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A previous bioinformatics study identified a putative PY-NLS
in the yeast transcription factor Tfg2p (Suel, K. E., Gu, H., and
Chook, Y. M. (2008) PLoS Biol. 6,e137). In this study, we validate
Tfg2p as a Kap104p substrate and examine the energetic orga-
nization of its PY-NLS. The Tfg2p PY-NLS can target a heterol-
ogous protein into the cell nucleus through interactions with
Kap104p. Surprisingly, full-length Tfg2p is still localized to the
nucleus of Kap104p temperature-sensitive cells and, similarly,
Tfg2p with a mutated PY-NLS is nuclear in wild-type cells.
Other Karyopherinfs (Kaps) such as Kap108p and Kap120p
also bind Tfg2p and may import it into the nucleus. More
importantly, we demonstrate that Tfg2p is retained in the
nucleus through DNA binding. Mutations of DNA binding
residues relieve nuclear retention and unmask the role of
Kap104p in Tfg2p nuclear import. More generally, steady-
state localization of a nuclear protein is dictated by its
nuclear import and export activities as well as its interactions
in the nucleus and the cytoplasm.

The majority of nucleocytoplasmic transport is mediated by
Karyopherinf proteins (KapB,> importins/exportins). There
are 19 Kapfs in humans and 14 in yeast. Ten of the yeast KapSs
import substrates from the cytoplasm to the nucleus (2, 3).
Import Kapps recognize and bind substrates via nuclear local-
ization signals (NLSs) for transport through the nuclear pore
complex. Once inside the nucleus, import Kap3s bind the small
GTPase RanGTP and release their substrates (4—7). Only a few
substrates have been identified for each Kapf, and many yeast
proteins are imported by more than one karyopherin.

Each import Kapf3 recognizes a different set of substrates
with distinct NLSs. The best characterized NLS is the short,
basic classic NLS (cNLS), which is recognized by the Kapa/
Kapp1 heterodimer (yeast Kap60p/Kap95p) (5). Monopartite
cNLSs consist of a single cluster of basic residues with a con-
sensus sequence of K(K/R)X(K/R), whereas bipartite NLSs have
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two clusters of basic residues separated by 10—12 amino acids
(8—15). The cNLS is a relatively small well defined NLS with
concentrated binding energy.

In contrast to the small monopartite cNLS, the PY-NLS rec-
ognized by KapB2 (Kapl04p in yeast) is a larger linear signal
that is quite diverse in sequence (1, 16). Structural and bio-
chemical studies of KapB2 bound to the NLS of heterogeneous
nuclear ribonucleoprotein A1 revealed that PY-NLSs should be
1) structurally disordered in the native substrate, 2) have overall
basic charge, and 3) contain an N-terminal hydrophobic or
basic motif and a C-terminal (R/K/H)X, -PY motif (16). These
rules are general among eukaryotes as the Saccharomyces cer-
evisiae homolog Kap104p recognizes PY-NLSs in its two sub-
strates, Hrplp and Nab2p (1, 17-21). However, unlike human
Kapf2, Kap104p recognizes only the basic but not the hydro-
phobic PY-NLS subclass (1).

Recent thermodynamic analyses of Kap104p-PY-NLS inter-
actions revealed biophysical properties that govern binding
affinity (1). The PY-NLS is a modular signal that contains at
least three energetically significant binding epitopes. Epitope 1
is the N-terminal basic/hydrophobic motif, epitope 2 is the
arginine, lysine, or histidine residue of the (R/K/H)X,_PY
motif, and epitope 3 is the PY motif. Hrp1lp and Nab2p have
an aromatic residue two residues N-terminal of the PY motif
that also contributes to binding energy and is potentially an
extension of epitope 3 (1). This residue has not been
included in the consensus sequence due to the small num-
bers of validated substrates. Each linear epitope can also
accommodate large sequence diversity, can contribute dif-
ferently to overall binding energy in different NLSs, and are
energetically quasi-independent.

