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Abstract The suitability of three 3-galactosidases as reporter
enzymes for promoter expression analyses was investigated in
Bacillus subtilis with respect to various temperature con-
ditions during cultivation and assay procedures. Starting
from the hypothesis that proteins derived from diverse
habitats have different advantages as reporters at different
growth temperatures, the beta-galactosidases from the
thermophilic organism Bacillus stearothermophilus, from
the mesophilic bacterium FEscherichia coli and from the
psychrophilic organism Pseudoalteromonas haloplanktis
TAE79 were analysed under control of the constitutive B.
subtilis lepA promoter. Subsequent expression of the (3-
galactosidase genes and determination of specific activities
was performed at different cultivation and assay temper-
atures using B. subtilis as host. Surprisingly, the obtained
results demonstrated that the highest activities over a broad
cultivation temperature range were obtained using the f3-
galactosidase from the mesophilic bacterium E. coli whereas
the enzymes from the thermophilic and psychrophilic
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bacteria revealed a more restricted usability in terms of
cultivation temperature.
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Introduction

Reporter genes are important and useful tools for inves-
tigations of promoter activities and strength, translational
efficiency or of localization and stability of proteins.
Furthermore, reporter genes are often used to determine
gene regulatory mechanisms (e.g. enhancer sequences and
transcription factors). Thus, reporter genes have become
indispensable for applications in various fields of research
like molecular biology, biochemistry, pharmaceutical and
biomedical studies (Martin et al. 2009; Debnath et al. 2010;
Wang et al. 2002; Naylor 1999). The selection of a reporter
gene requires the consideration of several criteria: (1) The
reporter or a comparable enzymatic activity should not be
present in the host organism. (2) Ideally, the reporter
enzyme activity should reliably reflect the promoter
strength. (3) Simple, fast, sensitive and reproducible assays
should be available. (4) The physiology of the host cell
should not be influenced by reporter gene expression (Kain
and Ganguly 2001; Lee and Hruby 1997). Subjected to the
presence of a signal peptide, reporter enzymes can be
produced intracellularly or be secreted. Intracellular expres-
sion for instance offers the advantage of direct localization
of cellular components, whereas cell extract preparation is
avoided and gene expression profiles can be easily
monitored by continuous analysis of the culture medium
when the reporter protein is secreted (Alam and Cook
1990).
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To date, many different reporter genes have been charac-
terised and are used for various purposes. Among those
commonly used reporter enzymes are the chloramphenicol
acetyltransferase, the green fluorescent protein (GFP), the
human growth hormone (hGH), an alkaline phosphatase,
luciferases of Photinus pyralis and Renilla reniformis (Luc
and Ruc), a (3-glucuronidase (GUS) and [3-galactosidases.
Each of these reporter genes exhibits advantages for specific
applications. Proteins like GFP, Ruc and Luc are good
candidates for in vivo studies where the localisation and
interactions of DNA and proteins are investigated. In vivo
process studies offer the advantage that cellular processes
can be visualised in real time without cell damages or
excessive sampling (Kavita and Burma 2008). Another
advantage for the application of GFP is that no exogenous
substrates are required for fluorescence (Chalfie et al. 1994;
Phillips 2001). Some of the commonly used reporter
enzymes are preferentially applied in certain organisms,
e.g. GUS is an excellent reporter for plant cells (Basu et al.
2004) whereas hGH is mostly used in mammalian systems
(Alam and Cook 1990; Kain and Ganguly 2001).

Among the best characterised and most frequently used
reporter enzymes are (3-galactosidases, which are present in a
variety of organisms (Hoyoux et al. 2001). 3-galactosidases
belong to the family of glycosylhydrolases (Coombs and
Brenchley 1999) and catalyse the hydrolysis of [3-
galactosides into monosaccharides (Matthews 2005). In this
context, the application of (3-galactosidases for the hydro-
lysation of lactose into glucose and galactose plays a major
role in dairy processes (Chen et al. 2008). Within this group
of enzymes, the [(3-galactosidase of Escherichia coli, the
product of the /acZ gene described by Jacob and Monod
(1961), is the most commonly used reporter protein
(Jacobson et al. 1994). In 2001, Hoyoux and coworkers
isolated and characterised a [3-galactosidase from the
psychrophilic organism Pseudoalteromonas haloplanktis
TAE79. With respect to protein folding and catalytic
mechanisms this enzyme is adapted to low temperatures
whereas the (3-galactosidase from the thermophilic organism
Bacillus stearothermophilus displays typical properties of a
thermostable enzyme and is therefore characterised by an
adaptation to higher temperatures (Chen et al. 2008). Based
on these characteristic differences, we hypothesised that the
[3-galactosidases may have different advantages as reporter
enzymes when subjected to variations in cultivation and
assay temperatures. We compared the [3-galactosidases
derived from the psychrophilic marine bacterium P. halo-
planktis TAE79, the mesophilic intestine bacterium E. coli
and the thermophilic organism B. stearothermophilus in
order to investigate their potential as reporter candidates for
Bacillus subtilis expression systems. B. subtilis is an
attractive host for protein production since it is well adapted
to moderate and even low growth temperatures and can
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secrete large amounts of relevant proteins (Nijland and
Kuipers 2008). Furthermore, B. subtilis is classified as
GRAS organism (Generally Regarded As Safe), which is
relevant with respect to production of active pharmaceutical
ingredients or in the fields of food industry where the
absence of pathogenic or virulence factors is essential. To
approach comparable expression levels of the genes encod-
ing the distinct [3-galactosidase proteins of P. haloplanktis
TAE79, E. coli and B. stearothermophilus in the host
B. subtilis, the three genes were placed under control of the
constitutive promoter of the B. subtilis lepA gene (Homuth et
al. 1996; Hippler et al. 1997).

