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This study characterized the transcript profile of
Escherichia coli in acetate cultures using DNA microar-
ray on glass slides. Glucose-grown cultures were used as
a reference. At the 95% confidence level, 354 genes were
up-regulated in acetate, while 370 genes were down-
regulated compared with the glucose-grown culture.
Generally, more metabolic genes were up-regulated in
acetate than other gene groups, while genes involved in
cell replication, transcription, and translation machin-
ery tended to be down-regulated. It appears that E. coli
commits more resources to metabolism at the expense of
growth when cultured in the poor carbon source. The
expression profile confirms many known features in ac-
etate metabolism such as the induction of the glyoxylate
pathway, tricarboxylic acid cycle, and gluconeogenic
genes. It also provided many previously unknown fea-
tures, including induction of malic enzymes, ppsA, and
the glycolate pathway and repression of glycolytic and
glucose phosphotransferase genes in acetate. The car-
bon flux delivered from the malic enzymes and PpsA in
acetate was further confirmed by deletion mutations. In
general, the gene expression profiles qualitatively agree
with the metabolic flux changes and may serve as a
predictor for gene function and metabolic flux
distribution.

Physiological characteristics of Escherichia coli using acetate
or glucose as a sole carbon and energy source have been studied
for more than three decades (1, 2). Briefly, E. coli uptakes
glucose using the phosphotransferase system that converts
extracellular glucose into intracellular glucose 6-phosphate,
which can be further metabolized by the glycolytic pathway to
produce energy and biosynthetic precursors. In the presence of
glucose, the adenylate cyclase is inactive, and the cAMP level is
low. In the absence of glucose, the adenylate cyclase is acti-
vated to produce cAMP, which when binding to the cAMP
receptor protein activates the expression of a large set of ca-
tabolite derepression genes (2, 3). On the other hand, acetate is
transported into the cell and converted to acetyl-CoA, which is
further metabolized through the glyoxylate shunt and the tri-
carboxylic acid cycle. The acetate-metabolizing genes are typi-
cally repressed in the presence of glucose. The induction and
regulation of acetate-metabolizing genes have been studied
extensively (4). Since the two carbon sources, glucose and ace-
tate, are utilized by distinct metabolic pathways, the metabolic
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flux distribution differs significantly in these two carbon
sources (5). Understanding global gene expression profiles in
different carbon sources is important to the investigation of E.
coli growth in natural environment, where the availability of
carbon sources changes dynamically. Acetate-metabolizing cul-
ture is particularly relevant to the biotechnology industry,
since the accumulation of acetate in bioreactor is commonly
observed and often poses as an obstacle to high cell density
cultivation (6).

The recent advent of microarray technology allows a thor-
ough analysis of gene expression patterns in different environ-
mental conditions (7, 8). In this approach, individual DNA
probes are arrayed on a small glass surface, and labeled first
strand cDNA from specific tissue or cell sources is hybridized
onto the array. The amount of fluorescence at each DNA probe
spot correlates with the abundance of specific mRNA transcript
in the cell. This approach enables the characterization of tran-
scriptionally regulated pathways at a genomic scale. In partic-
ular, the genome of E. coli has been arrayed and used for the
comprehensive analysis of the expression level in various phys-
iological states (9-21).

In this paper, we investigated the transcript profile of E. coli
grown in acetate as the sole carbon source and compared it with
the culture grown in glucose. We employed the fluorescence-
based microarray system by spotting 96% E. coli open reading
frames on glass slides. The expression levels of each gene were
monitored by fluorescence-labeled ¢cDNA using the printed
DNA microarray. A rigorous statistical method was used to
access the confidence interval of expression ratio of each gene
by taking into account slide-to-slide and culture-to-culture
variations. The gene expression profile in acetate was used to
assess the metabolic flux distribution in key pathways.

