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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.

E, F iBAQ and specificity scores in BirA*-KPNB1 and BirA*-IPO5 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.

G 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.

H, I Comparison of cargos known from literature for IPO5, KPNB1 (Kimura et al, 2017), and XPO1 (Thakar et al, 2013; Kırlı et al, 2015; Wühr et al, 2015). For XPO1, only
cargos significant in at least two out of the three previous large-scale studies were considered. Proteins highlighted in red are well-established XPO1 cargos.
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XPO1 cargoes such as PYM (Bono et al, 2004), TNIP1 (Gupta et al,

2000), and SIRT2 (North & Verdin, 2007). We found that cargos of

multiple importin bs retrieved by an independent SILAC approach

performed on permeabilized cells were also enriched in the corre-

sponding NTR in our data set (Fig 4H and Appendix Fig S2C).

However, the overlap varied between NTRs ranging from 38% for

IPO5 to 12% for TNPO1. Both in the case of XPO1 and importin bs,
those independent experiments were conducted under very different

experimental and biological conditions. Additionally, the partial

overlap between data sets might be a consequence of the fact that

our approach was explicitly designed from a statistical point of view

to unravel interactions of specific NTRs. This aspect (i.e., can a

given cargo be transported by alternative NTRs?) was only partially

addressed by the other studies, and it was not taken into account in

the scores used to define cargos.

To demonstrate that our data set is a useful resource and can be

mined to derive novel biological information, we attempted to recip-

rocally validate cargos and the respective transport pathways. For a

manually selected subset of initially 12 cargos, we successfully

generated stable cell lines and collected mass spectrometry data

(Table EV4) from four biological replicates for 10 N- or C-terminal

BirA* cargo fusion proteins (Table EV5). In order to identify specific

interactions for each cargo, we applied the same approach used for

NTRs and compared all the cargo interactomes including BirA*

alone and non-engineered cells in a pairwise fashion. The combined

analysis yielded significant hits (adj. Fisher P-value < 0.01) for six

out of 10 fusion proteins. The negative outcome in four cases might

occur due to technical limitations, that is, the sensitivity of the

experiment might be insufficient for the selected cargo or the fusion

protein might interfere with protein complex formation. For five out

of the six cargos that yielded significant hits, the reciprocal analysis

accurately recovered the NTRs predicted by the large-scale analysis

(Table EV5; Figs 5 and EV2). The BioID data additionally recapitu-

lated known interaction of the fusion proteins with the other

members of the respective protein complexes in situ. We also identi-

fied closely related NTRs, which we had not probed for in the large-

scale analysis, further underlining the redundancy of the transport

system. Only for SRC2, unexpected NTRs were recovered, namely

IMA4 and IMA5 by the reciprocal analysis, whereas TPNO1 and

TPNO2 were identified by the large-scale analysis (Table EV5).

Careful inspection of the data however revealed that the alternative

pathways were detected in both data sets although with relatively

low score. For two cargos, integrator complex (subunit 1, INTS11)

and eukaryotic translation initiation factor 3 (subunit D, EIF3D), we

further tested their NTR specificity using gene silencing (Fig 4H).

For INTS11, both large-scale and reciprocal analyses had detected

importin as as major NTRs. As expected, gene silencing of these

resulted in a decreased nuclear/cytoplasmic distribution ratio as

compared to control experiments (Fig 5C and D). Similar results

were obtained for importin bs in case of EIF3D (Fig EV2D and E).

The definition of NLSs and NESs of the different NTRs is at

present relatively loose and largely based on a very few validated

cargos. The automated annotation of NLSs and NESs is challenging

and prediction algorithms operate with a limited accuracy, in part

because larger training data sets are missing. We therefore wanted

to exploit our large-scale data set in this regard. We used cNLS

Mapper (Kosugi et al, 2009) to predict potential signals in the cargos

selected for validation and detected these in INTS11, EXOSC10, and

RPC3 (Table EV6). We also used the DILIMOT algorithm (Neduva

et al, 2005) and simple regular expression pattern matching to

extract short linear motifs in an unbiased way. We used it to detect

motifs that are common to proteins that we identified to be signifi-

cantly enriched for a specific NTR within the large-scale data set.

We globally applied this method, although some NTRs, for example,

IPO13 (Grünwald et al, 2013), recognize folds and not short linear

motifs. This analysis recovered KR-rich motifs that are part of the

cNLS as the main motif of importin a cargos, and P-rich motifs simi-

lar to the PY-NLS as the main motif of transportin cargos (Lee et al,

2006), as expected (Table EV6), despite the limitation that DILIMOT

is not designed to recover bipartite motifs. In both cases, the identi-

fied motifs are similar but not identical to the definitions proposed

in previous literature (Kalderon et al, 1984; Dingwall et al, 1988;

Lee et al, 2006), underlining that the respective signals exhibit a

certain degree of plasticity. Surprisingly, this analysis also identified

acidic stretches (DE-rich motifs) to be significantly enriched in

cargos of various importin b-type NTRs but not, for example, trans-

portins (Table EV6). Mutational analysis of predicted cNLSs in three

out of three of the above-mentioned cargo-BirA* fusion proteins

disturbed nuclear localization as expected (Table EV6; Fig 5E and

F). We also mutated one of the DE-rich stretches, namely at the C-

terminus of EIF3D. The deletion of this motif, but not its substitu-

tion of with a neutral linker, led to increased nuclear localization

(Fig EV2F and G). The exact physiological role of this potential

motif thus needs to be further investigated in the future. Alterna-

tively, it might represent surface properties common to, for exam-

ple, nuclear or nucleolar proteins.

