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Background: The mechanism underlying nuclear transport of RNA polymerase II (RNAPII) is unclear.
Results: Npa3 is required for nuclear localization of RNAPII and binds it in a GTP-dependent manner.
Conclusion: RNAPII nuclear import takes place via an unconventional pathway involving Npa3 and a cycle of GTP-dependent

Npa3-RNAPII binding and release.

Significance: Learning the mechanism of RNAPII nuclear import is crucial for understanding the regulation of gene expression.

We identified XAB1 in a proteomic screen for factors that
interact with human RNA polymerase II (RNAPII). Because
XABI1 has a conserved Saccharomyces cerevisiae homologue
called Npa3, yeast genetics and biochemical analysis were used
to dissect the significance of the interaction. Degron-dependent
Npa3 depletion resulted in genome-wide transcription
decreases, correlating with a loss of RNAPII from genes as meas-
ured by chromatin immunoprecipitation. Surprisingly, how-
ever, transcription in vitro was unaffected by Npa3, suggesting
that it affects a process that is not required for transcription in
yeast extracts. Indeed, Npa3 depletion in vivo affects nuclear
localization of RNAPII; the polymerase accumulates in the cyto-
plasm. Npa3 is a member of the GPN-LOOP family of GTPases.
Npa3 mutants that either cannot bind GTP or that bind but
cannot hydrolyze it are inviable and unable to support nuclear
transport of RNAPII. Surprisingly, we were unable to detect
interactions between Npa3 and proteins in the classical impor-
tin «/ pathway for nuclear import. Interestingly, Npa3-RNA-
PII binding is significantly increased by the addition of GTP or
its slowly hydrolyzable analogue guanosine 5’-3-O-(thio)tri-
phosphate (GTP+vS). Moreover, the Npa3 mutant that binds
GTP, but cannot hydrolyze it, binds RNAPII even in the absence
of added GTP, whereas the mutant that cannot bind GTP is
unable to bind the polymerase. Together, our data suggest that
Npa3 defines an unconventional pathway for nuclear import of
RNAPII, which involves GTP-dependent binding of Npa3 to the
polymerase.

RNA polymerase II (RNAPII)* is a multisubunit enzyme
responsible for transcription of all eukaryotic protein-encoding
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genes. The structure of RNAPII (1, 2), as well as its function and
regulation (3, 4), has been intensely studied for decades, but
surprisingly little is known about its biogenesis. Furthermore,
RNAPII is a nuclear protein, but exactly how it enters the
nucleus is still unclear. For example, there is no obvious nuclear
localization signal (NLS) on any of the polymerase subunits that
might target it to the nucleus. One possibility is that NLS-con-
taining carrier protein binds the polymerase and presents it to
the nuclear import machinery. There is precedence for such a
chaperone mechanism for protein transport. For example,
nuclear export of the large 60 S ribosomal subunit depends on
the adapter protein Nmd3, which provides the nuclear export
signal (5, 6). Another question is whether RNAPII subunits
enter the nucleus separately and independently or whether they
are preassembled in the cytoplasm and imported as larger com-
plexes or even as the whole RNAPII complex. Only very
recently, a few studies have addressed these questions. One
investigated the assembly of RNAPII from its individual sub-
units and concluded that it takes place in the cytoplasm and is a
prerequisite for correct nuclear import (7). Three other studies,
also published while our work was in progress or preparation
for publication, were focused on the nuclear import of RNAPII
and reported that two different proteins, namely XAB1/
RPAP4/GPN1/Npa3 (8, 9) and Iwrl (10), have roles in trans-
porting RNAPII to the nucleus.

In our study, we focused on Saccharomyces cerevisiae Npa3.
Npa3 was originally named due to its interaction with nucleolar
preribosomal associated 1 (Npal) (11), but unlike Npal (which
is found in the nucleolus), Npa3 is primarily a cytoplasmic pro-
tein (11, 12). NPA3 is an essential gene in yeast (13). Its human
orthologue, XPA binding-protein 1 (XAB1, also called RPAP4/
GPN1 or MBDin), was initially identified as a xeroderma pig-
mentosum A (XPA)-interacting protein in a two-hybrid screen
(14), but it has also been studied in the context of the methy-
lated DNA-binding protein MBD2, where it appears to reacti-
vate transcription from methylated promoters repressed by
MBD2 (15).

We identified human XAB1 while looking for novel RNAPII-
associated proteins by affinity purification coupled with mass
spectrometry (MS). Indeed, when its yeast orthologue Npa3
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was tagged and purified, the only protein that consistently co-
purified with it was RNAPII. Here we show that Npa3 is
required for transcription of a substantial fraction of yeast
genes because it is needed for nuclear localization of RNAPIL
We show evidence for an important role for the GTP-binding
domain of Npa3 and the GTP hydrolysis cycle in the association
with RNAPIL. Our results also argue for a role of Npa3 in
nuclear import of RNAPII via a non-classical nuclear import
pathway.

