of xylose reductase. Under aerobic conditions NADPH is
normally produced by glucose-6-phosphate  dehydrogenase and 6-
phosphogluconate dehydrogenase in the pentose phosphate pathway, by
isocitrate dehydrogenase in the TCA cycle and transhydrogenase, the exchanger
of H" from NADH to NADP" in the cytosol (/8, /9). All these pathways are
related to energy generation for cell growth and redox balance. The best way to
increase xylitol yield would be simultaneous transport of a co-substrate with
xylose into the cell. The co-substrate is used primarily for NADPH regeneration
while xylose is converted to xylitol without being metabolized further. To make
such a scheme possible, xylose and co-substrate must enter the cell at the same
time without inhibition of the required transferases and do not inhibit enzymes
involved in co-substrate metabolism and xylose conversion. Alcohols, hexoses

" or pentoses are not suitable as co-substrate owing to the inhibition of cell

metabolism and high costs. Glucose, a good candidate for a co-substrate, blocks
xylose transport and represses XR activity. Therefore a certain amount of xylose
must be used for NADPH regeneration, which decreases xylitol yield. To
increase xylitol yield, the xylose flux to cell mass has to be minimized, but
provides sufficient maintenance energy and NADPH regeneration by controlling
the oxygen supply rate. Microaerobic conditions might keep the NAD"/NADH
ratio and ATP levels low. The xylose flux to cell growth is restricted by the lack
of cofactors necessary for xylitol dehydrogenase and xylulose kinase. Glucose
was chosen as co-substrate for cell growth to obtain high volumetric productivity.
Since volumetric productivity is proportional to cell mass, it is necessary to
increase cell mass by using glucose as an energy source. A two-substrate
fermentation is established in such a way that glucose is used for cell growth and
xylose is converted to xylitol with high yield.

A number of two-substrate fermentations using C. tropicalis were
performed to see the pattern of production and utilization of by-products (20).
Major by-products of xylose and glucose metabolism included ethanol, acetic
acid and glycerol which were usually utilized again as substrates for cell growth.
Only ethanol was produced from glucose without formation of glycerol and
acetic acid and was not consumed during the xylose bioconversion phase. Since
the xylose flux to glycolysis and oxygen were limited, no ethanol was produced
from xylose by the Crabtree effects during the xylose bioconversion phase,
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which is beneficial to high xylitol yield. After complete depletion of glucose,
xylose was converted to xylitol with 81 % yield. High glucose concentrations
increased volumetric productivity by reducing conversion time due to high cell
mass, but also led to production of ethanol, which, in turn, inhibited cell growth
and xylitol production. Computer simulation was undertaken to optimize an
initial glucose concentration using kinetic equations describing rates of cell
growth and xylose bioconversion as a function of ethanol concentration. Kinetic
constants involved on the equations were estimated from the experimental results.
The optimum initial glucose concentration to maximize volumetric productivity
was estimated to be 32 g/L, a total fermentation time of 16.8 hr and volumetric
productivity of 5.15 g-xylitol/L-hr. Simulation results were experimentally
verified in the two-substrate fermentation under the same conditions. As shown
in Figure 3, the xylose bioconversion phase was clearly separated from the cell
growth phase. After depletion of glucose, xylose was converted to xylitol and
ethanol produced from glucose was not utilized during the xylose consuming
period. A xylitol yield of 0.81 g-xylitol/g-xylose and a volumetric productivity
of 5.06 g-xylitol/L-hr were obtained, which was in good agreement with the
predicted values of computer simulation.

Cell-Recycle Fermentation using C. tropicalis

To improve xylitol productivity and final xylitol concentration without
sacrificing xylitol yield, cell recycle fermentations were attempted (2/). The
fermentation medium was filtered through hollow fiber membrane and the cells
were recycled back to the fermentor to maintain high cell concentrations for
conversion of xylose to xylitol.  Fresh medium was fed to make up the
fermentation broth. A number of cell-recycle fermentations were performed to
determine the best composition of feeding solution during the cell-recycle period.

First, a cell-recycle fermentation with feeding of xylose only was carried
out. Xylose solution (750 g/L) was added into the culture broth when the xylose
concentration in the medium fell below 1 %. The concentration of xylose was
adjusted from 1 % to 10 % after transition to the cell recycle fermentation mode.
Both xylitol productivity and yield decreased to 2.46 g-xylitol/L-hr and 0.75 g-
xylitol/g-xylose, respectively compared with the batch fermentation even with
higher concentration of xylitol, 207 g/L. Interestingly, xylulose, an isomer of
xylose and an intermediate in xylose metabolism, was detected at the end of the
fermentation, suggesting shortage of nutrients and intracellular energy.

Another cell-recycle fermentation was performed by feeding xylose (750
g/L) and yeast extract (100 g/L) as a nitrogen source to supply more nutrients.
As expected, xylulose was not detected, and both yield and productivity of
xylitol increased slightly compared with a former cell-recycle fermentation.
Xylitol at 244 g/l was obtained, corresponding to a 2.8-fold enhancement
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Figure 3. Experimental results of the two-substrate batch
culture of C. tropicalis under the optimized
conditions (@ Dry cell weight (g/L), B glucose
(g/L), A xylose (g/L), A xylitol (g/L))
(Reproduced with permission from reference 20. Copyright 1999 Nature
Publishing Group.)
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compared with the batch fermentation. However, xylitol productivity did not
improve much compared with the batch fermentation.

Finally, the cell-recycle fermentation with feeding of xylose, yeast extract,
and glucose as a co-substrate was performed (Figure 4). Glucose solution (200
g/L) was added continuously into the fermentor at 8 mL/hr after the initial
glucose added was depleted. Glucose was not detected even in the cell-recycle
period. This operation strategy was designed to supply a carbon source for
continuous regeneration of NAD(P)H. The optimized cell-recycle fermentation
resulted in xylitol productivity of 4.94 g-xylitol/L-hr and final xylitol
concentration of 189 g/L with the almost same xylitol yield as before. These
experimental results are equivalent to a 2.2-fold enhancement in xylitol
concentration and a 1.3-fold increase in volumetric xylitol productivity
compared with the two-substrate batch fermentation. Also, xylitol yield slightly
increased to 0.82 g-xylitol/g-xylose. It was concluded from these results that the
cell-recycle fermentation with feeding of xylose, yeast extract, and glucose was
effective for xylitol production by C. tropicalis.

Fed-Batch Fermentation of Recombinant Saccharomyces cerevisiae
containing xylose reductase gene

‘ In the previous experimentals, C. tropicalis utilized a xylose for cell growth
and endogeneous metabolism, resulting in xylitol yield of 0.81 g-xylitol/g-xylose.
As xylose is an expensive raw material, a metabolic engineering approach was
attempted in order to improve xylitol yield. S. cerevisiae was chosen as a host
since the yeast is known to lack the metabolic activity for conversion of xylose to
xylitol. A recombinant S. cerevisiae was constructed by introducing the xylose
reductase gene (XR) form P. stipitis. The recombinant yeast in a batch culture
was able to produce xylitol from xylose with over 95 % yield. Fed-batch
fermentations are performed to find out the optimum fermentation strength for
maximum Xylitol productivity and final xylitol concentration (22). At the
stationary phase of batch cultures, xylitol production ceased upon depletion of
glucose, which is an essential co-substrate for supplying energy sources
necessary for endogenous metabolism and co-factor regeneration. A two-
substrate fed-batch fermentation process was adopted for simultaneous addition
of substrate (xylose) and co-substrate (glucose) to avoid co-substrate depletion
during the bioconversion period. A key factor in optimizing fed-batch
fermentations was to maintain a high ratio of xylose to glucose in the
fermentation medium. Glucose and xylose are also known to be transported by
the membrane transporter through facilitated diffusion. They appeared to share
the same membrane transporter and competitively inhibited the transport of each
other (23, 24). However, as the membrane transporter has much higher affinity
for glucose than xylose, glucose is more efficiently transported into the cell.
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Figure 4. Cell-recycle fermentation of C. tropicalis with feeding xylise (750 g/L),
yeast extract (100 g/L), and glucose (200 g/L) at 8 mL/hr.
(The arrows indicate the feeding time of make-up solution.)
(@ Dry cell weight (g/L), B glucose (g/L), A xylose (g/L), A xylitol (g/L))
(Reproduced with permission from reference 21. Copyright 2000 Kluwer
Academic Publisher)
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Such a difference in affinity may result in ethanol accumulation and low xylitol
productivity in the two-substrate fed-batch fermentation. Therefore, the feed
rates of glucose and xylose had to be controlled in the fed-batch operation phase
to keep the ratio of xylose to glucose as high as 40. Glucose concentration was
maintained around 0.35 g/L throughout the fermentation; hence, ethanol
productivity decreased to 0.36 g/L-hr (Figure 5). Cell mass increased to 12.7 g/L
with xylitol productivity of 1.69 g/L-hr. It seemed that a sufficient amount of
glucose, required for cell growth and co-factor regeneration, was transported
even under such a severe glucose-limited condition. Glucose feeding was
stopped when ethanol concentration reached 20.8 g/L and the final xylitol
concentration was 105.2 g/L.

Conclusions

Xylitol is a value-added material produced from xylose by hydrogenation.
Various biological conversion processes applied to produce xylitol. The first
investigation was undertaken to produce xylitol using a wild type C. tropicalis in
two-substrate batch fermentation. Glucose was used to supply energy source at
cofactors and xylose was utilized as a substrate for bioconversion. An initial
glucose concentration was optimized by computer simulation in order to
maximize the volumetric productivity. The experiments performed to verify the
computer simulation results showed a good agreement with the estimated values
which were 1.4 times higher in xylitol yield and 1.85 times higher in volumetric
productivity compared with those of the experiments done without glucose under
the same conditions. The optimized two-substrate batch fermentation resulted in
xylitol yield of 0.81 g-xylitol/g-xylose and xylitol productivity of 5.06 g-
xylitol/L-hr. A yield of 0.81g-xylitol/g-xylose is equivalent to 90 % of the
theoretical xylitol yield from xylose.

Cell-recycle fermentations were attempted in the second investigation in
order to improve xylitol productivity and final xylitol concentration without
sacrificing xylitol yield. A series of cell-recycle experiments showed that the
feeding of xylose, glucose and yeast extract in the xylitol production phase was
the most effective in enhancing xylitol productivity. The optimized cell recycle
fermentation resulted in 0.82 g-xylitol/g-xylose yield, 4.94 g-xylitol/L-hr
productivity, and 189 g/L final xylitol concentration. Even though cell-recycle
fermentations showed very promising experiment results, it may be very difficult
to implement cell-recycle fermentation in an industrial scale.

Finally, in the third investigation, the xylose reductase gene from P. stipitis
was expressed in recombinant S. cerevisiae EH13.15:pY2XR, which in turn was
able to convert xylose to xylitol very efficiently with a yield of 0.95 g-xylitol/g-
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Figure 5. Fed-batch fermentation of S. cerevisiae EH13.15:pY2XR
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was maintained at (.35 g/L throughout the fermentation.
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(Reproduced with permission from reference 22. Copyright 2000 ELSEVIER)
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xylose in the presence of glucose used as a co-substrate. However, the
supplemented glucose inhibited xylose uptake and caused accumulation of
ethanol. Glucose-limited fed-batch fermentations were adopted to solve these
problems. By maintaining a high molar ratio of xylose to glucose during the
bioconversion phase, 105 g/L xylitol was produced with productivity of 1.69
g/L-hr in O’Connor’s medium at 30 °C. The recombinant S. cerevisiae strain
presented a high xylitol yield, but the productivity was lower than that of natural
xylose-fermenting yeasts such as C. tropicalis as shown in the first and second
investigation.  The experimental results in the first, second, and third
investigation are summarized in Table 1.
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Chapter 6

Plate and Disk Bioreactors for Making Bacterial
Cellulose
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The product from manufacturing bacterial cellulose can be a
tough gel (pellicle), reticulated filaments, or pellets.
Inefficient and technologically crude large scale surface
culture has been successful in the Republic of the Philippines
because of vigorous growth and lowering of pH to discourage
potential contaminating organisms. We observe superior
performance by supporting the organisms with plates or disks
and alternately wetting them with nutrient media and exposing
them to air. Power consumption is low, and no expensive
system is need for aeration. Reactor configurations suitable for
low technology agribusiness have been evaluated.
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Introduction

Bacterial cellulose is used in foods, in acoustic diaphragms for audio
speakers or headphones, for making unusually strong paper, and has
medical applications such as wound dressings and artificial skin (1-9).
Most of the bacterial cellulose that is currently an article of commerce
comes from agitated, deep culture fermentation with strains of
Acetobacter xylinium that form no pellicle but produce reticulated fibers
(10). Pellets made in an air-lift fermenter have been introduced recently
that have properties that fall in between the pellicle from surface
cultures and the fibrous version (11).

In static cultures, A. xylinium, a gram-negative, aerobic, rod-shaped
organism, produces cellulose at the air-water interface as an assembly of
highly crystalline interwoven ribbons that are chemically pure, free of
lignin and hemicellulose, and have a high degree of polymerization (12).
The thick, tough pellicle, in its undried state, has outstanding
hydrophilicity. Depending on synthesis conditions, it may have a water
holding capacity ranging from 60 to 700 times its dry weight. Under
suitable conditions, as much as 50% of the supplied carbon substrate
may be assimilated into cellulose from a wide variety of sugars.

Food applications and some medical uses require the pellicular form of
bacterial cellulose. However, the pellicle can be disintegrated to get very
tough fibers very similar to those from the reticulated form. Most of the
water can be squeezed from the pellicle, and little or no further drying
would be required for saleable fibers. Pellicular bacterial cellulose
presents a good opportunity for low-investment agribusiness because of
production with little investment of heat or mechanical energy and easy
product recovery. Commercialization should be straightforward in view
of success of many small companies in the Republic of the Philippines
with a pellicular product, Nata de coco, that had peak sales of $28 M in
1993, mostly for food consumption as a dessert material.

Static surface culture is slow and requires much labor. Disk and plate
bioreactors have higher volumetric efficiency and may be operated
continuously. The rotating biological contactor (RBC), widely used for
treatment of waste water, has desirable features of high area for
attachment, low power consumption, continuous operation, and easy
scale-up (13). Our bioreactors for bacterial cellulose were inspired by

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Downloaded by STANFORD UNIV GREEN LIBR on September 14, 2012 | http://pubs.acs.org
Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch006

71

treatment of wastes but have an important difference in that perforated
or mesh disks retain the organisms in the growing product whereas the
reactors for waste treatment encourage sloughing of cells for disposal. A
disk bioreactor outperforms surface cultures grown in trays. While
surface culture runs last 10 to 14 days, the disk bioreactor produces
similar bacterial cellulose in less than 4 days but with higher water
content (14). Various designs that correct drawbacks in the rotating disks
are presented here.

Reactor Construction

The rotating disc reactor consists of a cylindrical trough that contains the
medium, a shaft holding the rotating disks, and a motor connected to the
shaft (14,15). The trough is made of a transparent polymeric material
(polycarbonate or acrylic) to allow close observation of film growth.

The disk bioreactor is 30 cm long and 14 cm in diameter, with two
separate bottom compartments each having a working volume of 1 liter.
Sometimes disks are omitted on one side to provide a static control for
the rotating disks on the other side. Flat acrylic plates are used to seal
the two sides of the cylinder. The cylinder is cut in half and connected
with hinges for opening the bioreactor.

Circular plastic meshes commonly used as patterns for cross stitching
are a good material for making disks (as few as one or as many as a
dozen) on a shaft that turns so that they dip into the nutrient medium,
continue up into the air, and dip again. Soon some submerged fibrils of
bacteria attach to the disks and grow and form cellulose as a gel that
increases in thickness.

Although the rotating disk bioreactor performs well, the final product
from a disk is circular with a hole in its center for the shaft. A large
circular sheet from a commercial bioreactor would suffer losses as
squares or rectangles were cut from it, and there would be additional
waste because of the central hole. A variety of new designs address this
problem.

Some improvement over circular disks comes from replacing the central
shaft with a plastic cylinder with slots through which the ears of square
elements of fabric protrude. Ears of each element are bent back and held
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Figure 1. Square element of fabric in a rotating cylinder. The dark regions are
the ears that are essentially unproductive.
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in place by a large rubber band around the plastic cylinder. Blocks of
plastic are cemented at each end of the cylinder to connect a shaft for
rotation. Figure 1 is a sketch of one element.

This bioreactor was tested with coarse cheesecloth and with cloth cut
from a muslin cotton bed sheet. The cheesecloth drained too rapidly and
had poor formation of cellulosic gel near the center where it could not
dip into the nutrient medium because the shaft rotated slightly above the
liquid level. The cloth cut from the bed sheet worked well because
capillary action distributed liquid better.

The next disadvantage that was addressed was volumetric efficiency. A
room full of rotating bioreactors would sacrifice space because circles
cannot fill a space no matter how they are packed. There are alternative
ways to accomplish the basic concept of alternate aeration and liquid
nutrition with a rectangular geometry that can fill almost all of the
available space. In fact, our very first reactor design was a hanging sheet
to which liquid medium was applied by dripping. This design was
abandoned because of poor and irreproducible distribution of the liquid.
A new design inclines the mesh. This slows the flow, allows more time
for liquid to spread over the mesh, and reduces the distance from top to
bottom.

An array of rectangular elements is constructed from two racks intended
for elevating a stack of papers above other items on a desk. These racks
consist of small circular rods coated with paint and are 14 cm high, 40
cm long, and 21 cm wide. Racks about half as large can also be
purchased. The legs are bent to the desired angle (60 to 75 degrees) and
cut to the desired length. One rack is inverted, and the legs are joined to
the legs of the other rack with rubber tubing. Fabric is threaded over and
under the top and bottom rods to form the sheets for growing the
cellulose as shown in Figure 2. Not counting the portion between panels,
each fabric panel for these tests is 27 cm long and 20 cm wide, inclined
at 70 degrees. There are 21 bars at the top and at the bottom, but some
are unused such that the spacing of the sheets is 4 cm.

Each design with inclined, rectangular elements has an enclosed array of
inclined mesh sheets inside of a trough for the nutrient medium. If a
method for continuous harvesting of the pellicle cannot be devised, a
fresh array could substitute for one that was removed for harvesting.
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Figure 2 Elements formed by threading fabric around rods

Alternatives for providing nutrient medium to cells adhering to a mesh
are immersion and simple down flow. Immersion can be by bringing the
medium to the elements or by dipping the elements into the medium.
Immersion by pumping is accomplished by transferring medium between
the reactor and a reservoir. This is a simple and effective design for
research. However, moving the medium from one vessel to another with
a cycle time of 12 changes per minute (based on a good rpm found for
the rotating disk bioreactor) demands extreme flow rates and
concomitant high energy consumption. However, this design permits the
submerged time to be different from the aeration time in contrast to the
rotating disks in which aeration and submerged times are roughly equal.

Dipping the mesh elements into the medium should use two matched
mesh assemblies that are raised and lowered into the medium in a
seesaw arrangement so that one is the counterweight for the other. The
concept is shown in Figure 3 but has not been tested yet.

The down flow design pumps medium to the top, collects the drainage,
and pumps it back to the mesh. Liquid distribution benefits from
application of medium to the horizontal cloth between elements.
Attention is now focussed on equalizing the amount of liquid to each
element.

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Downloaded by STANFORD UNIV GREEN LIBR on September 14, 2012 | http://pubs.acs.org
Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch006

1 0m

Figure 3. Dipping of elements into nutrient medium
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Figure 4. Continuous belt bioreactor

Another design that makes much sense for commercialization is too
complicated for testing at present. It uses a continuous mesh belt that
dips into troughs of medium, reaches a scraper that removes the product,
and the belt continues back for inoculation and growth. A sketch of the
arrangement is Figure 4. A simplified version of this design has been
reported for producing continuous filaments (16).

Removal of cells

Bacteria that produced the cellulosic gel are retained in the product. One
common practice is to hydrolyze the bacteria with hot caustic and to
flush away the debris by soaking in water. This has the potential for
hazardous operations and generation of waste waters if practiced on a
large scale. For some applications, the organisms might be permitted in
the gel or in dried sheets made from it. An example is rough cardboard
in which dead bacteria would be tolerable. Our current procedure for
removal of cells is to add 2 or 3 drops of toluene to several liters of
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water in which the gel is being soaked. Autolysis is induced, and cell
debris is flushed out during soaking in changes of tap water. This
removal should be possible in the bioreactor before the pellicle is
harvested.

