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ABSTRACT

A study on the metabolic pathway change by the proteomic

analysis

Li—Hua Jin
Advisor: Prof. Jung—Heon Lee Ph.D.
Department of Chemical Engineering,

Graduate School of Chosun University

This paper reports the results of three different proteomic experiments.

In the first series of experiments, comparative proteome analyses of a
control (pH 7.0) and low pH culture (pH 5.5) of Agrobacterium sp. revealed
curdlan overproduction to be accompanied by significant changes in the level of
synthesis of the key metabolic enzymes involved in the curdlan biosynthesis and
nucleotide biosynthesis pathways. These results suggest that the altered
metabolic conversion leading to the accumulation of UTP and UDP—glucose as

well as the inhibition of the lipopolysaccharide and peptidoglycan biosynthesis



pathways and key precursors play important roles in producing large amounts of

curdlan.

In the second series of results, the intracellular level of enzymes and

metabolites were measured at the cell growth phase with or without adding uracil

as a UDP—glucose precursor, and used to explain the increase in the rate of 1,3—

A —glucan synthase production during Agrobacterium sp. fermentation. From

proteomic analysis, after uracil addition, all key metabolic enzymes used for the

synthesis of 1,3— 8 —glucan were activated significantly with the exception of

UTP—glucose—1—phosphate uridylytransferase. Moreover, enzymes, such as

glucose—1—phosphate adenylyltransferase and glucose—6—phosphate isomerase,

which were catalyzed as a side reaction of 1,3— 8 —glucan synthase, were

repressed.

In the third series of experiments, there were changes in the proteomic

profiles of 1,3—PDO producing recombinant £. coli using 2—D gel electrophoresis.

Seven out of 11 enzymes in the 1,3—PDO production metabolism were identified,

and their changes in expression from cell growth to 1,3—PDO production were

examined. The major enzymes that enhanced the level of 1,3—PDO production,

except for alcohol dehydrogenase, were over expressed.

X1



Glycerol, an intermediate compound of 1,3—PDO production, was produced

rapidly when the glucose concentration was > 5 g/ {¢and inhibited 1,3—PDO

production. As a result, the amount of 1,3—PDO accumulation increased to 35 g/

£ . The level of 1,3—PDO production increased when the glucose concentration

was < 1g/ ¢, which prevented the overproduction of glycerol. 43 g/ 0 of 1,3—

PDO was produced after 60 hrs of fed—batch fermentation.

X1
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Chapter 1

Introduction

Curdlan is a water—insoluble microbial exo—polysaccharide. Only few strains
of bacteria belonging to the Alcaligenes faecalis(now reclassified as an
Agrobacterium) and Agrobacterium spp. Species have been reported to produce
this linear polysaccharide. Production of curdlan also occurs in a few Rhizovium
strains and in species of cellulomonas [1]. Curdlan is a homopolymer of D—
glucose linked B —(1—3)without side chains (Figure 1.1). The average molecular
weight is difficult to estimate as a result of its poor solubility and remains still a
challenge [2]. Under alkaline solution (>0.2M), curdlan is completely soluble and
exists as random coils. Lee (2000) reported that its molecular weight has been
estimated to be in the range of 5.3x 10" ~ 2.0x10° Da [3].

Curdlan has some specific properties. Curdlan has water—binding properties
and when curdlan was suspended in water and heated to over 80T, an
irreversible gel was formed and its particular characteristics have been used for
food purposes and binders for small particles. Curdlan was approved as a food
material by the FDA (US Food and Drug Administration) in 1996.

There also have a many reports about the biological activity of the bacterial



glucan. Jagodzinski et al. reported that curdlan sulfate having a 8 —1,3—glucan

backbone showed high anti—AIDS virus activity with low side effects [4]. Mikio

et al disclosed that a curdlan derivative, modified by reaction with glycidol,

developed excellent antiviral activity with extremely low toxicity [5].

As one of its numerous properties described in the literature, curdlan has

been reported to favour the growth of Bifidobacterium bacteria in rats

cecum(prebiotic action). Bifidobacteria, known with /lactobacillispecies to have

probiotic property, furnished beneficial physiological effects to the host. By

analogy with fructo—and xylooligosaccarides, both described as prebiotics,

hypotheses have been made that A —1,3—gluco—oligosacchrides from curdlan

could also present prebiotic properties and would therefore be a potentially new

ingredient for the nutraceutical market [6, 7]. To further demonstrate the

putative prebiotic activity of oligo A —1,3—glucans, it is firstly necessary to

produce them in larger quantities. There are many efforts in increasing the

products from bacteria. For instance, developing a new mutant strains and

analyze the metabolic pathways to find the bolt enzymes related in product [8—

10].

Nowadays, the proteomics is becoming increasingly important because the



expression of a gene has no definitive relationship to the ultimate expression or

abundance of its protein product, emphasizing the need to also profile protein

expression in order to understand disease at the molecular level [11, 12]. The

proteome, unlike the genome, is not a fixed feature of an organism. Instead, it

changes with the state of development, the tissue or even the environmental

conditions under which an organism finds itself [11]. So proteomic studies are

possible to understand the highlight sites for post—translational modifications

based on the specific protein sequence motifs that play important roles in the

structure, activity and compartmentalization of proteins [13, 14]. In order to

separate and quantify of high—resolute protein, enhanced proteomic technologies,

liquid chromatography (LC), high performance liquid chromatography (HPLC),

capillary electrophoresis and 2D—PAGE are used and developed [15—17].

Proteomic studies involve the generation of very large data sets, which must

be organized, stored, and made accessible in logical ways. As sequence

databases are growing exponentially from genome sequencing programs, and

automation increases our ability to create proteomic information, the demands on

bioinformatics are ever increasing. There is currently a critical need to develop

additional software tools that can combine biochemical data about an unidentified



peptide from different experiments and search protein sequence, nucleic acid

sequence and expressed sequence tag databases to identify the most probable

genetic basis [12].

Application of proteomics provides a protein profile of a cell or tissue that can

be used to compare a healthy with a diseased state for protein differences in the

search for drugs or drug targets [18]. Proteomics has an application as an assay

for the potential utility of drug candidates. In additions, a proteomic approach is a

highly efficient method to rapidly separate and characterize the differentially

expressed proteins by microorganisms grown under different conditions.

This study was divided into two areas. In the first area, the overall protein

expression pattern of a curdlan—producing Agrobacterium sp. ATCC31750 during

batch fermentation was examined. In addition, the level of synthesis and the

change in the pattern of many intracellular proteins with time was examined by

comparative analysis of the proteomic responses to growth condition tuning by a

pH downshift from 7.0 to 5.5 and with and without uracil addition. For some

selected proteins, the peptide masses analyzed by MALDI-TOF were matched

with the theoretical peptide masses of the Agrobacterium tumefaciens database,

and their functional characteristics in the cellular metabolisms were examined in



detail.

In the second section, a change in the protein expression levels related to the

two natural metabolic pathways (glucose to glycerol and glycerol to 1,3—PDO)

were detected. A recombinant £ coli was chosen as a model organism for the

production of 1,3—PDO, and the utilization of glucose during the production of

1,3—PDO by E. coli was investigated.



Chapter 2
Proteomic analysis of curdlan—producing Agrobac

terium sp. in response to pH downshift

2.1. Introduction

Curdlan is a neutral, essentially linear, water—insoluble biopolysaccharide that
is composed exclusively of B—(1-3)—linked glucose, and is synthesized by
Agrobacterium species under nitrogen—limiting conditions [19, 20]. The linear
structure of curdlan makes it resistant to heat and other external influences,
including pH. In addition, the unique rheological and thermal gelling properties of
curdlan have been exploited and can be applied advantageously to areas as
diverse as admixtures of concrete, edible fibers, immobilizing supports, and new
calorie—reduced food products [21—23]. Recently, curdlan has also been applied
as a drug delivery polymer for sustained drug and control drug diffusion [24],
and curdlan sulfate was developed as an antiviral agent to inhibit human
immunodeficiency virus (HIV)—1 infections [25]. In addition, based on its
immunodulating responses [1, 26], it has been proposed that curdlan might find

uses in cosmetic formulations and as a protective agent for farmed fish [27].



Therefore, in order to increase the economic attractiveness of curdlan, it is

important to increase the productivity and minimize its production costs to allow

curdlan to compete with other polysaccharides [28, 29]. Many studies focused

mainly on optimizing several of the key factors (i.e. temperature, pH, nutrients,

agitation, and aeration) involved in the curdlan fermentation process to increase

the yield/productivity [1, 30—34]. The production of curdlan by Agrobacterium

is strain dependent [1, 34], and is typical of a secondary metabolite in that its

biosynthesis occurs in the post—stationary growth phase under conditions of

nitrogen—starvation [20, 28, 35] suggested that during batch fermentation

processes, the specific cell growth rate was the highest at pH 7.0, and the

specific curdlan production rate was highest at pH 5.5. In particular, the pH

profiles maximizing curdlan production were changed from pH 7.0 optimal for cell

growth to pH 5.5 optimal for curdlan production after nitrogen consumption [33].

Furthermore, change in the intracellular nucleotide levels and their stimulatory

effects on the metabolic flux of curdlan synthesis in Agrobacterium species were

examined under nitrogen—limited and sufficient culture conditions [19]. On the

other hand, although previous studies focused on cloning the genes related to the

curdlan synthesis metabolism in the Agrobaterium sp strain ATCC 31749 and



expressed them in heterologous hosts[36, 37], various molecular studies

uncovered entirely new characteristics that are important for the development of

industrial strains and the interaction with various environments.

With the completion of Agrobacterium tumefaciens genome sequencing [38,

39], a new challenge has been launched by many projects to increase the

understanding of the cellular physiology at the global level and accelerate strain

and metabolic pathway improvement in Agrobacterium strains—based

bioprocesses. In particular, physiological and biochemical functions of the open

reading frames of Agrobacterium species newly discovered by genomic

sequencing can be determined at the level of the expressed gene products, the

proteome. Although there are some comprehensive reports of the physiological

state and responses of the Agrobacterium tumefaciens metabolism during some

culture stresses (e.g. heat shock, oxidative stress, and mild acid stress) using

proteomics tools [40—43], the proteomic approach for building a quantitative

dynamic analysis and the metabolic synthetic pathway on Agrobacterium species

1s still in the early stages of development. Nevertheless, with the ever—

increasing amount of protein sequencing data in various databases, and the

improvements in mass spectrometry technology, proteomics has been proposed



elsewhere as a powerful tool for understanding, predicting, and solving real

metabolic problems. This study examined the overall protein expression pattern

of a curdlan—producing Agrobacterium sp. ATCC 31750 during batch

fermentation. In addition, the level of synthesis and the change in the pattern of

many intracellular proteins with time was determined through a comparative

analysis of the proteomic responses to the growth condition tuning by pH

downshift from pH 7.0 to pH 5.5. For some selected proteins, the peptide masses

analyzed by automated MALDI peptide mass spectrometry were matched with

the theoretical peptide masses of the Agrobacterium tumefaciens database. Their

functional characteristics in the cellular metabolisms were examined in detail.

Comparative proteome analysis showed that the curdlan overproduction resulted

from a significant change in the synthesis of important metabolic enzymes

involved in curdlan biosynthesis.



