|
Cell Cycle 11:20, 3861-3875; October 15, 2012; © 2012 Landes Bioscience

Novel transglutaminase-like peptidase and
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origin of eukaryotes, ciliopathy

In addition to their role in motility, eukaryotic cilia serve as a distinct compartment for signal transduction and regulatory
sequestration of biomolecules. Recent genetic and biochemical studies have revealed an extraordinary diversity of
protein complexes involved in the biogenesis of cilia during each cell cycle. Mutations in components of these complexes
are at the heart of human ciliopathies such as Nephronophthisis (NPHP), Meckel-Gruber syndrome (MKS), Bardet-Bied|
syndrome (BBS) and Joubert syndrome (JBTS). Despite intense studies, proteins in some of these complexes, such as the
NPHP1-4-8 and the MKS, remain poorly understood. Using a combination of computational analyses we studied these
complexes to identify novel domains in them which might throw new light on their functions and evolutionary origins.
First, we identified both catalytically active and inactive versions of transglutaminase-like (TGL) peptidase domains in
key ciliary/centrosomal proteins CC2D2A/MKS6, CC2D2B, CEP76 and CCDC135. These ciliary TGL domains appear to have
originated from prokaryotic TGL domains that act as peptidases, either in a prokaryotic protein degradation system
with the MoxR AAA+ ATPase, the precursor of eukaryotic dyneins and midasins, or in a peptide-ligase system with an
ATP-grasp enzyme comparable to tubulin-modifying TTL proteins. We suggest that active ciliary TGL proteins are part
of a cilia-specific peptidase system that might remove tubulin modifications or cleave cilia- localized proteins, while
the inactive versions are likely to bind peptides and mediate key interactions during ciliogenesis. Second, we observe
a vast radiation of C2 domains, which are key membrane-localization modules, in multiple ciliary proteins, including
those from the NPHP1-4-8 and the MKS complexes, such as CC2D2A/MKS6, RPGRIP1, RPGRIP1L, NPHP1, NPHP4, C2CD3,
AHI1/Jouberin and CEP76, most of which can be traced back to the last eukaryotic ancestor. Identification of these TGL
and C2 domains aid in the proper reconstruction of the Y-shaped linkers, which are key structures in the transitional
zone of cilia, by allowing precise prediction of the multiple membrane-contacting and protein-protein interaction sites
in these structures. These findings help decipher key events in the evolutionary separation of the ciliary and nuclear
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compartments in course of the emergence of the eukaryotic cell.

Introduction

Eukaryotic cilia (or flagella) are fundamentally different in struc-
tural and mechanistic terms from the superficially similar motility
organelles of the prokaryotic superkingdoms. Unlike prokaryotic
flagella, which are extracellular organelles, these organelles are
contiguous with the cytoplasm cell body and are supported by
a distinct microtubular skeleton, the axoneme.! In keeping with
this, studies over the past 25 years have revealed that cilia are
not just organelles of motility, but a distinct subcellular compart-
ment, which has important additional roles as a locus for sensory
signal transduction and for regulatory sequestering of proteins
away from the cytoplasm of the cell body.>? Recent studies have
indicated that several hundreds of proteins reside transiently or
permanently in cilia.*> Beyond the microtubular axonemal core
(typically adopting the “9 + 2”7 microtubule configuration) and
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motor proteins, the resident proteins form several distinct com-
plexes, which are central to ciliary function and assembly.® These
include (1) the dynein-regulatory (nexin) complex, which con-
nects the microtubule doublets of the cilium, and also links them
to different dyneins;” (2) the septin 2/7 complex, which forms
a transport barrier at the base of the cilium;*’ (3) the tubulin
polyglutamylase complex,'® which covalently modifies the micro-
tubules and regulates their interactions with the dyneins; (4) the
Bardet-Bieldl protein complex or BBsome;" (5) the intraflagellar-
transport complexes or IFT complexes;'*" (6) the MKS com-
plex®and (7) the NPHP 1-4-8 complex. The last four complexes
play distinct roles in the assembly and membrane association of
the ciliary cytoskeleton and trafficking of membrane proteins
into the ciliary compartment.”"

While the structure and biogenesis of cilia show some tissue-
specific and phyletic differences, certain common features can
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be discerned across eukaryotes. In general, ciliogenesis follows
a unique series of steps, which distinguish it from the dynamics
of other subcellular compartments. In each cell cycle, the first
step in ciliogenesis is the maturation of the basal body from the
centriole or the cognate microtubule-organizing center.”® In the
simplest cases, the basal body directly migrates to the proxim-
ity of the cell membrane to initiate ciliogenesis.”” In other cases,
the basal body is first capped by a double-membrane sheath,
the ciliary vesicle, which brings the basal body close to the cell
membrane by fusing with it.”® The fusion might result in a local
invagination, the ciliary pocket, with which the incipient cilium
(equivalent to the transition zone of the mature cilium) associates
and serves as the center for further trafficking of proteins in and
out of the ciliary compartment. The specific targeting of axo-
nemal and ciliary membrane proteins to this region then allows
further growth of the cilium to a predetermined length. Genetic
and cytological studies suggest that the early steps of ciliogenesis,
including the association of the ciliary body with the vesicle, or
its docking close to the cell membrane, are dependent on compo-
nents of the MKS and NPHP 1-4-8 complexes.>'®*> The sub-
sequent steps involving preliminary growth and extension of the
cilium beyond the transition zone are dependent on the BBSome
and IFT complexes.?*?

