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[. Summary

Halobacteria balance high external osmolality by the accumulation of almost equimolar
amounts of KCI. Thus, steady K' supply is a vital prerequisite for life of these extreme
halophiles. So far, K' is supposed to enter the cell only passively by use of potential-driven
uniporters. However, the genome of the extreme halophilic archaeon Halobacterium sp.
NRC-1 comprises one single operon containing the genes kdpFABC coding for homologs of
the bacterial ATP-driven K™ uptake system KdpFABC, together with an additional ORF so far
annotated as cat3. Deletion of the kdpFABCcat3 genes led to a reduced ability to grow upon
K" limitation, whereas real-time RT-PCR measurements revealed both high induction rates
and a transcriptional regulation of the Kdp system dependent on external K" concentration and
growth phase. Synthesis of the KdpFABC complex is essential for H. salinarum to grow
under extreme potassium-limiting conditions of down to 20 uM K'. Moreover, H. salinarum
was shown to adapt to K’ limitation by significantly decreasing the intracellular K"
concentration as well as the cell volume. These results provide the first experimental evidence
of ATP-driven K" uptake in Archaea.

Computational and truncation analysis as well as site directed mutagenesis of the promoter of
the kdpFABCcat3 operon have revealed putative binding sites for two transcriptional
regulators enabling a medium K'-dependent negative regulation of the kdpFABCcat3 genes.
Although the nature of the primary stimulus leading to induction of the kdpFABCcat3 operon
remains unclear, a transcriptional regulatory system responding to changes in membrane
potential is postulated. Cat3 was shown to play an essential role in transcriptional regulation
of the kdpFABCcat3 operon enabling a secondary, most likely K'-independent regulation of
gene expression. A potential ATP- or cellular water activity-dependent secondary regulation
of the kdpFABCcat3 operon by Cat3 is discussed. The negative medium K'-responsive
regulation of gene expression additionally modulated by Cat3 as a universal stress potein
homologue together with a growth phase-dependent regulation supports the presence of a
rather complex machinery enabling a sofisticated transcriptional response to K -depletion.

A DNA-micro array study demonstrated several additional genes to be up- and down-
regulated in response to K limitation. A subset of the up-regulated genes was shown to
exhibit a singificant clustering regarding chromosomal localization. The reason for this
observed clustering, however, remains unclear. The DNA-micro array study together with
sequence analysis identified another operon, which potentially sheares a commom
transcriptional regulator with the kdp-operon, thereby supporting a coordinated expression in

+ .
a K'-responsive regulon.
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1. Introduction

1.1 Life in hypersaline environments

Two distinct types of environments represent habitates for xerophilic organisms characterised
by the ability to grow under conditions of low water activity (aw): food preserved by
dehydration or addition of high levels of sugars, and hypersaline environments where high
concentration of salts (usually NaCl) result in low water activity. These environments are
mainly inhabitated by microbial life forms. In high-sugar environments, the dominating
organisms are xerophilic filamentous fungi and yeasts capable to grow in water activities (aw)
as low as 0.61. The high-salt environments, in contrast, are inhabitated almost exclusively by
prokaryotes (extreme halophilic Archaea and Bacteria) capable to grow in saturated brines (ay
0.75) (Grant, 2004; Oren, 1999). Although many halophilic and halotolerant algae can grow
in elevated NaCl concentrations (Grant, 1991), only eukaryotes of the species Dunaniella
salina are reported to grow in saturated NaCl concentration (Oren, 2005). In addition, these
unicellular green algae are the most important primary producer in hypersaline environments
and, thereby, play a tremendous role in the ecology of these habitats (Oren, 2005).
Hypersaline lakes and solar salterns are the major and most intensively studied habitates of
halophilic organisms. Thalassohaline water bodies have gained their high salinity by
evaporation of sea water and, as a result, the composition of salts is defined by the
composition of sea water and the successive precipitation of different minerals (typically
calcite (CaCOs), gypsum (CaSQO4:2H,0), halite (NaCl), sylvite (KCI), and carnallite
(KCI*MgCl,*6H,0) (Grant, 2004). In contrast, the ion composition of athalassohaline water
bodies is secondarily influenced by the geology of the area, in which they develop. For
instance, the ion composition of the Dead Sea is highly influenced by leaching of Mg** from
geologically older salt deposits (Eugster & Hardie, 1978). In addition, the ion composition of
hypersaline water bodies highly influences the pH of the brine. As in marine environments,
the pH is mainly influenced by the buffer system defined by the equilibrium between COs>,
HCOs", and CO,. In concentrated brines, the presence of Ca’" leads to the neutralisation of
alkaline C032' via precipitation of calcite (CaCOs). Since the Ca’" concentration in sea water
is relatively high, the precipitation of calcite during evaporation in thalassohaline water
bodies is sufficient to stabilise the pH in near neutral range. However, in athalassohaline

water bodies depleted in Ca*", the rising concentration of COs> leads to the acidification of



the brine and to the development of “soda lakes” with a pH above 11 (Grant, 2004). As a
concequence, both ion composition and pH highly influences the composition of
microorganisms inhabitating these environments. In contrast to hypersaline lakes and solar
salterns, far less is known about the additional high salt environments such as hypersaline
soils, salt marshes, desert plants, sea floor brines, oil field brines and ancient evaporate
deposits as well as about the microorganisms inhabitating these environments (Grant, 2004).

Independent of the details of the environment, all organisms living in hypersaline habitats
face the same principal challenge. Since biological membranes are permeable to water, cells
can not maintain cytoplasmic water activities higher than in the surrounding environment. The
presence of higher concentrations of osmotically active compounds in the environment would
inevitably lead to a loss of water from the cell and, thus, to dehydration of the cell. To
maintain vitality, all living organisms must preserve adequate levels of water in the
cytoplasm. Hence, the concentration of osmotically active compounds in the cytoplasm must
be at least at the level of the environment. Most organisms maintain a cytoplasmic osmolality
even higher than that of the surrounding medium, resulting in the diffusion of water into the
cell and, as a concequence, in generation ofturgor. With the postulated exception of halophilic
Archaea of the order Halobacteriales, all known halophilic organisms maintain a turgor

(Walsby, 1971).

1.2 Osmotic stress in hypersaline environment

Two fundamentally different strategies exists among living organisms to cope with the
osmotic stress in highly saline environments. Whereas most organisms respond to osmotic
stress by accumulation or synthesis of organic compounds (compatible solutes—strategy)
(Roesser & Miiller, 2001; Yancey, 2005), halophilic Archaea of the order Halobacteriales and
halophilic Bacteria of the order Haloanaerobiales accumulate inorganic salts (“salt-in”-
strategy) (Oren, 1999; Roberts, 2005). The use of one of these strategies encounters the cell
with different challenges. In cells using the compatible solutes-strategy, a highly efficient
uptake or energy-intensive synthesis of compatible solutes must take place. The exclusion of
Na' from the cytoplasm in an environment with usually high concentrations of Na’, however,
results in a high Na" potential (Ayn,+), which can readily be used to energize secondary
uptake of e.g. compatible solutes (Pfliiger & Miiller, 2004).

In cells using the “salt in”-strategy, no energy-intensive synthesis of compatible solutes is
needed, and the ion concentration of the cytoplasm is usually fairly similar to that of the

surrounding medium. The composition of salts, however, is completely different. Whereas the



medium is typically dominated by Na", K" is highly preferred in the cytoplasm and is
accumulated to the molar range (Wagner et al., 1978; Oren, 1999). As a consequence, the
presence of highly efficient ion transport systems are required, and all biological processes
taking place in the cytoplasm must be adapted to function with these environments. The
proteome of all organisms using the “salt in”-strategy shows similar unique adaptations to
conditions of high cytoplasmic ion concentrations. Typically, proteins of these organisms
exhibit a large excess of acidic residues arranged on the surface of the proteins. In addition,
the content of hydrophobic residues is lowered and the content of “near” hydrophobic
residues like serine and threonine is elevated (Kennedy et al., 2001). This adaptation seems to
ensure the active conformation and stability of the proteins in high salt concentrations. In low
salt concentrations, however, the high density of acidic residues on the protein surface
destabilises the active conformation of the protein by electric repellence. This is most likely
the reason why all known organisms adapting to high salinity by using the “salt in”-strategy
are obligate halophilic (Lanyi, 1974; Oren et al., 1999; Kennedy et al., 2001).

Although in general presented as two distinct strategies, some evidence exist in the literature
supporting at least partial parallel use of both strategies. Several halophilic Bacteria and
Archaea accumulating compatible solutes in response to osmotic stress, also exhibit elevated
cellular ion concentrations (Desmairis ef al., 1997; Ventosa et al., 1998). In addition, a similar
type of adaptation of the proteome as in organisms using the “salt in”—strategy is reported for
the halophilic compatible solute-accumulating bacterium Halomonas elongata (Gandbhir et
al., 1995; Oren, 1995). The halophilic archacon Halobacterium salinarum is reported to
posses high cellular salt concentrations (Wagner et al., 1978; Lanyi et al., 1979; see results).
However, H. salinarum is also able to take up a compatible solute glycin betaine and other
trimethylammonium compounds in high concentrations and even shows corresponding
chemotaxis towards them (Kokoeva et al., 2002). In addition, as it is typical for coupounds
used as an osmoprotectant, no metabolism of these compounds was detected (Kokoeva et al.,
2002). To what extent glycin betaine is used by Halobacterium as an osmoprotectant is yet

unknown.

1.3 Halobacterium salinarum

H. salinarum is an obligate halophilic archaeon highly adapted to envoronments of extremly
high salinity. H. salinarum species primarily inhabitate thalassohaline salt lakes and solar
salterns, thereby exhibiting optimal growth in the presence of NaCl concentrations between 2

M and saturation. H. salinarum is an aerob chemorganotroph growing on degradation



products of other organisms. Particulary in solar salterns, the countinuous evaporation results
in a cascade of growth of different macro- and microorganisms adapted to different salinities,
resulting in an accumulation of organic material. In the late phase of the evaporation process,
in which high NaCl concentrations are reached, this accumulated organic material is used by
extreme halophilic Archaea and Bacteria, resulting in rather dense populations (Oren, 1999).
Whereas most other characterized extreme halophilic microorganisms are able to metabolize
sugars, the main energy source of H. salinarum during aerobic growth is amino acids
catabolized via the citric acid cycle (Ng et al., 2000). The reduced solubility of oxygen in
highly concentrated brines together with high bacterial and achaeal cell densities results in at
least partially anaerobic growth conditions. Under these conditions, the organic compounds
DMSO and TMAO can be utilized by H. salinarum as alternative terminal electron acceptors
(Miiller & DasSarma, 2005), and fermentation of arginine via the arginine deiminase pathway
is used (Ruepp & Soppa, 1996). In addition to chemoorganotrophy, H. salinarum can grow
phototrophically with light as the sole energy source, thereby utilizing the pmf generated by
the light-driven H'-pump bacterorhodopsin (Kayushin & Skulachev, 1974; Danon &
Stoeckenius, 1974). The high synthesis of bacterioopsin upon low oxygen saturation and
clustering of bacteriorhodopsin in a paracrystalline purple membrane represent a
characteristic feature of this organism.

H. salinarum exhibits a rod-shaped mono- or bipolarly flagellated morphology (Adam &
Oesterhelt, 1984) and a sophisticated sensory system enabling the cells to activly find optimal
conditions in their envoronment (Nutsch ef al., 2005). In addition to flagella-mediated
motility, H. salinarum features gas vesicles, by which the cells can activly regulate their
bouancy and, thereby, adjust their position in a water column (Stoeckenius & Kunau, 1968).
By doing so, the cells can accumulate in water depths, which feature optimal growth

conditions with respect to oxygen saturation and light intensity (Walsby, 1994).

1.4 Ion homeostasis in H. salinarum

Obligate halophilic Halobacterium species are well-adapted to conditions of extremely high
salt concentrations. Optimal growth of these haloarchaea occurs around 2-4.3 M NaCl.
Halobacterium species uses, as discussed above, the “salt in”—strategy to maintain the
osmotic balance with the hypersaline medium (Oren, 1999; Roberts, 2005). In contrast to the
high external Na' concentration, K' is accumulated inside the cell in equimolar amounts,
resulting in osmotic equilibrium with the environment with no significant turgor (Wagner et

al., 1978; Lanyi et al., 1979; see results). As a consequence, highly efficient uptake of K" is of



vital importance for H. salinarum to survive in the hypersaline enrironment. The main part of
the K" gradient is supposed to be generated via an uniport system, through which K" passively
enters the cell along with the membrane potential (Ay,,) (Wagner et al., 1978; Lanyi et al.,
1979). An active transport in combination with the balanced interconversion of ion gradients
according to the Nernst equation is obligatory in order to establish and maintain rather steep
gradients of in Na" and K" gradient, which have been shown to also serve also as reservoir in
storing energy in the absence of oxidative and photophosphorylation (Wagner et al., 1978;
Brown et al., 1983). However, following the Nernst equation, passive K™ uptake can only
occur if the potential of the cation (Ayk+) is equal to or less negative than Ayy,. As soon as
Ay~ is more negative than Ay, K™ transport has to be energized either by symport or
antiport with other ions or by the hydrolysis of ATP (Oren, 1999).

Although ATP-dependent K accumulation has previously been reported for Haloferax
volcanii, an additional member of the family of Halobacteriaceae (Meury and Kohiyama,
1989), this ATP dependency could be attributed to its regulatory effect on the activity of a
putative TrkAH homolog most likely serving as a K'/H™ symporter (Bakker, 1993; Stumpe et
al., 1996; Oren, 1999). Thus, no experimental data have yet been reported for a possible
primary ATP-driven uptake system supplying the cell with K™ in the absence of potential-

driven facilitated diffusion.

1.5 Putative ion homeostasis in H. salinarum in reference to the genomic sequence

The genome of two isolates of Halobacterium species have been sequenced; Halobacterium
NRC-1 (Ng et al, 2000) and H. salinarum R1 (Oesterhelt et al, unpublished;
www.halolex.mpg.de). The overall difference in the genomic sequence between these two
strains 1s minimal (Oesterhelt, personal correspondence). The genome of both strains is
composed of one circular chromosome and several extrachromosomal replicons. Whereas the
extrachromosomal replicons encode several essential genes and, thus, can be considered as
“minichromosomes” (Ng et al., 2000), the size and number of these “minicromosomes”
differs between Halobacterium NRC-1 and H. salinarum R1. Halobacterium NRC-1 1is
reported to be composed of a main chromosome (approx. 2 Mbp) and the two satellites
pNRC100 (approx. 190 Kbp) and pNRC200 (approx. 365 Mbp). The genome of H. salinarum
RI, in contrast, consists of a homologous main chromosome (approx. 2 Mbp) and four
extrachromosomal satellites pHS1 (approx. 150 Kbp), pHS2 (approx. 195), pHS3 (approx.
285 Kbp), and pHS4 (approx. 41 Kbp). This variability in genomic composition together with
the presence of a high number of 91 IS elements most likely reflects a highly dynamic



character of the genome adapted to withstand the rather harsh hypersaline and high-solar-
radiation environment (Kennedy et al., 2001).

The genome sequences now available provide valuable insights into the composition of
putative ion transport systems (Figure 1). Furthermore, it opens the gate for a re-evaluation of
rather old experimental data concerning monovalent cation transport processes in H.
salinarum. Published experimental data regarding transport of Na' strongly supports the
presence of H/Na" exchanger activity in H. salinarum (Luisi et al., 1980; Kamo et al., 1982;
Murakami & Konishi, 1985, and Murakami & Konishi, 1988). The genome of H. salinarum
encodes three copies of a putative Na'/H' exchanger of the NhaC-type (Ito et al., 1997).
Whereas two of the corresponding genes (nhaCl and nhaC2), are localized on the main
chromosome, the third gene (nhaC3) is localized on one of the extrachromosal replicons
(pHS3 in H. salinarum R1 and pNRC200 in Halobacterium NRC-1). Thus, the experimental
data regarding transport of Na' are in good agreement with the presence of putative
tranporters encoded in the genome. In case of K', however, the genome sequence revealed
the presence of a whole battery of different K™ uptake systems, which was not predicted on
the basis of published experimental data. As discussed above, K" uptake is postulated to be
accomplished via Ayy—driven facilitated diffusion (Lanyi & Hilliker 1976; Ginzburg &
Ginzburg, 1975; Wagner et al., 1978; Lanyi et al., 1979; Pérez-Fillol & Rodriguez-Valera,
1986). Supporting these data, the genome of H. salinarum encodes two putative Ay,—driven
K'-channels on the main chromosome (pchAl and pchA2). However, the genomic sequence
revealed in addition the presence of four copies of a Trk-type K -uptake system. Three of
them, namely trkHI-3, are located on the main chromosome whereas the fourth homogue
trkH4 in H. salinarum R1 is encoded by the extrachromosomal replicon pHS3 absent in
Halobacterium NRC-1. Although no Trk-like transport activity has been reported for H.
salinarum so far, the mere presence of the Trk-system in four or three conserved copies
strongly indicates the fundamental role of these systems in K homeostasis of H. salinarum.
Suprisingly, in addition to these K™ uptake systems, a homolog of the bacterial ATP-driven
KdpFABC complex was found, which normally serves as an inducible, high-affinity K'-
uptake system (Bramkamp et al., 2007). The corresponding annotated genes (kdpABC) are
located on one of extrachromosomal replicons (pHS3 in H. salinarum R1 and pNRC200 in

Halobacterium NRC-1).



photon

H* \/& H* K+ H* Kk K* H* Na* H*
'S
ATP TADPHRI ADP+Pi"  ATP
H* H+ K* H K* * H* Na* H+
respiratory bacterio- K* channel Trk Kdp Nha A,A, ATPase
chain rhodopsin 2 copies 4 copies 1 copy 3 copies

Figure 1: Overview of the monovalent cation transport systems in H. salinarum

1.6 The KdpFABC complex

As the first archaeal species, the genome sequence of Halobacterium NRC-1 and H.
salinarum R1 revealed the presence of a putative homolog of the Kdp system, which was until
then only reported to exist in Bacteria. Whereas homologs of the bacterial kdpD and kdpE
genes could not be detected within the genome, the kdp(F)ABC genes were found to be
organized in a putative operon together with an additional gene annotated as cat3. The
KdpFABC complex has been reported in a variety of bacteria and belongs to the family of P-
type ATPases, a group of ATP-driven transporters characterized by the formation of a
phosphointermediate during the catalytic cycle and by the inhibition by ortho-vanadate
(Palmgren & Axelsen, 1998). Among the P-type ATPases, the KdpFABC complex is unique
in several ways: (1) It is composed of four subunits, (i1) the catalytic activity (KdpB) and the
binding/transport of K™ (KdpA) are located on different subunits, and (iii) it has a high
specificity and selectivity for its substrate (Bramkamp et al., 2007). In E. coli, KdpC is
absolutely necessary for the formation of a functional complex in vivo (Galiel & Altendorf,
2001) and a role in regulation of the catalytic activity of KdpB has been postulated (Ahnert et
al., 2006). Deletion mutants of kdpF in E. coli revealed no altered phenotype, although the
purified KdpABC complex lacking KdpF exhibited no ATPase activity. However, the activity
of the complex was restored by the addition of purified KdpF, suggesting that KdpF has a
stabilizing function on the homodimeric KdpFABC complex at least in vitro (GaBel et al.,
1999).

In E. coli, expression of the kdpFABC operon is strongly induced by K limitation and, to a
minor extends, by high osmolality in the medium. Expression is under control of the
regulatory proteins KdpD and KdpE, which constitute a typical sensor kinase/response
regulator system. The membrane-bound sensor kinase KdpD probably senses changes in the

cytoplasm as a result of alterations in K~ concentration and in turgor, and the response



regulator KdpE in its phosphorylated form acts as a dimeric transcriptional activator for the

kdp regulon (Jung & Altendorf, 2002; Hamann et al., 2007).
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Figure 2: Overview of the Kdp system of E. coli.

Left: the signal cascade of the sensor kinase (KdpD) and response regulator (KdpE). Right: the
membrane bound K'-transporting KdpFABC complex. Lower panel: the organisation of the
kdpFABCDE regulon.

