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ARTICLE INFO ABSTRACT

Monitoring Editor: Michael Ginger Biological complexity is challenging to define, but can be considered through one or more features, including

overall genome size, number of genes, morphological features, multicellularity, number of life cycle stages and

Keywords: the ability to adapt to different environments. Euglena gracilis meets several of these criteria, with a large genome

Signal transduction of ~38,000 protein coding genes and a considerable ability to survive under many different conditions, some of

E‘,lglenf: which can be described as challenging or harsh. Potential molecular exemplars of complexity tying these aspects
1versity

L . together are signalling pathways, including GTPases, kinases and ubiquitylation, which increase the functionality
Biological complexity N L
Small GTPases of the gene-encoded proteome manyfold. Each of these examples can modulate both protein activity and gene
Ras expression. To address the connection between genome size and complexity I have undertaken a brief, and
somewhat qualitative, survey of the small ras-like GTPase superfamily of E. gracilis. Unexpectedly, apart from
Rab-GTPases which control intracellular transport and organelle identify, the size of the GTPase cohort is
modest, and, for example, has not scaled with gene number when compared to the close relatives, trypanoso-
matids. I suggest that understanding the functions of this protein family will be vital to uncovering the
complexity of E. gracilis biology.

1. Introduction

Euglena gracilis is notable for multiple features, including harbouring
a secondary endosymbiont plastid, being capable of exploiting a
considerably broad environmental range and possessing of a large and
complex genome (Ebenezer et al., 2019). E. gracilis also utilises multiple
forms of RNA splicing, including combining cis- and trans-spicing for
transcript maturation and a large repertoire of protein coding genes that
exceeds 38000. In part due to the large genome the true genetic
complexity remains to be revealed, but it is clear that it is considerable,
with gene models predicting large introns and complex gene structure,
alternate splicing and post-translational control of protein expression
uncoupled from RNA abundance (Tessier et al., 1991; McWatters and
Russell, 2017; Guminska et al., 2018; Ebenezer et al., 2019). Further-
more, understanding how this large genome is controlled is central to
both biotechnological exploitation and optimisation as well as unrav-
elling the complex contributions that euglenoids make to global eco-
systems (Ebenezer et al., 2022).

Ras-like small guanosine triphosphatases (GTPases) are 21-30 kDa
monomeric guanine nucleotide-binding proteins and related to the
a-subunits of heterotrimeric G proteins. Members of the Ras superfamily
function as key nodes within signaling networks in a remarkable range
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of cellular processes, including proliferation, differentiation, nuclear
and vesicular transport, nutrient sensing and many additional functions
(Homma et al., 2021). They are major disease genes in humans and other
animals and determinants in infection, immunity and pathogenesis.
Moreover, extensive analysis of members of several subfamilies across
divergent lineages, and as a consequence of ancient origins of these
individual subfamilies, has indicated a level of conservation of function
across eukaryotes that can be used to predict what an organism may
have ‘on board’ in terms of compartments, signalling pathways and life
cycle complexity, albeit in a general sense (Fig. 1) (Klinger et al., 2016).

The basis of GTPase functionality consists of a GTP hydrolysis cycle
(Alberts et al., 2013). As most GTPases are inefficient hydrolytic en-
zymes the cycle of GTP to GDP conversion is frequently accelerated by a
GTPase-activating protein (GAP) and exchange of GDP for GTP is
facilitated by a guanine nucleotide exchange factor (GEF). This essen-
tially two state or binary switch mechanism is exploited for directional
functionality within vesicular transport, activation of gene expression
pathways, flagellum synthesis and maintenance and nucleocytoplasmic
transport, as well as other functions.

The largest subfamily are the Rab/Ran group, and which are pri-
marily functioning in vesicle transport and nuclear transport. Rabs are
important specifiers of organelle identity and the differentiation of
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Arabidopsis thaliana

