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ABSTRACT The GPN proteins are a poorly characterized and deeply evolutionarily conserved family of three paralogous small GTPases,
Gpn1, 2, and 3. The founding member, GPN1/NPA3/XAB1, is proposed to function in nuclear import of RNA polymerase II along with
a recently described protein called Iwr1. Here we show that the previously uncharacterized protein Gpn2 binds both Gpn3 and Npa3/
Gpn1 and that temperature-sensitive alleles of Saccharomyces cerevisiae GPN2 and GPN3 exhibit genetic interactions with RNA
polymerase II mutants, hypersensitivity to transcription inhibition, and defects in RNA polymerase II nuclear localization. Importantly,
we identify previously unrecognized RNA polymerase III localization defects in GPN2, GPN3, and IWR1mutant backgrounds but find no
localization defects of unrelated nuclear proteins or of RNA polymerase I. Previously, it was unclear whether the GPN proteins and Iwr1
had overlapping function in RNA polymerase II assembly or import. In this study, we show that the nuclear import defect of iwr1D, but
not the GPN2 or GPN3mutant defects, is partially suppressed by fusion of a nuclear localization signal to the RNA polymerase II subunit
Rpb3. These data, combined with strong genetic interactions between GPN2 and IWR1, suggest that the GPN proteins function
upstream of Iwr1 in RNA polymerase II and III biogenesis. We propose that the three GPN proteins execute a common, and likely
essential, function in RNA polymerase assembly and transport.

CHROMOSOME instability (CIN) refers to an increased
rate of aneuploidy, meaning loss or gain of large pieces of

DNA (i.e., whole chromosomes, fragments) in daughter cells.
CIN is observed in the majority of solid tumors (Weaver and
Cleveland 2006) and, because it increases the mutational
space in a cell population, it is thought to predispose cells
to accumulating the right combination of oncogene, tumor-
suppressor, and other mutations that lead to cancer (Stratton
et al. 2009; Loeb 2011). While tumor-associated gene var-
iants are being identified at a phenomenal pace (e.g., Inter-
national Cancer Genome Consortium 2010), the impact of
a given gene variant on CIN is typically not known.

Our previous efforts to systematically catalog CIN pheno-
types among essential yeast genes have uncovered the cellular
pathways required to maintain genome stability (Stirling et al.

2011). This study showed that both predictable and less-
predictable pathways emerge as highly enriched for CIN genes.
In addition, the CIN gene catalog identified a suite of con-
served CIN genes that are poorly characterized (Ben-Aroya
et al. 2008; Stirling et al. 2011). In principle, any perturbation
of a conserved process or CIN gene could be responsible for
modulating genome stability in human cancer. YOR262W
(hereafter referred to as GPN2) was identified as a conserved
and essential CIN gene in one of our recent efforts (Ben-Aroya
et al. 2008). GPN2 belongs to a highly conserved family of
small GTPases and exists in yeast and humans with two
paralogs, GPN1 (yeast NPA3) and GPN3 (YLR243W, hereaf-
ter referred to as GPN3). In archaea, a single GPN gene
encodes a protein with a conserved glycine–proline–aspara-
gine insertion in the G domain that gives the family its name.
The 3D structure of the archaeal GPN protein (PAB9855)
reveals a homodimeric molecule with a canonical GTPase do-
main and the purified protein exhibits GTPase activity in vitro
(Gras et al. 2007)

The first characterized human GPN ortholog (GPN1/XAB1/
NPA3) was shown to bind the nucleotide excision repair pro-
tein XPA and was named XAB1 (XPA binding protein 1). The
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XPA–XAB1 interaction was presciently, although indirectly,
suggested to play a role in nuclear localization of XPA be-
cause deletion of amino acids required for nuclear localiza-
tion disrupted XAB1 binding (Nitta et al. 2000). Subsequent
mass spectrometry studies of partially assembled RNA poly-
merase II (RNAPII) complexes identified the Gpn1, Gpn2,
and Gpn3 proteins and revisited the possibility of a role for
GPNs in nuclear transport (Boulon et al. 2010; Forget et al.
2010). These observations initiated directed studies of GPN1
function in human tissue culture and yeast. In yeast, reduc-
tion of function of NPA3/GPN1 leads to chromatid cohesion
defects, cell-cycle defects, and cytoplasmic mislocalization of
the RNAPII subunits Rpb1 and Rpb3 (Alonso et al. 2011;
Staresincic et al. 2011). Mutations of NPA3/GPN1 designed
to abrogate its GTP binding or hydrolysis activities also
cause defects in RNAPII nuclear transport. Work in human
cells shows that both GPN1 and GPN3 are required for nu-
clear import of RNAPII, leaving the function of GPN2 un-
known (Calera et al. 2011; Carre and Shiekhattar. 2011).
Interestingly, another poorly characterized protein, Iwr1,
was recently shown be important in the localization of
RNA polymerase II, presumably in cooperation with the
GPNs (Czeko et al. 2011). Unlike the GPNs and indeed un-
like RNA polymerases themselves, Iwr1 contains a bipartite
nuclear localization signal (NLS), which may serve to direct
the nascent RNA polymerase to a karyopherin-mediated nu-
clear import pathway (Czeko et al. 2011). IWR1 function has
also been linked to the transcriptional activity of all three
nuclear RNA polymerases (Esberg et al. 2011). Importantly,
IWR1 is dispensable for cell viability unlike the three GPN
genes; therefore, its role in nuclear import of RNA poly-
merases must be buffered by some other cellular activity.

