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Abstract Extreme halophiles belonging to the domain
Archaea require a minimum of ~10% NaCl for growth.
Many of these obligate halophiles will continue to grow
even as NaCl concentrations approach saturation. The
haloarchaeon Haloferax volcanii is a model organism in
which to study the effects of changes in medium salinity
on gene expression, as this organism grows over a wide
range of NaCl concentrations, between 12% and 23%,
with little effect on growth rate. An RNA arbitrarily
primed PCR (RAP-PCR) approach has been applied to
identify those genes that are differentially expressed in
response to changing salinity. Differences in gene ex-
pression can be detected using this methodology, as each
sample generates its own unique RNA fingerprint for
each growth condition examined. RNA was prepared
from H. volcanii cultures grown with two different NaCl
concentrations in the medium, RAP-PCR was per-
formed, and seven differentially expressed transcripts
were identified. These fragments were cloned, sequenced,
and subjected to transcript analysis to confirm their
regulation. One of the sequences identified in this study
displays homology to the eukaryotic Ser/Thr protein
kinase Irelp, a sensor of protein unfolding in yeast and
mammalian cells. Evidence for serine phosphorylation in
H. volcanii is also presented.
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Introduction

Haloferax volcanii is an extreme halophile belonging to
the domain Archaea. H. volcanii can be used as a model
microorganism for examining the adaptations necessary
for dealing with changes in salinity due to its ability to
grow over a wide range of NaCl concentrations, from
~12% to 23%, while maintaining a relatively constant
growth rate (Mullakhanbhai and Larsen 1975). The
study of haloarchaeal adaptations to hypersaline envi-
ronments has mainly been limited to examination of
protein modifications and function [reviewed in Dennis
and Shimmin (1997) and Madern et al. (2000)] and the
physiological response of the cell to its high-salt envi-
ronment (Christian and Waltho 1962; Lanyi 1974, 1984;
Stoeckenius and Bogomolni 1982; Meury and Kohiy-
ama 1989). There is little known about the molecular
and genetic adaptations used by the extreme halophiles
for existence in hypersaline environments. Prior studies
have identified differentially expressed proteins (Daniels
et al. 1984; Mojica et al. 1997) and transcriptionally
active regions within the genome (Ferrer et al. 1996) that
are responsive to changes in medium salinity in
H. volcanii. In these studies H. volcanii was exposed to
several different salinities, ranging from the lower to
upper limits for the organism, and examined for a global
response to osmotic shifts. It was found that different
sets of proteins are expressed dependent on medium
salinity (Daniels et al. 1984; Mojica et al. 1997), and that
differential expression of transcripts can be identified in
situations of both high- and low-salt induction (Ferrer
et al. 1996). While little molecular information was
revealed in these studies (i.e., no DNA sequence infor-
mation was obtained from the activated transcripts),
they clearly indicated that there are specific genes, thus
far unidentified, involved in hypersaline adaptation in
the extreme halophiles, which are awaiting detailed
investigation.

In this report, a putative sensor kinase and six other
genes regulated in response to a shift in salinity have


Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 600 600 ] dpi
     Papierformat: [ 595.276 785.197 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alles für Farbverwaltung kennzeichnen (keine Konvertierung)
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: Dot Gain 10%
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: R705-Noco-gl-01-220499-ICC
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Warning
     /ParseDSCComments false
     /DoThumbnails true
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /EmitDSCWarnings false
     /CalGrayProfile (Dot Gain 10%)
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue false
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.2
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends false
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /UseDeviceIndependentColor
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 150
     /EndPage -1
     /AutoPositionEPSFiles false
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 1.5
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (R705-Noco-gl-01-220499-ICC)
     /MonoImageResolution 600
     /AutoFilterGrayImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 150
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 600 600 ]
>> setpagedevice


2

been identified using the technique of RNA, arbitrarily
primed PCR (RAP-PCR). This powerful method is a
useful tool for examining differential gene expression in
prokaryotes, since accurate identification of differen-
tially expressed transcripts is accomplished using ran-
dom 10-mer oligonucleotides to create first and second
strand cDNA from differing RNA populations. A un-
ique fingerprint is created for each sample and primer
used, thereby allowing easy comparison between the
strains or conditions examined. Recently, this technique
has been used in the deep-sea bacterium Photobacterium
profundum SS9 to identify genes under the control of the
global regulator ToxR (Bidle and Bartlett 2001). This
method has also been successfully applied to several
other bacterial systems to examine stress response
(Wong and McClelland 1994; Benson et al. 2000), in situ
growth conditions (Fleming et al. 1998), and response to
host infection (Chakrabortty et al. 2000). This is the first
report of the use of RAP-PCR in an archaeon.

