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The evolutionarily conserved signal recognition particle (SRP) plays an integral role in Sec-mediated
cotranslational protein translocation and membrane protein insertion, as it has been shown to target nascent
secretory and membrane proteins to the bacterial and eukaryotic translocation pores. However, little is known
about its function in archaea, since characterization of the SRP in this domain of life has thus far been limited
to in vitro reconstitution studies of heterologously expressed archaeal SRP components identified by sequence
comparisons. In the present study, the genes encoding the SRP54, SRP19, and 7S RNA homologs (hv54h,
hv19h, and hv7Sh, respectively) of the genetically and biochemically tractable archaeon Haloferax volcanii were
cloned, providing the tools to analyze the SRP in its native host. As part of this analysis, an hv54h knockout
strain was created. In vivo characterization of this strain revealed that the archaeal SRP is required for
viability, suggesting that cotranslational protein translocation is an essential process in archaea. Furthermore,
a method for the purification of this SRP employing nickel chromatography was developed in H. volcanii,
allowing the successful copurification of (i) Hv7Sh with a histidine-tagged Hv54h, as well as (ii) Hv54h and
Hv7Sh with a histidine-tagged Hv19h. These results provide the first in vivo evidence that these components
interact in archaea. Such copurification studies will provide insight into the significance of the similarities and
differences of the protein-targeting systems of the three domains of life, thereby increasing knowledge about the

recognition of translocated proteins in general.

The transport of proteins across hydrophobic membranes is
essential to the survival of all organisms. Biochemical and
genetic analyses of the eukaryotic and bacterial translocation
systems strongly suggest that most proteins are translocated via
an evolutionarily conserved proteinaceous pore in the endo-
plasmic reticular (ER) and cytoplasmic membranes, respectively
(17, 30, 31). However, whereas in bacteria, protein transloca-
tion occurs mainly posttranslationally and requires a cytoplas-
mic ATPase (SecA) to “push” the proteins through the mem-
brane, translocation into the yeast ER occurs both co- and
posttranslationally (4, 17). These processes in yeast depend on
Kar2p, an ATPase in the ER that moves proteins into the
lumen of this organelle (28, 36). In contrast to bacterial and
yeast protein translocation, in vitro reconstitution studies have
suggested that in mammalian cotranslational translocation,
elongation of nascent polypeptides drives them into the ER
and no exogenous energy source is required (12). Sequence
analyses of all completely sequenced archaeal genomes suggest
that Sec-mediated protein translocation in organisms of this
domain of life involves a combination of bacterial and eukary-
otic Sec component homologs and that a protein with signifi-
cant sequence homology to the bacterial and eukaryotic trans-
location ATPases is absent (30). Thus, archaeal Sec-dependent
protein secretion and membrane protein insertion may be
unique, and nonhomologous components might be present in
archaeal Sec systems. It is also possible that, since no homologs
of known ATPases required for posttranslational protein
translocation have been identified in archaea, Sec-mediated
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protein secretion and membrane protein insertion occur exclu-
sively cotranslationally, alleviating the need for an additional
energy source. In vivo analyses of the membrane insertion
kinetics of the Halobacterium sp. strain NRC-1 polytopic mem-
brane protein bacterioopsin suggested that the insertion of at
least the first membrane-spanning segment of this protein oc-
curs cotranslationally (9). While a second study suggested that
the insertion of the Halobacterium sp. strain NRC-1 bacte-
rioopsin fused to the Haloferax volcanii S-layer glycoprotein
signal sequence into the cytoplasmic membrane occurs post-
translationally (25), this study was conducted in H. volcanii, an
organism that does not naturally express bacterioopsin. Thus
further characterization of archaeal cotranslational protein
translocation is necessary to clarify the role of this cellular
process in these organisms.

Cotranslational translocation requires the signal recognition
particle (SRP), which binds the signal sequence of a nascent
polypeptide chain emerging from a translating ribosome and
targets this ribosome-nascent polypeptide complex to the
translocon of the eukaryotic ER membrane or that of the
bacterial cytoplasmic membrane. The mammalian SRP, the
most well-characterized SRP of all three domains of life, is an
118 ribonucleoprotein complex consisting of a single 7S RNA
plus six proteins (SRP9, -14, -19, -54, -68, and -72, correspond-
ing to their kilodalton masses) (1, 19). While homologs of the
RNA scaffold and the signal sequence binding SRP54 compo-
nents are conserved in all domains of life, the bacterial SRP
appears to be much simpler than that of the eukaryotes (19,
23). The eukaryotic SRP mediates the cotranslational translo-
cation of both secreted and integral membrane proteins, while
the bacterial SRP is primarily required for the insertion of
proteins into the cytoplasmic membrane (10, 33b). The func-
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid

