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Secretory proteins of Sulfolobus solfataricus : 
A genomic survey  

 
Sonja-Verena Albers and Arnold J.M. Driessen 

 
 
 
Summary 
 
An analysis of the recently completed genome sequence of the thermoacidophilic 
archaeon S. solfataricus revealed that 4.5% of its proteome contains putative signal 
peptides. Members of the major classes of signal peptides such as seretory signal 
peptides, twin-arginine signal peptides, possible lipoprotein precursors and type IV 
pilin proteins were identified. The latter group was surprisingly large in comparison 
to other organisms. Acessory proteins of type II and type IV secretion machineries 
have been found indicating that this kind of secretion also takes place in S. 
solfataricus. 
 
 
Introduction 
 
A common feature of prokaryotic and 
eukaryotic cells is that proteins have to be 
targeted from the site of synthesis, usually the 
cytoplasm, to their place of destination. Most 
extracellular proteins are synthesized with an 
amino-terminal transient signal, the signal 
peptide (von Heijne, 1990a). Signal peptides 
consist of a short stretch of amino acids that is 
recognized by one or more components of the 
protein translocation apparatus. The signal 
peptide is finally removed by signal peptidases 
once the protein has crossed the membrane.  
In recent years, it has become increasingly clear 
that homologues of the bacterial translocation 
apparatus are also present in eukaryotes and 
archaea (Pohlschroder et al., 1997). Although 
the structure of the translocation pore is rather 
conserved, the translocation mechanism seems 
to differ. The core of the bacterial translocation 
pore consists of three proteins, SecY, SecE and 
SecG (Fig. 1). The archaeal and eukaryal 
Sec61α and Sec61γ are homologous to the 
bacterial SecY and SecE protein, respectively. 
Sec61β is a small integral membrane protein but 
exhibits no significant homology to SecG. In 

archaea, no homologues of the bacterial SecG or 
eukaryotic Sec61β have been recognized. In 
bacteria, SecA is a cytosolic ATPase that binds 
to the SecYEG complex. SecA recognizes the 
preprotein and by hydrolysis of ATP pushes it 
through the pore. A similar system exists for 
protein translocation into the thylakoid of higher 
plants. In eukarya, the Sec61p complex is 
involved in the translocation of proteins across 
the endoplasmic reticulum membrane. During 
post-translational translocation, luminal BiP 
pulls preproteins through the channel at the 
expense of ATP (Fig. 1). During co-
translational translocation, protein translocation 
is coupled to chain elongation at the ribosome 
that interacts in a direct manner with the 
translocation pore. Translating ribosomes are 
targeted to the membrane by means of the signal 
recognition particle (SRP) and its membrane 
receptor. So far no SecA or BiP homologues 
have been detected in archaea. On the other 
hand, components of the SRP-dependent 
pathway have been identified and characterized 
in some detail  (Bhuiyan et al., 2000). The 
presence of this pathway in archaea suggest that 
(Moll, et al., 1999) protein translocation across 
the cytoplasmic membrane may occur by a co-
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translationally mechanism, although at this 
stage, a posttranslational mechanism involving a 
unique motor protein cannot be excluded.  
 Gram-negative bacteria contain in 
addition to the general secretion apparatus, 
various systems that deliver macromolecules, 
toxines and hydroxylases to the extracellular 
medium. This involves the translocation of 
these molecules across the outer membrane. 
These systems are divided in four classes 
(Nunn, 1999). Type I secretion systems consists 
of three proteins including an ATPase that 
belongs to the ABC-type of transporters. This 
system allows the translocation of protein across 
the inner and outer membrane without the 
accumulation of a periplasmic intermediate. The 
type II secreton is formed by more then 12 
subunits and exhibits similarities with the type 
IV pilin biogenesis pathway (Wolfgang et al., 
2000). This system handles the translocation of 
periplasmic intermediates that fold into 
multimeric proteins. Type III secretion systems 
are the most complicated structures with up to 
30 subunits. This includes an injection device 
that delivers toxines directly from the bacterial 

cytoplasm into the host cells (Tamano et al., 
2000). Members of the type IV secretion system 
are involved in single stranded DNA transport 
in host cells (the Vir-system of Agrobacterium 
tumefaciens), toxin secretion (Burns, 1999) and 
twitching motility (Wall and Kaiser, 1999). 
Secretion of proteins across the cell envelope of 
archaea has hardly been addressed, but 
interestingly, proteins homologous to VirB or 
PilT, that are involved in type II and type IV 
secretion, are found in many of the completed 
archaeal genomes.  
 
