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Abstract

Nuclear accessibility of transcription factors controls gene expres-
sion, co-regulated by Ran-dependent nuclear localization and a
competitive regulatory network. Here, we reveal that nuclear
import factor-facilitated transcriptional repression attenuates
ribosome biogenesis under chronic salt stress. Kap114p, one of the
karyopherin-s (Kap-ps) that mediates nuclear import of yeast
TATA-binding protein (yTBP), exhibits a yTBP-binding affinity four
orders of magnitude greater than its counterparts and suppresses
binding of yTBP with DNA. Our crystal structure of Kap114p reveals
an extensively negatively charged concave surface, accounting for
high-affinity basic-protein binding. KAP114 knockout in yeast leads
to a high-salt growth defect, with transcriptomic analyses reveal-
ing that Kap114p modulates expression of genes associated with
ribosomal biogenesis by suppressing yTBP binding to target
promoters, a trans-repression mechanism we attribute to reduced
nuclear Ran levels under salinity stress. Our findings reveal that
Ran integrates the nuclear transport pathway and transcription
regulatory network, allowing yeast to respond to environmental
stresses.
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Introduction

Under natural conditions, Saccharomyces cerevisiae frequently
encounters varying and extreme environments that are far from
optimal laboratory settings. Therefore, budding yeast must trigger
reprogramming of the transcriptome in response to different

environmental stresses, with the underlying mechanisms that alter
gene expression for environmental change adaptation being essen-
tial for yeast to survive in nature. Altered genomic expression pro-
files in budding yeast in response to environmental variations have
been documented in the literature [1,2], allowing stress-response
genes to be divided into two categories: (i) stress-induced genes
(e.g., for heat-shock and antioxidant functions) and (ii) stress-
repressed genes (e.g., for translation and ribosome biogenesis).
Transcriptional regulation of these stress-response genes allows
yeast to redirect resources from cell proliferation to stress resistance.
However, the stress-related signaling pathways that affect gene
transcription and provide various stress tolerances are not fully
understood.

Eukaryotic transcription is catalyzed by three distinct RNA poly-
merases—RNA polymerase [, II, and III (Pol I, II, and III)—that are
all mediated by an essential, evolutionarily conserved TATA-
binding protein, TBP [3-5]. In RNA Pol II-mediated transcription,
TBP, a component of the transcription initiation factor IID (TFIID)
complex, recognizes and binds to the core promoters and initiates
assembly of the pre-initiation complex (PIC) by recruiting other
general transcription factors (e.g., TFIIA and TFIIB), providing a
basal level of transcriptional activity [3,4,6]. Notably, binding of
TBP to the core promoters is modulated by several regulatory
factors [6], such as TBP-associated factors (TAFs) [7] and human
BTAF1 (B-TFIID TATA-box-binding protein-associated factor 1) or
yeast Motl (modifier of transcription 1) [8,9]. In yeast, Motl is
thought to produce a competitive transcriptional regulation network
by forming distinct protein complexes with TBP under conditions of
cellular stress, thereby regulating nuclear accessibility of TBP for
transcription [10,11]. Additionally, biochemical analyses have also
demonstrated that Motl inhibits TBP-DNA binding by sequestering
TBP from DNA via an ATP-dependent mechanism [12]. Hence,
Motl modulates transcription through genomic redistribution of
TBP from promoters harboring a TATA box to those lacking them
[3,13]. Moreover, Motl works together with negative cofactor 2
(NC2) to induce dissociation of TBP from TATA-containing
promoters, thereby modulating specific gene expression [14,15]. On
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the contrary, TFIIA enhances and stabilizes binding of TBP to TATA
box promoters [16-19]. Thus, TFIIA competes with Motl and NC2
for TBP binding, restoring the TBP and DNA interaction to induce
gene expression [20-22]. Additionally, crystal structure analysis has
illustrated that binding of TBP to DNA can also be inhibited by the
N-terminal domain of TAF1 (TAF1-TAND) via binding to the
concave surface of TBP [23]. Structural comparison of TAF1-TAND
and other TAFs (e.g., TAF11 and TAF13) in complex with TBP has
further revealed that the TBP-binding domain of these structurally
distinct TAFs adopts a highly similar TBP-binding configuration,
providing mechanistic evidence of competitive transcriptional regu-
lation by these interacting partners of TBP [24,25].

In eukaryotes, the nuclear envelope (NE) separates nuclear tran-
scription and cytoplasmic translation. Transcription factors (e.g.,
TBP) synthesized in the cytoplasm need to be imported into the
nucleus, whereas the translational machinery (e.g., ribosomal subu-
nits) assembled in the nucleus has to be exported to the cytoplasm.
A family of soluble transport factors, termed karyopherin-f3 (Kap-f)
in yeast, facilitates nucleo-cytoplasmic transport. Kap-Bs recognize
nuclear localization signals (NLS) and nuclear export signals (NES)
carried by cargo molecules (either directly or through an adapter,
karyopherin-o) to transfer cargoes from one side of the NE-
embedded nuclear pore complex (NPC) to the other. Self-dimeriza-
tion of TBP increases its molecular weight beyond the passive diffu-
sion limit (~40 kDa) of the NPC [26-28]. To facilitate nuclear
localization, multiple Kap-Bs have been identified that mediate
active nuclear import of yeast TBP (yTBP) (e.g., Kap95p, Kap114p,
Kap121p, and Kap123p) [29,30]. Hence, in addition to TAFs, nuclear
transport receptors also govern nuclear accessibility of TBP.
However, only the interplay between TBP and TAFs involved in
transcriptional regulation has been studied extensively. Whether
nuclear transport receptors modulate the TBP-mediated gene expres-
sion that facilitates environmental change adaptation beyond the
nuclear transport function of TBP remains to be elucidated.

Here, we demonstrate that yTBP binds to Kap114p with an affin-
ity that is four orders of magnitude higher than for other examined
Kap-Bs (Kap95p and Kapl2lp). Next, our crystal structure of
Kap114p reveals that Kap114p structurally resembles a cargo-bound
form of the exportin Cselp, whereas the highly negative surface
charges of Kap114p allow it to bind nucleic acid-binding proteins,
such as yTBP. Biophysical and biochemical analyses together with
our crystal structure information reveal two inserts within HEAT
repeats (HEAT8 hairpin and HEAT19 loop) of Kapll4p bearing
protein sequence compositions and secondary structure elements
similar to the N-terminal domain of TAF1 (TAF1-TAND) that
suppress binding of yTBP to DNA and transcription factors.

Previously, knockout of KAPI14 in yeast resulted in no detect-
able growth defects under regular conditions [29]. Hence, we exam-
ine whether Kap114p-yTBP tunes gene expression under different
stress conditions. Interestingly, our yeast genetic analyses show that
KAP114 is particularly crucial for yeast to grow under chronic salt
stress. Transcriptomic analyses further indicate that, under high-salt
conditions, Kapl14p attenuates expression of genes involved in
ribosomal biogenesis and protein translation pathways by suppress-
ing yTBP binding to target promoters. We further propose that a
reduced level of nuclear Ran under salinity stress may facilitate the
Kapl14p trans-repression mechanism. Thus, we show how Ran
pathway may integrate the nuclear transport pathway and gene
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transcription regulatory network through Kapll4p, suppressing
gene transcription involved in ribosome biogenesis and protein
translation and conferring salt tolerance to yeast.

