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ABSTRACT

The nuclear envelope (NE) separates translation and transcription and is the location of multiple
functions, including chromatin organization and nucleocytoplasmic transport. The molecular basis
for many of these functions have diverged between eukaryotic lineages. Trypanosoma brucei, a
member of the early branching eukaryotic lineage Discoba, highlights many of these, including a
distinct lamina and kinetochore composition. Here, we describe a cohort of proteins interacting
with both the lamina and NPC, which we term lamina-associated proteins (LAPs). LAPs represent a
diverse group of proteins, including two candidate NPC-anchoring pore membrane proteins
(POMs) with architecture conserved with S. cerevisiae and H. sapiens, and additional peripheral
components of the NPC. While many of the LAPs are Kinetoplastid specific, we also identified
broadly conserved proteins, indicating an amalgam of divergence and conservation within the
trypanosome NE proteome, highlighting the diversity of nuclear biology across the eukaryotes,
increasing our understanding of eukaryotic and NPC evolution.
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Introduction Saccharomyces cerevisiae and other fungi, plants

The nucleus is delineated by the nuclear envelope
(NE) and structurally supported by an internal
lamina that constitutes a nucleoskeleton, various
lamina-interacting proteins and the nuclear pore
complex (NPC). The lamina mediates chromatin
organization, gene regulation, maintenance of
nuclear integrity and localization of the NPCs
[1]. In some organisms, the NE disassembles dur-
ing mitosis, while in others remains essentially
intact, with no known correlation between lamina
composition and open or closed mitosis [2,3]. In
metazoa, the lamina is composed of ~60 kDa
lamins, type V intermediate filament proteins.
Lamin orthologs are widely distributed across
eukaryotes, and it is likely that the last eukaryotic
common ancestor (LECA) possessed a lamin-
based lamina [3]. However, lamins are not univer-
sal and many lineages lack lamin genes, including

and many protists [4,5]. In some lineages, lamins
have been replaced by protein analogs retaining
highly equivalent functions [4,6-9], suggesting
that structural and functional demands can be
met by alternate mechanisms.

In many organisms, lamina-interacting proteins
include the LINC (Linker of Nucleoskeleton and
Cytoskeleton) complex, which connects the nuclear
lamina and cytoskeleton and functions in nuclear
positioning [10], and LEM-domain (LAP2, emerin,
MANT1) proteins involved in chromosome tethering
and NE repair through ESCRT recruitment [11,12].
Mutations in lamins or lamin-associated genes can
give rise to laminopathies, many of which are asso-
ciated with alterations in chromosome stability and
gene expression and result in severe developmental
disorders [11,13]. The NPC, a multiprotein com-
plex that supports all known transport into and out
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of the nucleus, also interacts with the lamins. The
NPC is composed of a core scaffold of nucleoporins
(or Nups) with a combination of B-propeller/a-
solenoid domain architecture [14], that anchor
FG-Nups, proteins having extensive disordered
domains containing Phe-Gly repeats. FG-Nups
occupy the NPC central channel and mediate selec-
tive gating [15]. The nuclear face of the NPC, and
the associated nuclear basket, interacts with mRNA
processing complexes and chromatin to modulate
gene expression [14,16]. Significantly, the NPC is
subject to evolutionary sculpting, with distinct
arrangements of subdomains in different taxa
(17,18].

Trypanosoma brucei is a unicellular parasite
causing human African trypanosomiasis and
Nagana in animals [19]. While currently no longer
a major public health threat, T. brucei remains an
important model for evolutionary cell biology, due
to early divergence from the main eukaryote line-
age and ease of manipulation [20-22]. Multiple
nuclear functions are represented in T. brucei by
very divergent systems, including mRNA proces-
sing and splicing, chromosome segregation, het-
erochromatinization and monoallelic exclusion at
telomeric expression sites [4,23]. Divergence
within the nuclear proteome of trypanosomes
extends to histones, resulting in altered nucleo-
some structures [24] and elements of the tran-
scriptional system [25], reflecting an extremely
deep divide between T. brucei and animals, fungi,
plants and most protists. Furthermore, many pro-
teins identified at the nuclear envelopes of mam-
malian cells, trypanosomes and other organisms
are lineage-specific; for example, animals do not
share the majority of nuclear envelope trans-mem-
brane (NET) proteins with even ‘closely’ related
taxa such as yeasts [26].

Two lamina components, NUP-1 and NUP-2,
have been identified in T. brucei and have major
roles in nuclear organization and heterochromatin
silencing [8,9]. NUP-1 is a 407 kDa coiled-coil
repetitive protein required for maintenance of
nuclear integrity, maintaining NPC position, chro-
mosome organization and antigenic variation [8].
NUP-2 is 170 kDa and also has coiled-coil archi-
tecture but lacks a repetitive structure. Similar to
NUP-1, NUP-2 is also required for maintenance of
nuclear structure, chromosome organization and

antigenic variation; significantly, both NUP-1 and
NUP-2 are codependent for correct localization,
indicating intimate functional - and likely physical
- contacts [9]. NUP-1 and NUP-2 are present
across the kinetoplastids, but not beyond, and,
for example, they are absent from Euglena gracilis
(8,9,27].

The trypanosome NPC has been characterized by
comparative genomics and proteomics [28-30]. No
proteins or genes resembling the LINC complex or
LEM-domain components have been identified
either in silico or through extensive proteomics
[3,4,9,28,29], suggesting that either the trypanosome
NE truly has highly distinct composition or that
many protein sequences are too divergent for iden-
tification. To expand our understanding of the NE,
and in particular connections with the lamina and
NPC, we have identified trypanosome NE proteins
through direct, unbiased proteomics. Remarkably,
most of these proteins are specific to the trypano-
some lineage, supporting a paradigm of distinct NE
composition between lineages. However, we identify
a structural homolog of the NPC membrane
anchoring proteins Pom152 and GP210, suggesting
a conserved mechanism for NPC interaction with
the membrane.

Methods
Structural annotation and prediction

Coiled-coil domains were predicted with COILS
[31] using weighted and unweighted scans with a
sliding window of 28 residues. Signal peptides and
trans-membrane domains were predicted using
Phobius [32,33], SignalP v3.0 or v4.1 [34-36] and
TMHMM (http://www.cbs.dtu.dk/services/
TMHMMY/). NCBI conserved domain search [37],
HHPred [38,39], Prosite [40,41] and HELIQUEST
[42] were used to predict domains and motifs. For
HHPred [38,39], sequences were searched against
the PDB70 [43] and PFAM-A [44] databases. Hits
(models and protein families) returned were consid-
ered homologous if they had a probability >95%.
Hits with >50% probability were considered likely if
multiple hits contained the same domain or if the
domain was identified through two or more meth-
ods. cNLS Mapper [45], NucPred [46] and
NLStradamus [47] were used to predict nuclear
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localization and identify nuclear localization signals.
Precomputed AlphaFold [48,49] structures were
obtained for LAP59 (UniProt: Q57X92), LAP73
(UniProt: Q583W2), LAP102 (UniProt: Q581B5)
and LAP173 (UniProt: Q585F7). For T. brucei
LAPs 71 and 92 and E. gracilis LAP59, AlphaFold
[48,49] predictions were computed using the
DeepMind Colab Jupyter notebook [50] with default
settings (Supplementary Figure S1).

Due to the size of LAP333 multiple approaches
were required to model the structure. Firstly,
GlobPlot [51] was used to identify globular domains
within LAP333. Three globular domains were iden-
tified (Supplementary Figure S2) and their tertiary
structures predicted using the AlphaFold DeepMind
Colab Jupyter notebook [50] monomer model with-
out the relaxation stage. The second LAP333 globu-
lar domain was divided into two sections due to
computational restrictions (fragments 2A and 2B,
Figures 4(b) and S3). These models are referred to
as DeepMind monomer models. The second
approach was to fragment LAP333 into N-terminal
(residues 1-1681), C-terminal (residues 1682-3030)
and an overlapping middle fragment (residues
1126-2480) (Supplementary Figure S4). These frag-
ments were predicted using the ColabFold [52]
AlphaFold instance with default settings (no relaxa-
tion) and are referred to as ColabFold [52] mono-
mer predictions (Supplementary Figure S5). Thirdly,
we predicted the full-length LAP333 structure using
the AlphaFold [48,49] multimer [53] model with
both the DeepMind Colab Jupyter notebook [50]
and the ColabFold [52] instance, referred to as the
DeepMind multimer and the ColabFold [52] multi-
mer models respectively (Supplementary Figures
S6-S8). For the DeepMind multimer model, the
‘use_multimer_for_monomers’ setting was selected,
without relaxation and twenty recycles used. For the
ColabFold [52] multimer model the settings were
changed so a single model was computed, without
relaxation and using 20 recycles. Models were visua-
lized in either PyMOL [54] or iCn3D [55].

Protein structures were searched against PDB25
with DALI [56]. The top five hits with a Z score >2
were investigated using the DALI [56] structure
viewer. Folds and domains were predicted for the
query structure if the hit contained a domain or
fold over the aligned region in InterPro [57]. To
improve DALI searching for LAP333, AlphaFold
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models were fragmented into domain regions
based on model structure. The same region across
models was aligned in PyMOL [54] and where the
RMSD was <5 only a single domain region was
searched using DALI as above, excluding the
LAP333  trans-membrane bundle (residues
2918-3030) which produced RMSD values >5
between models but only the DeepMind monomer
model was searched. For LAP92, the metal-bind-
ing region was also extracted and searched (resi-
dues 703-784) with DALI [56] separately. All
software used default settings unless otherwise
stated.

Comparative genomics and phylogenetics

Predicted proteomes were obtained for 36 organisms
across the eukaryotic tree (see Supplementary
Table S1 for details). The predicted proteomes were
compiled as a single database and searched with
Trypanosoma brucei 927 sequences using BLASTp
[58] with an Expect value (E-value) threshold of 0.1.
The top five hits per organism were filtered based on a
calculated alignment length >30% coverage of the T.
brucei query sequence length. Hits were used in
reverse BLASTp searches. Orthology was predicted
based on the top five hits with a calculated alignment
length >30% of the query sequence identifying the
original T. brucei query sequence. Alignment lengths
were calculated based upon addition of the lengths of
non-overlapping local alignments with gaps removed.
Sequences from distantly related kinetoplastids
Blechomonas  ayalai, Crithidia  fasciculata,
Leptomonas pyrrhocoris and Bodo saltans were also
used to search the database.

Predicted orthologs were aligned using
MUSCLE [59] version 3.8.1551, trimmed using
alncut [60] (version 1.06) with gaps only allowed
in 25% of sequences per residue and approximate
maximum likelihood phylogenetic trees con-
structed using FastTree [61] (version 2.1.10).
Following confirmation of orthology, the unedited
alignment was used to build an HMM profile to
search through remaining organisms where no
orthologs were identified (HMMER [62] version
3.2.1). The top five hits per organism were taken
and used in reverse BLASTp against the original
database with an E-value cutoff of 0.1. Orthology
was considered if the top reverse BLASTp hit per
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query per organism identified one of the sequences
in the HMM profile. Sequences were aligned,
trimmed and a phylogenetic tree was built as
described above to confirm orthology. The process
was repeated until no additional sequences were
identified.