2.2. Materials and Methods

2.2.1. Bacterial strain and culture conditions

Agrobacterium sp. ATCC 31750 (formerly Alcaligenes faecalis subsp.
myxogenens) was used as the bacterial strain for proteome analysis.
Fermentations were carried out in a 5 ¢ fermentor (Kobiotech, Incheon, Korea)
containing 3 ¢ of the nutrition medium (100 g/ ¢ sucrose, 4 g/ ¢ NH,CI, 1g/¢
KHsPO4, 0.5g/ 0 MgSO, - 7Hs0, and 10 mé/ ¢ trace element solution [29]. The
fermentor was inoculated with 300 m¢ of a preculture broth that had been grown
to the stationary phase on a nutrition medium. Cultivation was carried out at
37 C with aeration of 0.5 vvm. During fermentation, the optimal growth pH was
controlled to 7.0 using 2 N HCl and 2 N NaOH. At the time of ammonium
exhaustion, the culture pH was decreased to 5.5 for optimal curdlan production,
as previously reported by Lee at al [20]. Cell growth was monitored by

measuring the absorbance of the sampled culture at 600 nm.

10



2.2.2. Cell mass, curdlan, and B —1,3—glucan synthase assay

The dry cell mass was measured by mixing 10 m¢ of the sample with 15 ml of a
0.5 N NaOH solution. The supernatant was removed by centrifugation. An aliquot
was washed with distilled water twice and the dry cell mass was measured after
drying overnight at 80 C. The sucrose concentration was measured using a slight
modification of the dinitrosalicylic acid (DNS) method [28]. One milliliter of the
sample was mixed with 20 m¢ of 3 N HCI, and the mixture was hydrolyzed at
100 C for 15 min. After cooling the mixture, 3 m¢ of a DNS solution was added,
and the resulting mixture was boiled again at 100 C for 10min. The sucrose
concentrations of the samples were determined by measuring the absorbance at
570 mm. For an analysis of curdlan, 1 m¢{ of an appropriately diluted sample was
mixed with 15 m¢ of a 3 N NaOH solution. The mixture was then incubated at
room temperature for 30 min to dissolve the curdlan. After centrifuging the
mixture at 5000Xg for 15 min, the curdlan present in the supernatant was
precipitated under acidic conditions by adding 15 ml of 3N HCI. The precipitated
curdlan was harvested by centrifuging at 5000 X g for 15 min, and washed three
times with distilled water to remove the salts. The concentration of curdlan was
determined by measuring the dry weight after drying overnight at 80 C. The

11



ammonium concentration was determined using the indophenol method [44].

For the detection of A —1,3—glucan synthase, fluorescence assays were
carried out using the modified method as described by Shedletzky et al. [45].
Aniline blue was used as a fluorescence dye. The fluorescence was quantified
using a Synergy HT Fluorescence Reader (Bio—Tek Instruments, USA). The
excitation wavelength was 400 nm/slit width 40 and emission wavelength was 460

nm/slit width 40.

2.2.3. UTP, and UDP—glucose assay

The intracellular nucleotides were extracted by using a slight modification of
the method described by Ryll and Wagner [46]. The cells (50 mg dry cell weight)
were centrifuged immediately at 5000Xg at 4 C for 5 min. The harvested cell
pellet was resuspended in 3ml of an ice—cooled lysis buffer, and disrupted by
sonication (Sonic Dismemberator, Fisher 100model) at 4 C. Sonication consisted
of four 10 sec bursts at the maximum setting. After sonication, the cell debris
was finally removed by centrifugation at 10,000Xg for 30 min. The clear
supernatant was filtered through a 0.2 mm filter (PVDF, Whatman, England). The
samples were stored at 20 Cprior to HPLC analysis. The amount of intra cellular

12



UTP and UDP-glucose formed were quantified by HPLC [46]. The
chromatographic system consisted of two HPLC pumps (LC—10A DVP, Shimadzu,
JP), a prominence UV detector (Shimadzu, SPD—20A), and a system controller
(SCL—10A VP). The separations were carried out on a reverse—phase YMC—
pack pro C18 column (250 X 4.6 mm i.d., S—=5 gm, 12 mm—particle size, YMC Inc.,
Wilmington, NC), and a 50 mM phosphate buffer (pH 5.3) solution was used.
Sample detection was achieved at 254 nm, and the chromatographic peaks were

assigned by a comparison with authentic samples. The injection volumes for

HPLC analysis were 20 .

2.2.4. Sample preparation for two—dimensional electrophoresis

The cells are harvested by centrifugation at room temperature at 8000 rpm for
15 min. The cell pellets were washed twice with a Tri—HCI buffer (40 mM, pH
8.0) and resuspended in 500 ¢ of a lysis buffer (8 M urea, 4 % w/v CHAPS, 40
mM Tris, protease inhibitor cocktail solution (Roche Diagnostics GmbH,
Mannheim, Germany)). After sonication for 2 min on ice, the cell debris was
removed by centrifugation at 16000 rpm for 60 min. The protein concentration
was determined using a Bio—Rad protein assay kit (Hercules, CA, USA) with
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bovine serum albumin as the standard. The supernatants were stored at 80 T
until analyzed by 2—D gel electrophoresis. 45 pg of the proteins were resus
pended in a rehydration solution [8 M urea, 0.5 % w/v Triton X—100, 0.005 % w/v
orange—G, 1 % w/v DTT, and 1 % v/v carrier ampholyte, pH 3—-10, 1 % v/v
carrier ampholyte, pH 4-7]. Urea, 3-[(3—cholamidopropyl) dimethyl—
ammonio] —1—propanesulfonate (CHAPS), Tris, dithiothreitol (DTT), bromophenol
blue, and sodium dodecyl sulfate (SDS) were purchased from Sigma Chemical Co.

(St. Louis, MO, USA).

2.2.5. Two—dimensional gel electrophoresis

The first dimension of 2—DE was carried out on a Bio—Rad PROTEAN IEF cell
Electrophoresis System at 20 C. Linear pH 4—7 immobilized pH gradient (IPG)
gel strips (17 cm, ReadyStrip™ IPG strips, Bio—Rad Laboratories, CA, USA)
were rehydrated overnight by placing the strips gel—side—down in the sample—
containing rehydration solution in a strip holder and covering them with mineral
oil (Bio—Rad Laboratories, CA, USA). The samples were loaded with an
intracellular protein level of 45 pg for silver—staining. The first dimension was
performed for 1h at 250V, for 5h at 10000V, and until 70000 Vhs at 10000V for
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the analytical and preparative gels that had been prepared for image analysis and

spot excision for protein identification, respectively. 30 pg and 120 pg of the

protein per strip was loaded for the analytical and preparative gels, respectively.

The IPG gel strips were then equilibrated for 15 min in an equilibration solution

[50 mM Tris—HCI, pH 8.8, 6 M urea, 30% v/v glycerol, 2% SDS, bromophenol

blue trace] with 1 % DTT for 15 min and then 2.5 % iodoacetamide for 15 min.

The equilibrated gel strips were placed on a 12.5 % polyacrylamide gel and the

second dimensional separation was carried out using a PROTEAN II xi cell

system (Bio—rad, CA, USA) in a cold chamber at 4 C. SDS—PAGE was carried

out at 30 mA/gel for 12h until the bromophenol blue reached to the bottom of the

gel. Silver staining was performed using a modified method, as described

elsewhere [47]. The molecular weight of the protein was determined using a

broad molecular weight standard marker (Bio—Rad, CA, USA). The stained gels

were scanned using EPSON EXPRESSION1680 Pro (EPSON, Korea). Progenesis

PG200 v2006 from Nonlinear Dynamics was used to locate protein spots within

the gel images and quantify the spot intensity scale on a volume basis (.e.

calculated by integrating the spot optical intensity over the spot area).
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2.2.6. MALDI-TOF mass spectrometric analysis and database

search

The samples for the matrix—assisted laser desorption ionization—time of flight
(MALDI-TOF) mass spectrometry analysis were extracted from the silver
stained spots according to a previously reported protocol [48]. Enzymatic
digestions were carried out with 10—15 g/ml of sequencing grade modified
trypsin (Promega, WI, USA) in 25 mM ammonium bicarbonate (pH 8.0) and were
incubated overnight at 37 C in a stationary incubator. The in—gel—digested
peptide fragments were extracted from the gel pieces by adding 5 % v/v
trifluoroacetic acid in 50 % v/v acetonitrile followed by vortexing for 1h. After
three times repeated, the solute materials including the peptide fragments were
dried by vacuum centrifugation. A Ziptip column (Millipore, Bedford, USA), in
which Cig resin is fixed at the end of the tip was used to eliminate the impurities
in the samples. The peptide solution was prepared with an equal volume of a
saturated cyano—4—hydroxycinnamic acid solution in 50 % ACN/O.1 % TFA on
the sample plate of the MALDI-TOF mass spectrometer. Protein analyses were
performed using a MALDI-TOF mass spectrometry system (Voyager DE—STR,
PE Biosystem, Framingham, MA) with the following parameters: peptide
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measuring range of 700—4000Da and a mass tolerance within 50 ppm to maintain

the highest certainty of protein identification. The criteria for unambiguous

protein identification required at least five peptides, which represented a

minimum of 20 % sequence coverage. The spectra were calibrated using a matrix

and tryptic autodigestion ion peaks as the internal standards. The peptide mass

fingerprints were analyzed using the MASCOT (http://www.matrixscience.com

/cgi/search_form.pl?FORMVER=2&SEARCH=PMF)and Swiss—Prot was selected

as the reference database in the MASCOT for protein identification.
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2.3. Results and discussion
2.3.1. Proteomic response of Agrobacterium sp. ATCC 31750
batch culture to pH downshift
pH control during the cultivation is one of the most important factors because
it significantly influences cell growth and the rates of curdlan formation. In batch
fermentations for curdlan production, the cell growth rate in the pre—stationary
phase is optimal at pH 7.0, whereas curdlan production is optimal at pH 5.5 [1,
20, 33, 34]. As the glucose concentrations is increased, higher nitrogen—
concentrations are needed to produce a cell mass thereby maximizing the yields
of curdlan in the post—stationary, N—limited production phase [34]. In this study,
two—dimensional SDS—polyacrylamide gel electrophoresis (2—DE) was used to
analyze the characteristics of overall protein expression along with the growth
after pH tuning. Prior to 2—DE analysis, Agrobacterium sp. ATCC 31750 was
cultivated in a batch bioreactor (5 £), and the culture pH was shifted from 7.0 to
5.5 at the time of ammonium exhaustion (data not shown). As shown in Figure
2.1, the cell growth rate was not diminished after the pH downshift. From both
batch cultures (P and C at pH 7.0 and pH 5.5, respectively), the culture broth
was sampled at 2, 37, and 72 h after pH downshift, and the total intracellular
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proteins from each culture sample were prepared after disrupting the cell pellets.

For each protein sample, 2—DE was repeated 8 ~10 times with silver staining for

each 2—DE gel, and then for comparative image analysis, an average gel image

was prepared with selected three gels showing a high degree of reproducibility

using the Progenesis v2006 software (Nonlinear Dynamics, USA).

Approximately, 800 spots were visualized on every average gel image, and the

2—DE gel images of culture samples at pH 5.5 and pH 7.0 were compared

systematically at each time point (2, 37, or 72 h after the pH downshift). The

following were observed through quantitative and comparative analysis of the

proteomic responses to the pH downshift: (1) the levels of 15 proteins were

significantly increased after the pH downshift, and the high levels were

maintained during the entire low—pH growth period; and (2) 12 proteins were

significantly repressed for a prolonged time after decreasing the pH from pH 7.0

to pH 5.5. These proteins are labeled on the 2—DE gel in Figure 2.2 and 3 (spots

A—0O and 1—12). The time—course variation in protein synthesis level was

relatively estimated relatively by defining the spot intensity of the proteins

visualized at the C2 phase as 1 (Table 2.1 and Figure 2.3). Different intensity

ratios above 1 indicate the stress—responsive induction of protein expression,
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and those below 1 indicate stress—responsive repression of protein expression.

