
1 of 14Traffic, 2025; 26:e70016
https://doi.org/10.1111/tra.70016

Traffic

RESEARCH ARTICLE OPEN ACCESS

Eukaryote-Wide Distribution of a Family of Longin 
Domain-Containing GAP Complexes for Small GTPases
Anna M. G. Novák Vanclová1,2,3   |  Catherine L. Jackson1   |  Joel B. Dacks2,3,4,5

1Université Paris Cité, CNRS, Institut Jacques Monod, Paris, France  |  2Division of Infectious Diseases, Department of Medicine, University of Alberta, 
Edmonton, Alberta, Canada  |  3Department of Biological Sciences, University of Alberta, Edmonton, Alberta, Canada  |  4Institute of Parasitology, Biology 
Centre, Czech Academy of Sciences, České Budějovice, Czech Republic  |  5Department of Genetics, Evolution, & Environment, Centre for Life's Origins and 
Evolution, University College, London, UK

Correspondence: Catherine L. Jackson (cathy.jackson@ijm.fr)  |  Joel B. Dacks (dacks@ualberta.ca)

Received: 1 April 2025  |  Revised: 23 June 2025  |  Accepted: 10 July 2025

Funding: This work was supported by the Centre National de la Recherche Scientifique, France, and grant ANR-20-CE13-0007 from the Agence 
Nationale de la Recherche, France, to C.L.J. Research in the Dacks Lab is supported by the Natural Sciences and Engineering Research Council of Canada 
(RES0043758 and RES0046091).

Keywords: Arf GTPases | DENN domain | GTPase-activating proteins | LECA | molecular phylogenetics | nutrient signaling | pan-eukaryotic 
homology search | structural modeling

ABSTRACT
Arf and Rab family small GTPases and their regulators, GTPase-activating proteins (GAPs) and guanine nucleotide exchange 
factors (GEFs), play a central role in membrane trafficking. In this study, we focused on a recently reported GAP for Arf (and po-
tentially Rab) proteins, the CSW complex, a part of a small family of longin domain-containing proteins that form complexes with 
GAP activity. This family also includes folliculin and GATOR1, which are GAPs for the Rag/Gtr GTPases. All three complexes 
are associated with lysosomes and play a role in nutrient signaling, the latter two being directly involved in the mTOR pathway. 
The role of CSW is not clear, but in addition to having GAP activity on Arf proteins in vitro, its mutation causes severe neuro-
degenerative diseases. Here we update the reported pan-eukaryotic presence of folliculin and GATOR1, and demonstrate that 
CSW is also found throughout eukaryotes, though with sporadic distribution. We identify highly conserved motifs in all CSW 
subunits, some shared with the catalytic subunits of folliculin and GATOR1, that provide new potential avenues for experimen-
tal exploration. Remarkably, one such conserved sequence, the “GP” motif, is also found in structurally related longin proteins 
present in the archaeal ancestor of eukaryotes.

1   |   Introduction

The small GTPases are a large superfamily of highly conserved 
proteins that form the functional backbone of regulatory and 
signaling pathways involved in many cellular processes. Their 
function is dependent on guanine nucleotide exchange fac-
tors (GEFs) and GTPase-activating proteins (GAPs). GEFs are 
responsible for the exchange of bound GDP for GTP, convert-
ing the GTPase into its active form, while GAPs catalyze GTP 

hydrolysis. For the Arf and Rab GTPases, the best-studied cat-
alytic regions of GEFs are the Sec7 domain for the Arf family 
[1, 2] and the DENN/longin domain for Rab family proteins 
[3–6]. For Arf proteins, two well-established GAP families have 
been studied, those containing a Zn finger GAP domain [7, 8] 
and those with an ELMO domain [9]. For Rab proteins, the TBC 
domain is the most widespread GAP domain [10, 11]. Unlike the 
GTPases themselves, generally highly conserved, short, single 
domain proteins, their GEFs and GAPs usually contain multiple 
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domains in addition to the catalytic domain (e.g., PH, SH3, C2, 
coiled-coil, BAR, ankyrin-repeat, WD40 or RUN [4, 10, 12]) and 
are much more varied in their size and architecture.

Arf and Rab GTPases, along with their specific GEFs and GAPs, 
play a central role in membrane trafficking [1, 13, 14]. An essen-
tial function of Arf proteins is in the formation of transport ves-
icles, while Rab proteins mediate vesicle navigation to the target 
membrane and fusion with it [1, 13, 14]. Arf and Rab GTPases 
carry out their functions by recruiting specific proteins to mem-
branes in their active GTP-bound conformation. For example, 
Arf proteins recruit vesicle coat complexes to membranes to me-
diate vesicle budding, and Rab proteins recruit vesicle tethering 
complexes as an early step in vesicle fusion [1, 13]. In addition 
to vesicular trafficking between organelles, Arf and Rab family 
proteins also regulate other endomembrane functions, such as 
organelle-cytoskeleton interactions, organelle movement, and 
membrane lipid composition [2, 13, 15–17]. This fundamental 
and complex cellular organization is the staple of eukaryotic cells, 
as opposed to that in prokaryotes, which do not have extensive 
internal membrane structures. The closest known prokaryotic 
relatives of eukaryotes, the Asgard archaea (Asgardarchaeota), 
have a number of homologs of membrane trafficking proteins 
previously considered eukaryote-specific [18, 19]. The first cul-
tured Asgardarchaeota organisms were shown to have a simple 
cell morphology with no observable internal compartmental-
ization [20, 21]. However, the recent first report of cultivated 
heimdallarchaeial cells describes infrequently observed internal 
membrane structures, whose size and frequency increase with 
higher nutrient concentration [22].