Results
Biochemical characterization of yTBP and Kap-f interactions

yTBP localization to the nucleus is facilitated by different Kap-ps,
such as Kap95p, Kapl14p, and Kapl121p [29,30]. To biochemically
validate the many interactions that occur between yTBP and dif-
ferent Kap-fs, we first conducted pull-down assays using purified
recombinant proteins. Interestingly, while constitutively active His-
tagged RanQ69L pulled down comparable amounts of Kap95p,
Kap114p, and Kap121p, pull-down of Kapl114p by GST-fused yTBP
(amino acids (aa) 61-240; hereafter yTBP) was substantially
elevated compared to that of Kap95p and Kapl121p (Fig 1A and B,
Appendix Fig S1A and B), suggesting that yTBP directly binds
Kap114p with a relatively higher binding affinity. Next, we used
isothermal titration calorimetry (ITC) to measure dissociation
constants (Kds) between yTBP and Kap-fs. The Kd values of yTBP
and Kap95p or Kap121p were ~10 and 40 puM, respectively (Fig 1D
and E). Notably, under the same experimental conditions, ITC
revealed the binding affinity of Kap114p to yTBP (1 nM) to be four
orders of magnitude higher than for Kap95p and Kap121p (Fig 1C),
further demonstrating that yTBP preferably binds Kapl14p. Addi-
tionally, the respective biphasic ITC-binding profile revealed that
multiple binding sites contribute to the interaction between yTBP
and Kap114p (Fig 1C).

The Kap114p crystal structure shows an exportin Cselp-like fold

To gain structural insights into how Kap114p binds to yTBP with an
affinity in the sub-nanomolar range, we determined the crystal
structure of Kap114p. Crystallization of Kap114p in citric acid, bis-
tris propane (pH 5.8), PEG3350, EDTA, and ethanol generated
hexagonal crystals (space group P3;2,), with one molecule per
asymmetric unit. Phase determination was carried out using data
collected from seleno-L-methionine-labeled crystals at selenium
peak and inflection wavelengths (Appendix Table S1). The final
structure was refined to a resolution of 2.5 A with an R-factor of
20.6% (Rfree 25.5%), and there were no outliers in the Ramachan-
dran plot (Appendix Table S1). The overall architecture of Kap114p
is comparable to known yeast karyopherin structures (Appendix Fig
S1C), and superimposition of Kap114p with the crystal structure of
the cargo-bound exportin Cselp reveals striking structural similari-
ties between their tertiary structures (Fig 1G) [31]: (i) Both Kap114p
and Cselp harbor 20 HEAT repeats that form a right-handed super-
helix structure (Fig 1F-H; 19 HEAT repeats in Kap95p); and (ii) two
intra-HEAT-repeat inserts found in Kap114p, i.e., the HEATS8 hairpin
and the HEAT19 loop, also occur in Cselp but not in Kap95p
(Fig 1F-H, Appendix Fig S1C). As Cselp forms a nuclear export
complex together with its cargo and Ran [31], we next performed a
GST pull-down assay to test whether Kap114p simultaneously binds
Ran and yTBP (cargo). In the presence of RanQ69L, pull-down of
Kap114p by GST-yTBP was substantially reduced compared to pull-
down in the absence of Ran (Appendix Fig S1D), suggesting the
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Figure 1. Biochemical and structural characterization of yTBP and Kap114p interaction.

A Pull-down assays of yTBP (61-240) with Kap95p, Kap114p, and Kap121p. GST-fused yTBP (61-240) was incubated with recombinant Kap95p, Kap114p, and
Kap121p. Unbound (S) and bound (B) samples were analyzed by SDS—PAGE and stained with Coomassie blue.

B Band intensities of Kap-fs from the SDS—PAGE gels in (A) were quantified and normalized by GST-yTBP intensity. Quantitative plots show percent Kap-Bs binding

on yTBP.

C-E ITC titration curves (upper) and binding isotherms (lower) of (C) Kap114p, (D) Kap95p, and (E) Kap121p with yTBP (61-240). Salt concentration and Ky values are

indicated.

F Cartoon representation of the Kap114p crystal structure. The A and B helices composed of each HEAT repeat are shown as gray cylinders. The HEAT8 hairpin,
HEAT19 loop, and additional HEAT18/19 loop are highlighted in blue, red, and green, respectively. A 45° rotated view is shown on the right. Overall dimensions of

the Kap114p structure are indicated.

G Superimposition of Kap114p (gray) with cargo-bound Cselp (light orange; PDB code: 1WAG5). The HEAT8 hairpin and HEAT19 loop of Kap114p are colored blue and

light green, respectively.

H Schematic representation of the Kap114p domain configuration using the same color code as shown in (F).

Data information: In (B—E), data represent mean + SD from three independent experiments. Differences were assessed statistically by two-tailed Student’s t-test;

*P < 0.05; ***P < 0.001.

existence of a mutually exclusive Ran and yTBP-binding site in
Kap114p. Thus, although Kap114p (importin) and Cselp (exportin)
show high structural similarity, Kapl14p functions as an import
receptor.

Cselp is an exportin dedicated to nuclear export of yeast
importin-o. (Kap60p; isoelectric point (pI) = 4.8) [32,33], whereas
Kap114p imports multiple nucleic acid-binding proteins that bear
positively charged surface patches (e.g., yTBP, histone H2A/H2B,
and NAP) [29,30,34,35]. Thus, Kap114p and Cselp should exhibit
different surface charge distributions in order to accommodate
binding of their cargoes. Electrostatic surface calculations revealed
a neutral charge distribution in the concave surface of the Cselp
central region that is crucial for Kap60p binding (Appendix Fig
S1E). Interestingly, calculations of electrostatic properties indi-
cated that the concave surface of Kapll4p, i.e., where cargoes
are supposed to bind, is negatively charged (Appendix Fig S1F
and G).

The crystal structure of cargo-free Kapl14p showed an open
conformation the same as that of the cargo-bound state of Cselp
(Fig 1G). We wondered if this open form of Kap114p can exist in a
non-crystalline environment, so we carried out small-angle X-ray
scattering (SAXS) analyses to obtain information on its global shape
in solution. The P(r) function derived from SAXS data, which
reflects the distribution of mean electron density of the molecule,
displayed a bimodal distribution with two maxima, implying
Kap114p molecule flexibility (Appendix Fig S2A). Furthermore, the
profile of the Kapl14p Kratky plot is comparable to that of CRM1
(Appendix Fig S2C), an exportin that adopts different conformations
in solution [36]. This result suggests that open and closed conforma-
tions of Kap114p may co-exist in solution. The theoretical scattering
profile generated by our Kap114p model exhibited reasonable agree-
ment with our experimental data (Appendix Fig S2B). Furthermore,
we used the ab initio modeling method GASBOR for shape determi-
nation, which revealed an open ring-like conformation that allowed
the crystal structure of cargo-free Kapl14p to be docked into the
SAXS-derived Kap114p envelope (Appendix Fig S2D and E).

Kap114p interacts with Ran and yTBP with equal stoichiometry
Next, we examined in molecular detail how Kap114p interacts with

Ran and yTBP. We biochemically reconstituted Kap1l14p-RanQ69L
and Kapll4p-yTBP complexes using recombinant Kapll4p,
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RanQ69L, and yTBP. Purified Kapl14p formed stable complexes
with either RanQ69L or yTBP, co-migrating with either one in a
sharp mono-dispersed peak in size exclusion chromatography (SEC;
Fig 2A and B). The band intensities of Kapl114p and Ran on SDS-
PAGE suggest a 1:1 equal stoichiometry (Fig 2A), consistent with
the ratios found in all Ran-Kap-f3 complexes [37]. However, since
yTBP has been reported to form dimers in solution [26], the stoi-
chiometry of the Kapl14p-yTBP complex needed further assess-
ment. Thus, we applied analytic ultracentrifugation with
sedimentation velocity (SV-AUC) and sedimentation equilibrium
(SE-AUC) to characterize the size distributions of yTBP, Kapl14p,
and the Kap114p-yTBP complex. SV-AUC revealed that yTBP and
Kapl14p alone in solution are predominantly a homo-dimer and
monomer, respectively, with molecular masses consistent with
calculated values (Fig 2C and D). Sedimentation profiles from SV-
AUC and SE-AUC of the Kap114p-yTBP complex revealed a molecu-
lar mass of ~130 kDa (Fig 2E and F), concordant with the calculated
molecular weight of a hetero-dimeric complex, suggesting a 1:1 stoi-
chiometry for the Kap114p-yTBP complex.

