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ABSTRACT Ectoine and hydroxyectoine are widely synthesized by members of the
Bacteria and a few members of the Archaea as potent osmostress protectants. We
have studied the salient features of the osmostress-responsive promoter directing
the transcription of the ectoine/hydroxyectoine biosynthetic gene cluster from the
plant-root-associated bacterium Pseudomonas stutzeri by transferring it into Esche-
richia coli, an enterobacterium that does not produce ectoines naturally. Using ect-
lacZ reporter fusions, we found that the heterologous ect promoter reacted with ex-
quisite sensitivity in its transcriptional profile to graded increases in sustained high
salinity, responded to a true osmotic signal, and required the buildup of an osmoti-
cally effective gradient across the cytoplasmic membrane for its induction. The in-
volvement of the �10, �35, and spacer regions of the sigma-70-type ect promoter
in setting promoter strength and response to osmotic stress was assessed through
site-directed mutagenesis. Moderate changes in the ect promoter sequence that in-
crease its resemblance to housekeeping sigma-70-type promoters of E. coli afforded
substantially enhanced expression, both in the absence and in the presence of os-
motic stress. Building on this set of ect promoter mutants, we engineered an E. coli
chassis strain for the heterologous production of ectoines. This synthetic cell factory
lacks the genes for the osmostress-responsive synthesis of trehalose and the com-
patible solute importers ProP and ProU, and it continuously excretes ectoines into
the growth medium. By combining appropriate host strains and different plasmid
variants, excretion of ectoine, hydroxyectoine, or a mixture of both compounds was
achieved under mild osmotic stress conditions.

IMPORTANCE Ectoines are compatible solutes, organic osmolytes that are used by
microorganisms to fend off the negative consequences of high environmental osmo-
larity on cellular physiology. An understanding of the salient features of osmostress-
responsive promoters directing the expression of the ectoine/hydroxyectoine biosyn-
thetic gene clusters is lacking. We exploited the ect promoter from an ectoine/
hydroxyectoine-producing soil bacterium for such a study by transferring it into a
surrogate bacterial host. Despite the fact that E. coli does not synthesize ectoines
naturally, the ect promoter retained its exquisitely sensitive osmotic control, indicat-
ing that osmoregulation of ect transcription is an inherent feature of the promoter
and its flanking sequences. These sequences were narrowed to a 116-bp DNA frag-
ment. Ectoines have interesting commercial applications. Building on data from a
site-directed mutagenesis study of the ect promoter, we designed a synthetic cell
factory that secretes ectoine, hydroxyectoine, or a mixture of both compounds into
the growth medium.
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Ectoine [(S)-2-methyl-1,4,5,6-tetrahydropyrimidine-4-carboxylic acid] and its deriva-
tive 5-hydroxyectoine [(4S,5S)-5-hydroxy-2-methyl-1,4,5,6-tetrahydropyrimidine-4-

carboxylic acid] (1) are representatives of a special class of organic osmolytes, the
compatible solutes (2). These compounds are widely synthesized as osmostress pro-
tectants by members of the Bacteria (3) and some members of the Archaea (4) and
might also be produced by a few obligatory halophilic protists (5). Ectoines are well
suited for this physiologically demanding task, since their high water solubility and
physicochemical attributes make them compliant with cellular biochemistry and the
functionality of macromolecular structures (6–11). The function-preserving character-
istics of ectoines allow their high-level cellular accumulation, a process which in turn
raises the osmotic potential of the cytoplasm and thereby allows the cell to counteract
the high-osmolarity-instigated efflux of water to preserve vital turgor (12, 13). At the
same time, the composition and solvent properties of the cytoplasm are optimized for
biochemical reactions (13) so that growth of microorganisms can occur under osmot-
ically unfavorable circumstances (2, 14, 15).

The amassing of ectoines by osmotically stressed microbial cells can be accom-
plished either through uptake from environmental sources via osmotically induced
transporters or through de novo synthesis. Synthesis of ectoine proceeds from
L-aspartate-�-semialdehyde (Fig. 1A), a central hub in bacterial amino acid and cell wall
synthesis (16). A considerable number of microbial ectoine producers possess a spe-
cialized aspartokinase (Ask_Ect) (Fig. 1A) to ensure a sufficient supply of this precursor
when the cellular demand for ectoine synthesis is high (17–19). The EctB protein
(L-2,4-diaminobutyrate transaminase) converts L-aspartate-�-semialdehyde into L-2,4-
diaminobutyrate, which is then transformed by EctA (L-2,4-diaminobutyrate acetyltrans-
ferase) into N-�-acetyl-L-2,4-diaminobutyric acid, a metabolite that is cyclized by ecto-
ine synthase (EctC) to form ectoine (Fig. 1A) (20). In a substantial subgroup of ectoine
producers (3), ectoine can be further transformed into 5-hydroxyectoine through a
position- and stereospecific enzyme reaction catalyzed by the ectoine hydroxylase
(EctD) (21, 22) (Fig. 1A).

The ectoine biosynthetic genes are typically organized as an operon (ectABC), which
may also comprise the ectoine hydroxylase gene (ectD) and the gene (ask_ect) for the
specialized Ask_Ect aspartokinase (1, 4, 17, 23). Increases in the environmental osmo-
larity/salinity usually trigger enhanced levels of ect expression (21, 23–26). These genes
are transcribed in some microorganisms from a single osmotically stimulated promoter
(21, 24); however, a more complex arrangement of promoters driving ect expression
also exists (26–28). The repressor CosR controls ectABC transcription in the human
pathogen Vibrio cholerae, but this MarR-type regulator regulates not only compatible
solute synthesis and uptake but also motility and biofilm formation (29). Likewise,
ectABCD expression in the soil bacterium Streptomyces coelicolor is negatively con-
trolled by a regulatory protein (GlnR) which serves as a globally acting transcription
factor for nitrogen metabolism in many actinomycetes (30, 31). Since the CosR and GlnR
repressors also control cellular processes other than ectoine/hydroxyectoine synthesis,
their involvement in the production of ectoines seems to be restricted to the men-
tioned species and their closest relatives. In contrast, in a substantial subgroup of
ectoine/hydroxyectoine producers, a regulatory gene (ectR) has been found in close
physical association with the corresponding biosynthetic ect gene clusters (in 107 out
of 440 inspected genome sequences) (3). EctR is a member of the MarR family of
transcriptional regulators and was initially discovered in Methylomicrobium alcaliphilum,
where its operator sequence overlaps with one of the two promoters driving ectABC-
ask_ect transcription (28). Disruption of the ectR gene derepresses ect expression but
this does not abolish osmotic control of this biosynthetic gene cluster (28); unfortu-
nately, the environmental or cellular cue(s) to which the EctR repressor responses is not
known. Despite these interesting findings, osmoregulation of ect gene expression is in
general not well understood, in particular since many gene clusters for the synthesis of
ectoines are not associated with a regulatory gene (3).

In addition to their function as osmostress protectants (1, 32), ectoines also afford
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FIG 1 Pathway for the synthesis of ectoine and hydroxyectoine and design of a recombinant cell factory for the production of ectoines. (A) Biosynthetic route
for ectoine and its derivative 5-hydroxyectoine from L-aspartate. The relevant data for the enzymes and metabolites involved in this process were compiled
from the literature (17, 20, 21, 86). (B) The E. coli cell factory carries a low-copy-number plasmid harboring the ectABCD-ask_ect gene cluster from P. stutzeri
A1501 (67) under the control of its authentic and osmotically inducible promoter (P_ect) (17). This plasmid (pLC68) is a derivative of the cloning vector
pHSG575 (89), which carries a lac promoter (P_lac) that is constitutively expressed in all the E. coli strains used in this study, as they carry a deletion of the
entire lac operon, including that of the lacI regulatory gene. ProP and ProU are osmotically inducible transport systems for osmostress protectants; ProP is
a member of the MFS family (88), and ProU is a binding-protein-dependent ABC transporter (80). The presumed ectoine/hydroxyectoine efflux system is
shown as a yellow box; its molecular identity is unknown. The trimeric OmpC and OmpF proteins (represented here as monomers) function as general porins
that are inserted into the E. coli outer membrane. IM, inner membrane; OM, outer membrane.
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cytoprotection against extremes in high and low growth temperatures in some bacteria
(31, 33–35). The physicochemical characteristics of ectoines (36, 37) bestow them, both
in vivo and in vitro, with excellent function-preserving attributes, e.g., enhancement of
protein folding and stability, preservation of membrane structures and membrane
proteins, and protection of the integrity of isolated molecules and even of entire cells
(38–47). Although the difference between ectoine and 5-hydroxyectoine seems minor
from a chemical point of view, hydroxylation of ectoine endows the newly formed
5-hydroxyectoine with substantially enhanced, or additional, stress-protective and
function-preserving attributes (e.g., in particular against heat and desiccation stress)
(31, 34, 39, 42, 43, 45).

The excellent stress-protective, function-preserving, and anti-inflammatory proper-
ties of ectoines attract considerable interest in the biotechnological use of these
compounds as protein stabilizers, as well as for skin care and cosmetics, and potential
medical applications are also actively pursued (1, 32, 48, 49). The financially rewarding
practical applications of ectoines drove the development of an industrial-scale
production process which harnesses the highly salt-tolerant ectoine/hydroxyectoine
producer Halomonas elongata (26) as a natural microbial cell factory (1, 32, 48). In this
process, high-level synthesis of ectoines is triggered through the growth of H. elongata
in high-salinity media. The newly produced ectoines (along with other low-molecular-
weight compounds) are then released from the producer cells through the transient
opening of mechanosensitive channels (50), an activity that is triggered by a severe
osmotic downshock of the cells (1, 32). Since these mechanosensitive safety valves
close again once osmotic equilibrium has been achieved (50), the osmotically down-
shocked H. elongata cells survive this harsh treatment. Hence, the already formed
biomass can be recycled into the fermentation vessel, while the released ectoines are
recovered and purified via downstream processes (1, 32). This bacterial milking proce-
dure (51) was subsequently modified by using a genetically engineered H. elongata
strain lacking ectoine catabolic genes (26, 52) and in which the osmotically controlled
ectoine/hydroxyectoine-specific tripartite ATP-independent periplasmic (TRAP) trans-
port system TeaABC (53) was deleted. Overall, this strain excretes considerable amounts
of ectoines into the growth medium and allows their recovery in a highly purified form
on the scale of several tons per annum (32).

The very high salinity used to cultivate the ectoine/hydroxyectoine producer organ-
ism H. elongata in the established industrial production process is harsh on the
fermentation and downstream processing equipment (32). Therefore, there has been
considerable interest in developing alternative fermentation processes (54, 55), in
exploiting additional natural ectoine/hydroxyectoine producers (56, 57) (including a
bacterium that secrets them naturally into the medium [58]), and in engineering natural
and synthetic microbial production hosts for enhanced recovery of these high-value
compounds (1, 32). With respect to the latter approaches, ectoine/hydroxyectoine
biosynthetic genes have been cloned into plasmids under the transcriptional control of
either natural ect or synthetic promoters and transferred to Escherichia coli or Coryne-
bacterium glutamicum host strains (59–62) or integrated into the chromosomes of
biotechnological workhorses such as C. glutamicum (63) or the methylotrophic yeast
Hansenula polymorpha (64). In some cases, advanced pathway engineering approaches
were also used to enhance the synthetic production of ectoines in homologous and
heterologous hosts (62, 63, 65, 66).

Since most of the ectoine/hydroxyectoine biosynthetic gene clusters are not asso-
ciated with a dedicated regulatory gene (3), their osmostress-responsive induction
might be an intrinsic property of the ect promoter elements and their immediate
flanking regions. However, the salient features of ect type promoters have so far not
been genetically analyzed at any level of detail. We focused here on the promoter
driving the osmotically induced transcription of the Pseudomonas stutzeri A1501
ectABCD-ask_ect operon (17) through reporter gene studies and site-directed mutagen-
esis. Building on the knowledge gained through engineering of the P. stutzeri A1501 ect
promoter, we designed ectoine and/or hydroxyectoine synthetic E. coli cell factories
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that allow the production and efficient secretion of these compounds into the growth
medium.

RESULTS
Osmotic control of the P. stutzeri A1501 ect promoter in the non-ectoine-

producing E. coli surrogate host. The activity of the promoter(s) driving transcription
of the ectABCD-ask_ect gene cluster from the plant-root-associated bacterium P. stutzeri
A1501 (67) is induced by high salinity of the growth medium (17). However, the
molecular identity of this promoter and the details of its transcriptional regulation are
not known. We wondered if one could transfer the osmotically inducible pattern of P.
stutzeri A1501 ect gene transcription into E. coli, a surrogate host that can import but
cannot synthesize ectoines (68). To this end, we constructed an ect-lacZ reporter
plasmid (pGJK4) that carries 264 bp of genomic DNA upstream of the start codon of
ectA, the entire ectA gene, and a fusion junction to the promoterless lacZ gene within
codon 87 of ectB. We observed a 6.3-fold increase in lacZ reporter activity when the
MC4100(pGJK4) E. coli strain was grown in a chemically defined minimal medium
(MMA) in the presence of 0.4 M NaCl in comparison with cells that were grown in MMA
(Fig. 2A).

