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Summary

Secondary structures and the short Shine–Dalgarno
sequence in the 5�-untranslated region of bacterial
mRNAs (UTR) are known to affect gene expression at
the level of translation. Here we report the use of
random combinatorial DNA sequence libraries to
study UTR function, applying the strong, s32/s38-
dependent, and positively regulated Pm promoter as
a model. All mutations in the libraries are located at
least 8 bp downstream of the transcriptional start site.
The libraries were screened using the ampicillin-
resistance gene (bla) as reporter, allowing easy iden-
tification of UTR mutants that display high levels of
expression (up to 20-fold increase relative to the wild-
type at the protein level). Studies of the two UTR
mutants identified by a modified screening procedure
showed that their expression is stimulated to a similar
extent at both the transcript and protein product
levels. For one such mutant a model analysis of the
transcription kinetics showed significant evidence of
a difference in the transcription rate (about 18-fold
higher than the wild type), while there was no evi-
dence of a difference in transcript stability. The two
UTR sequences also stimulated expression from a
constitutive s70-dependent promoter (P1/Panti-tet), dem-
onstrating that the UTR at the DNA or RNA level has a
hitherto unrecognized role in transcription.

Introduction

The 5′-untranslated region of bacterial mRNAs (UTR) is
known to be of critical importance for mRNA translation,

and efficient translation is very important for obtaining
high levels of recombinant gene expression in both many
basic research projects and in industrial protein produc-
tion. The feature in the UTR that is believed to be
most important is the purine rich Shine–Dalgarno (SD)
sequence, which by X-ray crystallographic studies of the
mRNA bound to the ribosome has been confirmed to
interact with the 3′ end of the 16S rRNA (anti-SD) in
the 30S ribosomal subunit (Shine and Dalgarno, 1974;
Steitz and Jakes, 1975; McCarthy and Brimacombe,
1994; Makrides, 1996; Yusupova et al., 2001; Laursen
et al., 2005). In addition, the ribosomal protein S1
(Roberts and Raboniwitz, 1989; Farwell et al., 1992; Sub-
ramanian, 1992; Tzareva et al., 1994), essential for in vivo
translation in Escherichia coli (Sørensen et al., 1998), has
been shown to bind to the 11 nucleotides directly
upstream of the SD sequence (Sengupta et al., 2001).

Secondary structures can prevent initiation of transla-
tion from both correct and spurious initiation sites in
the mRNA (de Smit and van Duin, 1990), usually when
the SD sequence and/or the spacer between the SD
sequence and translational start codon is inaccessible to
the ribosomes (Spanjaard et al., 1989; de Smit and
van Duin, 1994a,b). Secondary structures in the UTR
can also prevent endonucleases from binding and
initiating degradation of the mRNA (Grunberg-Manago,
1999; Rauhut and Klug, 1999; Deana and Belasco,
2005).

Mutations near the transcriptional start site has been
shown to influence start site selection, and thereby the
expressional level (Walker and Osuna, 2002; Lewis and
Adhya, 2004). In vitro experiments have demonstrated
that RNA polymerase may produce many short (2 to ~12
nucleotides in length) abortive transcripts during initiation
because of unsuccessful promoter escape, and mutations
near the transcriptional start site has shown to influence
the abortive to productive transcription initiation ratio
(Hsu, 2002). Abortive transcripts may be an in vitro arte-
fact (Kubori and Shimamoto, 1996), but the RNA poly-
merase has to undergo promoter escape in vivo to
proceed from the initiation to the elongation phase. During
this transformation the RNA exit channel needs to be
freed, and based on X-ray crystallographic structures and
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biophysical data this involves displacement of the s3.2 loop
(transcript maximally 12 nucleotides) and release of the
contact between s4 and the RNA polymerase b-flap (tran-
script maximally 15 nucleotides) (Murakami and Darst,
2003; Paget and Helmann, 2003).

Based on the information presented above there are
many ways by which the UTR may be envisioned to affect
expression, and this indicated to us that by creating
large combinatorial mutant libraries of UTR nucleotide
sequences, its range of potential influence on gene
expression might be analysed more efficiently than by
site-directed mutagenesis and error-prone PCR, often
used in such studies (Komarova et al., 2002; 2005; Huang
et al., 2006; Park et al., 2007). Here we have specifically
chosen to study its potential to stimulate the level of
expression, because this is obviously very important in
biotechnology.

