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ABSTRACT
Appropriate nuclear membrane structure is important for all eukaryotic organisms as evidenced by the

numerous human diseases and alterations in gene expression caused by inappropriate targeting of proteins
to the inner nuclear membrane (INM). We report here the first genome-wide screen to identify proteins
functioning in INM targeting. We transformed to near completion the 4850 members of the Saccharomyces
cerevisiae deletion collection of unessential genes in the 96-well format with a plasmid encoding a reporter
protein, Trm1-II-GFP, which normally resides at the INM. We found that deletion of genes encoding
subunits of the N-terminal acetyltransferase, NatC, cause mislocation of Trm1-II-GFP from the INM to
the nucleoplasm. Mass spectroscopic analysis indicates that Trm1-II-GFP is N-acetylated. N-terminal muta-
tions of Trm1-II-GFP predicted to ablate N-acetylation cause nucleoplasmic location, whereas a variant
with an N-terminal alteration predicted to allow N-acetylation by NatC is located at the INM, providing
genetic support that Trm1p-II N-acetylation is necessary for its subnuclear INM location. However, because
N-acetylation appears not to be sufficient for INM targeting, it may provide a necessary role for INM
targeting by affecting Trm1-II-GFP structure and exposure of cis-acting INM targeting motifs. We also
discovered that YIL090W/Ice2p, an integral membrane protein located in the endoplasmic reticulum, is
necessary for efficient targeting of Trm1-II-GFP to the INM. YIL090W/Ice2p may serve as a tether for
INM proteins or as a regulator of INM tethers. Our methodology can be extrapolated to obtain genome-wide
perspectives of mechanisms necessary to achieve appropriate subcellular and/or suborganellar location for
any resident protein.

THE nucleus is separated from the cytosol by a dou- partments from one another, their structure, biogene-
ble membrane. Exchange of macromolecules be- sis, and maintenance likely result from poorly described

tween the nuclear interior and the cytoplasm occurs macromolecular interactions. Here we investigate the
through nuclear pores, proteinaceous aqueous chan- mechanisms that target/tether proteins to the INM.
nels that connect the membranes. Appropriate nuclear The nuclear membrane is highly dynamic and has a
membrane structure is very important for all organisms complex structure. In higher eukaryotes it is disassem-
as evidenced by the numerous human diseases, such bled and reassembled each cell division, but in organ-
as Emery-Dreifuss muscular dystrophy and Hutchison- isms such as budding yeast the nuclear membrane re-
Gilford Progeria syndrome (reviewed in Gruenbaum et mains intact during mitosis. This difference perhaps
al. 2003), and by numerous alterations in gene expres- eliminates some of the dynamics that render analyses
sion in yeast (reviewed in Taddei et al. 2004) caused by of nuclear membrane organization particularly difficult
inappropriate targeting of proteins that normally reside in higher eukaryotes. The INM is composed of numer-
at the inner nuclear membrane (INM). In addition to ous integral transmembrane proteins as well as periph-
the INM and outer nuclear membrane (ONM) and erally associated proteins. It has been proposed that
nuclear pore complexes (NPC), the nucleus contains integral INM proteins achieve their location via a “diffu-
other subnuclear structures including the nucleolus, sion retention” mechanism (reviewed in Holmer and
cajal bodies, speckles, gems, and the nuclear matrix Worman 2001). Accordingly, proteins transit from the
(reviewed in Lamond and Sleeman 2003). Because endoplasmic reticulum (ER) to the contiguous ONM
membranes do not separate the various subnuclear com- and then access the INM, likely via nuclear pore lateral

channels. Integral INM proteins are prevented from
returning to the ONM and ER by interactions with mac-
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MATERIALS AND METHODSthat some of these proteins are tethered through pro-
tein-protein interactions with integral INM proteins (re- Strains and media: Yeast strains BY4741 (MATa his3� leu2�
viewed in Chu et al. 1998). Our focus is on the proteins met15� ura3�) and BY4742 (MAT� his3� leu2� lys2� ura3�)

are the parents to the deletion collections (Winzeler et al.that are peripherally associated with the INM.
1999; ResGen). The yeast collection with GST-ORF-containingThe INM is complex and may be composed of func-
plasmids was obtained from E. Phizicky (Martzen et al. 1999).tionally distinct domains since, in yeast, some actively
Yeast strains were maintained on YEPD media with or without

transcribed genes are cotranscriptionally recruited to G418 (0.2 mg/ml) or on synthetic defined media lacking
the part of the INM where NPCs are located (Casolari appropriate nutritional ingredients. Escherichia coli DH5� was
et al. 2004), whereas silenced DNA, such as telomeres used for propagation of recombinant DNA plasmids and was

maintained in YT media with appropriate antibiotics.and the transcriptionally quiescent HML and HMR mat-
Plasmids: Most PCR reactions were carried out using Pfuing-type loci, are preferentially located at pore poor