Structure and function of signal peptides 
 
Proteins translocated across the cytoplasmic 
membrane of bacteria, the thylakoid membrane 
in plant chloroplasts and the endoplasmic 
reticulum membrane of eukaryotes are all 
synthesized as precursors with an amino-
terminal signal peptide. These signal peptides 
are functionally exchangeable between the 
different organisms (Von Heijne, 1990b), and 
although the amino acid composition of signal 
peptides show little similarity, three different 

Fig. 1. The protein translocation pore is conserved in all domains of life. The different composition of the 
translocation pore and the mechanisms of protein secretion are depicted. Bacterial co-translational and 
post-translational translocation are shown. The model of the translocase of archaea is speculative and 
based on homologous proteins found in the genome databases. Post-translational translocation in 
bacteria and the yeast endoplasmatic reticulum (ER) is driven by different mechanisms: in bacteria by 
the hydrolysis of ATP SecA pushes the preprotein in a stepwise fashion through the pore, whereas BiP 
uses the hydolysis of ATP to pull the preprotein across the eukaryotic ER membrane. During co-
translational translocation of proteins across the endoplasmatic reticulum membrane, the ribosome 
directly associates with the Sec61p complex. 
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domains can be distinguished (von Heijne, 
1990a) (Pugsley, 1993). The N-domain contains 
basic amino acid residues. In bacteria, the net 
positive charge of this domain is thought to 
orient the N-terminus in the cytoplasm 
according to the ∆ψ, which in most organisms is 
inside negative (Andersson and von Heijne, 
1994). It also electrostatically interacts with 
negatively charged phospholipids in the lipid 
bilayer during translocation (De Vrije et al., 
1990), and is necessary for the interaction with 
the translocation ATPase SecA (Akita et al., 
1990). The H-domain is a stretch of 
hydrophobic residues, which could possibly 
fold into α-helical conformation in the 
membrane (Briggs et al., 1986). A glycine or 
proline residue is often found in the middle of 
the hydrophobic core, and has been proposed to 
promote the insertion of the signal peptide into 
the membrane by forming a hairpin-like 
structure. Unlooping of this hairpin may result 
in the insertion of the complete signal peptide 
(De Vrije et al., 1990). The H-domain is 
followed by the short polar C-domain, which 
contains the recognition site for the signal 
peptidase. Recent studies have shown that the 
composition of the C-domain determines the 
accuracy of cleavage by type I signal peptidases 
and not the length or even the presence of the 
H-domain (Carlos et al., 2000).Upon proteolytic 
cleavage by signal peptidase, the signal peptide 
and the mature protein are released from the 
membrane. The signal peptide is further 
degraded by signal peptide peptidases.  

Amino-terminal bacterial signal peptides 
can be divided in at least four different classes 
dependent on the signal peptidase recognition 
site. Class I consists of the typical signal 
peptides, which are mostly cleaved by the type I 
signal peptidases (SPases). A subclass of these 
signal peptides contains a ‘twin-arginine’-motif, 
which direct these proteins to a different 
translocation pathway, the Tat-pathway (Berks, 
1996) that appears to be involved in the 
translocation of folded redox proteins with 
bound co-factor. Signal peptides from Class II 
exhibit a typical domain with an invariant 
cysteine, which is lipid modified prior to the 

cleavage by type II SPases. The resulting 
lipoprotein remains anchored to the cytoplasmic 
membrane after cleavage. The third class of 
signal peptides is composed of the type IV pilin-
like peptides. Prepilins are cleaved between the 
N- and the H-domain, leaving the H-domain 
attached to the mature pilin. In Pseudomonas 
aeruginosa, PilD is responsible for the cleavage 
and the N-methylation of the N-terminus of the 
mature pilin (Strom, et al., 1993). The fourth 
class is a collection of signal peptides, for 
instance used for the secretion of small 
antimicrobial peptides.  

