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Protein—protein, protein-RNA and protein-lipid interactions of
signal-recognition particle components in the hyperthermoacidophilic

archaeon Acidianus ambivalens
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The signal-recognition particle (SRP) of one of the most acido-
philic and hyperthermophilic archaeal cells, Acidianus ambiva-
lens, and its putative receptor component, FtsY (prokaryotic SRP
receptor), were investigated in detail. A. ambivalens Fth (fifty-
four-homologous protein) was shown to be a soluble protein
with strong affinity to membranes. In its membrane-residing
form, Fth was extracted from plasma membranes with chaotropic
agents like urea, but not with agents diminishing electrostatic
interactions. Using unilamellar tetraether phospholipid vesicles,
both Ffh and FtsY associate independently from each other in the
absence of other factors, suggesting an equilibrium of soluble and
membrane-bound protein forms under in vivo conditions.The Ffh
protein precipitated from cytosolic cell supernatants with anti-
Ffh antibodies, together with an 7 S-alike SRP-RNA, suggesting
a stable core ribonucleoprotein composed of both components

under native conditions. The SRP RNA of A. ambivalens depicted
a size of about 309 nucleotides like the SRP RNA of the related
organism Sulfolobus acidocaldarius. A stable heterodimeric com-
plex composed of Ffh and FtsY was absent in cytosolic super-
natants, indicating a transiently formed complex during archaeal
SRP targeting. The FtsY protein precipitated in cytosolic super-
natants with anti-FtsY antisera as a homomeric protein lacking ac-
cessory protein components. However, under in vitro conditions,
recombinantly generated Ffh and FtsY associate in a nucleotide-
independent manner, supporting a structural receptor model with
two interacting apoproteins.

Key words: Acidianus ambivalens, archaeon, Crenarchaea, hyper-
thermoacidophile, signal-recognition-particle (SRP) components,
tetraether phospholipids.

INTRODUCTION

Signal-recognition particles (SRPs) and their receptors in Bacteria
and Eukarya are structurally and functionally well characterized
[1,2]. In contrast, much less is known from SRP components in
the third Domain of life, the Archaea [3]. Considerable interest
in these factors has arisen, since conserved SRP components
[SRP54/Fth (fifty-four-homologous protein), SRP 19-homolo-
gous protein, SRP RNA and SRa (SRP receptor o)/FtsY
(prokaryotic SRP receptor) receptors] have been detected in
nearly all archaeal genomes [4]. Their overall structures strongly
resemble the bacterial and eukaryal homologues, underlining
the evolutionary and biological conservation of SRP-dependent
protein targeting in the third Domain (Urkingdom).

Most of the present studies have been addressed to in vitro re-
constitution of heterologously overexpressed archaeal SRP com-
ponents and in-vitro-transcribed SRP RNA in order to prove the
functionality of the reconstituted archaeal particle. To date, several
archaeal ribonucleoprotein particles have been reconstituted, one
from an acidophilic and hyperthermophilic crenarchaeal cell
(Acidianus ambivalens [5]), and all others from thermophilic
or halophilic euryarchaeal cells (Archaeoglobus fulgidus [6],
Pyrococcus furiosus [7], Methanococcus jannaschii [8] and
Haloferax volcanii [9]). As deduced from these investigations, the
minimal structure of the archaeal SRP is composed of SRP54/Ffh,
the SRP 19-homologous component and the 7 S-alike SRP RNA.
The biological importance of the particle has clearly been shown
for Haloferax volcanii, in which deletion of the genomic ffh gene
results in loss of cell viability [10]. The reconstituted particles are

active in GTP hydrolysis [5] and binding of heterologous signal
peptides [6].

In addition, all examined archaeal organisms encode the SRa/
FtsY receptor component [4]. In bacteria and eukarya it fulfils a
prominent role in targeting of the SRP-ribosome—nascent-chain-
associated complex to the respective biological membrane [1,2].
In contrast with SRa/FtsY, the SRS receptor subunit is lacking
in all archaea as well as in all bacteria examined to date [4].
Examination of all sequenced archaeal ftsY genes reveals a high
degree of sequence conservation within the C-terminal N- and G-
domains compared with their bacterial and eukaryal counterparts
[4]. The function of the former protein domain in Mg**-dependent
GTP hydrolysis has been experimentally proven [11]. In contrast
with the conserved N- and G-domains, only minor conservation
was observed in the A-domain, the hydrophilic N-terminal region
of these proteins (note: the A-domain is the acidic domain, the
N-domain is the domain at the N-terminal part of the G-domain
in SRP GTPases, and the G-domain is the GTP-binding domain).
The function of the A domain is less obvious, but, at least in
bacteria, positive charge clusters in the A-domain support the
binding of the soluble FtsY to anionic phospholipids in the plasma
membrane [12]. Despite the structural similarity of archaeal FtsY
proteins to their bacterial homologues, there is yet no experimental
evidence for a receptor function, a specific interaction with the
plasma membrane and the basic binding reaction to the Ffh protein
in archaea.

SRP components other than those mentioned above have not yet
been detected in archaeal cells. The objectives of the present study
are therefore focused on: (a) the composition of the SRP and
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its receptor (SR) in cytosolic supernatants, (b) the intrinsic in vitro
interaction of heterologously expressed Ffh and FtsY, and
(c) the in vitro interaction of Ffh and FtsY with tetraether phos-
pholipid unilamellar vesicles (TUVs) of the hyperthermophilic
crenarcheon A. ambivalens.

