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Targeting of the SUN protein Mps3 to the inner
nuclear membrane by the histone variant H2A.Z
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nderstanding the relationship between chromatin

and proteins at the nuclear periphery, such as the

conserved SUN family of inner nuclear membrane
(INM) proteins, is necessary to elucidate how three-
dimensional nuclear architecture is established and main-
tained. We found that the budding yeast SUN protein
Mps3 directly binds to the histone variant H2A.Z but not
other histones. Biochemical and genetic data indicate that
the interaction between Mps3 and H2A.Z requires the
Mps3 N-terminal acidic domain and unique sequences in
the H2A.Z N terminus and histone-fold domain. Analysis of

Introduction

The influence of nuclear architecture on gene expression and
genomic stability has been explored in a variety of systems and
experimental contexts, and it is clear that the nonrandom posi-
tioning of chromosomes plays a pivotal role in the regulation of
multiple nuclear functions, including transcription, replication,
DNA damage repair, and mRNA processing (Mekhail and
Moazed, 2010; Taddei et al., 2010). What is less well under-
stood is how the spatial arrangement of chromosomes is estab-
lished and maintained. Recruitment of particular regions of the
genome to the nuclear periphery requires interactions between
chromatin and nuclear envelope (NE) factors, such as nuclear
pore complexes (NPCs) and inner nuclear membrane (INM)
proteins (Strambio-De-Castillia et al., 2010; Taddei et al., 2010).
The SUN (Sad1-UNC-84) domain family of INM proteins plays
an essential role in tethering of specific chromatin domains to
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binding-defective mutants showed that the Mps3-H2A.Z
interaction is not essential for any previously described
role for either protein in nuclear organization, and multi-
ple lines of evidence suggest that Mps3-H2A.Z binding
occurs independently of H2A.Z incorporation into chro-
matin. We demonstrate that H2A.Z is required to target
a soluble Mps3 fragment to the nucleus and to localize
full-length Mps3 in the INM, indicating that H2A.Z has
a novel chromatin-independent function in INM targeting
of SUN proteins.

the nuclear periphery during both meiotic and mitotic growth
(Hiraoka and Dernburg, 2009; Starr, 2009).

SUN proteins contain an N-terminal head domain that
extends into the nucleus, allowing for interactions with chroma-
tin, whereas the C-terminal tail, including the SUN domain, is
located in the lumenal space between the INM and the outer
nuclear membrane (ONM; Starr, 2009). In budding yeast, the
sole SUN protein, Mps3, is a structural component of the spin-
dle pole body (SPB), the Saccharomyces cerevisiae centrosome-
equivalent organelle (Jaspersen et al., 2002, 2006; Nishikawa
et al., 2003). Mps3 is also present throughout the INM where it
functions in the localization of telomeres and nonrepairable
DNA double-stranded breaks (DSBs) to the NE (Antoniacci
and Skibbens, 2006; Bupp et al., 2007; Oza et al., 2009;
Schober et al., 2009). The mps3A75—150 allele, which lacks the
N-terminal acidic domain and fails to localize to the nuclear
periphery, displays defects in nuclear organization (Bupp et al.,
2007; Oza et al., 2009; Schober et al., 2009), suggesting that
proper targeting of SUN proteins to the INM is a critical aspect
of nuclear architecture.

© 2011 Gardner et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the pub-
lication date (see http://www.rupress.org/terms). After six months it is available under a
Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license,
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Like other INM proteins, SUN proteins are synthesized
on the rough ER membrane, which is continuous with the ONM.
The classical model of INM localization involves lateral diffusion
along the ONM and movement through the pore membrane
(Smith and Blobel, 1993; Soullam and Worman, 1995; Holmer
and Worman, 2001; Ohba et al., 2004). Because of the small
size (<30 kD) of their extralumenal domains, SUN proteins
were initially proposed to reach the INM using this passive dif-
fusion pathway (Lusk et al., 2007). However, this mechanism
of localization raises a key question: how are SUN proteins
retained in the INM? One possibility is that the extralumenal
domain contains a nuclear localization sequence (NLS) or other
targeting domain, which would result in continuous greater net
flux toward the INM, which is similar to the karyopherin-
mediated transport of Heh1/2 to the INM in budding yeast
(King et al., 2006) or the INM sorting motifs described in
baculovirus (Braunagel et al., 2004). Consistent with this possi-
bility, Turgay et al. (2010) identified an NLS and a Golgi re-
trieval signal in hRSUN2 that are involved in its NE localization.
A second possibility, which is not mutually exclusive, is that SUN
proteins bind to nuclear factors to prevent diffusion back out of
the nucleus. Candidate anchors include lamins, although these
proteins are not required for SUN protein localization in many
cell types and are not present in plants and fungi (Padmakumar
et al., 2005; Crisp et al., 2006; Haque et al., 2006, 2010; Hasan
et al., 2006; Turgay et al., 2010) or chromatin and chromatin-
binding proteins. Lastly, SUN proteins may use ONM proteins
for anchorage in the INM through the formation of a linker
complex that spans the lumenal space between INM and ONM.
Binding to ONM KASH (Klarsicht, ANC-1 and Syne homology)
proteins has recently been shown to be important for Sunl/2
localization in mammals (Haque et al., 2010), but it is unclear
whether this mechanism of INM localization is applicable to bud-
ding yeast, which appear to lack KASH proteins (Starr, 2009).

Here, we examine the role of Mps3 binding to the con-
served H2A variant H2A.Z in chromosome positioning, gene reg-
ulation, genomic stability, and INM localization using genetic,
biochemical, and cell biological methods. We discovered that
overexpression of HTZ1, which encodes the H2A.Z variant in
budding yeast, but not other combinations of yeast histones,
was able to rescue the growth defect of certain mps3 mutants,
suggesting that the proteins may interact in vivo. H2A.Z is
present nonrandomly throughout eukaryotic chromatin, is de-
posited into chromatin throughout the cell cycle by the multi-
subunit SWR1 ATPase complex, and functions in transcriptional
control and chromosome stability (Zlatanova and Thakar, 2008).
H2A.Z is involved in NE recruitment of activated promoters
such as GALI-10 and nonrepairable DSBs (Brickner et al.,
2007; Kalocsay et al., 2009; Light et al., 2010) and plays a role
in telomeric and mating-type silencing (Dhillon and Kamakaka,
2000; Meneghini et al., 2003; Zhang et al., 2005). However, we
show that binding to Mps3 does not appear to be critical for
any of these processes. Rather, our results suggest that Mps3—
H2A.Z binding is direct and specific, requires the Mps3 N ter-
minus and unique sequences within both the H2A.Z N-terminal
tail domain and histone-fold region, and functions to target
Mps3 to the INM during an unperturbed cell cycle.
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Results

Overexpression of HTZ1 suppresses
mps3-F592S mutants

Mps3 may have an additional function in mitotic progression
that is separate from its role in SPB duplication as indicated by
the phenotype of a temperature-sensitive mutant in the Mps3
SUN domain, mps3-F592S (Jaspersen et al., 2006). Localiza-
tion of mps3-F592S—GFP revealed that the mutant protein is
present at the SPB but fails to localize to the INM even at the
permissive temperature of 23°C (Fig. 1 A). This pattern of
localization is similar to mps3A75-150-GFP (Fig. 1 A), a mutant
that lacks residues in the N-terminal acidic domain and has
defects in nuclear organization (Bupp et al., 2007; Oza et al.,
2009; Schober et al., 2009). mps3-F592S mutants also exhibit
a defect in telomere tethering and partial defect in silencing
(Fig. S1). Therefore, we hypothesized that the mps3-F592S
mutant protein may be unable to bind to proteins involved in
the three-dimensional organization of the nucleus.

We isolated dosage suppressors of mps3-F5928S to iden-
tify putative proteins that interact with Mps3 at the INM. One of
these suppressors included the ORF encoding the histone vari-
ant H2A.Z (the HTZI gene; hereafter referred to as Htz1), which
had previously been identified as an Mps3-interacting protein
in the global yeast two-hybrid analysis and is a component of
yeast chromatin (Dhillon and Kamakaka, 2000; Uetz et al.,
2000; Wu et al., 2005). Overproduction of HTZI using a 2 plas-
mid partially rescued the growth defect of mps3-F592S mu-
tants at 37°C (Fig. 1 B) but not other mps3 alleles, including the
SUN domain mutants mps3-Q572LQ573L and mps3-A540D
and the N-terminal mutant mps3A2—150 (Fig. 1 C; Jaspersen et al.,
2006; Bupp et al., 2007). Interestingly, suppression was specific to
the variant histone Htz1, as we were unable to restore growth by
either independent or coordinate overexpression of genes encoding
the canonical histones H2A, H2B, H3, or H4 (Fig. 1 B).