The inducible and s32/s38-dependent Pm promoter
(Marqués et al., 1999) and its cognate UTR together with
its positive regulator gene xylS have previously been inte-
grated into minimal replicon broad-host-range expression
vectors based on the RK2 plasmid (Blatny et al.,
1997a,b). To facilitate the screening for high level
expressing mutants the penicillin resistance gene (bla)
was used as a reporter. The advantage of this system is
that it allows very strong selection for enhanced expres-
sion levels by simply plating cells from the library on agar
medium supplied with a gradient of increasing levels of
ampicillin (Winther-Larsen et al., 2000). The studies led to
identification of UTR DNA sequences that strongly stimu-
late expression at the protein level (up to 20-fold), but
more surprisingly, also by enhancing the rate of transcript
formation and accumulation. We believe that these results
are of great significance, partly because they have impor-
tant consequences for the basic understanding of gene
expression, and partly because the wild-type Pm/xylS
system was previously shown to be useful for production
of recombinant proteins at industrial levels (Sletta et al.,
2004; 2007).

Results

Expression from the Pm promoter can be strongly
stimulated by mutating the DNA region corresponding to
its cognate UTR

Initially, a mutated Pm UTR library (LI) was constructed in
the corresponding part of the Pm/xylS expression cas-
sette (bla used as reporter gene) by using randomly
mutated synthetic oligonucleotides. The mutations were
introduced throughout almost the entire UTR sequence
and mutants displaying a 10-fold increase in ampicillin-
resistance levels compared with the wild type, could
easily be isolated from this library. DNA sequence analy-
sis showed that they carried three to six mutations in the

UTR DNA sequence, none of which affected the putative
SD sequence. Four examples of such mutants are indi-
cated in the legend to Fig. 1. Most of the identified
sequences had mutations near the transcriptional start
site, but as this was not always the case we wanted to
specifically investigate how sequences in the internal
parts of the UTR affect gene expression. We therefore
prepared a new mutated Pm UTR library (LII) in plasmid
pIB11 (Fig. 1), based on an oligonucleotide mixture in
which only bases more than 7 bp downstream of the
transcriptional start site were subjected to random
sequence changes. Surprisingly, clones with equally high
ampicillin-resistance levels as in LI could be identified
also from this new library. Twelve such mutants were
selected for further studies, first by sequencing their UTR
DNA sequences (LII-1 to -12), followed by new synthesis
of the corresponding oligonucleotides (both strands).
These were then exchanged with the corresponding part
from the wild-type pIB11, reconfirmed by DNA sequenc-
ing, and phenotype analysed with respect to ampicillin
resistance of the hosts, confirming identity with the origi-
nal mutants isolated. This means that the phenotypes of
the mutants are caused solely by the UTR mutations.

Cells containing pIB11 with the wild-type UTR DNA
sequence tolerated about 0.01 (uninduced) and 1 mg ml–1

(induced) of ampicillin, while the corresponding numbers
for hosts carrying pIB11 with the UTR DNA sequences
LII-1 to -12 were 0.15–0.25 and 9.5–11 mg ml–1 respec-
tively. The identified mutated sequences carried two to
five changes relative to the wild type, but some positions
remained unchanged, including the GGAGT in or close to
the putative SD sequence (Fig. 1). Certain nucleotide
positions were substituted in many of the identified
sequences, such as the A to C transversion at position
+10 (9 out of 12) relative to the transcriptional start site.
Interestingly, a majority of the mutations were A to C and
T to C substitutions, whereas no G’s had been introduced.

Gene expression can be stimulated both at the
transcript and protein product levels by mutating the
DNA region corresponding to the UTR

The very strong increases in ampicillin resistances dis-
played by the mutants containing the LII-1 to -12
sequences were assumed to be a direct result of
enhancement of b-lactamase production. An obvious
explanation could be that the transcripts produced were
more efficiently translated than the corresponding wild-
type transcripts. To investigate this we selected six of
these mutants (carrying LII-7 to -12) for further studies,
and first quantified the b-lactamase activities of the corre-
sponding host cells. The level of stimulation under
induced conditions relative to the wild-type was as high as
up to about 20-fold (LII-11; Fig. 2A), an unexpectedly high
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number taken into consideration that the wild-type system
has been shown to be capable of industrial level produc-
tion of recombinant proteins (see Introduction).