We then asked whether the observed increase in ect promoter activity occurred only
in response to an increase in the external NaCl concentration or whether its transcrip-
tional activity is responsive to a true osmotic cue. To test this, we grew the
MC4100(pGJK4) reporter strain in the presence of both ionic and nonionic osmolytes
and with glycerol, a membrane-permeative alcohol that cannot establish an osmotically
effective gradient across the cytoplasmic membrane of E. coli when provided at high
external concentrations. For these experiments, we added the solutes to the growth
media in concentrations so that they had about the same osmolarity [1.000 mosmol (kg
H2O)�1]. Both ionic (NaCl and KCl) and nonionic (sucrose and lactose) solutes triggered
enhanced transcription of the ect promoter and activated it to approximately the same
degree (Fig. 2A). In contrast, glycerol was unable to stimulate ect promoter activity (Fig. 2A).

After we had established that the activity of the ect promoter was under true
osmotic control, we asked if this was an all-or-none transcriptional response. We
therefore monitored ect-lacZ promoter activity in cultures of strain MC4100(pGJK4) that
were grown in MMA with steadily and sustained increased NaCl concentrations over a
wide range of salinities. This experiment revealed an exquisitely sensitive response of

FIG 2 Transcriptional activity of the ect promoter in response to increases in osmolarity and presence of compatible
solutes. (A) E. coli strain MC4100 carrying the ectB-lacZ gene fusion plasmid pGJK4 was grown in MMA in the
absence or presence of various compounds to increase the osmolarity of the medium. The solute concentration
was chosen such that all the media possessed an equivalent osmolarity [1.000 mosmol (kg H2O)�1]. (B) Cultures of
strain MC4100(pGJK4) were grown in MMA with increasing NaCl concentrations until they reached approximately
the same optical density (OD578 of about 1.8), whereupon they were harvested and processed for �-galactosidase
reporter enzyme activity assays. (C) Cultures of strain MC4100(pGJK4) were grown in MMA with 0.4 NaCl in
the absence or presence of 1 mM concentrations the indicated compatible solutes or Casamino Acids. When the
cultures reached an OD578 of about 1.8, the cells were harvested and assayed for �-galactosidase reporter enzyme
activity. The data shown were derived from four independently grown cultures, and each enzyme assay was
performed at least twice. �-Galactosidase enzyme activity is given in Miller units (MU) (108).
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the ect promoter to the degree of the osmotic stress imposed onto the E. coli cells, since
its transcriptional activity increased linearly concomitant with the increase in the NaCl
content of the growth medium (Fig. 2B). In this experiment, we tested a substantial
concentration range of salinities (from 0 M NaCl to 0.5 M NaCl); salinities higher than 0.5
M NaCl severely impair growth of the E. coli cells and were therefore not tested to avoid
indirect effects on the transcriptional profile of the ect promoter.

Compatible solutes not only are effective osmostress protectants (2, 14, 15) but also
frequently downregulate osmotically induced promoters since their accumulation al-
leviates the degree of osmotic stress perceived by the bacterial cell (18, 69, 70). To test
whether the ect promoter also responded in its transcriptional activity to an external
supply of compatible solutes, we propagated the MC4100(pGJK4) reporter strain at
increased salinity (MMA with 0.4 M NaCl) in the absence or the presence (1 mM) of the
osmostress protectants ectoine, hydroxyectoine, glycine betaine, and carnitine. Each of
these compounds downregulated the activity of the ect promoter to approximately the
same degree (Fig. 2C). The components of rich media contain compatible solutes or
their precursors; e.g., glycine betaine is present in yeast extract, carnitine is present in
meat extracts, and proline or proline-containing peptides are present in Casamino
Acids. Indeed, the addition of 1 mM Casamino Acids to high-salinity-grown cultures of
the MC4100(pGJK4) reporter strain significantly reduced the activity of the ect-lacZ
reporter fusion (Fig. 2C).

RpoS, H-NS, OmpR, and cAMP/CRP do not participate in osmoregulation of ect
expression in E. coli. A number of regulatory genes have previously been implicated
in controlling the transcription of osmostress-responsive genes in E. coli. Many osmot-
ically regulated promoters in E. coli can be driven by forms of RNA polymerase
complexed with the alternative sigma factor RpoS, the master regulator of the general
stress response system (71, 72). Likewise, the nucleoid-associated H-NS protein not only
affects gene expression on a global scale but also targets various osmotically controlled
promoter regions, e.g., that of the proU operon encoding a glycine betaine/proline
betaine ABC-type transporter (73). The EnvZ/OmpR two-component regulatory system
is a key determinant for the reciprocal osmoregulation of the ompC and ompF porin
genes (74). Furthermore, the cAMP/CRP complex has been implicated in osmoregula-
tion (75, 76), e.g., by controlling the induction of the proP-P1 promoter (77). Although
this promoter (5=-TTGATC-X17-TAGGGT-3=) for the osmolyte importer ProP bears a
striking resemblance in its �10 region to the ect promoter of P. stutzeri A1501 (Fig. 3)
(see below), it is transcriptionally active only upon a sudden osmotic upshock (77),
while the ect promoter operates continuously under sustained high-osmolarity growth
conditions (Fig. 2B). We tested an isogenic set of gene disruption mutations for
potential effects of the RpoS, H-NS, EnvZ/OmpR, and cAMP/CRP regulatory proteins/
complexes on ect-lacZ expression under both osmotically noninduced and osmotically
induced growth conditions. None of these regulatory proteins had any effect on the ect
promoter activity (Table 1).

Pinpointing the osmotically regulated ect promoter through deletion analysis.
The ect-lacZ reporter plasmid (pGJK4) carries 264 bp of genomic DNA upstream of the
start codon of ectA, a region that will contain the osmotic-stress-responsive ect pro-
moter. To delineate its approximate position, we successively shortened the 5= region
of this genomic segment while preserving the original ectB-lacZ fusion junction in
codon 88 of ectB (Fig. 3A). The DNA sequences of the various deletion endpoints are
summarized in Fig. S1 in the supplemental material and are graphically represented in
Fig. 3A. The removal of 47 bp from the 5= end of the original genomic segment
preceding the ectA start codon (plasmid pGJK4) had only very modest effects on both
the noninduced and salt-stress-induced levels of the lacZ reporter fusion (up to deletion
endpoint K6) (Fig. 3A). By shortening the K6 deletion junction (plasmid pNST29) further
by 40 bp (deletion K7; plasmid pNST40), we observed a drastic fall in promoter activity.
However, the remaining reporter enzyme activity was still osmotically inducible (Fig.
3A). An additional deletion of 70 bp then abolished the transcriptional activity of the
ect-lacZ reporter fusion (deletion K8; plasmid pNST41) (Fig. 3A). Since the 5= end of the
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K8 deletion construct lies in codon four of the ectA coding region (Fig. S1), one can infer
that no promoter internal to the ect gene cluster is present between the K8 deletion
endpoint in ectA and the fusion junction in codon 88 of ectB (Fig. 3A and S1).

We were particularly interested in the striking drop of ect-lacZ promoter activity
found in strains carrying plasmid pNST40 with the K7 deletion endpoint (Fig. 3A), since
it might provide potential clues about the position of either the ect promoter or
regulatory regions required for its full activity. We therefore inspected the ect DNA
sequence around the 5= end of the K7 deletion junction more closely and found
through sequence gazing potential �10 and �35 elements of sigma-70 (Sig70)-type
promoters (78) that were separated from each other by 18 bp (Fig. 3B). While the
potential �35 region of the ect promoter possesses a good fit to the consensus
sequence with just a single-base-pair deviation, the putative �10 region diverges very

FIG 3 Deletion analysis of the ect promoter region. (A) Plasmid pGJK4 carries an ectB-lacZ reporter fusion
that is expressed from the ect promoter present upstream of the ectA gene. The P. stutzeri A1501 genomic
DNA located in front of the ectA start codon has a length of 264 bp. This genomic segment was
successively shortened from its 5= end, and the resulting E. coli reporter strains were assayed for
�-galactosidase enzyme activity along with the wild-type plasmid-bearing strain. Cultures were grown in
MMA or MMA containing 0.4 M NaCl and were harvested and processed for �-galactosidase enzyme
activity when they reached an optical density (OD578) of about 1.8. The data shown were derived from
four independently grown cultures, and each enzyme assay was performed at least twice.
�-Galactosidase enzyme activity is given in Miller units (MU) (108). (B) DNA consensus sequence of
Sig70-type E. coli promoters (78), of the predicted ect promoter, and of a hybrid promoter created through
deletion analysis of the ect regulatory region (deletion junction K7) that generated plasmid pNST40. The
�10 and �35 elements are highlighted, and the spacer length typical for Sig70-type E. coli promoters is
indicated.
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strongly from the AT-rich consensus sequence (78), since it is very GC rich (Fig. 3B).
Furthermore, the spacer length of 18 bp is suboptimal for Sig70-type promoters (78).
Interestingly, the K7 deletion endpoint removes the �35 region of the putative ect
promoter and also 2 bp from the spacer region (Fig. 3B). However, DNA sequences
derived from the cloning vector with resemblance to a potential �35 region replaced
the authentic ect �35 DNA sequence while maintaining a spacer length of 18 bp of the
hybrid promoter (Fig. 3B). The fortuitously generated �35 region of the K7 deletion
junction deviates more strongly from the consensus sequence of �35 regions from
Sig70-type promoters (78) than the authentic �35 region of the putative ect promoter (Fig.
3B). These DNA sequence features of the fortuitously generated hybrid promoter could
thus potentially explain the significant drop in ect-lacZ reporter activity observed in strain
MC4100(pNST40) (Fig. 3A).

Defining a minimal DNA fragment required for osmoregulation of ect tran-
scription. Building on the knowledge gained through the deletion analysis of the 5=
segment of the ect regulatory region, we constructed an ect-lacZ reporter fusion
containing a minimal DNA fragment still allowing osmoregulation. To this end, we
fused a 116-bp DNA fragment to the lacZ reporter gene (Fig. 4A); it contains the �35
and �10 elements of the ect promoter, 28 bp upstream of the �35 region, and a fusion
junction to lacZ within codon seven of ectA (Fig. 4B). This ectA-lacZ reporter construct
(present on plasmid pASTI11) provided approximately the same level of gene expres-
sion and osmotic inducibility as the parent ectB-lacZ reporter fusion (present on
plasmid pGJK4) (Fig. 4C). Hence, all elements required in cis for osmoregulation of ect
expression are contained in this 116-bp DNA region. This ectA-lacZ reporter construct
is a gene fusion that leads to the formation of an EctA-LacZ hybrid protein; as a
consequence, its translation depends on the ectA ribosome-binding site.

Site-directed mutagenesis of the ect promoter reveals major features of its
osmotic control. To provide further evidence that the putative �35 and �10 se-
quences described above (Fig. 3B and 4B) are actually part of the ect promoter, we
targeted by site-directed mutagenesis base pairs in both the �35 and �10 elements
that are highly conserved in Sig70-type promoters and crucially contribute to promoter
activity and strength (78). To this end, we replaced the highly conserved TTG sequence
at the 5= end of the �35 region with a GGG string of base pairs, and in the �10 region
we replaced the so-called invariant T with a GC pair (Fig. 5A). Both promoter variants
(Mut 1 and Mut 2) abolished ect-lacZ reporter activity down to a basal level (Fig. 5B),
thereby providing compelling evidence that the region we deemed to be the ect
promoter (Fig. 3B and 4B) actually represents this element for the transcriptional
control of the ectoine/hydroxyectoine biosynthetic operon from P. stutzeri A1501.