EXPERIMENTAL PROCEDURES

Strains and Plasmids—Unless stated, all strains were based
onw303-1la (MATa leu2-3,112 his3-11,15 ade2-1ura3-1trpl-1
canl-100). Npa3-HA; (Npa3 C-terminally tagged with
HA,:HIS3), Npa3-FLAG-TEV,-Myc, (Npa3 C-terminally
tagged with FLAG-TEV ,-Mycy: TRP1), Npa3-FLAG-TEV,-Myc,
(Npa3 C-terminally tagged with FLAG-TEV,-Myc,g::HIS3),
Npa3degHA, (Npa3deg:KanMX C-terminally tagged with
HA ;::URA3), Nup133-Myc, (Nup133 C-terminally tagged with
Mpycg:: TRP1), Nup133-Myc, and Npa3-HA; (as Nup133-Myc,,
but Npa3 also C-terminally tagged with HA;:HIS3),
Npa3degHA; and Xpol-HA; (as Npa3degHA,, but Xpol also
C-terminally tagged with HA ;::HIS3), Rpb3-EGFP (Rpb3 C-ter-
minally tagged with EGFP::HIS3), and Npa3degHA ; and Rpb3-
EGFP (as Npa3degHA;, but Rpb3 also C-terminally tagged
with EGFP::HIS3), where Npa3deg indicates Npa3-degron.
Npa3degHA, strain was constructed from the yjr072c-td strain
(16), a kind gift from Dr. Karim Labib, Paterson Institute, Man-
chester, UK. First, a C-terminal HA;:URA3 tag was added
to the Npa3deg (yjr072c-td), and then the strain was
mated and sporulated to remove TUBI-GFP::TRPI and
ubrldelta::GAL-HA-UBRI::HIS3. For NLS-EGFP (and EGFP)
tagging of endogenous Rpb3, the plasmid pYM28 (10), a kind
gift from Dr. Patrick Cramer, Gene Center Munich, Germany,
was used.

Degron Induction—Npa3degHA, cells were grown at 25 °C
(permissive temperature) in synthetic complete medium or
synthetic dropout medium, with the addition of 10 um CuSO,
to maintain near physiological Npa3 levels (as confirmed by
Western blotting). For Npa3 degradation, cells were washed
two times with medium without CuSO, and shifted to 37 °C
(restrictive temperature) for 6 or 8 h, resulting in less than 10%
of cellular Npa3 remaining. Induction of Ubr1 was not required
for efficient degradation.

Protein Expression and Purification—To purify Npa3 with its
interacting partners from yeast, Npa3-FLAG-TEV,-Myc, cells
were harvested, resuspended in 150 mwM Tris acetate (pH 7.8),
50 mMm potassium acetate, 1 mm EDTA, 5 mm dithiothreitol,
20% glycerol, 0.01% Nonidet P-40, and protease inhibitors (17),
and lysed using a freezer mill. The extracts were precleared at
12,000 X g for 20 min, potassium acetate was added to a final
concentration of 500 mmM, and the extracts were ultracentri-
fuged using a Beckman Ti45 rotor (40,000 rpm, 1 h, 4 °C). The
soluble layer was precleared over a protein A column and then
loaded onto a 9E11 affinity column at a flow rate of 0.25 ml/min.
The column was washed with 40 column volumes of lysis buffer
supplemented with 500 mm potassium acetate and then with 20
column volumes of lysis buffer supplemented with 50 mm
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potassium acetate and finally equilibrated in TEV cleavage
buffer (10 mm Tris-HCI (pH 8.0), 150 mm NaCl, 1 mm B-mer-
captoethanol). TEV cleavage was carried out overnight in TEV
cleavage buffer by adding 100 ug of ACTEV protease (Invitro-
gen), and the proteins bound to the column were eluted with
TEV cleavage buffer containing 300 mm NaCl. In the next puri-
fication step, the eluates were further purified either by M2
(anti-FLAG affinity) chromatography or over a HiTrapQ FF
column.

In Vitro Transcription—Promoter-specific transcription was
carried out using yeast whole-cell extract (WCE) from Npa3-
FLAG-TEV,-Myc, 4 and the guanine-less (G-less) cassette tem-
plate plasmid pGCYC1-402 (18, 19). Briefly, reactions were
performed in a final volume of 25 ul (40 mm HEPES (pH 7.5); 15
mM MgCl,; 8 mm DTT; 100 mm KOAc; 0.8 mm CTP, ATP, and
GTP; 12 um UTP; 10 uCi of [**P]JUTP (3000 Ci/mmol;
PerkinElmer Life Sciences); and 40 units of RNasin (Promega)).
In each reaction, 0, 140, or 280 g of Npa3-depleted or mock-
depleted WCE was incubated with 100 ng of Gal4-VP16, and
800 ng of pGCYC1-402 DNA at room temperature for 30 min
in the presence or absence of 600 ng of rNpa3. Reactions were
stopped by the addition of 200 ul of stop buffer (10 mm Tris (pH
7.5), 0.3 M NaCl, and 5 mm EDTA) and 100 units of RNase T1
(Roche Applied Science) for 15 min at room temperature. Sam-
ples were then treated with proteinase K, phenol/chloroform
was extracted, and samples were run on a sequencing gel as
described (20). Results were visualized by autoradiography.