Interestingly, corresponding measurements of tran-
script amounts by quantitative real-time PCR (qRT-PCR)
showed that these levels were also very significantly

stimulated (a factor of about 7 for LII-11; Fig. 2A),
although not to the same extent as at the protein
product level. Possible explanations for these observa-
tions might be that the UTR mutations were causing the
transcripts to be less susceptible to RNA degradation,
that more efficient translation leads to protection against

Fig. 1. Map of plasmid pIB11 and mutations giving rise to stimulated expression of bla. Restriction sites shown are unique. Pm, positively
regulated promoter; xylS, gene encoding Pm activator; Apr (bla), ampicillin-resistance gene encoding b-lactamase; Kmr, kanamycin-resistance
gene; trfA, gene encoding the essential replication protein; oriV, origin of vegetative replication; oriT, origin of transfer; t, bidirectional
transcriptional terminator; rrnBT1T2, bidirectional transcriptional terminator. Details for the DNA sequences corresponding to the Pm
5′-untranslated transcript region (UTR) are displayed above the plasmid map. SD is the putative Shine–Dalgarno sequence. Nucleotides in
lowercase were randomly mutagenized. Deletion mutations are indicated by short horizontal lines. Transcriptional and translational start sites
are indicated with an arrow. The following base substitutions were identified in four selected examples from the screening of the LI library
(nucleotide numbers are indicated in the 5′ to 3′ direction). Sequence 1: A2C, C3A, A14T. Sequence 2: C3A, A10C, T12C, A14C. Sequence 3:
A2T, C3A, G6C, T12C, A14T. Sequence 4: A2T, A8G, C9T, T12C, A14T, T15A. Note that A10C is also found in nine of the 12 LII sequences
and T12C is found in four. The LI library was constructed in plasmid pLB1, which differs from pIB11 in the UTR region in that A4 has been
changed to T, and T5 to A.
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decay, or that more transcripts were formed by RNA
polymerase.

UTR DNA sequences which strongly stimulate the rate
of transcript formation independent of the promoter
could be identified

The screenings reported here were parts of a bigger effort
involving different reporter genes and screening proto-
cols, and results from these studies indicated that the
strong stimulation of the amounts of transcripts present
was difficult to explain as being the result of enhanced
stability alone (data not shown). Furthermore, a change in
the transcriptional start site was found not to be essential,
as primer extension analysis demonstrated that the start
site for Pm combined with LII-11 is identical to that of Pm
combined with the wild-type UTR (data not shown). We
therefore decided to directly address the possibility that
more transcripts might have been formed. In the screen-
ings reported here selection is directly in favour of stimu-
lated protein product formation. Mutations that putatively
stimulate transcript formation might not necessarily be
optimal for translation, and thus less optimal for maximal
protein product formation. In screening protocols with
alternative reporter genes (data not shown) we identified
UTR DNA sequences leading to an increase in protein
production which correlated with the increase in transcript
amounts. Two such UTR DNA sequences (LV-1 and LV-2)
are shown in Fig. 1. After insertion of these two
sequences in the pIB11 context, it was found that the LV-1
and LV-2 mutations caused an about equal and strong
stimulation (about 13- and 17-fold respectively) of the bla
gene expression at both the transcript and protein product

levels (Fig. 2B). This observation might mean that the
process of transcript formation has become stimulated by
the mutations, leaving the efficiency of translation per
transcript more or less unaffected. Alternatively, the muta-
tions have resulted in the production of a more stable
transcript, so that the observed accumulation is the result
of reduced decay rates.

