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ABSTRACT

Recently, it has been shown that a predicted P-loop
ATPase (the HerA or MlaA protein), which is highly
conserved in archaea and also present in many bac-
teria but absent in eukaryotes, has a bidirectional
helicase activity and forms hexameric rings similar to
those described for the TrwB ATPase. In this study,
the FtsK-HerA superfamily of P-loop ATPases, in
which the HerA clade comprises one of the major
branches, is analyzed in detail. We show that, in addi-
tion to the FtsK and HerA clades, this superfamily
includes several families of characterized or pre-
dicted ATPases which are predominantly involved
in extrusion of DNA and peptides through membrane
pores. The DNA-packaging ATPases of various bac-
teriophages and eukaryotic double-stranded DNA
viruses also belong to the FtsK-HerA superfamily.
The FitsK protein is the essential bacterial ATPase
that is responsible for the correct segregation of
daughter chromosomes during cell division. The
structural and evolutionary relationship between
HerA and FtsK and the nearly perfect complementarity
of their phyletic distributions suggest that HerA simi-
larly mediates DNA pumping into the progeny cells
during archaeal cell division. It appears likely that
the HerA and FtsK families diverged concomitantly
with the archaeal-bacterial division and that the last
universal common ancestor of modern life forms had
an ancestral DNA-pumping ATPase that gave rise
to these families. Furthermore, the relationship of
these cellular proteins with the packaging ATPases
of diverse DNA viruses suggests that acommon DNA
pumping mechanism might be operational in both cel-
lular and viral genome segregation. The herA gene
forms a highly conserved operon with the gene for
the NurA nuclease and, in many archaea, also with
the orthologs of eukaryotic double-strand break
repair proteins MRE11 and Rad50. HerA is predicted

to function in a complex with these proteins in DNA
pumping and repair of double-stranded breaks intro-
duced during this process and, possibly, also during
DNA replication. Extensive comparative analysis
of the ‘genomic context’ combined with in-depth
sequence analysis led to the prediction of numerous
previously unnoticed nucleases of the NurA super-
family, including a specific version that is likely to
be the endonuclease component of a novel re-
striction-modification system. This analysis also led
to the identification of previously uncharacterized
nucleases, such as a novel predicted nuclease of
the Sir2-type Rossmann fold, and phosphatases of
the HAD superfamily that are likely to function as part-
ners of the FtsK-HerA superfamily ATPases.

INTRODUCTION

Cell division in bacteria is mediated by several distinct protein
complexes which are involved in chromosome segregation,
choice of the division site and partitioning of the chromosomes
between the daughter cells (1,2). In bacteria, unlike in eukar-
yotes, DNA replication, chromosome segregation and cell
division are not temporally ordered by the phases of the
cell cycle during which checkpoints ensure the proper progres-
sion of these events. The key event in bacterial cell division is
the assembly of the oligomeric Z-ring formed by the tubulin-
related GTPase, FtsZ (3,4). This ring typically forms near the
center of the bacterial cell, where the DNA concentration is
low. Aberrant formation of the Z-ring in regions closer to the
poles of the cell is prevented by the action of the MinD ATPase
and an associated protein complex (5). The FtsZ ring recruits
another key cell division protein, FtsK, via interactions with its
N-terminal region, and FtsK, in turn, recruits several addi-
tional cell division proteins to the ring complex (6,7). FtsK
is a large protein that consists of an N-terminal transmembrane
domain with four membrane-spanning helices, a central
coiled-coil region and a C-terminal P-loop ATPase domain.
Although disruption of the ATPase domain of FtsK is not
lethal in Escherichia coli, the mutant cells are defective in
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chromosome segregation as well as septation and exhibit
asymmetrically positioned nucleoids and large anucleate
regions (8). These observations suggest that the ATPase activ-
ity of FtsK is required for proper chromosome segregation
(9,10). After the replication of bacterial circular chromosomes,
homologous recombination can lead to the formation of
dimeric circles (9,11-13). Recombinases XerC and XerD
act in concert to resolve these dimers (14). The ATPase
domain of FtsK tightly regulates the Xer recombinases and
mediates a switch in the catalytic state of XerCD such that
XerD initiates duplex recombination (9,10). Experiments in
the Bacillus subtilis and the E.coli systems indicate that the
FtsK protein translocates along DNA and mediates pumping of
the chromosome across the closing septum (12,15). Further-
more, FtsK also interacts with the ParC subunit of topoiso-
merase [V and recruits it to regions close to the septum.
Additionally, FtsK activates chromosome decatenation by
topoisomerase IV (16). These observations indicate that
FtsK plays a central role in chromosome segregation both
by activating recombination and decatenation and by pumping
the chromosomal DNA across the septum.

ATPases related to FtsK from Gram-positive bacteria and
actinomycetes, with multiple ATPase domains, have been
proposed to function as pumps for the extrusion of small
polypeptides of the ESAT-6 superfamily (17). Sequence
analysis has shown that FtsK belongs to a family of P-loop
ATPases which also includes two proteins of the type IV
secretion systems (T4SS), VirB4 and VirD4, and the TrwB-
like proteins involved in the conjugal transfer of plasmids
(18,19). The VirD4-like ATPases of agrobacteria and other
conjugative plasmids are required for the coupling of plasmid
DNA processing by the relaxosome to the mating bridges (20).
VirB4 is involved in the transfer of agrobacterial T-DNA into
the plant hosts (21,22). VirD4 and VirB4 proteins of other
T4SS have been implicated in the extrusion of protein viru-
lence factors or cell surface structures in an ATP-dependent
manner (23,24).

The solution of the crystal structure of the TrwB protein
from the conjugative plasmid R388 revealed that these pro-
teins form a hexameric ring, which is similar to the tertiary
structures of a number of other P-loop ATPases, such as those
of the AAA" and the RecA/DnaB-like classes (25,26). A gen-
eral model for the functioning of these ring ATPases has been
suggested whereby the substrate (e.g. DNA) is threaded
through the central pore of the ring and the ATPase activ-
ity facilitates pumping of the substrate (26,27) and/or
(dis)assembly of other symmetric structures on the face of
the ATPase ring.

Recently, we and others have shown that all archaea and
some bacteria encode a highly conserved homolog of FtsK,
TrwB and VirB4/VirD4 named HerA (the name used herein-
after) (18) or MlaA (28). The HerA protein from Sulfolobus
acidocaldarius has been shown to have a bi-directional (3'-5’
and 5'-3") DNA helicase activity (18). Electron microscopic
studies have shown that MIaA from Pyrococcus furiosus forms
hexameric rings similar to those formed by TrwB (28). The
archaeal HerA proteins define a new family of FtsK-related
ATPases, which includes additional divergent paralogs of
HerA encoded in most archaeal genomes, as well as homologs
from several phylogenetically distinct bacterial lineages (18).
Examination of gene neighborhoods of the herA gene in
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archaeal genomes revealed strict co-occurrence in the same
predicted operon with the nurA gene, which encodes an
archaeal 5'—3’ nuclease (29). In addition, the herA and
nurA genes often co-localize with the genes coding for
components of the highly conserved DNA repair complex
comprised of the archaeal orthologs of the eukaryotic Mrel 1
(a nuclease of the calcineurin-like phosphoesterase fold) and
Rad50 (a P-loop ATPase of the ABC class) (18,28). Given that
conserved gene neighborhoods in prokaryotic genomes are
strong predictors of functional and physical interactions
(30-33), it seems likely that these four proteins interact to
form a DNA processing complex involved in DNA repair,
replication and/or segregation during cell division.

While both prokaryotic superkingdoms, bacteria and
archaea, share certain similarities in their cell division (34),
little is known of the chromosome segregation process in
archaea. The strict conservation of HerA in the archaea
with sequenced genomes parallels the nearly ubiquitous pre-
sence of FtsK in bacteria, suggesting that HerA might have a
biological role similar to that of FtsK in maintaining genome
integrity and facilitating chromosomal separation during cell
division. Furthermore, given the bacterial-archaeal split in the
distribution of the HerA/FtsK ATPases, reconstruction of their
evolutionary history might shed light on the origins of cell
division and associated DNA processing, and the nature of
these processes in the last universal common ancestor (LUCA)
of cellular life forms. With this objective, we performed a
detailed computational sequence analysis of the FtsK/HerA-
related proteins, identified novel members and explored their
evolutionary relationships as well as their relationships with
other P-loop ATPases. In addition, we employed a compara-
tive genomic approach to extract contextual information for
the HerA/FtsK superfamily, which led to the identification of
previously unrecognized probable functional partners of these
ATPases, including nucleases and transmembrane proteins.
These leads allow us to predict the structure of the chromo-
some separation and cell division apparatus of the archaea
and several bacteria that lack FtsK. We propose that HerA
and FtsK, along with several families of ATPases encoded
by plasmids, conjugative transposons and viruses, constitute
a superfamily of ATPases descending from an ancestral
DNA-pumping enzyme of LUCA. Members of this superfam-
ily appear to have been repeatedly used as ATP-dependent
pumps, for the partitioning of DNA into the daughter cells
during division, extruding proteins into the extracellular space
and packaging DNA into viral capsids.

MATERIALS AND METHODS

The non-redundant (NR) database of protein sequences
(National Center for Biotechnology Information, NIH,
Bethesda, MD) was searched using the BLASTP program.
Iterative database searches were conducted using the PSI-
BLAST program (35) with either a single sequence or an
alignment used as the query, with the position-specific scoring
matrices (PSSM) inclusion expectation (E) value threshold of
0.01 (unless specified otherwise); the searches were iterated
until convergence. For all searches with compositionally
biased proteins, the statistical correction for this bias was
employed. Multiple alignments were constructed using the
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T_Coffee (36) or PCMA (37) programs, followed by manual
correction based on the PSI-BLAST results. All large-scale
sequence analysis procedures were carried out using the
SEALS package (38). Transmembrane regions were predicted
in individual proteins using the TMPRED, TMHMM2.0 and
TOPREDI1.0 programs with default parameters (39). For
TOPREDI.0, the organism parameter was set to ‘prokaryote’
or ‘eukaryote’ depending on the source of the protein.

Protein structure manipulations were performed using the
Swiss-PDB viewer program (40) and the ribbon diagrams were
constructed using the MOLSCRIPT program (41). Protein sec-
ondary structure was predicted using a multiple alignment as
the input for the PHD program (42). Similarity-based cluster-
ing of proteins was carried out using the BLASTCLUST pro-
gram (ftp://ftp.ncbi.nih.gov/blast/documents/README.bcl).

Phylogenetic analysis was carried out using the maximum
likelihood, neighbor-joining and minimum evolution (least
squares) methods (43-45) Gene neighborhoods were deter-
mined by searching the NCBI PTT tables with a custom-
written script. These tables can be accessed from the genomes
division of the Entrez retrieval system.

RESULTS AND DISCUSSION
The FtsK-HerA superfamily

In order to identify all members of the FtsK—HerA superfam-
ily, we performed PSI-BLAST searches (35) of the NR data-
base with PSSMs for the bacterial FtsK orthologs and archaeal
HerA orthologs. These searches were run with E-value thresh-
olds in the range from 10~ to 107 to avoid inclusion of P-
loop ATPases of other families with highly conserved Walker
A and B motifs into the PSSM. As a result of these controlled
searches, we collected a divergent set of FtsK—HerA homologs
which contain several specific sequence motifs defining this
superfamily, to the exclusion of other groups of P-loop
NTPases. Reciprocal searches with newly detected members
of the superfamily employed as queries were carried out to
eliminate false positives. Only those newly detected sequences
that reciprocally recovered other HerA/FtsK-related proteins
as the best hits and/or contained the conserved motifs char-
acteristic of this superfamily were included in the PSSMs for
subsequent iterations. Exhaustive, transitive searches with the
newly detected superfamily members were also employed to
identify more divergent homologs.

The searches initiated with the FtsK and HerA PSSMs read-
ily detected each other as the best hits (E-value of 107°-107°
at the point of first recovery in iterations 2—-3) and also recov-
ered the VirB4-, TrwB- and VirD4-like proteins (10 °~10~" in
iterations 3-5), and numerous uncharacterized proteins from
diverse bacteria. Interestingly, these searches also recovered,
with E-values in the range of 107*-107°, the packaging
ATPases of a variety of DNA viruses, including double-
stranded DNA bacteriophages such as P9, large nucleocyto-
plasmic DNA viruses (NCLDV) (typified by the vaccinia virus
A32 protein) and single-stranded DNA phages, such as F1 and
M13 (gP1). All these proteins contain a unique set of con-
served residues found only in the bona fide HerA and FtsK
homologs, and none of them showed specific affinities to any
other previously characterized group of NTPases (see below).
Reciprocal searches with most viral proteins produced poor

results due to their extreme sequence divergence. However,
the A32 homologs from frog iridoviruses recovered the P9
packaging ATPase in iteration 2 (E-value = 10~°) and the
HerA proteins from the third iteration onwards. Reciprocal
searches with the profiles for single-stranded DNA bacterio-
phages detected the HerA family as the best hits in the third
iteration with E-value ~1072. Additionally, these searches
recovered the Zonula occludens toxins (ZOT) from y-proteo-
bacteria, such as Vibrio and Pseudomonas, suggesting that
these proteins are derivatives of the phage packaging enzymes.
With the sole exception of a small orthologous set of HerA-
like proteins from filamentous ascomycete fungi, none of these
searches recovered any eukaryotic cellular members. Taken
together, the results of these searches suggest that HerA/FtsK
homologs form a large superfamily, which is distinct from all
previously described groups of P-loop NTPases.