Materials and methods

Unless stated otherwise, all chemicals were purchased from
Roth (Karlsruhe, Germany), Sigma (Steinheim, Germany)
and Fluka (Buchs, Switzerland) at the highest purity
available and were used without further purification. B.
subtilis strain ATCC 6051 (American Type Culture Collec-
tion) was used for expression experiments. £. coli DH10b
(Invitrogen, Darmstadt, Germany) [F- endA1 recAl galE15
galK16 nupG rpsL AlacX74 ®80lacZAMI15 araD139
A(ara,leu)7697 mcrA A(mrr-hsdRMS-mcerBC) A-] was
used as the host strain for all cloning procedures. All
strains constructed in this study as well as the host
organisms of the respective galactosidase enzymes are
listed in Table 1.

Recombinant DNA technologies, genes and vectors

All routine DNA technologies were carried out according to
standard protocols (Sambrook and Russell 2001). Restric-
tion enzymes and other DNA-modifying enzymes were
used as specified by the suppliers (Roche, Mannheim,
Germany, New England Biolabs, Frankfurt a. M., Ger-
many). DNA sequencing was carried out by LGC
Genomics (Berlin, Germany). Oligonuceotides were syn-
thesised and provided by Invitrogen (Darmstadt, Germany).

To investigate the suitability of different [3-galactosidases as
reporter enzymes in B. subtilis expression systems, the (3-
galactosidase-encoding genes of E. coli (UNIPROT accession
number P00722), B. stearothermophilus (UNIPROT acces-
sion number P19668) and P. haloplanktis TAE79 (UNIPROT
accession number P81650) were cloned into the vector
backbone of the pbgaB plasmid (Mogk et al. 1996) under
control of the constitutive B. subtilis lepA promoter.

Plasmid and strain constructions

In order to construct the appropriate expression vectors with
the thermophilic 3-galactosidase from B. stearothermophilus,
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Table 1 Overview of plasmids

and strains used in this study Strain description

Plasmids/relevant genotype

Origin of reporter gene

. coli Ph.lacZ

. coli E.c.lacZ

. coli B.st.bgaB

. subtilis P.h.lacZ

. subtilis E.c.lacZ

. subtilis B.st.bgaB

E. coli DH10B was used as host
organism for subcloning. The
host organisms of the respective
[3-galactosidase gene are listed
in the last column

=VI VISR G I © Bl

pPiepa-Ph.lacZ
pPiepa-E.c.lacZ
pPeps-B.st.bgaB
AamyE:Py,,-Ph.lacZ
AamyE:Py,4-E.c.lacZ
AamyE:Py,,4-B.st.bgaB

P. haloplanktis TAE79 (ATCC 14393)
E. coli K12 (ATCC 27325)

B. stearothermophilus (ATCC 7953)
P. haloplanktis TAE79

E. coli K12

B. stearothermophilus

the mesophilic (3-galactosidase from E. coli and the cold-
adapted (3-galactosidase from P. haloplanktis TAE79, the
backbone of the previously described plasmid pbgaB,
harbouring the coding sequence of the B. stearothermophilus
[3-galactosidase gene (Mogk et al. 1996), was used for all
cloning procedures. For integration of the B. subtilis lepA
promoter region, B. subtilis chromosomal DNA was isolated
using the High Pure Template Preparation Kit (Roche,
Mannheim, Germany). The promoter fragment was ampli-
fied by polymerase chain reaction (PCR) using Phusion
DNA-polymerase (New England Biolabs, Frankfurt a.M.,
Germany) with oligonucleotides lepA-forward 5-ACGT
GGATCCAGTGCTTACTGCTTGTCACG-3' and lepA-
reverse 5'-GAATTCCATAATCTATCACTCCTACTATT-3'
(restriction sites are underlined). PCR product digestion with
BamHI and EcoRI and subsequent purification of the
promoter fragment was carried out using the Qiaquick Gel
Extraction Kit (Qiagen, Hilden, Germany). The purified
promoter fragment was then ligated with the BamHI- and
EcoRlI-restricted vector pbgaB, and E. coli DHIOB was
transformed with the resulting recombinant plasmid (Fig. 1),
yielding strain E. coli B.st.bgaB (Table 1). Correct insertion

PlepA
IEcoi'{[ (458)

BamHI (9204)
amyE-back

Gal 1-3

HindlIl (1725)

PGAL1-3

9208 bp

Ndel (6564) Xbal (2483)

bla

Seal (501 6)' amyE-front

Fig. 1 Plasmid map of the constructed vector used for expression of
various galactosidases. The most relevant features used for cloning,
selection and chromosomal integration of the target genes under
control of the constitutive /epA4 promoter are shown

of the lepA promoter fragment was verified by sequencing.
The resulting plasmid was designated pPy,,B.st.bgaB.

The nucleotide sequence of the [(3-galactosidase gene
from P. haloplanktis TAE79 was synthesised and provided
by GENEART GmbH (Regensburg, Germany). For this
purpose, the amino acid sequence was obtained from the
UNIPROT database (accession number P81650), and the
synthetic gene was codon-optimised for B. subtilis using
the GeneOptimizer® software (GENEART). The algorithm
utilises a matrix for the most frequently occurring codons in
B. subtilis. The construct was assembled from synthetic
oligonucleotides and cloned into the pP,.,,-B.st.bgaB
backbone using the EcoRI and Xbal restriction sites,
thereby replacing the bgaB coding sequence with the
synthetic gene construct of the [3-galactosidase gene from
P haloplanktis TAET79. The recombinant plasmid was used
for transformation of E. coli DH10B, yielding strain E. coli
Ph.lacZ, and the sequence identity was validated. The
resulting plasmid was designated pPy,,-P.h.lacZ.

