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Abstract 

In animals and fungi, bulk messenger RNA (mRNA) export to the cytoplasm is mediated by the Mex67/Mtr2 (NXF1/NXT1) heterodimer and driven 
by an ATP-dependent remodeling machinery on the cytoplasmic side of nuclear pore comple x es, the e x clusiv e gate w a y s of nucleocytoplasmic 
transport. Uniquely, w e sho w that trypanosomes ha v e three distinct Me x67 paralogs (TbMe x67, TbMe x67b, and TbMe x67L); each ha ving a 
different non-redundant role in ribosomal RNA (rRNA) processing and mRNA e xport. Specifically, TbMe x67 and TbMe x67b retain canonical roles 
in mRNA export, albeit associating with specific mRNA cohorts and differing protein and mRNA interactomes in the vertebrate host and insect 
v ector f orms of the parasite. Further, TbMe x67 and TbMe x67b paralogs associate with the GTPase Ran export machinery, rather than ATP- 
dependent helicases, demonstrating significant departure in RNA export mechanisms in trypanosomes. In contrast, TbMex67L is not involved 
in mRNA export but primarily associates with ribosome biogenesis f actors. T hus, in trypanosomes Me x67 paralogs ha v e div erse functionalities 
with implications for evolutionary origins and diversity of the control of gene expression. 
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ntroduction 

egulation of gene expression is a complex and highly dy-
amic process that extends from transcription to export pro-
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anisms are shared across the tree of life, reflecting ancient ori-
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gins. Multiple regulatory layers are exercised through mod-
ification of chromatin states, activation and repression of
cis- acting elements and, through splicing, regulatory 5 

′ and
3 

′ -untranslated regions (UTRs), translational efficiency and
RNA degradation [ 1 –4 ]. 

Numerous proteins associate with newly transcribed mes-
senger RNAs (mRNAs) to form messenger ribonucleoprotein
complexes (mRNPs). RNA export is coupled to transcrip-
tion and processing, and closely integrated together forming
transcription-export (TREX) complexes [ 5 ]. As RNA poly-
merase II transcribes mRNA, the THO/TREX complex, which
includes the ATP-dependent RNA helicase Sub2 (UAP56
in animals), function as adaptors for other mRNA export
proteins. THO/TREX mediates transcriptional elongation in
yeast, remodels RNA, recruits the spliceosome, and aids in
splicing of mRNAs in animals and co-transcriptional recruit-
ment of mRNA export machinery in multiple eukaryotic lin-
eages [ 6 ]. Beyond animals, fungi and plants the evolutionary
and functional conservation of THO/TREX complex proteins
are obscure, and no clear homologs have been identified with
the exception of conserved Sub2 (UAP56) [ 5 , 7 –9 ]. Proteomics
analysis of mRNA processing has highlighted involvement of
both conserved and lineage-specific proteins in divergent lin-
eages and specifically trypanosomes [ 10 ]. In all eukaryotes,
mRNAs are exported to the cytoplasm via nuclear pore com-
plexes (NPCs) prior to translation [ 11 –13 ]. 

Nuclear export is mediated by transport factors that inter-
act with phenylalanine–glycine (FG) dipeptide-rich proteins
(FG–Nucleoporins or FG–Nups) that line the central chan-
nel of the NPC and provide a selectivity filter for nucleo-
cytoplasmic transport. There are two major transport factor
classes: karyopherins (importins and exportins) characterized
by HEAT repeats [ 14 ], and nuclear transport factor 2 (NTF2)
type factors which include the heterodimeric Mex67:Mtr2
(NXF1:NXT1 in animals) proteins that are major exporters of
mRNA [ 15 ]. Directionality of most nucleocytoplasmic trans-
port is provided by a RanGTP/GDP gradient which medi-
ates assembly/disassembly of karyopherin-mediated transport
complexes [ 16 ]. Significantly, the bulk mRNA export in ani-
mals, fungi and plants mediated by Mex67:Mtr2 and is an
ATP-dependent and Ran-independent process. Specifically the
ATP-dependent DEAD box RNA helicase Dbp5 (DDX19 in
animals), and Gle1, associate with cytoplasmic-facing FG–
Nup159 to remodel ribonucleoproteins (mRNPs) exiting the
NPC [ 17 –24 ]. Dissociation of the Mex67:Mtr2 complex, pro-
vides both directionality and the energy for mRNA export
[ 25 ]. 

Nearly all understanding of NPC organization and gene
regulation is derived from animals and fungi, both members
of the opisthokont supergroup [ 26 , 27 ]. Considerably less is
known for other eukaryotic lineages, but significant evidence
suggests mechanistic divergence in RNA export [ 28 –31 ]. Try-
panosomatids represent one of the most distant relatives of
animals/fungi and possess noncanonical transcription mecha-
nisms. Unlike most eukaryotes they lack individual gene spe-
cific RNA polymerase II (Pol II) promoters and instead co-
transcribe multiple unrelated genes together in polycistronic
transcription units (PTUs) [ 32 ]. Sequence specific Pol II pro-
moters initiate transcription of PTUs while histone variants
and modifications have also been shown to play a role in tran-
scription start and termination sites of each PTU [ 33 , 34 ].
mRNA stability is a key component of gene regulation in try-
panosomes [ 35 ], but the mechanisms of mRNA export and
processing remain poorly characterized, although recent ef- 
forts to identify key players have shown promise [ 10 , 28 , 29 ,
36 ]. Trypanosomes appear to lack the canonical surveillance 
systems preventing defective or unspliced mRNA from exiting 
the nucleus, which intriguingly aggregate within cytoplasmic 
mRNP granules proximal to the NPC [ 37 ]. 

Mex67, Mtr2, and karyopherins are evolutionarily con- 
served in trypanosomes [ 38 –42 ]. Silencing TbMex67 or 
TbMtr2 strongly inhibits poly(A) RNA export, supporting its 
role as a bona fide mRNA export factor [ 38 ]. TbMex67 and 

TbMtr2 have additional roles in the export of transfer RNA 

(tRNA) [ 43 ] and pre-ribosomal subunits [ 44 , 45 ], also con- 
served functions with animals and fungi [ 46 –49 ]. 

In common with opisthokonts, TbMex67 (Tb927.11.2370) 
interacts directly with the Mtr2 ortholog, and together inter- 
act with the NPC [ 29 , 38 ]. Surprisingly, TbMex67/TbMtr2 

also interacts with Ran, Ran-binding protein 1 (RBP1) and 

a GTPase-activating protein (GAP) [ 29 ], a significant distinc- 
tion from opisthokont Mex67 that relies on the RNA helicase 
Dbp5 to release mRNA cargo and is unable to bind Ran [ 50 ,
51 ]. In silico modeling suggests that interaction between Tb- 
Mex67 and TbMtr2 with Ran is likely to be indirect [ 29 ]. Ad- 
ditionally, there is considerable divergence between the cyto- 
plasm mRNA export platform of the trypanosome and higher 
eukaryote NPCs that reflect mechanistic differences in the en- 
ergetics of mRNA export [ 28 , 29 ]. Specifically, trypanosome 
NPCs lack the canonical components of the opisthokont cy- 
toplasmic mRNA Nup159/Gle1/Dbp5 remodeling platform 

(Nup214/Gle1/DDX19 in humans) [ 17 , 52 , 53 ], but instead 

possess two large cytoplasmic FG–Nups (TbNup140 and Tb- 
Nup149), of which TbNup149 has several putative zinc fin- 
ger motifs with no equivalents in opisthokont NPCs [ 8 , 28 ,
29 , 41 ]. Furthermore, additional NPC/NE features such as a 
divergent nuclear basket, a noncanonical lamina, and unique 
mRNA decapping complexes, indicate significant mechanistic 
divergence [ 9 , 54 –57 ]. There is also evidence that Sub2 and 

other mRNA processing factors include lineage specific pro- 
teins [ 10 ]. 

We now demonstrate here that trypanosomatids possess 
a specialized RNA export system encompassing multiple 
Mex67 paralogs. One TbMex67 paralog, TbMex67L, asso- 
ciates with a rRNA biogenesis complex, indicating a distinct 
mechanism and potential evolutionary pathway for the co- 
ordination of export of multiple RNA classes. We propose a 
new model for the evolution of RNA processing and nuclear 
export in trypanosomatids, highlighting unique solutions to 

RNA export selected by different eukaryotic lineages. 