The sequence and structural signatures of the
FtsK-HerA superfamily and relationships with other
P-loop ATPases

Using the Gibbs sampling procedure (46), we identified three
highly significant conserved motifs in the FtsK—HerA super-
family proteins; these motifs served as anchors for construct-
ing a complete multiple alignment of the entire superfamily.
The alignment was further refined by taking into account the
secondary structure elements derived from the crystal structure
of TrwB (PDB : 1e9r) (25). Superposition of the TrwB struc-
ture over the multiple alignment showed that the conserved
core of the FtsK—HerA superfamily is a seven-stranded -sheet
with a 7615423 topology. The last strand in the sheet is anti-
parallel to the rest of the strands (Figure 1). The first conserved
block includes the Walker A motif and encompasses the first
strand, the P-loop and the following helix. In most FtsK—HerA
superfamily members, the P-loop has the canonical form
(GX4GK][TS]), but some of the phage packaging enzymes
and the ZOT deviate from this pattern (Figure 2) (47). With
the exception of the viral proteins, most members of this super-
family have a conserved histidine at the beginning of the
Walker A-associated strand (Figure 2). In TrwB and, by infer-
ence, in other FtsK—HerA superfamily proteins, this histidine
packs against a conserved hydrophobic residue at the
C-terminus of the helix located immediately downstream of
the Walker B motif (Figure 2). The Walker B motif defines
the second conserved block, which has the consensus sequence
hhhh[DE]JE (where h is any hydrophobic residue). The first
acidic residue, which is conserved in all P-loop NTPases,
coordinates the Mg>" cation involved in NTP hydrolysis;
the second acidic residue that is present only in a subset of
the P-loop enzymes primes a water molecule for the nucleo-
philic attack on the gamma-phosphate. The third conserved
motif includes strand 4, which contains a polar residue, most
often glutamine, at the C-terminus and the distinct helix with a
highly conserved arginine that precedes this strand (Figures 1
and 2). The conservation pattern associated with this motif
helps in distinguishing the FtsK—HerA superfamily from all
other P-loop ATPase groups. In the three-dimensional (3D)
structure of TrwB, strand 4 is positioned in between the
Walker A and Walker B strands (Figure 1) within the core
[B-sheet. The C-terminal polar residue of strand 4 is structurally
equivalent to the polar residue in the so-called sensor-1 motif
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Figure 1. Topology diagram of the ASCE ATPases showing the putative higher order relationships of the FtsK—HerA superfamily. Strands are shown as arrows with
the arrowhead at the C-terminus, helices are shown as cylinders. Strands and helices conserved across the ASCE group are numbered, and colored yellow and blue,
respectively. The C-terminal B-hairpin synapomorphic to the RecA—ABC clade and the helix-strand unit synapomorphic to the RecA clade are colored pink. This
hairpin is secondarily lost in most helicases. STAND is a large clade of NTPases that include the previously described AP-ATPases and NACHT NTPases, as well as
several uncharacterized ATPase lineages predicted to participate in signal transduction (D. D. Leipe, Eugene V. Koonin and L. Aravind, unpublished data).
Non-conserved secondary structural elements are colored white. Abbreviations: WA, Walker A; WB, Walker B and Sen1, sensor-1. The dotted connecting lines in the
topology diagrams represent regions of the protein where insertions are observed. Broken lines in the cladogram reflect an uncertainty in relationship of the members

within the clade supported by the broken line.

of the AAA" ATPases and the corresponding motif III of the
SFI and SFII helicases (48-50). This residue appears to be
required for sensing the triphosphate moiety of the bound
nucleotide to trigger its hydrolysis.

Examination of the crystal structure of TrwB shows that the
highly conserved arginine in the short helix upstream of strand
4 projects into the ATP-binding active site of the preceding
protomer in the hexameric ring (25). Thus, this arginine is
analogous to the arginine finger of the AAA" superfamily,
which is located at the C-terminus of the helix follow-
ing the sensor-1 strand of the AAA" ATPase domain
(48,49,51). As in the AAA™ ATPases, this conserved residue
of the FtsK—HerA superfamily is likely to function as an argi-
nine finger promoting inter-protomer cooperation in ATP-
hydrolysis by binding the terminal phosphate of the substrate.
Analogous arginine fingers supplied by adjacent subunits are
implicated in cooperative ATP hydrolysis by ring ATPases of
the RecA-like class, such as RecA, DnaB and ATP synthase

(52-54). However, in this case, the arginine is located at the
C-terminus of the ATPase domain, on a 3-hairpin unique to the
RecA-like ATPases (55) (Figure 1). Thus, the presence of a
conserved arginine in P-loop NTPases is a good predictor of
ring formation and inter-protomer cooperation. By this criter-
ion, all FtsK—HerA superfamily ATPases are predicted to form
hexameric rings. By contrast, in the PilT/VirB11 family, the
arginine finger is supplied by a distinct domain, which is
located in the same polypeptide, N-terminal of the ATPase
domain (Figure 1). Thus, these proteins resemble the GTPases,
in which the arginine finger is supplied by an external
GTPase-activating protein (56-59).

The presence of the additional catalytic glutamate after the
conserved acidic residue in the Walker B motif and an inter-
vening strand between Walker A- and B-associated strands
place the FtsK—HerA superfamily into the additional strand
conserved E (ASCE) division of P-loop NTPases, which
also includes the RecA-like, SFI/II helicase, ABC, AAA™,
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PilT/VirB11, KAP and STAND (a large clade of NTPases that
include the previously described AP-ATPases and NACHT
NTPases, as well as several uncharacterized ATPase lineages
predicted to participate in signal transduction; D. D. Leipe,
Eugene V. Koonin and L. Aravind, unpublished data) clades
(49,60,61). Structural comparisons show that the FtsK—HerA
superfamily shares a C-terminal hairpin, formed due to the
presence of a terminal anti-parallel strand, with many other
NTPases of the ASCE division, namely, the ABC, RecA-like
and SFI/II helicase classes, and the PilT/VirB11 superfamily
(Figure 1). Furthermore, the latter three groups have an
additional common feature with the FtsK—HerA superfamily,
namely, an additional strand ’to the right’ of the core
P-loop fold (Figure 1). Clustering based on DALI Z-scores
(62) suggests grouping of the PilT/VirB11 and FtsK—HerA
superfamilies into a single, higher order cluster. However,

clustering.

no definitive sequence or structural synapomorphies unifying
these two groups were detected. Additional 3D structures
from diverse representatives of each of these groups
should help in assessing the validity of this higher order

The FtsK—HerA and the PilT/VirB11 superfamilies are both
traceable to LUCA (see below) and appear to have diverged
from each other at an even earlier stage of evolution. Addi-
tionally, two other superfamilies of the ASCE division, the
adenoviral packaging ATPases and the terminases of diverse
DNA viruses, such as the herpes viruses and Mu-like bacter-
iophages (63), also have an additional strand to the 'right’ of
the core P-loop domain, suggesting an evolutionary relation-
ship with the FtsK—HerA and PilT/VirB11 superfamilies. How-
ever, the conserved sequence motifs characteristic of any of
the latter superfamilies are not detectable in the viral ATPases.
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Figure 2. Multiple alignment of the FtsK-HerA superfamily. Proteins are denoted by their gene names, species abbreviations and gi numbers, separated by
underscores. Amino acid residues are colored according to their side-chain properties and conservation in the multiple alignment. The coloring reflects 80%
consensus and is shown underneath the alignment. The secondary structure shown above the alignment, is derived from the crystal structure of TrwB and secondary
structure prediction programs. E and H represent a strand and helix, respectively. The consensus abbreviations and coloring scheme are as follows: h, hydrophobic
residues (ACFILMVWY) shaded yellow; s, small residues (AGSVCDN) and u, tiny residues (GAS) colored green; o, alcohol group containing residues (ST) colored
blue; p, polar residues (STEDKRNQHC) —, acidic residues (DE) and +, basic residues (HRK) colored purple. The conserved histidine in the Walker A strand, the
arginine finger and the glutamine in sensor-1 are shaded red. Secondary structure elements that are conserved across the ASCE fold are numbered as integers. Species
abbreviations are as follows: Aae, A.aeolicus; AMEPV, Amsacta moorei entomopoxvirus; Ape, Aeropyrum pernix; Asni, Aspergillus nidulans; Atu, Agrobacterium
tumefaciens; Bee, Bacillus cereus; Bjap, Bradyrhizobium japonicum; Bme, Brucella melitensis; Bs, B.subtilis; Bsph, Bacillus sphaericus; Bthu, B.thuringiensis;
CIV, Chilo iridescent virus; Cbrig, Caenorhabditis briggsae; Chte, C.tepidum; Cje, Campylobacter jejuni; Clth, C.thermocellum; Deha, Desulfitobacterium
hafniense; ESV, Ectocarpus siliculosus virus; Ec, E.coli; Ec, Plasmid R100; Fnu, Fusobacterium nucleatum; fs2, V.cholerae filamentous bacteriophage fs-2;
Hehe, H.hepaticus; Hp, Helicobacter pylori; Lepn, Legionella pneumophila; M13, Enterobacteria phage M13; Mac, Methanosarcina acetivorans; Mgi,
Magnaporthe grisea; Mj, Methanococcus jannaschii; Mtu, Mycobacterium tuberculosis; NaNbHV, non-A, non-B hepatitis-associated virus; Neu,
Nitrosomonas europaea; Nm, Neisseria meningitidis; Npu, Nostoc punctiforme; PBCV, Paramecium bursaria Chlorella virus 1; PM2, Alteromonas phage
PM2; PR4, Bacteriophage PR4; Pae, Pseudomonas aeruginosa; Pf1, Pseudomonas phage Pfl; Pf3, Pseudomonas phage Pf3; Rheq, Rhodococcus equi; Rme,
Ralstonia metallidurans; Rp, Rickettsia prowazekii; Rsol, Ralstonia solanacearum; Rsph, Rhodobacter sphaeroides; Scoe, Streptomyces coelicolor; Sep,
Staphylococcus epidermidis; Sau, Staphylococcus aureus; Sme, Sinorhizobium meliloti; StiV, Sulfolobus turreted icosahedral virus; Sso, Sulfolobus
solfataricus; St, Salmonella typhi, Sty, Salmonella typhimurium; Syn, Synechocystis sp.; Tel, Thermosynechococcus elongatus; Teth, Tetrahymena
thermophila; Tma, Thermotoga maritima; Tp, Treponema pallidum; VacV, Vaccinia virus; Vc, V.cholerae, Vpar, Vibrio parahaemolyticus; VsKK,
Bacteriophage VSKK; Vvul, Vibrio vulnificus; Wol, Wolbachia sp.; Xfas, Xylella fastidiosa and Yp, Yersinia pestis.
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Evolutionary classification and phyletic spread of
the FtsK-HerA superfamily

We analyzed the relationships between the members of the
FtsK—HerA superfamily using a combination of approaches.
To identify the major clades within the superfamily, the multi-
ple alignment was examined for distinct sequence signatures
characteristic of subsets of the superfamily members. Cluster-
ing by sequence similarity using the BLASTCLUST program
was employed to identify subgroups and orthologous lineages.
Finally, at the level of high sequence similarity, such as within
an orthologous group or a closely related cluster of paralogs,
conventional phylogenetic tree analysis using maximum-like-
lihood, neighbor-joining and minimum evolution methods was
performed to decipher the evolutionary history of each such
group. As a result of this analysis, we identified six major
clades within the FtsK—HerA superfamily: (i) HerA, (ii) VirB4,
(iii) VirD4/TrwB, (iv) FtsK, (v) ssDNA phage packaging
ATPases and (vi) A32-like dsDNA viral packaging ATPases.
Table 1 shows the classification of the FtsK—-HerA superfamily.

The HerA clade is defined by several synapomorphies
including a small residue (typically, glycine) after strand 2,
a hydrophobic residue in the o-helix after strand 2, an aspar-
tate in the o-helix immediately after strand 5. This family also
contains a large helical insert immediately after the second
strand-helix unit of the P-loop domain. The HerA family
proper, which includes the experimentally characterized
HerA protein of Sulfolobus, consists of a core orthologous
group of archaeal proteins that are encoded in a conserved
operon with the Mrel1 and Rad50 orthologs, many additional,
more diverged paralogs from each archaeal genome and
numerous homologs scattered over a wide range of bacteria
(Table 1). The simplest interpretation of this phyletic pattern is
that the HerA family emerged in archaea, followed by hor-
izontal gene transfers (HGTs) to and between bacteria.

Most HerA family members are encoded in a conserved
operon with a gene for a NurA nuclease (18,28,29). The
HerA family proteins contain a distinct N-terminal B-barrel
domain which is homologous to the N-terminal domain of F1/
FO ATP synthases and is fused to the N-terminus of the P-loop
domain (Figures 1 and 3); we named this domain the HAS-
barrel (HerA-ATP Synthase barrel). The HAS-barrel is likely
to form an independently folding toroidal structure stacked on
one surface of the central ring formed by the P-loop domain of
HerA. The presence of several shared residues between the
HAS barrels of ATP synthases and those of the HerA family
(Figure 3), and an analogous location at the N-terminus of the
P-loop, suggest that these domains have similar functions. In
ATP synthases, this domain is implicated in the assembly of
the catalytic toroid and docking of accessory subunits, such as
the & subunit of the ATP synthase complex (64). Similar roles
in docking of the functional partner, the NurA nuclease, and
assembly of the HerA toroid complex appear likely for the
HAS-barrel of the HerA family.

The HerA clade also includes several additional families
with substantial differences in domain/operon organizations
and phyletic patterns (Figures 4 and 5, Table 1). For example, a
distinct family of HerA homologs, found primarily in proteo-
bacteria (typified by bll1925 from Bradyrhizobium), has a
specific form of the HAS barrel only weakly similar to that
of the HerA family. The CT1915 family includes a divergent

group of proteins with a distinct N-terminal domain that
appears to be unrelated to any previously characterized
domains. This family has an unusual phyletic pattern, with
representatives from Chlorobium tepidum, Helicobacter
hepaticus, Chloroflexus aurantiacus and Methanosarcina
mazei, suggesting a high degree of lateral mobility.

The prototype of the VirB4 clade is the VirB4 ATPase
which is a component of the T4SS in numerous bacteria
(65,60).This clade is unified by several distinctive sequence
signatures, which include conserved patterns in the o-helical
insert located after the second /ot unit of the conserved core of
the P-loop domain (Table 1). Most VirB4-type ATPases also
have a long N-terminal extension that is less conserved than
the ATPase portion but is likely to form a distinct globular
domain. This large globular domain probably mediates inter-
actions with other components of T4SS or the conjugative
apparatus of transposons and plasmids. There are several dis-
tinct families within this clade, the best studied of which is the
classical VirB4 family that is encoded by the mobile T4SS
gene clusters of diverse proteobacteria. Other families are
encoded by conjugative plasmids and conjugative transposons
[e.g. Tn916 of Gram-positive bacteria (67)] from various bac-
terial taxa (Figure 4 and Table 1). Consistent with this, the
genes coding for VirB4-type ATPases show little evidence of
vertical inheritance across genomes and appear to have been
disseminated widely by these mobile elements.

The VirD4 clade is typified by the T4SS component VirD4
which has a large insert in the ATPase domain in the same
position as the HerA and VirB4 clades. This insert shows
several unique sequence motifs characteristic of this clade.
Additionally, most members of this family contain a small
membrane-spanning domain N-terminal of the ATPase
domain; this domain probably functions as a membrane
anchor. In addition to the family typified by VirD4 proper,
there are several smaller families within this clade, which
function as DNA pumps of diverse conjugative plasmids
from various bacterial lineages (19) (Figure 4; Table 1).
Not unexpectedly, the evolutionary pattern of this clade
seems to mirror that of the VirB4 clade.