Htz1 binds to the Mps3 acidic domain

To determine whether Mps3 and Htzl form a complex that
might be required for nuclear organization at the INM, we cre-
ated a strain containing 3x HA-HTZI expressed from the endog-
enous promoter as the sole copy of HTZI and prepared lysates
by cryolysis, a method of protein extraction and solubilization
that has been particularly effective at preserving delicate inter-
actions with membrane-associated complexes (Jaspersen et al.,
2006; Bupp et al., 2007). We analyzed anti-HA pull-downs by
immunoblotting using polyclonal anti-Mps3 antibodies and
found that Mps3 and Htz1l coimmunoprecipitate (Fig. 1 D).
Consistent with our genetic prediction, we found that the mutant
mps3-F592S protein shows reduced binding to Htz1, especially
at the nonpermissive temperature (Fig. 1 D).

Htz1 is predominately a nuclear protein because of its
incorporation into chromatin (Dhillon and Kamakaka, 2000;
Wu et al., 2005), so we expected that Htzl would bind to the
N-terminal nucleoplasmic region of Mps3. We tested binding
between Htz1 and two deletion mutants in the Mps3 N terminus
that do not affect viability or SPB duplication (Bupp et al.,
2007; Conrad et al., 2007): mps3A2-64 lacks residues 2-64,
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Figure 1. HTZ1 is a dosage suppressor of mps3-F592S. (A) Representative

single-plane confocal images showing the localization of Mps3-GFP, mps3-
F592S-GFP, or mps3A75-150-GFP (green) together with H2B-mCherry
(red). The cell is outlined in white based on the differential interference
contrast (DIC) image. Bar, 2 pm. (B) mps3-F592S mutants (SU1751) were

transformed with a 2p plasmid containing no insert, MPS3, HTZ1, HTAT-

HTB1 (H2A-H2B), or HHT1-HHF1 (H3-H4) and tested for their ability to
grow at 23 and 37°C in a serial dilution assay. (C) Similarly, growth of
each mps3 mutant containing the indicated gene on a 2p plasmid was
analyzed at 37°C for 2 d in a serial dilution assay. Suppression was scored
as follows: ++, growth at the fourth dilution and beyond; +, growth at
the second or third dilution; +/—, growth only at the first dilution; —, no

whereas mps3A75-150 contains a deletion in the N-terminal
acidic domain located between amino acids 75 and 150. At
23°C, the first half of the N terminus is not required for Htz1
binding, whereas the acidic region plays an essential role in
the interaction (Fig. 1 D). However, at 37°C, the entire N terminus
of Mps3 is essential for Htzl binding. These results indicate
that Htz1 primarily binds to the acidic region of Mps3, although
other sites may be important for stabilizing the interaction at
higher temperatures.

Chromatin is thought to play an important role in tethering
INM proteins and in transcriptional regulation at the periphery
(Akhtar and Gasser, 2007; Lusk et al., 2007), so we tested whether
Mps3 bound to Htzl-containing nucleosomes. Mps3-3xFLAG
as well as mps3A75-150-3xFLAG was immunoprecipitated
from total nuclear extracts, and blots were probed using anti-
bodies against the canonical histones H2A, H2B, H3, and H4
(Fig. 2 A). We were unable to detect H2A, H2B, H3, or H4
in our Mps3 immunoprecipitates, although Htz1 was readily
observed. This suggests that Mps3 primarily interacts with Htz1
or that Htz1 is the only binding reaction robust enough to with-
stand a coimmunoprecipitation. Importantly, both FLAG-H2A
and FLAG-H2B were able to immunoprecipitate Htzl as well
as other histone subunits under identical conditions (Fig. S2 A).
Therefore, it is highly unlikely that lack of Mps3 binding to
core histones is caused by disruption of histone—histone binding
during our cryolysis and immunoprecipitation procedure.

To further test whether Mps3 binds to soluble Htz1 or a
chromatin-associated form of the protein, we took advantage of
the fact that deletion of various components of the SWR1 or
NuA4 chromatin-remodeling complexes results in cells con-
taining different levels of chromatin-associated Htz1 (Kobor
et al., 2004; Krogan et al., 2004; Mizuguchi et al., 2004; Zhang
et al.,, 2004; Wu et al., 2005). We immunoprecipitated Htz1
from swrlA, vps72A, yaf9A, eaflA, and gen5A mutants, and in
all cases, we observed robust binding between Mps3 and Htz1
(Fig. 2 B). We also examined Mps3 binding to the htz1-M6 mu-
tant protein, which contains a replacement of certain residues in
the C terminus with those from H2A that renders it unable to
incorporate into chromatin (Wu et al., 2005). However, Mps3
was able to bind to the htz1-M6 mutant protein as well as
wild-type Htz1 (see Fig. 4 B). We also found that Mps3 bind-
ing to Htz1 was not altered by treatment of lysates with DNasel
(Fig. S2 B). CHZI and NAPI encode two partially redundant
histone chaperones that stimulate nucleosome replacement by
the SWR1 complex and are involved in the nuclear localization

growth above the background. (D) Liquid nitrogen ground lysates were
prepared from wildtype (SU001), 3xHA-HTZ1 (SLU2082), 3xHA-HTZI1
mps3A2-64 (SL2326), 3xHA-HTZ1 mps3A75-150 (SU2322), and
3xHA-HTZ1 mps3-F592S (SLJ2324) strains grown at 23°C or shifted to
37°C for 3 h. The protein composition of lysates and anti-HA immuno-
precipitates (IP) was analyzed by Western blotting with anti-Mps3 and anti-HA
antibodies. Positions of molecular mass markers (kilodaltons) are indicated
next to each blot, and the asterisk marks the position of the cross-reacting
band present in the control sample. The minus sign represents the negative
control strain used.

H2A.Z role in Mps3 INM localization

491


http://www.jcb.org/cgi/content/full/jcb.201011017/DC1

492

A input IP:FLAG B input
3 mps3 <
. N ATE150 VPSS A75-150 2 g TN 8
-FLAG -FLAG E % % § 3
o . 2 § & 5 £ 8
- 120—
o — = — oL FLAG OC'MpSS
80—
26—
L e—— — a-Htz1 o BN S e see oens S | o -HA
26 —
= = == o-H2A IP: 3xHA-Htz1
120 — =
S P o-HoB o - e e o w a-Mps3
26— i a-HS o6 C— — : W — — a'HA
B | v— — — OL-H4
E IP: GST
A75-
C input IP:3xHA-Htz1 WT - 7 DUA
WT 1 hz1A ChZ;A WT 1A chz1 Chz:i 120— I
na A chz na A = na, chz1A na,
120— s ? a s 80— - - - - *
o — a-Mps3 64—
80—
" o-GST
26— — — — e a-HA 45=
D 5 — =
2p only 19_‘ o-HA
MPS3
HTB1 Input
HTZ1 + HTB1

Figure 2. Mps3 binds directly to soluble Htz1. (A) Liquid nitrogen ground lysates were prepared from wild4ype (WT; SLJOOT), Mps3-3xFLAG (SLJ2002),
and mps3A75-150-3xFLAG (SLI2840) strains. Proteins present in each lysate and bound to anti-FLAG beads were analyzed by immunoblotting with the
indicated antibodies. (B and C) We also analyzed coimmunoprecipitation of Mps3 and Hiz1 in wild-type (SLI2082), swrlA (SU3310), vps724 (SU4250),
yaf9A (SU3742), eaf1A (SU3313), gen5A (SLU3307), nap 1A (SU3225), chz1A (SL3227), and naplA chz1A (SU5244) strains using anti-HA beads, and
binding to Mps3 was assayed by Western blotting. (D) mps3-F592S mutants (SLI1751) were transformed with 2p-URA3, 2p-URA3-MPS3 or 2p-URA3-HTZ1
as well as CEN-HIS3 or CEN-HIS3-GAL-HTB1 and tested for their ability to grow on synthetic complete-URA-HIS plus 2% galactose/raffinose at 23 and
35°C in a serial dilution assay. (E) 100 ng of purified GST (=) or the indicated GST fusion protein to the Mps3 N terminus was immobilized on anti-GST
Sepharose beads, and then 200 ng of purified HA-Htz1 was added to each. After a 1-h incubation at 4°C, bound proteins were analyzed by Western
blotting with anti-GST and anti-HA antibodies. Positions of molecular mass markers (kilodaltons) are indicated next to each blot, and the asterisk marks the
position of the cross-reacting band present in the control sample. Minus signs represent the negative control strains used. IP, immunoprecipitation.

of Htz1 (Mizuguchi et al., 2004; Luk et al., 2007; Zhou et al.,
2008; Straube et al., 2010). We showed that these were not
essential for the Mps3—Htz1 interaction, although reduced
binding between Mps3 and Htzl in cells lacking Chz1 may
suggest a role for the chaperone in stabilizing the Mps3—-Htz1
complex (Fig. 2 C). Co-overexpression of HTBI, which en-
codes one copy of H2B, along with HTZI did not enhance
the ability to rescue mps3-F592S growth at 35°C (Fig. 2 D).
Thus, both biochemical and genetic data strongly suggest

that incorporation of Htz1 into chromatin is not required for
Mps3 binding.