25 000 ORFs, >100 GTPases
Saccharomyces cerevisiae
6400 ORFs, ~30 GTPases

Homo sapiens
Trypanosoma brucei 40 000 ORFs, ~160 GTPases

Euglena gracilis 9000 ORFs, ~40 GTPases
38 000 ORFs, ~50 GTPases

B Sar ER export

Cell cycle, Rho
gene expregsion Arf  Cytoskeletal regulation

Ras

Ran Nuclear transport

Rab Vesicular transport

Fig. 1. Distribution and functional diversification of small GTPases. Panel A: Highly simplified phylogeny depicting the relationships between selected major lin-
eages and exemplar species. For each example the approximate number of open reading frames (ORFs) and small GTPases encoded in the genome are given. Numbers
are approximate due to strain variation in gene numbers, inaccuracies in gene annotation and other factors. Panel B: Broad classification of functions of small GTPase
subfamilies. The dendrogram represents the phylogenetic relationships between GTPase subfamilies and indicates the major functional areas where each subfamily
operates. Panel C: AlphaFold predicted structure for T. brucei Rab11. Left is a surface plot and right a peptide chain representation. Rab11 is used illustratively of the
common overall fold and architecture of small GTPases. Note the presence of the extended C-terminal hyper-variable region which is involved in membrane
anchoring via lipid modifications to the very C-terminus in many (but not all) small GTPase subfamilies.
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transport pathways. Along with Rabs, the ARF subfamily also coordinate
vesicular transport together with cytoskeletal modulation; the ARF/ARL
family tends to be of modest size with four to six members in most or-
ganisms. Multiple small GTPases are involved in nucleolar processes,
and in particular control of ribosome biogenesis. These latter include
nucleostemins, while an important component of flagellum biogenesis is
the small GTPase IFT27. GTPases primarily responsible for signal
transduction include the Ras and Rho subfamilies, while Rheb and
RagA/Gtr subfamily GTPases interact with the mTORC nutrient sensing
machinery. While these designations are somewhat artificial as for the
vast majority of GTPases a full understanding of functions remains
elusive, they do serve as an indicator of where the major functional
emphasis lies.

Complexity is a thrawn concept to define with any precision and
especially in a biological context (Adami, 2002). Total gene number
does not necessarily reflect overall sophistication, nor do the number of
distinct life cycle stages correlate with gene number for example.
However, several molecular systems do have at least some connection to
sophistication in terms of the ability to respond to differential conditions
or subcellular complexity, and include kinases, the ubiquitylation sys-
tem and small GTPases. To consider the molecular basis of cellular
complexity in E. gracilis I selected the small GTPases for several reasons.
Their obvious central biological importance makes this an attractive
family to understand, but they are also readily identifiable, containing a
well recognised GTPase domain. Further, small GTPases have prokary-
otic origins and hence predate eukaryogenesis (Verstraeten et al., 2011).
Furthermore, the functions of most GTPases and their molecular in-
teractions are understood at least in general terms, with strong evidence
that functions are broadly conserved between orthologs, even when
comparing highly divergent organisms (Klinger et al., 2016). There is
also evidence for a loose scaling of Rab class GTPases with the numbers
of ORFs in the genome (Gabernet-Castello et al., 2013), together with
expansions of specific subfamilies, such as the Ras subfamily in metazoa.
This latter is likely due to the role of these proteins in the control of
developmental pathways and differentiation. I also chose to omit the
larger GTPases, such as dynamin, to avoid an overly complex analysis
and restricted searches to include essentially single domain GTPases.
With this analysis I hope to at least address the question of how complex
is E. gracilis when compared with the related kinetoplastids, and to begin
to understand how the latter have become adapted to parasitism.

2. Methods
2.1. Databases

A predicted proteome for E. gracilis was used as the source of
sequence data (https://fieldlab.org.s3-eu-west-2.amazonaws.com/repr
ints/reprints.html) (Ebenezer et al., 2019). This dataset represents ~
98 % of open reading frames that have been described from various
analyses (O’Neill et al., 2015; Yoshida et al., 2016; Ebenezer et al., 2019;
Cordoba et al., 2021) and so was considered a sufficiently complete
database for the purpose here.

2.2. Survey and data validation

Queries were a reference dataset that was previously used to identify
Ras-like GTPases from Trypanosoma brucei and contains representatives
of all major known Ras subfamilies and from a broad range of taxa (Field
and O’Reilly, 2008). BLASTp (BLAST version 2.10.1) was performed
against the E. gracilis predicted proteome using default settings. This raw
dataset was parsed to exclude clear mishits (sequences shorter than 170
residues or longer that 800 residues). The resulting dataset were aligned
using Clustal (https://www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers
and Higgins, 2014) and visualised using JalView (https://www.jalview.
org/) (Procter et al., 2021) and FigTree (https://tree.bio.ed.ac.
uk/software/figtree/ and https://github.com/rambaut/figtree/release
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s). Sequences were rejected that fell into clusters that, by BLAST
(https://blast.ncbi.nlm.nih.gov/blast.cgi), did not return a Ras-related
domain at CCDB, a Ras-related protein or lacked a reference set entry.
Sequences were retained, even if they failed these criteria but contained
a CAAX box (a signature of prenylation, a major feature of many Ras-like
GTPases), for at least one additional round of validation. A total of eight
rounds were performed and each of the E. gracilis sequences included in
the final summation were validated and annotated manually by BLAST
against the nr database and CCDB.