TABLE 1 Influence on ect-lacZ expression of regulatory systems that had previously been
implicated in osmotically controlled gene transcription in E. colia

Strain Gene disruption

LacZ activity (MU) with:

0 M NaCl 0.4 M NaCl

MC4100(pBBR1MCS-2-lacZ) 0.3 � 0.1 0.3 � 0.1
MC4100(pGJK4) 29 � 0.7 141 � 1.6
PD32(pGJK4) hns 28 � 1.6 148 � 4
RH90(pGJK4) rpoS 24 � 0.3 149 � 3.7
RH76(pGJK4) cya 29 � 1.2 143 � 4.3
LC30(pGJK4) ompR 24 � 1.9 140 � 4.9
aTranscriptional activity of the ectB-lacZ reporter fusion present on plasmid pGJK4 in response to increased
salinity. The reporter plasmid was introduced by DNA transformation into an isogenic set of strains
harboring different gene disruption mutations: MC4100 (wild type), PD32 (hns-206::Apr), RH90
(rpoS359::Tn10), RH76 (Δcya-851), and LC30 (ompR::Tn10). These strains are all derivatives of the ΔlacIZYA
strain MC4100. The vector, pBBR1MCS-2-lacZ, used for the construction of the ect-lacZ reporter fusion was
used as the control. All strains were grown in MMA in the absence or presence of 0.4 M NaCl until they
reached an OD578 of approximately 1.8; they were then harvested by centrifugation and assayed for �-
galactosidase reporter enzyme activity. The data shown (means � standard deviations) were derived from
four independently grown cultures, and each enzyme assay was performed at least twice. �-Galactosidase
enzyme activity is given in Miller units (MU).
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To glean information about the features of the ect promoter that contribute to its
osmotic control, we first targeted the spacer region. Shortening the spacer to a
suboptimal length of 16 bp rendered the promoter constitutive (Mut 3) at an expres-
sion level corresponding to that exhibited by the wild-type ect promoter in E. coli cells
grown in minimal medium in the presence of 0.3 M NaCl (Fig. 5B). Conversely, when we
extended the spacer sequence of the ect promoter to a suboptimal length of 19 bp
(Mut 6) for Sig70-type promoters (78), ect-lacZ reporter activity was abolished (Fig. 5A
and B). Interesting effects were seen when we decreased the spacer length of the
authentic ect promoter from 18 bp to the optimal spacer length of 17 bp for the activity
of Sig70-type promoters (78) by deleting single base pairs at two different positions in
the ect promoter sequence. In the corresponding mutants (Mut 4 and Mut 5) (Fig. 5A),
the noninduced level of ect-lacZ promoter activity rose substantially but both mutant
promoters still permitted osmotic induction of transcription (Fig. 5B). Sig70/SigA-type
promoters from E. coli and Bacillus subtilis often possess a TG motif at position �16
which contributes to promoter strength (78, 79). We generated through a deletion of
one base pair in the ect spacer a promoter variant (Mut 18) that generated a TG motif
at the �16 position (Fig. 5A). This promoter variant remained osmotically inducible at
a level of transcription similar to that observed for the Mut 4 and Mut 5 17-bp spacer
variants (Fig. 5B). The properties of the Mut 18 variant indicate that the artificially
generated �16 motif is not crucial for either the strength of the ect promoter or its
response to osmotic stress.

FIG 4 A minimal DNA fragment directing osmoregulated ect transcription. (A) Physical structures of
ect-lacZ reporter constructs. (B) DNA sequence of the DNA fragment present in plasmid pASTI11. The
deletion endpoints K6, K7, and K8 defined in the experiments for Fig. 3A are indicated, and the �35 and
�10 elements of the ect promoter are highlighted. The fusion junction within ectA to the lacZ reporter
gene lies in codon seven. (C) �-Galactosidase reporter enzyme activity in cells of strain MC4100 carrying
the plasmids depicted in panel A. Cells of MC4100 carrying the vector (pBBR1MCS-2-lacZ) used to
construct plasmids pGJK4, pNST29, pASTI12, and pASTI11 were used as the control. Cultures were
grown in MMA or MMA containing 0.4 M NaCl and were harvested and processed for �-galactosidase
enzyme activity when they reached an optical density (OD578) of about 1.8. The data shown were
derived from four independently grown cultures, and each enzyme assay was performed at least
twice. �-Galactosidase enzyme activity is given in Miller units (MU) (108).
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We then targeted the unusual GC-rich �10 region of the ect promoter by single- and
double-base-pair changes that collectively bring the authentic sequence closer to the
A/T-rich consensus sequence of Sig70-type promoters (78). In all of these mutants,
strong osmotic induction occurred (Fig. 5A and B). Particularly notable was the property
of the Mut 9 promoter variant, in which one of the three CG base pairs was replaced
by a TA base pair (Fig. 5A). It allowed a very strong salt induction, 18.9-fold in the Mut
9 variant versus 5.2-fold for the wild-type promoter (Fig. 5B).

As noted above, the �35 region of the ect promoter deviates at just a single position
from the consensus Sig70-type promoter sequence (Fig. 3B). When we altered the �35
region to a fully consensus-like sequence (Mut 12), a drastic effect on the strength of
promoter activity was observed: the basal promoter activity rose by 33.4-fold compared
to that of the wild type, and its salt-stress-induced level of activity exceeded that of the
wild-type promoter by 16.2-fold (Fig. 5B). Strong increases in transcriptional activity
were also seen when we optimized both the �10 and �35 regions and spacer length
of the ect promoter (Fig. 5A and B). In all these cases, the basal level of ect promoter
activity was strongly increased in the absence of osmotic stress while still allowing
increased promoter activity at high salinity (Fig. 5B). As a result of this profile in

FIG 5 Site-directed mutagenesis of the ect promoter and assessment of the transcriptional activities of
the promoter variants. (A) DNA sequences of the wild-type ect promoter and its mutant derivatives. The
base pairs changed through site-directed mutagenesis are highlighted in red. (B) �-Galactosidase
reporter enzyme activity of E. coli strains (MC4100) harboring the wild-type ectB-lacZ fusion or its mutant
derivatives. Cultures were grown in MMA or MMA containing 0.3 M NaCl and were harvested and
processed for �-galactosidase enzyme activity when they reached an optical density (OD578) of about 1.8.
The data shown were derived from four independently grown cultures, and each enzyme assay was
performed at least twice. �-Galactosidase enzyme activity is given in Miller units (MU) (108).
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promoter activity, the extent of osmotic induction was reduced. Particularly noteworthy
are the properties of the ect promoter variants (Mut 15 and Mut 16) that we mutated
such that they matched in their �10 and �35 regions, and with their spacer length (17
bp), the features of a perfect consensus sequence of Sig70-type promoters (78) (Fig. 5A
and B). The transcriptional activities of these mutant promoters occurred at high basal
levels but still retained osmotic inducibility, by about 1.8-fold for Mut 15 and 1.7-fold
for Mut 16. For a comparison, the osmotic inducibility of the wild-type ect promoter
under the same experimental conditions was 5.2-fold (Fig. 5A and B).

We noted the presence of an inverted-repeat DNA sequence (5=-CCCAT-N10-ATGG
G-3=) just upstream of the ect �35 region (see Fig. S2A in the supplemental material).
Since this inverted repeat could potentially form the operator sequence for a regulatory
protein, we changed the left side of the repeat through site-directed mutagenesis to
5=-GGGTA-3=, thereby destroying the dyad symmetry (Fig. S2A). This mutation had no
influence on ect-lacZ reporter gene expression (Fig. S2B).

As a note of caution, in conducting this comprehensive set of ect-lacZ reporter
fusion experiments with mutant ect promoters, we initially experienced some experi-
mental difficulties. We repeatedly observed that the �-galactosidase reporter enzyme
activity varied strongly between parallel-grown cultures of E. coli strains carrying the same
ect-lacZ reporter plasmid when they were grown in MMA with 0.4 M NaCl. Substantial
amounts of �-galactosidase protein were present in both cultures (as assessed by
Western blotting); however, one culture possessed very high �-galactosidase reporter
enzyme activity, while the other culture showed greatly diminished reporter enzyme
activity. We therefore took care that the data included in this communication are all
derived from experiments where the parallel-grown cultures yielded consistent
�-galactosidase reporter enzyme activities. We observed the phenomenon of substan-
tially differing �-galactosidase values only with mutant ect promoters exhibiting high
transcriptional activity and only when the salinity of the growth medium exceeded
that of 0.3 M NaCl. An example of this phenomenon is documented for strain
MC4100(pPH11) harboring the perfect Sig70-promoter driving ect-lacZ expression when
it was grown at various salinities (see Fig. S3 and S4 in the supplemental material). We
were unable to define the apparently subtle physiological differences in the growth
behavior of the cultures incubated in parallel that led to the irregular behavior of the
�-galactosidase reporter enzyme. However, it is known from previous studies that
high-level expression of hybrid proteins (e.g., ProV-LacZ; ProV is the ATPase of the ProU
ABC transporter [80]) can lead to protein aggregation under high-salinity growth
conditions and therefore obscure the physiologically correct regulatory pattern of the
osmoregulated promoter under study (81). Since the reporter fusion present on plas-
mid pGJK4 and its derivatives carrying mutant ect promoters fuses 88 codons of ectB to
the lacZ reading frame, the resulting EctB-LacZ hybrid protein might be prone to
aggregation in a high-osmotic-strength cytoplasm.

Details of the transcriptional responses of selected ect promoter variants with
high levels of transcriptional activity under sustained osmotic stress. Since we
intended to use the wild-type promoter of the ectABCD-ask_ect gene cluster from P.
stutzeri A1501 (67) and some of its promoter up-mutations for the establishment of a
heterologous ectoine/hydroxyectoine cell factory (see below), we studied the promoter
activities of Mut 12 (with a perfect �35 region) (Fig. 5A) and of Mut 15 (with a
consensus Sig70-type promoter) (Fig. 5A) in somewhat greater detail. We grew the
strains carrying the corresponding ect-lacZ reporter plasmids, pPH8 (Mut 12) and pPH11
(Mut 15), under sustained osmotic stress condition in cultures in which we systematically
increased the salinity from 0 M NaCl to 0.4 M NaCl (Fig. 6A, B, and C). The �-galactosidase
reporter enzyme activities of strains MC4100(pPH8) and MC4100(pPH11) increased in a
finely tuned manner in response to corresponding increases in the external salinity.
Their pattern of transcriptional activation mirrored that of the wild-type ect-lacZ
reporter strain MC4100(pGJK4) (Fig. 6). Hence, as noted above (Fig. 5B), the two mutant
ect promoters had not lost their osmotic control when they were tested in a wider
range of salinities. However, the basal activity of the reporter fusion in the absence of
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osmotic stress (cells grown in MMA) was very substantially increased; that of strain
MC4100(pPH8) was raised by 42.3-fold (Fig. 6B) and that of strain MC4100(pPH11)
(Fig. 6C) by 47.2-fold relative to that with the wild-type plasmid pGJK4 (Fig. 6A). The
osmotically induced levels of �-galactosidase reporter enzyme activity in the ect-lacZ
reporter fusion constructs exceeded greatly the activity of the reporter enzyme in the wild
type ect-lacZ reporter fusion, by 14.2-fold, and 16.8-fold, respectively (Fig. 6A, B, and C).

Genetic design of a heterologous ectoine/hydroxyectoine cell factory. E. coli
synthesizes large amounts of the compatible solute trehalose under osmotic stress
conditions as a cytoprotectant (82, 83). It partially releases the newly produced treha-
lose also into the periplasmic space, where this disaccharide is hydrolyzed by an
osmotically inducible trehalase (TreA), and the glucose monomers are then recovered
again by the E. coli cells through a phosphotransferase transport system (PTS) for their
use as carbon sources (84). To avoid the contamination of newly produced ectoine/
hydroxyectoine by trehalose and to provide an incentive to the osmotically stressed
cells to enhance the production of ectoines in response to increased salinity to provide
physiologically adequate osmostress protection for E. coli (2), we used for the setup of
the cell factory a strain that is defective in trehalose synthesis (FF4169; otsA1::Tn10) (83,
85). The use of such a host strain proved to be beneficial for the expression of the ect-lacZ
reporter fusions carrying either the wild-type ect promoter or its Mut 12 and Mut 15
derivatives in comparison with its otsBA� parent strain, MC4100 (Fig. 6D). We therefore
constructed derivatives of the wild-type ectABCD-ask_ect plasmid pLC68 harboring either
the Mut 12 (plasmid pASTI1) or Mut 15 (plasmid pASTI9) variant in their promoters.

We assessed the production performance of strain MC4100 (otsAB�) and its otsA1::
Tn10 derivative, strain FF4169, for ectoines when the cells carried plasmid pLC68. In
MC4100 cultures, a mixture of ectoine and hydroxyectoine was found intracellularly,
while the supernatant contained exclusively hydroxyectoine (Fig. 7A and B). Use of
strain FF4169 for such an experiment yielded higher production levels of ectoines, with
hydroxyectoine being again exclusively accumulated in the growth medium (Fig. 7A
and B). In both strains, the external concentration of hydroxyectoine substantially
exceeded that of the internal pool size of ectoines (Fig. 7A and B).