DNA polymerase (Stratagene, La Jolla, CA). DNAs were ligatedareas (Taddei et al. 2004). NPCs contain �30 proteins, with T4 DNA ligase (New England Biolabs, Beverly, MA).
and all but 1 or 2 lack transmembrane domains (Rout The Pennsylvania State University (PSU) College of Medicine
et al. 2000; Cronshaw et al. 2002). Of INM peripheral Macromolecular Core Facility generated all oligonucleotides.

All constructs were sequenced by the same facility. pRS415-proteins not associated with nuclear pores, the verte-
TRM1-II-GFP is a derivative of pGT554 (Li et al. 1989) in thebrate lamins are the best characterized. Yeast homologs
pRS415 plasmid backbone (Sikorski and Hieter 1989). Itof the lamins have not been identified. However, numer- encodes Trm1-II-GFP under the control of its endogenous regu-

ous yeast proteins that are uniformly distributed around latory sequences (details of the construction available upon re-
the INM are not pore associated (Huh et al. 2003). quest). pTRM1-II-GST: pGP54a is pRS416 containing a GAL1-

GAL10 regulatory region (gift from J. Hopper, PSU College ofSaccharomyces cerevisiae Trm1p is a tRNA-specific m2
2G

Medicine). The sequence encoding Schistosoma japonicum GSTmethyltransferase catalyzing transfer of two methyl groups
was amplified by PCR using pYEX-GST (Martzen et al. 1999)to a subset of G26 positions on tRNAs (Hopper et al.
as the template and inserted into pGP54a digested with SacI

1982). TRM1 encodes two proteins; Trm1p-I starts at and XhoI to generate pGP54aGST. The TRM1 ORF beginning
the first AUG and modifies only mitochondrial tRNAs at the second AUG was amplified from genomic DNA (BY
whereas Trm1p-II starts at the second AUG and modifies 4741) with oligonucleotides introducing EcoRI and HindIII

sites. The PCR product was cloned into the pTOPO-BluntII-tRNAs encoded by both mitochondrial and nuclear ge-
TOPO cloning vector (Stratagene). EcoRI and HindIII werenomes (Ellis et al. 1986; Li et al. 1989). Employing indirect
employed to transfer TRM1 into pGP54aGST. pGEMT-A1-4immunofluorescence (IF) and a Trm1p-specific anti- and pGEMTA1-6 were generated to facilitate mutagenesis by

body, Rose et al. (1992) located Trm1p-II to the nuclear subcloning a 1.4-kb TRM1 fragment spanned by two SpeI sites
rim. Trm1p-II has the characteristics of a peripheral into pGEMT (Promega, Madison, WI), using Taq (Promega).

The plasmids were utilized as templates for reverse PCR ampli-membrane protein because it is released from the nu-
fication and site-directed mutagenesis described below andclear membrane by treatment with salt and nonionic
then the mutant regions were exchanged with the correspond-detergents (Rose et al. 1995) and because it lacks trans- ing fragment of pRS415-TRM1-II-GFP. pRS415-TRM1-II-�L 2 -

membrane domains. Although it is not possible to distin- GFP contains a deletion of the TRM1-II second codon. It was
guish between the yeast ONM and the INM by light generated by reverse PCR using pGEMT-A1-4 as the template.

pRS415-TRM1-II-K3 → E3-GFP and pRS415-TRM1-II-L2 → F 2microscopy, Trm1p-II has been proposed to be located
were obtained using pGEMTA1-6 as the template. The muta-on the inner membrane because G26 modification oc-
tions were introduced by employing the QuikChange II kitcurs on precursor tRNAs restricted inside the nucleus
(Stratagene). pRS415-TRM1-II-(NatC)-GFP encodes Trm1p-II

by alteration of the tRNA export machinery (Etche- with an ectopic NatC modification sequence. It was generated
verry et al. 1979). Moreover, Trm1p-II contains a nu- by reverse PCR using pGEMT-TRM1-II-�L 2 as the template,
clear localization sequence (NLS) able to deliver passen- introducing four codons (underlined) of the PUP2 ORF N

terminus at codon 2, encoding the sequence MFLTRK.ger proteins to the nucleoplasm. Mutation of this NLS
pRS415-TRM1-II-(NatA)-GFP encodes Trm1p-II with an N-ter-prevents endogenous Trm1p-II from associating with
minal ectopic NatA modification sequence. It was generatedthe nucleus and causes the protein to accumulate in by reverse PCR using pGEMT-TRM1-II�L 2 as the template

the cytoplasm (Rose et al. 1992). Finally, as we show introducing 4 N-terminal codons from RPS0A/YST1, a known
here, when Trm1p-II fails to interact with the nuclear NatA substrate, at codon 2, generating the sequence MSLPAK.