Materials and methods

Bacterial strains and culture conditions

H. volcanii strain WFD11 (DSM 5716) was generously provided by
Dr. H.J. Schreier. Cultures were grown aerobically with vigorous
shaking at 42°C in a medium containing 12% (optimal) or 20%
(high) NaCl (2.1 or 3.5 M), 45 g MgCl, 6H,0, 10 g MgSO,7H,0,
10 g KCl, 1.34 ml 10% CaCl,2 H,O, 3 g yeast extract, and 5 g
tryptone. Inclusive of magnesium, calcium, and potassium, which
remained constant regardless of NaCl concentrations used, these
culture conditions represent a total medium salinity of either 18.5%
or 26.5%. However, for the purpose of these studies, only the ef-
fects of changing NaCl concentrations were examined. Escherichia
coli strains used for plasmid maintenance were grown in liquid
or solid LB medium at 37°C. When necessary, antibiotics and
chromogenic substrates were used in the following concentrations:
kanamycin (50 pg/ml); X-gal (40 pg/ml).

RNA preparations

Mid-exponential phase cultures of H. volcanii were harvested and
RNA was extracted using RNAzol B (Tel-Test; Friendswood, TX,
USA), a guanidinium thiocyanate/phenol-based reagent, according
to the manufacturer’s instructions. RNA was quantified using a
UV spectrophotometer and its quality was assessed on an agarose
gel prior to the experiments.

RNA arbitrarily primed PCR (RAP-PCR)

RAP-PCR was performed essentially as in Fleming et al. (1998)
and Bidle and Bartlett (2001). Arbitrary 10-mer primer kits with
G+ C contents of 70% (GEN4-70) and 80% (GEN4-80) were
obtained from Genosys Biotechnologies (The Woodlands, TX,
USA). First strand cDNA synthesis was performed using 200 ng
RNA heat denatured for 10 min at 65°C in 20 pl reactions con-
taining the following: 200 uM each dNTP, 5 mM dithiothreitol,
50 U MMLV-RT (Ambion), 1x RT reaction buffer, and 0.4 pM of
an arbitrary 10-mer primer. The first strand reaction was per-
formed in an MJ Research mini-cycler (PTC-150) as follows:
touchdown from 50° to 30°C in 45-s increments, 37°C for 1 h.
Second strand synthesis was performed in 30 pl reactions con-
taining the following: 3 pl of first strand reaction, 0.3 U Taq
polymerase (BRL), 20 pM each dNTP, 6% dimethyl sulfoxide,

2 uM each primer (primer 1 is from first strand synthesis and
primer 2 is a second arbitrary primer), 2.5 pCi 3P a-dCTP, 1x PCR
buffer, and 1.5 mM MgCl,. Cycles for RAP-PCR were: 94°C for
30 s, 40°C for 2 min, and 72°C for 1 min for 40 cycles, with a
10 min 72°C extension on the final cycle. All products were stored
at —20°C for up to 1 day prior to electrophoresis. RAP-PCR
samples were heated at 92°C for 2 min after the addition of loading
dye (95% formamide, 20 mM EDTA, 0.05% bromophenol blue,
0.05% xylene cyanol FF). Samples were then loaded onto a 5%
denaturing acrylamide gel (20x42 cm) and electrophoresed at
1,700 V for ~2 h until the xylene cyanol band reached the bottom
of the gel. The gels were subsequently dried, marked asymmetri-
cally with a phosphorescent pen for orientation, and exposed to
film (Kodak) for 1-3 days at —80°C. Following identification of
differentially expressed fragments, bands of interest were isolated
from the gel as described in Bidle and Bartlett (2001). Eluted bands
were subjected to secondary PCR using the original primers used in
RAP-PCR amplification to facilitate cloning into pCR2.1 (Invi-
trogen) according to the manufacturer’s instructions. Clones veri-
fied for the correct sized insert were then sequenced to determine
putative identity.

