Published online 7 September 2020

SURVEY AND SUMMARY

Nucleic Acids Research, 2020, Vol. 48, No. 18 10045-10075

doi: 10.1093narlgkaa726

Comprehensive classification of ABC ATPases and
their functional radiation in nucleoprotein dynamics
and biological conflict systems

Arunkumar Krishnan ~, A. Maxwell Burroughs ~, Lakshminarayan M. lyer

L. Aravind

and

National Center for Biotechnology Information, National Library of Medicine, National Institutes of Health, Bethesda,

MD 20894, USA

Received June 03, 2020; Revised August 17, 2020; Editorial Decision August 18, 2020; Accepted August 20, 2020

ABSTRACT

ABC ATPases form one of the largest clades of P-loop
NTPase fold enzymes that catalyze ATP-hydrolysis
and utilize its free energy for a staggering range
of functions from transport to nucleoprotein dynam-
ics. Using sensitive sequence and structure analy-
sis with comparative genomics, for the first time we
provide a comprehensive classification of the ABC
ATPase superfamily. ABC ATPases developed struc-
tural hallmarks that unambiguously distinguish them
from other P-loop NTPases such as an alternative
to arginine-finger-based catalysis. At least five and
up to eight distinct clades of ABC ATPases are re-
constructed as being present in the last universal
common ancestor. They underwent distinct phases
of structural innovation with the emergence of in-
serts constituting conserved binding interfaces for
proteins or nucleic acids and the adoption of a unique
dimeric toroidal configuration for DNA-threading.
Specifically, several clades have also extensively
radiated in counter-invader conflict systems where
they serve as nodal nucleotide-dependent sensory
and energetic components regulating a diversity of
effectors (including some previously unrecognized)
acting independently or together with restriction-
modification systems. We present a unified mech-
anism for ABC ATPase function across disparate
systems like RNA editing, translation, metabolism,
DNA repair, and biological conflicts, and some unex-
pected recruitments, such as MutS ATPases in sec-
ondary metabolism.

INTRODUCTION

The nucleotide triphosphates (NTPs), predominantly ATP
and GTP, are used both as substrates for biosynthetic re-
actions and as the ‘energy currency’ to perform mechani-
cal work in cells. Out of the large number of NTP-binding
protein folds at least 10 distinct folds have evolved to use
the free energy of NTP binding/hydrolysis to drive biologi-
cally useful work. Of these, the P-loop NTPase fold (named
after their eponymous NTP-binding sequence motif) is by
far the most widespread and diverse, being present in 10—
18% of the proteins with globular domains encoded by the
genomes of cellular life-forms (1-5). P-loop NTPases cat-
alyze the hydrolysis of the B-y phosphate bond of a bound
NTP. The majority of members of this vast assemblage of
proteins use the free energy of this reaction to drive con-
formational changes in themselves and other interacting
molecules across all cellular processes (2-5). Depending on
the context of the conformational changes and the rate of
NTP hydrolysis, the P-loop NTPases act either as switches
that ensure quality control of macromolecular assembly
pathways or as molecular motors/engines (2-7).

In the past two decades, comparative genomic studies
have shown that the major monophyletic lineages of the P-
loop NTPases can be traced to the last universal common
ancestor (LUCA) of all extant cellular life forms. This in-
dicates that founding members of the higher-order groups
of the P-loop NTPases had already emerged prior to the
LUCA (2-5). Comparative sequence and structure analyses
have shown that the deepest evolutionary split in the P-loop
NTPases divides them into two major divisions: the kinase-
GTPase (KG) division and the ASCE (The additional
strand, catalytic E) division (3,5). The ASCE division in-
cludes several major clades: namely, the ABC, AAA+, PilT,
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HerA-FtsK, helicase (superfamily 1/2; SF1/2), and RecA-
ATP-synthase, along with some smaller lineages (e.g. KAP)
(2-5.,8.9).

The ABC (ATP-binding cassette) ATPases, which form
one of the largest of these clades of the ASCE division
are major drivers of energetic processes in cellular systems
across all superkingdoms of life (10). These include: (i)
transport of molecules across membranes (ABC-type trans-
porters) (11,12); (ii) the assembly of iron-sulfur clusters (the
SufC ATPase) (13,14); (iii) mismatch repair (e.g. MutS-
MutL complex) (15,16); (iv) nucleotide-excision repair (e.g.
UVRA) (17); (v) DNA-looping and other DNA-strand ma-
nipulations (18,19); (vi) regulation of chromosome architec-
ture (SMC ATPases) (20); (vii) control of different steps of
translation and ribosome assembly (21-23); (viii) assembly
of complexes related to mRNA editing (MRB1590/RNA-
ABC; hereinafter RNA-ABC) (24).

Since the discovery of the transporter ABC ATPases in
the early 1970s (11,25), a wealth of structural and bio-
chemical studies has greatly enhanced our knowledge of
these enzymes. More recently, several crystal structures of
transporter and non-transporter ABC ATPases with NTP
and nucleic acid substrates elucidate their unified mode of
operation (17,21-24,26-30), by illustrating: (i) their open
(ATP-free) and closed conformations (ATP-bound); (ii)
how ATP-binding induces conformational changes aiding
their dimerization; (iii) the role of inserts like the zinc (Zn)-
hook and the SMC hinge domain in coupling the parts of
the P-loop ATPase domain separated by long coiled-coil
segments (31). Additionally, several recent studies imple-
menting single-molecule imaging techniques have helped vi-
sualize the action of non-transporter representatives such
as the Rad50-Mrell complex or the eukaryotic cohesin
and condensin complexes featuring SMC ABC ATPases
(32,33).

Over the past two decades, we have systematically sur-
veyed all the major branches of the P-loop NTPases, bar-
ring the ABC ATPases, using comparative genomics, se-
quence and structure analysis (2-5,34). Thus, we have been
able to provide a foundation for further biochemical stud-
ies on these enzymes and also reconstruct some of the
earliest events in the evolution of life, given their exten-
sive diversification before the LUCA. Until relatively re-
cently much of the focus on ABC ATPases has been on the
transporters (10,11,35); however, the recent flood of data
on other members of the superfamily, especially those in-
volved in nucleic acid dynamics, prompted us to address
outstanding questions pertaining to the evolution, bio-
chemistry and the underappreciated diversity of the biology
of ABC ATPases. Accordingly, we performed comprehen-
sive sequence, structure, phylogenetic and comparative ge-
nomic analyses of the less-understood ABC ATPases and
the molecular systems centered on them. Consequently, we
provide here: (i) a unified definition of the ABC clade and
clarify their higher-order relationships; (ii) identification
of previously-undetected lineages; (iii) prediction of previ-
ously unreported roles for ABC ATPases; (iv) the trends
in the colonization of various functional niches including a
major expansion in the context of diverse biological conflict
systems.

ABC ATPases ARE MEMBERS OF THE ASCE-
DIVISION OF THE P-loop NTPase FOLD

The P-loop NTPase fold is a three-layered «/fB sandwich
containing regularly recurring o~ units with the B-strands
forming a central, mostly parallel sheet, which is sand-
wiched between a-helices on both sides (2-5) (Figure 1A).
The active site is located at the C-terminal end of the core
B-strands of the central sheet. The catalytically active P-
loop NTPases are characterized by two strongly conserved
sequence motifs, the P-loop (phosphate-binding loop; also
known as Walker A) and Walker B, which respectively bind
the B and vy phosphate moieties of the NTP, and a catalytic
Mg?* cation (6,36). The P-loop, which lies between the first
strand and helix of the fold, typically displays the signature
GxxxxGK [ST] and wraps around the polyphosphate moi-
ety of the bound nucleotide. The Walker B motif is com-
posed of a conserved aspartate (less often glutamate) at the
C-terminus of a hydrophobic strand and provides a bond
for the coordination of an Mg”* cation. The octahedral co-
ordination sphere of the Mg”* cation is completed by lig-
ands in the form of the B and y-phosphate moieties of the
bound NTP, and the conserved C-terminal serine or threo-
nine residue of the P-loop motif (2-6,36).

Based on structural landmarks (Figure 1A), the KG di-
vision, which includes the kinases and GTPases, can be dis-
tinguished from the rest of the P-loop NTPases by several
similarities, most prominently the adjacent placement of the
strand preceding Walker A and the Walker B strand (3-
5). In contrast, the ASCE division to which the ABC AT-
Pases belong is characterized by (i) an additional strand in
the core sheet between the P-loop strand and the Walker
B strand; (ii) a conserved proton-abstracting acidic residue
(usually glutamate) which primes a water molecule for the
nucleophilic attack on the y-phosphate group of ATP (3,5).
In most ASCE clades, including the ABC ATPases, this
residue occurs immediately downstream of the Walker B as-
partate; (iii) a typical preference for ATP over other NTPs
as a substrate.

To objectively define the distinctive features of the ABC
ATPases we collated structures of all known representatives
of the ABC clade and used them as queries to run DALI
searches against the Protein Data Bank (PDB) database.
Thus, we retrieved divergent and unannotated representa-
tives including inactive members. We then built a structure-
informed multiple sequence alignment of all these repre-
sentatives of the ABC superfamily to map major sequence
landmarks on to the basic template of the ASCE division
(Figure 1A). In this mapping, we refer to the core strands
of the ASCE group of the P-loop fold as S1-S5 and the he-
lices as H1-H4 (Figure 1A-B). We denote the strands and
helices occurring in the insert regions within the P-loop do-
main unique to the ABC clade as insert strands/helices (IS
or IH), those that lie N-terminal to the core domain as ‘pre-
ceding strand/helix” (PS/PH) and those to the C-terminus
of the core as ‘terminal strand/helix’ (TS). These are num-
bered separately from N- to the C-terminus (Figure 1, Sup-
plementary Table S1).

In the ABC ATPase superfamily, the Walker A motif typ-
ically takes the form Gx[N/S/T]|GxGKI[ST][S/T/N] (Sup-
plementary Table S2), with an additional polar residue be-
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Figure 1. (A) Topology diagrams depicting the major divisions of the P-loop NTPases and accompanying cladogram depicting higher-order relationships.
The cladogram depicts the two major divisions: the kinase-GTPase (KG) division and the ASCE (The additional strand, catalytic E division) division.
Strands and helices forming the core of ASCE P-Loop NTPase domain are numbered and colored. Core strands and helices are in orange and grey-white,
respectively, with central strand S4 in yellow. Synapomorphies shared across different lineages are colored violet, elements not conserved across lineages are
colored gray and outlined in dotted lines. Abbreviations: WA, Walker A; WB, Walker B and Senl, sensor-1. (B) Topology diagrams depicting the structural
developments in the evolution of ABC ATPases. The elaborations of the insert regions are depicted.
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yond the core C-terminal alcoholic residue and another
conserved polar residue before the second glycine. The
Walker B motif retains the ancestral condition inferred for
the ASCE clade (12,35,37). However, in a few instances the
glutamate C-terminal to the Walker B aspartate is replaced
by an aspartate, glutamine, or serine/threonine (see Supple-
mentary Table S2). Of the ASCE NTPases, the core sheet
of the ABC ATPases is closest to the AAA+ superfamily
in lacking additional strands to the “right” of S2 (Figure
1A) and in this respect differs from the other superfamilies
of the ASCE division such as RecA-F1, helicases and PilT
ATPases (2,4). It was earlier proposed that the adenoviral
packaging ATPase IVA2 might share certain features with
the ABC ATPases (9). However, the availability of new se-
quence data indicates that they are members of the viral and
transposon encoded family of the FtsK-HerA clade of the
ASCE division rather than being related to the ABC AT-
Pases. ABC ATPases also share with the rest of the ASCE
group the Sensor-1 motif defined by a polar residue at the
end of S4 (2-4,38), which recognizes the y-phosphate of
the bound ATP and may help hold it in place as a ‘linch-
pin residue’ (2-4,39). Instead of the S/T/N/D typical of
other superfamilies of the ASCE group, ABC ATPases con-
tain a histidine at this position (termed the Sensor-H; Fig-
ure 1A, 1B and Supplementary Table S2); hence, the loop
downstream of S4 has often been termed the ‘H-loop’ or
the switch region (12,35,37). In ABC ATPases, this residue
also acts as a ‘gatekeeper’ regulating the access of water to
the active site (39).

THE DISTINGUISHING STRUCTURAL AND CAT-
ALYTIC FEATURES OF ABC ATPases

ABC ATPases have several shared derived characters
(synapomorphies) setting them apart from the rest of the
ASCE division: (i) a conserved glutamine in the loop C-
terminal to S2 which is referred to as the Q-loop signa-
ture; (ii) a conserved serine that marks the beginning of H2
(or the end of the Q-loop) (12,37) and forms a hydrogen
bond with the y-phosphate of the ATP. In many of the ABC
families, this residue is part of a characteristic SGG mo-
tif (Figure 1, Supplementary Tables S1 and S2). (ii1) the D-
loop signature associated with the loop downstream of the
Walker-B strand. This loop displays a conserved aspartate
(DExxxxxD) that is frequently but not always conserved
in ABC ATPases (Supplementary Table S2). (iv) ABC AT-
Pases possess two strands N-terminal to the core domain
(PS1 and PS2) that form a B-hairpin (Figure 1). In the loop
of this hairpin, a majority of the ABCs possess a conserved
aromatic residue (Supplementary Tables S1 and S2), which
usually participates in w—m stacking interactions with the
nucleobase of the bound ATP and positions it in the active
site. (iii) Within the core P-loop domain, all ABCs have an
insert between H1 and S2, which we term ‘insert-1’; it varies
considerably in length and structural elaboration (Figure
1B). (iv) Similarly, the core ABC P-loop fold shows a second
variable insert between S2 and H2, which we term ‘insert-
2’. Insert-2 varies in length from less than ten residues to
more than a thousand residues and assumes different struc-
tural forms (see below, Figure 1B). (v) They also possess
a C-terminal strand (TS1), that forms a hairpin with S5

from the core (Figure 1B). Strikingly, the C-terminal S5-
TS1 hairpin and the N-terminal PS1-PS2 hairpin stack to-
gether with the extended elements from insert-1 to convert
the core P-loop sheet into an open B-barrel-like structure
through which the H1 is threaded (Figure 2A and B). Such
a barrel configuration is exclusive to the ABC ATPases and
isnot observed in any other superfamily of P-loop NTPases.