Relevant characteristics

Source and/or reference

Strain
WFD11 H. volcanii 5
MP12 E. coli MC4100 29
WAM113 E. coli ffh conditional mutant 27
WR4 MP12 containing pWR-4 This study
WR6c MP12 containing pWR-6¢ This study
WAM-ffh WAM113 containing pRB11-ffh This study
WAM-hv54h WAMI113 containing pRB11-Av54h This study
WRHv-NP15 WED11 containing pNP15 This study
WRHv-6¢ WEFD11 containing pWR-6¢ This study
WRHv-6¢/54KO WRHv-6¢ with mevR insertion in chromosomal hv54h This study
WRHv-9a WEFD11 containing pWR-9a This study
Plasmid/cosmid
A199chr, 347chr Kan'; cosmid vectors (Lorist M) containing H. volcanii chromosomal 6
Mlul fragments
pNP15 Amp" Nb'; H. volcanii shuttle vector 26
pMDS99 Amp"; plasmid containing hhmevR gene 34
pBAD18 Amp"; arabinose-inducible expression plasmid 14
pMAL-c2 Amp"; IPTG-inducible expression plasmid encoding N-terminal maltose 37
binding protein
p105-Sacl Amp"; pPBAD18 containing Sacl fragment of cosmid A199chr This study
p64-Alul Amp"; pPBADIS containing Alul fragment of cosmid 347chr This study
pWR-2 Amp"; pPBAD18 containing hv54h ORF + 66 bp This study
pWR2-hhmevR pWR-2 with Av54h interrupted by hhmevR This study
pWR-4 Amp"; pMAL-c2 containing Av54h ORF This study
pWR-6¢c pNP15 containing hv54h-6xhis This study
pWR-9a pNP15 containing hv19h-6xhis This study
pRB11-ffh pRBL11 containing ffh 33a
pRB11-hv54h pRB11 containing hv54h This study

tion of this universally conserved ribonucleoprotein complex in
the archaea, however, is not well understood; thus, character-
ization of this targeting complex is crucial for a better under-
standing of its role in archaeal cotranslational protein translo-
cation.

Analyses of archaeal genomes and reconstitution studies of
heterologously expressed archaeal components, homologous
to previously-identified SRP subunits, suggest that organisms
of this domain contain homologs of SRP54 and 7S RNA, as
well as of the eukaryotic SRP19 (3, 21, 36a). However, such
approaches are unable to identify homologs of other eukary-
otic and bacterial SRP subunits that share little or no sequence
homology with previously identified components, or subunits
that are specific to the archaeal SRP. In order to define the
composition of the archaeal SRP and gain an understanding of
its function, it is necessary to study this ribonucleoprotein
complex in its native host. We therefore have initiated in vivo
studies to purify and characterize the SRP from H. volcanii, an
archaeon that is amenable to biochemical and genetic analyses
(6, 8, 34). Using this system, we have been able to create an H.
volcanii knockout strain and provide evidence that the archaeal
SRP is essential. Furthermore, we have developed a method
that not only allows us to copurify the universally conserved
components from their native host, but will also provide us
with the tools needed to define the composition of the archaeal
SRP.

MATERIALS AND METHODS

Reagents. Antibiotics were purchased from Sigma, with the exception of
mevinolin (a gift from Merck Research Laboratories). The H. volcanii cosmid

library (6) was generously provided by R. L. Charlebois (Department of Biology,
University of Ottawa). The AlkPhos Direct kit, CDP-Star, and ECL (enhanced
chemiluminescence) detection reagents were purchased from Amersham Phar-
macia Biotech. The pMAL-c2 cloning vector, restriction enzymes, and amylose-
agarose resin were purchased from New England Biolabs. The Ni nitrilotriacetic
acid (NTA) agarose resin, anti-pentaHis antibody, and DNA purification kits
were purchased from Qiagen. Trizol reagent was purchased from Life Technol-
ogies. Blotting membranes (Hybond nylon and polyvinylidene difluoride
[PVDF]) were purchased from Amersham International and Micron Separa-
tions, Inc., respectively.

Strains and growth conditions. The archaeal and bacterial strains utilized in
this study are listed in Table 1. H. volcanii strains were routinely cultured at 40°C
in rich medium (RM) (20) supplemented with mevinolin (20 pg/ml) and/or
novobiocin (0.3 pg/ml) when required. Escherichia coli strains were routinely
cultured at 37°C in Luria-Bertani medium supplemented with ampicillin (200
wg/ml), kanamycin (40 pg/ml), and/or isopropyl-B-D-thiogalactopyranoside
(IPTG) (100 uM) when required.

Cloning and sequencing of the H. volcanii SRP54 (hv54h) and 7S RNA (hv7Sh)
homologs. PCR was used to generate DNA probes from H. volcanii chromo-
somal DNA. The sequences of the primers used were as follows: (i) iv54h probe
(450 bp), degenerate forward primer 5'-CAGGGCTCSGGCAAGACSACSA
C-3" and degenerate reverse primer 5'-GAGSGCGCCGCCGCCCTTSGC-3';
and (ii) Av7Sh probe (296 bp), forward primer 5'-ACTAGGTCGGGCAGTTA
GG-3' and reverse primer 5-GCGAGGTTGCCCGGCGTTCC-3'. These
probes were used in Southern blot analyses of an Mlul digest of the H. volcanii
cosmid library. Positive cosmids (harboring iv54h [cosmid A199] and hv7Sh
[cosmid 347]) (Table 1) were identified and confirmed to contain their respective
genes by PCR. These cosmids were then digested (Sacl for A199 and Alul for
347) and analyzed by Southern blotting with the probes described above. Positive
bands were gel purified, and the restriction fragments containing Av54h and
hv7Sh were subcloned into pBADI18 (14) (creating p105-Sacl and p64-Alul,
respectively) (Table 1) and sequenced.