1.7 Genetics and gene regulation in Archaea

Although the genomic constitution based on a circular chromosome (or chromosomes) closely
resembles that found in Bacteria, the basic genetic machinery of Achaea including replication,
transcription, and translation is highly similar to that found in Eucarya. The presence of DNA
condensed to chromatin (Shioda et al., 1989; Takayanagi et al., 1992), multiple origins of
replication on a single chromosome (Zhang & Zhang, 2003; Norais et al, 2007), and a
replication maschinery homologous to the eucaryal type (Kelman, 2000; Grabowski &
Kelman, 2003) indicate the existence of a high functional homology between Archaea and
Eukarya regarding these cellullar mechanisms. Although Archaea lack a nuclear membrane
and comprise a coupled transcription and translation as in Bacteria, the trancriptional
machinery of Archaea closely resembles that of Eucarya (Huet ef al., 1983; Bell & Jackson,
2001; Reeve, 2003; Allers & Mevarech, 2005). The RNA polymerase found in Achaea

8



exhibits significant sequence homology to eucaryal RNA polymerase II, and the trancription
initiation complex requires additional transcription factors TBP (TATA-box binding protein)
and TFB (trancription factor B), both of which are homologs of the eucaryal counterparts TBP
and TFIIB (Bell & Jackson, 2001). Thus, the achaeal promoters with a TATA-box (Reiter et
al., 1990; Palmer and Daniels, 1995), BRE (TFB responsive element; Qureshi and Jackson,
1998; Soppa, 1999) and INR element (transcription start site; Palmer & Daniels, 1995) feature
conserved promoter elements related to eucaryal analogs. The regulation of gene expression
by trancriptional regulators, however, seemst to comprise features similar to Eucarya as well
as to Bacteria. The emerging genome sequencing projects have revealed the presence of
numerous homogs of bacterial transcriptional regulators in Archaea (Aravind & Koonin,
1999) and the function of several of these transcriptional regulators in Archaea has been
studied in detail (Cohen-Kupiec et al., 1997; Bell et al., 1999; Bell & Jackson, 2000; Lie et
al., 2005). In other systems studied, however, the mechanism of gene regulation and the
regulatory proteins more closely resemble systems found in Eukarya (Ouhammouch et al.,
2003; Hofacker et al., 2004). Thus, the core transcriptional machinery of Archaea represents a
system homologous to the eucaryal RNA polymerase II, however in a simplified form
requiring only two additional transcriotion factors (TBP and TFB). In contrast, the regulation

of gene expression facilitates transcritional regulators of both eukaryal and bacterial type.

1.8 Objectives of the thesis

The KdpFABC complex has been reported in a variety of Bacteria and belongs to the family
of P-type ATPases (Palmgren & Axelsen, 1998). The Kdp system was reported to be
widespread within Bacteria but no homogues were so far found to exist in Archaea or
Eucarya. The genome sequence of H. salinarum, however, revealed the first time genes
homologous to this “bacterial” K" uptake system within the domain of Archaea. At least in E.
coli, this high affinity, ATP-dependent, and K" translocating KdpFABC complex is induced
as a response to K" limitation and, in a minor extend, to high osmolality and thereby ensuring
an adequate supply of K" (Jung and Altendorf, 2002). Although efficient K* supply is of vital
importance for both organisms, significant differences exist in details. Whereas the uptake of
K" by the KdpFABC complex is involved in the regulation of turgor in E. coli (Jung and
Altendorf, 2002), no singificant turgor is reported to exist in H. salinarum (Walsby, 1971). In

contrast, high cellular K™ concentrations in the molar range are accumulated, and the



cytoplasm of H. salinarum is maintained in an iso-osmotic equilibrium with the surrounding
medium (Wagner et al., 1978; Lanyi et al., 1979, see results). As a consequence, the so far
unknown cellular function of the Kdp system is likely to be different in H. salinarum
comparedn to E. coli or other Bacteria exhibing turgor. Therefore, a major effort of this thesis
was the analysis of this putatively novel cellular function of the Kdp system in H. salinarum
thereby resulting in characterization of the first archaeal Kdp system.

Furthermore, a special attention was paid to the induction of the halobacterial Kdp system and
the underlying mechanism of gene regulation. In Bacteria, the expression of the genes
encoding the correspoding Kdp(F)ABC complex is regulated by a KdpD/KdpE sensor
kinase/response regulator system. Whereas detailed information about the mode of action of
KdpD/KdpE is available for several Bacteria (Jung et al., 2000; Jung and Altendorf, 2002;
Heermann et al., 2003; Schleussinger et al., 2006; Ballal et al., 2007; Zimmann et al., 2007),
the nature of the primary stimulus sensed by KdpD is still a matter of debate. Although
homologs of KdpD/KdpE are absent in the genome of H. salinarum, the corresponding genes
kdp(F)ABC are organized in a single operon together with an additional gene cat3. The
putative gene product of cat3 exhibits structural homologies to a part of KdpD. Thus, the
analysis of the role of this conserved protein in the regulation of both halobacterial and
bacterial Kdp systems could help to understand the nature of the stimulus not only in
Halobacterium but also in Bacteria.

Although the mere presence of a Ay, —driven channel-like K transport activity was reported
for H. salinarum so far (Lanyi & Hilliker 1976; Ginzburg & Ginzburg, 1975; Wagner et al.,
1978; Lanyi et al., 1979; Pérez-Fillol & Rodriguez-Valera, 1986), the genome sequence of
two halobacterial strains (Halobacterium NRC-1; Ng et al, 2000 and H. salinarum R1;
Oesterhelt et al., unpublished; www.halolex.mpg.de) with K'-channels, Trk-type K uptake
systems, and a Kdp system revealed the presence of a whole battery of different types of K'-
transport systems. Obviously, the current opinion of K homoeostasis of H. salinarum solely
mediated via membrane potential-driven K" uniporters is only one aspect of a more complex
cellular machinery. In applying analyse of the K" homeostasis as such, the global
trancriptional response to K availability as well as analyse of transcriptional regulation of
genes involved in K uptake, this study represents an attempt to elucidate the dicrepancy
between existing experimental data about K transport processes in H. salinarum and genomic

data about the encoded K transport systems.
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2. Results

2.1 K" homeostasis in H. salinarum

2.1.1 K" as a growth-limiting factor for H. salinarum

In order to elucidate the growth requirements of H. salinarum with respect to K’ H.
salinarum strain R1 was cultivated in medium containing 25 % total salt with varying
concentrations of KCI. Growth was observed to occur over a large range of K concentrations,
ranging from 1 mM to 2.5 M (data not shown). H. salinarum exhibited identical growth
behavior without notable effects on generation time or maximal optical density if cultivated in
K" concentrations of 5 and 100 mM (Figure 3). In contrast, if H. salinarum was cultivated in
the presence of initial K™ concentrations of 3 mM and below, the stationary growth phase was
already entered at lower cell densities, arguing for limiting growth conditions due to the lack
of K'. In these cultures, the addition of KCI was sufficient to re-initiate growth, thereby

confirming the role of K as a growth-limiting factor.
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Figure 3: Cultivation of H. salinarum R1 with different initial K™ concentrations.
Growth was monitored as optical density of the culture. Addition of 1 mM KCl to the culture with an
initial K" concentration of 1 mM is indicated by an arrow.

Since H. salinarum is able to accumulate high concentrations of KCI during growth, the K

concentration in the medium is highly biased by the transport activity of a growing culture. In
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order to define the K™ concentrations enabling growth of H. salinarum, the residual medium
K" concentration in the stationary growth phase was measured by flame emission photometry
(FEP) (Figure 4). In all cultures, uptake of K™ could be observed by means of a decrease in
the medium K concentration. Cultures grown in the presence of growth-limiting K"
concentrations (3 mM and 1 mM) exhibited an identical residual K™ concentration of 20 uM
in the medium. In case of cultures with a non-limiting initial K" concentration of 5 mM and
above, the residual K* concentration is at higher level, which is in accord with K" not being
the growth-limiting factor. This supports the notion, that 20 pM K" in the medium represents
the minimal concentration of K" supporting growth of H. salinarum, thereby demonstrating

the presence and activity of high-affinity K™ uptake systems.
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Figure 4: K™ depletion in the medium caused by growth of H. salinarum.
Residual K" concentration in the medium as measured by flame emission photometry in triplicate from
stationary growth phase cultures of H. salinarum R1 grown with different initial K" concentrations.

2.1.2 Cellular adaptation to K limitation

The measured subtantial amouts of K taken up by a growing culture of H. salinarum readily
implicate the presence of high cellular K™ concentrations. The cellular K is discussed to play
the main role in balancing the osmolality of the cytoplasm with the medium (Wagner ef al.,
1978; Oren, 1999). In order to maintain the isoosmotic equilibrium with the medium, the
cellular K™ concentration needs to be adapted in response to changes in, at least, medium
overall osmolality. In addition, the cellular K™ concentration is reported to be influenced by

extracellular factors like for example changes in illumination (Wagner et al, 1978).
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Therefore, the effect of limiting K™ concentrations in the medium on the cellular K
concentration was analyzed. Cellular K concentrations were measured for cells grown with
initial K" concentrations of 100 and 3 mM. Similar to the growth phenotypes described above,
the culture grown with 3 mM KCIl entered stationary growth phase at an earlier stage due to

K" limitation (Figure 5).
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Figure 5: Cultivation of H. salinarum R1 in media initially containing 3 mM or 100 mM KCIl.
Growth was monitored as optical density of the culture. Time point for sample collection is
highlighted by an arrow.

Cellular K" was analyzed by FEP upon centrifugation and osmotic cell lysis. The cellular K*
concentration was calculated using the measured cell volume and the cell count of parallel
samples. Cultures grown with non-limiting K™ concentration of 100 mM of KCI exhibited a
cellular K* concentration of approx. 4 M (Figure 6). In contrast, the culture grown at an initial
K" concentration of 3 mM showed a significantly reduced K" concentration of approx. 2.8 M
in the stationary growth phase, corresponding to a reduction in the internal K concentration
by about 30 %. Microscopic analysis of corresponding cells revealed that in parallel to the
reduction of the cellular K" concentration, the mean volume of the cells is reduced by approx
20 %. These results indicate that H. salinarum is able to down-regulate the intracellular K
concentration in response to a reduced availability of K™ in the medium, thereby also
decreasing the Ay~ across the membrane. As a result, both the activity of high affinity K
uptake systems and a simultaneous reduction of the cellular K* concentration allow H.

. + . . . +
salinarum to tolerate very low external K concentrations. However, a decrease in internal K
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is balanced by a concomitant increase in Na™ in order to keep the iso-osmotic balance in H.
salinarum. Thus, the ion composition inside the cell is drastically altered under conditions of
extreme K' limitation. In addition, the cell volume is reduced under conditions of low
medium K’ concentrations and, as a consequence, a lower net amount of K" is needed to
maintain the lower cellular K concentration. In parallel, the reduction of the cell volume
leads to an increased surface/volume ratio of the cell. As a consequence, proportionally more

surface area is present to perform K -uptake upon K" depletion.
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Figure 6: Cellular K' concentration and cell volume of H. salinarum upon K limitation.
Cellular K" concentration and cell volume was measured from stationary growth phase cultures of H.
salinarum R1 grown in media initially containing 3mM or 100mM KCI.

2.2 Sequence analysis of the halobacterial Kdp system

2.2.1 kdp operon organization

The genome sequences of two Halobacterium strains revealed the presence of several putative
K" transport systems potentially involved in observed highly efficient uptake of K.
Suprisingly, both genomes encode for homologs of the ATP-dependent K'-uptake system
Kdp, which was so far only reported to exist in Bacteria. Based on the genome sequence of
Halobacterium sp. NRC-1 published by the group of DasSarma (Ng et al., 2000), the kdp
genes are organized in a single operon on one of the two smaller extrachromosomal replicons,
pNRC200 (accession number AE004438). An identical genomic composition and sequence

with respect to kdpFABCcat3 is found in the genome sequence of the strain H. salinarum R1
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(Oesterhelt et al., unpublished; www.halolex.mpg.de). The genome sequence of H. salinarum
R1 localizes the kdpFABCcat3-operon on the extrachromosomal replicon pHS3. Therefore,
all sequence analyses were done using the published genomic sequence of Halobacterium
NRC-1, whereas all experiments were done using the strain H. salinarum R1.

Although the kdpF gene has not been annotated as such by Ng et al., our analysis clearly
revealed the presence of kdpF, thus resulting in a kdpFABCcat3 operon (Figure 7). From the
initial ATG start codon of kdpF at position 147,382, the four genes span a distance of
5,469 bp. The arrangement of the structural genes kdpFABC is identical to the corresponding
operon from E. coli (Siebers & Altendorf, 1993). The operon starts with an ORF
corresponding to the kdpF gene, followed by the genes kdpA, kdpB, and kdpC. No homologs
of the bacterial regulatory genes kdpD and kdpE were found, neither organized further
downstream in a separate operon directly succeeding kdpFABC as in E. coli, nor divergently
in the opposite direction preceding the structural genes like for example in Mycobacterium
tuberculosis (Cole et al., 1998) or anywhere else in the genome. Instead, an additional 819-bp
ORF annotated as cat3 was found downstream of the kdpC gene, with the initial ATG start
codon at position 152,033, thereby overlapping with the stop codon of kdpC. The initial
annotation of this ORF as cat3 originated from its deduced protein sequence similarity to the
C-terminal region of the putative amino acid transporter Cat-1 from Archaeoglobus fulgidus
(accession number NC 000917.1) (Klenk et al., 1997). Sequence similarity between the
deduced proteins Cat3 and Cat-1 with only 22 % identical residues is rather low and primarily
due to the presence of two consecutive Usp (universal stress protein) family domain motifs
within the C-terminal 250 residues of the 736-residue Cat-1 protein. Since the putative amino
acid permease domain determining the function of Cat-1 is located at the N terminus of the
polypeptide, the annotation of cat3 is, thus, misleading and has to be renamed according to its

function in the context of the kdpF'ABCcat3 operon.
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Figure 7: Organization and length of genes within the kdpFABCcat3 operon.
Numbers indicate positions on the extra chromosomal replicon pNRC200 according to Ng et al.,
(2000).
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2.2.2 Phylogenetic relationship of the archaeal Kdp systems

Up to now, six genome sequences of Archaea comprising homologs of the Kdp system have
been published. Five of them, namely Halobacterium NRC-1 (Ng et al., 2000),
Thermoplasma acidophilum (Ruepp et al., 2000), Thermoplasma volcanicum (Kawashima et
al., 2000), Ferroplasma acidarmanus (accession number AABC00000000), and Picrophilus
torridus (Futterer et al., 2004) belong to the phylum Euryarchaeota, whereas the sixth,
Thermofilum pedens (accession number NZ AASJ00000000), represents a member of the
phylum Crenarchaeota. As in case of H. salinarum, none of these archaeal genomes features
homologs of the bacterial regulatory genes kdpD and kdpE. Instead, four of these genomes,
namely Halobacterium NRC-1, T. acidophilum, T. volcanicum, and P. torridus, comprise
ORFs homologous to cat3, either as part of the corresponding kdp operon or in its immediate
vicinity (Figure 8). In the genomes of F. acidarmanus and T. pedens, potential homologs of
cat3 are also present, although located more distant to the kdp operon. Taken together, this
argues in favor of the notion, that the composition of the halobacterial kdpF'ABCcat3 operon
resembles a common archaeal pattern, with a single operon coding for the structural genes.
Homologs of the bacterial regulatory genes are absent and replaced by a homolog of a

universal stress protein.
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Figure 8: Operon organization of the six known archaeal Kdp systems.
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A phylogenetic tree based on the alignment of all so far known putative archaeal KdpB
protein sequences as well as of 89 bacterial KdpB sequences of various phyla demonstrates
the high degree of sequence homology between archacal Kdp systems. Furthermore, the
archaeal Kdp systems represent an individual clade, thereby clearly separating them from the
bacterial Kdp systems (Figure 9). As a concequence, the origin of the Kdp system in Archaea
appears to be rooted deeply in the evolution of Archaea, which, in turn, renders the presence
of the Kdp system in different Archaea as a result of individual horizontal gene transfer rather
unlikely. Thus, the Kdp system is not only widespread within Bacteria but also present in
various Archaea, thereby demonstrating that this K™ uptake system is widely used by all
prokaryotes rather than merely by Bacteria. In strong contrast, homologs of the Kdp system
have not yet been found in any of the eukaryotic genomes sequenced so far, thereby
indicating that this K transport system is unique for prokaryotes. The analysis of the
halobacterial Kdp system sharing a common operon organization and a phylogenetic origin
with other Archaea could elucidate the role of this K uptake system not only in H. salinarum

but in other Archaea as well.
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Figure 9: Unrooted radial phylogenetic tree based on a sequence alignment of six archaeal and 89
bacterial deduced KdpB protein sequences.

The domain Archaea, the phyla Firmicutes, Cyanobacteria, and Actinobacteria as well as the classes a-
and B-proteobacteria, and the orders Pseudomonadales and Enterobacteriales are indicated as separate
clades. The two heterogeneous clades are composed of species of classes y-proteobacteria, Deinococci,
Chlorobia, d-proteobacteria, Bacteroidetes, and Sphingobacteria (heterogeneous A) and Spirochaetes
and Bacilli (heterogeneous B). One characteristic representative of each clade is highlighted with the
species name.
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2.3 Kdp-dependent K" homeostasis of H. salinarum

2.3.1 Deletion of kdpFABCcat3 and kdpFABC

In order to study the specific role of the Kdp system and the gene product of cat3 in the K'-
homeostasis of H. salinarum, a deletion of both the entire kdpFABCcat3 operon as well as of
the kdpFABC genes was carried out. The resulting deletion strains were viable and exhibited a
growth behavior in rich medium essentially similar to thst of the wild type (data not shown).
In contrast, both deletion strains showed a different growth phenotype with respect to the wild
type regarding their tolerance towards K" limitation. As demonstrated above, H. salinarum
cultivated in medium with an initial K~ concentration of 3 mM reaches stationary growth
phase earlier due to K™ limitation. In contrast to the wild type, both the kdpFABCcat3 and
kdpFABC deletion strains exhibited a similar growth phenotype during the log-phase but
entered the stationary phase at a lower optical density (Figure 10A). Although there is
apparently only a slight difference, this effect was highly reproducible and, thus, can be

considered specific.
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Figure 10: Phenotype of kdpFABCcat3 and kdpFABC deletions.

(A) Cultivation of H. salinarum R1, H. salinarum AkdpFABCcat3, and H. salinarum AkdpFABC in
media initially containing 3 mM KCI. The growth curves of H. salinarum AkdpFABCcat3 and H.
salinarum AkdpFABC are virtually congruent. (B) Residual medium K" concentration as measured by
flame emission photometry in triplicate from stationary growth phase cultures of (A).

The residual K™ concentration in the medium was measured from the stationary phase
cultures. The wild type strain was again able to accumulate K™ down to 20 uM (Figure 10B).
In contrast, both the kdpFABCcat3 and kdpFABC deletion strains were only able to grow in

the presence of K™ concentrations above 60 uM, thereby clearly demonstrating that the altered
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growth phenotype is due to the deletion of the high-affinity K™ uptake system under K'-
limiting conditions.

As shown in figure 6, H. salinarum adapts to K'-limiting conditions by the reduction of both
cell volume and cellular K* concentration. Under the same conditions, the uptake of K is
highly dependent on the presence of the high-affinity Kdp system. In order to analyze the
possible role of the Kdp-dependent K -uptake in the adaptation of cellular volume and K"
concentration, both adaptation types were studied in the kdp-deletion strain H. salinarum

AkdpFABCcat3 (Figure 11).
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Figure 11: Adaptation of cell volume and cellular K" in a kdpFABCcat3 deletion strain.

(A) Cultivation of H. salinarum wild type and H. salinarum AkdpFABCcat3 in media initially
containing 3 mM KCI. Growth was monitored as optical density of the culture. The time point for
sample collection is highlighted by an arrow. (B) Comparison of cellular K" concentration and cell
volume of H. salinarum wild type and AkdpFABCcat3.

Cellular volumes and K™ concentrations were measured for wild type cells and a
kdpFABCcat3-deletion strain grown with initial K concentrations of 100 mM and 3 mM.
Similar to the growth phenotypes described above, the cultures of both wild type and deletion
strains grown with 3 mM of KCl entered the stationary growth phase at an earlier stage due to
K" limitation, and the deletion strain H. salinarum AkdpFABCcat3 entered the stationary
phase at a slightly lower optical density as already described in figure 10. The cultures grown
with non-limiting K” concentration of 100 mM of KClI exhibited a cellular K concentration of
approx. 4 M with no significant difference between wild type and kdpFABCcat3-deletion
strain (Figure 11B). The cultures grown at an initial K* concentration of 3 mM both showed a
significantly reduced K concentration of approx. 2.8 M in the stationary phase well in accord

with figure 7. However, no significant difference between wild type and kdpFABCcat3-
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deletion strain could be observed. Furthermore, the determination of cell volumes also
resulted in same values independent of the kdpFABCcat3-deletion. This data clearly
demonstrate the presence of both adaptation types in H. salinarum independent of the
presence of the kdpFABCcat3 operon. As a consequence, the adaptation of cell volume and
cellular K concentration under K™ limiting conditions seems to be a Kdp-independent
process. The possible role of these adaptation types in the regulation of the Kdp system will
be discussed later.

