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Summary

Ectoine and hydroxyectoine are compatible solutes
widely synthesized by members of the Bacteria to
cope with high osmolarity surroundings. Inspection
of 557 archaeal genomes revealed that only 12 strains
affiliated with the Nitrosopumilus, Methanothrix or
Methanobacterium genera harbour ectoine/hydro-
xyectoine gene clusters. Phylogenetic considerations
suggest that these Archaea have acquired these
genes through horizontal gene transfer events. Using
the Thaumarchaeon ‘Candidatus Nitrosopumilus
maritimus’ as an example, we demonstrate that the
transcription of its ectABCD genes is osmotically
induced and functional since it leads to the produc-
tion of both ectoine and hydroxyectoine. The ectoine
synthase and the ectoine hydroxylase were biochemi-
cally characterized, and their properties resemble
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those of their counterparts from Bacteria. Transcrip-
tional analysis of osmotically stressed ‘Ca. N.
maritimus’ cells demonstrated that they possess an
ectoine/hydroxyectoine gene cluster (hyp-ectABCD-
mscS) different from those recognized previously
since it contains a gene for an MscS-type
mechanosensitive channel. Complementation experi-
ments with an Escherichia coli mutant lacking all
known mechanosensitive channel proteins demon-
strated that the (Nm)MscS protein is functional.
Hence, ‘Ca. N. maritimus’ cells cope with high salinity
not only through enhanced synthesis of osmostress-
protective ectoines but they already prepare them-
selves simultaneously for an eventually occurring
osmotic down-shock by enhancing the production of
a safety-valve (NmMscS).

Introduction

Microorganisms are masters of change. Their genetically
encoded and physiologically mediated adaptive
responses allow them to cope with nutrient limitations and
a multitude of cellular and environmentally imposed
stresses that otherwise would impair growth or threaten
their viability (Storz and Hengge-Aronis, 2000). Increases
in the external salinity or osmolarity are such types of
stress and are encountered by essentially all free-living
microorganisms (Csonka, 1989; Bremer and Kramer,
2000; Roesser and Mdller, 2001). They trigger the rapid
and passive outflow of water from the cell, thereby
causing a drop in vital turgor and an increase in molecular
crowding of the cytoplasm that in extreme cases causes
growth arrest or even death (Record et al., 1998; Wood,
2011). In the course of evolution, microorganisms have
developed two different, but not necessarily mutually
exclusive (Deole et al., 2013; Oren, 2013; Becker et al.,
2014; Youssef et al., 2014), mechanisms to counteract
high osmolarity-instigated water efflux, the so-called salt
in and the salt out strategies (Galinski and Triper, 1994;
Kempf and Bremer, 1998). Both are based on an active
raising by the bacterial cell of the osmotic potential of its
cytoplasm, thereby indirectly creating an osmotic driving
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force to promote water retention and re-entry (Csonka,
1989; Record etal., 1998; Bremer and Kramer, 2000;
Roesser and Miiller, 2001; Wood, 2011).

Microorganisms using the salt in strategy accumulate
molar concentrations of K* and CI- ions through transport
processes to balance the osmotic gradient across their
cytoplasmic membrane (Galinski and Triper, 1994; Oren,
2013). This is considered as an energetically favourable
strategy for microorganisms to adapt to persistent high-
salinity environments (Oren, 2011). However, it comes
with a penalty since the entire proteome had to be
adjusted in the course of evolution to sustained high ionic
strength in order to keep proteins soluble and functional
(Coquelle etal., 2010; Deole etal., 2013; Talon etal.,
2014). As a consequence, only a limited number of micro-
bial species use the salt in strategy since it also often
restricts the types of habitats that these microorganisms
can populate (Galinski and Triper, 1994; Oren, 2013).

Microorganisms that use the salt out strategy amass,
either through synthesis or uptake, a restricted set of
organic osmolytes, the compatible solutes (Csonka, 1989;
da Costa et al., 1998; Kempf and Bremer, 1998; Roesser
and Miller, 2001; Wood et al., 2001). This strategy affords
a flexible physiological response to both sustained high-
salinity surroundings and to osmotic changes in those
ecosystems where the salinity fluctuates more often
(Galinski and Truper, 1994; Bremer and Kramer, 2000).
Compatible solutes are operationally defined as small,
highly water-soluble organic osmolytes that are fully com-
pliant with cellular biochemistry and physiology (Brown,
1976; Bolen and Baskakov, 2001; Wood, 2011). Their
benign nature allows their accumulation to exceedingly
high intracellular levels without disturbing cellular physiol-
ogy and biochemistry. The accumulation of compatible
solutes occurs in a fashion that is correlated with the
degree of the osmotic stress imposed onto the microbial
cell (Kuhimann and Bremer, 2002; Saum and Miller,
2008; Brill et al., 2011; Hoffmann et al., 2013). Compatible
solutes used by members of the Bacteria are typically
uncharged or zwitterionic (Csonka, 1989; da Costa et al.,
1998; Kempf and Bremer, 1998; Kldhn and Hagemann,
2011). In contrast, members of the Archaea often produce
charged derivatives of these types of osmolytes and also
synthesize types of compatible solutes that are normally
not found in Bacteria (da Costa et al., 1998; Roesser and
Mdaller, 2001; Roberts, 2004; Mduller etal., 2005;
Empadinhas and da Costa, 2011).

Here, we focus on the tetrahydropyrimidine ectoine and
its derivative 5-hydroxyectoine (Galinski efal., 1985;
Inbar and Lapidot, 1988) (Fig. 1A), widely used compat-
ible solutes in the microbial world (Pastor et al., 2010;
Widderich et al., 2014a). High-osmolarity environments
trigger enhanced expression of the ectoine (ectABC) and
hydroxyectoine (ectD) biosynthetic genes (Louis and

Galinski, 1997; Prabhu et al., 2004; Garcia-Estepa et al.,
2006; Bursy et al., 2007), thereby leading to high-level
synthesis of these compounds under osmotically unfa-
vourable conditions (Kuhlmann and Bremer, 2002;
Calderon et al., 2004; Bursy et al., 2007; Salvador et al.,
2015). Genetic disruption of the ectoine biosynthetic
genes causes an osmotic-sensitive growth phenotype,
underscoring the physiological role of ectoines as effec-
tive microbial osmostress protectants (Canovas et al.,
1997; Kol et al., 2010).

Synthesis of ectoine progresses from the precursor
L-aspartate-B-semialdehyde, a central intermediate in
microbial amino acid metabolism and cell wall synthesis
(Lo etal, 2009; Stéveken etal., 2011). It comprises
the sequential activities of three enzymes: L-2,4-
diaminobutyrate transaminase (EctB; EC 2.6.1.76), L-2,4-
diaminobutyrate acetyltransferase (EctA; EC 2.3.1.178)
and ectoine synthase (EctC; EC 4.2.1.108) (Louis and
Galinski, 1997; Ono et al., 1999b) (Fig. 1A). A consider-
able number of ectoine producers also synthesize
an ectoine derivative, 5-hydroxyectoine, through a
stereospecific reaction that is catalysed by the ectoine
hydroxylase (EctD) (EC 1.14.11) (Bursy etal., 2007;
Hoppner et al., 2014; Widderich et al., 2014a,b) (Fig. 1A).
Hydroxyectoine exhibits stress-protective properties that
are partially different from and sometimes exceed those of
ectoine, in particular with respect to temperature and des-
iccation stress (Manzanera et al., 2002; Garcia-Estepa
et al.,, 2006; Bursy et al., 2008; Tanne et al., 2014).

A recent survey of bacterial and archaeal genome
sequences revealed that ectoine and hydroxyectoine
biosynthetic genes occur widely in Bacteria, are rarely
found in Archaea, and do not exist in Eukarya (Widderich
et al, 2014a). In a few isolated incidents, the presence of
ectoine/hydroxyectoine biosynthetic genes in Archaea
has been noted, e.g. in the context of the annotation of the
genome sequences of the Thaumarchaeon ‘Candidatus
Nitrosopumilus maritimus’ SCM1 (Walker et al., 2010) and
of the methanogen Methanobacterium formicicum BRM9
(Kelly et al., 2014). However, it is unclear whether these
genes are functional, whether the properties of the key
enzymes for ectoine/hydroxyectoine biosynthesis, the
ectoine synthase (EctC) and the ectoine hydroxylase
(EctD) (Fig. 1A) are different from those of their bacterial
counterparts, and whether the transcription of the
archaeal ect genes is increased in response to osmotic
stress as is observed in members of the Bacteria
(Kuhimann and Bremer, 2002; Calderon etal., 2004;
Bursy et al., 2007; Kuhlmann et al., 2008; Salvador et al.,
2015).

Here, we address these questions by interrogating
the rapidly expanding number of archaeal genome
sequences through bioinformatics to provide a compre-
hensive overview on the occurrence of ectoine/

© 2015 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 1227—1248
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Fig. 1. (A) Biochemical steps required for the biosynthesis of ectoine and 5-hydroxyectoine and (B) genetic organization of ectABC(D) gene
cluster and their flanking regions in archaeal genomes. In the marine group | thaumarchaeote SCGC AAA799-E16, no ectA gene was present;
however, this genome sequence was assembled by a metagenomic approach making it likely that this thaumarchaeote also possesses a fully

ectABCD gene cluster.

hydroxyectoine gene clusters in this domain of life. We
used the marine Thaumarchaeon ‘Ca. Nitrosopumilus
maritimus’ SCM1 (Kénneke et al., 2005; Walker et al.,
2010), the first cultured representative of the globally
abundant ammonia-oxidizing Archaea (AOA) (Stahl and
de la Torre, 2012; Offre et al., 2013; Bayer et al., 2015;
Gubry-Rangin et al., 2015), as a model system to study
ectoine/hydroxyectoine production in detail. We demon-
strate for the first time in any archaeon that its ectABCD
gene cluster is functionally expressed in response to high
salinity, and that the biochemical properties of key

enzymes (EctC, EctD) for the synthesis of ectoine and
hydroxyectoine resemble those of their bacterial counter-
parts. Most interestingly, we found that the ectABCD
genes of ‘Ca. N. maritimus’ SCM1 are not only osmotically
inducible but that they are also co-transcribed with a gene
that encodes a functional mechanosensitive channel of
the MscS family. These safety valves are ubiquitously
used by both Bacteria and Archaea to withstand rapid
osmotic downshifts (Kloda and Martinac, 2002; Booth and
Blount, 2012; Wilson et al., 2013; Booth, 2014). Hence,
the osmotically regulated ectABCD-mscS transcriptional

© 2015 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 1227—1248
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unit is a sophisticated genetic device that allows high-
salinity challenged ‘Ca. N. maritimus’ SCM1 cells to
sequentially cope with increases and decreases in the
external osmolarity of their marine and estuarine habitat.

