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Abstract

The correct delivery of noncytoplasmic proteins to locations both within and outside the cell depends on the
appropriate targeting signals. Protein translocation across the bacterial plasma membrane and the eukaryal
endoplasmic reticulum membrane relies on cleavable N-terminal signal peptides. Although the signal
peptides of secreted proteins in Bacteria and Eukarya have been extensively studied at the sequence,
structure, and functional levels, little is known of the nature of archaeal signal peptides. In this report,
genome-based analysis was performed in an attempt to define the amino acid composition, length, and
cleavage sites of various signal peptide classes in a wide range of archaeal species. The results serve to
present a picture of the archaeal signal peptide, revealing the incorporation of bacterial, eukaryal, and

archaeal traits.
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In each of the three domains of life, proteins destined for
export from the cytoplasm are generally synthesized as pre-
proteins, bearing a cleavable N-terminal signal peptide that
serves to target the protein to the membrane-embedded ex-
port machinery (Rapoport et al. 1996; Eichler 2000; Mant-
ing and Driessen 2000). Preproteins destined for transfer
across the eukaryal ER membrane via the Sec-based trans-
locon are synthesized with the characteristic Sec signal pep-
tide, composed of a basic n-region, a hydrophobic core, and
a cleavage region (von Heijne 1990). In Bacteria, similarly
composed signal peptides direct the posttranslational target-
ing of preproteins to SecYEG sites (Fekkes and Driessen
1999). Upon translocation across the membrane, the signal
peptide is cleaved from the precursor via a membrane-
bound signal peptidase. In Bacteria and eukaryal organelles
of bacterial origin, preprotein export may also rely on the
twin-arginine targeting (Tat) translocation pathway, so
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termed because of the presence of twin arginine or arginine-
lysine residues in the signal peptides of Tat pathway sub-
strates (Berks et al. 2000; Robinson and Bolhuis 2001). The
export of bacterial type IV pilins is directed by yet a third
class of signal peptides (Strom et al. 1994).

To date, little is known about protein export in Archaea,
including the nature of signal peptides or range of secreted
proteins. Indeed, because archaeal signal peptides have been
identified and experimentally characterized in only a limited
number of cases, it is unclear what archaeal signal peptides
look like. The limited analysis performed thus far suggests
that the mosaic character exhibited in other areas of archaeal
biology also extends to archaeal signal peptides. On the one
hand, features of archaeal signal peptidase I, the enzyme
responsible for signal peptide cleavage, are eukaryal-like
(Albers and Driessen 2002; Eichler 2002), suggesting that
Archaea may rely on a eukaryal-like Sec signal peptide. In
contrast, others have proposed that archaeal exported pro-
teins may possess Gram-positive bacteria-like Sec signal
peptides (Saleh et al. 2001). A bioinformatic study of signal
peptides in the Euryarchaeote Methanococcus jannaschii
suggested that Sec signal peptides in this organism may

1833



Bardy et al.

possess a hybrid character, combining a eukaryal-like cleav-
age site with a bacterial-like charge distribution, together
with a hydrophobic region displaying a unique, archaea-
specific composition. Traits of signal peptides unique to
Archaea may, however, also exist (Nielsen et al. 1999).
Indeed, most of these observations also hold true in the case
of the Crenarchaeote Sulfolobus solfataricus (Albers and
Driessen 2002). Moreover, although Sec-type signal pep-
tides are predicted to predominate in archaeal genomes ex-
amined thus far (Rose et al. 2002; Dilks et al. 2003), studies
addressing putative secreted proteins in Halobacterium sp.
NRC-1 propose that this species makes predominant use of
the Tat export system (Bolhuis 2002; Rose et al. 2002).
Since publication of the first studies addressing archaeal
signal peptides, a significant number of additional archaeal
genome sequences have become available. Hence, with the
goal of a better description of archaeal protein export, the
present report addresses, on a genome-wide level using
Web-based programs, the predicted number of secreted pro-
teins in a variety of Archaea, the nature of signal peptides
employed, and finally, the types of proteins secreted.

Results and Discussion

Organisms studied

In this study, Web-based signal peptide and subcellular lo-
calization prediction programs were employed to screen 10

Table 1. Organisms used in this study with pertinent traits

completed archaeal genomes in an attempt to identify pu-
tative archaeal secreted proteins. The organisms used in this
study, along with some pertinent information regarding
each species, are listed in Table 1. Two of the organisms
examined belong to the Crenarchaeota (Aeropyrum pernix
and S. solfataricus), while the other eight addressed are
members of the Euryarchaeota, kingdoms within the do-
main Archaea (Woese et al. 1990). The genome size of the
organisms under study ranges from 1.56 Mb for Thermo-
plasma acidophilum to 2.9 Mb for S. solfataricus, with the
total predicted number of ORFs ranging from 1509 (7.
acidophilum) to 2977 (S. sulfolobus). The studied organisms
include seven heterotrophs, two autotrophs (the two metha-
nogens), and one facultative autotroph (Archaeoglobus
fulgidus). Three of the organisms listed are aerobes, five are
anaerobes, while the two Thermoplasma species are facul-
tative. All are thermophiles or hyperthermophiles except for
the mesophilic Halobacterium sp. NRC-1. Furthermore, all
of the organisms addressed in this study, with the exception
of Methanothermobacter thermoautotrophicus, are flagel-
lated and all are covered with surface (S)-layers except for
the two Thermoplasma species and M. thermoautotrophi-
cus, although the latter contains four predicted S-layer pro-
tein-encoding genes. Hence, given the broad range of physi-
ological and structural characteristics borne by the 10 or-
ganisms considered, a wide spectrum of secreted proteins is
likely to be expressed.

