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The Karyopherin Kap95 and the C-Termini of Rfa1, Rfa2,
and Rfa3 Are Necessary for Efficient Nuclear Import
of Functional RPA Complex Proteins
in Saccharomyces cerevisiae

Kenneth D. Belanger, Amanda L. Griffith,” Heather L. Baker,” Jeanne N. Hansen}
Laura A. Simmons Kovacs,** Justin S. Seconi,”" and Andrew C. Strine**

Nuclear protein import in eukaryotic cells is mediated by karyopherin proteins, which bind to specific nuclear
localization signals on substrate proteins and transport them across the nuclear envelope and into the nucleus.
Replication protein A (RPA) is a nuclear protein comprised of three subunits (termed Rfal, Rfa2, and Rfa3 in
Saccharomyces cerevisiae) that binds single-stranded DNA and is essential for DNA replication, recombination,
and repair. RPA associates with two different karyopherins in yeast, Kap95, and Msn5/Kap142. However, it is
unclear which of these karyopherins is responsible for RPA nuclear import. We have generated GFP fusion
proteins with each of the RPA subunits and demonstrate that these Rfa-GFP chimeras are functional in yeast
cells. The intracellular localization of the RPA proteins in live cells is similar in wild-type and msn5A deletion
strains but becomes primarily cytoplasmic in cells lacking functional Kap95. Truncating the C-terminus of any of
the RPA subunits results in mislocalization of the proteins to the cytoplasm and a loss of protein—protein
interactions between the subunits. Our data indicate that Kap95 is likely the primary karyopherin responsible for
RPA nuclear import in yeast and that the C-terminal regions of Rfal, Rfa2, and Rfa3 are essential for efficient

nucleocytoplasmic transport of each RPA subunit.

Introduction

REPLICATION PROTEIN A (RPA) is a heterotrimeric protein
complex that is essential for DNA replication, recombi-
nation, and repair in eukaryotic cells (reviewed in Wold,
1997; Iftode et al., 1999; Zou et al., 2006). RPA is a single-
stranded DNA-binding protein that is comprised of three
subunits: RPA70, RPA32, and RPA14. In the budding yeast
Saccharomyces cerevisiae these subunits are referred to as Rfal,
Rfa2, and Rfa3, respectively. Each subunit is essential for
viability and short truncations from the N- or C-termini of
each are lethal (Heyer et al., 1990; Brill and Stillman, 1991;
Philipova et al., 1996). The largest subunit, Rfal, contains a
protein—protein interaction domain at its N-terminus that
associates with factors that transiently regulate its activity
(see Fanning et al., 2006). The remainder of Rfal contains a
series of DNA-binding domains, the most C-terminal of
which also acts as a binding partner for the 34kDa Rfa2

subunit (Philipova et al., 1996; Brill and Bastin-Shanower,
1998; Bochkareva et al., 2000, 2002). Rfa2 contains a single
DNA-binding domain as well as a region toward its C-
terminus that associates with other RPA subunits. However,
Rfa2 can tolerate C-terminal truncations of more than 100
amino acids before completely losing function (Philipova
et al., 1996). Rfa3 does not have strong intrinsic DNA-binding
activity, but, like Rfa2, contains a C-terminal domain that is
necessary for viability and for trimerization of the RPA
complex (Philipova et al., 1996; Bochkareva et al., 2000). RPA
subunits primarily localize to the nucleus, consistent with
their role in DNA metabolism, although specific cytoplasmic
localization is apparent upon overexpression and cell cycle
progression (Murti et al., 1996, Sundin et al., 2004).
Eukaryotic cells regulate the transport of proteins between
the nucleus and cytoplasm in an energy- and protein-
dependent process (Tran and Wente, 2006). The double-
membraned nuclear envelope (NE) that forms the barrier
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between the nuclear and cytoplasmic compartments is per-
forated by large, hetero-oligomeric structures termed nuclear
pore complexes (NPCs), which serve as the only conduit for
the movement of macromolecules between the nucleus and
cytoplasm (reviewed in Fahrenkrog and Aebi, 2003; D’An-
gelo and Hetzer, 2008). Small molecules can diffuse freely
through the aqueous channel at the center of the nuclear
pores, whereas transport across the NE of proteins larger
than ~40kDa is tightly regulated. Proteins transported into
the nucleus through the NPCs contain nuclear localization
signals (NLSs), short amino acid sequences or domains that
are recognized by protein transport receptors (Lange ef al.,
2007). NLS sequences can be highly divergent, but function
to mediate association with a specific soluble transport re-
ceptor that facilitates translocation through NPCs. Most
transport receptors are members of a family of related pro-
teins termed karyopherins that can either import NLS-
containing substrates from the cytoplasm into the nucleus
(i.e., importins) or export nuclear export signal containing
cargoes from the nucleus to the cytoplasm (exportins) (Strom
and Weis, 2001; Mosammaparast and Pemberton, 2004;
Terry et al., 2007). The binding and release of substrates from
karyopherins is regulated by the small GTPase Ran, which is
in a predominantly GDP-bound form in the cytoplasm and
GTP-bound in the nucleus (Izaurralde et al., 1997).

Fourteen karyopherins (Kaps) have been identified in the
yeast S. cerevisiae, each of which recognizes a distinct but not
mutually exclusive set of NLSs and thus transports a unique
set of substrates across the NPC. The most well-characterized
karyopherin forms a heterodimer of two importin subunits
that cooperate to import substrates containing a related
NLS sequence. These subunits have been termed importin-o
(Imp-o or Kap60 in yeast) and importin-p (Imp-f/Kap95).
Imp-0./Kap60 associates directly with the NLS of its cargoes,
whereas Imp-B/Kap95 mediates movement of the cargo/
importin complex through the NPC (Gorlich et al., 1995;
Enenkel et al., 1995; Conti et al., 1998). The NLS sequences
recognized by Kap60 contain short clusters of basic amino
acids and are referred to as classical NLS (cNLS) motifs. Over
half of the yeast proteins that localize to the nucleus contain a
predicted ¢cNLS motif (Lange et al., 2007). However, Imp-$/
Kap95 can also function as a monomeric importin, trans-
porting some substrates into the nucleus without utilizing
Imp-o as a ¢cNLS-binding adaptor molecule (Palmeri and
Malim, 1999; Nagoshi et al., 1999; Truant and Cullen, 1999;
Lee et al., 2003; Strahl et al., 2005; Singhal et al., 2006; Fries
et al., 2007).

