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Abstract

In Saccharomyces cerevisiae, a special class of mRNAs representing a subset of otherwise normal
transcripts displays very slow export and an unusually long intra-nuclear dwell time. This prolonged nuclear
retention leads to their rapid degradation in the nucleus by the nuclear exosome and DRN (Decay of RNA in
the Nucleus) apparatus. We previously attributed their slow export to one or more hypothetical cis-acting,
export-retarding element(s). Here, we identified such a cis-element (hereafter referred to as “nuclear zip
code”) in SKS1mRNA, a representative of this class of transcripts. Deletion analysis of SKS1mRNA identified
a 202-nt RNA segment within the SKS1ORF, which harbors the nuclear zip code. Removal of this segment (i)
abolished slow export of the transcripts, as revealed by in situ confocal microscopy-based localization
experiments, and (ii) abrogated the susceptibility of the transcripts to degradation by the nuclear exosome/
DRN. Remarkably, fusing the SKS1mRNA 202-nt nuclear zip code to the 5′-segment ofCYC1mRNA resulted
in inefficient export, and susceptibility of the chimeric transcript to the nuclear exosome/DRN. These findings
identify a cis-acting zip code element that is necessary and sufficient to impede nuclear export and results in
its preferential nuclear retention, thereby impacting its abundance and cellular repertoire. We conclude that
this element posttranscriptionally regulates SKS1 gene expression levels.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Nuclear mRNP biogenesis begins with transcription
of protein-coding genes and is followed by a number of
processing events, including capping of the nascent
transcript at the 5′-end, pre-mRNA splicing, and
cleavage/polyadenylation at the 3′-end of the message
[1–6]. In addition, each transcript becomes associated
with mRNA maturation factors and heterogeneous
nuclear ribonucleoproteins [7–12]. mRNP assembly
begins with the association of the heterodimeric nuclear
cap binding complex (CBC) to the m7G cap [12]
followed by the recruitment of the transcription/export
(TREX) complex onto the maturing message. TREX
consists of THOproteins (Hpr1p,Mft1p, Tho2p, Thp2p),
the mRNA export factor/RNA helicase Sub2p (UAP56
r Ltd. All rights reserved.
in human), and the RNA binding protein Yra1p (REF/
ALY in human) [6,13,14]. Deposition of these proteins
onto the nascent transcript facilitates splicing and
subsequent association of the transcript with the export
receptor Mex67p:Mtr2p (NXF1:p15 in human), various
heterogeneous nuclear ribonucleoproteins, and poly(A)
tail binding protein Pab1p [7,8]. The collective and
concerted action of the whole spectrum of RNA-binding
proteins ultimately leads to the formation of mature
export-competent mRNPs [14–17]. These mRNPs are
released from the site of transcription and move to the
nuclear periphery and are exported through nuclear
pores to the cytoplasm [1,13,18–21].
Interestingly, transcription and nuclear pre-mRNA

processing events are physically and functionally
coupled via the C-terminal domain of the Rpb1p (the
Journal of Molecular Biology (2019) 431, 3626–3646
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largest subunit of RNA polymerase II, RNAPII). C-
terminal domain acts as a loading platform for
transcription and other mRNA processing factors
[6,22–27]. Each of the mRNP biogenesis events is
thus believed to impact its following step depending
on the status of the preceding event(s). This
functional interplay was demonstrated to (i) enhance
the probability of the formation of export-competent
and productive mRNPs and (ii) reduce the possibility
of generation of the functionally defective transcripts
[23,24,28–31]. Defective mRNPs, however, still
generate despite having a tight functional coupling
between various mRNP biogenesis events. These
faulty messages are rapidly eliminated by a variety of
mRNA surveillance and quality control mechanisms
[32–40]. In the nucleus of the Saccharomyces
cerevisiae, a diverse class of aberrant mRNAs
undergoes rapid and selective degradation by the
nuclear exosome in association with TRAMP and
DRN [2,36,40–46]. These faulty mRNAs include the
transcription elongation assembly-defective tran-
Table 1. List and genotypes of yeast strains used in this study

Strain no. Complete ge

yBD 5 MATa cyc1-512 ura3-52 trp2-1
yBD 6 MATa cyc1-512 cbc1::URA3 ura3-5
yBD 58 MATa his3-Δ1 leu2-Δ0 lys2-Δ0 ura3
yBD 456 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 457 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 358 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 359 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 360 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 361 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 362 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 363 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 364 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 365 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 366 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 458 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 459 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 460 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 461 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 462 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 463 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 464 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 465 MATa cyc1-512 ura3-52 trp2-1 sks
yBD 466 MATa cyc1-512 rrp6::URA3 ura3-5
yBD 467 MATa ura3-52 trp2-1 sks1-Δ
yBD 468 MATa cyc1::CYC1 ura3-52 trp2-1 s
yBD 469 MATa cyc1::ΔCYC1 ura3-52 trp2-1
yBD 470 MATa cyc1:: CYC1-SKS1-ch ura3-
yBD 471 MATa his3-Δ1 leu2-Δ0 lys2-Δ0 ura3
yBD 472 MATa his3-Δ1 leu2-Δ0 lys2-Δ0 ura3
yBD 473 MATa his3-Δ1 leu2-Δ0 lys2-Δ0 ura3
yBD 474 MATa his3-Δ1 leu2-Δ0 lys2-Δ0 ura3
yBD 485 MATa cyc1::CYC1-NZ ura3-52 trp2
yBD 486 MATa cyc1:: CYC1 ura3-52 trp2-1
yBD 487 MATa cyc1:: CYC1 ura3-52 trp2-1
yBD 488 MATa cyc1::ΔCYC1 ura3-52 trp2-1
yBD489 MATa cyc1:: ΔCYC1 ura3-52 trp2-1
yBD490 MATa cyc1:: CYC1-NZ ura3-52 trp2
yBD491 MATa cyc1:: CYC1-NZ ura3-52 trp2

a Constructed in the laboratory during the period of work.
scripts [47–53], intron-containing splice-defective
messages [54–56], transcription termination-
defective 3′-extended read-through transcripts
[57,58], and export-defective mRNAs [46,59,60].
The nuclear exosome consists of nine catalytically
inactive (Rrp4p, Rrp40p, Csl4p, Rrp41p, Rrp42p,
Rrp43p, Rrp45p, Rrp46p, and Mtr3p) and two
functionally active (Dis3p/Rrp44 and Rrp6p) sub-
units, and a few associated nuclear and cytoplasmic
cofactors [41,44,59,61–67]. However, the exosome
requires assistance from the ancillary co-factors to
correctly select and target faulty transcripts. These
co-factors stimulate exosome function as well as
helping it to selectively target aberrant mRNPs [33].
TRAMP (TRf4p/5p-Air1p/2p-Mtr4p Polyadenylation
Complex) in S. cerevisiae is a well-characterized
example of ancillary complex, which consists of
DExH box RNA helicase, Mtr4p, non-canonical poly
(A) polymerase, Trf4p (Pap2p)/Trf5p, and Zn-knuckle
RNA binding proteins, Air1p/2p [33,44,68,69]. In
addition, DRN defines a nuclear mRNA decay
notype Reference

[57]
2 trp2-1 [57]
-Δ0 [60]
1-Δ This worka

1-Δ cbc1-Δ::hisG This worka

1-Δ::SKS1-N-Δ1 cbc1-Δ::hisG This worka

1-Δ:: SKS1-N-Δ2 This worka

1-Δ::SKS1-N-Δ2 cbc1-Δ::hisG This worka

1-Δ:: SKS1-N-Δ3 This worka

1-Δ::SKS1-N-Δ3 cbc1-Δ::hisG This worka

1-Δ::SKS1-N-Δ4 This worka

1-Δ::SKS1-N-Δ4 cbc1-Δ::hisG This worka

1-Δ::SKS1-N-Δ5 This worka

1-Δ::SKS1-N-Δ5 cbc1-Δ::hisG This worka

1-Δ::SKS1-N-Δ6 This worka

1-Δ::SKS1-N-Δ6 cbc1-Δ::hisG This worka

1-Δ::SKS1-N-Δ7 This worka

1-Δ::SKS1-N-Δ7 cbc1-Δ::hisG This worka

1-Δ::SKS1-N-Δ1 This worka

1-Δ::SKS1-N-Δ2 rrp6-Δ::URA3 This worka

1-Δ::SKS1-N-Δ6 rrp6-Δ::URA3 This worka

1-Δ::SKS1-N-Δ5 rrp6-Δ::URA3 This worka

2 trp2-1 This worka

This worka

ks1-Δ This worka

sks1-Δ This worka

52 trp2-1 sks1-Δ This worka

-Δ0 pBD56 pBD72 This worka

-Δ0 pBD56 pBD286 This worka

-Δ0 pBD56 pBD287 This worka

-Δ0 pBD56 pBD57 This worka

-1 sks1-Δ This worka

sks1-Δ cbc1-Δ::hisG This worka

sks1-Δ rrp6-Δ::URA3 This worka

sks1-Δ cbc1-Δ::hisG This worka

sks1-Δ rrp6-Δ::URA3 This worka

-1 sks1-Δ cbc1-Δ::hisG This worka

-1 sks1-Δ rrp6-Δ::URA3 This worka
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apparatus that consists of nuclear mRNA-cap binding
protein, Cbc1p/2p [57,70], Rrp6p [62], and two nucleo-
cytoplasmic shuttling proteins, Upf3p and Tif4631p
[70]. Previous genetic data and a body of recent
findings indicate that DRNassists the nuclear exosome
to selectively degrade aberrantly long 3′-extended and
export-defective messages [46].
Strikingly, theabundanceandstability of approximate-