Materials and methods 

Cell culture 

Trypanosoma brucei procyclic form (PCF) Lister 427 strain 

cells were cultured in SDM-79, supplemented with 10% fe- 
tal bovine serum as previously described [ 41 ]. Expression of 
plasmid constructs was maintained using hygromycin B at 30 

μg/ml. T. brucei bloodstream form (BSF) 427 cells were cul- 
tured in HMI-9T a modification of the original IMDM-based 

HMI-9 [ 58 ] that uses 56 μM 1-thioglycerol instead of 200 

μM 2-mercaptoethanol, 2 mM glutaMAX I (Invitrogen) in- 
stead of 4 mM l-glutamine, and supplemented with 10% fetal 
bovine serum (non-heat inactivated in our case) as previously 
described [ 59 ]. Expression of plasmid constructs in this life 
stage was maintained using hygromycin B at 3 μg/ml. 
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n situ genomic tagging 

ll protein-coding sequences were tagged using the pMO-
ag4G tagging vectors [ 60 ] as previously described [ 29 , 41 ]. 

hylogenetic analysis of the TbMex67 paralogs 

ex67 orthologs were retrieved by interactive BLAST from
he NCBI dataset downloaded locally and searched using cus-
om scripts [ 61 ]. Sequences were aligned using MUSCLE [ 62 ]
nd trimmed using alncut from the FAST suite [ 63 ], and a
hylogeny calculated using FastTree2 [ 64 ]. 

luorescence microscopy and RNA fluorescence in 

itu hybridization (RNA FISH) 

FP-tagged cell lines were harvested and fixed for 10 mins
n a final concentration of 2% paraformaldehyde. Fixed cells
ere then washed in 1 × phosphate buffered saline (1 x
BS), and visualized as previously described [ 29 ]. RNA FISH
as performed as previously described [ 43 ]. Briefly, 1 × 10 

7

ells were harvested and washed with PBS. Cells were resus-
ended in 4% paraformaldehyde/PBS solution and fixed to
oly-L-lysine coated microscope slides for 30 min and dehy-
rated using an increasing gradient of ethanol concentrations
50%, 80%, and 100%, for 3 min each). Permeabilized cells
ere pre-hybridized with hybridization solution (2% bovine

erum albumin (BSA), 5 × Denhardt’s solution, 4 × saline-
odium citrate (SSC), 5% dextran sulfate, 35% deionized for-
amide, and 10 U/ml RNase inhibitor), for 2 h, then incu-
ated overnight at room temperature in a humid chamber in
he presence of 10 ng/ μl Cy3-labeled oligonucleotide probes
n hybridization solution. Slides were then washed for 10
in, once with 4 × SSC with 35% deionized formamide, then
ne wash each with 2 × SSC and 1 × SSC. Finally, the slides
ere mounted with mounting medium supplemented with
 

′ ,6-diamino-2-phenylindole dihydrochloride (DAPI). Images
ere taken with confocal microscope Olympus FluoView™
V1000 and analyzed using Fluoview and ImageJ (NIH) soft-
are. FISH data were quantified as described previously [ 43 ].

ffinity isolation and purification of TbMex67 

aralog protein interactome 

ffinity capture of the TbMex67 paralogs was performed as
reviously described [ 29 ]. Briefly, Insect stage procyclic (PCF)
rypanosomes were grown to a density of between 2.5 × 10 

7 

ells per ml, and BSF parasites were grown to a density of
.0 × 10 

6 cells per ml. Parasites were harvested by centrifu-
ation, washed in 1 × PBS (plus 20 mM glucose for BSFs),
ith protease inhibitors and 10 mM dithiothreitol, and flash

rozen in liquid nitrogen to preserve protein–protein interac-
ions as close as they were at time of freezing as possible.
ells were cryomilled into a fine grindate in a planetary ball
ill (Retsch). For a very detailed protocol, refer to our meth-
ds paper [ 65 ], or the National Center for Dynamic Inter-
ctome Research website ( www.NCDIR.org/protocols ). Cry-
milled cellular materials were resuspended extraction buffers
20 mM HEPES, 250 mM NaCl, 10 μM MgCl 2 , and 0.5% Tri-
on for TbMex67 and TbMex67b; 20 mM HEPES, 20 mM
aCl, 50 mM tri-sodium citrate, 10 μM MgCl 2 , and 0.5%
riton for TbMex67L), containing a protease inhibitor cock-
ail without EDTA (Roche), and clarified by centrifugation
20 000 × g ) for 10 min at 4 

◦C [ 29 , 65 ]. Clarified lysates
ere incubated with magnetic beads conjugated with poly-
clonal anti-GFP llama antibodies on a rotator for 1 h at 4 

◦C.
The magnetic beads were harvested by magnetization (Dynal)
and washed three times with extraction buffer prior to elu-
tion with 2% sodium dodecyl sulfate (SDS)/40 mM Tris pH
8.0 for protein. Eluates were fractionated using sodium dode-
cyl sulfate - polyacrylamide gel electrophoresis (SDS–PAGE)
on NuPAGE 

™ 4%–12% Bis Tris gels (Invitrogen) and stained
using GelCode ™ Blue Stain (Thermo Scientific). 

Identification of protein–protein interactions by 

mass spectrometry 

Briefly, eluates from affinity capture experiments were loaded
into the wells of a 5% acrylamide gel and run at 100 V for ∼5
min to allow the proteins to migrate ∼2 mm into the gel. The
gels were then fixed for 5 min in 50% methanol/7% acetic
acid and then stained using GelCode ™ Blue Stain (Thermo
Scientific). The resultant protein bands from each well were
excised from acrylamide gels as a gel plug and destained us-
ing 50% acetonitrile, 40% water, and 10% ammonium bi-
carbonate (v/v/w). Gel pieces were dried and resuspended in
trypsin digestion buffer; 50 mM ammonium bicarbonate, pH
7.5, 10% acetonitrile, and 0.1–2 μg sequence-grade trypsin,
depending on protein band intensity. Digestion was carried
out at 37 

◦C for 6 h prior to peptide extraction using C 18

beads (POROS) in 2% TFA (trifluoroacetic acid), and 5% for-
mamide. Extracted peptides were washed in 0.1% acetic acid
(ESI) and analyzed on a LTQ Velos (ESI) (Thermo). ESI LC-
MS data were analyzed using the Global Proteome Machine
[ 66 ]. Identified proteins were ranked by peptide log intensity
and the top 50 hits selected for further analyses. 

Affinity isolation and purification of TbMex67 

paralog RNA cargo 

Affinity capture was performed as described above, with the
modifications. We maximized RNA yield using ultrafast affin-
ity capture using our very high affinity double nanobody with
a K d of 36 pM [ 67 ]. This allowed us to complete affinity iso-
lation experiments in 10 min, minimizing degradation, and
spurious nonspecific interaction issues. RNA was extracted
from these isolations using the Trizol and Zymo Research
Direct-zol RNA extraction Kit. Magnetic beads were incu-
bated with Trizol for 10 min and RNA extracted using the
manufacturer’s protocols (Zymo Research). Extraction buffer
for RNA associated with TbMex67 and TbMex67b was 20
mM HEPES, 150 mM NaCl, 10 μM MgCl 2 , and 0.5% Tri-
ton for RNA extraction. For TbMex67L, the extraction buffer
was 20 mM HEPES, 20 mM NaCl, 50 mM tri-sodium cit-
rate, and 0.5% Triton. We also tested stabilization of the
TbMex67 complexes using glutaraldehyde, which was added
to our affinity capture buffer for 5 min and quenched using
Tris, pH 8.0, prior to resuspending the frozen cell grindate.
We tested RNA-Seq using both glutaraldehyde-stabilized and
nonfixed samples and observed no significant differences in
RNA identified, and proceeded with the nonfixed samples
for further experiments (data not shown). We utilized Agi-
lent RNA Pico chips to ensure the integrity and enrichment
of RNA under various buffer conditions on small-scale purifi-
cations. Extracted RNA was sequenced using The Rockefeller
University Genomic Center Illumina HiSeq 2000. Given the
highly dynamic nature of RNA export, we performed 75 bp
paired end sequencing for each affinity captured RNA cargo
(three biological replicate experiments for TbMex67 and Tb-