The remaining karyopherins in yeast also function by as-
sociating as monomers directly with specific NLS or nuclear
export signal sequences to mediate translocation of their
substrates across the NPC (Strom and Weis, 2001; Madrid
and Weis, 2006). With one exception, all of these kar-
yopherins have thus far been shown to transport protein
substrates in a single direction across the NPC, functioning
either as importins or as exportins, but not as both (Harel
and Forbes, 2004; Poon and Jans, 2005). The exception is
Msn5/Kap142, which has been reported to have nuclear
import and export activity for distinct protein substrates
(Yoshida and Blobel, 2001). However, the role of Msn5 in
nuclear protein import remains unclear (Belanger et al., 2004).

MSN5 was initially identified in various genetic screens as
a suppressor of Snfl kinase mutants (Estruch and Carlson,
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1990), modulator of pheromone response and calmodulin-
dependent gene induction (Akada ef al., 1996; Alepuz et al.,
1999), and regulator of pseudohyphal differentiation
(Lorenz and Heitman, 1998). Msn5 has subsequently been
shown to function as an exportin for more than 15 different
proteins that shuttle between the nucleus and cytoplasm,
often performing an important role in regulating protein
function by modulating intracellular localization through
rapid nuclear export (Kaffman ef al., 1998; Blondel et al., 1999;
DeVit and Johnston, 1999; Mahanty et al., 1999; Komeili et al.,
2000; Boustany and Cyert, 2002; Gorner et al., 2002; Jaque-
noud et al., 2002; Queralt and Igual, 2003; Strahl et al., 2005;
Quan et al., 2006; Ueta et al., 2007; Bakhrat et al., 2008; Towpik
et al., 2008). Interestingly, Msn5 was also reported to function
as an importin for RPA subunits, which would make it the
only yeast Kap to modulate transport of distinct protein
substrates in different directions across the NPC (Yoshida
and Blobel, 2001). Both Msn5 and Kap95 associate with the
RPA complex in the presence of Ran-GDP, and immuno-
fluorescence microscopy indicates that an Rfal-Protein A
chimera is mislocalized from the nucleus to the cytoplasm in
cells lacking Msn5 (Yoshida and Blobel, 2001). However,
kinetic analyses of Rfa2-GFP nuclear import do not reveal a
decreased nuclear transport rate in the absence of Msn5 and
suggest that Kap95 may be the primary karyopherin re-
sponsible for Rfa2 protein import (Belanger et al., 2004). An
examination of nucleocytoplasmic diffusion rates suggests
that Msn5 may function in Rfa2 nuclear retention rather than
translocation (Belanger et al., 2004). While it is clear that both
Kap95 and Msnb5 associate with RPA complex members and
modulate nucleocytoplasmic localization, the relative roles of
these karyopherins in RPA transport remain unresolved.

Here we report the use of functional chimeric Rfa-GFP
proteins expressed in S. cerevisiae to investigate the nuclear
import of RPA. We observe that the karyopherin Kap95 is
necessary for the nuclear accumulation of RPA subunits in
the nucleus and that a deletion of Msn5/Kap142 does not
detectably alter RPA localization. Using both full-length and
truncated Rfa-GFP fusion proteins, we also show that the
C-terminal trimerization domains of Rfal, Rfa2, and Rfa3 are
essential for intermolecular interactions among these fusions
and their subsequent transport to the nucleus. Together,
these data provide evidence for a Kap95-mediated nuclear
import mechanism that requires Rfa domains important for
RPA complex assembly for efficient nuclear targeting.

Materials and Methods

Yeast strains and plasmids used in this study are listed in
Table 1. Manipulation and handling of yeast was performed
as described (Guthrie and Fink, 1991). Yeast were grown at
30°C unless otherwise noted.

Generation of RFA-GFP fusion proteins

Primers for generation of RFA2-GFP and RFA3-GFP fu-
sions by homologous recombination in S. cerevisize were
generated by combining sequences flanking genomic RFA2
and RFA3 and sequences opposite translational start site of
GFP in pLDB350 (CEN, URA3, AMP", GFP). Primers for the
amplification of RFA2 are KOL158 (5-TACCGGGCCCC
CCCTCGAGGTCGACGGTATCGATAAGCTTGATATCGA
AATCCTGCAGGCCCATTTTGAAAACCTCAACG-3') and
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TABLE 1. YEAST STRAINS AND PrAsMIDS UseED IN THIS STUDY

Strain number Genotype Source
W303 MATa ade? trpl leu2 his3 ura3 R. Rothstein
BY4742 MATo his3 leu2 lys2 ura3 Open biosystems
HMY343 MATa rfa2-210"::HIS3 ura3 leu2 ade2 rfa2A::TRP1 Maniar et al. (1997)
HMY353 MATa rfa3-313":HIS3 ura3 leu2 ade2 rfa3A:TRP1 Maniar et al. (1997)
PSY1102 MATa rsl1-3/kap95"® ura3 leu2 trpl Koepp et al. (1996)
PSY1103 MATa rsl1-4/kap95" ura3 leu2 trpl Koepp et al. (1996)
KBY893 MATa msn5A::KAN" his3 leu2 ura3 met15 Open biosystems
KBY1107 MATa ybr137wA::KAN" his3 leu2 lys2 ura3 Open biosystems
KBY1076 MATa RFA1-TAP::HIS3 his3 leu2 met15 ura3 Open biosystems
KBY1077 MATa RFA2-TAP::HIS3 his3 leu2 met15 ura3 Open biosystems
KBY1078 MATa RFA3-TAP::HIS3 his3 leu2 met15 ura3 Open biosystems
KBY1249 MATa/o rfalA::KAN"/RFA1 his3/his3 leu2/leu2 Open biosystems