EXPERIMENTAL

Archaeal cultures, protein and RNA preparation, and in vitro
transcription of 7 S RNA

A. ambivalens (DSM 3772) [13,14] and Sulfolobus acidocaldarius
(DSM 639) were obtained from the DSMZ [Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH (German Col-
lection of Micro-organisms and Cell Cultures), Braunschweig,
Germany]. A. ambivalens was cultivated at 78 °C and initial pH
of 2.5 on elementary sulphur under aerobic conditions in the pre-
sence of CO, and yeast extract as sole carbon sources. Protein
fractions containing cytosolic supernatants and plasma mem-
branes have been isolated after low-speed centrifugation and
ultracentrifugation of ultrasonified cells at pH 5.5 [15]. Prepara-
tions of recombinant A. ambivalens Fth and FtsY protein were
described in detail [5,11]. The S. acidocaldarius SRP RNA in vitro
transcription was performed with plasmid pSs7S [16] as described
in [5]. Polyclonal antisera have been produced as antigenic sources
using lacZ'/Ffh-AC, lacking the C domain in Fth, and lacZ'/FtsY-
(A1-34), lacking part of the A domain in FtsY, according to the
procedures described in [5,11].

Total cellular RNA fractions of A. ambivalens and S. acido-
caldarius were prepared from cell lysates using the Trizol reagent
as described by the manufacturer (Gibco BRL). In-vitro-trans-
cribed S. acidocaldarius SRP RNA and the cellular RNA fractions
were hybridized with two oligodeoxynucleotides. Probe 1 is
reverse-complementary to nucleotides 290-309 at the 3’end of
the S. acidocaldarius 7 S RNA (5§ ATG GTC AGC TCC CCT
ATG CC 3'). Probe 2 is reverse-complementary to nucleotides
192-209 in helix 8 of S. acidocaldarius 7 S RNA (5§ TCC CTT
CCG GGC CTG GCC 3). The genetic information encoding
this archaeal RNA was originally described as genomic DNA
derived from the species S. solfataricus [16]. However, its gene
sequence (GenBank® accession X17239) is 100 % identical with
the respective S. acidocaldarius sequence (L. Cheng and R.
Garrett, personal communication) and only 69 % identical with
the respective sequence of S. solfataricus strain P2 (GenBank®
accession no. Y08257) [17]. Therefore we assigned the in vitro
transcript used in the present study as S. acidocaldarius RNA.
RNA samples were subjected to urea/PAGE using 6 %-poly-
acrylamide slab gels (0.75 mm thick, 10 cm x 8 cm; Hoefer
Mighty Small Electrophoresis Unit from Amersham Biosciences)
in TBE (Tris/borate/EDTA; 89 mM Tris base/89 mM boric acid/
2 mM EDTA, pH 8.0) buffer for 2 h at 10 mA. Non-radioactive
Northern blotting was performed in a submarine electrophoresis
chamber in 40 mM Tris/acetate/2 mM EDTA buffer, pH 8.0,
overnight at room temperature using nylon membranes (Hybond-
N+; Amersham Biosciences). The blots were hybridized with
20 pmol/ml 3'-digoxigenin-11-dUTP-labelled probe at 4243 °C
according to procedures described elsewhere [18,19].

Extraction of membrane-bound A. ambivalens Ffh

Membrane fractions were prepared as described in [15]. Por-
tions (0.26 mg) of A. ambivalens membrane protein were incu-
bated in, separately, water (control), 50 mM NaCl, 1 M NaClL,4 M
urea and 0.2 M Na,CO; at 4 °C. The samples were centri-
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fuged for 30 min at room temperature in an air-driven ultracen-
trifuge (100000 g; Beckman Airfuge). Supernatants were care-
fully removed. Resulting pellet fractions were washed in 50 mM
Tris/HCl, pH 7.5, and again centrifuged at 100000 g. Super-
natants were discarded and the membranous pellet fractions resus-
pended in Tris buffer, pH 7.5. Soluble extracts derived after the
ultracentrifugation step and the insoluble pellet fractions after
the second ultracentrifugation were subjected to SDS/PAGE and
Western blotting.

Protein labelling and immunoprecipitation

A 17 ml portion of Acidianus cytosol (protein concentration
12 mg/ml), prepared as described in [15], was dialysed twice
against 1 litre of 1 x PBS buffer/1 mM MgCl,/10 units/ml
RNasin (Promega) at 4 °C overnight. The dialysis membrane had
a molecular-mass cut-off of 12—14 kDa. Dialysed cytosol (7 ml)
was centrifuged for 15 min (10000 g) and supplemented with
protease-inhibitor cocktail (Roche) and 10 units/ml RNasin. The
cytosolic protein fraction was labelled with 155 ul of Biotin-
NHS-ester (D-biotinoyl-6-aminohexanoic acid N-hydroxysuc-
cinimide ester; stock 20 mg/ml in water-free DMSO; Roche)
for 4 h under pH (7-7.5) control, with slight stirring, at room
temperature. The labelling reaction was stopped by dialysing the
biotinylated cytosol three times against 1 litre of 1 x TBS (Tris-
bufffered saline; 80 g/l NaCl/3.8 g/l KC1/2 g/l Na,HPO,/30 g/l
Tris base, pH 7.5)/1 mM MgCl, at 4 °C.

For the immunoprecipitation sample, 40 ul of 25-fold-con-
centrated protease-inhibitor cocktail (Roche), 10 plof 10 % (v/v)
Nonidet P40, 10 units of RNasin, 10 ul of 100 mg/ml BSA and
50 ul of Sepharose CL-2B (Amersham Pharmacia; 1:1 slurry
in 50 mM Tris/HCI, pH 7.0) were added to 1 ml of biotinylated
cytosol. The samples were incubated for 15 min at room tem-
perature and centrifuged (see below) for 5 min. Supernatants
were carefully removed, then incubated with 40 ul of the
respective preimmune serum and again incubated for 2 h at room
temperature. After this time, antibodies of the preimmune serum
with unspecifically bound protein were removed by adding 100 u1
of Protein A—Sepharose CL-4B (1:1 slurry in 50 mM Tris/HCl,
pH 7.0). Samples were incubated for 1 h and centrifuged for
30 s. The supernatant was then subjected to immunoprecipitation
by adding 20 ul of anti-Ffh or anti-FtsY. Instead of antiserum,
20 pl of preimmune serum or 1 x TBS buffer were used in
controls. The samples were slightly agitated on a rocking platform
for 2 h. The immunocomplexes which formed were incubated
with 50 ul of Protein A—Sepharose CL-4B, and rocked for 1 h.
After centrifugation for 15 s the supernatants were removed.
The resulting Protein A—Sepharose-bound immunocomplexes
were centrifuged and washed four times with 1 x TBS, 0.02 %
Nonidet P40, 1 mM MgCl,, 50 mM NaCl and 1 ml of wash
volume for each step. The last washing step was performed with
50 mM Tris/HCI, pH 7.0. The resulting pellets were incubated
for 1 min at 95 °C in SDS/PAGE sample buffer, cooled on ice,
and centrifuged for 2 min. Supernatants were collected with a
Hamilton syringe. All steps were performed at room temperature,
and centrifugations were carried out in a Biofuge (Biofuge 13;
Heraeus; no g-conversion factor available) at 13 000 rev./min.
Supernatants to be discarded after washing steps were sucked off
with a syringe connected to vacuum.