Genome

Organism Kingdom Metabolism Oxygen/temperature S layer Flagella %G+C  (MB)  ORFs SignalP Psort

Aeropyrum Crenarchaeote ~ Heterotroph Aerobic Yes Yes 56.3 1.67 2694 672 (24.9%) 121 (4.5%)
pernix hyperthermophile

Archaeoglobus  Euryarchaeote  Autotroph Anaerobic Yes Yes 48.5 2.18 2436 382 (15.7%) 79 (3.2%)
Sfulgidus or heterotroph hyperthermophile

Halobacterium  Euryarchaeote — Heterotroph Aerobic mesophile Yes Yes 67.8* 2.57 2630 459 (17.5%) 68 (2.6%)
sp. NRC-1

Methanococcus  Euryarchaeote  Autotroph Anaerobic Yes Yes 314 1.67 1738 197 (11.3%) 32 (1.8%)
Jjannaschii hyperthermophile

Methano- Euryarchaeote ~ Autotroph Anaerobic No® No 49.5 1.7 1855 268 (14.4%) 68 (3.7%)
thermobacter thermophile
thermoauto-
trophicus

Pyrococcus Euryarchaeote =~ Heterotroph Anaerobic Yes Yes 45 1.76 1765 299 (16.9%) 28 (1.6%)
abyssi hyperthermophile

Pyrococcus Euryarchaeote ~ Heterotroph Anaerobic Yes Yes 41.9 1.74 2061 423 (20.5%) 63 (3.1%)
horikoshii hyperthermophile

Sulfolobus Crenarachaeote Heterotroph Aerobic Yes Yes 36 2.9 2977 374 (12.6%) 46 (1.5%)
solfataricus thermophile

Thermoplasma  Euryarchaeote ~ Heterotroph Facultative aerobe No Yes 46 1.56 1509 176 (11.6%) 26 (1.7%)
acidophilum thermophile

Thermoplasma  Euryarchaeote ~ Heterotroph Facultative aerobic No Yes 39.9 1.59 1522 169 (11.1%) 24 (1.6%)
volcanium thermophile

# For main chromosome: two minichromosomes or megaplasmids have G+C% of 59.2 and 57.9
®No S layer reported on cells but S layer homologs reported in annotated sequence.
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Quantitation of the archaeal secretome

The archaeal genomic sequences were first addressed using
SignalP v2.0 to detect the presence of predicted signal pep-
tides and then to distinguish between signal peptides and
noncleaved signal anchors (Nielsen et al. 1999). As only a
limited number of archaeal secretory proteins have been
characterized experimentally, automated computer pro-
grams such as SignalP can only be trained against reported
or predicted eukaryal and bacterial (Gram-positive and
Gram-negative) secreteomes. Accordingly, such genome-
wide analysis of archaeal signal peptides would fail to de-
tect the presence of uniquely archaeal putative signal pep-
tides, that is, those that do not resemble either their eukaryal
or bacterial counterparts. Despite this drawback, a signifi-
cant number of signal peptide-bearing putative protein se-
quences were identified. Such analysis should, in theory,
identify any protein targeted to the archaeal plasma mem-
brane, be they either a secreted or membrane protein. In the
next step of the analysis, those proteins predicted to contain
signal peptides by at least one of the three SignalP data sets
were then examined using Psort, a subcellular localization
prediction program. Thus, in this study, proteins were con-
sidered secreted if they were predicted to bear a signal pep-
tide by at least one of the three SignalP data sets and iden-
tified by Psort as either secreted in Gram-positive organ-
isms, or localized to the periplasm or outer membrane of
Gram-negative organisms. Proteins that were predicted to
localize to the cytoplasmic membrane were excluded from
this study, as were proteins listed by Psort as “unclear”
using these criteria, although some of the latter may, in
reality, correspond to true secreted proteins.

In the analysis performed using SignalP, from 169 (in
Thermoplasma volcanium) to 672 (in A. pernix) proteins
with potential signal sequences were identified (Table 1).
From these values, it can be estimated that from 11.1% to
24.9% of the total number of predicted proteins are synthe-
sized with signal peptides. The predictions made by SignalP
were accepted regardless of the length of the signal peptide
entailed, even though signal peptides greater than 50 amino
acids in length, obtained in a few instances, are suspect. In
Halobacterium sp. NRC-1, a number of examples were ob-
tained, wherein, after removal of the predicted signal pep-
tide, a secreted protein comprising only a very short peptide,
from 10-31 amino acids in length, was predicted. These
were all annotated as hypothetical proteins and seem un-
likely to correspond to true proteins, being even smaller
than known microhalocins, secreted protein antibiotics
widespread in the haloarchaea (O’Connor and Shand 2002).

The lists of signal peptide-bearing proteins, which in-
clude secreted proteins, membrane proteins, and false posi-
tives, were then screened through Psort to theoretically in-
clude only secreted proteins. Taking into account that the
caveats described above would lead to a small overestima-

tion, a final tally ranging from 24 (T. volcanium) to 121 (A.
pernix) secreted proteins was obtained. In terms of the per-
centage of total genome ORFs predicted by the screening
approach employed, secreted proteins account for as low as
1.5% in S. solfataricus to as high as 4.5% in A. pernix. Thus,
the two crenarchaeotes included in this study account for
both the high and low end of secreted proteins, expressed as
a percentage of the total genome ORFs.

The lists of Psort-predicted secreted proteins from each
genome are presented in Tables 2—11 (Table 2, showing the
predicted secreted proteins from M. jannaschii, is presented
whereas Tables 3—11, showing the predicted secreted pro-
teins from the other strains are included in the Supplemental
Material). Because of the uncertainty concerning the actual
cleavage sites used in Archaea, the predicted signal peptide
cleavage sites obtained using eukaryal and Gram-positive
and Gram-negative bacteria trained systems are shown in a
color-coded fashion in each case.

Using different computer programs (i.e., ExProt and
LocateProtein), Saleh et al. (2001) predicted that A. pernix
contained 712-857 exported/secreted proteins (26%—32%
of the putative proteome), while the predicted number of
exported/secreted proteins (expressed as percentage of the
putative proteome) for other Archaea were: A. fulgidus 213—
448 (9%—-19%), M. thermoautotrophicus 208-250 (11%—
13%), M. jannaschii 143-210 (8%—-12%), Halobacterium
sp. NRC-1 393-488 (19%—-24%), and Pyrococcus horiko-
shii 331-461 (16%—22%), respectively. In the case of M.
thermoautotrophicus, it was previously reported (Smith et
al. 1997) that ~12% of the proteins bore signal peptides. The
values of both these studies are in good agreement with the
SignalP results obtained in the present study, yet do not
distinguish between proteins embedded in the plasma mem-
brane, that is, exported, and those secreted, as differentiated
here by the Psort program.