To show that Mps3 and Htz1 directly interact in vitro in
the absence of chromatin or other factors, we purified amino
acids 1-150 of the Mps3 N terminus (wild type), a version
of Mps3 lacking the acidic domain (A75-150; amino acids
1-75), and a version of the Mps3 N terminus that had 11 con-
served acidic amino acids mutated to alanine (D11A: D88A,
D89A, D90A, DI1A, D92A, DI93A, D104A, D110A, D113A,



E114A, and D116A) as GST fusion proteins and incubated
equal amounts of each, or GST alone, with purified HA-Htz1.
The ability of each GST protein to bind HA-Htz1 was assayed
by pull-down using GST resin followed by Western blotting
with antibodies to recognize HA. As shown in Fig. 2 E, the full-
length Mps3 N terminus directly binds HA-Htz1, whereas GST,
GST-mps3A75-150, and GST-mps3-D11A show little to no
binding. Therefore, we conclude that Mps3 directly interacts
with Htzl and that the association does not require Htzl
assembly into chromatin.

Role of Mps3-Htz1 binding in
transcriptional regulation and DNA

damage repair

Our observation that Mps3 interacts with Htz1 outside of the
context of chromatin leads to the prediction that loss of Mps3—
Htz1 binding should not have any effect on transcriptional
regulation or the maintenance of genomic integrity. That is to
say, mps3A75—150 mutants that are unable to bind to Htzl
would not be expected to affect Htzl-dependent transcrip-
tional regulation, recruitment of active genes to the nuclear
membrane, or chromatin structure. Similarly, Mps3 binding
to Htz1 should not be regulated by posttranslational modifica-
tions of Htzl that occur during transcription and the DNA
damage response. In the experiments that follow, we tested
this hypothesis using multiple lines of investigation; in all cases,
our results are consistent with a chromatin-independent func-
tion for Mps3-Htz1 binding.

Certain genes, such as GALI, are recruited to the NE
where they undergo transcriptional activation and can be rapidly
reactivated after a brief period of repression (Casolari et al.,
2004; Brickner et al., 2007; Kundu et al., 2007; Zacharioudakis
et al., 2007; Halley et al., 2010; Kundu and Peterson, 2010). We
examined GALI expression using quantitative real-time PCR
(qRT-PCR) and found that wild-type and mps3A75-150 mu-
tants have virtually identical GALI expression profiles, being
induced rapidly and to high levels in galactose (Fig. 3 A). In
contrast, expression of GALI was not as robust in hrz/A mu-
tants and was severely reduced during reinduction after a period
of glucose repression (Fig. 3 A). Examination of the subnuclear
position of the GALI locus (marked by tandem integrated
arrays of tetracycline operator repeats [TetOg] in cells expressing a
GFP fusion to the tetracycline repressor [TetR] DNA binding
domain [GFP-TetR] and the nucleoporin Nup49 fused to GFP)
showed that it was not localized to the NE in mps3A75-150
cells (Fig. 3 B). This result indicates that a specific subnuclear
localization of GALI is not absolutely required for proper tran-
scriptional control of this gene. We further confirmed that Mps3
is not involved in Htzl-mediated transcriptional regulation by
showing that mutations of N-terminal lysine residues (K4, K8,
K11, and K14) in Htz1, which undergo acetylation at promot-
ers of active genes (Babiarz et al., 2006; Keogh et al., 2006;
Millar et al., 2006; Halley et al., 2010), do not affect Mps3
binding (Fig. 3 C).

Chromatin immunoprecipitation (ChIP) followed by micro-
array analysis showed that the position of Htz1-containing nucleo-
somes is not significantly affected in mps3A475—150 mutants

compared with wild-type: the Pearson correlation coefficient
between the two datasets was 0.755. This value is similar to that
observed between biological replicates. In both our wild-type
and mps3A75-150 strains, 3XxHA-Htz1 was observed at promoters,
similar to its previously described pattern of deposition (Figs. 3 D
and S3; Krogan et al., 2004; Mizuguchi et al., 2004; Guillemette
et al., 2005; Li et al., 2005; Zhang et al., 2005). These experi-
ments provide compelling evidence that Mps3 binding to Htz1
is not important for the recruitment of chromatin domains to
the NE during transcription and support our coimmunopre-
cipitation data, which point to a novel chromatin-independent
function for Htz1.

We also considered the possibility that Mps3—-Htz1 bind-
ing is important for the localization of nonrepairable DSBs
to the NE. If the interaction is regulated by this mechanism,
Mps3 should not bind to htz1-K126R K133R or htzlstopl19
proteins, which lack critical C-terminal lysines involved in
sumoylation, tethering of break sites at the NE, and recruitment
of Mps3 to the region of DNA damage (Kalocsay et al., 2009).
However, both mutants showed no change in Mps3 binding
compared with wild-type Htzl (Figs. 3 E and 4 B). Further-
more, the amount of Mps3 bound to Htz1 did not increase under
conditions of DNA damage (Fig. 3, F and G), which we would
expect if the Mps3-Htz1 association were controlled by being
part of the cellular response to DNA damage. Again, these
results support our hypothesis that Mps3—-Htz1 binding has a
novel chromatin-independent function.

Mps3 binds to the Htz1 N terminus

A comparison of Htzl with H2A shows sequence divergence
between the two histones in the C-terminal tail and also in
their N termini (Fig. 4 A), making these the most likely regions
for Mps3 to specifically interact with Htzl. Using a series of
deletion and point mutants, we mapped the region of Htzl
required for binding to Mps3 so that we might better understand
the role that the Mps3-Htz1 interaction plays in vivo. Deletion
of amino acids 1-10 and 11-20 of Htzl did not affect Mps3
binding, whereas removal of residues 21-30 or 25-35 resulted
in complete loss of the Mps3 association (Fig. 4 B), indicating
that an Mps3 binding site is located between amino acids 21
and 35. Examination of the Htzl sequence between amino
acids 21 and 35 revealed that it is similar to the highly basic
NLS recognized by multiple karyopherins, (R/KxxL(x)nV/
YxxV/IxK/RxxxK/R, in single letter amino acid code, where
X represents any amino acid and n signifies a repeat of amino
acids of variable length; Fig. 4 A; Lange et al., 2008). This
region was recently shown to be involved in Htz1 localization
to the nucleus, although an NLS was not reported (Straube
et al., 2010). To confirm that these residues are important for
Mps3 binding, we generated the htz/R27-K42A mutant that con-
tains arginine 27, leucine 30, valine 34, isoleucine 37, arginine 39,
and lysine 42 all changed to alanine and showed it also does not
interact with Mps3 by coimmunoprecipitation (Fig. 4 B).

