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STAND, a Class of P-Loop NTPases Including Animal
and Plant Regulators of Programmed Cell Death:
Multiple, Complex Domain Architectures,

Unusual Phyletic Patterns, and Evolution by
Horizontal Gene Transfer

Detlef D. Leipe, Eugene V. Koonin and L. Aravind*

National Center for Using sequence profile analysis and sequence-based structure predictions,
Biotechnology Information we define a previously unrecognized, widespread class of P-loop NTPases.
National Library of Medicine The signal transduction ATPases with numerous domains (STAND) class
National Institutes of Health includes the AP-ATPases (animal apoptosis regulators CED4/Apaf-1,
Bethesda, MD 20894, USA plant disease resistance proteins, and bacterial AfsR-like transcription

regulators) and NACHT NTPases (e.g. NAIP, TLP1, Het-E-1) that have
been studied extensively in the context of apoptosis, pathogen response in
animals and plants, and transcriptional regulation in bacteria. We show
that, in addition to these well-characterized protein families, the STAND
class includes several other groups of (predicted) NTPase domains from
diverse signaling and transcription regulatory proteins from bacteria and
eukaryotes, and three Archaea-specific families. We identified the STAND
domain in several biologically well-characterized proteins that have not
been suspected to have NTPase activity, including soluble adenylyl
cyclases, nephrocystin 3 (implicated in polycystic kidney disease), and
Rolling pebble (a regulator of muscle development); these findings are
expected to facilitate elucidation of the functions of these proteins. The
STAND class belongs to the additional strand, catalytic E division of P-loop
NTPases together with the AAA+ ATPases, RecA/helicase-related
ATPases, ABC-ATPases, and VirD4/PilT-like ATPases. The STAND
proteins are distinguished from other P-loop NTPases by the presence of
unique sequence motifs associated with the N-terminal helix and the core
strand-4, as well as a C-terminal helical bundle that is fused to the NTPase
domain. This helical module contains a signature GxP motif in the loop
between the two distal helices. With the exception of the archaeal families,
almost all STAND NTPases are multidomain proteins containing three or
more domains. In addition to the NTPase domain, these proteins typically
contain DNA-binding or protein-binding domains, superstructure-forming
repeats, such as WD40 and TPR, and enzymatic domains involved in signal
transduction, including adenylate cyclases and kinases. By analogy to the
AAA+ ATPases, it can be predicted that STAND NTPases use the
C-terminal helical bundle as a “lever” to transmit the conformational
changes brought about by NTP hydrolysis to effector domains. STAND
NTPases represent a novel paradigm in signal transduction, whereby
adaptor, regulatory switch, scaffolding, and, in some cases, signal-
generating moieties are combined into a single polypeptide. The STAND
class consists of 14 distinct families, and the evolutionary history of most of
these families is riddled with dramatic instances of lineage-specific
expansion and apparent horizontal gene transfer. The STAND NTPases
are most abundant in developmentally and organizationally complex

Abbreviations used: HGT, horizontal gene transfer; LUCA, last universal common ancestor.
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0022-2836/$ - see front matter Published by Elsevier Ltd.



STAND ATPases

prokaryotes and eukaryotes. Transfer of genes for STAND NTPases from
bacteria to eukaryotes on several occasions might have played a significant
role in the evolution of eukaryotic signaling systems.
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Introduction

Utilization of nucleotides as energy interme-
diates, building blocks for nucleic acids, or regulat-
ory signals is at the center of all fundamental
processes in biochemistry. Of the several distinct
nucleotide-binding protein folds, the P-loop
NTPase fold is the most prevalent domain in
proteins encoded in the genomes of most cellular
life-forms."™ P-loop NTPase domains have been
detected in approximately 5-10% of the predicted
gene products in the sequenced prokaryotic and
eukaryotic genomes.” Analysis of phyletic patterns
and phylogenetic relationships of P-loop NTPases
from extant organisms indicates that the last
universal common ancestor (LUCA) of all modern
cellular life-forms already encoded multiple and
diverse P-loop NTPases. Thus, this domain must
have been among the first to emerge, and compara-
tive analysis of P-loop NTPases has the potential to
reveal important asgpects of the earliest stages of
cellular evolution.®”

While there is a certain degree of diversity in the
reactions catalyzed by enzymes of the P-loop
NTPase fold, by far the most common one is the
hydrolysis of the B—y phosphate bond of a bound
nucleoside triphosphate (NTP). The free energy of
NTP hydrolysis is typically utilized to induce
conformational changes in other molecules, which
constitutes the basis of the biological functions of
most P-loop NTPases. Typically, P-loop NTPases
show substantial substrate preference for either
ATP or GTP. Structurally, the P-loop fold adopts a
three-layered o/ sandwich configuration that
contains regularly recurring o—f units with the
B-strands forming a central, mostly parallel sheet,
which is sandwiched between a-helices on both
sides' (see SCOP databaset).'” At the sequence
level, P-loop NTPases are generally characterized
by two strongly conserved sequence signatures, the
Walker A and Walker B motifs which bind,
respectively, the f and y fhosphate moieties of the
bound NTP, and a Mg”>" cation."" The Walker A
motif (the P-loop proper) forms a flexible loop
between strand 1 and helix 1 of the P-loop domain
and has the characteristic sequence pattern
GxxxxGK [ST] (x indicates any amino acid residue,
alternative residues are shown in brackets) or a
variation thereof.""'> Side-chain and backbone
atoms of the P-loop residues are critical for the
positioning of the triphosphate moiety of the bound

thttp://scop.mrc-lmb.cam.ac.uk/scop/

nucleotide that makes it susceptible to hydrolysis."
The Walker B motif is composed of a conserved
aspartate (or, less often, glutamate) residue at the C
terminus of a hydrophobic strand and provides a
bond for the octahedral coordination of a Mg**
cation, which, in turn, is coordinated to the B and
y-phosphate moieties of the substrate."'* A hydro-
gen bond between the Walker B aspartate and the
conserved threonine/serine of the P-loop secures
the proper relative positioning of the two phos-
phate-binding motifs.

Comparative sequence and structure analyses
suggest that all P-loop ATPase domains belong to
one of the two major divisions. The kinase-GTPase
(KG) division includes the kinases and GTPases,
which share a number of structural similarities,
such as the adjacent placement of the P-loop and
Walker B strands.”'® The additional strand, cataly-
tic E division (for ASCE) is characterized by an
additional strand in the core sheet, which is located
between the P-loop strand and the Walker B
strand.”’® Most members of the ASCE division
utilize ATP as the preferred substrate and, in
contrast to the kinases and GTPases, contain a
conserved proton-abstracting acidic residue (typi-
cally, glutamate) which primes a water molecule for
the nucleophilic attack on the y-phosphate group of
ATP. The ASCE division includes AAA+, ABC,
PilT, HerA-FtsK, superfamily 1/2 (SF1/2) helicases,
and the RecA/ATP-synthase superfamilies of
ATPases, along with several additional, less con-
fidently classified lineages.” '™

In the past decade, a number of P-loop NTPases
have been intensely studied with regard to their
critical roles in a range of complex biological
processes, such as programmed cell death, disease,
and stress response in plants and animals, telomere
biogenesis, and heterocaryon incompatibility in
fungi. Sequence comparisons showed that the
NTPases involved in these functions constitute
two major families, the AP (zaopoptotic)—ATPases
and the NACHT NTPases."” " The AP-ATPase
family includes the animal APAF1/CED4 ATPases
that regulate apoptosis, the plant pathogen and
stress resistance proteins, several bacterial tran-
scription regulators, such as GutR and AfsR, and
many uncharacterized bacterial proteins.'”?' The
NACHT family consists of the animal disease
response NTPases such as CARD4, the NAIP
proteins, the telomerase subunit TP1, the fungal
heterocaryon incompatibility protein Het-E-1, and
uncharacterized proteins from various Bacteria.?*!

In previous studies, we attempted to reconstruct
the major aspects of the natural history of GTPases,


http://ftp.cse.sc.edu/bioinformatics/molphy/molphy-2.3b3/
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kinases, and AAA+ ATPases; in the process,
several previously unnoticed families of (predicted)
P-loop NTPases were identified, and many func-
tional predictions were made.”'31® Here, we
employ sequence-profile searches, multiple align-
ment analysis, secondary and tertiary structure
predictions, phylogenetic analysis, and contextual
information derived from comparative genomics to
identify and systematically investigate a major new
class of P-loop NTPases within the ASCE division.
This class includes the AP-ATPase and NACHT
families along with the previously described
families of predicted archaeal NTPases®* and
numerous other, uncharacterized proteins from
diverse organisms. The majority of these (pre-
dicted) NTPase domains occur in large, multi-
domain proteins, which seem to represent a
distinct, ancient architectural paradigm in signal
transduction process shared by complex life-forms

ATPases had defined the AP-ATPase family, with
representatives from animals, Dplants, and several
diverse bacterial lineages."””* Likewise, animal
proteins involved in inflammatory responses and
innate cellular immunity to bacteria, such as NAIP
and its vertebrate paralogs, the telomerase subunit
TP1, and the fungal heterocaryon incompatibility
proteins Het-E-1 defined the NACHT family of
NTPases, which also includes uncharacterized
bacterial proteins.”**?! Certain key sequence fea-
tures shared by these two families of NTPases could
be identified through superposition of their respect-
ive multiple alignments (Figure 1). Notably, similar
features were also detected in two other previously
described families of predicted NTPases, the so-
called MJ-type and PH-type NTPases, which show
lineage-szpecific expansion in different archaeal
species.””* In particular, the NTPase domains of
all these families contain a conserved C-terminal

from the three superkingdoms. We named these
proteins the signal transduction ATPases with
numerous domains (STAND) class of NTPases.

region with a predicted helical structure and the
characteristic hhGREXE motif located N-terminally
of the Walker A motif (Figure 1). The C-terminal
regions of all these proteins contain a highly
conserved sequence motif with a GxP or GxxP
signature (Figure 1 and see below for details). The
conservation of these motifs suggested that the
respective families form a monophyletic group of
P-loop NTPases. We further examined this possi-
bility using sequence profile searches. Position-
specific scoring matrices (PSSMs) for each of the
aforementioned NTPase families were run against
the non-redundant (NR) protein database (National

Results and Discussion

STAND NTPases: identification and
characterization of the defining sequence and
structural features of the class

Previous analyses of the animal apoptotic pro-
teins APAF/Ced4 and plant pathogen-resistance

