











Figure 3. The nuclear basket is required for perinuclear scanning. (A) Carfoon illustrating the phenotype of mlp1/2 deletion leading to basketless pores.
(B) Live cell RNA imaging of GAL1pro-24PP7-GLT1 mRNA shows reduced residence time at the nuclear periphery. Individual frames from a video acquired
in 37-ms infervals. Lower right panel shows all nuclear positions of a single RNA superimposed onto a single frame. Blue arrows show sites of transcription,
and yellow and purple arrows show the tracked mRNA in individual frames and MAX projected image, respectively. (C) Characterization of perinuclear
mRNA scanning for GAL1pro-24PP7-GLTT mRNAs in WT Amlp1/2 and Anup60. Timescales of continuous mRNP scanning (left), jump distance at the
periphery (middle), and timescales of restricted movements (right) are shown. 156 (WT), 105 (AMLP1/2), and 76 (ANUPG60) tracks were analyzed. See
text for details. P < 0.05, comparing WT versus mutants using a randomized ANOVA followed by posthoc tests.

of time as observed in WT cells (Fig. 3 C), suggesting a role
for the basket in maintaining mRNPs at the periphery. Mea-
suring the jump distance at the periphery shows that mRNPs in
basketless cells move longer distances within 37 ms compared
with WT, further underlying a role for the basket in restricting
the movement of mRNPs at the periphery. Similarly, lack of
the basket significantly reduces the number of static frames at
the periphery. Deletion of NUP60, a nucleoporin involved in
the anchoring of Mlp’s at the pore, causes similar mRNP be-
havior to MLP1/2 deletion. These data suggest that the nuclear
basket is required to restrict mRNP movement at the periphery
as well as to retain mRNPs at the periphery. The weak mRNA
export phenotype of these mutants might result in part from the

more frequent release of mRNAs from the nuclear periphery
back into the nucleoplasm. However, most mRNAs are likely
exported, probably with some delay, as RNAs accumulate in
the cytoplasm (Fig. S3, A and B; Fischer et al., 2002; Powrie
et al., 2011). Alternatively, a part of mRNAs released from the
periphery might get degraded in the nucleus.

MmRNP interactions with the basket
stimulate scanning

Loss of the nuclear basket has been shown to change the chro-
matin environment at the nuclear periphery; regions close to the
NPC, usually chromatin free, show dense chromatin compared
with a WT strain (Krull et al., 2010; Niepel et al., 2013). The
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phenotypes observed in a AMLP1/2 background could therefore,
at least in part, be the result of a change in physical properties
of the nuclear periphery. Furthermore, lack of the basket could
allow mRNPs to diffuse more freely at the periphery, resulting
in the larger jump distances observed. Alternatively, these phe-
notypes could be caused by a change in specific interactions
between mRNP components and the basket. The nuclear polyA
binding protein Nab2 directly interacts with the C-terminal re-
gion of Mlp1 (Green et al., 2003; Fasken et al., 2008; Grant et
al., 2008). Nab2 also interacts with the mRNA export receptor
Mex67, and the interaction between Nab2 and Mlpl is likely
among the first between the mRNP and the nuclear basket.
Furthermore, a single amino acid substitution in Nab2 (Nab2
F73D) was shown to affect the interaction of Nab2p with the
C terminus of Mlplp (Fasken et al., 2008; Grant et al., 2008).
To determine whether a Nab2-Mlp1 interaction is required
for mRNP scanning at the periphery, we determined mRNP
movement in a strain where the C-terminal region of Mlpl
was deleted. In addition to providing an interaction surface for
Nab2, the C-terminal region also contains the NLS required to
target it to the nucleus. To assure that this C-terminal deletion
is targeted to the NPC, we replaced the C-terminal domain of
Mlp1p starting at position 4,470 by an exogenous NLS and two
copies of mCherry (Fig. 4 B). Furthermore, to test whether the
phenotypes observed in the C-terminal deletion are not caused
by a change in the overall composition of the basket, we puri-
fied Mlp1-associated proteins from an Mlp1—protein A—tagged
strain or a strain where the Mlp1 C terminus (Mlp1-AC) was
replaced by NLS—protein A (Oeffinger et al., 2007b). Fig. 4 C
and Table S2 show that Mlp1 and Mlp1-AC both copurify bas-
ket and NPC components with the same efficiency, suggesting
that basket integrity is not disrupted.

