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Abstract
Expression of the archaellum, the archaeal- type IV pilus- like rotating motility structure is 
upregulated under nutrient limitation. This is controlled by a network of regulators, called 
the archaellum regulatory network (arn). Several of the components of this network in 
Sulfolobus acidocaldarius can be phosphorylated, and the deletion of the phosphatase PP2A 
results in strongly increased motility during starvation, indicating a role for phosphorylation 
in the regulation of motility. Analysis of the motility of different protein kinase deletion 
strains revealed that deletion of saci_0965, saci_1181, and saci_1193 resulted in reduced 
motility, whereas the deletion of saci_1694 resulted in hypermotility. Here ArnC (Saci_1193) 
and ArnD (Saci_1694) are characterized. Purified ArnC and ArnD phosphorylate serine and 
threonine residues in the C- terminus of the repressor ArnB. arnC is upregulated in starva-
tion medium, whereas arnD is constitutively expressed. However, while differences in the 
expression and levels of flaB were observed in the ΔarnD strain during growth under rich 
conditions, under nutrient limiting conditions the ΔarnC and ΔarnD strains showed no large 
differences in the expression levels of the archaellum or of the studied regulators. This sug-
gests that next to the regulation via the archaellum regulatory network additional regula-
tory mechanisms of expression and/or activity of the archaellum exist.
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1  | INTRODUCTION

Signal transduction and integration is a crucial process for all organ-
isms which, for example, allows them to react to changing environ-
mental conditions. In general, environmental signals are received 
by membrane- bound receptors, which transduce the signal to re-
ceiver proteins that alter gene expression, which ultimately leads to 

adaptation. In this process, posttranslational modifications, specifically 
phosphorylation and de- phosphorylation are often employed as they 
can rapidly change the activity, function, and interactions of a protein 
in a reversible manner. Here, we study the regulation of the expression 
of components of the archaellum, the archaeal motility structure. The 
archaellum consists of seven proteins and is highly upregulated under 
starvation conditions. The genes encoding the archaellum proteins are 
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organized in an operon. (Lassak et al., 2012). A recent study showed 
that phosphorylation of regulators involved in the expression of the 
components of the archaellum in Sulfolobus acidocaldarius might play 
an important role in this process (Reimann et al., 2012). In Sulfolobales, 
the currently identified kinases belong to the group of the eukaryotic 
or Hanks- type protein kinases (ePKs) (Esser et al., 2011).

The extensive family of ePKS proteins is defined by a conserved 
catalytic core of approximately 250–300 amino acid residues which is 
found in both serine/threonine and tyrosine protein kinases. This kinase 
domain can occur alone or together with other functional domains, and 
the kinase can be present as monomer, dimer or associated with other 
proteins. A typical ePK domain folds into two lobes, a smaller N- terminal 
and larger C- terminal lobe (Hanks & Hunter, 1995). While the N- terminal 
ß- sheet- rich lobe binds and orients ATP and the divalent cation, the  
C- terminal lobe, that almost exclusively contains α- helices, is involved in 
binding the peptide substrate and in phosphotransfer (Hanks & Hunter, 
1995). The domain is further characterized by the presence of 12 subdo-
mains. Subdomains I–IV are located in the N- terminal lobe and include 
the glycine- rich loop involved in orientation of the nucleotide as well as 
invariant lysine and aspartate residues necessary for ATP binding and sta-
bility. Subdomains V- XII are located in the C- terminal lobe and contribute 
mainly to either structural stability, ion chelation or formation of the cat-
alytic and activation loops. ePKs are classified into different groups ac-
cording to the residues located in subdomains VIb and VIII (Hanks, 2003; 
Hanks & Hunter, 1995; Johnson, Lowe, Noble, & Owen, 1998).

In eukaryotes, protein phosphorylation is almost exclusively found 
on Ser, Thr and to a lower extend on Tyr residues. Phosphorylation of 
these residues is mainly carried out by typical ePKs, however, also sev-
eral protein kinase families that lack some of the subdomains of typical 
ePKs have been identified. These proteins are called atypical eukaryotic 
protein kinases (aPKs) (Laronde- LeBlanc & Wlodawer, 2005a; LaRonde- 
LeBlanc & Wlodawer, 2005b; Leonard, Aravind, & Koonin, 1998).

For a long time it was accepted that ePKs were exclusively pres-
ent in eukaryotes, but it has become clear that they are also found in 
bacteria and archaea. While bacteria employ homologs of eukaryotic- 
type Ser/Thr kinases (eSTKs), they evolved a different type of tyro-
sine kinase (called BY- kinase) (Grangeasse, Nessler, & Mijakovic, 2012; 
Pereira, Goss, & Dworkin, 2011). BY kinases and eSTKs are involved in 
various processes like virulence, antibiotic- resistance and production 
as well as in the regulation of DNA- binding of transcription factors 
(Kobir et al., 2011; Dworkin, 2015; Kalantari et al., 2015). However, 
most bacterial signal transduction cascades rely on classical two com-
ponent systems. Interestingly, eSTKs and BY kinases can integrate 
with two component systems to create additional layers of regulation, 
for example, by phosphorylating response regulators on additional Ser, 
Thr or Tyr residues (Burnside & Rajagopal, 2012).

Protein phosphorylation and signaling cascades in archaea have 
not been studied in as much detail as in eukaryotes and bacteria. In 
archaea, the chemotaxis system in Halobacterium salinarum is proba-
bly the best studied example. It is very similar to chemotaxis systems 
in bacteria like Escherichia coli, including the central CheA- CheY two 
component system (Rudolph & Oesterhelt, 1996; Rudolph, Tolliday, 
Schmitt, Schuster, & Oesterhelt, 1995; Schlesner et al., 2012). In 

contrast to euryarchaea, which seem to have acquired two component 
systems by horizontal gene transfer, the second large archaeal phy-
lum, the crenarchaeota lack two component systems (Ashby, 2006; 
Koretke, Lupas, Warren, Rosenberg, & Brown, 2000; Ponting, Aravind, 
Schultz, Bork, & Koonin, 1999).

Interestingly, ePKs and aPKs are present in the genomes of many 
archaea (Esser et al., 2016; Kennelly, 2014). Our knowledge of cren-
archaeal ePKs derives mainly from studies performed on kinases of 
S. solfataricus. Several ePKs and an aPK of S. solfataricus have been 
characterized with respect to their substrate specificity, ion prefer-
ence as well as autophosphorylation and phosphotransfer activities 
to various exogenous substrates as, for example, casein (Haile & 
Kennelly, 2011; Lower, Bischoff, & Kennelly, 2000; Lower & Kennelly, 
2002, 2003; Lower, Potters, & Kennelly, 2004; Ray, Potters, Haile, & 
Kennelly, 2015). However, little is known about which proteins are 
the natural targets of these kinases. St0829 of Sulfolobus tokodaii was 
demonstrated to be a Ser/Thr- specific kinase that phosphorylates 
the forkhead- associated (FHA) domain- containing protein St1565. 
Unphosphorylated St1565 binds to the promoter region of the op-
eron encoding the archaellum, while phosphorylation inhibits binding 
(Duan & He, 2011; Wang, Yang, Zhang, & He, 2010). However, the 
physiological function of this kinase remains unclear.

An analysis of the genome of S. acidocaldarius identified several pos-
sible Ser/Thr and Tyr kinases and two phosphatases (Esser et al., 2012). 
Most of the identified protein kinases belong to the typical ePKs of the 
Hanks- type and, based on sequence homology and conservation of spe-
cific motifs, two of them belong to the aPKs of the RIO type (Rio 1 and 
Rio 2) (Esser & Siebers, 2013). The two phosphatases, Saci_PP2A and 
Saci_PTP, were characterized as a Ser/Thr- specific and a dual- specific 
phosphatase, respectively (Reimann et al., 2013). Remarkably, a study of 
the phosphoproteome of S. acidocaldarius showed that half of the iden-
tified phosphopeptides were phosphorylated on tyrosine residues, but, 
whereas the deletion of saci_pp2a had a major impact on growth and the 
appearance of the cells, no effects of deletion of saci_ptp were observed 
(Reimann et al., 2013). Currently, the only protein kinases of S. ac-
idocaldarius that have been studied in some detail are Saci_1193 and 
Saci_1694. These studies showed that Saci_1193 phosphorylates the 
repressors of archaellum expression, ArnA and ArnB, whereas Saci_1694 
phosphorylates ArnB, but not ArnA (Reimann et al., 2012). The archael-
lum, the motility structure of S. acidocaldarius, is encoded by the archael-
lum operon which contains seven genes (flaB, X, G, F, H, I, and J), that 
are transcribed by two promoters (Figure 1a, (Lassak et al., 2012)). The 
promoter upstream of the gene encoding FlaB, the filament protein of 
the archaellum, is strongly induced during starvation (Lassak, Peeters, 
Wróbel, & Albers, 2013). A network of positive and negative regulators 
is necessary for archaellum expression (Albers & Jarrell, 2015). ArnA and 
ArnB, which are encoded elsewhere in the genome, form a complex 
which represses expression of the archaellum (Figure 1b, Reimann et al., 
2012). Furthermore, ArnR and ArnR1, which are encoded in the direct 
vicinity of the archaellum operon, are membrane- bound transcription 
factors which induce the expression of the archaellum by binding to 
specific boxes within the promoter region of flaB (Lassak et al., 2013). 
Interestingly, ArnR1 can also be phosphorylated in vivo (Reimann et al., 
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2013). A major negative regulator of biofilm production, AbfR1, is also 
a positive regulator of the archaellum operon, and was shown to be 
phosphorylated in vivo, too (Orell et al., 2013). The importance of phos-
phorylation in the regulation of motility in S. acidocaldarius is further 
emphasized by the observation that deletion of saci_pp2a results in a 
strongly increased motility during starvation (Reimann et al., 2013).