To distinguish between the hypotheses described
above we constructed a transcriptional fusion between
the bla gene and a sequence encoding a tRNA (tRNAArg5)
such that both genes become expressed as one single
transcript from plasmid pRL11 (Fig. 3). The rationale
behind this is that the tRNAArg5 part is essentially stable,
so that any stimulation of bla transcription would also lead
to an increase in the tRNAArg5 formation (Lopez et al.,
1994). In contrast, if the increase in bla transcript accu-
mulation is caused by enhanced mRNA stability one
would expect essentially no increase in the amounts of
tRNAArg5. To test this we used plasmid constructs that
were identical, except that the UTR DNA sequence was
the wild-type (pRL11), LV-1 or LV-2. It was again, as
expected, found that the ampicillin-resistance levels of the
corresponding host cells were much higher for cells con-
taining the mutated UTR DNA sequences compared with
those containing the wild-type sequence. Quantitative
real-time PCR was then used to compare the amounts of
bla and tRNAArg5 transcripts (Fig. 4). The amounts of bla
transcript were strongly increased (about 11-fold) in the
cells containing the LV-1 or LV-2 sequences, relative to
those containing the wild-type sequence, as expected.
More interestingly, the amounts of tRNAArg5 had also
increased about eightfold. Based on the assumption that
the tRNAArg5 part is essentially stable, this appears to

Fig. 2. b-Lactamase activity (grey) and bla transcript (white) amounts for pIB11 with the UTR DNA sequences LII-7 to LII-12 (A) and LV-1 and
LV-2 (B) relative to the wild type, expressed in E. coli DH5a. The values are the average of at least two biological recurrences, and the error
bars show the deviation between them. Wild-type values are arbitrarily set to 1.
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confirm that the UTR mutations have resulted in a large
increase in the amounts of transcript formed by the RNA
polymerase.

As understanding of the parameters controlling the
levels of gene expression is obviously of very general
importance in biology and biotechnology, we wanted to
confirm the conclusion above by an alternative and inde-
pendent type of experiment. To achieve this we studied
the kinetics of transcript induction from time zero, imme-
diately before the inducer is added, and up to the point
where transcript accumulation had ceased. If the rate of
bla transcript formation is increased in the cells containing
the mutated UTR sequence, one would expect the kinet-
ics of accumulation to be faster in the mutant strain than
in the wild type from just after induction and continuously
up to an equilibrium state where no further accumulation
per unit of cell mass would take place. In contrast, if the
observed transcript amounts were the result of enhanced
transcript stability, one would expect the rates of accumu-
lation to be similar at early stages after induction, while
accumulation would continue for much longer time for the
strain containing the mutated UTR sequence than for the
strain with the wild-type sequence. We found that qRT-

Fig. 3. Map of plasmid pRL11. The DNA sequence in the region of the fusion between bla and tRNAArg5 genes is displayed above the plasmid
map. The tRNAArg5 DNA sequence is reported elsewhere (Lopez et al., 1994). For further details see the legend to Fig. 1.

Fig. 4. bla (white) and tRNAArg5 (black) transcript amounts for
pRL11 with UTR DNA sequence LV-1 and LV-2 relative to the wild
type, expressed in E. coli DH5a. The error bars show the deviation
between three technical recurrences. Wild-type values are
arbitrarily set to 1.
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PCR was a very good and reproducible method to quan-
tify the kinetics of transcript accumulation. By comparing
the accumulation of the bla transcript from cells with
plasmid pIB11 (wild-type UTR) and the corresponding
plasmid containing the LV-2 UTR, a very clear conclusion
could be drawn (Fig. 5). The transcript accumulation rate
is significantly higher for the strain with the LV-2 UTR
compared with the strain with the corresponding wild-type
sequence, with an approximately 14-fold higher final
accumulation of transcript, consistent with previous esti-
mates (Fig. 2B). However, the time required to reach the
point where accumulation levels off is nearly identical
(approximately 20 min). Transcript levels are a balance
between transcription rate and decay of individual tran-
scripts, the latter determining the time scale for equilibra-
tion after promoter induction. Thus, the similar time scales
for transcript level equilibration strongly suggests that
transcript stability is similar in these two constructs. This
was further analysed by fitting a simple model for tran-
script accumulation (see Supporting Information), where

we found no evidence for a difference in transcript stability
(P > 5%), average lifetime 10 min, but found a highly sig-
nificant increase (P < 1%), by at least 18-fold, in the tran-
scription rate in the LV-2 UTR strain. Thus, this kinetics
analysis provides strong evidence that the rate of tran-
script formation has increased, and the results of
this experiment are consistent with the tRNAArg5 fusion
experiment.