To generate YIL090W-GST, YIL090W was amplified by PCRenvelope, it accumulates in the nucleoplasm.
using BY4741 genomic DNA as template and oligonucleotideAs Trm1p-II is one of the best-studied members of
primers with flanking XmaI sites. The product was clonedthe class of yeast proteins associated with the pore-free into pCR-BluntII-TOPO (Invitrogen, San Diego) to obtain

domain of the INM, we employed it as a reporter to pTOPO-YIL. The YIL090W ORF was transferred from pTOPO-
conduct a genome-wide investigation to discover mecha- YIL to pGP-54aGST using XmaI to obtain an in-frame fusion

with GST.nisms involved in associating peripheral proteins with
96-well transformation: The procedure is based on the LiActhe INM. We uncovered two categories of gene products

transformation protocol (Ito et al. 1983). Strains were grownthat affect the process: subunits of the N-terminal acetyl-
in YEPD � G418 in 96-well plates at 23� for 2 days and then

transferase (Nat)C heterotrimeric N-acetyltransferase collected employing a Jouan CR412 centrifuge with an adapter
and an ER-located integral membrane protein encoded accommodating 96-well plates. The media were aspirated and

cells were resuspended in 100 �l transformation mix (41%by YIL090W/ICE2.
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PEG, 0.2 m LiAc, 0.1 m DDT, 0.5 �g boiled single-stranded
sheared salmon sperm DNA) and 1 �g plasmid DNA. After
heat shock at 45� for 45–60 min, transformants were selected
by transferring aliquots to new plates containing selection
media and grown at 23� for 3–4 days. By this method �90%
of the wells contain transformed cells.

IF and microscopy: In vivo localization of Trm1-II-GFP was
assessed by visualization through the fluorescein-5-isothiocya-
nate (FITC) channel of a Nikon Microphot-FX microscope.

Figure 1.—Establishment of a system to conduct a genome-IF studies were conducted as previously described (Li et al.
wide screen for defects in targeting proteins to the INM. (A)1989; Tolerico et al. 1999). Trm1-II-GST was located follow-
Transformation in the 96-well plate format. To show transfor-ing induction by addition of galactose (2% final concentra-
mation efficiency yeast cells in wells were pinned to solid media:tion) to cultures grown with 2% raffinose employing mouse
left, mock transformation; right, transformation with pRS415-monoclonal anti-GST [GST(12); Santa Cruz] at a 1:500 dilu-
TRM1-II-GFP. (B) Trm1-II-GFP associates with the nucleartion. Mouse monoclonal anti-Nsp1p (Tolerico et al. 1999)
rim. BY4741, parent to the MATa deletion collection, waswas obtained from J. Aris (University of Florida) and used at
transformed with pRS415-TRM1-II-GFP and live cells werea dilution of 1:20,000. Cy3-conjugated goat anti-mouse IgG
viewed by fluorescence microscopy. Bar, 5 �m.(Jackson ImunoResearch Labs, West Grove, PA) was used at

a 1:400 dilution to locate the primary antibodies. Cells were
counterstained with DAPI (0.1 �g/ml) to locate DNA. Images
were captured with a SenSys charge-coupled device camera each with an unessential gene replaced by an ORF en-
(Photometrics, Tucson, AZ) using QED software and assem- coding a drug-resistance marker, has been assembled
bled using Adobe Photoshop 5.0.

