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Extreme Secretion: Protein Translocation Across
the Archaeal Plasma Membrane
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In all three domains of life, extracytoplasmic proteins must overcome the hurdle presented by hy-
drophobic, lipid-based membranes. While numerous aspects of the protein translocation process have
been well studied in bacteria and eukarya, little is known about how proteins cross the membranes
of archaea. Analysis to date suggests that archaeal protein translocation is a mosaic of bacterial,
eukaryal, and archaeal features, as indeed is much of archaeal biology. Archaea encode homologues
of selected elements of the bacterial and eukaryal translocation machines, yet lack other important
components of these two systems. Other aspects of the archaeal translocation process appear specific
to this domain, possibly related to the extreme environmental conditions in which archaea thrive. In
the following, current understanding of archaeal protein translocation is reviewed, as is recent progess
in reconstitution of the archaeal translocation process in vitro.

KEY WORDS: Archaea; inverted membrane vesicles; protein secretion; protein translation; protein translocation;
signal peptidase; translocon.

Exposed to the outside world, the archaeal plasma
membrane must not only withstand the drastic conditions
encountered in the extreme habitats in which archaea are
often found, but must also assume a central role in a va-
riety of biological activities, such as nutrient uptake, cell
division, bioenenergy production, and protein secretion.
In archaea, numerous proteins, including various enzymes
and components of the protein-based surface layer, must
escape the confines of the cell. However, in contrast to
our advanced understanding of how proteins translocate
across membranes in bacteria and eukarya, little is known
of how archaeal proteins destined to reside beyond the con-
fines of the cytoplasm are translocated into and across the
plasma membrane. Understanding how protein transloca-
tion is realized in archaea would thus not only further our
understanding of the molecular strategies employed by
these microorganisms in overcoming the physical chal-
lenges of their environments, but could also shed new light
on the processes itself.
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As in bacteria and eukarya, translocation of secre-
tory proteins in archaea requires that such proteins first
be distinguished from the pool of cytoplasmic proteins,
that they then be targeted to membranous translocation
sites, and ultimately, that they be delivered to the cell ex-
terior. Archaea, like bacteria and eukarya, make use of the
general secretory (Sec) pathway for protein export and,
accordingly, contain many of the same Sec pathway com-
ponents found in the other two domains of life. Archaeal
protein secretion may also occur via the Sec-independent,
twin arginine transport (Tat) translocation pathway. In this
review, recent developments in our understanding of the
archaeal protein translocation process will be presented,
as will the current state of efforts aimed at in vitro reconsti-
tution of the translocation event. For a detailed description
of the recognition and targetting phases of the transloca-
tion event, the reader is directed to the article by Moll in
this issue.

ARCHAEAL SIGNAL PEPTIDES

In archaea, as in bacteria and eukarya, secreted pro-
teins are synthesized as preproteins, with an N-terminal
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signal peptide that serves to target the protein to the
membrane-embedded export machinery, yet which is not
part of the mature secreted product (von Heijne, 1990a,b).
Several recent papers have addressed the presence and
nature of signal peptides in a variety of archaeal species
using computer-based prediction tools (Albers and
Driessen, 2002; Bolhuis, 2002; Dilkset al., 2003; Nielsen
et al., 1999; Roseet al., 2002). Experimental verification
of these predictions is, however, presently available
in only a limited number of cases. Archaeal secretory
proteins may contain Sec-type signal peptide, composed
of a basic n-region, a hydrophobic h-region, and a
c-region terminating in the signal peptidase cleavage site
(von Heijne, 1990a,b). Alternatively, archaea also encode
preproteins that contain signal peptides recognized by
the Tat pathway (Bolhuis, 2002; Dilkset al., 2003; Rose
et al., 2002). Archaeal flagellin proteins also contain
characteristic signal peptides (Faguyet al., 1994).

In bacteria and eukarya, Sec signal peptides are
similar and often interchangeable (von Heijne, 1990a,b).
On the basis of bioinformatic predictions and sup-
ported experimentally by the processing of archaeal
preproteins heterologously expressed in bacteria and
eukarya (Duffneret al., 2000; Horlacheret al., 1998;
Jorgensenet al., 1997; Smith and Robinson, 2002), it
seems that this group also includes archaeal Sec signal
peptides. Still, archaea-specific traits may exist. Analysis
of the Methanococcus jannaschiigenome suggests, in
this organism, that Sec signal peptides may combine a
eukarya-like cleavage site, a bacteria-like charge distri-
bution and a unique, archaea-specific hydrophobic region
composition (Nielsenet al., 1999). These rules apparently
also apply toSulfolobus solfataricusSec signal peptides
(Albers and Driessen, 2002). In other species, however,
other rules may apply (Bardy,et al., 2003).