Next, we carried out SAXS analysis to determine the global
shapes of Kap114p in complex with either RanQ69L or yTBP. The
P(r) function derived from SAXS data showed a single peak for
both complexes, indicating a single conformation in solution and
differing from our assessment of Kapll4p alone (Fig 2G and K,
Appendix Fig S2A). The bell-shaped Kratky plots of both
complexes had maxima of ~1.1 at q*Rg = ¥3, further suggesting a
compact folded conformation (Fig 2H and L). Next, we applied
GASBOR ab initio modeling to generate 10 independent and
reproducible models—normalized spatial discrepancy
(NSD) = 1.29 + 0.03 for Kapll4p-yTBP and NSD = 1.31 + 0.06
for Kapl14p-RanQ69L—that matched well with our experimental
data (Appendix Fig S2F and H). The final SAXS envelopes of both
complexes displayed a compact globular shape without a central
cavity (Fig 21 and M). These results demonstrate that Ran and
yTBP associate with Kapll4p, filling the central cavity of the
ring-like structure. To dock crystal structures into the SAXS-
derived envelopes, we used FoXSDock that predicts interfaces
based on experimental data and calculated energies to best fit the
SAXS profiles. FoXSDock could place either RanQ69L or yTBP in
the center of the horseshoe-shaped Kapll4p structure, with the
two arms of the horseshoe wrapped around either protein (Fig 2J
and N; Appendix Fig S3G and I).

© 2020 The Authors
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Figure 2. Ran and yTBP binding by Kap114p.

Chung-Chi Liao et al

A B Purified recombinant Kap114p was mixed with RanQ69L or yTBP and analyzed by SEC. SEC (Superdex 200) elution profiles of the (A) Kap114p-RanQ69L and (B)
Kap114p-yTBP complexes. Peak fractions were analyzed by SDS-PAGE and stained with Coomassie blue. The void volume (Vo) of the peak fraction and absorbance

(a.u) at 280 nm for each complex is indicated.

C-E SV-AUC analysis of (C) yTBP, (D) Kap114p, and (E) the Kap114p-yTBP complex. The experimental data were analyzed using the Sedfit program and are presented

above molecular weights calculated using standards (in brackets).

F SE-AUC analysis of the Kap114p-yTBP complex. The average molecular mass determined by the Sedfit program was ~133.5 kDa. The lower panel shows the

residual difference (SD) between experimental and fitted values.

G-N Plots of the distance distribution function P(r) for the (G) Kap114p-RanQ69L and (K) Kap114p-yTBP complexes derived from experimental SAXS data using the
GNOM program. (H, L) Rg-based dimensionless Kratky plot of the Kap114p-RanQ69L (H) and Kap114p-yTBP (L) complexes. Intersection of the two dotted gray lines
indicates features of a compact protein. The ab initio envelopes determined by GASBOR for the (I) Kap114p-RanQ69L and (M) Kap114p-yTBP complexes. Models of
the (J) Kap114p-RanQ69L and (N) Kap114p-yTBP complexes derived from SAXS profiles using FoXSDock and docked into the ab initio envelopes obtained from

GASBOR.

The HEATS hairpin of Kap114p facilitates Ran binding

Our low-resolution models showed that the HEAT8 hairpin and
HEAT19 loop facing the concave surface of Kapl14p might physi-
cally contact Ran and yTBP. Therefore, we generated two deletion
constructs lacking, respectively, the HEATS8 hairpin (aa 347-371,
hereafter Kap114p (A347-371)) and the HEAT19 loop (aa 899-956,
hereafter Kap114p (A899-956); Fig 3A, Appendix Fig S3C), and then
examined their Ran- and yTBP-binding activities.

We biochemically purified Kap114p (A347-371) and Kaplldp
(A899-956) to homogeneity using multiple steps of a chromato-
graphic approach and further assessed both constructs by SEC, mass
spectrometry, and circular dichroism (CD) (Appendix Fig S3D-H).
The protein secondary structure composition and solution properties
of wild-type Kap114p and the two deletion mutants were compara-
ble (Appendix Fig S3D-H), so they were suitable for further
biochemical studies. We then performed biochemical pull-down
assays using recombinant proteins to assess whether the HEATS
hairpin and HEAT19 loop of Kapl14p contribute to the binding of
Ran and yTBP. Under our pull-down conditions, both of the HEAT8
hairpin and HEAT19 loop deletion mutants retained the ability to
interact with GST-yTBP at levels not significantly different to wild-
type Kapl1l4p (Fig 3B and C). Furthermore, ITC revealed that the
HEATS hairpin and HEAT19 loop contribute minimally to the bind-
ing affinity of Kapll4p and yTBP, as the Ky values between
Kap114p (A347-371) or Kap114p (A899-956) and yTBP are ~60 and
30 nM, respectively (Fig 3D and E). Notably, the Ky values of the
Kap114p deletion mutants still appeared to be lower than those of
other Kap-fs (Fig 1D and E), suggesting that these mutants can still
enable transport of yTBP to the nucleus.

Knockout of KAPI14 in yeast cells leads to TBP mislocalization
to the cytoplasm [29,30], so we sought to examine whether the
HEATS hairpin and HEAT19 loop are important for yTBP nuclear
transport. To do this, we knocked out KAPI14 in a strain bearing
GFP-labeled yTBP (Appendix Fig S5A and C). Under our acquisition
conditions, we found that ratios of GFP-yTBP signal between the
nucleus and cytoplasm were reduced in the deletion mutant
compared to that of wild type (Fig 3F, Appendix Fig S4A), consis-
tent with deletion of KAP114 leading to mislocalization of yTBP in
the cytoplasm. Next, to examine whether KAP114 mutants can facil-
itate nuclear transport of yTBP, we expressed wild-type and mutant
KAP114 driven by an endogenous promoter in the KAP114 knockout
strain. Plasmids expressing wild-type or KAP114 mutants were vali-
dated by quantitative RT-PCR, showing 1.5- to 2-fold expression
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enhancement relative to that of the chromosomal KAPI14 gene
(Appendix Fig S4B). Western blot analyses further revealed that
protein levels of plasmid expressing FLAG-tagged wild-type or
KAP114 mutants were comparable (Appendix Fig S4E and G). Cyto-
plasmic yTBP mislocalization due to KAP114 knockout could be
rescued by our wild-type and deletion mutants (Fig 3F,
Appendix Fig S4A), corroborating that these KAP114 mutants are
still able to deliver yTBP to the nucleus. These results imply that the
HEATS8 hairpin and HEAT19 loop of Kapl14p are not crucial for
nuclear transport of yTBP.

Notably, pull-down of Kapll4p (A347-371) by His-Ran Q69L
was substantially diminished compared to that of wild-type and the
Kap114p (A899-956) mutant (Fig 3G and H), suggesting that the
HEATS hairpin is crucial for Ran binding, as is the case for
importin-f [38,39]. Furthermore, in a GST pull-down assay with a
1:4:8 mix ratio of Kap114p:yTBP:RanQ69L, wild-type Kap114p and
Kapl14p (A347-371) showed comparable SDS-PAGE band intensi-
ties in the protein-bound fractions to assays in the absence of Ran
Q69L (Fig 31 and J), consistent with the fact that they have compa-
rable binding affinities to yTBP. As expected, pull-down of wild-type
Kap114p by GST-yTBP was significantly different in the presence or
absence of Ran Q69L (Fig 31 and J). However, the amounts of
Kapl14p (A347-371) pulled down by GST-yTBP displayed minimal
differences regardless of the presence or absence of Ran Q69L
(Fig 31 and J). Taken together, these results suggest that HEATS8
hairpin-mediated binding of Ran partially dissociates yTBP binding.