EXPERIMENTAL PROCEDURES

Preparation of DNA Array—To make the E. coli cDNA microarrays,
PCRs were performed in 96-well plates using Genosys E. coli ORFmers
(Sigma) as primers and E. coli MG1655 (E. coli Genetic Stock Center,
Yale University) chromosome as a template. Eppendorf MasterTaq Kit
(Westbury, NY) was used for a 100-ul volume PCR. After PCR, 3 ul of
PCR solutions were run in 1% (w/v) agarose gel to examine the quality
of PCR products. Among 4290 primer pairs, 161 pairs failed to yield the
desired PCR products. The remaining 4129 PCR products representing
96% of the E. coli open reading frames were precipitated by mixing with
10 wl of 3 M sodium acetate (pH 5.3) and 66 ul of isopropyl alcohol and
centrifuging at 4000 rpm for 45 min. The precipitants were dissolved in
100 wl of TE buffer (pH 8.0) and then precipitated once again with
isopropyl alcohol. After they were dried overnight, the precipitants were
dissolved in 10 ul of 350 mM sodium bicarbonate/carbonate buffer (pH
9.0) and printed on a poly-L-lysine-coated glass slide using a robotic
spotter. The diameter of each spot was about 150 um, and the distance
between the centers of the spots was about 250 wm.

The slide was hydrated over 95 °C water for 5 s and snap dried on a
100 °C heating block. The probes were cross-linked to the surface of the
slide by UV light using the Stratalinker (Stratagene, La Jolla, CA) at
400 md. The free lysine groups on the slide surface were blocked by
soaking slides in the mixture of 315 ml of m-methylpyrrilidinone with
5 g of succinic anhydride and 35 ml of sodium borate solution (0.2 M, pH
8.0) for 15 min. The slides were then washed with 95 °C water for 2 min
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and transferred to 95% ethanol at room temperature for 1 min. The
slides were dried by centrifugation (22).

Strain and Culture Conditions—E. coli MC4100 (F~araD139 (argF-
lac) U169 rpsL150 relAl flb5301 deoC1 ptsF25 rbsR) was cultured in
M9 minimal medium (23) containing either 0.5% (w/v) glucose or 0.25%
(w/v) acetate as carbon sources for the steady state experiment. 125
mg/liter (w/v) of arginine was added to the medium. When an OD of the
cell reached 0.4—-0.6 at 550 nm, the cultures were quickly chilled in an
ethanol/dry ice bath and harvested by centrifugation for RNA
purification.

RNA Purification and Labeling—Total RNA was purified from
roughly 1 X 109 cells using the RNeasy Midi Kit (Qiagen, Valencia, CA)
by following the manufacturer’s instructions. The RNA solution was
incubated at 37 °C with 100 units of DNase (Invitrogen) and 40 units of
RNAsin ribonuclease inhibitor (Promega, Madison, WI) for 30 min,
extracted with phenol/chloroform, and then precipitated with 2.5 vol-
umes of ethanol. After dissolved in 10—20 ul of RNase-free water, 30 ug
of total RNA was labeled with either Cy3 or Cy5 dCTPs during reverse
transcription. The reverse transcription mixture included 200 units of
Superscript RNase H™ reverse transcriptase (Invitrogen), random hex-
amers (Invitrogen), 0.5 mMm dATP, dTTP, and dGTP, 0.2 mm dCTP, and
0.1 mm Cy3 or Cy5 dCTP (Amersham Biosciences). After reverse tran-
scription, the RNA was degraded by incubating at 65 °C for 40 min after
adding 2 ul of 0.5 M EDTA (pH 8.0) and 5 ul of 1 N NaOH. The cDNAs,
labeled with either Cy3 or Cy5, were diluted with 60 ul of TE buffer
(pH 8.0) and then mixed together. The labeled cDNA mixture was
then concentrated to 1-2 ul by using Micron-50 from Millipore Corp.
(Bedford, MA).

Hybridization and Scanning—The concentrated Cy3 and Cy5 cDNA
was resuspended in 10 ul of hybridization solution, consisting of 50%
formamide, 3X SSC, 1% SDS, 5X Denhardt’s solution, 0.1 mg/ml
salmon sperm DNA, 0.05 mg/ml yeast total RNA. The labeled ¢cDNA in
hybridization solution was denatured in 95 °C for 2 min and cooled for
5 min at room temperature. The hybridization solution was then placed
on the slide and covered by cover glass. The slide was assembled with a
hybridization chamber (Corning) and hybridized for 14-20 h at 42 °C
inside a water bath. The slide was washed in 2X SSC, 0.1% SDS for 5
min at room temperature and then 0.2X SSC for 5 min prior to
scanning.

After it was dried by centrifugation, the hybridized slide was scanned
with an Affymetrix GMS-418 scanner (Santa Clara, CA). The two im-
ages with the wavelengths of Cy3 and Cy5 dyes were individually
analyzed by use of image processing software, Imagene (Biodiscovery,
Santa Monica, CA). The median intensities of each spot calculated by
the program were obtained for further analysis.