ura3/ura3 lys2/LYS2 met15/MET15

Plasmid number

Genotype

Source

pIM132 CEN URA3 RFA1 RFA2 RFA3 Amp" Maniar et al. (1997)
pKBB284 RFA2-GFP URA3 CEN Amp" Belanger et al. (2004)
pKBB285 RFA3-GFP URA3 CEN Amp" Belanger et al. (2004)
pKBB345 rfa3A46-GFP URA3 CEN Amp" This study
pKBB348 rfa2A169-GFP URA3 CEN Amp" This study
pKBB349 1rfa2A247-GFP URA3 CEN Amp" This study
pKBB364 GALI1::RFAI-GFP URA3 CEN Amp" This study
pKBB372 GAL1::rfa1[330—-621]-GFP URA3 CEN Amp" This study
pKBB438 GALI1::rfal[1-337,344-621]-GFP URA3 CEN Amp" This study
pLDB350 GFP URA3 CEN Amp" L. Davis

pLDB351 GAL1::GFP URA3 CEN Amp" L. Davis

KOL145 (5-GAATTGGGACAACTCCAGTGAAGAGTTCT
TCTCCTTTGCTAGCA GCAGCGGATCCAGCAGCTAGGG
CAAAGTTATTGTC-3'). Primers for RFA3 are KOL159 (5'-
CCGGGCCCCCCCTCGAGGTCGACGGTATCGATAAGCT
TGATATC GAATTCCTGCAAGCAACGTCAAGATTGATC
CTAT-3') and KOL147 (5-GAATTGGGACAACTCCAGT
GAAGAGTTCTTCTCCTTTGCTAGCAGCAGCGGATCCA
GCAGCAGCGTTATTTTCTGGGTATTTC-3).  Truncated
rfa2A169 was generated with KOL 158 and KOLI185 (5'-
CGAACCGCCAATTTC-3'), and rfa2A247 with KOL158
and KOL186 (5-GTTACGGACTGGAGCCGG-3'). A 600bp
fragment of RFA3 was amplified from plasmid pJM132 by
PCR using KOL159 and KOL192 (5-CTAATTCAACAAGA
ATTGGGACAACTCCAGTGAAGAGTTCTTCTCCTTTGCTT
TTCGATGATATGGTTGGCG-3'). PCR products were in-
serted into pLDB350 by homologous recombination.
pLDB350 (CEN URA3 GFP) was cut with Spel (New England
Biolabs, Beverly, MA) and cotransformed with RFA PCR
product into W303 cells by LiAc transformation (Gietz and
Woods, 2002). Transformants were selected for on SD-URA
and grown at 30°C. RFA-GFP fusions were screened by
whole cell PCR of potential fusions using T3 primer (5'-ATT
AACCTCACTAAAG-3') and GFP internal primer KOL152
(5'-CTGACAGAAAATTTGTGCCC-3'). Recombinant plas-
mids containing RFA-GFP fusions were isolated from yeast
cells using EZ Yeast Plasmid Isolation Kit (Geno Technology,
Inc., St. Louis, MO).

Plasmids expressing Rfal under control of the GALI pro-
moter were generated by cotransforming yeast strain BY4742
with plasmid LDB351 linearized with Xbal (New England
Biolabs) and a PCR product containing a specific region of
RFAT and flanked by 45-50 nucleotide regions of homology

with LDB351. Full-length RFA1 was generated by PCR using
KOL222 (5-CAACAAAAAATTGTTAATATACCTCTATA
CTTTAACGTCAAGGAGAAAAAACTATAATGAGCAGTG
TTCAACTTTCGAGG-3') and KOL197 (5'-CTAATTCAACA
AGAATTGGGACAACTCCAGTGAAGAGTTCTTCTCCTT
TGCTAGCTAACAAAGCCTTGGATAACTC-3'). pKBB372
Rfa1[330-621]-GFP was made using KOL229 (5-CAAAAA
ATTGTTAATATACCTCTATACTTTAACGTCAAGGAGAA
AAAACTATAATGTTTGAGCTAACTTCAAGGGCTGGG-3')
and KOL197. Sequence of the RFA region for each plasmid
was confirmed by DNA sequencing with an ABI Prism 310
DNA sequencer.

Complementation of rfalA mutants
with GAL::RFA1-GFP

Yeast strain KBY1249 was transformed with pKBB364 and
pKBB438, and diploid transformants were incubated on
agarose sporulation media (Adams et al., 1997) for 5 days.
The cells were then resuspended in 50 pL of 2mg/mL Zy-
molyase and incubated at room temperature for 25min.
Tetrads were dissected by micromanipulation on media
containing either 2% dextrose (YPD) or 2% galactose (YEPG),
grown at 30°C for 4-6 days, and scored for growth. Yeast
containing ~ GAL:RFA1-GFP, GAL:rfalA353-GFP, and
GAL::rfal[1-337,344-621]-GFP plasmids were tested for Rfal-
GFP expression by western blotting. Cells were cultured
overnight in SD-Ura and split into two equivalent samples.
Glucose was added to a final concentration of 2% to one;
galactose was added to 2% to the other. After a 3—4-h incu-
bation, cells were centrifuged, frozen, and lysed by agitation
with acid-washed beads in a 50% trichloro-acetic acid (TCA)
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solution. Western blots were probed with mouse anti-GFP
antibody (Roche, Basel, Switzerland), and detection was
performed using Immun-Star AP chemiluminescence (Bio-
Rad, Hercules, CA).

Microscopy

All cells were grown in SD-Ura containing 0.6 mM adenine
to early log phase (Agp 0.1-0.2). Strains containing plasmids
requiring galactose induction for GFP expression where in-
cubated in selective media containing 2% galactose for 2—4h
before microscopy. Cells were centrifuged and resuspended
in media at permissive (24°C) and nonpermissive (37°C)
temperatures. Live cells were viewed under direct fluores-
cence using a Nikon E600 microscope. Images were captured
using Hamamatsu 3CCD (Hamamatsu, Inc., Shizuoka, Japan)
or SPOT RTKE (Diagnostic Instruments, Inc., Sterling
Heights, MI) cameras. Final figures were generated using
Adobe Photoshop (Adobe Systems Inc., Mountain View CA).

