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Abstract

Nuclear transport receptors (NTRs) recognize localization signals of
cargos to facilitate their passage across the central channel of
nuclear pore complexes (NPCs). About 30 different NTRs constitute
different transport pathways in humans and bind to a multitude of
different cargos. The exact cargo spectrum of the majority of NTRs,
their specificity and even the extent to which active nucleocytoplas-
mic transport contributes to protein localization remains understud-
ied because of the transient nature of these interactions and the
wide dynamic range of cargo concentrations. To systematically map
cargo-NTR relationships in situ, we used proximity ligation coupled
to mass spectrometry (BiolD). We systematically fused the engi-
neered biotin ligase BirA* to 16 NTRs. We estimate that a consider-
able fraction of the human proteome is subject to active nuclear
transport. We quantified the specificity and redundancy in NTR inter-
actions and identified transport pathways for cargos. We extended
the BiolD method by the direct identification of biotinylation sites.
This approach enabled us to identify interaction interfaces and to
discriminate direct versus piggyback transport mechanisms. Data are
available via ProteomeXchange with identifier PXD007976.
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Introduction

The nuclear transport system can be roughly grouped into a station-
ary and a soluble phase. Nuclear pore complexes are stationary and
fuse the inner and outer nuclear membranes to form aqueous
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channels across the nuclear envelope (reviewed in Beck & Hurt,
2017). They are made up of ~30 nucleoporins (Nups) that can be
further subdivided into two categories. Firstly, the scaffold Nups of
the Nupl07 and Nup93 subcomplexes are comprised of folded
domains and form the architectural elements cylindrically grouped
around the central channel of the NPC (Fig 1A). Secondly, FG-Nups
are anchored to scaffold Nups and line the central channel. They
contain intrinsically disordered stretches rich in phenylalanine—
glycine (FG) repeats that form the permeability barrier that selec-
tively excludes non-inert macromolecules from the central channel,
while small molecules and proteins can passively diffuse across the
NPC. The FG-rich domains of the Nup214 and Nup358 complexes
together with Nlpl are anchored to the cytoplasmic ring. The
respective domains of Nup153 and Nup50 comprise their counter-
part at the nuclear ring. In contrast, the FG domains of the Nup62
complex and possibly also Nup98 and POM121 are symmetrically
anchored into the inner ring (Fig 1A). Although the exact role of the
different types of FG-Nups has to be further investigated, it has been
well established that FG-Nups interact with the soluble phase of the
nuclear transport system thereby enabling active nucleocytoplasmic
exchange (Fig 1B; Radu et al, 1995; Strawn et al, 2004). This
soluble phase consists of the small GTPase RAN, a number of auxil-
iary factors as well as nuclear transport receptors (NTRs) that tran-
siently interact with FG-repeats but also explore the open space of
cytoplasm and nucleoplasm to recruit cargos. The human genome
harbors 20 NTRs of the importin § family (Kimura & Imamoto,
2014) that are HEAT repeat-containing proteins. Most of them recog-
nize different types of nuclear localization signals (NLSs) or nuclear
export signals (NESs) of cargo proteins and facilitate their import
into or export from the nucleus, respectively (Fig 1B).

Depending on the directionality of cargo transport, NTRs are
referred to as importins and exportins, although this strict subdivi-
sion does not hold true for all of them. For example, importin 13
(IPO13) has also been shown to have export capacity for the transla-
tion initiation factor elF1A (Mingot et al, 2001), and also exportin 4
(XPO4) has a bidirectional transport capability (Gontan et al, 2009).
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Figure 1. Scheme of the nucleocytoplasmic transport system.

A Scheme showing the composition and approximate position of nucleoporin subcomplexes with respect to the overall structure (Protein Data Bank EMD-3103). FG-

Nups are underlined.

B Overview of the nucleocytoplasmic transport pathways and NTRs. Cargos are either bound by importin Bs and exportins or bound by importin as that serve as an
adaptor for KPNB1. Recycling of RAN-GDP by NTF2 into the nucleus and importin as by XPO2 back to the cytoplasm is shown.

