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Abstract Little is known about the stability of transcripts en-
coding membrane proteins in strong expression systems and its
e¡ect on membrane protein over-production. We have expressed
all the genes encoding subunits of the membrane domain Fo of
the ATP synthase in a T7 RNA polymerase-based system. All
of them but uncB (subunit a) were expressed separately at very
high levels in the bacterial hosts Escherichia coli C41(DE3) and
C43(DE3). However, expression of uncB was extremely toxic to
the bacteria. Northern blot analysis showed that the level of
accumulation of the mRNA from uncB was very low. Deletion
of uncB in combination with gene fusion experiments demon-
strated that the middle region of the gene, encoding amino acids
92^171, exhibited a dominant toxic phenotype associated with a
very poor level of expression. Green £uorescent protein fusions
with N- and C-ends of uncB helped to stabilize the mRNA and
to obtain high yields of protein.
4 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

F1Fo^ATP synthase is a membrane-bound complex that
couples proton translocation across the membrane to ATP
synthesis. It consists of a membrane domain, Fo, where pro-
ton translocation occurs, and a soluble, catalytic F1 domain
linked together by central and peripheral stalks. The central
stalk, together with a ring of c subunits in Fo, forms an
ensemble, which rotates. The rotation is driven by proton
translocation across the membrane domain and it induces
conformational changes in F1 that result in ATP synthesis
[1,2].
In Escherichia coli all eight subunits are encoded by the

polycistronic 7.3-kb unc operon. The order of the genes is
uncIBEFHAGCD [3]. The promoter proximal gene, uncI, en-
codes a 14-kDa, membrane-embedded polypeptide of un-
known function that may play a role in the assembly of the
complex [4,5]. The next three genes encode the Fo subunits a,
c and b, respectively, and the remaining ¢ve genes encode the

F1 subunits N, K, Q, L and O, respectively [6]. The unc operon is
an example of an uncoordinate operon [7] where the rates of
synthesis of the individual subunits are adjusted to accom-
modate the stoichiometry found in the ATP complex
(K3L3QNOabc10�12) [7^9]. The subunits are produced from a
single polycistronic mRNA bearing all nine cistrons [3,10].
Expression of the individual genes is regulated post-transcrip-
tionally [11] and is achieved by the control of the e⁄ciency of
translational initiation [12] and by mRNA degradation
[13,14].
The ¢rst gene of the unc operon to encode a mature ATP

synthase subunit is uncB. Its product is the polytopic mem-
brane-spanning subunit a [3]. Degradation and instability of
the uncB mRNA plays an important role in the control of its
expression [13,14]. Over-expression of uncB causes growth in-
hibition of E. coli [15^17]. In the current work, we have in-
vestigated whether uncB also down-regulates the expression of
the other Fo subunits, c and b, in the context of the strong T7-
based expression system. Previously, we have reported high
levels of over-production of c (uncE) and b (uncF) subunits,
expressed separately in the bacterial host E. coli C41(DE3)
and C43(DE3) [18^20]. However, expression of uncB (subunit
a) in these host systems was extremely toxic for the cells.
Northern blot analysis con¢rmed the instability of the uncB
mRNA. We have identi¢ed the most unstable region of the
uncB mRNA, and we have stabilized the other regions by
fusions with the green £uorescent protein (GFP).
The results are discussed in the context of the over-produc-

tion of membrane proteins for structural studies, and the in-
£uence that mRNA instability may have in the failure to over-
express some membrane proteins at high levels.

2. Materials and methods

2.1. Plasmid construction
All constructs were made by ligating a PCR product into the NdeI

and HindIII or EcoRI sites of the expression vector pMW172 [21].
The GFP gene was cloned into the BamHI and HindIII site of
pMW172 to allow the production of fusions by inserting the gene,
or fragment of gene, of interest into the HindIII and EcoRI sites.
When over-expressed, these constructs gave fusion proteins with the
GFP (Aequoria victoria) at the N-terminus.

