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Abstract Central to genetic work in any organism are the
availability of a range of inducible and constitutive pro-
moters. In this work we studied several promoters for use
in the hyperthermophilic archaeon Sulfolobus acidocalda-
rius. The promoters were tested with the aid of an E. coli—
Sulfolobus shuttle vector in reporter gene experiments. As
the most suitable inducible promoter a maltose inducible
promoter was identified. It comprises 266 bp of the
sequence upstream of the gene coding for the maltose/
maltotriose binding protein (mbp, Saci_1165). Induction is
feasible with either maltose or dextrin at concentrations
of 0.2-0.4%. The highest increase in expression (up to
17-fold) was observed in late exponential and stationary
phase around 30-50 h after addition of dextrin. Whereas in
the presence of glucose and xylose higher basal activity
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and reduced inducibility with maltose is observed, sucrose
can be used in the growth medium additionally without
affecting the basal activity or the inducibility. The minimal
promoter region necessary could be narrowed down to
169 bp of the upstream sequence. The ABCEI protein
from S. solfataricus was successfully expressed under
control of the inducible promoter with the shuttle vector pC
and purified from the S. acidocaldarius culture with a yield
of about 1 mg L™" culture. In addition we also determined
the promoter strength of several constitutive promoters.

Keywords Inducible promoter - Maltose binding
protein - Sugar transport operon - Shuttle vector -
Reporter gene - Protein expression

Introduction

Recently, there has been much progress in the field of
genetic systems for hyperthermophilic Crenarchaeota
(Berkner and Lipps 2008a; Deng et al. 2009; She et al.
2009). For the emerging model organism Sulfolobus aci-
docaldarius shuttle vectors (Berkner et al. 2007) and gene
knockout techniques (Wagner et al. 2009) have been
developed. However, an inducible promoter for controlled
expression of genes in S. acidocaldarius has not been
described so far. For S. solfataricus the araS promoter is
available, which can be induced upon addition of arabinose
to the growth medium (Lubelska et al. 2006). The ara$S
promoter has already been used for expression of different
proteins in S. solfataricus in combination with virus-based
shuttle vectors (Albers et al. 2006) and with pRN1-based
shuttle vectors (Samson et al. 2008). Unfortunately,
S. acidocaldarius does not contain an arabinose transport
operon like S. solfataricus, thus preventing the use of the
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araS promoter in S. acidocaldarius. However, S. acido-
caldarius is an important model organism and is more
suitable for many molecular biology experiments than
S. solfataricus, since among others it is genetically more
stable (Berkner and Lipps 2008b) and sophisticated cell
cycle synchronization techniques have been developed
(Duggin et al. 2008). For that reason, it was crucial to
identify and characterize an inducible promoter that
can be used in S. acidocaldarius. Constitutive promoters
with different strength form another type of promoter
that is useful for genetic work, especially for expression
purposes.

So far, not many Sulfolobus promoters have been studied
in vivo in reporter gene experiments. Besides the already
mentioned araS promoter, the /550 promoter from S. sol-
fataricus P2 (Sso0282) has been investigated in reporter
gene experiments. It has a very high basal activity and is
further inducible by heat-shock. In these experiments, cells
were grown at 88°C for up to 46 h and a three- to fourfold
induction was observed after 46 h (Jonuscheit et al. 2003).
This promoter has also been used in a pRN1-based shuttle
vector. However, the retention of this construct (pJlacS)
was reduced (Berkner et al. 2007). Furthermore, the heat
shock is imposing stress on the cells and is also likely to
negatively impact transcription, translation, and replication
due to the heat shock response of the cell.

The requirements for an inducible promoter are a low
basal activity in combination with a high increase in
activity upon induction. The inducer should be easy to
handle and stable under the Sulfolobus growth conditions.
It should also be considered that the agent used for
induction (chemical or physical) should not negatively
affect the cells. For protein expression purposes it is not
desirable to use an inducer that has secondary effect on the
protein synthesis rate. Substances that are also used as
nutrients for Sulfolobus, e.g., sugars, belong to a class of
inducers that certainly exerts no negative effect on the
fitness of the cells. The expression of sugar-binding pro-
teins is most probably regulated in response to the avail-
ability of sugars in the growth medium. These binding
proteins are part of ATP-binding cassette (ABC) trans-
porters and extracellularly capture sugar molecules and
transfer them to the cognate transporter for import into the
cytoplasm. In S. solfataricus several different sugar ABC-
transport operons have been identified in the genome
sequence (Elferink et al. 2001), and the response of the
glucose and arabinose transport operons to different sugars
and amino acids have been examined (Lubelska et al.
2006). The genes coding for ABC transporter components
are frequently organized in operons comprising the genes
for the binding protein, permease(s), and ATPase(s). In
contrast to S. solfataricus, S. acidocaldarius contains only
very few sugar ABC-transport operons (Albers et al. 2004),
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which reflects the more restricted substrate spectrum of S.
acidocaldarius (Grogan 1989).