For the E. coli lacZ construct, the E. coli lacZ gene was
amplified from the pAC7 vector (Weinrauch et al. 1991) by
PCR using Phusion DNA-polymerase (New England Biol-
abs, Frankfurt a.M., Germany) with oligonucleotides lacZ-
forward 5'-ACGTATGAATTCGTCGTTTTACAACGTCG
TG-3" and lacZ-reverse 5-ACGTAGTCTAGATTATTTTT
GACACCAGACCAAC-3' (restriction sites are underlined).
After digestion of the PCR product with EcoRI and Xbal, the
E. coli lacZ gene was gel-purified and ligated with the
EcoRI- and Xbal-restricted vector pPj,,-B.st.bgaB. With
this construction, the vector-based bgaB coding sequence
was replaced with the coding sequence of the E. coli lacZ
gene. After transformation of E. coli DHI0B with the
recombinant plasmid, yielding strain E. coli E.c.lacZ, the
correct insertion of the lacZ gene was verified by sequenc-
ing. Finally, all three expression plasmids pP;,,-B.st.bgaB,
pPiepa-Ph.lacZ and pPy,,-E.clacZ shared the same vector
backbone with the identical promoter region and transcrip-
tional terminator sequence and differed solely in the coding
[3-galactosidase sequences.

The resulting plasmids were isolated from the appropri-
ate E. coli host strain, linearised with Scal and integrated at
the amyE locus of the B. subtilis ATCC 6051 chromosome
by a double-crossover event. Successful integration was
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verified by screening the resulting neomycin-resistant
clones for an alpha-amylase negative phenotype on agar
plates containing 1.0% (w/v) starch and by PCR.

Calculation of B. subtilis codon adaptation index

The codon adaptation index (CAI) is a measure of codon
usage within a gene relative to a reference set of genes. Values
were calculated using the CAI Calculator (Puigbo et al. 2008;
http://genomes.urv.es/CAlcal/) with the B-galactosidase
sequences described above and a codon usage table for B.
subtilis (www.kazusa.or.jp).

Cell cultivation and harvesting

Cells were cultivated in Luria Bertani medium [yeast
extract (5 gL "), peptone (10 gL™') and NaCl (10 gL™")]
supplemented with the appropriate antibiotics. For consti-
tutive expression of (-galactosidases, all strains were
grown continuously at 15°C, 20°C, 37°C and 50°C.
Samples for {3-galactosidase assays were collected at an
optical density (ODs7gm) of ~0.5 and 15, 30 and 60 min
later. The harvested cells were subsequently pelleted at
13,000 rpm for 5 min at 4°C; the supernatant was
discarded, and the cell pellets were stored at —20°C until
further analysis. Samples for protein preparation were
collected at the same time points, normalised by 5/0D
and centrifuged for 5 min at 4°C and 8,500 rpm. The
supernatant was discarded, and the pellet was washed with
10 mL of lysis buffer I (50 mM NaH,PO,4; 300 mM NaCl,
pH 8.0) and centrifuged. The cell pellet was then
resuspended in 300 pL of Lysis buffer I and stored at —20 °C
until further analysis. Samples for RNA isolation were
collected at OD 0.5 (#y) and 60 minutes later (z5). Cells were
harvested in half of the sample volume ice-cold killing buffer
(20 mM NaNj3; 20 mM Tris—HCL, pH 7.5; 5 mM MgCl,)
and centrifuged for 5 min and 8,500 rpm at 4°C. The
supernatant was discarded, and the cell pellets were imme-
diately frozen in liquid nitrogen and stored at —70°C.

For further investigation of temperature profiles of
recombinant [3-galactosidases, all strains were cultivated
close to the respective identified optimal conditions of the
individual (3-galactosidases to an optical density (ODs7gnm)
of ~1.0. Samples for protein preparation were collected and
treated as described above.

Protein extract preparation and enzyme assays

Total cellular protein was isolated by mechanical disruption
of the cells using the RiboLyser Fast Prep Fp 120 (Thermo
Electron, Dreieich, Germany) in lysis buffer I for 45 s at
4.5 ms ', Afterwards, the samples were centrifuged twice
at 4°C for 15 min and 13,000 rpm. The supernatant was
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transferred into a new Eppendorf tube, and the f3-
galactosidase assay was carried out immediately. For each
single measurement, 50 uL of the protein extract were
mixed with 384 pL of Z-buffer (60 mM Na,HPO,4; 40 mM
NaH,PO4; 10 mM KCI; 1 mM MgSO,, pH 7.5) and
incubated for 10 min at the respective assay temperature.
The reaction was started by addition of 66 uL of the
substrate ONPG (ortho-nitrophenyl-{3-galactopyranoside)
and stopped with 500 puL of 1 M Na,CO;. Absorption at
420 nm was measured using the Ultrospec 3000 (GE
Healthcare, Freiburg, Germany), and the specific (-
galactosidase activities were calculated on the basis of an
extinction coefficient for ONPG at pH 10 of
486 mM " cm™'. One unit of B-galactosidase activity
was defined as the amount of enzyme that hydrolyzes
1 umol of ONPG per minute, and specific [3-galactosidase
activities were expressed in units per milligram of cellular
protein. Protein concentrations were determined using the
Bradford method with BSA (0.1 mg mL™) as the standard
(Bradford 1976). In parallel, (3-galactosidase activities were
carried out using the cell pellets as described earlier (Pragai
and Harwood 2002). All analyses were done in triplicate.