Protein was blotted from vertical SDS/PAGE slab gels [15 %
(w/v) total acrylamide/l % bisacrylamide cross-linker; 0.7 mm
thick; 18 mm x 16 mm) on PVDF membranes (Immobilon-
P; Millipore), applying the tank-blotting procedure in transfer
buffer [25 mM Tris/190 mM glycine (pH 8.3)/20% (v/v)
methanol/0.02 % SDS] for 2-2.5h at 4°C (200 mA, 30 V).
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Low-molecular-mass proteins were separated on a tripartite
discontinuous gel system [20] (separating gel: total acrylamide
17.5 %; cross-linker 1.9 %; spacer gel: total acrylamide 16 %;
cross-linker 1.2 %; upper collecting gel: total acrylamide
4.2 %; cross-linker 0.5 %). Biotinylated marker proteins ranging
from 105 to 6.5 kDa were purchased from New England Biolabs.
Blots were submerged in 1 x PBS at 4 °C. Biotinylated proteins
were detected on blots after development with streptavidin—
peroxidase using the protocol of the BM chemiluminescence kit
(Roche). The chemiluminescence signals were detected on X-ray
films using exposure times of 5, 15, 30 and 60 s.

Co-immunoprecipitation of Ffh and SRP RNA was princi-
pally the same as described above. Pellets containing the immuno-
complexes after the last wash step were incubated in 100 ul of
0.5 % SDS/10 mM EDTA containing 10 ug of proteinase K for
30 min at 55 °C. Supernatants were extracted with chloroform/
phenol and the aqueous phase was subjected to ethanol
precipitation as described elsewhere [21]. RNA precipitation was
completed after 2 h at — 20 °C, and the resulting RNA pellets were
redissolved in RNase-free water. RNA samples were subjected to
urea/PAGE as described above. After electrophoresis the gel was
stained with TBE buffer containing ethidium bromide for 10 min
and then destained.

A modified biotinylation/immunoprecipitation procedure was
followed for the co-precipitation of recombinant Ffh and FtsY.
Recombinant A. ambivalens Fth (2.4 uM) and A. ambivalens
FtsY (2.9 uM) were incubated either alone or together in 1 x
PBS/1 mM p[NH]ppG (guanosine 5'-[8,y-imido]triphosphate)/
1 mM MgCl,, pH 7.4. These samples were incubated for 30 min
at room temperature. Biotin-NHS-ester was added with a 4- and
20-fold molar excess over protein and the samples were incubated
for another 30 min. The biotinylation reaction was stopped by
adding 50 mM Tris, pH 7.0, and the samples were incubated for
a further 45 min. The 200 ul samples were further dialysed three
times against 50 mM Tris/HCL, pH 7.0, in small dialysis tubes
at room temperature. After dialysis the samples were supplied
with 1.2 mM p[NH]ppG and 1 mM MgCl, and were incubated
overnight at 4 °C. After addition of 800 ul of 1 x TBS/0.5 %
Triton X-100/1 mg/ml BSA, 50 ul of Sepharose CL4B [1:1 (v/v)
slurry in 50 mM Tris, pH 7.0], 2.5 ul of anti-FtsY or anti-Fth
antiserum was added to the preincubated supernatants as indicated
in Figure 7 (below). The samples were incubated for 2 h at room
temperature with slight agitation. A 50 ul portion of Protein A—
Sepharose CL6B [1:1 (v:v) slurry] was applied to precipitate the
immunocomplexes. The resulting pellets after 1 h incubation were
washed four times with 1 x TBS/0.5 % Triton X-100/1 mg/ml
BSA, twice in the same buffer without BSA, and 50 mM Tris/HCl,
pH 7.0, in the final step. Pellets were handled as described above
prior to Western blotting and chemiluminescence detection.

TUV preparation and flotation assay

A 1.5 gportion of freeze-dried S. acidocaldarius cells was extrac-
ted under reflux in 400 ml of chloroform/methanol (1:1, v/v) for
12 h. Organic solvent was evaporated for 2 h at 60-80 °C under
partial vacuum of 70-80 kPa (700-800 mbar) and resuspended
in 20 ml of methanol/water (1:1, v/v) in an ultrasonification
water bath for 15 min. A 3 ml portion of the raw extract was
ultrasonified with a microtip for 15 min at 0 °C (Branson sonifier;
40 W; 30 % duty cycle) under a nitrogen atmosphere. A 1 ml
portion of the raw extract was applied to C g reversed-phase HPLC
column (Vydac) and lipids were eluted with the following step
gradient: methanol/water (1:1 v/v), chloroform/methanol/water
(2:5:2, by vol.) and chloroform/methanol/water (65:25:4 by vol.).

Phosphate determinations revealed the middle fraction as the
main phospholipid-containing fraction (S2). The organic solvent
in S2 was evaporated and the remaining lipid film was vortex-
mixed in 100 mM Tris/HCI, pH 7.0. Unilamellar vesicles were
generated following the procedure referred in [22]. The pressure-
filtration method was performed with a lipid extruder (Liposofast;
Avestin Europe G.m.b.H., Mannheim, Germany) containing
polycarbonate membranes with a pore size of 100 nm.