The FtsK clade consists of proteins that have no inserts in
the ATPase domain, unlike the HerA, VirB4 and VirD4 clades.
Most of the FtsK-like proteins contain N-terminal membrane-
spanning segments that probably function as anchors. The
main family in this clade, the FtsK proteins proper, is repre-
sented by conserved orthologous ATPases involved in cell
division in the great majority of bacteria. However, in spite
of its essential function, FtsK is missing in several bacterial
lineages, such as Thermotoga, Aquifex, Chloroflexus and cya-
nobacteria. Phylogenetic analysis of the FtsK family suggests
a predominantly vertical pattern of inheritance, with the tree
topology resembling those of other proteins with an apparent
dominant vertical component (e.g., ribosomal proteins and
RNA polymerase subunits) (data not shown; Supplementary
Material). Certain plasmids and phages, especially those from
actinomycetes and Gram-positive bacteria, encode divergent
variants of FtsK, which probably function in cis as DNA
pumps for transmission of the respective plasmids during
cell division or packaging of the phage DNA. Additionally,
this clade includes a few smaller distinct families which con-
sist, principally, of proteins encoded in conjugative transpo-
sons from various bacteria (Figure 4; Table 1). One notable
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Table 1. Classification of the FtsK-HerA superfamily

Post-strand 2 a-helical insert superclade

Large o helical domain inserted after strand 2

HerA clade

A small residue after strand 2; a hydrophobic residue in the helix after strand 2; a conserved aspartate in the helix immediately after strand 5.

e Classical Hera family (A > FF, Cya, Cau, Aq, Thth, Dr, Tma, Bha, Chth, Lme, Ruxy, Smu): Fused to a HAS barrel at the N-terminus; several
members are in the neighborhood of NurA; fungi lack the HAS barrel

o bl11925 family (Pr, Fnu, Efae): Fused to a divergent HAS barrel at the N-terminus; several members are in the neighborhood of a Sir2-like predicted
nuclease

e YjgR family (Pr, Spy, Chut, Act, Trde): Fused to a distinct o-helical domain at the C-terminus that has a conserved glutamate; glycine after conserved
histidine before strand 1; PEhGD motif before Walker B strand; histidine in strand 5

e SSO0283 family (Sul, Ape, Pyae): Distinct N-terminal domain with two membrane-spanning helices

o CT1915 family (Chte, Hehe, Cau, Mma): Fused to a distinct N-terminal domain; Chte, Hehe and Mma are operonic with a methylase

e Tal216 family (Tac, Sul): pNOBS like conjugative plasmids

VirB4 clade

Distinct N-terminal domain with a conserved proline before the core ATPase domain; hxPh (x: any, h: hydrophobic) motif in post-strand 2 o-helical

insert; alcohol or small residue prior to glutamine of sensor I strand

o Classical VirB4 family (Pr): Asparagine in strand 5; associated with type IV secretory system in proteobacteria

o CTnDOT-TraG family (Bdes): Present in conjugative transposons of Bacteroides and Porphyromonas

e CP81 family (Pr): EAG motif in strand 2; aspartate before helix 4; acidic residue after strand 5

e YddE family (LGC Gm +ve): PxXE motif after strand 2; encoded by Tn916-like conjugative transposons.

e TrhC family (Pr): aN (a: aromatic) motif before strand 1; IE (I: aliphatic) residue in helix 3; encoded by antibiotic resistant plasmids like R-27s

o R64-TraU family (Pr): Sporadically present in proteobacterial R64-like plasmids and genomes

® all8046 family (Cya): Distinct N-terminal domain with membrane-spanning helices that can exist as a solo domain; bN (b: big) motif before strand 1;
DGosT (o: alcohol, s: small) motif after strand 2; hhGRI (h: hydrophobic) motif in strand 5; present on cyanobacterial plasmids

e TN5252 ORF26 family (LGC Gm +ve, Blon): Mostly present in conjugative plasmids and transposons

VirD4 clade

Proline in post-strand 2 helical insert; aromatic residue in post-strand 2 o-helical insert; glutamine N-terminal to the helix following strand 4; serine after

strand 5; most members also have two to four N-terminal membrane-spanning domains

e Classical VirD4 family (Pr): Associated with type IV secretory system in proteobacteria

o CtnDOT-MobC (Bdes): Present in conjugative transposons of Bacteroides and Porphyromonas

o TrwB family (Pr, Pchm): RxW motif in strand 3; mainly present on proteobacterial plasmids

e TraG family (o Pr): Present on several plasmids of o proteobacteria, often in the vicinity of TraA

e TrsK family (Act): Serine in place of conserved aspartate in strand 2; conserved asparagine after strand 2; asparagine after Walker B strand; GS motif
before strand 4; present on actinobacterial plasmids

e alr7539 family (Cya): Aspartate between helix 1 and strand 2; many members are in the neighborhood of a TrwC-like RCR superfamily nuclease;
present on cyanobacterial plasmids

e TN5252 ORF21 family (LGC Gm +ve, Cgl, Smal): Mostly present in conjugative plasmids and transposons

Clades without insert after strand 2

FtsK clade

N-terminal membrane associated region; a variable coiled coil central region; C-terminal ATPase; glycine before core ATPase domain; Kh

(h: hydrophobic) motif after strand 2; hxxR motif in helix 2; arginine or lysine at the beginning of strand 5; glycine after core ATPase domain

o Classical FtsK family (most bacteria): Histidine in helix before strand 2.1 and strand 4; RIsQ (I: aliphatic, s: small) motif in helix 3; DSR motif at the
beginning of strand 6; SxhQR motif after core ATPase domain

e YueA family (LGC Gm +ve, Act, Cau): Three tandem ATPase domains often found in the vicinity of ESAT-6; some YueAs in Clostridium are fused
to one to two FHA domains at their N-terminus; GGs (s: small) motif after strand 2 in first ATPase; WLPPL motif between the first two ATPase domains

e YdcQ family (LGC Gm +ve, Fnu): Alanine in Walker B strand; RD motif at the end of helix 4; present on Tn916-like conjugative transposons

A32 clade

e ds DNA phage packing ATPase family (V, prophages)

e A32 ATPase family (V, Nem, Teth): Aspartate in Walker B strand and in the C-terminal strand after the core ATPase domain
—TIr transposon subfamily (Nem, Teth); transposons in Tetrahymena are often associated with a TrwC/TraA-like superfamily I helicase (TIr 8Rp)
—A32 ATPases of NCLDV viruses

SS DNA virus clade (V)

Asparagine or glycine at the end of strand 2; C-terminal transmembrane region

A, Archaea; Act, actinobacteria; Ape, Aeropyrum; Aq, Aquifex; Bdes, Bacteroides; Bha, Bacillus halodurans; Blon, Bifidobacterium longum; Cau, Chloroflexus;
Cgl, Corynebacterium glutamicum; Chte, Chlorobium; Chth, Clostridium thermocellum; Chut, Cytophaga; Cobu, Coxiella; Cya, cyanobacteria; Dr, Deinococcus;
Efae, Enterococcus; FF, filamentous fungi; Fnu, Fusobacterium; Hehe, Helicobacter hepaticus; Lepn, Legionella pneumophila; LGC Gm +ve, low GC Gram positive
bacteria; Lme, Leuconostoc mesenteroides; Nem, Nematodes; Pchm, Parachlyamydia; Teth, Tetrahymena thermophila; Mma, Methanosarcina mazei, Pr, proteo-
bacteria; Pyae, Pyrobaculum; Ruxy, Rubrobacter; Smal, Stenotrophomonas maltophilia; Smu, Streptococcus mutans; Spy, Streptococcus pyogenes; Sul, Sulfolobus;
Tac, Thermoplasma; Thth, Thermus; Tma, Thermotoga; Trde, Treponema denticola; V, viruses; > indicates lateral transfer.

family of the FtsK clade, typified by the YueA protein, is
restricted to Gram-positive bacteria and actinomycetes and
includes proteins with three tandem ATPase domains in the
same polypeptide. These proteins are likely to dimerize and
form toroidal structures with a total of 6 ATPase domains. The
YueA-like proteins are implicated in the secretion of the
unique extracellular peptides of Gram-positive bacteria and
actinomycetes (17).

Packaging ATPases of single-stranded DNA bacteriophages
comprise another distinct clade in the FtsK—HerA superfamily.
These proteins, which are encoded by gene 1 of filamen-
tous enterobacteriophages (e.g., F1 and M13) consist of an
N-terminal, cytoplasmic ATPase domain, followed by a
membrane-spanning region and an extracellular domain. Pro-
teins with similar architectures are encoded by a variety of
filamentous phages infecting several proteobacteria such as
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Secondary Structure . -EEEEEE. . ..EEEEEE. . .EEEEEEEEEE. .
PHO832 Ph_14590784 9 IGIVRGESSF-INYEFSVNP 2 NISFGEEFVVTENR
AF1030_Aful 11498635 4 VGLVMGESSI-TDFSFAVNE 2 IPKFGEYVTAINR
MJECLO8_Mj_10954488 9 VGTVVWASKNV-NEFEFVIEN 4 KIKKGEFVITKNT
Faci0361_Fac_22405468 11 IGYIIGENTS-GRFQFVISD 2 NIKKWEYVWYLKIK
ag_aa3l_Rae 10957065 31 IKEEYSESFGDDLLGFTVNF 14 DIGLHSYVEVKLQ
PAE2303 Pae 18313675 3 IGYIVAASTP-FEFIATLDP 2 PISLYDYVANMDHV
Chteld57_cth_23021377 5 IGKLIGNTGNPNDLKIALEN 2 SAKRGEFVEIKHR
MJ1565 Mj_ 15669760 7 IGYTIGETRI-DELTFLAKE APKVGDYVEINYD
APE0107_Ape 14600455 13 IGVIIGESSYSYSTILLERD 3 KVIVGSHWVSTLN
MTH307_Mth 15678335 4 VGRCYGETSP-WRVSFVSRE MPGVGEYVVMEYD
HerA Sac_ 37665381 3 IGYIIGSATI-NEATAILEQ KIRAGYYVILEYD
t112095_Thel 22299638 6 LGIVWOGSLT-QGLEVRLSG 5 ELRVGOFLVVQGR
5110284 _Syn 16331876 6 LGSVTQGSLS-KGLEVRLHA 5 EMRVGKFLVIQGR
glr4405 Glvi 37523974 18 IGTVVOGSLS-EGLEVRLSP 5 EMRVGEFCVVWYGR
Tery443] Tery 23043894 7 LGSVIQGSLS-QGLEVRLHP 5 DMRVGKFLVVOGV
Npun6235 Wpun 23129935 7 LGSVIQGSLT-EGLEVRLHP 5 DMRVGEFLVV(QGM
MTH542_Mth 15678570 5 AGQIIGGETA--AVLIRQKA 2 PIELGDLLVAEGE
5502200_Sso_15898975 9 IGIVLOKSEA-NEMQGLIRA 2 EISVGQLLLVWD--
APEOOBO_Ape_ 14600433 39 MGEVVGEVTRYSPVTTSPGS 15 GVRIGDYLCIVDP
S$502285_Sso_15899052 25 LGDLVGKVSRYIPNKLDEEN 17 LGKIGIFLGAIDI
DROB37_Dr_ 15805863 15 IGMVLGTEDVTPTVEWFAVS 3 SVGLDDLVWVVETR
ag 1682 Aae 15606779 3 VGIVLGTKPS-NPLEFWVG- -VEKGKFLQLDDV
TM1257_Tma_15644013 6 IGVVTGIFQS-SPYEFFVRM 1 AEKPGEAYKVFAQ
t1r0250_Thel 22297794 11 VGIVKGPGDS-GSEYWFITA 3 PVRIGEFVYYELS
PAE2998_Pyae_ 18313750 4 IGVVIKSPSI-HYYIFRPFR 2 ELDVGAFVIAEVD
SMc01432 Smel 15965868 28 LGRVNACNGS-RATIAAVAE 8 LWSVGELWSISVG
Atu2038_Atu 17935924 28 LGRVIACNGA-HATIAAETE B8 LWSVGRLISIEMG
mlrld445 Mlo 13471466 28 LGNVVQCDGA-RATISAYAD B LWTVGEMISINLG
FNV2193 Fnu 34762304 6 IGRVISVDSF-KIMIELDEN 14 VAKVNSYVIVPIG
EF2348_Efae_ 29376849 10 VALVVEVNGI-RCKAITFDD 14 NLSVNSEVVIRQON
ag_1852 Rae 15606891 148 VGYAVSSRSP-KEAEIVLLE DLEEQTYLGIQ--
Chlo0592 Cau_22970556 10 IGEVIESSTI-HFVAATYEL 2 SPPFGSLVWRATTT
5111318 Syn 16329340 18 IAEVIETSTT-GFLAQCLEP 7 MPAFGSWVEATDE
tlr0637_Thel 22298179 11 FAEIIQTATD-HCIAQCHEP 7 VPALGSWVRIPEG
Cwat205701_Cwat_45526704 18 IAEVIETSTT-QFLAQCLEP 7 MPPFGSWLKSLDE
F1il Hp 15646029 16 LSPRYGSVEKIMPNIVYADG 1 NPSVGDVVEIEKS
1COWA_Bota_1827809 24 DLEETGRVLSIGDGIARVHG 1 RNVOAEEMVEFS-
1SKY Thth_114531 24 QVSDVGTVIQVGDGIARAHG 2 NVMSGEAVEFA--
F1ATP Caro_ 11466328 45 QPVLLGEVEEVEDGVAFVIR 2 NVRFSELVSFIPA
1IMAB Rno_6729934 24 DLEETGRVLSIGDGIARVHG 2 NVQAEEMVEFS--
AtpA Bacs_ 114531 24 QVSDVGTVIQVGDGIARAHG 2 NVMSGEAVEFA--
AtpA Spol 114527 25 KVVNTGTVLQVGDGIARIHG 2 EVMAGELVEFE--
AtpA Ec_ 15804334 24 EAHNEGTIVSVSDGVIRIHG 2 DCMOGEMISLP--
AtpB Af 11458767 2 KMKEYKTITQVAGPLVFVEK 2 PVAYGELVTITLP
VATP Twvo_13540884 2 PELTYKSVSEISGPLLFVEN 2 NAAYNEMVDIELD
Vma2p Sc_6319603 24 FRLNYNTVSGVNGPLVILEK 2 FPRYNEIVWNLTLP
Consensus/B0% I T T - R h.hp. ....8phh.h...