In this study we characterize mutant alleles of the
uncharacterized yeast GPN2 and GPN3 orthologs. Mutations
in these genes cause a chromosome-loss phenotype and sen-
sitivity to UV and genome-destabilizing chemicals. The GPNs
also exhibit physical and genetic interactions with one an-
other, supporting a common function for this protein family.
Remarkably, rather than having independent functions in the
nuclear transport of different substrates as might have been
predicted, mutants in either GPN2 or GPN3 cause defects in
the localization of protein subunits of both RNAPII and III.
Finally, we show that fusion of a NLS to the RNAPII subunit
Rpb3 does not restore nuclear localization of Rpb1 in GPN
mutants, while partially rescuing the defects in iwr1D. Our
findings, combined with the literature, support a model in
which all three GPNs serve independently essential functions
in the biogenesis of RNA polymerase II and III that are up-
stream of the NLS activity contained in Iwr1.

Materials and Methods

Yeast growth, strains, and plasmids

Yeast strains and plasmids used in this study are listed in
Supporting Information, Table S1. Temperature-sensitive
(ts) alleles were generated as described (Ben-Aroya et al.

2008). Other strains were constructed by PCR-mediated one-
step gene replacement using a published set of tagging cassettes
and standard PEG/lithium acetate transformation (Longtine
et al. 1998). For the RPB3– and RPC40–NLS fusions, the
SV40 NLS sequence (PKKKRKV) was incorporated into mu-
tagenic primers designed to fuse the NLS to the C terminus
of the protein followed by the KanMX marker from pFA6–
KanMX6 (Longtine et al. 1998). The TAP- and GFP-tagged
strains were obtained from the proteome-wide TAP (Open
Biosystems) and GFP collections (laboratory of Brenda
Andrews). Site-directed mutagenesis was performed using
the Quickchange lightning kit (Agilent Technologies) and
GPN2 and GPN3 clones from the MoBY–ORF collection
(Ho et al. 2009). Yeast were grown in rich media (YPD) or
synthetic media as indicated and at the temperatures indi-
cated. Hydroxyurea or 6-azauracil (Sigma) was added at the
indicated concentrations to YPD or SC–uracil media, respec-
tively. Genetic interactions were assessed by tetrad analysis.
Viable double mutants were subjected to spot dilution or
growth curve assays to confirm enhanced sickness of double
mutants. For spot plating assays, overnight cultures of the
indicated strains were normalized to the same OD600 and
subsequently spotted in 10-fold serial dilutions onto the in-
dicated media and grown for 24–48 hr before imaging.

GPN mutant allele sequencing

Phenol-chloroform preparations of mutant strain genomic DNA
were made and the GPN genes were amplified using flanking
primers. PCR products were purified using the ChargeSwitch kit
(Invitrogen) and cycle sequencing amplification was conducted
using the BigDye kit (Applied Biosystems). Sequencing was
performed by the NAPS unit at the Michael Smith laboratories
in the University of British Columbia.

Microscopy

Overnight cultures were diluted and allowed to grow for
several hours to reenter log phase and subsequently shifted
to the indicated temperatures for 3 hr. For live cell imaging,
log-phase cells were mounted on concanavalin A coated slides,
washed, and imaged in SC media essential as described
(Carroll et al. 2009; Stirling et al. 2012b). In some cases 1
mg/ml DAPI was added to live cells immediately prior to
imaging to mark the nucleus. Live and fixed cells were im-
aged with the appropriate filter sets on a Zeiss Axioscope
using Metamorph software (Molecular Devices).

Localization scoring and statistics

GFP localization was assessed qualitatively by counting the
proportion of cells with strong nuclear signal (i.e., the pre-
dominant localization in wild type) and comparing the wild-
type control to GPN mutants using Student’s t-test. We also
extracted a quantitative measure of mislocalization by de-
fining a pixel area within the DAPI-stained nucleus and an-
other, equally sized area immediately adjacent in the unstained
cytosol. The nuclear localization score expresses the total
fluorescence pixel intensity within these two areas as a ratio
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(i.e., nucleus/cytoplasm). Pooling intensity ratio data for three
replicates in which at least 30 cells were scored permitted
computation of the mean and standard deviation of scores.
Where two samples were compared, Student’s t-test was used
to determine significance (P-values are reported in the fig-
ures). Where more than two samples were compared, a one-
way ANOVA followed by Tukey’s post-hoc test was used to
determine whether the samples were significantly different
(a is reported in the figures).

TAP pulldowns and Western blotting

TAP pulldowns were performed essentially as described
(Kobor et al. 2004). Briefly, 100 mL TAP-tagged and control
cultures were grown to an OD of 1.0, collected via centrifu-
gation and lysed in TAP-IP buffer (50 mM Tris pH 7.5, 150
mM NaCl, 1.5 mM magnesium acetate, 10 mM sodium py-
rophosphate, 5 mM EDTA, 5 mM EGTA, protease inhibitors)
using glass beads and a Precellys 24 tissue homogenizer.
Lysates were cleared via centrifugation at 14,000 rpm for
15 min and then incubated with IgG beads (GE Healthcare)
for 90 min with rotation. Beads containing bound proteins
were washed four times with TAP–IP buffer followed by
elution with 2· SDS–PAGE buffer. TAP pulldowns involving
Gpn3–TAP required growth in yeast media containing 2%
galactose as the N-terminally tagged Gpn3 was functional
only when overexpressed from a GAL1 promoter.

The pulldown fractions and lysates were loaded onto
Mini-Protean TGX acrylamide gels (BioRad), transferred to
nitrocellulose membranes, and blocked using PBS contain-
ing 0.02% Tween-20 and 5% skim milk powder. Blots were
probed with mouse monoclonal anti-myc antibodies (Roche
Cat no. 11667203001, 1:2500) or rabbit anti-TAP (Thermo
Scientific Prod. no. CAB1001, 1:2000) followed by anti-
mouse horseradish peroxidase (HRP) or anti-rabbit HRP
conjugated antibodies (1:15,000). Blots were imaged using
Bio-Rad Chemi-Doc system.