http://www.NCDIR.org/protocols
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Mex67b and two for TbMex67L) without poly(A) RNA en-
richment or rRNA depletion because of well documented ob-
servations that opisthokont Mex67/Mtr2 (NXF1/NXT1) in-
teracts with both rRNA and mRNA (reviewed in [ 68 ], as does
TbMex67 which has been shown to be involved in the export
of tRNA [ 43 ] and pre-ribosomal subunits [ 44 , 45 ]. RNA-Seq
reads were aligned using HISAT2 v2.2.1 [ 69 ] to the T. bru-
cei 927 reference genome, or the 2018 427 genome for VSG
genes. Reads were quantified using featureCounts v2.0.3 [ 70 ]
and differential enrichment was analyzed with edgeR v3.36.0
[ 71 ], with P = 0.01 used as a cut-off. Counts are reported
as fragments per kilobase of transcript per million mapped
reads (FPKM). GO enrichment analysis was performed on
TbMex67- or TbMex67b-enriched transcripts using the PAN-
THER Overrepresentation Test (Released 20 240 807), with T.
brucei GO biological processes (GO Ontology database DOI:
10.5281/zenodo.16423886), using a 5% false discovery rate
cut-off. 

RNA interference and loss of function tests 

RNA interference (RNAi) was performed using the 2T1
(BSFs) and PT1 (PCFs) cell lines [ 72 ]. Briefly, 1 kb segments
from each TbMex67 paralog was polymerase chain reaction
(PCR) amplified from T. brucei genomic DNA and cloned into
the pRPa iSL plasmid and transfected into 2T1 BSFs and PT1
PCFs. Cells were grown to a density of 2 × 10 

7 ml −1 and in-
duced using 1 μg ml −1 of tetracycline. Additional cell lines
were generated using the RNAi 29–13 cells [ 73 ] to test RNAi
efficiency for the TbMex67, TbMex67b, and TbMex67L in
PCFs. 

CRISPR knockout of TbMex67b and TbMex67L in 

procyclics 

Guide RNAs (gRNAs) were designed from http://grna.ctegd.
uga.edu/. Criteria for chosen gRNAs were based off a GC
content close to 50% and were within ∼50 bp from Tb-
Mex67b and TbMex67L. 0.5 μl (32 pmol) of Alt-R 

™ L.b.
Cas12a (Cpf1) Ultra (idtdna.com) was combined with 2 flank-
ing guide RNAs (as close to translation start and end, also
from IDT, resuspended in 10 mM Tris, 0.1 mM EDTA pH
7.5 to 32 μM) each at a final 16 pmol (0.5 μl each) to a fi-
nal volume of 10 μl with 10 mM Tris, 0.1 mM EDTA pH
7.5. Cas12a and gRNAs were combined and incubated at RT
for 10 min. Primers (not containing gRNA sequence) to Tb-
Mex67b and TbMex67L UTRs were used to PCR a KO cas-
sette (pSM07, containing puromycin resistance). The KO cas-
sette ( ∼ > 6 μg in this case) along with the entire Cas12/gRNA
reaction was added to the resuspended cells in a 2 mm cu-
vette. Cells were electroporated using the Amaxa Nucleofec-
tor II (X-001) and resuspended in media not containing the
selectable marker. Cells were immediately plated into a 96-
well plate and puromycin was added after 8 h for selection of
resistant cells. After selection, clones were screened for double
KO via gDNA isolation and PCR screen using both external
and internal primers to the gene open reading frame (ORF) to
confirm proper integration of cassette and deletion of gene. 

Secondary structure prediction, and structural 
modeling 

The secondary structures of all three TbMex67 paralogs were
predicted by HHPred [ 74 ]. Predictions of TbMex67 paralogs
and their interaction with TbMtr2 were generated using Al-
phaFold2 [ 75 ]. For potentially greater accuracy, a Discoba 
taxon specific database was used for multiple sequence align- 
ments [ 76 ]. A modified version of AlphaPickle [M. J. Arnold.
2021. AlphaPickle. doi.org/10.5281/zenodo.5708709.] was 
used to generate the predicted error of alignment (PAE) plots 
and structural predictions were visualized in ChimeraX [ 77 ]. 

Results 

TbMtr2 associates with the trypanosome NPC and 

the ran machinery 

We in situ GFP-tagged TbMtr2 and performed affinity cap- 
ture and identified interaction partners by liquid chromatog- 
raphy mass spectrometry (LC-MS). Under stabilizing condi- 
tions, TbMtr2 affinity captured the entire NPC (Fig. 1 A),
similar to TbMex67, as we previously demonstrated [ 29 ].
However, using more stringent affinity isolation conditions, a 
smaller subset of NPC nucleoporins (TbNups) (Fig. 1 A) were 
identified, including the TbNup76 complex (TbNup76, 140,
and 149) as we previously demonstrated for TbMex67 [ 29 ],
consistent with a conserved role for this complex in RNA ex- 
port [ 28 , 29 ]. TbMtr2 also associates with components of the 
outer ring complex (TbNup89, 132, and 158). These connec- 
tions with the TbNup76 complex and the outer ring likely 
reflect conserved NPC interactions also found in animals and 

fungi where the mRNA export platform (ScNup82/HsNup88 

complexes) is tethered to the NPC by outer ring components 
[ 52 ]. Significantly, as we have previously shown for TbMex67 

[ 29 ], TbMtr2 also co-purified with an entire Ran GTPase cy- 
cle apparatus; Ran, Ran-binding protein 1 (RanBP1), and a 
TBC-domain-containing GTPase-activating protein (TbGAP,
Gene ID Tb927.10.7680, which was previously termed TBC- 
Root_A [ 78 ]) (Fig. 1 A). TbGAP possesses a Rab-GAP type 
TBC-domain and is present within a TBC-domain protein 

phylogeny root but significantly is absent from animals and 

fungi [ 78 ]. A close evolutionary relationship between Ran and 

Rab GTPases may indicate that all originally utilized a TBC- 
domain GAPs, but which has been replaced/diverged in ani- 
mals and fungi so that the TBC domain is absent from Ran 

GAP proteins. Another intriguing property of the TbGAP is 
the presence of an N-terminal UBA domain similar to that of 
NXF1 separated from the TBC domain by a disordered cen- 
tral domain [ 28 ]. This is rather unusual because opisthokont 
RanGAPs typically have several LRR domains [ 79 ], which is 
lacking in this putative RanGAP [ 28 ]. 

Trypanosomatids possess three Mex67 paralogs 

Surprisingly, TbMtr2 not only interacts with TbMex67 

(confirming interaction with TbMex67 [ 29 , 38 ]) but also 

with two additional proteins, Tb927.11.2340 (58 kDa) and 

Tb927.10.2060 (108 kDa). We designate these TbMex67b 

and TbMex67L (for TbMex67-Like) respectively, as both 

interact with TbMtr2 and contain characteristic LRR and 

NTF2-like domains, major architectural features of Mex67 

[ 80 , 81 ] (Fig. 1 B). TbMex67 possesses a CCCH-type Zn 

2 + fin- 
ger, a feature thus unique to trypanosome Mex67 orthologs,
differentiating them from animal, fungi, and plants. Signifi- 
cantly, the Zn 

