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The inducible Pm promoter integrated into broad-host-range plasmid RK2 replicons can be fine-tuned contin-
uously between the uninduced and maximally induced levels by varying the inducer concentrations. To lower the
uninduced background level while still maintaining the inducibility for applications in, for example, metabolic
engineering and synthetic (systems) biology, we report here the use of mutations in the Pm DNA region corre-
sponding to the 5’ untranslated region of mRNA (UTR). Five UTR variants obtained by doped oligonucleotide
mutagenesis and selection, apparently reducing the efficiency of translation, were all found to display strongly
reduced uninduced expression of three different reporter genes (encoding B-lactamase, luciferase, and phospho-
glucomutase) in Escherichia coli. The ratio between induced and uninduced expression remained the same or higher
compared to cells containing a corresponding plasmid with the wild-type UTR. Interestingly, the UTR variants also
displayed similar effects on expression when substituted for the native UTR in another and constitutive promoter,
PI (P,,..), indicating a broad application potential of these UTR variants. Two of the selected variants were used
to control the production of the C, carotenoid sarcinaxanthin in an engineered strain of E. coli that produces the
precursor lycopene. Sarcinaxanthin is produced in this particular strain by expressing three Micrococcus luteus
derived genes from the promoter Pm. The results indicated that UTR variants can be used to eliminate sarcina-
xanthin production under uninduced conditions, whereas cells containing the corresponding plasmid with a

wild-type UTR produced ca. 25% of the level observed under induced conditions.

The initially used methods of deleting or overexpressing
genes have been demonstrated to be inadequate for many
applications in metabolic engineering (21, 31, 32). For exam-
ple, when the goal is to optimize the expression level of a
desired protein by engineering the relevant metabolic pathway,
it might be necessary to change the expression of multiple
enzymes simultaneously and to different levels (30, 38). Also,
reducing the formation of particular by-products can increase
the flux of the desired product (29). In addition, low basal
expression is critical for applications such as the expression of
toxic genes, metabolic engineering, and control analysis (2, 14,
27, 34). This has led to an increased focus on development of
genetic tools to fine-tune gene expression to the desired levels.
A commonly used strategy is to make so-called promoter li-
braries of constitutive promoters (1, 15, 17). Such promoters
seem to be preferred over the corresponding inducible ones for
industrial scale productions because of factors such as inducer
costs, sensitivity to inducer concentration, and heterogeneity of
expression caused by an all-or-none effect of induction (1, 19).
However, the all-or-none induction effect may be eliminated if
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the inducer enters the cell interior by passive diffusion (20).
Thus, regulatable promoter systems that eliminate as many
problems as possible associated with their use are important
tools, particularly considering the recent growing interest in
systems and synthetic biology.

The broad-host-range XylS/Pm-positive regulator/promoter
system (originating from the TOL plasmid [pWWO)] of Pseu-
domonas putida) was previously in our laboratory inserted into
a set of broad-host-range expression vectors (pJBn), together
with the RK2 minimal replication elements ori}” (origin of
vegetative replication) and #f4 (encodes replication initiation
and copy number control protein) (6, 7). The expression level
from the 02- and o°*%-dependent Pm promoter (26) can easily
be varied by the specific benzoate derivative used as inducer
(enters the cells by passive diffusion) and the concentration of
it (33, 42). Further modifications of expression can be obtained
by varying the vector copy number via mutations in #rf4. This
vector system has been used successfully in our group for
metabolic engineering purposes in Pseudomonas fluorescens (4,
13) and also in combination with another newly developed
expression system (40). Finally, one of the pJBn expression
vectors has been shown to give rise to production of industrial
levels of several recombinant proteins in Escherichia coli (36,
37). Recently, we have found that the bla gene (encoding
B-lactamase) expression from the Prm promoter can be strongly
stimulated in E. coli (up to 20-fold at the protein product level)
by introducing mutations at the DNA level in its cognate 5’
untranslated region (UTR) (5). The inducible promoter phe-
notype was intact in all of the UTR variants.
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FIG. 1. Downregulating UTR sequences identified in DI library (pIB11), and map of the plasmid pIB11. Putative Shine-Dalgarno sequences
are indicated by “SD”. Identical bases are indicated by dots, and deletions are indicated by dashes (DI-11). Transcriptional and translational start
sites are indicated with arrows, and bases subjected to mutagenesis are shown in lowercase. Features of the plasmid are shown in the map below
the sequences. The indicated restriction enzyme sites are unique. bla, gene encoding B-lactamase; Km", kanamycin resistance gene; #f4, gene
encoding the essential replication protein; xylS, gene encoding the transcriptional activator of the Pm promoter; oril, origin of vegetative
replication; oriT, origin of transfer; ¢, bidirectional transcriptional terminator.