Internal Normalization by Rank-invariant Method—It has been
shown that the intensity of Cy3 and Cyb5 labeling is different and that
the correlation between Cy3 and Cy5 intensity is slide-dependent (24).
Thus, each slide needed an internal normalization to account for the
labeling effect. We used a rank-invariant criterion to select genes that
were nondifferentially expressed in each slide (24). These genes were
then used to determine the normalization curve. This method was
based on the assumption that if a gene is up-regulated, its intensity
rank among one channel, say Cy5, should be significantly higher than
the rank among the other. This method may fail in some extreme cases
where a majority of genes are up-regulated (or down-regulated) to the
same extent. However, if there are a large number of nondifferentially
expressed genes, as in the case of most cDNA microarray experiments,
this method works well.

The ranks of Cy3 and Cyb5 intensities of each gene on the slide were
separately computed. For a given gene, if the ranks of Cy3 and Cy5
intensities differ by less than a threshold value and the rank of the
averaged intensity was not among the extremely high or low, this gene
was classified as a rank-invariant gene. We used an iterative selection
scheme to achieve this task. In each iteration, the threshold for rank
difference was determined by the number of remaining genes multi-
plied by a predetermined percentage, and the threshold for rank aver-
aged intensity was only applied in the first iteration. The iteration
stopped when the remaining set of genes did not decrease in the selec-
tion criterion. After the selection of the rank-invariant genes, a quad-
ratic equation was used to fit the data. After normalization, the loga-
rithmic residuals were calculated as log(Cy5,/f(Cy3,)), where Cy3, and
Cy5; represent Cy3 and Cyb intensities on spot i, and flx) is the nor-
malization function between the two channels.

Confidence Interval of the Gene Expression Ratios—We previously
developed a statistical method for computing the confidence intervals of
each gene (24). This method considers the slide-to-slide and culture-to-
culture variations. Calibration experiments, where Cy3- and Cy5-la-
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beled ¢cDNAs from the same culture were pooled together and co-hy-
bridized to multiple slides, were used to assess the between-slide
variations. The culture-to-culture variation was assessed by repeating
the same experiment multiple times under the same condition. With
such data, we then used a hierarchical Bayesian model and a Markov
chain Monte Carlo (MCMC)' simulation to determine the confidence
intervals of the gene expression ratios. The details of this method have
been described previously (24). A computer program was developed for
such a simulation, which is available upon request.

Monitoring ppsA Promoter Activity Using Promoter Fusion to Green
Fluorescent Protein—The gene coding green fluorescent protein was
amplified from pGFPuv (CLONTECH, Palo Alto, CA) and cloned in
EcoRI and HindlIII restriction sites of pJF118EH (25) to form pMK50.
The ppsA promoter region was amplified by the primers 5'-CG-
GAGCTCGCACAGAAGCGTAGAACG-3' and 5'-CGAATTCCTTTTGT-
GATAAATGAACGG-3' from the E. coli chromosome and cloned into the
EcoRI and EcoRV sites of the pMK50. The resulting plasmid is named
pKK1. The plasmid was transformed into MC4100. Fluorescence inten-
sity was measured using a fluorimeter (ISA, Inc., Edison, NJ) during
exponential growth phase (A4, = 0.3—-0.8) in M9 minimal medium with
glucose or acetate. Fluorescence was excited at a wavelength of 395 nm,
and emission was measured at a wavelength of 509 nm. The fluores-
cence intensity for each culture was normalized by dividing the fluo-
rescence by cell density at Ag,.

Deletion Mutation of pckA, ppsA, sfcA, and maeB—Each gene was
disrupted by the method developed by Datsenko and Wanner (26).
Briefly, primers (listed in Table I) for deletion were used to amplify the
chloramphenicol-resistant gene from pKD3 (26). Strains harboring
pKD46 (26) were grown in SOB medium containing 200 mg/liter ampi-
cillin and 1 mM L-arabinose and transformed with the PCR products
using an electroporator (Eppendorf). Chloramphenicol-resistant strains
were selected on agar plate, and the chloramphenicol-resistant gene
was eliminated from the strain by transforming pCP20 (26) and colony-
purified at 42 °C. The chloramphenicol-resistant gene and pCP20 were
popped out during this process. The mutation was confirmed by PCR
with primers for confirmation (Table I). Multiple deletion mutations
were performed sequentially.