The presence of cilia (flagella) at the base of all major eukary-
otic lineages, and also their presence in most “excavate” lin-
eages,” which are likely to be the earliest-branching eukaryotic
clades, indicates that they are a shared derived character (syn-
apomorphy) of the entire eukaryotic clade.*®* Thus, the early
evolution of cilia as a novel multifunctional organelle distinct
from the motility systems observed in the prokaryotic superking-
doms is central to the question of eukaryotic origins. Answering
this question is complicated by the emergence of a practically
“fully formed” cilium in the last eukaryotic common ancestor
(LECA), with apparently no intermediates or precursors. Some
aspects of the early evolution of cilia are also related to the more
general question of the emergence of subcellular compartments
during the origin of eukaryotes. Maturation of the ciliary com-
partment and transport of proteins into it are dependent on a
number of small GTPases of the extended Ras-like clade, such as
Arl6, which functions with the BBSome, Arl13B, Arf4, Ran and
Rab8.%% As suggested by previous studies, the explosive radiation
of these small GTPases in eukaryotes from precursors acquired
from prokaryotes appears to have been part of not just the emer-
gence of the ciliary compartment, but also other subcellular
membrane-bound structures, such as the nucleus and the Golgi-
vesicular complex.?*** Indeed, origin of the nuclear and the cili-
ary compartments might be closely linked,* as suggested by their
shared trafficking of GTPase, Ran and the nucleoporins, which
also restrict protein transport into the cilia.?»* Computational
studies on the sequence relationships of component proteins
have provided key leads regarding the origin of the microtubular
cytoskeleton and the dynein and kinesin motors.***® However,
it should be kept in mind that the question of the origin of cilia
is related to, but not the same as, explaining the provenance of
tubulin or the motor proteins. Central to explaining the origin of
cilia are scenarios that can account for the microtubular skeleton
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and the motor proteins coming together as an assemblage with
the membrane-associated protein complexes. In particular, elu-
cidating the origin of the key players in early ciliogenesis (e.g.,
MKS and NHPH 1-4-8 complexes) and their links to the core
ciliary components are likely to be of considerable value in
explaining the early evolution of cilia. Our analysis of the B9
proteins, key components of the MKS complex, with identifica-
tion of a distinct version of the C2 domain, have clarified certain
aspects of the early evolution of cilia.’” This and other protein
sequence and structure analysis studies have clarified the evolu-
tionary origins of certain components of the cilia.?*3* They have
also provided new leads to better understand both the cell biol-
ogy of ciliogenesis and pathologies that are central to a broad
class of human diseases known as ciliopathies. Given the efficacy
of these computational methods in dissecting the structures and
functions of these proteins, we resorted to an in depth sequence
analysis of key players in ciliogenesis to detect novel domains and
predicted functional linkages to other ciliary components. As a
consequence, we were able to reconstruct certain key events in
the evolution of these complexes, predict new functions and com-
ponents and provide a possible explanation for how the cytoskele-
ton-membrane interactions arose during the origin of eukaryotic
cilia.

Results and Discussion

Sequence-structure analysis of components of the MKS and
NPHP complexes. Given the central role of the MKS and NPHP
1-4-8 complexes in early ciliogenesis, we attempted to establish
the affinities and provenance of key components of these com-
plexes. Interestingly, analysis of sequences of proteins belonging
to these complexes using the SEG program, with parameters
adjusted to detect globular domains,® revealed that several of
them contained globular regions that did not map to previously
characterized domains. Hence, the relationships and structures
of these distinct globular regions are vital to develop a better
understanding of both the evolution and functions of these cili-
ary proteins. Table 1 displays a summary of primary components
implicated in ciliogenesis that we analyzed in this study along
with the known globular domains and those newly detected
by us.

Detection of a conserved transglutaminase-like domain in
the ciliary/centriolar proteins CC2D2A/MKS6, CC2D2B,
CEP76 and CCDC135. The CC2D2A/MKS6* is a large
protein in the MKS complex in which, previously, only a C2
domain (gi: 197209974, residues 1,040-1,200 in human
CC2D2A; see below for details) could be detected, along with
a N-terminal coiled-coil region (Fig. 1A). Further, we noticed
that its C-terminal region (residues 1,320-1,430) is found
in a paralogous protein CC2D2B (gi: 229577352, residues
100—220; human CC2D2B), which, however, lacks the C2
domain. A search of the non-redundant database with the PSI-
BLAST program using this region as seed recovered homologous
regions in CEP76,"" which is a centriole-associated protein, and
CCDC135/FAP50/Lost Boys,* which is a conserved ciliary pro-
tein tightly associated with the outer microtubule doublets of the
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Table 1. Summary of the primary components of ciliary complexes with the domain architectures and function predictions

. Domain architecture and
Protein . GIID . . .
Gene name Alternative name by syndrome mutation/deletion Functions
complex (human) )
mapping
NPHP MKS BBS JBTS
NPHP1 NPHP1 JBTs4 180401774  H3tNPHP1-C2+a-helical Membrane
domain localization
NPHP4N-C2 Membrane
NPHP4 NPHP4 23510323 +NPHP4C-C2+IG*3 localization
NPHP 1-4-8 CC+RPGRIPIN-C2+PKC-C2 Membrane
RPGRIP1L NPHP8 MKS5 JBTS7 118442834 - localization and
+RPGRIP1C-C2 . )
protein interaction
Membrane
CC+RPGRIPIN-C2+PKC-C2 o .
RPGRIP1 112734867 +RPGRIP1C-C2 Iocal.lzatlon-l-'proteln
interaction
MKS1 MKS1  BBS13 89242137 B9-C2 Membrane
localization
BOD1 MKS9 7661536 B9-C2 Membrane
localization
BOD2 MKS10 226371646 B9-C2 Membrane
localization
TCTN1 JBTS13 91208022 DUF1619
MKS TCTN2 MKS8 74731861 DUF1619
TCTN3 91208025 DUF1619
Membrane
CC+CC2D2AN-C2 + o
CC2D2A MKS6 JBTS9 197209974 CC2D2AC-C2 + TGL Ioca-I|Zfat|0n an'd
. protein interaction
Meckelin/TMEM67  NPHP11 ~ MKS3 JBTS6 317373389 ™
TMEM216 MKS2 JBTS2 115387120 ™
TMEM237 JBTS14 113205077 ™
AHI1/JOUBERIN JBTS3 31542701 AHI1-C2+WD40+SH3 Membrane
localization
Novel mem- C2CD3 148506944  C2CD3N-C2+PKC-C2*5 IMeTbra_”e
bers of MKS ocalization
d NPHP
ca:mplexes Membrane
CEP76 21314728 CEP76-C2+TGL localization+peptidase
activity
CCDC135/FAP50 223941912 TGL+CC Peptidase activity
p—— CEP290 NPHP6 ~ MKS4  BBS14  JBTS5 116241294 CC (Coiled coil)
IQCB1 NPHP5 3123054 TPRs+1Q_repeat Protein interaction

The novel protein domains deleted or disrupted by ciliopathy mutations in humans are underlined.

axoneme (e < 107 in iterations 1-2). Further iterations of this
search recovered a region in several prokaryotic proteins (e.g.,
Bacillus subtilis protein YebA and the Mycobacterium smegma-
tis protein, gi: 118473669; 107-10" in iterations 3—4). Similar
results were obtained in searches with the JACKHMMER pro-
gram. The region of significant similarity shared by these pro-
karyotic proteins and the eukaryotic ciliary/centriolar proteins
corresponded to the Transglutaminase-like (TGL) domain.

www.landesbioscience.com

This suggested that the common globular domain shared by
CC2D2A, CC2D2B, CEP76 and CCDCI135 is a version of the
TGL domain (Fig. 1A). The TGL domain adopts the papain-
like peptidase fold, whose active site is typically comprised of a
catalytic triad formed by a cysteine from an N-terminal helix,
and a histidine and an acidic residue from successive strands of
the core B-barrel.** Catalytically active versions are peptidases,
peptide-N-glycanases, transglutaminases or deamidases, while
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Table 1. Summary of the primary components of ciliary complexes with the domain architectures and function predictions (continued)