Both the wild type and the mutant strain display a short
delay in transcript accumulation (from 0 to 1 and about
5 min respectively) (Fig. 5). The explanation for this is not
known but may simply be due to the combined time
needed for sufficient inducer influx into the cells and full
activation of the components involved in Pm activation.

Furthermore, to eliminate the possibility that the wild
type and the LV-2 mutant have different transcriptional
start sites, we decided to determine it experimentally. The
outcome of these studies showed that the start site is
identical in both constructs, also consistent with earlier
findings (Ramos et al., 1987; Domínguez-Cuevas et al.,

Fig. 5. Kinetics of bla transcript accumulation for pIB11 with wild-type (intact line) or LV-2 (dashed line) UTR DNA sequence, expressed in
E. coli DH5a. Samples were collected at time points 0, 1, 3.5, 5, 10, 15, 20 and 60 min. Inducer was added immediately after the first sample
(time zero) was collected. The bla transcript amounts are relative to the wild-type at time zero, and the wild-type value at 60 min is arbitrarily
set to 1. Error bars show the deviation between two biological recurrences. The relative transcript amounts immediately before onset of
induction (time zero) for cells containing the wild-type and LV-2 UTR DNA sequence are 0.02 and 0.04 respectively. The bla transcript kinetic
curve for the cells containing the wild-type UTR DNA sequence is magnified in the inserted section.
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2005) as indicated in Fig. 1. The possibility that RNA
polymerase selects a new start site in the LV-2 mutant can
thus be excluded.

Finally, to test if the transcription stimulation displayed
by the two LV DNA sequences is independent of
the promoter, we replaced the Pm promoter (s32/s38-
dependent) in plasmid pIB11 with the constitutive s70 pro-
moter P1 (generating plasmid pLB9). The UTR sequence
in pLB9 was then substituted with those of LV-1 and LV-2.
Phenotypic characterization of the resulting mutant cells
showed that the ampicillin-resistance levels were about
10-fold higher than that of the corresponding wild-type
(pLB9). This strongly indicates that the LV-1 and LV-2
sequences can stimulate transcription from very different
types of promoters.

Based on the results reported here we conclude that
the UTR itself and/or the DNA region corresponding to it
are of critical importance for the process of transcription.
This conclusion appears to have important consequences
for the basic understanding of gene expression in general,
and also for recombinant protein production in research
and industry.

Discussion

The data presented in this paper illustrate the complexity
of understanding the role the UTRs and their correspond-
ing DNA sequences play in determining gene expression
at the transcript and protein levels. Taking into consider-
ation the very extensive research that has been ongoing
in this field for several decades it may seem surprising
that the effects reported here have not been discovered
earlier. We believe that this can partly be explained by
the more recent methodological improvements allowing
more precise transcript level quantifications, and efficient
random mutant library constructions combined with a very
strong positive screening system (level of host resistance
to ampicillin).

The UTR DNA sequences identified in the LII library are
characterized by a strong stimulation at both the transcrip-
tional and translational levels (Fig. 2A), while those
derived from the LV library stimulate mainly by enhancing
the rate of transcription (Figs 2B, 4 and 5). We believe that
this difference can be explained by analysing how the
screening system works. The LII DNA sequences were
identified based on the highest possible level of protein
product (b-lactamase). This is not necessarily achieved by
maximizing transcription, because the mutations might at
the same time also affect translation or transcript stability,
potentially negatively. Thus, maximum protein output may
be achieved through a compromise between transcrip-
tional and translational stimulation, possibly also including
transcript stability. This compromise might be reached by
a dominating transcriptional stimulation (as seen for LV-1

and LV-2), a dominating translational stimulation, or a
mixture of both (LII mutants).

