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Abstract

Metabolic regulations were investigated from the viewpoint of gene expressions for Escherichia coli JM109 and pgi
knockout E. coli with and without phb genes using RT-PCR. One of the main features of pgi knockout E. coli is the
overproduction of NADPH produced in pentose phosphate (PP) pathway. NADPH overproduction in PP pathway in
pgi mutant causes some reducing power imbalance that ultimately affects the cell growth. It was shown that this
reducing power imbalance can be recovered to some extent by introducing NADPH absorbing pathway such as PHB
synthetic pathway into pgi mutant E. coli. To get insight into the regulation mechanism of pgi mutant E. coli at the
transcriptional level, 87 E. coli genes involved in central metabolic pathways and key regulatory mechanisms were
investigated by semi-quantitative RT-PCR analysis. The analysis showed that pentose phosphate pathway genes and
part of the glycolysis pathway genes were affected significantly by expression of phb genes in pgi mutant E. coli DF11/
pAeKG1 as well as in pgi mutant E. coli DF11 as compared with those in E. coli JM109. In contrast, most of the TCA
cycle genes except icd A were downregulated in both pgi mutants E. coli. The upregulation of icd A gene may be due to
the positive regulation of fruR. Moreover, it was found that ack gene as well as ace A and aceB genes involved in the
glyoxylate shunt were upregulated in pgi mutants while ppc gene was downregulated, indicating that pgi inactivation
changes the anaplerotic pathway from ppc pathway to glyoxylate shunt. Enzyme activities of glk, zwf, tpiA, fbaA,
ldh A, glt A, ace A, mdh and maeB were also measured and compared with the corresponding gene expressions. Most of
them are well correlated except for ace A gene indicating that glyoxylate pathway is regulated on the protein level, not
on the gene level.
© 2003 Elsevier B.V. All rights reserved.
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present research is, therefore, focused on the
global metabolic regulation analysis based on the
gene expression patterns. Expression profiling is a
powerful tool for analyzing gene expression at a
genomic scale. It can be used to compare global
changes in gene expression that occur in response
to environmental stimulus or to compare the
effects of genetic changes on gene expression.
This analysis can provide important information
about cell physiology and has the potential to
identify connections between regulatory or meta-
bolic pathways that were not previously known.
The use of gene arrays to analyze gene expression
has been used extensively for eukaryotic systems
(DeRisi et al., 1997; Iyer et al., 1999). Recently, its
usefulness for analyzing gene expression has also
been demonstrated for prokaryotes (Arfin et al.,
2000; Richmond et al., 1999; Tao et al., 1999;
Wilson et al., 1999). Since biotechnological re-
search and its application require the knowledge
on how genes work at the genomic scale, DNA
microarray has been extensively used in the past
several years for this purpose to reveal global
regulation. As illustrated in S. cerevisiae, cell
metabolism adapts to the environment during
growth in a chemostat culture (Ferea et al.,
1999). The transcript levels of approximately
10% of the genes were changed more than twofold
after 250 generations in the fermentor. This kind
of investigation is useful in analyzing the physio-
logical changes and detecting the effects of gene
structure changes for strain improvement (Kao,
1999).

In this study, we investigated how gene expres-
sion patterns change for pgi knockout E. coli with
or without phb genes as compared with that of E.
coli JIM109 using RT-PCR. In RT-PCR, an RNA
template is copied into a complementary DNA
transcript (a ¢cDNA) using a retroviral reverse
transcriptase. The cDNA is then amplified expo-
nentially using PCR. This product can be used to
detect or quantify the expression (Dieffenbach and
Dveksler, 1995; Siebert and Larrick, 1991). RT-
PCR has been applied to detect changes in
absolute and relative amounts of specific RNAs
(Arcelana-Panlilio and Schultz, 1993). The latter is
also called semi-quantitative RT-PCR. RT-PCR is
more sensitive and easier to perform as compared

with other RNA analysis techniques, including
Northern blots, RNase protection assays, in situ
hybridization, and S1 nuclease assays (Foley et al.,
1993; Mocharla et al., 1990). Comparing with
Northern analysis, which has been used routinely
to visualize specific mRNA levels, RT-PCR offers
several advantages such as (1) much less amount
of total RNA is required; (2) the low abundance
transcripts of interest, which cannot be detected by
Northern blotting, can be quantified reproducibly
by RT-PCR; (3) the variable expression of multi-
ple mRNAs can in principle be analyzed simulta-
neously by RT-PCR, which is difficult to realize by
the traditional methods; (4) the RT-PCR proce-
dure requires only a few hours to perform.
Generally, two types of RT-PCR approaches
have been used until now. The most popular
method involves the use of an internal standard
to control variations in PCR amplification effi-
ciency and to determine the amount of transcript
in original samples (Singer-Sam and Riggs, 1993).
Although this method can be used to detect small
changes in mRNA levels, it requires not only the
additional steps to prepare the internal standard,
but also necessitates performing several PCR
reactions to quantify each sample of mRNA.
Therefore, this method is time-consuming, com-
plicated and not useful for rapid quantification of
multiple samples. Another approach (Harrison et
al., 2000; Kwon et al., 2000) relies on adjustment
of the amount of input RNA and the number of
cycles of PCR to assure that measurement is done
in the exponential phase of PCR when the signal is
proportional to the amount of input template or
the number of cycles. This method is reproducible
for measurement of relative changes in mRNA
levels if the following two conditions are met.
First, tube to tube variation must be minimal so
that a constant value can be assumed in all related
PCR reactions. Second, all data must be obtained
before the reactions begin to reach the plateau
phase. Although this method requires a standard
curve to determine the level of signal that corre-
sponds to the specific amount of mRNA, it is
rapid and simple to quantify the variable expres-
sion of mRNAs with sufficient resolution
(Akiyama et al., 1996; Brucato et al., 2000).
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In this paper, a semi-quantitative RT-PCR was
used to investigate the differences in gene expres-
sion profiles of a recombinant Escherichia coli
lacking phosphoglucose isomerase (pgi). The pgi
inactivation in E. coli forces glucose catabolism
via the pentose phosphate (PP) pathway. As a
consequence, metabolic redirection in a pgi mu-
tant overproduces NADPH, and thus may inhibit
the cell growth due to NADPH imbalance. An
interesting idea of incorporating NADPH con-
suming pathway such as poly(3-hydroxybutyrate)
(PHB) synthetic pathway may then arise. For PHB
synthesis, three enzymes are necessary from acetyl-
CoA such as B-ketothiolase, acetoacetyl-CoA re-
ductase and PHB synthase. Among them, the
reaction catalyzed by acetoacetyl-CoA reductase
requires NADPH (Kidwell et al., 1995; Lee and
Chang, 1995; Shi et al., 1999). Thus, NADPH
imbalance in pgi mutant may possibly be over-
come by incorporating phb genes in E. coli. In the
present research, we analyzed 87 E. coli gene
expressions in glycolysis, PP pathway, and the
tricarboxylic acid (TCA) cycle, etc. by RT-PCR.
Moreover, we measured some of the enzyme
activities to see the metabolic regulation mechan-
ism from the viewpoint of gene and protein
expressions.