Protein identification and the overall metabolic characteristics of Agrobacterium

sp., strain were estimated using the Agrobacterium tumefaciens proteome

database. The proteins were identified by MALDI—TOF analysis for each protein

spot and subsequent PMF using the A. tumefaciens MASCOT database, as

summarized in Table 2.1 and Figure 2.3. The proteins identified in the list were

related to curdlan biosynthesis, energy metabolism, nucleotide biosynthesis,

lipopolysaccharide and peptidoglycan biosynthesis, amino acid synthesis,

exopolysaccharide and isoprenoid biosynthetic pathways, stress—induced

proteins, and cell processes (Table 2.1)
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Table 2.1. The 27 proteins of the 797 proteins showing a prolonged significant difference in the intracellular
protein level
(i.e., spot intensity) during the entire period of low pH growth in a batch culture.
_ % Protein level ratio (fold change)
Spot Gene Protein name pl MW ~ Accession Sequence Function
a
No. name (kDa)  number® - Ueage® C2 csw cr2 P2 P3U P72
c2 c2 €2 c2 c2 c2
A dnaK Chaperone protein dnaK 4.84 68.15 P50019 63 221 131 311 417 495 Chaperone
B apa ATPsynthasesubunit oo, 5465 ogucra 52 076 039 109 122 154  FroductionATP
alpha from ADP
C glgc Clucose-l-phosphate g, 4743 p3geeg 68 0.77 021 098 129 0.97 Glycogen
adenylyltransferase biosynthesis
D ispH AMvdroxy-3-methylbut-2- g o 075, prge73 63 013 009 1.89 212 228 Isoprenoid
enyl diphosphate reductase biosynthesis
glk Glucokinase 5.42 36.70 Q8UIV7 75 031 0.12 127 131 0.93 Glycolysis
F exon UTP-glucose-lphosphate o) 5374 guspo 68 074 055 118 144 171 Sucrose metabolism
uridylyltransferase
G A  Ribose-S-phosphate 5.4 544 guEZO 59 095 068 138 225 198 entosephosphate
isomerase A pathway
H pyF Orotidine 5-phosphate 5,4 5505  pogeas 46 141 159 217 299 3.12  UMP biosynthesis
decarboxylase
| tal Transaldolase 529 3450 Q8U7I5 61 009 003 1.09 1.02 108 Pemo;:tﬁ:vgiphate
J  upp Uracil 6.32 2320 Q8UJO6 72 071 021 121 105 101 "Yimidine salvage
phosphoribosyltransferase pathway
K bmell  EXOpolysaccharide 5.90 46.50 Q8U6L4 55 001 008 1.37 1.29 189  EPS production
production protein
L succ Succinyl-CoAsynthetase o5 4195  Qguceo 65 051 021 101 135 121 icarboxylicacid
beta chain cycle
Synthesis of capsular
M pgm Phosphoglucomutase 5.30 57.80 P39671 58 089 0.18 097 131 3.11 polysaccharide and
lipopolysaccharide
N pgi G'ucosisc')?r;z:‘s(’;phate 579 5871  Q8UI94 67 141 097 024 279 317 Glycolysis
O crd Putative beta 1,3 glucan 6.81 73.12 Q9X2V0 65 0.77 038 0.73 1.21 3.82 Curdlan biosynthesis
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4.77

6.28

5.83

5.60

5.22

5.31

6.45

5.46

4.97

5.59

5.61

6.25

54.15

47.20

34.83

35.38

29.98

29.27

28.38

28.81

27.27

30.11

2481

15.61

Q8UEUO

Q2K8G2

Q8UDNO

QSUERS
Q8UE93

Q8UJA9

Q8UFL3

Q8UEPO

P58799

Q8UFH3

Q8UHK1

Q8UHYO

69

57

51

63

63

44

66
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67
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1

1

201 197 0.66

161 154 131

132 158 0.63

241 257 0.97

0.99 1.67 0.54

204 199 0.97

8.11 913 091

147 112 0.61

21.34 59.78 1.03

141 147 0.86

125 219 0.77

8.17 1354 1.26

0.45

0.39

0.41

0.79

0.13

0.24

3.17

0.35

6.12

0.33

0.52

4.25

0.17

0.19

0.47

0.43

0.27

0.18

3.55

0.15

5.68

0.31

0.29

6.14

Export and maintain of
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biosynthesis
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biosynthesis

Tryptophan
biosynthesis
Peptidoglycan
biosynthesis
Tryptophan
biosynthesis

Lipopolysaccharide
biosynthesis

EPS production

Histidine
biosynthesis

Lipopolysaccharide
biosynthesis
Histidine
biosynthesis

Regulation of
osmotic pressure

& Accession code refers to the SWISS-2DPAGE database
® Mass tolerance in protein identification throug¥ifPexperiment was 10 ppm
¢ Protein expression level in each growth phasegaoad with C2 phase. Expression level in C2 phaseset at 1.
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Figure 2.1. Time—course profiles of cell growth, curdlan production, and sucrose
consumption.

During batch cultures controlled at pH 7.0 (open circles, rectangles, and
triangles) and pH 5.5 (dark circles, rectangles, and triangles). The culture
samples were taken from the bioreactor at three different time points (2, 37 and
72 h) after pH downshift. C, control culture (at pH 7.0); P, pH downshift culture
(at pH 5.5).
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Figure 2.2. Silver—stained 2—D SDS—PAGE gels.
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Here showing the 27 protein spots listed in Table 2.1. The protein spots inside the circles
indicate the induced proteins after decreasing the pH from pH 7.0 to pH 5.5. The protein
spots inside the rectangles indicate the repressed proteins after decreasing the pH from pH

7.0 to pH 5.5.



2.3.2. Estimation of curdlan overproduction metabolism after pH

downshift

From comparative proteome analysis, it was possible to observe the
differences in metabolic enzyme synthesis related to curdlan biosynthesis and
understand how the metabolic flux has been changed after pH downshift on the
basis of the differences in the level of the metabolic enzymes that catalyze
curdlan synthesis. As shown in Figures 2.2 and 3, several proteins involved in
the energy metabolism were induced after the pH downshift. The levels of
glucokinase (spot E) glucose—6—phosphate isomerase (spot N), transaldolase
(spot I), and succinyl—=CoA synthetase beta chain (spot L) synthesis, which are
key metabolic enzymes in the glycolysis and tricarboxylic acid (TCA) cycle,
were much higher in the low pH culture. In addition, the ATP synthase subunit
alpha (spot B), which is involved in ATP—proton motive—force interconversion
in the energy metabolism, was also more strongly activated at P72 in the low pH
growth than at C72. If the change in the ATP synthase subunit alpha (spot B) is
assumed to affect the ATP synthase activity, it may indicate that ATP generation
and proton import are simultaneously induced in a low pH environment.

On the other hand, during the biosynthesis of most polysaccharides, sugar
nucleotides are used as glycosyl donors. In particular, UDP—glucose, which is a
key metabolite in the synthesis of curdlan, serves not only as an activated

precursor for glycosyl moieties but also as a precursor in the synthesis of most
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polysaccharides [19, 49]. Although cellular nucleotides generally play an
important role in the synthesis of sugar nucleotides in the cellular metabolism,
litter is known regarding the change in the nucleotide levels and their effect on
the metabolic fluxes in intracellular metabolism [50].

From Figures 2.2 and 3, three metabolic enzymes (e.g. Ribose—5—phosphate
isomerase A (spot G), orotidine 5—phosphate decarboxylase (spot H), and uracil
phosphoribosyl transferase (spot J), which are related to the biosynthesis of
nucleotides, were significantly oversynthesized to probably expedite the possible
conversion of excessively accumulated UMP (Scheme 1). UMP is a key
precursor for UTP and UDP—glucose biosynthesis through sequential reactions
of nucleotide kinases and UDP—glucose pyrophosphorylase. An increase in the
intracellular UMP level caused by nitrogen—limitation enhances curdlan
biosynthesis by promoting cellular UDP—glucose synthesis [1, 19]. Interestingly,
it was observed that the protein level of uracil phosphoribosyl—transferase
(spot J) catalyzing the conversion of uracil to UMP was 5 times higher at the
P72 phase in the lower pH culture (Figure 2.2 and 3), whereas this protein was
significantly repressed in the control culture (pH 7.0). Therefore, it is possible
to assume that the addition of uracil to the growth medium may enhance the
metabolic flux of UTP synthesis. This is in agreement with previous research on
curdlan production with Agrobacterium sp. [29]. It was previously shown for

Agrobacterium sp. ATCC 31750 that uracil, which acts as a precursor of UDP—
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glucose, served as an activator on the production of curdlan, and uracil addition
to a sucrose—containing culture medium at 46 h increased the level of curdlan
production compared with the unsupplemented culture after 160h of growth [29].
Therefore, it is likely that the Agrobacterium sp. ATCC 31750 catabolism
might be modulated towards increasing the supply of UTP, and hence UDP—
glucose, as a means of inducing curdlan synthesis in the low pH culture. At the
same time, levels of phosphoglucomutase (spot M) and UTP-—glucose—1-—
phoshase uridyly transferase (spot F) synthesis were significantly different from
that observed the control culture, i.e., the protein levels of phosphor—
glucomutase and UTP—glucose—1—phoshase uridylytransferase were 17.3—fold
and 3.3—fold higher at the P72 phase after pH downshift, compared with the
level of synthesis in the control at a time point, C72 (Figure 2.3 and Table 2.1).
As shown in scheme 1, it is reasonable to assume that a significant amount of
UDP—glucose accumulates in a low pH environment. Therefore, the overall
metabolic flow appears to be directed towards the curdlan biosynthetic route.
Presumably, a significant amount of the key metabolic precursor related to
curdlan biosynthesis might accumulate after the pH downshift, thereby directing
the overall metabolic flow toward the curdlan biosynthetic route. As shown in
Figure 2.3 and Table 2.1, we evidently observed that the protein level of the A —
1,3—glucan synthase catalytic subunit (spot O), which catalyzed the conversion

of UDP—glucose into curdlan, was increased during the whole period in the low
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pH environment, i.e., a more than 10—fold increase in the level of 8 —1,3—glucan
synthase catalytic subunit after pH downshift (Figure 2.3, and 2.4). The
overexpression of B —1,3—glucan synthase catalytic subunit at the lower pH
might explain why curdlan was overproduced by Agrobacterium sp. compared
with the control culture (Figure 2.1). Additionally, the activity of 8 —1,3—glucan
synthase was investigated using a fluorescence assay. As shown in Figure 2.4a,
the activity of A —1,3—glucan synthase was more than 3times higher at the P72
phase in the low pH culture than in the control at the same time point, C72. This
is in line with the comparative proteome analysis as described above.

This study also examined the cellular levels of UTP and the synthesis of
UDP—glucose while investigating the biosynthesis metabolism of curdlan. Figure
2.4b and 2.4c shows the intracellular levels of UTP and UDP-—glucose. As a
result, the initial UTP levels of the control culture (C2) and lower pH culture
(P2) were similar at 0.31 and 0.35 mg/m¢, respectively. Interestingly, the
intracellular UTP levels increased significantly over a prolonged time from 0.35
to 18.4 mg/ml in the lower pH culture, i.e., a 3.3—fold increase in the UTP level
after 72h of pH downshift, compared with the level of synthesis in the control
culture at the same time point, C72 (Figure 2.4b).

It was also observed that the cellular UDP—glucose level was showed a more
than 1.9—fold increase after pH downshift, as shown in Figure 2.4c.

Therefore, the remarkable increase in the cellular metabolic key enzymes

28



during pH downshift culture enhances the metabolic flux of the key precursor
biosynthesis processes, such as UTP and UDP—glucose, resulting in an increase

of in curdlan biosynthesis.
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Figure 2.3. Time—course variations in spot intensity.

