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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, 



Chapter 1 

16 

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. 
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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, 
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Chapter 6 is a summary of this thesis and an outlook is provided on possible aspects 
that could be addressed by future research.  
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CHAPTER 2 

 

AN ARCHAEAL HOMOLOG OF BACTERIAL TYPE IV 

PREPILIN PEPTIDASES WITH BROAD SUBSTRATE 

SPECIFICITY 

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

J. Bacteriol. (2003) 185, 3918-3925 

Abstract 

A large number of secretory proteins in the thermoacidophile Sulfolobus 

solfataricus are synthesized as a precursor with an unusual leader peptide that 

resembles bacterial type IV prepilin signal sequences. This set of proteins includes the 

flagellin subunit but also various solute binding proteins. Here we describe the 

identification of the S. solfataricus homolog of bacterial type IV prepilin peptidases, 

termed PibD. PibD is an integral membrane protein that is phylogenetically related to 

the bacterial enzymes. When heterologously expressed in Escherichia coli, PibD is 

capable of processing both the flagellin and glucose-binding protein (GlcS) precursors. 

Site-directed mutagenesis of the GlcS signal peptide shows that the substrate 

specificity of PibD is consistent with the variations found in proteins with type IV 

prepilin-like signal sequences of S. solfataricus. We conclude that PibD is responsible 

for the processing of these secretory proteins in S. solfataricus.  
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Introduction 

Sulfolobus solfataricus is an obligate aerobic thermoacidophilic crenarchaeon that 
can use a variety of sugars as a sole carbon source for heterotrophic growth (70,242). 
Sugar uptake is mediated by high-affinity binding protein-coupled ABC transporters 
(8). Some of the binding proteins are synthesized as precursors with an unusual 
amino-terminal signal sequence for membrane targeting that consists of a short 
positively charged peptide followed by the cleavage site and a hydrophobic, putative 
membrane-spanning domain. This signal sequence resembles that of bacterial type IV 
prepilin proteins. In bacteria, type IV pilins are the structural subunits of pili, which are 
surface-associated structures involved in processes such as surface attachment, 
twitching motility, or uptake of extracellular DNA (67,105,131)(57). The discovery that 
the precursors of archaeal flagellins contain a signal sequence homologous to bacterial 
type IV pilin signal sequences has led to the hypothesis that the assembly and 
structure of archaeal flagella are similar to those of bacterial pili (27,65). Indeed, the 
core structures of bacterial pili and the flagellum of the halophilic archaeon 
Halobacterium salinarum are similar (41). Also, the cleavage of flagellin precursors 
could be shown by purification and amino-terminal sequencing of flagellins from 
various archaea (213) and by in vitro cleavage of heterologously expressed preflagellin 
(43). However, in some archaea, type IV pilin signal sequences are not only confined 
to flagellin subunits but are also found in precursors of other extracellular proteins 
(12). This was first demonstrated for the glucose-binding protein from S. solfataricus 

(8). In addition, two other sugar-binding proteins, i.e., an arabinose- and a trehalose-
binding protein, were found to be processed at their amino termini as expected for type 
IV prepilin-like signal sequences (8,63). A recent analysis of the genome sequence of 
S. solfataricus suggests that there are 10 proteins with a type IV pilin-like signal 
sequence (7,192), 6 of which are (putative) solute binding proteins. This raises the 
question of whether these proteins utilize the same signal peptidase as the flagellin 
subunits (12) or if they are involved in a separate pathway for protein targeting and 
maturation, as suggested in another study (90). 

One of the best-studied type IV prepilin peptidases is PilD from Pseudomonas 

aeruginosa, a bifunctional enzyme that both cleaves and N-methylates the pilin 
precursor PilA (200). Whereas methylation is not necessary for pilus function (164), 
cleavage is an essential activity, as PilD mutants are defective in pilus assembly and 
accumulate uncleaved PilA precursors in the cytoplasmic membrane (149). Because of 
the similarity between prepilin and archaeal preflagellin signal sequences, the presence 
of a gene coding for an enzyme similar to PilD was expected in archaeal genomes. This 
assumption was recently confirmed by the cloning of FlaK, the preflagellin peptidase 
from Methanococcus maripaludis (20). However, FlaK and its archaeal homologs show 
only a very low similarity to bacterial type IV prepilin peptidases, possibly because the 
bacterial enzyme is bifunctional, while there is no evidence for a modified amino acid at 
the +1 position of mature archaeal flagellins (63,213). 

In this study, we have employed an in vitro assay to monitor type IV prepilin-like 
signal peptidase activity in isolated S. solfataricus membranes. This assay allowed the 
biochemical demonstration of processing activity toward the precursor forms of flagellin 
(preFlaB) and glucose-binding protein (preGlcS). We identify a candidate gene in the S. 
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solfataricus genome that encodes a membrane protein that has weak homology to PilD. 
When expressed in E. coli, processing of both preFlaB and preGlcS could be 
demonstrated. This finding and a further analysis of the substrate specificity of this 
enzyme, termed PibD (for peptidase involved in biogenesis of prepilin-like proteins), 
suggest that S. solfataricus employs a single type IV prepilin-like peptidase to process 
a broad range of precursor proteins. 

Materials and Methods 

Strains and growth conditions. S. solfataricus P2 (DSM 1617, obtained from the Deutsche 

Sammlung von Mikroorganismen und Zellkultur GmbH, Braunschweig, Germany) was grown 

aerobically at 80°C by using the medium described by Brock et al. (35) supplemented with 0.1% 

sucrose and 0.1% yeast extract. The medium was adjusted to pH 3 with sulphuric acid. E. coli 

DH5α (72) was used for all cloning steps. E. coli strains BL21(DE3) (Novagen, Madison, WI) or C43 

(DE3) (135) were used for the overproduction of protein. Both strains carry the pACYC-RIL plasmid 

that encodes additional tRNAs for rare codons (Stratagene, LaJolla, CA).  

Isolation of membranes. To prepare membranes of E. coli, cells were resuspended in 50 

mM Tris-HCl (pH 7.5) and 1 mM EDTA containing a small amount of DNaseI. The suspension was 

subsequently passed through a French pressure cell at 800 lb/in2. Unbroken cells were removed by 

centrifugation at 3,000 x g for 15 min at 4°C, and membranes were collected by ultracentrifugation 

(90,000 x g, 40 min at 4°C C; Beckman TLA 100.4 rotor). Cytoplasmic and outer membranes were 

separated by sucrose gradient centrifugation (90,000 x g, 40 min, 4°C) (99), subsequently washed 

with 20 mM morpholineethanesulfonic acid (MES; pH 6.5), and stored at -80°C. S solfataricus 

membranes were prepared as described previously (63). 

Cloning and plasmid construction. Plasmids and vectors described below are summarized 

in Table 1. Oligonucleotide primers for the PCR amplification of flaB (SSO2323), glcS, and pibD 

(SSO0131) were designed based on the genome sequence of S. solfataricus P2 (http://www-

archbac.u-psud.fr/projects/sulfolobus/). The forward primer of flaB (5'-

CCCCGAATTCATGAACTCCAAAAAGATG-3' for the version corresponding to the annotated open 

reading frame [ORF] and 5'-CCCCCCATGGTAAAGGAATACAAC-3' for the version lacking the first five 

amino acids [restriction sites are underlined]) contained a BspHI or NcoI restriction site, 

respectively. The reverse primer (5'-CCCCGGATCCCCCTATTACTGATACGCTACCC-3') contained a 

recognition sequence for BamHI. Additionally, the native stop codon was deleted with the reverse 

primer to enable in-frame fusion to a C-terminal epitope tag. PCR was performed with S. 

solfataricus P2 genomic DNA as the template. The digested PCR products of 924 and 908 bp, 

respectively, were ligated into the NcoI/BamHI sites of the T7 promoter expression vector pSA4, 

yielding plasmids pZA1 and pZA2 containing C-terminally six-histidine-tagged short and long 

versions of flaB, respectively. The expression vector pSA4 was constructed based on the pET15b 

expression vector (Novagen). The unique EcoRI and HindIII in pET15b sites were removed by 

digestion with the corresponding enzymes followed by a fill-in reaction with Pwo DNA polymerase 

(Roche Diagnostics, Mannheim, Germany) and religation. Subsequently, the multiple cloning site 

from pET400 (kindly provided by Karel van Wely) was inserted as a 46 bp NcoI-XhoI fragment, 

thereby introducing new EcoRI and HindIII sites downstream from the T7 promoter and removing 

the N-terminal epitope tag of the vector. To delete unwanted restriction sites, this vector was 

digested with BamHI and XhoI, the cohesive ends of the vector were filled up with Pwo DNA 

polymerase, and the product was religated, yielding pSA3. Finally, a 392bp EcoRI-HindIII fragment 

from pAMP42 (kindly provided by Antonia Picon) was integrated into the corresponding restriction 

sites of pSA3, thereby introducing a C-terminal six-his tag in frame with a BamHI restriction site. 

This vector was designated pSA4 and is suitable for cloning and expression of ORFs provided as 

NcoI-BamHI or BspHI-BamHI fragments. 
SSO0131 (pibD) was amplified with forward (5'-

CCCCCCCATGGTCGTTATATATTATATCCAAATTTTCC-3') and reverse (5’-

CCCCCGGATCCAATTGGAAAGCCTATAATCAGCGAC-3') primers containing NcoI and BamHI 



Chapter 2 

28 

restriction sites, respectively, and deleting the native stop codon, with S. solfataricus P2 genomic 

DNA as the template. The PCR product was cloned into the expression vector pSA4, yielding 

plasmid pZA5. 

The gene for glcS was amplified with the primers 5'-

CCCCCCCGAATTCATGAAAAGGAAGTACCCGTATAG-3' (forward, containing BspHI site) and 5'-

CCCCCCGGATCCCTTCAAGAGATAGTATTTATTGTC-3' (reverse, containing BamHI). Again, the native 

stop codon was deleted. The PCR product was cloned into the vector pSA5, which contains a trc 

promoter and adds a C-terminal six-histidine-tag in frame with the BamHI restriction site, yielding 

pET2120. pSA5 was constructed by the ligation of the 392 bp BamHI-HindIII fragment from 

pAMP42 into the expression vector pET324 (224), thereby allowing us to add a C-terminal six-

histidine-tag in frame with the BamHI restriction site. pET2152 was obtained by removing an 822 

bp NcoI fragment from pET2120 that is located in the ORF of glcS by restriction digest with NcoI. 

After religation of the plasmid, the ORF was restored, resulting in the truncated gene designated 

glcS*. The mutations A10K, K11A, K11D, G12A, G12L, L13I, L13F, L13D, and G12A/L13I 

introduced in glcS* were constructed in pET2152 by the QuikChange (Stratagene) method of 

mutagenesis, which utilizes inverse PCR primed by divergent overlapping primers containing the 

desired complementary nucleotide exchanges. 

Table 1. Plasmids used in this study 

 Description Reference or source 

pET15b Expression vector with T7 promoter Novagen 

pSA4 Derivative of pET15b containing the multiple cloning site and 

C-terminal six-histidine-tag of pSA5 

This study 

pET324 Derivative of pTRC99 (224) 

pSA5 Insertion of a C-terminal six-histidine-tag in the BamHI/XbaI 

site of pET324  

This study 

pET2120 pSA5 carrying glcS as BspHI/BamHI fragment  This study 

pET2152 pET2120 derivative lacking the internal NcoI fragment of glcS This study 

pET2171 pET2152 derivative with G12A mutation This study 

pET2172 L13I This study 

pET2173 G12A/L13I This study 

pET2174 L13F This study 

pET2175 G12L This study 

pET2176 K11A This study 

pET2177 A10K This study 

pET2178 K11D This study 

pET2179 G12R This study 

pET2180 L13R This study 

pET2181 L13D This study 

pZA1 pSA4 carrying flaB∆1-4 NcoI/BamHI fragment  This study 

pZA2 pSA4 carrying flaB as BspHI/BamHI fragment This study 

pZA5 pSA4 carrying pibD as NcoI/BamHI fragment This study 

 

Expression of recombinant genes in E. coli. E. coli strain BL21(DE3)-RIL codon plus 

(Stratagene) carrying plasmid pZA1, pZA2, pET2120, or pET2152 was grown in dYT medium (16 g 

of trypton per liter, 10 g of yeast extract per liter, and 5 g of NaCl per liter) supplemented with 

antibiotics at 37°C until an optical density at 600 nm of 0.5 to 0.8 was reached. Expression was 

induced by the addition of 0.5 mM isopropyl-beta-D-thiogalactopyranoside (IPTG, Roche 

Diagnostics). Cells were grown for an additional 4 h and harvested by centrifugation (15 min, 5,000 

x g, 4°C). Overexpression of the hexa-His-tagged PibD (plasmid pZA5) occurred as described 

above, except that E. coli strain C43(DE3) carrying plasmid pACYC-RIL (Stratagene) was used. 

After induction with IPTG, cells were incubated at 30°C for 6 h.  

In vitro processing assay. The in vitro preFlaB and preGlcS processing assay was based on 

the method developed for the Methanococcus voltae preflagellin peptidase (43). Isolated E. coli 

membranes (about 5 µg of total protein) either containing preFlaB or preGlcS* and S. solfataricus 
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membranes (about 10 µg of total protein) were each preincubated for 10 min in 10 µl of assay 

buffer (25 mM MES [pH 6.5], 0.5% [vol/vol] Triton X-100, 150 mM KCl, and 1 mM EDTA) at room 

temperature. Both solubilized samples were mixed and incubated for 30 min (preFlaB) or 1 h 

(preGlcS) at 55°C, unless stated otherwise. The reaction was stopped by the addition of 5 µl of 

sodium dodecyl sulfate (SDS) sample buffer and analyzed by SDS-12% polyacrylamide gel 

electrophoresis (PAGE) and subsequent transferring to polyvinylidene difluoride membranes (Roche 

Diagnostics). Protein was detected by Western immunoblotting by using monoclonal anti-His 

antibodies (Dianova, Hamburg, Germany). The activity of cloned PibD was tested as described 

above except that E. coli inner membranes (about 5 µg of total protein) containing overexpressed 

PibD were used instead of the S. solfataricus membranes. 

Results 

In vitro demonstration of type IV prepilin-like signal peptidase activity. 
To identify the S. solfataricus enzyme responsible for the processing of precursor 
proteins with a type IV prepilin-like signal sequence, an in vitro assay was established. 
For this purpose, two proteins with type IV prepilin-like signal sequences were chosen 
as substrates, flagellin and glucose-binding protein (preGlcS) (8). The flagellin gene 
was identified in the S. solfataricus genome by using the published amino-terminal 
sequence of the closely related Sulfolobus shibatae flagellin (64). We discovered one 
protein encoded by SSO2323, annotated as putative flagellin, and named it according 
to previously characterized archaeal flagellins FlaB. The genes coding for preGlcS and 
preFlaB were cloned by PCR into an expression vector suitable for heterologous 
expression in E. coli, adding a C-terminal six-histidine epitope tag for detection and 
purification. The annotated sequence of SSO2323 contains two amino-terminal 
methionine residues at positions 1 (as annotated) and 5, and it is possible that in vivo 
the second ATG sequence is used as a start codon for translation of flaB. Therefore, 
both the possible genes were cloned. Unless stated otherwise, the shorter version of 
preFlaB was used in the following experiments. Overexpressed preFlaB migrated in an 
SDS- polyacrylamide gel at an apparent molecular mass of about 29 kDa (Figure 1), 
which deviates from the predicted mass of 34 kDa, probably due to tight folding of the 
hydrophobic flagellin. PreGlcS was also expressed but it was partially degraded during 
overexpression in E. coli (data not shown). However, removal of an internal NcoI 
fragment of the glcS gene resulted in a truncated version of preGlcS, termed preGlcS*, 
that could be stably expressed.  

Since the precursor proteins expressed cofractionated with cytoplasmic 
membranes (data not shown), inner membrane vesicles isolated from E. coli cells 
expressing either preFlaB or preGlcS* were solubilized with Triton X-100 and mixed 
with S. solfataricus membranes. After incubation at 55°C, cleavage of the amino-
terminus of preFlaB and preGlcS* was detected by Western immunoblot analysis 
(Figure 1B). Processing of preFlaB and preGlcS* resulted in the removal of peptides 
with lengths of 13 and 12 amino acids, respectively, while the carboxyl-terminal six-
histidine-tag remains intact and can be detected with a specific antibody (Figure 1A). 
The precursors remained unprocessed when the incubation was performed at 4°C or 
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Figure 1. In vitro cleavage of 

glucose-binding protein (GlcS*) 

and flagellin (FlaB) precursors. 

(A) Amino-terminal sequences of 

preGlcS and preFlaB, the cleavage 

sites are indicated by an arrow. (B) 

Solubilized E. coli membranes 

containing preGlcS* or preFlaB and 

S. solfataricus membranes were 

mixed as indicated. No cross-

reaction of S. solfataricus 

membrane proteins with the anti-

his antibody was observed (lane 2). 

The asterisk indicates an unspecific 

degradation product of preFlaB. 

 
 

 
when incubated in the absence of S. solfataricus membranes. For both precursors, the 
presence of detergent was required for cleavage to occur (data not shown). In the case 
of preFlaB, a second, weaker band appeared that was also present in the absence of S. 

solfataricus membranes. The intensity of this band varied with different preparations of 
E. coli membranes containing preflagellin, but the activity appeared to be due to 
degradation in E. coli. PreFlaB lacking the first four amino acids of the annotated 
sequence was processed more efficiently than the longer version (data not shown). 
Therefore, we decided to use the shorter protein in our experiments. These data 
demonstrate that membranes of S. solfataricus harbour a type IV prepilin-like signal 
peptidase activity. 

Identification and cloning of the S. solfataricus type IV prepilin-like 

signal peptidase. To identify the type IV prepilin-like signal peptidase, we first 
searched the S. solfataricus genomic database for a homolog of bacterial enzymes, 
including those from thermophilic bacteria. However, the BLAST search was 
unsuccessful. On the other hand, the Cluster of Orthologous Groups (COG) database 
(http://www.ncbi.nlm.nih.gov/COG/ (208,209)) lists several archaeal proteins in the 
group designated COG1989, signal peptidase, cleaves prepilin like proteins. The COG 
database relies on a phylogenetic classification of proteins. Therefore, proteins with 
very little sequence identity are clustered in one group due to phylogenetic 
relationships (209). Subsequently, protein sequences of archaeal COG1989 members 
were used to perform BLAST searches in the S. solfataricus genome database. Single 
significant hits (e < 10-3) were obtained only with MJ1282.1 from Methanocaldococcus 

jannaschii and AF0936 from Archaeoglobus fulgidus for the same putative membrane 
protein, SSO0131. The SSO0131 protein shares 19% identical amino acid sequences 
with AF0936 and 16.1% with MJ1282.1, respectively. However, higher identities are 
found with proteins that are not included in COG1989: ST2258 from Sulfolobus 

tokodaii, MA3102 from Methanosarcina acetivorans, and FlaK from M. maripaludis 
(Figure 2A). The primary sequence of SSO0131 has a length of 236 amino acids and a 
predicted topology of five transmembrane segments (TMS)
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Figure 2. Identification and heterologous expression of SSO0131 (pibD). (A) Multiple alignment 

using Multalin (42) of the PibD primary sequence with archaeal homologs from S. tokodaii (ST2258), M. 

acetivorans (MA3102), A. fulgidus (AF0936) and M. maripaludis (FlaK) reveals putatively conserved 

residues. The sequence motives surrounding the conserved aspartate residues that might be involved in 

catalysis are boxed. Residues that are 100%, greater than 80% or greater than 60% conserved are shaded 

black, dark gray and light gray, respectively. (B) Membrane topology of PibD predicted with TMHMM2 

(111,194). Aspartate residues are highlighted and those conserved in at least three sequences are 

highlighted with closed circles. (C) Heterologous expression of pibD in E. coli. Inner membranes isolated 

from cells expressing the gene (lane 1) or harboring the empty vector (lane 2) were analyzed by SDS-PAGE 

and detected with an antibody directed against the C-terminal six-histidine epitope tag. 

 with a large cytoplasmic loop between TMS 4 and 5 (Figure 2B). This topology is 
similar to most putative archaeal type IV prepilin-like signal peptidases, but unlike that 
of bacterial enzymes such as Vibrio cholerae TcpJ with eight TMS and various large 
cytoplasmic loops (115,120). The gene coding for the SSO0131 protein is not 
contained in an apparent operon structure, but remnants of an insertion element are 
located upstream of the gene, suggesting a possible rearrangement of the surrounding 
genome sequence. 
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Figure 3. Temperature dependent in 

vitro cleavage of preFlaB (top panel) 

and preGlcS* (lower panel) by 

heterologously expressed PibD. 

Solubilized inner membranes from E. coli 

containing preFlaB or preGlcS* were 

incubated with E. coli membranes 

containing overexpressed PibD protein 

and incubated at the temperatures 

indicated. No processing was observed at 

20°C or when membranes isolated from 

cells harboring the empty vector were 

used. 

 

 

 

 

 

 
To establish whether SSO0131 has cleavage activity in vitro, we PCR amplified 

and cloned the corresponding gene into an expression vector with a carboxyl-terminal 
six-histidine-tag. The gene was overexpressed in E. coli, and the recombinant protein 
could be detected in membrane preparations by SDS-PAGE and immunoblotting (Figure 
2). Recombinant SSO0131 was tested for in vitro cleavage activity as described above. 
Both precursor proteins were cleaved in the same way as found with S. solfataricus 
membranes (Figure 3, lane 4) but remained unprocessed when incubated with 
membranes isolated from E. coli cells harbouring the empty vector (Figure 3, lane 5). 
The reaction is temperature dependent, as the cleavage reaction was less efficient at 
20 and 37°C (Figure 3, lanes 2 and 3). In order to confirm the in vitro cleavage site of 
FlaB, we made an attempt to purify cleaved FlaB and determine the N-terminal 
sequence of the protein. However, when cleaved at 55°C, flagellin was insoluble in 
various buffers, including those containing 2% Triton X-100 or 1% N-lauroylsarcosine 
in combination with 8 M urea or 6 M guanidine hydrochloride, respectively. When the 
cleavage reaction was performed at 37°C, the protein could be partially solubilized with 
1.5% Triton X-100, 8 M urea, and 20 mM ß-mercaptoethanol. The solubilized portion of 
flagellin was partially purified on a Ni-nitrilotriacetic acid Sepharose column, but the 
eluted protein resisted N-terminal sequencing, although no N-terminal blockage was 
detected (data not shown). 

In conclusion, we demonstrated that the SSO0131 protein is a thermostable type 
IV prepilin-like signal peptidase of S. solfataricus. We therefore name the 
corresponding gene pibD (protein involved in biogenesis of prepilin-like proteins). PibD 
cleaves both the preFlaB and preGlcS and is therefore potentially involved in the 
secretion of two proteins with completely unrelated functions. 

Signal sequence specificity of the S. solfataricus PibD protein. To 
determine the substrate specificity of PibD and to confirm the exact site of processing, 
we constructed signal peptide mutants of preGlcS* by site-directed mutagenesis 
(Figure 4). We were particularly interested in the conserved residues around the 
cleavage site (-1 and +1 residues) and the positively charged -2 residue, as these 
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residues vary among the S. solfataricus proteins with predicted type IV prepilin-like 
signal sequences (Table 2) (7). All mutants could be overexpressed in E. coli as 
unprocessed precursor proteins (data not shown). The in vitro cleavage of the preGlcS* 
signal peptide mutants, either by native S. solfataricus membranes (Figure 4A) or by E. 

coli membranes harbouring the recombinant PibD (Figure 4B) was determined. For all 
mutants, both types of membranes yielded identical results, suggesting that PibD is the 
sole enzyme responsible for the type IV prepilin-like signal peptidase activity in S. 

solfataricus membranes. Replacing glycine with alanine at the -1 position relative to 
the cleavage site resulted in a slight improvement in the processing of preGlcS*. 
However, introduction of an isoleucine or arginine residue at -1 completely abolishes 
the processing reaction. Leucine at the +1 position can be readily exchanged for 
isoleucine or phenylalanine without interfering with the processing, but no cleavage 
was observed with arginine or aspartate at this position. With a double mutant in which 
glycine and leucine at the -1 and +1 positions were replaced with an alanine and 
isoleucine, respectively, significant processing could still be observed. The -2 position is 
highly conserved among the signal sequences of archaeal flagellins and S. solfataricus 
proteins with a type IV prepilin-like signal sequence and contains a positively charged 
residue (K or R). When lysine at -2 of preGlcS* was altered to an aspartate, which 
results in a charge change, no processing could be detected. However, an alanine at 
the -2 position had no effect on the processing. Finally, when the alanine at the -3 
position was changed to lysine, cleavage occurred normally. Hence, a number of 
mutations close to the cleavage site in preGlcS* can be introduced without interfering 
with the in vitro cleavage reaction. This shows that PibD is able to cleave type IV 
prepilin-like signal sequences with all amino acid combinations around the cleavage 
site that have been found in (putative) prepilin-like precursor proteins encoded by the 
S. solfataricus genome sequence. 

 

 

Figure 4. In vitro processing of preGlcS* signal peptide mutants. (A) The signal sequence of GlcS is 

shown at the top, while the cleavage site is indicated by a gap. The mutations introduced are listed below 

with the nomenclature used in panel B. (B) GlcS* precursors with altered signal sequences were incubated 

with membranes from either S. solfataricus membranes (top panel) or E. coli overexpressing recombinant 

pibD (lower panel). As controls, preGlcS* was incubated in absence or presence of cleavage activity, 

respectively (first two lanes in each panel). 
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Discussion 

Here we have identified the S. solfataricus type IV prepilin peptidase, PibD, by a 
combinatorial genomic approach. We used sequences of putative archaeal type IV 
prepilin peptidases listed in the COG database in order to conduct a BLAST search of 
the S. solfataricus genome. This identified SSO0131 as a possible candidate gene. 
Importantly, processing activity of native S. solfataricus membranes and recombinant 
SSO0131 (PibD) overexpressed in E. coli could be demonstrated by using an assay 
previously used for the identification and characterization of the peptidases from 
various bacteria (201) and methanogenic archaea (20,43). This assay also allowed for 
the detection of the processing of both the precursors of the flagellin and the glucose-
binding protein. Although the optimal growth temperature of S. solfataricus is 80°C 
(242), we could not detect cleavage activity when the assay was performed at 
temperatures above 60°C (data not shown). This phenomenon is due to the clouding 
point of the Triton X-100 detergent that was used for the membrane solubilization. At 
temperatures above 63°C, Triton X-100 loses its solubilizing properties.  