Kap114p suppresses complex formation of yTBP, DNA, and TFIIA

Kap114p shows a high affinity for yTBP and prevents yTBP homo-
dimerization. Moreover, while the HEAT8 hairpin and HEAT19 loop
of Kap114p do not play an important role in nuclear import of yTBP,
we found that their protein sequences are similar to the N-terminal
domain of TAF1 (TAF1-TAND). TAF1-TAND, which is composed of
TAND1 and TAND2 units, modulates interaction of yTBP with
TATA box DNA and transcription factors (e.g., TFIIA) [22,40]. A set
of TANDI residues structurally mimics nucleobases and the sugar-
phosphate backbone of DNA and can thereby mediate interactions
between the two a-helices of TANDI and the concave surface of
yTBP. Remarkably, these residues are also well preserved in the
HEATS hairpin of Kap114p, as well as its homologs across species
(Fig 4A, Appendix Fig S3A) [24]. Additionally, the HEAT19 loop of
Kap114p is highly negatively charged, presenting protein sequence
properties similar to those of TAND2, which is a conserved

© 2020 The Authors
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Figure 3. The HEATS8 hairpin of Kap114p is crucial for Ran binding.

Chung-Chi Liao et al

A Schematic representation of the domain structures of the two deletion mutants, Kap114p (A347-371) and Kap114p (A899-956).

B Pull-down assays of yTBP with Kap114p, Kap114p (A347-371), and Kap11l4p (A899-956). GST-fused yTBP (61-240) was incubated with recombinant Kap114p,
Kapll4p (A347-371), and Kapll4p (A899-956). Unbound (S) and bound (B) samples were analyzed by SDS—PAGE and stained with Coomassie blue.

C Band intensities of Kap-fs from the SDS—PAGE gels in (B) were quantified and normalized by GST-yTBP intensity. Quantitative plots show percent Kap-pBs binding

on yTBP.

D, E ITC titration curves (upper) and binding isotherms (lower) of (D) Kap114p (A347-371) and (E) Kap114p (A899-956) with yTBP (61-240). Salt concentration and Kd

values are indicated.

F Relative fluorescence GFP intensities in the nucleus and cytoplasm of wild type, KAP114 knockout strains, and KAP114 knockout strains rescued by KAP114 deletion

mutants.

G His-tagged RanQ69L was incubated with recombinant Kap114p, Kap114p (A347-371), and Kap114p (A899-956). Unbound (S) and bound (B) samples were analyzed

by SDS—PAGE and stained with Coomassie blue.

H Band intensities of Kap-fs from the SDS—PAGE gels in (G) were quantified and normalized by His-Ran intensity. Quantitative plots show percent Kap-fs binding on

His-Ran.

| GST pull-down assays of yTBP (61-240) with Kap114p or Kapll4p (A347-371) in the presence or absence of RanQ69L. GST-fused yTBP (61-240) was incubated
with recombinant Kap114p and His-tagged RanQ69L at a molar ratio of 1:4:8 Kap114p:yTBP:RanQ69L. Unbound (S) and bound (B) samples were analyzed by SDS—

PAGE and stained with Coomassie blue.

J Analysis of Kap114p dissociation from yTBP in the presence of RanQ69L. Band intensities of Kap114p and Kap114p (A347-371) from the SDS-PAGE gels were used

to determine the average fraction of bound protein.

Data information: In (C-E, H and ), data represent mean + SD from three independent experiments. In (F), data represent mean =+ SD from four independent
experiments (40 yeast cells in total for each strain; 10 cells for one experiment). Differences were assessed statistically by two-tailed Student’s t-test; n.s.: not significant;

**p < 0.01; ***P < 0.001.

regulatory yTBP-binding motif also identified in higher eukaryotes
(Fig 4A, Appendix Fig S3B) [24].

The HEATS8 hairpin and HEAT19 loop are separated by more
than 500 residues, i.e., vastly different to the 10 residues separating
TAND1 and TAND2. Next, we used electrophoretic mobility shift
assay (EMSA) to determine whether Kapl14p could regulate the
activity of yTBP in a way similar to TAF1, i.e., by modulating the
interaction of TBP and DNA. Under our experimental conditions,
yTBP was able to bind the FAM (Fluorescein amidite) 5'-labeled
TATA-box double-stranded DNA in a concentration-dependent
manner, leading to band shift to a higher position on the gel
(Fig 4B). Interestingly, the shifted bands induced by yTBP disap-
peared when Kapll4p was applied in a dose-dependent manner
(Fig 4C), suggesting that Kap114p prevents interaction of yTBP and
DNA.

Furthermore, we carried out super-shift EMSA using recombinant
TFIIA to examine whether Kap114p blocks yTBP and TFIIA interac-
tion [17,41]. Under our experimental conditions, TFIIA induced
multiple super-shift bands on the gel in a dose-dependent manner in
the presence of yTBP (Fig 4D), consistent with TFIIA being able to
stabilize yTBP and DNA interaction to form a higher-order complex
structure. Moreover, the intensities of the super-shifted bands that
represent the complex were dramatically reduced when we applied
increasing concentrations of wild-type Kapll4p to the reaction
(Fig 4E), indicating suppression of ternary complex formation by
Kapl14p. Taken together, our analyses indicate that Kap114p is able
to suppress interaction between TBP and DNA as well as other tran-
scription factors.

KAP114 is crucial for yeast to grow in high-salt conditions

We then applied yeast genetic approaches to examine in a cellular
context our biochemical findings of TAF1-TAND-like motifs in
Kap114p. To do this, we generated yeast strains in which KAPI114
was knocked out (Appendix Fig S5A and B). Single knockout of
KAPI114 in yeast did not result in detectable growth defects in the
regular media (Appendix Fig S5D). Next, to examine whether
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Kap114p is involved in regulating stress-responsive gene expression,
we grew KAPI14 knockout and wild-type strains under different
stress conditions. Interestingly, whereas KAPI114 knockout and
wild-type strains displayed comparable growth rates under regular
and many stress conditions (Appendix Fig S5D and E), the KAP114
knockout strain grew much more slowly in high-salt conditions
compared to the wild-type strain (Fig 5A).

Furthermore, yeast spot-based assays showed that the expression
of wild-type KAP114 with or without FLAG tags (driven by an
endogenous promoter) rescued the high-salt growth defect of the
KAP114 knockout strain, even though RT—qPCR revealed slightly
reduced KAP114 transcript levels from wild-type-expressing plasmid
(~ 30% reduction relative to chromosomal KAPI114 gene) under
high-salt conditions (Fig 5B, Appendix Fig S4C and D). However,
whereas the HEATS8 hairpin and HEAT19 loop deletion mutants
presented slightly increased or comparable protein levels relative to
wild type (Appendix Fig S4E and G), they did not exhibit the same
effect (Fig 5B, lane 4 and 5, Appendix Fig S4D, F, and H). We found
that: (i) the HEAT8 hairpin and HEAT19 loop of Kapl14p do not
play a crucial role in nuclear transport of yTBP (Fig 3F); (ii)
Kap114p suppresses the yTBP and DNA interaction (Fig 4C); and
(iii) the HEATS8 hairpin and HEAT19 loop mutants cannot rescue the
yeast growth defects of KAPI114 knockout under high-salt conditions
(Fig 5B). Therefore, next, we examined whether Kap114p regulates
yTBP-mediated transcription beyond its nuclear transport function.

The Kap114-yTBP pathway modulates gene expression under
chronic salinity stress

To identify potential genes affected by KAP114 knockout, we carried
out next-generation sequencing to analyze the transcriptomic pro-
files of wild-type and KAPI14 knockout strains under high-salt
conditions (1.5 M NaCl), and we present the results as a heatmap
(Fig 5C; triplicate samples, P < 0.05, TPM of control > 10, [fold
change| > 1.5). We identified 641 up- and 415 down-regulated genes
with > 2-fold change, which were further assessed by gene ontology
(GO) enrichment analysis to establish specific annotations. Notably,

© 2020 The Authors
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Figure 4. Kapl1l4p modulates interaction between yTBP and DNA/TFIIA.

