Supplementary information for:

A lineage-specific protein network at the trypanosome nuclear

envelope

Erin R. Butterfield', Samson O. Obado?f, Simon R. Scutts®*, Wenzhu Zhang*, Brian
T. Chait*, Michael P. Rout? and Mark C. Field">*

School of Life Sciences, University of Dundee, Dow Street, Dundee, DD1 5EH, UK,
°The Rockefeller University, 1230 York Avenue, New York, NY10065, USA,
3Department of Pathology, University of Cambridge, Tennis Court Road, Cambridge,
CB2 1EF, UK, “Laboratory of Mass Spectrometry and Gaseous lon Chemistry, The
Rockefeller University, New York, New York, USA, °Biology Centre, Czech Academy
of Sciences, Institute of Parasitology, Ceské Budé&jovice, Czech Republic.

TCurrent address: Center for Global Infectious Disease Research, Seattle Children’s
Research Institute, Seattle, USA

*Current address: Walter and Eliza Hall Institute of Medical Research, 1G Royal
Parade, Parkville, Melbourne, VIC 3052, Australia

*Corresponding author: Telephone: +44 (0)751-550-7880, email: mfield@mac.com,
mcfield@dundee.ac.uk

Supplementary Results

Identification of LAP orthologs: LAP orthologs were primarily identified through best
reciprocal BLAST' (BRB) and iteratve HMMER? searching of the predicted
proteomes. However, as LAP sequences were incomplete or absent from many
Kinetoplastid organisms we performed additional searches against genome
sequences, alternative strains and assemblies and analysed raw read data.

The L. donovani LAP71 ortholog is missing the N-terminal region due to a
mispredicted start site, which is rectified by an upstream in-frame methionine. We

were unable to identify a S. culicis ortholog from the predicted proteome, however,



tBLASTn searches against the S. culicis TCC012E assembly (GCA_000482145)3,
identified a full-length LAP102 ORF. No A. deanei LAP102 ortholog was initially
identified in the predicted proteome, however, batch_brb* searching using the E.
monterogeii LAP102 ortholog as query and relaxed coverage (20%) against the
updated A. deanei assembly (GCA_903995115)° identified a highly divergent putative
LAP102 ortholog.

We were unable to detect a T. cruzi LAP73 ortholog in the Dm28c strain,
however, a full-length ortholog is present in the TCC strain (GCA_003177095.1)8. The
predicted protein sequence for the Phytomonas sp. Hart1 LAP73 ortholog is missing
the N-terminal, this is due to a misprediction of the start site, using an upstream in-
frame methionine results in a full-length ORF and a Nup53-type RRM can be detected.
We were unable to identify a LAP73 Phytomonas sp. EM1 ortholog from the predicted
proteome, searches against the genome identify an orthologous region although the
C-terminal of the protein appears to be missing likely due to an unsequenced region
located directly downstream. As there were multiple possibilities for the Phytomonas
sp. EM1 ORF start site we predicted the start based on conservation with the
Phytomonas sp. Hart1 start site.

The B. ayalai LAP92 ortholog is missing the N-terminal due to a misprediction
of the start site, utilizing an upstream in-frame methionine rectifies this. We were
unable to identify an E. monterogeii LAP92 ortholog from the predicted proteome,
tBLASTn searches against the genome identifies an orthologous region in the genome
producing a single full-length ORF.

The S. culicis LAP102 ortholog is missing the C-terminal and contains an
unsequenced region, however, a full-length LAP102 ORF was identified in the S.
culicis TCC012E assembly (GCA _000482145)3. The E. monterogeii LAP102 is
encoded by two adjacent genes. Analysis of the RNA-seq reads from Albanaz et al.”
identifies an insertion in the E. monterogeii genome (52142 C), correction of this
results in a single LAP102 ORF. As the P. confusum LAP102 candidate
(PCON_0077700) contains large additional N and C-terminal regions (relative to the
other kinetoplastid orthologs) and a large unsequenced region, we processed and
assembled the polyA RNA-seq reads from Skalicky et al.. Searching the assembled
transcriptome using batch_brb we were able to identify a single LAP102 candidate.
Translation of this transcript identified seven candidate starting methionines, with four



possessing a candidate upstream splice leader site®. We therefore predicted the start
site based on conservation with other kinetoplastid sequences.