Conclusion

All of the mesh systems that have been tested form cellulosic gel at
higher rates than observed with surface cultures in trays. Performance of
rectangular arrays is similar to that with rotating disks, and the
remaining engineering problems for distribution of liquid, simple
harvesting of product, and process control do not seem to be formidable.
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Chapter 7

The Effect of the Dissolved Oxygen Concentration on
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The effect of the dissolved oxygen (D.O.) concentration on
the production of lignolytic enzymes and isozyme
distributions by Phanerochaete chrysosporium was studied in
the immobilized reactor system. The oxygen levels
significantly affected the production of lignin peroxidase
(LiP) and manganese peroxidase (MnP), as well as that of
H,0,. It is known that a high oxygen level is required to
produce these enzymes. In this study, however, D.O.
concentrations above a critical D.O. concentration (1.5 fold
increase over the saturated concentration with air) inhibited
LiP and MnP productions in the experiments when oxygen
was continuously supplied. It is thought that a greater H,0O,
accumulation seen with higher D.O. concentrations caused
adverse effects on the LiP and MnP productions. On the other
hand, with lower D.O. concentrations, H,0, was not produced
enough to stimulate either LiP or MnP production. To reduce
excess H,0, accumulation during culturing with a continuous
supply of oxygen, a pulsed supply of oxygen was introduced.
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INTRODUCTION

Phanerochaete chrysosporium establishes the lignin-degrading system
through the secretion of secondary metabolites, including two isozyme families
of secreted peroxidases, lignin peroxidase (LiP) and manganese peroxidase
(MnP), as well as oxalate, veratryl alcohol, and H,0, [1, 2]. The substrate
specificity of this lignin-degrading system is so low that many aromatic
compounds, which have a similar structure to lignin, can be degraded by this
system [3-7].

Various culture parameters for enhanced production of MnP and LiP have
been studied [1, 2, 4]. Among them, oxygen has been found to be a critical
factor determining the production level of these enzymes [8, 9]. To date, most
laboratory-scale studies of ligninase production in submerged or stationary
cultures of P.chrysosporium have used periodic purging with pure O, [10, 11].
Recently, many different methods of supplying oxygen to increase the MnP and
LiP productions have been studied. These methods were mainly studied in the
cultures and simply differed by their methods of supplying of oxygen, including
continuous or periodically-pulsed methods [2, 12]. In these studies, though, the
dissolved oxygen concentration can not be controlled while the pH would also
change dependent upon the culture time.

Therefore, to investigate the role of the oxygen tension in the production of
MnPs and LiPs, a more systematic experiment, in which controls are added to
measure and maintain the dissolved oxygen concentration as well as the pH, is
needed. Therefore, in this study, we used a bioreactor, which can control both
the pH and D.O., to manage the oxygen concentration as the only changeable
parameter, and found that oxygen had a positive as well as negative effect on the
LiP and MnP productions. To illuminate the possible mechanism of this
phenomenon, the H,0, concentration was measured and a possible reason was
suggested.

MATERIALS AND METHODS

Strain and Medium Compositions

Phanerochaete chrysosporium ATCC 24725 was maintained at 39°C on
malt-agar plates. Spores were harvested and filtered through glass wool. The
spore concentration was determined by measuring the absorbance level at 650
nm (an absorbance of 1.0 cm™ is approximately 5 x 10 ® spores/mL). The
growth medium was the same as Tien and Kirk used [13], except that veratryl
alcohol and Tween 80 were added after two days of growth.
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Cell Immobilization on Polyurethane Foam

The supporting matrix for immobilization was polyurethane foam,
synthesized in the Department of New Materials Science and Engineering at the
Kwangju Institute of Science and Technology (K-JIST) [3-5]. A total of 15
grams of foam sliced into cubes (5 mm x 5 mm x 5 mm) were placedina 1.5 L
of the reactor and autoclaved at 121 °C for 20 min. The spore concentration in
the reactor was adjusted to 6 x 10 * spores / mL in a total volume of 800 mL.

Reactor operation

The reactor was operated with conditions set at pH 4.5, a temperature of
39°C, and a rotor speed of 120 rpm. Every condition, except the D.O.
concentration, was maintained constant in all experiments. Nitrogen and air
were used to adjust the D.O. concentrations between 0% and 100 %, i.e. a value
equivalent to the D.O. concentration resulting from bubbling sterile atmospheric
air into the bioreactor. For values above 100 % D.O., pure oxygen was used.
To maintain a constant D.O. concentration, the auto-regulator of the Bioflo3000
bioreactor was used.

Measurements of Enzyme Activities and SDS-PAGE

Lignin peroxidase activity was measured using veratryl alcohol [13] and
MnP activity was measured with Mn(II) as the substrate according to the
methods described previously [14]. Equal volumes of extracellular fluid were
concentrated 25-fold using membrane filters, Microcon-30 (Amicon Co., USA),
and subjected to sodium-dodecyl sulfate - polyacrylamide gel electrophoresis
(SDS-PAGE) using a 3% stacking gel and a 12 % running gel. Proteins were
visualized by staining with commassie brilliant blue.

Measurement of Glucose and H,0,

The glucose concentration in the media was measured using a glucose-kit
(Young-dong co., Korea) while the H,0, concentration was determined
following the method of Ziang et al. [15].
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RESULTS AND DISCUSSIONS

Continuous, constant D.O. control

Using a continuous supply of oxygen to maintain a constant D.O. level, five
different D.O. concentrations, 70 %, 100 %, 150 %, 260 %, and 345 %, were
tested and compared in terms of the culture’s LiP activity, MnP activity, and
H,0, production. When only air was used to 70 % D.O., which was below the
saturated concentration seen with air, the glucose was consumed over a 25 day
period but no LiP activity, MnP activity or H,0, was detected (Figure 1).
Therefore, it would seem that the D.O. concentrations below air-saturated
conditions were not sufficient to result in LiP or MnP activities as well as H,0,
production, regarded as an important factor leading to induction of LiP’s and
MnP’s. On the other hand, when the D.O. was at or above the air-saturated
concentration, i.e. 100 % D.O., 150 % D.O., 260 % D.O. and 345 % D.O., LiP
and/or MnP activities and H,0, production were detected. But, unexpectedly, as
the D.O. concentration increased, the MnP activity decreased, while LiP activity
was only detected with 100 % D.O. (Figure 2).
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Figure 1. Time course of ligninase activities and HyO2 production with 70 %
D.O. concentration, which is a below the saturated concentration with air
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Specific production patterns of LiP and MnP dependent on the D.O.
concentration

As D.O. concentration increased, the period for complete glucose
consumption was shortened while the H,O, production increased (Figure 2). In
addition, H,0O, accumulated early on the culture and then decreased after the
maximum MnP production was reached. Hence, H,0, production followed a
bell-shaped production curve. The maximum value of H,0, observed in each of
the experiments increased in cultures having a higher oxygen concentration
(Figure 2).

The initiation of MnP production was also faster with higher oxygen
concentrations, while the maximum MnP activity decreased with increasing
oxygen concentrations. It would appear that the specific LiP and MnP
production patterns correlated with the H,0, production, which was further
dependent upon the D.O. concentration. Comparing the H,0, production and
MnP activity, it was shown that the MnP activity sharply decreased after the
maximum H,0, production. From these results, the best D.O. concentration for
MnP activity and LiP activity was selected as 100 % D.O., which gave a
plateau-shaped H,0, production profile.

Therefore, it is thought that the H,0, that accumulated might cause the
adverse effects seen with the LiP and MnP activities. There are two possible
ways for H,0, to cause such adverse effect. Firstly, excess H,O, can result in
enzyme inactivation [2]. Therefore, even though the enzymes were produced,
they do not react with the substrate and shows no enzyme activity. Secondly,
the enzyme is not produced primarily through inhibition or damage to the cell
brought on by the excess H,0,, which is referred to as a production-level
inhibition. To elucidate the possible relationship between H,O, accumulation
and LiP and MnP activities, enzyme levels were analyzed using SDS-PAGE
analysis. SDS-PAGE data showed that for both LiP and MnP, their activities
(Figure 2) correlated well with the protein levels (Figure 3). When cultures
were grown with 350 % D.O. and 250 % D.O., which were a 3.5-fold increase
and 2.6-fold increase over the saturated concentration with air, respectively,
MnP activity totally disappeared 7 days after reducing a maximum (Figure 2)
This result was also seen in the SDS-PAGE data (Figure 3, lane 1-4). On the
other hand, with 150 % D.O., the MnP activity was maintained over a relatively
longer period as seen with both enzyme assays (Figure 2) and SDS-PAGE gel
(Figure 3, lane 6,7). As can be seen in activity data (Figure 2), both LiP and
MnP activities were detected when using 100 % D.O. while the activity of MnP
was stably maintained for a longer time. Again, the enzymes patterns seen on
the SDS-PAGE gel correlated well with the activity data (Figure 3, lane 7,8).
Therefore, the abrupt decrease in MnP activity after accumulation of H,0, and
no detection of LiP activity, except with 100 % D.O., were mainly the results of
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lower production according to the SDS-PAGE data, although there might be
some enzyme inactivation due to excess H,0,.

a b
DO250

a b
DO345

a b
DO150

a b l
DO100

Figure 3. SDS-PAGE showing the isozyme distribution when a continuous
supply of oxygen above the saturated concentration with air was provided. a
and b are two samples that correspond to the arrows in Figure 2.

Pulsed Supply of Oxygen

As described in the previous sections, an accumulation of H,0O, during
culturing with a continuous supply of oxygen resulted in the inhibition of LiP
and MnP productions. Thus, to reduce H,0, accumulation during culture
periods, a pulsed supply of oxygen was introduced instead of a continuous
supply of oxygen.

As expected, changes in the way that oxygen was supplied prevented a bell-
shape H,0, accumulation, but showed a constant level production, a plateau. In
addition, MnP activity was maintained for longer periods than in the continuous
supply experiments (compare Figure 2 and Figure 4) while LiP activity was seen
in all the pulsed experiments. These LiP and MnP activity trends (Figure 4)
correlated well with their production (Figure 5). From the SDS-PAGE gel
(Figure 5), MnP production was stably maintained for a longer period of time,
while LiP production occurred in all experiments, regardless of the oxygen
concentration.

However, higher D.O. concentrations during the pulsed experiments were
still not good for MnP nor LiP production. Figure 6 compares the time course
of the enzyme’s activities and their production for both the continuous oxygen
supply experiments and pulsed oxygen supply experiments. This figure clearly
demonstrates that the pulsed case is better than the continuous supply in terms
of MnP and LiP production. Table 1 summarizes all distinguishable patterns
compared between the continuous oxygen supply and pulsed oxygen supply
experiments.
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Table 1. Summary of culture characteristics according to the oxygen supplying
method

As the D.O. concentration increased
(above the saturated concentration with air)

Continuous Supply of O, Pulsed Supply of O,

Glucose Increased Increased

consumption rate

Start-up time for ~ Faster Faster

MnP production

MnP (maximum)  Decreased Slightly decreased

LiP production Occurs only at 100 % D.O. Occurs for all cases

H,0, production Increased (Shows Max. Slightly increased
value/Bell curve) (Plateau)

MnP acitivity Sharply decreased (After Sustained longer
H,0, peak)

On the other hand, when the reactor system was operated without any pH
control, the pH during the culture was between 4.7-5.5. During these
experiments, the glucose consumption rate, MnP production, and LiP
production all decreased compared with the value seen when the pH was
controlled (data not shown).

The relation between the D.O., the reactive oxygen species, and the enzyme
activities

The optimum pH for a P. chrysosporium culture is 4.5 [16] and it is known
that O," can easily be converted to H,0, by obtaining one electron from the cell
at this pH [17]. Other methods to form H,0, by the cells includes enzymatic
reactions, such as glucose oxidase and NADPH oxidase [18, 19]. With these
enzymes, H,0O, can be produced directly from molecular oxygen.

In this study, it was found that as the D.O. concentration increased, H,0O,
production also increased. This is because an increase in the D.O. concentration
accelerates H,O, production through the methods described above. On the other
hand, the H,O, concentrations suddenly show a decrease, at which time it is
thought that H,O, might be converted to the OH' which is more toxic than H,0,.
One possible reason for the production of OH: is the presence of Fe** and Mn**
in the media, which reacts with H,0, to form OH' through the Fenton reaction.
It is also known that the white rot fungi, Irpex lacteus and Phanerochaete
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chrysosporium, secrete a low-molecular-weight substance containing Fe** that
catalyzes a redox reaction between electron donors and O,, to produce the
hydroxyl radical via H,0, [20].

Comparing the reactive oxygen species in terms of their toxic effect, firstly
O, , which is formed from oxygen through a one electron transfer, is known to
be potentially toxic, and this can be converted to H,0, by obtaining one election
and two protons. Finally, OH, which is the most toxic form, can be produced
from H,0, [21]. H,0, and OH' cause damage to the cell’s DNA and the proteins
[21], and so it is possible to affect LiP and MnP productions with these oxygen
species. In addition, the abrupt decrease in MnP activity after a peak level of
H,O, production seems to be the result of inhibition brought on by the
production of the hydroxyl radical.

It was reported that when exogeneous H,0, was added to a 5-day-old,
nitrogen limited, Mn-deficient cultures of P.chrysosporium to a final
concentration between 0.25 and 8 mM, accumulation of mnp mRNA was
detected in cells exposed to H,O, concentrations between 0.25 to 1.5 mM, while
no mnp mRNA was detected in the absence of H,0, or with H,0, concentration
above 1.5 mM [22]. These facts support our results that oxygen was needed to
enhance the MnP and LiP productions, but that excess dissolved oxygen may
cause inhibition in both their productions due to the generation of reactive
oxygen species, including H,0, and the hydroxyl radical.

As a result, a pulsed oxygen supply was better than a continuous oxygen
supply in terms of LiP and MnP productions. As well, it is thought that there
might be a critical D.O. concentration for the enhancement of LiP and MnP
productions since H,0, was needed for the stimulation of their productions
while higher values of H,0, might inhibit their production.

CONCLUSIONS

Oxygen is needed to enhance the MnP & LiP productions, but excess
dissolved oxygen appears to result in an inhibition in LiP & MnP productions
due to the generation of excess reactive oxygen species. The use of a pulsed
oxygen supply was better than a continuous oxygen supply in terms of LiP and
MnP productions because H,O, production was maintained efficiently in a
pulsed oxygen supply without showing much accumulation.
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The objectives of this study are to develop a suitable
immobilization method for GL-7-ACA acylase, and to
enhance the stability of GL-7-ACA acylase immobilized on
silica gels. In this study, each step in the immobilization
procedure was optimized individually to improve the
efficiency of overall immobilization procedure of GL-7-ACA
acylase. The optimal conditions of each step were determined
as follows, pretreatment by 35% hydrogen peroxide,
silanization by 3-APTES in acetone, crosslinking by using
modified glutaraldehyde and 10 mg/ml as amount of GL-7-
ACA acylase added in immobilization procedure. We also
investigated the effect of sodium borohydride in order to
increase the stability of the linkage between enzyme and
support after immobilization. The activity of immobilized
GL-7-ACA acylase treated with 2%(w/w) sodium borohydride
was remained about 86% after 20 times of reuse.
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Enzymatic transformation of CPC (Cephalosporin C) into 7-ACA can be
performed by a two step process including the oxidative deamination of CPC to
GL-7-ACA (glutaryl-7-aminocephalosporanic acid) catalyzed by a D-amino
acid oxidase and the subsequent hydrolysis catalyzed by GL-7-ACA acylase(l-
3). The 7-ACA produced by GL-7-ACA acylase is a useful intermediate of
great commercial interest for the preparation of semisynthetic cephalosporin
antibiotics. 7-ACA. production using microorganism or purified enzyme have
many problems that it must be removed from product and cannot be reused.

Immobilization of enzymes has been extensively developed in the
industrial applications of enzymes. There are several reasons for the
preparation and use of immobilized enzymes. In addition to a more convenient
handling of enzyme preparations, the two main targeted benefits are easy
separation of the enzyme from the product, and reuse of the enzyme. Inorganic
materials have been successfully used for immobilization of enzyme.
Silanization to activate supports and subsequent covalent binding of the enzyme
to the carrier using a coupling reagent such as a glutaraldehyde is common
method used in immobilization of enzyme(4).

Silica gel is an amorphous inorganic polymer composed of siloxane
groups (Si-O-Si) in the inward region and silanol groups(Si-OH) distributed on
the surface. Chemical modifications that can occur with this polymer are
related to the presence of the disposed silanol groups in its surface (5).

Surface modifications are usually achieved with silanization by using
appropriate organosilane agents (6-8). Aqueous silanization with a trifucntional
silane (aminopropyltriethoxysilane) has been selected since it results in more
stable and uniform immobilized enzyme layer (9).

Glutaraldehyde has been used as a crosslinker for immobilization of
enzyme in which € -amino groups of lysine in proteins are expected to form a
Schiff base with glutaraldehyde. However, the reaction of glutaradehyde with
proteins is highly heterogeneous and complicated (10). Wilheim and Frank (11)
suggested that simple Schiff bases are not very stable and the reactivity of
enzymes with glutaraldehyde is remarkably low. Terumichi et al.(/2) have
previously reported that the activity of alcohol dehydrogenase increased by
using alkaline treated gluataraldehyde, suggesting alkaline treated
gluataraldehyde may act as crosslinkers in a manner different from the
generally accepted Schiff base formation reaction. A possible mechanism may
involve the additional reaction of an amino group to the double bond in the
aldol condensate of glutaraldehyde.

Although the literatures have already been reported on the immobilization
of GL-7-ACA acylase by different methods such as covalent attachment and
ionic binding on organic and inorganic carriers(l3-15), study on GL-7-ACA
acylase immobilized on silica gel has not yet been reported.
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In this study, GL-7-ACA acylase was immobilized on silica gel modified
by silanization, followed with glutaraldehyde for the production of 7-ACA. The
objectives of this study are to develop a suitable immobilization method for GL-
7-ACA acylase, and to enhance the stability of GL-7-ACA acylase immobilized
on silica gels.

Materials and methods

Materials

Glutaraldehyde was obtained from Fluka Co. p -Dimethylaminobenz-
aldehyde was obtained from KANTO Chemical Co. Glutaric anhydride was
obtained from Aldrich Co. 3-aminopropyltriethoxysilane(3-APTES), 3-
aminopropyltrimethoxysilane(3-APTMS) and 3-(trimethoxysilyl) propylethyl-
endiamine (3-TMSPEDA) were obtained from Aldrich Co. Silica gel and 7-
ACA were supplied by Chong Kun Dang Pharmaceutical Corp. Ultrafiltration
membrane (15659-00-1) was purchased from Sartorius.

Preparation of GL-7-ACA acylase

GL-7-ACA acylase from genetically engineered E. coli BL21 that contains
the GL-7-ACA acylase gene of Pseudomonas sp. KAC-1 was supplied by
Chong Kun Dang Pharmaceutical Corporation. The preparation procedure of
the enzyme was as follows. Ammonium sulfate was added up to 20% saturation
in the solution of cell extracts and the suspension was centrifuged (10,000 rpm
for 15 min) to obtain the supernatant. Then, precipitate obtained after addition
of ammonium sulfate to 40% saturation was resuspended in 100 mM phosphate
buffer (pH 8). The solution was dialyzed and concentrated by a ultrafiltration
membrane (Cut off MW 30,000). All purification procedures were performed at
4°C unless stated otherwise. The solution was stored at -20°C and used for the
immobilization.

Synthesis of GL-7-ACA
GL-7-ACA was prepared by the method of Shibuya et al. (16). A 15.2 g of

glutaric anhydride in 10 mL of acetone was added to a solution, which was
prepared by dissolving 9.07 g of 7-ACA in 70 mL of 1.0M sodium bicarbonate
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(pH 9.0). The reaction mixture was stirred at room temperature for 10 min, and
then evaporated under reduced pressure at 25°C for 10 min to remove acetone.
The solution was acidified with 5.0 N HCI to pH 1.5 and extracted with 120 mL
of ethyl acetate, and quickly filtered with suction. The combined ethyl acetate
layers from three such runs were filtered through a Millipore filter(0.45 um)
and concentrated to about 50 mL under reduced pressure at 25°C. Chloroform
(450 mL) was added to the concentrated solution, and mixed well. The
precipitates were collected by filtration and washed thoroughly with 50 mL of
ethyl acetate.