Construction of an SRP54 phylogenetic tree. Amino acid sequences of SRP54
from organisms representing the three domains of life (35) were obtained from
the National Center for Biotechnology Information (NCBI; http://www.ncbi.nih
.gov). The ClustalW algorithm (33) (http://searchlauncher.bcm.tmc.edu) was
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used to align the sequences, and seven conserved regions of SRP54 (13) were
used to construct the tree. The SEQBOOT, PROTDIST, NEIGHBOR, and
CONSENSE programs (in this order) of the Phylogeny Inference Package
(PHYLIP v.3.573c) (11) were used to construct a maximum parsimony tree,
which was replicated in 100 bootstraps.

Construction of an hv54h-knockout strain. The hv54h open reading frame
(ORF) was PCR amplified (forward primer 5'-GGGGGAGCTCATGGTACT
CGACAATCTC-3' and reverse primer 5'-GGGGAAGCTTGCGCAGCGAGG
CGAGGAAC-3") from p105-Sacl and ligated into pBAD18 (14) to generate
pWR-2 (Table 1). The resistance cassette used in the disruption of Av54h was
generated as follows: the Haloarcula hispanica mevinolin resistance gene (mevR)
was PCR amplified (forward primer 5'-GGGGGGTACCCAAGAGCAACTTT
TAAGAGT-3" and reverse primer 5'-GGGGGCATGCCAGGAAGCACTCC
TGCTC-3") from pMDS99 (34). The 5" and 3’ ends of this insert were digested
with Kpnl and Sphl, respectively, and filled in with T4 DNA polymerase. pWR-2
was digested with PshAl, which produces a blunt-ended single cut at nucleotide
position 762 in the hv54h ORF. The blunt-ended mevR insert was then ligated
into PshAl-digested pWR-2, creating pWR2-hhmevR (Table 1). The hv54h-
hhmevR insert was PCR amplified from pWR2-hhmevR (forward primer 5'-GG
GGGAGCTCATGGTACTCGACAATCTC-3' and reverse primer 5'-GGGGA
AGCTTGCGCAGCGAGGCGAGGAAC-3'), purified, and used to transform
spheroplasts of H. volcanii strain WRHyv-6¢ (Table 1) as previously described
(18). Transformants were selected on RM plates supplemented with mevinolin
and novobiocin. Homologous recombination of the Av54h-hhmevR PCR product
with the chromosomal Av54h gene was detected by PCR of transformants with a
forward primer specific to the 5’ end of hihmevR (5'-GGGGGGTACCCAAGA
GCAACTTTTAAGAGT-3’) and a reverse primer specific to the region down-
stream of hwv54h (5'-GGGGAAGCTTGCGCAGCGAGGCGAGGAAC-3"),
which is absent from pWR-6c.

Transfer and plating of hv54h-knockout/control cells. Three single colonies
each of WRHyv-6¢/54KO and WRHv-6¢ cells were used to inoculate three 5-ml
liquid RM-mevinolin and RM samples without selection, respectively. These
cultures were grown to late log phase and subsequently used to inoculate fresh
liquid medium with or without mevinolin (15 such transfers were performed). At
transfer numbers 3, 6, 9, 12, and 15, samples of the cultures were diluted in RM,
and plated onto RM-novobiocin to test for the maintenance of pWR-6¢. Each
culture was plated in triplicate, and after approximately 14 days of incubation,
colonies were counted with a Leica Quebec Darkfield colony counter.

Viability of WAM113 harboring ffi or hv54h. Strain WAM113 (27), generously
provided by Hongping Tian (Harvard University), was transformed with
pRBI11ejf (a gift from H. Tian) or pRB11eAv54h (this study). Cells were grown
at 25, 30, and 37°C in the presence and absence of IPTG (100 wM) and analyzed
for cell growth. IPTG-inducible expression of Ffh and Hv54h by these strains was
confirmed by Western blot analysis of whole-cell lysates with antibodies against
Ffh (generously provided by Harris Bernstein, National Institutes of Health) and
Hv54h (this study).

Expression of Hv54h in E. coli for generation of antiserum. The gene con-
taining the #v54h ORF was amplified by PCR of p105-Sacl (forward primer
5'-GGGGGGAATTCATGGTACTCGACAATCTC-3" and reverse primer 5'-
GGGGAAGCTTGCGCAGCGAGGCGAGGAAC-3') and ligated into pMAL-c2
(37), creating pWR-4 (Table 1). The Hv54h-maltose binding protein (MBP)
fusion construct (Hv54he MBP; Table 1) was purified from a 1-liter culture of
strain WR4 on an amylose-agarose column as per the manufacturer’s protocol.
The purified protein was electrophoresed on a 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gel, and the band corresponding to the Hv54he MBP was
excised from the gel and used to produce rabbit antiserum (anti-Hv54h) against
the fusion protein.