RNA isolation

Total RNA of B. subtilis was isolated using the KingFisher
mL"" pipetting robot (Thermo Electron, Dreieich, Germany)
and the MagNa Pure LC RNA Isolation Kit (Roche,
Mannheim, Germany). For this purpose, cell pellets were
resuspended in lysis buffer II (3 mM EDTA; 200 mM NaCl),
and mechanical cell disruption was performed using the
RiboLyser at 6.5 ms ' for 45 s. The ribolyser tubes contained
glass beads (0.10-0.11 mm diameter, Sartorius, Gottingen,
Germany) and acidic phenol chloroform isoamylalcohol
(50:48:2). RNA was separated from cell debris by centrifu-
gation of the tubes for 5 min and 13,000 rpm at room
temperature. The upper RNA-containing phase was trans-
ferred into a new Eppendorf tube for subsequent isolation and
purification with the KingFisher mL"™ as described earlier
(Jiirgen et al. 2005). Purity and concentration of the RNA
preparations were determined using the Nanodrop ND 1000
UV/Vis spectrophotometer (Peqlab, Erlangen, Germany) as
recommended by the manufacturers.

Northern blot analysis

Northern blot analysis was performed as described by
Homuth et al. (1996). Complete and even RNA transfer
onto the membrane was verified by visualisation of both the
ethidiumbromide-stained RNA gel and the membrane after
blotting. After hybridisation of the blotted RNA samples
with the appropriate RNA probes, chemiluminescence was
detected using the Vilber Lourmat Fusion-SL-3500-WL
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(Eberhardzell, Germany). Labeling of the gene-specific
probes was done using the DIG RNA Labeling Kit (SP6/
T7) from Roche (Mannheim, Germany) following the
manufacturer’s instructions. The following oligonucleotides
were used for PCR synthesis. For E. coli lacZ: lacZ-probe-
for 5" AGGAAGGCCAGACGCGAATT-3" and lacZ-probe-
rev 5'-CTAATACGACTCACTATAGGGAGAAACCA
CCACGCTCATCGATA-3', for B. stearothermophilus bgaB:
bgaB-probe-for 5'-ATTCTCTCGTTTGGCAGTAG-3' and
bgaB-probe-rev 5'-CTAATACGACTCACTATAGGGAGA
TGAAATTAGTTGATACTGG-3', and for P. haloplanktis
lacZ: TAE-probe-for 5'-CAGAATTTGATCTGTCAGAA
CTT-3' and TAE-probe-rev 5-CTAATACGACTCACTA
TAGGGAGAATCCAGCAGTGAAACAACGCATC-3' (the
sequence of the T7 promoter is underlined).

Results

In order to investigate the applicability of distinct f3-
galactosidases as reporter enzymes in B. subtilis expression
systems, we integrated the genes encoding for -
galactosidases from three different organisms into the
chromosome of the host strain B. subtilis ATCC 6051.
The (-galactosidase genes from E. coli and B. stearother-
mophilus were expressed with their original nucleotide
sequences whereas the P. haloplanktis gene was codon-
optimised before chemical synthesis. Finally, all expression
constructs used in this study were preceded by the
constitutive promoter of the B. subtilis lepA gene and
differed solely in the coding sequence for the specific (3-
galactosidase genes. The resulting codon adaptation index-
es (referring to the most frequently used codons in B.
subtilis) were 0.98 for P. haloplanktis lacZ, 0.80 for E. coli
lacZ and 0.76 for bgaB.

mRNA analysis and comparison with (3-galactosidase
activities

Since the intracellular level of a given bacterial protein is
predicted to be at least partially reflected by the amounts of
the corresponding specific mRNA, we performed Northern
analyses to investigate the transcript levels specified by the
three different (3-galactosidase genes. The samples were
taken at 15°C, 20°C, 37°C and 50°C at an optical density of
0.5 (t)) and 1 h later (¢59) as shown in Fig. 2. For this
purpose, electrophoretically separated RNA samples that
were blotted to nylon membranes were hybridised with the
respective gene-specific (3-galactosidase probes. As illus-
trated in Fig. 2a, chemiluminographs for all three ectopi-
cally inserted genes could be detected at all expression
temperatures for the samples taken at an optical density of
0.5 (to). However, the detected signal intensities exhibited
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Fig. 2 Northern blot analyses (a) of B. subtilis strains expressing the
cold-adapted (3-galactosidase from P. haloplanktis TAE79 (P.h.lacZ),
the mesophilic (-galactosidase from E. coli (E.c.lacZ) and the
thermostable (3-galactosidase from B. stearothermophilus (B.st.bgaB)
using gene-specific RNA probes. RNA preparations were electropho-
retically separated in a 1.5% agarose gel (b). Each lane contained
10 pg of total RNA, and samples were taken at ODs7g,,, of 0.5 (Co,
left lane) and 60 min later (60 min, right lane) at the respective
cultivation temperature

diverse patterns within each strain at different cultiva-
tion temperatures, which did not correlate in all cases
with the measured {3-galactosidase activities summarised
in Fig. 3.

