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Neofunctionalization of ciliary BBS
proteins to nuclear roles is likely
a frequent innovation across eukaryotes

Alexander Ewerling,1 Vanessa Maissl,1 Bill Wickstead,2 and Helen Louise May-Simera1,3,*

SUMMARY

The eukaryotic BBSome is a transport complex within cilia and assembled by
chaperonin-like BBS proteins. Recent work indicates nuclear functions for BBS
proteins in mammals, but it is unclear how common these are in extant proteins
or when they evolved. We screened for BBS orthologues across a diverse set of
eukaryotes, consolidated nuclear association via signal sequence predictions
and permutation analysis, and validated nuclear localization in mammalian cells
via fractionation and immunocytochemistry. BBS proteins are—with excep-
tions—conserved as a set in ciliated species. Predictions highlight five most likely
nuclear proteins and suggest that nuclear roles evolved independently of nuclear
access during mitosis. Nuclear localization was confirmed in human cells. These
findings suggest that nuclear BBS functions are potentially not restricted tomam-
mals, but may be a common frequently co-opted eukaryotic feature. Understand-
ing the functional spectrum of BBS proteins will help elucidating their role in gene
regulation, development, and disease.

INTRODUCTION

Eukaryotic cilia and flagella are structurally related organelles of motility and sensation. They were one of

the characteristic features of the last eukaryotic common ancestor (LECA) and are conserved in most

eukaryotic lineages.1,2 Cilia/flagella (herein collectively referred to as ‘‘cilia’’) aremicrotubule-based protru-

sions that extend from a cytosolic basal body into the extracellular space where they can perform a wide

range of functions. Since their emergence in the eukaryotic Tree of Life, cilia have facilitated locomo-

tion3–5 and reception of extracellular cues even in the earliest single-celled eukaryotes.6–11 While single-

celled eukaryotes show only motile cilia multicellular organisms exhibit two major ciliary subtypes, motile

cilia that can move fluids across membrane surfaces,12–15 and immotile primary cilia that have evolved to

serve as sensory signaling organelles crucial for tissue development, maturation, and function.16–20 Muta-

tions in ciliary proteins result in multiple distinct clinical phenotypes caused either by the impaired

signaling or regulatory function of primary cilia, or the diminished motility of motile cilia.21–23

The basic construction plan and mechanisms underlying ciliary assembly, disassembly, and maintenance

are highly conserved and strikingly similar across otherwise very different eukaryotic taxa.24–26 Ciliary

proteins are found in all major eukaryotic lineages,8,27–29 and their fundamental functions are homologues

in ciliated species.30 To ensure proper ciliary functions cilia need a highly regulated in- and efflux of trans-

membrane receptors, soluble effector molecules, and phospholipids. A specialized intraflagellar transport

(IFT) comprising three distinct complexes—IFT-A, IFT-B, and the BBSome, a complex of Bardet-Biedl Syn-

drome (BBS) proteins—mediates much of this movement. The IFT complexes couple with molecular mo-

tors of the Kinesin-2 and cytoplasmic dynein 2 (also called dynein 1b) families to mediate anterograde

and retrograde transport along the ciliary axoneme, respectively.31,32 The BBSome serves as an adaptor

for ciliary cargo such as transmembrane proteins and links it to the IFT complexes. The human heteroocta-

meric protein complex consists of BBS1, BBS2, and BBS7 (‘‘head’’), and BBS4, BBS5, BBS8, BBS9, and

BBS18 (‘‘body’’).33,34 Its assembly is facilitated by the CCT/TRiC-associated chaperonin-like BBS proteins

BBS6/McKusick-Kaufman Syndrome (MKKS), BBS10, and BBS12 before entering the cilium (Figure 1A).

Alongside their highly conserved ciliary roles, many ciliary proteins have been found to localize to other

cellular compartments where they function in non-ciliary processes. These include proteins that participate
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Figure 1. BBS proteins in the eukaryotic Tree of Life

(A) Schematic of BBSome and chaperonin-like BBS complexes (adapted from Singh et al., 2020).

(B) Domain and secondary-structure architecture for BBSome proteins. Domain abbreviations: g-adaptin ear (GAE),

tetratricopeptide repeat (TPR), pleckstrin homology (PH).

(C) Cladogram showing likely phylogenetic relationships between 40 diverse eukaryotes used in this study.
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in mitosis, spindle pole orientation, and cytokinesis35–38 and other cell-cycle-linked, nuclear processes,

such as DNA damage response.39,40 Ciliary trafficking proteins might also be active in the nucleoplasm;

BBS4 has been shown to associate with transcription factors that affect neuronal endoplasmic reticulum

stress response,41 and BBS7 interacts with RNF2, actively regulating the expression of its target genes,

likely by modulating the turnover rate of RNF2.42 Further, the disturbed nucleo-cytoplasmic translocation

of BBS6/MKKS in patients has been identified as a contributing factor to congenital heart disease.43

To exert a nuclear function, proteins first need to localize to the nucleoplasm. However, the nuclear enve-

lope (NE) forms a highly selective barrier that prevents large molecules from entering the nucleus solely by

diffusion.44 Proteins circumvent this barrier by active transport across the nuclear membrane, allowing pre-

cise spatiotemporal management of nuclear interactors. Alternatively, cytoplasmic proteins can potentially

access the interior of the nucleus in some lineages as a result of NE breakdown during mitosis. The nucle-

oplasm and chromatin of vertebrates are highly accessible to cytoplasmic proteins during mitosis from NE

breakdown at prometaphase through to telophase. This may allow the BBS proteins to freely diffuse into

the former nucleus and interact with their nuclear targets. However, the degree to which the NE becomes

permeable differs considerably in different eukaryotic lineages. In animals and land plants mitosis is open

with substantial fragmentation of the NE. Hence animal proteins associated with ciliary function (such as

BBS4, BBS6, and BBS7) may gain entry to the nucleus during cell division. In contrast, many protists and

fungi maintain an apparently intact NE, or show only partial breakdown or fenestration throughout mitosis.

Nonetheless, even in organisms with closed mitosis, it appears that ciliary proteins have the potential to

gain nuclear functions. For example, in the ciliate Paramecium tetraurelia both macro- and micro-nuclei

remain intact throughout mitosis, but IFT57 appears to gain access to the macronuclear space.45

These findings raise questions as to how and when ‘‘ciliary’’ proteins might have been co-opted into roles in

the nucleus. Do these dual functions represent recent neofunctionalization of proteins or are some poten-

tially more ancestral? Is there evidence of additional neofunctionalization in lineages with open mitoses?

Alternatively, are particular ciliary proteins more likely to gain nuclear import/export signatures? Can the

evolutionary history of ciliary proteins help us predict non-ciliary functions? Here, we look at the conserva-

tion of BBS proteins across eukaryotes and search for evidence of potential nuclear localization. We screen

a database of forty disparate eukaryotic genomes for BBS protein orthologues by means of phylogenetic

inference and correlate them with the organisms’ mode of mitosis to pin-point potential co-evolution of

nuclear function and NE breakdown. We then predict potential nuclear localization and export signals

of those orthologues. Finally, we perform immunocytochemical stainings and fractionations of transfected

human embryonic kidney (HEK293T) cells to look for BBS protein entry into the nucleus in mammalian cells.