RESULTS

Transcript Profiling Using DNA Microarray—E. coli tran-
scription profiles in acetate and glucose minimal media were
compared using six sets of DNA microarray data generated
from three independent experiments. To achieve a balanced
physiological state, the E. coli strain was subcultured at least
twice after initial inoculation from an LB agar plate and har-
vested in the midlog phase. Total RNA was purified and labeled
with Cy3 or Cy5 dCTP during reverse transcription. In the first
two experiments, we labeled the RNA from the glucose culture
with Cy5 dyes and the RNA from the acetate culture with Cy3.
The labels were reversed in the third experiment. In each
experiment, the labeled cDNAs were mixed and then hybrid-
ized on two microarray slides. For calibration experiments,
RNA from glucose culture was divided into two tubes and
labeled with Cy3 and Cy5 dCTP, respectively, and hybridized
to two slides. The same process was repeated with RNA puri-
fied from an acetate culture. Four data sets of calibration
experiments were used to provide the statistical parameter for
slide-dependent variation of each gene. This information was
incorporated to evaluate the confidence intervals in the MCMC
method.

The arraying solutions without DNA were arrayed 24 times on
each slide in four different positions and used as negative con-
trols. The average plus two S.D. values of intensities of the
negative controls was computed in every slide and used as a
threshold for data filtering. The spots showing intensity lower
than the threshold were filtered out. These spots were attributed
to either improper probe arraying or low expression. The spots
whose intensities exceeded the detection range of the scanner
were also excluded. After filtering the outliers, the rank-
invariant genes were selected as a basis for normalization, and

1 The abbreviation used is: MCMC, Markov chain Monte Carlo.
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TABLE I
The primer sequences used to delete the gluconeogenic genes
Gene Primers for deletion (5’ to 3')
PppsA gegeaacgetgggatecagtcttaaaaagtaaaaaaatatatttgettgaagtgtaggetggagetgette
ttcatcttcggggatcacataaccecggegactaaacgeegecggggatttcatatgaatatectecttag
pckA gagccttgtegeggttaacacccccaaaaagactttactattcaggecaatgtgtaggetggagetgette
gtegataaacagtttcgecagggttteggetttttectgecactgttecgeatatgaatatectecttag
sfcA ctttatacttgaggecgacgecctggeggtaaagcaaagacgataaaagegtgtaggetggagetgette
cgcaggcttagatggaggtacggeggtagtegeggtatteggettgecageatatgaatatectecttag
maeB ttgtgaacgttacgtgaaaggaacaaccaaatggatgaccagttaaaacagtgtaggctggagetgcette

cggtttegecacaccecatcageacegggecgacagteacaccettecegagecatatgaatatectecttag

Primers for confirmation (5’ to 3')

ppsA aacagcattatccatttgttctte
gatctetgeegtatggatgag
pckA aattatcgcatccgggeag
cagggcacgacaaaagaag
sfcA acaccacaacactccatttte
gectatgettgateggeaac
maeB ggatgataatggcgaatggac
aattacagcggttgggtttg
then the logarithmic ratio of expression levels were calculated as 2
described above. The four sets of calibration data and six sets of (d) 15
acetate/glucose comparison data were used to access the expres-
sion ratios using the MCMC method. The expression levels of = 1
3649 genes, which passed the threshold filtering, were computed b 0.5 . o
successfully. Among them, 354 genes were up-regulated, and 370 *‘g';, 0 —\W
genes were down-regulated with 95% confidence in acetate me- 2 05| ’
dium compared with those in glucose medium. Because of the w 1
high number of simultaneous statistical tests used, the error rate
at 5% for 4000 genes will generate 200 false positives when = 25 |

discussing the genome as a whole. Therefore, a more stringent
confidence level was also used. With 99% confidence, 185 and 177
genes were up- and down-regulated, respectively. At this confi-
dence level, the error rate of 1% will produce 40 false positives.
However, when discussing individual genes, a 95% confidence
level was appropriate for most purposes discussed here unless
specified otherwise.