Figure 1. Multiple sequence alignment of the STAND ATPase and GxP domains. The alignment shows the NTPase
domain (from start to strand 5) and the GxP domain that includes the last three helices and the GxP motif. Numbers or a
column of the letter x indicate poorly conserved regions that were left out of the alignment. Residues that are widely
conserved or discussed in the text are color-coded with light yellow for hydrophobic residues (A, C,I, E L, M, T, Y, W),
green for small residues (G, A, S), light orange for hydroxy residues (S, T), orange for amides (N, Q), blue for basic
residues (K, R, H), purple for aspartate, and red for glutamate. Predicted secondary structure elements are shown above
the resgective sequence (E for strand and H for helix). The red arrowhead indicates the site of a tryptic digestion site in
GutR.** Sequences are identified with protein name and an organism name abbreviation. Open reading frames have
been labeled with the identifier from the /gene, /allele, or /locus_tag field in the GenBank sequence record (where
present). In addition, for many sequences, a unique identifier, the GenBank GI number is provided. Organism name
abbreviations are shown below: AN, Aspergillus nidulans; Arath, Arabidopsis thaliana; Avin, Azotobacter vinelandii; Bacsu,
Bacillus subtilis; BL, Bifidobacterium longum; Braja, Bradyrhizobium japonicum; Bt, Bacteroides thetaiotaomicron; Burfu,
Burkholderia fungorum; Caeel, Caenorhabditis elegans; Chlo, Chloroflexus aurantiacus; Cioin, Ciona intestinalis; Cloac,
Clostridium acetobutylicum; Clote, Clostridium tetani; Chut, Cytophaga hutchinsonii; Corgl, Corynebacterium glutamicum;
Danre, Danio rerio; Dicdi, Dictyostelium discoideum; Drome, Drosophila melanogaster; Ec, Escherichia coli; Faci, Ferroplasma
acidarmanus; FN, Fusobacterium nucleatum; Gmet, Geobacter metallireducens; Hs, Homo sapiens; Klepn, Klebsiella pneumoniae;
Lepin, Leptospira interrogans; Lgas, Lactobacillus gasseri; Lyces, Lycopersicon esculentum; MA, Methanosarcina acetivorans;
Magn, Magnetospirillum magnetotacticum; Mmc, Magnetococcus sp. MC-1; Meslo, Mesorhizobium loti; Meth, Methanosarcina
barkeri; M]J, Methanocaldococcus jannaschii; Metma, Methanosarcina mazei; Mg, Magnaporthe grisea; Micec, Micromonospora
echinospora; MTH, Methanothermobacter thermautotrophicus; Mycle, Mycobacterium leprae; MYPE, Mycoplasma penetrans;
Myctu, Mycobacterium tuberculosis; Nc, Neurospora crassa; Nicgl, Nicotiana glutinosa; Niteu, Nitrosomonas europaea; Nos20,
Nostoc sp. PCC 7120; Npun, Nostoc punctiforme; Orysa, Oryza sativa; PAE, Pyrobaculum aerophilum; Pirel, Pirellula sp. 1;
Podan, Podospora anserina; Pflu, Pseudomonas fluorescens; Pseae, Pseudomonas aeruginosa; PF, Pyrococcus furiosus; PH,
Pyrococcus horikoshii; PAB or Pyrab- Pyrococcus abyssi; Reut, Ralstonia metallidurans; rat, Rattus norvegicus; Rhoer,
Rhodococcus erythropolis; RhoM5, Rhodococcus sp. M5; Rhopa, Rhodopseudomonas palustris; Re, Rickettsia conorii; Stral,
Streptomyces albus; Strco or Sco, Streptomyces coelicolor; Strhy, Streptomyces hygroscopicus; Strno, Streptomyces noursei; Strve,
Streptomyces venezuelae; Schpo, Schizosaccharomyces pombe; Sinme, Sinorhizobium meliloti; SSO, Sulfolobus solfataricus;
Scy03, Synechocystis sp. PCC 6803; Sph88, Sphingomonas sp. S88; Tfus, Thermobifida fusca; Thermoc, Thermococcus sp.;
Theel, Thermosynechococcus elongatus; TM, Thermotoga maritima; Tery, Trichodesmium erythraeum; Vibch, Vibrio cholerae;
Yerpe, Yersinia pestis. If a gene is reported to be of plasmid origin, the organism name is prefixed by the letters pl, e.g.
alr7190_pINos20 means that the corresponding GenBank record identifies the gene as being located on a plasmid of the
cyanobacterium Nostoc sp. PCC 7120. A lower case c identifies a chloroplast sequence.
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Center for Biotechnology Information, NIH,
Bethesda) using the PSI-BLAST program and
inclusion thresholds of 10~ * (the random expec-
tation or E-value) or lower (see Materials and
Methods). The Walker A motif was excluded from
the alignments for the construction of these PSSMs
to avoid the generic attraction of the searches
toward large families. In these searches, the
sequence of AP, NACHT, M], and PH-NTPases
detected each other with significant E-values. For
example, the PH-type NTPase PSSM detected the
M]J-type NTPases in iteration 2 (e=10"°), the AP-
ATPases in iteration 3 (e=10"°), and NACHTs in
iteration 5 (e=10"*%).

Additionally, these searches retrieved from the
database a variety of proteins, that have not been
previously known to contain related NTPase
domains. These newly detected proteins included
the C-terminal domain of the soluble adenylyl
cyclases, the N-terminal domains of nephrocystin-3
and Rolling pebble proteins, and several large,
uncharacterized proteins from eukaryotes and
Bacteria. The searches were terminated when
representatives of previously defined classes of
P-loop domains, such as AAA+, KAP, ABC, PilT
or VirD, were detected with E-values above the cut-
off. Reciprocal PSI-BLAST searches with the newly
detected relatives of the above families used as
queries allowed us to establish their affinities and
eliminate representatives of the previously defined
classes. For example, searches initiated with the
NTPase domain of Drosophila rols6é protein
(gi17980216) detect the homologs from Anopheles
and mammals in the first iteration; in the third
iteration, numerous HetDE proteins and one cyano-
bacterial NACHT homolog were detected with e <
10~* and no false positives. Typically, these
searches retrieved a consistent set of proteins prior
to the encroachment of members of previously
defined classes of P-loop NTPases. Most of the
functionally characterized members of this distinc-
tive set of P-loop domains are parts of large,
multidomain proteins that contain three or more
globular domains and participate in diverse signal-
ing processes (see details below). Thus, we named
this newly delineated group of P-loop NTPase
domains the signal transduction ATPases with
numerous domains (STAND) class. In iterated
database searches, the sequences of STAND
NTPases consistently showed significant similarity
to members of the ASCE division, such as AAA+
and ABC ATPases, but not to KG division NTPases.
Therefore, we hypothesized that the STAND class
belonged to the ASCE division (see also below).

The NTPase domain sequences of the STAND
class were grouped into distinct clusters of proteins
with highly significant sequence similarity, multiple
alignments were generated for each cluster, and
characteristic conserved motifs were identified (see
Materials and Methods). The alignments of the
individual clusters were then combined into a
single multiple alignment using these conserved
motifs and secondary structure predictions as

guides. Secondary structure prediction suggested
that the STAND domains have a five-stranded core
with the Walker A (GxxxxGKJ[ST]) motif associated
with strand 1 and the Walker B motif associated
with the highly conserved strand 3 (Figure 1). In the
majority of these domains, with the exception of the
NACHT family, the Walker B motif contains two
conserved, successive acidic residues. In the
NACHT NTPases, the second acidic residue is
missing, but another conserved aspartate is present
three positions downstream of the first one (Figure 1).
By analogy to other P-loop NTPases, the proximal
aspartate is predicted to coordinate the Mg**
cation. The second acidic residue (aspartate or
glutamate in different families of the STAND
class) is likely to function as a proton-abstracting
moiety similarly to the conserved glutamate of
NTPases of the ASCE divisions.*** Strand 4 of the
STAND class contains a conserved polar residue at
the C terminus (Figure 1). An equivalent conserved
residue is seen throughout the ASCE division and
corresponds to the Sensor-I motif of the AAA+
51.1percl.assl4'15 and the [ST][AG][ST] motif of the
superfamily I and II helicases.® These conserved
features, along with the preferential retrieval of the
AAA+ and ABC NTPases in searches with profiles
for the STAND class, support the classification of
the STAND NTPases in the ASCE division
(Figure 2).

The STAND NTPases are defined by several
sequence and architectural features that set them
apart from other ASCE division NTPases (Figures 1
and 2). The most diagnostic ones are the aforemen-
tioned hhGREXE motif ahead of the Walker A motif
and the GxP motif located C-terminally of the
NTPase domain (Figure 1). A comparison of the
predicted secondary structure of the STAND
NTPase domain with the structures of known
ASCE NTPases suggests that the GxP motif is
associated with a helical bundle located to the C
terminus of the core P-loop domain (Figure 2); we
refer to this domain as the GxP module. The
STAND NTPases also contain a less conserved
sequence feature associated with strand 4, with the
signature hhh[GST][ST]R seen in many sequences
(Figure 1). In the NACHT family, two conserved
motifs have been noticed at the C terminus of the
GxP module (motifs VI and VII*) (Figures 1-4). We
explored this region further and found that most
STAND ATPases, with the exception of some
members of the MJ- and PH-type families, contain
a region of ~200 amino acid residues (gray
hexagon in Figure 3) between the GxP module
and the C terminus of the protein or the N terminus
of any additional domains that may be present
(Figure 3). This region is predicted to adopt a
globular fold with six helices that appear to be
equivalent in all STAND NTPases (Figure 4). While
there is little sequence conservation in this region
throughout the STAND class, the sequences within
individual families are notably conserved (Figure
4), suggesting that this domain might be important
for family-specific functions. Consistent with these
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HETHS
domain

STAND ATPases

modelled after AAA+  GxP
ATPase, no actual
structure known

helical | .
domain []

AAA+
' subunit of the
clamp-loader
(1AS5T) E. coli

AAA+ P
FtsH M (2nd)

(1LV7) E. coli domain

RecA

RecA
(2REB) E. coli

Simibi GTP ases
SRP
(2NG1)
Thermus aguaticus

Trafac GTP ases NKxD
elongation factor Tu & A
(1EFT) 3
Thermus aquaticus

Kinases

Thymidylate Kinase
4TMK) E. coli

Figure 2. Topology diagrams of domains representative
of the major divisions of the P-loop fold. Strands are
shown as arrows with the arrowhead on the C-terminal
side. Strands 1 and 3 that encompass the conserved
sequence motifs GxxxxGK[ST] (Walker A) and hhhh[DE]
(Walker B) are rendered in orange; the other core strands
(2, 4, 5) are in light orange; non-conserved structural
elements that might have been absent from the ancestral
P-loop NTPase domain are in gray. Helices are shown as
blue rectangles when above the plane of the B-sheet and
in faint blue when below the B-sheet. The P-loop is shown
as a red line, a green arrowhead marks the N terminus of
the kinase domain, and the kinase lid subdomain is
rendered in purple. Broken lines indicate secondary
structure elements that are not present in the PDB file or
that were left out for clarity. The gap between strands 1
and 3 in GTPases and kinases was introduced for
presentation purposes only. No experimentally deter-
mined structure is available for any STAND NTPase;
thus, the topology diagram is modeled after the AAA+
ATPases.

observations, the size of the products of limited
proteolysis of two STAND ATPases, GutR and
MalT, was compatible with cleavage occurring
between the GxP module and the C-terminal
(predicted) helical domain.***® Thus, the GxP
module in most STAND NTPases appears to be
followed by a distinct helical domain, which we
named the helical third domain of STAND proteins
(HETHS) domain (Figure 4). Database searches
with the HETHS domain PSSM did not detect
significant similarity to any other known protein
domains.