RESULTS

Distribution of BBS orthologues across the eukaryotic tree of life

To identify BBS orthologues across eukaryotes, we assembled a dataset of 40 predicted proteomes from

diverse eukaryotes including organisms that build cilia/flagella during their life cycle and organisms which

do not (but might have retained BBS proteins for non-ciliary functions) (Figure 1C). Potential BBS ortho-

logues were identified using BLASTp similarity searches to seed more sensitive hidden markov model-

based searches, and the resulting sets checked for potential errors by construction of phylogenetic trees

(see STAR Methods). As expected, presence of a complete BBSome strongly correlates with the presence

of cilia during an organism’s life cycle (Figure 1D). The presence/absence of orthologues also agrees with

previous studies that identified BBS proteins in a smaller set of eukaryotes,26,46,47 demonstrating that our

bioinformatic approach is robust against previous analyses (exceptions for single proteins are described in

Figure S1).

Our data confirm that BBS proteins normally appear in an ‘‘all-or-nothing’’ fashion, as would be expected

for a protein set involved in a common conserved biological process. Notable exceptions here are species

that have a reduced set of BBS proteins despite building cilia—includingDrosophila melanogaster,Giardia

Figure 1. Continued

(D) Distribution of BBS proteins across eukaryotes. Presence (filled circle) or absence (open circle) of orthologues of each

protein are indicated, along with predictions of NLS and/or NES within each sequence. Multiple circles indicate number

of orthologues.Whether the organism is known to build cilia/flagella in some cell types and themode of mitosis operating

(see Table S1) are also indicated.
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intestinalis, Phytophthora ramorum, and Euplotes octocarinatus—all of which lack detectable copies of at

least two core BBSome components. In addition, Plasmodium falciparum and the fungus Batrachochytrium

dendrobatidis appear to lack all BBS-related proteins despite having flagellate stages, while Toxoplasma

gondii lacks all but BBS5. While D. melanogaster is known to maintain neuronal cilia and sperm flagella

without a BBSome,48,49 little is known about composition or presence of a functional BBSome in Giardia,

Phytophthora, and Euplotes. Given that there is an already reduced role for cilia in general in

D. melanogaster and we see a reduction in BBSome components, the gradual loss of these proteins might

precede a loss of the BBSome.

One theory for the seemingly ‘‘penalty-free’’ loss of single BBSome proteins might be that some functions

of the missing proteins can be substituted by related BBS components. In general, four major groups of

BBSome proteins can be distinguished by their tertiary structure (Figure 1B): a) proteins comprised a b-pro-

peller and an a-solenoid followed by a g-adaptin ear (GAE) domain such as BBS1; b) proteins as in a), but

followed by an a/b-platform and a-helix (BBS2, BBS7, and BBS9); c) tetratricopeptide repeat (TPR) proteins

(BBS4 and BBS8); and d) proteins with two pleckstrin homology (PH) domains followed by three a-helices

(BBS5). To some extent agreeing with this, all BBSome sets identified here contain at least one member of

each group present, apart from Phytophthora and Toxoplasma.

It has been observed that the absence of BBSome proteins often precedes the loss of ciliary structure

during eukaryotic evolution.26 The lack of BBSome components in Batrachochytrium and Plasmodium

are in agreement with this; both Batrachochytrium and Plasmodium have flagellar assembly and disas-

sembly pathways that happen entirely in the cytoplasm and do not require a functional BBSome.46,50,51

In contrast to the complete loss of the BBSome components in Plasmodium, the closely related Toxo-

plasma species appears to have retained a single orthologue of just one BBSome component, BBS5.

The identified protein is annotated as a predicted BBS5 orthologue in the genome database (toxodb.

org) and was a strong hit to the BBS5 Hidden Markov model (HMM) here, suggesting this is a true reten-

tion and not a mis-identification. Moreover, maximum-likelihood phylogenetic analysis of BBS5 ortho-

logues along with related paralogues shows that the identified T. gondii BBS5 (ToxoDB:

TGME49_259965) is part of a clade containing known BBS5 orthologues, and the identified BBS5 from

Giardia (Figures 2A and S2D). This makes a very strong argument for the hit to be a true orthologue

of BBS5, despite the absence of other BBSome components.

In contrast to the transport functions of the BBSome, chaperonin-like BBS proteins (BBS6, BBS10, and

BBS12) are needed to assemble and fold a functional BBSome. Previous work has shown that these

chaperonin-like BBS proteins are related to the chaperonin-containing T-complex protein (TCP) sub-

unit (CCT) proteins, most likely through duplication of a CCT8-like sequence early in eukaryotes.52,53

These chaperonin-like BBS proteins are mostly conserved in metazoa. However, potential orthologues

of BBS6 were also detected in Mastigamoeba balamuthii and Malawimonas jakobiformis. Both of

these appear to be strong BBS6 candidates (Figure S2E), suggesting either an earlier origin for this

group of proteins than the base of the metazoa, or gene transfer of metazoan BBS proteins into other

lineages.

In addition to likely BBS6 proteins outside of metazoa, a single non-animal BBS12-like sequence was

identified by our search method in Dictyostelium discoideum. This sequence is not a member of any

known CCT family (members of which can be easily identified in Dictyostelium; Figure S2Ja) and clusters

with good support with bona fide BBS12 sequences, albeit at the base of the clade. BLASTp searches

using this sequence as a query identify archaeal thermosome subunits as the best matches outside of

the clade Dictyostelia (data not shown). To test if this might represent a recent gene transfer to Dictyos-

telium rather than a divergent copy of BBS12, we included the three top BLAST hits from the NCBI ‘‘nr’’

database not originating from dictyostelial species into the phylogeny, as well as the hits from searching

48 representative archaeal genomes with the same HMM used for eukaryotic searches. However, no

archaeal protein or set of proteins has a strong affinity for this Dictyostelium BBS12-like sequence, which

is still sister to the animal BBS12 clade (Figure 2B). The phylogeny is thus, consistent with this being a

non-animal BBS12 orthologue, and no obvious origin from within either eukaryotic CCT proteins or by

lateral gene transfer from prokaryotes can so far be identified. However, given the distribution of BBS

proteins and the lack of obvious BBS12 in other organisms that do not build cilia, this should be treated

with caution.
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BBS orthologues carry nuclear import and export signatures

Recent studies have shown that human BBS proteins BBS6 and BBS7 can localize to the nuclear compart-

ment.42,43 This raises the question whether the nuclear functions of BBS proteins are ancient or a recently

Figure 2. Maximum-likelihood (ML) phylogenetic relationships of BBS5 and BBS12

Bootstrap (BS) and Shimodaira-Hasegawa (SH) branch support values are given at each node (color-coded nodes are

darker where support is stronger).

(A) Reconstruction of ML phylogenetic tree for BBS5 orthologues.

(B) Extended phylogeny of BBS12 in the initial database species with chaperonin-containing T-complex protein (TCP)

subunit (CCT) orthologues of Dictyostelium discoideum (green), top three reciprocal BLASTp hits (orange) for

Dictyostelium discoideum DDB_G0268902 (cyan; dictybase.org: DDB_G0268902) against NCBI’s ‘‘nr’’ database, and

orthologous proteins found in an additional HMM search of 48 archaeal proteomes (purple).
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acquired attribute. We reasoned that if the nuclear role were ancestral to a set of organisms and conserved,

there might also be a conserved means of nuclear import/export for that set. To test for potentially

conserved nuclear functions, we interrogated the BBS orthologues for predicted nuclear localization sig-

nals (NLS) and nuclear exit signals (NES).

Individual BBS orthologues were tested for statistically higher occurrence of predicted NLS or NES scores

against sets of equal size made up by sampling from comparison datasets of control proteins. Three com-

parison datasets were considered: 1) all BBS proteins (to test for individual orthologues beingmore likely to

be nuclear than the BBS set as a whole; 212 sequences in total), 2) all proteins from the proteomes analyzed

that are predicted to be cytosolic by WolfPSORT54 (to test for an individual orthologue being more likely to

be nuclear than a ‘‘typical’’ cytoplasmic protein; 91,829 sequences), and 3) a dataset of all proteins (whether

nuclear or not) from the predicted proteomes (711,242 sequences; Figure 3A).