Since the recombinant PibD in isolated E. coli inner membranes showed 
processing activity for both precursor proteins tested, our results indicate that a single 
enzyme of S. solfataricus is capable of processing these distinct secretory proteins 
(12). FlaB ultimately assembles into the flagellum structure, whereas GlcS has to 
function as an extracellular sugar-binding subunit of an ABC transporter. Cleavage of 
preGlcS*, an internally truncated version of full-length preGlcS, appeared less efficient 
than that of preFlaB. This could be due to incorrect folding, which possibly interferes 
with its interaction with PibD. However, we favour the explanation that the difference 
in cleavage efficiency is due to intrinsic properties of the signal peptides, such as the 
number of positively charged residues in the signal sequence, which is six and four for 
preFlaB and preGlcS, respectively. Indeed, a signal peptide mutant of preGlcS* which 
contained an additional lysine residue in the signal peptide was more efficiently 
processed than the wild-type protein (Figure 4). Jarrell and colleagues (90) suggested 
that the archaeal type IV prepilin-like signal peptidase homologs are in fact preflagellin 
peptidases with a dedicated role in the processing of flagellin precursors. According to 
these authors’ hypothesis, other proteins with type IV prepilin-like signal sequences 
(such as the sugar-binding proteins GlcS, TreS, and AraS from S. solfataricus) would 
require another processing enzyme. It was argued that the highly conserved amino 
acids in the signal peptide of all archaeal flagellins, i.e., glycine at -1 and lysine or 
arginine at positions -2 and -3, are essential for recognition by the preflagellin 
peptidase and thus deviation from this consensus sequence would require a second 
peptidase with altered substrate specificity. Processing of the flagellin precursor by the 
M. voltae peptidase indeed appears very sensitive toward alterations of the signal 
sequence. Most mutations result in partial or complete loss of cleavage activity (214). 
However, S. solfataricus PibD seems to be equipped with a much broader specificity. It 
processes preGlcS*, even though the signal sequence lacks a lysine or arginine at 
position -3, whereas an M. voltae flagellin mutant with alanine or glutamate at the 
same position was cleaved only partially (214). Moreover, a lysine-to-alanine mutation 
of the GlcS* signal sequence at position -2 did not affect the cleavage reaction, and 
glycine at position -1 could be changed to alanine (Figure 4) without loss of cleavage 
activity. Recently, we identified a number of putative precursor proteins with type IV 
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prepilin-like signal sequences (7). Rescanning the genome with the current consensus 
sequence revealed a number of new candidate proteins (Table 2). These signal 
sequences have a relatively conserved core of four amino acids around the cleavage 
site with the consensus sequence [K/R][G/A][L/I/F][S/T/A] (-1 and +1 positions 
relative to the processing site shown in boldface). We have previously shown that the 
sugar-binding proteins GlcS and TreS are processed between a glycine and a leucine 
residue, while AraS is processed between alanine and isoleucine (8). Taken together, 
these data suggest that PibD is capable of processing a wide variety of proteins with a 
type IV prepilin-like signal sequence, including binding proteins (63) and preflagellin. 
Intriguingly, the genome sequence of another species from the genus Sulfolobus, S. 
tokodaii (100), does not code for homologs of the S. solfataricus sugar-binding proteins 
that contain a type IV prepilin-like signal sequence (unpublished data). Hence, S. 

solfataricus seems to have undergone a specialization concerning the variety of solute 
binding proteins and also the mechanism of secretion of these proteins. 

Table 2. Alignment of the N-terminal parts of S. solfataricus secretory proteins with a putative type IV 

prepilin-like signal sequence. Positively charged residues in the signal peptide are shown in bold, while 

hydrophobic amino acids in the core of the signal sequence are underlined. The N-terminal sequence of 

proteins with bold numbers has been determined experimentally. Abbreviations used: hypo, hypothetical 

protein; PBP, putative phosphate binding protein 

ORF number Signal sequence function 
SSO0118 
SSO0999 
SSO2146 
SSO2152 
SSO2323 
SSO2681 
SSO2847 
SSO0037 
SSO2684 
SSO0489 
SSO0117 
SSO1171 
SSO2846 
SSO3066 
SSO2712 
SSO3140 

    MKGGYKLKKRKG LSSILGTVIVLAITLVLGGLLYAYSNGLFSSLTQNAS 
MSRSDKFSNKEKMRRG LSTTTIIGIVVAIVIIVIGAVAAVTLLSHKPSQVVST 
    MDMASRRKNARG LSGAVTALILVIASVIIALVVVGFAFGLFGAFTGQGT 
       MLNIYMRKG LSDSVTMMIVLLASVILAITVVSILFTYLGYFGSNYG 
   MLKEYNKKVKRKG LAGLDTAIILIAFIITASVLAYVAINMGLFVTQKAKS 
         MQKYRKG LENALVTVLLILVAIAAVSLISYYFFGVLRHSMITTG 
    MKRKYPYSLAKG LTSTQIAVIVAVIVIVIIIGVVAGFVLTKGPSTTAVT 
            MKKG ISSILGAIILIQIVVSSVGLILYLTSLNAKMSNIAYS 
             MRG ISEAITVVFLILVTLIAIAIVTIYYLHIVNANQYGLY 
             MKG FSTLAVVIILIIVVIAVAGIFFVINSQGGHNTTTTST 
          MMWLKA ISSIFSTLIVVMITLSLIVPLYLFFTQTYTNSSIQAN 
    MGRKGKKIDYKA ISKTLVAVIIVVVIVIAIGGVYAFLSSQHSPAAPSST 
        MEGKYKRA ISTSTAIIIAVVVIILIVVGVVAYFQQMGSHAPTSSS 
       MSRRRLYKA ISRTAIIIIVVVIIIAAIAGGLAAYYSSSKPPATSTS 
             MKA LSTLAMAVIIVVIAVVAAAAYLITSSSHHPSISTTTT 
            MKKA LSSAIFLIIITLIILLSVLIPALLIFNSTPIYSSQGQ 

hypo 
TreS 
hypo 
hypo 
FlaB 
hypo 
GlcS 
hypo 
hypo 
PBP 
hypo 
sugar 
hypo 
AraS 
sugar 
hypo 

consensus               KG LS 
              RA IT 
                 FA 

 

 
In the gram-negative bacterium P. aeruginosa, a number of possible alterations 

at the +1 position (phenylalanine) of the prepilin PilA are tolerated in vivo, whereas 
replacement of the -1 glycine for any other amino acid except alanine resulted in 
complete loss of a functional pilus structure (198). With alanine at position -1, PilA was 
partially processed in vivo. In contrast, the pseudopilin PulG from Klebsiella oxytoca 
remained unprocessed in vivo when the -1 residue (glycine) was changed to alanine, 
valine, or glutamate (171). Replacement of the glycine at position -1 of the M. voltae 
preflagellin signal sequence to alanine resulted in reduced processing activity, and 
other amino acids were not tolerated at all at this position, resulting in a preflagellin 
mutant that cannot be cleaved (214). Also, mutants with alterations at position -2 
(lysine to alanine) or -3 (lysine to alanine or glutamate) were not cleaved or partially 
cleaved, respectively (214). Strikingly, no loss of cleavage activity was observed when 
these mutations were introduced into the signal sequence of preGlcS*. Hence, the S. 
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solfataricus PibD seems to be functionally more similar to PilD and seems to be 
equipped with a relatively broad substrate specificity. 

In M. jannaschii, the putative preflagellin peptidase gene (designated flaK (20)) is 
downstream of the flagellin gene cluster and may be cotranscribed with other fla genes 
(20). The genome of M. jannaschii (36) codes for a paralog of FlaK, MJ1282.1, which is 
located elsewhere in the genome. The gene seems to be part of an operon that also 
codes for two homologs of bacterial type II secretion proteins. Although MJ1282.1 
might represent a pseudogene without a function to the cell, it is also possible that it is 
involved in the processing of other proteins synthesized with a type IV prepilin-like 
signal sequence. So far the only candidate is the S-layer protein of M. jannaschii (12), 
but experimental evidence is required to confirm this hypothesis. 

Although the primary sequence conservation between archaeal and bacterial type 
IV prepilin-like signal peptidases is very low, an evolutionary relationship between 
these proteins is evident and therefore the catalytic mechanism of signal peptide 
cleavage reaction may be identical for these enzymes. In the past, cysteines in PilD 
have been implicated in catalysis (196) although XpsO from Xanthomonas campestis 
can functionally replace PilD despite the fact that it does not contain cysteine residues 
(81). Also, a recent study on TcpJ of V. cholerae suggests that in fact two aspartate 
residues are essential for processing (115). Unlike the cysteine, the two aspartate 
residues are highly conserved in all described bacterial type IV prepilin-like signal 
peptidases. An alignment of the archaeal enzymes reveals the presence of three 
conserved aspartate residues (Figure 2). Future studies should be directed at the 
identification of the catalytic residues by site-directed mutagenesis. 

Acknowledgments 

This work was supported by a VENI-grant (project code 863.02.001) of the 
Netherlands Organisation for Scientific Research (NWO) to S.-V. A. We thank Dr. 
Michael Galperin for suggesting the use of the COG database for identification of the S. 

solfataricus type IV prepilin-like signal peptidase.  



PibD active site residues and topology 

 37 

CHAPTER 3 

 

ACTIVE SITE RESIDUES IN THE TYPE IV PREPILIN 

PEPTIDASE HOMOLOGUE PIBD FROM THE ARCHAEON 

SULFOLOBUS SOLFATARICUS 

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

J. Bacteriol. (2006) 188, 1437-1443 

Abstract 

Archaeal preflagellin peptidases and bacterial type IV prepilin peptidases belong 

to a family of aspartic acid proteases that cleave the leader peptides of precursor 

proteins with type IV prepilin signal sequences. The substrate repertoire of PibD from 

the crenarchaeon Sulfolobus solfataricus is unusually diverse. In addition to flagellin, 

PibD cleaves three sugar-binding proteins unique to this species and a number of 

proteins with unknown function. Here we demonstrate that PibD contains two aspartic 

acid residues that are essential for cleavage activity. An additional pair of aspartic acids 

in a large cytoplasmic loop is also important for function and is possibly involved in 

leader peptide recognition. Combining the results of transmembrane segment 

predictions and cysteine-labeling experiments, we suggest a membrane topology 

model for PibD with the active-site aspartic acid residues exposed to the cytosol. 



Chapter 3 

38 

Introduction 

Type IV prepilin peptidases (TFPPs) are prokaryotic signal peptidases that are 
required for the correct secretion of affiliated substrates, which are termed type IV 
prepilins and type IV prepilin-like proteins (200). Several TFPPs from gram-negative 
and gram-positive bacteria have been previously characterized, and recently, archaeal 
homologues have also been described (13,20). All TFPPs have in common that they 
recognize an unusual membrane-targeting sequence termed the type IV pilin signal 
peptide. It is located at the amino terminus of a precursor protein and consists of a 
short positively charged leader followed by a hydrophobic stretch of about 20 amino 
acids, with a conserved cleavage site located between these two domains. The extreme 
N terminus of membrane-inserted prepilins has been shown to face the cytoplasm 
(59,197). Accordingly, the active site of the processing enzyme is expected to be on 
the cytoplasmic side of the membrane. After cleavage by the TFPP, the hydrophobic 
domain remains part of the mature protein. Additionally, most bacterial TFPPs transfer 
a methyl group to the new amino terminus, whereas the archaeal enzymes seem to 
possess only cleavage activity (4, unpublished results). Indeed, the peptidase and 
methyl transferase activities of PilD from Pseudomonas aeruginosa are separable, 
which suggests that independent active sites (164,196,200). Processed (i.e., cleaved 
and methylated) type IV pilins are assembled into the type IV pilus, a long, retractable 
surface organelle involved in diverse processes such as surface attachment, twitching 
motility, and DNA uptake (67,105,131). Additionally, type IV pilin-like proteins play an 
important role in the general (type II) secretion pathway of gram-negative bacteria by 
forming subunits of the type II pseudopilus (60,61,229). In archaea type IV pilin-like 
signal peptides were first identified in flagellins, the structural subunits of flagellar 
filament (65,213). The hyperthermophilic acidophile Sulfolobus solfataricus however 
was shown to secrete a more diverse set of proteins with type IV pilin-like signal 
sequences (7,13), including flagellin. In this organism, a cleaved type IV prepilin-like 
signal peptide was identified in three membrane-associated sugar-binding proteins 
which mediate solute uptake by ABC transporters (8,63). Further analysis of the 
genome revealed that 12 additional proteins could be equipped with this signal peptide, 
including 4 putative solute-binding proteins and small proteins of unknown function 
(7,13).  

Recently, we identified PibD, the S. solfataricus enzyme responsible for cleavage 
of flagellin (FlaB) and glucose binding protein (GlcS) precursors (preFlaB and preGlcS, 
respectively) (13). PibD was discovered on the basis of a phylogenetic relationship with 
bacterial TFPPs described in the COG database (209). This relationship could not be 
detected by BLAST searches. Indeed, a multiple linear alignment of whole sequences 
shows no significant homology between bacterial TFPPs and their archaeal 
counterparts. Therefore, it is important to determine whether the enzymes from these 
two prokaryotic domains have similar catalytic mechanisms, which would support the 
suggested evolutionary relationship. The proteolytic mechanism of TFPPs from 
Pseudomonas aeruginosa and Vibrio cholerae has been studied by the use of site-
directed mutagenesis of conserved residues in the corresponding enzymes. For PilD 
from P. aeruginosa, cysteine residues were shown to be important for the processing of 
prepilin (196). However, the related enzyme from Xanthomonas campestris, which 



PibD active site residues and topology 

 39 

does not contain cysteine residues, could complement a P. aeruginosa pilD mutant (81) 
suggesting that amino acids other than cysteine could be required for the cleavage 
reaction. Indeed, when either of two universally conserved aspartic acid residues was 
altered in the TFPP homologue TcpJ from V. cholerae, the enzyme showed no activity in 

vivo or in vitro (115). The same report shows that the domain containing the 
conserved cysteines is not required for cleavage activity. It is thus evident that TFPPs 
are aspartic acid proteases and, because the catalytic residues are conserved among 
bacteria, they should also be present in archaeal enzymes, provided that the 
evolutionary connection is true. Recently, the preflagellin peptidase FlaK from 
Methanococcus voltae was shown to contain two aspartic acid residues required for in 

vitro activity, and these residues could correspond to those identified in TcpJ (21). As 
these residues are found in the amino-terminal half of the protein, no function could be 
assigned to the carboxyl-terminal portion of the protein, which includes a large 
cytoplasmic loop. 

Here we present further evidence for the relatedness of archaeal TFPPs, 
exemplified by PibD from S. solfataricus, and bacterial enzymes. By mutational analysis 
two conserved aspartic acid residues are identified as essential for activity. 
Additionally, a pair of aspartic acid residues in the large cytoplasmic loop of the 
enzyme is shown to be important for enzyme function. Finally, we suggest a membrane 
topology model for PibD based on cysteine accessibility studies. 

Materials and Methods 

Strains, growth conditions and plasmids. Escherichia coli strain DH5α was used for all 

cloning steps (72), and strains BL21(DE3) (202) and C43 (DE3) (135) were used for the 

overproduction of protein. The two latter strains additionally carry the pACYC-RIL plasmid, which 

encodes additional tRNAs to compensate for rare E. coli codons (Stratagene, La Jolla, Calif.). 

Plasmid pZA1 encodes the FlaB precursor protein, and pZA5 contains pibD, both are under the 

control of the T7 promoter and contain a carboxyl-terminal six-histidine tag. pBAD/HisA is a low-

copy-number arabinose-inducible expression vector (Invitrogen, Breda, The Netherlands). A FlaB 

precursor with a carboxyl-terminal hemagglutinin (HA) tag was constructed by PCR with primers 5′-

CCCCCCATGGTAAAGGAATACAAC-3′ and 5′-

AAGCTTTTACGCGTAGTCCGGAACGTCATACGGGTAGGATCCCCCTATTACTGATAC-3′ (NcoI, BamHI, 

and HindIII restriction sites are underlined, and the coding region for the HA tag is in bold) and 

with pZA1 as the template. The 944 bp PCR product was digested with NcoI and HindIII and ligated 

into the compatible sites of pBAD/HisA, yielding pZA8. Point mutations in the pibD gene on pZA5 

were introduced using QuikChange (Stratagene, La Jolla, CA), and primers were designed as 

recommended by the manufacturer. To produce single-cysteine mutants of PibD, the native 

cysteine at position 41 was first altered to a serine. Then, single cysteines were introduced at 

positions Glu28, Asn50, Thr63, Ser74, and Ile236. All mutants were verified by sequencing of the 

relevant DNA fragments.  

Growth conditions for overproduction of six-histidine-tagged PibD and FlaB proteins were as 

described previously (13). To produce FlaB carrying a carboxyl-terminal HA tag, pZA8 was 

transformed into E. coli strain C43(DE3)-pACYC-RIL, and cells were grown for 16 h in LB medium 

supplemented with 50 µg/ml ampicillin at 30°C. This was used to inoculate a culture into dYT 

medium (1% yeast extract, 1.6% Bacto tryptone, 0.5% NaCl) supplemented with ampicillin and 30 

µg/ml chloramphenicol. Cells were grown at 37°C to an optical density at 600 nm of 0.6. Protein 

production was induced with 0.2 % L-arabinose, and cells were grown for a further 4 h. 

Preparation of membrane vesicles and in vitro cleavage assay. Preparation of E. coli 

inner membrane vesicles was done as described previously (13). Everted membrane vesicles were 

prepared by use of French press. Cells from a 1-liter culture were harvested (8 min, 10,500 x g, 
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4°C) and resuspended in 10 ml buffer A (50 mM Tris-HCl pH 7.5, 10 mM MgSO4, 20% [wt/vol] 

sucrose). After the addition of 0.1 mM phenylmethylsulfonyl fluoride and 0.1 mg/ml DNase I, the 

cells were passed once through a continuous cell disruptor (Constant Systems, Daventry, United 

Kingdom) at 20,000 lb/in2. Subsequently, the disruption chamber was flushed with 35 ml buffer A, 

which was then pooled with the disrupted cell material. Unbroken cells and cell debris were 

removed by low-speed centrifugation (10 min, 10,000 x g, 4°C) and the supernatant was spun in a 

Ti45 rotor for 90 min at 125,000 x g and 4°C. The crude membrane pellet was resuspended at a 

protein concentration of about 20 mg/ml in 50 mM Tris-HCl, pH 7.5, containing 20% (wt/vol) 

glycerol. The protein concentrations of the membrane preparations were determined using a DC 

protein assay kit (Bio-Rad, Hercules, CA) with bovine serum albumin as a standard. Activity of wild-

type and mutant variants of PibD was tested using an in vitro cleavage assay as described 

previously (13). Because expression levels of PibD were too low to be directly visualized by Western 

immunoblotting, an enrichment step was introduced. Membranes in amounts corresponding to two 

times the amount used in each cleavage reaction were solubilized by the addition of 1% (vol/vol) 

Triton X-100 in a total volume of 0.5 ml. The mixture was incubated for 1 h at 37°C and centrifuged 

in a TLA100.2 rotor for 20 min at 220,000 x g and 4°C. Under these conditions, PibD was found 

exclusively in the pellet fraction (not shown). The pellet was resuspended in 40 µl sodium dodecyl 

sulfate (SDS) sample buffer, and proteins were separated on a 12% SDS-polyacrylamide gel 

electrophoresis (PAGE) gel according to the method of Laemmli (114)and blotted onto a 

polyvinylidene difluoride membrane (Roche, Mannheim, Germany). The C-terminal six-histidine tag 

on PibD was detected using an anti-His tag antibody (Dianova, Hamburg, Germany). 

Sulfhydryl labeling with maleimides and protein purification. 4-Acetamido-4'-

maleimidylstilbene-2,2'-disulfonic acid (AMS; Molecular Probes, Eugene, OR) was freshly prepared 

as a 100 mM stock solution and added to a final concentration of 0.2 mM to 3 mg of everted 

membranes containing the cysteineless or single-cysteine mutants of PibD in a total volume of 1 ml 

buffer (50 mM Tris-HCl, pH 7.5). Membranes were incubated for 5 min at 30°C, and the reaction 

was stopped by the addition of 2 mM dithiothreitol (DTT), diluted to 3 ml with 50 mM Tris-HCl, pH 

7.5, and followed by ultracentrifugation (TLA100.4 rotor, 20 min, 288,000 x g, 4°C). The pellet was 

resuspended at a protein concentration of 1.5 mg/ml in 50 mM sodium phosphate, pH 8.0, 150 mM 

NaCl, 10% (wt/vol) glycerol, and the nonionic detergent dodecylmaltoside (DDM) (Anatrace, 

Maumee, OH) at 1% (wt/vol). Membranes were solubilized for 15 min at ambient temperature, 

whereupon the solubilized material was cleared by ultracentrifugation (MLA 80 rotor; 15 min, 

20,500 x g, 4°C). The supernatant was mixed with 10 mM imidazole, pH 8.0, and 40 µl HIS-select 

nickel affinity agarose resin (Sigma) equilibrated with wash buffer (50 mM sodium phosphate, pH 

8.0, 150 mM NaCl, 10% glycerol, 20 mM imidazole, 0.1% DDM). The mixture was incubated 16 h at 

4°C with gentle shaking. Next, the resin was collected by centrifugation and washed twice with 1 ml 

wash buffer. Washed resin was incubated 5 min with 35 µl elution buffer (50 mM sodium 

phosphate, pH 8.0, 150 mM NaCl, 10% glycerol, 100 mM Na2-EDTA, 0.1% DDM) under gentle 

shaking and collected by centrifugation. Eluted protein was labeled with fluorescein maleimide 

(Molecular Probes, Leiden, The Netherlands) as follows. A fresh stock solution was prepared by 

diluting 50 mM fluorescein maleimide dissolved in dimethyl formamide 10-fold with deionized 

water. Fluorescein maleimide was added to elution fractions at a final concentration of 0.1 mM. 

Samples were incubated 5 min at 30°C in the dark, and the reaction was quenched by the addition 

of 1 mM DTT. For analysis, purified and labeled samples were mixed with SDS sample buffer and 

separated on a 12% SDS-PAGE gel. Fluorescent bands were detected using an F1 Lumi-Imager 

(Roche Diagnostics, Almere, Netherlands) with a 520 nm fluorescence filter. Subsequently, the 

same gel was fixed and stained with Coomassie brilliant blue R-250 (CBB), destained, and recorded 

with an F1 Lumi-Imager in the transillumination mode. Densitometric analysis was carried out using 

the public-domain software ImageJ (developed by W.S. Rasband, U.S. National Institutes of Health, 

Bethesda, MD). Pixel densities of each fluorescent band were measured and corrected for 

background signal by use of an area of identical size in the same lane that did not contain protein. 

Bands in the CBB-stained gel were quantified in the same way. Then, the labeling efficiency ratio 

(expressed as a ratio of fluorescent band signal and CBB band signal) of AMS-treated versus mock-

treated samples was calculated. 
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Predictions of TMS. The PibD primary sequence was submitted to the World Wide Web 

versions of the PsiPred/MEMSAT2 (91,92,132), HMMTOP (218,219), TMHMM2.0 (194) (111), and 

Phobius (95) programs; default settings were used. In the case of Phobius, predictions were also 

run in the constrained mode with the amino-terminal noncytoplasmic loop setting. However, this 

did not change the number of transmembrane segments (TMS) predicted by the program. 

Results 

Chemical inactivation of PibD. To establish whether aspartic acids are involved 
in the reaction catalyzed by the type IV pilin-like signal peptidase PibD, the inhibitor 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDAC) in the presence of 
glycinamide was tested. EDAC is known to modify acidic amino acid residues (i.e., 
aspartic acid and glutamic acid) and has been used previously to inhibit aspartic acid 
proteases (78,233) including TcpJ. E. coli inner membranes containing expressed PibD 
were treated with EDAC-glycinamide and subsequently tested for in vitro cleavage of 
precursors of flagellin (FlaB) and glucose-binding protein (GlcS) (pre-FlaB and pre-GlcS, 
respectively) (Figure 1). Treatment with the inhibitor completely abolished the 
cleavage of both precursors, whereas mock-treated membranes retained activity. FlaB 
was cleaved more efficiently than GlcS, consistent with our previous observations (13). 
Treatment of the membranes with phenylmethylsulfonyl fluoride, an inhibitor of serine 
proteinases, or with EDTA, an inhibitor of metal proteases, had no effect on the PibD 
activity (data not shown). These data therefore show that acidic residues, presumably 
aspartate residues, are essential for its activity. Because cleavage of both tested 
substrates was affected, in the studies described below, only the cleavage of the 
flagellin precursor is shown.  