Evolutionary classification, phyletic patterns,
and domain architectures of the STAND
NTPases

We developed an evolutionary classification of
the STAND NTPase domains by combining differ-
ent types of information. Firstly, at the lowest level,
conventional phylogenetic analysis was employed
to reconstruct the evolutionary history of distinct
groups of STAND domains that were identified by
similarity-based clustering. This analysis helped in
delineating orthologous groups and lineage-
specific expansions of paralogs. Secondly, con-
served sequence motifs, including those in the
C-terminal HETHS domain, were treated as shared
derived characters (synapomorphies) to establish
higher order relationships between families. Finally,
phyletic patterns of orthologous sets and families
and domains architectures were compared to infer
the likely evolutionary scenarios. This analysis
resulted in identification of five major clades of
STAND NTPases (Table 1). In this section, we
briefly describe the reconstructed evolutionary
history, domain organization, and (predicted) func-
tions of STAND NTPases according to this
classification.

AP-ATPase clade

The AP-ATPase clade is typified by a conserved
aspartate N-terminal of strand 2, the hhhToR
signature (o designates an alcoholic residue) in
strand 4, and a conserved serine and the hxhHD
motif in the HETHS domain (Figures 1 and 4). AP-
ATPase domains are often associated with C-term-
inal superstructure-forming domains, such as
WD40, LRR, or TPR repeats (Figure 3), and
N-terminal DNA-binding HTH domains or pro-
tein—protein interaction domains, such as DEATH-
like six-helix domains and TIR domains. This clade
consists of two major families, the classic AP-
ATPases and CalR2.

The animal members of the classic AP-ATPase
family, including nematode CED4 and mammalian
Apaf-1, are involved in cell-death signaling by
activating caspases.”* ATP-binding triggers Apaf-1
oligomerization and association with procaspase-9,
resulting in the formation of the “apoptosome”.*>*°
Most of the plant disease-resistance proteins, which
consist of the AP-ATPase domain fused with
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Figure 3. Domain architectures of selected STAND ATPases. Proteins are represented as horizontal lines, and
rectangles or other geometric shapes indicate conserved domains. A blue rectangle shows the core ATPase together with
the C-terminal GxP domain, and a gray stretched hexagon shows the HETHS domain. The HETHS domains in GutR and
Nost7129 are highly diverged and accordingly shown with broken lines. LuxR and OmpRtype HTH domains and the
HTH domain in the Archaea are shown in purple. Proteins are identified with the protein name, organism name
abbreviation and the GenBank identifier in the ATPase box. Domain designations AWI-ATPase-WD40 intervening
domain, a small domain of unknown function that precedes the WDA40 repeats in some AP and NACHT ATPases; Btad,
Btad domain;" CyaA adenylate cyclase; X1, a small domain of unknown function found in some NACHT ATPases;
HisK, histidine kinase; LLR, leucine-rich repeat; LuxR, LuxR-type HTH domain; OmpR, OmpR-type HTH domains;
MtnN, 5'-methylthioadenosine nucleosidase; TPR, tetratricopeptide repeat; Rec, receiver domain of response regulator;
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Table 1. Classification of STAND NTPases

A. AP-ATPase clade

Aspartate at N terminus of strand 2, hxhhhT[ST]R in strand 4, conserved serine in HETHS domain, often with LRR, WD40 or TPR

repeats at C terminus

Several families in Eukaryota and Bacteria including animal Apaf-1 and CED-4, green plant disease-resistance proteins, and several
bacterial families, such as AfsR and GutR, mostly represented in Cyano- and Actinobacteria
CalR2 family, N-terminal OmpR-type HTH domain, in Actinobacteria, Chloroflexus, and some Proteobacteria

B. NACHT clade

Second acidic residue in Walker B replaced by a tiny residue (G, A, or S), with C-terminal WD40, TPR, LRR or ankyrin repeats

NAIP-like family

Caterpillar subfamily: N-terminal pyrin or CARD domains, includes CIITA, Nod1, Nod2, Nalp1, Nalp2 among others
Npun3725/Chlo0158 subfamily (bacterial and two archaeal homologs)

TLP1-like family

TLP1 subfamily (TLP1, NPHP3, QUI-1; Metazoa and Geobacter)

HetDE subfamily (some ascomycetes)
Rolling pebbles (Metazoa)
Npun6086 (Cyanobacteria)

In addition, this family includes several uncharacterized proteins from diverse bacteria, from e.g. Ralstonia and Cytophaga

C. SWACOS clade

Characteristic Walker B signature: PhhhhhDDh[HQJhhDxxS, middle residue in GxP motif often asparagine, contain adenylyl cyclase or

Ser/Thr kinase domain

sAC/Chlo1187 family, N-terminal CyaA domain (Metazoa, Dictyostelium, Chloroflexus, a-proteobacteria)

LipR/ThcG family (Actinobacteria)

DhkG/Npun0353 family, N-terminal Ser/Thr kinase domain, C-terminal His kinase (Cyanobacteria, Dictyostelium, Leptomonas, and
the Alphaproteobacteria Magnetospirillum, and Rhodopseudonionas)

D. MalT clade

G missing in hhGR motif, acidic second strand SIDxxD, SUPR and HTH/LuxR domain at C terminus, includes MalT, AcoK, AIkS, PknK

(a-proteobacteria, Actinobacteria, Chloroflexus)
E. MINS clade

Arginine in P-loop, no arginine in strand 4, glutmate in Walker B, often two glycine residues in GxP motif

MJ-type family, ATPase + KPQ domain
PH-type family, ATPase + HTH+PHAC domain
SSO-type family, ATPase+HTH domain

Npun2340/2341 family, N-terminal TIR or C-terminal TPR domain (Cyanobacteria, Clostridium, Dictyostelium)
Sps] family, hhhhDE[YF]D in Walker B, no large additional domains (Sphingomonas, Yersinia, Cyanobacteria)
BL0662 family, no additional domains (Actinobacteria and Lactobacillus)

This is an abbreviated representation of the evolutionary classification of the STAND NTPases; see the main text for more detailed

descriptions.

C-terminal leucine-rich repeats (LRRs) and N-term-
inal TIR domains or coiled-coil regions (Figure 3),
function as pathogen recognition proteins that
trigger the death of pathogen-infected cells.””*
A small subgroup of plant AP-ATPases contain
B-propeller-forming RCC1 repeats and lipid-bind-
ing FYVE domains®' at their extreme C terminus
(Figure 3). While most plant members of this family
are implicated in pathogen response, at least one
plant AP-ATPase, the maize PSiP protein, has a
develogmental function in pollen tube orien-
tation.™ PSiP has also been reported to have
adenylate cyclase activity. Although some STAND
NTPases contain adenylate cyclase domains (see
below), we did not detect an adenylate cyclase
domain in the published PSiP sequence
(GI:15387663). Furthermore, this claim is question-
able, because none of the known P-loop domains is
known to have nucleotide cyclase activity and,
moreover, this reaction appears to be inconsistent
with the chemistry of the phosphohydrolase reac-
tions typically catalyzed by P-loop-fold proteins.
Among the bacterial AP-ATPases, AfsR is a

transcription factor involved in both regulation of
secondary metabolism and in morphological differ-
entiation in Streptomyces,*>** whereas the Bacillus
subtilis GutR protein regulates exgression of the
glucitol dehydrogenase gene GutB.”>*
Prokaryotic AP-ATPases are represented mostly
in Actinobacteria and Cyanobacteria, and sporadi-
cally in other bacterial and archaeal lineages
(Table 2). Among eukaryotes, APATPases are
found in animals and plants, and in fungi with
large genomes, such as Neurospora, Aspergillus and
Magnaporthe. Animals have a single orthologous
group of APATPases, which includes CED-4,
DARK-1, and APAF-1. In plants, AP-ATPases have
undergone extensive lineage-specific expansion,
with more than 200 paralogs in Arabidopsis and
~800 in rice.'®***” This proliferation appears to be
related to the diversification of the C-terminal LRRs,
which show specificity toward different patho-
gens.* " Asnoticed,” animal and plant AP-ATPases
form a well-supported clade in phylogenetic trees
(Figure 5a). This clade clusters with a subset of
prokaryotic AP-ATPases from Methanosarcina

Ser/Thr kin, serine/threonine kinase; SUPR, superhelical peptide repeats in MalT related to TPRs;*® TIR, Toll/
interleukin-1-like receptor. Organism name abbreviations are as in Figure 1.
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Figure 4. Multiple sequence alignment of the HETHS domains. Sequences are aligned on the basis of sequence similarity for four of the five major groups: Apaf-1/AfsR/
CalR2, MalT, Swacos, and Npun2340/2341. There is no appreciable sequence conservation between the groups in this region, and the alignment largely follows predicted

secondary structure elements.