While the three-step reaction cycle of the ABC ATPases
broadly resembles other members of the ASCE clade it also
shows some unique features. In the first step, the polarized
lytic water adopts a bridging position between the general
base (glutamate in Walker B) and the y-phosphate (39).
This is followed by hydrolysis resulting in the formation of
ADP, HPO4> and a protonated glutamate. Structural and
mechanistic studies suggest that the direct transfer of the
proton to the catalytic glutamate in ABC ATPases differs
from several other KG and ASCE class P-loop NTPases,
which might use a second water or the substrates in proton-
relay chains (39). In the second step, the proton transfer
from the catalytic glutamate to the freed y-phosphate yields
H,PO, and resets the general base. The third step appears
to involve a conformational change in the ABC-specific
sensor-H resulting in it moving away to allow increased hy-
dration of the active site, transient change in coordination
of the active site Mg?* and release of the end-products.

Our systematic analysis also affirmed that almost all ABC
ATPases, including the newly identified clades, are distin-
guished from most other members of the ASCE clade, such
as AAA+, HerA/FtsK, RecA-ATP synthase, the helicases
and PilT, in lacking a key active site feature, the arginine fin-
ger (2-4,40). The arginine finger increases the efficiency of
ASCE NTP hydrolysis through the stabilization of a neg-
ative charge of the y-phosphate in the pentavalent transi-
tion intermediate (transition state of the reaction) (41,42)
in both the KG and ASCE divisions of P-loop NTPases.
Hence, its absence is puzzling, given that the ABC ATPases
efficiently hydrolyze ATP. The answer to this conundrum
comes from extensive structural evidence which shows these
enzymes to function as obligate ‘head-to-head’ dimers (Fig-
ure 2A). This obligate head-to-head dimer allows the con-
served serine (from the SGG-like signature) of one subunit
to align with the ATP-binding site of the opposite subunit
and vice versa. Thus, the sidechain hydroxyl group of the
serine and backbone amide groups of the two downstream
residues from one subunit are positioned to mold the con-
formation of the phosphates of the bound ATP of the op-
posite subunit in the dimer. Earlier studies have hypothe-
sized that this conserved serine might deliver the positive
charge of the H2 helix-dipole (43,44). Thus, in the head-
head dimeric configuration, this positive charge from the
helix-dipole might take the place of the arginine finger to
stabilize the reaction intermediate.

In addition to the SGG-like motif, the cooperativity in
ATP binding and hydrolysis between the two subunits is
also enhanced by the aspartate downstream of Walker-B
(‘D-loop’ D), which when present, acts in trans by coor-
dinating a water molecule in the active site of the oppo-
site subunit of the dimer (45,46). Further, studies on multi-
ple ABC ATPases suggest that this cooperativity is key for
the performance of mechanical work across diverse systems
(7). Thus, the work cycle of the ABC ATPases is envisaged
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Figure 2. Structural depictions of ABC-ATPase showing: (A) head-to-head dimeric interface (PDB ID: 5X40). (B) open barrel-like structure through
which the H1 is threaded (PDB ID: 3FVQ). (C-F) helical element of insert-1 forming a major binding interface for either partner proteins (e.g. SufC (PDB
ID: 2ZU0) and transporters (PDB ID: 1L7V)) or nucleic acids (RLI-1 (PDB ID: SLL6) and Rad50 (PDB ID: SDNY)). The coloring scheme is as follows:
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hammer-head loop (black); Insert-2 helices (blueish white); the partner proteins or nucleic acids (green).
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as being initiated by the partner molecules which induce
the initial dimerization and cooperative ATP-binding by the
ABC dimer. This ATP binding rather than ATP hydrolysis
drives the power-stroke of the ABC ATPases (7,39) by in-
ducing conformational changes that may then be relayed as
translational motion in the partner molecules. This is fol-
lowed by ATP-hydrolysis, whose primary role is in reiniti-
ating the work cycle upon release of the reaction products
(7,39). ATP hydrolysis by the two subunits appears to occur
in an alternating fashion enhancing the kinetics of the work
cycle (7).

STRUCTURAL DEVELOPMENTS IN THE EVOLUTION
OF ABC ATPases

The information gleaned from structure and sequence anal-
ysis allowed us to reconstruct the ancestral form of the
ABC ATPases (Figure 3). This prototypical form can be
visualized as containing the N-terminal PS1-PS2 hairpin,
followed by the core domain with the B-sheet (in S5-S1-
S4-S3-S2 order) and sandwiching interleaved helices (H1-
H4) and the C-terminal TS1 (Figure 1B). The insert-1 and
insert-2 are predicted as being in a largely rudimentary
form, each likely of less than 10 residues (Figure 1B). In
the ancestral state, insert-1 was characterized by a hammer-
head’ like loop (47) downstream of HI1 followed by the
strand IS1 before connecting to the core S2 (Figure 2A).
Insert-2 featured two short extended regions flanking a
central loop. Further, we posit that the basic dimerization
mode, which obviated the need for an arginine finger, was
already present in the ancestral ABC ATPase with the con-
served serine at the end of H2 playing a key role in the cou-
pling of the two subunits (Figures 1B, 2A). Among the ex-
tant members of the ABC superfamily, a form closest to
this inferred ancestral state is retained in the MutS fam-
ily of ABC ATPases (Figure 3). The version of the domain
in RNA-ABC and one of the two ATPase domains of the
EttA-like families, UVRA, EF3 and RLI-1 (21,22,27,48)
are also relatively close to the inferred primitive state (Fig-
ure 3).

Our analysis demonstrates that major developments in
course of the evolution of the ABC superfamily likely oc-
curred in two distinct stages. The first stage was marked
by innovations in insert-1 where an additional short strand
(IS2) emerged forming a B-hairpin with IS1. Further, a heli-
cal element with a single a-helix (transporter-like ATPases)
or two helices forming a bi-helical hairpin (one of the sub-
units of RLI, RecN/RecF, the Rad50/SbcC -like assem-
blage and SMCs) emerged downstream of the above ele-
ments in insert-1 (Figures 1B and 3). This helical element
forms a major binding interface for either partner proteins
(e.g. transporters and SufC) or nucleic acids (e.g. one of
the domains of RLI, Rad50/SbcC, SMCs) (Figure 2C-F).
Likewise, in the first stage, a more elaborate form of insert-
2 emerged, characterized by a central unit with 2-4 helices
formed by a progression of a-helical hairpins (Figures 1B
and 3). The elaboration of insert-2 also provided an in-
terface for the interaction with target proteins or nucleic
acids in conjunction with the helical region in insert-1. No-
tably, these structural developments were also coupled with
the incorporation of the conserved serine at C-terminus of

H2 into an SGG-like motif and the emergence of a con-
served glutamine just downstream of core strand S2 (the
Q-loop; Figures 1B and 3, Supplementary Tables S1 and
S2) (12,35,37). Given that this glutamine interacts with the
SGG motif of the second subunit in the dimer and partic-
ipates in the coordination of Mg>" it marked the origin of
an enhanced interface for cooperative ATP binding and hy-
drolysis by the two subunits (35) (Figure 2A). Hence, this
set of innovations appears to have aided the efficient per-
formance of mechanical work on proteins or nucleic acids.

The second major stage of structural innovation was
marked by even more dramatic elaboration of the two
inserts specifically in the RecN/RecF, Rad50/SbcC and
SMC clades (Figures 1B and 3. See below for definitions).
The insert-1 region developed an N-terminal ‘helix-strand-
strand’ element. The B-hairpin from this element was in-
corporated into the barrelized sheet of the ABC P-loop do-
main (Figure 1B). Insert-2 developed a giant insert in the
form of a coiled-coil arm comprised of two anti-parallel he-
lices, followed by 3 terminal strands (Figures 1B and 3). Ad-
ditional lineage-specific elaborations are seen in the apex
of this coiled-coil insert (Figure 1B). A Zn-hook module
(a split Zn-ribbon domain, ZnR) is inserted into it in the
Rad50/SbcC-like clade. In the active dimeric state, each
Zn-hook motif of the two monomers contributes two cys-
teines to reconstitute the tetrahedral coordination of a Zn>*
ion typical of Type-1 ZnRs (49). In the SMC-like clade,
the ‘hinge region’ is inserted in this region, and similarly
contributes to their dimer interface via hinge-hinge inter-
actions (25,44). In the classic SMC ATPases, the hinge
region has two duplicated domains, hinge-I and II, each
with a three-stranded B-sheet and two a-helices (31,50). C-
terminal to the last strand of the B-sheet, there is a fur-
ther B-hairpin that is structurally similar to those found in
Zn-hooks (Figure 4A). This suggests that the hinge might
have developed via insertion of the two hinge domains into
a precursor with a Zn-hook, followed by incorporation of
that ancestral Zn-hook hairpin to form the five-stranded
B-sheet of hinge-II. In the dimer, the interaction of hinge-
I and -II from opposite monomers allows it to assume a
doughnut-shaped structure with the hinges forming two
eight-stranded B-sheets (Figure 4A, left). Based on struc-
tural analysis and phyletic patterns determined in this study
(see below), we could confidently infer that the bacteria-
specific MukB family (51) of the SMC-like clade has under-
gone a degeneration of the hinge region from the ancestral
state (Figure 3) with the degradation of the hinge domain I1
(Figure 4A). Beyond the Zn-hook and the hinge domains,
we also identified other inserts in the same region in some
of the novel clades identified in this study; these will be dis-
cussed further in the context of functional predictions for
the newly identified clades.

These inserts in the coiled-coil region are found in the
ABC clades specializing in DNA manipulations and rep-
resent a convergent evolutionary solution to the problem of
forming a hoop-like structure around double-helical DNA
(Figure 4B). In the case of RecA, AAA+ and FtsK/HerA
superfamilies, a topologically equivalent solution has been
attained via the formation of multimeric rings with the help
of arginine fingers situated on the opposite side of the ac-
tive site with the nucleic acid being threaded through the
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Figure 3. Inferred evolutionary history of ABC ATPases. The figure shows several relative temporal epochs associated with certain major transitions
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are colored by extant phyletic distributions. Broken horizontal lines indicate a lineage cannot be traced beyond that point. Panels on the right show the
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Figure 4. (A) Topological diagrams showing the differences between the SMC hinge domains and the MukB. The insert region between the core strand
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central pore of the ring (2-4) (Figure 4B). Given that the
ABC ATPases have a very different head-to-head dimeriza-
tion mode, they have instead achieved the DNA-encircling
hoop-like state via a dimer interface in the coiled-coil insert
while retaining the ancestral dimerization mode and cou-
pled ATP-binding of the core P-loop domain (Figure 4B).

IDENTIFICATION OF NOVEL MEMBERS OF THE ABC
SUPERFAMILY USING SEQUENCE SEARCHES

ABC ATPases represent one of the most populous clades
of ASCE group P-loop NTPases. Typically, free-living or-
ganisms have a minimum of 15-20 transporter ABC AT-
Pases. Moreover, nearly all organisms have at least one each
of a SufC-like, a translation-related ABC-ATPase and a
Rad50/SbcC-like representative. Further, nearly all eukary-
otes have at least six SMC proteins per organism. Not sur-
prisingly, much attention has been devoted both in terms
of biochemical and structural studies on these universal
and abundant representatives. However, previous studies
hinted a vast radiation of other ABC ATPases with more
restricted phyletic patterns, performing roles other than in
transport. For instance, the RNA-ABC clade with a mRNA
editing role was only recently characterized in kinetoplas-
tids (24). Hence, we carried out a systematic search for
the ABC ATPases with a focus on identifying novel clades
with more restricted or sporadic phyletic patterns using it-
erative sequence profile searches with the PSI-BLAST and
JACKHMMER programs and profile-profile comparisons
using HHpred. Representatives with structures were then
used as seeds for initial iterative searches against the NCBI
non-redundant (nr) database; the searches were then tran-
sitively expanded using newly identified members. All the
candidates recovered in these sequence searches were com-
pared to the above structure-informed multiple alignment
to detect the features that distinguished them from other
ASCE NTPases and confirm their membership in the ABC
clade.

For example, a PSI-BLAST search initiated with an ar-
chaeal Rad50 (ARM75002.1: Acidianus manzaensis, cre-
narchaeota) against the NCBI nr database recovered sev-
eral bacterial Rad50-like proteins at significant e-values
(OGM94115.1, e-value: 4e-19; KPJ83571.1, e-value: 7e—
17). These were confirmed with sequence signatures,
profile-profile searches and gene-neighborhood analysis
as unambiguous members of the Rad50 clade in bac-
teria as opposed to its bacterial ortholog SbcC. Con-
versely, transitive searches (a search protocol where a
chain of new searches is reinitiated using the most diver-
gent true positives recovered in the first search) initiated
with SbcC from bacteria (WP_081412283.1: Tuberibacillus
calidus, firmicutes) recovered novel versions of SbcC (e.g.
WP_083758457.1, PKL53170.1, PSG97727.1, e-value: Se—
47) from euryarchaeota, crenarcheota and asgardarchaea
that were distinct from its archaeal ortholog Rad50. Thus,
we were able to identify examples of likely lateral transfers
of Rad50 from archaea to bacteria and SbcC in the reverse
direction. Further searches using SbcC (WP_030014645.1)
and Rad50 (BAL52404.1) as seeds recovered a broad col-
lection of ABC-ATPases with novel features distributed
across a wide range of bacteria, containing a conserved cys-
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teine at the end of S4 (see below). As another example,
separate searches using a representative of the DndD fam-
ily of ABC ATPases (WP_056497450.1: Sphingomonas sp,)
as query recovered several previously-unidentified versions
(ABES52444.1, 3e-68; ABQ26658.1, 3e-09) that, in contrast
to the DndD, possess a zinc-hook, typified by an atypical
‘CxC’ signature (Figure 3, Supplementary Table S2).