Where  orthologs were unidentified in
Kinetoplastid organisms or an identified ortholog
was incomplete, alternative strains were searched
using either manual searching, batch_brb [63] or
the TriTrypDB [64] orthology data with various
kinetoplastid sequences as queries. Where this was
also unsuccessful or the alternative strain had no
predicted proteome data, additional tBLASTn
[58,65] searches were performed against the gen-
omes of these organisms using either TriTrypDB
[64], Ensembl Protists [66] or the NCBI whole-
genome shotgun contigs repository [67] with var-
ious kinetoplastid sequences as queries. Regions sur-
rounding the identified tBLASTn hits were
extracted, and Expasy [68] Translate was used to
identify the ORF. If the protein sequence was iden-
tified across multiple reading frames due to unse-
quenced regions, these frames were fused to create a
full-length protein. If the protein was identified
across multiple reading frames, likely due to sequen-
cing errors or a chimera created by assembly errors,
original sequencing reads were downloaded and
assessed — see Next-generation sequencing analysis.
If this was the first identification of the protein, a
reverse BLAST [58,65] was performed.

For LAP59, as many orthologs are predicted to
contain the same domain (InterPro: IPR019176),
additional searching of the InterPro database [57]
was performed to identify all proteins containing the
domain of interest. Results were filtered by domain
topology and taxonomy restricted to groups where
no ortholog was identified. The AlphaFold [48,49]
predicted structures of these proteins were down-
loaded, analyzed in PyMOL [54], domain of interest
extracted and aligned to the T. brucei AlphaFold
structure domain using PyMOL [54]. Alignments
which produced an RMSD of <3 were considered
positive hits. The entire protein sequence was used in
a BLASTp against the original organism database
with an E-value cutoff of 0.1. Orthology was pre-
dicted if the top hit identified a previously identified
ortholog. For LAP173, putative orthologs with a
sequence length of <1000 residues were excluded to

remove hits likely identified solely from the presence
of a Sac3/GANP domain.

Additional best reciprocal BLAST (BRB) searches
were performed against the EukProt TCS database
[69] (excluding Nomnionella stella) and assembled B.
saltans and P. confusum transcriptomes using
batch_brb [63] v1.0.1 with the top five hits and an
alignment coverage of 30%. The EukProt TCS data-
base (excluding N. stella) was searched with
TbLAP333, B. saltans LAP333 fragmented gene pre-
dictions and hits from Telonema sp. P-2 and
Colponema vietnamica as queries. The B. saltans
assembled transcriptome was searched with
TbLAP333 as the query. The P. confusum transcrip-
tome was searched with P. confusum LAP102 fusion
protein (PCON_0077700). Identified transcripts of
interest were translated using ExPasy [68] translate
and included with the identified orthologs for phy-
logenetic analyses and for LAP333, additional
HMMER searches.

Following identification of putative orthologs,
sequences were aligned and edited as above (unless
specified otherwise) and final maximum likelihood
and Bayesian inference phylogenetic trees con-
structed using PhyML 3.0 [70] and MrBayes 3.2.6
[71] respectively. PhyML [70] was performed with
default settings and a bootstrap of 1000. MrBayes
was run on the CIPRES Science Gateway [72] portal
with an MCMC generation of 800,000, 1000 sam-
pling frequency with the first quarter as burn-in
and a I' shape rate variation with four categories.

Next-generation sequencing analysis

Genomic or RNA-seq illumina reads were down-
loaded from the European Nucleotide Archive
(ENA) (A. deanei genome: PRJEB36170 [73,74],
B. saltans RNA-seq: PRJEB3146 [75,76], E. mon-
terogeii RNA-seq: PRINA680236 [77,78], P. confu-
sum poly(A)-enriched RNA-seq: PRJNA414522
(sample SAMNO07793202) [79,80]). Reads were
assessed for quality, trimmed, base calls corrected
and adapter sequences removed using fastp [81]
version 0.23.2 with the following flags: —detect_a-
dapter_for_pe, —overrepresentation_analysis, —
correction and —cut_right. Quality assessment of
trimmed reads was performed using FastQC
(https://www.bioinformatics.babraham.ac.uk/pro
jects/fastqc/) and MultiQC ([82] version 1.13.
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Genome sequence files and GFF files were down-
loaded from TriTrypDB [64] versions 60 (A. dea-
nei and B. saltans) or 61 (E. monterogeii and
P. confusum). The genomes were indexed with
BWA version 0.7.17 and reads mapped using
BWA-MEM [83]. Reads were sorted by name
with the -n flag, mates fixed (-m), resorted (with-
out -n) and indexed using SAMtools [84] version
1.16.1. Mapped reads were visualized with
JBrowse2 [85] version 2.2.1. Manual inspection
was performed to identify indels in the genome
sequences relative to the illumina reads. For A.
deanei and E. monterogeii custom Python scripts
(https://github.com/erin-r-butterfield/LAPs) were
used to extract the genome sequence of the region
of interest and correct identified indels. Expasy
[68] Translate was used to translate the new
sequence and identify the gene ORF. For B. saltans
and P. confusum; the trimmed read names were
altered with Awk (e.g. zcat ./trimmed/
ERR152949_1.fastq.gz | awk ‘{{print (NR%
4 == 1) ? “@ERR152949_" ++i “/17: $0}}’ | gzip
-c > ERR152949_1.renamed.fastq.gz) [86] and the
transcriptome assembled using Trinity v2.8.5 [87].

Culture and in-situ tagging of T. brucei

Procyclic (PCF) T. brucei Lister 427 cells were
cultured in SDM-79 medium supplemented with
10% (v/v) fetal bovine serum as described pre-
viously [28,88]. LAPs 71, 102 and 173 were
C-terminally tagged in situ with either GFP or
3xHA using the pMOTag vectors [89]. LAP73
was N-terminally tagged in situ with a 12xHA tag
using the p2929 vector [90]. We used the pre-
viously published NUP-1 [8], NUP-2 [9] and
LAP59 [29] GFP tagged cell lines. Cell lines were
maintained in required antibiotics at the following
concentrations: 1 pg/mL puromycin, 25 pg/mL
hygromycin and 10 pug/mL blasticidin.

Immunofluorescence microscopy

Immunofluorescence microscopy was performed as
described [91]. The following antibodies and con-
centrations were used: polyclonal rabbit anti-GFP
(Santa Cruz) 1:1000, polyclonal rabbit anti-GFP (in
house) 1:15,000, mouse anti-GFP (Roche) 1:3000,
polyclonal rabbit NUP-1 anti-repeat (Covalab;
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NUP-1 peptide: NH,-CLNAAGVRVRT
SQSDKD-COOH) 1:750 [8], monoclonal mouse
MAD414 (anti-nuclear pore complex proteins)
(Covance) 1:5000 [92,93], monoclonal rat anti-HA
(Roche) 1:1000, monoclonal mouse anti-HA 1:1000
(Santa Cruz), polyclonal goat anti-rabbit Alexa Fluor
568 1:1000 (Life Technologies), polyclonal goat anti-
mouse Oregon Green 488 1:1000 (Invitrogen), poly-
clonal goat anti-rat Alexa Fluor 568 1:1000 (Life
Technologies). Widefield images were acquired
with a Zeiss Axiovert 200 M inverted microscope
with ApoTome.2 enabled and an Axiocam MRm
camera. Apotome images were converted to conven-
tional fluorescence images (without correction) using
Zen Blue Lite Software (Zeiss). Confocal images were
acquired with a Zeiss LSM700 inverted confocal
microscope. Z-stack confocal images were 3D pro-
jected using the orthogonal projection tool within
Zen Blue Lite. All images were set to minimum/
maximum level within Zen Blue Lite and back-
ground and brightness adjusted with Photoshop
(Adobe Inc.). Colocalization analysis was performed
on widefield Apotome images converted to conven-
tional fluorescence images (without correction) and
set to minimum/maximum level (Zen Blue Lite
Software). Pearson’s correlation coefficients were cal-
culated for regions of interest using the BIOP JACoP
plugin [94] in FIJI [95] with Otsu thresholding [96]
and the fluorogram auto-adjusted on at least three
cells for each stage of the cell cycle.

Isolation and identification of lamina-interacting
proteins

Protein-protein interactions identified
through co-immunoprecipitation as described
[29,30]. Briefly, procyclic T. brucei in-situ GFP-
tagged parasites were grown to a density of
2.5 x 107 cells/mL. Parasites were harvested, flash
frozen in liquid nitrogen and cryomilled using a
Retsch PM100 planetary ball mill. Aliquots of the
resulting frozen grindate were resuspended in var-
ious extraction buffers (LAPs 59 and 71: 20 mM
HEPES, pH7.4, 250 mM NaCl and 0.5% Triton;
LAP102: 20 mM HEPES, pH7.4, 250 mM NacCl
and 0.5% CHAPS; NUP-1: 20 mM HEPES, pH 7.4,
250 mM NaCl, 0.5% Triton and 0.5% deoxy-
BigCHAP; NUP-2: 20 mM HEPES, pH 74,
250 mM Citrate, 0.5% Triton) containing a

were
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protease inhibitor cocktail without EDTA (Roche).
These were sonicated on ice with a microtip soni-
cator (Misonix Ultrasonic Processor XL) at Setting
4 (~20 W output) for 2 x 1 second to break apart
aggregates that may be invisible to the eye, and
clarified by centrifugation (20,000 x g) for 10 min
at 4°C. Clarified lysates were incubated with mag-
netic beads conjugated with polyclonal 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 elution with 2% SDS/40 mM Tris
pH 8.0. The eluate was reduced in 50 mM DTT
and alkylated with 100 mM iodoacetamide, prior
to downstream mass spectrometry (MS) analyses
using either electrospray ionization (ESI) (NUP-1,
NUP-2 and LAP102) or Matrix-Assisted Laser
Desorption - Time of Flight (MALDI-TOF)
(LAP59 and LAP71). Eluates from the affinity cap-
ture experiments were loaded into the wells of a 5%
acrylamide gel and run at 100 V for 5 minutes to
allow the proteins to migrate approximately 2 mm
into the gel (for ESI) or fractionated using SDS-
PAGE (Novex 4-12% Bis Tris gels (Life
Technology)) (for MALDI-TOF). The gels were
then fixed for 5 minutes in 50% methanol/7% acetic
acid, and then stained using GelCode™ Blue Stain
(Thermo Scientific). The protein bands were
excised from acrylamide gels and destained using
50% acetonitrile, 40% water, and 10% ammonium
bicarbonate (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 pg sequence-grade trypsin, depending on
protein band intensity. Digestion was carried out at
37°C for 6 hours prior to peptide extraction using
C18 beads (POROS) in 2% TFA (trifluoroacetic
acid) and 5% formamide. Extracted peptides were
washed in 0.1% acetic acid (ESI) or 0.1% TFA
(MALDI-TOF) and analyzed on a LTQ Velos
(ESI) (Thermo) or pROTOF (MALDI-TOF)
(PerkinElmer). The MALDI-TOF data was analyzed
using ProFound [97], and the ESI LC-MS data
analyzed using the Global Proteome Machine [98].
Identified proteins were ranked by peptide log
intensity and the top 50 hits selected for further
analyses.