ly two hundred normal mRNAswere previously found to
be enhanced in both cbc1-Δ and rrp6-Δ yeast strains
from transcriptomic analyses [60]. Findings from these
experiments supported the argument that nuclear
exosome in association with DRN acts on these
otherwise normal mRNAs to control their physiological
levels by preferential mRNA decay [60]. This special
class of mRNAs includes SKS1, IMP3, YLR194c,
HAC1, RPB11, and YBR259w [60]. Genetic and
cytological analysis suggested that the slow export of
some of these messages resulted in their susceptibility
to the exosome/DRN. We subsequently proposed the
existence of a “kinetic competition” between the nuclear
export ofmRNAand nuclear degradation to explain their
susceptibility to exosome/DRN [60]. In this view, slow
export plays a critical role in determining if a transcript is
subject to exosome/DRN action [60]. However, the
mechanistic basis for thisphenomenon remainsunclear.
We postulated that these transcripts are exposed

to DRN by virtue of cis-acting elements that slow
their nuclear export. To identify these sequences, we
Table 2. List and descriptions of plasmids used in this study

Plasmid no. Descrip

pBD 56 pGAL–U1A (1–94)—GFP, LEU2 fusion gene under
pBD 57 pGK1–PGK1–U1As–ASH1 3′ UTR-ADH1 terminator
pBD 72 2.5 kb XhoI–BamHI SKS1 coding region and 1kb up
pBD 286 1.8 kb (33–682 bp deleted from ORF) XhoI–BamHI

replacing PGK1 in pAB 3123
pBD 287 2.3 kb (825–1026 bp deleted from ORF) XhoI–BamH

replacing PGK1 in pAB 3123
pBD 288 650 bp of SKS1 ORF (33–682 bp) has been deleted

using primer pair OBD 111 and OBD 112. Host cell:
pBD 289 948 bp of SKS1 ORF (78–1025 bp deleted from pU

pair PfIMI and ApaI) subcloned into pRS306 using H
pBD 290 743 bp of SKS1 ORF (78–824 bp deleted from pUC

pair PfIMI and NcoI) subcloned into pRS306 using H
pBD 291 503 bp of SKS1 ORF (1023–1525 bp) has been del

PCR using primer pair OBD 298 and OBD 299. Hos
pBD 292 833 bp of SKS1 ORF (669–1501 bp) has been dele

PCR using primer pair OBD 292 and OBD 293. Hos
pBD 223 202 bp of SKS1 ORF (825–1026 bp deleted from pU

into pRS306 using HindIII and SacI. Host cell: E. co
pBD 253 301 bp of SKS1 ORF (1025–1325 bp deleted from p

OBD 299 and OBD 333. Host cell: Host cell: E. coli
pBD 252 A 2.7 kb SacI/XbaI fragment of CYC1 gene inserted

Host cell: E. coli DH5α
pBD 293 100 bp of CYC1 ORF (231–330 bp) has been delete

PCR using primer pair OBD 567 and OBD 569. Hos
pBD 295 202 bp of SKS1 ORF has been cloned in pBD293 b

Host cell: E. coli DH5α

a Constructed in the laboratory during the period of work.
studied SKS1 mRNA, which is slowly exported from
the nucleus and degraded by DRN [60]. SKS1
encodes a putative serine/threonine protein kinase
that serves as a multi-copy suppressor of snf3-Δ
yeast strain [71], which is unable to grow in low-
glucose medium because of a defect in the high-
affinity glucose transport [72].
Our results reveal that slowed nuclear export and the

exosome/DRN-dependent degradation of SKS1
mRNA require a 202-nt-long RNA segment, or nuclear
zip code, within theSKS1ORF.Moreover, the zip code
is sufficient to retard the nuclear export of a chimeric
mRNA that was constructed by fusing the nuclear zip
code to the 5′-segment of the stable CYC1mRNA and
subsequently promote its decay by the exosome/DRN.
Our findings thus identify an mRNA zip code that is
necessary and sufficient to slow nuclear export and
target-specific transcripts for DRN.
Results

The physiological abundance of the SKS1 mRNA
relies on the presence of a specific segment of its
transcript body

We asked if the elimination of specific sequences
in the SKS1 transcript would facilitate its rapid
tion Reference

galactose control cloned in pRS315 [73]
in pRS426, URA3 [73]
stream replacing PGK1 in pAB 3123 [60]
SKS1 coding region and 1 kb upstream This worka

I SKS1 coding region and 1kb upstream This worka

from pRS 306 SKS1 by reverse PCR
XL1 blue This worka

C19 SKS1 using restriction enzymes
indIII and SacI. Host cell: Escherichia coli DH5α

This worka

19 SKS1 using restriction enzymes
indIII and SacI. Host cell: E. coli DH5α

This worka

eted from pRS 306 SKS1 by reverse
t cell: E. coli DH5α

This worka

ted from pRS 306 SKS1 by reverse
t cell: One shot

This worka

C 19 SKS1 by ApaI and NcoI) subcloned
li DH5α

This worka

RS 306 SKS1 by reverse PCR using
DH5α

This worka

in the SacI/XbaI site of pRS 306. This worka

d from pRS 306 SKS1 by reverse
t cell: E. coli DH5α

This worka

y using restriction enzyme SmaI. This worka



Table 3. Oligonucleotides used for end point PCR in this study

Name Sequence Used in the

OBD111
To prepare
SKS1 deletion
constructs.
This work¥

5′ CGACCCTATTTGAGCCGTTA 3′ Construction of SKS1 deletion

OBD112 5′ TTTGAATACCACCACCAACG 3′ Construction of SKS1 deletion
Construction of CYC1-NZ chimeric gene

OBD298 5′ GCAGGTCTCACCTTTATACTCACT 3′ Construction of SKS1 deletion
OBD299 5′ CCCTTCCCTGGTGAAAGAAGT 3′ Construction of SKS1 deletion
OBD292 5′ CCACCAGAGAAATGGTTACCAGA 3′ Construction of SKS1 deletion
OBD293 5′ GAACTGCCAACGCACACATT 3′ Construction of SKS1 deletion
OBD333 5′-TGACGGAAGTATGGAAAAGTATGAAT 3′ Construction of SKS1 deletion
OBD109 5′ CAGTGATCTAATGCGGAGCA 3′ Quantification of SKS1 mRNA by qRT-PCR analysis
OBD110 5′ CTCTTCTGCAAACGCAACTG 3′ Quantification of SKS1 mRNA by qRT-PCR analysis
OBD311 5′ TACAAAACCAGGAACAAGCACAA 3′ Quantification of SKS1 mRNA by qRT-PCR analysis
OBD117 5′ TGAGACCTGCTCAATAATCTGG 3′ Construction of CYC1-NZ chimeric gene and its sequencing
OBD331 5′ CCTTTTTAACTTCCTCAATGGACAGT 3′ Quantification of SKS1 mRNA by qRT-PCR analysis
OBD332 5′ CAATCTTTGGAAGCACTAACGTCAT 3 Quantification of SKS1 mRNA by qRT-PCR analysis
OBD274 5′ CCTACTGGATCGCAATGACAAC-3′ Quantification and sequencing of SKS1 deletion construct
OBD275 5′ CGCACACATTTGGAGCTAGATATT-3′ Quantification of SKS1 mRNA by qRT-PCR analysis
OBD9 5′ ACGATAGCG GATGCGCTGGG 3′ Quantification and sequencing of SKS1 deletion construct
OBD10 5′ TCACTCTCCGGTTCAGCATCTTCC3′ Sequencing of SKS1 deletion construct
OBD249 5′ CTTGCCCGACCTTGTGCTAT 3′ Sequencing of SKS1 deletion construct
OBD288 5′ GCAGCTTTGCTCCGCATTAG 3′ Sequencing of SKS1 deletion construct
OBD567 5′ CCCTTTTCCTTTGTCGATATCAT3′ Construction of CYC1-NZ chimera and ΔCYC1 deletion
OBD569 5′ GGTTAGTCAAGTACTCTGACATG 3′ Construction of CYC1-NZ chimera and ΔCYC1 deletion
OBD475 5′ GGGCTCGAGCTGTACTCTATGTACA 3′ Construction of SKS1 deletion fluorescence constructs
OBD476 5′ TAAGAGGATCCAGTGAGTATAAAGGTGAG-3′ Construction of SKS1 deletion fluorescence constructs
OBD1 5′ TTTGGCTCCATATGATCACTAC 3′ Quantification of LYS2 mRNA by qRT-PCR analysis
OBD2 5′ TTTGTAACGTTAGACAATCACG 3′ Quantification of LYS2 mRNA by qRT-PCR analysis
OBD262 5′ ATCCCGTTAGCTTCCAGGC 3′ Quantification of RNA15 mRNA by qRT-PCR analysis
OBD263 5′ CCATCCTTTCATCATCGGGC 3′ Quantification of RNA15 mRNA by qRT-PCR analysis
OBD176 5′ ATTTACTGAATTAACAATGGATTC 3′ Quantification of ACT1 mRNA by qRT-PCR analysis
OBD177 5′ GGCAACTCTCAATTCGT 3′ Quantification of ACT1 mRNA by qRT-PCR analysis
OBD268 5′ GCCGAAAGAATGCAAAAGGA 3′ Quantification of ACT1 mRNA by qRT-PCR analysis
OBD269 5′ TCTGGAGGAGCAATGATCTTGA 3′ Quantification of ACT1 mRNA by qRT-PCR analysis
OBD272 5′ GTGTGGATTTGATGGTATGTGTGA 3′ Quantification of LYS2 mRNA by qRT-PCR analysis
OBD273 5′ GATATGCAGGGTCGATAACTGAAA 3′ Quantification of LYS2 mRNA by qRT-PCR analysis
OBD186 5′ AATTCAAGGCCGGTTCTGCT 3′ Quantification and sequencing of CYC1 deletion construct
OBD588 5′ ACGGTGTGGCATTGTAGACATC 3′ Quantification of CYC1 mRNA by qRT-PCR analysis
OBD233 5′ CGATGACGTTAGTGCTTCCA Detection of poly(A) tail of SKS1 deletion constructs
OBD290 5′-TGCAGCTTTGCTCCGCATTA-3′ Detection of poly(A) tail of SKS1 deletion constructs
OBD392 5′-GCGAGCTCCGCGGCCGCGTTTTTTTTTTTT-3′ Adapter oligo-deoxynucleotide used in the LM-PAT