3. Results and discussion
3.1. The GTPase repertoire of Euglena gracilis

The present study is a survey, and not an in depth comparative ge-
nomics analysis. However, initial searches were relaxed, and deliber-
ately so, to ensure that a full representation of the euglena GTPase
repertoire was obtained. This strategy proved to indeed have signifi-
cantly oversampled and the majority of initial sequences were rejected
based on one or more criteria (see methods). The final list was manually
curated, and is surprisingly small when compared with related taxa and
considering the size of the genome and the number of ORFs encoded.

A total of 56 small GTPases were identified (Fig. 1, Table S1). Despite
high confidence in the search strategy and completeness of the predicted
proteome, caution is warranted; several sequences are clearly truncated,
for example lacking an initiation methionine or the expected C-terminal
prenylation motif (Supp data 1). Regardless, representatives of all of the
expected Ras subfamilies were retrieved, including Ran, Ras, Rab, RagA
and ARF proteins, albeit at a greater number to a previous analysis
(Ebenezer et al., 2019). The distribution of these GTPases by subfamily
suggests a considerable emphasis on intracellular compartmental
complexity, with Rab proteins representing two thirds of the assignable
Ras subfamily members (Fig. 2). I will suggest below that this reflects
both a complex endosomal system coupled with a less elaborate GTPase
repertoire elsewhere, albeit with some specific emphasis on metabolic
control.

3.2. Signalling and related GTPases

For an organism with both an impressive number of protein coding
genes and non-coding RNA genes (Cordoba et al., 2021), together with
the ability to respond to considerable and wide ranging changes in the
environment, the presence of single representatives of the Ras and Rho
subfamily is surprising, and perhaps suggests that control of such re-
sponses is distinct from Ras/Rho GTPases. It is clear that cAMP-
mediated signalling and kinases for example are important for photo-
taxis (Daiker et al., 2011) and a considerable adenylate cyclase family is
encoded in the genome (Ebenezer et al., 2019); how these processes and
other signalling mechanisms interface with Ras-mediated pathways is
unknown in E. gracilis. Significantly, additional signalling type GTPases
are also present, including Rheb, RagA and a double Ras-domain
protein.

Rheb and RagA clades are, at least in part, involved in nutrient re-
sponses, with, in metazoa, both functioning with mTORC and control-
ling cellular growth and autophagy (Deng et al., 2019; Cui et al., 2023).
RagA/Gtr GTPase dimers coordinate mTORC by facilitating the
recruitment of Rheb to the mTORC complex (Kim and Kim, 2016;
Gollwitzer et al., 2022; Cui et al., 2023). Two RagA and two Rheb
GTPases were identified in the genome of E. gracilis, but none of the
RagA group appear orthologous to T. brucei, while only one is possibly
orthologous to a Leishmania RagA/Gtr GTPase as determined by BLAST
of the E. gracilis sequences into the T. brucei or Leishmania genomes. This
suggests an independent expansion of the RagA clade of GTPases in
trypanosomes and euglenoids and is perhaps a reflection of differential
demands for environmental responses in the highly flexible E. gracilis,
which can survive in a multitude of conditions, compared to the more
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Fig. 2. Distribution of small GTPases between subfamilies in selected species. Punch through pie charts for Homo sapiens, Trypanosoma brucei and Euglena gracilis,
divided into ARF, Rab, Ras/Rho and MMR subclasses. Data for H. sapiens and T. brucei are taken from Field (2005) and for E. gracilis from the present analysis.

Comparisons of some specific subfamily paralog numbers are given in Table S2.

limited demands for trypanosomes that live within highly controlled
host environments, albeit that recent studies have suggested greater
metabolic flexibility than previously considered (e.g. Kovarova et al.,
2018).