Archaea also encode for proteins bearing Tat pathway
signal peptides. Such signals can be distinguished from
Sec-type signal peptides by the presence of twin arginine
residues in the n-region and a less hydrophobic h-region.
Tat signal peptides also bear a Sec-system avoidance sig-
nal in the c-region and tend to be longer than Sec sig-
nal peptides (Berks, 1996; Bogschet al., 1997; Cristobal
et al., 1999). While Sec-type signal peptides are predicted
to predominate in those species examined at the genome
level thus far (Dilkset al., 2003; Roseet al., 2002), stud-
ies addressing the secretome ofHalobacteriumsp. NRC-1
have suggested that the Tat system is the major secretion
system in this species (Bolhuis, 2002; Roseet al., 2002)
(see below).

It should be stressed, however, that predictions
on the nature and distribution of archaeal signal pep-
tides are based on the similarities of these sequences
to their counterparts in eukarya and bacteria. As such,

the existence of signal peptides typical of archaea, not
detectable by current screening approaches, cannot be
discounted.

THE ARCHAEAL TRANSLOCON AND OTHER
TRANSLOCATION-RELATED PROTEINS

As in the other two domains of life, passage of
archaeal secretory proteins across the membrane occurs
through a dedicated membrane protein complex, the
translocon. In bacteria, the translocon is based on the
SecYEG complex (Brundageet al., 1990), although a
minimal complex formed of only SecYE is competent
for translocation (Akimaruet al., 1991; Duong and
Wickner, 1997a). In eukarya, the Sec61αβγ complex is
embedded in the membrane of the endoplasmic reticulum
(ER) and serves as the entrance to the secretory pathway
(Rapoportet al., 1996). In addition, the bacterial and
eukaryal translocons contain addition subunits that also
participate in the translocation event. Examination of
completed archaeal genomes as well as isolation of
translocon-related genes or their products in other species
reveals an archaeal translocation apparatus of hybrid
character, incorporating both bacterial and eukaryal traits
in addition to archaeal-specific features (Fig. 1; Table I).

SecY/Sec61α

The archaeal version of SecY has been detected
in all sequenced archaeal genomes to date. In addition,
secY-encoding genes have also been cloned in several
other strains (Arndt, 1992; Aueret al., 1991; Irihimovitch

Fig. 1. Currently known components of the Sec translocation pathway
in archaea.
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Table I. A Current Overview of archaeal Protein Translocation

Aspect of Translocation Commentsa

Relation to translation
Secretion Posttranslational Shown with chimeras
Membrane insertion Cotranslational Shown with bacterioopsin

Signal peptides Sec As in eukarya, bacteria
Tat May predominate in haloarchaea

Protein targeting
SRP 7S RNA Eukarya-like secondary structure

SRP54
SRP19 Archaea-specific traits

SRP receptor FtsY Bacteria-like; no integral receptor
Translocon SecYE Eukarya-like

Sec61β Eukarya-like
SecDF Bacteria-like
YidC (?)

Driving force ??? No SecA
Signal peptidase

Sequence Boxes A–E Bacteria-like domain II in some species
Oligomeric state Single subunit As in bacteria
Mechanism eukarya-like (?) Contains eukaryal SH, not bacterial SK

Membrane lipids Ether-based Archaea-specific
Tetraether monolayer in hyperthermoarchaea

aSee text for details.

et al., 2003; Kath and Sch¨afer, 1995). Although termed
according to prokaryotic nomenclature, phylogenetic
analysis reveals that archaeal SecY proteins are more remi-
niscent of eukaryal Sec61α proteins than of their bacterial
counterparts (Cao and Saier, 2003; Rensing and Maier,
1994). Like other SecY/Sec61α proteins, archaeal SecY
proteins are predicted to span the membrane 10 times
(Aueret al., 1991; Cao and Saier, 2003; Irihimovitchet al.,
2003; Kath and Sch¨afer, 1995), and as such are likely
to form the translocation pore through which translocat-
ing proteins cross the membrane, as proposed in bacte-
ria and eukarya (Joly and Wickner, 1993; Motheset al.,
1994).

Apart from such sequence-based comparisons, little
data on archaeal SecY at the protein level has been reported
to date. Complementation of a temperature-sensitivesecY
Escherichia colimutant with theMethanococcus vanielii
SecY-encoding gene resulted in the ability of the mutant
strain to grow at the nonpermissive temperature (Auer
et al., 1991). The finding suggests not only that an archaeal
SecY can functionally replace its bacterial counterpart,
but that the archaeal protein is active even in the absence
of the unique ether-based phospholipids that comprise
the archaeal plasma membrane (see below). In the haloar-
chaeaHaloferax volcanii, the salt-insensitive interaction
between a cellulose binding domain and cellulose has
been exploited for purification of a chimera containing
the SecY protein. In these studies, the SecY-containing

protein was shown to be stably expressed and exclusively
localized to the membrane (Irihimovitchet al., 2003).