The mRNA specified by the E.c.lacZ gene was
detected in highest amounts at the low growth temperature
of 20°C at ¢, as well as 60 min later, whereas the transcript
was present in clearly decreased amounts at #, when the
cells were cultivated at 37°C and 50°C and was barely
detectable 60 min later (Fig. 2a). In contrast to that, the
highest specific 3-galactosidase activities—even signifi-
cantly higher compared with cells cultivated at 20°C—
were measured for both time points when the cells were
grown at 37°C (Fig. 3). At 50°C cultivation temperature,
there was a dramatic drop in (3-galactosidase activity,
although the mRNA pattern was identical with the one
observed at 37°C, which co-occurred with the described
high activities.
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Fig. 3 Influence of cultivation- and assay-temperatures on specific (3-
galactosidase activities of the cold-adapted (-galactosidase from P.
haloplanktis TAE79, the mesophilic (3-galactosidase from E. coli and
the thermophilic (3-galactosidase from B. stearothermophilus. Culti-
vation of the strains was done continuously at 15°C, 20°C, 37°C and

The measured specific [3-galactosidase activities of PA.
LacZ were clearly higher at 15°C than at 20°C at all time
points, which is also contradictory to the observed
transcriptional pattern: While the largest amounts of P.h.
lacZ specific mRNA were detected at #, and 7o when cells
were cultivated at 20°C, the amount of P.h./acZ transcript
was clearly lower at 15°C growth temperature, whereby the
signal slightly increased between 7, and f#9. At 37°C and
50°C, the mRNA pattern was very similar to the one
observed for E.c.lacZ at these temperatures: The P.h.lacZ
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50°C. Samples for determination of enzyme activity were taken at
ODs78nm 0.5 and 15, 30 and 60 min later. The enzyme assay was
performed at 15°C, 37°C and 50°C. Specific 3-galactosidase activities
are drawn as average values from three independent cultivations;
standard deviations are presented as error bars

transcript was present in clearly decreased amounts as
compared with cells grown at 20°C at f, and was barely
detectable 60 min later (Fig. 2a). There was nearly no
measurable 3-galactosidase activity at 37°C and 50°C.
The Northern analysis of the bgaB expression revealed
distinct signals at all time points and all cultivation
temperatures, with the exception of a slight increase in the
mRNA amount between 7, and 749 at 15°C and a
pronounced decrease of the mRNA amount between 7,
and #5 at 37°C. However, the measured [3-galactosidase
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activities at 15°C and 20°C were very low, and only
moderately higher when cells were grown at 37°C, whereas
the clearly highest activities were measured at 50°C
cultivation temperature.

For all Northern analyses, the uniform loading of equal
amounts of total RNA per gel lane and the absence of
degradation of the RNA samples was validated by ethidium
bromide staining of the RNA gels before the vacuum
blotting. One representative example is shown in Fig. 2b.

Influence of cultivation and assay temperatures on measured
[3-galactosidase activities

Cultivation of the three expression strains at all four growth
temperatures resulted in measurable reporter enzyme
activities, indicating that all three enzymes where produced
in an active conformation in the host B. subtilis (Fig. 3).
The determined maximal [3-galactosidase activities at the
respective strain-specific optimal cultivation and assay
temperatures amounted to 43.1 U mg ' for the cold-
adapted (-galactosidase Ph.LacZ, 627.5 U mg ' for the
mesophilic enzyme E.c.LacZ and 61.0 U mg ' for the
thermostable enzyme BgaB.

Our investigations on the influence of the cultivation
temperature upon the measured activities exhibited signif-
icant differences between the three expression strains. As
illustrated in Fig. 3, the highest [3-galactosidase activity in
the strain producing the enzyme from the psychrophilic
organism P. haloplanktis TAE79 was obtained when the
strain was cultivated at 15°C (43.1 U mg ') and, slightly
lower, at 20°C (28.3 U mg ') whereas the activity dropped
dramatically at higher growth temperatures (<2.5 U mg ' at
37°C and 50°C). For the strain producing the [3-
galactosidase from the mesophilic organism E. coli, we
observed the maximum activity values at a cultivation
temperature of 37°C (627.5 U mg ') with a slight decrease
at lower cultivation temperatures (469.3 U mg ' at 20°C
and 290.1 U mg ' at 15°C) and a quite pronounced drop at
a cultivation temperature of 50°C (119.5 U mg'). The
producer strain of the B. stearothermophilus [3-galactosidase
displayed the highest activities (61.0 U mg ') during
cultivation at 50°C which was the maximum temperature
applied in this study. The activity decreased continuously
at lower growth temperatures (29.0 U mg ' at 37°C,
12.4 U mg " at 20°C and 9.3 U mg ! at 15°C). Determi-
nation of specific 3-galactosidase activities using the method
of Pragai and Harwood (2002) resulted in highly similar
measured enzyme activities (data not shown).

Besides the cultivation temperatures, the applied assay
temperatures also strongly affected the measured activities
of the [(3-galactosidases produced by the three strains
investigated in this study (Fig. 3). For the strain producing
the (-galactosidase of P. haloplanktis TAE79, the highest

specific activities were obtained at assay temperatures of
37°C and, significantly reduced, at 15°C, whereas the f3-
galactosidase activity drastically dropped when the enzyme
assay was performed at 50°C. In the case of the E. coli
LacZ producer strain, the most suitable assay temperature
was 37°C, but very similar results were obtained when an
assay temperature of 50°C was applied. The latter observa-
tion was in sharp contrast to the described strong reduction
in f3-galactosidase activity at 50°C assay temperature
observed for the strain producing the cold-adapted enzyme
of P. haloplanktis TAE79. Clearly, lower activities were
measured when the assays were performed at 15°C. The
highest values for the strain producing the BgaB enzyme
were obtained at an assay temperature of 50°C. It became
clear that temperatures of 15°C and 37°C are not suitable
for assaying the specific activity of this enzyme since a very
pronounced reduction in activity at these temperatures was
observed.