WCE depleted of Npa3 was generated by incubating 500 ul of
WCE (89 mg/ml) with 50 ul of protein A/G (1:1)-agarose beads
to which 9E11 anti-Myc antibody had been coupled at 4 mg/ml.
Mock depletion was with protein A/G beads alone. Incubations
were carried out on a rotator at 4 °C sequentially for 2 h, 40 min,
and then 20 min, respectively, using fresh beads each time.
Depletion levels were checked by Western blotting.

Immunoprecipitation and ChIP—Npa3-HA; was immuno-
precipitated with an anti-HA antibody (ab9110), and Npa3-
FLAG was immunoprecipitated using M2-agarose and eluted
with 3XFLAG peptide. The same antibodies were used for
detection of Npa3-HA, and Npa3-FLAG by Western blotting.
Xpol-HA; was detected with ab9110 antibody, and Nup133-
Myc, was detected with 9E11 anti-Myc antibody. ChIP assays
were carried out as described (21). For Npa3-HA,; ChIP, ab9110
antibody was used, and Rpb1 ChIP was done with a mix of 4H8
and 8WG16 antibodies.

RT-PCR and Clonal Sequencing Methods—RNA was pre-
pared from wild type and Npa3-degron strains grown in syn-
thetic complete medium at 37 °C in the absence of Cu®>* for 6 h
using an RNeasy kit (Qiagen). Clonal sequencing of RNA was
carried out on a Genome Analyzer IIx instrument, by single-
end, 72-bp analysis. Reads were mapped to the June 2008 (sac-
Cer2) version of the S. cerevisiae genome using Bowtie (22) with
default settings. The Bioconductor package GenomicFeatures
was used to count read overlaps with protein-coding tran-
scripts from the Saccharomyces Genome Database (SGD). Dif-
ferential expression analysis for each transcript between Npa3-
degron and WT groups was assessed using the Bioconductor
package edgeR (23). Library size was normalized using the
“TMM” method of the “calcNormFactors” function. An esti-
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mate of common dispersion was calculated using the “estimate-
CommonDisp” function before implementation of the “exact-
Test” function.

For RT-PCR analysis, RNA was treated with Turbo DNase
(Ambion), and cDNA was synthesized using the Tagman
reverse transcriptase kit (Applied Biosystems). PCR oligonu-
cleotide sequences are available on request. Real-time PCR
analysis was carried out on a Bio-Rad CFX96 real-time system.

Fluorescence Microscopy—Yeast immunofluorescence was
carried out according to the method of Ayscough and Drubin
(24). Rpbl1 was detected using a 4H8 monoclonal antibody at
1:5000 and Alexa Fluor 488 anti-mouse at 1:800. Deltavision
microscopy was used to visualize yeast using an X100
UplanSApo 1.40 NA oil objective lens on an Olympus inverted
microscope (IX71). Images were captured using SoftWorx
computer software (Applied Precision). Three-dimensional
data sets were computationally deconvolved and flattened.

RESULTS

Npa3 Interacts with RNA Polymerase Il in Yeast and Human—
To gain new insight into elongation by RNAPII, we used a
human HEK293 cell line expressing a C-terminally FLAG-
tagged Rpb3 subunit of RNAPII and purified proteins associ-
ated with the elongating form of RNAPII as described previ-
ously (25). In an attempt to identify proteins specifically
associated with DNA damage-stalled RNAPII, one-half of the
cells were irradiated with 30 J/m? of ultraviolet (UV) light. Sig-
nificant amounts of Cockayne syndrome B and DNA damage-
binding protein 1 (DDB1) were found to interact with RNAPII
in UV-irradiated cells only, as expected from previous data (26),
but we failed to identify novel proteins associating with RNAPII
in a UV-dependent manner using this approach (data not
shown). Interestingly, however, we repeatedly (in both condi-
tions) identified XABI, a poorly characterized GTPase, which
was initially identified through its interaction with the repair
protein xeroderma pigmentosum A (14). We were intrigued by
the interaction of XAB1 with RNAPII, so we decided to char-
acterize the interaction further.

We initially constructed a stable human cell line expressing
near normal levels of C-terminally FLAG-tagged XABI to iden-
tify any additional interacting partners, which might provide a
clue to its function. Unfortunately, although we employed the
same well established procedure used in the purification of
Rpb3-FLAG, we were for unknown reasons unable to purify
sufficient amounts of XAB1 complex for mass spectrometric
analysis. Because XAB1 has a highly conserved yeast homo-
logue, Npa3, we decided to switch to yeast and take advantage
of a powerful affinity purification strategy in this system (27)
(Fig. 1A). We genomically tagged Npa3 with a C-terminal
FLAG-TEV,-Myc, tag, purified it over an anti-Myc affinity col-
umn, and then eluted it by proteolytic cleavage with TEV pro-
tease. The eluate was further purified over an anti-FLAG
M2-agarose affinity column and eluted with 3XFLAG peptide.
The co-purifying proteins were analyzed by mass spectrometry
(Fig. 1B, M2). In addition to Npa3, we identified several differ-
ent heat-shock proteins, some of which are frequently observed
during purification of other proteins by this procedure as well.
More importantly, mass spectrometric analysis identified
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FIGURE 1. RNAPII co-purifies with Npa3. A, outline of the Npa3 purification
procedure. Mass spec analysis, mass spectrometric analysis. B, eluates from
M2-agarose (M2) and a HiTrapQ FF column (Q) (peak fraction) were separated
by 4-12% SDS-PAGE and stained with SYPRO Ruby. Positions of proteins
identified by mass spectrometric analysis are indicated on the right, and
marker protein migration is indicated on the left. C,immunoprecipitation (/P)
from whole cell extracts from a strain expressing endogenous Npa3 with a
C-terminal 3XHA tag (Npa3-HA3) or an untagged control strain (no tag), with
anti-HA (12CA5) antibody. Rpb1 was detected by Western blotting with a
mixture of 4H8 and 8WG16 antibodies.
RNAPII subunits Rpb1, Rpb2 and Rpb5 in this Npa3 purifica-
tion. The result was similar when we employed HiTrapQ ion
exchange chromatography after TEV cleavage elution (Fig. 1B,
Q). In this case, we identified Rbp2 and Rpb3 associated with
Npa3. In general, only RNAPII subunits consistently co-puri-
fied with Npa3 in all the purifications of differing stringency
that we performed (Fig. 1B and data not shown).