Modeling of protein complexes

LAP333 DeepMind monomer fragments were mod-
eled with LAP59 using AlphaFold DeepMind Colab
Jupyter notebook [50] multimer modeling [53] with
20 recycles and no relaxation. Models were visua-
lized in PyMOL [54]. Electrostatic charges were
determined using the APBS plugin [99,100] with
default settings and hydropathy visualized using the
color_h PyMOL script [101,102].

Results

Identification of candidate trypanosome lamina-
associated proteins

There is considerable divergence between the trypa-
nosome lamina and that in other lineages, which
extends beyond core components, as evidenced by
proteomics and high-throughput localization studies
not limited to the distinct lamina system
[3,9,26,28,29,103-105]. To increase understanding
of the NE/NPC/lamina nexus, we exploited a tar-
geted strategy based on physical association with
known NE components. We performed co-immu-
noprecipitation on cryomilled cell lysates from
NUP-1:GFP and NUP-2:GFP cell lines and analyzed
with LC-MS (ESI) to identify additional lamina pro-
tein-protein interactions (PPIs) (Supplementary
Tables 2 and 3). These were sorted by peptide log
intensity, and we selected the top 50 hits, cross-
referencing to data from multiple NPC and lamina
immunoisolations [9,29] to robustly identify new
proteins from both a lamina and an NPC purifica-
tion. This strategy identified seven proteins as both
lamin and NPC PPIs. We designate these proteins as
lamina-associated proteins or LAPs (Figure 1).

To validate this cohort as bona fide lamina-asso-
ciated and/or NE proteins, each LAP gene was
tagged in situ and the resulting protein chimera
localized using immunofluorescence microscopy
(Figure 2). We were unable to tag LAP92 [29] or
LAP333, and indeed high-throughput and other stu-
dies similarly failed to deliver clear localizations for
either protein [29,104-106]. We previously localized
LAP59 to puncta on the nuclear rim and the Golgi
complex [29]. LAP59 possess an N-terminal trans-
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membrane domain and nuclear localization signal
(NLS), suggesting that LAP59 is embedded in the
NE. LAP71 and 73 localize to puncta at the nuclear
periphery throughout the cell cycle and between
daughter nuclei during mitosis, similar to NUP-1
[8]. LAP102 localizes to the NE, but during anaphase
forms a punctate bridge between the two daughter
nuclei (Figure 2) while LAP173 localizes primarily to
puncta at the NE but is also present in the nucleo-
plasm. The localizations for LAP59, 71, 73, 102 and
173 are consistent with high-throughput data
[104,105]. Hence, we were able to validate five of
the cohort as present at the NE, albeit in some cases
detecting additional locations within the nucleo-
plasm, ER or Golgi complex, which is similar to
many mammalian NE proteins [107].

LAPs represent a diverse cohort of proteins

We used multiple in silico algorithms to analyze LAP
sequences for informative structural/sequence fea-
tures (Figure 1(a)). With the exception of LAP92, all
the LAPs are predicted to contain a likely monopartite
NLS, while LAP102 contains a second monopartite
NLS and LAP173 contains an additional bipartite
NLS. LAP59 is predicted to contain two N-terminal
trans-membrane domains and a C-terminal cyto-
chrome B561 domain (Supplementary Table S4).
LAP59 has been observed to be essential in some
stages of the T. brucei life cycle [108].

LAP71 contains an N-terminal SUMO-interact-
ing motif (residues 5-11) [109], is SUMOylated at
K28 [110] and is predicted to contain two coiled-
coil regions. A provisional chromosomal segrega-
tion domain and similarity to several proteins
involved with microtubules, spindle formation,
cell cycle and other functions was also identified
but restricted to the coiled-coil regions. A possible
cell cycle function for LAP71 is supported by
identification of LAP71 as a PPI of KKT-
interacting  protein 1 (KKIP1) although

localization suggests it is not part of the kineto-
chore [111]. LAP71 is not cell cycle regulated
[112], and although essentiality has been noted
[108], knockdown does not induce major cell
cycle defects [113] (Supplementary Figure S9).

LAP73 contains an Nup35/Nup53-type RNA-
binding domain. In yeast, Nup53 (ScNup53/59) is
involved with anchoring the pore to the NE through
an amphipathic lipid packing sensor (ALPS) motif.
T. brucei contains a Nup53 ortholog (TbNup65) but
uses a trans-membrane domain instead [29]. While a
Nup35/Nup53-type domain could suggest orthology
with ScNup53/59, the absence of interactions with
the NPC inner ring [29] or an obvious membrane
anchor suggests otherwise. LAP73 is essential for
some stages of the T. brucei lifecycle [108].

LAP92 possess an N-terminal mitochondrial
sphingomyelin phosphodiesterase domain, an
armadillo-type fold, a likely Zn2+—binding domain
(with conservation of the metal-binding sites:
Cys708, Cys711, Cys745, Cys748, Cys769 and
Cys772) and a C-terminal trans-membrane
domain. Domain predictions suggest LAP92 is a
structural homolog of the H. sapiens neutral
sphingomyelinase 3 (nSMase3), a Mg** or Mn”
"-dependent enzyme involved in catabolism of
sphingomyelin to ceramide [114]. HsnSMase3
localizes to the endoplasmic reticulum, Golgi,
Golgi-associated apparatus and outer nuclear
envelope [107,114-117], interacting with several
nucleoporins  including HsNup35 [116,117].
Knockdown results in altered mitotic NE
dynamics and post-mitotic insertion of NPCs
[117,118]. LAP92 interacts with NupllO rather
than Nup65 (the HsNup35 ortholog) [29,116]
and is essential [108]. Although LAP92 and
HsnSMase differ in their specific interactions and
the metal-binding domain [115], conservation of
protein size, domain architecture, structure
(Figure 3), localization pattern [119] and NPC
interaction [9,29,116] suggests structural and func-
tional homology between LAP92 and nSMase3.

provisional chromosomal segregation domain in LAP71, a Nup35/53-type RNA-binding domain in LAP73, mitochondrial associated
sphingomyelinase and metal-binding domain in LAP92, an SMC domain in LAP102, a Sac3/GANP domain in LAP173 and up to 13 Ig-
like folds in LAP333. (b) AlphaFold [48,49] predicted structures for the LAPs are colored by pLDDT for confidence as indicated. For
LAP333 fragmented and full-length structures were predicted individually using the monomer [48] and multimer [53] models
respectively with the DeepMind [50] and ColabFold [52] notebooks. The DeepMind multimer model is shown. Additional LAP333
fragment and full-length models are in Figure 4 and Supplementary Figures S5 and Sé6.
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Figure 2. LAPs are localized to the NE throughout the cell cycle. LAPs were visualized by in situ tagging and immunofluorescence
microscopy. Images shown are the 3D projection of confocal z-stacks. LAP71 and 173 were C-terminally tagged with GFP, LAP73 was
N-terminally tagged with 12x HA and LAP102 was C-terminally tagged with 3x HA. Scale bar = 2 pM. The LAPs show NE staining
throughout the cell cycle with an additional inter nuclei bridge for LAP102 post mitosis.

LAP102 has extensive coiled-coil regions and an
overlapping SMC-domain but is clearly not a canoni-
cal SMC component as it lacks additional features
[120] (Figure 1(b)). LAP102 expression peaks during
S-phase [113,121] and knockdown generates cells
with reduced DNA content (< 2C, where C is haploid
DNA) [113] (Supplementary Figure S9), although it is
nonessential [108].

LAP173 is predicted to contain a Sac3/GANP
domain which may suggest that this protein forms
part of the TREX-2 complex (Sac3-Thpl-Sem1-Susl-
Cdc3), but as no additional TREX-2 components have
been identified, this is the sole representative of this
mRNA maturation complex [122]. The identification
of LAP173 as Sac3 is supported by interactions with
FG-Nups 64 and 98, as these proteins contain a simi-
lar repeat type to the S. cerevisiae FG-Nups 1 and 60
which interact with ScSac3 [29,123-125]. Moreovet,

ScNupl is required for the localization of ScSac3 to
the NPC [124]. Knockdown of LAP173 suggests it is
essential during multiple stages of the trypanosome
life cycle [108].

LAP333 contains an N-terminal signal peptide,
multiple C-terminal trans-membrane domains, a
coiled-coil region and up to 13 immunoglobulin-
like (Ig-like) folds (Figures 1 and 4), suggesting
anchoring in the NE. LAP333's architecture and
protein interactions suggest LAP333 as a struc-
tural homolog to the NPC membrane ring pro-
teins Nup210 and Poml152 from humans and
yeast, respectively. Xenopus laevis GP210 (the
ortholog of HsNup210) contains an N-terminal
trans-membrane domain, 15 Ig-like folds, a B-
strand rich C-terminal domain and a C-terminal
trans-membrane domain [126] while ScPom152
contains three N-terminal trans-membrane
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LAP92

HsnSMase3

Figure 3. AlphaFold models for LAP92 and HsnSMase3. The domain topology for LAP92 suggests similarity with H. sapiens nSMase3.
The structures for the two proteins are shown and colored by their pLDDT as per Figure 1. The precalculated structure for

HsnSMase3 was downloaded from the AlphaFold database [49]

domains followed by ten Ig-like folds [127-129].
ScPom152 interacts with Nupl57 and Nupl70
[130]. TbNupl119 (an ortholog of ScNup157 and
ScNup170) interacts with LAP333 [29,131], sup-
porting the designation of LAP333 as a structural
and possible functional homolog of ScPom152.
Significantly, LAP333 also interacts with
TbNup65, a protein likely involved in NPC
anchoring due to its orthology with ScNup53
and possession of a trans-membrane domain
[29,132], further supporting the involvement of
LAP333 in NPC anchoring. Identification of
LAP333 as a NUP-2 interactor and the highly
similar interactomes of LAP333 and NUP-2
[9,29] suggests these proteins closely interact
and act as an additional anchoring point between
the lamina and the NPC [9]. LAP333 together
with LAP59 interacts with the kinetochore pro-
tein KKT18 [106] and consequently may also
indicate that KKTI18 interacts closely with the
nuclear envelope during G1.