Immunoprecipitation and Western blot

The plasmids containing full-length and truncated
Rfal-, Rfa2-, and Rfa3-GFP fusions were transformed into
KBY1076, KBY1077, and KBY1078 yeast strains containing
TAP-tagged RFA1, RFA2, and RFA3, respectively. Protein
extracts from each were isolated by acid-washed bead lysis.
Extracts were incubated with IgG-agarose beads in ELB +
NFDM (250 mM NaCl, 50 mM HEPES pH 7.0, 5mM EDTA,
0.5mM DTT, 1mM PMSF, 0.1% Tween 20, and 4% nonfat
dry milk) and bound proteins were washed six times with
ELB + NFDM, eluted with Laemmli buffer, and subjected
to Western blotting using anti-GFP antibody (Roche) and
Immun-Star AP chemiluminescence (BioRad).

Results

The RPA complex is a heterotrimeric protein complex in-
volved in DNA replication, repair, and recombination within
the nucleus of eukaryotic cells. To investigate RPA complex
transport and intracomplex interactions, we synthesized a
series of fusion proteins linking Rfal, Rfa2, and Rfa3 with
GFP at their C-termini. We then generated truncations and
short deletions of regions of each protein to use for analysis
of domain function in the assembly and nuclear import of
RPA (Fig. 1A).

Yeast cells lacking any of the three subunits of RPA are
inviable (Heyer et al., 1990; Brill and Stillman, 1991). To de-
termine if our full-length and truncated Rfa-GFP fusions re-
tain function, we performed complementation analysis with
each fusion. To investigate Rfal-GFP function, we generated
plasmids containing RFA1-GFP, 1falA353-GFP, and rfal[l1-
337,344-621]-GFP under control of the GALI promoter. Ex-
pression of the resulting Rfal-GFP fusions was confirmed
by fluorescence microscopy (see Fig. 2) and western blotting
(data not shown). We transformed each plasmid into a/a
diploid yeast heterozygous for an rfal deletion, induced the
transformed diploid cells to undergo sporulation, and dis-
sected the resulting tetrads on media containing either glu-
cose or galactose as a carbon source (Fig. 1B). As expected,
only two spores from each tetrad germinated on glucose,
confirming that a deletion of RFAI is lethal. However, all
four spores from tetrads derived from the diploid strain
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containing GAL:RFA1-GFP and dissected on media con-
taining galactose were able to germinate and form viable
colonies. Their viability on galactose indicates that full-length
RFAI-GFP complements rfalA and thus encodes a functional
Rfal protein. However, 1falA353-GFP and rfal[1-337,344—
621]-GFP fail to complement rfalA on either glucose or ga-
lactose, indicating that these rfal mutants no longer retain
their essential Rfal activity. Thus, a full-length Rfal-GFP
fusion protein is functional, but the removal of amino acids
354-621 or 338-343 renders Rfal nonfunctional.

To investigate the functionality of Rfa2- and Rfa3-GFP
fusions, we performed complementation analysis in 7fa2 and
rfa3 conditional mutant strains. Yeast containing rfa2-210 and
rfa3-313 temperature-sensitive mutations (Maniar et al., 1997)
were transformed with plasmids containing RFA2- and
RFA3-GFP fusions under control of their endogenous pro-
moter and assayed for growth at 24°C and 37°C (Fig. 1C, D).
As reported previously (Belanger et al., 2004), RFA2-GFP
complements rfa2-210 temperature sensitivity. Examination
of rfa2A247-GFP, which encodes an rfa2 mutant lacking the
C-terminal 25 amino acids of the protein, also complements
rfa2-210 at 37°C without any apparent growth defect.
rfa2A169, lacking the region encoding the C-terminal 103
amino acids, does not restore growth of an rfa2-210 strain at
37°C. These data suggest that some amino acids between 169
and 248 are necessary for Rfa2 function when fused to GFP
and are similar to complementation results obtained for rfa2
truncations not linked to GFP (Wold, 1997). Full-length
RFA3-GFP is also able to complement the conditional rfa3-
313 mutant, whereas a truncation of the C-terminal 76 amino
acids of Rfa3 eliminates viability at 37°C (Fig. 1D).

We next sought to determine whether the amino acids
deleted from each RPA truncation were necessary for local-
ization of the protein to the nucleus. In silico analysis of Rfal,
Rfa2, and Rfa3 using the PSORTII (Nakai and Horton, 1999)
and PredictNLS (Cokol ef al., 2000) programs failed to
identify any sequences predicted to function as a ¢cNLS in
these proteins (data not shown). However, we identified a
region from residues 338-343 within Rfal that contains the
amino acid sequence KKFDRR, which includes a cluster of
lysine and arginine residues similar to those found in a ctNLS.
To examine the subcellular localization of Rfal and the im-
portance of this region for Rfal transport, we expressed full-
length RFA1-GFP and rfal-GFP truncations (rfalA353-GFP
and rfalA330-GFP) under control of the endogenous RFA1
promoter (Fig. 2A). Only the fusion containing full-length
Rfal accumulates primarily in the nucleus, exhibiting in-
tensely fluorescent nuclei with much less intense cytosolic
fluorescence. In contrast, both of the rfal truncations localize
to the cytosol, with exclusion from the vacuole and with very
few cells (<10%) exhibiting nuclear fluorescence of slightly
greater intensity than the cytosol (see Fig. 2A, rfalA330). Si-
milarly, the C-terminal 291 amino acids of Rfal, including
the putative cNLS, are also retained in the cytoplasm and fail
to accumulate in the nucleus (Fig. 2B, rfal[330-621]).