 

Figure 1. Chemical inhibition of PibD activity. E. coli membranes with expressed PibD were incubated 

with EDAC and glycinamide (E) or mock treated (M) and subsequently tested for cleavage of the glucose-

binding protein (lanes 1, 3, 5, and 6) or flagellin (lanes 2, 4, 7, and 8) precursors as indicated. In lanes 1 

to 4, controls for uncleaved and cleaved substrates are shown. 
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Identification of catalytic residues in PibD by site-directed mutagenesis. 
To determine which residues are essential for catalysis, each of the nine aspartate 
residues was changed to alanine by site-directed mutagenesis. The adjacent residues 
D187 and D188 were replaced simultaneously. Mutant proteins were expressed in E. 

coli, and membranes containing the enzymes were tested for cleavage of preFlaB in 

vitro (Figure 2) (13). Expression of the D207A mutant could not be detected by 
Western immunoblot analysis with antibodies directed against the carboxyl-terminal 
epitope tag of PibD (data not shown). However, a mutant with an asparagine (D207N) 
at this position was stable upon expression in E. coli. The amounts of PibD protein 
present in the membrane preparations were estimated by Western immunoblot 
analysis. Based on this estimation, comparable amounts of enzyme source were used 
in all experiments. The activity levels of five single mutants (D30A, D157A, D173A, 
D180A, D207N) were comparable to that of the wild-type enzyme (Figure 2A). 
However, no cleavage of preflagellin was observed in D23A, D80A, and D187A/D188A 
mutants. Therefore, these amino acids represent potential candidates for catalytic 
residues of the enzyme. The aspartate residues at positions 23 and 80 are part of 
putative signature motifs that are also found around catalytic residues of other TFPPs 
and intramembrane aspartic acid proteases (115,195,239). Asp23 is embedded 
between hydrophobic residues, and Asp80 is preceded by an alanine and two glycines. 
This resembles the characteristic GxGD motif found in TFPPs and in presenilin aspartic 
proteases (195). An aspartate-to-glutamate mutation in catalytic sites of aspartic 
peptidases might restore enzyme activity. However, a D23E mutant of PibD was also 
inactive, whereas a D80E mutant retained partial activity (Figure 2B). In order to 
dissect the defect of the D187A/D188A mutant, the respective single mutants were 
generated. PibD containing the D187A or D188A mutation was active, although there 
was an apparent reduction in activity in the D187A mutant (Figure 2C). In conclusion, 
the data suggest that Asp23 and Asp80 are the catalytic residues in PibD. 

 

Figure 2. In vitro activity of 

PibD wild type (wt) and 

mutant proteins. Western 

immunoblot analysis of preFlaB 

cleavage by PibD wild-type and 

mutant proteins (upper panels). 

Amounts of PibD in membranes 

corresponding to those used in 

the assays were detected with 

six-His antibodies (lower 

panels). The asterisks mark a 

FlaB degradation product 

observed in some membrane 

preparations (13). (A) 

Aspartate-to-alanine mutants of 

PibD were tested for cleavage of 

preFlaB. (B) Activity of 

aspartate-to-glutamate mutants 

of catalytic residues. (C) Activity 

of single-alanine mutants of the 

pair of aspartates at positions 

Asp187 and Asp188. 



PibD active site residues and topology 

 43 

Membrane topology analysis of PibD. Previously, a topology model of PibD 
was suggested based on the prediction by TMHMM 2.0 (13,194). In this model, the 
amino terminus is cytoplasmic and followed by five transmembrane segments and an 
extracellular carboxyl terminus (Figure 3A). However, in this case the two catalytic 
residues are predicted to be located in an extracellular loop and a transmembrane 
segment, respectively. Since cleavage by TFPPs is expected to occur at the cytoplasmic 
face of the membrane (58), the membrane topology of PibD was investigated. We first 
compared transmembrane topology predictions for PibD obtained from World Wide 
Web-based versions of commonly used algorithms (see Materials and Methods). All 
programs predict the carboxyl terminus to be extracellular and also predict a large 
cytoplasmic loop between the last two transmembrane helices. However, the amino 
terminus is predicted by different programs to be either intra- or extracellular, leading 
to a model with either five or six transmembrane segments, respectively. The two 
representative models are shown in Figure 3A.  

 

 

Figure 3. Membrane topology models of PibD and accessibility of single-cysteine mutants to AMS 

and fluorescein maleimide in everted membrane vesicles. (A) Representative membrane topology 

models predicted with TMHMM2.0 (left) and Phobius (right). Critical aspartic acid residues are highlighted 

as black circles, and positively charged residues (lysine and arginine) are marked with plus signs. Amino 

acid positions that were altered to cysteine are Glu28 (circled 1), Asn50 (circled 2), Thr63 (circled 3), 

Ser74 (circled 4), and Ile236 (circled 5). (B) Fluorescence labeling of PibD single-cysteine mutants. Everted 

E. coli vesicles without or with preincubation with AMS were solubilized, and protein was purified by 

immobilized metal affinity chromatography. Eluted protein was labeled with fluorescein maleimide and 

separated by SDS-PAGE. Fluorescent bands were visualized using an F1 Lumi-Imager (upper panel). 

Subsequently, the same gel was stained with Coomassie brilliant blue (lower panel). Numbers above lanes 

correspond to those used in panel A. Residual fluorescence of bands is expressed for each mutant as a ratio 

of AMS prelabeled samples to mock-treated samples after correction for protein loading and the 

background signal of the cysteineless mutant. 
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To assign a correct model, we experimentally investigated the topology of PibD 
expressed in E. coli by cysteine accessibility studies. A cysteineless mutant was 
generated and used to construct single-cysteine mutants in the predicted loops. We 
focused on regions close to the catalytic aspartates. Both the cysteineless and single-
cysteine mutants were active in vitro (not shown). To determine whether a particular 
cysteine residue is cytoplasmic, everted membrane vesicles were treated with 4-
acetamido-4'-maleimidylstilbene-2,2'-disulfonic acid (AMS), a nonfluorescent, 
membrane-impermeable, thiol-reactive probe. Residues exposed to the cytoplasmic 
side of the membrane are modified under these conditions. Control membranes 
received deionized water instead of AMS. Subsequently, the reactions were quenched 
by addition of DTT, membranes were solubilized with detergent, and the His-tagged 
PibD proteins were enriched by immobilized metal affinity chromatography. Eluted 
proteins were labeled with fluorescein maleimide and separated by SDS-PAGE, and 
fluorescence intensities of prelabeled samples and mock-treated samples were 
compared. A strong decrease in fluorescence signal was observed for the E28C mutant 
by AMS treatment (Figure 3B), suggesting that this position is cytoplasmic, as 
predicted by the six-transmembrane model. According to a model with five TMS, this 
residue should be located on the extracellular side of the membrane and therefore be 
protected. Similarly, the S74C mutant showed some reduction of fluorescence in AMS-
treated membranes. For the N50C and I236C mutants, little decrease of fluorescence 
intensity was seen, consistent with these residues being inaccessible from the 
cytoplasmic side of the membrane. In the case of the T63C mutant, the labeling of the 
cysteine by fluorescein maleimide was very poor, even without pretreatment of the 
sample with AMS. This indicates that the residue is buried in the protein structure, 
possibly within a helical transmembrane segment. Moreover, AMS treatment of 
membranes containing this mutant had a minor effect on subsequent fluorescein 
maleimide labeling. Quantification of fluorescent band intensities further supports the 
observation that residues Glu28 and, most likely, Ser74 are exposed to the cytoplasmic 
side of the membrane (Figure 3B). In conclusion, our data support a six-
transmembrane model for PibD, with extracellular amino and carboxyl termini and the 
two catalytic residues located in or close to intracellular loops between TMS 1 and 2 
and TMS 3 and 4, similar to the second model presented in Figure 3A. This model also 
fits better with the distribution of positively charged residues in the protein (Figure 3A). 
Taken together, these results indicate that PibD is an aspartyl protease with an unusual 
topology consisting of extracellular amino and carboxyl termini and six transmembrane 

segments. 

Discussion 

The family of type IV prepilin peptidases is divided into two subfamilies of 
bacterial and archaeal enzymes (MEROPS database identifiers A24A and A24B, 
respectively) (177). The archaeal subfamily has been named preflagellin peptidases 
because the flagellin subunits were presumed to be the only substrate of the archaeal 
enzymes. However, PibD from S. solfataricus is involved not only in preflagellin 
processing but also in the processing of a set of binding proteins with prepilin-like 
signal sequences and of small pilin-like proteins (6,7). By screening archaeal genomes 
for putative type IV pilin-like signal sequences, we found that this type of secretory 
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sequence is in fact more widely used by archaea than previously assumed (Chapter 5). 
In the present work, we demonstrate that PibD is an aspartic acid protease, as 
suggested by the inactivation of the enzyme by EDAC and glycinamide, a procedure 
previously reported to inhibit bacterial TFPPs (115). Site-directed mutagenesis of the 
nine aspartic acid residues showed that Asp23 and Asp80 are essential for cleavage. 
The aspartate-to-alanine mutants were inactive, whereas a glutamate substitution at 
position 80 resulted in an enzyme with partial activity. The D23E mutant, however, did 
not cleave preflagellin. In aspartate-to-glutamate mutations, amino acid side chain 
length increases but the negative charge is conserved. It can be concluded that 
structural constraints are less tolerated at position Asp23 than at position Asp80. 
Interestingly, similar mutations in TcpJ led to opposite results: a glutamate mutation at 
the position corresponding to Asp23 in PibD was tolerated better than a mutation 

corresponding to D80E (115). For TcpJ, it was concluded that the first catalytic amino 
acid might coordinate a water molecule necessary for hydrolysis and therefore be 
structurally more flexible. The second would then directly participate in chemical 
reduction of the peptide bond. However, taking our results into consideration, no 
common theme concerning the local structural environments of the two catalytic 
residues can be deduced and therefore it is difficult to access their specific function 
during catalysis.  

Site-directed mutagenesis of aspartate residues in PibD also identified a pair of 
amino acids, Asp187/Asp188, that appeared essential for enzyme function. A double-
alanine mutant was inactive, whereas single mutations did not critically affect activity. 
These residues localize within the large cytoplasmic domain that is typically found in 
the archaeal PibD homologs. Together with the distal transmembrane segment, this 
domain defines a unique protein family “Archaeal Peptidase A24 C terminus Type II” 
(Pfam accession number, PF06847) (25), which was based on an alignment of 10 
archaeal sequences, including those of PibD and M. voltae FlaK. Although no absolutely 
conserved residues can be found in the cytoplasmic domain, it is conspicuous that they 
all contain small clusters of from two to four successive and negatively charged 
residues (aspartate and/or glutamate). M. voltae FlaK also contains a double aspartate 
at position 185 and 186 which could correspond to Asp187 and 188 in PibD. A D186A 
mutant was reported to be active in vitro (21) but the role of Asp185 was not 
investigated. It is therefore not clear whether these aspartate residues are functionally 
equivalent to those in PibD. Nevertheless, one may speculate that clusters of acidic 
residues in the cytoplasmic loop play an important role in archaeal TFPP homologs. 
They might fulfill a structural function by participating in intramolecular salt bridges. 
Alternatively, these residues could be essential for recognition of the positively charged 
leader sequence of the substrate protein. An involvement of negatively charged 
residues of a protease in recognition of positively charged amino acids in the substrate 
was reported for the yeast (Saccharomyces cerevisiae) mitochondrial processing 
peptidase (MPP). MPP is a heterodimeric metalloprotease that shows a functional 
similarity to TFPPs, as it cleaves a positively charged leader peptide of precursor 
proteins imported into mitochondria (for a review see reference (85)). Biochemical and 
structural studies of MPP revealed that negatively charged residues in the substrate-
binding pocket of the enzyme might form stabilizing electrostatic interactions with the 
substrate (104,193,211). If such electrostatic interactions are also required for the 
interaction of PibD with its substrates, then Asp187 and 188 are likely to play a role.  
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Cleavage of substrate proteins by prepilin/preflagellin peptidases is expected to 
occur at the cytoplasmic side of the membrane (58). To define the topology of PibD, 
we employed cysteine accessibility studies with everted membrane vesicles containing 
single-cysteine mutants. Two positions (Glu28 and Ser74) were found to be exposed to 
the cytoplasmic side of the membrane. Two mutants (N50C and I236C) were not 
accessible to AMS, and therefore it can be concluded that these residues are 
extracellular or within a transmembrane segment. One mutant (T63C) was inefficiently 
labeled by fluorescein maleimide in the solubilized state of the protein, even without 
pretreatment with AMS. This residue is likely to be buried within the protein structure, 
which prevents access of the bulky sulfhydryl-modifying reagents. In none of the 
mutants could fluorescein maleimide labeling be completely blocked by pretreatment 
with AMS. This can be explained by the fact that pibD is expressed very poorly in E. 

coli, a fact which is also reflected by the low protein yield (Figure 3). Therefore, PibD 
represents only a minor fraction of the total membrane protein, which in turn leads to 
very high background labeling of endogenous cysteine containing proteins. This might 
be compensated for by increasing the concentration of AMS or extending labeling times 
beyond those used in previously published work. Attempts to modify the labeling 
protocol in this way, however, led to the modification of all cysteine mutations, 
suggesting that the probe leaked through the membrane (not shown). In conjunction 
with the positive-inside rule for membrane proteins (231), our results are consistent 
with a model of six transmembrane segments and extracellular amino and carboxyl 
termini. Membrane topology data based on reporter gene fusions are available for 
three bacterial TFPPs, P. aeruginosa, OutO from Erwinia carotovora, and PilU encoded 
by plasmid R64 (1,120,179,196). OutO contains eight TMS, and PilU, which belongs to 
a distinct group of smaller prepilin peptidases, contains six TMS. Interestingly, in all 
cases the amino and carboxyl terminal ends of the proteins were shown to be exposed 
to the periplasmic side of the membrane. This feature therefore seems to be conserved 
among the TFPP homologues from eubacteria and archaea.  

It is now evident that bacterial type IV prepilin peptidases and archaeal 
preflagellin/prepilin-like peptidases are functionally homologous and that they work by 
the same catalytic mechanism (13,21,115). An important question that remains is how 
these enzymes interact with, and recognize, the substrate proteins. To answer this 
question, further biochemical studies are necessary; more importantly, it would be 
desirable to obtain structural information. Hyperthermophilic proteins are generally 
more robust and are therefore attractive targets for crystallization studies (178). The 
major challenge in this respect is to produce sufficient amounts of protein, which is not 
a trivial task for membrane proteins. Because expression of PibD in E. coli is relatively 
low, we have recently developed new tools for homologous protein expression in S. 

solfataricus (9). This method results in the overexpression of various S. solfataricus 
proteins in their native state and it will be of interest to use homologous expression to 
isolate PibD from the native host. 
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Abstract 

Archaeal flagella are, like those of bacteria, surface appendages required for 

swimming motility. However, the mode of secretion and assembly of archaeal flagella 

is more similar to that of bacterial type IV pili. The structural subunits, flagellins and 

pilins, contain a characteristic type IV pilin-like (class III) signal sequence, and several 

components of the secretion/assembly apparatus of these two systems are related. 

Here we have investigated flagellation and motility in the hyperthermoacidophilic 

crenarchaeon Sulfolobus solfataricus. Unlike other archaea, the flagellum of Sulfolobus 
ssp. consists of only a single structural protein FlaB. The flaB gene was found to be 

strongly induced at nutrient-limiting conditions. The flaJ accessory gene was 

inactivated by targeted gene disruption and the resulting mutant lacked flagella on the 

cell surface and was found non-motile. Finally, processing of electron microscopy 

images of isolated flagella reveals its architecture as a right-handed 3-start helix with a 

54 Å pitch.  
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Introduction 

The ability of organisms to actively change location can greatly increase their 
chances of survival in an ever-changing environment. Bacteria achieve this by 
numerous ways, of which the best studied examples are twitching motility mediated by 
retractable type IV pili, and swimming motility driven by rotating flagella (23). In the 
Archaea, the second domain of prokaryotic life, an intriguing merger of the two 
bacterial systems is observed. Archaea are a diverse group of organisms often found in 
extreme environments with high temperatures, high salinity, or high or low pH. Many 
archaea possess flagella that serve swimming motility. However, the structural 
subunits (flagellins) are assembled by a mechanism that resembles the biogenesis of 
the type IV pilus. Bacterial flagella are hollow tubes assembled by a highly complex 
type III secretion machinery (125). These structures are assembled at the tip which 
requires the transport of the flagellar subunits from the base to the tip through the 
hollow tube. Archaeal homologs of this system have not been identified. Instead, 
homologs of type IV pilus biogenesis proteins can be found in archaeal genomes and 
archaeal flagellins. Such structures typically assemble at the base. The archaeal 
flagellins contain a highly conserved N-terminal type IV pilin-like signal sequence. Type 
IV pilin-like signal sequences resemble secretory signal peptides as they contain a 
short positively charged leader peptide followed by a hydrophobic (H-) domain of about 
20 amino acids. After insertion into the membrane, however, only the short N-terminal 
leader peptide is cleaved off at the cytosolic face of the membrane by a dedicated 
signal peptidase. The mature protein still contains the hydrophobic part (13,20,205) 
and this domain plays a crucial role in the subsequent assembly of pilin or flagellin 
subunits at the base of the growing filament (44). Three components of archaeal 
flagellar biogenesis are related to proteins involved in type IV pilus biogenesis: the 
preflagellin peptidase [FlaK in Methanococcus maripaludis (20) and PibD in Sulfolobus 

solfataricus (13)], the type II/IV secretion system ATPase homolog FlaI, and the 
polytopic membrane protein FlaJ. FlaJ contains a conserved GspII_F PFAM-domain (26) 
and bacterial proteins bearing this domain are thought to serve as an assembly 
platform for type IV (pseudo)pili. These accessory genes have been shown to be 
required for flagellum biogenesis in Methanococcus voltae (21,216). Additionally, a 
Halobacterium salinarum flaI mutant lacked flagella and was deficient in motility on 
semi-solid agar plates (162). In analogy with the type IV pilus/type II secretion 
systems, FlaI and FlaJ are assumed to constitute the core of the machinery that 
assembles flagella (14,163).  

Structural studies on the flagellar filament from H. salinarum provided additional 
evidence for the relatedness of archaeal flagella and type IV pili. Both are thin helical 
filaments (6-9 nm and approximately 10 nm in diameter, respectively) with a central 
hydrophobic core which is most likely comprised by the conserved N-terminal α-helix 
that includes the H-domain of the signal sequence (41,44,217). Swimming motility has 
so far been demonstrated for several euryarchaea and the crenarchaeon Sulfolobus 

acidocaldarius, and for H. salinarum and Methanococcus voltae it was shown to be 
dependent on the flagellar filaments comprised of the structural FlaB proteins 
(2,31,88,117,129,203).  
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So far, flagellation has been studied in molecular detail in model organisms 
belonging to the Euryarchaeota. However, little is known about flagellar structure and 
motility in the Crenarchaea, the second main archaeal phylum (64,70,117). This report 
describes studies on the flagellar system of the thermoacidophilic crenarchaeon 
Sulfolobus solfataricus. Strong transcriptional induction of the structural flaB gene was 
observed under certain growth conditions. A mutant deficient in the flagellar accessory 
gene flaJ lacked flagella and was non-motile. Furthermore, we present a structural 
model for the flagellar filament based on single particle electron microscopy and 
suggest that the C-terminal part of flagellin may contribute to the oligomerization of 
the flagellar protein.  

Materials and Methods 

Strains and growth conditions. Escherichia coli DH5α was used for all cloning steps. For 

the production of protein, an E. coli strain C43(DE3)/pACYC-RIL ((135) and Stratagene) was 

employed. Sulfolobus solfataricus P2 (obtained from the Deutsche Sammlung von Mikroorganismen 

und Zellkultur GmbH in Braunschweig, Germany) and S. solfataricus PBL2025 (187) and the 

flaJ::lacS disruption strain were grown aerobically at 80°C and pH 3 in Brock’s basal salts medium 

(minimal medium, MM) (35). This medium was supplemented with either 0.2% trypton (Difco), 

0.1% yeast extract and 0.2% sucrose (referred to as “rich medium” in the text), or 0.2% of sugar 

(glucose or arabinose).  

Due to the unusual growth requirements of Sulfolobus species (80°C and pH 3), special care 

must be taken when growing these strains on solid media. Traditionally, gelrite at a concentration 

of 0.6% (w/v) is used in combination with Ca2+ and Mg2+ salts as a solidifying agent rather than 

agar (189). A range of gelrite concentrations was tested to obtain a semi-solid medium, and the 

optimal concentration was determined to be 0.1%. 

To prepare semi-solid medium, 0.2% gelrite (Serva, Heidelberg, Germany), dissolved by 

stirring in boiling demineralized water, was added to an equal volume of 2 x concentrated Brock’s 

minimal medium containing 0.02% glucose, and 20 mM magnesium chloride and 6 mM calcium 

chloride to solidify the medium. The pH of the medium was adjusted to 3. To inoculate the plates, 

cells grown on Brock’s medium supplemented with 0.1% glucose were pelleted (10 min, 3500 x g, 

21°C) and resuspended in 0.1 volume of culture supernatant. Then, a 10 µl droplet of this 

suspension was applied to the center of the plate and allowed to absorb into the medium. Plates 

were incubated for 5-6 days in a sealed humid chamber at 80°C.  

Plasmids and primers. The plasmids used in this study are listed in Table 1. To obtain 

recombinant cleaved FlaB, a plasmid was constructed that allows for simultaneous expression of 

substrate (flaB) and processing peptidase (pibD) genes in E. coli. A cassette containing a 6xHIS 

tagged pibD under control of the T7 promoter that could be inserted into the unique SphI restriction 

site in pZA8 was constructed. First, pZA5 was cut with SalI and the purified 6732 bp fragment 

religated, to eliminate an SphI restriction site downstream of the pibD coding region. From the 

resulting plasmid a 2503 bp EcoRV fragment was ligated into the unique HindII restriction site of 

pUC18 (146). From this construct a 1538 bp SphI fragment was excised, which contained a T7 

promoter followed by the pibD coding region, a carboxy-terminal 6xHIS tag and a T7 terminator 

sequence. This fragment was inserted into the single SphI restriction site of pZA8, yielding pZA8-

pibD. Truncated versions of flaB were constructed as follows. To obtain a flaB variant lacking the 

coding region of amino acids 1-156, plasmid pZA1 DNA was cut with NcoI and NdeI, filled in with 

Klenow fragment (Roche, Almere, Netherlands) and religated, yielding pMG1. A truncate lacking the 

coding region for amino acids 1-54 was obtained by PCR amplification of a bp fragment using 

primers 5’-CCCCATGGAAGGAGAGGAGACAGCGTAAC-3’ and 5'-

CCGGATCCCCCTATTACTGATACGCTACCC-3’ (NcoI and BamHI restriction sites underlined) and pZA1 

as a template. The PCR product was digested with NcoI and BamHI and ligated into the 

corresponding restriction sites of pSA4, resulting in pMG2. For targeted disruption of the flaJ gene, 
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plasmid pET2275 was generated. A lacS cassette containing the gene with its own promoter and 

terminator region amplified using primers 5’- CCCCCCATGGCTCCTCTTATTATTAGAATTGTACGC-3’ 

and 5’- CCCCCGGATCCCTAGTGTTGCAAGGCAG-3’ (NcoI and BamHI restriction sites underlined) 

with S. solfataricus P2 genomic DNA as a template. was ligated into the pET401 cloning vector 

(K.H.M. van Wely, unpublished results) cut with NcoI and BamHI yielding pET2268 and its 

endogenous EcoRV site was removed by site directed mutagenesis (240). The N-terminal (673 bp) 

and C-terminal (728 bp) coding region of flaJ were amplified by PCR using primers 5’-

CCCCGGTACCGCAAAAAATGAAGTAGACTCC-3’ and 5’-

CCCCCCATGGCGATTCCTAATAGAACTATACCAG-3’ (KpnI and NcoI restriction sites underlined), 5’-

CCCCGGATCCAGGTATAGATTGTATGAAAAT-3’ and 5’- 

CCCCCGCGGCCGCGTAATAAACCCGATGGTGATGC-3’ (BamHI and NotI restriction sites underlined), 

respectively, using S. solfataricus P2 genomic DNA as a template. The cut PCR products were 

inserted into pET2268 using the appropriate restriction enzymes resulting in pET2275. The flaJ 

disruption strain was constructed as described in Worthington et al. (240). 

Table 1. Plasmids used in this study 

Plasmid Description Reference or source 

pBAD/Myc-

His A 

E. coli expression vector, arabinose inducible promoter Invitrogen 

pSA4 E. coli expression vector, pET15b derivative, T7 promoter, C-

terminal 6xHIS tag in frame with a BamHI restriction site 

(13) 

pZA1 pSA4-flaB-6xHIS (13) 

pZA5 pSA4-pibD-6xHIS (13) 

pZA8 pBAD/MycHisA-flaB-HA (205) 

pZA8-pibD pBAD-flaB-HA/T7p-pibD-6xHIS This study 

pMG1 pZA1-flaB[∆1-156]-6xHIS This study 

pMG2 pSA4-flaB[∆1-54]-6xHIS This study 

pET401 pBluescript SK+ derivative, engineered NcoI site K.H. van Wely 

(unpublished), (226) 

pET2268 pET401-lacS cassette This study 

 

Total RNA isolation and Northern analysis. RNA was isolated from S. solfataricus P2 cells 

as described (6). For analysis of flaB gene transcript levels, 5 µg of total RNA was separated on a 

denaturing 1.1% agarose gel and subsequently capillary blotted onto Zeta-probe membranes 

(BioRad). Non-radioactive hybridization and detection was performed as described (108), using a 

flaB specific probe. 

Protein overproduction, cell fractionation, protein enrichment. FlaB precursor was 

expressed as described (13). To obtain cleaved FlaB, cells carrying pZA8-pibD were grown until an 

OD600 of 0.6-0.8 and L-arabinose was added to a concentration of 0.2% to induce FlaB production. 

The culture was shaken for 2 h at 37°C and subsequently pibD expression was induced by the 

addition of 0.1 mM Isopropyl-β-D-thiogalactopyranosid (IPTG) for 2 h. Cells were harvested by 

centrifugation and resuspended in a buffer containing 50 mM Tris/HCl and 10 mM EDTA, pH 7.5. 

