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CHAPTER 1 

 

PROTEIN SECRETION IN THE ARCHAEA: MULTIPLE 

PATHS TOWARDS A UNIQUE CELL SURFACE 

Sonja-Verena Albers, Zalán Szabó and Arnold J. M. Driessen 

Nat. Rev. Microbiol. (2006) 4, 537-547 

Abstract 

Archaea are similar to other prokaryotes in most aspects of cell structure but are 

unique with respect to the lipid composition of the cytoplasmic membrane and the 

structure of the cell surface. Membranes of archaea are composed of glycerol-ether 

lipids instead of glycerol-ester lipids and are based on isoprenoid side chains, whereas 

the cell walls are formed by surface-layer proteins. The unique cell surface of archaea 

requires distinct solutions to the problem of how proteins cross this barrier to be either 

secreted into the medium or assembled as appendages at the cell surface. 
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Introduction 

An increasing number of newly identified micro-organisms belong to the third 
domain of life, the Archaea. These prokaryotes are predominantly isolated from 
ecosystems that are characterized by extreme conditions that include high pressures, 
high temperatures, high or low pH values and high salinity. Archaea can be subdivided 
into two main phylogenetic lineages, the Crenarchaeota and the Euryarchaeota. 
Crenarchaeota were long thought to be restricted to hot environments but have 
recently been shown to be ubiquitous in aquatic and terrestrial ecosystems. The 
Euryarchaeota is a diverse group and includes all the methanogenic and halophilic 
archaea and some hyperthermophiles. 

The ability of many archaea to withstand hostile environments continues to 
inspire researchers to understand the specific adaptations and molecular mechanisms 
that allow them to thrive in extreme conditions. Such adaptations are manifold, but 
even before the Archaea were recognized as a distinct domain of life by Woese and Fox 
in 1977 (237) it was evident that the structure of their cell envelope differs 
substantially from that of bacteria. The cell envelope of archaea must withstand 
extreme conditions to ensure that essential membrane-related functions, such as 
energy transduction, can occur. Although Ignicoccus species have a unique outer 
membrane that encloses a large periplasmic space (174), all other archaeal cells 
characterized so far are surrounded by a single membrane composed of lipids, with 
repeating isoprenyl groups linked to a glycerol backbone through an ether linkage 
(52,96). By contrast, bacterial phospholipids are diglycerides that are covalently 
bonded to a phosphate group by an ester linkage. The C20 diether lipids of haloarchaea 
and most other mesophilic archaea assemble into a typical bilayer membrane, which is 
similar to that found in the other domains of life (96,97,220). In extreme thermophiles 
and acidophiles, tetraether lipids that consist of C40 isoprenoid acyl chains (52) span 
the width of the cell membrane and assemble into a lipid monolayer 

 

Figure 1 Cell envelope of 

archaea. (A) Schematic 

representation of a cross-section of 

the cell envelope of Sulfolobus 

solfataricus showing the cytoplasmic 

membrane, with membrane-

spanning tetraether lipids and an S-

layer composed of two proteins — a 

surface-covering protein (red oval) 

and a membrane-anchoring protein 

(yellow oblong). (B) Schematic 

representation of a cell envelope of 

an archaeon that stains positive with 

the Gram stain and that contains a 

pseudomurein layer in addition to 

the S-layer. The cytoplasmic 

membrane is composed of diether 

lipids. See Appendix 1 (page 115f) 

for a colour version of this figure. 
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that is impermeable to protons. This enables thermoacidophiles to keep their internal 
pH near to neutral, while thriving in acidic hot pools with pH values below 3. Most 
archaeal cells are covered by a surface layer (S-layer) (Figure 1) that consists of 
hexagonally or tetragonally arranged glycoprotein subunits with a crystalline structure, 
with pores that are permeable to solutes and small proteins. Unlike bacterial S-layers, 
the archaeal S-layer is directly anchored to the cytoplasmic membrane (Figure 1A). 
The unique cell surface of archaea requires distinct solutions to the problem of how 
proteins cross this barrier to be either assembled into the cell envelope or secreted into 
the extracellular medium. Biogenesis and cellular functioning relies on correct protein 
localization. Much of our current knowledge on protein translocation in the Archaea is 
based on comparative genome analysis with the well studied Bacteria and Eukarya. 
However, in recent years specific questions on archaeal protein translocation have 
been addressed biochemically and genetically. Here we review the current status of our 
understanding of protein translocation in the archaea, with an emphasis on the 
features that are specific to this third domain of life. 

A mosaic Sec translocase in archaea 

The Sec (secretion) pathway is the only protein-translocation pathway known to 
be universally conserved (169), and functions at the cytoplasmic membrane of 
prokaryotes, the chloroplast thylakoid membrane, and the endoplasmic reticulum (ER) 
of eukaryotes (Figure 2). It consists of a protein-targeting pathway and a multisubunit 
protein-translocase complex that mediates the translocation of unfolded proteins 
across, and the insertion of membrane proteins into, the membrane. The central core 
of the Sec translocase is the highly conserved protein-conducting channel (PCC) 
(155,228). The PCC associates with cellular components that provide the driving force 
required for protein translocation or insertion. 

