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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 sites precede 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 cotranscribed 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. mari-
paludis preflagellins were cleaved only by the archaeal preflagellin 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.

A diverse set of protein structures can decorate prokaryotic
cell surfaces. They include the cell wall, flagella, and pili, which
provide the cell with integrity, motility, adhesion, and the abil-
ity to transfer DNA. Prokaryotes have evolved distinct mech-
anisms to assemble subunits of such extracytoplasmic struc-
tures. For example, components of bacterial type IV pili
require a dedicated membrane-associated machinery at the
base of the growing pilus structure (12, 25, 27). 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 (12, 13).
This hydrophobic stretch is part of the signal peptide of the
preprotein, which, unlike class I and II signal peptides, con-
tains a signal peptidase cleavage site preceding the hydropho-
bic stretch (Fig. 1) (28). In addition to the prepilin peptidase,
two conserved protein families are crucial for pilus biosynthe-
sis: a VirB11-like ATPase (including GspE/TadA), which pro-
vides energy for the assembly and disassembly of the pilus, and
a polytopic membrane protein (GspF/TadC) (34), which has
been suggested to serve as an assembly platform for the pilus.

In contrast to bacterial flagellar subunits, which are translo-
cated using a specialized type III secretion apparatus (24), 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 (9, 40). Moreover, several components of
the archaeal flagellar assembly machinery are related to those
of the type IV pilus biogenesis system, including a prepilin
peptidase and the VirB11-like homologs FlaK and FlaI, re-
spectively (8, 32). Additionally, the polytopic membrane pro-
tein FlaJ shows homology to TadC and might serve in a similar
way as an assembly platform for the flagellum (31).

Interestingly, analysis of the predicted Sulfolobus solfataricus
secretome revealed that certain membrane-bound substrate
binding proteins (SBPs) of this crenarchaeon are also synthe-
sized as preproteins with class III signal peptides (2). Consis-
tent with this observation, the S. solfataricus prepilin peptidase
homolog (PibD) could cleave both the flagellin subunit and the
precursor of the glucose binding protein (4). While the biolog-
ical roles of class III signal peptides associated with binding
proteins are 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 pep-
tide cleavage (1, 5). A function of the bindosome might be to
locally increase the concentration of sugars for more efficient
transport into the cell (5). Proteins with putative class III signal
peptides were also observed in the Natronomonas pharaonis
and Thermoplasma volcanium genomes (6, 17). The identifica-
tion of archaeal nonflagellin proteins with class III signal pep-
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tides, which thus far have only been shown to be associated
with subunits of cell surface structures (e.g., bacterial pili and
archaeal flagella), suggests a diverse set of archaeal cell surface
structures.

In this study, a PERL program (FlaFind [http://signalfind
.org/]) 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 prepi-
lin peptidase. Colocalization of these FlaFind positives with
bacterial type IV pilin assembly genes, as well as the structural
resemblance of many of the FlaFind positives with homologs of

bacterial pilin-like substrates, suggests that they may be sub-
units of archaeal cell surface structures. The identification of
distinct classes of subunits of putative extracytoplasmic struc-
tures 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 down-
loaded from the NCBI website (http://www.ncbi.nlm.nih.gov/genomes/static/a
.html).

Class III signal peptide prediction. A PERL program (FlaFind) was written to
identify substrates with putative class III signal peptides among the set of all
annotated coding sequences 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 (22, 36) of each of the sequences.
A sequence is FlaFind positive if (i) the sequence has one or two TMHMM-
predicted hydrophobic segments, (ii) the first hydrophobic segment begins within
the first 30 amino acids of the protein sequence, and (iii) 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 (10). 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 infla-

FIG. 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
peptidases I and II, and prepilin peptidase, respectively, is symbolized
by scissors; dark gray, hydrophobic region; light gray, cleavage region;
�, positive charges.

TABLE 1. Predicted archaeal class III signal peptide-containing proteins and homologs of type IV pilin-like biosynthesis components

Organism
No.

FlaFind
positive

No.
hypothetical

No.
flagellin

No.
SBP

No.
DUF361

like

No.
linkeda

No.
FlaK

No.
EppA

No.
TadA

No.
TadC

Crenarchaeota
Aeropyrum pernix K1 15 12 2 2 3 1 3 3
Pyrobaculum aerophylum IM2 21 18 1 2 1c 4 1
Sulfolobus acidocaldarius DSM639 21 17 1 3 3 1 3 3
Sulfolobus solfataricus P2 28 17 1 8 8 1 4 4
Sulfolobus tokodaii strain 7 27 24 1 3 6 1 3 3

Euryarchaeota
Archaeoglobus fulgidus DSM4304 17 13 2 6 1 4 3
Haloarcula marismortui ATCC 43049 34 33 2b 13 1 5 4
Halobacterium sp. strain NRC-1 21 13 6b 1 8 1 3 3
Methanocaldococcus jannaschii DSM2661 15 10 3 1 7b 8 2 1 4 4
Methanococcus maripaludis S2 14 10 3b 10 8 1 1 2 3
Methanopyrus kandleri AV19 6 4 2 3 1 1 2
Methanosarcina acetivorans C2A 31 19 3 6 8 4 6 6
Methanosarcina mazei Go1 13 9 3 3 1 5 4
Methanothermobacter thermautotrophicus DeltaH 8 6 2b 4 1 1 2
Picrophilus torridus DSM9790 8 4 1
Pyrococcus abyssi GE5 19 13 3 1 4 9 1 2 3
Pyrococcus furiosus DSM3638 18 11 2b 1 3 7 1 2 3
Pyrococcus horikoshii OT3 20 15 5 2 3 10 1 2 3
Thermococcus kodakarensis KOD1 38 29 5 2 4 12 1 2 3
Thermoplasma acidophilum DSM1728 4 3 1 1 1c 3 3
Thermoplasma volcanium GSS1 7 3 2 1 1 1c 3 3

Nanoarchaeum equitans Kin-4-M 3 3 2 2 2

a Number of substrates linked to other FlaFind positives and/or genes involved in biosynthesis of type IV pilin-like structures.
b Includes substrates that were likely erroneously annotated and thus were identified by FlaFind only upon reannotation.
c These FlaK homologs show very low sequence conservation and were identified by examination of membrane topology predictions and the presence of conserved

catalytic residues: Ta0254 (T. acidophilum), TVN1340 (T. volcanium), PAE1599 (P. aerophylum).
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tion parameter set to 1.01 and the cutoff P value for WU-BLAST set to 1e�10.
OrthoMCL creates clusters of orthologous and paralogous protein sequences
and, together with the Pfam analyses, can clarify the functions 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 to the
remainder 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 (14). To quantify local sequence conservation in an align-
ment, a PERL script was written that uses the ClustalW consensus symbol 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 percent sequence con-
servation versus amino acid position (see Fig. S1 in the supplemental material).

Plasmid construction. Genomic DNA of Methanococcus maripaludis S2 was a
gift from John Leigh (University of Washington). The plasmids used in this study
are listed in Table S3 in the supplemental material. 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
with the native stop codons deleted. The PCR fragments were cloned into
NcoI/BamHI-cut pZA7 (39), which added a C-terminal hemagglutinin epitope
tag, resulting in pZA10, pZA11, and pZA12, respectively. The MMP0232/eppA
and MMP0555/flaK genes were amplified in a similar way and cloned into pSA4
(4), yielding pZA13 and pZA14, respectively. Precursor genes including epitope
tags were transferred as NcoI/HindIII fragments into pBAD/Myc-His A (Invitro-
gen, Breda, The Netherlands). Plasmids suitable for coexpression 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 corre-
sponding restriction sites of pUC18-pibD (unpublished data), a construct that
contained an SphI cassette including a T7 promoter, the pibD open reading
frame, a C-terminal six-histidine tag, and a T7 terminator. In this way, the pibD
gene was replaced by the respective peptidase genes. From the resulting plas-
mids, the SphI cassette was transferred into the unique SphI restriction site of the
pBAD/Myc-His A precursor constructs, resulting in coexpression plasmids with
all combinations of precursor and peptidase genes (see Table S3 in the supple-
mental material).