In quantifying the number of noncytoplasmic proteins in
Archaea, Saleh et al. (2001) reported that, with the excep-
tion of A. pernix, Archaea contain fewer secreted or mem-
brane inserted proteins than do Bacteria. In agreement with
these results, G. Schneider (1999) predicted the fraction of
noncytoplasmic proteins to be very low in Archaea. Despite
these results, as well as those presented in the present study,
one must be careful of generalizing that Archaea possess
fewer secreted proteins than do Bacteria. A minimal number
of secreted proteins may instead be a trait of (hyper)ther-
mophilic organisms. Indeed, all the archaeal species exam-
ined in these earlier studies as well as in the present study
(except Halobacterium sp. NRC-1) are thermophiles or hy-
perthermophiles, and show a low percentage of secreted
proteins, as does the hyperthermophilic bacterium, Aquifex
aeolicus (Schneider 1999). Moreover, as noted by G.
Schneider (1999), hyperthermophiles tend to encode more
charged amino acids than do mesophiles. The presence of
charged residues could skew the predictions because the
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Table 2. Signal peptide cleavage site prediction in the secreted proteins of Methanococcus jannaschii using HMM of SignalP

ORF Number N terminus and cleavage site Description
MJ0259 MKKLLLIIGIISLMTSMSMCL@NNNLN‘LDLKKSILVEVNGTPIEIPLRATVGEAKEVKL Hypothetical protein
MJ0289 MFEMKNSTRYILSLLLSIIMGVAVMGSTFIISTTYGTGHTTATVDNLKPVVNCSSYEMVI Hypothetical protein
MJ0409 MKKLIFVVLLLAVISYEYPSNLDIKYTSSIPIEFVKLSEIKNVDELNRLLNSNALVIFCL Hypothetical protein
MJ0418 MIIMKKIGILEIVVILSILITSVSL@Y FYSNNGNDYEFDGNQMYKCAWVCEKILNKNEP Hypothetical protein
MJ0492 MNFVIIIAILLLGISLILAFTVLEKS KTTMAYKRAQEEKIDTEIKMLKNLKNNVCSGA Hypothetical protein
MJ0505 MMNKFKYLLFLVVFAVFFLTFAFFDNSSKIHQDDDEQKPIILIHDVSPVYFKELKEIVKI Hypothetical protein
MJ0525 MLNVEVPTIGVSLIFLAYDEALALMTEFTAVNAVLSLILIRAVILDAEYKENNQ Conserved Hypothetical
protein
MJO753 MKNMKIINKIVAILLLFSILSLSF'WNDCPYGRVNCTYPGECGRYIDTNHNGICDHSEPP Hypothetical protein
MJ0755 MWKKLMLLLLMAIPLVSAVEIPSISITDVVLVSDNCADQCTALEVADALNATVITTEWGI Hypothetical protein
MJ0756 MKKLLMVILGIALIGMAY.FPPWMAYQTQTTENTDINPVDILKTAEVVQHTTPFGYNLSH Hypothetical protein
MJ0784 MKTAILGAGCYRTHAAAGITNFMRACEVAKEVGKPETIALTHSSITYGAELLHLVPDVKEV H2-forming N5,N10-
methylene-
tetrahydromethanopterin
dehydrogenase
MJ0815 MLLLOSILITKIMVIQLILFFEYALASGFEDKNILKEGKMMEFDTLLKQFLEIDKVISLLY Conserved Hypothetical
protein
MJ0822 MAMSLKKIGAIAVGGAMVATALASGVA.EVTTSGFSDYKELKDILVKDGQPNCYVVVGAD S-layer Structural
protein
MJ0832.1 MLKFRKRGQISLEFSLLFLGVLLAIVIAVGYPGMFGFNKTVSISSMSLAHAAVSKMKQNT Hypothetical protein
MJ0833 MFMKSLIKLIVFIVLCSLFLHSIC.ERTIAEMSITYKLTGEITNTNPYSIFVAVPSNITF Hypothetical protein
MJ0835.1 MNTMENKIIKSKKAQVSLEFSFLFLAILLASIITISHFLEQNFTIDDKVISDVENAAKTA Hypothetical protein
MJ0872 MLLIFFKKYEQSDIMRKLFLLSILMIGVIVAF@GCVEEIKTTTQLQQTTQSESQKAETQP Hypothetical protein
MJ0891 MKVFEFLKGKRGAMGIGTLIIFIAMVLVAAVAAAVLINTSGFLQOKAMATGKESTEQVAS Flagellin Bl
MJ0893 MRLRWPNMLLDYIKSRRGAIGIGTLIIFIALVLVAAV&IAVIINTAANLQHKAARVGEES Flagellin B3
MJ0903 MGGGGMKKIVLALLLLLLPVVC@DVSVYIVWSPYDPPNSPILHVDISEQVLYLGVVNKDE Hypothetical protein
MJ0954 MLRLQMMEGLIVKRTLLLILLLVISVSYALPIEPIIYINKSTVDYQNAKILMDNFYSSRE Hypothetical protein
MJ1128 MILMKKFEIILFLFIAVLIFVFGYFVGASQPLYSENPVIQYFKNPKPFTVENVNMPVTYY Conserved Hypothetical
protein
MJl1284 MILNNKGFIRILEATIAGIMVILVFSYLVMEQNFDYNLSLEFIGYNALYSAHIEEGDFEN Hypothetical protein
MJ1289 MNTYLSTLLVLTTIFALSITAY@WGINIIDTTLNQVSKEKEKNRIEIIKNLINDVIYSGV Hypothetical protein
MJ1291 MNKSGMSLIITMLLLIGTAIVIE YYAWSNKVESDTTEKITPTIKSSIGNIIKPIEIST Hypothetical protein
MJ1292 MKFKYIVLLFALSLALITVN.LEIKDIDYSDSSQYLIITVSNPDNNINANISIIGYIDNK Hypothetical protein
MJ1396 MKSYLKNISIFVFTILLLSNVSL@LNVSTTNINSNFELNNSLIYKLNNSLTNTTNNSGSI Hypothetical protein
MJ1400 MKFIMKFIKSNKGQISLEFSLLVMVVVL@AIIVSIYLIKTAIETRNANMDVINQSSNVAE Hypothetical protein
MJ1402 MFEWMKNKKAISPILALLIVLGVTIVVEAVFY.WGSGLFNNSQQSTQSALEGTTSTITYA Hypothetical protein
MJ1472 MYFSQONATTLVMLMEVISAV TIDYKTKEVEDEIKIKEVSLYEKNLINTIDRNIDKIV Hypothetical protein
MJ1488 MRIGIVGAGLGGLLAGALLs HEVVVFEKLPFLGGRETNLKYEGFQLTTGALHMIPHGN Hypothetical protein
MJ1502 MRNNSKKMIIMKLIFLGTG PSKNRNHIGTIAFKFGGEVFLEFDCGENIQRQMLETEVSP Conserved Hypothetical
protein