reaction for the detection of poly(A) tail of SKS1
full-length and deletion messages, ACT1 and CYH2 mRNAs

OBD395 5;′-CCATGAAGGTCAAGATCATTGCTCCTCCA-3′ Gene specific primer for ACT1, used in LM-PAT PCR
reaction for the detection of poly(A) tail ACT1 mRNA

OBD396 5′-CCCAGAAGACAAGAGAGACCAATACTTG-3′ Detection of poly(A) tail of CYH2 mRNA
OBD648 5′-GTGTACAAATGCTGTCAGACT-3′ Complimentary to the 5′-UTR of SKS1 mRNA,

quantification of SKS1 mRNA by qRT-PCR analysis
OBD649 5′-TTATGTTCTAATTCGGTAATAGCTTCA-3′ Complimentary to the 3′-UTR of SKS1 mRNA,

quantification of SKS1 mRNA by qRT-PCR analysis

αProcured in the laboratory during the period of work.
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nuclear export and suppress its degradation by the
nuclear exosome/DRN. Consequently, we con-
structed a series of deletion mutants that lack
various portions of its transcript body (Fig. 1A,
Table 4). Since, no information about the length of
the 5′- and 3′-UTR of the SKS1 message was
available, we first mapped the 5′- and 3′-end of this
RNA by 5′-RACE-PCR and LM-PAT [74] assays,
respectively, as described in the Materials and
Methods section. Cloning and sequencing of the
5′-RACE products revealed two transcription start
points: the major one is located at 67 nt upstream,
and the minor one is located at 46 nt upstream, with
respect to the initiator AUG codon (Fig. 1A). LM-PAT
assay (see next section) suggested that the 3′-UTR
of this message consists of 76 nt, 3′ to the terminator
UGA codon (Fig. 2D). This information defined the
physical boundary of the SKS1 mRNA and enabled
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Fig. 1. A nuclear zip code element dictates the cellular abundance of SKS1message. (A) Schematic presentation of SKS1
mRNA (SKS1-N, N stands for the native and full-length mRNA) and the various deletion constructs of this mRNA used in this
study. TheORFof the full-lengthmRNAand start and stop sites are indicated. TheORF is flanked by a 67-nt-long 5′- and a 76-nt-
long 3′-UTR, whose coordinates [numbered with reference to the AUG codon (+1)] are indicated at the bottom. Each deletion in
theSKS1 transcript body is designated by a specific allele number (SKS1-N-Δ1 throughSKS1-N-Δ7). Various amplicons used to
either detect the full-length/deletedSKS1mRNAsor quantify their abundanceare indicated indifferent colors below thecartoonof
the full-lengthSKS1mRNA:R1andR2 (blue) ampliconswereused for qRT-PCR,whereasE1,E2 (red), andP (green) amplicons
were used in end-point and semi-quantitative PCR reactions. (B–C) Scatter plot obtained from the qRT-PCR analysis revealing
the relative levels of full-length SKS1 mRNA (SKS1-N) and its deleted versions (SKS1-N-Δ1, SKS1-N-Δ2, SKS1-N-Δ3, and
SKS1-N-Δ6 shown in panel B, andSKS1-N-Δ6,SKS1-N-Δ4,SKS1-N-Δ7, andSKS1-N-Δ5 shown in panel C) in a normal (yBD-
5) strainusing randomoligomer-primedcDNAsamplesmade from the indicatedstrainswith aprimer set encompassingeither the
ampliconR2 (for panel B) or the ampliconR1 (for panel C) (shown in Fig. 1A). For both the experiments presented in Fig. 1B and
C, three independent random oligomer-primed cDNA preparations (biological replicates, n = 3) for each sample were used to
determine the levels of SKS1 and ACT1 mRNAs. Normalized values of SKS1 mRNA with respect to ACT1 signal in the yeast
strain harboring the SKS1-N allele were set to 1. The statistical significance of difference as reflected in the ranges of P values
estimated fromStudent's two-tailed t tests for agivenpair of test strains for eachmessage is presentedwith the followingsymbols,
*b0.05, **b0.005, and ***b0.001; ns, not significant. (D) Representative gel showing the sizes and the relative levels of full-length
SKS1 transcript-body (excluding polyA tail), and its various deleted versions determined from semi-quantitative end-point PCR
using random-oligomer-primed cDNA samples with a primer set encompassing the amplicon P (shown in Fig. 1A). The bottom
panel shows the relative levels of ACT1 message in these strains. (E) Scatter plot presenting the relative levels of full-length/
deleted SKS1 messages in the normal yeast strain as determined from the signals associated with the bands in the panel 1D
(determinedas described inMaterials andMethods). Three independent randomoligomer-primed cDNApreparations (biological
replicates, n = 3) were used to determine the levels of full-length/deleted SKS1messages and ACT1 mRNAs in the same
samples.Normalized valuesof eachof theSKS1with respect toACT1 signal in the yeast strain harboring theSKS1-Nallelewere
set to 1. The statistical significance of difference as reflected in the ranges of P values is presented with the following symbols,
*b0.05, **b0.005, and ***b0.001; ns, not significant.
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us to design the deletion constructs in a precise
manner.
Next, we constructed a series of deletion mutants

of this RNA using a combination of reverse PCR and
restriction digestion (Fig. 1A, Table 4). To avoid the
copy number variations among different constructs
(which in turn may affect the abundance of the
corresponding transcript levels), the native full-
length SKS1 gene (denoted SKS1-N) and all the
deletion constructs were integrated into the genomic



Table 4. List of deletion scheme used in this study

Construct
identity

Length of
the deletion

(in bp)

Span of the
deletion with

respect to SKS1
ORF (in bp)

Susceptibility to the
nuclear exosome/DRN
and putative in situ

localization

Length of
poly(A) tail (as
determined from
LM-PAT data)

Constructed by Primers/
enzymes
used

SKS1-N-Δ1 650 33 to 682 Susceptible, nuclear ≈165 nt Reverse PCR oBD 111
oBD 112

SKS1-N-Δ2 743 78 to 824 Susceptible, nuclear ≈165 nt Digestion by
restriction enzyme

PfIMI and ApaI

SKS1-N-Δ3 948 78 to 1025 Insensitive, cytoplasmic ≈165 nt Digestion by
restriction enzyme

PfIMI and NcoI

SKS1-N-Δ4 833 669 to 1501 Insensitive, cytoplasmic ≈165 nt Reverse PCR oBD 292
oBD 293

SKS1-N-Δ6 202 825 to 1026 Insensitive, cytoplasmic ≈165 nt Digestion by
restriction enzyme

ApaI and NcoI

SKS1-N-Δ7 301 1025 to 1325 Susceptible, nuclear ≈165 nt Reverse PCR oBD 299
oBD 333

SKS1-N-Δ5 490 1023 to 1513 Susceptible, nuclear ≈165 nt Reverse PCR oBD 298
oBD 299

SKS1-U-Δ1 650 33 to 682 Susceptibility,
not determined, nuclear

ND Reverse PCR
technology

oBD 111
oBD 112

SKS1-U-Δ6 202 825 to 1026 Susceptibility,
not determined, cytoplasmic

ND Digestion by
restriction enzyme

ApaI and NcoI

ΔCYC1 100 231 to 330 Insensitive, cytoplasmic ND Reverse PCR
technology restriction

oBD 567
oBD 569

5′-CYC1-NZ Not
Applicable

3′-202 bp of
SKS1 fused
to 5′-230 bp
of CYC1

Susceptible, nuclear ND Digestion by
restriction enzyme
and ligation

SmaI

bp, base-pair; ND, not determined.