The Sec translocase can participate in two types of processes: first, during co-
translational translocation the translating nascent protein is translocated while the 
ribosome is bound to the PCC (Figure 2B,C,E); second, during post-translational 
translocation, a fully translated unfolded protein is pushed or pulled through the PCC 
by energy-utilizing soluble components, such as SecA in bacteria (Figure 2A). Whereas 
the bacterial and eukaryotic Sec pathways have been characterized extensively, little is 
known about this process in archaea. However, in silico analysis of archaeal genomes 
indicates a mosaic-like structure of the Sec translocase that has similar features to the 
Sec translocase in bacteria and the ER of eukaryotes (Figure 2D; Table 1). 

Sec-dependent protein substrates are recognized by a cleavable N-terminal 
extension, known as the signal sequence (230). For membrane proteins, the first 
hydrophobic transmembrane segment (TMS), the signal-anchor sequence, functions as 
a non-cleavable recognition sequence. Most of the Sec substrates of archaea have the 
universally conserved class 1 signal sequence, whereas specific subsets of proteins use 
two other classes of signal sequence, classes 2 and 3 (see below). Class 1 signal 
sequences have a typical tripartite structure with no sequence conservation, 
comprising a positively charged N terminus (N domain, 1–5 amino acids), a 
hydrophobic core (H domain, 7–15 amino acids), and an uncharged polar C-terminal 
region (C domain, 3–7 amino acids) that bears the signal-sequence cleavage site. 
Computational analyses of signal sequences from Methanocaldococcus jannaschii (145) 
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and Sulfolobus solfataricus (7) indicate that the H domain has a higher content of 
isoleucine and leucine residues compared with typical bacterial signal sequences. 
Bacterial and eukaryotic (ER) signal sequences are interchangeable (230), and recent 
studies indicate that archaeal signal sequences are also recognized in bacteria (167). 

Protein targeting. To recognize the protein substrates and to prevent their 
stable folding and aggregation prior to export or membrane insertion, cells use 
cytoplasmic targeting components. In Escherichia coli post-translational translocation, 
the molecular chaperone SecB binds the preprotein as it emerges from the ribosome. 
SecB functions as a secretion-dedicated targeting factor and binds directly to the 
translocase where it transfers the preprotein to SecA (56). SecB is found only in certain 
Gram-negative bacteria and it is absent from archaea except for a divergent 
homologue in M. jannaschii that has not been characterized biochemically. In E. coli, 
general chaperones such as DnaK or GroEL can partially substitute for a SecB 
deficiency, but the role of such chaperones in archaeal protein translocation has not yet 
been investigated. 

Table 1. Composition of the Sec-translocase and associated components in prokaryotes and the 

endoplasmic reticulum of Saccharomyces cerevisiae 

  Bacteria Archaea Eukaryotes 

   Euryarchaeota Crenarchaeota Endoplasmic 

reticulum 

Pore 

domain 

SecYEG/Sec61 + + + + 

SecA + - - - 

BiP - - - + 
Motor 

domain 
Sec62/63 - - - + 

SecB +a - - - 
Targeting 

SRP + + + + 

SecDF +b +c - - Accessory 

subunits YidC + + - - 

Processing 

enzymes 

Signal 

peptidase I/II 

+/+ +/-d +/- d +/- 

a Present only in α-, β-, and γ-proteobacteria. b Absent in some Gram-positive bacteria. c Present in most 

Euryarchaea. d No clear homolog of SPaseII identified but activity is expected. 

In co-translational translocation the signal-recognition particle (SRP) pathway 
fulfils a universally conserved and essential role in the recognition and targeting of 
ribosome nascent chain (RNC) complexes to the Sec translocase (122). This pathway 
consists of SRP and its membrane-bound receptor (SR). The mammalian SRP is 
composed of a 7S RNA molecule and six proteins (SRP72, 68, 54, 19, 14 and 9). The 
SRP receptor is a heterodimeric GTPase with a membrane-anchored subunit (SRβ) and 
a soluble subunit (SRα). Cytosolic SRP binds to an RNC that exposes a signal sequence 
or hydrophobic TMS at the ribosome exit site (Figure 3a). The signal sequence binds at 
an interface of the SRP RNA (S domain) with the GTPase SRP54. In mammals, SRP 
slows down polypeptide translation by preventing elongation factors and tRNAs from 
entering the ribosome, an activity that involves the Alu domain of the 7S RNA and two 
proteins SRP9 and SRP14 (236). Next, the RNC–SRP complex is targeted to the 
membrane through an interaction of SRP with SR (Figure 3B). SR recruits the PCC, and 
subsequent GTP-dependent steps facilitate the disengagement of the RNC–SRP–SR 
complex and the transfer of the RNC to the PCC. Protein translation resumes and the 
growing polypeptide translocates through the PCC (Figure 3C). 
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Figure 2 Mosaic subunit composition of the Sec translocase in archaea. The Sec translocase can 

participate in co-translational translocation during which the nascent protein is translocated while the 

ribosome is bound to the central core of the Sec translocase, the protein conducting channel (PCC). The 

Sec translocase also participates in post-translational translocation, in which a translated unfolded protein 

is pushed or pulled through the PCC by energy-using soluble components, such as SecA in bacteria (A) and 

BiP in eukaryotes (D). The main components of the Sec translocase are shown for bacterial post-

translational translocation (A) and co-translational translocation (B). Co-translational translocation in 

archaea is shown in (C). Post-translational translocation and co-translational translocation in the 

endoplasmic reticulum (ER) of the eukaryote Saccharomyces cerevisiae are shown in (D) and (E), 

respectively. The Sec translocase in archaea has mosaic features of the Sec translocase in both bacteria 

and the endoplasmic reticulum (Table 1). See Appendix 1 (page 115f) for a colour version of this figure. 