Yellow is eukaryote prediction.
is Gram-negative bacteria prediction.
is Gram-positive bacteria prediction.
is both eukaryotes and Gram-positive bacteria prediction.
Green is both eukaryotes and Gram-negative bacteria prediction.

dark green is both Gram-positive and Gram-negative bacteria prediction.
ﬁ is eukaryotes, Gram-positive and Gram-negative bacteria prediction.
The cleavage sites for MJ0891 and MJ0893 flagellins, processed by FlaK, are shown in bold italics.

Average length of signal peptide

Eukaryote (22 sequences) 22.6

Gram negative bacteria (29 seguences) 27.2
Gram positive bacteria (28 sequences) 29.7

The cleavage site is color-coded, indicating the last amino acid of the signal peptide.

presence of such residues is an important factor in the
LocateProtein prediction software used in earlier studies
(Schneider 1999).

Classification of secreted archaeal proteins

Within each species, the vast majority (about 70%—-90%) of
the secreted proteins identified have thus far not been as-
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signed a gene designation. The exception to this is in T.
volcanium, where only 9 of 24 of the predicted secretory
proteins have not been identified. Among those unidentified
secreted proteins predicted in the various species by the
present study, it was possible, in some instances, to assign
putative functions by analyzing the hypothetical proteins
through COGnitor (http://www.ncbi.nlm.nih.gov/COG/).
For example, in the case of M. jannaschii, there are 28 of 32
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secreted proteins that are annotated as hypothetical (Table
2). Upon analysis of the 28 hypothetical proteins through
COGnitor, five were shown to be members of existing
COGs, thereby hinting at their function. MJ0505 was as-
signed to COG 3233 and predicted to be adeacetylase;
MJ0755 was assigned to COG 2247 and predicted to be
a cell wall binding domain; MJ0815 was assigned to
COG 1821 and predicted to be an ATP-utilizing enzyme
of the ATP-grasp superfamily; MJ0872 was assigned to
COG 0614 and predicted to be an ABC type cobalamin/
Fe3+- siderophore transport system, periplasmic compo-
nent; while MJ1502 was assigned to COG 1234 and pre-
dicted to be a metal-dependent hydrolase of the beta lac-
tamase superfamily. In the case of T. volcanium, where only
9 of 24 secreted proteins were unidentified, one unidentified
protein (TVN0969) was designated a member of COG
1136, proteins which serve as the ATPase component
of an ABC-type transport system involved in lipoprotein
release.

Of the 10 archaeal strains addressed in the current report,
7 are covered with S-layers. In addition, M. thermoautotro-
phicus contains genes annotated as encoding S-layer pro-
teins. In contrast, the current annotated genome sequences
of some of the S layer-possessing strains (i.e., A. pernix,
Pyrococcus abyssi, P. horikoshii, and S. solfataricus) do not
identify S-layer protein-encoding genes. Presumptive
S-layer proteins have, however, been reported for P. abyssi
(PAB1861) and P. horikoshii (PH1395) based on their sig-
nificant homology to S-layer proteins in various metha-
nococci (Claus et al. 2002). In Bacteria, S-layer proteins,
located on the surface of the cell, would be recognized as
secreted proteins by Psort. However, in the archaeal species
studied here, only in M. jannaschii and M. thermoautotro-
phicus are the S-layer proteins designated as secreted by
Psort. S-layer proteins in the other Archaea addressed here
are predicted by Psort to be membrane proteins. Such as-
signment is likely a true reflection of the unusual wall struc-
tures of these Archaea, where the S-layer is in direct contact
with the cytoplasmic membrane via a single transmembrane
domain, without the intervening peptidoglycan of bacterial
walls. Indeed, in the case of the Halobacterium sp. NRC-1
S-layer glycoprotein, the single transmembrane stretch, lo-
cated between amino acid positions 817-833, has been di-
rectly shown to act as a membrane anchor (Lechner and
Sumper 1987). Although translocated across the membrane,
yet membrane-anchored via C-terminal membrane-span-
ning domains, these S-layer proteins cannot be considered
as secreted by the criteria adopted for subcellular localiza-
tion using Psort in this study. Still, archaeal S-layer proteins
are among the few proteins whose signal proteins have been
experimentally confirmed. As such, the finding that the sig-
nal peptides of these proteins were correctly predicted by
SignalP in the present analysis is reassuring. Indeed, the N
terminus of the mature M. jannaschii S-layer protein has