The Arf family, which includes not only Arf, Arf-like, and Sar 
GTPases in eukaryotes [15], but also the Arf-related proteins 
(ArfRs) present in the Asgard archaea, is ancient, having arisen 
before the divergence of eukaryotes from their archaeal ancestor 
[23, 24]. Given their wide spectrum and high specificity of their 
interactions, the expansion of the Arf family, and their GEFs 
and GAPs, likely played a crucial role in the evolution of the en-
domembrane system, especially the emergence and specializa-
tion of its parts [8, 25–27]. All of the above GTPases, GAPs, and 
GEFs have been shown to be widely distributed, and in fact ex-
panded to multiple paralogues, across eukaryotes, from animals 
to fungi, plants, algae, and parasites [15]. Studying these proteins 
and their domains and enzymatic functions in a broader, pan-
eukaryotic context is a prerequisite to better understanding of 
the biology of diverse eukaryotes and early eukaryotic evolution.

One set of potential Arf regulators, however, has not yet been 
examined systematically using this comparative evolutionary 
lens. The C9orf72:SMCR8:WDR41 or CSW complex, compris-
ing three subunits, C9orf72, SMCR8, and WDR41, was first 
described in humans, where mutations in one of its subunits 
(noncoding region expansions in C9orf72) cause severe neuro-
degenerative diseases (amyotrophic lateral sclerosis, ALS, and 
frontotemporal dementia, FTD; [28–30]). It has been identi-
fied as a multisubunit GAP and experimentally shown in vitro 
to act most efficiently upon Arf1, Arf5, and Arf6, and to have 
some, albeit much weaker, activity toward Rab8 and Rab11 
[31–33]. It is considered a member of a small family of longin 
domain-containing GAP complexes, all of which localize to 
the lysosomal membrane and play a role in nutrient sensing 

[31, 32, 34]. The other two members of this family are the follicu-
lin (FLCN:FNIP) and GATOR1 (NPRL2:NPRL3) complexes that 
act upon Rag GTPases and work in tandem as a part of the mTOR 
signaling cascade, a major control hub of cell growth [31, 35–38]. 
The CSW complex is recruited to the lysosomal membrane via 
interaction between its subunit WDR41, which contains a beta-
propeller domain, and the PQ loop-containing cationic amino 
acid transporter PQLC2 [35, 39, 40]. This binding is inhibited 
when the transporter substrate (arginine, histidine, and lysine) 
is abundant, suggesting that the CSW complex might mediate 
some kind of cross-talk between Golgi- or endosome-derived 
membranes and lysosomes under cationic amino acid starva-
tion. The exact function, however, is currently not understood.

The catalytic pocket of the CSW complex is formed by two 
symmetrically arranged longin domains of different subunits 
(C9orf72 and SMCR8) with known essential residues of both re-
quired for GAP activity (specifically W33-D34 in C9orf72, and 
R147, the catalytic arginine, referred to as an arginine finger, 
in SMCR8 [32]). In folliculin and GATOR1, the subunits con-
taining the catalytic arginine are FLCN and NPRL2, respec-
tively, present within their longin domains, with the FNIP2 and 
NPRL3 subunits also containing longin domains [31]. The evolu-
tionary relationship and degree of sequence homology between 
these six proteins are yet to be established and examined in de-
tail. However, previous studies group them together based on 
their domain architecture and secondary structure and consider 
them related to or a part of the DENN family [5, 31, 34]. Previous 
studies [34, 41] found evidence for SMCR8/FLCN-type longin 
proteins and/or FNIP in Capsaspora, some fungi, amoebozoa, 
metamonads, and discobids, and one or both GATOR1 subunits 
in the previously mentioned groups plus several apicomplexans 
and stramenopiles, and a few more homologs are currently an-
notated as such in the Uniprot database (https://​www.​unipr​ot.​
org/​, [42]). By contrast, little information is available regarding 
the distribution and function of the CSW proteins outside mam-
mals. Zhang et al. [34] identified a few nonmetazoan homologs 
using a limited sampling of genomic data available at the time, 
namely C9orf72 in some choanoflagellates and amoebozoans, 
Trichomonas, and Naegleria. It is likely that this unique family 
of GAPs occurs more widely and could potentially be traceable 
to the root of a large subsection of the eukaryotic tree of life 
spanning very diverse organisms, to the last eukaryotic com-
mon ancestor (LECA), or even further. An updated, comprehen-
sive eukaryote-wide screening may therefore reveal distribution 
patterns that could shed some light on the early evolution of the 
organization and crosstalk between lysosomes and other en-
domembrane compartments.

In this study, we took advantage of the rich supply of available 
sequence data for nonmodel eukaryotic groups, including previ-
ously obscure and recently discovered deep-branching lineages, 
and performed a pan-eukaryotic search for each of the subunits 
of the CSW complex, other longin GAPs, and their potential in-
teraction partners to observe patterns in their distribution and 
co-occurrence, and attempt to trace their point of origin and 
evolutionary history using phylogenetic methods. Structural 
modeling and primary sequence analysis confirmed the con-
servation of known functionally critical amino acid positions 
and identified additional highly conserved amino acid residues 
which likely have functional importance. Intriguingly, some of 
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these residues are also shared with longin domain proteins en-
coded in asgardarchaeal metagenomes.

