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Summary

The ability of microorganisms to sense and respond to
sudden changes in their environment is often based
on regulatory systems comprising reversible protein
phosphorylation. The archaellum (former: archaeal
flagellum) is used for motility in Archaea and therefore
functionally analogous to the bacterial flagellum. In
contrast with archaellum-mediated movement in
certain members of the Euryarchaeota, this process,
including its regulation, remains poorly studied in
crenarchaeal organisms like Sulfolobus species.
Recently, it was shown in Sulfolobus acidocaldarius
that tryptone limiting conditions led to the induction of
archaella expression and assembly. Here we have
identified two proteins, the FHA domain-containing
protein ArnA and the vWA domain-containing protein
ArnB that are involved in regulating archaella expres-
sion in S. acidocaldarius. Both proteins are phospho-
rylated by protein kinases in vitro and interact strongly
in vivo. Phenotypic analyses revealed that these two

proteins are repressors of archaella expression.
These results represent the first step in understanding
the networks that underlie regulation of cellular motil-
ity in Crenarchaeota and emphasize the importance of
protein phosphorylation in the regulation of cellular
processes in the Archaea.

Introduction

All microorganisms have to withstand and respond to
sudden changes in their environment. The availability of
nutrient sources is sensed to regulate metabolic pathways
and to detect nutrient limiting conditions. Therefore, per-
ception of extracellular stimuli and their transduction in the
cell is essential for survival of microorganisms. Chemotaxis
sensory systems link the signal input to motility, allowing
microorganisms to escape hostile environments. Chemo-
taxis systems have been well studied in Bacteria, in which
signals sensed by a chemoreceptor are always transduced
to a two-component signal transduction pathway, which
modulates flagella movement upon binding of phosphory-
lated CheY-P to the flagellar motor switch protein FliM
(Welch et al., 1993; Dyer et al., 2009). Among Archaea,
only the Euryarchaeota possess such a bacterial-like
chemotaxis system, which is best studied in Halobacterium
salinarum (Rudolph et al., 1995; Rudolph and Oesterhelt,
1996). However, the archaellum [former the archaeal fla-
gellum (Jarrell and Albers, 2012)] is only functionally, but
not structurally related to the bacterial flagellum, as it is
evolutionary related to bacterial type IV pili. Two core
subunits of the archaellum, the ATPase FlaI and the inte-
gral membrane protein FlaJ, are homologues of PilB and
PilC in bacterial type IV pili (Pohlschroder et al., 2011).
Moreover, the processing of the archaellins, the structural
subunits of the archaellum, prior to assembly is conserved
in bacterial type IV pilins (Pohlschroder et al., 2011).
Therefore the final step in regulating archaella-mediated
movement upon CheY-P interaction is envisioned to differ
from the bacterial flagella system. In H. salinarum three
proteins (two of the DUF439 family, CheM, and one of the
HEAT_PBS family) were identified that bind the chemot-
axis proteins CheY, CheD and CheC2 as well as the
archaella proteins FlaCE and FlaD. Hence, these proteins
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seemingly connect the sensory system to the motility
system in this organism (Schlesner et al., 2009; Alatyrev
et al., 2010). In Methanococcus jannaschii and M. mari-
paludis archaella expression increased at low hydrogen
concentrations and additionally was reduced during
leucine limitation in M. maripaludis (Mukhopadhyay et al.,
2000; Hendrickson et al., 2008). However, how archaella
regulation is achieved in Crenarchaeota is not understood,
as information about the regulatory pathways and the
inducing conditions is not available. Homologues of
chemotaxis proteins have not been identified in the Cre-
narchaeota so far. Recently, it was shown that in Sulfolobus
acidocaldarius, one of the main crenarchaeal model organ-
isms, tryptone limiting conditions led to the induction of
archaella expression and assembly (Lassak et al., 2012).
However, the factors involved in regulation of this process
are still unknown.

Forkhead-associated (FHA) domains were first
described as modules occurring in forkhead transcription
factors (Hofmann and Bucher, 1995). Since then, FHA
domain-containing proteins were structurally and function-
ally analysed in detail revealing a phosphopeptide-binding
activity with a clear specificity towards p-Thr over p-Ser
or p-Tyr (Durocher et al., 2000; Pennell et al., 2010).
Because of these specific interactions FHA domains,
which are found in all three domains of life, are important
modules in phosphopeptide-mediated processes in the
cell like signal transduction and DNA damage response
pathways. Most studies on FHA domains were con-
ducted in Eukaryotes or Bacteria, whereas 33 of these
phosphopeptide-specific binding proteins are predicted
in archaeal genomes (http://smart.embl-heidelberg.de/).
FHA domain-containing proteins not only bind phospho-
peptides, but can also be phosphorylated in vitro by
eukaryotic-like protein kinases (ePKs) that are distantly
encoded on the genome in Mycobacterium tuberculosis
(Grundner et al., 2005). A similar result was shown for the
crenarchaeal Sulfolobus tokodaii FHA protein, which was
phosphorylated in vitro by a Serine/Threonine PK and
binds the archaellar flaX promoter in a phosphorylation-
dependent manner (Wang et al., 2010; Duan and He,
2011). Strikingly, in Sulfolobus spp. these FHA proteins
always seem to be present in an operon with a gene
encoding for a von Willebrand domain-containing protein
(vWA). Primarily, the von Willebrand type A domain of
about 200 amino acids was found in the von Willebrand
factor, a protein secreted to the blood plasma in mammals
(Sadler et al., 1985). The most ancient vWA proteins are
now known to be intracellular proteins. These proteins are
encoded in all three domains of life and are involved in
different processes like signal transduction, cell adhesion
and migration (Colombatti et al., 1993; Whittaker and
Hynes, 2002).Acommon feature of vWAproteins is to form
multi-protein complexes (Tuckwell, 1999; Whittaker and

Hynes, 2002). However, in archaea these domains have
not been functionally characterized.

In this study we have analysed the role of the FHA
protein ArnA and the vWA domain-containing protein
ArnB in the regulation of the archaellum operon in
S. acidocaldarius. Both proteins were phosphorylated by
specific ePKs and interacted strongly in vivo. Genetic
analyses showed that these two proteins are repressors
of archaella expression. These results represent the first
step in understanding regulatory networks in Crenar-
chaea and underline the importance of protein phospho-
rylation in cellular processes in the Archaea.

Results

The arn cluster and its evolution

Interestingly, each member of the Sulfolobales contains
only one FHA protein in its genome, which displays an
N-terminal predicted Zinc finger domain. In S. acidocal-
darius the FHA protein is encoded in an operon with one of
the three vWA-containing proteins that are present in the
S. acidocaldarius genome (Fig. 1A). Later on we demon-
strate that these two proteins are part of the archaellum
regulatory network and term these proteins as ArnA and
ArnB (Fig. 1A). A comparative genome analysis revealed
that the S. acidocaldarius arn cluster is conserved across a
number of Sulfolobus species (Fig. 1B). The gene cluster
invariably encodes an FHA domain-comprising gene and
one copy of a gene encoding a vWA domain-containing
protein. In the Sulfolobales this cluster is flanked upstream
by a second vWAprotein encoded in the opposite direction.
Additionally, a gene encoding a protein with a predicted
protein phosphatase activity seems to be part of the
gene cluster in some cases, but this is not observed for
S. acidocaldarius and S. tokodaii, where these genes are
encoded at a distinct region on the chromosome (saci0884
respectively ST2367) (Fig. 1B). The presence of two gene
copies of the vWA domain-containing proteins is best
explained by an ancient gene duplication event at the base
of the Sulfolobales, followed by lineage-specific gene loss
and/or horizontal gene transfer events in the branches
leading towards Metallosphaera. The presence of the arn
gene cluster in Picrophilus torridus is most likely the result
of a horizontal gene transfer event given that this is the only
species of the Euryarchaeota that contains the gene
cluster (Fig. 1C).