Table 2. Phyletic distribution and lineage-specific expansion of STAND NTPases

Family Actinobacteria Cyanobacteria Proteobacteria Other bacteria Archaea Eukaryota
AP-ATPases AfsR/ Tfus:2, Myctu:1, Strco:5 Npun:6, Nos20:3, Tery:5, - Chlo:1, Bacsu:1 Metba:1, Pyrho:1 Some Metazoa, many
GutR Crowa:1 green plants, Asco-

mycetes: Mg:6,
An:11, Nc:4

CalR2 family Mycle:1, Myctu:5, - Braja:8 Chlo:3 - -

Tfus:2, Strco:4, Rhoer:1
NACHT-NALP-like Myctu:0, Strco:2, Tfus:0 Npun:3, Nos20:9, Tery:3 Ricco:1, MagC1:1 Chlo:3, Cythu:1 Metba:1 In mammals (more

NACHT-TLP1-like

SAC/Chlaul187 family

LipR/ThcG
Npun0353 DhkG
MalT

Npun2340
Npun2341

Sps]

Ss01545

Ph0846

Mj0074

Tfus:0, Myctu:0, Mycle:2,
Strco:0

Myctu:1, Strco:9, Tfus:1,
RhoM5:1

Tfus:0, Myctu:1, Strco:1

Npun:4, Nos20:0, Tery:1,
Crowa:2

Npun:13, Nos20:13,
Tery:4, Scy03:0

Npun:8, Nos20:3, Tery:5,
Theel:1, Scy03:1

Npun:4, Nos20:3, Tery:1,
Theel:1, Scy03:1

Npun:2, Nos20:1, Tery:6,
Scy03:1

Geome:1, Ralme:1

Braja:3, Rhopa:1,
Meslo:2, Sinme:4,
MacC1:1

Magma:1, Rhopa:2,
Ralme:1

Ralme:6, Pseae:4, Ecoli:1,
Vibch:1

Sph88:1, Yerpe:1

Chlo:0, Cythu:1

Chlo:6, Lepin:1

Lepin:3
Chlo:4, Claab:1

Clote:2

Thema:1

Fusnu:1, Biflo:2,
Geome:1

Pyrab:9, Pyrho:4,
Metac:1, Pyrfu:2,
Sulso:8, Pyrae:2

Pyrho:9, Pyrfu:8,
Pyrab:6, Metth:1,
Metac:2, Metja:1,
Metma:1, Pyrae:2,
Sulso:1

Metja:17, Pyrab:3,
Pyrho:2

than 20 paralogs in

human) and the

tunicate Ciona
Podan:3, Neucr:12, Hs:2

Mammals and Dicdi (no
other eukaryotes)

Dicdi:1, Neucr:1, Schpo:2

Dicdi:1

The number of detected members of the given family of STAND NTPases in species with completely sequenced genomes from the respective taxa is shown here; for eukaryotes, the range of taxa in
which the respective family is represented is given instead or in addition. Species name abbreviations: Arath, Arabidopsis thaliana; Bacsu, Bacillus subtilis; Biflo, Bifidobacterium longum; Braja,
Bradyrhizobium japonicum; Caeel, Caenorhabditis elegans; Chlo, Chloroflexus aurantiacus; Clote, Clostridium tetani; Crowa, Crocosphaera watsonii; Cythu, Cytophaga hutchinsonii; Danre, Danio rerio; Dicdi,
Dictyostelium discoideum; Drome, Drosophila melanogaster, Ec, Escherichia coli; Fusnu, Fusobacterium nucleatum; Geome, Geobacter metallireducens; Hs, Homo sapiens; Meslo, Mesorhizobium loti; Mycle,
Muycobacterium leprae; Myctu, Mycobacterium tuberculosis; Nos20, Nostoc sp. PCC 7120; Klepn, Klebsiella pneumoniae; Lepin, Leptospira interrogans; Lyces, Lycopersicon esculentum; MagC1, Magnetococcus sp.
MC-1; Metba, Methanosarcina barkeri; Metth, Methanothermobacter thermautotrophicus; Metja, Methanocaldococcus jannaschii; Metma, Methanosarcina mazei; Micec, Micromonospora echinospora; Neucr,
Neurospora crassa; Nicgl, Nicotiana glutinosa; Npun, Nostoc punctiforme; Orysa, Oryza sativa; Podan, Podospora anserina; Psefl, Pseudomonas fluorescens; Pseae, Pseudomonas aeruginosa; Pyrho, Pyrococcus
horikoshii; Pyrab, Pyrococcus abyssi; Pyrae, Pyrobaculum aerophilum; Ralme, Ralstonia metallidurans; Rhoer, Rhodococcus erythropolis; RhoM5, Rhodococcus sp. M5; Rhopa, Rhodopseudomonas palustris; Ricco,
Rickettsia conorii; Sph88, Sphingomonas sp. S88; Strco, Streptomyces coelicolor; Strno, Streptomyces noursei; Strve, Streptomyces venezuelae; Schpo, Schizosaccharomyces pombe; Sinme, Sinorhizobium meliloti;
Sulso, Sulfolobus solfataricus; Scy03, Synechocystis sp. PCC 6803; Tfus, Thermobifida fusca; Theel, Thermosynechococcus elongatus; Trier, Trichodesmium erythraeum; Yerpe, Yersinia pestis; Vibch, Vibrio cholerae.
If the gene is reported to be of plasmid origin, the organism is prefixed by the letters pl.
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Rv2488c Myctu
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Pflu3418
Pflu2388
b!r4182 Braja
67 Braja

=== Actinobacteria
=== Proteobacteria
s Chloroflexus

mir6681 Meslo

Figure 5a (legend on p.15)

barkeri (Meth3899, g23052613) and Cyanobacteria,
but not with the fungal members of the family
(Figure 5a). The fungal AP-ATPases show small
lineage-specific expansions in various filamentous
ascomycetes, with ~4-12 paralogs encoded in these
genomes (Table 2). These fungal AP-ATPases are
often fused to N-terminal domains of the purine
nucleoside phosphorylase/S-adenosine homocys-
teine nucleosidase fold. In phylogenetic trees,
fungal APNTPase domains are nested within a
cluster with representatives from diverse Bacteria
(Figure 5a). Phylogenetic analysis also identified
several subfamilies of AP-ATPases that were pre-
sent only in the Bacteria. These include the AfsR
subfamily that is widespread in Actinobacteria and
a subfamily that is found exclusively in Cyanobac-
teria (Figure 5a). These phyletic patterns and

phylogenetic affinities suggest that the AP-ATPases
attained their diversity in Bacteria and were
sporadically acquired by eukaryotes and Archaea
via horizontal gene transfer (HGT). The transfer to
eukaryotes appears to have occurred on at least two
occasions: to the common ancestor of the clade that
includes animals and plants, giving rise to the
animal and plant regulators of programmed cell
death, and, independently, to an ancestral filamen-
tous fungus. Given that current phylogenetlc
models favor an animal-fungal clade,”’ to the
exclusion of plants, the representatives of the
“CED-4 clade” probably have been lost in fungi.
The CalR2 family is characterized by the D[NST]
XE consensus in the Walker B motif, by the presence
of a conserved arginine and a hydroxy residue
before the P-loop (consensus RxxoxxGxxxxGko),
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and a conserved acidic residue in strand 2 (Figure 1
and Table 1). The family is typified by the CalR2
protein, a putative regulator of the Micromonospora
echinospora calicheamicin metabolism locus.”® This
exclusively bacterial family is represented in Acti-
nobacteria, Chloroflexus, and some Proteobacteria
with larger genomes, such as Bradyrhizobium,
Mesorhizobium, and Pseudomonas, but is thus far
absent from the Cyanobacteria. Most of the gen-
omes that encode predicted NTPases of this family
have more than one paralog (Table 1), suggesting
multiple, small lineage-specific expansions in vari-
ous bacterial lineages. Most members of this family
contain an OmpR-type HTH domain at the N
terminus. Interestingly, one of the few members of
this family that lack the HTH domain (Mycobacter-
ium tuberculosis) contains an N-terminal adenylyl
cyclase domain, a feature that is otherwise charac-
teristic of another group of STAND ATPases, the
sAC/Chlo1187 family (see below and Figure 3). The
presence of the HTH domain suggests that most of
the predicted NTPases of this family are transcrip-
tional regulators.

The NACHT clade

This clade was originally named after its repre-
sentatives, neuronal apoptosis inhibitor protein
NAIP, MHC class II transcription activator CIIA,
heterokaryon incompatibility factor HET-E, and
telomerase-associated protein TLP1 and represent
a second clade of STAND NTPases involved in
animal apoptosis.”*’ The NACHT family is defined
by a “tiny” residue (glycine, alanine or serine)
directly C-terminal of the Mg”*-coordinating
aspartate, and two additional acidic residues one
position downstream (consensus hhhhD[GASJhDE
with slight variations)®® (Figure 1). Similarly to the
AP-ATPases, the C termini of NACHT NTPases
often contain repeats, such as WD40, TPR, LRR or
ankyrin, that form periodic superstructures (Figure
3). High sequence divergence within the NTPase
and HETHS domains hamper phylogenetic analysis
of the NACHT clade; nevertheless, distinct NAIP-
like and TLP1-like families can be defined (Figure
5b). Human C2TA and Podospora anserina HET-E,
each representing one of the two NACHT families,
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show specificity for GTP over ATP.>*** This
suggests that preference for GTP might be a
widespread feature of NACHT NTPases, although
functional implications of this specificity remain
unclear.

The NAIP-like family is defined by a motif with
the consensus FhHxxQE[YF]hxA that is found in
the HETHS domain. The family consists of two
distinct subfamilies. The first subfamily includes
the so-called vertebrate caterpillar proteins (CIITA,
Nod1/CARD4, Nod2/Card15, DEFCAP/CARD?7/
NALP1, CIAS1, and their close paralogs) and
related proteins from the urochordate Ciona intesti-
nalis (Figure 5b). The mammalian forms typically
contain C-terminal LRR repeats and N-terminal
pyrin or CARD domains, and perform diverse
functions related to immune and inflammatory
responses and possibly regulation of neuronal

apoptosis (reviewed by Harton et al.>®). Humans
have 22 paralogous genes for caterpillar proteins,
which appear to have evolved in a relatively recent
lineage-specific expansion at some point during the
diversification of vertebrates. In phylogenetic trees,
a protein from the intracellular pathogenic bacter-
ium Rickettsia connori that lacks the C-terminal LRRs
is nested among the vertebrate NAIP-like proteins,
which suggest a late HGT from the animal host to
bacterial parasite. The second subfamily is typified
by the Chlo0432 protein from Chloroflexus. This
subfamily seems to be entirely prokaryotic in its
distribution and is present in Cyanobacteria, Acti-
nobacteria, Chloroflexus, a few other Bacteria (Mag-
netococcus, Cytophaga), and in a single archaeon,
Methanosarcina. Most of these proteins contain
numerous C-terminal TPR repeats (Figure 3).