2   |   Results and Discussion

2.1   |   Longin GAP Complexes Have Wide but 
Patchy Distribution

We investigated the distribution of CSW, folliculin, and GATOR1 
complex proteins across all major eukaryotic lineages using an 
enriched and modified TCS database of genomes and transcrip-
tomes and sensitive sequence homology detection (see Section 4, 
Table S1). The resulting homolog datasets, including e-values of 
the hits, taxonomical annotation, and other notes can be found 
in Tables S2–S8.

We report that subunits of the CSW complex, which have 
been studied in humans and annotated in various animals in 
the Uniprot database, are present in many other eukaryotic 
lineages. However, their distribution is patchy as it seems to 
be completely missing from a number of major lineages, espe-
cially among Diaphoretickes (i.e., Archaeplastida, Haptista, 
Telonemia, Stramenopila, Cilliophora, and Myzozoa; Figure 1) 
and as it is not universally conserved in lineages in which it has 
been identified. The distribution of the folliculin complex exhib-
its a similar pattern, with its depletion among Diaphoretickes 
being even more noticeable (present or partially present only 

in some Provora and Haptista). GATOR1, on the other hand, is 
at least partially retained in all lineages (with the only excep-
tion of Fonticulida which is, however, represented by a single, 
possibly incomplete, dataset). In the context of the currently 
accepted topology of the eukaryotic tree of life (outlined in fig-
ure 1, [43–45]), including the recently proposed position of its 
root [46], these findings suggest that some form of all three com-
plexes was already present in LECA and that its patchy distri-
bution is the result of multiple secondary losses. The scenario 
explaining this distribution pattern could be simplified by the 
recently proposed changes to the eukaryotic tree, which place 
Provora, Meteora, and Hemimastigophorea (i.e., some of the 
groups where CSW and/or folliculin is retained to some degree) 
as sister to Diaphoretickes instead of nested within them [47]. 
If genuine, this relationship would strongly suggest there was 
a single instance of loss of CSW and folliculin complexes in the 
common ancestor of Diaphoretickes and a few cases of second-
ary gain of some subunits via LGT in isolated lineages of this 
group (e.g., Colponemidia).

Little is known about the function of these complexes outside 
model organisms and, in the case of CSW, even the function 
in humans remains unclear. The common denominator, how-
ever, seems to be a role in nutrient signaling [31]. Trophic 
strategy may therefore represent a contributing factor to the 
evolutionary pressures that led to the loss or retention of these 
proteins in different lineages. While not universally con-
served, GATOR1 proteins seem to occur at a relatively similar 

FIGURE 1    |    The distribution of the three longin GAP complexes across major eukaryotic lineages. From the center outward, CSW: C9orf72 (ma-
genta), SMCR8 (purple), and WDR41 (blue), any PQ-loop protein homologous to PQLC2 (i.e., potential interaction partners of CSW; sky blue), follic-
ulin: FLCN (teal) and FNIP2 (cold green); GATOR1: NRPL2 (warm green) and NPRL3 (chartreuse). Darker hue of the respective color indicates the 
protein is present in majority of the investigated datasets, paler hue indicates it is present sporadically, while white denotes no reliable evidence of 
its presence. The tree topology is conservatively synthesized from the recent pan-eukaryotic phylogenies [43–45], the possible position of the root is 
along the branches denoted by dashed lines. The asterisks denote evolutionarily significant but poorly sampled lineages that were represented by a 
single genome or transcriptome in our database.
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rate in free-living heterotrophs (178 of 250 possible ortho-
logues in 125 taxa, 71%), parasitic/symbiotic heterotrophs (27 
of 64 possible orthologues in 32 taxa, 42%), and phototrophs/
mixotrophs (36 of 100 possible orthologues in 50 sampled taxa 
or 36%) (Figure 2, Table S1). This is not the case for CSW and 
folliculin complex proteins, whose presence is biased toward 
free-living heterotrophs (41% and 33% of possible retained 
orthologues, respectively, compared to 2% and 9% retained 
in parasites/symbionts and 1% and 0% in phototrophs/mixo-
trophs). For example, while all three subunits are conserved 
in most free-living Amoebozoa, the only parasitic representa-
tive in our sampling, Entamoeba histolytica, lacks all of them. 
Similarly, the same subunits are absent from phototrophic/
mixotrophic organisms with the exception of an SMCR8 ho-
molog in Euglena gracilis.

Given their roles in amino acid sensing and signaling (demon-
strated for folliculin and GATOR1 which are involved in the 
mTOR pathway, and presumed for CSW due to its interaction 
with cationic amino acid transporter PQLC2 and recruitment 
to lysosomes upon amino acid starvation [39]), this may reflect 
the difference in amino acid cost and availability under differ-
ent evolutionary strategies. Photo- and mixotrophs generally 
synthesize most of their amino acids themselves. Parasites, on 
the other hand, often live in relative nutrient abundance and 
can therefore afford to streamline their energy metabolism at 
the cost of energetic efficiency or supplement it with alternative 
energy sources, including amino acids [48, 49]. Both of these sit-
uations may drive changes in amino acid signaling pathways, 
potentially resulting in fewer steps and proteins involved. At the 
same time, the possibility of some of these results being false 
negatives and caused by limited sampling or transcriptome 
incompleteness should not be dismissed (BUSCO scores of all 
datasets are given in Table S1). It should also be noted that the 
final dataset for WDR41 may be more affected by false nega-
tive results due to the stricter e-value threshold used in homolog 
mining (see Section 4).