In Fig. 1, the logarithmic ratio of each gene was plotted
against the average log intensity of that gene. The red and
green dots represent the genes that were up- or down-regu-
lated, respectively, with 95 or 99% confidence, whereas the
black dots represent the genes that were not differentially
regulated based on the statistical judgment. Fig. 1 shows that
the -fold difference does not necessarily correlate with statisti-
cal significance, as previously pointed out (10). For example,
rpmF was down-regulated more than 4-fold in acetate, but it
was statistically insignificant because of its high variances of
the data. Meanwhile, the dnalN level was repressed only 1.3-
fold with very small variance, and thus this gene was deter-
mined to be down-regulated with a 99% confidence level. The
source of the variance can be severalfold, including poor quality
or quantity of PCR products, cross-contamination by nonspe-
cific binding, and high background on the slides. Therefore, a
vigorous statistical analysis and repeats of the experiment are
essential to obtain reliable data. The expression ratios and

2 3 -+ 3]
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ave[log(intensity)]
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o

confidence intervals of all the genes are available on the World -1
Wide Web at www.seas.ucla.edu/~liaoj/glcace.html. 15

Functional Groups of Differentially Regulated Genes—The 2 . .
differentially expressed genes with 95 and 99% confidence in- 2 3 4 5

tervals were further classified into 23 groups by their functions
(Table II). As expected, the most significant difference of grow-
ing in different carbon sources occurred among the central
intermediary metabolic genes. 27 and 14% of the 161 genes in
this group were significantly induced or repressed, respec-
tively, in acetate medium compared with those in glucose me-
dium. In the functional groups, such as carbon compound

ave[log(intensity)]

Fic. 1. Expected logarithmic ratios between two dyes (y axis)
in calibration experiments (a) and glucose-acetate comparison
experiments (b and ¢) were plotted against log-transformed
mean fluorescence intensities of the genes. The red dots represent
up-regulated genes, and green dots show down-regulated genes with
95% confidence level (b) and 99% confidence level (c).
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Numbers and percentages of up- or down-regulated genes in each functional group

Annotations follow Blattner et al (50).

TaBLE II

Global Expression Profiling of Acetate-grown E. coli

95% confidence

99% confidence

Functional groups Total no.
Up Down Up Down of genes
Amino acid biosynthesis and metabolism 9 (7.8%) 28 (24.5%) 4 (3.5%) 21 (18.3%) 115
Biosynthesis of cofactors, prosthetic groups, and carriers 9 (10.0%) 8 (8.9%) 3 (3.3%) 1(1.1%) 90
Carbon compound catabolism 22 (18.8%) 4 (3.4%) 9 (7.7%) 1(0.9%) 117
Cell processes (including adaptation, protection) 6 (3.7%) 13 (8.0%) 0 (0%) 6 (3.7%) 162
Cell structure 7 (4.0%) 21 (11.9%) 4 (2.3%) 7 (4.0%) 176
Central intermediary metabolism 43 (26.7%) 23 (14.3%) 27 (16.8%) 12 (7.5%) 161
DNA replication, recombination, modification, and repair 4 (3.7%) 22 (20.2%) 1 (0.9%) 9 (8.3%) 109
Energy metabolism 30 (14.1%) 24 (11.3%) 15 (7.0%) 16 (7.5%) 213
Fatty acid and phospholipid metabolism 10 (20.8%) 3(6.3%) 9 (18.8%) 1(2.1%) 48
Hypothetical, unclassified, unknown 127 (10.0%) 85 (6.7%) 67 (5.3%) 32 (2.5%) 1270
Membrane proteins 0 (0%) 1(8.3%) 0 (0%) 0 (0%) 12
Nucleotide biosynthesis and metabolism 3 (6.3%) 10 (20.8%) 2 (4.2%) 5(10.4%) 48
Other known genes 1(4.2%) 1(4.2%) 1(4.2%) 0 (0%) 24
Phage, transposon, or plasmid 14 (17.7%) 2 (2.5%) 5(6.3%) 1(1.3%) 79
Putative chaperones 0 (0%) 0 (0%) 0 (0%) 0 (0%) 6
Putative enzymes 28 (12.6%) 15 (6.8%) 16 (7.2%) 8 (3.6%) 222
Putative regulatory proteins 4 (3.3%) 4 (3.3%) 3 (2.5%) 1(0.8%) 120
Putative transport proteins 4 (3.0%) 12 (9.1%) 2 (1.5%) 4 (3.0%) 132
Regulatory function 1(2.3%) 6 (14.0%) 0 (0%) 1(2.3%) 43
Structural proteins 1(2.5%) 4 (10.0%) 0 (0%) 3 (7.5%) 40
Transcription, RNA processing, and degradation 3 (5.8%) 9 (17.3%) 1(1.9%) 4(7.7%) 52
Translation, post-translational modification 2 (1.3%) 47 (31.1%) 1(0.7%) 28 (18.5%) 151
Transport and binding proteins 26 (10.0%) 28 (10.8%) 15 (5.8%) 16 (6.2%) 259
Total 354 (9.7%) 370 (10.1%) 185 (5.1%) 177 (4.9%) 3649