The TLP1-like family shows some conservation of
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Figure 5. a—e, Unrooted phylogenetic trees of selected STAND NTPase families. The scale bar represents the number of
inferred substitutions per 100 sites (amino acid residues). Support for major branches is indicated by percentage
bootstrap probabilities for 1000 replications of PHYLIP Protdist/Fitch distance (numerator) and PAUP maximum
parsimony analysis (denominator) with the exception of b, where the distance bootstrap number has been computed
with the MEGA2 program. The tree branches for Cyanobacteria are in green, other bacterial branches are in blue,
eukaryotic branches are in red, and archaeal branches are in purples. Branches are black if phylogenetic origin is
uncertain. N is the number of alignment positions used for tree analysis/number of organisms in alignment. Organism
name abbreviations are as in Figure 1. Domain diagrams are abbreviated, for color code explanation, GenBank

identifiers, and domain names, see Figure 3.

the N-terminal hhGR motif that is not present in the
NAIP-like family and a number of its members tend
to associate with numerous C-terminal WD40
repeats that are predicted to form multiple stacks
of B-propeller structures (Figures 1 and 3). Several
distinct subfamilies can be identified within the
TLP1-like family (Table 2 and Figure 5b). One of
these subfamilies is typified by the mammalian
telomerase subunit TLP1, which has a distinct
N-terminal domain, which is also seen as a stand-

alone protein in several Bacteria. In addition to
TLP1, we identified three other paralogs of this
subfamily in vertebrates and two in insects. One of
the vertebrate paralogs is the recently characterized
protein nephrocystin, which is mutated in poly-
cystic kidney disease.”®”” This protein combines an
N-terminal NACHT NTPase domain with C-terminal
TPR repeats, instead of the WD40 repeats, which
are more common in this family. Caenorhabditis
elegans QUI-1 also contains a C-terminal WD40
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domain but has a divergent sequence of the NTPase
domain, including the substitution of the tiny
residue in the Walker B motif by a second aspartate.
QUI-1 functions in the sensory pathway that med-
iates the worm’s avoidance reaction to “bitter”
substances like quinine and SDS.”® The TLP1-like
family also includes prokaryotic representatives
from the a-proteobacterium Geobacter metallireducens
and the planctomycete Pirellula.

A second subfamily includes members of lineage-
specific expansions in the ascomycete fungi and is
typified by the vegetative mcompatlblhty rotems
HET-D and HET-E, of Podospom anserina.”>”*® These
proteins contain a unique N-terminal globular
domain so far detected only in filamentous fungi.

A third subfamily is typified by the animal-
specific NACHT NTPase domain that we detected
in the Drosophila Rolling pebbles gene product. This
protein has a RING finger domain N-terminal to the
NTPase domain and C-terminal ankyrin repeats
(Figure 3). Rolling pebbles has been implicated in
myoblast morphogenesis as a potent1a1 regulator of
the fusion of muscle precursor cells.®"** A single
representative of this subfamily is observed in
nematodes, whereas arthropods and vertebrates
have two and three paralogs, respectively. In
addition, there is a small cyanobacterial group
related to Nostoc punctiforme Npun6086
(GIL:23129785), with several homologs in Nostoc,
Crocosphaera, and Trichodesmium that we could not
confidently place with one of the other TLP1-like
subfamilies (Figure 5b).

Additionally, a small bacterial subfamily of
NACHT NTPases that are not specifically related
to neither of the two above families was detected in
Cytophaga and Ralstonia. The most striking features
of the NACHT NTPases are their widely scattered
phyletic patterns, the major lineage-specific expan-
sion of the caterpillar proteins in vertebrates, and
frequent substitutions of the C-terminal repetitive
domains. The simplest explanation for the phyletic
patterns of NACHTs seems to be rampant horizon-
tal mobility. In particular, there were probably
multiple cross- kmgdom transfers between Bacteria
and eukaryotes®' and see discussion below). Given
that the C-terminal repeats are likely to mediate
protein—protein interactions, their substitution
might have resulted in diversification of the target
specificity of these NTPases.

The SWACOS clade

The great majority of proteins in this clade
display N-terminal fusions with either an adenylyl
cyclase or a Ser/Thr protein kinase (Figure 3).
Accordingly, we named this subdivision of the
STAND class the SWACOS clade (for STAND with
adenylyl cyclase or Ser/Thr protein kinase
domains). Unlike most of the other STAND
NTPases, those in the SWACOS clade do not
contain C-terminal LRR, WD40, or TPR repeats
(Figures 3 and 4). The SWACOS clade has a
characteristic signature in the Walker B motif:

PhhhhhDDh[HQJhhDxxS (Figure 1). In addition,
the variable residue of the GxP motif is typically an
asparagine (consensus GNP), and the conserved
Ser/Thr found at the C terminus of strand 4 in
many other STAND domains is often replaced by an
aromatic or hydrophobic residue (Figure 1). Based
on sequence conservation, domain architectures,
and phyletic patterns, the SWACOS clade can be
subdivided into three major families: bacterial-
eukaryotic sAC/Chlo1187, actinobacterial ThcG/
BpdS, and the largely cyanobacterial dhkG/
Npun0353 (Table 1 and Figure 5c).

The sAC/Chlo1187 family is defined by the
fusion of the STAND ATPase domain with one or
two N-terminal adenylyl cyclase domains (Figure 3).
The mammalian members of this family are
referred to as soluble adenylyl cyclases (sAC) as
opposed to the great majority of adenylyl cyclases
that are associated with membranes.” Mammalian
SAC capacitates sperm cells through Ca**
bicarbonate-stimulated ¢cAMP accumulation,
whereas Dictyostelium guanylyl cyclase has a role
in chemotactic sensitivity and aggregation.”® As
with other families of the STAND class, this family
has a patchy phyletic distribution, with several
instances of lineage-specific expansion (Table 2).
This family is represented in some bacteria (Chloro-
flexus, Mycobacterium leprae, several Proteobacteria)
and, among the eukaryotes, in slime mold and
mammals, but so far missing from all other animals,
fungi, and plants (Figure 5c, Table 2). In addition to
the eukaryotic sAC proteins, the combination of the
NTPase domain of this family with N-terminal
adenylyl cyclase is seen in Actinobacteria, a-pro-
proteobacteria, and Chloroflexus. In phylogenetic
trees, mammalian sACs group with the Dictyoste-
lium homolog,®”®® and this eukaryotic clade is
nested within a larger bacterial cluster (Figure 5c).
Thus, eukaryotic sSACs were probably acquired via
HGT from bacteria by the common ancestor of the
slime mold-animal lineage, with subsequent loss of
this gene in some of the animals.

The LipR/ThcG family is a small family of
actinobacterial proteins, which consist of an
N-terminal NTPase domain and a C-terminal
LuxR-type helix-turn-helix domain®® (Figure 3).
There is considerable experimental data implicating
members of this family in transcription regulation.
In particular, L1pR is a transcriptional actlvator of
the LipA lipase in Streptomyces avermitilis,”® NysRI
is a regulator of the nystatln blosynthes1s gene
cluster in Streptomyces noursei,”" PikD is a positive
regulator of plkromycm blosynthe51s in Strepto-
myces venezuelae,”> and GdmRI is a putative reg-
ulator of the geldana 73ycm gene cluster in
Streptomyces hygroscopicus.”” The BpdS protein of
the Actinobacteria Rhodococcus sp. M5 is a member
of the same family but contains two additional
kinase domains, an N-terminal serine/threonine
kinase and a C-terminal DegU-type histidine kinase
domain (Figure 3). BpdS is the histidine kinase
component of the Rhodococcus sp. M5 BpdT/BpdS
two-component signal transduction system

63-65



STAND ATPases

17

that regulates
metabolism.”*

The DhkG/Npun0353 family is characterized by
a conserved lysine and phenylalanine residue in
strand 2 (Figure 1). The domain architecture
includes an N-terminal Ser/Thr kinase domain
and a C-terminal HupT-type histidine kinase
domain (Figure 3). This resembles the domain
organization of BpdS, but the histidine kinase
domains belong to distinct families, supporting
the case for independent origin of this domain
architecture in the LipR/ThcG and DhkG/
Npun0353 families (Figure 3). The DhkG/
Npun0353 family is represented in Cyanobacteria,
the spirochaete Leptospira, the o-proteobacteria
Magnetospirillum and Rhodopseudomonas, the slime
mold Dictyostelium (DhkG), and the fungi Schizo-
saccharomyces pombe and Neurospora crassa (Figure
5¢). Both the NTPase and S/T kinase domains of
Dictyostelium DhkG are nested within bacterial
clusters in phylogenetic trees, suggesting that the
entire protein has been relatively recently acquired
from Bacteria via HGT (Figure 5c and data not
shown). The fungal members of this family form a
monophyletic clade and were probably derived via
an independent HGT event (Figure 5c).

biphenyl/polychlorobiphenyl

The MalT clade

This is a small, bacteria-specific clade that is
characterized by a conserved arginine at the N
terminus of strand 1, substitution of the first P-loop
glycine by serine or alanine, a conserved trypto-
phan in the second strand, accumulation of acidic
residues C-terminal of the second strand (not
shown), and a variant of the GxP motif, in which
the proline is typically replaced by a hydrophobic
residue, whereas the variable position is occupied
by tryptophan (Figure 1). MalT is the regulator of
the Escherichia coli maltose operon, and Pseudomonas
putida AlKS is the regulator of the alkane-utilization
alkBFGHJKL operon.”>”® In addition to the STAND
ATPase and the HETHS domain, MalT contains a
LuxR-type helix-turn-helix motif at the very C
terminus,” and a divergent variant of TPR repeats™
(Figure 3). The mycobacterial MalT ortholog
additionally contains an N-terminal Ser/Thr kinase
domain (Figure 3). E.coli MalT is the central
regulator of the maltose system and integrates
multiple regulatory signals, including maltotriose
as activator and cysthathionase MalY, Aes, and the
maltose transporter MalK as repressors.”””* MalT is
a monomer in solution but oligomerizes in the
presence of the positive effectors, ATP and malto-
triose.®” Structural data suggest that the helical
repeat domain is the maltotriose-binding site and
that the oligomer is assembled via interaction
between the HETHS domain of one MalT monomer
and the helical repeat domain of the following
monomer.”> MalT is widespread in y-proteobacteria
and is also found in the B-proteobacterium Ralsto-
nia, the Gram-positive bacterium Clostridium,
Chloroflexus, and the Actinobacteria Mycobacterium

and Streptomyces, suggesting extensive horizontal
mobility among the Bacteria (Table 2 and Figure 5d).

The MNS clade

This clade (named after the constituent families;
see below) includes the previously defined MJ and
PH-NTPase families and several additional families
of prokaryotic predicted NTPases that were ident-
ified as part of this work. Members of this clade
show widespread conservation of one or more
arginine residues in the P-loop, and the second
acidic residue in the Walker B motif is a glutamate
(Figure 1). In addition, the GxP motif is often
preceded by a second glycine residue (Figure 1).
Interestingly, the MNS clade lacks the conserved
arginine in the motif associated with strand-4,
which is present in all other STAND families
(Figure 1), but contains a conserved arginine in
the loop between strand 5 and the preceding helix.
This arginine is equivalent in its position to the
arginine finger seen in the AAA+ ATPases.®'™
The MNS clade consists of several distinct families,
which are typically represented by lineage-specific
expansions, largely in Archaea, and, to a lesser
extent, in bacteria. None of these proteins has been
characterized biochemically or biologically. How-
ever, the strict conservation of the Walker A and B
motifs and the presence of all characteristic struc-
tural elements of the P-loop domain leave little
doubt that they are active NTPases.