2.2. Bacterial growth and RNA extraction
Cells were grown at 37‡C in 2U TY medium. After 5^6 h of growth

and once an O.D. (optical density) at 600 nm had reached a value 0.5^
0.7, IPTG (isopropyl-thiogalactoside) was added to a concentration of
0.7 mM. After 0, 1, 2 and 3 h of induction, samples were removed and
cells were lysed by addition of 1/5 volumes of lysis bu¡er (1.5 M
sodium acetate, 12 mM EDTA, 5% sodium dodecyl sulfate (SDS))
followed by boiling for 2 min. RNA was extracted as follows: aqueous
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phenol (1/1 v/v, saturated with 10 mM Tris^HCl, pH 7.5) was added to
the lysed cells and the sample was centrifuged (5 min, 2000Ug). A
mixture phenol:chloroform:water was added to the supernatant (v/
v/v) and centrifuged at 2000Ug for 5 min. This process was repeated
three times and to the ¢nal supernatant 2 vols. of ethanol (320‡C)
were added. After precipitation overnight at 320‡C, samples were
centrifuged at 10 000Ug and pellets were washed with 75% ethanol,
dried and dissolved in H2O^DEPC (diethyl pyrocarbonate). The con-
centration of RNA was estimated by the A260/A280 ratio. Samples
were checked for correct size and concentration in agarose gels.

2.3. Northern blot analysis
RNA samples (20 Wg) were denatured by boiling (3 min). Dye was

added and they were loaded on agarose gels (1% w/v dissolved in a
bu¡er containing 20 mM MOPS, pH 6.8, 2 mM EDTA, 3 mM so-
dium acetate, and 2% formaldehyde) and run in the same MOPS
bu¡er at 80 V for 4^6 h. Samples were transferred onto Hybond
membranes (Amersham Biosciences, Uppsala, Sweden) in the presence
of 20U SSC bu¡er (3M sodium chloride, 0.3 M sodium citrate, pH
6.5) for 9 h and cross-linked with UV light (2U 1 min).
Membranes were treated with prehybridation mix [40 mM Tris^

HCl, pH 7.5, 0.3 M NaCl, 2 mM sodium pyrophosphate, 1% SDS,
41.6% formamide, 16.8% Denhardt solution (3% polyvinylpyrolidone,
3% bovine serum albumin, 3% Ficoll 400)]. To this mix, 50% dextran
and 0.2% salmon sperm DNA (10 mg/ml, pre-boiled) were added.
Membranes were incubated at 42‡C for 6^12 h.

2.4. Labeling of hybridization probes
Probes (3 Wl, 20 ng) for full-length and truncated forms of uncB and

for uncF and GFP were made by PCR reaction using the oligonucleo-
tides used in the plasmid construction, and labeled with 5 Wl [K-32P]-
dCTP (3000 Ci/Wmol, 50 mCi), 10 Wl reagent mix, 31 Wl H2O, 1 Wl
Klenow mix (1 unit Klenow fragment, 5 mM Tris^HCl, 5 mM MgCl2,
50 mM NaCl, 50% glycerol) for 30^60 min at 37‡C. Labeled probes
were puri¢ed with QIAquick nucleotide removal kit (Qiagen, Hilden,
Germany) and boiled.

2.5. Hybridization
Membranes were treated with hybridization mix (60 mM Tris^HCl,

pH 7.5, 2.6 mM sodium pyrophosphate, 60% formamide, 24% Den-
hardt solution, 12% SDS), 8% salmon sperm DNA (10 mg/ml) and
the respective labeled probe. Membranes were incubated for 16 h at
42‡C, and then washed with 2U SSC bu¡er/0.1% SDS for 10^20 min
(twice) at 42‡C, 0.2U SSC bu¡er/0.1% SDS for 10^20 min (twice) at
55‡C and 0.1U SSC bu¡er/0.1% SDS for 10 min at 65‡C. Membranes
were exposed to Fuji ¢lm for 2^12 h and scanned in a Molecular
Dynamics Phosphorimager (Amersham Bioscience).