The phenotype of the kdpFABCcat3 deletion strain could completely be restored and, thus,
complemented by the concomitant plasmid-encoded expression of kdpFABCcat3 (Figure 12).
A plasmid-encoded expression of kdpFABC without cat3, however, did not lead to
complementation. These findings further emphasize the specificity of the Kdp system in this
effect and already point toward an essential role of the cat3 gene product, either for the
activity of the transport complex itself or for the expression of the corresponding genes.
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Figure 12: Phenotype of the complementation of AkdpFABCcat3 by plasmid-encoded expression of
kdpFABCcat3 (pHJS1) and kdpFABC (pHIS2).

(A) Cultivation of H. salinarum AkdpFABCcat3 carrying plasmids pHJS1 or pHJS2 in media initially
containing 3 mM or 100 mM KCI, monitored as optical density of the culture. (B) Effect of cat3
deletion on K'-uptake. Residual medium K™ concentrations were measured by flame emission
photometry in triplicate from stationary growth phase cultures (sample collection points highlighted in
(A) with an arrow).

2.3.2 Expression of the kdpFABCcat3 operon

To provide first evidence of an active expression of the kdpFABCcat3 operon, the
transcription of the operon was verified by reverse transcriptase PCR. Total RNA of H.
salinarum R1 was purified from a culture grown in rich medium, and the expression of the
kdpFABCcat3 operon was detected by sequence-specific primers binding in kdpC and cat3

(Figure 13). The use of genomic DNA as a template revealed the presence of the genes and,
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thus, served as a positive control (lane 1). No PCR product could be detected with DNasel—
degraded total RNA, serving as a negative control for template purity (lane 2). A specific PCR
product exhibiting the expected size could clearly be observed in case of cDNA as template
(lane 3), thereby clearly demonstrating the transcription of the corresponding kdp genes. Thus,
although the Kdp system was so far only reported to exist in Bacteria, H. salinarum encodes
and also actively expresses genes homologous to the Kdp system. In Bacteria, the expression
of Kdp system is highly regulated in a medium K" concentration dependent manner. Although
expression of the halobacterial kdp-operon can be detected in rich medium, quantitative
expression level measurements in a casaminoacids-medium permitting better control of

. + . . .
medium K" concentration are needed to analyze the regulation of gene expression.

Std Lane1 Lane?2 Lane3 Std

Figure 13: Detection of gene expression of the kdpFABCcat3 operon by reverse transcriptase PCR.
DNA was amplified with sequence-specific primers binding in kdpC and cat3. Genomic DNA (lane
1), DNasel-degraded RNA (lane 2), and cDNA (lane 3) were used as template. Std, length standard.

2.3.3 Induced expression of the kdpFABCcat3 operon

2.3.3.1 Medium K* dependent expression of the kdpFABCcat3 operon

For H. salinarum, the expression of a high affinity, ATP-dependent Kdp system is feasible
under conditions of a low membrane potential (due to ATP-dependency) and/or low medium
K" concentrations (due to high affinity), both leading to an increasing Ayg+, under which the
other uptake system can no longer supply the cell with K™ due to either energetic and/or
affinity considerations.

Well-detectable levels of kdp expression could already be observed under non-limiting
conditions using rich medium by reverse transcriptase PCR (compare Figure 13), but without
any quantitative means. In order to analyze the effect of the medium K concentration on the
expression rate of the kdpFABCcat3 operon more precisely, H. salinarum was cultivated in
the presence of different initial K™ concentrations (3, 5, and 50 mM KCI). K' uptake was
followed by FEP (Figure 14), and the expression rate of the kdpFABCcat3 operon was
concomitantly measured quantitatively by real time RT-PCR (Figure 15).
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Figure 14: Quantitative analysis of K'-dependent growth of H. salinarum.

Cultivation of H. salinarum R1 in media containing different initial K" concentrations was monitored
as optical density of the culture (left y-axis). Residual medium K" concentration measured by flame
emission photometry is given for cultures grown at an initial K" concentration of 3 mM and 5 mM
(right y-axis). Samples were collected from all cultures for real time RT-PCR analysis and are
numbered correspondingly to sample numbers of Figure 15.

As expected, in a culture grown in non-limiting K~ concentrations of 50 mM KCI, the
expression of the kdp operon is on a low but still detectable level, which is in accord with the
transcript analysis by reverse transcriptase PCR in rich medium (Figure 13). In contrast, in
cultures grown in 5 and 3 mM of KCI (i.e. K" limitation), expression is highly induced. The
level of expression was found to be clearly dependent on the K concentration in the medium.
In cultures grown in in 5 and 3 mM of KCI, the expression in only slightly further stimulated
by a decrease of medium K' concentration down to approx. 250 uM (samples 1-4 in 3 mM
culture and samples 1-5 in 5 mM culture). However, in culture grown in 3 mM of KCI the
expression undergoes a strong secondary induction in medium K* concentrations below 250
uM (samples 5-7) and reached its maximum at the lowest medium K concentration (20 pM,
sample 7). At that point, the kdp operon is almost 1000-fold induced with respect to the low
expression level in the presence of 50 mM KCl in medium. From this experiment, the
relationship between gene expression, residual K concentration in the medium, and K'-
limiting growth conditions becomes evident. Maximal gene expression occurs in case of
extremely low K" concentrations in the medium, which, in turn, lead to an earlier stationary
growth phase. The culture grown in 5 mM KCI still did not exhibit a stationary K depletion

level in the medium, which is in accord with the reduced expression rate of the kdp operon
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with respect to the culture grown in 3 mM KCI. Only at 3 mM initial KCl, the cells reached
the minimal K* concentration enabling growth (i.e. 20 pl) and, hence, enter the stationary
phase due to K' depletion with a maximum in kdp operon expression. However, in the
stationary growth phase, the expression of the kdp operon is again down-regulated in an
apparently K'-independent manner. This points in favor to the notion that this stationary
phase repression is governed by a more general growth phase-dependent regulation rather

than by a putative K -specific mechanism.
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Figure 15: Quantification of K'-induced kdpFABCcat3 gene expression.

Normalized expression levels of kdpFABCcat3 were measured by real time RT-PCR in media
containing initial K™ concentrations of 3 mM, 5 mM, and 50 mM. Sample numbering corresponds to
sample numbers shown in Figure 14. 100 % represents the expression level of the housekeeping gene
rpoA1 used as expression reference.

2.3.3.2 Medium Na" dependent expression of the kdp FABCcat3 operon

H. salinarum is postulated to maintain an iso-osmotic equilibrium with the medium primary
by accumulation of high concentrations of K (Oren 1999). In order to accomplish this
function, the cellular K™ concentration and K" uptake needs to be dynamic and adapted to the
changing overall salinity of the surrounding medium. For these reasons, the effect of the
medium Na' concentration on the expression rate of the kdpFABCcat3 operon was analyzed.
H. salinarum was cultivated in the presence of different initial K" concentrations (3 and 100

mM KCIl) in combination with varying NaCl concentrations (2, 3, and 4 M). The expression
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rate of the kdpFABCcat3 operon was measured quantitatively by real time RT-PCR in the late
logarithmich growth phase (Figure 16).
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Figure 16: Quantification of K'-induced kdpFABCcat3 gene expression in the presence of different
medium NaCl concentrations.

(A) Cultivation of H. salinarum wild type in media containing 2, 3, and 4 M NaCl together with 3 mM
and 100 mM initial K*, monitored as optical density of the culture. (B) Mean normalized expression
levels of kdpFABCcat3 gene expression in different media measured in the late logarithmic growth
phase by real time RT-PCR in triplicate (sample collection points highlighted by an arrow). 100 %
represents the expression level of the housekeeping gene rpoA 1 used as expression reference.

The cultivation of H. salinarum at different NaCl concentrations revealed no significant
preference regarding generation time (Figure 16A). However, differences were monitored
with respect to maximal optical densities. In the presense of 100 mM KCl, the highest optical
density is archieved in the culture grown in 2 M NaCl. In the culture grown in the presence of
3 M NaCl and ever more clearly in the presence of 4 M NaCl, the maximal optical density is
significantly reduced. A similar difference was monitored with respect to maximal optical
densities upon K'-depletion. Whereas the culture grown in the presence of 4 M NaCl and
initial 3 mM KCl reached K'-limitation-induced stationary growth at ODgo of approx. 1, the
corresponding culture grown in the presence of 3M NaCl was able to grow up to an ODggp of
approx. 1.2. In both cultures, the measured residual medium K" concentration was 20 pM as
reported above. In culture grown in the presence of 2 M NaCl, even higher optical densities
could be measured, although the residual medium K" concentration was still above 100 pM,
and thus, not limiting. These measurements indicate a significant influence of medium salinity
on either amount of K" taken up by the culture or on optical properties of the culture (biased

by factors like for instance cell size) or both.
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All measured strains exhibited highly induced expression levels under inducing conditions (in
media containing initial K" concentrations of 3 mM) (Figure 16B). Although the expression
level is slightly lower in the presence of 2 M NaCl, this is most likely due to higher residual
medium K concentrations present at the time point of sample collection. The expression
levels under repressing conditions (in media containing initial K™ concentration of 100 mM)
were low but detectable. As a consequence, medium NaCl concentration obviously does not

significantly influence the expression level of the kdpFABCcat3 operon.

2.4 Regulation of kdpFABCcat3 expression

2.4.1 Sequence-based analysis of the promoter region

The transcriptional apparatus of Archaea more closely resembles that of Eucarya rather than
that of Bacteria (Woese et al., 1990). This, in turn, leads to a different promoter structure of
the kdpFABCcat3 operon with respect to its bacterial counterpart. For an initial analysis, the
putative promoter region of the kdpFABCcat3 operon (P;y) was aligned to the well-
characterized 53-bp minimal bop promoter (Py,,) (Gropp et al., 1995) (Figure 17). Whereas in
Py, there is only a weak homology of the TATA box sequence to the common archaeal
TATA-box consensus (Baliga and DasSarma, 1999), Py, comprises a more distinctive TATA
box element located 31 to 25 bp upstream of the transcription start site. Featuring the
sequence 5'-TATAAA-3'", it is more related to the common archaecal TATA-box consensus
sequence of 5'-T/CTTAT/AA-3" (Palmer and Daniels, 1995) and also comprises the formation
of TA dinucleotides, which is an additional characteristic feature of highly efficient archaeal
promoters (Reiter et al., 1990). The INR element marking the start site of transcription is
identical in both Py, and P4, and resembles the relatively weak consensus of 5'-T/CG/A-3'
(Palmer and Daniels, 1995), with the transcription starting at the purine base. The location of
the transcription initiation site of the kdpFABCcat3 operon (as highlighted with by an arrow
in Figure 17) was verified by primer extension analysis by D. Kixmiiller during her diploma
thesis (Kixmiiller et al., in preparation). Thus, for the kdpFABCcat3 operon, transcription is
supposed to start four nucleotides upstream of the ATG start codon from the postulated kdpF
gene, resulting in a leaderless mRNA without a ribosomal binding site (RBS). A possible
common transcription factor B recognition element (BRE) can be found upstream of the
TATA-box region in Py, The sequence —36(5'-ACAA-3")-33 closely resembles the —36(5'-
gNAA-3")-33 or, more generally, the —36(5'-PuNPu-3")-34 consensus sequence motifs
predicted to be involved in TFB interaction in Archaea (Qureshi and Jackson, 1998; Soppa,
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1999). Thus, the putative P4y, carries all conserved cis-acting elements required in an active

archaeal promoter.

-50 -40 -30 -20 -10
kdpF
5 BRE TATA INR 3
Pkdp AAAACTCCGTCCATACTCCGACAAATATAAATAAGGAGAAATCATCCGGGCCAGTTGCACATG
Pbop GCGTACCATACTGATTGGGTCGTAGAGTTACACACATATCCTCGTTAGGTACTGTTGC~~ATG

L—

Figure 17: Alignment of the kdpFABCcat3 promoter (Py4,) to the minimal promoter region of the
bacterio-opsin gene (Pj,).

The sequence is numbered for Py, starting with the transcription start point (black arrow) as +1. The
translational start codon, transcription initiation region (INR), and TATA-box are shaded. The putative
recognition element for transcription factor TFB binding (BRE) is marked for Py,

2.4.2 Truncation analysis of the kdp promoter

As shown in Figure 15, the expression of the kdpFABCcat3 operon underlays a complex K-
and growth phase-dependent regulation. The vast majority of regulated genes are regulated at
the level of initiation of transcription by means of transcriptional activators or repressors.
Thus, the regulation of the kdpFABCcat3 operon was studied by site-directed mutagenesis and
truncation analysis of the kdp promoter. This was done using plasmids, which are coding for a
transcriptional fusion of the kdp promoter with a halobacterial B-galactosidase (bgaH) as a
reporter gene, or using plasmids, which encode for the entire kdpFABCcat3 operon. The
establishment of the bgaH-based reporter gene-assay and the preliminary truncation analysis
to identify the minimal active promoter was done by E. Ozyamak during his diploma thesis
(Ozyamak, unpublished). A more detailed truncation analysis and the analysis of the
regulation of different promoter truncations using the bgaH reporter gene-assay were carried
out by D. Kixmiiller during her diploma thesis (Kixmiiller et al., in preparation). Both
diploma thesises were carried out under my co-supervision. During these two diploma-
thesises, detailed information was obtained about the type of regulation and the localization of
cis-active elements within the kdp-promoter. In summariy, (I) not more than 42 bp upstream
of the transcription start is essential for the promoter activity. (II) No essential regulatory cis-
active elements are present downstream of the start codon of the first gene kdpF. (11I) The kdp
promoter underlays a negative regulation. (IV) The minimal fully regulated promoter was
identified to be approx. 96 bp long and (V) a potential repressor binding site was located

downstream of -96bp.
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Based on the truncations analysis, a search for palidromic sequences as potential binding sites
for transcriptional regulators of the HTH (helix-turn-helix)-type using ExtraTrain (Pareja et
al., 2006) revealed a potential repressor binding site located between -54 bp and -75 bp
(Figure 18).

-80 -70 -60 -50 -40 -30
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GTGGAITTACACTGAATTTGTTGTAAAACTCCGTCCATACTACGACAAATATAANTAA

OPERATOR BRE TATA

Figure 18: Overview of P, Location of the putative conserved promoter elements and the putative
operator sequence. Lines below the putative operator highlight the corresponding palindromic
sequence.

In addition, a sequence-based analysis of this putative repressor binding site with the program
bend.it® (Munteanu et al., 1998) revealed an intrinsic tendency of this sequence region to
bend DNA (Figure 19), which is characteristic of several binding sites for HTH-type
repressors (Pérez-Martin & de Lorenzo, 1978; Harrington, 1992).
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Figure 19: Sequence-based prediction of intrinsic DNA curvature and G+C content of the P,,-region
(-94 to +1) by bend.it®.

The red line indicates the predicted curvature (degrees/helical turn, left-y axis); the purple line
indicates the G+C content (right y-axis). The corresponding DNA-sequence with putative conserved
promoter elements as well as the putative operator sequence is shown below the plot. The dotted line
indicates the maximal predicted curvature in the region of the putative operator. The window size for
the calculation was set to be 31.
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In order to verify the role of this potential cis-active element in the transcriptional regulation
of the kdpFABCcat3 operon, plasmids were constructed carrying the kdpFABCcat3 operon
under control of different truncated kdp promoters (-206 bp, -52 bp and -42 bp) as well as a
promoter construct with a deletion of the putative cis-active element (-54 bp to -75 bp). H.
salinarum wild type without plasmid and H. salinarum AkdpFABCcat3 carrying the
corresponding plasmids pHJS9, pHIS10, pHJS11, and pHJS12 were cultivated in medium
with an initial K concentrations of 3 mM and 100 mM (Figure 20A). All strains exhibited a
growth phenotype similar to that of the wild type. The expression levels of the kdpFABCcat3
operon under control of the different modified kdp promoters were measurered by real time

RT-PCR (Figure 20B).
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Figure 20: Truncation analysis of the promoter of the kdpFABCcat3 operon.

(A) Cultivation of H. salinarum wild type and AkdpFABCcat3 carrying plasmids coding for
kdpFABCcat3 with different variants of Py, in media containing 3 mM and 100 mM initial K,
monitored as optical density of the culture (AOP, deletion of the putative operator sequence (pHJS9), -
206, 206 bp long promoter (pHIS10), -52, 52 bp long promoter (pHJIS11), -42, 42 bp long promoter
(pHJS12)). (B) Normalized expression levels of kdpFABCcat3 gene expression from different
promoter variants measured in the late logarithmic growth phase by real time RT-PCR in triplicate
(sample collection points highlighted by an arrow). 3 mM and 100 mM, initial K™ concentrations.

As in case of the growth curve, all strains exhibited expression levels comparable to that of
the wild type under inducing conditions (in media containing initial K* concentrations of 3
mM; Figure 20B). In contrast, the expression levels under repressing conditions (in media
containing initial K™ concentration of 100 mM) were distinctively affected by the mutations in
the kdp promoter, although the growth curves were virtually congruent. The expression under

control of a 206-bp long kdp promoter was virtually equal to the wild type. The truncated kdp
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promoters carrying 42- and 52-bp long kdp-promoters, in contrast, exhibited significantly
higher expression levels under repressing conditions. This clearly indicates a truncation-
mediated loss of a cis-active element, which is at least partially responsible for a negative
regulation of the kdp promoter. The deletion of the putative repressor binding site resulted in a
virtually identical effect on the regulation of the kdp promoter. This strongly indicates the
function of the region between -54 bp to -75 bp as an operator of the kdp promoter. Although
this region obviously has a function in the negative regulation of transcription, the promoter
lacking this sequence is still partially downregulated under repressing conditions. This,
together with the fact that the identified potential operator is located clearly upstream of the
conserved promoter elements (17 bp), implies the presence of an additional operator located
between the transcription start site and the identified potential operator. However, although no
homologous sequences serving as potential candidates for the second putative operator could
so far be indentified in this region, based on these results, a co-operative action of two

different regulatory proteins in the repression of the kdp system is likely.

2.4.3 Regulatory function of cat3

As demonstrated by the experiments shown in Figure 20, plasmid-encoded expression of
kdpFABCcat3 is sufficient to complement the phenotype of a chromosomal kdpFABCcat3
deletion strain. However, complementation was not observed by plasmid-encoded expression
of kdpFABC only. This readily identifies cat3 as an essential component of the halobacterial
Kdp system. In order to distinguish whether cat3 gene product is involved in a transcriptional
regulation of the kdp-operon or in activation of the KdpFABC complex, the expression of
plasmid-encoded kdpFABCcat3 (pHJS1) and kdpFABC (pHJS2) was studied in a
kdpFABCcat3 deletion background. Both strains were again cultured in media containing 3 or
100 mM KCl, and samples were collected for real time RT-PCR measurements in the late
logarithmic growth phase (Figure 21A). The corresponding growth phenotypes are interpreted
in context of the figure 12A (same data set). The expression of plasmid-encoded
kdpFABCcat3 was found to be essentially comparable to the wild type, with high expression
levels in the presence of near-limiting K™ concentrations and a low expression level in case of
non-limiting 100 mM KCI (Figure 21B, compare Figure 20B). In contrast, the plasmid-
encoded kdpFABC without cat3 is expressed at a significantly lower level (<10%) even in
case of near-limiting K’ concentrations (Figure 21B), although trancription still was
inducible. No differences were observed in case of 100 mM KCI, thereby demonstrating that

the cat3 gene product is not involved in the repression. As a consequence, the cat3 gene
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product appears to have an essential function in the transcriptional regulation of the

halobacterial kdpFABCcat3 operon.
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Figure 21: Function of Cat3 in the transcriptional regulation of the kdpFABCcat3 operon.