Crude membranes from these cells were isolated as described (13). To produce N-terminally 

truncated FlaB versions, pMG1 or pMG2 were transformed into E. coli strain C43(DE3)/pACYC-RIL 

and bacteria were grown until an OD600 of 0.6-0.8. Then, 0.5 mM IPTG was added and the culture 

was incubated for 4 h at 37°C. Cells were then harvested by centrifugation, resuspended in buffer 

containing 50 mM Tris/HCl and 10 mM EDTA, pH 7.5 and lysed by sonication on ice (MSE Soniprep 

150; 8 cycles of 15 sec at an amplitude of 8 µm, with 45 sec pauses). Lysed material was 

centrifuged (10 min, 8,000 x g, 4C). The pellet was washed three times in phosphate buffered 

saline containing 1% (v/v) Triton X-100 to remove cellular material, and resuspended in 50 mM 

sodium phosphate buffer, pH 8.0. This sample was designated insoluble protein fraction. The 

supernatant of the low speed centrifugation was fractionated into membrane and soluble fractions 

by ultracentrifugation at 267,000 x g. The membrane pellet was resuspended in 50 mM sodium 

phosphate buffer, pH 8.0. At each step, pellets were resuspended in volumes identical to the 

supernatant fractions. 
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Isolation of flagella from culture supernatants. To obtain a crude flagellar preparation, 

an S. solfataricus PBL2025 culture was grown in Brock’s minimal medium supplemented with 0.1% 

glucose until stationary phase. Then, cells were removed by centrifugation (30 min, 3,000 x g). The 

supernatant was re-centrifuged to remove residual cells. The resulting culture supernatant was 

pelleted by ultracentrifugation (20 min, 26,000 x g, 4°C). This pellet contained numerous flagella as 

well as cellular debris and was used for initial electron microscopy observations. A final 

centrifugation step (220,000 x g) resulted in a pellet which mainly consisted of flagella, as observed 

by electron microscopy. This material was used for detailed analysis of flagellar ultrastructure.  

Electron microscopy and Single-Particle Analysis. For image processing, a flagellar 

filament suspension was negatively stained with 2% uranyl acetate on glow discharged carbon-

coated copper grids. For determination of the handedness of the helical packing of the filaments, 

metal shadowing was performed on carbon/formvar – coated grids. Unstained flagella were air-

dried and rotary shadowed with platinum. Electron microscopy was performed on a Philips CM120 

electron microscope operating at 120 kV with a LaB6 filament. Images were recorded with a 4000 

SP 4K slow-scan CCD camera at 80,000 x magnification at a pixel size of 3.75 Å at the specimen 

level with “GRACE” software (152). Single particle analysis (62) was performed with the Groningen 

Image Processing (“GRIP”) software package on a PC cluster. Slightly overlapping segments were 

extracted from the micrographs. To correct for the significant in-plane curvature, we first 

rotationally aligned all segments. The best 60% of the rotationally oriented segments, as judged by 

using the correlation coefficient as the quality criterion, were then further processed by full 

alignment procedures. The aligned projections were treated with multivariate statistical analysis in 

combination with hierarchical classification (227) before final averaging. 

Results 

Analysis of the fla gene locus in Sulfolobus solfataricus. The S. solfataricus 
P2 flagellum operon is disrupted by an insertion sequence (IS element) integrated into 
the coding region of the flaG gene (SSO2321 (192)). In a related strain, S. solfataricus 
PBL2025 (see below) the IS element is absent as shown by PCR amplification and 
sequence analysis of the relevant gene region (data not shown). The coding sequence 
was identical in both S. solfataricus strains. The reconstructed flagellum (fla) operon 
encodes seven open reading frames (Figure 1A): one structural protein (suffix B), five 
putative accessory proteins (G, F, H, I, J) and one ORF (SSO2322) of which homologs 
can only be found in the other two available Sulfolobus genomes (38,100). In 
Sulfolobus, only one flagellin gene can be identified, while all other archaea analyzed 
so far contain multiple flagellin genes (24). While FlaB and products of the flaHIJ gene 
cluster are readily identified by sequence similarity searches, the flaG and flaF gene 
products are less well conserved (Table 2). Although SSO2322 does not show 
homology to any known flagellar accessory protein, it contains a predicted coiled coil 
region which might be important for protein-protein interactions. To find conserved 
regions within the flaB promoter, sequences upstream of flaB genes obtained form the 
three available Sulfolobus ssp. genome sequences were aligned using ClustalW (39). A 
five base pair direct repeat was detected, starting 75 bases upstream of the 
translational start site and 30 bases upstream of a putative TATA box and BRE site. In 
conclusion, for all but one gene products of the S. solfataricus fla operon a possible 
function could be assigned based on sequence homology.  
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Table 2. Properties of proteins encoded by the S. solfataricus fla operona 

Locus tag gene  Pfam hit (Pfam access 

number/E-value) 

COG hit additional remarksb 

SSO2323 flaB Arch_flagellin 
(PF01917/3e-12) 

COG1681 cleaved class III signal sequence 

SSO2322 - nd nd N-terminal TMS (17-40), putative coiled 
coil region (69-127) 

SSO2321c flaG FlaG_arch (PF04975/ 

4.2e-04) 

COG3354 N-terminal TMS (12-33) 

 
SSO2319 flaF ndd nd N-terminal TMS (6-28) 
SSO2318 flaH nd COG2874 ATPase 

SSO2316 flaI GspII_E (PF00437/2e-
35) 

COG0630 ATPase 

SSO2315 flaJ GspII_F (PF00482/ 

2.7e-15; 1.1e-10)e 

COG1955 multiple membrane spanning protein 

a abbreviations used: TMS, transmembrane segment; nd, none detected 
b numbers in brackets indicate amino acid positions of the corresponding features 
c gene is truncated by IS element in S. solfataricus P2 (192); full-length sequence was determined by 

sequencing the undisrupted gene in strain PBL2025  
d a significant hit to FlaF_arch (E-value 1.1e-04) was obtained with the S. tokodaii ortholog ST2521 
e FlaJ contains two GspII_F domains; one covers amino acids 18-147, the other 249-379. 

 
Transcriptional regulation of the flaB gene. We aimed to find conditions 

under which the flagellin gene is induced, assuming that under these conditions cells 
are also producing flagella. To do so, Northern blot analysis on RNA isolated from cells 
grown under different conditions was performed using part of the flaB gene as a probe. 
First, early and late growth phases were compared (Figure 1B). While very little 
amounts of gene transcript were detected in samples from the mid-logarithmic growth 
phase, a strong induction in stationary cells was observed. This induction might be due 
to limitation of nutrient availability, or a possible bacterial-type quorum sensing 
mechanism (50). No homologs of bacterial quorum sensing systems have been 
detected in archaea so far (34). To determine whether nutrient limitation induces flaB 
expression, cells were shifted from rich to minimal medium and samples were taken for 
Northern analysis. A cell culture grown in rich medium to mid-logarithmic phase was 
collected by centrifugation and resuspended in either rich medium, or minimal medium 
(MM) without addition of a carbon source. Samples were taken before, and one and 
two hours after the shift and analyzed as described above (Figure 1C). No increase in 
flaB transcript levels was observed when cells continued to grow on rich medium. 
However, a strong induction could be detected after two hours incubation in MM. Up-
regulation of flaB was confirmed by semi-quantitative RT-PCR performed on RNA 
isolated from cells grown under the conditions described above (not shown). In 
addition, by semi-quantitative RT-PCR, a moderate flaB induction in cells grown on 
sugars (glucose or arabinose) as compared to peptides (tryptone) could be detected. 
In summary, the flagellin gene seems to be preferentially expressed in cells that are 
exposed to unfavorable nutritional conditions. 
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Figure 1. Genomic organization of the S. solfataricus fla operon and transcriptional regulation of 

flaB. (A). Schematic representation of the S. solfataricus fla operon. Genes are shown as open arrows with 

gene designations based on homology. The structural flagellin gene is in black, genes with predicted 

accessory function are grey. Suffixes of fla genes with identified homologies are depicted in the boxes while 

locus tag (SSO) numbers are given above. SSO2322 (white arrow) is unique to the genus Sulfolobus. A 

conserved 5 base direct repeat (underlined), starting 75 bases upstream of the translational start site of 

flaB, is shown. The consensus sequence was derived by aligning flaB promoter sequences from three 

Sulfolobus species. Nucleotide base codes are: Y = C or T, N=any nucleotide. (B) Northern analysis of the 

flaB gene transcript after transfer of a cell culture from rich into minimal medium. RNA was isolated from 

cells before, and one and two hours after the shift into either rich medium (TYS) or basal salts medium 

(MM). The flaB gene transcript was detected using a specific DIG-labeled probe (top panel). The positions 

of the 16S and 23S ribosomal RNAs, determined by methylene blue staining of the blot membrane (lower 

panel), are indicated. (C) Detection of flaB gene transcript levels at different growth stages (top panel). 

RNA was isolated from cells grown in rich medium to mid logarithmic (L) or stationary (S) phase. Identical 

amounts of RNA to those used in the Northern blot were separated on 1.5% agarose gels and stained with 

ethidium bromide (lower panel). 

Construction of a flaJ disruption mutant. To determine whether the flaJ 
accessory gene is involved in flagellar biogenesis and motility in S. solfataricus, a 
disruption mutant was constructed in the lactose auxotrophic strain PBL2025. S. 

solfataricus PBL2025 contains a large chromosomal deletion which also includes lacS, 
the gene coding for β- glycosidase and accordingly, these cells are not able to grow on 
lactose as the sole carbon source (187). The flaJ gene was targeted using a suicide 
plasmid (pET2275) carrying the flaJ coding region interrupted at base 685 by the lacS 
gene as a selectable marker (Figure 2A). After electroporation of PBL2025 with 
pET2275, a strain carrying the integrant was selected on liquid minimal medium 
supplemented with lactose and purified as described before (240). The integrity of the 
mutant was confirmed by PCR amplification of part of the flaJ gene region (Figure 2B). 
As expected, using DNA from the wild-type strain as a template and primers 
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Figure 2. Construction of a flaJ disruption mutant. (A) Schematic representation of the genomic 

environment of the flaJ gene and the suicide plasmid used to target the gene. Arrowheads indicate primers 

flaJ1 and flaJ2. Recognition sites of selected restriction enzymes on the genomic fragment are HindIII (H), 

EcoRI (E) and ScaI (S). (B) PCR on genomic DNA isolated from strain PBL2025-flaJ::lacS or strain PBL2025 

(wt). 

flaJ1 and flaJ2, a 428 base pair fragment was amplified (Figure 2A and B). A PCR 
performed on DNA isolated from the flaJ::lacS strain with the same primers resulted in 
a larger fragment of 2.4 kb corresponding to the flaJ gene carrying the lacS insert 
(Figure 2B). Also, the two regions overlapping the flaJ flanks and the selection marker 
were amplified by PCR and analyzed by direct sequencing of the PCR products. The 
resulting flaJ::lacS mutant strain and the wild-type strain were characterized for 
motility and the presence of flagella. Cells grown in liquid glucose medium were 
negatively stained with 2% uranyl acetate and examined by transmission electron 
microscopy (Figure 3A and B). Cells of the wild-type strain were peritrichous, without 
any bundling of filaments (Figure 3A). Flagella were usually short with a slight wave-
like curvature. Longer filaments of up to several micrometers in length were also 
frequently observed. On the other hand, cells of the flaJ strain completely lacked 
flagella on the cell surface (Figure 3B). To establish whether flagella conferred motility 
in S. solfataricus, a swarming assay on semi-solid plates was established. Minimal 
medium plates containing 0.05% glucose and 0.1% gelrite as the solidifying agent (see 
materials and methods), were inoculated with a droplet of approximately 107 cells. 
Plates were incubated for 6 days at 80°C in a sealed humid chamber. Strain PBL2025 
formed a dense circular spot of cells corresponding to the area of inoculation, and a 
lighter halo around this region, consistent with a swarming phenotype (Figure 3C). The 
formation of chemotactic rings (183) was not observed, consistent with previous 
observations of the swimming behavior of S. acidocaldarius cells (117). In contrast, 
flaJ cells did not swarm on semi-solid gelrite plates (Figure 3D). Therefore, the flaJ 
gene product is required for the biogenesis of flagella on S. solfataricus cells as well as 
for swarming motility. 
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Figure 3. Phenotypic characterization of PBL2025 and flaJ strains. (A) and (C) transmission electron 

microscopy images of negatively stained cells. (B) and (D) Motility was assayed on semi-solid gelrite plates 

supplemented with MM + 0.05% glucose. Scale bar is 200 nm for (A) and (B). 

Structural features of isolated flagella. Sulfolobus species carry only one 
copy of the flagellin gene and do not show reversed swimming or tumbling 
(13,70,117,192). Therefore, we argued that the structure of flagella from this 
organism should be particularly homogenous, in contrast to polymorphic flagella from 
Halobacterium salinarum that is built up of multiple subunits (217). To obtain structural 
information about the flagellar filament, series of electron micrographs was collected 
from negatively stained specimens isolated from culture supernatants. Long filaments 
of up to several micrometers extending out of the grid plane were frequently observed 
(Figure 4A). Segments of filaments which were rather straight were extracted from 
micrographs for image analysis (Figure 4B). A single particle approach was used for 
processing. A final average projection map of 120 segments is shown in Figure 4D 
which clearly shows that the filament has a helical packing. The diameter of the 
filament is 145 Å and the pitch (repeat between the helices; indicated by white lines in 
Figure 4D) is 54 Å. However, the filament is not composed of a single strand, but has a 
three-stranded helical arrangement, as indicated in the scheme of Figure 4D. 
Unfortunately, although the resolution of the two dimensional map is about 18 Å, the 
repeating protein motif in the strands is not resolved. No attempt was therefore 
undertaken to reconstruct the three dimensional shape of the filaments. Surface metal 
shadowing was performed to retrieve information about the handedness of the 
expected helical packing of the filaments (Figure 4C). It can be seen that the 
contribution of the helices in one direction, from the lower-left to upper-right, is 
stronger than in the upper-left to lower-right direction. This indicated that the filaments 
are composed of right-handed helices (Figure 4C).  
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Figure 4. Electron microscopy analysis of the S. solfataricus flagellum. (A) Example of a long 

flagellar filament showing a typical wave-like pattern. (B) A typical segment of a flagellum, used for image 

processing; the helical motif of the filament is readily recognizable (C) Projection average of 33 aligned 

metal shadowed segments indicates that the filament is right-handed. (D) Two dimensional projection 

average of 120 aligned segments. (E) Scheme for the helical packing projected on the averaged image of 

frame (D). The 3-start left-handed helical packing is indicated in shades of gray. The scale bar is 1 µm for 

frame (A) and 10 nm for frames (D) and (E). See Appendix 2 (page 117) for a colour version of this figure. 

In vitro analysis of heterologously expressed FlaB variants. Bacterial type 
IV pilins have a strong tendency to aggregate but become soluble when the N-terminal 
α-helical portion is removed (46,75,101). Recombinant S. solfataricus full-length 
flagellin precursor and mature variants showed a weak tendency to form putative 
dimers as determined by SDS-PAGE and Western immunoblot analysis (Figure 5A). 
Surprisingly, two FlaB truncates lacking parts of the N-terminal portion (54 and 156 
amino acids, respectively) were mostly recovered from the insoluble pellet fraction 
after overexpression in E. coli (Figure 5B). Additionally, a strong band at about 45 kDa 
was observed for FlaB∆[1-54], corresponding to a putative dimer of the protein. In the 
case of FlaB∆[1-156] a ladder-like distribution of bands was observed, indicating the 
possible formation of higher-order oligomers. These additional bands were still present 
when low-speed pellet (P-) fractions were pre-incubated at temperatures up to 55°C in 
SDS sample buffer immediately prior to loading samples on the gel (Figure 5C). When 
samples were pre-incubated at 90°C, FlaB∆[1-54] migrated as a single band and the 
ladder-like pattern formed by FlaB∆[1-156] mostly disappeared. To determine whether 
these aggregates were formed by interaction of only FlaB truncate molecules, 6xHIS-
tagged FlaB∆[1-54], solubilized from the insoluble fraction (see Materials and 
methods), was purified by immobilized metal affinity chromatography. The purified 
protein migrated as multiple bands in the gel (Figure 5D) that could be disassembled 
by heating in SDS sample buffer. This suggests that the protein has an intrinsic 
capacity to form homo-oligomers.  
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Figure 5. Migration pattern in SDS-PAGE of heterologously expressed full-length and truncated 

flagellin. FlaB was detected with anti-6xHIS tag-antibody. (A) Full-length precursor and mature FlaB 

(preFlaB/FlaB) are mostly monomeric with a minor fraction migrating at the molecular weight of a putative 

dimer (arrow). (B) Sub-cellular localization of truncated FlaB variants expressed in E. coli. S, soluble 

fraction; P, insoluble low-spin pellet fraction; M, membrane fraction. C Stability of FlaB∆[1-54] after pre-

incubation in SDS sample buffer at various temperatures, immediately prior to sample loading. (D) 

Aggregation behavior of purified FlaB∆[1-54], with or without heating the sample.  

Discussion 

Sulfolobus species inhabit hot acidic volcanic environments that are typically low 
in carbon sources. A number of strategies for efficient survival in this environment 
have evolved, including a membrane which is particularly impermeable to protons at 
high temperatures (222) and a dynamic heat shock response (206). Another important 
factor is the flagella dependent motility of these organisms. Sulfolobus acidocaldarius 
cells swim straight while regular pauses allow for changes in swimming direction by 
Brownian motion, a type of motility referred to as random walk. Based on simulations, 
it was suggested that despite the absence of a thermotactic behavior, a population of 
S. acidocaldarius can migrate from a higher to a lower temperature in the presence of 
a sharp thermal gradient due to temperature dependent variations of swimming speed 
(117). In this way, cells benefit from being motile while avoiding lethal hot spots in 
their environment. Although a bacterial-like chemotaxis system is found in many 
archaeal genomes, it is has not been detected in S. solfataricus (192). This suggests 
that if motility is regulated, it occurs at a more global level. Our data suggest that 
flagellation is controlled at the level of transcription. The finding that the flaB gene is 
strongly induced when cells are depleted of carbon source is substantiated by earlier 
observation that cells are motile under such conditions (117). Regulation of flagellin 
genes was also observed in the methane producing archaeon Methanocaldococcus 

jannaschii which uses molecular hydrogen as an energy source (142). Induction of 
flagellar protein synthesis was detected at high cell densities and excess hydrogen, or 
at low hydrogen partial pressure. Furthermore, a 10 base direct repeat with a three 
base spacing was identified upstream of the flaB1 gene of M. jannaschii, which could 
be a transcriptional regulator binding site (215). From an alignment of the flaB 
promoter nucleotide sequences from the three sequenced Sulfolobus species a 
conserved five base direct repeat, separated by a six base spacer, can be deduced 
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(Figure 1A). This sequence is 30 base pairs upstream of the putative TATA-box and 
BRE sites and is a candidate binding site for a transcriptional regulator. Thus, in M. 

jannaschii and S. solfataricus, flagellation is induced under comparable conditions and 
regulation seems to occur at the level of transcription. Future studies will need to 
address the molecular details of this regulation. 

The fla operon of Sulfolobus species contains fewer genes than any other 
flagellated archaeon (Figure 1). In this way, it can be regarded as a minimal motility 
system. An intriguing question is whether the proteins encoded by this gene cluster 
comprise the full flagellar apparatus, namely assembly machinery as well as motor and 
membrane anchoring structures. Recent technical advances in the genetic manipulation 
of S. solfataricus make this organism an interesting model to further investigate the 
mechanism of flagellar assembly and function in molecular detail (10,77,187). 
Flagellation as well as motility was confirmed to be dependent on an accessory protein 
homolog by targeted disruption of the flaJ gene (Figures 2 and 3). This is in line with 
published evidence for H. salinarum and M. voltae (162,216), although an effect of the 
mutation on motility was not assayed in M. voltae. FlaJ is the only polytopic membrane 
protein in the fla operon and based on its similarity to bacterial GspF proteins, it is 
tempting to speculate that it constitutes the platform on which the flagellum is 
assembled in the cytoplasmic membrane, and possibly the attachment site for the 
ATPase FlaI (6). Interestingly, FlaJ proteins contain two GspII_F domains which may be 
due to an internal duplication event of the original flaJ gene (163). 

The availability of a non-flagellated S. solfataricus mutant will also facilitate the 
identification and analysis of other surface appendages in this organism. For example, 
attachment of Sulfolobus cells to granular sulphur has been observed and shown to be 
dependent on thin pili with a thickness of about 5 nm (235). Using the flaJ mutant, it 
will now be possible to observe and isolate these thin filaments in the absence of the 
dominating flagellar structures. Also, other types of surface exposed organelles have 
been proposed to exist in S. solfataricus (6,14), Szabo et al., unpublished).  

Archaeal flagellins and bacterial type IV pilins are thought to follow similar 
assembly paths (24). The elucidation of the exact macromolecular architecture of type 
IV pili is one of the current challenges in the field (44). This is hampered by the thin 
diameter and smooth surface of type IV pili which makes EM analysis extremely 
difficult (44). Archaeal flagella are thicker in diameter and the subunits have a higher 
molecular weight, resulting in a structure that is more suitable for obtaining medium 
resolution structures, as shown for H. salinarum (41,217), and in this study. Because 
S. solfataricus flagella are composed of only one type of flagellin (64), we expected 
that its electron microscopy structure would be more homogenous than flagella from 
other archaea which are composed of multiple flagellins (213). Our image processing 
strategy was to treat segments of the flagellar filament as single particles to produce 
average a two dimensional projection map, thereby increasing the quality and 
resolution of the image. The final assembly results in a channel-less tube of a right-
handed, three start helically packed proteins with a constant diameter of 145 Å and a 
pitch of 54 Å. The absence of a channel precludes a flagella-like monomer assembly 
and supports a pilus like assembly. A three dimensional model of the S. solfataricus 
flagellum at higher resolution than the 18 Å in negative stain is necessary to make a 
better comparison to polymorphic flagella from Halobacterium salinarum that is built up 
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of multiple subunits. In this context, it will be important to obtain a crystal structure of 
single flagellin subunits, or flagellin head domains. 

Our in vitro studies with recombinant FlaB variants indicate that while full-length 
S. solfataricus flagellin has a certain tendency to form dimers, truncation of the 
conserved N-terminal hydrophobic domain results in the spontaneous formation of 
stable oligomers. Possibly, removal of the putative N-terminal transmembrane segment 
resulted in a conformational change by which a domain required for protein-protein 
interaction was exposed, leading to extensive aggregation of the protein. In the in vivo 
situation, flagellin subunits might undergo a conformational change during their 
assembly into the flagellum, leading to stronger interaction between the C-terminal 
head domains and stabilization of the flagellar filament. This might be a strategy to 
produce flagella that withstand the extreme environmental conditions in which 
Sulfolobus cells survive while uncontrolled oligomerization of FlaB in the cytoplasmic 
membrane is avoided. Archaeal flagella are, in contrast to bacterial type IV pili, not 
retractable and therefore the polymerization of flagellin subunits is most likely an 
irreversible process. As a consequence, extensive interactions between flagellin 
subunits are possible. Since purified FlaB∆[1-54] also formed oligomers, it appears that 
the observed protein-protein interactions are specific and significant to assembly and 
function of flagella from this hyperthermophilic organism. 

In this study we have investigated flagellation in S. solfataricus and established a 
basis for future investigations of cell surface exposed structures. Because flagella are 
abundant on Sulfolobus cells, the availability of a non-flagellated mutant will 
significantly ease the investigation of other types of membrane bound organelles, 
including the bindosome, a putative assembly of ABC transporter binding proteins 
involved in the efficient uptake of various sugars (6,14) 
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Abstract 

Most secreted archaeal proteins are targeted to the membrane via a tripartite 

signal composed of a charged N-terminus and a hydrophobic domain followed by a 

signal peptidase processing site. Signal peptides of archaeal flagellins, similar to class 

III signal peptides of bacterial type IV pilins, are distinct in that their processing site 

precedes the hydrophobic domain, which is crucial for assembly of these 

extracytoplasmic structures. To identify the complement of archaeal proteins with class 

III signal sequences, a PERL program (FlaFind) was written. A diverse set of proteins 

was identified and many of these FlaFind positives were encoded by genes that were 

co-transcribed with homologs of pilus assembly genes. Moreover, structural 

conservation of primary sequences between many FlaFind positives and subunits of 

bacterial pilus-like structures, which have been shown to be critical for pilin assembly, 

have been observed. A subset of pilin-like FlaFind-positives contained a conserved 

domain of unknown function (DUF361) within the signal peptide. Many of the genes 

encoding these proteins were in operons that contained a gene encoding a novel 

euryarchaeal prepilin-peptidase, EppA homolog. Heterologous analysis revealed that 

Methanococcus maripaludis Duf361-containing proteins were specifically processed by 

the EppA homolog of this archaeon. Conversely, M. maripaludis preflagellins were only 

cleaved by the archaeal prepilin peptidase, FlaK. Together, the results reveal a diverse 

set of archaeal proteins with class III signal peptides that might be subunits of as yet, 

undescribed, cell-surface structures, such as archaeal pili. 
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Introduction 

A diverse set of protein structures can decorate prokaryotic cell surfaces. These 
include the cell wall, flagella and pili, which provide the cell with integrity, motility, 
adhesion and the ability to transfer DNA. Prokaryotes have evolved distinct 
mechanisms to assemble subunits of such extracytoplasmic structures. For example, 
components of bacterial type IV pili require a dedicated membrane associated 
machinery at the base of the growing pilus structure (44,131,147). Type IV pilins 
contain a conserved N-terminal hydrophobic stretch and their interaction with each 
other provides a molecular scaffold for the helical assembly of the subunits into the 
pilus fiber (44). This hydrophobic stretch is part of the signal peptide of the preprotein, 
which, unlike class I and class II signal peptidases, contains a signal peptidase 
cleavage site preceding the hydrophobic stretch (Figure 1) (158). In addition to the 
prepilin peptidase, two conserved protein families are crucial for pilus biosynthesis: a 
VirB11-like ATPase (including GspE/TadA), which provides energy for the assembly and 
disassembly of the pilus, and a multispanning membrane protein (GspF/TadC (173)), 
which has been suggested to serve as an assembly platform for the pilus.  

