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Cargos destined to enter or leave the cell nucleus are typically transported by receptors of the importin B
family to pass the nuclear pore complex. The yeast Saccharomyces cerevisiae comprises 14 members of
this protein family, which can be divided in importins and exportins. The Ran GTPase regulates the asso-
ciation and dissociation of receptors and cargos as well as the transport direction through the nuclear
pore. All receptors bind to Ran exclusively in its GTP-bound state and this event is restricted to the
nuclear compartment. We determined the Ran-GTP binding properties of all yeast transport receptors
by biosensor measurements and observed that the affinity of importins for Ran-GTP differs significantly.
The dissociation constants range from 230 pM to 270 nM, which is mostly based on a variability of the
off-rate constants. The divergent affinity of importins for Ran-GTP suggests the existence of a novel mode
of nucleocytoplasmic transport regulation. Furthermore, the cellular concentration of p-receptors and of
other Ran-binding proteins was determined. We found that the number of B-receptors altogether about
equals the amounts of yeast Ran, but Ran-GTP is not limiting in the nucleus. The implications of our

results for nucleocytoplasmic transport mechanisms are discussed.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The nuclear envelope separates the cytoplasm from the nucleo-
plasm in eukaryotic cells. The transport of molecules occurs across
nuclear pore complexes (NPC), which are imbedded in the double
membrane of the nuclear envelope. Whereas smaller molecules
can diffuse through the nuclear pore, macromolecules are usually
transported by an energy-consuming and receptor-dependent
mechanism. Proteins are regularly translocated by soluble trans-
port receptors of the importin B superfamily, which are also called
B-karyopherins and are divided into importins and exportins. Hu-
mans contain 20 B-receptors and in baker’s yeast there are 14 fam-
ily members, 10 importins and four exportins [1]. The translocation
pathways are regulated by the Ran GTPase, an abundant and
mostly nuclear Ras-like protein [2-5]. The differential localization
of Ran modulators, the cytoplasmic GTPase activating protein
(RanGAP in vertebrates, Rna1l in yeast) and the nuclear guanine ex-
change factor (GEF, RCC1 in vertebrates, Prp20 in yeast) establishes
a gradient, where Ran-GTP is predominantly present in the nucle-
oplasm whereas Ran-GDP is essentially cytoplasmic [6]. Therefore,
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Ran-GTP acts as a major signal for the nuclear compartment. By
binding to importin B-like receptors in the nucleus, Ran-GTP disso-
ciates molecular cargos from importins and concurrently brings
forward cargo association by exportins.

Ran-GTP is exported complexed either to cargo-free importins
or to cargo-bound exportins and is released from these complexes
after GAP-catalyzed GTP hydrolysis in the cytoplasmic compart-
ment. This process additionally requires the activity of Ran binding
protein 1 (RanBP1 in vertebrates, Yrb1 in yeast), a co-activator of
the GAP that releases Ran-GTP from export complexes, which are
otherwise resistant to the GAP [7-10]. The Ran binding protein 1
contains a Ran-GTP binding domain different to that of B-recep-
tors. In yeast, Yrb1 shares this domain with the nucleoporin
Nup2 and with Yrb2, a cytoplasmic factor specifically involved in
protein export [11]. After GTP hydrolysis, Ran undergoes a
conformational change [5] and the GDP-bound form is released
from B-receptors and RanBP1-type proteins. Ran-GDP is then
re-imported into the nucleus by Ntf2 and subsequently converted
to Ran-GTP by the GEF [12].

Whereas importins usually bind directly to their molecular car-
go [13], importin B (Kap95 in yeast) can also bind to importin o,
which is unable to pass the NPC by itself. Importin o (Srp1 in yeast)
binds to proteins bearing a so called classical nuclear localization
signal and functions as an adapter to access the importin p-depen-
dent import pathway [14]. Ran-GTP is again necessary for import
termination in the nucleus. In this study, we asked the question
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whether the binding affinity of Ran-GTP differs for the various -
receptors, which would have implications for the association and
dissociation kinetics of transport complexes. Remarkably, we
found that the affinities vary over a broad range of more than three
orders of magnitude. We also determined the cellular concentra-
tion of most yeast Ran-binding proteins and found that their com-
bined abundance is higher than that of total cellular Ran, but the
amount of Ran about equals the amount of all B-receptors.
However, the concentration of Ran-GTP was estimated to exceed
that of Ran-GTP binding proteins in the nucleus indicating that
Ran-GTP is not limiting under normal conditions.