A bioinformatics search identified several putative Kap104p
substrates that contain PY-NLSs (1). Among these potential
Kap104p substrates is Tfg2p, which is one of three subunits of
the yeast general transcription factor TFIIF. TFIIF is involved in
the initiation and elongation of RNA polymerase II-mediated
gene transcription, and mutations in TFIIF can cause upstream
shifts in start site utilization (22, 23). Additionally, TFIIF stim-
ulates early phosphodiester bond formation and stabilizes a
short DNA-RNA hybrid in the active center of RNA polymer-
ase II (24). In cells, Tfg2p exists in a large assembly with RNA
polymerase II proteins and two other TFIIF subunits, Tfglp and
Tfg3p (25). Tfglp and Tfg2p are essential for cell viability and
are homologous to human RAP74 and RAP30, respectively,
whereas Tfg3p is not essential and has no known human hom-
olog (26). Tfg2p contains an N-terminal Tfglp interaction
domain (residues 1-230) and a C-terminal winged helix DNA
binding domain (residues 280 —400) (see Fig. 14) (26 -29).
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The scarcity of Kap104p substrates hinders additional eval-
uation and refinement of the rules and physical properties that
govern PY-NLS recognition. Here we validate Tfg2p as a sub-
strate of Kap104p and examine the physical properties of its
PY-NLS. We show that the PY-NLS is a functional targeting
signal in cells, and its import is primarily mediated by Kap104p.
However, full-length Tfg2p accumulates in the nucleus even in
the absence of KaplO4p-mediated nuclear import. When
Kapl04p import is compromised, other KapBs such as
Kap108p and Kap120p may import Tfg2p into the nucleus
where it is retained through its DNA binding domain. Muta-
tions of DNA binding residues alleviate nuclear retention and
reveal Kapl04p as the primary nuclear import pathway for
Tfg2p.

EXPERIMENTAL PROCEDURES

Plasmids—Full-length Tfg2 was cloned by PCR from a S. cer-
evisiae genomic library (Novagen) and subcloned into the Spel
and Smal sites of a modified pRS415 (CENG6, ARS, LEU2, and
AP®) shuttle vector containing an ADH1 promoter and a C-ter-
minal GFP gene (30). The PY-NLS and other Tfg2 fragments
were cloned into the pRS415 plasmid containing N-terminal
GFP and GST genes using inserted BamHI and NotI restriction
sites. GGSGG linkers were placed between the genes. The PY-
NLS was also subcloned into the BamHI and NotlI sites of the
pGEX-Tev vector for recombinant protein expression in Esch-
erichia coli. All point mutations were cloned using the
QuikChange method (Stratagene) and confirmed by nucleotide
sequencing. All KapB genes (except Kap104, which was a gift
from J. Aitchison) were obtained by PCR from the S. cerevisiae
genomic library and subcloned into pGEX-Tev vectors.

Cell Culture and Microscopy—BY4741 (MATa his3A1
leu2A0 met15A0 ura3A0) cells (31) harboring pRS415 plasmids
were grown at 30 °C overnight in SC-leu media. Cells were then
transferred to a 1.5% low melting agarose pad made with SC-leu
media in a coverslip bottom dish (Willco from Ted Pella). Cells
were visualized on an Olympus IX-81 inverted microscope at
room temperature with a 60X phase objective with fluores-
cence capability (numerical aperture = 1.35). Images were
acquired with a Hamamatsu ORCA-ER camera using Image-
Pro Plus software (Media Cybernetics) and were also analyzed
using Image Pro. All the cell images in individual figure panels
were taken on the same day, and GFP signals in the panels were
displayed using the same fluorescence scale. To obtain a nucle-
us:cytoplasm ratio, the mean fluorescence intensity was meas-
ured in the nucleus and cytoplasm using a 36-pixel box for at
least 50 cells of each mutant.

Kap104—16 temperature-sensitive cells (a gift from J. Aitchi-
son) were grown at room temperature in SC-leu-trp media
overnight (20). Cells at the permissive temperature were ana-
lyzed as above. The remaining cells were shifted to 37 °C for 1 h
and then transferred to a pre-warmed agarose pad. Cells were
observed in a 37 °C temperature chamber and analyzed as
above.

Protein Expression, Purification, and Binding Assays—GST-
Kapp proteins were expressed in E. coli BL21(DE3) cells and
lysed using an EmulsiFlex-C5 homogenizer (Avestin). After
centrifugation, the supernatant was applied to glutathione-
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Sepharose (Amersham Biosciences) and washed extensively,
protein was eluted with 20 mm glutathione, and the GST tag
was cleaved using Tev protease. The protein was further puri-
fied by ion-exchange chromatography (Amersham Bio-
sciences). The final product was subjected to nickel affinity
chromatography to remove excess Tev. GST fusions of Tfg2p
PY-NLSs and Tfg2p full-length protein were expressed in
E. coli BL21(DE3) cells and lysed by sonication. The protein was
immobilized on glutathione-Sepharose for binding assays,
which were preformed as in a previous study (1). For each assay
40 pg of recombinant Kap3 was added to ~10 ug of GST-Tfg2p
immobilized on 20 ul of glutathione-Sepharose.