To more carefully examine the potential ¢cNLS at Rfal
residues 338-343, we expressed full-length Rfal-GFP and an
Rfal mutant with the cNLS removed (rfal[1-337,344-621]-
GFP) in wild-type yeast under control of the GALI promoter
and observed intracellular fluorescence (Fig. 2B). Induction
of these fusions for <2h reveals that full-length Rfal-GFP
accumulates within the nucleus, with only slightly more
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FIG. 1. Complementation analysis of Rfa-GFP fusions. (A) Full-length and truncated Rfal-, Rfa2-, and Rfa3-GFP chimeras
were generated with GFP fused to the C-terminus of each. The numbers shown indicate the amino acid present at the N- and
C-termini of each Rfa fusion encoded in each construct. (B) Diploid yeast heterozygous for an rfalA deletion were trans-
formed with full-length RFAI-GFP, rfalA353-GFP, or rfal[1-337,344—-621]-GFP expressed under the control of the GALI
promoter. Diploid transformants were sporulated and resulting tetrads dissected on selective media containing glucose
(left) or galactose (right) as a carbon source. The growth of colonies from a single representative tetrad from each plate is
depicted. (C) Haploid yeast containing the #fa2-210 temperature-sensitive mutation (Maniar et al., 1997) were transformed
with plasmids expressing wild-type RFA2 (RFA2), empty vector (GFP), full-length RFA2 fused to GFP (RFA2-GFP), and two
C-terminal rfa2 truncations fused with GFP (rfa2A169-GFP and rfa2A247-GFP). Transformants were streaked on selective
media at permissive and restrictive temperatures assayed for growth. Images were taken 3 and 2 days after streaking to 24°C
and 37°C, respectively. (D) Haploid cells containing rfa3-313* were transformed with plasmids expressing wild-type RFA3
(RFA3), GFP alone (GFP), and full-length (RFA3-GFP) and truncated (rfa3A46-GFP) alleles of RFA3. Complementation was
determined by assaying for growth at 24°C and 37°C after 48-72h.
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FIG. 2. Functional alleles of RPA localize to the nucleus,
whereas nonfunctional truncations do not. (A) RFAI-GFP
fusions under control of their endogenous promoter were
expressed in wild-type cells and localized by fluorescence
microscopy (GFP) and DIC microscopy of live cells. Rfal-
GFP localized predominantly to the nucleus, whereas the
truncations remained in the cytosol. (B) Full-length RFAI-
GFP and rfal deletion mutants under control of the GALI
promoter were induced for 2h with 2% galactose and ex-
amined for intracellular localization. RFAI-GFP is primarily
in the nucleus, whereas deletion mutants lacking residues
338-343 or 1-329 are retained within the cytoplasm. (C, D)
Full-length and truncated RFA2-GFP and RFA3-GFP fusions
were expressed in live cells and examined by live cell mi-
croscopy. For Rfa2, the full-length protein and the functional
rfa2A247-GFP fusion localized to the nucleus, whereas the
nonfunctional #fa2A169-GFP did not. Rfa3-GFP was effi-
ciently imported into the nucleus, whereas the fusion en-
coded by the #fa3A46 truncation remained primarily
cytosolic. DIC, differential interference contrast; RPA, repli-
cation protein A.

cytosolic fluorescence than we expressed from its endogenous
promoter. In contrast, Rfal[1-337,344-621] is almost exclu-
sively cytosolic. Only when Rfal-GFP is overexpressed for
more than 2h does significant cytoplasmic accumulation oc-
cur and this cytoplasmic fluorescence increases until it equals
the nuclear fluorescence intensity by 4 h postinduction (data
not shown). Rfal[1-337,344-621] is cytoplasmic throughout
its expression. Thus, both amino acid regions 338-343 and
354-621 are necessary for normal nuclear accumulation of
Rfal, although neither is sufficient for targeting a GFP fusion
to the nucleus.

The Rfa2 and Rfa3 truncations exhibited a similar corre-
lation between function and nuclear localization. All three
complementing fusions—RFA2-GFP, rfa2A247-GFP, and
RFA3-GFP—are present predominantly in the nucleus (Fig.
2C, D). Both inviable truncations—rfa2A169-GFP and
rfa3A46-GFP—fail to accumulate in the nucleus at levels de-
tectably greater than in the cytosol.
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There is evidence that both Msn5/Kap142 and Kap95/
Imp-f may participate in nucleocytoplasmic transport of
RPA complex proteins, although the relative importance of
each to RPA nuclear import is uncertain (Yoshida and Blobel,
2001; Belanger et al., 2004). To investigate the role of these
karyopherins in the nuclear transport of the RPA complex,
we examined the subcellular localization of functional, full-
length Rfal- and Rfa3-GFP in a number of karyopherin
mutants. Rfal, 2, and 3 all accumulate in the nucleus of
kap114A, kap120A, kap121A, kap123A, nmd5A, and csel-1
karyopherin mutants (data not shown). To specifically in-
vestigate Kap95 and Msn5 function in RPA complex trans-
port, we expressed Rfal-GFP and Rfa3-GFP in cells
containing temperature-sensitive alleles of KAP95 or lacking
MSNS5 and observed the intracellular localization of both
RPA subunits at 24°C and 37°C. To examine Rfal localiza-
tion, GAL::RFA1-GFP expression was induced for 2 h in wild-
type, msn5A, and two temperature-sensitive kap95 (rsl1-1 and
rsl1-4) (Koepp et al., 1996) yeast strains. Cells were then
cultured at either 24°C or 37°C and observed for Rfal-GFP
localization by live-cell fluorescence microscopy (Fig. 3). At
24°C, all strains exhibited a predominantly nuclear localiza-
tion of Rfal-GFP, although significant cytosolic fluorescence
was observed in cells containing the rs/1-1 mutant of KAP95.
At 37°C, the difference in localization between msn5A and
kap95" became much more pronounced. The msn5A mutant
cells were indistinguishable from wild type, with nuclear
accumulation of Rfal-GFP in every cell and very little cyto-
plasmic fluorescence. The kap95" strains had some cells with
nuclear staining, but most cells exhibited a significant accu-
mulation of fluorescence in the cytosol and many had no
apparent nuclear fluorescence. These data suggest that
Kap95 is important for the efficient import of Rfal into the
yeast nucleus.