3631An NZ Code Element Causes Slow Export of SKS1 mRNA
SKS1 locus by two-step gene replacement proce-
dure in a yeast strain carrying the complete deletion
of the endogenous SKS1 ORF. In order to compare
the abundance of the resulting transcripts with that of
the full-length native transcripts, their steady-state
levels were determined using both the end-point and
quantitative RT-PCR. Since, different segments
were removed from the SKS1 ORF in various
constructs, two sets of primer pairs were used for
qRT-PCR and end-point PCR reactions in order to
analyze the cellular abundance of the deleted
transcripts, since the binding sites of a specific
primer pair on all the constructs were not available
(refer to Fig. 1A). To measure the relative steady-
state levels of SKS1-N-Δ1, SKS1-N-Δ2, SKS1-N-
Δ3, and SKS1-N-Δ6 with respect to SKS1-N
message, the primer pairs oBD331/332 (used in
qRT-PCR analyses, encompassing the amplicon
R2, Fig. 1A) and oBD311/117 (used in end-point
PCR, encompassing the amplicon E2, Fig. 1A) were
used. The relative steady-state levels of SKS1-N-Δ6,
SKS1-N-Δ4,SKS1-N-Δ7, andSKS1-N-Δ5with respect
to SKS1-N message, in contrast, were determined
using the primer-pairs oBD274/275 (used in qRT-PCR
analyses, encompassing theampliconR1, Fig. 1A) and
oBD109/110 (used in end-point PCR, encompassing
the amplicon E1, Fig. 1A).
Both qRT-PCR and end-point PCR (data not

shown) assays revealed that the steady-state levels
of SKS1-N-Δ1, SKS1-N-Δ2, SKS1-N-Δ7, and SKS1-
N-Δ5 are very similar to the full-length native SKS1-
N transcript (Fig. 1B–C). Interestingly, the levels of
SKS1-N-Δ3, SKS1-N-Δ4, and SKS1-N-Δ6 tran-
scripts, in contrast, increased 3- to 4-fold compared
to that of the full-length native SKS1-N transcript
(Fig. 1B–C) as shown in the scatter plots presented
in the Fig. 1B and C generated from the qRT-PCR
data using the primer sets encompassing the
amplicons R1/R2. Remarkably, the relative en-
hancement of SKS1-N-Δ6 transcript level as com-
pared to full-length SKS1-N message turned out to
be similar (approximately four-fold) using both the
amplicons R1 and R2 (note that this deletion
message has the binding sites for both the primer
pairs) (scatter plots in Fig. 1B–C). This observation
thus reflected the validity of our qRT-PCR assay
method and justified the method of comparison of
the relative level data of full-length SKS1mRNA and
its various deletion versions obtained using two
different primer sets. The combined results suggest
that a segment encompassing from 825 to 1026 nt of
the SKS1 transcript plays a critical role in determin-
ing the cellular steady-state level of the SKS1
mRNA.
Next, we asked if the lengths/sizes of transcripts

corresponding to each of the deletion mutants are in
agreement with the predicted sizes generated by
reverse PCR and restriction digestion. It should be
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Fig. 2. Deletions at the various locations in the SKS1message altered neither the site of polyadenylation nor the length
of the poly(A) tail. (A) Schematic showing the steps involved in ligation-mediated poly-A tail (LM-PAT) assay. Mixture of
oligo-dT12-18 (indicated by segmented green boxes) was mixed and allowed to align to the poly(A) tails of the total RNAs,
which was followed by the ligation of the oligonucleotides at 42 °C. An adapter (consisting of a small segment of oligo-dT
and a unique sequence in tandem) was then ligated to the 5′-end of the ligated oligo-dt tail. The ligated adapter-oligo-dT
was used as a primer for the first strand cDNA synthesis followed by the PCR amplification of the entire length of the poly
(A) tail and 3′-UTR of a specific message. The primer sets used for the PCR consist of a sense primer that is
complimentary to a specific region within the ORF and an antisense primer, which is complimentary to the unique region of
the adapter (shown in black arrowheads). (B–C) Representative gels showing the length and relative abundance
(qualitatively) of the LM-PAT products derived from the full-length and various deleted versions of SKS1mRNA resolved in
2% agarose gel. Cartoons presented above each gel panel depict the location of the sense/antisense primer sets (in blue)
that yielded a 415-bp product for the full-length and all the selected deleted version of SKS1 messages (in panel B) and a
1297-, 795-, and 465-bp products for the full length SKS1-N, SKS1-N-Δ5, and SKS1-N-Δ4 deleted messages respectively
(in panel C). (D) Alignment of the sequence of the 3′-UTR of the full-length and various deleted versions of the SKS1
mRNA showing the location of translation stop codon TGA (in red), putative efficiency and positioning elements
(underlined), and the actual cleavage/polyadenylation site (downward arrowhead). Note that, while the sequence of the 3′-
UTR and the cleavage/polyadenylation site was verified by sequencing of the three independent clones of the LM-PAT
products of each construct, the efficiency and positioning elements were not experimentally validated.
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noted here that all the deletion clones corresponding
to each of the constructs were analyzed and
validated by restriction digestion and DNA sequenc-
ing prior to their integration into the genome. To
address this issue, we carried out a semi-
quantitative RT-PCR analysis of the full-length
SKS1 message and its various deletion mutants
using a primer set specific to 5′- and 3′-UTR,
oBD648/649 encompassing the amplicon P (as
shown in Fig. 1A). In order to ensure the linearity of
the PCR assay, we carefully monitored the cycle
numbers used in this reaction. As shown in Fig. 1D,
the sizes corresponding to the signals (bands)
associated with the full-length SKS1 and all the
deletion mutants matched perfectly with the predict-
ed sizes (Fig. 1D, Table 4). Moreover, quantification
analyses (Fig. 1E) (as described in Materials and
Methods) indicated that normalized values (with
respect to ACT1) of their abundance/relative levels
(with respect to the full-length SKS1 transcript) were
also in good agreement with their relative levels
obtained from qRT-PCR analyses (Fig. 1D).
These findings strongly indicate that a 202-nt

segment corresponding to 825–1026 nt of the SKS1
mRNA appears to regulate the steady-state levels of
the SKS1mRNA, possibly by slowing nuclear mRNA
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export and targeting the transcript for the exosome/
DRN. Note that the steady-state levels of two other
arbitrarily chosen typical mRNAs, RNA15 and LYS2,
remained unaltered in these isogenic strains harbor-
ing the deletions in SKS1 mRNA (Supplementary
Fig. S1D–E). We call this 202-nt cis-acting sequence
the nuclear zip code (NZ) element throughout this
manuscript.

Polyadenylation status of the full-length and
various deletionmutants of SKS1mRNA remained
identical

The nuclear exosome targets aberrant messages
for degradation in the nucleus, due to poly(A) tail
length defects [73,75–79]. Thus, we asked if the low
cellular abundance of full-length SKS1 mRNAs and
those deletion mutants SKS1-N-Δ1, SKS1-N-Δ2,
SKS1-N-Δ7, and SKS1-N-Δ5 messages is attribut-
able to their shorter poly(A) tail. We determined the
polyadenylation status of the full-length SKS1mRNA
and all of the deletion mutants using LM-PAT
(Ligation-Mediated-Poly(A)-Tail) assay (Fig. 2A)
[73]. We used two different sets of gene-specific
sense primers whose relative locations are shown in
Fig. 2B and C. For the deletion mutants SKS1-N-Δ1,
SKS1-N-Δ2, SKS1-N-Δ3, SKS1-N-Δ6, and SKS1-N-
Δ7, we used oBD233 as the sense primer and
adapter as the anti-sense primer, oBD392 (location
shown in Fig. 2B) in the final PCR reaction. This
reaction yielded a 415-bp product for the full-length
SKS1 and all of the deletion mutants mentioned
above (Fig. 2B, bottom panel). For the mutants
SKS1-N-Δ4 and SKS1-N-Δ5, we carried out the
PCR using a different sense primer, oBD290 and the
same anti-sense primer (location is shown in the
cartoon of Fig. 2C) since these two mutants lack the
binding site for the previous sense primer (because
of the deletion). The LM-PAT products of the full-
length SKS1, SKS1-N-Δ4, and SKS1-N-Δ5 deletion
mutants consisted of 1297, 465, and 795 bp,
respectively (lower panel in Fig. 2C). Subsequent
sequencing of all of these products revealed that the
3′-UTR of the full-length SKS1 and all other deletion
versions (except for SKS1-N-Δ5 message, whose
3′-UTR lacks the first 4 nt from the 5′-side, see
Fig. 2D) are identical in length (76 bp) and sequence
(shown in Fig. 2D).
Further analyses demonstrated that (i) the cleav-

age site, where the polyadenylation starts, remained
unaltered in all of these deleted messages (shown
with downward arrowhead in Fig. 2D) and (ii) the
average length of the poly(A) tail of the normal and
all the deleted messages is approximately 160–175
nt long (Table 4). It is interesting to note here that
although the average length of the poly(A) tails of the
majority of the yeast messages varies between 70
and 90 adenylate residues [80–82], SKS1 mRNA
displayed a much longer poly(A) tail. To validate our
LM-PAT assay, we further determined the length of
the poly(A) tails of two well-characterized messages,
CYH2 and ACT1, in the same yeast strain using our
assay system (Supplementary Fig. S2B). The data
revealed that the average lengths of the poly(A) tails
of these two messages are ≈74 and ≈65 nt,
respectively, which lies well within the normal
range of 70–90 residues long. These data therefore
clearly validated the precision of our assay method
and indicated that neither the length of the poly(A)
tail nor the cleavage/polyadenylation sites of the full-
length and mutant SKS1 messages were altered,
thereby ruling out the possibility that insufficient
polyadenylation status of the SKS1 deletion mutant
transcripts might play a role in their observed relative
abundance.