Isothermal Titration Calorimetry—Affinity of MBP-Tfg2p
PY-NLS binding to Kap104p was determined by ITC using a
MicroCal Omega VP-ITC calorimeter. Proteins were dialyzed
in 20 mM Tris, pH 7.5, 100 mMm NaCl, 2 mm -mercaptoethanol,
and 10% glycerol. Thirty-five 8-ul injections of 210 um MBP-
Tfg2p PY-NLS were titrated into 23 um Kap104p at 20 °C. Data
were plotted and analyzed with a single site binding model
using MicroCal Origin software (7.0).

RESULTS

Tfg2p Contains a PY-NLS Recognized by Kapl04p—A bioin-
formatics search identified a putative PY-NLS in Tfg2p (1). In
addition, a previous high throughput mass spectrometric pro-
tein complex identification study identified Tfg2p along with
Nab2p, Hrplp, and Ran as a binding partner of Kap104p (32).
Residues 165-214 of Tfg2p match the PY-NLS consensus
sequence and are located in a long loop in the Tfglp interaction
domain. Sequence alignment with RAP30, the human homolog
of Tfg2p, suggests that this loop is an insertion in the yeast
protein that is absent in RAP30 (supplemental Fig. S1, A and B).
Epitope 1 of the PY-NLS would correspond to two stretches of
basic residues, '”°’KRR*®" and '#*RKK"®¢, whereas epitope 2 is
Arg?®® (Fig. 1B). Epitope 3 is located at 2°*PY>**, with a pre-
dicted additional binding hotspot at Y201A. Epitope 1 of the
Tfg2p NLS differs from the epitope 1 in Hrp1lp and Nab2p, but
epitope 3 in all three proteins ((Y/F)XPY) are almost identical.

We had shown recently that the predicted PY-NLS and full-
length Tfg2p bound Kap104p and were dissociated by RanGTP
in vitro (1). Tfg2p bound Kapl04p with higher affinity than
either Nab2p or Hrp1lp. Tfg2p bound Kap104p with a dissocia-
tion constant or K, of <10 nm as measured by ITC, at least four
times stronger than Nab2p or Hrplp (Fig. 1C). The Tfg2p PY-
NLS is able to dissociate Kapl04p from immobilized GST-
Nab2p NLS to the similar degree as RanGTP (supplemental Fig.
S2). Although these data show that Tfg2p PY-NLS and
Kap104p interact in vitro, it is not known if the PY-NLS-like
sequence in Tfg2p is a functional NLS that is capable of target-
ing Tfg2p to the cell nucleus.

To determine if the Tfg2p PY-NLS is a functional Kap104p-
dependent NLS in cells, a GFP-GST reporter was fused to the N
terminus of Tfg2p PY-NLS. GST was added to make the
reporter larger to prevent free diffusion into the nucleus. The
fusion protein was transformed into wild-type and kap104-16
temperature-sensitive cells (20). At the permissive tempera-
ture, GFP-GST-Tfg2p PY-NLS is localized to the nucleus in
both cell types (Fig. 1D). However, at the non-permissive tem-
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FIGURE 1. Tfg2p has a PY-NLS that is recognized by Kap104p. A, domain organization of Tfg2p. B, sequence of the PY-NLS. Residues mutated in Fig. 2 are
underlined. C, ITC profile of MBP-Tfg2p PY-NLS injected into Kap104p. D, wild-type and kap104-16 temperature-sensitive cells expressing GFP-GST-Tfg2p
PY-NLS were analyzed by fluorescence microscopy at permissive (room temperature) and non-permissive (37 °C) temperatures.

perature GFP-GST-Tfg2p PY-NLS mislocalized to the cyto-
plasm in the kap104—16 temperature-sensitive cells. Thus, the
Tfg2p PY-NLS is a functional targeting signal that is trans-
ported by Kap104p into the nucleus.