A specialized member of the importin § family is the cellular apop-
tosis susceptibility (CAS/XPO2) protein that is a recycling factor for
importin as (Kutay et al, 1997). NTRs of the importin o family
consist of 10 armadillo (ARM) repeats and an importin  binding
(IBB) domain. They often, but not always (Kotera et al, 2005), func-
tion as adaptor proteins, and form a ternary import complex
together with their cargo and importin  (Gorlich et al, 1995). Three
clades of importins of the a-type occur in vertebrates, and humans
possess at least seven distinct importin as. Although they are
differentially expressed across tissues and during development
(Yasuhara et al, 2009), they all bind classical NLSs (cNLSs) and are
thought to be to some extent functionally redundant (Goldfarb et al,
2004; Yasuhara et al, 2009; Kelley et al, 2010). The small GTPase
RAN fuels the active nuclear transport cycle. The binding to
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RAN-GTP triggers the disassembly of import complexes at the
nuclear side of the NPC (Izaurralde et al, 1997), and the formation
of export complexes either with cargo or importin o or 3 for recy-
cling (Fig 1B). The disassembly of each of these export complexes is
triggered by GTP hydrolysis in the cytoplasm. RAN-independent
transport pathways also have been reported (Miyamoto et al, 2002;
Kotera et al, 2005).

The nuclear transport system controls the nucleocytoplasmic
localization of essential cellular components by actively transporting
them across the nuclear envelope. It facilitates the import of tran-
scription factors that function downstream of signaling pathways,
the import of histones that are required for DNA replication, and the
export of ribosomes and fully processed mRNAs needed for transla-
tion and, ultimately, cell proliferation (Dickmanns et al, 2015).

© 2017 European Molecular Biology Laboratory
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Therefore, the nuclear transport system critically contributes to
regulating cellular homeostasis. It is also involved in key events
during development (Yasuhara et al, 2007; Okada et al, 2008) and
malignant transformation (Winkler et al, 2016). Indeed various clin-
ically manifested mutations map into components of the nuclear
transport system, and alterations of transport pathways have been
linked to various human diseases (reviewed in Kimura & Imamoto,
2014).

To understand how the nuclear transport system contributes to
protein localization, knowledge of its cargo spectrum is absolutely
essential. However, several technical obstacles have rendered the
systematic mapping of cargo—NTR relationships challenging: (i) The
transient nature of cargo—NTR interactions makes them largely inac-
cessible to biochemical identification by NTR-centric affinity purifi-
cation; (ii) each NTR does recognize a multitude of cargos and their
cargo spectrum might overlap; and (iii) cargo abundances (copy
numbers per cell) span several orders of magnitude in situ. The vast
majority of previous studies therefore were designed in a cargo-
centric manner and have reported transport pathways for individual
cargos (for review, see, e.g., Chook & Siiel, 2011; Kimura &
Imamoto, 2014; Twyffels et al, 2014). Although powerful for study-
ing the contribution of the nuclear transport system to individual
cellular mechanisms, these approaches are not suitable to compre-
hensively chart its cargo spectrum. Systematic approaches to
measure the cargo spectrum in an NTR-centric manner have been
reported, but were often limited to a single NTR (XPO1; Thakar
et al, 2013; Kirli et al, 2015), or conducted ex vivo. The import rate
of SILAC-labeled cellular extracts has been measured using mass
spectrometry in the presence and absence of various importin s to
chart their cargo spectrum (Kimura et al, 2013a, 2014, 2017). This
work was performed in permeabilized cells in which the cytoplas-
mic membrane has been punctured and the cytosolic content
washed out. Cellular extracts were biochemically depleted for the
soluble phase of the nuclear transport system, and selected recombi-
nant transport factors were added back to study their cargo spec-
trum. In case of XPOI, its susceptibility to inhibitors (Nishi et al,
1994) and dependency on RAN-GTP for export complex formation
have been exploited to systematically measure its cargo spectrum
(Kirlt et al, 2015), but these approaches are not generalizable to all
NTRs. The cargo spectrum of the vast majority of NTRs remains
incompletely charted. It remains understudied to which extent the
functions of the different importins, exportins, and transportins are
distinct or functionally redundant and to which extent the nuclear
transport system contributes to protein localization. Experiments
with the XPO1 inhibitor leptomycin B suggested that only a small
fraction of the nuclear proteome is actively exported in Xenopus
oocytes (Wiihr et al, 2015), while aforementioned biochemical
study has identified a rather large number of XPO1 cargos (Kirl
et al, 2015). Whether these results are generically applicable to
somatic cells or specific to the very special cell properties of oocytes
remains to be further explored.