Even though the design of the screening system can
to a great extent explain why the particular phenotypes
were selected the underlying molecular mechanisms are
far less clear. It is well known that translation is affected
by the UTR, and the main focus in the literature has
been on the importance of the SD sequence and of sec-
ondary structures which may or may not involve parts
of the coding sequence. Concerning the translational
effects observed with the mutants from the LII library it
was interesting to note that the mutations did not affect
the putative SD sequence, and in addition we were
unable to detect any correlations with putative secondary
structures eliminated or established by the mutated
UTRs. Furthermore, the assumed preference for A and
T/U in UTR to diminish secondary structures (Laursen
et al., 2005) does not agree with the high number of
nucleotide substitutions in which C had been introduced.
Based on these results we therefore believe that the role
of the entire UTR sequence context in the control of
gene expression levels through translational effects is
more complex than previously anticipated, possibly due
to subtle interactions with parts of the components in the
ribosome. This hypothesis may potentially be studied in
more detail by in vitro binding and translational studies
involving the entire ribosome or parts of it, like the S1
protein (see Introduction).

The strong stimulation of transcript levels derived from
all the mutated UTR DNA sequences reported here, but
most clearly the sequences originating from the LV library
were surprising, and illustrate that the transcriptional
process can be strongly stimulated by changing bases
quite far downstream of the transcriptional start site in the
DNA region corresponding to the UTR. The mechanisms
underlying this is not clear, but it seems tempting to
speculate that the effects could be caused by a more
rapid transition from closed to open transcription initiation
complex and/or a faster promoter escape by RNA poly-
merase. The DNA sequence from –11 to +20 occupies the
active-channel in both the first kinetically significant inter-
mediate in RNA polymerase open complex formation and
in the RNA polymerase open complex itself, based on
real-time hydroxyl radical (•OH) and potassium perman-
ganate (KMnO4) footprints (Davis et al., 2007). During the
subsequent promoter escape, the RNA polymerase has to
undergo major structural changes, including the displace-
ment of the s3.2 loop to free the RNA exit channel when the
transcript is maximally ~12 nucleotides in length (see
Introduction). In both of these processes there are con-
tacts between the RNA polymerase and the DNA region
corresponding to the UTR. In addition, during the pro-
moter escape the UTR itself might influence the clearing
of the RNA exit channel.
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Based on the results reported here we conclude that the
UTR and/or the DNA region corresponding to it have a
significantly more complex role in affecting gene expres-
sion than previously realized, through a hitherto unrecog-
nized effect on transcript formation. In addition, the entire
UTR sequence, and not only the SD sequence, seems
to play an important role in the translational process.
The underlying mechanisms behind these effects are
unknown, but it appears likely that the answers will have to
be found by gaining deeper insights into the process of
promoter escape in vivo, and in the complex interactions
that take place between the UTR and the ribosome during
translation.

Experimental procedures

Bacterial strains, plasmids and growth media

Escherichia coli DH5a (Bethesda Research Laboratories)
was used as host, except for in the construction and screen-
ing of the mutated Pm UTR library, where E. coli Gold
(Stratagene) was used.

pJT19bla (Winther-Larsen et al., 2000) represents the
origin for the plasmid constructs used in this work, and is a
RK2-based expression vector containing the Pm/xylS
expression cassette with the ampicillin-resistance gene, bla,
as the reporter gene for Pm. Plasmid pIB11, used for con-
struction of the mutated Pm UTR library, is a pJT19bla
derivative with a XbaI/MunI fragment containing the
rrnBT1T2 (transcriptional terminator) (Santos et al., 2001)
cloned into the same sites of pJT19bla, an AflIII restriction
site introduced upstream of the Pm promoter, and a
BspLU11I restriction site inserted downstream of the Pm
transcriptional start site (Fig. 1). pRL11 (Fig. 3) is a pIB11
derivative, and its construction required a large number of
steps that are described in Supporting Information. The
differences between pRL11 and pIB11 consist in an altered
DNA sequence directly upstream of the unique BamHI
restriction site in pIB11, including the insertion of a SalI site,
and the deletion of approximately 150 bp directly down-
stream of the translational stop codon of the bla gene in
pIB11. The tRNAArg5 gene is cloned into the BamHI and
thus transcriptionally fuses bla and tRNAArg5 (Fig. 3). The
tRNAArg5 gene was PCR amplified from plasmid pMAMA5-
Arg5 (Lopez et al., 1994) by using the primer set
5′-CAGTAATTTCGAGGATCCGCATTGTC-3′ and 5′-AAGG
ATCCGCGCGCGACCA-3′. Plasmid pLB9 is a pIB11 deriva-
tive with a BglII/BspLU11I fragment containing the P1 (also
known as Panti-tet) promoter (Brosius et al., 1982) cloned into
the same sites of pIB11. The P1 promoter was PCR ampli-
fied from plasmid pPK34 (Karunakaran et al., 1998) by
using the primer set 5′-AGCCTATGCCTAGATCTTCCAGG
GTGACG-3′ and 5′-TATCATCGATAACATGTAATGCGGTA
GT-3′.