We ran such searches exhaustively till no new ABC AT-
Pase domains were recovered. All retrieved proteins were
then clustered using the BLASTCLUST program and clus-
ters belonging to previously known ABC ATPase groups
were separated from the clusters that were not unified to any
of the known groups. Multiple sequence alignments were
constructed for each of these clusters and their sequence
signatures were recorded (Supplementary Table S2, Data).
Subsequent structure predictions were performed, and the
structural features were utilized to further unify the clusters
with known clades or define new ones. Thus, we identified at
least 11 previously unidentified clades and also several dis-
tinct divergent subclades of previously known clades (Fig-
ure 3, Supplementary Table S2).

HIGHER-ORDER RELATIONSHIPS AND EVOLUTION-
ARY CLASSIFICATION OF THE ABC ATPase SUPER-
FAMILY

We used the information obtained from the newly identi-
fied clades and the above-described structural inferences to
establish the higher-order relationships between ABC AT-
Pases based on synapomorphies defining specific groupings.
These higher-order groups were also completely reproduced
in a dendrogram constructed by average linkage clustering
from a distance matrix based on pairwise DALI Z-scores
for structure similarity (Supplementary Material). We also
combined this information with the phyletic patterns of the
clades (Figure 4C) to infer the possible temporal sequence
of their emergence (Figure 3).

The basal branches: MutS and RNA-ABC

The version of the ABC ATPase domain found in the MutS
clade (15,48) is closest to the ancestral version of the ABC
ATPases. It is widely distributed in all three superkingdoms
of life suggesting that it was already present in the LUCA.
It lacks elaborations in the insert regions and also lacks the
glutamine downstream of S2 and has only the conserved
serine of the SGG-like motif (Figure 3, Supplementary Ta-
bles S1 and S2). These together suggest that it was the
first clade to split off from the ancestral ABC ATPase. The
next split marks the separation of the RNA-ABC ATPase,
which like MutS, lacks any major developments in insert-
1 and the glutamine downstream of S2 (Figure 3, Supple-
mentary Tables S1 and S2, Data). However, the insert-2
region of the RNA-ABC ATPase is characterized by two
short-antiparallel strands interleaved by two helices which
it shares with the remaining ABC ATPases (Figure 3). Inter-
estingly, it exhibits a sporadic distribution across bacteria,
archaea and eukaryotes indicative of high evolutionary mo-
bility (Figure 4C). This sporadic pattern of retention might
relate to a distinctive self-contained RNA-related role (24)
outside of the core RNA processing systems of both eukary-
otes and prokaryotes.
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The translation factors and UvrA

The next major branch to split off radiated into a clade of
translation factor ABC ATPases, which includes the sec-
ond ATPase domain of RLI (RLI-2), both the domains of
Etta-like families, GCN20/ARBI1 and eEF3. While none
of these have phyletic patterns spanning all three superk-
ingdoms their complementary patterns indicate that they
descend from a single ancestral member that was likely
present in the LUCA (Figures 3 and 4C). Another mem-
ber of this assemblage is the bacteria-specific DNA-repair
protein UvrA (17,52). These ABC ATPases are unified by
the development in the insert-2 region that contains three or
more helices forming a multi-helical unit. This assemblage
of ABC ATPases also shows a canonical SGG motif'in H2,
a Q downstream of S2 and a conserved D immediately af-
ter the sensor-H (Figure 3, Supplementary Table S2). This
suggests that all these well-known features first emerged in
the common ancestor they shared with the ‘classical ABC
ATPases’.

The ‘classical ABC ATPases’

The remaining members of the superfamily form the ‘clas-
sical ABC ATPase’ assemblage which encompasses several
major clades namely SufC, the ABC transporters, RLI-1
(the first ATPase domain of RLI), RecF, RecN, SMC-like
families and the Rad50/SbcC-like clades. These are uni-
fied by a synapomorphy in insert-1, typified by a short
strand IS2 after IS1, forming an B-hairpin with it, and a
further downstream helix or a bi-helical hairpin (Figure 3).
Within this vast assemblage, RLI-1, SufC and the trans-
porters likely separated first from the rest of the assem-
blage as the helical element in their insert-1 is not strongly
elaborated. SufC and likely a single ancestral ABC trans-
porter can be inferred as being present in the LUCA (Fig-
ure 3). The rest, which includes RecF, RecN, SMC-like fam-
ilies and the Rad50/SbcC-like families are unified as the
coiled-coil clade by the characteristic coiled-coil segment
followed by three strands within insert-2. Of these, the RecN
and RecF families are the most primitive as they have rel-
atively short coiled-coil segments and lack any elaboration
in the apex of the coiled-coil. The remaining families of the
coiled-coil clade fall into two major clades: the Zn-hook
clade, which includes SbcC, Rad50 and several other related
families (some of which secondarily lost the Zn-hook), and
the Hinge clade containing the SMC and MukB families.
The predominantly bacterial phyletic pattern of SbcC to-
gether with the predominantly archaeo-eukaryotic phyletic
pattern of its ortholog Rad50 points to a single common
ancestor of these being present in the LUCA. The hinge-
clade prototyped by the SMC family has representatives in
all three superkingdoms of life again indicating a presence
in the LUCA (Figure 3).

RECRUITMENT OF ABC ATPases ACROSS DIVERSE
FUNCTIONAL THEMES

We combined the above natural classification with previ-
ously known functional information, where available, and
new functional predictions based on a systematic analy-
sis of conserved gene-neighborhoods and domain architec-

tures of the ABC ATPases. In the following sections, we
present this functional mapping along with the logic used
for the new functional inferences. The functions of ABC
ATPases can be broadly categorized as related to (i) re-
organization of protein complexes; (ii) transport; (iii) dy-
namics of nucleic acids and nucleoprotein complexes. While
across these roles the ABC ATPases utilize a strongly con-
served work cycle, they have been recruited to different
biological functions through combination with other do-
mains in the same polypeptide or independent functional
partners.

Thus, certain ABC ATPases have been recruited indepen-
dently on several occasions to similar functional themes. In
other cases, they have captured different functional niches
within the same general functional theme such as transla-
tion termination. However, some roles, like transmembrane
transport, have remained more or less fixed since the earli-
est period of their appearance. First, we only briefly survey
the role of ABC ATPases in the structural reorganization
of protein complexes and transport as these functions have
been previously considered in multiple studies (7,10,11,37).
We elaborate on the nucleic acid-related functions of ABC
ATPases as this functional category encompasses several
new findings. We focus primarily on the novel inferences
that emerged from the systematic analysis in this study and
discuss them grouped by function. However, if a closely-
related, newly-identified subclade has acquired an entirely
new function, we still describe it alongside its better-studied
paralogs.

ABC ATPases IN THE ASSEMBLY OF PROTEINS
WITH FE-S CLUSTERS AND TRANSPORT

Iron-sulfur (Fe-S) clusters are ancient and versatile inor-
ganic cofactors used across the three superkingdoms of
life. Different protein machineries, namely NIF/ISC and
SUF, have evolved to mediate the assembly of Fe-S clusters
into target proteins (13,53). The components of the SUF
system include a two-subunit cysteine desulfurase complex
of SufS (a pyridoxal 5'-phosphate-dependent desulfurase),
the sulfur shuttle protein SufE (54,55), the homologous
parallel-B helix domain subunits, SufB and SufD (14) and
the ABC-ATPase SufC (56). These together form a SufB-
(SufC),—SufD complex onto which the Fe-S clusters are
transiently assembled (13,14) before transfer to the sub-
strate. The SufB—(SufC),—SufD complex then transfers the
Fe-S cluster to Fe-S carrier proteins such as SufA or SufT
that then deliver it to the target (57,58).

Previous studies had shown that the SufC ABC AT-
Pase along with genomically-associated SufB and SufD are
widely conserved across bacteria and archaea (13) (Fig-
ure 5A). We could also recover the SufC-SufB association
in some photosynthetic eukaryotes such as stramenopiles,
Rhodophyta and cryptophyta. The phyletic profile of SufC
is consistent with its presence in the LUCA, which, along
with SufC and the paralogous SufB and SufD, constituted
one of the ancestral Fe-S cluster-loading systems. While
SufC’s gene-neighborhood association with SufB and SufD
is the most widely observed linkage, we also observed link-
ages to other components of the system such as SufS and
SufT in various prokaryotic linecages and sporadic linkages
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to SufE and SufA (Figure 5A). Further, our analysis recov-
ered conserved gene-neighborhood associations with a gene
encoding a Rieske-type ferredoxin domain that coordinates
a 2Fe-2S cluster (59) and occasionally another gene coding
for a 3Fe—4S type ferredoxin (Figure 5A, Supplementary
Material). It is conceivable that these function as alterna-
tive Fe—S carrier proteins of the SUF system.

In evolutionary terms, the SufC ATPase is specifically re-
lated to the ABC transporters, unified by the unambigu-
ous structural synapomorphies in insert-1 (IS1-IS2-H) and
insert-2 (multi-helical unit containing three helices) and
other shared sequence features (Figure 3, Supplementary
Tables S1 and S2). Further, the SufC ATPase interacts with
its protein substrates in a manner similar to the interaction
of the ABC transporters with their transmembrane subunits
(or domains) (Figure 2C and D). This suggests that the ba-
sic mechanism of the ATP-driven conformational change in
a protein partner was already in place in the common an-
cestor of the transporters and the SufC family. The exact
temporal phase of the origin of the transporter ABCs is dif-
ficult to determine due to extensive dissemination of their
genes across the genomes of the extant organisms by lateral
transfers and rapid lineage-specific evolutionary adaptions
for the transport of specific substrates such as xenobiotics
and protein toxins. However, as ABC transporters are used
by organisms across the three superkingdoms of life (35), it
is conceivable that they were already present in the LUCA.
Several Fe-S cluster proteins are part of the electron trans-
port chain and operate close to membranes. Hence, it is pos-
sible that both SufC and ABC transporters emerged from
an ancestral ATPase that catalyzed conformational changes
in proteins close to the membrane.

ABC ATPases IN RIBONUCLEOPROTEIN COM-
PLEXES

The ABC ATPases were recruited independently on at least
two distinct occasions to roles in ribonucleoprotein com-
plexes. The first of these is one of the basal branches of
the ABC superfamily, the RNA-ABC. The second was the
common ancestor of the RLI-EttA, GCN20/Arbl/eEF3
clade. Of these, the translation termination factor RLI fam-
ily (also called ABCE1 or HP6S) is conserved throughout
the archaeo-eukaryotic branch of life and the translation
elongation regulator EttA and its related families evince
a pan-bacterial distribution. Hence, it is conceivable that
the LUCA already possessed an ABC ATPase of the RLI-
EttA, GCN20/Arbl/eEF3 clade, which had a ribosome-
associated function. GCN20 and Arbl have more complex
phyletic patterns indicative of a major role for lateral trans-
fer events in their spread (see below), whereas eEF3 shows
a restricted phyletic pattern suggestive of later derivation
from one of the more ancient lineages of this clade (Fig-
ure 3). While having a role related to the ribosome, the spe-
cific functions of RLI, EttA, GCN20, Arbl and eEF3 are
distinct suggesting that they diversified in the different su-
perkingdoms of life to occupy multiple translation-related
niches. We briefly discuss below the functional aspects of
the multiple recruitments of ABC ATPases to ribonucleo-
protein complexes and the notable evolutionary aspects of
their radiation in this context.

The RNA-ABC clade

The sporadic phyletic pattern of RNA-ABC across the three
superkingdoms of life is indicative of both extensive lateral
transfer and gene-loss making its ultimate provenance un-
clear. However, as noted above, in structural terms it is close
to the inferred prototypical ABC protein pointing to an
early origin for this clade. Its presence in the basal eukary-
otes such as the parabasalid and kinetoplastids suggests
that it was probably present in early eukaryotes followed by
losses in multiple lineages (Supplementary Data). It shows
a unique, strongly conserved domain architecture with fu-
sions to N- and C-terminal domains (24), which have been
respectively demonstrated to participate in RNA-binding
and dimerization. Through an examination of the structure
of the N-terminal domain, we show that it represents an un-
reported version of the RAGNYA fold (Figures 3 and 5B,
Supplementary Data), a domain found in several other nu-
cleic acid-binding contexts (60). Given that the RNA-ABC
protein shows no other domain fusions or operonic linkages
it is predicted to function as a standalone engine for the
ATP-dependent reorganization of ribonucleoprotein com-
plexes. Further, its wide distribution in diverse organisms
suggests that it is likely to bring this role to bear in biologi-
cal functional contexts beyond the specific reported role in
kinetoplastid mRNA editing (24,61).

The RLI (ABCE) family

This family shows two ABC ATPase domains connected by
a distinctive flexible linker region (Figure 5C). Further, it
is distinguished by the fusion to an N-terminal iron-sulfur
(4Fe—4S)-cluster-binding ferredoxin domain (Figures 3, 5C)
that has been recruited for an unusual role. RLI splits the
80S ribosomes into 60S and 40S subunits (62,63), cither af-
ter canonical termination by release factors (eRF1/aRF1)
or upon recognition of stalled ribosomes by quality-control
systems that use the catalytically inactive Dom34/Pelota as
a release factor (see reviews: (62,64). Besides this, RLI also
engages the 30S post-splitting complex participating in the
subsequent steps of ribosome recycling (65). Key to those
above functions are the 4Fe—4S ferredoxin domain and the
inter-ABC linker: the former undergoes a large structural
movement to interact with the 60S protein uL14 and in-
terferes with its role as an inter-subunit bridge (23,62,66).
The latter might couple the ferredoxin domain with rRNA
interaction (23,26) (Figure 2E). Interestingly, RLI mirrors
other release factors in showing a distinction between the
archaeo-eukaryotic and bacterial lineages (58,60): bacteria
lack it and instead use the evolutionarily unrelated ribo-
some recycling factor (RRF), which contains a conserved
domain shared with several amino-acyl tRNA synthetases
(58,60). Indeed, the proliferation of ferredoxin domains in
archaea (67) might have allowed the acquisition of this do-
main by RLI and its specific role in translation termination
in the archaeo-eukaryotic lineage.