27 protein spots in the control culture (at pH 7.0); P, lower pH culture (at pH 5.5). (The time—course variation of

protein synthesis level was estimated relatively by defining the spot intensity of the proteins visualized at the C2
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phase as 1 and 3D image of each protein spots were displayed using Progenesis PG 200).
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(a) The activity of 8 —1,3—glucan synthase according to a fluorescence assay.
(b) Intracellular levels of UTP. (¢) Intracellular levels of UDP—glucose. (Control

culture (black columns) and pH downshift culture (white columns)).
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Figure 2.5. Proposed overview of the altered metabolic pathways during the low pH culture of
Agrobacterium sp. ATCC 31750.

(The thick black arrow show that the metabolic conversion was significantly activated. It is possible that this is due to the increased
protein level (i.e. spot intensity) of the corresponding metabolic enzyme. In addition, the thin gray arrow indicates that the metabolic
conversion was severely repressed. The cause for this may be a far lower protein level of the corresponding metabolic enzyme)



2.3.3. Lipopolysaccharide, peptidoglycan and isoprenoid

biosynthesis

Under nitrogen—limited conditions, polysaccharide synthesis has generally
been explained by the roles of carrier lipids [19, 51, 52]. Evidently, a wide
variety of proteins were strongly repressed in the low pH culture to maintaining
the cellular metabolism related to the biosynthesis of lipopolysaccharide and
petidoglycan. Figures 2.2 and 3 show that the synthesis of UDP—-N-—
acetylglucosamine pyrophosphorylase (spot 2), UDP-—N-—acetylenolpyruvoy
lglucosamine reductase (spot 3), Acyl—[acyl—carrier—protein—UDP—N-—acetyl
glucosamine O-—acyltransferase (spot 7), and 2—dehydro—3—deoxyphospho
octonate aldolase (spot 10) were significantly lower in pH downshift culture. In
addition, another enzyme in the exopolysaccharide production pathway,
exopolysaccharide production protein (spot K) was oversynthesized during the
low pH condition, as shown in Figure 2.2 and Table 2.1. In contrast,
exopolysaccharide production negative regulator protein (spot &) showed more
than 7—fold decrease after 72 h of pH downshift (P72), compared with the level
of synthesis in the control culture at the same time point, C72 (Table 2.1). On
the other hand, the conversion of 4—hydroxy—3—methyl—2—butenyl diphosphate
to isopentenyl diphosphate might be activated by the increased synthesis of 4—
hydroxy—3—methyl—2—butenyl diphosphate reductase (spot D), which can
further increase the metabolic flux of isoprenoid biosynthesis can further
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increase (Figure 2.5). Previous studies reported that polysaccharides are formed
through the mediation of isoprenoid lipid intermediates. Moreover, the availability
of isoprenoid lipid may provide a means of regulating polysaccharide synthesis
[19, 53]. It was also reported that isoprenoid lipid is more available for carrying
oligosaccharides under nitrogen—limited conditions instead of cellular
lipopolysaccharide and peptidoglycan [1, 19, 53]. As a result, it can be strongly
presumed that formation of lipopolysaccharide and peptidoglycan might be
inhibited during the low pH culture and isoprenoid plays a key role in producing a

large amount of curdlan from Agrobaterium sp. ATCC 31750 (Figure 2.5).

2.3.4. Amino acid biosynthesis

Through a comparative proteome analysis of Agrobacterium sp. ATCC 31750
batch culture, it was observed that the expression level of the metabolic
enzymes involved in the amino acid biosynthesis were changed significantly after
a pH downshift, as shown in Table 2.1 and Figure 2.2. The expression of four
metabolic enzymes (spots 4, 6, 9, 11) was strongly repressed during the entire
period of low pH growth. The level of ATP phosphoribosyltransferase (spot 11)
synthesis, which catalyzes the conversion of 5—phosphoriobosyl—a—
pyrophosphate to phosphorilbosyl—ATP, was 7.6—fold lower after 72 h in the
lower pH culture than in the control culture (pH 7.0). Furthermore, other key

enzymes for the biosynthesis of histidine, i.e., imidazole glycerol phosphate

37



synthase (spot 9), was also strongly repressed during low pH growth. On the
other hand, the synthesis of two key enzymes for tryptophan biosynthesis,
namely anthranilate phosphoribosyltransferase (spot 4), and tryptophan synthase

alpha chain (spot 6), were significantly repressed.

2.3.5. Stress—induced proteins

In this study, it was observed that an important molecular chaperone, DnaK
(spot A), which is a key factor for correct protein folding, was significantly up—
regulated in the acid—stress response. Several studies have improved the
understanding of the complex stress response in A. tumefaciens, using 2—DE
[41, 42]. Several heat shock proteins in A. tumefaciens were previously
identified, which include GroEL, GroES, DnaK, DnalJ, RpoH, and ClpB [41, 54—
56]. On the other hand, the RpoH homologue and the CIRCE—HrcA regulatory
system were identified as two heat shock control elements in A. tumefaciens [57,
58]. In contrast to the gram—positive bacteria, the CIRCE—HrcA system is found
only in the groESL operon and heat shock transcription of the major chaperone
genes is controlled by RpoH [42, 59]. This study showed that the synthesis of
the trigger factor (spot 1) was strongly repressed all the way during the entire
period of low pH growth. Previous studies showed that the major molecular
chaperones in £. coli (e.g., DnaK and its cofactors, GroEL and GroES) are not

only essential for normal growth at 37 C but are also heat—shock proteins that
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are further induced at higher temperatures and under other harsh conditions that
damage the cell proteins. These chaperones can prevent protein aggregation,
assist in catalyze protein refolding, and can promote the selective degradation of
heat damaged polypeptides [48, 60]. Unlike most molecular chaperones, the
trigger factor is not essential for viability at high temperatures and its level
increases progressively at low growth temperatures. Although the trigger factor
1s important for protein folding and might also be important for the cell adaptation
at high/low temperatures, the functional complementarities observed between
cytosolic molecular chaperones, such as HtpG, ClpB, GroEL/ES, and DnaK/J is

during the low pH growth conditions not completely understood.

39



2.4. Conclusion

2—DE is very useful for understanding the quantitative proteomic responses
of curdlan—producing Agrobacterium sp. ATCC 31750 to a pH downshift during
well—controlled batch fermentation by analyzing the time—course variations in
the protein level in detail. Comparative proteome analyses of the control culture
(pH 7.0) and low pH culture (pH 5.5) showed that curdlan overproduction
accompanied the significant changes in the level of synthesis of the key
metabolic enzymes involved in curdlan biosynthesis and the nucleotide
biosynthesis pathway. These results strongly suggest that the altered metabolic
conversion leading to the accumulation of UTP and UDP-—glucose and the
inhibition of the lipopolysaccharide and peptidoglycan biosynthesis pathways and
key precursors play a key role in producing large amounts of curdlan. For further
metabolic engineering of the strain for industrial applications, more complete
information on the overall regulation characteristics of curdlan overproduction
would be achieved through a detailed analysis of the transcriptomic responses at

the gene expression level.
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Chapter 3
Effect of Uracil Addition on Proteomic Profiles and

B —1,3 —Glucan Production in Agrobacterium sp.

3.1. Introduction

Because of good properties of curdlan, many efforts were done for improving
the productivity of the curdlan. Several optimization strategies have been used to
improve the productivity of curdlan. For example, optimization of fermentation
pH has been carried out in other studies. However, the productivity in a batch
fermentor is as low as 0.5¢g/{ /hr. In a previous paper, curdlan production was
optimized and the final curdlan concentration was increased to 93 g/ ¢ after 160h
fermentation with the addition of sucrose and uracil. Uracil was reported to
increase the UDP-—glucose level and serve not only as an activator of the
glycosyl metabolism but also as a precursor in the formation of other
monosaccharides[29].

Molecular level studies on curdlan synthesis have identified the curdlan
synthesis enzymes. The genes essential for the production of bacterial 8 —1,3—
glucan were transferred to Agrobacterium sp. ATCC31749([36]. Additional

curdlan related genes whose protein products occur in the cell envelope were
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identified by Karnezis et a/(2002), and the transposon TnphoA was used as a
specific genetic probe[61]. Despite these efforts, the mutants did not improve
the productivity of curdlan. Another method, called transcriptional profiling, was
introduced. It is relatively quick and easy, but the mRNA abundance is not
always a reliable indicator of the corresponding protein abundance [62—64].

This study examined the proteomic profile changes as a function of uracil (a
precursor of UDP-glucose) addition. Particular focus was on the enzymes
related to glucan synthesis metabolism that contribute to the synthesis of UDP
glucose. The proteomic profiles both with and without uracil addition were

analyzed by 2D gel electrophoresis followed by MALDI-TOF MS.
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3.2. Materials and Methods

3.2.1. Strain and culture conditions

Glucan producing strain Agrobacterium sp. ATCC 31750 was cultured in same
culture medium as chapter 2. The control culture was done without uracil
addition. The other culture was started at same moment and when the culture
time was 90 hrs, added 5 g/ { uracil to the fermentor to improve the curdlan
productivity. Cell growth was monitored by measuring the absorbance of the

sampled culture at 600 nm.

3.2.2. Analytical methods

The cells and curdlan concentrations were determined by measuring the dry
weight. A 1 m{ sample from the fermentor was centrifuged at 12000 rpm for 5
min. After harvesting the sample, curdlan was dissolved in a 3N NaOH solution
to measure the cell mass. The sample was washed 3times with distillated water.
The pellet was then dried and the cell mass was measured. After dissolving
curdlan in the NaOH solution, 3N HCIl was added to the solution to acidify the
solution, and the resulting solution was centrifuged at 8000 rpm for 15 min. The
supernatant was removed from the tube. The remaining pellet was curdlan. The
curdlan was washed 3 times with distillated water and dried to measure the

curdlan concentration. The sucrose concentration was determined using the
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dinitrosalicylic acid method after hydrolyzing the samples with 20 ¢ 2N HCI at
100 C for 15 min. The ammonium concentration was determined using the

indophenol method [65].

3.2.3. Sample preparation

Three samples were selected by analysis. The control sample was the cell
growth phase; sample was taken after the cell cultured for 22 hr. The second
sample was taken after the cell cultured for 94 hrs in control fermentation
without uracil addition. The third sample was taken at same time as second
sample in the uracil added fermentation.

Three samples were treated for 2—D SDS—PAGE, the methods for sample

treatment was same as recorded in chapter 2.

3.2.4. 2—D SDS—PAGE analysis

45 pug of three protein samples were prepared for 2—D SDS—PAGE analysis.
The methods were same as recorded in chapter 2.