Here, we aimed to generate deletion mutants of the protein ki-
nases of S. acidocaldarius and analyzed the mutants obtained in motil-
ity assays. Two of the identified kinases, ArnC (Saci_1193) and ArnD 
(Saci_1694) were characterized with respect to their function in the 
regulation of the expression and function of the archaellum.

2  | EXPERIMENTAL PROCEDURES

2.1 | Strains and growth conditions

Strains used in this study are described in Table S1. S. acidocaldarius 
markerless in- frame deletion mutants and uracil auxotrophic strains 
were grown at 75°C in basal Brock medium (pH 3.5) supplemented 
with 0.1% NZ- amine, 0.2% dextrin, and 10 μg/ml uracil (Brock, Brock, 
Belly, & Weiss, 1972; Wagner et al., 2012). Strains containing a plas-
mid were grown in the absence of uracil.

To compare cells under rich and starvation conditions, strains 
were grown in 250 ml Brock medium supplemented with 0.1% NZ- 
amide and 0.2% dextrin to an OD600 of 0.4. Cells were centrifuged 
at 75°C for 10 min at 4.100 g using a Thermocentrifuge (Hettrich). 
Subsequently, the pellet was either resuspended in nutrient- rich (0.1% 
NZ- amine, 0.2% dextrin) or nutrient- poor medium (basal brock me-
dium), and growth was continued.

2.2 | Construction of plasmids

Plasmids used in this study are described in Table S2. Cloning was 
performed in E. coli Top10. Plasmids used to construct deletion 

mutants (pSVA1019, pSVA1076, pSVA1036, pSVA1038, pSVA1080, 
pSVA1087, pSVA1088, pSVA1091, pSVA2287) were created by fus-
ing the upstream and downstream regions of the genes of interest 
via overlap PCR and subsequent cloning of the resulting fragment 
into pSVA406. Plasmids used for complementation of the deletion 
mutants (pSVA3203 and pSVA3208) were constructed by inserting a 
PCR fragment containing the gene of interest with a C- terminal HA- 
tag and a ~300 bp upstream region into pSVA1551. pSVA1551 con-
tains a maltose inducible promoter, a TEV protease cleavage site and 
a C- terminal StrepII and His10 tag. During cloning all these parts were 
removed from the plasmid and the kinase gene with its own promoter 
and C- terminal HA- tag sequence was cloned into pSVA1551. The 
primers and restriction sites used are described in Table S3.

2.3 | Construction of in- frame deletion mutants of 
S. acidocaldarius

Plasmids were methylated using E. coli ER1821, and transformation 
of S. acidocaldarius with these plasmids was performed essentially as 
described (Wagner et al., 2012).

2.4 | Motility assays

Motility assay were essentially performed as described previously 
(Lassak et al., 2012). For a detailed description see supporting infor-
mation. Motility assays were performed with mutants in the MW001 
background strain which has a reduced motility compared to its 
 parental strain DSM639.

2.5 | Expression and purification of ArnB, ArnC, 
and ArnD

All proteins were expressed in E. coli Rosetta pLysS strain using plas-
mids pSVA1036 (arnB), pSVA1009 (arnC), and pSVA1076 (arnD). 

F IGURE  1 Archaellum operon and archaellum regulatory network. (a) The operon from flaB to flaJ encodes the subunits of the archaellum of 
S. acidocaldarius. Upstream and downstream of the operon, the activators arnR and arnR1 are encoded. (b) Model of the archaellum regulatory 
network (arn) and the proteins involved in archaellum expression during starvation. The repressors ArnA and ArnB are phosphorylated by ePKs 
and interact to block expression if nutrients are present. The phosphatase Saci_PP2A also represses expression of the archaellin FlaB. During 
starvation, the positive regulators ArnR and ArnR1 activate expression by binding to the flaB promoter. Additionally, the biofilm regulator AbfR1 
contributes to stimulation of archaellum expression (adapted from Albers & Jarrell, 2015)
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Expression and purification was performed as described (Reimann 
et al., 2012).

2.6 | In vitro phosphorylation

In vitro phosphorylation assays, were essentially performed as de-
scribed before (Reimann et al., 2012). Briefly, 1 μg ArnB was mixed 
with either 20 ng or 2 ng ArnC in buffer containing 150 mmol/L KCl, 
50 mmol/L HEPES pH 7.8, or with 20 ng or 2 ng ArnD in buffer con-
taining 150 mmol/L KCl, 25 mmol/L MES pH 6.5. Samples were sup-
plemented with 1 mmol/L MnCl2 and 1 mmol/L ATP and incubated 
for 30 min at 55°C.

2.7 | Mass spectrometry

Proteins were acetone- precipitated and digested with trypsin for 4 hr 
at 42°C in 50 mmol/L ammonium bicarbonate and 50% methanol. 
The resulting digests were dried in vacuo and peptides were resus-
pended in 0.1% trifluoroacetic acid (TFA) prior to MS analysis. LC/
MS analyses were performed using an UltiMate 3000 RSLCnano 
HPLC system (Thermo Fisher Scientific, Dreieich, Germany) coupled 
online to a Velos orbitrap Elite instrument (Thermo Fisher Scientific) 
as described (Hünten et al., 2015) with minor changes for the iden-
tification of phosphopeptides. The instrument was operated in the 
data- dependent mode using a TOP10 method for the isolation of 
multiple charged precursor ions. Fragmentation of (phospho)peptides 
was performed in the linear ion trap using multi- stage activation with 
neutral loss masses of 32.7, 49, and 98 Da. An automatic gain control 
of AGC of 1 × 104 ions and a maximum fill time of 100 ms was used. 
The dynamic exclusion time window for previously selected precursor 
ions was 30 s.

For data analysis, MaxQuant (version 1.5.2.8, Cox & Mann, 2008) 
was used as described (Cristodero et al., 2013) with minor modifi-
cations. Briefly, peak lists were searched against a modified UniProt 
E. coli database including the sequences for ArnB, ArnC, and ArnD 
from Sulfolobolus acidocaldarius. Oxidation of methionine, acetylation 
of protein N- termini, and phosphorylation of serine, threonine, and 
tyrosine residues were set as variable modifications. The maximum 
number of missed cleavages was set to four and the maximum molec-
ular mass to 6000 Da. For relative quantification of (phospho)peptides, 
intensities of phosphorylated and nonphosphorylated peptides, MS1 
intensities were calculated using the Skyline software (version 3.5) 
(Schilling et al., 2012).

2.8 | Isolation of total RNA and quantitative reverse 
transcriptase PCR (qRT- PCR)

To quantify the mRNA levels of the different genes, quantitative re-
verse transcriptase PCR was performed. 10 ml of a culture was har-
vested by centrifugation at 3,900g for 10 min at 4°C. After removal 
of the supernatant, the pellet was frozen in liquid nitrogen. Total RNA 
was isolated using a TRIzol reagent- based method according to Hottes 
et al. (2004). Reverse transcription was performed as described by 

Lassak et al. (2012). The SYBR green Kit for detection (2× qPCRBIO 
SyGreen Mix Lo- ROX) was used with the Rotor- Gene Q Real- time 
PCR cycler (Quiagen) according to manufacturer’s protocols. Ct values 
of the analyzed samples were normalized to the housekeeping gene 
saci0574 (secY). At least three biological and two technical replicates 
were analyzed.