To confirm the interaction between Npa3 and RNAPIIL, we

constructed a strain expressing 3XHA-tagged Npa3 from its
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FIGURE 2. Npa3 depletion affects transcription in vivo, but not in vitro. A, depletion of Npa3-degron after inducing degradation by raising the temperature
to 37 °C. No degradation of Npa3 is observed in a WT congenic strain (not shown). B, Rpb1 ChIP using WT or Npa3-degron cells at the non-depleting
temperature (25 °C) or depletion-inducing temperature (37 °C). ChIP signals on ZPST and NAT4 are expressed as the percentage of input. Error bars denote S.D.
of three biological replicates. C, Western blots of extracts from an Npa3-FLAG-TEV,-Myc, 5 strain before (titration on left) or after depletion of Npa3 by 9E10
(anti-Myc) or control beads (Mock). Note that the Npa3 signal after 9E10 depletion (lane 7) is similar to 1-5% of the signal before depletion (/anes 4 and 5),
whereas the signal in the mock depletion is similar to 100% (compare lane 6 with lane 1). D, promoter-driven transcription in mock- or Npa3-depleted extract

in the absence or presence of added recombinant Npa3.

native chromosomal location and pulled down Npa3 with
12CA5 (anti-HA) antibody. The non-tagged parental strain was
used as a negative control. We reproducibly observed a small
proportion of polymerase co-precipitating with 12CA5 anti-
bodies from NPA3-HA cells, but not the untagged cell line, as
assayed by Western blotting with anti-Rpb1 antibodies (Fig. 1C,
compare lanes 2 and 4).

Npa3 Is Associated with Chromatin and Affects Transcription—
The finding that Npa3 interacts with RNAPII raised the intrigu-
ing possibility that Npa3 might have a role in transcription. To
investigate the effect of Npa3 on transcription, mRNA levels
were compared by clonal sequencing of mRNA isolated from
wild type or an Npa3-degron strain (16) at the restrictive tem-
perature, where most Npa3 is degraded (Fig. 2A). In three inde-
pendent experiments, we obtained reads for transcripts from
6109 genes. Expression levels of 1392 genes (22.8% of the
genome) were changed by a factor of 2 or more in the Npa3-
degron strain when compared with the control strain. The vast
majority of these, 1294 genes, were down-regulated (93%),
whereas only 98 genes (7%) were up-regulated. To verify the
RNA-Seq results, we measured the expression of six down-reg-
ulated genes, two up-regulated genes, and two genes that were
not affected in the degron strain by reverse transcription fol-
lowed by quantitative PCR (RT-PCR) (Table 1). The RT-PCR
results closely matched those obtained by RNA-Seq. Note that
YEF3 gene was not called as a down-regulated gene in the
genome-wide analysis, although the quantitative RT-PCR indi-
cated an average expression reduction of 2.2-fold. This is
because the RNA-Seq average difference only showed a 1.8-fold
average reduction. It is highly likely that a much higher propor-
tion than ~23% of the transcriptome is affected by Npa3, also
because it was not possible to degrade all the Npa3 within the
time frame of the experiment.

To test whether the dramatic effect on mRNA levels
observed in the RNA-Seq experiment was caused by a defect in
transcription, we measured RNAPII occupancy by ChIP on
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some of the affected genes. The ZPS1 and NAT4 genes, which
were down-regulated, also had significantly less RNAPII bound
in the absence of Npa3 (37 °C), indicating a transcriptional
defect (Fig. 2B). Together, these results indicate that loss of
Npa3 results in impaired transcription of a large number of
yeast genes.