FIG 6 Transcriptional activity of the ect wild-type promoter and two of its mutant derivatives in response to sustained osmotic stress. (A to C) E. coli strains
(MC4100) harboring either the wild-type ectB-lacZ reporter fusion plasmid pGJK4 (A), a plasmid (pPH8) carrying a point mutation (Mut 12) (Fig. 4A) in the
ect �35 region (B), or a plasmid (pPH11) carrying a mutant ect promoter (Mut 15) (Fig. 4A) that was changed in its �10 region, �35 region, and spacer length
to the consensus sequence of Sig70-type E. coli promoters (78) (C) were grown at various salinities. (D) Cells of strain MC4100 or FF4169 (otsA1::Tn10) carrying
the wild-type plasmid pGJK4, pPH8, or pPH11 were grown in MMA with 0.3 M NaCl. Cultures were harvested and processed for �-galactosidase enzyme activity
when they reached an optical density (OD578) of about 1.8. The data shown were derived from four independently grown cultures, and each enzyme assay was
performed at least twice. �-Galactosidase enzyme activity is given in Miller units (MU) (108).
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Aspartate is the biosynthetic precursor of ectoine (20, 86) (Fig. 1A), and its addition
to the growth medium has already been proven beneficial for the recombinant
production of ectoines (87). In exploratory experiments, we observed that the addition
of 25 mM aspartate to our Ots� E. coli cell factory harboring plasmid pLC68 substan-
tially enhanced hydroxyectoine production (see Fig. S5A in the supplemental material).
However, increases in the aspartate concentration successively reduced the amount of
the produced hydroxyectoine, while this phenomenon was not observed in strains
harboring the ectABCD-ask_ect gene cluster carrying promoter up-mutations (plasmids
pASTI1 [Mut 12] and pASTI9 [Mut 15]) (Fig. S5). We did not further investigate the drop
in hydroxyectoine production of the Ots� E. coli host strain FF4169(pLC68), but we
suspect that it might be related to the notable increase in medium osmolarity caused
by the addition of high concentrations of aspartate (see Fig. S6 in the supplemental
material). Furthermore, the limited ability of the wild-type ectABCD-ask_ect plasmid to

FIG 7 Comparison of ectoine and hydroxyectoine production in different E. coli mutant strains. (A and
B) Cells of the E. coli wild-type strain MC4100 and its mutant derivatives FF4169 (otsA1::Tn10), MKH13
[Δ(proP)2 Δ(proU::spc)608], and SK51 [Δ(proP)2 Δ(proU::spc)608 otsA1::Tn10] carrying plasmid pLC68 (with
a wild-type ect promoter) were cultivated in MMA with 0.4 M NaCl. After incubation for 48 h, cells were
harvested and assayed for their intracellular (A) and extracellular (B) concentrations of ectoine (gray bars)
and hydroxyectoine (black bars) via HPLC analysis. (C and D) Comparison of ectoine and hydroxyectoine
production in strains carrying mutant ect promoters in response to graded increases in the external
salinity. E. coli strain FF4169 (otsA1::Tn10) carrying either plasmid pASTI1 (Mut 12; point mutation in the
�35 region) (Fig. 3A) (C) or plasmid pASTI9 (Mut 15; consensus Sig70-type promoter variant) (Fig. 3A) (D)
was cultivated in MMA containing various concentrations of NaCl. The cultures were grown for 24 h, and
the extracellular ectoine/hydroxyectoine content was then determined by HPLC analysis. The data shown
were derived from four independently grown cultures, and each assessment of their ectoine/hydroxyec-
toine content was performed at least twice. Since the concentration of NaCl in the medium significantly
influences cell growth, the ectoine/hydroxyectoine content of the supernatant was normalized to an
OD568 of 1 and is reported here as mg/liter/OD unit.
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provide adequate levels of osmostress protection to the host strain lacking trehalose
(82, 83) might also be a contributing factor.

ect promoter mutations increase ectoine/hydroxyectoine production by the E.
coli cell factory. To further increase ectoine/hydroxyectoine production titers, we
separately introduced plasmids pASTI1 (Mut 12, a point mutant of the �35 region in
the ect promoter) (Fig. 5A) and pASTI9 (Mut 15, a mutant ect promoter altered to the
Sig70-type consensus sequence) (Fig. 5A) into the Ots� E. coli mutant strain FF4169.
Consistent with the ect-lacZ reporter fusion assays (Fig. 6D), the presence of either
plasmid leads to substantially increased production titers in comparison with those in
strain FF4169 carrying the wild-type plasmid pLC68 (Fig. 7A and B) in an osmostress-
dependent manner, with hydroxyectoine being the predominant compatible solute in
the culture supernatant (Fig. 7C and D).

Hypersecretion of ectoine and hydroxyectoine by E. coli strains lacking the
osmolyte importers ProP and ProU. The osmotically regulated ABC transporter ProU
and the major facilitator superfamily (MFS)-type transporter ProP serve as the major
uptake systems for compatible solutes in E. coli (80, 88) and are also responsible for the
uptake of ectoine under osmotic stress conditions (68). We noted that the secretion of
both ectoine and hydroxyectoine was particularly pronounced in strain MKH13 (Ots�

ProP� ProU�) and in strain SK51, which is simultaneously defective in trehalose
synthesis and the ProU and ProP transport systems (Fig. 7A and B). Apparently, E. coli
continuously secretes substantial amounts of the heterologously produced ectoines
into the growth medium that subsequently cannot be recovered again by the cells due
to the defects in the ProU and ProP importers (Fig. 7B).

To study this phenomenon in more detail, we constructed an isogenic set of strains
that lacked the ability to synthesize trehalose and possessed only either the ProU (strain
LC6) or ProP (strain LC7) transporter. As long as one of these ectoine/hydroxyectoine
importers was intact, the external pool of hydroxyectoine matched that produced by
the ProP� ProU� parent strain FF4169. Notably, ectoine was a very minor component of
the supernatant of the osmotically stressed cells (Fig. 8B), while in the supernatant of the
non-osmotically challenged cultures ectoine was present (Fig. 8A). This picture changed
substantially when we analyzed ectoine/hydroxyectoine excretion in the ProP� ProU�

strain SK51. Supernatants of cultures of the SK51 cell factory contained both ectoine and
hydroxyectoine, with hydroxyectoine being the dominant solute again (Fig. 8B).

Deletion of ectD results in a recombinant cell factory secreting exclusively
ectoine. In strain SK51 (Ots� ProP� ProU�) harboring the ectABCD-ask_ect wild-type

FIG 8 Influence of the ProP and ProU ectoine uptake systems on the extracellular amounts of ectoine and
hydroxyectoine. E. coli strains FF4169, LC6, LC7, and SK51 carrying plasmid pASTI1 (Mut 12; point
mutation in the �35 region) (Fig. 3A) were cultivated in MMA containing either 0 M NaCl (A) or 0.4 M
NaCl (B) for 48 h, and the extracellular ectoine/hydroxyectoine content was then determined by HPLC
analysis. The data shown were derived from four independently grown cultures, and each assessment of
their ectoine/hydroxyectoine content was performed at least twice. The relevant genotypes of the E. coli
strains used are as follows: FF4169, otsA1::Tn10 proP� proU�; LC6, otsA1::Tn10 proP proU�; LC7, otsA1::
Tn10 proP� proU; and SK51, otsA1::Tn10 proP proU.

Czech et al. Applied and Environmental Microbiology

January 2018 Volume 84 Issue 2 e01772-17 aem.asm.org 14

 on January 2, 2018 by U
N

IV
E

R
S

IT
A

T
S

B
IB

LIO
T

H
E

K
 M

A
R

B
U

R
G

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org
http://aem.asm.org/


plasmid pLC68, ectoine and hydroxyectoine are present in an almost a 1:1 mixture (Fig.
7B), while in the supernatant of strain FF4169 (Ots� ProP� ProU�) carrying the ect
promoter mutant plasmids pASTI1 and pASTI9, hydroxyectoine predominates (Fig. 7C
and D). To construct a recombinant cell factory producing exclusively high levels of
ectoine, we deleted the ectD gene from the ectABCD-ask_ect gene cluster present on
plasmid pASTI1. When we introduced the resulting plasmid, pLC75, into strain SK51,
only ectoine was found, both intracellularly and extracellularly (Fig. 9A and B). This
strain yields an ectoine/hydroxyectoine production titer of 1.5 g liter�1 per 24 h. The
strain harboring the corresponding ectD� plasmid pASTI1 had a practically identical
productivity but yielded a 2:1 mixture of hydroxyectoine to ectoine in the supernatant
(Fig. 9B). Only approximately 8.7% of the ectoines produced were retained by cells of
strain SK51(pASTI1 [ectD�]), whereas the corresponding value for cells of strain
SK51(pLC75 [ΔectD]) was 4.2% (Fig. 9A and B). Hence, these recombinant cell factories
secrete the vast majority of the newly produced ectoines into the growth medium. The

FIG 9 Influence of an ectD deletion on ectoine/hydroxyectoine production and secretion. (A and B) E. coli
strain SK51 (otsA1::Tn10 proP proU) harboring either plasmid pASTI1 (ectABCD-ask_ect) or plasmid pLC75
[ectABC(ΔectD)-ask_ect] carrying a point mutation in the �35 region of the ect promoter was grown in
MMA containing 0.4 M NaCl for 24 h, and the intracellular (A) and extracellular (B) ectoine/hydroxyec-
toine content was then determined by HPLC analysis. (C) Comparison of the lac promoter sequence
present in the cloning vector pHSG575 (89) and its mutant derivative present in plasmid pASTI14
(ectABCD-ask_ect). (D and E) Cells of strain SK51 carrying either pASTI1 or pASTI14 were grown either
in MMA (D) or MMA with 0.4 M NaCl (E) for 24 h, and the extracellular ectoine and hydroxyectoine
concentrations were then determined by HPLC analysis. The data shown were derived from four
independently grown cultures, and each assessment of their ectoine/hydroxyectoine content was
performed at least twice.
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ca. 1.5 g ectoine produced per liter of culture of strain SK51(pLC75) within 24 h
corresponds to a yield of 0.3 g ectoine per g glucose, values that can also be described
as 1.3 g ectoine produced per 1.24 g cell dry weight.

Quantitative analysis of the performance of the ectoine/hydroxyectoine syn-
thetic cell factory. To study the salient features of the ectoine/hydroxyectoine syn-
thetic cell factory further, we performed an experiment in which we not only monitored
the secretion of ectoines but also quantitated the consumption of glucose and that
of the ectoine precursor aspartate under both inducing and noninducing osmotic
conditions in baffled shake flask cultures. For these experiments, we used strain
SK51(pASTI1) as an example (Table 2). After 24 h of cultivation of this strain in MMA
with 0.4 M NaCl, we found ectoine and hydroxyectoine in the growth medium in
concentrations similar to that in the experiment for Fig. 9B. Since pASTI1 carries a ect
promoter up-mutation (in its �35 sequence; Mut 12) (Fig. 5A), we also detected ectoine
and hydroxyectoine in the supernatant of the cultures grown in MMA. While the
corresponding value for ectoine represented about a third of that detected under
osmotic stress conditions, the production of hydroxyectoine was greatly stimulated
under high-osmolarity conditions (by about 52-fold) (Table 2). Together, this corre-
sponded to 1.3 g ectoines produced per liter of culture.

By the time the experiment was terminated (after 24 h), both the osmotically
nonstressed and the osmotically stressed cells had consumed practically all the glucose
that was added to the growth medium (Table 2). In contrast, the cells had consumed
essentially all the added aspartate under nonstressed conditions, while substantial
amounts of this amino acid were still present in the supernatants of cultures grown
under osmotic stress conditions (Table 2). It is thus apparent from this analysis that the
SK51(pASTI1) synthetic cell factory is carbon source limited under the studied growth
conditions in baffled shake flasks. Furthermore, since both the nonstressed and osmot-
ically stressed cultures reached essentially the same optical density within the 24-h time
frame (see Fig. S7 in the supplemental material), it appears that under osmotic
nonstressed conditions, the cells funnel aspartate primarily into the formation of
biomass, while this route of aspartate consumption is substantially reduced under
osmotic stress conditions (Table 2).

By monitoring the growth of the cells, we found the interesting phenomenon that
ectoine/hydroxyectoine production was beneficial under osmotic stress conditions,
while the growth of the E. coli cells was not notably altered under nonstressed
conditions (Fig. S7). The improved growth of the ectoine/hydroxyectoine-producing
cells at high salinity can readily be understood since the internally amassed ectoines
will provide osmoprotection to the otherwise osmotically sensitive host strain SK51,
which lacks the ability to synthesize the compatible solute trehalose (82, 83).