(A) Cultivation of H. salinarum AkdpFABCcat3/pHIS1 (kdpFABCcat3) and H. salinarum
AkdpFABCcat3/pHIS2 (kdpFABCAcat3) in media containing 3 mM and 100 mM initial K*, monitored
as optical density of the culture. (B) Normalized expression levels of kdpFABC in H. salinarum
AkdpFABCcat3/pHIS1 and H. salinarum AkdpFABCcat3/pHJS2 in the late logarithmic growth phase
measured by real time RT-PCR in triplicate. 100 % represents the expression level of the
housekeeping gene rpoAl used as expression reference; sample collection points highlighted by an

arrow.
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Figure 22: Function of Cat3 in the transcriptional regulation of the kdpFABCcat3 operon.

(A) Cultivation of H. salinarum AkdpFABC and AkdpFABCcat3 both carrying plasmid pOEZI in
media containing 3 mM and 100 mM initial K", monitored as optical density of the culture. (B) The
kdp-promoter activity in H. salinarum AkdpFABC and AkdpFABCcat3 in the late logarithmic growth
phase measured by a transcriptional fusion with bgaH (sample collection points highlighted by an

arrow).
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A potential cis-active function of the cat3 gene for example on mRNA stability can be ruled
out, since the same findings were also obtained from [-galactosidase promoter fusion
analyses with Cat3 still encoded on the chromosome and expressed by P4, (Figure 22A and
22B).

Although cat3 is obviously essential for a high level expression of the kdpFABCcat3-operon,
Cat3 can not have a potential function in primary medium K-dependent induction of the Kdp
system. As discussed later, the expression of the kdpFABCcat3 operon is already slightly
induced in the presence of < 20 mM KCl in the medium. In higher K" concentrations, only a
low backround expression level of the kdpFABC genes as well as cat3 is detectable. As a
consequence, the stimulating effect of Cat3 on the expression of the kdpFABCcat3 operon
must be secondary and occur after initial induction of the whole operon, which takes place in
absence of Cat3.

In order to analyze the specific role of Cat3 in the regulation of kdp expression, a plasmid
(pSH1) was contructed, which expresses cat3 under the control of a contitutive ferrodoxin
promoter (Gregor & Pfeifer, 2005). For this purpose, the vector pJAS35 (Pfeifer ef al., 1994)
was chosen. This plasmid encodes a Nb®-casette enabling a stable selection in H. salinarum
even in the presence of additional pMKK100—derivatives. Furthermore, the plasmid pJAS35
carries an ApR-resistance cassette and an OriV (enabling cloning and manipulation in E. coli)
as well as an Ori for replication in H. salinarum. The plasmid pJAS35 was a generous gift
from F. Pfeifer (TU Darmstadt).

In order to study the function of Cat3 in the transcriptional regulation of the kdpFABCcat3
operon, the expression of plasmid-encoded kdpFABC (pHJS2) was studied in a
AkdpFABCcat3 strain co-transformed with pSH1, thus enabling a contitutive expression of
cat3. The Py -facilitated expression of cat3 in pSH1 at an adequate K -independent level was
controlled in earlier measurements (data not shown). The kdpFABCcat3 deletion strain
carrying the plasmid pHJS2 together with pJAS35 was used as a reference. Both strains were
cultured in media containing 3 or 100 mM KCI, and samples were collected for real time RT-
PCR measurements in the late logarithmic growth phase (Figure 23A). In addition, the
minimal K" concentration enabling growth was measured for cultures grown in the presence
of initial 3 mM KCI.

As shown earlier, the cultivation of H. salinarum in the presence of initial K' concentrations
of 3 mM results in an earlier stationary growth phase due to K" limitation. In the absence of

the kdpFABC-genes, slightly lower optical densities are reached due to the inability to take up
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K" in case of less than approx. 60 pM K" in the medium. Furthermore, the expression of cat3
was shown to be essential to enable growth below 60 uM K in the medium.

As expected, the kdpFABCcat3 deletion strain carrying plasmids pHJS2 and pJAS35 already
entered the stationary growth phase at an optical density of approx. 0,9 at a medium K"
concentration of approx. 70 uM (Figure 23A and 23B). The combination of the kdpFABCcat3
deletion strain with plasmid-encoded kdpFABC (pHS2) together with the plasmid-encoded
constitutive expression of cat3 (pSHI1), in contrast, was able to reach an optical density of
approx. 1,0 and was also able to grow with K" concentrations down to allmost 20 uM. As a
consequence, the constitutive expression of cat3 in trans is obviously sufficient to
complement the phaenotype of cat3—deletion resulting in growth similar to the wild type

(compare Figure 12).
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Figure 23: Complementation of Acat3 (AkdpFABCcat3 strain + plasmid encoded kdpFABC) by
plasmid-encoded constitutive expression of cat3.

(A) Cultivation of H. salinarum AkdpFABCcat3 carrying plasmid pHIS2 (kdpFABC) together with
either pSH1 (contitutive cat3) or pJAS35 (negative control) in media initially containing 3 mM or 100
mM KCI, monitored as optical density of the culture. (B) Effect of contitutive expression of cat3 on
K -uptake. Residual medium K’ concentrations were measured by flame emission photometry in
triplicate from stationary growth phase cultures (sample collection point indicated by an arrow).

Subsequently, expression levels of kdpFABC encoded by plasmid pHS2 together with either
plasmid pSHI1 (contitutive expression of cat3) or the control vector pJAS35 were measured
by real time RT-PCR (Figure 24). The expression levels of kdpFABC encoded by the
integrative plasmid pHJS2 in the presence of the control vector pJAS35 highly corresponded

to values measured in the absence of pJAS35 (see Figure 21).
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Figure 24: The effect of contitutive expression of cat3 on the expression of plasmid-encoded
kdpFABC.

Normalized expression levels of kdpFABC in H.salinarum AkdpFABCcat3/pHJS2/pSH1 and H.
salinarum AkdpFABCcat3/pHIS2/pJAS35 in the late logarithmic growth phase measured by real time
RT-PCR in triplicate. 100 % represents the expression level of the housekeeping gene rpoAdl used as
expression reference; sample collection point highlighted by an arrow in Figure 23.

In the presence of initial 3 mM KCI in the culture, the expression of kdpFABC exhibits in
AkdpFABCcat3 background maximal expression levels of below 10 % of the levels measured
in the presence of cat3. In the culture grown under non-limiting 100 mM KCI, the uninduced
expression level of kdpFABC was on a low but still detectable level. However, in the presense
of plasmid pSHI1, from which cat3 is expressed constitutively, the expression profile of
kdpFABC was highly biased. The constitutuve expression of cat3 in trans readily
complemented the phaenotype obtained in case of the absence of cat3 (see Figure 23B).
Therefore, the expression of kdpFABC was on a high level under K'-limiting conditions
(initial 3 mM KCI). However, the expression level of more than 110 % of the expression level
of the housekeeping gene rpoAl, revealed to be on a significantly higher level than by
plasmid pHS1 (kdpFABCcat3; 70 %, see Figure 21) or even in case of wild type (50-80 %,
Figures 15 and 16). Furthermore, the constitutive expression of cat3 resulted in a highly
stimulated expression of kdpFABC of approx. 15 % even in the presence of repressing
conditions. As a consequence, Cat3 obviously has its function in the high level induction of
the kdpFABCcat3-operon in stimulating the expression after initial lower level induction of

the the kdp-genes and cat3 itself.
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2.5 Global transcriptional response in H. salinarum to K" depletion

2.5.1 DNA microarray analysis

Despite the valuable details about changes in cell volume, ion composition and expression of
the kdpFABCcat3 operon in response to K depletion, more global information is needed to
understand the cellular response of H. salinarum in a more comprehensive manner. In order
elucidate the global cellular response of H. salinarum to K™ depletion at the level of gene
expression, a DNA microarray study was carried out. The RNA samples needed to identify
up- and down-regulated genes as a response to K™ depletion were collected from H. salinarum
grown in media with an initial K™ concentration of 3 mM and 100 mM (Figure 25). Similar to
the growth phenotypes described above, the culture grown with 3 mM of KCI entered
stationary growth at an earlier stage due to K limitation. The samples were collected at late
logarithmic growth phase (ODgy=ca.l). At that point, the medium K™ concentrations
exhibited values of 30 uM in a medium with initially 3 mM KCI, and 95 mM in medium with
initially 100 mM KCI. Although this rather late sample collection point makes it difficult to
differentiate between genes regulated as a response to K depletion and genes regulated as an
early response in reaching the stationary growth phase, it is mandatory to ensure adequate K"

depletion.
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Figure 25: Cell cultivation for DNA microarray studies.
Cultivation of H. salinarum wild type in media containing 3mM and 100mM initial K*, monitored as
optical density of the culture (left y-axis). Residual medium K’ concentration measured by flame
emission photometry is given for the culture grown at an initial K™ concentration of 3 mM (right y-
axis). The sample collection point and the corresponding medium K concentration in the K'-limited
culture are highlighted by arrows.

The DNA microarray study was carried out in cooperation with A. Wende (MPI for
Biochemistry, Martinsried). Two independent sets of microarray slides were hybridized with
the samples collected as described above. During the analysis, only changes in expression

levels fulfilling the following parameters were considered significant. (I) The values from two
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individual sets of microarray chips had to pass a permutation—based t-test. (II) The difference
between log2 mean median values of microarray slides hybridized with different samples had
to be higher than 0,7. (IIT) The mean standard deviation of both arrays had to be less than the
mean median values thereof. In table 1, the genes down-regulated upon K" depletion are listed
in the order of the measured expression level difference. Table 2 represents the up-regulated
genes in a corresponding order. A total number of 35 genes down-regulated and 26 genes up-
regulated in repsonse to K limitation were identified. As expected, kdpA, kdpB, kdpC, and
cat3 were among genes that are highly induced under K limiting conditions. In addition to
kdp-genes, a remarkably high number of unknown genes are coinduced under these
conditions. A high number of transposons together with several genes of an operon coding for
a AjA, ATPase are among genes that are downregulated. Interestingly, orc3/cdc6 gene
homologs regulating initiation of replication and, as a consequence, cell division are also

. . . + .
regulated in response to changes in medium K concentration.

Table 1: List of genes down-regulated under K limiting conditions as identified by DNA-microarray

analysis.
ID* gene predicted function®** mean of mean of
name** medians****  stddevs*****

OE3644F nadA quinolinate synthetase A -1.55E+00 8.52E-02
OE3949R - glutaredoxin homolog -1.24E+00 6.12E-02
OE1102R - transposase -1.13E+00 5.19E-02
OE1019R - transposase -1.12E+00 7.43E-02
OE1472F fba2 fructose-bisphosphate aldolase -1.08E+00 6.56E-02
OE1173F - transposase -1.07E+00 5.04E-02
OE7198F - transposase -1.05E+00 5.49E-02
OE1679R phoX2 ABC-type phosphate transport system -1.02E+00 1.65E-01
OE5340R - transposase -1.01E+00 4.77E-02
OE3732R - Phosphoribosylformylglycinamidine synthase -9.86E-01 4.03E-02
OE5162R orcb cell division control protein orc/cdc6 -9.64E-01 1.38E-01
OE6296R - transposase -9.47E-01 7.80E-02
OE5406R - transposase -9.15E-01 4.97E-02
OE1471F  {rpA tryptophan synthase, chain alpha -8.67E-01 5.12E-02
OE3731R  purQ phosphoribosylformylglycinamidine synthase -8.66E-01 5.04E-02
OE3989R atpK A1A0-ATPase, chain K -8.63E-01 5.80E-02
OE2600R rpl12 ribosomal protein L12 -8.58E-01 1.20E-01
OE5407F - transposase -8.52E-01 5.54E-02
OE1440F - transposase -8.42E-01 1.60E-01
OE4613F acn aconitate hydratase -8.32E-01 6.90E-02
OE2458R guaB IMP dehydrogenase -8.01E-01 5.54E-02
OE1040R - transposase -7.90E-01 4.18E-02
OE3582F c¢spD2 cold shock protein -7.84E-01 2.90E-02
OE7046R - transposase -7.79E-01 5.41E-02
OE1102R - transposase -7.71E-01 8.90E-02
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Table 1: List of genes down-regulated under K limiting conditions as identified by DNA-microarray
analysis (continuation).

ID* gene predicted function®** mean of mean of
name** medians****  stddevs*****

OE2601R rpl10 ribosomal protein L10 -7.64E-01 7.55E-02
OE1981R - hypothetical protein, 2TM -7.59E-01 6.47E-02
OE2622R porB pyruvate-ferredoxin oxidoreductase, beta chain -7.50E-01 1.72E-01
OE3985R atpA A1A.-ATPase, chain A -7.46E-01 6.60E-02
OE7169A - transposase -7.46E-01 4.58E-02
OE3986R atpF A1A,-ATPase, chain F -7.35E-01 2.22E-02
OE2274R purL phosphoribosylformylglycinamidine synthase -7.31E-01 9.33E-02
OE3984R atpB A4A,-ATPase, chain B -7.11E-01 8.31E-02
OE4122R cctA Thermosome, chain alpha -7.07E-01 7.87E-02
OE1470F trpB tryptophan synthase, chain beta -7.04E-01 1.23E-01

Table 2: List of genes up-regulated under K* limiting conditions as identified by DNA-microarray
analysis.

ID* gene predicted function®** mean of mean of
name** medians****  stddevs*****

OE5052F  kdpA KdpA 4.50E+00 1.49E-01
OE5053F kdpB KdpB 4.35E+00 1.93E-01
OE5054F kdpC KdpC 4.28E+00 2.13E-01
OE5066R - hypothetical protein 3.75E+00 2.84E-01
OE5051R trkA2  TrkA 2.77E+00 3.60E-01
OE5055F cat3 universal stress protein 2.56E+00 1.50E-01
OE5065R - DHH + DHHA1 domain protein 1.47E+00 1.21E-01
OE2450F acs2 acetate-CoA ligase 1.43E+00 6.99E-02
OE5067R - hypothetical protein 1.26E+00 8.79E-02
OE3822R - hypothetical protein 1.23E+00 8.79E-02
OE2838R trkA5  TrkA 1.16E+00 7.31E-02
OE2173F c¢gs cystathionine gamma-lyase 1.03E+00 3.34E-02
OE3942R - hypothetical protein 9.79E-01 3.61E-02
OE5134F - hypothetical protein, 1TM 9.49E-01 9.83E-02
OE5068F - Superfamily: DNA/RNA polymerases 9.47E-01 3.33E-01
OE4306F - hypothetical protein, 4 CBS domains 9.09E-01 5.69E-02
OE1789R - hypothetical protein 8.15E-01 3.23E-02
OE4384R - hypothetical protein, 4TM 7.82E-01 6.30E-02
OE5037R orc2 cell division control protein orc/cdc6 7.75E-01 3.00E-01
OE5063R - IS200-type transposase 7.75E-01 6.73E-02
OE2333R ark signal-transducing histidine kinase 7.65E-01 6.81E-02
OE4382R - hypothetical protein , 2TM 7.53E-01 7.69E-02
OE5165R - hypothetical protein, 2TM 7.42E-01 1.64E-01
OE2442R - hypothetical protein , 3TM 7.40E-01 7.17E-02
OE3542R - unknown 7.40E-01 3.34E-02
OE4509F - nonhistone chromosomal protein 7.21E-01 5.06E-02

*Locus names and **gene names as annoteted for H. salinarum R1, *** predicted function
(blast/PFAM/INET), ****mean of medians from two independent arrays, *****mean of standard
deviations from two independent arrays. All given values are log2-values. stddevs, standard
deviations.
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2.5.2 Cluster of up-regulated genes

The analysis of the localization of the genes up-regulated upon K depletion uncovered a
significant gene clustering. Whereas 66 % of the up-regulated genes are dispersed, 44 % are
located in a small region of the extra-chromosomal replicons pNRC200 (Halobacterium
NRC-1) or pHS3 (H. salinarum R1) (Figure 26). Including the kdpFABCcat3 operon, most of
these clustered genes show the strongest induction of all up-regulated genes. Several of the
genes directly next to the kdpFABCcat3 operon (compare Figure 30) were identified as highly
up-regulated genes (orc2, trkA2, kdpA, kdpB, kdpC, cat3, VNG6182H, VNG6183C, cat4,
VNG6185H, VNG6186H).

322879

292337

pNRC200

2535755 102627

219253
122711

14610 orc?

kA
VNGG6276H — kdpA
v 2
VNG2SIH  veoigae kipB
catd kdpC
VNGGI8SH cat3
VNG61S6H

44% of upregulated genes on pINEC200

Figure 26: Clustering of genes up-regulated upon K" depletion.
Location of up-regulated genes on the extrachromosomal replicon pNRC200. Loci names and
locations as annotated for Halobacterium NRC-1 in Ng et al. (2000).

Due to this significant clustering of genes up-regulated upon K depletion, a possible role of
the chromosomal location in the K" depletion dependent regulation of the kdpFACcat3 operon
was studied. This was carried out by use of the integration of a transcriptional fusion between
the kdp promoter and the halobacterial B-galactosidase (bgaH) in different regions of the
genome. All plasmids based on pMKK 100 do nut comprise an own origin of replication in H.
salinarum and the stability of the plasmids is only ensured by the integration into the
chromosome. Since the prerequisite for an effective integration via recombination is a
homologous sequence region, the integration point can be influenced by the variation of this
region on the plasmid. This was used to construct three plasmids carrying variable regions for

integration together with a transcriptional fusion of the kdp promoter with the reporter gene
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bgaH. Three non-coding regions were chosen for the integration: (I) A 300 bp-region
immediately downstream of cat3 (pHJS6), (II) a 300 bp-region immediately upstream of
rpoAl (pHJS7), and (III) a 300 bp-region immediately upstream of bop (pHJSS). These
regions were selected to ensure integration in the up-regulated cluster as well as within a
region of two genes known not to be regulated in response the K™ depletion as a negative
control. Since the deletion strain H. salinarum AkdpFABC, in which the plasmids were used,
still encoded for the kdp promoter followed by cat3, a compromise needed to be accepted
with respect to the length of the kdp promoter. In order to prevent integration via the kdp
promoter region, a 54 bp-long truncated kdp promoter lacking one operator but still exhibiting
strong response to K" depletion was used.

Following transformation of H. salinarum AkdpFABC with all three plasmids, the correct
integration was controlled by PCR (data not shown). All strains were cultured in media
containing 3 or 100 mM KCI, and samples were collected for ONPG measurements in the late
logarithmic growth phase (Figure 27A). B-galactosidase activities were found to be essentially
comparable independent of the integration site, with high activities in the presence of near-
limiting K™ concentrations and low activities in case of non-limiting 100 mM KCI (Figure
27B). As a consequence, although the kdpFABCcat3 operon is located within a cluster of
genes up-regulated upon K' depletion, the regulation of gene expression is obviously not

dependent on the chromosomal location of the genes.
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Figure 27: Location dependent expression of kdpFABCcat3.

(A) Cultivation of H. salinarum AkdpFABC carrying plasmids pHIS6 (kdp), pHIS7 (rpoA 1) or pHISS
(bop) in media containing 3 mM and 100 mM initial K*, monitored as optical density of the culture.
(B) Activity of the kdp promoter integrated at different locations in the genome, measured by a
transcriptional fusion with bgaH (sample collection points highlighted by an arrow) .
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2.5.3 DNA replication and replicon copy number

The genome of H. salinarum is reported to carry multiple origins of replication, from which
the replication is initiated during cell division (Zhang & Zhang; 2003; Berquist & DasSarma,
2003). A crucial step in the initiation of replication is the sequence specific binding of an
Orc1/Cdc6 protein homog at the replication initiation site. This is supposed to be followed by
the subsequent binding of additional proteins in order to build up a functional replication
initiation complex (Grainge et al, 2003). The genome of H. salinarum comprises for ten
orcl/cdc6 homogues although only two of them (orc2 and orcl0) are reported to be essential
(Berquist et al., 2007). Furthermore, several orc/cdc6 homogs are located in the near vicinity
of a postulated origin of replication, and this co-localization is discussed as a conserved
character of archaeal origins of replication (Norais ef al., 2007). One of the reported essential
orcl/cdc6 homogs (orc?2) is located only ~7 kb upstream of the kdpFABCcat3 operon and,
thus, in the near vicinity of the gene cluster up-regulated upon K" depletion. Two additional
nonessential orc/cdc6 homologs (orc3 and orc5) are also located within this region. In the
course of the DNA microarray analysis, orc2 was identified as a gene, which is significantly
up-regulated and orc5 as a gene down-regulated under conditions of K'-depletion (compare
tables 1 and 2). Although orc3 was not identified itself, it most likely builds up an operon
together with VNG6186 which was shown to be highly up-regulated. These findings indicate
a putative linkage between the regulation within the discussed gene cluster and the regulation
of replication initiation. Whereas replication-mediated gene amplification plays a fundamental
role in the gene regulation processes in Eucarya (Tower, 2004; Claycomb & Orr-Weaver,
2005), the utilization of a corresponding mechanism has not yet been reported in Archaea.
Since the replication in H. salinarum is reported to be a highly dynamic process resulting in
variations in the copy number of different replicons depending on at least growth conditions
and growth phase (Breuert ef al, 2006), the potential role of replication-mediated gene
amplification in the regulation of kdpFABCcat3 and in the regulation of the up-regulated gene
cluster was analyzed.