Expression of Hv54he6xHis in H. volcanii. The hv54h ORF plus 66 bp up-
stream of the start codon was C-terminally tagged with a linker and six histidine
residues (denoted as 6xHis in Hv54he6xHis) by PCR amplification of p105 Sacl
(forward primer 5'-GGGGGGCCATGGCGATAGGTGTTGGCCC-3' and re-
verse primer 5'-GGGGGGGGTACCTCAGTGATGGTGATGGTGATGCGG
GCCGCCGAACGGCCCCATGCCGCC-3"). The resulting hv54he6xhis insert
was cloned into pNP15 (26), generating pWR-6¢ (Table 1), which was then used
to transform a dam-negative E. coli strain. pWR-6¢ purified from this strain was
then used to transform H. volcanii spheroplasts, creating strain WRHv-6¢ (Table
1). Expression of Hv54he6xHis in WRHv-6¢ was monitored by immunoblotting
of whole-cell lysates, by using the anti-Hv54h and anti-pentaHis antibodies.

Expression of Hvl9he6xHis in H. volcanii. The hvi9h ORF plus 50 bp up-
stream of the start codon (sequence reference no. RVO04094 and RVO04096)
(http://wit-scranton.mbi.scranton.edu/Haloferax/genes_DNA fasta) was C-termi-
nally tagged with a linker and six histidine residues by PCR amplification of H.
volcanii chromosomal DNA (forward primer 5'-GGGGGGCCATGGGGCTCC
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GTGAGACCACAACC-3" and reverse primer 5'-GGGGGGGGTACCTCAG
TGATGGTGATGGTGATGCGGGCCGCCGTCGCGGAGGATTCCGACG-
3"). The resulting hvI9he6xhis insert was cloned into pNP15 (26), generating
pWR-9a (Table 1), which was then used to transform a dam-negative E. coli
strain. pWR-9a purified from this strain was then used to transform H. volcanii
spheroplasts, creating strain WRHv-9a (Table 1). Expression of Hv19he 6xHis by
WRHyv-9a was monitored by immunoblotting of whole-cell lysates with the anti-
pentaHis antibody.

Copurification of Hv54h e 6xHis and Hv7Sh by Ni-NTA metal affinity chroma-
tography. Strains WRHv-6¢c and WRHv-NP15 were grown in RM supplemented
with novobiocin until mid- to late-log phase. Cultures (500 ml) were centrifuged
at 4,600 X g for 20 min, and cell pellets were resuspended in 2 volumes of
ice-cold NSTX buffer [30 mM Mg(OAc),, 22.5 mM imidazole, 75 mM Tris [pH
7.5], 15% glycerol, 0.015% Triton X-100, 3 mM B-mercaptoethanol, 200 U of
RNAsin, 1.5 pg of pepstatin per ml, 7.5 wg of aprotinin per ml, 1.5 pg of
leupeptin per ml]. Cells were lysed with a French press (4°C), and lysates were
centrifuged at 15,400 X g for 10 min at 4°C. Cytoplasmic fractions were obtained
by centrifugation of the cleared lysates at 265,000 X g for 1 h 8 min. Ni-NTA
agarose beads (1 ml), previously equilibrated 1:1 (vol/vol) in SMTX-A buffer [1
M KCI, 20 mM Mg(OAc),, 15 mM imidazole, 50 mM Tris (pH 7.5), 10%
glycerol, 0.01% Triton X-100, 2 mM B-mercaptoethanol, 200 U of RNAsin, 1 pg
of pepstatin per ml, 5 pg of aprotinin per ml, 1 ug of leupeptin per ml], was
added to each cytoplasmic fraction, and the slurries were incubated with agita-
tion for 1 h at 4°C. The slurries were applied to 5-ml columns, and the
flowthrough was collected. The Ni-NTA was washed with 8 ml of SMTX-B buffer
(SMTX-A with 20 mM imidazole), and the proteins were eluted with SMTX-C
(SMTX-A with 200 mM imidazole).

Copurification of Hvl19he 6xHis, Hv54h, and Hv7Sh by Ni-NTA metal affinity
chromatography. Strains WRHv-9a and WRHv-NP15 were grown and processed
in the same manner as described above for strains WRHv-6¢c and WRHv-NP15.

Analysis of eluate from Ni-NTA chromatography of H. volcanii cytoplasmic
fractions. Ni-NTA elution fractions were dialyzed against two changes of sterile
water at 4°C and then concentrated with a SpeedVac vacuum concentrator
(Savant, Inc.). RNA and protein were purified from the fractions by using Trizol,
as per the manufacturer’s protocol.