Growth conditions and preparation of E. coli crude membranes.
BL21(DE3)(pLysS) was used in all overexpression studies. Bacterial strains were
grown to an optical density at 600 nm of 0.6 to 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, the induction conditions were opti-
mized and L-arabinose was added to final concentrations of 0.2% (constructs
containing epdA), 0.004% (epdC), and 0.001% (flaB2). Subsequently, peptidase
genes were induced with 0.1 mM IPTG (isopropyl-�-D-thiogalactopyranoside)
for 2 h. The culture was harvested by centrifugation, and the cell pellets were
resuspended in 2 ml of buffer (50 mM Tris-HCl, pH 7.5, 1 mM EDTA). Crude
membranes were isolated as described previously (4) and resuspended in 50 mM
Tris-HCl, pH 7.5. Cleavage of substrates was determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and Western immunoblot analysis of
5 �g (EpdC and FlaB2 membranes) or 10 �g (EpdA membranes) of crude
membranes. Substrate proteins were detected using monoclonal anti-hemagglu-
tinin antibodies (Sigma).

RESULTS

To determine the diversity of archaeal proteins with class III
signal peptides, a PERL program (FlaFind) was developed to
detect proteins containing this class of N-terminal signals. The
program predicts class III signal peptides based on the pres-

ence and position of the corresponding cleavage site (�2[KR]
�1[GA] �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 pre-
dicted 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 pro-
teins with class III signal peptides. (i) Overview of FlaFind
output. FlaFind identified 388 proteins in 22 archaeal ge-
nomes, 102 of which were annotated as homologs of proteins
with predicted functions (Table 1; see Table S1 in the supple-
mental material). Of these, 77 belonged to classes that had
previously 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 cyto-
plasmic proteins, suggesting that the rate of detection of pro-
teins lacking a signal sequence is low (3.9%).

(ii) Chromosomal localization of FlaFind positives. Bac-
terial 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 en-
codes proteins involved in the biosynthesis of bacterial type IV
pilin-like structures (38). Consistent with their presence in cell
surface structures, 120 FlaFind positives were predicted to be
coregulated with additional FlaFind positives and/or genes
coding for a TadA, TadC, and/or a type IV pilin peptidase
homolog (Table 1 and Fig. 2; see Fig. S1 and Table S2 in the
supplemental material). Moreover, in several cases, structural
conservation of operons encoding homologs of FlaFind posi-
tives was observed among different organisms (Fig. 2 and Fig.
3). 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 ge-
nomes of the three sequenced Sulfolobus species (Fig. 3). In-
terestingly, these operons, as well as an operon in each of the
sequenced Pyrococcus strains that contained at least two
FlaFind positives, were coregulated with an Lhr-like DNA
helicase homolog, raising the possibility that these small sub-
strates might be involved in DNA uptake or transfer (Fig. 3).

(iii) OrthoMCL analysis. As noted above, several FlaFind
positives could be classified into functional groups, i.e., flagel-
lins and SBPs. To determine whether other, yet-unknown
groups of conserved proteins were identified by FlaFind,
OrthoMCL (23), 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 ho-
mologs in a given group (see Table S1 in the supplemental
material). For example, of the 28 S. solfataricus FlaFind posi-
tives, 16 had at least one ortholog among the archaeal FlaFind
positives. In fact, homologs of nine of these substrates were
FlaFind positive in all three tested Sulfolobus species. Inter-
estingly, in many cases, sequence homology was highest in the
N-terminal portions of these proteins, a typical feature seen in
subunits of bacterial type IV pili and proposed to be required
for assembly (see Fig. S1 in the supplemental material) (12).
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(iv) Pfam analysis. Distinct from OrthoMCL, Pfam identi-
fies small highly conserved domains within a protein (see Ma-
terials and Methods). To identify possible common themes
among the large number of hypothetical proteins, all FlaFind

positives were analyzed using Pfam (10). Consistent with the
hypothesis that a diverse set of archaeal SBPs contains class III
signal peptides, Pfam classified eight additional FlaFind posi-
tives as SBPs. Thus, in 14 of the 22 genomes, FlaFind identified
at least one SBP, including (among others) sugar, dipeptide,
and phosphate binding proteins (see Table S1 in the supple-
mental material).

Most striking, Pfam identified 19 euryarchaeal proteins with
a domain of unknown function (DUF361), which is comprised
of the amino acid motif QXSXEXXXL, where Q is the �1
position in the putative cleavage site of these proteins. Fre-
quently, genes encoding DUF361-containing proteins were
present in the same operon as genes encoding FlaFind posi-
tives, 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
(see Fig. S1 in the supplemental material). All FlaFind posi-
tives 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 (Fig. 2A; see Table S1 in the
supplemental material).

Interestingly, several genes encoding proteins with this con-
served 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 (Fig. 2B). The chromo-
somal localization of eppA homologs and the fact that ho-
mologs of this prepilin peptidase were identified only in the
eight euryarchaea that encoded DUF361-containing FlaFind
positives strongly suggest a role as a specific signal peptidase
for this class of preproteins (Table 1; see below).

EppA specifically cleaves proteins with DUF361-like do-
mains. FlaFind identified 14 substrates in M. maripaludis, in-
cluding 3 flagellins and 10 DUF361-containing proteins. Three
of these DUF361-containing proteins were coregulated with
eppA (Fig. 2A). A similar operon is found in the genome of
Methanocaldococcus jannaschii. However, there it is split and
contains additional genes that are unique to the species (Fig.
2A). To determine whether the M. maripaludis EppA homolog

FIG. 2. Cleavage of euryarchaeal pilin-like proteins by a dedicated
signal peptidase. (A) Schematic representation of the conserved M. mari-
paludis 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) Trans-
membrane topologies of FlaK (left) and EppA (right) from M. maripalu-
dis, predicted using the Phobius web server (21). Homologous regions in
EppA and FlaK are in gray. 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 pro-
moter were expressed alone or in combination with IPTG-inducible pep-
tidase genes. (D) Signal peptide cleavage of EpdA and EpdC with the
flagellin cleavage site sequence or FlaB2 with the EpdA cleavage site
sequence by EppA or FlaK. p, precursor, m, mature.

FIG. 3. Structural conservation of operons encoding pilin-like FlaFind positives and a helicase; schematic representation of Sulfolobus and Pyrococcus
operon structures. Genes coded for proteins with predicted functions, including FlaFind-positive proteins (green); proteins with a DUF361-like domain
(hatched); an Lhr-like helicase (purple); a cell division GTPase/FtsZ3 (turquoise); COG5306, an uncharacterized conserved protein (light gray);
COG4025, a predicted membrane protein (black); a TadA/VirB11-like ATPase (red); a TadC-like membrane protein (brown); an EndoIII-related
endonuclease (COG0117, magenta); a transcriptional regulator (COG1474, cyan); a glycosyltransferase probably involved in cell wall biogenesis
(COG1215, pink); a protein conserved in Sulfolobus (dark gray); and proteins conserved in Pyrococcus (white).
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specifically cleaves DUF361-containing proteins, either one of
two genes encoding proteins with this conserved domain
(MMP0233 and MMP0237) or a flagellin (MMP1667/flaB2)
was coexpressed in E. coli with eppA from inducible promoters.
In addition, the preproteins were coexpressed with flaK, the
gene encoding the previously characterized M. maripaludis
preflagellin peptidase (8). Processing of either of the two
DUF361-containing proteins tested in E. coli could be ob-
served only in cells that coexpressed EppA (Fig. 2C). Con-
versely, the novel peptidase was not able to cleave the flagellin
subunit, strongly suggesting that the requirements for substrate
recognition by the two subclasses of type IV pilin peptidases
are distinct. Thus, here we will refer to MMP0233 and
MMP0237 as EppA-dependent proteins (EpdA and EpdC,
respectively).

The distinct substrate recognition characteristics of M. mari-
paludis FlaK and EppA sites were further demonstrated by an
experiment in which the amino acids from positions �2 to �2
in EpdA were replaced with those of FlaB and vice versa (Fig.
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. Con-
versely, 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 po-
tential FlaK-processing site.

DISCUSSION

The majority of extracytoplasmic proteins are targeted to the
prokaryotic cytoplasmic membrane by the presence of N-ter-
minal tripartite signal peptides. However, subtle differences
between these N-terminal sequences determine whether the
protein is targeted to the membrane in a signal recognition
particle-dependent or -independent manner (19), whether the
substrate is targeted to the Sec or Twin arginine translocation
pathway (33), and which signal peptidase processes the pre-
protein (28). The close resemblance of the signal peptide struc-
tures and the limited sequence conservation pose challenges to
the ability to distinguish these signals from each other.