Tfg2p PY-NLS Has a Strong Epitope 3—The three linear
epitopes of PY-NLSs can contribute differently to total binding
energy in different substrates (1). We performed site-directed
mutagenesis of the Tfg2p PY-NLS to examine energetic contri-
butions of the three linear epitopes to Kapl04p binding.
Recombinant Kapl04p bound immobilized wild-type GST-
Tfg2p PY-NLS stoichiometrically (Fig. 2A4), and ITC data
showed a 1:1 Kap104p:Tfg2p PY-NLS binding ratio (Fig. 1C).
Alanine mutations within either stretches of basic residues,
I79KRR*™! or ***RKK*#¢, had no visible effect on Kap104p bind-
ing. Mutagenesis of Tyr**' to alanine resulted in a modest
decrease in binding, whereas the 2°°PY?°*/AA mutant showed a
large decrease in Kap104p binding (Fig. 2A4).

GFP-GST-Tfg2 PY-NLS fusion proteins with the above point
mutations were visualized in wild-type cells to examine the
effects of the mutations on cellular localization. Wild-type
Tfg2p PY-NLS is localized to the nucleus with a nucleus to
cytoplasm ratio (N:C) of 4:1 (Fig. 2B). K179A,R180A,R181A
and R184A,K185A,K186A mutants are predominantly nuclear
with N:C ratios of 3.7:1 and 3.2:1, respectively (S.E. < 0.14 for
each mutant). These data are in agreement with the in vitro data
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that showed no decrease in Kap104p binding. These mutants
also confirm that these basic residues do not form a bipartite
cNLS within the PY-NLS. Mutations in epitope 3 that
decreased Kap104p binding also caused protein mislocalization
in cells. GFP-GST-Tfg2p Y201A showed significant cytoplas-
mic localization, with an N:C ratio of 1.9:1, and the fusion pro-
tein harboring ***PY*°*/AA mutations is predominantly cyto-
plasmic (Fig. 2B). Therefore, the Tfg2p NLS has an energetically
strong epitope 3 with a PY motif that is necessary for steady-
state nuclear localization.

Only Kapl04p Binding Is Affected by Mutations in the PY
Motif—The 2°°PY?**/AA mutations mislocalized Tfg2p PY-
NLS to the cytoplasm. We wanted to see if this effect was
solely due to a decrease in Kap104p binding or if the PY motif
may be utilized by another import KapB. We cloned and
purified all 10 import KapBs and the bidirectional trans-
porter Msn5 for in vitro binding assays (33). Kap104p is the
only Kapf that bound stoichiometrically to wild-type PY-
NLS (Fig. 3A). Kap108p, Kap121p, Kapl14p, Kap119p, and
Kap95p bound the PY-NLS more weakly. Mutagenesis of the
PY motif only caused a decrease in Kap104p binding and did
not affect other Kap binding (Fig. 3B). Other karyopherins
weakly recognize the PY-NLS, but the PY motif is only nec-
essary for recognition by Kap104p. Therefore, mislocaliza-
tion of Tfg2p PY-NLS caused by the **’PY***/AA mutations
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can be attributed solely to a decrease in Kap104p binding and
nuclear import.

Nuclear Import of Full-length Tfg2 Appears Unaffected by
Loss of Kap104p Recognition—Although the PY-NLS of Tfg2p
is localized to the nucleus, the localization of full-length Tfg2p
is unknown. Full-length Tfg2p was tagged at the C terminus
with GFP, and its localization was examined in wild-type yeast
cells. Wild-type Tfg2p is nuclear at steady state (Fig. 4A4). Sur-
prisingly, the °>PY*°*/AA mutations did not affect the local-
ization of Tfg2p-GFP (Fig. 4A), suggesting that nuclear import
of Tfg2p may not be entirely dependent on Kap104p.

To examine if nuclear accumulation of full-length Tfg2p is
dependent on KaplO4p, Tfg2p-GFP was transformed into
kap104—16 temperature-sensitive cells. At both permissive and
non-permissive temperatures, Tfg2p-GFP is nuclear (Fig. 4B).
Nab2p-GFP was used as a positive control to ensure that the
kap104—16 temperature-sensitive cells had not reverted. In the
same experiment, Nab2p-GFP is mislocalized to the cytoplasm
at non-permissive temperature. Nuclear import and accumula-
tion of full-length Tfg2p is therefore not solely dependent on
Kap104p.