In our analysis, no single BBS protein was found to be significantly more likely to have a higher NLS than a

random set of the same size of either other BBS proteins, ‘‘cytoplasmic’’ or total proteins from our reference

datasets (Figure 3B). The strongest predicted NLS is seen in BBS4 and BBS9 orthologues (pBBS = 0.104). In

contrast, the predicted NES signal in BBS7 is significantly higher than expected against any of the three

control datasets (pBBS = pcyto = ptotal = 0.002; Figure 3C). The BBSome in general is significantly more likely

to have a greater predicted NES score than typical proteins predicted to be cytosolic (pcyto = 0.041), unlike

chaperonin-like BBSs, which are not significantly more likely to have a higher NLS or NES signature than a

protein set of the same size sampled from either BBS, cytosolic or whole proteomic datasets (Figure S3).

Given that individual BBS proteins, and not all proteins of the complex, have a tendency to have higher

nuclear signal sequence scores, these data suggest that the evolution of nuclear functions might involve

single BBS proteins and not redistribution of the entire complex.

Presence of nuclear signal sequences is not phylogenetically restricted

To exclude the possibility that certain organisms might have an a priori tendency to have stronger pre-

dicted nuclear signal sequences—either through some underlying biology or (more likely) reflecting bias

in the predictive algorithms—we also tested whether the proteins from certain groups might have stronger

signatures than our reference datasets, considering data at different taxonomic depths. While we see no

bias when comparing the broadest or finest taxonomic differentiation (Figure 4A/C), BBS orthologues in

Excavata in general have significantly stronger NES signal than would be expected for typical predicted

cytosolic proteins in this group (Figure 4B; pcyto = 0.042, permutation test) or for BBS, ‘‘cytosolic’’ or general

proteins from across eukaryotes (Figure S4B). This means that BBS orthologues in Excavata are not only

more likely to bear NES signatures than other excavate proteins, but also compared to all proteins in

this analysis. Interestingly, stramenopiles also show a higher-than-average NLS capacity in BBS ortho-

logues compared to other cytosolic proteins (Figure 4C, pcyto = 0.045), although it should be noted that

prediction of cytosolic localizationmay not be equally accurate across all eukaryotic lineages. Nonetheless,

these data suggest excavates and stramenopiles may be interesting as models for non-ciliary nuclear BBS

protein functions.

Nuclear signal sequences in BBSome proteins are ancestrally conserved

By reconstructing the most likely sequence from which extant BBS orthologues diverged, we can infer how

well nuclear signal sequences are conserved at hypothetical nodes within the eukaryotic tree. The recon-

structed ‘‘ancestral’’ sequences can be used for signal sequence predictions as in previous analyses. Upon

ancestral state reconstruction, it appears that most predicted NLS in BBS proteins are protein-specific

(Figure 5). As reconstruction only considers shared indels, this method is unable to account for NLS occur-

ing in these regions and therefore misses some predictions in the orthologues sequences themselves (Fig-

ure 1C). Interestingly, for BBS4, there is a predicted NLS at the node between choanozoa and metazoa, but

the signal in this inferred sequence is not inherited in the majority of the sequences arising from it. These

data suggest classical NLS signals arise sporadically across the phylogeny of BBS proteins and are not

generally conserved over evolutionary timescales.

In contrast and as previously described, NES are far more widespread and found more readily in the recon-

structed sequences. In general, BBSome proteins all have a detectable NES in the ancestral LECA

sequence, except for BBS9 and BBS18. Predicted NES in BBS9 are mostly found in extant proteins although

weaker NES can be detected at the base of Opimoda and the stramenopiles-alveolates-rhizaria (SAR)
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supergroup. Strongest NES at LECA-level was predicted in BBS7 that is in line with previous analyses of

extant protein sequences (Figure 3B). Although not as strong, BBS4 and BBS8 show a highly conserved

NES signature throughout the reconstructed sequences, followed by BBS1, BBS2, and BBS5. And despite

being recent additions, the likely ancestral sequences of chaperonin-like BBS proteins BBS6, BBS10, and

BBS12 show predicted NES at all nodes.

Taken together, the ancestral state reconstruction suggests that the nuclear localization of BBS4 is likely a

convergent feature of sequences in choanoflagellates and animals. Further it predicts that BBSome pro-

teins most likely have NES since LECA and that they have largely maintained these signal sequences

A

B

C

Figure 3. Distribution of predicted nuclear signal sequences in BBS orthologues

(A) Schematic representation of the datasets considered for the prevalence comparison of nuclear signal sequences to

those in BBS proteins.

(B) Distribution of NLS (left) and NES (right) in BBS orthologues. Left: Violin plots of highest predicted NLS from BBS

orthologues. Right: Boxplots of highest predicted NES from BBS orthologues of the respective groups indicated.

Whiskers and boxes mark quartiles; circles: points outside 1.5 interquartile range.

(C) Volcano plots of Z-scores from BBS protein orthologues against adjusted-log10(p value). Z-scores are calculated as

multiples of standard deviations from the reference group mean.
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throughout many divergence events, while chaperonin-like BBS were a later addition but also might have

served nuclear functions since their emergence.

Mode of mitosis does not influence nuclear localization signals or nuclear exit signals

occurrence

Translocation of a protein from cytoplasm to nucleoplasm can happen either due to active import and

export across the NE, or inclusion of proteins in the nascent nucleus during mitosis. The latter would not

require NLS, but does require a mitotic breakdown of the NE and may also be associated with NES to pro-

mote re-localization of proteins to the cytoplasm. Conversely, we might expect increased NLS signal in

species without mitotic NE breakdown if the nuclear functions of BBS are conserved. Lastly, if the mode

of mitosis had no influence on the nuclear functions of BBS proteins (i.e., there was no co-evolution of

nuclear functions and NE breakdown), we expect no significant difference between signal sequences in

species with open vs. closed mitosis.

As the need for import into, or export from the nucleusmight be substantially confounded by access granted to

the nucleus during open mitosis, we tested whether mode of mitosis influences the distribution of predicted

NLS/NES in BBS proteins. As organisms exhibit a range of degrees of NE breakdown during mitosis, organisms

were scored based on their position along a closed/open mitosis axis (Figure 6A) to compute a weighted score

A B

C

Figure 4. Comparison of BBS protein nuclear signal sequence scores to other proteins of the same taxonomic unit

Tests were carried out for BBS proteins of one higher taxonomic unit vs. ‘‘cytosolic’’ or any proteins of the same taxonomic

unit. (A), (B), and (C) show the comparisons at different taxonomic depths.
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sum as a test statistic (see STARMethods). The statistic was then used in a permutation test for an association of

NLS/NESwith themodeofmitosis. Theproteomicdataset of our previous analyses iswell suited for this since it is

comprised species representative of the mitotic spectrum (Figure 1D).

Our analysis shows the mean of the weighted NLS sum for all proteins is close to 0, indicating that NLS sig-

nals are equally likely in proteins from organisms having either open or closed modes of mitosis. The

weighted NLS score for BBS proteins is slightly negative, but not more than expected by chance (pNLS =

0.2108). Interestingly, there is a shift of weighted NES score sums for typical proteins in each proteome to-

ward the more positive end of the open-closed-axis (Figure 6B) showing that higher predicted NES signals

are more common for proteins in organisms with more open forms of mitosis, as would be expected—

although this is not significantly different from a bias that could be expected by chance. BBS proteins follow

this trend no more than an average protein from these organisms (pNES = 0.2626).