The majority of LAPs are kinetoplastid specific

We performed phylogenetic analysis to understand
LAP origins and evolution (Figure 5, Supplementary
Tables S4-S6, Supplementary Figures S10-S19). LAP
orthologs were identified through best reciprocal
BLAST (BRB) and iterative HMMER. Many LAP

sequences were incomplete necessitating additional
analyses, transcriptome reassembly and searching
(Supplementary results).

The majority of LAPs (71, 73, 92, 102 and 333) are
restricted to the Kinetoplastids. No LAP71 orthologs
were identified in Phytomonas or B. saltans. Absence
from Phytomonas may be due to incomplete sequen-
cing, lineage-specific losses or high divergence of the
protein, while the B. saltans absence could suggest
LAP71 acquisition occurred in association with
parasitism, although we cannot eliminate the possi-
bility of incomplete genome data. LAP71 orthologs
were identified in A. deanei and S. culicis but we were
unable to resolve their position phylogenetically, due
to divergence (Supplementary Figure S10).

LAP73 is restricted to the Trypanosomatida
(Supplementary Figure S11) although no ortholog
was identified in Paratrypanosoma confusum. A
potential homolog is present in S. culicis although
it is unclear if this is a true ortholog of LAP73 as the
N-terminal RRM domain has a low probability of
being a Nup53-type (HHPred: 17™ hit, 41% prob-
ability), there is limited conservation of the
sequence with the remainder of the Kinetoplastids
(Supplementary Figure S12) and no corresponding
ortholog was identified in A. deanei. The absence of
a LAP73 ortholog in A. deanei could suggest either
incomplete sequencing or a lineage-specific loss of
this protein. The absence of an ortholog in P.
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confusum and B. saltans may suggest a late origin of
LAP73, although once more we cannot exclude the
possibility of incomplete sequence data. No orthol-
ogy was detected between LAP73, TbNupé65,

ScNup53/59 and HsNup35. Combined with the
absence of identified interactions between LAP73
and the NPC inner ring, it is unclear if LAP73 is
directly involved with the NPC structural core.
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sources are provided in Supplementary Tables S1, S5 and S6.

LAP92 is present across the Kinetoplastids (exclud-
ing Perkinsela) (Supplementary Figure S13). LAP92
shows no homology to the functional nSMase iden-
tified in T. brucei [133], consistent with
HsnSMase3, which shows no homology to other
H. sapiens nSMases [114].

LAP102 is present across the Kinetoplastids
(excluding Perkinsela), with high levels of conserva-
tion, necessitating a decrease in editing frequency
(gaps allowed in 75% of sequences) to ensure suffi-
cient signal for phylogenetic reconstruction
(Supplementary Figure S14). P. confusum has sev-
eral insertions relative to other Kinetoplastid
sequences (Supplementary Figure S15).

The LAP333 structure prediction indicates simi-
larity between LAP333, ScPom152 and HsNup210;
we therefore performed additional BRB searches
against the EukProt TCS database [69] (excluding
Nonionella stella) to confirm kinetoplastid restriction
(Figure 5, Supplementary Figure S16). Although
additional hits were detected in TSAR, this is likely
due to contamination with kinetoplastid sequences
[134,135] (Supplementary results), supporting the

kinetoplastid specificity of LAP333. We could iden-
tifty at least partial LAP333 sequences in the
Trypanosomatida, Eubodonida and Parabodonida,
suggesting LAP333 may have been acquired early
in Kinetoplastid evolution and was since lost from
the Neobodonids.

Contrastingly, LAP59 and LAP173 are detected
across the eukaryotes. LAP59 orthologs are archi-
tecturally conserved, with N-terminal trans-mem-
brane domains and a C-terminal cytochrome B561
domain predicted in the majority of orthologs
(Figure 6, Supplementary Table S4, Supplementary
Figure S17). The absence of a predicted LAP59
ortholog in Perkinsela and Giardia lamblia may be
due to their reduced gene content [136,137]. BRB
and iterative HMMER failed to identify alveolate
LAP59 orthologs but additional searches of the
InterPro [57] database identified orthologs in the
ciliate Stentor coeruleus. The Homo sapiens
TMEM209 (Transmembrane protein 209) and
Arabidopsis thaliana PNET1 proteins were also
identified as orthologs of LAP59. TMEM209 is a
putative ortholog to the . cerevisige NPC
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membrane ring protein ScPom34 [138] which
interacts with the NPC in lung cancer cells [139],
shows colocalization with the NPC and has been
suggested as an additional NPC component [140],
while PNET1 is a membrane ring nucleoporin
[141]. Together this evidence suggests that LAP59
is also a membrane ring nucleoporin and is sup-
ported by the PPIs [29], LAP59 structural predic-
tions and similar localizations between LAPS59,
TMEM209 [107,139,140,142] and PNET1 [141].
Although LAP59 and ScPom34 share similar
domain topology, we did not identify ScPom34 as
an ortholog of LAP59. This is supported by the
AlphaFold [48,49] models, which suggest the two
proteins have distinct structures (Figure 6).

The presence of a Sac3 domain in LAP173, necessi-
tated additional filtering of the LAP173 hits
(sequences > 1000 aa) to prevent misidentification of
Sac3 domain-containing proteins as LAP173 ortho-
logs. No Phytomonas orthologs were identified which
may suggest a lineage-specific loss. Phylogenetic ana-
lysis of the Kinetoplastid sequences identified the S.
culicis and A. deanei sequences as an outgroup to the
remainder of the kinetoplastids, making orthology
predictions unclear for these two organisms. We did
identify several LAP173 homologs outside of
Kinetoplastida but due to sequence divergence we
were unable to resolve them phylogenetically. While
the major regions of conservation are within the Sac3
domain, additional conservation is present at the
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C-terminus (Supplementary Figures S18 and S19),
supporting assignment as possible LAP173 orthologs.
Finally, identification of A. thaliana and S. cerevisiae
Sac3 [124,143] as possible LAP173 orthologs supports
the designation of LAP173 as Sac3.

LAPs interact with both the NPC and lamina

We investigated relationships between the LAPs,
the lamina and the NPC in more detail. We
selected three LAPs, specifically 71, 73 and 102 as
we were unable to assign functions from structural
and phylogenetic data and compared their loca-
tions with the lamina and NPC. We visualized the
NPC using the MAb414 antibody which binds to
the NPC FG repeats [92,93]. Some colocalization
was observed between the NPC and LAPs 71 and
102 (Figure 7, Supplementary Figure S20) support-
ing the interaction data. No colocalization was
observed for LAP73 suggesting this is not proxi-
mal to the NPC (Figure 7, Supplementary
Figure S20). We also compared LAPs 71, 73 and
102 to NUP-1 using an antibody raised against the
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NUP-1 central repeats. Widefield images indicated
some colocalization between LAPs 71, 73 and 102
with NUP-1 (Figure 8, Supplementary Figure S21).
Additionally, although NUP-1 is present as an
umbilicus between separating nuclei during ana-
phase it does not colocalize with LAP102
(Figure 8, Supplementary Figure S21).

As immunofluorescence microscopy suggests
interactions (albeit indirect in some cases) between
LAPs, NUP-1 and the NPC, we performed co-
immunoprecipitation using LAPs 59, 71 and 102
to identify PPIs. LAP59 was chosen to investigate
the membrane ring nucleoporin assignment, while
LAPs 71 and 102 were chosen to identify interacting
partners to assign putative functions. Proteins were
C-terminally tagged in situ with GFP and co-immu-
noprecipitated from cryomilled cell lysates and sub-
jected to mass spectrometry [29,30]. LAP59
identified itself and LAP333 (Figure 9), further sup-
port for LAP333 as a membrane ring Nup and
structural homolog of Pom152 and Nup210. The
three forms of LAP59 identified likely represent
post-translational modifications and/or proteolysis.

Merge Phase DAPI

LAP102 NPC

Figure 7. LAPs show limited colocalisation with the NPC. Epitope tagged LAPs were visualized with immunofluorescence microscopy
against the NPC. LAP71 and 102 were C-terminally tagged with GFP and 3x HA respectively. LAP73 was N-terminally tagged with 12x HA.
The NPC was visualized using MAb414 against the FG repeats (red). Images show 3D projection of confocal z-stacks for LAP71 and 102 and
Apotome widefield images of LAP73 in green. Scale bar = 2 pM. Although LAPs exhibit NE staining, there is limited colocalization of LAPs
71 and 102 with the FG Nups, while LAP73 shows no colocalization with the FG Nups (Supplementary Figure S20).
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Figure 8. LAPs show some colocalisation with NUP-1. Epitope tagged LAPs were visualized with immunofluorescence microscopy
against NUP-1. LAP71 and 102 were C-terminally tagged with GFP, LAP73 was N-terminally tagged with 12xHA. NUP-1 was visualized
using an antibody against the repeat region of the protein (red). Images show Apotome widefield images of LAP71, 73 and 102
respectively (green). Scale bar = 2 uM. Some overlap is visible between the LAPs and the NUP-1 repeat, although no overlap is seen
between the LAP102 and the NUP-1 internuclear mitotic bridge (Supplementary Figure S21).



DeepMind multimer [53] modeling predicts an
interaction between LAP59 and LAP333, identifying
a region between the LAP59 trans-membrane
domains (residues 54-71) and a region partially
overlapping the LAP333 coiled-coil (residues
2128-2165) as a possible interaction site (Figures 9
(b,d) and S22-§25) through formation of parallel (-
sheet interactions (residues: LAP333: 453, 468-470,
472, 473, 482 and LAP59: 61, 66, 68, 70).
Electrostatic charge and hydrophobicity are compa-
tible with the predicted interaction (Supplementary
figure S26) although some stereochemical clashes
are present, likely due to a lack of Amber relaxation
in model generation [48].

Stringent extraction conditions to identify PPIs
identified NUP-2 and Nup110 (a NPC basket pro-
tein) as LAP71 and LAP102 interactors (Figure 9).
LAP102 also identified additional PPIs, including
NPC subunits, additional LAPs and NUP-1
(Supplementary Table S7, Figure 10). As LAP71
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and 102 are coiled-coil proteins in close proximity
to the lamina and the NPC, these may interact with
Nup92 and Nup110, supported by reciprocal identi-
fications of Nupll0 and NUP-2 for LAP71 and
LAP102 [9,29], and identification of LAP71 as a
PPI for Nupll0 in stringent conditions [9]
(Figures 1, 9 and 10). In yeast, the nuclear basket
is composed of Mlpl, Mlp2, Nup60, Nupl and
Nup2 [131]. While LAPs 71 and 102 are coiled-
coil proteins like Mlpl/2, they are considerably
smaller (71 kDa and 102 kDa vs. 219 kDa and 195
kDa respectively) and Nups 110 and 92 have been
proposed as the Mlp analogs in T. brucei [29,144],
but it is possible that the T. brucei nuclear basket
contains more coiled-coil subunits than S. cerevisiae.