2 + finger domain is essential for TbMex67 to 

function as an mRNA export factor [ 38 , 40 , 82 ]. TbMex67 

possesses a C-terminal ubiquitin-associated domain (UBA) 
(Fig. 1 B and C), conserved with yeast Mex67/metazoan NXF1 

and required in those, for FG–Nup binding [ 83 ]. By contrast 

http://grna.ctegd.uga.edu/
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Figure 1. Affinity capture of the TbMtr2 and identification of new Mex67 paralogs. ( A ) Using the GFP tagged TbMtr2 (marked with a ‡ ), under high 
stringency biochemical conditions (Buffer 1), we affinity isolated str uct ural components of the NPC (sky blue), transport factors connected to the GTPase 
Ran cycle (orange), and TbMex67 (navy blue) with which TbMtr2 is known to form a heterodimer (38). In addition, we discovered interaction with two 
putativ e TbMe x67 paralogs which w e termed TbMe x67b and TbMe x67L (f or lik e or large) denoted in na vy blue lik e TbMe x67. Under lo w stringency 
conditions (Buffer 2), we affinity isolated the entire trypanosome NPC as well as exportin 7 (Xpo7), the RNA export component Gle2 (85–87) and the 
lamin proteins NUP-1 and NUP-2 (54 133), and a hypothetical protein (gray). Affinity isolates were resolved by SDS–PAGE and visualized by Coomassie 
st aining . Proteins bands were excised and identified by mass spectrometry. ( B ) A schematic of the domains that are present on each protein and 
highlights the difference between them. ( C ) An illustration of the differences between the architecture and domains of the three TbMex67 paralogs as 
predicted by AlphaFold (76). The confidence scores (green) for each TbMex67 paralog has been scaled to the same size for ease of illustration. ( D ) 
Co-folding of the NTF2 domains of each individual TbMex67 paralog with TbMtr2 and comparing the resulting heterodimer with the cry staliz ed str uct ure 
of human NXF1:NXT1, (84) showing high functional homology and suggesting that all three TbMex67 paralogs are bona fide Mex67/NXF1 orthologs. The 
confidence scores (green) for each TbMex67 paralog has been scaled to the same size for ease of illustration. ( E ) A phylogenetic tree showing the 
distribution of the TbMex67 paralogs within Euglenozoa. 
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bMex67b lacks the Zn 

2 + finger but retains the LRR, NTF2-
ike and UBA domains (Fig. 1 B and C). TbMex67L is more di-
ergent from TbMex67/TbMex67b and is significantly larger.
bMex67L contains the LRR and NTF2-like domains, but

acks the C-terminal UBA domain, and instead possesses an
xtended N-terminus characterized by coiled coils and a C-
erminal region, both of unknown function, together with un-
tructured loops within the NTF2 domain (Fig. 1 B and C) [ 75 ,
6 ]. 
Thus, all three trypanosome Mex67 paralogs possess
TF2 domains required for interaction with Mtr2. We
sed AlphaFold to perform in silico co-folding of the NTF2
omains of each paralog with TbMtr2, which predicted
heir interactions as similar to the experimentally charac-
erized interaction interface between the human NTF2-like
 

domain of NXF1 and NXT1 [ 84 ] (Fig. 1 D). Although based
on homology modelling, this supports our affinity capture
protein–protein interaction data suggesting that TbMtr2 is
an adaptor for all three TbMex67 paralogs, and that all are
bonafide Mex67 paralogs. Interestingly, multicellular organ-
isms such as humans which have additional tissue specific
variants of NXF1 that form heterodimers with NXT1 or
NXT2 although these are not as divergent from each other as
the trypanosome Mex67 paralogs [ 80 ]. 

TbMex67b and TbMex67L are kinetoplastid specific 

The genes encoding TbMex67 and TbMex67b are 5 kb apart
on chromosome 11, suggestive of an origin through a lineage-
specific gene duplication event. Indeed, the chromosomal en-
vironment, including the synteny of these and surrounding
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genes, is conserved throughout the kinetoplastids. Phyloge-
netic reconstruction across all kinetoplastids indicates that
TbMex67 and TbMex67b are much more closely related than
they are to TbMex67L, as expected from such a duplication
event (Fig. 1 E and Supplementary Fig. S1 for the full phy-
logenetic tree). Significantly, orthologs of TbMex67 and Tb-
Mex67b are recovered from all kinetoplastid genomes, includ-
ing the free-living bodonid, Bodo saltans , indicating that the
duplication predates the origin of parasitic trypanosomatids.
Interestingly, Mex67L is absent from the B. saltans genome, al-
beit retained within all other kinetoplastids, suggesting a more
recent origin. 

TbMex67 paralogs are differentially localized 

The divergence in trypanosome Mex67 paralog architecture
suggests these proteins may support distinct functions. We
in situ GFP-tagged each paralog in both procyclic (PCFs, in-
sect stage) and BSFs (vertebrate stage) and determined cellu-
lar location by fluorescence microscopy (Fig. 2 A). Similarly
to TbMtr2, both TbMex67 and TbMex67b strongly local-
ize to the nuclear envelope in puncta characteristic of nu-
cleoporins, many nuclear transport factors, and other NPC-
associated proteins [ 41 ], in both life stages (Fig. 2 A). Further
both TbMex67 and TbMex67b partly localize to the nucle-
oplasm and the nucleolus (Fig. 2 A), as previously described
for TbMex67 [ 39 ]; these similarities suggest related functional
roles. By contrast TbMex67L has a localization distinct from
TbMex67 and TbMex67b, and is nucleolar, with no discern-
able nuclear peripheral staining in either life stage, suggestive
of a unique function compared to TbMex67 or TbMex67b
(Fig. 2 A). 

TbMex67 paralogs have distinct protein–protein 

interactomes 

Affinity isolations of TbMex67 and TbMex67b co-purified
similar protein cohorts with an interesting distinction (Fig. 2 B
and Supplementary Table S1 ). Both associate with Mtr2 and
the same subset of nucleoporins that interact with TbMtr2
(Fig. 1 A). We suggest that TbMex67 and TbMex67b inter-
act at the NPC largely through three FG–Nups (TbNups 140,
149, and 158) and indirectly with TbNup76, which is attached
to the outer ring [ 29 ]; however given their function as trans-
port factors, they likely associate with other FG-repeat con-
taining Nups. This association with Nups is consistent with
the localization of both paralogs to the NPC at the nuclear
periphery and likely represents proteins in transit as they ferry
cargo across (Fig. 2 A). TbMex67 and TbMex67b also asso-
ciate with members of the Ran GTPase system, confirming
that TbMex67b likely functions as a nuclear transporter as
previously shown for TbMex67 by us [ 29 ]. 

In addition to Nups and the Ran system, TbMex67 and
TbMex67b also co-purify with TbGle2 (ortholog of yeast
Gle2 or Rae1 in animals [ 85 –87 ]), as well as poly(A) bind-
ing protein 2 (PABP2) (Fig. 2 B and Supplementary Table S1
for extended interactome) in PCFs. Trypanosomes have two
poly(A) binding proteins, PABP1 and PABP2, that differ in
intracellular localization and distribution on polysome frac-
tionation under conditions that disrupt mRNA metabolism
[ 88 ]. Only PABP2 accumulates in the nucleus when mRNA
export is disrupted, and appears to be associated with bulk
mRNA compared with PABP1 that associates with a smaller
cohort of mRNAs [ 89 ]. PABP2 has been shown to be involved
in the control of mRNA stability and processing through sta- 
bilization of the poly(A) tail [ 90 ]. In contrast to TbMex67 in 

BSFs, the TbMex67b interactome includes PABP2, the ATP- 
dependent RNA helicase TbSub2 (UAP56 in animals), and 

HYP, a protein of unknown function termed HYP [ 10 ] (Fig. 2 B 

and Supplementary Table S1 ). Enrichment of PABP2, Sub2 

and HYP with TbMex67b over TbMex67 suggests both have 
discrete functional roles in BSFs. Notably, this distinction be- 
tween TbMex67b and TbMex67 is not unique to T. brucei as 
affinity isolation experiments performed using T. cruzi Sub2 

copurifies with HYP and the T. cruzi Mex67b ortholog but not 
the T. cruzi Mex67 as observed by us for T. brucei [ 10 ]. Tb- 
Mex67b was also noted as a protein of unknown function that 
together with a cohort of proteins associates DRBD18 in BSFs 
[ 91 ]. It has also been shown that TbMtr2 and TbMex67 asso- 
ciate with an abundant RNA-binding protein DRBD1, which 

mediates selective export of certain mRNAs in PCFs [ 92 ]. 
Interestingly, TbMex67L also interacts with Mtr2 (Figs 

1 A and 2 B), explaining its affinity capture using TbMtr2 as 
an affinity handle. Beyond this, there is essentially no con- 
cordance between the TbMex67L and TbMex67/TbMex67b 

interactomes, and a large subset of nucleolar-associated 

proteins implicated in ribosomal biogenesis (Fig. 2 A and 

Supplementary Table S1 ). Amongst these, the nucleolar pro- 
tein NOP168 is trypanosome specific [ 93 ], while NOG1 is a 
widely conserved nucleolar GTPase [ 93 ], that coordinates ri- 
bosome formation [ 94 ]. NOP89, also nucleolar localized [ 93 ],
is required for synthesis of 28S and 5.8S ribosomal RNAs 
(rRNAs) and thus the large ribosome subunit [ 95 ]. Signifi- 
cantly, no nucleoporins or transport factors were identified 

even though it partners with TbMtr2, but consistent with an 

absence from the nuclear periphery and significantly, the ab- 
sence of the UBA domain required for NPC association at the 
C-terminus of Mex67L [ 96 , 97 ]. Collectively, both location 

and protein–protein interactions indicate a role in ribosomal 
biogenesis, and suggest that TbMex67L disengages from ma- 
turing ribosomal subcomplexes prior to engagement with the 
NPC and export machinery [ 25 , 47 –49 , 51 , 80 , 98 , 99 ]. 