In conclusion, our analysis indicates that all three longin 
domain-containing GAP complexes were already present in 
LECA, at least in some form. GATOR1 is the most widely dis-
tributed among eukaryotes, across taxonomic groups and tro-
phic strategies, although some secondary losses have occurred. 
CSW and folliculin, on the other hand, appear to be somewhat 
confined to the nondiaphoretickes half of the eukaryotic tree 
of life, which includes animals, fungi, and amoebozoa, in addi-
tion to a number of protist groups. They are notably absent from 
plants and other phototrophs across eukaryotic diversity and 
more frequently found in free-living heterotrophs than in par-
asites and symbionts. This pattern of conservation could shed 
light on their functions, given the role of all three complexes in 
nutrient sensing in mammalian cells.

We also searched for homologs of PQLC2 in order to investigate 
its co-occurrence with the CSW complex. Our results show 
that they occur throughout eukaryotes, often in two or more 
divergent paralogues and in a patchy pattern. Our phylogenetic 
analyses suggest complex relationships between these homo-
logs and an unclear history of duplications resulting in multi-
ple differentially retained clades (Figures S1 and S2, Table S9, 
Data S1). These also include YPQ2 and YPQ3, vacuolar argi-
nine/histidine transporters reported in yeast [50] which under-
lines the notion that the identified proteins likely have various 
localizations that cannot be discerned without experimental 
evidence. We were not able to identify a notable pattern of co-
occurrence between specific clade(s) and the CSW complex or 
WDR41 (i.e., the subunit interacting with PQLC2 in human). 
However, the possibility of interaction between the human 
CSW complex and other, heterologous PQLC2 homologs, such 
as the yeast YPQs, may be worth experimental investigation 
and may have broader implications for the CSW complex func-
tion and its evolution throughout eukaryotes. For instance, the 
existence of organisms possessing CSW but lacking any identi-
fiable PQLC2 homolog (e.g., many of the sampled Amoebozoa, 
some CRuMs, Ancyromonadida, and Colponemidia; see 

FIGURE 2    |    Occurrence of the proteins of interest across eukaryotes broken down by trophic strategy. All organisms in our database were sort-
ed into three categories: Phototrophic or mixotrophic (green), parasitic or symbiotic (orange), and free-living heterotrophic (yellow) (Table S1). The 
composition of the database in regard to these categories is shown as the first column in both bar plots (as counts and percentages, respectively). The 
remaining columns shows their ratio in the subsets of organisms in which the respective protein has been identified. GATOR1 subunits and PQLC2/
YPQ are more widespread and seem to be distributed equally across trophic categories. CSW and folliculin complex proteins, on the other hand, oc-
cur more sporadically and show a bias toward free-living heterotrophic organisms.
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Table S1) suggests their CSW complex is able to interact with 
an alternative partner, be it on lysosome or elsewhere, or that 
it performs its function exclusively in a soluble form. These re-
sults show that the receptor on membranes for CSW in humans 
is also widely distributed among eukaryotes, but is not always 
present in organisms that have CSW complex proteins, sug-
gesting that other receptors might exist. Identification of such 
alternative membrane receptors could lead to new insights into 
the functions of the CSW complex.

2.2   |   The Inter-Relationships Between CSW, 
Folliculin, and GATOR1 Proteins

The six longin proteins of CSW, folliculin, and GATOR1 com-
plexes were previously reported as a distinct family of DENN 
domain-containing proteins based on domain organization 
[34] and structural and functional similarity [31, 32]. In order 
to verify this notion and further investigate their relationships 
in a broader context, we mainly focused on the longin domains 

FIGURE 3    |    Concatenated phylogeny of the three subunits of the CSW complex. The dark, light, and colorless circles denote bootstrap support of 
100, 90–99, and 80–89, respectively, the branches without circles have lower support. The colors delineate main taxonomic groups: Holozoa (shades 
of red), Holomycota (shades of orange), Apusomonadida (gold), Amoebozoa (light green), CRuMs (green-cyan), Percolozoa (dark cyan), Jakobida 
(sky blue), Malawimonada (blue), Provora (pink), and other Diaphoretickes (shades of purple, navy) (see Figure S7 for detailed color legend).
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themselves and employed several parallel approaches (based 
on structure modeling, sequence alignment and similarity, and 
phylogenetics; see Section 4).

Our analyses clearly identified significant conservation of 
structure and/or sequence in particular regions of particu-
lar proteins (see Section  2.4). Although we were not able to 

FIGURE 4    |    Reference CSW complex structure with conserved regions highlighted. Conserved sequence motifs were manually selected from the 
pan-eukaryotic alignments of the three subunits and are visualized as sequence logos on the right and shown mapped onto the human structure 
shown in three different orientations; the three subunits are distinguished by colors and letter IDs. Regions C1–C3 and S1–S5 are parts of the longin 
domains of their respective proteins, while C4–C8 and S6–S8 occurr downstream of it. The conserved regions of WDR41 shown are all equivalent to, 
or part of, the WD repeats with the exception of W4 which falls between the fourth and fifth repeat. The exact positions and other details are given 
in Table S13.
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FIGURE 5    |     Legend on next page.
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consistently recover the proposed family as a clearly defined 
clade with resolved inner relationships, we identified sev-
eral interesting homology relationships and cases of signifi-
cant conservation of structure and/or sequence. All versus 
all BLAST results revealed sequence homology of SMCR8 
and FLCN in the longin domain. Conversely, C9orf72 exhib-
its some homology to SMCR8 and FNIP2 outside the longin 
domain and weak similarity to NPRL2 in the longin domain. 
NPRL2 and NPRL3, on the other hand, robustly retrieve each 
other in all searches (Figure  S3, Table  S10). Interestingly, 
this is not corroborated by pairwise alignment-based analy-
sis of sequence identities and similarities of the full protein 
sequences (Table  S11), further suggesting the homologous 
regions are scattered and full-length alignment of different 
GAP longin proteins is problematic. Moreover, when analyzed 
based on predicted secondary structure, different patterns 
emerge (Figures  S4 and S5). For instance, the abovemen-
tioned pairs of longin domains based on sequence similarity 
(NPRL2/NPRL3 and SMCR8/FLCN) do not exhibit prominent 
secondary structure similarity, and the GAP longin family as 
a whole seems less distinct from some other DENN proteins in 
our sampling. Our results indicate that among the members 
of the GAP longin family, specific protein regions have clear 
relationships between them but that complexity has been in-
troduced, potentially by instances of gene fusions, evolution-
ary convergence, or simply artefacts stemming from paucity of 
phylogenetic signal.