. Domain architecture and
Protein . GIID . . q
Gene name Alternative name by syndrome mutation/deletion Functions
complex (human) )
mapping
NPHP MKS BBS JBTS
BBS1 BBS1 38257662 WD40+I1G Protein interaction
BBS2 BBS2 20454827 WD40+IG Protein interaction
BBS7 BBS7 29029557 WD40+I1G Protein interaction
BBS9 BBS9 97180305 WD40+CC+IG Protein interaction
BBS4 BBS4 160359000 TPR Protein interaction
BBSS BBSS 74750959 PH Membrane/lipid
BBS interaction
BBS8 BBS8 308153511 TPR Protein interaction
BBS6 BBS6 25914754 Chaperonin Folding/assembly
BBS10 BBS10 100816407 Chaperonin Folding/assembly
BBS12 BBS12 40217788 Chaperonin Folding/assembly
ARL6 BBS3 14149815 Ras_like_GTPase Localization
TRIM32 BBS11 153792582 E3 ubiquitin-protein ligase Ubiquitin modification
Inversin NPHP2 68565551 ANKs Protein interaction
e NPHP3 NPHP3  MKS7 68565783  CC+ NTPase_STAND+TPRs ATP-dependent
compartment Protein kinase domain + complex assembly
NEK8 NPHP9 34098463 RCC1s Protein modification

The novel protein domains deleted or disrupted by ciliopathy mutations in humans are underlined.

catalytic inactive versions (e.g., Rad4 and Cyk3) function as
peptide-binding domains.*

An examination of the multiple sequence alignment of the
core of the TGL domains from prokaryotic TGL proteins and the
ciliary/centriolar proteins indicated that the former strongly con-
serve the catalytic triad, implying that there are active enzymes
(Fig. 1A). However, the eukaryotic proteins present a more com-
plex picture due to their drastic divergence relative to the TGL
domain of their prokaryotic homologs. In order to understand
their evolutionary history, we used the prokaryotic homologs as a
root in a phylogenetic analysis of the TGL domains of the eukary-
otic ciliary/centriolar proteins. This revealed three distinct clades
of the TGL domains in eukaryotes, respectively prototyped by
CCDC135, CEP76 and CC2D2A/MKS6 (Fig. 1B). The mono-
phyly of these three distinct eukaryotic branches is supported
by several sequence features that they share to the exclusion
of all other TGL domains (Fig. 1A). They also share a unique
C-terminal a+[ extension to the core TGL domain that is likely
to stack with the former to comprise the complete folded unit.
Indeed, such extensions have been previously observed in other
subfamilies of TGLs, such as the Rad4-PNGase subgroup.**4* Of
the three eukaryotic clades, CEP76 and CC2D2A/MKS6 form
a strongly supported higher-order clade (Fig. 1B), which is char-
acterized by a compact TGL domain. In contrast, CCDC135
has a large insert after the first strand of the core TGL domain
(Fig. 1A), which is a common location for large inserts in several
members of the TGL superfamily.** Examination of the phy-
letic patterns indicates that each of the three eukaryotic clades
has representatives from all major ciliated eukaryotic lineages,
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including the “excavate” taxa. Among the excavate taxa, Giardia
and Trichomonas tend to form the basal-most branches, followed
by kinetoplastids and heteroloboseans. This pattern is consistent
with the previously inferred phylogeny of eukaryotic taxa®* and
suggests that the three distinct clades of TGL domains had radi-
ated prior to the LECA. Examination of the active site residues
(Fig. 1A) reveals that all representatives of the CC2D2A/MKS6
clade are inactive. In the CEP76 clade, most representatives are
inactive, though many of the animal sequences appear to pos-
sess intact active site residues. In the CCDC135 clade, one subset
contains the usual active site cysteine, suggesting that they func-
tion as thiol peptidases. The other subset (e.g., in Drosophila;
Fig. 1A) displays a serine in place of the catalytic cysteine, similar
to what is observed in the TGL domain of the eukaryotic Menin
proteins.“®% Hence, these serine-containing TGL domains could
be potentially active as serine peptidases, comparable to the pre-
viously noted case of the plasmodial SERA peptidase,”® which
displays a cathepsin-like version of the papain-like fold with an
active site serine. Thus, the eukaryotic ciliary/centriolar TGLs
are predicted to include both catalytically active (mainly from
the CCDCI135 clade) and inactive versions (mostly from the
CEP76 and CC2D2A/MKS6 clades).

Functional and evolutionary implications of ciliary TGL
domains: Inferences from operonic associations of the bacte-
rial homologs. The prokaryotic homologs recovered in searches
with the eukaryotic ciliary/centriolar TGL domains provide
functional clues regarding their eukaryotic counterparts. We
used contextual information gleaned from domain architec-
tures and conserved gene neighborhoods (predicted operons) to
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bbreviations and Gl (GenBank Index) numbers separated by underscores. For species abbreviations, refer to the Materials and Methods sec-

species a
reconstructed using an approximately maximum-likelihood method implemented in the FastTree 2.1 program under default parameters. Bootstrap

B-strands in light blue. Domain architectures of each ciliary TGL domains are shown below the alignment. Proteins are denoted by their gene name,
values are shown at each node.

Figure 1A and B. (A) Multiple sequence alignment of the core region of TGL domains from bacterial and eukaryotic c

residues (C/S, H, E/D) are labeled with number sign (#) and highlighted

tion. (B) Divergent evolution of ciliary TGL doma
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Figure 1C. A predicted model of eukaryotic TGLs involved in ciliary tubulin modifications and the evolutionary links to the bacterial protein degrada-
tion and peptide tagging systems. Canonical operons representing both bacterial protein degradation and peptide tagging systems are shown on
the top. Light gray arrowed lines indicate gene transfer events and dark arrowed lines (and dashed ones) indicate known (and predicted) biochemical

better characterize the functional association of the homologous
prokaryotic TGL proteins. YebA-like TGL proteins are found
in most members of the Gram-positive clades of bacteria, the
lentisphaera-verrucomicrobia-planctomycetes clade, more spo-
radically in all other major bacterial lineages and in euryarchaea.
This phyletic pattern is generally suggestive of an early origin
in bacteria, followed by widespread dispersion through lateral
transfer between different bacterial lineages, and also probably
into the euryarchaea, early in their evolution. We found that
the YebA-like proteins typically contain eight TM regions with
the TGL domain occurring in the predicted cytoplasmic loop
between transmembrane (TM) 7 and TM 8 (not shown). This
suggests that the peptidase activity of the YebA protein operates
in close proximity to the membrane. Further analysis of gene
neighborhoods (Fig. 1C) revealed a strict association of the YebA-
like TGL genes with two other genes, respectively coding for an
AAA+ ATPase of the MoxR family** and a von Willebrand fac-
tor A (VWA) protein in both archaea and bacteria. In some cases,
the genes for the MoxR AAA+ ATPase and the vWA protein are
fused into a single gene. Despite this three-gene operon being
very common in prokaryotes, the functional significance of the
encoded proteins has not been hitherto explained. Clues regard-
ing their potential function emerge from comparisons with other
AAA+ ATPases. First, on at least six independent occasions, dif-
ferent versions of the AAA+ domain from across this superfamily
have been functionally combined with different types of pepti-
dase domains to constitute ATP-dependent protein degradation