in an ordered array (Winzeler et al. 1999). Our goalProtein purification: Trm1-II-GST was purified from BY4741
was to employ the entire deletion collection to uncoveras published (Phizicky et al. 2002). Protein was eluted from
genes involved in targeting proteins to the INM.Glutathione Sepharose-4B resin (Amersham Biosciences, Ar-

lington Heights, IL) in 3 ml extraction buffer and concen- We needed to overcome two obstacles to reach this
trated to 0.4 �g/�l using a Millipore centrifugal filter device goal. First, we had to identify an easily detected reporter
(50K). Protein concentration was determined by the Coomassie protein residing at the INM. Trm1p-II appeared to beassay (Pierce, Rockford, IL). Protein purity was assessed using the

an ideal candidate. We employed a fusion protein thatNuPage 10% gels tricine gels (Invitrogen) followed by Coomassie
contains GFP fused to Trm1p-II after the last aminoblue or silver staining. Protein identity was verified by Western

analysis employing monoclonal anti-GST (B-14; Santa Cruz) as acid (aa) codon. Trm1-II-GFP locates to the nuclear rim
primary antibody. exactly as endogeneous Trm1p-II (Figure 1B; Rose et

Mass spectrometry: Analyses were performed in the Mass al. 1992, 1995) and its location is easily assessed in livingSpectrometry/Proteomics Core Facility at the Pennsylvania
cells when expressed from a low-copy plasmid.State College of Medicine. Two micrograms of Trm1-II-GST

The second obstacle was a means to introduce theprotein was digested with Glu-C endoproteinase (Roche, Indi-
anapolis) with a protease-to-sample ratio of 1/100 (w/w). Di- plasmid into �4850 members of the deletion collection.
gestions were carried out in 50 mm NH4H2PO4 (pH 7.8) with We adapted the one-step transformation protocol (Ito
10% (v/v) acetonitrile (AcN) for 10–15 hr at 25�. Samples et al. 1983) to the 96-well format (materials and meth-were separated on an Eksigent NanoflowLC separation system

ods). Employing this procedure �90% of the wells con-using a Microm Magic C18 column 5-�m 0.1 � 150-mm na-
tain transformed cells (Figure 1A, right) with no back-noflow column in 2% AcN, 0.1% trifluoroacetic acid (TFA),

and then eluted with a linear gradient over 34 min from 2% ground growth of cells from mock transformations (Figure
AcN, 0.1% TFA to 90% AcN, 0.1% TFA at a flow rate of 90 nl/ 1A, left). Strains not transformed in the first round were
min. �-Cyanohydroxycinnamic acid (5 mg/ml, 70% CH3OH, retransformed in a second round; nearly all the 48500.1% TFA) was used as the MALDI matrix and loaded into

strains were transformed. The location of Trm1-II-GFPthe syringe on an LC Packings-Dionex ProBot and was added
in each strain was monitored by fluorescence micros-to the sample eluate through a postcolumn T-junction. The

ProBot deposited samples (300 nl sample eluate, 500 nl matrix copy.
solution) every 20 sec onto Applied Biosystems MALDI target The NatC N-terminal acetyltransferase complex is es-
plates. After drying the plates were placed in the autoloader sential for targeting Trm1p-II to the INM: Defects inof an Applied Biosystems 4700 Proteomics Analyzer MALDI

gene products involved in nuclear import, nuclear struc-TOF-TOF, and 1000 laser shots per sample spot were automati-
ture, and targeting/tethering to the INM could lead tocally collected from 40 randomly chosen spots within each

sample spot. Before sample spectra were taken masses were Trm1-II-GFP mislocation. We predicted that defects in
calibrated for each sample plate using 6 spots containing five the latter would make Trm1-II-GFP nucleoplasmic. De-
known calibrants. letion of MAK31 (mak31�) was the first mutation we

found that caused Trm1-II-GFP to become nucleoplas-
mic (Figure 2A, top). We verified the nucleoplasmic

RESULTS
location as the GFP signal completely overlaps with the
chromosomal DNA signal as determined by DAPI co-A genome-wide approach to identify yeast genes in-

volved in targeting proteins to the INM: Less than 20% staining (Figure 2B). The data provide strong support
for the previous belief that Trm1p resides at the INM,of the �6200 genes in the yeast genome are essential

(Winzeler et al. 1999). A collection of 4850 yeast strains, rather than at the ONM, because an ONM-located pro-
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Mak10p make up the complex and are required for
activity (reviewed in Polevoda and Sherman 2003).
This information led us to “jump ahead” in our system-
atic screen of the deletion collection to study the conse-
quences of mak3� and mak10� upon the subnuclear
distribution of Trm1-II-GFP. We found that deletion of
MAK3 or MAK10 also mislocates Trm1-II-GFP to the
nucleoplasm (Figure 2, A and B, top). We verified that
the nucleoplasmic accumulation of Trm1-II-GFP is
caused by deletion of MAK3 or MAK10 by complementa-
tion with plasmids encoding the corresponding genes
using the yeast genomic GST-tagged collection (Figure
2A, middle). The data show that all three of the NatC
subunits are necessary to target Trm1p-II to the INM.
Trm1-II-GFP was also nucleoplasmic in the YPR050C
deletion strain (data not shown). The putative YPR050C
overlaps with MAK3 and causes a phenotype similar to
that caused by NatC depletion. We surmise that inappro-
priate localization of Trm1-II-GFP in YPR050C� is actu-
ally due to MAK3 deletion.