The SRP of E. coli consists of a single protein, Ffh (an SRP54 homologue) and a 
homologous RNA (4.5S RNA) with a condensed S domain and an Alu domain (122). 
The archaeal SRP also contains a homologue of SRP19 whereas all other eukaryotic 
SRP proteins seem to be absent (126,139). The archaeal 7S RNA structure more 
closely resembles that of eukaryotic RNA, whereas the Alu domain is more similar to 
that of bacteria. Structural analysis of the Acidianus ambivalens SRP54 indicates that 
the protein is more related to the eukaryotic SRP54 than to bacterial Ffh (141). SRP54 
has been shown to be essential for viability of Haloferax volcanii (182). Reconstitution 
studies with the Archaeoglobus fulgidus SRP show that SRP19 is needed for the binding 
of SRP54 to the 7S RNA (30,182), although other studies indicate that tight binding 
occurs even in the absence of SRP19 (53,126). SRP54, SRP19 and 7S RNA can be co-
purified from H. volcanii cells as a stable complex (182), but it remains to be 
determined whether there are other subunits that associate with the SRP, and whether 
translational arrest takes place in archaea. 

Bacteria and archaea contain only an SRα homologue, FtsY (119,138), and lack 
an SRβ subunit which in eukaryotes is needed for membrane anchoring of the receptor 
(175). In bacteria, FtsY can bind on its own to lipid membranes. Likewise, the H. 

volcanii FtsY was shown to bind to membranes (119). However, with the Sulfolobus 

acidocaldarius FtsY, little association with the cytoplasmic membrane was observed 
(138). The E. coli FtsY was recently shown to bind directly to the PCC (17) and this 
might mimic one of the functions of SRβ in eukaryotes. 
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Figure 3 Schematic representation of the conserved signal-recognition particle pathway. (A) 

Preprotein or membrane protein synthesis starts on a free ribosome in the cytosol. The signal-recognition 

particle (SRP) complex binds to the signal or signal-anchor sequence, which is exposed from the ribosome 

tunnel exit after approximately 70 amino acids have been synthesized. (B) The ribosome nascent chain–

SRP complex is subsequently targeted to the protein-conducting channel (PCC) of the Sec translocase by 

the membrane bound receptor FtsY (or SR in mammals). (C) The SRP-FtsY interaction increases the GTP-

binding affinity of both proteins, and subsequent GTP binding releases the signal sequence from its 

association with the SRP, after which the large subunit of the ribosome docks onto the PCC. The signal or 

signal-anchor sequence opens the PCC in conjunction with the ribosome and initiates the translocation or 

membrane insertion event. (D) Hydrolysis of GTP dissociates the SRP-FtsY complex and recycles the SRP 

into the cytosol for another round of ribosome membrane targeting. See Appendix 1 (page 115f) for a 

colour version of this figure. 

 
Protein conducting channel. The PCC of the Sec translocase consists of two 

essential membrane proteins, SecY and SecE in prokaryotes, and the homologous 
Sec61α and Sec61γ in the ER of eukaryotes (155,228). The third and dispensable 
subunit, Sec61β, is conserved in eukaryotes and archaea (103) but is a distinct 
protein, SecG, in bacteria (228) (155) (Figure 2). Overall, the archaeal PCC seems 
more related to the eukaryotic Sec61p than the bacterial SecYEG complex. The 
function of the PCC and its ability to interact with soluble and membrane components 
has been studied in detail. Recent structural work, especially the X-ray crystallography 
structure (3.2 Å) of the heterotrimeric SecYEβ of the archaeon M. jannaschii (223), and 
the cryo-electron microscopy structure of a functional bacterial PCC bound co-
translationally to an RNC (136), reveals surprising aspects of the highly dynamic 
nature of the PCC that enables it to function. The M. jannaschii SecYEβ and E. coli 
SecYEG complexes are remarkably similar, and their structures are mostly 
superimposable except for the additional TMSs of the E. coli SecE and SecG. The ability 
of the PCC to bind the ribosome is conserved throughout all domains of life (170,180). 



General introduction 

 15 

Therefore, the mechanism of co-translational translocation and membrane insertion will 
probably be similar in bacteria and archaea (Figures 2, 3). 

Motor domain and accessory components. Several studies indicate that post-
translational translocation of secretory (84) and membrane proteins (154) takes place 
in archaea. In bacteria, post-translational translocation requires SecA, an ATP-driven 
molecular motor that, similar to the ribosome, associates with the PCC (155) (Figure 
2A). SecA recognizes the signal sequence of preproteins, and couples the hydrolysis of 
ATP to the stepwise translocation of polypeptide segments through the PCC. SecA also 
facilitates the translocation of large extracellular hydrophilic loops of membrane 
proteins that are inserted co-translationally into the membrane. SecA is an essential 
protein and highly conserved throughout the bacterial domain. However, SecA 
homologues are absent in archaea. This raises the question of how post-translational 
translocation is fuelled in archaea. Because the archaeal SecY subunit is closely related 
to the eukaryotic Sec61α, an ER-type of post-translational translocation might be 
expected. In eukaryotes such as Saccharomyces cerevisiae, this reaction requires the 
ER luminal ATPase BiP and the membrane proteins Sec62 and Sec63 (156)(Figure 2D). 
None of these proteins are present in archaea, nor is there ATP at the extracytoplasmic 
face of the membrane. Possibly, archaea contain an as-yet-unidentified novel motor 
protein that is unrelated to SecA. Elucidation of the mechanism of post-translational 
translocation in archaea and identification of missing components await further 
functional studies. 