2.9 | Isolation of cytosolic and membrane fractions

After determination of the OD600, 20 ml of culture was collected and 
centrifuged at 4,100g. For the detection of ArnC and ArnD in the 
Western blot, cells were collected and the pellet was resuspended 
in 100 mmol/L KCl, 50 mmol/L HEPES pH 8.0. Subsequently, cells 
were disrupted by sonification (Bandelin Sonoplus) for 10 min with 
an intensity of 40%, and a duty cycle of 30 s on and 15 s off and cell 
debris was removed by low spin centrifugation. The supernatant was 
used for high spin centrifugation to separate cytoplasm and mem-
branes. Hence, 500 μl low spin supernatant was centrifuged in a TLA- 
110 rotor in a Beckman Optima MAX_XP ultracentrifuge at 4°C and 
88,000g for 30 min. The supernatant (cytoplasm) was collected and 
directly mixed with 5 x protein loading dye. The pellet (membrane 
fractions) was resuspended in 150 μl buffer using a homogenizer 
(Sartorius) and protein- loading dye was added. The cytoplasm and 
membranes were used for the detection of ArnC- HA and ArnD- HA.

2.10 | Western blot analysis

For detection of ArnC and ArnD, the cytosolic and membrane frac-
tions were used. For detection of FlaB and FlaX, ArnA and ArnB, 
samples were taken, centrifuged at 4,100g, and resuspended in 
100 mmol/L KCl, 50 mmol/L HEPES pH 8.0 to an OD600 of 3. Samples 
were heated to 100°C for 5 min and separated by SDS- PAGE using 
11% gels. Subsequently, proteins were transferred onto PVDF mem-
brane (Roche) applying a semidry method. Equal loading of gels was 
confirm by staining with InstantBlue (Expedeon). For the detection of 
FlaB and FlaX (Lassak et al., 2012), ArnA, ArnB (Reimann et al., 2012) 
primary polyclonal antibodies were used in a dilution of 1:400, 1:800, 
1:5,000, and 1:5,000, respectively. Primary antibodies directed against 
the HA- tag were obtained from Sigma and used 1:10,000 diluted. As 
a secondary antibody 1:10,000 diluted goat- anti- rabbit immunoglob-
ulin G coupled to HRP (Invitrogen) was applied to the membranes. 
Chemiluminescent signals were detected with an ECL chemocam im-
ager (Intas) using WesternSure ECL Substrate (LI- COR). Quantification 
of Western blots was performed using Image J (Schneider, Rasband, & 
Eliceiri, 2012).

3  | RESULTS

3.1 | Protein kinases are involved in the regulation of 
motility

The observation that the deletion of the phosphatase PP2A results 
in strongly increased motility during starvation and that several of 
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the components of the archaellum regulatory network in S. acidocal-
darius can be phosphorylated (Reimann et al., 2013), indicated a role 
for phosphorylation in the regulation of motility. Therefore, we set 
out to determine which protein kinases might play a role in motility 
in S. acidocaldarius. Based on homology searches, 11 genes encoding 
putative protein kinases were identified in the genome of S. acidocal-
darius. Table 1 gives an overview of the predicted kinases of S. acido-
caldarius with respect to their predicted domains, localization, and the 
type of kinase. We set- out to generate deletion mutants of all these 
protein kinases. Deletion mutants were obtained for all protein ki-
nases except saci_0850, saci_1289, and saci_1477. In further attempts, 
marker (pyrEF) insertion mutants could be created for saci_1289 and 
saci_1477. Neither markerless deletion nor marker insertion mu-
tants could be obtained for saci_0850. Saci_0850 is a homolog of the 
Saccharomyces cerevisiae Bud32 kinase, deletion of which resulted in 
a severe growth retardation (Briza et al., 2002). The obtained mutants 
were tested for their growth kinetics and in motility assays. For the 
markerless deletion mutants, the MW001 (WT) strain was used as the 
control, whereas for the insertion mutants, the MW268 (WT + pyrEF) 
strain which expresses S. solfataricus pyrEF was used. Growth assays 
showed that the mutant strains grew similar to their respective pa-
rental strains (Fig. S1). The motility assays were performed by plating 
cells on plates which contain a reduced amount of gelrite. Motility is 
only observed on plates with reduced amounts of nutrients, where the 
expression of the archaellum is induced (Lassak et al., 2012). The dele-
tion of saci_0965, saci_1181, and saci_1193 resulted in a significantly 
reduced motility (Figure 2a and b), whereas the deletion of saci_1694 
resulted in hypermotile cells. In the other deletion strains, no effects 
on motility could be detected.

To identify possible targets of the protein kinases involved in 
the regulation of the archaellum, we set- out to determine whether 

the presence of orthologs of these kinases in different genomes was 
connected to the occurrence of the archaellum. Since regulatory 
pathways might differ between crenarchaea and euryarchaea, the 
analysis focused on the crenarchaea. First, the presence of the op-
eron encoding the archaellar proteins, and the presence of currently 
identified proteins involved in regulation of the archaellum, (ArnA, 
ArnB, ArnR, ArnR1, and AbfR1) was determined in the 26 species 
(Fig. S2). The archaellum operon was identified in 11 of the 26 ge-
nomes. None of the currently identified regulators of the archaellum 
operons, was identified in all genomes that contained the archaellum 
operon. Analysis of the regions flanking the archaellum operons did 
not identify regulatory elements conserved in all organisms contain-
ing the archaellum operon, suggesting that the other archaellum op-
erons are either not regulated or regulated in a different manner. All 
studied genomes of Sulfolobales containing the archaellum operon 
also encoded one ortholog of the positive regulators ArnR/ArnR1. 
Only in S. acidocaldarius, highly homologous ArnR and ArnR1 are 
both present suggesting that they derived from a duplication event 
(Lassak et al., 2013). No orthologs of ArnR/ArnR1 could be identi-
fied in genomes that did not contain an archaeallum operon, sug-
gesting that ArnR/ArnR1 is  specifically involved in regulation of the 
archaellum (Lassak et al., 2013). Orthologs of the repressors ArnA 
and ArnB, and of AbfR1 were identified in all analyzed Sulfolobales 
genomes. Thus also in the genomes of Acidianus hospitalis W1 and 
Metallosphaera cuprina, that did not contain an archaellum operon, 
suggesting that, next to their role in the regulation of the archaellum 
in S. acidocaldarius, these proteins also fulfill additional roles in no-
narchaellated creanarchaea.

Analysis of the occurrence of orthologs of the four protein kinases 
for which deletion had an effect on motility, showed that orthologs 
of saci_0965 were identified in all included crenarchaea, whereas 

Protein
Transmembrane 
domains Conserved domains Additional information

Saci0796 No Rio 2 catalytic domain Atypical PK, predicted RIO 2 kinase

Saci0850 No PK domain, Rio 1 
domain

Atypical PK, Bud32 homolog 
(RIO- type kinase), subunit of 
KEOPS complex

Saci0965 No RIO catalytic domain Atypical PK, predicted RIO 1 kinase

Saci1041 Yes, 5 (N- terminal) PK domain Typical PK

Saci1181 Yes, 2 
(N- terminal)

PK domain Typical PK, predicted Ser/
Thr- specific

Saci1193 No PK domain, TPR domain Typical PK, Ser/Thr- specific

Saci1289 No PK domain Typical PK

Saci1477 No PK domain - 

Saci1664 Yes, 1 (C- terminal) Rio 1 catalytic domain, 
ABC1 domain

Atypical PK, predicted ABC1 family 
kinase

Saci1696 No PK domain Typical PK, Ser/Thr- specific

Saci1869 Yes, 5 
(N- terminal)

PK domain, coiled coil 
domain

Typical PK

Domain structure and additional information was obtained from SMART, uniprot, and the conserved 
domain database on NCBI (Marchler- Bauer et al., 2015; Schultz, Milpetz, Bork, & Ponting, 1998; 
UniProt Consortium, 2015).

TABLE  1 Predicted protein kinases of 
S. acidocaldarius
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orthologs of saci_1193 were restricted to the Sulfolobales, orthologs 
of saci_1181 were restricted to Sulfolobus strains, and no orthologs 
of saci_1694 were identified outside S. acidocaldarius. The occurrence 
of none of these kinases could be directly linked to the presence of 
the archaellum operon, but orthologs of saci_1193 could be identified 
in all Sulfolobales that contained the repressors ArnA and ArnB. We 
have previously shown that Saci_1193 phosphorylates ArnA and ArnB, 
whereas Saci_1694, phosphorylates ArnB, but not ArnA (Reimann 
et al., 2012). ArnA and ArnB play an important role in the regulation 
of the expression of components of the archaellum (Reimann et al., 
2012), suggesting that Saci_1193 and Saci_1694 might also be in-
volved in this process. Orthologs of Saci_0965 were found in all 
studied crenarchaea. Saci_0965, which belongs to the atypical PKs 
is the Rio 1 kinase homolog of S. acidocaldarius. The Rio 1 kinases 
are involved in ribosome biogenesis in eukaryotes and the deletion 
of Rio2 in S. cerevisieae is not viable (Laronde- LeBlanc & Wlodawer, 
2005a; LaRonde- LeBlanc & Wlodawer, 2005b). Interestingly, we were 
able to obtain a viable deletion mutant. However, since this gene is 
also found in all crenarchaeal chromosomes that do not contain the 
archaellum operon, a more general role is expected for this protein 
kinase, and we did not focus on it in this study. We therefore, de-
cided to focus our study on the role of Saci_1193 and Saci_1694 in 
motility, and propose to name them ArnC and ArnD, respectively. The 
characterization of Saci_1181 is described elsewhere (Haurat et al., 
unpublished).