Immobilization Method of GL-7-ACA acylase

One gram of dry silica gels was mixed with 3-aminopropyltriethoxysilane
(10% in 25 mL dissolved water). The suspension was incubated at 80°C for 2 h
with constant mixing, washed thoroughly with water before drying at 120°C for
2 h, and then 1%(v/v) glutaraldehyde was added to the silica gels suspended in
100 mM of phosphate buffer(pH 8) at 20°C. After stirring (150 rpm) for 2 h,
the suspension was filtered and carriers were washed with water. The activated
silica gels were resuspended in 100 mM of phosphate buffer (pH 8). Finally, a
solution of enzyme was added. At this time, added amount of protein was
almost equal to about 10 mg/mL. The suspension was stirred at 20C for 2 h
and the immobilized GL-7-ACA acylase recovered by filtration was washed.
After resuspending in 100 mM phosphate buffer (pH 8), the immobilized
enzyme was analyzed.

Assay of GL-7-ACA acylase activity

The activity of the immobilized enzyme was measured as follows. The
immobilized enzyme was incubated at 37°C for 10 min in the presence of
1%(wW/v) GL-7-ACA. The reaction was stopped with an aqueous solution of
20%(v/v) acetic acid and 0.05 N NaOH. Then p -dimethylaminobenaldehyde
(PDAB, 0.5% w/v in methanol) was added to the mixture. The absorbance of
mixture at 415 nm was then measured. One Unit of acylase activity was defined
as the amount of enzyme that produced 1 mol of 7-ACA per min at 37°C, pH 8.

Determination of the degree of silanization
The degree of silanization was determined by ninhydrin method. The
ninhydrin method was based on the method described by Park et al. (17). To
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1mL of 3-APTES solutions in distilled water, 1 mL of different concentrations
of ninhydrin reagent was added, and reacted in a covered boiling water bath at
different heating times. The reactants were then cooled below 30°C in a cold-
water bath and the contents were diluted with 5 mL of 50%(v/v) ethanol/water.

The absorbance level at 570 nm was measured with a UV/VIS
spectrophotometer (Youngwoo Corp., Seoul, Korea).

Determination of the amount of protein bound to the carriers

The amount of protein was determined by the Folin-Lowry method (/8).
The amount of protein bound to the carriers was determined by the difference
between initial and residual protein concentrations.

Calculation of yields

Yields of each step in the immobilization process were calculated as the
ratio of the amount bound on the silica gels to the initial amount. Yields were
expressed as a percentage.

Results and Discussion

In this study, GL-7-ACA acylase was immobilized on the silica gels by
crosslinking with glutaraldehyde. The overall immobilization procedure
introduced in this study has several steps such as pretreatment of silica gel,
modification of silica gel surface by silanization, crosslinking by glutaraldehyde
and coupling of GL-7-ACA acylase on the silica gel activated by glutaraldehyde.
Thus, each step in the immobilization procedure was optimized individually to
improve the efficiency of overall immobilization procedure of GL-7-ACA
acylase. We also investigated the effect of sodium borohydride in order to
increase the stability of the linkage between enzyme and support after
immobilization.

Pretreatment of silica gel

Pretreatment of carrier serves to eliminate surface contaminants and to
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activate the surface silanol groups so that they are available for reaction with
the silanating agent.

The literatures on pretreatment of carriers have been reported by many
researchers and various chemicals has been used in the pretreatment of
carrier(8,19). In this study, the effect of pretreatment was investigated with
various chemicals reported in previous literatues in order to determine the
suitable chemical for pretreatment of silica gels. As shown in Figure 1, both
yields of silanization and protein binding obtained by silica gels pretreated
with 35% of hydrogen peroxide were higher than those obtained by the other
chemicals. Furthermore, the highest activity of immobilized GL-7-ACA acylase
was also obtained from silica gel pretreated with 30% of hydrogen peroxide.
Thus, we decided 30% of hydrogen peroxide as chemical for pretreatment.

Silanization on the silica gel surface

One of the most important techniques for enzyme immobilization is the
attachment of amino groups through modification of the carrier surface (8).
Silanization is the most common and effective method for the modification of
the carrier surface. Organosilane agents containng amino groups are widely
used in silanization because its amino groups are susceptible to the coupling
reaction.

Three different agents, 3-aminopropyltriethoxysilane(3-APTES), 3-
aminopropyltrimethoxysilane (3-APTMS) and 3-(trimethoxysilyl) propylethylen
diamine (3-TMSPEDA), were tested in this study. As shown in Figure 2, the
best results of the protein binding yield and activity of immobilized GL-7-ACA
acylase were obtained by using 3-APTES. Thus, 3-APTES was chosen as a
suitable reagent for silanization and used in further studies.

Aqueous organic solvents have usually been introduced in silanization to
enhance the efficiency of silanization (20). The results in Table I indicated that
silanization has no relation with polarity of sovent used. The highest yield of
silanization was obtained when silanization was carried out in acetone, and
protein binding yield and activity of immobilized GL-7-ACA acylase were also
higher than those obtained by others.

However, reaction temperature of 80 °C used in silanization is unsuitable
to immobilization procedure because boiling point of acetone is 56 °C. Such a
reaction at above boiling point generates a serious problem such as increasing
of pressure in immobilization process, and results in the difficulty of industrial
applications. Thus, silanization was carried out at the temperature lower than
the boiling point of acetone. As shown in Table I, fortunately, yield of
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Figure 1. Effect of pretreatment of silica gel on the immobilization
of GL-7-ACA acylase. Experiments were carried out with (1)
distilled water, (2) 1.5N HNO; at 80°C for 2 hour, (3) Mixture of
H280, and H;0; at 80°C for 2 hour, (4) 35% H.0; at 25°C for 2
hour, (5) 30% H,SO, at 80°C for 2 hour, (6) 10N NaOH at 80°C for
2 hour, (7) 5N NaOH at 80 °C for 2 hour and (8) sonicating in
distilled water,acetone and ethanol for 15min each.
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silanization obtained at 50°C is almost same as that obtained at 80 °C. Protein
binding yield and activity of immobilized GL-7-ACA acylase obtained at 50 °C
were also similar to that obtained at 80 °C. Thus, we decided 50 °C as a
temperature of silanization using 3-APTES in acetone. Although not shown in
this study, the reaction time of silanization and concentration of 3-APTES may
also be important factors. It was determined as 120 min and 10%, respectively,
in our previous study.

Table 1. Effect of solvent on silanization

. Activity of
Yield of Yield .Of immobitﬂzed
olvent Polarity  silanization protein GL-7-ACA
o binding
(%) %) acylase
(U/g-matrix)
Water 9.0 65.8 51.9 8.0
Dimethylsulfoxide 72 69.9 61.7 8.1
Acetone 5.1 80.8 72.9 11.9
Ethanol 5.2 70.8 60.9 7.9
Ethyl acetate 44 72.4 64.7 8.4
lospropanol 3.9 73.6 64.9 9.0
Dichromethane 3.1 69.4 58.5 7.9
Xylene 2.5 68.9 53.8 7.7
Toluene 2.4 73.0 65.6 9.6
Hexane 0 51.8 40.8 5.9

Table II. Effect of temperature on silanization in acetone

Activity of
Temperature Yield of Yield of protein tgzn?bjilcz;d
“0) silanization (%6) binding(%) —
acylase
(U/g-matrix)
80°C 82.6 75.58 12.1
50°C 81.2 76.54 11.9
25°C 47.2 53.0 5.16
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Crosslinking by glutaraldehyde

Glutaraldehyde is a bifunctional reactive agent mainly capable of reacting
with the surface amine groups of enzyme and carriers, through the formation of
Schiff bases and Michael adducts (21). However, glutaraldehyde gives a
negative effect such as toxicity to the enzyme and induction of enzyme
denaturation to the immobilized enzyme. Therefore, glutaraldehyde was
modified in aqueous solution of pH 8.0 at 62 °C for 25min in order to overcome
the negative effect of glutaraldehyde. As shown in Figure 3, when using the
non-modified glutaraldehyde, yield of protein binding increased with
increasing glutaraldehyde. Nevertheless the activity of immobilized GL-7-ACA
acylase gradually decreased at above 1% (v/v) of glutaraldehyde. On the other
hand, when using the modified glutaraldehyde, the behavior of protein binding
yield is very similar to that of non-modified glutaraldehyde. However, unlike
non-modified glutaraldehyde , the activity of immobilized GL-7-ACA acylase
increased up to over 2% concentraion of modified glutaraldehyde, then almost
unchanged afterwards. Activity of immobilized GL-7-ACA acylase at optimal
condition was 18.72 Unit/g-matrix. This value was increased up to about 63 %
compared to that obtained by using non-modified glutaraldehyde.

Based on above results it may be stated that crosslinking by modified
glutaraldehyde resulted in enhanced stability to compared non-modified
glutaraldehyde. Namely, these results imply that the negative effect of
glutaraldehyde was reduced by modification of glutaraldehyde.

Effect of enzyme concentration on immobilization

To optimize the amount of enzyme added, it is important to determine
the capacity of the carrier for the retention of enzyme activity. The effect of GL-
7-ACA acylase concentraion added during the immobilization step is shown in
Figure 4. The amount of GL-7-ACA acylase immobilized on 100 mg of the
silica gels increased with increasing concentration of GL-7-ACA acylase, and
reached a plateau at a concentration of 10 mg/ml. Also, the behavior of activity
of immobilized GL-7-ACA acylase is almost same as amount of GL-7-ACA
acylase immobilized on silica gels. Therefore, 10 mg/ml was chosen as an
optimal concentration of GL-7-ACA acylase per 100 mg of the silica gels added
in immobilization procedure.

Improvement of stability of immobilized GL-7-ACA acylase by treatment
of reducing agent

In order to increase the stability of the linkage between enzyme and
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support, we investigated the effect of reducing the Schiff’s bases formed in the
glutaraldehyde coupling (22). Sodium borohydride was selected as reducing
agent. As shown in Figure 5, The treatment with sodium borohydride did not
significantly affect the activity of the immobilized enzymes until the
concentrations of sodium borohydride increased up to 2 % (w/w-carrier),
determining a loss of activity < 5 %. Beyond this concentration, activity of
immobilized enzyme decreased with increasing concentration of sodium
borohydride.

On the basis of the above results, the abilities for long-term stability of the
immobilized GL-7-ACA acylase treated with 2% (w/w) sodium borohydride
were investigated by repeated washes. As shown in Figure 6, the effect of
sodium borohydride reduction on operational stability was obvious. The activity
of immobilized GL-7-ACA acylase treated with 2% (w/w) sodium borohydride
was remained almost 86 % after 20 times of reuse.

As a consequence, if this immobilization method should be introduced in
scale-up for the mass production of 7-ACA, more superior effects might be
obtained.

Conclusions

Immobilization of GL-7-ACA acylase to silica gel via silanization followed
by glutaradehyde was introduced in this study. Silica gels were pretreated with
various chemicals. Hydrogen peroxide (35%) among various chemicals tested
was found to be the best one for the immobilization of GL-7-ACA acylase.

The silanization of the silica gel surface is a well-known and convenient
method for combining silica gel with an organic molecule. Three different
reagents were tested in this study. 3-APTES among the reagents tested was
chosen as a suitable reagent for silanization. On the other hand, effect of
solvent on silanization was also investigated, and the best result was obtained
when the silanization was carried out in acetone at 50 °C.

Glutaraldehyde has been widely used as a crosslinking agent for the
immobilization of enzymes. However, difficulty lies in obtaining reproducible
activity of the immobilized enzyme because certain adverse effects of
glutaraldehyde have existed. Glutaraldehyde was modified in aqueous solution
of pH 8.0 at 62 °C for 25min in order to overcome the negative effect of
glutaraldehyde. Activity of the immobilized GL-7-ACA acylase when using the
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modified glutaraldehyde was 18.72 Unit/g-matrix. This value was increased up
to about 63 % compared to that obtained by using non-modified glutaraldehyde.

To optimize the amount of enzyme added, it is important to determine the
capacity of the carrier for the retention of enzyme activity. In this study, 10
mg/ml was determined as optimal concentraion of GL-7-ACA acylase per 100
mg of the silica gel.

We also investigated the effect of sodium borohydride in order to increase
the stability of the linkage between enzyme and support after immobilization.
The activity of immobilized GL-7-ACA acylase treated with 2% (w/w) sodium
borohydride was remained almost 86% after 20 times of recycles.
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Chapter 9

Production of Laccase by Membrane-Surface Liquid
Culture with Nonwoven Fabric of Coriolus versicolor

Kazuhiro Hoshino', Mami Yuzuriha?, Shoichi Morohashi’,
Shigehiro Kagaya', and Masayuki Taniguchi®

"Department of Material Systems Engineering and Life Science,
Toyama University, Toyama 930-8555, Japan
*Department of Chemical and Biochemical Engineering,
Toyama University, Toyama, Japan
*Department of Materials Science and Technology, Niigata University,
Niigata 950-2181, Japan

The membrane-surface liquid culture with nonwoven fabric (MSLC-NF)
was developed in order to produce effectively laccase from Coriolus
versicolor IFO4937 and to apply to the bioremediation of environmental
pollutants. In the batchwise production of laccase using MSLC-NF as the
naringin was added as an inducer, the cell was well growth on the nonwoven
fabric and the amount production of laccase was as the same as that by the
normal surface culture. In the continuous production of laccase using
MSLC-NF by supplying the fresh medium at a dilution rate of 0.05-0.10 h,
laccase could be produced successively for 50 days. Further, when this
system was applied to the continuous bioremediation of the wastewater
contained 0.1-1.0 mM of 2,4,6-trichlorophenol, the pollutant in the
wastewater was almost completely degraded for 50 days.
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Laccase (oxidoreductase, EC 1.10.3.2) have been found in fungal stains
belonging to various classes (1-5). Recently, lignin biodegradation by laccase
has attracted the interest of many researchers, who aim to develop applications
of lignolytic fungi and enzyme systems for pretreatment of the lignocellulic
materials (6-8). Furthermore, numerous reports show that laccase secreted by
white-rot fungi have been received attention because chlorined aromatic
compounds used as biocides or wood preservatives can be dechlorinated and
detoxified (9-11). However, the apparatus and the cultivation method for the
production of laccase and the degradation of highly toxic environmental
pollutants using the fungi have been hardly examined. The fungi grow well
under lower moisture conditions than those required for optimal bacterial growth.
Further, they require an aerobic environment for the production of specific
products and grow well on the surface of wood found in the natural environment
(12,13). Thus, many reports of fungi production of useful substances in much
larger amounts by solid-state culture than by shaking cultures have been
published (12-15). However, the solid-state cultures have several weak points,
such mass transfer limitation of substrate and difficulty of control of culture
conditions. To overcome these problems, Ogawa et al. proposed a membrane-
surface liquid culture (MSLC) (16,17). The apparatus which fungi can be grown
on a microporus membrane surface exposed to the air, with the other side of the
membrane in contact with liquid medium is used. —However, in the
bioremediation of wastewater using the lignolytic fungi the utilization of MSLC
is quite difficult because the membrane used for the method is very expensive
and most of enzymes secreted by the fungi were drained from the bioreactor.
Therefore, to achieve the efficient degradation of environmental pollutants we
conceived that the nonwoven fabric, which are cheaper than a microporus
membrane such as ultrafiltration membrane and microfiltration membrane and
are able to adsorb the secretases, was used for the MSLC. In this study, we
developed a MSLC using nonwoven fabric (MSLC-NF) instead of microporus
membrane. We applied the MSLC-NF to the continuous laccase production
using Coriolus versicolor. In addition, the continuous biodegradation of 2,4,6-
trichlorophenol in wastewater using MSLC-NF was examined.

Materials and Methods

Microorganism and media The white-rot basidiomycete fungi Corilous
versicolor IFO4937 was used to produce laccase in this study. The vegetative
cells were cultivated for 5 day of potato-dextrose agar at 28°C to harvest
mycelium. The grown mycelium was shaved aseptically from the agar and
suspended in 0.85% saline. The basic medium for production of laccase
contained 10 g glucose, 10 g polypepton (Nihon Seiyaku Co., Tokyo), 1.5 g
KH,PO,, 0.5 g MgSO,*7H,0, 16 mg CuSO,*5H,0, and 2.0 mg Thiamin*HCI
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in 1/ of tapped water and the pH was adjusted to 5.6 with IN HCl. The medium
was autoclaved at 121°C for 15 min.

Batchwise incubation conditions Batchwise incubation experiments
were carried out in stationary 100-ml Erenmyer flasks contained 25 ml medium,
to which a nonwoven fabric (MB-T3, Japan Villene Co., Tokyo) were installed
in flask to support and immobilize mycelia of C. versicolor. MB-T3 (T3) is
mode of polyester having a thickness of 8 mm and an average mesh of 270 pum.
The mycelium suspension was inoculated uniformly onto, the nonwoven fabric.
The incubation temperature was carried out at 28°C for 20-21 days.

Membrane-surface liquid culture with nonwoven fabric (MSLC-NF)
Figure 1 shows a schematic diagram of the cultivation system for the membrane-
surface liquid culture with nonwoven fabric (MSLC-NF). The cultivation
apparatus was adopted the membrane-liquid surface culture (MSLC) proposed
by Ogawa et al. (16,17) by using a nonwoven fabric instead of a microporus
membrane. The apparatus was made of polycarbonate and composed of a
cylinder equipped with inlet and outlet (10 cm in diameter and 4.0 cm in height)
and a cap holed for aeration. About 100 ml of the liquid medium was poured
into the apparatus and the nonwoven fabric cut in a circle was floated in the
medium. After the cup was putted on, the apparatus was autoclaved at 121°C for
15 min. Continuous production of laccase was carried out as follows. Four
microliters of a suspension of mycelium was inoculated uniformly onto the
nonwoven fabric, and incubated statically. After the mycelium was covered
perfectly on the nonwoven fabric for 5-6 days, the continuous culture was
performed by supplying fresh medium at a certain dilution rate (D) more than 42
days. The medium supplied was twentieth part of the basic medium as a model
wastewater. In the continious bioremediation of wastewater, 2,4,6-
trichlorophenol (2,4,6-TCP) was added into the medium as an environmental
pollutant.

Enzyme assay Enzyme activities were determined spectrophotometerically
at pH 6.0 and 30°C. Laccase activity was assayed by the oxidation of
syringaldazine which caused an increase in absorbance at 527 nm (18). One unit
of enzyme activity was defined as 1 mol of syringaldazine oxidation per second.

Analysis  The dry cell weight was measured as follows. In the shaking
culture and surface liquid culture without nonwoven fabric, the dry cell weight
was determined by subtracting the dry weight of filter paper from total dry
weight of cells and the filter paper. In the cultures using nonwoven fabric, the
cells formed on the nonwoven fabric could be removed quite easily with a
spatula. The cells were weighed without additional washing. The recovered
cells were dried at 105°C to a constant weight. The glucose concentration was
measured by the mutarotase GOD method (Glucose CII-Test; Wako Pure
Chemicals, Osaka). The environmental pollutants in medium was analyzed by
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HPLC using a Wakosil Agri-9 column (4.6 mm i.d. x 250 mm; Wako) using
water/methanol (3:7, v/v) as eluate and monitoring at 290 nm and 35C.

Result and discussion

Laccase production by C.versicolor

Figure 2 show the time course of cell growth, glucose consumption, and the
production of laccase in shaking culture and surface culture of C.versicolor. In
the both cultures, the dry cell weight increased as the glucose decreased and
reached a maximum of 6.2 g-dry cells// at incubation time of 12 day. On the
other hand, the activities of laccase appeared after 8-day inculcations, increased
with time and reached maximum values of 6 nkat/ml in shaking culture and 24
nkat/ml in surface culture at 20 day. No signification differences in the cell
growth or glucose consumption were observed between the shaking culture and
surface culture, though the activities in the later culture were significantly higher
than those in the former. The reason seems to be that in a shaking culture the
synthesis of laccase by the cell is limited due to a lack of oxygen resulting from
cell sedimentation and a breakup of mycelium by shearing force resulting from
shaking, whereas in a surface culture the cells can synthesize large amounts of
laccase because the upper part of mycelium was exposed to air and undamaged
by shearing force. Therefore, the surface culture was more effective than the
shaking culture for the production of laccase by C.versicolor.