We also found that replacement of a region in the histone-
fold domain of Htzl to the corresponding sequence of H2A,
creating htzl-m5, abolished Mps3 binding (Fig. 4 B). A similar
replacement in the adjacent region (htz/-m6) or other mutations
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Figure 3. Analysis of Mps3-Htz1 binding in transcriptional regulation and after DNA damage. (A) Wild-+type (SL001), htz1A (SLJ2080), and mps3A75-
150 (SLI2836) cells were grown overnight in YEP (yeast extract peptone) + 2% raffinose to early log phase, then switched into YEP + 2% galactose/
raffinose media for the indicated time points (induction). Cells were pelleted, washed, and resuspended into YPD and allowed to grow for 1 h at 30°C (OFF)
before transfer back to YEP + 2% galactose/raffinose (reinduction). At the indicated times, samples were taken to analyze GAL] transcript levels compared
with ACTT using qRT-PCR. Shown are mean values and standard deviation from four independent experiments. (B) Wildtype (SU2546), mps3475-150
(SU2547), and htz1A (SU5191) cells in which ~112 copies of the tetracycline operator (TetOr) were integrated in an infergenic region adjacent to GALI-10
and expressing GFP-TetR (Cabal et al., 2006) and NUP49-GFP were grown as described in A. Subnuclear position of the GALI-10 locus was scored
with respect to the distance from the NE in a single-plane image and assigned a position into one of three zones of equal volume as previously described
(Bupp et al., 2007). The percentage of foci found in the outermost zone of the nucleus at various time points is plotted. The gray horizontal bar at 33% cor-
responds to a random distribution. (C) Point mutations in the four acetylation sites in the N terminus of Htz1 (K3, K8, K10, and K14) to mimic or block acety-
lation (Q or R, respectively) were introduced either individually (K14Q, SLJ2848; K14R, SLJ2849) or as a group (K4Q, SLJ2808; K4R, SLJ2809) into yeast
as the sole copy of HTZT in the cell, and binding to Mps3-3xFLAG was tested by immunoprecipitation (IP) with anti-HA beads from cells prepared by liquid
nitrogen lysis. Protein binding was assayed by Western blotting with the indicated antibodies. (D) The high-resolution map of Htz1 localization throughout
the genome in wild-type (SU2082) and mps3475-150 (SL2322) cells containing 3xHA-HTZ1 was determined by ChIP followed by microarray analysis.
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Figure 4. Mps3 binds to two distinct and unique regions in Hiz1. (A) Alignment of budding yeast Htz1 and H2A showing identical residues in black
and unique residues in red. Regions of H2A involved in « helix and loop formation within the histone octamer are shown schematically above the align-
ment (Chakravarthy et al., 2004). Lysines in Htz1 that are important for acetylation or sumoylation are marked with an asterisk. The predicted H2A NLS,
M5, and Mé regions are underlined. The NLS present in Htz1 is boxed in gray, and residues mutated in R27-K42 are shown in green. Light gray letters
are in the repeat region of variable length in the NLS sequence. (B) Liquid nitrogen ground lysates were prepared from wild-type (SLOO01), 3xHA-HTZ1
(SL2082), 3xHA-htz1A1-10 (SL2805), 3xHA-htz1A11-20 (SU2806), 3xHA-htz1A21-30 (SL2807), 3xHAhtz1425-35 (SL3210), 3xHA-htz1-R27-
K42A (SU3211), 3xHA-htz1-m5 (SU3757), 3xHA-htz1-m6 (SU3758), and 3xHA-htz1stop119 (SLI3762) strains, and the protein composition of anti-HA
immunoprecipitates (IP) was analyzed by Western blotting with anti-HA and anti-Mps3 antibodies. (C) mps3-F592S mutants (SLI1751) were transformed
with a 2p plasmid containing no insert, MPS3, HTZ1, or hiz1 alleles and tested for their ability to grow at 23 and 37°C in a serial dilution assay. Positions
of molecular mass markers (kilodaltons) are indicated next to each blot. The minus sign represents the negative control strain used. WT, wild type.

in the C-terminal tail had no effect on binding (Fig. 4 B). The
lack of binding is not caused by mislocalization of the Htz1 Another explanation for HTZ1 suppression of mps3-F592S mu-

mutant proteins because all localize to the nucleus (Wu et al.,  tants is that Htzl overproduction increases mps3-F592S protein
2005; Straube et al., 2010). Collectively, these data indicate levels at the NE and/or SPB to an amount sufficient for cell
that Mps3 interacts with at least two distinct regions of Htz1: ~ growth because of a role in targeting Mps3 to the INM. If this is

a region in the N terminus that has similarity to a basic NLS anda  the case, overexpression of H7ZI mutants unable to bind to
region in the histone-fold domain that is divergent between Htzl ~ Mps3 should fail to rescue the growth defect of mps3-F5925
and H2A. at 37°C. In addition, these mutants should have a defect in

Shown is a 20-kb chromosomal region on chromosome Il (Chr II; x axis) that includes the GALT-10 locus. Enrichment of a particular sequence within each
region in the ChIP compared with total DNA is plotted on the y axis. Gaps are caused by elements not present on the array. (E) Wild-type (SLJOO1) and
3xHA-HTZ1 (SLJ2082) cells were arrested for 2 h in S phase with 10 mM hydroxyurea and then 0.1% methyl methanesulfonate (MMS) was added to half
of each culture to induce DNA damage. Total levels of 3xHA-Htz1 and Mps3 as well as binding in anti-HA immunoprecipitates were analyzed by Western
blotting with anti-HA and anti-Mps3 antibodies. (F) Similarly, DNA damage was induced in these same strains by induction of the HO endonuclease, which
results in a single nonrepairable DSB, and Mps3-Htz1 was analyzed as in E. (G) Two Cerminal sumoylation (SUMO) sites of Htz1 were mutated to argi-
nine (K126R and K133R; SLJ3241) and binding to Mps3 was compared with an isogenic strain with a wildtype (WT) 3xHA-HTZ1 (SLJ3234) in anti-HA
immunoprecipitates. An untagged control was also used (SU3232). Positions of molecular mass markers (kilodaltons) are indicated next to each blot, and
asterisks mark the position of the cross-reacting bands present in the control sample. Minus signs represent the negative control strains used.
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Figure 5. Hiz1 is required for Mps3 localization to the INM. (A) Localization of Mps3-GFP (green) and H2B-mCherry (red) in wild-type HTZ1 (SLI4818),
htz1A (SLJ3408), htz1421-30 (SU3536), htz1-R27-K42A (SLJ4826), htz1-m5 (SLU4822), hiz1A21-30-m5 (SLU4824), htz1-mé (SUU4820), or htzlstop119
(SLJ4827). The cell is outlined in white based on the DIC image. (B) Schematic showing how fluorescence intensity of GFP at the INM (NE) and mislocalized
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Mps3-GFP localization to the INM that is similar to cells lacking
HTZI and mps3-F5925-GFP or mps3A75-150-GFP mutants.
Finally, we would predict that targeting Mps3 to the INM is a
novel function of Htzl that does not depend on its association
with chromatin; mutants that affect assembly of Htzl should
not result in mislocalization of Mps3-GFP from the INM.

We first tested the ability of different Azl alleles to res-
cue growth of mps3-F592S mutants at 37°C. Unlike wild-type
HTZI or htzl-m6, which partially restored growth, htzI/R27-K42A
and htzI-m5 were unable to suppress the growth defect of
mps3-F5928 above the background (Fig. 4 C). htzIA21-30 was
also unable to rescue growth, but its defect was less pronounced
than htzIR27-K42A and htzl-m5 (Fig. 4 C). The inability of
specific htzl mutants to restore growth to mps3-F592S is consis-
tent with our data that these domains mediate the Mps3-Htz1
interaction and support the possibility that Mps3—Htz1 binding
is important for INM localization of Mps3.

Next, we examined Mps3-GFP localization using con-
focal imaging to test our hypothesis that Htz1 is required for
Mps3 localization. In wild-type cells, we detected Mps3-GFP at
the SPB and the nuclear membrane as previously described
(Fig. 5 A; Bupp et al., 2007). The signal at the INM was greatly
reduced in cells lacking HTZ1 (Fig. 5 A). A similar phenotype
was also observed in hizIA21-30, htzI1R27-K42A, and htzl-m5
mutant backgrounds but not in htz/-m6 or htzlstopl19 strains,
suggesting that loss of Htz1 binding results in mislocalization
of Mps3 from the INM.

To quantify the extent of Mps3-GFP mislocalization from
the INM in our mutants, we used a fusion of one copy of his-
tone 2B with mCherry (H2B-mCherry) to fluorescently label
the nucleus and used transmitted light to visualize the cell
boundary, which allowed us to determine the mean fluorescence
intensity of Mps3-GFP on nonnuclear membranes (the signal
inside the boundary defined by transmitted light but outside
that of the nucleus) and at the nuclear membrane (the signal
defined by the outer boundary of the nuclear marker; Fig. 5 B).
A threshold cutoff enabled us to exclude the SPB signal, which is
unaffected in most mutants (Fig. S4 A). Because of the tight
coupling of nuclear and cell size in budding yeast (Jorgensen
et al., 2007), changes in the NE/non-NE ratio between strains
will reflect an increase or decrease in localization of Mps3-GFP
at the INM. Using this method, we were able to show that hrzIA,
htz1A21-30, and htz1A21-30-m5 showed a statistically signifi-
cant reduction (P < 0.05) in the amount of Mps3-GFP at the
INM. In addition, the extent of Mps3-GFP mislocalization in
htzIR27-K42A is as severe as that of mps3A75-150-GFP and
mps3-F5925-GFP cells (a ~1.5-fold reduction in the NE/non-
NE ratio compared with wild type; Figs. 5 C and 6 B and not
depicted). htzl1-R27-42A is a semidominant mutant that has a
more severe effect on Mps3 localization than hrzIA (Fig. 5 C).