3.2 | ArnC and ArnD function in a complex 
concentration- dependent manner

The deletion of arnC and arnD results in opposite motility phenotypes. 
The WT and the ΔarnC and the ΔarnD mutants were studied by electron 
microscopy (EM), and all three strain assembled archaella (See Fig. S4). 
We did not observe a difference in the number of archaella per cell be-
tween the WT and the ΔarnC and the ΔarnD mutants (~1–2 archaella 
per cell). The number of cells on which archaella were observed after 
imaging seemed to be lower in the ΔarnC mutant, whereas the ΔarnD 
mutant showed a higher number of cells which contained an archaellum. 
In order to understand how the function of the arnC and arnD genes in-
tersect, a double deletion mutant was created, and motility assays were 
performed (Figure 3a and b). A hypermotile (ΔaapF) and a nonmotile 
strain (ΔarnR/ΔarnR1) were included (Henche et al., 2012; Lassak et al., 
2013). The motility radius of the ΔarnC strain was again ~ 30% smaller 
than the radius observed for the wild- type cells, and deletion of arnD 
resulted in hypermotile cells. The double mutant also showed a hy-
permotile phenotype, and was only slightly less motile than the ΔarnD 
strain, demonstrating that the arnC/arnD double mutant mostly phe-
nocopies the arnD deletion mutant. Furthermore, to exclude any polar 
effects of the created single or double mutants, plasmids were created 
that contained arnC and arnD and their respective upstream promoter 
regions. The plasmid pSVA1561 expressing the β- galactosidase gene, 
lacS from S. solfataricus was used as a backbone for construction of the 

F IGURE  2 Effect of S. acidocaldarius kinase deletion strains on motility. Motility assays were performed on semisolid plates. (a) Motility 
plates containing the pyrEF deletion strain MW001 (WT) or pyrEF insertion strain (WT + pyrEF) and the kinases deletion strains constructed 
in the respective background. (b) Average swimming radius calculated from three biological replicates containing each at least six technical 
replicates. Scale bar 5 mm. Statistical significance for (b) was compared to the WT and WT + pyrEF using a Student’s t-test and is indicated by 
asterisks (p ≤ 0.05)
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kinase expression plasmids. Since no antibodies against ArnC and ArnD 
are available, sequences encoding C- terminal HA- tags were included 
in these vectors to enable us to detect the proteins. Strains carrying 
pSVA1561 showed a similar trend in motility as observed before for 
the strains without the plasmid (Figure 3c and d). The ΔarnC carrying 
pSVA1561 was about 20% less motile than the WT strain carrying 
pSVA1561, and the ΔarnD strain carrying pSVA1561 was hypermo-
tile. When introducing the plasmids carrying the respective kinases, 
ArnC- HA expression complemented the motility of the ΔarnC mutant 
to WT level. Expression of ArnD- HA resulted in a significantly decrease 
in the hypermotility phenotype, and almost completely restored the 
WT phenotype, demonstrating that the observed phenotypes were not 
caused by any polar effects. Analysis of the arnC/arnD double deletion 
strain in the presence of the pSVA1561 plasmid showed that the strain 
was again hypermotile, but remarkably was less motile than the arnD sin-
gle mutant (Figure 3c and d). The difference between the motility of the 
arnC/arnD double deletion strain and the arnD single mutant in the pres-
ence (Figure 3a and b) and absence (Figure 3c and d) of the pSVA1561 
plasmid might be caused by the increased growth rate of the strain in 
the presence of pyrEF containing plasmids and the higher copy number 
of the kinase encoding gene (Berkner, Wlodkowski, & Lipps, 2010). The 
observation that under these conditions, the arnC/arnD double dele-
tion strain is less mobile than the arnD single mutant shows that arnC 
and arnD fulfill complementary functions. Interestingly, the phenotype 
of the double deletion was fully complemented by the expression of 
either ArnC- HA or ArnD- HA. Thus although the deletion mutants of the 
arnC and arnD show opposite motility phenotypes, (over)- expression of 
either protein can complement the motility phenotype of the arnC/arnD 

double mutant, suggestion a complex regulatory mechanism that de-
pends on the exact concentrations of the two kinases.

3.3 | ArnC and ArnD are Ser/Thr kinases that 
phosphorylate ArnB on its C- terminus

ArnC and ArnD belong to the family of ePKs, which generally phospho-
rylate serine, threonine and/or tyrosine residues. ArnD consists of only 
the conserved kinase domain, but the kinase domain of ArnC is pre-
ceded by two tetratricopeptide repeat motifs (TPR) ((Fig. S2 A) (Lamb, 
Tugendreich, & Hieter, 1995). TPR motifs are normally involved in fa-
cilitating protein- protein interactions. Sequence alignments and mod-
eling showed that ArnC and ArnD contains the 12 typical subdomains 
found in ePKs (Fig. S2 B and S2 C). Previously, it was demonstrated 
that incubation of stoichiometric amounts of ArnC or ArnD with ArnB 
resulted in phosphorylation of ArnB (Reimann et al., 2012). In order to 
determine the specificity of ArnC and ArnD, in vitro phosphorylation 
assays were performed with ArnB at lower ArnC and ArnD concentra-
tions. 1 μg of ArnB was incubated in the presence of Mn2+ and ATP 
with 20 ng (50- times less) and 2 ng (500- times less) ArnC or ArnD in 
a buffer that was optimized for the activity of the respective kinase. 
After the incubation and treatment with trypsin, the presence of phos-
phorylated peptides was determined by mass spectrometry (Figure 4). 
Analysis of the most abundant phosphopeptides demonstrated that 
both ArnC and ArnD phosphorylate ArnB specifically at serine and 
threonine residues in its C- terminus, and no phosphorylation of tyros-
ine residues was observed (Figure 4c). Phosphorylation was observed 
even at low amounts of the kinase compared to the ArnB substrate, 

F IGURE  3 arnC and arnD deletion 
mutants are affected in motility. Motility 
assay were performed on semisolid plates. 
(a) Motility plates containing the pyrEF 
deletion strain MW001 (WT) and MW001 
derivatives containing ΔaapF, ΔarnRΔarnR1, 
ΔarnC, ΔarnD, and ΔarnCΔarnD. (b) Average 
swimming radius calculated from three 
biological replicates containing each at least 
six technical replicates. (c) Motility assay 
of the strains shown in (a). carrying either 
pSVA1561 (S. acidocaldarius expression 
vector) or pSVA1561 containing arnC-HA or 
arnD-HA under the control of their native 
promoters. HA indicates a C- terminal HA- 
tag. (d) Average swimming radius calculated 
from three biological replicates containing 
each at least six technical replicates. Scale 
bar; 5 mm. Statistical significance for (b) 
and (d) was compared to the WT using 
a Student’s t-test and is indicated by 
asterisks (p ≤ 0.05)
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demonstrating that the phosphorylation is specific. Approximately 10- 
fold less phosphorylation of ArnB was observed for ArnD compared to 
ArnC. Identification of the sites targeted by ArnC and ArnD showed 
that the phosphorylation patterns strongly overlapped. In a study 
where phosphorylated peptides were identified in cell extracts from an 
exponentially growing S. acidodaldarius strain, four phosphorylated res-
idues (T280, T343, T344, and T353) were detected in ArnB (Reimann 
et al., 2013). Phosphorylation of T344 was found after incubation 
with either kinase, and phosphorylation of T280, T343, and T353, was 
identified after incubation with ArnC (Figure 4c). Thus all residues that 
were found to be phosphorylated in the in vitro study were also found 
in our in vitro assay. Thus ArnC and ArnD phosphorylate ArnB even 
at low concentrations specifically at serine and threonine residues at 
the C- terminus. In summary, these data suggest that ArnC and ArnD 
function as Ser/Thr- specific kinases that phosphorylate ArnB at vari-
ous residues in vitro. Hence, both kinases might influence expression of 
other components of the archaellum regulatory network, too.