Overall, the LAPs primarily interact with the
lamina, NPC nuclear basket and the inner and
outer NPC ring subunits [9,29] (Figures 1 and 10).
Few FG-Nup PPIs were identified (4/9 FG-Nups)
(here and [29]) and where identified are restricted

a b
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-~ —LAP333 —NUP-1 - —NUP-1 R ©
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Figure 9. LAP interactors. (a) LAP59, 71 and 102 were tagged with GFP and used as handles in co-immunoprecipitations using either
cut bands with MALDI-TOF (LAP59 and 71) or total precipitates and ESI (LAP102). A full list of LAP102 interactors is in Supplementary
Table S7. AlphaFold DeepMind multimer [48-50,53] modeling supports an interaction between the LAP333 F2B fragment and LAP59
as shown by the predicted aligned error plot (b). Red lines indicate the end of the LAP333 F2B sequence. The black box highlights
the high confidence region and a model of the region is shown in (c). Proteins are colored by chain as per the legend. (d) Expansion
of interacting region showing interactions (green dashed lines) within 3.5 A. LAP333 F2B and LAP59 colored as in (C).
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to multi-complex FG-Nups attached to the outer
ring or a component of the outer ring itself [29].
Additionally, only a single PPI was identified
between a LAP (LAP333) and the export system(1/
3) [29,145], which is consistent with a location at the
membrane ring and not the transport channel.

Discussion

We have identified seven trypanosome NE pro-
teins, or LAPs, that interact with both the lamina
and the NPC. For five of the cohort, we demon-
strate a presence at the NE by microscopy, while
proteomic analysis both here and previously [9,29]



identified all as interactors in two or more immu-
noisolations using lamina and NPC proteins as
affinity handles. We consider these identifications
as robust and extend understanding of the com-
position of the trypanosome NE considerably.
The structures and interactomes of LAP59 and
333 suggests much greater structural conservation
of the NPC membrane ring than previously consid-
ered [131]. The presence of LAP59 across eukaryotes
suggests an ancient origin and presence in LECA.
Furthermore, a similar localization for LAP59 ortho-
logs in multiple organisms also supports a conserved
function in anchoring the NPC. The H. sapiens
LAP59 ortholog (TMEM209) may interact with
HsNup205 [139], but current H. sapiens NPC mod-
els do not include TMEM209 [146]. Similarly,
PNET1 (A. thaliana LAP59 ortholog) interacts with
the NPC, primarily the inner and cytoplasmic rings
[141]. Significantly, LAP333 has architectural simila-
rities to H. sapiens and S. cerevisiae luminal ring
proteins Nup210 [146] and Pom152 [130] respec-
tively, specifically a signal peptide, multiple Ig-like
folds and trans-membrane domains albeit in the
absence of sequence similarity and differing domain
topology. The remarkably similar architectures make
the possibility of convergent evolution highly unli-
kely and is further supported by the different domain
topologies between Nup210 orthologs [147,148].
Nup210 is broadly conserved, with orthologs present
in plants [149], TSAR [147] and the Excavates [148]
and hence likely present in LECA [148], but there
are many lineages lacking an identifiable Nup210
ortholog including fungi [138], some algae [18],
kinetoplastids [29] and apicomplexa [150-152]
likely representing secondary losses [148] or as our
current data suggests, loss of sequence similarity but
retention of structural homology. Current models of
the S. cerevisiae and H. sapiens NPC suggest
arrangement of ScPom152 and HsNup210 within
the NPC are somewhat distinct, with ScPom152
anti-parallel dimers forming arches between the
spokes while HsNup210 forms butterfly structures
composed of eight copies of HsNup210, albeit that
the overall placement of subunits is conserved
[126,130,146]. The domain arrangement of
LAP333 may suggest a further variant pore anchor
structure. Furthermore, S. cerevisiae Pom34 interacts
with the Pom152 trans-membrane domain [130]
and contrasts with the predicted LAP333 and
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LAP59 interaction site, between a LAP59 inter
trans-membrane domain P-sheet and a region over-
lapping the LAP333 coiled-coil region.

LAP92 is structurally homologous to H. sapiens
nSMase3 based on clear structural similarities.
HsnSMase3 is involved in remodeling the NE fol-
lowing mitosis and postmitotic NPC insertion
[118] and suggested via modulating local ceramide
levels at the nuclear pore [118]. As T. brucei
undergoes closed mitosis [131] insertion of new
NPCs likely follows a pathway similar to inter-
phase assembly [153] for which ceramide synthesis
may be important [154]. Although similar to
HsnSMase3, LAP92 has diverged within the
metal-binding domain and PPIs and hence func-
tional equivalency remains unclear.

LAP173 is a Sac3 ortholog, containing both a Sac3
domain and similar PPIs, including nuclear basket
and FG-Nups [29]. Sac3 is a TREX-2 component
which in yeast is composed of Sac3, Thpl, Cdc31,
Sem1 and Susl and interacts with the nuclear basket
[122]. Trypanosomes possess a divergent RNA
export platform, utilizing three Mex67 paralogs
[145] and no canonical cytoplasmic RNA export
platform [29,122,131,155], although post-nuclear
export regulation is present [156]. Sac3 in trypano-
somes may represent a conserved core for anchoring
mRNA-processing components in the NPC vicinity
but with much of the associated apparatus lineage-
specific and apparently dispensable [155].

LAP71, 73 and 102 are lineage-specific proteins
but represent additional trypanosome NPC and
lamina components. LAP71, a coiled-coil protein,
interacts with the nuclear basket component
Nupl10 and lamina protein NUP-2, and may act
to extend the basket and/or connect the NPC to
the lamina. LAP102, a coiled-coil protein, interacts
with both NUP-1 and NUP-2 also in the vicinity
of the NPC basket protein Nup110. LAP73 is pre-
dicted to contain a Nup53-type RNA-binding
domain, but the lack of conserved interactions
and no obvious membrane anchor suggests
LAP73 is not orthologous to yeast or animal Nups.

Restriction of the majority of the LAP cohort to
kinetoplastids further highlights the diversity within
the T. brucei NE. Absence of recognizable LAP
orthologs in E. gracilis suggests these proteins were
acquired following divergence from the Euglenoida;
however, the presence of B. saltans orthologs for
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many LAPs excludes association with parasitism,
although we cannot exclude extreme divergence for
lack of detection outside the kinetoplastids.
Significantly, we recognize major differences
between proteins comprising the lamina [8,9], kine-
tochores [106], mRNA processing [25,157] and
export machinery [145,155,156] in trypanosomes
and other lineages, including many lineage-specific
components [8,9,106,145,155,156]. Interactions of
multiple LAPs with the nuclear basket suggest a
more complex structure than previously considered,
with the potential that LAP71 and LAP102 mediate
chromatin interactions. Finally, identification of
architectural similarities between LAP333 and
LAP92 and animal/fungal proteins was only enabled
with recent advances in Al-mediated structure pre-
diction and serves as a caution against an over-
assumption of novelty based on sequence data alone.

Acknowledgments

We thank Luke Maishman for the LAP71-GFP cell line used
in Figures 2 and 7 and James Abbott for advice on next-
generation sequencing analysis.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the Wellcome Trust under Grant
204697/7/16/Z and Medical Research Council under Grant
MR/P009018/1 to MCF; the National Institutes of Health
under Grants RO1 AI140429-01A1 to MPR and SOO, R21
AI096069, P41 GM109824 and R0O1 GM112108 to MPR; P41
GM109824, PHSGM103314 and PHSGM 109824 to BTC; and
the National Science Foundation under Grant Proposal
1818129 to SOO and Javier Fernandez-Martinez.

Data availability statement

LAP accessions and sequences are available in Supplementary
Tables S5 and S6. Generated models are available in
ModelArchive (modelarchive.org) with the accession codes:
ma-idy3n (LAP71), ma-2or17 (LAP92), ma-cit5c (EgLAP59),
ma-a7ke8, ma-hrlrc, ma-x4kzz, ma-rcale (DeepMind mono-
mer models F1, F2A, F2B and F3 respectively), ma-i35ix, ma-
p3ykg, ma-lanz9 (ColabFold monomer models N-terminal,
middle and C-terminal respectively), ma-jusll (DeepMind
multimer), ma-jllld (ColabFold multimer), ma-8116p, ma-

zoydh, ma-8nwhc and ma-ru9va (LAP333 and LAP59 com-
plex models F1, F2A, F2B and F3 respectively). Scripts are
available in GitHub, at https://github.com/erin-r-butterfield/
LAPs. Proteomics data are available in Zenodo, at https://
zenodo.org/record/8273805. The transcriptome data, align-
ments and phylogenetic trees are available in Zenodo, at
https://zenodo.org/record/8355677. The transcriptome data-
sets were derived from sources in the public domain
(European Nucleotide Archive at https://www.ebi.ac.uk/ena/
browser/home, accessions: PRJEB3146 (B. saltans) [75,76]
and PRJNA414522 (sample SAMNO07793202) (P. confusum)
[79,80]. Additional sequencing data analysed are present in
the public domain (European Nucleotide Archive at https://
www.ebi.ac.uk/ena/browser/home, accessions: PRJEB36170
(A. deanei genome)[73,74] and PRJNA680236 (E. monterogeii
RNA-seq) [77,78]. Precomputed AlphaFold models are avail-
able in the AlphaFold Protein Structure Database (https://
alphafold.ebi.ac.uk/), accessions: Q57X92 (LAP59), Q583W2
(LAP73), Q581B5 (LAP102), Q585F7 (LAP173), QINXE4
(HsnSMase3), P39685 (ScPom152), Q8TEM1 (HsNup210),
Q12445 (ScPom34), Q4QJ68 (LmLAP59) and LAP59 ortho-
logs (accessions listed in Supplementary Table S5).

ORCID

Erin R. Butterfield
Samson O. Obado
Simon R. Scutts
Wenzhu Zhang
Brian T. Chait

Michael P. Rout
Mark C. Field

http://orcid.org/0009-0005-1811-6233
http://orcid.org/0000-0003-3161-0218
http://orcid.org/0000-0002-2670-3682
http://orcid.org/0009-0001-3154-871X
http://orcid.org/0000-0003-3524-557X
http://orcid.org/0000-0003-2010-706X
http://orcid.org/0000-0002-4866-2885

References

[1] Patil S, Sengupta K. Role of A- and B-type lamins in
nuclear structure-function relationships. Biol Cell.
2021;113:295-310.

[2] Sazer S, Lynch M, Needleman D. Deciphering the
evolutionary history of open and closed mitosis. Curr
Biol. 2014;24(22):R1099-R1103.

[3] Koreny L, Field MC. Ancient eukaryotic origin and
evolutionary plasticity of nuclear lamina. Genome
Biol Evol. 2016;8:2663-2671.

[4] Rout MP, Obado SO, Schenkman S, et al. Specialising
the parasite nucleus: pores, lamins, chromatin, and
diversity. PLoS Pathog. 2017;13(3):1006170.