The purpose of these earlier studies was to maximize protein
expression, but we report here on a study of UTR variants that
can be used to downregulate the uninduced gene expression
level of different reporter genes both from Pm without losing
inducibility and also from the constitutive P/ promoter. The
variants could also, in contrast to wild-type Pm, be used to
tightly control the metabolic flow in the pathway, leading to
synthesis of the carotenoid sarcinaxanthin.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. E. coli DH5a (Bethesda
Research Laboratories) was used as a host, except for in the construction and
screening of the DI UTR library and for heterologous production of carotenoids
E. coli Gold (Stratagene) and E. coli XL1-Blue were used, respectively. All of the
plasmid constructs used in the present study bear the same backbone, consisting
of a RK2-based minimal replication system in which the xylS/Pm expression
cassette has been integrated. The vectors used in the expression studies vary
either with respect to the gene to be expressed (bla in plasmid pIB11 [5], celB in
pLB11, and luc in pKT1) or to the promoter used (PI, also known as P,,,;.., [9])
in pLB9. Details on the growth conditions and plasmid constructions can be
found in the supplemental material.

Standard techniques. Plasmid isolation, enzymatic manipulations of DNA,
and agarose gel electrophoresis were performed by the methods described else-
where (35). The QIAquick gel extraction kit and QIAquick PCR purification kit
(Qiagen) was used for DNA purifications from agarose gels and enzymatic
reactions, respectively. A modified RbCl protocol (Promega) was used for trans-
formations of E. coli in cloning experiments. PCR for cloning and amplified
fragment length identification was performed by using the Expand High-Fidelity
PCR-system (Roche Applied Science) and Dynazyme II (Finnzymes), respec-
tively. Information on the primers used for PCR and DNA sequencing is given
in the supplemental material.

Construction and screening of the UTR libraries. The DI library (consisting of
about 22,500 transformants) was constructed in plasmid pIB11. The oligonucleo-
tides used to construct the libraries consisted of the wild-type sequence and the
complementary strand that was made by synthesis of randomly doped synthetic

oligonucleotide mixture. The doping percentages of the nucleotide mixture were
set to 76% of the wild-type nucleotide and 8% for each of the three others.
Further details on the library construction can be found elsewhere (3, 5).

RNA isolation, cDNA synthesis, DNase treatment, and two-step qRT-PCR.
Transcript amounts were determined by two-step quantitative real-time PCR
(qRT-PCR). For further details, see the supplemental material.

Enzyme assays. Luciferase assays were performed by using the Luciferase
Assay System (Promega) according to the manufacturer’s protocol. Luciferase
activity was measured with the GloMax 20/20 Luminometer (Promega). Phos-
phoglucomutase activities were measured as described previously (12). For all
enzyme assays, measurements were carried out at least with two biological and
three technical replicas.

Western blotting. SDS-PAGE was carried out according to the method of
Laemmli (22), using 12% Tris-HCI Ready Gel (Bio-Rad). For further details, see
the supplemental material.

Carotenoid analysis. Carotenoids produced by recombinant E. coli strains
were extracted from liquid cell cultures and analyzed by liquid chromatography-
mass spectrometry (LC-MS) analysis as described elsewhere (28).

RESULTS AND DISCUSSION

The expression level from Pm can be strongly reduced by
mutating the UTR DNA region flanking the Shine-Dalgarno
sequence. It is well established that mutations located near the
transcriptional start site may affect expression at the transcrip-
tional level and that the Shine-Dalgarno sequence is important
for translational efficiency (8, 23, 24, 41). In our previous stud-
ies we found that nucleotide substitutions in the remaining
parts of the UTR can also strongly affect expression (5), and
for the study reported here we constructed a new UTR mutant
library (designated DI, Fig. 1) in which the nucleotides close to
the transcriptional start site and the Shine-Dalgarno sequence
were not mutagenized. Plasmid pIB11 (Fig. 1) was used for the
library construction, and B-lactamase was used as a reporter to
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FIG. 2. Ampicillin resistance levels (under uninduced [Z] and induced [M] conditions) and bla transcript amounts ([J) for the DI UTR variants
in plasmid pIB11 (a) and pLB9 (c). (b) Western blot analysis of B-lactamase production from the strains used in panel a. The values in panels a
and c are the average of at least two biological replicas, and the error bars indicate the standard deviations. Transcript amounts are normalized

against the wild-type value, arbitrarily set to 100.

