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% Check for updates Gene expression in response to environmental stimuli is dependent on nuclear

localization of key signaling components, which can be tightly regulated by
phosphorylation. This is exemplified by the phosphate-sensing transcription
factor Pho4, which requires phosphorylation for nuclear export by the yeast
exportin Msn5. Here, we present a high resolution cryogenic-electron micro-
scopy structure showing the phosphorylated 35-residue nuclear export signal
of Pho4, which binds the concave surface of Msn5 through two Pho4 phospho-
serines that align with two Msn5 basic patches. These findings characterize a
mechanism of phosphate-specific recognition mediated by a non-classical
signal distinct from that for Exportin-1. Furthermore, the discovery that unli-
ganded Msn5 is autoinhibited explains the positive cooperativity of Pho4/Ran-
binding and proposes a mechanism for Pho4's release in the cytoplasm. These
findings advance our understanding of the diversity of signals that drive
nuclear export and how cargo phosphorylation is crucial in regulating nuclear
transport and controlling cellular signaling pathways.

The regulation of gene expression in response to environmental sti-
muli hinges critically on the nuclear import and export of key com-
ponents from signaling pathways like MAP kinase, TGF-3/SMAD, Hippo
and others'>. These proteins undergo dynamic changes in their loca-
lization between the nucleus and the cytoplasmic, controlled by
phosphorylation, which either facilitates or inhibits interaction with
nuclear transport receptors of the Karyopherin-3 family, also known as
importins, exportins and biportins*®.

One such example is the S. cerevisiae (Sc) exportin Msn5 (also
known as Kap142), which is homologous to human Exportin-5 (XPOS5).
At least 18 different proteins have been reported to be exported by
MsnS5, including transcription factors and other proteins involved in

response to nutrients and stress, and proteins involved in cell cycle
maintenance’**. Phosphorylation and dephosphorylation of these
factors regulate their nuclear-cytoplasmic localization and transcrip-
tion functions. Msn5 recognizes phosphorylated cargoes for nuclear
export, such as the phosphate-sensing transcription factor Sc Pho4’.
Pho4, regulated by phosphorylation from the Cyclin-CDK Pho80-
Pho85 kinase complex, requires phosphorylation at specific sites for
binding Msn5 and subsequent nuclear export’* %, However, until
now, the precise Msn5-binding element, recognition mode and the
mechanism linking phosphorylation to nuclear export have been
unknown. Overall, understanding the broader mechanisms of nuclear
export regulation by phosphorylation remains a significant challenge.
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Exportins are thought to recognize their protein cargoes by
binding to linear sequence elements known as nuclear export signals
(NESs) that often occur within intrinsically disordered regions (IDRs) of
cargoes or to the folded domains of cargoes****. For example, the
well-characterized Exportin-1 (XPO1 or CRM1) binds >1000 diverse
functioning protein cargoes, many carrying the 8-15 residue long
classical-NES (cNES) peptide which is rich in hydrophobic residues®**,
Most other exportins recognize folded domains in their cargoes; for
example, profilin-actin by Exportin-6*, Importin-a by CSE1/CAS*®, fol-
ded RNAs by XPOT and XPO5*"*%, and various export cargo protein
domains by biportins IPO13, XPO4 and XPO7*°**. The only other
exportin known to bind IDRs of cargoes, via an embedded but until
now uncharacterized NES, is Msn5%.

In this work, cryogenic electron microscopy (cryo-EM) analysis of
Msn5 bound to Ran®™ and phosphorylated Pho4 has revealed a 35-
residue NES that binds in extended conformation to the concave sur-
face of the flexible Msn5 solenoid. The Pho4 NES is anchored to Msn5
at two phospho-serine residues, which are surrounded by many small
polar and hydrophobic residues that also make important interactions
with the exportin. This study not only identifies a non-classical NES
class for Msn5 distinct from the cNES recognized by XPO1 (previously
the only characterized NES class) but also elucidates how a phos-
phorylated cargo is specifically recognized for nuclear export. These
findings advance our understanding the mechanisms by which
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phosphorylation regulates nuclear export and their broader implica-
tions for a multitude of key cellular signaling pathways and protein
transport mechanisms.

Results and discussion
Mapping the Msn5-binding region of Pho4
The 312-residue Pho4 consists of a 240-residue IDR followed by a
C-terminal helix-loop-helix domain*>** (Fig. 1a and Supplementary
Fig. 1a,b). The IDR contains a transactivation domain, an isoleucine-
lysine (IK)-NLS that binds the importin Kap121, a putative oligomer-
ization region, and two separate regions that recruit the Pho80-Pho85
kinase to phosphorylate five Pho4 serine residues within the IDR
(Fig. 1a)”***45, We generated GST-fusion constructs of full length (FL)
and truncated Pho4 to identify the minimal Pho4 region that binds
MsnS5. These GST-Pho4 constructs were phosphorylated in vitro with
recombinant Pho80-Pho85 kinase. GST-pPho4r, -pPho4yss,
-pPho41.500 and -pPho4,,ss efficiently pulled down MsnS5 in the pre-
sence of Sc Ran®™ (residues 1-179, Q71L) but GST-Pho4;00.150 did not
pull down Msn5 (Fig. 1b and Supplementary Fig. 1c). We selected
Pho4,.,00, Which contains both Pho80-binding regions and binds Msn5
like Pho4,, for further studies.

Fluorescence polarization (FP) analysis showed high-affinity
binding of wild type or WT mNeonGreen(mNeonG)-pPho43.500 to
WT Msn5 (dissociation constants or Kp 25[14,43] nM; 95% confidence
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Fig. 1| Cryo-EM structure of Msn5-Ran®™-pPho4. a Schematic of Pho4, Ran®™ and
MsnS5. Pho4 has two Pho80-interacting regions (Pho80), a transactivation domain
(TA), an IK-NLS, an oligomerization region (oligo) and five Pho85 phosphorylation
sites (orange) in its IDR, and a C-terminal basic helix-loop-helix domain (bHLH).
Each Msn5 helix is represented by a gray box scaled by its length; h9loop, h15loop
and h17-h18loop contain small helices. HEAT repeats are numbered and regions
that contact Ran®™ or pPho4 are cyan or yellow, respectively. b Immobilized GST-
Pho4g and -Pho4,.500, in vitro phosphorylated (+P) or unphosphorylated (-P),

were mixed with Msn5 and excess Ran®™ followed by extensive washing. Bound
proteins were visualized by Coomassie stained SDS-PAGE. Representative image
from triplicate experiment is shown. Source data are provided as a Source Data file.
¢ The final map (left) and two cartoon representations of the MsnS5 (gray) -Ran®™
(cyan) - pPho4,.,00 (Wheat) structure (center and right). Map features for Ran®™ and
pPho4 are shown in the center panel, and MsnS is in rainbow colors with HEAT
repeats labeled in the right panel.
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interval in brackets) (Supplementary Fig. 1d,e). The interaction of
mNeonG-pPho4g, with WT Msn5 showed 2-site binding, with Kps of
10[U,90] nM (U = undetermined) and 400[200,2200] nM, consistent
with a dimeric Pho4g_ binding with high affinity to Msn5 (Supple-
mentary Fig. 1d, e).

Cryo-EM maps of pPho4,.,00- and pPho4; - bound MsnS5 reveal
Msn5 flexibility
We purified ternary complexes of Msn5-Ran®"-pPho4,.,00 and Msn5-
Ran®™-pPho4y, for cryo-EM structure determination. We solved three
3.0-3.2A resolution structures of the former and obtained a 4.9 A
resolution map of the latter (Fig. 1c, Table 1, Supplementary Fig. 2-4
and Supplementary Table 1). 3D reconstruction of Msn5-Ran®™-
pPho44.500 particles showed the 20 HEAT repeats (hl- h20; each with
antiparallel A and B helices) of the horseshoe-shaped Msn5 solenoid,
with Ran®™ bound to its N-terminal repeats (Supplementary Movie 1).
Map features for bound pPho4 can be observed at the concave
surface of Msn5 in all the Msn5-Ran®™-pPho4,,00 and Msn5-Ran®™-
pPho4g. maps, but their extent and continuity vary across the maps
(Supplementary Fig. 6). The most compact states of both complexes
are very similar, have the strongest and most continuous Pho4 fea-
tures, and are described below. The variable Msn5 solenoid and Pho4
conformations in the different maps, all from a single cryo-EM sample,
suggest dynamic Pho4-Msn5 interactions with the flexible Pho4 poly-
peptide adapting to bind MsnS5 solenoids of variable curvatures.