There are four yeast NAT complexes each with differ-
ent substrate specificity. Deletions of ARD1 and NAT3,
the catalytic subunits of NatA and NatB complexes, re-
spectively (Polevoda and Sherman 2003), do not cause
nucleoplasmic location of Trm1-II-GFP (Figure 2A, bot-
tom). Thus, the NatC complex may be specifically re-Figure 2.—Localization of Trm1-II-GFP in mutant strains.
quired for targeting/tethering Trm1-II-GFP to the INM.(A) The NatC complex is required for Trm1-II-GFP INM local-

ization, but NatA and NatB complexes are not. Top, deletions Trm1-II-GFP could fail to associate with the INM in
of the genes, mak31�, mak3�, and mak10�, encoding the NatC NatC-deficient cells because either NatC deficiency
subunits. Middle, complementation of mak31�, mak3�, and causes a general defect in nuclear membrane organiza-mak10� with plasmids encoding GST-tagged versions restores

tion or NatC activity is required for tethering a subsetTrm1-II-GFP rim localization. Bottom, ard1� and nat3�, en-
of proteins to the INM. To differentiate between thesecoding the catalytic subunits of the NatA and NatB complexes,

respectively, do not affect Trm1-II-GFP localization. (B) Trm1- two possibilities, we investigated whether NatC is impor-
II-GFP is released into the nucleoplasm in mak31�, mak3�, tant for subnuclear distribution of a different class of
and mak10� cells. Cells containing pRS415-TRM1-II-GFP were nuclear rim proteins, nucleoporins. Employing an Nsp1-stained with DAPI (1 �g/ml) to show colocalization of Trm1p-

specific antibody (Tolerico et al. 1999), we determinedII-GFP with nuclear DNA. Top, GFP; bottom, DAPI. Bars,
the location of this symmetrically distributed nucleo-5 �m.
porin in wild-type and NatC-deficient cells. Although
the NatC complex causes redistribution of the majority
of the Trm1-II-GFP pool to the nucleoplasm, it has notein would locate in the cytoplasm when released from

the nuclear membrane. apparent effect upon Nsp1p location (Figure 3; data
shown for mak3�). Thus, there is no gross defect inAs a large number of strains in the deletion collection

possess unintended genetic alterations (Hughes et al. nuclear membrane structure in NatC mutants.
Trm1-II-GFP appears to be N-acetylated: A require-2000), we verified that mak31� causes Trm1-II-GFP mis-

location by complementing mak31� with a plasmid en- ment for NatC in targeting Trm1-II-GFP to the INM
could be explained by at least three mechanisms. First,coding GST-Mak31p (Martzen et al. 1999). As a control

the mak31� cells were also transformed with the vector Trm1p-II could be a NatC substrate and its N-acetylation
could function in INM targeting. Second, the Trm1palone. Trm1-II-GFP was nucleoplasmic in cells receiving

vector (data not shown), but its INM location was re- INM tether could be N-acetylated, enabling interaction
with Trm1p. Finally, N-acetylation could act indirectly.stored in cells transformed with GST-MAK31 (Figure

2A, middle), complementing the phenotype and veri- Inspection of the Trm1p-II N-terminal sequence (all
nomenclature here refers to aa starting at the secondfying that Mak31p is required to locate Trm1-II-GFP to

the INM. AUG; i.e., ORF codon 17 is referred to as aa1) revealed
the sequence MLKA, which is a signature sequence ofMak31p is a subunit of the heterotrimeric NatC com-

plex. NatC is an N-terminal acetyltransferase (NAT) and NatC substrates (Polevoda and Sherman 2003). We
employed mass spectrometry (MS) to learn whethercatalyzes N-acetyl addition to a subset of proteins. In

addition to Mak 31p, Mak3p (the catalytic subunit) and Trm1p-II is N-acetylated.
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Figure 3.—mak3� does not affect Nsp1p localization. IF
for Nsp1p shows punctate distribution surrounding DNA in
wild-type and mak3� strains. Top, Nsp1p staining; bottom,
merge of Nsp1p and DNA locations in the respective strains.
Bar, 5 �m.

