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Abstract Little is known about the association among the

transcription, post-transcription, and protein production of

the fumA gene. This study demonstrates that increasing

growth rate (k) from 0.24/h to 0.96/h causes a marked

eightfold reduction in fumA transcription as assessed using

the b-galactosidase activity from fumA promoter fused with

a lacZ reporter. It was further confirmed using Northern

blot analysis. Most interestingly, the FumA protein levels

remained unchanged over the growth rate, as indicated by

Western blot analysis. Therefore, whether the reduced

fumA mRNA expression under the high growth rate can be

overcome by increasing the stability of the fumA mRNA

was tested. The half-life of fumA mRNA was established to

significantly increase by fivefold when the growth rate was

increased to 0.96/h. This finding suggests that the cells

could turn down the expression of fumA mRNA because of

increased stability of its mRNA under the high growth rate.

This notion indicates that mRNA stability plays an essen-

tial role in maintaining a critical cellular level of a given

protein when the mRNA transcript is downregulated by a

metabolic event.

Introduction

A recent transcriptomic and proteomic study showed that

only 47% protein abundance is determined from the

mRNA levels in Escherichia coli [10]. In other words, not

all the protein abundance is mRNA directed and the

mechanism involved in such a relationship is not readily

known.

Fumarase (EC 4.2.1.2) is an enzyme that catalyzes the

interconversion between fumarate and malate. Although

three fumarase genes, fumA, fumB, and fumC, have been

reported in E. coli [4], FumA is a major form that par-

ticipates in the tricarboxylic acid (TCA) cycle [17, 20]

during both aerobic and anaerobic growth. The fumA gene

encodes the identical dimers of fumarase with a Mr

60,000 of each [18]. The fumA gene expression levels

varied over a 20-fold range in response to the oxygen

content of the culture medium [14]. Interestingly, the

expression is higher in carbon-poor media than that in

rich media [14].

Growth rate plays an important role in the transcription

of a given mRNA of E. coli under continuous culture.

High growth rate could either upregulate or downregulate

the gene expression by lowering the cAMP, which serves

as a transcriptional factor (when bound to cAMP-binding

protein) to regulate the promoter activity of a given gene

[1, 8, 13]. Whether the growth rate affects fumA gene

expression, transcription, and protein levels, however, has

not been well elucidated. In this study, the transcriptional

expression of fumA was shown to be conversely by its

growth rate (k = 0.24/h to 0.96/h), but the final protein

abundance can be compensated for by the mRNA stabil-

ity. The significance and potential application of this

finding in pharmaceutical and industrial usages are

discussed.
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Materials and Methods

Bacterial Strains

Escherichia coli W3110 was used in continuous culture for

the study of fumA expression. The fumA–lacZ fusion strain

[14] was kindly provided by Dr. P. Gunsalus of UCLA, Los

Angeles, California. The activity of b-galactosidase was

measured according to the method described previously

[11], with the data represented as the average of at least

two or three independent experiments with a variation of

no more than 5% from the mean.

Cell Growth

For continuous culture, the growth rate was controlled and

carried out in a New Brunswick Bioflo III fermentor (New

Brunswick Scientific, Edison, NJ) using a standard proce-

dure previously described [6, 17]. The fermentor was fitted

with a 1.5-L vessel and operated at a working volume of

1 L. A modified Vogel–Bonner medium (3.3-mM MgSO4,

10-mM citric acid, 28-mM NaNH4HPO4, 37-mM K2HPO4,

casamino acids 0.25 mg/L; pH 6.5) supplemented with

glucose (2.25 mM) was used to limit cell growth (i.e.,

carbon-limited medium). The ventilation was maintained

by saturating the culture medium with sterile air at a rate of

2 L/min. To vary the cell growth rate, the medium addition

rate was adjusted from 4 to 16 mL/min (k = 0.24/h to

0.96/h). When the cells were shifted to a new growth rate,

steady state was generally achieved in sixfold of the reactor

residence. This was monitored through cell density at

OD600 nm, which serves as an indicator for cells reaching

equilibrium.

For batch culture, the cells were grown in modified

Vogel–Bonner medium containing 10-mM glucose or

10-mM sodium acetate at 37�C. For RNA and protein

analysis, growing cultures were harvested under the

exponential phase at OD600 of 0.45–0.50.