Results

Assessing the distribution of ectoine/hydroxyectoine
biosynthetic genes in Bacteria and Archaea

To assess the occurrence and taxonomic distribution of
ectoine biosynthetic genes, we used the database of the
Joint Genome Institute (JGI) of the US Department of
Energy (http://jgi.doe.gov/) (Nordberg et al., 2013) and
the EctC protein from ‘Ca. Nitrosopumilus maritimus’
SCM1 (Walker et al., 2010) as the query sequence. While
the EctA (2,4-diaminobutyrate acetyltransferase) and
EctB (L-2,4-diaminobutyrate transaminase) enzymes
have counterparts in microbial biosynthetic pathways not
related to ectoine biosynthesis, EctC can be regarded as
a diagnostic enzyme for ectoine producers (Widderich
et al., 2014a). Of note is that a restricted number of micro-
organisms exists that possesses ectC-type genes but lack
the corresponding ectAB genes. The functional relevance
of these orphan EctC-type proteins for ectoine biosyn-
thesis is currently not fully understood (Kurz et al., 2010;
Widderich et al., 2014a).

At the time of the BLAST search (08.07.2015), 27.232
completed and partially completed genome sequences of
members of the Bacteria were represented in the JGI
microbial database and 557 genome sequences of
Archaea had been deposited. Among these 27.789 micro-
bial genome sequences, 1297 hits to EctC-type proteins
were found. After removing redundant entries of closely
related strains (e.g. there are 181 genomes of strain of
Vibrio cholerae represented that each possesses an ect
gene cluster), the curated data set comprised 723 EctC-
type proteins; 711 originate from Bacteria and only 12
were derived from Archaea. We note in this context
that a considerable number of EctC-type proteins are
misannotated in the database as L-mannose-6-phosphate
isomerases (despite the typical localization of the corre-
sponding genes within ectABC(D) gene clusters). Often,
they are also referred to as RmIC-type cupins, an error
that might originate from the bioinformatics assignment of
the EctC protein to the RmIC subgroup of the cupin super-
family (Dunwell et al., 2001). The RmIC enzyme patrtici-
pates in the L-rhamnose biosynthetic pathway, serves as
a carbohydrate epimerase (EC 5.1.3.13) (Dong etal,
2007), and therefore catalyses an enzymatic reaction
quite different from that of the ectoine synthase EctC (EC
4.2.1.108) (Ono et al., 1999b) (Fig. 1A).

We then focused our further analysis on the genome
sequences of those 12 Archaea that were identified by our
database analysis to harbour ectC-type genes (Fig. 1B). In

each of the corresponding genomes, the ectC gene is part
of either an ectABC operon, or is embedded in an ectgene
cluster that also comprises ectD. Eight members affiliated
with the genus Nitrosopumilus or with Marine Group l.1a
Thaumarchaeota (Pester et al., 2011) were represented
among the 12 ect-containing Archaea, and in each of these
gene clusters, a copy of the ectoine hydroxylase gene
(ectD) was also found (Fig. 1B). Two species of the
genus Methanothrix, Methanothrix harundinacea 6Ac and
Methanothrix concilii GP6 were represented, and two
strains of Methanobacterium were found as well. In the
genome sequence of these four methanogens, a full
ectABC gene cluster was present, but each of them lacked
the ectoine hydroxylase ectD gene (Fig. 1B), and such a
gene was also not present anywhere else in their genome.
The ectoine hydroxylase (EctD) is an oxygen-dependent
enzyme (Bursy etal, 2007; Hoéppner etal, 2014;
Widderich etal., 2014b). Since members of the
Methanothrix and Methanobacterium genera are all strict
anaerobes, the absence of ectD in the genomes of these
methanogens is readily understandable. On the other
hand, the presence of ectD genes in ‘Ca. N. maritimus’
SCM1, other members of the Nitrosopumilus genus and
related Marine Group | Thaumarchaeota (Fig. 1B) is con-
sistent with the lifestyle of these Archaea as oxygen-
dependent nitrifying microorganisms (Kénneke et al.,
2005; Pester et al., 2011; Stieglmeier et al., 2014).

‘Ca. N. maritimus’ SCM1 synthesizes both ectoine and
hydroxyectoine in response to osmotic stress

The presence of a particular gene cluster in a microbial
genome does not necessarily imply that it is also func-
tional. To study whether any of the detected archaeal ect
gene clusters were functionally expressed, we chose the
Thaumarchaeon ‘Ca. N. maritimus’ SCM1 as a model
system (Kbénneke etal., 2005; Walker etal., 2010).
‘Candidatus Nitrosopumilus maritimus’ SCM1 was origi-
nally isolated from a tropical fish tank of an aquarium in
Seattle (USA) and represents the first cultured ammo-
nium oxidizer within the domain Archaea (Kdénneke
etal, 2005). ‘Ca. N. maritimus’ SCM1 belongs to the
phylum Thaumarchaeota (Brochier-Armanet et al., 2008;
Stieglmeier etal,, 2014), which are among the most
abundant microorganisms on Earth. They are ubiquitous
in the Ocean (Stahl and de la Torre, 2012), found in
estuarine sediments (Zhang et al., 2015) and are also
ubiquitous in terrestrial habitats (Gubry-Rangin et al.,
2015). Being adapted to extreme oligotrophic conditions
(Martens-Habbena et al., 2009; Kdénneke et al., 2014),
ammonia-oxidizing Thaumarchaeota are the predomi-
nant nitrifyers in the ocean and contribute significantly to
the marine nitrogen cycle (Offre etal., 2013). The pre-
dicted EctABCD proteins of ‘Ca. N. maritimus’ SCM1

© 2015 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 1227—1248
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Fig. 2. Growth of ‘Ca. N. maritimus’ SCM1 in the presence of different NaCl concentrations, its production of ectoines and the expression of

its ect operon in response to different NaCl concentrations.

A. Growth of ‘Ca. N. maritimus’ SCM1 cells in the presence of 0 M (closed diamonds), 0.15 M (cross), 0.32 M (open triangles), 0.48 M (closed
triangles), 0.63 M (closed circles), 0.79 M (open squares), 0.94 M (closed diamonds) and 1.27 M (open diamonds) NaCl was monitored by
nitrite production. Optimal sodium chloride concentration (0.63 M; closed circles) and high salt concentration (0.94 M; closed diamonds) in the
growth medium of those cells used for the analysis of their ectoine and hydroxyectoine content are indicated by black arrowheads.

B. Intracellular ectoine and hydroxyectoine content per total amount of protein as assessed by HPLC measurements of ‘Ca. N. maritimus’
SCM1 cells grown under optimal and high salt concentrations. Changes in expression of the ‘Ca. N. maritimus’ SCM1 ectA and mscS genes
under (C) low, optimal and high salt concentrations and (D) after an osmotic shock as assessed by qRT-PCR are depicted. Relative

expression was determined using the amoA transcript as a reference.

exhibited a degree of amino acid sequence identity of
41%, 53%, 52% and 47% in comparison with the func-
tionally studied ectoine and hydroxyectoine biosynthetic
enzymes of Halomonas elongata (Ono etal., 1999b;
Widderich etal.,, 2014a), the natural microbial cell
factory for the industrial-scale production of ectoines
(Schwibbert et al., 2011; Kunte et al., 2014).

‘Ca. N. maritimus’ SCM1 can grow over a wide range
of salinities (Elling etal, 2015). To assess whether
it would synthesize both ectoine and hydroxyectoine
in response to salt stress, ‘Ca. N. maritimus’ SCM1 was
grown in a chemically defined medium containing
26 g I'' NaCl (0.63 M NaCl); this medium has a measured
osmolarity of 928 mOsm. To impose additional osmotic
stress on ‘Ca. N. maritimus’ SCM1 cells, we also grew
them in the same medium but with increased sodium
chloride (NaCl) concentration (48 g I') (0.94 M NaCl);
this medium had a measured osmolarity of 1.598 mOsm.
The increased salinity of the medium had a significant
negative impact on the growth of ‘Ca. N. maritimus’

SCM1 (Fig. 2A). Under both growth conditions, ectoine
and hydroxyectoine were detected by high-performance
liquid chromatography (HPLC) analysis, demonstrating
that the ectABCD gene cluster of ‘Ca. N. maritimus’
SCM1 was functional. Since ‘Ca. N. maritimus’ SCM 1
is a marine microorganism (Kénneke etal., 2005),
optimal growth conditions occur only at a substantial
osmolarity (26 g NaCl I"') (0.63 M NaCl). Hence, it was
not surprising that we already found ectoine and
hydroxyectoine in these cells; their total ectoine and
hydroxyectoine content were 0.32 umol mg protein™
and 0.19 umol mg protein~' respectively. These values
increased to 0.44 umol mg protein~' of ectoine and
0.67 umol mg protein~ of hydroxyectoine when the cells
were grown under heightened osmotic stress in a
medium with a sodium chloride concentration to 48 g I
(0.94 M NaCl). Consequently, the level of synthesis
of these compatible solutes by ‘Ca. N. maritimus’
SCM1 is responsive to increased osmotic stress
(Fig. 2B).