A second T. brucei sequence is predicted for LAP333, but as it contains only
the N-terminal of the protein and is in the genome bin it is likely due to sequencing/
assembly errors. Two orthologs are predicted in T. cruzi Dm28c for LAP333, these
genes are adjacent in the assembly and comparison of these to the TbLAP333
sequence shows one is the N-terminal and the other is the C-terminal of the protein.
A single gene is predicted in an updated T. cruzi Dm28c genome assembly
(GCA_002219105; BCY84_22033)'%-'2 and a single gene is predicted in the T. cruzi
CL Brener Esmeraldo-like strain. ((GCA_00209065.1)'3'4, suggesting the fragmented
prediction is due to sequencing/assembly errors. In Phytomonas sp. Hart1 the N-
terminal is missing from the predicted LAP333 ortholog. tBLASTn searches of the
genome identified the N-terminal in a different reading frame separated from the
remainder of the gene by an unsequenced region. No Phytomonas sp. EM1 ortholog
could be identified in the predicted proteome, tBLASTn searches of the genome
identified regions of homology across different reading frames which are separated by
unsequenced regions. The S. culicis predicted ortholog is missing the C-terminal.
While searches of the S. culicis genome identified more of the sequence, the contig
ends before the C-terminal of the sequence. We were instead able to identify a full-
length sequence in the TCCO12E S. culicis assembly (GCA_000482145)3. Initial
searches against the predicted proteome from A. deanei identified a partial LAP333
ortholog. tBLASTn searches against the updated A. deanei assembly
(GCA 903995115)° showed a region of homology to LAP333 which is predicted as
four partial adjacent ORFs and no predicted ORF covering the N-terminal region. The
absence of an N-terminal ORF is due to a misprediction of the start site for
ADEAN_000926000, while analysis of the llumina genome reads from Davey et al.®
identified several indels (LR877166: 368562, (370304,5), 370880, 370227, 370235,
370238, (370248,9), (370256,7)) leading to the fragmented gene prediction.
Correction of these produces a single ORF which is supported by the identification of
a full-length LAP333 ortholog in an alternate A. deanei assembly (GCA_001659865"5;
Scaffold3003_contig_10:15021-24341 (LXWQO01000889)). In B. saltans LAP333 is
predicted to be fragmented into two adjacent genes. Analysing the RNA-seq reads
from Jackson et al.’® we identified multiple regions of poor mapping against the
genome. We reassembled the transcriptome with Trinity!’” and analysed with



batch_brb*, identifying three transcripts encoding full-length LAP333 orthologs in B.
saltans. Alignment of these to the genome identifies several indels in the genomic
sequence (Supplementary Figure S27).

To confirm kinetoplastid restriction of LAP333 we performed additional BRB
searches against the EukProt TCS database'® (excluding Nonionella stella) (Figure 5,
Supplementary Figure S16). We found the T. brucei, T. cruzi and L. major hits
previously identified in addition to two partial T. cruzi LAP333 orthologs (P017989 and
P008050) reflecting the Non-Esmeraldo haplotype' N and C terminals of LAP333.
We were unable to identify orthologs in the early-branching Neobodo designis or any
of the other Discoba organisms. We identified partial orthologs in TSAR organisms
Telonema sp. P-2, Colponema vietnamica and Colponemidia sp. Colp-10 -
orthologous to the C-terminal of LAP333 and containing at least one C-terminal
transmembrane domain. Using Telonema sp. P-2 as query for BRB, further putative
orthologs were identified in T. subtile, and Telonema sp. P-2. However, as these
organisms were cocultured in the presence of kinetoplastid organisms (Procryptobia
sorokini for Telonemia'® and Parabodo caudatus for Colponemidae?®) the detection of
partial LAP333 orthologs likely represents contamination. Furthermore, these results
suggest the presence of a partial LAP333 in Parabodonida although further work will
be required to confirm this is a full-length gene.

A second LAPS9 sequence is predicted in T. brucei, however, as the N-terminal
is missing and the sequence is located in the genome bin, it is likely this is due to
sequencing/ assembly errors. We were unable to identify a full-length S. culicis
ortholog due to unsequenced regions and the end of the contig in two respective S.
culicis assemblies (GCA_000442495%' and GCA_0004821453%), however, a full-length
sequence is present in the related Strigomonas galati (GCA_000482125.1)3 which
contains two N-terminal transmembrane domains and a C-terminal cytochrome B561
domain. The A. deanei and E. monterogeii predicted proteins (EPY21985 and
EMOLV88_060005900 respectively) are missing the N-terminal frans-membrane
domains, due to a misprediction of the start site. Correction to an upstream in-frame
Methionine identifies the N-terminal trans-membrane domains (two in A. deanei and
one in E. monterogeii). We were unable to identify an Alveolate LAP59 ortholog by
sequence searching, however, two putative orthologs were identified in the ciliate
Stentor coeruleus (AOA1R2AVT9 and AOA1R2CN18) by searching the InterPro