DNA sequencing

DNA sequences were determined by thermal cycle dideoxy
sequencing with an ABI 373A automated sequencer using fluores-
cently labeled terminators (Perkin-Elmer) using T7, -M13 reverse,
or custom primers. Some sequencing reactions contained 10%
DMSO to prevent secondary structure formation within the high-
G+ C-rich templates. Initial global similarity searches were per-
formed with the BLAST network service (Altschul et al. 1990).
Multiple alignments of amino acids were performed using
Clustal W (Thompson et al. 1994) in conjunction with the Box-
Shade program available at http://www.ch.embnet.org/software/
BOX_form.html.

Confirming the regulation of RAP-PCR fragments
by changing salinity

To verify differential expression of the fragments identified in RAP-
PCR, a quantitative PCR approach was used (Benson et al. 2000;
Bidle and Bartlett 2001). This method relies first on the creation of
random ¢cDNA molecules from a RNA population, followed by
gene-specific PCR. Briefly, first strand ¢cDNA was created using
RNA from H. volcanii strains following the same RT conditions
stated above with the exception that 2 uM of random hexamers
were used instead of a single arbitrary primer. Quantitative PCR
was then performed using custom made 18-mer primer pairs spe-
cific for each sequence being tested and 2.5 pCi **P a-dCTP. Cycles
of PCR were as follows: 92°C, 1 min; 50°C, 1 min; 72°C, 1 min for
25 cycles. Synthesis of a PCR product of the correct size and ex-
pression pattern was considered verified for differential expression
of the original RAP-PCR result. All quantitative RAP-PCR ex-
periments were performed in duplicate to ensure reproducibility.

Isolation of the locus-bearing genes encoded
by clones B2 and B5

Genomic DNA from H. volcanii was isolated as described in Ng
et al. (1995) and digested with either BamHI, Kpnl, Notl, Sphl, or
Xhol restriction enzymes (Gibco-BRL). Restriction digests were
electrophoresed through a 0.8% agarose gel in duplicate and
subsequently transferred to a nylon membrane (Osmonics) for
Southern analysis. Each membrane was probed with the PCR
product from either clone B2 or B5 which was randomly primed
using [¢-*?P] dCTP and the RadPrime kit (Gibco-BRL). Hybrid-
izations were performed at 62°C in QuikHyb hybridization solution
(Stratagene) overnight. Each membrane was washed under strin-
gent conditions (Ausubel et al. 1993) and exposed to autoradio-
graphic film Kodak) overnight at —-80°C with an intensifying screen.



Western blot analysis

Haloferax volcanii cultures were grown to mid-exponential phase in
either optimal or high-salt medium. Cells were harvested in a mi-
crocentrifuge and cell pellets were first resuspended in a lysis buffer
containing the serine phosphatase inhibitor NaF (50 mM HEPES,
pH 7.5, 20 mM MgCl,, 20 mM KCl, 100 mM NaCl, | mM EDTA,
pH 8, 1 mM DTT, 50 mM NaF). Lysed cells were then directly
added to gel loading buffer and equal amounts of protein were
separated by SDS-PAGE and then transferred to a PVDF mem-
brane for 2 h at 60 V. The membrane was first blocked for 1 h in
TBST (150 mM NacCl, 10 mM Tris-Cl, pH 8, 0.05% Tween 20, 5%
bovine serum albumin). Primary rabbit anti-phosphoserine anti-
body (Research Diagnostics) was added to the blocking solution at
a concentration of 0.5 pg/ml and allowed to incubate for 2 h. After
washing in TBST, the membrane was incubated for 1 h with goat
anti-rabbit IgG antibody-horseradish peroxidase (HRP)—conju-
gated secondary antibody (Research Diagnostics). After washing,
visualization of immunoreactive proteins was detected by che-
miluminescent HRP substrate using the Supersignal Substrate
system (Pierce) and autoradiographic film (Kodak) exposure.

Nucleotide sequence accession numbers

The sequences of the partial gene fragments identified in this work
are deposited in GenBank under accession nos. AF315626-29,
AF315631, and AF454091-93.

Results and discussion

Identification of differentially expressed genes
in response to changing salinity

Differential gene expression between H. volcanii cultures
grown in optimal (12%) or high (20%) NaCl conditions
was examined using 36 different random primer com-
binations in this RAP-PCR analysis. The reproducibility
of the technique was first tested by performing RAP-
PCR in duplicate using the same primer set with RNA
that had been isolated on separate occasions from cul-
tures of H. volcanii grown in optimal or high-NaCl
conditions. The results of this experiment yielded nearly
identical results (data not shown), thus all subsequent
RAP-PCR experiments were performed only once.
A total of 17 unique bands were obtained from an
approximate total of 700 bands examined that clearly
displayed differential regulation (data not shown).
Fragment sizes ranged from ~750 bp to 100 bp,
although bands smaller than 180 bp were not further
examined. Differentially expressed RAP-PCR fragments
were purified from each gel and re-amplified using the
appropriate primers to verify that the correct sized
fragment was isolated and to facilitate cloning. Cloned
PCR products were sequenced to determine putative
gene function.