Here, we have systematically measured the in situ interactome of
NTRs using proximity ligation mass spectrometry based on the
BiolID system (Roux et al, 2012). We fused about half of all human
NTRs to BirA*, an engineered biotin ligase that covalently modifies
even transient interactors that were subsequently affinity purified
and identified by mass spectrometry (Table EV1). We implemented
novel approaches to estimate the specificity of interactions and false
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discovery rate (FDR) in BioID experiments. We exploited the direct
identification of biotinylated peptides to reveal previously unappre-
ciated interactions between Nups and NTRs. We validated our data
experimentally and against previously published, independent data
sets, and report a multitude of NTR interactions. We demonstrate
that the different subunits of protein complexes are often proximate
to the same NTRs, stressing that large complexes are most often
transported as a whole. Our data point to a scenario in which a
considerable fraction of the human proteome is subject to active
nuclear transport. We provide a comprehensive resource that shall
be invaluable to various scientific communities.

Results

Proximity ligation is a powerful method to chart transient
interactions of nuclear transport receptors in situ

To systematically chart the NTR interactome, we targeted various
human NTRs using the BioID system. The selected NTRs broadly
cover the different types of active nuclear transport and include
three importin as (IMA1, IMAS, and IMAG) together with the respec-
tive adaptor importin 1 (KPNB1), 4 other importin Bs (IPO4, IPO5,
IPO11, and IPO13), two transportins (TNPO1 and TNPO2), three
exportins (XPO1 also called CRM1, XPO7, and XPO2 also called CAS
or CSE1L) as well as a few auxiliary transport factors like RAN, the
RAN recycling factor NTF2, NXT1, and NXT2 (Table EV1). Due to
the proteomic nature of our methodology, we decided to primarily
focus on protein transport pathways and to neglect RNA export, for
which the substrates are often obvious, for example, because
mRNAs are translated in the cytoplasm, but non-straight forward to
identify by mass spectrometry.

We tagged NTRs with the engineered biotin ligase BirA* and
inducibly expressed the fusion proteins in stable human embryonic
kidney (HEK293) cell lines for 24 h (Fig 2A). In agreement with
previous work (Roux et al, 2012), we found that after additional
24 h of exposure to biotin, the labeled proteins had accumulated.
We monitored the subcellular localization of the tagged NTRs and
biotinylated proteins using fluorescence microscopy based on anti-
FLAG- and streptavidin-staining, and found that the different BirA*
fusion proteins label specific subcellular compartments (Fig 2B).
For example, importins primarily labeled nuclear proteins and, to a
lesser extent, the nucleolus. XPO7, NTF2, and a control fusion
protein that shuttles between cytoplasm and nucleoplasm
(NLS-NES-Dendra2, see below) labeled both, cytoplasmic and
nucleoplasmic components. Non-engineered cells displayed only a
faint staining correlating with mitochondria that contain a few
naturally biotinylated enzymes that are involved, for example, in
fatty acid synthesis (Waite & Wakil, 1966). We conclude that the
subcellular localization of the labeled proteins correlates with
known properties of the respective NTRs.

We collected four biological replicates (independent isolations
from cells at different passages) from each of the NTR fusions and
four control cell lines, namely BirA* alone, the aforementioned
shuttling NLS-NES-Dendra2 with C- or N-terminal BirA* tag, and
non-engineered cells (Fig EV1A). Biotinylated proteins were affinity
purified using streptavidin beads (Fig 2A). Because of the very high
affinity of biotin for streptavidin, previous studies relied on on-bead
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Figure 2. Proximity ligation of nuclear transport receptors.

A Scheme of the general workflow used in this study showing the molecular cloning, proximity ligation in situ and affinity capture of biotinylated proteins on
streptavidin sepharose beads. Isolated proteins were on-bead digested using trypsin for indirect identification and biotinylated peptides eluted in an additional step

using a mixture of ACN and TFA for direct identification, both by MS.