database?? for Alveolate proteins containing N-terminal transmembrane domains and



a C-terminal cytochrome B561-related domain (IPR019176). These sequences
identified LAP59 orthologs in reverse BLAST and the C-terminal domains of the
AlphaFold?324 structures align to the T. brucei LAP59 C-terminal domain (RMSD 1.31
and 1.28 respectively).

Due to the presence of a Sac3 domain in LAP173, additional filtering of short
sequences (< 1000 aa) was performed to prevent misidentification of Sac3 domain
containing proteins as LAP173 orthologs. We were, therefore, unable to initially
identify orthologs in T. cruzi, S. culicis or A. deanei. However, additional searching of
alternative strains did identify full-length sequences in the S. culicis TCCO012E
(GCA_000482145)® and T. cruzi CL Brener Esmeraldo-like (GCA_00209065.1)'314
strains. For A. deanei tBLASTn searches against the updated assembly
(GCA _903995115)° identified a region of homology partially covered by two predicted
genes. Analysis of the genomic reads from Davey et al.®° identified several indels
(LRR877162: 97187, (98387, 98388), 98642, 100294) in the genomic sequence,
correction of which resulted in a full-length gene prediction. No orthologs were
identified in Phytomonas sp. despite additional tBLASTn searches against their

genomes.
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Supplementary figure legends

Supplementary figure S1: LAP71 and LAP92 AlphaFold predictions. LAP71 (A)
and LAP92 (B) structures were predicted using the DeepMind monomer Colab
notebook?*-2% with default settings. Structures are coloured by pLDDT where dark
blue is very confident (pLDDT > 90), cyan is confident (90 > pLDDT > 70), yellow is
low confidence (70 > pLDDT > 50) and orange is very low confidence (pLDDT < 50).

pLDDT and predicted aligned error plots are shown for each structure.

Supplementary figure S2: LAP333 globular regions used for structural
predictions with AlphaFold DeepMind monomer models. The LAP333 protein
sequence was analysed using the default settings of GlobPlot?® to determine the
globular regions to use these for AlphaFold?32* predictions without the relaxation
stage. Uppercase letters indicate globular regions predicted by GlobPlot?®. Coloured
boxes indicate sequences used for AlphaFold?32* DeepMind monomer predictions?S.

Supplementary figure S3: LAP333 AlphaFold DeepMind monomer models.
AlphaFold DeepMind monomer model>>%® was used to predict the structure of
LAP333 fragments (Supplementary Figure S2). Structures are coloured as
Supplementary figure S1. pLDDT and predicted aligned error plots are shown for each

structure.

Supplementary figure S4: LAP333 globular regions used for structural
predictions with AlphaFold ColabFold monomer models. The LAP333 protein
sequence was analysed using the default settings of GlobPlot?® to determine the
globular regions to use these for AlphaFold?32* predictions without the relaxation
stage. Uppercase letters indicate globular regions predicted by GlobPlot?®. Coloured
boxes or black outlines indicate sequences used for AlphaFold**?* ColabFold

monomer predictions?’.

Supplementary figure S5: LAP333 ColabFold monomer models. AlphaFold
ColabFold monomer model?®2427 was used to predict the structure of LAP333
fragments (Supplementary Figure S4).  Structures are coloured by pLDDT as



Supplementary figure S1. pLDDT and predicted aligned error plots are shown for each

structure.

Supplementary figure S6: LAP333 DeepMind and ColabFold multimer models.
AlphaFold?324 DeepMind?® and ColabFold?” multimer?® models were used to predict
the structure of LAP333. Structures are coloured by pLDDT as per Supplementary
figure S1. pLDDT and predicted aligned error plots are shown for each structure.

Supplementary figures S7, S8: LAP333 DeepMind and ColabFold multimer PAE
plots with domains respectively. Identified LAP333 domains were plotted onto the
AlphaFold?324 DeepMind?® and ColabFold?” multimer?® models predicted aligned error
plots. Red lines indicate region boundaries. Coloured boxes along the scales indicate
the type of domain identified. Orange: signal peptide, yellow: Ig-like or o/ fold, green:
Ig-like fold, black: possible Ig-like fold, blue: coiled-coil, pink: region containing three
trans-membrane domains. Nuclear localization signal is not shown. Graphs show the

low confidence of interdomain interactions.