The bacterial Sec translocase involves several accessory proteins that stimulate 
translocation and/or membrane protein insertion. One of these accessory proteins is 
the SecDFYajC complex. SecD and SecF are integral membrane proteins with a large 
extracellular domain, whereas YajC is a non-essential membrane protein. Mutations 
that disrupt the E. coli secDFyajC operon are characterized by a cold-sensitive growth 
phenotype and a general defect in protein secretion (166). It has been suggested that 
SecDFYajC promotes membrane cycling of SecA and/or facilitates late functions, such 
as the release of Sec substrates from the PCC. Interestingly, euryarchaea possess 
homologues of the bacterial SecD and SecF proteins (Table 1), but not of YajC. In H. 

volcanii (73), SecD and SecF were shown to form a complex, whereas deletion of the 
secDF operon leads to a strong cold-sensitive growth phenotype and a secretion defect. 
The similarity between the phenotypes of these mutants in the two prokaryotic 
domains implies a common mechanism. However, as archaea lack a SecA homologue, 
the proposed function of SecDF in SecA cycling is obscure. SecD and SecF might have 
an analogous role to that of the eukaryotic BiP, which seals the outside exit of the pore 
during or after translocation, or SecD and SecF might facilitate the release of 
substrates from the PCC. 

YidC is an essential bacterial protein (184) that transiently associates with the 
Sec translocase to assist in the insertion of membrane proteins. It is an evolutionarily 
conserved membrane protein that is homologous to the mitochondrial Oxa1p and the 
chloroplast thylakoid Alb3 (225), which are involved in mitochondrial and thylakoid 
membrane protein insertion. YidC interacts with the TMS of inserting membrane 
proteins and possibly facilitates their folding and assembly. In analogy to the 
mitochondrial Oxa1p, YidC is essential for the biogenesis of cytochrome o oxidase and 
the F0-sector of the F1F0-ATP synthase (225). Only a few bacterial proteins have been 
found that are strictly dependent on YidC for their membrane insertion, and some, 
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such as the F0 subunit c, rely only on YidC for membrane insertion (225). So far, YidC 
homologues have been identified in euryarchaea but not in crenarchaea (241) (Table 
1). This is remarkable as many crenarchaea contain homologues of cytochrome 
oxidase and the F1F0-ATP synthase. An involvement of euryarchaeal YidC homologues 
in membrane protein insertion has not been established experimentally. 

Translocation of folded proteins in haloarchaea  

The twin arginine translocation (Tat) system transports proteins in their fully 
folded state across membranes. This pathway is present in bacteria, chloroplasts and 
archaea, but in most prokaryotes studied so far, it is not essential for viability. In 
bacteria, the Tat system has been implicated in the export of a subset of co-factor-
containing redox enzymes that fold and assemble in the cytosol (28), but most of the 
extracellular proteins are secreted by the Sec translocase (see above). In some 
halophilic archaea the Tat system is essential for viability (54), and most proteins, 
including many non-redox proteins, seem to use this pathway for secretion. The Tat 
translocase is present in most archaea, but because of its predominant role, we will 
mainly discuss its function in halophilic archaea. 

Although the Tat and Sec systems translocate proteins by fundamentally different 
mechanisms, their targeting signals have only diverged marginally. Tat signal 
sequences are a subclass of the class 1 signal sequences. They are on average longer 
and their H domain is usually more hydrophilic than that of Sec signal sequences 
(47,86). The most notable feature is the presence of an almost invariant pair of 
arginine residues in the semi-conserved S-R-R-X-F-L-K (X is any amino acid) motif 
from which the Tat system derives its name. The C-terminal region can contain a 
positively charged residue which functions as a Sec-avoidance signal (32,33). Bacterial 
and archaeal Tat signal sequences do not differ and this has allowed rapid identification 
of Tat substrates in archaea by genomic analyses (55,83). 

In the extreme halophile Halobacterium salinarum NRC-1, most proteins seem to 
be secreted through the Tat pathway (83,181). Also, in Haloarcula marismortui, H. 

volcanii and the haloalkaliphile Natronomonas pharaonis (54,66), there is a strong 
preference for the Tat pathway, which indicates that the use of the Tat system is a 
specific adaptation to the high-saline environment. To compensate for the high sodium 
concentration, halophilic archaea accumulate potassium ions to high levels (69,153). 
Their proteins are rich in surface-exposed negatively charged amino acids 
(18,102,144) that improve the solubility and flexibility of these proteins at high-salt 
concentrations (133), preventing them from precipitation (salting-out). Proteins that 
are adapted to high-salt conditions might fold quickly, and therefore in halophiles the 
time between protein translation and folding might be short. Consequently, the 
preference for secretion of fully folded proteins might be an important strategy used by 
haloarchaea to prevent accumulation of misfolded and aggregated preproteins. 
Genome analysis of the halophilic bacterium Salinibacter ruber, however, indicated a 
preference for the Sec translocase for translocation (54,140). Unlike haloarchaea, 
halophilic bacteria contain SecA and its unfolding activity might suffice to ensure 
efficient translocation of the (partially folded) preproteins. 
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Figure 4 Membrane topology of the Haloferax volcanii Tat translocase subunits. H. volcanii 

contains two TatA paralogues (TatAo and TatAt) that interact with each other, and two TatC paralogues 

(TatCo and TatCt).TatCt is a concatameric fusion of two TatC proteins with a two-TMS linker (54). 