Of the 17 clones originally isolated, only seven
clones were chosen for further analysis. This was due to
the fact that the remaining ten clones identified in these
studies either failed to re-amplify the excised band
(four clones) or were not confirmed for differential
expression (two clones). Furthermore, four clones also
were shown to encode 16S or 23S rDNA, an artifact
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often associated with the use of this technique (Nage
et al. 2001).

To verify the accuracy of the pattern of expression
found in the original RAP-PCR analysis, transcript
analysis was performed using a quantitative PCR
method (Benson et al. 2000; Bidle and Bartlett 2001).
The regulation of all seven genes examined was con-
firmed using gene-specific PCR primers and cDNA
prepared from RNA isolated from H. volcanii cultured
with either 12% or 20% NaCl in the growth medium.
When all of the RAP-PCR clones were examined using
this method, the pattern of gene expression matched that
seen in the original RAP-PCR analyses (Fig 1). These
experiments confirmed that three of the seven genes
found are maximally expressed in the presence of high
NaCl in H. volcanii (clones B2, B3, and B8) while the
remaining four genes’ expression appears to be com-
pletely repressed at 20% NaCl (clones B5, B11, B12, and
B15).

Characterization of salinity-regulated genes

A summary of genes present in the National Center for
Biotechnology Information (NCBI) nucleic acid se-
quence databases available through the BLAST network
service (Altschul et al. 1990) which showed greatest
similarity to the partial gene sequences found in this
study is shown in Table 1. The probability (P) values
(Karlin and Altschul 1990) obtained from BLASTX
ranged from 6x10> to 0.009.

Of the seven partial open reading frames found, two
appear to have some involvement with environmental
stress signaling. One of the differentially regulated gene
sequences identified in this study encodes a protein dis-
playing a serine/threonine kinase domain that is 57%

12% 20%
B2
B3
BS
B8
B11
B12
B15

Fig. 1 Confirmation of differential gene expression of RAP-PCR
fragments in Haloferax volcanii grown with either 12% or 20%
NaCl. Quantitative PCR was performed using gene-specific primers
as described by Benson et al. (2000) and Bidle and Bartlett (2001).
Clone designations are given on left

N0 WA
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Table 1 Summary of partial gene sequences regulated by changing salinity identified using RAP-PCR. The percentage Identity:Similarity
and P values were obtained from BLASTX. Gene sequences were also compared directly against the NRC-1 genome available through

NCBI
Clone/ size (bp) Closest relative (accession number) P value % Identity: Homology in Gene expression at
Similarity NRC-1 genome 12% or 20% NacCl
B2 (609) Saccharomyces cerevisiae Irelp 6e 8 57:70 NO 20%
protein kinase (U10556)
B3 (433) Vibrio cholerae serine 6e >’ 84:75 YES (0.02, 31:52)*  20%
deaminase (AE004415)
BS5 (254) Salmonella typhimurium putative 2¢7% 33:49 NO 12%
methyl-Accepting chemotaxis
protein (AE008755)
B8 (668) Deinococcus radiodurans aldo/keto 8¢’ 46:67 YES (le-'3, 35:58) 20%
reductase (AE002058)
B11 (550) Halobacterium sp. NRC-1 YES 12%
hypothetical proteins:
Vng6397 h (AE005167) 4e” 85:88
Vng0650c (AE005012) 9¢ 24 44:65
B12 (608) Saccharomyces cerevisiae YFW1 0.009 27:41 NO 12%
gene (U11583)
BI15 (560) Pseudomonas syringae 0.002 38:60 YES (0.54, 24:41) 12%

transposase (AF170066)