2. Materials and methods
2.1. Plasmids and protein purification

The purification of GST-Gsp1Q71L, Yrb1, Xpo1, Psel, Csel [15],
Kap120, Kap95, Kap114, Yrb4, Kap104, and Nmd5 [16] was de-
scribed before. The complete coding regions of MTR10, MSNS5,
PDR6, LOS1, and SXM1 were PCR-amplified using Pwo polymerase
(Roche) and inserted into plasmids pQE9 or pQE30 (Qiagen) for
N-terminal 6His tagging yielding pQE9-MTR10 (pGS883), pQE30-
MSNS5 (pGS1097), pQE30-PDR6 (pGS1126), pQE30-LOS1 (pGS1131),
and pQE30-SXM1 (pGS1542). Protein purification of transport
receptors from Escherichia coli lysates was performed by nickel-
nitrolotriacetic agarose (Qiagen) and Mono Q (GE Healthcare) chro-
matography. Polyclonal antibodies were raised by injecting rabbits
with full-length proteins and affinity purification of the respective
antisera.

2.2. Quantification of transport factors

For Western blotting, yeast cells (8 Agoo units) from liquid cul-
tures were pelleted, resuspended in 1 ml 0.25M NaOH/1% 2-
mercaptoethanol, incubated for 10 min on ice, and precipitated
with 160 pl cold 50% trichloroacatic acid. After 10 min, the samples
were centrifuged for 5 min, washed with cold acetone, vacuum-
dried, and resuspended in 190 pl SDS sample buffer and 10 ul 1M
Tris-HCI pH 8.0. The immunological detection after transfer to
PVDF membranes using peroxidase-coupled secondary antibodies
(Sigma) was performed with the Super Signal West Pico Substrate
Kit (Pierce). The quantification of the protein bands by densitome-
try was carried out with the ImageQuant software (GE Healthcare).
To exactly determine the concentration of the purified proteins, we
combined the Bradford assay, absorption measurement at 280 nm,
and comparative densitometry using bovine serum albumin stan-
dards. To quantify the cellular protein concentrations, we compared
fixed amounts of cell lysates giving a chemiluminescent signal in
the linear range with a calibration line of purified proteins of known
concentration using densitometry.

2.3. Protein interaction assays

GST pulldown assays and SPR spectrometry were performed as
described [17] using PBSKMT buffer (25 mM sodium phosphate,
150 mM NaCl, 3 mM KCI, 1 mM MgCl,, and 0.1% Tween 20, pH
7.3) as running, incubation, and washing buffer. SPR measure-
ments were carried out with a BIALITE biosensor and a GST kit
for fusion capture using monoclonal anti-GST antibodies that were
covalently coupled to CM5 chips (BIACORE). The reference flow
chamber was loaded with GST alone. GST-Gsp1Q71L-GTP served
as the ligand and was immobilized to record 200-400 resonance
units. The Ran-binding proteins functioned as analytes and were
diluted into PBSKMT buffer. After association of the analytes, the
chips were washed and the data were examined with the Biacore

X and Biaevaluation 3.1 software programs (BIACORE). The calcula-
tion of the binding constants based on the 1:1 Langmuir model or
the 1:1 Langmuir mass transfer model.