B Stable cell lines expressing transport factors fused to BirA* were fixed and stained with Streptavidin-Alexa 647 (red) to visualize the subcellular localization of
biotinylated proteins, the overexpressed BirA* fusion proteins (anti-FLAG, green), and the DNA (Hoechst, blue). Scale bar, 10 pm.

digestion of the captured proteins. Thereby, primarily non-biotiny-
lated peptides elute after tryptic digestion and the labeled proteins
are identified indirectly. Here, we introduced a subsequent elution
step under harsh conditions using organic solvents (see Materials
and Methods and Ori et al, 2009) to effectively elute the biotinylated
peptides that are then identified directly. The combined approach is
not only very effective to identify even transient interactors of NTRs,
but it also provides the exact biotinylation sites as an additional
layer of information.

We measured tryptic peptides from on-bead digestion by tandem
mass spectrometry in technical duplicates and used label-free quan-
tification to compare the spectrum of the interacting proteins for
each NTR. Even low abundant interactors were detectable, and the
whole workflow was highly reproducible (average Pearson correla-
tion coefficient between biological replicates R > 0.96, Appendix Fig
S1A and B). In order to assess the impact of BirA* fusion on NTR
interactions, we generated two independent cell lines for most NTRs
by fusing BirA* either N- or C-terminally, whenever possible. We
observed that in the majority of cases, the nature of the BirA* fusion
did not influence the interaction spectrum of the NTRs. In such
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cases, N- and C-terminal fusions of the same NTR displayed correla-
tion coefficients that were marginally lower than biological repli-
cates obtained from the same fusion construct (Appendix Fig S1C).
In some cases, though, the localization of BirA* had an impact
on the abundance of the identified proteins suggesting a perturba-
tion of NTR function. For example, we observed a comparably
lower correlation between the interactions of BirA*-IMA1 and
IMA1-BirA* (R = 0.82, Appendix Fig S1C), possibly because binding
to importin B was sterically hindered (see Discussion). Taken
together, the BiolD system provides powerful means to monitor
transient interactions of components of the nucleocytoplasmic trans-
port system.

Draft of the actively transported proteome

From a total number of 32 isolations (total of 256 MS runs including
control samples and technical duplicates, Fig EV1A), we identified
~4,000 protein groups using stringent criteria (global protein group
FDR < 1% and at least two unique peptides identified in at least
three biological replicates per cell line), which comprises more than

© 2017 European Molecular Biology Laboratory
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one-third of the proteome typically expressed in human tissue
culture cells (Geiger et al, 2012). Of course, this set includes
contaminant identifications such as proteins that non-specifically
bind to the streptavidin beads but also other interactors such as for
example components of the nucleocytoplasmic transport system that
interact with NTRs without being necessarily cargos.

To deduct the subset of proteins involved in active nucleocyto-
plasmic transport, we compared each NTR-BirA* fusion against the
control set in a pairwise fashion. The control set was generated by
combining replicates from four samples (BirA* alone, BirA*-NLS-
NES-Dendra2, NLS-NES-Dendra2-BirA*, and non-engineered cells;
16 independent experiments in total, Fig EV1B). These control
samples were selected to take into account naturally biotinylated
proteins (non-engineered cells), unspecific biotinylation of potential
BirA*-interacting proteins (BirA* alone control), and background
arising from the nucleocytoplasmic transport system (NLS-NES-
Dendra2 controls). All pairwise comparisons were combined and
false-positive identification rates globally calculated for the entire
set (using Sime’s method, see Materials and Methods for details).
About 33% (1,252) of all identified proteins were found to be signif-
icantly enriched in at least one NTR fusion sample and are further
considered as the NTR-interacting proteome (NIP), while about
17% (623) were enriched in the control samples, considered as the
background proteome (adjusted P-values < 0.1 after Benjamini and
Hochberg correction for multiple testing; Table EV2).