The nuclear zip code element of SKS1 mRNA
stimulates its intra-nuclear degradation mediated
by the nuclear exosome/DRN

The existence of a “kinetic competition” between
nuclear export and the degradation by the exosome/
DRN [60,62] leads to a logical corollary that if a given
unstable mRNA is exported rapidly, that message
would escape the action of the exosome/DRN and
thereby would regain its stability. Consequently,
after demonstrating that the abundance of SKS1
mRNA is regulated by a nuclear zip code in its
transcript body, we asked if the elimination of the zip
code from the SKS1 transcript body would convert
this exosome/DRN susceptible transcript into an
exosome/DRN resistant one. To test this, we
determined whether the abundance of any of the
deletion constructs described in the previous section
would remain similar when DRN was inactivated by
deleting the CBC1 gene. As shown in Fig. 3A–B, the
abundance of the full-length and most of the deleted
constructs was enhanced in a strain where DRN
function is depleted (harbors a cbc1-Δ allele) except
for SKS1-N-Δ3, SKS1-N-Δ4, and SKS1-N-Δ6 tran-
scripts. Note that the abundance of these three
deleted messages was already much higher than
other deleted messages and did not alter any further
in the absence of a functional DRN apparatus
(Fig. 3A–B and Table 4).
Furthermore, the abundance of the full-length

SKS1, SKS1-N-Δ2, and SKS1-N-Δ5 transcripts
was found to be enhanced in both the cbc1-Δ and
rrp6-Δ strains, whereas that of the SKS1-N-Δ6
transcript lacking the 202-nt segment harboring the
nuclear zip code remains unaltered in these strains
(Fig. 4A–B). This finding is thus consistent with the
idea that elimination of the 202-nt segment is critical
for the nuclear retention and susceptibility to the
nuclear exosome/DRN. We also determined the
abundance of two arbitrarily chosen messages,
RNA15 and LYS2, in all of these yeast strains,
none of which revealed any significant alteration in
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Fig. 3. The SKS1 nuclear zip code is critical for its susceptibility to the nuclear exosome co-factor, DRN, and its intra-
nuclear decay by DRN component, Cbc1p. Scatter plot revealing the relative levels of native full-length (FL) SKS1 mRNA
(SKS1-N) and its deletion versions (SKS1-N-Δ1, SKS1-N-Δ2, SKS1-N-Δ3, and SKS1-N-Δ6 are shown in panel A and
SKS1-N-Δ6, SKS1-N-Δ4, SKS1-N-Δ7, and SKS1-N-Δ5 are shown in panel B) in a normal (yBD-5) and DRN-defective
cbc1-Δ strain (yBD-6) determined by qRT-PCR analysis using random oligomer-primed cDNA samples and with a primer
set encompassing the amplicon R2 (shown in Fig. 1A). ACT1 RNA was used as the internal loading control for all the
experiments. Normalized values of each of the SKS1 message (either full-length or a specific deleted version) in the wild-
type yeast strain were set to 1. The statistical significance of difference reflected in the ranges of P values estimated from
Student's two-tailed t tests for a given pair of test strains for each message is presented with the following symbols, *b0.05,
**b0.005, and ***b0.001; ns, not significant.
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their steady-state level, thus indicating that they do
not undergo any degradation by the nuclear exo-
some/DRN. As shown in Supplementary Figs. S3–4,
the steady-state levels of these two transcripts
remained unaltered in the wild-type cbc1-Δ and
rrp6-Δ yeast strains carrying the various SKS1
deletions. These results strongly indicate that the
202-nt segment encompassing from 825 to 1026 nt
of the SKS1 transcript body harbors a nuclear zip
code element, which prompts the full-length and
most of the SKS1 deletion messages to be retained
in the nucleus, thereby making them susceptible to
the action of the nuclear exosome and DRN.

The “zipcode”element is vital for thecharacteristic
nuclear localization of the SKS1 mRNA