catabolism and fatty acid metabolism, the numbers of up-reg-
ulated genes surpassed those of down-regulated genes signifi-
cantly, suggesting that these groups of genes were generally
repressed by glucose or induced by acetate. Apparently, E. coli
up-regulates the genes that allow the utilization of any possible
carbon sources such as fatty acids when growing in a relatively
poor carbon source such as acetate.

On the other hand, the number of down-regulated genes was
much higher than up-regulated genes in many functional
groups. For example, amino acid biosynthesis and nucleotide
biosynthesis genes were generally down-regulated. The num-
ber of repressed genes exceeds the induced genes by 28 to 9 and
10 to 3 in these two groups, respectively, suggesting that E. coli
turned down the expression of biosynthetic genes to match the
low growth rate and save energy in the poor carbon source. In
addition, in the functional groups such as cell structure, DNA
replication, transcription, and translation, the number of
down-regulated genes surpasses the up-regulated genes by 21
to 7, 22 to 4, 9 to 3, and 47 to 2, respectively. This result can be
explained by the fact that the growth rate was much lower in
acetate compared with glucose as a carbon source. Indeed,
many of the genes belonging to these categories were known to
be correlated with the growth rate of the cell (27).

Central Metabolic Genes Involved in Acetate Metabolism—
When acetate is metabolized as a sole carbon and energy source
in E. coli, it is first activated to acetyl-CoA and then metabo-
lized in the tricarboxylic acid cycle and glyoxylate shunt (4).
Two pathways were responsible for the acetate activation, pta-
ackA and acs. Interestingly, pta and ackA were both down-
regulated by ~2-fold in acetate. On the other hand, acs was
induced more than 8-fold in acetate, one of the most signifi-
cantly up-regulated genes. This result suggests that Acs is the
major enzyme for acetate uptake and activation. Acetyl-CoA is
converted to malate through the glyoxylate shunt. The induc-
tion mechanism of the glyoxylate shunt genes, aceB and aceA,
in acetate has been well characterized (4). These two genes are
located in the same operon with aceK (encoding isocitrate de-
hydrogenase kinase/phosphatase). The expression of aceB gene
was not monitored in this experiment because of failed PCR
amplification. However, the other genes (aceA and aceK) in the

same operon showed more than 10-fold up-regulation. Not only
the aceBAK operon but also the glcDFGB operon was induced
significantly. The last gene in the glc operon is the secondary
malate synthase (glcB), which can replace the malate synthase
A (aceB) in acetate (28) when aceB is mutated. This operon
could be induced by acetate (29). Meanwhile, most of the tri-
carboxylic acid cycle genes (gltA, acnA, acnB, icdA, sucABCD
operon, sdhCDAB operon, fumA, fumC, fumB, and mdh) were
up-regulated. In particular, the genes involved in the glyoxy-
late pathway, mdh, gltA, and acnB, were highly up-regulated
more than 4-fold. Together with induction of aceBAK operon,
these results confirmed that metabolic flux in the glyoxylate
cycle (4) is very high in acetate (Fig. 2 and Table III).

The gluconeogenic enzyme, phosphoenolpyruvate carboxyki-
nase (coded by pckA), is known to be responsible for delivering
the carbon flux from the tricarboxylic acid cycle to the gluconeo-
genic pathways in acetate (4, 5). Indeed, pckA was 5-14-fold
induced in acetate. Surprisingly, ppsA (coded for phosphoenol-
pyruvate synthase) was also induced 9-21-fold in acetate, al-
though the gene product was nonessential for gluconeogenesis
during growth on acetate (5). This result suggested that PpsA
may play an important role for gluconeogenic flux when E. coli
is grown in acetate. Together with the malic enzymes, PpsA
could serve the same function as PckA. Indeed, both NAD-de-
pendent (sfcA) and NADP-dependent (maeB) malic enzymes
were also induced. The functions of these gluconeogenic genes
in acetate were further verified with deletion mutations, which
will be discussed shortly.