The 2—D gel of the three samples was detected spot intensities using image
master software V4.01. The reference gel was shared with gel C2 (pH 7.0, 22

hr) from chapter 2.
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3.2.5. Detection of key metabolites

The key metablites of UTP and UDP—glucose were detected by HPLC. The
HPLC methods were recorded in chapter 2.
The activity of 8 —1,3—glucan synthase was detected by fluorescence assay and

method also was same as recorded in chapter 2.
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3.3. Results and discussion

3.3.1. Effect of uracil addition at 90h

As shown in Figure 3.1, the production of curdlan was initiated after the
ammonium had been depleted at 24 hrs. After 90 hrs fermentation, the curdlan
concentration was approximately 51 g/{. The rate of curdlan production
decreased thereafter. 1.5 g uracil was added to the 3 ¢ fermentor at 90 hrs to
activate curdlan production. As a result, the rate of curdlan production was
increased and its concentration was increased to 72 g/{. The control
fermentation was done at same condition without uracil addition. Three samples
were taken. The control sample was taken at cell growth stage (22 hr) and
sample at curdlan producing stage (94 hr) were taken at control fermentation and
uracil added fermentation respectively. The Three samples were prepared to

check changes in the metabolite and enzyme levels in the cell.
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Figure 3.1. Effect of uracil addition (at 90 hrs) on curdlan production with

Agrobacterium sp. ATCC 31750.

pH was controlled from 7.0 to 5.5 after 25 hrs fermentation
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3.3.2. Analysis enzymes expression levels with 2—dimensional

electrophoresis

The cell broth was harvested at 22 hrs and pH 7.0, and used to determine the
reference protein profiles. More than 600 protein spots were identified (in
preparation). This study focused on the changes in the key metabolic enzymes
after the addition of uracil. Figure 3.2, 3.3 and 3.4 shows the proteomic profiles
of the three samples from fermentation of Agrbacterium sp. ATCC31750. Figure
3.2 was cell growth stage, at that time, the cell was grown 22 hrs. Figure 3.3 was
the sample taken in the control fermentation, at that time, cell was grown 94 hrs.
Figure 3.4 was also taken at same time with control fermentation, but the cell
was grown 90 hrs, there were added 0.5g/{ uracil.

Silver—stained 2—D SDS—PAGE gel at control, none, and uracil phases
showing 11 protein spots listed in Table 3.1. The protein spots inside the circles
indicate the induced proteins after uracil added. The protein spots inside the
rectangles indicate the repressed protein after uracil added.

Figure 3.5 shows the spot intensity of 11 protein spots in the control culcure (at
pH 7.0, 22hr); None , without uracil added , uracil, with uracil added. Uracil was
added at fermentation time 90 hr and sample was taken at 94 hrs both in uracil
added and control fermentation. The changes in the level of protein expression
were detected using Image Master Software V4.01 (Amersham Biosciences,
Uppsala, Sweden). This is because the key enzymes were identified using the
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mass spectroscopy data of Agrobacterium tumefacience, which has 98 % rRNA
similarity to Agrobacterium sp. ATCC 31750. The PI values and molecular
weights of the enzymes in the 2D gel might have different values from those in
the DB sources (ExPASy at http://www.expasy.ch/).

Table 3.1 provides information on the 11 protein spot in the 2D—gel. In this
Table, UTP—glucose—1—phosphate uridylytransferase, phosphoglucomutase, and
A —1,3—glucan synthase catalytic subunit which are key metabolic enzymes in
the curdlan biosynthesis phathway, were moer than 3.5 %, 30 %, 35 % higher in
the uracil added culcure. In addition, uracil phospharibosyltransferase which
converts uracil to the UMP were also up—regulated 79 % than control
fermentation. However, the level of Orotidine 5—phosphate decarboxylase,
Glucose—1—phosphate adenylyltransferase and Glucose—6—phosphate
isomerase expression decreased after uracil addition (Table 3.1). Therefore, the
addition of uracil during fermentation activates production of the enzymes related
to the glucan synthesis metabolism and increase the rate of A —1,3—glucan

production.
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Table 3. 1. Key metabolic enzymes showing a significant difference in intracellular protein expression level
(i.e. spot intensity) during the whole period of cell growth and curdlan production with uracil addition

Spot Gene . MW  Accession % Nonfe uracil
Protein name pl . Sequence Control uracil
No name (kDa) Number b added
Coverage added

1 glmU UDP=N-acetylglucosamine 6.28 472 Q2K8G2 57 1.00 0.19 0.35
pyrophosphorylase

2  murB UDP=N-acetylenolpyruvoylglucosamine 5.83  34.83  QS8UDNO 51 1.00 0.47 0.92
reductase

3 trpA Tryptophan synthase alpha chain 5.31 29.27 Q8UJA9 44 1.00 0.18 0.38

4 ispH 4~hydroxy=3-methylbut=2=enyl 5.48  37.54 P58673 63 1.00 2.28 3.71
diphosphate reductase

5 exoN UTP=glucose—1-phosphate 5.84 3374  Q8USPO 68 1.00 1.71 1.77
uridylyltransferase

6 upp Uracil phosphoribosyltransferase 6.32 23.2 Q8UJ06 72 1.00 1.01 1.79

7 pgm Phosphoglucomutase 5.3 57.8 P39671 58 1.00 3.11 4.05

3 ord Putative beta 1,3 glucan synthase catalytlic 6.81 7312 QIX2V0 65 1.00 3.82 517
subunit

A glgC  Glucose—1—phosphate adenylyltransferase 5.24 47.03 P39669 68 1.00 0.97 0.47

B pyrF Orotidine 5—phosphate decarboxylase 5.18 25.05 P58638 46 1.00 3.12 1.20

C pgi Glucose—6—Phosphate isomerse 5.79 58.71 Q8UI94 67 1.00 3.17 2.10

* Accession code refers to the SWISS—2DPAGE database
> Mass tolerance in protein identification through PMF experiment was 10 ppm



3.3.3. Effect of uracil addition on metabolite concentration

The concentrations of the key metabolites were measured by HPLC (Figure
3.7, 3.8). In the cell growth phase, 1.4 mg/ ¢ and 0.3 mg/ ¢ of UDP—glucose and
UTP were detected and prior to uracil addition, 3.3 mg/ ¢ and 3.2 mg/ ¢ of UDP—
glucose and UTP were detected However, after uracil addition, 4.2 mg/ { and 4.5
mg/ £ of UDP—glucose and UTP was detected. UTP and UDP—glucose might not
be necessary for cell growth but is essential for curdlan production: as both a
precursor for curdlan and to transfer glucose to the curdlan polymer. Show in 2D
gel, we also suggest that wuracil addition activates uracil phosphoribiosyl
transferase, which catalyzes the reaction from Uracil to UMP which was the
precursor of UTP. Since the raw material concentration increased, the enzymes
related to the metabolic reaction were expressed more than without uracil
addition. The level of intermediate metabolites from Uracil to UMP, Glucose—6P
to Glucose—1P, UDP—glucose to B —1,3—glucan synthase were increased after
the addition of uracil. Moreover, the levels of UTP-—glucose—1—phoshpate

uridylytransferase was almost not changed with uracil addition

3.3.4. Change of B —1,3— glucan synthase activity

The activity of B —1,3—glucan synthase was detected using a fluorescence
assay. The p —1,3—glucan synthase activity changes the rate of 8 —1,3—glucan

synthesis because it is the final reaction enzyme in the synthesis of 8—1,3—
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glucan [66]. Figure 3.6 shows the changes in the A —1,3—glucan synthase
activity, which increased rapidly after the addition of uracil with a concomitant
increase in the rate of B —1,3—glucan synthesis. When the cell conditions were
changed from cell growth to B —1,3—glucan production at 22 hrs, the 8—1,3—
glucan synthase activity was increased to prepare B —1,3—glucan synthesis. The
B —1,3—glucan synthase activity increased continuously with fermentation
without uracil addition, and the level of B —1,3—glucan synthesis was also
increased, as shown in Figure 3.1. After the addition of uracil, the 5 —1,3—
glucan synthesis metabolism was activated resulting in an increase in f—1,3—

glucan synthase activity.

3.3.5. Change of enzymes expression level

Figure 3.9 shows the pathway changes in B8 —1,3—glucan synthesis. Two
independently prepared fractions were used for multidimensional proteome
analysis: from the cells in the growth stage before uracil addition at 22 hrs and
from the cells in the curdlan production stage after uracil addition at 94 hrs. The
replicate gels were scanned, averaged using imaging software, and compared by
spot matching and spot densitometry.

The level of the key metabolites of UDP—glucose and B —1,3—glucan were
increased. The key metabolic enzymes, such as, uracil phospharibosyltransferase,

phosphoglucomutase, and B —1,3—glucan synthase catalytic subunit, were
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significantly increased in 2D gel. Although the important key metabolite UTP—
glucose—1—phosphate uridylytransferase only increased 3.5 % after uracil
addition. This suggests that UTP—glucose—1—phosphate uridylytransferase is a
target protein in the curdlan producing process. It is expected that the
productivity of curdlan will be improved if the level of UTP—glucose—1—
phosphate uridylytransferase can be increased.

And Orotidine 5—phosphate decarboxylase, Glucose—1—phosphate adenylyl
transferase and Glucose—6—phosphate isomerase showed a decrease in the 2D
gel. In here, Glucose—1—phosphate adenylyltransferase and Glucose—6—
phosphate isomerase were catalyzed side reaction of the curdlan synthesis, so

their repression can improve the curdlan production.
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Figure 3.6. Detection of 8 —1,3—glucan synthase activity
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3.4. Conclusion

Systematic approaches for optimizing the production of B —1,3—glucan using

metabolic and proteomic measurements were proposed. The intracellular level of

enzymes and metabolites were measured at cell growth phase, without adding

uracil and with adding uracil as a UDP—glucose precursor, and were used to

explain the increase in the 8 —1,3—glucan synthase rate. After uracil addition, all

key metabolic enzymes used for the synthesis of B—1,3—glucan were

significantly activated with the exception of UTP—glucose—1—phosphate

uridylytransferase, and the enzymes, such as, Glucose—1—phosphate

adenylyltransferase and Glucose—6—phosphate isomerase were catalyzed side

reaction of the A —1,3—glucan synthase was repressed.
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Chapter 4
The Change in the Proteomic Profiles of Genetically
Modified 1,3—Propanediol Producing Recombinant E.

colr

4.1. Introduction

With the development of sustainable technology, renewable materials produced
by agriculture as feedstock for industry and energy, and industrial bio—based
processes, will form a vital part in the future biotechnology. Biological resources
and biodiversity from nature will have a significant impact by providing bio—
based industrial feedstock and products from non—food crops [67—69]. 1,3—
Propanediol (PDO) is one of the key bio—based industrial feed stocks. It has a
wide variety of applications in polymers, cosmetics, foods, lubricants, and
medicines. 1,3—PDO is an important intermediate chemical in the synthesis of
polyester. Thousands of tons of polyester are produced every hour worldwide
with polyethylene terephthalate (PTT) comprising a major fraction of this

amount. 1,3—Propanediol (PDO) is a key intermediate in the synthesis of PTT.
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Copolymerization with terephthalic acid leads to materials ideal for textiles owing

to its appropriate mechanical and electrostatic characteristics [70—72].

Metabolic engineering, i.e. the design, modification, and construction of

biochemical pathways, is an important technology in the chemical, biochemical,

and environmental industries. Recent progress in metabolic engineering has

combined with classical fermentation, recombinant DNA technology, and protein

engineering [73, 74]. In this study, the conversion of glucose to 1,3—PDO was

used as a biocatalytic conversion model system [70, 75—=79].

Microbial fermentation for 1,3—PDO production has been studied extensively in

species belonging to the family Enterobacteriaceae (Enterobacter sp., Klebsiella

sp. and Citrobacter sp.) or the genus Clostridium sp. [80—85]. 1,3—PDO

production by recombinant £. co/i has attracted considerable interest with

particular focus on the metabolic pathway to make a new metabolic pathway or

increase the metabolic flux [76—78, 86]. The fermentation processes used in the

production of glycerol and 1,3—PDO have been well studied[70, 87-90].

However, there are no reports of proteomic analysis of the expression level of

the relevant enzymes under different fermentation conditions.