Interestingly, a variant of the arn gene cluster seems to
be present in certain members of the Desulfurococcales
(Pyrolobus fumarii and Staphylothermus spp.). In which
these gene clusters do contain the FHA- and vWA-
containing genes, the protein phosphatase-encoding gene
seems to be displaced by an unrelated Serine/Threonine
protein kinase of the Pkinase superfamily (PFAM00069)

ArnA and ArnB regulate archaella expression in S. acidocaldarius 25

© 2012 Blackwell Publishing Ltd, Molecular Microbiology, 86, 24–36



26 J. Reimann et al. �

© 2012 Blackwell Publishing Ltd, Molecular Microbiology, 86, 24–36



(Fig. 1B). The presence of related modules in more distant
archaeal species suggests that FHA and vWA proteins
represent ancient regulatory networks that operate in con-
junction with protein phosphatases and protein kinases.

Phosphorylation of ArnA and ArnB

Both genes of the arn cluster of S. acidocaldarius and the
upstream located vWA-encoding gene (vWA2, arnA and
arnB) were successfully overexpressed in Escherichia coli
and the proteins were purified (Fig. S1). The genomic
organization to adjacent protein kinases and phos-
phatases in some species (Fig. 1B) suggested an involve-

ment of these proteins in protein phosphorylation
processes. Furthermore, FHA domain-containing proteins
were shown to be phosphorylated by ePKs in vitro in
M. tuberculosis and S. tokodaii (Grundner et al., 2005;
Wang et al., 2010). Therefore in vitro phosphorylation
studies were performed using [g-32P]-ATP (Figs 2 and 3).
Two kinases of S. acidocaldarius (Saci1193 and Saci1694)
were tested on autophosphorylation and phosphorylation
of ArnA, ArnB and vWA2 since both kinases showed
co-occurrence with ArnA in the STRING database (http://
string-db.org/). Both kinases showed autophosphorylation
activity, which is a common feature of ePKs (Fig. 2A and B,
top). This autophosphorylation could be abolished in ATP

Fig. 1. Comparative and phylogenetic analysis of the arn gene cluster and archaeal vWA proteins.
A. Schematic overview of the arn gene cluster in S. acidocaldarius. Genes are indicated by arrows and the encoded protein architectures are
depicted on top. The FHA domain-containing protein ArnA also incorporates an N-terminal zinc-finger domain.
B. The arn gene cluster is conserved across a range of archaeal species and invariably comprises an FHA domain-containing gene and a
vWA domain-containing gene in an operon structure, which is flanked upstream by a second copy of a gene encoding a vWA
domain-containing protein in the Sulfolobales. In some species, the gene cluster additionally comprises a gene encoding a serine/threonine
protein phosphatase.
C. Phylogenetic tree indicating that the distribution of the vWA domain proteins is best explained by an ancient gene duplication event at the
base of the Sulfolobales (depicted with a filled square), followed by lineage-specific gene loss and/or horizontal gene transfer events in the
branches leading towards Metallosphaera and the euryarchaeon Picrophilus (green font). Support values (based on 100 bootstrap replicates)
are indicated for each branch, and the tree was rooted with vWA orthologues from the Desulfurococcales (blue font).

Fig. 2. In vitro phosphorylation of ArnA, ArnB and vWA2 by the kinases Saci1193 and Saci1694. Proteins were incubated at 55°C for 30 min
with [g-32P]-ATP. The reaction was stopped with 5¥ protein loading dye.
A. The ePK Saci1193 phosphorylated all three proteins (ArnA, ArnB and vWA2) in vitro (top). To show the upshift (arrow) of ArnB upon
phosphorylation more clearly, immunoblotting was performed with specific a-ArnB antibodies (middle). This upshift is also visible on
SDS-PAGE (bottom).
B. The ePK Saci1694 specifically phosphorylates ArnB (arrow). To confirm that the phosphorylation is on the height of ArnB and not an effect
of the autophosphorylation smear of Saci1694, immunoblotting was performed with specific a-ArnB antibodies (middle) after running
SDS-PAGE (bottom).
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binding-deficient mutants in which the conserved lysine
residue in subdomain II was mutated to an alanine (Fig. 2A
and B, top). Furthermore, the experiments revealed phos-
phorylation of all three proteins encoded in the arn cluster
by the ePK Saci1193, although ArnB clearly showed the
strongest phosphorylation signal (Fig. 2A, top). Upon
phosphorylationArnB running behaviour changes on SDS-
PAGE which was clarified with immunoblotting using spe-
cific a-ArnB antibodies (Fig. 2A, middle). The second
tested ePK, Saci1694, specifically phosphorylated ArnB
(Fig. 2B, top). Two mutants of ArnA (R132A and S146A)
were also investigated for phosphorylation. These resi-
dues are highly conserved among the FHA domains and
are involved in phosphopeptide binding (Fig. S2). Both
mutants could still be phosphorylated, albeit the ArnAS146A

showed a reduced phosphorylation signal (Fig. 3A). More-
over, phosphorylated ArnA and ArnB could be dephospho-
rylated by the S. acidocaldarius Ser/Thr phosphatase PPP
(Fig. 3B and C).

Interaction of ArnA and ArnB

arnA and arnB are genomically located in a cluster and are
both constitutively expressed in the exponential growth
phase as well as in the stationary phase (data not shown).
Since FHA domain-containing proteins as well as vWA-
containing proteins are well known to be involved in
protein–protein interactions, the question arose if both
proteins interact in vivo. Therefore, homologously
expressed Strep/His-tagged ArnA and ArnB were purified
by Ni-affinity chromatography. In the elution fraction of the
purified ArnAStrep/His, native ArnB was co-purified as con-
firmed by Western blot analysis (Fig. 4A) and mass spec-
trometry. In turn, whenArnBStrep/His was purified, nativeArnA
was co-eluted (Fig. 4A). This result demonstrates an
in vivo interaction between the FHA domain-containing

protein ArnA and the vWA domain-containing protein ArnB
in S. acidocaldarius. Interestingly, in the elution fraction no
vWA2 protein was detected by mass spectrometry, which
confirms specificity of the binding between ArnA and ArnB.
Heterologous coexpression on a dual expression vector
system (with ArnA Strep-tagged and ArnB His-tagged) in
E. coli supports the previous result: a strong interaction
between ArnAStrep and ArnBHis (Fig. 4B).