Having shown that the nuclear zip code element is
crucial for the intracellular abundance of the SKS1
mRNA and its susceptibility to the nuclear exosome
and DRNmachinery, we examined if the alteration of
the abundance of the zip code-less SKS1 and its
resistance to the nuclear exosome/DRN is associ-
ated with its efficient and rapid nuclear export. We
determined the intracellular distribution of SKS1
mRNA in wild-type yeast strain using the GFP
imaging technique [60,83]. In this technique, two
plasmids, one carrying a reporter SKS1-U chimeric
gene and the other harboring a U1A–GFP fusion
gene, were used. The reporter plasmid harbors the
chimeric SKS1-U gene, in which 16 tandem repeat
modules of U1A RNA hairpin loop were inserted
between the ORF and 3′-UTR of SKS1 gene
(Fig. 5A). The second plasmid carries a U1A–GFP
fusion gene that consists of U1A RNA binding
protein (does not exist in yeast) fused to GFP placed
under the control of pGAL1 promoter (Fig. 5A). Both
of these plasmids were co-transformed in wild-type
yeast strain followed by the induction of the U1A–
GFP fusion gene by 1% galactose for 50 min at 30
°C and repression by 2% glucose for 90 min. The
U1A–GFP fusion protein thus expressed binds to the
U1A hairpin loop of either PGK1-U or SKS1-U (or its
deletion constructs) reporter alleles (Fig. 5B), and
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Fig. 4. The SKS1 nuclear zip code dictates its intra-nuclear decay by the nuclear exosome component, Rrp6p. Scatter
plot revealing the relative levels of native full-length (FL) SKS1 mRNA (SKS1-N) and deletion versions (SKS1-N-Δ2 and
SKS1-N-Δ6 are shown in panel A, and SKS1-N-Δ5 and SKS1-N-Δ6 are shown in panel B) in a normal (yBD-5) DRN-
defective cbc1-Δ strain (yBD-6) and exosome-defective rrp6-Δ strain (yBD-11) as determined by qRT-PCR analysis using
random oligomer-primed cDNA samples with a primer set encompassing the amplicon R2 (shown in Fig. 1A). ACT1 RNA
was used as the internal loading control for all the experiments. Normalized values of each of the SKS1 message (either
full-length or a specific deleted version) in the wild-type yeast strain were set to 1. The statistical significance of difference
reflected in the ranges of P values estimated from Student's two-tailed t tests for a given pair of test strains for each
message is presented with the following symbols, *b0.05, **b0.005, and ***b0.001; ns, not significant.
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the localization of the mRNA-bound GFP signal was
determined using live cell confocal imaging. It is
worth mentioning here that the GFP signal thus
detected specifically represents the distribution of
the reporter mRNA and not of just the GFP alone
[60]. Using this technique, we first verified the
distribution of the PGK1-U and full-length SKS1-U
mRNAs to check the reproducibility of the charac-
teristic cytological distribution patterns of these two
messages as described earlier (Fig. 5C) [60]. PGK1-
U displayed its characteristic cytoplasmic distribu-
tion and is largely excluded from the cell nucleus. In
contrast, full-length SKS1-U message was found to
be localized mostly to the nucleus, with the minimal
signal detected in the cytoplasm. To rule out the
possibility that the insertion of the U1A hairpin
element between the SKS1 ORF and 3′-UTR
interfered with its biological property, we asked
whether the U1A-inserted SKS1, that is, SKS1-U,
behaves like native full-length SKS1 as far as its
susceptibility to the DRN is concerned. Plasmids
harboring either the SKS1-U allele or the native
SKS1-N allele were independently transformed into
an sks1-Δ and sks1-Δ cbc1-Δ yeast strains followed
by the determination of their abundance in these two
strains. First, we compared the relative abundance
of the SKS1-N transcript (lacking the U loop) and
SKS1-U (harboring the U loop) transcript in sks1-Δ
yeast strains (sks1-Δ yeast strains transformed
either with SKS1-N or SKS1-U construct) by real-
time qRT-PCR method as well as by semi-
quantitative RT-PCR (to verify their absolute non-
normalized levels). As shown in Supplementary Fig.
S5, the relative steady-state levels of both the SKS1-
N and SKS1-U mRNAs are very similar and
comparable. Moreover, the abundance of both the
SKS1-N and SKS1-U messages was enhanced by
about 3-fold when the CBC1 gene was disrupted
(Fig. 5D). This observation confirmed that the
insertion of the U1A element did not alter the
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Fig. 5. Nuclear zip code element is responsible for the preferential nuclear distribution of SKS1 mRNA. (A) Schematic
representation of the strategy involved in the GFP imaging technique used to determine the in situ distribution of the SKS1
and other messages. Two different constructs were used in the technique. The first construct consists of sixteen tandem
U1A hairpins loops [60] inserted between the translation termination codon and the 3′-UTR of the SKS1 message, thus
creating SKS1-U allele expressing the SKS1U1A mRNA. In the second construct, a U1A–GFP fusion is expressed under a
PGAL promoter. Note that only the first 94 amino acids of U1A (blue rectangle) were fused in frame to the GFP (green
rectangle) [83]. (B) Schematics of various constructs (full-length SKS1-U, PGK1-U, and selected deleted versions of
SKS1-U, SKS1-N-Δ1, and SKS1-N-Δ6) used in this study. Note that the PGK1-U construct harbors the 3′-UTR of the
ASH1 and the terminator of the ADH2 gene (a gift from Dr. Pamela Silver, Harvard University) [83]. (C) In situ localization of
the PGK1-U, SKS1-U, SKS1-N-Δ1, and SKS1-N-Δ6mRNAs decorated with U1A–GFP. Separate cultures of normal wild-
type strain (yBD5) harboring each of the RNA reporter construct and U1A–GFP construct were induced with 1% galactose
for 50 min followed by the repression with 2% glucose for 90 min. The nucleus was stained by a brief exposure of the
culture to 5 μg/ml Hoechst. The images were captured after 50 min from the live cells and processed as described in
Materials and Methods. (D) Scatter plot showing the steady-state levels of SKS1-N and SKS1-U (harboring the U1A
hairpin loop) mRNAs in a normal wild-type and cbc1-Δ strains (n = 3) as determined by qRT-PCR analysis using random
oligomer-primed cDNA samples with a primer set encompassing the amplicon R2 (shown in Fig. 1A). Normalized value of
each of the SKS1-N andSKS1-UmRNAs in wild-type strain was set to 1. (E) Scatter plot depicting the co-localization of the
Hoechst and the GFP signals from the PGK1-U, SKS1-U (FL), SKS1-N-Δ1, and SKS1-N-Δ6 mRNAs. Note that the co-
localization index (CI) of two signals found in the yeast strain carrying the reporter SKS1-U allele was used as a reference,
and the P values were calculated concerning this CI obtained in this strain. Co-localization index for nuclear Hoechst and
GFP signals was expressed in arbitrary units. Means and standard error of the mean were determined from n = 10 cells.
CIs (Pearson correlation coefficient, or PCC) were determined as described in the Materials and Methods section. The
statistical significance of the difference in values presented in panels D–E as reflected in the ranges of P values estimated
from Student's two-tailed t tests for a given pair of test strains for each message is presented with the following symbols,
*b0.05, **b0.005, and ***b0.001; ns, not significant.
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Fig. 6. Incorporation of the SKS1 nuclear zip code element (NZ) into the CYC1 transcript body transforms this
exosome-insensitive mRNA into an exosome-susceptible message. (A) Schematic presentation of the CYC1, ΔCYC1,
and CYC1-NZmRNA used in this study. The SKS1 nuclear zip code and CYC1ORFs are indicated by black and red-filled
rectangles, respectively, along with translational start (ATG) and stop (UAA) codons. The gap in the ΔCYC1 construct
indicates the segment, which was deleted from the full-length CYC1 mRNA. (B) Scatter plot showing the steady-state
levels of full-lengthCYC1, ΔCYC1, and theCYC1-NZ transcripts in a normal wild-type yeast strain (n = 3) as determined by
qRT-PCR analysis using random oligomer-primed cDNA samples from indicated strains with a primer set encompassing
the amplicon C (location shown in Fig. 6A with a red line above the CYC1 ORF segment). Normalized value of full-length
CYC1 mRNA from was set to 1. (C) Scatter plot showing the steady-state levels of full-length CYC1, ΔCYC1, and the
CYC1-NZ transcripts in a wild-type, cbc1-Δ, and rrp6-Δ yeast strains (n = 3) as determined by qRT-PCR analysis using the
random oligomer-primed-cDNA samples. Normalized values of each transcript in wild-type cells were set to 1. The
statistical significance of difference as reflected in the ranges of P values estimated from Student's two-tailed t tests for a
given pair of test strains for each message is presented with the following symbols, *b0.05, **b0.005, and ***b0.001; ns,
not significant. (D) The nucleotide sequence of the 202-nt nuclear zip code (NZ) element (corresponding to the 825–1026
nt of the SKS1 ORF). Short interspersed pyrimidine (CT)-rich stretches are underlined, and the putative DSR
(determinants of selective removal), TGAAAA (110–112), are also indicated in bold. Note that the functionality of none of
these elements was validated in this study.
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biological property of the SKS1message. Therefore,
the data obtained from the control experiments (i)
reproduced the previous observations made by Kuai
et al. [60] and (ii) established that the GFP imaging
could be employed for studying the cytological
distribution of SKS1 messages and its deleted
versions.
We then utilized this imaging technique to ask if

eliminating the nuclear zip code can convert nucleus
retained SKS1 mRNA into normally exported tran-
script. Accordingly, we compared the cytological
distribution of the SKS1-U-Δ6 reporter message
lacking this element to that of SKS1-U and SKS1-U-
Δ1, both carrying this element as negative controls.
As shown in Fig. 5C, SKS1-U-Δ6 mRNA was found
to be largely cytoplasmic, whereas that of the SKS1-
U and SKS1-U-Δ1 is largely nuclear. This suggests
that loss of the nuclear zip code in SKS1-U-Δ6
mRNA allows its rapid export from the nucleus.
Thus, our finding is consistent with the argument that
the nuclear zip code slows nuclear export of SKS1
mRNA.
We also quantified both the Hoechst nuclear DNA

stain and GFP signal, and subsequently calculated
the co-localization index (CI) as a measure of the
nuclear-retained message. As shown in Fig. 5E, the
co-localizations of the Hoechst and GFP signals
from the full-length SKS-U (mean CI ± SEM = 0.683
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± 0.038) and SKS1-U-Δ1 (mean CI ± SEM = 0.685 ±
0.048) are much higher compared to those of the
PGK1-U (mean CI ± SEM = 0.015 ± 0.007) and
SKS1-U-Δ6 (mean CI ± SEM = 0.027 ± 0.010). Thus,
these data strongly indicate that the nuclear zip code
causes full-length SKS-U and SKS1-U-Δ1 to be
preferentially retained in the nucleus. In contrast, lack
of the zip code causes full-length PGK1-U and SKS1-
U-Δ6 to be localized primarily in the cytoplasm. Our
collective data lead us to conclude that 202-nt-long
segment harboring nuclear zip code element is
required for nuclear retention of SKS1 mRNA.

The “zip code” element can convert a nuclear
excluded “typical”mRNA into a nuclear-retained
“special” message

Finally, we asked whether the SKS1 mRNA
nuclear zip code is sufficient to convert a normally
exported mRNA into one that is retained in the
nucleus and degraded by the exosome/DRN. We
constructed a chimeric CYC1-NZ (NZ stands for
nuclear zip code) gene by fusing the 230-nt-long 5′-
segment from CYC1 gene to 202-nt-long nuclear zip
code element from the SKS1 transcript (Fig. 6A).
The intracellular abundance of a full-length native
CYC1 mRNA lacking its 100-nt 3′-segment (dubbed
ΔCYC1) and the CYC1-NZ chimeric mRNAs was
determined. In this and the next experiment, the
abundance of the CYC1-NZ and the CYC1 transcript
was measured by determining the steady-state
levels of a small amplicon present in the 5′-segment
of the CYC1 transcript body by qRT-PCR (location of
the amplicon is shown in Fig. 6A as red line above
the CYC1ORF). As shown in Fig. 6B, the fusion of the
202-nt nuclear zip code of the SKS1 mRNA reduced
the cellular abundance of the CYC1-NZ chimeric
message to about 15% compared to that of full-length
CYC1 and ΔCYC1 messages. This finding strongly
indicated that the 202-nt-long nuclear zip code is
capable of destabilizing a stablemessage, presumably
by retaining within the nucleus.
Next, we addressed if this chimeric transcript

displays a susceptibility to the nuclear exosome/
DRN just like the native SKS1. As presented in
Fig. 6C, the abundance of the native CYC1 and
ΔCYC1 did not change in the yeast strains depleted
of either the nuclear exosome component Rrp6p
(rrp6-Δ) or DRN component Cbc1p (cbc1-Δ). In
contrast, the abundance of the CYC1-NZ transcript
was dramatically enhanced in either of the cbc1-Δ
and rrp6-Δ strains that lack the functional DRN or
nuclear exosome components, Cbc1p and Rrp6p,
respectively. Collectively, these findings strongly
argue that fusion of the 202-nt-long nuclear zip
code to the 3′-end of the CYC1mRNA is sufficient to
destabilize the entire transcript, suggesting that it
causes nuclear retention of the fused transcript and
targets it for the nuclear exosome/DRN.
Discussion