4(P value, % identity: similarity) for NRC-1 homolog using BLASTN

Fig. 2 Partial amino acid
alignment of the putative
Haloferax volcanii sensor kinase
hvIrelp with its homolog in
yeast, Irelp. Identical residues
are in black and similar residues
are in gray. The invariant Lys
(K) residue within the Irelp
kinase subdomain II (Tiraso-
phon et al. 1998) is indicated by
an asterisk

hvIrelp
Irelp

hvirelp
Irelp

hvIrelp
Irelp

identical and 70% similar to the eukaryotic sensor kin-
ase Irelp (Fig 2). Irelp is a sensor of the unfolded
protein response pathway in yeast and mammalian cells
(Cox et al. 1993; Mori et al. 1993; Tirasophon et al.
1998). The H. volcanii homolog, which has been named
hvlrelp, is transcriptionally upregulated in response to
an increase in medium NaCl concentration and might
function to respond to protein unfolding in the cell.
Despite the fact that haloarchaea contain proteins that
have evolved to withstand the detrimental effects of high
salinity (Dennis and Shimmin 1997), even so-called
halophilic proteins will shift towards unfolded forms
as salinity increases above optimal levels. The discovery
of a homolog to a sensor kinase that is activated in
response to protein unfolding is thus consistent with
known salt effects on proteins. Since the optimal salinity
for H. volcanii growth is approximately 12%, it can be
envisioned that despite the organism’s ability to grow at
higher salinities, an 8% increase in the salinity to 20%
will begin to cause some protein unfolding or ‘salting-
in.” Such an event could then catalyze the activation of
hvlrelp transcription and in turn initiate an adaptive
response to protein unfolding via phosphorylation of
one or more target proteins involved in the response.
This hypothesis is currently being investigated.
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Another gene that appears to be somehow involved in
environmental stress signaling was found in clone BS5.
This clone encodes a protein containing the amino acid
motif GGDEF. This motif is found in several known
bacterial response regulators as well as in a number
of putative open reading frames from recent genome
studies, including Salmonella typhimurium and E. coli.
Among the known bacterial response regulators with a
similar motif are the response regulator CelR2 from
Rhizobium leguminosarum bv. trifolii [(Ausmees et al.
1999); accession number AF121341] and PleD from
Caulobacter crescentus [(Sommer and Newton 1989);
accession number L42554]. While these proteins exert
different functions, both are hypothesized to be involved
in two-component signal transduction. CelR2 is in-
volved with the regulation of cellulose synthesis, while
PleD is an important component of the regulation of cell
division processes (Sommer and Newton 1989; Ausmees
et al. 1999). Interestingly, another protein that was
among the clone BS BLAST output sequences which
contain the GGDEF motif is the YkoW protein from
Bacillus cereus [(Okstad et al. 1999); accession number
AJ243712]. This as yet uncharacterized protein also
contains PAS domain sequences which are sensing
modules found in all three domains of life and which




function in prokaryotes in the global regulation of
metabolism, behavior, and development [reviewed in
Taylor and Zhulin (1999)]. While the complete sequence
of clone B5 will need to be determined to ascertain
whether it also contains PAS domains, the possibility is
nevertheless intriguing that this gene may also possess
these types of regulatory sequences.

The remainder of the genes isolated in this study
encode products that display varying degrees of identity
and similarity to a diverse range of proteins (Table 1).
However, many of these clones, notably clones B12 and
B15, show at best weak identity to known proteins in the
database. Obtaining additional DNA sequence infor-
mation from these clones will undoubtedly aid in the
positive identification of these genes. These studies are
currently in progress.

Linkage of genes encoded by clones B2 and BS

To assess whether the sensor kinase hvlrelp encoded by
clone B2 is linked to the response regulator encoded by
clone BS, Southern analysis was performed. The pattern
of hybridization seen was identical in both experiments
regardless of the probe used, indicating that the sensor
kinase and response regulator are linked (Fig 3). Using
different combinations of primers specific for clone B2
or B5 in PCR analysis, it was also determined that the
putative response regulator (clone BS) lies upstream of
the sensor kinase (clone B2; data not shown). Interest-
ingly, these genes display inverse regulation to one
another (see Fig. 1) with the sensor kinase being
upregulated in the presence of high salt and the response
regulator being downregulated under the same condi-
tions. The implication of this inverse regulation is pres-
ently unknown, although the gene encoded by clone BS
could potentially act as a negative regulator of hvlrelp
function.