In contrast to bacterial flagellar subunits, which are translocated using a 
specialized type III secretion apparatus (125), the secretion and assembly of archaeal 
flagellins resembles that of bacterial type IV pilins, as they possess class III signal 
peptides that are cleaved before the incorporation of the protein into the flagellar 
filament (24,213). Moreover, several components of the archaeal flagella assembly 
machinery are related to those of the type IV pilus biogenesis system, including a 
prepilin peptidase and VirB11-like homologs FlaK and FlaI, respectively (20,165). 
Additionally, the multispanning membrane protein FlaJ shows homology to TadC and 
might in a similar way serve as an assembly platform for the flagellum (163). 

 

Figure 1. N-terminal signal 

peptide structures. Tripartite 

structure of class I (secretory) or 

class II (lipoprotein) signal 

peptides, and class III (type IV 

pilin-like) signal peptide. Signal 

peptide cleavage by signal 

peptidase I and II, and prepilin 

peptidase, respectively, is 

symbolized by scissors; dark grey, 

hydrophobic region, light grey, 

cleavage region; +, positive 

charges 
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Interestingly, analysis of the predicted Sulfolobus solfataricus secretome revealed 
that certain membrane bound substrate binding proteins (SBPs) of this crenarchaeon 
are also synthesized as preproteins with class III signal peptides (7). Consistent with 
this observation, the S. solfataricus prepilin peptidase homolog (PibD) could cleave 
both the flagellin subunit as well as the precursor of the glucose binding protein (13). 
While the biological role of class III signal peptides associated with binding proteins is 
still unclear, it has been proposed that, similar to archaeal flagellins, these proteins 
also assemble into a cell surface structure (bindosome) upon secretion and signal 
peptide cleavage (6,14). A function of the bindosome might be to locally increase the 
concentration of sugars for more efficient transport into the cell (14). Proteins with 
putative class III signal peptides were also observed in the Natronomonas pharaonis 
and Thermoplasma volcanium genomes (19,66). The identification of archaeal non-
flagellin proteins with class III signal peptides, which thus far have only been shown to 
be associated with subunits of cell surface structures (e.g. bacterial pili and archaeal 
flagella) suggest a diverse set of archaeal cell-surface structures. 

In this study, a PERL program (FlaFind) was developed to screen archaeal 
genomes for proteins with class III signal peptides. In silico and in vivo analyses of 
FlaFind positives revealed the presence of a diverse set of proteins with class III signal 
peptides, including a subset of pilin-like proteins that are specifically cleaved by a novel 
prepilin peptidase. Co-regulation of these FlaFind positives with bacterial type IV pilin 
assembly genes as well as structural resemblance of many of the FlaFind positives with 
homologs of bacterial pilin-like substrates suggests they may be subunits of archaeal 
cell surface structures. The identification of distinct classes of subunits of putative 
extracytoplasmic structures provides valuable data for future molecular and cell-
biological investigations of archaeal cell-surface structures such as archaeal pili, which 
thus far have not been described in molecular detail. 

Materials and methods 

Sequence retrieval. The protein sequences from the species listed in Table 1 were analyzed 

to identify putative class III signal sequence containing proteins. The input data contained protein 

sequences from 22 different species downloaded from the NCBI web site 

(http://www.ncbi.nlm.nih.gov/genomes/static/a.html) in July 2005. 

Class III signal peptide prediction. A PERL program (FlaFind; http://www.signalfind.org/) 

was written to identify substrates with putative class III signal peptides among the set of all 

annotated coding sequences (CDS) from 22 completely sequenced archaeal genomes. The program 

receives as input the amino acid sequences in Fasta format and the results obtained from a TMHMM 

v2.0 analysis (111,194) on each of these same sequences. A sequence is FlaFind positive if: (1) the 

sequence has 1 or 2 TMHMM-predicted hydrophobic segments; (2) the first hydrophobic segment 

begins within the first 30 amino acids of the protein sequence; (3) the pattern 

[KR][GA][ALIFQMVED][ILMVTAS] is found preceding the hydrophobic segment but not more than 

10 amino acids away from the beginning of the hydrophobic segment. 

Sequence analyses. The FlaFind-positive set was characterized using Pfam v19.0 with the 

default parameters and the Pfam_fs database (26). DUF361-like sequences were identified among 

FlaFind-positives using a modified FlaFind program in which the motif was: [KR][GA][Q][X] 

[STA][X][DE] where X is any amino acid. Pfam v19.0 was also used to scan the 22 genomes for the 

DUF361 domain  

Ortholog identification was done with OrthoMCL version 1.2, with the Inflation parameter set 

to 1.01 and the cut-off P-value for WU-BLAST set to 1e-10. OrthoMCL creates clusters of orthologous 
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and paralogous protein sequences and together with the PFAM analyses can clarify the function and 

relationships of the various FlaFind-positives.  

The chromosomal environment for FlaFind positive genes was determined using Genomapper 

(http://www-archbac.u-psud.fr/Genomap/GenomapBrowser.html). This tool displays the location, 

frame and direction of transcription of a given gene from completely sequenced microbial genomes. 

Genes in the genomic environment of FlaFind substrate genes were considered to be linked (i.e. in 

an operon) if the intergenic distance was less than 100 base pairs and the genes were transcribed 

in the same direction. An exception was made when a substrate gene met all the above criteria but 

was transcribed in the opposite direction compared to the remaining of the gene cluster. Putative 

operons were screened for the presence of genes encoding additional FlaFind substrates and/or 

type IV pilus biogenesis protein homologs, i.e. TadA-like ATPases, TadC-like membrane proteins 

and type IV pilin-like signal peptidases. 

To visualize sequence conservation in selected FlaFind substrates, N-terminal sequences were 

aligned manually (until residue +30 relative to the cleavage site) with the putative signal peptidase 

cleavage site as reference and analyzed using the Weblogo server (48).  

To quantify local sequence conservation in an alignment, a PERL script was written, which 

uses the ClustalW consensus symbols output with an adjustable window size. The script quantifies 

“identical” and “conserved” consensus symbols and produces two output files, one containing the 

number of identical amino acids per window and one with identical plus similar amino acids. The 

results, using a window size of 10, were plotted as % sequence conservation versus amino acid 

position (Figure S1, page 119f). 

Plasmids construction. Genomic DNA of Methanococcus maripaludis S2 was a gift from 

John Leigh (University of Washington). Plasmids used in this study are listed in Table S3. 

MMP0233/epdA, MMP0237/epdC and MMP1667/flaB2 open reading frames were amplified by PCR 

from M. maripaludis genomic DNA, with appropriate restriction sites in the primers and deleting the 

native stop codons. The PCR fragments were cloned into NcoI/BamHI cut pZA7 (205), which adds a 

C-terminal hemagglutinine (HA-) epitope tag, resulting in pZA10, pZA11 and pZA12, respectively. 

MMP0232/eppA and MMP0555/flaK genes were amplified in a similar way and cloned into pSA4 

(13), yielding pZA13 and pZA14, respectively. Precursor genes including epitope tags were 

transferred as NcoI/HindIII fragments into pBAD/Myc-His A (Invitrogen, Breda, The Netherlands). 

Plasmids suitable for co-expression of substrates and peptidases were constructed as follows. First, 

an NcoI/HindIII fragment of pZA13 or a BglII/HindIII fragment of pZA14 was transferred into the 

corresponding restriction sites of pUC18-pibD (unpublished) a construct that contains an SphI 

cassette including a T7 promoter, the pibD open reading frame, a C-terminal hexa histidine tag and 

a T7 terminator. In this way the pibD gene was replaced by the respective peptidase genes. From 

the resulting plasmids the SphI cassette was transferred into the unique SphI restriction site of the 

pBAD/Myc-His A precursor constructs, resulting in co-expression plasmids with all combinations of 

precursor and peptidase genes (Table S3).  

Growth conditions and preparation of E. coli crude membranes. BL21(DE3)pLysS was 

used in all overexpression studies. Bacterial strains were grown to an OD600 of 0.6-0.8. Then, 

expression of the precursor genes was induced by addition of L-arabinose for 2 h. Full induction of 

the araBAD promoter often resulted in strong overexpression of substrate genes leading to protein 

degradation. Therefore, induction conditions were optimized and L-arabinose was added to a final 

concentration of 0.2% (constructs containing epdA), 0.004% (epdC) and 0.001% (flaB2). 

Subsequently, peptidase genes were induced with 0.1 mM IPTG for 2 h. The culture was harvested 

by centrifugation and cell pellets were resuspended in 2 ml of buffer (50mM Tris/HCl pH7.5, 1mM 

EDTA). Crude membranes were isolated as described (13) and resuspended in 50 mM Tris/HCl 

pH7.5. Cleavage of substrates was determined by SDS-PAGE gel electrophoresis and western 

immunoblot analysis of 5 µg (EpdC and FlaB2 membranes) or 10 µg (EpdA membranes) of crude 

membranes. Substrate proteins were detected using monoclonal anti-HA antibodies (Sigma). 
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Results 

To determine the diversity of archaeal proteins with class III signal peptides, a 
PERL program (FlaFind, available at http://signalfind.org) was developed to detect 
proteins containing this class of N-terminal signals. The program predicts class III 
signal peptides based on the presence and position of the corresponding cleavage site 
(-2[KR]-1[G/A] +1[ALIFQMVED] +2[MLIVTAS]), as well as the presence of a 
hydrophobic stretch following the cleavage site (see Materials and Methods). Analysis 
of the chromosomal localization of genes encoding FlaFind positives, identification of 
amino acid sequence similarities among proteins with predicted class III signal 
peptides, and preprotein processing studies of FlaFind positives were carried out to 
validate and substantiate the significance of the FlaFind results.  

In silico analysis identifies different classes of archaeal proteins with 

class III signal peptides 

Overview of FlaFind output. FlaFind identified 388 proteins in 22 archaeal 
genomes, of which 102 were annotated as homologs of proteins with predicted 
functions (Table 1 and S1). Of these, 77 belonged to classes that previously had been 
shown to contain class III signal peptides, including 44 flagellins and 33 substrate 
binding proteins. The majority of the remaining 25 substrates belonged to different 
classes of extracytoplasmic proteins, including proteases and redox-proteins. Only 4 of 
the 102 substrates were likely cytoplasmic proteins, suggesting that rate of detection 
of proteins lacking a signal sequence is low (3.9%).  

Chromosomal localization of FlaFind positives. Bacterial type IV pilin-like 
structures consist of one major and several minor subunits. Genes encoding these 
subunits are often found in the same transcriptional unit, which also encodes proteins 
involved in the biosynthesis of bacterial type IV pilin-like structures (199). Consistent 
with their presence in cell-surface structures, 120 FlaFind positives were predicted to 
be co-regulated with additional FlaFind positives and/or genes coding for a TadA, TadC 
and/or a type IV pilin peptidase homolog (Table S2, Appendix 5, page 131 ff; Figure 
2A; Figure S1, Appendix 3, page 119f). Moreover, in several cases structural 
conservation of operons encoding homologs of FlaFind positives was observed among 
different organisms (Figure 2A and Figure S1). For example, the genes encoding the S. 

solfataricus FlaFind positives SSO0117 and SSO0118 are in an operon with tadA and 
tadC homologs and this feature is conserved in the genomes of the three sequenced 
Sulfolobus species. (Figure S1). Interestingly, these operons, as well as an operon in 
each of the sequenced Pyrococcus strains that contained at least two FlaFind positives, 
were co-regulated with an Lhr-like DNA helicase homolog, raising the possibility that 
these small substrates might be involved in DNA uptake or –transfer (Figure S1). 

OrthoMCL analysis. As noted above, several FlaFind positives could be classified 
into functional groups, i.e. flagellins and SBPs. To determine whether other, yet 
unknown groups of conserved proteins were identified by FlaFind, OrthoMCL (118), a 
program designed to cluster proteins based on sequence similarity, was used to 
analyze all FlaFind positive proteins. The program identified 47 groups with 2 to 43 
homologs in a given group (Table S1, Appendix 4, page 121 ff). 
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For example, of the 28 S solfataricus FlaFind positives, 16 had at least one ortholog 
among the FlaFind positives. In fact, homologs of 9 of these substrates were FlaFind 
positive in all three tested Sulfolobus species. Interestingly, in many cases sequence 
homology was highest at the N-terminal portion of these proteins, a typical feature 
seen in subunits of bacterial type IV pili, proposed to be required for assembly (Figure 
S2, Appendix 3, page 119f)(44). 

PFAM analysis. Distinct from OrthoMCL, PFAM identifies small highly conserved 
domains within a protein (see Materials and Methods). To identify possible common 
themes among the large number of hypothetical proteins all FlaFind positives were 
analyzed using PFAM (26). Consistent with the hypothesis that a diverse set of 
archaeal SBPs contains class III signal peptides, PFAM classified 8 additional FlaFind 
positives as SBPs. Thus, in 14 of the 22 genomes FlaFind identified at least one SBP, 
including, among others, sugar, dipeptide and phosphate binding proteins (Table S1).  

Most striking, PFAM identified 19 euryarchaeal proteins with a domain of 
unknown function (DUF361), which is comprised of the amino acid motif QXSXEXXXL, 
Q being the +1 position in the putative cleavage site of these proteins. Frequently, 
genes encoding DUF361 containing proteins were present in the same operon as genes 
encoding FlaFind positives with a slightly varied domain sequence. In these “DUF361-
like” domains the serine was replaced by threonine or alanine, the glutamate was 
replaced by aspartate, and/or the leucine was replaced by a different hydrophobic 
amino acid (Figure S2). All FlaFind positives were screened for the presence of a 
DUF361-like domain, with the modified FlaFind motif -2[KR] -1[GA] +1[Q] +2[X] 
+3[STA] +4[X] +5[DE]. This analysis revealed an additional 16 proteins, most of which 
were associated with the DUF361-containing proteins (Table S1 and Figure 2A).  

Interestingly, several genes encoding proteins with this conserved domain were 
found in operon structures together with a gene encoding a novel subclass of 
euryarchaeal type IV prepilin peptidases, EppA. EppA, while homologous to FlaK, is 
substantially larger due to the presence of four additional predicted transmembrane 
segments (Figure 2B). The chromosomal localization of eppA homologs and the fact 
that homologs of this prepilin peptidase were only identified in the 8 euryarchaea that 
encoded DUF361 containing FlaFind positives, strongly suggest a role as specific signal 
peptidase for this class of preproteins (Table 1 and see below). 

EppA specifically cleaves DUF361-like substrates 

FlaFind identified 14 substrates in M. maripaludis, including 3 flagellins and 10 
DUF361-containing proteins. Three of these DUF361-containing proteins are co-
regulated with eppA (Figure 2A). A similar operon is found in the genome of M. 

jannaschii. However, here it is split and contains additional genes that are unique to 
this species (Figure 2A). To determine whether the M. maripaludis EppA homolog 
specifically cleaves DUF361-containing proteins, either one of two genes encoding 
proteins with this conserved domain (MMP0233 and MMP0237) or a flagellin 
(MMP1667/flaB2) were co-expressed in E. coli with eppA from inducible promoters. In 
addition, the preproteins were co-expressed with flaK, the gene encoding the 
previously characterized M. maripaludis preflagellin peptidase (20). Processing of either 
of the two DUF361-containing proteins tested in E. coli could only be observed in cells 
that co-expressed EppA (Figure 2C). Conversely, the novel peptidase was not able to 
cleave the flagellin subunit, strongly suggesting that the requirements for substrate 
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recognition by the two subclasses of type IV pilin peptidases are distinct. Thus, from 
hereon we will refer to MMP0233 and MMP0237 as EppA dependent proteins (EpdA and 
EpdC, respectively). Interestingly, the FlaK homolog from S. solfataricus (PibD), an 
archaeon that does not contain DUF361-like substrates, cleaved the flagellin as well as 
one of the DUF361-like substrates, consistent with the previously observed broad 
substrate specificity of this enzyme (Figure 2C) (13). 

The distinct substrate recognition characteristics of M. maripaludis FlaK and EppA 
site were further demonstrated by an experiment in which the amino acids from 
position -2 to +2 in EpdA were replaced with those of FlaB and vice versa (Figure 2D). 
EppA was able to process the modified FlaB(RGQI) and did not cleave EpdA(KGAS) and 
EpdC(KGAS), indicating its requirement for the conserved glutamine at position +1. 
Conversely, FlaK was still able to cleave FlaB(RGQI), suggesting that it had a much 
broader cleavage site recognition capability and that its inability to cleave EpdA and 
EpdC was due to a distinct substrate recognition pattern. Consistent with this, FlaK was 
unable to process either of the EpdA(KGAS) and EpdC(KGAS) signal peptides despite 
the presence of the potential FlaK processing site. 

 

 

Figure 2 Cleavage of euryarchaeal pilin-like proteins by a dedicated signal peptidase. A. 

Schematic representation of the conserved M. maripaludis and M. jannaschii operons containing genes that 

encode proteins with Duf361-like domains (black) and the novel subclass of euryarchaeal prepilin peptidase 

eppA (white). Homologous genes are highlighted by identical shading. Note that the operon is split in M. 

jannaschii. B. Transmembrane topologies of FlaK (left) and EppA (right) from M. maripaludis, predicted 

using the Phobius web server (95). Homologous regions in EppA and FlaK are in grey. A predicted four 

transmembrane insertion in EppA is indicated in white. C. Signal peptide cleavage of preproteins containing 

Duf361-like domains (EpdA and EpdC) and flagellin (FlaB2) from M. maripaludis by EppA or FlaK, as 

indicated. Control, E. coli expressing preprotein in the absence of an archaeal prepilin peptidase. Genes 

encoding precursor proteins under the arabinose inducible promoter were expressed alone or in 

combination with IPTG inducible peptidase genes. D. Signal peptide cleavage of EpdA and EpdC with the 

flagellin cleavage site sequence or FlaB2 with EpdA cleavage site sequence by EppA or FlaK. p: precursor, 

m: mature. 
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Discussion 

The majority of extracytoplasmic proteins are targeted to the prokaryotic 
cytoplasmic membrane by the presence of N-terminal tripartite signal peptides. 
However, subtle differences between these N-terminal sequences determine whether 
the protein is targeted to the membrane in an SRP-dependent or independent manner 
(82), whether the substrate is targeted to the Sec or Twin arginine translocation 
pathway (168), and which signal peptidase processes the preprotein (158). The close 
resemblance of the signal peptide structure and the limited sequence conservation 
pose challenges on the ability to distinguish these signals from each other.  

FlaFind, the program developed as part of this study, effectively identifies 
archaeal substrates containing class III signal peptides as the program identified 41 of 
the 42 predicted archaeal flagellins and 19 of the 20 archaeal proteins containing a 
DUF361 domain, both classes of proteins that have been shown to be processed by a 
type IV prepilin-like peptidase (13,20). In fact, all but one of the 14 M. maripaludis 
FlaFind positives were flagellins or DUF361-like substrates (3 and 10, respectively) 
suggesting that, certainly in this archaeon, the program successfully distinguishes class 
III signal peptides from other N-terminal signal peptides or transmembrane segments. 

Consistent with the correct identification of class III containing proteins, the 
majority of non-flagellin FlaFind positives with annotated functions were SBPs, three of 
which had been shown experimentally to contain this class of signal peptide (8,63). 
Moreover, only 4 of the annotated proteins were predicted cytoplasmic proteins, 
indicating that the rate of detection of proteins lacking a signal sequence is less than 
4%. While the vast majority of FlaFind positives (75%) were annotated as hypothetical 
proteins, chromosomal localization of many of the genes encoding these proteins, as 
well as results of sequence homology and pattern searches among the FlaFind 
positives, strongly support the accurate identification of many of these proteins as 
class III signal peptide-containing proteins by FlaFind. It should be noted that, while 
Picrophilus torridus lacks any apparent TadA, TadC or pilin peptidase homologs, FlaFind 
identified 8 substrates in this archaeon. It is likely that, due to the lack of this 
peptidase, there is no selective pressure against the presence of a cleavage site-like 
pattern in secretory signal sequences and they are in fact false positives. Moreover, in 
different organisms, distinct consensus cleavage sequences may have evolved. For 
example, in Sulfolobus species the +2 position is almost exclusively serine, while in 
other archaea this position seems less important. Thus, it is unlikely that one will be 
able to define a perfect ‘global’ consensus sequence for all archaeal class III signal 
peptides. Yet, our systematic genomic approach, in concert with additional in silico and 
in vivo analysis have proven to yield valuable information about the diversity of 
predicted archaeal cell-surface structures. To facilitate future studies on newly released 
genomes, the interactive version of FlaFind (http://signalfind.org/flafind/) allows for 
modification of the search pattern. 

The substrates identified by FlaFind clustered into several distinct groups, 
including flagellins, SBPs, Duf361-containing proteins and orthologous groups of small 
proteins, such as the Sulfolobus or Pyrococcus FlaFind positives that co-localized with a 
helicase (Figure S1). The latter observation is particularly intriguing as UV induced 
exchange of genetic material between cells by a yet unknown conjugational mechanism 
has been observed in S. acidocaldarius (71,190). 
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Our data not only imply that the majority of FlaFind positives are indeed secreted 
proteins with N-terminal class III signal peptides, but they are also consistent with the 
hypothesis that substrates with these signal peptides are subunits of cell-surface 
structures as: i. reminiscent of the co-regulation of major and minor bacterial pilins 
and pseudopilins, genes encoding FlaFind positives were frequently co-transcribed with 
genes encoding additional FlaFind positives; and ii. a significant number of FlaFind 
positives were encoded by genes located on an operon with homologs of genes 
encoding pilin-assembly components, TadA or TadC. Moreover, a significant number of 
FlaFind positives contain a negative charge at position +5, including 35 hypothetical 
proteins in which this charged amino acid is part of a conserved PFAM domain of 
unknown function, DUF361. The negative charge in DUF361-like proteins is embedded 
in a characteristic motif with the consensus sequence [RK][GA]QhShE (amino acid 
positions -2 to +5, with h being a hydrophobic residue). Similarly, a short 
characteristic motif was identified at the N-terminus of a subclass of type IVb pilins 
(94). The presence of a negative charge at position +5 is a typical feature of bacterial 
type IV pilin-like subunits, and is required for pilus assembly in Pseudomonas 

aeruginosa (161,198). However, the absence of the +5 charge in many of the FlaFind 
positives does not suggest that these proteins lack the ability to form structures, as 
most archaeal flagellins do not possess a charge at this position. Distinct from poorly 
conserved amino acid sequences in the hydrophobic stretches of Tat and classI/II Sec 
signal sequences, the sequence of the hydrophobic stretch in signal sequence of 
archaeal flagellins is highly conserved. This has also been observed for type IV pilins 
(44), and presumably allows for optimal subunit-subunit interaction (40,160). 
Consistent with the requirement of a highly conserved N-terminal hydrophobic 
“assembly domain”, several orthologous groups of FlaFind positives and substrates 
encoded by genes that cluster together, share substantial sequence homology at their 
N-termini (Figure S2).  

Finally, our in vivo processing studies clearly demonstrated that DUF361-
containing FlaFind-positives were specifically cleaved by the novel subclass of prepilin 
peptidases, EppA and that part of the “domain of unknown function” 361 is required for 
substrate recognition. While the involvement of FlaK in flagellum biogenesis has been 
demonstrated (21), future studies will have to reveal the specific function of EppA in 
the assembly of putative extracytoplasmic structures. However, it is tempting to 
speculate that the additional membrane spanning segments in EppA are required for a 
function of this enzyme other than substrate cleavage, such as interaction with 
proteins involved in pilus assembly. Alternatively, this enzyme might exhibit an 
additional activity similar to bacterial prepilin peptidases that methylate the N-terminus 
of the cleaved substrate. Also, the co-localization of eppA and substrate genes 
suggests co-regulation. Recently, a second prepilin peptidase (FppA) was described in 
Pseudomonas aeruginosa (51). FppA is specific for a subclass of type IV pilins from the 
same organism, and it does not cleave the major pilin PilA, which in turn is a substrate 
of PilD. It is intriguing that two completely unrelated organisms apparently developed 
similar strategies to distinguish between various classes of pilin-like substrates.  

The study described here opens many new directions for structural and genetic 
studies on archaeal extracytoplasmic structures. Future in vivo studies in the native 
archaeal hosts should provide validation of additional substrates (allowing for the 
refinement of the program), and identify additional archaeal components involved in 



Archaeal proteins with class III signal peptides 

 71 

the biosynthesis of extracellular structures, like the novel prepilin peptidase, EppA. 
Additionally, data presented here raised countless intriguing questions, including: i. 
what is the advantage of assembling SBPs into proposed cell-surface structures, ii. 
what are the functions of the FlaFind positive hypothetical proteins; iii. how do the 
distinct structures assemble; and iv) what is the significance of having two subclasses 
of prepilin peptidases if (as proposed earlier) cleavage of substrates occurs 
independently of their assembly. 
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CHAPTER 6 

 

SUMMARY AND CONCLUDING REMARKS 

Introduction to the Archaea and Sulfolobus 

Researchers fascinated by the Archaea – no matter what particular aspect they 
work on – inevitably find themselves discussing the evolutionary position of this group 
of organisms. This is mostly because even 30 years after their recognition as a distinct 
major taxonomic group, the debate still continues whether Archaea deserve their own 
domain or whether they should simply be considered as an exotic group of bacteria.  

The molecular tree of life (Figure 1), first presented by Woese and Fox in 1977 
(237), clusters all living organisms into three major groups, the Bacteria, the Eukarya 
(or eukaryotes) and the Archaea. Eukarya derive their name from the presence of a 
nucleus, a membrane-bounded compartment which contains the hereditary information 
stored in DNA. Bacteria and archaea do not contain a nucleus and are therefore 
together referred to as “prokaryotes”. Despite the wide acceptance of the term – it has 
also been frequently used in this thesis – lumping together bacteria and archaea does 
not reflect the true evolutionary relationship between these organisms (157). Archaea 
resemble bacteria in morphology and metabolic complexity, but also have eukaryotic 
features as well as unique properties not found in the other two kingdoms of life. 
Importantly, information processing systems, including DNA replication, transcription 
and translation, are simplified versions of those found in eukaryotes. Because these 
systems rarely undergo horizontal gene transfer (87), it is assumed that the genetic 
lines of eukarya and archaea share a common evolutionary origin that is distinct from 
that giving rise to the bacteria. As a consequence, archaea are more closely related to 
eukaryotes than either of the two groups is to the bacteria.  