EttA and related families

Bacterial EttA (also called ABCF) is a regulator of the 70S
ribosome in the translation elongation cycle (22), which
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is characterized by an inter-ABC linker even more devel-
oped than in RLI (Figure 5D). Notably, EttA has been lost
in cyanobacteria, firmicutes and chlorobi. This is particu-
larly striking because we identified EttA in several eukary-
otes, primarily those with photosynthetic capacity, such
as chlorophyta, stramenopiles and rhodophyta. Given that
EttA is predicted to function in the plastids of these or-
ganisms and its absence in cyanobacteria (from which the
plastids were derived in early eukaryotes), it appears likely
that it was acquired from a distinct bacterial endosymbiont.
This provides further evidence for the hypothesis that a
second endosymbiont facilitated the establishment of the
cyanobacterial endosymbiont as the plastid in the early evo-
lution of photosynthetic eukaryotes (e.g. a chlamydial en-
dosymbiont) (68,69). EttA senses the ATP/ADP ratio in
the cells and allows the formation of the peptide bond only
when the ATP concentrations are high enough that it can
occupy the active site of EttA; if EttA is instead predomi-
nantly bound to ADP, it stalls the peptide bond formation
and causes termination (22,70). Thus, while EttA does not
function as the house-keeping termination factor, it does fa-
cilitate the termination of protein synthesis based on ATP
availability. This reinforces the proposal that RLI and EttA
acquired their specific roles from an ancestral ABC ATPase
that had a more generic role in regulating the termination
of translation.

Three further, poorly characterized families specifically
related to EttA to the exclusion of others were recently de-
scribed, the Uup, YbiT and YdiF families (71), with Uup
and EttA on one side and YbiT and YdiF on the other form-
ing higher-order groupings. Like EttA, YdiF is observed in
plastid-containing eukaryotic lineages, representing a sec-
ond transfer from this group of families to the eukaryotes
(71). Unlike EttA, this transfer likely proceeded through
an early endosymbiont of the cyanobacteria lineage, given
its strong representation in cyanobacteria. In terms of do-
main architectures, YdiF and Uup to the exclusion of others
contain a C-terminal helical extension after the second AT-
Pase domain. The overlapping yet not-mutually-exclusive
phyletic distributions of these families with EttA have two
key implications: (i) while no single family (with the possible
exception of Uup) can be confidently traced to the last bac-
terial common ancestor (LBCA), taken as a whole at least
one representative was present perhaps in the LBCA, which
underwent subsequent duplications early in the bacteria. (ii)
The uncharacterized families are likely involved in compa-
rable and even potentially overlapping functional roles in
translation termination.

There are several other smaller EttA-like families (71,72),
with predominant phyletic concentration either in the acti-
nobacteria or firmicutes. Notable among these are the set
of ribosomal antibiotic protection or antibiotic resistance
families, which have been documented in ATP-dependent
ejection of antibiotics that inhibit peptide-bond formation
at the ribosome peptidyl-transferase center (PTC) (73-76).
Their mode of action resembles EttA in that they bind to the
E-site and sense the occupancy of the PTC, thus either di-
rectly interacting with and dislodging antibiotics or induc-
ing a change in ribosome conformation resulting in their ex-
pulsion (77). Our analysis proposes the monophyly for these
families, wherein an initial version was recruited to such a
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role from the YdiF family (Figure 3). We observed a gene-
neighborhood association with an APH-like kinase (Figure
SE), which has been documented to inactivate antibiotics
via phosphorylation (78,79). We also observe instances of
clustering of multiple copies of these antibiotic resistance
families on the genome (Figure SE). These observations in-
dicate that these families and the associated genes might
be part of a multipronged antibiotic resistance system in
the bacteria that possess them. Further, the proliferation of
numerous paralogous EttA-like families in bacteria might
have occurred, as termination of translation was probably a
beneficial response in various contexts including metabolite
limitation, environmental stresses and biological conflicts
(including antibiotics and other ribosome-targeting effec-
tors) (64).

GCN20 (ABCF3), Arbl (ABCF2) and eEF3

The three translation factors, Arbl, GCN20 and eEF3,
form a distinct family within the translation clade with
ribosome-associated functions (Figure 3). Of these GCN20
and Arbl are two close paralogous eukaryote-specific lin-
eages. Their bacterial orthologs are the YheS-like ABCs
(71), which are distinguished from their eukaryotic counter-
parts by the fusion to a C-terminal coiled-coil domain (Fig-
ures 3 and 5F). The eukaryotic Arbl and GCN20 instead
show a highly variable N-terminal domain, which in the
case of GCN20 interacts with the ribosome-associated pro-
tein kinase GCN2 that phosphorylates eIF2 (80,81) (Figure
S5F). Almost all bacterial species with GCN20/Arbl cog-
nates show at least two close paralogous copies. The bacte-
rial GCN20/Arbl-like proteins were likely derived from the
pool of EttA-like families in bacteria, which subsequently
underwent a late duplication. This was followed by the eu-
karyotes acquiring two copies of this family, potentially via
the alphaproteobacterial mitochondrial progenitor, which
then persisted as GCN20 and Arbl1. In eukaryotes, GCN20
functions in conjunction with the kinase GCN?2 to regulate
translation in response to amino acid starvation (82,83). In
contrast, Arbl acts as one of the Ribosome-associated qual-
ity control (RQC) factors at the ribosomal E-site to stim-
ulate RQC-specific release factor Vmsl for the release of
stalled ribosomes (84,85). However, we observed that the
bacterial versions show no specific correlation with either
Vmsl homologs or serine/threonine kinases. Hence, it is
likely they function via distinct interactions mediated by the
C-terminal coiled-coil region.

eEF3 and the related Newl (86) are restricted to eu-
karyotes and show a sporadic distribution with a pres-
ence in chromalveolates, chlorophyta, rhodophyta and
opisthokonts. eEF3 is distinguished from other members of
this clade by an N-terminal fusion to HEAT repeats and
an a-helical bundle and the insertion of a chromo domain
within the insert-2 region of the second ATPase domain (21)
(Figures 3 and 5G). EF3 acts at the E-site to expel the tRNA
after peptide-bond formation during translation elongation
and, like RLI, can also separate the ribosome subunits. Fur-
ther, similar to the ferredoxin domain in RLI (Figure 2E),
the N-terminal domains of eEF3 undergo a major struc-
tural reorientation and make contacts with the protein SX2
in the head of the 40S ribosomal subunit and the helix 39 of
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the rRNA in the 60S subunit (21,66), whereas the chromo
domain interacts with 60S ribosomal protein rpL5/11 and
5S ribosomal RNA (21,66,70). This functional overlap with
RLI has probably led to eEF3’s secondary loss in various
eukaryotic lineages such as metazoans. However, in terms
of sequence and structure features and a role at the E-site,
eEF3 is closer to Arbl and GCN20; hence, it is likely it was
derived as a eukaryote-specific divergent branch from one
of those two lineages rather than from RLI.

ABC ATPases IN DNA REPAIR, RECOMBINATION
AND DYNAMICS

ABC ATPases have been recruited for roles in core DNA
repair and recombination systems on at least three inde-
pendent occasions. The first of these is represented by the
basal-most clade of the ABC ATPases, MutS, which recog-
nizes base mismatches as part of a post-DNA-replication
error correction process. The second recruitment, UvrA,
occurred in the context of nucleotide-excision-repair. The
third recruitment occurred at the base of the coiled-coil
clade likely in the pre-LUCA era. Within the latter clade,
SbcC/Rad50 and some newly identified clades show a
strong association with double-strand break and recombi-
national repair and are always coupled with a DNase such
as SbcD/Mrel 1. The Hinge clade, with representatives such
as SMC, acquired a major role in other aspects of DNA dy-
namics such as chromosomal organization. We briefly de-
scribe below the salient features and genomic associations
that went with each of these recruitment events to DNA-
related functions.

The MutS clade in DNA repair

The MutS clade is widely distributed across the three su-
perkingdoms of life and certain nucleocytoplasmic large
DNA viruses infecting unicellular eukaryotes. The phylo-
genetic tree topologies suggest the presence of a distinct
archaeo-eukaryotic branch and a bacterial branch; how-
ever, there have also been several lateral transfers between
the superkingdoms (Supplementary Material). A subset of
MutS proteins has the GHKL superfamily ATPase MutL
as a functional partner (Figure 5H). Our analysis indi-
cates that the MutS—MutL pair is primarily prevalent in
the archaeo-eukaryotic lineage and is restricted to the fir-
micutes and few other lineages among the bacteria. There-
fore, the MutS—-MutL combination likely originated in the
archaeo-eukaryotic lineage and was transferred to bacte-
ria where it spread further through lateral transfers. Such
an inference is congruent with the overall phylogenetic tree
topology of the MutS clade (Supplementary Material). No-
tably, the MutS versions that co-occur with MutL in the
genome show a distinctive domain fusion to the so-called
MM (mismatch-recognition) domain, and the predomi-
nantly a-helical connector, core/lever and clamp regions
N-terminal to the ABC domain (Figure SH). In these pro-
teins, the dimeric MutS ABC domain catalyzes the forma-
tion of a clamp around DNA for the recognition of the mis-
match (16,87). This clamp then recruits MutL to form the
MutS-MutL complex that mediates strand discrimination
followed by an endonucleolytic cut either via a standalone

endonuclease (e.g. MutH) or the unique MutL-associated
endonuclease domain (15,48,88).

Beyond the above subclade, there are multiple distinct
subclades with other conserved gene-neighborhood associ-
ations. One of these combines two genes with MutS ABC
domains and is widespread across various prokaryotic lin-
eages. Both the MutS ABC domains encoded by this gene-
dyad show several unique sequence features distinguishing
them from the MutL-associated versions: while they lack
the N-terminal MM-binding and connector domains, they
have the so-called core-lever/clamp suggesting that they
still form a clamp around dsDNA. This dyad likely forms
a distinct heterodimeric complex similar to those seen in
the eukaryotes such as MutSa (a heterodimer of MSH2
and MSH6) (89,90) and MutSp (heterodimer of MSH2 and
MSH3). Like the latter complex, they could recognize other
forms of DNA-damage such as longer insertions and dele-
tions (91).

A further subclade of the MutS clade (sometimes termed
MutS2) is also characterized by the lack of the N-terminal
MM-binding and the connector domains but in this case,
the ABC domain is fused to a C-terminal B-barrel SH3 fold
domain followed by a Smr (small MutS-related) domain. It
is conceivable that their SH3-fold and Smr domains might
play a lesion-recognition role analogous to the MM-binding
domain. The Smr domain has been claimed to possess en-
doDNase activity (92) while a recent study has shown that
this remains uncertain as several versions lack the conserved
metal-binding residues that are necessary for such an ac-
tivity. Nonetheless, several Smr domains have been shown
to possess metal-independent RNase activity (93), raising
the possibility that this domain might remove RNA primers
or mis-incorporated ribonucleotides. Consistent with this
proposal, a subset of these occur in a widely distributed
conserved gene-neighborhood across bacteria which links
MutS to genes encoding a DnaG-like Toprim domain pri-
mase and an RNA polymerase Sigma factor (94) (Figure
SH). Further, the DnaG primase might initiate re-synthesis
of the DNA during lesion repair. The Sigma factor from
this operon might either initiate transcription in response
to specific conditions or might facilitate the coupling of this
repair activity with transcription by RNA polymerase. Cer-
tain MutS2 representatives have also been shown to pro-
mote homologous recombination and DNA repair in bac-
teria (95). Thus, the activity of the MutS ABC ATPase ap-
pears to have been recruited for at least 4 distinct DNA re-
pair processes.

A novel membrane-associated MutS subclade

One of the previously unrecognized MutS subclades that
we uncovered in this study is widely but sporadically dis-
tributed across bacterial lineages such as bacteroidetes,
chloroflexi, deferribacteres, fibrobacteres and firmicutes. It
is typified by the lack of the MM-binding and connector
domains of the classical MutS proteins. Notably, these ver-
sions start with a two-transmembrane (2TM) domain just
before the core-lever domain and contain a second 2TM
domain just N-terminal to the clamp domain (Figure 5SH).
Based on the location of the pair of 2TM domains we pre-
dict that the core MutS ATPase and accessory domains are

220z ¥snbny 0z uo 1senb Ag 6€12065/57001/81/81/2[01He/IEeuU/W0o dno"dlwapede//:sdiy Wolj papeojumoq



likely to form an intracellular clamp such that its aperture
opens on one side towards the plane of the membrane. We
propose that this version represents a novel adaptation of
MutS perhaps as a DNA pump that could function in a
specialized DNA transfer process or membrane-proximal
DNA repair.

Non-DNA repair roles for members of the MutS clade

Strikingly, the second novel subclade we uncovered in this
survey points, for the first time, to a non-DNA-related role
for a member of the MutS clade. Unlike the above versions,
these occur in a conserved six-gene locus found in certain
bacteroidetes, elusimicrobia, tenericutes, thermotogae, pro-
teobacteria and firmicutes. In order, this operon codes for:
(1) an acrylyl-CoA reductase that is otherwise found as one
of the domains of the multidomain propionyl-CoA syn-
thase (PCS) complex that has been recently shown to se-
quester a toxic intermediate during CO, fixation (96); (ii)
a pyridoxal-5-phosphate (PLP), S-adenosyl-L-methionine
(SAM), and [4Fe—4S]-dependent radical-SAM enzyme pre-
dicted to function as a lysine-2,3-aminomutase; (iii) a met-
allochaperone MeaB GTPase, which is involved in the as-
sembly of the vitamin B12-dependent enzymes (97,98); (iv)
MutS; (v) a PLP-binding TIM barrel enzymatic domain;
(vi) An adenosylcobalamin (AdoCbl)-binding Rossmann
fold domain protein (Figure SH). The latter two proteins
are known to constitute a hetero-tetrameric lysine 5,6-
aminomutase complex (99,100). These proteins are likely
involved in the SAM, PLP and AdoCbl-dependent synthe-
sis of an amino acid (likely lysine)-derived metabolite where
the GTPase acts as a metallochaperone for loading the B12
cofactor on to the subunit of the lysine 5,6-aminomutase.
By analogy to its role in DNA-repair, we propose that the
MutS protein in this system might play the role of an assem-
bly factor of the whole multi-protein enzymatic complex in
an ATP-dependent manner.