The MJ-type family is characterized by a con-
served glutamine in the Walker B motif
(hhhhDEXxQ) and a set of histidine residues in
strand 4.” This family is represented by 17 paralogs
in Methanocaldococcus jannaschii, three in Pyrococcus
abyssi, and one in Pyrococcus horikoshii (Table 2).

The PH-type family is characterized by an
arginine triplet in the P-loop (consensus
GRRRhGKT) (Figure 1). The NTPase domain is
typically fused at the C terminus to a winged HTH
domain and an endonuclease domain of the PHAC
family.”® This family shows a lineage-specific
expansion in Pyrococcus and is represented in
many other Euryarchaeota (Ferroplasma, Methano-
bacterium, Methanocaldococcus, Methanosarcina, Ther-
mococcus), Crenarcheota (Sulfolobus, Pyrobaculum),
and an assemblage of phylogenetically diverse
Bacteria (e.g. Bacteroides, Bifidobacterium, Fusobac-
terium, Geobacter, Mycoplasma penetrans and Thermo-
toga; Table 2).

The SSO-type NTPase family is typified by
5501545 of Sulfolobus solfataricus; a synapomorphy
of this family is a doublet of arginine residues in the
P-loop (Figure 1). Similarly to the PH-type family,
members of this family have a winged HTH domain
at the C terminus, but not the endonuclease domain
(Figure 3). Like the previous two families, this is a
predominantly archaeal family, with lineage-
specific expansions of nine paralogs each in the
crenarchaeon Sulfolobus solfataricus and the eury-
archaeon Pyrococcus abyssi. Other Archaea, includ-
ing Pyrobaculum, other Sulfolobus species,
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Methanosarcina, other Pyrococcus species, and the
hyperthermophilic bacterium Thermotoga maritima
encode smaller number of predicted NTPases of
this family (Table 2).

Clustering by sequence similarity and certain
shared architectural features suggest that the above
three families comprise a monophyletic group
within the MNS clade. These proteins are the
smallest in the STAND class and lack the C-terminal
HETHS domain. Furthermore, they differ from
most of the other STAND NTPases in lacking
fusions to superstructure-forming repeats or enzy-
matic domains involved in signal transduction,
such as kinases or adenylyl cyclases. Although this
group of STAND NTPases is widespread in
Archaea, phylogenetic trees of these proteins do
not show the Crenarchaeota/Euryarchaeota split
(Figure 5e). Furthermore, they are absent in several
Archaea with sequenced genomes, such as Halo-
bacterium, Thermoplasma, and Aeropyrum. Thus,
although the phyletic patterns suggest an archaeal
origin of this group, it remains unclear whether it
was already present in the common ancestor of
Archaea. The phylogenetic tree topology suggests
wide horizontal dissemination of this family among
Archaea, and, to a certain extant, among bacteria
(Figure 5e and Table 2).

The Npun2340/2341 family is a small family
(named after two members from Nostoc punctiforme)
that consists predominantly of cyanobacterial pro-
teins and is characterized by a conserved Arg/GIn
motif and frequent substitution of the first
glycine residue in the Walker A motif (consensus
[AGNST]xRQhGK][ST][ST]), the hhhhDE signature
in Walker B motif, a highly conserved [ST]PFNh
motif next to the fifth strand, and glutamine or
histidine as the middle residue in the GxP motif
(Figure 1). The Npun2340/2341 family can be
divided into two subfamilies that differ in domain
composition and the degree of lineage-specific
expansion (Figure 5e and Table 2). The NTPase
domain in the Npun2340 subfamily is fused to an
N-terminal TIR domain similar to the TIR domains
present in some of the plant disease-resistance AP-
ATPases (Figure 3). At the C terminus, these
proteins contain a unique a-helical globular domain
of ~100 amino acid residues, which is much shorter
than the HETHS domain and does not show
detectable sequence similarity to the latter. The
Npun2341 subfamily lacks the N-terminal TIR
domain but contains C-terminal TPRs (Figure 3),
and an a-helical domain between the NTPase
domain and the TPRs. No sequence similarity
could be detected between this domain and the
HETHS domain seen in other families. Two proteins
of this family, one from each of the subfamilies, are
encoded by adjacent genes in Nostoc punctiforme and
in the pCC7120alpha plasmid of Anabaena sp. PCC
7120. Thus, it appears likely that the two subfami-
lies evolved through tandem duplication in Cyano-
bacteria. The Npun2340 subfamily protein Tlr1460
from Thermosynechococcus elongatus contains an
N-terminal SpkB-type serine/threonine kinase

(Figure 3). A stand-alone form of this specific
version of the kinase domain is encoded by most
cyanobacterial genomes  suggesting  that
Npun2340/2341 family NTPases and SpkB-type
serine/threonine kinases function synergistically in
a conserved cyanobacterial signaling pathway. In
addition to the cyanobacterial proteins, more
divergent members of this family were also
detected in Clostridium tetani and in Dictyostelium.

The Sps] family is another small family so far
represented only in the a-proteobacterium Sphingo-
monas, the y-proteobacterium Yersinia pestis, and in
the cyanobacterium Trichodesmium, which has a
lineage-specific expansion (Table 2). The Sps] family
shows a hhhhDE[YF]D signature in the Walker B
motif (Figure 1). Sps] from Sphingomonas sp. S88
and GelJ from Sphingomonas elodea are involved in
synthesis or secretion of capsular polysaccharides®
but their biochemical roles in these processes
remain uncharacterized. These proteins consist of
an NTPase module, with an o-helical C-terminal
domain, which, despite occurring in a similar
position, shows no detectable similarity to the
HETHS domain of other STAND class members.
The members of this family from Trichodesmium (e.g.
§23043531) are larger proteins and are the only
members of the STAND class that contain a
duplication of the NTPase domain within the
same polypeptide.

The BI0662 family is typified by Bifidobacterium
longum ORF BL0662 and characterized by a con-
served arginine at the N terminus of strand 1 and a
conserved threonine in the Walker B strand (data
not shown). This is a very small family of proteins
that currently consists of only about ten homologs
found in the Actinobacteria Bifidobacterium and
Corynebacterium, and the Gram-positive bacterium
Lactobacillus (Figure 5e). The Bl0662 family proteins
are all very short (between 250 and 380 residues)
and appear to represent the only instances of a solo
version of the STAND domain.

Domain architectures and their implications for
the biochemical functions of STAND NTPases

STAND ATPases show a wide range of fusions to
domains involved in protein—protein or protein-
DNA interactions, small-molecule-binding
domains, and catalytic domains involved in signal
transduction (Figure 3). Many of these architectures
are either unique to a particular lineage or are
shared by a small set of phylogenetically distant
organisms. Examination of the domain architec-
tures of a diverse sample of STAND proteins from
representative organisms, we found that they
contain, on an average, three to four domains per
protein (superstructure-forming repeats were
counted as a single domain). Similar analysis of
other classes of P-loop NTPases, such as AAA+
ATPases, helicases, kinases, and GTPases, indicated
a lower level of complexity, with approximately one
to 2.5 domains per protein. The remarkable diver-
sity notwithstanding (Figure 3), the domain
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architectures of the STAND NTPases seem to follow
three major themes: (i) fusion of the STAND NTPase
domain (along with the HETHS domain) to N or C-
terminal catalytic domains; (ii) fusion of the NTPase
domain with N-terminal DNA-binding or peptide-
interaction domains and C-terminal superstructure-
forming repeats; and (iii) fusion of the NTPases
domain with C-terminal DNA-binding domains
either directly or via intervening superstructure-
forming repeats. Similar domain architectures of
STAND-containing proteins appear to have been
independently derived on multiple occasions
during evolution (Figure 3), suggesting that there
are strong functional constraints favoring the
repeated emergence of these domain combinations.
For example, the N-terminal HTH domains of the
CalR2 family and AfsR are of the OmpR class,
whereas the C-terminal HTH of the MalT and ThcG
families belong to the LuxR type (Figure 3).
Similarly, the C-terminal histidine kinase domains
of BpdS and the cyanobacterial Npun0353 family
belong to different subfamilies of histidine kinases.
These architectural themes suggest that STAND
NTPases act as regulatory nexuses involved in
integration of multiple signals that are transmitted
by various fused signaling domains. The structural
similarity with the AAA + ATPases, together with
the presence of superstructure-forming repeats at
their C termini, suggests that STAND NTPases
might additionally act as scaffolds for NTP-depen-
dent assembly of protein complexes on the periodic
surfaces of these repeats. Movements of the GxP
module and the HETHS domain (when present) in
response to the bound nucleotide are likely to be
central to these functions of the STAND NTPases.

Consistent with the inferences that can be drawn
from domain architectures, all functionally charac-
terized STAND NTPases have a role in signal
transduction or transcription regulation. Many of
the bacterial STAND NTPases respond to the
availability of simple nutrients in the environment.
In particular, E. coli MalT is a positive regulator of
the maltose regulon,” AcoK is requlred for the
expression of the acetoin operon,” Bacillus GutR is
the transcriptional activator of the glucitol operon,*
Rhodococcus sp. M5 BpdS regulates biphenyl/poly-
chlorobiphenyl metabolism,”* and Streptomyces
avermitilis LipR activates the LipA lipase, which
apparently is involved in the utilization of oils
present in the medium.”®

Other STAND NTPases, such as AfsR, GAmRI,
NysRI, and PikD proteins from Streptomyces and
related Actinobacteria, are regulators of the biosyn-
thesis of geldanamycin, pikromycin, and other
secondary metabolites.***”!7> However, even in
the case of MalT or GutR, the regulatory role is not a
simple feedback loop where binding of an inducer
alone stimulates the transcription-activating or
inhibiting activity of the transcription factor.
Instead, STAND ATPases seem to be part of
complex regulatory networks that integrate many
different signals. For example, MalT is activated or
inhibited by at least three other proteins (MalK,

MalY, AES), in addition to monitorlng the presence
of the inducer (maltotriose) and ATP.”778 Similarly,
some of the eukaryotic homologs are known to
integrate several input signals. Successive binding
of cytochrome ¢ and ATP promotes human Apaf-1
to assemble into a heptameric platform and bind
procaspase-9 in the so-called apoptosome.’”>°
Mammalian soluble adenylyl cyclase plays a role
in the cCAMP-mediated actlvatlon of spermatozoa
and seems to be a sensor of Ca®" and bicarbonate.”
Furthermore, in this case, the conformational
change mediated by the STAND ATPase domain
favors proteolytic cleavage and release of an active,
soluble, N-terminal adenylyl cyclase domain.®**°

Molecular studies on signal transduction systems
revealed several paradigms that are relevant in both
eukaryotes and Bacteria. These include the two-
component relay between histidine kinases and
receiver domains, the single-component systems,
where a small-molecule-binding domain regulates
a fused DNA-binding domain by sensing effectors,
and regulation of substrate protein properties by
post-translational modifications, e.g. phosphoryl-
ation, ubiquitination, and reversal of these modifi-
cations. Although the details of the mechanism of
action of the STAND ATPases remain to be
elucidated, we propose that these proteins rep-
resent a novel paradigm in signal transduction
whereby roles of scaffold, adaptor, and regulatory
switch are combined in a single protein. The
STAND NTPases could function as signaling hubs,
in which signals are received and relayed to the next
component in the chain. In prokaryotes, this
principle is utilized in various signaling contexts,
whereas in eukaryotes, it applies more specifically
to defense against pathogens, regulation of pro-
grammed cell death, and self/non-self-
discrimination.