SecE/Sec61γ

Like archaeal SecY, phylogenetic analysis reveals
that archaeal SecE is also more similar to the eukaryal
version of the protein, i.e., Sec61γ (Cao and Saier, 2003).
Indeed, the homology between bacterial SecE and its eu-
karyal counterpart was first shown by comparing each
with the archaealS. solfataricusSecE gene (Hartmann
et al., 1994). Like other SecE/Sec61γ proteins (with the
exception ofE. coliSecE (Murphy and Beckwith, 1994)),
archaeal SecE is thought to possess a single membrane-
spanning domain near the C terminus of the protein (Cao
and Saier, 2003). The only study of archaeal SecE at the
protein level to date came with purification of a cellu-
lose binding domain-SecE chimera from transformedH.
volcanii. As with the corresponding SecY chimera, the
SecE-incorporating protein was also shown to be sta-
bly expressed and restricted to the plasma membrane
(Irihimovitch et al., 2003).

Sec61β

In bacteria, the core SecYE complex is accompanied
by a third component, SecG (Brundageet al., 1992;
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Douville et al., 1994; Nishiyamaet al., 1993), while in
eukarya, Sec61β exists in complex with the Sec61α and
γ subunits (Gorlich and Rapoport, 1993). In contrast to
the homology of SecYE and Sec61αγ , respectively, SecG
and Sec61β do not resemble each other (Cao and Saier,
2003; Matlacket al., 1998). Accordingly, these latter
two translocon components apparently serve distinct
functions, possibly reflecting differences in the bacterial
and eukaryal translocation processes. SecG serves to
increase the efficiency of translocation (Hanadaet al.,
1994; Nishiyamaet al., 1994) yet can be functionally re-
placed by SecDF (Duong and Wickner, 1997a), reflecting
its auxilliary role in translocation. Sec61β, thought to
kinetically facilitate cotranslational translocation by par-
ticipating in the insertion of a nascent polypeptide chain
into the translocon and to interact with signal peptidase,
the enzyme responsible for signal sequence cleavage, is
also not essential for translocation (Kalieset al., 1998).

Whereas archaeal homologues of SecY/61α and
SecE/61γ were readily detected in archaea, archaeal
versions of either SecG or Sec61β were not originally
reported (Eichler, 2000; Pohlschroderet al., 1997). More
recently, an archaeal version of Sec61β, revealed through
PSI-BLAST searches, has been proposed (Kinchet al.,
2002). Experimental verification of the expression and
function of this protein, however, remains to be presented.
Still, the finding that all archaeal genomes examined
thus far encode for homologue of the eukaryal Sec61β

(as well as Sec61α and Sec61γ ) suggests similarities in
protein translocation in these two domains of life.

SecDF

In bacteria, SecYEG can exist as part of a higher
order complex including SecDF (Duong and Wickner,
1997a). Whereas the absence of SecDF affects the ef-
ficiency of protein translocation in vivo (Pogliano and
Beckwith, 1994), SecDF are not required for the reconsti-
tution of efficient protein translocation in vitro (Duong and
Wickner, 1997a; Matsuyamaet al., 1992). While SecDF
have been implicated in maintaining the proton motive
force that exists across the plasma membrane (Arkowitz
and Wickner, 1994; see Nouwenet al., 2001, for a counter-
view), in modulating the translocation-related, membrane-
associated behavior of SecA (the ATPase component of the
bacterial protein translocation apparatus) in vitro (Duong
and Wickner, 1997b; Economouet al., 1995), in protein
release following translocation (Matsuyamaet al., 1993),
and in signal sequence clearance (Bolhuiset al., 1998),
the true function(s) of SecDF remain to be defined.

Analysis of completed archaeal genomes reveals the
existence of SecDF homologues in some, but not all,

species (Eichler, 2003; Tsenget al., 1999). Indeed, some
bacterial strains also lack SecDF-encoding genes (Tseng
et al., 1999). The significance of this observation is not
clear, although it remains a possibility that SecDF-lacking
strains express structural homologues of these proteins,
not detectable by sequence-based tools, or that other mem-
bers of the resistance-nodulation-cell division permease
superfamily of transporter proteins to which SecDF be-
longs may assume the role of SecDF in these strains (Tseng
et al., 1999).