3. Results

3.1. Instability of uncB
In contrast to subunits b and c, expression of subunit a was

toxic to strains C41(DE3) and C43(DE3), resulting in growth
inhibition in 2U TY medium. Subunit a was undetectable by
SDS^PAGE analysis of total cell extracts (Fig. 1A). Co-ex-
pression of a subunit as a fusion or separately in mini-operons
completely abolished the expression of genes that are nor-
mally highly expressed in the same expression system, such
as the GFP (Fig. 1B), and subunits c and b (as in Fo) (Fig.
1A). In order to understand the source of the toxicity and the
absence of the desired proteins, the levels of mRNA of the
target genes were analyzed after induction of the expression.
Northern blot analysis showed the levels of accumulation of
uncB mRNA expressed separately or in a mini-operon con-
taining the genes encoding all three membrane subunits of the
Fo domain (Fig. 2A). The levels of uncB mRNA expressed
separately were approximately half the mRNA level from
those observed in Fo (after 3 h of induction). In contrast,
uncF mRNA (subunit b) expressed in the context of Fo was
three-fold lower than the level observed when the uncF is ex-
pressed separately (Fig. 2B). Comparison between the levels of
mRNA accumulation of uncB and uncF expressed separately
suggested a source of instability inherent to uncB transcript,
which prevents high levels of uncB mRNA accumulation, de-
spite the strength of the T7 promoter.

3.2. uncB deletions and GFP fusions
In order to identify the unstable regions of uncB, we created

Fig. 1. A: Protein contents of total extracts from E. coli C41(DE3)
cells over-expressing constructs consisting of uncB (subunit a), uncF
(subunit b), uncE (subunit c) and the mini-operon uncBEF (Fo).
Portions (5 Wl, ca. 107 cells) were analyzed by SDS^PAGE. B: Pro-
tein contents of total cell extracts from E. coli C41(DE3) cells over-
expressing the fusion of uncB with the GFP or the GFP alone.

Fig. 2. Northern blot analysis of the expression of uncB (subunit a).
UncB was cloned into a pET vector, separately or in the presence
of other subunits of Fo, in the same order as in the unc operon.
RNA from cells expressing these constructs was extracted after 1,
2 and 3 h of induction. RNA was separated electrophoretically and
transferred onto HyBond membranes. A: Membranes hybridized
with a radioactive probe that recognizes uncB sequence only, ex-
posed to a photographic ¢lm and scanned. B: Membranes hybrid-
ized with a radioactive probe that recognizes uncF sequence only.
C: The normalized values for the di¡erent constructs after scanning.
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constructs corresponding to truncated forms of subunit a con-
sisting of regions 1^92, 93^171 and 172^271 (numbers refer to
the amino acid sequence) that we named n, m and c (N-ter-
minal, middle and C-terminal), respectively. Expression of
these truncated forms separately showed that the middle re-
gion of the transcript was the most unstable (Fig. 3). In no
case was protein production detectable by SDS^PAGE (Fig.
4A), and the toxicity associated with the expression of these
constructs was very high, as they caused total growth inhibi-
tion after induction. In contrast, the toxicity associated with
the expression of the C-terminal region was less severe. These
results suggest that, in addition to mRNA instability, trun-
cated forms of subunit a were also subjected to proteolytic
degradation.
We investigated the possibility of stabilizing these truncated

constructs by creating fusions with the GFP. Gene fusion with
GFP failed to stabilize the middle part of uncB mRNA (Fig.
3) and toxicity was still associated with it. However, fusion of
GFP with the C-terminal region of the uncB gene, construct
GFP^a (residues 172^271 of subunit a), resulted in a high
level of protein production (Fig. 4B). The over-produced pro-
tein was accumulated as inclusion bodies. However, a similar
result was not obtained with the fusion GFP^a(1^92), and
despite its being a high level of mRNA, very low levels of
protein were detected in SDS^PAGE (Fig. 4B), which sug-
gested that the protein was being removed by proteolytic deg-
radation.

4. Discussion

One of the most fascinating properties of the expression of
the genes in the unc operon is that it is uncoordinate [7]. Since

Fig. 3. Northern blot analysis of truncated forms of uncB. Con-
structs consisting of uncB regions encoding subunit a domains 1^92
(n), 93^171 (m) and 172^271 (c), separately and with GFP fusions
(gn, gm and gc, respectively), were expressed in E. coli C41(DE3)
cells. RNA was extracted after 1, 2 and 3 h of induction and ana-
lyzed by Northern blotting. Panel B shows normalized values (to
the highest intensity, in this case gc fusion) after scanning.

Fig. 4. Protein contents of total extracts from E. coli C41(DE3) cells
over-expressing constructs consisting of uncB regions encoding sub-
unit a domains 1^92 (an), 93^171 (am) and 172^271 (ac), separately
and (B) with GFP fusions (gan, gam and gac, respectively). Cells
were harvested 3 h after induction with IPTG, centrifuged, resus-
pended in water and concentrated 10 times. Portions (5 Wl, ca. 107

cells) were analyzed by SDS^PAGE.