2. Materials and methods
2.1. Bacterial strain, plasmid, and growth condition

The strain used in the present study was E. coli
DF11 (rpsL176 [strR] met A28 pgi-2 his-84) and
E. coli DF11/pAeKG1 having plasmid that con-
tains the Ralstonia eutropha PHB biosynthesis
genes (Shi et al., 1999). The PHB biosynthesis
genes are constitutively expressed in E. coli. As a
control, E. coli JIM109 (recAl supE44 hsdR17
endAl gyrA96 thi rel Al Allac proAB] ka) was
also cultivated. Luria-Bertani (LB) medium con-
taining 20 g 1~ ! glucose as the sole carbon source
was used for cell growth. The inoculum was
prepared by transferring cells from a glycerol
stock (0.1 ml) to a 50-ml L-shaped test tube
containing 10 ml of LB medium. The culture was
incubated overnight and 1 ml of the broth was

then transferred into a 500-ml T-shaped flask
containing 100 ml of the LB medium. Ampicillin
(50 pg ml~ ") was added to maintain the plasmid.
The batch cultivation was carried out in a 2-1 jar
bioreactor (M-100, Rikakikai Co. Ltd., Tokyo,
Japan) containing 1 1 of LB medium sterilized for
20 min at 121 °C.

2.2. Analytical procedures

Cell concentration was determined by measur-
ing the optical density (OD) of the culture broth
with a spectrophotometer (Ubet-30, Jasco Co.,
Tokyo, Japan) at 600 nm. The OD value was then
converted to g DCW 17! (dry cell weight per liter)
using the relationship between OD values and
DCW obtained previously. The amount of PHB
was measured by gas chromatography (GC-8APF/
C-R6A, Shimadzu Co., Kyoto, Japan) as de-
scribed by Braunegg et al. (1978). The acetic acid
and lactic acid concentrations were measured by
enzymatic kit (Wako Co., Osaka, Japan). Glucose
was also measured using an enzymatic kit (Wako
Co., Osaka, Japan). The intracellular NADPH
concentration was measured according to Berg-
meyer (1989).

2.3. Assays for protein and enzyme activity

The Folin and Ciocalteu’s phenol reagent was
used for the determination of protein concentra-
tion, where the method was similar to that
described by Lowery et al. (1951). A standard
curve was constructed for each experiment using
crystalline bovine serum albumin (Sigma Chemical
Co., USA). For enzyme assay, aliquots were
removed at indicated time intervals, centrifuged
and frozen at —20 °C. The samples were thawed
on ice, washed with 0.1 M Tris—HCI (pH 7.5)
buffer, and resuspended in a 10% volume of the
same buffer. Cells were disrupted by sonication
and clear supernatant was collected by centrifuge
at 4 °C. Enzyme activities were measured spectro-
photometrically in a thermostat (30 °C) recording
spectrophotometer (U-2000A, Hitachi Co., To-
kyo, Japan). All compounds of the reaction
mixture were pipetted into a cuvette with 1 cm
light path and reaction was initiated by adding the
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cell extract or substrate to give a final volume of 1
ml. The wavelength and the millimolar extinction
coefficients for NAD", NADH, NADP™" and
NADPH were 340 nm and 6.22 | mM ' cm ™.
One unit (U) of the specific enzyme activity was
defined as the amount of enzyme required to
convert 1 pmol of the substrate into the specific
product per minute per milligram of protein. The
assay conditions for the measurement of enzyme
activity were as follows: phosphoglucose isomerase
(pgi): 0.1 M Tris—HCI (pH 7.8), 10 mM MgCl,,
0.5 mM NADP™", 1 U of glucose-6-phosphate
dehydrogenase, 2 mM F-6-P (Salas et al., 1965);
hexokinase (glk): 0.1 M Tris—HCI (pH 7.5), 60
mM MgCl,, 1 mM DTT, 0.5 mM NADP ', 2 mM
ATP, 15 mM glucose, 2 U of glucose-6-phosphate
dehydrogenase (Samuelov et al., 1991); triose
phosphate isomerase (zpiA): 300 mM triethanol-
amine buffer (pH 7.8), 0.2 mM NADH, 1 U of
glycerolphosphate dehydrogenase, 5 mM glycer-
aldehydes-3-phosphate; 3-phospho-glycerate ki-
nase: 0.1 M triethanolamine buffer (pH 7.8), 1
mM EDTA, 2 mM MgSO,4-7H,0, 1 U of glycer-
aldehydes-phosphate dehydrogenase, 1 mM ATP,
10 mM 3-phosphoglycerate (Sridhar et al., 2000);
citrate synthase (gltA): 0.1 M Tris—HCI (pH 8.0),
8 mM Acetyl-CoA, 10 mM sodium oxaloacetate,
10 mM DTNB (Parvin, 1969); isocitrate lyase: 0.1
mM potassium phosphate (pH 7.0), 5.0 mM
MgCl,, 1.0 mM DTT, 0.3 mM NADH, 5.0 mM
isocitrate (Van der Werf et al.,, 1997); malate
dehydrogenase (mdh): 2.5 ml of 0.1 M Tris—HCl
(pH 8.8), 0.1 ml of 0.1 mM sodium malate, 0.1 ml
of 10 mM NAD and cell extract, and water to a
final volume of 3 ml (Park et al., 1995b); malic
enzyme (maeB): 0.1 M Tris—HCI (pH 7.8), 5 mM
MgCl,, 0.6 mM NADP, 40 mM malate (Van der
Werf et al., 1997); lactate dehydrogenase (/dh A): in
a total volume of 3 ml containing 300 mmol
potassium phosphate, pH 7.0, 2 mmol sodium
pyruvate, 0.4 mmol NADH (Van der Werf et al.,
1997); glucose-6-phosphate dehydrogenase (zwf):
0.1 M Tris—HCI (pH 7.5), 2.5 mM MnCl, or 6
mM MgCl,, 2 mM glucose-6-phosphate, 1 mM
DTT, and 1 mM NAD(P) (Lamed and Zeikus,
1980); overall activity of ED pathway: 0.75 ml of
0.2 M Tris—HCI buffer (pH 7.2) containing 5 mM
6PG, 10 mM MgSQO,. After incubation for 30 min,

at 30 °C, the reaction was terminated by addition
of 0.5 ml of 0.5 M HCI containing 0.02% (w/v)
dinitrophenylhydrazine. After an additional 10
min of incubation at room temperature, 1 ml of
2 M NaOH was added, and the absorbance was
measured at 450 nm. Pyruvic acid was used as
standard (Canonaco et al., 2001); FDP aldolase
(fbaA): 0.05 M Tris—HCI (pH 7.5), 0.1 mM
cysteine-hydrochloride, 0.1 M potassium acetate,
2 mM FDP, 0.7 mM CoCl,, 0.25 mM NADH, 20
U of triose phosphate isomerase, 2 U of glycer-
aldehyde-3-phosphate dehydrogenase (Samuelov
et al., 1991).