FlaFind, the program developed as part of this study, effec-
tively 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 contain-
ing a DUF361 domain, both classes of proteins that have been
shown to be processed by a type IV prepilin-like peptidase (4,
8). In fact, all but one of the 14 M. maripaludis FlaFind posi-
tives were flagellins or DUF361-like substrates (3 and 10, re-
spectively) suggesting that, certainly in this archaeon, the pro-
gram successfully distinguishes class III signal peptides from
other N-terminal signal peptides or transmembrane segments.

Consistent with the correct identification of class III signal
peptide-containing proteins, the majority of nonflagellin
FlaFind positives with annotated functions were SBPs, three of
which had been shown experimentally to contain this class of
signal peptide (3, 16). Moreover, only four 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, the chromo-
somal localization of many of the genes encoding these pro-
teins, as well as the results of sequence homology and pattern
searches among the FlaFind positives, strongly support the
accurate identification of many of these proteins by FlaFind as
class III signal peptide-containing proteins. It should be noted
that, while Picrophilus torridus lacks any apparent TadA, TadC,
or pilin peptidase homologs, FlaFind identified eight sub-
strates in the 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 organ-
isms, 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. However, our systematic genomic
approach, in concert with additional in silico and in vivo anal-
yses, has proven to yield valuable information about the diver-
sity of predicted archaeal cell surface structures. To facilitate
future studies on newly released genomes, the interactive ver-
sion of FlaFind allows 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 colocalized
with a helicase (Fig. 3). The latter observation is particularly
intriguing, as UV-induced exchange of genetic material be-
tween cells by a yet-unknown conjugational mechanism has
been observed in Sulfolobus acidocaldarius and Haloferax
volcanii (18, 26, 35).

Our data not only imply that the majority of FlaFind posi-
tives are indeed secreted proteins with N-terminal class III
signal peptides, they are also consistent with the hypothesis
that substrates with these signal peptides are subunits of cell
surface structures, as (i) reminiscent of the coregulation of
major and minor bacterial pilins and pseudopilins, genes en-
coding FlaFind positives were frequently cotranscribed with
genes encoding additional FlaFind positives, and (ii) a signif-
icant number of FlaFind positives were encoded by genes lo-
cated on an operon with homologs of genes encoding the pilin
assembly components TadA and TadC. Moreover, a large
number of FlaFind positives contain a negative charge at po-
sition �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 (20). 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 Pseudo-
monas aeruginosa (30, 37). 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 ar-
chaeal flagellins do not possess a charge at this position. Dis-
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tinct from poorly conserved amino acid sequences in the hy-
drophobic stretches of Tat and class I/II Sec signal sequences,
the sequence of the hydrophobic stretch in the signal se-
quences of archaeal flagellins is highly conserved. This has also
been observed for type IV pilins (12) and presumably allows
optimal subunit-subunit interaction (11, 29). Consistent with
the requirement for a highly conserved N-terminal hydropho-
bic “assembly domain,” several orthologous groups of FlaFind
positives and substrates encoded by genes that cluster together
share substantial sequence homology at their N termini (see
Fig. S1 in the supplemental material).

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 (7), future studies
will 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, the enzyme might exhibit an ad-
ditional activity similar to bacterial prepilin peptidases that
methylate the N terminus of the cleaved substrate. Also, the
colocalization of eppA and substrate genes suggests coregula-
tion. Recently, a second prepilin peptidase (FppA) was de-
scribed in Pseudomonas aeruginosa (15). 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 of archaeal extracytoplasmic
structures. Future in vivo studies of the native archaeal hosts
should provide validation of additional substrates (allowing
refinement of the program) and identify additional archaeal
components involved in the biosynthesis of extracellular struc-
tures, like the novel prepilin peptidase EppA. Additionally,
data presented here raised countless intriguing questions, in-
cluding the following. (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? (iv) What is the
significance of having two subclasses of prepilin peptidases if
(as proposed earlier) cleavage of substrates occurs indepen-
dently of their assembly?
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Table S1. Archaeal proteins with class III signal sequences 
Aeropyrum pernix 
NC_000854 

Within* 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|14600599| hypothetical protein APE0285   104 ND ND KAFLSSS 
gi|14600818| hypothetical protein APE0588   925 ND ND RAEVICP 
gi|14600840| hypothetical protein APE0614   551 ND ND RGLSEVY 
gi|14600902| hypothetical protein APE0697  144 ND ND RGLSPLV 
gi|14601059| hypothetical protein APE0896   274 ND ND RGQANPI 
gi|14601060| hypothetical protein APE0898   864 ND ND RGQAEVI 
gi|14601091| spermidine/putrescine-binding periplasmic protein  412 ND SBP_bac_1 RAILAGV 
gi|14601139| hypothetical protein APE1013   177 ND ND RGISPVI 
gi|14601195| hypothetical protein APE1125   158 ND ND RALLYVS 
gi|14601223| hypothetical protein APE1173   366 ND ND RGVAVRR 
gi|14601316| hypothetical protein APE1297   325 ND ND RGLAVLA 
gi|14601527| hypothetical protein APE1630   484 28 SBP_bac_1 RGEATSR 
gi|14601575| hypothetical protein APE1711   323 ND ND KAQAGRA 
gi|14601712| flagellin AFE1906  205 0 Arch_flagellin RGIVGIE 
gi|14601713| flagellin APE1907  249 0 Arch_flagellin RGIVGIE 

 
Archaeoglobus fulgidus 
NC_000917 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|11497981| hypothetical protein AF0369  45 ND ND KGVSEVV 
gi|11498069| hypothetical protein AF0457  201 ND SCP2 KAFLFGL 
gi|11498364| hypothetical protein AF0758   309 ND ND KAVSEIL 
gi|11498366| hypothetical protein AF0760  972 ND ND KGVSLLL 
gi|11498367| hypothetical protein AF0761  106 ND ND KGQMILL 
gi|11498368| hypothetical protein AF0762  173 ND ND RGQTFTL 
gi|11498441| hypothetical protein AF0835  108 ND ND RAEIAAA 
gi|11498604| hypothetical protein AF0999  221 ND  ND KGALLLV 
gi|11498659| flagellin (flaB1-1)  AF1054  205 0 Arch_flagellin KGFTGLE 
gi|11498660| flagellin (flaB1-2)  AF1055  209 0 Arch_flagellin KGFTGLE 
gi|11498696| hypothetical protein AF1096  143 4 DUF1628 KGVSPVI 
gi|11498760| H+-transporting ATP synthase, subunit K (atpK-1)   76 10 ATP-synt_C KGLIAVG 
gi|11498762| H+-transporting ATP synthase, subunit K (atpK-2)  76 10 ATP-synt_C KGLIAVG 
gi|11498845| hypothetical protein AF1246  105 22 Ion_trans_2 RAILIYA 
gi|11498875| hypothetical protein AF1276   95 ND ND RAAIAVL 
gi|11499170| hypothetical protein AF1575   212 ND ND KALVILV 
gi|11499217| hypothetical protein AF1625  589 23 ND KAVSPLI 
  
 