© 2015 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 1227—1248
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Biochemical properties of the ectoine synthase and
ectoine hydroxylase from ‘Ca. N. maritimus’ SCM1

EctC and EctD are the key enzymes for ectoine and
hydroxyectoine synthesis respectively (Fig. 1A) (Ono
et al., 1999b; Bursy et al., 2007; Widderich et al., 2014a).
We therefore wondered whether the biochemical proper-
ties of the EctC and EctD enzymes derived from Archaea
possess characteristics similar to their bacterial counter-
parts, or are different. Consequently, we assessed the
properties and kinetics of the EctC and EctD enzymes
from the ectoine/hydroxyectoine producer ‘Ca. N.
maritimus’ SCM1. To provide the substantial amounts of
proteins required for biochemical studies, we obtained
synthetic, codon-optimized versions of the ectC and ectD
genes from ‘Ca. N. maritimus’ SCM1 (Walker et al.,
2010) and inserted them into the pASG-IBA3 expression
vector (IBA GmbH, Géttingen, Germany) such that the
produced EctC and EctD proteins were attached at their
C-termini to a Strep-tag |l affinity peptide. We refer in the
following to these recombinant proteins as (Nm)EctC and
(Nm)EctD.

The (Nm)EctC and (Nm)EctD proteins were effectively
overproduced in E. coli BL21 and could be purified to a
high degree of homogeneity by affinity chromatography
on a Streptactin matrix (Fig. 3). Size exclusion chroma-
tography demonstrated that preparations of both
enzymes were essentially free of protein aggregates
(Fig. 3). The molecular masses of the (Nm)EctC- Strep-tag
Il and (Nm)EctD-Strep-tag |l proteins calculated from their
corresponding gene sequences are 15.9kDa and
35.8 kDa respectively. The two recombinant proteins
eluted from the size exclusion columns as species with a
calculated molecular mass of 31.9 kDa and 71.4 kDa,
respectively, indicating that both the (Nm)EctC and
(Nm)EctD enzymes are dimers in solution (Fig. 3). Such a
quaternary assembly has previously also been reported
for ectoine synthases (Ono et al., 1999a; Kobus et al.,
2015) and ectoine hydroxylases (Hoppner et al., 2014;
Widderich et al., 2014a) from members of the Bacteria.

We then determined a set of basic biochemical param-
eters for the (Nm)EctC and (Nm)EctD enzymes and sub-
sequently used these data to set up optimal enzyme
activity assays. The (Nm)EctC and (Nm)EctD enzymes
had similar temperature profiles with optima at 30°C and
35°C respectively (Fig. 4A). Both also possessed a similar
pH dependency with activity optima of 7.0 and 7.5, for the
(Nm)EctC and (Nm)EctD proteins respectively (Fig. 4B).
The activity of the ectoine hydroxylase from ‘Ca. N.
maritimus’ SCM1 was only slightly activated by increases
in ionic strength (elicited either through the addition of
NaCl or KCI to the enzyme assay buffer), whereas the
activity of the ectoine synthase was restricted to a narrow
concentration range of salts (Fig. 4C and D).

Using optimized enzyme assay conditions, we deter-
mined the kinetic parameters of the ectoine synthase and
of the ectoine hydroxylase using their natural substrates
N-y-L-2,4-acetyl-diaminobutyrate (Ono et al., 1999b) and
ectoine (Bursy etal., 2007; Widderich etal, 2014a)
respectively. Both enzymes showed Michaelis—Menten-
type kinetics. The apparent kinetic parameters for the
ectoine synthase were: K, =6.4+0.6 mM; Vma=12.8 £
0.4Umg™", ket=5.7 5", Kea! Kn=0.9 s mM~" (Fig. 5A).
Those for the ectoine hydroxylase were: Ky
(ectoine) =3.8+0.5mM; K, (2-oxoglutarate)=3.1+
0.6 MM; Vmax=1.820.1Umg", kea=1.05", ka/Kn=
0.3 s mM~' (Fig. 5B and C).

The basic biochemical features and kinetic parameters
of the ‘Ca. N. maritimus’ SCM1 ectoine hydroxylase are
very similar to those of a considerable number of previ-
ously characterized EctD proteins (eight enzymes in total)
from members of the Bacteria (Bursy et al., 2007; 2008;
Widderich et al., 2014a). However, this situation is some-
what different for the ectoine synthase, an enzyme for
which only two representatives have been kinetically
characterized in some detail so far, namely the enzymes
from H. elongata and Acidiphilium cryptum (Ono et al.,
1999a; Moritz et al., 2015). The ectoine synthase from H.
elongata is a highly salt tolerant enzyme (Ono etal.,
1999a), whereas both the EctC proteins from A. cryptum
JF-1 (Moritz et al, 2015) and Ca. N. maritimus’ SCM1
(Fig. 4C and D) are sensitive to high salt concentrations.
Moritz and colleagues (2015) suggested that these differ-
ent sensitivities of the EctC enzymes from H. elongata
and A. cryptum JF-1 against high salt concentrations
result from their different overall net-negative charge (cal-
culated isoelectric points: 4.87 and 6.03 for the EctC
proteins from H. elongata and A. cryptum respectively).
The calculated pl of the ‘Ca. N. maritimus’ SCM1 EctC
protein is 5.65, and hence closer to that of A. cryptum
JF-1; its salt-sensitive properties (Fig. 4C and D) is thus
consistent with the hypothesis put forward by Moritz and
colleagues (2015).

The amino acid sequences of key enzymes for
ectoine/hydroxyectoine biosynthesis in Archaea cluster
with their counterparts from Bacteria

The amino acid sequences of the 723 EctC-type proteins
retrieved from the above-described database analysis
were aligned and they exhibited, relative to the (Nm)EctC
protein, a degree of sequence identity ranging between
79% (EctC from the marine Groupe_|l Thaumarchaeota
SCGC_AAA799-E16) and 33% (EctC from Micrococcus
luteus). We then used this amino acid sequence align-
ment to construct a rooted tree of EctC-type proteins
using tools provided via the iTOL web server (Letunic and
Bork, 2011), in order to assess the taxonomic distribution
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of the 12 archaeal proteins and their affiliation with the
nearest bacterial orthologues (Fig. 6). Nineteen microbial
phyla were represented among those 723 microorgan-
isms that possess EctC-type proteins; 16 of these phyla
were derived from Bacteria, and three were derived from
Archaea. The few EctC orthologues from archaeal strains
cluster at three locations in the EctC-based phylogenetic
tree (Fig. 6) (a phylogenetic tree listing the names of the
EctC-possessing microorganisms is provided in Fig. S1),

suggesting that the corresponding ect genes were most
likely obtained by lateral gene transfer events from
bacterial donor strains harbouring closely related
orthologues.

In the eight members of the Thaumarchaeota possess-
ing ect gene clusters, all EctC orthologues form a
monophyletic clade by themselves. EctC proteins of
mostly Halomonas species and related genera of the
Halomonadaceae, which are affiliated with the
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Gammaproteobacteria, represent the most similar adja-
cent clade. Because all microorganisms from these two
clades populate marine habitats, lateral transfer of the ect
genes from a member of the Halomonadaceae to an
ancestral strain of the genus Nitrosopumilus is plausible.
The presence of some EctC sequences from marine
Alphaproteobacteria  (e.g. genera  Nesiotobacter,
Zhangella or Marinitalea) within the Halomonadaceae
clade suggests that lateral gene transfer events have still
been ongoing after the ect genes were transferred to an
ancestor of Nitrosopumilus. The acquisition of ectoine/
hydroxyectoine biosynthetic genes in the indicated strains
by a lateral gene transfer event(s) is further supported by
the fact that none of the AOA [Nitrosopumilus sediminis
AR2, Nitrosopumilus salaria BD31, Nitrosopumilus
koreensis MY1, Nitrosoarchaeum limnia (strains SFB1
and BG20), Nitrosotenuis uzonensis N4, Nitrosophera
gargensis and Nitrosocaldus sp.] contain ectoine/
hydroxyectoine biosynthetic genes.

The other two clades of archaeal EctC orthologues are
present in some members of the methanogenic genera
Methanothrix and Methanobacterium, respectively, but
they are not found in all sequenced strains of these
genera. In case of Methanothrix, the closest relatives
are from the strictly anaerobic sulfate-reducing
deltaproteobacterial genus Desulfarculus and the aerobic
alphaproteobacterial genus Sneathiella, and they form a
common clade. Although very diverse in their taxonomy,
all these strains were isolated from freshwater sediments
or wastewater treatment plants, creating ample opportu-
nity for lateral gene transfer. From the large phylogenetic
distance between Nitrosopumilus and Methanothrix, it is
clear that the respective gene transfer events must have
happened independently. Among the seven genome-

sequenced species of the genus Methanobacterium, ect
genes appear only to be present in the species M.
formicicum. The respective EctC sequences form a
common cluster with EctC orthologues from terrestrial and
marine Bacillaceae, but also some Betaproteobacteria
and Gammaproteobacteria. Therefore, it may be inferred
that the ect genes in M. formicicum have been acquired
by a very recent lateral transfer from one of the bacterial
species with closely related ectABC sequences.

Since it is highly likely that the ect gene clusters present
in members of the Archaea (Fig. 1B) were acquired via
lateral gene transfer events, we attempted to identify
possible bacterial donors by using the corresponding
amino acid sequences of the ectoine/hydroxyectoine
biosynthetic enzymes as query sequences in a BLASTP
search of microbial genomes (Nordberg et al., 2013) and
then recording the top 10 hits. As documented in
Table S1 as the results for this type of analysis for
the Thaumarchaeota ‘Ca. N. maritimus’ SCM1, ‘Ca.
Nitrosopumilus’ sp. SJ, ‘Ca. Nitrosopumilus koreensis’
AR1 and ‘Ca. Nitrosolumilus’ sp. AR2, no clear pattern
emerged that would allow to precisely pinpoint possible
bacterial donor species for the archaeal ect gene clusters.