2.4. RNA preparation and design of PCR primers

Total RNA was isolated from E. coli cells by
Qiagen RNeasy® Mini Kit (QIAGEN K.K.,
Japan) according to the manufacturer’s recom-
mendations. The quantity and purity of the RNA
were determined by optical density measurements
at 260 and 280 nm and by 1% formaldehyde
agarose gel electrophoresis (data not shown). The
sequences of primers for respective genes used in
this study are listed in Table 1. Criteria for the
design of the gene-specific primer pairs were
followed according to Sambrook and Russell
(2001). The primers used in this study were
synthesized at Hokkaido System Science Co.
(Sapporo, Hokkaido, Japan). In all the cases, the
primer-supplied company confirmed the absolute
specificity of primers. For instance, the zwf-
specific primer pair was unable to amplify tem-
plates derived from any of the other sequences
(data not shown).

2.5. ¢DNA synthesis and PCR amplification

RT-PCR reactions were carried out in a Ta-
KaRa PCR Thermal Cycler (TaKaRa TP240,
Japan) using Qiagen® OneStep RT-PCR Kit
(QIAGEN K.K., Japan). The reaction mixture
was incubated for 30 min at 50 °C for reverse
transcription (cDNA synthesis) followed by 15
min incubation at 95 °C for initial PCR activation.
Then, the process was subjected to 30 cycles of
amplification which consisted of a denaturing step
(94 °C for 1 min), an annealing step (approxi-
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Table 1
Genes name, used primer pairs, the optimal amount of input template RNA for RT-PCR study after calibration of each gene and
amplified PCR products of respective genes in agarose gel

Gene Primer pairs Amplified PCR  Input RNA for RT-PCR (ng)
name products (bp)

E. coli DF11/pAeKGl  E. coli DF11 E. coli IM109

dnaA  5-GTGTCACTTTCGCTTTGGCA-3’ 1385 2.8 4.4 4.1
5-TTACGATGACAATGTTCTGA-3’

pgi 5-AACATCAATCCAACGCAGACC-3’ 1635 5.7 8.8 8.2
5-GCCACGCTTTATAGCGGTTAA-3’

wf 5-ATGGCGGTAACGCAAACA-3 1465 11.4 17.6 16.4
5-AACTCATTCCAGGAACGACCA-3’

edd 5-TGAATCCACAATTGTTAC-3’ 1800 1.4 2.2 2.1
5-AAAAAGTGATACAGGTTG-3

eda 5-TGGAAAACAAGTGCAGAATCA-3’ 621 5.7 8.8 8.2
5-TTAGCGCCTTCTACAGCTTCA-3

pykA  5-GCTTCGCAGAACAAAAATCG-3’ 1436 0.7 1.1 1.1
5-ACCGTTAAAATACGCGTGGT-3"

ppsA 5-ATGTCCAACAATGGCTCGT-3’ 2371 114 2.2 32.8
5-TTCTTCAGTTCAGCCAGGCTT-3

ldhA 5-CTCGCCGTTTATAGCACAAA-3’ 983 1.4 8.8 8.2
5-TTAAACCAGTTCGTTCGGGCA-3’

pta 5-TTATGCTGATCCCTACCGGAA-3’ 2125 0.7 44 16.4
5-TGCTGCTGTGCAGACTGAAT-3’

ackA  5-GTACTGGTTCTGAACTGCGG-3’ 1170 5.7 2.2 2.1
5-CTCGCGTCTTGCGCGATAA-3’

IpdA  5S-AAATCAAAACTCAGGTCGTGG-3’ 1409 2.8 1.1 8.2
5-TTCTTCTTCGCTTTCGGGTT-3"

aceE  5-TTTCCCAAATGACGTGGATC-3’ 2640 1.4 1.1 1.1
5-GCGGGTTAACTTTATCTGCA-3’

aceF  5-CGAAATCAAAGTACCGGACA-3 1882 5.7 8.8 2.1
5-TTACATCACCAGACGGCGAAT-3’

gltA  5-CAAAAGCAAAACTCACCCTCA-3 1258 1.4 17.6 8.2
5-TCGCTTTTAAAGTCGCGTT-3’

icd 5-AAGTAGTTGTTCCGGCACAAG-3’ 1230 2.8 35.1 1.1
5-ATGTTTTCGATGATCGCGTC-3’

aceA  5-ATGAAAACCCGTACACAACAA-3 1300 0.7 1.1 32.8
5-AACTGCGATTCTTCAGTGGA-3’

aceB  5-AGGCAACAACAACCGATGAA-3’ 1590 11.4 8.8 8.2
5-TTACGCTAACAGGCGGTAGC-3’

maeB 5-ATGGATGACCAGTTAAAA-3’ 2271 5.7 1.1 16.4
5-TTACAGCGGTTGGGTTTG-3'

ppc 5-CGAACAATATTCCGCATTGC-3’ 2633 1.4 2.2 2.1
5-TATTACGCATACCTGCCGCAA-3’

pckA - TGCGCGTTAACAATGGTTTG-3’ 1619 2.8 8.8 8.2
5-TTACAGTTTCGGACCAGCC-3’

phb A 5-AATTGTATCTGCTGCTCGGA-3’ 1160 5.7 4.4 8.2
5-TTTACGTTCGACTGCCAGCG-3’

phbB  5-ATGACCGATGTCGTGATT-3’ 1151 11.4 2.2 16.4
5-CTTGCGCTCTACCGCTAGG-3'

phbC  5-ATGGCGACAGGTAAGGGCGC-3 1737 1.4 1.1 2.1
5-CGCTTTGGCCTTAACGTAG-3’

pntA  5-TGCGAATTGGCATACCAAGA-3 1517 5.7 1.1 8.2

5-GAACATTTTCAGCATGCGCT-3
udhA  5-ATTGGTAAAGCAGGGGGCA-3’ 1313 0.7 8.8 1.1
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Table 1 (Continued)

Gene  Primer pairs Amplified PCR  Input RNA for RT-PCR (ng)
name products (bp)

E. coli DF11/pAeKGl  E. coli DF11 E. coli JM109

5-GGTTAAGGCCGTTTAAAGCG-3

gnd 5-AAGCAACAGATCGGCGTAGT-3’ 1389 11.4 17.6 2.1
5-TAATCCAGCCATTCGGTATG-3’

kA 5-AAATCGGTGTGTTGACAAGC-3’ 941 1.4 35.1 8.2
5-AGTTTTTTCGCGCAGTCCA-3

pfkB  5-TATACGTTGACACTTGCGCC-3’ 915 0.7 1.1 1.1
5-TAGCGGGAAAGGTAAGCGTAA-3

fbaA  5S-TGATTTCGTAAAACCTGGCG-3’ 1045 5.7 4.4 8.2
5-ATCGCGTTCAGTTCCTGGAAT-3’

gapA  5-GTAGGTATCAACGGTTTTGGC-3' 975 2.8 8.8 16.4
5-TTTGGAGATGTGAGCGATCA-3’

gapC  5-TGGTATTAACGGTTTTGGTCG-3’ 980 1.4 17.6 2.1
5-TAGCGAATTTTTCGAGGGTG-3’