Chung-Chi Liao et al

A Protein sequence alignment of the HEAT8 hairpin and TAF1-TAND1, and the HEAT19 loop and TAF1-TAND2 (numbers represent amino acid positions). a-helices were
assigned based on crystal structures and are depicted as blue cylinders. The Phe57 anchor residue of TAND2 is indicated [24]. Black color highlights amino acid

identity, and gray shading indicates amino acids with similar properties.

B EMSA analysis of yTBP binding to DNA. We incubated 5 nM FAM-labeled oligonucleotide (TGTATGTATATAAAAC) with indicated concentrations of purified yTBP
(0.125-8 uM) and then analyzed binding by 6% non-denaturing PAGE. Band intensities of free DNA from the gels (Top panel) were quantified and plotted (Bottom panel).

C Indicated concentrations (0.25-16 uM) of purified recombinant Kap114p were incubated with yTBP (4 uM) and FAM-labeled DNA (5 nM), followed by native PAGE
analysis. Kap114p (16 puM) was incubated with DNA without yTBP as a control. Band intensities of free DNA from the gels (Top panel) were quantified and plotted

(Bottom panel).

D Super-shift EMSA analysis of TFIIA binding to yTBP-DNA complex. We incubated 5 nM FAM-labeled DNA and yTBP (0.5 uM) with indicated concentrations of purified
TFIIA (0.08-5 uM) and then analyzed binding by 6% non-denaturing PAGE. Band intensities of free DNA from the gels (Top panel) were quantified and plotted

(Bottom panel).

E Indicated concentrations (0.06-4 pM) of purified Kap114p were added to the reaction containing 0.5 M of TFIIA, yTBP, and FAM-labeled DNA (TGTATGTATATAAAAC),
before conducting native PAGE analysis. TFIIA and Kap114p (4 uM) were incubated with DNA without yTBP as a control. Band intensities of free DNA from the gels
(Top panel) were quantified and plotted (Bottom panel). Electrophoretic bands containing protein—-DNA complex and free DNA are indicated.

Data information: In (B—E), data represent mean + SD from three independent experiments.

our GO analysis revealed that up-regulated genes are substantially
enriched for processes associated with ribosome biogenesis and
assembly (Fig 5D; P < 0.05, TPM of control > 10, |fold change| > 2).
Repression of ribosomal protein genes, as well as genes involved in
protein synthesis, has been observed during different stress
responses, including for high salinity [1,2]. Our observation of up-
regulated gene expression related to ribosome biogenesis and
assembly in the KAP114 knockout strain could reflect an imbalance
in protein synthesis, leading to the high-salt growth defect.

Next, we examined by RT-qPCR four genes encoding ribosomal
subunits (RPS22A, RPL30, RPS17B, and RPL14A), one gene encoding
an elongation factor (TEF4), two genes encoding tRNA synthetase
(KRSI and FRSI), one gene encoding a translation initiation factor
(TIF1), and one gene encoding a translation inhibitor (ASCI) for their
mRNA levels under regular and high-salt conditions. Under regular
conditions, the fold change in gene expression of most of these
selected genes (except for KRSI, for which transcript was repressed)
was comparable between wild-type and KAPI114 knockout strains
(Fig 5E). Moreover, in wild-type yeast, the expressions of most of
these selected genes (except for TIFI) were indeed suppressed under
long-term salt stress compared to under regular conditions
(Appendix Fig S5F). In contrast, in the KAP114 knockout strain, the
fold change in gene expression of most of the selected genes was
significantly elevated, no matter whether we compared the outcomes
with those of the wild type under high-salt conditions or the knock-
out mutant under regular conditions (Fig SF; Appendix Fig S5G).
Since our EMSA analyses demonstrated that Kap114p inhibits TBP
and DNA interaction, we hypothesize that Kap114p enables repres-
sion of the expression of genes involved in ribosome biogenesis and
protein synthesis under long-term high-salt conditions.

Furthermore, we sought to examine whether Kap1l14p-mediated
gene repression operates by modulating yTBP binding at gene
promoters. Hence, we examined yeast strains (wild type and
KAP114 knockout) bearing yTBP-GFP by chromatin immunoprecipi-
tation-quantitative PCR (ChIP-qPCR) using anti-GFP antibody. Our
ChIP-gPCR analyses showed a 2- to 3-fold increase in DNA quantity
of selected genes (except for CLB2) in the KAPI14 knockout strain
compared to wild type under high-salt conditions (Fig 5G). CLB2
encodes a cyclin that controls the cell cycle at the G2/M transition
[42], and it served here as a negative control. These results may
indicate that under high-salt treatment: (i) Occupancy of yTBP at
the promoter of selected genes in the KAPI114 knockout strain was
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enhanced; or (ii) binding of yTBP at the promoter of selected genes
in the wild type was repressed. Next, we separately plotted our
wild-type and mutant ChIP-qPCR results and found that, under
high-salt conditions, binding of yTBP at the promoter of these genes
in the wild type was suppressed (Appendix Fig SSH). However, the
reduction in yTBP binding could be restored in the KAP114 knock-
out strain (Appendix Fig S5I). These results suggest that, under
salinity stress, Kap114p suppresses binding of yTBP to the promoter
of genes related to ribosome biogenesis and protein synthesis.

RanGTP causes dissociation of the cargoetransport factor
complex by binding to transport factors (Appendix Fig S1D). Under
cellular stresses such as UV irradiation or heat shock, the amount of
Ran in the nucleus declines [43]. Therefore, we sought to examine
whether nuclear Ran levels also decrease under chronic high-salt
treatment, diminishing free nuclear Ran and thereby preventing
yTBP and DNA interaction in the nucleus. Our Western blot analysis
shows that the amount of yTBP-GFP in nuclear fractions isolated
from regular conditions was comparable to that under high-salt
conditions (Fig SH and I). Interestingly, under our high-salt condi-
tions, nuclear Ran was much reduced relative to under regular
conditions (Fig SH and J), similar to observations reported for other
stress conditions [43]. These results lead us to propose that, under
high-salt conditions, disruption of the Ran gradient could decrease
liberation of yTBP from Kapl14p in the nucleus, attenuating gene
expression in response to salt stress.

Discussion

Gene duplication and functional divergence have been proposed as
important evolutionary mechanisms driving expansion of the Karyo-
pherin-f protein family in order to endow it with the diverse func-
tions that it carries out [44]. Multiple lines of evidence suggest that a
paralogous gene pair, probably created by gene duplication, encodes
Kap114p and Cselp. First, among Kap-fs, Kap114p has been shown
to be the most similar to Cselp at the level of primary protein
sequence (18% identity and 43 % similarity) [29]. Second, our crys-
tal structure of Kap114p further revealed high structural similarity to
Cselp, including two HEAT repeat inserts (HEAT8 hairpin and
HEAT19 loop). Third, both the KAP114 and CSEI genes are located
on chromosome VII and are separated by only ~4,000 nucleotides.
Functional divergence may occur after gene duplication, resulting in

© 2020 The Authors
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Figure 5. Kapll4p suppresses gene expression under salt stress.

Chung-Chi Liao et al

A Wild-type and KAP114 knockout strains were diluted serially and spotted onto YPD plates in the presence of 1.5 M NaCl.
B The KAP114 knockout strain was transformed with vector control (lane 2) and a plasmid containing wild-type KAP114, KAP114 (4347-371), or KAP114 (4899-956)
(lanes 3-5). Wild-type and KAP114 knockout strains containing plasmids were serially diluted and grown in minimal medium plates supplemented with 1.5 M NacCl.

Growth temperatures are indicated.

C  Aheatmap generated by three independent biological replicates shows gene expression profiles of wild-type and KAP114 knockout strains grown in the presence of

1.5 M NaCl. The Log, (fold change) values and the color scale are shown.

D  Gene ontology enrichment analysis of up- and down-regulated genes, analyzed separately using Metascape (http://metascape.org). The top 10 significant GO terms
(biological pathways and processes) associated with up- and down-regulated genes are shown. The y-axis represents the GO category (ribosomal biogenesis
pathways/processes are highlighted in bold), and the x-axis represents the —Logy, (P-value) of GO terms.