Haloarcula marismortui 
NC_0006396, NC_006397 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|55376980| hypothetical protein rrnAC0042   256 ND ND KGLLAIA 
gi|55377619| hypothetical protein rrnAC0774   61 ND ND RAAIETF 
gi|55377629| hypothetical protein rrnAC0785   99 35 ND KAAMALS 
gi|55377679| hypothetical protein rrnAC0840  104 ND ND KAVIGIL 
gi|55377777| hypothetical protein rrnAC0950   449 ND DUF58 RGAIVAA 
gi|55378042| hypothetical protein rrnAC1244  188 ND ND RGVSDLL 
gi|55378043| hypothetical protein rrnAC1245  156 ND ND RGVSPAV 
gi|55378044| hypothetical protein rrnAC1246   300 ND ND RGQLLLI 
gi|55378045| hypothetical protein rrnAC1247   190 ND ND RGQAYTL 
gi|55378046| hypothetical protein rrnAC1248   180 ND ND RAQTPQD 
gi|55378204| hypothetical protein rrnAC1421   197 ND ND RAQAHTL 
gi|55378206| hypothetical protein rrnAC1423  250 ND ND RAVSEVL 
gi|55378207| hypothetical protein rrnAC1424   582 ND ND RAQSAPL 
gi|55378208| hypothetical protein rrnAC1425   596 ND ND RGQSAPL 
gi|55378403| hypothetical protein rrnAC1633   82 ND ND RGFAFWT 
gi|55378495| hypothetical protein rrnAC1737   673 23 ND RAQSVQV 



gi|55378593| hypothetical protein rrnAC1852  294 ND ND RAMSAVA 
gi|55378670| hypothetical protein rrnAC1945   179 ND ND RGQLVLV 
gi|55378671| hypothetical protein rrnAC1946   135  33 ND RAQLPLS 
gi|55378672| hypothetical protein rrnAC1947   237 34 ND RAQTSLA 
gi|55378891| flagellin B precursor   460 0 Arch_flagellin RGQVGIG 
gi|55378962| hypothetical protein rrnAC2281   106 ND ND RALAALT 
gi|55379030| hypothetical protein rrnAC2355  169 4 ND RAVSPVI 
gi|55379108| hypothetical protein rrnAC2443   328 ND DUF58 RGFAVLA 
gi|55379166| hypothetical protein rrnAC2506   86 ND ND RALMDPR 
gi|55379433| hypothetical protein rrnAC2821   99 ND ND RGIAEVG 
gi|55379531| hypothetical protein rrnAC2940  291 ND ND RGVAIAV 
gi|55379573| hypothetical protein rrnAC2986   292 ND ND RAAAAYF 
gi|55379609| hypothetical protein rrnAC3028   241 ND ND RGFLGTL 
gi|55379881| hypothetical protein rrnAC3335   174 ND ND RGLVTVE 
gi|55379954| hypothetical protein rrnAC3418   76 ND ND RGFMLGA 
gi|55380048| hypothetical protein rrnAC3525  164 ND ND RAVITSV 
gi|55380072| hypothetical protein rrnAC3552   152 ND ND RALSTPL 
gi|55380089| flagellin A precursor†  98 0 Arch_flagellin RGQVGIG 
gi|55380101| hypothetical protein rrnB0030   414 ND ND RGLARVV 

 

Halobacterium salinarum 
NC_002607 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|15789506| hypothetical protein VNG0199H   123 33 ND RGQASLP 
gi|15789507| hypothetical protein VNG0200C   228 34 ND RGQANLV 
gi|15789508| hypothetical protein VNG0204H   243 ND ND RGQSAVV 
gi|15789603| hypothetical protein VNG0331H   130 ND ND RAATHSS 
gi|15789948| Pcy   151 ND Copper-bind RAFLAGG 
gi|15790042| hypothetical protein VNG0914H   371 ND ND RAFLTAS 
gi|15790079| FlaB1   195 0 Arch_flagellin RGQVGIG 
gi|15790080| FlaB2†  196 0 Arch_flagellin RGQVGIG 
gi|15790081| FlaB3†  193 ND Arch_flagellin RGQVGIG 
gi|15790106| hypothetical protein VNG0993H   273 ND ND KGAIGIG 
gi|15790113| hypothetical protein VNG1000H  69 ND ND KAASYRV 
gi|15790120| FlaA1a   198 0 Arch_flagellin RGQVGIG 
gi|15790121| FlaA2†   194 0 Arch_flagellin RGQVGIG 
gi|15790156| hypothetical protein VNG1056C   330 ND ND RGLLHAV 
gi|15790252| FlaA1b   209 0 Arch_flagellin RGQVGIG 
gi|15790831| hypothetical protein VNG1953C  1382 ND ND RAVALAA 
gi|15790846| hypothetical protein VNG1974H   175 ND ND RAATSVT 
gi|15790944| hypothetical protein VNG2105H   90 ND ND RGAVVGA 
gi|15790977| AtpK   72 10 ATP-synt_C KAAAALA 
gi|15791007| hypothetical protein VNG2176H   175 ND ND RGLAIGA 
gi|15791195| hypothetical protein VNG2412H  93 35 ND KAVMGLS 

 
Methanocaldococcus jannaschii 
NC_000909 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|15668189| hypothetical protein MJ0018  531 ND ND KGQLTLE 
gi|15668357| hypothetical protein MJ0185  49 ND ND KGLAPNS 
gi|15668607| hypothetical protein MJ0431  76 16 DUF361 KGQLSME 
gi|15669020| hypothetical protein MJ0832.1  144 29 DUF361 RGQISLE 
gi|15669024| hypothetical protein MJ0835.1  131 30 DUF361 KAQVSLE 
gi|15669081| flagellin B1 (flaB1)  220 0 Arch_flagellin RGAMGIG 
gi|15669082| flagellin B2 (flaB2)  220 0 Arch_flagellin RGAMGIG 
gi|15669083| flagellin B3 (flaB3)  226 0 Arch_flagellin RGAMGIG 
gi|15669204| periplasmic phosphate-binding protein (pstS)  394 7 SBP_bac_1 KGDAVKK 
gi|15669472| hypothetical protein MJ1284  122 ND ND KGFIRIL 
gi|15669590| hypothetical protein MJ1400   67  31 DUF361 KGQISLE 
gi|15669592| hypothetical protein MJ1402   350  32 ND KAISPIL 



gi|15669593| hypothetical protein MJ1403   379  32 ND KAISPIL 
gi|15669658| hypothetical protein MJ1467†  149 47 ND RGQLSVD 
gi|15669660| hypothetical protein MJ1469   76 ND DUF361 KAQISLE 

 
Methanococcus maripaludis 
NC_005791 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|45357796| hypothetical protein MMP0233  130 30 DUF361 RGQISFE 
gi|45357799| hypothetical protein MMP0236   133 29 DUF361 KGQVSVE 
gi|45357800| hypothetical protein MMP0237   156 47 ND KGQVSFD 
gi|45358091| hypothetical protein MMP0528   74 16 DUF361 KGQVSME 
gi|45358163| hypothetical protein MMP0600   230 ND DUF361 KGQISIE 
gi|45358164| hypothetical protein MMP0601   299 ND DUF361 RGQVSIE 
gi|45358272| hypothetical protein MMP0709   200 ND DUF361 RGQLSIE 
gi|45358466| hypothetical protein MMP0903   76 ND DUF361 RGQISLE 
gi|45358846| hypothetical protein MMP1283   67 31 DUF361 RGQLSLE 
gi|45358912| NAD+ synthase related protein  261 ND tRNA_Me_trans KGVVVGL 
gi|45359229| flagellin†  211 0 Arch_flagellin KGASGIG 
gi|45359230| flagellin B2   219 0 Arch_flagellin KGASGIG 
gi|45359231| flagellin B3   212 0 Arch_flagellin KGAVGIG 
gi|45359248| hypothetical protein MMP1685   75 16 DUF361 KGQIAME 

 
Methanopyrus kandleri 
NC_003551 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|20094036| hypothetical protein MK0598   161 ND ND RAILVTL 
gi|20094133| hypothetical protein MK0696   151 ND ND RGQASLE 
gi|20094135| Uncharacterized secreted protein   573 ND ND RGFLFTP 
gi|20094136| Uncharacterized secreted protein   308 ND ND RGQITVD 
gi|20094467| Type I signal peptidase   157 ND Peptidase_S24 KAAVFYY 
gi|20095006| Predicted Co/Zn/Cd cation transporter   297 ND Cation_efflux RGALIGI 