We suspect that the htz1-R27-42A protein titrates out other fac-
tors important for targeting or tethering Mps3 in the INM.

When we examined Mps3-GFP localization in vps72A,
yaf9A, and swrlA mutants, we found little change in its distribution
compared with wild-type cells (Figs. 5, D and E; and S4 B).
The defect in Mps3-GFP localization that we observe in swriA
mutants is most likely caused by an overall reduction in levels of
Htz1 in the nucleus rather than a defect in chromatin incorporation
because we do not see INM localization defects in other compo-
nents of the SWR1 complex or in htz/-m6 mutants (Fig. 5,
A and D). Therefore, it appears that Htz1 has a novel chromatin-
independent function in INM localization of Mps3.

Htz1 is required for nuclear targeting of a
soluble N-terminal fragment of Mps3

Analysis of a series of deletions allowed us to narrow the region
of Mps3 required for nuclear organization, INM localization
and Htz1 binding to amino acids 95—-135 within the N-terminal
acidic domain (Figs. 2 D; 6, A-D; S1; and S4 C; and not de-
picted). Not only are these residues necessary for localization of
full-length Mps3-GFP to the peripheral NE but also they are
sufficient to target three tandem copies of GFP to the nucleus
(Fig. 6 E). Removal of additional residues decreases nuclear
targeting (Fig. 6 E), suggesting that residues 95-135 are the
minimal nuclear targeting domain (NTD). The most notable
feature of the NTD is the presence of conserved acidic amino
acids, which are important for Htz1 binding, telomere tethering,
and localization of Mps3 to the INM as demonstrated by our
mutational analysis (Figs. 2 E, S1, and 6, B and C). However,
this region does not contain any apparent NLS as judged by
several different prediction algorithms.

Using the NTD, we developed an Mps3 nuclear targeting
assay to show that Htz1 binding is important for translocation of
Mps3 into the nucleus as opposed to tethering Mps3 in the INM,
which has previously been predicted for chromatin components
(Lusk et al., 2007). At ~85 kD, the mps3-95-135-3xGFP
fragment exceeds the diffusion limit of the NPC (Goérlich and
Kutay, 1999), and it presumably reaches the nucleus by active
transport despite the lack of an NLS. Consistent with this pos-
sibility, we found that blocking active transport by inactivation
of either Prp20 or Rnal, which affect the GTPase cycle of Ran
(Belhumeur et al., 1993; Corbett et al., 1995), or loss of function
mutations in the karyopherins Kap123 or Kap95 resulted in a
significant decrease in nuclear accumulation of mps3-95-135-
3xGFP (Fig. 6 F).

In cells lacking HTZI or containing a mutant version of
htzl unable to bind to Mps3, such as htzIA21-30, htz1R27-K42A,
or htzl-m5, accumulation of the soluble mps3-95-135-3xGFP
fragment in the nucleus was greatly diminished compared with
wild-type cells (Fig. 7 A). To compare the distribution of the

protein on membranes throughout the cell (non-NE) were determined using the nuclear signal and transmitted light image. (C) The quantitation of the NE/
non-NE ratio in Mps3-GFP in images from A was performed as described in the Materials and methods. (D) Similarly, Mps3-GFP was localized in wild-type
(SW3529), swrlA (SU4759), vps72A (SLU4915), and yaf9A (SLJ4916) cells. (E) Quantitation of the signal at the INM compared with other membranes
is shown. In C and E, a single or double asterisk indicates mutants that displayed a statistically significant (P < 0.05) or highly statistically significant (P <
107 change, respectively, in the mean NE/non-NE ratio compared with the wild-type (WT) control. Values for each data point (gray circles), the mean
(black square) and median values (line), standard error (box), and standard deviation (lines) for each sample are depicted. Bars, 2 pm.
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protein between samples, we quantified the mean GFP intensity
in the nucleus and cytoplasm to generate a nucleus/cytoplasm
(N/C) ratio and then normalized this value such that cells ex-
pressing 3XGFP and mps3-95-135-3xGFP were assigned values
of 0 and 1, respectively. The N/C ratio of 0.01 + 0.03 in htz/A
cells indicates that the mps3-95-135-3xGFP protein showed a
nuclear and cytoplasmic distribution similar to 3xGFP (Fig. 7 B).
Although deletion or mutation of the NLS region of Htz1 or the
M5 domain did not have as dramatic of an effect, we observed
a statistically significant (P < 107%) drop in N/C ratio in all three
strains to ~0.4 (Fig. 7). Moreover, these two regions appear
to have an additive effect on localization, as htzIA21-30-m5
results in a decrease in the N/C ratio to 0.17 = 0.03. In contrast,
mutations in the C-terminal region of Htz1 that block its incorpo-
ration into chromatin have only a minor defect in the localization
of the soluble Mps3 fragment, which is similar to what we ob-
served in cells lacking SWR1, VPS72, NAPI, or CHZI (Fig. 7).

Fusion of amino acids 95-135 to a single copy of GFP
results in an ~31-kD protein that is smaller than the diffusion
limit of the NPC (Gorlich and Kutay, 1999). Nuclear localization
of mps3-95-135-1xGFP occurs by passive diffusion as indicated
by the fact that mutations in multiple transport factors do not
exhibit defects in its nuclear accumulation (Fig. 8, A and B).
In addition, we found that this fragment is still enriched in
the nucleus in cells lacking HTZ1, resulting in an N/C ratio of
0.99 £0.16 (Fig. 8, A and B). The requirement for Htz1 in local-
ization of mps3-95-135-3xGFP, but not mps3-95-135-1xGFP,
can be best explained by a role of Htz1 in the nuclear transport
of Mps3.

To further demonstrate that Htz1 is involved in targeting
Mps3, we took advantage of the anchor-away technique, which
is designed to tether specific nuclear proteins in the cytoplasm
(Haruki et al., 2008). In this assay, the human FKBP12 protein is
anchored in the cytoplasm by fusion to the ribosomal protein
Rpl13A, which transits through the nucleus and back to the cyto-
plasm in the process of ribosome assembly (Fig. 9 A). A nuclear
target protein, such as Htzl, is fused to the FKBP12—-rapamycin
binding (FRB) domain of human mammalian target of rapamycin
that interacts with FKBP12 in the presence of rapamycin, result-
ing in Htz1-FRB translocation to the cytoplasm. Addition of
rapamycin to Htz1-FRB cells before addition of galactose to
induce expression of mps3-95-135-3xGFP should mimic an
htzIA mutant if Htz1 binding is critical for Mps3 localization.
Moreover, Htz1-FRB should also be able to target the soluble
fragment to the cytoplasm if rapamycin is added to cells after
mps3-95-135-3xGFP production. Consistent with these hypoth-
eses, mps3-95-135-3xGFP did not accumulate in the nucleus in

Htz1-FRB cells that had been treated with rapamycin for 30 min
before addition of galactose (unpublished data). In addition, we
observed an ~50% decrease in the N/C ratio in Htzl-FRB
cells treated with rapamycin for 180 min to 0.51 = 0.04 but no
decrease in the N/C ratio in control cells (Fig. 9, B and C), indi-
cating that Htzl is able to shuttle the soluble Mps3 fragment
out of the nucleus and tether it in the cytoplasm. When taken
together with our biochemical experiments and our localization
analysis of full-length Mps3-GFP, we conclude that Htz1 has
an active chromatin-independent function in targeting Mps3
to the nucleus.

Discussion

In this paper, we examine the interaction between the SUN
protein Mps3 and the histone variant H2A.Z. We initially antici-
pated that Mps3—Htz1 binding would play a direct role in the
recruitment of particular regions of the genome to the NE. Much
to our surprise, our data do not support this hypothesis. Instead,
multiple lines of evidence indicate that Mps3 binding to Htz1
does not require Htz1 incorporation into chromatin, leading us to
propose that Htz1 has a novel chromatin-independent function
in targeting Mps3 to the INM.