Most archaea that can be grown in the laboratory are so-called extremophiles, as 
they inhabit ecosystems that humans might not consider suitable for the maintenance 
of life. Examples are solar salterns and salt lakes (halophiles), acidic volcanic springs 
(acidophilic hyperthermophiles), deep sea thermal vents (hyperthermophiles), and 
soda lakes (alkaliphiles). Current techniques that do not require laboratory cultivation 
but rather depend on direct analysis of environmental samples suggest that archaea 
are ubiquitous and constitute a significant part of our planet’s microbial biomass (188). 
An important feature which is exclusive to archaea is the presence of ether bonded 
rather than ester bonded isoprenoid lipids in the cell membranes. This difference has a 
major significance as it allows for a quantitative measurement of archaea in microbial 
biomass. In this way it became clear that archaea are significant “global players” of the 
microbial community. The domain archaea is in turn divided into distinct groups, the 
largest being Crenarchaea and Euryarchaea. The genus Sulfolobus belongs to the 
former. Sulfolobus species have been isolated from hot acidic sampling sites around 
the world. Examples are Beppu Hot springs in Japan (S. tokodaii), Yellowstone National  
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Figure 1. Simplified view of a 

phylogenetic tree based on 

sequences of small subunit 

ribosomal RNA genes (adapted 

from refs. (15,204). The three main 

groups (domains) are Bacteria, 

Archaea and Eukarya. The two well-

defined archaeal subdomains are 

the Crenarchaea and the 

Euryarchaea, while Korarchaeota 

are only characterized by 

environmental sequences. The 

existence of Nanoarchaeota as a 

taxonomic group is under debate. 

 

 

 

 

 

Park (S. solfataricus and S. acidocaldarius) and Solfatara field in Naples, Italy (S. 

solfataricus). Common features of Sulfolobus species is an aerobic chemolithotrophic 
lifestyle and the requirement of high temperature (around 80°C) in combination with a 
low pH (2-3) to flourish. To deal with these two extremes, Sulfolobus membranes are 
particularly impermeable to protons even at high temperatures, thereby helping to 
maintain an internal pH which is close to neutral (221). 

Type IV pilins and archaeal flagellins 

As mentioned above, bacteria and archaea have several features in common, 
most of which belong to metabolic activities, also because these genes are more prone 
to horizontal gene transfer. Often, however, the archaeal versions have their own 
“interpretation” of bacterial systems. One intriguing example is the functional 
divergence between type IV pilin-like proteins in bacteria and archaea. The bacterial 
type IV pilus is a retractile fiber-like extracytoplasmic structure that is built up of 
secreted pilin subunits (44). These proteins are synthesized with an N-terminal signal 
peptide which resembles secretory signal sequences owing to its tripartite structure: a 
short leader sequence characterized by the presence of positively charged amino acids, 
a hydrophobic domain of approximately 20-25 amino acids which can span the 
cytoplasmic membrane and a signal peptidase cleavage site. In secretory proteins, the 
entire signal sequence is removed upon or during secretion (158). In contrast, the 
distinct class of type IV pilin-like signal peptidases (TFPPs) only removes the short N-
terminal leader. Furthermore, the two amino acids at which cleavage occurs are highly 
conserved. The hydrophobic stretch thus remains part of the mature proteins and 
constitutes the hydrophobic core of the assembled type IV pilus upon assembly by a 
membrane-bound machinery. Bacterial type IV pili can have a variety of functions, 
including DNA uptake, attachment to biotic and abiotic surfaces and twitching motility. 
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The best characterized type IV pilus-like structure of archaea is the flagellum, the 
function of which is to propel cells through liquid medium (23). In analogy with type IV 
pilins, the archaeal flagellins also contain an N-terminal type IV pilin-like signal peptide 
and are also assembled into a fiber-like helical structure ((41,213,217) and Chapter 4). 
Besides similarities of signal sequences, the components of the machineries that 
assemble bacterial pilins and archaeal flagellins are homologous and will be discussed 
in more detail below. 

Cleavage of S. solfataricus sugar binding proteins and 
flagellin precursors 

Sugar binding proteins from S. solfataricus were the first examples of non-
flagellin proteins with a cleaved type IV pili-like signal sequence. These membrane 
localized proteins are genetically and functionally coupled to ABC transporters and are 
specific to certain sugars. The three characterized binding proteins with type IV pilin-
like signals are GlcS (glucose), AraS (arabinose) and TreS (trehalose) (8,63). 
Screening the S. solfataricus genome sequence revealed additional binding proteins as 
well as proteins with unknown function ((7), Chapter 2 and 4). Among these proteins, 
some variations of cleavage site amino acid residues were observed. A major question 
is: why do certain sugar binding proteins make use of a signal sequence that is 
normally used to assemble extracellular fiber-like structures such as flagella? The 
binding proteins also appear to be assembled in a macromolecular structure, termed 
the bindosome which might serve to efficiently collect sugars from a nutrient-poor 
environment. However, the exact organization of this structure has remained elusive. 
Genetic evidence suggests that a type II/IV-like secretion system specific to S. 

solfataricus is essential for function and assembly of the bindosome (Albers et al., 
unpublished). The presence of a diverse set of type IV pilin-like substrates raised 
questions concerning the identity of the signal peptidase that cleaves these signal 
sequences. Furthermore, because of the considerable variation at the cleavage site 
amino acid residues was observed among the various (putative) substrates, the 
possibility arose that subclasses of substrate proteins are processed by different, 
dedicated signal peptidases (12,90).  

Cloning and substrate specificity of PibD, the S. 

solfataricus homolog of type IV prepilin peptidases 

To isolate the signal peptidase(s), an in vitro assay was established in which E. 

coli membranes containing uncleaved precursor proteins (the substrate) and native S. 
solfataricus membranes (containing the peptidase activity) were mixed in the presence 
of detergent and incubated at elevated temperature. Activity of the enzyme was 
monitored by SDS-PAGE electrophoresis in combination with Western blotting and 
detection of the substrate with an epitope tag specific antibody. Because the cleaved 
substrate has a lower molecular weight than the precursor, substrate cleavage can be 
identified as a shift of the band detected by the antibody ((5), Chapter 2). Initial 
studies were aimed at purifying the enzyme from S. solfataricus membranes. However, 
limited activity was observed in solubilized and fractionated membrane protein 
samples, suggesting that the peptidase is a low abundant enzyme. However, good 
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binding to a Concanavalin A column of the peptidase activity conferring protein was 
observed, suggesting that it might be glycosylated. Because at the time of these 
studies the S. solfataricus genome sequence became available, a sequence based 
homology search was performed. We used the COG database (208-210) to identify 
archaeal homologs of bacterial type IV prepilin peptidases. The COG database is 
generated using protein sequences from completely sequenced genomes by an all-
against-all sequence comparison approach. In this way, similar proteins are grouped 
into clusters of orthologous groups (COGs). COG1989 (prepilin signal peptidase PulO 
and related peptidases) includes several archaeal members. These sequences were 
used to search the S. solfataricus database by Blast (16), and one candidate gene, 
SSO0131, was identified. Using the in vitro cleavage assay, recombinant SSO0131 
(renamed PibD) expressed in E. coli membranes was shown to cleave both flagellin 
(FlaB) and glucose binding protein (GlcS) precursors. To determine the substrate 
specificity of PibD, important residues in the GlcS signal sequence were altered by site 
directed mutagenesis, in particular at the -1 and +1 positions (relative to the cleavage 
site). These experiments confirmed that at the -1 position glycine as well as alanine 
are equally tolerated. Furthermore, exchange of leucine at position +1 for several 
hydrophobic residues (isoleucine, valine, and phenylalanine) or alanine at the +1 
position did not affect cleavage efficiency. Interestingly, the presence of a positive 
charge at the -2 position, which was suggested to be absolutely required for cleavage 
to occur, was not necessary for recognition of the substrate by PibD (Chapter 2). 
During the study of prepilin-like substrates and peptidases from the euryarchaeon 
Methanococcus maripaludis (Chapter 4, and see below), we found that a substrate 
with glutamine at position +1 was also cleaved by PibD. This is interesting because 
glutamine is a polar amino acid while so far, only hydrophobic residues were 
anticipated at that position. Indeed, one putative PibD substrate encoded by the 
bindosome assembly operon (SSO2683) contains a glutamine at the +1 position. This 
confirms and strengthens our earlier conclusion of PibD being particularly efficient in 
cleaving a variety of substrates. An intriguing question that still remains to be 
answered is how this enzyme can be so flexible concerning its possible substrates while 
being exclusive to type IV pilin-like proteins. Clearly, there must be a strong selective 
pressure against amino acid combinations at the N-terminus of other secretory proteins 
that resemble to those recognized by PibD. In this respect, overexpression of wild-type 
and inactive pibD leads to growth arrest without extensive production of protein, both 
in E. coli as well as S. solfataricus (Chapters 2 and 3, and S.-V. Albers, unpublished). 
Possibly, an increased amount of this enzyme in the cytoplasmic membrane is toxic to 
the cell due to unspecific binding to membrane proteins. Alternatively, the 
conformation of the protein could prevent efficient translocation into the membrane. 
Interestingly, of the two non-redundant TFPP homologs from M. maripaludis, FlaK and 
EppA (see below), FlaK did not affect cell growth during expression while EppA did. 
Data presented in Chapter 5 suggest that EppA is not selective in recognizing the 
hydrophobic domain of its substrate while FlaK is highly specific to the conserved H-
domain of flagellins. This further supports the hypothesis that broader substrate 
specificity of a prepilin-like peptidase can lead to cytotoxic effects. 
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Catalytic residues and topology of PibD 

In Chapter 3, the catalytic mechanism of PibD was studied by site directed 
mutagenesis. PibD contains two aspartic acid residues that are essential for cleavage 
activity. Moreover, an additional pair of aspartic acids in a large cytoplasmic loop is 
also important for function and is possibly involved in substrate recognition. These 
findings confirm the placement of PibD into the family of bacterial type IV pilin aspartic 
proteases (58). The requirement for two absolutely conserved aspartates was first 
shown for TcpJ from Vibrio cholerae (115). Because (similar to PibD) the two catalytic 
aspartates are in adjacent cytoplasmic loops, it was suggested that TFPPs are bilobed 
proteases, each lobe harboring one of the catalytic residues. In this model, the enzyme 
would embrace its substrate in a cleft between the two lobes. Unfortunately, to this 
date no structural information is available on this class of membrane-integrated 
proteases. 

Sequence homology between bacterial and archaeal TFPPs is restricted to the 
active site motifs, a feature typical for many protease families. Interestingly, two 
classes of eukaryotic intramembrane aspartic proteases are related to TFPPs based on 
similar motifs around the catalytic residues. These are signal peptide peptidase and the 
catalytic subunit of γ-secretase, termed presenilin (128,238). Most striking is the 
conservation of a GxGD motif at the second catalytic aspartate residue (115,195). 
Glycine is the smallest and the only non-chiral amino acid. The presence of multiple 
glycines in this region suggests local structural flexibility. One could speculate that 
these residues might form a pocket in which a water molecule involved in peptide bond 
hydrolysis is coordinated. A common feature of aspartic acid proteases is that the 
catalytic residues do not directly cleave the substrate but coordinate and activate a 
water molecule which in turn hydrolyses the peptide bond (176). Although glycine itself 
does not have the capability to coordinate hydrophilic molecules, its peptide backbone 
oxygen and amino groups could play such a role. The glycine residue directly preceding 
the second catalytic aspartate is absolutely conserved in bacterial TFPPs, signal peptide 
peptidases and presenilin (195). This is also true for most euryarchaeal TFPP 
homologs, but with all crenarchaeal prepilin-like signal peptidases, the glycine is 
always replaced by another small amino acid: serine in APE0121 (Aeropyrum pernix) 
and alanine in PAE1599 (Pyrobaculum aerophylum), PibD, ST2258 and Saci_0139 
(Sulfolobus ssp.) and TpenDRAFT_0611 (draft genome of Thermofilum pendens). 

Intriguingly, while the active sites of presenilin and SPPase are believed to be 
located within the membrane lipid bilayer, TFPPs cleave their substrates at the 
cytoplasmic face of the membrane. Their active sites are most likely exposed to the 
cytoplasm. This notion is supported by topology models of bacterial TFPPs (1,179) and 
of PibD (Chapter 3). Moreover, both TcpJ and PibD can be inactivated by treatment 
with the water-soluble 1-ethyl-3-[3-(dimethylamino)-propyl] carbodiimide (EDC or 
EDAC) and glycinamide ((115) and Chapter 3), which leads to covalent modification 
aspartate and glutamate residues. Because EDAC is membrane impermeable, an 
inhibitory effect suggests that the catalytic residues are solvent accessible and 
therefore not membrane embedded. 
The membrane topology of PibD was determined by a prediction based strategy in 
combination with limited cysteine scanning mutagenesis. Based on these studies, a six 
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transmembrane model was suggested with the two catalytic aspartates exposed to the 
cytoplasmic side of the membrane. A common feature of all bacterial and archaeal 
TFPPs for which membrane topology information is available is that both the N-and C- 
terminal ends of the protein are located at the extracytoplasmic side of the membrane. 
A possible explanation for this observation could be the common evolutionary origin of 
all TFPPs and it suggests a functional relevance of the conserved membrane topology. 

Finally, another sequence motif containing a pair of proline residues at the 
beginning or preceding the last transmembrane segment of archaeal TFPP homologs 
seems to be conserved (Figure 2). An alignment of these sequences suggests that the 
WxxPxxP consensus motif could have functional importance, although the tryptophan 
can be replaced by a positively charged residue in EppA-like enzymes. These amino 
acids could be necessary for recognition of, and interaction with the substrate, but their 
exact role should be established by future research. 

 

 

Figure 2. Alignment of the C-terminal region in archaeal TFPPs. Conserved tryptophan and proline 

residues are in bold; transmembrane segments (predicted with Phobius) are underlined. Note that in some 

cases the conserved motif was assigned as part of the transmembrane segment by the topology prediction 

algorithm. 
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Flagellation in S. solfataricus 

In contrast to most other archaea, the S. solfataricus flagellum only consists of 
one type of flagellin. Isolated flagella were studied by single particle electron 
microscopy and a structural similarity to bacterial type IV pili as well as the flagellum 
from Halobacterium salinarum was confirmed (Chapter 4). Transcriptional activation 
of the flagellin gene was observed at high cell densities and carbon source deprivation, 
as well as during growth on sugars as the sole carbon and energy source. An 
upregulation of flagellation under these conditions might be a strategy of S. 

solfataricus to escape nutrient poor environments. 
The S. solfataricus fla operon is the smallest of those found in archaeal genomes. 

Possibly, additional components are encoded elsewhere in the genome, or Sulfolobus 
uses a minimal flagellum assembly apparatus. The highest degree of sequence 
conservation is found among the flaHIJ gene products. FlaH and FlaI contain Walker A 
and B motifs which identifies them as ATPases. FlaJ is the only polytopic membrane 
protein encoded by the fla locus and contains two GspII_F domains, which are also 
found in bacterial membrane proteins involved in type IV pilus assembly and type II 
secretion (163,173). The specific function of FlaH in flagellation remains elusive, but 
FlaI is similar to the typeII/IV secretion ATPases, which typically form hexamers and 
are thought to drive pilus assembly. Purified FlaI was indeed shown to hydrolyse ATP 
and the current hypothesis is that it energizes flagellum assembly in concert with FlaJ. 
The role of FlaJ in flagellum secretion and/or assembly was further demonstrated by 
targeted gene disruption of the corresponding gene (Chapter 4). Electron microscopy 
observations confirmed that the flaJ disruption mutant was not flagellated. 
Furthermore, loss of motility was demonstrated by a swarming assay on semi-solid 
gelrite plates.  

Diversity of type IV pilin-like proteins in archaeal 
genomes 

The astonishing diversity of type IV pilin-like proteins in S. solfataricus prompted 
us to investigate the situation in other archaea for which genome sequence data were 
available. To this end, a computational tool (FlaFind) was developed in collaboration 
with the groups of Profs. M. Pohlschröder and J.C. Kissinger (Chapter 5). A large 
number of previously unidentified substrates was found, including a novel group of 
type IV pilin-like proteins specific to certain methanogenic archaea. The two major 
characteristics of this group of proteins are a low predicted molecular weight (around 
15 kDa) and the presence of a conserved Pfam domain at the N-terminus. 
Furthermore, the corresponding genes often co-localized with type IV pilin biogenesis 
homologs. The Pfam “Domain of unknown function (DUF) 361” comprises the 
conserved motif QXSXEXXXL. A more detailed analysis of the proteins containing this 
motif resulted in the hypothesis that this sequence could be part of the type IV pilin-
like signal peptidase cleavage site with the consensus [RK][GA]↓Qh[SAT]h[DE] 
(cleavage site indicated by arrow; h is a hydrophobic amino acid). This motif is 
followed by a stretch of 16 mainly hydrophobic residues. Interestingly, a negatively 
charged glutamate at the +5 position is also found in almost all bacterial type IV pilins. 
This residue is thought to be engaged in an intermolecular salt bridge with the 
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positively charged N-terminal amino group of another subunit. In this way, the 
hydrophobic nature of the pilus core is maintained (46,159,161). 

Two of the DUF361-like pilin encoding genes were cloned from Methanococcus 

maripaludis and shown to be processed by a dedicated signal peptidase which is 
encoded by the same operon as the pilins. Because this peptidase is only found in 
certain euryarchaea, it was called EppA (euryarchaeal prepilin peptidase) and the two 
pilins EpdA and EpdB (for EppA dependent). EppA belongs to a novel class of type IV 
prepilin-like peptidases, its distinctive feature is the larger molecular weight compared 
to PibD due to the presence of four additional transmembrane segments. A second 
previously described prepilin-like peptidase [flaK (20)] from M. maripaludis does not 
recognize the EpdA or EpdB but only cleaves flagellin precursors from the same 
organism. Results presented in Chapter 5 suggest that for EppA, presence of a 
glutamine residue at position +1 of the substrate protein is required for cleavage to 
occur. On the other hand, substrate recognition by FlaK is dependent on the conserved 
H-domain of flagellins rather than the identity of the amino acid at the +1 position. 
This notion is further supported by the level of sequence conservation of the N-terminal 
parts of flagellins and EpdA-like proteins in M. maripaludis. While this region is almost 
completely conserved in the flagellins, sequence homology in EpdA-like proteins is 
restricted to the DUF361-like motif.  

An important conclusion from these data is that two different strategies which 
deal with multiple type IV pilin-like substrates seem to have evolved:  

(i) Multiple (normally two) dedicated enzymes cleave distinct subclasses of 
substrates, as seen in M. maripaludis. A similar situation can be found in several 
bacteria, for example Vibrio cholerae and Pseudomonas aeruginosa. In V. cholerae, the 
toxin coregulated pilus subunit TcpA is cleaved by TcpJ (98,115) while another TFPP 
(VcpD) is required for processing of EpsI, a pilin-like component of the type II 
secretion machinery, which translocates enterotoxin through the outer membrane of V. 

cholerae (127). Although some cross-talk between the two peptidases occurs, they are 
not functionally redundant in vivo. In Pseudomonas aeruginosa, PilD cleaves the type 
IV pilin subunit PilA as well as pseudopilins involved in type II secretion (149,151). On 
the other hand, a second type of pilin (Flp-1) belonging to the type IVb subclass is 
cleaved by a smaller TFPP paralog, FppA (51) .  

(ii) Another strategy has been adopted by S. solfataricus. Depending on the 
stringency of the search criteria, some 19 to 23 substrate proteins can be identified in 
the genome. However, S. solfataricus only contains one type of prepilin-like signal 
peptidase, PibD. The considerable variation among the type IV pilin-like signal peptides 
from this organism is also reflected in the broad substrate specificity of PibD. Indeed, 
PibD also cleaved the two heterologous substrates, EpdA and flagellin from M. 

maripaludis (Chapter 5). Due to the functional variety of PibD substrates, one can 
expect that pibD is a constitutively expressed (housekeeping) gene. Indeed, no genes 
involved in secretion can be found in the genomic environment of pibD homologues 
from all Sulfolobus species.  

Outlook 

The primary aim of the studies presented here was the identification and 
characterization of the protein involved in processing of type IV pilin-like proteins in S. 
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solfataricus. On the way towards this goal, a number of new questions arose which 
may be answered by future research. A selection of these is presented in the last 
paragraph of this summary. 

The most desirable next step would be to study the PibD function in vivo. 
Isolation of a pibD disruption mutant was hampered by technical difficulties in the 
transformation and selection protocols (not shown). However, recent encouraging 
improvements of the gene disruption protocol ((113), S.-V. Albers, personal 
communication) show that genetic manipulation of S. solfataricus could become a more 
routine endeavour to anyone in the field, in the near future. This is important because 
the phenotype of a pibD disruption mutant could be severe and it is necessary to 
ensure that possible difficulties in obtaining a mutant are due to phenotypic effects 
rather than technical issues.  

Although the catalytic aspartates can now be easily identified in almost all 
archaeal TFPP homologs, the mode of substrate recognition by this class of enzymes 
remains to be determined. One approach towards this aim could be the development of 
specific peptide inhibitors, based on the signal sequences cleaved by these enzymes. 
An inhibitory effect on in vitro substrate cleavage could then be studied. Additionally, 
direct interaction of the inhibitor with purified PibD (or a homologous protein, see 
below) can be measured by surface plasmon resonance or other techniques that 
monitor protein-ligand interactions. Alternatively, a short wavelength light activatable 
amino acid analog can be incorporated into the signal peptide to identify the docking 
site of the substrate. With this strategy, it was shown that the initial substrate binding 
site in γ-secretase is distinct from the actual catalytic center of the enzyme (109). In 
archaeal TFPP homologs a clear two-domain structure is observed: the N-terminal 
portion of four transmembrane segments includes the two catalytic aspartates while 
the C-terminal part consists of two to six transmembrane segments and a large 
cytoplasmic domain. The function of the latter is not yet clear, but it might be involved 
in initial substrate binding.  

Despite considerable efforts to increase expression yields of PibD, a major 
challenge remains the production of sufficient amounts of protein for biochemical and 
structural studies. Alternatively, one could screen for increased production of PibD 
homologs from other archaea. For example, significantly higher expression levels in E. 

coli of flaK from M. maripaludis were obtained even prior to optimization of growth 
conditions. A PibD homolog that can be expressed and purified in considerable amounts 
is also a good candidate for structural studies of this important class of enzymes.  

The finding that the two M. maripaludis TFPP homologs have distinct substrate 
requirements makes this system an interesting model for more detailed studies on 
these enzymes’ specificity. The major advantage is that cleavage activity can easily be 
monitored by co-expression of substrate and enzyme in E. coli. In this way, the 
hypothesis that the large cytoplasmic loop found in all archaeal TFPPs might be 
involved in substrate recognition can be tested. To this end, chimeras of EppA and FlaK 
could be constructed with junction points between the N-terminal and C-terminal 
domains. Then, the chimeric proteins can be tested for cleavage of EpdA or flagellin. 
Also, the conserved proline residues in the last transmembrane segment (see above) 
can be targeted by site directed mutagenesis. Here, exchange of proline for glycine 
might have a less severe effect than a more bulky or charged residue. Also, the in vivo 
function of EppA and the encoding operon could be studied, in particular to confirm 
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whether the corresponding operon indeed encodes an extracytoplasmic structure. In 
this context it is important to note that an epdA (MMP0233) disruption mutant has 
been isolated previously in a screen for acetate auxotrophic mutants of M. maripaludis. 
The mutant only grew well on complex media. Although the exact phenotype of the 
strain has not been investigated, our studies suggest that a membrane-associated 
process is affected. 

The main focus of future research will most likely be on extracytoplasmic 
structures of S. solfataricus, in particular the bindosome. To this end, the flaJ 
disruption strain is a particularly valuable tool. However, flagellation itself might 
deserve further study, as the functions of accessory genes other than flaI and flaJ are 
still a mystery. One strategy to investigate the function of these accessory genes could 
be conditional overexpression in S. solfataricus. This might lead to distinct dominant 
negative effects, for example aberrant flagella or flagellated but non-motile cells.  
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CHAPTER 7 

 

NEDERLANDSE SAMENVATTING VOOR DE LEEK 

De wereld van de micro-organismen is oneindig en fascinerend. Voor ons is deze 
wereld echter nauwelijks waar te nemen. Micro-organismen zijn met het blote oog niet 
te zien, maar ze laten op vele manieren hun sporen achter. Denk aan de manier 
waarop yoghurt en kaas wordt gemaakt, of de heerlijke boslucht na een regenbui, en 
de bontgekleurde waterbronnen in het Yellowstone National Park. Maar er zijn ook 
onaangename dingen zoals het bederven van voedsel, of een steenpuist. 

De grote uitdaging voor microbiologen is om het onzichtbare zichtbaar te maken, 
om uit indirecte waarnemingen conclusies te trekken over het leven dat zich afspeelt 
op een schaal van enige duizendste van een millimeter. 

Een bijzondere groep micro-organismen zijn de archaea (enkelvoud archaeon), 
die tijdens de evolutie als derde groep naast de bacteriën en eukaryoten1 zijn ontstaan. 
De groep (of het domein) van de Archaea werd voor het eerst eind jaren ’70 door Carl 
Woese en George Fox gedefinieerd op grond van moleculair DNA-onderzoek naar het 
zogenaamde kleine ribosomale deel. Archaea zijn met behulp van klassieke methoden 
(bijvoorbeeld met een microscoop) niet of nauwelijks van bacteriën te onderscheiden. 
Daarom is er nog steeds een discussie over de vraag of archaea werkelijk als een eigen 
grote groep van micro-organismen geclassificeerd kunnen worden. Een aantal 
wetenschappers denkt dat archaea alleen een groep van “exotische” bacteriën zijn. 