The double Ras-domain protein is unusual in possessing two GTPase
domains in tandem followed by an EF-hand domain at the C-terminus;
this latter domain implies a role in calcium signalling (Fig. 3). Alphafold
was used to confirm the domain assignments for this unusual protein,
but significantly proteins with similar architecture are present in mul-
tiple protist lineages as well as some prokaryotic taxa (Fig. 3) (Field,
2005); it is unclear if these forms have arisen with common ancestry or,
due to the very patchy nature of their presence, via convergence. This
protein is most similar architecturally to TbEAR from T. brucei, albeit
that TbEAR lacks an EF-hand, nor is it the top sequence retrieved by
BLAST. High throughput RNAi screens indicate essentiality for TbEAR in
trypanosomes and a localisation to the mitochondrion (Alsford et al.,
2012; Billington et al., 2023), but the unusual phylogenetic distribution
of the E. gracilis protein and the absence of robust evidence for orthology
suggests that TbEAR and the E. gracilis double Ras-domain protein are
not closely related. E. gracilis also possesses an ortholog of RLJ, a GTPase
with a J-domain C-terminal extension (Field, 2005), but the function of
this protein in any taxon remains unclear.

3.3. Nuclear and nucleolar GTPases

Multiple GTPases operate to ensure the transcription and processing
of rRNA, together with ribosomal assembly, mRNA maturation and
export. Prominent amongst these is nucleostemin, which is localised to
the nucleolus and well conserved across eukaryotes. The protein carries

both N- and C-terminal extensions beyond the central GTPase domain
(Tsai and Meng, 2009). Interestingly in invertebrates there is a single
paralog and which is expanded to two genes in vertebrates, with division
of labour between nucleostemin, which has a role in genome protection
and the paralog GNL3-like, responsible for ribosomal synthesis (Lin
et al., 2014). In common with most eukaryotes, E. gracilis has a single
nucleostemin paralog which presumably supports both roles. Support-
ing this are three additional GTPases, two orthologs of Large Subunit
GTPase 1 (Lsgl), as well as an ortholog of Nogl, and which are all
involved in ribosomal assembly in other organisms (Klingauf-Nerurkar
et al., 2020). Overall, this suggests a conserved role for GTPases in ri-
bosomal biogenesis. There is also a single Ran ortholog, and which is
highly conserved and presumably fulfils the role of coordinating nuce-
locytoplasmic import and export.

3.4. Intracellular transport GTPases

Small GTPases are critical to the definition, synthesis and movement
of proteins and lipids between intracellular compartments. These
include the flagellum, endomembrane system and interactions with the
cytoskeleton, most are subtended by an evolutionary common origin,
underpinning the basic mechanisms behind each of these subcellular
systems (Field and Rout, 2022).

There is a single IFT27 ortholog, previously identified as associated
with the flagellum by proteomics and hence confirming a conserved role
in intraflagellar transport (Hammond et al., 2021). There are two Rab23
paralogs; this may also suggest a flagellum-based signalling pathway
similar to mammals that is associated with the flagellum, although
Rab23 also supports flagellum-independent functions (Hor et al., 2018).
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Ras-domain 1

Fig. 3. Structure of double Ras-domain protein from Euglena gracilis. The best
prediction is shown from an Alphafold analysis of the double Ras-domain
protein encoded by EG transcript 6904. The individual domains are indicated
in a rainbow coloured ribbon plot, with blue at the N-terminus (indicated)
through red at the C-terminus. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

As might be expected, from a correlation between gene number and
size of the Rab GTPase cohort (Gabernet-Castello et al., 2013), E. gracilis
has an expanded set of Rab GTPases compared to trypanosomes, while
the Arf family is of a more modest size, containing four members. The
E. gracilis Rab repertoire was initially described several years ago, but
the reevaluation here reveals additional complexity and pathways that
were not captured previously. The cohort is larger and perhaps more
significantly, more consistent with expectations of an organism with
flexible biology (Ebenezer et al., 2019). Of the Rab subfamily over thirty
members were identified and suggest that there are both more intra-
cellular pathways, and hence compartments, than in trypanosomes
where 16 Rabs have been described. There are also multiple paralogs for
several conserved pathways, which suggests a level of sophistication and
potential division of labour between essentially parallel pathways that is
considerable.