Strand-4 Strd Streé
. .EEEEEEEEEEE «+..BEEEE P o A
1 GEWVLGVVRSVEN 1 ENEEVMATV RILGKVDG 100\HAS fused to HerA
1 GEEVIGIVREISN 1 KNDVIWATA TVIGVVKD 95|
1 GDYLLSKITKIVS 1 NSSKFLASA KILGVINN 104|
NEIVIGRIEEIKS NDEVNICIS TILGKLKD 96|
EGIVLGKITSIFA DDEWKEAAI 16 DVIGILKD 155|
1 YDPSRGELINVRL 1 ILEVQIAKV KVLGYVEG 97|
6 DTYVLGRIVSISE 6 TGETLRGTI ELVGYRDN 99|
DSELLGMVESTIQ SSYYILGKI EVLGDIRD 91|
GRCVLGIVESIRS VESTRYHVA 2 RWVSYLET 106|
GRRILGMVESLLR GRQYVRGTV RILGDVET 88|
GDEILGLITNVYT P-FFIKARI KLLCKLDG 89|
RSREFCLLTDVTL GTFATLSVA 3 MILDDEQE 101|
RSRFFCLLTDVSL GTYGTLELA 37 YQANSNAD 135
RTRFFSMLTDVTL STFGTVQLT 5 ETVNGQSE 115|
RAHFFCMLTDVLL STYGTIELA 3B AQSSSQIK 137|
RSRFFCMLTDVAL GTYGTINLA 35 PQTSTTME 134|
GYTIL-@VEDLRY YGREVELLE 11 RPILHVRD 96|
DSEKLSEVRVENY EILDMNTII KATLHLIK 94|
2 LHIILGVVSTIKR 2 TSPESILTS 5 RLLLEADP 144|
2 LYFVLLRVIGYER 2 SLITNVTLR 1 EMLTKVDF 132|
5 PVRFYGEVDNVRK 5 LPASVSYAR RVLVTRVD 103|
3 NSKIDGTNEEIKF 3 GVVPANLAY 2 RVSVTRIE 92|
14 TVVTYGMIVDION 14 IYIAKVKVT 3 LKEGNKLL 109|
6 SKSPAGRAVHOVLG 6 LIGFTCEPA 7 EVIGEFHR 116|
GVRVISRVTAIRH VLYYTEAREA VVLGARRRG 97|
TNRVVALVYSMOT NNPFRIEVE -LMGEVHV 105|
TSRVTALVFSMRT PNRLLIDVE -LVGEVYR 105]
TTRTVGLVYGIGK QNAIEVSIE -LIGEVRD 105|
SDKIVALITRVKT GIRFSKSKR 4 TMLGTITE 96|
FIKIIGRINSESI TIKRILDIQ -IIGYISE 103|
-GEEFFLCRLSNV ALFAHLYER B EILGEYEK 239/
2 GLHVYGEIYDIHT 2 DLSVVLQTE 3 LIVGYTLH 10%9\solo HAS
2 GNTIFAVVSYATT 2 QIFAMLTTE 3 AIVGFQSR 115|
1 -RVIYGVVAYVVT 1 HIFAMLKTE 3 AIAGFQER 106|
2 GNKIIAVVTYATT 2 QIFAMLKTE 3 TIVGFESY 115/
1 GSECVGMVVVAEK 1 EQFGFTPFN 5 RAGDKVLF 85\HAS5 fused to FOF1
-SGLKGMSLNLEP DNVGVWVFG 5 KEGDIVKR 90| ATPases
-NAVMEMALNLEE NNVGIVILG 5 KEGDEVRR 90|
13 NLIVEGMVVGIEQ 13 DYISVIIFG 5§ KVGDRVRP 127|
~SGLEKGMSLNLEP DNVGVWVFG 5 KEGDIVER 90|
-NAVMCMALNLEE NNVGIVILG 5 KEGDEVRR 90|
-EGTIGIALNLES NNVGVVLMG 5 QEGSSVEA 91|
—-GNRYATIALNLER DSVGAVVMG 5 AEGMKVEC 90|
1 GSTRRGQVLDTSK 1 DVVVVQVFE 5 DTSSTVRF 72|
1 GETRQG@VLDTRK 1 GLAIVQIFG 6 TEGTRVKF 73|
1 GTVRQGQVLEIRG 1 DRAIVQVFE 6 VEKTTVEF 95/
...chubl..h..  L........ T

Figure 3. Multiple alignment of the HAS-barrel domain. The coloring reflects 80% consensus. The coloring scheme, consensus abbreviations and secondary
structure representations are as in Figure 2. Additionally, big residues (LIYERFQKMW) are shaded gray. Species abbreviations are as follows: Af, Archaeoglobus
fulgidus; Ape, A.pernix; Aae, A.aeolicus; Atu, A.tumefaciens; Bacs, Bacillus species; Bota, Bos Taurus; Caro, Cafeteria roenbergensis; Cau, C.aurantiacus; Cth,
C. thermocellum; Cwat, Crocosphaera watsonii, Dr, D.radiodurans; Ec, E.coli; Efae, Enterococcus faecalis;, Fac, Ferroplasma acidarmanus; Fnu, F.nucleatum;
Glvi, Gloeobacter violaceus; Hp, H.pylori; Mj, M jannaschii; Mlo, Mesorhizobium loti; Mth, Methanothermobacter thermautotrophicus; Npun, N.punctiforme; Ph,
Pyrococcus horikoshii; Pyae, Pyrobaculum aerophilum; Rno, Rattus norvegicus; Sac, S.acidocaldarius; Sc, Saccharomyces cerevisiae; Smel, S.meliloti; Spol,
Spinacia oleracea; Sso, S.solfataricus; Syn, Synechocystis sp.; Tery, Trichodesmium erythraeum; Thel, T.elongatus; Thth, Thermus thermophilus;, Tma, T.maritima

and Tvo, Thermoplasma volcanium.

Vibrio, Pseudomonas, Neisseria, Nitrosomonas and Ralstonia,
as well as the actinomycete Propionibacterium. The ATPase
domain does not contain any inserts and seems to correspond
to the minimal conserved core of the FtsK—HerA superfamily.
The mechanism of these ATPases has not been studied in
detail but, by analogy to FtsK and TrwB, it seems likely that
they associate with the bacterial membrane and act as ATP-
dependent DNA pumps, which load the phage DNA into the
capsids. The ZOT of Vibrio cholerae is the packaging ATPase
of the integrated phage CTX® (47,68). ZOT has been shown
to associate with the outer membrane through its single trans-
membrane region. The extracellular portion is cleaved off and
binds to intestinal cells triggering a signaling cascade that
leads to the disassembly of tight junctions (69). The potential
role of the ATPase domain in the localization of the pro-toxin
remains to be experimentally investigated.

Packaging ATPases of eukaryotic double-stranded DNA
viruses, typified by the vaccinia virus A32R gene product,

comprise a distinct clade of the FtsK-HerA superfamily;
the similarity between the ATPase domains of these proteins
and the ssDNA bacteriophage packaging enzymes has been
noticed previously (70). The A32R-like ATPases comprise
one of the several orthologous protein sets that unify pox-
viruses, asfarviruses, iridoviruses and phycodnaviruses into
a monophyletic lineage of large NCLDV (71). Subsequently,
an orthologous ATPase was also detected in the large mimi-
virus, an ameba virus (72), which also probably belongs to the
NCLDV (Figure 2). Furthermore, homologous proteins are
also encoded by the TIr transposons of the ciliate Tetrahymena
(73) and a distinct group of nematode transposons, which were
discovered as part of this work (Table 1). In the present work,
we also found that these proteins are also related to the packa-
ging ATPases of the Bacillus thuringiensis phage Bam35c,
enterobacteriophage PRD1 and the Alteromonas phage
PM2. Notably, we found that a predicted ATPase of this family
is also encoded in the recently sequenced genome of the
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Figure 4. Major lineages of the FtsK—HerA superfamily. The horizontal lines show temporal epochs corresponding to two major transitions in evolution, namely, the
LUCA and the divergence between the archaeo-eukaryotic lineage and the bacterial lineage. Solid lines indicate the maximum depth in time to which a particular
lineage can be traced. The broken lines indicate uncertainty with respect to the exact point of origin of a lineage. Bacterial lineages are colored in red, archaeal in blue
and viral in green. Black lines indicate lineages with representatives from more than one of the three major superkingdoms, bacteria, archaea or eukaryotes. In such
mixed lineages the phyletic distribution is shown in brackets with A denoting archaea; B, bacteria; FF, filamentous fungi; Nem, Nematodes; PI, plants; Teth,
T.thermophila and > lateral transfer.

turreted icosahedral archaeal virus (74). This observation,
taken together with the proposed common origin of the capsid
proteins of several distinct DNA viruses (74), favor an early
recruitment of these ATPases in viral DNA packaging. How-
ever, more recent dissemination of this family via HGT
between different viral groups cannot be entirely ruled out
either. The finding that viral packaging ATPases comprise a
family of the FtsK-HerA superfamily suggests that they
catalyze dsDNA pumping into viral capsids similarly to the
function of FtsK, TrwB and other members of the super-

family in bacterial and plasmid DNA pumping. The function

of the homologous ATPases in eukaryotic transposons is less

obvious. They could have been recruited for an alternative
function in DNA transposition but, given that these transpo-
sons have other uncharacterized ORFs, it cannot be ruled out

that they are packaged into virus-like particles that are released
from the cells.

Implications of the phyletic patterns and higher order
relationships of the FtsK—HerA superfamily. Cladistic-type
analysis provides for a reconstruction of the likely evolution-
ary history of the FtsK—HerA superfamily, even though the

level of sequence conservation is insufficient for traditional
phylogenetic analysis (Figure 4). The HerA clade is unified
into a higher order lineage with the VirB4 and VirD4 clades on
the basis of the presence of a shared, predominantly o-helical
insert after the second conserved P/o. unit of the ATPase
domain. These three families, in turn, join the FtsK clade
on the basis of several shared sequence features, such as
the aspartate at the end of second core strand. The two
viral clades, which lack these features, appear to lie outside
of this assemblage of predominantly cellular proteins (Figure
4) with the packaging proteins of the double-stranded

DNA viruses being closer to the cellular proteins as they

share with the latter a conserved histidine at the N-terminus
of the Walker A strand; however, it cannot be ruled out that
this deep branching of the viral ATPases is an artifact of their
extreme divergence.

The HerA clade, which includes a core, pan-archaeal ortho-
logous set, appears to have originated in the common ancestor
of the archaea, whereas the FtsK clade similarly can be
inferred to have evolved in the ancestral bacterium. The
clear-cut archaeo-bacterial complementarity in the distribution
of the HerA and FtsK orthologs implies that LUCA encoded
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Figure 5. Domain architectures, conserved gene neighborhoods and contextual network graph for the FtsK—HerA superfamily. (A) Domain architectures of proteins
containing a FtsK—HerA like ATPase. SSO0283-N, CT1915-N and VirB4-N are conserved N-terminal regions found in the SSO0283, CT1915 and VirB4 families
respectively. Transmembrane regions are labeled TM. (B) Genes that have a conserved neighborhood are shown as boxed arrows. A representative gene, the species
in which itis present and its gi number are shown below the boxes. The phyletic distribution of a particular gene context is shown in brackets. Species abbreviations are
as in Figure 2. The dotted lines bounded by brackets indicate that the genes bounding the bracket are in the general neighborhood and do not show a close operonic
association. Genes that are poorly characterized are repesented as white boxed arrows. (C) Contextual network graph for the FtsK—HerA family. Each vertex
represents a domain and the edges represent a contextual association. Domain combinations are shown as black arrows, with the arrow pointing from the N-terminus
to the C-terminus of the multi-domain protein. Circular arrows indicate multiple copies of the same domain. Operonic and neighborhood associations are shown as red
arrows with an O at the tail and the direction of the arrows point from the 5'-3’ direction of the coding sequence. Lines with O at both ends indicate that the genes
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associations. The green arrow with the feathered tail indicates an insertion of a Zn-ribbon with the arrow head pointing to the location of the insertion in NurA.
Additional species abbreviations not in Figure 2. Aful, A fulgidus; Ana, Anabaena sp.; Cab, Clostridium acetobutylicum; Cau, C.aurantiacus; Cwat, C.watsonii; Glvi,
G.violaceus; Mth, M.thermautotrophicus; Pfu, P furiosus; Suac, S.acidocaldarius, Tac, Thermoplasma acidophilum and Tery, T.erythraeum.

the common ancestor of these families, from which the HerA
and FtsK clades diverged concomitantly with the split between
the archaeal and bacterial lineages. This archaeo-bacterial
dichotomy is similar to that in some families of proteins
involved in DNA replication, such as PCNA/DNA polymerase
111 B subunit and ATP/NAD-dependent DNA ligase (75,76). In
each of these cases, the fundamental separation among the
conserved members of these families, which share only limited
sequence similarity, corresponds to the split between the bac-
terial and archaeo-eukaryotic lineages. Moreover, those bac-
teria that lack FtsK always encode a HerA protein that belongs
to the conserved core of this family, which is predominantly
found in archaea. These bacterial genomes, without exception,

also encode the nuclease partner of HerA, NurA (29) (Table 1
and Supplementary Material, Table S1). This complementarity
in the phyletic distributions of the core orthologous set of
HerA proteins and the FtsK family, even within the bacterial
kingdom, along with the co-occurrence with NurA, suggests
that HerA and FtsK are responsible for the same function,
namely DNA pumping during cell division. It should be
emphasized that, although there is no experimental data on
the biological functions of various HerA paralogs, the strict
conservation of the 'main’ herA gene in archaea, in terms of
both the ubiquitous presence and the sequence itself, implies
that it is this gene that has an essential function in cell division
rather than any of the extra herA paralogs present in some of



the archaea. The archaeal HerA—NurA system appears to have
displaced FtsK in most bacterial extremophiles and cyanobac-
teria, which might have been facilitated by their ecological
proximity with archaea. These observations imply that LUCA
already had a DNA pumping system similar to those in the
extant prokaryotes (Table 1 and Supplementary Material,
Table S1).

Although not demonstrated experimentally, it seems likely
that the pumping process could introduce double-strand breaks
in the DNA. If this were the case, the bidirectional DNA
helicase activity that has been detected in vitro in the purified
Sulfolobus HerA protein (18) might be involved, together with
MRE11 and Rad50, in double-strand break repair (see below).
Alternatively, it cannot be ruled out that the helicase activity is
unmasked in the in vitro assay as a result of the absence of
other subunits which are associated with HerA in vivo.

The observed phyletic distributions suggest that VirB4 and
VirD4 families might have been derived from DNA pumps of
ancestral plasmids that were not part of the core cellular gen-
omes. The relationship of the FtsK—HerA proteins with the
viral packaging proteins suggests that DNA pumping activity
in diverse systems, both cellular and viral, has an ancient
common origin. The emergence of the FtsK-HerA ATPase
might have marked the origin of structures in which copies of
DNA were compartmentalized after replication. These primor-
dial compartments, into which DNA was packaged by the
ancient members of the FtsK-HerA superfamily, could have
been the evolutionary precursors of cells and viral capsids. The
absence of this superfamily in eukaryotes, with the exception
of the apparent late HGT into filamentous ascomycetes, is
consistent with the dramatic difference between the mechan-
isms of chromosome segregation in eukaryotes and prokar-
yotes. The emergence of eukaryotic cytoskeletal components
facilitated segregation through the mitotic process, which
involved chromosome translocation by ATPase motors,
such as dynein and kinesin (77,78). This radically different
segregation mechanism appears to have rendered the ancestral
HerA-like DNA pump superfluous or even deleterious, thereby
favoring its elimination through gene loss at an early stage of
eukaryotic evolution.