Northern Blot Analyses and mRNA Half-life

DNA probe specific to E. coli fumA was amplified with

fumA-f (50-GTTACTGACGCCGGGGAAACTG-30) and

fumA-r (50-CCAAGATTTTGCGCTTCGATCA-30) prim-

ers. Northern blot analysis was performed with 10 lg of

total RNA according to the standard protocol as previously

described [9]. Briefly, RNA isolation was performed

according to the procedures of the TRI reagent-RNA kit

(Molecular Research Center, Cincinnati, OH). Total RNA

was loaded and separated on 1% agarose–formaldehyde gel

for the analysis of fumA. The integrity and quality of the

RNA samples were confirmed by the presence of 23S and

16S rRNA. Following electrophoresis, the gels containing

RNA were transferred to a positively charged nylon mem-

brane (Millipore, Bedford, MA) and fixed by cross-linking

the membrane with UV light. The membrane was then

hybridized with digoxigenin (DIG)-labeled DNA probes for

at least 12 h at 42�C. DNA probes specific to E. coli fumA

were amplified with dNTPs and DIG-11-dUTP mixture

(Roche Applied Science, Mannheim, Germany) similar to

that previously described [9]. After hybridization, the

membranes were washed and were detected using a chemi-

luminescent substrate (Roche Applied Science, Indianapo-

lis, IN). The blots were then developed by an exposure to

Kodak film. The levels and half-lives of the mRNAs are

presented as the mean ± standard deviation (SD) of the band

intensity analyzed by Northern blotting in triplicate, whereas

the band intensity was determined via ZERO-Dscan Image

Analysis System (Scanalytics, Billerica, MA). The half-life

of the mRNA was determined by the initiation of mRNA

transcription that was inhibited by the addition of rifampin to

a final concentration of 500 lg/mL before harvesting the

total cellular RNA. After adding rifampin, the cultured cells

were harvested at different time points and chilled in dry

ice/ethanol bath for 1 min before RNA extraction [9, 19].

Preparation and Purification of Recombinant FumA

Protein and Its Antibodies

Recombinant FumA protein was expressed using a plasmid

construct prepared using a similar previously described

method [15]. The pQE30-fumA plasmid was transformed

into E. coli BL21 (DE3) and cultured at 37�C until the

OD600 reached between 0.3 and 0.5. To express the FumA

protein, the cells were then induced with the addition of

1-mM isopropyl b-D-thiogalactoside and incubated for

another 3 h. The protein expressed was monitored through

10% SDS-PAGE and stained with Coomassie blue. The

recombinant FumA was isolated using a nickel column

(Invitrogen Ni–NTA Purification System) according to the

manufacturer’s instructions. Anti-FumA antibody was

prepared by immunizing rabbits with the purified recom-

binant FumA protein. The specificity of the antibody was

tested through Western blot analysis using purified FumA

and the cell lysate of a DfumA mutant.

Western Blot Analysis

Briefly, cells harvested at different growth rates were

resuspended in 100-mM potassium phosphate buffer

(pH 7.6) followed by a sonication and centrifugation at

4�C. A total of 15 lg of the extract protein from the lysate

was electrophoresed on 10% SDS-PAGE for 2 h at

100 volt. After transferring to nitrocellulose paper, FumA

was monitored using an antibody prepared against FumA
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and developed with an ECL detection system (Amersham,

Arlington Heights, IL).

Results and Discussion

Effect of Growth Rate on the Expression of fumA

mRNA and FumA Protein Level

First, a standard procedure to control the E. coli growth rate

was employed by maintaining cells in a continuous culture

with a glucose-limit chemostat [6, 17]. Figure 1a demon-

strates that the increase in cell growth rate (k) from 0.24/h

to 0.96/h resulted in a substantial reduction in fumA tran-

scription by eightfold based on the b-galactosidase activity

from fumA promoter fused with a lacZ reporter gene.

Northern blot analysis was further used to confirm that the

growth rate negatively affected the overall fumA mRNA

levels (Fig. 1b). To verify that the changes in mRNA levels

were not because of the sample loading or dilution effect,

intrinsic 23S and 16S rRNA were routinely assessed as a

control. These levels were not affected by the growth rate

under the same experimental condition (Fig. 1b). The

identical control was also conducted for the other studies

described in the following.