Taken together, these results suggest that the presence of NLS and NES signals in BBS proteins are more

due to biological adaptations of single eukaryotic lineages other than their mode of mitosis. Statistically,

we could show that mitosis alone does not seem to be the evolutionary driver behind the emergence of

nuclear signal sequences in eukaryotic BBS proteins. In particular, this means that the higher-than-average

NES signature we found in excavates, and the above-average NLS scores in stramenopiles cannot be ex-

plained by the organsims’ form of mitosis alone. This suggests that the evolution of nuclear functions for

BBS proteins is not linked to transitions from closed to open mitosis.

Human BBS proteins differentially localize to the nucleus

Computationally predicted localization signals can aid in understanding the mechanisms of protein-

dependent nuclear import and export, but are of course only an approximation for their actual subcellular

Figure 5. Ancestral sequence reconstruction of BBS proteins

Most likely ancestral sequences were reconstructed to assess their capability to enter the nucleus by prediction of NLS and NES.
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localization. To test predictions for nuclear localization of BBS proteins against actual cell biology, we per-

formed localization studies in transiently transfected HEK293T cells overexpressing FLAG-tagged BBS pro-

teins. We looked at their localization (cytosolic or nucleoplasmic) via subcellular fractionation followed by

Western Blotting (WB), and immunocytochemical staining (Figure 7).

All BBS proteins tested were expressed, and can be seen in the cytosolic fraction (Figure 7A). When over-

expressed in HEK293T cells, BBS1, BBS2, BBS7 and BBS9, BBS4 and BBS8, and BBS5 also localize to the

nucleus. This nuclear localization is most likely the result of active transport between cytosol and nucleus:

The size-exclusion barrier that is the nuclear pore does not allow free diffusion of molecules with a

mass > 40 kDa55,56 that all of the nuclear BBS proteins (but BBS5) have. Of the BBS1‘‘family’’ proteins

that localize to the nucleus, BBS1 is most prominently featured in the nuclear fraction, despite lacking a

classical NLS. In comparison, BBS2 and BBS9 are found only in trace amounts in the nucleus, while BBS7

has a higher ratio in the nuclear fraction than in the cytosolic fraction. The strong nuclear signal of the

WB;however, was only partially reproduced by immunostaining (Figure 7B). Although BBS1 and BBS2

show a weaker nuclear than cytosolic staining, BBS7 is virtually undetectable via immunostaining in the

nucleus. BBS9 has the strongest signal, although we detected it in an amount comparable to BBS2 via

Western blot. BBS4 and BBS8 on the other hand are about equally present in cytosolic and nuclear frac-

tions. We see the same pattern in immunofluorescence labeling of BBS8-overexpressing cells, but not in

their BBS4 counterpart. BBS4 seems to be exclusively localized around the centrosomes, but not anywhere

in the nucleoplasm. Despite lacking both classical NES and NLS, we find a signal for BBS5 in the nuclear

fraction and in immunocytochemical staining. Theoretically, the two pleckstrin-homology-like domains

of BBS547 could facilitate an interaction with nuclear phosphoinositides that have been implicated in

chromatin remodeling transcriptional regulation.57

The only chaperonin-like BBS proteins detectable in a nuclear fraction were BBS10 and, surprisingly,

BBS12. While BBS10 has been detected in the nucleus in a recent study with a similar experimental setup,58

A

B

Figure 6. Mode of mitosis and presence of predicted nuclear signal sequences are not correlated

(A) Mitotic spectrum from closed to open mitosis and representative species.

(B) Histogram of samples for permutation testing of nuclear signal sequences with weighted score sums of BBS proteins’

predicted NLS (left) and NES (right).
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BBS6 could not be detected in the nucleus after subcellular fractionation, even though it has been reported

to translocate to the nucleus.43 BBS10 signal is; however, completely absent from the nucleus of immuno-

cytochemically stained HEK293T cells as is BBS12 in contrast to the Western blot. BBS6 can be found in the

nucleus in immunostainings, which is congruent with previous studies. The lack of nuclear signal in Western

blot analysis might stem from a very transient localization, as it was hypothesized that BBS6 aids in trans-

location of a SMARCC1-Importin-complex across the nuclear pore.43 To exclude that the FLAG tag had an

effect on the localization, an alternative tag (myc) was used for BBS6 and BBS8. Both proteins showed qual-

itatively the same pattern in both fractionation and immunostainings as their FLAG-tagged counterparts

(Figure S5).

A

B

Figure 7. Nuclear localization of different BBS proteins

(A) Western blot after subcellular fractionation of transiently transfected HEK293T cells shows nuclear localization of

BBS1, BBS2, BBS7, BBS4, BBS8, and BBS5. All Flag-tagged fusion constructs are expressed and detected at the expected

sizes (BBS1: 65 kDa; BBS2: 80 kDa; BBS7: 80 kDa; BBS9: 99 kDa; BBS4 58 kDa; BBS8: 62 kDa; BBS5: 39 kDa; BBS6: 62 kDa;

BBS10: 81 kDa; BBS12: 79 kDa). Successful fractionation was determined by presence of marker proteins for the cytosol

(GAPDH), and the nucleus (Histone H3). 100 mg protein were loaded per lane except for BBS6 (15 mg) and BBS12 (55 mg).

(B) Immunocytochemical stainings of transiently transfected HEK293T cells expressing FLAG-tagged BBS proteins.

Arrows mark the data points used for line plotting in direction of the arrow. Scale bar: 5 mm. Plot X axis: length (pixels); Plot

Y axis: pixel intensity (arbitrary units).
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The subnuclear distribution patterns of BBS proteins differ from protein-to-protein. This shows that their

import and interaction with other proteins must be differentially regulated and that they may take part

in multiple distinct processes. However, we see a discrepancy in the nuclear protein amount when we

compare Western blots and immunocytochemical stainings. This emphasizes that by WB, we can detect

nuclear signals more sensitively that might go unnoticed with immunocytochemical stainings alone, or

that might be ambiguous. On the other hand, immunofluorescence analysis of stained cells reveals a local-

ization of single proteins that is highly specific: BBS7 and BBS8 both localize close to the inner NE (Fig-

ure 7B), information which would not be obtainable from Western blots alone. It is also worth noting

that in most cases, Western blots and immunostaings agree in their readout (BBS1, BBS2, BBS9, BBS8,

and BBS5), although the intensity does not necessarily translate well from one analysis to the other. It is

also of note that the ectopic overexpression of BBS proteins may affect the cells differently; we did for

example observe that cells overexpressing BBS6 tended to be less viable than others (data not shown).

In turn, this means that some of the proteins are harder to detect than others, which is a contributing factor

to the different amounts of protein found in the fractions despite being controlled by the same promotor.

DISCUSSION

Cilia and flagella have important roles in many eukaryotic cells. Their proper function is critical for both

unicellular life and multicellular organisms, including locomotion, perception, and development. The

discovery of ciliary proteins’ extraciliary functions in mammalian cells extends the reach of some of their

components beyond their ciliary roles. It raises the question whether those functions are conserved in other

eukaryotes and therefore ancestral, or if they were co-opted. Our reconstruction of BBSome component

distribution across eukaryotes confirms the wide-spread distribution of these proteins and strong phyloge-

netic association with the presence of cilia. It also suggests that the more phylogenetically restricted chap-

eronin-like BBS proteins are not exclusive to metazoa, but can also be found inMalawimonas and Amebae.