Fig. 5. Membrane protein and mRNA degradation in bacterial pro-
tein over-expression systems. 1: Recombinant transcript competes
with housekeeping and other host transcripts for ribosome binding
sites. 2: Recombinant nascent protein competes for folding and
translocation machinery of host cells. Recombinant protein may
mis-fold into inclusion bodies or alternatively mis-insert into the
membrane. Ribosomes get dissociated from mRNA. 3: Unprocessed
mRNA and mis-inserted proteins are pruned to degradation.
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the sequence of the entire unc operon was published [3], a
number of studies described the post-transcriptional control
of the expression of the unc genes. This post-translational
control is exercised by the e⁄ciency of translational initiation
[11,12] and by mRNA degradation and instability [13,14]. In
other E. coli operons, such as lac [22], pap [23], mal [24] and
the puf operon of Rhodobacter capsulatus [25], di¡erential
gene expression is controlled by the e⁄ciency of translational
initiation and by degradation and segmental instability of the
mRNA.
The uncB gene encodes the a subunit, a multi-spanning

membrane polypeptide which is present in a single copy in
the mature ATPase complex. Over-expression of uncB has
been shown to cause growth inhibition of E. coli [15^17].
The inhibition was attributed to various factors, such as in-
creased protonophoric activity of the membranes [16] and
unbalanced synthesis of membrane proteins and lipids [17].
None of these studies took into account the e¡ect of
mRNA accumulation and stability in the inhibition of growth
after over-expression of subunit a. In the present study, we
have observed that the growth inhibition associated with the
over-expression of subunit a in E. coli C41(DE3) cells is re-
lated to the stability of the uncB gene, and we have found that
the a (92^171) domain carries the dominant toxic phenotype
associated with poor expression, which is in agreement with
previous studies [17].
The uncB mRNA is more susceptible to cleavage and deg-

radation than other transcripts from the unc operon [13,14],
with a number of endonucleolytic cleavage sites found in the
3P end corresponding to the C-terminal region of UncB [14].
However, in the T7-based expression system used in the
present study the level of mRNA of the C-terminal region
of subunit a (amino acid residues 172^271) is very high com-
pared with the middle region (residues 92^171). In addition,
the GFP^a(172^271) fusion protein is expressed at high level.
Therefore, the cleavage sites in the transcript encoding the C-
terminal region are not relevant and only those cleavage sites
found in the middle region may be responsible for mRNA
degradation. It has also been shown that the presence of an
intragenic ribosome-binding site in the region 246^333 bp
(encoding amino acid residues 82^112) may reduce the expres-
sion of the uncB gene, probably due to a frame-shifting that
introduces a translational false start, thus a¡ecting the num-
ber of ribosomes that complete translation of uncB, which
will, in turn, increase the sensitivity to mRNA degradation
[26]. In the present work we have shown that the uncB region
that encodes the subunit a middle domain (residues 93^171) is
the most unstable, probably because it is more sensitive to
RNA degradation. One of the most important features of
the present ¢ndings is the possibility of removing the toxicity
associated with the expression of some subunit a domains by
stabilizing uncB mRNA fragments with GFP fusions. These
GFP fusions led to high yields of protein production. In con-
trast, previous attempts to stabilize the uncB transcript with
lacZ fusions [26^28] failed to show any e¡ect on enhancing
mRNA accumulation or protein production.
In the present study, we also showed that toxicity associ-

ated with the expression of the target gene correlates with the
degradation of either its mRNA or the protein. One explana-
tion is that the folding and the insertion into the E. coli mem-
brane of the a subunit are the limiting steps for a successful
over-expression and assembly of Fo. Mis-insertion of the pro-

tein into the membrane might trigger local disruption of the
membrane, leading to the loss of impermeability towards ions
and growth arrest. As suggested previously [29,30], ribosomes
dissociate from mRNA, which then becomes more sensitive to
nucleases [11,31,32]. At the membrane site, mis-inserted pro-
tein would also be degraded (Fig. 5). In agreement with this
hypothesis, GFP fusions with fragments of the a subunit trig-
ger the protein to form inclusion bodies, which preserve the
membrane integrity of the cell, allowing a high level of protein
production.
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