To purify Trm1p by affinity chromatography we cre-
ated a novel construct because available constructs were

Figure 4.—Trm1p-II is N-acetylated. (A) IF for wild-typeeither tagged at the N terminus, prohibiting N-acetyla-
cells expressing Trm1-II-GST. (B) SDS-PAGE of purifiedtion, or predicted to encode only Trm1p-I, located in Trm1-II-GST (lanes 1 and 2) and marker proteins (lane 3).

the mitochondria, rather than Trm1p-II. We generated a (C) N-terminal peptides identified by MS; arrows indicate
GAL-regulated version of Trm1p-II tagged at the C termi- identified Glu-C cut sites. Bar, 5 �m.
nus with GST. Employing anti-GST and IF we determined
that Trm1-II-GST is located predominately at the INM in
wild-type cells (Figure 4A), but is nucleoplasmic in mak3� shown). MS information for Trm1p-II-GST from mak3�

cells was uninformative because we did not detect thecells (data not shown), as is Trm1-II-GFP.
Each preparation of purified Trm1-II-GST contained 25-aa peptide, with or without the N-acetyl moiety, even

though the adjacent downstream peptide starting at F26primarily a single protein that migrated on SDS gels as
predicted for the full-length fusion protein (Figure 4B) was present. Instead, we detected peptides that could

be accounted for by limited N-terminal proteolysis (dataand confirmed to cross-react with anti-GST by Western
analysis (data not shown). Previous studies showed that not shown), perhaps indicative of N-terminal protection

by the N-acetyl moiety, either in vivo or in vitro duringTrm1p has the same subnuclear location when overpro-
duced (Rose et al. 1992, 1995), indicating that the INM protein purification.

N-acetylation is necessary, but may not be sufficient,tether for Trm1p is not limiting. Failure to copurify
other proteins could mean that Trm1p is tethered to for targeting Trm1p-II to the INM: Although the NatC

complex is necessary for locating Trm1-II-GFP to thean integral INM protein that is not soluble under our
purification conditions, or to a peripherally associated INM and Trm1-II-GST appears to possess an N-acetyl

moiety, the fact that there are many potential NatCprotein that is lost during purification, or that the
Trm1p tether is not a protein. substrates raises the caveat that Trm1p-II N-acetylation

may be merely coincidental. To address this, we gener-Peptides obtained by proteolytic digestion of purified
Trm1-II-GST were analyzed by MS. We did not detect ated Trm1-II-GFP variants that should not be capable

of serving as NatC substrates and determined the conse-the anticipated tryptic peptide Ac-MLK (or MLK), pre-
sumably due to its hydrophobicity. Therefore, we em- quences of these changes upon Trm1-II-GFP subnuclear

distribution.ployed Glu-C, using conditions favoring cleavage after
E and D. We detected a 2777-Da peptide that corre- The NatC complex acetylates a subset of proteins

possessing ML, MI, MF, or MW termini. A basic aa at thesponds to the N-terminal 25 aa with an acetylated N
terminus (Figure 4C), resulting from cleavage after D25. second position is inhibitory (Polevoda and Sherman

2003). We deleted codon 2, changing MLKA to MKAIn addition to numerous other Trm1-II-GST-specific pep-
tides, we detected a downstream peptide starting at F26 , (Trm1-II-GFP�L2). The resulting protein is nucleoplas-

mic in wild-type cells (Figure 5A, bottom). Studies ofconfirming that Glu-C cleaved Trm1-II-GST C-terminal to
D25 . Attempts to verify the 25-aa sequence by MS/MS model substrates have shown that a positive aa at posi-

tion 3, as found in Trm1p-II, promotes modification byfailed to provide information. Data from protein se-
quencing were consistent with the presence of a blocked NatC (Polevoda and Sherman 2003). Moreover, for

L-A virus Gag protein, an authentic NatC substrate,N terminus, presumably due to N-acetylation (data not
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than the exact sequence, is required for INM associa-
tion.