Investigation of mRNP movement in an Mlp1-AC strain
showed reduced continuous mRNP scanning at the periphery,
although to a lesser extent than an MLP1/2 deletion. Further-
more, jump distances at the periphery are similar to the deletion
strain, suggesting that the interaction between the mRNP and
the basket, dependent on the C terminus of Mlpl, is required
to restrict mRNP movement (Fig. 4 D). Deleting the C termi-
nus also led to a reduction in extended NPC interactions. In
addition, the Nab2 F73D mutant showed a similar phenotype
to the MIp1-AC, suggesting that the Nab2-dependent interac-
tion between the mRNP and the C terminus of Mlp1 is required
for perinuclear scanning and that the phenotypes observed in
MLP1/2 deletions are not the result of the physical absence of
the basket at the nuclear periphery.

Tom1 stimulates mRNP binding

to the NPC

Although mRNP composition likely varies for different
mRNAs, various RNA-binding proteins are thought to be
present on most, if not all, mRNAs (Oeffinger and Zenklusen,
2012). We tested whether different nonessential mRNP-asso-
ciated factors affect perinuclear scanning, including the nu-
clear cap binding complex (CBC), Pmll and Pml39, proteins
involved in mRNA quality control at the NPC, and the Tom1
E3 ubiquitin ligase (Palancade et al., 2005; Iglesias et al., 2010;
Miiller-McNicoll and Neugebauer, 2014). Tom1 modifies the
mRNP component Yral, inducing its release from the mRNP
before mRNA translocation to the cytoplasm. Neither deletion
of the CBC component CBPS80 nor deletions of either PMLI or
PML39 affected GLTI mRNP behavior at the periphery (un-
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published data). However, deletion of TOMI led to a strong
reduction in the number of static mRNPs at the periphery, sim-
ilar to an MLP1/2 deletion, whereas scanning times and jump
distances were only marginally affected (Fig. 4 E and Fig. S3,
C and D). This suggests that Tom1-mediated removal of Yral
from the mRNP might facilitate binding of mRNPs to the NPC.

The single-molecule tracking data presented here suggest
an additional role for the nuclear basket in providing a platform
that facilitates mRNPs to stay at the nuclear periphery in the
case that they are not immediately exported. mRNP scanning
has previously been observed in higher eukaryotes, and here
we show that specific interactions of the mRNP with the C-ter-
minal domain of Mlpl is implicated in maintaining RNAs at
the periphery (Griinwald and Singer, 2010). One apparent ques-
tion is why mRNPs show such a behavior and are not directly
exported. One possibility is that rearrangements on the mRNP
have to occur before translocation, possibly as part of a quality
control mechanism, and that these processes do not take place
during the first contact with the periphery. It is also possible
that not all pores are available for export, either because of spe-
cialized pores or, more likely, because pores might be occupied
transporting other molecules; in rapidly growing cells, nucleo-
cytoplasmic transport might get saturated and pore access might
be limited. It will be interesting to determine whether differ-
ent scanning and export rates could be observed for different
mRNAs, or under different environmental conditions where
nucleocytoplasmic transport is less active, such as the GFAI
mRNA, which is induced upon cell wall stress and does not
show extensive scanning (see Smith et al. in this issue).