TABLE 2 Analysis of glucose, aspartate, and the content of ectoines before and after
cultivation of the heterologous E. coli cell factory SK51(pASTI1)a

Compound

Concn (mg/liter) in supernatant

Before cultivation After 24 h of cultivation

Without NaCl With 0.4 M NaCl Without NaCl With 0.4 M NaCl

Ectoine 1.5 � 0.3b 1.4 � 0.06b 144.1 � 4.8 371.8 � 11.6
Hydroxyectoine NDc ND 18.1 � 2.4 936.7 � 48.5
Aspartate 4,246.6 � 197.6 4,358.8 � 149.9 2.2 � 0.4 979.1 � 94.2
Glucose 4,606.6 � 200.6 4,627.2 � 168.4 3.7 � 0.5 2.2 � 0.5
aE. coli strain SK51 (otsA1::Tn10 proP proU) harboring plasmid pASTI1 (ectABCD-ask_ect) was grown in 200 ml
MMA (in a 2-liter baffled Erlenmeyer flask) containing either 0 or 0.4 M NaCl. Cells of preculture grown in
MMA overnight were used to inoculate the main cultures to an OD578 of about 0.15; the cells were then
cultivated for 24 h at 37°C on an aerial orbital shaker. Immediately after inoculation and at the end of the
experiment after 24 h, 2-ml samples were withdrawn and used to determine the glucose, aspartate, ectoine,
and hydroxyectoine contents of the cultures. The data shown (means � standard deviations) were derived
from four independently grown cultures, and each assessment of their ectoine, hydroxyectoine, aspartate,
and glucose contents was performed at least twice.

bThis small amount of ectoine results from carryover from the inoculum.
cND, not detected.
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A lac promoter-directed ect antisense transcript limits production of ectoines
in plasmid-carrying cells. The low-copy-number vector (pHSG575) used for the clon-
ing of the ectABCD-ask_ect operon (plasmid pLC68) carries a lac promoter (89) that is
constitutively expressed in the ΔlacIZYA host strain MC4100 and its derivatives that
were used in our study. We obtained in our experiments involving cloning of the ect
gene cluster only pHSG575-derived ect� plasmids in which the lac promoter will direct
an antisense RNA transcript relative to the ectABCD-ask_ect mRNA, which is driven by
the transcriptional activity of the ect promoter (Fig. 1B). This antisense transcript could
potentially either destabilize the ectABCD-ask_ect mRNA or impair its effective transla-
tion. We therefore constructed a derivative of pASTI1 in which we inactivated the lac
promoter through site-directed mutagenesis (Fig. 9C). When we tested the perfor-
mance of the resulting plasmid, pASTI14, for ectoine/hydroxyectoine production in
comparison with the parent plasmid pASTI1, the extracellular levels of ectoines in-
creased from about 1.5 g liter�1 in strain SK51(pASTI1) to about 1.9 g liter�1 in strain
SK51(pASTI14) under high-salinity growth conditions (Fig. 9E). This corresponded to
1,749 mg ectoines per g (dry weight) of the producing cells. Hence, the lac promoter-
directed antisense transcript (Fig. 1B) limits the production of ectoines in our cell
factory to a notable degree (by approximately 21%).

DISCUSSION

When challenged by high-osmolarity environments, many microorganisms synthe-
size copious amounts of ectoines as cytoprotectants (1, 3, 4, 32). However, the mech-
anism(s) through which the cell perceives increases in the environmental osmolarity,
how it processes this information, and how it transmits it to the transcriptional
apparatus to drive enhanced transcription of ectoine/hydroxyectoine biosynthetic
genes are rather incompletely understood. CosR, a regulator of ectoine biosynthetic
genes in V. cholerae, has been proposed to detect changes in the external osmolarity
through the ensuing increases in the ionic strength of the cytoplasm (29). In a recently
reported study (3), about a quarter of the 440 inspected ectoine/hydroxyectoine gene
clusters were associated with a gene that encodes the MarR-type regulator EctR.
However, even in the absence of EctR, osmoregulation of ect gene expression persisted
in the single microorganism (M. alcaliphilum) in which the interaction of this repressor
with the ect regulatory region has been studied (28). In addition, since the majority of
ectoine/hydroxyectoine gene clusters are not associated with a regulatory gene (3),
these observations imply that the promoter elements and their flanking region itself
probably harbor critical information for osmotic control of ect transcription.

Consistent with this concept, we were able to transfer the trait of osmoregulated
expression of the ect gene cluster from the ectoine/hydroxyectoine producer P. stutzeri
A1501 (17), an organism that lacks CosR and EctR (3, 67), into the surrogate host E. coli,
which does not synthesize ectoines naturally (68). While osmoregulation of several
heterologous ect gene clusters in E. coli has already been reported (18, 23, 59), no
detailed molecular analysis of this remarkable process has so far been pursued. We
were able to show that the ect promoter from P. stutzeri A1501 responds to a true
osmotic signal and requires the buildup of an osmotically effective gradient across
the cytoplasmic membrane for enhanced transcriptional activity (Fig. 2A). We ruled out
the involvement of the general stress-responsive alternative sigma factor RpoS, of the
nucleoid-associated protein H-NS, of the two-component regulatory system EnvZ/
OmpR, and of the cAMP/CRP complex, regulatory systems that target various osmoti-
cally controlled genes of E. coli (71–77), in the osmotic control of the P. stutzeri A1501
ect expression (Table 1).

Perception of the osmotic stress signal by E. coli is finely tuned, because graded
increases in sustained high osmolarity led to corresponding linear increases in the
lasting transcriptional activity of the ect promoter over a wide range of salinities (from
0 M NaCl to 0.5 M NaCl) (Fig. 2B). This finding implies that the E. coli host strain can
sensitively perceive small increases in sustained high environmental osmolarity and is
able to process this information genetically/physiologically such that a precise setting
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of the transcriptional activity of the ect promoter will ensue (Fig. 2B). We consider it
highly unlikely that the non-ectoine/hydroxyectoine-producing enterobacterium E. coli
possesses specific protein- or RNA-based osmoregulatory circuits that would allow it to
control the promoter of a heterologous ect biosynthetic gene cluster derived from a
plant-root-associated soil bacterium in such a finely tuned fashion. As a working hypothesis,
our data therefore suggest that osmoregulation of the ect promoter in the heterologous E.
coli host is an inherent feature of the promoter elements and their flanking regions (Fig. 4).
It remains to be determined how RNA polymerase, perhaps with contributions of the
intracellular ion and compatible solute pools (Fig. 2C) (90, 91) and increases in global and
local DNA supercoiling (92, 93), can afford the exquisitely sensitive transcriptional response
to high osmolarity that we observed for the ect promoter (Fig. 2B).

It is striking how moderate changes in the ect promoter sequence that increase its
resemblance to housekeeping Sig70-type promoters of E. coli (78) cause substantially
enhanced expression, both in the absence and in the presence of osmotic stress (Fig.
5A and B and 6A, B, and C). Deviations from the consensus Sig70 promoter sequence
thus serve to keep ect transcription low under osmotic conditions where the cells do
not rely on the synthesis of compatible solutes for growth while simultaneously
allowing induction of these types of genes when the cell has to physiologically cope
with high environmental osmolarity (94). Essentially all of the ect promoter variants that
we have constructed retained osmotic control, at least to a certain degree (Fig. 5B).
Surprisingly, even an ect promoter variant in which we adjusted the �35, and �10
regions, and also the spacer length, to those of corresponding elements present in the
consensus Sig70-type promoter (78) (e.g., Mut 15) (Fig. 5A) still remains responsive to
high salinity (Fig. 6C). It therefore follows from our analysis that DNA sequence
determinants for osmotic control of ect gene expression reside not only in the canonical
promoter elements. Through deletion analysis and the study of reporter fusions, we
have delineated all DNA sequences required in cis for osmoregulation of the ect
promoter to a 116-bp DNA fragment. It encompasses the canonical �35 and �10
elements, contains 28 bp upstream of the �35 region, and extends from the beginning
of the �10 region 58 bp down to codon seven of ectA, the first gene in the ectABCD-
ask_ect gene cluster (Fig. 4B). DNA sequences relevant for osmotic control of the ect
operon are certainly not present upstream of the �35 element, since their replacement
with a fortuitously fused plasmid-derived DNA sequence somewhat related to canon-
ical Sig70-type �35 regions still allows osmotic induction of ect transcription (deletion
endpoint K7) (Fig. 3A), albeit at a substantially reduced level of promoter activity.
Currently, our data cannot exclude the possibility that elements important for osmo-
regulation are contained in the 5= region of the ect transcript or that a small antisense
RNA targets the region around the translation initiation site of ectA (Fig. 4B). In any
event, the identification of a small DNA fragment (116 bp) directing osmoregulated ect
gene expression should allow the development of genetic screens to search for variants
of the ect regulatory region that no longer respond to the osmotic cue but that do not
simply destroy the promoter.

It is apparent from our mutational analysis of the P. stutzeri A1501 ect promoter that
there is a complex interplay between different promoter elements that allow the cell to
respond differently in transcriptional activity to the intracellular cue generated though
an increase in the environmental osmolarity (Fig. 5). This proposal is reminiscent of data
reported by Borowiec and Gralla (95) on the lac promoter from E. coli, where point
mutations in the �10, the �35, or the spacer region alter the transcriptional response
to DNA supercoiling in a distinct fashion but where the promoter elements then act as
a whole to facilitate unwinding of the DNA during open complex formation and
thereby set promoter activity. The strength of the intracellular cue that triggers
enhanced ect expression is modulated by the accumulation of various types of com-
patible solutes. Since this also includes ectoine and hydroxyectoine (Fig. 2C), the
ectoine/hydroxyectoine producer bacterium is provided with a homeostatic system
allowing it to tune down the activity of the ect promoter once a physiologically
appropriate cellular adjustment to the external osmolarity has been attained.
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A particular intriguing feature of the P. stutzeri A1501 ect promoter is the string of
three consecutive CG base pairs in the �10 region, whereas the canonical counterpart
of this element in Sig70-type promoters lacks CG pairs altogether (Fig. 3B) (78). Such
unusual �10 regions have also been noted in several osmostress-responsive genes in
other microorganisms (77, 94). For an understanding of the role possibly played by the
three consecutive CG base pairs in the ect �10 region (Fig. 3B), we find it useful to
consider the properties of the leu-500 allele of Salmonella enterica serovar Typhimu-
rium. In this allele, a single A-to-G point mutation is introduced into the �10 region of
the promoter driving expression of the leu operon. This mutation renders the already
unusual �10 element particularly GC rich (depending on the assumed spacer length of
the leu promoter, the �10 region is either TGCCAC or GCCACT), strongly impairs leu
transcription, and thereby causes leucine auxotrophy (96). Suppressors restoring leu-
cine prototrophy map in topA, the structural gene for DNA topoisomerase I, a key player
in setting the overall level of DNA supercoiling in the cell. Furthermore, local changes
in negative superhelicity also stimulate leu-500 promoter activity strongly (93, 97). It is
thus thought that increases in negative DNA superhelicity aid the RNA polymerase in
overcoming the increased energy barrier posed by the GC-rich �10 region of the
leu-500 promoter to allow DNA strand separation during open complex formation (78,
93, 97). The degree of DNA supercoiling is an important determinant of bacterial gene
expression and growth, and it fluctuates in response to cellular and environmental
changes (98, 99). High-osmolarity-instigated increases in negative DNA superhelicity
(92) are thus likely to contribute to the unwinding of the CG-rich �10 element of the
ectC promoter (Fig. 3B and 4B), thereby stimulating its activity under osmotically
unfavorable environmental circumstances (2, 12, 14, 15).

There has been a growing interest in ectoines as stabilizers of macromolecules and
cellular structures for various practical applications, and both natural and synthetic
microbial cell factories for their production have been developed (1, 32, 48, 49, 59, 66).
We designed an ectoine/hydroxyectoine-producing synthetic cell factory by combining
optimized ect promoters with an engineered E. coli chassis strain that lacks the ability
to synthesize the osmostress protectant trehalose (82, 83) and to import ectoines via
the ProP and ProU transport systems (68, 80, 88). By flexibly choosing plasmids with
combinations of ectABCD-ask_ect or ectABC(ΔectD)-ask_ect gene clusters and different
E. coli host strains, we were able to achieve production and secretion of either pure
ectoine (Fig. 9B) or pure hydroxyectoine (Fig. 7C and D and 8B) or a mixture of both
compounds (Fig. 9B, D, and E). Our best-performing cell factory yields a total ectoine/
hydroxyectoine production titer of about 1.9 g liter�1 within 24 h in baffled shake flask
cultures (Fig. 9E). This is probably not the maximal productivity of our synthetic cell
factory, since under the evaluated conditions (Table 2), the growth/productivity of the
culture is limited by glucose availability but not by the added amount (25 mM) of the
ectoine biosynthetic precursor aspartate (Fig. 1A).

Our recombinant cell factory also allows the synthesis of ectoine under nonstressed
conditions, but since it is dependent on osmotically stimulated ect promoters, its
ectoine/hydroxyectoine production yields strongly increase (by about 10-fold) when
the cells are osmotically challenged (Table 2; Fig. 7C and D and 9D and E). However, in
comparison with natural ectoine/hydroxyectoine-producing microorganisms, which
demand very high salinities (between 1 and 2.5 M NaCl) (1) for good production levels,
the cell factory that we describe here requires rather moderate salinities (Fig. 2A and 9D
and E), conditions that might be more favorable for fermentation vessels and down-
stream processing equipment (1, 32). Furthermore, recombinant ectoine/hydroxyecto-
ine cell factories that rely on synthetic promoters to drive the expression of the ect
biosynthetic genes in the absence of osmotic stress often require costly inducers, while
the osmotic stimulation of ect promoter activity requires only a commodity compound.
Another significant advantage of our cell factory is that it does not require osmotic
downshifts for the release of the ectoines, and it is designed such that the excreted
ectoines cannot be reacquired by the producer cells (Fig. 1B). Others have already
described various synthetic ectoine or hydroxyectoine cell factories (for summaries, see
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references 1, 32, 59, and 66), but we find that the reported performances of these cell
factories are rather difficult to compare since the growth and production conditions
differ substantially (Table 3).