Gene Ontology (GO) analysis revealed the expected pattern of
cellular compartment enrichment for the NIP and background
proteome: The NIP is strongly enriched for nuclear proteins while
background proteome tend to be of mitochondria/cytoplasmic
origin (Fig 3A, Table EV3). The enrichment for mitochondria in
background proteome is likely caused by the occurrence of naturally
biotinylated proteins localized in this organelle. In case of the GO
category “Molecular Function”, the NIP was strongly enriched for
functions annotated as DNA-, RAN-GTPase-, or zinc ion-binding
(Fig 3B, Table EV3). Probably related to the latter, transcription
factor activity and regulatory activities were also enriched in the
NIP. On the other hand, GO terms enriched in the background
proteome were mainly associated with functions typical of mito-
chondrial proteins (Fig 3B). We next compared our results with
previous data of nucleocytoplasmic partitioning (Wihr et al, 2015),
where each protein was assigned to the RNC (relative nuclear
concentration) calculated for over 9,000 proteins of Xenopus laevis
(Fig 3C). We found that the NIP shows a significant enrichment of
proteins with high RNC values, indicative of asymmetric distribu-
tion with higher nuclear concentration. The background proteome
showed an opposite trend with RNC scores indicating a predomi-
nant cytoplasmic localization. Proteins with a molecular weight
(MW) above 30-50 kDa need a NTR to be actively transported
through the NPC. We compared MW distributions between NIP and
background proteome proteins (Fig 3D). NIP proteins indeed
display a MW distribution shifted toward higher MW in comparison
to the background proteome. Taken together our data provide
evidence of specific interactions with NTRs for over 1,200 proteins
that comprise one-third of all identified proteins. This set includes
various known actively transported proteins, but also a large frac-
tion of proteins for which we provide the first experimental
evidence of NTR interactions. Since our study is restricted to a speci-
fic cell type and biological condition, we believe that a considerably
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higher number of proteins might be subject to active nuclear trans-
port.

Functional redundancy and specificity of NTRs

The above-described analysis globally identifies the actively trans-
ported proteome in a conservative manner but it falls short in
assessing the functional redundancy of the different NTRs. To
address this aspect, we took advantage of our large data set and
calculated interaction specificity scores for each protein by compar-
ing NTR samples against each other (Fig EV1C, see Materials and
Methods for details). The specificity score is derived by combining
P-values from all the possible pairwise comparisons for a given NTR
using the Fisher method. Subsequently, a global FDR correction was
applied based on all tests performed. This allowed us to define for
each NTR a subset of proteins that show statistically significant
enrichment as compared to other NTRs. This specific interactome of
each NTR contains candidate substrates for active nuclear transport
that we will subsequently refer to as cargos. Candidates that were
validated by an independent method we will refer to as validated
cargos.

We typically identified between 400 (BirA*-TNPO1) and 800
(IMA1-BirA*) significantly enriched proteins per NTR (adj. Fisher
P-value < 0.01; Appendix Fig S1D, Table EV4). 30% (~1,100) of the
enriched proteins are significant to maximum two NTR samples,
often the N- and C-terminally fused version of the same NTR, and
60% (~2,200) are significant in maximum four NTR samples
(Appendix Fig S1F). The global correlation of specificity scores
shows distinct clusters of functionally related NTRs (Fig 4A) and
further verifies the consistency of data derived from N- and C-term-
inal fusion proteins (Fig 4A and B). We quantified the degree of
functional redundancy between different NTRs in combined C- and
N-terminal data sets (Appendix Fig S2A). A high degree of redun-
dancy is found between importin as, between IPO4 and IPOS
(Appendix Fig S2A). Specifically, IMA1-BirA* and IMAS-BirA* share
478 of their interacting proteins, 179 of which are also detected with
IMAG6-BirA* (Fig 4C). Importin as depend on their interaction with
importin B (KPNB1) for the transport of cargoes across the NPC.
Our data recapitulate this functional interaction in two ways: (i)
Multiple importin as are found among the specific interactors of
KPNBI1, and (ii) more than 50% of the interactions of BirA*-KPNB1
are shared with importin as and thus likely to be mediated by these
adaptor proteins (Fig 4E and D). The three exportins investigated
here show little overlap among themselves (Appendix Fig S2A).
Instead, the broadly acting XPO1 shows a certain degree of overlap
with all investigated transport factors, while XPO2 shows redun-
dancy with importin as, for which it is the recycling factor (see
Discussion). Interestingly, the specific interactome of XPO7 overlaps
with IPO4 and IPOS, suggesting a possible functional relationship.