A 35-residue NES of Pho4 binds the central concave surface

of Msn5

We focused our structural analysis on the 3.0 A resolution structure of
the most compact state of the Msn5-Ran“™-pPho4,00 complex
(Fig. 1c). We built Msn5 HEAT repeats hl-h19 with confidence and
placed its h20 by alignment into less well-defined density (Supple-
mentary Fig. 3). The 20 HEAT repeats of Msn5 include a few unusually
large HEAT repeats (h14, h15 and h17) and long loops (h9loop, h15loop
and h17-h18loop) (Fig. 1a, c). The mode of Msn5-Ran®™ binding is like
that of other Kaps*: Msn5 h1-h3 repeats bind the Ran®™ switch II, h4-h9
and h9loop bind the Ran®™ basic patch, while h15loop and h17 bind
Ran switch I (Supplementary Fig. 7).

Strong and continuous map features adjacent to the concave
surface of MsnS5 B helices of h8-h15 allowed confident modeling of 23
Pho4 residues that form three 90° related segments of a zig-zagging
chain (Fig. 2a-c and Supplementary Fig. 8). The bound Pho4 residues
112-134 form a large and sprawling 1256.9 A2 interface with Msn5. This
Pho4 segment is likely the persistently bound core portion of the Pho4
NES. The same Pho4 segment is resolved in the most compact Msn5-
Ran“™-pPho4y_map despite the lower resolution map (Fig. 2d and the
State 1 map shown in Supplementary Fig. 4). This map shows additional
Pho4 features beyond the N-terminal most of Pho4 residues modeled
(L112) in the Msn5-Ran®™-pPho4,.,9o map, that is adjacent to a basic
patch at the B helices of Msn5 repeats h16-h18 (Fig. 2d). We propose
that Pho4 residues 100-111 occupy this density as mutating the
electronegative 'ATTATI'” Pho4 segment to the basic GKKGKK
decreased Msn35 affinity by 6-fold (Kp =110[70,150] nM for 102-107 gk
vs 20[12,31] nM for WT Pho4) (Fig. 2e, and all affinity data is summar-
ized in Supplementary Table 2). Altogether, cryo-EM results reveal a
Pho4 NES spanning residues 100-134 that zigzags along the B helices
of Msn5 h8-h18 in an overall opposite direction to the sole-
noid (Fig. 2b).

The four regions of the Msn5-bound Pho4 NES

We divided the 35-residue Pho4 NES into four regions based on the
locations of the three 90° turns of the zig-zagging chain (Fig. 2a, b).
From the N-terminus, °pSPATTATIKPRL™ (NES region 1) binds
dynamically to the basic patch at Msn5 h16-h18 (Fig. 2d). The peptide
then makes a 90° turn at Pho4 L112 and "LYpSPLIHTQ™° (NES region

2) binds in a shallow basic/hydrophobic Msn5 groove formed by HEAT
repeats h12-hi5 (Fig. 2c, right panel). The Pho4 chain makes a second
~90° turn at *°QS™ placing AVPVTI"¥ (NES region 3) over a hydro-
phobic patch formed by Msn5 helices h10B, h11B and hi12B (Fig. 2c,
middle panel). A third ~90° turn at pS128 places the pSPNLVAT™*
region (NES region 4) approximately parallel to the adjacent basic and
acidic surfaces of Msn5 h8-h10 (Fig. 2c, left panel).

Although the structures clearly show phosphorylated Pho4
100-134 bound to MsnS5, a Pho4 construct of these residues is insuf-
ficient for Msn5 binding because it is missing the kinase binding sites
and therefore cannot be phosphorylated efficiently. Synthetic phos-
phopeptides were unsuitable for binding studies because of aggrega-
tion. Furthermore, phosphomimic mutations unfortunately do not
substitute for Pho4 phosphorylation: Pho4i.,00 S114/128pp and
Pho4;,00 S114/128¢ bind Msn5 weakly, like unphosphorylated
Pho4;.500, With Kps ~2-3 uM (Supplementary Fig. 9a). The ineffective-
ness of these phosphomimic mutations suggests that the phosphate
groups of pS114 and pS128 bind Msn5 via hydrogen-bonding rather
than through charged-charged or electrostatic interactions. Though
inconvenient, this finding is not entirely surprising as the efficacy of
phosphomimic mutations is often case-dependent*®*’,

MsnS5 interactions involving Pho4 pS114 and pS128
Phospho-serines pS114 and pS128 were previously reported to be cri-
tical for Msn5-mediated nuclear export®. The phosphate moiety of
Pho4 pS114 interacts with side chains of Msn5 residues H652, R754,
Y863 and Y867 within repeats h13-h15 while pS128 interacts with three
R393, R458 and R520 side chains within Msn5 h8-h10 (Fig. 3a). Muta-
tion of Pho4 S114 or S128 to alanine decreased MsnS5 binding affinity by
6- and 3-fold respectively (Kp=250[170,370] nM for Sl14,
and120[90,160] nM for S128, vs 44[26,71] nM for WT; Fig. 3b, left
panel). Mutating both serines (S114/128,,) decreased affinity 23-fold
(Kp 1[0.7,1.4] uM), which is -2-fold tighter than unphosphorylated
pPho4 (Kp 2.4[1.9,3.2] uM) (Fig. 3b, left panel and Supplementary
Fig. 9a). This led us to examine the two remaining phosphoserines
pS100 and pS152 that are not observed in the structure. Mutation of
$100/152 to alanines decreased affinity by 2-fold (Kp = 46[38,56] nM for
S100/15254 vs 20[12,31] nM for WT; Supplementary Fig. 9b). Alto-
gether, these mutagenesis/binding affinity studies show that phos-
phorylation of Pho4 S114 and S128 is key for Msn5-binding while
phosphorylation of S100 and S152 contributes minimally.

We also mutated the pS114-binding Msn5 residues (H652, R754,
Y867 or the Msn5 HRY site; HRYaaa) and the pS128-binding Msn5
residues (R393 and R458 or the Msn5 RR site; RRp4). Both mutants
bound pPho4 weaker: Msn5 HRYsaa bound 5-fold weaker (Kp
230[160,350 nM) and Msn5 RR bound 50-fold weaker (Kp 2.2[1.0,6.1]
uM) (Fig. 3b, right panel). This show that while both Msn5 phosphate-
binding hotspots HRY and RR are important for pPho4 binding, RR is
the stronger of the two.

The 5-fold affinity decrease of the Msn5 HRY 44 mutant compared
to Msn5 WT matches the 6-fold decrease seen for pPho4 S114A over
pPho4 WT. However, the 50-fold affinity decrease of Msn5 RRpa
compared to the 3-fold decrease of pPho4 S128A is surprising as the
two Msn5 arginine residues (R393 and R458) contact only the phos-
phate group of pS128 in the structure (Fig. 2c, left panel). It is possible
that the loss of the phosphate group in pPho4 S128A is less detrimental
because Msn5 R393 and R458 may still interact with the alanine at
position 128 or its neighboring residues. Alternatively, in the absence
of pS128, pS114 may bind at the Msn5 RR site (additional analysis in
Supplementary Note 1). Analysis of the binding of Msn5 mutants with
pPho4 mutants is also described in Supplementary Note 2.

In summary, the cryo-EM structure shows that Pho4 pS114 binds at
the MsnS5 HRY site, and pS128 binds at the Msn5 RR site. Mutagenesis/
affinity analyses validate these interactions and show that at least one
of the Pho4 phosphoserines is needed for sub-micromolar affinity
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Fig. 2 | pPho4 NES binds to the central concave surface of Msn5. a Msn5 bound
to pPho4y5.134 (Wheat cartoon; regions 2-4 labeled). Msn5 electrostatic surface

potential (red to blue:-10 to 10 eV; same in (d)). b The pPho4 NES sequence (regions
1-4 labeled) with MsnS5 contacts represented by yellow, pink, and black asterisks -
side chain polar, main chain polar and hydrophobic contacts respectively, blue

dotted lines - intra-chain polar. Residues in olive box were not modeled. ¢ Details of
pPho4 NES regions 2-4, with contacts shown as dotted lines in same color scheme
as (b). d State 1 map of Msn5-Ran®™-pPho4, (right) colored as in the docked Msn5-
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Pho4 NES region 1, is colored in olive. e FP titration of Msn5 into mNeonG-Pho43.500
with excess Ran®™. Residues 102-107 (NES region 1) were mutated to GGSGGS or
GKKGKK. Data points are mean + s.d. from triplicates, line represent 1-site binding
and fitting residuals are plotted below. Source data are provided as a Source
Data file.

pPho4-MsnS binding. Interactions at the MsnS5 RR site contribute more
binding energy than the Msn5 HRY site.