 
Methanosarcina acetivorans 
NC_003552 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|20089122| hypothetical protein MA0224  155 41 DUF1628 KAVSPVI 
gi|20089257| outer membrane protein expression inhibitor  378 ND Lactamase_B KAAAYTF 
gi|20089658| hypothetical protein MA0774   87 ND ND RALLLFV 
gi|20090067| hypothetical protein MA1202   125 ND ND KALSLFV 
gi|20090094| iron(III) ABC transporter, solute-binding protein   368 2 Peripla_BP_2 RGIVAVV 
gi|20090095| iron(III) ABC transporter, solute-binding protein   366 2 Peripla_BP_2 RGIVAVV 
gi|20090096| iron(III) ABC transporter, solute-binding protein  368 2 Peripla_BP_2 KGMVAII 
gi|20090313| cell surface lipoprotein   234 ND ND RGEIIVI 
gi|20090603| cell surface glycoprotein   343 ND ND KAIILIN 
gi|20090700| iron(III) ABC transporter, solute-binding protein  428 ND Peripla_BP_2 KALAGSL 
gi|20090709| hypothetical protein MA1859   315 ND ND KAILILL 
gi|20091059| potassium channel protein   137 22 Ion_trans RALLYIT 
gi|20091184| phosphate-binding protein   342 7 ND KADSFPV 
gi|20091292| hypothetical protein MA2461   385 ND ND KAIICGI 
gi|20091627| hypothetical protein MA2805   119 ND ND RGEIVVL 
gi|20091844| hypothetical protein MA3026  193 ND ND RAMVSLL 
gi|20091879| flagellin   192 0 Arch_flagellin KGFTGLE 
gi|20091880| flagellin  218 0 Arch_flagellin RGFTGLE 
gi|20091892| hypothetical protein MA3074  87 ND ND RGVLLGF 
gi|20091895| flagellin   201 42 Arch_flagellin KAFTGLE 
gi|20091911| phosphate ABC transporter, solute-binding protein  336 7 SBP_bac_1 KAVSPVV 
gi|20091918| hypothetical protein MA3100   374 ND ND RAATVVF 
gi|20092012| hypothetical protein MA3196   78 ND ND RGFLSFY 
gi|20092111| hypothetical protein MA3296   156 ND ND KAIITIA 



gi|20092373| hypothetical protein MA3567   100 43 ND RGIAPVI 
gi|20092433| hypothetical protein MA3633   281 44 ND KAFIYIF 
gi|20093067| hypothetical protein MA4278   273 ND DUF323 RAFIAVL 
gi|20093144| hypothetical protein MA4357   250 ND ND RGITVNK 
gi|20093230| hypothetical protein MA4444   708 45 Disaggr_repeat KGILILT 
gi|20093362| hypothetical protein MA4578  247 ND ND KGVIGII 
gi|20093395| hypothetical protein MA4611   701 ND TPR_2 RALVLPY 

 
Methanosarcina mazei 
NC_003901 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|21226424| Flagellin B1 precursor   200 0  Arch_flagellin KGFTGLE 
gi|21226425| Flagellin B1 precursor   218 0  Arch_flagellin KGFTGLE 
gi|21226520| Flagellin B1   198 42  Arch_flagellin KAFTGLE 
gi|21226579| hypothetical protein MM0477   164 43 ND KGLAPVI 
gi|21226629| hypothetical protein MM0527   279 44 ND KALTFIF 
gi|21227220| hypothetical protein MM1118   649 ND Disaggr_repeat KGDTMLK 
gi|21227222| hypothetical protein MM1120   707 45 Disaggr_repeat KGILILI 
gi|21227612| hypothetical protein MM1510  162 ND DUf1628 KAVSETI 
gi|21227613| hypothetical protein MM1511  165 4 DUF1628 KAVSPVI 
gi|21227672| hypothetical protein MM1570   136 ND Cyt-b5 KALIILI 
gi|21228029| Cell surface glycoprotein   873 ND NosD RAIIVLI 
gi|21228645| hypothetical protein MM2543   77 ND ND KADSYLI 
gi|21228930| hypothetical protein MM2828   190 ND ND RGQVFSL 

 

Methanothermobacter thermautotrophicus  
NC_00916 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|15678319| hypothetical protein MTH291  150 ND ND KGIIILG 
gi|15678450| hypothetical protein MTH422†  152 ND DUF361 RGQVSLE 
gi|15678452| hypothetical protein MTH424   128 ND ND RGQISAE 
gi|15678453| hypothetical protein MTH425   120 ND ND RGFAFSL 
gi|15678458| hypothetical protein MTH430   135 ND PepSY KALILIG 
gi|15678628| hypothetical protein MTH600   86 15 DUF131 RGEVLIP 
gi|15679202| hypothetical protein MTH1191   231 ND ND KGILIIA 
gi|15679482| serine/threonine protein kinase related protein   412 ND PQQ KGLIAAL  

 
Nanoarchaeum equitans Kin4-M 
NC_005213 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|41614931| hypothetical protein NEQ134   290 ND ND RGAISTI 
gi|41614934| hypothetical protein NEQ137   577 ND ND RALSNII 
gi|41615165| hypothetical protein NEQ376  177 ND ND RAVSWVL 

 

Picrophilus torridus 
NC_005877 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|48477090|extracellular solute-binding protein  1309 ND SPB_bac_5 KGVALLA 
gi|48477174| hypothetical extracellular protein   382 ND ND KALIVLL 
gi|48477227| potassium-transporting ATPase C chain   214 24 KdpC KAIVLSI 
gi|48477233| thermopsin precursor   749 ND Thermpsin KAFAVFI 
gi|48477593| molybdopterin biosynthesis MoeB protein   255 ND MoeZ_MoeB KALVIGA 
gi|48477676| hypothetical protein PTO0604   513 ND ND RGIIVAV 
gi|48477995| hypothetical protein PTO0923  312 ND ND KAMAIAL 
gi|48478189| hypothetical protein PTO1117   121 ND ND KGAIIAV 

 



Pyrobaculum aerophilum 
NC_003364 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|18311760| hypothetical protein PAE0168   131 ND HEPN KALALAG 
gi|18311830| hypothetical protein PAE0279  433 ND ND KGVIALL 
gi|18311840| P. aerophilum family 321 protein   161 ND ND KAIASFA 
gi|18311858| hypothetical protein PAE0313   60 ND ND KGELTVA 
gi|18311886| hypothetical protein PAE0351   96 ND ND RALLTAA 
gi|18312011| hypothetical protein PAE0555  116 ND ND KALIIAG 
gi|18312283| hypothetical protein PAE0929   398 ND ND KAVLTTA 
gi|18312341| conserved within P. aerophilum   149 ND ND RGLTTVE 
gi|18312393| P. aerophilum family 66 protein   727 ND ND RGVLLIL 
gi|18312538| dipeptide binding protein   747 1 SBP_bac_5 RALLGVL 
gi|18312658| hypothetical protein PAE1478   553 ND ND KAALGAL 
gi|18312926| hypothetical protein PAE1856   993 ND ND KGLSRGA 
gi|18312966| hypothetical protein PAE1916  321 ND ND KAIMLAL 
gi|18313321| hypothetical protein PAE2405   159 ND ND RGAVVSI 
gi|18313328| hypothetical protein PAE2414  172 ND ND RGQVILL 
gi|18313527| hypothetical protein PAE2700   332 ND ND RAVLAVI 
gi|18313909| hypothetical protein PAE3211   234 ND Metallophos RGAAIAA 
gi|18313959| UDP-N-acetyl-D-mannosaminuronic acid 
dehydrogenase, conjectural  

 455 ND UDPG_MGDP_dh_C RAIVYVL 

gi|18314049| hypothetical protein PAE3414   437 ND Bmp KGLLVVI 
gi|18314217| conserved within P. aerophilum  266 ND ND RAVLLAA 
gi|18314240| protease IV, conjectural   616 26 Peptidase_S49 RGIAFM 

 

Pyrococcus abyssi 
NC_000868 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|14520806| putative protease  339 26 Peptidase_S49 RAEVWKY 
gi|14520954| dipeptide ABC transporter, binding protein  715 1 SBP_bac_5 RALLSLL 
gi|14521015| hypothetical protein PAB1827  815 11 ND RAFILNS 
gi|14521016| hypothetical protein PAB1826   695 5 ND RGFIFTL 
gi|14521017| hypothetical protein PAB1825   480 0 ND KGQLLSL 
gi|14521018| hypothetical protein PAB1824   150 13 ND RGQTAIE 
gi|14521019| hypothetical protein PAB1823   144 14 ND KAQISID 
gi|14521020| hypothetical protein PAB1822   201 6 DUF361 RGQISIE 
gi|14521421| hypothetical protein PAB7309   84 15 DUF131 RGETLII 
gi|14521602| hypothetical protein PAB0930   188 ND ND KAEINIL 
gi|14521684| hypothetical protein PAB1388   651 ND ND KGIALLV 
gi|14521692| flagellin b precursor   225 0 Arch_flagellin RGAIGIG 
gi|14521693| flagellin b precursor   222 0 Arch_flagellin KGAIGIG 
gi|14521694| flagellin b2 precursor.   177 0 Arch_flagellin RGAIGIG 
gi|14521829| pepX related from  
Caldicellulosiruptor saccharolyticus 