The E. coli Tat system consists of three membrane proteins: TatA, TatB and TatC 
(28). TatA and TatB are related proteins with an N-terminal TMS followed by a C-
terminal cytoplasmic amphipathic helix. In many bacteria, the tatB gene is absent. 
TatC is a polytopic membrane protein with six TMSs. TatA forms ring-shaped oligomers 
in vitro that have been implicated as variable-sized protein-translocation pores. TatB 
associates with TatC to form a second multimeric complex that guides the initial 
targeting steps (4) and possibly functions in energy coupling. Genome analysis 
indicates that in archaea TatB is also absent (74). Similar to bacteria, the number of 
archaeal tat genes can vary, but these variations do not seem to be linked to specific 
growth requirements. The TatC proteins of halophilic archaea show some unique 
features. Their genes co-localize on the genome and are divergently transcribed from 
opposite strands (54). One gene (tatCo) encodes a typical TatC protein with a long 
cytosolic N terminus that is unique for TatC proteins of halophiles. The second gene 
(tatCt) specifies a protein with 14 TMSs that seems to be a concatameric fusion of two 
TatC proteins with a two-TMS linker (Figure 4). In H. volcanii, three of the four genes 
that encode Tat components (tatAt, tatCo, tatCt) were found to be essential for aerobic 
growth in complex media (54). Gene disruption studies have shown that the tatAt 
mutation can be complemented by overexpression of the non-essential tatAo gene, 
whereas overexpressed tatCt can complement the tatCo mutant. The precursor of 
amylase, a typical Sec substrate in most organisms, and halocyanin 1 (a predicted 
lipoprotein), have been experimentally confirmed to be secreted by the Tat system in 
H. volcanii (54,181). 

In bacteria, dedicated chaperone systems have been identified as part of a 
quality-control system that assures Tat substrates are correctly folded and that they 
have acquired their cofactors before gaining access to the Tat translocase. For 
example, the TorD chaperone from E. coli interacts specifically with the Tat signal 
sequence of trimethylamine oxide reductase (TorA) to enable the loading of a 
molybdenium cofactor (74). Weak homologues of TorD are present in the genomes of 
halophilic archaea and their genes localize to operons that encode subunits of putative 
anaerobic dehydrogenases of which at least one (DMSO reductase) is secreted by the 
Tat system. As the Tat pathway is the predominant route for protein secretion in 
Halobacteriaceae ssp. it is tempting to speculate that these organisms have developed 
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a more extensive quality-control mechanism that ensures preproteins are properly 
folded prior to targeting to the Tat system. The components and features of such a 
quality-control system still need to be resolved. 

Processing and maturation of preproteins 

A crucial feature of the final stages of any protein-translocation reaction is the 
proteolytic removal of the signal sequence from the preprotein, to allow its release 
from the membrane and subsequent folding into the native state. In bacteria, 
membrane-bound type I signal peptidases (SPaseI) catalyse the cleavage of class 1 
signal sequences from preproteins during or after their translocation across the 
membrane, through the Sec and Tat systems (158). SPaseI typically consists of one or 
two N-terminal TMSs with an extracellular active site. Two main classes of SPaseIs can 
be distinguished based on their catalytic mechanisms: the well studied prokaryotic (P-
type) enzyme that uses a serine–lysine catalytic dyad for hydrolysis of the peptide 
bond, and the ER-type signal peptidase that is found in eukaryotes, archaea and some 
Gram-positive bacteria. The ER-type signal peptidase contains a catalytic histidine 
instead of a lysine. The bacterial P-type SPaseI consists of a single polypeptide chain, 
whereas the ER enzyme forms a multiprotein membrane-integrated complex. The 
archaeal SPaseI is a single subunit enzyme with one TMS and a catalytic domain that is 
homologous to that of eukaryotic SPaseI (22,143). In H. volcanii, two SPaseI genes 
have been identified (sec11a and sec11b) of which only sec11b is essential (68). 

Type II signal peptidase (SPaseII) is another membrane-bound enzyme that is 
involved in the processing of precursors of lipid-modified protein substrates. These 
proteins contain a class 2 signal sequence that differs from class 1 signal sequences by 
the presence of a lipobox ([I/L/G/A][A/G/S]↓ C) in the C domain. This characteristic 
amino-acid sequence is adjacent to the cleavage site and contains an invariant cysteine 
residue that becomes lipid modified during translocation. SPaseII processes only the 
lipid-modified preprotein to ensure membrane anchoring of the processed lipoprotein. 
Archaeal genomes do not contain homologues of SPaseII, even though the presence of 
such an enzyme would be expected from the presence of preproteins with a class 2 
signal sequence (7,11,19) that seem to be lipid modified (107,130). Numerous 
predicted archaeal Tat substrates contain a lipobox at their N terminus. 