We performed a similar localization experiment using
Rfa3-GFP and observed that the pattern of Rfa3-GFP locali-
zation in wild-type, msn5A, and kap95™ cells is more similar
than that observed for Rfal. Rfa3-GFP localization is pre-
dominantly nuclear in all three genetic backgrounds at 24°C,
with some cytosolic staining and complete exclusion from
the vacuolar compartments (data not shown). At 37°C, wild-
type, msn5A, and kap95ts cells retain this predominantly nu-
clear staining (Fig. 3B), although the nuclear accumulation is
less distinctive and present in fewer cells in the kap95 strain.
These observations suggest that neither Msn5 nor Kap95 is
essential for Rfa3 import, possibly due to the small size of the
Rfa3 protein.

Yoshida and Blobel (2001) observed that a protein of un-
known function encoded by the uncharacterized yeast ORF
Ybr137w physically associates with the RPA complex in vitro.
We sought to determine if a deletion of the Ybr137w open
reading frame alters the localization of any of the Rfa-GFP
chimeras we generated. We independently expressed Rfal-
GFP, Rfa2-GFP, and Rfa3-GFP in ybr137wA and wild-type
yeast strains and observed GFP localization at 24°C and 37°C
by live cell fluorescence microscopy. The localization of the
Rfa-GFP fusions appeared the same between ybr137wA and
wild-type cells at both temperatures for all three Rfa proteins
(Fig. 4; data not shown). These observations confirm earlier
data from Yoshida and Blobel (2001) obtained using an Rfa2-
PrA fusion and fixed cells that Ybr137w is not essential for
nuclear import of members of the RPA complex.
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A 24°C
Rfa1-GFP Phase

37°C
Rfa1-GFP Phase

Wild type

rsi1-1/kap95%

A

Rfa3-GFP DIC

B
Wild type

FIG. 3. Kap95 is important for efficient RPA import,
whereas Msnb5 is not essential. (A) RFAT-GFP was expressed
in wild-type, msn5 deletion (msn5A), and kap95 temperature-
sensitive cells (rs/1-1 and rsl1-4 alleles of kap95™) and grown
at 24°C. Cells were retained at 24°C or shifted to 37°C for 2h
and observed for localization of Rfal-GFP. Wild-type and
msn5A cells contain Rfal-GFP predominantly in the nucleus
at both temperatures. kap95" cells exhibit an increased level
of cytoplasmic fluorescence at both temperatures and nearly
equivalent nuclear and cytoplasmic fluorescence in the rs/1-4/
kap95" allele at 37°C. (B) The same experiment was per-
formed with Rfa3-GFP expressed in wild-type, msn5A, and
kap95" cells. Rfa3-GFP remained apparent in the nucleus in
all three strains, with increased cytoplasmic fluorescence in
the kap95" mutant.

Because the truncations of Rfal, Rfa2, and Rfa3 affect both
protein localization and function, we utilized these trunca-
tion alleles and affinity chromatography to investigate in-
termolecular interactions among the three major proteins of
the trimeric RPA complex. To this end, we expressed full-
length and truncated fusions of Rfal, Rfa2, and Rfa3 with
GFP in yeast strains that also contained TAP-tagged, full-
length alleles of each RPA complex member. We then im-
munoprecipitated the TAP-tagged full-length proteins from
soluble protein extracts obtained from these strains and as-
sayed for the coprecipitation of Rfal, Rfa2, and Rfa3-GFP
fusions (Fig. 5). As expected, immuno-precipitation of full-
length Rfal results in coprecipitation of Rfa2-GFP and Rfa3-
GFP (Fig. 5A). Rfal also associates with Rfa2A247-GFP with
an apparent affinity similar to that of full-length Rfa2.
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Rfa1-GFP Rfa2-GFP

Phase

ybr137wA

- -

FIG. 4. Ybr137w is not essential for import of Rfal or Rfa2.
Full-length Rfal-GFP and Rfa2-GFP fusions were expressed
in cells lacking the RPA-binding protein Ybr137w (ybr137wA)
and in wild-type cells. Both Rfal-GFP and Rfa2-GFP are lo-
calized to the nucleus with no change in localization in the
absence of Ybr137w.

However, Rfa2A169- and Rfa3A46-GFP cannot be precip-
itated in a complex with Rfal, despite being present in
detectable quantities in the total soluble protein extract. Full-
length Rfa2 coprecipitated Rfa3-GFP, but not Rfa3A46-GFP
or any of the Rfal-GFP constructs, despite their presence in
abundance in total extract (Fig. 5B). Further, Rfa3 copreci-
pitated Rfal-GFP, Rfa2-GFP, and Rfa2A247-GFP, but not
the nonfunctional RfalA353- or RfalA330-GFP truncations
(Fig. 5C). Thus, each full-length RPA subunit is able to as-
sociate either directly or indirectly with each of the functional
Rfa-GFP fusion proteins (excepting Rfa2 not precipitating
any Rfal-GFP chimeras), but fails to coprecipitate those
truncations that are not functional and do not localize to the
nucleus.

To determine if the absence of a functional subunit of the
RPA complex affects the nuclear targeting of other compo-
nents, we expressed Rfal-GFP in rfa2-215" and rfa3-313"
strains under control of the GAL promoter (Fig. 6). Induction
of Rfal-GFP expression results in fluorescence in the cyto-
plasm of rfa2® and rfa3® mutant cells, whereas nuclear
localization of Rfal-GFP is observed in wild-type cells. A
cNLS-GFP reporter containing a c¢cNLS is localized to the
nucleus in all three strains. These data indicate that the
presence of all three RPA complex subunits is important for
the nuclear localization of Rfal.