For protein quantitation Western blots, 5 mL log phase
cultures were collected by centrifugation, resuspended in TAP–
IP lysis buffer, and lysed in the Precellys with acid washed glass
beads. Lysates were cleared by centrifugation and quantitated
using the Bradford protein assay (Bio-Rad). Total protein, 10
mg, was run on an SDS–PAGE gel, and transferred to a nitrocel-
lulose membrane for blocking. Membranes were washed and
incubated with anti-Rpb3 antibody (Neoclone Cat. no. W0012,
1:1000 dilution) followed by goat anti-mouse HRP secondary
antibody (1:3000). Blots were imaged, stripped (200 mM gly-
cine, 0.1%SDS, 1% Tween 20, pH 2.2), and reprobed with anti-
PGK1 antibody (Invitrogen Cat. no. 6457, 1:10,000) followed
by goat anti-mouse HRP (1:15,000) followed by imaging.

Results

Mutational analysis of the GPNs: An evolutionarily
conserved protein family

Three distinct GPN GTPases have been identified in humans and
yeast and each GPN is more closely related to its interspecies

ortholog than its intraspecies paralogs suggesting that three
functionally conserved subfamilies may exist (Figure S1). To
understand the evolutionary roots of the GPNs, we identi-
fied GPN1-, 2-, and 3-like sequences using BLAST-P, from
a set of diverse eukaryotes and archaea and built a phyloge-
netic tree (Figure S1). Our phylogenetic analysis suggests
that while GPN-like proteins are also found in diverse ar-
chaeal species, they are not universally conserved in archaea
and are never found in bacteria (Figure S1).This analysis
identified likely members of each GPN1, 2, and 3 group in
all the diverse eukaryotes examined, including even one of
the most minimal eukaryotic genomes known from the
microsporidian Encephalitzoon cuniculi (Figure S1;(Katinka
et al. 2001). The remarkable conservation of three distinct
GPN proteins across eukaryotes suggests that each GPN
serves an important function not served by the paralogous
GPN proteins. The importance of each GPN is supported by
the fact that NPA3/GPN1, GPN2, and GPN3 are all essential
genes in Saccharomyces cerevisiae (Giaever et al. 2002).

NPA3 (GPN1) is the best-characterized yeast GPN, whereas
GPN2 and GPN3 are considerably less studied. To generate
tools to specifically interrogate the functions of GPN2 and
GPN3 we created mutant alleles of each gene using a muta-
genic PCR approach described previously (Ben-Aroya et al.
2008). Four gpn2 mutants and three gpn3 mutants that ex-
hibit hypomorphic and, in some cases, ts growth were isolated
(Figure 1A and Figure S2). The mutant alleles were sequenced
and variants were mapped onto the crystal structure of ar-
chaeal GPN PAB0955 to assess the potential functional impact.
Each mutant had between one and five amino acid changes
resulting from missense mutations (Table S2). In some cases
the mutations appeared in the GTPase domain, while in others
the putative dimer interface was more directly affected (sum-
marized in Figure 1A). While the specific functional conse-
quence of each mutation remains to be assessed, each allele
was a partial loss-of-function mutation that decreased cellular
fitness and we selected alleles that showed hypomorphic
growth with temperature-dependent phenotypes and low in-
cidence of suppressors, gpn2-2 and gpn3-1 (Figure S2), for
further study.

GPN2 was originally described as a chromosomal insta-
bility mutant displaying sister chromatid cohesion defects,
a phenotype that was also subsequently observed for GPN1
mutants (Ben-Aroya et al. 2008; Alonso et al. 2011). Some
hypomorphic alleles of GPN3 created here also show a visible
chromosome transmission fidelity (CTF) phenotype (Figure
1B; Spencer et al. 1990; Stirling et al. 2012a). Thus each
member of the GPN family appears important for maintain-
ing genome integrity. Some of the GPN2 and GPN3 mutants
also exhibited increased sensitivity to hydroxyurea, a nucle-
otide pool poison that increases stalling of replication forks
(Figure 1C). Since human GPN1 has been reported to bind
the UV-damage repair protein XPA/Rad14 we also tested UV
sensitivity in GPN mutants and found that they were hyper-
sensitive to a UV dose of 25 J/m2 (Figure 1D; Nitta et al.
2000). Importantly mutants in RNAPII show a CTF phenotype
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and other genome integrity defects (Stirling et al. 2011,
2012b). Together, this suggests that the CIN phenotype of
GPN mutants could be directly related to loss of function in
RNA polymerase.

GPN2 exhibits genetic and physical interactions
with GPN3 and NPA3/GPN1 and IWR1

The mutants we describe for GPN2 and GPN3 share genome
integrity phenotypes consistent with the possibility that the
GPNs cooperate to execute some common cellular function.
Indeed, physical interactions between human and yeast GPN
family members have previously been shown (Boulon et al.
2010; Staresincic et al. 2011). In yeast, two-hybrid data
suggest that Npa3 binds to both Gpn2 and Gpn3 (Uetz
et al. 2000). We found that Gpn2 also binds to both Npa3
and Gpn3 by affinity purification and Western blotting of
epitope-tagged protein (Figure 2A). It should be noted that
while C-terminal Gpn2 and Npa3 epitope fusions (e.g., 13-
myc or TAP) supported robust growth as the sole source of
the protein, Gpn3 fusions had to be N terminal and were not
completely functional, only supporting growth when over-

expressed from a GAL promoter (unpublished observation).
Gpn3 is the smallest GPN protein (�9 kDa smaller than
Gpn2) and is missing a fungal-specific C-terminal domain
found in Gpn2; whether this accounts for its sensitivity to
epitope tagging is unknown. Together with our data, inter-
actions between all yeast GPNs have now been observed and
the structural and in vitro data suggest that these interac-
tions may involve oligomerization (Figure 2A; (Gras et al.
2007; Staresincic et al. 2011)).