Taken together, our phylogenetic assessment of EctC-
type proteins is consistent with our biochemical and
kinetic studies of the ‘Ca. N. maritimus’ SCM1 ectoine
synthase (Figs 4 and 5) that ascribe bacterial-like proper-
ties to this archaeal protein. In analysing the rooted
phylogenetic tree of EctC-type proteins, we noted that all
orphan EctC-like proteins (Kurz et al., 2010; Widderich
et al., 2014a) cluster together and form a distinct branch
close to the root of the tree (Fig. 6). Among the 723
EctC-type proteins analysed, 24 belong to this group, and
none was from an archaeon. The taxonomic affiliation
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Fig. 5. Kinetic parameters of the (A) EctC for its substrate
N»ADABA and of the ectoine hydroxylase EctD for its substrate
ectoine (B) and its co-substrate 2-oxoglutarate (C).

harbouring these orphan ectC genes is rather diverse
(Fig. 6).

A novel transcriptional organization of the ect gene
cluster in ‘Ca. N. maritimus’ SCM1

Inspection of the organization of the ectABCD gene cluster
of ‘Ca. N. maritimus’ SCM1 and those of other members of

this genus (Fig. 1B) revealed a conserved genetic arrange-
ment that is also found in many members of the Bacteria
(Widderich et al., 2014a). The distance between the ectA
and ectB genes is three bp, three bp between ectB and
ectC, and the ectC and ectD coding regions overlap by two
bp. These observations suggest that the ectABCD gene
cluster of ‘Ca. N. maritimus’ SCM1 is transcribed as part of
an operon. While the genetic organization of the 3’ region
of the ectgenes is variable (Fig. 1B), they are all preceded
in the Nitrosopumilus species and other marine
Thaumarchaeota by an open reading frame (hyp) which
codes for a hypothetical protein (Hyp; 125 amino acids) of
unknown function. The coding region of the hyp gene and
ectA in ‘Ca. N. maritimus’ SCM1 overlaps by three bp,
suggesting that the hyp gene is co-transcribed with the
ectABCD gene cluster (Fig. 1B). As a specialty among
members the genus Nitrosopumilus and other marine
Thaumarchaea containing ect genes, the ectABCD genes
of ‘Ca. N. maritimus’ SCM1 are followed by an open
reading frame (Fig. 1B) that was originally annotated to
code for a protein of unknown function (Walker et al.,
2010). Our renewed database searches identified this
protein as a member of the MscS family (see below),
mechanosensitive channels that serve as safety valves
against the cell-disrupting consequences of severe
osmotic downshifts (Levina et al., 1999). They are ubiqui-
tously found in both Bacteria and Archaea (Kloda and
Martinac, 2002; Booth and Blount, 2012; Naismith and
Booth, 2012; Wilson et al., 2013; Booth, 2014; Booth et al.,
2015). We refer to this protein in the following as the
(Nm)MscS channel. The distance between the end of the
ectD gene and the start of the mscS gene is 25 bp
(Fig. 1B), suggesting that the mscS gene might be
co-transcribed with the ectABCD gene cluster as well.
Overall, the tight physical organization of the hyp-
ectABCD-mscS gene cluster (Gene IDs: Nmar_1347,
Nmar_1346, Nmar_1345, Nmar_1344, Nmar_1343,
Nmar_1342) suggests that these genes are transcribed as
an operon.

To test for a possible co-transcription of the hyp-
ectABCD-mscS genes (Fig. 7A), we carried out an reverse
transcription polymerase chain reaction (RT-PCR) analy-
sis using RNA samples that were isolated from cells of ‘Ca.
N. maritimus’ SCM1 that had been grown under increased
osmotic stress conditions (48 g NaCl I"' which corre-
sponds to 0.94 M NaCl) (Fig. 2A). The data presented in
Fig. 7B demonstrate that the hyp-ectABCD-mscS gene
cluster is indeed expressed as a transcriptional unit.
Co-transcription of ectoine/hydroxyectoine biosynthetic
genes (Widderich etal, 2014a) has been routinely
observed in members of the Bacteria (Kuhimann and
Bremer, 2002; Bursy et al., 2007; Kuhlmann et al., 2008).
However, there is no report where they are co-transcribed
with a gene for a mechanosensitive channel.
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Fig. 6. Phylogenetic analysis of EctC-type proteins. Based on an amino acid sequence alignment of 723 EctC-type proteins, a rooted
phylogenetic tree was constructed with the ITOL program (Letunic and Bork, 2011). The different phyla are marked by different colours and, for
simplicity, the names of the ectC-possessing microorganisms were left out. An expanded version of the tree containing the names of the
microorganisms predicted to produce the EctC protein is given in Fig. S1. The three regions in the phylogenetic tree populated by archaeal
EctC proteins are highlighted by red arrowheads. An enlarged section of the phylogenetic tree representing the archaeal EctC proteins and
their nearest bacterial orthologues are shown in A to C. The position of those 24 EctC-type proteins that originate from bacteria that lack
identifiable ectAB genes are marked above the phylogenetic tree by a black bar.

The eight ect gene clusters present in Thaumarchaeota
are all preceded by a gene (hyp) (Fig. 1B) that encodes a
protein (125 amino acids) of unknown function. These
Hyp proteins possess a degree of amino acid sequence
identity ranging between 82% to 31%, and such proteins
were found through database searches also in the
Thaumarchaeota MY2 and N4, both of which do not
possess ect genes. The Hyp proteins show no significant
sequence similarity to annotated proteins in databases,
and we can thus neither speculate about their potential
function, nor can we comment on the obvious question
why the hyp gene is co-transcribed with the ect gene
cluster in various Thaumarchaeota (Fig. 7).

Expression of the ect genes in Bacteria is typically
induced when the cells are exposed either to sustained or
suddenly imposed osmotic stress (Kuhlmann and Bremer,

2002; Calderon et al., 2004; Bursy et al., 2007; Kuhlmann
et al., 2008; Salvador et al., 2015). We therefore won-
dered whether this was also the case in the archaeon ‘Ca.
N. maritimus’ SCM 1. We therefore isolated total RNA
from cells that had been grown under low, optimal and
high salt conditions (Fig. 2A) (13, 25 and 39 g NaCl I,
respectively) and assed the transcript levels of a gene
positioned either early (ectA) or late (mscS) in the hyp-
ectABCD-mscS poly-cistronic messenger (m)RNA via
g-RT-PCR. The cells of the cultures grown under different
salt-stress conditions were all harvested when they were
in the same growth phase to exclude possible effects of
this parameter on the quantitative RT-PCR data. We used
the transcript of the amoA gene (Gene ID: Nmar_1500) of
‘Ca. N. maritimus’ SCM 1, as a reference (Nakagawa and
Stahl, 2013) to benchmark the ectA and mscS transcript

© 2015 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 1227—1248



Ectoine and hydroxyectoine biosynthesis in Archaea 1237

A
elF_hyp hyp_ectA ectAB ectBD ectD_mscS  elF_hyp
518bp 401 bp 618 bp 606 bp 574 bp 548 bp
‘3’1: m ectd ectB m ectD mscS ﬁilEl
B
elF_hyp hyp_ectA ectAB ectBD ectD_mscS elF_hyp
bp M + - + - . + - + - + 3
1031
900
800
700
600
500
400
300
200
100

Fig. 7. Analysis of the co-transcription of the hyp-ectABCD-mscS gene cluster from ‘Ca. N. maritimus’ SCM1 by RT-PCR.
A. Genetic organization of the hyp-ectABCD-mscS gene cluster and predictions of the size of the PCR fragments made under the assumption

that a given set of genes is co-transcribed.

B. Analysis of the sizes of the DNA fragments generated in the RT-PCR experiment by agarose gel electrophoresis. The symbol ‘+’ indicates
those samples reacted with reverse transcriptase, and the symbol -’ denotes samples prepared in its absence to ensure that the observed
PCR products did not result from DNA contaminations of the RNA samples.

levels. Indeed, the amoA transcript turned out to be a
suitable reference marker for salt-stressed and non-
stressed cells since the level of its mMRNA did not vary
significantly under the above-described growth conditions
(Fig. 2C). In contrast, the level of the ectA and of the
mscS transcripts was strongly upregulated from an
already substantial level in response to salt stress; by
5.7-fold and 5.1-fold respectively (Fig.2C). An even
greater enhanced induction of the ectA and mscS tran-
script levels was observed when ‘Ca. N. maritimus’ SCM1
cells that had been grown under optimal salt conditions
(Fig. 2A) (26 g NaCl I'") were subjected to a severe
osmotic upshift (by adding 23 g NaCl I to the culture).
This severe salt shock triggered a 52-fold and 76-fold
increase in the ectA and mscS transcripts from their levels
in cells grown under optimal salt conditions (Fig. 2D).
Hence, both chronic and acute salt stresses are important
environmental cues leading to strongly enhanced tran-
scription of the hyp-ectABCD-mscS operon.

(Nm)MscS is a functional mechanosensitive channel

Since there is no report in the literature describing the
co-transcription of an ect gene cluster with a gene encod-
ing a mechanosensitive channel, we wondered whether
the (Nm)MscS channel was functional. To study the func-
tionality of the (Nm)MscS channel, we used a genetic

complementation experiment (Levina et al., 1999) with an
E. coli mutant strain (MJF641) (also referred to as the A7
strain) that lacks all currently know MscM-, MscS- and
MscL-type mechanosensitive channels (Edwards et al.,
2012). We obtained a synthetic version of the ‘Ca. N.
maritimus’ SCM 1 mscS gene that had been optimized for
its expression in E. coli and placed it under the transcrip-
tional control of the lac promoter present on plasmid
pTrc99a (Amann et al., 1988), thereby yielding plasmid
pLC18. We then used a test developed by Levina and
colleagues (1999) to assess the functionality of
mechanosensitive channels in vivo. It relies on a rapid
down-shock of high osmolarity grown cells lacking or
expressing channel-forming proteins and then monitoring
cell viability (Levina etal., 1999). The parent (strain
Frag1) of the A7 mutant-strain carrying the vector plasmid
pTrc99a survived such an osmotic downshift essentially
unscathed, whereas only 12.9% (+5%) of the cells of the
A7 mutant-strain MJF641 (pTrc99a) survived such a treat-
ment. In contrast, when MJF641 (pLC18; mscS*) was
subjected to such an osmotic down-shock, the (Nm)MscS
protein rescued cellular survival to a large extent
(62% = 5% surviving cells) (Fig. 8A). This experiment
therefore unambiguously demonstrates that the gene fol-
lowing the ectABCD gene cluster (Figs 1B and 7A) in the
‘Ca. N. maritimus’ SCM1 genome (Walker et al., 2010)
encodes a functional mechanosensitive channel.