Depletion of Npa3 from Transcription-competent Cell
Extracts Has No Effect on Transcription in Vitro—After observ-
ing global effects on transcription upon Npa3 depletion in vivo,
we wanted to study its role in transcription in more detail in
vitro. Promotor-driven transcription was assayed using yeast
WCE (18) on a DNA template containing a G-less cassette. For
production of WCE, we used the strain expressing FLAG-
TEV,-Myc,s-tagged Npa3 from its native chromosomal loca-
tion, and we then removed Npa3 from the extract using anti-
Myc antibody (Fig. 2C). This led to >95% depletion of Npa3
from the extract (Fig. 2C, compare lane 7 with lanes 4 and 5).
Npa3-depleted and mock-depleted extracts were then used to
reconstitute promoter-driven RNAPII transcription from the
G-less cassette-containing DNA template, with or without the
addition of Npa3-GST purified from Escherichia coli. Surpris-
ingly, neither immunodepletion (Fig. 2D, compare lanes I and 2
with lanes 3 and 4) nor the addition of purified Npa3 protein to
the extracts (compare lanes 6 and 7 with lanes 8 and 9) had an
effect on transcription. This was in stark contrast with our in
vivo data, which had suggested a general role for Npa3 in tran-
scription. We therefore reasoned that Npa3 might be involved
in a process that is not relevant in the in vitro transcription
system. Two obvious possibilities were a function in chromatin
transactions or nuclear localization and/or assembly of RNA-
PIIL. Because a substantial fraction of XAB1 (the human homo-
logue of Npa3) is cytoplasmic, we now investigated whether
Npa3 might play a role in assembly or nuclear transport of
RNAPIIL

Npa3 Is Required for Nuclear Localization of RNAPII—Ini-
tially, to investigate the effect of Npa3 on RNAPII complex
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TABLE 1
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Validation of RNA-Seq data by reverse transcription and real-time (quantitative) PCR
-Fold change in expression for three biological replicates, with averages shown. NA, not applicable.

RNA-Seq1 RNA-Seq2 RNA-Seq3 RNA-Seqaverage RT-PCR1 RT-PCR2 RT-PCR3 RT-PCR average

Down (WT/degron)

ZPS1 14.4 9.0 15.6 13.0 10.5 12.5 15.2 12.7

NAT4 4.1 12.6 NA 8.4 2.4 2.9 3.9 3.1

ADH1 1.3 3.0 5.9 3.4 1.4 2.6 3.4 2.5

PMAI 14 2.8 5.0 3.1 4.0 3.8 NA 3.9

FLP1 2.6 1.7 3.5 2.6 2.4 1.9 2.4 22

YEF3 1.3 1.6 2.7 1.8 12 2.4 3.0 2.2
No change (WT/degron)

RPB3 0.8 1.6 1.8 1.4 0.9 15 1.8 1.4

RPBI 0.9 1.2 1.7 1.3 0.7 0.8 1.0 0.8
Up (degron/WT)

PTR2 7.6 5.2 4.3 5.7 10.0 8.3 7.7 8.7

HSP78 6.1 5.0 1.9 4.3 5.3 5.0 2.9 4.4

A a-Rpb1 DAPI Merge

assembly, we purified RNAPII from an Npa3-degron strain at
the restrictive temperature and compared its subunit composi-
tion with RNAPII purified from the wild type strain. There was
no significant difference in the yield or subunit composition
between the two polymerases (data not shown), suggesting that
Npa3 is not absolutely required for RNAPII biogenesis.

To test the hypothesis that Npa3 is needed for correct local-
ization of RNAPII, we looked at the localization of two RNAPII
subunits, Rpb1 and Rpb3, in wild type and Npa3-degron cells by
immunofluorescence (Fig. 3). At the permissive temperature,
Rpbl was strictly nuclear in both strains; no staining was
observed in the cytoplasm (Fig. 34, two upper rows). In contrast,
although the localization of Rpb1 did not change at the restric-
tive temperature in wild type cells (¢4ird row), a significant frac-
tion became cytoplasmic in Npa3-degron cells (lower row),
indicating a defect in its nuclear import in the absence of Npa3.
To monitor the localization of another RNAPII subunit, Rpb3
was genomically tagged with a C-terminal EGFP tag, and its
localization was monitored by live cell imaging (Fig. 3B). As
observed for Rpb1, Rpb3-EGFP was found only in the nucleus
of both wild type and degron cells at the permissive tempera-
ture, whereas clear cytoplasmic accumulation of Rpb3-EGFP
was seen in the cells depleted for Npa3 (lower panels), but not in
wild type cells, at the elevated temperature.

As cells had to be kept at the restrictive temperature for sev-
eral hours to achieve efficient depletion of the essential Npa3
protein, there was a possibility that altered RNAPII localization
was a secondary effect of, for example, cell death. Therefore, we
investigated whether cells resumed growth and normal Rpb3
localization when brought back to the permissive temperature.
Indeed, when shifted back to the permissive temperature so
that Npa3 function was reactivated, cells not only resumed
growing (data not shown), but also, more importantly, RNAPII
again became exclusively nuclear (Fig. 3B, compare the second
and third column). Together, these data show that Npa3 plays
an important role in the nuclear localization of RNAPII;
although RNAPII is observed in the nucleus in all conditions,
partial depletion of Npa3 (Fig. 2A4) results in substantial accu-
mulation of the polymerase in the cytoplasm.