recently been reported (Akca et al. 2002), leading to the
prediction of a 28 amino acid residue-long signal peptide.
An identical sequence was determined in the current study.
The cell envelope structure of the Thermoplasma species
may also be implicated in the low number of secreted pro-
teins predicted in these species. As mentioned, most of the
archaeal strains addressed in the present study are sur-
rounded by a protein-based S-layer without any intervening
cell wall layer (Kandler and Konig 1993). The anchoring of
S-layer proteins by C-terminal hydrophobic extensions has
been speculated to lead to the presence of a pseudo-periplas-
mic space between the outermost canopy of the S-layer and
the membrane (Kessel et al. 1988). Such a cellular com-
partment might house specific populations of secreted pro-
teins, as does the periplasm of Gram-negative Bacteria (Sara
and Sleytr 2000). In the case of the two Thermoplasma
species, no cell wall of any type exists (Kandler and Konig
1993). Hence, the potential reservoir for secreted proteins,
that is, the pseudo-periplasm, is absent, in turn perhaps con-
tributing to the very low number of secreted proteins pre-
dicted for these two species, as reported in this study.
Although the lists of proteins identified as being secreted
by the two-stage analysis employed in this study include
many hypothetical proteins, numerous proteins of known or
predicted identity, expected to be located beyond the cyto-
plasmic membrane, are also accounted for. These include
various extracellular enzymes, binding proteins, adhesion
molecules, etc. On the other hand, it is clear that some of the
proteins listed in this report as secreted are unlikely to be so.
Indeed, examples exist where all three trained data sets
predicted the presence of a signal peptide on a protein not
expected to be secreted. In P. abyssi there are three such
proteins, PAB0512 (hydropantoate 2 reductase), PAB0936
(NADH oxidase), and PAB0763 (cytidylate kinase). In the
cases of both PAB0763 and PAB(0936, the amino acid se-
quences show excellent alignment over the entire length in
a BLAST search to similar proteins in a wide variety of
archaeal and bacterial species. However, the two P. abyssi
proteins are extended by five or seven amino acids, respec-
tively, at the N terminus compared to almost all homologs
outside of other Pyrococcus species. In the case of
PAB0936, translation is initiated at an alternate start codon,
GTG. If five amino acids are removed from the N terminus
of PABO0763, then it is considered to be a nonsecreted pro-
tein by all three trained data sets in SignalP. Under these
circumstances, this protein would not be examined by Psort
and, hence, would not have ended up on the secreted protein
list amassed in this study. Similarly, if seven amino acids
are removed from the N terminus of PAB0936 to align its
start with the overwhelming majority of other homologs,
then it is also considered nonsecretory by both bacterial-
trained data sets, although not by the eukaryotic-trained data
set. No alignment irregularity was noticed for the third pro-
tein PABO512. Clearly, this small sampling indicates how
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small errors in the translation start sites could have signifi-
cant effects on the SignalP determination.

Although inaccurately predicted translational start sites
and other annotation errors might account for a few of these
anomalies, the inclusion of such proteins in the list of Psort-
selected secreted proteins is a likely reflection of the lenient
criteria used here for selecting signal peptide-bearing pro-
teins. In this study, any protein predicted to contain a signal
peptide by only one of the three SignalP trained data sets
was considered as secreted. In other words, there exist cases
where a protein is predicted to bear a signal peptide by one
data set yet not by the other two. As such, nonsecreted
proteins would be erroneously included in the lists of se-
creted proteins. There is, however, an inherent failure rate
with Psort as it was reported that the program successfully
predicted the correct protein location 66% of the time for
eukaryotic proteins and 83% for E. coli proteins (http://
psort.nibb.ac.jp/helpwww.html; Horton and Nakai 1997).
Thus, although the Psort program was successful in trim-
ming the number of proteins bearing signal peptides from
11.1%-24.9% of the total number of proteins in the differ-
ent genomes to a list of secreted proteins accounting for
only 1.5%—4.5% of genomic ORFs, it is apparent that errors
in designation in a number of cases have been made. How-
ever, although the selection strategy employed in this study
implicitly leads to an overestimation of the actual number of
secreted proteins, the predicted number of secreted archaeal
proteins is still low (compared to Bacteria). Hence, it is
possible that either the number of actual secreted proteins in
Archaea is indeed extremely low, or that there exist signifi-
cant numbers of secretory proteins synthesized with ar-
chaeal-specific signal peptides completely missed by cur-
rently employed trained data sets. On the other hand, it is
also possible that the list of secreted proteins identified in-
clude a large number of candidates that, in fact, do not
encode for true proteins. This point will be clarified as more
is learned about Archaea and their proteins.

Nature of archaeal signal peptides

The amino acid composition and lengths of the predicted
signal peptides within each organism were next compared.
In all cases, the shortest average signal peptides were pre-
dicted by the eukaryotic training system and the longest by
the Gram-positive bacterial trained data set. The values for
each individual archaeon are listed in Tables 2—-11, as are
the compositions of the various signal peptides.

Of the total number of secreted proteins predicted from
all 10 species, 78 contained a signal sequence cleavage site
predicted by all three SignalP trained data sets, and as such,
were more closely examined. The amino acid positions
around these predicted cleavage sites are depicted in a
LOGO (T.D. Schneider and Stephens 1990) in Figure 1. The
—1 position is almost exclusively alanine (69 of 78), as is the
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Figure 1. A sequence LOGO of 78 predicted archaeal signal peptides,
aligned at their cleavage site (no gaps) using the default settings at the
WebLogo site (http://www.bio.cam.ac.uk/cgi-bin/seqlogo/logo.cgi). The
last amino acid in the signal peptide is position 25.

case in Bacteria (Nielsen et al. 1997). The -3 position is
dominated by approximately equal representation of alanine
(29 of 78) and valine residues (26 of 78), although serine
(13 of 78) is also common at this position. The +1 to +3
positions following the cleavage site have preferences again
as observed in Bacteria but not in Eukarya. Alanine (19 of
78) is found most frequently at the +1 position, but is rarely,
if ever, found at the +2 or +3 positions. Negatively charged
amino acids (i.e., glutamic and aspartic acid) are also com-
mon at positions +1 (13 of 78) and +2 (20 of 78), but are
rarely noted at position +3. The hydroxyl-bearing amino
acids serine and threonine are commonly found at positions
+2 (17 of 78) and +3 (20 of 78). The singularly most com-
mon amino acid at position +2 is, however, proline, found in
13 instances. It was also observed that in the predicted
archaeal signal peptide h-region, leucine and alanine are the
dominant amino acid residues, predicted to be present in
approximately equal amounts, again as observed in Bacte-
ria, although valine and isoleucine residues are also com-
mon. The predominance of leucine in the h-region, observed
in Eukarya (Nielsen et al. 1997), is hence apparently not the
case in Archaea. Thus, in those 78 proteins where all three
SignalP data sets predicted the same cleavage site, the signal
peptide resembles more closely the characteristic bacterial
signal peptide than the typical eukaryal signal peptide. Ex-
amination of the sequence LOGO of 34 predicted signal
peptides from M. jannaschii (Nielsen et al. 1999) revealed a
dominance of alanine at the —1 position, a high isoleucine
presence in the h-region, significant presence of valine, iso-
leucine, and leucine residues at the —3 position, a positively
charged n-region with a lysine content and rare presence of
arginine residues, as well as the occurrence of charged
amino acids in the first positions following the cleavage site.
In the 78 proteins studied in the current study, neither the
high isoleucine presence in the h-region nor the significant
presence of isoleucine or leucine residues at the —3 position
were observed. Moreover, a positively charged n-region
was observed that, as in Bacteria, included rela-
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tively equal arginine and lysine contents. However, because
the earlier M. jannaschii study addressed all those proteins
predicted to bear signal peptides by all three trained data
sets, regardless of the final cellular destination of the pro-
tein, those results may not be directly comparable to the
selected subset of secreted proteins addressed in the present
report. In addition, some features observed by Nielsen et al.
(1999) may be characteristic of M. jannaschii. For example,
the high isoleucine content in the h-region of M. jannaschii
signal peptides may be partly due to an overrepresentation
of that amino acid in the genome as a whole (Nielsen et al.
1999).