Materials and methods

Strains and plasmids

Yeast strains were constructed using standard genetic techniques (Am-
berg et al., 2005) and are listed in Table S1. GAL1p-24xPP7-GLTI—-
containing strains were constructed by replacing the endogenous
GLTI promoter with a DNA fragment containing a histidine selectable
marker, the GALI promoter followed by 24xPP7 stem loops using ho-
mologous recombination CLB2-12xPP7, and MDNI-12xPP7 strains
were constructed by inserting 12xPP7 stem loops into the 3" UTR of
CLB2 and MDNI, respectively, by homologous recombination using a
PCR product amplified from pDZ617 (pKAN 12xPP7 V4-ADH 1 termi-
nator) and pDZ645 (pKAN mCherry-12xPP7 V4-ADH] terminator).
CLB2 and MDN1 3’ UTRs were reconstituted by removing the ADH
using CRE recombinase. Nup188 was C-terminal tagged with dTomato
or 2xmCherry by homologous recombination using a PCR fragment
amplified from pDZ264 (pKAN tdTomato) and from pDZ585 (pKan
2xmCherry), respectively. Haploid AMLP1/2 deletion strains were ob-
tained from M. Rout (The Rockefeller University, New York, N'Y; Nie-
pel et al., 2013). CBC80, TOM1, PMLI, and PML39 knockout strains
were constructed by homologous recombination using a PCR fragment
amplified from plasmid pFA6-hphNT1. nab2F73D strains were con-
structed by homologous recombination using a PCR fragment inserting
the mutant allele and a selection marker replacing the WT allele. In-
tegration of the mutation was confirmed by sequencing. PP7-PS-2xe-
GFP fusion protein was expressed from either the MET25 (pDZ514 or
pDZ529) or ADE3 (pDZ536) promoter. Mlp1 C-terminal deletion was
obtained by a C-terminal in-frame integration of a PCR-derived frag-
ment encoding NLS—protein A or NLS-2xmCherry. Correct integration
was verified by PCR, Western blot (rabbit anti—protein A antibody;
P1291; Sigma-Aldrich), and/or fluorescence microscopy.
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Figure 4. mRNP-NPC interactions mediate perinuclear scanning. (A) Cartoon describing the relationship between the nuclear polyA RNA binding protein
Nab2 and the C-terminal domain of MIp1p. (B) Localization of the Mlp1AC-2xmCherry fusion protein to the nuclear periphery. See text for details. (C)
Deletion of the C terminus of MIp1 does not affect basket integrity. Coomassie-stained gel separating protein complexes isolated by single-step affinity purifi-
cation using Mlp1-ProtA, Mlp1AC-ProtA, or ProtA as baits. White line indicates that intervening lanes have been spliced out. Table with normalized peptide
counts of copurified proteins as determined by mass spectrometry. Only selected NPC components are shown; for full list, see Table S2. (D) Quantification
of GAL1pro-24PP7-GLT1 mRNP scanning behavior in mlp14C and nab2F73D. 156 (WT), 75 (Mlp1-AC), and 85 (Nab2 F73D) tracks were analyzed. (E)
Frequency of static frames at the periphery for GAL1pro-24PP7-GLT1 mRNPs in Atom ] strain. P < 0.05, comparing WT versus mutants using a randomized

ANOVA followed by posthoc tests, except WT versus Mlp1AC for scanning.

Cell synchronization

Cell synchronization to enrich for Clb2 was performed as previously
described (Oeffinger et al., 2007a). In brief, cells were grown in
synthetic media, arrested in 10-uM a-factor, released into synthetic
media, and collected 70 min after release. A harvested cell pellet

equivalent to 20 cell ODs was taken up in 6x Laemmli buffer and
glass beads, lysed by vortexing and heating cycles, and separated
on an SDS-PAGE gel, followed by Western blotting using a rab-
bit anti-mCherry (PA534974; Invitrogen) and mouse anti-GAPDH
antibody (125247; Abcam).
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Single-molecule FISH