We found that BBSome proteins generally appear as a conserved set. This set contains at least one protein

from each subset of BBSome proteins, namely the BBS1-like, TPR-domain-containing, and PH-domain-

containing protein families (Figure 1B). Exceptions to this rule could be observed in lineages where the

most recent species have undergone a gradual process of protein complex reduction and, finally, loss of

the cilium. An extreme example is the opisthokont lineage: While the last opisthokont common ancestor

was probably still a ciliated single-celled organism with all IFT and BBSome components,59 the fungal

descendants quickly abandoned BBS proteins (as seen in Batrachochytrium) and subsequently cilia in gen-

eral, while the holozoan lineage retained them.

Further sequence analysis of identified orthologues provided insight into the distribution of nuclear local-

ization or export signals (NLS and NES, resp.). After the significant increase of NES in BBS7, BBS1, and BBS8

had the highest probability for high NES scores, while BBS4 and BBS9 had the highest probability for high

NLS scores. Preference for stronger nuclear signal sequences in open or closed mitosis was tested

revealing no significantly higher likelihood for NLS or NES in BBS proteins in either form of mitosis. This

means that nuclear localization of BBS proteins most probably did not co-evolve with the transition to a

particular form of mitosis but more likely as a recent adaptation in specific lineages, as appears to be

the case for mammalian BBS6.43

Through ancestral state reconstructions, we could show that predicted NLS found in BBS proteins are

frequent, but most likely lineage-specific. In contrast, predictions of NES—especially for BBS7—can often

be found deeper in the evolution of the proteins and tentatively even at the inferred LECA sequence.

Our localization experiments in HEK293T cells revealed that other human BBS proteins than those previ-

ously reported41–43 do indeed also localize to the nucleus. We detect BBS1, BBS2, BBS7, and BBS9;

BBS4 and BBS8; BBS5; and BBS10 and BBS12 in the nuclear fraction of transiently transfected and lysed

cells, either in soluble form, associated with chromatin or as part of larger complexes. These results could

in part be recapitulated in immunocytochemical stainings: we detect nuclear signals for FLAG-tagged

BBS1, BBS2 and BBS9; BBS8; BBS5; and BBS6 in our microscopic analysis, but not others. This implicates

that the nuclear localization is not simply an artifact produced by overexpression. While mislocalization

due to overexpression is a concern, it is also encouraging those previous studies that established lower

expression levels in other cell lines do recapitulate a similar subcellular distribution.35 The distribution of

nuclear BBS proteins is not uniform, suggesting that they are associated with different processes in the nu-

cleus. The differences in both abundance (as seen in Western blots), intranuclear localization (as seen in
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immunofluorescence stainings), and no preference in either form of mitosis (as seen in permutation anal-

ysis) clearly show that BBS proteins’ capacity to function in the nucleus differs between specific proteins and

is indicative of a specialized role for each BBS protein.

One of the major transitions of life has been the development of a sophisticated, compartmentalized

endomembrane system that probably contributed to the success of eukaryotes.60 While the ‘‘original’’ nu-

clear membrane was likely freely permeable, the NE has since evolved into a tightly regulated, selective

transport barrier.61–63 During interphase, proteins and nucleic acids must pass the nuclear pore complexes

(NPCs) by associationwith importin- and exportin-class proteins. In someorganisms (including green plants

and animals), the NE completely breaks down during mitosis, while in others (such as yeasts), the envelope

remains intact. The mitotic NE breakdown is however not binary. Many eukaryotes partially break down the

NE, allowing microtubules to enter the nuclear space through fenestrated openings, the extent of which is

dependent on the species. The breakdown of the NEmay serve as an entry point into a compartment that is

otherwise inaccessible without an NLS. On the other hand, in an organism with a closed form of mitosis, all

nuclear proteinsmust be actively transported into the nucleus.We reasoned that if nuclear roles for BBSpro-

teins are conserved, theremight be higher need for NLS in BBS orthologues in species with a closed form of

mitosis and, conversely, a potential increase of NES in BBS orthologues in species with an openmitosis. Our

permutation analysis showed no statistical bias towardNLS or NES signals in association withmitotic mode.

Hence the appearance of nuclear signal sequences is not coincidental with the evolution of a specificmitotic

pattern. However, while we predictedmostly NES signals for human BBS proteins, we still find nuclear local-

ization via both subcellular fractionation and immunofluorescent staining.Our analysis is by necessity based

onprediction of classical, basicNLS signals only and non-classical (e.g., PY-NLS) or protein-specificNLSswill

not be detected. Moreover, due to the difficulties in prediction even of classical NLSs, computational NLS

predictors detect a relatively low percentage of true NLSs with high confidence (37% for NLStradamus

against a dataset of non-yeast sequences). There is also the possibility of an ‘‘indirect’’ NLS effect, i.e., as-

sociation of BBSproteinswith interactionpartners that are localizing to the nucleus, andBBSproteins hijack-

ing them and being imported into the nucleus passively. Recently it could be shown that CCDC28B, a cilia

protein associating with BBS proteins bears a functional NLS in a zebra fish homolog. It could therefore

potentially serve as a nucleocytoplasmic shuttle for BBSproteins.64 Bioinformatic analysis alone is therefore,

currently not sufficient to accurately predict nuclear localization for any individual BBS protein—although it

does provide a useful tool to assess any underlying trends.

In addition to the nucleus, proteins forming the nuclear pores, nucleoporins, can be found at the base of

cilia regulating ciliary import in a similar fashion as they do at nuclear pores.65 Both localizations share com-

mon translocation mechanisms of cargo into the respective compartment, utilizing RanGDP/GTP (Ran-gui-

nosine di-/triphosphate) gradients, importins, and specialized localization sequences. For several ciliary

cargoes, including crucial anterograde IFT protein KIF17,65 the ‘‘nuclear’’ translocation system could be

confirmed, but others seem to bypass the need for some parts of the system. Interestingly, primary cilia

in particular do not appear to have any nucleoporins at the base.66 While there are differences in nuclear

and ciliary import and export, it is still possible that both systems once shared common ancestral machin-

ery. And indeed, components of both share a potential ancestor that once emerged to facilitate vesicle

coats.26,55–57,63–67 This leaves two possible options for the appearance of ciliary proteins at and in the nu-

cleus: Either I) the cilium developed before the NE, making the ciliary functions ancestral and the nuclear

functions co-opted; or II) the NE emerged first, and the close association of the cilium-nucleating centriole

led to nuclear proteins ‘‘hitch-hiking’’ to the cilium and adopting ciliary roles. Future analysis comparing the

divergence of ciliary vesicle and cargo coat complexes such as the BBSome from nucleoporins, and the hy-

pothetical ancestral protocoatomer needs to be conducted to untangle their shared evolutionary history.

Regulation of differential gene expression during development of tissues is a novel role for BBS proteins

that has only been described recently.42,43,58 But BBS proteins are also involved in short-term responses

to more immediate environmental cues. More recent studies have shown that BBS proteins are recruited

for translocation of transcription factors after application of cytotoxic stress: BBS4, which is normally local-

ized at centrosomes in cycling cells or the basal body in quiescent cells, translocates from the cytosol to

nucleus after induction of endoplasmic reticulum (ER) stress.41 Here, BBS4 associates with transcription fac-

tors that initiate the unfolded protein response (UPR). This is reminiscent of a similar mechanism seen in

BBS6 that is disturbed in MKKS, where a mutation disrupts the shuttling of BBS6 in and out of the nucleus,

enriching SMARCC1 in the cytoplasm. We found that induction of cyto- and genotoxic stress induces a
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translocation of BBS4, BBS6, and BBS8 from cytoplasm to nucleus (Patnaik et al., in prep.). BBS proteins

therefore, have a pivotal role in both developmental, long-term regulation of genes, and short-term re-

sponses to environmental cues by associating with transcription factors and effector proteins and ensuring

cytonucleoplasmic translocation.