In addition, it had been noted in earlier examinations of
putative M. jannaschii and S. solfataricus secreted proteins
(Nielsen et al. 1999; Albers and Driessen 2002) that an
unusual feature of the predicted archaeal signal peptide
cleavage site is the high occurrence of nearby tyrosine resi-
dues, often found at the +1 and -2 positions. This was not
evident in the 78 secreted proteins examined in the current
study, where only 1 protein contained a tyrosine at position
+1, although 6 more contained tyrosine residues at position
—2. If the search for tyrosine residues was extended to in-
clude any of positions -3 to +3, 15 of 78 proteins then
included a tyrosine residue in the cleavage site region.

Twin arginine transport (Tat) signal peptides

In addition to the well-characterized prokaryotic Sec protein
export system, a Sec-independent system has been recently
described in Archaea, Bacteria, and chloroplasts (Berks et
al. 2000; Robinson and Bolhuis 2001). Substrates of the
so-called twin arginine transport (Tat) protein translocation
system possess a signal sequence with n-, h-, and c-regions
like those of Sec pathway proteins, yet possess several dis-
tinct Tat system-specific features. Foremost is the presence
of a twin arginine motif, which is part of a larger conserved
sequence (S/T)-R-R-x-d-¢ (where x is any amino acid and
¢ is a hydrophobic amino acid) found at the n-region/h-
region boundary (Berks et al. 2000). In Gram-negative Bac-
teria, this sequence is usually (S/T-R-R-x-F-L-K). In addi-
tion, Tat signal peptides favor proline at position —6 and
basic amino acids in the c-region proximal to the cleavage
site. Tat signal proteins are also longer, on average, by 14
amino acid residues than Sec signal peptides. Archaeal re-
liance on the Tat pathway, however, appears to widely vary,
as gauged by the predicted number of secreted archaeal
proteins bearing a Tat signal peptide (Dilks et al. 2003). In
Halobacterium sp. NRC-1, it has been proposed that the Tat
system is the predominant protein export system, owing to
the ability of the Tat pathway to translocate folded proteins.
Such a property could complement the putative requirement
for rapid folding of halophilic proteins so as to overcome
dangers of biosynthesis in a highly saline cytoplasm as
found in these cells (Bolhuis 2002; Rose et al. 2002). In

other archaeal species, only limited use of the Tat system is
predicted. For example, only three proteins with signal pep-
tides that closely match the consensus for the twin arginine
system have been reported in S. solfataricus (Albers and
Driessen 2002). One of these is a Rieske iron sulfur protein
(SSO2971), typical of the substrates for this system, that is,
proteins that bind one or more cofactors in the cytoplasm
and are folded before export (Berks et al. 2000). Interest-
ingly, in accordance with the varied usage of the Tat system
in Archaea, the presence of TatA and TatC, subunits of the
Tat translocation machinery, was not detected in all archaeal
species, specifically not in Pyrococcus species or the ma-
jority of methanogens (Yen et al. 2002; Dilks et al. 2003).

In their recent analysis, Rose et al. (2002) compiled a list
of 64 putative Halobacterium sp. NRC-1 Tat substrates
(compared to about 26 Tat substrates in Escherichia coli;
Stanley et al. 2001; Robinson and Bolhuis 2001). Of these
64 candidates, recognizable homologs exist for 34 (13 bind-
ing proteins, 8 putative extracellular enzymes, 7 redox pro-
teins, and 6 surface proteins). Of these 34 Halobacterium
proteins, most of the putative extracellular enzymes were
also identified as secreted in our analysis. These included
Chi (chitinase), Vng0818c (chitinase A), Vng0819c (chiti-
nase), Sub (subtilisin homolog), and Hly (halolysin). More-
over, these numbers reported by this earlier study are in line
with a second recent study addressing the number of Tat
pathway substrates predicted by the Halobacterium sp.
NRC-1 genome (Bolhuis 2002). In that study, of the 103
proteins identified as bearing putative signal peptides, over
60% were predicted to target proteins to the Tat system. In
the present analysis, numerous putative Tat system sub-
strates were identified. These did not include many of the
Tat substrates predicted in Halobacterium sp. NRC-1 and
other archaeal species in earlier studies, as these were as-
signed an unclear designation by Psort in the present study,
with either a cytoplasmic membrane or outer membrane
location being predicted. As such, these were not included
in the list of secreted proteins in the present report.

Flagellin-like signal peptides

It has been previously reported that the flagellins of Archaea
are made as preproteins with short, atypical signal peptides
which, in certain aspects, resemble signal peptides found in
bacterial type IV prepilins (Faguy et al. 1994). It is a telling
fact of the state of archaeal protein secretion that these
atypical signal peptides are the best studied of all archaeal
signal peptides. Key amino acids in and around the cleavage
site have been identified by site directed mutagenesis
(Thomas et al. 2001b). The enzyme involved in the process-
ing, called FlaK or preflagellin peptidase, has also been
identified in methanococci (Bardy and Jarell 2002) and ho-
mologs are present in several other flagellated archaea. FlaK
is a prepilin peptidase equivalent (a member of the same
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COG 1989 “signal peptidases that cleave prepilin-like pro-
teins”). As well as flagellins, this enzyme is also responsible
for the processing of a small number of other proteins, at
least some of which seem unrelated to flagellar assembly.
Among such proteins with identified functions are a number
of sugar binding proteins in S. solfataricus, containing
highly similar signal peptides and experimentally shown to
be processed at the correct site by N-terminal sequencing
(Albers and Driessen 2002). Of the proteins determined in
the current study to be secreted, several, such as sugar bind-
ing proteins in 7. volcanium, can be readily detected by
visual inspection as bearing the flagellin-like signal peptide/
mature N-terminal sequence. However, in the autotrophic
flagellated Archaea, such as M. jannaschii, the only proteins
cleaved by FlaK may indeed be preflagellins.