UvrA

While nucleotide-excision-repair (NER) is seen in all three
superkingdoms of life, their core components have evolved
independently in each of the superkingdoms (101,102). The
bacterial NER system is comprised of the UvrABC com-
plex containing the UvrA ABC ATPase, the UvrB SF-2 he-
licase and UvrC with two distinct endonuclease domains.
An operon combining the genes for these three proteins
is conserved throughout most bacterial lineages and has
also been transferred sporadically to few archaea (Figure
51, Supplementary Material). UvrA has two tandem ABC
ATPase domains and has acquired inserted domains in
the multihelical element of the insert-2 region (17,52,103)
(Figures 3, 51). In the first of the two ABC-ATPase do-
mains, there are two sets of inserted domains in this re-
gion, i.e., the a/B fold UvrB-binding domain, which is it-
self flanked by two type-1 Zn-ribbon domains. The insert-2
region of the second ABC ATPase lacks the UvrB-binding
domain but has one Zn-ribbon. In addition, our sequence
analysis reveals that the inserted domains of the first ABC
unit were lost multiple times suggesting that the UvrB-
binding domain might be dispensable for the core function
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in NER. Our searches also uncovered hitherto unreported
versions of UvrA, with four ABC ATPase domains within
the same polypeptide in several prokaryotic lineages. These
lack operonic linkages with UvrB and UvrC raising the pos-
sibility that they function independently of the UvrABC
complex.

RecF-mediated DNA repair systems

RecF is one of the most primitive of lineages within the
coiled-coil insert-containing clade. Its pan-bacterial distri-
bution without conserved representation in archaea or eu-
karyotes raises the possibility that it emerged along with
RecN (see below) from a basal pre-LUCA member of the
coiled-coil clade (Figure 3). These appear to have evolved
as part of a radiation of early systems for the recombina-
tional repair of DNA breaks and gaps that probably be-
came important with growing genome size (104-106). RecF
is part of a repair system along with RecO and RecR (an
inactive Toprim domain protein). This system repairs ss-
DNA gaps that might arise from incomplete DNA repli-
cation on faulty templates (reviewed in (107,108)) by facil-
itating recombination (109). RecF has also been demon-
strated to operate in the repair of DSBs in bacteria that
lack RecBCD homologs (107). RecF-mediated homologous
recombination and subsequent NER component-based re-
pair have also been implicated in relieving stalled replica-
tion forks caused by DNA ADP-Ribosylating toxins (110).
RecF is part of a conserved gene-neighborhood widespread
across various bacterial lineages, which additionally codes
for the clamp loader AAA+ ATPase, responsible for load-
ing the DNA sliding clamp (DNA polymerase III (8 sub-
unit) (2), and a Toprim subunit of the gyrase/topoisomerase
family (Figure 5J). Further, in these neighborhoods, RecF
might be linked to three distinct genes coding for proteins
with DUF370, DUF721 domains and a single-strand nu-
cleic acid binding S4 domain protein (Figure SH). Our anal-
ysis showed that the DUF370 has a KH-like fold implicated
in single-stranded nucleic acid binding while the DUF721 is
the recently characterized DciA (dna[CI] antecedent) found
to be a widespread bacterial protein required for loading the
replicative helicase onto DNA (111). Of these, DciA has the
most widespread association with RecF found across var-
ious bacterial lineages, while S4 and DUF370 were more
restricted (Supplementary Material). It is conceivable that
the DUF370 and S4 domains might bind single-stranded
DNA or an RNA primer after DciA facilitates assembly of
the functionally linked replicative helicase and it unwinds
the DNA.

RecN-mediated repair systems

RecN shows a pan-bacterial distribution and our sur-
vey also uncovered transfers to eukaryotes such as stra-
menopiles and the viridiplantae. Its phyletic distribution
is comparable to RecF — indeed, both RecF and RecN
might have emerged via a duplication event from a common
precursor in the ancestral bacterium (Figure 3). Consis-
tent with this, RecN interacts with both the RecFOR- and
RecBCD-dependent bacterial recombinational repair path-
ways and is among the first responders to DSBs (19). RecN
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also physically interacts with RecA and stimulates RecA’s
DNA strand invasion via its ATPase activity (106). We
identified an almost absolutely conserved genomic associa-
tion of RecN with the NAD™ kinase (NADK) (Figure 5K)
across numerous bacterial lineages suggesting that it is most
likely an ancient association going back to the ancestral
bacterium. In addition to the core RecN-NADK associa-
tion, in several bacterial lineages, it may also show a further
operonic association with the FtsJ] RNA methylase with an
S4 RNA-binding domain. Other less conserved associations
might extend this operonic linkage to include the ArgR-
family of HTH domains and a Nudix phosphoesterase also
implicated in NAD" processing (Figure 5K). These asso-
ciations are enigmatic because, unlike RecN, none of these
proteins have a direct role in DNA repair. NADK phospho-
rylates NAD™ to synthesize the metabolite NADP* whereas
FtsJ catalyzes the 2’-O-methylation of the sugar of the uni-
versally conserved U2552 in 23S rRNA (112,113). It is con-
ceivable that the linkage of these housekeeping functions to
a DNA repair protein RecN plays a role in sensing stress
conditions that might pose challenges to genomic integrity.

SbcC/Rad50-dependent double-strand break repair systems

In extant organisms, double-strand DNA breaks are re-
paired by either homologous recombination (114), or one of
several non-homologous (microhomology dependent) end-
joining pathways (115). The mainstay of the recombina-
tional repair system in the LUCA can be confidently re-
constructed as having a RecA-like recombinase, i.e., the
precursor of RecA, RadA, Rad51 and DMCI, which was
involved in homologous recombination, and the hetero-
tetrameric DNA-end resection complex comprised of an
SbcC/Rad50-like ABC ATPase and SbcD/Mrell nuclease
of the calcineurin-like phosphoesterase superfamily (116)
(Figures 3, 5SL-M). The descendants of this ancestral ABC
ATPase with a Zn-hook in the apex of the coiled-coil region
are nearly universally conserved across the three superk-
ingdoms of life (Figure 3, Supplementary Material). The
Rad50-Mrell complex acts as a double-strand break sen-
sor in archaea and eukaryotes (18,117). A characteristic fea-
ture of this complex is its structural reorganization in con-
junction with end-recognition which results in the Mrell
dimer being positioned to process the DNA end (118). Like-
wise, the bacterial SbcC-SbeD forms a complex that per-
forms comparable roles in DNA-double strand break re-
pair, especially when the bacterial RecBCD system is not
functional (119,120). In archaea, the Rad50-Mrell system
shows a genomic linkage to the genes coding for the ATPase
HerA and the nuclease NurA that generate 3’ overhangs in
DNA required for the subsequent repair steps (121) (Figure
5M).

As noted above, we found examples of transfers of the
Rad50-Mrell system to bacteria and the SbcC-SbeD sys-
tem to various archaea. The affinities of these transferred
versions were confirmed with a phylogenetic tree that in-
cludes comprehensive representation of Rad50 and SbcC
(Supplementary Material: Tree file). In the former case
(e.g. in cyanobacteria, proteobacteria, spirochaetes, ther-
mobaculum, and chloroflexi) the transferred Rad50-Mrel 1
element additionally includes genes for the HerA-NurA

dyad suggesting that a complex similar to that in archaea
is also formed in the bacteria with these genes. Interest-
ingly, the SbcC—SbcD system transferred to the archaea ac-
quired associations with the HerA—NurA dyad in archaea
and these together were transferred again back and dissemi-
nated across several lineages of bacteria (Figure 4C). Taken
together, these findings suggest back and forth transfers be-
tween bacteria and archaea in the SbcC—Rad50 clade after
their initial separation and that both subclades were able to
constitute complexes with HerA—NurA in both the archacal
and bacterial superkingdoms (Figure 5L and M, Supple-
mentary Material).

The B-sheet insert and TM clades: novel DSB repair systems

We identified two related, novel clades that share specific
sequence and structure features with the SbcC/Rad50 clade
(Supplementary Table S2) including a similarly sized coiled-
coil region of around 650 amino acids residues (Figure 3).
The two clades are united by a modified sensor motif (H-
loop) usually lacking a histidine and typically of the form
[T/S]C, which also distinguishes them from the canonical
SbcC/Rad50 proteins. Moreover, they also show displace-
ment of the Zn-hook at the apex of the coiled-coil by ei-
ther of two distinct domains respectively in the two clades.
The first clade displays a B-strand rich domain (the B-sheet
insert clade) (Figure SN) and the second a 2TM-domain
(TM-clade) (Figure 50). They are both sporadically but
widely distributed across diverse bacteria and are also in a
few archaeal lineages — a pattern suggesting extensive lateral
mobility. Like SbcC/Rad50, both of these clades retain a
strong operonic linkage to a SbcD/Mrel 1-related nuclease.
Beyond the two-gene core of these operons, a few represen-
tatives of the TM clade from archaea (crenarchacota and
thaumarchaeota) and bacteria (dictyoglomi) are encoded
in more extended operons with further associations with
genes for the NurA nuclease and the HerA ATPase (Fig-
ure 50). These associations suggest that these clades prob-
ably evolved via rapid divergence from the more widespread
Rad50 of archaeo-eukaryotic provenance (Figure 3). Based
on their contextual associations and relationship to the
SbcC/Rad50 clade, we predict that these clades might also
function in DNA double-strand break repair. The insertion
of the 2TM suggests that the TM clade might specifically
mediate repair in a membrane-anchored fashion, perhaps
during chromosome segregation or acquisition of DNA via
transformation or conjugation.

ABC ATPases mediating homologous DNA-recombination
in bacteriophages

As members of the higher-order Zn-hook clade, most of
them possess a Zn-hook (Figure 3); however, this domain
has degenerated to a non-Zn-binding state in some repre-
sentatives. They are found in large DNA bacteriophages of
the caudovirales assemblage or their prophage derivatives in
certain bacterial genomes (122). They are typically encoded
close to the viral replication origins and are characterized
by operonic associations with single-strand DNA annealing
proteins (SSAPs) that play a key role in homologous DNA
recombination (122,123) (Figure 5P). The most common of
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these gene-neighborhoods includes a two-gene core coding
for an ABC ATPase and an SSAP of the RecT/Redp fam-
ily. A set of operons lack the RecT/RedB association; here
the ABC gene is instead linked to genes encoding DUF669
and the Sak4 ATPase of the RecA family (124). A closer
examination suggests that the DUF669 is a SSAP with a
permutated version of the RNase H fold comparable to the
RecT/RedB domains (Supplementary Material). This ABC
ATPase-SSAP dyad may be combined with several alterna-
tive genes in different viruses coding for distinct nucleases
such as (Figure 5P): (i) a A-type exonuclease with the REase
fold (122,125). (ii)) A 3’-5-exonuclease typified by the Es-
cherichia coli Exol, a member of the RNase H fold (126).
These gene-neighborhoods additionally encode a winged
HTH (WHTH) protein that is elsewhere fused to the FtsK-
HerA superfamily ATPases (127). (iii) A metallobetalacta-
mase (MBL) fold DNase (128). A further association with
a potential DNase of the HNH fold is sometimes observed
across these nuclease types (Figure 5P). Despite their diver-
sity, these systems are predicted to be functionally similar
as they are specifically found in phages with linear chromo-
somes that face the DNA-end problem following replication
due to removal of the RNA primer. The ABC ATPase with
the associated nuclease and SSAPs help solve this problem
via recombination, with the SSAPs promoting single-strand
annealing often in conjunction with the associated RecA-
like Sak4 ATPase by binding to the 3”” DNA overhangs gen-
erated by the associated nucleases (129). These nucleases
likely form a complex with the cognate ABC ATPase, as
observed in the case of Rad50-Mrell, and with the latter
bridging the homologous chromosomes with its coiled-coil
region (Figure 4B).

The Hinge clade: ABC ATPases in chromosome organization

With the growth in genome size, one of the major problems
faced by cells was the packaging of the genomic DNA into
a submicron space. ABC ATPases of the Hinge clade, which
appear to have emerged by the LUCA (Figure 3), were key
players in the solution to this problem (130-132). Prokary-
otes code for a protein that is likely close to the ancestral
version of this clade in the form of the single SMC protein
found across archaea and several bacterial lineages. This
single SMC ABC ATPase underwent proliferation to give
rise to six paralogs in the ancestral eukaryote. In prokary-
otes, a common genomic association links the SMC gene
with that coding for its partner protein ScpA, the archetypal
member of the kleisin superfamily, which contains a helical
N-terminal domain linked to a C-terminal wHTH domain
(133,134) (Figure 5Q). In some cases, there is a further as-
sociation with a gene coding for a second partner protein
ScpB (135,136), which contains a tandem duplication of a
wHTH domain (137-139) (Figure 5Q). This suggests that
even in the LUCA the SMC ABC ATPase likely formed a
complex with a kleisin, which is still retained in the form
of the single SMC complex of the prokaryotes. The eukary-
otic paralogs form heterodimeric cores of complexes with
different roles such as cohesin (Smcl-Smc3) involved in
chromosomal cohesion, condensin (Smc2-Smc4) involved
in chromosome compaction and the Smc5-Smc6 complex
maintaining genome stability through replication and seg-
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regation (20,130,134). These combine with similarly diversi-
fied members of the kleisin superfamily: Sccl with cohesin,
Brnl with condensin and Nse4 for Smc5-Smc6 complexes
(20,140).

Apart from ScpA and ScpB, the SMC ABC-ATPases are
often genomically linked in several bacterial lineages with
one or both GTPase subunits of the signal recognition par-
ticle (SRP) ribonucleoprotein (141) and RNaselll (Figure
5Q). The significance of this linkage is not immediately ap-
parent due to the functional disparity of the SRP and RNa-
selll with the SMCs. However, it is conceivable that associ-
ation with the SRP may play a role in anchoring the SMC
complex to the membrane during chromosome segregation.
The associated RNaselIl might have a role in the process-
ing of the SRP RNA. This association with cell-division
and segregation is also reinforced by the proteobacteria-
specific genomic association with ZipA (Figure 5Q), which
is a membrane protein with a large cytosolic C-terminal re-
gion (142) involved in the formation of a proto-ring which
marks the septum site during cell-division (142).