Derived temperature profiles of recombinant 3-galactosidases

In an independent experiment, temperature profiles in the
range from 5°C to 50°C where recorded using protein
extracts prepared from the three (3-galactosidase producer
strains close to the respective individual enzyme-specific
optimal cultivation temperatures. The applied cultivation
temperatures were 20°C for the cold-adapted enzyme of P,
haloplanktis, 37 °C for the E. coli 3-galactosidase and
50°C for the BgaB enzyme of B. stearothermophilus. The
profiles obtained for the strains producing the PA.LacZ and
the E.c.LacZ enzymes show bell-shaped curve character-
istics, whereas the profile from BgaB reflects a maximum
of activity beyond the investigated range. The temperature
profile obtained with the protein extract from the strain
producing the cold-adapted enzyme P.A.LacZ was charac-
terised by a continuous increase of the specific (3-
galactosidase activity up to the maximum of 33.8 U mg '
at 35°C and by a rapid drop at 50°C (Fig. 4). The residual
activity at 50°C amounted to only 9.9% of the activity
measured at 35°C, whereas the corresponding percentage at
45°C still amounted to 81.5%. The profile generated using
the extract prepared from the strain producing the LacZ
enzyme of E. coli exhibited a temperature optimum at 40°C
and showed a linear increase starting from 5°C. The
decrease of the activity to a residual value of 72.3% at
50°C as compared with the maximum temperature mea-
sured at 40°C was much less distinctive than in the case of
the extracts containing the cold-adapted enzyme of P
haloplanktis TAE79. The extract prepared from the BgaB
enzyme exhibited completely different profile characteristics.
Here, the activity increased continuously at temperatures
above 30°C. Below this temperature, the enzyme is obviously
significantly less active than the cold-adapted and the
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mesophilic enzyme. The maximum activity measured with
BgaB-containing extracts was obtained at 50°C in our
experiments. However, as this was the highest temperature
applied, no clear temperature optimum could be determined.

Discussion

In this study, we compared three [(3-galactosidase genes
originating from a psychrophilic, a mesophilic and a
thermophilic host in order to investigate their usability as
reporter enzymes for expression analyses at different
cultivation temperatures. For this purpose, the genes were
placed under the control of the promoter of the B. subtilis
lepA gene that has been described to be constitutively active
under several different conditions during the exponential
growth phase (Hippler et al. 1997). As the transcriptional
termination of all three genes is mediated by the same
downstream terminator structure present in the pbgaB
vector backbone and as all three genes share, besides the
lepA promoter, also the 5" leader sequence of the B. subtilis
lepA gene including the Shine-Dalgarno sequence, the three
constructs exclusively differ in their coding sequences. The
three (3-galactosidases originated from the psychrophilic
marine bacterium P. haloplanktis TAE79, the mesophilic
bacterium E. coli and the thermophilic bacterium B.
stearothermophilus. The natural habitats of these organisms
differ significantly with respect to their surrounding temper-
atures: The ambient temperature in the cold marine
environment of P. haloplanktis TAE79 averages —1°C
(Hoyoux et al. 2001), whereas the habitat for B. stear-
othermophilus with a growth temperature between 50°C
and 60°C is thermophilic (Nazina et al. 2001). The
intestinal bacterium E. coli grows well at moderate temper-
atures around 37°C as a consequence of adaptation to its
mammalian host. Due to the respective specific natural
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of each (3-galactosidase in the investigated temperature range from
5°C to 50°C. Specific enzyme activities are drawn as average values
from three independent cultivations; standard deviations are presented
as error bars

habitat, individual enzyme properties like overall folding
state, topology and stability differ significantly, and
adaptations in the enzyme structure are necessary to ensure
activity under defined conditions (Coombs and Brenchley
1999). As suggested by Brenchley (1996), enzymes may
have evolved within limited temperature ranges and, as a
consequence, catalytic activity is provided either at high or
low temperatures, but not at both. These features may
influence the ability of the investigated 3-galactosidases as
reporter enzymes, especially at different cultivation temper-
atures. The amino acid sequence identity between the [3-
galactosidases of P. haloplanktis TAE79 (1,038 aa) and of
E. coli (1,023 aa) is 51% (Hoyoux et al. 2001). For the
BgaB enzyme (672 aa), there is no significant overall amino
acid homology when compared with [3-galactosidases from E.
coli, P. haloplanktis, Klebsiella pneumoniae or Kluyveromyces
lactis (Hirata et al. 1986). However, the highest partial
homology (21% in a 52 aa overlap) is observed when the
amino acid sequence is compared with the [3-galactosidase of
E. coli. The reporter enzymes investigated in this study could
also be predicted to demonstrate diversity on the DNA
adaptation level since different organisms exhibit a specific
individual codon usage and are equipped with an adequate
corresponding tRNA population. As a consequence, the codon
usage of heterologously expressed genes often differs signif-
icantly from the codon usage of the host (Kurland and Gallant
1996). To solve this problem, codon optimisation is a general
approach to improve heterologous gene expression in foreign
hosts (Wu et al. 2006). For expression of the (3-galactosidase
of P haloplanktis TAET9, we used a synthetic gene, which
was optimised for expression in B. subtilis. Hereby, the
original CAI of the P haloplanktis galactosidase was
increased from 0.77 to 0.98, which is supposed to facilitate
higher translation rates in B. subtilis. The calculated CAI
values for E. coli lacZ and bgaB were slightly lower (0.80 and
076), but still in a proper range.
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The transcript patterns of all three [(3-galactosidase-
specifying mRNAs as determined by Northern analysis
were generally similar: The highest mRNA amounts were
observed at 15°C and 20°C cultivation temperature, as well
at #y (Optical Density (OD)s7g,m~0.5) as at 7o (1 h later).
At the higher cultivation temperatures of 37°C and 50°C,
there were pronounced differences between the strains: In
the case of those expressing the lacZ genes of P
haloplanktis TAE79 and E. coli, there was much less
mRNA present at #, as compared with 20°C cultivation
temperature, and this amount even strongly dropped at 4.
In the strain expressing the B. stearothermophilus bgaB
gene, the mRNA amount at #, and 37°C was comparable to
the amounts observed at 20°C; however, it also clearly
decreased at #59. Most surprisingly, there was no difference
between the hgaB mRNA amounts at #, and #5, at 50°C
cultivation temperature, in this case, a drop in the mRNA
amount at 75y was not observed. The cellular net amount of
a given mRNA molecule is determined by two major
factors: The mRNA synthesis rate mediated primarily by
the strength of the particular promoter and the specific
mRNA stability modulated primarily by the accessibility of
the mRNA 5’- and 3'-ends for ribonucleases (Bechhofer and
Zen 1989; Bechhofer 2009; Makrides 1996). As already
mentioned, the three recombinant (3-galactosidase genes
used in this study differed solely in their coding sequences,
which means that their expression was driven by the same
promoter (the lepA promoter) and that they shared the same
5'- and 3'-leader regions. Thereby, it is tempting to
speculate that the partially similar transcript profiles of the
mRNAs specifying the three different 3-galactosidases are
caused by the combined effects of varying lepA promoter
activities and varying mRNA stabilities.