Although flagellin sequences have a reported signal pep-
tide of 11-12 amino acids in length (including M. jan-
naschii, Halobacterium sp. NRC-1, A. fulgidus, and various
other Archaea not addressed in the present study; Thomas et
al. 2001a), several others are annotated with much different,
often extremely short, signal peptides of only 4-6 amino
acids (see certain flagellins in P. abyssi, P. horikoshii, A.
pernix, as well as other Archaea not included in this study).
However, given that reducing the length of the signal pep-
tide in an in vitro Methanococcus voltae preflagellin pro-
cessing assay from 12 to 6 amino acids resulted in a loss of
signal peptide cleavage (Thomas et al. 2001b), it may be
that those very short predicted signal peptides, in fact, rep-
resent inaccurately predicted translation start sites. In con-
trast, some annotated flagellin sequences are predicted to
have much longer signal peptides (e.g., Tal407 in T. acido-
philum and MJ0893 in M. jannaschii). Some of these se-
quences, however, contain in-frame methionines. Should
these methionines correspond to true translation start sites,
the signal peptides would be considerably shortened. This
appears likely for MJ0893, where a well-positioned ribo-
some binding site is located upstream of an in-frame me-
thionine residue, leaving an 11 amino acid residue signal
peptide. At present, neither the biochemical nor genetic
work needed to accurately identify the correct translation
initiation site of most flagellins has been performed. Indeed,
it is evident that translation start errors have been made in
three of six flagellins in the annotated Halobacterium sp.
NRC-1 sequence, as the three in question all start at methi-
onine residues well into the N-terminal region of the mature
processed proteins (compare, for example, the flagellin gene
family reported in Halobacterium salinarum strain RIM1 by
Gerl and Sumper 1988).

Available flagellin N-terminal sequences have been used
to generate a LOGO diagram (Fig. 2). In generating the
figure, translation start sites reported in the annotated ge-
nomes have been employed, with the exception of the three
likely erroneous Halobacterium sp. NRC-1 sequences men-
tioned above. For these halobacterial flagellin sequences,
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Figure 2. A sequence LOGO of flagellin and sugar binding proteins signal
peptides, aligned at their cleavage site (no gaps) using the default settings
at the WebLogo site (http://www.bio.cam.ac.uk/cgi-bin/seqlogo/logo.cgi).
The last amino acid in the signal peptide is position 18.

we have instead used the identical signal peptide sequence
reported for all five H. salinarum strain RIMI1 flagellins, a
sequence also reported for two of the flagellins annotated in
the Halobacterium sp NRC-1 genome. The sixth predicted
Halobacterium sp. NRC-1 flagellin has a signal peptide that
is obviously different, yet which appears to have a correct
initiation site, based on the conservation of sequence ob-
served in all archaeal flagellins. This latter sequence has
also been included in generating the LOGO diagram. Also
included in the LOGO are the three S. solfataricus sugar-
binding proteins (SSO0999, SS0O2847, SSO3066) shown to
be processed at the preflagellin-like cleavage site (Albers
and Driessen 2002).

The LOGO diagram shows graphically the extreme con-
servation of the N terminus of the mature archaeal flagellin
and sugar binding proteins and the conserved nature of the
amino acids surrounding the cleavage site. In almost all
cases, the signal peptide ends with two charged amino acid
residues followed by a glycine at the —1 position. Usually
the —2 and -3 positions are held by lysine or arginine, but
rarely, as is the case in some of the halophilic and haloal-
kaliphilic flagellins, even positively charged amino acids
can be found at these positions. The —1 position can be
alanine in rare instances, and in one case (Tal407 of
T. acidophilum), a serine residue is detected.

The N-terminal 40-50 amino acids of the processed
flagellins are highly conserved and hydrophobic. As with
type IV pilins, the flagellins appear to have a typical signal
peptide, which is, however, cleaved before the h-region
rather than after it. Thus, many archaeal flagellins are pre-
dicted by SignalP to have a signal peptide (by one, two, or
all three trained data sets), but in all cases, the cleavage site
is incorrectly predicted. Considering the conservation of
sequence at the N terminus, it was strange that, in many
instances, the analysis identified only some of the multiple
flagellins found within a given genome as secreted proteins.
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Although this may be considered a moot point because, as
the signal peptides for all flagellins are incorrectly predicted
by available programs, the fact that not even all flagellins
are recognized by SignalP/Psort as secreted proteins does
mean that other potential secreted proteins processed by
FlaK and its homologs likely represent a missed subset of
secreted proteins. Indeed, the sugar-binding proteins
SS02847 and SSO3066 shown in S. solfataricus as secreted
and processed by the FlaK equivalent are not predicted to be
secreted by the SignalP/Psort programs, as employed in the
present study.

Lipoproteins

It seems increasingly clear that Archaea contain proteins
that possess the LIPO box found in bacterial lipoproteins.
This consensus sequence, [L/I/G/A]-[A/G/S]-C, contains an
invariant cysteine at the +1 position, relative to the signal
peptide cleavage site. In the mature lipoprotein, this cyste-
ine residue is attached to a membrane-associated lipid an-
chor. Thus far, evidence for a lipoprotein-like lipid modifi-
cation has been reported for halocyanin of Natranobacte-
rium pharaonis (Mattar et al. 1994) and more recently in the
H. salinarum binding proteins BasB and CosB (Kokoeva et
al. 2002). Indeed, based on the lipoprotein signature, it has
been suggested that all binding proteins annotated in the
complete Halobacterium sp. NRC-1 genome are lipopro-
teins (Kokoeva et al. 2002). Earlier analysis of other com-
plete genomes also predicted the existence of lipoproteins in
various Archaea. A few potential lipoproteins have been
suggested in S. solfataricus (Albers and Driessen 2002) and
in both P. horikoshii (Kawarabayasi et al. 1998) and A.
pernix (Kawarabayasi et al. 1999), many proteins have been
reported to contain prokaryotic membrane lipoprotein lipid
attachment site motifs.