Single-molecule FISH (smFISH) was essentially performed as de-
scribed in Rahman and Zenklusen (2013). MDNI and CLB2 probes
were described previously and are listed in Table S3 (mix of 48 for
MDNI, 40 for CLB2 20-nt-long oligos containing 3’ amine synthe-
tized by Biosearch Technologies, Inc., and labeled postsynthesis cy5
and cy3, respectively; Castelnuovo et al., 2013; Messier et al., 2013).
polyA RNA was detected using a 35-nt dT DNA probe containing 10
locked nucleic acid nucleosides (synthetized by Exiqon) labeled post-
synthesis with cy5 (Table S3). Cells were grown in synthetic defined
minimal medium (SD)-uracil and 2% glucose at 30°C overnight to
mid-log phase (ODyy, = 0.6-0.8) and fixed with 4% paraformaldehyde
(Electron Microscopy Science) for 30 min at room temperature. Cells
were subsequently washed three times with Buffer B (1.2-M sorbitol
and 100-mM KHPO,, pH 7.5) and stored overnight at 4°C in Buffer
B. Cells were then digested with lyticase (dissolved in 1x PBS to
25,000 U/ml and stored at —20°C; Sigma-Aldrich). Digested cells were
plated on poly-L-lysine—treated coverslips and stored in 70% ethanol
at —20°C. For hybridization, cells were removed from 70% ethanol,
washed twice with 2x saline sodium citrate (SSC), and hydrated in 10%
formamide/2x SSC. 10 ng of labeled probe per hybridization (MDN1
cyS, CLB2 cy3, and dT LNA cy5) was resuspended in 10% (vol/vol)
formamide, 2x SSC, 1 mg ml~! BSA, 10-mM ribonucleoside vanadyl
complex (New England Biolabs, Inc.), 5-mM NaHPO,, pH 7.5, 0.5 mg
ml~!" Escherichia coli tRNA, and 0.5 mg ml~' single-stranded DNA
and denatured at 95°C for 3 min. Cells were then hybridized for 3 h
in the dark at 37°C (20-ng probe per sample). Cells were then washed
in 10% formamide/2x SSC at 37°C twice for 30 min, followed by a
quick wash in 1x PBS at room temperature. The coverslips were then
mounted on glass slides using Prolong gold with DAPI mounting me-
dium (Invitrogen). Images were acquired with a 100x NA 1.3 oil ob-
jective on a microscope (Axio Imager Z2; Carl Zeiss) equipped with
a charge-coupled device camera (AxioCam mRm; Carl Zeiss) and the
following filter sets: 488050-9901-000 (Cy5; Carl Zeiss), SP102 vl
(Cy3; Chroma Technology Corp.), SP103 v2 (Cy3.5; Chroma Tech-
nology Corp.), and 488049-9901-000 (DAPI; Carl Zeiss). 3D datasets
were generated by acquiring multiple 200-nm z stacks spanning the
entire volume of cells using acquisition software (Zen; Carl Zeiss). For
mRNA counting, 3D datasets were reduced to 2D datasets by applying
a maximum projection function in Fiji. RNA signals were detected and
quantified using a spot localization algorithm based on 2D Gaussian
fitting that was implemented with custom-made software for the inter-
active data language platform (ITT Visual Information Solutions) as
previously described (Zenklusen et al., 2008). Cellular segmentation
was performed manually in Fiji.

Preparing cells for live cell imaging

Yeast were grown at 30°C in SD with 3% raffinose or SD with 2%
glucose to an ODy, of 0.4-0.6. For galactose induction, galactose was
added to a final concentration of 3%. For imaging, 100-ul cell suspen-
sion was added to a 96-well glass-bottom plate (MGB096-1-2-LG-L;
Brooks Life Science Systems) previously coated with concanavalin A
(Con A) and concentrated on the bottom of the well by centrifugation.
Wells were coated by adding 100 ul of 1 mg/ml Con A (Sigma-Aldrich)
for 10 min before unbound Con A is removed and the Con A activated
by adding 100 pl of 50-mM CaCl,/50-mM MnSO, for 10 min. The solu-
tion was then removed, washed once with 100 ul ddH,0, and air dried.

Image acquisition and analysis

Images were acquired on a spinning disk confocal microscope (Ob-
server SD; Carl Zeiss) using a 100x/1.43 NA objective (Carl Zeiss),
488-nm (100 mW) and 561-nm (40 mW) excitation laser lines, and
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Semrock single bandpass filters for GFP (525 nm/50 nm) and RFPs
(617 nm/73 nm). Images were captured using an electron-multiplying
charge-coupled device camera (Evolve 512; Photometrics) using Zen
blue software. Image sequences were performed by first acquiring a
single image of a red fluorescent signal, followed by 500 37-ms frames
of GFP channel acquisition. Composite images of NPC and mRNA
signals (single NPC image was used for the entire length of the video)
were assembled in ImageJ. Only videos with nuclear RNAs were ana-
lyzed, and mRNAs showing cytoplasmic scanning were excluded from
the analysis. For measuring times of continuous scanning at the periph-
ery, jump distances, and number of static frames, only tracks where
RNA s colocalize with the nuclear periphery were used. For each strain,
perinuclear mRNAs from 20 cells were tracked. Most cells showed
mRNAs associate with the periphery multiple times, either because
scanning mRNAs moved RNAs out of the imaging plane and then back
in, the tracking algorithm missed more than two frames, or mRNAs
were released from the periphery to the nuclear interior, resulting in
multiple tracks originating from the same mRNA. Only tracks where
mRNAs are observed for at least three frames were used in the analysis,
and short associations of mRNAs with the periphery in mutant strains
(less than three frames) did not lead to scored tracks, resulting in less
tracks observed for mutants compared with WT strains. Plots represent
the frequency distribution from data of all perinuclear tracks. The total
number of tracks analyzed are as follows: GAL-GLT! (156), MDN1
(171), and CLB2 (104) in WT (Fig. 2 C), GAL-GLT! in AMLPI1/2
(105), and ANUP60 (76; Fig. 3 C), Mlp1-AC (75), Nab2 F73D (85;
Fig. 4 D), and ATOM1 (95; Figs. 4 E and S3).