 
 

Signal peptide classes in S. solfataricus 
 

This section describes the various 
classes of signal peptides in archaea and in 
particular in S. solfataricus. To identify and 
classify putative secreted proteins of S. 
solfataricus the complete genome database was 
analysed by a neural network-based method and 

Fig. 2. Schematic presentation of the different 
classes of signal peptides found in S. solfataricus. 
The length of the domains N, H and C is given and 
the arrow indicates the cleavage site. +, positive 
charges; black box, hydrophobic residues. 
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a hidden Markov model 
(http://www.cbs.dtu.dk/services/SignalP/), 
which were both trained on eukaryotic and 
Gram-positive and Gram-negative bacterial 
signal peptide datasets. Polytopic membrane 
proteins were excluded from the analysis. 
Membrane proteins containing only one 
membrane anchor at the N-terminus may be 
falsely predicted as signal peptides. Signal 
peptides selected were screened for the presence 
of the twin arginine motif, a lipobox or a 
prepilin like sequence and classified.  

 
Class I: Secretory signal peptides/ twin-
arginine signal peptides 
 
Typical bacterial and eukaryotic secretory 
signal sequences are quite similar to each other 
and can even been interchanged (von Heijne, 
1985). Nielsen et al., 1999, analysed the 
genome sequence of M. janaschii and identified 
34 proteins with a putative signal peptide. The 
analysis showed a bacterial-like charge 

distribution, an eukaryotic-like signal peptide 
cleavage site, and a H-domain with a unique 
composition. In the N-domain, lysine is the 
preferred charged residues while in bacterial 
signal peptides, lysine and arginine residues are 
equally distributed. The H-domain exhibits a 
highly increased isoleucine content as compared 
to bacterial signal peptides, while bulky tyrosine 
residues were clustered around the putative 
archaeal signal peptide cleavage site, which is 
an unusual feature. For none of these putative 
secretory proteins, the actual cleavage site has 
been determined experimentally. 

We have recently identified four signal 
peptides of S. solfataricus by N-terminally 
sequencing of three binding proteins (Chapter 4) 
and the small subunit (40 kDa) of the S-layer 
(Fig. 2A). From the database, 124 proteins 
(including the four determined) are predicted to 
contain secretory signal peptides. The N-domain 
is mostly positively charged with an average of 
2 positively charged residues, with a bias for 
arginine compared to lysine. The exact cleavage 

A 

 
                                        -1 +1 
SSO0390           MVVKKTFVLSTLILISVVALVSTA VYTSGNVTFYSPSVNN S-layer  
SSO3053 MNKKIKNVIGLTALILMALSAFMPFIISSRVVNS QSPQLNPAASYSFPWA MalE 
SSO2669     MRKELVLEVGVIFSISVMLFSISGIMIANS ASSPFPSTLYLGWYNS CbtA 
SS03043       MKRYKIISTIITVLMVISIGIFAMPILS QSTSVQPEGSMVIMPS Oligo1 
 
B 

 
SSO2971 MMNRRTFLRLYLVVGAAVAIAPLIKPLADYVGYFYNEIGTMSKQYLVANNT quinol oxidase 
 
 

C 

 
AAG45372         MRRATYAFALLAILVLGVVASGCIGGGTTTPTQTSPATQPTTT P.f. MBP 
T46750         MNVKKVLLGLFLVGVLGIAVVASGCIGGQQTSTVTSTPTETSLQG T.l. TMBP 
SSO1172  MIKIAILAMGNLPKTAKAFLTLFFLLSLISCSFLIPTSQSISVNFTVSSNG hypothetical 
SSO1375         MSYRTLLSIIVIILVMISSFSILCIIISNAEITINNNITDSNNI hypothetical 
 
 
Fig. 3. Signal peptides of S. solfataricus. A: Determined secretory signal peptides. B: Putative twin 
arginine signal peptide. The twin arginine motif is underlined and residues according to the bacterial 
consensus are bold. C: Putative lipoprotein signal peptides. For comparison the trehalose/maltose 
binding protein of T. litoralis and the maltotriose binding protein of P. furiosus are shown. The ‘lipobox’ is 
underlined. 