 399 27 DUF58 RGVSFFL 

gi|14521849| hypothetical protein PAB1256   291 ND ND KGIIVVV 
gi|33356714| hypothetical protein PAB1886.1n  100 46 ND RALAFLS 
gi|33356779| hypothetical protein PAB1533.2n  65 ND ND KAQSSIE 
gi|33356816| hypothetical protein PAB1080.7n  99 ND ND KALVLGL 

 
Pyrococcus furiosus 
NC_003413 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|18976567| hypothetical protein PF0195   182 41 ND KGITYPP 
gi|18976659| pyrolysin   1417 ND PPC KGLTVLF 
gi|18976709| flagellin b2 precursor  267 0 Arch_flagellin KGAIGIG 
gi|18976710| flagellin†  214 0 Arch_flagellin KGAIGIG 
gi|18976768| hypothetical protein PF0396   192 ND ND KGFLIVF 
gi|18976779| hypothetical protein PF0407   615 ND ND KALVILV 
gi|18976844| hypothetical protein PF0472   45 ND ND RAQTAIE 



gi|18976859| related to bacterial autolysins   337 ND MarR KAIVFMT 
gi|18977676| hypothetical protein PF1304   839 11 ND RGFIINS 
gi|18977677| hypothetical protein PF1305   731 5 ND KGFIFTL 
gi|18977780| putative dipeptide-binding protein   715 1 SBP_bac_5 KGLLAIL 
gi|18977881| hypothetical protein PF1509   195 6 DUF361 KGQVSLE 
gi|18977882| hypothetical protein PF1510   147 14 ND KAQLSID 
gi|18978042| alkaline serine protease   663 ND PPC KALILVI 
gi|18978092| hypothetical protein PF1720   245 ND ND RGLSLLG 
gi|18978133| hypothetical protein PF1761  393 ND CW_binding_2 RGVLSLL 
gi|18978437| putative aminopeptidase   597 ND ND KALAVFL 
gi|33359466| hypothetical protein PF0298.1n  87 ND ND KALIVSL 

 

Pyrococcus horikoshii 
NC_000961 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|14590139| hypothetical protein PH0206  551 ND SBP_bac_1 KGVILVA 
gi|14590246| hypothetical protein PH0331   411 27 DUF58 KGASFFV 
gi|14590447| flagellin B precursor   240 0 Arch_flagellin KGAVGIG 
gi|14590448| flagellin B precursor   209 0 Arch_flagellin RGAVGIG 
gi|14590449| flagellin B precursor   338 0 Arch_flagellin KGAVGIG 
gi|14590450| flagellin B precursor   217 0 Arch_flagellin KGAIGIG 
gi|14590451| flagellin B precursor   258 0 Arch_flagellin RGAIGIG 
gi|14590806| hypothetical protein PH0954   4499 6 PKD KGLILTL 
gi|14590949| hypothetical protein PH1119   158 ND ND KAFLVPL 
gi|14591145| hypothetical protein PH1338   204 6 DUF361 KGQISIE 
gi|14591148| hypothetical protein PH1341   482 12 ND RGQLLSI 
gi|14591149| hypothetical protein PH1342   708 5 ND RGFIFTL 
gi|14591150| hypothetical protein PH1343   827 11 ND RGFILNS 
gi|14591205| hypothetical protein PH1409   731 1 SBP_bac_5 RALLSLL 
gi|14591618| hypothetical protein PH1871   292 ND ND KGISIFL 
gi|33359324| hypothetical protein PH0716.1n   414 ND ND KAAILII 
gi|33359329| hypothetical protein PH0786.1n   64 ND ND RAQSAVE 
gi|33359345| hypothetical protein PHS029   84 15 DUF131 KGEALII 
gi|33359393| hypothetical protein PH1340   144 13 ND RGQTSIE 
gi|33359404| hypothetical protein PHS039.1n   100 46 ND RALAFLS 

 
Sulfolobus acidocaldarius 
NC_007181 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|70606199| hypothetical protein Saci_0360  367 8 ND RAVSNAV 
gi|70606326| hypothetical protein Saci_0497   288 ND ND KAFLAGY 
gi|70606359| hypothetical protein Saci_0538   135 ND ND KGAVIAV 
gi|70606547| hypothetical protein Saci_0748   605 ND ND KAFIVVA 
gi|70606818| universally conserved protein   879 1 SBP_bac_5 KAISRTV 
gi|70606935| sugar-binding periplasmic protein  486 36 SBP_bac_1 KGVSNTQ 
gi|70606948| conserved flagellin protein   308 0 ND RGLAGLD 
gi|70607064| hypothetical protein Saci_1302   439 17 ND KGISTIL 
gi|70607240| hypothetical protein Saci_1496   145 18 ND KAISSVL 
gi|70607414| hypothetical protein Saci_1681   606 ND ND KAISPAL 
gi|70607417| hypothetical protein Saci_1686   474 21 ND KAISAPI 
gi|70607418| hypothetical protein Saci_1687   162 20 ND RAISDYI 
gi|70607436| hypothetical protein Saci_1707   382 40 SBP_bac_1 KAITRVQ 
gi|70607615| hypothetical protein Saci_1887  401 ND ND KAVIVGG 
gi|70607685| hypothetical membrane protein   230 ND ND KGILILI 
gi|70607816| hypothetical protein Saci_2099  340 8 ND KAVSNTV 
gi|70607882| hypothetical protein Saci_2169  149 3 ND RGMSDSI 
gi|70607971| sulfocyanin blue copper protein   206 19 SoxE KAQSSVL 
gi|70608023| hypothetical protein Saci_2314   168 3 ND RALSGAI 
gi|70608027| hypothetical protein Saci_2319   158 3 ND RALSGAI 
gi|xxxxxxxx| hypothetical protein Saci_1496.1†  129 9 ND KGISSIF 



 
Sulfolobus solfataricus 
NC_002754 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|15897007| hypothetical protein SSO0037   583 17 ND KGISSIL 
gi|15897077| hypothetical protein SSO0117   138 9 ND KAISSIF 
gi|15897078| hypothetical protein SSO0118   156 18 ND KGLSSIL 
gi|15897415| Phosphate binding periplasmic protein precursor 
(pstS)  

 410 7 SBP_bac_1 KGFSTLA 

gi|15897875| ABC Transporter   483 28 SBP_bac_1 RGLSTTT 
gi|15898024| Maltose ABC transporter   530 36 SBP_bac_1 KAISKTL 
gi|15898025| hypothetical protein SSO1172   914 ND Glyco_hydro_57 KAFLTLF 
gi|15898032| hypothetical protein SSO7348   90 ND Sugar_tr RGIAQSI 
gi|15898091| Third ORF in transposon ISC1217   56 ND Transposase_29 KGFVTLK 
gi|15898391| Nitric oxide reductase, subunit I (cytochrome B) 
(norB-2)  

 196 ND ND KGDVWSN 

gi|15898415| ORF in partial transposon ISC1217   76 ND Transposase_29 KGFIILK 
gi|15898665| hypothetical protein SSO1872  126 8 ND RAVSNAV 
gi|15898929| hypothetical protein SSO2146   146 3 ND RGLSGAV 
gi|15899081| Flagellin, putative   311 0 ND KGLAGLD 
gi|15899087| hypothetical protein SSO10224   60 ND ND RALVLTG 
gi|15899337| hypothetical protein SSO2611   168 ND ND KAILGIV 
gi|15899344| Dipeptide ABC transporter, periplasmic dipeptide 
binding protein (dppA) 1 

 736 1 SBP_bac_5 KGLALLS 

gi|15899405| hypothetical protein SSO2683   130 ND ND KGQASVI 
gi|15899406| hypothetical protein SSO2684   137 ND ND RGISEAI 
gi|15899428| hypothetical protein SSO2712   484 37 SBP_bac_1 KALSTLA 
gi|15899561| hypothetical protein SSO2846   118 ND ND RAISTST 
gi|15899562| Sugar-binding periplasmic protein   561 ND SBP_bac_1 KGLTSTQ 
gi|15899682| Quinol oxidase-2,  
sulfocyanin (blue copper protein) (soxE)  