Npa3 Interacts with Nupl33 and Crml/Xpol—The data
above strongly indicate that Npa3 is required for nuclear
import of RNAPII, but which other transport factors are
responsible for the translocation of this complex to the
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FIGURE 3. RNAPII localizes to the cytoplasm in the absence of Npa3. A,
localization of Rpb1 in WT or Npa3-degron (Npa3deg) cells at non-depleting
(25 °C) or depletion-inducing temperature (37 °C) was assessed by immuno-
fluorescence, using anti-Rpb1 (4H8) antibody. B, WT and Npa3-degron
(Npa3deg) cells expressing an endogenous C-terminally EGFP-tagged Rpb3
were grown at 25 °C overnight (O.N.), shifted to 37 °C for 8 h, and then shifted
back to 25 °C for 4 h. Localization of Rpb3 in WT and Npa3-degron cells was
monitored via EGFP fluorescence.
nucleus? We investigated interactions of Npa3 with known
transport factors by co-immunoprecipitation experiments. We
failed to detect an interaction of Npa3 with yeast importin «,
Srpl (data not shown). Moreover, we found no evidence for
interaction between Npa3 and Kap95, a yeast importin £3, or
Gspl, the yeast Ran orthologue (data not shown), which are
otherwise the central components of the classical nuclear
import pathway.

Because we failed to uncover evidence that Npa3 and its
cargo enter the nucleus via the classical nuclear import path-
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FIGURE 4. Npa3 interacts with nuclear pore protein Nup133 and nuclear
export protein Crm1/Xpo1. A, Npa3 was immunoprecipitated (/P) with an
anti-HA antibody from extracts of a strain expressing endogenous Npa3 with
a C-terminal 3XHA tag and Nup133 with a C-terminal 9XMyc tag (Npa3-
HA3). A strain expressing only Myc,-tagged Nup133 was used as a negative
control (no tag). Nup133 was detected by Western blotting with a 9E11 anti-
Myc antibody. Lanes 7 and 2: 0.5% of input. B, Npa3 was immunoprecipitated
with an anti-FLAG antibody from extracts of cells expressing Npa3-FLAG and
Xpo1-HA;. Bound proteins were eluted with a 3XFLAG peptide. A strain
expressing only tagged Xpo1 was used as a negative control (no tag). Xpo1
was detected by Western blotting with an ab9110 anti-HA antibody. Lanes 1
and 2: 0.5% input. Prior to immunoprecipitation, extracts were incubated
with no added GTP analogue (/anes 3 and 6), 500 um GDP (lanes 4 and 7), or
500 uM GTP (lanes 5 and 8) to measure the effect of nucleotide on binding.

way, we wondered whether there is an alternative, more direct
pathway that Npa3 might utilize. One possibility would be that
Npa3 binds directly to nuclear pore proteins, potentially
bypassing the need for importin 8 to make the contact with the
nuclear pore. Interestingly, we had indeed identified Nup133,
one of the nuclear pore outer ring proteins, in one of our Npa3
purifications. To verify this interaction, we genomically tagged
Nup133 with a 9XMyc tag in the strain already expressing
genomically 3XHA-tagged Npa3. Npa3-HA3 was pulled down
with an anti-HA antibody, and the interaction with Nup133-
Myc, was examined by Western blotting. Nup133 was co-im-
munoprecipitated with Npa3-HA3 from the strain expressing
tagged Npa3, but not from the untagged control strain (Fig. 44),
confirming the Npa3-Nup133 interaction.

Upon unloading its cargo in the nucleus, Npa3 needs to be
recycled to the cytoplasm. This prompted us to test whether
Npa3 also binds the nuclear export factor Crm1/Xpol. Indeed,
3XHA-tagged Crm1/Xpol was co-immunoprecipitated with
anti-FLAG antibodies from a strain expressing FLAG-tagged
Npa3, but not from an untagged control strain (Fig. 4B, com-
pare lanes 3 and 6). Crm1/Xpo1l bound Npa3-FLAG regardless
of the addition of GDP or GTP to the cell extracts (compare
lanes 6-8).

A Functional Npa3 GTPase Domain Is Required for Cell Via-
bility and Proper Nuclear Localization of RNAPII—Database
searches revealed only one conserved domain in Npa3: a
GTPase motif of the GPN family (28). To establish whether
GTPase activity is essential for its function, we mutated two
crucial residues in Npa3; the D106A mutation will abolish GTP
binding (28), whereas the Q110L mutation corresponds to a
naturally occurring mutation in the homologous Ras protein
that retains the ability to bind GTP but that does not support
GTP hydrolysis (29). We introduced wild type Npa3 and the
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FIGURE 5. Characterization of Npa3 GTPase domain mutants. Npa3-de-
gron cells were transformed with a yeast centromeric plasmid (pRS415) car-
rying Npa3-FLAG (Npa3 WT), Npa3-FLAG D106A, or Npa3-FLAG Q110L under
the control of its natural promoter and terminator. A, serial dilutions of cells
grown in liquid cultures at 25 °C overnight were spotted on plates containing
10 um CuSO, and grown for 3 days at 25 °C (no Npa3-degron depletion) or
spotted on plates with no added CuSO, and grown for 2 days at 37 °C (Npa3-
degron depletion induced). B, Rpb1 localization in cells grown for 6 h at 37 °C
(Npa3-degron depletion induced) assessed by immunofluorescence, using a
4H8 anti-Rpb1 antibody.

two mutant forms into Npa3-degron cells and assessed cell via-
bility at the permissive and restrictive temperature (Fig. 54). At
the permissive temperature, all cell types grew similarly well.
More importantly, cells expressing the D106A and Q110L
mutants were even more sensitive to elevated temperature
(where Npa3-degron is degraded) than cells transformed with
an empty vector, whereas wild type Npa3 rescued the temper-
ature sensitivity of the cells, as expected. This indicates that
GTPase activity is indeed essential for the function of Npa3.