Cells were grown in L broth (10 g l–1 tryptone, 5 g l–1 yeast
extract, and 5 g l–1 NaCl) or on L agar (L broth with 15 g l–1

Agar) at 37°C, except for in expression studies, where 30°C
was used. Kanamycin (50 mg ml–1) was used as a marker for
establishment of the mutated Pm UTR libraries and the

Pm/xylS inducer, m-toluate, was always used at a concen-
tration of 2 mM.

Standard DNA manipulations

Transformations of E. coli were performed with a modified
RbCl protocol (http://www.promega.com) in cloning ex-
periments. WizardPlus SV minipreps DNA purification kit
(Promega) or Qiagen plasmid midi kit (Qiagen) were used for
plasmid DNA purifications. Enzymatic manipulations were
performed as described by the manufacturers. PCR reactions
were performed using the Expand high fidelity PCR system kit
(Boehringer Mannheim) for cloning purposes, the polymerase
DynazymeII (Finnzymes) for generation of templates for DNA
sequencing, and Quickchange II site-directed mutagenesis kit
(Stratagene) for site-directed mutagenesis. PCR templates
were treated with the enzyme mixture ExoSapIt (USB) prior to
DNA sequencing. Sequencing reactions were performed with
the ABI PRISM BigDye sequencing kit (Applied Biosystems),
and analysed using an Applied Biosystems 3130 XL DNA
sequencing machine (Applied Biosystems).

Construction of the mutated Pm UTR libraries

Ampicillin-resistance levels of host cells containing a
plasmid-encoded b-lactamase gene (bla) is approximately
proportional to the copy number of the plasmid (Uhlin and
Nordström, 1977), reflecting enhanced expression due to
increased gene dosage. Thus, ampicillin resistance can be
used to estimate changes in the Pm UTR activity. The
pJT19bla derivative pIB11 was used for constructing the
mutated Pm UTR library, with the bla gene as a reporter of
Pm activity. A kanamycin-resistance gene allows for plasmid
selection, avoiding that Pm expression levels (ampicillin
resistance) affect the composition of the UTR libraries.
Construction of the LII library was performed according to
the procedure previously described (Winther-Larsen et al.,
2000), with the exception that the oligonucleotides were
designed to constitute a double-stranded DNA fragment con-
taining the Pm UTR and with BspLU11I- and NdeI-compatible
ends when annealed, for subsequent easy cloning into the
pIB11 vector. One of the oligonucleotides corresponded to
the wild-type Pm UTR sequence (5′-TATGTTCATGACTC
CATTATTATTGTA-3′), and the oligonucleotide corresponding
to the complementary strand was randomly mutagenized
by the use of a mixed oligonucleotide solution (5′-
CATGT1211411411433134214311CA-3′, where the numbers
in sequence indicate the doping percentages of the nucle-
otides: 1 = 70% A, 10% C, G and T; 2 = 70% C, 10% A, G and
T; 3 = 70% G, 10% A, C and T; 4 = 70% T, 10% A, C and G).
Approximately 25 000 transformants were obtained, mixed
and used as a library (library LII). The LV library was con-
structed in a similar way by using the same oligonucleotide
mixture, but the plasmid construct used in the original screen-
ing had a different history (see Supporting Information).