In order to identify the potential role of a local induction of replication and the resulting
higher copy number of clustered genes upon K" depletion, H. salinarum was grown in media
containing 3 or 100 mM KCI, and samples of genomic DNA were collected for real time PCR
measurements in the late logarithmic growth phase (Figure 28A). The relative copy number of
the genomic region, in which the kdpFABCcat3 operon is located, was determined to detect
possible fluctuations upon K" depletion (Figure 28B). As a control, the relative copy number

of rpoAl was taken as a gene unaffected by K" depletion. The obtained values for the region

39



coding for rpoAl and kdpFABCcat3 indicate only a slightly higher copy number for the
rpoAl region. The measured overall difference (<10%) in copy number of the chromosome
region (rpoAl) and the extra chromosomal replicon pHS3 (kdpC/cat3) is significantly lower
than reported earlier (Breuert et al., 2006). However, no difference could be detected between
cultures grown in the presence of sufficient K concentrations and upon K depletion. As a
concequence, the copy number of the genomic region coding for the kdpF'ABCcat3 and most
likely several additional up-regulated genes under conditions of K depletion is unaffected.
Thus, a replication-mediated gene amplifiction obviosly does not play a notable role in the

regulation of the corresponding genes.
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Figure 28: K' limitation-dependent analysis of the relative copy number of kdpFABCcat3.

(A) Cultivation of H. salinarum wild type in media containing 3mM and 100mM initial K, monitored
as optical density of the culture. (B) Relative copy number of genomic DNA coding for kdpFABCcat3
and rpoAl in H. salinarum wild type in the late logarithmic growth phase measured by real time PCR
in triplicate (sample collection points highlighted by an arrow) .

2.6 Search for transcriptional regulators of the kdp system

2.6.1 Two-component systems

As described earlier, the expression of bacterial Kdp systems is governed by the two
component system KdpD/KdpE. In contrast, none of the Archaea coding for homologs of the
transporter genes kdp(F)ABC also comprises homologs of kdpD or kdpE. In the genome of H.
salinarum, however, three response regulators have been identified, for which the
corresponding regulated genes are unknown. In order to study a potential function of these

two-component systems in the transcriptional regulation of the Kdp system, deletion strains of
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all three response regulators, namely OE3854, OE2334, and OE2086 were studied with
respect to their ability to regulate the expression of the kdpFABCcat3 operon. The deletion
strains were a generous gift from A. Wende (MPI for Biochemistry, Martinsried). All three
deletion strains and H. salinarum wild type were cultured in media containing 3 or 100 mM
KCl, and samples were collected for real time RT-PCR measurements in the late logarithmic
growth phase (Figure 29A). The expression levels of kdpFABCcat3 in all three deletions
strains under both inducing and repressing conditions were comparable to those of the wild
type strain (Figure 29B). As a consequence, the transcriptional regulation of the halobacterial
Kdp system is not only independent of KdpD/KdpE but also independent of any additional
identified response regulator, thereby most likely representing a regulatory system essentially

different from the bacterial counterparts.
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Figure 29: Function of three putative response regulators in the transcriptional regulation of the
kdpFABCcat3 operon.

(A) Cultivation of H. salinarum wild type, AOE 3854, AOE 2334 and AOE 2086 in media containing
3 mM and 100 mM initial K*. (B) Normalized expression of kdpFABCcat3 in H. salinarum wild type,
AOE 3854, AOE 2334, and AOE 2086 in the late logarithmic growth phase measured by real time RT-
PCR in triplicate. 100 % represents the expression level of the housekeeping gene rpoAl used as
expression reference; sample collection points highlighted by an arrow.

2.6.2 Neighboring genes

Several transcriptional regulators are located on the chromosome in the near vicinity of the
genes they regulate. This is particularly true for the bacterial Kdp systems. For this reason, the
sequences of genes located up- und downstream of the kdpFABCcat3 operon (+/- ca. 10,000
bp) were analyzed by pfam pattern search for their potential ability to act as a transcriptional

regulator. However, no potential transcriptional regulators could be identified on pNRC200
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surrounding the kdpFABCcat3 operon. Nevertheless, the region immediately downstream of
the kdpFABCcat3 operon encodes two putative open reading frames (orf’s) with unknown
function (Figure 30). One of them, namely OE5061, was annotated only for H. salinarum R1
(Oesterhelt et al., unpublished; www.halolex.mpg.de) and encodes a putative orf without any
known homologs. The second, namely VNG6180 as annotated for Halobacterium NRC-1 (Ng
et al., 2000) or OE5058F as annotated for H. salinarum R1, encodes a conserved putative orf

with unknown function.
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Figure 30: Genomic organization of genes neighboring the kdpFABCcat3 operon.

Locus name and location of OE5061 as annotated for H. salinarum R1 (Oesterhelt et al.,
unpublished; www.halolex.mpg.de). All additional loci are as annotated for Halobacterium NRC-1
according to Ng et al. (2000).

Although both orf’s do not comprise sequence homology to any known transcriptional
regulators, an array was carried out to verify the expression of these orf’s. In order to analyse
their expression, H. salinarum wild type was cultured in media containing 3 or 100 mM KCI,
and samples were collected for real time RT-PCR measurements in the late logarithmic
growth phase (Figure 31A). Real time RT-PCR measurements were carried out by use of
primers binding in kdpC/cat3 (primers 12 and 13) and rpoA 1 (primers 14 and 15) as positive
and negative controls, respectivly, and in OE5061 (primers 18 and 19) or VNG6180 (primers
20 and 21)(Figure 31B). Under these conditions, the reference gene rpoAl showed a strong
constitutive expression (ct-values of ~20), whereas the kdpFABCcat3 operon exhibited an
induction of expression in the culture grown at initial K™ concentration of 3 mM (from a ct-
value of ~31 to 23). Hardly any expression could be detected for OES061F. In contrast, an
induced transcription of VNH6183 was clearly detectable (ct-value of ~23 in the culture
grown at initial K~ concentration of 3 mM and a ct-value of ~26,5 in the culture grown at
initial K™ concentration of 100 mM). Both orf’s exhibited a slight induction under conditions,
in which the kdpFABCcat3 operon is highly induced. This, however, could also be due to
transcriptional read-thru from the kdpFABCcat3 operon located directly upstream. Although a

transcriptional terminator is located downstream of the kdpFABCcat3 operon, it only
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terminates transcription with an efficiency of ~90 % (Kixmiiller et al., in preparation). Thus, a
reliable induced expression could only be detected for VNH6183. Even though highly
hypothetical, a role of this conserved putative orf in the transcriptional regulation of the

halobacterial kdpF'ABCcat3 operon can not be ruled out.
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Figure 31: Expression of two putative orf’s located downstream of cat3.

(A) Cultivation of H. salinarum wild type in media containing 3 mM and 100mM initial K",
monitored as optical density of the culture (sample collection point highlighted by an arrow).

(B) Ct values of real time RT-PCR analysis applying primers binding in kdp (primers 12 and 13), in
rpoAl (primers 14 and 15), in VNG6183 (primers 16 and 17), and in OE5061 (primers 18 and 19).
The expression detection limit indicates the lowest detectable expression level .

2.6.3 Genomic library screen

In addition to the studies described above, an attempt was carried out to identify the
transcriptional regulatory proteins of the halobacterial kdp system by means of a genomic
library screen. This approach was enabled by the development of sophisticated molecular
biological methods (knock out, vector systems, selectable markers etc.) for an additional
halobacterial species, Haloferax volcanii. This strain does not encode homologs of the kdp
system, thereby justifying the assumption that homologs of the corresponding regulatory
proteins of the halobacterial kdp system are absent as well. The basic idea of the genomic
library screen was to construct a plasmid carrying a transcriptional fusion of the kdp promoter
to the selectable reportegen pyrE2. pyrE2 encodes an essential protein of the uracil
biosynthesis pathway of H. volcanii, resulting in uracil auxotrophy in the absence of pyrE2 or
in absence of pyrE2 expression. As a consequence, the expression of plasmid-encoded pyrE?2

under the control of the halobacterial kdp promoter in H. volcanii ApyrE2 could, if active in
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H. volcanii, result in the ability to grow without supplemented uracil. The expression of
pyrE2 is, however, counter-selectable. In the presence of uracil, H. volcanii is able to take up
uracil from medium, resulting in growth behaviour similar to the wild type, even in absence
of PyrE2. An analog of uracil, 5-FOA (5-fluoro orotic acid), can also be taken up by H.
volcanii and serves as an additional substrate for PyrE2. The enzymatic activity of PyrE2,
however, converts 5-FOA to a toxic form. This enables the selection for the absence of pyrE?2
expression in the presence of uracil and 5-FOA. In an initial experiment, the activity of the
kdp promoter in H. volcanii was analyzed. For this purpose, a plasmid pTA425 was chosen.
This plasmid carries a trpA gene under control of a constitutive Py, —promoter, thus enabling a
stable selection in a H. volcanii AtrpA strain in the absence of tryptophane in the medium.
Furthermore, the plasmid pTA425 carries an Ap"—resistance cassette and an OriV (enabling
cloning and manipulation in E. coli) as well as a pHV4-Ori (for replication in H. volcanii).
The original plasmid pTA425, in which pyrE2 is not expressed due to the absence of an
appropriate promoter, was manipulated to encode a transcriptional fusion between Py, and
pyrE2 (pHIS23, Figure 32A). The combination of H. volcanii H53 (AtrpA ApyrE2) and
pHIJIS23 enabled a screen for the activity of the halobacterial kdp promoter in H. volcanii by
the ability to complement the uracil auxotrophy. Both the H. volcanii H53 strain and plasmid
pTA425 were a generous gift from T. Allers (University of Nottingham).

The activity of the kdp promoter in H. volcanii was controlled via the ability of H. volcanii
H53/pHJS23 to grow on agar plates with and without supplemented uracil in the presence of 3
mM or 100 mM KCIl. Strain H. volcanii H53 carrying either no plasmid or plasmid pTA425
were used as controls (Please note that casaminoacids used as the sole carbon source do not
contain tryptophane). As reported earlier (Allers et al., 2004), H. volcanii H53 was only able
to grow in casaminoacids-medium if supplemented with uracil and tryptophane (Figure 32B).
In contrast, H. volcanii H53 carrying plasmid pTA425 was able to grow without tryptophane
but was still uracil auxotroph due to absence of pyrE2-expression. In contrast, H. volcanii
H53 carrying plasmid pHJS23 was able to grow without both supplemented uracil and
tryptophane, thereby demonstrating that pyrE?2 is expressed in H. volcanii by the halobacterial
kdp promoter at levels sufficient to complement uracil auxotrophy. This complementation was
found to be independent of the K™ concentration in the medium. This indicates the per se
ability of the kdp promoter to initiate transcription even in the absence of any kdp-specific

regulatory proteins in a constitutive manner.
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Figure 32: Expression of the counter-selectable reporter gene pyrE2 under control of the halobacterial
P4 in Haloferax volcanii H53.

(A) Plasmid map of plasmid pHJS23. Location of all genes is indicated with arrows and cis-active
elements with boxes. Location of Py, is highlighted. (B) Growth of H. volcanii H53, H. volcanii
H53/pTA425 and H. volcanii H53/pHJS23 in casaminoacids-medium with and without tryptophane
and uracil in initial medium K" concentrations of 3 and 100 mM. No growth is documented with (-),
growth like H. volcanii H53 with uracil and tryptophane is documented with (+++).

In the following experiment, this counter-selectable expression system was used for a
genomic library screen. The combination of H. volcanii H53 together with plasmid pHJS23
was highly sensitive to presence of 5-FOA (10 pg/ml 5-FOA abolished any detectable growth
on agar plates). This property was used for a screen applying a genomic library of H.
salinarum. The used genomic library was constructed based on plasmid pWL-Nov carrying
an Ori compatible to the Ori used in pHJS23 together with a novobiocin resistance cassette
for the selection of transformants. This library was a generous gift from M. Mevarech (Tel
Aviv University; Giladi et al., 2002). The library has a coverage of ~90 % of the genome of
H. salinarum, whereas the individual plasmids carry genomic fragments of ~8 kb (Mevarech,
personal correspondence).

The screen was set up by a combination of H. volcanii H53/pHJS23 transformed with the
genomic library and the selection of clones by their ability to grow on casaminoacid plates,
which were supplemented with uracil and 5-FOA. Assuming that the repressor (or repressors)
of the halobacterial Kdp system is (are) located on an individual fragment of the library and
that the repressor (or repressors) is (are) expressed and active in H. volcanii, the repressor
should be able to repress the kdp promoter-driven expression of pyrE2. This clone is then

selectable by the ability to grow in the presence of 5-FOA. Although the screen was carried
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out several times with different concentrations of 5-FOA, no clones with significant growth in
the presence of 5-FOA could be isolated.

Even though the identification of the transcriptional regulators of the halobacterial Kdp
system was not successful in this case, the established expression system in H. volcanii
provides a promising test system in general. In the comparison of alternative methods like for
instance knock-out analyse, with little effort, this system could be used to verify the identity

of potential repressors of the halobacterial Kdp system.

2.6.4 The halobacterial kdp FABCcat3 operon as part of a regulon

As discussed earlier, several genes are up- und down-regulated in response to K depletion.
With the exception of the kdp promoter, none of the up-regulated genes or putative operons
were so far analyzed with respect to their mode of gene regulation. In order to information
about a potential linkage of these genes in a hypothetical K -responsive regulon, the putative
promoter sequences of all up-regulated genes were analyzed. In addition to overall sequence
similarity, the putative promoter regions were analyzed with respect to the presence of
palindromic sequences as putative regulatory protein binding sites. Several of the analyzed
potential promoter regions comprised palindromic sequences that could serve as regulatory
protein binding sites. Most of these potential cis-active elements, however, exhibit no
significant sequence homology (data not shown). The only exception was the putative cis-
active element that was already identified to be involved in the negative regulation of the kdp
promoter (see Figures 18, 19, and 20). A sequence highly homologous to this putative cis-
active element of the kdp promoter was found to be located in the promoter region of a
putative operon build up by the genes VNG6183 (accession number NP 395715), cat4
(accession number NP _395716), and VNG6185 (accession number NP_395717) (Figure 30).
This homologous putative binding site is located at -22 to -41 bp upstream of the start codon
of the first gene VNG6185, thereby comprising a position to inhere with the transcription

initiation or elongation.

Pydp CTITACACTGAATTTGTTGTAAAA
P, CCTTACAACAAATTTGGIGTAAA

- > % » & »

Figure 33: Potential binding sites of a shared transcriptional regulator.

The potential repressor binding site of the kdp promoter is indicated with Py;,. The potential binding
site in promoter region of a potential operon build up by genes VNG6183, cat4 and VNG6185 is
indicated as Py. The arrows indicate the range of one helical turn of DNA thereby locating the
conserved regions on one side of the DNA double helix.
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Although the identity of a putative regulatory protein is still highly hypothetical, it is tempting
to speculate about the linkage of these two operons into a regulon by use of a shared
regulatory protein. The corresponding second putative operon is located ~3.4 — 5.8 kb
downstream of cat3 in the reverse complementary direction (see Figure 30). It is separated
from the kdpFABCcat3 operon only by the conserved putative orf located directly
downstream of cat3 (VNH6183; see Figure 31) and a transposon (VNG6182/VNG6182). The
function of all three genes located in the putative operon is unknown. Two of the genes,
namely VNG6183 and VNG6185, were identified in the course of a DNA microarray study as
one of the most up-regulated genes. VNG6185 encodes a conserved hypothetical protein,
whereas VNG6183 carries sequence homologies to DHH+DHHA1 protein domain family
which is characterized by a phosphoesterase activity. The third gene of the potential operon
(cat4), located in between VNG6183 and VNG6185, encodes a member of the universal stress

protein family and, thus, a homolog of cat3.
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3. Discussion

3.1 K" homeostasis in H. salinarum

H. salinarum exhibits a high tolerance with respect to the environmental potassium
concentrations supporting growth, although K" is of vital importance for the cell’s life. Even
though K" is accumulated inside the cell in a molar range, growth occurs in case of very low
K" concentrations down to 20 pM. H. salinarum responds to these conditions by an adapted
lower cellular K™ concentration as well as by a lower cell volume and, thus, higher cell
densities can be achieved with limited K. For another reason, similar shifts in the cellular K
concentration have already been reported as a result of changes in illumination conditions
(Wagner et al., 1978, Lanyi, 1978). During illumination, K~ was shown to be accumulated in
high concentrations most probably as a result of the increased membrane potential generated
by the activity of the light-driven proton pump bacteriorhodopsin. In the absence of
illumination, this high K™ concentration was supposed to be used as an energy converter, and
the extrusion of K* coupled to the uptake of Na’ via a Na'/H -antiporter could be used to
increase the membrane potential under conditions of low H' -pumping activity (Wagner et al.,
1978, Lanyi 1978, Brown et al., 1983). However, since the required K -extruding system has
not yet been found in this context, this scenario remains hypothetic.

Anyway, H. salinarum is postulated to maintain an iso-osmotic equilibrium with the medium
(Oren 1999). In order to accomplish this, the cellular ion concentration needs to be dynamic
and adapted to the changing overall salinity of the surrounding medium. In the course of the
bachelor thesis of Stefan Thiele (carried out under my supervision), first experimental
evidence supporting the highly dynamic character of cytoplasmic K™ and Na" in balancing the
osmolality was obtained. The cytoplasmic K" concentration indeed shows a significant
correlation to the osmolality of the medium. In the presence of adequate levels of K", the
rising osmolality of the medium is compensated by a concomitant increase in cellular K"
concentration. The adaptation of the cellular K* concentration upon changes in medium
salinity is, however, combined with unexpectedly large and yet unreported changes in cell
volume. Whereas the rising medium osmolality is compensated by an elevated cellular K"
concentration, a parallel strong reduction of the cell volume can be monitored. If, however,
cultivated under near limiting K™ concentrations, a highly sophisticated interplay between
cellular K" and Na" as well as cell volume can be observed. As shown earlier (see results), H.

salinarum adapts to K™ depletion by reducing both the cellular K™ concentration (~30 %) and
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the cell volume (~20 %) if cultivated in the presence of 3 M NaCl. In the presence of 4 M
NaCl, the cells exhibit a higher cellular K' concentration and a lower cell volume. Upon K"
depletion, the adaptation in case of a reduced K availability is mainly achieved by the
reduction of the cellular K concentration (>40 %), whereas the reduction of cell volume is
subordinate (<15 %). Independent of the medium salinity, the reduction of the cellular K"
concentration is compensated by a concomitantly increased uptake of Na' (Stefan Thiele,
bachelor thesis, 2007). As a concequence, a highly dynamic interplay between the balancing
of cell volume and osmolality of the cytoplasm with the medium and an adaptation of cell
volume and cellular ion composition as a response to K depletion ensures the ability to grow
under variable Na" and K" concentrations in the medium.

In our studies, the decrease in the cellular K* concentration to a stationary value of about 70%
with respect to the non-limited potassium level, appears to represent the minimal internal K"
threshold H. salinarum can tolerate. The most likely reason for this effect resides in the
specific adaptation of halophilic proteins to high salt conditions. Most proteins of H.
salinarum exhibit their activity only in the presence of molar concentrations of Na" or K"
(Kennedy et al., 2001, Madern et al., 2000, Elcock & McCammon 1998), demonstrating that
the proteome is essentially adapted to the high cellular salt concentration. Since K" is the
dominant cation in the cytoplasm of H. salinarum, the presence of a minimum of cellular K"
concentration supporting activity of at least many essential proteins, is more than just feasible.
The presence of a minimal cellular K concentration, which cannot be substituted by Na",
would, in turn, have a drastic effect on the physiology and ecology of H. salinarum. As
discussed earlier, H. salinarum maintains an iso-osmotic equilibrium with the environment,
and a decline in the external salinity results in a reduced concentration of K inside the cell. If
the external salinity decreases below the internal minimal threshold for potassium, this would
result in an elevated hydrostatic pressure and, thus, in cell lysis. It is tempting to speculate that
this intracellular K* threshold primarily determines the lower level of salt tolerance of H.

salinarum. This, however, hast to be further verified.