E, F (E) gPCR analysis of gene expression in the KAP114 knockout strains (green bars) compared to wild type (black bars) under regular conditions. (F) gPCR analysis of
gene expression in the KAP114 knockout strain (green bars) compared to wild type (black bars) grown in high-salt conditions. gPCR fold changes in mRNA
expression are relative to control (YPD media, black bars). Actin was used as the internal control.

G ChIP-gPCR assays showing yTBP-GFP binding to the promoter of indicated genes in wild-type and KAP114 knockout strains grown in high-salt conditions (light
green bars) compared to under regular conditions (black bars). Chip-gPCR fold-enrichment is relative to control (YPD media, black bars).

H  Endogenous Ran, GFP-yTBP, and proliferating cell nuclear antigen (PCNA; loading control) in nuclear fractions isolated from wild-type yeast grown in regular and
high-salt conditions were analyzed by Western blot using antibodies for Ran, GFP, and PCNA.

I,]  Analysis of Ran and GFP-yTBP in nuclear fractions isolated from wild-type yeast grown in regular and high-salt conditions. The combined bar and scatter plot
shows the band intensity ratios of Ran (I) and GFP-yTBP (J) over PCNA. Each dot represents an individual data point.

Data information: In (E), data represent mean + SD, N = 5. In (F, G), data represent mean + SD, N = 3. In (|, ), data represent mean + SD from four independent
experiments. Differences were assessed statistically by two-tailed Student’s t-test; *P < 0.05; **P < 0.01; ***P < 0.001; n.s.: not significant.

a common backbone with largely different electrostatic potentials on
the concave surface, as well as different properties of hosted intra-
HEAT repeat inserts, both of which are important for accommodat-
ing the nuclear import of highly basic proteins.

TAF1 interacts with yTBP via its TAND component comprising
TAND1 and TAND2 to modulate gene transcription. Hydrophobic
residues on two o-helices of TAND1 that mimic base or ribose
moieties of DNA facilitate DNA interaction [24]. Negatively charged
residues of TAND2, together with an aromatic amino acid, interact
with highly basic yTBP [24]. TAND2 represents a conserved and
aspartic acid/glutamic acid-rich TBP-binding motif that has been
identified in many structurally distinct proteins such as TFIIA, Brfl,
and Mot1 [45]. Notably, the HEAT8 hairpin and HEAT19 loop of
Kapll4p display protein sequence compositions and secondary
structure elements similar to TAND1 and TAND2, respectively.
Importantly, these protein properties are conserved across species.
Our biochemical analyses further reveal that the HEAT8 hairpin and
HEATT19 loop play a crucial role in suppressing interactions between
yTBP and DNA as well as other transcription factors. These two
intra-HEAT repeat inserts are ~500 residues apart, making it difficult
for them to be identified by traditional bioinformatics approaches.
However, our structural and biochemical results suggest that the
three-dimensional arrangement of Kap114p allows these two HEAT-
repeat inserts to operate in concert, thereby conducting roles compa-
rable to those performed by TAF1-TAND.

Ribosome abundance controls the rate of protein synthesis.
Hence, ribosome biosynthesis needs to be coordinately regulated
and it is essential for cell growth and proliferation. The TOR signal-
ing pathway elevates ribosomal protein gene transcription via multi-
ple transcriptional factors (e.g., Raplp [46] and Fhllp [47]).
However, down-regulation of ribosomal protein genes under many
stress conditions suggests that additional mechanisms mediated by
repressors are involved [48]. CRF1p has been identified as a tran-
scriptional repressor that inhibits transcription of ribosomal protein
genes by trans-localizing to the nucleus when the rapamycin (TOR)
signaling pathway is blocked [49]. Here, we show that, in the
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Kapl14p-yTBP-facilitated  transcription  repression pathway,
Kap114p represses binding of yTBP to the promoter region of target
genes (e.g., ribosomal protein genes) instead of changing the nuclear
localization of yTBP, thereby down-regulating ribosomal biogenesis
and protein translation under salt stress (Fig 6). The trans-repressive
activity identified here for Kap114p has also been reported for many
nuclear receptors that interfere with gene expression through
protein—protein interactions with transcription factors [50].

As it does with other Kap-fBs, RanGTP disassembles Kap114p-yTBP
complexes. Thus, due to the greater binding affinity between Kap114p
and yTBP, a reduction in nuclear Ran levels under high-salt conditions
could lead to a decrease in free yTBP in the nucleus, diminishing the
TAF-mediated interaction of yTBP with gene promoters. Additional
mechanisms that unload yTBP in the nucleus may also be involved.
For instance, post-translational modification by sumoylation of
Kap114p residue 909 has been proposed to release cargoes from
Kapl14p [51]. Lysine residue 909 lies within the unstructured
HEAT19 loop according to our Kap114p crystal structure. Moreover,
we cannot exclude the possibility that regulation of gene expression
allowing yeast to survive under high-salt stress could be a combinato-
rial effect of the repressive activities of multiple Kap114p-delivered
cargos (e.g., Naplp, H2A, and H2B) [52,53]. However, we propose a
general mechanism by which the nuclear transport factor Kapl14p
trans-represses the activity of cargos and controls gene expression.
Importantly, we show through Kap114p how Ran pathway may coor-
dinate the nuclear transport pathway and the gene transcriptional
regulatory network to respond to environmental stresses.

Materials and Methods

Protein expression and purification
Yeast (S. cerevisiae) full-length Kap95p, Kapll4p, and Kapl2lp

were amplified by PCR and inserted into the pGEX6pl expression
vector (GE Healthcare) that contains a PreScission cleavage site.
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http://metascape.org

Chung-Chi Liao et al

Regular conditions

Kap114p

1
A box :
ribosomal protein genes 1

Nucleus

EMBO reports

Salt stress
Kap114p
} , ®
\4

Trans-repression

TATA box ribosomal protein genes

) NPC

Cytoplasm

Kap114p
\d

4

.

Kap114p

.

By -

Monomer

Dimer

Hetero-dimer (Kap114p/yTBP)

Figure 6. Schematic model of how Kap114p mediates trans-repression of gene expression.

Schematic representation of how Kap114p regulates gene expression. Under normal growth conditions, RanGTP liberates yTBP from Kapl14p, allowing gene expression. As
nuclear Ran levels are reduced under salt stress, binding of Kap114 to yTBP is enhanced, thereby trans-repressing yTBP activity and down-regulating gene expression.

Proteins were expressed using the Escherichia coli Rosetta strain
(Novagen). Cell culture was induced by overnight incubation with
0.5 mM IPTG at 18°C. Cells were harvested and resuspended in lysis
buffer [20 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM DTT]. The
cells were lysed by French press, and the lysate was centrifuged for
30 min at 15,000 g. The supernatant was incubated with GST resins
(GE Healthcare), and the GST-fused protein was then eluted by a
buffer containing 50 mM of reduced glutathione. The GST-tag was
removed by PreScission protease before protein samples were
further purified through HiTrap Q HP columns and SEC (Superdex
200 16/60). Protein quality was analyzed and confirmed by SDS-
PAGE. Deletion mutants of Kapl14p were expressed and purified
using an identical protocol.

Yeast (S. cerevisiae) yTBP (61-240) was cloned into a modified
pET28a vector with a PreScission cleavage site at the N-terminus.
The same bacterial strain and protein overexpression strategy used
to express Kap proteins were applied to express His-yTBP. Cells
were harvested and suspended in phosphate buffer containing
150 mM NaCl and 3 mM B-mercaptoethanol. After cell lysis, the

© 2020 The Authors

lysate was clarified by centrifugation and the supernatant was incu-
bated with Ni beads (Qiagen) for 30 min, followed by a prewash
with 25 mM imidazole. Proteins were eluted with buffer containing
250 mM imidazole, and the fractions were pooled and dialyzed
against buffer [20 mM HEPES (pH 7.4), 150 mM NacCl, 3 mM DTT]
overnight. After dialysis, protein samples were loaded into HiTrap
SP HP columns and eluted by a salt gradient. Protein samples were
then further purified by SEC (Superdex 200 16/60) and analyzed by
SDS-PAGE.