Induction of laccase by naringin

Many aromatic compounds have been widely used to stimulate production
of laccase. 2,5-Xylidine was reported to be the most effective inducer for the
production of laccase with Polyporus versicolor (19, 20). Laccase production
from Trametes versicolor, Pleurotus ostreatus and Pholiota mutabilis is also
increased by ferulic acid (21). p-Anisidine is other examples of inducers that
enhance production of laccase from Rhizoctonia praticola (9). However, most
of aromatic compounds are either very harmful to humans or at least expensive,
precluding their use from industrial application. Therefore, we have been
researched new inducer for effective laccase production by C.versicolor. As a
result, we found out that naringin which was a kind of the flavonoidis is an
effective inducer for laccase secretion. Figure 3 show the production of laccase
by surface culture of C.versicolor when naringin was added into the medium at a
certain concentration in the initial cultivation. The cell growth was about the
same in spite of conditions. However, in the laccase production, the larger the
amount of naringin added is, the higher the activity laccase is. In 3.5 mM
naringin, the maximum activity was about 420 nkat/ml at 12-16 cultivation days,
which was over 16 times higher than that without naringin. The addition of
naringin into the medium is a high potential method to induce laccase because of
low toxicity and popular price. Moreover, the method could be applied to the
degradation of environmental pollutant, to which the reduction of the cost is
indispensable.
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Figure 2 Production of laccase from C.versicolor by shaking culture and
surface culture
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Figure 3 Induction of laccase by adding naringin

Batchwise production of laccase using surface culture and MSLC-NF

Many report of fungi production of useful substances in mach larger
amounts by solid-state culture than by shaking cultures have been published (12-
15). However, the solid-state culture has several disadvantages, as mass transfer
limitation inside the solid substrate and difficulty of the control of substrate
concentration as well as pH of the medium during cultivation. To overcome
these disadvantages of the solid-state culture, Ogawa et. al. proposed a new
cultivation method, membrane-surface liquid culture (MSLC). They showed that
the amount of neutral protease and kojic acid of Asperigillus oryzae using MSLC
(16, 17) was much higher than those by shaking culture and the control such as
pH, concentrations was easy. Although the MSLC have a high potential for the
production of useful substances using filamentous fungus, it is undesirable to
apply to the biodegradation of environmental pollutant as described above.
Thus, to employ MSLC as a culture method for biodegradation of environmental
pollutant, we proposed MSLC with a nonwoven fabric instead of a microporus
membrane, and named membrane-surface liquid culture with nonwoven fabric
(MSLC-NF).

First, the laccase production by MSLC-NF was compared to that by surface
culture. Figure 4A and 4B show the result of surface culture and MSLC-NF,
respectively. Both cultures were carried out in the basic medium contained
1mM naringin. In the both culture, the dry cell weight increased as the-glucose
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Figure 4 Production of laccase by surface culture and MSLC-NF

consumed and reached a maximum (12.4 g-dry cells/l in SC, 10.9 g-dry cells/l in
MSLC-NF) at an incubation time of 12 day. In the MSLC-NF, the cells was
grown like a sheet on the nonwoven fabric and were not observed in liquid
medium under the fabric at all. In the surface culture, the activities of laccase
were appeared after 6-day incubation, reached maximum value of 320 nkat/ml at
an incubation time of 18 day in MSLC-NF. However, the production rate of
laccase in MSLC-NF was later than that in surface culture. The maximum
activity was 300 nkat/ml at an incubation time of 21 day. It is thought that the
late induction of activity in MSLC-NF is attributed to the limitation of the mass
transfer to mycelium grown on the nonwoven fabric. However, the enzyme
secreted from the fungi was adsorbed on the fabric recovered after 21 day of
cultivation in the MSLC-NF (0.8 mg-protein/g-dry fabric) and the fabric have a
high laccase activity (34 nkat/g-dry fabric). This characteristic is not reported in
the papers described the application of MSLC using a microporus membrane
(16,17), and it is suggested that the nonwoven fabric can be used as carrier for
immobilization of enzyme in addition to the production of useful substance.

Continuous production of laccase by MSLC-NF
To enhance the laccase productivity, we tried to produce laccase
continuously by MSLC-NF shown in Figure 1. Since excess supply of glucose
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resulted in the decline of its production in preliminary test, the supply medium
diluted the basic media to 1/20. Figure 5A shows the results of the continuous
production of laccase using MSLC-NF without naringin. After the cell was
covered on the nonwoven fabric at an incubation time of 5 day, the continuous
cultivation was started at a dilution rate of 0.1 h™’. The laccase in the effluent
showed little activity (average 0.05 nkat/ml) for 12 days. Thus, when the
dilution rate was changed at 0.05 h™ on 12 day, the activity increased rapidly and
0.4-1.1 nkat/ml laccase was constantly produced for 38 days in spite of a little
adsorption of secretases on the fabric. In this phase of laccase production, the
laccase productivity was about 26.5 nkat/l[/day. On the other hand, as the
medium contained 1 mM naringin was supplied as shown in Fig.5B, the
activities was more than twice time as high as those without naringin. In the
operation condition of dilution rate 0.05 h™", the productivity of laccase produced
was average 60 nkat/l/day, which is 2.2-fold higher than that of continuous
MSLC-NF without naringin. During all continuous MSLC-NFs, little or no
glucose was detected except for the initial period and the the living cells cannot
be observed in the effluent at all. Accordingly, the utilization of MSLC-NF
allowed to be living the mycelium on the nonwoven fabric for a long time and to
product consecutively laccase. The MSLC-NF is expected to be a promise
method for the continuous production of useful substance such as organic acids,
enzymes, antibiotics, etc. using filamentous fungus as well as the continious
MSLC reported by wakisaka et al. (22).
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Figure 5 Continuous production of laccase by MSLC-NF
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Continuous degradation of 2,4,6-trichlorophenol in wastewater using
MSLC-NF

Since it is recently clarified that oxidoreductase such as laccase, lignin
peroxidase, Mn peroxidase etc. are capable of degrading highly toxic
environmental pollutants, the technique of bioremediation using these enzymes
has been investigated (9,10, 23-27). However, those technologies are not so
suitable for continuous processing of wastewater because the immobilization of
laccase on water insoluble carrier is necessary. Moreover, if the immobilized
laccase is an inactive, the preparation should be exchanged on the way to the
treatment. To overcome these problems, we examined the application of MSLC-
NF to the continuous treatment of wastewater contained 2,4,6-TCP. The diluted
medium contained 0.1-1.0 mM 2,4,6-TCP as a model wastewater was supplied at
a diluted rate of 0.1 h'. The other procedures for continuous operation were
similar to that for continuous production of laccase. Figure 6 shows the results
of continuous treatment of wastewater contained 2,4,6-TCP. In order to clarify
the adsorption of 2,4,6-TCP on nonwoven fabric, the case where the cells is not

0.3 mM 0.1 mM 1.0 mM
2.0f @ Laccase -11.0
5 r— A Glucose

Glucose (g/l)

o a0 20 30 40
Cultivation time (day)

Figure 6 Continuous degradation of 2,4,6-TCP using MSLC-NF
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inoculated on the fabric was also examined (Control in Figure 6). It is thought
that there is little adsorption of 2,4,6-TCP on the fabric because in the control
the concentration in effluent was almost equal to that in influent during the
continuous operation. On the other hand, after the continuous opration was
initiated by supplying the wastewater contained 0.3 mM 2,4,6-TCP, the
concentration in the effluent decreased rapidly and was at least 0.01 mM or less
until 16 day. This tendency was the same though changed the concentration of
2,4,6-TCP in the wastewater through the cultivation time of 50 days. Further,
no or little glucose in the effluent was detected during this culture but laccase in
the effluent was continuously produced at the level of 0.3-0.4 nkat/ml for 50
days, which is about one-forth that in the continuous laccase production by
MSLC-NF. However, the results indicate that the cell that was exposed to
pesticide for a long time is surviving. From the result in which the nonwoven
fabric recovered after the cultivation was finished have a high laccase activity, it
was suggested that laccase immobilized on the fabric as well as free laccase was
responsible for a part of biodegradation of 2,4,6-TCP. Accordingly, it is verified
that the continuous MSLC-NF could be used for bioremediation of wastewater
contained environmental pollutants as well as for production of useful substances.

Conclusion

The fungi are used not only for production of traditional fermentative foods
but also for the production of enzymes, antibiotics, beverages, and volatile
compounds. Further, the biodegradation of toxic environmental pollutants by
oxidoreductase secreted the white-rot fungi have been recently received attention.
However, the cultivation method to give the physiological properties of the fungi
full play has been hardly investigated. Therefore, we proposed the membrane-
surface culture with nonwoven fabric (MSLC-NF), in order to produce laccase
from white-rot fungus and to apply to the bioremediation of environmental
pollutants.. When the continuous laccase production was performed using
MSLC-NF, cell was well growth on the nonwoven fabric and laccase could be
produced successively for 50 days. Moreover, when this system was applied to
the continuous bioremediation of the wastewater contained 2,4,6-TCP, the
pollutant in the effluent was almost completely degraded for 50 days. The
continuous system used the MSLC-NF suggests a potential not only for the
production of secreting enzyme from fungi but also for the bioremediation of the
wastewater contained various pollutants.
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Chapter 10

Hydrolysis of Paper Sludge Using Mixed Cellulase
System: Enzymtic Hydrolysis of Paper Sludge
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The effects of water soluble materials in paper sludge (sludge
for short) on cellulase and B-glucosidase activities and the
effects of pre-drying of sludge and initial glucose
concentrations on the enzymatic sludge hydrolysis were
studied. The optimization of enzyme system for hydrolysis of
the sludge for production of glucose was also made. Water
soluble materials in the sludge showed stimulatory effect on
carboxymethyl cellulose (CMC) activity, inhibitory effect on
filter paper (FP) activity and no effect on avicelase and f-
glucosidase activities. Re-wetted sludge after drying showed
64% decrease in glucose production than that for the non-dried
sludge in hydrolysis. The initial glucose concentrations of 5, 10
and 20 g/l resulted in 9.5%, 20.4% and 39.2% decreases in
glucose production, respectively, after 16 h of hydrolysis.
CMC and B-glucosidase activities at 5 and 10, 10 and 10, 10
and 20 U/ml were optimal for hydrolysis of 5, 10 and 20% of
sludge, respectively.
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Paper sludge has caused severe environmental problem. Utilizing the sludge
as a production material in industry not only solves the environmental problem
but also reduces the production cost in industry. The dried materials, comprising
40% of this sludge, are composed of 30 to 60% of cellulose, 5 to 10% of lignin,
with the remaining composed of mainly ashes. Cellulose in sludge can be
hydrolyzed chemically or enzymatically to produce glucose which in tun can be
used as a substrate of fermentation for the production of fuel (1,2), organic acids
(3) and other useful products. Chemical hydrolysis of cellulose yields waste acid
or alkaline, which will eventually lead to environmental pollution, while
enzymatic hydrolysis can be free from this drawback. Many works have been
done on enzymatic hydrolysis of biomass, such as different types of wood (4)
and rice straws (5). These natural materials need to be pretreated in order to
become easily attacked by enzymes (4,5,6). The commercial development was
hindered because the pretreatment process requires a lot of energy (7,8) and the
enzyme is of higher cost than acid or alkaline. On the other hand, sludge might
need no pretreatment because it has already been treated for removing lignin and
hemicellulose and is much more susceptible to enzymatic hydrolysis (9). In this
research, the enzyme system was optimized to obtain high glucose yield with
relatively less enzymes to reduce the cost for the enzymes.

Cellulose is degraded by the synergistic action of three types of enzymes in
the cellulase complex, namely, endoglucanase, exoglucanase and B-glucosidase.
Endoglucanase acts randomly on the internal bond of amorphous cellulose to
break the polymer. Exoglucanase cuts the cellulose polymers from their
nonreducing terminals producing cellobiose unit. Exoglucanase is intensively
inhibited by cellobiose. B-glycosidase degrades cellobiose into glucose that
relieves the feedback inhibition of cellobiose on exoglucanase. Glucose, the final
product, inhibits various steps breaking cellulose molecule into glucose (10).
Therefore, it is necessary to employ a balanced enzyme system containing
appropriate amounts of endo- and exo-type glucanase as well as B-glucosidase
for achieving an efficient hydrolysis of cellulose. In this research, we
investigated optimal conditions, especially the balance of the enzyme system for
the hydrolysis of paper mill sludge.

MATERIALS AND METHODS

Enzymes and Reaction Conditions

Raw cellulase powder (/7) produced by Trichoderma reesei Rut C-30
(ATCC 56765) and commercial B-glucosidase solution (Novozym 188, Novo
Nordisk, Denmark) mixed each other in various compositions were used in this
research. Certain amount of sludge and enzymes in 20 ml citrate buffer (pH 4.8)
in 100 ml flasks were incubated at 50°C and 350 rpm in a shaking water bath
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(KMC1205KW1, KMC Vision Co., Korea). Oxymycin, an antibiotic, was added
to make final concentration of 25 mg/ml to prevent contamination. The flasks
containing the mixture of sludge and buffer solution were sterilized at 121 °C for
30 min and then cooled down to about 50°C before adding the enzymes and
antibiotics. Sludge was obtained from Samwha Paper Co., Korea.

Analytical Methods

CMC and FP degrading activities, avicelase and P-glucosidase activities
were determined following the method of the International Union of Pure and
Applied Chemistry (IUPAC). One unit of the enzyme activity was defined as the
amount of enzyme releasing 1 pmol of glucose per minute. Glucose
concentration in enzymatic hydrolysis experiments was measured using the
glucose analyzer (YSI 2700, Yellow Springs Instrument Co., USA).

RESULTS AND DISCUSSION

Effect of Water Soluble Materials in Sludge on Enzyme Activities

A sludge of 5% (dry weight/volume) was washed using distilled water by
stirring at about 500 rpm for 2 h, and then centrifuged at 4°C, 8000 rpm for 30
min to recover the sludge washing water. This water was then used to dissolve
the cellulase powder and the B-glucosidase solution (described in Materials and
Methods) for activity measurement. The controls of cellulase and B-glucosidase
dissolved in distilled water were also made for enzyme activity measurement.
The results of cellulase and B-glucosidase activity measurement were shown in
Table 1. It shows that water extractable materials in the sludge has stimulating
effect on CMCase activities but inhibitory effect on FPase activities while
negligible effect was shown on avicelase activities. Water extractable materials
also have no effect on B-glucosidase activities.

Paper-mill industries use numerous chemicals during the manufacturing
processes including recycling papers which might have toxic effects on enzymes.
Paper cellulose are purified by bleaching with chlorine, alkaline and sometimes
hypochlorite. Other additives are used in the preparation of pulp, such as kaoline,
talc, titanium dioxide, calcium carbonate, zinc oxide and sulfate, diatomaceous
earth etc., whereas gelatine, vegetable glue, etc. are used as binders. About 50%
of the dry sludge is constituted by organic matter. The mineral component is
mainly calcium carbonate, talc and kaolin, and the metals are mostly aluminum
and zinc. Although many chemicals, which might be toxic to enzymes, remained
in the sludge, the above result showed that these chemicals do not affect the
enzyme activities significantly. Therefore, no pretreatment for removing the
toxins in the sludge was tried before enzymatic hydrolysis.
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Table 1. Effect of water extractable materials on enzyme activities

Dissolving Sludge washing . . Activities in (1)
solvent water (1) Distilled water (2) Activities in (2)

Enzyme acitivity U/ml U/ml
Cellulase (Trichoderma reesei)
CMCase 1532 8.98 1.71
Avicelase 0.20 0.22 0.91
FPase 0.64 3.51 0.18
CMCase/FPase 24.12 2.56
B-glucosidase
NOVOZYM 188 251 250 ~ 1

The measurements were duplicated.

SOURCE: Reproduced with permission from reference 12. Copyright 2001 The Korean
Society for Microbiology and Biotechnology.
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Effect of Sludge Pre-drying and Initial Glucose Concentrations on
Sludge Hydrolysis

Sludge was dried at 80°C for two days and re-wetted before hydrolysis
experiment. Cellulase with CMC activity of 10 U/ml and B-glucosidase activity
of 10 U/ml were used in the experiments. A control using non-dried sludge was
used in the experiment. In the experiment to see the initial glucose effect on
hydrolysis, three levels of initial glucose concentrations of 5, 10 and 20 g/l and a
control without addition of glucose were used (/2). The result of sludge pre-
drying effect on hydrolysis was shown in Fig. 1. It showed that 64% decrease of
glucose production occurred in case of using re-wetted sludge after drying than
using non-dried sludge after 13 h of hydrolysis. The result of initial glucose
concentrations on hydrolysis was shown in Fig. 2. It showed that initial glucose
concentrations of 5, 10 and 20 g/l resulted in 9.5%, 20.4% and 39.2% decreases,
respectively, in glucose production after 16 h of hydrolysis.

The structure of cellulose fibers is much affected by water. Changes in the
quantity of hygroscopically bound water govern many physical properties
including the extent of swelling and shrinkage. An ultrastructural model of
cellulose fibers of non-dried, dried and re-wetted after drying was suggested
(13,14). Tt was reported that non-dried cellulose has more surface areas than the
re-wetted after drying ones, while the dried cellulose has the least surface areas
among the three kinds. Fan, et al. (1980) reported that the re-wetted cellulose
fibers after drying had 60% less surface area than the non-dried ones (/5). The

—— non-dried shudge
30 4| —@— re-wetted sludge

S
[ =4
2
8
c
g
§ 15
a
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Fig. 1. Time course of hydrolysis of re-wetted and non-dried sludge.
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Fig. 2. Time course of glucose production with varing initial glucose
concentration.

less glucose yield from the re-wetted sludge after drying than that of the non-
dried sludge in our experiment was resulted from the decrease of the surface
areas of the cellulose fibers, which are needed for the biding of the cellulase
during the hydrolysis.

Glucose, the final product, inhibits various steps in the enzymatic hydrolytic
process of cellulose into glucose (/0), which leads to obvious decrease in
glucose production in our experiment, especially when the initial glucose
concentration is higher than 10 g/l (Fig. 2). Therefore, continuous
removal/consumption of glucose can increase the productivity of the hydroiytic
process.

Optimization of Enzyme Systems for Hydrolysis of Sludge of Varing
Concentration

Sludge of 5, 10 and 20% were used in the hydrolysis experiments. Cellulase

and B-glucosidase were mixed in various combinations. In hydrolysis of 5%
sludge, six levels of CMC activities, 200, 100, 10, 5, 3 and 1 U/ml, were tested.
Four levels of B-glucosidase activities, 20, 10, 1 and 0.25 U/ml, were tested.

In Biological Systems Engineering; Marten, M., et al.;
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Glucose concentration (g/l)

25

Fig. 3. Time course of 5% sludge hydrolysis. A: CMCase/B-glucosidase
activities for case 1 to 12 of 200/20, 200/10, 200/1, 200/0.25, 100/20, 100/10,
100/1, 100/0.25, 10/20, 10/10, 10/1, 10/0.25 U/mi, respectively, B: CMCase/

glucosidase activities for case 13 to 24 of 5/20, 5/10, 5/1, 5/0.25, 3/20, 3/10, 3/1,
3/0.25, 1/20, 1/10, 1/1, 1/0.25 U/ml, respectively.
Reproduced with permission from reference 12. Copyright 2001 The Korean
Society for Microbiology and Biotechnology.
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Fig. 4. Hydrolysis of 5% sludge using various enzyme systems. Cases from 1 to
24 are the same as cases in Fig. 3.
Reproduced with permission from reference 12. Copyright 2001 The Korean
Society for Microbiology and Biotechnology.
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Fig. 5. Glucose yields in sludge hydrolysis. Cases 1 to 8 stand for CMCase/-
glucosidase activities of 200/20, 100/20, 200/10, 100/10, 10/20, 10/10, 5/20 and
5/10 U/ml, respectively.
Reproduced with permission from reference 12. Copyright 2001 The Korean
Society for Microbiology and Biotechnology.