easily detect variation in expression levels. E. coli DHS« cells
containing pIB11 (wild-type UTR) were found to grow on agar
medium supplemented with maximally about 750 wg of ampi-
cillin/ml under induced conditions. From a total of 4,773 ran-
domly picked clones (colonies on agar medium supplied with
kanamycin), 11 (DI-1 to -11, Fig. 1) were finally selected, based
on their ampicillin resistance phenotypes and DNA sequences
(see the supplemental material for further details concerning
the selection). The corresponding UTR oligonucleotides were
resynthesized, cloned into pIB11, and reconfirmed by DNA
sequencing and phenotype analyses. Each variant carried two
to five point mutations, and a total of 26 different substitutions
were identified, involving 14 of the 18 bases in the wild-type
mutagenized sequence.

UTR mutations seem to mostly act by reducing the transla-
tional efficiency. Five (DI-1, -3, -4, -7, and -8) of the 11 variants
described above were subjected to further detailed studies. The
maximum ampicillin tolerance levels of the E. coli DH5«a host
cells containing the corresponding plasmids were found to vary
from 10 (pIB11-DI-3) to 60 pg/ml (pIB11-DI-6) under induced
conditions, and under uninduced conditions none of the clones
grew in the presence of 5 pg of ampicillin/ml on agar media
(Fig. 2a), in contrast to cells containing pIB11 (wild-type
UTR). Therefore, based on these results, it seemed clear that
the variants have kept their inducible phenotypes, even though
the exact uninduced maximal ampicillin resistance levels of
them could not be determined because the background toler-
ance of the host cells themselves is too close to 5 pg/ml. Direct

measurements of the B-lactamase activities were not feasible
due to the relatively low sensitivity of the enzyme assay. There-
fore, Western analysis was performed with B-lactamase anti-
body, and the results indicated that the ampicillin resistance
results were consistent with the band intensities on the mem-
brane (Fig. 2b).

If the mutations in the UTR are mainly leading to a reduc-
tion of the efficiency of translation, one would predict that the
amounts of transcript might not be reduced to an extent com-
parable to that of the protein level. To investigate this, we
directly measured the bla transcript levels for the selected five
UTR variants by qRT-PCR and found that the amounts of
accumulated bla mRNA varied between 43% (pIB11-DI-7)
and 79% (pIB11-DI-8) of the wild-type quantity (Fig. 2a).
These results are thus consistent with the hypothesis that the
observed reduction of expression at the protein level is mainly
the result of reduced translational efficiency.

UTR mutations also downregulate the expression level of
two other tested reporter genes. The effects of the mutations in
the UTR could be envisioned to display some gene depen-
dency due to interactions with the coding sequence of the gene
to be expressed. To monitor this, we substituted the bla gene
with luc (encoding luciferase originating from Photinus pyralis,
plasmid pKT1) and then measured the corresponding expres-
sion levels from plasmids containing each of the UTR variants
DI-1, -3, -4, -7, and -8 in E. coli DH5« under induced condi-
tions (Fig. 3). All of the DI variants resulted in a very strong
reduction of expression at the protein levels ranging from 0.4%
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FIG. 3. Luciferase activities (ll) and luc transcript amounts ([]) for the DI UTR variants in plasmid pKT1 under induced conditions. The values
are the average of at least two biological replicas, and the error bars are standard deviations. Both enzyme activities and transcript amounts are

relative to the wild-type value, arbitrarily set to 100.