Given that FumA is one of the major enzymes in E. coli

for using carbon sources to generate ATP through the

Krebs cycles, an attempt was made to address why E. coli

cells with limited fumA expression (under the high growth

rate) remain metabolically active. Based on Western blot

analysis, the FumA protein levels from the cells grown

under the different growth rates were determined. Inter-

estingly, the FumA protein levels were not significantly

altered (Fig. 2) even though their overall mRNA levels

were dramatically different. Furthermore, the enzymatic

activity of FumA remained almost unchanged using the

cell lysates obtained using different growth rates (data not

shown). The latter result is consistent with a previous

observation [17], revealing that growth rate has no effect

on the cellular enzymatic activity.

Stability of fumA mRNA Under High Growth Rate

Reduced fumA mRNA expression under a high growth rate

might therefore be compensated for by increased stability

of fumA mRNA. To test this hypothesis, the half-lives of

the fumA mRNA of cells grown at different growth rates

were determined. Rifampin was added at zero time to block

newly synthesized mRNA transcripts; the aliquots were

then withdrawn at time intervals (from 0 to 8 min) before

the cellular RNA isolation and Northern blot analysis [9].

Thus, the data obtained are essentially related to the effect

of growth rate on the stability rather than the expression of

fumA mRNA [19]. Figure 3a depicts that the half-life of

fumA mRNA was significantly increased using Northern

blot analysis. For example, at the third minute, fumA

mRNA was almost completely diminished at 0.48/h, but

remained abundant at 0.96/h. The calculation of the half-

life in Fig. 3b shows an approximately fivefold increase as

growth rate (k) increased from 0.24/h to 0.96/h.

Figure 3c reveals that the half-life of fumA is inversely

correlated with the overall mRNA produced over growth

rate (Fig. 1). The finding can be rationalized that the cells

are not multiplying fast enough to produce newly synthe-

sized mRNA of fumA at high growth rate, but the

Fig. 1 Effect of growth rate on E. coli fumA gene expression.

a Expression was determined using a lacZ-fused reporter. b Overall

fumA mRNA levels were determined using Northern blot analysis.

Each point represents the mean of duplicates. The 23S and 16S rRNA

presented in total isolated RNA pool were used as an intrinsic control

and stained with ethidium bromide

Fig. 2 Effect of growth rate on overall E. coli FumA levels assessed

using Western blot analysis. Cell lysates from different growth rates

were collected and adjusted to equal protein concentrations in which

15 lg was used for SDS-PAGE followed by a Western blot analysis
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availability of the FumA enzyme can be overcome by

increasing the half-life of its mRNA.

Effect of Sodium Acetate on the Stability

of fumA mRNA

To verify that the overall mRNA produced is inversely

correlated with its half-life (Fig. 3c), glucose (10 mM) was

substituted with sodium acetate (10 mM), a known sub-

strate that increases fumA gene expression, in the medium

[3, 14]. Figure 4a confirms such ‘‘increasing’’ effect pro-

duced by the sodium acetate. The stability of the fumA

mRNA in the presence of glucose and sodium acetate was

then examined. Figure 4b reveals that high fumA expres-

sion is related to the short mRNA half-life and vice versa

when compared with Fig. 4a. Furthermore, sodium acetate

did not affect the overall levels of the cellular FumA pro-

tein relative to that of glucose (Fig. 4c), which is consistent

with the result mentioned earlier (Figs. 3, 4).

Remarks of the Significance of This Study

At present, the mechanism by which high growth rate

lowers the fumA levels in cells remains elusive. Increasing

the growth rate decreases the concentrations of intracellular

cAMP [1, 8]. The cAMP levels were monitored over the

continuous culture batches, which indicated that their lev-

els are inversely correlated with the growth rate (data not

shown). Furthermore, using a cAMP-deficient E. coli

strain, the lack of cAMP in cells was confirmed to yield

extremely low fumA expression (data not shown). We,

therefore, speculate that high growth rate might initially

Fig. 3 Effect of growth rate on the E. coli fumA mRNA stability.