Spot detection using a 2D Gaussian mask fitting algorithm and
particle tracking was performed using “localize” as previously de-
scribed (Coulon et al., 2014). Statistical analysis was performed using
Excel (Microsoft), Prism (GraphPad Software), and R software (The R
Foundation). Jump distances were calculated using coordinates from
the spot detection algorithm using the equation from Excel:

D= \/(x2*x|)2+(yry1)2,

where x, and y, are the coordinates at t = 0, and x, and y, are the coordi-
nates of the same mRNA att =0+ 1 (37 ms). Superimposing all mnRNA
positions observed in a single cell was done in MATLAB using the co-
ordinates obtained from the tracking software. Statistical significance
comparing the distributions of mRNA behavior was performed using
randomized ANOVA, performed in R (Horthorn et al., 2008). Where
appropriate, posthoc tests were subsequently performed using random-
ized ¢ tests. P-values were corrected for multiple comparisons using
the Holm-Bonferroni method; adjusted p-values <0.05 were considered
statistically significant.

NPC purification and mass spectrometry

Affinity purification was performed as previously described (Oeffinger
et al., 2007b). In brief, cells were grown to late log phase, frozen by
immersion in liquid nitrogen, and mechanically ground using a plan-
etary ball mill (Retsch). 1 g of cell powder was thawed in 9 ml of ex-
traction buffer (1x tributyltin, 50-mM NaCl, 1-mM DTT, 0.5% Triton
X-100, 0.5% of solution P, and 0.02% Antifoam), homogenized with a
Polytron for 25 s, and cleared by centrifugation at 4,000 g for 5 min.
Each lysate was incubated for 30 min with magnetic beads coated with
IgG (Dynabeads M-280 sheep anti—rabbit IgG), washed extensively,
and resuspended in 50 pl of 20-mM Tris-HCI, pH 8.0. Proteins were
digested on beads at 37°C using 1 g trypsin (Pierce Trypsin Protease,
MS Grade) for 16 h and blocked by the addition of 2 pl of 50% formic
acid and peptides analyzed by mass spectrometry. Prey proteins were
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semiquantitatively analyzed by spectral counting, normalized against
the bait counts, and compared.

Online supplemental material

Fig. S1 shows that the insertion of PP7 stem loops does not alter MDN1
and CLB2 mRNA and protein expression levels. Fig. S2 shows MDNI
and CLB2 mRNAs scanning the nuclear periphery outside of the
nucleolus (A and B) or an MDNI mRNA trapped in the nucleolus and
getting exported to the cytoplasm though NPCs in the nucleolus. Fig.
S3 illustrates MLP1/2 deletion growth and mRNA export phenotype
and mRNP behavior at the nuclear periphery in a TOM1 deletion strain.
Video 1 shows CLB2 mRNA scanning the nuclear periphery from
Fig. 1. Video 2 shows that CLB2 mRNA scanning the nuclear periphery
occurs outside of the nucleolus as shown in Fig. S2 A. Videos 3 and
4 show MDNI mRNA scanning the nuclear periphery outside of the
nucleolus or being trapped in the nucleolus as shown in Fig. S2 (B
and C, respectively). Videos 5—7 show galactose-induced nuclear GLT'/
mRNAs in WT (Fig. 3 A), Amlp1/2 (Fig. 3 B), and Atom1 (Fig. S3).
Table S1 shows yeast strains used in this study. Table S2 is provided as
an Excel spreadsheet and summarizes the proteins identified by mass
spectrometry purified using Mlpl-ProtA or Mlpl AC-ProtA as baits
(Fig. 4, B and C). Table S3 is provided as an Excel spreadsheet and lists
the smFISH probes. Online supplemental material is available at http://
www.jcb.org/cgi/content/full/jcb.201503070/DC1.
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