Northern blot analysis. Purified RNA was electrophoresed on a 1% denatur-
ing agarose gel and transferred overnight to a nylon membrane by capillary
blotting (32). RNA was UV cross-linked to the blot and prehybridized for 45 min
in hybridization buffer at 55°C. The 296-bp Hv7Sh probe (described above) was
directly labeled with alkaline phosphatase by using the Alk-phos direct system, as
per the manufacturer’s protocol. The labeled probe was added to the hybridiza-
tion buffer, and the blot was hybridized overnight at 55°C. The blot was washed
twice in primary wash buffer (2 M urea, 0.1% SDS, 50 mM sodium phosphate
[pH 7.0], 150 mM NaCl, 1 mM MgCl,) at 60°C (15-min first wash, 10-min second
wash) and twice in secondary wash buffer (50 mM Tris, 100 mM NaCl, 2 mM
MgCl, [pH 10.0]) at room temperature (10 min per wash). The blot was incu-
bated in CDP-Star detection buffer and exposed to autoradiography film until a
suitable image was obtained.

Western blot analysis. Purified protein was electrophoresed on a 10% sepa-
rating SDS-polyacrylamide gel, and transferred (semidry) to PVDF. After air-
drying, the blots were blocked overnight in phosphate-buffered saline containing
0.1% Tween 20 (PBS-T) and 3% bovine serum albumin (BSA). The blots were
then incubated in primary antibody solution (anti-Hv54 h or anti-pentaHis,
1:1,000 in PBS-T plus 3% BSA) for 1 h at room temperature. After three washes
in PBS-T (5 min each), the blots were incubated in secondary antibody solution
(goat anti-rabbit horseradish peroxidase [HRP] conjugate for anti-Hv54h; goat
anti-mouse HRP for anti-pentaHis) for 1 h at room temperature. The blots were
washed as described above, incubated in ECL detection solution, and exposed to
autoradiography film until a suitable image was obtained.

Nucleotide sequence accession number. The sequences of hv54h and hv7Sh
have been submitted to the GenBank database under accession no. AF395887
and AF395888, respectively.

RESULTS

Cloning and sequence analyses of the H. volcanii SRP54 and
7S RNA homologs. As a first step in the characterization of the
archaeal SRP in its native host, it was necessary to use the H.
volcanii cosmid library to clone and sequence the genes encod-
ing the H. volcanii homologs of the universally conserved SRP
components 7S RNA (hv7Sh) and SRP54 (hv54h), as the ge-
nome sequence was unavailable. Using primers designed from
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H. volcanii

Halobacterium sp.NRC-1 GGACTAGGCCGGGCGGT
A. fulgidus GGBCTAGECCGGERGETT
consensus

H. volcanili

Halobacterium sp.NRC-1 60
A. fulgidus 59 [We¥GCeG {eecEn
consensus 61

H. volcanii 120
Halobacterium sp.NRC-1 119
A. fulgidus 119 A
consensus 121

H. volcanii 177

Halobacterium sp.NRC-1 175

A. fulgidus 175

consensus 181

H. volcanii PRV GGGETCGCGCGCTCGAGGAGGCHACCGGGA
Halobacterium sp.NRC-1 235 GGGTCGCGGGGTGGAGEAGGCGACCGGGAC
A. fulgidus 235 ECTieleelelele - - -1 eTeCleT
consensus 241 9agGGgtcGCGGGGtggAGgAGGegalcGGGacT Ce
H. volcanili 295

Halobacterium sp.NRC-1 293

A. fulgidus 292

consensus 301 CcecgactGTeC ¢

CGAACACSGGGCGCCTCCCARCRGE CHECBCGGGCCCCGERAGCCAACCTRGA

TCGGGGACHGCCGTTCCGCGINNeeec]
TCGGGGACGGCGGTRCCGCGECGHGCRGCCCGCAGGCRMGCGTTCCGHC
CGG deeClaeelnceimn’. Te - ECeecee TeouuecENeee - - HlaTCINaee - [@CAT |

GTCC tegGGGalgGCGGTteeGeG cg gC_gcCCGcAGGG GegtTCcg Cg ggTT

IN VIVO ANALYSIS OF HALOFERAX VOLCANII SRP 3263

cacceopcrBaca
canacle

GGCemcEccRcTARCCd]

cCRGTCABECGGECCaRGCEauNee”

cEcaSccacal

FIG. 1. Nucleotide sequence alignment of the 7S RNA homologs from H. volcanii, Halobacterium sp. strain NRC-1, and A. fulgidus.

the extreme halophile Halobacterium sp. strain NRC-1 (24) 7S
RNA homolog sequence, the 4v7Sh was identified by PCR and
Southern blot analysis of the H. volcanii cosmid library (6). It
was found to be 83% identical to the Halobacterium sp. strain
NRC-1 7S RNA homolog and 57% identical to the 7S RNA
homolog of Archaeoglobus fulgidus (a thermophilic archaeon)
(Fig. 1). Hv54h, which was identified by degenerate PCR of
chromosomal DNA and Southern blot analysis of the cosmid
library, shares 74% identity and 84% similarity with that of the
recently identified SRP54 homolog of Halobacterium sp. strain
NRC-1. To determine the relatedness of the haloarchaeal
SRP54 homologs to those of other archaea, bacteria, and eu-
karyotes, we generated a phylogenetic tree by using an align-
ment of seven conserved domains (13) of 30 SRP54 homologs
from the three domains of life. We show that Hv54h and the
Halobacterium sp. strain NRC-1 SRP54 homolog branch with
the archaea and are most closely related to the A. fulgidus
SRP54 homolog (Fig. 2). Consistent with previous phyloge-
netic analyses (13), the eukaryotic and archaeal SRP54
grouped together, to the exclusion of the bacterial SRP (Fig.
2). The similarity between the archaeal SRP component ho-
mologs suggests that H. volcanii is a suitable model organism
for the characterization of the archaeal SRP.