3.4 | arnD, but especially arnC is upregulated 
during starvation

Since deletion of arnC, but especially arnD affected the motility of S. aci-
docaldarius, we set out to determine if arnC and arnD are regulated dur-
ing starvation. To this end, a S. acidodaldarius culture was grown in rich 
medium, centrifuged and resuspended in basal Brock medium, either 
with (rich conditions) or without 0.1% NZamine and 0.2% dextrine (star-
vation conditions) and samples were taken over a 4 hr period. Two- step 
quantitative reverse transcription PCR (qRT- PCR) was performed to 
determine the change in mRNA levels of arnC and arnD (Figure 5a). The 

relative gene expression of arnC was about 16- fold upregulated under 
starvation conditions as compared to nutrient- rich conditions, whereas 
arnD was only two to fourfold upregulated. To test whether these trends 
are reflected in the amounts of protein as well, the levels of ArnC and 
ArnD in the cytoplasm were determined 4 hr after either growth under 
rich or starvation conditions (Figure 5b). Since no antibodies against 
ArnC and ArnD are present, the ArnC- HA and ArnD- HA levels were 
determined in the ΔarnC and ΔarnD strains expressing plasmid- encoded 
arnC-HA and arnD-HA from their own promotor. In good agreement 
with strong upregulation of arnC, and the much lower upregulation of 
arnD, ArnC- HA levels increased under starvation conditions to a de-
tectable level, whereas ArnD could be detected at similar levels in rich 
conditions as under starvation conditions. Since many components of 
the archaellum and its regulatory network are membrane bound, the 
levels of ArnC- HA and ArnD- HA in membranes were also determined 
(Figure 5b). No ArnC- HA could be detected in the membrane fraction, 
but approximately 25% of the ArnD- HA was associated with the mem-
brane, suggesting a possible interaction of ArnD with a membrane- 
bound component. Similar to what was observed for the cytosolic ArnD, 
no change in the membrane- bound levels of ArnD was observed be-
tween the rich and the starvation conditions. Thus, the expression and 
protein levels of ArnC are increased during starvation, whereas ArnD 
seem be present both during rich and starvation conditions.

3.5 | FlaB levels are increased in the ΔarnD strain 
during growth in rich medium

To understand how ArnC and ArnD influence motility, we analyzed 
the expression and protein levels of flaB in the ΔarnC, ΔarnD, and 

F IGURE  4 ArnB is phosphorylated by ArnC and ArnD on serine and threonine residues. (a) 1 μg of ArnB was incubated with 20 ng (light gray 
bars) or 2 ng (dark gray bars) ArnC or (b) ArnD, and phosphorylated peptides were determined by mass spectrometry. Normalized intensities 
of different phosphopeptides are depicted. The average of three replicates is depicted (c) Sequence of ArnB annotated with phosphorylation 
sites detected with ≥75 % probability. Residues detected after phosphorylation with ArnC only (blue), ArnD only (yellow) and the ones that 
were detected in both assays (green) are highlighted. The annotated MSMS spectra and tables used for the calculation of the phosphorylation 
intensity are available as Supporting file 1 (pdf: Annotated MSMS spectra of phosphorylated ArnB peptides) and Supporting file 2 (excel file: 
Quantitative MS data from in vitro kinases assays)
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ΔarnCΔarnD strains during growth on rich or under starvation condi-
tions. To this end, the wild type and kinase deletion mutants were 
grown in rich medium and after reaching an optical density of 0.4, the 
cultures were split in two and pelleted (t = 0). Subsequently, the cells 
were resuspended in either rich or starvation medium and grown for 
another 4 hr. Samples were taken at different times. From these cells, 
the amounts of flaB mRNA relative to their amounts at t = 0 were de-
termined via qRT- PCR (Figure 6a and c). Furthermore, the protein lev-
els of FlaB were determined via Western blotting (Figure 6b and d). In 
the WT strain, the mRNA levels of flaB increased fourfold after growth 
on rich medium for 4 hr, but the FlaB protein could not be detected 
under these conditions. As described previously, after 4 hr of growth 
on starvation medium, flaB levels in the WT strain were strongly in-
creased (~ 240- fold) and the FlaB protein was easily detected (Lassak 
et al., 2012). Furthermore, archaella were observed in the wild- type 
S. acidocaldarius (Fig. S4).

Contrary to what we expected, no strong changes were observed 
in the flaB mRNA levels between the WT and the ΔarnC, ΔarnD, or 
ΔarnCΔarnD strains after growth on starvation medium. FlaB could 

be detected slightly earlier in the ΔarnD or ΔarnCΔarnD strains. 
Remarkably, a much larger difference was observed between the WT 
and ΔarnC, and the ΔarnD and ΔarnCΔarnD strains during growth on 
rich medium. After 1 hr of growth of the ΔarnD and ΔarnCΔarnD on 
rich medium expression of flaB in the ΔarnD and ΔarnCΔarnD strains 
was increased, and FlaB was also detected. Therefore, the strong ef-
fect of arnD deletion observed on motility plates is most likely not 
only caused by an effect on the expression levels of FlaB or the ar-
chaellum complex.

Since the protein levels of FlaX also depend on the functional 
expression of other proteins in the archaellar complex like FlaH, FlaX 
levels can function as an indicator for functional assembly of the 
archaellum (Chaudhury et al., 2016). The mRNA levels of flaX did not 
change after growth on rich medium, but, after growth on starvation 
medium, higher amounts of flaX mRNA were detected (Figure 6e). 
However, in repeated experiments, no significant differences could 
be detected between the FlaX protein levels after either growth 
on rich or starvation medium (Figure 6f). Indeed this confirms that 
FlaB is under control of a promotor that is induced under starvation 
condition, whereas flaX-flaJ are under control of a constitutive pro-
motor. The increase in flaX mRNA levels might be caused by read- 
through from the promotor before flaB, but increase in this mRNA 
does not result in an increase the FlaX protein levels (Lassak et al., 
2012).

This suggests a possible modulation of the activity of the ar-
chaellum via ArnD. However, after growth on rich medium, both the 
mRNA and protein levels of FlaB were significantly increased in the 
ΔarnD strain. Remarkably, even higher levels of FlaB were found in 
the ΔarnCΔarnD strains. Thus only after growth of the ΔarnD and 
ΔarnCΔarnD strains under rich conditions, differences in the FlaB pro-
tein levels could be detected.

3.6 | Expression of regulators of the archaellum 
and genes of the archaeal adhesive pilus are not 
changed in the ΔarnC, ΔarnD or ΔarnCΔarnD strains

Since, in the ΔarnD or ΔarnCΔarnD strains, we observed upregulation of 
FlaB after growth on rich medium, and a hypermotile phenotype under 
starvation conditions, we set out to see if any of the other known reg-
ulator were regulated differently in the ΔarnC, ΔarnD or ΔarnCΔarnD 
strains. Therefore, the mRNA levels of arnA, arnB, arnR, and abfR1 were 
determined (Figure 7a–d). Small changes were observed under several 
conditions (e.g., arnR levels are increased in the ΔarnD strain in rich 
medium, and arnB levels are increased in the ΔarnC and ΔarnCΔarnD 
mutants in starvation medium). However, the changes in the expres-
sion levels of these regulators were relatively small compared to the 
differences observed between growth on rich and on starvation me-
dium, and for example, increase in arnR levels observed in the ΔarnD 
strain in rich medium, are not observed for the ΔarnCΔarnD strains, 
where we also find upregulation of flaB. Therefore, we were unable 
to link the small changes in the expression levels of the regulators to 
the observed hypermotility phenotype in starvation medium, or to the 
increased expression levels of flaB on rich medium.

F IGURE  5 Analysis of the expression of arnC and arnD during 
growth on rich and starvation medium. (a) Samples of S. acidocaldarius 
were grown in rich medium, centrifuged and then transferred to 
either rich or starvation conditions and mRNA levels of arnC and 
arnD and were determined by qRT- PCR at different time- points. The 
increase in expression in the starvation medium compared to the rich 
medium is shown. Bars show the mean value of three independent 
biological replicates with each four technical replicates. (b) Western 
blot of the levels of ArnC- HA and ArnD- HA in the cytoplasm (C) and 
the membrane (M) after 4 hr of growth under rich (+) and starvation 
(- ) conditions. The membranes were concentrated 3.3- fold compared 
to the cytoplasmic fraction. Proteins were detected using an antibody 
directed against the HA- tag. The figure shows a representative blot 
of three independent replicates
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Expression and function of the archaellum and the archaeal ad-
hesive pilus (aap) are strongly linked. Interestingly, overexpression of 
ArnA results in a strong increase in aap pili on the surface of S. acido-
caldarius. Furthermore, the deletion of aapF leads to upregulation of 
flaB, and a hypermotility phenotype (Henche et al., 2012; Reimann 
et al., 2012). Additionally, electron microscopy pictures suggest that 
the arnC deletion mutant assembled more aap pili than the wild type 
and the ΔarnD cells seem to have less aap pili than both wild type 

and ΔarnC cells (Fig. S4). Therefore, we also tested the changes in 
the expression of aapF (membrane protein) and aapA as well as aapB 
(pilins) in wild type and ΔarnC, ΔarnD, or ΔarnCΔarnD strains after 
growth in rich and starvation medium (Figure 7e and f). However, 
no significant differences were observed when the deletion mutants 
were compared to the WT suggesting that a connection between 
the aap pilus and motility is not regulated on a transcriptional level 
but rather hints to a posttranslational mechanism.