Materials and methods
Strains and culture conditions

Sulfolobus acidocaldarius MR31 (Reilly and Grogan 2001)
was grown in Brock’s basal salt medium at pH 3.5 (Brock
et al. 1972). Acid-hydrolyzed casein (NZAmine AS, Sigma,
for plates), or enzymatically hydrolyzed casein (tryptone,
BD Biosciences, for liquid medium), or a mix of the 20
proteinogenic amino acids (Berkner and Lipps 2008b)
was added at 0.1%. Sugars (D-(4)-sucrose, b-(+)-glucose,
D-(+)-xylose, lactose, maltose, and dextrin) were added at
0.2 or 0.4% as indicated. For growth of untransformed cells
or under non-selective conditions, 20 pg mL™" of uracil
was added to the medium. Plates were solidified by addition
of 0.6% Gelrite (Sigma) and 10 mM CaCl,. Plates and
shake flask cultures were incubated at 75°C.

Transformation of S. acidocaldarius MR31

Preparation of competent cells, methylation of plasmids,
and electroporation was essentially carried out as described
in detail in Berkner et al. (2007). The electroporator used
was the Gene Pulser Xcell (BioRad) with the following
parameters: 1,250 V, 25 pF, 1,000 Q, 1 mm cuvettes.
Regeneration was done for 30 min at 75°C in recovery
solution (Kurosawa and Grogan 2005). After regeneration,
cells were plated on NZAmine/sucrose plates and incu-
bated at 75°C.

Retransformation to check plasmid integrity

Genomic DNA was prepared from S. acidocaldarius
MR31, retransformed into E. coli, and analyzed as
described before (Berkner et al. 2007).

Construction of plasmids

The promoter region of the Sulfolobus solfataricus gene
dps (ss02079) was amplified with the primers pCdpsLacS
forward and reverse (see Table 1) and cloned upstream of
the reporter gene lacS from Sulfolobus solfataricus using
the restriction site Bg/ll and Ncol and introducing the
restriction site Sacll at the 5" end of the promoter. The
promoter reporter gene fusion was then cloned into
the Sulfolobus—E. coli vector pC (Berkner et al. 2007) with
aid of the restriction sites Sacll and Notl. To construct the
remaining promoter reporter gene fusions, promoter
regions were amplified by PCR introducing the restriction
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Table 1 List of oligodesoxynucleotides used for amplifying the
promoters

pCdpsLacS
For ccgagatctccgeggagacgectcttcaatagttatttceg
Rev ggaaccatggtttttctctcccaatatcatact

pCsso_dpsLacS
For gcegeggttatettagttaggttttct

Rev gccatggatacaccctaatagtcaata

pCdps_longLacS

For atcgecgeggtataaggtatgtatacagcattacegg

Rev atcgccatggtttttctctcccaatatcatactagac
pClacSLacS

For ccgeggetcecaccaataaagatcecetg

Rev ccatggacagatataagttgaccaaggc
pCmalLacS

For mal gcatccgeggecagatatctgatagttggag

mal2 atcgccgcggtctttttttacctactecttgtgg

mal3 atcgccgeggaatttaagtaaattaaataaaggc
mal4 atcgecgeggcggaggtgtecttaagtttagace

Rev geatccatggggttaacttaatcacgtaattatttataaac
pCgdhALacS

For atcgecgeggttctceactgtttacgtttacttctee

Rev atcgccatggtttatccaagtaattcttctctctaaac
pCsac7dLacS

For atcgecgeggeccteactataactagetagtttaagg

Rev atcgccatggtaggtcaagttatcttacgatattgtc

The Sacll and Ncol restriction sites are underlined. The Bglll
restriction site used to clone the initial promoter reporter gene fusion
is double underlined

sites Sacll and Ncol with the primers. The two Cs of the
Ncol site always replace the two nucleotides that are
present in the native promoter sequence, thus keeping the
distance between promoter and start codon the same as in
the native sequence. Next, the dps promoter sequence was
swapped using the restriction sites Sacll and Ncol. In case
of the promoterless construct pCLacS the vector was
blunted and religated without insert. A map of the vector
pCmalLacS is shown in Fig. 1. Table 2 gives an overview
of all different promoter constructs, the names of the genes
(and the organism) from which the promoter regions were
cloned, and the lengths of the cloned fragments.