ArnA and ArnB repress archaellum gene expression

To analyse the in vivo function of ArnA and ArnB, in-frame
deletion mutants of vWA2, arnA and arnB were con-
structed in S. acidocaldarius MW001 using a single-
cross-over pop in/pop out mechanism based on uracil
auxotrophy. All deletion mutants were identified by PCR in
comparison with the MW001 background strain and con-
firmed by sequencing (Fig. 5A). All three deletion mutants
showed no defect in growth compared with the back-
ground strain MW001 (Fig. 5B). It was recently suggested
that the S. tokodaii ArnA binds in its unphosphorylated
state to the flaX promoter of the archaellar gene cluster
(Duan and He, 2011), indicating a regulatory role in
archaellum assembly (Fig. 6A). In S. acidocaldarius it was
shown that tryptone starvation induced expression of the
archaellum and therefore of the structural subunit FlaB as
well as of the archaellar component FlaX (Lassak et al.,
2012). To test a regulatory role of ArnA and ArnB in
archaellum expression, MW001, the DvWA2, DarnA and
DarnB deletion strains were subjected to tryptone starva-
tion and the levels of FlaB and FlaX were detected by
Western blot analysis. While the expression levels of both
FlaB and FlaX, were the same in the wild type as in the
DvWA2 deletion strain, their accumulation was signifi-
cantly higher induced in DarnA and DarnB deletion strains
(Fig. 6B). The double-deletion strain DarnADarnB showed

Fig. 3. In vitro phosphorylation of ArnA mutants by the kinase Saci1193 and dephosphorylation of ArnA and ArnB with the Ser/Thr
phosphatase PPP. Proteins were incubated at 55°C for 30 min with [g-32P]-ATP. The reaction was stopped with 5¥ protein loading dye.
A. Different mutants of ArnA, responsible for phosphopeptide interaction of the FHA domain (R132A and S146A), were tested for their
phosphorylation behaviour.
B. ArnA could be dephosphorylated by addition of the Ser/Thr phosphatase PPP and incubation for another 10 min.
C. Also ArnB showed a reduced phosphorylation signal upon addition of the Ser/Thr phosphatase PPP.
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Fig. 4. In vivo interaction of ArnA and ArnB.
A. Coomassie-stained SDS-PAGE of the co-purification of ArnA and ArnB homologously expressed in S. acidocaldarius. Either ArnA or ArnB
was expressed with a Strep/His tag and purified with Ni-affinity chromatography. The different running patterns of the proteins result from the
different tags in comparison with the un-tagged native versions. In the elution fractions ArnA and ArnB were identified by specific antibodies
using immunoblotting. The control proteins ArnAStrep Strep-tag and ArnBHis were expressed in E. coli.
B. Coomassie-stained SDS-PAGE of the co-purification of ArnAStrep and ArnBHis from heterologous coexpression in E. coli by using either a
Strep-Tactin column or a Ni-NTA column. In these fractions ArnA and ArnB were identified by specific antibodies using immunoblotting.
M, marker.

Fig. 5. Confirmation of vWA2, arnA and
arnB deletion mutants and determination of
growth.
A. Based on a single-cross-over event,
deletion mutants of all three genes were
constructed in the uracil auxotrophic
background strain MW001. The PCR products
of the mutants run faster than the wild-type
products on agarose gel. M, marker.
B. Growth curve of DvWA2, DarnA and DarnB
in comparison with the wt strain MW001.
Cells were grown on Brock medium
supplemented with 0.1% NZ-amine, 0.2%
sucrose and 10 mg ml-1 uracil at 76°C. The
growth of all strains is comparable.
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the same phenotype as the single-deletion mutants (data
not shown). These results imply that ArnA and ArnB are
repressors of archaellum expression.

To verify the regulatory effect of ArnA and ArnB on
archaella expression in S. acidocaldarius a motility assay
was performed on semi-solid gelrite plates containing
reduced amounts of the energy-source NZ-amine
(0.005%) to induce starvation. Motility of DarnA and
DarnB was compared with the motility of MW001 and
DaapF. The latter strain lacks the aap pili which are
involved in surface attachment and has been demon-
strated to be hypermotile due to an overexpression of
the archaellum operon (Henche et al., 2012; Lassak
et al., 2012). After 5 days of incubation at 76°C, the
DarnA and DarnB cells showed a comparable swimming
radius like DaapF, whereas DvWA2 and MW001 showed
almost no motility after this incubation time (Fig. 7A). As
described for the Western blot analysis, also in the motil-
ity plate assay the double-deletion strain DarnADarnB
showed the same phenotype as the single-deletion
mutants (Fig. 7A). This hypermotile phenotype could be
trans-complemented using a plasmid with the arnAarnB
operon including the own promoter and terminator
regions (Fig. S3).

To further analyse the effect of the arnA deletion on
motility in S. acidocaldarius, the swimming velocity of
DarnA was determined and compared with the wild-type
strain MW001 and the hypermotile strain DaapF (Lassak
et al., 2012) by thermomicroscopy. Upon tryptone starva-
tion single S. acidocaldarius cells were tracked from the
recorded movies via ImageJ to determine their swimming
velocity. In comparison with the velocity of 30 mm s-1 from
MW001 and of 48 mm s-1 for the hypermotile strain DaapF,
DarnA swims with an intermediate velocity of 35 mm s-1

(Fig. S4). Furthermore, not only the velocity, but also the
number of swimming cells under inducing conditions was
higher than in the wild type, with about 9% and 31% of
swimming cells in MW001 and DarnA respectively.

Electron microscopy was used to further investigate the
influence of ArnA on the production of surface structures
in S. acidocaldarius. Consistent with the previous data,
DarnA expressed a high level of archaella in tryptone
starvation conditions (Fig. 7B). The DarnB strain did not
show this hyperarchaellation effect, but about six times
more cells were archaellated. When using an optimized
maltose inducible expression system for S. acidocaldarius
(Berkner et al., 2007), overproduction of ArnA resulted
in hyper-piliation during normal growth conditions while

Fig. 6. Expression levels of FlaB and FlaX in MW001, DarnA, DarnB and DvWA2.
A. The archaellum is encoded in an operon consisting of seven genes and two indicated promoter regions in S. acidocaldarius.
B. During tryptone-limiting growth conditions archaella expression can be specifically induced. FlaB and FlaX expression levels were detected
by immunoblotting with specific antibodies before and after induction via tryptone starvation (top). Four independent stress experiments of the
immunoblots were quantified using ImageJ (bottom). The statistical significance in comparison with the wild-type strain MW001 is indicated
with a star (*P < 0.05).
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hardly any archaella were expressed in nutrient-limited
conditions (Fig. 7B).

Archaella promoter activity assay

To determine the influence of the arn cluster on the
archaella promoters pflaB and pflaX, pSVA1600 and
pSVA1601, were transformed into MW001, DarnA, DarnB
and DvWA2 respectively. In pSVA1600 and pSVA1601, the
maltose promoter of the reporter gene construct pCMal-

LacS was replaced by pflaB or pflaX (Berkner et al., 2010).
The promoter activities driven by flaB and flaX promoter
regions in the different deletion strains were then tested
determining LacS activity as described before under
optimal and tryptone starved growth conditions (Lassak
et al., 2012). In comparison with the wild type the flaB
promoter was significantly upregulated in DarnA and
DarnB (Fig. 8A), whereas the flaX promoter was more
pronounced upregulated in DarnA under non-inducing and
inducing conditions (Fig. 8B). In contrast to the previous

Fig. 7. Motility assay with S. acidocaldarius MW001, DarnA, DarnB, DvWA2 and the positive (DaapF) and negative (DflaHDaapF) control and
electron microscopy.
A. Growing cultures of OD600 ~ 1 were spotted on semi-solid gelrite plates with only 0.005% of NZ-amine and were incubated for 5 days at
76°C.
B. Electron micrographs of MW001, DarnA and MW001 + pSVA1066 (overexpression plasmid for ArnA) during normal growth (- stress) and
tryptone starvation (+ stress). Indication of archaella (arrows) and pili (arrowheads). Negative staining with uranyl acetate. Bars: 1 mm.