tpiA  5-TGCGACATCCTTTAGTGATGG-3’ 765 5.7 22 8.2
5-TTAAGCCTGTTTAGCCGCTT-3’

pgk 5-AGATGACCGATCTGGATCTTG-3’ 1131 1.4 8.8 8.2
5-CTCTTCGAGCATCGCTACTG-3’

eno 5-TCGTAAAAATCATCGGTCGTG-3 1284 2.8 1.1 16.4
5-TTATGCCTGGCCTTTGATCT-3

gpmA  5-AAGCTGGTTCTGGTTCGTCAT-3" 735 0.7 22 2.1
5-ACTTCGCTTTACCCTGGTTT-3"

gpmB  5-TAGTCCGCCACGGTGAAA-3 619 11.4 8.8 8.2
5-TGCAGCTCATCTAATGCAGG-3’

pykF  5-CCAAAATTGTTTGCACCATCG-3’ 1390 5.7 4.4 1.1
5-ACGTGAACAGATGCGGTGTTA-3

rpiA 5-TGACGCAGGATGAATTGAA-3 650 1.4 22 2.1
5-TCACAATGGTTTTGACACCG-3'

rpe 5-TTTGATTGCCCCCTCAATTC-3’ 649 1.4 1.1 8.2
5-TTACCTTTGCCAGTTCACTGC-3

tktA  5-TCACGTAAAGAGCTTGCCAAT-3 2000 5.7 1.1 1.1
5-CTTTTGCTTTCGCAACAACG-3

tktB  5-CCGAAAAGACCTTGCCAAT-3 1978 0.7 2.2 8.2
5-TTTCACTCCCAGCACCTTATG-3

talA 5-AGACGGCATCAAACAGTTCA-3’ 931 11.4 8.8 16.4
5-ATAGTTTGGCGGCAAGAAGA-3

talB  5-ACAAATTGACCTCCCTTCGT-3 940 2.8 4.4 2.1
5-AGCAGATCGCCGATCATTTT-3

pfIA  5-TTGGTCGCATTCACTCCTTT-3 715 5.7 2.2 8.2
5-CCTTATGACCGTACTGCTCAA-3’

pfID  5-TCGTATCTCTCGCCTCAAAA-3’ 2285 5.7 1.1 8.2
5-TTACAGCTGATGCGCTGTCC-3’

sucA  5-TTTGAAAGCCTGGTTGGACTC-3’ 2757 2.8 1.1 16.4
5-TCAGCGCGTCATTAACCAGAT-3

sdhC  5-ATGTGAAAAAACAAAGACCTG-3’ 360 1.4 8.8 2.1
5-TCCTGCGAGAAGTGAAAGCA-3’

frdA  5-TTCAAGCCGATCTTGCCAT-3’ 1791 5.7 17.6 8.2
5-CCATTCGCCTTCTCCTTCTTA-3"

acnA  5-TACGAGAAGCCAGTAAGGACA-3 2643 1.4 35.1 8.2
5-ACGAATGACATAATGCAAA-3’

acnB  5-TACCGTAAGCACGTAGCTGAG-3’ 2580 2.8 1.1 16.4

5-AACCGCAGTCTGGAAAATCA-3
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Table 1 (Continued)

Gene  Primer pairs Amplified PCR  Input RNA for RT-PCR (ng)
name products (bp)
E. coli DF11/pAeKGl  E. coli DF11 E. coli JM109

fumA 5-CAAACCCTTTCATTATCAGGC-3’ 1631 0.7 4.4 2.1
5-TATTTCACACAGCGGGTGCAT-3’

mdh  5-ATGAAAGTCGCAGTCCTCGG-3 927 11.4 8.8 8.2
5-ATTAACGAACTCTTCGCCCA-3

glk 5-TGCATTAGTCGGTGATGTGG-3’ 941 5.7 17.6 1.1
5-TGACCTAAGGTCTGGCGTAAA-3’

ptsG  5-GAATGCATTTGCTAACCTGCA-3’ 1410 1.4 22 2.1
5-CGGATGTACTCATCCATCTCG-3’

ptsH  5-AAGTTACCATTACCGCTCCGA-3’ 231 1.4 1.1 8.2
5-TTCCGCCATCAGTTTAACCA-3’

cyaA  S-TTGAGACTCTGAAACAGAGAC-3’ 2520 5.7 22 1.1
5-ATTGCTGTAATAGCGGCGTA-3

crp 5-TGCTTGGCAAACCGCAAA-3’ 621 0.7 8.8 8.2
5-TTAACGAGTGCCGTAAACGA-3’

fruR  5-AAACTGGATGAAATCGCTCG-3’ 999 11.4 4.4 16.4
5-TTAGCTACGGCTGAGCACG-3¥

Sur 5-AGCGAATTATACGGCGCATT-3' 735 2.8 22 2.1
5-AGGCAACGTTACGCGTATGA-3

arcA  5-CAGACCCCGCACATTCTTATC-3’ 710 5.7 1.1 8.2
5-TAATCTTCCAGATCACCGCA-3

dnaK 5-AATAATTGGTATCGACCTGGG-3’ 1895 5.7 1.1 8.2
5-TTGACTTCTTCAAATTCAGCG-3’

dnal  5-GGCTAAGCAAGATTATTACGA-3 1121 22.7 22 16.4
5-GGGTCAGGTCGTCAAAAAACT-3

gipE  5-AAGAACAGAAAACGCCTGAGG-3 569 0.7 8.8 2.1
5-TTTCGCTACAGTAACCATCGC-3’

groL  5-CGTAAAATTCGGTAACGACGC-3’ 1630 5.7 4.4 8.2
5-TTACATCATGCCGCCCAT-3’

groS  5-TATTCGTCCATTGCATGATCG-3’ 285 2.8 22 8.2
5-ACGCTTCAACAATTGCCAGA-3’

htpG  5-GAAAGGACAAGAAACTCGTGG-3 1865 11.4 1.1 16.4
5-AAACCAGCAGCTGGTTCATA-3’

lon 5-TCTGAACGCATTGAAATCCC-3’ 2331 0.7 1.1 2.1
5-TTTGCAGTCACAACCTGCAT-3

ibpA  S-TTTATCCCCGCTTTACCGTT-3’ 398 22.7 17.6 8.2
5-TTAGTTGATTTCGATACGGCG-3’

ibpB  5-TCGATTTATCCCCACTGATGC-3’ 415 2.8 35.1 1.1
5-TTAGCTATTTAACGCGGGACG-3’

secA  5-TGTTAACTAAAGTTTTCGG-3' 2675 5.7 1.1 1.1
5-CATGGCACTGCTTGTATTTT-3’

lepB 5-TTTGCCCTGATTCTGGTGATT-3’ 961 1.4 4.4 2.1
5-TTAATGGATGCCGCCAATG-3’

dsbA  5-ATGAAAAAGATTTGGCTGGCG-3’ 612 0.7 8.8 8.2
5-CTCGGACAGATATTTCACTG-3’

rpoD  5-AGCAAAACCCGCAGTCACA-3 1821 0.7 17.6 1.1
5-AAGCTACGCAGCACTTCAGAA-3’

rpoE  5-TGAGCGAGCAGTTAACGGA-3’ 567 11.4 22 8.2
5-GCCTGATAAGCGGTTGAACTT-3’

rpoH  5-GCAAAGTTTAGCTTTAGCCCC-3’ 830 2.8 1.1 16.4
5-CAATGGCAGCACGCAATTTT-3"

rpoS  5-GTCAGAATACGCTGAAAGTTC-3’ 978 5.7 22 2.1
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Table 1 (Continued)