All combinations of CMC and B-glucosidase activities were tested for
hydrolysis of 5% sludge in a batch mode. The time course of the hydrolysis
showed that glucose concentration reached the maximum within 6 hours of
hydrolysis (Fig. 3). Glucose production was best in the case 5 of the CMC
activity of 100 U/ml and B-glucosidase activity of 20 U/ml (Fig. 4). With the
increase of CMC activity to 100 U/ml, the case 1, the glucose production
decreased. High glucose productions were obtained at high B-glucosidase
activities.

The results showed that CMC activity at about 5 U/ml and B-glucosidase
activity at about 10 U/ml was an optimal condition for hydrolysis of 5% sludge,
considering the productivity per unit amount of cellulases. Glucose yield was
increased with high B-glucosidase activities. With CMC activity of 100 U/ml and
B-glucosidase activity of 20 U/ml, glucose yield was almost one hundred percent
(Fig. 5).

In general, the higher the enzyme activity, the more glucose was produced.
However, with the same B-glucosidase activity of 20 U/ml, glucose production
with CMC activity of 200 U/ml was lower than that with 100 U/ml.
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The former simulation result showed that with high activities of cellulase,
not only glucose but also cellobiose concentration reached a high level in the
early stage of the hydrolysis (data not shown). Cellobiose accumulation is known
to inhibit the enzymatic activity of both the endo- and exo-type of glucanase
components of the fungal cellulase complex (76). This might be the reason why
too high CMC or cellulase activities lead to the decrease of final glucose
concentration.

In hydrolysis of 10% sludge, four levels of CMC activities, 200, 100, 10 and
S U/ml, respectively, and two levels of B-glucosidase activities, 20 and 10 U/ml,
respectively, were used. All combinations of the levels of CMC and B-
glucosidase activities were tried in hydrolysis of 10% sludge in the batch mode.
Glucose concentration increased quickly and almost reached the maximum level
after 10 hours of hydrolysis (Fig. 6).

The highest glucose production was obtained with CMC and B-glucosidase
activities of 100 and 20 U/ml, respectively. At the same B-glucosidase activity of
20 U/ml, glucose production with CMC activity of 200 U/ml was lower than that
with 100 U/ml(Fig. 7), which was the same pattern as that in hydrolysis of 5%
sludge. Glucose production was not changed much in all eight cases of enzyme
combinations (Fig. 7). Glucose yields were also high enough and had similar
values as in hydrolysis of 5% sludge (Fig. 5). Glucose production almost
doubled with sludge of 10% compared to 5% without any indication of an
apparent product inhibition effect. The CMC activity of 5 or 10 U/ml and B-
glucosidase activity of 10 U/ml was found to be an optimal enzyme combination
for hydrolysis of 10 % sludge.

In hydrolysis of 20% sludge, same enzyme combinations and operation
conditions as hydrolysis of 10% sludge were used. All combinations of four
levels of CMC activities, 200, 100, 10 and 5 U/ml and two levels of (-
glucosidase activities, 20 and 10 U/ml were used. In cases of CMC activities of
200 or 100 U/ml, glucose concentration almost reached the maximum level after
10 hours of hydrolysis (Fig. 8). However, in cases of lower CMC activities, such
as 10 or 5 U/ml, glucose concentration reached the maximum level after 20
hours of hydrolysis (Fig. 8).

The highest glucose production was also obtained with CMC activity of 100
U/ml and B-glucosidase activity of 20 U/ml, which was the same optimal
condition as hydrolysis of sludge of 5 or 10% (Fig. 9). Except the cases of CMC
activity of 200 U/ml, glucose production decreased more obviously with the
decrease of enzyme activities for both CMCase and B-glucosidase in hydrolysis
of sludge of 20% compared to that of 5 or 10% (Fig. 4, 7 and 9).

Glucose yields in hydrolysis of sludge of 20% were apparently lower than
that of 5 or 10% (Fig. 5). This was because the product inhibition effect caused
by cellobiose and glucose was stronger in case of 20% than that of 5 or 10%.
Besides the product inhibition problem, mass transfer resistance also occurred in
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Fig. 6. Time course of 10% sludge hydrolysis. Cases 1 to 8 stand for CMC and

PB-glucosidase activities of 200/20, 200/10,100/20, 100/10, 10/20, 10/10,

5/20,5/10, repectively.
Reproduced with permission from reference 12. Copyright 2001 The Korean
Society for Microbiology and Biotechnology.
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Fig. 7. Results of 20 hour hydrolysis of 10 % sludge with various enzyme
systems. Cases from 1 to 8 are the same as cases in Fig. 6.

Reproduced with permission from reference 12. Copyright 2001 The Korean
Society for Microbiology and Biotechnology.
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Fig. 8. Time course of 20 % sludge hydrolysis. Cases from 1 to 8 are the same
as cases in Fig. 6.
Reproduced with permission from reference 12. Copyright 2001 The Korean
Society for Microbiology and Biotechnology.
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Fig. 9. Results of 20 hour hydrolysis of 20 % sludge with various enzyme
systems. Cases from I to 8 are the same as cases in Fig. 6.
Reproduced with permission from reference 12. Copyright 2001 The Korean
Society for Microbiology and Biotechnology.

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Downloaded by OHIO STATE UNIV LIBRARIES on September 14, 2012 | http://pubs.acs.org
Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch010

133

8

¥

o
pebtifot

Glucose concentration (/)
—
2]

-2 10
10 —e-- 11
-0 12
548
1]
30

Time (hr)

Fig. 10. Time course of hydrolysis with intermittent feeds of sludge. At 0, 1, 2, 3
h of hydrolysis, 5% sterilized sludge was added to make total sludge amount of
20%. Cases 1 to 12 stand for CMCase/B-glucosidase activities are 5/2.5, 5/5,
5/10, 10/2.5, 10/5, 10/10, 20/2.5, 20/5, 20/10, 50/2.5. 50/5 and 50/10 U/mi,
respectively.
Reproduced with permission from reference 12. Copyright 2001 The Korean
Society for Microbiology and Biotechnology.

case of 20%, especially with lower enzyme activities. Intermittent feeding of
sludge could not increase either glucose production or glucose yield even though
it could overcome the mass transfer problem (Fig. 10, 11 and 12). The reason
was that in case of product inhibition, high initial concentration of substrate
favored the reaction. CMCase activity of 10 U/ml and B-glucosidase activity of
20 U/ml was an optimal enzyme combination for hydrolysis of sludge of 20% in
batch mode. In order to develop a process of practical importance, crude
cellulase of fixed endo and exo-type glucanase composition was used. Therefore,
no optimization on the composition of endo and exo-type glucanase was made in
this research.

High glucose yield can be obtained by enzymatic hydrolysis especially at
sludge concentrations lower than 20%. This result shows that the sludge needs
no pretreatment before enzymatic hydrolysis in order to obtain high glucose
yield. Besides the chemicals that are added in the paper mill, the properties of
the cellulosic materials such as particle size, degree of polymerization (DP), and
crystallinity index (Crl) also affect the enzymatic hydrolysis of paper mill sludge.
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Fig. 11. Glucose concentrations at 25 hour of hydrolysis with intermittent feeds
of sludge.
Reproduced with permission from reference 12. Copyright 2001 The Korean
Society for Microbiology and Biotechnology.
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Reproduced with permission from reference 12. Copyright 2001 The Korean
Society for Microbiology and Biotechnology.
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Cellulose is usually present in a bundle of fibrillar units with a supramolecular
structure consisting of crystalline and amorphous regions (7).

The amorphous regions of the fiber are supposed to occur at similar
intervals within the fiber. The initial action of the enzyme is to attack the less
ordered regions of the fiber resulting in a rapid reduction in particle size. Rapid
decrease in viscosity of the sludge during the hydrolysis process was observed.
But, the influences of DP and crystallinity in restricting the ease of enzymatic
hydrolysis are unclear. The susceptibility of sludge to complete enzymatic
hydrolysis can not be easily predicted from the differences in the initial DP and
crystallinity (/8,19). Therefore, DP and crystallinity were not measured in this
research.

Enzyme related factors that are influential in the hydrolysis process include
end product inhibition of the enzyme, thermal and mechanical inactivation, and
irreversible adsorption of the enzymes (20,21,22). In this research, glucose
production and the glucose yield were increased by the optimization of the
enzyme system through the addition of PB-glucosidase, which hydrolyzes
cellobiose to glucose, thereby preventing inhibition of cellulase by cellobiose
(23). Optimization of the enzyme system can also be made using mixed culture
of Trichoderma reesei and Aspergillus niger (24,25,26), which are the efficient
organisms producing cellulase and B-glucosidase, respectively. The mixed
culture is being done in our laboratory in order to produce the optimized enzyme
system more efficiently. Thermal and mechanical inactivation should not be
severe at the temperature not higher than 50°C and the agitation speed lower
than 100 rpm during the reaction period within two days, which condition is
going to be used in our later research. Lignin is reported to be responsible for
irreversible adsorption of cellulases (27,28,29), but there is no lignin in the
sludge that we use.

The glucose concentration of about 30 g/l, produced by hydrolysis of 10%
sludge is high enough for a fermentation process operated in a continuous or
repeated fed-batch mode. In order to make the hydrolysis process more
economical, we are using sludge as the material to produce the enzymes in low
cost after confirming that Trichoderma reesei and Aspergillus niger can grow
and produce enzymes normally on sludge. Simultaneous saccharification and
fermentation (SSF) process can improve the hydrolysis efficiency by prevention
of the accumulation of glucose and cellobiose to reduce the severe feedback
inhibition effect on hydrolytic enzymes (/7,29,30). It has been reported that
lactic acid, acetic acid, citric acid, itaconic acid, o-ketoglutaric acid, and
succinic acid scarcely inhibit cellulase (37). As a result, SSF has the advantage
in producing the organic acids using cellulosic materials. We have confirmed
that conditions for L-lactic acid fermentation using Lactobacillus and those for
cellulase and B-glucosidase reaction are compatible, which makes it possible to
produce L-lactic acid from paper mill sludge using SSF process. This process is
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hopefully to reduce the cost of L-lactic acid, low enough for making degradable
plastic (32).
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Hematopoietic stem cells (HSCs), due to their pluripotency,
are the major targets for gene therapy focused on correcting
hematopoietic diseases. =~ However, in most cases poor
transduction efficiency of the therapeutic gene into HSCs has
led to only modest clinical improvement. To overcome this
shortcoming we propose a selective cellular expansion method
using an antibody/receptor chimera trigger that can be
activated by a monomeric antigen. Two plasmids encoding 1)
a hybrid receptor composed of the Vy portion of anti-hen egg
lysozyme antibody HyHEL-10 and a N-terminally truncated
erythropoietin receptor (Vy-EpoR), and 2) a Vi-EpoR fusion
derived from the same construct as in 1, were employed. The
second plasmid also encoded enhanced green fluorescent
protein (EGFP) as a model therapeutic gene that was flanked
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by the internal ribosomal entry sequence. Both plasmids were
used simultaneously to transfect an IL-3 dependent murine
myeloid cell line, 32D. The transfectants after antigen
selection in the absence of IL-3 showed a clear antigen
induced dose-dependent proliferation. In addition, by flow
cytometry higher EGFP expression level was observed than
that of the cells before antigen selection. The results
demonstrate the expansion of genetically modified
hematopoietic cells in vitro and possibly in vivo. We propose
the term AMEGA (Antigen MEdiated Genetically-modified
cell Amplification) for such an approach.

Introduction

Gene therapy holds great promise as an effective therapeutic modality to
correct many inherited and acquired diseases. While results to date have had
mixed success, clinical trials employing gene therapy are underway for such
diverse conditions as adenosine deaminase (ADA) deficiency (J/), Fanconi
anemia (2), B-thalassemia (3), cancer (4), acquired immunodeficiency syndrome
(AIDS) (5) and many others. To attain a therapeutic effect sufficient to treat
hematopoietic diseases, efficient gene transduction into hematopoietic stem cells
(HSCs) is critical. However, transduction efficiency is not adequate at the
moment in spite of intensive efforts to improve vectors (6-9). Retroviral vectors
derived from oncoretroviruses have been widely used for gene transduction into
HSCs. However, since retroviral genes cannot be integrated into non-dividing
cells, the transduction efficiency for quiescent HSCs is low (J0-12).
Furthermore, in previous clinical trials gene-transduced cells were merely
injected into the patients’ body and no efforts were made for maintaining or
selecting the transduced cells in vivo. In the cases of ADA deficiency and
Fanconi anemia, growth advantage of transduced cells could contribute to an
enhanced therapeutic effect, but in other diseases such as Gaucher disease (/3)
and chronic granulomatous disease (74), a growth advantage of transduced cells
is not expected.

To improve the therapeutic efficiency for such diseases, selective expansion
of gene-transduced cells has been considered (/5-79). Recently, a modified
receptor gene (truncated erythropoietin receptor: tEpoR) has been proposed as
an improved gene amplifier (20,27). With these methods, cells with transgenes
are expected not only to survive but also to proliferate, which is a major
advantage in contrast to conventional drug resistance selections. However, side
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effects promoted by the administration of cytokines or other bioactive substances
can be also problematic in the case of in vivo administration.

To solve this problem, we propose to use an artificial receptor recognizing a
ligand that has no toxic effect on normal cells. Previously, we showed that the
interchain interaction between the variable regions (Vy and V) of anti-hen egg
lysozyme (HEL) antibody HyHEL-10 (22) is very weak (Ka < 10" in the
absence of HEL, whereas the interaction becomes strong (Ka ~ 10°) in the
presence of HEL (23). Then we reasoned that if the Vy or V| region of HyHEL-
10 is substituted for the ligand-binding domain of certain cytokine receptor, we
could create a novel receptor that could be activated by a specific antigen, HEL.
More specifically, the N-terminal part (D1) of the extracellular domain of EpoR
was replaced with one of the variable regions (Vy or V;) of HyHEL-10, which
here we call HE or LE chains, respectively. The co-transfection of two plasmids
encoding HE and LE chains to IL-3 dependent hematopoietic cells resulted in
efficient cell growth signal transduction in response to antigen HEL (24). Here
we try to apply this technology for enhancing the therapeutic gene expression in
the hematopoietic cells. The enhanced green fluorescent protein (EGFP) gene
was employed as a model transgene under the control of the internal ribosomal
entry site (IRES) (25) downstream of the LE gene to create LE-IRES-EGFP
gene. HE and LE-IRES-EGFP genes were simultaneously transfected into a
hematopoietic cell line to see if the antigen selection could successfully expand
the EGFP-positive cells.

Materials and Methods

Plasmid Construction

pME-VHER and pME-VLER were made from pME-ER by replacing EpoR
extracellular D1 domain with Vy; and V| region of HyHEL-10, respectively, with
no linker sequence between Vy/V; and EpoR (24). The ‘amplifier’ plasmid
pME-HE, which is an expression vector for the HE chain encoding HyHEL-10
Vu, GSG linker, D2, transmembrane and cytoplasmic domains of EpoR, was
previously described as pME-VHER(GSG) (24). The plasmid pMEZ-LE, which
is an expression vector for the LE chain, is a zeocin resistance variant “of
previously described pME-VKER(GSG). To make the ‘courier’ plasmid pMEZ-
LEIGFP, pIRES2-EGFP (Clontech, Palo Alto, CA) was digested with Sma I, and
Xba I linker (5'-CTCTAGAG-3") was ligated to make a Xba I site (underlined) at
the upstream of the IRES-EGFP gene, resulting in pIGFP-X. pIGFP-X was
digested with Xba I to obtain the IRES-EGFP fragment, which was subsequently
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ligated to the Xba I-digested pMEZ-LE to give pMEZ-LEIGFP which encodes
IRES-EGFP at the downstream of LE chain.

Cell Culture

A murine IL-3-dependent pro-B cell line Ba/F3 (26) and a murine IL-3-
dependent myeloid cell line 32D (27,28) were cultured in RPMI 1640 medium
(Nissui Pharmaceutical, Tokyo) supplemented with 10 % FBS (Iwaki, Tokyo)
and 2 ng/ml murine IL-3 (Genzyme, Cambridge, MA) at 37 °Cin a 5 % CO2
incubator.

Transfection of the Plasmids

Transfection of Ba/F3 cells was as described previously (24). 32D cells (3
x 10° cells) were washed and resuspended with 500 ul of Hanks’ buffered saline
(Nissui Pharmaceutical), and mixed with 10 pg each of pME-HE and pMEZ-
LEIGFP. The mixture was transferred to a 4 mm-gapped electroporation cuvette,
and after a 10 min incubation at room temperature, the mixture was
electroporated with an Electroporator II (Invitrogen, Groningen, Netherlands) set
at 250 uF, 600 V. After a 10 min incubation at room temperature, the cells were
transferred to 10 ml of medium in a $100 mm culture dish and incubated at
37 °C for 2 days, followed by selection with 480.pg/ml G418 (Sigma, St. Louis,
MO) and 500 pg/ml zeocin (Invitrogen). The antibiotic-resistant cells
(32D/HE+LEIGFP (3GZ)) were further selected in the medium without IL-3 but
with 10 pg/ml HEL (Seikagaku Corporation, Tokyo). The survived cells were
named 3GZH.

Western Blotting

The cells (106 cells) were washed with PBS, lysed with 100 pl lysis buffer
(20 mM HEPES (pH 7.5), 150 mM NaCl, 10 % Glycerol, 1 % Triton X-100, 1.5
mM MgCl,, 1 mM EGTA, 10 pg/ml aprotinin, 10 pg/ml leupeptin) and
incubated on ice for 10 min. After centrifugation at 15 krpm for 5 min, the
supernatant was mixed with Laemmli’s sample buffer and boiled. The lysate
was resolved by SDS-PAGE and transferred to a nitrocellulose membrane
(Millipore, Bedford, MA). After the membrane was blocked with 5% skim milk,
the blot was probed with rabbit anti-mouse EpoR antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) followed by HRP-conjugated anti-rabbit IgG
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(Biosource, Camarillo, CA), and detected with ECL system (Amersham-
Pharmacia, Buckinghamshire, UK).

Cell Proliferation Assay

Transfectant cells were washed three times with PBS and seeded in 24- or
96-well plates containing RPMI1640 medium supplemented with 10 % FBS and
various concentration of HEL. Cell number was counted with a hemocytometer,
or estimated with WST-1 assay (29).

Flow Cytometry

Cells were washed with PBS and resuspended in Isoflow (Beckman Coulter,
Fullerton, CA). Green fluorescence intensity was measured with EPICS-C (CS)
flow cytometry (Beckman Coulter) at 488 nm excitation and fluorescence
detection at 525 + 20 nm.

Results

Ba/F3 Transfectant Showed Antigen-Dependent Proliferation

We first employed IL-3 dependent pro-B cell line Ba/F3, which was shown
to transduce a growth signal in response to Epo when wild type EpoR was
ectopically expressed. The cells were electroporated with pME-VHER and
pME-VLER with no linker sequence between Vy/V; and EpoR. After antibiotic
selection, the survived cells were further selected in HEL'IL-3" medium,
resulting in HEL-dependently proliferating colonies. The selected cells were
cloned and named Ba/HE+LE cells.

Ba/HE+LE cells expressed both HE and LE chains, which were confirmed
by Western blot with anti-EpoR antibody. The affinity purification of cell lysate
with streptavidin-agarose and subsequent Western blot with anti-EpoR antibody
revealed the biotinylated HEL dose-dependent increase of band density
corresponding to HE and LE chains, indicating that HEL-dependent association
of HE and LE chains. Cell proliferation assay showed HEL concentration-
dependent proliferation of Ba/HE+LE cell clones, suggesting that the chimeric
receptors were functional for signal transduction (Figure 1). The growth rate of
Ba/HE+LE cells was similar to that of Ba/EpoR cells, which are Ba/F3
transfectants with wild-type EpoR. STATSb, which is one of the transcription
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factors involved in EpoR-mediated signaling, was phosphorylated in response to
HEL, further confirming that chimeric receptor mimicked wild-type EpoR-
derived signal transduction. However, significant background cell growth was
observed without HEL addition, implying the requirement to improve the
receptor construct to elicit a stricter antigen-dependent proliferation switch.
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Figure 1. HEL-dependent growth of Ba/HE+LE cell clones on day 6. Initial cell
concentration was 5 x 10° cells/ml.