Other Karyopherins Bind Tfg2p—We examined if other
Kapps can also bind and import Tfg2p into the nucleus. The
best characterized import pathway is the Kap95p/Kap60p

AV DN
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(KapBl/Kapa) pathway utilizing
c¢NLS recognition by Kap60p.
Examination of the Tfg2p protein
sequence revealed a putative mono-
partite cNLS (**°*KKLK?>°°) at the C
terminus of Tfg2p (supplemental
Fig. S3A). Immobilized GST-Tfg2p-
(341-374)-bound Kap60p and ala-
nine mutagenesis of the three lysine
residues abolished Kap60p binding
(supplemental Fig. S3B). We made
these mutations in the background
of the 2°°PY?°*/AA mutations in
full-length Tfg2p-GFP and exam-
ined its localization in wild-type
cells. The mutant Tfg2p (***KK3>7/
AA, K359A, 2%3PY?°*/AA)-GFP
fusion protein accumulated in the
nucleus (supplemental Fig. S3C).
Additionally, GFP-GST-Tfg2p 341-
374 was cytoplasmic (data not
shown) suggesting that these resi-
dues (**°*KKLK>*") are not a func-
tional cNLS in cells.

All ten import Karyopherin Bs
and the bidirectional transporter
Msn5p were used in binding assays
with immobilized full-length Tfg2p.
Kapl08p and Kapl20p bound
Tfg2p, whereas Kapl2lp and
Kapll4p bound Tfg2p weakly
(Fig. 5A). None of the karyopherins
bound GST (supplemental Fig. S4).
We used RanGTP to test specificity
of the interactions. RanGTP effectively dissociated Kap104p
and Kap108p from Tfg2p, and it also dissociated a small frac-
tion of Kap120p from Tfg2p. In contrast, RanGTP did not affect
interactions of Tfg2p with Kap121p or Kap114p, indicating that
these interactions are not specific (Fig. 5B). Therefore, among
the additional ten Karyopherin Bs tested, it appears that only
Kap108p and Kapl20p can function as alternative nuclear
import factors for Tfg2p.

The weak interactions observed between Kap108p, Kap120p,
and the Tfg2p PY-NLS (Fig. 34) suggest that the two Kapfs
may recognize different NLSs in Tfg2p. We cloned GFP-GST
fusions of several Tfg2p fragments and visualized their localiza-
tion in wild-type yeast cells (Fig. 5C). These fragments, included
large N- and C-terminal fragments of Tfg2p, which do not con-
tain the PY-NLS (1-165 and 208 —400, data not shown) and
smaller fragments that span entire secondary structure ele-
ments of the protein (based on alignment with RAP30 (supple-
mental Fig. S1A4)). All of the fragments were cytoplasmic at
steady state, suggesting that, although Kap108p and Kap120p
bind Tfg2p, they do not import it into the nucleus at discernable
rates. However, it remains a possibility that the Tfg2p frag-
ments are misfolded or that NLSs recognized by other Kapfs
partially overlap with the PY-NLS.

GFP-GST
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FIGURE 3. Only Kap104p binding is decreased by mutations in the PY
motif. A, binding assay of recombinant KapBs with immobilized wild-type
Tfg2p PY-NLS. B, same assay as in A, except with 2°>PY2%4/AA mutation in the
PY-NLS. Proteins were visualized by Coomassie staining.

To examine the roles of other Kapps in the nuclear import of
Tfg2p we examined the localization of wild-type Tfg2p-GFP
and the °*PY?°*/AA mutant in Akap108, Akap114, Akap120,
and kap121-34 temperature-sensitive strains (data not shown).
Both wild-type and mutant Tfg2p-GFP were nuclear in every
strain tested implying that these individual Kapfs are not nec-
essary for import of Tfg2p in the absence of Kap104p-mediated
import. These data suggest that more than two Kappfs are
involved in importing Tfg2p into the nucleus or perhaps Tfg2p
is imported via an indirect mechanism.

The DNA Binding Domain of Tfg2p Is Required for Its Nuclear
Accumulation—Tfg2p binds Tfglp and DNA through its Tfglp
interaction domain (residues 1-230) and DNA binding domain
(residues 280 —400), respectively (Fig. 14). Tfg2p also interacts
with at least seven polymerase subunits (25), but details of these
interactions are still unclear. It is possible that nuclear accumu-
lation of Tfg2p is mediated through its interaction with Tfglp,
DNA, or polymerase subunits.

Deletion of RAP30 residues 15-30 abolished its interaction
with the Tfglp human homolog (34). We deleted the first 86

residues of Tfg2p (corresponding to the first 36 residues of
RAP30) and visualized its localization in cells. Both the wild-
type and PY mutant of Tfg2p-(87—400)-GFP were nuclear (Fig.
6A). A larger N-terminal truncation of Tfg2p also had no effect
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FIGURE 4. Nuclear import of full-length Tfg2p is not dependent on
Kap104p. A, wild-type yeast cells expressing either wild-type full-length
Tfg2p-GFP fusion protein or 2°*PY?°*/AA mutant fusion protein were ana-
lyzed by fluorescence microscopy. B, Kap104-16 temperature-sensitive cells
expressing either Tfg2p-GFP or Nab2p-GFP were analyzed by fluorescence
microscopy at permissive and non-permissive temperatures.

on localization (Fig. 64) implying that interaction with Tfglp is
not required for Tfg2p import.