Gene  Primer pairs

Amplified PCR  Input RNA for RT-PCR (ng)
name products (bp)

E. coli DF11/pAeKGl  E. coli DF11 E. coli JM109

5-GAACAGCGCTTCGATATTCA-3

uspA  5S-AAACACATTCTCATCGCGGT-3’ 423
5-TTATTCTTCTTCGTCGCGCA-3’

uspB  5-CGTCGCATTATTTTGGGCT-3’ 311
5-TCATCAATGCAATCAGGCTG-3’

adhE  5-ATGTCGCTGAACTTAACGCA-3 2655
5-GCGGATTTTTTCGCTTTTTTC-3"

fdhF  5-AAAAAGTCGTCACGGTTTGC-3’ 2125
5-TTCGCGCAGGCGAGTTTT-3’

rpsA 5-GCTCAACTCTTTGAAGAGTC-3’ 1650
5-TCGCCTTTAGCTGCTTTGAA-3

tufA  5-TTTGAACGTACAAAACCGCA-3’ 1159
5-AGAACTTTAGCAACAACGCCC-3’

frkA  5-TAAAGTAACGCTGCTGGCGA-3’ 790
5-TTTAGCAGAATCTGCGGCTT-3’

greA  5-ATGCAAGCTATTCCGATGAC-3’ 471
5-CAGGTATTCCACCTTAATTAC-3’

fabD  S-TTGCATTTGTGTTCCCTGGA-3’ 900
5-CTGCCATCGCTGAAGGTT-3’

potD  5-AAAAAATGGTCACGCCACCT-3’ 1039

5-AACGTCCTGCTTTCAGCTTCT-3’

5.7 8.8 8.2
22.7 44 8.2
0.7 2.2 16.4
5.7 1.1 2.1
2.8 2.2 8.2
11.4 8.8 1.1
0.7 44 1.1
22.7 2.2 2.1
2.8 1.1 8.2
5.7 1.1 4.1

mately 5°C below melting temperature, 7y, of
primers for 1 min) and an extension step (72 °C for
1 min), and finally the reaction mixture was for 10
min at 72 °C for final extension. To check for
nucleic acid contamination, one negative control
was run in every round of RT-PCR. This control
lacks the template RNA in order to detect possible
contamination of the reaction components. 5 pl of
amplified products were run on a 2% agarose gel.
Gels were stained with 1 pg ml~' of ethidium
bromide, photographed using a Digital Image
Stocker (DS-30, FAS III, Toyobo, Osaka, Japan)
under UV light and analyzed using Gel-Pro
Analyzer 3.1 (Toyobo, Osaka, Japan) software.
Although the PCR products obtained for all the
genes showed the predicted sizes on agarose gel,
the identity of amplified fragments of some genes
was demonstrated by DNA sequencing (data not
shown). In order to determine the optimal amount
of input RNA, the twofold diluted template RNA
was amplified in RT-PCR assays under identical
reaction conditions to construct a standard curve
for each gene product. When the optimal amount
of input RNA was determined for each gene

product, RT-PCR was carried out under identical
reaction conditions to detect differential transcript
levels of genes. The gene dna A, which encodes E.
coli DNA polymerase and is not subjected to
variable expression, i.e. abundant expression at
relatively constant rates in most cells, was used as
an internal control in the RT-PCR determinations.
To calculate the standard deviation, RT-PCR
study of each gene was independently performed
three times under identical reaction condition.

3. Results

Batch cultures of E. coli JIM109, pgi knockout
E. coli DF11, and recombinant pgi knockout E.
coli DF11/pAeKG1 having phb genes were con-
ducted in LB medium containing 20 g1~ ' glucose
where dissolved oxygen (DO) concentration and
pH were maintained at about 3 and 7 ppm with the
aid of computer control, respectively. Fig. 1 shows
the batch experimental results for those three
strains. Table 2 shows the specific growth rate,
specific glucose consumption rate, soluble protein
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concentration and acetic acid concentration at the
time shown by arrow in Fig. 1 for RT-PCR
analysis. The PHB concentration and PHB con-
tent obtained from E. coli DF11/pAeKG1 at the
time of RT-PCR analysis were 0.63 g1~ ! (see Fig.
Ic) and 10.71%, respectively. The enzyme activities
of pgi at those times were 0.417+0.01, 0.019 +
0.018 and 0.024+0.024 U mg~' protein for E.
coli IM109, E. coli DF11 and E. coli DFI11/
pAeKGl1, respectively, indicating the complete
inactivation of phosphoglucose isomerase for the
latter two. Figs. 1a and b show that the cell growth
of pgi knockout E. coli DF11 was repressed as
compared with that of E. coli JM109. The cell
growth was recovered to some extent as shown in
Fig. 1¢c when NADPH absorbing pathway such as
PHB synthetic pathway was included.

A total of 87 E. coli genes involved in central
metabolic pathways and key regulatory mechan-
isms were chosen for studying differential gene
expression in pgi mutant E. coli. In order to
determine the optimal amount of input RNA, the
twofold diluted template RNA were amplified in
the RT-PCR assays with identical reaction condi-
tions to construct a standard curve for each gene
product. As an example, the standard curve for the
gene rpe was shown in Fig. 2 and the optimal
amounts of input RNA were determined for each
gene product by this way, and are listed in Table 1.
The RT-PCR analysis of each gene was performed
three times independently with identical reaction
condition and the standard deviations were calcu-
lated. Most of the genes showed relatively small
standard deviations (less than 0.05). However,
larger standard deviations (about 0.13) were found
in some genes such as edd, tpiA, tktA, groL, for,
lepB, usp A and rpoE. Some of the gene expres-
sions for E. coli JM109 are shown in Fig. 3. A
number of significant changes in differential gene
expressions obtained by semi-quantitative RT-
PCR analysis were observed in pgi mutant E.
coli DF11 and in recombinant pgi mutant E. coli
DF11/pAeKG1 having phb genes as compared
with those in E. coli IM109, and the results are
shown in Figs. 4 and 5, respectively, where the
values shown in the figures are the ratios of the
gene expressions as compared with the corre-
sponding gene expressions of E. coli IM109.