Transcription factor cargoes binding to Msn5 HRY and RR sites
regulates expression of downstream genes

To examine the functional relevance of these in vitro findings in vivo,
we first attempted plasmid overexpression of the Pho4-GFP fluor-
escent nuclear export reporter while also expressing either WT Msn5
or Msn5 HRYRRaaaaa, @ Msn5 construct with both phosphate-binding
HRY and RR hotspots mutated. Unfortunately, dramatic variability in
expression levels of both the reporter cargo and the exportin

precluded reliable quantification of the nuclear-cytoplasmic localiza-
tion results. Consistent with previous reports that Msn5 over-
expression results in a slower growth phenotype®®~?, we found that
overexpression of both WT and HRYRRaaaaa Msn5 proteins were
equally deleterious to cell growth (Supplementary Fig. 10). We there-
fore took the alternative approach to grow the two MsnS5 strains to
mid-log growth phase and extract their total RNA for mRNA sequen-
cing (Fig. 4).

Gene expression changes, comparing the empty vector control
strain to the WT Msn5 strain and comparing the HRYRRaaaaa mutant
strain to the WT MsnS strain, were determined and plotted. Our in vitro
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analyses had indicated that the Msn5 protein in the mutant strain
should be incompetent for Pho4-binding, and nuclear export of Pho4
and other Msn5 transcription factor cargoes that bind at the Msn5 HRY
and RR sites should be nearly abolished. As such, in both the empty
vector control and the mutant strain, transcription factor cargoes
should remain in the nucleus and the resulting expression of genes
under the control of these transcription factors should increase.

Beginning with the Pho4 transcription factor (Fig. 4a, d), genes
downstream show a general trend towards overexpression as com-
pared to the WT Msn5 strain in both the Empty Vector and
HRYRRaaaaa mutant conditions. When this same analysis is applied to
another cargo of Msn5, the Mig1 transcription factor’, we see the same
general trend towards overexpression in both the empty vector and
mutant strains (Fig. 4b, e). Finally, as a control, we plotted the genes
downstream of Pip2 (Fig. 4c, f), a transcription factor that does not
bind Msn5, and there is no discernible trend in either condition.

The expression of the binding incompetent double mutant results
in a similar trend of increased expression of genes under the control of
its cognate cargoes as does expressing an empty vector in an Msn5
knockout background. We have also shown that these effects are not
generalized across all transcription factors but are limited specifically
to those that are directly exported from the nucleus by Msn5. In

summary, this RNAseq analysis has validated the critical functional
importance of the HRY and RR binding pockets in yeast and has also
highlighted an important function of Msn5 in regulating gene
expression.

Hydrophobic and polar side chains of the Pho4 NES contribute
to Msn5-binding

Fourteen other non-phospho-serine residues within the Pho4 NES core
also make extensive interactions with Msn5 (Fig. 2b, c¢). The side chains
of NES region 2 ("}YpSPLIHTQ"’) make numerous hydrophobic
interactions with side chains of the B helices of Msn5 h12-h15, while the
Pho4 main chain makes many polar interactions with Msn5 (Fig. 2c,
right panel). Interacting Msn5 residues here are mostly hydrophobic or
basic. Additionally, intramolecular Pho4 interactions, such as between
the main chain carbonyl of H118 with the main chain amide of A122
likely stabilizes the 90° turn of the Pho4 chain. Mutating all the non-
phospho-serine Msn5-interacting residues in region 2 to generate the
R2;nue (BYpSPLIHT™ mutated to GpSPGGSG; glycine and serine resi-
dues were chosen to preserve intrinsic disorder of the Pho4 segment)
decreased Msn5-binding by 40-fold (Kp 800[500,1200] nM; Fig. 3c),
underscoring the substantial contributions of these non-phospho-
serine residues to MsnS5 binding (Fig. 3b).
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Every Pho4 side chain in NES region 3, 2AVPVTI'”, contacts Msn5
(Fig. 2c, middle panel). The small hydrophobic side chains of Pho4
residues 122-125 make hydrophobic interactions with Msn5 side
chains in h10-h12, and both ends of the NES region 3 main chains make
polar interactions with Msn5 arginine side chains. Intramolecular Pho4
interactions are also present, with the V123, V125, and 1127 side chains
lining up on one side of the Pho4 chain, contacting each other.
Mutating ?AVPVTI™¥ to GGSGGS (R3,,,,) decreased affinity 14-fold (Kp
280[190,400] nM; Fig. 3c), supporting the importance of these side
chains in binding Msn5.

Pho4 NES region 4 (**pSPNLVAT™*) contacts the B helices of Msn5
helices h8-h10 (Fig. 2c, left panel). pSPNL™ forms a turn held by
intramolecular hydrogen bond-like contacts, which position pS128 and
L131 onto a basic patch at the Msn5 RR site. Residues before and after
the turn also interact with Msn5 residues. Mutations of the only non-
phospho-serine side chains here that contact Msn5, Pho4 L131A/T134A
(R4u0), decreased affinity by 8-fold (Kp 150[90,260] nM; Fig. 3c),
supporting their importance in Msn5-binding.

In summary, many hydrophobic and small polar side chains in
each of Pho4 NES regions 2, 3 and 4 contribute substantially to total
binding energy. They are as important as phosphoserines pS114 and
pS128 for high-affinity Msn5-binding. Importantly, many Pho4-Msn5
contacts also involve the Pho4 main chain.

Characteristics of the Pho4 NES and its binding site on Msn5
Structural analysis shows a 35-residue Pho4 NES that zigzags across a
long contiguous interface on the concave and hydrophobic/basic
surface that spans HEAT repeats h8-h18 of Msn5. The Pho4 NES
includes the dynamic N-terminal region 1 followed by the persistently
bound core of regions 2 - 4. Sixteen of the 23 Pho4 NES core residues
contact Msn5. These include two critical phosphoserines pS114 and
pS128 positioned 30 A apart into two binding hotspots of Msn5 (HRY
and RR sites), and many hydrophobic and small polar side chains that
are also important for binding. The Pho4 NES also uses many main
chain atoms across the NES to bind Msn5. Furthermore, intramolecular
hydrogen bond-like contacts within the NES enable the chain to make
the three sharp turns to stay close to the curved Msn5 interface.
ConSURF analysis of 101 fungal Msn5 homologs show that 79% (37 of
43) of the residues that make up the Pho4-binding interface are con-
served, consistent with their roles in binding Pho4 and likely other
Msn5 cargoes (Supplementary Fig. 11).

We compared our cryo-EM structure to AlphaFold3 (AF3)> mod-
els predicted with Msn5, Ran™ and either Pho4,,00 or Pho4dg
(detailed analysis in Supplementary Note 3 and Fig. 12). AF3 predicted
the structure of Ran-bound Msn5 but not the Msn5-Pho4 binding mode
observed in our structure. When using Pho4.,00, the predictor placed
Pho4 pS100 and pS152 rather than pS114 and pS128 into the Msn5 HRY
and RR sites, respectively. Some of the predictions using Pho4¢, placed
the phosphates of pS114 and pS128 correctly, but others placed the
wrong phosphoserines at the HRY or RR sites. Interestingly, the top
scoring AF3 models fared worse than lower scoring models in placing
the correct Pho4 phosphoserines at the Msn5 HRY and RR sites. None
of the AF3 models accurately predicted the Pho4 conformation/path
spanning NES regions 2 - 4 nor the placement of NES region 1 at the
acidic patch of Msn5.