a The stability of fumA mRNA was measured via Northern blot

analysis. Rifampin was added to the cultured cells to inhibit new

mRNA synthesis and harvested at the designed timing from 0 to

8 min. Analysis of the fumA mRNA levels was performed by

fractionation of the total RNAs on 1% agarose–formaldehyde gel

followed by transfer of the RNA onto a nylon membrane. The

membrane was then hybridized with DIG-labeled fumA DNA. b The

half-life of fumA mRNA was determined using the density images

from the Northern blot analysis. Each point represents the mean of

triplicates. c Inverse relationship between fumA gene expression and

fumA mRNA half-life over growth rate

Fig. 4 Effect of sodium acetate on the stability of E. coli fumA
mRNA. a FumA gene expression in culture medium containing

10-lM sodium acetate or glucose determined using Northern blot

analysis. b Stability profiles of fumA mRNA determined using

Northern blot analysis. c FumA protein levels assessed through

Western blot analysis. At the same time, 23S and 16S rRNA served as

an intrinsic control
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lower the cAMP level to cause the downregulation

of fumA.

Another possibility beyond the scope of this study is the

translation efficiency. Previous studies have shown a

positive correlation between the protein translation and

mRNA stability in E. coli. The initiation of translation

leads the complex formation between mRNA and the

ribosome, and the binding of ribosomes to the 50-ends of

mRNAs is a rate-limiting step in mRNA decay. A defi-

ciency of ribosomes will prevent or reduce translation,

usually shortening the mRNA half-life and causes the

decreased translation of mRNA [5, 7]. Recent analyses of

transcriptomic and proteomic data in Saccharomyces ce-

revisiae have also indicated that post-transcriptional regu-

lation modulates the efficiency of mRNA translation into

protein [2, 12]. Similarly, a fivefold increase in the fumA

mRNA half-life was found to compensate for the protein

translation at high growth rates, with an eightfold reduction

in transcription (Figs. 1a, 2, 3a).

Large-scale absolute protein expression measurements

(APEX) were used and applied to estimate the relative

contributions of transcriptional- and translational-level

gene regulation in the yeast and E. coli proteomes. Liu

et al. [10] found that 73% of the variance in yeast protein

abundance is positively correlated with mRNA abundance

and concluded that yeast gene expression regulation occurs

mostly through mRNA-directed mechanisms. Notably,

only 47% of the variance in E. coli protein abundance is

positively correlated with its mRNA abundance. Although

the mechanism by which a given protein level does not

depend on mRNA abundance is unclear, we provided a

typical example to show that FumA protein level is not

directly related to its mRNA abundance in E. coli. We also

point out that the final protein level can be compensated for

by increasing mRNA stability. The stability plays an

essential role in maintaining critical levels of a given

protein when mRNA transcription is downregulated by a

metabolic event. Figure 4 reiterates that fumA mRNA is

underexpressed in the medium with glucose, but its abun-

dance is then overcome by increase in the mRNA half-life.

In recent years, the number of recombinant proteins

used for therapeutic applications has dramatically

increased. The production of these proteins has a remark-

able demand in the market. E. coli cells offer a means for

the rapid and economical production of recombinant pro-

teins. These advantages, coupled with a wealth of bio-

chemical and genetic knowledge, have enabled the

production of some therapeutic proteins such as insulin and

growth hormones. These demands have driven the devel-

opment of a variety of strategies for achieving high-level

protein expression, particularly those involving several

aspects, such as transcriptional regulation, mRNA stabil-

ity, translation initiation and termination (translational

regulation), host design considerations, and fermentation

factors that are available for manipulating expression

conditions, including the growth rate [16]. These are the

major challenges in obtaining a high yield of some targeted

proteins at low cost. Sorting out the protein abundances

that are regulated by their mRNA stability and growth rate

from those directed by mRNA levels would help achieve

the above challenges economically.

In summary, the interrelationship among the transcrip-

tion, post-transcription, and translation of fumA has not

been previously elucidated. This study indicates that the

transcriptional expression of E. coli fumA is drastically and

inversely regulated by its growth rate, but the final protein

abundance can be compensated for by mRNA stability.

This finding may provide a reference value for future

industrial applications of the preparation of recombinant

proteins, as well as malate and fumarate as building block

chemicals in metabolically engineered E. coli.
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