F IGURE  6 Expression and protein levels of FlaB and FlaX in rich and starvation medium. S. acidodaldarius was grown to an OD600 of 0.4 
in rich medium and transferred to either rich or starvation medium and samples for total RNA extraction and Western blot were collected. 
(a) Relative gene expression levels of flaB after 0.5 hr, 1 hr, 1.5 hr, 2 hr and 4 hr growth in rich medium compared to t = 0 of the WT (white 
bars) and the ΔarnC (gray bars), ΔarnD (light gray, dashed bars), and ΔarnCΔarnD (dark gray, dashed bars) strains. (b) Western blots of FlaB 
in whole cells grown in rich medium. Proteins were detected using an antibody directed against FlaB. A representative blot of at least three 
independent replicates is shown. (c) Relative gene expression levels of flaB after 0.5 hr, 1 hr, 1.5 hr, 2 hr and 4 hr growth in starvation medium 
compared to t = 0 of the WT (white bars) and the ΔarnC (gray bars), ΔarnD (light gray, dashed bars), and ΔarnCΔarnD (dark gray, dashed bars) 
strains. (d) Western blots of FlaB in whole cells grown in starvation medium. Proteins were detected using an antibody directed against FlaB. 
A representative blot of at least three independent replicates is shown. (e) Relative gene expression levels of flaX after 4 hr of growth in rich 
medium (dark gray bars) and starvation medium (light gray bars) compared to t = 0 of the WT and the ΔarnC, ΔarnD, and ΔarnCΔarnD strains.  
(f). Western blots of FlaX in whole cells grown in starvation medium and rich medium for 4 hr. Proteins were detected using an antibody directed 
against FlaX. A representative blot of at least three independent replicates is shown. Bars in (a), (c), and (e) represent the mean values of three 
independent biological replicates with each four technical replicates. Values that are significantly different compared to the WT (Student’s t-test, 
p ≤ 0.05) are indicated by asterisks
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4  | DISCUSSSION

When nutrients become limiting, S. acidocaldarius can use the ar-
chaellum, to move to more favorable surroundings. The expression 
and activity of the archaellum in S. acidocaldarius is strictly controlled 
by a sophisticated regulatory network. Since the deletion of the phos-
phatase PP2A results in strongly increased motility during starvation, 
and several of the components of the archaellum regulatory network 
in S. acidocaldarius can be phosphorylated, an important role for 
phosphorylation in the regulation of motility was proposed (Lassak 
et al., 2013; Reimann et al., 2012). Surprisingly little is known about 
phosphorylation in archaea even though most of the sequenced 
genomes encode typical and atypical ePKs as well as protein phos-
phatases (Esser & Siebers, 2013; Esser et al., 2011). The biochemical 
properties of ePKs of S. solfataricus, S. tokodaii, and S. acidocaldarius 
were characterized with respect to their kinase activities (Haile & 
Kennelly, 2011; Lower & Kennelly, 2002, 2003; Lower et al., 2000, 
2004; Ray et al., 2015), but still little is known about which proteins 
are the natural targets of the kinase and how these proteins function 
in vivo. Here, we set out to identify possible protein kinases that play 

a role in the regulation of motility. Up to now no two- component 
systems have been identified in crenarchaea (Ashby, 2006), but 11 
putative Hanks- type or eukaryotic protein kinases (ePKs) were iden-
tified in S. acidocaldarius. The availability of methods to generate 
pyrEF insertion and markerless deletion mutants enabled us to create 
10 deletion mutants of protein kinases (Orell et al., 2013; Wagner 
et al., 2012). Only the deletion mutant of saci_0850, a homolog of 
the Bud32 subunit of the S. saccharomyces KEOPS complex involved 
in tRNA modifications was not obtained. Analysis of the motility of 
the ten protein kinase deletion strains revealed that the deletion of 
saci_0965, saci_1181, and arnC resulted in reduced motility, whereas 
the deletion of arnD resulted in hypermotility. This further confirms 
that phosphorylation plays an important role in the regulation of mo-
tility in S. acidocaldarius, and that four kinases might play important 
roles in this regulation.

The kinase Saci_0965 belongs to the so called RIO kinases, a group 
of ubiquitous atypical kinases comprised of four subfamilies, Rio 1, Rio 
2, Rio 3, and Rio B (Laronde- LeBlanc & Wlodawer, 2005a; LaRonde- 
LeBlanc & Wlodawer, 2005b). In eukaryotes, like S. cerevisiae, these 
kinases are involved in processes like cell cycle progression and 

F IGURE  7 Expression of archaellum regulators and adhesive pilus genes in the WT and ΔarnC, ΔarnD, and ΔarnCΔarnD strains. Total 
RNA was extracted from cells that were grown to an OD600 of 0.4 and subsequently shifted to either rich or starvation medium. Relative 
gene expression levels of arnR, abfR1, arnA, arnB, aapA, and aapF in rich (dark gray bars) and starvation medium (light gray bars) compared to 
t = 0 in each strain. Bars represent mean values of three independent biological replicates with each four technical replicates. Values that are 
significantly different compared to the WT (Student’s t-test, p ≤ 0.05) are indicated by asterisks
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maturation of the small ribosome subunit, which are crucial for survival 
and consequently, RIO kinases are essential in eukaryotes (Laronde, 
2014; Laronde- LeBlanc & Wlodawer, 2005a; LaRonde- LeBlanc & 
Wlodawer, 2005b). Interestingly, we could obtain deletion mutants of 
both RIO kinases of S. acidocaldarius, suggesting that here these genes 
are not essential for survival but might affect growth nonetheless. 
This will be subject of further studies. In addition to Saci_0965 also 
deletion of the membrane- bound protein kinase Saci_1181 resulted 
in a reduced motility. Saci_1181 is encoded in relative proximity of 
the archaellum operon and its characterization is described elsewhere 
(Haurat et al., unpublished).

Here, the ArnC and ArnD kinases were further characterized. 
It was previously demonstrated that incubation of stoichiometric 
amounts of ArnC or ArnD with ArnB resulted in phosphorylation of 
ArnB (Reimann et al., 2012), and here we demonstrated that ArnC and 
ArnD specifically phosphorylate serine and threonine residues in the 
C- terminus of the repressor ArnB. Meanwhile, several of the residues 
phosphorylated by ArnC and ArnD were also identified in a study of 
the phosphoproteome of S. acidocaldarius, confirming that phosphor-
ylation of these residues also occurs in vivo (Reimann et al., 2013). 
The observation that phosphorylation by ArnC and ArnD is specific for 
serine and threonine residues fits with the observation that motility 
seems to be unaffected by deletion of Saci_PTP, the only phospha-
tase that dephosphorylates tyrosine residues. Interestingly, some of 
the identified residues lie within motifs that could be involved in the 
interaction of ArnB with ArnA, suggesting that phosphorylation might 
influence the interaction between ArnA and ArnB.

It is, however, remarkable that, despite the mostly overlapping 
phosphorylation sites of ArnC and ArnD, both deletion mutants 
showed opposite motility phenotypes. Indeed, in the strains that con-
tain the empty vector (pSVA1561), combination of the arnC and arnD 
deletions reduced the hypermotility phenotype of the arnD deletion. 
Interestingly, the hypermotility phenotype of the arnC/arnD deletions 
strain could also be fully complemented by overexpression of arnC. 
Thus, the hypermotility phenotype of the arnD deletion strain can be 
complemented by both deletion and by overexpression of arnC. This 
suggests a complicated regulatory network in which the specific con-
centrations of ArnC and ArnD seem to play a crucial role.

A comparable increase in motility, as was observed for the ΔarnD 
strain, was previously observed for deletions of the negative regu-
lators ArnA and ArnB as well as of the PP2A phosphatase (Reimann 
et al., 2012, 2013). In these deletion mutants, a clear increase in the 
expression levels of FlaB was observed compared to the WT strain. 
Indeed, in the ΔarnD strain, both when grown on rich and on starvation 
medium, FlaB accumulated earlier than the WT strain. However, after 
4 hr starvation, the FlaB expression levels do no longer differ between 
the ΔarnD and the WT strains. In this respect, also no effects were 
observed on the expression of the repressors arnA and arnB, the ac-
tivators arnR and abfR1 or the components of the Aap pilus. Thus the 
ΔarnD hypermotility phenotype observed on plates under starvation 
conditions, is under conditions where the FlaB levels are most likely 
no longer significantly different from the expression levels observed 
for the WT. Thus ArnD might play a role in the initial phase of the 

expression of flaB, but most likely also plays a second currently uniden-
tified role. A similar conclusion might be drawn for ArnC. Although, a 
significant decrease in motility was observed, no differences in the flaB 
or flaX levels were visible between the WT and the ΔarnC strain. Thus, 
ArnC also might have a second currently  unidentified role.