Protein complexes and functionally related proteins interact
with specific NTRs

In order to characterize the degree of specificity of the NTR-inter-

acting proteome, we used two complementary approaches. First, for

each individual NTR, we ranked the interacting proteins according

to their specificity score and looked for GO terms enriched in highly

specific interaction partners. Our analysis revealed that functionally

related proteins involved in similar biological processes tend to

show similar interaction patterns with NTRs (Fig 6A). For example,

we found the major nuclear biological processes including transcrip-

tion, chromatin organization, and RNA processing and transport to

be associated with importins, but also categories linked to vesicular

transport and cytoskeleton organization to be specifically enriched

in certain NTRs such as IPO4 and IPO5. These results suggest a

coordination of the nucleocytoplasmic transport system based on

protein function and indicate that NTRs might be involved in other

cellular process beyond their canonical transport function.

In order to support these findings, we used an alternative

approach based on network analysis. We asked whether proteins

known to interact with each other would show similar patterns

of interactions with NTRs. We generated NTR-specific protein

networks by applying a network smoothing approach using speci-

ficity scores (Appendix Fig S3). Subsequently, we ranked proteins

based on the smoothed scores and extracted the top 2% nodes for

each NTR sample (309 proteins; Fig 6B). Using this approach, we

found in an unbiased way that members of protein complexes show

consistent enrichment with specific NTRs. For IMA1-BirA*, many

different complexes could be identified like the LSm, exosome, or
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mediator complex (Fig 6C and D). Multiple members of each

complex were retrieved and displayed high specificity scores

(Figs 6C and D and, EV3). However, direct biotinylation was

observed only for one or few members of each complex. The

patterns of biotinylation were extremely reproducible, and similar

for interactors shared between different NTRs (note, e.g., the

INTS11-BirA*

0

50

100

150

200
Sp

ec
ifi

ci
ty

 s
co

re
 (−

lo
g 10

)

15 20 25 30

Protein abundance (iBAQ, log2)

Contro
l

IM
A1 siR

NA

IM
A5 siR

NA

IPO5 siR
NA 

Ra
tio

 N
uc

le
us

/C
yt

op
la

sm
 (l

og
2)

A

E FHoechst FLAG Merged

Control

INTS11
Δ460-479

INTS11
Δ460-479 +
linker

0

50

100

150

IM
A

1.
C

IM
A

1.
N

IM
A

5.
C

IM
A

5.
N

IM
A

6.
C

IP
O

11
.C

IP
O

13
.N

IP
O

4.
C

IP
O

4.
N

IP
O

5.
C

IP
O

5.
N

KP
N

B1
.C

KP
N

B1
.N

TN
PO

1.
N

TN
PO

2.
C

TN
PO

2.
N

XP
O

1.
C

XP
O

2.
C

XP
O

2.
N

XP
O

7.
N

Sp
ec

ifi
ci

ty
 s

co
re

 (−
lo

g 10
)

B

C Hoechst FLAG Merged

Control

siRNA
IMA1

siRNA
IMA5

siRNA
IPO5

−2

0

2

4

D

Bait NTR Integrator

Specificity Score across NTR-BirA* 

−4
n=126 n=81 n=108

Contro
l

Δ460-479

Δ460-479 +

lin
ker

INTS11-BirA*

−1

0

1

2

3

4

5

Ra
tio

 N
uc

le
us

/C
yt

op
la

sm
 (l

og
2)

n=379 n=345 n=321 n=201

INTS11-BirA*

**

**
**

**

XPOT IMA1

Figure 5. Small-scale validation of cargos.

A iBAQ and specificity scores identified with INTS11-BirA* are shown as scatter plot; members of the integrator complex and NTRs are highlighted.
B Specificity scores obtained with various NTR-BirA* fusion proteins for INTS11.
C Subcellular distribution of the INTS11-BirA* upon siRNA treatment against IMA1, IMA5, IPO5, and a negative control (scrambled siRNA). Importin as induce a shift of

INTS11 toward the cytoplasm.
D Quantification of the ratio of nucleoplasmic to cytoplasmic (N/C) distribution of INTS11 upon siRNA treatment (**Wilcoxon signed-rank test P-value < 0.01).
E Subcellular distribution of INTS11-BirA* upon removal and replacement of the predicted cNLS with a linker. The absence of the predicted cNLS leads to an almost

exclusive cytoplasmic localization of INTS11.
F Quantification of the N/C ratio upon cNLS removal (**Wilcoxon signed-rank test P-value < 0.01).

Data information: Scale bar, 10 lm. Boxplots: the upper and lower limit of the box indicate the first and third quartile, respectively, and whiskers extend 1.5 times the
interquartile range from the limits of the box. The data for INTS11 and EIF3D (Fig EV2) are shown in an exemplifying manner for all validated cargos (Table EV5).
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Figure 6. Different biological functions und protein complexes are associated with specific NTRs.

A Comparison of GO terms enriched among proteins interacting specifically with NTRs. GO enrichment was performed individually for each NTR sample by ranking
proteins according to their specificity scores. Significant GO terms (P-value < 0.001) from the category “biological process” were combined and compared across
NTRs. Distinct biological processes display specific association with related NTRs.

B Network analysis of the top 2% enriched proteins of the IMA1-BirA* experiment. Various import cargos are found associated with IMA1. LSm (like Sm), BAF (BRG1-
or HBRM-associated factors), NuRD (nucleosome remodeling deacetylase), TF (transcription factor), TFIID (transcription factor II D).