http://www.cbs.dtu.dk/services/SignalP/)
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site is difficult to predict, as the three neuronal 
networks yield different answers (eukarya, 
Gram-positive and negative). From the N-
terminal sequence analysis of the three binding 
proteins it appears that the eukaryotic type of 
cleavage is preferred, but from the predictions, 
the length of the H-domain cannot be 
determined exactly. As in M. janaschii, a high 
content of isoleucine and leucine is observed as 
compared to bacterial signal peptides. Only one 
protein is predicted to be a substrate of the Tat-
secretion pathway (Fig. 2B). This protein, a 
quinol oxidase subunit, SoxF (SSO2971) 
exhibits the typical bacterial twin arginine 
motif. Several other signal peptides contain two 
arginine residues but they lack the remainder of 
the motif. These signal peptides therefore either 
follow the classical route or signify a modified 
archaeal twin arginine motif.  S. solfataricus 
contains two TatC homologues 
(SSO0484/SSO3108), the putative membrane 
pore of the Tat-secretion machinery. Therefore, 

this mode of secretion appears also to be present 
in S. solfataricus.  

 
Class II: Lipoprotein signal peptides 
 
In bacteria, lipoprotein signal peptides are 
usually shorter than secretory signal peptides 
and contain a so called ‘lipobox’ with the 
consensus sequence (ILGAG)-(AGS)-C. The 
invariant cysteine at the +1 position of the 
mature lipoprotein is lipid modified before the 
signal sequence is removed by SPaseII. 
Archaeal lipoproteins have not been identified 
yet. However, for the halocyanin of 
Nantronobacterium pharaonis a lipid 
modification has been suggested based on 
electron mass spectrometry analysis (Mattar et 
al., 1994). Moreover, archaeal solute binding 
proteins contain a typical ‘lipobox’-motif: SGC. 
The trehalose/maltose binding proteins of T. 
litoralis and P. furiosus also exhibit this motif 
(see Fig. 2C). Both proteins are N-terminally 
blocked, which precludes a direct determination 

A 

                           -1 +1 
A. fulgidus       MGMRFLKNEKG FTGLEAAIVLIAFVTVAAVFSYVLLGAGFFATQKGQE flaB1 
M. jannaschii    MLLDYIKSRRG AIGIGTLIIFIALVLVAAVAAAVIINTAANLQHKAAR flaB3 
A. pernix             MRRRRG IVGIEAAIVLIAFVIVAAALAFVALNMGLFTTQKSKE flaB1 
P. horikoshii           MRRG AVGIGTLIVFIAMVLVAAVAAAVLINTSGYLQQKSQA flaB  
T. acidophilum MRKVFSLKADNKA ETGIGTLIVFIAMVLVAAVAATVLIHTAGTLQQKATS flaB3 
 
B  

                        -1 +1 
SSO3066          MSRRRLYKA ISRTAIIIIVVVIIIAAIAGGLAAYYSSSKPPATSTSLTSTS  araS 
SSO1171       MGRKGKKIDYKA ISKTLVAVIIVVVIVIAIGGVYAFLSSQHSPAAPSSTTTSFT  sugar1 
SSO2846           MEGKYKRA ISTSTAIIIAVVVIILIVVGVVAYFQQMGSHAPTSSSSMTSQ  hypo 
SSO2712                MKA LSTLAMAVIIIVVIAVVAAAAYLITSSSHHPSISTTTTPIIA  sugar2 
SSO2847       MKRKYPYSLAKG LTSTQIAVIVAVIVIVIIIGVVAGFVLTKGPSTTAVTTTVTS  glcS  
SSO0999   MSRSDKFSNKEKMRRG LSTTTIIGIVVAIVIIVIGAVAAVTLLSHKPSQVVSTTSPST  treS 
SSO2146       MDMASRRKNARG LSGAVTALILVIASVIIALVVVGFAFGLFGAFTGQGTVTQVG  hypo 
SSO2323 MNSKKMLKEYNKKVKRKG LAGLDTAIILIAFIITASVLAYVAINMGLFVTQKAKSTINKG  flagellin 
SSO0489                MKG FSTLAVVIILIIVVIAVAGIFFVINSQGGHNTTTTSTSSSFS  PBP 
 
Consensus               KG LS      I  
                        RA IT 
                           FA 
 

 
Fig. 4. Alignment of archaeal type IV pilin signal peptides. A: Archaeal flagellins. B: S. solfataricus proteins 
exhibiting type IV pilin signal peptides. The N-terminus of the mature protein has been determined for the 
proteins displayed in bold. Positive charges in the N-domain are white, the H-domain is underlined. Hypo, 
hypothetical protein; PBP, putative phosphate-binding protein 
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of the cleavage site. The presence of a lipid 
moiety has, however, not been demonstrated. 
Few S. solfataricus signal peptides contain a 
cysteine and there are two possible candidates 
that could be lipid modified and processed by 
the lipoprotein signal peptidase, Spase II (Fig. 
2C).  