Assembly of surface structures and appendices 

Gram-negative bacteria are equipped with various mechanisms to secrete 
proteins into the surrounding medium, which involves an additional translocation step 
across the outer membrane. These processes are mediated by specific and complex 
machineries (172) that are classified in to five groups, called type I–V secretion 
systems (148). Type I secretion systems typically consist of three components: a 
membrane-associated ATP-binding cassette (ABC) type transporter, a membrane-
associated adaptor protein and an outer membrane pore. The adaptor protein connects 
the membrane transporter to the outer membrane pore to form one confluent channel 
along which proteins are secreted from the cytosol directly into the external medium, 
without the accumulation of a periplasmic intermediate (80). Archaeal genomes contain 
several putative protein-translocating ABC type transporters, but none of these 
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systems have been characterized so far. As archaea do not have an outer membrane, 
pore and adaptor-like proteins are absent from the archaeal genomes. 

Bacterial type II secretion systems consist of large assemblies of over 12 
subunits that are found in the cytoplasmic and outer membrane. These systems 
translocate folded periplasmic substrate proteins across the outer membrane (185). 
The folded protein is secreted through a large outer membrane pore called the secretin 
(49). Translocation is thought to involve a pseudopilus – a pilus-like filamentous 
structure that might function as a piston, pushing the protein substrate across the 
outer membrane (106,229). Although homologues of complete bacterial type II 
secretion systems are not found in archaea, they contain homologues of cytoplasmic-
membrane components, such as the secretion ATPases and related membrane domains 
(6,163,165) that have been shown to be essential for the secretion process (see 
below). 

Type III secretion systems are involved in bacterial eukaryotic host invasion and 
virulence. They are complex cell-envelope structures that are composed of up to 30 
subunits. These systems include an extracellular injection device that delivers effector 
molecules directly from the bacterial cytoplasm into the host cell (207). The assembly 
mechanism of the bacterial flagellum is comparable to type III secretion systems, and 
has been the subject of detailed studies (124). Homologues of type III secretion 
systems or their components have not been identified in archaea. 

Type IV secretion systems are involved in a multitude of processes, such as 
single-stranded DNA transport into host cells, DNA uptake and secretion and toxin 
translocation into eukaryotic cells (37). These systems are composed of many subunits 
that deliver the effector proteins or protein–DNA complexes into the host using a pilus 
structure. The complexity of these systems is evident from the involvement of specific 
ATPases that fuel different stages of the process, such as transport of the substrate 
across the cytoplasmic membrane, the formation of the pilus and the transfer of the 
substrates into the pilus. Again, various homologues of these ATPases can be found in 
archaea, as discussed below. 

Type V secretion systems (also known as autotransporters) are found exclusively 
in Gram-negative bacteria (212) and will not be discussed further. One well studied 
cell-surface appendage that does not belong to the previously described secretion 
classes is the type IV pilus. This structure is important for twitching motility, which 
allows Gram-negative bacteria to glide over moist surfaces (131). In Pseudomonas 

aeruginosa, the biogenesis and function of type IV pili is controlled by approximately 
40 genes (131). Type IV pili are typically 5–7 nm in diameter and are composed of pilin 
subunits that are synthesized with a unique signal peptide that is processed by a 
dedicated signal peptidase (201). These class 3 signal sequences are similar to class 1 
signal sequences, but are processed at their positively charged N-terminal end, thereby 
releasing a mature protein that still contains the H domain. The newly formed N 
terminus is methylated, after which the H domain of the maturated pilin forms a 
scaffold for the assembly of a growing pilus structure that expands from the cell 
surface (46). Subunits of the type IV pilus biogenesis apparatus share homology with 
components of the type II and type IV secretion systems (79,232), indicating a 
common architecture and evolutionary origin. Interestingly, archaea contain 
homologues of subunits of the type IV pilus assembly system, and these are probably 
involved in the assembly of various cell appendices as discussed below. 
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Flagellum. The archaeal flagellum is a unique structure that is distinct from its 
bacterial equivalent in terms of architecture, composition and mechanism of assembly 
(41,89,213). The archaeal flagellum is much thinner than the bacterial flagellum (10–
15 nm compared with 20 nm). Most archaeal flagella are composed of several types of 
flagellin subunits, although, in Sulfolobus spp., the flagellum consists of a single type 
of protein (Chapter 4). Archaeal preflagellin subunits contain a class 3 signal sequence 
(65) that probably directs these subunits to the Sec translocase for translocation. The 
positively charged type IV pilin signal sequence stably anchors the preflagellin in the 
cytoplasmic membrane. Proteolytic removal of the positively charged N-terminal end is 
necessary to allow dislocation of the hydrophobic N terminus from the membrane and 
subsequent assembly into the growing flagellum (Figure 5). The archaeal preflagellin 
subunit is processed at a consensus KG↓A motif, but unlike bacterial type IV pili, there 
is no evidence for methylation or any other type of modification of the newly formed N 
terminus. Dedicated type IV pilin-like signal peptidases have been characterized in 
Methanococcus maripaludis (FlaK), Methanococcus voltae (FlaK) and S. solfataricus 
(PibD) (13,20,21). These membrane-integrated aspartyl peptidases are weakly 
homologous to bacterial type IV pilin signal peptidases (150). The flagellar accessory 
proteins FlaI, a cytoplasmic ATPase, and FlaJ, an integral membrane protein, are 
homologous to components of the bacterial type II and IV secretion, and type IV pilus-
biogenesis, systems (163). These proteins seem to form a minimal system that is 
required for assembly of the flagellin subunits into the flagellum (Figure 5). In the 
archaeal flagellum, the N-terminal hydrophobic domains of the flagellin subunits are 
oriented towards the central core of the structure, which shows a striking resemblance 
to bacterial type IV pili (41,45,217). Therefore, unlike bacteria, assembly of the 
archaeal flagellum takes place from the base, similar to pilus assembly, and cannot 
proceed as with bacterial flagella, in which the subunits travel in the hollow flagellum to 
the tip. 