C, D Selected subnetworks are highlighted; specificity scores are indicated by color gradients and detected biotinylated proteins by blue frames.
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selective biotinylation of eIF3D and eIF3E by both IPO4 and IPO5;

Fig EV3B and C). Similar observations can be made for almost all

the other NTRs (see Figs EV3 and EV4 for selected examples).

Taken together, these results indicate that many protein complexes

are transported across the nuclear envelope as pre-assembled enti-

ties, as previously shown for proteasomes (Burcoglu et al, 2015)

and suggested for other complexes (Hardeland & Hurt, 2006), while

only specific members of a given complex establish direct interac-

tions with the respective NTRs.

Using our network approach, we identified several protein

complexes that were enriched for specific NTRs (Fig 7A). In agree-

ment with the GO analysis, we found clusters of proteins belonging

to the same subcompartment (e.g., nucleolus) and similar biological

function (e.g., CREB-related transcription factors) to show specific

interaction patterns. Inspired by this finding, we systematically

searched for specific relationships between NTRs and transcription

factors (TFs). TFs have a strongly varying abundance within the

cell, and often they are difficult to identify due to their low copy

number. In total, 315 out of the 1,687 TFs defined by the FANTOM5

database (Abugessaisa et al, 2016) were contained in our data set

and 243 were significantly enriched in at least two distinct experi-

ments (Fig 7B). Highly specific clusters were most often detected in

single or highly related NTRs (Table EV7). Our data suggest that

despite a certain degree of redundancy between NTRs, selective

transport routes exist for specific and functionally related protein

complexes and transcription factors. These specificities might

underlie the regulatory functions of NTRs in development and

disease.

The direct identification of biotinylated peptides reveals specific
interaction sites of NTRs with FG-Nups

We next investigated the interaction of NTRs with the NPC by

taking advantage of the above-introduced direct identification of

biotinylation sites (for an overview of all biotinylated peptides iden-

tified, refer to Appendix Fig S1E and Table EV8). Our data show a

highly specific pattern common to all the NTRs that is characterized

by a preferential biotinylation of the peripheral components of the

NPC (Fig 8A). The protein abundance (iBAQ score) generally corre-

lated with the amount of biotinylated peptides identified, with some

exceptions such as the Nup62 complex (see Discussion). Biotiny-

lated peptides that were identified in scaffold Nups did almost never

locate into known structured domains. Similar observations were

made for FG-Nups. Structured regions like the RAN-binding domain

of NUP50 and NUP358, the beta propeller of NUP214, or the tetra-

tricopeptide repeats (TPR) of NUP358 were hardly ever biotiny-

lated. Rather, the actual NTR-interacting loops and intrinsically

disordered FG domains were heavily biotinylated (Figs 8B and C,

and EV5).

An overview of all biotinylation sites identified in NUP50,

NUP153, NUP98, NUP214, and NUP358 in at least two out of four

biological replicates is shown in (Figs 8B and C, and EV5). Some of

these sites correlate with known properties of FG-Nups. For exam-

ple, NUP50 is known to be important for the disassembly of import

complexes at the nuclear face of the NPC upon binding of the small

GTPase RAN, which is considered to be rate limiting (Güttler &

Görlich, 2011). Its N-terminus contains two importin a binding sites

(Binding site 1: 1–15; Binding site 2: 24 or 29–46; Ogawa et al,

2010). Indeed, the N-terminal sites 59 and 62 display the highest

biotinylation intensity across all experiments, while the other

biotinylation sites within NUP50 cluster around its FG-repeats

(Fig 8B).

Interestingly, FG-Nups also show differential biotinylation

patterns. The sites 110, 127, and 229 of NUP50 seemed to be highly

favored by importin as and transportins. In contrast, IPO4, IPO5,

NXT1, NXT2, and the exportins, except XPO2, did almost never

biotinylate any of these sites. Importin bs (except for KPNB1 that

binds to importin as) show very little interactions with nuclear

basket protein NUP153 (Fig 8C) but heavily modify the cytoplasmic

filament protein NUP358 (Fig EV5C), whereas importin as and

transportins have opposite preferences. At last, NXTs and to some

extent exportins seem to prefer the N-terminal domain of NUP153

over its C-terminal FG-domain, while this is not true for transportins

and importin as. These data strongly suggest preferred interaction

sites of specific NTRs in situ and offer an attractive explanation for

why there are different types of FG-Nups. In summary, our

approach provides a high level of detail about the interaction of

NTRs with Nups in situ. This information can be used to design

future experiments aimed at investigating specific relationships

between NTRs and Nups.

Discussion

Here, we report a comprehensive picture of the landscape of nuclear

transport receptor specificity. Methodologically, our analysis

complements previous work that relied on alternative approaches.

The major advantage of in situ proximity ligation is that it is done in

living cells and thus preserves all subcellular structures, protein

concentrations, and regulatory networks (Hung et al, 2014; Coyaud

et al, 2015), while several previous studies relied on protein extrac-

tion or permeabilized cells. Nevertheless, cross-validation against

such previous data showed that similar set of cargos are identified

(Kimura et al, 2017). Most importantly, we introduced a statistical

framework for the BioID method that allows to quantify the speci-

ficity of cargos for individual NTRs and to determine the FDR for

our identifications.