Comparison of bacterial and archaeal sequences re-
veals that both SecDF populations present similar mem-
brane topologies and positioning of conserved sequence
elements. However, closer examination reveals that the
makeup of these conserved elements can be divided along
bacteria–archaea lines (Eichler, 2003). This difference is
most obvious in SecD domain 2, situated in the large
extracytoplasmic loop of the protein. It is tempting to
speculate that such sequence differences reflect function
distinctions between bacterial and archaeal SecDF, and
as such, between the translocation processes themselves.
One such difference could be related to the interaction of
SecDF with SecA. InE. coli, SecDF serve to modulate
the membrane-association of SecA during translocation
(Duong and Wickner, 1997b; Economouet al., 1995). It
is unlikely that archaeal SecDF assumes a similar role,
given the apparent absence of SecA in archaea (Eichler,
2000; Pohlschroderet al., 1997).

YidC

Along with SecDF, SecYEG can be coisolated with
other components, including YidC (Scottiet al., 2000), the
bacterial homologue of Oxa1 and Alb3, elements involved
in insertion of selected proteins into the membranes of mi-
tochondria and thylakoids, respectively (Hellet al., 2001;
Mooreet al., 2000). As such, YidC also participates in the
insertion of certain proteins into the bacterial plasma mem-
brane (Samuelsonet al., 2000). Moreover, YidC has been
shown to catalyze membrane protein insertion in a Sec-
independent manner (Chenet al., 2002). Recent phyloge-
netic analysis of the YidC/Oxa1/Alb3 family has proposed
the existence of related proteins in archaea (Luirinket al.,
2001; Yenet al., 2001). The putative archaeal YidC pro-
teins display a topology like that of their bacterial counter-
parts (Luirinket al., 2001), yet are generally smaller (Yen
et al., 2002), as is thought to be generally the case with ar-
chaeal transport proteins (Chunget al., 2001). However, as
the homology of the archaeal proteins and other YidC fam-
ily members is low, these bioinformatic prediction awaits
experimental confirmation.
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Signal Peptidase

Signal peptidase (type I) is responsible for the re-
moval of the signal sequence following protein transloca-
tion (Dalbeyet al., 1997; Paetzelet al., 2000). As with
other facets of the archaeal translocation machinery, the
archaeal signal peptidase presents a mosaic of bacterial,
eukaryal, and archaeal properties. Like its bacterial and
eukaryal counterparts, the archaeal enzyme also encom-
passes five regions of sequence homology termed boxes
A–E (Eichler, 2002; Paetzelet al., 2000; Tjalsmaet al.,
1998). However, in the archaeal enzyme (as in eukaryal
signal peptidases), the lysine residue of the strictly con-
served Box B Ser90-Box D Lys145 pair found in bacterial
signal peptidases (E. colinumbering), proposed to serve as
the catalytic dyad of the enzyme, is replaced by a histidine
residue (Eichler, 2002; Paetzelet al., 2000; Tjalsmaet al.,
1998). Hence, as is the case with the eukaryal enzyme,
the catalytic mechanism of archaeal signal peptidase re-
mains unknown. However, in contrast to the eukaryal en-
zyme, which functions as part of a multisubunit complex
(YaDeauet al., 1991), archaeal signal peptidase appears
to function independently, like its bacterial counterpart.

Examination of available archaeal signal peptidase
sequences also reveals that variations exist within this
kingdom. Comparison of archaeal signal peptidase se-
quences with that of theE. coli enzyme, for which 3D
information is available, reveals that some, but not all, ar-
chaea encode for domain II (Eichler, 2002). Domain II
corresponds to a stretch of amino acids situated between
boxes D and E that folds into a large structure on top of
the catalytic core of the bacterial enzyme formed by boxes
B–E (Paetzelet al., 1998). The role assumed by domain
II and the reason for its absence in certain archaeal signal
peptidases remains open to speculation. The finding that
signal peptidases of some archaea (e.g.,Thermoplasma
species) contain a bacteria-like domain II, whereas others
do not, could suggest that primitive archaeal signal pep-
tidases originally contained this region, yet during subse-
quent diversification, this domain was lost.

THE Tat PATHWAY IN ARCHAEA

Archaea also encode for components of the Sec-
independent Tat pathway, as observed in bacteria, chloro-
plasts, and mitochondria (Bogschet al., 1998). In bacteria,
the Tat pathway is largely responsible for the translocation
of folded proteins, sometimes in complex with cofactors
(Berkset al., 2000; Robinson and Bolhuis, 2001). Current
understanding of the role of the Tat pathway in archaea is
largely based on surveys of completed genomes that pre-

dict differing extents of usage of this translocation system
(Bolhuis, 2002; Dilkset al., 2003; Roseet al., 2002; Yen
et al., 2002). Interestingly, such analyses predict that the
Tat pathway is the predominant mode of translocation em-
ployed by halophilic archaea, possibly to overcome poten-
tial dangers of protein misfolding in the highly saline cyto-
plasm of these species (Bolhuis, 2002; Roseet al., 2002).
As elsewhere, however, molecular aspects of the archaeal
Tat pathway are not well-characterized. Archaeal TatA,
TatB, or TatC homologues, proteins that mediate translo-
cation via the Tat pathway, can be detected in some, but not
all, species (Dilkset al., 2003; Eichler, 2000; Yenet al.,
2002). Specifically, all sequenced crenarchaeotes encode
for Tat components, whereas only some euryarchaeotes
contain such genes. Different species, furthermore, may
contain differing numbers of Tat component homologues.
Indeed, in some species, such asMethanopyrus kandleri
AV19, despite the predicted absence of Tat system sub-
strates, the presence of at least one Tat component is sug-
gested (Dilkset al., 2003).