Crystallography studies of the archaeal GPN protein
PAB0955 suggest that homodimerization occurs between
PAB0955 protein (Gras et al. 2007) and, in humans, both
homo- and heterodimerization have been observed with pu-
rified Gpn1 and Gpn3 (Carre and Shiekhattar 2011). Thus,
eukaryotic GPN interactions could occur through homodi-
merization, heterodimerization, or simply in the context of
a large protein complex. To begin to clarify this issue, we
determined whether Gpn2 could homodimerize in vivo us-
ing a diploid strain containing one 13-myc-tagged copy and
one TAP-tagged copy of Gpn2. Pulldown of the TAP-tagged
Gpn2 did not result in coprecipitation of 13-myc-tagged

Figure 1 Generation and characteriza-
tion of GPN2 and GPN3 ts alleles. (A)
Schematic of the 347 amino acid Gpn2
and 272 amino acid Gpn3 proteins with
amino acid substitutions in each mutant
allele used in this study overlaid. (B)
GPN3 mutations cause chromosome in-
tegrity defects. Red sectoring is indica-
tive of loss of an artificial chromosome
containing a suppressor tRNA that pre-
vents the accumulation of red pigment
due to the ade2-101 mutation (Spencer
et al. 1990). (C) GPN2 and GPN3
mutants exhibit heightened sensitivity
to the DNA-damaging agent hydroxy-
urea at 30�. (D) GPN mutants exhibit
sensitivity to exposure to 25 J/m2 ultra-
violet radiation exposure followed by
growth at the semipermissive tempera-
ture of 34� for 48 hr.
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Gpn2 beyond background, suggesting that S. cerevisiae Gpn2
may not homodimerize and indeed that the stoichiometry
of Gpn2 in stable cellular protein complexes may be 1 (Fig-
ure 2B).

To assess a common or partially overlapping cellular
function for GPNs we generated double mutants among
NPA3, GPN2, GPN3, and IWR1 mutant alleles. Tetrad anal-
ysis of double heterozygous mutants of gpn2-2 NPA3::DAmP
(decreased abundance by mRNA perturbation; Breslow et al.
2008) showed synthetic lethality between these two genes
(Figure 2C). The gpn2-2 gpn3-1 double mutants could be
isolated at 25� but growth curve analysis revealed a strong
genetic interaction between GPN2 and GPN3 at higher tem-
peratures (Figure 2D). IWR1 plays a role in nuclear locali-
zation of RNAPII and would, therefore, be predicted to
synergize with other GPN mutants if they play a role similar
to NPA3 in the process (Czeko et al. 2011; Staresincic et al.
2011). Consistently, iwr1D gpn2-2 double mutants show
a severe synergistic temperature-sensitive growth defect,
supporting a connection between GPN2 and nuclear trans-
port of RNAPII (Figure 2E). Interestingly, similar to other-
wise nonessential core RNAPII mutants (i.e., RPB4 and
RPB9; Woychik and Young 1989; Woychik et al. 1991),
the function of Iwr1 becomes essential at 37�, as IWR1 mu-
tant cells failed to grow at this temperature (Figure 2E).

GPN2 and GPN3 mutants are defective in localization
and stability of RNAPII subunits

Core subunits of RNAPII were shown to mislocalize from the
nucleus to the cytoplasm when GPN1 or GPN3 was disrupted

by siRNA in human cells or by mutation of NPA3/GPN1 in
yeast (Carre and Shiekhattar 2011; Staresincic et al. 2011).
To examine the impact of our GPN2 and GPN3 mutants we
expressed a functional GFP-tagged version of Rpb1 in each
mutant. We found that both gpn2-2 and gpn3-1 mutants show
defects in Rpb1–GFP localization, as there is a strong cytoplas-
mic accumulation of Rpb1–GFP compared to the wild-type
genetic background (Figure 3A). This is not specific to Rpb1
as both Rpb2–GFP and Rbp3–GFP also mislocalized in gpn2-2
mutants (data not shown). To assess the levels of endogenous
RNA polymerase subunits we took advantage of a specific an-
tibody to yeast Rpb3. Western blots showed a notable reduc-
tion in the levels of Rpb3 in gpn2-2 and gpn3-1 mutants at
both 25� and 37�, when compared to wild type (Figure 3B).
Together these data demonstrate that each GPN family mem-
ber plays a role in the localization of RNAPII subunits and that
soluble subunit levels are also altered either because of insta-
bility or reduced expression. To phenotypically link reduced
Rpb3 protein levels to some of the GPN2/3 mutant allele phe-
notypes, we exploited an RPB3–DAmP allele that expresses
reduced levels of Rpb3 (data not shown). Similar to GPN2
and GPN3 mutants, the RPB3–DAmP allele was hypersensitive
to both HU and UV treatments, suggesting that reduced RNA
Pol II subunit levels could account for at least some of the GPN
mutant phenotypes (Figure S3).

Previous work has implicated conserved D and Q residues
involved in GTP binding and hydrolysis, respectively, as
important for the function of NPA3/GPN1 in localization of
RNA polymerase II (Staresincic et al. 2011). To assess the
importance of these same residues for cell viability in Gpn2

Figure 2 Functional relationships be-
tween GPN proteins and Iwr1. Copreci-
pitation tests of Gpn2–13-Myc by TAP
fusions of Npa3 or Gpn3 (A) or Gpn2–
TAP (B) as measured by Western blotting
with anti-TAP or anti-Myc antibodies.
WCE, whole cell extract. (C, D, and E)
Genetic interactions between GPN2
mutants and NPA3/GPN1, GPN3, and
IWR1 mutants. (C) Tetrad dissection of
gpn2-2 NPA3::DAMP double mutants.
Triangles indicate where double mutant
colonies should grow. (D) Growth curve
assay of gpn2-2, gpn3-1, and double
mutants at the indicated temperature.
(E) Spot dilution assays of WT, gpn2-2,
iwr1D, and double mutant cells. Cells
were grown for 2 days at the indicated
temperature.
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and Gpn3, we engineered point mutations at the ortholo-
gous sites via site-directed mutagenesis. Plasmids containing
GPN2 with a D106A and Q110L mutation and GPN3 with
a D104A and Q108L mutation were transformed into het-
erozygous deletion mutant strains followed by sporulation
and tetrad dissection. As shown in Figure 3C, the gpn2D106A

mutation results in a nonfunctional protein that cannot com-
plement the deletion mutant while the gpn2Q110L mutant
protein is functional. A similar result was observed for anal-
ogous point mutants in GPN3 (Figure 3D). These data sug-
gest that GTP binding is essential for Gpn2 and Gpn3
function but GTP hydrolysis may not be, although at this
point it is unclear to what degree the Q110 and Q108 muta-
tions actually impair GTP hydrolysis. Additionally, the previ-
ous work on NPA3/GPN1 involved complementing ts-degron
alleles with the point mutants, rather than knockouts, which
may account for the differences observed here (Staresincic
et al. 2011).