Our data set comprises a rich resource containing four layers of

information. The raw data (Table EV4) contain iBAQ scores that

are representative for the enrichment of the identified proteins

within a particular experiment. These data are not corrected for

contaminants, such as naturally biotinylated proteins. The second

layer is the NIP (Table EV2). This set contains proteins that are

significantly enriched in our experiments as compared to controls

and is corrected for background identifications. It contains many

high abundant cargos including those that are not associated with

a specific NTR. This could be because either the respective NTR

was not analyzed in our study or because they utilize multiple

NTRs. The third layer is based on specificity scores that were

designed to discover proteins that exclusively interact with one or

very few NTRs (Table EV4). Here, proteins identified in multiple

experiments such as Nups, RAN, or cargos that utilize multiple

NTRs are penalized. These three layers are based on indirect iden-

tification of peptides eluted after on-bead digestion, and they are

represented on the protein level, meaning that the signal from all

peptides per protein was integrated. Complementary to these, we
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provide identification of biotinylation sites obtained by separate

elution and analysis of biotinylated peptides, which are repre-

sented on the peptide level (Table EV8). The number of sites

identified in a protein strongly correlates with known interactions.

The sites are identified much more frequently in intrinsically disor-

dered proteins (IDPs) as compared to folded domains and in case
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Figure 7. Transcription factors and regulatory protein complexes are associated with specific NTRs.

A Specificity scores of selected protein complexes and functionally related proteins are shown as a heat map across all experiments. Multiple subunits of the depicted
protein complexes are identified to interact with specific NTRs [TCP (=CCT chaperonin containing TCP-1), ArfGAP (ADP-ribosylation factor GTPase-activating proteins),
COP9 (constitutive photomorphogenesis 9), CREB (cAMP response element-binding protein), eIF3 (eukaryotic initiation factor 3)]. Immunofluorescence staining
supports preferential biotinylation of nucleolar proteins by certain NTRs (Fig 2B).
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therein are highlighted. Related TFs use the same or similar NTR.
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of multidomain proteins might also be explored for identifying

binding sites. Within protein complexes, usually all subunits are

identified jointly by the indirect method, but only very few

subunits are directly biotinylated. The data might thus also be

further explored to identify subunits that harbor yet unknown

NLSs or NESs in order to discriminate piggy back translocations of
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Figure 8. Direct identification of biotinylated peptides suggests that NTRs preferentially bind specific FG-NUPs in situ.

A NTRs interact with specific structures of the NPC. Protein abundances (iBAQ scores) of Nups across NTR samples often correlate with the number of identified
biotinylated peptides.

B, C Normalized and median centered intensities of biotinylated peptides of NUP50 and NUP153. Structural domains like the importin a binding site (BD1 and BD2),
RAN-binding domain, zinc fingers, and FG-repeats are indicated. IPO4, IPO5, and IPO11 show less pronounced intensities as compared to Nup358 and Nup214
(Fig EV3).
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Table 1. Overview of enriched protein complexes and identified biotinylated subunits.

NTR Enriched protein complexes and proteins of similar biological function

Number of identified
subunits (ES > 25)

Biotinylated subunitNTR-BirA* BirA*-NTR

IMA1 Condensin ll complex 5 (5) 4 (0) SMC4, hCAP-D3

H/ACA ribonucleoprotein complex 5 (5) 3 (0) DKC1

DNA replication complex GINS 3 (3) 1 (0) –

Little elongation complex 4 (4) 4 (3) ELL, ICE1

Integrator complex 8 (6) 7 (0) INTS4, INTS10

Exosome complex 11 (10) 11 (0) EXOSC9, EXOSC10, RRP44

DNA-directed RNA polymerase l 9 (9) 7 (5) –

DNA-directed RNA polymerase lll 15 (14) 11 (7) RPC3

Chromodomain-helicase-DNA-binding protein 6 (5) 6 (1) CHD4, CHD7, CHD8

DNA mismatch repair protein 5 (5) 5 (2) MLH1, MSH6

Mediator of RNA polymerase II transcription 19 (17) 13 (3) MED1, MED27

MORC family CW-type zinc finger protein 3 (3) 3 (1) –

Negative elongation factor 4 (4) 4 (1) NELF-A, NELF-E

Transcription initiation factor TFIID 13 (13) 11 (11) TAF1, TAF3, TAF7

U6 snRNA-associated Sm-like protein 7 (7) 6 (6) –

Putative polycomb group protein ASXL 3 (3) 2 (0) –

IMA5 Condensin ll complex 4 (1) 2 (0) SMC4

H/ACA ribonucleoprotein complex 5 (5) 5 (4) DKC1

Little elongation complex 4 (3) 4 (2) ELL

Integrator complex 9 (8) 8 (5) INTS4, INTS10, INTS11

Exosome complex 10 (6) 11 (1) EXOSC9, EXOSC10, RRP44

DNA-directed RNA polymerase l 9 (7) 7 (5) RPAC2

DNA-directed RNA polymerase lll 13 (9) 10 (5) RPAC2, RPC3

Chromodomain-helicase-DNA-binding protein 6 (5) 5 (2) CHDL1, CHD3, CHD7, CHD8

DNA mismatch repair protein 4 (3) 5 (1) MLH1, MSH6

IMA6 H/ACA ribonucleoprotein complex 5 (4) – DKC1

Little elongation complex 4 (3) – ICE1

IPO4 Anaphase-promoting complex 9 (3) 9 (4) APC3

AP2 adaptor complex 5 (3) 4 (1) –

HAUS augmin-like complex 8 (8) 8 (7) HAUS2*

Eukaryotic translation initiation factor 3 13 (9) 13 (11) Subunit D, E, G, J

Activating signal cointegrator (ASC-1) 4 (4) 4 (4) TRIP4, ASCC1

Histone chaperone ASF1 2 (2) 2 (2) –

Transforming acidic coiled-coil-containing protein 3 (3) 3 (3) TACC1, TACC3

IPO5 Anaphase-promoting complex 8 (0) 9 (9) –

AP2 adaptor complex 5 (0) 4 (4) –

HAUS augmin-like complex 8 (2) 8 (7) –

Eukaryotic translation initiation factor 3 12 (6) 13 (13) Subunit A, D, E, G, J

WASH complex 4 (2) 4 (4) –

IPO11 Basic leucine zipper and W2 domain-containing protein 2 (2) – BZW1, BZW2

IPO13 Special AT-rich sequence-binding protein – 2 (2) SATB1

TNPO1 Argonaute protein family – 2 (2) –

Nuclear receptor coactivator 6 (5) SRC2*
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protein complex subunits from direct NTR binding mechanisms of

individual proteins.