ARCHAEAL PROTEIN TRANSLOCATION:
A CO- OR POSTTRANSLATIONAL EVENT?

Whereas the bacterial and eukaryal protein transloca-
tion machineries include many homologous components,
the two systems differ in terms of the temporal relation-
ship between the translation and translocation of secretory
proteins. In bacteria, signal-peptide-bearing precursors of
secreted proteins are translocated posttranslationally, i.e.,
once most, if not all, of the protein has been translated
in the cytoplasm (Koshland and Botstein, 1982; Randall,
1983). In contrast, the translocation of secretory proteins
across the membrane of the eukaryal ER, the topological
homologue of the bacterial plasma membrane, is coupled
to protein translation (Blobel and Dobberstein, 1975), al-
though eukaryal posttranslational translocational has been
reported in yeast (Rapoportet al., 1999). In archaea, the
relation of protein translation to protein export remains to
be elucidated. On the one hand, archaea contain a signal
recognition particle (SRP), the agent responsible for link-
ing translation and translocation in eukarya (Keenanet al.,
2001), reminiscent of it eukaryal counterpart (Eichler and
Moll, 2001). On the other hand, many archaea encode
for SecDF (Eichler, 2003; Tsenget al., 1999), proteins
which in bacteria serve to modulate the membrane asso-
ciation of SecA, the ATPase that drives posttranslational
translocation. As noted above, however, searches of com-
pleted archaeal genomes have thus far failed to reveal an
archaeal SecA homologue (Eichler, 2000; Pohlschroder
et al., 1997).
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Of the limited number of studies addressing the
relationship between archaeal protein translation and
translocation to date, the majority have focused on
the biosynthesis of bacterioopsin, theHalobacterium
salinarummultispanning membrane protein that serves
as the apoprotein of bacteriorhodopsin. Early work
showing cosedimentation of 7S RNA and bacterioopsin
mRNA with membrane-bound polysomes, together with
puromycin-induced release of the 7S RNA from the
polysomes, lead to the conclusion that a cotranslational
mode of insertion was at play (Groppet al., 1992). More
recent in vivo kinetic labelling experiments revealed the
cotranslational insertion of protein’s N-terminal region,
but posttranslational insertion of the more C-terminal por-
tion of the the protein (Daleet al., 2000; Dale and Krebs,
1999). In contrast, studies following the membrane inser-
tion of a chimeric version of bacterioopsin heterologously
expressed inH. volcanii reported that expression of the
seventh and final transmembrane domain was required
for membrane insertion, pointing at a wholly posttransla-
tional mode of insertion (Ortenberg and Mevarech, 2000).
Studies relying on newly synthesized bacterioopsin as a
reporter of the relation between translation and translo-
cation in archaea may not, however, reflect the general
situation, given that bacterioopsin is synthesized with
an unusually short, 13 residue cleavable signal peptide
lacking a hydrophobic core and containing negatively
charged glutamate residues (Groppet al., 1992; Seehra
and Khorana, 1984). In most signal peptides, a positively
charged region is followed by a hydrophobic core and a
region containing the cleavage site (von Heijne, 1990a,b).
Moreover, given the central role of bacterioopsin in
the generation of “purple membranes” (cf. Krebs and
Isenbarger, 2000), it is possible that a dedicated system
for bacterioopsin membrane insertion exists.

The interaction between translation and transloca-
tion of a membrane protein may not necessarily reflect
the relation between protein translation and secretion. In
experiments designed to elucidate the temporal relation
between translation and translocation during archaeal
protein secretion,H. volcanii cells were transformed to
heterologously express chimeric preproteins containing
the signal peptide of the surface layer glycoprotein, the
major exported protein in this species (Irihimovitch and
Eichler, 2003). The molecular composition of the 34
amino acid residue-long surface layer glycoprotein signal
peptide is similar to those found in secretory preproteins
in the other two domains of life (von Heijne, 1990a,b)
and includes a cleavage site recognized by type I signal
peptidases (Sumperet al., 1990). Kinetic radiolabeling
experiments revealed that secretion took place only after
the preproteins had been translated in the cytosol of

transformedH. volcanii cells. Furthermore, arrest of
continued protein translation failed to prevent secretion
of previously pulse radiolabeled preprotein (Irihimovitch
and Eichler, 2003). Finally, as in bacteria and chloroplasts,
the archaeal Tat system may also translocate proteins in
a posttranslocational manner (Roseet al., 2002).