Supplementary figure 9: Cell cycle analysis of LAPs. (A) Procyclic transcription
data for the LAPs from Archer et al.?°, showing that expression of LAPs is fairly
consistent across the cell cycle. LAP92 — a basket Nup which has moonlighting
involvement with the mitotic spindle®® — is included for reference. (B) Bloodstream
RNA interference target sequencing (RIT-seq) cell cycle data for the LAPs from
Marques et al.®' showing that LAPs don’t show major cell cycle defects. NUP-1 (a
known disruptor of the cell cycle)®2, NUP-2 and Nup92 are included for reference.

Supplementary figures S10, S11, S13, S17: Phylogenetic analysis of the LAPs.
Predicted orthologs were phylogenetically analysed using MrBayes33 and PhyML34,
Resulting trees were combined into a single tree. Node values show the MrBayes33
posterior probabilities and PhyML Bootstrap. — indicates differing topology between
the two methods.

Supplementary figure S12: Alignment of LAP73 orthologs with S. culicis
homolog. Predicted LAP73 orthologs and homologs were aligned with MUSCLE3®



and visualized in Jalview3® with the Clustal colour scheme. Box shows the predicted
T. brucei LAP73 Nup53-type RNA recognition motif. Alignment shows limited
conservation of the S. culicis sequence, making its assignment as a LAP73 ortholog

unclear.

Supplementary figure S14: LAP102 phylogeney. Predicted orthologs were
phylogenetically analysed using MrBayes®* and PhyML34. Resulting trees were
combined into a single tree. Node values show the MrBayes3? posterior probabilities
and PhyML Bootstrap. E. monterogeii is represented by the illumina corrected
genome sequence. P. confusum is represented by the ORF predicted from the
Trinity!” assembled transcript TRINITY_DN2138 c0 g1 i2 using a Kinetoplastid
conserved start site. Due to the high levels of conservation the editing frequency was
decreased (gaps allowed in 75% of sequences) to improve phylogenetic signal.

Supplementary figure S15: Alignment of LAP102 orthologs showing P.
confusum insertions. Predicted LAP102 orthologs and homologs were aligned with
MUSCLE?®® and visualized in Jalview?® with the Clustal colour scheme. E. monterogeii
is represented by the illumina corrected genome sequence. P. confusum is
represented by the ORF predicted from the Trinity!” assembled transcript
TRINITY_DN2138_c0_g1_i2 using a Kinetoplastid conserved start site. Alignment
shows large P. confusum insertions relative to other Kinetoplastid sequences.

Supplementary figure S16: LAP333 phylogeny. Predicted orthologs were
phylogenetically analysed using MrBayes®* and PhyML34. Resulting trees were
combined into a single tree. Node values show the MrBayes3? posterior probabilities
and PhyML Bootstrap. B. saltans is represented by the Trinity'” assembled transcript
TRINITY_DN4963 c0_g1_i6, A. deanei is represented by the illumina corrected
genome sequence. Phytomonas sp. EM1 and Hart1 were excluded from phylogenetic
analysis due to the presence of large unsequenced regions.

Supplementary figure S18: LAP173 phylogeney. Predicted orthologs were
phylogenetically analysed using MrBayes®* and PhyML34. Resulting trees were
combined into a single tree. Node values show the MrBayes3? posterior probabilities



and PhyML Bootstrap. A. deanei is represented by the illumina corrected genome

sequence.

Supplementary figure $S19: LAP173 alignment. Predicted ortholog sequences were
aligned using MUSCLE?® and the alignment was visualized using Jalview?6. Colours
are the Clustal colour scheme. A. deanei is represented by the illumina corrected
genome sequence. The alignment shows conservation of the Sac3 domain and C-
terminal region across the eukaryotes supporting the identification of the kinetoplastid
sequences as possible Sac3 orthologs.

Supplementary figure S20: Colocalization of the LAP protein cohort with the
NPC. Pearson’s correlation coefficients for the colocalization of selected LAPs with
FG nups of the NPC were calculated for regions of interest surrounding the nucleus
using the BIOP JACoP plugin®” in FIJI*8. Values greater than 0.6 (dashed line) or
below -0.6 (dashed line) indicate positive and negative correlations respectively (and
thereby colocalization or exclusion respectively). Table indicates the number of cells
counted for each stage of the cell cycle. For post mitotic cells both nuclei were
assessed resulting in the graph showing double the cell number (indicated as a “*” in
the table). The data indicates some colocalization of LAPs 71 and 102 with FG Nups

while no colocalization is seen between LAP73 and the FG Nups.