Given the disrupted localization and levels of some RNAPII
subunits it would be expected that GPN mutants would be

sensitized to additional perturbation of transcription. Consis-
tently, the GPN mutants showed increased sensitivity to the
transcription elongation inhibitor 6-azauracil (Figure 4A).
Moreover, gpn2-2 showed synthetic lethality or synthetic
growth defects when combined with mutants in the core
RNAPII subunits RPB1 (rpo21-1), RPB2 (rpb2-6) or the tran-
scriptional regulator ESS1 (ess1-H164R) (Figure 4B), and
gpn3-1 also showed synthetic lethality with rpb2-6 (Figure
4C). These data, together with published data (Staresincic
et al. 2011), show that loss-of-function mutations in any
GPN family member lead to incomplete RNAPII localization
and function (Staresincic et al. 2011).

GPN2, GPN3, and IWR1 mutants are defective
in localization of RNAPIII

Our data and the literature demonstrate a role for GPNs in
nuclear import of RNA polymerase II; however, it is unclear
whether the GPNs have a broader role in the nuclear import
of other proteins. To address this we tested for mislocalization
of other nuclear proteins with known roles in maintenance of

Figure 3 RNA polymerase II mislocaliza-
tion in GPN mutants. (A) Representative
GFP micrographs showing the localiza-
tion of Rpb1–GFP in WT, gpn2-2, and
gpn3-1 mutants. Scale bar indicates
4 mm. (B) Mutation of GPN2 or GPN3
leads to reduced levels of an RNA poly-
merase II subunit. Rpb3 protein levels in
whole-cell lysates of the indicated strains
were assessed by Western blot with
anti-Rpb3 specific antibodies. Anti-
PGK1 blots are shown to indicate equal
loading. (C) Tetrad analysis of a hetero-
zygous deletion mutant for GPN2 trans-
formed with wild-type and mutant
GPN2 plasmids reveals the requirement
for the GTP binding D106 residue for
Gpn2 function but not Q110. (D) Muta-
tion of the conserved D104 and Q108
residues in Gpn3 concurs with the ob-
served Gpn2 results.
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chromosomal stability (i.e., the replisome component Ctf4, the
cohesin subunit Smc1, and Swr-complex member Swc4) and
a control NLS–GFP fusion. We did not detect strong differ-
ences in the localization of Ctf4, Smc1, Swc4, or NLS–GFP
when GPN2 is mutated (Figure S4). This result indicates
that the canonical nuclear import pathways are likely func-
tioning normally at least in the GPN2 mutant background.

While the transport of the four model nuclear proteins
mentioned above was not obviously affected by GPN
mutation, it remains possible that transport of an unknown
subset of the yeast nuclear proteome is affected by GPNs.
Among the best candidates for additional substrates of the
GPNs are the RNA polymerase I and III complexes. While
comparatively little is known about the assembly of RNAPI
and III, they have paralogous subunit architectures to RNAPII
and share a number of subunits. Therefore, GFP fusions
to representative RNA polymerase I and III subunits were
crossed to GPN2 and GPN3 mutant strains and visualized.
Fluorescence microscopy revealed that the RNAPIII subunit
Rpc53–GFP is mislocalized in both gpn2-4 and gpn3-1 mu-
tant backgrounds, whereas the RNAPI subunit Rpa135–GFP
appeared unaffected by either GPN mutation (Figure 5A and
Figure S5). It should be noted that introduction of the GFP-
tagged versions of several RNA polymerase I and III subunits
into the GPN mutant background resulted in lethality,
suggesting genetic interactions of GPN mutants with both

RNAPI and III; indeed, this is why the gpn2-4 allele was used
instead of gpn2-2 (data not shown). While the localization of
Rpc53–GFP in GPN mutants was qualitatively different than
wild type, a clear nuclear signal usually remained (Figure
5A). While this might be expected given the hypomorphic
nature of the GPN alleles, it prompted us to develop a quan-
titative measure of nuclear localization to which we could
assign statistical significance. Figure 5B reports the ratio of
GFP signal in the nucleus vs. the cytoplasm for the data in
Figure 5A. Importantly, we confirmed our observations using
an independent RNA polymerase III subunit, Rpo31–GFP, in
gpn2-2 and gpn3-1 mutants using the same quantification
scheme (Figure 5B, bottom). This method recapitulates the
qualitative observations and shows a significant reduction in
nuclear Rpc53-GFP levels in gpn2-4 and gpn3-1 cells and
Rpo31-GFP levels in gpn2-2 and gpn3-1 (a = 0.01).

When we directly tested for genetic interactions with
RNAPI and III subunit ts alleles, we identified synthetic slow
growth interactions between gpn2-2 and alleles in all three
RNA polymerases (RPA190, RPO31, and RPC34) and a RNA
polymerase I transcription factor (RRN3) and between gpn3-
1 and RPC34 and potentially RPA190 (Figure 5C). Since
transcription by all three RNA polymerases is required to
coordinate cellular activities (for example, ribosome assem-
bly), it is not surprising that the GPN mutants could exhibit
genetic interactions with all three RNAPs while affecting

Figure 4 Functional impact of GPN
mutations on RNAPII. (A) Spot-dilution
assay for 6-azauracil (6-AU) sensitivity
in the indicated GPN2 and 3 mutants.
Genetic interactions were tested by (B)
tetrad analysis of gpn2-2 crossed with
RNA polymerase II transcription mutants
and (C) tetrad analysis of gpn3-1
crossed with rpb2-6.
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only localization of RNAPII and III. Alternatively, it is possi-
ble that in different GPN mutant backgrounds or with dif-
ferent GFP fusions, RNAPI mislocalization would become
visible.