In the exocytic pathway, there are three Rabl paralogs and a single
Rab2 member; this may suggest differential packaging of proteins exit-
ing the ER. There are also three Rab6, one Rab8 and two Rab43 paralogs,
all of which are associated with transiting the Golgi complex, while
there is also a single Rab14, which is also involved in the later, post-
Golgi stages of exocytosis. Overall, this repertoire suggests that there
is limited complexity within the early exocytic pathway of E. gracilis but
potentially considerable diversification at the level of the Golgi appa-
ratus. Significantly, Sarl, the GTPase that mediates recruitment of the
COPII coat to ER exit sites, was not found here, nor in previous work
(Ebenezer et al., 2019), and which suggests the possibility of mecha-
nistic divergence in this aspect of anterograde transport.

More significant are expansions within the endosomal system, albeit
that this is a common observation in protists and elsewhere. There are
two Rab5 paralogs in E. gracilis, equal to African trypanosomes and
which clearly support distinct functions (Hall et al., 2004). However,
more remarkable appears the presence of up to seven Rabl1 paralogs
and five distinct Rab7 genes, a level of complexity that surpasses most
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organisms with the exception of some higher plants (Table S1). Rab11 in
animals, plants, fungi and trypanosomes is involved in recycling path-
ways, i.e. endocytosis and return to the surface of specific cargo, as well
as in late stages of exocytosis of de novo synthesised cargo proteins. This
pathway is frequently associated with receptor-mediated endocytosis,
and is supported by a single paralog in African trypanosomes (Jeffries
et al., 2001). The presence of multiple Rabl1-mediated pathways sug-
gests a highly sophisticated system for the sorting, recognition and
segregation of material that is taken into the E. gracilis cell and its return
to the surface, and again is a possible reflection of the complexity of
surface protein families, and provides a potential mechanism for the
control of membrane trafficking under differential conditions. More-
over, multiple Rab7 paralogs suggest a complex set of routes to the
terminal lysosome. It is significant that a Rab4 isoform was not identi-
fied, which is distinct from trypanosomes, and which suggests that a
rapid recycling pathway is absent from E. gracilis.

There are also Rab proteins indicating that recycling pathways be-
tween endosomes and the Golgi complex are in place. Specifically, there
are single paralogs for Rab22 and Rab21 is absent. Rab21 is involved in
retromer recycling and also late endocytosis to lysosome trafficking and
is present in trypanosomes (Ali et al., 2014; Pei et al., 2023), while
Rab22 has a distinct role in endosome/Golgi bidirectional transport.
This may suggest a slight simpler form of the interface between the
Golgi/endosome system, and the absence of Rab21 is likely a secondary
loss.

Finally, the possession of a Rabl4 paralog is consistent with the
presence of a contractile vacuole in E. gracilis, while two Rab32 paralogs
may indicate either trafficking to lysosome-like organelles (Ohbayashi
et al.,, 2017) or an additional component of the mTORC system of
nutrient sensing (Drizyte-Miller et al., 2020). Given that several other
GTPases, specifically Rheb and RagA, also interact with mTORC, this
level of GTPase complexity suggests that metabolic regulation may have
considerable flexibility.

4. Conclusions

This brief survey of the E. gracilis small GTPase repertoire is intended
as a spur for further investigation, and also to provide some insights into
the intracellular compartment and signal transduction complexity
(summarised in Fig. 4). A number of general conclusions can be drawn.

Firstly, the repertoire is comparatively small for a genome of the size
of E. gracilis, being only about 30 % larger that T. brucei, despite a near
five-fold increase in the number of protein-coding genes. This is re-
flected in a small Ras and Rho cohort and may well indicate that envi-
ronmental sensing and control of differential gene expression lies within
alternate mechanisms. Secondly, in contrast to the small Ras/Rho cohort
there is considerable complexity predicted for the mTORC amino acid
sensor, which may well consist of conserved elements such as Rab32,
Rheb and RagA GTPases. It will be of considerable interest to address
how these factors interact and respond to altering conditions and
nutrient availability. Third and finally, there is a high level of pathway
complexity within the endocytic system, with a multitude of potential
recycling and exocytosis pathways, together with several late transport
pathways to the lysosome. Overall, the survey does suggest an emphasis
on flexibility in interacting with the environment and adapting to
distinct conditions reflected by the GTPase repertoire.
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Fig. 4. Predicated locations of small GTPases and subcellular compartments in Euglena gracilis. The general figure is adapted from Field and Rout (2022). Rab
proteins are indicated with red lozenges, and the number of paralogs by small circles with numbers. Other GTPases likely associated with mTORC are indicated with
green lozenges and those with nuclear functions in blue, and their annotation indicated. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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