2.3   |   Phylogenetic Signal of CSW Supports Its 
Presence in LECA and Vertical Inheritance

In order to better understand the evolutionary history of the in-
dividual complex subunits, we built single-gene unrooted trees 
for each of the proteins of interest (Figures S6.1–7) and a tree 
based on a concatenated matrix of the three subunits of the CSW 
complex (Figure 3). While the single-gene tree topologies have 
generally low support, major well-sampled taxonomic groups, 
such as Metazoa, Fungi, Stramenopila, Percolozoa, etc., cluster 
in most cases. The concatenated tree for CSW subunits has low 
backbone support, but its overall topology is consistent with the 
expected relationships between the sampled taxonomic groups. 
Opisthokonts are recovered as a monophyletic group with re-
solved and well-supported inner topology, and so are discobids. 
Amoebozoa form a well-supported monophyletic cluster with 
Provora, represented by Ancoracysta twista and Nebulomonas 
marisrubri, nested inside (the attraction of these groups is also 
apparent in the single gene trees, Figures S6.1 and S6.3). This 
represents the only well-supported phylogenetic relationship 
incongruent with pan-eukaryotic topology and a likely case of 

lateral gene transfer (LGT) from Amoebozoa to Provora, pos-
sibly related to the phagotrophic predatory life strategy of the 
latter. We conclude this is unlikely to be the result of contami-
nation, as the two provorans cluster together but form separate 
branches of regular length. This provides a new context for the 
notable absence of the folliculin complex in all diaphoretickes 
except Provora, begging the question of whether their follicu-
lin could also be the result of LGT. It is also worth noting that 
Provora were recently proposed to be sister to other diapho-
retickes [47]. Either of these scenarios could greatly reduce the 
number of secondary losses required to reconcile its observed 
distribution with its origin in LECA.

2.4   |   Eukaryote-Wide Comparison Reveals Novel 
Motifs of Interest

Thanks to the pan-eukaryotic sampling of the CSW proteins, we 
were able to gain a broader perspective on the relative conser-
vation of their structural and sequence motifs (Figure  4). The 
essential residues identified by previous studies in humans, 
namely the W33-D34 of C9orf72 and the arginine finger (R147) 
of SMCR8, are almost universally conserved across other eu-
karyotes (C1 and S4 in Figure 4), suggesting the catalytic func-
tion is conserved despite the significant divergence in other 
parts of the protein chains. In addition, we identified a number 
of other widely conserved residues or motifs that were not pre-
viously reported or studied and that may represent potential 
targets of future experiments aiming to gain a deeper under-
standing of the role of the CSW complex in human cells as well 
as other organisms.

Sites of notable sequence conservation are not limited to the 
longin domain of C9orf72 and SMCR8, but also occur in the 
downstream part of the protein chain forming the middle 
section of the complex. The significance of these sites, for 
example whether some of them (e.g., the outward facing C5, 
C7, and S6 in Figure 4) could represent binding interfaces for 
additional molecules, remains to be determined by mutation 
experiments.

The most remarkable example is the GP motif in the catalytic 
longin domain that occurs in both C9orf72 and SMCR8 (G38-
P39 and G68-P69 in the reference human sequences; C1 and 
S1 regions in Figure 4), as well as FLCN and NPRL2 but not 
in FNIP2, NPRL3, and other non-GAP longin proteins such 
as adaptins, TRAPP complex subunits, or DENND family 
proteins. Structurally, it represents either the C-terminal part 
of the loop immediately preceding the second beta sheet of 
the longin domain or the N-terminal part of this beta sheet. 