The recombinant cell factory described here secretes most of the newly synthesized
ectoines into the growth medium (Fig. 9B and E). It shares this feature with other
synthetic cell factories that rely on microbial chassis strains that do not produce
ectoines naturally (61–65, 87). Investigations into the release of hydroxyectoine from a
recombinant E. coli strain expressing the ectD gene from P. stutzeri A1501 under the
control of the tet promoter (85) demonstrated that this process was not mediated, in
the absence of an osmotic downshock, by any of the mechanosensitive channels (MscL,
MscS, and MscM) operating in E. coli (100). In our recombinant cell factory, ectoines
were efficiently secreted in strains lacking the ectoine/hydroxyectoine uptake systems
ProU and ProP (68, 80, 88) (Fig. 8B), thereby firmly ruling out the possibility that these
importers are somehow involved in the release of ectoines as well. Data on the
release/excretion of different types of compatible solutes have been reported for cells
when the natural producer bacteria lack the corresponding import systems. Examples
are the release of glycine betaine synthesized from the precursor choline by E. coli (101),
glucosylglycerol from Synechocystis sp. strain PCC6803 (102), ectoine from H. elongata
(53), and proline by Bacillus subtilis (103). A cycle of synthesis, release, and recapture
might thus help osmotically stressed cells to fine-tune the steady-state concentration
of compatible solutes, and hence of turgor, in response to cellular and environmentally
imposed temporary constraints and cellular imbalances during growth and cell division
(103, 104).

Efflux systems for various compounds (105), in particular for amino acids, are well
known to exist in microorganisms (106). While passive diffusion of ectoine and hy-
droxyectoine across the cytoplasmic membrane remains a possibility to explain the
accumulation of ectoines in the growth medium of our cell factory (Fig. 9B and E), data
reported by Jebbar et al. (68) point to the existence of a yet-unrecognized ectoine
efflux system(s) in E. coli. Such a system may also be used for the release of types of
compatible solutes that E. coli actually synthesizes naturally, e.g., glycine betaine from
the precursor choline or trehalose (84, 101). Previously published data (53, 103) and our
findings on the secretion of substantial amounts of ectoines from an E. coli cell factory
lacking the ProU and ProP osmolyte importers (Fig. 9B and E) might aid in the setup of
a genetic screening procedure to identify potential efflux systems for ectoines.

TABLE 3 Comparison of the productivities of different recombinant ectoine/hydroxyectoine cell factories

Compound and host
Origin of ect
biosynthetic genes

Titer of
ectoines
(g liter�1)

Productivity
(g liter�1 h�1) Production yielda Production system Reference

Ectoine
C. glutamicum LYS-1 P. stutzeri A1501 6.7 0.28 36.1 �mol (g DCWb)�1 [5.12 mg

(g DCW)�1]
Fed batch, in a fermentor 63

C. glutamicum C. salexigens 22 0.32 NRc Fed batch, in a fermentor 62
E. coli DH5� C. salexigens 6 0.04 5 mg (g DCW)�1 Batch, in a fermentor 61
E. coli BW25113 H. elongata 25.1 1.05 4,048 mg (g DCW)�1 Whole-cell catalysis, in a

fermentor
87

E. coli W3110 H. elongata 25.1 0.84 800 mg (g DCW)�1 Fed batch, in a fermentor 65
E. coli
SK51(pASTI14)

P. stutzeri A1501 1.9d 0.08 1,749 mg (g DCW)�1 Shake flasks This study

5-Hydroxyectoine
E. coli DH5� P. stutzeri DSM5190 NR NR 500 �mol (g DCW)�1 [79.1 mg

(g DCW)�1]
Shake flasks 59

H. polymorpha H. elongata 2.8 365 �mol (g DCW)�1 [57.7 mg
(g DCW)�1]

Fed batch, in a fermentor 64

aValues in brackets were recalculated by us on the basis of the molecular mass of ectoine/hydroxyectoine.
bDCW, dry cell weight.
cNR, not reported.
dMixture of ectoine and hydroxyectoine (see Fig. 9E).
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MATERIALS AND METHODS
Chemicals and reagents. Ectoine and 5-hydroxyectoine that were used as standards in high-

performance liquid chromatography (HPLC) analysis were kindly provided by bitop AG (Witten, Ger-
many). Acetonitrile (HPLC grade) was obtained from VWR International GmbH (Darmstadt, Germany). All
other chemicals were purchased from Serva Electrophoresis GmbH (Heidelberg, Germany), Sigma-Aldrich
(St. Louis, MO, USA), and Carl Roth GmbH (Karlsruhe, Germany). All compatible solutes used in this study
were from laboratory stocks (107). The colorimetric substrate for �-galactosidase enzyme activity assay,
o-nitrophenyl-�-D-galactopyranoside (ONPG), was obtained from Serva Electrophoresis GmbH (Heidel-
berg, Germany).

Media and growth conditions. All E. coli strains and P. stutzeri A1501 (67) were routinely maintained
on Luria-Bertani (LB) agar plates and propagated in liquid LB medium (108). When the E. coli strains used
contained a recombinant plasmid, chloramphenicol (30 �g ml�1) or kanamycin (50 �g ml�1) was added
to the growth medium. For experiments involving the production of ectoine and hydroxyectoine or the
measurement of �-galactosidase activity, E. coli strains were grown in minimal medium A (MMA) (108)
supplemented with 0.5% (wt/vol) glucose as the carbon source, 1 mM MgSO4, and 3 mM thiamine. When
indicated, 25 mM sodium aspartate was added to the modified MMA to provide extra resources of the
precursor for the biosynthesis of ectoines (17, 18, 20). The osmolarity of the growth medium was
routinely adjusted by adding various concentrations of NaCl from a 5 M stock solution, as specified for
the individual experiments. The osmolarity values of these media were determined with a vapor pressure
osmometer (Vapor Pressure 5500; Wescor, Inc., UT). Shake flask cultures of E. coli strains were incubated
at 37°C in a shaking water bath set to 220 rpm. Typically, a 100-ml baffled Erlenmeyer flask filled with 20
ml of growth medium was used to propagate the cultures.

Growth of E. coli strain SK51 harboring different plasmids (pASTI1 or pASTI9) leading to the synthesis
of ectoines and the empty cloning vector (pHSG575) used for their construction was monitored within
a time frame of 24 h in a microplate reader (Biotek Epoch2, Winooski, VT, USA) using a 48-well microplate.
Cultures (500 �l) were inoculated with a preculture of strain SK51 harboring various plasmids that had
been grown in MMA overnight at 37°C to an optical density at 578 nm (OD578) of 0.15 and were then
incubated in MMA or MMA with 0.4 M NaCl for 24 h with double orbital shaking (800 circles min�1) at
37°C. Optical densities of the cultures were measured once per hour.

To determine the dry weight of the formed biomass, 200-ml cultures of E. coli strain SK51(pASTI1) (in
2-liter baffled Erlenmeyer flasks) were inoculated with a preculture grown in MMA overnight at 37°C to
an OD578 of 0.15; the cultures were grown in MMA or in MMA containing 0.4 M NaCl for 24 h in an aerial
shaker (set to 200 rpm) at 37°C. Fifty-milliliter samples of the cultures were collected in weighed Falcon
tubes, and the cells were then harvested by centrifugation (16,000 � g for 10 min) in an Eppendorf
tabletop centrifuge. The supernatant was discarded, and the cells were washed once with 20 ml distilled
water. The cell pellet was dried overnight at 70°C. Falcon tubes with dried cell pellets were weighed and
a dry cell weight (DCW) of �0.25 g per OD578 unit was calculated.

Bacterial strains and genetic construction of E. coli mutants. P. stutzeri strain A1501 (67) was
kindly provided by C. Elmerich (Institute Pasteur, Paris, France). E. coli K-12 strain FF4169 [(otsA::Tn10)1]
is a derivative of strain MC4100 (109) and is deficient in the synthesis of the stress protectant trehalose
(83). MC4100 is also the parent of strains BK32 [Δ(proP)2 proU�], MKH17 [proP� Δ(proU::spc)608 (Spcr)],
and MKH13 [Δ(proP)2 Δ(proU::spc)608 (Spcr)], which carry in various combinations defects in the genes
encoding the ProP or ProU compatible solute uptake systems (80, 110). Strains RH76 (Δcya-851) (111),
RH90 (rpoS359::Tn10) (112), PD32 (hns-206::Apr) (113), and LC30 (ompR::Tn10) (from T. J. Silhavy) are also
derivatives of MC4100. The genotypes of these E. coli strains are listed in Table 4.

Standard genetic methods such as phage P1vir-mediated transduction were performed as described
previously (108). For the construction of E. coli strains SK51, LC6, and LC7, a P1vir phage lysate was
prepared on cells of strain FF4169 [(otsA::Tn10)1] and was then used to transduce the defective trehalose
synthesis gene into the otsBA� E. coli strains MKH13, BK32, and MKH17 (Table 4) by selecting for
tetracycline-resistant colonies on LB agar plates containing 15 �g ml�1 of the antibiotic. Representative

TABLE 4 E. coli strains used in this study

Straina Genotype
Reference or
source

MC4100 F� Δ(argF-lac)U169 araD139 rpsL150 relA1 flbB5301 deoC1 ptsF25 rbsR 116
RH90 F� MC4100 rpoS359::Tn10 112
PD32 F� MC4100 hns-206::Apr 113
RH76 F� MC4100 Δcya-851 111
LC30 F� MC4100 ompR::Tn10 T. J. Silhavy
FF4169 F� MC4100 otsA1::Tn10 83
MKH17 F� MC4100 Δ(proU::spc)608 110
BK32 F� MC4100 Δ(putPA)101 Δ(proP)2 110
MKH13 F� MC4100 Δ(putPA)101 Δ(proP)2 Δ(proU::spc)608 110
SK51 F� MC4100 Δ(putPA)101 Δ(proP)2 Δ(proU::spc)608 otsA1::Tn10 This study
LC6 F� MC4100 Δ(putPA)101 Δ(proP)2 otsA1::Tn10 This study
LC7 F� MC4100 Δ(putPA)101 Δ(proU::spc)608 otsA1::Tn10 This study
aStrains SK51, LC6, and LC7 were constructed by transducing the otsA1::Tn10 gene disruption mutation with
P1vir into strains MKH13, BK32, and MKH17, respectively.
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colonies were picked and purified by restreaking several times on tetracycline-containing LB agar plates;
the cells were then tested for their inability to produce trehalose in response to osmotic stress (83) using
a kit purchased from Megazyme (Wicklow, Ireland).

Construction of recombinant plasmids. To monitor the transcription of the ectoine biosynthetic
operon (ectABCD-ask_ect) of P. stutzeri A1501 (17, 67), a lacZ reporter gene fusion was constructed. To this
end, a 1,057-bp DNA fragment starting upstream of ectA and carrying 396 bp of the ectB coding region
(Fig. 3A) was amplified from chromosomal DNA of P. stutzeri A1501 using the DNA primers EctABC-
D_ask_fw(SpeI) and LacZectB_rev(HindIII) (Table 5). Both the PCR fragment and the broad-host-range
plasmid pBBR1MCS-2-lacZ (114) were digested with SpeI and HindIII prior to ligation. The resulting
ect-lacZ reporter plasmid was pGJK4 (Table 6). In a similar fashion, a series of ect-lacZ reporter plasmids
was constructed by systematically shortening the 5= region in front of ectA using a set of custom-
synthesized DNA primers (Table 5) and the LacZectB_rev(HindIII) DNA primer to provide the same
ectB/lacZ fusion junction present in plasmid pGJK4; the resulting plasmids are listed in Table 6, and their
physical structures are shown in Fig. 3A and 4A. All these plasmids carry the same fusion junction
between the ectB and lacZ genes (in codon 88 of ectB), and this leads to the production of a hybrid
EctB-LacZ protein whose translation is dependent on the ectB ribosome-binding site. The ectB and lacZ
genetic material in this gene fusion is connected by a 48-base-pair DNA region derived from the
polylinker of the pBBR1MCS-2-lacZ cloning vector that inserts a linker peptide of 16 amino acids between
the N-terminal EctB= and C-terminal LacZ proteins in the EctB-LacZ hybrid. To shorten the ectA and ectB
DNA sequences present in the ectB-lacZ reporter plasmids, we constructed plasmids pASTI11 and
pASTI12 (Fig. 4A), in which we fused codon seven of ectA to the lacZ coding region, thereby causing the
synthesis of a hybrid EctA-LacZ protein. Again, a 48-base-pair region derived from the polylinker of the
pBBR1MCS-2-lacZ cloning vector inserts a 16-amino-acid peptide between the N-terminal EctA= and
C-terminal LacZ proteins in the EctA-LacZ hybrid. The translation of the hybrid ectA-lacZ gene fusion is
dependent on the ectA ribosome-binding site.