Our data consolidates that BBS proteins can have roles outside of ciliary trafficking. Our orthologue screen

revealed that all BBS proteins in this study have predicted NES signals in at least one species, but classical

NLSs are more restricted only being detected in one or more orthologue of BBS1, BBS2, BBS4, and BBS5 in

at least one species (Figure 8A). However, as not all BBSome proteins localize to the nucleus (Figure 8B) and

since those that do have distinct patterns, it is likely that BBS protein involvement in nuclear processes is

independent of their function as a complex. This nuclear localization does not appear to be the result of the

BBSome (or individual proteins) being coincidentally incorporated into the nucleus due to evolution toward

open mitosis, but is equally likely in all eukaryotic species possessing BBS proteins. This leaves two options

for the evolution of BBS proteins’ nuclear function: Given that BBS proteins are found across all eukaryotic

taxa even on occasion in species without cilia, the BBSome proteins have highly likely already been estab-

lished in LECA. This might place the root of nuclear functions of BBS proteins potentially quite early during

the radiation of eukaryotes. This theory is favored by the widespread NES signature for single BBS proteins

we find across the entire eukaryotic tree. Another explanation is an independent convergence scenario

where conserved BBS proteins filled an ecological niche for gene regulation on numerous occasions;

this would be well explained by the sparse occurences of NLS in single clades of BBS proteins, as well

as the absence in ancestral nodes toward the root of the tree. Position-specific tracing of NLS/NES in

BBS proteins will clarify whether some signal sequences persisted throughout eukaryotic evolution. Either

theory can further be elucidated by investigation of BBS proteins’ nuclear interactome and gene regulatory

functions in different eukaryotic species. This information is crucial to understand the evolution of the

cilium, nucleus, and the origins of regulatory networks in early eukaryotes.

Figure 8. Schematic summary of bioinformatic, molecular and immunological experiments

(A) BBS proteins with predicted NLS and/or NES. A label is added if the respective signal sequence is found in at least one

of the predicted eukaryotic orthologues.

(B) Comparison of predicted localization (left), localization after Western blotting (middle), and immunofluorescent

staining (right) of FLAG-tagged BBS proteins in Homo sapiens.
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Limitations of the study

Bioinformatical prediction of subcellular localization remains challenging with current predictive algo-

rithms, yet offers a great opportunity to examine protein interactions beyond the scope of their canonical

field of action. This is crucial to understand a protein’s evolutionary background and—in our case—its role

in the etiology of a disease. Although signal sequence predictions by NESmapper and NLStradamus are

not to be taken at face value as definitive localization criteria, they allow us to statistically analyze their

strength in correlation with other variables, such as clade affiliation or mode of mitosis. We took care

not to overestimate the conclusion that can be drawn from our bioinformatical studies and are aware

that the predictions do not encompass the full spectrum of possible nuclear import and export mechanisms

for proteins. Factors like protein-interaction-mediated (indirect), nucleo-cytoplasmic translocation of pro-

teins, and non-canonical signal sequences (e.g., PY-NLS) are not negligible but virtually impossible to rule

out for any comparable approach and need validation beyond bioinformatic detection. We argue that this

was not in the scope of this work and that our approach is cautious enough to justify the limitation. To vali-

date our bioinformatic findings, we used a human cell model, HEK293T cells that are explicitly unciliated

throughout the course of the experiments. While this reduces the possibility to validate functionality of

our tagged proteins through their association with primary cilia, we could ensure that proteins would repli-

cate their non-ciliary localization in unciliated cells as the sequestering effect of a cilium would be ablated.

We chose to overexpress tagged BBS proteins in these cells as to enhance detection rather thanmeasuring

endogenous levels of protein as reliable antibodies for endogenous BBS proteins are not available. This

renders microscopy after indirect immunofluorescent labeling more difficult to interpret as mislocalization

after fixation is a known limitation,68 but the disctint patterns observed after staining differentially trans-

fected cells attest that nuclear localization of BBS proteins is not artifactual. Additional in-depth experi-

ments, including live-cell-imaging with fluorescently labeled proteins and mass spectrometry, would be

required to ratify our data further which was beyond the scope of our exploratory study.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Requests for further information or regarding resources, reagents, protocols, and data should be directed

to and will be handled by the lead contact, Helen Louise May-Simera (may-simera@uni-mainz.de).

Materials availability

Maps and sequence files for plasmids generated in this study are available under the DOI listed in the key

resources table. To access plasmids, please refer to the lead contact for further information.

Data and code availability

d Signal sequence prediction data (.nes and.nls) have been deposited at Figshare and are publicly avail-

able as of the date of publication. DOIs are listed in the key resources table. Original Western Blot

and microscopy files reported in this paper will be shared by the lead contact upon request.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal (clone M2) mouse anti-FLAG Sigma-Aldrich Cat# F1804; RRID: AB_262044

Monoclonal (clone D16H11) rabbit anti-GAPDH Cell Signaling Technology Cat# 5174; RRID: AB_10622025

Polyclonal rabbit anti-Histone H3 Proteintech Cat# 17168-1-AP; RRID: AB_2716755

Monoclonal (clone 9B11) mouse anti-myc Cell Signaling Technology Cat# 2276; RRID: AB_331783

Polyclonal donkey Alexa Fluor� Plus 488 anti-mouse Invitrogen Cat# A-21202; RRID: AB_141607

Polyclonal donkey IRDye� 800 CW anti-Mouse LI-COR Biosciences Cat# 926-32212; RRID: AB_621847

Polyclonal donkey IRDye� 680 RD anti-Mouse LI-COR Biosciences Cat# 926-68072; RRID: AB_10953628

Polyclonal donkey IRDye� 800 CW anti-Rabbit LI-COR Biosciences Cat# 926-32213; RRID: AB_621848

Polyclonal donkey IRDye� 680 CW anti-Rabbit LI-COR Biosciences Cat# 926-68073; RRID: AB_10954442

Chemicals, peptides, and recombinant proteins

Digitonin Sigma-Aldrich Cat# D141; CAS: 11024-24-1; EC: 234-255-6

Hexylene glycol Sigma-Aldrich Cat# 112100; CAS: 107-41-5; EC: 203-489-0

Protease and Phosphatase Inhibitor Cocktail (100X) Thermo Fisher Scientific Cat# 78440

Benzonase Merck Cat# E1014; CAS: 9025-65-4

Deposited data

Plasmids coding for FLAG-tagged BBS proteins This paper figshare.com:

Signal sequence prediction files (Data S2) This paper figshare.com: https://doi.org/10.6084/m9.figshare.22140347.v1

Script for statistical analysis (Data S2) This paper figshare.com: https://doi.org/10.6084/m9.figshare.22140347.v1

Experimental models: Cell lines

HEK293T N/A RRID: CVCL_0063

Recombinant DNA

Plasmids coding for FLAG-tagged BBS proteins This paper figshare.com: https://doi.org/10.6084/m9.figshare.22140458.v1

Software and algorithms

R (version 3.6.3) https://www.R-project.org/ RRID: SCR_001905

FIJI Schindelin et al.69 https://doi.org/10.1038/nmeth.2019; RRID: SCR_002285

FIJI macro for image preparation and micrograph

analysis (Data S1)

This paper figshare.com: https://doi.org/10.6084/m9.figshare.22140278.v1
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d All original code has been deposited at Figshare and is publicly available as of the date of publication.