To examine the role of DNA binding in Tfg2p nuclear accu-
mulation, we made C-terminal truncations of Tfg2p-(1-214,
1-262, and 1-343) to disrupt its DNA binding domain and test
localization of the mutants in the absence and presence of the
203py29%/AA mutations. Although DNA binding domain
mutants and the PY mutant of full-length Tfg2p were nuclear,
combined DNA binding domain and PY mutations mislocal-
ized the proteins to the cytoplasm (Fig. 64). Even a truncation
of only 56 residues in Tfg2p-(1-343) had a dramatic effect on

VOLUME 284 +-NUMBER 23+JUNE 5, 2009



e, a o
A B RS WL B
2 E E s 2 m
&€ & 2& 23
o oo & oo O B A o &g
T % © — F & o~ o oo
2= ad e s ie o Kap  Kap
S ESE S EEEFEEEETEF 104p  108p
Moh MM M MM MM MMM iy i
+  + ) S L T SRS RanGTP: -+ - +

GFP-GST GFP-GST- GFP-GST-

C GFrGsT-
Fl"b2p 1-86

GFP-GST-
Tfg2p 87-165 Tig2p 165-214 Tfe2p 208-262 Tfg2p 263-343 Tig2p 344-400

GFP

Phase contrast

EE!PE!‘!E{!‘ ST-Th2p

GFP-GST-

Kap 104p-mediated Nuclear Import of Tfg2p

ization in the wild-type NLS back-
ground. However, when these
DNA-binding mutations were cou-

Kap Kap K -
;3%]:, ];I:, Hi]; pled with the 2°°PY?°*/AA muta-
L L, tions, the Tfg2p mutants were mis-

S s Aeessm—

localized to the cytoplasm (Fig. 6B).
Mutations within helix @1 had no
effect on localization (data not
shown). Cellular localization of
DBD mutants correlate well with
the degree of DNA binding disrup-
tion (supplemental Fig. S6). These
mutations had no effect on other
KapB interactions (supplemental
Fig. S7). These data suggest that
sequestration of Tfg2p in the
nucleus through DNA binding
accounts for its observed nuclear
accumulation even when its pri-
mary nuclear import pathway
Kap104p is compromised.

DISCUSSION

FIGURE 5. Other karyopherins bind Tfg2p, but they do not import it into the nucleus. A, binding assay of

recombinant karyopherins with immobilized full-length Tfg2p. Proteins were visualized by Coomassie stain.
B, binding assay of recombinant karyopherins with immobilized full-length Tfg2p in the presence and absence
of RanGTP. Proteins were visualized by Coomassie stain. C, GFP-GST-Tfg2p fragments were expressed in wild-
type yeast cells and analyzed by fluorescence microscopy and phase contrast. Only the PY-NLS (165-214) is

nuclear.

localization. These data show that the DNA binding domain of
Tfg2p is necessary for nuclear accumulation.

Tfg2 Is Sequestered in the Nucleus via DNA Binding—The
DNA binding domains of Tfg2p and RAP30 share 80%
sequence similarity and the NMR structure of the RAP30 DBD
places it in the winged helix turn helix family (29). The domain
has three N-terminal a-helices (helix 1-3) followed by a
2-strand B-sheet (supplemental Fig. S5). A 5-residue loop
between two strands is usually referred to as the “wing” (29).
The DNA-binding surface of RAP30 was previously mapped by
DNA titration and '°N-"H correlation NMR spectroscopy (29).
We used the RAP30 data to mutate DNA binding residues in
the highly homologous Tfg2p (supplemental Fig. S1A). We
made four site-specific DBD mutants of Tfg2p: 1) the helix
1-Tfg2p mutant with residues Arg>®?, Lys>*®, and Lys**” on one
side of helix 1 mutated to alanines, 2) the helix 2-Tfg2p mutant
with residues Ser®'*, Lys®'®, Lys®'®, and Arg®*® of helix 2
mutated, 3) the helix 3-Tfg2p mutant with residues Glu®*,
Asp®**, and Lys**® in helix 3 mutated, and 4) the helix 3-wing-
Tfg2p mutant with residues Lys®*® of helix 3, Lys**! and Lys®*?
of the wing mutated. The Tfg2p DBD mutations had varying
effects on DNA binding as analyzed by size exclusion chroma-
tography (supplemental Fig. S6). Mutations in helix 1 caused a
modest decrease in DNA‘DBD complex formation, whereas
mutations in helix 3 and wing and helix 2 and turn significantly
decreased DNA binding.