Several gammaproteobacteria have a second SMC para-
log, MukB (Figure 3), and we found an extensive but spo-
radic presence of MukB homologs in several other bacte-
rial lineages (Figure 4C, Supplementary Material). MukB
shows an operonic association with two other genes MukE
and MukF which code for wHTH domain proteins and
function as partners of MukB (143,144) analogous to the
kleisins and ScpB (145,146) (Figure 5R). Notably, MukB
and its partners are faster evolving relative to the SMCs
and show degeneration of one of two copies of the Hinge
domain in their hinge regions (Figure 4A). Moreover, they
show extensive dissemination via lateral transfer. These fea-
tures suggest that MukB branched off from the more con-
served and widespread SMCs with which they sometimes
co-occur in conserved gene-neighborhoods. Accordingly,
we propose that the MukBEF system might be a mobile
‘selfish” version of the SMC system that might have caused
an ‘addiction’ for their maintenance in certain bacteria by
taking over a role in chromosome segregation.

ABC ATPases IN BIOLOGICAL CONFLICT SYSTEMS

Comparative genomics and follow-up biochemical and bi-
ological studies in the past two decades have revealed a re-
markable diversity of biological conflict systems. These may
be broadly defined as systems that are deployed in con-
flicts that occur at all levels of biological organization in-
cluding: (i) within genomes between integrated selfish ele-
ments and the genomes they reside in; (ii) between differ-
ent competing genomes in the same cell; (iii) between dif-
ferent organisms of the same species; (iv) between organ-
isms of different species. The last category spans the en-
tire range of interactions from host—parasite to predator-
prey interactions. Common to all these levels of biolog-
ical conflicts is the use of protein armaments typically
termed effectors, that target other biomolecules in conflict
situations as part of regulated larger biomolecular assem-
blies (147). These are usually enzymatic (catalytic effectors
(148,149) or sometimes non-catalytic (membrane targeting
effectors which form pores (150,151). Examples of such in-
clude the toxin-antitoxin (TA) involved intra-genomic con-
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flicts, restriction-modification (RM), CRISPR /Cas systems
and diverse nucleotide-activated effector systems deployed
against invasive nucleic acids, polymorphic- and related
toxin systems used in inter-organismal conflicts. A key fea-
ture of these systems is an extraordinary array of regulatory
components that either prevent the premature deployment
of the effectors or their deployment against self-targets or
their recycling after deployment.

It has become increasingly clear that the P-loop NTPases
of practically every higher-order assemblage have been de-
ployed either as effectors or as regulatory components of bi-
ological conflict systems (9,64,122,148,149,152-156). Some
of these roles include (i) toxic effectors (e.g. P-loop kinases);
(i1) recycling chaperones, e.g. the classical AAA+ ATPases
in the Type-6 and PVC secretion systems; (iii) ATPase com-
ponents involved in DNA-protein dynamics in RM and
CRISPR/Cas systems, e.g. SF1 and SF2 helicases, AAA+
and FtsK/HerA ATPases; (iv) regulators of effectors, e.g.
AAA+ of the STAND subclade and certain GTPases; (v)
transporters, e.g. ABC transporters and FtsK/HerA AT-
Pases which are the ATP-dependent engines of effector
transport respectively in the Type-1 and Type-7 secretory
systems.

Notable among these conflict systems are the RM sys-
tems, which are typified by a modification component
that modifies the self-DNA (usually via methylation of
adenine or cytosine) and a restriction component, usu-
ally an endonuclease, that cleaves unmodified non-self or
foreign parasitic DNA (e.g. viruses or plasmids) to pro-
tect the host cell against their deleterious consequences
(157,158). It has become clear in the past decade that ABC
ATPases play a more direct role in RM and standalone
restriction-only or modification-only systems as remodel-
ers of DNA-protein complexes and as sensory switches that
regulate RM-associated RNA-targeting effectors, e.g. PrrC
and RloC (154,155,159-161). Our systematic analysis re-
vealed that these systems are just the tip of the iceberg of
an extensive radiation of conflict-related ABC ATPases par-
ticipating in various aspects of the defense against invasive
nucleic acids and also self-nucleic-acid-targeting responses
that serve as a backup for the failure of mainline defen-
sive mechanisms like the RM or CRISPR /Cas systems. No-
tably, all of the ABC ATPases in conflict systems have been
recruited from the coiled-coil clade and within it, most rep-
resentatives can be clearly shown to belong to the Zn-hook
clade. This raises the possibility that the vast radiation ABC
ATPases in conflict systems probably derives from a single
or few ancestral versions. We describe below the numerous
recruitments of ABC ATPases to conflict systems.

Inactive ABC ATPases facilitate the acquisition of spacer
DNA in type-II CRISPR/Cas systems

The Csn2 protein is one of several accessory proteins that
are found as part of certain CRISPR /Cas systems, which
are prokaryotic adaptive restriction systems that target
invasive nucleic acids using complementary guide RNAs
(crRNAs/tracrRNA) synthesized from DNA segments
acquired from genomes of invaders (spacers) (162,163).
Csn2 is specifically encoded by type-II CRISPR/Cas
systems, where it occurs along with the genes for the

characteristic Casl and Cas2 proteins of CRISPR/Cas
systems and the diagnostic Cas9 restriction component
of type-Il CRISPR/Cas systems with RNase H- and
HNH- superfamily nuclease domains. Within these gene-
neighborhoods, Csn2 is specifically linked to Casl-Cas2
with a strong preserved ‘Cas1-Cas2-Csn2’ gene order (Fig-
ure 6A). Indeed, a complex formed by Casl-Cas2-Csn2
(the spacer-acquisition complex) interacts with the restric-
tion component Cas9 via Csn2 to form a single multimeric
complex (164,165). However, Csn2 has been shown to be
primarily involved in the spacer-acquisition (immunization)
stage along with the core components Casl and Cas2 and
is dispensable for the maturation of the crRNAs and the
cleavage of the target DNA (166,167). In this context, Csn2
forms a homotetrameric toroid around DNA, facilitating
the integration of spacers by end-joining upon cleavage of
the integration site by Casl integrase (168).

Csn2 is confidently predicted to be an inactive ABC AT-
Pase because of the complete erosion of the sequence fea-
tures such as the P-loop, Walker-B and sensor-H motifs that
are characteristic of the ABC superfamily (169,170). How-
ever, it retains the diagnostic structural features of the ABC
superfamily such as the characteristic N-terminal preceding
strands and insert-1 region (containing IS1-IS2 and a helix;
Figure 3, Supplementary Tables S1 and S2). The recently
solved crystal structure of Csn2 confirmed our proposal
that Csn2 is an ABC ATPase, which specifically belongs to
the coiled-coil clade (Figure 3) (165,169). These observa-
tions suggest that like the cellular coiled-coil ABC ATPases
(SbcC/Rad50) or their phage counterparts (see above), the
Csn2 marks and possibly bridges double-strand breaks for
repair. However, being inactive, Csn2 is merely a passive
DNA-end-binding component like the Ku or the SRAP
domains (171) and does not perform any ATP-dependent
manipulation of the DNA. Notably, we identified exam-
ples of active coiled-coil clade ABC ATPase systems embed-
ding within CRISPR /Cas systems (Figure 7C, see below).
These systems may act as backups in the event of failure
of the main effector system. This indicates that Csn2 was
probably recruited to type-II CRISPR/Cas systems from
an active DNA end-binding ABC ATPase precursor. Fur-
ther, related ATPases (e.g. PrrC and RloC) are also seen in
biological conflict systems like RM systems as sensors of
nucleotide triphosphates (see below) associated with viral
replication (154,155,159-161). Hence, it cannot be ruled out
that Csn2 additionally plays such a sensory role in the type-
IT CRISPR /Cas systems.

Decoding the functions of the DndD and CxC clades

The ABC ATPase DndD is a component of the Dnd
DNA-modification system. As noted above, we found a
further clade related to DndD, the CxC clade, which we
named after the unusual signature of its Zn-hook motif
(Figure 3, Supplementary Material). The Dnd system cat-
alyzes the modification of self-DNA by replacing the non-
bridging oxygen in the phosphate backbone of the DNA by
sulfur (forming a phosphorothioate) (172,173). The well-
characterized core of the Dnd system is comprised of the
enzymes DndA, a PLP-dependent cysteine desulphurase
(169), which abstracts a sulfur from cysteine and the PP-
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Figure 6. (A-C) Representative depictions of gene neighborhoods of diverse biological conflict systems centered on Csn2, DndD/CxC and 3C-ABC-
ATPases. The corresponding contextual networks based on the gene-neighborhoods are shown. The system of labeling is as in Figure 5.

loop ATP pyrophosphatase DndC, which incorporates the
sulfur into the DNA backbone via an adenylated interme-
diate (174,175). While it is not usually associated with a re-
striction component, the system encoded by the DndFGHI
operon has been identified as a restriction component for
unmodified DNA in certain Dnd systems (176,177).

Aside from these components, Dnd systems contain
three conserved but poorly understood components DndB,
DndD and DndE (Figure 6B). Our earlier analysis had
shown DndB to be a member of the ParB superfamily of
enzymes that possess both nuclease and NTPase activity
(178). While the ABC ATPase DndD has been shown to
possess ATPase activity (179), its role in the Dnd system has
remained enigmatic. For instance, DndD has also been erro-
neously described as an AAA+ ATPase and was not recog-
nized as an ABC ATPase (180,181). We identified two tan-
dem copies of the DNA-binding ribbon-helix-helix (RHH)
domain (139) in DndE, which is consistent with it prefer-
entially binding nicked double-stranded DNA substrates in
a sequence-independent manner; however, its role in these

systems has also been enigmatic (182,183). Our analysis re-
covered numerous divergent DndE homologs and revealed
that DndD shows a nearly universal linkage to DndE but is
not always linked to the other genes of the Dnd system. Fur-
ther, the related CxC clade of ABC ATPases also shows a
comparable linkage to a gene coding for a DndE homolog.
Given that DndE is a non-specific DNA-binding protein,
based on the precedence of other members of the coiled-
coil clade such as the SMCs, which operate along with
non-specific DNA-binding partners such as the kleisins and
ScpB (Figure 5Q), we propose that ABC-ATPase-DndE
complex forms a similar DNA-manipulating complex.
This complex might be utilized both in the DNA-
modifying Dnd system as well as the below systems which
we uncovered for the first time in this study. In the case of the
Dnd system, we propose that the backbone modification re-
quires the manipulation of the strands by the DndB-DndE
complex for the catalytic DndA-DndC complex to access
the modification sites. Indeed, the ParB superfamily DndB
protein could play a further role in this process by acting
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Figure 7. (A-C) Representative depictions of gene neighborhoods of diverse biological conflict systems centered on HEPN, PHP and Toprim containing

ABC-ATPases. The corresponding contextual networks based on the gene-neighborhoods are shown. The system of labeling is as in Figure 5.
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as a nuclease that allows easier access for the backbone-
modifying machinery, or as an ATPase that regulates the
action of DndC. Consistent with the nuclease proposal, we
found that there are multiple Dnd-like systems wherein, in-
stead of DndB, there are genes coding for an endoDNases
of the HKD restriction enzyme superfamily. We also found
an unexpected twist to the Dnd system in the form of a con-
served gene-neighborhood-association linking DndC and
DndD to a DndE homolog that is further fused to an FtsK-
like ATPase (Figure 6B). HerA /FtsK superfamily ATPases
are involved in DNA translocation (127); hence, it is con-
ceivable that the action of these systems involves a DNA-
pumping activity akin to the functional coupling of the ho-
mologous ATPase HerA to several ABC ATPases of the
Rad50-SbcC-like clades.

Outside of the Dnd systems, we found strong parallel
operonic associations for the DndD and CxC clades (along
with their usual partner DndE), conserved across various
bacterial and archaeal lineages, with a predicted endoD-
Nase of the HK D superfamily typically fused to an SF-2 he-
licase module that is related to restriction enzymes from pre-
viously characterized Type 1/11I-like ATP-dependent RM
systems (184) (Figure 6B). Additionally, these operons may
be coupled to one or both modification methylases respec-
tively of the DNA cytosine methylase and the circularly per-
muted cytosine-N4-methylase families and a previously un-
characterized globular domain found in several RM sys-
tems (MTaX1: methylase associated X1; Figure 6B). Dis-
tinct from classical RM systems, these systems are also asso-
ciated with a gene coding for a small, rapidly evolving pro-
tein of around 60-70 amino acids that is predicted to have a
mostly disordered structure. Based on the precedence of TA
systems, we predict that this small protein (analogous to an
antitoxin) potentially acts as a negative regulatory compo-
nent that might sense the presence of invaders by acting as
a binding factor or substrate for invader-encoded enzymes
like viral peptidases.

The similar recruitment of the DndD and CxC clade
ABC ATPases both in Dnd and RM-like operons, and
their coupling to DndE, strongly indicates that the two re-
lated ATPases likely perform equivalent roles. In the re-
cently described Dnd-like ‘sspABCD-sspE’ systems, sspA,
sspD and sspE are equivalents of DndA, DndC and DndB
of the Dnd system (180). Interestingly, these systems lack
a direct homolog of the DndD or CxC clade ABC AT-
Pases; instead, we find that the ABC ATPase has been dis-
placed by an ATPase with a distinct C-terminal domain,
sspC, belonging to the STAND-Orc-CDC6 clade of AAA+
NTPases. Likewise, instead of DndE these systems con-
tain sspB which contains a triple wWHTH domain related to
the DNA-binding domain of the restriction endonuclease
FokI (185). This suggests that the core modification com-
ponents are mixed and matched with different ATPase and
DNA-binding components which might perform compara-
ble roles in these DNA-modification-based conflict systems.