DOIs are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human embryonic kidney (HEK293T) cells derived from a female were cultivated in Dulbecco’s Modified

Eagle’s Medium (DMEM; Thermo Fisher Scientific GmbH, Dreieich, Germany) supplemented with 10%

Fetal Bovine Serum (FBS; Thermo Fisher Scientific GmbH, Dreieich, Germany) at 37�C and 5% CO2 in

high humidity.

METHOD DETAILS

Proteomic dataset procurement

Proteomic datasets were compiled from predicted proteomes of 40 extant eukaryotic species selected to

give good distribution across eukaryotes for which data are available. Organisms were selected to give

coverage of organisms: a) from six major eukaryotic clades (Amoebozoa, Fungi, Holozoa, Excavata, SAR

and Archaeplastida); b) with or without cilia; and c) that are known to undergo open, closed, semi-open,

or semi-closed mitosis. Redundancy in predicted proteomes was reduced by removal of sequences with

>95% identity for a given species. This reduces skewing during Hidden Markov model (HMM) building to-

ward models reflecting minor differences in organisms with many predicted variants. The list of proteome

sources and versions can be found in Table S2.

Homologue prediction/phylogenetic inference

Similarity searches for BBSome proteins BBS1, BBS2, BBS7, BBS9; BBS4, BBS8; BBS5; and BBS9 and for

chaperonin-like BBS proteins BBS6, BBS10 and BBS12 were conducted using a combined BLAST and

HMM approach. Initially, a BLASTp70 search (version 2.2.26) of the predicted proteomes was conducted us-

ing human BBS proteins as queries. E-value thresholds for each protein were chosen conservatively by

manual inspection of hits. Retrieved sequences were then aligned using MAFFT (Multiple Alignment using

Fast Fourier Tranform) v7.271 L-INS-i strategy71 (–maxiterate 1000 –localpair). The resulting alignment was

trimmed using TrimAl v1.272 with heuristic selection of the automatic method (-automated1). This align-

ment was then used to build a Hidden Markov Model for the BBS protein and this was used to search

the datasets again using HMMER3.73 Any additional hits from HMM searches were incorporated into a

new model, and this process was iterated until no further hits above threshold were achieved.

To check for orthology within hits from HMM searches, hits were aligned against outgroups of likely pa-

ralogues from the next best scoring HMM hits below the collection threshold (Figure S2). Alignments

and trimming was performed as above. Phylogenetic trees were inferred by the approximately

maximum-likelihood method implemented by FastTree 2.174 using the Le-Gascuel (LG) amino acid substi-

tution matrix75 and a discrete gamma model for heterogeneous site evolution with 12 rate categories. Sets

of proteins that formed both a consistent set above threshold in iterative HMM searches and also formed a

monophyletic group in phylogenies were considered orthologues. The final list of all predicted BBS protein

orthologues of human BBS proteins is given in Table S3, along with the sequences and positions of

NLS/NES.

Ancestral sequence reconstruction

Most probable ancestral sequences according to the marginal reconstruction were inferred using fastML

v3.1176,77 using the Wheelan and Goldman (WAG) substitution matrix. Alignments for sequence recon-

structions were generated from unaligned sets of BBS orthologues (defined as described above). Regions

of sequence occurring only in one organism were removed, but other indels were reconstructed using the

likelihood-based mixture model implemented by fastML (–indelReconstruction ML). The branching order

for sequence evolution was constrained to be the most likely topology of the tree of eukaryotes (Figure 1)

with taxa but with inclusion of only organisms in which an orthologue of the specific BBS protein under

consideration was detected. Where an organism contained more than one homolog of a specific BBS pro-

tein, only the sequence with the highest similarity to orthologues in other organisms analyzed was included

to prevent reconstruction being biased by divergent in-paralogues.
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Signal sequence prediction

NLS prediction was by NLStradamus v1.878 with a minimum probability threshold of 0.7 (37% sensitivity

against a dataset of non-yeast sequences). NES prediction was by NESmapper v.1.079 with a minimum

score threshold of 4 (73% sensitivity against experimentally validated functional Leptomycin-B-responsive

NES from yeast proteins).

Transfection

Transfections were performed with jetPRIME Kit (Polyplus, Illkirch, France) according to protocol: For

immunofluorescence analysis, 1.5 3 105 cells were seeded into one well of a 6-well plate and transfected

with 2 mg plasmid DNA the following day. For fractionation, 43 106 cells were seeded in a 15 cm cell culture

dish and transfected with 24 mg plasmid DNA the following day. The p3xFLAG-CMV vector backbone

modified with Gateway-compatible attL sites (gifted from Stef Letteboer, Radboud University Medical Cen-

ter, Nijmegen, The Netherlands) was used to produce plasmids with N-terminally 3xFLAG-tagged coding

sequences of BBS proteins BBS1, BBS2, BBS4, BBS5, BBS6, BBS7, BBS8, BBS9, BBS10, and BBS12. Integra-

tion of coding sequences flanked by attL sites into the destination plasmid was facilitated via Gateway-

cloning with Gateway LR Clonase II Enzyme Mix (Invitrogen GmbH, Karlsruhe, Germany).

Subcellular fractionation

To assess subcellular localization of FLAG-tagged BBS proteins, transfected cells were lysed and fraction-

ated after Baghirova.69 In this work, the original protocol was used in the following, modified form: A 15 cm

cell culture dish was seeded and transfected as described above. Cells were detached 24 h post transfec-

tion with 2 mL TrypLE Express (1X) (Fisher Scientific GmbH, Schwerte, Germany). Then 8 mL DMEM with

10% FBS and 1% Penicillin/Streptomycin were added, and the cell suspension collected. Cells were centri-

fuged at 500 3g for 10 min at 4�C. All following steps were performed at 4�C in a cold room: After discard-

ing the supernatant, the pellet was resuspended in 500 mL ice-cold PBS (137 mMNaCl; 2.7 mM KCl; 10 mM

Na2HPO4; 2 mM KH2PO4; pH 7.4). The cells were again centrifuged at 500 3g for 10 min at 4�C. The super-

natant was discarded and 400 mL Lysis Buffer A (150 mM NaCl; 50 mM HEPES pH 7.4; 25 mg/mL Digitonin;

1 M Hexylene glycol; 1% v/v Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific GmbH,

Dreieich, Germany) freshly before use) was added and the pellet resuspended. After incubating for 10 min

on an end-over-end rotator cells were centrifuged at 2000 3g for 10 min at 4�C. The supernatant was

collected as cytosolic fraction (C). 400 mL Lysis Buffer B (10 mM NaCl; 50 mM HEPES pH 7.4; 1% v/v NP-

40; 1 M Hexylene glycol; 1% v/v Protease and Phosphatase Inhibitor Cocktail freshly before use) was added

to the pellet and resuspended by vortexing. After incubating for 30min on ice the tubes were centrifuged at

7000 3g for 10 min at 4�C. The supernatant was collected and set aside as the membrane-bound organ-

elles fraction (M) to keep the nuclear fraction clean. Then 400 mL Lysis Buffer C supplemented with Urea

(150 mM NaCl; 50 mM HEPES pH 7.4; 0.5% w/v Sodium deoxycholate; 0.1% w/v Sodium dodecyl sulfate;

1 M Hexylene glycol; 8 M Urea; 0.875 units/mL Benzonase (Merck KGaA, Darmstadt, Germany) and 1%

v/v Protease and Phosphatase Inhibitor Cocktail freshly before use) were added, and the pellet was resus-

pended by pipetting. The highly viscous liquid was incubated on an end-over-end rotator for 30-45 min,

resuspended by pipetting and incubated for another for 30-45 min. This suspension contains the nuclear

fraction (N).