(pKT1-DI-3) to 11% (pKT1-DI-8) of the value obtained with
pKT1 (wild-type UTR), while the corresponding accumulated
transcript levels were found to range from 36% (pKT1-DI-3)
to 58% (pKT1-DI-8) relative to pKT1 (wild-type UTR). It
could therefore be concluded that the mutations in the UTR
give rise to similar effects on the expression level of both luc
and bla, further supporting the hypothesis that the UTR mu-
tations primarily act by negatively affecting the translational
efficiency in an apparently gene-independent manner.
Previously, we have found that the phosphoglucomutase
gene celB (originating from Acetobacter xylinum, now Glu-
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conacetobacter hansenii) can be expressed at unusually high
levels from the wild-type XylS/Pm system in E. coli and other
Gram-negative bacteria (7). celB was therefore used as a final
reporter test gene to study the effect of the UTR variants on
expression. The wild-type UTR DNA sequence in pLB11 was
substituted by each of the UTR variants DI-1, -3, -4, -7, and -8,
and the CelB protein activity levels of the corresponding E. coli
DH5a host cells under induced Pm conditions were measured.
Surprisingly, no CelB activity could be detected from any of the
recombinant strains. The corresponding celB transcript levels
were determined by qRT-PCR (Fig. 4a), and they were dra-
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FIG. 4. celB transcript amounts ([J) for the DI UTR variants in plasmid pLB11 (a) and celB ([]) and tRNA”™ (E3) transcript amounts for the
plasmid pLB11Arg5 with the DI-7 sequence (b), relative to the wild type under induced conditions. The wild-type values are arbitrarily set to 100.
The values are the average of at least two biological replicas, and the error bars indicate the standard deviations.
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matically reduced for all five UTR variants tested, in contrast
to what was observed with the bla and luc reporter genes (see
above). celB therefore represents an example of a gene
responding in a different way (compared to bla and luc) to
the variant UTR sequences, although these gene-specific
effects mainly appear to act at the transcriptional level. We
also found it intriguing that the effects were similar for all of
the UTR variants. If they were somehow caused by an in-
teraction between the UTR and the celB gene coding se-
quence, one would not expect a similar response for all of
the UTR variants.

The gene-specific reduction of celB transcript accumulation
caused by mutations in the UTR is probably the result of
enhanced Rho-dependent transcriptional termination. In the
absence of translating ribosomes, transcripts are potentially
more susceptible to degradation (11), and we therefore rea-
soned that the proposed drastic reduction of translational ef-
ficiency by the UTR mutations might somehow selectively lead
to rapid degradation of ce/lB mRNA. Since any gene-specific
effect of the UTR variants could potentially become important
in their future applications, we decided to study the somewhat
unexpected specific effects on celB transcript accumulation in
more detail. For this purpose, we used a method that involves
fusion of the gene of interest (in this case celB) to a tRNA gene
(encoding tRNA“"#%) in such a way that both genes become
expressed as one single transcript (generating plasmid
pLB11ArgS). This experiment has been used previously by us
for a related problem (5) and is based on the assumption that
the tRNA”™ part of the mRNA is essentially stable in vivo
(25). Thus, even a drastic increase in the celB transcript turn-
over should not negatively affect the accumulation of the
tRNA“'23 part of the transcript. The phosphoglucomutase ac-
tivities and accumulated celB transcript levels under induced
conditions of E. coli DHS5a cells containing the plasmid
pLB11Arg5 were found to be similar to those containing
pLB11 (data not shown). The wild-type UTR DNA sequence
of the plasmid pLB11Arg5 was then substituted with the cor-
responding DI-7 sequence, and the accumulated celB and
tRNA“"8 transcript levels were determined by gRT-PCR and
compared to the corresponding values from the pLB11Arg5
(Fig. 4b). These experiments clearly demonstrated that the
accumulated tRNA™ transcript level was also strongly re-
duced in the presence of the DI-7 mutations (reduced to ca.
2% compared to the wild type), indicating that transcription of
celB is inefficient or aborted prior to full-length synthesis. If so,
one would also conclude that mRNA instability is probably not
the primary cause of the selective reduction of transcript ac-
cumulation for the celB transcripts.

It is known that the absence of translating ribosomes on a
transcript might activate mechanisms that prematurely termi-
nate the transcription process (16). We therefore hypothesized
that the celB transcript may contain a binding site for the
transcription termination factor Rho in its coding sequence,
thus potentially also explaining why all of the UTR variants act
similarly and selectively on the ce/B gene (10). Bicyclomycin
(BCM) is a natural inhibitor of Rho (43), and this compound
was added to a final concentration of 100 pg/ml at the time of
induction to cell cultures of E. coli DH5a containing pLB11-
DI-7 or pLB11. As controls, the same two cultures were grown
similarly but without the addition of BCM. The accumulated
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FIG. 5. Luciferase activities under induced (M) and uninduced ([J)
conditions for selected DI UTR variants in plasmid pKT1. The ratios
between the induced and uninduced luciferase activity levels are dis-
played directly on the bars. Enzyme activities are shown in logarithmic
scale. The values are the average of at least two biological replicas, and
the error bars indicated the standard deviations. Activity values are
relative to the wild type under induced conditions, which is arbitrarily
set to 100 for the induced state.

celB transcript levels were then determined in the samples
collected 30 min after the time of induction. Interestingly, in
the strain with pLB11-DI-7 the accumulated transcript level
under induced conditions was ~40-fold higher in the presence
of BCM than in its absence (similar to cells containing pLB11
in the absence of BCM, data not shown). BCM also had a
stimulatory effect on wild-type transcription, but to a lower
extent (~10-fold). This indicates that Rho leads to premature
transcription termination of the ce/B mRNA synthesis and that
this effect is strongly stimulated when translation is inefficient
(in the presence of the DI DNA sequences).