Despite the limited amount of data available in sup-
port of such a claim, it is tempting to speculate that in ar-
chaea, protein secretion occurs posttranslationally while
membrane insertion occurs in an SRP-dependent, cotrans-
lational manner. Not all archaeal membrane proteins need,
however, rely on SRP for their insertion, as possibly exem-
plified by studies addressing the homologous (Daleet al.,
2000; Dale and Krebs, 1999; Groppet al., 1992) and het-
erologous (Ortenberg and Mevarech, 2000) expression of
bacterioopsin. Indeed, the SRP pathway is involved in the
insertion of only a subset of bacterial membrane proteins
(Ulbrandtet al., 1997).

THE DRIVING FORCE OF ARCHAEAL
PROTEIN TRANSLOCATION

One of the biggest challenges to understanding
archaeal protein translocation is related to the driving
force of the process. Examination of different protein
translocation systems reveals that a variety of energetic
sources are employed in transporting proteins across
membranes. At the ER membrane, GTP energy is spent in
coupling a translating ribosome to the translocon, where
subsequent elongation threads the polypeptide chain
across the membrane (Keenanet al., 2001; Rapoport
et al., 1996). In posttranslational translocation across
the yeast ER membrane, the resident ER chaperone BiP
uses ATP energy to pull the transiting preprotein into the
ER lumen (Rapoportet al., 1999). Similarly, import of
preproteins into the mitochondrial matrix relies on an
ATP-driven reaction mediated by the matrix-localized
member of the hsp70 family (Ungermannet al., 1994).
Furthermore, ATP energy is also employed in the targeting
phase of these posttranslational translocation processes
(Ngosuwanet al., 2003; Younget al., 2003). In bacteria,
SecA relies on ATP hydrolysis to drive the insertion of
a translocating preprotein into the plasma membrane at
SecYEG sites (Manting and Driessen, 2000; Mori and
Ito, 2001). In contrast, the Tat translocation system found
in bacteria and chloroplasts does not employ ATP, but
does requires a membrane potential (Brocket al., 1995;
Cline et al., 1992; Yahr and Wickner, 2001). Finally, the
Ran GTPase plays a central role in the shuttling strategy
employed as part of nuclear protein import (Macara,
2001).
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It is conceivable that a cotranslational mode of
translocation, similar to that detected at the ER mem-
brane, could be employed in archaea. Indeed, the SRP
pathway, responsible for coupling translation to translo-
cation into the ER lumen, exists in archaea (Eichler
and Moll, 2001; Eichler and Zwieb, 2002; Moll, 2004).
However, studies examining archaeal protein secretion
(see above) reveal that in at least some cases, a posttrans-
lational mode of translocation is employed. In the case
of posttranslational archaeal translocation, the nature of
the driving force is more difficult to predict. Given the
improbability of sufficiently high concentrations of ATP
accumulating at the outer cell surface, it is unlikely that ar-
chaea rely on chaperones like BiP or mitochondrial hsp70
to pull polypeptides out of the cytoplasm. Moreover,
many archaeal species do not encode for hsp70 (Macario
et al., 1999), a chaperone involved in the posttranslational
delivery of proteins to translocation sites in a variety of
membranes (Haranoet al., 2001; Ngosuwanet al., 2003;
Qi et al., 2002; Rialet al., 2000; Wildet al., 1992; Young
et al., 2003). Considering the high degree of conservation
amongst bacterial and chloroplast SecA sequences,
the failure of genomic searches to reveal an archaeal
SecA homologue would argue against the existence of a
bacteria-like process in archaea, although the existence of
an archaeal structural homologue of SecA, not detectable
through sequence-based search tools, cannot yet be
discounted.

ARCHAEAL PHOSPHOLIPIDS

One of the distinguishing traits of archaea is the
unique chemical composition of the phospholipids that
comprise the plasma membrane. Unlike bacterial and
eukaryal phospholipids, in which acyl groups are ester-
linked to thesn-1,2 positions of glycerol, archaeal phos-
pholipids contain repeating isoprenyl units linking to the
sn-2,3 positions of glycerol through ether bonds (Kates,
1993; Kogaet al., 1993; Sprott, 1992). Moreover, while
archaeal ether-based phospholipids form bilayers as do
phospholipids in eukarya and bacteria, hyperthermophilic
archaea (i.e., archaea found at>85◦C) may be surrounded
by a monolayer formed from membrane-spanning tetra-
etheric phospholipids (De Rosa and Gambacorta, 1988). A
monolayer configuration would serve to reduce membrane
fluidity that could be a danger at such high temperatures.
Indeed, the presence of ether linkages in archaeal phospho-
lipids is believed to be an adaptation to harsh environments
encountered by these microorganisms, endowing archaeal
membranes with resistance to the physical stresses associ-
ated with extreme surroundings. Accordingly, liposomes