Next we wanted to test whether GTPase function of Npa3 is
needed for proper nuclear localization of RNAPIIL. Therefore,
we monitored Rpb1 localization when expressing wild type or
mutant Npa3 protein in Npa3-degron cells (Fig. 5B). A
expected, a significant portion of Rpb1 was cytoplasmic at the
restrictive temperature in Npa3-degron cells transformed with
an empty vector (Fig. 5B, upper row), whereas Rpb1 was exclu-
sively nuclear in cells expressing wild type Npa3 protein (second
row). Interestingly, cytoplasmic accumulation of Rpb1 was very
pronounced in the cells expressing mutant D106A and Q110L
protein (lower two rows), strongly indicating an essential func-
tion of the Npa3 GTPase activity in nuclear localization of
RNAPIIL

A GTP Cycle for Npa3 Association with RNAPII—Having
shown that the GTPase domain of Npa3 is essential for nuclear
localization of RNAPII, we wanted to know whether GTP bind-
ing by Npa3 regulates its interaction with RNAPII. Npa3-de-
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FIGURE 6. RNAPII-Npa3 association is regulated by GTP binding and hydrolysis. Npa3 (WT or mutant indicated on top) was immunoprecipitated from
whole cell extracts (after growth for 6 h at 37 °C to degrade endogenous Npa3-degron) via a C-terminal FLAG tag on the plasmid-expressed Npa3 proteins
(Empty vector is shown as control). Bound proteins were eluted with 3 XFLAG peptide, and Rpb1 was detected by Western blotting with a mixture of 4H8 and
8WG16 anti-Rpb1 antibodies. Npa3-FLAG was detected with anti-FLAG antibodies. Lanes 1,6, 11,and 16: 1% input. Prior to immunoprecipitation, extracts were
incubated with no GTP analogue (—) or 500 um GDP, GTP, or GTP+S, as indicated.

gron cells expressing undegradable WT-, D106A-, or Q110L
Npa3-FLAG or an empty vector were grown at 37 °C for 6 h to
degrade Npa3-degron. WCE from these cells was then incu-
bated with M2 FLAG-agarose before Npa3-FLAG and interact-
ing proteins were eluted with FLAG peptide, and eluates were
analyzed by Western blotting (Fig. 6). As Npa3 is a GTPase, we
first tested whether the addition of different versions of guanine
nucleotide phosphates to the extracts affects the interaction
between Npa3 and Rpb1. Strikingly, although the addition of
GDP did not have much effect (Fig. 6, compare lanes 7 and 8),
the addition of GTP, and its slowly hydrolyzable form GTPyS in
particular, consistently resulted in significantly larger amounts
of Rpb1 being pulled down with Npa3-FLAG (Fig. 6, compare
lane 7 with lanes 9 and 10, respectively), indicating that GTP
binding is important for the interaction between Npa3 and
Rpbl.

In agreement with this conclusion, the two Npa3 mutants
behaved very differently in the RNAPII binding assay. Npa3
D106A, the mutant defective in nucleotide binding, was thus com-
pletely defective in Rpb1 binding (Fig. 6, lanes 12—15), strongly
supporting the idea that nucleotide binding is essential for the
association of RNAPII with Npa3. Indeed, the Npa3 Q110L
mutant, which binds but cannot hydrolyze GTP, bound Rpb1 very
well, even without the addition of exogenous GTP to the extract, to
a level comparable with wild type Npa3 in the presence of exoge-
nous GTP and GTPyS (compare lanes 9 and 10 with lanes 17-20).
We conclude that an intact Npa3 GTPase domain and GTP bind-
ing are essential not only for viability and RNAPII nuclear localiza-
tion, but also for proper interaction of Npa3 with RNAPIL

DISCUSSION

RNAPII is a large enzyme consisting of 12 subunits. Due to
the structural studies of the polymerase in past couple of
decades (1, 2), we now have a detailed model of the enzyme,
clearly depicting the positions and interactions of individual
subunits. However, how those subunits are assembled into the
RNAPII complex and delivered to the nucleus from the cyto-
plasm has remained unclear. Here we show that in the absence
of Npa3, a conserved and essential GTPase, RNAPII accumu-
lates in the cytoplasm, and transcription is therefore severely
affected. The nuclear transport function of Npa3 is strictly
dependent on its GTPase activity as point mutations in the
GTPase domain affect binding of Npa3 to RNAPII, resulting in
its cytoplasmic accumulation. We found no evidence for bind-
ing of Npa3 to any of the classical nuclear import proteins, but
it did bind the nuclear pore protein Nup133, opening the pos-
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sibility that Npa3 might bring its RNAPII cargo to the nucleus
via an interaction with nuclear pore proteins.