3.2 Sequence analysis of the halobacterial Kdp system

The analysis of the genome sequence of H. salinarum revealed the presence several putative
K" transport systems potentially able to facilitate the discussed higly efficient uptake of K.
In cource of this thesis, a special care and attention was laid on the analysis of the ATP-
dependent high affinity K uptake system Kdp. The genes coding for the halobacterial Kdp

system were initially identifed in the course of the automated annotation of the Halobacterium
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NRC-1 genome sequence (Ng ef al., 2000). Although only the genes kdpA, kdpB, and kdpC
were originally annotated, the genome of Halobacterium NRC-1 also encodes a conserved but
unannotated gene kdpF located at a conserved position between kdpA and the promoter of the
corresponding operon. An additional 819 bp-Orf annotated as cat3 was found downstream of
the kdpC gene. Thus, the genes coding for a halobacterial ATP-dependent K" uptake system
Kdp are organized in a single operon comprising the genes kdpFABC and cat3. The
corresponding kdpFABCcat3 operon is located on one of the extrachromosomal replicons
(pHS3 in H. salinarum R1 and pNRC200 in Halobacterium NRC-1). Interestingly, although
most genes linked to K™ and Na" homeostasis are encoded on the main chromosome, several
genes (nhaC3, trkH4 and kdpFABCcat3) are located on the same extrachromosomal replicon
(pHS3 respectivly pNRC200). A putative role of the characteristic extrachromosomal
replicons of Halobacterium species in genome evolution assisting in acquisition of new genes
via lateral gene transfer has been discussed (Ng et al., 1998; Ng et al, 2000). Although
speculative, this could indicate the existence of the Kdp system in Halobacterium as a result
of a lateral gene transfer thereby broadening the capacity of H. salinarum to deal with
changing environmental conditions. This hypothesis might be further supported by the
absence of a corresponding system in other halophilic Archaea, of which genome sequence is
available (Haloarcula marismortui, Goo et al., 2004; Natronomonas pharaonis, Falb et al.,
2005; Haloquadratum walsbyi, Bolhuis et al., 2006; Haloferax volcanii, unpublished;
Halorubrum lacusprofundi, unpublished). However, genes conding for homologs of the
halobacterial Kdp system are present in genomes of several additional members of the phylum
Euryarchaeota as well as in the genome of Thermofilum pedens as a single representative of
the phylum Crenarchaeota. As a consequence, the Kdp system is not only widely distributed
among Bacteria but also present in various phylogenetically rather distant Archaea. In order to
elucidate the relationship of the Kdp systems present in Archaea and in Bacteria, a
phylogenetic analysis of 89 bacterial and six archaeal KdpB-protein homologs was carried
out. As mentioned earlier, the bacterial Kdp system is widely distributed and the analyzed
phylogenetic relationships of the KdpB homologs closely resemble the universal bacterial
phylogenetic tree (Daubin et al., 2002). The archaeal Kdp systems, at least on basis of the
KdpB protein sequence, represent an individual clade clearly separated from the bacterial
counterparts. Although the archaeal Kdp systems seem to exhibit slightly higher homology to
systems present in Firmicutes and Cyanobacteria, the data offers no clear evidence for an
extended lateral gene transfer between Archaea and Bacteria regarding at least KdpB. It can

be speculated, that the Kdp system are present in Archaea as a product of lateral gene transfer
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from Bacteria. If so, however, this gene transfer must have occurred at an early stage in the
evolution of Archaea, and the six analyzed archaeal Kdp systems in Euryarchaeota and
Crenarchaeota have all emerged from this one precursor.

During the finalization of this work, the genome sequence of an additional Archaeon
Candidatus Methanoregula boonei 6A8 (unpublished) became available. The genome of this
methanogenic Euryarchaeon encodes a rather atypical putative Kdp system, featuring two
distinct kdp operons carrying genes for KdpB and for a fusion of KdpA and KdpC. As a first
known Archaeon, Candidatus Methanoregula boonei 6A8 also encodes a gene homologue of
kdpD. Although this Archaeon is not included in the phylogenetic tree presented in this work,
a preliminary analysis revealed a high homology between the two KdpB-protein homologs
present in Candidatus Methanoregula boonei and members of the heteregenous group B.
Thus, the Kdp system in this Archaeon is clearly different from all other Kdp systems found

in Archaea and is most likely a product of an individual lateral gene transfer from Bacteria.

3.3 Kdp-dependent K" homeostasis in H. salinarum

Our analyses revealed that the halobacterial Kdp system is essential for growth in case of K"
concentrations below 60 pM, and under these conditions, the corresponding genes
kdpFABCcat3 are highly expressed. Expression is induced by a decrease of the K"
concentration in the medium and reaches its highest level in depleated K™ concentrations of
below 200 uM. These findings are in good accord with the reported characteristics of
bacterial Kdp systems. Also in E. coli, the deletion of the kdp genes results in an elevated
minimal K* concentration supporting growth, which is due to the higer K -affinity of the Kdp
system with respect to other K" uptake systems. In the absence of the KdpFABC complex, the
minimal K concentration supporting growth of E. coli is determined by the lower-affinity
Trk systems (Rhoads et al, 1976). At first glance, these results support the notion that the
Kdp complex of H. salinarum is used accordingly as a high-affinity K uptake system induced
under conditions, in which either affinity and/or driving force of the other K uptake systems
are not sufficient to facilitate K uptake. As soon as Ay~ is more negative than Ay, K
transport has to be energized either by symport or antiport with other ions or by ATP
hydrolysis. Molar concentrations of K' inside the cell vs. very low extracellular K"
concentrations in a uM range result in a steep K gradient of over a 100,000-fold. The
resulting calculated Ayg+ of >300 mV in case of 20 uM KClI in the medium and 2,5 M inside
the cell readily excludes K™ uptake taking place merely via the Ayy-driven K channels

(PchA1-2) as postulated earlier (Wagner et al., 1978; Lanyi, 1979).
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The driving force for K uptake has been studied for Haloferax volcanii, an additional
member of the family Halobacteriaceae (Meury & Kohiyama, 1989). In this study, the K"
uptake for this organism was shown to be both Ay,, and ATP —dependent. In addition, the
Ay generated by the uptake of K" was shown not to be in equilibrium with Ay, At least in
case of K” concentrations below 20 mM in the medium, the Ay, was calculated to be higher
than Ayy,. Although not yet published, the available genome sequence of H. volcanii opens
room for discussion of these results with respect to the K" uptake systems present. For these
reasons, the draft genome sequence of H. volcanii was screened for the presence of homologs
for all known K" uptake systems. As in case of H. salinarum, the genome of H. volcanii
encodes one K channel of the KcsA-type, for a second K channel of the Shaker-type as well
as K" uptake systems of the Trk—type (Durell et al., 1999; Bakker, 1993; Stumpe et al., 1996).
Whereas the genome of H. salinarum encodes four copies of the TrkH-homolog, the genome
of H. volcanii encodes only two copies. Furthermore, the Kdp system is not present in H.
volcanii.

Several conclusions potentially valuable for the understanding K™ uptake in H. salinarum as
well can be concluded from this data. Although H. volcanii encodes K channels most likely
catalyzing a Ay,—driven K" uptake, the uptake of K" was measured to be an utterly ATP-
dependent process. Since K™ uptake was shown to be Ay,—dependent as well, this ATP-
dependency was discussed by Meury and Kohiyama (1989) as a regulatory effect on the Trk-
system. As a consequence, the absence of a Ay,—driven channel mediated K" uptake in H.
volcanii is is in clear discrepancy to the presence of homologs of such systems in the genome.
Although this could be discussed as an indication for the absence expression of the
corresponding genes, a closer look on the sequence of these genes opens an additional
potential explanation for this apparent discrepancy. As the potential homolog in H. salinarum
(PchA?2), the predicted KcsA-type K channel of H. volcanii carries an additional C-terminal
domain exhibiting high homology to TrkA. Although found as a fused domain in several
proteins, this so called RCK-domain was first characterized as a subunit of the Trk-system
regulating K transport activity in an ATP-dependent manner (Stumpe ef al., 1996). Although
hypothetical, a similar function in the regulation of the K™ channel activity, in this case rather
as a fused domain than as an independent subunit, could explain the strict ATP-dependency of
K" uptake via this channel in H. volcanii. This is further supported by the fact, that the RCK-
domain present in this putative channel protein exhibits a GXGXXG-motif conserved in
RCK-domains which are able to bind ATP (Kroning ef al., 2007). The growth and buffer
conditions used by Meury and Kohiyama (1989) for the measurements of ATP- and Awy,—
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dependency of K'-uptake could also provide an explanation for the discrepancy. The
corresponding measurements were carried out in buffer K concentrations below 20 mM.
Under these conditions, H. volcanii was shown to generate a Ayy+ higher than Ay, thereby
ruling out the mere presence of a Ayy,-driven transport of K. As a consequence, an active
transport of K™ must take plase, which is most likely driven by the TrkH-homologs. In
addition, the presence of a Ay~ higher than Ay, presupposes either the absence of K"
channels or a voltage-dependent gating mechanism of the K channels preventing K efflux in
case high AyK". For these reasons, the measured K" uptake in the presence of <20 mM KCl
was most likely dominated by the Trk-systems and, therefore, the ATP-independent Ay,—
driven K' uptake activity of the encoded K' channels of H. volcanii might have been
overlooked.

A similar K" uptake mechanism composed of voltage-gated K channels able to take up K in
the presence of Ay lower than Ay, and Trk-systems capable of taking up K" in symport
with H™ even in presence of Ayg+ higher than Ay, could be present in H. salinarum as well.
Although a similar composition of K™ channels and transporters is present in H. salinarum and
H. volcanii, K" uptake was, in contrast to H. volcanii, reported to be an utterly ATP-
independent process in H. salinarum (Wagner et al., 1978; Lanyi, 1979). H. salinarum,
however, is able to generate high Ay,—levels (up to -270 mV, Michel & Oesterhelt, 1980) by
a joint activity of bacteriorhodopsin and the respiratory chain, whereas H. volcanii does not
possess bacteriorhodopsin, and the Ay, generated by the respiratory chain exhibits only lower
values (up to -140 mV, Meury & Kohiyama, 1989). As a consequence, the limit of
extracellular K concentration, in which the Ayy+ 1s more negative than Ay, and an active
transport of K™ becomes mandatory, is presumably lower for H. salinarum. According to the
Nernst equation, the calculated Ayk+ for H. salinarum is more negative than Ay, already in
the presence of approx. 70 uM of extracellular K" (in case of cellular 2,8 M K", see results,
and -270 mV (Michel & Oesterhelt, 1980)). The experiments performed by Wagner et al.,
(1978), however, were performed in the presence of 2 mM KCI and above. Under these
conditions (A, > Ayg+), K" uptake is most likely dominated by the Ayp-driven K
channels, thereby potentially explaining the absence of an ATP-dependent component in K"
uptake, either at the level of regulation or as primary energy source. As discussed earlier, the
Kdp system is essential for H. salinarum at K™ concentrations below 60 pM. As a
consequence, at least under condition of high Ay, during illumination, H. salinarum seem to

be able to generate a Ay significantly higher than the Ay, only in presence of the Kdp
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system. The question wether the inability of the Trk systems to transport K™ under these
conditions is due to limitations of the Trk system concerning the generation of such high
Ay~ or limitations concerning K" binding affinity, remains unclear.

It 1s tempting to speculate that in case of a low Ay, as for example during aerobic growth or
in the absence of light, the Kdp system is induced as an ATP-dependent K" uptake system
able to work against the high Ayg:. On the other hand, extreme K limitation as the primary
stimulus is also a possibility, although it has so far been disregarded in the ecology of
Halobacterium. Usually, the K concentration in the hypersaline environment is above
100 mM and, thus, not limiting. However, Halobacterium is reported to persist also on or
even within salt crystals, i. e. conditions, under which the concentration of free K is close to
zero, which obviously implicates the need for a high-affinity K" uptake system. However,
both the change in Ay, and the external K limitation could initially lead to a decrease in the
intracellular K" level due to insufficient K" uptake via the channel proteins as well as via Trk
systems. Thus, both initial stimuli conjoin in the same effect then serving as the primary

stimulus for kdpFABCcat3 expression.

3.4 Induction of the halobacterial Kdp system

Sofar it is unknown, at which level the necessity to express a Ayy,—independent high affinity
K" -uptake system is sensed. Although the extracellular K itself could serve as stimulus, this
would require the presence of an integral membrane protein able to sense the extracellular K"
concentration together with an additional signaling pathway to enable a response at the level
of transcription. However, the expression of the kdpFABCcat3-operon is stimulated by
medium K" concentrations over a broad range (20 mM - 20 uM, Ozyamak, diploma thesis,
2004). As a consequence, a specific sensing of K over this broad range in the presence of
high Na" concentrations would be required to explain the observed transcriptional response.
Although unlikely, the presence of a such novel sensing mechanism and a corresponding
signal pathway can not be ruled out.

As discussed above, cellular K™ concentrations in the molar range in the presence of low
medium K" concentration results in the generation of a high Ayy:. As a consequence, the K~
concentration in the medium directly influences the driving force of Ay,,. Upon K" limitation,
the calculated Ayg+ of >300 mV can potentially significantly depolarize the membrane, even
if all additional major ions (Na', Mg®", CI') are taken into account. Whereas membrane
depolarization is a major signal for transcriptional regulation in Eucarya, very little is known

about the cellular response to membrane depolarisation at the level of transcription in
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Archaea. Although a transcriptional response of the Kdp system in range of 20 mM - 20 uM
merely as a result of changes in the membrane depolarization seems to be unlikely at first
view, the presence of approx. 4 M KCl in the cell readily results in a Ay~ of approx. 140 mV
in case of medium K" concentrations of 20 mM. As a concequence, the first measurable
expression of the kdpFABCcat3 operon takes place under conditions, in which Ayy+ has
already reached values of half of Ay, and rises as Ayg+ becomes more dominant. In an other
context, H. salinarum has been reported to exhibit phototaxis mediated by sensory rhodopsin I
(Krah et al., 1994). More recently, a transducer (MpcT) mediating phototaxis in response to
changes in membrane potential was discovered (Koch & Oesterhelt, 2005), thereby
demonstrating the presence of membrane potential-sensing proteins in H. salinarum.
Interestingly, a homolog of a putative membrane potential-sensing domain of MpcT was
found to be present in a putative histidine kinase (VNG1193C) as well. Although highly
hypothetical, this uncharacterized histidine kinase with unknown function and signal
transduction pathway could serve as a potential candidate inducing the Kdp system as a result
of changes in membrane potential.

The observed decrease in the cellular K* concentration upon K' depletion as well as the
parallel reduction of cell volume can be challenged as an primary stimulus for several reasons.
Whereas both types of adaptation to K depletion only take place in the presence of
extracellular K concentrations of approx. 250 uM and below (see Figure 34), the expression
of the kdpFABCcat3 operon is readily stimulated in the presence of the medium K'
concentrations of 20 mM and below. Furthermore, if cultivated in the presence of 4 M NaCl,
H. salinarum exhibits a cell volume comparable to the reduced cell volume measured in the
presence of lower osmolality and K depletion (Stefan Thiele, bachelor thesis, 2007). In the
presence of 4 M NaCl, however, the kdpFABCcat3 operon is still expressed in a medium K-
dependent manner. The same line of reasoning can be used to rule out changes in the cellular
K" concentrations as a primary stimulus. The reduced intracellular K* level measurable upon
K" depletion can also be observed in the presence of a lower overall osmolality in the growth
medium. If grown in the presence of 2 M NaCl, H. salinarum exhibits cellular K"
concentrations similar to the reduced K™ concentrations measured in cultures grown in the
presence of higher osmolality and K" depletion (Stefan Thiele, bachelor thesis, 2007). Under
these growth conditions, again the expression of the kdpFABCcat3 operon still exhibits a
strict dependency on medium K" concentrations. A significant difference, however, exists
between the reduction of cellular K™ concentration as a result of K™ depletion or lower

medium salinity. Whereas H. salinarum adapts to lower medium salinity solely by the
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reduction of cellular K, the reduction of cellular K* is accompanied with a parallel increase
in cellular Na" concentration as a response to K'-depletion. Hence, the decrease in
intracellular K" as a result of K' depletion entails drastic consequences for the
electrophysiological conditions of the cell. Given that the internal salt concentration in H.
salinarum is close to the saturation level, there is a drastically reduced water activity due to
each water molecule being coordinated by salt ions, either Na" or K'. Thus, proteins are
strongly competing with the ions for water molecules to gain a proper hydration shell.
Although halobacterial proteins are highly adapted to this environment, the availability of
surface water is essential for protein function (Tehei ef al., 2007). In this respect there is a
great difference if there is more K’ than Na' or vice versa. NaCl-saturated salt brines
comprise a water activity (aw) of 0.75. Saturated KCI, in contrast, features an ay value of
0.86, resulting in significantly more free water molecules due to less coordination events.
Under conditions of K limitation, the internal K” concentration is decreased by approx. 30 %
(i.e. from 4 M to about 2.8 M). In this reduction, the cellular K" most likely is replaced by
Na', which, in turn, readily leads to a significant loss in internal water molecules in order to
coordinate the increasing Na'. As a consequence, proteins are supposed to release low entropy
surface water at increasing amounts of Na” when K" concentration decreases, which may have
a great impact on protein structure and function and may lead to either inhibition or
activation. In mesophiles, this effect is neglegible due to the relative low ion content with
respect to approx. 55 M H,O concentration together with the high water permeability of the
cell envelope. In H. salinarum, however, the internal salts sum up to the tenth part of the
molar composition with respect to water, rendering these ion shifts to be of great importance
due to the coordination of many water molecules per ion. It is tempting to speculate that the
reduced cellular water activity could be sensed as a signal finally leading to the induction of
the kdpFABCcat3 operon. The reduction of the cellular K™ concentration and the resulting
changes in cell water activity take plase in medium K" concentrations significantly lower than
needed for the initial induction of the kdpFABCcat3 operon. Nevertheless, this potential
regulatory mechanism might play a significant role in the context of a potential multi-level
regulation of the kdpFABCcat3 operon.

Although the expression of the kdpFABCcat3 operon is already slightly induced at medium
K" concentrations of 20 mM and below, a decrease in the medium K" concentration below
approx. 250 uM results in an additional strong induction of expression (see Figure 34). The
non-linearity in K" dependency implicates the presence of a possible dual-level transcriptional

regulation of the kdpFABCcat3 operon. In the range between 20 mM and approx. 250 uM, the
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expression exhibits a fairly linear dependency to the medium K™ concentration (Ozyamak,
diploma thesis, 2004). If the concentration, however, decreases below 250 uM, the expression
level undergoes a remarkable secondary induction. Interestingly, this secondary induction

occurs virtually parallel to the discussed adaptation of cell volume and cellular K*

concentration.
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Figure 34: The dependency of cellular K'-content and kdpFABCcat3-expression on the medium K"
concentration.

The expression values and the corresponding medium K™ concentrations are as in figures 14 and 15.
The cellular K content is represented as K" released from 1ml cells at ODgo=1. Due to missing cell
counts and cell volume measurements, the amount of cellular K* is plotted as a function of optical
density (data not shown elsewhere). Although indirect, the given data illustrate the dynamic shift in
cellular K'/ODggo-ratio influenced by adaptation of cell volume and cellular K" concentration.

It is tempting to speculate, that the expression of the kdpF'ABCcat3 operon is regulated at two
different levels. The primary induction could occur as a response to a decrease in the medium
K" concentration as discussed above, whereas the secondary strong induction could be linked
to either primary or secondary effects of a very high Ayg+ or to changes in water activity in
the cell, as already discussed.

In addition, the expression kdpFABCcat3 operon was shown to be regulated in a growth
phase-dependent manner, resulting in a repression of gene expression in the stationary growth
phase. This down-regulation of an ATP-consuming K" uptake system in the stationary growth
phase is most likely linked to the absence of the necessity to perform significant K™ uptake
during arrested cell growth. Whereas the induction of the kdpFABCcat3 genes is most likely
performed at the level of an operon or possibly a regulon (discussed later), this repression in

the stationary growth phase could represent a more global and K independent level of
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regulation. The genome of H. salinarum encodes multiple copies of the general archaeal
transcription factors (6 copies of TBP and seven copies of TFB). A role of the different TBP,
TFB and combinations thereof in a global transcriptional regulation in H. salinarum has
already been discussed (Baliga et al., 2000) and could also apply in case of the kdpFABCcat3

operon.