The interaction between Mps3 and Htz1 is highly specific
and was identified by several different methods: two-hybrid,
genetic, and biochemical analysis. In all three approaches, Htz1
was the only histone that specifically interacted with Mps3.
The fact that we have been unable to detect enrichment for
other histones in our Mps3-3xFLAG preparations by Western
blotting or mass spectroscopic analysis further confirms that
Mps3 and Htzl form a unique chromatin-independent com-
plex. Additional evidence that Mps3 binding to Htzl occurs
outside of the context of chromatin comes from our observa-
tions that mutations in the SWR1 complex or Htz1 itself, which
abolish its deposition into chromatin, do not affect the physical
interaction with Mps3 or genetic suppression of mps3 mutants.
Based on the regions of Htz1 that are essential for Mps3 binding,
it is perhaps not surprising that Mps3 does not bind to chromatin-
associated Htz1 because both the NLS and M5 domains are
buried within the histone octamer and would presumably not
be accessible in the context of a nucleosome (Chakravarthy
et al., 2004; Zlatanova and Thakar, 2008).

Htz1-binding partners have been analyzed using a variety of
genetic and biochemical methods (for an example see Krogan
et al., 2004; Wu et al., 2005, 2009; Luk et al., 2007; Lambert et al.,
2009; Straube et al., 2010), raising the question of why Mps3 was
not previously detected. Because of the essential function of Mps3

and mutant versions of MPS3 fused to GFP (green) together with H2B-mCherry (red). The cell is outlined in white based on the DIC image. Bar, 2 pym.
(C) The mean NE/non-NE value and standard deviation for each sample are depicted. (D) The protein composition of anti-HA immunoprecipitates (IP) from
3xHA-HTZT (SL2082) and 3xHA-HTZ1 mps3A95-135 (SLI4855) strains grown at 23°C or shifted to 37°C for 3 h was analyzed by Western blotting with
anti-Mps3 (top) and anti-HA (bottom) antibodies. Positions of molecular mass markers (kilodaltons) are indicated next to the blot. (E) The indicated amino
acids were fused fo three tandem copies of GFP and expressed from the GALT promoter in wild-type cells by addition of 2% galactose for 1 h at 23°C. The
distribution of 3xGFP fragments in the nucleus and cytoplasm was quantitated in >100 cells of each genotype to generate a ratio of nuclear to cytoplasmic
signal and then normalized so that the value for cells expressing 3xGFP only and mps3-95-135-3xGFP were O and 1, respectively. (F) The distribution of
3xGFP or mps3-95-135-3xGFP in the nucleus and cytoplasm was quantitated and normalized as in E in cells induced for 1 h at 23 or 34°C. In E and F,
error bars represent the standard deviation from the mean. Statistical significance compared with mps3-95-135-3xGFP in each experiment of P < 107¢
(double asterisks) and P < 1077 (triple asterisks) is shown. N:C, nucleus/cytoplasmic ratio.
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Figure 7. Nuclear transport of a soluble N-terminal Mps3 fragment requires Hiz1. (A) A schematic of each 3xGFP fragment along with its predicted size
and strain background is shown next to representative images of its localization (green) following addition of 2% galactose for 1 h at 23°C. H2B-mCherry
(red) was used to highlight the nucleus and show the degree of nuclear colocalization in the merged image. Bar, 2 pm. (B) The distribution of 3xGFP frag-
ments in the nucleus and cytoplasm was quantitated as described in Fig 6 E. n >100 cells of each genotype. Error bars represent the standard deviation
from the mean. Statistical significance compared with mps3-95-135-3xGFP in each experiment of P < 107 (double asterisks) is shown. The minus sign
represents the negative control strain used. N:C, nucleus/cytoplasmic ratio. WT, wild type.
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in SPB duplication, it is not present in the yeast deletion collec-
tion that has been used in systematic genetic analyses of Htz1-
containing complexes. Using traditional methods for chromatin
preparation, many membrane-associated nuclear components,
including SPBs, NPCs, and other nuclear matrix factors, are not
efficiently solubilized. The use of cryolysis allowed us to isolate
intact protein complexes associated with the yeast nuclear mem-
brane and to identify proteins that only associate in minor quantities
with Mps3. Our choice of methods is particularly critical be-
cause Mps3 is not abundant, and only a small fraction of Htzl is
likely bound to the SUN protein (unpublished data).

Consistent with our finding that Mps3—Htz1 binding is
chromatin independent, we found that transcriptional regulation

is unaffected in mps3A75—150 mutants that abolish its associa-
tion with Htz1. We show that GAL! expression is fully induced
and reinduced after a brief period of repression despite the fact
that it is not localized to the NE. This suggests that peripheral
localization is not absolutely essential for transcriptional con-
trol of this locus despite the requirement for Htz1. Mps3 may be
directly involved in tethering the GALI locus at the NE, or it
could be required for proper localization of other NE proteins,
such as nucleoporins, import/export factors, or Mlp1/2. Our
observation that the position of Htz1-containing nucleosomes is
unaffected in mps3A75-150 mutants also supports the hypothe-
sis that Mps3 binding to Htz1 is not essential for transcriptional
control, including establishment and maintenance of boundary
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Figure 9. Targeting Mps3 to the cytoplasm through Hiz1. (A) Schematic of the anchor-away technique (adapted from Haruki et al., 2008). The ribosomal
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10 pg/ml rapamycin plus 2% dextrose and 100 pg/ml cycloheximide to repress transcription and translation of mps3-25-135-3xGFP and transferred to
34°C. Representative images of mps3-95-135-3xGFP localization (green) before (t = 0) and after (t = 180) addition of rapamycin for 3 h at 34°C in control
and Htz1-FRB cells are shown. H2B-mCherry (red) was used to highlight the nucleus and show the degree of nuclear colocalization in the merged image.
Bar, 2 pm. (C) The nucleus/cytoplasmic (N:C) ratio was determined as described in Fig 6 E. Values were normalized such that cells expressing 3xGFP only
and cells at t = O were assigned O and 1, respectively. At least 50 images were quantitated for each time point in two independent experiments. Error bars
represent the standard deviation from the mean. Statistical significance compared with the cells at t = 0 of P < 107° (double asterisk) is shown.



regions near telomere ends and the mating-type loci. When
combined with our data showing that the presence of DNA dam-
age or mutations in Htz1 that abolish recruitment of certain types
of DSBs to the nuclear membrane does not affect Mps3-Htz1
binding, these data strongly suggest that the Mps3—Htz1 interac-
tion is involved in a novel aspect of nuclear organization.

Our hypothesis that Mps3—-Htzl binding functions to
target Mps3 to the INM stems from the following set of ob-
servations. First, deletion of the Htz1-binding region in Mps3
results in a version of the protein that is defective in periph-
eral localization. Second, deletion of HTZI or mutation of the
Mps3-binding regions in Htzl causes a similar mislocaliza-
tion of Mps3-GFP. Third, we found that these same mutants
are also unable to target a large soluble reporter construct con-
taining the Mps3 N-terminal region to the nucleus. However,
a smaller version of this reporter does accumulate in the nu-
cleus. Lastly, artificially targeting Htz1 to the cytoplasm results in
the redistribution of the soluble Mps3 fragment from the nu-
cleus to the cytoplasm. Collectively, these results indicate that
Htz1 binding actively localizes Mps3 to the INM.

We propose that Mps3 is able to interact with Htzl in
the cytoplasm, and using the NLS, it is cotransported into the
nucleus. Whether binding to both the NLS and/or M5 region of
Htzl1 is required for nuclear translocation is unknown. However,
the fact that we can remove the C-terminal tail of Htz1, which
is involved in binding to several nuclear proteins (Wu et al.,
2005, 2009; Luk et al., 2007), suggests that this region is dis-
pensable. The Napl chaperone interacts with the Htzl NLS
region and might bridge its interaction with karyopherins
(Straube et al., 2010), yet neither Mps3 binding to Htz1 nor
its localization to the INM requires Napl or the other Htzl
chaperone Chzl. However, localization of the soluble Mps3
fragment as well as full-length Mps3 is partially dependent on
Kap123, one of the major karyopherins involved in Htz1 transport
(Straube et al., 2010). Our data showing that mps3-95-135-1xGFP
is enriched in the nucleus in cells lacking HTZ! suggest that Htz1
binding is not essential for Mps3 tethering Mps3 in the INM.
Thus, we hypothesize that, once Mps3 is targeted to the nu-
cleus by Htz1, additional nuclear factors anchor it in the INM.
Candidate tethers include components of the silent information
regulator complex, yKu70/80, or other telomere-binding pro-
teins that have previously been shown to bind to Mps3 (Uetz
et al., 2000; Antoniacci et al., 2004, 2007; Bupp et al., 2007;
Schober et al., 2009).