Discussion

While it is essential for RPA to enter the nucleus to per-
form its roles in DNA recombination, repair, and replication,
the mechanism by which the constituent proteins of the RPA
complex traverse the NE is not clear. In this study, we report
the use of GFP fusions with the Rfal, Rfa2, and Rfa3 proteins
to investigate the nucleocytoplasmic trafficking of the RPA
complex in the yeast S. cerevisiae. This study provides the
first real-time examination of Rfal and Rfa3 protein locali-
zation in yeast using Rfa-GFP constructs that have been
shown to be functionally competent. Previous studies have
provided evidence that RPA complex proteins interact
physically and functionally with Kap95 and Msn5/Kap142
(Yoshida and Blobel, 2001; Belanger et al., 2004), but the role
for these karyopherins in RPA transport remains unclear. In
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FIG. 5. Truncated Rfa-GFP
fusions that fail to enter the
nucleus also fail to bind other
members of the RPA complex.
Whole cell protein extracts
containing one Rfa protein
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Rfa2A169-GFP
No GFP
Rfa3-GFP

fused to protein A (PrA) and
another linked to GFP were
immunoprecipitated using
IgG-sepharose beads and
western blotted using anti-
GFP antibodies. For each
panel, the top blot contains
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proteins isolated by immuno-
precipitation (I.P.) and the
bottom blot contains total
soluble protein (total extract).
(A) Full-length Rfal precipi-
tates functional Rfa2- and

Total
extract]

—
- —
Total
extract

Total
extract]

Rfa3-GFP fusions (Rfa2-GFP,

Rfa2A247-GFP, and Rfa3-GFP) but does not associate with nonfunctional C-terminal truncations (Rfa2A169-GFP and Rfa3A46-
GEFP). (B) Only full-length Rfa3-GFP was precipitated by Rfa2-PrA. (C) Rfa3-PrA binds functional Rfal- and Rfa2-GFP fusions
(Rfal-GFP, Rfa2-GFP, and Rfa2A247-GFP) but not inviable truncations (RfalA353-GFP, RfalA330-GFP, and GFP).

this report, we provide additional evidence that Kap95 is the
karyopherin primarily responsible for the nuclear accumu-
lation of RPA complex proteins in yeast. We also observe
that Rfal, Rfa2, and Rfa3 truncations lacking function in vivo
also fail to accumulate in the nucleus, whereas full-length
Rfa-GFP fusions and truncations that complement rfa mu-
tations exhibit predominantly nuclear localization. Finally,
we observe that Rfa proteins that are not efficiently imported
into the nucleus do not associate with other members of the
RPA complex with high affinity in vitro.

All three subunits of RPA are essential for viability (Heyer
et al., 1990; Brill and Stillman, 1991; Wold, 1997) and dele-
tions of specific regions of each result in loss of function. We
have shown here that the attachment of the 27kDa GFP
protein to the C-terminus of each of the RPA subunits does
not compromise their functionality to an extent that results in
a decreased growth phenotype at any temperature tested
(Fig. 1). In this study, we also confirm that the C-terminal
region of both Rfal and Rfa3 is essential for function even
when the truncated protein terminates with GFP. The
C-terminal 103 amino acids of Rfa2 are not necessary for
function in the endogenous protein (Philipova et al., 1996) or

FIG. 6. Rfal-GFP is mis-
localized to the cytoplasm in

wild type

in our Rfa2-GFP fusion (Fig. 1). These complementation an-
alyses confirm that our C-terminal GFP fusions have retained
the function of endogenous Rfal, Rfa2, and Rfa3. Investiga-
tion of RPA intracellular localization has revealed that each
subunit localizes to the nucleus, as would be expected of a
protein complex that functions in DNA metabolism. Inter-
estingly, others have shown that RPA70 and RPA14 undergo
cell cycle-dependent changes in nuclear concentration in
metazoans, suggesting that under some conditions the entire
complex may not undergo transport or intranuclear an-
choring as a trimeric complex (Murti et al., 1996; Sundin et al.,
2004). Some independent regulation of RPA subunit assem-
bly and localization is likely in response to intra- and ex-
tracellular signals.

The components of the RPA complex associate with the
karyopherins Kap95 and Msn5/Kap142 (Yoshida and Blobel,
2001). Kap95 in yeast and its importin-f1 homologs in higher
eukaryotes have been shown to function as the primary
importers of nuclear proteins with hundreds of transport
substrates identified as being dependent upon Kap95 for
transport from the cytoplasm into the nucleus (reviewed in
Lange et al., 2007). Kap95 has two distinct mechanisms by

ff(l 2ts

nca 3ts

rfa2" and rfa3" mutant cells. GFP
Plasmids expressing Rfal-
GFP or cNLS-GFP were
transformed into wild-type,
1fa2-215", and rfa3-313" cells.
Cells were grown overnight
in media lacking galactose,
and then induced for Rfal-
GFP expression by addition
of galactose 3h before mi-
croscopy. Rfal-GFP is detect-

Rfal-GFP

cNLS-GFP

phase

GFP phase GFP

phase

able in the nucleus of wild-type cells, but remains in the cytoplasm in rfa2" and rfa3" cells. The cNLS-GFP control is nuclear in

all three strains. cNLS, classical nuclear localization signal.
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which it associates with transport substrates: indirect and
direct. The indirect association is dependent upon the for-
mation of a Kap95/Kap60 (importin-p1/importin-o) hetero-
dimer. While Kap60 binds to a cNLS in its cargo, Kap95
associates with Kap60 and is primarily responsible for
translocation of the complex across the NE. Conversely, di-
rect association involves Kap95 binding directly to its cargo
and is not dependent upon Kap60. The RPA complex has
been shown to bind directly to Kap95 without requiring
Kap60 for association (Yoshida and Blobel, 2001) and there-
fore probably does not use the cNLS-mediated transport
mechanism. That Rfal, Rfa2, and Rfa3 all undergo changes in
nucleocytoplasmic localization in kap95 mutants (Fig. 3)
(Belanger et al., 2004) provides further evidence that Kap95 is
important for RPA nuclear import.