A disadvantage of the BioID system is that molecular tags have

to be introduced. In case of importins and exportins, previous work

has shown they can be functionally tagged (Miyamoto et al, 2002;

Ciciarello et al, 2004; Kimura et al, 2013b; Vukovi�c et al, 2016).

This is very well reflected in our data, for example, biotinylated

cargos accumulate in the expected cellular compartment over time

and known interactors are among the most prominently identified

proteins. An exception might be the N-terminal importin b binding

domain (IBB) of IMA1 and IMA5 that is required for the binding of

these adaptor proteins to importin b, and could be sterically

hindered by BirA* tagging. Indeed, the N-terminally tagged lines for

these two NTRs behave somewhat as outliers in our data set: Biotin

stainings are faint and the number of identified proteins is much

lower, indicating that the accumulation of cargos over time works

less well. Also the observed correlation with the C-terminally tagged

lines is only moderate in these two cases (Fig 4A). For transparency,

we nevertheless decided to publish these data together with the

entire set. The independent analysis of N- and C-terminal tagged

lines is therefore an important validation that we have done for the

majority of all NTRs investigated here. One also might caution the

interpretation of the auxiliary NTRs in the data set, specifically RAN

and NTF2 since the tag might have a more severe effect onto these

rather small proteins. In case of RAN, GFP fusions show accurate

subcellular localizations throughout the cell cycle (Hutchins et al,

2009). Known interactors of RAN are among the top identified

proteins in our data set. This includes XPO5, XOP7, RanGNRF, its

deacetylase sirtuin-2 (de Boor et al, 2015), IPO9, XPO1, RANBP1,

and IPO7 that all are among the top 20 identified proteins in this

order. We believe that the RAN data sets will also contain many

export cargos of NTRs not targeted in this study because RAN is part

of the respective export complexes and interacted with various

exportins in our data. Among the most prominent proteins identified

with direct biotinylation sites in the same experiments are NUP358/

RANBP2, NUP214, NUP153, NUP50, RANBP1, and RANGAP1 indi-

cating that RAN binds to Nups on both faces of the NPC, as

expected. The aforementioned finding also shows that indirect and

direct identification of biotinylated proteins and peptides,

respectively, complement each other. Another example for this is

the NUP62 complex, a very prominent FG-Nup complex within the

NPC’s central channel. All three members of this subcomplex are

found in high abundance in basically all indirect experiments, but

direct biotinylations sites are rare. We obtained similar results for

the FG-repeat domains at the N-terminus of NUP98 and C-terminus

of NUP214 (Fig EV5A and B). This behavior might indicate a more

stochastic or transient binding of cargo complexes. Alternatively,

biophysical properties of this complex might be the cause. As a

matter of fact, tryptic cleavage sites are somewhat reduced in the

respective FG domains of all five proteins.

Previous studies of XPO1 relied on a very potent inhibitor (lepto-

mycin B; Thakar et al, 2013; Wühr et al, 2015), or the fact that

export complexes are formed in the presences of RAN-GTP for cargo

identification (Kırlı et al, 2015). Cross-validation of the cargos iden-

tified in our study against previous work on XPO1 showed statisti-

cally significant, but incomplete overlap (Fig 4I). We believe that

this apparent discrepancy is rather funded in the biology of XPO1.

Its key function is the clearance of proteins that “leaked”, poten-

tially even unspecifically into the nucleus, back into the cytoplasm.

Since previous work has been done in very different cell types, for

example, Xenopus oocytes, we believe it is conceivable that the set

of proteins transported under such conditions is different. In line

with this view, and in strong contrast to other importins and expor-

tins, the cargos identified for XPO1 cluster to a much lesser extend

into protein complexes that would have a smaller chance to “leak”

across the permeability barrier. This is contrasted by XPO2 and

XPO7 for which we obtained broad data sets (Fig EV4). XPO2 has

been thought to specifically recycle importin as back into the cyto-

plasm, and it has been proposed that this has to be the case because

nuclear XPO2 antagonizes importin a cargo recognition once the

cargo has been released into the nucleoplasm (Güttler & Görlich,

2011). In our hands, XPO2 indeed interacted with six out of seven

human importin as (Fig 4G), but also a large set of other proteins,

even more than XPO1. We reasoned that this might occur because

XPO2 biotinylates these proteins when it encounters importin a-b-
cargo complexes upon their disassembly at Nup50. We therefore

compared cargos identified in experiments with importin as to

XPO2. There was indeed a considerable overlap between the data

Table 1 (continued)

NTR Enriched protein complexes and proteins of similar biological function

Number of identified
subunits (ES > 25)

Biotinylated subunitNTR-BirA* BirA*-NTR

TNPO2 Argonaute protein family 3 (3) 3 (3) –

Nuclear receptor coactivator 6 (6) 6 (6) –

CREB-regulated transcription coactivator and binding protein 4 (4) 4 (4) CRTC1, CRTC2, CRTC3