Based on the Pho4 NES and MsnS5 features observed in our cryo-
EM structures, we propose that the following NES characteristics may
be generally important for binding Msn5: 1) Location in an IDR. 2) Two
potential phosphorylation sites spaced 10 residues or more to span the
30 A between the Msn5 HRY and RR sites. 3) Enrichment in aliphatic
hydrophobic and small polar side chains. 4) Few or no basic residues
since the Pho4-binding site of Msn5 is basic.

We examined sequences within the regions of the other Msn5
cargoes that had been reported to be important for nuclear export’ >,
Nine of the 17 Msn5 cargoes contain sequences that seem to fit the

criteria noted above (Supplementary Data 1). Future studies using
appropriate kinases and various mapped cargo fragments will be
needed to test these putative NESs for Msn5-binding and nuclear
export.

We also note that the prediction of Msn5-binding NESs is likely
further complicated by the likelihood that Msn5-NES binding modes
and the sequences/structures of the NESs might be quite diverse. The
Pho4 NES binding site that spans HEAT repeats h8-h15 of Msn5 is large
and open, and Pho4 pS114 and pS128 bind only two (Msn5 HRY and RR
sites) of the four basic patches on this Msn5 surface. Additional Msn5
basic patches at nearby Msn5 residues K561/K562 and R450/R454 may
bind phospho-serine/threonine residues of other cargoes (Supple-
mentary Fig. 13). The combinatorial use of four basic potential
phosphate-binding sites could result in very diverse modes of Msn5
binding to phosphorylated NESs. The extent of structural and
sequence diversity of NESs that bind at repeats h8-h18 of Msn5 will only
be evident with additional cargo-bound structures.

Cargo recognition by Msn5 vs XPOS5

Msn5 and its human homolog XPO5 share 21% sequence identity.
Alignment of the cargo-bound exportin structures using the DALI
server’* shows similar HEAT repeat organization and architecture
(Supplementary Fig. 14). Many yeast and human Kap homologs share
conserved cargo specificities, but Msn5 is known to export phos-
phorylated proteins while XPOS5 exports pre-miRNAs*>’, Both XPOS5
and Msn5 were reported to export tRNAs and XPO5 was reported to
also export dsRNA-binding proteins. It is unclear if XPO5 binds those
proteins directly or via their common RNA ligands®®-¢%,

Alignment of the Msn5 and XPOS5 structures shows that both
exportins use their concave surfaces at h8-h19 to bind Pho4 and pre-
miRNA, respectively (Fig. 5a). However, the binding sites overlap only
partially. Furthermore, only 11 of 27/41 Msn5/XPO5 residues that bind
Pho4/pre-miRNA are in common and only three Msn5 residues that
contact Pho4 are conserved in XPOS (Supplementary Fig. 14). All three
residues, R393, R458 and R520, are part of the dominant phosphate-
binding hotspot that binds Pho4 pS128, the Msn5 RR site, while the
equivalent arginine residues in XPOS5 (R380, R448 and R519) interact
with the dsRNA stem (Fig. 5b). While the Msn5 RR site is conserved in
XPOS5, the Msn5 HRY site is not. Overall, only ~30% of the residues that
contact Pho4 or pre-miRNA are similar/identical in Msn5/XPOS. Partial
conservation of the cargo binding mode in Msn5 and XPOS suggests a
partial conservation of their protein cargo/NES specificities.

The Pho4 NES bears no resemblance to the cNES that binds XPO1
The NES of Pho4 is strikingly different from the cNESs that bind XPO1
(Figs. 1c, 2a, 5¢c, d). They differ in several ways: 1) The much longer 35-
residue Pho4 NES core adopts an extended conformation when bound
to MsnS5, while the 8-15 residue cNESs adopt diverse helix-loop struc-
tures when bound to XPO1*°**, 2) The Pho4 NES binds to a large,
flexible and basic binding site on the concave side of the Msn5 sole-
noid, whereas cNESs bind to an invariant hydrophobic groove on the
convex side of the XPO1 solenoid. 3) The binding energy for Msn5-
Pho4 interactions is distributed across 4 regions spanning 35 amino
acids of the NES and involves two phosphoserine anchors. In contrast,
cNES-XPO1 interactions are anchored by 4-5 hydrophobic side chains
within a compact ~-8-15 residues long peptide®****°, 4) Msn5 binds
pPho4 with low nanomolar affinity and Msn5/Pho4 mutants that bind
at low micromolar affinities are no longer active for nuclear export®. In
contrast, the cNES-XPOL1 affinity range for active nuclear export is
large, spanning low nanomolar to tens of micromolar’.

The long Pho4 NES, with its complex and vague sequence features
that seem required for binding Msn5 and distribution of energetic
interactions across several segments, bears similarities to the proline-
tyrosine (PY) NLSs, which are recognized by the importin TNPO1/
KapP2”7. Like the PY-NLS, which uses 3-4 NLS epitopes to interact
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pdb]) oriented as in (a). Bottom: View of the SNUPN cNES in the NES binding groove
of XPO1 (viewing in the direction of arrow in the top panel). d Cartoon summarizing
Msn5-Pho4 NES (left) vs. XPO1-cNES (right) recognition. The Pho4 NES is an
extended 35-amino acids-long chain with two phospho-serines spaced 14 residues
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of helix).

with a large, open and expansive concave surface of its karyopherin,
the Pho4 NES exhibits a more diffuse mode of karyopherin-signal
recognition. This contrasts with the more compact and energy-
concentrated interaction seen with monopartite classical NLSs**”®
and cNESs.

In addition to these structural features, the mechanism by which
phosphorylated cargoes are recognized by their karyopherins remains
poorly understood. The only other nuclear targeting signal known to
be phosphorylated for karyopherin engagement is the arginine-serine
(RS) NLS, which is recognized by the importin TNPO3/Transportin-
SR™7¢, Interestingly, some RS-NLSs do not require phosphorylation, as
they contain phosphomimic sequences, such as the RS-like domain in
CPSF6 protein”’. RS-NLSs are also complex, typically binding TNPO3
through both an IDR or linear element containing RpS repeats and a
folded, globular RNA-recognition motif (RRM) domain’>”". It remains
unclear whether other Msn5 cargoes rely solely on their Pho4-like NESs
for MsnS5 binding or if the NES can function in conjunction with protein
or RNA domains.

The different complexity of karyopherin recognition may also
reflect the distinct cellular roles for different nuclear export pathways.
For instance, the Pho4 NES and the classical NES may have evolved to
export cargoes that are regulated in distinct ways in the cell. The
narrowly defined affinity range for active nuclear export of Msn5 car-
goes suggests that phosphorylation of either of the two critical sites
within the NES tightly controls Pho4 export by Msn5. In contrast to the

broad, three orders of magnitude for XPO1-cNES active nuclear export,
the Msn5 system may be better suited for more precise and rapid
regulation of nuclear-cytoplasmic localization in response to envir-
onmental signals.

MsnS5 autoinhibition, pPho4/Ran®™ positive cooperativity and
Pho4 release

We also solved the cryo-EM structure of unliganded Msn5 to 3.4 A
resolution. The structure suggests that the unliganded Msn5 is less
flexible than Pho4-bound exportin (Fig. 6a, Table 1 and Supplementary
Fig. 15). Unliganded Msn5 is a closed ring that involves extensive
intramolecular interactions (Supplementary Fig. 16). The unliganded
Msn5 ring is more compact than the most compact pPho4/Ran®™-
bound Msn5 solenoid and resembles its human homolog XPOS5 (5YU7]
and 3A6P)**® (overlays in Supplementary Fig. 17). Three regions of
Msn5 are significantly different in the unliganded Msn5 versus Msn5-
Ran®™-pPho4,,00 structures: hiSloop, h17loop and the C-terminal
helix and tail extension beyond h20 (C-helix-tail) (Fig. 6a). AlphaFold
successfully predicted the closed ring structure of Msn5 but failed to
predict the conformations of hi5loop and h17loop (more on AF ana-
lysis in Supplementary Note 4).