The vector for expression of ABCELI protein (SSO0287)
pSVA1401 was constructed by replacing the lacS gene
from pCmalLacS with the ABCEl gene from vector
pSVA30 (Albers et al. 2006) by restriction with Ncol/Eagl.
The ABCEI protein was thus expressed with a C-terminal
tandem tag consisting of a histidine and strep tag. The
histidine tag consists of ten consecutive histidine residues
and facilitates purification of the protein by metal chelate
affinity chromatography. The strep tag encompasses eight

ori Sacll Ncol

& lacS
bla
mal promoter
/ Eagl

pyrE I = orf56
pCmalLacS
10814 bp
pyrE
/5 orf904
orf72 /Q
orf90a ﬁ
orf80

Fig. 1 Vector map of the pRNI1-based reporter gene shuttle vector
pCmalLacS. lacS reporter gene [-glycosidase from Sulfolobus
solfataricus; orf56, orf904, orf80, orf90a, orf72: genes of the plasmid
pRN1; orf56 and orf80 code for DNA-binding proteins and orf904 for
a multifunctional replication protein (Lipps, 2009), pyrE (orotate
phosphoribosyltransferase) and pyrF (orotidine-5'-phosphate decar-
boxylases): used as selection marker in Sulfolobus, bla [-lactamase,
ori ColEl replication origin

amino acids and is strongly bound by streptactin, an
engineered streptavidin.

Induction experiments

Single transformants were picked from plates and grown in
50 mL shake flask cultures in non-inducing medium (either
0.1% tryptone or 0.1% tryptone 4+ 0.2% sucrose). After
reinoculation into fresh medium cells were induced by
addition of the appropriate sugar(s). Aliquots were with-
drawn at the indicated times/ODs, respectively.

p-galactosidase assay

Crude extracts were prepared by a freeze—thaw method in
which cells were resuspended in 50 mM Na-phosphate
buffer, pH 7, and subjected to 5 freeze-thaw cycles
(liquid nitrogen/+ 50°C). After centrifugation for 30 min
at 10,000 rpm the supernatant was stored at —20°C, or
assayed directly. All -galactosidase assays were conducted
in triplicate in a 75°C bench top shaker in 1.5 mL Eppen-
dorf tubes. The reaction mixture consisted of 5 pL of crude
extract (or water for autohydrolysis control samples), 90 pL
of 50 mM Na-phosphate buffer, pH 7, and the assay was
started by addition of 5 uL of 12 mg mL™" ortho-nitro-
phenyl-f-p-galactopyranoside (ONPG) solution. Incubation
was continued for 2-5 min depending on the levels of
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Table 2 Overview of the

Construct name
reporter gene constructs used to

Upstream region

Length of promoter Putative inducer

evaluate the promoter strength of gene region”

and inducibility pCLacS _ _ _
pCsso_dpsLacS 5502079 152 H,0,
pCdpsLacS saci_1821 122 H,0,
pCdps_longLacS saci_1821 424 H,0,
pClacSLacS saci_1849 641 Lactose

sso S. solfataricus P2, saci S. pCmalLacS saci_1165 266 Maltose, dextrin

ZCidowldarms pCmal2LacS saci_1165 219 Maltose, dextrin

pril;szrgtbhirfgi):; Sstiat?s,t(l)a:?(tiw(i)f pCmal3LacS saci_1165 169 Maltose, dextrin