In vitro reconstitution of recombinant produced A. ambivalens
Ffh and FtsY with TUVs was assayed with flotation experiments
in ultracentrifugation density gradients. A. ambivalens FtsY, Fth
and control proteins were mixed with TUV and resuspended
in 40 % Optiprep (Nycomed)/110 mM sucrose/44 mM NaCl/
44 mM imidazole, pH 8.0. This fraction corresponds to the
bottom (b) of the gradient prior to ultracentrifugation. The b-
fraction was overlaid with 30 % Optiprep/62.5 mM sucrose/
50 mM imidazole/50 mM Tricine (pH 7.5)/56 mM NaCl corres-
ponding to the middle fraction (m). The top fraction (t) contained
50 mM Tricine (pH 7.5)/100 mM NaCl. The volume ratio b/m/t
was 1:0.63:1.5. After 5 h ultracentrifugation in a fixed angle
rotor (100000 g; TFT 65, Sorvall) at room temperature, the
resulting gradient was separated into four fractions from top to
bottom in a volume ratio of 1:1.29:1.29:0.88. Proteins in these
fractions were precipitated with 10 % (w/v) trichloroacetic acid,
neutralized, and subjected to SDS/PAGE and Western blotting.
Proteins were quantified by recording signal intensities after
chemiluminescence detection of immunodecorated Ffth and FtsY
protein with a charge-coupled-device (CCD) camera.

RESULTS
In vivo localization of A. ambivalens Ffh

Anti-Ffh antisera clearly reacted with cellular Ffh in cytosolic
as well as plasma-membrane fractions of A. ambivalens and
with the histidine-tagged recombinant A. ambivalens Fth protein
(Figure 1A). The cellular Fth migrates in both fractions with
an apparent molecular mass of 46 kDa (p46). Cellular p46-Fth
has a lower molecular mass than the recombinant protein, owing
to the absence of the 3.1 kDa histidine-tagged sequence. The
monomeric conformation of A. ambivalens Fth was demonstrated
in gel filtration in which the heterologously expressed protein
displayed an apparent molecular mass of 46 kDa (results not
shown). Preimmune serum cross-reacted only weakly with
a multitude of A. ambivalens proteins and not with anti-
(Escherichia coli B-galactosidase) serum (results not shown).

Ffh is an unusual protein which lacks any membrane-spanning
domains. To investigate the membrane binding in more detail,
membrane fractions were subjected to extraction with different
chemical agents (Figure 1B). Compared with the control,
membrane-bound Ffh was substantially extracted with 4 M urea,
but was resistant to increasing ionic strength or to alkaline
conditions. This suggests that most of the membrane-bound
Ffh does not interact electrostatically with the membrane, but
associates more strongly than suggested for normal peripheral
membrane proteins.

In vitro membrane-binding of A. ambivalens Ffh and FtsY

Therefore one of the endogenous factors which might play an
important role in the archaeal SRP cycle is the archaeal plasma
membrane itself, to which the targeting complex must bind
in order to contact the integral protein translocase. However,
sequences and structures of the archaeal Fth and FtsY proteins
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Figure 1  (A) Immunoblot analysis of A. ambivalens cellular fractions with

«-Ffh and (B) extraction of A. ambivalens plasma membranes expressing
Ffh

(A) Lanes 1 and 2, cytosolic supernatant (20 and 40 g of protein); lanes 3 and 4, plasma-
membrane fraction (20 and 40 g of protein); lane 5, heterologously expressed Hisqo-tagged
A. ambivalens Ffh (1 10). (B) Lanes 1-5, soluble extract after first ultracentrifugation; lanes 6—
10, insoluble pellet fractions after second ultracentrifugation. Lanes 1 and 6, control; lanes 2
and 7, 50 mM NaCl; lanes 3 and 8, 1 M NaCl; lanes 4 and 9, 4 M urea; lanes 5 and 10, 0.1 M
N82003.

do not suggest any membrane-binding domains. Furthermore,
an SRp-like integral receptor component is absent in archaea.
However, as shown above (Figure 1A), anti-Ffth antibodies detect
Ffh (p46) in the plasma-membrane fraction. Also the FtsY protein
of A. ambivalens has been discovered in small amounts in mem-
branes using anti-FtsY antibodies [11].

To address the quality of membrane binding for both com-
ponents, the intrinsic affinites of heterologously expressed
A. ambivalens Ffth and FtsY to TUVs were investigated by
in vitro reconstitution assays (Figure 2). The reconstitution was
qualitatively tested using the flotation efficiency of liposome-
bound protein in density gradients during ultracentrifugation.
Both proteins floated to the top of the gradient, indicating their
association to phospholipid vesicles (Figure 2A, first and second
row), but remain in the bottom fraction in the absence of vesicles.
Controls with cytosolic proteins such as the S. acidocaldarius
cytosolic pyrophosphatase or BSA were not detected in the top
fraction with the lowest density (Figure 2A, third and fourth
row). The flotation efficiency of both Ffh and FtsY clearly
increased when the vesicle concentration was raised (Figure 2B).
Ffh protein tends to float with a stronger efficiency than FtsY,
because higher amounts of floated Ffh were detected using the
same concentrations of vesicles (Figure 2B). In contrast, binding
of Ffh to vesicles did not depend on the presence of in vitro
transcribed SRP RNA or GTP (results not shown).