Fig. 8. Promoter activity assay for both fla promoters. Reporter gene constructs with flaB (A) or flaX (B) promoter upstream of lacS were
transformed into MW001, DarnA, DarnB, DvWA2 and Dppp. The LacS activity was measured based on ONPG conversion and is described as
Miller Units. The statistical significance in comparison with the wild-type strain MW001 is indicated with a star (*P < 0.05).
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results also in DvWA2 both promoters showed an upregu-
lation in both conditions. In total, the influence of the gene
deletion was not as high as expected, which leads to the
speculation that regulation of the archaellum by ArnA and
ArnB is not necessarily based on transcriptional regulation,
but could also be based on protein–protein interaction. This
observation is also supported by the fact that quantitative
RT-PCR did not show higher flaB and flaX transcript levels
in DarnA in comparison with MW001 under induced condi-
tions (data not shown).

Discussion

Motility is a vital function for most single cellular organisms.
In the crenarchaeon S. acidocaldarius motility is based on
the archaellum (Jarrell and Albers, 2012), which is func-
tionally analogous to the bacterial flagellum and structur-
ally related to type IV pili of Gram-negative bacteria. The
crenarchaeal archaellum is encoded in a genomic cluster
comprising seven genes, which were shown to be
controlled by two promoters in S. acidocaldarius, one
upstream of the archaellin-encoding gene flaB and one
upstream of the second gene flaX (Lassak et al., 2012). In
the exponential growth phase archaella gene expression
can be specifically induced upon tryptone starvation con-
ditions (Lassak et al., 2012). This study provides first
insights into the protein modules that underlie the regula-
tion of archaella expression in S. acidocaldarius.

Interestingly, among the Sulfolobales the arn gene
cluster genes encoding the FHA protein ArnA and the
vWA protein ArnB always localize in each others direct
vicinity. The presence of the arn gene cluster in Picrophi-
lus is best explained by inferring a horizontal gene trans-
fer event from a member of the Sulfolobales. Based on
the results presented in the current study, it is unlikely that
the arn genes are involved in cell division related activi-
ties, as has been proposed by Makarova et al. (2010).
Since the P. torridus genome lacks archaellum-encoding
genes, we suggest that the arn genes are part of an
alternative regulatory network in this organism.

The conserved clustering of the phosphatase-encoding
gene within the arn genes in Sulfolobus solfataricus and
the protein kinase gene in the Desulfurococcales suggest
a possible involvement of phosphorylation events in modu-
lating the function of ArnA and ArnB. In vitro studies
revealed phosphorylation of ArnA and ArnB by the ePK
Saci1193 and specific phosphorylation of ArnB by the ePK
Saci1694. Since FHA domains are well-studied phospho-
peptide binding modules, one can speculate if phosphory-
lation of ArnB is needed for interaction of ArnA with ArnB.
However, co-purification revealed a strong interaction of
ArnA and ArnB not only in the homologous, but also in the
heterologous expression system. Therefore either ArnB
can be phosphorylated in E. coli or ArnB does not neces-

sarily need to be phosphorylated to interact with ArnA,
which will be subject to future studies. ArnA was phospho-
rylated in vitro by the ePK Saci1193. Mutation of the
conserved serine, which is involved in phosphopeptide
binding in FHA domains, to alanine at position 146 in ArnA
led to reduced phosphorylation levels. This suggests that
more than one phosphorylation site is present on ArnA,
since phosphorylation was not completely abolished.
Unfortunately, we were so far unable to determine the
phosphorylation sites on ArnA and ArnB by mass spec-
trometry. For M. tuberculosis the FHA protein Rv0020c
could not be phosphorylated in vitro if the conserved Arg
residue, responsible for phosphopeptide binding in the
FHA domain, was mutated to an alanine (Grundner et al.,
2005). In contrast, the R132A mutation in the S. acidocal-
dariusArnAwas still phosphorylated, in line with the results
for S. tokodaii (Wang et al., 2010). This suggests that in the
Sulfolobales FHA protein phosphorylation is not depen-
dent on phosphopeptide interaction. Since vWA2 was not
co-purified with ArnA the phosphorylation pattern of ArnB
could lead to specificity in interaction of ArnA and ArnB.

For the first time a negative regulatory effect of ArnA and
ArnB on archaella expression was shown in vivo. Deletion
mutants of arnA and arnB revealed higher expression
levels of FlaB and FlaX, hypermotility on plate, evoked
by hyperarchaellation. Since the double-deletion mutant
DarnADarnB did not show any additional phenotype than
compared with the single mutants, ArnA and ArnB seem to
regulate archaella expression at the same hierarchical
level, which is in line with the observation that they do
interact strongly. Interestingly, the vWA2 protein, which
most likely emerged from a gene duplication event of arnB,
showed no phenotype related to archaella expression in
motility assays and protein level analysis, although both
flaB and flaX promoter activities were induced in the
DvWA2 deletion strain. Promoter activity assays of flaB and
flaX showed significant but only slightly increased levels of
LacS activity in DarnA and DarnB. However, the effect is not
as high as expected compared with the other in vivo
assays. For the S. tokodaii FHA protein in vitro binding to
the flaX promoter suggested a direct regulation of the
archaellum on transcriptional level (Duan and He, 2011).
Since the promoter activities were not as high as expected
from the in vivo results in S. acidocaldarius, this might
indicate that ArnA and ArnB do not regulate archaella
expression on transcriptional level, but possibly on the
protein–protein interaction level. The zinc finger domain in
ArnA belongs to the RanBP type. Zinc finger domains of
this type play a role in RanGDP binding. Therefore, ArnA
might be also involved in regulatory processes based on
protein interaction in the cell.

ArnA and ArnB could be dephosphorylated in vitro by
the Ser/Thr phosphatase PPP. Loss of dephosphorylation
of ArnA/ArnB could for example lead to a ‘constitutive on’
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state of archaella expression. However, the loss of repres-
sion is only found under nutrient-limiting conditions impli-
cating that another factor is needed that positively induces
expression of the archaella operon under starvation
conditions. Very recently such a factor was identified
in Sulfolobales genomes (K. Lassak and S.-V. Albers,
unpublished) demonstrating that S. acidocaldarius
employs a sophisticated regulatory network to regulate
and adapt archaella expression to subtle changes in the
environment. Furthermore, regulation of archaellum
expression (for motility) and aap pili expression (for
attachment) might be connected, since overexpression of
ArnA lead to hyperpiliation. This hypothesis will be
addressed in future studies.

In summary, this study gives first insights into the in vivo
archaella regulatory processes via ArnA and ArnB and
confirms the involvement of phosphorylation events in
regulation of archaella expression in S. acidocaldarius.

Experimental procedures

Strains and growth conditions

The uracil auxotrophic strain S. acidocaldarius MW001
(Wagner et al., 2012) and all markerless deletion mutants
were grown in Brock’s basal medium (Brock et al., 1972) at
pH 3–3.5 and 76°C. Additionally, the medium was supple-
mented with 0.1% (w/v) tryptone or NZ-amine and 0.2%
dextrin, sucrose or maltose.

For heterologous expression of the S. acidocaldarius
genes, E. coli BL21 (DE3) RIL and Rosetta™(DE3)pLysS
were used. Propagation of plasmids was conducted in E. coli
DH5a cells.