Far upstream element-binding protein 3 (2) 3 (3) FUBP1, FUBP2, FUBP3

CCAAT-box-binding transcription factor (CTF) 3 (3) 3 (2) –

XPO1 Little elongation complex 4 (4) – –

Exosome complex 10 (2) EXOSC10

XPO2 DNA replication complex GINS 3 (3) 2 (1) –

Heterogeneous nuclear ribonucleoprotein 11 (0) 21 (17) Protein A1, F, M, U, UL1

XPO7 COP9 signalosome – 9 (9) CSN4

Proteins labeled with an asterisk were only identified in the ACN/TFA elution dataset.
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and some obvious import cargos, such as the spliceosome, PCAF, or

histones were identified with XPO2 (Fig EV4B). This illustrates that

the interactome derived from proximity ligation covers indirect

interactions and it should be taken into account when the data are

explored. Very little was previously known about XPO7 that inter-

acted with a very defined set of protein complexes such as the COP9

signalosome and AMPK (Fig EV4C) and showed an overlap with

IPO4 and IPO5 (Appendix Fig S2A).

Our data identify the potential transport pathways for many

prominent cargos (Table 1), that were to the best of our knowledge

previously unknown such as anaphase-promoting complex (IPO4,

IPO5), condensin 2 (IMA1), H/ACA ribonucleoprotein complex

(IMA1, IMA5), HAUS augmin-like complex (IPO4, IPO5), argonaute

(TNPO2), COP9 (XPO7), DNA replication complex GINS (IMA1,

XPO2), little elongation complex (XPO1), integrator complex

(IMA5), exosome complex (IMA1, IMA5, XPO1), as well as nuclear

receptor coactivator (NCoA; TNPO2, TNPO1), and various other

transcription factors (Fig 7B). This list includes a number of cargos

that were previously difficult to assign to a specific transport path-

way, such as CREB (Ch’ng et al, 2015; TNPO1, TNPO2), AP2

complex (Kitagawa et al, 2008; IPO4, IPO5), and RNA polymerase

III (Hardeland & Hurt, 2006; Appendix Fig S4). We believe that an

even larger set of cargos for all NTRs could be identified in the

future if our approach will be applied to other cell types and biologi-

cal conditions.

Materials and Methods

Human cell culture

Flp-In 293 T-REx (Thermo Fisher Scientific) and HEK (human

embryonic kidney) cells were grown in Dulbecco’s modified Eagle’s

medium (DMEM) high glucose 5 g/l (Sigma-Aldrich) supplemented

with 10% heat inactivated fetal bovine serum (FBS). The parental

cell line was grown with the addition of 100 lg/ml Zeocin (Invitro-

gen) and 15 lg/ml blasticidin (Thermo Fisher Scientific). After

generation of stable cell lines, ZeocinTM was replaced by 100 lg/ml

hygromycin. Stable cell lines were seeded at a density of 1.6e4 cells/

cm2, allowed to attach to the culture dish for 24 h, and then induced

by adding 1 lg/ml tetracycline (Sigma-Aldrich) in ethanol directly

to the medium. After 24 additional hours, 50 lM biotin (Sigma-

Aldrich) of a 10 mM stock solution in water was added.

NTR-BirA* and cargo-BirA* plasmid and stable cell
line generation

For the generation of plasmids for genomic integration into the Flp-In

T-Rex cells, the Gateway Technology (Invitrogen) was used. Expres-

sion clones were generated by combining a destination vector

(pcDNA5-pDEST-BirA*-FLAG-N-term or pcDNA5-pDEST-BirA*-FLAG-

C-term) with an entry clone. The following entry clones were

purchased from the human ORFeome collection either as cDNA or as

entry clone: IMA1 (BC005978), IMA5 (BC002374), IMA6 (BC047409),

KPNB1 (BC003572), IPO4 (BC136759), IPO5 (BC001497), IPO11

(BC033776), IPO13 (BC008194), TNPO1 (BC040340.1), TNPO2

(BC072420), XPO1 (BC032847), XPO2 (BC109313), XPO7 (BC030785),

RAN (BC014901), NTF2 (BC002348.2), NXT1 (BC003410), NXT2

(BC014888.1), APC2 (BC011656), CSN4 (BC093007), DKC1

(BC009928), EIF3D (BC093686), EXOSC10 (BC073788), HAUS2

(BC010903), INTS11 (BC007978), RPAC2 (BC000889), RPC3

(BC002586), SRC2 (BC114383). Entry clones were generated using the

donor vector pDONR. Purchased entry clones or cDNAs with sequence

disagreements with current sequences available at ENSEMBL were

changed using the QuickChange II Site-Directed Mutagenesis Kit (Agi-

lent). Required attB sites to generate an entry clone were added by

PCR using the Phusion High-Fidelity DNA Polymerase (Thermo Fisher

Scientific). Stable cell lines were generated using X-tremeGENE 9 DNA

Transfection Reagent (Sigma-Aldrich).

BioID affinity purification (AP)

For each experiment, 4e7 snap-frozen cells were used. The AP was

performed as previously described (Coyaud et al, 2015). Instead of

a protease inhibitor mixture, 1 mg/ml aprotinin and 0.5 mg/ml

leupeptin was used. 1 lg of trypsin (Mass Spectrometry Grade,

Promega) was added and incubated at 37°C for 16 h shaking at

500 rpm. Subsequently, 0.5 lg of trypsin was added and the on-

bead digest continued for additional 2 h. The beads were transferred

to a spin column, and the digested peptides were eluted with two

times 150 ll of 50 mM ammonium bicarbonate. To remove the

biotinylated peptides still bound to the beads, 150 ll of 80% ACN

and 20% TFA was added, briefly mixed, and eluted; this step was

done twice. The ACN/TFA elutions were merged. The samples were

dried using a vacuum centrifugation. The elutions were resuspended

in 200 ll buffer A. The desalting and clean-up of the samples were

carried out using Micro Spin Columns (Harvard Apparatus).