3.5 Regulation of gene expression of the kdpFABCcat3 operon

The sequence-based analysis of the promoter region disclosed together with the putative
TATA-box and BRE (TFB-binding site) sequences, which are highly similar to conserved
archaeal promoter elements. Although initially identified on the basis of sequence homology
to the well-characterized bacterioopsin-promoter, the transcription start site of the
kdpFABCcat3-operon was later confirmed to be located in a conserved distance of 28 bp
downstream of the postulated TATA-box. Assuming the presence of a conserved, although
nonannotated kdpF gene, the transcript of the kdpFABCcat3 operon features an only 4 bp long
5’-UTR. The absence of a significant 5'-UTR is a phenomenon widely found in Archaea
(Tolstrup et al., 2000; Sartorius-Neef & Pfeifer, 2004), although the detailed mechanism of
the recruitment of leaderless mRNA's in Archaea is so far unknown. The truncation analysis
of the Piy, demonstrated that the minimal active promoter extends 42 bp upstream of the
transcription start site. This strongly supports the identification of the postulated TATA-box
and BRE.

Truncation analysis of P, however, additionally indicated the presence of a potential
operator located downstream of -96 position. Extended sequence analysis of the
corresponding region revealed a palindromic sequence typical of binding sites of
transcriptional regulators of the HTH-type. Finally, via site directed mutagenesis, this region
was identified to participate in a negative regulation of the kdpFABCcat3 operon. This
putative binding site for a transcriptional repressor, however, is located atypically far
upstream of the conserved promoter elements. Given the distance of 15-20 bp upstream of
BRE, it is questionable if a repressor bound to this putative operator could directly inhibit the
initiation of transcription. However, the deletion of this putative operator, as it is true for all
truncations affecting this region, is not sufficient to abolish repression entirely. For these
reasons, the existence of a second yet unknown operator located between -42 bp and +4 bp is
postulated. This second putative operator would be located in the region of the conserved
promoter elements, in which the inhibition of transcription initiation by bound repressor is
reasonable. Even though most likely not being capable to inhibit transcription by itself, the

binding of a repressor in the sequence region upstream of the conserved promoter elements
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could stabilize the binding of a second putative repressor, resulting in a cooperative repression
of Piy, (see Figure 35). Although highly hypothetical, a dimerization of the two putative
bound repressors could even result in a strong loop-like bend of DNA being responsible for
the atypical strong repression of Pyg.

Although several approaches were carried out in order to identify the cellular components
participating in the regulation of expression of the kdpFABCcat3 operon, the protein(s)
responsible for the primary medium K concentration-dependent induction and the postulated
related repressors could not be indentified yet. Although the hypothetical role of two
candidates (VNH6183C, VNG1193C) is discussed, the function of these proteins in the
regulation of gene expression has to be verified by further studies. Although the
kdpFABCcat3 operon is localised in a cluster of genes up-regulated in response to K"
depletion, this location was shown not to be essential for medium K -dependent regulation of
the corresponding genes. Furthermore, the role of a potential replication-mediated gene
amplification in the induction of the halobacterial Kdp system as well as the in induction of
the discussed up-regulated gene cluster can be ruled out.

The halobacterial Kdp system was shown to exhibit a transcriptional regulation not only
independent of the common KdpD/KdpE regulators but also independent of any additional
response regulator. As a consequence, the gene regulation of the halobacterial Kdp system is
apparently essentially different from that found in Bacteria. In most Archaea encoding a Kdp
system, however, a strong connection can be found between the kdp(F)ABC genes and cat3 at
least with respect to their location on the chromosome. Although this favors a function of
Cat3 in the context of the Kdp system, it was quite surprising to find cat3 to be essential for
high-level induction of the kdpFABCcat3 operon. Since cat3 is co-induced together with
kdpFABC genes, and the expression of cat3 is under noninducing conditions of >20 mM K in
the medium as low as for other genes of the Kdp system, the gene product of cat3 can exhibit
its function apparently only after an initial induction of the whole operon. As a consequence,
cat3 can not exhibit its regulatory function in the initial K'-dependent induction of the
kdpFABCcat3 operon. The residual expression level found in the absence of cat3 of approx. 5
% of the induced level measured in the presence of cat3, however, is virtually congruent with
expression levels measured in the wild type in the presence of approx. 250 uM K" in the
medium. In other words, the deletion of cat3 results in expression levels similar to those
measured just before the secondary induction of the kdpFABCcat3 operon. It is tempting to
speculate, that after the primary K'-dependent induction of kdpFABCcat3 operon, Cat3 could
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have its function in enabling the secondary high-level induction of the kdpFABCcat3 operon

by an interaction with the postulated, but yet unknown repressors.

repressor repressor
— | [ [BRE[TATA| | ——{_ | —ATG (kdpF)
operator 1 putative operator 2 INR

\ /:)tentlal interaction between Cat3 and

repressor(s) destabilizing the DNA-binding

Figure 35: Model of the putative mode of function of the kdp promoter.

The repressor bound to a yet unknown but postulated operator 2 represses the initiation of
transcription by sterical hindrance. The binding of a repressor to operator 1 stabilizes the
repressor/operator 2- complex by a direct interaction. Upon primary induction, the DNA-binding of
either one of the repressors or both is destabilized. Alternatively, the interaction between bound
repressors could be altered. Upon the secondary strong induction, Cat3 interacts with the bound
repressor(s), thereby inhibiting DNA-binding and allowing a fully derepressed expression.

This hypothetical model of kdp regulation and of the regulatory function of Cat3 is highly
supported by the observed expression profile of kdpFABC if cat3 is constitutivly expressed in
trans. The deletion of cat3 and the recovery of high-level kdpFABC expression by the
plasmid-encoded expression of cat3 in trans clearly demonstrates the function of the cat3
gene product itself rather than that of the mere caf3 coding region in the regulation of the
kdpFABCcat3 operon. Furthermore, the stimulation of kdp expression by the constitutive
expression of cat3 under noninducing and even inducing conditions highly supports the
notion, that Cat3 exerts its influence through the negative regulation of the kdp promoter. The
significantly elevated expression level in the presence of 100 mM KCIl in the medium could,
thereby, mimic the K'-independent inhibition of repression carried out by Cat3 in the
secondary induction phase of kdp expression. However, the observed expression levels under
inducing conditions being significantly higher than the levels measured in the wild type strain
appearently puzzles this view. This could be interpreted as an indication that Cat3 directly
acts as a transcriptional activator rather than in the modulation of the negative regulation
carried out by the putative repressors. The absence of a sequence similarity to any known

DNA-binding proteins, however, supports an alternative explanation. In the wild type, the
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expression of kdpFABCcat3 on a high level occurs in a relativly short growth period
characterized by a decrease in the medium K" concentration from approx. 250 pM to 20 uM.
The corresponding increase in optical density from 0.75 to approx. 1.0 does permit the
induction of gene expression to a high level but the accumulation of the produced proteins in
the cell most likely requires considerably more time. In the presence of a constitutive
expression of cat3, however, the gene product of cat3 is readily accumulated on a high level
only influenced by the equilibrium between the strength of the corresponding ferrodoxin
promoter and the stability of Cat3 in the cell. As a consequence, the constitutive expression of
cat3 could result in a fraction of Cat3 in the cell considerably higher than present in the wild
type. This excess of Cat3 could be sufficient to eliminate repression of the kdp promoter, even
stronger than observed in wild type and, thus explains the observed phenomenon.

At first glance, the discussed type of gene regulation present in Halobacterium obviously
represents a novel type highly different from that found to regulate the Kdp system in
Bacteria. However, remarkable similarities can be found regarding Cat3. In Bacteria,
kdpFABC expression is normally governed in response to K" limitation and high osmolality.
Since halobacteria are osmotically balanced with their environment, the KdpFABC complex
is not required to be involved in turgor regulation and, hence, there is no need for an
corresponding complex sensory system analogous to the E. coli KdpD/KdpE sensor
kinase/response regulator. However, although alterations in ion concentration and external
osmolality are thought to trigger KdpD-dependent signal perception in E. coli, it has recently
been discussed that the primary stimulus rather resides in changes of intracellular parameters
(Jung and Altendorf, 2002). The possibility of an ATP-activated molecular switch involved in
stimulus perception gives rise to speculations about an according more basic signal
transduction mechanism in Halobacterium, although the primary stimulus is most likely
different from that of E. coli. The framework of this kind of regulation relying on ATP as the
primary activator of a Cat3-dependent secondary control of kdpFABC expression is not thus
far away from its more complex bacterial counterpart. Based on sequence analysis, the
deduced Cat3 protein clearly consists of a tandem Usp domain motif with no further domains
or extensions. A sequence based and homology modelling analysis of Cat3 revealed a
significant structural homology to a class of Usp-proteins able to bind ATP (Aravind et al.,
2002; see Figure 36). Furthermore, at least the C-terminal Usp-domain of Cat3 exhibits high
sequence and structural homology to a ATP binding site identified within the Usp-homolog

MIJ0577 (Zarembinski et al., 1998).
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Figure 36: Structural model of the putative Usp-domains of Cat3 and £. coli KdpD.

Usp domains were modeled against the structural coordinates of MJ0577 (1MJH, Zarembinski et al.,
1998). The putative ATP-binding loop of the Usp domains of Cat3 and E. coli KdpD are highlighted
in blue.

In working as a possible ATP-activated molecular switch, Cat3 would obviously correspond
to the bacterial KdpD, since it closely resembles a structural pattern of the N-terminal part of
KdpD (KdpD2s1.372). A regulatory effect of ATP binding has already been reported for the N-
terminal part of KdpD although the exact binding site is unknown (Heermann et a/., 2000). In
addition, ATP-dependent signaling via this Usp domain influencing the kinase activity of
KdpD has already been discussed in the context with structure-related functional features of
Usp domain family members (Aravind et al., 2002). A functional homology of Cat3 and
KdpDys;.372 1s further favored by the fact that the N-terminal domain of KdpD bearing the Usp
motif is rather unique and can not be found in any other sensor kinase proteins sequenced so
far (Jung and Altendorf, 2002).

The primary K'-dependent induction of the kdpFABCcat3 operon via yet unknown
transcriptional regulators together with a secondary induction via Cat3 potentially working as
an ATP-dependent modulating switch would reasonably connect active K™ uptake to
alterations in both Ay, and intracellular ATP level. Since Ay itself obviously contributes to
Ay, the potassium gradient across the membrane directly influences the level of the
equilibrium between the phosphate potential and the proton motive force and, as a

consequence, the intracellular ATP/ADP ratio (Wagner et al., 1978; Michel & Oesterhelt,
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1980; Brown et al., 1983). Thereby, the combination of steep K" and the Na" gradients are
thought to stabilize both Ay, and the ATP pool of the cell during periods of darkness and
anaerobiosis (Brown et al., 1983). An ATP-mediated activation of a regulatory protein by
Cat3 would, thus, be an attractive model integrating both the intracellular ATP/ADP ratio and
Ay, This rather sophisticated regulatory pattern would well correspond to the physiological
capabilities of halobacteria including facultative anaerobic and phototrophic growth.
Interestingly, also bacterial KdpD is supposed to work at least in part as an electrostatic
switch responding to changes in ionic strength (Jung & Altendorf, 2002), thus further
supporting an analogous function of KdpD and Cat3. However, a direct sensing of
cytoplasmic K, as it is true for the halobacterial Kdp system as well, can be ruled out

(Hamann et al, 2007).

3.6 Global transcriptional response to K" depletion

The analysis of the global trancriptional response of H. salinarum identified 26 genes
significantly being up-regulated and 35 genes being down-regulated as a response to K"
depletion. The genes encoded by the kdpFABCcat3 operon were found to exhibit the strongest
measured transcriptional response, thereby indicating the crucial role of the Kdp system for
the cell’s ability to grow with low K™ concentrations. As an independent method, these
findings further support the expression level measurements carried out by use of reporter gene
fusions and real-time RT-PCR. The additional K uptake systems present in H. salinarum
(PchA1-2 and TrkH1-4) do not seem to be regulated in a K'-dependent manner. However,
two potential homologs of kA (trkA2 and trkA5) are significantly up-regulated. TrkA
proteins are reported to exhibit their function as a TrkHA complex in modulating the K"
transport via TrkH. (Schlosser ef al., 1993, Nakamura et al., 1998; Harms et al., 2001). Thus,
a function of these #7k4A homologs in modulating the activity of Trk transport systems under
conditions of high Ay+ and/or low extracellular K" is possible.

In the framework of a high Awyk-+ it is interesting that also the a#p operon was found to be
repressed, thus leading to a reduced amount of AjAp ATP synthase. Since this enzyme
utilizes the Ay, for the synthesis of ATP, a reduction in the fraction of active enzymes readily
increases the Ay, which can then be used to re-inforce the channel-mediated K uptake in
case of an increasing opposing Ayg,. In the context of the regulation of the Kdp system via
Cat3, the down-regulation of the afp operon and, as a consequence, the lower cellular ATP
level further emphasises the link between the Kdp system and changes in Ay, and the cellular
ATP/ADP balance. Although out of the scope of this work, the K" concentration-dependent
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regulation of pyruvate-ferredoxin oxidoreductase (porB) as well as of fructose-bisphosphate
aldolase (fba2) genes could also mirror the strong influence of high Ay~ on the central
energy homeostasis of H. salinarum.

As discussed earlier, 44 % of the genes up-regulated in response to K'-depletion are located
in a rather narrow region on the extrachromosomal replicon pHS3 or pNRC200. This obviosly
groups a subset of the up-regulated genes in a K'-responsive cluster. Since the expression of
at least the kdpFABCcat3 operon is clearly independent of the chromosomal location of the
genes, the reason for this phenomenon remains unclear. The postulated co-localisation of
orcl/cdc6 gene homologs with origins of replication (Norais ef al., 2007) and the presence of
several orcl/cdc6 homologs in the corresponding K'-responsive cluster implicates an
interesting correlation between the discussed clustering and the replication processes.
However, no significant influence of the K’ concentration on the copy number of the
corresponding genome region was observed. Alternatively, replication could be inhibited by
changes in expression of the orcl/cdc6 gene homologues orc2, orc3, and orc5 at the level of
the whole genome rather than in the discussed specific region. As a consequence, the
inhibition of this initial step of replication and the resulting inhibition of the following cell
division could represent a rather sofisticated mechanism initiating the stationary growth phase
mode in order to avoid cell division in the absence of adequate K" supply. However, because
of the sample collection the a late logarythmic growth phase and a possible intermixture of
K'-dependent and growth phase-dependent effects, this hypothesis needs to be verified by
further studies.

The observed induction of a putative operon built up by the genes VNG6183, cat4, and
VNG6185 and the discovery of a sequence highly homologous to the identified operator of
the kdp promotor in the putative promotor region of this operon opens the room for discussion
about a different way how the clustered genes could be linked to each other. Although this has
to be verified in further experiments, the kdpFABCcat3 operon could share a common
repressor with this putative operon and, thus, represent a part of a K'-responsive regulon.
Although not obligatory and as in case of the kdpF'ABCcat3 operon without any measurable
influence on the regulation of gene expression, operons arranged in a regulon have a
considerable tendency to be located in a near vicinity to each other. To which extend other
genes up-regulated upon K" depletion participate in this potential regulon or build up own
independent regulons would be an interesting subject for further studies and would

significantly broaden our understanding of K homeostasis in H. salinarum.
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4. Materials and Methods

All chemicals used were of analytical grade. Concentrations listed in percentage are given as

weight/volume [w/v]. The list below contains all the suppliers of chemicals unless stated

otherwise.
BioRad (Miichen, Germany) iQ SYBR Green Supermix
Becton Falcon Flexible PVC 96-Well Microplate,
Dickinson (Oxnard, USA) Difco Peptone
First Strand cDNA Synthesis Kit,
Fermentas | (St.Leon-Rot, Germany) GeneRuler™ 100bp DNA Ladder,
GeneRuler™ DNA Ladder Mix
Finnzymes | (Espoo, Finland) Phusion™ High-Fidelity DNA Polymerase
Oxoid (Wesel, Germany) Yeast Extract, Casaminoacids
Invitrogen | (Carlsbad, USA) TOPO TA Cloning® Kit, Agar
Restriction Enzymes, RNase free DNase,
NEB (Schwalbach, Germany) T-4 ligase, DNA Polymerase I Large (Klenow)
. . RNeasy mini kit, QIAquick Gel Extraction Kit,
Qiagen | (Hilden, Germany) QIAGEN Plasmid Mini Kit
Ratiopharm | (Ulm, Germany) Simvastatin 40mg
Sigma- . Novobiocin, Uracil, 5-FOA,
Aldrich (Deisenhofen, Germany) Tryptophan, ONPG
Stratagene | (Amsterdam, Netherlands) Herculase® DNA Polymerase

All other chemicals were purchased from Sigma-Aldrich (Deisenhofen, Germany), Fluka

(Neu-Ulm, Germany), Riedel-De-Haen (Seelze, Germany), Roth (Karlsruhe, Germany), or

Serva (Heidelberg) unless stated otherwise.

4.1 H. salinarum media, and cultivation

The genotypes of H. salinarum strains and plasmids used in this work are described in tables

6 and 7. For physiological and gene expression analyses, strains were grown in media as

described in Kauri et al., (1990) with the following modifications: The total salt concentration
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was shifted to 25 % according the growth requirements of H. salinarum. Potassium salts were
substituted with sodium salts to obtain a K'-free medium, whereas potassium was added as
KCl in required concentrations. 0.5 % Casaminoacids was used as carbon source (Table 3).
For all other experiments, strains were grown in rich media as described for Halobacterium
sp. NRC-1 in the American Type Culture Collection (ATCC medium 2185). If needed, media
were supplemented with 20 pg/ml of Simvastatin, which was extracted from solid tablets
(Ratiopharm) by dissolving in ethanol, or with 0,2 png/ml Novobiocin. All strains were grown

under illumination with shaking at 37°C. Optical densities were monitored at 600 nm.