Contextual information from gene fusions, domains
architecture and conserved operons: functional
implications for the FtsK-HerA superfamily

Conserved operons, gene fusions and domain architectures are
useful in extracting functional information for otherwise
uncharacterized proteins based on the principle of ‘genomic
context’ or ‘guilt by association’. Products of genes co-
occurring in the same operon in multiple, sufficiently distant
genomes (conserved gene neighborhoods) or undergoing gene
fusions tend to interact physically and functionally (30-33).
Accordingly, we systematically surveyed the genomic context
information for the proteins of the FtsK—HerA superfamily. In
Figure 5, this information is represented as domain architec-
tures (Figure 5A), gene organizations (Figure 5B) and a graph
where the nodes are the connected proteins and the edges
denote different types of contextual connections (Figure 5C).

The archaeal herA operons and the widespread herA—nurA
gene pairs. The largest conserved operons including genes for
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FtsK-HerA superfamily ATPases are those that contain the
highly conserved archaeal HerA proteins of the core ortholo-
gous set. These operons typically encode four proteins,
namely, HerA, orthologs of Mrell and Rad50, and the
NurA nuclease; the same gene order (HerA—Mrel1-Rad50-
NurA) is conserved in six genera of euryarchaea and crenarch-
aea (Figure 5B). Variants of this order are seen in Aeropyrum
(Mrel1-Rad50-NurA-HerA) and Thermoplasma (NurA—
HerA-Mrel1-RADS0). In Methanothermobacter, the herA
gene in this operon is apparently split into two genes and
the gene encoding the C-terminal half is fused to the gene
for Mrell. In Methanosarcina, Halobacterium and Methano-
coccus, the operon is split into separate HerA—NurA and
Mrel1-Rad50 (predicted) operons. In the genome of
Nanoarchaeum, the operon is completely disrupted, although
all four genes are present. A parsimonious evolutionary sce-
nario places the complete operon consisting of the four genes
in the typical order into the genome of the common ancestor of
archaea, with partial disruption of the operon during subse-
quent evolution of individual lineages. There is no trace of this
conserved operon in any of the currently available bacterial
genomes, with the sole exception of Bradyrhizobium, which
shows a linkage of a HerA protein of the bl11925 family with
SbeD, the bacterial ortholog of Mrell (Figure 5B).

In addition to this core orthologous lineage, archaea
have several additional paralogs of HerA, most of which
are encoded next to a conserved ORF of approximately the
same size as NurA. Comparison of these sequences to the NurA
PSSM showed that the HerA-associated ORFs were divergent
paralogs of NurA. Further iterations of these searches, with
PSSMs that included the newly detected NurA homologs
resulted in the detection of numerous additional divergent
members of the NurA family from archaea and bacteria.
Remarkably, these searches showed that the phyletic distribu-
tion of the NurA family is nearly identical to that of the
HerA family (Supplementary Material; Table S1). In most of
the archaeal genomes, the newly detected NurA proteins are
encoded next to herA genes. Among bacteria, nurA genes of
Bacillus halodurans, Clostridium thermocellum, Deinococcus
radiodurans and Aquifex aeolicus are adjacent to genes for
HerA homologs whereas, in the rest of bacteria, the nurA and
herA genes are located in different parts of the chromosome. In
Chloroflexus, the NurA homolog is encoded next to a gene
encoding a stand-alone HAS-barrel (Figure 5B). These obser-
vations suggest that the nuclease NurA and the ATPase HerA
are not only functionally linked, but also tend to be horizon-
tally transferred among archaea and bacteria as a gene pair.
Furthermore, the situation in Chloroflexus supports the pre-
diction that interaction between NurA and HerA is mediated
by the HAS-barrel. The tight functional association between
HerA and NurA mirrors the functional connections between
FtsK and the ParCD topoisomerase or the Xer recombinases,
suggesting that NurA has a function similar to the functions of
these bacterial enzymes in DNA processing during chromo-
some segregation (14,16).

Detection of the new, diverged NurA homologs provided
for a better characterization of the conserved structural ele-
ments and the active site of the NurA family nucleases
(Figure 6). Secondary structure prediction combined with
examination of the alignment suggests that NurA has an
o + B-fold with a central, conserved B-sheet formed by at
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least eight strands. NurA has at least five conserved o-helices,
with the last three forming a characteristic triple helical unit.
These patterns do not bear any obvious resemblance to pre-
viously characterized folds found in nucleases or other pro-
teins. The predicted active site is comprised of six charged/
polar residues, which include two characteristic aspartates at
the ends of core strands 1 and 5, a conserved glutamate in the
first core helix, a basic residue and acidic residue after strand 8,
and a polar residue (usually histidine or aspartate) in the
C-terminal helical unit (Figure 6). These residues might co-
ordinate a metal cation as observed for the restriction endo-
nuclease fold enzymes. The NurA family appears to be a rapidly
diverging group, with a low level of sequence similarity
between paralogs and even within orthologous groups.
There are several inserts of variable size in different members
including a small Zn-cluster in the cyanobacterial and Chlor-
oflexus NurA homologs, and a Zn-ribbon in the NurAs asso-
ciated with the CT1915-like proteins of the HerA clade. The
extreme sequence divergence in the NurA family is reminis-
cent of restriction endonucleases, suggesting the possibility
that, similar to restriction enzymes, different NurA family
members recognize specific target sequences in DNA. The ana-
logy could extend even further in that the NurA—HerA pairs

might form mobile elements similar to restriction-modification
system operons. Consistently with this hypothesis, a distinct
subfamily of nurA genes (typified by HH1040 of H.hepaticus
that associate with the distinctive CT1915 family HerA) com-
prises a predicted operon with a gene for a DNA methylase,
which is related to methylases encoded by several restriction-
modification operons (Figure 5B) (79). The organization of this
predicted operon closely resembles that of several restriction-
modifiation systems with the NurA gene taking the place of the
endonuclease, and the HerA gene that of the accessory helicase
or ATPase subunit (79). Thus, this family of NurA family is
predicted to function as a bona fide restriction endonuclease.
In addition, in cyanobacteria, the nurA genes co-occur with a
gene for a distinct predicted hydrolase of the HAD (haloacid
dehalogenase) superfamily (80); this particular orthologous set
of predicted HAD hydrolases was detected only in cyano-
bacteria and plants (Figure 5B, Supplementary Material).
Many proteins of the HAD superfamily have phosphatase
activity, and some of them, such as the DNA 3’ phosphatase,
Tpplp, cooperate with endonucleases in strand break repair
(81). Hence we speculate that, in cyanobacteria, this particular
HAD protein cooperates with NurA in DNA repair, probably
as a polynucleotide phosphatase.
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Mbur020200_ Mebu 41720377 EDPVAKNILONYIDIMDYQMEK--GMPLIGFVENP E1
MAQT08_Mac 20089593 RNNDARKILONYIDIMDHFLEK--ERPVIGFVENE 107
Meth1917 Mba 23050405 QNNDARKILONY IDIMDHFLEN--RQPVIGEVENP 105
Vngl89lh Halsp 15790782 QNELVGEVLENYVRLVEDFADR--GVPLAGFVKSP 78
t111039 Thel 22298583 TPOWOGRYVAALCQTLEASRQQO--RIPLLAYIDGS 56
Tery0911 Tery 23040220 PSEARDRILNPIMEAWNKLELA--GIPLVGYLSAS 76
alr3864 Ana 17231356 PVDARNCILPPILEAWEQMRAA--KIPLMGYVSAS 69
Npun045_ Npun_ 23124071 PMEARDRILPPILEAWQUMRDA--QIPLMGYLSAS 69
5110294 Syn_ 16331246 PQEARNQILEPILAAWETLRQA--RIPLMSYISAP 73
glrd4039_Glvi_ 37523608 STKHQQATILEPMLAAWERLRER--RIPVAGYISSS 70
t111668_Thel 22299211 PSMVREELLRPILAAWDOQLRAK--RVPLVGYVSAS 77
Chlo0591 Cau_ 22970555 DEFIRDHFLGQYLNYLEQMRKI--GIPVASYISRT 77
CT1914_Ctep 21674726 SHELTRLNDLORKINGOQDLLII--GIEKSGTFFNH 38
Chlo0996 Cau_22971012 MIYLHEVNTRLAKYHQPPLLII--GLQKKGQIVDY 33
HH1040 Hehe 32266539 RPFIQFLYAKSLNENISYINLV--GLDKSGMFVEH 30
MM0197_Mma 21226299 RDLS---NYLLEKY---DLNLV--GVEKSGSFVEH 33
MJ1262 Mj 15669448 NEKILVEHVEYILTLTELINEF--KDRIIGISKTS 45

NurA Sac_21388538 CNMLRFLIAENQLVLSELVSRY--KDKLLFISENS 38
ST2109 Stok_ 15922435 ELMHKYLVAENQLVMSALISKY--KGKLVWISENS 49
5802248 _Sso_15899021 REMRDLLMLLNQFLVSKIIEEY--DGNVLWISKVS 49
MTH306_Mth 15678334 DTIRDALRSERPVVYLEGIERM--VSIWKLLKKSR 48
5502284 Sso 15899051 ~-FLRSKPRDDILSLRLOATIEG---RNVIGIVERL 60

ST2248_Stok_ 15922580
5T1039_Stok_15921290
PAE0246_Pyae 18311806
5501325_Sso_15898167
APE0082_Ape 14600434
NEQ336_Naeq_ 41615125
PAE2154 Pyae 18313138
APE0109 Ape 14600456
PAE2902 Pyae 18313674
ORF22_Unk_42557712
PAE2249_Pyae 18313211
MKO693_Mkan_20034130
MTH543_Mth_156?ESTl
Faci0362_Feac_22405469
Ta0160_Tac_ 16081320
TVN0230_Tvo_13541061
5502197_Ssa_15898973
ST0765_Stok_ 15920939
PAE0122 Pyae 18311728
BHOO51_Bha 15612614
MMZ2560 Mma 21228662
5T0180_Stok_15920359
5500467_Ssa_15897396
ag_977_Rae 15606289
TM1739_Tma_15644485
DR0O836_Dr 15805862
Consensus/B0%

==YLPEKVREY IVEERIEKVLDE----KYVGIVERL
SEGRERHQEAYLOLTEDRISIL--ENNVVGVVERL
==-GFPEIDWWRVEALWDER-======~ VVAVVERL
TEARRKHRLAYAKLVNERIELL--NNNVIGVVERL
IGDVWSELYRERQRIIASIEAL--GVPVIGYVERI
————EKYDLPIVNEYRDLIKAN--LEKTIFFAKKI
KGGEYEEVNEVVNRLLEWAIESRTSVVATIAKRVRS
IRGQTLIPDCVEGGCVETLLEK-ATRRPASNRAMM
ELATALYTLSRLIKTARERGAR-LVFVSKDHNYKL
=-FENRHYNVEKILENCALHE--NSLLGIGENTKF
VSKDPRLVRYGPRIEDDATRDL-FVRLSKRWGERE
--GANEDSPNRRDYWGRILDAR-RTMLEVCEEEGA
RLGDEAMDIHVAGLSKTCTLYT---TTSMSLLAAV
ENFMYEYMETLEELIRKSYEKG---TTLIFMAKSS
IDADEDYCMGLRSLLEAAARKK=--=--TTLVFVSEST
LDRENDYCLMLRELLEQREKSN---FAIAFVSESS
ILSLDELALYRSTVLRRLEGEN---ELIVGIVENF
-------- LEEYFLVRSNVIKR---KEFIGIVERF
——-DVLKRGGVYAFLYSEIYKRR---YELFGGRRVV
———————— PEEWEVLRNRALER--GTLLVGVSEEI
—=—-YEKVVFVYSESFRENEKL--NEKPLLVEKEAFS
KDPSERISINGETPWLLPIYEK--GEIRGAYFELF
IVERENLNNVENFPWLVINEKH--DETIYGYFELF
LPFIGYVKKHREIYLYPEHIKV=---LOELEVGQRT
VGPIGLVENIGVTELSKEDFEK---LRFLKKGERS
SAVVGYVKTLHTDYLGADRIGL---LSSLKCGERT