It has to be emphasised that, at 37°C and at 50°C, cells
were fully exponentially growing at #y (ODs7gym~0.5)
whereas, at 74, they already approached the transition state.
At 15°C and at 20°C, there were no growth rate differences
between f, and #5 because, at these lower cultivation
temperatures and resulting slower growth rates, cells did
not yet approach the transition state at fq, (Fig. 5).
Therefore, the drastic drop in the mRNA amount observed
for all three transcripts between #, and #5y at 37°C is most
probably caused by decreased lepA promoter activity or/and
decreased mRNA stability as consequences of the physio-
logical changes associated with the beginning transition
from exponential growth to the stationary phase. The lepA
gene encodes a ribosomal elongation factor that recognises
ribosomes after a defective translocation reaction and
induces a back-translocation, thus giving EF-G a second
chance to translocate the tRNAs correctly (Qin et al. 2006).
Therefore, downregulation of the /epA expression might be
part of an adaptation to the stationary phase when the
complete cellular protein synthesis machinery is strongly

OD578nm

15°C
20°C
37°C
50°C

0,1

Time [h]

Fig. 5 Growth characteristics of B. subtilis E.c.lacZ at 15°C (black
circles), 20°C (white circles), 37°C (black triangles) and 50°C (white
triangles). Start and end points of sampling for each applied
temperature are indicated by 7, and 4, respectively. Growth curve
characteristics are representative for the strains B. subtilis Ph.lacZ and
B. subtilis B.st.bgaB as well

curtailed and might be mediated by reduced activity of the
lepA promoter. Interestingly, at 50°C, the bgaB-specific
mRNA amount did not exhibit the dramatic decrease at 7.
It can be speculated that the protein coding sequence of this
particular mRNA might be adapted to this high temperature
as a consequence of the evolution of B. stearothermophilus
in its original habitat characterised by high temperatures
and therefore exhibits a significantly higher stability at this
temperature. Specific structural properties of the resulting
mRNA might for instance impede its recognition by
specific ribonucleases. The relatively large amounts of
mRNA at 20°C could be explained by increased mRNA
stability at this lower cultivation temperature, where
exoribonuclease-impeding secondary structures, like the
one located downstream of the [3-galactosidase-coding
sequences, are stabilised, and the enzymatic activity of
ribonucleases is generally decreased, whereas the /lepA
promoter might still be fairly active. The mRNA amounts at
15°C that are reduced compared with those detected at 20°C
might primarily result from a strongly reduced /epA promoter
activity at this low temperature as an adaptation to the slow
growth, which exceeds the effect of the increased mRNA
stability that might cause the increased net amount in mRNA
at 20°C. Of course, a final clear definition of the precise
contributions of mRNA stability and promoter strength at the
different cultivation temperatures and time points would
require the determination of the respective mRNA stabilities.
However, such a comprehensive analysis was beyond the
scope of this study where the major question concerned the
practical usability of the different reporter enzymes under the
different conditions tested.

For the (3-galactosidase of P. haloplanktis TAE79, the
highest activities were measured when the enzyme assay
was performed at 37°C, whereas they were clearly lower
when the assay was performed at higher (50°C) or lower
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(15°C) temperatures (Fig. 6). This finding is somewhat
surprising in view of the fact that the habitat of P.
haloplanktis TAE79 is characterised by an average temper-
ature of —1°C (Hoyoux et al. 2001). The result was
independent from the respective cultivation temperature of
the corresponding expression strain from which the protein
extracts were prepared. However, an optimal temperature of
around 40°C for enzyme activity was also reported for a
cold-adapted [3-galactosidase synthesised by another psy-
chrophilic P. haloplanktis strain (isolate 22b), and this
enzyme shares 90% sequence identity and similar proper-
ties to the investigated enzyme of P. haloplanktis TAE79
(Cieslinski et al. 2005). On the other hand, comparison of
the different cultivation temperatures revealed that the
maximal enzyme activities were obtained when the expres-
sion strain was grown at 15°C or, slightly higher, at 20°C,
without significant differences between 7, and 74, respective-
ly. The amount of P. haloplanktis TAET79 [3-galactosidase-
specific mRNA was clearly lower at 15°C as compared with
20°C. Apparently, the relatively low amount of mRNA
present at 15°C corresponded to a very high enzyme activity
that nearly reached the highest detected P. haloplanktis
TAE79 [3-galactosidase activity at 20°C, where the mRNA
amount was clearly higher. These observations strongly
indicate that the enzyme is maximally active in the host B.
subtilis when synthesised at 15°C.