Based on this, it seemed likely that the primary effect of the
UTR mutations is to cause reduced translational efficiency of
any gene, but that this can lead to drastic reduction also of
transcription for genes that are sensitive to early Rho-depen-
dent termination of transcription. Importantly, such effects
should not have any obvious negative impact for the generality
of application of the UTR variants for control of biochemical
pathways (see below).

The inducibility of Pm was maintained or improved by the
UTR mutations. The luciferase enzyme assay is very sensitive
compared to those of B-lactamase and CelB, and activities can
be accurately monitored at both very low and high levels of
expression. Therefore, we compared these enzyme activities in
the host cells containing plasmids with three of the DI UTR
variant sequences (pKT1-DI-3, -7, and -8) under induced (the
same data are in Fig. 3) and uninduced (Fig. 5) conditions. The
ratio between the induced and uninduced level of protein for-
mation for the UTR variants ranged from 105 (pKT1-DI-3) to
260 (pKT1-DI-8), which is similar to or higher than for the wild
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type (ratio of 97). Furthermore, the induced expression levels
of pKT1-DI-7 and pKT1-DI-8 are higher than the correspond-
ing uninduced level from pKT1.

Previously, it has been demonstrated that the expression
level from Pm can easily be controlled by varying the type and
concentration of the inducer (42). We therefore also charac-
terized the inducibility characteristics of pKT1 and pKT1-DI-7
atarange (0.01, 0.1, 1, 10, 100, 1,000, and 2,000 w.M) of inducer
concentrations (Fig. 6). This analysis also showed that the
system can be turned on at levels as low as 1 wM, resulting in
induction ratios of 1.9 and 2.6 for pKT1-DI-7 and pKT1, re-
spectively. Furthermore, the induction levels increase gradu-
ally and according to a similar pattern for both wild type and
variant as the inducer concentrations are increased. These
results therefore clearly confirmed that UTR mutations can be
applied to reduce the basal expression level without losing the
inducibility feature. If we take into account the previously
reported UTR variants leading to high expression levels (9), it
also follows that expression can be continuously regulated over
5 orders of magnitude in this system.

UTR variants also lead to reduced gene expression when
fused to the constitutive PI promoter. Although the properties
of the UTR variants are clearly very useful in the XylS/Pm
context they would be even more applicable if they would have
a similar function in as many promoter systems as possible. To
test this, we chose promoter P/ (also known as P,,,,;,.,), which
differs from Pm in that it is constitutive and ¢’ dependent. It

should therefore represent a good example for evaluation of
the generality of the variant UTR functions. The native UTR
in P1 was thus substituted with the Pm wild-type UTR and the
selected variants, using the same plasmid backbones as in the
experiments described above and using bla as reporter. Deter-
mination of maximum ampicillin tolerance level of the corre-
sponding host cells demonstrated a pattern that was nearly
identical to that observed for the corresponding Pm-based
constructs (Fig. 2c). This clearly indicates that the UTR vari-
ants have a much broader application potential than for the
XylS/Pm system only. We also measured the accumulated tran-
script levels, and in all cases the amounts of transcript were
also reduced, as in the XylS/Pm system. The relative patterns
were in this case not as strikingly similar as at the protein level
(see, for example, the outcomes for the DI-7 and -8 variants),
but this is not necessarily surprising, since factors such as
transcript formation kinetics from Pm and PI may not be
similar. Note also that while host ampicillin resistance toler-
ances should allow for direct comparisons between Fig. 2a and
¢, the same is not the case for the transcript levels.