59
54
60
67
60
38

101

104

136
30
15
73
22
70
54
64
78
72
44
30
20

16

w

19
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57 s8 H3 H4 H5
EEEEEEEE EEEE HHHHHH HHHHHH EEHHHHH
IDEGIHLAYVREF 2 GDVI¥-MLOST TNIEKIL PLILHHKAGGYLRPL-QLAHHGVEIS 417
AERGVYVAYVRL 2 GDVI¥-MLQST KKIRDIL PLVLSHKSGGYIEPL-RIAHNTVKIS 409
AERGVNIGYVRF 2 GDVI¥-MWQST KKIEDIL PLILHHRVGGYIRPL-QLAHDGAKIS 416
PFEMIPKTYVRF 2 SSPIL-ALEVF 4 KSIEEVI SLLIPYSKLGYPRYL-KDAHNKAKIS 380
DKAEIYGAFVRF 2 SGSI¥-MLEST 1 PIEEDTI AKLCNYEADGYLIPL-THAHRHAEIK 339
YALCFFMLYVPS KDVVF-KVEAP 7 FLRMQIT 1 KVLFDVSLHGFPLTL-TKADHLAKIR 418
YAITFFMLYVPM LDVLF-EVEAFP 7 SVRDLIT 1 EVLFDISVNGIPLTL-SKVDSLAKIG 389
YALCFFMLYVES TODVVE-KVEAP 7 FLERMQIT 1 EVLFDLSLHGEFPLTL-TKADHLAKIR 415
YALCFFMLYVEY KDVVE-EVEAFP 7 SLRMOMT 1 KVLFDLSLYGEPLTL-TKADHLAKIR 413
YEVAFFVVYDPR TDLVH-RVEVP £ CRAAVER 1 VTSCVAREAGPPKPV-GKADELARIS 384
KGIGFCYLKAHQ GYPFV--RVELF 6 GOLNAVI 2 LCGELITGQGYPYAL-EVADQVAVLQ 357
GDNTIYFCYVNV GREVA-RIDMP 7 EMLELVL 2 ILAQVOKGYGY¥PVAL-AERHNQAVVR 367
EDQAIYFCYVHV GTEIA-RIEVF 7 EMFDQAL 2 MLAQVQKGYGYPVAI-AEAHNQAVWR 359
GDQTIYFCYVHV GTEIA-RIEVF 7 TMLEQAL 2 MLAQVQEGYGYPVAI-AEAHNQAVVE 354
PEQRVCFCYVQG SSEVA-RVEFP 7 ELLDQSL 2 VLSQIEKGFGYPVAL-AEAHNQAVVR 363
GPHRVHFCYLHV GSEIA-RVEMP 7 ELRERVL 2 CLAQVEKGFGYPVAL-RERHNRAVVD 354
GAHHIYVAYLHG GSEVV-RLEVP 7 DLWQRAV 2 TAAQIQKGRGYPVAL-AERHNLAVVR 362
GDHOIHFFFLRI GRELA-RIEIP 7 DMVAQWH 2 VYDQAMRGOGYPVVL-CRAHEQAVIR 367
KPYGODTYR-—— GRKLEYKAASG 28 ADVMNLL 2 LVSSRYPNSVSPLVS-AHAEAAIPLN 436
GGFGFETYY--- GQDFIFKTKQG 34 PTAVQLL 2 LOTELYRDAVIPIAL-AHRYTAISTQ 448
SVFGENTYF-—— GIKMFVRKEKE 32 KNILEVL 2 LKCDLYEKSFIPIAM-VNELVSLSNI 44%
NPYARTSYY¥G--- GELIFESRDE 26 DSILQNL 2 LECDMYDNSLEPVAL-ANKLVSLSAH 432
LSSVVKGINFIK 2 PF-¥A-KIDTA 20 KIDKEVL SSLKEISINGYPYIL-KKSHETVEIT 360
LSRKASKLLSGL 2 YFTNL-RLEPS 11 DKIFEXL KVLEPVSLKGYPYPL-IKVHKDVRVG 306
ASFYSFYTRLKE GEKIL-KIEMF 1 NEIENII SILSPISIKGYPYPL-LEVHTDVEVS 305
MEYTTFYTRLDN GKRVI-RVDIV 5 KIVKEIM DRLSGVSIKGYPFPL-LKAHMDVRES 312
PVLDAFFSSLEF TVFYA-KLEEN 14 AEIGE¥L EGLRASSADGYPHIL-RRVKEDVRIT 323
NTEVYVNYLIYP & KFAIL-EVESL NNDSGWV 2 ISSLEFTKDGIPFIL-ATADRTAKEI 343
KIRYYVNYLVIP 6 KFSIL-RIESL HENAPAL VASLPFSNDGIPKIL-SIADKTAKEL 335
DAPTRYAYYLIL 5 MSSYFP-RIESL 2 DSLEELT 1 YIVNRISERLIPTYI-EIADNLSKRV 338
PLPERYLWYIYS ASSIF-RVEAF 2 EYAEEVL 1 TLLENRVVPGLPYHI-ALVDKLAKDL 310
KVPTKYAXYVII 5 PPTEFL-RIEST NENLDIS PVLSRLTERIMPTYI-EIVDRRSKRI 354
GDEKLFEYLILP 9 KRRVY-RIEYT 10 GFRPYHI 1 LSETLLRGSLEPVTL-ARSDRRARSI 354
RDIIFFNKKFKT 1 LAYFG-RNPSL 4 PNNMDLL 3 ANYTNYYGVYEPIVL-ADTIARQYSK 249
LGDVEVVYYVPP 1 HRTAV-EVEVF 3 NIGVDKI 3 LASTASSITGYPQIL-DAVDQYVEWS 352
DVAGLRKFYENL 2 VSTYA-RLAPG 17 GDHLGLL 4 SRLANFSPSGYPVPL-LIAHEKARVS 389
TFPKIYFEYIKF 2 DESPL-LVEIP 18 ARVDDVV 2 LREQFRDPVHYNTWL-WYAHSVASFK 393
NTFGYNTMVKFA 2 SLVL--RADVA 1 KDNEEVI 5 IRGNDLLPMGYPECL-SMAHHISCES 311
LPVDIGGLRGTF 2 SEWVL-YVWEFP -—--KNLS ADALCALFKRYPVRL-RVAHHLAKIG 223
TGYSIFTFYVRT 2 YSFPV-RVWEIP 5 DEAAGIV 1 GTSIEYGGYGIPLPL-VMADEFAKVG 329
-DRLTTITAVKL 2 AGRIF-FEMDIL £ MEVASTL 1 LNARDACFPGYPYGL-VDVDMRARWS 310
TDINYVSEDILP 2 VDLPM-EWQVL 14 NLDEKII 2 LFYGYTGYKVYINLWL-VDVDKKVEFR 321
MEFDLMVSDLLP 2 EDVPI-RFEVF 4 VPFETVL 2 MMYGYTGYKVENLWL-SDIDNMVEFR 301
-LPRSEDLPIRV 2 IGNRD-RFEDL ====VDL MFWSYGGYKVYNIWL-SEVDNLVEFR 302
DSLSIYSLYYQY 2 TSPIV-RIDVL 6 FTPIKEL NIWAMQSIREVTLLN-KLADELSEIN 330
IGLKIYSSYFQL 2 TSPWW-RIDTL 1 PSGLDEI KIWGIEGEKEVTILN-KIADSLAKVR 301
GDLAKYMYYVGYV 4 GIRVL-RAEAF 2 SLAREAD 1 WLGSLADSSGVPVFI-SAADRLARRL 297
HKRESLYIESIQ 5 RSVHWM-RASSS 16 NDVADFL ATMTPEDGRGIPLFL-DIVDREVRLS 2B7
SKIFENTFFPQLE 5 FGDET-EVTRT —-LKSFI 2 RNCIAHGYSGIPIPSIQEVQEYIKFL 211
===PFSWVFLVE 1 TLNMN-WSEIL --HILY¥F 1 GSEPIPEALGYNYPL-FLADKVAKEY 200
---PSSWVEFYIE 2 VFVEN-PEELL --SLI¥N 1 GREPIPEALGYNYPL-FLADKLVKYY 216
SFDKYTWYVKLN 4 ITSVA-RLEVP 16 YLMPKEA 3 FNDKRAPONLIPIKY-LENYLRRRLG 317
PLKKVGAYVKLI 4 IRGLVW-RLETY 18 KTLPHLT 2 LPIPRLPENILPIQF-LEENLSYYLT 288
REQRFTWYVRILC 8 LAGIM-RLEMH 20 ALLSKLG 3 HKDSRAPONLIPTAA-LEQAMNRSMG 329

FETR 1), B e hh.bh- SRS IR hs..h...scp.s.h.

Figure 6. Multiple alignment of the NurA superfamily. The coloring reflects 80% consensus and the coloring scheme, consensus abbreviations and secondary
structure representations are as in Figures 2 and 3. Species abbreviations are as follows. Aae, A.aeolicus; Aful, A fulgidus; Ana, Anabaena sp.; Ape, A.pernix; Bha,
B.halodurans; Cau, C.aurantiacus; Ctep, C.tepidum; Dr, D.radiodurans; Feac, F.acidarmanus; Glvi, G.violaceus; Halsp, Halobacterium sp.; Hehe, H.hepaticus;
Mac, M.acetivorans; Mba, Methanosarcina c; Mebu, Methanococcoides burtonii; Mj, M. jannaschii; Mkan, Methanopyrus kandleri; Mma, M.mazei; Mth,
M .thermautotrophicus; Naeq, Nanoarchaeum equitans; Npun, N.punctiforme; Pab, Pyrococcus abyssi; Pfu, P furiosus; Pho, P.horikoshii; Pyae, P.aerophilum;
Sac, S.acidocaldarius; Sso, S.solfataricus; Stok, Sulfolobus tokodaii; Syn, Synechocystis sp.; Tac, T.acidophilum; Tery, T.erythraeum; Thel, T.elongatus; Tma,
T.maritima; Tvo, T.volcanium and Unk, Uncultured crenarchaeote.

The bacterial orthologs of Mrell and Rad50 are, respec-
tively, SbcD and SbcC proteins, which typically are encoded
in a conserved operon present in most major bacterial lineages.
Most likely, the bacterial SbcD-SbcC operon and the ortho-
logous archaeal Mrell1-Rad50 operon descended from an
ancestral nuclease—ATPase operon of LUCA. Since both
HerA—NurA and Mrel 1-Rad50 operons are much more com-
mon that the complete four-gene operon, it appears likely that
the latter evolved in the common ancestor of crenarchaea and
euryarchaea as a result of fusion of the two gene pairs. The
available information on the functions of the eukaryotic Mrel1
and Rad50 proteins provide hints regarding the possible func-
tional significance of the genomic linkage of these four genes.
The ABC ATPases of the SMC-family, which includes Rad50,
are involved in chromatin dynamics associated with chromo-
some condensation and segregation (82,83). In particular,