 199 19 SoxE KAQSSLL 

gi|15899771| Arabinose ABC transporter, arabinose binding 
protein  

 628 ND ND KAISRTA 

gi|15899800| hypothetical protein SSO3089   411 38 ND KALSSYQ 
gi|15899841| hypothetical protein SSO3138   168 20 ND KAQSEYI 
gi|15899842| hypothetical protein SSO3139   484 21 ND KGLSNVI 
gi|15899843| hypothetical protein SSO3140   557 39 ND KALSSAI 

 

Sulfolobus tokodaii 
NC_003106 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|15920280| hypothetical protein ST0101   150 ND ND KGLIYVI 
gi|15920283| hypothetical sulfocyanin  199 19 SoxE KAVSPTF 
gi|15920319| hypothetical protein ST0141   147 3 DUF973 KGLSGAV 
gi|15920904| hypothetical protein STS079   50 ND ND KGFLLYH 
gi|15921036| hypothetical protein ST0802   111 ND ND RAILLLV 
gi|15921110| hypothetical protein ST0877  416 38 ND RGMSYKI 
gi|15921322| hypothetical protein ST1070   157 20 ND KAQSTFI 
gi|15921323| hypothetical protein ST1071   483 21 ND KALSNVI 
gi|15921324| hypothetical protein ST1072   538 39 ND RGISVAI 
gi|15921591| hypothetical protein ST1314  605 ND ND KAVIWFV 
gi|15921688| hypothetical protein ST1399   157 18 ND KGISSIL 
gi|15921689| hypothetical protein ST1400   132 9 ND KGISSIF 
gi|15921731| 30S ribosomal protein S26e   55 ND ND KGAIIMR 
gi|15921850| hypothetical protein ST1555   174 ND ND KALIIGT 
gi|15921889| hypothetical protein ST1590  357 8 ND RAVSNIF 
gi|15921916| hypothetical protein ST1616   422 17 ND RGISSIL 
gi|15921937| hypothetical protein ST1634   131 ND ND RGLSEGI 
gi|15922031| hypothetical protein ST1722   183 ND ND KGLLSLA 
gi|15922230| hypothetical protein ST1915   358 37 SBP_bac_1 KGISTIA 



gi|15922353| hypothetical protein ST2034   381 40 SBP_bac_1 KAISSYV 
gi|15922585| hypothetical protein ST2253   792 ND ND KGISNII 
gi|15922635| hypothetical protein ST2302   160 ND ND KALLIGL 
gi|15922723| hypothetical protein ST2392  220 ND Rieske RAVIIGG 
gi|15922853| hypothetical flagellin   310 ND ND KGLAGLD 
gi|15922873| hypothetical protein ST2539  702 1 SPB_bac_5 RGVSGAV 
gi|15922920| hypothetical protein STS253   66 ND ND RALVHMG 

 

Thermococcus kodakaraensis 
NC_006624 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|57639938| hypothetical protein TK0003  130 ND Nfe KGVLKLL 
gi|57639973| archaeal flagellin B1 precursor   298 0 Arch_flagellin KGAVGIG 
gi|57639974| archaeal flagellin B2 precursor   588 0 Arch_flagellin RGAVGIG 
gi|57639975| archaeal flagellin B3 precursor   261 0 Arch_flagellin RGAVGIG 
gi|57639976| archaeal flagellin B4 precursor   222 0 Arch_flagellin RGAIGIG 
gi|57639977| archaeal flagellin B5 precursor   278 0 Arch_flagellin RGAIGIG 
gi|57639996| hypothetical protein TK0061  539 ND ND RAVLPMA 
gi|57640257| hypothetical protein TK0322   364 ND ND KGFVLLT 
gi|57640291| hypothetical protein TK0356   718 ND ND KAFLLLL 
gi|57640333| hypothetical protein TK0398   385 ND ND KALVLSL 
gi|57640464| hypothetical protein TK0529   170 ND ND KALVIGI 
gi|57640504| hypothetical protein TK0569   363 ND ND KAAIILA 
gi|57640596| ABC-type manganese/zinc  
transport system, periplasmic component  

 337 ND SBP_bac_9 RALLIVA 

gi|57640641| ABC-type iron(III)-siderophore  
transport system, periplasmic component fused to N-terminal 
uncharacterized domain 

 551 2 Peripla_BP_2 RAVSVLI 

gi|57640706| hypothetical protein TK0771   557 ND ND KALVVLW 
gi|57640775| NAD(P)H-flavin oxidoreductase   234 ND Nitroreductase RAAVLVV 
gi|57641039| hypothetical protein TK1104   83 ND ND KAVIKGL 
gi|57641164| hypothetical protein TK1229   186 ND ND RAIISIV 
gi|57641179| hypothetical protein TK1244   132 ND ND RAQASIE 
gi|57641316| hypothetical protein TK1381   437 ND ND KALAVLA 
gi|57641324| hypothetical protein TK1389  222 ND ND RAVLGAL 
gi|57641398| hypothetical protein TK1463   414 ND ND RGASMKW 
gi|57641506| hypothetical protein TK1571   156 ND ND KALVIMA 
gi|57641598| hypothetical protein TK1663   875 5 ND RGFVFTL 
gi|57641599| hypothetical protein TK1664   840 12 ND RGQIFSL 
gi|57641600| hypothetical protein TK1665   169 13 ND RGQTALE 
gi|57641601| hypothetical protein TK1666   149 14 ND RGQLSID 
gi|57641602| hypothetical protein TK1667   224 6 DUF361 RGQISLE 
gi|57641617| hypothetical protein TK1682   320 ND ND KAAVVPV 
gi|57641636| hypothetical protein TK1701   324 ND ND KALIAGL 
gi|57641637| hypothetical protein TK1702  319 ND DUF1102 KAIIVLV 
gi|57641734| hypothetical protein TK1799   170 41 ND KGITYPP 
gi|57641841| hypothetical protein TK1906   194 ND ND KALLLLF 
gi|57641997| metallophosphoesterase, calcineurin superfamily  556 ND Metallophos KAVALLI 
gi|57642055| hypothetical protein TK2120   311 ND DUF1511 KAVAIVI 
gi|57642110| hypothetical protein TK2175   200 ND ND RALATGV 
gi|57642113| hypothetical protein, containing ATP/GTP-binding 
site motif A  

 1273 ND TSP_3 RAALVLV 

gi|57642230| hypothetical membrane protein   151 ND ND RAASYLS 

 

Thermoplasma acidophilum 
NC_002578 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|16081221| hypothetical protein Ta004  196 ND PIN KGDAQTI 
gi|16081613| hypothetical protein Ta0496  154 25 ND KAVSPII 
gi|16081658| flagellin B precursor related protein  243 0 Arch_flagellin KAETGIG 



gi|16081905| hypothetical protein Ta0851  169 ND ND KAVSPII 

 
Thermoplasma volcanium 
NC_002689 

Within 
Operon 

Length OrthoMCL 
Group 

Pfam  
Domain 

[-2] to [+5] 
Pattern 

gi|13541115| ABC-type Fe3+-siderophores  
transporter, solute-binding component  

 325 2 Peripla_BP_2 KGATKIA 

gi|13541291| Predicted membrane protein   183 ND ND KALAILS 
gi|13541332| K+-transporting ATPase, C chain  211 24 KdpC KALVISL 
gi|13541438| Flagellin B   250 0 Arch_flagellin KAETGIG 
gi|13541584| hypothetical protein TVN0753  152 25 ND KAVSPII 
gi|13541597| Predicted membrane protein  67 ND ND KAVLMSS 
gi|13542257| Flagellin B#   245 0 Arch_flagellin KAESGIG 
Red: Archaeal flagellins 
Green: Substrate binding proteins 
Blue: Duf361 variation (motif: -2[KR] -1[GA] +1Q +2X+3[STA] +4X +5[DE]) 
*Substrates encoded by genes present in an operon with genes encoding other FlaFind positives and/or proteins involved in biosynthesis of type IV pilin-like 
structures 
†these substrates were identified after reannotation of the corresponding genes using start sites other than those used in the initial annotation. In one case 
(Saci_1496.1) the gene was newly annotated. 