Since the GPNs may cooperate with IWR1 in RNAPII lo-
calization we also sought to explore the effects of IWR1
mutations on RNAPI and III localization. For this experiment
we introduced the IWR1 deletion into four GFP-fusion
strains: Rpo31–GFP and Rpc37–GFP, subunits of only RNA-
PIII; Rpc40–GFP, a subunit of both RNAPI and RNAPIII; and
Rpa135, a subunit of only RNAPI. We observed clear mis-
localization of Rpc37, Rpo31, and Rpc40 in the iwr1D
strains but did not see any mislocalization of Rpa135–GFP,
indicating that Iwr1 and the GPNs are affecting RNAPIII but
not obviously affecting RNAPI (Figure 5D and supporting
Figure S5). Quantification of the nuclear/cytoplasmic GFP
ratios from Figure 5D showed that the mislocalization of
RNAPIII subunits in iwr1D was statistically significant (Fig-
ure 5E; P , 0.0001).

Fusing a nuclear localization signal to Rpb3 partially
bypasses IWR1 but not GPN mutants

In light of the data presented in Figures 2 and 5 and in recent
publications on the GPN proteins and the NLS-containing
protein Iwr1 (Di Croce 2011), we propose a cooperative role
for these proteins in RNAPII biogenesis and nuclear import.
However, it is unclear whether the GPN proteins function
primarily in assembly or nuclear import. To address this, and
to begin to dissect the functional contributions of GPNs and
IWR1, we hypothesized that fusion of a strong NLS directly
to Rpb3 could bypass the nuclear localization defect in
iwr1D and potentially GPN mutants. To test this hypothesis
in vivo, we generated a fusion of the SV40 NLS (PKKKRKV)
to RPB3. As RPB3 is an essential gene and the fusion strain
grew normally, we inferred that the fusion protein was func-
tional. Remarkably, the Rpb3–NLS fusion protein exacer-
bated the growth defect of gpn2-2 mutants at 37� while
partially rescuing the growth defect of iwr1D mutants at
34� (Figure 6A).

Figure 5 Effect of the GPN-IWR1 sys-
tem on RNA polymerase III localization.
(A) Nuclear localization of Rpc53-GFP in
gpn2-4 and gpn3-1 mutants. (B) Sche-
matic of nuclear localization scoring sys-
tem and quantification of Rpc53-GFP
localization from A. a indicates the
results of Tukey’s posthoc analysis of
a one-way ANOVA for the three data
sets. (C) Spot dilution assays of GPN2
(left) and GPN3 (right) mutants in com-
bination with RNAPI and III subunit
mutant alleles. (D) Localization of Rpc37–
GFP and Rpc40–GFP in iwr1D. (E) Quantifi-
cation of Rpc37–Rpc40– and Rpo31–GFP
fusions using the scoring system from
B. P-values indicate the results of Stu-
dent’s t-test.
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While the RPB3–NLS fusion was competent to support
robust growth, it did slightly but significantly reduce the
nuclear/cytoplasmic GFP ratio in Rpb1– and Rpb2–GFP-
bearing strains (Figure 6B). This could indicate that aber-
rant nuclear targeting of RNAPII subunits may not permit
efficient RNAP assembly. When we examined the localiza-
tion of Rpb1–GFP in the GPN and IWR1 mutants containing
the Rpb3–NLS fusion, we observed qualitatively similar mis-
localization in the gpn2-2 and gpn3-1 mutants but observed
partial rescue in the iwr1D strain (Figure 6C). Quantification
of these data confirmed a significantly higher nuclear/cyto-
plasmic GFP ratio in the iwr1D strains bearing the NLS fu-
sion than the strain without the NLS fusion (Figure 6D). To
prove that this function was also important for RNA poly-
merase III, we fused the same NLS sequence to RPC40 and
found that this could partially restore localization of Rpo31–
GFP in iwr1D strains (Figure 6E). Together these data show
that addition of an alternative nuclear import signal can

partially rescue IWR1 but not GPN2 or GPN3 mutants. In
support of the literature on Gpn1 and Iwr1, these data imply
that the Gpn2 and Gpn3 proteins are working upstream of
import to assemble functional RNAPII complexes while at
least part of the function of Iwr1 is specifically tied to nu-
clear import. Moreover, these data suggest that the NLS
contained within IWR1 is critical for its role in RNA poly-
merase III localization. Indeed, we found that, while expres-
sion of full-length IWR1 from a plasmid rescues RNAPII and
III localization in iwr1D, expression of partial or complete
deletions of the NLS sequence failed to improve localization
of Rpb1–, Rpo31–,or Rpc37–GFP fusion (Figure S6).

Discussion

The GPNs represent a highly conserved family of small
GTPases that evolved in the common ancestor of eukaryotes
and archaea (Figure S1). They appear to be active as GTPases

Figure 6 Cellular effects of Rpb3–NLS
fusion on RNAPII localization. (A) Fitness
of gpn2-2, gpn3-1, and iwr1D mutants
with or without Rpb3–NLS fusion. Spot
dilution assays of the indicated strains
were performed as in Figure 2. (B) Effect
of NLS fusion on nuclear localization of
Rpb1–GFP and Rpb2–GFP in wild-type
cells. (C) Qualitative localization defects
of Rpb1–GFP in the indicated mutant
background with (bottom) and without
(top) the RPB3–NLS fusion construct. (D)
Quantification of Rpb1–GFP localization
in the strains from C as in Figure 5B. (E)
Quantification of Rpc37–GFP localiza-
tion in iwr1D cells with or without the
Rpc40–NLS fusion. P-values indicate the
results of Student’s t-tests.