[5] Erber A, Riemer D, Bovenschulte M, et al. Molecular
phylogeny of metazoan intermediate filament proteins.
] Mol Evol. 1998;47:751-762.

[6] Ciska M, Masuda K, Moreno Diaz de la Espina S. Lamin-
like analogues in plants: the characterization of NMCP1
in Allium cepa. J Exp Bot. 2013;64(6):1553-1564.

[7] Ciska M, Masuda K, Moreno Diaz de la Espina S.
Characterization of the lamin analogue NMCP2 in


https://github.com/erin-r-butterfield/LAPs
https://github.com/erin-r-butterfield/LAPs
https://zenodo.org/record/8273805
https://zenodo.org/record/8273805
https://zenodo.org/record/8355677
https://www.ebi.ac.uk/ena/browser/home
https://www.ebi.ac.uk/ena/browser/home
https://www.ebi.ac.uk/ena/browser/home
https://www.ebi.ac.uk/ena/browser/home
https://alphafold.ebi.ac.uk/
https://alphafold.ebi.ac.uk/

the monocot Allium cepa. Chromosoma. 2018;
127:103-113.

[8] DuBois KN, Alsford S, Holden JM, et al. NUP-1 is a
large coiled-coil nucleoskeletal protein in trypano-
somes with lamin-like functions. PLoS Biol. 2012;
10(3):e1001287.

[9] Maishman L, Obado SO, Alsford S, et al. Co-dependence
between trypanosome nuclear lamina components in
nuclear stability and control of gene expression. Nucleic
Acids Res. 2016;44(22):10554-10570.

[10] Meinke P, Schirmer EC. LINC’ing form and function
at the nuclear envelope. FEBS Lett. 2015;589
(19PartA):2514-2521.

[11] Barton LJ, Soshnev AA, Geyer PK. Networking in the
nucleus: a spotlight on LEM-domain proteins. Curr
Opin Cell Biol. 2015;34:1-8.

[12] Borah S, Dhanasekaran K, Kumar S. The LEM-ESCRT
toolkit: repair and maintenance of the nucleus. Front
Cell Dev Biol. 2022;10:989217.

[13] Ho R, Hegele RA. Complex effects of laminopathy
mutations on nuclear structure and function. Clin
Genet. 2019;95(2):199-209.

[14] Lin DH, Hoelz A. The structure of the nuclear pore
complex (an update). Annu Rev Biochem. 2019;88.

[15] Field MC, Rout MP. Pore timing: the evolutionary
origins of the nucleus and nuclear pore complex [ver-
sion 1; peer review: 3 approved]. F1000Res. 2019;8:369.

[16] Ptak C, Wozniak RW. Nucleoporins and chromatin
metabolism. Curr Opin Cell Biol. 2016;40:153-160.

[17] Hampoelz B, Andres-Pons A, Kastritis P, et al
Structure and assembly of the nuclear pore complex.
Annu Rev Biophys. 2019;48:52118-115308.

[18] Mosalaganti S, Kosinski J, Albert S, et al. In situ archi-
tecture of the algal nuclear pore complex. Nat
Commun. 2018;9(1):2361.

[19] Steverding D. Sleeping sickness and Nagana disease
caused by Trypanosoma brucei. In: Marcondes CB, edi-
tor. Arthropod borne diseases. Cham: Springer; 2017.
p. 277-297.

[20] Burki F, Roger AJ, Brown MW, et al. The new tree of
eukaryotes. Trends Ecol Evol. 2020;35(1):43-55.

[21] Rico E, Jeacock L, Kovarova J, et al. Inducible high-
efficiency CRISPR-Cas9-targeted gene editing and pre-
cision base editing in African trypanosomes. Sci Rep.
2018;8:7960.

[22] Glover L, Alsford S, Baker N, et al. Genome-scale
RNAi screens for high-throughput phenotyping in
bloodstream-form African trypanosomes. Nat Protoc.
2015;10:106-133.

[23] Faria J, Glover L, Hutchinson S, et al. Monoallelic
expression and epigenetic inheritance sustained by a
Trypanosoma brucei variant surface glycoprotein
exclusion complex. Nat Commun. 2019;10:1-14.

[24] Dedk G, Wapenaar H, Sandoval G, et al. Histone diver-
gence in Trypanosoma brucei results in unique altera-
tions to nucleosome structure. Nucleic Acids Res. 2023;
gkad577.

NUCLEUS 19

[25] Faria JRC. A nuclear enterprise: zooming in on nuclear
organization and gene expression control in the African
trypanosome. Parasitology. 2021;148:1237-1253.

[26] Padilla-Mejia NE, Makarov AA, Barlow LD, et al.
Evolution and diversification of the nuclear envelope.
Nucleus. 2021;12:21-41.

[27] Ebenezer TE, Zoltner M, Burrell A, et al
Transcriptome, proteome and draft genome of
Euglena gracilis. BMC Biol. 2019;17:11.

[28] DeGrasse JA, DuBois KN, Devos D, et al. Evidence for
a shared nuclear pore complex architecture that is
conserved from the last common eukaryotic ancestor.
Mol Cell Proteom. 2009;8:2119-2130.

[29] Obado SO, Brillantes M, Uryu K, et al. Interactome
mapping reveals the evolutionary history of the nuclear
pore complex. PLoS Biol. 2016;14:e1002365.

[30] Obado SO, Field MC, Chait BT, et al. High-effi-
ciency isolation of nuclear envelope protein com-
plexes from Trypanosomes. Methods Mol Biol.
2016;1411:67-80.

[31] Lupas A, Van Dyke M, Stock J. Predicting coiled coils from
protein sequences. Science. 1991;252(5009):1162-1164.

[32] Kall L, Krogh A, Sonnhammer ELL. A combined trans-
membrane topology and signal peptide prediction
method. ] Mol Biol. 2004;338:1027-1036.

[33] Kall L, Krogh A, Sonnhammer ELL. Advantages of
combined transmembrane topology and signal peptide
prediction-the Phobius web server. Nucleic Acids Res.
2007;35:429-432.

[34] Nielsen H, Engelbrecht J, Brunak S, et al. Identification
of prokaryotic and eukaryotic signal peptides and pre-
diction of their cleavage sites. Protein Eng. 1997;10:1-6.

[35] Bendtsen JD, Nielsen H, Von Heijne G, et al. Improved
prediction of signal peptides - SignalP 3.0. ] Mol Biol.
2004;340:783-795.

[36] Petersen TN, Brunak S, von Heijne G, et al. SignalP 4.0:
discriminating signal peptides from transmembrane
regions. Nat Methods. 2011;8:785-786.

[37] Marchler-Bauer A, Bo Y, Han L, et al. CDD/SPARCLE:
functional classification of proteins via subfamily domain
architectures. Nucleic Acids Res. 2017;45(D1):D200-
D203.

[38] Zimmermann L, Stephens A, Nam S-Z, et al. A com-
pletely reimplemented MPI bioinformatics toolkit with
a new HHpred server at its core. ] Mol Biol. 2018;
430(15):2237-2243.

[39] Gabler F, Nam S-Z, Till S, et al. Protein sequence
analysis using the MPI bioinformatics toolkit. Curr
Protoc Bioinformatics. 2020;72:e108.

[40] de Castro E, Sigrist CJA, Gattiker A, et al. ScanProsite:
detection of PROSITE signature matches and ProRule-
associated functional and structural residues in pro-
teins. Nucleic Acids Res. 2007;34:W362-W365.

[41] Sigrist CJA, de Castro E, Cerutti L, et al. New and
continuing developments at PROSITE. Nucleic Acids
Res. 2013;41:D344-D347.



20 e E. R. BUTTERFIELD ET AL.

[42] Gautier R, Douguet D, Antonny B, et al
HELIQUEST: a web server to screen sequences with
specific a-helical properties. Bioinformatics. 2008;24
(18):2101-2102.

[43] Steinegger M, Meier M, Mirdita M, et al. HH-suite3 for
fast remote homology detection and deep protein
annotation. BMC Bioinformatics. 2019;20(1):473.

[44] Mistry ], Chuguransky S, Williams L, et al. Pfam: the
protein families database in 2021. Nucleic Acids Res.
2021;49:D412-D419.

[45] Kosugi S, Hasebe M, Tomita M, et al. Systematic identi-
fication of cell cycle-dependent yeast nucleocytoplasmic
shuttling proteins by prediction of composite motifs.
Proc Natl Acad Sci U S A. 2009;106:10171-10176.

[46] Brameier M, Krings A, MacCallum RM. NucPred -
Predicting  nuclear  localization  of
Bioinformatics. 2007;23:1159-1160.

[47] Nguyen Ba AN, Pogoutse A, Provart N, et al. NL
Stradamus: a simple hidden Markov model for nuclear
localization signal prediction. BMC Bioinformatics.
2009;10:202.

[48] Jumper ], Evans R, Pritzel A, et al. Highly accurate
protein structure prediction with AlphaFold. Nature.
2021;596:583-589.

[49] Varadi M, Anyango S, Deshpande M, et al. AlphaFold
protein structure database: massively expanding the struc-
tural coverage of protein-sequence space with high-accu-
racy models. Nucleic Acids Res. 2022;50:D439-D444.

[50] DeepMind. AlphaFold Colab [Internet]. Available
from: https://colab.research.google.com/github/deep
mind/alphafold/blob/main/notebooks/AlphaFold.ipynb

[51] Linding R, Russell RB, Neduva V, et al. GlobPlot:
exploring protein sequences for globularity and disor-
der. Nucleic Acids Res. 2003;31:3701-3708.

[52] Mirdita M, Schiitze K, Moriwaki Y, et al. ColabFold:
making protein folding accessible to all. Nat Methods.
2022;19:679-682.

[53] Evans R, O’Neill M, Pritzel A, et al. Protein complex
prediction with AlphaFold-Multimer. bioRxiv. 2022.

[54] Schrodinger LLC. The PyMOL molecular graphics sys-
tem, version 2.5.2. 2015.

[55] Wang ], Youkharibache P, Zhang D, et al. ICn3D, a web-
based 3D viewer for sharing 1D/2D/3D representations of
biomolecular structures. Bioinformatics. 2020;36:131-135.

[56] Holm L. Using dali for protein structure comparison.

proteins.

In: Gaspari Z, editor. Structural Bioinformatics:
Methods in Molecular Biology. New York NY:
Springer US; 2020. pp. 29-42.

[57] Blum M, Chang H-Y, Chuguransky S, et al. The InterPro
protein families and domains database:
20 years on. Nucleic Acids Res. 2021;49(D1):D344-D354.

[58] Altschul SF, Madden TL, Schaffer AA, et al. Gapped
BLAST And PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res.
1997;25:3389-3402.

[59] Edgar RC. MUSCLE: multiple sequence alignment with
high accuracy and high throughput. Nucleic Acids Res.
2004;32(5):1792-1797.