All TbMex67 paralogs are essential and 

nonredundant 

We used RNAi to test for essentiality and functional redun- 
dancy between the three TbMex67 paralogs. RNAi mediated 

depletion of each paralog resulted in severe loss of fitness 
in BSFs, suggesting essentiality (Fig. 3 ). TbMex67 has been 

shown to be essential in PCFs [ 38 , 43 , 44 ], and our RNAi
result recapitulates this observation (Fig. 3 ). RNAi silencing 
of TbMex67b resulted in no clear phenotype, whilst that of 
TbMex67L resulted in a gradual loss of fitness over several 
cell cycles in PCFs, as observed in a global RNAi screen of 
all T. brucei genes [ 72 ]. A significant difference in RNAi ef- 
ficiency between the BSF cell lines versus the PCF cell lines 
was tested by quantitative PCR using telomerase reverse tran- 
scriptase (TERT) RNA as a control. Knockdown efficiency 
was 84%, 67%, and 55% in BSFs and 68%, 5%, and 22% 

in PCFs for TbMex67, TbMex67b, and TbMex67L, respec- 
tively, across three clonal replicates. Despite testing multiple 
new cell lines, the RNAi silencing efficiency for TbMex67b 

and TbMex67L in PCFs remained poor and in some cases,
there was a slight increase in TbMex67b mRNA, making the 
interpretation of any phenotype difficult. We noted similar ob- 
servations for TbMex67b in a global RNAi screen in which 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
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Figure 2. GFP tagging of the TbMex67 paralogs and their protein interactomes. ( A ) We in situ GFP tagged TbMex67, TbMex67b, and TbMex67L at their 
chromosomal loci in both the PCFs that infect tsetse flies and the BSFs that infect vertebrates. The TbMtr2-GFP from PCFs is shown for comparison. 
We found that except for TbMex67L, other paralogs and TbMtr2 localize to NPCs at the nuclear envelope as well as the nucleoplasm albeit 
predominantly around the nucleolus. ( B ) We performed affinity capture using each GFP tagged paralog in PCFs and BSFs (marked with a ‡ ) and 
disco v ered that TbMex67 and TbMex67b interact predominantly with the NPC, whilst TbMex67L interacts only with ribosome biogenesis proteins, 
possibly a reflection of its nucleolar only localization. Ho w e v er, there is a significant difference between the interactomes of TbMex67 and TbMex67b in 
BSFs, with TbMex67b forming additional interactions with TbSub2, HYP, and PABP2, suggesting it may operate in a pathway that distinguishes it from 

TbMex67 in BSFs. 
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here’s a similar increase in RNA counts for TbMex67b in the
rypanosome genome database (T riT rypDB) [ 72 ]. We there-
ore decided to attempt a double knockout (trypanosomes
re diploid) of the TbMex67b and TbMex67L genes in PCFs
here the RNAi phenotype led to a slow gradual loss of fitness

TbMex67L) or resulted in no significant loss of fitness (Tb-
ex67b) (Fig. 3 ). We discovered that we could easily knock-

ut both alleles of TbMex67b in PCFs using a CRISPR–Cas12
ystem (see Materials and methods). However, the resultant
bMex67b null cells ( �TbMex7b) have a significant growth
henotype and divide at half the rate (2.3 × per day) of wild-
ype cells (4.1 × per day) ( Supplementary Fig. S2 ). These find-
ngs suggest that despite being nonessential for survival in ax-
nic culture, TbMex67b contributes critically to PCFs, with
ts function only partially offset by compensatory pathways.
egarding TbMex67L, despite multiple rounds of transfec-

ions, we were only able to generate single knockout cells
TbMex67L-SKO), suggesting that TbMex67L is essential in
CFs ( Supplementary Fig. S2 ). This supposition is supported
y the observation that TbMex67L-SKO divide at 3.2 × per
ay compared to wild-type cells (4.1 × per day). 

bMex67 and TbMex67b, but not TbMex67L, are 

equired for RNA export 

e used poly(A) FISH (fluorescence in situ hybridization) to
robe for a role in export of polyadenylated RNA. RNAi si-
lencing of TbMex67 in BSFs and PCFs led to accumulation of
the poly(A) RNA signal in the nucleus and depletion from the
cytoplasm (Fig. 3 ), as previously observed in PCFs [ 38 , 43 , 44 ].
Interestingly, RNAi mediated depletion of TbMex67b in BSFs
led to poly(A) RNA accumulation in the nucleus and around
the nuclear periphery (Fig. 3 ), suggestive of a role in RNA pro-
cessing and export. The accumulation of poly(A) around the
nucleus is reminiscent of nuclear periphery granules that occur
as a result of unspliced mRNA being exported out of the nu-
cleus but remain tethered to the NPC [ 37 ]. Association of Tb-
Mex67b and TbSub2 hints at the possibility that Mex67b may
function in conjunction with the trypanosome equivalent of
the THO/TREX complex [ 6 ]. These data likely reflect a con-
tinuum of mRNP export intermediates, encompassing an early
Sub2 dependent loading step and later NPC-associated export
states. We are investigating this further. In PCFs, we performed
RNAi FISH on the RNAi cell lines despite low RNAi efficiency
(above) and on the �TbMex7b cell lines. We did not observe
poly(A) accumulation in the nuclei of either cell lines suggest-
ing that TbMex67b may have a different functional role in
PCFs versus BSFs. The caveat is that we have likely selected
�TbMex7b mutant cells adapted to survive in axenic cul-
ture using unknown compensatory mechanisms. Nonetheless,
in conjunction with localization and protein interacting part-
ners, these data suggest that TbMex67 and TbMex67b are
independently required for mRNA export in BSFs. In PCFs,
TbMex67 is the major exporter of mRNA and is essential to

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
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Figure 3. RNA interference knockdown of the Mex67 paralogs and poly(A) FISH to determine role in RNA export. To assess the role of the TbMex67 
paralogs on mRNA export, we performed RNA FISH after induction of RNAi silencing for each individual paralog. There was a rapid loss of fitness in 
BSFs, accompanied by accumulation of mRNA in the nucleus of TbMex67, and in and around the nuclei of TbMex67b cell lines, but not TbMex67L 
indicating it is not in v olv ed in mRNA export. In PCFs, there was a rapid loss of fitness in TbMex67 cell lines post RNAi induction and accumulation of 
mRNA in the nucleus, but not in the TbMex67b cell lines which are less affected by RNAi ablation of the TbMex67b RNA. The RNAi KD is extremely 
poor (5%) in these cell lines. RNAi loss of fitness was very gradual post RNAi induction in TbMex67L cell lines. However, unlike in BSFs, over time, there 
is a gradual halo-like mRNA accumulation around the nuclei of the TbMex67L cell line. We are investigating TbMex67b and TbMex67L further. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/54/1/gkaf1443/8415842 by guest on 13 January 2026
the cell as previously shown [ 38 , 43 , 44 ], and recapitulated in
this work. TbMex67b has similar localization as TbMex67 in
PCFs, and associates with NPC components, transport fac-
tors, in addition to TbGle2 and PABP2 just like TbMex67
(Fig. 2 ). These associations and localization point to a putative
role in nuclear transport since they share similar interactomes.
Based on our assays, TbMex67 is sufficient to compensate for
the loss of TbMex67b in PCFs, albeit at significant cost in
fitness of the parasite ( Supplementary Fig. S2 ). Whether this
partial level of compensation is sufficient for survival in phys-
iological context (in the insect vector) is unknown. 