3866 Cell Cycle

systems such as the proteasome, HslUV, ClpXP, FtsH, Lon
and YifB.* Based on this, we propose that this version of the
MoxR AAA+ ATPase functions as an ATP-dependent protein
unwinding engine that facilitates protein cleavage by YebA-like
TGL domains. Second, the vWA domain was earlier shown to
have strong functional linkages with multiple AAA+ domains
belonging to the clade that unites dynein-midasin, MoxR, YifB
and the chelatases.*® While based on the precedence of the che-
latases, the vWA domain was proposed to be required for metal
insertion in substrates;* the new evidence from midasin and

the archaeal phage tail chaperones®®!

suggests that it is likely
to function as metal-dependent substrate-binding co-chaperones
for this clade of AAA+ domains. Thus, we infer that the con-
served MoxR-vWA-YebA operon is likely to encode a membrane-
proximal protein degradation system (Fig. 1C), in which the
vWA domain protein recruits substrates, while the MoxR AAA+
ATPase unwinds them, and the YebA-like TGL domain cleaves
the unwound polypeptide. Another group of homologous pro-
karyotic TGL domains recovered in the searches with the ciliary
TGL domains are those which we had previously described as
being combined with genes encoding predicted peptide-ligases of
the ATP-grasp fold and also a conserved protein termed the a-E
domain (Fig. 1C).*? Here, too, the TGL domains are predicted to
function as peptidases that reverse the peptide tags ligated by the
ATP-grasp ligase (comparable to the peptide tags such polygluta-
mate, polyglycine and tyrosine ligated by the tubulin-modifying
TTL family of ATP-grasp ligases).?
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These observations have notable implications for both the
function and evolution of the eukaryotic ciliary TGL proteins.
Analysis of protein-protein interaction networks using the
FUNCOUP program® points to an interaction between the
MKS and the dynein complexes with a direct edge between the
latter and CC2D2A/MKS6. This suggests that at least in part the
functional connection between the AAA+ ATPase and the TGL
domain protein is paralleled in both prokaryotes and eukaryotes.
Importantly, the MoxR AAA+ domain is the closest prokaryotic
homolog of the six AAA+ domains in dynein and midasin and is
specifically united to them by several sequence features.* MoxR
appears to have given rise to a protein with six tandem AAA+
ATPase domains early in eukaryotic evolution, which further
diverged to dynein and midasin.** In the course of this event, there
appears to have been several changes in the original “prokaryotic”
configuration of interacting partners. Midasin retained the viWA
domain and functioned primarily as a chaperone for the removal
of ribosomal assembly factors and the assembled ribosome from
the nucleolus and nucleus (Fig. 1C). On the other hand, dynein
appears to have lost the vWA domain while retaining its interac-
tion with TGL domain proteins (Fig. 1C). The loss of the viWA
co-chaperone probably facilitated its transition from a protein
unfolding engine to a motor driving movement and trafficking.
Indeed, the diversification of midasin (with a predominantly
nuclear function) and dynein (with an ancient ciliary function),
is likely to correspond to the formation of distinct nuclear and cil-
iary compartments in the eukaryotic progenitor. The functional
shift in dynein relative to the ancestral MoxR ATPase probably
allowed the TGL domain proteins to acquire certain independent
functions, which is probably illustrated by the inactive versions
(e.g., CC2D2A/MKS6) that are predicted to merely function
as peptide-binding domains. The versions of the TGL found in
the prokaryotic operons with the ATP-grasp peptide ligases also
provide clues for the catalytically active eukaryotic ciliary TGL
domains (e.g., CCDCI135). Interestingly, in certain eukaryotes,
such as stramenopiles, this TGL domain is fused to a related
polyglutamylase-like ATP-grasp domain (Fig. 1A). This leads to
the interesting possibility that the peptide tags on tubulin, such
as polyglutamate and the C-terminal tyrosine, are reversed by the
peptidase action of the active TGL domains, whereas the inactive
versions merely bind them (Fig. 1C).

Identification of novel C2 domains in multiple components
of the NPHP1-4-8 and MKS complexes. The functional parallel
between the prokaryotic system, which combines MoxR with a
membrane-linked TGL domain, and the eukaryotic dynein com-
plex and ciliary TGLs suggested that membrane association of
the axonemal and motor proteins might have been an early event
in the origin of the cilia. Whereas the prokaryotic TGL protein
associates with the membrane using TM helices, the CC2D2A/
MKS6 is predicted to associate with membranes viaa C2 domain.
The presence of the C2 domain in CC2D2A also parallels the
divergent C2 domains (called B9-C2 domains), which we had
earlier described in the three paralogous components of the MKS
complex, namely MKS1/BBS13, MKS9/MKSR-1/B9D1 and
MKS10/MKSR-2/B9D2/Stumpy.”” The prediction that these

B9-C2 domains are critical for the membrane-association of the

www.landesbioscience.com
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ciliary basal body has been supported by multiple recent stud-

iCS.l()’Sé

First, several lines of genetic and biochemical evidence
suggest that the B9-C2 domain proteins act eatly in ciliogenesis,
in the period between the maturation of the basal body and its
docking with the membrane. Second, mutations in the B9-C2
domains of MKSI and MKS9, which are predicted to disrupt
their structure, result in large scale loss of cilia in mutant cells.'*>4
The presence of two distinct types of C2 domains in different
components of the MKS complex hinted to us that diversifica-
tion of the C2 domain might have been an important event in
the evolution of these complexes. Given the extreme divergence
of the different C2 domains, we used both sequence-profile
searches and profile-profile comparison to search for additional
C2 domains in the components of the MKS and NPHP com-
plexes. Consequently, we have identified 10 new versions of C2
domains in several ciliary protein families.

Sequence comparisons revealed that the previously known
C2 domain in CC2D2A/MKS6 belongs to a distinct clade of
C2 domains (CC2D2AC-C2, Fig. 2A; see below). Further, we
found that the N-terminal uncharacterized globular domain
found in CC2D2A/MKS6 recovers C2 domains as the best
hits in a HHpred search (e.g., protein kinase C-epsilon C2
domain, PDB: 1gmi; probability 95%; p = 10°). An alignment
against a panel of diverse, known C2 domains showed that it
indeed bears definitive features typical of them, confirming it
to be a previously unknown version of the C2 domain super-
family (Fig. 2A). Similarly, we found a previously uncharacter-
ized globular domain N terminal to the TGL domain in CEP76
(Fig. 2B). Profile-profile searches with this domain recovered C2
domains with significant scores (e.g., the myoferlin C2 domain,
2dmh; probability 97%; p = 10-%), indicating the presence of yet
another undetected C2 domain. Thus, taken together, we were
able to identify four distinct varieties of the C2 domain (B9-C2,
CC2D2AN-C2, CC2D2AC-C2, CEP76-C2) in the MKS com-
plex and associated centriolar proteins.