In this study, a recombinant £ coll was chosen as a model organism for the
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production of 1,3—PDO, and the utilization of glucose for the production of 1,3—

PDO by E. coli was investigated. A change in the protein expression levels

related to the two natural metabolic pathways (glucose to glycerol and glycerol

to 1,3—PDO) were detected.
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4.2. Materials and methods
4.2.1. Recombinant strain
The recombinant strain, E.co/i 46 mutant (galR, glpK, gldA, IdhA, lacl, tpiA),
was used. This strain harbors the plasmids containing the genes for glycerol
formation and 1,3—PDO transformation. Recombinant £. co/i was cultured in a
defined minimal media (12.8 g/1 Na,HPO4,7H,0, 3 g/l KHy,PO4, 0.5 g/l NaCl, 1 g/l
NH,CI, 3 mg/l CaCls, and 1 mM MgSO,) containing a final concentration of 0.3—
0.5 % (w/v) glucose, 50 pg/ml ampicillin, 100 pg/ml kanamycin, and 0.1mM
CoCly . Seed cultures for batch fermentation were prepared using two 100 ml
culture volumes in 500 ml Erlenmeyer flasks at 250 rpm and 37°C. When the
cells were in the exponential growth phase, they were transferred to a batch
fermentor with 3 1 of culture media. When the cell density reached 2.0 (ODgg0),
0.5 mM of IPTG was added to induce the expression of the recombinant protein.
After induction, 10 ml of the culture broth was harvested to measure the cell

density, glucose, glycerol, acetate and 1,3—PDO.

4.2.2. Protein Preparation

For the analytical gels, 1 ml of the pulse labeled cells was washed twice in 20
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mM of a phosphate buffer at pH 7, and then lysed in 200 m¢ of a lysis buffer
containing 8 M wurea, 4 % cholamidopropyl— dimethyl—ammonio—propane
sulfonate, 0.8 % ampholytes, pH 3~10 (Pharmalyte, Amersham Pharmacia), 65
mM DTT, and a few grains of bromophenole blue. The incorporated radioactivity
of the trichloroacetic acid precipitated proteins was determined using a
scintillation counter. For the preparative gels, 250 m{ of a suspension containing
the cells was washed in 20 mM phosphate buffer at pH 7, and resuspended in 8 m{
of the breaking buffer (20 mM phosphate buffer, pH7, 5% sucrose) containing a
protease inhibitor mixture (Complete, Roche Diagnostics, Rotkreuz, Switzerland),
4 mg/ml of RNase, and 16 mg/m¢ DNase. The suspension was passed twice through
a precooled French pressure cell at 1000 psi and centrifuged at 120000 X g. The
soluble proteins were concentrated and washed twice with HoO in an Amicon
filtration cell using a membrane with a molecular weight cutoff of 10000. Solid
urea and concentrated lysis buffer were added to the protein solution to give the

same final concentration as that described above.

4.2.3. 2D Gel Electrophoresis

The proteins were separated using 18 cm Immobiline DryStrips, pH 4~7
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(Amersham Pharmacia) in the first dimension and on continuous 12 % SDS gels
in the second dimension. The analytical and preparative gels were loaded with
10° cpm and 2 mg of protein, respectively. The radioactivity was detected by
storage phosphor imaging, and the preparative gels were stained with stained
with ammoniacal silver. The protein size (10~100 kDa) and isoelectric point
range (pH4~7) of the 2—D gels were determined using 2D gel marker proteins

(Bio—Rad).

4.2.4. Data Processing and Analysis
Samples from three independent labeling experiments were resolved on three
independent 2—D gels at each time point investigated. The 2—-D gel
autoradiographs were matched and quantified by image analysis using Image
Master software V4.01 (Amersham Bioscience, Uppsala, Sweden). The data was
then analyzed with S—PLUS (MathSoft, Cambridge, MA) and Excel (Microsoft)
as follows: () The spot intensities were converted to parts per million of the
total gel intensity and normalized. (/1) The spots were removed from the data set
of a given time point if they had been detected in less than one of the three

repeats. (/7)) All the spots were present on the gels of the non—synchronous
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cultures were removed but they could not be detected on any of the gels of the

cell cycle time points and vice versa. (iv) Spots with the highest intensity < 200

ppm showed high experimental variation and were removed. Finally, the highly

reproducible protein spots determined by comparing the ExPASy protein server

data were used as the data set for statistical analyses. The dried gel pieces were

incubated in a trypsin digestion solution containing 12.5 gg/ml trypsinin 50 mM

ABC containing 2 mM CaCl, on ice for 45 min. After 1 hour, the unabsorbed

solution was removed and the same solution (without trypsin) was added to

cover the pieces and the solution was stored overnight at 37 C. The resulting

peptides were extracted by sonication in 50 % acetonitrile/0.1 % TFA, and

desalted using C18 Ziptips (Millipore). The peptide solution was prepared using

an equal volume of saturated an @ —cynao—4hydroxy—cinnamic acid solution in

50 % CAN/O.1 % trifluoroacetic acid on a MALDI-TOF—-MS sample plate. The

peptide mass fingerprints (PMFs) obtained from MALDI-TOF (Voyager DE—

STR, PE Biosystem, Framingham, MA, USA) with 150—200 Hz pulsed nitrogen

laser at 355 nm. The spectra were calibrated using a matrix and the tryptic auto

digestion 1on peaks as the internal standards. The peptide mass fingerprints were

analyzed using web—based software programs, Mascot (Matrix Science Ltd., UK,
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http://www.matrix science. com), Peptldent (Swiss Institute of Bioinformatics,
http://www.expasy.ch/tools/peptident.html) and Knexus™ (Proteometrics Inc.,
http://www.proteometrics.com) were used to analyze the MALDI data using the
public databases, NCBInr and SWISS—PROT/TrEMBL.
4.2.5. Analytical Procedure

The glucose concentration was measured using the DNS method. Samples of the
fermentation broth were centrifuged (13000Xg, 5 min) and 100 gl of the
supernatant was mixed with 900 @l of a DNS solution. The mixture was heated
to 100 T for 15 min. After cooling, 1 ml of water was added and the absorption at
575 mm was measured using a UV spectrophotometer (Shimadzu, Japan). Glucose

was used as the standard.

4.2.6. High Performance Liquid Chromatography Analysis
1,3—PDO, glycerol, and other fermentation byproducts such as lactic acid and
acetic acid were analyzed using a Shimadzu HPLC system (Japan) that was fitted
with a refractive index detector and a Bio—Rad Aminex HPX— 87H organic acids
column (Richmond, CA). The column temperature was maintained at 30 C. A 1.0

ml/min flow rate of 0.01 N sulfuric acid was used as the mobile phase. The
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samples were filtered through 0.45 m Supor membranes (Gelman Sciences, Ann

Arbor, MI), and 20 ¢/ was injected into the column.
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4.3. Result and discussions
4.3.1. Effect of controlled glucose level on glycerol, 1,3—PDO,
and acetic acid
Fed—batch reactors are used widely in industrial applications because they
combine the advantages from both batch and continuous processes. The process
is first started as a batch process but it is prevented from reaching a steady
state using the starting substrate feed when the initial glucose is consumed[91].
A simple fed—batch fermentation process was used to maximize the level of 1,3—
PDO production. The glucose level was maintained with the feedback control by
measuring the glucose concentration and manipulating the glucose feed rate. A
single fed—batch experiment was performed by controlling the glucose
concentration between 5—10 g/{¢ and the other fed—batch experiment was
carried out by controlling the glucose concentration at a minimum level < 1g/ ¢
i.e. limited glucose concentration.
With a high glucose concentration, there was an increase in acetic acid
production due to the high glucose metabolic rate. The level of acetic acid
production decreased with decreasing glucose concentration. Glycerol also

accumulated with high glucose concentrations and the level of 1,3—PDO
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production decreased due to glycerol inhibition of the reaction for 1,3—PDO

production. A high glucose level enhanced glycerol production and decreased

the level of 1,3—PDO production. The glucose concentration affects glycerol

production and also alters the level of 1,3—PDO production. The glycerol

production rate increased with increasing glucose concentration. The glycerol

produced inhibits the production of 1,3—PDO through reactant inhibition.

The 1,3—PDO yield from glucose was approximately 30 % when the glucose level

was controlled to between 5—10 g/, and that for low glucose concentration

level control was 38 %. The increase in yield due to the low glucose

concentration was attributed to a decrease in the formation of byproducts as a

result of the limited nutrient source inhibiting 1,3—PDO formation.
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Figure 4.2. 1,3—PDO production metabolic pathway from glucose as a carbon

source.

The open rectangle in enzyme notation showed that the enzymes could not be
identified in this study. The shade density represents the enzyme expression
levels (light shade, 1—2 folds; dark shade, 2—3; black, 3—4; pink, O—1; blank,

unknown) .
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4.3.2. Analysis of 1,3—PDO synthesis metabolic pathway
Information on gene expression at the protein level provides critical data on the
metabolic activity of 1,3—PDO metabolism. Such data is essential for
understanding this nonlinear relationship and is necessary for metabolic and
cellular engineering efforts. For increased accuracy, sample preparation and the
2D gel electrophoresis was repeated three times, each time starting with an
independent colony[92]. The Expert Protein Analysis System (ExPASy at

http://www.expasy.ch/) was found to be an excellent resource for internet—

accessible proteome databases for protein identification. The functions of the

proteins identified were assigned by comparing their sequences with those in the

public protein database. Table 1 lists the homologue proteins with the highest

sequence similarity under the corresponding annotation for each protein

identified. Wang et al.[93] reported that two subunits of glycerol dehydratase

(EC 4.2.1.30) converted glycerol to hydroxyl glycerol, the beta subunit (MW

24.3 KDa, PI 6.53) and a small subunit (MW 16.8 KDa, PI 6.66). They also

showed that the molecular weight and PI of 1,3—propanediol dehydrogenase (EC

1.1.1.202) were 41.5KDa and 5.91, respectively. From these results, the beta

subunit of glycerol dehydratase and 1,3—propanediol dehydrogenase was
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identified from the 2—D gel.

Seven of the 11 enzymes associated with the metabolism of 1,3—PDO synthesis

from glucose were identified. Glycerol kinase phosphorylate glycerol was also

identified in this study. Figure 2 shows the enzyme expression level with the

change in cell state from growth to 1,3—PDO production. Five out of 7 enzymes

identified in the metabolism of 1,3—PDO synthesis were upregulated, and the

level of 1,3—PDO production was increased. The energy metabolism related

enzymes from glycerate to pyruvate were not identified. Therefore, it is

essential to identify the changes in flux as the process moves from the energy

metabolism to the production metabolism. The level of alcohol dehydrogenase

expression during 1,3—PDO production decreased to 20 % of that in the cell

growth state. This can be interpreted as the alcohol dehydrogenase being

strongly inhibited by glycerol formation during fermentation. The open rectangle

in the enzyme notation showed that the enzymes could not be identified from this

study. The shade density represents the enzyme expression levels (light shade,

1-2 folds; dark shade, 2—3; black, 3—4). The two enzymes, glycerol

dehydratase (from dha B) and 1,3—propanediol dehydrogenase (from dha T),

showed a high level expression during 1,3—PDO production.
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Figure 4.3. Protein images of the mutant £. coli 46 producing 1,3—PDO
separated by 2D—PAGE and stained with ammoniacal silver.
The pH gradient(horizontal direction) runs from pH 4~7, and the SDS—PAGE separation (vertical

direction) was performed in a 12 % gel. The key metabolic enzymes were identified and their expression

levels were measured.
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Figure 4.4. The change in enzyme expression level in the cell growth phase and
1,3—PDO production phase.

(A) The shade bar represents the enzyme expression level for the cell growth phase and the hatched bar
represents the enzyme expression level for the 1,3—PDO production phase. (B) Enlarged protein spots.

The enzymes code numbers and their names are listed in Table 4.1.
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Table 4. 1. The identification of the proteins from the E.coli 46 mutant

Cross—species identification using public protein databases with identification using the
specific protein database for the identification of the proteins from the E.coli 46 mutant.