There was no nuclear accumulation of mRNA in BSFs fol-
lowing the RNAi silencing TbMex67L, consistent with a nu-
cleolar localization and protein interactome consisting of ri-
bosome biogenesis components such as NOG1 that has been
shown to be required for biogenesis of the 60S subunit in try-
panosomes [ 100 ]. In PCFs, there appears to be a gradual accu-
mulation of polyadenylated RNA at the edge of the nucleus at
72 h post RNAi (Fig. 3 ), that may be due to a secondary effect
due to loss of ribosomal assembly and hence protein synthe-
sis. These results suggest that TbMex67L does not have the
canonical Mex67 role in mRNA nuclear export but instead
functions at the level of ribosome biogenesis based on its pro-
tein interactome. 

Differential RNA associations of TbMex67 paralogs 

Several studies link TbMex67 to the export of mRNA, tRNA
and rRNA in trypanosomes [ 38 , 43 , 44 ]. Thus, we decided
to survey all types of RNA that may be associated with 

the three TbMex67 paralogs. We affinity isolated TbMex67 

and TbMex67b from PCFs and BSFs under conditions ensur- 
ing maximal preservation of RNA–protein interactions, ex- 
tracted associating RNA and performed RNA-Seq (Fig. 4 , and 

Supplementary Fig. S3 and Supplementary Table S2 ). mRNA 

export is a highly dynamic and transient process. There- 
fore, when performing RNA Immunoprecipitation Sequenc- 
ing (RIP-Seq), we expect to observe a snapshot of a multitude 
of RNA export events in that are dynamic and stochastic. 

Upon affinity capture, isolation and sequencing of the re- 
sultant of RNA, we found that TbMex67 and TbMex67b 

both associate with a large cohort of mRNA species (Fig. 4 A).
While 65% of these are at similar abundance, differential 
enrichment analysis found statistically significant enrichment 
( P -value < 0.01) of subsets of mRNA species in TbMex67 

and not TbMex67b and vice versa, in both PCFs and BSFs 
(Fig. 4 A). We performed a GO term enrichment analysis 
with a false discovery rate of < 5%, to determine if there 
is a significant concordant difference between the isolated 

RNA species in the TbMex67 versus TbMex67b datasets 
( Supplementary Table S2 ). We observed statistically signifi- 
cant enrichment ( P < 0.01) in mRNA-associated biological 
processes (e.g. transcription, export, and localization) for Tb- 
Mex67 in both BSF and PCF forms, and metabolic processes,
glycosylation and rRNA processing in TbMex67b (listed in 

Supplementary Table S2 ). 
Looking more closely at transcript enrichment among 

this set of mRNA-associated genes, we found that Tb- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
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Figure 4. Affinity capture and identification of the RNA cargo of each TbMex67 paralogs. We affinity captured each TbMex67 paralog in PCFs and BSFs, 
then extracted interacting RNA and performed Illumina sequencing to determine which RNA species each paralog interacts with. Results were plotted 
on a linear scale (main graph), as well as in log 10 (inset graph). In all the graphs, the X -axis represents TbMex67, which has been characterized in various 
studies, whilst the Y -axis represents either TbMex67b or TbMex67L, both of which had not yet been characterized prior to this study. The gray points on 
each graph represent transcripts that are not differentially enriched with statistical significance ( P > 0.01). ( A ) TbMex67 (blue) and TbMex67b (red) share 
common mRNA cargo in both BSFs and PCFs, with a subset of mRNA species enriched in TbMex67 or TbMex67b, with highly abundant transcripts 
such as elongation factor 1-alpha (EEF1A) and heat shock protein (HSP70) in PCFs and calpain cysteine peptidase (ClpCysPep) in BSFs for TbMex67b. ( B ) 
There is a significant enrichment of mRNA encoding RBPs and zinc finger proteins on the BF TbMex67 mRNA cargo as compared with TbMex67b, 
suggesting a possible role in control of gene expression in this life cycle stage given the role of RBPs in the post transcriptional regulation of genes in 
trypanosomes (35). ( C ) As expected from its interactome, TbMex67L does not associate significantly with mRNA, as compared to TbMex67 (blue). 
Curiously the few mRNA species (purple) that associate with TbMex67L are the same in both BSFs and PCFs and are mainly pseudogenes of VSGs and 
ESAGs) ( D ) TbMex67L interacts primarily with rRNA cargo in both BSFs and PCFs as illustrated in a comparison between TbMex67 versus TbMex67L 
rRNA cargo, consistent with its nucleolar localization and its protein interactome that comprises se v eral rRNA biogenesis factors. The TbMex67L rRNA 

interactome consists mainly of the components of the large (60S) subunit (5.8S and 28S), whilst 18S rRNA is enriched inTbMex67 rRNA cargo 
compared to TbMex67L. This 18S enrichment is more significant in PCFs compared to BSFs. 
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ex67 has significant enrichment ( P -value < 0.01) of
inc finger or RNA-binding proteins (RBPs) in BSFs (Fig.
 B), with ZFP1 (Tb927.6.3490), RBP26 (Tb927.7.3730),
PB3 (Tb927.11.530), and ZC3H46 (Tb927.11.16550) be-

ng among the most abundant mRNA species in this cohort,
nd enriched 2.7- to 8-fold over TbMex67b. ZC3H46 is in-
olved in repression of gene expression [ 101 ], whilst ZFP1
s transiently enriched during differentiation [ 102 ]. RBP26 is
mongst six mRNA transcripts upregulated following induc-
ion of RBP6, a master regulator of transformation of PCFs
nto infectious metacyclic forms, that also preferentially asso-
iates with TbMex67 over TbMex67b (Fig. 4 B) [ 103 , 104 ].
YP2 mRNA also preferentially associates with TbMex67
ver TbMex67b and is involved in signaling pathways in-
olved in the formation of bloodstream “stumpy” parasites
hat are transmitted to tsetse flies [ 105 ]. This suggests that
bMex67 may be one of several proteins modulating develop-
ental regulation in trypanosomes, in addition to exporting

eneral mRNA cargo. 
Additionally, mRNAs encoding PAB1-binding protein 1

PBP1), the mRNA decapping enzyme ApaH-like phosphatase
ALPH1) [ 57 ] and retrotransposon hot spot protein 7 (RHS7)
ranscripts are significantly enriched in BSFs with the Tb-

ex67 cohort compared to TbMex67b (Fig. 4 B) (2- to 12-
old enrichment, P -value < 0.01). RHS protein genes are
bundant and grouped into seven categories, with RHS2, 4
nd 6 involved in transcription and translation [ 56 ]. The func-
ion of RHS7 is unknown and as such the significance of pref-
erential association with TbMex67 is currently unclear. Tb-
Mex67b also has significant enrichment (3- to 8-fold enrich-
ment, P -value < 0.01) of several high abundance elongation
factor transcripts (elongation factor 1- α and elongation factor
2) in PCFs compared to TbMex67 (Fig. 4 B). 

Given the difference in essentiality of TbMex67 and Tb-
Mex67b in the two major life cycle stages we also examined
transcripts of the major surface antigens, namely procyclins
in PCFs and variant surface glycoproteins (VSGs) in BSFs
( Supplementary Fig. S3 ) that are the major surface proteins
in both life cycle stages [ 106 –110 ], and are generated by Pol
I transcription, a unique feature of the African trypanosome
[ 111 , 112 ]. Our hypothesis was that perhaps TbMex67b has
a unique role in export of VSG transcripts since it is essential
in the blood stage of the parasite, whilst TbMex67 is a general
exporter because it is essential in all life cycle stages. However,
at our sequencing resolution, both TbMex67 and TbMex67b
associate with procylins and a dominant VSG transcript with
no statistically significant enrichment. However, we noted that
while the dominant VSG transcript showed no preference for
TbMex67 or TbMex67b, TbMex67b showed a statistically
significant depletion of other VSG transcripts relative to Tb-
Mex67 in both PCFs and BSFs, seen in both GO-term enrich-
ment analysis and when comparing relative VSG transcript
abundances ( Supplementary Fig. S4 , Supplementary Table S2,
and Supplementary Table S3 ). The presence of multiple VSG
transcripts associated with TbMex67 and TbMex67b par-
alogs is consistent with many earlier studies, and in par-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
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ticular evidence for multiple VSG mRNAs within the nu-
cleus, but with few or just one VSG mRNA in the cytoplasm
( Supplementary Figs S3 and S4 ) [ 113 , 114 ]. This new evidence
suggests that nascent transcripts associate with the Mex67 ex-
port machinery, but that the homotype VSG is by far the most
abundant, and hence that the mechanisms preventing entry to
the cytosol and translational machinery are pre-engagement
with the Mex67 export apparatus per se , and hence may be
associated with events at, or close to, the NPC. Given the prox-
imity between the active VSG and the spliced leader locus at
the ESB, it is tempting to speculate that “inactive-” VSG mR-
NAs lack a 5 

′ -miniexon, and hence are marked for nuclear
retention/degradation [ 115 ]. 