Overal waar leven is, zijn archaea te vinden, maar ook onder – voor de mens – 
vijandige omstandigheden kunnen veel soorten archaea gedijen. Bijvoorbeeld bij zeer 
hoge of lage temperaturen, in een sterk zure of basische omgeving of bij een hoge 
zoutconcentratie. De organismen die hier kunnen leven noemt men extremofielen. 
Deze extreme archaea zijn onder andere te vinden op bijzondere plekken zoals de 
Dode Zee en nabij vulkanische bronnen. Het organisme waarmee het meeste 
onderzoek is gedaan en dat in dit proefschrift beschreven wordt is Sulfolobus 

solfataricus. Leden van het geslacht Sulfolobus zijn wereldwijd te vinden in hete, zure, 
vulkanische bronnen. De soort Sulfolobus solfataricus werd bijvoorbeeld voor het eerst 
geïsoleerd in vulkanische gebieden rond Napels (Pozzuoli Solfatara2) en uit heetwater 
bronnen in het Yellowstone National Park. 

Zowel in het veld als in het laboratorium zijn de optimale groeiomstandigheden 
voor deze archaea buitengewoon extreem: het temperatuuroptimum ligt ongeveer bij 
80°C en door de aanwezigheid van zwavelzuur is de zuurtegraad (pH) van de bron 2 
tot 3. Citroensap en azijn hebben ook ongeveer een pH van 3.  

Hoe kan Sulfolobus onder deze omstandigheden overleven? Hiervoor zijn twee 
belangrijke eigenschappen van de Sulfolobus-cel van grote betekenis: ten eerste is het 
celmembraan zeer ondoorlaatbaar voor zuren. Op die manier kan binnenin de cel een 
nagenoeg neutrale pH-waarde (zuur noch basisch) in stand gehouden worden. Ten 

                                                 
1 Tot de eukaryoten behoren alle organismen wier cellen een celkern bevatten. Dit zijn voornamelijk “zichtbare” organismen, 
zoals dieren, planten en paddestoelen, maar ook veel eencelligen zoals zeeplankton. Bacteriën en archaea hebben geen celkern 
en de twee groepen worden tegenwoordig vooral op grond van moleculaire eigenschappen geclassificeerd.  
2 Een Solfatara is een uitstroom van zwavelwaterstof bij afnemende vulkaanactiviteit. Voor Sulfolobus solfataricus is zwavel 
een geschikte energiebron. 
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tweede zijn de eiwitmoleculen van deze organismen zeer hittebestendig. In Box 1 
worden de begrippen eiwit en celmembraan aan de hand van een Sulfolobus-cel nader 
uitgelegd. 

 
Box 1 Schematische weergave van de Sulfolobus-cel en de basiskennis van de moleculaire biologie.  
In bovenstaande afbeelding is een schematische doorsnede van een cel te zien. Deze meet circa 1 micrometer 
(µm) of een duizendste millimeter. De onderdelen binnenin de cel zijn niet op de juiste schaal getekend.  
De erfelijke informatie is opgeslagen in het DNA (afkorting van Desoxyribonucleinezuur), een onderdeel van de 
cel dat alle levende wezens met elkaar gemeen hebben. DNA bestaat uit twee omelkaarheendraaiende 
spiraalvormige strengen, de zogenaamde dubbelhelix. De DNA-strengen zijn opgebouwd uit zich herhalende 
bouwstenen (nucleotiden). Alle nucleotiden hebben een constant deel dat de ruggengraat van de DNA-strengen 
vormt. Hieraan zijn de variabele delen, de basen gebonden die de genetische informatie dragen. Er zijn vier basen 
die met de letters A, T, G en C afgekort worden. Een DNA-streng kan zo ongeveer als een boek gezien worden 
dat met deze vier letters geschreven is. De zinnen van dit boek (ofwel het genoom) zijn de genen, die in de 
meeste gevallen weer vertaald kunnen worden tot eiwitten. 
Het menselijke genoom bestaat uit meerdere DNA-moleculen of chromosomen, die men kan beschouwen als de 
hoofdstukken van het boek. De meeste bacteriën en archaea hebben slechts één, cirkelvormig DNA-molecuul.  
Om van erfelijke informatie tot bijvoorbeeld een enzym te komen, wordt het volgende proces doorlopen: eerst 
wordt er van een gen een exacte kopie gemaakt, het zogenaamde boodschapper-RNA (messenger RNA, mRNA). 
RNA bestaat ook uit vier basen, vergelijkbaar met DNA. Het mRNA wordt daarna door een soort grote machine, 
het ribosoom, afgelezen. Het ribosoom vertaalt de informatie in het mRNA naar een eiwit. Eiwitten zijn ketens van 
aminozuren en de informatie van het mRNA (en dus van het gen) vertelt het ribosoom in welke volgorde het de 
aminozuren aan elkaar moet vastmaken. Er zijn 20 „standaard“ aminozuren en de meeste eiwitten van micro-
organismen bestaan uit ketens van ongeveer 200-400 aminozuren. Tijdens of na de eiwitsynthese vouwt het eiwit 
zich op tot een driedimensionale structuur die uiteindelijk een specifieke functie in de cel krijgt, zoals bijvoorbeeld 
een enzym dat suikermoleculen splitst. De structuur en functie van een eiwit worden bepaald door de volgorde en 
samenstelling van aminozuren, met andere woorden de volgorde waarin de aminozuren aaneengeschakeld 
moeten worden. 
Een bijzondere klasse eiwitten zijn de membraaneiwitten. Elke cel is omgeven door een membraan, dat uit 
zogenaamde lipiden bestaat. Deze moleculen bezitten een bijzondere eigenschap: ze bestaan uit een hydrofiele 
(waterminnende) „kop“ en een lipofiele of hydrofobe (waterafstotende) „staart“. Het membraan van bijna alle 



Samenvatting voor de leek 

 85 

celtypen bestaat uit een dubbele laag van lipiden: de „koppen“ zijn gericht naar het waterige milieu binnenin en 
buiten de cel, terwijl de „staarten“ binnenin het membraan een vetlaag vormen (zie inzet van de figuur). Op deze 
manier is het membraan een soort flexibel omhulsel van de cel dat voorkomt dat waardevolle (voedings)stoffen uit 
de cel lekken en dat schadelijke stoffen de cel binnendringen.  
Het is interessant dat bij veel archaea (zo ook bij Sulfolobus) het membraan is opgebouwd uit slechts één laag 
moleculen, die uit een langere staart met twee waterminnende koppen bestaan, een aan elk uiteinde (zie 
afbeelding, detailuitsnede). Zulke membranen beschermen zeer goed tegen extreme leefomstandigheden zoals 
hoge temperatuur en lage pH. Het membraan wordt meestal omgeven door een celwand, die voor de stevigheid 
van de cel zorgt. Bij Sulfolobus bestaat deze celwand uit een honingraatstructuur van eiwitten die zeer hitte- en 
zuurbestendig zijn.  
Hoe komen eiwitten nu in het celmembraan, ofwel door het membraan naar buiten? Het ribosoom „herkent“ 
membraaneiwitten al heel vroeg tijdens de synthese, en het „beweegt zich“ dan naar het membraan toe. Daar 
bindt het ribosoom aan een kanaal, dat zelf ook uit membraaneiwitten bestaat. Tijdens de synthese wordt het eiwit 
met behulp van het kanaal in het membraan ingebouwd. Het deel van het membraaneiwit dat door de hydrofobe 
vetlaag binnenin het celmembraan heen gaat, bestaat uit waterafstotende aminozuren. Membraaneiwitten hebben 
zeer belangrijke functies, omdat ze tussen het binnenste van de cel en de „buitenwereld“ in zitten. Ze pompen 
bijvoorbeeld voedingsstoffen de cel binnen, of ze herkennen bepaalde signaalmoleculen uit de omgeving en 
geven die informatie door, verder de cel in. 

 
In dit proefschrift staan drie klassen van membraaneiwitten centraal: 

1. Transporteiwitten (zogenaamde „ABC-Transporters“), die voedingsstoffen 
herkennen en de cel inpompen. Bepaalde ABC-Transporters van Sulfolobus 

solfataricus werken samen met „bindingseiwitten“, die suikermoleculen kunnen 
vangen en doorgeven aan het transporteiwit, dat ze de cel inpompt.  

2. Flagelline-eiwitten. Duizenden flagelline-eiwitten worden aan het celoppervlak in 
elkaar gezet tot schroefvormige scheepstouwachtige structuren (de zogenoemde 
flagellen), die draaien als een propeller. Op die manier kan de cel zwemmen. 

3. De eerste circa 20 aminozuren van flagel- en bindingseiwitten vormen een 
zogenaamd signaalpeptide1. Het signaalpeptide is nodig voor het inbouwen van het 
eiwit in het membraan in de juiste oriëntatie. Er zijn verschillende klassen 
signaalpeptiden, waarvan in het in dit proefschrift beschreven werk het 
zogenaamde klasse III signaalpeptide van belang is (zie afbeelding voor de 
verschillende klassen). Voordat de flagel- en bindingseiwitten hun functie kunnen 
uitoefenen, moet het signaalpeptide verwijderd worden. Hiervoor is een 
zogenaamd signaalpeptidase verantwoordelijk (de suffix –ase geeft aan dat het 
een enzym is dat in dit geval signaalpeptiden afsplitst). Het signaalpeptide kan 
gezien worden als een soort adreslabel waarmee een eiwit op de juiste plaats in de 
cel kan worden afgeleverd. Bij het membraan aangekomen, wordt dit adreslabel 
door het signaalpeptidase verwijderd.  
De nadruk van het onderzoek zoals beschreven in dit proefschrift lag op de 

identificatie en karakterisering van het onder punt drie beschreven signaalpeptidase 
(zie ook hoofdstukken 2 en 3). De genoomsequentie (de „tekst“ van het DNA-molecuul 
in de cel) en daarmee alle genen van Sulfolobus solfataricus zijn bekend en in 
databanken via het internet vrij toegankelijk. Met behulp van computerprogramma’s 
(zie Box 2) werd uit deze 3000 genen één gen uitgezocht, dat het meest leek op 
bekende signaalpeptidasen. Dit was gen SSO01312.  

                                                 
1 Een peptide is een korte aminozuurketen 
2 Alle genen in het genoom van Sulfolobus solfataricus zijn opeenvolgend genummerd. Het beginpunt is willekeurig 
vastgesteld op het cirkelvormige DNA-molecuul; het eerste gen is dus SSO0001, het laatste is SSO3251. 
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Om vast te stellen dat gen SSO0131 inderdaad een signaalpeptidase was, werd 
het gen geïsoleerd en ingebracht in een colibacterie. Dit was noodzakelijk omdat 
Sulfolobus-cellen met de gangbare moleculair biologische methoden niet of slechts heel 
moeilijk gemanipuleerd kunnen worden. Echter, de colibacteriën zijn de zogenaamde 
“huisdieren” van de moleculaire biologie, omdat deze bacteriën zeer eenvoudig in het 
laboratorium gekweekt kunnen worden en doormiddel van goed ontwikkelde 
technieken genetisch manipuleerbaar zijn Het is ons gelukt om colibacteriën te 
“dwingen” om het eiwit te produceren dat door gen SSO0131 wordt gecodeerd. 

Zoals verwacht, vonden we dit eiwit in het membraan van de bacteriën terug. 
Met in vitro1 methoden kunnen we laten zien dat eiwit SSO0131 (later tot PibD 
„omgedoopt“) van zowel flagel- als bindingseiwitten het signaalpeptide kan afhalen 
(Figuur 1). Daarna werd nader onderzocht hoe PibD precies werkt (hoofdstuk 3). Na 
bestudering van de beschikbare wetenschappelijke literatuur en het uitvoeren van een 
set van voorlopige experimenten konden wij concluderen welke van de 236 aminozuren 
in het PibD-eiwit mogelijk verantwoordelijk waren voor de splitsingsreactie. We vonden 
negen „kandidaat“-aminozuren in de PibD-eiwitsequentie. 

Het PibD-gen werd daarna zo veranderd, dat in het gecodeerde eiwit telkens één 
van deze negen aminozuren door een ander aminozuur (namelijk Alanine) vervangen 
werd. We hebben een set van deze „mutanten“ gemaakt en getest of deze PibD-
varianten nog steeds het flagelline-eiwit konden splitsen. Het bleek dat drie mutanten 
niet meer in staat waren om het flagelline-eiwit te splitsen. Nader onderzoek naar de 
aminozuurvolgorde van PibD wees uit dat twee van de drie gevonden aminozuren 
direct deelnamen aan de splitsing van het signaalpeptide. Deze noemt met katalytische 
aminozuren (in deze context betekent „katalytische“ hetzelfde als „splitsend“). Men kan 
deze aminozuren vergelijken met een schaar: hoewel de grip en de vorm van een 
schaar belangrijk zijn voor zijn functie, is het toch de scherpte die ervoor zorgt dat 
papier geknipt wordt. Wanneer men de schaar bot maakt („muteert“), dan behoudt de 
schaar zijn oorspronkelijke vorm, maar kan hij geen papier meer knippen.  

 

Figuur 1. PibD is een 

membraaneiwit van Sulfolobus 

solfataricus dat het signaalpeptide 

van bindingseiwitten en flagelline 

verwijdert. Het signaalpeptide 

(donkergrijs) wordt door PibD in het 

membraan afgeknipt. Pas hierna 

kunnen de flagellineeiwitten in het 

flagel ingebouwd worden. 

Waarschijnlijk worden meerdere 

bindingseiwitten ook in een soort 

grotere structuur samengezet. Het is 

echter nog niet duidelijk hoe deze 

structuur er precies uit ziet. 

                                                 
1 In vitro – in een “reageerbuis” uitgevoerd experiment. Vgl. in vivo – Onderzoek in levende organismen. Enkele jaren 
geleden is er een derde begrip bijgekomen, in silico. Dit begrip omvat alle onderzoeken die met behulp van een computer 
gedaan worden. In dit proefschrift zijn experimenten beschreven uit alle drie categorieën: In hoofdstuk 2 en 3 vooral in vitro, 
in hoofdstuk 4 ook in vivo proefjes. In hoofdstuk 5 is een omvangrijke in silico analyse beschreven.  
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Tot slot hebben we de structuur van het PibD-eiwit in de celmembraan bepaald. 
Hiervoor hebben we het PibD-gen weer veranderd; in dit geval hebben we het PibD-
gen zodanig veranderd dat bepaalde aminozuren door het aminozuur Cysteïne 
vervangen werden. Cysteïne is een van de 20 aminozuren die in eiwitten voorkomen. 
Het heeft de bijzondere eigenschap dat het specifiek met bepaalde chemische stoffen 
gemarkeerd kan worden. Zo’n gemarkeerde cysteïne kan experimenteel aangetoond 
worden, en hiermee konden wij vaststellen of bepaalde delen van PibD zich aan de 
binnenkant of aan de buitenkant van het membraan bevonden. 

Het resultaat van deze studie was dat het PibD-eiwit waarschijnlijk zesmaal door 
het membraan heengaat (Figuur 1). De delen die in het membraan ingebed zijn noemt 
men „transmembraansegmenten“. Het begin en het einde van de aminozuurketen van 
PibD liggen aan de buitenkant van het membraan. Het moet benadrukt worden dat de 
driedimensionale structuur van PibD veel complexer is dan de schematische structuur 
zoals weergegeven in Figuur 1. 

In hoofdstuk 4 wordt het flagelline-eiwit nader bechreven dat door PibD gesplitst 
wordt. Wanneer men Sulfolobus-cellen bekijkt met behulp van een 
electronenmicroscoop die in staat is zeer fijne details van deze organismen zichtbaar te 
maken, dan ziet men touwachtige structuren die aan de cellen vastzitten. Deze 
structuren worden flagellen genoemd en ze bestaan uit flagelline-eiwitten. In de 
genoomsequentie van Sulfolobus solfataricus vonden wij naast het flagelline-eiwit-gen 
nog andere genen, die waarschijnlijk een rol spelen bij het samenstellen van flagelline-
eiwitten. Eén van deze genen werd gericht uitgeschakeld (geïnactiveerd). Cellen waarin 
dit gedaan was beschikten niet meer over flagellen en konden dus ook niet meer 
zwemmen. Daaruit kunnen wij concluderen dat het geïnactiveerde gen direct of indirect 
betrokken is bij het samenstellen van flagellen. Een andere conclusie is dat de 
touwachtige flagelstructuren inderdaad voor de voortbeweging van de cellen 
verantwoordelijk zijn. 

In het kader van dit project werden ook flagellen van cellen verwijderd en onder 
de electronenmicroscoop bekeken. Met een speciale computertechniek was het 
mogelijk om uit een groot aantal beelden, een enkel beeld van hoge kwaliteit te 
produceren (afbeelding in Box 1, door het vergrootglas).  

Hoofdstuk 5 ten slotte beschrijft een interdisciplinaire studie (verschillende 
takken van wetenschap werkten samen) met als doel, tot nu toe onbekende genen te 
vinden die coderen voor eiwitten met klasse III signaalpeptiden. In een 
samenwerkingsverband met twee onderzoeksgroepen in de VS werd een 
computerprogramma ontwikkeld dat in genoomsequenties kan zoeken naar zulke 
genen. Ten tijde van de studie hadden wij naast die van Sulfolobus solfataricus nog 21 
andere complete genoomsequenties van archaea tot onze beschikking, Hierin vonden 
wij meer dan 300 genen die aan de door ons gestelde criteria voldeden. We hebben 
twee genen van het archeon Methanococcus maripaludis uitgezocht om onze 
voorspelling experimenteel te testen. Met een vergelijkbare strategie als die in 
hoofdstuk 2 wordt beschreven, konden wij aantonen dat een van de signaalpeptidasen 
van Methanococcus maripaludis het „nieuwe“ eiwit met klasse III signaalpeptiden 
inderdaad splitst. De precieze functie van dit nieuwe eiwit kan in de toekomst nader 
onderzocht worden. 
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Box 2. Hoe computers en internet moleculaire biologen helpen.  
In de afgelopen tien jaar was een van de grote doelstellingen van de moleculaire biologie om de 
genoomsequenties van zo veel mogelijk organismen te bepalen. Het genoom is de erfelijke informatie die 
bewaard wordt op DNA-moleculen in de cellen. Ondertussen zijn er de genoomsequenties van zo’n 600 micro-
organismen en van 125 eukaryoten bekend. De genoomsequentie van Sulfolobus solfataricus bijvoorbeeld 
bestaat uit ongeveer drie miljoen basenparen (“letters”), die van de mens uit circa drie miljard basenparen. In deze 
sequentie is de volledige informatie opgeslagen voor de opbouw en het functioneren van de Sulfolobus-cel of de 
mens. Dagelijks worden er nieuwe genoomsequenties bekend gemaakt en alleen al het opslaan van deze 
immense hoeveelheid informatie is een grote uitdaging. Het grootste probleem ligt echter bij de interpretatie van 
de genoomsequentie. Alleen de ruwe data (oftewel de “originele tekst” van het genoom) geeft nog geen relevante 
informatie en daarom is een correcte interpretatie van groot belang. Hierbij spelen computerprogramma’s een rol; 
zij kunnen bijvoorbeeld automatisch genen in een genoomsequentie opsporen en ze daarna met de beschikbare 
informatie vergelijken. Op die manier kan aan veel genen een (hypothetische) functie toegewezen worden. Echter, 
de automatische “sequentieverwerking” is slechts een voorspelling en er kunnen fouten inzitten. Daarom kunnen 
wetenschappers die in een bepaald gen geïnteresseerd zijn, ook handmatig deze gegevens controleren. Op 
internet zijn talrijke computerprogramma’s te vinden waarmee dit gedaan kan worden. Met deze programma’s kan 
men een door een gen gecodeerd eiwit nader onderzoeken. Het computerprogramma dat het vaakst gebruikt 
wordt is BLAST: met behulp van dit programma kan men een eiwitsequentie (bijvoorbeeld die van het flagelline-
eiwit van Sulfolobus solfataricus) met alle tot op heden bekende eiwitsequenties vergelijken. Momenteel ligt het 
aantal bekende eiwitsequenties boven de vier miljoen1. Afhankelijk van de drukte van de server duurt het 
vergelijken van een gegeven sequentie met deze vier miljoen sequenties zo’n 10 seconden tot een paar minuten. 
Op internet zijn nog veel meer databanken en programma’s te vinden, waarmee een eiwitsequentie onderzocht 
kan worden. Men kan bepalen of het gaat om een membraaneiwit en hoe vaak het dan door het membraan 
heengaat. Men kan uitzoeken tot welke “eiwitfamilie” een onbekende sequentie behoort, of korte delen van een 
sequentie (zogenaamde sequentiemotieven) opsporen, die van belang zijn voor het functeren van het 
desbetreffende eiwit. Bijna al deze programma’s en databanken zijn gratis toegankelijk voor wetenschappers en 
de meeste van deze “diensten” zijn ook zonder enkele programmeerkennis te gebruiken. Een zeer vaak gebruikte 

website is “Entrez” (http://www.ncbi.nlm.nih.gov/entrez/), die door het National Institute of Health (Nationaal 
gezondheidsinstituut) in de VS onderhouden wordt. Hier kan men met behulp van zoektermen wetenschappelijke 
literatuur bekijken of alle beschikbare informatie over een bepaald gen vinden.  
Inmiddels zijn dus voor de meeste biologen computer en internet naast pipet en reageerbuis standaard 
“gereedschap” bij onderzoek. Soms is er echter een wetenschappelijke vraagstelling die niet met de ter 
beschikking staande Internetdiensten kan worden opgelost. Dan is het essentieel dat moleculaire biologen en 
informatici samenwerken. Zo kan een biologisch probleem met behulp van nieuwe computerprogramma’s 
onderzocht worden. De resultaten van zo’n samenwerkingsverband zijn in hoofdstuk 5 van dit proefschrift 
beschreven en ook kort samengevat in dit hoofdstuk. 

In de algemene inleiding (hoofdstuk 1) wordt onze huidige kennis besproken hoe 
eiwitten van archaea door het membraan naar buiten gebracht worden en welke 
(membraan)eiwitten voor dit proces verantwoordelijk zijn. Verder worden in dit stuk 
bekende „celaanhangsels“ van archaea, zoals bijvoorbeeld flagellen, besproken. In 
hoofdstuk 6 tot slot worden de resultaten van het gehele onderzoek nog een keer 
samengevat en bediscussieerd. Het hoofdstuk eindigt met ideeën voor toekomstige 
onderzoeksmogelijkheden op dit gebied. 

 
 
 
 
 
 

Vertaling: Saskia van der Schaaf 

                                                 
1Het menselijke genoom bijvoorbeeld bevat ongeveer 30.000 genen die coderen voor een eiwit; deze enorme hoeveelheid data 
beslaat daarmee minder dan 1% van de totale beschikbare informatie! 
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CHAPTER 8 

 

DEUTSCHE ZUSAMMENFASSUNG FÜR LAIEN 

Die Welt der Mikroben ist endlos und faszinierend. Im Alltag ist diese Welt 
allerdings kaum wahrnehmbar. Mikroben sind zwar mit dem blossen Auge nicht 
sichtbar, hinterlassen aber auf vielfältige Weise ihre Spuren: man denke an die Art auf 
die Joghurt und Käse gemacht werden, den würzigen Geruch eines Waldes nach dem 
Regen oder die bunten Quellen im Yellowstone Nationalpark. Mikroben können aber 
auch unangenehme Dinge verursachen, soals Verderben von Nahrung oder 
Krankheiten. 

Die grosse Herausforderung für Mikrobiologen ist daher, das unsichtbare sichtbar 
zu machen, aus indirekten Beobachtungen Rückschlüsse zu ziehen auf Lebensvorgänge 
im Maßstab von wenigen tausendstel Millimeter. Eine besondere Gruppe von 
Mikroorganismen sind die Archäen (oder Archaea), die während der Evolution als eine 
dritte Gruppe neben den Bakterien und Eukaryoten1 hervorgegangen sind. Die Gruppe 
(Domäne) der Archaea wurde ersmals Ende der 70-er Jahre durch Carl Woese und 
George Fox definiert aufgrund von molekulären DNA Untersuchungen an der 
sogenannten kleinen ribosomalen Untereinheit. Archäen sind durch klassische 
Methoden (zum Beispiel mikroskopische Techniken) nicht von Bakterien zu 
unterscheiden. Darum wird noch immer häufig darüber diskutiert, ob Archäen nun 
tatsächlich eine eigene grosse Gruppe von Organismen bilden, die unabhängig ist von 
der der Bakterien und Eukaryoten. Manche Wissenschaftler sind der Meinung, dass die 
Archaea lediglich eine Gruppe „exotischer“ Bakterien sind. 

Archäen findet man überall, wo Leben möglich ist, aber viele Vertreter dieser 
Gruppe von Organismen gedeihen auch unter – aus menschlicher Sicht – 
lebensfeindlichen Umweltbedingungen. Diese sind z.B. sehr hohe, oder sehr niedrige 
Temperaturen, ein stark saures oder stark basiches Milieu, oder eine sehr hohe 
Salzkonzentration. Solche Organismen nennt man Extremophile. Zu den 
aussergewöhnlichen Habitaten, die diese extremophilen Archäen bewohnen gehört das 
„Tote“ Meer und Quellen vulkanischen Ursprungs. Der Organismus, mit dem die 
meisten in dieser Dissertation beschriebenen Untersuchungen verichtet wurden ist 
Sulfolobus soflataricus. Vertreter der Gattung Sulfolobus findet man weltweit in 
heissen, säurehaltigen vulkanischen Quellen. Die Art Sulfolobus solfataricus zum 
Beispiel wurde in vulkanischen Gebieten von Neapel (Pozzuoli Solfatara2) und aus 
heissen Quellen des Yellowstone Nationalpark isoliert. Sowohl im Feld als auch im 
Laboratorium sind die optimalen Wachstumsbedingungen für diese Archäen äusserst 
extrem: das Temperaturoptimum liegt bei ungefähr 80°C und durch die Anwesenheit 
von Schwefelsäure ist der Säuregrad (pH) der Quellen bei 2 bis 3. Der pH von Essig 
oder Zitronensaft liegt auch in diesem Bereich. Wie kann Sulfolobus unter diesen 

                                                 
1 Zu den Eukaryoten gehören alle Organismen deren Zellen einen Zellkern besitzen. Dies sind vor allem Vertreter der 
„sichtbaren“ Biologie, d.h. Tiere, Pflanzen und Pilze, aber auch viele einzellige Organismen, z. B. Seeplankton. Baktrien und 
Archaea haben keinen Zellkern und die zwei Gruppen werden vor allem aufgrund von molekularen Eigenschaften 
klassifiziert. 
2 Eine Solfatara ist eine Ausströmung von Schwefelwasserstoff bei abklingender Vulkantätigkeit. Für Sulfolobus solfataricus 
ist Schwefel eine geeignete Energiequelle. 
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Bedingungen überleben? Zwei wichtigte Eigenschaften von Sulfolobus Zellen sind von 
entscheidender Bedeutung: zum einen ist ihre Zellmembran besonders undurchlässig 
für Säure. So kann im inneren der Zelle ein nahezu neutraler (weder sauer noch 
basisch) pH-Wert aufrechterhalten werden. Zum zweiten sind die Protein-
(Eiweiss)moleküle dieser Organismen besonders Hitzestabil. In Box 1 sind die Begriffe 
Protein und Zellmembran anhand einer Sulfolobuszelle näher erläutert. 