A novel Zn-hook-containing ABC clade associated with di-
verse effectors

Our study uncovered an ABC clade widely distributed
across all major bacterial lineages and on rare occasions in
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archaea, which typically occurs as part of a mobile three-
gene operon. Accordingly, we named this clade the ABC-
3C (for ABC-three component) clade (Figure 3). The ABC
gene is always the third or the 3’-most gene in these oper-
ons. Of the two other genes in the operon, the 5-most
gene codes a protein marked by a variable multidomain
architecture, whereas the middle gene codes for a distinc-
tive single domain protein which we term MC (for middle
component) (Figure 6C). The diversity in the first multido-
main component is primarily in the variable N-terminal do-
main, which we predict to be the effector module of the
system. These include (i) multiple related subfamilies of
REase fold domains; (ii) a trypsin superfamily peptidase;
(ii1) an enzyme of C-N hydrolase superfamily. In some cases,
an inactive version of this is combined with a further N-
terminal active REase fold component; (iv) A HNH su-
perfamily domain; (v) An «/B-hydrolase; (vi) A TIR do-
main; (vii) a double-Rossmann domain dehydrogenase re-
lated to the NAD™-dependent dihydropyrimidine dehydro-
genases. Additionally, when the trypsin domain is present
there may be further effector components encoded by an-
other 5’ standalone gene in the form of a metallobetalacta-
mase or calcineurin-like superfamily nuclease or an HKD
superfamily endoDNase with a C-terminal SAD(SRA) do-
main (Figure 6C). The effector component additionally
contains one of at least 12 distinct conserved regions C-
terminal to the above catalytic effector domains. These C-
terminal regions contain one or more conserved domains,
which are either o+ or all a-helical and with distinct pat-
terns of charged and polar residues. We did not detect a re-
lationship of these to any other previously characterized do-
mains. Corresponding to these types of C-terminal regions
in the effector component, there are also at least eight types
of MCs (Figure 6C), each defined by a distinctive pattern of
conserved charged residues (Supplementary Material). At
least three of these MCs can be confidently unified with the
HTH fold, although others appear unrelated to any other
known domain (Figure 6C, Supplementary Material).

There are multiple striking aspects of these systems: (i)
the effectors encompass enzymes that are predicted to tar-
get a range of cellular components such as phosphodiester
bonds in nucleic acids (REase, Metallobetalactamase, cal-
cineurin), potentially N-glycosidic linkages in nucleic acids
or nucleotides (CN-hydrolase, TIR), possibly nucleobases
(the dihydropyrimidine dehydrogenases-like Rossmann do-
mains), membranes (a/f hydrolase), proteins (trypsin-like
peptidase) and NAD* (TIR). This diversity is not typical
of RM systems where the effectors primarily target nucleic
acids. (ii)) Unlike RM systems, even when the effector do-
mains are predicted to target DNA, there are no corre-
sponding modification enzymes or modified DNA ‘reader’
domains in these systems that might help in self-non-self
discrimination. Rather, they resemble the recently described
nucleotide-regulated effector systems where diverse effec-
tors are coupled to the sensing of nucleotide signals (152).
(ii1) In addition to their tight linkage, the three components
also co-evolve, i.e. related types of effector component C-
terminal regions come with corresponding versions of MCs.
This is also reflected in the subtypes of 3C clade ABC AT-
Pases associating with each variety of MC and C-terminal
regions of the effector component (Figure 6C).
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Due to these features, we propose that these define novel
biological conflict systems that function as a multimeric
complex comprised of the effector component, MC and the
3C-ABC ATPase. This complex is presumed to be in an
inactive state by default. Based on the precedence of the
PrrC and RloC systems (159,161,186-188), we suggest that
the ABC ATPases respond to the presence of invasive enti-
ties, such as DNA viruses. This sensing event is predicted to
reconfigure the multimeric complex in an ATP-dependent
manner to unleash the effector. As at least some versions
are HTH domains, MCs could generally function akin to
kleisins as DNA-binding partners for the ABC ATPases.
Due to the typically large size of the effector component
C-terminal regions relative to the actual effector and MC
domains we propose that it serves as the platform on which
the remaining two components assemble. In this proposal,
the conformational change transmitted by the ABC ATPase
would result in an unfurling and activation of the effector.
Finally, given that the effector domains include those that
might target membranes or NAD™, we propose that some
of them could act on cellular targets in a ‘suicidal’ mode to
limit viral spread to kin.

ABC ATPases coupled to a diverse array of nuclease and
other effector domains

Our study uncovered a vast radiation of such ABC ATPases
that are closely coupled, either in the same polypeptide or
in tightly linked gene-neighborhoods with a diverse array
of effector domains (Figures 3 and 7A—C). We describe the
entire gamut of these systems below followed by a unified
account of their possible mode of action.

Systems with ABC-ATPases linked to diverse RNase do-
mains of the HEPN superfamily. Several distinct clades
of the HEPN superfamily of RNase domains are found
fused to ABC ATPases. These occur across prokaryotes
as mobile standalone genes or embedded in RM systems
(e.g. Escherichia PrrC) or as part of gene-neighborhoods
of increasing complexity (Figure 7A). Beyond the stan-
dalone versions, the simplest of the gene-neighborhoods
feature two genes respectively coding for an ABC ATPase
with a C-terminal HEPN domain and a standalone HEPN
domain protein. A further conserved two-gene neighbor-
hood combines a gene for an ABC ATPase+HEPN pro-
tein with a gene coding for a three-domain protein with a
ParB nuclease/NTPase, an HNH endoDNase and a novel
C-terminal domain which might recognize modified DNA.
More elaborate neighborhoods feature three genes respec-
tively coding for an ABC ATPase with a C-terminal HEPN
and Zn-ribbon domain, a protein with a standalone URI
domain nuclease (189), and a small protein with an RHH
DNA-binding domain (139,190). Notably, all these neigh-
borhoods combine the ABC ATPase+HEPN with either
a second predicted RNase (HEPN) or one of multiple
DNases that consistently lack an associated modification
component (Figure 7A).

Systems with ABC AT Pases associated with PHP and his-
tidine kinase domains. The core of these mobile systems
found across prokaryotes is a protein combining the ABC

ATPase domain with a PHP (Polymerase and histidinol
phosphatase) domain (116) (Figures 3, 7B). The PHP do-
mains are TIM-barrel fold phosphoesterases, versions of
which also cleave nucleic acids (191,192). The ABC AT-
Pase+PHP genes might show associations with genes cod-
ing for a REase fold restriction enzyme fused to an SF2 heli-
case and an m°A methylase with TRD domains (Figure 7B).
These are likely counterparts of the ABC ATPase+HEPN
systems, where the ABC ATPase+PHP gene is embedded
in bona fide Type I-like R-M systems (Figure 7B). Closely
related ABC ATPases also occur in certain conserved gene-
neighborhoods independently of the PHP domain. These
versions are typically linked to a gene coding for a minimal
histidine kinase domain (193) fused to a Schlafen-family
RNase domain (194). The latter element with the minimal
histidine kinase domain also occurs as an independent el-
ement of diverse conflicts system in various effectors(195).
In a variant of the above theme, the ABC ATPase gene is
combined with two genes respectively coding for a histi-
dine kinase and a protein with a receiver domain fused to a
C-terminal S/T/Y /small-molecule kinase domain (Figure
7B).

Systems with ABC AT Pases fused to Toprim domains. Two
sister families of ABC ATPases, OLD (196-200), and E59
(201,202), which display a coiled-coil insert but lack a Zn-
hook, are typically associated with a Toprim domain (Fig-
ure 3). Recent crystal structures of the OLD proteins em-
phatically support their membership in the coiled-coil clade
(199,200). The OLD (Overcoming Lysogenization Defect)
ABC-ATPase was originally identified in the lysogenic bac-
teriophage P2 as a gene coding for a product with poten-
tial toxicity to lysogenization defective (lyd) Escherichia coli
mutants and a role in defense against other lysogenic phages
such as \ that compete for the same host species (197,198).
Likewise, the E5S9 (Early59, abbreviated as EaS9 or ES9),
originally identified in phage A, is implicated in inter-phage
conflict and bacterial counter-phage defense mechanisms
(201-203). These sister families share the same structural
inserts and similar coiled-coil segments (~150 residues) but
are distinguished by several sequence features (Supplemen-
tary Table S2 and alignments provided in the supplemen-
tary material). These include frequent deviations from the
ABC signatures in the OLD family such as a commonly ob-
served histidine in place of the aspartate in the D-loop and
a basic residue in place of the glutamine in the Q-loop. No-
tably, these unusual features are required for OLD ATPase
activity and its toxic effect on RecBC™ hosts (199).

The Toprim domains of the archetypal OLD protein and
of others such as RNase M5 have been shown to have both
RNase and DNase activity (196,204,205) (Figure 7C). Both
families are part of highly mobile gene neighborhoods that
are widespread in the two prokaryotic superkingdoms. The
OLD family has been transferred independently to a uni-
cellular holozoan (the filasterian Capsaspora owczarzaki)
and the bivalve mollusc Crassostrea where it has undergone
lineage-specific expansions. The simplest of these neighbor-
hoods couple genes for either the OLD or the E59 fam-
ily and a standalone Toprim gene, suggesting that these
likely retain the ancestral condition of these families (Fig-
ure 7C). In other neighborhoods, the Toprim domain is
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fused to the C-terminus of either of these ABC ATPases
and they are found as part of conventional Type I RM
systems with a REase fold restriction enzyme fused to an
SF2 helicase and an m®A DNA methylase with TRD do-
mains. In some of these neighborhoods of the OLD fam-
ily, a HEPN domain is fused to the REase fold endoDNase
domains and in these instances, the Toprim associated with
the ABC-ATPase is inactive (Figure 7C). This supports po-
tential functional equivalence between HEPN and at least
a subset of Toprim domains. In the E59 family, there may
also be associations with RM systems coding for a cytosine
C5 methylase instead of an m®A DNA methylase (Figure
7C). Either independently of conventional Type I RM sys-
tems or sometimes co-occurring with them, is a notable gene
neighborhood, which combines the ABC ATPase+Toprim
of the OLD family with a gene coding for a UvrD-like he-
licase, which is further fused to a 3’-5" exonuclease domain
of the RNase H fold (Figure 7C). These have recently been
described as ‘class-2’ OLD systems (199).

Systems related to the above where the Toprim component
is displaced. Both the OLD and E59 ABC ATPase com-
ponents occur as part of gene-neighborhoods where the
Toprim module has been displaced by one of several other
modules. Both the OLD and E59 families show parallel
combinations with an NTPase/nuclease of the ParB su-
perfamily (178) (Figure 7C). Further, the OLD ABC AT-
Pase alone is combined with a gene for a previously un-
reported version of the REase fold, whereas the E59 fam-
ily is combined with genes encoding either of two endonu-
cleases respectively displaying the HNH fold (widely dis-
tributed) or the REase fold (less common). As with the
Toprim-containing versions, this core neighborhood might
be combined with conventional type-I-like RM systems
with REase+SF2 helicase domains (occasionally with a fur-
ther fusion to a HEPN domain) and m°®A methylases with
TRDs (Figure 7C). An unusual set of such HNH-associated
systems display N-terminal fusions of the ES9 ABC AT-
Pase to (i) a further HNH domain and another helical do-
main; (ii) an m®A DNA methylase. Interestingly, both these
fused domains are predicted to be catalytically inactive due
to the loss of their active site residues (Figure 7C). Strik-
ingly, a subset of gene-neighborhoods featuring the second
fusion additionally codes for a patatin-like phospholipase A
related to the bacterial toxin ExoU (206), with N-terminal
transmembrane helices. Likewise, another subset of these is
linked to an «/B hydrolase gene coding for a TLEI1 toxin-
like lipase (207).

Notably, both the OLD and E59 families often show con-
served C-terminal a-helical extensions (199,200) fused to ei-
ther the ABC ATPase or the nuclease component. Crystal
structures have revealed a relationship to the bacterial con-
troller (C) proteins from RM systems (200). In the case of
the OLD family, the versions without the helical extension
were recently classified as class-1 and those with the heli-
cal extension as class-2 (199,200). In the class-2 homologs,
this C-terminal a-helical extension contributes conserved
residues to the Toprim active site and is required for DNA
nicking and cleavage activity (200). Structural modeling
also points to a possible role for it in binding and orient-
ing the substrate DNA (200). This latter function may more
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generally hold for the comparable helical extensions of the
ES9 family, which are more fast-evolving, and lack the con-
served residues contributed to the nuclease active site by the
OLD class-2 helical inserts. Some members of the ES9 clade
lacking the Toprim domain have a conserved N-terminal
domain predicted to possess an a+ fold. While there are no
indications that this domain is a catalytic domain, it might
play a role in interactions with the components of partner
systems like RM.

ABC ATPases and linked effectors as back-ups for mainline
anti-invader systems

Studies on the classic PrrC and RloC systems have revealed
a remarkable interplay between restriction of invasive DNA
and attacks on self-RNA in the context of the defense
against coliphages like T4 (154,155,159-161,208). In these
systems, the ABC ATPase is fused to a C-terminal RNase
domain of the HEPN superfamily (209-213) (Figures 3, 7A)
which targets the anticodon loops of tRNAs. PrrC is ge-
nomically linked to the Type Ic R-M system Prrl, whose
three core RM components (hsdMSR) negatively regulate
the PrrC by keeping it catalytically inactive (154,160,214).
However, when phages like T4 deploy antirestriction pep-
tides, such as Stp, which inhibit the restriction endoDNase
of the Prrl RM system, it activates the associated PrrC evi-
dently by interacting with the PrrC-restriction endoDNase
interface (208). This unleashes the C-terminal RNase do-
main, which is further augmented by GTP hydrolysis and
binding of dTTP (159), to act as the second line of de-
fense against the virus by cleaving the anticodon loop of
self-tRNAs (154,160,214). Unlike PrrC, the RloC is not
linked to the RM systems and its HEPN RNase domain is
kept inactive by its N-terminal ABC-ATPase domain un-
der normal conditions. RIoC responds to DNA damage,
which could be induced by viral infections, and dTTP which
could act as a signal related to viral replication, to unleash
its HEPN RNase through conformational changes in the
ATPase domain. These self-tRNA targeting responses in-
hibit translation and can have deleterious consequences on
the replicating virus (215).