Msn5/Kap142 has been shown to bind directly to the RPA
complex and a deletion of MSN5 results in Rfa2 tagged with
Protein A being localized throughout the cell when observed
by immunofluorescence microscopy (Yoshida and Blobel,
2001). However, a functional Rfa2-GFP fusion localizes pre-
dominantly to the nucleus and undergoes nuclear import
with the same kinetics in both wild-type and msn5A cells,
while failing to be imported efficiently in a kap95 mutant
(Belanger et al., 2004). In addition, a deletion of MSN5 results
in an altered rate of diffusion of nuclear Rfa2 through the
NPC (Belanger ef al., 2004), suggesting that Msn5 may be
involved in protein tethering within the nucleus or regula-
tion of RPA nuclear export rather than facilitating nuclear
import. While Msn5 functions as the karyopherin mediating
the nuclear export of >15 proteins that shuttle between the
nucleus and cytoplasm (Kaffman ef al., 1998; Blondel et al.,
1999; DeVit and Johnston, 1999; Mahanty ef al., 1999; Komeili
et al., 2000; Boustany and Cyert, 2002; Gorner et al., 2002;
Jaquenoud et al., 2002; Queralt and Igual, 2003; Strahl et al.,
2005; Quan et al., 2006; Ueta et al., 2007; Bakhrat et al., 2008;
Towpik et al., 2008), it is unlikely that Msn5 functions to
export the RPA complex. Msn5 associates with RPA proteins
at a high affinity in the presence of Ran-GDP, which is pre-
dominant in the cytoplasm, whereas dissociation of Msn5
from the RPA complex takes place upon addition of Ran-
GTP, which is most prevalent in the nucleus (Yoshida and
Blobel, 2001). If Msn5 were to function as an exportin for
RPA complex proteins, it would be required to bind in the
nucleus and release in the cytoplasm. However, the changes
in intracellular localization observed for Rfal in yeast and
the Rfa3 homolog in mammalian cells (Murti et al., 1996;
Sundin et al., 2004) during different stages of the cell cycle
implicate subcellular localization in the regulation of the
activity of RPA subunits. It remains to be determined whe-
ther Msn5 or some other factor is involved in maintaining
these patterns of localization.

Here and in earlier studies (Belanger et al., 2004) we report
that a loss of Kap95 activity leads to a change in localization
of Rfal- and Rfa2-GFP from nuclear to cytosolic, whereas
Rfal and Rfa2 remains accumulated in the nucleus of cells
lacking Msnb5. These data suggest that Kap95 is the kar-
yopherin primarily responsible for nuclear import of the Rfal
and Rfa2 subunits of RPA, either independently or as part of
a larger complex. It is beyond the resolution of our assay to
show that RPA proteins are excluded from the nucleus in a
kap95 mutant, thus making the import of some Rfal and Rfa2
by Msnb5 a possibility. Rfa3-GFP is also localized similarly in
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wild-type and msnbA cells, but undergoes a more subtle
change in localization in kap95 mutants, remaining at a
higher level in the nucleus after shift to the nonpermissive
temperature. This nuclear accumulation could be due to
import by another transporter, such as Msn5, in the absence
of Kap95. Alternatively, Rfa3 may continue to selectively
accumulate in the nucleus due to diffusion across the NE and
anchoring within the nucleus. At 17 kDa, monomeric Rfa3 is
below the diffusion limit for NPC and can travel freely
through nuclear pores independent of karyopherins. Even
fused to GFP, the Rfa3-GFP chimera remains small enough to
undergo limited nucleocytoplasmic diffusion. Any free Rfa3
monomers could diffuse into the nucleus and be retained
there by association with other proteins, DNA, or any other
nuclear molecule for which it may have affinity. RPA sub-
units associate and dissociate in a regulated manner
throughout the cell cycle (Cardoso, 1993) and evidence that
the small subunit of RPA can move independently in
mammalian cells is provided by its relocation to the cyto-
plasm in M-phase, whereas the larger subunits remain nu-
clear (Murti et al., 1996). Experimental identification of the
sequences necessary and sufficient for mediating RPA im-
port and association with karyopherins will be necessary to
completely resolve the Kap(s) responsible for RPA targeting.

To investigate regions of RPA complex proteins important
for nuclear import, we examined the intracellular localization
of Rfa-GFP truncations. We observed that Rfa-GFP fusions
that were functional in vivo were localized to the nucleus,
with lesser concentrations in the cytosol and exclusion from
the vacuole. These functional nuclear fusions included full-
length Rfal, Rfa2, and Rfa3 chimeras with GFP, plus the Rfa2
truncation lacking 26 amino acids from the C-terminal end.
Deletion of regions of Rfal-, Rfa2-, and Rfa3-GFP fusions that
resulted in nonfunctional protein also resulted in mis-
localization of the chimeric polypeptide to the cytoplasm.
These deleted C-terminal regions of Rfal and Rfa2 are es-
sential for complex formation with each other and with Rfa3
(Lin et al., 1996; Bochkareva et al., 2000) (Fig. 5 this paper) for
generation of the RPA heterotrimer. In addition, Rfal-GFP
does not localize to the nucleus in rfa2" or rfa3" mutant cells
(Fig. 6). Taken together, these localization and association
data suggest that either an intact heterotrimer must form
for each of the subunits to be targeted to the nucleus or that
each subunit has its own NLS located within its C-terminal
protein—protein interaction domain. Given that Rfa2 and
Rfa3 are essential for the proper folding of Rfal in vitro
(Stigger et al., 1994), it is likely that the fully assembled het-
erotrimer contains clusters of residues within its tertiary
structure that serve as an NLS (or NLSs) for karyopherin
recognition and subsequent nuclear import.

Here we have provided data that support a model for
RPA nucleocytoplasmic transport that includes Kap95 as the
predominant karyopherin and the C-terminus of each RPA
subunit as essential for efficient nuclear import. However, it
remains possible that multiple karyopherins are involved
in the nuclear import of RPA, and even that karyopherin-
mediated shuttling of the entire complex or individual sub-
units is important for RPA function. The generation of
additional mutants will be necessary to identify the regions
of each subunit that function as NLSs and, eventually, to
carefully investigate which karyopherins associate with
those domains to mediate RPA transport.
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