FIGURE 5    |    Conservation of the GP motif and arginine finger of the eukaryotic longin domain-containing GAP complexes and structurally simi-
lar Asgardarchaeota longins. Detail of the catalytic pocket of human folliculin (A), GATOR1 (B), and CSW (C) complexes, including their interaction 
partners (RagC, RagB, and Arf1, respectively) and bound GDP, with arginine fingers, GP motifs, and WD motif of C9orf72 highlighted. Sequence lo-
gos for the GP motif-containing regions denoted by lighter color shade (first and second beta sheets of the longin domain and the loop between them) 
based on our pan-eukaryotic sampling are shown underneath. A reference heimdallarchaeial FLCN/SMCR8-type longin domain-containing pro-
tein and a logo based on 14 other structurally related Asgard longins with previously published predicted structures are shown in (D), underscoring 
their remarkable similarity to the eukaryotic longins with GAP activity. The subunit color coding is as per Figure 1 (FLCN: teal, FNIP2: cold green, 
NRPL2: warm green, NPRL3: chartreuse, C9orf72: magenta, SMCR8: purple) with additional colors for the client GTPases (RagB: wheat, RagC: or-
ange, Arf1: yellow) and Asgard longin protein (red).
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FIGURE 6    |    CSW complex secondary structure comparison between diverse eukaryotes. Structures modeled by AlphaFold (in color) are aligned 
to cryo-EM-based reference structure of the human CSW complex (white). SMCR8 subunit of Colponemidia sp. Colp10 is not shown due to its high 
divergence and misalignment. WDR41 subunit and the longin domains of the catalytic subunits exhibit higher structure conservation, especially 
across the nondiaphoretickes (Capsaspora, Parvularia, Acanthamoeba, and Diphylleia) homologs, while the middle section of the complex is more 
divergent or possibly completely disrupted in some cases (i.e., SMCR8 of Meteora and Colp10).
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As such, it clearly occupies a central position in the catalytic 
pocket and spatially neighbors the arginine finger, an essential 
motif present and universally conserved not only on SMCR8 
but also FLCN and NRPL3 (Figure  5A–C). The GP motif of 
C9orf72 is positioned symmetrically to the one in SMCR8 and 
is closely adjacent to the abovementioned essential and highly 
conserved WD motif. This analysis, based on structural predic-
tions, strongly supports the notion that the GP motif plays an 
important role in the function of all three complexes and, given 
its specific presence in this family and absence from other 
longins, may be at least partially responsible for them carrying 
out GAP activity instead of GEF activity, which is more typi-
cal of longin proteins. Together, these analyses make this novel 
motif an attractive prospective target for future experiments, 
for example, to test the effect of its mutation on enzyme kinetics 
and specificity.

2.5   |   Secondary Structure of CSW Complexes From 
Diverse Eukaryotes

A number of studies have provided extensive structural infor-
mation for the GATOR1 and folliculin complexes, including 
comparative structural analyses of yeast and human complexes 
[31, 35–37], but no comparative structural analyses have been 
reported for CSW. As a first step to obtaining information about 
the structures of the CSW complex across eukaryotes, we selected 
a small subset of taxonomically representative organisms with 
all three subunits identified, modeled their secondary structures 
using AlphaFold (Figures  S8–S10), and aligned them to human 
reference (Figure 6) and to each other (Table S12). This sampling 
included Capsaspora owczarzaki, a protist lineage closely related 
to animals, Parvularia atlantis, a nucleariid amoeba closely related 
to fungi, Acanthamoeba castellanii, an amoebozoan, Diphylleia ro-
tans, a deep-branching flagellate distantly related to Amoebozoa 
and Opisthokonta, Meteora sporadica, a deep lineage of 
Diaphoretickes, and Colponemidia sp. Colp10, an alveolate. In this 
dataset, WDR41 and C9orf72 seem to be structurally conserved 
across the different organisms (TM-scores generally between 
0.8 and 0.9), but significant divergence is observed in the case of 
SMCR8 where the best alignments do not exceed a TM-score of 
0.8 while the lowest-scoring ones fall below 0.5 (Table S12). This 
is congruent with the fact that these models by themselves are of 
lower overall confidence, usually exhibiting low PAE scores out-
side the longin domain (Figure  S9). The structure of SMCR8 of 
Capsaspora, Parvularia, Acanthamoeba, and Diphylleia seems to 
be well-conserved around the catalytic site but diverges, to vari-
ous degrees, in the second and third alpha helices of the longin 
domain and further downstream. In Meteora and Colp10, the two 
representatives of Diaphoretickes in our sample, the structure of 
SMCR8 may be even more disrupted, even in the catalytic longin 
domain, which brings up the question of whether this subunit 
can function in a complex with C9orf72 and carry out the same 
function as its counterparts in other lineages. A functionally di-
vergent SMCR8 is plausible, considering that the CSW complex is 
not present in the vast majority of Diaphoretickes, possibly due to 
secondary loss following a divergence in or loss of function in their 
common ancestor. Such a proposition would, however, require 
more detailed analysis, including in vitro experiments, for exam-
ple, to test whether the divergent subunits form a complex and to 
determine their cellular localization.

Nevertheless, our results indicate that the secondary structures 
of the longin domains of C9orf72 and SMCR8, which form the 
catalytic pocket, and the WDR41 subunit, which mediates in-
teraction with lysosome, are relatively highly conserved across 
diverse nondiaphoretickes, which suggests retention of the GAP 
and lysosome-interacting function of their CSW complex.

2.6   |   Conserved Sequence Motifs Connect 
Eukaryotic GAP Longins to a Specific Class 
of Asgard Longins