Evidence of serine-threonine phosphorylation
in Haloferax volcanii

Given the fact that a putative serine—threonine kinase is
present in the genome of H. volcanii, it was of interest to

Aa 1 2 3 4 5 1 2 3 4

21 [ 21 [
16 Wt | s
5 ¢ -

Fig. 3A, B Southern analysis demonstrating that the sensor kinase
and response regulator encoded by clones B2 and BS, respectively,
are linked. A Haloferax volcanii genomic DNA digests probed with
clone B2. Lane 1 BamHI, lane 2 Kpnl, lane 3 Notl, lane 4 Sphl, lane
S Xhol. B Haloferax volcanii genomic DNA digests probed with
clone B5. Lanes are the same as in A. Molecular weight size
standards are given at left in kilobases (kb)
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determine if proteins phosphorylated on serine residues
could be detected in H. volcanii at both optimal and
high salinity. Evidence for tyrosine phosphorylation in
H. volcanii has already been demonstrated (Smith et al.
1997). Crude cell extracts from H. volcanii grown under
optimal and high salt conditions were prepared and
treated with a serine phosphatase inhibitor prior to
Western analysis using phosphoserine antisera. As seen
in Fig 4, at least ten different proteins in the cell lysate
from high salt conditions displayed immuno-reactivity
with the antibody, while no reactivity was detected un-
der optimal salt conditions. When cell lysates were not
treated with phosphatase inhibitors, no visible bands
could be detected in either condition (data not shown).
These results clearly demonstrate that (1) phosphoserine
proteins can be detected in H. volcanii; and (2) high
salinity appears to favor the phosphorylation of several
proteins as compared with optimal salinity.

Do other archaeal halophiles use genes similar to those
found in H. volcanii for hypersaline adaptation?

Recently, the genome sequence of the extreme halophile
Halobacterium species NRC-1 was completed (Ng et al.
2000). This organism grows optimally with ~25% NaCl
in the growth medium, well above the optimal require-
ment for H. volcanii (~12%). In an attempt to identify
potential homologs of H. volcanii RAP-PCR fragments
in NRC-1, its genome sequence was examined using
the ‘““Search Microbial Genomes” function available
through NCBI. Two of the seven clones were found to
have significant relatedness to genes found in NRC-1,
two clones were found to have weak relatedness, and
three clones, including the putative protein kinase and
response regulator, were not found in the genome. Re-
sults of this survey can be seen in Table 1. Given the
diverse environments from which these two organisms
were isolated and the significantly different NaCl
requirements for growth, these results are not entirely
surprising. However, it will be of interest in future
examinations of other haloarchaeal genomes to assess

12% 20%

Fig. 4 Western analysis of phosphoserine proteins in Haloferax
volcanii. Whole cell lysates were probed with anti-phosphoserine
antibodies and detected by chemiluminescence. Molecular weight
markers (kDa) given at left. 12%, 12% NaCl in growth medium;
20%, 20% NaCl in growth medium
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whether closer relatives of H. volcanii possess similar
genes.

This study used the technique of RAP-PCR to iden-
tify genes that are differentially expressed in response to
changing salinity in the archaeal halophile, H. volcanii.
This is the first application of this technique for use in
Archaea. Seven genes whose response was either induced
or repressed in the presence of high NaCl concentrations
were revealed from these studies. Of these seven genes,
two appear to be involved in some aspect of environ-
mental stress signaling.

One of the genes identified in this study appears to
encode an eukaryotic-like sensor kinase involved in the
unfolded protein response in yeast and mammalian cells
(Cox et al. 1993; Mori et al. 1993; Tirasophon et al.
1998). The discovery of this gene is noteworthy, as sev-
eral homologs of eukaryotic protein kinase sequences
have been reported in both Bacteria and Archaea [re-
viewed in Leonard et al. (1998)], although in Archaea all
have been identified only by genome surveys (Smith and
King 1995). Evidence of eukaryotic-like protein phos-
phorylation has been demonstrated among diverse
members of Archaea, including Ser/Thr phosphoryla-
tion in Sulfolobus acidocaldarius (Skorko 1984; Kennelly
et al. 1993; Leng et al. 1995) and Tyr phosphorylation
in S. solfataricus, Methanosarcina thermophila, and
H. volcanii (Smith et al. 1997). This is the first descrip-
tion of the actual isolation and preliminary character-
ization of a putative archaeal Ser/Thr kinase gene.

The role of many of the salinity-regulated genes
uncovered in this study is at present unclear. However, a
combination of mutational analyses and recovery of full
gene sequence is currently being employed to begin
identifying the role of each of these genes in hypersaline
adaptation in H. volcanii. The information obtained
from these studies might allow us to gain a better overall
understanding of the molecular and genetic mechanisms
used by the extremophilic haloarchaea to thrive in
hypersaline environments.
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