Supplementary figure S21: Colocalization of selected LAPs with NUP-1.
Pearson’s correlation coefficients for the colocalization of the LAPs with NUP-1 were
calculated for regions of interest surrounding the nucleus using the BIOP JACoP
plugin®’ in FIJI®8. Values greater than 0.6 (dashed line) or below -0.6 (dashed line)
indicate positive and negative correlations respectively (and thereby colocalization or
exclusion respectively). Table indicates the number of cells counted for each stage of
the cell cycle. For post mitotic cells both nuclei were assessed resulting in the graph
showing double the cell number (indicated by a “*” in the table). The data indicates
there is some colocalization of the LAPs with NUP-1 although this is lost for LAP102
during post mitosis and only present for LAP73 during interphase. This is consistent
with the previously described relocalisation of NUP-1 during mitosis to the distal
regions of the separating daughter nuclei®?.



Supplementary figures S22 - 25: AlphaFold multimer modelling of LAP333
DeepMind fragments with LAP59. AlphaFold DeepMind multimer?>28 was used to
predict the interactions between LAP333 fragments and LAPS59. LAP333 fragment
sequences used were the LAP333 DeepMind monomer fragment sequences. (A)
LAP333 fragment complexed with LAP59 with colours indicating protein (brown:
LAP333, blue: LAPS9). (B) LAP333 fragment complexed with LAP59 with colours
indicating pLDDT as per Supplementary figure 1. For (A) and (B) ‘ indicates LAPS9.
(C) pLDDT plots for LAP333 fragment and LAPS59. (D) predicted aligned error plot
where the red lines indicate the end of the LAP333 fragment.

Supplementary figure S26: Electrostatic and hydropathy properties for the
LAP333 F2B and LAP59 interaction site. (A) Surface electrostatic charge for the
LAP333 F2B and LAP59 interaction site was calculated using the PyMOL3® APBS4041
plugin. LAP333 F2B model shown in brown, LAP59 model shown in blue. Images
show the LAP333 F2B interaction site is primarily negative while the LAP59 interaction
site is primarily positive. (B) Surface hydropathy for the LAP333 F2B and LAPS59
interaction site was calculated using the color_h PyMOL script*243. LAP333 F2B and
LAP59 models coloured as per (A). Images show the interaction site for both
molecules are primarily hydrophobic.

Supplementary figure S27: Alignment of B. saltans LAP333 transcripts against
the genome. The three LAP333 B. saltans transcripts identified by batch_brb*
searching the Trinity!” assembled B. saltans transcriptome were aligned to the B.
saltans genome (CYKH01000671:26230-35710) using MAFFT** and visualized in
Jalview?® with the Nucleotide colour scheme. Alignment shows several indels in the
genomic sequence relative to the Trinity assembled transcripts.

Supplementary table legends

Supplementary table S1: List of organisms and sources used for the phylogenetic
analysis of the LAPs.

Supplementary tables S2, S3: ESI LC-MS results for the analysis of total sample for
NUP-1 and NUP-2 co-immunoprecipitation experiments respectively.



Supplementary tables S4: NCBI CDD search*S, Phobius*®*’” and TMHMM*® were
used to predict the domains for LAP59.

Supplementary table S5: List of LAP orthologs identified.

Supplementary table S6: Protein sequences of LAP orthologs.

Supplementary tables S7: ESI LC-MS results for the analysis of total sample for
LAP102.
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Figure S2

LAP333 sequences used for Fragmented DeepMind AlphaFold structural predictions

>LAP333_GlobDoms 76-201, 249-485, 504-612, 691-947, 1127-1338, 1382-1663, 1683-2319, 2334-2481, 2548-2880, 2899-3031
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Figure S3
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Figure S4

LAP333 sequences used for Fragmented ColabFold AlphaFold structural predictions
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Figure S5

LAP333 N terminal ColabFold
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Figure S6

LAP333 full-length DeepMind

LAP333 full-length ColabFold
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Figure S7

LAP333 full-length DeepMind Multimer predicted aligned error
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Figure S8
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Figure S9
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Figure S10
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Figure S11
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Figure S12
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Figure S16
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