Table S2. Composition of operons containing FlaFind positive genes 

Extent of gene locus 
Number 
of genes 

Number of 
substrates fla* tadA tadC flaK eppA 

Other proteins encoded by operon/additional 
comments 

Crenarchaeota 
Aeropyrum pernixK1 
APE0697-APE0695 3 1       
APE1907-APE1895 8 2       
Pyrobaculum aerophilum str. IM2 
PAE2394-PAE2414 16 2       
Sulfolobus acidocaldarius DSM 639 
Saci_1178-Saci_1172 7 1       

Saci_1493-Saci_1500 9 2†     

 Predicted EndoIII-related nuclease (COG0177), Lhr-like 
helicase (COG1201), Glycosyltransferase probably 
involved in cell wall biogenesis (COG1215), Predicted 
transcriptional regulators (COG1475) 

Sulfolobus solfataricus P2 
SSO0122-SSO0117 6 2      tRNA and rRNA cytosine-C5-methylases (COG0144) 
SSO2323-SSO3215 8 1      operon disrupted by IS element integration 
SSO2686-SSO2678 7 2        
SSO3142-SSO3138 5 3         
Sulfolobus tokodaii str. 7 
ST1074-ST1070 5 3            
ST1396-ST1400 5 2       
ST2518-ST2524 7 1       
Euryarchaeota 
Archaeoglobus fulgidus DSM 4304 
AF0763-AF0758 6 4       
AF1055-AF1037 19 2      Chemotaxis signal transduction system (AF1046-AF1037) 
Haloarcula marismortui ATCC 43049 
rrnAC1252-rrnAC1244 9 5       Aspartate/tyrosine/aromatic aminotransferase (COG0436) 
rrnAC1951-rrnAC1945 6 3       
rrnAC2203-2183 16 1      Chemotaxis signal transduction system (rrnAC2194-



rrnAC2192) 

rrnAC1420-rrnAC1423 5 2     

 One gene located between rrnAC1422 and rrnAC1423 
(similar to rrnAC1245) not annotated in published 
sequence 

rrnAC1425-rrnAC1424 2 2       
Halobacterium sp. NRC-1 

VNG0200C-VNG0198H 7 3         

 one gene located between VNG0204H and VNG0200C 
(similar to rrnAC1948) not annotated in published 
sequence 

VNG0962G -VNG0953C  8 3†       
VNG1008G-VNG1009G 2 2       
Methanocaldococcus jannaschii DSM 2661 
MJ0836-MJ0832.1 7 2      Part of split operon, see Figure 3 
MJ0891-MJ0906  16 3       
MJ1291 -MJ1282.1 12 1       
MJ1467-MJ1472 7 2†          Part of split operon, see Figure 3 
Methanococcus maripaludis S2 
MMP0231-MMP0241 11 3      See Figure 3 

MMP0602-MMP0599 4 2     
 Orotidine-5'-phosphate decarboxylase (COG0284), 

Precorrin-6x reductase (COG2099) 
MMP1666-MMP1676 11 3       
Methanopyrus kandleri AV19 

MK0704-MK0698 7 2      

upstream genes not directly linked to this locus encode 
chaperone-like ATPase (COG0606), Flp pilus assembly 
ATPase (COG4962) and two TadC homologs (COG2064) 

MK0696-MK0694 3 1         
 gene cluster possibly co-regulated with above listed 

operon  
Methanosarcina acetivorans C2A 
MA1234-MA1230 5 3          ABC transporter components 
MA3062-MA3054 9 2       
MA3077-MA3084 8 1      second fla operon similar to MM0418-MM0411 
MA3093-MA3098 6 1      ABC transporter components 
Methanosarcina mazei Go1 



MM0323-MM0315 9 2      upstream gene locus codes for chemotaxis system 
MM0418-MM0411 8 1      second fla operon similar to MA3077-MA3084 
Methanothermobacter thermautotrophicus str. Delta H 

MTH421-MTH432 12 4†     
  conserved membrane protein (COG4025), predicted PP 

loop family ATPase  (COG2102) 
Pyrococcus abyssi GE5 

PAB1376-PAB1388 13 3     
 SAM dependent methyltransferase (COG0500), conserved 

archaeal protein (COG3373) 

PAB1817-PAB2392 12 6         

  (Lhr-like helicase (COG1201), cell division GTPase 
COG0206), uncharacterized conserved protein COG5306), 
uncharacterized membrane protein (COG4505) 

Pyrococcus furiosus DSM 3638 

PF0340-PF0329 12 2     
 uncharacterized archaeal protein (COG3373), SAM 

dependent methyltransferase (COG0500) 
PF0472-PF0469 4 1      uncharacterized conserved proteins (COG4043/COG2411) 
PF1307-PF1303 5 2         

PF1504-PF1511 8 2         
 Lhr-like helicase (COG1201), cell division GTPase 

(COG0206) 
Pyrococcus horikoshii OT3 

PH0544-PH0560 14 5     
 uncharacterized archaeal protein (COG3373), SAM 

dependent methyltransferase (COG0500) 

PH1329-PH1344 12 5         

 Lhr-like helicase (COG1201), cell division GTPase 
(COG0206), uncharacterized protein (COG5306), 
uncharacterized membrane protein (COG4505) 

Thermococcus kodakaraensis KOD1 
TK0036-TK0050 13 5       

TK1670-TK1661 10 5         
 Lhr-like helicase (COG1201), cell division GTPase 

(COG0206) 
TK1707-TK1695 11 2       
Thermoplasma acidophilum DSM 1728 
Ta0553-Ta0556 4 1       
Thermoplasma volcanium GSS1 
TVN0607-TVN0614 8 1       



 
Nanoarchaeum equitans Kin4-M 
NEQ137-NEQ132 5 2            

*flagellar accessory genes  
†substrate(s) in these operons were included after reannotation: VNG0961G, VNG0962G and VNG1009G (missing leader), MJ1467 (long leader), MMP1666 
(missing leader), MTH422 (long leader), PF0338 (missing leader), Saci_1496.1 (not annotated as gene) 



Table S3. Plasmids used in this study 
Plasmid Description Source 
pBAD/Myc-His A E. coli expression vector, arabinose 

inducible promoter 
Invitrogen 

pZA7 T7 expression vector, C-terminal HA tag Ref x 
pSA4 T7 expression vector, C-terminal 6xHIS 

tag 
Ref x 

pZA10 pZA7 with epdA This study 
pZA11 pZA7 with epdB This study 
pZA12 pZA7 with flaB2 This study 
pZA13 pSA4 with eppA This study 
pZA14 pSA4 with flaK This study 
pZA10-eppA epdA/eppA co-expression  This study 
pZA10-flaK epdA/flaK co-expression  This study 
pZA10-pibD epdA/pibD co-expression  This study 
pZA11-eppA epdB/eppA co-expression  This study 
pZA11-flaK epdB/flaK co-expression  This study 
pZA11-pibD epdB/pibD co-expression  This study 
pZA12-eppA flaB2/eppA co-expression  This study 
pZA12-flaK flaB2/flaK co-expression  This study 
pZA12-pibD flaB2/pibD co-expression  This study 
pZA13 pZA7-epdA(RGQI → KGAS) This study 
pZA14 pZA7-epdB(KGQV → KGAS) This study 
pZA15 pZA7-flaB2(KGAS → RGQI) This study 
pZA13-eppA epdAKGAS/eppA co-expression  This study 
pZA13-flaK epdAKGAS/flaK co-expression  This study 
pZA14-eppA epdBKGAS/eppA co-expression  This study 
pZA14-flaK epdBKGAS/flaK co-expression  This study 
pZA15-eppA flaBRGQI/eppA co-expression This study 
pZA15-flaK flaBRGQI/flaK co-expression This study 
pZA16 pZA7-edpA-6xHIS This study 
pZA17 pZA7-edpB-6xHIS This study 
pZA18 pZA7-flaB2-6xHIS This study 
pZA16-eppA edpA-6xHIS/eppA co-expression This study 
pZA17-eppA edpB-6xHIS/eppA co-expression This study 
pZA18-flaK flaB2-6xHIS/flaK co-expression This study 
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