 
Class III: Type IV pilin-like signal peptides 
 
In bacterial prepilins the C-domain is located in 
between the N- and H-domain. Only the N-
domain of the signal peptide is proteolytically 
removed, leaving the H-domain attached to the 
mature pilin. Upon cleavage the +1 residue, in 
bacteria mostly a phenylalanine, is N-
methylated. Faguy and colleagues (1994) first 
noted the occurrence of type IV pilin-like signal 
peptides in archaea by examining the M. voltae 
flagellins. All archaeal flagellins exhibit a short, 
positively charged signal peptide of 4-18 
residues (Fig. 3A). The –2 position contains a 
conserved positive charge (K/R), followed by a 
glycine at –1. The only exception is a flagellin 
(flaB3) of Thermoplasma acidophilum 
harbouring an alanine at the -1 position. In 
contrast to the bacterial sequences, the +1 
position is quite variable, but contains mostly a 
small hydrophobic residue (alanine, isoleucine). 
Recently, this type of signal peptides was also 
found in sugar-binding protein of S. solfataricus 
(Chapter 2, 4 and 5). In total, 9 proteins appear 
to carry a type IV pilin cleavage site (Fig. 3B). 
Four of these proteins were identified through 
amino-terminal sequencing of the purified 
mature proteins (Chapter 2 and 3) (Faguy et al., 
1996). Most of these proteins are involved in 
solute binding. Interestingly, in four proteins the 
glycine at position –1 is replaced by an alanine, 
which would indicate that the S. solfataricus 
type IV signal peptidase exhibits the same 
specificity as PilD, the type IV signal peptidase 
from P. aeruginosa (Strom and Lory, 1991).  

 
Class IV: Unusual signal peptides 
 
The class of signal peptides is very 
heterogeneous, and includes amino-terminal 

domains of various signature. One example is 
the well-studied bacteriorhodopsin from H. 
salinarum, which contains a signal peptide of 
only 13 amino acids. This signal peptide has no 
positive charges and contains only a few 
hydrophobic residues (MLELLPTAVEGVS) 
(Gropp, Gropp, and Betlach, 1992).  Five other 
haloarchaeal rhodopsin-incorporating integral 
membrane proteins share this unusual 
composition, but the exact function of this 
domain remains unclear. Unlike most of the 
characterized archaeal S-layer proteins, which 
exhibit standard signal peptides, the signal 
peptide of the surface protein of M. voltae is 
rather short (12 amino acid residues) and shows 
only a H-domain without an N- or C-domain 
(Konisky et al., 1994). 
 
Signal peptidases  
 
Type I Signal Peptidases 
 
Signal peptidases (SPases) remove the signal 
peptides from secreted proteins at the trans site 
of the cytoplasmic membrane during or after 
translocation. This process is a prerequisite for 
the release of the mature protein (Dalbey et al., 
1997). SPases can be divided into two classes: 
the P (prokaryotic)-type SPases, which are 
present in bacteria and organelles and the ER 
(endoplasmic reticulum)-type SPases, which are 
present in the endoplasmic reticulum (Dalbey et 
al., 1997). The SPases of archaea belong to the 
ER-type. The two classes mainly differ in the 
active site. Whereas in the P-type SPases a 
serine-lysine catalytic dyad is involved in 
cleavage (Paetzel and Dalbey, 1997), in ER-
type SPases the lysine is replaced by a 
conserved histidine (van Dijl et al., 1992) 
(Dalbey and von Heijne, 1992), and thought to 
employ a serine-histidine-aspartic acid catalytic 
triad (Tjalsma et al., 2000b). Like yeast and 
bacteria, most archaea contain only one type I 
SPase. S. solfataricus has one typical ER-type 
SPase (SSO0916), with two transmembrane 
segments  and the B-E domains found also in 
the Archaeoglobus fulgidus Spc21 and Bacillus 
subtilis SipW (Tjalsma et al., 1998). Most 
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eukaryotes contain two type I SPases (Dalbey et 
al., 1997), but the largest number of paralogous 
type I SPases have been identified in A. fulgidus 
(four genes) (Klenk et al., 1997) and Bacillus 
subtilis (seven genes) (Tjalsma et al., 2000a).  
 