Amino acids between 95 and 135 are both necessary and
sufficient for Mps3 targeting to the nucleus. Mutation of multi-
ple acidic residues to alanine completely blocked INM localiza-
tion of full-length Mps3 protein and nuclear accumulation of
a soluble reporter. When we mutated fewer residues, the effect
on localization was less pronounced, and in fact, no single
amino acid was absolutely essential for Mps3 localization.
Although it is possible that a change in the charge of the Mps3
N terminus is what is affected in our mutants, our observation
that INM localization is most significantly reduced in E114A
and D116A suggests that this region does in fact contain a
specific sequence that serves as a NTD. However, we do not
predict that the Mps3-NTD is an NLS or an INM-sorting motif,

which are typically short lysine-rich sequences that mediate
karyopherin binding (Braunagel et al., 2004; Lange et al., 2007).
The Mps3-NTD has the opposite molecular characteristics, and
furthermore, we were unable to observe a direct interaction
between Mps3 and any of the major yeast karyopherins (unpub-
lished data). Sequence analysis of several yeast INM proteins
reveals the presence of highly acidic patches, one of which is
adjacent to the reported NLS of Hehl and in the region of Heh1
that is required for its INM localization (King et al., 2006). It
will be interesting to test whether import of these proteins might
also involve Htz1.

In general, loss of Htzl binding abolished Mps3 localiza-
tion to the INM but did not significantly affect its levels at the
SPB. Changes in Mps3-GFP SPB levels in some mutants are
most likely caused by cell cycle— and size-dependent effects on
SPB area (Byers and Goetsch, 1974; Winey et al., 1995; O’ Toole
et al., 1997). Localization to the SPB, but not the nuclear periph-
ery, is similar to mps3A75-150-GFP and mps3-F592S—-GFP
and suggests that there are two pools of Mps3 at the INM: one
population at the peripheral NE is affected by loss of Htz1 bind-
ing, and a second at the SPB is very stable and is not Htz1 depen-
dent. This could be because SPB-associated Mps3 might be
targeted and anchored by additional factors, such as Mps2
(Jaspersen et al., 2006). Curiously, a previous study suggested
that Mps2 and another SPB component, Bbpl, interact with Yaf9,
a shared component between the SWR1 complex required for
Htz1 deposition and NuA4, an acetyltransferase essential for
histone H4 modification (Le Masson et al., 2003). The molecu-
lar details behind Mps2-Bbp1-Yaf9 binding are not understood,
but disruption of this interaction may explain why nuclear local-
ization of the mps3-95-135-3xGFP fragment was reduced in
yaf9A cells. Localization of full-length Mps3-GFP to the SPB
and the INM is not affected by loss of Yaf9. Rather, deletion of
YAF9 or VPS72, which likely increases soluble pools of Htz1 by
blocking its deposition into chromatin (Krogan et al., 2004;
Zhang et al., 2004; Wu et al., 2005), appears to result in a slight
increase in INM levels of Mps3-GFP.

In conclusion, we have demonstrated a novel chromatin-
independent role for the yeast H2A.Z variant Htz1 in the
localization of Mps3. Although chromatin has been proposed to
be especially important in yeast for tethering INM proteins,
which lack nuclear matrix proteins, such as the nuclear lamins,
our results favor a simpler model to explain the binding of
Htz1 to Mps3—the histone variant is required to target the
SUN protein to the INM. Although INM targeting of SUN pro-
teins is likely more complex in metazoans, several studies have
shown INM localization is lamin independent and requires
aspects of active transport and the NPC as well as other sorting
sequences in the C terminus and the SUN domain (Hodzic et al.,
2004; Padmakumar et al., 2005; Crisp et al., 2006; Haque et al.,
2006, 2010; Hasan et al., 2006; Turgay et al., 2010). The role of
H2A.Z and chromatin in INM localization of other SUN proteins
has never been rigorously tested, and based on our examination
of the Mps3-Htz1 interaction, binding to chromatin factors does
not necessarily translate into a requirement for chromatin, per
se, in INM tethering. It is unclear why cells use a H2A.Z histone
variant for INM localization of Mps3—an important future
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question will be to determine whether this role is specific to Mps3
or whether H2A.Z is also involved in targeting other proteins,
including the mammalian SUN proteins, at the nuclear periphery.

Materials and methods

Yeast strains and plasmids

All strains are derivatives of W303 (ade2-1 trp1-1 leu2-3,112 ura3-1
his3-11,15 can1-100 RAD5+) unless indicated and are listed in Table S1.
Strains containing htz1A::KANMX, GAL-HO, and TetOg adjacent to
GALI-10 were gifts from S. Biggins (Fred Hutchinson Cancer Research
Center, Seattle, WA), S. Jentsch (Max Planck, Martinsried, Germany), and
E. Hurt (Heidelberg University, Heidelberg, Germany), respectively. In
addition, plasmids containing the histone genes were provided by F. Winston
(Harvard Medical School, Boston, MA), and reagents for the anchor-
away system were shared by U. Laemmli (University of Geneva, Geneva,
Switzerland). Standard techniques were used for DNA and yeast manipu-
lations, including Cerminal tagging of MPS3 and alleles with 3xFLAG or
GFP and HTB2 with mCherry or deletion of genes with KANMX, NATMX,
HIS3MX, or HYGMX. Site-directed mutagenesis was performed using a
mutagenesis kit (QuikChange; Agilent Technologies), and all mutations
were confirmed by sequence analysis. For dilution assays, 5 ODgo cells
were serially diluted 10fold in sterile growth media and stamped onto
agar plates.

To construct pRS304-3xHA-HTZ1, an ~1,500-bp region of the
HTZ1 promoter was ligated into the Kpnl and Xhol sites of pRS304 fol-
lowed by three copies of the HA epitope ligated at the Xhol and EcoRl sites
and the HTZT ORF and ~250 bp of the 3’ untranslated region ligated at
EcoRl and Sacl sites. The final product was sequenced on both strands
using T7, T3, and several internal primers and was integrated into TRPT
with BstZ171. Point and deletion mutants were made by mutagenesis of
this plasmid.

The MPS3 ORF and ~500 bp of the promoter were amplified by
PCR and cloned into the Xhol and BamHI sites of a pRS306 vector contain-
ing GFP to construct pSJ650 (pRS306-MPS3-GFP; Bupp et al., 2007).
Mutants and deletions were made in this plasmid by site-directed mutagenesis.
Plasmids were digested with EcoRV for integration at the URA3 locus.

The 1xGFP or 3xGFP sequence was subcloned into pDK20 (Jaspersen
et al., 2002) to create pRS306-GAL-1xGFP (pSJ114) or pRS306-GAl-
3xGFP (pSJ994), and then double-stranded DNA oligos corresponding to
the Mps3 N-erminal region encoding amino acids 95-135, 95-120, and
100-120 were cloned into the Xhol and BamHl sites. These plasmids were
digested with Pstl to direct integration into the URA3 locus.

Cytological techniques
Localization of Mps3-GFP and H2B-mCherry was visualized in cultures
grown to mid-log phase in minimal media supplemented with 3x adenine.
1 ml culture was centrifuged, washed with 1 ml of double-distilled H,O,
and resuspended in ~100 pl of doubledistilled H,O, and 10 pl was
placed on a 25% gelatin pad for image analysis (Bupp et al., 2007). At
least two independent transformants of each genotype were analyzed by
fluorescence microscopy in at least three independent experiments. Analy-
sis of the subnuclear position of TetO and lactose operator repeat (LacOg)
was also performed as previously described (Bupp et al., 2007). In brief,
a microscope (Axio Imager; Carl Zeiss) with a 100x a-Plan Fluar objective,
NA of 1.45, (Carl Zeiss) and a digital camera (Orca-ER; Hamamatsu Pho-
tonics) were used to capture 15 image stacks of 200-nm step size through
nuclei of log phase cells at room temperature. The spotto-periphery dis-
tance and the nuclear diameter were determined in a single z-stack image
where the spot was most concentrated using Axiovision 4.6.3 software
(Carl Zeiss). By dividing the spotto-periphery distance by the diameter,
each spot fell into one of three zones of equal surface (Fig. ST A). Zone 1
has a width of 0.184x the nuclear radius (r), zone 2 has a width of
0.184-0.422x r, and zone 3 has a width of 0.422x r.