Immunoprecipitations of Ffh, SRP RNA and FisY from
A. ambivalens cytosolic cell supernatants

The biotinylated A. ambivalens cytosolic fraction was further
subjected to immunoprecipitation with the highly specific anti-
Ffh antiserum. The protein pattern obtained was compared with
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Figure 2 Binding of Ffh and FisY to TUVs

(A) Flotation efficiency of heterologously expressed FtsY and Ffh in density gradients containing
TUVs. A 60 ng portion of FtsY, 20 g of Ffh, 20 g of BSA (first control), 18 g of
pyrophosphatase (second control) and 60 g of tetraether phospholipids were resuspended
in buffer having the highest density. The gradient was further fractionated into four fractions
analysed by SDS/PAGE. (B) Flotation efficiencies of Ffh and FtsY depend on TUV concentration.
TUV concentration was varied from 36 to 72 g of phospholipid. The gradients were separated
into three fractions after ultracentrifugation, subjected to SDS/PAGE, and further analysed by
immunoblots with anti-Ffh or anti-FtsY serum. Grey bars, top fraction; white bars, middle
fraction; black bars, bottom fraction.

controls with preimmune antisera and buffer lacking any antibody
(Figure 3A). The pattern obtained clearly displayed the p46-Fth
protein (upper white arrow in lanes 3 and 4) as the major band
when compared with controls (lanes 1, 2, 5 and 6). Some less
intense, but reproducible, signals in several experiments were
observed in the lower-molecular-mass range between 20.5 and
6.5 kDa of the SDS/polyacrylamide gel (lower arrow in lanes 3
and 4). This co-immunoprecipitation suggests further low-
molecular-mass proteins which might be integral parts of the
archaeal particle. Since proteins of different molecular masses
were transferred to different extents in the Western-blotting proce-
dures, various transfer times were applied (results not shown). In
all the cases examined, no protein bands in the high-molecular-
mass range above the Ffh protein were observed, indicating the
absence of SRP68/72-homologous archaeal components.

In order to achieve better resolution in the low-molecular-mass
range, modified Tricine/gel systems were used (Figure 3B). Two
additional bands with lower intensities than the Ffh protein band
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Figure 3

Immunoprecipitation of A. ambivalens Ffh with «-Ffh

Precipitation was performed with preimmune antisera (lane 1 and 2), with e-Ffh (lanes 3 and
4) and buffer without antibodies (lanes 5 and 6). Immunoprecipitates were subjected to normal
SDS/PAGE (A) or to the discontinuous Tricine gel system (B). Only the range of molecular
masses between 6.5 and 20.5 kDa of the gel is displayed in (B). A volume of 0.5 and 1 wl in
(A)and 1and 2 wl in (B) of the immunoprecipitate was applied to gel electrophoresis. White
arrows indicate the protein that was precipitated with «.-Ffh, but not in controls. s-bio, biotinylated
marker proteins.

appeared as prominent signals absent in the controls: one in the
range between 14.5 and 20.5 kDa, the other in the range between
6.5 and 14.5kDa (white arrows). The upper of the two bands
of yet unknown function and sequence may correspond to the
homologous archaeal SRP 19 protein.

In order to prove the integrity and the presence of RNA in
this cellular particle, a modified immunoprecipitation procedure
was used which allows the detection of cellular SRP RNA.
A. ambivalens RNA co-precipitates with the A. ambivalens Fth
from cytosolic supernatants, suggesting a strong binding between
both components under cellular conditions (Figure 4). The
A. ambivalens SRP RNA appears to encompass approximately
the same size as the S. acidocaldarius SRP RNA transcribed
in vitro which was used as a control. As deduced from the
referred sequence [16], the S. acidocaldarius SRP RNA contains
309 nucleotides. However, although almost identical in size, the
two RNAs display sequence differences, since two total match
oligonucleotide probes specific for the archaeal-specific helix 1

RNase P- _,

RNA (375nt) . ~ — = =, Sac.ivT-

RNA (329 nt)

12 3 456

Figure 4 Co-immunoprecipitation of Ffh with SRP RNA

RNA of the co-immunoprecipitation assay with A. ambivalens cytosol was subjected to de-
naturing urea/PAGE. Lane 1, 0.1 1.g of RNase P-RNA (an RNA moiety from the E. coli ribozyme
acting as a size standard); lanes 2 and 3, co-precipitated RNA with «e-Ffh; lane 4, precipitation
with preimmune serum; lanes 5 and 6, 50 ng of SRP RNA of S. acidocaldarius transcribed
invitro ['S.ac. ivT-RNA (329 nt).

S.ac. A.am. jvT-S.ac.

'y
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Figure 5 Northern-blot analysis of A. ambivalens and S. acidocaldarius
cellular RNA

Lanes 1 and 2, 2 and 10 g of S. acidocaldarius total RNA; lanes 3 and 4, 2 and 10 g
of A. ambivalens total RNA; lanes 5 and 6: 1 «g of 7 S RNA of S. acidocaldarius transcribed
in vitro. Probes 1 and 2 are S. acidocaldarius SRP RNA-specific digoxigenin-labelled oligo-
nucleotides.

and the conserved helix 8 in S. acidocaldarius 7 S RNA hybridized
with an RNA in the cellular S. acidocaldarius RNA fraction with
about the same size as the in vitro transcript, but did not anneal
to any RNA in the total RNA fraction of A. ambivalens cells
(Figure 5). Taken together, the results demonstrated in vivo stable
ribonucleoprotein complexes composed of Ffh and 7S RNA
for the first time in the crenarchaeal subdomain. Secondly, the
genome-derived sequence of archaeal-type helix 1 is transcribed
under cellular conditions and therefore is present in the mature
archaeal RNA.

The same set of experiments was performed using anti-(A.
ambivalens FtsY) antibodies (Figure 6). In contrast with anti-
Ffh, the anti-FtsY-specific antibody precipitated only the FtsY
component (white arrow in lanes 3 and 4). Thus the archaeal
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Figure 6 Immunoprecipitation of A. ambivalens FtsY with o-FtsY

A volume of 2 ! of the immunoprecipitated sample was subjected to SDS/PAGE. Lanes 1
and 2, control precipitation with preimmune antisera; lane 3 and 4, precipitation with -FtsY;
lanes 5 and 6, control precipitation without any antibody. The white arrow indicates protein
which was precipitated with «-FtsY, but not in controls.