nucleotides in front of the start pCmal4LacS saci_1165 79 Maltose, dextrin

codon (ATG or GTG) are pCgdhALacS saci_0155 387 -

replaced by CC to generate the pCsac7dLacS saci_0064 204 _

Ncol site

activity expected for different samples. Samples known to
show high activity (containing the pCsac7dLacS construct)
were incubated for a shorter time than samples showing
lower activity. This was done to ensure that the ortho-
nitrophenol (NP) production was linear with time over the
assay duration as we did an endpoint determination and to
make sure to not exceed the linear range for subsequent
photometric quantification. At the end of the incubation
period the tubes were rapidly cooled on ice and 100 pL of
1 M Na,COj; solution was added to stop the reaction. For
photometric determination of the absorption at 410 nm the
autohydrolysis control samples and the samples (each
200 pL) were transferred from the 1.5 mL Eppendorf tubes
into different wells of a 96-well plate. Additionally, three
wells were filled with 200 pL of water (blank samples). The
measured absorption values at 410 nm were first corrected
for the arithmetic mean of the absorption of the three wells
containing only water. The resulting blank corrected
absorption values were transformed into NP concentration
values by applying a linear calibration function that has
been generated with known concentrations of NP and sub-
sequent linear regression to a plot of absorption versus
concentration. From the concentration of NP, the mass of
NP produced in the autohydrolysis control samples and
samples is obtained by multiplying with the volume in the
well. Subsequently, the obtained amounts of produced NP
in the samples are corrected for the autohydrolysis of the
substrate ONPG that cannot be neglected at 75°C by sub-
tracting the amount of NP produced in the autohydrolysis
controls from the amount of NP produced in the samples. As
the calibration function has been derived on mass-based
concentrations, the now autohydrolysis corrected amounts
of NP are transformed into molar amounts (given in nmol)
by dividing by the molar mass of NP. The resulting molar
amounts are then divided by the amount (in pg) of protein
contained in the crude extract that has been added to the
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assay mixture (protein concentration of the crude extracts
have been determined by the method of Ehresman (1973).
Subsequently the resulting values are divided by the incu-
bation time (in min) to yield the beta-galactosidase activity
given in nmol of ONP per pg of protein (crude extract) per
minute.

Expression of ABCE1 protein

Sulfolobus acidocaldarius MR31 was transformed with
pSVA1401. A single transformant was picked from the
plate and a preculture of 50 mL was grown to an ODg, of
0.6. 400 mL of medium either containing no inducer
(control) or 0.4% maltose as inducer was inoculated with
10 mL of the preculture and grown to an OD of 0.8. Cell
harvest, lysis, ABCE1 protein purification, and detection
by Western blot were done as described for SSO0287 in
Albers et al. (2006). Briefly, the cells were sonicated and
the membranes removed by ultracentrifugation. Then the
supernatant was applied to 500 pL of HIS-Select material
(Sigma). After washing the bound material with 2 column
volumes of buffer A (50 mM HEPES, 100 mM NaCl and
5 mM Imidazol, pH 8.0), 2 column volumes of buffer B
(buffer A with 30 mM Imidazol, pH 8.0) were applied and
then proteins were eluted with buffer C (buffer A with
250 mM Imidazol, pH 7.0).

Xgal test

A qualitative f-galactosidase assay was based on hydrolysis
of 5-bromo-4-chloro-3-indolyl- f-p-galactoside (X-gal). For
liquid cultures 200 pL of culture were mixed with 20 pL of
substrate solution (20 mg mL™' in dimethylformamide)
and incubated at 75°C until color development was
observed. To score colonies, plates were sprayed with the
same X-gal solution and incubated at 75°C.
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Southern blot

Genomic DNA was prepared from 1 mL of culture using
the Chemagenic DNA Bacteria Kit (Chemagen, Baeswe-
iler, Germany) according to the instructions of the manu-
facturer. After digestion with Xhol restriction fragments
were resolved in 1% agarose gels, transferred to a Hybond
N membrane (Amersham) by capillary transfer, fixed by
UV irradiation for 5 min on a UV transilluminator, and
hybridized to digoxigenin labeled probes complementary
to the mal promoter region (266 bp region present in
construct pCmalLacS). Labeling and detection were done
using the PCR DIG Probe Synthesis Kit and the Digoxi-
genin Labeling and Detection Kit (Roche).

Copy number determination

Copy number of the construct pCmalLacS was estimated
by comparing the band intensity for the fragment corre-
sponding to the linearized pCmalLacS fragment and the
fragment containing the genomic copy of the mal promoter
region.

Results and discussion

Identification of inducible promoters and strong
promoters

So far only the heat shock promoter #f55« from S. solfa-
taricus had been used with pRN1 shuttle vectors in S. ac-
idocaldarius. This construct showed reduced plasmid
maintenance in S. acidocaldarius (Berkner et al. 2007). For
that reason we tested different promoters to find more
suitable ones for expression purposes in S. acidocaldarius.