Horizontal gene transfer and lineage-specific
expansion of paralogs: major forces in evolution
of STAND NTPases

The STAND class is represented in all three
superkingdoms of life but individual families show
extremely patchy phyletic patterns. These proteins
are particularly widespread in Actinobacteria,
Cyanobacteria, Chloroflexus, and certain Alpha-
proteobacteria and Archaea, but are rare or absent
in most other prokaryotic lineages (Tables 1 and 2,
Figure 5a—e). Among eukaryotes, STAND NTPases
are found in most representatives of the crown
group (Tables 1 and 2, Figure 5a—e) but so far are
missing in diverse unicellular eukaryotes with
sequenced genomes, which include Giardia, trypa-
nosomes, apicomplexans, microsporidians, and the
yeast Saccharomyces cerevisiae. So far, STAND
NTPases have not been detected in viral genomes.
Phylogenetic trees of most families in the STAND
class contain strongly supported clades that bring
together proteins from phylogenetically diverse
organisms, often from two superkingdoms (Figure
5a—e). The trees of eukaryotic STAND NTPases tend
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to follow the higher order organismal phylogeny
(thus, the animal CED4/Apafl ATPases and plant
resistance proteins comprise the two principal
eukaryotic branches of the AP-ATPase family), but
there are major lacunae in the phyletic patterns.
These features put STAND NTPases in stark
contrast to other P-loop NTPases of the ASCE
division, such as the AAA+, RecA-like, and ABC
NTPases, which include many families that are
highly conserved throughout the evolution of the
major lineages of life and have phylogenetic trees
that generally tend to follow the organismal
phylogenies.”**® Thus, it appears that the
STAND class has a far more prominent history of
HGT and gene loss than most of the other P-loop
NTPases.

The striking differences in the occurrence of most
STAND NTPase families in different taxa, often
even closely related ones, point to two other major
evolutionary processes, lineage-specific gene loss
and lineage-specific expansion of paralogs. In
eukaryotes, a particularly notable case of extensive
gene loss is the sAC family, which appears to have
been eliminated on multiple occasions among
animals.®® The AP-ATPase and TLP1-like families
also might have been lost in certain eukaryotic
lineages; however, the currently available genomic
data do not allow us to distinguish between this
possibility and the alternative, HGT-based scenario.
Lineage-specific expansions are seen in many
families of the STAND class, the most dramatic
cases being the disease-resistance AP-ATPases in
plants, NACHT NTPases in vertebrates, and M]J-
type NTPases in Methanocaldococcus jannaschii
(Table 2). Lineage-specific expansions appear to be
a major adaptation strategy in organisms, especially
eukaryotes, which are confronted with multiple
cues of the same general nature. In particular,
interaction with different pathogens, detoxification
or modification of multiple environmental com-
pounds, production of diversified secondary
metabolites, and transcriptional or signaling
response to multiple environmental stimuli appear
to be perpetuated through lineage-specific expan-
sions.”” The expansions in the STAND class seem to
conform with this principle, as illustrated by the
diversification of the plant AP-ATPases and ver-
tebrate NACHT NTPases, which are involved in the
response to numerous pathogens.**'**% A vari-
ation on this theme is the lineage-specific expansion
of the fungal NACHT NTPases, which appear to
participate in self/non-self-discrimination during
the fusion of vegetative mycelia to form hetero-
karyons.””®’ Similarly, in prokaryotes, the lineage-
specific expansion of STAND domains fused with
DNA-binding HTH domains is analogous to similar
expansions in other classes of transcriptional
regulators.>!%* These expansions might have
allowed Actinobacteria to regulate the expression
of the biosynthetic pathways for a wide range of
secondary metabolites that evolved in this bacterial
lineage. Based on this precedence, we suspect that
similar expansions represent adaptations that have

enabled complex signal transduction switches in
the expanded biosynthetic and developmental
pathways of a-proteobacteria, planctomycetes, and
Cyanobacteria. The other contribution to lineage-
specific expansions comes from selfish elements,
such as transposons, that proliferate in various
genomes. The presence of an endonuclease domain
of the PHAC family in the PH-type ATPases raises
the possibility that these genes could be such selfish
genomic elements, with the nuclease domain
mediating transposition.

Excluding the M]J/PH/SSO-type NTPase
families, which have a simple architecture and
lack the HETHS domain, the abundance of STAND
NTPases in a genome clearly correlates with the
developmental and organizational complexity of
the organism. In particular, among prokaryotes,
STAND NTPases are most diverse in filamentous,
“multicellular” Bacteria, namely, Actinobacteria,
Cyanobacteria, Chloroflexus and a-proteobacteria of
the Rhizobiaceae group, and the “multicellular”
archaeon Methanosarcina. Furthermore, among Cya-
nobacteria, the STAND proteins are more prevalent
in those species that have a relatively large genome
along with complex organization or development.
Thus, the filamentous Cyanobacteria Anabaena,
Nostoc and Trichodesmium erythraeum have numer-
ous STAND NTPases, whereas the simpler forms,
such as Symechocystis sp. PCC 6803 and Thermo-
synechococcus elongatus, have fewer proteins of this
class, and the “minimal” cyanobacterium Prochlor-
ococcus has none (Table 2). Most of the complex
Bacteria (e.g. Streptomyces, Anabaena, Nostoc, Chloro-
flexus and Bradyrhizobium) encode representatives of
various families of the STAND class, suggesting
that, in addition to the lineage-specific expansions,
they accumulated diverse members of this class via
HGT. Among eukaryotes, numerous paralogous
STAND NTPases are encoded in the genomes of all
filamentous fungi but are either absent or rare in
yeasts (Tables 1 and 2). Similarly, the protist
Dictyostelium discoideum, which belongs to the
crown group and has a complex developmental
cycle, encodes members of multiple families of the
STAND class, whereas true unicellular protists,
such as Giardia, Cryptosporidium and Plasmodium,
have none.

STAND NTPases and organizational complexity

This distribution of the STAND NTPases in
complex bacteria mimics, at least roughly, the
distribution of several other signaling proteins
that were initially considered to be typical of the
eukaryotic signaling systems.'”® These include
serine/threonine protein kinases, FHA-domain-
containing proteins, adenylyl cyclases, caspase-
like proteases, and proteins containing WDA40
repeats and TIR domains. These domains often
co-occur in different combinations in large poly-
peptides. This suggests that STAND NTPases,
along with these additional, “eukaryote-type”,
signaling domains, comprise building blocks for
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multidomain proteins and multisubunit complexes
which are specifically involved in signaling cas-
cades associated with development and differen-
tiation.'”™ Given a certain degree of functional
interactions between these components, they
might have a tendency to be horizontally trans-
ferred together, perhaps as operons encoding
functionally linked sets of signaling proteins. Such
transfers might have favored emergence of devel-
opmental and organizational complexity in those
prokaryotic lineages that accumulated a certain
number of these components. Even larger sets of
signaling proteins might have been acquired via
megaplasmids carrying several genes of this cat-
egory. This scenario is consistent with the presence
of genes encoding such proteins in megaplasmids
from Cyanobacteria and a-proteobacteria (e.g. the
Nostoc sp. PCC 7120 408.Kbp plasmid pCC7120-
alpha, Sinorhizobium meliloti 1.35 Mbp pSymA
megaplasmid; L. M. Iyer & L.A. unpublished
results).

Extending the previously published hypothesis
proposed specifically for the programmed cell
death system,”! we suggest that eukaryotic devel-
opmental complexity was more generally affected
by HGT of signaling proteins from Bacteria. While
some of these signaling proteins, such as serine/
threonine kinases and Ras-like GTPases, might
have been acquired from the o-proteobacterial
precursor of the mitochondrion, the phylogenetic
trees for the STAND class families suggest multiple
transfers, some of these at much later points (Tables
1 and 2, Figure 5a—e). These transfers appear to have
occurred during diversification of the eukaryotic
crown group and could have involved both the
a-proteobacterial symbionts and other, more tran-
sient, symbionts or even ingested Bacteria.'?® The
shared habitats of some bacteria, protists, and
multicellular eukaryotes, such as Actinobacteria,
slime molds, and filamentous fungi in soil, might
have facilitated some of the apparent more recent
horizontal transfers of STAND NTPases observed in
these organisms (Tables 1 and 2, Figure 5a—e).

The origin and evolution of the STAND class and
its relationships with other classes of P-loop
NTPases

In contrast to the other classes of P-loop NTPases,
not a single family within the STAND class could be
traced back to the LUCA of the extant life forms.
This implies either of the following scenarios: (i)
STAND NTPases were absent in LUCA and were
derived later via rapid divergence, perhaps from a
prokaryotic AAA+ ATPase or; (ii) STAND
NTPases evolved prior to LUCA, which had at
least one representative of this class, but subsequent
gene losses, lateral transfers, and domain shuffling
erased all phylogenetic information related to their
origins. The marked distinctness of the STAND
NTPase domain from all other ASCE P-loop
domains suggests an early origin, perhaps favoring
scenario (ii). Both sequence features (such as the

arginine equivalent to the arginine finger of AAA +
ATPases, as opposed to the arginine in strand 4) and
domain architectures indicate a fundamental split
between the MNS clade and the rest of the STAND
NTPases, which are unified by the presence of a C-
terminal HETHS domain (Figure 6). This split might
represent a basal divergence in the STAND class
that accompanied the separation of the archaeal and
bacterial lineages, but the lateral transfers and gene
losses do not allow us to assess this scenario with
greater clarity. Notably, the greatest diversity of the
STAND NTPases is seen in Cyanobacteria, Actino-
bacteria, and Chloroflexus. Given that several phy-
logenetic analyses suggested that these Bacteria
comprise a higher order clade,'”"'*® the possibility
exists that the STAND class underwent a major
diversification in the common ancestor of the
Actinobacteria—Cyanobacteria—Chloroflexus clade
and was subsequently disseminated among other
taxa via HGT (Figure 7). Although it is unlikely that
we ever will be in a position to distinguish between
the above two scenarios, additional bacterial gen-
ome sequences might help in determining whether
a major diversification of STAND NTPases indeed
took place in the ancestor of the Actinobacteria—
Cyanobacteria—Chloroflexus clade.