The exact mechanism of assembly and function of the archaeal flagellum is, 
however, still a matter of debate. Do the flagellar accessory proteins FlaI and FlaJ only 
assemble the flagellum or are they also components of the motor? As archaea have 
only one membrane, the substructures that anchor the putative motor to the cell 
envelope differ from that of Gram-negative bacteria, in which the base of the flagellum 
is embedded in the cytoplasmic and outer membrane. It has been suggested that the 
flagellum of H. salinarum is stabilized by a polar cap, a membranous structure that 
consists of a bundle of flagellar filaments in or beneath the cytoplasmic membrane 
(3,112). 

Pili and other attachment structures. Little is known about other types of cell 
surface appendages in archaea, such as pili-like fibres (116,134,234). Sulfolobus cells 
that were attached to glass plates in hot springs were found to be highly piliated. 
However, when grown under laboratory conditions, cells rapidly lost the ability to form 
pili (234). The architecture of these pili was described as simple, but they have not 
been characterized further. Methanobrevibacter cuticularis and Methanobrevibacter 

curvatus express extracellular fibres that seem to be involved in attachment to the 
hindgut epithelium of their host, the termite Reticulitermes flavipes (116). Recently, 
cell surface appendages of unexpected complexity with a well-defined base-to-top 
organization have been described from an archaeon isolated from a cold sulphidic 
spring (137). The filamentous cell appendage is called a 'hamus' and forms a hook at 
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its cell-distal end. Each archaeal cell is surrounded by a halo of about 100 hami that 
mediate strong adhesion to surfaces of different chemical composition. The hami are 
mainly composed of 120-kDa subunits, but the identity of the protein and its 
mechanism of assembly are unknown. 

Computational analysis of all available archaeal genomes has revealed that, in 
addition to the flagellin subunits, most archaea contain other proteins with a type IV 
pilin-like signal peptide (Chapter 5). Such proteins were identified in most archaeal 
genomes, and most specify unknown functions. Genes that encode proteins containing 
a type IV pilin-like-signal peptide frequently co-localize in the genome, which indicates 
functional relationships. In several methanogenic archaea, large operons are found that 
encode proteins with characteristics that are reminiscent of bacterial pilins, in 
conjunction with genes that specify a putative secretion/assembly system and a novel 
type IV pilin-like signal peptidase. In M. maripaludis, this signal peptidase processes 
only the associated pilin precursors at a specific cleavage site — KG↓Q instead of KG↓A 
(Chapter 5). This indicates that the assembly pathways for pilins and flagella are 
distinct and that they involve specific processing enzymes, thereby allowing both 
pathways to coexist in these organisms. Some archaeal pre-pilins contain an acidic 
residue (D or E) at the +5 position, which in bacterial pilins is essential for their 
processing and assembly (123,161,198). This residue is thought to form an 
intermolecular salt bridge with the positively charged N terminus of another pilin 
subunit. Neutralization of charge by this intermolecular salt bridge ensures sufficient 
hydrophobicity for the scaffold of the pilus subunits to assemble (45). 

Bindosome. Many of the type IV pilin-like signal-sequence containing proteins in 
S. solfataricus are extracellular sugar-binding proteins (7,13). Several of these proteins 
were shown to be processed by PibD, a type IV pilin-like signal peptidase that is also 
involved in preflagellin processing (8,13,63). The cleavage site ([K/R][G/A]↓ [L/F/A/I]) 
of PibD is of broader specificity as observed for the M. maripaludis FlaK. 

The sugar-binding proteins are extracellular components of ABC transporters that 
function in the uptake of various sugars (8,63). As binding proteins are commonly 
synthesized with a class 1 signal sequence, this unexpected observation in S. 

solfataricus raises the question of why these sugar-binding proteins are equipped with 
a class 3 signal sequence. Such signals are exclusively associated with subunits that 
assemble into macromolecular structures, such as flagella or pili. This has led to the 
hypothesis that the sugar-binding proteins of S. solfataricus also assemble into a larger 
extracellular structure, tentatively called the bindosome (Figure 5). Sugar-binding 
proteins can be isolated from cell envelopes as hetero-oligomeric complexes. They 
might be associated with the S-layer, or even protrude from the S-layer, and possibly 
function as a 'fishing rod' to effectively scavenge sugar molecules from the medium. 



Chapter 1 

22 

 
Figure 5 Model of the assembly of cell appendices in the cell envelope of Sulfolobus solfataricus. 