3. Results and discussion
3.1. The dffinity of p-receptors for Ran-GTP is widely different

To visualize the binding of B-receptors to Gspl, the essential
yeast homologue of Ran, we first prebound a purified GST fusion
protein to Gsp1Q71L, a mutant defective in GTP hydrolysis [15]
and therefore present predominantly in the GTP-bound state, to
glutathione Sepharose and then incubated with purified receptors
tagged with a N-terminal or C-terminal 6His-tag (Fig. 1). As ex-
pected, all importins bound well to the immobilized Gsp1-GTP,
whereas the tRNA exportin Los1 did not. Likewise, the exportins
Csel and Xpo1 did not associate with Gsp1-GTP (not shown). This
is in agreement with earlier observations that these exportins do
not significantly bind to Gsp1-GTP in the absence of cargo
[15,18,19]. In contrast, the binding of Msn5, which acts mostly as
an exportin but can also function as an importin [20], was detected
well in Coomassie-stained SDS gels (Fig. 1).

The binding properties of the p-receptor/Gsp1-GTP complexes
were characterized in real time by SPR spectrometry using a BIA-
CORE device. The ligand GST-Gsp1Q71L was bound to the matrix
of a sensor chip using crosslinked GST-specific antibodies, which
allows full accessibility to the Gsp1 moiety. To reduce the record-
ing of unspecific interactions, we employed GST covalently linked
to a sensor chip of the reference flow chamber. The 14 yeast B-
receptors served as analytes and were passed over the surface of
the sensor chip at various concentrations (Fig. 2). The receptors
were injected into the flow cells for 60-90 s (association phase)
and then buffer alone was applied to initiate the dissociation
phase. The difference in the resonance signals between the sample
flow cell and the reference cell was recorded. The obtained curves
served to calculate the binding constants using established BIA-
CORE software programs.

The recorded sensorgrams are shown in Fig. 2. Table 1 shows for
each individual Gsp1-binding protein/Gsp1-GTP (analyte/ligand)
pair the calculated dissociation constant Ky, the association con-
stant K,, the rate constant for dissociation kq (off-rate constant),
the rate constant for association k, (on-rate constant), and the y?
value, an indicator of the mean deviation of the experimental data
from the calculated curves. In order to compare the biochemical
properties of different types of Gsp1-binding proteins, we first ana-
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Fig. 1. Binding of B-receptors to Gsp1-GTP. A bacterially expressed GST fusion
protein to Gsp1Q71L (10 ng) loaded primarily with GTP was immobilized for
30 min at 4 °C on glutathione Sepharose and then incubated for 30 min at 4 °C with
PBSKMT buffer or 12 pg of the indicated B-receptors purified from E. coli. The bound
proteins were washed three times and analyzed by SDS PAGE and Coomassie blue
staining together with 20% of the loads (lower panel). Molecular weight markers
(M) are given in kDa.
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Fig. 2. Sensorgrams of the interaction of Gsp1-binding proteins with Gsp1-GTP. Each sensorgram contains all measurement cycles for a specific ligand-analyte pair.
Monoclonal anti-GST antibodies were covalently linked to a Biacore CM5 chip. A fusion protein consisting of GST and full-length Gsp1Q71L loaded with GTP was bound to the
CM5 chip of the sample flow chamber. Then, purified Yrb1, Kap104, Kap95, Psel, Sxm1, Kap114, Kap123, Nmd5, Msn5, Mtr10, Pdr6, or Kap120 (A-L) at the concentrations
indicated were injected into the sample flow chamber. After association, the samples were washed with buffer. The sensorgrams show the difference of surface plasmon
resonance signals (in resonance units, RU) between the sample flow chamber and the reference flow chamber. The reference flow chamber contained only coupled GST.

lyzed the binding of Yrb1 to Gsp1-GTP. We determined a dissoci-
ation constant of 0.45 nM for the Yrb1/Gsp1-GTP interaction. This
value is in agreement with previous measurements. An EDTA-
induced guanine nucleotide exchange assay was used before to
determine a K4 value of 0.7 nM [9]. Similarly, the dissociation

constant for the interaction of the mammalian RanBP1/Ran-GTP
complex was reported to be 0.6 nM by fluorescence spectrometry,
1.2nM by SPR spectrometry [21], or 0.13 nM by GTP exchange
inhibition assays [22]. It is evident from Fig. 1A and Table 1 that
Yrb1 binds to Gsp1-GTP with very fast kinetics, the on-rate con-
stant k,=1.8 x 10°M~'s™! is the highest of all investigated
Gsp1-binding proteins, while the dissociation of the once formed
Yrb1/Gsp1-GTP complex is slow (kq=8.2 x 10~*s~"). This is in

good agreement with a function of Yrb1 as a cytoplasmic dissocia-
tion factor for export complexes. The high on-rate constant ensures
a fast binding to receptor-bound Gsp1-GTP, which is followed by
Rnal-catalyzed GTP hydrolysis resulting in dissociation of the ex-
port complex.