Thus, the ABC ATPases are combined with a multiplic-
ity of C-terminal nuclease domains, such as HEPN, PHP,
PIN and Toprim. These domains are known to have either
RNase or DNase activity or both. Further, we find mul-
tiple independent associations of these systems with bona
fide RM systems. Taken together, our observations point to
a general functional principle for the combination of ABC
ATPases with nuclease domains. This suggests that upon
sensing of signals indicating the failure of front-line defense
systems, the ABC ATPase unmasks associated nuclease do-
mains to either attack self-RNAs (likely those associated
with translation, e.g. tRNAs) or DNA in an indiscriminate
fashion as suggested by the role of the Toprim DNase ac-
tivity in the killing of recBC-Escherichia coli (199). Other
examples of the above systems also show characteristic fea-
tures of DNA-targeting enzymes such as the RHH DNA-
binding domain found in systems with the URI endonucle-
ase, or the HNH+ParB combination related to type IV RM
systems, versions of which have been shown to cleave DNA
(216-218).
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The RloC-like systems (described above) have been
shown to not just cleave the anticodon loop but also excise
the wobble base from the cleaved loop (186,219). Consis-
tent with this, we find multiple instances of a second RNase
component such as a second HEPN or Schlafen domain
in these systems. Accordingly, we posit that these second
RNases might likewise catalyze an additional cleavage. Fur-
ther, the systems which contain a UvrD-like helicase with a
3'-5 exonuclease domain might also catalyze exonucleolytic
degradation of the cleaved nucleic acids. In either case, such
double-nuclease action can considerably limit repair, espe-
cially of the targeted RNAs by ligation (155). Addition-
ally, there are coupled effectors that might not target nu-
cleic acids, such as the two distinct lipases, which likely tar-
get the membrane, and the histidine kinase-receiver domain
two-component systems, which may activate a kinase effec-
tor (Figure 7C). Absence of linked DNA-modification en-
zymes or other inhibitory components (like immunity pro-
teins) in these cases suggests that these enzymes, just as
the associated nucleases, are likely kept inactive in the de-
fault state in a complex with the ABC ATPase component.
Together, these examples indicate that in addition to or in
place of the attack on nucleic acids, the line of defense me-
diated by the ABC ATPases might also trigger responses
via linked effectors, which might include a suicidal attack
on the cell-membrane or phosphorylation of particular
substrates.

Thus, such an action by the ABC ATPases and the cou-
pled effectors can provide a backup for the failure of the
frontline defensive mechanisms. The host might either be
able to tide over such inhibition as a period of dormancy
(a known defense mechanism against phages (220), or if it
undergoes suicide it can preempt viral spread to kin cells
or other cells in a multicellular assemblage (154,155,159—
161). As has been previously proposed, such ‘apoptotic’ re-
sponses are a widespread last line of defense against viruses
across the superkingdoms of life (154,156,221). It is also
notable that such systems have been acquired by viruses:
e.g. OLD by the coliphage P2 and Burkholderia phage KS5
(200) and E59 by N (201,202). These provide a counter
against superinfection by other phages (197,198) or launch
an attack on the host genome to preempt host counter-
attacks. Many of these occur in ‘mobile gene neighbor-
hoods’; for instance, OLD family members frequently occur
in neighborhoods enriched in transposons (200). This sug-
gests that they have been repeatedly disseminated via lat-
eral transfer and exchanged between bacterial and phage
genomes. In addition to the above, multiple acquisitions and
expansions of such ABC-Toprim enzymes in the ‘greater an-
imal’ (holozoans) lineage suggests that such a mechanism
might have also been adapted for defense against eukary-
otic viruses.

GENERAL EVOLUTIONARY AND FUNCTIONAL CON-
SIDERATIONS

ABC ATPases emerged as part of the early radiation of the
P-loop NTPases in association with nucleic acids

Based on their phyletic patterns we infer that at least 5 and
up to 8 distinct versions of ABC ATPases spanning all the

major higher assemblages of the superfamily and associated
with different functions were already present in the LUCA
(Figure 3). This suggests that the ABC ATPases had under-
gone a major radiation prior to the LUCA, as has been pre-
viously reported for another major P-loop NTPase super-
family from the ASCE-division, the AAA+ NTPases (Fig-
ure 1) (2). Smaller but comparable pre-LUCA radiations are
also observed in the case of the helicase (SF-1 and SF-2) and
RecA-ATP-synthase superfamilies of the ASCE-division of
P-loop NTPases (222,223). Thus, not only were at least 5
distinct ASCE-division superfamilies (AAA+, ABC, RecA,
Helicase and HerA/FtsK) present in the LUCA but they
had radiated into at least one to six members each. Our
study demonstrates that four of the five clades of ABC AT-
Pases confidently inferred as being present in the LUCA (six
of eight if we consider the larger, less-confidently inferred set
in the LUCA) performed nucleic-acid-associated functions.
In the case of the AAA+ ATPases three of six clades, in the
case of the helicases 3 of 3 clades, in the case of HerA /FtsK
ATPases one of one clade and in the case of the RecA-ATP
synthase ATPases at least one of two clades traceable to the
LUCA are inferred as having performed nucleic acid-related
functions. Thus, much of the early radiation of the ASCE
division, including the ABC ATPases, occurred in the con-
text of the pre-LUCA emergence of systems associated with
nucleic acids dynamics and biochemistry.

Further, among the ABC ATPases the ancestral MutS,
Zn-hook, and SMC clades (total of 3) are inferred as
performing DNA-related functions (Figure 3). A single
ABC ATPase is confidently inferred as functioning in a
translation-associated RNA-related context, while the sec-
ond one, the RNA-ABC, might have performed an RNA-
related role in the more inclusive reconstruction of the
LUCA complement. In the case of the other ASCE-division
superfamilies, at least 3 clades of AAA+ ATPases and at
least 1 clade each of the helicases, HerA /FtsK and RecA-
like superfamilies are inferred as having DNA-related roles
in the LUCA (2,127,222,223). In contrast, in the KG-
division, of the 13 clades of GTPases traceable to the
LUCA, at least 8 perform RNA-related functions, mostly
related to the translation apparatus, and only one might
have doubtfully functioned in the context of DNA (3,5).
This drastic difference in terms of the preferred nucleic acid-
association between the ASCE and the KG divisions indi-
cate that the former might have originally diversified with
the fixation of DNA as the primary store of genetic infor-
mation and the latter with the fixation of the core transla-
tion apparatus. Their radiation primarily in a DNA-related
context suggests that this probably went together with the
energy-intensive processes associated with DNA as the pri-
mary genetic material, such as unwinding of dsDNA, loop-
ing of DNA for compact packaging and bridging of DNA-
ends during recombination.

The biochemical features of ABC ATPases are correlated
with their unique functional niche

Our current study points to a basic mode of action that
1s common to all ABC ATPases. Consistent with this, we
find that across diverse functional contexts there are only
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rare displacements of ABC ATPases by P-loop NTPases
of any other superfamily. Structural and biochemical hall-
marks of this uniqueness are the head-to-head dimeriza-
tion mode (Figure 2A), barrelization of the core P-loop
B-sheet (Figure 2B) and the absence of the arginine fin-
ger which has convergently evolved in the other KG and
ASCE-division NTPases. The absence of the arginine finger
is compensated by the distinctive, complementary Q-loop-
SGG interaction between the two subunits (Figure 2A).
This together with the mode of ATP-binding by the bar-
relized B-sheet facilitates an ATPase work-cycle that results
in translational motion (Figure 2B). This contrasts with
the rotatory motion typical of the other ASCE ATPases
such as those of the AAA+, HerA/FtsK and RecA-like
clades with corresponding multimeric toroidal assemblies
or the asymmetric linear translocation of the helicases (224—
226) (Figure 4B). The only non-P-loop ATPase domains
that have displaced ABC ATPase domains in more than
one functional context are the MORC-like clade of AT-
Pases of the GHKL superfamily of ATPases. These include
ATPases such as the MORCs, para-MORCs and MutL.
MORGC:s occurs in counter-phage restriction systems in con-
texts equivalent to the ABC ATPases (193). Further, in eu-
karyotes certain MORCs have fused with the SMC hinge
domains and a coiled-coil to generate a configuration equiv-
alent to the SMCs (193). Hence, this clade of unrelated AT-
Pases has likely convergently evolved the capacity to trans-
duce mechanical work in a manner similar to the ABC
ATPases.

Our natural classification of the ABC superfamily sug-
gests that the dimer interface was augmented in multiple
stages starting from a rudimentary form seen in the MutS
family, through the initial developments in the RNA-ABC
and translation factor-UvrA clade, to the more elaborate
form of the classical ABC ATPases (Figures 1B and 3). It
was this elaboration that allowed the emergence of a unique
aspect of ABC function, i.e. active transport across the lipid
bilayer, the key event which allowed cells to actively ac-
quire nutrients, deliver toxin weaponry and extrude delete-
rious xenobiotics. Further, the developments in the dimer
interface were accompanied by the development of inserts
1 and 2 that allowed more efficient coupling of the core
ABC ATPase domain to substrates (Figure 2A-F). An im-
portant stage in this development was the emergence of
progressively longer coiled-coil inserts (Figure 3). This re-
sulted in a mechanism, largely unique among P-loop NT-
Pases, where the Walker A and Walker B regions are con-
ditionally decoupled by the coiled-coil (227,228). This al-
lowed for the work cycle of the ATPase domain to be cou-
pled with long-range bridging interactions that were depen-
dent on the length of the coiled-coil (Figure 4B). This devel-
opment appears to have gone along with the emergence of
large DNA genomes because ABC ATPases of the coiled-
coil clade performed two key roles, namely repair of dsDNA
breaks and the packaging of chromosomes in a small space
(229). Moreover, these recruitments were accompanied by
the acquisition of special conserved partners, respectively
the nucleases of the calcineurin-like phosphoesterase super-
family (Mrell/SbcD) and ScpB/Kleisins with wHTH do-
mains (230,231).
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ABC ATPases affirm deep evolutionary links between house-
keeping aspects of nucleic acid biochemistry and conflict sys-
tems

A major aspect of this study is the identification of an exten-
sive radiation of ABC ATPases in an array of diverse bio-
logical conflict systems. Notably, we show that all these AT-
Pases have emerged from a single or few ancestral members
of the coiled-coil clade. Just as certain house-keeping mem-
bers of the coiled-coil clade function with a nuclease part-
ner, these too function with one of several nuclease partners.
Further, our identification of a pervasive link between these
ATPases and RHH domains, such as DndE, suggests that,
like the ScpB/kleisins of the SMC clade, several of these
too might associate with comparable DNA-binding part-
ners to constitute comparable DNA-encircling structures.
However, in contrast to their relatives such as SbcC/Rad50
and SMCs, which are well-conserved ‘house-keeping pro-
teins’, the versions from conflict systems are rapidly evolv-
ing and widely disseminated via lateral transfer. This pre-
vents us from tying their origins to a precise temporal win-
dow; however, given the ubiquity of biological conflicts we
suspect that they are likely to have emerged early (Figure 3).

Parallels to this situation are found in diverse nucleotide-
activated conflict systems, which couple nucleotidyltrans-
ferases with a panoply of effector domains that likely tar-
get both self and non-self molecules (152). We had shown
that the activating nucleotide-generating enzymes of these
systems are ultimately related to highly conserved nu-
cleotidyltransferases and polymerases involved in house-
keeping roles such as tRNA maturation and replication.
We had postulated that the sensing of damaged RNAs and
genomic DNA to activate repair processes by nucleotidyl-
transferases and nucleic acid polymerases occurred as a re-
sponse to the viral targeting of host-nucleic acids. This an-
cient, conserved repair process probably gave rise to the pre-
decessors of the signaling nucleotides that activated anti-
viral conflict systems as a byproduct. This eventually led to
the fixation of dedicated nucleotidyltransferase paralogs of
the housekeeping versions that activate anti-viral effectors
based on nucleotide signals (152). In parallel, we postulate
that the ABC ATPases which recognized dsDNA breaks,
precursors and intermediates of viral replication were prob-
ably drafted as sensors for potential viral attacks to acti-
vate associated effectors. Indeed, given that several viruses
themselves code for ABC ATPases that are part of the end-
recombination apparatus, it is possible that the ABC AT-
Pases in cellular conflict systems were recruited from such
selfish replicons as they were likely pre-adapted to sense
viral replication/recombination intermediates. Thus, these
observations suggest the deriving of conflict-related sensors
and switches from related enzymes that mediate and safe-
guard the flow of information in the ‘central-dogma’ (as
pertaining to both cellular and selfish replicons) is likely to
be a general phenomenon.

CONCLUSIONS

Other than the transporter ATPase clade, the ABC ATPases
remained the only major superfamily of P-loop NTPases
that were not previously comprehensively surveyed. Here
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we redress the situation with an in-depth analysis of the rest
of this superfamily. Consequently, we show that, whereas
the ABC ATPases initially radiated along with the ASCE-
division NTPases primarily in DNA-related contexts, they
have a mode of action that is distinct from all other P-loop
NTPases. We show that this has been maintained through
the evolution of this superfamily and augmented in multi-
ple distinct stages to perform diverse translational motions
in distinct cellular contexts. Notably, this allows us to under-
stand ABC ATPase function under a common overarching
structural framework.

Further, this work identifies several novel clades and clar-
ifies the contextual linkages and relationships of several pre-
viously known but poorly understood clades. As a result,
we present several testable hypotheses that would allow for
the discovery of novel biochemistry. Examples of these in-
clude the role of MutS ATPases in biosynthetic complex as-
sembly related to secondary metabolism and the possible
mechanism of the DndD and related clades. Importantly,
we identify several novel biological conflict systems wherein
the ABC ATPases could play pivotal roles in the sensing of
invasive entities and triggering a range of effector responses.
Given the rising value of enzymes from biological conflict
systems as potential biotechnological reagents, we believe
that the systems reported here are likely to provide further
opportunities in this regard.
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