Fluorescence was performed using a confocal microscope (LSM
510 Meta; Carl Zeiss) equipped with a module with avalanche photodiode
detectors (ConforCor 3; Carl Zeiss), which allow single-photon counting,
with a 100x, 1.46 NA o-Plan Fluar objective. GFP was excited using a
488-nm Ar laser line, whereas mCherry was excited with a 561-nm HeNe
laser line with the appropriate filter sets. Data were acquired using AIM
v.4.2 software (Carl Zeiss). Inages were collected with 8-10 image stacks
with a 0.3-pm step size through the cells at room temperature. Images were
processed using Image] software (National Institutes of Health).
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To quantify the degree of mislocalization of Mps3-GFP at the NE in
mutant strains, we created a mask based on the transmitted light image of
cells using Axiovision software. Next, we selected all pixels above a pre-
defined threshold of the H2B-mCherry signal to create an additional mask
that describes the nucleus. The outer pixels of this mask are considered the
NE. These masks are used to quantify the amount of Mps3-GFP localized
in the NE (INM signal) compared with the amount of protein that is mis-
localized (non-NE/ER signal = non-NE) and to determine a ratio of mean
infensity per unit area for each. The very bright SPB signal from Mps3-GFP
is excluded from this calculation using an upper intensity cutoff. At least
30 images of each genotype were quantified per experiment, and the
NE/non-NE ratio for each was plotted using OriginPro software (Originlab).
Outliers of greater than two standard deviations were excluded from analy-
sis. In addition, a representative single section that contains the SPBs in
plane from the z stack is shown. The level of Mps3-GFP at the SPB was
quantitated in =100 cells using a 0.35 x 0.35-pm box using Image) and
is shown separately in Fig. S4.

For quantification of the nuclear import of 1xGFP and 3xGFP, a
projection image was created using Image), in which the mean intensity of
a 0.72 x 0.72-pm box was measured in both the nucleus that overlapped
with the H2B-mCherry signal and a region of the cytoplasm that did not in-
clude the vacuole. At least 100 cells for wild-type and mutant strains were
analyzed, and the N/C of the GFP signal was normalized such that 1xGFP
or 3xGFP only was equal to zero and mps3-95-135-1xGFP or mps3-
95-135-3xGFP in wild type was equal to one. The statistical signifi-
cance of these values under different conditions was calculated using
the Student's t fest.

Immunoprecipitation and Western blotting

Liquid nitrogen ground lysates were prepared from 500 ODgoo mid-log
phase cells as previously described (Jaspersen et al., 2006). In brief,
cells were frozen in liquid nitrogen and ground with a ball mill (Retsch).
Ground cell powder was allowed to thaw on ice and then resuspended
in 9 ml extraction buffer (20 mM Hepes-NaOH, pH 7.5, 300 mM NaCl,
1 mM EDTA, 5 mM EGTA, 50 mM NaF, 50 mM B-glycerophosphate,
0.5% Triton X-100, T mM DTT, 1 mM PMSF, and 1 mg/ml each of pep-
statin A, aprotinin, and leupeptin). After homogenization with a homoge-
nizer (Polytron 10/35; Brinkman) for 30 s, lysates were centrifuged at
3,000 g for 10 min at 4°C, and the resulting supernatant was used for
immunoprecipitations. 100 pl anti-HA resin (Roche) or 100 pl anti-FLAG
resin (Sigma-Aldrich) was added to lysates to immunoprecipitate tagged
proteins. After a 2-h incubation at 4°C, beads were washed five fimes,
and 1/10 of the bound protein and 1/50-1/100 of the input lysate
were analyzed by SDS-PAGE followed by Western blotting. In all figures,
positions of molecular mass markers (kilodaltons) are indicated next to
each blot, and asterisks mark the position of cross-reacting bands present
in the control sample.

The following primary antibody dilutions were used in this study:
1:1,000 anti-HA 3F10 (Roche), 1:2,000 anti-FLAG M2 (Sigma-Aldrich),
1:1,000 anti-yH2A (Abcam), 1:1,000 antiyH2B (Abcam), 1:1,000 anti-
yH3 (Abcam), 1:1,000 antiyH4 (Abcam), 1:1,000 anti-Htz1 (Abcam),
1:1,000 anti-GST (GE Healthcare), 1:2,500 anti-Mps3 (Jaspersen et al.,
2006), 1:2,000 anti-glucose-6-phosphate dehydrogenase (Sigma-Aldrich),
and 1:2,000 anti-GFP (Takara Bio Inc.). Alkaline phosphatase—conjugated
secondary antibodies were used at 1:10,000 (Promega).

In vitro binding assay
The N-+erminal region of MPS3 was amplified by PCR and cloned into
pGEX-3X for expression in bacteria as a GST fusion protein. GST-Mps3-N
terminus (amino acids 1-150) was purified from BL21(DE3) plysE bacteria
transformed with pGEX-3X-Mps3-N terminus (pSJ859) using GST resin
(GE Healthcare). Similarly, mutant versions of the Mps3 N terminus were
expressed and purified. Up to 10 pg of each protein was exchanged into
binding buffer (PBS containing 0.1% Triton X-100 and an additional
250 mM NaCl) using spin columns (Microcon; Millipore).

20 pl anti-GST magnetic beads (Invitrogen) was blocked in 20%
BSA and 5% milk in binding buffer for 1 h at 23°C and then incubated with
100 pg of purified GST protein for 1 h at 4°C with end-over-end rocking.
The beads were washed, and 200 pg Hiz1-HA (a gift from B. Li, University
of Texas Southwestern Medical Center, Dallas, TX) in binding buffer was
added to each, rotated for 1 h at 4°C, and then washed extensively in
binding buffer. 2x SDS sample buffer was added, samples were heated to
100°C for 5 min, and binding reactions were analyzed by SDS-PAGE fol-
lowed by Western blotting with anti-HA and anti-GST antibodies. 1/50 of
the Hiz1-HA aliquot added to each reaction was run as a control.


http://www.jcb.org/cgi/content/full/jcb.201011017/DC1

Analysis of RNA levels

Total RNA for gRT-PCR analysis was isolated from yeast cells with a scaled-
down and simplified version of the hot phenol extraction procedure as pre-
viously described (Brickner et al., 2007). A total of 2-4 pg of DNase-treated
total RNA was reverse transcribed using 5 pM oligo dT and 20 units of
reverse transcriptase (Superscript Ill; Invitrogen) at 42°C for 1 h. The reaction
was diluted fivefold, and 1/20 was used for qRT-PCR on a realtime PCR
machine (iCycler) with iQ SYBR Green Supermix (Bio-Rad Laboratories).
The sequences of the primers used for real time PCR have been previously
described (Brickner et al., 2007). The relative concentration of cDNA tem-
plates for both the target gene (GALT) and the control gene (ACT1) was
calculated for each sample using standard curves for each primer set that
were defined by linear regression analysis of cycle threshold values using
a series of fivefold dilutions of yeast genomic DNA covering a 3,125-old
range. At least four biological and two technical replicates were performed
on each sample.

ChIP and microarray analysis

ChlIP followed by microarray analysis was performed essentially as previ-
ously described (Glynn et al., 2004). In brief, 225 ml of cells was grown
at 30°C in YPD (yeast peptone dextrose) to an ODgqg of 0.8, cross-linked
for 15 min with 1% formaldehyde, and washed twice before chromatin
extraction. Cells were lysed in a mini beadbeater (Mini-Beadbeater-16;
Biospec), and chromatin was sonicated (eight cycles, 0.5 s pulse on/0.3 s
off for 15's, and 35% power; Digital Sonifier; Branson) to yield DNA frag-
ments 200-1,000 bp in length. Chromatin was incubated overnight at
4°C with 4 pl o-HA antibody (Roche) and then with 40 pl blocked Protein
G beads (GE Healthcare) at 23°C for 2 h. Samples were washed exten-
sively, and proteins were eluted twice in a buffer containing 1% SDS. After
reversal of the cross-linking and purification, DNA was randomly amplified
to 3-5 pg (Bohlander et al., 1992). The input and immunoprecipitated
DNA were labeled with Cy3 and Cy5 dyes, respectively, and hybridized
to whole-genome microarrays (244K; Agilent Technologies) by MOgene.
Microarray data were analyzed in R using the Limma package (Smyth,
2005). Within-array median normalization and between-array loess nor-
malization were performed. Track files were viewed, and figures were
generated using the University of California, Santa Cruz Genome Browser
(Kent et al., 2002).

Online supplemental material

Fig. S1 shows telomere tethering and silencing defects in mps3 mutants.
Fig. S2 shows the use of cryolysis to analyze Htz1-binding proteins. Fig. S3
shows that loss of Mps3 binding does not affect Hiz1 localization to
chromatin. Fig. S4 shows Mps3 protein levels and SPB localization in
htzl mutants. Table S1 shows yeast strains used in this study. Online
supplemental material is available at http://www.jcb.org/cgi/content/
full/jcb.201011017/DC1.
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