Polyacrylamide gel electrophoresis

Subcellular fractions were denatured with Laemmli Buffer (final conc. 2% w/v Sodium dodecyl sulfate;

10% v/v Glycerol; 5% v/v b-Mercaptoethanol; 0.002% w/v Bromophenol blue; 62.5 mM Tris-HCl, pH

8.0) before loading onto polyacrylamide gels. 100 mg of protein was loaded per sample to estimate

nuclear protein levels compared to the cytosol. Samples were separated at 13.75 V/cm (V� const.) for

20 min, then 22.5 V/cm for 35 min in Running Buffer (25 mM Tris; 192 mM Glycine; 1% w/v Sodium

dodecyl sulfate).

Western blot

Proteins were transferred from SDS gels to polyvinylidene difluoride (PVDF) membranes (pore size 0.45 mm;

Merck KGaA, Darmstadt, Germany) using the Western Blot method. After transfer, the membrane was

blocked in Milk Blocking Buffer (5% w/v skim milk powder; 0.1% v/v Tween 20; in TBS [20 mM Tris;

150 mM NaCl; pH 7.6]) for 1 h at room temperature. Primary antibodies were added for 12 h at 4�C at their

respective dilutions (see ‘‘antibodies’’). Primary antibodies were then removed, the membranes washed
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thrice in TBS-T (0.1% v/v Tween 20; in TBS) and secondary antibodies were added for 1 h at room temper-

ature at a 1:10000 dilution in Milk Blocking Buffer. Secondary antibodies were discarded and the blot was

washed twice in TBS-T and once in TBS. The blots were scanned at the respective excitation wavelengths of

the secondary antibody fluorophores in an LI-COR Odyssey Fc Imaging System (LI-COR Biosciences

GmbH, Bad Homburg, Germany).

Immunocytochemistry

For immunocytochemical staining, medium was removed from transfected HEK293T cells 24 h post trans-

fection. Cells were washed once with PBS. Cells were fixed by incubation with 4% paraformaldehyde for

10 min at room temperature. Cells were washed three times with 1x PBS. Formaldehyde was quenched

by addition of 50 mM NH4Cl for 10 min at room temperature. Coverslips were incubated for 15 min with

PBS-TX (0.3% v/v Triton X-; in PBS) for permeabilisation. For blocking, cells were incubated in Fish Block-

ing Buffer TX (0.1% w/v Ovalbumin; 0.5% w/v Gelatin from coldwater fish; 0.3% v/v Triton X-; in PBS) for

1 h. Anti-FLAG antibody in Fish Blocking Buffer TX was added to the cells and incubated overnight at 4�C
under high humidity. Cells were washed three times with PBS-TX. Alexa Fluor Plus 488 Donkey anti-

mouse and 40,6-Diamidino-2-phenylindol (DAPI, 1:8000; both in Fish Blocking Buffer TX) were added

to the cells. After 1h incubation cells were washed twice with PBS-TX and once with PBS. Cells were

mounted in Fluoromount-G (SouthernBiotech, Birmingham, AL) on a superfrost slide and curated for

24 h before imaging. Images of immunocytochemically stained cells were acquired on a Leica

DM6000B microscope (Leica Microsystems GmbH, Wetzlar, Germany) with a sCMOS Microscope Camera

K5 (Leica Microsystems GmbH, Wetzlar, Germany). The software used for image visualization was Leica

Application Suite X (LAS X) (Leica Microsystems GmbH, Wetzlar, Germany). Fluorescence images were

processed in Fiji80 with the LIF2TIF image converter.81 The script to prepare and analyze image micro-

graphs is accessible as a supplementary file.

Antibodies

This study used antibodies for indirect immunofluorescent staining (IF) and protein detection after Western

Blotting (WB). The following antibodies were used at the respective dilutions: anti-FLAG (host: mouse;

Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany; Cat.no. F1804), IF: 1:200, WB: 1:1000; anti-GAPDH

(host: rabbit; Cell Signaling Technology Europe, B.V., Leiden, The Netherlands; Cat.no. 5174), WB:

1:2000; anti-Histone H3 (host: rabbit; Proteintech, Martinsried, Germany; Cat.no. 17168-1-AP), WB:

1:1000; anti-myc (host: mouse; Cell Signaling Technology Europe, B.V., Leiden, The Netherlands; Cat.no.

2276), WB: 1:2000; Alexa Fluor Plus 488 Donkey anti-mouse (host: donkey; Invitrogen GmbH, Karlsruhe,

Germany; Cat.no. A-21202), IF: 1:400; IRDye 800 CW anti-Mouse IgG (host: donkey; LI-COR Biosciences

GmbH, Bad Homburg, Germany; Cat.no. 926-32212), WB: 1:10000; IRDye 680 RD anti-Mouse IgG (host:

donkey; LI-COR Biosciences GmbH, Bad Homburg, Germany; Cat.no. 926-68072), WB: 1:10000; IRDye

800 CW anti-Rabbit IgG (host: donkey; LI-COR Biosciences GmbH, Bad Homburg, Germany; Cat.no.

926-32213), WB: 1:10000; IRDye 680 RD anti-Rabbit IgG (host: donkey; LI-COR Biosciences GmbH, Bad

Homburg, Germany; Cat.no. 926-68073), WB: 1:10000.

Software and packages

Other than the software mentioned before, the following programs and software were used: Statistical

analyses were conducted in R, version 3.6.382. Violin plots were plotted with the ‘vioplot’ package for

R83, data frames were manipulated in part with ‘dplyr’.84 Code that was adopted from third parties (e.g.

via GitHub or stackoverflow) is acknowledged in the respective places in the supplementary R code. Scripts

for parsing files in orthologue searches and modeling were provided by B.W. Figures were made in

Inkscape.85

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical tests were performed by Monte Carlo sampling. Probability distributions were inferred by

creating random samples of equal size to the test set from reference sets conforming to the appropriate

characteristics (e.g. clade affiliation, subcellular localization, etc.). 10000 samples were taken in all cases

without replacement. Correction for multiple testing was carried out using the Benjamini-Hochberg

procedure.86
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To test for association between NLS/NES and mode of mitosis a similar approach was taken by construct-

ing a metric of NLS/NES scores multiplied by a factor representing the mode of mitosis (where 1 indicates

fully open mitosis; 0.5 semi-open; �0.5 semi-closed; and �1 fully closed). Factors for species for which

mode of mitosis is not known were set to 0. To test the effect of mitotic mode, datasets of equal size as

the test set were randomly generated as above, but with permutation of modes of mitosis across the

set. 10000 iterations were used to estimate the probability distribution.

Significance levels were defined as follows: ns: not significant, 0.05 % p; *: p < 0.05.

ll
OPEN ACCESS

iScience 26, 106410, April 21, 2023 23

iScience
Article


	ISCI106410_proof_v26i4.pdf
	Neofunctionalization of ciliary BBS proteins to nuclear roles is likely a frequent innovation across eukaryotes
	Introduction
	Results
	Distribution of BBS orthologues across the eukaryotic tree of life
	BBS orthologues carry nuclear import and export signatures
	Presence of nuclear signal sequences is not phylogenetically restricted
	Nuclear signal sequences in BBSome proteins are ancestrally conserved
	Mode of mitosis does not influence nuclear localization signals or nuclear exit signals occurrence
	Human BBS proteins differentially localize to the nucleus

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	Proteomic dataset procurement
	Homologue prediction/phylogenetic inference
	Ancestral sequence reconstruction
	Signal sequence prediction
	Transfection
	Subcellular fractionation
	Polyacrylamide gel electrophoresis
	Western blot
	Immunocytochemistry
	Antibodies
	Software and packages

	Quantification and statistical analysis