The Ran®™-binding site at the N-terminal hl-h4 repeats of the
Msn5-Ran°™-pPho4;.,00 structure is occupied by HEAT repeats h17-
h20 and the C-helix-tail in the unliganded Msn5 structure (Fig. 6a).
Both hi5loop and hi7loop also contact Ran®™ in the former (Fig. 1a and
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Fig. 6 | Unliganded Msn5 and the mechanisms for loading/unloading Pho4.

a Unliganded Msn5 (gray, left) and Msn5-Ran®™-pPho4, .50 (gray-teal-wheat, right).
Structural differences at h15loop, h17 and C-helix-tail are highlighted by yellow,
purple and green dashed lines, respectively. The h4-hSloop that contacts h19-h20 in
unliganded MsnS5 but not in ligand-bound Msn5, is highlighted with black dashed
lines. b FP titration of Msn5 WT or mutant AC-helix-tail to mNeonG-Ran®™ + excess
pPho4,.,00. Data points are mean and s.d. of triplicate measurements, fitted with
L-site fitting (solid line) and fitting residuals are plotted below. ¢ Bound proteins
(after extensive washing) in an in vitro pull-down assay of immobilized unpho-
sphorylated (-P) or phosphorylated GST-Pho4,.,00 (+P) incubated with Msn5

(WT or AC-helix-tail) + Ran®™, visualized by Coomassie stained SDS-PAGE. Gel
image from the single experiment is shown. d Msn5 (gray; h17 residues 960-979 in
dark gray)-Ran®™-pPho4,,00 and CRM1-Ran°™-RanBP1 (3M1l [https://doi.org/10.
2210/pdb3M1l/pdb]) structures aligned at Ran®™. CRM1 and pPho4 are not dis-
played for clearer visualization of the docked Ran®""-RanBP1 (aquamarine and pink,
respectively). e As in ¢, pull-down assay of GST-pPho4,.,o¢ incubated with Msn5 WT
or Ah17loop (residues 962-980 replaced with GGSGGS) + Ran®™ FL + RanBP1 as
labeled. Gel image from the single experiment is shown. f Cartoon model of
cargo loading and unloading. Source data for b, ¢ and e are provided as a

Source Data file.

Supplementary Fig. 7b), and they undergo conformational changes
when Msn5 is unliganded. These structural differences suggest that
large conformational changes accompany Ran®™ binding.

The NES binding site (h8-h18) of unliganded MsnS is substantially
more compact, occluding the groove at h12-h15 that binds region 2 and
3 of the Pho4 NES (Supplementary Fig. 17c). The same Msn5 region is
also the hinge for conformational changes that result in the multiple
states of Pho4-bound Msn5, some of which do not interact persistently
with the Pho4 NES region 2 (Supplementary Figs. 5, 6). Interestingly,
the dominant phospho-serine binding Msn5 RR site appears fully
accessible in unliganded Msn5, potentially allowing initial partial
binding of the Pho4 NES (Supplementary Fig. 17c). These structural

differences suggest that the unliganded conformation is incompatible
with high affinity Pho4 NES binding which requires engagement of
both phosphoserines in NES regions 2 and 4. Unliganded Msn5 is thus
autoinhibited.

The autoinhibited conformation of unliganded Msn5 is con-
sistent with weaker binding to either Ran®™ or cargo alone. The Kp
for Msn5 binding to mNeonG-Ran®™ alone is 300 [190,450] nM
compared to the sub-nanomolar Kp in the presence of pPho4,,00;
MsnS5 is also not pulled-down by immobilized GST-pPho4;.,00 unless
Ran®™ is present (Fig. 6b, ¢, Supplementary Fig. 18). These results
show positive cooperativity of cargo and Ran®™ binding, typical of
exportin systems. The binding of either pPho4 or Ran®™ would
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stabilize Msn5 conformations with separated N/C-termini, increasing
affinity for the other ligand. The C-helix-tail that seems to hold
together the termini of unliganded Msn5 may stabilize the auto-
inhibited state (Fig. 6a). Indeed, removal of the C-helix-tail (Msn5,c.
helix-tail; Fesidues 1179-1224 removed) increased Ran®™ binding affinity
by 100-fold (Kp 3.3[1.4, 6.3] nM for Msn5ac.helix-tait ¥S Kp 300 nM for
WT MsnS5; Fig. 6b). Immobilized GST-pPho4;.,00 also pulled-down
MSN5ac helix-tail €v€N when Ran®™ is absent (Fig. 6¢). Thus, the C-helix-
tail of Msn5 is key for stabilizing its autoinhibited state.

We examined the conformational changes at hi7loop (residues
960-979) in more detail. This segment adopts a loop structure
reaching over to h9-10loop in the unliganded structure; whereas in the
Pho4/Ran®™-bound Msn5, residues 960-967 and 974-979 are helical
and extend helices h17A and h17B, respectively, with the later segment
contacting the Switch I of Ran®™ (Fig. 6a). The Ran®™ C-terminal tail is
expected to become ordered upon binding the Ran®™-binding protein
RanBP1, which is known to be important for releasing cargoes from
XPO17%°, Alignment of Ran®™*-RanBP1 from the XPOI-bound structure
(3MI1I” [https://doi.org/10.2210/pdb3M1l/pdb]) with the Ran®™ of
Msn5-Ran®™-pPho4,.,90 reveals a steric clash between the Msn5
h17loop-extended h17B helix with the superimposed Ran tail and
RanBP1 (Fig. 6d). This observation suggests that RanBP1-binding might
destabilize the Msn5-Ran®™-pPho4 complex. Indeed, addition of
RanBP1 (Sc Yrbl A1-61) to Msn5 and Ran®™ abolished binding to GST-
pPho4,.500 (Fig. 6€). When the Msn5 h17loop residues, which are pre-
dicted to clash with Ran®™-RanBP1, are replaced with a GGSGGS linker,
the mutant Msn5ani7100p €an be captured by GST-pPho4;.500 in com-
plex with both Ran®™ and RanBP1 (Fig. 6e). These results suggest that
the h17loop of Msn5 is likely the allosteric switch that causes Ran®™
release from Msn5 upon RanBP1-binding, and thus Pho4 (and other
NES cargo) release.

A cartoon model in Fig. 6f summarizes the mechanisms for
loading and unloading cargo pPho4 onto Msn5. Unliganded Msn5
adopts an autoinhibited conformation where its C-helix-tail closes the
solenoid ring’®. Ran®™ binding displaces the C-helix-tail, opening the
MsnS5 solenoid to allow pPho4 to bind. Conformational changes of the
Msn5 hl17loop likely couples RanBPl-binding to Ran®™ and cargo
release to terminate a nuclear export cycle.

We have demonstrated that the 35-residue phosphorylated NES of
Pho4 represents a non-classical class of linear NESs, distinct from the
previously characterized XPOl-recognized NESs, and elucidated the
mechanism by which it is recognized by Msn5. The Pho4 NES has two
critical phosphorylated serine residues and many small- to medium-
sized hydrophobic and polar residues that all contribute to Msn5-
binding. Knowledge of Msn5-binding elements and the recognition
mode explains the mechanisms of nuclear export regulation by Pho4
phosphorylation. It also suggests criteria for other Msn5 cargoes even
though the large and open Msn5 surface with multiple potential
phospho-serine/threonine binding sites likely accommodates diverse
NESs. The partially conserved binding surface of the homologous
XPO5 may recognize even more divergent NESs. Finally, unliganded
Msn5 is an autoinhibited closed-ring solenoid, and comparison with
Ran®™ and Pho4-bound Msn5 explains the positive cooperativity of
Ran“™ and cargo binding typical of exportins and cargo release by
RanBP1.