formed from archaeal phospholipids have been shown
to be less permeant to protons, sodium ions, and other
solutes than liposomes formed from bacterial phospho-
lipids (Elferink et al., 1994; Komatsu and Chong, 1988;
van der Vossenberget al., 1999; Yamauchiet al., 1992,
1993).

It is unknown how, or even if, the unique chem-
istry of archaeal membrane phospholipids would af-
fect protein translocation. It is conceivable that these
lipid species could modulate the behavior of various
membrane-associated components of the translocation
process, such as FtsY, the translocon, and signal peptidase.
While archaeal membrane proteins have been functionally
reconstituted into proteoliposomes prepared with nonar-
chaeal phospholipids (Bogomolniet al., 1984; Huang
et al., 1980; Ninio and Schuldiner, 2003) and nonarchaeal
membrane proteins have been reconstituted into archaeal
liposomes (Elferinket al., 1992, 1993; In’t Veldet al.,
1992), existing evidence suggests that the activities of ar-
chaeal membrane proteins are optimal when embedded
in proteoliposomes prepared from archaeal phospholipids
(Gleissneret al., 1994; Hojeberget al., 1982), pointing to
specific interactions between archaeal membrane proteins
and archaeal membrane lipids. It also remains to be shown
whether the process of membrane protein insertion into
ether-based membranes also differs from insertion into
bacterial and eukaryal ester-based membranes. Finally,
just as various phospholipid species have been shown to
modulate the translocation process in bacteria (de Vrije
et al., 1988; Hendrick and Wickner, 1991; Kusterset al.,
1991, 1994; Lillet al., 1990; Matsumoto, 2001; Rietveld
et al., 1995), individual lipid subclasses may also play a
role in archaeal protein translocation.

IN VITRO RECONSTITUTION OF ARCHAEAL
PROTEIN TRANSLOCATION

The current advanced state of understanding of bac-
terial and eukaryal protein translocation is due, in a large
part, to the availability of reconstituted translocation sys-
tems composed of purified protein components, native and
reassembled ribonucleoprotein complexes as well as var-
ious membrane preparations. Work towards the develop-
ments of an in vitro archaeal protein translocation system
is progressing, with preparation of several of the molecular
tools central to such efforts having been reported of late.

Ribosomes

The availability of purified archaeal ribosomes
has been an important element in recent advances in
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understanding ribosomal function (Banet al., 2000;
Nissenet al., 2000; Yonath, 2002). Purified and functional
archaeal ribosomes capable of performing in vitro transla-
tion reactions will also serve as a cornerstone for in vitro
studies of cotranslational protein translocation in archaea.
To date, however, in vitro translation systems based on
archaeal ribosomes have achieved only limited success.
Systems for the poly(U)-dependent synthesis of poly-
phenylalanine using ribosomes from various halophilic
archaea includingHalobacterium cutiruburm, H. sali-
narum, Haloferax mediterranei, andHaloarcula maris-
mortui have been available for many years (Bayley and
Griffith, 1968; Sanzet al., 1988; Saruyama and Nierhaus,
1985). Similarly, poly(U)-dependent poly-phenylalanine
translation systems based on ribosomes from the ther-
mophilic archaeaDesulfurococcus mobilis, S. solfatar-
icus, Thermococcus celer, Thermoplasma acidophilum,
and Thermoproteus tenax(Cammaranoet al., 1982;
Klink et al., 1983; Londeiet al., 1986) and for use
with ribosome-containing extracts of the methanoar-
chaeaM. vannielii, Methanobacterium formicicum, and
Methanosarcina barkeri(Elhardt and Bock, 1982) also ex-
ist. Indeed, in several of these systems, poly-phenylalanine
synthesis was achieved using archaeal ribosomes, together
with additional factors obtained from nonarchaeal sources,
suggesting that development of a general archaeal in vitro
translation system would be relatively simple. Unfortu-
nately, none of these systems have been reported to be
capable of translating exogenously added mRNA, clearly
a requirement for inclusion in any in vitro archaeal protein
translation system.