Few, if any, lipoproteins would be expected to be found
among the lists of secreted proteins generated in the present
study since lipoproteins are generally embedded in either
the cytoplasmic membrane (and, hence, not considered as
secreted by the criteria used here) or in the outer membrane,
which is not found in Archaea. Nonetheless, a screening of
all the secreted proteins predicted in the present study at
Prosite (PROSITE Release 17.42, of 06-Apr-2003; http://
www.expasy.ch/prosite/), software designed to predict the
presence of a prokaryotic lipoprotein signature motif, was
performed. Only in the Pyrococcus species and A. fulgidus
did Prosite predict the presence of lipoproteins among the
secreted proteins. These predicted lipoproteins are P. abyssi
PAB1651 (hypothetical protein), P. horikoshii PH0462 (hy-
pothetical protein), PH1130 (hypothetical protein) and
PH1190 (hypothetical protein), and A. fulgidus AF0397 (hy-
pothetical protein). The three P. horikoshii proteins, as well
as four others (PH1525, PH1690, PH1707, PH1929) in-
cluded in the compilation of secreted proteins listed in this

study, were among the many proteins listed previously as
possessing the prokaryotic membrane lipoprotein attach-
ment site in P. horikoshii (Kawarabayasi et al. 1998). How-
ever, the latter four proteins were not recognized as lipo-
proteins by Prosite. Similarly, eight proteins from A. pernix
(APEO189, APE1303, APE1309, APE1348, APE1433,
APE2040, APE2099, APE2434) also previously reported
(Kawarabayasi et al. 1999) to contain the prokaryotic mem-
brane lipoprotein attachment motif were also among those
predicted secreted proteins for that organism in the present
study. However, none were recognized as potential lipopro-
teins by Prosite. Interestingly, when all seven P. horikoshii
potential lipoproteins as well as P. abyssi PAB1651, A.
fulgidus AF0397, and the eight A. pernix putative lipopro-
teins were analyzed by a second program, namely the Lipop
program, software found at the Psort site designed to detect
lipoprotein signal sequences based on the consensus motif
around the lipoprotein cleavage site as formulated by von
Heijne (1989), none were identified as lipoproteins. It
should, however, be pointed out that the reliability of both
Web programs is questionable, because both BasB and the
BasB equivalent in Halobacterium sp. NRC-1 (i.e.,
Vngl857C) are predicted by Lipop and Prosite to be lipo-
proteins, whereas both CosB and the CosB Halobacterium
sp. NRC-1 equivalent (proX, a putative ABC transporter)
are not recognized as lipoproteins by either program.

In Bacteria, processing of lipoprotein signal peptides is
performed by signal peptidase II (SPII). In SPII substrates,
the cysteine residue is lipid-modified prior to the removal of
the signal peptide by the enzyme. Despite the existence of
SPII substrates in Archaea, to date, no archaeal SPII equiva-
lent has been annotated in any completed genome sequences
nor in the COG site database (http://www.ncbi.nlm.nih.gov/
COG/). However, given that the lipid modification found on
any archaeal lipoproteins is likely to be of the unusual C,,
diphytanyl diether lipid type typical of Archaea (Kokoeva et
al. 2002), it is not surprising that a SPII equivalent has not
yet been reported upon examination of completed archaeal
genomes.

Conclusions

In Archaea, numerous proteins, including a variety of en-
zymes and components of the protein-based S layer, must
escape the confines of the cell. As in Bacteria and Eukarya,
translocation of secreted proteins in Archaea requires that
such proteins first be distinguished from the pool of cyto-
plasmic proteins, that they then be targeted to membranous
translocation sites, and ultimately, that they be transported
into and across the membrane. Signal peptides play an im-
portant role in each of these processes. To date, however,
archaeal signal peptides have not been well characterized.
Hence, towards reddressing this situation, signal peptides
were selected from 10 completed archaeal genome se-
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quences on the basis of their similarities to signal peptides
of eukaryotic and Gram-positive and Gram-negative bacte-
rial exported/secreted proteins. Such analysis revealed that
archaeal signal peptides incorporate properties found in eu-
karyal and bacterial signal peptides, much like what is ob-
served in other aspects of archaeal biology, including pro-
tein translocation. However, in the 78 proteins where the
same cleavage site was predicted by all three trained data
sets, the signal peptides more closely resembled the char-
acteristic bacterial signal peptide rather than those found in
eukaryal secreted proteins. This prediction, as well as the
suggested utilization of a variety of different translocation
systems, awaits experimental confirmation. Similarly, the
existence of archaeal-specific signal peptides remains to be
addressed. The selection criteria employed in this study,
relying on similarities to identified eukaryal and bacterial
signal peptides, would, by definition, fail to detect putative
archaeal-specific signal peptides. Indeed, given the ex-
tremophilic nature of many Archaea, coupled with the un-
usual archaeal cell envelope (Kandler and Konig 1993) and
unique membrane lipid structures (Kates 1993), it is con-
ceivable that features of the different protein export sys-
tems, including their signal peptides, may be specific to this
domain.

Materials and methods

Signal peptide determination

The 10 completed archaeal genomes (listed in Table 1) and de-
duced proteins used in this survey were obtained from the com-
prehensive microbial resource, found at the TIGR website (http://
www.tigr.org). All predicted protein-encoding genes from each
organism were analyzed using the automated program SignalP
v2.0 (http://www.cbs.dtu.dk/services/SignalP-2.0), designed to de-
tect the presence of signal peptides. In these analyses, protein
sequences were examined using the hidden Markov model with
truncation set to 70 amino acids, trained on the different data sets
available (Eukarya, Gram-positive, or Gram-negative Bacteria).
Proteins predicted to contain signal peptides by at least one of the
three data sets were then examined using Psort (Nakai and Horton
1999; http://www.psort.nibb.ac.jp), a computer program designed
to predict subcellular localization. Only those proteins considered
to be secreted in Gram-positive organisms or localized to the
periplasm or outer membrane of Gram-negative organisms were
further examined.

Electronic supplemental material

Tables 3-11, listing the predicted secreted proteins, signal pep-
tides, and putative cleavage sites of each of the archaeal genomes
(except M. jannaschii, which is presented in Table 2 in the text)
examined are included as supplementary material.
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