In this study, we present evidence for the
existence of a unique cis-acting nuclear zip code
element in SKS1 mRNA in S. cerevisiae, which
prompts its prolonged nuclear retention leading to its
intra-nuclear decay by the nuclear exosome/DRN.
SKS1 mRNA encodes a serine/threonine protein
kinase that is involved in the regulation and
adaptation of the yeast cells in the low glucose
medium [71,72]. Notably, this message belongs to a
small cohort of mRNAs that are preferentially
retained and degraded in the nucleus [60]. We
previously postulated that the selective degradation
of the SKS1 mRNA and similar transcripts by the
nuclear exosome and DRN plays a key role in
regulating their gene expression. Here, we ad-
dressed the mechanism of the preferential retention
of SKS1 mRNA in the nucleus and discovered that
nuclear retention is caused by the presence of a
nuclear zip code element in its transcript body, which
in turn results in its susceptibility to DRN. Removal of
this sequence alters neither the site nor the length of
the transcript’s poly(A) tail, indicating that the
inferred change in stability is not polyadenylation-
dependent (model shown in Fig. 7).
We asked if the nuclear zip code is also required

for the susceptibility of the SKS1 mRNA to the
nuclear exosome/DRN. Examination of the steady-
state levels of the full-length and various deleted
versions of the SKS1 mRNA in a wild-type, cbc1-Δ
and rrp6-Δ strains revealed that loss of the nuclear
zip code from SKS1 transcripts protects it from
degradation by the nuclear exosome/DRN. More-
over, our findings revealed that SKS1 mRNA is
mostly localized in the nucleus, while a construct
lacking the nuclear zip code showed a cytoplasmic
distribution similar to typical mRNAs (Fig. 5C). In this
context, it is noteworthy that none of the deletion
constructs were degraded by cytoplasmic NMD. A
high steady-state levels of SKS1-Δ3, SKS1-Δ4, and
SKS1-Δ6 mRNAs in normal wild-type yeast strain
indicate that they are not targeted by the NMD
(Fig. 1B and C, Supplementary Fig. S1B and C),
although they are exported to the cytoplasm.
Furthermore, although the levels of transcripts of
the SKS1-Δ1, SKS1-Δ2, SKS1-Δ5, and SKS1-Δ7
transcripts are low, these messages are stabilized
by the deletions in components of the nuclear mRNA
decay systems, such as by cbc1-Δ and rrp6-Δ
(Figs. 3 and 4). This observation clearly indicates
that the SKS1-Δ1, SKS1-Δ2, SKS1-Δ5, and SKS1-
Δ7 transcripts were retained in the nucleus and were
actively degraded by the action of the nuclear
exosome/DRN decay system. Together, these find-
ings support the view that the nuclear zip code is
required for nuclear retention of SKS1 mRNA.
Finally, fusion of the nuclear zip code to the 5′-
segment of a heterologous CYC1mRNA caused the
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chimeric CYC1-NZ mRNA to become susceptible to
the exosome/DRN (Fig. 6C). We suggest that this
susceptibility results from nuclear retention of the
chimeric CYC1-NZ message, and the result supports
the conclusion that the nuclear zip code causes nuclear
retention of SKS1 mRNA, thereby exposing it to the
exosome/DRN.
Previously, RNA zip code elements were implicat-

ed in the intracellular localization of specific RNAs.
The most well-studied and understood example of
RNA zip code is provided by ASH1 mRNA in S.
cerevisiae. The ASH1 zip code promotes the
transport of this message from the nucleus of the
mother cell to the opposite pole of the daughter cells
[84–86]. Once ASH1 mRNA arrives at the opposite
pole of the daughter cell, it undergoes translation to
produce the Ash1p, which is also asymmetrically
and preferentially localized [84–86]. Ash1p prevents
the HO transcription and thereby inhibits the mating-
type switching in the daughter cells [87,88].
Notably, several studies provide examples of

nuclear retention of mRNAs in mammals [89–94]
(109) as exemplified by a few specific spliced and
polyadenylated mRNAs encoding transcription fac-
tors, ChREBP, Nlrp6, glucokinase and receptor for
glucagon in mouse pancreatic-beta, liver, and gut
cell lines, [95]. However, these transcripts were not
discerned with any mechanism of nuclear retention
[95]. The CTN-RNA, transcribed from the mCAT2
gene in the mouse, offers another example of the
nucleus-retained transcript in the unstressed mouse
liver cells with a unique retention mechanism. The
gene produces two mRNAs, CTN-RNA, andmCAT2
mRNA, via the usage of an alternative promoter and
poly(A) site [96]. Remarkably, CTN-RNA is retained in
nuclear paraspeckles via a mechanism that involves
adenosine to inosine editing of the bases in its 3′-UTR,
which appears critical for the regulation of the cellular
level of mCAT2 mRNA [96]. During the stress, this
element is removed from the CTN-RNA via a site-
specific cleavage in the 3′-UTR, thereby releasing the
cleaved mRNA from paraspeckles. This cleaved/
released mRNA is subsequently exported to the
cytoplasm and translated into the mCAT2 protein,
required for rapid uptake of L-arginine for the NO
pathway [96].
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Although no cis-acting nuclear zip code element
was implicated in the nuclear retention of the RNAs
mentioned above, its involvement in the nuclear
retention and decay was demonstrated previously by
HIV-1 instability element [97]. This element pro-
motes nuclear retention and decay of the mRNA
[94]. More recently, the polypyrimidine tract binding
protein (PTB) was shown to relieve the nuclear
retention of multiple spliced HIV-1 RNAs and
overexpression of PTB promotes nuclear export
and cytoplasmic localization [92]. Recently, the
Palazzo laboratory has proposed the existence of
similar cis-element that promotes the nuclear reten-
tion and degradation of β-globin mRNA in mamma-
lian cells. The minimal cis-element modulating the
nuclear retention of this RNA consists of approxi-
mately 215 bases [89]. In the fission yeast Schizo-
saccharomyces pombe, “decay-promoting” introns
control the abundance of a class of mRNAs by
selectively recruiting exosome-specificity factor
Mmi1 [91] without promoting their nuclear retention
[91]. Interestingly, these decay-promoting introns
harbor a common destabilizing motif, DSR (Determi-
nants of Selective Removal), which is defined as the
hexanucleotide motif U(U/C/G)AAAC [98–100]. Nota-
bly, a careful examination of the sequences within the
“nuclear zip code” of SKS1 revealed that at least one
such perfect hexanucleotide UGAAAC element spans
from 148 to 154 residues of the zip code element
(corresponding to 972–978 nt of SKS1ORF) (Fig. 6D).
Further scrutiny for the presence of potential destabiliz-
ing sequences in the 202-nt “zip code” element
uncovered stretches of interspersed CU-rich imperfect
Alu-like elements (Fig. 6D). Alu-like CT(CU)-rich
sequences are recently implicated in the nuclear
retention of long non-coding RNAs and several
mRNAs in mammalian cells [101], which potentially
enables binding of PTBs. Binding of PTB impacts
various processes associated with RNA metabolism
[92,97,102,103]. However, the putative functional roles
of none of these potentially important elements were
validated here. It would certainly be interesting to see
whether any of these sequences play any role in the
nuclear accumulation and subsequent decay of SKS1
RNA, which is the subject of our future work.
Although the length of the “nuclear zip code”

delineated in this work is 202 nt, it remains unknown
if this is the “minimal” zip code element. However, we
are in favor of the view that the “minimal” element is
shorter than the 202-nt-long segment. Consequent-
ly, further dissection of this segment using the similar
genetic approach is necessary to identify the minimal
nuclear zip code, which is currently underway.
Although we did not address the possible mechanism
of the nuclear zip code-dependent nuclear retention of
the SKS1 mRNA, we suggest that this element might
bind to proteins that block binding of the mRNA to the
export receptor Mex67p/Mtr2p. Efforts to identify such
factors are currently underway.
Finally, it might be important that a rapid, sharp, and
stepwise output is critical for a response to stress
stimuli in order for the cell to adapt promptly and to
survive under an altered environment (such as in low
glucose environment). Therefore, using a post-
transcriptional mechanism to control the expression of
a subset of genes would be more appropriate and
efficient than employing a transcriptional mechanism.
In this context, it is worthwhile to recall that SKS1
encodes a serine/threonine kinase, which plays a role
in cellular adjustments to glucose levels. Thus, it may
be appropriate for the cells to employ an mRNA
degradation and export-based mechanism to control
the expression of SKS1 mRNA.
Materials and Methods

Yeast strains, plasmids, and oligonucleotides

All the strains, plasmids, and oligonucleotides are
listed in Tables 1, 2, and 3, respectively.

Nomenclature, yeast strains, media, and yeast
genetics

Standard genetic nomenclature is used to designate
wild-type alleles, as CYC1, CBC1, RRP6, SKS1, and
so on; the corresponding disruptants or deletions are
designated, for instance, cbc1::URA3, cbc1-△, rrp6-△,
sks1-N-△1, and so on. The protein encoded by a
particular gene is denoted, for example, Cbc1p, which
is encoded by CBC1. Standard YPD, YPG, SC-Leu
(leucine omission), and other omission media were
used for testing and the growth of yeast [104]. Yeast
genetic analysis was carried out by standard proce-
dures as described by Sherman [104].