Double mutants with disruptions of one component each,
respectively from the MKS and NPHP1-4-8 complexes, display
loss of the Y-shaped linkers in the ciliary transitional zone, which
link the outer microtubule doublets to the ciliary membrane.®'
This suggests that the membrane-anchoring function of the MKS
complex acts in conjunction with the NPHP 1-4-8 complex.'®
Interestingly, even RPGRIP1L/NPHP8/MKS5 shows a classical
PKC-C2 domain in its central region,” suggesting that direct
membrane-association via C2 domains might be a feature that
extends to the NPHP 1-4-8 complex. Given that there are several
uncharacterized globular domains in components of the NPHP
1-4-8 complex, we analyzed them further with sequence pro-
file, HMM and profile-profile comparison searches. As a result,
we recovered two additional distinctive, divergent C2 domains
flanking the central PKC-C2 domain in NPHP8 and its paralog
RPGRIPI (RPGRIPIN-C2 and RPGRIP1C-C2; Fig. 2C). By
means of further searches, we found that NPHP1°° had one novel
C2 domain in the central region of the protein (NPHP1-C2;
Fig. 3A), whereas NPHP4” had two previously undetected,
divergent C2 domains in the N terminus and the central region

of the protein (NPHP4N-C2 and NPHP4C-C2; Fig. 3B). Thus,

3867

©2012 Landes Bioscience. Do not distribute.



“21NqUISIP 10U 0 '©@3UsIdsOolg sapueT] 21020

A

L3093 IZIV00N>>a<awZ
2002023 12 0LWOOLe>a - TO
—ZLO0_0000<ONEEra BT

e T N T e
wwOwWOOZwr G0<00n>>wwoT -

%Nnnno»znstz:nrennnsn

F—0W0ZE_0 I<OZTIW 0000
WL _0Z0ZINDOVOZDOL>>22

WWO—OZWOrO<NEEZWY>Tr0
LLLL L COLOLL>ZF- 0> LLLY
e e e

H:#::i?;:a

LW~ W S 20> 2 > >> - %O

Y00 zwE¥y>¥orLZOOWOES o

ML Shw>>0=>—>>0>—th—— >
> > LWL > > %20
5525555505000 -5>2a”
XX x0T XXy <X <<_>ZWIZZOX

S>oo———>u>>>2-_a03>-> -
> _L0>YuII>nE>uIOu>ns>
L <> 0>k > >> Sz

-zor I
Z00u <

—WOWTOOK WrWWE oowD o
OWG0020000uS10>a000!
aZoricacca<r>Iowonaa<
EEOLEY o aa0<0 Sy YouZTE
3HTBIRRNLLABRIBEIGNER

P WWEE>EO0E _W-0>0<—
0202>I<<0uad<WLWOW LY
N

o §
shzgs i
g gt
25Ee0s t i
$53588 Eerrr,
gitdst s5gest
AT EEasH
Ro2es 299908
8983E SPEERS

CC2D2A Hsal

—
TGL(X]

C2D2AC-C:

cc

p_197209974

>_
O—

> -

F—Ecmanc.
3—czozac.

C2D2AN-

o ——
¢

g_123463109

TVAG_474970_Tva

—=
2A-TGLOD

—— —

C2D2AC-C
— e

—_———

o
C2D2AN-
——

—&

co

23203 <82 88988:82a5

§3222385200908, 90000y
50<TWONNOLYE < <Ua C<E < -
[t e
SoaazescaniaagEia Fazs

0X2EE0O0ZHIOC00RZEEZ 0
S EUGLG <  <a0a Orawz

<A e x>eeea g

<
S s aEES

> O o
b e ]

0Z0wz>x¥2z2z.000322Td0r2Z
wuwzi>004 <ou

BeoadIaNaAZARANED .
F> S E >0
e i i

F<Zora<<z>x

>35S C S0k
5000060L<OL 00050
EEM VAo 1l
N
LB LLELLL <D LLEOE
—>> u <k _>>—_c
S¥ECCUT nuos i
xrZZ025r0TW00Z0

WX <Z0 00000000

B e et
S ESES RS SSE TN GSEESS
FEESE R RS R R OKEENOLLY -
0000 0WOOONTTHTD>DT>WrX -
bbw__uiiu>Zu> o wei>3> s

SRR
QRSN G B

e T E )

SO0 OIE0Z_Wou T i_ZZ
55525 _<_.0z030az03>00

ottt N Pt
o> Towen>_0Z>w-_>0>EEE
ey e
SLUo>u>noanIs< zwITosr

ey e

0ZZrZoIrorO9n_WoLowo<

bocrsea S o ot
Giar e et

a<xn-rasar<aanWZaZ-< ¥

> o o
o

= e
En

Or0pEL < >000%E_ 0 |

o —.
o
O =

b S0Z > _w> e
C00L>> Jur0EJE> o

> TWITi>In0>XIZZ0Z .
0% 0 0000>2>C0wwn |

XZZEEXOLATELO>TXO |
DOEOOONDEEODDDDE o
ZOO-XO0E <> 2T > |
LLLEUSE> L oL L o

x

50900 0udded0 =00

Z0OX00ZI0ZOr00LZO0

SIS SR

>lii > << >0 o<

o e S T
5253555555 Su—o>——0_

25552202 Il0us53000505
5555 -

CZLwozZzzEEZZZ0ZZZ <22

»E 5
9 o
>>w3>0>> 200 I000->2—>

0000000 00w Ow> Lo |

GOELLLENS N
e tacornay
3206050mB0nmLes0T

I S

<z ”0

i
O 0> 1<z %

__KKNKKYRHDENVREQNNsNKov

> _>_ze<a>_<<>ui_ar o
Cxrn<x X I<z<nN>a 2000

e T

. I

>->T>>>>TIT>0TT 0 -
e L D

co_zo>o;

sa¥oaaxa@<o-¥aoo>

crEr o
YT rOwWEEEEOOE > WNEaTOu
OWWWHAK S WWOLZE IXO0ZWAG |
XXX TR WS> EE S WX
P T T I T
E>0TDI>>CAIOHENxX BT _>Z

BrEozg

g o 5838588 00

g3 ofomaRgdEeg
2585 8225553853
80883 B8 _JESS NN
L83 .55_5 5785, it e
mm%vmwmﬂ%mmmmem
Syl apsatactedie gy
S ifaieanie
R Pt G |
889835833350E 52FREREER5

—>a__xo

< woasea—

CEP76-C2

B

2283383355855858

qiozriisk griita
FrLo N e
dnlni
©8aR8S8FUZ sy 12
BeadasatnaERaei

3
2

fr Tt
0zr00zZwoI<aw-_axoz

g_123446841

p 21314728

CEP76_Hsa

TVAG_296210_Tva

-~
ety
S
e T

2y
)

—— —
P r——
CEP76-C:
—

o e
CEP76-C:

—
_(

88

£883335ERES3RRTAE

7
665

jAJvn
LLLLL|LLFLLLLFLA|n
e =

SE0EEcSucor sunLesyvrua
[ S it

> I oxrrrzaroruo-_onz .

bw—ww0 IO Sgaam i —> o>
WZSXZ <> _Xu>r—r_3aIa

b s et

DS ar o> > 0T u i .

o i i
= T s T

2w000 axx0_xrOw>a00a .