Rad50 bridges the double-strand breaks in DNA and facilitates
end processing by the Mrell nuclease (84,85). Therefore, in
archaea, the Rad50 and Mrel1 orthologs could function in a
complex with HerA to repair double-strand breaks, which
could potentially arise during the process of chromosomal
segregation. Furthermore, Rad50 could also function in reor-
ganizing the higher order chromatin structure during segrega-
tion. Archaeal kleisins, which are predicted to be functional
partners of Rad50 proteins (86), are also likely to participate
in this process. The predicted HerA—Rad50-Mrel 1-kleisin
repair system might also function in double-strand break repair
during archaeal DNA replication. However, in view of the
structural, functional and evolutionary relationships between
HerA and FtsK discussed above, it seems most likely that the
principal, essential role of this system is linked to chromo-
somal segregation.
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XAC2443 Xea_ 21243176 67 FQSEHLSLLAGSGLTHAVH  -YLATSKAAAGMDA 57 LTGILNAFSKSILQSERGIATAEEARREQALNT --LVAFLMSFASRS 1 VRDRLNIFTTNYDR
b111926_Bria 27377037 45 FQAEHLNLLLGSGFTTAVG  -YLGGVGAT V 56 IDAQMSGFLTSLLKTESGIVAGKDPASKDAALG -ALQSFLLSFASRA 1 SRERLHVFTTNYDR
XAC2189 Xax 21242924 32 PHYHRGTILLGNGASMAVS  -PSPGYGSL 29 QASNVNKSLRIPDDRTHQAYVHVRDCLIQAVRD 3 EYEPVSGLLPSMYQ 1 LKGFDTVISLNYDL
ERAD375_Brsu_ 23500128 12 VENYGCTILLGNGASISVN —PSFSYTSL T 29 QASNVNRSLRIPDERTHATYVALRDCLIQTVRD 3 EHGAVSAHLPTIYQ 1 LEKRFQTVISLNYDL
NE2530_Neu_30250449 14 AE-GWSSLLLGNGASIAIH  -KEFAYPTLHGIAD 28 YAEHVNGALGTPSAAISAAYEEVRTALIEAVHS 3 VHADVAADLORVGA 1 ASAFPTVVWSLNYDI
Pflu2135_Pfl_23059957 39 ATTDFSGLLLGNGASRAVW -DD!GYDSL:!g:R 31 TTSRVNKALAVSSAAPRNRYYAIKEALINTVHA 4 WRLIEASTLTTLNS 1 LARYRTVFTTNYDL
PP1406_Pput_26988140 16 ARHPCDALLLGNGASRAVW  -KPPGYFSL Q 32 TTVRTNAALAINSTAPLNRYYSIKEALIHAVRT 4 WPLMPKATLATLNQ 1 LRGYRSVYTSNYDL
LAL794_Lepin_24214494 15 PENKKPHLLLGNGFSISWN  VNEKFSYQSLLDKAD 28 DASKVVEYYNNKNLVDDLIYDANKLEETLAQTI 7 PSEIDRDSYEHCKK 1 LSYFKHI¥TLNYDL
LA1852 Lepin_24214552 1 ---MEVAFLLGAGESYDLG -MPLGIDLTNEFLN 54 ELASISKEGGVIKTSYRYLLNLFYETIYSNLML 9 YKTNFDLYAGLKHV 1 NENETWEETLNHDI
NE2094 Neu_ 30250034 13 YYSKAPIIILGSGASATHG  -MPGMRGLAQHLTD 36 VSEELTCRIINSTWSLINSEDAAIFKNSLONSS -MFPLSRLLEHMFE 1 SLEKINIVTTNYDR
seall_Seen_3B201747 13 YYGKAPLIILGSGASARHG  -MSGMG VA 36 VTEELTSRIITATWTLISSEDIQVFHYSLONQA =MFPLSRLLNHMFK 1 SLTKINIVTTNYDR
EF2349 Efae_ 29376850 13 LSEERTTFLFGAGASVPFF  -SSLGKIEEYMTSK 29 KKGESENHLDSGSSVMNQYSREIFNCV-===== ===--EFLKLRNSR 1 SPRRTNIFTTNYDL
YVADG89_Vivul 37676349 33 CQLENVGVLLGAGASKSAG  -GMVMKEIWLDFKS 40 VMDTWQQDSTALFNVLVELYRSVTKAALLVNSD 13 KHRNLLEKLLSNRQ 1 GQAAPSIFTTNYDL
VE1B02 Vipa 28B98576 90 DQANSVMIEKGYVLSQYYL  -HVDLSALTVDILD B7 LGMALDAQHFSLKAALKDIWDKPDFLTLEQQQL 67 GSLPHAFETALVDE 1 QQTKSHVATLNYDK
PG1107_Porgi_ 34540840 73 SNRQSIAILLGAGFSAPKG  —YPIGNDINKKRIQN BO DLINKSDDYDNYLFNVVHIYNOMVLYLLKDKEG 13 ADAYNEFLLYLSQQ 1 KECIINIHTLNHDL
Sir2 Smel 16264652 12 LERRHAVLFVGAGVSMSVG  LPSWKTLVDHILSE 10 PDISYQTIAECYRLQHGDITSLCEWMRONWRV- 1 PERIERSELHRLIV ELDFEVI¥TTNYDS
AK024756.1 Hs_10437125 3B KEPRELVINIGTGISAAVA 5 LESWKGLIQALLDA 9 EESKKFQKCLHEDKNLVHVAHDLIQKLSPRTSN 11 EVFDGLESKMEDSG 10 MENGALVLTTHFDN
FLJ21103_Hs_13375721 3B KEPRELVINIGTGISAAVA 5 LESWKGLIQARLDA 9 EESEKFQKCLHEDKNLVHVAHDLIQKLSPRTSN 11 EVFDDLESKEMEDSG 10 MENGALVLTTHFDN
FLJ20635_Hs_15489177 25 KQPQELLIVWIGTGVSAAVA 5 LCSWRSCIEAVIEA O GDVAEFRRKVTKDRDLLVVAHDLIRKMSPRTGD 11 EVFDDLEQHIRSPL 8 MDRGAMVLTTNYDN
LJ1095 Laje_42519021 30 KEDNALVCFLGAGTSISQG  YKDWNGYVQDEIQY 34 YSNERKVDMVHHMIKKYCKSKSMAQNDEEKTKY 11 FLEINPIKKINEII 3 LNLSAIFITTNYDN
RPA0S819_Rhpa_39933896 64 VREEGRAVFFGAGLSIPCG  IPGWSQLLONEFKIE -RALLEDADLRDDPLTMAELASKQVGHENLQET 5 QAATKFSVNHALLA ALSCPI¥ITTNYDV
CV1059_Chvi_34496514 29 INSQKVTIFAGAGISTESR  IVLENTFYDDVALE 9 VKELTFPNLMQALKSQPNGRIKLLEMITKRFSL 5 ELREMATRFHRELG 1 FFPIKNIITTNWDT
TDED266_Tden_ 42525782 8 YNEKKVILFVGAGVSENLK 5 DVFETYGENLALAEYYRIIKGNIGPLRSWMDTN 4 GINISDSKIHELIA KAKFPII¥TTNYDR
MBNC211202_Mesp_45916072 12 IERRSAVLFVGAGVSMSVG § KSSRYSYQTLAEYYRLKQGSLGPLRSWMDRNWS 2 REKVEKESLLHRLIV ELDFPIIYTTNYDR
usg_Pepe_ 11322457 16 INEGYAAVFAGAGLSVASG --LNLNIEEENDLTKVAQYYRNEFKSRGDINQT &5 SKEKEPNENIDILT RLPIYTYWTTNYDK
Aple047201_Acpl_ 32033900 14 LSANNLAIFAGAGLSVSAG --LDINKEENDLVSLAQYYVNSKCGKRSKINYL 5 SREKAEITENHRILA RLEIDTFWTTNYDP
BB0483_Bobr_ 33599473 16 LAEGNLAIFAGAGLSRAAG ~-DLDVEKEWDLVTLAQYHANANATNRSKLNGM S5 SSGVAPTENHEILT RLPIQTYWTTNYDK
pX02-73_Ban_10956463 14 KINTAPFLFIGSGESKRYL IWWKEQQFENNRKEFKDRISSKQSPLKVEVAKY 8 GLDEKNDKEIAALK KIVIDGIITTNWDL
BC1912 Bce 30020052 14 KISTAPFLFIGSGFSRRYL IWWDDDKYLTSREKFEKGKINTIESPLKIEIAQY 8 GENENNDREIDALK QVVIDGIITTNWDI
BC1271_Bce 30019423 18 QLAISPVEFVSSRISRRYF KLCDMYYEKLADEQL-EPNKDKIYYFKKRITDI 8 MDSFDDNHEIEAFK KTSPSAVITTNYDL
BKS5-Tp30_bk5-t_ 14251154 9 DNNQFPIIFVGSGWTKRYF MMAGILEEKINNAFYSDELNIDNLTLAQAHTEH 9 NTFSNLDRKKGFDE 8 LVKARFIVITNYDN
SAG1992_Saga 22538128 9 ENNQFPIIFVGSGITQRYF LLEKEVSKAFINGNIQVDONLDLKTAYELNISPF S5 NRFSNLKIREEKIE 8 LSKARIIITTNYDN
plud3z4_ Phlu_ 37528154 7 NFKNYPIVFIGSGMSKRYL YIEKKFKELFNSGKISLEGLTSKRVEDEDISPF 5 QRFKQDKLROMIKK O LENAKMIITTNYDS
liei_Aful_14278228 21 AESEYLVALTGAGVSAESG -RPEELANPQAFAKDPEKVWKWYAWRMERVEN- AQPNKAHQAFAELE 1 LGVLKCLITONVDD
PABD801_Pab 14521406 10 ASSENAIAFTGAGISAESG -RPEELATPEAFARNPKLVWEFYKWRINKILK- AKPNPAHYALVELE 1 MGILRAVITONVDD
APE1782_Ape 14601621 14 ANSRFAVAFTGAGISAESG —-DFRDLATPEAFNRDPRLVWEWY SWRIERVLA— AKPNKAHRLLARLE 1 SGVLKAVITONVDG
ag_2170_ARae 15607106 1 MENLNIVTLTGAGISAESG ~KPEELATPEAFFRNPELVWEWYDWKRQLIAK- RQPNEGHKILTKME 1 EFPNFYLITONVDG
CPED256_Clpe 18309238 13 KNSNNIVEFGGAGVSTESG FTPEQLVSHSFFERYPEEFFNFYKAKLIYPN-- SKPNDAHIALAKLE 1 MGEKLKAIVTQNIDG
TMO490_Tma_15643256 11 NESRLTVTLTGAGISTFSG --SONVFDIDFFYSHPEEFYRFAKEGIFPMLQ- AKPNLAHVLLAKLE 1 KGLIEAVITQNIDR
HST1_Sc_6324504 198 RMAKKILVLTGAGVSTSLG EDPQDVFNLDIFLQDPSVFYNIAH-MVLEPPE-- NMYSPLHSFIKMLQ 1 KGKLLRNYTQNIDN
Sir2p Sc_6320163 252 HTARKILVLTGAGVSTSLG DDPQDVENYNIFMHDPSVFYNIAN-MVLPEE-- KIYSPLHSFIKMLQ 1 KGKLLRNYTQNIDN
8502478_Sso_15899220 11 ISSSYTIAFTGAGISTASG -=SPELASIEYFEKDPENFWGFYSLRMRGLFE- AQPNKAHYSLAELE 1 MGIIEVIITQNIDG
cobB_Ec_26247264 38 MEKPRVLVLTGAGISAESG ~RVEDVATEEGFDRDPELVQTFYNARRRQLOQP 1 IQPNAAHLALAKLY 2 LGDRFLINTQNIDN
TTC1026_Thth 46199328 12 EEAKRVAVLTGAGISKPSG =NPLDYATEEAYARDPEKVWAWYAWRIQKVRE= AKPNPAHYALVELE 5 RGGSFLLWTQONVDG
SIRTS Hs 6912664 48 AKAKHIVIISGAGVSAESG ~QAQDLATELAFAHNESRVWEFYHYRREVMGS - KEPNAGHRATAECE 5 QGRRVVVITONIDE
Consensus/B0% PP NN.GEGhS v T = L PP P sasrse e e s s e+ NWTPNRD,
H2 5tr-3 Helix-3 strd Held strh
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XACZ2443 Xca 21243176 2 LIEAGAEL------ -AGLHLLDRFLGNLTP 19 GEPRYLEGVARFTEKLHGSV 58 FRDLAAATCRPN---STLVTYIGESF-- RVIRDML-TI--PSTHLVVIS 1B
bl111926_Brja_27377037 -AGLRIIDRFVGALNP 19 GEPRFMEGVIRLTKLHGSL 55 FROFAAARACRPN---AVVWTYGYGF--Gl RVLFODML-TI--PSTHLVIMA 16
XAC2189_Xax 21242924 ~GLNVQDGHRFKDCF 16 RGLYREQTNTLVEYPHGNL 56 ATVYREVLTSHR---STLTLFGNGIGEHS! KEMYGTGIQR--VAVSVFGGS
BRAO375_Brsu 23500128 --GLDIDDRHAFEDCF 14 QPIRGERSTSLVFYPHGSL 56 STVYREVLESQR---DTLVVYGHGFAEQ QRMNGTGINR--VAVSVFRGD
NE2530 Neu_ 30250449 --FNAANGSWFKDAFH 12 RPYGHAAGATLVEYPHGSL 59 TNVYEEVLPALG---ESLVVYGWSFDER LAATAANPPKR--MAVSVFTGQ 5
Pflu2l135 Pfl 23059957 -QGEVIDDLFNGPDAS 1 DLCESHTGKPRLLYLHGGL 57 LSFCY¥DOLLEHG---DNLCIFGHALGEQESELVRALRLAKPKT--VAISIYPRS
PP1406_Pput 2698E140 LLEWAVQH-- ~APSGFAELFDEQGYF DVRRTGSEGTEVLHLHGGL 53 LSWCLGQOLAQEN---HGICLFGOHLDSS DAVRQARPOQ-~LSIATIRPLG
LAl1794 Lepin 24214494 LLYWTIMQ--DEITPTFTCDDGFENEDSD 5 TWDIGNTNSONIFYLHGAL 55 LNRGLRSFANLT---DPLIIFGHSLTDS TILELMERGEFEQ--LFISIYGNH 4
LA1852 Lepin 24214552 ELELLCID--YDIPATYGDTEVIKFPIDN 21 KAYFKNKFGANIVELHGGL 86 KLKLFEDVMKSV---DKLIIIGYGF--G INFRINHQOLVEN--EKFTIEIVD 6
NEZ2094 Neu 30250034 LAEYACDQ--SRIHHYTGFTHGFFRQLAT PDELTCSRRVNIWKVHGSL 45 IINNADIAINEA---GSYLCIGYGF-- IWOPELMAKCQRQ--GAEFVTIITY 3
seal0_Seen_ 38201747 = LAEYACDQ------ EGTHHYTGFSHGFFR 4 PNEITSARRVNIWKVHGSL 45 TIHNADLAINAA---NSFLCIGYGF-- BIOPNIMAKCIRQ--NTPITIITY 3
EF2349 Efae 29376850 FLEIAVEK-NIESNFKIFFNDGTNGYMKR 17 DNYANELPTINLVECHGSY 119 ITDIVORSL-NN-PRLLVFIFCY 14
VVA0689 Vivul 37676349  RIEWSAEE------ SGINLINGFSGIHSE 17 GEARFGHYNMYLYKLHGSL 57 BINRIILGAL-LN--PSLHIVICY 1
VP1802 Vipa_ 28898576 = LLYNSFI-------- DNDLVDGYNGSLID 11 LERKYDNNFGYYLHLHGSP 43 KPYLEVT--PLRVVEWSG
PG1107_Porgi_34540840 =SNINGNISDGFDEYGSE 17 RYTGRYNTPIRLYKLHGSI 71 LFKKFRNNLSKA---NSLITIIGYGC--KDEGINEMIKDNFDYE--NEPSFIIDKE 1
Sir2 Smel 16264652 = NLEIAYEV-------- YGERYAKISHVRD ~IASAPAGVTRIIKYHGDF 24 VRFRSDALE------ ATVLFIGYSM--SDLNIRLLLARIWS IW--RRSGHEKDR
AK024756.1_Hs 10437125 LLELYAAD----0GKQLESLDLTDEKKVL -EWAQEKRKLSVLHIHGVY 24 EIQKLYENKS FLFLGCGWTV--DDTTFQALFLEAVEHK---SDLEHFML
FLJ21103 Hs 13375721 -QGKQLESLDLTDERRVL -EWAQEKRKLSVLHIHGVE 24 EIQKLYENKS-----FLFLGCGWTV--DDTTFQALFLEAVKHK---SDLEHFML
FLJ20635 Hs 15489177 LLEAFGRR---~-0ONKPMESLDLKDKTEVL ~EWARGHMEKYGVLHIHGLY 24 VWLONLYRT-—----- KSFLEVGCG---ETLHDQIFQALFLYSVPNKVDLEHYML
LJ1095 Lajo_42513021 QIERRYE-=---~-, ATFOSRPNILEDINAL -ENIDKLADKSILHMHGTF 23 AKKKIETQLIKONA-HVLLFIGSSL--QEEEVLNLEFSSDSLNL-KKYALMOLRD
RPAOB19 Rhpa_39933896 LFEKAFKEIHRGGKIPVVVNDADMQTNEV -QDALANKEDPVLFEIHGCA 23 FFTKIKSLMED----HCVLFAGFSH--KDPEVSRLVEDIIYDY-ENHQSGKFPAF
CV1059 Chvi_ 34496514 BFEBEECR == == i ATPFVFDQD -~IAFWEAAKRRVLEIHGSE 24 IGSKLKDILAT----QTIIFIGYSL--SDYDFNSI¥TFVRKQM-RGLHKQAYIV
TDE0266_Tden 42525782 -—RYSIAYTKIATVSD ~ISKITDGVPQIVEFHGDF 22 LDIKFRSDVLG--—-ESVLFIGYSL--SDVNVRYLYHKLKK-——-——- LWEANV
MBNC211202_Mesp 45916072 -=YGRDFVEVANARD -ISRIADGVTQIIEYHGDF 22 LDVKFRADALG----RTILFIGYSL--SDMNIRLLLHRLWQT-------! WRDSG
usg_Pepe 11322457 -5TQKYDRDAILYEMHGDV 22 FTSILOGDLIS----KTFLFIGFSF--EDFNLTNVLAATRENIL-DENISNNYWL
Aple047201_Acpl_ 32033900 ~PVSIHKRDAVVYEMHGDY 22 FFTALRGDLLT----ERFLFLGFSF--ADPNIDY ILSRIRASY-SENQKEHYCI
BBO4E3 Bobr_ 33599473 —NGEVPOVEYTNEQL -ATTRSKRDAVVYEMHGDV 22 FITALSGDLIA----KTFLFLGFSF--TDPFNLEYILSRVRIQF-AQDQRQHYCI
pX02-73 Ban_ 10956463 ————QEMQVYIGQKEL -LFSHPLEINEI¥KIHGCS 22 LAAKLLTVFIE--——HPVIFLGYSI--SDDNIQQILKAITRCL-DQDNIHKLKD
BC1912 Bce 30020052 -—--SDIKAYIGQKEL -LFSQPFEVNELYEIHGCS 22 LAAKLLTIFIE----HPVIFLGYSI--SDPNIQQILDSITACL-DQENIDKLEN
BC1271 Bece_30019423 --DYDVYIGQQSL ~LSTHNLGAVGEI¥KIHGCY 22 LNAKLLTLFLE----YPIIFLGYSL--SDRNVLSTLTSIIKML-PQEKVNELSN
BES-Tp30_bk5-t_14251154 -~LFVKSNDYGEL¥KIHGSV 22 VNAKILSNLTE-—--SPILFIGY¥SL—-TDKNIRELLTSYSENL--—-PYEISEA
SAG1992 Saga 22538128 -—INVSVKINVGNEG- ~LFLKSSDYGELYKIHGTV 22 INAKILSNLVE----SPILFLGYSL--TDENIRKLLTDFAENS----PFDISES
plu4324  Phlu_ 37528154 ——QNVEPKMYIGNEG— -FFDDTIGWSELYKIHGDT 22 ISAKILSSMIK-—--SSIIFIGYSL--TDRNVKKLLTDFSSQL-—-PKEDKRKS
lici Aful 14278228 GSRNVIELHGSL 43 LPPOVLDRAMREVE-RACVIIVAGT--SAVVQPAASLPLIVEQ-RGGAIIEINF
PABOBO1 Pab 14521406 LHREA- GTRNLIELHGNI 48 LPREELDRAFK-LAEKADAVIVVGT--SGLVEPAAYIPYIVKE-SGGTVIEVNV
APE1782 Ape 14601621 LHRRA- GSRAVLELHGNV 42 LDTSLLEEAFG-LARRSOVMIIIGT--SGAVDPAGLLPLAAKE-SGATLINVNE
ag_2170_Aae 15607106 LHQRA GSKEVIELHGNI 43 LPVDALSRAYE-LSREAHVFIVVGT--SGVVYPAAELPFVAKE-NGAQVIEVNE
CPE0256_Clpe 18309238 LHOMA GSKNVFELHGSV 43 LDDNWIRGAID-AISKADTLIIGGT--SLVVYPAAGLINYYF--RGEKNLVLINK
TM04590 Tma_15643256 LHORA- GSKKVIELHGNV 46 LPQDALREAIG-LSSRASIMIVLGS--SLVVYPAAELPLITVR-SGGKLVIVNL
HST1 Sc_6324504 LESYAGI DEDELVOCHGSF 76 LPSREHKTIRK-DILECDLLICIGT--SLKVAPVSEIVNMVE--SHVEQILINR
SirZp Sc 6320163 LESYAGI STDKLVOCHGSF Bl LENKFHKSIRE-DILECDLLICIGT--SLKVAPVSEIVNMVE--SHVEPQVLINR
5802478_Sso_ 15885220 LHQKA GSKENVIELHGTM 44 EPVENIYEALS-IAYESDIVISIGS--SLTVEPANLIPOTVEE-RGGELIILNM
cobB_Ec_26247264 LHERA: GNTNVIHMHGEL 41 EMPLGMDEIYM-ALSMADIFIAIGT--SGHVEPAAGFVHEAKL-HGAHTVELNL
TTC1026_Thth 46199328 LHARA GSONLVELHGNL 41 LPEGRAWERAER-AFAEADFALVVGT--SAEVEPAASLGRIAFA-SGAYLVEVNE
SIRTS_Hs_ 6912664 LHREA- GTENLLEIHGSL 65 LDEAILEEVDR-ELAHCODLCLVVGT--SSVVYPAAMFAPQVAA-RGVEVAEFNT
Consensus/80% RaPeSesrearsnnnsrnnssansnvsns s oswesveasshhchHGsh heeshessBovs s ps.hhhshu. . pS. R Bacarenrsnrenananse
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Figure 7. Multiple alignment of the predicted Sir2-like nuclease. The coloring reflects 80% consensus and the consensus abbreviations, coloring scheme and
secondary structure designations are as in Figures 2 and 3. The histidine and aspartate residue conserved in the predicted nucleases are shaded red. Secondary structure
elements are numbered according to their position in the core Rossmann fold. Helix 0.1 and 0.2 reflect helices that are synapomorphic to the Sir2-clade. Species
abbreviations are as follows: Aae, A.aeolicus; Acpl, Actinobacillus pleuropneumoniae; Aful, A fulgidus; Ape, A.pernix; Ban, Bacillus anthracis; Bce, B.cereus; bk5-
t, Lactococcus phage bk5-t; Bobr, Bordetella bronchiseptica; Brja, B japonicum; Brsu, Brucella suis; Chvi, Chromobacterium violaceum; Clpe, Clostridium
perfringens; Ec, E.coli; Efae, E faecalis; Hs, Homo sapiens; Lajo, Lactobacillus johnsonii; Lepin, Leptospira c; Mesp, Mesorhizobium sp.; Neu, N.europaea; Pab,
P.abyssi; Pepe, Pediococcus pentosaceus; Pfl, Pseudomonas fluorescens; Phlu, Photorhabdus luminescens; Porgi, Porphyromonas gingivalis; Pput, Pseudomonas
putida; Rhpa, Rhodopseudomonas palustris; Saga, Streptococcus agalactiae; Sc, S.cerevisiae; Seen, Serratia entomophila; Smel, S.meliloti; Sso, Sulfolobus
solfataricus; Tden, Treponema denticola; Thth, T.thermophilus; Tma, T.maritima; Vipa, V.parahaemolyticus; Vivul, V.ulnificus,; Xax, Xanthomonas