Table 3 Transcript abundance and transcript start points

From literature search (see also Table 3) and own pre-
liminary experiments a number of candidate promoters
were chosen for further testing in S. acidocaldarius,
namely the promoter regions of the dps genes (coding for a
DNA binding protein from starved cells (Maaty et al. 2009;
Wiedenheft et al. 2005) from S. solfataricus P2 (ss02079)
and S. acidocaldarius (saci_1821), of the lacS gene (coding
for a f-glycosidase) from S. acidocaldarius (saci_1849),
and of the mbp gene (coding for a sugar binding protein,
presumably a maltose binding protein) from S. acido-
caldarius (saci_1165). For strong constitutive expression
the promoter region of the gdhA gene (coding for glutamate
dehydrogenase, saci_0155) and the sac7d gene (coding
for an abundant DNA binding protein, saci_0064) from
S. acidocaldarius were chosen.

The dps promoter was selected because the induction of
the Dps protein expression under different conditions had
already been examined (Wiedenheft et al. 2005), and it had
been found that the protein levels increased upon induction
with hydrogen peroxide. Furthermore, in microarray
experiments a strong induction of the dps genes of S. sol-
fataricus and S. acidocaldarius upon UV irradiation has
been reported (Gotz et al. 2007).

The lacS promoter from S. acidocaldarius was tested
because we noticed that S. acidocaldarius cells that do not
stain blue in an Xgal test on standard growth medium
(tryptone/xylose or tryptone/sucrose), do so when culti-
vated in lactose containing medium. The color develop-
ment was only very faint; nevertheless, this promoter was
studied in more detail.

The mbp promoter (subsequently referred to as mal
promoter) was selected after a survey of ABC transport
operons for different substrates annotated in the S. acido-
caldarius genome. We specifically concentrated on sugar-
binding proteins, because induction with sugars does not

S. acidocaldarius

S. solfataricus

Gene Number Expression® Homologue Expression® Expression” Transcript start”
dps saci_1821 0.4 5502079 0.3 27 —10
lacS°¢ saci_1849 0.3 5503019 0.1 7 0°¢
mbp/mal saci_1165 1.3 ssoll71 13.0 42 —14
gdhA saci_0155 18.3 ss01907 36 —1
5502044 8.9 38 -1
sac7d saci_0064 ss010610 159 —10
5509535 136 =7

* Expression determined by the group of Bernander by microarray experiments. Data are normalized to genomic DNA by hybridizing cDNA

versus genomic DNA (Andersson et al. 2006)

° Expression (number of reads/length of transcript) and transcript start points were determined by the group of Sorek on the basis of high-

throughput RNA sequencing (Wurtzel et al. 2010)

¢ In agreement with a study of the group of Paul Blum (Hoang et al. 2004)
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negatively influence the cells like it would be the case with
hydrogen peroxide for induction with the dps promoter.
Furthermore, sugars are easily available, cheap, and rela-
tively stable under Sulfolobus growth conditions.

The only ABC transport operon (Fig. 5a) predicted to use
sugars as substrate in S. acidocaldarius consists of the genes
saci_1165 (binding protein), saci_1164 and saci_Il163
(permease). Saci_1165 is annotated as maltodextrin-bind-
ing protein (Chen et al. 2005). Therefore, we tested if the
promoter of saci_I1165 (mal promoter) was inducible upon
maltose addition to a medium containing only tryptone.

The gdhA and the sac7d promoters were chosen based
on whole genome expression data (Table 3).

The upstream region of all described genes were fused
to the lacS gene in order to measure the promoter strength
quantitatively by f-galactosidase reporter gene assays. The
details of the different constructs can be found in Table 2.

Comparison of different promoter strengths

S. acidocaldarius MR31 was transformed with the respec-
tive plasmids and single transformants were analyzed in
f-galactosidase assays (Fig.2). No activity could be
detected for untransformed S. acidocaldarius MR31 and for
the promoterless construct pCLacS. Very low activities were
detected for the dps and the lacS promoter (0.1-0.4 nmol NP
per ng of protein per min), low activity for the uninduced
mal promoter (1 nmol NP per ng of protein per min),
intermediate activity for the induced mal promoter and the
gdhA promoter (10-13 nmol NP per pg of protein per min),
and high activity for the sac7d promoter (45 nmol NP per pg
of protein per min). In general, the activities of the reporter
gene assay agree well with the expression data reported by
other groups (see Table 3). For the microarray expression
data from S. acidocaldarius the Spearman rank correlation is
0.95, for the RNA sequencing using homologous genes from
S. solfataricus the correlation is 0.8.