The conservation of the GP motif and arginine finger in components 
of all three of the eukaryotic complexes prompted us to look for 
deeper evolutionary origins of the GAP catalytic subunits. Asgard 
archaea are known to encode expanded complements of longin 
proteins [26, 51], and indeed there are sequences and predicted 
structures previously deposited in the Uniprot and AlphaFold 
databases that exhibit high structural similarity to GAP longins, 
in some cases explicitly annotated as “Folliculin/SMCR8 longin 
domain-containing” (Figure 5D; protein sequences published in 
[19, 52–56] can be found in Data S1). Strikingly, the GP motif and 
arginine finger in the same structural arrangement are also pres-
ent in these longins. This conservation and their notable presence 
in Heimdallarchaeia, the proposed closest Asgard relatives of eu-
karyotes [18, 57], further support their annotation as homologous 
and specifically related to the eukaryotic GAP longins. It also 
raises the possibility that these Asgard longin domains and the 
eukaryotic GAP longins share a common ancestor, and that they 
may potentially share GAP activity. CSW and folliculin/GATOR1 
act as GAPs for Arf and Rag proteins, respectively, and Asgard 
archaea have previously been demonstrated to possess both Arf-
related (ArfR) [23] and Rag/Gtr GTPases [23, 26, 58] which begs 
the question of whether either, or possibly both of these families 
could represent interaction partners of the GP motif-containing 
Asgard longins. Furthermore, if these longins are indeed evolu-
tionarily related and could carry out similar enzymatic function, 
the fact that the eukaryotic members of this hypothetical family 
are all specifically associated with lysosomes could be of great sig-
nificance in regard to the possible origin and ancestral forms of 
the eukaryotic endomembrane system, some traits of which are 
already present in Asgards, and particularly, Heimdallarchaeia 
[20, 22, 58, 59].

3   |   Conclusion

We searched for homologs of the subunits of the longin domain-
containing GAP complexes with an updated database contain-
ing genomes and transcriptomes of representatives spanning 
most currently known lineages of eukaryotes. We report that 
homologs of the GATOR1 proteins are present in some repre-
sentatives of all groups, suggesting that the complex was already 
present in LECA. This result is congruent with the universal 
presence of the TOR signaling pathway in eukaryotes [60, 61]. 
On the other hand, we only find evidence of the folliculin and 
CSW complexes in roughly half of the examined lineages and 
note that both seem to be absent in the vast majority of diapho-
retickes. This distribution is even more prominent in the case 
of folliculin. Moreover, both complexes exhibit patchy distribu-
tion favoring free-living heterotrophic organisms as opposed to 
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phototrophs/mixotrophs and parasites/symbionts, likely reflect-
ing the very different dynamics of nutrient availability under 
different lifestyles. Nevertheless, considering the currently ac-
cepted pan-eukaryotic tree topology, including the recently pro-
posed position of its root within “excavates,” some form of all 
three complexes was also likely present in LECA but later lost in 
multiple lineages. The disparity in the occurrence of GATOR1 
and folliculin is unexpected, given their complementary func-
tion in the mTOR signaling pathway in humans, but could relate 
to GATOR1's interaction with other partners that may not be 
conserved throughout eukaryotes [41].

The longin GAP complexes were previously proposed to be 
related to one another and to form a small protein family 
[31, 32, 34] and our results regarding their secondary struc-
tures and conserved sequence motifs confirm this classification. 
Longin domains have historically been difficult to phylogenet-
ically resolve [12] and our results are no exception. We suspect 
that this is partially due to the long time since the divergence 
of the protein families and the diverse roles that longin-domain 
containing proteins play in the cell, but also that their evolution 
could be underpinned by multiple cases of domain rearrange-
ment or fusion and evolutionary convergence, which are diffi-
cult to trace. These factors make it challenging to reconstruct all 
of the details of their exact phylogenetic relationships. This work 
has also raised potential new research avenues to understand-
ing the mechanism of the longin GAP complexes. We report a 
new, highly conserved GP motif present in the catalytic site of 
SMCR8, C9orf72, FLCN, and NPRL2, that is, specific to the 
longin domains with GAP activity. We predict that the GP motif 
might be essential for GAP activity given its conserved position 
close to the catalytic arginine. Moreover, we identified this motif 
in a class of structurally similar longins previously reported in 
Heimdallarchaeia, the proposed closest relatives of eukaryotes. 
Further studies of this and the other signature motifs we identi-
fied should provide new insight into the functions of the longin 
GAP complexes, not only as cellular components playing their 
role in their respective organisms but also as evolutionary enti-
ties whose relationships and histories may have broader implica-
tions for eukaryotic evolution.

4   |   Materials and Methods

4.1   |   Homolog Mining

As the base of all pan-eukaryotic homology searches reported 
in this study, we used the TCS database, a curated subset of 
Eukprot [62], comprising 196 genomes and transcriptomes, 
supplemented by several recently published genomes for some 
of the undersampled lineages: Mantamonas spyranae and 
Mantamonas vickermanii (CRuMs) [63], Proteromonas lacer-
ate (Opalinea) [64], Diplonema papillatum (Diplonemida) [65], 
N. marisrubri, Nibbleromonas quarantinus, Nibbleromonas cu-
racaus, and Ubysseya fretuma (Nebulida) [66], and M. sporadica 
(deep lineage related to Hemimastigophorea) [44]; the resulting 
database consists of 207 genomes and transcriptomes and will 
be hereafter referred to as TCS+.

Homologs of C9orf72, SMCR8, WDR41, PQLC2, FLCN, FNIP, 
NPRL2, and NPRL3 were searched in TCS+ using HMMer. 

The HMM profiles for all genes were prepared by gradual 
addition of more divergent homologs to the initial seed data-
sets of human references and other reviewed sequences from 
Uniprot. This included BLAST searches against non-mammal 
metazoan datasets in Genbank, and subsequent HMMer 
searches against datasets for Holozoa and Amorphea. In the 
case of C9orf72 and SMCR8, this initial search was also per-
formed based on partial profiles for three DENN subdomains 
(the first of which, termed uDENN, corresponds to the longin 
domain), as annotated in the reference human sequences, to 
increase sensitivity. All TCS+ HMMer hits with e-value < 0.01 
for C9orf72, SMCR8, WDR41, and PQLC2 were considered 
preliminary candidates while only the best hits were consid-
ered for FLCN, FNIP, NPRL2, and NPRL3. Reverse BLAST 
searches against the human reference genome were then per-
formed for all preliminary datasets, and only sequences that 
returned their respective reference gene among the top three 
hits were included in the final candidate datasets. The e-value 
threshold of these searches was set to 1e−20 for WDR41 and 
1e−5 for the rest as the latter value proved too loose for a sat-
isfactory distinction between WDR41 and other WD repeat 
proteins. All candidates with detailed annotations, including 
the ones that did not pass the reverse BLAST check or those 
later discarded, as well as the final high-confidence candidate 
datasets are available in Tables S2–S9 and Data S1.