) Sequence  Mascot
Code Proteins Pl MW (Da)
coverage (%) Score
3.1.3.11 fructose-bisphosphatase 5.68 32,568 32 113
2.7.1.11 6-Phosphofructokinase 5.45 38,156 38 198
4.1.2.13 Fructose-P2-aldolase 5.55 40,651 40 98
1.2.1.12 glyceraldehyde-3P dehydrogenase 6.28 36,748 24 142
2.7.2.3 phosphoglycerate kinase 5.07 41,960 31 103
1111 alcohol dehydrogenase 5.17 25,083 48 86
2.7.1.30 glycerol kinase 5.3 25,083 43 174
glycerol dehydratase 6.53 50,642 28 101
4.2.1.30
glycerol dehydratase small unit 6.66 24,300 36 71
1.1.1.202 1,3-propanediol dehydrogenase 5.91 16,800 58 63




4.4. Conclusion

Proteomic studies integrating the protein expression level and metabolism have
the greatest potential to accelerate metabolite production research. The cellular
biological technique and approach together can become extremely powerful tools
providing greater information for the production of various metabolites.

This is the first report showing the changes in the proteomic profiles in 1,3—PDO
producing recombinant Z. coli using 2—D gel electro phoresis. Seven out of 11
enzymes in the 1,3—PDO production metabolism were identified and their
changes in expression from cell growth to 1,3—PDO production were studied and
presented. The major enzymes except for alcohol dehydrogenase were over
expressed to enhance 1,3—PDO production.

Glycerol, an intermediate compound for 1,3—PDO production, was produced
rapidly when the glucose concentration was > 5g/ ¢ and inhibited the production
of 1,3—PDO. As a result, 1,3—PDO accumulation was went up to 35g/ . The
level of 1,3—PDO production increased when the glucose concentration was < 1
g/ ¢, which prevented the overproduction of glycerol. 43 g/ ¢ of 1,3—PDO was

produced after 60 hrs fed—batch fermentation.
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Chapter 5

Conclusion

2—DE is very useful for understanding the quantitative proteomic responses of
curdlan—producing Agrobacterium sp. ATCC 31750 to a pH downshift during
well—controlled batch fermentation by analyzing the time—course variations in
the protein level in detail. Comparative proteome analyses of the control culture
(pH 7.0) and low pH culture (pH 5.5) showed that curdlan overproduction was
accompanied by significant changes in the synthesis of the key metabolic
enzymes Iinvolved in curdlan biosynthesis and the nucleotide biosynthesis
pathway. These results strongly suggest that altered metabolic conversion
leading to the accumulation of UTP and UDP—glucose, as well as inhibition of the
lipopolysaccharide and peptidoglycan biosynthesis pathways and key precursors
play important roles in the production of large amounts of curdlan. For further
metabolic engineering of the strain for industrial applications, more complete
information on the overall regulation characteristics of curdlan overproduction
will be needed through a detailed analysis of the transcriptomic responses at the
gene expression level.

Systematic approaches for optimizing the production of S8 —1,3—glucan using
metabolic and proteomic measurements were proposed. The intracellular level of

enzymes and metabolites were measured at the cell growth phase with and
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without adding uracil as a UDP—glucose precursor, and were used to explain the
increased rate of B —1,3—glucan synthase production. After uracil addition, all
key metabolic enzymes used for the synthesis of B—1,3—glucan were
significantly activated with the exception of UTP—glucose—1—phosphate
uridylytransferase. Enzymes, such as glucose—1—phosphate adenylyltransferase
and glucose—6—phosphate isomerase, which were catalyzed as side reactions of
the A —1,3—glucan synthase, was repressed.

Proteomic studies integrating the protein expression level and metabolism have
the greatest potential to accelerate research in metabolite production. The
cellular biological technique and approach can become an extremely powerful
tool for providing greater information on the production of many metabolites.
This is the first report showing the changes in the proteomic profiles in 1,3—PDO
producing recombinant £. coll using 2—D gel electrophoresis. Seven out of 11
enzymes in the 1,3—PDO production metabolism were identified and their
changes in expression from cell growth to 1,3—PDO production were examined.
The major enzymes except for alcohol dehydrogenase were over expressed to
enhance 1,3—PDO production.

Glycerol, an intermediate compound for 1,3—PDO production, was produced
rapidly when the glucose concentration was > 5 g/ ¢ and inhibited 1,3—PDO
production. As a result, the level of 1,3—PDO accumulation increased to 35g/ ¢ .

In addition, the level of 1,3—PDO production increased when the glucose
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concentration was < 1 g/ £, which prevented the overproduction of glycerol. 43 g/

£ of 1,3—PDO was produced after 60 hrs of fed—batch fermentation.
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Chapter 6
The other studies during the course work:
Enzyme immobilization and it s used in chemical

transformation

6.1 Introduction

Immobilization of proteins and enzymes on a solid support is certainly among
the most important problems in modern biotechnology [94—97]. Such a support
must immobilize the enzymes in an efficient way, thereby preventing the leaching
out of the precious biomolecules during reaction and workup [98, 99]. On the
other hand, the immobilization must not impede the biological activity and the
binding must be done by an approach that does not disturb the secondary or
tertiary structure of the proteins [99—103]. A further point to be considered is
the possible resistance of the carrier to the transport of educts and products to
the immobilized enzyme [104, 105]. In the worst case, the enzyme may be
buried in the carrier so that it cannot be accessed by the reagents. This will
render the quantitative analysis of the activity of the bound enzyme a difficult

task. Hence, the number of studies in which the reaction rate has been analyzed
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quantitatively in terms of classical Michaelis—Menten kinetics is relatively small
when compared with the entire number of articles devoted to the immobilization
of enzymes.

The solid support for enzyme immobilization was most important in
immobilized enzyme properties. Enzymes have been immobilized on a variety of
support materials, such as Sephadex, alginate, k—carrageenan, chitosan, porous
glass, agarose, polyvinyl alchohol polymer, DEAE—cellulose, Eupergit C (epoxy
activated acrylic beads), nylon, polyurethane foams, or zeolite[106]. The
immobilized enzymes have been used in both batch and continuous reactors
[107—112]. Enzymes have a high sensitivity to a number of denaturing agents,
are unstable in room temperature and too expensive for large—scale process.
However, these limitations can be overcome using immobilized enzymes. The
immobilized enzyme is more stable than the free enzyme at room temperature,
can recycle, and has activity in several denaturing agents.

This study, we developed many deference solid materials for enzyme
immobilization. For instance, polyaniline nanofiber (PANI), magnetically separable
polyaniline nanofiber (PAMP), magnetically separable CM cellulose (CMC),
magnetically separable DEAE cellulose(DEAE), etc. This materials used in
various kinds enzymes immobilization, some immobilized enzyme can use for the
chemical transformation, some can use for the biosensors. I showed the

characters of the each enzyme immobilized on above materials. Finally, there
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showed the immobilization methods with difference cross linkers. For example,
glutaraldehyde (GA), 1-Ethyl—3—[3—dimethylaminopropyl]l carbodiimide hydro

—chloride (EDC), etc.
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6.2 Materials and Methods

6.2.1 Materials

Lactase (E.C.3.2.1.23) from Agaricus visporus biochemika powder and
Laccase (E.C.1.10.3.2) from Agaricus bisporus were purchased from Fluka AG
(Switzerland). Alcohol dehydrogenase from Saccharomyces cerevisiae and
urease from Jack been were purchased from Sigma (St. Louis, MO). Catalase
(Sigma C1345), iron oxide nanopowder, hydrogen peroxide, glutaraldehyde (GA)
and aniline were purchased from Sigma (St. Louis, MO). O—nitrophenyl B—D-—
galactopyranoside (ONGP), bovine serum albumin standard (BSA), polyaniline,
magnetic DEAE—Cellulose, and lactose were obtained from Sigma—Aldrich
(St.Louis, USA) and used without further purification. All chemicals used were of
analytical grade, and all solvents were of the highest quality commercially

available.

6.2.2 Methods

6.2.2.1. Preparation and characterization of the supporting magnetized

nanomaterials

1. PANI and PAMP

Polyaniline nanomaterials (PANI) were produced by rapidly mixing 0.1 %
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(weight fraction) of the initiator (ammonium peroxydisulfate) with 5 ml of the
aniline monomer solutions (with different weight {fractions) in 1 M HCIL
Magnatically separable nanomaterials (PAMP) were produced using the above
protocols in the presence of 0.05g of an iron oxide nanopowder (Sigma). Once
the initiator molecules had been depleted during nanomaterial formation, there
was no further polymerization that could lead to overgrowth. The samples were
washed 4 times with distilled water to remove the HCl remaining and were stored
in a refrigerator prior to use.

The nitrogen adsorption desorption measurements were carried out at 77K
using a Belsorp II (BEL Japan Inc.) to determine the Brunauer—Emmett—Teller
(BET) surface area and Barrett—Joyner—Halenda (BJH) pore size distribution.
All samples were freeze dried and pretreated at 300C for 12h before the

measurements.

2. CMC and DEAE

For a typical preparation, nanoferrite (100 mg) was introduced with 10 m¢ of
swelled CMC and DEAE. This mixture was agitated vigorously for 2h at 500 rpm.
The mixture was washed with distilled water to remove ferrite nanoparticles that
were located outside of the bead. The supernatant was decanted and the
sediment was washed with distilled water several times until further free ferrite

was observed. Finally, sediments were washed twice with 100 mM phosphate
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buffer and dried for future use

6.2.2.2. Enzyme immobilization process

1. Glutaraldehyde (GA) as a crosslinker

The solid materials (2 mg) were incubated in 1 m¢ of a 20 mM phosphate
buffer containing 10 mg of each enzymes. The vials were shaken at 200 rpm at
room temperature for 30 min, a GA solution was added to a final GA
concentration of 0.5% w/, and the mixture was placed on a rocker (30rpm) at
25 C for 2h. The enzyme aggregate—coated nanomaterials were transferred to a
new glass vial and washed with 20 mM phosphate buffer and 100 mM Tris—HCI
(pH 7.9). The unreacted aldehyde groups were capped by incubating the
nanomaterials in a Tris—HCI buffer for 30 min. After capping, the nanomaterials
were washed excessively with the 20 mM phosphate buffer until no enzyme was
released into the washing solution. The enzyme aggregate—coated nanomaterials
were then stored in 20 mM phosphate buffer at 4 C for further use. A control
sample was also prepared as a comparison with the enzyme aggregate—coated

nanomaterials.

2. 1-Ethyl—3—[3—dimethylaminopropyl] carbodiimide hydrochloride (EDC) as a
crosslinker

The solid materials (2 mg) were incubated in 1 mlof a 100 mM MES buffer
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containing 10 mg of each enzymes. The vials were shaken at 200 rpm at room
temperature for 30 min, a 2 mg/m{ EDC solution was added to a final EDC
concentration of 0.5 mg/m¢, and the mixture was placed on a rocker (30 rpm) at
25 C for 2h. The enzyme aggregate—coated nanomaterials were transferred to a
new glass vial and washed with 20 mM phosphate buffer (pH 7.0). The
nanomaterials were washed excessively with the 20 mM phosphate buffer until
no enzyme was released into the washing solution. The enzyme aggregate—
coated nanomaterials were then stored in 20 mM phosphate buffer at 4 C for

further use.