Expression of recombinant proteins in E. coli

Luria–Bertani medium (1 l) with 0.4% (w/v) glucose,
50 mg ml-1 ampicillin and 30 mg ml-1 chloramphenicol was
inoculated with 1% of an overnight culture. Cells were grown
at 37°C until they reached an OD600 of 0.5–0.6 and then
induced with 0.5 mM IPTG (isopropyl b-D galactopyranoside).
Subsequently the cultures were shifted to 16°C overnight to
reduce inclusion body formation. The cells were harvested at
9000 g (Beckman Coulter Avanti J-26XP, rotor JLA 8.1),
resuspended in lysis buffer (for His-tag purification 50 mM
Tris pH 8, 150 mM KCl, 10 mM Imidazole; for Strep-tag puri-
fication 100 mM Tris pH 8, 150 mM NaCl), frozen in liquid
nitrogen and stored at -80°C until further treatment.

Purification of recombinant proteins in E. coli

Frozen cells were thawed on ice and lysed by sonication
(40 min, intensity of 60% and interval of 1 min, Bandelin
Sonopuls). Cell debris was removed by low spin centrifuga-
tion at 4500 g (Thermo Schientific Heraeus Multifuge 3SR+).
Membranes were separated with ultracentrifugation at
236 000 g for 45 min (Beckman Coulter Optima MAX-XP,

rotor MLA-55). To remove most E. coli proteins, a heat step
was conducted with the soluble fraction at 70°C for 10 min,
cooled down on ice and subsequently centrifuged at
236 000 g for 30 min. The supernatant was used either for
His-tag purification or for Strep-tag purification. For additional
purity of the proteins gel filtration was performed (ÄKTA-
Purifier, GE Healthcare).

Transformation of plasmids into S. acidocaldarius

Preparation of competent cells, methylation of plasmids and
transformation was basically performed as described by
Wagner et al. (2012). Methylated expression plasmids were
transformed into MW001, recovered 30 min at 76°C in Brock
medium supplemented with 0.1% NZ-amine and 0.2%
sucrose, before plating them on gelrite plates supplemented
with 0.1% NZ-amine and 0.2% sucrose.

Expression and purification of proteins in
S. acidocaldarius

Four hundred millilitres of Brock medium supplemented with
0.1% NZ-amine and 0.4% D-maltose at pH 3–3.5 was inocu-
lated with 5–10 ml of a 2-day-old S. acidocaldarius culture
MW001 harbouring the respective expression plasmid. After
reaching OD600 of 0.7–0.8, cells were harvested by centrifuga-
tion at 9100 g (Beckman Coulter Avanti J-26XP, rotor JLA
10.5) and resuspended in buffer A (50 mM Tris pH 8, 150 mM
KCl, 10 mM imidazole and 1 mM PMSF). Cells were disrupted
using sonication (20 min, intensity of 60% and interval 1 min,
Bandelin Sonopuls) and cell debris was removed by 15 min
centrifugation at 4600 r.p.m. Afterwards membranes were
separated from cytoplasm using ultracentrifugation at
250 000 g for 45 min (Beckman Coulter Optima MAX-XP, rotor
TLA-110). The soluble fraction was used for standard His-tag
purification with His-Select Nickel Affinity Gel (Sigma). After
binding of the tagged proteins, the column was washed once
with 10 column volumes (CV) of buffer A, once with one CV of
buffer B (buffer A with 20 mM imidazole) and eluted with three
times one CV of buffer C (buffer A with 200 mM imidazole).

Construction of in-frame deletion mutants

The PCR product of about 600–800 bp up- and downstream
of the gene of interest were fused via overlap PCR and
cloned into the gene targeting plasmid pSVA406 (Wagner
et al., 2012). The resulting plasmids were methylated and
transformed into S. acidocaldarius MW001. Deletion mutants
were constructed as described in detail by Lassak et al.
(2012). In short, after transformation cells were grown on
selective gelrite plates for the first and the second selection.
Afterwards cultures were screened by colony PCR for the
correct clones that were confirmed by sequencing.

Functional and phylogenetic analysis of arn gene
clusters and proteins

Protein domain analysis was performed using the PFAM
database (Punta et al., 2011). The phylogenetic tree of vWA
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domain-containing proteins was constructed by multiple
sequence alignment of archaeal vWA protein orthologues
using MAFFT (v6.84b) (Katoh et al., 2005) followed by phy-
logenetic inference using RAxML (Stamatakis et al., 2005)
and the LG model of protein evolution (Le et al., 2008).

Immunoblotting analysis after nutrient-limited
growth conditions

For Western blot analysis of FlaB and FlaX expression cells
were tryptone starved. To that end, liquid cultures of
S. acidocaldarius were grown in Brock medium supple-
mented with 0.1% tryptone and 0.2% sucrose till an OD600 of
0.4–0.6. The cells were centrifuged at 2000 g and resus-
pended in fresh Brock medium without nitrogen and carbon
source (stress culture) and with 0.1% tryptone and 0.2%
sucrose (control culture). After 5 h of incubation at 76°C, the
stressed cells were harvested to equal amounts of cells refer-
ring to the OD600. Samples were separated on reducing SDS-
PAGE and blotted on a PVDF membrane. The membrane
was incubated with a 1:1000 dilution of polyclonal rabbit
antibodies against FlaB and FlaX (Eurogentec). After incuba-
tion with the alkaline phosphatase coupled goat anti-rabbit
secondary antibodies (Sigma), the chemiluminescence of the
Western blot was detected with CDP-Star (Roche). Four
independent experiments were performed and the relative
signal intensity determined using ImageJ (http://rsb.info.nih.
gov/ij/docs/menus/analyze.html#gels). The statistical signifi-
cance of each strain compared with the wild-type MW001
was calculated with Origin 6.1 using independent t-test
(P < 0.05).

Protein interaction study

In the heterologous expression system [E. coli BL21(DE3)
RIL] pSVA2216 was used for coexpression of His-tagged arnA
in MCSI and Strep-tagged arnB in MCSII of the dual expres-
sion vector pETDuet-1 (Novagen). ArnAStrep/His and ArnBStrep/His

were expressed homologously in S. acidocaldarius MW001
as described above using plasmids pSVA2221 and
pSVA2222. Protein purification was conducted as mentioned
above with His-Select Nickel Affinity Gel (Sigma). As controls
heterologously in E. coli expressed ArnAStrep and ArnBHis were
used. The elution fractions and the control proteins were
separated by SDS-PAGE and detected on Western blot with
specific antibodies raised in rabbit (Agrisera AB, Sweden)
against purified ArnA (1:5000 dilution) and ArnB (1:1000 dilu-
tion) heterologously expressed in E. coli.

In vitro phosphorylation assay

Purified proteins (0.5–3 mM) were assayed in reaction buffer
(25 mM MES pH 6.5, 150 mM KCl, 1 mM MnCl2) containing
32 nM [g-32P]-ATP (222 TBq mmol-1, Hartmann Analytics) and
0.8 mM ATP in a total volume of 15 ml. Proteins were incu-
bated for 30 min at 55°C. The reaction was stopped with the
addition of 5¥ SDS loading dye. The samples were separated
by SDS-PAGE and exposed to a Storage Phosphor Screen
(Molecular Dynamics) overnight. Images were scanned with
Storm 840 scanner.

Motility assay on semi-solid gelrite plates

Strains were grown till OD600 of about 0.6–1 and the same
amount of cells calculated on OD600 were spotted on the
semi-solid gelrite plate. The plates containing only 0.15%
(w/v) of gelrite were prepared as described before (Lassak
et al., 2012), supplemented with 0.005% (w/v) tryptone or
NZ-amine, 0.2% (w/v) dextrin or sucrose and 10 mg ml-1

Uracil in case of the deletion mutants. The plates were incu-
bated for 5 days at 76°C in a metal box (Koerdt et al., 2010)
with water at the bottom to avoid drying of the plates.