Construction of an H. volcanii hv54h-knockout mutant. Al-
though the SRP is essential for viability in E. coli (27), Sac-
charomyces cerevisiae can survive without a functional SRP (15,
22). To determine whether the H. volcanii SRP is crucial for

viability, we initially attempted to obtain Av54h-knockout mu-
tants by transforming wild-type H. volcanii with a linear form
of the hv54h ORF interrupted by the mevR gene. We then
selected for transformants in which chromosomal Av54h had
been replaced with the mutated form by growing the cells on
medium containing mevinolin. However, no viable transfor-
mants were obtained by this methodology. We therefore re-
peated this procedure in H. volcanii harboring a gene encoding
a wild-type Hv54h tagged with six histidine residues (strain
WRHv-6¢; Table 1) on an expression plasmid (encoding no-
vobiocin resistance) and selected for transformants on medium
containing both novobiocin and mevinolin. Transformants that
had undergone chromosomal recombination (knockouts) were
identified by PCR screening (see Materials and Methods),
which also demonstrated that the mevinolin resistance gene
was oriented in the same direction as the Av54h gene it inter-
rupted (data not shown). By this methodology, we were able to
create the chromosomal Av54h knockout strain WRHv-6c/
54KO (Table 1).

Demonstration of the essential nature of HvS4h. We exam-
ined whether strain WRHv-6¢/54KO could be cured of the
plasmid expressing a six-His-tagged Hv54h (Hv54he6xHis) in
the absence of antibiotic (novobiocin) selection for the plas-
mid, because no regulatable promoters have been identified
that would allow for the selective depletion of H. volcanii
proteins in vivo. After only three transfers in medium lacking
novobiocin, we observed a threefold greater number of
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Entamoeba histolytica
Lycopersicon esculentum
W[_—Arabidopsis thaliana
Homo sapiens
100 Mus musculus
Schizosaccharomyces pombe
Aspergillus niger
Yarrowia lipolytica
Saccharomyces cerevisiae
Candida albicans
Pyrococcus horikoshii
53 | OO-Pyrococcus abysii
Methanobacterium thermoautotrophicum
Methanococcus janaschii

- Sulfolobus acidocaldarius
e EAcidianus ambivalens
Aeropyrum pernix

Archaeoglobus fulgidus

Haloferax volcanii

Halobacterium sp. NRC-1

Thermotoga maritima

Caulobacter crescentus

Neisseria meningitidis

Escherichia coli

Haemophilus influenzae

Streptococcus pyogenes

Bacillus halodurans

Staphylococcus aureus

Bacillus subtilis 01
Thermus aquaticus —_

100

Eukaryotes

Archaea

Bacteria

FIG. 2. Neighbor-joining tree generated by the alignment of seven
conserved domains of SRP54 for representative organisms of the three
domains of life. Internal nodes are labeled with the corresponding
bootstrap confidence level (BCL), based on 100 bootstrap replicates of
the alignment. Bootstrap confidence levels of <60% are not shown.
Scale bar represents 0.1 amino acid substitution per site.

WRHyv-6¢/54KO colonies when the cells were plated on me-
dium containing novobiocin, as compared to control wild-type
cells harboring the hv54h expression plasmid (WRHv-6c) (Fig.
3). By the 10th transfer, this difference had increased to greater
than 2 orders of magnitude (Fig. 3). While the total number of
WRHv-6¢ colonies decreased to almost zero over 15 transfers,
the total number of WRHv-6¢/54KO colonies remained rela-
tively constant (approximately 1,000 to 1,500 per plate) (Fig.
3). The fact that WRHv-6¢/54KO cells were not cured of the
expression plasmid harboring hv54he6xhis in the absence of
antibiotic selection suggests that the presence of the functional
Hv54he6xHis acted as selective pressure to maintain the plas-
mid. Thus, not only were we able to create a chromosomal
knockout of the gene in its native host and demonstrate that
under the experimental conditions the Hv54h was essential, we
were also able to show that the histidine-tagged form of this
protein (expressed from the plasmid) was functional in vivo.
Test for complementation of an E. coli ffh-knockout strain
with Hv54h. We also examined whether expression of Hv54h in
an E. coli strain could complement an E. coli strain depleted of
functional Ffth (WAM113 [27]) (Table 1), the E. coli SRP54
homolog. In this strain, the chromosomal copy of ff is inter-
rupted by a kanamycin resistance gene, and a gene encoding a
functional Ffth under the control of the arabinose promoter is
supplied in frans. In the absence of arabinose, Ffh is not ex-
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FIG. 3. Construction and analysis of an H. volcanii hv54h-knockout
strain. The chromosomal (chr) copy of hv54h was replaced with hv54h
interrupted by the H. hispanica mevinolin resistance gene (mevR) in H.
volcanii strain WRHv-6¢ (harboring the hv54he6xhis expression plas-
mid pWR6-c), creating strain WRHv-6¢/54KO (a). This strain and a
control strain (WRHv-6¢) were then examined as to whether they
could be cured of pWR-6c in the absence of antibiotic (novobiocin)
selection for the plasmid (b). At each indicated transfer, cells cultured
in the absence of novobiocin were grown on RM supplemented with
novobiocin. Error bars represent standard deviation. Student’s paired
¢ test was used to generate P values for each indicated transfer (T): P
<< 0.0001 for T3, T9, T12, and T15; P = 0.012 for T6. nbR, novobiocin
resistance gene.