6.2.2.3. Scanning electron microscopy (SEM)

SEM images were obtained using a Hitachi S-4800 scanning electron
microscope (Hitachi, Tokyo, Japan). Images of the PANI and PAMP were
obtained and digitized under the following conditions: files, 1280 x 960

pixel; voltage, 15kV; probe size, 20mm; and magnification, 10000x

6.2.2.4. Activity measurement

1. Lactase

The activity of the free and immobilized—lactase were determined at 37 C
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using chromogen ONPG as the substrate. The reaction mixture contained 20 mM
phosphate buffer (pH 6.5), and 1.6 mM ONPG. After adding the free and
immobilized—lactase, a 50 gl sample was taken every minute and diluted 20 fold.
The absorbance was detected at 410 nm with a spectrophotometer. One unit of
enzyme activity (EU) was defined as the amount of enzyme hydrolyzing one
pmole of the substrate per minute under the above defined conditions.
2. Laccase
The activities of the free and immobilized—laccase were determined at room

temperature using 2mM syringaldazine as substrate. Reaction mixture contained
50mM citrate—phosphate buffer (pH 5.0), 2mM syringladazine. After addition 10
w of free and immobilized—laccase, the reaction was started. At every minute,
the absorbance was detected at 525 nm with UV spectrophotometer.
3. Lysing enzyme

The activity of PAMP—lysing enzyme was determined the hydrolyzed sugars
from cellulose or curdlan etc. The reduced sugars detected by HPLC shodex
SH1011 sugar series columns (Showa DenKo, Japan).
4. Alcohol dehydrogenase (ADH)

The activity of ADH and immobilized ADH were determined the NADH
concentration at 340 nm with UV spectrophotometer. The reaction mixture
contained 100 p¢ of 20mM NAD, 100 ¢ of 100 mM alcohol solution and 790 gl of

20mM sodium phosphate buffer (pH8.5). The reaction was started after adding
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10 0 of 1 mg/m¢ ADH.

6.2.2.5. Application of the immobilized enzymes

1. Laccase was used in pectin gelation
Ferulic acid convert to its radical form was catalyzed by PAMP—laccase

PAMA —laccase can convert ferulic acid to radical form at room temperature.
The 1 mé volume of the reaction mixture only contains 100 mM ferulic acid and 1
mg PAMP—laccase. The reaction time was 1, 5, and 10 min respectively.
Ferulic acid radical form was obtained to remove PAMP—laccase by magnetic.
The radical formed ferulic acid was added to 10 g/ ¢ pectin solution. At that
instant, pectin solution converts to the gel.
2. Lactase was used in lactose analysis and recycle

Free and immobilized lactase can convert lactose to glucose and galactose.
There the reaction mixture contains 2 mg/m¢ immobilized—lactase and 5 mM
lactose solved in 50 mM sodium phosphate buffer (pH 6.5).
The immobilized lactase can recover simply magnet and can reuse several times.
3. Immobilized lysing enzyme can hydrolyze the various carbohydrates

10mg of immobilized lysing enzyme can hydrolyze the various carbohydrates
such as curdlan, agarose, cellulose, cellulose fiber, seaweed. In this time, the

immobilized lysing enzyme can reuse several times.
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6.3 Results and Discussion

6.3.1 SEM images of PANI and PAMP

Pure polyaniline nanofibres were developed by the rapid mixing of an aniline
solution in 1 N HCI mixed with ammonium peroxydisulphate (Figure 6.1(a)). The
nanofibers were interconnected and the porosity was found to depend on the
aniline concentration. The formation of nanopores by nanofiber cross—linking is
observed when the rapid polymerization of polyaniline occurs with vigorous
mixing. Figure 6.1 (b) shows the polyaniline nanomaterials mixed with iron oxide
nanoparticles. SEM revealed significant differences in morphology. Enzyme
coated diethylaminoethyl cellulose (DEAE) and carboxymethyl cellulose (CMC)

fibers were observed in SEM analysis (Figure 6.1 (c,d)).
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Figure 6.1. SEM images of the four nanonmaterials.
Manufactured (b) with and (a) without the iron oxide nanoparticles and (c)
DEAE—-immobilized enzymes, (d) CMC—immobilized enzymes. The images are

taken at a 10000 X magnification and the scale bar represents 5 um.
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6.3.2 Properties of nanomaterials

6.3.2.1. BET and BJH of the PANI and PAMP

BET is used to determine the surface area, pore size and pore size distribution,
and void structure of solid materials. The surface area of the developed
nanomaterials is an important factor in determining the immobilization efficiency
as a carrier. The porous structure and pore size distribution is an important
factor in enzyme immobilization. These parameters control the catalytic activity
of immobilized enzymes by controlling the mass transfer phenomena.

Table 6.1 summarizes the fundamental BET of the nanomaterials with the
addition of iron oxide. The BET surface area for PANI and PAMP was 58.37 m'/g
and 46.36 m’/g, respectively, and the average pore diameter was 12.26 nm and
20.33 nm, respectively. The pore size increased after the addition of iron oxide
nanoparticles while the BET surface area decreased.

The BJH graph (Figure 6.2(b)) provided important information on the surface
and pore volume of nanomaterials. The pore size calculated from desorption
profiles using the BJH (Barrett—Joyner—Halenda) method was 20 nm (Figure
6.2).

Figure 6.3 shows the nitrogen adsorption—desorption isotherms of PANI and
PAMP. No substantial hysteresis was observed in the two samples. This
suggests that nitrogen can be recovered fully during desorption. At a relative

pressure (P/Py) between 0.9 and 0.99, the sample adsorbed and desorbed a
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significant amount of gas. This was attributed to the nitrogen molecules that
were either adsorbing or desorbing from the surface layers, resulting in a small

difference in surface tension between adsorption and desorption
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Table 6. 1. Properties of PANI and PAMP
BET surface area, BJH pore volume, and average pore diameter of the PANI and
PAMP nanomaterials.

PANI PAMP Unit

asBET 58.374 46.364 [m® g7']

Total pore volume (p/py=0.990) 0.1789 0.2357 [em® ¢g7!]
Average pore diameter 12.257 20.331 [nm]
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Figure 6.2. Changes in the BET and BJH of the two nanomaterials.
Porous repartitions obtained from the adsorption and desorption curves.
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6.3.2.2. Long term stability and characterization
In this page, I show the long term stability and enzyme characterization about the
lactase immobilized on the solids materials. In this reaction, ONPG was used as a
substrate to measure the initial enzyme reaction rate. The maximum reaction
rate (V,.o and Michaelis—Menten constant (/4,) for the free and immobilized
lactase was estimated from statistical analysis of the experimental data. The
catalytic activity (k.,) represents the maximum enzyme reaction rate for the
same amount of free and immobilized enzyme. Table 6.2 shows the estimated
kinetic parameters of the free and immobilized lactases. The A, value of PAMP—
lactase was 2.34 times lower than that of the free enzyme (see Table 6.2) but
that of PANI—lactase was 4.39 higher. The decrease in A, in PAMP—lactase
might be due to structure changes in the enzyme after immobilization. The
substrate can easily access the active sites after immobilization. The 4., values
for free, PANI, PAMP, magnetic CMC and DEAE—Cellulose were 4.02, 2.05, 0.59,
0.038, 0.042mM/min mg protein, respectively.

The free and the immobilized lactase were incubated at room temperature under
rigorous stirring conditions at 200 rpm. Many studies have reported that
immobilized lactase has excellent stability at 4 C [113]. Table 6.3 gives a
summary of the experimental results. The immobilized lactases onto PANI and
PAMP showed almost 100 % residual activity under room temperature and

vigorous shaking conditions.
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Figure 6.3. Adsorption and desorption isotherms of PANI and PAMP
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Table 6. 2. Catalytic activity of free lactase and immobilized lactases with various

supporting nanofibers

Amount of Kear
Polymer Km VH]E]X
lactase used (mmol/min mg
nanofiber (mM) (mmol/min)
(mg/ml) protein)
Free 0.5 2.7 2.01 4.02
PANI 1 4.39 2.05 2.05
PAMP 1 2.34 0.59 0.59
CMC 10 7.21 0.38 0.038
DEAE 10 6.53 0.42 0.042
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Table 6. 3. Stability of immobilized lactase using various supporting materials.

Retention Storage
Storage
Support materials activities period Reference
condition
(%) (month)
crosslinked concanavalin A—
93 4°C 2 [113]
beta—galactosidase complex
4°C, dry
94
sample
Magnetic poly (GMA—MMA)
4°C , [107]
Beads
59 wet 2
sample
CPC-silica and agarose 100 4°C 2 [114]
Langmuir—Blodgett films of
poly (3—hexyl thiophene) stearic 80~82 4°C 3 [115]
acid)
Graphite surface 86 4°C 1 [116]
Cellulose—gelatine carrier system 80 4°C 1 [117]
Fiber composed of alginate and
56 4°C 1 [118]
gelatin
Magnetic CMC 17.6 25°C 2 In this study
Magnetic DEAE 19.8 25°C 2 In this study
PANI 100 25°C 3 In this study
PAMP 100 25°C 3 In this study

103



6.3.3 Application of the immobilized enzymes.

6.3.3.1 Pectin gellation with immobilized laccase

Laccase can convert ferulic acid to radical forms (Figure 6.4), PAMP—laccase
can do this conversion really well, Figure 6.5 shows the pectin gellation with
radical form’ s ferulic acid which converted by PAMP—laccase. When the
conversion time was 1min, a few of the pectin was polymerized and conversion
time was 10min, the pectin was completely changed to gel type. Laccase was
not permitted to the food industry, but in this case the immobilized laccase can

be removed clearly by the magnets.

6.3.3.2. Immobilized lactase hydrolyze the lactose and can recycle.

The reaction volume was 1ml in 5 mé vial at 37 C. The PANI, PAMP and
DEAE-lactase show high percentages of lactose conversion (46 %, 45 % and
24 %) after lhr in batch reactor (Figure 6.6).

Immobilized lactase was recycled 10 folds for the lactose hydrosis. After 30
min hydrosis, the produced glucose was detected by glucose oxidase—
peroxidase method (Figure 6.7). Afer recycled 10 folds, the produced glucose
decreased only 3~14 % and PANI, PAMP and DEAE lactase shows 86 %, 96 %

and 97 % production abilities.
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6.3.3.3. Immobilized lysing enzyme produce the glucose from carbohydrates.

Lysing enzyme was the enzyme mixture, it contains B—glucanase, cellulase,
protease, and chitinase. In this study, we immobilized the lysing enzyme on the
PAMP. Show in Figure 6.7, this is the degradation of polysaccharide such as
Agarose(a), cellulose fiber(b), sea weed(c), and curdlan(d), with magnetically
separable immobilized lysing enzyme. The degradation rate was showed in
Figure 6.8. Immobilized lysing enzyme shows different reaction rate in different
substrates. When it was reaction in the curdlan solution, the reaction rate was 2
or 3times quickly than it’s in other substrates. That time, the reaction rate was
approximately 1 g/ ¢ /h.

Show in Figure 6.9, Immobilized lysing enzyme also can recover simply with
magnets. The picture shows when the immobilized lysing enzyme suspended in
the buffer solution (Figure 6.9(b)) and when the magnets come, all of the
particles could recover and the solution immediately changed clearly (Figure
6.9(c)). Because of this process, all of the immobilized enzymes can re use and

the remained activity was more than 70 % when it's reused 10 times.
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Figure 6.4. Ferulic acid was converted to radical form by laccase.
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Figure 6.5. Pectin was gelated by radical formed ferulic acid.
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Figure 6.6. Batch lactose hydrolysis using recycled immobilized lactase.

(a) Lactose degradation with the immobilized lactase and lactose concentration (b) after
immobilized lactase recycle. The lactose concentration was measured after 30 min reaction.
After 10 recycling steps, lactase residual activity was 98%, 96% and 97 %.



(c) (d)

Figure 6.7. Degradation of polysaccharide with magnetically separable
immobilized lysing enzyme.
(a) Agarose, (b) cellulose fiber, (¢) sea weed, and (d) curdlan degradation.
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