A series of ect promoter mutants was constructed by site-directed mutagenesis using the ectB-lacZ
reporter plasmid pGJK4 as the DNA template, custom-synthesized DNA primers (Table 5), and the Q5
site-directed mutagenesis (Q5 Site) kit (New England BioLabs GmbH, Frankfurt, Germany). This resulted
in the construction of plasmids pPH1 to pPH17 and plasmids pASTI16 and pASTI17 (Table 6).

For the heterologous production of ectoine and 5-hydroxyectoine in E. coli, a 5,065-bp DNA fragment
containing the natural ect promoter and the complete ectoine gene cluster (ectABCD-ask_ect) from P.
stutzeri A1501 (17, 67) was cloned into the low-copy-number plasmid pHSG575 (Cmr) (89). The corre-
sponding fragment was amplified from genomic DNA of P. stutzeri A1501 using the primers Pstutz_Ect-
Clu_Blunt_for and Pstutz_EctClu_Blunt_rev (Table 5). The resulting DNA fragment was phosphorylated
with the T4 polynucleotide kinase (Thermo Fisher Scientific Inc., Waltham, MA, USA) and was blunt-end-
cloned into the linearized (by cutting with SmaI) and dephosphorylated (with FastAP; Thermo Fisher
Scientific Inc., Waltham, MA, USA) DNA of pHSG575 (89). The resulting plasmid was pLC68 (Fig. 1B; Table
6). After verification of the DNA sequence of the entire cloned ectABCD-ask_ect operon (17), selected
point mutations were introduced via site-directed mutagenesis (by using the Q5 Site kit) into the �10
and �35 regions of the ect promoter and into the spacer region that separates these promoter elements;
the resulting plasmids were pASTI1 (with a point mutation in the �35 region) and pASTI9 (with a perfect
Sig70-type promoter with a 17-bp spacing) (Table 6). Plasmid pASTI1 was used to delete the ectD gene
from the ect operon by using the primers EctD_KO_for and EctD_KO_rev (Table 5); the resulting plasmid
was pLC75 (Table 6). The backbone of the pHSG575 cloning vector carries a lac promoter (89) that will
generate an antisense transcript in plasmid pLC68 (Fig. 1B) and its derivatives. To inactivate the lac
promoter on plasmid pASTI1, a consecutive change of two base pairs (see Fig. 9C) was introduced into
the �10 region of the lac promoter via site-directed mutagenesis (by using the Q5 Site kit) using the
primers plac_kaputt_for and plac_kaputt_rev (Table 5). The resulting plasmid was pASTI14 (Table 6). The
correct DNA sequences of the chromosomal inserts in all plasmids constructed in this study (Table 6)
were verified by DNA sequence analysis (Eurofins MWG Operon, Ebersberg, Germany); all DNA primers
(Table 5) used in this study were custom synthesized by Microsynth AG (Balgach, Switzerland).

Cultivation of recombinant E. coli strains for the production of ectoines. For the heterologous
production of ectoine and hydroxyectoine in E. coli, various strains were transformed with different
plasmids carrying either the wild-type ectABCD-ask_ect gene cluster or mutant derivatives of it that either
carried alterations in the ect promoter sequence or lacked the ectD gene (Table 6). Twenty-milliliter
cultures (in 100-ml baffled Erlenmeyer flasks) of these plasmid-carrying E. coli strains were cultivated in
MMA with the addition of different concentrations of NaCl and sodium aspartate and with chloram-
phenicol (30 �g ml�1) to select for the recombinant plasmids. The cultures were inoculated with a
preculture grown in MMA overnight at 37°C to an OD587 of 0.15 and incubated for 24 or 48 h (as indicated
in the individual experiments) in a shaking water bath (set to 220 rpm and 37°C). Two-milliliter samples
were collected from these cultures, and the cells were harvested by centrifugation (16,000 � g for 10
min) in an Eppendorf tabletop centrifuge. The supernatant was separated from the pellet, and both
samples were stored at �20°C until further analysis.

Detection and quantification of ectoines. Low-molecular-weight compounds of the E. coli cell
pellets were extracted with 20% ethanol. For this purpose, the cell pellets were resuspended in 1 ml of
20% ethanol and were shaken for 1 h. After centrifugation at 16,000 � g (4°C for 30 min) to remove cell
debris, the ethanolic extracts were transferred into fresh Eppendorf tubes, and the ethanol was removed
by evaporation (at 55°C for 20 h). The resulting dried material was resuspended in 100 �l of distilled
water, and insoluble material was removed by centrifugation (16,000 � g at 4°C for 30 min). The
extracted samples and the cell-free supernatant derived from the corresponding cell cultures were
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TABLE 5 DNA primers used in this study

Plasmid Primer name Primer sequencea

pGJK4 EctABCD_ask_fw(SpeI) AAAAAACTAGTCCGTCAGTCAGAGAACTTCTGACG
LacZectB_rev(HindIII) AAAAAAGCTTGAAGGTTTCGAGGAAACGCTC

pNST22 (K1) LacZ_ectB_K2(BamHI) AAAAGGATCCCTGAATTCAAATTGCATTTCGGTG
LacZectB_rev(HindIII) AAAAAAGCTTGAAGGTTTCGAGGAAACGCTC

pNST21 (K2) LacZ_ectB_K1(BamHI) AAAAGGATCCGGCAAGCTGACCACCGCAATAC
LacZectB_rev(HindIII) AAAAAAGCTTGAAGGTTTCGAGGAAACGCTC

pNST26 (K3) LacZ_ectB_K6(BamHI) AAAAGGATCCCACAGAAACATTCTGCGCGC
LacZectB_rev(HindIII) AAAAAAGCTTGAAGGTTTCGAGGAAACGCTC

pNST27 (K4) LacZ_ectB_K7(BamHI) AAAAGGATCCCTGCGCGCCAGCATAGTTATC
LacZectB_rev(HindIII) AAAAAAGCTTGAAGGTTTCGAGGAAACGCTC

pNST28 (K5) LacZ_ectB_K8(BamHI) AAAAGGATCCGCGGGTTTCAGCGGCATATAC
LacZectB_rev(HindIII) AAAAAAGCTTGAAGGTTTCGAGGAAACGCTC

pNST29 (K6) LacZ_ectB_K9(BamHI) AAAAGGATCCCGCAAACTTCCCATATTCCGTTAC
LacZectB_rev(HindIII) AAAAAAGCTTGAAGGTTTCGAGGAAACGCTC

pNST40 (K7) LacZ_ectB_K11(BamHI) AAAAGGATCCACTTGTGCGGATATGCCTACCCT
LacZectB_rev(HindIII) AAAAAAGCTTGAAGGTTTCGAGGAAACGCTC

pNST41 (K8) LacZ_ectB_K13(BamHI) AAAAGGATCCCCACCGTAATGCTCCGTCGC
LacZectB_rev(HindIII) AAAAAAGCTTGAAGGTTTCGAGGAAACGCTC

pNST39 (K9) LacZ_ectB_K10(BamHI) AAAAGGATCCCGTTACATGGAAACCACCATCTCG
LacZectB_rev(HindIII) AAAAAAGCTTGAAGGTTTCGAGGAAACGCTC

pASTI11 KlacZ-for AAGCTTATCGATACCGTCGACCTC
K11ectAshort-rev CATTACGGTGGGGAAACTCAAAACAAT

pASTI12 KlacZ-for AAGCTTATCGATACCGTCGACCTC
K11ectAshort-rev CATTACGGTGGGGAAACTCAAAACAAT

pPH1 (Mut 1) Mut_35_TTzuGG_for GTTACATGGGggGAGAAACTTGTGC
Mut_35_TTzuGG_rev GGAATATGGGAAGTTTGC

pPH7 (Mut2) Mut_10_TzuC_for ATGCCTACCCcAAAAAGGAATTC
Mut_10_TzuC_rev ATCCGCACAAGTTTCTCAAC

pPH4 (Mut3) Mut_Spacer_Del3_for GGATATGCCTACCCTAAAAAG
Mut_Spacer_Del3_rev ACAAGTTTCTCAACCCATG

pPH2 (Mut4) Mut_Spacer_Del1_for CGGATATGCCTACCCTAAAAAG
Mut_Spacer_Del1_rev ACAAGTTTCTCAACCCATGTAAC

pPH3 (Mut5) Mut_Spacer_Del2_for TGCCTACCCTAAAAAGGAATTC
Mut_Spacer_Del2_rev ATCCGCACAAGTTTCTCAAC

pPH17 (Mut6) Mut_Spacer_In1_for tATATGCCTACCCTAAAAAG
Mut_Spacer_In1_rev CCGCACAAGTTTCTCAAC

pPH5 (Mut7) Mut_10_CzuT_for GATATGCCTAtCCTAAAAAGGAATTC
Mut_10_CzuT_rev CGCACAAGTTTCTCAACC

pPH14 (Mut8) Mut_10_1. CzuA_for GATATGCCTAaCCTAAAAAGG
Mut_10_1. CzuA_rev CGCACAAGTTTCTCAACC

pPH15 (Mut9) Mut_10_2. CzuT_for ATATGCCTACtCTAAAAAGGAATTC
Mut_10_2. CzuT_rev CCGCACAAGTTTCTCAAC

pPH16 (Mut10) Mut_10_3. CzuT_for TATGCCTACCtTAAAAAGGAATTC
Mut_10_3. CzuT_rev TCCGCACAAGTTTCTCAAC

pPH6 (Mut11) Mut_10_CCzuAA_for ATATGCCTACaaTAAAAAGGAATTCAATCAAC
Mut_10_CCzuAA_rev CCGCACAAGTTTCTCAAC

(Continued on next page)
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diluted 10-fold with distilled water and acetonitrile (the final concentration of acetonitrile was 50%) and
analyzed for their ectoine/5-hydroxyectoine content by isocratic high-performance liquid chromatogra-
phy (HPLC) (24). For these measurements, we employed an Agilent 1260 Infinity LC system (Agilent,
Waldbronn, Germany) and a Grom-Sil Amino 1PR column (Grom, Rottenburg-Hailfingen, Germany)
essentially as described previously (24) with the exception that a 1260 Infinity diode array detector (DAD)
(Agilent) was used instead of the previously used UV/visible detector system (24, 85). The ectoine and
5-hydroxyectoine contents of HPLC-analyzed samples were quantified using the OpenLAB software suite
(Agilent). Standard curves for the calculation of the ectoine and 5-hydroxyectoine concentrations were
determined with commercially available samples.

Quantification of intracellular trehalose. Cells of E. coli strains MC4100, FF4169, SK51, LC6, and LC7
(Table 4) were grown in MMA without and with the addition of 0.4 M NaCl until they reached an OD578

of 1. One-milliliter samples of the cultures were harvested by centrifugation, and trehalose was extracted
from the cells using the ethanolic extraction protocol used for the recovery of ectoines. The dried pellet
was resuspended in 100 �l distilled water (dH2O). The trehalose content of the samples was determined
with a commercially available kit from Megazyme (Wicklow, Ireland) according to the manufacturer’s
protocol. The otsBA� strain MC4100 accumulated 0.65 �M trehalose per OD578 unit when it was grown
in MMA without NaCl and 25.5 �M trehalose per OD578 unit when it was grown in MMA in the presence
of 0.4 M NaCl. Strains FF4169, SK51, LC6, and LC7, all of which carry the (otsA::Tn10)1 mutation (Table 4),
contained between 0.56 �M and 1.5 �M trehalose per OD578 unit regardless of the absence or presence
of 0.4 M NaCl in the growth medium.