Type II Signal Peptidases 
 
Type II SPases are required for the processing 
of lipid-modified precursor proteins. All known 
type II SPases are integral membrane proteins 
containing four transmembrane segments 
(Munoa et al., 1991). So far there is only limited 
evidence that this type of lipid modification 
occurs in archaea (Mattar et al., 1994). Database 
searches have not yet identified clear 
homologues of the bacterial type II SPase in 
archaea.  
 
Type IV pilin peptidases 
 
The best-characterized type IV pilin peptidase is 
PilD from P. aeruginosa (Strom, Nunn, and 
Lory, 1994). PilD is a bifunctional enzyme, 
which at the cytoplasmic site of the membrane 
cleaves the positively charged N-domain of the 
signal peptide of the prepilin and subsequently 
N-methylates the newly formed N-terminus of 
the mature pilin (Strom, Nunn, and Lory, 1993). 
The site of activity of PilD is the cytoplasmic 
site of the membrane (Strom, Nunn, and Lory, 
1993). The presence of type IV pilin-like signal 
peptides implies the existence of a PilD 
homologue in archaea, but a gene has not yet 
been identified by means of homology 
searching (Bayley and Jarrell, 1998). In vitro 
assays have been established for the processing 
of flagellins of M. voltae (Correia and Jarrell, 
2000) and for binding proteins and flagellins in 
S. solfataricus (Chapter 6). This demonstrates 
the presence of an archaeal type IV pilin 
peptidase. 
 
Concluding remarks 
 
Approximately 4.5 % of the S. solfataricus 
proteome contain putative signal peptides. This 
percentage is much higher than in M. janaschii 

(2 %). However, as a methanogen M. janaschii 
also contains far less solute transporters 
(Chapter 1, Table 2) than S. solfataricus, and a 
large number of the secreted proteins encode 
solute binding proteins, which are subunits of 
transport systems. In comparison nearly 7 % of 
the proteins of the Gram-positive B. subtilis 
contain signal peptides. The major part of the 
putative secreted S. solfataricus proteins has an 
unknown function. Only two are homologous to 
extracellular degrading enzymes (endo-
glucanases) and are probably released into the 
medium. Around 30 % of the secreted proteins 
contain a C-terminal transmembrane segment, 
including the di/oligopeptide binding proteins, 
protease related proteins and the S-layer protein. 
Except for the flagellin, the proteins with type 
IV pilin signal peptides will most probably be 
membrane-bound via the N-terminal 
transmembrane segment. The flagellin will be 
secreted and integrated into the flagellum. The 
latter is most likely excreted via a type II 
secretion system, which in Gram-negative 
bacteria is involved in toxin and hydrolase 
excretion (Pugsley, 1993). It is unknown 
whether the flagellin and the sugar-binding 
proteins are cleaved by the same peptidase. 
Jarrell and coworkers argue (2000) that the 
flagellin assembly is so unique that it is most 
unlikely that a flagellin signal peptidase could 
be involved in the cleavage of the binding 
proteins (Jarrell, Correia, and Thomas, 1999). 
But as depicted in Fig. 2B all these proteins 
contain the archaeal type IV pilin consensus 
sequence. It appears likely that binding proteins 
and flagellin are cleaved by the same PilD-
homologue and might even be secreted by the 
same system, which could function as the 
bacterial type IV pili pathway. It is not clear 
why the binding proteins carry this type IV 
signal sequence and why they are processed as 
there is no evidence that they assemble into 
structures similar to pili. 

Studies on bacterial type IV pili suggest 
that at the fundamental level filamentous phage 
morphogenesis and type II and III secretion not 
only share the common structure of the 
machinery, but also use a conserved mechanism 
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for the assembly of macromolecular structures 
(Wolfgang et al., 2000). Therefore the study of 
the secretion of flagellins and binding proteins 

will provide important insight into protein 
secretion in the third domain of life. 
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