© 2015 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 1227—1248



1238 N. Widderich et al.

A

1004

804
™
>
S 60,
5
(V5]
S 40

204

0
e * £
\g & &
& ® &
B
T™1-2
w & T™M3A
0
T™3B—> 0¥
S o p domain

pstrand

P

In silico analysis of the (Nm)MscS
mechanosensitive channel

Mechanosensitive channels acting as safety valves
against osmotic downshifts can be grouped into three
types (MscM, MscS, MscL) and provide the microbial cell
with a graded stress response to an osmotic challenge
through their different threshold levels of opening and
their different diameters of the fully open channels
(Haswell et al.,, 2011; Booth and Blount, 2012; Edwards
et al., 2012; Booth, 2014). A database search identified
the ‘Ca. N. maritimus’ SCM1 protein as a member of the
MscS family with an overall level of amino acid sequence
identity to the E. coli MscS protein (Levina et al., 1999) of
about 12%. However, in comparison to the E. coli protein,
(Nm)MscS lacks about 100 amino acids at its carboxy-
terminus (Fig. S2). When this is taken into consideration,
and a stretch of badly aligning 20 amino acids from the
N-terminus are removed as well from the comparison of
the two proteins, the degree of amino acid sequence
identity increases to about 16%. Consistent with this
amino acid sequence alignment, the SwISS MODEL server
(http://swissmodel. Expacy.org/) (Biasini etal., 2014)
automatically chose a monomer of the homo-heptamertic

Fig. 8. Functional assessment of the
(Nm)MscS protein and in silico prediction of
its structure.

A. Cells of the E. coli strain MJF641 which is
defective in all currently known MscL-, MscS-
and MscM-type channels (also referred to as
A7 mutant) (Edwards et al., 2012) and its
parent strain Frag1 carrying the empty vector
plasmid pTrc99a (Amann et al., 1988) were
grown in high-salinity minimal medium (with
0.3 M NaCl) and were then subjected to a
rapid osmotic downshift (minimal medium
without additional NaCl) (Levina et al., 1999).
The same procedure was used with strain
MJF641 harbouring a plasmid (pLC18) that
contains the ‘Ca. N. maritimus’ SCM1 mscS*
gene expressed under the control of the lac
promoter present on pTrc99a. The number of
cells surviving such rapid osmotic downshifts
was determined by spotting them on LB agar
plates. The data shown represent the mean
and standard deviation of four independently
conducted experiments.

B. Crystal structure of a monomer of the E.
coli MscS protein (left) from the open E. coli
MscS heptameric channel assembly (protein
database accession code: 2VV5) (Wang

et al., 2008) was automatically chosen by the
SWISS-MODEL web server (Biasini et al., 2014)
as the template to generate an in silico model
(middle) of the (Nm)MscS protein. The PYMoL
suite (https://www.pymol.org/) was used to
visualize these structures and overlay them
with each other (right).

— Membrane

— Cytoplasm

E. coli MscS channel in its ‘open’ form (PDB entry 2VV5)
(Wang et al., 2008) as its modelling template (Fig. 8B).
Like its E. coli MscS counterpart (Bass et al., 2002; Wang
et al., 2008), the (Nm)MscS protein is predicted to contain
three membrane-spanning segments and a carboxy-
terminus that protrudes into the cytoplasm (Fig. 8B).
Inspection of the (Nm)MscS in silico model revealed an
important difference with respect to the E. coli MscS
protein, as the cytoplasmic af-domain and an adjacent
B-sheet is missing (Fig. 8B).

Interestingly, a protein similar to that of (Nm)MscS
(Fig. S2) is encoded in the genome of ‘Ca.
Nitrosopumilus’ sp. AR2. However, in contrast to the situ-
ation in ‘Ca. N. maritimus’ SCM1, the putative mscS gene
is transcribed divergently from the hyp-ectABCD gene
cluster (Fig. 1B). Of note is also that the genome
sequence of ‘Ca. N. maritimus’ SCM1 (Walker et al.,
2010) encodes in addition to the (Nm)MscS protein (gene
ID: Nmar_1342), four other MscS-encoding genes (gene
ID: Nmar_1337. Nmar_1773, Nmar_1335, Nmar_0971).
These MscS-type proteins vary considerably with respect
to the length of their carboxy-termini. ‘Ca. Nitrosopumilus
maritimus’ SCM1 does not possess a gene for an MscL-
type channel.
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We also inspected the genome sequences of all other
archaeal strains that possess ect gene clusters for the
presence of mscS and mscL-type genes. Each of these
microorganisms possesses multiple numbers (between
one and four) of mscS-type genes but only M.
harundinacea 6Ac and Methanotrix concilii GP-6 possess
mscL-type genes as well (Table S2). Hence, MscS-type
mechanosensitive channels (Levina et al., 1999; Wang
et al., 2008) seem to be the preferred device to physi-
ologically cope with rapid osmotic downshifts by those
Archaea whose genome sequences we have inspected.

Discussion

Ectoine and its derivative 5-hydroxyectoine are well-
recognized compatible solutes that are synthesized, or
taken up, in response to osmotic stress by many micro-
organisms (Pastor et al., 2010; Widderich et al., 2014a).
Their biophysical properties allow them not only to serve
as effective stress protectants but also to function as
chemical chaperones as they are able to preserve the
functionality of proteins, macromolecular complexes,
membranes and even entire cells (Lippert and Galinski,
1992; Manzanera et al., 2002; Harishchandra et al., 2010;
Pastor et al., 2010; Kunte et al., 2014; Tanne et al., 2014).
Our updated database search identified the signature
enzyme for ectoine production, the ectoine synthase (Ono
et al., 1999b; Widderich et al., 2014a), in about 4.7% of
27.789 microbial genome sequences deposited in the JGI
database at the time of the search. Predicted ectoine
producers are found in 19 microbial phyla. Only three of
these represent Archaea, and only 12 archaeal strains
belonging to the genera Nitrosopumilus, Methanothrix
and Methanobacterium are predicted to engage in ectoine
synthesis among the 557 Archaea with deposited genome
sequences. This data set therefore reinforces our previ-
ous conclusion that ectoine is a compatible solute primar-
ily synthesized by members of the Bacteria (Widderich
etal.,, 2014a).

It is notable that among the 12 archaeal strains pos-
sessing ectoine biosynthetic genes, eight are affiliated
with the genus Nitrosopumilus. We therefore used ‘Ca. N.
maritimus’ SCM1 (Kénneke et al., 2005; Walker et al.,
2010) as a model system to study ectoine/hydroxyectoine
synthesis and the genetic control of its ect gene cluster in
this physiologically well-characterized and globally abun-
dant member of the domain Archaea (Stahl and de la
Torre, 2012; Offre et al., 2013). Both the transcription of
the ectoine/hydroxyectoine biosynthetic genes and the
production of these compatible solutes in ‘Ca. N.
maritimus’ SCM1 are responsive to osmotic stress
(Fig. 2), thereby strongly suggesting that ectoines serve
an osmostress-protective function in this Thaumar-
chaeon, as firmly established in many members of the

Bacteria (Pastor et al., 2010; Kunte etal., 2014). We
surmise that the data presented here on these issues for
‘Ca. N. maritimus’ SCM1 are relevant for an understand-
ing of the physiology and genetics of the production of
these compatible solutes by other strains and species of
the Thaumarchaeota, and we suggest that is also true for
those species of the methanogens Methanothrix and
Methanobacterium carrying ectoine biosynthetic genes
(Fig. 1B).

A phylogenetic tree derived from an amino acid
sequence alignment of 723 unique EctC-type proteins
revealed that the 12 archaeal EctC orthologues cluster in
three separate locations among their bacterial counter-
parts (Figs 6 and S1). These data strongly suggest that
the Archaea harbouring ectABC(D) gene clusters have
acquired them via horizontal gene transfer events from
bacterial donor strains living in the same habitats. This
suggestion is also consistent with our finding that the key
enzymes for ectoine biosynthesis, the ectoine synthase
(EctC) and the ectoine hydroxylase (EctD) from ‘Ca. N.
maritimus’ SCM1 possessed biochemical and kinetic
properties (Figs 4 and 5) resembling those of their bacte-
rial counterparts (Ono et al., 1999b; Bursy et al., 2007;
2008; Widderich et al., 2014a; Moritz et al., 2015). Since
the 12 EctC proteins derived from Archaea are found in
three different locations in the ectoine synthase-based
phylogenetic tree (Figs 6 and S1), it seems likely that the
ectABC(D) genes were introduced into members of
the genera Nitrosopumilus, Methanothrix and Methano-
bacterium by separate events. However, by comparing
the amino acid sequences of the archaeal ectoine/
hydroxyectoine biosynthetic enzymes to their nearest
orthologues from Bacteria (Table S1), we were unable to
derive at a consistent picture of the potential donor
Bacteria.

It is well known that horizontal gene transfer is an
important driver of microbial evolution helping microor-
ganisms to rapidly obtain new metabolic capabilities and
develop new stress management skills so that they can
better cope with the situation in their original habitat, or
explore new ecosystems (Ochman et al., 2000; Soucy
et al,, 2015). This process shaped the gene content of
archaeal genomes in a major way (Nelson-Sathi et al.,
2015). For instance, it was concluded from a
metagenomic analysis of deep Mediterranean waters that
about 24% of the genes derived from planktonic
Thaumarchaeota were of bacterial origin (Deschamps
etal., 2014).