pressed, and these cells do not grow (27). We transformed
these cells with a plasmid harboring either ff# or hv54h under
the control of the IPTG-inducible T7 promoter (pRB11effh,
strain WAM-flh; and pRB11ehv54h, strain WAM-hv54h; re-
spectively) and grew them at 37°C in the presence and absence
of IPTG (in all cases without arabinose). However, while
WAM-ffi grew normally in the presence of IPTG, WAM-
hv54h did not grow (Fig. 4a). Immunoblots of WAM-hv54h
whole-cell lysates grown in the presence of arabinose (with and
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FIG. 4. Complementation of E. coli WAM113 depleted of Ffh. WAM-ff and WAM-hv54h (Table 1) were grown without arabinose in the

presence (a) or absence (b) of IPTG.

without IPTG) confirmed that Av54h was inducibly expressed
(data not shown). Neither strain grew in the absence of IPTG
(Fig. 4b). These phenomena were not temperature dependent,
as identical results were obtained for cells grown at 25 and
30°C (data not shown). Our results demonstrate that while
hv54h supplied in frans can complement a chromosomal
knockout in its native host, it cannot complement a similar
mutation in E. coli.

In vivo copurification studies. (i) Copurification of
Hv54he6xHis and Hv7Sh. Antibodies raised against Hv54h, as
well as DNA probes derived from the Av7Sh DNA sequence,
allow us to monitor the copurification of these components.
Furthermore, expression of the gene encoding a functional
Hv54he 6xHis in H. volcanii provides a tool for the purification of
the archaeal SRP. Cytoplasmic fractions of cells expressing
Hv54he6xHis (WRHv-6¢) and control cells not expressing this
fusion protein (WRHv-NP15) were applied to the Ni-NTA ma-
trix, and the elution fractions were immunoblotted with the anti-
Hv54h and anti-pentaHis antibodies. These analyses confirmed
that Hv54h e 6xHis could be purified from the cytoplasmic fraction
by metal affinity chromatography (Fig. 5a, anti-Hv54h/anti-pen-
taHis). Northern blot analysis of RNA isolated from the elution
fractions of the cells demonstrated that Hv7Sh specifically copu-
rified with Hv54he6xHis, indicating that a complex of at least
these universally conserved components was purified from
WRHyv-6¢ (Fig. 5a, 7S ribosomal DNA probe).

(ii) Copurification of Hv19h e 6xHis, Hv54h, and Hv7Sh. We
were also able to express a six-His-tagged H. volcanii SRP19
homolog (Hv19he6xHis) in its native host. The cytoplasmic
fraction of cells expressing this fusion protein (strain WRHyv-
9a), as well as control cells (WRHv-NP15 [data not shown]),
was purified with Ni-NTA, and elution fractions were analyzed
by using Western and Northern blots (Fig. 5b). Using the
Hv19he6xHis, we were able to specifically copurify both the
untagged Hv54h and Hv7Sh, as demonstrated by Western and
Northern blots, respectively (Fig. 5b).

These copurification studies not only demonstrate that the SRP
components Hv54h, Hv19h, and Hv7Sh interact in vivo in their
native host, but also provide us with a method to identify addi-
tional putative SRP components. Preliminary silver stain analysis
of elution fractions from WRHv-6c, along with immunoprecipi-
tation studies with anti-Hv54h, revealed that other proteins spe-

cifically copurified with Hv54he6xHis (data not shown). The
characterization of these components is currently being pursued.