The inducibility of the dps promoter, the lacS promoter,
and the mal promoter was initially examined with hydro-
gen peroxide (30 pM), lactose (0.2-0.4%), and maltose
(0.2%), respectively. Whereas for the mal promoter with
maltose an apparent increase in promoter activity was
visible from Xgal staining of liquid culture aliquots, no
changes were observed for the different dps constructs with
H,0O, (at the same concentration described as inducing by
Wiedenheft et al. (2005). First, we attributed this failure to
the fact that we used the dps promoter sequence from S.
solfataricus (pCssodpsLacS) in the host cells from S. aci-
docaldarius. We therefore cloned the upstream region of
the dps genes from S. acidocaldarius (pCdpsLacS), but the
resulting construct did not show promoter activity. Then
we thought that the upstream region might be too short and
increased it to 424 bp (pCdpslonglLacS), but still no
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Fig. 2 Comparison of the strength of different promoters in a
f-galactosidase assay (mean of three replicates, error bars correspond
to one standard deviation), names of the constructs are explained in
Table 2. ODs of the cultures at sampling: MR31: 0.3, pCLacS: 0.4,
pCssodpsLacS: 0.3, pCdpsLacS: 0.6, pClacSLacS: 0.6, pCmalLacS
(uninduced) 0.4, pCmalLacS + maltose: 0.4, pCgdhLacS: 0.6,
pCsac7dLacS: 0.2

induction was visible either by Xgal staining or by
f-galactosidase assays. The inducibility of the expression
of the Dps protein with H,O, has clearly been demon-
strated (Wiedenheft et al. 2005). However, the induction of
the protein production might be regulated by a mechanism
other than transcriptional regulation or the necessary
operator regions might be found within the dps gene itself,
which is in the reporter gene constructs replaced by the
lacS gene. It is also possible that iron concentration in the
media used for cultivation might influence dps expression.
In that regard, the highly variable expression obtained in
different microarray experiments should also be considered
(see Table 3). For the lacS promoter a minimal increase in
f-galactosidase reporter activity was observed, but the
resulting activity was still very weak. Therefore, the mal
promoter seemed to be the most suitable candidate for
further characterization.

Inducibility of the mal promoter
To further examine the kinetics of the mal promoter-

directed expression during a batch culture, samples from
cultures containing pCmalLacS were analyzed in early log
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phase, late log phase, and stationary phase (Fig. 3a) from
uninduced cultures and cultures induced by either 0.2 or
0.4% maltose or dextrin, respectively (Fig. 3b).

The promoter has low basal activity and is inducible
upon addition of maltose and dextrin up to 17-fold
(Fig. 3b). Induction is already visible in early log phase
and increases to late log phase before declining in sta-
tionary phase. Only for dextrin at 0.4% a further increase in
stationary phase is visible. It should be kept in mind that
this could be a secondary effect due to the high nutrient
concentration present in this medium. In late log phase
(Fig. 3b) induction is comparable for dextrin and maltose.
Although it is very probable that dextrin is broken down to
maltose under the conditions of the Sulfolobus growth
medium, it has been noted earlier that dextrin is an

A |—>—TP

—4&— +0.2% mal
—»— +0.4% mal
J—*— +0.2% dex
1—%— +0.4% dex

OD600 nm

0,14
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©
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Fig. 3 Expression of the f-galactosidase under the control of the mal
promoter. a Growth curves of five different cultures obtained by 1:99
dilution of a preculture into the respective growth media, TP
uninduced culture, +mal addition of the indicated amount of maltose,
~+dex addition of the indicated amount of dextrin at time point 0. The
sampling times are indicated by gray arrows. b Measured f-galac-
tosidase activities for the indicated sampling time points in A [early
log phase (first arrow), late log phase (second arrow), stationary
phase (third arrow) from left to right]

especially suitable substrate for the growth of S. acido-
caldarius (Grogan 1989). We cannot rule out that the
induction effect is not alone due to dextrin itself but could
also be attributed to some breakdown products of dextrin
other than maltose that may also act as inducers on the mal
promoter, e.g., maltotriose.