Detection and quantification of aspartate. Two-milliliter samples of 200-ml cultures of strain E. coli
SK51(pASTI1) (grown for 24 h in 2-liter baffled Erlenmeyer flasks) were collected by centrifugation
(16,000 � g for 10 min) in an Eppendorf tabletop centrifuge. The supernatant was separated from the
pellet and stored at �20°C until further analysis. For the analysis of the aspartate content, the samples
were diluted to an estimated aspartate concentration of 0.5 to 1 mM with distilled water, and 1-�l
aliquots were derivatized using 2 �l of 10 mM 9-fluorenylmethoxy carbonyl (FMOC). Excessive FMOC was
removed by adding 3 �l of 40 mM 1-adamantylamine hydrochloride (ADAM) to the samples. Distilled

TABLE 5 (Continued)

Plasmid Primer name Primer sequencea

pPH8 (Mut12) Mut_35_perfekt_for CATGGGTTGAcAAACTTGTGC
Mut_35_perfekt_rev TAACGGAATATGGGAAGTTTG

pPH9 (Mut13) Mut_10_perfekt_for GATATGCCTAtaaTAAAAAGGAATTCAATCAACAAC
Mut_10_perfekt_rev CGCACAAGTTTCTCAACC

pPH10 (Mut14) Mut_10_perfekt_for GATATGCCTAtaaTAAAAAGGAATTCAATCAACAAC
Mut_10_perfekt_rev CGCACAAGTTTCTCAACC

pPH11 (Mut15) Mut_Spacer_Del1_for CGGATATGCCTACCCTAAAAAG
Mut_Spacer_Del1_rev ACAAGTTTCTCAACCCATGTAAC

pPH12 (Mut16) Mut_Spacer_Del2_for TGCCTACCCTAAAAAGGAATTC
Mut_Spacer_Del2_rev ATCCGCACAAGTTTCTCAAC

pPH13 (Mut17) Mut_Spacer_Del3_for GGATATGCCTACCCTAAAAAG
Mut_Spacer_Del3_rev ACAAGTTTCTCAACCCATG

pASTI16 (Mut18) Del_TG_for CTACCCTAAAAAGGAATTC
Del_TG_rev CATATCCGCACAAGTTTC

pASTI17 (Mut19) pGJK4_GGGTA_for ACGCAAACTTgggtaATTCCGTTACATGGGTTGAGAA
pGJK4_GGGTA_rev ACTTGTGCTGTATATGCCGCTGA

pLC68 Pstutz_EctClu_Blunt_for CCGCAATACACAGAAACATTCTG
Pstutz_EctClu_Blunt_rev CTTGCAGCCATGGTCCTC

pASTI1 Mut_35_perfekt_for CATGGGTTGAcAAACTTGTGC
Mut_35_perfekt_rev TAACGGAATATGGGAAGTTTG

pLC75 EctD_KO_for CAGTATCTCTGAGGCGATGG
EctD_KO_rev GTCGGCTTGCATAGGGTTC

pASTI9 Mut_35_perfekt_for CATGGGTTGAcAAACTTGTGC
Mut_35_perfekt_rev TAACGGAATATGGGAAGTTTG

pASTI14 plac_kaputt_for AATTCCACACccCATACGAGCC
plac_kaputt_rev GTGAGCGGATAACAATTTC

aMutations are indicated with bold lowercase letters.
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water (494 �l) was then added to this solution and analyzed for its aspartate content by isocratic
high-performance liquid chromatography (HPLC). For these measurements, we employed an Agilent
1260 Infinity LC system (Agilent, Waldbronn, Germany) and a Gemini 5-�m C18 110-Å column (Phe-
nomenex, Torrance, CA, USA). Two different solvents (solvent A, 40 mM NaH2PO4, pH 7.8; solvent B, 55%
HPLC-grade distilled water plus 45% acetonitrile plus 0.1% trifluoroacetic acid [TFA]) were used to create
the following gradient: 0 min, 0% solvent B; 2 min, 50% solvent B; 11 min, 70% solvent B; 16 min, 100%
solvent B; 24 min, 100% solvent B; 24.5 min, 0% solvent B; and 27 min, 0% solvent B. The flow rate was set
to 1 ml min�1, and the temperature for the measurements of the samples was 40°C. The aspartate content
of the analyzed samples was quantified using the OpenLAB software suite (Agilent). Standard curves for the
calculation of the aspartate concentrations were determined with commercially available samples.

Determination of extracellular glucose concentrations. Two-milliliter samples of various cell
cultures were collected by centrifugation (16,000 � g for 10 min) in an Eppendorf tabletop centrifuge.
The supernatants were stored at �20°C until further analysis. The glucose content of these samples was
determined with a commercially available kit from Megazyme (Wicklow, Ireland) according to the
manufacturer’s protocol. Standard curves for the calculation of the glucose concentrations were deter-
mined with commercially available reference material.

�-Galactosidase reporter enzyme assays. The ect-lacZ reporter gene plasmids (Table 6) were
introduced into various E. coli strains via routine DNA transformation procedures. Twenty-milliliter
cultures (in 100-ml Erlenmeyer flasks) of these plasmid-bearing strains were grown in a shaking water
bath at 37°C in MMA with or without the addition of NaCl and in the presence of various types of

TABLE 6 Plasmids used in this study

Plasmid Description and mutationsa

Reference or
source

pBBR1MCS-2-lacZ Broad-host-range cloning vector for lacZ reporter gene fusions; Kanr 114
pHSG575 Low-copy-number cloning vector; Catr 89
pGJK4 pBBR1MCS-2-lacZ with 1,057-bp fragment starting upstream of ectA and including ectA and 396 bp of ectB; Kanr This study
pNST22 (K1) pGJK4 derivative with 1,010-bp fragment starting upstream of ectA and including ectA and 396 bp of ectB; Kanr This study
pNST21 (K2) pGJK4 derivative with 970-bp fragment starting upstream of ectA and including ectA and 396 bp of ectB; Kanr This study
pNST26 (K3) pGJK4 derivative with 953-bp fragment starting upstream of ectA and including ectA and 396 bp of ectB; Kanr This study
pNST27 (K4) pGJK4 derivative with 942-bp fragment starting upstream of ectA and including ectA and 396 bp of ectB; Kanr This study
pNST28 (K5) pGJK4 derivative with 918-bp fragment starting upstream of ectA and including ectA and 396 bp of ectB; Kanr This study
pNST29 (K6) pGJK4 derivative with 892-bp fragment starting upstream of ectA and including ectA and 396 bp of ectB; Kanr This study
pNST40 (K7) pGJK4 derivative with 856-bp fragment starting upstream of ectA and including ectA and 396 bp of ectB; Kanr This study
pNST41 (K8) pGJK4 derivative with 786-bp fragment starting upstream of ectA and including ectA and 396 bp of ectB; Kanr This study
pNST39 (K9) pGJK4 derivative with 472-bp fragment starting upstream of ectA and including ectA and 396 bp of ectB; Kanr This study
pASTI11 pNST29 derivative with 116-bp fragment starting upstream of ectA and including 18 bp of ectA; Kanr This study
pASTI12 pGJK4 derivative with 285-bp fragment starting upstream of ectA and including 18 bp of ectA; Kanr This study
pPH1 (Mut 1) pGJK4 derivative with a mutation in the �35 region of the ect promoter; TTGAGA¡GGGAGA; Kanr This study
pPH7 (Mut2) pGJK4 derivative with a mutation in the �10 region of the ect promoter, TACCCT¡TACCCC; Kanr This study
pPH4 (Mut3) pGJK4 derivative with a 2-bp (CG) deletion in the spacer of the ect promoter; Kanr This study
pPH2 (Mut4) pGJK4 derivative with a 1-bp (G) deletion in the spacer of the ect promoter; Kanr This study
pPH3 (Mut5) pGJK4 derivative with a 1-bp (A) deletion in the spacer of the ect promoter; Kanr This study
pPH17 (Mut6) pGJK4 derivative with a 1-bp (T) insertion in the spacer of the ect promoter; Kanr This study
pPH5 (Mut7) pGJK4 derivative with a mutation in the �10 region of the ect promoter, TACCCT¡TATCCT; Kanr This study
pPH14 (Mut8) pGJK4 derivative with a mutation in the �10 region of the ect promoter, TACCCT¡TAACCT; Kanr This study
pPH15 (Mut9) pGJK4 derivative with a mutation in the �10 region of the ect promoter, TACCCT¡TACTCT; Kanr This study
pPH16 (Mut10) pGJK4 derivative with a mutation in the �10 region of the ect promoter, TACCCT¡TACCTT; Kanr This study
pPH6 (Mut11) pGJK4 derivative with a mutation in the �10 region of the ect promoter, TACCCT¡TACAAT; Kanr This study
pPH8 (Mut12) pGJK4 derivative with a mutation in the �35 region of the ect promoter, TTGAGA¡TTGACA; Kanr This study
pPH9 (Mut13) pGJK4 derivative with a mutation in the �10 region of the ect promoter, TACCCT¡TATAAT; Kanr This study
pPH10 (Mut14) pPH8 derivative with a mutation in the �10 region of the ect promoter, TACCCT¡TATAAT; Kanr This study
pPH11 (Mut15) pPH10 derivative with a 1-bp deletion (G) in the spacer of the ect promoter leading to a perfect Sig70-type

promoter; Kanr

This study

pPH12 (Mut16) pPH10 derivative with a 1 bp deletion (A) in the spacer of the ect promoter leading to a perfect Sig70-type
promoter; Kanr

This study

pPH13 (Mut17) pPH10 derivative with a 2-bp deletion (GC) in the spacer of the ect promoter leading to a 16-bp spacer; Kanr This study
pASTI16 (Mut18) pGJK4 derivative with a 1-bp (C) deletion in the spacer of the ect promoter leading to a TG motif at position

�16 at the ect promoter; Kanr

This study

pASTI17 (Mut19) pGJK4 derivative with a mutation in the inverted repeat upstream of the ect promoter, CCCAT¡GGGTA; Kanr This study
pLC68 pHSG575 containing a 5,065-bp fragment of the ectoine gene cluster from P. stutzeri A1501; Catr This study
pASTI1 pLC68 derivative with a mutation in the �35 region of the ect promoter, TTGAGA¡TTGACA; Catr This study
pLC75 Derivative of plasmid pASTI1 carrying an 885-bp in-frame deletion of ectD; Catr This study
pASTI9 Derivative of plasmid pASTI1 carrying a mutant ect promoter changed to the consensus sequence of a Sig70-

type promoter; Catr

This study

pASTI14 a-derivative of plasmid pASTI1 with an inactivated lac promoter, TATGTT¡TATGGG; Catr This study
aMutations are indicated with bold letters. Kanr, the plasmid confers resistance to the antibiotic kanamycin; Catr, the plasmid confers resistance to the antibiotic
chloramphenicol.
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compatible solutes until the cultures reached an OD587 of between 1.8 and 2. Two-milliliter samples of
the cultures were harvested by centrifugation (16,000 � g for 10 min) and assayed for �-galactosidase
activity as described previously (108) using the chromogenic compound ONPG as the substrate. The
�-galactosidase enzyme activity is expressed in Miller units (108). Plasmid pBBR1MCS-2-lacZ (114), which
was used to construct the ect-lacZ reporter fusions, was used as a control, and its presence in strains with
the entire lacIZYA operon deleted (Table 4) yielded a background activity of 0 to 2 Miller units.

SDS gels and Western blot analysis. The production of the �-galactosidase protein in E. coli strains
harboring pBBR1MCS-2 ect-lacZ reporter fusions was analyzed by SDS-polyacrylamide gel electrophoresis
as described previously (81). For this purpose, the cultures were harvested when they reached late log
phase (OD587 between 1.8 and 2.2); the volume of the harvested cell culture (2 ml) was adjusted such that
the harvested cells of the various cultures possessed the same OD587. For Western blot analysis of these
samples, cell pellets were resuspended in 350 �l of 2� loading buffer (0.5 ml �-mercaptoethanol, 0.25
ml 0.1% bromophenol blue, 4 ml 10% SDS, 5.3 ml 2� sample buffer [consisting of 21 ml 0.5 M Tris-HCl
[pH 6.8], 0.4% SDS, and 34 ml glycerol per liter]) and incubated for 5 min at 95°C. After centrifugation of
the disrupted cells in an Eppendorf tabletop centrifuge (5 min, 16,000 � g), 30-�l portions of the
supernatants of these samples were applied to a 7% SDS-polyacrylamide gel. The electrophoretically
separated proteins from the E. coli cell extracts were transferred to a polyvinylidene difluoride (PVDF)
membrane (Immobilon-FL; purchased from Merck Millipore Ltd., Darmstadt, Germany) via semidry
blotting. Western blotting of the transferred proteins was performed with a primary rabbit antiserum
directed against a hybrid ProW-LacZ fusion protein. This antiserum recognizes the inner membrane
component (ProW) of the E. coli ProU ABC transport system (80) and the �-galactosidase portion of the hybrid
protein (115). The immune complex formed on the blotting membrane was detected with a secondary IRDye
800CW fluorescently labeled donkey anti-rabbit IgG antibody (purchased from Li-Cor, Lincoln, NE, USA).
Incubation with the ProW-LacZ antibody was performed in Odyssey blocking buffer (purchased from Li-Cor)
with 0.2% Tween. For the incubation of the blotting membrane with the second antibody, 0.01% SDS was
additionally added to the bathing solution. Signals were detected by fluorescence imaging at 800 nm using
an imager system (Odyssey Fc; Li-Cor, Lincoln, NE, USA) by exposing the membrane for 2 min.
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