The translocated precursor of substrate-binding proteins and flagellins are membrane-associated through 

their N-terminal hydrophobic anchor sequence that is stabilized by a positively charged N-terminal tail, 

which is exposed to the cytosolic face of the membrane. The positively charged N-terminal tail is removed 

by PibD, which allows the dislocation of the flagellin or substrate-binding protein from the cytoplasmic 

membrane and subsequent assembly into a macromolecular structure. The hydrophobic N terminus 

functions as a scaffold for the assembly of the flagellin subunits into a flagellum that grows from its base. 

Assembly is mediated by the FlaHIJ proteins and requires the binding and hydrolysis of ATP. Processed 

substrate-binding proteins are assembled according to a similar mechanism into a macromolecular 

extracellular structure called the bindosome. The bindosome either corresponds to a pilus-like or an S-layer 

associated structure, but its exact structure is unknown.  

In analogy with the flagella, the assembly of the sugar-binding proteins probably 
requires a secretion system that is homologous to the bacterial type II/IV secretion, or 
type IV pilus assembly systems (Figure 5). A central component of the bacterial 
systems is a highly conserved secretion NTPase that associates with the cytoplasmic 
membrane, and that typically assembles into a homohexamer with ATPase activity 
(29,76,110,191). Homologues of such secretion NTPases are found in all sequenced 
archaea except Picrophilus torridus (6). On the basis of phylogenetic relationships, 
secretion NTPases are divided into the type II and type IV groups (165). The type II 
group is represented by the GspE homologues, the ATPase subunit of bacterial type II 
secretion systems, but also includes the PilT and PilB proteins that constitute the motor 
of the type IV pili biogenesis systems. The type IV group mainly contains VirB11 
homologues that are involved in DNA transport, and the TadA ATPase that is needed 
for tight adherence (93). Most archaeal secretion NTPases belong to the TadA ATPase 
group. A set of uncharacterized archaeal secretion NTPases constitute a group of their 
own. S. solfataricus has five secretion NTPases, four belonging to the type IV group 
and one unique protein. These proteins all hydrolyze ATP in a divalent cation-
dependent manner, and they associate with the cytoplasmic membrane. One of the 
ATPases, SSO2387, has autophosphorylating activity (6,121), a feature that was also 
shown for EpsE of the Vibrio cholerae type II secretion system (186). 

The genes of most archaeal secretion NTPases are organized in operon-like 
structures with genes that specify a TadC homologue, the membrane component of the 
tight adherence system (93). Together these proteins probably form a minimal core of 
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an assembly system similar to the FlaIJ system involved in flagellum biogenesis. The 
functional assignment of the secretion NTPases of S. solfataricus awaits further gene 
inactivation analysis. 

Conclusions 

Many of the protein-secretion systems found in bacteria are also found in 
archaea, often with a different subunit arrangement or with functional elements found 
only in eukaryotes. The details of post-translational translocation in archaea remain to 
be elucidated, as the lack of a bacterial SecA homologue suggests a unique mechanism 
in archaea. Archaea also contain unique cellular appendages and other surface-
associated structures that are involved in adherence, motility and nutrient acquisition. 
Some of these systems have an unusual structural complexity, such as the hamus, and 
these are probably adaptations to their eccentric way of life. S-layers, however, are 
remarkably simple, and, in vitro, are equipped with self-assembly properties, but it is 
unknown how these structures assemble in vivo, and how this synchronizes with cell 
division and the formation of cell appendages. Assembly of the S-layer must also 
include the formation of openings through which the pili, flagella and other extensions 
protrude into the extracellular medium. As only a limited number of archaea have been 
subjected to biochemical studies, further surprising features of their cell surfaces and 
protein-secretion systems remain to be discovered. 

Scope of this thesis 

As discussed above, several ABC-transporter associated sugar binding proteins 
from S. solfataricus contain a cleaved type IV pilin signal sequence at their N-terminus 
instead of a classical signal sequence. Moreover, examination of the genome sequence 
revealed a number of additional proteins to contain this signal sequence, including 
flagellin and several proteins with unknown function. The scope of this thesis work was 
to identify and characterize of the peptidase responsible for processing of type IV pilin-
like protein precursors in S. solfataricus, too identify the various substrates for this 
enzyme, and to understand why a specific subgroup of extracellular proteins utilize this 
unusual type of signal peptide for surface localization. Chapter 1 describes our current 
knowledge on protein secretion and assembly in archaea with a special emphasis on 
cell appendages and possible functions of type IV pilin-like signal peptides. In Chapter 

2, the cloning and initial characterization of this integral membrane protein, PibD, is 
described. PibD is the only type IV pilin-like signal peptidase in S. solfataricus and 
cleaves flagellin as well as sugar binding protein signal sequences. In Chapter 3, 
catalytic aspartate amino acids in PibD were identified by site directed mutagenesis. 
Also, the membrane topology of this enzyme was studied using single cysteine mutants 
and chemical reagents that specifically modify this amino acid. Chapter 4 deals with 
the function and ultrastructure of the S. solfataricus flagellum, a motility structure built 
up of subunits of the flagellin (FlaB) protein. Finally, a detailed screen of archaeal 
genome sequences was performed, with the aim of identify type IV pilin-like proteins 
other than flagellin and substrate binding proteins (Chapter 5). One newly identified 
type of archaeal pilin-like proteins from Methanococcus maripaludis was shown to be 
cleaved specifically by a member of a novel class of prepilin peptidases, EppA. Finally, 



Chapter 1 

24 

Chapter 6 is a summary of this thesis and an outlook is provided on possible aspects 
that could be addressed by future research.  