Fig. 2B-L and Table 1 show the sensorgrams and binding con-
stants for the B-receptor/Gsp1-GTP interactions. For Kap95, we
calculated a Ky value of 0.23 nM, which is similar to the measured
dissociation constant of 0.3 nM for the human homologue importin
B complexed to human Ran-GTP determined by EDTA- and RCC1-
induced nucleotide exchange or GTPase protection assays [22].
Remarkably, the dissociation constants of the various yeast impor-
tin/Gsp1-GTP complexes differ considerably ranging from 230 pM
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Table 1

Binding constants for the interaction of Gsp1-binding proteins with Gsp1-GTP and cellular concentrations of transport factors. The ascertained amounts of Gsp1 itself and of yeast
importin o are included as well. For comparison, the concentration of protein A-tagged proteins according to Ghaemmaghami et al. (2003) [31] is listed. The mammalian
homologues of the yeast transport factors [1] are given in the last column. Abbreviations: und. undetectable, n.d. not determined, Imp importin, Trn transportin, EXp exportin.

Yeast transport factor Kq [nM] K, [1/M]  kq [1/s] ka [1/(Mxs)] x2  Cellular Molecules  Molecules Mammalian homologue
conc. [uM]  per cell per cell (Ref. [31])
Typel  Kap95 0.23 43x10° 63x107° 27x10° 0.6 0.30 12,650 51,700 Impp
Kap104 0.23 44x10° 27x10% 12 x10° 05 0.06 2500 2130 Trn (Kapp2)
Psel (Kap121) 0.32 31x10° 26x10% 81x10° 1.2 041 17,300 15,500 Imp5, Imp6
Sxm1 (Kap108) 2.60 3.7x10%° 20x10* 7.7 x 10* 25 140 59,000 16,300 /
Typell Kapl14 7.00 14x10° 16x103% 24x10° 0.8 029 12,200 2940 Imp9
Kap123 (Yrb4) 8.30 12x10° 40x1073 48x10° 14 6.00 250,000 38,300 Imp4
Nmd5 (Kap119) 16.20 62x107 15x103 93 x10* 1.8 210 88,500 13500 Imp7, Imp8
Msn5 (Kap142) 52.00 1.9x10” 30x103% 58x10* 1.6 nd nd. 3,500 Exp5
Typelll  Mtr10 (Kap111) 13000 7.8x10° 1.1x102 85x10* 28 nd nd. 6340 TrnSR, Imp13
Pdr6 (Kap122) 231.00 43x10° 73x103% 3.1 x10* 22 nd nd. 9760 /
Kap120 270.00 3.7x10° 13x107% 48x10* 1.1 140 46,400 6300 Imp11
TypelV  Csel und. und. 0.80 33,700 23,500 CAS
Los1 und. und. n.d. n.d. 3490 Exp-t
Xpo1 (Crm1) und. und. 0.14 5900 7080 CRM1 (Exp1)
Yrb1 0.45 22x10° 82x10% 1.8x10° 0.5 8.00 337,200 n.d. RanBP1
Yrb2 nd. n.d. 4.40 185,500 3620 RanBP3
Prp20 (Srm1) nd. n.d. 4.10 172,800 12,100 RCC1
Srp1 (Kap60) 7.00 295,000 2790 Impo
Gspl 16.00 674,500 nd. Ran
(Kap95 and Kap104) to 270 nM (Kap120). This large difference in complex with an off-rate constant of 6.3 x 107> s~ ! explains why

affinities for Gsp1-GTP is expected to reflect life span variability
among importin/cargo complexes after passage of the NPC. The
importins exhibiting a low affinity for Gsp1-GTP might prevent
misfolding of their respective cargo molecule and escort it to the
intranuclear site of function. On any account, the different impor-
tin/Ran-GTP affinities hint to the presence of a new mode of nucle-
ocytoplasmic transport regulation.