Table 3: H. salinarum casaminoacids medium

Casaminoacids medium 1000 ml trace elements solution 100 ml
NacCl 174 ¢ ZnS0, 7 H,O 36 mg
MgCl,” 6 H,O 69 g MnSO4 1 H,O 44 mg
Na,SO4 5,68 g FeSO4 6 H,O 230 mg
CaClz' 2 HzO 0,36 g CuSO4' 5 Hzo 5 mg
NH,CI [1IM] 5 ml

KCI variable

trace elements solution 1 ml

Na,HPO,-Puffer [0,5M; pH 7,2] 2ml

Glycerin [87%] 58 ml

Thiamin [1mg/ml] 1,6 ml

Biotin [1mg/ml] 100 pl

Casaminoacids S5¢

Table 4: H. salinarum ATCC medium

Halobacterium ATTC 1000 ml trace elements solution 200 ml
NacCl 250 g ZnS0O4 7 H,O 660 mg
MgSO, - 7 H,O 20g MnSQO,4 1 H,O 170 mg
Na;-citrate 3g FeSO4 6 H,O 390 mg
KCl 2g CuSOy 5 H,O 70 mg
Peptone 5g

Yeast extract 3g

trace elements solution 100 pl

Agar (optional) l6g

4.2 H. volcanii media, and cultivation

The genotypes of H. volcanii strains and plasmids used in this work are described in tables 6
and 7. For physiological and complementation analyses, strains were grown in media as
described in table 5. If needed, media were supplemented with 2 pg/ml of Novobiocin, 50
ug/ml tryptophan, 50 pg/ml uracil or 50 pg/ml 5-FOA.
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Table 5: H. volcanii casaminoacids medium

Casaminoacids medium 1000 ml
NaCl 144 ¢
MgCly' 6 H,O 18 ¢g
MgSO4 7 H,O 2l g
KCI variable
Tris HCIL [1 M; pH 7,5] 12 ml
Casaminoacids 08¢
CaCl, [0.5 M] 6 ml
Thiamine [1 mg/ml] 266 ul
Biotin [1 mg/ml] 33 ul
Uracil [50 mg/ml] 340 ul
5-FOA [50 mg/ml] 340 ul
Agar 16 g

4.3 Strains, plasmids, and oligonucleotides

Table 6: Strains used in this study

Strains

relevant genotype

relevant characteristics

reference®™

H. salinarum R1
H. salinarum
AkdpFABCcat3

H. salinarum
AkdpFABC

H. salinarum
AOE3854

H. salinarum
AOE2334

H. salinarum
AOE3854

H. volcanii H53

E. coli DH5a

E. coli TOP10
OneShot

wild type
AkdpFABCcat3
AkdpFABC
AOE3854
AOE2334
AOE2083

ApyrE2 AtrpA

F-, a80dlacZAM]135,
A(lacZYA-argF)U169,
deoR, recAl, endAl,
hsdR17(rK™, mK"), phoA,
supE44, A\, thi-1, gyr496,
relAl

F- mcrA A(mrr-hsdRMS-
mcrBC) 680lacZAM15
AlacX74 deoR recAl
araD139 A(ara-leu)7697
galU galK rpsL (StrR)
endAl nupG

gas vesicle deficient

deletion of kdpFABCcat3
RI-derivative

deletion of kdpFABC
R1-derivative

deletion OE3854
R1-derivative

deletion OE2334
R1-derivative

deletion OE2083
R1-derivative

deletion of pyrE2
and trpA

cloning strain

cloning strain

Stockenius & Kunau (1968)

A. Wende, unpublished

A. Wende, unpublished

A. Wende, unpublished

Allers et al. (2004)

Hanahan (1983)

Invitrogen

®unless otherwise stated, strains were constructed in this work
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Table 7: Plasmids used in this study

Plasmids  genotype™ characteristics reference™
Ap®, MV®, bgaH, H. salinarum/E. coli
pMKK100 ColE] shuttle vector Koch & Oesterhelt (2005)
Ap®, ColE1, pHV4 H. volcanii/E. coli .
pTA425 pyrE2 shuttle vector T. Allers, unpublished
pJAS35  Ap®,NbY, ColE1 H. salinarum Pfeifer et al., (1994)
expression vector
Ap®, Mv®, bgaH, .
pHJSI ColE], kdpFABCcat3 expression of kdpFABCcat3
Ap®, Mv®, bgaH, .
pHIS2 ColE], kdpFABC expression of kdpFABC
HIS3 Ap®, Mv®, bgaH, knock-out plasmid for
P ColE1 AkdpFABC
HIS4 Ap®, MV}, bgaH, knock-out plasmid for
p ColEl AkdpFABCcat3
R R
pOEZ1 Ap ’ MV, ColE1 reportergen-fusion Pyy,:: bgat Ozyamak (Diploma, 2004)
Pkdp- . bgaH
R R reportergen-fusion, truncated
pHIS6 ?p ’ %?V a’ 15 olEl promotor (52bp), intergration
kdps6:-D8! 300 bp downstream of cat3
R R reportergen-fusion, truncated
pHIS7 ?p ’ %ﬂv a’ [5 olEl promotor (52bp), intergration
kdps6:-D8 300bp upstream of rpoAd ]
R R reportergen-fusion, truncated
pHJS8 ?p ’ %V a’ [5 olEl promotor (52bp), intergration
kdp36--08 300bp upstream of bop
HISO Ap®, MV, bgaH, expression of kdpFABCcat3,
p ColEl, kdpFABCcat3  deletion of operator 1
HIS10 Ap®, MV, bgaH, expression of kdpFABCcat3,
p ColEl, kdpFABCcat3  truncated promotor (206bp)
HIST1 Ap®, MV, bgaH, expression of kdpFABCcat3,
p ColEl, kdpFABCcat3  truncated promotor (52bp)
HIS12 Ap®, MV, bgaH, expression of kdpFABCcat3,
p ColEl, kdpFABCcat3  truncated promotor (42bp)
pHIS23 trpA, Piay:pyrE2 reportergen-fusion Py, pyrE2
pSH1 Ppi:cat3, Nb® constitutive expression of cat3 Hockemeyer (Lab course, 2007)
pBAD24 Ap®, ColEI E. coli expression vector Guzman et al. (1995)

* Abbreviations: ApR, Ampicillin resistance; Mv®, Mevinolin/Simvastatin resistance, Nb®, Novobiocin
resistance. ® Unless otherwise stated, plasmids were constructed during this work.
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Table 8: Primers used in this study

primer sequence purpose

#1 CTCGGAGGAGTGAGGGATTCGACGACCC cloning of the kdpFABCcat3

#2 GACTTCTTGTGCAACGGACATCCACCGG cloning of the kdpFABCcat3

#3 CGACGCCCACATTTCCCCGGCG Acat3

#4 GTCACGGCGGCCCTTAGTGGTCACCGTTCGCTATTTCG Acat3

#5 CGGTGACCACTAAGGGCCGCCGTGACAGACTCA Acat3

#6 GCCCACCTCAGCCTCGTGCGCGCCATGGGCAGC AkdpFABC/AkdpFABCcat3

#7 GTTTCGTGCTGACATGTGCAACTGGCCCGGATGATTTC AkdpFABC

#8 CGGGCCAGTTGCACATGTCAGCACGAAACGAAACCGG AkdpFABC

#9 GCGCGAAGCTTGACGACCACTGGCACCAGTATC AkdpFABC/AkdpFABCcat3

#10 GGTCACGGCGGCCCCATGTGCAACTGGCCCGGATGATTTC  AkdpFABCcat3

#11 CGGGCCAGTTGCACGGGCCGCCGTGACCGCCTCAC AkdpFABCcat3

#12 CGACGCCCACATTTCCCCGGCG real time RT-PCR kdpC/cat3

#13 GTCTACGAGGATGCTCGACAGCTC real time RT-PCR kdpC/cat3

#14 CGGGCGGCTGCAACGGCCAC real time RT-PCR rpoAl

#15 CATCGACGCCGCGATGCGCTC real time RT-PCR rpoAl

#16 CCTGGAAAGGGTACCTAAAGGCGG real time RT-PCR kdpA

#17 GTCTACGAGGATGCTCGACAGCTC real time RT-PCR kdpA

#18 CGATCTTGATATCGAACCCGG real time RT-PCR OE5061

#19 GGGCGGCTCGGATTTCTCTC real time RT-PCR OE5061

#20 GCTGTTGAATGGAGCACAGAC real time RT-PCR VNG6180

#21 GCAGTCCCACGGGTTGCTG real time RT-PCR VNG6180

#22 GCGCGCCATGGGCCAGAACTGTGGCAGCGAG 206 bp long Py,

#23 CAACACCCAGATAGACACG 206 bp long Py,
GCGCGCCATGGGCTCCGTCCATACTCCGACAAATATAAA

#24 TAAGG 52 bp long Py,

#25 CAACACCCAGATAGACACG 52 bp long Py,

#26 GCGCGCCATGGACTCCGACAAATATAAATAAGGAG 42 bp long Py,

#27 CAACACCCAGATAGACACG 42 bp long Py,

#28 GCGCGCCATGGGCCAGAACTGTGGCAGCGAG Pyqp, deletion of operator 1

#29 CACCGTGGCTAACTCCGTCCATACTCCG Pyqp, deletion of operator 1

#30 CCTACATGTGGTGGCACCGATTGAGGCAGG Py4p, deletion of operator 1

#31 CAACACCCAGATAGACACG Py4p, deletion of operator 1

#32 GCGCGCTGCAGCGTGCAGAGCCTCAGTGAGAG 1000 bp integration region

#33 GCGCGCCATGGCGTTGGTGCCGGCAGAATAGG 1000 bp integration region

#34 GCGCGCCATGGGCCAGAACTGTGGCAGCGAG Prap:bgaH

#35 GCAGACACCAACTGTCATGTGCAACTGGCCCGG Piapi:bgaH

# 36 CCGGGCCAGTTGCACATGACAGTTGGTGTCTGC Piap:bgaH

#37 GCCTCGCCACAGTCCTCGCAG Piap::bgaH

#38 GCGCGCCATGGCGCGGCCGACGCTATCAAC integration near cat3

#39 GCGCGAAGCTTCCCTGAGGGGTGAGCGGG integration near cat3

#40 GCGCGCCATGGGCTCCCGATGGGTGCAACC integration near bop

#41 GCGCGAAGCTTGACCGATGAACCGTCAGACAC integration near bop

#42 GCGCGCATGGGGCCTGGTCCCGTCGGTTG integration near rpoA 1

#43 GCGCGAAGCTTGAGATACTACAGGCCAGTTGC integration near rpod 1

# 44 GCGCGATCGATCCAGAACTGTGGCAGCGAG Pygpi:pyrE2

#45 GATGAGTGCTGCGTTCGCCATGTGCAACTGGCCCGG Piap:pyrE2

#46 CCGGGCCAGTTGCACATGGCGAACGCAGCACTCATC Piap:pyrE2

#47 CTGGAGCTCCACCGCGGTG PiapipyrE2

#48 GCGCGCCATGGGCTCAGCACGAAACGAAACCGG Pra:icat3

#49 GCGCGGGTACCTCAGGACTCCGGTGGCACC Pi:cat3
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4.4 Cloning of the kdpFABCcat3 operon

Unless stated otherwise, all molecular biological methods were performed according to the
protocols described in Sambrock et al. (1989). Genomic DNA of H. salinarum R1 was
isolated by phenol/chloroform extraction followed by ethanol precipitation. A 6735-bp
genomic fragment carrying the kdpFABCcat3 genes was isolated via PCR using Herculase™
enhanced DNA polymerase (Stratagene) together with primers 1 and 2 (table 8). The resulting
PCR product was cloned into pCR2.1-TOPO by use of the TOPO TA Cloning” Kit
(Invitrogen). A 5914-bp EcoRV/Xbal restriction fragment of pCR2.1-TOPO carrying the
kdpFABCcat3 genes was then subcloned in pPBAD24 using Smal/Xbal restriction sites. Using
the restriction sites Ncol and HindIll of the pBAD24 multi cloning site, a 5944-bp
Ncol/Hindlll fragment carrying the kdpFABCcat3 operon was subsequently cloned in
pMKK100, finally resulting in plasmid pHJSI.

4.5 Construction of plasmids, transformation, and knock-out mutagenesis
Transformation of H. salinarum strains was carried out as described in Cline ef al. (1989) and
transformation of H. volcanii strains as described in Allers et al. (2004).

Plasmids used for the knock-out mutagenesis of chromosomally encoded kdpFABCcat3 and
kdpFABC were constructed by two-step PCR technique using Herculase™ Enhanced DNA
polymerase and primers 6, 7, 8, 9, 10, and 11 (table 8). The resulting PCR products carrying
900 bp sequences framing the kdpFABC and kdpFABCcat3 genes were cloned in plasmid
pMKK100 using the restriction sites Ncol and HindlIll, resulting in pHJS3 and pHIS4,
respectively.

Knock-out mutagenesis by recombination for the deletion of kdpFABC and kdpFABCcat3 in
H. salinarum R1 was carried out using the knock-out plasmids pHJS3 and pHJS4,
respectively, as described in Krebs et al. (1993). The deletion of the kdpFABC and
kdpFABCcat3 genes was controlled by PCR. In addition, the absence of expression was
confirmed by RT-PCR.

The plasmid carrying the kdpFABC operon without the cat3 gene was constructed by two-step
PCR with Herculase™ Enhanced DNA polymerase by use of primers 2, 3, 4, and 5 (table 8).
The resulting PCR product was subcloned into the pBAD24 derivative carrying the
kdpFABCcat3 genes described above using the Apal/Xbal restriction sites. An Ncol/HindIII-
fragment carrying kdpFABC genes was subsequently cloned in pMKK100 resulting in
plasmid pHJS2.
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The plasmids carrying the kdpFABCcat3 operon with different variations of the kdp-promoter
were constructed by PCR with Herculase™ Enhanced DNA polymerase by use of primers 22
and 23 (206 bp promoter), primers 24 and 25 (52 bp promoter), primers 26 and 27 (42 bp
promoter), and by two step PCR using primers 28, 29, 30, and 31 (deletion of operator 1). The
resulting PCR product was subcloned into the pPBAD24 derivative carrying the kdpFABCcat3
genes described above using the Ncol/Kpnl restriction sites. To to ensure integration into the
chromosome, a 1000 bp fragment homologous to a region 240 bp to 1240 bp upstream of
kdpF was amplified by PCR with Herculase™ Enhanced DNA polymerase using primers 32
and 33. The corresponding PCR product was incubated with DNA Polymerase I Large
(Klenow) to create blunt ends. In the following, pMKK 100 was linearised using the restriction
site Pstl, blunt ends created by incubation with DNA Polymerase I Large (Klenow) and the
1000 bp PCR product was inserted by ligation. The Ncol/Hindlll-fragments carrying
kdpFABCcat3 genes and different variations of the kdp-promoter were subsequently cloned in
pMKK100 carrying additional 1000 bp essential for effective integration, resulting in
plasmids pHS10-12.

The plasmid carrying a transcriptional fusion between P, and bgaH was constructed by two-
step PCR with Herculase™ Enhanced DNA polymerase by use of primers 34, 35, 36, and 37.
The PCR product was cloned into pHJS4 using Pstl/EcoR1 restriction sites resulting in
plasmid pOZ1.

The plasmids carrying a transcriptional fusion between Py, and bgal as well additional
sequences ensuring integration in different regions of the chromsome were constructed by
PCR with Herculase™ Enhanced DNA polymerase by use of primers 38 and 39 (integration
downstream of cat3), primers 40 and 41 (integration upstream of bop) and primers 42 and 43
(integration upstream of rpoAI). The resulting PCR products were cloned into pOZ1 using
Ncol/HindIll restriction sites resulting in plasmids pHJS6-8.

The plasmid carrying a transcriptional fusion between Py, and pyrE2 was constructed by two-
step PCR with Phusion™ High-Fidelity DNA Polymerase by use of primers 44, 45, 46, and
47. The resulting PCR products were cloned into pTA425 using the Clal/Sacl restriction sites,
resulting in plasmid pHJS23.

The plasmid carrying a transcriptional fusion between Py and cat3 was constructed by PCR
with Phusion™ High-Fidelity DNA Polymerase by use of primers 48 and 49. The resulting
PCR products was cloned into pJAS35 using the Ncol/Acc65I1 restriction sites resulting in
plasmid pSHI.
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4.6 Measurements of medium and cell K™ concentrations and cell volume

The concentration of medium K was measured by flame emission photometry (FEP) using an
Eppendorf ELEX 6361 flame photometer in a buffer containing 5 mM CsCl and 1.5 % TCA.
The amount of cytoplasmic K~ was determined after centrifugation of 1 ml of culture and
subsequent cell lysis in 1 ml ddH,O by flame emission photometry as described above.
Residual K" outside of the cell can be neglected, since the K™ content of the medium is far
below the intracellular K™ level. Cell volume was determined by conversion of cells into
spheroplasts as described in Cline et al. (1989) followed by migrographic imaging using a
Zeiss Axioskop 40 FL microscope with an attached CCD-camera (Diagnostic Instruments
SPOT RT Slider). The pixel area of approx. 500 individual cells per sample was measured
using the ImagelJ software version 1.37 (http://rsb.info.nih.gov/ij/) and converted into metric
units using a microscopy calibration slide (Motic) and the Flow Cytometry Size Calibration
Kit (Molecular Probes) as size standards. The cell volume was calculated from the mean area
assuming that spheroplasts are round inductile spheres. Total cell counts were measured with

the aid of a Neubauer haemocytometer (Marienfeld, Germany).

4.7 Sequence analysis and phylogenetic computation

Genes coding for the halobacterial kdpFABCcat3 operon as well as homologues in other
archaeal genomes were identified by use of the BLAST program (Altschul et al., 1990) using
KdpFABC from E. coli as query. Multiple sequence alignments and pairwise distance
matrices of 89 bacterial and six archaeal homologs of KdpB were calculated using Clustal W
(Thompson et al., 1994). The unrooted radial phylogenetic tree was genereted with the
Phylodraw software (Choi et al., 2000) using the ClustalW distance matrix and the neighbour
joining algorithm (Saitou ef al., 1987). All additional sequence analysis methods used are

descibed in the corresponding context.

4.8 RNA extraction, RT-PCR, and real time RT-PCR

Total RNA of H. salinarum was isolated from cultures grown in rich medium or in
casaminoacids medium with varying K™ concentrations with the RNeasy mini kit (Qiagen)
following the manufacturer's instructions. RNA was diluted to a concentration of 20 pg/ml
and subsequently treated with DNasel (Fermentas) following the manufacturer's instructions
in order to remove residual DNA contaminations. 70 ng of total RNA was reversely
transcribed by use of the First Strand cDNA Synthesis Kit (Fermentas) together with random

hexamer primers following the manufacturer's instructions. Detection of gene expression was

72



carried out by RT-PCR with Sawady-Taq DNA Polymerase (PeqLab), 1 pl of cDNA, and 0.2
nM of each primer. For gene expression level measurements, real-time RT-PCR was carried
out on a BioRad iCycler with Biorad iQ SYBR Green Supermix, 1 pl of cDNA, and 0.2 nM
of each primer. The primers used for RT- and for real time RT-PCR (primers 12 and 13, table
8) are located in kdpC and cat3, respectively, and the reaction results in a specific 300-bp
PCR-product. Both PCRs were carried out using an initial denaturation at 98 °C for 3 min,
followed by 40 cycles of denaturation at 98 °C for 1 min, annealing at 64 °C for 30 sec, and
extension at 72 °C for 30 sec. In case of real time RT-PCR, the calculated Ct-values were
normalised against Ct-values of reactions using primers binding within the »poAl gene as a
non-regulated housekeeping gene (primers 14 and 15, table 8). The normalization and the
calculation of normalized expression levels were carried out using the Q-Gene software
(Simon, 2003). Reactions without template and DNasel-treated RNA as template were
included as negative controls.

The gene expression level measurements using the H. salinarum AkdpFABCcat3 strain
complemented with plasmid-encoded expression of kdpFABC and kdpFABCcat3 were carried
out as described for wild type with the following modification. The primers used for the
detection of the kdpFABC(cat3)-transcript in real time RT-PCR (primers 16 and 17, table 8)
are located in kdpA.

The real time RT-PCR gene expression level measurements of the two putative orf’s
OES5058F and VNG6180 were carried out as described for the wild type with following
modifications. Primers 18 and 19 were used for the detection of OE5061 and primers 20 and
21 for detection of VNG6180. The corresponding ct-values were not normalized or calculated

using Q-Gene software (Simon, 2003).

4.9 B-galactosidase activity assay

B-galactosidase activity measurements applying plasmids pOEZ1 and pHJS6-8 were carried
out as descibed in Holmes et al. (1998) with following modifications: Measurements were
carried out using 96-well microtiter plates (Falcon Flexible PVC Microplate) in an ELISA-
Reader (SLT 340; ATTC). After preliminary controls for the dependency between optical
density and whole protein concentration, the culture optical density measurements were used

as estimation for the amount of cell material used in the assay.
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4.10 DNA microarrays

Isolation of RNA for hybridisation of DNA microarrays was carried out as disribed for RT-
PCR analysis with the following modifications. RNA was isolated from a total amount of 5
ml of culture. RNA was not diluted for DNase degradation, and an additional purification step
using the RNeasy mini kit (Qiagen) was applied after DNase degradation. The hybridisation
of DNA microarrays was essentally carried out as described in Twellmyer (2007). The
primary analysis of the raw fluorescence data was performed with Genepix Pro V4 and V6
(Molecular Devices, Sunnyvale, USA). The t-tests to identify the significance of the measured
fluorescence differences were performed using TIGR-MEV (Rockville, USA). The
hybridization and analysis of DNA microarrays were carried out by A. Wende (MPI for
Biochemistry, Martinsried) and should, therefore, not be regarded as a personal contribution
of the author. The prediction of function of the identified genes was carried out using Blast,

Pfam (Bateman ef al., 2002) and JNET (Cuff & Baron (1999)).

4.11 Copy number measurements

The relative DNA copy number measurements were carried out essentially as described for
the relative expression level measurements applying real-time RT-PCR. However, in place of
cDNA, genomic DNA was applied as a template. The corresponding DNA templates were
obtained by centrifugation of 1 ml of culture followed by lysis in 1 ml H,O and
homogenization of the sample by sonification. A sample volume of 1 pul was used in triplicate
to measure the relative abundance of chromosomal DNA coding for rpoAl (primers 14 and
15) as well as for pHS3-DNA coding for kdpC/cat3 (primers 12 and 13). The normalization

and the calculation of relative copy levels were carried out using the Q-Gene software.
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