Other Carbon and Energy Metabolism Genes—Many glyco-
lytic genes (pfkA, fba, gapA, epd, pgk, eno, pykF, and ppc) were
down-regulated in acetate. In addition, the first two pentose
pathway genes (zwf and gnd) and pyruvate dehydrogenase
(aceEF operon) were also significantly down-regulated. These
data correlate with the reduced metabolic flux in these path-
way genes. The expression levels of many carbon transport
genes were also affected seriously by different carbon sources.
The genes involved in glucose transport, the ptsHI-crr operon
and ptsG, were repressed significantly in acetate, 1.5—2-fold
and 2-4-fold, respectively. These operons were known to be
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Glucose

PEP.
ptsHl-crr A glk (1.1)
(0.47-0.54) (0.31)
PYR GSP zwf (0.56) epgnt 400 gnd (0.60)
pgs (0.89) HUSP

Fic. 2. The expression levels of cen-
tral metabolic pathway genes in ace-
tate compared with those in glucose.
The numbers beside gene names repre-
sent the expected -fold changes of expres-
sion levels calculated from six repetitions
of experiments. The red arrows represent
the induced genes, and green arrows rep-
resent the repressed genes in acetate
compared with in glucose with more than
95% confidence. The thicker the arrows,
the higher the genes were regulated. G6P,
glucose 6-phosphate; F6P, fructose
6-phosphate; FI,6P, fructose 1,6-phos-

phate; G3P, glyceraldehyde 3-phosphate; (0.28)

PYR, pyruvate; AcCoA, acetyl-CoA; Ac-P,
acetylphosphate; ICT, isocitrate; SUC,

succinate; OAA, oxaloacetate; 6PGnt,

6-phosphogluconate;  Rub5P, ribulose .
5-phosphate; R5P, ribose 5-phosphate; ‘Q-{ch
X5P, xylulose 5-phosphate. The gene 0.7

names followed the E. coli K-12 linkage
map in Ref. 50.
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regulated by Mlc (30). In the absence of glucose, Mic represses
the operons. In the presence of extracellular glucose, the con-
formation of EIIBC® protein is changed and bound strongly
with Mle, which no longer represses the operons.

On the other hand, transport genes for other carbon sources
were induced significantly by catabolite derepression. Exam-
ples are the galactose ABC transporter operon (mglBAC, 4—8-
fold), the ribose uptake gene operon (rbsD and rbsACB operon,
2—-8-fold and 3-5-fold, respectively), the N-acetyl-nD-glucos-
amide transport subunit (nagE, 2—4-fold), the arginine ABC
transport gene (argT, 2—6-fold), the C4 dicarboxylate trans-
porter gene (dctA, 3—6-fold) (31), tagatose metaoblic genes
(gatYZ operon, 3—10-fold), and the maltose translocating gene
(lamB, 2—4-fold).

Interestingly, not only the genes involved in glyoxylate shunt
pathway (ace and glc operons), but also those involved in other
glyoxylate-related metabolic pathways, such as glycolate and
allatoine metabolism, were all up-regulated (Fig. 3 and Table
IV). These genes are located close together on the chromosome
and expressed by four different operons (32). However, the role
of these genes in acetate metabolism is unknown.

Genes Involved in the Cell Machinery—Among the genes in-
volved in the cell structure, DNA replication, transcription, and
translation, a total of 16 genes (3.3% of the total) were up-
regulated, whereas 99 genes (20%) were down-regulated. Gener-
ally, the expression data of these groups of genes do not vary
much from experiment to experiment compared with those of
metabolic genes. Therefore, the accuracy of measurements was
higher. Among 60 ribosomal proteins, including S1-S21, L.1-1.25,
L27-136, two EF-Tu subunits, EF-Ts, and EF-G, the expression
levels of 40 genes were successfully monitored. Among them,
more than 70% (29 of 40) were down-regulated in acetate at the
95% confidence level. The down-regulation of these genes was
attributed to the growth rate-dependent regulation (27).

Roles of Gluconeogenic Genes in Acetate Growth—Although
ppsA was known to be nonessential for growth in acetate, it
was up-regulated 9-21-fold in acetate (Fig. 2 and Table III). To
ver