We classified the B-receptors into four groups. Type 1-3 recep-
tors represent strong, medium, and weak Gsp1-GTP binders,
respectively, whereas binding to Gsp1 of type 4 receptors was
undetectable under our experimental conditions. Even the highest
possible (micromolar) concentrations of type 4 receptors did not
yield a SPR response (data not shown). The type 4 proteins Xpol,
Csel, and Los1 represent those receptors exclusively transporting
export cargo. Our results are in accordance with previous observa-
tions that these exportins do not detectably interact with Gsp1-
GTP in the absence of their cargo [15,18,19].

Until now three dissociation constants for yeast importin/Gsp1-
GTP complexes have been reported. Our determined Ky values are
consistent with previous results obtained by GTP exchange inhibi-
tion and GTPase protection assays. Dissociation constants of 2 nM
for Kap123 and Psel [9] as well as of roughly 200 nM for Mtr10
[23] were found. For mammalian importin/Ran-GTP complexes,
the Ky values were 2-fold for transportin [7], 5-fold for Imp5 [24],
6-fold for Imp8 [25], and 30-fold for Imp7 [25] higher compared
to Impp, respectively. These values considerably match to those of
the yeast orthologues Kap104, Pse1, and Nmd5 (Table 1). Hence dif-
ferent affinities apply to mammalian importins as well.

Whereas GTP exchange inhibition and GTPase protection assays
solely provide estimates of dissociation constants, SPR spectrome-
try allows to follow the binding characteristics in real time and,
moreover, on-rate and off-rate constants can be calculated.
Remarkably, the on-rate constants for importin/Gsp1-GTP complex
formation differ only roughly 20-fold, whereas the off-rate con-
stants vary by a factor of approximately 500 indicating that binding
of Gsp1-GTP to all importins occurs relatively fast but the dissoci-
ation kinetics is distinguishing for individual importins (Table 1).

Type 1 receptor complexes with Gsp1-GTP are very stable
(Fig. 2B-E). The extraordinary stability of the Kap95/Gsp1-GTP

besides Ran-binding protein 1 and the GAP also importin o is re-
quired for efficient disassembly of this complex [7]. Type 2 recep-
tor/Gsp1-GTP complexes display a moderate stability (Fig. 2F-I).
Surprisingly, Msn5 belongs to this group and its affinity for
Gsp1-GTP is higher than that of some importins. Thus despite
Msn5 functions primarily as an exportin, it behaves biochemically
as an importin. Type 3 receptor/Gsp1-GTP complexes are compa-
rably unstable (Fig. 2J-L). The predicted consequences of this low
affinity regarding the transport mechanism are first, a reduced ex-
port efficiency through the NPC due to premature dissociation of
Gsp1-GTP before the cytoplasmic compartment is reached. Indeed
Mtr10 and Kap120, the type 3 receptors with the highest off-rate
constants (~1072s~1) are the only importins with a predominant
nuclear localization [23,26], whereas the other importins are usu-
ally equally distributed between the nucleoplasm and the cyto-
plasm. Second, Yrb1 might be dispensable for the dissociation of
type 3 receptors bound to Gsp1 after export. It was observed for
many B-receptor export complexes that the Ran GTPase activation
is blocked as long as the receptor is bound to Ran-GTP. Ran binding
protein 1 releases this GTPase inhibition by forming a disassembly
intermediate and thereby stimulating the off-rate of export com-
plexes by more than two orders of magnitude [7]. Because the
off-rate constants of type 3 receptor/Gsp1-GTP complexes are
intrinsically low, Yrb1 may not be required for efficient disassem-
bly of these export complexes. Third, the affinity of Gsp1-GTP for
the receptor is expected to be insufficient for proper cargo release
after import. Remarkably, this was again observed for Mtr10 and
Kap120 in in vitro cargo dissociation experiments [23,26]. In these
cases, other nuclear factors become necessary to assist in cargo re-
lease. Interestingly, Npl3 and Rpf1, the respective cargos of Mtr10
and Kap120, are both RNA-binding proteins and RNA is required
for Mtr10 import complex disassembly [23]. A similar situation ex-
ists for Kap114-mediated import of DNA-binding cargos, the TATA-
binding protein and histones [16,27]. Thus a low affinity for Gsp1-
GTP explains a prevention of rapid import cargo dissociation in the
nucleus. In these cases a function of importins in intranuclear tar-
geting might be favorable because they act as chaperones and de-
liver their cargo to the site of action where it is transferred to other
binding partners.
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3.2. The cellular concentration of Gsp1 is not limiting for transport
processes