3.1. Glycolysis and pentose phosphate pathway
genes

Figs. 4 and 5 show that the glycolysis and
pentose phosphate (PP) pathway genes were
affected significantly by expression of phb genes
in pgi mutant E. coli DF11/pAeKGl1 as well as in
pgi mutant E. coli DF11 without phb genes. The
results show that the transcript abundance of
several glycolytic genes such as pfkA, fbaA,
tpiA, gapA, pgk, eno, pykA, ppsA and pckA
were increased 1.5-12.9-fold in recombinant pgi
mutant E. coli DF11/pAeKG1 having phb genes
compared to those in control E. coli IM109 (see
Fig. 4). Since the first six of those genes catalyze
reversible reactions, their upregulation enhances
the flux in the glycolytic direction, which is much
greater than the gluconeogenic flux during growth
in glucose. The downregulation of pyk F in both E.
coli DF11 and E. coli DF11/pAeKG1, but not
pyvkA (Figs. 4 and 5) suggests that these two
isoenzymes were differentially regulated. Indeed,
pykFE, but not pykA, has been regarded to be
negatively regulated by fruR (Saier and Ramseier,
1996), a global regulatory gene that was found to
be upregulated in both E. coli DF11 and E. coli
DF11/pAeKG1. Interestingly, however, ppsA
(coding for phosphoenol pyruvate synthase) was
upregulated 12.9-fold in E. coli DF11/pAeKG1
but was almost unchanged in E. coli DFI11
compared to those in E. coli IM109.

Among the pentose phosphate pathway genes,
most of the gene transcripts in both E. coli DF11
and E. coli DFI11/pAeKGl were upregulated
except gnd gene compared to those in E. coli
JM109 (Figs. 4 and 5). The expression of gnd
(coding for 6-phosphogluconate dehydrogenase),
which is regulated by the growth rate (Pearse and
Wolf, 1994), was clearly decreased in pgi mutants
as the growth rate reduced as compared with that
of E. coli IM109 (see Table 2). By contrast, tal A
(coding for transaldolase A) was upregulated in
pgi mutant E. coli, although tal/B, the isoenzyme
of tal A, showed no change. In addition, edd was
upregulated in both pgi mutants, although eda
was downregulated significantly as was shown in
Figs. 4 and 5.
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Fig. 1. Batch experimental results of (a) E. coli JM109, (b) E. coli DF11 and (c) E. coli DF11/pAeKGl. The arrow indicates the
sampling time for RT-PCR analysis.

3.2. Fermentation and TCA cycle genes compared to those in E. coli JM109. This down-

regulation was expected since most of the TCA

Most of the TCA cycle genes were downregu- cycle genes such as gltA (Park et al., 1994), sucA
lated except icd A in both pgi mutants E. coli (Park et al., 1997), sdh C (Park et al., 1995a), fum A
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Table 2
Comparison of specific growth rate, specific glucose consumption rate, extracted soluble protein, and acetate concentrations at the time
of harvesting for semi-quantitative RT-PCR analysis

Strain Specific growth rate Specific glucose consumption rate® Soluble protein® Acetate®
(h=h? (mmol g~ cellh~ 1) (mgml~1h) (gl™h

DF11/ 0.01640.001 0.3740.02 2.2140.03 1.42+0.02

pAeKGl1

DF11 0.01140.001 0.56+0.01 1.61+0.01 1.0+0.03

IM109 0.03540.002 0.6140.03 1.05+0.03 1.69+0.01

# Standard deviations from duplicate experiments.

(Park and Gunsalus, 1995) and mdh (Park et al., to be upregulated in both pgi strains. The upre-
1995b) are known to be regulated by several gulation of icdA may be due to the positive
regulators such as fur and arcA that were found regulation of fruR (Saier and Ramseier, 1996).
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=
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Fig. 2. The standard curve of semi-quantitative RT-PCR analysis of rpe transcripts that was constructed by amplifying the twofold
diluted template RNA. RT-PCR products were run in 2% agarose gel and the signals were calculated by Gel-Pro Analyzer 3.1
software. The arrow indicates the amount of input RNA chosen for semi-quantitative RT-PCR analysis of rpe transcripts.
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Fig. 3. The transcript levels of central metabolic pathway genes for E. coli IM109. Symbols for genes inside the boxes follow the E.

coli K-12 linkage map. The abbreviations for the metabolites are given Appendix A.



Md. M. Kabir, K. Shimizu | Journal of Biotechnology 105 (2003) 11-31 23

Glucose
PEP, ATP glk 1.2 cyad 1.3
ptsG 0.7 ~r 08
PYR, ADP pisH 07 P .
G6P »6PGnt ~
A awf 20 gnd 0.4
pgi
RuSP
pfkd 15 , lpiA 1.1
pfkB 0.8 '1"
P/F X5 5
DHA
*®
1pid '3‘ s thid 1.4
G3P
A
gapA 09 |eno 4.1 edd 1.5 v
gapC 0.9 | gpmA 0.7 .-
pgk 3.7 | gomB 0.5 ( KDPG
\
 ——PEP eda 0.2 r> Lactate
ppc 0.7 A
pykA 1.8
J PYkF 0.6 'ppsA 0.8 ldhA 0.3
€ »PYR
i Ethanol Acetyl-P ——
IpdA 0.7 *
adhE 0.5 pla 03
pckA 1.1 )y
AcCoA:
pflA 09
AA g4 0.6 pfiD 0.7
acnd 0.7
, ICT
mdh 0.7 acnB 0.5
GL / Farmmae ackA 1.3
maeB 0.8 1 aced 1.5
| aceB 1.2 icdA 1.3 \ v
Pl sucA 0.9
AE fihF 2.4 Acetate
ucC
Protein Synthesis S,dhc 0.9 N CO2+H2
/i " dd 0.7 Heat Shock Proteins
secA 0.9 JfumA 0.8 /—\
lepB 0.7 dnak 2.7 NADPH Reoxidation
dsbA 0.8 dnaJ 3.3
rpsA 1.6 /ﬁ grpE 2.8 pnt4A 1.9
tuf4 1.1 Oth groL 1.1 pntB 1.4
\—/ ers groS 2.9 udhA 0.6
( Sigma Factors uspA 2.1 htpG 3.8
i uspB 0.9 lon 1.1 ( Regulators \
rpoD 0': gred 0.2 ibpd 0.9 ,
I:IJI)E 1.5 JabD 0.9 ibpB 0.8 ‘/r‘nR 1.7
rpoH 1.7 potD 1.1 flipA 4.0 far 2.1
\_ rpoS 0.9 AN I\_ AN arcA 1.9 J

Fig. 4. The transcript levels of central metabolic pathway genes for E. coli DF11 relative to those in E. coli JM109. Symbols for genes
inside the boxes follow the E. coli K-12 linkage map. Pink color represents upregulation, blue represents downregulation, and black
represents no change. The abbreviations for the metabolites are given in Appendix A.
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Fig. 5. The transcript levels of central metabolic pathway genes for E. coli DF11/pAeKG1 relative to those in E. coli JM109. Symbols
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black represents no change. The phb genes in parentheses are not normalized. The abbreviations for the metabolites are given in
Appendix A.
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In addition, the genes involved in the glyoxylate
shunt (ace A and aceB) were upregulated in both
pgi mutants E. coli indicating the shortage of Cy4
metabolites such as oxaloacetate and thus need to
activate the anaplerotic pathway as mentioned in
relation to ppc gene.