[60] Lawrence TJ, Kauffman KT, Amrine KCH, et al. FAST:
FAST analysis of sequences toolbox. Front Genet.
2015;6:172. DOI:10.3389/fgene.2015.00172

[61] Price MN, Dehal PS, Arkin AP. FastTree 2 — approxi-
mately maximum-likelihood trees for large alignments.
PLoS One. 2010;5(3):9490.

[62] Mistry J, Finn RD, Eddy SR, et al. Challenges in homol-
ogy search: HMMER3 and convergent evolution of
coiled-coil regions. Nucleic Acids Res. 2013;41(12):e121.

[63] Butterfield ER, Abbott JC, Field MC. Automated phyloge-
netic analysis using best reciprocal BLAST. In: De Pablos,
LM, Sotillo, J, editors. Parasite genomics: Methods in
Molecular Biology. New York: Humana; 2021. pp. 41-63.

[64] Aslett M, Aurrecoechea C, Berriman M, et al. TriTrypDB:
a functional genomic resource for the trypanosomatidae.
Nucleic Acids Res. 2009;38:D457-D462.

[65] Altschul SF, Gish W, Miller W, et al. Basic local align-
ment search tool. ] Mol Biol. 1990;215:403-410.

[66] Yates AD, Allen ], Amode RM, et al. Ensembl genomes
2022: an expanding genome resource for non-verte-
brates. Nucleic Acids Res. 2022;50(D1):D996-D1003.

[67] Sayers EW, Bolton EE, Brister JR, et al. Database
resources of the national center for biotechnology infor-
mation. Nucleic Acids Res. 2022;50(D1):D20-D26.

[68] Duvaud S, Gabella C, Lisacek F, et al. Expasy, the Swiss
bioinformatics resource portal, as designed by its users.
Nucleic Acids Res. 2021;49(W1):W216-W227.

[69] Richter DJ, Berney C, Strassert JFH, et al. EukProt: a
database of genome-scale predicted proteins across the
diversity of eukaryotes. Peer Community J. 2022;2:e56.

[70] Guindon S, Dufayard J-F, Lefort V, et al. New algo-
rithms and methods to estimate maximum-likelihood
phylogenies: assessing the performance of PhyML 3.0.
Syst Biol. 2010;59(3):307-321.

[71] Ronquist F, Teslenko M, van der Mark P, et al
MrBayes 3.2: efficient Bayesian phylogenetic inference
and model choice across a large model space. Syst Biol.
2012;61(3):539-542.

[72] Miller MA, Pfeiffer W, Schwartz T. Creating the
CIPRES Science Gateway for inference of large phylo-
genetic trees. In: 2010 Gateway Computing
Environments Workshop (GCE). IEEE; 2010. 1-8.

[73] European Nucleotide Archive. Project: PRJEB36170
[Internet]. [cited 2022 Nov 30]; Available from:
https://www.ebi.ac.uk/ena/browser/view/PRJEB36170

[74] Davey JW, Catta-Preta CMC, James S, et al
Chromosomal assembly of the nuclear genome of the
endosymbiont-bearing trypanosomatid Angomonas
deanei. G3: Genes. Genomes, Genetics. 2021;11:jkaa018.

[75] European Nucleotide Archive. Project: PRJEB3146
[Internet]. [cited 2022 Dec 5]; Available from: https://
www.ebi.ac.uk/ena/browser/view/PRJEB3146


https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ipynb
https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ipynb
https://doi.org/10.3389/fgene.2015.00172
https://www.ebi.ac.uk/ena/browser/view/PRJEB36170
https://www.ebi.ac.uk/ena/browser/view/PRJEB3146
https://www.ebi.ac.uk/ena/browser/view/PRJEB3146

[76] Jackson AP, Otto TD, Aslett M, et al. Kinetoplastid
phylogenomics reveals the evolutionary innovations
associated with the origins of parasitism. Curr Biol.
2016;26(2):161-172.

[77] Albanaz ATS, Gerasimov ES, Shaw JJ, et al. Genome
analysis of Endotrypanum and Porcisia spp., closest phy-
logenetic relatives of Leishmania, highlights the role of
amastins in shaping pathogenicity. Genes. 2021;12(3):444.

[78] European Nucleotide Archive. Project: PRINA680236
[Internet]. [cited 2023 Feb 7]; Available from: https://
www.ebi.ac.uk/ena/browser/view/PRINA680236

[79] Skalicky T, Dobékova E, Wheeler R], et al. Extensive
flagellar remodeling during the complex life cycle of
Paratrypanosoma, an early-branching trypanosomatid.
Proc Natl Acad Sci U S A. 2017;114:11757-11762.

[80] European Nucleotide Archive. Project: PRINA414522
[Internet]. [cited 2023 Feb 9]. Available from: https://
www.ebi.ac.uk/ena/browser/view/PRJNA414522

[81] Chen S, Zhou Y, Chen Y, et al. fastp: an ultra-fast all-
in-one FASTQ preprocessor. Bioinformatics. 2018;
34(17):i884-90.

[82] Ewels P, Magnusson M, Lundin §, et al. MultiQC: sum-
marize analysis results for multiple tools and samples in a
single report. Bioinformatics. 2016;32(19):3047-3048.

[83] Li H. Aligning sequence reads, clone sequences and
assembly  contigs with BWA-MEM.  ArXiv.
2013;1303:3997v.

[84] Li H, Handsaker B, Wysoker A, et al. The sequence
alignment/map format and SAMtools. Bioinformatics.
2009;25(16):2078-2079.

[85] Diesh C, Stevens GJ, Xie P, et al. JBrowse 2: a modular
genome browser with views of synteny and structural
variation. bioRxiv. 2022.

[86] Shultz DT. Not recognizing read name formatting
-v2.5.1 #448 [Internet]. 2018 [cited 2023 Jan 18].
Available from: https://github.com/trinityrnaseq/trini
tyrnaseq/issues/448#issuecomment-387790927

[87] Grabherr MG, Haas BJ, Yassour M, et al. Full-length
transcriptome assembly from RNA-Seq data without
a reference genome. Nat Biotechnol. 2011;29(7):
644-652.

[88] Brun R, Schonenberger M. Cultivation and in vitro
cloning or procyclic culture forms of Trypanosoma
brucei in a semi-defined medium. Acta Trop. 1979;
36(3):289-292.

[89] Oberholzer M, Morand S, Kunz S, et al. A vector series

for rapid PCR-mediated C-terminal in situ tagging of

Trypanosoma brucei genes. Mol Biochem Parasitol.

2006;145(1):117-120.

Kelly S, Reed ], Kramer S, et al. Functional genomics in

Trypanosoma brucei: a collection of vectors for the

expression of tagged proteins from endogenous and

ectopic gene loci. Mol Biochem Parasitol. 2007;

154(1):103-109.

Field MC, Allen CL, Dhir V, et al. New approaches to

the microscopic imaging of Trypanosoma brucei.

Microsc Microanal. 2004;10(5):1-16.

[90

[91

—

NUCLEUS (&) 21

[92] Davis LI, Blobel G. Identification and characterization
of a nuclear pore complex protein. Cell. 1986;
45(5):699-709.

[93] Farine L, Niemann M, Schneider A, et al
Phosphatidylethanolamine and phosphatidylcholine bio-
synthesis by the Kennedy pathway occurs at different sites
in Trypanosoma brucei. Sci Rep. 2015;5(1):16787.

[94] Bolte S, Cordeliéres FP. A guided tour into subcellular
colocalization analysis in light microscopy. Journal of
Microscopy. 2006;224(3):213-232.

[95] Schindelin J, Arganda-Carreras I, Frise E, et al. Fiji: an
open-source platform for biological-image analysis.
Nat Methods. 2012;9:676-682

[96] Otsu N. A threshold selection method from gray-level
histograms. IEEE Trans Syst Man Cybern. 1979;
9(1):62-66.

[97] Zhang W, Chait BT. ProFound: an expert system for
protein identification using mass spectrometric peptide
mapping information. Anal Chem. 2000;72(11):2482-
2489.

[98] Feny6 D, Eriksson ], Beavis R. Mass spectrometric
protein identification using the global proteome
machine. In: Feny6 D, editor. Computational biology,
methods in molecular biology. Totowa NJ: Humana
Press; 2010. p. 189-202.

[99] Baker NA, Sept D, Joseph S, et al. Electrostatics of nano-
systems: application to microtubules and the ribosome.
Proc Natl Acad Sci U S A. 2001;98(18):10037-10041.

[100] Dolinsky TJ, Czodrowski P, Li H, et al. PDB2PQR:
expanding and upgrading automated preparation of
biomolecular structures for molecular simulations.
Nucleic Acids Res. 2007;35:W522-5.

[101] PyMOLWIiKki. Color h [Internet]. 2019 [cited 2023 Jun 26].
Available from: https://pymolwiki.org/index.php/Color_h

[102] Eisenberg D, Schwarz E, Komaromy M, et al. Analysis
of membrane and surface protein sequences with the
hydrophobic moment plot. ] Mol Biol. 1984;
179(1):125-142.

[103] Goos C, Dejung M, Janzen CJ, et al. The nuclear
proteome of Trypanosoma brucei. PLoS One. 2017;
12(7):e0181884.

[104] Dean S, Sunter JD, Wheeler R]. TrypTag.org: a
Trypanosome genome-wide protein localisation
resource. Trends Parasitol. 2017;33(2):80-82.

[105] Billington K, Halliday C, Madden R, et al. Genome-
wide subcellular protein map for the flagellate parasite
Trypanosoma brucei. Nat Microbiol. 2023;8(3):533-
547. DOI:10.1038/s41564-022-01295-6.

[106] Akiyoshi B, Gull K. Discovery of unconventional kine-
tochores in kinetoplastids. Cell. 2014;156(6):1247-1258.

[107] Schirmer EC, Florens L, Guan T, et al. Nuclear mem-
brane proteins with potential disease links found by sub-
tractive proteomics. Science. 2003;301(5638):1380-1382.

[108] Alsford S, Turner D], Obado SO, et al. High-through-
put phenotyping using parallel sequencing of RNA
interference targets in the African trypanosome.
Genome Res. 2011;21(6):915-924.


https://www.ebi.ac.uk/ena/browser/view/PRJNA680236
https://www.ebi.ac.uk/ena/browser/view/PRJNA680236
https://www.ebi.ac.uk/ena/browser/view/PRJNA414522
https://www.ebi.ac.uk/ena/browser/view/PRJNA414522
https://github.com/trinityrnaseq/trinityrnaseq/issues/448#issuecomment-387790927
https://github.com/trinityrnaseq/trinityrnaseq/issues/448#issuecomment-387790927
https://pymolwiki.org/index.php/Color_h
https://doi.org/10.1038/s41564-022-01295-6

22 (&) E.R BUTTERFIELD ET AL.

[109] Iribarren PA, Di Marzio LA, Berazategui MA, et al
SUMO polymeric chains are involved in nuclear foci
formation and chromatin organization in Trypanosoma
brucei procyclic forms. PLoS One. 2018;13(2):¢0193528.