We analyzed cellular localization of these mutants in a wild-
type NLS or *°°PY?°*/AA background (Fig. 6B). Mutations
within helices 2 and 3 and the wing did not affect nuclear local-
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We show that Kap104p imports
Tfg2p into the nucleus. Tfg2p is the
first PY-NLS-bearing substrate
identified through a bioinformatics
search to be validated in vivo. Many
human PY-NLSs were validated as
NLSs in vivo prior to their identification as PY-NLSs (1). We
show that the PY-NLS of Tfg2p is sufficient to target GFP-GST
to the nucleus of wild type but not Kap104p temperature-sen-
sitive cells, and mutation of the PY motif mislocalized the NLS
to the cytoplasm. Binding assays confirmed that mislocalization
of mutant PY-NLS was solely due to loss of recognition by
Kapl04p and not other KapBs. However, disruption of
Kap104p-mediated import, either in Kapl04p temperature-
sensitive cells or by mutagenesis of the PY motif, did not mis-
localize the full-length protein. Instead, Tfg2p was mislocalized
to the cytoplasm only when both DNA binding residues and the
PY motif were mutated. It appears that Tfg2p is still imported
into the nucleus probably via a lower affinity and slower backup
method when Kap104p-mediated transport is disrupted. Tfg2p
can bind other Kapfs. Its PY-NLS interacts weakly with
Kap108p, Kap121p, Kap114p, Kap119p, and Kap95p, and it also
binds Kap108p and Kap120p through unidentified NLSs. Tfg2p
may be imported into the nucleus by any of these karyopherins,
albeit inefficiently. However, once full-length Tfg2p gets in the
nucleus, it binds DNA and other members of the PIC and is
retained there. Importance of the Kap104p import pathway in
targeting Tfg2p to the nucleus is revealed only when DNA bind-
ing and thus nuclear retention is disrupted.

Identification of Tfg2p as the third Kap104p substrate rein-
forces the physical properties we have previously found to gov-
ern PY-NLS recognition by Kap104p. The PY-NLS is a modular
signal with three epitopes, each of which contributes differently
to total binding energy in different NLSs. Like another Kap104p
substrate, Hrplp, Tfg2p has a strong epitope 3 and a weak
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FIGURE 6. The DNA binding domain of Tfg2p is required for nuclear accu-
mulation. A, wild-type cells expressing N-terminal and C-terminal trunca-
tions of Tfg2p tagged with either GFP or GFP-GST as indicated in the figure.
Localization of proteins with 2°>PY?%*/AA mutations are in the right panels
and localization of wild-type proteins are in the left panels. Cells were ana-
lyzed by fluorescence microscopy. A small domain structure is under each
label in corresponding shades of gray as to Fig. 1A. B, wild-type cells express-
ing GFP-tagged full-length Tfg2p harboring point mutations in the DNA bind-
ing domain in either a wild-type background or 23PY?°*/AA background.
Cells were analyzed by fluorescence microscopy.
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epitope 1. Similarly, its PY dipeptide is necessary for Kap104p
binding and nuclear import by Kap104p (1, 18). In contrast,
another Kap104p substrate, Nab2p, has a strong epitope 1 and a
medium strength epitope 3. Mutagenesis of Nab2p’s epitope 3
only slightly mislocalized the protein to the cytoplasm (1).
Despite different distribution of epitope strengths, Tfg2p,
Hrplp, and Nab2p all bind Kapl04p with similar affinity
(10-37 n™m), consistent with the concept that combinatorial
mixing of different epitope strengths can result in sequentially
diverse but still functional NLSs.

We had previously predicted an additional binding hotspot
at the aromatic residue two amino acids N-terminal of the PY
motif. Alanine mutation of this residue in both Hrplp and
Nab2p decreased Kap104p binding affinity (1). Similarly, the
Y201A mutant of Tfg2p PY-NLS showed decreased Kap104p
binding and nuclear accumulation, suggesting that this residue
is a binding hotspot. Because the positions two residues N-ter-
minal of the PY motif in all three Kap104p substrates and sev-
eral KapfB2 substrates are occupied by aromatic residues, this
sequence pattern could be used as an additional restraint for
future substrate searches (1, 16).