Methods

Cloning of constructs

All yeast protein expression constructs were cloned from the S. cere-
visiae Genomic DNA library (Novagen Cat. 69240-3) using the primers
listed in Supplementary Data 2. The construct expressing the Msn5
protein was cloned into a pQE60 vector (C-terminal His-tag) along with
a TEV cleavage sequence for removal of the His-tag. Another construct
expressing the Msn5 protein was also cloned into a pET28a vector
(Novagen Cat. 69864), with TEV cleavage site after a N-terminal His-tag

inserted using Ndel and Xhol (New England Biolabs Cat. RO111 and
R0146) and annealed TEV primers. The construct expressing truncated
Msn5 proteins were generated by blunt end ligations. To generate the
pET28a-Tev-mNeonG-Ran®™ construct, pET28a-tev-mNeonG was first
subcloned by inserting mNeonGreen from pLOM-S-mNeonGreen-
EC18153 into BamHI-HF (New England Biolabs Cat. R3136) and Xhol
sites. The construct expressing Ran®™ or the S. cerevisiae Gspl residues
1-179, Q71L was expressed from a pET21d vector (Nhel-HF and Xhol
sites; New England Biolabs Cat. R3131). The construct expressing full
length Pho4 protein was cloned into the pGex-Tev vector using
restriction enzymes BamHI and Xhol. The construct expressing
C-terminal Pho4 proteins were generated through insertions of stop
codons. The construct expressing GST-Pho4,00.150 Was generated with
blunt end ligation. The construct expressing Pho4;,00 was inserted
into pET28a-Tev-mNeonG vector, using blunt end on one side, and
Xhol on the other, to generate pET28a-Tev-mNeonG-Pho4g, construct.
C-terminal truncation was performed to generate pET28a-Tev-
mNeonG-Pho4;.500 using blunt end ligations. All mutants were gener-
ated by either site-directed mutagenesis or blunt end ligations. The
constructs expressing His-Pho85 and Pho80 were cloned into MCS-1
and -2 of the pRSFDuet vector using restriction enzymes BamHI-HF
with Notl-HF (New England Biolabs Cat. R0189) and Ndel with Xhol,
respectively.

For site-directed mutagenesis, amplification was performed using
Phusion polymerase (Thermo Fisher Cat. F530), followed by Dpnl (New
England Biolabs Cat. R0176) cleavage for 1hr in 37 °C before trans-
formation into DH5a cells (Thermo Fisher Cat. ECO112) and plated on
Luria Broth Agar plates with the appropriate antibiotic. For blunt end
ligations, amplification was performed using Phusion polymerase,
followed by Dpnl cleavage for 1 hr in 37 °C and purified using Monarch
PCR and DNA cleanup Kit (New England Biolabs Cat. T1030). 50 ng of
the eluted vector is ligated alone, or with 1:3 molar ratio eluted inserts,
with T4 DNA Ligase in the presence of T4 Polynucleotide Kinase
(omitted if phosphorylated primers are used for amplification) at room
temperature for 1.5 hr before transformation into DH5a cells and pla-
ted. All clones used in this study were verified by Sanger sequencing
using primers that cover the region of interest (default T4 promoter/
terminator, pGex forward or reverse, or specific primers as listed in
Supplementary Data 2).

Msn5 expression and purification

All protein purification steps in this study were performed at 4 °C
unless otherwise stated. All Msn5 constructs were transformed into
Rosetta 2(DE3) cells (Novagen Cat. 71397) and grown in 6 L of Luria
Broth media (RPI Cat. L24400) at 37 °C with 100 mg/mL ampicilin (RPI
Cat. A40040) and 25 mg/mL chloramphenicol (Milipore Sigma Cat.
C0378) until it reaches ODggonm Of 0.6. Expression was induced with
0.5 mM (for pQE60) or 0.25 mM (for pET28a) IPTG (Goldbio Cat. 12481)
for 12 hr at 18 °C. Cells were spun down and resuspended with buffer A
containing 50 mM HEPES pH 7.4 (Milipore Sigma Cat. H3375), 500 mM
sodium chloride (RPI Cat. S23025), 10 % (v/v) glycerol (Milipore
Sigma Cat. G7891), supplemented with 2mM 2-mercaptoethanol
(Milipore Sigma Cat. 444203), 1mM benzamidine (Milipore Sigma-
Cat. 434760), 10 pg/mL leupeptin (Alfa Assar Cat. J61188) and 50 pg/
mL AEBSF (Goldbio Cat A540) before use. The resuspension was lyzed
with an EmulsiFlex-C5 (Avestin) at ~ 10,000 psi and clarified by cen-
trifugation at 48,400g. The supernatant was supplemented with
10 mM imidazole pH 7.8 (Milipore Sigma Cat. 792527) and incubated
with nickel beads (Qiagen Cat. 30210) for 10 - 30 min. Beads were
washed with buffer A supplemented with 10 mM imidazole, 2 mM
2-mercaptoethanol and Msn5-His was eluted with buffer A containing
500 mM imidazole, 2 mM 2-mercaptoethanol. The elution was loaded
onto HiTrap Phenyl HP column (Cytiva Cat. 17519501) and eluted with
buffer containing 50 mM HEPES pH 7.4, ImM DTT (Goldbio Cat.
DTTI10) and 10 % glycerol over 50 mL at 2mL/min. Elution was
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concentrated to <10 mL and 1 mg of recombinant purified Tev was
added to Msn5-His and incubated overnight. Tev-cleaved Msn5 was
further purified in Superdex 200 Increase 10/300 GL column (Cytiva
Cat. 28990944) in buffer B containing 20 mM HEPES pH 7.4, 150 mM
sodium chloride, 10 % glycerol and 2 mM TCEP at 0.7 mL/min, con-
centrated using Amicon Ultra Centrifugal Filters (Milipore Sigma), and
flash-frozen in liquid nitrogen and stored in -80 °C.

Ran°®™ expression and purification

Ran®™ is expressed using pET21d-Ran®™ construct containing yeast
Ran, Gspl, residues 1-179 with Q71L mutation to stabilize the GTP
bound form, and no manual GTP loading is needed. It is expressed and
purified as described previously with the addition of TEV cleavage®.
Briefly, Ran®™-His was expressed in 2 L of BL21(DE3) cells (New England
Biolabs Cat. C2527) using 0.5 mM IPTG for 12 hr at 20 °C. Cells were
resuspended in buffer containing 50 mM HEPES pH 7.4, 2 mM mag-
nesium acetate (Milipore Sigma Cat. 228648), 200 mM sodium chlor-
ide, 10 % glycerol, 5 mM imidazole pH 7.8, 2 mM 2-mercaptoethanol,
1mM benzamidine, 10 pg/mL leupeptin, 50 pg/mL AEBSF. It was then
lyzed and clarified by centrifugation, and the supernatant was incu-
bated with nickel beads before it was washed and eluted with 50 mM
HEPES pH 7.4, 2 mM magnesium acetate, 50 mM sodium chloride, 10 %
glycerol, 250 mM imidazole pH 7.8, 2 mM 2-mercaptoethanol. The
elution was concentrated, and 1 mg of TEV was added for incubation
overnight at 4 °C. TEV-cleaved Ran®™ was purified by ion-exchange
using HiTrap SP HP column (Cytiva Cat. 17115201) over a gradient of 25
to 500 mM sodium chloride at 2 mL/min over 25 column volumes and
clean protein was flash-frozen and stored in —80 °C.

His-mNeonG-Ran®™ was purified using 1L of Rosetta(DE3)pLysS
cells (Novagen Cat. 70956) grown with 50 mg/mL kanamycin (Caisson
Labs Cat. KOO3) and 25mg/mL chloramphenicol. Expression was
induced with 0.25mM IPTG at 18 °C for 12 hr. Purification was per-
formed like TEV-cleaved Ran®™ to cleave off the His tag.

Ran®™ FL-His was expressed using pET15b-Ran®™ FL in 2 L of BL21
Gold(DE3) (Agilent Cat. 230132) cells with 0.5mM IPTG for 3.5hr at
37°C and purified as in human Ran FL in an established protocol®.
Purification is similar to Ran®™ but the His tag is left intact and protein
is subjected to final purification in Superdex 75 10/300 column (Cytiva
Cat. 17517401) in Buffer B instead. GTP is loaded on Ran®™ FL by
incubating the protein with 2 mM GTP (Milipore Sigma Cat. G8877) and
10 mM EDTA pH 8.0 (RPI Cat. E57020) for 40 min on ice, and addition
of 40 mM magnesium acetate directly before use.

GTP

RanBP1 expression and purification

GST-RanBP1 was expressed in 2 L of BL21(DE3) cells using pGex-tev-
RanBP1 (yeast Yrbl, residues 61-201) with 0.5mM IPTG at 25°C for
10 hr and purified according to established protocol®. In short, cells
were lyzed in buffer containing 40 mM HEPES pH 7.5, 2 mM magne-
sium acetate, 200 mM sodium chloride, 10 mM DTT, 1 mM benzami-
dine, 10 pg/mL leupeptin, 50 pug/mL AEBSF and clarified, and
supernatant was bound to glutathione Sepharose beads and washed
with 100 mM and 300 mM sodium chloride. GST-RanBP1 was eluted
with 30 mM GSH and cleaved with TEV overnight at 4 °C. Reaction was
passed over GSH beads again before it was purified over Superdex
75 similarly as MsnS.