Transmission electron microscopy (TEM)

The same material and the same treatment of cells were
used as described in Lassak et al. (2012). In short, cells
were chemically fixed with 2.5% glutaraldehyde and applied
to glow-discharged Carbon-coated 200-mesh copper grids
(Plano, Germany). After washing twice with double-distilled
water, negative staining with 2% uranyl acetate was con-
ducted for 20 s. Grids were analysed on a JEOL 2100 TEM
(JEOL, Tokyo, Japan), equipped with a LaB6 cathode and a
fast-scan 2k ¥ 2k camera F214 (TVIPS, Germany) and oper-
ated at 80 kV. The surface appendages were measured in
diameter to assign them as pili or archaella.

Thermomicroscopy

For comparison of the swimming velocities of the wild-type
strain S. acidocaldarius MW001 to the deletion mutant DarnA
the latter was treated and analysed as described by Lassak
et al. (2012). About 300 cells of each strain were counted to
compare the number of swimming cells.

Promoter activity assay

Promoter activity assays for flaB and flaX promoters were
performed basically as described in Lassak et al. (2012).
Translational promoter fusions were cloned into pCMalLacS
(Berkner et al., 2010) to exchange the maltose promoter.
These plasmids (pSVA1600 and pSVA1601) in addition to
the promoterless control plasmid (pSVA1614) were trans-
formed into MW001, DvWA2, DarnA and DarnB. The colour
reaction of cleaved o-nitrophenyl-b-D-galactopyranosid
(ONPG) by LacS was detected at 410 nm and Miller units
were calculated from the assay triplicates. The statistical
significance of each strain compared with the wild-type
MW001 was calculated with Origin 6.1 using independent
t-test (P < 0.05).

Strains and plasmids

Strain and plasmid lists are shown in Supporting information
(Tables S1 and S2).
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Figure	  S1	  

	  
	  
Figure	  S1.	  Expression	  and	  purification	  of	  the	  kinases	  Saci1193	  and	  Saci1694,	  ArnA,	  

ArnB	   vWA2,	   and	   the	   phosphatase	   PPP.	   All	   proteins	  were	   expressed	   in	  E.	  coli	   BL21	  

(DE3)	   RIL	   or	   Rosetta	   (DE3)	   pLysS	  with	   an	   IPTG	   inducible	   T7	   promoter.	   The	   proteins	  

were	  purified	   either	   via	  Ni-‐NTA	   column	  or	   via	   Strep-‐Avidin	   column	  depending	  on	   the	  

tag.	  Increased	  purity	  was	  obtained	  with	  gel	  filtration.	  

	   	  



	   2	  

Figure	  S2	  

	  
	  
	  

Figure	   S2.	   Alignment	   of	   FHA-‐domains	   from	   different	   organisms.	   The	   most	  

conserved	   amino	   acid	   residues	  of	   the	  FHA	  domains	   are	   colored	   in	   gray.	  The	  numbers	  

above	  indicate	  the	  amino	  acid	  position	  in	  ArnA	  that	  were	  mutated	  to	  an	  alanine	  residue.	  

 
 
 
Figure	  S3 
	  

	  
	  

Figure	  S3.	  Motility	  assay	  of	  the	  trans-‐complemented	  hypermotile	  strain	  
∆arnA∆arnB.	  Strains	  were	  grown	  for	  five	  days	  on	  semi-‐solid	  gelrite	  plates	  with	  0.005	  %	  
NZ-‐Amine	  and	  0.2%	  D-‐maltose,	  but	  without	  Uracil.	  ∆arnA∆arnB	  was	  transformed	  with	  
pSVA2254	  containing	  the	  arnAarnB-‐operon	  with	  its	  own	  promoter	  and	  terminator	  
region.	  The	  control	  strains	  (∆aapF	  and	  ∆aapF∆flaH)	  and	  the	  background	  strain	  MW001	  
were	  transformed	  with	  the	  expression	  vector	  pSVA1450	  to	  be	  able	  to	  grow	  without	  
uracil.	  The	  hypermotile	  phenotype	  of	  ∆arnA∆arnB	  was	  complemented	  and	  showed	  
motility	  comparable	  to	  MW001.	   	  
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Figure	  S4	  
	  

	  
	  
	  

Figure	  S4.	  Swimming	  velocities	  of	  MW001,	  ∆arnA	  and	  ∆aapF.	  Swimming	  velocities	  

were	   determined	   by	   tracking	   and	   evaluating	   single	   cell	   movement	   from	  

thermomicroscopy	   movies	   via	   ImageJ.	   The	   diagram	   shows	   a	   box	   plot,	   in	   which	   the	  

middle	  50	  %	  of	  the	  values	  are	  depicted	  in	  the	  box.	  The	  line	  shows	  the	  median	  and	  the	  

square	  indicates	  the	  mean	  value,	  while	  the	  star	  (*)	  shows	  the	  significance	  in	  comparison	  

to	  the	  wild	  type	  strain.	  The	  arnA	  deletion	  strain	  has	  an	  intermediate	  velocity	  (35	  µm	  s-‐1)	  

compared	  to	  the	  background	  strain	  MW001	  and	  the	  hypermotile	  strain	  ∆aapF.	  
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Table	  S1.	  Primers	  used	  in	  this	  study.	  
	  