If N-acetylation were the only requirement for INM
association, then ectopic sequences predicted to pro-
vide this modification should direct proteins to the INM.
To test this, our strategy was to provide a Trm1-II-GFP
variant that does not associate with the INM by virtue
of a single-aa change prohibiting modification by NatC
(e.g., Trm1-II-GFP�L2) with ectopic N-acetylation mo-
tifs. If N-acetylation is sufficient for INM association,
then Trm1-II-GFP with ectopic N-acetylation motifs
should reside at the INM. We chose two different 4-aa
peptide sequences that are identical to the N termini
of known substrates and added them to the Trm1-II-
GFP�L2 N terminus. This created MFLTRK, identical
to the Pup2p N terminus, a known NatC substrate, and
MSLPAK, identical to the Rps0Ap/Yst1p N terminus, a
known NatA substrate (Polevoda and Sherman 2003).
Neither Trm1-II-GFP variant located to the INM (FigureFigure 5.—N-terminal amino acids important for Trm1-II-

GFP INM targeting. (A) Only mutations predicted to disrupt 5B). Either the variant Trm1p proteins are not N-ace-
N-acetylation cause mislocalization. MLKA, wild-type Trm1-II- tylated as predicted, or, if they are, N-acetylation may
GFP; MKA and MLEA, deletion of L2, and change of K3 to E3, not be sufficient for INM targeting, even though it isrespectively. Mutation predicted not to disrupt N-acetylation,

necessary. In support of the idea that N-acetylation mayMFKA, does not affect Trm1p-II-GFP association with the INM
not be sufficient for INM targeting, it was previouslyin wild-type cells; however, this protein is nucleoplasmic in

mak3� cells. (B) Introduction of ectopic N-acetylation se- reported that a Trm1p-II containing the first 197 of its
quences at the N terminus does not restore INM location for 554 aa fused to �-galactosidase fails to associate with the
Trm1-II-GFP�L2. MSLPAK and MFLTRK, the NatA recogni- INM (Li et al. 1989).tion sequence from Yst1p and the NatC sequence from Pup2p,

YIL090W/Ice2p, an integral membrane ER protein,respectively, appended to the N terminus of MKA. Bars, 5 �m.
is required for INM targeting: Deletion of YIL090W/
ICE2 resulted in a Trm1-II-GFP nucleoplasmic pool, al-
though for this mutant there is residual Trm1-II-GFP atchanging R at position 3 to E prohibits its N-acetylation
the nuclear rim (Figure 6A, top). To verify that ice2�(Tercero et al. 1993). We changed Trm1-II-GFP K3 to
is the cause of Trm1-II-GFP becoming nucleoplasmic,E. When Trm1-II-GFP K3 → E3 was expressed in wild-
we transformed the Trm1-II-GFP-encoding plasmid intotype cells, it was located in the nucleoplasm (Figure 5A,
a strain with an independently generated deletionbottom). Thus, both single-aa modifications predicted
(MAT� deletion collection) and found increased nu-

to change Trm1-II-GFP from an ideal substrate to an
cleoplasmic Trm1-II-GFP in the MAT� YIL090W�/ice2�

unlikely NatC substrate caused mislocation to the nu- strain (Figure 6A, bottom, left). We also generated a new
cleoplasm. The data provide genetic support for the C-terminal GST-tagged Ice2p because the GST-tagged
model that Trm1-II-GFP N-acetylation is essential for plasmid collection (Martzen et al. 1999) did not appear
INM targeting; however, because these experiments also to contain a plasmid encoding full-length GST-YIL090W;
changed the N terminus of Trm1p it is possible that INM location is restored by ICE2-GST (Figure 6A, bot-
the N-terminal sequence, independent of its role in tom, right). The data confirm that Ice2p is important
promoting acetylation, is also important for INM tar- for appropriate distribution of Trm1-II-GFP to the INM.
geting. Trm1-II-GFP could poorly associate with the INM in

To address whether the exact N-terminal Trm1p-II ice2� cells because of a general defect in the nuclear
sequence is required for INM association, we changed membrane organization or because of a defect in tethering
L at position 2 to F. The resulting N-terminal sequence a subset of proteins to the INM. To distinguish between
MFKA is a predicted substrate for NatC. When Trm1- these possibilities, we assessed whether ice2� affects the
II-GFP L2 → F2 was expressed in wild-type cells, it was subnuclear distribution of Nsp1p. No effect was detected
located at the INM; however, when expressed in mak3� (Figure 6B). The data support a role for Ice2p in tar-
mutant cells, it was located in the nucleoplasm (Figure geting/tethering a subset of proteins to the INM.
5A, top). Thus, there is complete correlation between
N-acetylation sequences that support N-acetylation and

DISCUSSIONINM location and sequences predicted not to support
N-acetylation that fail to locate at the INM, providing a The yeast deletion collections provide powerful tools

to screen systematically for roles of all unessential pro-genetic argument that N-terminal modification, rather
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sequestration at the INM (Wang et al. 2004). N-acetyla-
tion by NatC has previously been implicated in other types
of protein targeting. For example, NatC-dependent killer
Gag protein N-acetylation is essential for directing Gag
into viral particles, presumably at the plasma membrane
(Tercero et al. 1993; Ribas and Wickner 1998). NatC-
dependent N-acetylation is also required for locating
Arl3p to the Golgi in yeast (Behnia et al. 2004; Setty
et al. 2004) and has been implicated in chloroplast tar-
geting in Arabidopsis (Pesaresi et al. 2003). It will be
interesting to learn if other yeast proteins require N-acetyl
modification to associate with the INM.