SRP receptor is composed of a single subunit in cytoplasmic
supernatants of A. ambivalens cells lacking accessory components
with high-affinity binding. In addition, the monomeric nature
of A. ambivalens FtsY was further confirmed in gel-filtration
experiments with the recombinant histidine-tagged protein from
which a molecular mass of 56 kDa was determined (results not
shown).

Since immunoprecipitation assays with anti-Fth- and anti-FtsY
antibodies did not co-precipitate the Ffh—-FtsY complex in cyto-
solic supernatants (Figures 3 and 6), both components did not
interact strongly under in vivo conditions.

In vitro interaction between heterologously expressed
A. ambivalens Fth and FtsY

Ffh and FtsY build a heterodimeric complex during protein
targeting that dissociates after release of the nascent chain to
the translocon and after GTP hydrolysis [23,24]. In a previous
model, complex formation was deduced from the known protein
structures of A. ambivalens Ffh-NG (-NG= N- and G-domains)
and E. coli FtsY-NG [25,26]. In this model, both Ffh and FtsY
interact in a head-to-head conformation in which switch I and II
regions of the G-domains are involved. The Ffh—FtsY interaction
displays a transient state in protein targeting which depends
on other cellular factors such as nucleotide binding, binding of
the nascent polypeptide chain and binding to phospholipids of the
membrane. Despite these factors, Ffh and FtsY interact with low
affinity. This low-affinity binding is demanded by the concerted-
switch model in which empty-site and nucleotide-bound forms
of both SRP GTPases are present in the heterodimeric complex
transiently formed during the SRP cycle [27,28].

In order to address this question experimentally, the hetero-
logously expressed A. ambivalens Fth and FtsY were labelled
and incubated for a prolonged period in order to achieve a state
approaching binding equilibrium. Following immunoprecipi-
tation using anti-Ffh- and anti-FtsY antisera, complex formation
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Figure 7 Protein-protein interaction between heterologously expressed
A. ambivalens FtsY and Ffh

Ffh and FtsY were labelled either alone or together in equimolar amounts in the presence of
p[NHIppG/MgCl,. The samples were further subjected to immunoprecipitation with o-Ffh and
«-FtsY as indicated in (A). Immunoprecipitation of combined Ffh and FtsY with «-Ffh under
various nucleotide conditions (B).

was displayed. When both proteins were incubated in this manner,
anti-Ffh antibodies co-precipitated both proteins (Figure 7A,
lane 6). However, using the same approach with anti-FtsY anti-
bodies, only the FtsY component was precipitated without Ffh
(Figure 7A, lane 5). These results qualitatively confirm that
archaeal Ffh and FtsY constitute a specific heterodimeric complex
in vitro. Complex formation is probably eliminated in the presence
of anti-FtsY, owing to the binding of antibodies to critical
interaction sites in the FtsY protein. However, the assay with anti-
FtsY also served as an internal control to exclude non-specific
interference between the two protein components. Furthermore
the absence of cross-reactions between anti-Ffh and FtsY (lane 2)
and anti-FtsY and Ffh (lane 4) underlines the high specificity of
both antisera, which exclusively react with the protein component
to which the antiserum has been raised (lane 1, lane 3). The signal
intensity of the biotin-labelled complex was further increased
when protein biotinylation increased from a 4 molar excess of
biotin over protein to 20 molar excess (lane 8 and lane 6), indi-
cating that enhanced biotinylation in this range did not interfere
with complex formation.

Strikingly, complex formation does not strongly depend on the
presence of GTP or the non-hydrolysable analogue p[NH]ppG
(Figure 7B). Both proteins were complexed, both in the presence
and in the absence of added nucleotide. Apparently, complex
formation is slightly increased in the absence of any nucleotide
(lane 1), but was reduced in the presence of GDP (lane 3).
GDP acts as a strong inhibitor in the intrinsic GTPase assays
of both proteins [5,11]. Therefore GTP binding to Ffh and FtsY is
assumed not to be the major prerequisite for complex formation,
but GDP binding interferes with complexation. In addition, overall
GTP-hydrolysing activities recorded in the presence of both
unlabelled A. ambivalens Ffh and FtsY were roughly the sum



Signal-recognition particle components in the archaeon Acidianus ambivalens 253

of the two activities and diminished in the presence of SRP
RNA transcribed in vitro (results not shown). Therefore complex
formation in the absence of other cellular factors is assumed not to
be an absolute prerequisite for GTP binding and hydrolysis in the
archaeal SRP cycle. If enhanced GTPase activities are necessary
in archaeal SRP-dependent targeting, as shown for mammalian
and bacterial SRP systems [29,30], other still-unidentified GTPase
activating factors must also play a role in archaea. The direct as-
sociation of the two components is in accordance both with
the structural model proposed in [25] and with the concerted
switch model [27,28]. In the structural proposal, the complex can
be modelled for the apoproteins in the absence of nucleotide.
However, GTP binding presumably leads to the prevention of a
structural clash between the interacting surfaces of both proteins
after conformational changes involving an insertional sequence
element specific to all SRP-GTPases [31].

DISCUSSION

On the basis of the immunoprecipitation assays, the A. ambivalens
SRP is composed at least of Fth and SRP RNA under in vivo
conditions. Although biotinylation covalently modifies proteins
at exposed lysine residues, the cellular ribonucleoprotein re-
mains stable, indicating strong binding between both components
inside the complex. Smaller, as-yet-unclassified, components may
complete this unique archaeal structure. The SRP 19-homologous
protein is regarded as a strong candidate, as it is present in almost
all archaeal genomes except Thermoplasma acidophilum. As
shown by in vitro reconstitution, the SRP 19-homologous protein
binds to helix 6 of SRP RNA and thus indirectly strengthens
the binding of Ffh to RNA probably by conformational changes
in the RNA moiety [32]. In the present study, the cellular SRP
19-homologous component may correspond to the biotinylated
band between 14.5 and 20.5 kDa. Detection of an even smaller
protein in the range between 6.5 and 14.5 kDa suggests another
accessory protein component in the A. ambivalens SRP. In
view of its size, this band is comparable with the histone-
like B. subtilis HBsu protein binding to the Alu domain of
small cytoplasmic RNA [33]. Since polyclonal antisera may both
precipitate cross-reacting proteins artificially and proteolytically
derived Fth degradation fragments, further attempts to identify
these Acidianus components unambigiously are in progress.
In striking contrast with the eukaryal particle SRP 68/72,
homologous proteins were not found. The two components have
been localized in the nucleolus of mammalian cells, where the
SRP68/72 dimer might contribute to SRP assembly or activation
[34,35]. As archaea, like bacteria, do not contain nucleoli,
different mechanisms may be active in assembly which do not
require SRP 68/72.