primer	   sequence	  (5´	  -‐	  3´)	   purpose	  

 primers for pSVA1031  

1575 GGGCCATGGCTCTCCTGGAGGGATATTTC ∆saci1210	  upstr	  fw	  
NcoI	  

1576 ATAAACTCACTCCTTCCACGTCATACACGTAATATTCTG ∆saci1210	  upstr	  rev	  
ol	  

1577 ACGTGTATGACGTGGAAGGAGTGAGTTTATGACCATA ∆saci1210	  downstr	  
fw	  ol	  

1578 GGGGGATCCATCTCGCCATACACTCTTAC ∆saci1210	  downstr	  
rev	  BamHI	  

1634 TAGCTTACCTCGTTGATCAC ∆saci1210	  check	  
primer	  fw	  

1635 CGCTTTACATCATTTGCTCTTG ∆saci1210	  check	  
primer	  rev	  

 primers for pSVA1062  

1579 GGGCCATGGGCTTACCCTAACTATCAAAC ∆saci1211	  upstr	  fw	  
NcoI	  

1580 CCTTGTTTAAGACCTTATGGTCATAAACTCACTCCTT ∆saci1211	  upstr	  rev	  
ol	  

1581 GAGTTTATGACCATAAGGTCTTAAACAAGGACTAAATTTATC ∆saci1211	  downstr	  
fw	  ol	  

1582 GGGGATCCGTAGACATTGAAGAAGGTAAAG ∆saci1211	  downstr	  
rev	  BamHI	  

1636 ATCTACTTGCTGAAGACAATG ∆saci1211	  check	  
primer	  fw	  

1637 GAACAGGGAGAGGACTTC ∆saci1211	  check	  
primer	  rev	  

 primers for pSVA1069  

3118 GGACCATGGCCTGAGGGTGAATCTGGCAAAC ∆saci1209	  upstr	  fw	  
NcoI	  

1645 GTTACCATAATACCTGAGTCAGTCTATCATAACAACGTAATG ∆saci1209	  upstr	  rev	  
ol	  

1646 TACGTTGTTATGATAGACTGACTCAGGTATTATGGTAACCTTATATC ∆saci1209	  downstr	  
fw	  ol	  

1647 GGTGGATCCAGCCACTCGTCATTAATTAG ∆saci1209	  downstr	  
rev	  BamHI	  

1669 ACAGACCCTACACCCTTCTC ∆saci1209	  check	  
primer	  fw	  

1670 GGTATCCTGCTCAATAGTTC ∆saci1209	  check	  
primer	  rev	  

 primers for pSVA2217  

1575 GGGCCATGGCTCTCCTGGAGGGATATTTC ∆saci1210	  upstr	  fw	  
NcoI	  

3178 TCCTTGTTTAAGACCTCCACGTCATACACGTAATATTCTG ∆saci1210	  ∆saci1211	  
upstr	  rev	  ol	  

3179 ACGTGTATGACGTGGAGGTCTTAAACAAGGACTAAATTTATC ∆saci1210	  ∆saci1211	  
downstr	  fw	  ol	  

1582 GGGGATCCGTAGACATTGAAGAAGGTAAAG ∆saci1211	  downstr	  
rev	  BamHI	  

1634 TAGCTTACCTCGTTGATCAC ∆saci1210	  check	  
primer	  fw	  



	   5	  

1637 GAACAGGGAGAGGACTTC ∆saci1211	  check	  
primer	  rev	  

 primers for pSVA1009  

1507 GGGGTGATCAGGATTTAGCATTCGTTAAG Saci1193	  expr.	  fw	  
BclI	  

1508 GGGCTGCAGTTAGATCTCTGAGTAGTTAA Saci1193	  expr.	  rev	  
PstI	  

 primers for pSVA1076 	  

1648 GGGCCATGGAAAGTAGTAGTGTATC Saci1694	  expr.	  fw	  
NcoI	  

1649 GGGCTGCAGTTAGTGGTGATGATGGTGATGTTTCTTCTCTGCTCTTTGTAA
TAAGTC 

Saci1694	  expr.	  rev	  
PstI	  with	  His-‐tag	  

 primers for pSVA1034 	  

1614 GGGAGGGCATATGACGTGGAAATGTAATTTATGC Saci1210	  expr.	  fw	  
NdeI	  

1594 GGGCCTAGGTTACTTCTCAAATTGTGGATGACTCCACTCCTTTAATATTCG
TACTATTGTCTGATTACC 

Saci1210	  expr.	  rev	  
AvrII	  with	  Strep-‐tag	  

 primers for pSVA1036 	  

1597 GGGCCATGGCTACCATATCAGTTAAAGCCGAATTAAG Saci1211	  expr.	  fw	  
NcoI	  

1598 GGGGGATCCTTAGTGGTGATGATGGTGATGAGACCTCAACTTCTTAGTAAC
TTCACTAG 

Saci1211	  expr.	  rev	  
BamHI	  with	  His-‐tag	  

 primers for pSVA1068 	  

1642 GGACCATGGCCACAGTTAGCGTTTCTTTAAAATC Saci1209	  expr.	  fw	  
NcoI	  

1643 GGCGGATCCTGTCCTCATTGTTTTTGTAACTTC Saci1209	  expr.	  rev	  
BamHI	  

 primers for pSVA2216 	  

 Same as pSVA1034 and pSVA1036 in one plasmid 	  

 primers for pSVA1037 	  

1599 GGGCCATGGCTAACATTGAAGAAACGTATGAG Saci0884	  expr.	  fw	  
NcoI	  

1600 GGGGGATCCTTAGTGGTGATGATGGTGATGTACTATCTCTTCTATTAGTTG
ATCGTTCAC 

Saci0884	  expr.	  rev	  
BamHI	  with	  His-‐tag	  

 primers for pSVA2234 	  

3133 GTTTGCCATGGCGATAGTGAAGAAAGAG Saci1193	  K393A	  fw	  ol	  

3134 CTTCACTATCGCCATGGCAAACTTTCTCATG Saci1193	  K393A	  rev	  
ol	  

 primers for pSVA2238  

3141 GTTAGCAGTAGCGATCTACAGGCTCGAG Saci1694	  K137A	  fw	  ol	  

3142 CCTGTAGATCGCTACTGCTAACTTATTAGC Saci1193	  K137A	  rev	  
ol	  

 primers for pSVA2246  

3149 ATCAATGGGTGCGAGTCCTGAAAAC Saci1210	  R132A	  fw	  ol	  

3150 TTCAGGACTCGCACCCATTGATACAC Saci1210	  R132A	  rev	  
ol	  

 primers for pSVA2247  

3151 TTCAGAAGTAGCTAGAAAACACGCAG Saci1210	  S146A	  fw	  ol	  
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3152 GTGTTTTCTAGCTACTTCTGAATCAGG Saci1210	  S146A	  rev	  ol	  

 primers for pSVA1035  

1595 GGGCCATGGCTACGTGGAAATGTAATTTATGC Saci1210	  hom.	  expr.	  
fw	  NcoI	  

1596 GGGGGATCCCTCCTTTAATATTCGTACTATTG Saci1210	  hom.	  expr.	  
rev	  BamHI	  

 primers for pSVA2220 	  

1597 GGGCCATGGCTACCATATCAGTTAAAGCCGAATTAAG Saci1211	  hom.	  expr.	  
fw	  NcoI	  

3187 GGGGGATCCAGACCTCAACTTCTTAGTAACTTC Saci1211	  hom.	  expr.	  
rev	  BamHI	  

 primers for pSVA2254  

3236 AGGCCGCGGATCTACTTGCTGAAGACAATG 
∆saci1210_1211	  
complement.	  fw	  
SacII	  

3237 AGGCGGCCGTACGACGAGAAGGATAATACAG 
∆saci1210_1211	  
complement.	  rev	  
EagI	  
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Table	  S2.	  Strains	  and	  plasmids	  used	  in	  this	  study.	  
	  

Strains	   Genotype	   Source/	  
Reference	  

Strains	   	   	  
DH5α	   Escherichia	  coli	  K-‐12	  cloning	  strain	  

l2	  f80d/lacZDM15	  D(lacZYA-‐argF)U169	  recA1	  endA1	  hsdR17	  
(rK2	  mK1)	  supE44	  thi-‐1	  gyrA	  relA1	  

Gibco	  

BL21	  (DE3)	  
RIL	  

Escherichia	  coli	  expression	  strain	  
B	  F-‐	  ompT	  hsdS(rB-‐	  mB-‐)	  dcm+	  Tetr	  E.	  coli	  gal	  λ	  (DE3)	  endA	  Hte	  
[argU	  ileY	  leuW	  Camr]	  

Stratagene	  

Rosetta	  (DE3)	  
pLysS	  

Escherichia	  coli	  expression	  strain	  
F-‐	  ompT	  hsdSB(rB-‐	  mB-‐)	  gal	  dcm	  (DE3)	  pLysSRARE	  (CamR)	  

Merck	  

ER1821	   Escherichia	  coli	  propagation	  strain	  
F-‐	  glnV44	  e14-‐(McrA-‐)	  rfbD1?	  relA1?	  endA1	  spoT1?	  thi-‐1	  Δ(mcrC-‐
mrr)114::IS10	  

New	  England	  Biolabs	  

MW001	   Sulfolobus	  acidocaldarius	  DSM639	  ∆pyrE	   (Wagner	  et	  al.,	  2012)	  
MW351	   MW001	  Δsaci1210	  (ΔarnA)	   This	  work	  
MW353	   MW001	  Δsaci1211	  (ΔarnB)	   This	  work	  
MW356	   MW001	  Δsaci1209	  (ΔvWA2)	   This	  work	  
MW376	   MW001	  Δsaci1210Δsaci1211	  (ΔarnAΔarnB)	   This	  work	  
MW156	   MW001	  Δsaci2318	  (ΔaapF)	   (Henche,	  Koerdt,	  