0Ior2<rOXEnnT<O X <u

[ e

Ox0z0xrnzanxesnadnn

10— > >>u > >

> =

<ZZUWZOXXIOWWOWOZETY |

0_0x>000><<<WwowxTx .

>50E 055> LLiEc S>> s
- ST
L <>0N<<LINNI>L IO
IAllMD
EoE L OF 2 000
S S

B

> > U S > > @

0LGa hrExOWOGRE o
T205>>>— Ir0>2rn0000 s

8898288855 538522883
SBIISREILETRTERELERY

o, 5528 § 3
QBRERE & H
T g
Eul Ll -

ey 8%
e <3

MCED oF
£e558%F 28

p_118442834

p_112734867

} RPGRIP1L_Hsa

——
GRIP1C-C2

—_——

g_123493422

RPGRIP1_Hsa

}

RIP1C-C2
—

——

———
PGRIP1N-C2K_ PKC-C2
PKC-C2

——
o
——

GRIP1N-C2]

AE
A&

WE_Tuox<oaxz<z

200aa

i <xre_geax-<
=

LrI>>2 x3x>00<
CWOZ<(nOxOxO¥IY

Qxworwo>r<Lo<o
©00000VOHOR0OX
IS = > > >l

TVAG_478880_Tva

>
LD—

> <>a>ux ooy

————

———

'GRIP1N-C:
——

o.

RPGRIP1C-C2

RPGRIP1 Hsap 9965250
LOC100180808 Cint 198425789
consensusi8s%

Figure 2. Multiple sequence alignment and domain architectures of novel C2 domains of ciliary proteins CC2D2A (A), CEP76 (B) and RPGRIP1 (C). For
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Figure 4. Evolutionary relationship of the different C2 domain families and the comparison of their phyletic patterns, functions and features of do-
main architecture. The tree was reconstructed using an approximately maximum-likelihood method implemented in the FastTree 2.1 program under
default parameters. Nodes supported with bootstrap values greater than 75% are shown.

versions formed well-supported branches that were distinct from
the classical PKC-C2 domains and other ancient versions, such
as NT-C2 (Fig. 4), which was previously implicated in anchoring
the actin cytoskeleton.?” The monophyly of the distinct C2 clades
found among the ciliogenesis components was also supported by
the unique sequence signatures of each of the groups (Figs. 2
and 3). Together, these observations indicated that a notable
part of the early radiation of the C2 domains, which resulted in
the emergence of the key ciliogenesis complexes, probably hap-
pened between the time of the first eukaryotic common ances-
tor (FECA) and the LECA. Interestingly, this reconstruction
also showed that the majority of the C2 domains, which can be
potentially traced back to the LECA, are specifically associated
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with ciliogenesis. Hence, it raises the possibility that the original
radiation the C2 domains in eukaryotes happened in the context
of the membrane-association of the ciliary cytoskeleton.
Functional implications of diverse C2 domain proteins
in ciliogenesis. While the C2 domains are a strong predictor
of membrane interactions,” the versions that are potentially
traceable to the LECA show considerable sequence diversifica-
tion and also diversity of domain architectures (Figs. 2 and 3).
Hence, there is likely to have been a functional diversification of
the C2 domains and the proteins containing them even at the
time of the LECA. Of these, the pre-LECA triplication of pro-
teins with B9-C2 domains and strict maintenance of these three
distinct representatives throughout eukaryotes was interpreted

Volume 11 Issue 20

Do not distribute.

I0Science.

©2012 Landes B



as implying that the three proteins form a trimeric subcom-
plex within the MKS complex, whose subunit stoichiometry is
strongly conserved. This complex might be compared with the
other complexes in eukaryotes with multiple paralogous subunits
forming symmetrical torroidal or spherical structures with fixed
subunit stoichiometry,’ e.g., the CCT/TRiC-complex, which
also forms part of the ciliary BBSome,* the Rad9-1-1 complex
in DNA repair® and the core proteasome.®® Consistent with
this, the B9-C2 proteins, as a rule, have simple domain archi-
tectures with no combinations with other domains.’” Hence, we
predict that the B9-C2 is likely to form a torroidal structure at
the heart of the MKS complex. In contrast, the C2 domains of
the CC2D2A/MKS6 and CEP76 proteins occur in multido-
main architectures combined with TGL domains. Hence, these
proteins are more likely to function as adaptors, with the C2
domains binding the membrane and their catalytically inactive
TGL domains (e.g., those in CC2D2A/MKS6 and CC2D2B)
probably binding peptides from ciliary cytoplasm or axonemal
proteins (Fig. 2A and B). The presence of coiled coil segments
in these proteins is also suggestive of dimerization or interaction
with other structural components with coiled coil segments (e.g.,
components of the IFT complex).”” A similar scenario is likely
for the RPGRIP1/NPHPS, which combine the C2 domains with
N-terminal coiled-coil segments (Fig. 2C). In light of their pro-
posed role in forming scaffolds in the ciliary transition zone,* we
propose that they are likely to be important as membrane anchors
for targets bound by the MKS complex for intra-ciliary transport
or signaling via the coiled-coil regions in these proteins. AHI1/
Jouberin could also function similarly with the WD40 domains
present C-terminal to the C2 domain playing a role in recruiting
specific target proteins to the ciliary membrane (Fig. 3D).
Interestingly, we also found evidence for considerable plastic-
ity in the domain architectures of these proteins beyond the con-
served core, which includes the C2 domain. For example, in the
case of AHI1/Jouberin, the conserved core, which is traceable to
the LECA, includes the C2 domain and a WD40 -propeller. In
subsequent eukaryotic evolution, SH3 domain seems to have been
added at the C terminus (Fig. 3D). In the case of the NPHP4,
the C-terminal region contains immunoglobulin (IG) domains
in certain eukaryotes, and EF-hand domains in other eukaryotes
(Fig. 3B). On the other hand, in NPHP1 the N-terminal region is
variable, with certain eukaryotic clades showing N-terminal SH3
domains, while others show EF-hand domains (Fig. 3A). The
presence of the EF-hand domains in multiple proteins in these
complexes suggest that, at least in certain eukaryotes, they are
likely to respond to the presence of Ca?*. This is consistent with
the recruitment of two highly conserved paralogs of the Ca*'-
binding EF-hand protein centrin associated with the contractile
function of the microtubular skeleton right from the time of the
LECA.® However, examination of the sequence alignments sug-
gests that, interestingly, none of the C2 domains traceable to the
ciliary complexes in the LECA have Ca**-binding ability. Thus,
the Ca?*-binding role of the C2 domain (PKC-C2) is likely to
have arisen independently of the ciliary function among C2
domains. The above-reported domain architectural variability
of these ciliary proteins is consistent with the lineage-specific