Among the fermentative genes, fdhF, coding for
formyl dehydrogenase, was increased in E. coli
DFI11, but not in E. coli DF11/pAeKGI1, com-
pared to that in E. coli JM109. The upregulation
of ack A in both pgi mutants is of interest. Pta and
ack A genes were thought to be involved in both
acetate synthesis and consumption, and constitu-
tively expressed in the cell (Brown et al., 1977).
The upregulation of ack A in pgi mutants indicates
that although both genes are present in the same
operon, they are regulated differentially through
different promoters. The pflA, pfiD, ldhA and
adhE transcripts were downregulated in both pgi
mutants E. coli compared to those in E. coli
JM109 (Figs. 4 and 5).

3.3. Heat shock and regulatory genes

Metabolically engineered E. coli undergoes a
variety of physiological changes upon accumula-
tion of PHB, which is not a normal metabolite of
E. coli and it is considered as a stress on the cells
inducing heat shock response. Therefore, the
transcript levels of many heat shock proteins
such as dnaK, dnal, groS, grpE, hipG, ibpA,
and ibpB were all upregulated significantly in
recombinant pgi mutant E. coli DF11/pAeKGl
compared to those in E. coli JM109 (Fig. 5).
Moreover, although those heat shock genes except
ibp A and ibp B were also found to be upregulated
in E. coli DF11 (see Fig. 4), the level of expression
varied among the heat shock genes. Furthermore,
the transcript level of groL and lon were slightly
upregulated in both pgi mutants E. coli.

The expression level of the genes for the protein
secretion and disulfide bond formation, secA,
lepB and dsb A, were increased significantly in E.
coli DF11/pAeKGl (Fig. 5) compared to those in
E. coli IM109 (Fig. 3). This result implies that
PHB accumulation in pgi mutant E. coli increases
the activity for protein secretion and disulfide
bond formation. The expression ratio of the

translation elongation factor gene fufA was sig-
nificantly higher in E. coli DF11/pAeKG1 com-
pared to those in E. coli JMI109, which was
consistent with their coordinated regulation with
the ribosomal protein gene rpsA (Grunberg-Man-
ago, 1996). Expression of uspA (coding for
universal stress protein) was upregulated in both
pgi mutants E. coli, whereas the expression of
usp B was almost unchanged compared to those in
E. coli IM109.

3.4. Relationship between gene expression and
enzyme activities

Since the cell’s physiological state is dictated at
the protein level, mRNA expression results should
be complemented by the enzyme activities to
provide a better understanding of the observed
phenomenon considering that the enzymatic reg-
ulations and transcriptional regulations are differ-
ent. The semi-quantitative RT-PCR results reflect
the relative abundance of the transcript, which is
influenced by both transcriptional activity and the
mRNA stability. In contrast, the activity of
enzymes can be regulated by reversible binding
of effectors, covalent modification and alteration
of enzyme concentration. However, to a large
extent, the mRNA expression level reflects the
enzyme activity (Martin, 1987). To check how
gene expression and enzyme activities correlate
with each other, enzyme activities of glk, zwf,
tpiA, fbaA, ldhA, gltA, aceA, mdh and maeB
were measured. Fig. 6 shows the comparison of
enzyme activities and gene expressions for three
strains. Fig. 7 shows how those are correlated
except for aceA, where computation of Pearson
product moment correlation yields a value of 0.81.
Those results show that gene expression data
obtained by semi-quantitative RT-PCR were rea-
sonably consistent with the data obtained from
enzyme activities except for the gene ace A indicat-
ing a different level of regulation for that gene
after transcription initiation. This phenomenon
indicated that ace A was expressed in gene level but
glyoxylate pathway enzyme was not active for E.
coli JIM109, while it became active for pgi mutants.
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Fig. 6. The measurement of enzyme activities (a) and the mRNA transcript levels obtained from RT-PCR analysis (b). The error bars

represent the standard deviations from three measurements.

4. Discussion

The gene glk (coding for glucokinase) was
upregulated by 1.8- and 1.2-fold in E. coli DF11
and E. coli DF11/pAeKGl, respectively, while the
glucose phosphotransferase system (PTS) genes
ptsG and ptsH were downregulated compared to
those in E. coli JM109 (Figs. 4 and 5). The
decreases in the ptsG and ptsH transcript levels
were consistent with the reduced specific glucose
consumption rates (Table 2). The increase in glk

transcript level corroborates a previous report
which shows that glucokinase takes over the major
role (from the glucose-PTS) to supply glucose-6-
phosphate under increased protein synthesis con-
ditions (Arora and Pedersen, 1995), although the
mechanism for this induction is still unknown.
METAFoR analysis by NMR has shown that a
minor fraction of glucose catabolism occurs via
ED (Entner-Doudoroff) pathway in both wild type
and pgi mutant strain. Examination of the opera-
tional catabolic pathways and their flux ratios
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using [U-"3C¢] glucose-labeling experiments and
metabolic flux ratio analysis provide evidence for
the PP pathway as the primary route of glucose
catabolism in pgi mutant E. coli (Canonaco et al.,
2001). However, the measurement of ED pathway
enzyme showed almost negligible activity (data not

shown).

Basically, reoxidation of NADPH can poten-
tially be achieved by three reactions in E. coli: (i)
the NADPH-dependent malic enzyme; (ii) the

0.1

membrane-bound  transhydrogenase  pntAB
(Clarke et al., 1986); and (iii) the soluble transhy-
drogenase udhA (Boonstra et al., 1999). Signifi-
cant involvement of the malic enzyme in NADPH
reoxidation can be excluded, since virtually no
pyruvate originates from malate (Canonaco et al.,
2001), and this result was consistent with our
measurement of no malic enzyme activity. How-
ever, expression of maeB (coding for malic en-
zyme) was moderately downregulated in both pgi
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Fig. 8. The measurements of intracellular NADPH concentration of control E. coli IM109, pgi mutant E. coli DF11 and recombinant

pgi mutant E. coli DF11/pAeKGl.
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mutants E. coli compared to that in E. coli IM109
(Figs. 4 and 5) indicating that a different kind of
regulation for maeB after transcription initiation.
Similarly, pnt AB is unlikely to catalyze sufficient
reoxidation of NADPH since pgi pnt AB double
mutant grows as slowly as the pgi mutant (Hanson
and Rose, 1980), which means that additional
knockout of pntAB does not further reduce the
rate of glucose catabolism. The primary metabolic
function of pnt AB appears to be in the generation
of NADPH, since zwf pnt double mutant grows
slower than the zwf mutant (Hanson and Rose,
1980), as is expected when pntAB produces
NADPH in the absence of PP pathway flux (in
the zwf mutant). Expression levels of pntA and
pntB were upregulated in both pgi mutants
compared to those in control strain (see Figs. 4
and 5), indicating that inactivation of phosphoglu-
cose isomerase leads to the overproduction of
NADPH in PP pathway, which apparently dis-
turbs the reducing power balance in pgi mutant
and that ultimately reduces the biomass synthesis
as was shown in Fig. 1b. Overexpression of soluble
transhydrogenase udhA in pgi mutant E. coli
increased specific growth rate by about 25% that
evidenced the ability of the soluble transhydro-
genase udhA in the reoxidation of NADPH
(Canonaco et al., 2001). In this study, down-
regulation of udhA gene expression in both pgi
mutants indicates an insufficient reoxidation of
NADPH. It was observed from our experimental
results that the expression of phb genes in pgi
knockout E. coli increased the biomass production
(Fig. 1c) as compared with the pgi mutant without
phb genes (Fig. 1b). Obviously, PHB accumulation
within cells increases the overall biomass concen-
tration even though the growth rate becomes low.
Therefore, the calculation of true cell mass sub-
tracting the PHB concentration from the total
biomass is recommended to get the actual biomass
comparing with the biomass of non-PHB produ-
cers. Expression of phb genes in E. coli DF11/
pAeKG1 increased the true cell mass by about
19% and this phenomenon might be the evidence
for a physiological role of the acetoacetyl-CoA
reductase encoded by phbB gene in the reoxidation
of NADPH. The measurement of NADPH con-
centration supports our experimental observa-