Influence of different sugars

Next we tested the influence of different sugars on the basal
activity and the inducibility of the mal promoter. Besides
maltose and dextrin, glucose, sucrose, and xylose were
tested alone and in combination with maltose (Fig. 4).
With glucose, dextrin, and xylose higher basal activity
levels were observed than with tryptone alone. Only
sucrose did not lead to higher basal activity. It should be
noted that the medium tryptone/sucrose supports a growth
comparable to tryptone/maltose (data not shown). The
induction level compared with the tryptone—tryptone/
maltose cultures were lower for glucose, dextrin, and
xylose, but comparable for sucrose. The addition of another
sugar besides the one used for induction is beneficial for
the cell growth, as can be seen from Fig. 3a. In tryptone
only containing medium the stationary phase is reached
early and the final turbidity of the cultures are considerably
lower than for the media containing additional sugars.
Thus, these experiments suggest that a tryptone/sucrose
medium is most suitable for growth without induction
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Fig. 4 Influence of different sugars on the basal activity and the

inducibility of the mal promoter in f-galactosidase reporter gene
assays (mean £ SD). TP tryptone, Mal maltose, Gluc glucose, Dex
dextrin, Suc sucrose, Xyl xylose. All sugars were added at 0.2% final
concentration. ODs at sampling: TP: 0.3, TP + Mal: 0.2, TP 4 Gluc:
0.2, TP + Gluc + Mal: 0.2, TP + Dex: 0.2, TP + Dex + Mal: 0.2,
TP + Suc: 0.4, TP + Suc + Mal: 0.3, TP + Xyl: 0.5, TP + Xyl +
Mal: 0.5
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followed by addition of maltose for induction of the mal
promoter. As the reporter gene activity reaches its maxi-
mum after 30-50 h, the inducer should be added shortly
after or concurrent with the inoculation of a culture for
protein expression purposes.

For some applications of the mal promoter repression of
the observed basal activity of the mal promoter would be
desirable. For S. solfataricus the expression of o-glycosi-
dase, f-glycosidase, and o-amylase has been shown to be
repressed by certain sugars and amino acids (Haseltine
et al. 1996, 1999, Hoang et al. 2004). Furthermore, the
expression of the arabinose transport operon is also regu-
lated differently in the presence of amino acids in the
growth medium (Lubelska et al. 2006). From our experi-
ments it became clear that none of the sugars tested had a
repressing effect on the basal activity of the mal promoter.
For that reason we further tested the addition of glutamine
or a mixture of all 20 amino acids (at final concentrations
of 0.5 and 0.1%, respectively) for their ability to repress the
mal promoter. However, none of the tested substances
showed a clear repressing effect on the basal promoter
activity in reporter gene experiments (data not shown).

Determination of the minimal promoter region

To narrow down the upstream region that is necessary for
promoter function, i.e., inducibility by maltose, we step-
wise deleted the upstream region (Fig. 5). Whereas con-
structs comprising 266—169 bp of upstream region were
still inducible by maltose, a shorter construct comprising
only 79 bp showed only basal activity after addition of
maltose. Therefore, the sequence part responsive to malt-
ose is situated within 169 bp upstream of the ATG start
codon. When comparing the promoter strength of the
inducible variants, no changes in inducibility were visible
for the three constructs within the observed variations for
parallel experiments. Therefore, the constructs pCmalLacS
(266 bp), pCmal2LacS (219 bp), and pCmal3LacS
(169 bp) can therefore, in principle, be used interchange-
ably for expression purposes.

Plasmid maintenance and copy number
of the expression vector pCmalLacS

For the routine use of a shuttle vector for expression pur-
poses a high retention of the construct in the host cell is
highly desirable. As already described for the shuttle vector
pJlacS in comparison with pJ without expression cassette
(Berkner et al. 2007), the additional sequences to the shuttle
vector with high retention may alter this behavior. There-
fore, we tested the plasmid retention of the expression
vector pCmalLacS under selective and non-selective con-
ditions. After 200 generations in selective liquid medium
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Fig. 5 Determination of the minimal sequence region necessary for
inducibility of the mal promoter. a Operon structure, b promoter
sequence (the start codon and the engineered Ncol restriction site is in
bold). The beginning of the promoter region of each deletion
construct is indicated with the number of base pairs remaining above
the sequence. Two putative regulatory imperfect palindromic binding
sites (18-20 bases) are underlined and the matching bases have an
asterisk above the sequence. The region of the predicted BRE-TATA
box is double underlined. ¢ [-galactosidase measurements of the
deletion constructs (mean & SD). The activities obtained in the
absence of maltose are shown in light bars and the activities in
the presence of maltose in dark bars. ODs at sampling: pCmallLacS
both —/+ maltose 0.1, all other constructs: 0.2