[110] Iribarren PA, Berazategui MA, Bayona JC, et al

Different proteomic strategies to identify genuine

small Ubiquitin-like modifier targets and their modifi-

cation sites in Trypanosoma brucei procyclic forms.

Cell Microbiol. 2015;17(10):1413-1422.

D’Archivio S, Wickstead B. Trypanosome outer kine-

tochore proteins suggest conservation of chromosome

segregation machinery across eukaryotes. J Cell Biol.
2017;216(2):379-391.

[112] Crozier TWM, Tinti M, Wheeler R], et al. Proteomic
analysis of the cell cycle of procylic form Trypanosoma
brucei. Mol Cell Proteom. 2018;17:1184-1195.

[113] Marques CA, Ridgway M, Tinti M, et al. Genome-scale
RNA interference profiling of Trypanosoma brucei cell
cycle progression defects. Nat Commun. 2022;
13(1):5326.

[114] Krut O, Wiegmann K, Kashkar H, et al. Novel tumor

necrosis factor-responsive mammalian neutral sphin-

gomyelinase-3 is a C-tail-anchored protein. ] Biol

Chem. 2006;281(19):13784-13793.

Corcoran CA, He Q, Ponnusamy S, et al. Neutral sphin-

gomyelinase-3 Is a DNA damage and nongenotoxic

stress-regulated gene that is deregulated in human malig-
nancies. Mol Cancer Res. 2008;6(5):795-807.

Piét ACA, Post M, Dekkers D, et al. Proximity ligation

mapping of microcephaly associated SMPD4 shows asso-

ciation with components of the nuclear pore membrane.

Cells. 2022;11(4);674. DOI:10.3390/cells12010011

[117] Magini P, Smits DJ, Vandervore L, et al. Loss of
SMPD4 causes a developmental disorder characterized
by microcephaly and congenital arthrogryposis. Am J
Human Genetics. 2019;105(4):689-705

[118] Smits DJ, Schot R, Krusy N, et al. SMPD4 regulates
mitotic nuclear envelope dynamics and its loss causes
microcephaly and diabetes. Brain. 2023;awad033.

[119] Niemann M, Wiese S, Mani J, et al. Mitochondrial outer
membrane proteome of Trypanosoma brucei reveals
novel factors required to maintain mitochondrial mor-
phology. Mol Cell Proteom. 2013;12(2)515-528.

[120] Hirano T. At the heart of the chromosome: SMC
proteins in action. Nat Rev Mol Cell Biol. 2006;
7(5):311-322.

[121] Archer SK, Inchaustegui D, Queiroz R, et al. The cell
cycle regulated transcriptome of Trypanosoma brucei.
PLoS One. 2011;6(3):e18425.

[122] Obado SO, Rout MP, Field MC. Sending the message:
specialized RNA export mechanisms in trypanosomes.
Trends Parasitol. 2022;38(10):854-867.

[123] Yamada J, Phillips JL, Patel S, et al. A bimodal distribu-
tion of two distinct categories of intrinsically disordered
structures with separate functions in FG nucleoporins.
Mol Cell Proteom. 2010;9(10):2205-2224.

[111

—

(115

—_

(116

[}

[124] Fischer T, Strafler K, Racz A, et al. The mRNA export
machinery requires the novel Sac3p-Thplp complex to
dock at the nucleoplasmic entrance of the nuclear
pores. EMBO J. 2002;21:5843-5852.

[125] Lutzmann M, Kunze R, Stangl K, et al. Reconstitution
of Nupl57 and Nupl45N into the Nup84 complex.
] Biol Chem. 2005;280:18442-18451.

[126] Zhang Y, Li S, Zeng C, et al. Molecular architecture of
the luminal ring of the Xenopus laevis nuclear pore
complex. Cell Res. 2020;30(6):532-540.

[127] Upla P, Kim SJ, Sampathkumar P, et al. Molecular
architecture of the major membrane ring component
of the nuclear pore complex. Structure. 2017;25
(3):434-445.

[128] Akey CW, Singh D, Ouch C, et al. Comprehensive
structure and functional adaptations of the yeast
nuclear pore complex. Cell. 2022;185(2):361-378.

[129] Hao Q, Zhang B, Yuan K, et al. Electron microscopy of
Chaetomium pom152 shows the assembly of ten-bead
string. Cell Discov. 2018;4(1):56.

[130] Kim SJ, Fernandez-Martinez J, Nudelman I, et al.
Integrative structure and functional anatomy of a nuclear
pore complex. Nature. 2018;555(7697):475-482.

[131] Makarov AA, Padilla-Mejia NE, Field MC. Evolution
and diversification of the nuclear pore complex.
Biochem Soc Trans. 2021;49(4):1601-1619.

[132] Obado SO, Field MC, Rout MP. Comparative inter-
actomics provides evidence for functional specializa-
tion of the nuclear pore complex. Nucleus. 2017;8
(4):340-352.

[133] Dickie EA, Young SA, Smith TK. Substrate specificity
of the neutral sphingomyelinase from Trypanosoma
brucei. Parasitology. 2019;146(5):604-616.

[134] Strassert JFH, Jamy M, Mylnikov AP, et al. New phy-
logenomic analysis of the enigmatic phylum Telonemia
further resolves the eukaryote tree of life. Mol Biol
Evol. 2019;36:757-765.

[135] Tikhonenkov DV, Strassert JFH, Janouskovec J, et al.
Predatory colponemids are the sister group to all other
alveolates. Mol Phylogenet Evol. 2020;149:106839.

[136] Tanifuji G, Cenci U, Moog D, et al. Genome sequen-
cing reveals metabolic and cellular interdependence in
an amoeba-kinetoplastid symbiosis. Sci Rep. 2017;
7(1):11688. DOI:10.1038/s41598-017-11866-x.

[137] Morrison HG, McArthur AG, Gillin FD, et al. Genomic
minimalism in the early diverging intestinal parasite
giardia lamblia. Science. 2007;317(5846):1921-1926.

[138] Field MC, Koreny L, Rout MP. Enriching the pore:
splendid complexity from humble origins. Traffic.
2014;15(2):141-156.

[139] Fujitomo T, Daigo Y, Matsuda K, et al. Critical func-
tion for nuclear envelope protein TMEM209 in human
pulmonary  carcinogenesis. Cancer Res. 2012;
72(16):4110-4118.

[140] Cheng L-C, Zhang X, Baboo S, et al. Comparative
membrane proteomics reveals diverse cell regulators


https://doi.org/10.3390/cells12010011
https://doi.org/10.1038/s41598-017-11866-x

concentrated at the nuclear envelope. Life Sci Alliance.
2023;6(9):€202301998.

[141] Tang Y, Huang A, Gu Y. Global profiling of plant
nuclear membrane proteome in Arabidopsis. Nat
Plants. 2020;6(7):838-847.

[142] Malik P, Korfali N, Srsen V, et al. Cell-specific and
lamin-dependent targeting of novel transmembrane
proteins in the nuclear envelope. Cell Mol Life Sci.
2010;67:1353-1369.

[143] Lu Q, Tang X, Tian G, et al. Arabidopsis homolog of

the yeast TREX-2 mRNA export complex: components

and anchoring nucleoporin. Plant J. 2010;61(2):259-

270. DOI:10.1111/j.1365-313X.2009.04048.x.

Holden JM, Koreny L, Obado SO, et al. Nuclear pore

complex evolution: a trypanosome Mlp analogue func-

tions in chromosomal segregation but lacks transcrip-
tional barrier activity. Mol Biol Cell. 2014;25(9):1421-

1436.

[145] Obado SO, Stein M, Hegedtisova E, et al. Mex67 para-
logs mediate division of labor in trypanosome RNA
processing and export. bioRxiv. 2022.

[146] Mosalaganti S, Obarska-Kosinska A, Siggel M, et al.

Al-based structure prediction empowers integrative

structural analysis of human nuclear pores. Science.

2022;376(6598):eabm9506.

Iwamoto M, Mori C, Kojidani T, et al. Two distinct

repeat sequences of Nup98 nucleoporins characterize

dual nuclei in the binucleated ciliate Tetrahymena.

Curr Biol. 2009;19(10):843-847.

[148] Neumann N, Lundin D, Poole AM. Comparative geno-
mic evidence for a complete nuclear pore complex in
the last eukaryotic common ancestor. PLoS One.
2010;5(10):e13241.

(144

—

(147

—

NUCLEUS (&) 23

[149] Tamura K, Fukao Y, Iwamoto M, et al. Identification
and characterization of nuclear pore complex
components in Arabidopsis thaliana. Plant Cell.
2010;22:4084-4097.

[150] Ambekar SV, Beck JR, Mair GR. TurbolD identification of
evolutionarily divergent components of the nuclear pore
complex in the malaria model Plasmodium berghei. mBio.
2022;13(5):e01815-22. DOI:10.1128/mbio.01815-22

[151] Courjol F, Mouveaux T, Lesage K, et al
Characterization of a nuclear pore protein sheds light
on the roles and composition of the Toxoplasma gondii
nuclear pore complex. Cell Mol Life Sci. 2017;
74:2107-2125.

[152] Kehrer J, Kuss C, Andres-Pons A, et al. Nuclear pore
complex components in the malaria parasite
Plasmodium berghei. Sci Rep. 2018;8(1):112409.

[153] Rothballer A, Kutay U. Poring over pores: nuclear pore
complex insertion into the nuclear envelope. Trends
Biochem Sci. 2013;38(6):292-301.

[154] Peeters BWA, Piét ACA, Fornerod M. Generating mem-
brane curvature at the nuclear pore: a lipid point of view.
Cells. 2022;11(3);469.

[155] Inoue AH, Domingues PF, Serpeloni M, et al.
Proteomics uncovers novel components of an inter-
active protein network supporting RNA export in
Trypanosomes. Mol Cell Proteomics. 2022;21:
100208.

[156] Goos C, Dejung M, Wehman AM, et al. Trypanosomes
can initiate nuclear export co-transcriptionally. Nucleic
Acids Res. 2019;47:266-282.

[157] Kramer S. Nuclear mRNA maturation and mRNA
export control: from trypanosomes to opisthokonts.
Parasitology. 2021;148(10):1196-1218.


https://doi.org/10.1111/j.1365-313X.2009.04048.x
https://doi.org/10.1128/mbio.01815-22

	Abstract
	Introduction
	Methods
	Structural annotation and prediction
	Comparative genomics and phylogenetics
	Next-generation sequencing analysis
	Culture and in-situ tagging of T. brucei
	Immunofluorescence microscopy
	Isolation and identification of lamina-interacting proteins
	Modeling of protein complexes

	Results
	Identification of candidate trypanosome lamina-associated proteins
	LAPs represent a diverse cohort of proteins
	The majority of LAPs are kinetoplastid specific
	LAPs interact with both the NPC and lamina

	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	Data availability statement
	References