Possible processes that might be affected by the ArnC and ArnD 
kinases are the switch between assembly and rotation and a possible 
direct regulation of the activity of the archaellum. The protein that 
forms the inner membrane assembly platform of the archaellum, FlaJ, 
was phosphorylated in vivo at several sites in exponential growth 
phase (Reimann et al., 2013). Possibly other cytoplasmic components 
like, for example, FlaH and FlaX can be phosphorylated causing the 
switch from rotation to assembly or the activity of the achaellum. To 
identify the proteins via which ArnC and ArnD execute their function 
should be aim of future studies.

These studies might also address a possible correlation between 
ArnD and the Aap pilus. Interestingly, a functional Aap pilus was, sim-
ilar to ArnD, up to now only identified in S. acidocaldarius. This pilus is 
necessary for attachment of the cells to surfaces and involved in bio-
film formation (Henche et al., 2012). The aap pilus and the archaellum 
are thus important for the sessile and motile lifestyles, respectively. 
Indeed it was shown that the deletion of most of the aap pilus genes, 
especially the ATPase aapF, result in hypermotile cells with high flaB 
expression (Henche et al., 2012; Lassak et al., 2012). Moreover; the 
deletion of the repressor arnA resulted in a strong increase in aap pili 
on the surface of the cells (Reimann et al., 2012). Interestingly, our EM 
images, suggested that more aap pili could be observed on the surface 
of ΔarnC cells than on WT cells, whereas less aap pili were observed 
on the surface of ΔarnD cells (Fig. S4). Since the expression levels of 
all tested aap pili genes were not significantly changed between WT 
and kinase deletion mutants (Figure 7), it is possible that the kinases 
ArnC and ArnD are involved in the regulation of the aap pilus and the 
archaellum in a complex, possibly posttranslational, yet unknown man-
ner. A connection between pili and motility was also demonstrated 
in Haloferax volcannii. Here it was shown that the deletion of the 
adhesive pilins (PilA1- 6) caused severe motility defects and the au-
thors suggested that a specific domain of these pilins (H- domain) is 
needed for motility regulation in a posttranslational mechanism which 
is not dependent on the formation of a functional pilus (Esquivel & 
Pohlschroder, 2014).

Thus, we were able to show that two Ser/Thr- specific kinases of 
S. acidocaldarius are involved on several levels within the complex reg-
ulatory mechanism ultimately leading to a fully functional archaellum 
and therefore, motility. It will be interesting to find the connection of 
the kinases to known or yet unidentified components of the archael-
lum regulatory network, the archaellum itself and maybe even the aap 
pilus of S. acidocaldarius.

ACKNOWLEDGMENTS

The authors thank Chris van der Does for critical reading of the manu-
script. LH was supported by a grant from the DFG (AL1206/4- 1) and from 
the BMBF (0316188C). JR was supported by BMBF (0316188C). MFH 



     |  13 of 14HOFFMANN et Al.

was supported by intramural funds of the Max Planck Society and the 
CRC746 (DFG). SVA received intramural support from the Max Planck 
Society. Research in the Warscheid lab was supported by the Deutsche 
Forschungsgemeinschaft (FOR1905) and the Excellence Initiative of the 
German Federal & State Governments (Grant EXC 294 BIOSS Centre 
for Biological Signaling Studies). Leverhulme Trust award RPG-2014-113 
and Marie Curie Career Integration Grant 630988 to MB.

CONFLICT OF INTEREST

None declared.

REFERENCES

Albers, S.-V., & Jarrell, K. F. (2015). The archaellum: how archaea swim. 
Frontiers in Microbiology, 6, 1–12.

Ashby, M. K. (2006). Distribution, structure and diversity of “bacterial 
“genes encoding two- component proteins in the Euryarchaeota. 
Archaea, 2, 11–30.

Berkner, S., Wlodkowski, A., & Lipps, S. A. G. (2010). Inducible and con-
stitutive promoters for genetic systems in Sulfolobus acidocaldarius. 
Extremophiles, 14, 249–259.

Briza, P., Bogengruber, E., Thu, A., Ru, M., Mu, M., & Breitenbach, M. (2002). 
Systematic analysis of sporulation phenotypes in 624 non- lethal homo-
zygous deletion strains of Saccharomyces cerevisiae. Yeast, 19, 403–422.

Brock, T. D., Brock, K. M., Belly, R. T., & Weiss, R. L. (1972). Sulfolobus: A 
new genus of sulfur- oxidizing bacteria living at low pH and high tem-
perature. Archiv für Mikrobiologie, 84, 54–68.

Burnside, K., & Rajagopal, L. (2012). Regulation of prokaryotic gene expres-
sion by eukaryotic- like enzymes. Current Opinion in Microbiology, 15, 
125–131.

Chaudhury, P., Neiner, T., Imprima, E. D., Banerjee, A., Reindl, S., Ghosh, A., 
Chaudhury, P., Neiner, T., Imprima, E. D., Banerjee, A., Reindl, S., Ghosh, 
A. … Albers, S.-V. (2016). The nucleotide- dependent interaction of FlaH 
and FlaI is essential for assembly and function of the archaellum motor. 
Molecular Microbiology, 99, 1–12.

Cox, J., & Mann, M. (2008). MaxQuant enables high peptide identification 
rates, individualized p.p.b.- range mass accuracies and proteome- wide 
protein quantification. Nature Biotechnology, 26, 1367–1372.

Cristodero, M., Mani, J., Oeljeklaus, S., Aeberhard, L., Hashimi, H., 
Ramrath, D. J. F., … Schneider A. (2013). Mitochondrial translation 
factors of Trypanosoma brucei: Elongation factor- Tu has a unique 
subdomain that is essential for its function. Molecular Microbiology, 
90, 744–755.

Duan, X., & He, Z.-G. (2011). Characterization of the specific interaction 
between archaeal FHA domain- containing protein and the promoter 
of a flagellar- like gene- cluster and its regulation by phosphorylation. 
Biochemical and Biophysical Research Communications, 407, 242–247.

Dworkin, J. (2015). Ser/Thr phosphorylation as a regulatory mechanism in 
bacteria. Current Opinion in Microbiology, 24, 47–52.

Esquivel, R. N., & Pohlschroder, M. (2014). A conserved type IV pilin sig-
nal peptide H- domain is critical for the post- translational regulation of 
flagella- dependent motility. Molecular Microbiology, 93, 494–504.

Esser, D., Hoffmann, L., Pham, T. K., Bräsen, C., Qiu, W., Wright, P. C., …, 
Siebers, B. (2016). Protein phosphorylation and its role in archaeal sig-
nal transduction. FEMS Microbiology Reviews, 40, 625–647.

Esser, D., Kouril, T., Zaparty, M., Sierocinski, P., Chan, P. P., Lowe, T., … 
Siebers B. (2011). Functional curation of the Sulfolobus solfataricus P2 
and S. acidocaldarius 98- 3 complete genome sequences. Extremophiles, 
15, 711–712.

Esser, D., Pham, T. K., Reimann, J., Albers, S. V., Siebers, B., & Wright, P. 
C. (2012). Change of carbon source causes dramatic effects in the 

phospho- proteome of the archaeon Sulfolobus solfataricus. Journal of 
Proteome Research, 11, 4823–4833.

Esser, D., & Siebers, B. (2013). Atypical protein kinases of the RIO family in 
archaea. Biochemical Society Transactions, 41, 399–404.

Grangeasse, C., Nessler, S., & Mijakovic, I. (2012). Bacterial tyrosine kinases : 
Evolution, biological function and structural insights. Philosophical 
Transactions of the Royal Society of London. Series B, Biological sciences, 
367, 2640–2655.

Haile, J. D., & Kennelly, P. J. (2011). The activity of an ancient atypical pro-
tein kinase is stimulated by ADP- ribose in vitro. Archives of Biochemistry 
and Biophysics, 511, 56–63.

Hanks, S. K. (2003). Genomic analysis of the eukaryotic protein kinase su-
perfamily: A perspective. Genome Biology, 4, 111.

Hanks, S. K., & Hunter, T. (1995). Protein kinases 6. The eukaryotic protein 
kinase superfamily: Kinase (catalytic) domain structure and classifica-
tion. FASEB Journal, 9, 576–596.

Henche, A., Ghosh, A., Yu, X., Jeske, T., Egelman, E., & Albers, S. (2012). 
Structure and function of the adhesive type IV pilus of Sulfolobus acido-
caldarius. Environmental Microbiology, 14, 3188–3202.

Hottes, A. K., Meewan, M., Yang, D., Romero, P., Mcadams, H. H., Arana, 
N., & Stephens, C. (2004). Transcriptional profiling of Caulobacter 
crescentus during growth on complex and minimal media. Journal of 
Bacteriology, 186, 1448–1461.