TFIIA was expressed and purified using an established protocol
[41]. All proteins were concentrated and stored at —80°C. All
constructs are listed in Appendix Table S3.

Protein crystallization and structure determination

Native Kap114p crystals were obtained using a hanging drop vapor
diffusion method with a 17.6 mg/ml protein concentration at 20°C
by mixing 1 pl protein with 1 pl reservoir solution of 0.43 M citric
acid, 0.057 M bis-tris propane (pH 5.8), 17% PEG3350, 0.01 M
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ethylenediaminetetraacetic acid disodium salt dihydrate, and 3% v/
v ethanol. Selenium-labeled crystals were grown in 0.044 M citric
acid, 0.056 M bis-tris propane (pH 5.6), 15% PEG3350, and 0.5%
w/v polyvinylpyrrolidone. Crystals appeared in about one week.
Crystals were hexagonal (space group P3,2;), with one molecule
per asymmetric unit. Data were collected at beamline 13B, 13C, and
05A in the National Synchrotron Radiation Research Centre (Tai-
wan). X-ray intensities were processed using HKL2000 [54]. Phase
determination was carried out using data collected from seleno-L-
methionine-labeled crystals at selenium peak and inflection wave-
lengths using PHENIX [55]. The initial model was built into the elec-
tron density map and refined using PHENIX and Coot [55,56]. The
final structure was refined to a resolution of 2.5 A with an R-factor
of 20.6% (Rfree 25.5%), and there were no outliers in the
Ramachandran plot.

Pull-down assays

GST-tagged yTBP (61-240) (1 uM) was preincubated with
MagnetGST™ Glutathione Particles (Promega) in binding buffer
containing 20 mM HEPES (pH 7.4), 150 mM NaCl, and 3 mM
DTT, on ice for 30 min, before adding 1 uM of Kap114p, Kapl14p
(A347-371), or Kaplldp (A899-956) for incubation for another
30 min. The reactions were washed three times using binding
buffer and then eluted by 50 mM glutathione. The eluted samples
were analyzed by SDS-PAGE. His-tagged RanQ69L (4 pM) was
preincubated on ice with MagnetHis™ Ni-Particles (Promega) in
phosphate-binding buffer with 150 mM NaCl and 3 mM f-mercap-
toethanol for 30 min. We added 1 uM of Kap95p, Kapll4p, or
Kapl121p to the reaction before incubating it for another 30 min
on ice. The reactions were washed three times and eluted by
buffer containing 250 mM imidazole, and analyzed by SDS-PAGE.
For competitive binding analysis, Kap114p (0.5 pM), GST-tagged
yTBP (61-240) (2 uM), and His-tagged RanQ69L (4 uM) were
preincubated and pulled down by MagnetGST™ Glutathione Parti-
cles (Promega).

Small angle X-ray scattering

Purified Kap114, Kap114-RanQ60L, and Kapl14p-yTBP complexes
were diluted to 5 mg/ml in buffer [20 mM HEPES (pH 7.4),
150 mM NaCl, 3 mM DTT] before being subjected to SAXS analy-
sis. Data were collected at the SAXS beamline 23A in the Taiwan
Light Source of the National Synchrotron Radiation Research
Centre [57,58]. The experimental setup consists of a High Pressure
Liquid Chromatography (HPLC, Agilent chromatographic system
1,260 series) system equipped with an Agilent silica-based column
of pore size 300 A, followed downstream by a SAXS sample capil-
lary. An X-ray beam with wavelength of 0.8266 A was used for
data collection. Selected frames were merged and analyzed for
initial Ry estimation by the PRIMUS program, and the P(r) distance
distribution was determined by the GNOM program, both from the
ATSAS package [59]. Low-resolution ab initio envelopes were
calculated using DAMMIF and GASBOR. DAMAVER was then used
to generate an average model, and the crystal structures were fit-
ted into the envelope by SUPCOMB. SAXS modeling of the
Kapl14p-Ran and Kapl14p-yTBP complexes was performed using
FoXSDock [60,61].
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Isothermal titration calorimetry

Binding affinities between yTBP and Kapll14p, Kapll4p (A347-
371), Kapl14p (A899-956), Kap95p, and Kapl21p were measured
by ITC (MicroCal iTC200). All proteins (500 uM of yTBP and 50 pM
of Kap-s, i.e., Kap114p WT/mutants, Kap95p, and Kap121p) were
dialyzed against ITC buffer [20 mM HEPES (pH 7.4), 150 mM NacCl,
1 mM B-mercaptoethanol]. Different Kap proteins were stored in the
sample cell, and yTBP was injected into the cell by syringe. ITC was
performed at 25°C. The experimental data were fitted to theoretical
titration curves with the software supplied by MicroCal (ORIGIN).

Electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) was performed using
purified recombinant yTBP, TFIIA, and Kapl14p. We used synthe-
sized FAM (fluorescein amidite) 5'-labeled TATA-box double-
stranded DNA (TGTATGTATATAAAAC). Samples were analyzed by
4.5% polyacrylamide gels [4.5% acrylamide from a 29%:1% acry-
lamide:bisacrylamide stock, 25 mM Tris—=HCl (pH 8.3), 190 mM
glycine, 10 mM EDTA] using TGE running buffer [25 mM Tris—HCl
(pH 8.3), 190 mM glycine, 10 mM EDTA]. Gels were pre-run at
100 V at 4°C for 1 h before sample loading. Proteins and DNA were
incubated on ice at 60 min in 20 mM HEPES (pHS8.3), 100 mM
NaCl, 3 mM MgCI2, 1 mM DTT, 0.1 mg/ml bovine serum albumin
(BSA), and 4% glycerol.

Analytic ultracentrifugation

Sedimentation velocity analyses were conducted at 262,080 g at
20°C with a Beckman Coulter ProteomelLab XL-I AUC system
equipped with absorbance optics. Purified protein samples of
yTBP, Kapll4p, and Kapl14p-yTBP were diluted to final concen-
trations of 1.1, 0.86, and 1.47 mg/ml, respectively. The dilution
was performed using 20 mM HEPES (pH 7.4), 150 mM NaCl,
and 1 mM DTT prior to analysis. Standard 12 mm aluminum
double-sector centerpieces were filled with the protein solution,
whereas blank buffer was used in the reference cell. Before each
run, cells were thermally equilibrated for at least 1 h in the
four-hole (AnTi60) rotor of the instrument. Quartz windows
were used with absorbance optics (OD 280 nm) in continuous
mode without averaging. No time interval was set between
scans. For sedimentation equilibrium experiments, the
Kap114p-yTBP complex was diluted to 0.84 mg/ml and analyzed
at 3,244 g, 4,648 g, and 14,598 g using a four-hole AnTi60 rotor
at 20°C. Data were analyzed with a c(s) distribution of Lamm
equation solutions calculated by the program SEDFIT (www.an
alyticalultracentrifugation.com), assuming the regularization
parameter P to be 0.95 (high-confidence level). The weighted
average sedimentation coefficient (S) was obtained by integration
over the range of each peak. All S values were corrected for the
viscosity and density of water at 20°C.