A. ambivalens Fth and FtsY demonstrate an intrinsic affinity to
bipolar tetraether phospholipids when qualitatively tested in flot-
ation gradient analysis. The two components are therefore able to
associate with vesicles without other factors. Although the bio-
logical importance and the structural fundamentals of these
lipid—protein binding processes still need to be resolved, they
may represent a necessary combination of protein targeting as a
primarily cytosolic occurring reaction and protein translocation
as a membrane-mediated process. For this reason, it is speculated
that the intrinsic affinities of the two proteins to tetraether lipids
pull the targeting complex to the archaeal plasma membrane.
Owing to the absence of an integral receptor component such as
SRS, such linkage appears reasonable. Strong candidates for lipid
association are anionic phospholipids interacting with positive
K/R (lysine/arginine) charge clusters in the acidic FtsY protein

(calculated pI 5.13) and the basic Fth (calculated pI 9.89). The first
evidence for this kind of interaction has been found for the E. coli
SRP receptor [12], but now appears to be clear also for the archaeal
Ffh and FtsY. It remains to be clarified whether bacterial apo Fth
also demonstrates phospholipid binding. In summary, these re-
sults, for the first time, indicate soluble regulatory targeting pro-
teins of archaea containing intrinsic membrane binding sites in
their apo forms.

The results presented here are the first indications of a re-
ceptor function of FtsY for Ffh, since a nucleotide-independent
complex formation between the two proteins was demonstrated.
A. ambivalens Ffh RNA and FtsY were detected uncomplexed
in cytosolic supernatants, whereas in vitro binding was observed
with Ffh and FtsY after prolonged incubation overnight, sug-
gesting an intrinsic affinity between the two components. This
low-affinity binding did not depend on the presence of nucleotides
under in vitro conditions, assuming that nucleotide-free forms of
the two archaeal proteins can associate. Binding of the ribosome—
nascent-chain complex and other as-yet-unidentified factors
would enhance the Ffh—FtsY interaction under cellular conditions
in order to generate a transiently active targeting complex.

| thank Professor Dr Irmgard Sinning (Biocentre, University of Heidelberg, Heidelberg,
Germany) for giving me the opportunity to perform the TUV preparations during an
EMBL (European Molecular Biology Laboratory) fellowship in her laboratory, and Dr Kai
te Kaat (European Molecular Biology Laboratory, Heidelberg, Germany) for an introduc-
tion to vesicle preparation. | also thank Professor Dr Giinter Schéfer for his continuous
support to this project. | thank Professor Dr Stefan Anemiiller for his kind donation of
A. ambivalens cells, and Miss Silke Schmidtke for her excellent technical assistance.

REFERENCES

1 Litcke, H. (1995) Signal recognition particle (SRP), a ubiquitous initiator of protein
translocation. Eur. J. Biochem. 228, 531-550
2 Stroud, R. M. and Walter, P. (1999) Signal sequence recognition and protein targeting.
Curr. Opin. Struct. Biol. 9, 754-759
3 Woese, C. R. and Fox, G. E. (1977) Phylogenetic structure of the prokaryotic domain:
the primary kingdoms. Proc. Natl. Acad. Sci. U.S.A. 74, 5088-5090
4 Moll, R. and Eichler, J. (2001) The signal recognition particle of Archaea.
Trends Microbiol. 9, 130136
5 Moll, R., Schmidtke, S. and Schafer, G. (1999) Domain structure, GTP-hydrolyzing
activity and 7S RNA binding of Acidianus ambivalens Ffh-homologous protein suggest
an SRP-like complex in archaea. Eur. J. Biochem. 259, 441-448
6 Bhuiyan, S. H., Gowda, K., Hotokezaka, H. and Zwieb, C. (2000) Assembly of archaeal
signal recognition particle from recombinant components. Nucleic Acids Res. 15,
1365-1373
7 Maeshima, H., Okuno E., Aimi, T., Morinaga, T. and ltoh, T. (2001) An archaeal protein
homologous to mammalian SRP54 and bacterial Ffh recognizes a highly conserved
region of SRP RNA. FEBS Lett. 507, 336-340
8 Hainzl, T., Huang, S. and Sauer-Eriksson, A. E. (2002) Structure of the SRP 19 RNA
complex and implications for signal recognition particle assembly. Nature (London) 417,
767771
9 Tozik, I, Huang, Q., Zwieb, C. and Eichler, J. (2002) Reconstitution of the signal
recognition particle of the halophilic archaeon Haloferax volcanii. Nucleic Acids Res. 30,
4166-4175
10 Rose, W. R. and Pohlschrdder, M. (2002) In vivo analysis of an essential archaeal signal
recognition particle in its native host. J. Bacteriol. 184, 3260-3267
11 Moll, R., Schmidtke, S. and Schafer, G. (1997) The signal recognition particle receptor a
subunit of the hyperthermophilic archaeon A. ambivalens exhibits an intrinsic
GTP-hydrolyzing activity. Biochim. Biophys. Acta 1335, 218-230
12 de Leeuw, E., te Kaat, K., Moser, C., Menestrina, G., Demel, R., de Kruijff, B., Oudega, B.,
Luirink, J. and Sinning, 1. (2000) Anionic phospholipids are involved in membrane
association of FtsY and stimulate its GTPase activity. EMBO J. 19, 531-541
13 Zillig, W., Yeats, S., Holz, A., Bdck, M., Rettenberger, F., Gropp, F. and Simon, G. (1986)
Desulfurolobus ambivalens gen.nov, sp.nov., an autotrophic archagbacterium facultatively
oxidizing and reducing sulfur. Syst. Appl. Microbiol. 8, 197203
14 Fuchs, T, Huber, H., Burggraf, S. and Stetter, K. 0. (1996) 16S rDNA-based phylogeny of
the archaeal order Sulfolobales and reclassification of Desulfurolobus ambivalens as
Acidianus ambivalens comb. nov. Syst. Appl. Microbiol. 19, 56-60