While this paper was under review, the genome
sequences of two novel Nitrosopumilus strains originating
from coastal surface waters of the Northern Adriatic Sea
became available. We found that neither ‘Ca.
Nitrosopumilus piranensis’ D3C, nor ‘Ca. Nitrosopumilus
adriaticus’ NF 5 (Bayer etal.,, 2015) possess ectoine
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biosynthetic genes. Remarkably, based upon a 16 S-23S
rRNA tree derived from cultivated Thaumarchaeota with
sequenced genomes, ‘Ca. Nitrosopumilus piranensis’
D3C, is the closest relative of ‘Ca. N. maritimus’ SCM1
and ‘Ca. Nitrosopumilus koreensis’ AR1 (Bayer et al.,
2015), both of which possess ectoine/hydroxyectoine
biosynthetic gene clusters (Fig. 1B). Hence, it seems
likely that the possession, or lack, of ectoine/
hydroxyectoine biosynthetic genes among the AOA
reflects specific ecological niche adaptive evolutionary
processes (Blainey etal, 2011; Gubry-Rangin etal,
2015).

No genetic system is currently available for ‘Ca. N.
maritimus’ SCM1 (Walker et al., 2010) that would allow
the construction of a mutant derivative lacking the
ectABCD gene cluster. However, the isolation of a taxo-
nomically very close relative, ‘Ca. Nitrosopumilus
piranensis’ D3C, that lacks these genes naturally (Bayer
etal., 2015) provides the opportunity to compare the
physiology and growth properties of these two
Thaumarchaeota to reveal possible benefits of ectoine/
hydroxyectoine production.

The function-preserving features of ectoines have trig-
gered considerable biotechnological interest and led to
the development of an industrial scale production process
that relies on a severe osmotic down-shock to release
newly synthesized ectoines from microbial producer cells
(Schwibbert etal., 2011; Kunte etal, 2014). This
so-called bacterial milking procedure builds on an evolu-
tionarily conserved cellular emergency stress reaction to
sudden osmotic down-shocks that relies on the transient
opening of MscM-, MscS- and MscL-type mecha-
nosensitive channels to prevent cell rupture (Booth,
2014). These types of safety valves have a deep evolu-
tionary origin and are found both in Archaea and Bacteria
(Kloda and Martinac, 2002; Pivetti et al., 2003).

Most interestingly, we discovered that the ectABCD
gene cluster of ‘Ca. N. maritimus’ SCM1 is co-transcribed
with the gene for an MscS-type mechanosensitive
channel (hyp-ectABCD-mscS) (Fig. 7). While nothing can
currently be concluded about the role of the hyp gene
product, the mscS-encoded mechanosensitive channel is
functional (Fig. 8A). A genetic configuration that entails
the co-transcription of a mscS gene along with the
ectABC(D) operon has not been described before in any
ectoine/hydroxyectoine-producing microorganism. The
hyp-ectABCD-mscS operon seems to be a rather sophis-
ticated genetic device to counteract the detrimental
effects of osmotic fluctuations on cell physiology. The
osmotic induction of its transcription allows ‘Ca. N.
maritimus’ SCM1 to cope with increased salinity through
enhanced production of the osmostress protectants
ectoine and hydroxyectoine. At the same time, it prepares
the high osmolarity stressed cells for an osmotic down-

shift that eventually will occur in narrow transition zones
from marine to estuarine ecosystems through enhanced
preemptive synthesis of the (Nm)MscS (Santoro et al.,
2008) mechanosensitive channel. We are aware that in
the hyperthermophilic Creanarchaeon Thermoproteus
fenax, an mscS-type gene is co-transcribed with enzymes
required for the synthesis of the compatible solute treha-
lose (Zaparty etal., 2013). However, in contrast to the
biological data we provide here for the (Nm)MscS protein
(Fig. 8A), the functionality of the Msc protein from T. tenax
has not yet been experimentally assessed.

Both the MscS and the MscL mechanosensitive chan-
nels are widely considered as non-specific pores when
they are fully opened and they have calculated pore diam-
eters of about 13 A and 30 A respectively (Cruickshank
etal, 1997; Wang et al.,, 2008). However, the fact that
both in ‘Ca. N. maritimus’ SCM1 and in T. tenax, mscS-
type genes are co-expressed with genes encoding
enzymes for the synthesis of the compatible solutes
ectoine/hydroxyectoine and trehalose, respectively, raises
the question if the (Nm)MscS and (Tf)MscS channels are
not endowed with a certain degree of substrate specificity.
It is of interest to consider in this context the proper-
ties of the MscCG mechanosensitive channel of
Corynebacterium glutamicum. Like (Nm)MscS, MscCG is
a MscS-type channel and participates in the osmotic
stress response of C. glutamicum (Bérngen et al., 2010).
However, it also serves as an export channel for
glutamate in vivo (Nakamura et al., 2007; Becker and
Kramer, 2015). Despite these latter observations,
electrophysiological studies did not suggest that the
MscCG channel possesses substrate specificity for
glutamate (Becker et al., 2013; Nakayama et al., 2013).

Most members of the diverse MscS family are structur-
ally built on a common core architecture in which the
monomer possesses three trans-membrane-spanning
segments. The membrane-embedded helix one and two
form the sensor for membrane tension and part of the
broken helix 3 lines the pore of the heptameric channel
assembly (Bass et al., 2002; Wang et al., 2008; Naismith
and Booth, 2012) (Fig. 8B). This latter helix provides a
structural link between the pore domain and the carboxy-
terminal part of the MscS monomer that forms an
extended funnel-like vestibule inside the cytoplasm in the
fully assembled heptameric MscS channel. Solutes and
solvents must pass on their way out of the cell through this
structurally complex vestibule when the channel opens
(Bass et al., 2002; Wang et al., 2008; Naismith and Booth,
2012; Wilson et al., 2013; Booth et al.,, 2015). Through
conformational changes, the cytoplasmic cage probably
plays an important role for the opening and closing reac-
tions of the MscS channel as a whole. It might also serve
as a sensor for increases in macromolecular crowding of
the cytoplasm (Rowe etal, 2014), a process that is
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strongly influenced by osmotically instigated water fluxes
in or out of the cell (Wood, 2011).

We therefore note with considerable interest that
(Nm)MscS protein lacks, in comparison with the E. coli
MscS protein (Bass et al.,, 2002; Wang et al., 2008), a
large part of the carboxy-terminus (Fig. S2). This should
lead to a structurally rather different make-up of the cyto-
plasmic portion of the (Nm)MscS channel (Fig. 8B).
Mechanosensitive channels open in response to
increased tension in the plain of the lipid bilayer of the
cytoplasmic membrane that results from an increase in
turgor (Naismith and Booth, 2012; Booth, 2014). These
types of proteins therefore have to closely interact with
lipids to perform their physiological function. The types of
lipids that are present in the Thaumarchaeon ‘Ca. N.
maritimus’” SCM1 are very different from those of E. coli
(Elling etal., 2014), yet the (Nm)MscS protein is physi-
ological active in the surrogate E. colihost strain (Fig. 8A).
Based on the discussed properties of the (Nm)MscS
protein, it might be well worthwhile to study its
electrophysiological properties, gating behaviour and
potential substrate specificity in its own right.

Experimental procedures

Chemicals and synthesis of the substrate of the
ectoine synthase

Ectoine and hydroxyectoine were kind gifts from Dr Irina
Bagyan (bitop AG, Witten, Germany). Anhydrotetracycline,
desthiobiotine and the strepavidin affinity matrix for the puri-
fication of Strep-tag ll-labelled protein were purchased from
IBA GmbH (Géttingen, Germany). Alkaline hydrolysis of
ectoine was performed as reported previously (Kunte
etal, 1993) to obtain the substrate, N-yacetyl-L-2,4-
diaminobutyrate (N-»ADABA), for the EctC (Peters et al.,
1990; Ono et al., 1999b). All chemicals required for this syn-
thetic process were purchased from Sigma Aldrich
(Steinheim, Germany) or Acros (Geel, Belgium). Briefly,
hydrolysis of ectoine (284 mg, 2.0 mmol) was accomplished
in aqueous potassium hydroxide (KOH) (50 ml, 0.1 m) for
20 h at 50°C (Kunte et al., 1993). The reaction mixture was
subsequently neutralized with perchloric acid (60% in water,
4 ml), and the precipitated potassium perchlorate was filtered
off. The filtrate was concentrated under reduced pressure,
and the residue was purified by repeated chromatography on
a silica gel column (Merck silica gel 60). Chromatography
was performed by using a gradient of ethanol/25% ammonia/
water 50:1:2 — 10:1:2 as the eluent to yield N-~ADABA. We
recovered 192 mg (1.20 mmol; 60%) of N-~ADABA from the
starting material (284 mg ectoine, 2.0 mmol). The identity and
purity of the isolated N-~ADABA was unequivocally estab-
lished both by thin-layer chromatography (TLC) (silica gel 60
F254 TLC plates; Merck) and nuclear magnetic resonance
("H-NMR and "*C-NMR) spectroscopy (Peters et al., 1990;
Ono et al.,, 1998) on a Bruker AVIII-400 or DRX-500 NMR
spectrometer. (i) TLC: R of NADABA = 0.55 (ethanol/25%
ammonia/water 7:1:2); (ii) 'H-NMR (400 MHz, D,0): 6= 3.71

(dd, *J(H,H) = 7.6 Hz, *J(H,H) = 5.6 Hz, 1H, CH), 3.41 — 3.24
(m, 2H, CH,), 2.15 — 2.01 (m, 2H, CH.), 1.99 (s, 3H, CH,)
ppm:; (iii) *C-NMR (100 MHz, D,0): §=177.5 (CO), 177.0
(COOH), 55.3 (CH), 38.3 (CH), 33.0 (CH,), 24.6 (CHs) ppm.

Recombinant DNA procedures and construction
of plasmids

The DNA sequences of the ectC, ectD and mscS genes were
retrieved from the genome sequence (accession number:
NC_010085) (Walker et al., 2010) of ‘Ca. N. maritimus’ SCM1
and were used as templates for the synthesis of codon-
optimized versions of these genes for their expression in E.
coli. These synthetic genes were constructed either by
GenScript (Piscataway, USA), or by LifeTechnologies
(Darmstadt, Germany). Their DNA sequences were depos-
ited in the NCBI database under accession numbers
KR002039 (ectC), JN019033 (ectD) and KT313590 (mscS).
To allow the overproduction and purification of the ‘Ca. N.
maritimus’ SCM1 EctC and EctD proteins in E. coli, we con-
structed recombinant versions of the corresponding genes.
The ectC and ectD sequences were retrieved from the
plasmids provided by the suppliers of the synthetic con-
structs, and inserted into the expression vector pASG-IBA3
(IBA GmbH, Géttingen, Germany). The resulting expression
vectors [pWN48 (ectC') and pMP45 (ectD")] permit the effec-
tive synthesis of the ‘Ca. N. maritimus’ SCM1 recombinant
EctC and EctD proteins in E. coli. Both proteins are fused at
their carboxy-termini with a Strep-tag |l affinity peptide
(NWSHPQFEK). This allows the purification of the (Nm)EctC-
Strep-tag Il and (Nm)EctD-Strep-tag Il proteins by affinity
chromatography on a streptavidin matrix.