Validation of cargos and localization signals

In line with previous large-scale studies that validated their cargos
using independent methods (Kimura et al, 2017), we wanted to
assess the recall of known NTR cargos by comparing protein abun-
dance levels in the BiolD experiments versus specificity scores. Bait
proteins are generally retrieved as highly abundant and specific
targets owing to the ability of the BirA* fusion proteins to
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Figure 3. Subcellular localization and function of the NTR-interacting proteome (NIP) and background proteome.

A, B GO enrichment analysis for the terms “cellular component” (A) and “molecul

ar function” (B). The top 10 most significant GO terms are plotted for the NIP or

background proteome. Numbers in (B) refer to (1) the aldehyde or oxo group of donors, (2) the aldehyde or oxo group of donors, NAD or NADP as acceptor,

(3) NAD(P)H. The NIP is significantly enriched for nuclear proteins.

a trend toward high RNC values indicating a high content of proteins that s
proteome.

database (median = 46 kDa). The NIP shows a trend toward higher MW eve
plot.

biotinylate themselves (Fig 4E and F, and Appendix Fig S2B). Speci-
fic cargos, such as the elF3 complex in the case of BirA*-IPOS,
display high specificity score and high abundance. On the other
hand, common components of the nucleocytoplasmic transport
system such as nucleoporins, which interact with all the NTRs,
display medium/high abundance, but low specificity scores
(Fig 4F).

Our data recapitulate many known interactions of NTRs with
other components of the nuclear cytoplasmic transport system.
These include the interaction between XPO1 and snurportin-1
(Paraskeva et al, 1999), the interaction between NXF1 and NXTs
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RNC score from Wiihr et al (cytoplasmic to nuclear from 0 to 1) compared to all significantly identified proteins in the NIP and background proteome. The NIP has

how preferential nuclear localization, while to opposite is the case for the background

MW distribution of all proteins in the NIP (median = 74 kDa) and background (median = 54 kDa) compared to all the reviewed human proteins in the UniProt

n though protein complex association (so-called native MW) is not considered in this

(Wiegand et al, 2002), and the reciprocal specificity between XPO2
and multiple of importin o (Fig 4G and Appendix Fig S2B). We also
compared cargos identified in large-scale studies for several
importin Bs (Fig 4H and Appendix Fig S2C; Kimura et al, 2017) and
XPO1 (Fig 4I; Thakar et al, 2013; Kirh et al, 2015; Wiihr et al,
2015). The three large-scale studies performed for XPO1 had limited
overlap with each other in terms of identified cargos (maximum
29%). We therefore decided to compare our data to validated cargos
that were identified in at least two out of three studies (71 proteins).
38% of these cargoes were also identified by our approach to be
specifically interacting with XPO1 (Fig 4I). These include validated
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Figure 4. Specificity and overlap of different transport pathways.

A-D (A) Pearson correlation of the specificity scores of all 28 experiments (excluding the four controls). N- and C-terminally tagged cell lines and functionally related
NTRs show a high degree of similarity. The overlap of significant identifications of N- and C-terminally tagged TNPO2 (B) between different importin as (C) and
KPNB1 with importin as (D) is shown as representative examples. Importin as show a high degree functional redundancy, and a prominent fraction of significant
identifications for KPNB1 overlap with hits from importin as that are adaptors for cargo binding for KPNB1.
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iBAQ and specificity scores in BirA*-KPNB1 and BirA*-IPOS for selected protein complexes or group of proteins are shown as scatter plots. Common interaction
partners like Nups get penalized by specificity score calculation because they interact with multiple NTRs.
Interactions of XPO2 with other NTRs recover known properties of the nucleocytoplasmic transport system, including interactions with importin as. Arrow

thickness is proportional to the specificity score of the interaction. Arrow direction indicates bait (source)—prey (target) relationships. Two arrows pointing in the

same direction indicate the N- or C-terminally tagged version of the NTR retrieving the same prey.
Comparis