As illustrated in Fig. 6, the {3-galactosidase encoded by
the lacZ gene of E. coli exhibited the highest activities
when the enzyme assay was carried out at 37°C and 50°C,
whereas the activities were clearly lower at 15°C. When the
different cultivation temperatures were compared, it turned
out that maximal enzyme activities were measured when
the expression strain was grown at 37°C. The activities
were slightly lower at 20°C cultivation temperature and
exhibited a more pronounced decrease at 15°C. Most
impressive was a drastic drop observed at a cultivation

temperature of 50°C. Because the measured enzyme activities
obtained with the protein extracts prepared from the lacZ
expression strain cultivated at 37°C were very similar when
the enzyme assay was performed at 37°C or 50°C, it can be
concluded that the breakdown of the 3-galactosidase activity
observed at 50°C cultivation temperature is not caused by
thermal denaturation (i.e. unfolding) of the E. coli enzyme.
Most probably, cultivation at 50°C results in the induction of
a heat-inducible proteolytic activity mediating the degrada-
tion of the E. coli (3-galactosidase in B. subtilis, which is in
accordance with other findings described in the literature
(Zuber and Schumann 1994). The highest enzyme activity,
without significant differences between #, and #5, was
measured at a temperature (37°C) where the amount of F.
coli lacZ-specific mRNA was much lower than at 15°C and
20°C. This suggests that the enzyme is indeed maximally
active in the host B. subtilis when synthesised at 37°C.
Considering the comparable mRNA profile and the similar
enzyme activities measured when the protein extract prepared
from cells cultivated at 37°C was assayed at 50°C, the initial
enzyme activity might be similar at 37°C and 50°C
cultivation temperature. However, due to the obvious heat-
induced degradation of the enzyme, this remains unclear.
For the BgaB enzyme, the [(3-galactosidase of B.
stearothermophilus, the clearly highest activities were
measured when the enzyme assay was performed at 50°C
(Fig. 6). The activities were drastically reduced when the
assays were carried out at 37°C and even more pronounced
at 15°C, underscoring the thermophilic origin of the BgaB
enzyme. Similarly, the highest activities were measured
when the expression strain was cultivated at 50°C, whereas
activity strongly decreased at all lower temperatures. Since
temperature profiles were recorded from 5-50°C the
optimal temperature for enzyme activity was outside the
investigated range. However, a temperature optimum of
70°C was recently proposed for BgaB, with the measured
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Fig. 6 Dependency of enzyme activities on cultivation and assay
temperatures. The optimal conditions for specific [3-galactosidase
activities of the cold-adapted (3-galactosidase from P. haloplanktis
TAE79 (P.h.LacZ), the mesophilic 3-galactosidase from E. coli (E.c.
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[3-galactosidase activity amounting values twice as high
compared with those at an assay temperature of 55°C (Chen et
al. 2008). The bgaB-specific mRNA amounts did not show
strong variations between the #, time points at the different
cultivation temperatures, although the corresponding mea-
sured enzyme activities varied dramatically, with the
described optimum at 50°C cultivation temperature. It can
therefore be presumed that the BgaB enzyme is maximally
active in the host B. subtilis when synthesised at 50°C,
which was the maximum temperature applied in this study.

In summary, simultaneously considering the associated
specific mRNA levels, the (3-galactosidases of P halo-
planktis TAET79, E. coli and B. stearothermophilus
exhibited maximal activities in the heterogeneous host B.
subtilis when synthesised at 15°C, 37°C and 50°C,
respectively and when assayed at 37°C (P.h.lacZ), 37°C or
50°C (E.c.lacZ), and 50°C (B.st.bgaB), respectively. How-
ever, even under the optimal conditions of the P hal-
oplanktis TAE79 enzyme (15°C cultivation temperature and
37°C assay temperature), its maximally measured activities
(around 40 U mg ') were clearly lower than the
corresponding activities of the E. coli (3-galactosidase
(>200 U mg "), which unambiguously demonstrates that
the E. coli enzyme represents a much better suited reporter
system for low and intermediate temperatures in the host B.
subtilis than the P. haloplanktis TAE79 enzyme. At
intermediate cultivation temperature (37°C) and when
assayed at 37°C or 50°C, the E. coli [3-galactosidase also
exhibited much higher activities (around 400 U mg ') than
the enzyme from B. stearothermophilus (maximally around
30 U mg ' when assayed at 50°C). However, cultivation of
the lacZ expression strain at 50°C resulted in the described
drastic near-total loss of (3-galactosidase activity, whereas
the B. stearothermophilus enzyme reached its maximal
activities (40-60 U mg ") in the B. subtilis host under these
conditions. Using purified enzymes in in vitro assays,
maximal [(3-galactosidase activities of around 1,200, 138,
and 125 U mg ' were measured for the enzymes from E. coli
(Sigma Aldrich protein catalogue no. G5635), P. haloplanktis
TAE79 (Hoyoux et al. 2001) and B. stearothermophilus
(Chen et al. 2008), respectively. The corresponding values in
our study amounted to around 600, 40 and 60 U mg . The
observation that in all cases expression in B. subtilis resulted
in lower maximal activities is supposedly primarily based on
the fact that in our study non-purified enzymes were used to
determine (3-galactosidase activities.

Finally, it can be concluded that, for the host B. subtilis,
the E. coli (3-galactosidase might represent the best suited
reporter enzyme for low and intermediate cultivation
temperatures, whereas, at high temperatures, as described
earlier (Chen et al. 2008; Hirata et al. 1985), the B.
stearothermophilus enzyme indeed represents the first
choice.
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