For the heterologous expression of the mscS from ‘Ca. N.
maritimus’ SCM1 in E. coli, the codon-optimized synthetic
mscS gene was amplified from the plasmid obtained from the
supplier (LifeTechnologies) by PCR using custom synthe-
sized DNA primers. Short DNA fragments carrying Ncol and
Hindlll restriction sites, respectively, were attached either to
the 5" or to the 3’ prime ends of the PCR product, thereby
enabling its directional insertion into the expression vector
pTrc99a (Amann et al., 1988). This positioned the transcrip-
tion of the mscS gene under the control of the lac promoter
carried by the pTrc99a vector and resulted in the isolation of
plasmid pLC18. The correct nucleotide sequence of the mscS
gene carried by pLC18 was ascertained by DNA sequence
analysis, which was performed by Eurofins MWG Operon
(Ebersberg, Germany).

Bacterial strains

The E. coli strain MJF641 which is defective in all currently
known MscL-, MscS- and MscM-type channels (mscL mscS
mscK ybdG ybiO yjeP ynal) (also referred to as A7) and its
parent Frag1 (thi rha lac gal) have been described (Edwards
etal, 2012) and were a kind gift of Dr lan Booth and Dr
Samanta Miller (University of Aberdeen, Aberdeen, Scotland;
UK). The E. coliB strain BL21 (Dubendorff and Studier, 1991)
served as the host strain for plasmids that were used for the
overexpression of recombinant versions of the ‘Ca. N.
maritimus’ SCM1 ectC and ectD genes. The ‘Ca. N.
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maritimus’ strain SCM1 (Kénneke et al., 2005) was from
stocks of the laboratory of Dr M. Kénneke (MARUM, Univer-
sity of Bremen; Germany).

Media and growth conditions

‘Candidatus Nitrosopumilus maritimus’ SCM1 was cultivated
at 28°C in 15-] batch cultures using a 4-(2-hydroxyethyl)-1-
piperazineethanesulfonate (HEPES)-buffered medium as
described previously (Kénneke etal, 2005; Martens-
Habbena et al., 2009). Ammonia (1.5 mM NH,CI) served as
the energy source, and 1 mM sodium bicarbonate was added
as the carbon source. For optimal growth conditions, cells of
Ca. N. maritimus from two batches (a total of 30 I) were grown
in media with 26 g I" NaCl. This medium has an osmolarity of
928 mOsm. For growth conditions with increased salinity,
cells were grown in three batches (a total of 45 I) of media
containing 48 g I NaCl. This medium has a measured
osmolarity of 1598 mOsm. During incubation, cultures were
slightly shaken by hand once a day to provide oxygen. A
spectrophotometric assay was used to follow the growth of
‘Ca. N. maritimus’ SCM1 by measuring the formation of nitrite
(Strickland and Parson, 1972). Cells were harvested in the
late growth phase (production of 1.1-1.3 mM nitrite) with a
cross-flow filtration system equipped with a 0.1 um pore
size filter cassette (Sartocon-Slice Microsart, Sartorius,
Géttingen, Germany). For ectoine and hydroxyectoine analy-
sis, concentrated cell suspensions were fixed with 4% formal-
dehyde (16% formaldehyde solution (w/v) Thermo Scientific,
Rockford, USA), and stored refrigerated.

For studying the expression of the ectA and mscSin ‘Ca. N.
maritimus’ SCM1 at different salt conditions of the growth
medium, cells were cultured in 5 L batch cultures at 28°C in
HEPES buffered medium (pH 7.6) containing 1.5 mM
ammonia as sole energy source as described previously
(Kénneke et al., 2014). Medium for low, optimal and high salt
conditions contained 13, 26 and 39 g NaCl L™ respectively.
Cultures grown at different salinities were harvested in the
same growth phase (when about two thirds of the ammonia
was converted to nitrite) with a cross-flow filtration system
(0.1 um Sartocon slice Microsart filter, Sartorius Stedim,
Gottingen, Germany). Concentrated cells were centrifuged
(45 min, 4415 x g), and pellets were stored with RNAlater
(SIGMA Life Science, Taufkirchen, Germany) at 4°C following
the instructions of the manufacturer. Salt shock conditions
were created by addition of 23 g NaCl L™" into a 15 L batch
culture of ‘Ca. N. maritimus’ SCM1 in mid-growth phase
grown at optimal salt conditions (26 g NaCl L™"). After an
additional incubation period of 24 h at high-salinity growth
conditions, the cells were harvested as described above.
Growth in all cultivation experiments of ‘Ca. N. maritimus’
SCM1 was monitored by following the formation of nitrite.
Purity of the cultures was routinely checked by phase con-
trast microscopy.

Escherichia coli strains were routinely maintained on LB
agar plates (Miller, 1972). When strains contained plasmids,
ampicillin (100 ug ml~") was added to the growth medium to
select for the presence of the plasmids. For the analysis of
cell viability of strains Frag1(pTrc99a), MJF641(pTrc99a) and
MJF641(pLC18) subsequent to an osmotic down-shock, we
used the growth medium and the procedure described by

Levina and colleagues (1999). Osmotically unstressed cells
were grown at 37°C in a 100-ml Erlenmeyer flask filled with
20 ml of medium in a shaking water bath (set to 220 rpm)
using a citrate-phosphate buffered chemically defined
medium (pH 7.0). It contained per litre: 8.58 g Na,HPO,,
0.87g K,HPO, 1.34g citric acid, 1.0g (NH.SO.),
0.001 g thiamine, 0.1g MgSO.,7H,O and 0.002g
(NH,).SO,-FeS0,-6H,0, and was supplemented with 0.2%
(w/v) glucose as the carbon source (Levina et al., 1999). This
medium possesses a measured osmolarity of 235 mOsm.
For cells that were grown at high salinity, 0.3 M NaCl were
added to the basal medium; it had a measured osmolarity of
730 mOsm. The osmolarity of growth media was determined
with an osmometer (Vapor Pressure Osmometer 5500,
Wesco, USA).

Functional complementation of the
mechano-channel-defective E. coli mutant MJF641 by
the Ca. N. maritimus’ SCM1 MscS protein

The E. coli strains Frag1 and MJF641 (Edwards et al., 2012)
harbouring different plasmids were inoculated in 5ml LB
medium containing ampicillin (100 ug ml™") and were grown
for 5 h. Cells were subsequently transferred into the above-
described citrate-phosphate medium and incubated over-
night at 37°C. Cells were then diluted to an ODs;s of 0.05 into
20 ml of the above-described minimal medium, or into 20 ml
medium that contained 0.3 M NaCl, and the cultures were
subsequently grown to an ODsz of 0.15. At this point, IPTG
was added to the cultures (final concentration 1 mM) to
induce the activity of the lac promoter present on the back-
bone of the expression plasmid pTrc99a (Amann et al.,
1988), thereby triggering the transcription of the codon-
optimized ‘Ca. N. maritimus’ SCM1 mscS gene. Growth of the
cells was subsequently continued until they reached an ODsg
of about 0.35. These cultures were then diluted 20-fold into
pre-warmed medium (37°C) containing 1 mM IPTG with (no
osmotic down-shock) or without (osmotic down-shock) 0.3 M
NaCl; the cells were subsequently incubated at 37°C in a
shaking water bath for 30 min. To determine the number of
the cells that survived the osmotic down-shock, 50-ul
samples were taken after 30 min of incubation from these
cultures, serial diluted in four independent sets in media with
corresponding osmolarities and four 5 ul samples of the
osmotically downshifted cells were then spotted onto Luria—
Bertani (LB) agar plates (Miller, 1972). Those from the high
osmolarity grown cells were spotted onto LB agar plates with
a total NaCl content of 0.3 M NaCl. Colony-forming units
were determined after overnight incubation of the LB plates at
37°C.

Overproduction, purification and determination of the
quaternary assembly of the ectoine synthase and of the
ectoine hydroxylase

Cells of strain BL21, harbouring either the ectC expression
plasmid pWN48 or the ectD expression plasmid pMP45 were
grown in a minimal medium, and the overproduction of the
(Nm)EctC-Strep-tag 1l and (Nm)EctD-Strep-tag Il proteins
was initiated by adding the inducer (anhydrotetracycline) of
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the TetR repressor controlled tet promoter to the growth
medium. Cleared cell extracts of the protein overproducing
cultures were prepared and used to purify the (Nm)EctC-
Strep-tag Il and (Nm)EctD-Strep-tag Il proteins by affinity
chromatography on streptactin affinity resin as detailed else-
where (Hoeppner et al., 2014; Kobus et al., 2015). The purity
of the recombinant (Nm)EctC-Strep-tag Il and (Nm)EctD-
Strep-tag |l proteins was assessed by SDS-polyacrylamide
gel electrophoresis (12.5% and 15% respectively); the
electrophoretically separated proteins were stained with
Coomassie Brilliant Blue. To analyse the quaternary assem-
bly of the ectoine synthase and ectoine hydroxylase, we
performed size-exclusion chromatography. For the analysis
of the ectoine synthase, a HiLoad 16/600 Superdex 75 pg
column (GE Healthcare, Minchen, Germany) was used, and
the column was run in a buffer containing 20 mM TES (pH
7.0) and 150 mM NaCl. For the analysis of the ectoine
hydroxylase, a HiLoad 16/600 Superdex 200 pg column (GE
Healthcare, Miinchen, Germany) was used, and the column
was run in a buffer containing 20 mM TES (pH 7.5) and
200 mM KCI.