RNA Polymerase Assembly and Transport 861

http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001283
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002299
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005677
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002299
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002273
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001283
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005788
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004233
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002273
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002273
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000006314
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005642
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002273
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002273
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005788
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004233
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003833
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002273
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005788
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004233
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002273
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002273
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002273
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002273
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002299
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005642
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001733
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.148726/-/DC1/genetics.112.148726-6.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.148726/-/DC1/genetics.112.148726-8.pdf


and experiments with Npa3 suggest the potential for the nu-
cleotide switch-like behavior seen in better characterized
GTPases like Ras or the nuclear import regulator Ran (Star-
esincic et al. 2011). The precise role of the GTPase activity of
the GPNs is not clear, although there is evidence that the
affinity of Npa3/Gpn1 for RNAPII is regulated by its GTP-
binding status (Staresincic et al. 2011). Our mutational anal-
ysis suggests that at least GTP binding by Gpn2 and Gpn3 is
an absolute requirement of cell viability; thus all three GPN
proteins require GTP. Based on this study (Figures 3–6) and
the literature, it appears that GPN1, GPN2, and GPN3 activi-
ties are all required for normal RNA polymerase II nuclear
localization (Carre and Shiekhattar 2011; Staresincic et al.
2011). While GPNs are also conserved in many archaea,
a conserved function cannot be related to nuclear transport
but could feasibly relate to RNAP assembly. Consistent with
a distinct function for Iwr1, no significant BLAST-P hits for
Iwr1 are observed in archaea (data not shown), supporting
the notion that Iwr1 is most important for nuclear import and
is accordingly not present in archaea. Prior to this study,
GPN2 and GPN3 were virtually uncharacterized in yeast and
thus, our focus was accordingly on understanding their func-
tion, particularly that of GPN2.

The genome instability phenotypes of the GPN mutants
(Figure 1) could be ascribed to their role in RNA polymerase
biogenesis, as defects in RNAPII subunits are known to elicit
many of the same phenotypes (e.g., (Stirling et al. 2011,
2012b). The causes of transcription-associated CIN are po-
tentially diverse including RNA:DNA hybrid formation, loss
of specific transcripts, or defects in DNA repair (Herrero and
Moreno 2011; Lagerwerf et al. 2011; Aguilera and Garcia-
Muse 2012). In this study, reducing the levels of RNAPII
subunits by using a DAmP allele was sufficient to recapitu-
late some of the phenotypes of the GPN2 and GPN3mutants,
suggesting that one important role for GPNs is maintaining
sufficient levels of RNA polymerase subunits (Figure S3).
The reported interaction between GPN1/XAB1 and XPA/
Rad14p has not so far been observed in high-throughput
yeast interaction studies or explored thoroughly in mamma-
lian cells, although this could be another possible connec-
tion to genome integrity (Nitta et al. 2000).

The mechanism by which the GPN proteins might co-
operate is not clear. Mass spectrometry studies have
identified all three proteins in complex, and direct tests
have validated Gpn1–Gpn2 and Gpn2–Gpn3 interactions
(Figure 2; (Boulon et al. 2010; Forget et al. 2010; Carre
and Shiekhattar 2011; Staresincic et al. 2011)). In this study
we observed genetic interactions between gpn2-2, gpn3-1,
and NPA3::DAmP alleles, also supporting a common func-
tion. Archaeal GPNs homodimerize in vitro and, while
in vitro studies have suggested the capability of human
Gpn1 and Gpn3 to homodimerize, we could not find evi-
dence of a Gpn2 homodimer by coprecipitation from cell
lysates (Figure 2; Gras et al. 2007; Carre and Shiekhattar
2011). Indeed, the question of why virtually all eukaryotes
have retained three GPN genes remains unclear. While an

appealing model would be that each GPN is responsible for
a different RNA polymerase (i.e., three essential GPNs for
three essential RNAPs), our results do not support this idea.
GPN2 and GPN3 mutants had defects in both RNAPII and III
localization but did not mislocalize RNAPI subunits (Figure
3–5 and Figure S5). While this could suggest that GPNs truly
have no role in RNAPI assembly, it is possible that our hypo-
morphic alleles simply did not perturb some specific aspect of
GPN function required for RNAPI assembly. Moreover, the
role of NPA3/GPN1 in localization of RNAPI and III has not
been thoroughly assessed and could affect RNAPI. Finally, the
assembly of RNAPI appears to be fundamentally different
from RNAPII as individual subunits are brought to the rDNA
prior to assembly (Dundr et al. 2002). Therefore, GPNs may
play a role in assembly within the nucleolus itself or be re-
sponsible for the localization of single subunits or subcom-
plexes not assessed in the present study. The case may be
similar for IWR1 mutants, as we showed defects in RNAPIII
localization but not RNAPI in the absence of Iwr1 (Figure 5).
In the literature, single GFP markers of RNAPI and III used
previously did not mislocalize in IWR1 mutants (Czeko et al.
2011), whereas other data suggests that Iwr1 functions in
initiation of transcription for all three nuclear RNA poly-
merases (Esberg et al. 2011). Some of these discrepancies
could be due to the choice of specific assay, which may be
important for detecting defects in RNA polymerases with dif-
ferent assembly pathways.