Protein identification by mass spectrometry and label-
free quantification

The shot-gun MS experiments were performed as previously

described (Mackmull et al, 2015). The elutions of biotinylated

peptides were measured using the same settings but with a stepwise

gradient lasting 90 min. For the quantitative label-free analysis, raw

files from a Orbitrap Velos Pro instrument (Thermo) were analyzed

using MaxQuant (version 1.5.3.28; Cox & Mann, 2008). MS/MS

spectra were searched against the Human Swiss-Prot entries of the

UniProt KB (database release 2016_09, 19,594 entries) using the

Andromeda search engine (Cox et al, 2011). The protein sequences

of BirA* and streptavidin were added to the database. The search

criteria were set as follows: Full tryptic specificity was required

(cleavage after lysine or arginine residues, unless followed by

proline); three missed cleavages were allowed; oxidation (M), acety-

lation (protein N-term), and biotinylation (K) were applied as vari-

able modifications, if applicable, mass tolerance of 20 ppm

(precursor) and 0.5 Da (fragments). The retention times were

matched between runs, using a time window of 3 min. The reversed

sequences of the target database were used as decoy database.

Peptide and protein hits were filtered at a false discovery rate of 1%

using a target-decoy strategy (Elias & Gygi, 2007). Additionally, only

protein groups identified by at least two unique peptides were

retained. The intensity per protein of the proteinGroups.txt output of

MaxQuant was used for further analysis. All comparative analyses

were performed using R version 3.2.2. (R Core Team, 2012). The R

packages MSnbase (Gatto & Lilley, 2012) was used for processing
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proteomics data, and the included package imputeLCMD was used

for imputing missing values based on the definitions for missing at

random (MAR) and missing not at random (MNAR) values. MNAR

were defined for each pairwise comparison as values that were (i)

missing in four out of four, or three out of four biological replicates

in one sample group, and (ii) present in at least three out of four

biological replicates in the second sample group. Because of their

non-random distribution across samples, these values were consid-

ered as underlying biological difference between sample groups.

MNAR values were computed using the method “MinDet” by replac-

ing values with minimal values observed in the sample. MAR values

were consequently defined for each pairwise comparison as values

that were missing in one out of four biological replicates per sample

group. MAR values were imputed based on the method “knn” (k-

nearest neighbors; Gatto & Lilley, 2012). All the other cases (e.g.,

protein groups that had two or fewer values in both sample groups)

were filtered out because of the lack of sufficient information to

perform robust statistical analysis. The data were quantile normal-

ized to reduce technical variations (Gatto & Lilley, 2012). Protein

abundance variation was evaluated using the Limma package

(Smyth et al, 2005). Differences in protein abundances were statisti-

cally determined using the Student’s t-test (one-sided) with vari-

ances moderated by Limma’s empirical Bayes method.

The pairwise comparisons of the AP of NTRs to the control data

set were used to define the NIP and background proteome. The

comparisons were done one-sided and separately for the NIP and

the background proteome. The Sime’s adjusted P-values were calcu-

lated for each protein using the R cherry package (Goeman & Solari,

2011). The minimum Sime’s P-value per protein, which defines if

this protein is significant in the NIP or background proteome, was

adjusted using the method of Benjamini and Hochberg. This idea

was adapted from (Lun & Smyth, 2014): The minimum Sime’s

P-value will be small if the protein of interest is truly significantly

differentially abundant in at least one of the comparisons to the

control conditions under consideration.

The specificity score per protein in each experiment was calcu-

lated by multiplying all significant P-values (P-values < 0.01) of the

selected protein obtained in the pairwise comparisons (P-values of

those pairwise comparisons where the protein was identified as

enriched). Subsequently, an average adjusted fold change (FC) was

calculated by using all FC corresponding to the previously consid-

ered P-values. The Fisher transformation was used to define a

P-value per experiment. The Fisher P-values were adjusted using the

method of Benjamini and Hochberg.

Network analysis

In order to identify clusters of proteins displaying specific interac-

tion with NTRs, we applied a network propagation approach similar

to the one described in (Vanunu et al, 2010). First, we mapped all

the proteins quantified in our experiments to the human STRING

protein–protein interaction network (v10, combined score > 0.7,

15,478 nodes). The network was then converted into an adjacency

matrix and normalized using Laplacian transformation. Specificity

scores where propagated to adjacent nodes by network propagation

using the sharing coefficient (a) of 0.5 and 30 iterations. We

observed that the standard network propagation algorithm suffered

from gene-specific biases created by their network neighborhood

(“topology bias”). For example, genes with many neighbors will

generally tend to accumulate higher scores independent of their

initial specificity scores. Therefore, we devised an additional step of

topology bias-correction after the standard network propagation

(Appendix Fig S3). We computed each node’s topology bias by

applying the mean initial score from each sample to all the nodes in

the network and then propagating scores using the same parameters

(a = 0.5 and iterations = 30). If there was no topology bias, all

nodes should have the same scores after this procedure. Resulting

propagated scores were used as correction factors for each node and

thus subtracted from the original propagated scores. For each NTR

sample, proteins were ranked according to their smoothed, topology

bias corrected scores, and the top 2% proteins for each sample were

used for the identification of highly interconnected subnetworks

using the Cytoscape (Cline et al, 2007) App MCODE (Bader &

Hogue, 2003).