To answer the question whether Gsp1-GTP is a limiting factor
for nucleocytoplasmic transport, we quantified the cellular
amounts of Gspl and Gspl1-GTP binding proteins. We used
polyclonal affinity-purified antisera raised against full-length
polypeptides and purified recombinant proteins in quantitative
immunoblotting experiments as described in “Materials and
methods” (data not shown). This allowed to determine the cellular
concentration and the number of molecules per cell based on
earlier calculations that an average haploid cell comprises a
volume of 70 um? [28]. The data are summarized in Table 1.

For Gsp1l we found a cellular concentration of 16 uM corre-
sponding to 674,500 molecules per cell, which confirms that
Gsp1 is a very abundant protein. Saccharomyces cerevisiae contains
two Ran genes, the essential GSP1 and the dispensable GSP2, the
latter being at least 10-fold less expressed than GSP1 [29]. It can
be expected that our polyclonal antibody will comparably recog-
nize the two proteins because both Gsp proteins exhibit a sequence
identity of more than 95%. We also determined the cellular
amounts of yeast importin o. Surprisingly, the concentration of
Srp1 is ~23 times higher than that of Kap95. Therefore, the major-
ity of yeast importin o is not complexed to importin B. The abun-
dance of Srpl is explained by its specific role in snRNA
biogenesis [30].

We confirmed that Kap123, a protein involved in ribosomal pro-
tein import, is the most abundant B-receptor [9]. The ten quantified
B-receptors combined sum up to roughly 530,000 molecules per
cell. The individual numbers often differ from values obtained by
a genome-wide study, where open reading frames were fused to
the TAP tag to quantify the protein amounts [31]. Because we ana-
lyzed untagged endogenous proteins, our interpretation is that fu-
sion to the TAP tag can affect the protein stability. The four
receptors not quantified by us because antibodies were not avail-
able seem not to be abundant proteins (Table 1). It can be esti-
mated that the cellular concentration of the 14 B-receptors
altogether approximately equals that of Gsp1. Gsp1 is localized
predominantly in the nucleus. Likewise, the exportins as well as
Mtr10 and Kap120 are also mostly nuclear. However, the majority
of importins, like the highly abundant Kap123, are usually equally
distributed in the cytoplasm with a slightly higher concentration in
the nucleus [9]. Therefore the concentration of Gsp1-GTP will ex-
ceed that of the B-receptors in the nucleus. Given that the nuclear
volume represents about 7% of the cellular volume [32] and assum-
ing that all exportins plus Mtr10 and Kap120 are exclusively nucle-
ar whereas the concentration of the other importins is twofold
higher in the nucleus than in the cytoplasm, one can estimate that
a threefold excess of Gsp1-GTP over all B-receptors is available in
the nucleus.

Besides with transport receptors, Gsp1-GTP also interacts with
other proteins, among them with the abundant and mostly cyto-
plasmic Yrb1, which shuttles between the cytoplasm and the nu-
cleus [15], with the RanGEF, and with miscellaneous factors [33-
35]. Taken together, Gsp1-GTP is apparently still not limiting with-
in the nucleus, but it will not be present in large excess over its var-
ious interactors under normal conditions, which explains why
perturbations of the Ran GTPase cycle rapidly affect nucleocyto-
plasmic transport and nuclear integrity.
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