Damelin et al. (35) suggested four criteria to verify a putative
NLS as a functional targeting signal recognized by a specific
KappB pathway (35). First, the NLS and full-length substrate
must bind the Kapf directly and be dissociated by RanGTP.
Second, the sequence must be necessary for import such that
deletion or mutagenesis of the sequence should mislocalize the
substrate. Third, the NLS must be sufficient to target another
protein into the nucleus. Finally, mutations in the transport
pathway should inhibit nuclear import of the substrate. These
criteria work well under simple circumstances but validation
according to the criteria can often be thwarted by complexities
in the cell. In the case of Tfg2p, it was straightforward to inval-
idate the cNLS as a functional NLS, but it was significantly more
difficult to validate the PY-NLS as a functional targeting
sequence. Cellular functions of Tfg2p as a transcription factor
and as a nuclear resident rather than a shuttling protein dic-
tated additional experiments to verify it as a Kap104p substrate.

Verification of NLSs in other proteins has also been compli-
cated by cellular conditions and exemplifies the many caveats of
the above validation criteria. Import substrates may be trans-
ported into the nucleus in a piggyback manner through inter-
actions with another substrate, be imported by more than one
karyopherin, be retained in the nucleus, or imported only when
modified appropriately. For example, although Kapl2lp
imports Noplp into the nucleus, Leslie et al. (36) did not see
mislocalization in a Kapl2lp temperature-sensitive strain,
because Noplp is retained in the nucleolus. They had to first
inactivate Kap121p and then turn on Noplp expression using a
galactose-inducible promoter to see mislocalization of Noplp
(36). Many yeast proteins are imported into the nucleus by
more than one mechanism. Leslie et al. (36) also showed that
Soflp can be imported directly by Kap121p or through a piggy-
back mechanism where it binds Noplp. Additionally, many
proteins such as histones and ribosomal proteins are imported
into the nucleus by more than one Kapp (37-39). Post-transla-
tional modifications can also affect protein localization, making
it more difficult to determine how they are imported into the
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nucleus. The criteria outlined by Damelin et al. are useful
guidelines and can be modified according to cellular functions
of individual substrates.

The steady-state localization of a nuclear protein is not solely
dictated by the presence or absence of functional nuclear
import or export signals. Strengths of the respective targeting
signals and strengths of interactions with other binding part-
ners in either the nucleus or the cytoplasm (nuclear or cytoplas-
mic retention) all contribute to protein localization. Retention
in cellular compartments may result from signal masking,
anchorage to cellular structures, or promotion of degradation
(40). Additionally, localization is often altered in response to
changes in the extra- or intracellular environment such as
resulting from stimuli, stress, and variations in the cell cycle or
developmental period (41, 42). Here, we show the example of
Tfg2p whose nuclear steady-state localization is a result of a
combination of nuclear import through its PY-NLS and nuclear
retention through its DNA binding domain.

Many of the Kapf3s responsible for nuclear import of general
transcription factors in yeast have been identified. Kap114p
imports TFIIB and the TATA-binding protein (43-45);
Kap119p imports TFIIS and Kap122p imports TFIIA (46,
47). These Kaps also import proteins other than transcrip-
tion factors. For example, Kapl14p also imports proteins
involved in chromatin assembly such as histones H2A, H2B,
and chromatin assembly factor Nap1p (39, 48). The two pre-
viously identified Kap104p substrates, Hrplp and Nab2p, are
both mRNA-binding proteins. In vivo validation of Tfg2p as
a PY-NLS bearing substrate of KaplO4p implies that
Kapl04p substrates are not limited to mRNA-binding pro-
teins. Similarly, 16 of the 17 validated human KapB2 sub-
strates bind RNA, and of these 3 are also transcription fac-
tors (49). Both Kap104p and KapB2 appear to transport a
range of functionally related substrates such as transcription
factors and RNA-binding or -processing proteins. However
many more Kapl04p and Kapf2 substrates will need to be
identified and validated before we can truly define a func-
tional network that relates the groups. Cellular and energetic
dissections of the Tfg2p PY-NLS corroborates recently
reported physical properties that govern Kap104p-PY-NLS
interactions and suggests additional sequence restraints,
which will be useful for large-scale substrate searches in the
future (1).
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