Construction of various deleted versions SKS1
Allele and CYC1-SKS1-chimeric allele

A series of deleted versions of the SKS1-N as well
as a selected number of deleted versions of SKS1-U
allele was constructed by following standard recom-
binant DNA procedures using either appropriate
restriction enzymes or by using reverse PCR-based
technology. Similarly, the construction of the CYC1-
NZ allele was done by fusing the 230-nt segment
from the 5′-end of the CYC1 ORF to the 202-nt
nuclear zip code element from the SKS1 in frame by
standard techniques of molecular cloning.

Construction of various yeast strains harboring
the various deleted versions SKS1 allele by two-
step gene replacement

Two-step gene replacement was carried out as
described before [104]. Various deleted versions of
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the SKS1 alleles in yeast integrating plasmid pRS306
were integrated in the genome in the region containing
the SKS1+ full-length gene. Homologous recombina-
tion results in the two copies of the gene, a deleted
version and SKS1+ full-length gene, separated by the
plasmid sequence. The full-length copy of the SKS1+

gene was popped out in the next step by growing the
yeast strain in standard 5-fluorouracil medium. The
integration of the deleted allele was finally confirmed by
genomic PCR using appropriate primer sets.

RNA analyses and determination of steady state
of mRNAs

As described earlier [70], the total RNA was
isolated by harvesting respective yeast strains.
This is followed by the extraction of cell suspension
in the presence of glass bead and phenol–chloro-
form–IAA (25:24:1). The RNA was finally recovered
by precipitating it with RNAase-free ethanol.
For cDNA preparation, the RNA samples were

treated with one μg RNAase free DNase I (Fermen-
tas Inc.) at 37 °C for 30 min, followed by incubating it
with 10 mM EDTA at 65 °C for 10 min. This is
followed by cDNA synthesis using iScript Reverse
Transcriptase (Biorad) using either random oligo-
deoxynucleotide primers or oligo-dT primer by
incubating it at 25 °C for 5 min (priming), 46 °C for
20 min (reverse transcription), and 95 °C for 1 min
(reverse transcriptase inactivation).
End-point semi-quantitative PCR reaction was car-

ried with 1–2 ng cDNA samples using primer sets
specific to either SKS1, ACT1, RNA15, and LYS2
gene, and others, by Taq DNA polymerase (Thermo
Fisher Scientific Inc., Waltham, MA, USA). The
conditions for individual PCR reactions varied slightly
for individual messages. For the data presented in
Fig. 1D, 27 cycles of amplification was used, which still
lied in the linear range. The PCR products were
analyzed on 1% agarose gel, and the signal intensities
associated with each band were quantified by the UVI
Band software, version 11.0.9.0 (UVIPro Platinum),
from three independent biological replicates
Real-Time qPCR analyses were done with 2 ng of

cDNA samples. It was used to determine the steady-
state levels of SKS1, LYS2, RNA15, and ACT1. All
the experiments were performed as described
previously [70].

Determination of the 5′-UTR, 3′-UTR and length of
the poly(A) tails of the SKS1 mRNA and its various
deletion versions

5′-UTR of the SKS1 mRNA was determined by 5′-
RACE (Rapid Amplification of cDNA Ends) or
“anchored” PCR, which was performed by following
the procedure recommended by the manufacturer
(Invitrogen Life Technologies 5′ RACE System for
Rapid Amplification of cDNA Ends, Version 2.0).
3′-UTR and the length of the poly(A) tail of the
SKS1 mRNA and its all of its deletion versions were
determined by LM-PAT assay [74]. Briefly, 200 ng of
total RNA was mixed with 20 ng phosphorylated
oligo-dT12-18 in 7 μl H2O and heated to 65 °C for 10
min. The reaction was transferred to 42 °C, and a
mixture of 1 μl T4 DNA ligase (10 U/μl), 4 μl 5×
iScript Reverse Transcriptase buffer (Biorad), 1 μl
RNaseOUTTM (Invitrogen Inc.) (40 U/ml), 2 μl 0.1 M
DTT, 1 μl dNTP mix (10 mM each dNTP), 1 μl rATP
(10 mM), and 3 μl DEPC H2O was added, followed
by a 30-min incubation at 42 °C. One microliter (200
ng/ml) of oligo(dT)-anchor was then added, and
samples were transferred to 12 °C for 2 h. After a 3-
min incubation at 42 °C, 2 μl of iScript Reverse
Transcriptase (Biorad) (10 U/ml) was added, and the
reaction was continued at 25 °C for another 5 min
(priming), followed by an incubation at 46 °C for 1 h,
and 95 °C for 1 min. Two nanograms of the prepared
cDNA sample was used for PCR reaction. Condi-
tions chosen for individual PCR reactions varied
slightly depending on the primer used. PCR products
were analyzed in a 2% agarose gel.

Confocal microscopy and image processing

Cytological distribution of various RNAs was done
by GFP RNA imaging technique as essentially
described earlier [83]. The strains were co-
transformed with the RNA expression plasmids
(PGK1 allele/SKS1-U allele or its deletion constructs
SKS1-U-Δ1 and SKS1-U-Δ6 alleles) and the U1A–
GFP expression plasmid. The transformed strain
was grown in selective 2% glucose medium over-
night followed by transfer into 2% raffinose medium
and was further grown to A600 of 0.5. Galactose was
added (to the final concentration of 1%) at that point
to the culture in order to induce the expression of
U1A–GFP followed by an inductive growth for 50
min. Cells were then concentrated by centrifugation
and were resuspended in selective medium contain-
ing 2% glucose followed by growth for an additional
90 min to maximize the GFP signal. Finally, nuclei
were stained with Hoechst 33342 stain (5 μg/ml) for
1 min and were washed with glucose medium.
Images were obtained by using an OLYMPUS FV10-
ASW confocal microscope equipped with HCX PL
APO 63X/1.2 NA water immersion objective lens.
Image processing was done using OLYMPUS
FLUOVIEW Ver.2.0b Viewer software.
In order to determine the co-localization value of

the mRNA within the nucleus of S. cerevisiae based
on captured images, a three-step algorithm is
designed in MATLAB, as described below in brevity.

Step 1. Image channel separation

Each image set consists of three images, de-
scribed as follows:
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(a) Image 1—Image of the mRNA distribution
(dyed in green)

(b) Image 2—Image of the nuclear distribution
(dyed in blue)

(c) Image 3—Image of the merged mRNA and
nuclear distribution from images 1 and 2

Each of these three images of each set was read
into the MATLAB script file in the form of a three-
dimensional matrix. Subsequently, each image was
separated into its respective red, green, and blue
channels, where each channel represents one
dimension of the 3D Image matrix.

Step 2. Image thresholding and locating
pixels

An intensity cutoff value was identified and
used for thresholding the blue (bthresh) and green
(gthresh) channels of the three images. This step
is carried out in two hierarchical sub-steps as
described below.

A. Determination of percentage of pixel repre-
sentation in the merged image (image 3)

In order to determine the percentage of pixels
being faithfully represented in the merged image 3
formed by the combination of image 1 and image 2, a
quantity termed as the representation ratio (RR) is
defined such that,

RRg ¼
Number of Green pixels in image 3 Ngmerge

� �
in the green channel

Number of Green pixels in image 1 Nginitial

� �
in the green channel

RRb ¼ Number of blue pixels in image 3 Nbmerge

� �
in the blue channel

Number of blue pixels in image 2 Nbinitialð Þ in the blue channel

The number of pixels in each case is found by
detecting the number of matrix cells having intensity
values greater than the threshold values bthresh or
gthresh for the corresponding channel of the respec-
tive images under investigation. If the RR ratios are
100% for the image set under investigation, then it
can be interpreted that the merging process has no
error and the next sub-step can be carried out.

B. Determination of the number of combined
pixels in the merged image (image 3)

In this sub-step, the number of pixels having both
blue and green intensities (Ngb) in image 3 is
determined by using the find function for the
respective image indices, which have intensity
values greater than bthresh and gthresh.

Step 3. Calculation of co-localization index
Two co-localization indices are then defined and
determined as,

CIg merge ¼ Number of combined pixels in image 3 Ngb
� �

Number of green pixels in image 3 Ngmerge

� �

Here, CIg_merge indicates the percentage of mRNA
which remains within the nucleus of the yeast cells.

Statistical analyses

The quantitative experiments that are reported in
this paper (mRNA steady-state levels, co-
localization index) were performed using at least
three independent sample size (biological replicates)
(N = 3). However, for calculating the co-localization
index, we used a sample size of 15 cells (N = 15). A
given yeast strain was grown and treated under the
same experimental conditions independently before
a given experiment was conducted for each biolog-
ical replicate. In the case of technical replicate,
repetition/analyses of the same biological replicate
sample were conducted many times. In order to
establish the variability (experimental error) involved
in the analysis, a technical replicate was used, which
allows the experimenter to set the confidence limits
for what are significant data. All the statistical
parameters such as mean, standard deviations, P
values, standard error of the mean, and median were
calculated using GraphPad Prism version 7.04
(GraphPad Software Inc., San Diego, CA, USA). P
values were calculated using Student's two-tailed t
test (unpaired) using the same program. The values
of different statistical parameters (N, mean, median,
SD, SEM, and P value) corresponding to the
individual experiments are given in a separate MS
Excel File.
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