Later attempts at developing an in vitro archaeal
system capable of translating added mRNA have been
more successful. EmployingH. salinarum ribosomes,
a system able to translate proteins upon addition of
total RNA was reported, although the efficiency of such
translation was 10- to 20-fold lower than achieved by
the poly(U)-dependent poly-phenylalanine biosynthesis
assay developed for this species (Gropp and Oesterhelt,
1989). Moreover, this system failed to translate added
bacterioopsin mRNA. More recently, translation of
addedS. solfataricusmRNA up to 800 bp in length has
been achieved using an unfractionatedS. solfataricus
cell extract (Condoet al., 1999; Ruggeroet al., 1993).
Furthermore, this system was also shown capable of
translating nonarchaeal mRNA (Grillet al., 2000).

SRP

As discussed elsewhere in this issue (see the
contribution by Moll), archaea express components of

the SRP targeting pathway. The recent reconstitution of
archaeal SRP fromArchaeoglobus fulgidus(Bhuiyan
et al., 2000) andH. volcanii (Tozik et al., 2002), of
SRP RNA-SRP54 complexes fromPyrococcus furiosus
(Maeshima et al., 2001) and of SRP RNA-SRP19
complexes fromA. fulgidus(Diener and Wilson., 2000),
P. furiosus(Maeshimaet al., 2001), andM. jannaschii
(Hainzlet al., 2002; Oubridgeet al., 2002) will allow for
eventual incorporation of these targeting factors into any
reconstituted archaeal translocation system.

Inverted Membrane Vesicles (IMVs)

Efforts in analyzing the functional behavior of
proteins involved in archaeal protein translocation have
been hampered by an inavailability of functional archaeal
membrane preparations of known orientation, such as
IMVs. Difficulties in obtaining IMVs from the vast
majority of archaeal species where vesicle preparation
was tried is thought to be related to the protein-based
rigid surface layer associated with the plasma membrane
(Schaferet al., 1999). For instance, preparation of IMVs
from Methanosarcina mazei, one of the few archaeal
strains from which IMVs are currently available, involves
prior proteolytic digestion of surface structures (Becher
and Muller, 1994). The effects of such digestion on the
translocational competence of such vesicles is not known.
More recently, despite the presence of a glycoprotein-
based surface layer (Kesselet al., 1988; Sumperet al.,
1990), large-scale amounts of IMVs from the halophilic
archaeonH. volcanii have been prepared (Ring and
Eichler, 2001). On the basis of the outward exposure of
enzyme activities which face the cytoplasm in the intact
cell, protease protection assays, electron microscopy,
lectin accessibility as well as ATP-synthesizing ability,
the H. volcanii membrane preparation was shown to
contain inverted, sealed, and biologically functional
membrane vesicles. Indeed, enzymatic and electron
microscopy analyses reveal that 70–90% of the obtained
membranous structures are in the form of IMVs. These
IMVs are currently being tested for their ability to
translocate signal-peptide-containing preproteins.

An alternative approach for the preparation of
translocation-competent membrane vesicles involves
the introduction of purified archaeal SecY, SecE, and
Sec61β into liposomes prepared from archaeal membrane
phospholipids to yield proteoliposomes containing a
reconstituted archaeal Sec-based translocation complex.
Such an approach, involving individually purified bacte-
rial SecY, SecE, and SecG proteins, has been successfully
employed for the preparation of translocation-competent
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proteoliposomes (Hanadaet al., 1994). Similar efforts
in the archaeal system may be facilitated by the recent
purification of H. volcanii SecY and SecE fused to the
cellulose binding domain of theClostridium thermocel-
lumcellulosome (Irihimovitchet al., 2003), exploiting the
salt-insensitive interaction ofC. thermocellumcellulose
binding domain with cellulose (Moraget al., 1995). In
addition, efforts aimed at capturingH. volcanii SecYE-
containing complexes via the CBD-cellulose affinity
purification system are under-way. Such studies are also
addressing the use of engineered protease cleavage sites
for removal of the CBD tag following purification, in
high salt concentrations.

CONCLUSIONS

At this time, preliminary steps have been made to-
wards a detailed description of the biochemistry, cell and
structural biology of archaeal protein translocation. Such
efforts will, in future, be facilitated by the upcoming re-
lease of additional completed archaeal genome sequences
and by advances in understanding other facets of archaeal
biology. Indeed, as novel and improved molecular tools for
working with a wide range of archaeal strains are becom-
ing available, significant strides towards the developing of
techniques necessary for in vitro reconstitution of archaeal
protein translocation will be realized. Having a clearer
picture of archaeal protein translocation carries, however,
implications beyond better understanding of a central bio-
logical question, i.e., how proteins cross biological mem-
branes. A enhanced grasp of the process of archaeal pro-
tein translocation will also help decipher the molecular
strategies adopted by extremophilic organisms in over-
coming environmental challenges. Moreover, realizing the
enormous commerical potential of large-scale production
of industrially useful archaeal enzymes will be hastened
by a better characterization of archaeal protein export.
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