We also asked if UTR length or GC content of the isolated
RNAs were biased towards TbMex67 and TbMex67b RNA
cargos, and observed that transcripts enriched with TbMex67
had lower GC content (mean %GC of 43.1% versus 50.5%
in BSF, 44.1% versus 47.9% in PCF) and longer 3 

′ UTRs
(mean of 1280 versus 641 bp in BSF, 1114 versus 526 in PCF)
than those enriched with TbMex67b ( P < 0.0001 by Mann–
Whitney test for all comparisons) ( Supplementary Fig. S5 ). We
are currently investigating the significance of these differences.

TbMex67L is required for the biogenesis of the 60S 

ribosomal subunit 

We affinity captured TbMex67L, isolated the associated RNA
and compared with that of TbMex67 (Fig. 4 C and D) and Tb-
Mex67b ( Supplementary Fig. S1 ). TbMex67L does not asso-
ciate with mRNAs (Fig. 4 C), apart from nineteen RNA Pol I
transcripts that are mainly pseudogenes of VSGs and expres-
sion site associated genes (ESAGs). Curiously these few VSG
pseudogenes and ESAGs are the same in both BSFs and PCFs
and. There has previously been an interesting observation that
TbMex67 prevents readthrough of Pol I transcription beyond
chromosomal loci of procyclin genes [ 116 ], raising the possi-
bility of a similar function forTbMex67L. 

Consistent with a nucleolar localization and protein inter-
actome enriched with ribosome biogenesis factors, we found
that the affinity-isolated RNA associated with TbMex67L
consisted of several rRNA transcripts (28S, 5.8S, and M1-6
rRNA [ 117 ]) that together form the pre60S subunit, indicat-
ing a role in large subunit assembly (Figs 2 and 4 D). We tested
the impact of TbMex67L RNAi and TbMex67 (as a control)
in BSFs on ribosome biogenesis, choosing this life stage on
account of the more rapid response of RNAi in comparison
to PCFs to avoid pleiotropic effects. We harvested the RNAi-
induced BSFs 18 hours post RNAi induction, lysed cells in the
presence of cycloheximide and fractionated their polysomes
over a sucrose gradient. Strikingly, RNAi ablation of Mex67L
resulted in depletion of the 60S LSU peak, but not the 40S SSU
peak. RNAi knockdown of TbMex67 did not affect the 40S
or 60S peaks (Fig. 5 A). This suggests that Mex67L is involved
in the biogenesis of the LSU and not the SSU, and consistent
with the presence of NOG1, a core protein in LSU biogenesis
in the TbMex67L interactome [ 100 ]. 

Ribosome biogenesis primarily occurs in the nucleolus
where RNA polymerase I synthesizes a large pre-rRNA (35S in
yeast, 47S in humans), which contains the 18S rRNA and two
of the three LSU rRNAs (25S and 5.8S in yeast, 28S and 5.8S
in humans) [ 118 , 119 ]. The rRNAs are typically flanked by
so called external transcribed spacers (5 

′ ETS and 3 

′ ETS) and
separated by internal transcribed spacers (ITS1 and ITS2). The
rRNA precursor undergoes co-transcriptional folding, pro- 
cessing, and modification, enabling the initial assembly and 

maturation of both ribosomal subunits within the nucleolus 
and the nucleoplasm. Unlike in yeast and humans, the try- 
panosome LSU is segmented and processed as six fragments: 
two large fragments (LSU α and LSU β), and four distinct small 
ribosomal rRNAs (sr1, 2, 4, and 6) (Fig. 5 B), a hallmark fea- 
ture not observed in other eukaryotes [ 119 ]. Thus, we reexam- 
ined our TbMex67L RIP-Seq data to test whether we observe 
intermediary pre-rRNA processing steps. 

We discovered that the rRNA from the TbMex67L affin- 
ity captured large ribosomal subunit (LSU) are not yet fully 
processed and still contain internal transcribed spacers ITS2,
ITS3, and ITS4 that interconnects both two large fragments 
(LSU α and LSU β), as well as two of the four distinct small ri- 
bosomal rRNAs (sr1 and sr2) (Figs 5B and 5C). Interestingly,
we were only able to affinity capture the LSU rRNA, with 

very little SSU rRNA in PCFs, unlike BSFs, which co-isolates 
both SSU and LSU (Fig. 5 C). This observation could be a re- 
sult of dynamics of processing as we do not observe ITS1 in 

18S sequences from the BSF. However, it is consistent with 

the observed difference in enrichment of 18S sequences be- 
tween the BSFs and PCFs (Fig. 4 D). Concomitantly, TbMex67 

and TbMex67b also associate with preferentially with 18S 
rRNA (Figs 2 B and 4 C). Interestingly, TbMex67 and TbMtr2 

have been implicated as involved in ribosome biogenesis as 
loss of either leads to irregular rRNA processing and aberrant 
polysome and ribosome formation [ 44 , 45 , 82 ]. It is unclear 
if opisthokont Mex67/Mtr2 are involved in ribosome biogen- 
esis, but they are associated with the export of both the 40S 
and 60S ribosomal subunits in yeast [ 47 , 49 ]. 

Discussion 

We have shown here that trypanosomatids have diversified 

an ancestral Mex67 into three paralogs that retain interac- 
tion with Mtr2 but support distinct cellular functions. All 
three share a core protein architecture and form heterodimers 
with Mtr2 likely via their evolutionarily conserved NTF2 do- 
main and possess an LRR domain, but outside of the core,
each paralog has distinct features. TbMex67 uniquely has 
an N-terminal CCCH zinc finger essential for function [ 38 ],
while TbMex67 and TbMex67b both have C-terminal UBA 

domains (Fig. 1 ). TbMex67L is considerably larger than the 
other two paralogs, due to extensive N- and C-terminal re- 
gions. Furthermore, TbMex67L has a large predicted unstruc- 
tured domain within the NTF2 domain (perhaps a reason that 
the TbMex67L/TbMtr2 does not interact with NPCs) and 

lacks the UBA-like domain important for mediating interac- 
tions with the THO complex component Hpr1 [ 83 , 120 ] and 

the FG–Nups of the NPC [ 96 ]. Concomitantly, TbMex67L 

localizes to the nucleolus and lacks obvious mRNA export 
functions. 