(tryptone/sucrose), all cells still contained a shuttle vector
as shown by plating and Xgal staining of the colonies. All
colonies were found to stain blue (data not shown). The
vector loss under non-selective conditions was also moni-
tored by plating aliquots of a culture incubated with uracil
on selective and non-selective plates and determining the
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fraction of shuttle vector containing cells. After four gen-
erations in non-selective medium still 95% of all cells
contained a shuttle vector and after seven generations
the vector was lost to approximately 50% (data not shown).
These experiments show that the vector pCmalLacS has
a high retention under selective conditions and is only
slowly lost under non-selective conditions. We would
like to point out that this behavior is not found for all of
our tested promoter constructs. Especially the constructs
with very strong promoter activity (e.g., pCsac7dLacS)
show decreased plasmid retention and develop only small
colonies on plates. The use of these promoters is never-
theless possible, but cultures have always to be kept under
stringent selection conditions because otherwise the vector
is rapidly lost. This also implies that cultures should not
reach stationary phase as the selective pressure from uracil
selection necessary for the maintenance of shuttle vectors
decreases when a higher number of cells die due to nutrient
limitations and uracil is set free from the degrading cells. It
should also be kept in mind that the plasmid maintenance of
the vector is influenced by the gene cloned behind the
promoter for expression purposes. In case the expressed
product has a negative impact on cell fitness the vector
might be lost more rapidly.

We also determined the copy number of the vector
pCmalLacS by Southern blotting (Fig. 6) and found it to be
around 10 per chromosome at an OD of 0.2 and around 5
per chromosome at an OD of 0.9. The copy number seems
to follow the same pattern as has been observed for the
vector pC (Berkner et al. 2007): low copy numbers when
the culture is inoculated, then an increase of the copy
number with a maximum at approximately OD 0.2 to OD
0.6, and a subsequent decline of the copy number at higher

1 2 3 4

-

10802 bp == '™ «s linearized pCmalLacS

6514 bp genomic fragment

Fig. 6 Southern blot for copy number determination of construct
pCmallLacS in S. acidocaldarius MR31. The culture shown in lane 1
and 2 was sampled at OD of 0.2, the culture shown in lane 3 and 4
was sampled at an OD of 0.9. In lane 2 and 4 1/9th of the amount in
lane 1 and 3 has been loaded onto the gel

ODs. Therefore, it should be noted that the measured
expression levels are likely to show a copy number effect.
This might be seen in the data presented in Fig. 3b. The
uninduced tryptone only containing culture shows an
increase in activity in late log phase compared with early
log phase and stationary phase. This effect is likely to
occur in the induced cultures, too.

Protein expression with the mal promoter

The ABCEL protein is an evolutionary highly conserved
protein that is thought to be involved in recognition and
modification of RNA assemblies (Barthelme et al. 2007).
The 68-kDa protein ABCE1 (SSO0287) from S. solfatari-
cus was expressed as a C-terminal His;y- and strep-tag
fusion protein. ABCEl was purified by His-Select Ni
affinity chromatography, yielding 1 mg purified enzyme
per L of cells (Fig. 7). Immunodetection with His tag-
specific antibodies and Streptactin confirmed that the
purified protein corresponded to the recombinant tagged
protein. When comparing the protein yield from the unin-
duced and induced culture it became obvious that the mal
promoter shows basal activity, as also visible from the
reporter gene experiments, because also in the uninduced
culture ABCEl protein is produced in considerable
amounts (data not shown). However, an approximately
fivefold increase in protein production after induction with
maltose was observed.

ST FT W1 W2 E

150 kDa

75 kDa

50 kDa
OL-HIS —
a-Strep —

Fig. 7 Purification of SSO0287 expressed in S. acidocaldarius by
affinity chromatography. The upper panel shows the Coomassie
stained gel of the different fractions of the purification procedure. The
same samples were used for Western blotting using both, anti-Histag
and Streptactin antibodies. ST starting material, F7 flow through, W1
and W2 wash steps, E elution
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Conclusions

In establishing S. acidocaldarius as an emerging model
organism the development of genetic tools is of essential
importance. The promoter of the maltose-binding protein
(Saci_1165) has been identified as a suitable inducible
promoter for controlled expression using the pRN1-based
shuttle vector pC in S. acidocaldarius. The promoter shows
low basal activity and an increase in expression up to 17-fold
upon addition of 0.2-0.4% maltose or dextrin in reporter
gene experiments. For the expressed ABCE1 protein an
increase in expression of about fivefold was observed. As
promoters with only very low activity we identified the dps
promoter and the lacS promoter from S. acidocaldarius.
Promoters that show high to very high constitutive expres-
sion are the gdhA and the sac7d promoter.

For routine use the mal promoter is recommended due to
its stable plasmid maintenance and its successful use for
protein expression in S. acidocaldarius.
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