Linker Insertion between Fv and EpoR

We speculated that the linker addition might change the growth
characteristics through conformational effect as suggested by crystallographic
analyses. Therefore, we inserted Gly (G) or Gly-Ser-Gly (GSG) linker between
Vy (or V,) and EpoR to modify the flexibility of the chimeric receptors. The
pairs of constructs with G linker, GSG linker, and no linker were transfected to
IL-3-dependent myeloid cell line 32D by electroporation, followed by G418 and
HEL selection to create 32D/G, and 32D/N cells, respectively. While 32D/G and
32D/N cells grew significantly in IL-3’HEL™ medium, 32D/GSG cells showed
clear HEL dose-dependent growth with undetectable background in IL-3"'HEL"
medium (Figure 2). Hence we used 32D/GSG cells for further study.

Selective Expansion of 32D Transfectants with Higher EGFP Expression
Level

To show the possibility for selective amplification of transgene-expressing
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cells, EGFP gene, flanked by internal ribosomal entry site (IRES), was inserted
at the downstream of LE gene as a model therapeutic gene, resulting in pMEZ-
LEIGFP. 32D cells were electroporated with G418 resistant pME-HE and zeocin
resistant pMEZ-LEIGFP by electroporation, followed by selection with
simultaneous addition of G418 and zeocin. Flow cytometric analysis revealed
that the antibiotic-resistant cells (named 3GZ cells) were a mixture of cell
populations with a wide range of EGFP expression levels (Figure 3). These cells
were further selected in IL-3"'HEL" medium, resulting in a portion of survived
cells. The HEL-selected cells (named 3GZH cells) showed a single green
fluorescent peak corresponding to the highest green fluorescent peak observed in
antibiotic-resistant cells (Figure 3). These results indicate that HEL induced
specific amplification of the cell population with the highest EGFP expression
level.

0O 32DN
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350 r ® 32D/GSG
300
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o
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Figure 2. HEL-dependent growth of 32D/N (day 4; initial cell concentration
was 7.7 x 10° cells/ml), 32D/G (day 6.8; 1.2 x 10° cells/ml) and 32D/GSG (day
6.8; 1.1 x 10° cells/ml).

HEL-Dependent Cell Growth of Cells after HEL Selection

To confirm that HEL specifically induced growth stimulation of EGFP-
positive cells, a cell proliferation assay was performed. As shown in Figure 4,
HEL induced cell proliferation in a dose-dependent manner, whereas cells died
without HEL addition. More than 100 ng/ml HEL supported cell viability of
more than 70 % during the assay period. 10 ng/ml HEL was the lower limit for
the growth maintenance, although some anti-apoptotic effect was observed with
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addition of 1 ng/ml HEL. This lower concentration limit was comparable to the
amount required for cell proliferation of 32D/GSG cells (Figure 2). Additionally,
this level roughly corresponds to the equilibrium dissociation constant K, (1nM)
of the complex composed of Vy, V. and HEL (24). These results indicate that
HEL induced specific amplification of EGFP-positive cells by transducing
efficient cell growth and anti-apoptotic signals.

600
32D
300 Q
0 ; -
100 10" 102 10°
_ 600
fé 3GZ
2 300 & _
3 Lt
& S
0 T T
10 10 102 108
600
3GZH
300 i
2|l
0 u T
1 1o 102 10°
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Figure 3. Flow cytometric analysis of parental 32D, 32D/HE+LEIGFP (3GZ),
and 32D/HE+LEIGFP (3GZH).

Correlation between Chimeric Receptor and EGFP Expression Levels

To compare the amounts of expressed chimeric receptor chains, cell lysates
from 3GZ and 3GZH cells were prepared and the expression of HE and LE
chains was detected using Western blotting with an anti-EpoR antibody (Figure
5). Both HE and LE chains were expressed in 3GZ and 3GZH cells, but the
corresponding levels of the HE and LE chains differed between the two cell
types. 3GZH cells showed consistently higher LE chain expression than 3GZ
cells. This is quite reasonable from the fact that EGFP expression level was
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expected to correlate with LE chain expression level since the LE gene locates
upstream of the IRES-EGFP gene, and that cells with higher EGFP expression
level were specifically amplified after antigen selection. As a result, the
amplified cells were controllable with the antigen, while keeping elevated
expression of EGFP transgene.
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Figure 4. HEL-dependent growth of 3GZH cells on day 11. Initial cell
concentration was 10° cells/ml.
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Figure 5. Altered expression levels of two chimeric receptor chains in 3GZ and

3GZH cells.

Discussion

In this study, we successfully created a novel chimeric receptor useful for
selective expansion of transfectants with high expression level of a transgene.
Among three 32D transfectants with constructs without linker, or with G or GSG
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linkers between Vy/Vy and EpoR domains, 32D/N and 32D/G cells showed
nearly constitutive growth without need for HEL. This growth characteristic
suggests that the chimeric receptors with G or no linker form active dimers even
without HEL addition. On the other hand, 32D/GSG cells exhibited a clear
HEL-dependent cell growth, indicating that GSG linker insertion hindered the
chimeric receptor from the active state in the absence of HEL. This apparent
difference in growth characteristics of three transfectants suggests that the linker
insertion altered the amount of preformed dimers, and/or induced their
conformational change as shown in previous reports (30-32).

Since gene transduction efficiency in HSCs is insufficient at present, various
efforts especially including vector improvements have been attempted.
Retroviral vectors derived from oncoretroviruses have been widely used for the
transfection of hematopoietic cells, and many have been trying to develop high-
titer retroviruses. A fibronectin fragment has been developed to improve the
transduction efficiency by co-localizing retroviral particles and target cells
(33,34), but these approaches did not solve the problem of inteération efficiency
of a transgene. Recently, a human immunodeficiency virus (HIV) vector has
been developed which shows promise for efficient transduction to non-dividing
cells including HSCs (35).

While these approaches were focused on gene transduction efficiency, of
utmost importance is the improvement of therapeutic effect. In this context, if
transduced cells can be selectively expanded, the therapeutic effect should be
improved even if transduction efficiency is low. Based on this premise, selective
expansion of transduced cells by growth stimulation has been proposed. In this
method, receptor gene as well as target gene is introduced into cells and an
exogenously added ligand stimulates the selective proliferation of the transduced
cells. However, administration of natural ligands such as erythropoietin and
estrogen might result in over proliferation or undesirable response of normal
cells. In the case of synthetic ligands such as FK1012 and 4-hydroxytamoxifen,
the effects of these ligands on the normal cells in vivo are unclear. In our
AMEGA (Antigen MEdiated Genetically-modified cell Amplification) system,
the number of antigen-antibody pairs is virtually infinite. This means that we
can in principle select appropriate ligands from a large pool of candidates
suitable for in vivo administration. Variation of ligands will not be limited
unlike the FKBP- or ER-receptor system where intensive efforts will be required
to seek other ligands to bind FKBP or ER, which is intact or mutated (36,37).
The expanded ligand choice may lead to the possibility of concurrent inputs of
distinct signals or different signal outputs such as cell proliferation and cell death
signals at different time points. Haptens are the most promising nominees since
they also can evade immune response upon in vivo administration. Further
improvement of this model system by adopting hapten-responsive human
chimeric receptors and therapeutic genes will definitely provide in vivo
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application of this system. Since at least one Fv is known to be stabilized by
haptens (38), more than one system suitable for this purpose will be certainly
available in near future.

Acknowledgments

We are grateful to Dr. K. Todokoro (RIKEN) for kindly providing murine
EpoR expression vectors. This work was supported by Grant-in-Aids for
Scientific Research on Priority Areas (No. 296-10145107), and for Scientific
Research (B11555216) from the Ministry of Education, Science, Sports and
Culture and funded by Biodesign Research Promotion Group of the Institute of
Physical and Chemical Research (RIKEN), Japan.

References

1. Pollok, K. E.; Hanenberg, H.; Noblitt, T. W.; Schroeder, W. L.; Kato, I;
Emanuel, D.; Williams, D. A. J. Virol. 1998, 72, 4882-4892.

2. Liu,J. M.; Young, N. S.; Walsh, C. E.; Cottler-Fox, M.; Carter, C.; Dunbar,
C.; Barrett, A. J.; Emmons, R. Hum. Gene Ther. 1997, 8, 1715-1730.

3. May, C; Rivella, S.; Callegari, J.; Heller, G.; Gaensler, K. M. L.; Luzzatto,
L.; Sadelain, M. Nature 2000, 406, 82-86.

4. Tahara, H.; Zitvogel, L.; Storkus, W. J.; Zeh, H. J., 3rd; McKinney, T. G.;
Schreiber, R. D.; Gubler, U.; Robbins, P. D.; Lotze, M. T. J. Immunol. 1995,
154, 6466-6474.

5. Su, L.; Lee, R.; Bonyhadi, M.; Matsuzaki, H.; Forestell, S.; Escaich, S.;
Bohnlein, E.; Kaneshima, H. Blood 1997, 89, 2283-2290.

6. Kume, A.; Hanazono, Y.; Mizukami, H.; Urabe, M.; Ozawa, K. Int. J.
Hematol. 1999, 69, 227-233.

7. Povey, J.; Weeratunge, N.; Marden, C.; Sehgal, A.; Thrasher, A.; Casimir,
C. Blood 1998, 92, 4080-4089.

8. Havenga, M.; Hoogerbrugge, P.; Valerio, D.; van Es, H. H. Stem Cells
1997, 15, 162-179.

9. Chu, P.; Lutzko, C.; Stewart, A. K.; Dube, I. D. J. Mol. Med. 1998, 76, 184-
192.

10. Miller, D. G.; Adam, M. A.; Miller, A. D. Mol. Cell. Biol. 1990, 10, 4239-
4242,

11. Roe, T.; Reynolds, T. C.; Yu, G.; Brown, P. O. EMBO J. 1993, ]2, 2099-
2108.

12. Berardi, A. C.; Wang, A.; Levine, J. D.; Lopez, P.; Scadden, D. T. Science
1995, 267, 104-108.

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Downloaded by PENNSYLVANIA STATE UNIV on September 14, 2012 | http://pubs.acs.org
Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch011

13.

14.
15.

17.
18.

19.

20.

21.
22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

151

Migita, M.; Medin, J. A.; Pawliuk, R.; Jacobson, S.; Nagle, J. W.; Anderson,
S.; Amiri, M.; Humphries, R. K.; Karlsson, S. Proc. Natl. Acad. Sci. USA
1995, 92, 12075-12079.

Kume, A.; Dinauer, M. C. J. Lab. Clin. Med. 2000, 135, 122-128.

Blau, C. A.; Peterson, K. R.; Drachman, J. G.; Spencer, D. M. Proc. Natl.
Acad. Sci. USA 1997, 94, 3076-3081.

. Ito, K.; Ueda, Y.; Kokubun, M.; Urabe, M.; Inaba, T.; Mano, H.; Hamada,

H.; Kitamura, T.; Mizoguchi, H.; Sakata, T. Blood 1997, 90, 3884-3892.
Jin, L.; Asano, H.; Blau, C. A. Blood 1998, 91, 890-897.

Kume, A,; Ito, K.; Ueda, Y.; Hasegawa, M.; Urabe, M.; Mano, H.; Ozawa,
K. Biochem. Biophys. Res. Commun. 1999, 260, 9-12.

Matsuda, K.; Kume, A.; Ueda, Y.; Urabe, M.; Hasegawa, M.; K, O. Gene
Ther. 1999, 6, 1038-1044.

Kirby, S. L.; Cook, D. N.; Walton, W.; Smithies, O. Proc. Natl. Acad. Sci.
USA 1996, 93, 9402-9407.

Kirby, S.; Walton, W.; Smithies, O. Blood 2000, 95, 3710-3715.

Padlan, E. A.; Silverton, E. W.; Sheriff, S.; Cohen, G. H.; Smith-Gill, S. J.;
Davies, D. R. Proc. Natl. Acad. Sci. USA 1989, 86, 5938-5942.

Ueda, H.; Tsumoto, K.; Kubota, K.; Suzuki, E.; Nagamune, T.; Nishimura,
H.; Schueler, P. A.; Winter, G.; Kumagai, 1.; Mohoney, W. C. Nat.
Biotechnol. 1996, 14, 1714-1718.

Ueda, H.; Kawahara, M.; Aburatani, T.; Tsumoto, K.; Todokoro, K.; Suzuki,
E.; Nishimura, H.; Schueler, P. A.; Winter, G.; Mahoney, W. C. J. Immunol.
Methods 2000, 241, 159-170.

Ghattas, I. R.; Sanes, J. R.; Majors, J. E. Mol. Cell. Biol. 1991, 11, 5848-
5859.

Palacios, R.; Steinmetz, M. Cell 1985, 41, 727-734.

Greenberger, J. S.; Eckner, R. J.; Ostertag, W.; Colletta, G.; Boschetti, S.;
Nagasawa, H.; Karpas, A.; Weichselbaum, R. R.; Moloney, W. C. Virology
1980, /05, 425-435.

Greenberger, J. S.; Sakakeeny, M. A.; Humphries, R. K.; Eaves, C. J.;
Eckner, R. J. Proc. Natl. Acad. Sci. USA 1983, 80, 2931-2935.

Ishiyama, M.; Shiga, M.; Sasamoto, K.; Mizoguchi, M.; He, P. G. Chem.
Pharm. Bull. 1993, 47, 1118-1122.

Livnah, O.; Johnson, D. L.; Stura, E. A.; Farrell, F. X.; Barbone, F. P.; You,
Y.; Liu, K. D.; Goldsmith, M. A.; He, W.; Krause, C. D. Nat. Struct. Biol.
1998, 5, 993-1004.

Livnah, O.; Stura, E. A.; Middleton, S. A.; Johnson, D. L.; Jolliffe, L. K.;
Wilson, 1. A. Science 1999, 283, 987-990.

Syed, R. S.; Reid, S. W.; Li, C.; Cheetham, J. C.; Aoki, K. H.; Liu, B,;
Zhan, H.; Osslund, T. D.; Chirino, A. J.; Zhang, J. Nature 1998, 395, 511-
516.

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch011

Downloaded by PENNSYLVANIA STATE UNIV on September 14, 2012 | http://pubs.acs.org

152

33.

34.

35.

36.

37.

38.

Moritz, T.; Dutt, P.; Xiao, X.; Carstanjen, D.; Vik, T.; Hanenberg, H.;
Williams, D. A. Blood 1996, 88, 855-862.

Hanenberg, H.; Xiao, X. L.; Dilloo, D.; Hashino, K.; Kato, I.; Williams, D.
A. Nat. Med. 1996, 2, 876-882.

Miyoshi, H.; Smith, K. A.; Mosier, D. E.; Verma, I. M.; Torbett, B. E.
Science 1999, 283, 682-686.

Rollins, C. T.; Rivera, V. M.; Woolfson, D. N.; Keenan, T.; Hatada, M.;
Adams, S. E.; Andrade, L. J.; Yaeger, D.; van Schravendijk, M. R.; Holt, D.
A. Proc. Natl. Acad. Sci. USA 2000, 97, 7096-7101.

Danielian, P. S.; White, R.; Hoare, S. A.; Fawell, S. E.; Parker, M. G. Mol.
Endocrinol. 1993, 7, 232-240.

Suzuki, C.; Ueda, H.; Mahoney, W. C.; Nagamune, T. Anal. Biochem. 2000,
286, 238-246.

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Downloaded by COLUMBIA UNIV on September 14, 2012 | http://pubs.acs.org
Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch012

Chapter 12

Beneficial Effects of Silkworm Hemolymph on the
Cultivation of Insect Cell-Baculovirus System

Tai Hyun Park, Won Jong Rhee, and Eun Jeong Kim

School of Chemical Engineering, Institute of Chemical Processes,
Seoul National University, Seoul 151-744, Korea

Silkworm hemolymph presents various beneficial effects on
the cultivation of insect cell-baculovirus system. It can be used
as a substitute for fetal bovine serum which is a medium
supplement. It increases the recombinant protein expression
rate and host cell longevity after baculoviral infection. The
increase in the host cell longevity is due to its apoptosis-
inhibition activity. There are several components in the
silkworm hemolymph which have apoptosis-inhibition activity.
The component with highest activity is a non-glycosylated
monomeric protein with the molecular weight of ca. 28,000 Da.

The insect cell-baculovirus system has wide applicability as an alternative to
classical bacterial or yeast systems used for the production of recombinant
proteins. This system has several advantages, including high expression owing to
a strong polyhedrin promoter, production of functionally and immunogenetically
active recombinant proteins due to proper post-translational modifications, and
nonpathogenicity of the baculoviruses to vertebrates and plants. The key issues
of the insect cell-baculovirus system have been concerned with the high cell
density culture technology on a large-scale (/-5), the development of an efficient
process for the production of recombinant proteins or baculoviruses (6-10),
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media development including low serum and serum-free media (11, 12), and the
development of high-expression host cell/vector systems (I3, 14).

Recombinant gene expression begins at approximately 1 day post-infection
and continues until the host cells die. Host cell viability decreases with time
post-infection during production of the recombinant protein. Host cell viability is
important for replication of the baculovirus DNA containing a recombinant gene
and expression of the cloned gene. Silkworm hemolymph presents beneficial
effects on the production of recombinant protein and the longevity of host cell in
the insect cell-baculovirus system. Silkworm hemolymph is the most studied
insect hemolymph and can be collected easily and economically since the
silkworm is a large and cheap domesticated insect. In this chapter, beneficial
effects of silkworm hemolymph will be described for the cultivation of insect
cell-baculovirus system.

Medium Supplement

Fetal bovine serum (FBS) is most widely used as a medium supplement in
insect cell cultures. However, FBS presents some problems including high cost,
nonreproducibility due to lot-to-lot variation, undefined composition, increased
contamination risk from mycoplasma, and the complication of downstream
processing due to a high protein concentration (15). Many attempts have been
made to develop serum-free medium and there have been several reports of
insect cell cultures in serum-free media. However, in most cases, the medium has
been supplemented with 10% FBS. In the early stages of insect tissue culture
development, silkworm hemolymph was used as a culture medium. Wyatt et al.
chemically analyzed the silkworm hemolymph (16) and formulated a synthetic
medium (/7), which was fortified by Grace (/8). The Grace’s medium still had
to be supplemented with insect hemolymph. Ever since FBS was proven to be
beneficial for the growth of insect cell, insect cell medium has been
supplemented with FBS instead of insect hemolymph. FBS has been used as a
supplement since it contains a large number of different growth-promoting
activities in a physiologically balanced blend.

Ha et al. reported that by adding 5% silkworm hemolymph, FBS
concentration in the medium could be reduced to 1% without decreasing the cell
growth rate and maximum cell concentration (/9). Silkworm hemolymph

“darkens visibly during the incubation due to the activity of tyrosinase in

hemolymph, producing melanin via intermediary quinones (20). The production
of toxic quinones in the medium consequently inhibits the insect cell growth.
Therefore, several tyrosinase inhibitors and heat treatment have been suggested
for the inactivation of tyrosinase. Heat teatment at 60°C for 30 min is enough for
the inactivation of tyrosinase. Cells need to be adapted to grow in reduced FBS
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medium supplemented with silkworm hemolymph through a gradual adaptation
process (21).

Production of Recombinant Protein

In the typical S9 cell culture, total cell number, which is the sum of viable
and dead cell numbers, is maintained at a constant level after baculovirus
infection, whereas viable cell number begins to decrease exponentially 3 days
after infection. In the case of B-galactosidase production, intracellular product is
detected beginning 1 day after infection and reaches a maximum 3 days after
infection, while the B-galactosidase begins to be released into a medium 3 days
after infection. To investigate the effect of silkworm hemolymph, cells need to
be adapted to grow in the medium supplemented with silkworm hemolymph (19),
and are infected with the recombinant baculovirus when the cell density reaches
a late exponential phase.