We conclude that TbMex67 and TbMex67b are both bona 
fide mRNA exporters as they localize and interact with the 
NPC, associate with mRNA and are required for mRNA ex- 
port, albeit TbMex67b is dispensable in PCFs albeit with a 
significant growth phenotype. Although TbMex67 and Tb- 
Mex67b in PCFs were not observed to associate stoichiometri- 
cally with many RBPs, we detected TbPABP2 and TbGle2 [ 41 ,
86 ] at substoichiometric levels by LC-MS, likely highlighting 
the dynamism of the system. Gle2 (Rae1 in animals) is asso- 
ciated with mRNA export as its perturbation leads to nuclear 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1443#supplementary-data
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Figure 5. TbMex67L is involved in 60S (LSU) maturation. ( A ) Polysomes were prepared at 18hrs to avoid pleiotropic effects associated with dying cells, 
from Control ( −Tet) and RNAi cells ( + Tet) for TbMex67 and TbMex67L RNAi cell lines. RNAi KD of TbMex67L results in a drop in the 60S peak and the 
appearance of shoulders (halfmers) on the polysome profile of cells depleted of TbMex67L, but not TbMex67 showing that this phenotype is specific for 
TbMex67L. ( B ) A schematic of the trypanosome rRNA processing pathway. The 28S rRNA is fragmented into two large and four small fragments unlike 
in opisthokonts. ( C ) In both BSFs and PCFs affinity isolated RNA, the LSU is still connected to the 5.8S, M1, M2 as well as ITS2, 3, 4, and 5, suggesting 
TbMex67L associates with LSU rRNA that is still being processed. Additionally, there is an association of TbMex67L with SSU rRNA in BSFs parasites 
and not insect stage PCF parasites that is apparent in Fig. 4 . 
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ccumulation of poly(A) RNA in yeast and humans [ 87 , 121 ].
here are two poly(A) binding proteins in trypanosomes; Tb-
 ABP1 and TbP ABP2 that also differ in their interactions with
ery distinct cohorts of mRNAs as well, perhaps segregat-
ng associating cis- acting elements [ 88 ], and the two export-
ng TbMex67 paralogs could have a similar functional bias
lthough this hypothesis is yet to be fully tested. Addition-
lly, there is a clear contrast between the protein interactomes
f TbMex67 and TbMex67b in BSFs. TbMex67b associates
ith TbSub2, and HYP, suggesting that the TbMex67 and Tb-
ex67b may operate on two separate pathways, or—more

peculatively—upstream and downstream of one another in
NA processing, considering that Sub2 is an integral compo-
ent of the THO/TREX complex [ 6 ] (Fig. 2 ). 
Interestingly, the T. cruzi Mex67b and HYP orthologs

ere recently identified in a proteomic screen using TcSub2
s the affinity handle, strongly supporting its role as being
nvolved in mRNA export [ 10 ]. The recapitulation of this

ex67b-specific Sub2 and HYP interaction in T. brucei thus
emains intriguing. On the other hand, TbMex67 has a signifi-
antly higher association with mRNAs encoding RBPs in BSFs
Fig. 4 ), suggestive of a role in gene regulation in this life cycle
tage. This complex involvement of likely several RBPs with
he TbMex67 paralogs shows that further analyses is required
o delimit the roles of each paralog in BSFs and PCFs. 

Several lines of evidence indicate that TbMex67L oper-
tes in rRNA maturation and ribosomal assembly rather than
RNA processing and export and disengages prior to riboso-
al subunit export. This functional distinction is probably a
comparatively newer adaptation in the evolution of eukary-
otes as TbMex67L retains both the Mtr2-interacting domain
and an interaction with Mtr2, which together form an obligate
FG–Nup repeat interacting region in other Mex67 homologs.
We speculate that TbMex67L may have retained weak in-
teractions with FG repeats to allow a lower degree of FG–
Nup association than we can currently detect, but sufficient
enough to aid in import of the heterodimer into the nucleus
so that it can access the nucleolus. This functional distinction
is, to our knowledge, unique amongst Mex67 homologs [ 80 ].
It may also have revealed a previously suspected, but not dis-
sected, direct role for Mex67 in RNA processing and assem-
bly to generate a mature RNP in many eukaryotes—including
ourselves—as well as its role normally in export of the mature
RNP out of the nucleus [ 45 ]. 

It is well documented in opisthokonts that Mex67/NXF1
is also involved in the export of ribosomal subunits through
the Crm1/XPO1–NMD3 pathway (reviewed in [ 68 ]). Simi-
larly, TbMex67 participates in the NMD3 pathway in try-
panosomes, suggesting a level of evolutionary conservation
[ 44 ]. We suggest that TbMex67 and TbMex67b also have
roles in 40S subunit export, as evidenced by their interaction
with 18S rRNA. TbMex67 may also function in 60S export
in trypanosomes via interaction with the 5S RNP [ 82 ]. 

While other unicellular lineages appear to possess just
one Mex67 gene, metazoans can encode several isoforms
of Mex67 or NXF, albeit closely related in sequence and
structure (unlike TbMex67, TbMex67b, and TbMex67L) and
some of which are generated as splice variants [ 80 , 122 –125 ].
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For instance, vertebrates have six NXF gene products, namely
NXF1–NXF6 [ 80 ]. NXF1 (Mex67) is found in all tissues and
is considered the global conserved mRNA exporter in meta-
zoa whilst NXF2, NXF3, and NXF5 have tissue specific func-
tions in the testes or neurons [ 80 , 125 –127 ]. NXF5 localizes
to neurons and associates with translating ribosomes, stress
granules, and P-bodies [ 123 , 126 , 128 –130 ]. NXF1 and NXF2
predominantly localize to the nucleoplasm and display mRNA
export activities, whilst NXF3 and NXF5 are mainly cyto-
plasmic, highlighting possible functional differences [ 80 , 131 ].
Importantly, NXF1, 2, and 3 form a heterodimer with NXT1
(Mtr2) which facilitates NPC localization and translocation
[ 15 , 25 , 97 , 122 , 132 ]. 

Gene regulation is a core cellular process, and with the ad-
vent of eukaryogenesis the evolution of the nuclear brought
new opportunities. Many of the processes that mediate selec-
tive mRNA expression are in part or wholly located at the
nuclear envelope. Trypanosomes, one of the earliest groups
to separate from the main eukaryotic lineage, can offer a
glimpse into alternate mechanisms across cellular processes.
Many studies have highlighted the distinct nature of the com-
ponents supporting mRNA processing and frequently ratio-
nalized as a reflection of the use of trans- splicing mechanisms
in the resolution of nascent mRNAs and the absence of dif-
ferential cis -splicing. This means that, at the same time, there
is potentially reduced burden in mRNA quality control but
also an increased role for mRNA-based processes in terms of
control of protein copy number. Here, we have shown that
there are three Mex67 paralogs, each with a unique role, and
also that there is association of these proteins with differenti-
ation pathways and the mediation of transcriptional cascades.
There is also a highly distinct mechanism at play as all three
Mex67 proteins interact with the Ran system, further differ-
entiating trypanosomes and other lineages. This ties in with
current knowledge that the trypanosome NPC has a divergent
architecture especially at the nuclear basket and cytoplasmic
mRNA export platform [ 28 , 29 ]. Furthermore, the Ran cy-
cle is apparently mediated by a TBC GAP, significant as TBC
GAPs in animals and fungi operate on Rab proteins with Ran
GAP proteins bearing distinct architecture. 

One interpretation is that the roles of Mex67 expanded in
trypanosomes and switched to a Ran-mediated mechanism
from an ATP-mediated one, but the alternative hypothesis,
that trypanosomes would represent the ancestral state is also
appealing. Here, there would have been a single mechanism
that controls all nuclear export, regardless of the type of cargo,
and the Ran system is controlled by a TBC GAP that could
represent again the ancestral GAP architecture, prior to sep-
aration between Rab and Ran GTPases. That this could be
reflective of the configuration in the last common eukaryotic
ancestor is a tempting speculation. 

Eukaryotic gene expression shares many ancestral prop-
erties, albeit with additionally species-specific proteins and
novel pathways arising to address the specific evolutionary
adaptations of each organism. Trypanosomes have sculpted
their mRNA processing/export pathways in ways very distinct
from opisthokonts, perhaps as a consequence of polycistronic
transcription and PolI transcription of protein-encoding mR-
NAs. In trypanosomes, mRNA export and processing appear
to be Ran-dependent, with no apparent Dbp5 or Gle1 ho-
mologs to drive export, another fundamental shift in how
the pathway is controlled when compared with the canon-
ical pathway in animals, fungi, plants, and most other lin-
eages. Trypanosomes have generally provided evolutionary 
lessons in the plasticity of conserved eukaryotic machineries,
given other examples of highly distinct seemingly kinetoplas- 
tid functions such as an atypical lamina, nuclear basket and 

divergent kinetochores. We anticipate that a more detailed dis- 
section of the molecular players and mechanisms associated 

with these three Mex67 homologs will provide insights not 
only into the fascinating plasticity of their functionality but 
also into core principles of RNA processing and nuclear ex- 
port mechanisms that must be shared between essentially all 
eukaryotes. 
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