Pho4 expression and purification
All GST-Pho4 constructs were transformed into BL21(DE3) cells and
grown in 2 L of LB with 100 mg/mL ampicillin. Expression was induced
with 0.5mM IPTG at 25 °C for 12 hr for GST-Pho4, or 30 °C for 3.5 hr
for GST-Pho4,.,00 variants. mNeonG-Pho4 variants were expressed like
mNeonG-Ran®™,

Cells with GST proteins were lysed in buffer A supplemented with
2mM DTT, 1mM benzamidine, 10 pg/mL leupeptin and 50 pg/mL
AEBSF, clarified and bound to glutathione Sepharose beads (Cytiva

Cat. 17075604), with the exception of GST-Pho4f, where HEPES pH 7.5
was replaced with Tris pH 8.0 (RPI Cat. T60040). Beads were washed
with the same buffer and eluted with buffer containing 25 mM sodium
chloride and supplemented with 30mM GSH (Millipore
Sigma Cat. G4251). GST-Pho4f_ was further purified by HiTrap Q HP
column (Cytiva Cat. 17115301) in 20 mM Tris pH 8.0, 10 % glycerol,
2mM DTT using a gradient of 25 mM - 1M sodium chloride at 2 mL/
min over 25 column volumes. To generate Pho4™, beads were washed
with buffer containing 20 mM Tris pH 8.0, 10 % glycerol, 150 mM
sodium chloride, 1mM DTT and 1mg TEV was added to perform
cleavage on-beads for 2 hr at room temp. Flowthrough was purified in
Q column like GST-Pho4¢, but in Tris pH 8.5. GST-Pho4,.,00 eluted
from beads was purified by Q in HEPES 7.0. Pho4,.,q¢ is generated in a
similar manner as Pho4g, but the Q is performed in HEPES pH 7.4.

Cells expressing His-mNeonG-Pho4,.,90 proteins were lyzed in
buffer A in Tris pH 8.0 with 10 mM imidazole pH 7.8, 2mM 2-mer-
captoethanol, 1 mM benzamidine, 10 pg/mL leupeptin and 50 pg/mL
AEBSF and clarified. Supernatants were purified over HisTrap HP
(Cytiva) in 50 mM Tris pH 8.0, 150 mM sodium chloride, 10 % glycerol,
10 - 150 mM imidazole pH 7.8, 2 mM 2-mercaptoethanol. Fractions
containing His-mNeonG-Pho4,.,00 Were concentrated and cut with Tev
overnight to remove the His tag before further purification over Q
column in HEPES pH 7.0 like the GST proteins and frozen. All Pho4
mutants expressed and behaved similarly during all steps of purifica-
tion as the wild-type protein, suggesting that the mutations have
preserved the physical property of Pho4 and did not induce aberrant
aggregation or instability.

In vitro phosphorylation of Pho4

His-Pho85 and Pho80 were expressed using pRSFDuet vector men-
tioned above in 1L of Rosetta(DE3)pLys cells using 1 mM IPTG at 18 or
25 °C for 12 hr. Cells were lysed in buffer containing 20 mM HEPES pH
7.4, 150 mM sodium chloride, 10 % glycerol, 1 mM 2-mercaptoethanol
and 40 mM imidazole pH 7.8, then clarified, and the supernatant was
incubated with nickel beads. Beads were washed with 80 mM Imida-
zole and His-Pho85/Pho80 complex was eluted with 300 mM Imida-
zole. The complex was further purified over Superdex Increase S200 in
buffer containing 20 mM HEPES pH 7.4, 150 mM sodium chloride, 10 %
glycerol, 1mM DTT and 10 mM magnesium chloride.

10 - 30 uM of Pho4 variants were mixed with ~0.5 mM His-Pho85/
Pho80 and ATP at 300 times the substrate concentration in 50 mM
HEPES pH 7.4, 150 mM sodium chloride, 1 mM DTT, 10 mM magnesium
chloride (Sigma-Aldrich Cat. M8266), 10% glycerol, and incubated at
room temp for 1 hr. Proteins for pulldown binding assays were bound
to beads for 10 min on ice and washed, while proteins for fluorescence
polarization measurements were buffer exchanged on a Superdex 75
into buffer B using Amicon concentrators. Samples before and after
phosphorylation was sent to intact mass analysis to ensure that
phosphorylation was complete for all Pho4 variants that were used in
this study (Supplementary Fig. 1e, 9f).

In vitro pull-down binding assays

For Fig.1,1uM Msn5, 5uM Ran®™ and ~1-2 uM GST proteins were mixed
in buffer B in 200 L reactions with ~10-20 uL glutathione Sepharose
beads and rotated at 4 °C for 30 mins. Samples were then spun at 6000
xg for 1 min and flowthrough was removed. Buffer B was used to wash
the beads for 3 times, 500 L each. Lastly, 20 uL 2X SDS sample buffer
was added to beads and boiled for 3 mins and bound proteins were
visualized on SDS-PAGE gel for Coomassie staining. ~2.5uM GST-
Pho4;,00 or GST-pPho4;,00+1uM Msn5 (WT or mutants) + 5uM
Ran®™ for assay in Fig. 6¢, or ~2.5uM GST-pPho4,,00 +1uM Msn5 +5
pM Ran®™ FL +5uM RanBP1 for assay in Fig. 6e, were assembled and
treated the same way as described above. For binding assay in Sup-
plementary Fig.1c, GST-Pho4 proteins were expressed and purified in
small scale (35 mL). Lysate was sonicated over nice before they were
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clarified and bound to GSH beads and washed. Beads were used
directly for binding assay with 5uM Msn5 and 20 uM Ran®™ following
procedures described above.

Cryo-EM sample preparation and data collection

Complexes were formed by mixing Msn5, Ran®™ and phosphorylated
Pho4 in 1: 10:2 ratio and purified over Superdex S200 Increase in
20 mM HEPES pH 7.4, 150 mM sodium chloride, 2mM magnesium
acetate, 2mM TCEP (Goldbio Cat. TCEP25). Msn5-Ran®™-pPho4.500
was diluted to 3.7mg/mL and supplemented with 0.05 % NP-40
(Thermo-Fisher Cat. 85124). Msn5-Ran“™-pPho4r, was diluted to
3 mg/mL and supplemented with 0.00125 % NP-40. Msn5 was diluted
to 6 mg/mL in 20 mM HEPES pH 7.4, 150 mM sodium chloride, 2 mM
TCEP with a final concentration of 0.1 % NP-40. Samples were applied
on holey carbon grids (Quantifoil R1.2/1.3, 300 mesh copper) that were
previously glow-discharged using a PELCO easiGlow glow discharge
apparatus for 60 s at 30 mA (Ted Pella), and then plunge frozen using
the Vitrobot Mark IV System (Thermo Fisher). One grid with best
particle distribution for pPho4;.,00-containing complex was used for
48 hr data collection on a Titan Krios microscope equipped with K3
detector at the Cryo Electron Microscopy Facility (CEMF) at UT
Southwestern Medical Center and yielded 12,474 movies at pixel size
of 0.417 A in super-resolution counting mode. Two different grids for
pPho4 -containing complex were shipped to Pacific Northwest Cryo-
EM Center (PNCC) for 72 hr data collection on the Titan Krios micro-
scope equipped with K3 detector. A total of 13,496 movies were
acquired from one grid at pixel size of 0.5115A in super-resolution
counting mode. Two different Msn5 grids with best particle distribu-
tion were shipped to PNCC for 48 h data collection. A total of 8490
movies were acquired from the two grids collected the same way as the
pPho4g sample.