axonopodis and Xca, Xanthomonas campesteris.

Many members of the FtsK—HerA superfamily contain
membrane-spanning regions that probably anchor them to the
cell membrane during DNA pumping. No such membrane-
spanning regions are present in the core orthologous set of
archaeal HerA proteins. The contextual association (albeit
weak) of HerA and the highly conserved small membrane
proteins typified by MJ1617 (COG2034) implicates these
proteins as potential candidates for the role of a membrane
tether for HerA. In the case of other HerA ATPases, additional,
poorly conserved membrane proteins might function as their
partners. However, the absence of membrane-spanning regions
in HerA proteins themselves or conserved genes for membrane
proteins in the predicted herA operons raises the possibility
of fundamental functional differences between HerA proper
and the rest of the FtsK—HerA superfamily ATPases.

Additional nuclease connections of the FtsK—HerA super-
family and prediction of a novel nuclease with the Sir2 fold.
Several previously described conserved gene neighborhoods

of VirB4, VirD4 and FtsK encode components of the T4SS
of proteobacteria or the ESAT-6 system of Gram-positive
bacteria and actinomycetes (17,87). However, in other con-
served gene neighborhoods, FtsK—HerA superfamily ATPases
are encoded together with nucleases involved in DNA pro-
cessing. In particular, genes for ATPases of the TrwB/TrsK
and the TraG families of the VirD4 clade are found in operons
that also contain genes for conjugative relaxases of the TrwC
and TraA families, respectively (Figure 5B) (65,88). These
relaxases have an N-terminal nuclease domain of the rolling
circle replication (RCR) fold combined with a C-terminal SF-I
DNA helicase domain. The TraA relaxases belong to the RCR
superfamily proper, with a HXH active site motif and a
catalytic tyrosine (89,90), whereas the TrwC relaxase domain
shows an evolutionarily distant, circularly permuted version of
the fold [(91); L. Aravind, unpublished data]. Thus, at least on
two independent occasions, VirD-like ATPases appear to have
been combined with distinct members of the RCR nuclease
fold in conserved operons.
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The VirB4-like ATPases of the YddE family encoded by
conjugative TNO16 transposons often co-occur with genes
for a large membrane protein with six transmembrane regions
(YddG), a hydrolase of the NIpC/P60 superfamily (92), a
smaller membrane protein with a single transmembrane region
and a catalytic tyrosine containing relaxase of the pT181-Rep
domain superfamily, which is unrelated to the RCR super-
family relaxases (Figure 5B). Using iterative sequence data-
base searches with the PSSM for this relaxase family, we
showed that they are homologous to the nicking enzyme of
the filamentous bacteriophages, such as M13 and fl. In these
phages, the nicking enzyme functions in conjunction with the
packaging ATPase that also belongs to the FtsK—HerA super-
family. Thus, as in the case of the RCRs with the HXH motif,
the pT181-Rep relaxases have also formed multiple, indepen-
dent functional associations with ATPases of the FtsK—HerA
superfamily. NIpC family hydrolases encoded by the adjacent
ORFs in these transposons are likely to facilitate local degra-
dation of the cell wall, whereas the transmembrane proteins
are likely to be components of the conjugation tube through
which the DNA of the conjugative transposons is pumped by
YddE after it is processed by the associated relaxase (Figure 5;
Supplementary Material). Thus, persistent operonic associa-
tions with several unrelated nucleases are prevalent in differ-
ent clades of the FtsK—HerA superfamily.

This contextual theme was exploited to predict previously
uncharacterized nucleases with probable functional links to
FtsK—HerA ATPases. Several members of the proteobacterial
bl11925 family of the HerA clade, which contains a divergent
version of the HAS barrel (Table 1, Figure 5), are encoded next
to a conserved, co-directional ORF. This ORF, bll1926, is
unrelated to NurA, but iterated database searches using PSI-
BLAST showed that it defines a previously undetected protein
family, which is distantly related to the Sir2 proteins. Despite
their high sequence divergence, the bll1926-like proteins con-
tained all the hallmarks of the Sir2 fold (a variant Rossmann
fold), such as the glycine-rich loop at the N-terminus, the
central NhD motif (where h is any hydrophobic residue)
and the C-terminal HG motif. However, the bl11926 family
proteins lack the Zn-ribbon insert characteristic of the Sir2
family and contain a distinct, C-terminal DXH motif which is
absent in Sir2 (Figure 7). Members of the Sir2 family deace-
tylate acetyl-lysines in a variety of protein substrates, a reac-
tion that utilizes NAD and produces 2'-O-acetyl-ADP-ribose
(93-96). A superposition of the conservation pattern of the
bll11926 family onto the crystal structure of the Sir2 catalytic
domain (94-97) suggests that, despite the conservation of the
active site residues, the surface involved in peptide interaction
in Sir2 is not conserved between the two proteins (Figure 7).
Furthermore, the additional DXH motif of the bl11926 family,
together with the conserved histidine of the HG motif, forms a
potential di-histidine active site configuration similar to those
in nucleases or phosphoesterases of the RNAse A and 2H
superfamilies (98,99). Given the persistent linkage of the
FtsK-HerA ATPases with nucleases, we predict that the
bll11926 family proteins are nucleases rather than deacetylases
like the Sir-2 proteins. Hence, two very different catalytic
activities appear to have emerged within the same fold as
a result of recruitment of partially different sets of con-
served residues for the active center of Sir2 and bll1926.
The apparent horizontal mobility of the bll1925-bl11926

pair in proteobacteria mirrors that of the HerA—NurA gene
pair. This observation suggests a close functional parallel
between these systems and supports the prediction of the
nuclease function for the bll1926 family of Sir2 homologs.

Despite the close functional association with various
nucleases, as indicated by the presence of conserved operons,
HerA ATPases do not form fused genes with any of these
nucleases. There might be a single exception to this trend.
A protein from A.aeolicus, aq_1852, consists of a HerA
domain and an N-terminal HKD domain, the catalytic module
of numerous phosphohydrolases, such as phospholipase D,
eukaryotic tyrosine-DNA phosphodiesterases and certain
DNAses, such as Nuc (100-102). Thus, the HKD domain
fused to the HerA ATPase in aq_1852 could be a DNAse,
polynucleotide phosphatase or a tyrosine—-DNA phosphodies-
terase. The (near) absence of HerA-nuclease fusions is some-
what unexpected because, on many occasions, genes that are
part of the same operon in some genomes are fused others
(103). The absence of such fusions suggests that FtsK—
HerA superfamily ATPases and the associated nucleases
might be present in the respective functional complexes in
non-stoichiometric amounts.

GENERAL EVOLUTIONARY CONSIDERATIONS
AND CONCLUSIONS

The majority of experimentally characterized members of
the FtsK—HerA ATPase superfamily are involved in pumping
substrates, particularly DNA, through membrane-spanning
pores. The two primary clades of this superfamily, HerA
and FtsK, show nearly perfect complementarity in their phy-
letic patterns: predominantly archaeal HerA (the core ortho-
logous set) versus mostly bacterial FtsK. Together with the
evolutionary relationship between these proteins discussed
here, this suggests that HerA and FtsK perform analogous
functions in DNA pumping during cell division. The operonic
organization of HerA, NurA, MREI11 and Rad50 that is con-
served in most archaea suggests additional players in this
process and points to the potential importance in it of double-
strand break repair. The bacterial orthologs of MREI11 and
Rad50 do not form operons with FtsK and so far have been
implicated only in recombinational repair pathways (104,105).
It appears likely that functional association of HerA—NurA
with Rad50-MREI11 is an archaeal innovation.

While at least one representative of the FtsK—HerA families
is present in each prokaryotic genome, they are practically
absent in eukaryotes except for some fungal forms which
probably were acquired via relatively late HGT. Given that
eukaryotes evolved a mechanism of chromosome segregation
that is radically different from the prokaryotic one, this obser-
vation lends further support to the conjecture that FtsK and
HerA are functionally equivalent enzymes, which are ancestral
in the bacterial and archaeal lineages, respectively. Eukaryotes
probably lost HerA and its nuclease partner, NurA, concomi-
tantly with the advent of the new segregation mechanism,
whereas their functional partners, MRE11 and Rad50, have
been retained as essential repair enzymes.

Under the most parsimonious evolutionary scenario, FtsK
and HerA descended from a single ancestral ATPase pump
that was present in LUCA, along with several other P-loop
ATPases. It seems likely that separation of the FtsK—HerA



lineage from other related ASCE ATPases coincided with a
critical early stage in the evolution of life, the origin of a
specialized, active mechanism for segregation of daughter
genomes during cell division. It is also notable that viral
packaging ATPases comprise two of the early branching
lineages of the FtsK—HerA superfamily. Thus, DNA packa-
ging into capsid-like structures might have evolved roughly
synchronously with chromosomal segregation.

Other conserved bacterial cell division proteins, such as
FtsA, MreB and FtsZ (106,107), are not universally repre-
sented in all prokaryotic lineages. To date, FtsA is absent
in almost all archaea, MreB is absent in all crenarchaea and
several euryarchaea and FtsZ is absent in all crenarchaea [V.
Anantharaman and L. Aravind, unpublished data; (108)].
These phyletic patterns raise the possibility that the cell septa-
tion apparatus in LUCA lacked some of the key extant com-
ponents. At least part of the septation apparatus, along with the
cell wall, might have evolved later than the putative DNA-
pumping complex that included the prototype FtsK—HerA
ATPase. Hence, the proto-cells, prior to and including
LUCA, probably were relatively simple structures that did
not possess a complex apparatus for septation that is seen
in extant cells and principally depended on DNA-pumping
for daughter genome segregation. Despite functionally similar
associations of the FtsK—HerA superfamily ATPases with
nucleases, none of the nuclease partners of the FtsK—HerA
superfamily ATPases can be traced to LUCA. Given that even
the smallest plasmids, conjugative transposons and phages
have a nuclease or topoisomerase that functions along with
the pumping ATPase of the FtsK—HerA superfamily, the
ancestral nuclease might have been displaced during evolution
of large cellular genomes. The mechanisms for decatenation of
replication products of the larger chromosomes appear to have
evolved independently in the archaeal and bacterial lineages,
resulting in the independent recruitment of NurA and Xer/
ParCD enzymes, respectively.

Thus, using computational analysis of proteins sequences
and structures along with genome context analysis, we predict
the central components and the possible mechanism for chro-
mosomal segregation in archaea. The observations described
here may help in designing further experiments aimed at dis-
section of two of the most fundamental biological processes,
chromosomal segregation and cell division.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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