Enzyme assays of the ‘Ca. N. maritimus’ SCM1 ectoine
synthase and of the ectoine hydroxylase

High-performance liquid chromatography-based enzyme
assays (Bursy etal., 2007; Widderich et al., 2014a) were
used to assess the biochemical and kinetic properties of the
affinity-purified (Nm)EctC-Strep-tag Il and (Nm)EctD-Strep-
tag Il proteins. Single parameters (e.g. the salt concentra-
tions) were changed to determine optimal conditions, and
variations of the substrate concentration were used to assess
the kinetic parameters of the EctC. The optimized assay
buffer contained 20 mM TES (pH 7.0), 150 mM NaCl, 1 mM
FeSO, and 10 mM Ny-ADABA and was run for 15 min at
30°C. Similarly, the optimized assay buffer for the EctD con-
tained 20 mM TES (pH 7.5), 200 mM KCI, 1 mM FeSOQ,,
10 mM 2-oxoglutarate, and 6 mM ectoine and was run for
15 min at 35°C under vigorous shaking to assure aeration,
since EctD is an oxygen-dependent enzyme. To determine
the kinetic parameters of the (Nm)EctC and (Nm)EctD
enzymes, the substrate concentration was varied for the EctC
enzyme between 0 and 50 mM; for EctD, the substrate con-
centration of ectoine varied between 0 mM and 50 mM while
keeping the concentration of the co-substrate 2-oxoglutarate
constant at 10 mM. To determine the kinetic parameters for
the co-substrate of EctD, the concentration was varied
between 0 mM and 40 mM, while the concentration of the
ectoine substrate was kept constant at 6 mM. Ectoine
synthase and EctD enzyme assays were terminated by
adding acetonitrile to a final concentration of 50% to the total
enzyme assay solution. Denatured proteins were removed by
centrifugation (5 min) in a table-top Eppendorf centrifuge,
and portions of the supernatant were then used for HPLC
analysis of the formed ectoine or 5-hydroxyectoine
respectively.

HPLC analysis of ectoine and hydroxyectoine content

Ectoine and hydroxyectoine were detected by HPLC analysis
using an Agilent 1260 Infinity LC system (Agilent, Waldbronn,

Germany), a GROM-SIL Amino 1PR column (GROM,
Rottenburg-Hailfingen, Germany) essentially as described
(Kuhlmann and Bremer, 2002), with the exception that a 1260
Infinity Diode Array Detector (DAD) (Agilent) was employed,
instead of the previously used UV/Vis detection system. The
ectoine and hydroxyectoine content of samples was quanti-
fied using the OPENLAB software suite (Agilent). When
samples of EctC or EctD enzyme activity assays were meas-
ured, 5 ul to 10 pl samples were injected into the system. To
determine the ectoine and hydroxyectoine content of ‘Ca. N.
maritimus’ SCM1 cells, samples were lysed by re-suspending
them in 20% ethanol for 1h. Cellular debris was then
removed by centrifugation (13 000 r.p.m. in a Sorval centri-
fuge at 4°C) for 20 min, and the supernatant was subse-
quently lyophylized to complete dryness. The resin was
re-suspended in a mixture of water : acetonitrile (50:50 v/v),
and samples were then injected into the HPLC system. Since
cells of ‘Ca. N. maritimus’ SCM1 grown at different salinities
exhibit different cell sizes, the total protein content of the
originally ethanolic extract were used for a protein assay
(Pierce Protein Assay Kit; ThermoScientific, Schwerte,
Germany), and these values were used to standardize the
ectoine/hydroxyectoine content of the cell samples.

Mapping of the transcriptional organization of the
ectoine/hydroxyectoine gene cluster

To assess the transcriptional organization of the ect operon,
cells of ‘Ca. N. maritimus’ SCM1 grown under enhanced
osmotic stress conditions (the medium had an osmolarity of
1598 mOsm) were used to isolate total RNA. Cell lysis was
achieved by re-suspension in 20% ethanol, and total RNA
was isolated from these cell extracts by using the High Pure
RNA Isolation Kit (Roche, Mannheim, Germany) according to
the instructions of the user manual. Samples of RNA were
further purified using the RNeasy Kit (Qiagen, Hilden,
Germany) as described in the user manual and used for
one-step RT-PCR assays. To analyse whether the hyp-
ectABCD-mscS genes are transcribed in a unit, four inter-
genic regions of the putative operon were amplified from
isolated RNA using the Qiagen One Step RT-PCR Kit and
custom synthesized DNA primers (MWG, Ebersberg,
Germany). As controls, we also amplified DNA regions
between genes that were divergently transcribed (Fig. 7A). To
ensure that the formed PCR products did not result from DNA
contaminations of RNA sample used for the RT-PCR reac-
tion, an assay was performed in which total RNA was added
after the reverse transcription step.

Assessment of the transcript levels of the Ca. N.
maritimus’ SCM1 ectA and mscS genes in response to
varying osmolarities

For studying the expression of the ectoine biosynthesis gene
cluster in ‘Ca. N. maritimus’ SCM1 under different osmotic
growth conditions, cells that had been cultured either at low
(13 g NaCl L"; 220 mM), optimal (26 g NaCl L™'; 440 mM) or
high salt (39 g NaCl L™"; 660 mM) were used. Total RNA was
extracted from these cells using the peqGOLD TriFast Kit
(VWR International GmbH, Erlangen, Germany) according to
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the manufacturer’s instructions. The extracted RNA solutions
were treated with RNAse-free DNAse | (Life Technologies
GmbH, Darmstadt, Germany) to remove residual chromo-
somal DNA, again following the manufacturer’s instructions.
The absence of DNA contamination was ascertained by PCR
analysis. The relative abundance of the hyp-ectABCD-mscS
mRNA to the mRNA of amoA (Nmar_1500) was determined
by real-time PCR in a CFX96 Touch Real-Time PCR Detec-
tion System (Bio-Rad Laboratories GmbH, Minchen,
Germany) with the LightCycler RNA Master SYBR green | kit
(Roche Diagnostics, Mannheim, Germany). Each reaction of
the one-step RT-PCR was conducted in a 20-ul volume con-
taining 125 ng template RNA, 0.5uM of each primer,
3.25 mM Mn(OAc), and 7.5 ul of LightCycler RNA Master
SYBR green |. The following PCR primer sets were
used: ectA_fwd (5-TTAGAGAGCCTCGAGTTGATGACGC-
3’) and ectA_rev (5-GTCAAGAGGCTTGTTGTTTTGCACC-
3’), mscS_fwd (5’-CGCAAAGGAACTATTCTCAAGCTGG-3)
and mscS_rev (5-GCGAGAAATTGAAACAAGAACCTCG-
3’), and amoA_fwd (5-CCAAGTAGGTAAGTTCTATAA-3)
and amoA_rev (5-AAGCGGCCATCCATCTGTA-3) as
described previously (Nakagawa and Stahl, 2013). The PCR
cycling conditions were used as described in the manufac-
turer’s instructions with denaturation at 95°C for 5 s, anneal-
ing at 60°C for 10 s and extension at 72°C for 5s. The
relative expression of each gene under the tested conditions
was determined by using the amoA transcript level in ‘Ca. N.
maritimus’ SCM1 cells grown under optimal salt concentra-
tions as the standard. The level of the amoA transcript was
set to one and those of ectA and mscS are expressed in
relation to this reference transcript.

Database searches and phylogenetic analysis of EctC
and EctD-type proteins

The amino acid sequence of the ‘Ca. N. maritimus’ SCMH1
EctC protein (Walker et al., 2010) was used as the template
for BLAST searches of the microbial database of the JGI of the
US Department of Energy (http://jgi.doe.gov/) (Nordberg
etal, 2013). EctC-type amino acid sequences of closely
related strains of the same species were removed, and the
remaining 723 retrieved amino acid sequences were aligned
using the MAFFT multiple amino acid sequence alignment
server (http://mafft.cbrc.jp/alignment/server/) (Katoh and
Standley, 2013). This curated data set was then used to
construct a rooted phylogenetic tree of EctC-type sequences
by employing the iTOL software suit (http:/itol.embl.de/)
(Letunic and Bork, 2011).

Modelling of three-dimensional protein structures and
preparation of figures of crystal structures

The amino acid sequence of the ‘Ca. N. maritimus’ SCMH1
MscS protein was submitted via the website of the SWISS-
Model server (http://swissmodel.expasy.org/) (Biasini et al.,
2014) to generate an in silico model of the three-dimensional
structure of this protein. The program automatically chose the
monomer of the heptameric E. coli MscS open crystal struc-
ture (Wang et al,, 2008) as the modelling template (PDB
accession code: 2VV5). The model of the monomer of the
(Nm)MscS protein generated via the SWISS-Model web

server was visualized and compared with the E. coli MscS
protein using resources provided by the PyMoL suit (https://
www.pymol.org/).
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Fig. S1. Phylogenetic tree of EctC-type proteins. Based on
an amino acid sequence alignment of 723 EctC-type pro-
teins, a rooted phylogenetic tree was constructed with the
ITOL program (Letunic and Bork, 2011). The three regions in
the phylogenetic tree populated by archaeal EctC proteins
are highlighted by red arrowheads. The position of those 24
EctC-type proteins that originate from bacteria that lack iden-
tifiable ectAB genes are marked above the phylogenetic tree
by a black bar.

Fig. S2. Alignment of the amino acid sequence of the E. coli
MscS protein with those MscS-type proteins whose corre-
sponding genes are located next to ectoine/hydroxyectoine
biosynthetic gene clusters in the genomes of ‘Ca.
Nitrosopumilus maritimus’ SCM 1 and ‘Ca. Nistrosopumilus’
sp. AR2 (see Fig. 1B in the main text). Red bars indicate the
membrane-spanning segments of the E. coli MscS protein.
Table S1. Amino acid sequence relatedness of the ectoine
biosynthetic proteins from ‘Ca. Nitrosopumilus’ strains to
other ectoine biosynthetic enzymes.

Table S2. Distribution of mechanosensitive channels in
potential ectoine-producing Archaea.
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