© 2003 Biochemical Society



254 R. G. Moll

15 Anemiller, S., Schmidt, C. L., Pacheo, I., Schéfer, G. and Teixeira, M. (1994) A 25 Montoya, G., te Kaat, K., Moll, R., Schafer, G. and Sinning, . (2000) The crystal structure
cytochrome aas-type quinol oxidase from Desulfurolobus ambivalens, the most of the conserved GTPase of SRP54 from the archaeon Acidianus ambivalens and its
acidophilic archaeon. FEMS Microbiol. Lett. 117, 275-280 comparison with related structures suggests a model for the SRP—SRP receptor complex.

16 Kaine, B. P. (1990) Structure of the archaeal 7S RNA molecule. Mol. Gen. Genet. 221, Structure 15, 515-525
315-321 26 Montoya, G., Svensson, C., Luirink, J. and Sinning, I. (1997) Crystal structure of the NG

17 Sensen, C. W, Klenk, H. P, Singh, R. K., Allard, G., Chan, C. C., Liu, Q. Y., Penny, S. C., domain from the signal recognition particle receptor FtsY. Nature (London) 385, 365-368
Young, F, Schenk, M. E., Gasterland, T. et al. (1996) Organizational characteristics and 27 Rapiejko, P.J. and Gilmore, R. (1997) Empty site forms of the SRP54 and SRa GTPases
information content of an archacal genome: 156 kb of sequence from Sulfolobus mediate targeting of ribosome-nascent chain complexes to the endoplasmic reticulum.
solfataricus P2. Mol. Microbiol. 22, 175-191 Cell 89, 703713 . ,

18 Schmitz, G. G., Walter, Th., Seibl, R. and Kessler, C. (1991) Nonradioactive labeling of 2 f“g:"G”}apfgsi-j-na;rf(’]éi”ndtf::“é;ia-gwc-glggg) 57"”3:‘06“7'29 the model: a concerted mechianism
X!grn;glsﬁéﬁei gvz\yxl;rzozv_vgg:he hapten digoxigenin by taiing with terminal iansferase. 29 Conno!\y, T andl Gilmore, R. (1993) GTP hydrolysi§ by complexes of the.signal

19 Engler-Blum, G., Meier, M. and Muller, G. A. (1993) Reduction of background problems ;egcg_gg[l]t;on particle and the signal recognition particle receptor. J. Cell Biol. 123,
;r;;%nrad|oact|\l/e'Nolrthem and Sguthem blot analyses enables higher sensitivity than 30 Powers, T. and Walter, P. (1995) Reciprocal stimulation of GTP hydrolysis by two directly

-based hybridizations. Anal. Biochem. 210, 235-244 interacting GTPases. Science 269, 14221424

20 Schégger, H. and von Jagow, G. (1987) Tricine-sodium dodecy! sulfate polyacrylamide 31 Moser, C., Mol, 0., Goody, R. and’Sinning, 1. (1997) The signal recognition particle
gel electrophoresis for the separation of proteins in the range from 1 to 100 kDa. receptor of Escherichia coli (FtsY) has a nucleotide exchange factor built into the GTPase
Anal. Biochem. 166, 368-379 domain. Proc. Natl. Acad. Sci. U.S.A. 94, 1133911344

21 Ausubel, F. M. (1992) Short Protocols in Molecular Biology, John Wiley and Sons, 32 Diener, J. L. and Wilson, C. (2000) Role of SRP 19 in assembly of the Archagoglobus
New York fulgidus signal recognition particle. Biochemistry 39, 12862—12874

22 Komatsu, H. and Chong, P. L.-G. (1998) Low permeability of liposomal membranes 33 Nakamura, K., Yahagi, S., Yamazaki, T. and Yamane, K. (1999) Bacillus subtilis
composed of bipolar tetraether lipids from the thermoacidophilic archaebacterium histone-like protein, Hbsu, is an integral component of a SRP-like particle that can bind
Sulfolobus acidocaldarius. Biochemistry 37, 107-115 the Alu domain of small cytoplasmic RNA. J. Biol. Chem. 274, 1356913576

23 Connolly, T. and Gilmore, R. (1989) The signal recognition particle receptor mediates the 34 Jacobson, M. R. and Pederson, T. (1998) Localization of signal recognition particle RNA
GTP-dependent displacement of SRP from the signal sequence of the nascent in the nucleolus of mammalian cells. Proc. Natl. Acad. Sci. U.S.A. 97, 79817986
polypeptide. Cell 57, 599-610 35 Politz, J. C., Yarovoi, S., Kilroy, S. M., Gowda, K., Zwieb, C. and Pederson, T. (2000)

24 Connolly, T, Rapiejko, P. J. and Gilmore, R. (1991) Requirement of GTP hydrolysis for Signal recognition particle components in the nucleolus. Proc. Natl. Acad. Sci. U.S.A. 97,

dissociation of signal recognition particle from its receptor. Science 252, 1171-1173

Received 27 March 2003/6 May 2003; accepted 30 May 2003
Published as BJ Immediate Publication 30 May 2003, DOI 10.1042/BJ20030475

© 2003 Biochemical Society

55-60