Screening for mutated UTR sequences leading to
stimulation of expression from the Pm promoter

Screening for mutated Pm UTR sequences resulting in
increased ampicillin-resistance levels was performed
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according to the procedure previously described (Winther-
Larsen et al., 2000). The sequences of the Pm UTRs were
determined for the selected high level expression candidates
using the sequencing primer 5′-CTATCAAACCGGACA
CGTTTATCGTGGTTATGC-3′. PCR products generated
with the primers 5′-CTTTCACCAGCGTTTCTGGGTG-3′ and
5′-GATGTAGAAAGGCGCCAAGTC-3′ were used as tem-
plates for the sequencing reactions. All mutants reported
under Results were reproduced by cloning annealed newly
synthesized oligonucleotides with the mutations identified in
the original isolates. The reproduced mutants were also con-
firmed by DNA sequencing, as described above.

b-Lactamase assay

Growth of strains and b-lactamase assay were performed
according to the procedures previously described (Winther-
Larsen et al., 2000). All enzyme activity analyses were
repeated at least twice, and measurements were carried out
with minimum three technical recurrences.

RNA isolation, cDNA synthesis, and transcript
quantification by qRT-PCR

Strains were grown as previously described (Winther-Larsen
et al., 2000). Cell cultures were stabilized with RNAprotect
(Qiagen) prior to freezing and RNA was isolated from the
frozen cell pellets using the RNAqeous kit (Ambion) as
described by the manufacturers. The RNA preparations were
treated with DNase (DNA-free, Ambion) and cDNA was pro-
duced from 3 mg total RNA as template using the First-Strand
cDNA synthesis kit (Amersham Biosciences) with random
pd(N)6 primers as described by the suppliers. Two-step qRT-
PCR with the power SYBR green PCR master mix (Applied
Biosystems) in a 7500 Real Time PCR System instrument
(Applied Biosystems) was used for quantification of bla and
tRNAArg5 transcripts. PCR cycles were 95°C for 10 min, fol-
lowed by 40 cycles of amplification (95°C for 15 s; 60°C for
1 min) except for the bla and tRNAArg5 fusion experiment were
the PCR cycles were 95°C for 10 min, followed by 40 cycles
of amplification (95°C for 15 s; 47°C for 1 min). Results were
analysed using 7500 system software v1.3, and data were
normalized by the 2^DDCT method (Livak and Schmittgen,
2001). Primers were designed using the primer express soft-
ware (Applied Biosystems). Primer pairs used for transcript
quantification were 5′-ACGTTTTCCAATGATGAGCACTT-3′
and 5′-TGCCCGGCGTCAACAC-3′ for bla, and 5′-GTCC
TCTTAGTTAAATGG-3′ and 5′-AGGAATCGAACCTGC-3′ for
tRNAArg5. A fragment from the kanamycin-resistance gene
(primer pair 5′-TACCTTTGCCATGTTTCAGAAACA-3′ and
5′-AATCAGGTGCGACAATCTATCGA-3′) or the 16S rRNA
gene (primer pair 5′-ATTGACGTTACCCGCAGAAGAA-3′
and 5′-GCTTGCACCCTCCGTATTACC-3′) was used as a
normalizer. The normalizer genes gave nearly identical
results.

Transcriptional start site determination

The transcriptional start site was determined for the pIB11
construct containing the wild-type or LV-2 DNA sequence by

generating 5′-RACE-Ready cDNA from 100 mg ml–1 of
total RNA (isolated as described above) by SMART RACE
cDNA amplification kit (Clontech). Takara Bio’s PrimeScript
(Clonetech) was used as reverse transcriptase. cDNA was
purified by QIAquick PCR purification kit (Qiagen), and used
as a template in the subsequent PCR step. 5′-RACE PCR
reaction was carried out with SMART universal primer mix,
the bla gene specific primer 5′-CTTTCACCAGCGTTTCTG
GGTG-3′, and Expand high fidelity PCR system kit (Boe-
hringer Mannheim). Single PCR product was excised from
gel, purified by QIAquick gel extraction kit (Qiagen) and TA
cloned by using the PCR cloning kit (Qiagen). Selected
clones from the resulting constructs were subjected to
sequencing (Eurofins MWG Operon) by using the M13 uni
(-21) 5′-TGTAAAACGACGGCCAGT-3′ as sequencing
primer.
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Fig. S1. Simulation of mRNA concentration after induction at
t = 0.
Fig. S2. Time series with transcript levels rescaled between
0.1.
Fig. S3. Fits of the recovery to time points 3.5 min and above.
Fig. S4. Simulation of mRNA concentration after induction at
t = 0 with a model for a finite time for the inducer activity.
Table S1. Model fit and parmeter estimates.
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