Silkworm hemolymph when added to medium increases the production of

recombinant P-galactosidase in Sf9-AcNPV system (22). In the medium
supplemented with 1% silkworm hemolymph, intracellular B-galactosidase
reaches a maximum concentration and begins to be released into the medium 4
days after infection. The maximum value of the intracellular concentration is
about six times as high as that in the medium without hemolymph. Total
concentration, that is the sum of intracellular and extracellular concentrations,
increases by three-fold with the addition of 1% silkworm hemolymph. In the
medium supplemented with 3% or 5% silkworm hemolymph, the production
behavior is almost same as that in the medium supplemented with 1% silkworm
hemolymph until 4 or 5 days after infection. Total concentration reaches a
plateau 4 or 5 days after infection in 1% and 3% silkworm hemolymph, while it
keeps on increasing afterwards in 5% silkworm hemolymph. In 5% silkworm
hemolymph, final value of total concentration is 4.5 times as high as that without
silkworm hemolymph. The addition of more silkworm hemolymph does not
increase the production of PB-galactosidase; the production profiles in the
medium containing 10% silkworm hemolymph shows similar behavior to that
with 5% silkworm hemolymph.
The final B-galactosidase total activity and expression per unit cell on the 9th
day after infection are summarized in Table I (data from reference 22). The
expression of the cloned gene product increases drastically by adding even 1%
silkworm hemolymph. Silkworm hemolymph not only increases the expression
rate of the cloned gene but also increases the period of production. Silkworm
hemolymph affects also the location of the cloned gene product. For the higher
concentration of silkworm hemolymph, more cloned gene product remains inside
the cell (23).
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Table L. Effect of Silkworm Hemolymph on Production of $-Galactosidase

Final Concentration of B-Galactosidase
Silkworm Hemolymph B-Galactosidase Expression per Unit Cell
(%) (10’ unit/mL) (10° unit/cell)
0 10.2 17.0
1 30.3 59.4
3 30.9 66.3
5 46.5 81.9

Source: Data from Reference 22

As mentioned earlier, FBS concentration in a medium can be reduced to 1%
without a decrease in the growth rate and maximum concentration of insect cells
by adding 5% silkworm hemolymph. However, the cloned-gene expression is
lower in the lower FBS concentration. The lower concentration of FBS gives the
lower expression of B-galactosidase in the medium containing 5% silkworm
hemolymph; however, it is noteworthy that by adding 5% silkworm hemolymph,
the expression in the medium containing only 1% FBS is higher than that in the
silkworm hemolymph-free medium containing 5% FBS.

Host Cell Viability

For the efficient production of cloned-gene protein in an insect cell-
baculovirus system, not only the high rate of cloned-gene expression but also the
viability of host cell is important factor. For higher production of recombinant
protein, the host cells need to remain viable longer, and silkworm hemolymph
increases the longevity of host cell.

As mentioned earlier, total cell density is maintained at a constant level after
baculovirus infection, whereas viable cell density begins to decrease
exponentially 3 days after the infection. The baculovirus-induced insect cell
death process can be divided into two characteristic phases: a delay phase and a
first-order death phase (24, 25). After the baculovirus infection, the host cell
viability defined by the ratio of viable cells to total cells is constantly maintained
in the delay phase which is characterized by a delay time (td). In the first-order
death phase which follows the delay phase, cell viability decreases exponentially.
This phase is characterized by a specific death rate (kq) which is a rate constant
in a first-order kinetic equation.

The addition of silkworm hemolymph increases the longevity of host cell
after baculovirus infection. The delay times and specific death rates at various
concentrations of silkworm hemolymph are listed in Table II (23). The delay
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time increases and the specific death rate decreases as the silkworm hemolymph
concentration is higher. Viability is constantly maintained at high level for about
7 days after infection in the medium supplemented with 10% silkworm
hemolymph, while host cells begin to die 3 days after infection in the medium
without hemolymph. The delay time increases from 3 days to 4.9 days by adding
even 1% silkworm hemolymph The specific death rate (kg) decreases gradually
from 13.8x10°3 h~1 t0 6.0x10-3 h-! with the concentration of hemolymph in the
medium. By adding 10% silkworm hemolymph, the specific death rate was
reduced to 1/2.3 of that without silkworm hemolymph, while the delay time
increased 2.3-fold. The lower concentration of FBS gives the lower expression
of cloned gene as mentioned earlier; however, the host cell longevity is almost
same regardless of FBS concentration. The delay time does not decrease at lower
concentration of FBS, whereas lower concentration of silkworm hemolymph
results in shorter delay time.

Table II shows that t§ x kq is nearly constant for every concentration of
silkworm hemolymph. This result can be interpreted by the n-target inactivation
model which was originally derived to explain the survival rate of cells upon
irradiation (26-28) and applied to the baculovirus-induced insect cell death (24).
A more detailed mathematical model for the mechanistic steps in infection such
as attachment, internalization, endosomal sorting, endosomal fusion, and nuclear
accumulation was also developed (29). The number of inactivation targets "n"
can be determined by extrapolating the straight line in the first-order death phase
to the viability axis. The original meaning of the n was the number of
inactivation targets on the cell; however, ‘extrapolation number’ has been
proposed to be used as a term for the n since the model is highly simplified one
(26).

The extrapolation number is considered as a measure of the virus-host
interaction in the baculovirus-insect cell system (24). According to-the simplified
n-target inactivation model, kdtJ remains constant if n is constant. Therefore, the
result that kg x td remains almost same in every concentration of silkworm
hemolymph in Table II, means that n remains constant regardless of silkworm
hemolymph concentration. This indicates the silkworm hemolymph does not
affect the number of hypothetical targets representing a host cell susceptibility to
the baculovirus.

Inhibition of Apoptosis
The baculovirus-induced insect cell death is known to be apoptosis (30), and

cells undergoing apoptosis activate an endonuclease that cleaves DNA between
nucleosomes to give fragments. This DNA digestion is the important feature of
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Table I1. Effect of Silkworm Hemolymph on Delay Time and Specific Death

Rate
Silkworm Hemolymph Delay Time Specific Death Rate
(%) (h) (10°r")
0 72 13.8
1 117 8.5
3 125 8.0
5 149 6.7
10 164 6.0

apoptosis. The DNA fragmentation does not occur during the first 3 days, while
it occurs afterwards in the medium without silkworm hemolymph. Whereas the
DNA fragmentation does not occur until the 6™ day in the medium supplemented
with 5% silkworm hemolymph. As mentioned earlier, the host insect cell
viability remains at a high level for 6 days after baculovirus infection in the
medium supplemented with 5% silkworm hemolymph, whereas its viability
begins to decrease 3 days after infection in a medium without silkworm
hemolymph. These DNA fragmentation and cell viability results significantly
represent that the time when the DNA fragmentation begins corresponds to the
time when the cell viability starts to decrease (23). The inhibition of apoptosis by
silkworm hemolymph can be also confirmed by the TUNEL assay (31). Figure 1
shows the typical result of TUNEL assay. In this assay, DNA strand breaks are
identified by fluorescence, and the more fluorescence represents the more
apoptosis. The baculovirus-infected cells cultured in a medium without silkworm
hemolymph shows more fluorescence than those treated with silkworm
hemolymph. The flow cytometric analysis shows the apoptosis inhibiting effect
of silkworm hemolymph more quantitatively (32). All these results represent that

- the silkworm hemolymph inhibits the baculovirus-induced insect cell apoptosis.

The addition of silkworm hemolymph either before or during the infection is
effective for the inhibition of apoptosis; however, addition after the infection was
not so effective. This difference may be explained by a higher transfer rate of
silkworm hemolymph into the cells during the virus internalization step. There
are two distinct routes by which a virus may enter a cell: endocytosis or fusion.
A baculovirus enters a cell largely by endocytosis, although fusion at the plasma
membrane cannot be ruled out (33). This endocytosis enhances the transfer of
silkworm hemolymph into a cell, consequently, the addition of silkworm
hemolymph either before or during the infection will be more effective than after
the infection.
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Figure 1. Inhibition effect of silkworm hemolymph on DNA strand breaks. Cells
were either not treated (a) or treated (b) with silkworm hemolymph.
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A baculovirus first attaches to the host cell surface and then enters the cell.
Most viruses attach to cells through a highly specific binding between surface
proteins on the virus and cell surface receptor molecules on the host cell
membrane (33), although the insect cell receptor that mediates a baculovirus
attachment and infection has not yet been identified. Nonetheless, the delayed
cell death due to silkworm hemolymph is not caused by the inhibition of these
attachment and internalization steps, as silkworm hemolymph is still effective
even when it is added after the infection step. As mentioned earlier, the number
of hypothetical targets in the n-target inactivation model, considered as a
measure of the host cell susceptibility to a baculovirus, is not affected by
silkworm hemolymph. This is further evidence that silkworm hemolymph does
not inhibit the infection.

The mechanism of baculovirus-induced insect cell apoptosis is not fully
understood; however, it is surmised that the apoptosis in insect cells involves a
cascade of caspase activation and Sf-caspase-1 is the principal effector caspase
in Sf9 cells. In the insect cell-baculovirus system, silkworm hemolymph may
work directly on the baculovirus-induced apoptosis cascade mechanism or
increase the expression of the anti-apoptotic baculoviral gene such as p35.
Recently, it was found that silkworm hemolymph inhibits not only the
baculovirus-induced apoptosis but also the apoptosis induced by various
chemicals such as actinomycin D, camptothecin, and staurosporine. These results
indicate that silkworm hemolymph itself contains anti-apoptotic components
itself.

Components with an apoptosis inhibiting activity can be purified from the
silkworm hemolymph by heat treatment, gel filtration chromatography, and ion
exchange chromatography. Characterization by PAS staining, isoelectric
focusing, MALDI-TOF mass spectrometry, and N-terminal sequencing revealed
that the component with highest activity was a non-glycosylated monomeric
protein with the molecular weight of ca. 28,000 Da (34).

Acknowledgments

The authors wish to acknowledge the financial support of the Korea Science
& Engineering Foundation through the Nano Bio-Electronic & System Center.

References

1. Maiorella, B.; Inlow, D.; Shauger, A.; Harano, D. Bio/technol. 1988, 6,
1406-1410.

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Downloaded by COLUMBIA UNIV on September 14, 2012 | http://pubs.acs.org
Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch012

wn

Nans

2o ®

11.

12.

13.

14.
15.

16.

17.
18.
19.

20.

21.
22.
23.
24.
25.

26.
27.

28.
29.
30.

161

Murhammer, D. W.; Goochee, C. F. Bio/technol. 1988, 6, 1411-1418.
Reuveny, S.; Kim, Y. J.; Kemp, C. W.; Shiloach, J. Biotechnol. Bioeng.
1993, 42, 235-239.

Lee, S. H.; Park, T. H. Biotechnol. Lett. 1994, 16, 327-332.

Kim, J. H.; Park, T. H. Biotchnol. Techniques 1999, 13, 425-429.

Lindsay, D. A.; Betenbaugh, M. J. Biotechnol. Bioeng. 1992, 39, 614-618.
Wang, M-Y.; Kwong, S.; Bentley, W. E. Biotechnol. Prog. 1993, 9, 355-
361.

Lee, S. H.; Park, T. H. Biotechnol. Techniques 1995, 9, 719-724.

Kim, J. H.; Kim E. J.; Park, T. H. Bioprocess Eng. 2000, 23, 367-370.
Inumaru, S.; Kokuho, T.; Yada, T.; Kiuchi, M.; Miyazawa, M. Biotechnol.
Bioprocess Eng. 2000, 5, 146-149.

Wilkie, G. E. L; Stockdale, H.; Pirt, S. V. Develop. Biol. Stand. 1980, 46,
29-37.

Miltenburger, H. G. In Hormonally Defined Media: A Tool in Cell
Biology; Fisher, G.; Wieser, R. J. Eds.; Springer-Verlag: New York, NY,
1982; pp 31-43.

Wickham, T. J.; Davis, T.; Granados, R. R.; Shuler, M. L.; Wood, H. A.
Biotechnol. Prog. 1992, 8, 391-396.

Licari, P.; Jarvis, D. L.; Bailey, J. E. Biotechnol. Prog. 1993, 9, 146-152.
Zhang, J.; Kalogerakis, N.; Behie, L.; Iatrou, K. Biotechnol. Bioeng. 1992,
40, 1165-1172.

Wyatt, G. R.; Loughheed, T. C.; Wyatt, S. S. J. Gen. Physiol. 1956, 39,
853-868.

Wyatt, S. S. J. Gen. Physiol. 1956, 39, 841-852.

Grace, T. D. C. Nature 1962, 195, 788-789.

Ha, S. H.; Park, T. H.; Kim, S.-E. Biotechnol. Techniques 1996, 10, 401-
406.

Kim, E. J.; Choi, J.-Y.; Kim, S-E.; Park, T. H. Biotechnol. Bioprocess Eng.
1998, 3, 87-90.

Kim, E. J.; Park, T. H. J. Microbiol. Biotechnol. 1999, 9, 227-229.
Ha, S. H.; Park, T. H. Biotechnol. Lett. 1997, 19, 1087-1091.
Rhee, W. J; Kim, E. J.; Park, T. H. Biotechnol. Prog. 1999, 15, 1028-1032.
Wu, S.-C.; Dale, B. E.; Liao, J. C. Biotechnol. Bioeng. 1993, 41, 104-110.
Wu, S.-C; Jarvis, D. L.; Dale, B. E.; Liao, J. C. Biotechnol. Prog. 1994, 10,
55-59.

Alper, T.; Gillies, N. E.; Elkind, M. M. Nature 1960, 186, 1062-1063.
Atwood, K. C.; Norman, A. Proc. Natl. Acad. Sci. U.S.A. 1949, 35, 696-
709.

Condon, E. U.; Terrill, H. M. J. Cancer Res. 1951, 11, 324-333.

Dee, K. U.; Shuler, M. L. Biotechnol. Bioeng. 1997, 54, 468-490.

Clem, R. J.; Fechheimer, M.; Miller, L. K. Science 1991, 254, 1388-1390.

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Downloaded by COLUMBIA UNIV on September 14, 2012 | http://pubs.acs.org
Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch012

162

31.

32.
33.

34,

Rhee, W. I.; Park, T. H. Biochem. Biophys. Res. Commun. 2000, 271, 186-
190.

Rhee, W.J.; Park, T.H. J. Microbiol. Biotechnol. 2001, 11, 853-857
Hammer, D. A.; Wickham, T. J.; Shuler, M. L.; Wood, H. A.; Granados, R.
R. In Baculovirus Expression Systems and Biopesticides; Shuler, M. L.;
Wood, H. A.; Granados, R. R.; Hammer, D. A. Eds.; Wiley-Liss, Inc.: New
York, NY, 1995; pp 103-119.

Kim, E. J.; Rhee, W. I.; Park, T. H. Biochem. Biophys. Res. Commun. 2001,
258, 224-228.

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Downloaded by OHIO STATE UNIV LIBRARIES on September 14, 2012 | http://pubs.acs.org
Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch013

Chapter 13

Apoptotic Signal Transduction by Cadmium Ion and
Detoxification by Plant Peptides
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Apoptotic cell death of Jurkat cells by Cd* toxicity was
studied by fluorescence microscopic observation and DNA
fragmentation assay. It was suggested that apoptotic response
by Cd** was less clear than that by a typical apoptosis inducer,
ultraviolet (UV, 254nm). Examination of MAP kinase
phosphorylation (p38, JNKs and c-Jun) by Cd** toxicity
indicated that the phosphorylation was very slowly activated
(>4 h after stimulation), while UV could activate the
phosphorylation immediately. Therefore, it was suggested that
Cd*" may not be a typical apoptosis inducer. Antioxidants
(glutathione (GSH) and N-acetylcysteine (NAC)) could
detoxify Cd** cooperatively with Bcl-2. By addition of a plant-
specific peptide, phytochelatin (PC,, (YGlu-Cys);-Gly) to the
media, detoxification of Cd** and the cooperation with Bcl-2
were more intensive than the cases of GSH and NAC. PC
synthase gene was transferred from Arabidopsis thaliana to
the Jurkat cell. The transformant exhibited resistance to Cd**
and production of plant-specific PC (PC,.¢).
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INTRODUCTION

Cd?* is an environmental pollutant with well-known mutagenic, carcinogenic and
teratogenic effects (1). Cd** is known to accumulate in the human kidney for a
relatively long time and at high doses, and is also known to produce health
effects on the respiratory system and has been associated with bone diseases (1,
2). At molecular and cellular levels, a lot of studies about apoptosis and stress
kinase activation by Cd>* have been performed (3-7). However, possibly because
diverse cellular responses by toxicity of Cd*" were included, mechanism of the
toxicity is not fully understood.

Plants respond to heavy metal toxicity vig a number of mechanisms. One
such mechanism involves the chelation of heavy metal ions by a family of
peptide ligands, the phytochelatins (PCs, (yGlu-Cys),-Gly, n>2) (8-10). Recently
we reported rapid method for detection and detoxification of heavy metal ions in
water environments using PCs (11). Moreover, genes encoding PC synthase
from Arabidopsis thaliana, Schizosaccharomyces pombe and wheat were
reported. These genes, designated 4tPCS1 (CADI), SpPCS and TaPCSI,
respectively, encode 40-50% sequence-similar 50-55 kDa polypeptides active in
the synthesis of PC from GSH (12-14). Mammalian cells can not synthesize PC
because of their deficiency in the key enzyme for phytochelatin biosynthesis, PC
synthase.

In this study, we examined apoptotic cell death caused by Cd** and
activation of stress kinases in comparison with a typical apoptosis inducer, UV
(254 nm). Furthermore, we attempted to express the plant-specific peptides
(PCs) in mammalian cells by transforming Jurkat cells with a plant PC synthase
gene (AtPCS1).

MATERIALS AND METHODS

Antibodies. Antibodies against p38, INKs, c-Jun and their phosphorylated
forms were purchased from New England Biolabs (Beverly, MA, USA).
Alkaline phosphatase-conjugated secondary antibody was from ICN
Biochemicals Inc. (Costa Mesa, CA, USA).

Phytochelatin. Homogeneous phytochelatin (PC;) was chemically synthesized
by slightly modified Fmoc-method as explained in our previous work (11).

Cell treatments and cell viability assay. Jurkat cells, the human leukemic T
cell line, were used for examination, and the cells transfected with pUC-CAGGS
vector (15) inserted with human pcl-2 gene (16) (Jurkat Bcl-2 cells) and with
pUC-CAGGS vector (Jurkat CAGGS cells) were prepared. All cells were
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cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS) at 37°C and 5% CO,. Exponentially growing cells at 60-80% confluency
were diluted to a concentration of 5X 10* cells/ml, then a stock solution of 10
mM CdCl, was added to the culture medium at final concentrations of 10-100
M. Cells were incubated for 48 h. For UV irradiation, cells were placed in a
tissue culture dish and were exposed to UV at an intensity of 1 W/m? for 1 min
(about 40 J/mz) by the UV-C (254 nm) light source (Spectroline ENF-260 C/J,
Spectronics Co., NY, USA). Cell viability was measured using Cell Titer 96
AQyeous Cell Proliferation assay kit (Promega, Madison, WI, USA).

Observation of apoptosis and DNA fragmentation. Fluorescence microscopic
assay was performed as described previously (17) to determine the apoptotic cell
death. Hoechst 33342 and propidium iodide were added to the medium to final
concentration of 30 uM and 10 uM, respectively. After incubation at 37 °C for 10
min, cells were examined using a fluorescence microscope (Olympus BXS50,
Tokyo, Japan) with UV excitation at 360 nm. Nuclei of viable, necrotic, early
apoptotic and late apoptotic cells were observed as blue round, pink round,
fragmented blue and fragmented pink, respectively. DNA fragmentation was
detected by ApopLadder EX kit (Takara Biomedicals, Kyoto, Japan).

Western blotting. Whole cell proteins were fractionated on 12% SDS-PAGE
and transferred to polyvinylidene difluoride membrane (Millipore, Bedford, MA,
USA). After blocking with 5% non-fat milk in TBS-T buffer (30 mM Tris-HCI,
150 mM NaCl, 0.1% (v/v) Tween 20, pH 7.5), the membrane was incubated with
primary antibody at 4 °C for 16 h, followed with extensive wash with TBS-T
buffer. Then the membrane was incubated with secondary antibody at room
temperature for 1 h. After the washing step, the immune complexes were
detected by enhanced chemiluminescence (ECL) system (Amersham Pharmacia
Biotech Uppsala, Sweden).