www.landesbioscience.com

diversification of target proteins that are transported to the cil-
ium by the action of these proteins in different eukaryotic lin-
eages. For example, the hedgehog-signaling pathway proteins
such as patched, smoothed, SuFu and Gli, which are localized
to the cilium, are only found in the animal lineage. Hence, the
domain architectures of the primary components of the MKS
and NPHP1-4-8 complexes indicate that C2 and TGL domains
constitute the ancient core, which might be further extended
accretion of different domains in particular eukaryotic lineages.
Based on the above analysis and the available genetic evidence,
we predict that the C2 and TGL domain-containing proteins can
be visualized as constituting the Y-shaped linkers of the ciliary
transitional zone, with the arms of the Y-shaped linkers formed
primarily by the coiled coil segments and the heads contacting
the membrane being mainly comprised of the C2 domains. The
three B9-C2 domains potentially form a central torroidal core at
these membrane-contacting sites. On the other hand, the active
and inactive TGL domains might constitute the axoneme- and
substrate-interaction interfaces of the Y-shaped linkers. Thus,
the combination of the C2 and TGL domains and coiled coil
segments in these proteins explains their role both as structural
components and as gatekeepers of intra-ciliary transport.
Evolutionary implications for origin of eukaryotic cilia and
general conclusions. Several recent studies have aimed at trac-
ing the provenance of key eukaryotic cellular components to the
29:31.36:52.66.67 Eor example, both actin
and tubulin have been infrequently found in a small number of

prokaryotic superkingdoms.

archaeal and bacterial lineages. Phylogenetic analysis has been
used to argue that the archaea might have been the source of
tubulin.’® Based on the presence of tubulin in thaumarchaea and
related lineages, it has been argued that the eukaryotic microtu-
bular skeleton was acquired from an archaeal progenitor of the
eukaryotes that resembled a thaumarchaeon. This possibility
is consistent with the presence of other eukaryote-like features
in thaumarchaea, such as the ubiquitin (Ub) system®® and
3¢ However, it should be borne in mind that
many of these eukaryote-like features are not found in the same

actin-like proteins.

thaumarchaeon, are also rather infrequently found in prokaryotes
and are encoded by potentially mobile operons (as demonstrated in
the case of the Ub-system®). Hence, while a thaumarchaeon-like
organism could have been the archaeal progenitor of eukaryotes,
it is possible that this progenitor did not have all the eukaryote-
like genes together in its genome right from the inception, but
accreted them over time via lateral transfer. Indeed, such grad-
ual accretion of numerous, diverse mobile operons is observed
in certain bacteria with large genomes, such as colonial myxo-
bacteria.’? This accretion then created conditions that brought
together diverse systems, allowing their “mixing and matching”
to generate novel systems such as the cilium. In particular, the
origin of the common ancestor of dyneins and midasins from the
mobile MoxR-like systems favors a scenario, where the eukary-
otic progenitor acquired additional systems by lateral transfer
either from other co-occurring archaea and bacteria or from the
bacterial endosymbiont that gave rise to the mitochondrion. Our
observation of the presence of a functional linkage between the
dynein complex and the ciliary TGL domains (Fig. 1C), which
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is mirrored in the mobile prokaryotic MoxR-like systems with
membrane-linked TGL domains, suggests that the acquisition of
the MoxR-like precursor of dynein and the functionally linked
TGL domains might have been a critical event for the emergence
of the eukaryote-type cilia from the microtubular cytoskeleton.
This is also comparable to the earlier observation on the mobile
Mgl operons of prokaryotes,”” which encode a small GTPase
(MglA) that is likely to have been the progenitor of the eukaryotic
Arflike proteins,®? and its GTPase-activating protein (MglB),”
which is a homolog the dynein-light chain 7. Given the role of
the Mgl operon in cell polarity and gliding motility in certain
bacteria,” it is possible that this system might have even had an
initial role in ciliary localization and motility of the eukaryotic
progenitor. Thus, the accretion of multiple systems derived from
mobile operons, namely the MoxR-like system, perhaps with
functionally linked transglutaminases, the Mgl system, the TTL
enzyme (polyglutamylase) and mobile small GTPase progenitors
of the Ran-Ras-Rho-Rab-like clade from bacteria (probably the
mitochondrial precursor) provided the necessary raw material for
the origin of the eukaryotic cilium.

In bacteria and certain archaea, the proteins of the FtsZ-
tubulin superfamily form a polymeric ring that mediates cyto-
kinesis™”* or chromosome segregation,” while in thaumarchaea,
there is no evidence for the FtsZ-tubulin superfamily proteins
participate in cell division.” This could have “freed” the FtsZ-
tubulin proteins in the lineage leading, eukaryotes to adopt
alternative functions. Our above analysis suggests that it was
the coming together of the above-described components with
the tubulin-like proteins that triggered the emergence of the
eukaryotic ciliary system. Multiple lines of evidence point to
this event being closely linked to the emergence of the nuclear
compartment, which is the quintessential feature of eukaryotes.
In functional terms, loss of the ancient chromosome segregation
mechanisms dependent on nucleic acid pumps in eukaryotes’
was possibly the main factor that linked the emergence of the
nucleus with the origin of cilia; both eukaryotic chromosome
segregation and motility came to depend on the same contrac-
tile microtubular cytoskeleton. The major event in emergence of
both the nuclear and ciliary compartments was the emergence of
the localization system dependent on the karyopherins and the
RAN GTPase.?*¥ As noted above, this event is likely to have also
been accompanied by the divergence of midasin and dynein from
their common ancestor, with only dynein retaining the functional
interactions with TGL domain proteins in proximity of the mem-
brane, a key feature for the origin of the cilium. Nevertheless, the
question remains as to what differentiated the nuclear and ciliary
compartments if they utilized the same localization and gating
mechanisms. Our identification of novel C2 domains in the two
key complexes related to transition zone morphology, ciliogenesis
and intra-ciliary transport aids in answering this question. While
several nuclear membrane proteins have been identified, includ-
ing those which can be confidently traced back to the LECA,
none of them contain C2 domains.*” In contrast, the core of both
the MKS and NPH 1-4-8 complexes, which are central to cil-
iogenesis, have multiple C2 domains that can be traced back to