tions. The concentration of NADPH was much
higher in E. coli DF11 than those of E. coli IM109
(see Fig. 8). However, the NADPH concentration
became lower for E. coli DFI11/pAeKGI as
compared with that of E. coli DF11, which clearly
evidenced the vital involvement of phbB genes in
NADPH reoxidation.

Since glucose is metabolized exclusively via
pentose phosphate pathway in pgi mutant, the
important glycolysis metabolite glyceraldehyde-3-
P is directly supplied from PP pathway. Glycer-
aldehyde-3-P is one of the important precursor
metabolites for the synthesis of isopentenyl dipho-
sphate (IPP) that acts as a carrier in the synthesis
of a number of cell envelopes and extracellular
polymers (e.g. peptidoglycan, lipopolysaccharide,
techoic acids, etc.). As a result, large fraction of
glyceraldehyde-3-P is being consumed to maintain
the glycolytic flux for biomass production and to
provide the precursor metabolites for PHB synth-
esis. Therefore, the expression of the gene gap A
(12.4-fold increase) in E. coli DF11/pAeKGl1
might have been upregulated highly to enhance
the rate of conversion from glyceraldehyde-3-P
(first three carbon metabolite of glycolysis) to
glycerate-1,3-diphosphate to provide increasing
demand for acetyl-CoA, since the PHB synthesis
pathway competes for acetyl-CoA with three other
metabolic pathways (Lee and Chang, 1995; Lee et
al., 1994).

The possible reason of ppsA upregulation in E.
coli DF11/pAeKG1 might be due to the shortage
of PEP and GAP. Another gene pckA also
upregulated in E. coli DF11/pAeKGIl, which
also implies the above idea. It may be noted that
ppsA upregulation might also be due to the effect
of global regulatory gene, fruR since ppsA was
found to be positively regulated by fruR (Saier and
Ramseier, 1996). The ppc gene (coding for phos-
phoenol pyruvate carboxylase) was downregulated
in both E. coli DF11 and E. coli DF11/pAeKGl,
whereas pckA gene was upregulated in both
strains. The regulation of these genes has not
been fully elucidated, although it has been shown
that ppc overexpression affects acetate production
(Farmer and Liao, 1997). Thus, the downregula-
tion of ppc expression that occurs during PHB
synthesis may result in an increase in the acetate
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production flux (Table 2). Furthermore, during
growth in glucose, ppc is the major route to the
aspartate family of amino acids. Therefore, down-
regulation of ppc has to be compensated by
another anaplerotic pathway.

The pyruvate dehydrogenase (pdh) complex is
composed of multiple copies of three separate
enzymes: pyruvate dehydrogenase (encoded by
aceE), dihydrolipoate transacetylase (encoded by
aceF) and lipoamide dehydrogenase (encoded by
IpdA). The reactions of the pdh complex serve to
interconnect the metabolic pathways of glycolysis
and fatty acid synthesis to the TCA cycle as well as
to the PHB synthetic route. Although the activity
of the pdh complex is highly regulated by a variety
of allosteric effectors and by covalent modifica-
tion, it can be expected that a reduced level of
expression of these genes, i.e. reduced level of
synthesis of this complex would limit the accumu-
lation of acetyl-CoA and thus PHB synthesis.

The significant upregulation of the gene fkp A in
E. coli DF11/pAeKG1 may be considered to be
due to the fact that fkp A plays an active role either
as folding catalysts or as chaperones in extracyto-
plasmic compartments (Missiakas et al., 1996).
Furthermore, the takeover of the cytosolic space
by PHB granules may disturb the normal intra-
cellular architecture such as chromosomal attach-
ment and may consequently result in the heat
shock response. Bacteria naturally accumulating
PHB synthesize phasin protein that covers the
surface of PHB granules. E. coli does not produce
PHB naturally, and therefore does not have the
phasin gene (Wieczorek et al., 1995). Therefore,
the hydrophobic PHB granules are in direct
contact with intracellular biomolecules including
DNA, RNA, and proteins. Certainly, this will
become a major stress on the cells for several
possible reasons including protein denaturation on
the surface of PHB granules. This unfavorable
condition generated by PHB accumulation might
have resulted in the highest expression of rpsA
(coding 30S ribosomal protein S1) in E. coli DF11/
pAeKG1 (see Fig. 5), and it may have caused
further increase in the soluble protein concentra-
tion (see Table 2) since S1 is the largest ribosomal
protein (Wittmann, 1974) present in the small
subunit of the E. coli 70S ribosome that has a

pivotal role in stabilizing the mRNA on the
ribosome for protein synthesis (Sengupta et al.,
2001). Moreover, protein S1 has been reported to
be necessary in some cases for translation initia-
tion (Tzareva et al., 1994) and for translation
elongation (Potapov and Subramanian, 1992).
However, expression of the gene rpsA could be
the effect of acetate accumulation as was observed
by Arnold et al. (2001). In our study, highest
expression of the gene rpsA in E. coli DF11/
pAeKG1 was not due to the effect of acetate
accumulation, since if it was caused by acetate
effect, its expression should be decreased. There-
fore, the highest amount of soluble protein synth-
esis in pgi mutant having phb genes was due to the
effect of PHB accumulation that ultimately re-
sulted in the highest expression of the gene rpsA.
This phenomenon implies that protein synthesis
capacity in E. coli DFI11/pAeKGl was much
increased in the presence of plasmid as evidenced
in Table 2.
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Appendix A

G6P Glucose-6-phosphate
F6P Fructose-6-phosphate
F1,6P, Fructose-1,6-diphosphate
G3P Glyceraldehyde-3-phosphate
PEP Phosphoenol pyruvate
PYR Pyruvate

AcCoA Acetyl-coenzymeA

ICT Isocitrate

SucC Succinate

MAL Malate

OAA Oxaloacetate
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6PGnt 6-Phosphogluconate

Ru5P Ribulose-5-phosphate

R5P Ribose-5-phosphate

X5P Xylulose-5-phosphate

S7P Sedoheptulose-7-phosphate
E4P Erythrose-4-phosphate
AcAcCoA  Acetoacetyl-coenzymeA
HBCoA Hydroxybutyryl-coenzymeA
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