 
Box 1 Schematische Darstellung einer Sulfolobus Zelle, und einige Grundlagen der Molekularbiologie.  
In der Abbildung ist ein schematischer Querschnitt der Zelle gezeigt. Der Durchmesser der Zelle entspricht ca. 1 
µm, oder einem tausendstel millimeter. Die in die Zelle gezeichneten Komponenten sind nicht Maßstabsgerecht. 
Die Erbinformation wird gepeichert in der DNA (Abkürzung für Desoxyribonukleinsäure1), eine Eigenschaft, die 
alle Lebewesen gemein haben. Die DNA besteht aus zwei einander spiralartig umlaufenden Fäden,der 
sogenannten Doppelhelix. Der DNA Faden ist aufgebaut aus sich wiederholenden Untereinheiten (Nukleotiden). 
Alle Nukleotide haben einen konstanten Teil, der den Rückgrat des DNA-Fadens bildet. Hieran sind die variablen 
Teile gebunden, die Basen. Die Basen sind die eigentlichen Informationsträger der DNA. Es gibt vier Basen, die 
mit den Buchstaben A, T, G und C abgekürzt werden. Ein DNA Faden kann daher als ein Buch gesehen werden, 
der mit diesen vier Buchstaben geschrieben ist. Die Sätze dieses Buches (oder Genoms) sind die Gene, die in 
den meisten Fällen in Proteine übersetzt werden. Das menschliche Genom besteht aus mehreren DNA Molekülen 
oder Chromosomen, dies könnte man als Kapitel des Buches beschreiben. Die meisten Bakterien und Archäen 
haben nur ein einziges, zirkuläres DNA Molekül. Der Informationsfluss ist wie folgt: erst wird eine exakte Kopie 
eines Gens erstellt, eine sogenannte boten RNA (mRNA). RNA besteht auch aus “Buchstaben”, vergleichbar mit 
DNA. Die mRNA wiederum wird von einer grossen Maschine, dem Ribosom abgelesen. Während das Ribosom 
die mRNA abliest, übersetzt es die darin gespeicherte Information. Proteine sind Ketten von Aminosäuren und die 
Information in der mRNA (und damit der Gene) sagt dem Ribsom in welcher Reihenfolge es die Aminosäuren 
aneinanderfügen muss. Es gibt 20 „standard“ Aminosäuren und ein typisches Protein von Mikroben besteht aus 
einer Kette von etwa 200-400 Aminosäuren. Während oder nach ihrer Synthese falten sich Proteine auf zu einer 
dreidimensionalen Struktur, die schliesslich eine bestimmte Funktion in der Zelle erfüllt, wie z.B. ein Enyzm das 

                                                 
1In der deutschsprachigen Literatur wird Desoxynukleinsäure sowohl mit DNS als auch mit DNA abgekürzt. Das “A” stammt 
aus dem englischen “acid” für Säure.  
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Zuckermoleküle spaltet. Es ist die Reihenfolge und die Zusammensetzung der Aminosäuren (die Sequenz) in 
einem Protein, die bestimmt zu welcher Struktur es sich auffaltet und welche Funktion es erfüllt.  
Eine besondere Klasse von Proteinen sind die Membranproteine. Jede Zelle ist umgeben von einer Membran, die 
aus sogennanten Lipiden besteht. Diese Moleküle besitzen eine besondere Eigenschaft: sie bestehen aus einem 
wasserliebenden (hydrophilem) „Kopf“ und einem wasserabstossendem (hydrophobem) „Schwanz“. Die Membran 
von fast allen Zelltypen setzt sich aus einer Doppelschicht von Lipiden zusammen: die „Köpfe“ sind dem 
wässrigen Milieu innerhalb und ausserhalb der Zelle zugerichtet, während die „Schwänze“ im Inneren der 
Membran eine Fettschicht bilden (siehe Abbildung). Auf diese Weise ist die Membran eine Art flexibler Mantel, der 
die Zelle umgibt und weitgehend vorkommt, dass wertvolle (Nahrungs)stoffe aus der Zelle herauslecken oder 
schädliche Stoffe in die Zelle eindringen.  
Besonders interessant ist, dass bei vielen Archäen (so auch Sulfolobus), die Membran aus einer Einzelschicht von 
Molekülen besteht, die aus einem längeren hydrophobem „Schwanz“ mit zwei hydrophilen Köpfen an den beiden 
Enden besteht. Solche Membranen sind besonders beständig und können den extremen Lebensumständen soals 
hohe Temperatur und saurem pH trotzen. Die Membran wiederum ist in der Regel umgeben von einer Zellwand, 
die für die Stabilität der Zelle sorgt. Bei Sulfolobus ist die Zellwand aufgebaut aus einem Bienenwabenartigen 
Netzwerk von besonders hitze- und säurebeständigen Proteinen. Wie kommen Proteine in die Zellmembran bzw. 
durch die Membran nach aussen? Am Ribosom werden Membranproteine bereits am Anfang der Synthese 
erkannt. Daraufhin „wandert“ das Ribosom zur Membran, wo es an ein Kanal bindet, mit dessen Hilfe das Protein 
während der Synthese in die Membran gefädelt wird. (Der Kanal selbst besteht auch aus spezialisierten 
Membranproteinen.) Der Teil eines Membranproteins der durch das hydrophobe Innere der Zellmembran geht 
besteht selbst aus hydrophoben Aminosäuren. Membranproteine haben sehr wichtige Funktionen, da sie sich an 
der Grenze zwischen dem Inneren der Zelle und der „Aussenwelt“ stehen. Sie pumpen z.B. Nahrungsstoffe in die 
Zelle, oder erkennen bestimmte Singalmoleküle aus der Umgebung und geben die Information weiter an das 
Innere der Zelle.  

 
In dieser Dissertation sind drei Klassen von Membranproteinen von besonderem 

Interesse: 
1. Transportproteine (sogenannte „ABC-Transporter“), die Nahrungsstoffe erkennen 

und diese in die Zelle hineinpumpen. Bestimmte ABC-Transporter von Sulfolobus 

solfataricus arbeiten mit „Bindeproteinen“ zusammen, die Zuckermoleküle fangen 
können und diese an den Transporter weitergeben, der sie in die Zelle 
hineinpumpt.  

2. Das Flagellinprotein. Tausende von Flagellinproteinen werden an der Zelloberfläche 
zu geschraubten, schiffstauartigen Strukturen zusammengesetzt, die propellerartig 
drehen. Auf diese Weise kann die Zelle schwimmen.  

3. Die ersten ca. 20 Aminosäuren Flagellinproteins und den Bindeproteinen bilden 
eine sogenanntes Signalpeptid1. Das Signalpeptid ist dafür notwendig, dass diese 
Proteine in der korrekten Orientation in die Membran gelangen können. Es gibt 
verschiedene Klassen von Signalpeptiden, in dieser Dissertation spielt das 
sogenannte Klasse III Signalpeptid eine wichtige Rolle. Bevor das Flagellinprotein 
und die Bindeproteine ihre Funktion erfüllen können, muss ein Teil des 
Signalpeptids abgeschnitten werden. Hierfür ist einen sogenannte Signalpeptidase 
verantwortlich (die Endung –ase gibt an, dass dieses Protein Signalpeptide 
spaltet). Das Signalpeptid ist damit eine Art Fahrkarte, die einem Protein erlaubt, 
zur Membran zu gelangen. In der Membran angekommen wird die Fahrkarte durch 
die Signalpeptidase “entwertet”. 
 
Der Schwerpunkt der in dieser Dissertation beschriebenen Arbeit lag auf der 

Identifizierung und näheren Beschreibung der unter Punkt drei beschriebenen 

                                                 
1 Ein Peptid ist eine Kette von wenigen Aminosäuren 
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Signalpeptidase (siehe auch Kapitel 2 und 3). Die Genomsequenz (der „Text“ des DNA 
Moleküls in der Zelle) und damit alle Gene von Sulfolobus solfataricus sind bekannt und 
in Datenbanken über das Internet frei zugänglich. Mit Hilfe von Computerprogrammen 
(siehe Box 2) wurde aus diesen 3000 Genen dasjenige ausgewählt, das bekannten 
Signalpeptidasen am ähnlichsten war. Dies war Gen SSO01311. Um zu bestimmen, ob 
Gen SSO0131 tatsächlich eine Signalpeptidase war, wurde das Gen isoliert und in 
Kolibakterien hineingebracht. Dies war notwendig weil Sulfolobus Zellen mit gänigen 
molekularbiologischen Methoden nicht oder nur sehr schwer manipuliert werden 
können. Kolibakterien dagegen sind eines der sogennanten “Haustiere” der 
Molekularbiologie, da man diese Bakterien sehr leicht im Labor züchten und mit 
gängigen Methoden genetisch manipulieren kann.  

Es ist uns gelungen, Kolibakterien dazu zu “zwingen”, das durch Gen SSO0131 
codierte Protein zu produzieren. Wie erwartet, fanden wir dieses Protein in der 
Membran der Bakterien zurück. Mit in vitro2 Methoden konnten wir zeigen, dass Protein 
SSO0131 (später in PibD umbenannt) die Signalpeptide von sowohl Flagellin, als auch 
den Bindeproteinen schneidet (Abbildung 1).  

Im Folgenden wurde die Funktionsweise von PibD näher untersucht (Kapitel 3). 
Nach Durchforsten der zur Verfügung stehenden wissenschaftlichen Literatur und aus 
vorläufigen Exerimenten konnten wir folgern welche der insgesamt 236 Aminosäuren 
im PibD Protein für die Schneidereaktion zuständig sein könnten. Wir fanden neun 
solche Aminosäure-“Kandidaten” in der PibD Proteinsequenz. Das pibD Gen wurde 
gezielt so verändert, dass im codierten Protein jeweils eines dieser Aminosäuren durch 
eine andere (nämlich „Alanin“) ausgetauscht wurde. Wir haben eine Reihe solcher 
“Mutanten” hergestellt und getestet, ob die entsprechenden PibD Varianten noch das 
Flagellinprotein schneiden können. Wir fanden drei Mutanten, die das Flagellinprotein 
nicht mehr schneiden konnten. Eine nähere Untersuchung der Aminosäuresequenz von 
PibD ergab, dass zwei der drei gefundenen Aminosäuren an der Spaltung von 
Signalpeptiden direkt beteiligt sind. Diese nennt man katalyitsche Aminosäuren (in 
diesem Kontext bedeutet “katalytisch” dasselbe wie “schneidend”). Man kann diese 
Aminosäuren vergleichen mit den Klingen einer Schere: obwohl der Griff und die 
formgebenden Teile der Schere wichtig sind für die Funktion, sind doch die scharfen 
Klingen für das Schneiden von Papier direkt verantwortlich. Wenn man die Klingen 
abstumpft (“mutiert”), behält die Schere ihre ursprüngliche Form, kann aber kein 
Papier mehr schneiden.  

Schliesslich haben wir die Anordnung des PibD Proteins in der Zellmembran 
bestimmt. Wiederum haben wir das pibD Gen mutiert. In diesem Fall haben wir das 
pibD Gen so verändert, dass im PibD Protein bestimmte Aminosäuren durch Cystein 
ersetzt wurden. Cystein ist eine der 20 Aminosäuren, die in Proteinen vorkommen. Es 
hat die besondere Eigenschaft, dass es mit bestimmten chemischen Reagenzien 
markiert warden kann. Diese Markierung kann experimentiell nachgewiesen werden. 
Mithilfe solcher “Cystein modifizierenden Reagenzien” konnten wir ermitteln, ob 
bestimmte Abschnitte von PibD sich auf der Innen- oder auf der Aussenseite der 

                                                 
1 alle Gene im Genom von Sulfolobus solfataricus sind aufeinander folgend durchnummeriert, sind nach einem arbitary 
startpunkt auf dem zirkulären DNA-Molekül, das erste Gen ist also SSO0001, das letzte SSO3251 
2 In vitro – im Reagenzglas durchgeführtes Experiment. Vgl. in vivo – Untersuchung am lebenden Organismus . Vor einigen 
Jahren ist ein dritter Begriff hinzugekommen, in silico. Dieser begriff umfasst alle Untersuchungen, die mit Hilfe eines 
Computers durchgeführt wurden. In dieser Dissertation sind Experimente beschrieben aus allen drei Kategorien: in Kapitel 2 
und 3 vor allem in vitro, in Kaptiel 4 auch in vivo Versuche. In Kapitel 5 ist eine umfangreiche in silico Analyse beschrieben. 
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Membran befinden. Das Ergebnis dieser Studie war, dass das PibD Protein 
wahrscheinlich sechsmal die Membran durchquert (Abbildung 1). Die in die Membran 
eingebetteten Teile des Proteins nennt man „Transmembransegmente“. Der Anfang 
und das Ende der Aminosäurekette von PibD sind zur Aussenseite der Membran 
gerichtet. Es muss betont werden, dass die (momentan noch unbekannte) 
dreidimensionale Struktur von PibD viel komplizierter ist als die in Abbildung 1 gezeigte 
schematische Struktur. 

Kapitel 4 befasst sich mit dem durch PibD geschnittenen Flagellin. Wenn man 
Sulfolbus-Zellen im Elektronenmikroskop betrachtet, sieht man tauartige Strukturen, 
die an der Zelle festsitzen. Das Elektronenmikroskop ist im Stande sehr feine Details 
von den kleinsten Lebewesen sichtbar zu machen. Die tauartigen Strukturen werden 
Flagellen genannt und sie sind aus Flagellinproteinen zusammengesetzt. In der 
Genomsequenz von Sulfolobus solfataricus fanden wir neben dem Flagellin-Gen weitere 
Gene, die wahrscheinilch eine Rolle spielen beim Zusammensetzen von 
Flagellinproteinen. Eines dieser Gene wurde gezielt ausgeschaltet (inaktiviert). Zellen, 
in denen dieses Gen inaktiviert ist, hatten keine Flagellen mehr und konnten auch nicht 
mehr schwimmen. Daraus können wir schliessen, dass das inaktivierte Gen direkt oder 
indirekt am Zusammensetzten von Flagellen beteiligt ist. Eine weitere Schlussfolgerung 
ist dass die tauartigen Flagellenstrukturen tatsächlich für die Fortbewegung der Zellen 
zuständig sind.  

Im Rahmen dieses Projekts wurden auch Flagellen, die während des Wachstums 
von Zellen abgefallen sind durch Zentrifugation gesammelt und unter dem 
Elektronenmikroskop betrachtet. Mit einer speziellen computerunterstützten Technik 
war es möglich, aus vielen Einzelbildern ein einziges, qualitativ hochwertiges Bild zu 
erstellen (Abbildung zu Box 1, unter der Lupe).  

Kapitel 5 schliesslich beschreibt eine fachübergreifende (interdisziplinäre) Studie 
mit dem Ziel, bisher unbekannte Gene zu finden, die für Proteine mit Klasse III 
Signalpeptiden codieren. In einer Zusammenarbeit mit zwei Forschungsgruppen in den 
USA wurde ein Computerprogramm entwickelt, das Genomsequenzen nach solchen

 

Abbildung 1. PibD ist ein 

Membranprotein welches das  

Signalpeptid (bzw. einen Teil 

davon) des Flagellinproteins und 

der Bindeproteine von Sulfolobus 

solfataricus entfernt. Das 

Signalpeptid (dunkelgrau) wird durch 

PibD abgeschnitten. Erst danach 

können Flagellinproteine in das 

Flagellum eingebaut werden. 

Wahrscheinlich werden die 

Bindeproteine auch in eine Art 

grössere Struktur zusammengesetzt. 

Wie diese Struktur aussieht, ist noch 

weitgehend unbekannt. 
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Genen durchsucht. Zum Zeitpunkt der Studie standen uns neben der von Sulfolobus 

solfataricus 21 weitere vollständige Genomsequenzen von Archäen zur Verfügung. 
Insgesamt fanden wir über 300 Gene, die den von uns definierten Kriterien 
entsprachen. Wir haben zwei Gene des Archäons Methanococcus maripaludis 
ausgewählt um unsere Vorhersagen experimentiell zu bestätigen. Mit einer ähnlichen 
Strategie wie die in Kapitel 2 beschrieben wurde, konnten wir zeigen, dass eine der 
Signalpeptidasen von Methanococcus maripaludis die “neuen” Proteine mit Klasse III 
Signalpeptiden tatsächlich schneidet. Die genaue Funktion dieser neuen Proteine kann 
in der Zukunft näher untersucht werden.  

In der allgeneinen Einleitung (Kapitel 1) wird diskutiert wie nach dem neuesten 
Stand der Wissenschaft Proteine von Archäen durch die Membran nach aussen 
gelangen und welche (Membran)protein an diesen Prozessen beteiligt sind. Weiterhin 
werden in diesem Stück bekannte „Zellanhänge“ von Archäen, wie zum Beispiel 
Flagellen, diskutiert. In Kapitel 6 schliesslich werden die Ergebnisse dieser Arbeit noch 
einmal zusammengefasst und global diskutiert. Das Kapitel schliesst mit einem 
Ausblick auf mögliche zukünftige Forschungsrichtungen in diesem Gebiet. 
Box 2. Wie Computer und das Internet Molekularbiologen helfen können.  
In den vergangenen etwa zehn Jahren war eine der grossen Zielsetzungen der Molekularbiologie die Realisation 
von Genomsequenzierungsprojekten. Das Genom ist die in den DNA Molekül(en) einer Zelle gespeicherte 
gesamte Erbinformation. Die Genomsequenz von Sulfolobus solfataricus z.B. besteht aus ungefähr drei Millionen 
Basenpaaren („Buchstaben“), die des Menschen aus etwa drei Milliarden Basenpaaren. In dieser Sequenz ist die 
vollständige Information enthalten für den Aufbau und das Funktionieren der Sulfolobuszelle bzw. des Menschen. 
Tagtäglich werden neue Genomsequenzen veröffentlicht und bereits die Speicherung dieser immensen 
Informationsmenge ist eine grosse Herausforderung. Das wahre Problem jedoch ist die Interpretation dieser 
Genomsequenzen. Die Rohdaten (also der reine „Text“ des Genoms) allein geben noch keine relevante 
Information, darum ist ihre korrekte Interpretation sehr wichtig. Hier spielen Computerprogramme eine Rolle, die 
z.B. Gene in einer Genomsequenz automatisch aufspüren können und anschliessend mit der zur Verfügung 
stehenden Information vergleichen. So kann vielen Genen eine (hypothetische) Funktion zuweisen werden. Die 
automatische „Sequenzverarbeitung“ ist allerdings nur eine Vorhersage und kann fehlerhaft sein. Darum können 
Wissenschaftler, die an einem bestimmten Gen interessiert sind, auch manuell Daten überprüfen. Zu diesem 
Zweck sind über das Internet zahlreiche Computerprogramme erhältlich, mit deren Hilfe das durch ein Gen 
codierte Protein näher untersucht werden kann. Das am häufigsten verwendete Programm ist BLAST: mit Hilfe 
dieses Programms kann man eine Proteinsequenz (z.B. die von Flagellin aus Sulfolobus solfataricus) mit allen bis 
heute bekannten Proteinsequenzen vergleichen. Momentan ist die Zahl dieser Proteinsequenzen bei über 4 
Millionen1. Je nach Belastung des Servers dauert der Vergleich einer gegebenen Sequenz mit diesen 4 Millionen 
Sequenzen 10 Sekunden bis einige Minuten. Im Internet sind zahlreiche weitere Datenbanken und Programme 
erhältlich, mit denen eine Proteinsequenz untersucht werden kann. Man kann bestimmen, ob es sich um ein 
Membranprotein handelt und wie viele male es die Membran durchquert. Man kann herausfinden, zu welcher 
„Proteinfamilie“ die unbekannte Sequenz gehört, oder kurze Abschnitte (sogenannte Sequenzmotive) im der 
Sequenz aufspüren, die für die Funktion des jeweiligen Proteins essenziell sind. Nahezu alle diese Programme 
und Datenbanken sind für Wissenschaftler kostenlos zugänglich und die meisten dieser „Dienstleistungen“ sind 
auch ohne fundierte Programmierkenntnisse verwendbar. Eine besonders häufig benutzte Seite ist „Entrez“ 

(http://www.ncbi.nlm.nih.gov/entrez/), die von der National Institue of Health (Nationales 
Gesundheitsinstitut) der U.S.A. aufrechterhalten wird. Hier kann man mit Hilfe von Suchbegriffen 
wissenschaftliche Literatur durchsuchen oder alle zur Verfügung stehende Information über ein bestimmtes Gen 
finden. Mittlerweile sind also der Computer und das Internet für die meisten Biologen neben der Pipette und dem 
Reagenzglas eines der Standard „Werkzeuge“ bei der Forschung. Im Fall von neuartigen Fragestellungen ist es 
jedoch essenziell, dass Molekularbiologen und Informatiker zusammenarbeiten. So kann ein biologisches Problem 
mit Hilfe von Computerprogrammen untersucht werden. Die Ergebnisse einer solchen Zusammenarbeit sind in 
Kapitel 5 dieser Arbeit beschrieben und auch in diesem Kapitel kurz zusammengefasst. 

                                                 
1 Das menschliche Genom zum Beispiel enthält etwa 30.000 proteincodierende Gene, diese immense Datenmenge macht 
damit weniger als 1% der zur Verfügung stehenden Information aus! 
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Tot slot de belangrijkste mensen in mijn leven, ofwel mijn kleine familie. Lieve 

Saskia, dank je voor je schitterende lach, jouw liefde. Ik hou zo ontzettend veel 

van jou! Ook bedankt voor het fantastische omslagdesign en jouw hulp met de 

“Samenvatting voor de leek”, en de regelmatige “is je 

proefschrift/samenvatting/dankwoord al af?” herinneringen. Olivia és Elliot, ha 

titeket látlak, minden gondom elfelejtem. Ti számomra újradefiniáltátok az öröm 

és a boldogság fogalmát. 
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APPENDIX 1 

Colour figures Chapter 1 

 

Figure Legends 

 

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. 

 

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). 

 

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. 
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Appendix 1 (continued) 

 

Figure 1 

 

 

Figure 2 

 
 

Figure 3 
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APPENDIX 2 

Colour figure Chapter 4 

 

 
Figure 4. Electron microscopy analysis of the S. solfataricus flagellum. (A) Example of a 

long flagellar filament showing a typical wave-like pattern. (B) A typical segment of a flagellum, 

used for image processing; the helical motif of the filament is readily recognizable (C) Projection 

average of 33 aligned metal shadowed segments indicates that the filament is right-handed. (D) 

Two dimensional projection average of 120 aligned segments. (E) Scheme for the helical packing 

projected on the averaged image of frame (D). The 3-start left-handed helical packing is indicated 

in colour. The scale bar is 1 µm for frame (A) and 10 nm for frames (D) and (E). 
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APPENDIX 3 

Chapter 5, Supplementary figures 

 

Figure legends 

 

Figure S1. Structural conservation of operons encoding pilin-like FlaFind positives and a 

helicase. Schematic representation of Sulfolobus and Pyrococcus operon structures. Genes coding 

for conserved proteins (some with predicted functions) include: FlaFind positive (green); DUF361-

like domain (hatched); conserved in Sulfolobus ssp. (dark grey); TadA/VirB11-like ATPase (red); 

TadC-like membrane protein (brown); EndoIII-related endonuclease (COG0117, magenta); 

transcriptional regulator (COG1474, cyan); Glycosyltransferase probably involved in cell wall 

biogenesis (COG1215, pink); Lhr-like helicase (dark blue); cell division GTPase/FtsZ-3 (turquoise); 

COG5306 uncharacterized conserved protein (light grey); COG4025 predicted membrane protein 

(black). 

 

Figure S2. Conserved N-terminal parts of FlaFind substrate genes. Weblogos of homologous 

groups of FlaFind positives are shown on the left panels. The right panels show a graphical 

representation of local identity (blue) and similarity (red) retrieved from a multiple ClustalW 

alignment with a window size of 10 (see Materials and Methods). (A) OrthoMCL3, 5 sequences from 

Sulfolobus ssp. (B) OrthoMCL4 and close homologs, 9 sequences from various Euryarchaeota. (C) 

FlaFind substrates encoded by Sulfolobus ssp. “helicase operons” (OrthoMCL9 and OrthoMCL18), 6 

sequences (D) DUF361 family proteins, 19 sequences from Euryarchaeota. (E) COG4969 (PilA 

homologues), 14 sequences from gram negative bacteria. 
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Appendix 3, (continued) 

 

Figure S1 

 

 

Figure S2 
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APPENDIX 4 

Chapter 5, Supplementary Table 1 
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Appendix 4 (continued) 
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Appendix 4 (continued) 
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Appendix 4 (continued) 
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Appendix 4 (continued) 
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Appendix 4 (continued) 
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Appendix 4 (continued) 
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Appendix 4 (continued) 

 

 



Appendices 

 129

Appendix 4 (continued) 
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Appendix 4 (continued) 
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APPENDIX 5 

Chapter 5, Supplementary Table 2 
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