Within the ASCE division, the STAND class
appears to be most closely related to the AAA+
class. Unlike the RecA/ATP synthase, SFI/II heli-
case, PilT and HerA-FtsK classes, but similarly to
the AAA+ class, the core sheet of the NTPase
domain consists of only five strands (Figures 1 and
2). While this could be a primitive character of the
ASCE division, there are additional similarities
between STAND and AAA+ NTPases that are
likely to comprise synapomorphies of a higher
order clade. In particular, the two classes share a
helix N-terminal of the P-loop. In both classes, this
helix often contains a glycine and an acidic residue
at its very N terminus (the most common versions
of this motif are GR[DE] in the STAND class and
GQIDE] in the AAA + class; see Figure 1 and the
work done by Iyer et al.'). In addition, in both
classes, a helical bundle is located immediatelg C-
terminal of strand 5 of the NTPase core.'>®'™
Furthermore, similar sequence signatures are
associated with strand 4 of both classes (Figures 1
and 2), which in AAA+ NTPases comprises the
sensor I motif. Some of these features are also
shared with another, poorly characterized group of
predicted membrane-associated P-loop NTPases,
the KAP family'®), suggesting an evolutionary
connection between all three classes of NTPases.

By analogy with the AAA+ ATPases,®'% one
could speculate that the GxP module of the STAND
domain functions as an adaptor transmitting the
conformational changes triggered by NTP hydro-
lysis to another domain that is fused or non-cova-
lently bound to the NTPase module. In particular,
the GxP motif might act as a hinge facilitating NTP-
dependent movement of the flanking helices. The
importance of the motif is emphasized by the fact
that a G— E mutation of the glycine residue in the



22

STAND ATPases

Streptomyces coelicolor

Chloroflexus aurantiacus

[ SC0O3369>| SCO3370>| SCO3371T>[ SCO337Z>

< Chio1188]<Chlo1187

STAND STAND HAD

<5C06194 |<<5C06193 |
GAF+LuxR HTH STAND+LuxR HTH

[ SCO7142>[SCO7143>
MarR HTH STAND+LuxR HTH

Trichodesmium erythraeum

[ Tery2182>>[ Tery2183 >
STAND WD40

STAND

5TM + cyclase  cyclase+cyclase
+STAND

Bifidobacterium longum
<BL0662 < BL0660 |
STAND ST kinase

| Tery4226™>| Tery4227 >>| Tery4228=> (NACHT)

TPR STAND domain X

Nostoc sp. PCC 7120

[ alr2240 >|alr2241 —>[ alr2242 > (NACHT)

Rec+a-helix Rec+HisKin STAND

[ alr2256 >[alr2257 [ alr2258 [ alr2259 > (SWACOS)

ST kinase +
STAND+HisKin

ST kinase

[ alr1229 ~>[alr1230 >[ alr1231 [ alr1232 >

2*CBS+4'PAS+ Rec+EAL Rec+HisKin STAND (NACHT)
GAF+5*PAS+HisKin
Leptospira interrogans
<[A3115 |<LA3114 |<LA3113 |< KdpA | KdpB < KdpC |
STK+STAND+
GAF+PP2C
[ LA1419 >[LA1420 >[ LA1421 >[ LA1422 >
cyclase ST kinase+STAND+
GAF+PP2C

Figure 6. Operon organization of selected bacterial STAND ATPases. Abbreviations: ST kinase, serine/threonine
kinase; HisKin, histidine kinase; 5TM, 5 transmembrane domain; PP2C, Sigma factor PP2C-like phosphatase; Rec,
receiver domain of response regulator. The X symbolizes an uncharacterized conserved domain that is found fused to
the STAND domain in some STAND ATPases (e.g. gis 23041966 and 23043628). The gene containing the STAND domain
is in blue, other genes with characterized domains are colored yellow, and the remainder is gray.

GxP motif completely abolishes P2 rust-resistance
in flax.”” Similarly, an Arabidopsis RPP1 mutant that
carries a deletion of the glycine residue and the
N-terminal adjacent residue (which probably dis-
rupts the entire helix that precedes the GxxP motif)
has lost the resistance provided by the wild-type.'"’

Beyond these shared features, the AAA+ and
STAND classes differ substantially. In the STAND
domain, we were unable to detect equivalents of the
conserved arginine finger motif that is located
between strand 5 and the preceding helix (with
the exception of the MNS clade, which appears to
have a conserved arginine in a position equivalent
to that of the AAA+ arginine finger; see Figure 1)
and the sensor II arginine, which is located in
the C-terminal helical bundle of the AAA+
ATPases.” ™! The complementary presence of
the conserved arginine in strand 4 of all HETHS-
domain-containing STAND NTPases and a con-
served arginine in the loop between strand 5 and
the preceding helix of the MNS clade suggests that
these residues play a functionally equivalent role in
stabilizing the negative charge on the reaction
intermediate during ATP hydrolysis (Figure 1).
However, the position of the conserved strand 4
arginine in the HETHS-domain-containing STAND
proteins precludes it from playing a role in

facilitating ring formation, which is characteristic
of the arginine fingers of the AAA + class.'>8!11113
Oligomerization has been reported for several
STAND proteins including MalT, Apaf-1, C2TA,
and Nod1353680114-116 1,4 * with the exception of
Apaf-1, there is no evidence that these oligomers are
toroidal structures. However, even in Apaf-1, the
main factor in ring-formation is the CARD domain
rather than the ATPase domain."'® Given these
observations and the absence of an AAA +-like
arginine finger, it remains doubtful whether the
STAND ATPases (with the exception of the MNS
clade) have an intrinsic propensity to form oligo-
meric rings similar to those formed by AAA+
ATPases.

General Conclusions

Our understanding of the structure, function, and
evolutionary history of the P-loop NTPases has
vastly improved in the two decades since the
relationship between kinases, ATP synthetase, and
several other P-IOOP proteins has been recognized
for the first time.!'! In particular, several large,
distinct classes of P-loop domains have been
delineated and evolutionary relationships within
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Figure 7. Inferred evolutionary history of STAND NTPases. The Figure shows relative temporal epochs and marks
major evolutionary events by vertical lines. The evolution of the protein-coding gene is traced with horizontal colored
lines. A broken line indicates uncertainty with respect to the exact point of origin. The Figure emphasizes horizontal gene
transfer (HGT) from Bacteria to Eukaryota as indicated by red lines sprouting from blue lines. In addition, there are
many inferred cases of HGT between Bacteria and Archaea and within the Bacteria that are not depicted here; see the text
for details. Please also note that the color scheme for Bacteria (blue), Archaea (orange), and Eukaryota (red) is just an
approximation for the phyletic distribution; there are several cases were Archaea are found within a predominantly

bacterial lineage and vice versa.

each of these classes have been partly resolved.
Here, using genomic sequence information and
structure predictions, we identify the STAND class,
which consists of several families of large, multi-
domain P-loop NTPases from Archaea, Bacteria,
and eukaryotes, including the animal and plant
regulators of pathogen defense and programmed
cell death. We characterized the defining sequence
features and domain organization of the STAND
ATPases, identified the STAND NTPase domain in
functionally important proteins implicated in
human disease and development, delineated sev-
eral previously uncharacterized families, and con-
structed an evolutionary classification. We show
that evolution of the STAND class was dominated
by numerous lineage-specific expansions, HGT,
gene loss, and extensive domain shuffling, to an
extent unprecedented in other NTPases. These
events obscure the early evolutionary history of
STAND NTPases such that none of the extant
lineages can be traced back to LUCA. Among
other P-loop NTPases, the STAND class appears

to be most closely related to the AAA+ ATPases,
and the two classes probably share an ancestral
evolutionary relationship and some mechanistic
features, such as transmission of conformational
changes vig a C-terminal helical bundle to effector
domains or proteins. The STAND NTPases seem to
represent a novel paradigm in signal transduction:
signaling nexus proteins that integrate scaffolds,
adaptors, signaling enzymes, and regulatory
switches in a single, multidomain protein.

Supporting material

Complete lists of STAND NTPases (represented
with GenBank GI numbers) from sequenced gen-
omes and alignments used for phylogenetic tree
construction are availablef.

1 ftp:/ / ftp.ncbi.nih.gov/pub/aravind/STAND/
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Materials and Methods

Sequences of STAND proteins and other relevant
proteins were extracted from the non-redundant (NR)
protein sequence database (National Center for Biotech-
nology Information, NIH, Bethesda) by using the PSI-
BLAST program,''”''® with the sequences of previously
identified STAND ATPases employed as queries.
Sequence similarity-based protein clustering was per-
formed using the BLASTCLUST programti. Multiple
alignments were constructed using the Clustal X or
T-Coffee programs'®'?® and corrected on the basis of
PSI-BLAST results. Alignments were rendered using the
ALSCRIPT software.'”! For each family, the phyletic
distribution was evaluated in terms of the presence of
homologs in completed genomes from the three primary
kingdoms, Bacteria, Archaea, and Eukaryota. Statistically
significant conserved motifs were then identified in the
NTPase domains using the Gibbs sampling algorithm as
implemented in the Probe program. =~ Protein secondary
structure prediction was performed using JPRED and the
PHD program through the PredictProtein server.'*
Domain architectures were analyzed using the SMART,
Pfam and CDD databases and software tools.'*>'*”

Phylogenetic trees were constructed by using the
PROTDIST and FITCH programs of the PHYLIP package
with the default parameters$, followed by optimization
via local rearrangements conducted using the maximum
likelihood (ML) method with the JTTF substitution model
as implemented in the MOLPHY packages§.'*® Support for
selected tree branches was measured by 1000 bootstrap
resamplings with PHYLIP (protdist/fitch, randomized
species input order, three jumbles) or the minimum
evolution method as implemented in MEGA2.'® Boot-
strap values were also computed using maximum
parsimony anala/sis as implemented in the PAUP soft-
ware package'® for 1000 replicates with the heuristic
search type and random addition option set to ten reps.
Phylogenetic trees were rendered with the TREEVIEW
program.'*! Phylogenetic analysis described here focused
largely on deciphering the relationships between the
three primary kingdoms (Archaea, Bacteria, and Eukary-
ota) and, accordingly, only regions that could be
unambiguously aligned between proteins from all three
kingdoms within a given family were selected for
phylogenetic analysis. Therefore, some of the trees do
not provide good resolution of the branching pattern
within a lineage, e.g. within the Bacteria. For evolutionary
reconstructions, the “standard model” of early evolution,
which postulates the original split between the bacterial
and archaeo-eukaryotic lineages,132 was employed as the
null hypothesis.
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