Ghosh,	  &	  Albers,	  
2012)	  

MW455	   MW001	  Δsaci2318Δsaci1174	  (ΔaapFΔflaH)	   (Lassak	  et	  al.,	  2012)	  
	   	   	  
	   	   	  

Plasmids	   	   	  
pSVA406	   Gene	  targeting	  plasmid,	  pGEM-‐T	  Easy	  backbone,	  pyrEFSSO	  

cassette;	  single	  crossover	  method	  
(Wagner	  et	  al.,	  2012)	  

pSVA407	   Gene	  targeting	  plasmid,	  pGEM-‐T	  Easy	  backbone,	  pyrEFSSO	  and	  
lacSSSO	  cassette;	  single	  crossover	  method	  

(Wagner	  et	  al.,	  2012)	  

pΔ2pyrEF	   Gene	  targeting	  plasmid,	  pBluescript	  backbone,	  pyrEFSSO;	  single	  
crossover	  method	  

(Wagner	  et	  al.,	  2009)	  

pSVA1031	   In-‐frame	  deletion	  of	  saci1210	  (arnA)	  cloned	  into	  pSVA406	  with	  
NcoI,	  BamHI	  

This	  work	  

pSVA1062	   In-‐frame	  deletion	  of	  saci1211	  (arnB)	  cloned	  into	  pSVA407	  with	  
NcoI,	  BamHI	  

This	  work	  

pSVA1069	   In-‐frame	  deletion	  of	  saci1209	  (vWA2)	  cloned	  into	  pSVA406	  with	  
NcoI,	  BamHI	  

This	  work	  

pSVA2217	   In-‐frame	  deletion	  of	  saci1210	  (arnA)	  and	  saci1211	  (arnB)	  
cloned	  into	  pSVA406	  with	  NcoI,	  BamHI	  

This	  work	  

pETDuet-‐1	   Ampr,	  Carr,	  expression	  plasmid	  containing	  replicon	  ColE1	  
(pBR322)	  and	  two	  MCS	  (MCS1	  and	  MCS2)	  

Novagen	  

pSA4	   Derivative	  of	  pET15b	  containing	  the	  multiple	  cloning	  site	  and	  
C-‐terminal	  hexa-‐His	  tag	  of	  pSA5	  

(Albers,	  Szabó,	  &	  
Driessen,	  2003)	  

pSVA1009	   saci1193	  with	  N-‐terminal	  His-‐tag	  cloned	  into	  pETDuet-‐1	  with	  
BclI/BamHI,	  PstI	  into	  MCSI	  

This	  work	  

pSVA1076	   saci1694	  with	  C-‐termial	  His-‐tag	  cloned	  into	  pETDuet-‐1	  with	  
NcoI,	  PstI	  in	  MCSI	  

This	  work	  

pSVA1034	   saci1210	  with	  C-‐terminal	  Strep-‐tag	  cloned	  into	  pETDuet-‐1	  with	  
NdeI,	  AvrII	  in	  MCSII	  

This	  work	  

pSVA1036	   saci1211	  with	  C-‐termial	  His-‐tag	  cloned	  into	  pETDuet-‐1	  with	  
NcoI,	  BamHI	  in	  MCSI	  

This	  work	  

pSVA1068	   saci1209	  with	  C-‐termial	  His-‐tag	  cloned	  into	  pSA4	  with	  NcoI,	  
BamHI	  	  

This	  work	  

pSVA2216	   saci1211	  with	  C-‐termial	  His-‐tag	  cloned	  into	  pETDuet-‐1	  with	  
NcoI,	  BamHI	  in	  MCSI	  and	  saci1210	  with	  C-‐terminal	  Strep-‐tag	  
cloned	  into	  pETDuet-‐1	  with	  NdeI,	  AvrII	  in	  MCSII	  

This	  work	  

pSVA1037	   Saci0884	  with	  C-‐termial	  His-‐tag	  cloned	  into	  pETDuet-‐1	  with	   This	  work	  
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NcoI,	  BamHI	  in	  MCSI	  
pSVA2234	   saci1193	  K393A	  with	  N-‐terminal	  His-‐tag	  in	  pETDuet-‐1	  mutated	  

from	  pSVA1009	  
This	  work	  

pSVA2238	   saci1694	  K137A	  with	  C-‐termial	  His-‐tag	  in	  pETDuet-‐1	  mutated	  
from	  pSVA1076	  

This	  work	  

pSVA2246	   saci1210	  R132A	  with	  C-‐terminal	  Strep-‐tag	  in	  pETDuet-‐1	  
mutated	  from	  pSVA1034	  

This	  work	  

pSVA2247	   saci1210	  S146A	  with	  C-‐terminal	  Strep-‐tag	  in	  pETDuet-‐1	  
mutated	  from	  pSVA1034	  

This	  work	  

pSVA2254	   saci1210_1211	  with	  own	  promoter	  and	  stop	  region	  for	  
complementation	  of	  ∆saci1210∆1211	  (MW376)	  

This	  work	  

pMZ1	   E.	  coli	  entry	  vector	  with	  ara-‐promoter	  and	  C-‐terminal	  Strep-‐	  
and	  His-‐tag	  

(Zolghadr,	  Weber,	  
Szabo,	  Driessen,	  &	  
Albers,	  2007)	  

pCMalLacS	   pRN-‐1	  based	  shuttle	  vector	  with	  lacSSSO	  reporter	  gene	   (Berkner,	  
Wlodkowski,	  Albers,	  
&	  Lipps,	  2010)	  

pSVA1481	   E.	  coli	  entry	  vector	  with	  ara-‐promoter	  and	  C-‐terminal	  Strep-‐	  
and	  His-‐tag	  based	  on	  pGEM-‐T	  Easy	  backbone	  and	  pMZ1	  
cassette	  

Wagner	  &	  Albers,	  
unpublished	  

pSVA1450	   Plasmid	  for	  expression	  in	  S.	  acidocaldarius	  based	  on	  pCMalLacS	  
with	  mal	  promoter	  

Wagner	  &	  Albers,	  
unpublished	  

pSVA1035	   saci1210	  cloned	  into	  pMZ1	  with	  NcoI,	  BamHI	   This	  work	  
pSVA2220	   saci1211	  cloned	  into	  pSVA1481	  with	  NcoI,	  BamHI	   This	  work	  
pSVA1066	   saci1210	  cloned	  from	  pSVA1035	  into	  pCMalLacS	  with	  NcoI,	  

EagI	  
This	  work	  

pSVA2222	   saci1210	  cloned	  from	  pSVA1035	  into	  pSVA1450	  with	  NcoI,	  EagI	   This	  work	  
pSVA2221	   saci1211	  cloned	  from	  pSVA2220	  into	  pSVA1450	  with	  NcoI,	  EagI	   This	  work	  
pSVA1600	   flaB	  promoter	  replacing	  mal	  promoter,	  cloned	  into	  pCMalLacS	  

with	  SacII,	  NcoI	  
(Lassak	  et	  al.,	  2012)	  

pSVA1601	   flaX	  promoter	  replacing	  mal	  promoter,	  cloned	  into	  pCMalLacS	  
with	  SacII,	  NcoI	  

(Lassak	  et	  al.,	  2012)	  

pSVA1614	   pClacS,	  promoterless	  vector	  for	  negative	  control	  in	  promoter	  
activity	  assay	  

(Lassak	  et	  al.,	  2012)	  
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