Cryo-EM data processing

All data processing was performed using the software cryoSPARC
v3.3.1 and v3.3.2 using default parameters®. A V2 F-crop factor was
applied during patch motion correction, followed by patch CTF esti-
mation. For Msn5-Ran®™"-pPho4,.,00, blob picker was used to select
3,752,564 initial particles, which cleaned up to 1,574,329 particles after
one round of 2D classification. After additional 9 extensive rounds of
2D classification, 883,743 particles were used to obtain 3 ab initio
models, which were subsequently submitted to heterogeneous
refinement. ~30% of the particles partitioned into a map that looks like
Msnb5 alone. The rest of the particles, a total of 617,333 particles can be
further refined using non-uniform refinement to generate a 2.97 A
resolution map which showed clearly density for Ran®™ but not Pho4.
These particles were then further used to generate 6 new ab initio
models which were then submitted to heterogenous refinement and
non-uniform refinement with per-particle defocus and per-group CTF
optimization. These 6 reconstructions were classified into different
states based on visual inspection and map alignment in Chi-
meraX v1.4%,

Msn5-Ran®™-pPho4y, was processed similarly and had 1,104,150
particles after a single round of 2D classification. After 7 additional
rounds of 2D classification, 395,996 particles were classified into 6
classes, only 2 of which with most particles looked like good particles
and were submitted to non-uniform refinement without per-particle
defocus and per-group CTF optimization to yield two maps of ~ 5A
resolution. The resulting 2 reconstructions were classified into differ-
ent states based on visual inspection and map alignment in ChimeraX
with the 6 maps obtained for Msn5-Ran®™-pPho4,.500.

For unliganded Msn5, blob picker was used to select initial parti-
cles which cleaned up to 4,135,768 after one 2D classification run. After
6 rounds of 2D classification, 1,450,905 particles were used to generate
6 ab initio models. Some junk classes were observed, therefore more
particles (1,998,715 particles from one less round of 2D classification)

were submitted for heterogenous refinement with three input models
which included two bad classes to sink junk particles. The best map of
3.39 A resolution was obtained by further non-uniform refinement of a
subset of 1,048,421 particles, with per-particle defocus and per-group
CTF refinement. Including the other subset of particles (which looked
highly similar) did not improve resolution.

Cryo-EM model building, refinement and analysis

Unsharpened maps were used for model building as they have the best
overall features. SWISS-MODEL was used to generate an initial 3D-
model of Msn5 using Exportin-5 structure as a template (PDB ID: 5YU778
[https://doi.org/10.2210/pdb5YU7/pdb]). The Msn5 model and Ran®™
from PDB ID 3M1I” [https://doi.org/10.2210/pdb3Mil/pdb] were fitted
into the State-1-1 map using UCSF ChimeraX, followed by multiple
cycles of manual model building using ISOLDE® in ChimeraX, Coot
v0.9% and real-space refinement in Phenix v1.20%". This map has poor
density for the last two HEAT repeats at the C-terminal, and the last two
HEAT repeats were modeled by merging with a fragment of a docked
model of Msn5 alone. The Msn5 from the State 1-1 structure is used as
input model for States 2-1 and States 3-1, where Msn5 is first split into
three segments, one split at h12 and one at h17 and fitted in Chimera. In
both State 2-1 and State 3-1 maps, the density for Pho4 is not well-
defined and too ambiguous for modeling (see more in Supplementary
Note 1), and therefore we have not modeled any Pho4 residues in the
final deposited models. Model validation was performed in Phenix. The
binding interfaces were analyzed using CONTACT/ACT in CCP4 with
cut-off of 4.0 A%, These interactions were curated and analyzed in
PyMOL 2.4.2 where the final figures were generated®. Map images
were generated in ChimeraX.

Fluorescence Polarization assays

Fluorescence polarization assays were performed in the same way as
previously described®. In brief, triplicates of sixteen 20 pL samples
were assembled with final concentration of 20nM mNeonG-
pPho4;200, 30 UM Ran®™ and a 11 serially diluted wild type or
mutant Msn5 from 10 pM, in a 384 well black bottom plate (Corning).
For Ran®™ binding affinities, samples contain 20 nM mNeonG-Ran®™
with serial dilution of wild type or mutant Msn5 from 10 pM. Mea-
surements were performed in a CLARIOstar Plus plate reader (BMG
Labtech) using the CLARIOstar software v 5.20 RS with top optics using
excitation filter 482-16, dichroic filter LP 504 and emission filter 530-
40, 50 flashes per well. Gain was optimized to target mP of -220 for
mNeonG-pPho4, 500 and ~200 for mNeonG-Ran®™ Data was outputted
using the MARS software v3.10 R6 and analyzed in PALMIST v1.5.8"°
and plotted in GUSSI v1.4.2°",

RNAseq sample preparation, data collection and processing
MsnS was cloned into a p413 yeast expression vector (His selection)
with a Cycl promoter inserted and the HRYRRaaaaa mutants were
generated by PCR using WT vector. The ASY788 strain (Msn5 knock-
out) was acquired from Martha S. Cyert’s Lab and transformed with
either an empty p413 vector, a p413 WT MsnS vector, or a p413
HRYRRaaaaa MsnS mutant vector. Colonies were assessed for proper
incorporation by plating on synthetic complete medium agar plates
without Histidine, so only cells carrying the plasmids conferring the
His selection marker would grow. Single colonies were taken directly
off the plate and inoculated into 5 mL overnight YPAD (yeast, peptone,
adenine, glucose) cultures and grown to mid-log phase. Cultures were
spun down, washed twice with PBS, pelleted and flash frozen prior to
downstream processing. Each strain was grown in triplicate.

Total RNA from each pellet was extracted using the Monarch Total
RNA Miniprep Kit (New England Biolabs Cat. T2010). In brief, pellets
were resuspended in 1X DNA/RNA protection reagent, glass beads
were added to the resuspension before vortexing at high speed to lyse.
Samples were spun down and supernatant was spun through a column
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to remove gDNA. Flowthrough was mixed with ethanol to facilitate
binding to an RNA purification column, onto which samples were
subjected to DNase | treatment, before being washed several times and
eluted in nuclease-free water. lllumina mRNA-seq library preps were
conducted by The Rockefeller University Genomics core facility.
Samples were pooled and analyzed with a NextSeq 2000 instrument
with high output flowcell 75 single read sequencing.

Initial sequencing data was processed in Linux, starting with the
FastQC software v0.12.0 used to check the quality of the raw data. Poor
quality regions and adapter sequences were trimmed using Trimmo-
matic v0.39. Reads were aligned to the Saccharomyces cerevisiae
genome (acquired from Saccharomyces Genome Database) using STAR
v2.7.11a. Finally gene hit counts were determined using FeatureCounts
v2.0.6. Normalized counts of all genes and fold effects are included in
Source Data. Comparison of hit counts between conditions and any
further downstream analysis was conducted using R scripting. Com-
parison between conditions was conducted using DESeq2 v1.40.2 and
volcano plots were generated using ggplot2.

Growth curve assays

pRS414 vectors carrying the powerful ADH1 promoter and either no
gene, the wild type Msn5 or the Msn5 HRYRRaaaaa double mutant were
transformed into the ASY788 strain. These new strains were inoculated
in 5mL of YPAD medium and grown overnight. The OD600 values of
the saturated overnight cultures were determined, and each strain
diluted to a starting OD600 of 0.0025. Four replicate wells of a 96-well
plate (Corning Cat. 3997) were grown for each growth curve, along
with four blank wells of just YPAD medium as a baseline OD600
reading. The prepared plate was placed in a Tecan Spark plate reader
and OD600 values were collected every 15 min for 24 h under max-
imum orbital agitation using Tecan plate reader data acquisition
software Spark Control v3.2. Three separate readings were collected
per well at each time point and mean value determined for each well at
a given time point. The mean value and standard deviation of the four
replicate wells for each strain were determined to plot the
growth curve.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The cryoEM map and structures generated in this study have been
deposited in PDB under accession codes 9D45, 9DXM, 9DZ6 and
9D43; and in EMDB under accession codes EMD-46549, EMD-
47291, EMD-47325, EMD-46548, EMD-46556, EMD-46557, EMD-
46560, EMD-46561 and EMD-46562. RNAseq data have been
deposited in the NCBI BioSample database as SRA experiments
under the accession code PRJNA1215799. X-ray crystallography
structure of previous studies used for making figures can be found
in PDB under accession codes 5YU7, 3A6P, 3GJX, 3M1I, IWAS and
31CQ. AlphaFold2 model of Pho4 and Msn5 can be found in
AlphaFold Protein Structure Database with the accession code AF-
P07270-F1 [https://alphafold.ebi.ac.uk/entry/P07270] and AF-
P52918-F1 [https://alphafold.ebi.ac.uk/entry/P52918]. Source data
are provided with this paper.
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