4.2   |   Phylogenetic Analyses

To further validate these datasets and identify and remove re-
dundant sequences, suspect contaminations, and low-quality 
sequences, preliminary phylogenetic trees (not shown) were 
constructed and manually inspected. The datasets for individ-
ual proteins of interest were investigated one by one but also in 
several combinations in order to verify the distinction between 
related sequences (e.g., C9orf72 vs. FLCN). Alignments were 
constructed by MAFFT (v7.487 July 25, 2021; [67]) and trimmed 
by TrimAl (v1.4.rev15 December 17, 2013; [68]), and maximum 
likelihood trees were built by IQ-TREE2 (v2.1.3 August 24, 
2021; [69]) with automatic model selection and 1000 ultrafast 
bootstraps. Sequences that were removed during this analysis 
are annotated as such in Tables S2–S9.

Unrooted single-gene trees were subsequently built for each of 
the proteins of interest to assess the inner relationships of the 
identified homologs. An additional rooted tree was constructed 
for the PQLC2 dataset with PQLC1 as an outgroup to confirm 
the correctness of their distinction. The sequences were aligned 
by MAFFT and trimmed by BMGE (v2.0; [70]), and trees were 
built by IQ-TREE2 with LG + C20 + G4 matrix and 1000 ultra-
fast bootstraps. A concatenated phylogenetic matrix of the three 
CSW complex subunits was also prepared from a subset of ho-
mologs selected based on the presence of at least two subunits 
in the given organism, absence of divergent paralogues, and se-
quence completeness (annotated in Tables S2–S4) and analyzed 
using the same method with C60 matrix. Aligned datasets, 
trimmed matrices, log files, and trees in nexus format can be 
found in Data S1.

The sequence identity and similarity of the CSW subunits were 
investigated, and sequence logos were prepared for manually 
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selected conserved regions using WebLogo [71]. The selected se-
quences are annotated in Table S13.

4.3   |   Structure and Sequence Comparison Between 
Various Longin Proteins

We employed several approaches to investigate the relationship 
between C9orf72, SMCR8, FLCN, FNIP, NPRL2, and NPRL3 
in terms of their sequence and structure and to compare them 
to other longin domain-containing proteins. For these analy-
ses, we used a test dataset comprising six well-supported ho-
mologs from diverse eukaryotes per protein for the six proteins 
of interest plus the following longin protein sampling: AP1-3 
sigma subunits, AP2-4 mu subunits, BET5/TRAPPC1, MON1, 
SEC22, DENND1, DENND10, and AVL9. Regions correspond-
ing to the longin domains were extracted from the sequences 
based on cursory secondary structure prediction by SWISS-
MODEL [72], creating three parallel datasets of full-length 
proteins, longin regions, and nonlongin regions (if present), re-
spectively (Table S10, Figure S3, Data S1). All versus all BLAST 
searches were performed on each of the datasets to identify 
even partial sequence homology between different longin pro-
teins (the hits retrieving the same protein were disregarded, as 
well as hits with e-value above 1). Additionally, sequence iden-
tity and similarity were calculated from a pairwise MAFFT 
alignment for every pair of full-length proteins using a custom 
script (Table S11, Data S1).

A subset of the longin region sequences (three representatives 
per protein) was modeled by AlphaFold [73] on the ColabFold 
platform (https://​colab.​resea​rch.​google.​com/​github/​sokry​pton/​
Colab​Fold/​blob/​main/​Alpha​Fold2.​ipynb​, [74]). A guide tree and 
structure-based sequence alignment of these longin domains 
was then produced using FoldMason (https://​search.​folds​eek.​
com/​foldm​ason, [75]), and a maximum likelihood tree was addi-
tionally constructed based on the structure-based alignment by 
IQ-TREE2 with LG + C20 + G4 matrix and 1000 ultrafast boot-
straps (Figures S4 and S5, Data S1).

4.4   |   Secondary Structure of the CSW Complex

To compare the structures of the full-length CSW proteins, 
secondary structures of C9orf72, SMCR8, and WDR41 were 
predicted by AlphaFold for a subset of taxonomically repre-
sentative organisms in which all three subunits were identi-
fied (C. owczarzaki, P. atlantis, A. castellanii, D. rotans, M. 
sporadica LBC3, and Colponemidia strain Colp10). The mod-
els were aligned to a reference cryo-EM-based model of the 
human CSW complex [76], and their noninformative and dis-
ordered regions were manually removed using PyMol (http://​
www.​pymol.​org/​pymol​). Structural homology of these models 
was investigated, and the structure-guided alignments and 
guide trees were generated using FoldMason [75]; all pair-
wise structure alignments were also generated and scored 
using TM-align (https://​zhang​group.​org/​TM-​align/​​) [77]. The 
FoldMason alignments and trees are available in Data S1, PAE 
and pLDTT plots for the models are shown in Figures S8–S10, 
and TM-score matrices for the structure alignments are given 
in Table S12.
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