DISCUSSION

Recent whole-genome analyses of numerous archaea have
greatly expanded our understanding of organisms belonging to
this domain and have provided insight into putative metabolic
pathways, molecular processes, and phylogenetic relationships.
These sequence analyses allowed for the identification of archaeal
SRP54, 7S RNA, and SRP19 homologs. However, previous stud-
ies characterizing these archaeal SRP components have been
limited to the heterologous expression of these components in
nonarchaeal systems, because very few archaea are amenable to
genetic and biochemical analyses. Our in vivo analyses of the H.
volcanii SRP in its native host have been able to bypass these
limitations. Cloning and sequencing of the universally conserved
SRP subunits, as well as expression of tagged Hv54h and Hv19h
in H. volcanii, provide us with the ability to characterize the
complex in its native host, as this organism is amenable to both in
vivo and in vitro studies and can be easily cultured under standard
laboratory conditions. Phylogenetic analyses of the Hv54h amino
acid sequence demonstrated that the haloarchaeal SRP54 ho-
mologs branched with those of the archaea, and grouped closely
with the SRP54 homolog of the thermophilic, nonhalophilic ar-
chaeon A. fulgidus. Thus, although the SRP54 homolog of halo-
philic archaea is adapted to the high cytoplasmic salt concentra-
tion maintained by these organisms to balance the high salinity of
the environments they inhabit (7), these results suggest that H.
volcanii is a relevant model system for the study of the archaeal
SRP.

We were also able to express a gene encoding a functional
Hv54he6xHis, as well as a gene encoding Hv19he6xHis, in H.
volcanii. We chose the histidine tag since its interaction with
Ni-NTA matrix is stable under the high-salt conditions (1 to 3
M KCI) that are characteristic of the haloarchaeal cytoplasm
(7) and may thus be necessary to maintain the integrity of the
halophilic SRP. Expression of the functional Hv54h in trans
allowed us to create a chromosomal knockout of the Av54h and
demonstrate that these cells could not be cured of the expres-
sion plasmid. This observation represents the first evidence
showing that, under the experimental conditions, the archaeal
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FIG. 5. In vivo copurification of the H. volcanii SRP components. (a) Copurification with Hv54he6xHis. The cytoplasmic fractions of strains
WRHyv-6¢ (Hv54he6xHis) and WRHv-NP15 (control) were purified with Ni-NTA, and the cytoplasmic (cyto) and elution (elut) fractions were
analyzed by Western blotting with antibodies against Hv54h and 6xHis (detecting Hv54h e 6xHis), as well as by Northern blotting with a DNA probe
for Hv7Sh. (b) Copurification with Hv19he6xHis. The cytoplasmic fractions of WRHv-9a (Hv19he6xHis) and WRHv-NP15 (control, not shown)
were purified with Ni-NTA, and the elution fractions (E1 and E2) were analyzed by Western blotting with antibodies against 6xHis tag (detecting
Hv19 he6xHis) and Hv54h, as well as by Northern blotting with a DNA probe for Hv7Sh. The lower band observed in the anti-pentaHis Western

blot is likely a degradation product of Hv19he6xHis.

SRP is essential for survival and suggests that cotranslational
translocation is an essential process in this domain.
Furthermore, we were able to express Hv54h in the ffA mu-
tant E. coli strain. However, it was not able to functionally
complement the mutation. This observation might be due to
functional differences between the bacterial and archaeal
SRP54 homologs, but could also be the result of misfolding of
the high-salt-adapted Hv54h in a heterologous host (E. coli) in
which the cytoplasmic salt concentration is markedly lower
than that of H. volcanii. Previous studies have demonstrated
that many halophilic proteins (e.g., halophilic B-galactosidase)
require high salt concentrations for maximum functionality
(16). These observations underscore the absolute need for the
characterization of archaeal proteins in their native hosts.
Critical to understanding the function of the archaeal SRP is
the characterization of its composition. As mentioned above,

in order to identify all components of the SRP, we need to
purify this complex from the archaeal cytoplasm. This may
allow for the identification of not only previously identified
SRP subunit homologs but also components that are archaea
specific or might have low or no significant sequence homology
to previously identified SRP components in bacteria and eu-
karyotes. Previous studies relying on in vitro reconstitution of
heterologously expressed SRP components suggest an interac-
tion of the 7SRNA, SRP54, and SRP19 homologs of thermo-
philic archaea, similar to that described for the eukaryotic SRP
(3). Our expression of a six-His-tagged Hv54h in H. volcanii
and its copurification with the Hv7Sh and our expression of a
six-His-tagged Hv19h and its copurification with both Hv54h
and Hv7Sh provide the first in vivo evidence that these three
conserved archaeal SRP components interact. These analyses
also illustrate that it is possible to successfully perform bio-
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chemical analyses under high-salt conditions, which might be
required for the integrity of the haloarchaeal SRP.

With this purification procedure, we now have the ability to
isolate putative SRP subunits that do not share significant
sequence homology with those that are evolutionarily con-
served. In addition, such analyses may allow us to identify
substrates (secreted and/or membrane proteins) that are co-
translationally targeted by the SRP. Recent analyses of the
Halobacterium sp. strain NRC-1 genome indicate that the ma-
jority of its secreted proteins are translocated via the twin
arginine translocation (Tat) pathway (Rose et al., unpublished
data), which has been shown in bacteria to translocate folded
substrates (2). These analyses, as well as the findings in the
present study, suggest that the haloarchaeal SRP may be pri-
marily involved in cotranslational membrane protein insertion.

The in vivo characterization of the archaeal SRP will not
only lead us to a more complete understanding of its role in the
targeting of proteins to the membrane, but can also provide
important information about cotranslational translocation and
thus may reveal a possible energy source driving protein trans-
location and membrane protein insertion.
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