Gene Ontology enrichment analysis

Gene Ontology enrichment analysis was performed on ranked list of

proteins using log-transformed P-values or specificity scores using

GOrilla (Eden et al, 2009) followed by GO term redundancy reduc-

tion performed by REVIGO (Supek et al, 2011).

Staining of NTR-BirA* cell lines

Cells were grown directly on glass slides, previously coated with

poly-lysine, in PBS for 4 h. The cells were induced and treated with

biotin as described above. Between each of the incubation steps at

room temperature, the glass slides were washed twice with PBS.

First, the cells were fixed with 2% PFA in PBS for 15 min and then

permeabilized with 0.4% triton in PBS for additional 15 min. Block-

ing was performed using 2% BSA and 2% FBS in PBS for 1 h. To

visualize the nuclear envelope, cells were incubated with anti-FLAG

(1:500, Sigma-Aldrich, #F1804) in blocking buffer for 1 h. As a

secondary antibody, an anti-mouse conjugated to Alexa Fluor 488

(1:1,000, Life Technologies, #A21204) was used also for 1 h. All

following steps were done with minimum light exposure. Strepta-

vidin covalently bound to Alexa Fluor 647 (1:1,000, Thermo Fisher

Scientific, #S21374) in 0.1% BSA in PBS was used to incubate the

cells for 10 min. To preserve the stained cells, all glass slides were

mounted upside down on a microscope slide using one drop of

mounting medium (Thermo Fisher Scientific), dried over night at

room temperature, and afterward stored at �20°C.

Depletion of NTRs by siRNA

Cells were allowed to attach to the dish for 24 h and then trans-

fected with IMA1-specific siRNA (#s7922), IMA5-specific siRNA

(#s223980), IPO11-specific siRNA (#s27652), IPO4-specific siRNA

(#s36154), IPO5-specific siRNA (#s7935), TNPO2-specific siRNA

(#s26880), GAPDH-specific siRNA (#4390849), and negative control

no. 1 siRNA (#4390843) purchased from Ambion by Life Technolo-

gies. 25 pmol of siRNA (final concentration of 10 nM) was trans-

fected using 7.5 ll of lipofectamine RNAiMAX (Thermo Fisher),

according to the manufacturer’s protocol. The cells were incubated

with the different siRNAs for 72 h. Each treatment was performed in

three biological replicates.
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Quantitative PCR (qPCR)

Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen)

following the manufacturer’s protocol. For cDNA synthesis, the

QuantiTect Reverse Transcription Kit (Qiagen) was used. Quantita-

tive real-time PCR (qRT–PCR) was used to examine the relative

expression of IMA1 (50-ttatcctggatgccatttcaa-30, 50-agcctccacattcttcaa
tca-30), IMA5 (50-gctagtactgtgccgcttcc-30, 50-gcaggtacagattgcagtcatc-30),
IPO11 (50-caaacggtttccatggatct-30, 50-ctgtgtctcccactgcttca-30), IPO4 (50-
cacctctcagcccagttca-30, 50-ctcagggacagccctgtaag-30), IPO5 (50-tgggaca
gatggctacagatt-30, 50-acgttgattgccttggtctt-30), TNPO2 (50-atcctggatggcaa
caagag-30, 50-ttcccaaaggcaaagacaag-30), and normalized to GAPDH

(50-ggtctcctctgacttcaaca-30, 50-agccaaattcgttgtcatac-30). For qRT–PCR

analysis, 25 ng of cDNA was used in a 20-ll reaction consisting of

11 ll of SYBR� Green PCR Master Mix (Applied Biosystems), 10 lM
forward and reverse primer, and water. Thermocycling was carried

out using the StepOneTM (Applied Biosystems) and each sample

was measured in technical duplicate. Relative mRNA levels were

calculated using the DDCt method (Livak & Schmittgen, 2001).

Significant changes were assessed by applying a Welch two sample

t-test on the DCt values for treatment and control samples (Yuan

et al, 2006).

Mutation of motifs

Predicted motifs by DILIMOT or cNLS Mapper were removed using

the Q5 Site-Directed Mutagenesis Kit [New England Biolabs (NEB)]

following the manufacturer’s protocol and replaced with a flexible

linker (50-ggtggcggaggtagcggaggcggtggatcg-30). Transient transfected
cells were generated using X-tremeGENE 9 DNA Transfection

Reagent (Sigma-Aldrich).

Image analysis

Image analysis was performed using CellProfiler (Carpenter et al,

2006). Nuclei were segmented using CellProfiler’s automated maxi-

mum correlation thresholding (MCT) algorithm (Padmanabhan

et al, 2010). To ensure that the segmented nuclei only cover pixels

inside the nucleoplasm, the nuclear masks were shrunk by 3 pixels.

Next, a ring of 20 pixel width around each nucleus was generated

marking the cytoplasm. The area covered by both the cytoplasm

and the nucleus was termed cell. The mean intensity of the protein

was measured in the cell, nucleus, and cytoplasm region. The

measured intensity in the cell was used to filter out cells that had

too low protein expression (< 0.08) in the transient transfected cells.

The ratio of the mean intensities in the nucleus and cytoplasm was

the final readout of the analysis.

Data availability

The data set generated in this study is available in the following

database:

• Mass spectrometry proteomics data: PRIDE PXD007976 (https://

www.ebi.ac.uk/pride/archive/projects/PXD007976) (Vizcaino et al,

2013).

Expanded View for this article is available online.
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