Our initial interest in Npa3 was triggered by our discovery
that human RNA polymerase II was found associated with
XAB1/RPAP4/GPN1 in chromatin. This finding might suggest
that the protein functions in the nucleus, in apparent agree-
ment with a study on the function of XAB1/RPAP4/GPNI1 in
reactivating transcription from methylated promoters
repressed by MBD2 (15). Our subsequent data in yeast con-
firmed the interaction with RNAPII and also initially supported
a function for Npa3 in transcription, as expression of (and
RNAPII association with) numerous genes was significantly
affected by Npa3 depletion. However, we were unable to
uncover any effect on transcription reconstituted in crude
extracts, which might indicate an indirect effect and would
seem in agreement with the fact that the majority of the pool of
the protein is cytoplasmic. This led us to investigate the poten-
tial role of Npa3 in RNAPII localization and the realization that
it is important for normal nuclear import of the polymerase.

The data on the role of Npa3 in nuclear import of RNAPII
presented here complements several studies published on
RNAPII assembly and transport published recently (7-10). In
one of these studies, it was found that HSP90 is involved in
RNAPII assembly in the cytoplasm in human cells and that only
assembled RNAPII complexes are transported (7). In support of
a conserved role for heat-shock proteins in the assembly of
RNAPII, the yeast homologue of HSP90, Hsc82, was also
detected in our Npa3 purifications. In general, several GPNs
(GPN1/2/3) were found with RNAPII in different studies in
humans (7-9), and we detected both Npa3 and Gpn2 with
RNAPII from yeast as well. It thus appears that the basic cellular
apparatus used for assembly and transport of RNAPII has
remained conserved from yeast to human.

In humans, the orthologue of Npa3, XAB1/RPAP4/GPN1,
was found to interact with karyopherin a2 (8), a human impor-
tin « protein, and importin 9 (9), member of the importin 8
family. Somewhat surprisingly, we failed to detect an interac-
tion between Npa3 and Kap60 (importin «), Kap95 (importin
B), or Gspl (Ran), which are components of the classical
nuclear import pathway. This might simply imply that the
interaction between Npa3 and the importins is too weak or too
transient to be detected in the type of assay we used (co-immu-
noprecipitation), but it might also mean that Npa3 is imported
via an alternative pathway in yeast. In this connection, it is rel-
evant to note that although most types of characterized NLS-
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containing proteins are bound by importin «, which then binds
importin B3, which in turn contacts the nuclear pore, some
transported proteins bind directly to importin 8 and do not
require importin « for translocation to the nucleus (30). Other
proteins are even imported without Ran (31, 32), and there are
even examples of proteins, such as 3-catenin, whose transport
seems to require neither importins nor Ran as these proteins
can bind directly to the nuclear pore (33). We found that Npa3
can also bind at least one nuclear pore protein, Nup133, and
although Nup133 is not one of the several phenylalanine-gly-
cine repeat nucleoporins that have so far been implicated in the
binding and translocation of import complexes, it is possible
that Npa3 can directly bind nuclear pore proteins and therefore
does not depend on the classical nuclear import pathway.

Another feature of Npa3 lends further credence to the idea
that its mechanism of RNAPII nuclear import is via a non-
conventional pathway; Npa3 itself is a GTPase. As a matter of
fact, we found that Npa3 binds RNAPII much better in the
active, GTP-bound form and that mutations in the GTPase
domain affect binding in a meaningful and potentially telling
manner. Thus, a D106A point mutation, which abolishes GTP
binding (28), also renders Npa3 unable to associate with RNA-
PII, whereas Q110L mutation, which allows small GTPases to
bind GTP, but not to hydrolyze it (29), results in very strong
RNAPII binding even in conditions where nucleotide is limit-
ing. Unsurprisingly, both these Npa3 point mutations are lethal
and unable to support RNAPII transport in vivo. The Npa3-
RNAPII binding data are consistent with the idea that Npa3
works in a manner analogous to Ran, which binds partner pro-
teins in its GTP-associated form, whereas binding ceases upon
GTP hydrolysis. Although other possibilities cannot be ruled
out, our data on the GTP-regulated Npa3-RNAPII binding
cycle would thus be in agreement with a model in which GTP-
bound Npa3 associates with RNAPII in the cytoplasm, assists
in/triggers its transport across the nuclear membrane, and then
releases it upon GTP hydrolysis in the nucleus. Npa3 would
then be recycled to the cytoplasm, in all likelihood via a mech-
anism that involves Xpol (Crm1).

Somewhat surprisingly, it has recently been suggested that an
important pathway for the import of S. cerevisiae RNAPII into
the nucleus is through association with the Iwr1 protein, which
possesses an NLS and appears to be imported into the nucleus
via the classical, importin a-dependent pathway (10). The con-
nection between Iwrl and Npa3, if any, remains unclear, as does
the importance of the human Iwrl homologue in the transport
of RNAPII in higher cells.

Together, the data accumulated to date in several laboratories
are best explained by the existence of distinct pathways for RNA-
PII nuclear import in both yeast and humans. Thus, although sev-
eral players in the nuclear import of RNAPII have now been iden-
tified, the precise mechanism of transport and the relationship
between the possibly several mechanisms still need to be resolved.
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