the LECA (Fig. 4). This suggests that the radiation of the C2
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domains was central to differentiation of the nuclear and ciliary
compartments, with these domains shaping unique membrane-
associated structures that came to define ciliary function. Thus,
in a sense, in the case of ciliogenesis, ontology, i.e., development
of the cilia dependent on the MKS and NPHP 1-4-8 complexes,
follows evolution. Currently, C2 domains are not known out-
side of eukaryotes; hence, it is unclear if they were a eukaryotic
innovation or emerged from a preexisting prokaryotic version.
Nevertheless, it is clear that a major part of their early radia-
tion specifically occurred in the context of the eukaryotic ciliary
apparatus (Fig. 4). Given that number of lines of evidence point
toward the bacterial endosymbiont and genetic material contrib-
uted by it being critical for the origin of the nucleus in the ances-

tral eukaryote,*

it is likely that the main steps in the emergence
of cilia also happened after the endosymbiotic event. Indeed, in
support of this, the currently available evidence points toward a
bacterial origin for the TTL ATP-grasp domains that are central
to microtubular modifications in ciliary function.?

In conclusion, the findings reported here offer certain key
testable hypotheses regarding ciliogenesis and ciliary function.
First, the identification of both inactive and potentially active
versions of the TGL domain help identify an important deter-
minant for protein-protein interactions in the ciliary transitional
zone and predict a potential proteolytic processing activity in the
ciliary compartment that could target microtubule modifications
or transported proteins. Second, our discovery of multiple new
C2 domains in ciliary components helps in a conceptual recon-
struction of the Y-shaped linkers in the transitional zone, with
multiple membrane-contacting sites that could help both in the
association of ciliary cytoskeleton with the membrane and also
membrane-linked intra-ciliary trafficking. Importantly, the iden-
tification of novel C2 domains in CEP76, AHI1/Jouberin and
C2CD3 proteins supports their function in close proximity to
the core MKS and NPHP 1-4-8 complexes. We hope that fur-
ther tests of the predictions presented here would help in a better
understanding of eukaryotic ciliogenesis and also clarify the bio-
chemical basis for a number of human ciliopathies.

Materials and Methods

Iterative profile searches with the PSI-BLAST?® and
JACKHMMER?” programs were used to retrieve homolo-
gous sequences in the protein non-redundant (NR) database at
National Center for Biotechnology Information (NCBI). For
most searches, a cut-off e-value of 0.01 was used to assess sig-
nificance. In each iteration, the newly detected sequences that
had e-values lower than the cut-off were examined for being
false positives. Similarity-based clustering was performed using
the BLASTCLUST program (ftp://ftp.ncbi.nih.gov/blast/docu-
ments/blastclust.html) to remove the highly similar sequences.
80 and

Muscle®! programs, followed by manual adjustments based on

Multiple sequence alignments were built by Kalign

profile-profile alignment, secondary structure prediction and
structural alignment. Consensus secondary structures were pre-
dicted using the JPred program.® Protein remote homology rela-
tionship was detected by sequence-profile comparisons with the
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PSI-BLAST program and profile-profile comparisons with the
HHpred program.® Phylogenetic analysis was conducted using
an approximately maximum-likelihood method implemented
in the FastTree 2.1 program under default parameters.* The
tree was rendered using the MEGA Tree Explorer.® For bacte-
rial TGL genes, their gene neighborhoods were extracted and
analyzed. The protein sequences of all neighbors were clustered
using the BLASTCLUST program to identify related sequences
in gene neighborhoods. Each cluster of homologous proteins
was then assigned an annotation based on the domain architec-
ture or shared conserved domain. A complete list of Genbank
Gis for proteins investigated in this study are provided in the
Supplemental Material.

Species abbreviations: Aaeg, Aedes aegypti; Aano, Aureococcus
anophagefferens; Adar, Anopheles darlingi; Agam, Anopheles gam-
biae; Alai, Albugo laibachii; Amel, Apismellifera; Apis, Acyrthosiphon
pisum; Aque, Amphimedon queenslandica; Asuu, Ascaris suum;
Bamy, Bacillus amyloliquefaciens; Bden, Batrachochytrium dendro-
batidis; Bmal, Brugia malayi; Bmar, Bermanella marisrubri; Bmar,
Blastopirellula marina; Cele, Caenorbabditis elegans; Cint, Ciona
intestinalis; Cphy, Clostridium phytofermentans; Cqui, Culex quin-
quefasciatus; Crei, Chlamydomonas reinhardtii; Csin, Clonorchis
sinensis; Cvar, Chlorella variabilis; Dmel, Drosophila melanogaster;
Drer, Danio rerio; Ehar, Ethanoligenens harbinense; Eoli, Emticicia
oligotrophica; Esil, Ectocarpus siliculosus; Gbem, Geobacter bemi-
djiensis; Glam, Giardia lamblia; Hmag, Hydra magnipapillata;

Hoch, Haliangium ochraceum; Hsal, Harpegnathos saltator; Hsap,
Homo sapiens; lmul, Ichthyophthirius multifiliis; Lbra, Leishmania
braziliensis; Ldon, Leishmania donovani; Linf, Leishmania infan-
tum; Lloa, Loa loa; Lmaj, Leishmania major; Mbre, Monosiga
brevicollis; Mocc, Metaseiulus occidentalis; Mpus, Micromonas
pusilla; Mrot, Megachile rotundata; Msp., Micromonas sp; Ncan,
Neospora caninum; Ngru, Naegleria gruberi; Nvec, Nematostella
vectensis; Odio, Oikopleura divica; Pinf, Phytophthora infes-
tans; Pmar, Perkinsus marinus; Ppac, Plesiocystis pacifica; Ppat,
Physcomitrella patens; Psoj, Phytophthora sojae; Ptet, Paramecium
tetraurelia; Rory, Rhizopus oryzae; Shel, Slackia heliotrinireducens;
Skow, Saccoglossus kowalevskii; Sman, Schistosoma mansoni; Smoe,
Selaginellamoellendorffii; Spur, Strongylocentrotus purpuratus; Ssp.,
Salpingoeca sp; Tadh, Trichoplax adhaerens; Tbru, Trypanosoma
brucei; Tcas, Tribolium castaneum; Tcon, Trypanosoma congo-
lense; Teru, Trypanosoma cruzi; Tpse, Thalassiosira pseudonanas
Tspi, Trichinella spiralis; Tthe, Tetrahymena thermophila; Tvag,
Trichomonas vaginalis; Vcar, Volvox carteri; Vmar, Verrucosispora
maris; Vpar, Variovorax paradoxus.
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