Our data together with the literature support a model in
which all three GPNs act upstream of Iwr1 to assemble RNA
polymerase II and III (Figure 7). The inability of Rpb3–NLS
fusions to rescue GPN mutants, while partially rescuing the
fitness and localization defects in iwr1D suggests that the
role of GPNs is predominantly upstream of import at the
level of RNA polymerase assembly, which supports and
extends the previous model for RNA polymerase II biogen-
esis (Wild and Cramer 2012). We consistently found that
Rpb3 was unstable, suggesting that it was not undergoing
normal biogenesis in GPN mutants; however, based on the
data collected we cannot rule out that this is due to reduced
transcription (Figure 3). To perform an assembly and stabil-
ity function, the GPNs are likely acting as part of a network
of molecular chaperones known to interact with RNA poly-
merases. In particular, Hsp90 and the R2TP complex have
been shown to play a role, in complex with the GPNs, in
assembling RNA polymerases (Boulon et al. 2010). Interest-
ingly, there are also potential physical connections to the
CCT (chaperonin-containing tailless complex polypeptide
1) complex, which is primarily involved in folding actin
and tubulin subunits. However, many other less abundant
proteins have been implicated as CCT interactors including
RNAPII and RNAPIII subunits (Dekker et al. 2008; Yam et al.
2008). Notably, tubulin seems to be important for RNA poly-
merase assembly and the CCT complex is known to cooper-
ate with the hexameric prefoldin chaperone, subunits of
which are found in R2TP, which has been proposed to play
a role in RNAP assembly (Vainberg et al. 1998; Forget et al.
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2010). The potentially elaborate chaperone pathway for RNA
polymerase assembly is not unprecedented; for example, tu-
bulin heterodimer assembly requires at least eight chaperones
and cofactors (reviewed in (Lundin et al. 2010).

There are several outstanding questions regarding the
cellular role of the GPN proteins: Given their common phe-
notypes, what specialized roles do each GPN play that make all
three genes essential? Is the substrate repertoire of the GPNs for
protein complex assembly limited to nuclear RNA polymerases?
More broadly, the existence of the GPN and Iwr1 system sug-
gests that regulated assembly and transport of RNAPs is impor-
tant for proper functioning or regulation of transcription since
RNAPs do not encode NLSs in their primary sequence.
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at the semi-permissive temperature of 30°C for 24 hours. The identity of each allele is indicated on the graph. 
The graph represents the mean of three replicates. Each allele grew significantly worse than wild-type
 as measured by the area under the curve (McLellan et al. 2012).



S.	
  W.	
  Minaker	
  et	
  al.	
  4	
  SI	
  

	
  

	
  
	
  
	
  
	
   	
  

rad52ǻ

RPB3:DAmP

WT

35 J/m2 UV YPD + 100 mM HUYPD

30°C

Figure S3.���53%��'$P3�DOOHOH�VHQVLWLYLW\�WR�+8�DQG�89�WUHDWPHQW�FRPSDUDEOH�WR�D�UDG��ǻ�FRQWURO��/RJ�SKDVH�
FXOWXUHV�ZHUH�QRUPDOL]HG�WR�WKH�VDPH�GHQVLW\�DQG�VHULDOO\�GLOXWHG�����IROG�EHIRUH�SODWLQJ�DQG��LI�DSSOLFDEOH��89�
H[SRVXUH��IROORZHG�E\�JURZWK�DW����&�IRU����KRXUV�



S.	
  W.	
  Minaker	
  et	
  al.	
   5	
  SI	
  

	
   	
  

WT

gpn2-2

Ctf4-GFP`

��+m

��+m

Swc4-GFP

��+m

��+m

Smc1-GFP

��+m

��+m

GFP-NLS

��+m

��+m

30șC

Figure S4.   Unrelated nuclear proteins and NLS-GFP do not show a strong nuclear mislocalization phenotype 
due to GPN2 mutations. Representative GFP micrographs of the indicated GFP fusion proteins in wild-type or 
the gpn2-2 mutant background. 
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Figure S5.   Rpa135-GFP is not mislocalized in GPN2, GPN3 or IWR1 mutants. Representative GFP and DIC 
micrographs of Rpa135-GFP in the indicated background. Below, quantification of nuclear/cytoplasmic GFP 
ratio indicates normal or increased levels (i.e. in the case of gpn2-2) of Rpa135-GFP in the nucleus. The asterisk
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Figure S6.   Effect of IWR1-NLS mutation on RNA Polymerase II and III subunits. IWR1 deletion strains bearing the indicated 
GFP fusion proteins (colored bars) and transformed with the indicated plasmids (along the X-axis) were imaged and quantified 
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Table	
  S1	
  	
  	
  Mutations	
  in	
  GPN2	
  and	
  GPN3	
  alelles	
  

Allele	
   Amino	
  acid	
  changes	
   Potential	
  impact	
  based	
  on	
  archaeal	
  GPN	
  structure	
  
gpn2-­‐2	
   C19S	
   C19	
  predicted	
  in	
  an	
  alpha	
  helix	
  adjacent	
  to	
  GTP	
  
gpn2-­‐1	
   E97D,	
  I153T,	
  K176E,	
  K181R,	
  E331G*	
   K176	
  predicted	
  to	
  contact	
  GTP	
  

gpn2-­‐3	
   E98A,	
  K125R,	
  R161K,	
  E203G,	
  E338G*	
   K125	
  predicted	
  directly	
  in	
  dimer	
  interface	
  

gpn2-­‐4	
   L228P	
   Potentially	
  dimer	
  interface	
  

gpn3-­‐1	
   I58T,	
  H123R,	
  S148L,	
  F150S	
   Predicted	
  dimer	
  interface	
  or	
  protein	
  core	
  

gpn3-­‐9	
   M27T,	
  C134R,	
  N205D	
   Predicted	
  dimer	
  interface	
  or	
  protein	
  core	
  

gpn3-­‐10	
   G153S,	
  I169T,	
  S241G	
   Predicted	
  dimer	
  interface	
  or	
  protein	
  core	
  

Predicted	
  locations	
  based	
  on	
  alignment	
  to	
  PDBID:	
  1YR9	
  

*	
  Residue	
  not	
  found	
  in	
  crystal	
  structure	
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Table	
  S2	
  	
  	
  Yeast	
  Strains	
  and	
  plasmids	
  used	
  in	
  this	
  study	
  
	
  
	
  
Avaialble	
  for	
  download	
  at	
  http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.148726/-­‐/DC1.	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  