Yeast strain construction
KAPI114 (including the upstream 500 base pairs (bp) and down-

stream 100 bp) was cloned into the vector pRS426. We deleted
KAP114 from the YTK12029 strains [24] by replacing it with a gene
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encoding LEU2. We amplified the LEU2 sequence from pFA6a LEU2
template using the forward primer AAAATCTTGAACGTAATTG
TAACACTATCAACACATTAAACGGATCCCCGGGTTAATTAA  and
the reverse primer CTACTTTACATCTGATATCTCCACGGCTTATG
TATATAAGGAATTCGAGCTCGTTTAAAC. The PCR product was
transformed into both strains. Genomic DNA of colonies grown on
the selective medium was isolated and verified by PCR. The KAP114
knockout strain SC1005 was transformed with pRS426 as a control
or pRS426 carrying wild-type KAP114, KAP114 (A347-371), and
KAP114 (4899-956) (SC1008-SC1010). To generate the KAPI14
knockout strain carrying GFP-labeled yTBP, we deleted the endoge-
nous KAP114 from the YER148W strain by replacing it with a gene
encoding LEU2. All yeast strains used in this study are listed in
Appendix Table S2.

Yeast spot-based assay

Yeast strains were grown at 30°C in YPD medium, or in minimal
medium (-Ura, -His, -Leu2). For dilution spot assays, yeast
samples grown to logarithmic phase were initially diluted to the
same OD. Subsequently, a series of fivefold dilutions was gener-
ated, and then, 10 pl of each sample was spotted onto selective
medium and incubated at the indicated temperatures. To examine
yeast growth under stress conditions, yeast spots were performed
in YPD medium to which was added 1 M sorbitol, 1.5 M NaCl,
0.5% acetic acid, or 0.01% MMS and incubated at the indicated
temperatures.

RNA-seq and bioinformatics analyses

Yeast strains YTK12029 and SC1005 were grown in YPD medium
with or without 1.5 M NaCl at 30°C to reach logarithmic phase.
Total RNA was extracted using a RNeasy Mini Kit (QIAGEN).
RNA quality control and quantification were performed using an
Agilent 2100 Bioanalyzer. The mRNA sequencing libraries were
prepared using a TruSeq Stranded mRNA kit (Illumina), and 75
cycle single-read sequencing was performed using the 500 High-
output v2 sequencing kit on an Illumina NextSeq500 instrument.
Adaptor sequences were removed, and raw sequence quality was
examined using FastQC software. Bioinformatics analysis was
performed using two systems. The first analysis was conducted in
CLC Genomics Workbench (v.11.0.1, http://www.clcbio.com).
Raw sequencing reads were trimmed of low-quality sequences
(Phred quality score of < 20) and of sequences with length < 25
base pairs. Sequencing reads were mapped to the yeast S288C
genome assembly (Saccharomyces_cerevisiae.R64-1-1.82) from
Ensembl with the following parameters: mismatches cost = 2,
insertion cost =3, deletion cost=3, minimum fraction
length = 0.9, minimum fraction similarity = 0.9, and maximum
hits per read = 5. A generalized linear model (GLM) and Wald
test were then used to analyze differential expression of genes
and their statistical significance. The second system employed
Hisat2 for sequence mapping with default settings, using the
feature Counts for counting reads, and classic edgeR and Fisher’s
exact test to assess differential expression and for statistical analy-
sis. To analyze results from both systems, we first set a false
discovery rate (FDR) of P < 0.05 to select significantly altered
genes. Then, we stipulated a fold change > 1.5 and < —1.5 for
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down- and up-regulated genes, respectively. To remove genes
with background expression levels, average transcripts per Kkilo-
base million (TPM) were carried out for data normalization and
had set to be > 10. Principal component analysis (PCA) was also
used to reveal relationships among triplicate samples. To generate
the heat map, we grouped genes into clusters on the basis of
Euclidean distance by using Multiple Experiment Viewer (MeV
4.9.0).

RT-qPCR

Yeast strains YTK12029 and SC1005 were grown in YPD and mini-
mal medium with or without 1.5 M NaCl at 30°C to reach logarith-
mic phase. Total RNAs were extracted using a RNeasy Mini Kit
(QIAGEN) and were reverse-transcribed to cDNA using RevertAid
Reverse Transcriptase (ThermoScientific) in a 20 ul reaction system.
RT-PCR was performed using Fast SYBR™ Green Master Mix
(ThermoScientific), and relative expression levels were normalized
to the level of actin. RT-PCR was carried out using a QuantStudio™
12K Flex Real-Time PCR System (ThermoScientific), and the quanti-
tative RT-PCR data were analyzed by the comparative C; method
(AACY).

Yeast whole-cell extract isolation

Yeast cells were grown in the minimal medium with or without
1.5 M NaCl to reach logarithmic phase. The cells were harvested by
centrifugation and washed with 1x PBS buffer. After centrifugation,
cells were resuspended in 300 pl lysis buffer (50 mM Tris at pH 7.5,
150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.05% Triton X-100,
1 mM PMSF, and 1 mM DTT). Glass beads (BioSpec) were added,
and the mixture was vortexed with a Mini-BeadBeater (BioSpec) for
5 cycles (45-s vortex, cooling on ice for 1 min between each cycle)
in the cold room. Whole -cell extracts were collected after centrifu-
gation and analyzed by Western blot analysis.

Visualization of yTBP-GFP in living cells

Yeast strains SC1007-10- and YER148W-GFP-expressing yTBP-GFP
were grown to logarithmic phase. An Axiolmager-Z1 fluorescence
microscope (Zeiss) equipped with a Cool SNAP HQ2 camera (Photo-
metrics) and a 100x DIC objective were used to observe the yeast
cells. Images were captured by using Zen 2.5 blue edition software
(Zeiss).

Immunoblotting

Yeast strains YER148W-GFP-expressing yTBP-GFP were grown in
YPD medium with or without 1.5 M NaCl at 30°C to reach loga-
rithmic phase. The nuclei were extracted using a Yeast Nuclei
Isolation Kit (Abcam/ab206997), and quality of nuclei was
checked under a fluorescence microscope. Yeast nuclear proteins
were analyzed by 10% gradient SDS-PAGE, following by
immunoblotting with PCNA (GeneTex/GTX64144), Ran (GeneTex/
GTX80345), and anti-GFP antibody (Abcam/ab183734). Yeast
whole-cell extracts contain the Kapl114 FLAG-tagged proteins were
analyzed using anti-DDDDK (GeneTex/GTX115043) and anti-
tubulin antibody (Abcam/ab6160).
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ChIP-qPCR

Yeast strains YER148W-GFP- and SC1007-expressing yTBP-GFP
were grown in YPD medium with or without 1.5 M NacCl at 30°C to
reach the logarithmic phase (ODggo = 0.8). Cells were cross-linked
with 1% formaldehyde (Sigma) for 15min and subsequently
quenched with 125 mM glycine for 5 min at room temperature.
Fixed cells were washed with ice-cold ST Buffer (10 mM Tris-HCI,
pH 7.5, 100 mM NacCl) and lysed in FA Lysis Buffer (50 mM HEPES-
KOH, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton, 0.1% sodium
deoxycholate, and protease inhibitor cocktail) with a bead beater
(MP Biomedicals). The chromatin was pelleted by centrifugation
and fragmented in FA lysis buffer supplemented with 0.1% SDS
with a Bioruptor (Diagenode). Chromatin immunoprecipitation was
performed with 50 ml culture-equivalent of chromatin and anti-GFP
antibody (Abcam, CHIP grade (ab290)). The ChIPed DNA was quan-
tified with SYBR green master mix in a StepOnePlus™ Real-Time
PCR System (Applied Biosystems). Normalized C, (AC,) values were
calculated by subtracting the Ct value of the promoter of each gene
from the C, value of a reference region (1 kb downstream of the
ACT core promoter) (AC; = Ctyef—Clpromoter). Data are presented as
fold change for each gene by comparing the ACt value of salt-treated
to untreated samples. Gene-specific primers are listed in
Appendix Table S2.

Data availability

Coordinates and structure-factor files have been deposited in the
Protein Data Bank, with accession code 6AHO (https://www.rcsb.
org/structure/6AHO). The RNA-seq data from this study have been
submitted to the NCBI Gene Expression Omnibus (Accession
number GSE127178; https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgilacc=GSE127178).

Expanded View for this article is available online.
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