How does N-acetylation affect INM location? Our data
indicate that N-acetylation is necessary but may not be
sufficient for Trm1p-II to locate to the INM. This is consis-
tent with Behnia et al. (2004), who reported that the
NatC-dependent N-acetylation is necessary for targeting
Arl3p to the Golgi, but N-terminal alterations that allow
N-acetylation of Arl3p by NatA or NatB motifs do not
result in its Golgi distribution. The data are also consis-
tent with the report that not all mutant Sir3p termini that
are modified by NatA function appropriately (Wang et al.
2004). We must consider three explanations for whyFigure 6.—Ice2p is important for the INM location of
ectopic NatC motifs do not restore the INM location ofTrm1-II-GFP but not for the nucleoporin, Nsp1p. (A) Location
Trm1-II-GFP�L2. The first is that the altered proteinsof Trm1-II-GFP. Trm1-II-GFP is nucleoplasmic in two indepen-

dent YIL090W�/ice2� strains and ICE2-GST restores location are not acetylated even though they have ectopic Nat
of Trm1-II-GFP to the INM in the MATa YIL090W�/ice2� motifs. Second, appropriate subnuclear distribution could
strain. (B) IF for Nsp1p. Nuclear pores are not affected by

require both N-acetylation that is achieved with the ec-ice2�. Left, IF for Nsp1p showing punctate distribution; right,
topic sequence and a Trm1p-specific N-terminal se-merge of Nsp1p and DNA locations in the respective strains
quence or structure disrupted by the ectopic sequences.shows that Nsp1p surrounds the nucleoplasm. Bar, 5 �m.
Third, the N-acetyl moiety might not interact directly
with the INM, but rather it could regulate protein fold-
ing and exposure of other cis-located targeting motifsteins affecting any process of interest. Here we employed

the collections in a cell biology study to understand and the proteins with ectopic sequences may not achieve
the appropriate structure. The latter possibility is consis-mechanisms by which nuclear proteins achieve their

appropriate subnuclear distribution, focusing on the tent with the previous observation that a �-galactosidase
fusion containing the N-terminal one-third of Trm1p-INM. This easy screen could be applied to any cellular

location for which a known resident protein exists. A II fails to associate with the INM (Li et al. 1989).
Our genome-wide screen also uncovered a role forpriori one might have expected that proteins involved in

organization of important structures, such as the INM, YIL090W/Ice2p in targeting/tethering the reporter
protein to the INM. Interestingly, YIL090W� was pre-would be essential, prohibiting gene discovery using

strains missing only unessential genes. However, we suc- viously implicated in nuclear structure/function be-
cause it was uncovered in a genome-wide study as beingceeded in identifying ORFs representing two different

processes, using the unessential yeast collections. A col- synthetically lethal with kar3� (Tong et al. 2004) and
Kar3p is required for nuclear fusion during mating (re-lection in which each essential gene is replaced with a

repressible version of the ORF is under construction viewed in Rose 1996). However, YIL090W was also re-
cently uncovered as Ice2p, important for the structure(Mnaimneh et al. 2004). When this collection is com-

pleted the role of every yeast gene in targeting to any of the cortical ER (de Martin et al. 2005). YIL090W/
Ice2p is an integral membrane protein with multiplesubcellular location can be learned using a similar

strategy. transmembrane domains and GFP-tagged versions re-
side in the ER, rather than in the INM (Huh et al. 2003;We show that Trm1-II-GFP is not associated with the

INM in strains lacking NatC activity. Even though our de Martin et al. 2005). Although C-terminal tags can
interfere with nucleoplasmic anchoring, allowing INMdata provide the first evidence that NatC-dependent

N-acetylation is involved in subnuclear organization, a proteins to move to the contiguous ER (Holmer and
Worman 2001), we show here that a YIL090W/Ice2pdifferent NAT has been implicated in nuclear structure.

Sir3p N-acetylation by NatA is necessary for mating-type with a C-terminal GST tag complements the YIL090W�/
ice2�, effectively eliminating the possibility that the ERsilencing and gene silencing is mediated by chromatin
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