Hünten, S., Kaller, M., Drepper, F., Oeljeklaus, S., Bonfert, T., Erhard, F., 
… Hermeking H. (2015). p53- Regulated Networks of Protein, mRNA, 
miRNA, and lncRNA Expression Revealed by Integrated Pulsed Stable 
Isotope Labeling With Amino Acids in Cell Culture (pSILAC) and Next 
Generation Sequencing (NGS) Analyses. Molecular & Cellular Proteomics: 
MCP, 14, 2609–2629.

Johnson, L. N., Lowe, E. D., Noble, M. E., & Owen, D. J. (1998). The struc-
tural basis for substrate recognition and control by protein kinases. 
FEBS Letters, 430, 1–11.

Kalantari, A., Derouiche, A., She, L., & Mijakovic, I. (2015). Serine/thre-
onine/tyrosine phosphorylation regulates DNA- binding of bacterial 
transcription regulators. Microbiology, 161, 1720–1729.

Kennelly, P. J. (2014). Protein Ser/Thr/Tyr phosphorylation in the archaea. 
Journal of Biological Chemistry, 289, 9480–9487.

Kobir, A., Shi, L., Boskovic, A., Grangeasse, C., Franjevic, D., & Mijakovic, 
I. (2011). Protein phosphorylation in bacterial signal transduction. 
Biochimica et Biophysica Acta, 1810, 989–994.

Koretke, K. K., Lupas, A. N., Warren, P. V., Rosenberg, M., & Brown, J. R. 
(2000). Evolution of two- component signal transduction. Molecular 
Biology and Evolution, 17, 1956–1970.

Lamb, J. R., Tugendreich, S., & Hieter, P. (1995). Tetratrico peptide repeat inter-
actions: To TPR or not to TPR? Trends in Biochemical Sciences, 20, 257–259.

Laronde, N. A. (2014). The Ancient Microbial RIO kinases. Journal of 
Biological Chemistry, 289, 9488–9492.

Laronde-LeBlanc, N., & Wlodawer, A. (2005a). A Family Portrait of the RIO 
kinases. Journal of Biological Chemistry, 280, 30–33.

LaRonde-LeBlanc, N., & Wlodawer, A. (2005b). The RIO kinases: An atyp-
ical protein kinase family required for ribosome biogenesis and cell 
cycle progression. Biochimica et Biophysica Acta, 1754, 14–24.

Lassak, K., Neiner, T., Ghosh, A., Klingl, A., Wirth, R., & Albers, S.-V. 
(2012). Molecular analysis of the crenarchaeal flagellum. Molecular 
Microbiology, 83, 110–124.

Lassak, K., Peeters, E., Wróbel, S., & Albers, S.-V. (2013). The one- 
component system ArnR: A membrane- bound activator of the crenar-
chaeal archaellum. Molecular Microbiology, 88, 125–139.

Leonard, C.J., Aravind, L., & Koonin, E. V. (1998). Novel Families of Putative 
Protein Kinases in Bacteria and Archaea : Evolution of the “Eukaryotic” 
Protein Kinase Superfamily. Genome Research, 8, 1038–1047.

Lower, B. H., Bischoff, K. M., & Kennelly, P. J. (2000). The archaeon 
Sulfolobus solfataricus contains a membrane- associated protein kinase 
activity that preferentially phosphorylates threonine residues in vitro. 
Journal of Bacteriology, 182, 3452–3459.



14 of 14  |     HOFFMANN et Al.

Lower, B. H., & Kennelly, P. J. (2002). The membrane- associated protein- 
serine/threonine kinase from Sulfolobus solfataricus is a glycoprotein. 
Journal of Bacteriology, 184, 2614–2619.

Lower, B. H., & Kennelly, P. J. (2003). Open Reading Frame sso2387 from the 
Archaeon Sulfolobus solfataricus Encodes a Polypeptide with Protein- 
Serine Kinase Activity. Journal of Bacteriology, 185, 3436–3445.

Lower, B. H., Potters, M. Ben, & Kennelly, P. J. (2004). A phosphoprotein 
from the archaeon Sulfolobus solfataricus with protein- serine/threonine 
kinase activity. Journal of Bacteriology, 186, 463–472.

Marchler-Bauer, A., Derbyshire, M. K., Gonzales, N. R., Lu, S., Chitsaz, F., 
Geer, L. Y., ... Bryant S.H. (2015). CDD: NCBI’s conserved domain data-
base. Nucleic Acids Research, 43, D222–D226.

Orell, A., Peeters, E., Vassen, V., Jachlewski, S., Schalles, S., Siebers, B., & 
Albers, S.-V. (2013). Lrs14 transcriptional regulators influence biofilm 
formation and cell motility of Crenarchaea. ISME Journal, 7, 1886–1898.

Pereira, S. F. F., Goss, L., & Dworkin, J. (2011). Eukaryote- Like Serine/
Threonine Kinases and Phosphatases in Bacteria. Microbiology and 
Molecular Biology Reviews, 75, 192–212.

Ponting, C. P., Aravind, L., Schultz, J., Bork, P., & Koonin, E. V. (1999). 
Eukaryotic Signalling Domain Homologues in Archaea and Bacteria. 
Ancient Ancestry and Horizontal Gene Transfer. Journal of Molecular 
Biology, 289, 729–745.

Ray, W., Potters, M., Haile, J., & Kennelly, P. (2015). Activation of SsoPK4, 
an Archaeal eIF2α Kinase Homolog, by Oxidized CoA. Proteomes, 3, 
89–116.

Reimann, J., Esser, D., Orell, A., Amman, F., Pham, T. K., & Noirel, J. (2013). 
Archaeal Signal Transduction : Impact of Protein Phosphatase Deletions 
on Cell Size, Motility and Energy Metabolism in Sulfolobus acidocaldar-
ius. Molecular & Cellular Proteomics: MCP, 12, 3908–3923.

Reimann, J., Lassak, K., Khadouma, S., Ettema, T. J. G., Yang, N., Driessen, A. 
J. M., … Albers S.-V. (2012). Regulation of archaella expression by the 
FHA and von Willebrand domain- containing proteins ArnA and ArnB in 
Sulfolobus acidocaldarius. Molecular Microbiology, 86, 24–36.

Rudolph, J., & Oesterhelt, D. (1996). Deletion analysis of the che operon 
in the archaeon Halobacterium salinarium. Journal of Molecular Biology, 
258, 548–554.

Rudolph, J., Tolliday, N., Schmitt, C., Schuster, S. C., & Oesterhelt, D. (1995). 
Phosphorylation in halobacterial signal transduction. EMBO Journal, 14, 
4249–4257.

Schilling, B., Rardin, M. J., MacLean, B. X., Zawadzka, A. M., Frewen, B. E., 
Cusack, M. P., … Gibson B.W. (2012). Platform- independent and label- 
free quantitation of proteomic data using MS1 extracted ion chromato-
grams in skyline: Application to protein acetylation and phosphoryla-
tion. Molecular & Cellular Proteomics: MCP, 11, 202–214.

Schlesner, M., Miller, A., Besir, H., Aivaliotis, M., Streif, J., Scheffer, B., … 
Oesterhelt D. (2012). The protein interaction network of a taxis signal 
transduction system in a halophilic archaeon. BMC Microbiology, 12, 
272.

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH Image to 
ImageJ: 25 years of image analysis. Nature Methods, 9, 671–675.

Schultz, J., Milpetz, F., Bork, P., & Ponting, C. P. (1998). SMART, a simple 
modular architecture research tool: Identification of signaling domains. 
Proceedings of the National Academy of Sciences U S A, 95, 5857–5864.

UniProt Consortium (2015). UniProt: A hub for protein information. Nucleic 
Acids Research, 43, D204–D212.

Wagner, M., van Wolferen, M., Wagner, A., Lassak, K., Meyer, B. H., 
Reimann, J., & Albers, S.-V. (2012). Versatile Genetic Tool Box for the 
Crenarchaeote Sulfolobus acidocaldarius. Frontiers in Microbiology, 3, 
1–12.

Wang, B., Yang, S., Zhang, L., & He, Z.-G. (2010). Archaeal eukaryote- 
like serine/threonine protein kinase interacts with and phosphory-
lates a forkhead- associated- domain- containing protein. Journal of 
Bacteriology, 192, 1956–1964.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the support-
ing information tab for this article.

How to cite this article: Hoffmann, L., Schummer, A., Reimann, J., 
Haurat, M. F., Wilson, A. J., Beeby, M., Warscheid, B. and Albers, 
S.-V. Expanding the archaellum regulatory network – the eukaryotic 
protein kinases ArnC and ArnD influence motility of Sulfolobus 
acidocaldarius. MicrobiologyOpen. 2017;6:e00414.  
https://doi.org/10.1002/mbo3.414

https://doi.org/10.1002/mbo3.414