UTR variants DI-3 and DI-8 can be used to control heter-
ologous production of the C, carotenoid sarcinaxanthin in E.
coli. Carotenoids represent a diverse class of natural molecules
with numerous medical and industrial applications, and it is of
interest to be able to produce such compounds in heterologous
hosts, including E. coli. We recently demonstrated that the
XylS/Pm promoter system can be used for efficient heterolo-
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FIG. 7. Relative production levels of sarcinaxanthin in a lycopene-producing E. coli host expressing sarcinaxanthin biosynthetic genes from Pm
and with different UTR variants (wild type, DI-8, and DI-3). Cells were cultivated in liquid cultures, and different concentrations of the Pm inducer
m-toluate were added. Samples were harvested 24 h after induction and analyzed for carotenoid contents (for details see Materials and Methods).

gous production of the Cs, carotenoid sarcinaxanthin in a
constitutively lycopene (precursor for sarcina-
xanthin)-producing strain of E. coli (28). Three M. Iluteus
genes—crtE2, crtYg, and crtYh—were placed under the control
of the Pm promoter and were introduced in a lycopene-pro-
ducing E. coli host on a plasmid (28). It was observed that
under induced conditions all of the lycopene in the cells was
converted into sarcinaxanthin (2.3 mg per g of cell [dry
weight]) (28), but substantial amounts of sarcinaxanthin were
also produced in the absence of Pm induction. This system
therefore represented a good test case for investigation of the
applicability of the UTR variants to control a metabolic path-
way, preferentially at all levels from zero production to the
maximum level.

As tools for this purpose, we constructed plasmids pKT1-
DI-8-CRT-E2YgYh-2665 and pKT1-DI-8-CRT-E2YgYh-2665
(see the supplemental material) that are both analogous to
plasmid pCRT-E2YgYh-2665 (wild-type UTR) (28) but with
the Pm UTR region substituted with the UTR variants DI-8
and DI-3, respectively. Both plasmids were transformed into
the lycopene-producing strain E. coli XL1-Blue(pLYC), and
the resulting recombinant strains were subjected to sarcina-
xanthin production analyses in shake flasks essentially as de-
scribed previously (28). Cultivations were performed in the
presence of different concentrations of the Pm inducer, and
carotenoid production was investigated by LC-MS analysis of
cell extracts (Fig. 7). For the control strain (harboring the
plasmid with the wild-type UTR), ca. 25% of the totally ex-
tracted carotenoid was identified as sarcinaxanthin in the ab-

sence of induction, and the remaining carotenoid fraction was
identified as precursor carotenoids lycopene and nonaflavu-
xanthin. In the presence of a 500 WM concentration of inducer
the entire extracted carotenoid fraction was sarcinaxanthin,
and no lycopene or nonaflavuxanthin was detected. Note also
that the total extracted carotenoid amount was similar for all
analyzed samples (2.3 mg per g of cell [dry weight]).

For strain E. coli XL1-Blue(pLYC)(pKT1-DI-8-CRTE2YgYh-
2665) grown under uninduced conditions, only 5% of the total
carotenoid fraction was sarcinaxanthin, while 95% remained as
Cs carotenoid precursors lycopene and nonaflavuxanthin. The
sarcinaxanthin fraction increased gradually with higher inducer
concentrations used during cultivation. In the presence of 500
wM inducer, the extracted carotenoid fraction consisted of
53% sarcinaxanthin. A further 10-fold increase in inducer
concentration (5 mM) improved sarcinaxanthin production
up to 90% of the totally extracted carotenoids. Furthermore,
in strain E. coli XL1-Blue(pLYC)(pKT1-DI-3-CRTE2YgYh-
2665) no sarcinaxanthin was detected under uninduced condi-
tions, whereas the maximal production (5 mM inducer) was
only 17% compared to that of the wild-type UTR control strain
under the same conditions. Together, these data demonstrated
that the UTR variants can be used to fine-tune the expression
of a set of biosynthetic genes, resulting in controlled produc-
tion of sarcinaxanthin at any level from zero and up to com-
plete conversion of all precursors produced by the cells.

The importance of balanced gene expression has been
shown for recombinant lycopene production in E. coli. Utili-
zation of a low-copy-number plasmid instead of a high-copy-
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number plasmid for arabinose-inducible overexpression of the
rate-limiting enzyme DXS (1-deoxy-p-xylulose 5-phosphate
synthase) enhanced lycopene production 2- to 3-fold and dem-
onstrated that the overexpression of dxs at intracellular con-
centrations that exceed the availability of its glycolytic precur-
sors pyruvate and G3P causes a significant metabolic burden
for the cell and impaired growth significantly (18). This exam-
ple demonstrates that genetic tools for fine-tuned regulation of
gene expression can play an important role for the heterolo-
gous high-level production of complex compounds. The idea of
using UTR variants to control metabolic pathways is not com-
pletely new (39), but the specific approach described here has
the advantage that one can select specific UTR features that
almost certainly cannot be rationally predicted.
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