Plasmid construction. The cDNA for PC synthase gene (4tPCSI]) was
amplified by polymerase chain reaction (PCR) using the cDNA phage library of
A. thaliana (Arabidopsis Biological Resource Center, Columbus, OH, USA) as a
template. For the PCR reaction, the primers (PSF1, 5'-~ACCATGGCTATGG
CGAGTTTATATCGGCG-3' (containing the Ncol site indicated by underline);
PSR1, 5'-CGGGATCCCTAATAGGCAGGAGCAGCGAGATCATCC-3'
(carrying the BamHI site as underlined)) were used for amplification of 1.5 kbp
c¢DNA containing whole coding region of the PC synthase. The amplified cDNA
was digested with BamHI, and subcloned into pUC18 plasmid digested with
Hincll and BgmHI (Takara Biomedicals, Kyoto, Japan). The cDNA was
digested with HindIIl and BamHI, and the fragment was inserted into pcDNA3
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vector (Invitrogen, Carisbad, CA, USA) and the resultant plasmid was
designated as pcDNA3-PCS.

Detection of PC synthesis in Jurkat cells. The postcolumn derivatization
method using DTNB (5,5’-dithiobis-2-nitrobenzoic acid) was carried out for
sensitive detection of PCs in extract of Jurkat cells. Cells were exposed to 20 uM
CdCl, for 40 h, and harvested by centrifugation (100 X g, 5 min). After addition
of 700 ul of 0.5 N NaOH containing 0.5 mg/ml NaBH,, cells were sonicated for
3 min and kept on ice for 10 min to reduce the disulfides. The extracted sample
were neutralized by addition of 1 ml of 3.6 N HCI to stop the reducing reaction
by NaBH, and centrifuged (5000 X g, 10 min, 4 ‘C) to remove the insoluble
debris. The clear supernatant was subject to reversed-phase high-performance
liquid chromatography (HPLC) (column: Hibar HPLC-cartrige 250-4
LiChrospher 100RP-18 (5 uM); solvent system: A: 0.02% TFA, 5.0 mM
octanesulfonic acid, B: 100% acetonitrile, 0.02% TFA, 5.0 mM octanesulfonic
acid; gradient 13—100% B in 30 min; flow rate 1.5 ml/min). And the eluted
sample was continuously mixed with the thiol-reactive solution (10% acctonitrile,
75 uM DTNB, 50 mM potassium phosphate, pH 8.0) to detect the PC and GSH
at412 nm.

RESULTS

Observation of apoptotic bodies and DNA fragmentation. Cells were
exposed to CdCl, and apoptotic responses such as morphological changes in cell
nucleus and fragmentation of chromosomal structure into nucleosomal units (ca.
180 bp) were examined. Results were compared with the case of UV irradiation
(254nm), a typical apoptotic stress signal. Ratio of apoptotic bodies among the
total dead cells by Cd** toxicity (ca. 4%) was much lower than that by UV
irradiation (ca. 70%) (data not shown). Moreover, smear DNA fragmentation
could be observed only around 30 uM of CdCl, (Figure 1, lane 3) and no DNA
fragmentation could be detected at higher concentrations (50 uM) (Figure 1, lane
4), although very clear DNA fragmentation could be observed in the case of UV
(Figure 1, lane 1). These results indicated that Cd** could not induce typical
apoptotic cell death.

Activation of p38 and JNKs signal pathways by Cd*". Activation of MAP
kinase pathways by Cd** toxicity was studied by detecting phosphorylated p38,
JNKs and c-Jun in the cells exposed to CdCl,. At 30 pM of CdClL,
phosphorylation of p38 and INKSs in Jurkat CAGGS were induced at4 hand 8 h
after the exposure, respectively (Figure 2B). It was also shown that stimulation
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Figure 1: DNA fragmentation by Cd*. Jurkat cells (5 X 10* cells/ml) were
exposed to UV for 1 min (lane 1), control (lane 2), 30 uM CdCl, (lane 3) or 50
UM CdCl, (lane 4) for 6 h, respectively. Lane 5 is for molecular size markers.
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of p38 pathway by Cd** was stronger than that of JNKs pathway (Figure 2B). In
the case of UV, levels of phosphorylated p38 and JNKs were markedly increased
soon after the irradiation (Figure 2A). These results indicated that p38 and JNKs
pathways were very slowly activated by Cd>*, while the pathways were
immediately activated by UV. This delayed and weak activation of MAP kinases
is consistent with the above-mentioned results of microscopic observation and
DNA fragmentation assay of apoptotic cell death by Cd*".

Effects of Bel-2 on Cd** toxicity. Bcl-2 is a well-known suppressor of
apoptosis (18, 19). When Jurkat Bcl-2 cells expressing higher level of Bcl-2
were exposed to Cd**, the intensity of expression and phosphorylation of p38
and JNKs were weaker than the case of Jurkat CAGGS cells (Figure 2, B and C).
Therefore, to investigate whether Bcl-2 can suppress Cd** toxicity in Jurkat cells,
Jurkat Bcl-2 cells were exposed to 10-100 pM CdCl, and cell viability was
tested. Suppression of Cd** toxicity by Bcl-2 could be observed at 20-60 uM
CdCl, (Figure 3A), but most intensive effect could be observed at 30 uM. Jurkat
Bcl-2 cells were completely resistant up to 30 pM CdCl,, while 40% of the
control cells could not be survived at 30 uM CdCl,.

Effects of antioxidants on Cd** toxicity. Jurkat Bcl-2 and Jurkat CAGGS cells
were incubated respectively in complete media containing respective
antioxidants, GSH and NAC (equivalent to 500 uM thiol group) with 10-100 pM
CdCl,. By addition of GSH or NAC to the medium, suppression of Cd?* toxicity
could be observed within the range of 30-70 pM CdCl,, and effect of NAC was
slightly stronger than that of GSH (Figure 3B). When Jurkat Bcl-2 cells were
used, cell growth was completely inhibited at 70 uM of CdCl,. However, GSH
and NAC cooperatively suppressed Cd** toxicity with Bcl-2 at wider range of
CdCl, concentrations (Figure 3C).

Detoxification of Cd** by PC. Phytochelatin (PC) is heavy metal ion binding
peptide produced by plant, algae and some fungi (8-10). By addition of the
chemically synthesized PC, (equivalent to 500 uM thiol group) to the culture
media containing 10-100 pM CdCl,, cell survival ratio of Jurkat CAGGS cells
was clearly recovered (Figure 4A). Furthermore, in the case of Jurkat Bcl-2 cells,
the cooperative suppression of PC, and Bcl-2 against Cd*" toxicity became more
significant (Figure 4B) than the cases of GSH and NAC (Figure 3C).
Interestingly cell survival ratio of Jurkat Bcl-2 cells in the medium containing
PC; exceeded 100% in the range of 40-60 UM of CdCl,.

Transformation of Jurkat cells with PC synthase gene. To investigate
whether PC can be synthesized in mammalian cells by introduction of the PC

synthase gene (4tPCSI) from A. thaliana, the AtPCSI gene was amplified by
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Figure 3: Effect of Bcl-2 on Cd** toxicity and cooperative detoxification with
antioxidants (GSH or NAC). Jurkat Bcl-2 (open circles) and Jurkat CAGGS
cells (closed circles) were treated with 10-100 uM CdCl, (A). Cell survival ratio
in the media containing CdCl, (10-100 puM) with GSH (squares), NAC
(triangles) or without antioxidant (circles) was assayed for both Jurkat CAGGS
(B) and Jurkat Bcl-2 cells (C). Antioxidants, GSH and NAC equivalent to 500
UM of thiol group were added to the medium, respectively.
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UM of thiol group was added to the medium.
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PCR and inserted into pcDNA3 vector to construct pcDNA3-PCS. The plasmid
DNA was used to transform Jurkat cells and transformants were selected by an
antibiotic (G418). Transformation of Jurkat cells with pcDNA3-PCS was
confirmed by PCR and fluorescence ir situ hybridization (data not shown). The
constructed transformant, Jurkat cells carrying 4tPCSI, was designated as Jurkat
PCS. Tolerance to CdCl, (10-50 uM) and PC synthesis were examined, and
compared with the case of control cells transformed with pcDNA3 (Jurkat
DNA3 cells). Survival ratio of Jurkat PCS cells was significantly higher than that
of Jurkat DNA3 cells (Figure 5), indicating that PC synthase were expressed in
mammalian cells and functioned properly.

Cell lysate of the Jurkat PCS cells was analyzed by HPLC with postcolumn
derivatization method as explained above. In the case of Jurkat PCS cells treated
with 20 uM CdCl,, PC synthesis corresponding to PC,-PC¢ could be clearly
observed (Figure 6A) indicating that PC synthase gene from A. thaliana could
catalyze PC synthesis even in Jurkat cells. It was reported that activity of PC
synthase from 4. thaliana was posttranslationally enhanced by Cd** (20). Indeed,
activity of the PC synthase in Jurkat cells was also stimulated with Cd*".
Therefore, not only catalytic activity but also activation mechanism of the plant
PC synthase was functional in the mammalian cells.

DISCUSSION

It has been reported that Cd”>* could induce apoptosis in various types of cells
(21-26). In this study, however, we showed that Cd*"-induced apoptotic cell
death was not in dose-dependent manner, and both apoptotic bodies and DNA
fragmentation were not clear in comparison with the typical apoptosis induced
by UV irradiation (Figure 1). Western blotting analyses clearly showed that
stress kinases such as p38 and JNKs were very slowly activated (> 4 h) (Figure
2), although they were activated immediately after the stimuli of UV irradiation.
These observations indicated that Cd** was not necessarily a strong inducer of
apoptosis. The death signal by Cd*" toxicity must be diversified to different
signal cascade(s) causing cell death.

At present, by observation of the suppression effect of Bcl-2 or antioxidants
(NAC or GSH) toward Cd** toxicity (Figure 3, A and B), we hypothesized that
Cd**-induced stress is a kind of oxidative stress. Indeed, toxicity of the Cd*" has
been reported to interfere with antioxidant enzymes and radical scavengers such
as superoxide dismutases, peroxidases and catalases (27, 28). Higher level of
cytosolic reactive oxygen species (ROS), known as a cell death signals (29),
produced by Cd®* might be removed by these enzymes and scavengers. Bcl-2
exerts broad anti-apoptotic effects by inhibiting the production of ROS and
enhancing the steady state of mitochondrial transmembrane functions (18). In
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our experimental results, MAP kinase activation in case of Jurkat Bcl-2 was
weaker than the case of control cells although the interval before activation was
the same (> 4 h after stimulation) (Figure 2C). Cd**-induced cell death could be
very effectively suppressed by cooperative effect between antioxidants and Bcl-2
(Figure 3C). These results further supported that ca* toxicity is diversified
including a kind of oxidative stress and relating to ROS production.

Effect of detoxification by PC added to the medium was much stronger than
that by other antioxidants (Figure 4A). However, in terms of cooperation, PC
and Bcl-2 was more significant than the cases of GSH and NAC (Figure 4B),
indicating that PC might be functional for not only physically chelating of Cd**
but also suppressing diversified toxicity of Cd* including oxidative stress and
ROS production.

PC deficient plants are reported to be very semsitive to Cd** (30). We
assumed that these PCs are important antioxidants to decrease harmful oxidative
stresses of UV and heat as well as heavy metal ions. It is interesting to examine
how plant-specific PCs can function in mammalian cells whose vacuoles are not
well developed. Cell extracts of the transformant, Jurkat PCS cells, apparently
contained PCs with different sizes (PC,) (Figure 6A). Interestingly, the length
of the PCs found in transformants of mammalian cells is longer than those
reported for plant cells (PC,.,) (31). Without any physical stresses, intracellular
concentration of GSH in mammalian cells is generally kept at 1-8 mM (32). On
the contrary, in 4. thaliana cells except chloroplast, the concentration of GSH is
maintained at lower concentrations (50-250 pM) (33). This difference in
intracellular GSH concentration might be the reason for synthesis of longer PCs
in transformed mammalian cells. Nevertheless, it is interesting to note that the
plant 4tPCS] gene can be utilized to enhance resistance.to Cd** toxicity of
mammalian cells (Figure 5).

One possible mechanism of diverse death signals might be initiated from
membrane lipid peroxidation by ROS induced by Cd*. The process of cell death
caused by Cd*" toxicity might be closely related to inflammatory process vig
arachidonic cascade (34, 35) rather than apoptotic signal cascade represented by
stress kinase activation. Recently it was reported that p38 is more important for
oxidative stress and inflammatory process (36) than JNK pathways. Our
observation about stress kinase activation also showed that activation of p38
signal was slightly stronger than that of JNKs signals, although both signals were
equally, strongly and immediately activated by UV (Figure 2A). Therefore, we
considered that this stronger activation of p38 might be characteristic for death
signal started from ROS, and the result further supported important linkage
between oxidative stress and inflammatory process.

Further studies about ROS production, membrane lipid peroxidation,
intracellular calcium ion concentration and NO synthesis by toxicity of Cd** are
now in progress.
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Figure 6: PC synthesis in Jurkat cells mediated by 4¢PCS1 gene. Cell extracts of
Jurkat PCS and Jurkat DNA3 cells were analyzed by HPLC with postcolumn
derivatization method. Jurkat PCS cells were treated with 20 uM CdCl, (A) and
left untreated (B). As an experimental control, Jurkat DNA3 cells were also
treated with (C) or without (D) 20 uM CdCl,. Peaks designated "GSH", "PC,",
"PC;", "PC,", "PCs" and "PC" were identified as such on the basis of their
retention times, respectively, compared with native PCs extracted from Silene
cucubalus (31).
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Chapter 14

Chemotherapy with Hybrid Liposomes Composed of
Dimyristoylphosphatidylcholine and
Polyoxyethylenealkyl Ether without Drugs

Ryuichi Ueokal, Yoko Matsumoto2, Hideaki Ichihara2,
and Tetsushi Kiyokawa3

Departments of 'Applied Life Science and *Applied Chemistry, Sojo
University, Ikeda, Kumamoto 860-0082, Japan
3Kumamoto National Hospital, Ninomaru, Kumamoto 860-0008, Japan

We produced hybrid liposomes composed of dimyristoyl-
phosphatidylcholine and polyoxyethlenealkyl ether having the
uniform and stable structure. Highly inhibitory effects of
hybrid liposomes were obtained on the growth of tumor cells
in vitro. Induction of apoptosis by hybrid liposomes through
activation of caspase-3 was verified using flow cytometry and
microphysiometer. Significantly prolonged survival was
obtained in mice inoculated tumor cells after the treatment
with hybrid liposomes without any side effect. In clinical
applications, prolonged survival was attained in patients with
lymphoma after the intravenous injection of hybrid liposomes
without drugs and the remarkable reduction of solid tumor was
obtained after the local administration of hybrid liposomes.

It is well known that liposomes are used as drug carriers : example are
antitumor agents, hormones, and immunomodulation (I). In particular,
polyoxyethyleneglycol (PEG) — phosphatidylcholine (PC) liposomes have
been found to be effective for prolonging blood circulation (2). On the other
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hand, we have recently produced specific hybrid liposomes composed of
vesicular and micellar molecules ; they are free from any contamination
from organic solvents and stable for a longer period. Changing the
composition of hybrid liposomes can control the physical properties of these
liposomes, such as size, membrane fluidity, phase transition temperature,
and hydrophobicity (3,4). A schematic representation of hybrid liposomes
is shown in Fig. 1.

In the course of our study on the liposomes, the following interesting

results were obtained.  (a) Stereochemical control of the enantioselective
hydrolysis of amino acid esters could be established by temperature
regulation and by changing the composition of hybrid liposomes ( 3,4,5,6,7).
(b) Inhibitory effects of hybrid liposomes including flavonoids (8) or
antitumor drugs (9, 10) on the growth of tumor cells in vitro and in vivo
have been obtained. (c) Remarkably high inhibitory effects of hybrid
liposomes on the growth of tumor cells in vitro have been obtained without
drugs (I1, 12, 13, 14). (d) No toxicity of the hybrid liposomes was
observed in normal cells in vitro and in normal rats in vivo without any side
effects (10, 15).
In this study, we report on the uniform and stable hybrid liposomes
composed of dimyristoylphos phatidylcholine (DMPC) and polyoxy-
ethylenealkyl ether (C1»(EO),) having inhibitory effects on the growth of
tumor cells in vitro, in vivo and clinical chemotherapy.

(6]
1
CH;(CHZ)IZCO(IZHZ DMPC CHj3(CH;)1;O(CH,CH,0)sH
CHy(CH),COCH O . C(EO)
O CH20 —P_ OCH2CH2N(CH3)3
|

o
In Vitro Antitumor Effects

We examined inhibitory effects of hybrid liposomes composed of
DMPC and C;5(EO), on the growth of human promyelocytic leukemia (HL-
60) cells in vitro. The cells were cultured for 4 days in a 5% CO; incubator
at 37.C after adding the hybrid liposomes. The inhibitory effects of hybrid
liposomes on the growth of tumor cells were evaluated by 100(Na-Np)/Na,
when Na and Np denote the live cell numbers in the absence and presence of
the hybrid liposomes, respectively. The hybrid liposomes were prepared by
dissolving both DMPC and C;»(EO), in phosphate — buffered saline with
sonication (BRANSONIC MODEL B2210 apparatus, 90W) at 45.C for 5
min. The results are summarized in Table I .The noteworthy aspects are as
follows : (a) The inhibitory effects of the hybrid liposomes composed of
DMPC and C,,(EO), are moderately enhanced as compared with those of
the liposomes of DMPC. (b) The inhibitory effects of DMPC/C15(EO)g and
DMPC/C;,(EO),; hybrid liposomes were fairly enhanced. (c) Almost
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(Phospholipid Vesicle) (Micelle) (Hybrid Liposome)

Figure 1. Schematic representation of hybrid liposomes.

Table 1. Inhibitory Effects of Hybrid Liposomes.

liposomes inhibitory effect, %

DMPC 25
DMPC/10mol% Cy»(EO), 64 ©
DMPC/10mol% C(EO)g 89 )
DMPC/10m0l1% Cy,(EO)y0 9 83)
DMPC/10mol% C,(EO)y, 99 (75)
DMPC/10mol% C5(EO)3 79 A

[DMPC]=7.5 X 10°M, [C15(EO),]=8.3 X 10°M

Initial cell number : 1.0 X 10* cells/ml

Values in the parentheses are those of Ci,(EO), micells.
The inhibitory effects have maximum error of +6%

In Biological Systems Engineering; Marten, M., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.

179



Downloaded by COLUMBIA UNIV on September 14, 2012 | http://pubs.acs.org
Publication Date: August 12, 2002 | doi: 10.1021/bk-2002-0830.ch014

180

completely inhibitory effects were attained by employing the hybrid
liposomes of DMPC/C;(EO);o and DMPC/C;,(EO);,. These results suggest
that the hydrophilic-hydrophobic balance in polyoxyethylenealkyl ether is
important for the enhancement of the inhibitory effects on the growth of
tumor cells.

We also examined the morphology of the hybrid liposomes composed of
90mol% DMPC and 10mol% (Ci»(EO),) on the basis of electron
microscopy and dynamic light scattering measurements. The electron
micrograph of the hybrid liposomes shows the presence of spherical vesicles
(Fig. 2). Interestingly, a clear stock solution of the hybrid liposomes having
a hydrodynamic diameter of 70 nm with a single and narrow distributions
could be kept over 30 days, as shown in Fig. 3. These results indicate that
the uniform and stable structure of hybrid liposomes composed of 90mol%
DMPC and 10mol% C;,(EO),ocould be obtained.

Figure 2. Electron micrograph of hybrid liposomes composed
of 90mol% DMPC and 10mol% C 1,(EO);>.
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Figure 3. Distribution of dy, (A) and time course of dy, change (B)
for hybrid liposomes composed of DMPC and C 1:(EO);.
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Antitumor Mechanism

The induction of apoptosis for HL-60 cells by the hybrid liposomes
composed of DMPC and Cy,(EO),q were examined using flow cytometry
and microphysiometer. The DNA content was determined in a flow
cytometer with propidium iodide staining method. The results are shown in
Fig. 4. It is noteworthy that exposure of HL-60 cells to the hybrid liposomes
of DMPC/C,,(EO);o caused fragmented DNA characteristic of apoptosis
16).

Control Treatment

Count
Count

% 1024 % 1024

Relative DNA content

Figure 4. Rerative DNA contents for HL-60 cells treated with
the hybrid liposomes composed of 90mol% DMPC and
10mol% C]z(EO)jo-

We examined intracellular responses of the hybrid liposomes composed
of DMPC and C;»(EO),, against HL-60 cells related to apoptosis.
Intracellular responses of HL-60 cells after the addition of hybrid liposomes
were measured by the Cytosenser microphysiometer (Molecular Devices).
The Cytosenser microphysiom