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The Intracellular Mobility of Nuclear Import Receptors and NLS Cargoes
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ABSTRACT We have investigated classical nuclear localization sequence (NLS) mediated protein trafficking by measuring
biomolecular dynamics within living cells using two-photon fluorescence correlation spectroscopy. By directly observing the
behavior of specific molecules in their native cellular environment, it is possible to uncover functional details that are not apparent
from traditional biochemical investigations or functional assays. We show that the intracellular mobility of NLS cargoes and their
import receptor proteins, karyopherin-a and karyopherin-g, can be robustly measured and that quantitative comparison of intra-
cellular diffusion coefficients provides new insights into nuclear transport mechanisms. Import cargo complexes are assembled
throughout the cytoplasm, and their diffusion is slower than predicted by molecular weight due to specific interactions. Analysis of
NLS cargo diffusion in the cytoplasm indicates that these interactions are likely disrupted by NLS cargo binding. Our results
suggest that delivery of import receptors and NLS cargoes to nuclear pores may complement selective translocation through

the pores as a functional mechanism for regulating transport of proteins into the nucleus.

INTRODUCTION

Selective transport of proteins into the nucleus is an essential
process in eukaryotic cells involving recognition of specific
cargoes in the cytoplasm by soluble import receptors and
subsequent transport of the cargo/receptor complex into the
nucleus through nuclear pore complexes (1-3). In the classical
nuclear transport pathway, nuclear-targeted cargoes contain-
ing a basic nuclear localization sequence (NLS), comprised
of a cluster of lysine and arginine residues, are recognized
in the cytoplasm by a heterodimeric receptor consisting
of an NLS recognition subunit, karyopherin/importin-c,
and a pore targeting subunit, karyopherin/importin-g (4).
Significant effort has been placed on unraveling how the
trimeric import complex composed of cargo, karyopherin-«,
and karyopherin-@ is translocated through nuclear pores
with the rationale that the ability of this and related complexes
to transit through the pore provides selectivity to the transport
process (5). Thus, many biochemical and structural aspects of
the protein nuclear import machinery have been extensively
studied leading to models of the nuclear import process
(5-8). Relatively neglected has been a detailed characteriza-
tion of how assembled cargo complexes reach nuclear pores.
Itis widely assumed that nuclear import-related molecules are
soluble and diffuse freely within the cell cytoplasm, yet this
assumption cannot fully explain all aspects of the import
mechanism. For example, it is not known how the import
machinery prevents inefficient nuclear transport due to unpro-
ductive cycling of karyopherin-@ into and out of the nucleus
without NLS cargos bound. To fully understand a complex
and dynamic process such as nucleocytoplasmic transport, it
is critical to investigate the intracellular dynamics and interac-
tions of import-related molecules within living cells. Such
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intracellular measurements have the potential to significantly
enhance our understanding of this important process by
uncovering functional details not apparent in traditional
investigations.

We have therefore applied two-photon fluorescence corre-
lation spectroscopy (FCS) (9—13) to measure the intracellular
dynamics of the nuclear import cargoes and import receptors
in living human embryonic kidney cells (HEK 293). We used
FCS to measure the mobility of the nuclear import receptors,
karyopherin-« and karyopherin-@, and representative NLS
cargoes, each expressed in living cells as an enhanced green
fluorescent protein (eGFP) fusion protein (14). Results of
our study demonstrate that we can robustly measure molec-
ular mobility of nuclear transport factors and cargo proteins
in live cells and that detailed quantitative analysis of the intra-
cellular mobility provides new insight into the nuclear import
process. In particular, our results suggest that the mobility of
the nuclear import receptors is likely modulated by function-
ally relevant interactions with cytoplasmic components, with
import receptors diffusing quite slowly on their own and more
rapidly when NLS cargoes are bound.

MATERIAL AND METHODS
Microscopy

Imaging and FCS measurements were performed on a home-built two-
photon laser-scanning microscope attached to an Olympus inverted micro-
scope (IX71, Olympus, Melville, NY). The Ti:Sapphire (Spectra Physics,
CA) was ported into the microscope through beam-scanning optics
including an x-y galvo scanner (6215H, Chroma Technology, Lexington,
MA) and 5% beam expansion. The laser, tuned to 980 nm to excite eGFP
and minimize cellular autofluorescence, was reflected off the dichroic mirror
(675dcsx, Chroma Technology, Brattleboro, VT) through an Olympus
60x water immersion objective lens with a numerical aperture of 1.2
(UPLSAPO60XW Olympus, Melville, NY). The average laser power at
the sample was 2.8 mW, which gave good signal statistics while minimizing
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photobleaching and photodamage. Power was controlled using an infrared
half wave plate and polarizing cube. The fluorescence was collected by
the same objective, passed through the dichroic and a low pass filter, and
sent to photon counting detectors. Avalanche photodiodes from EG&G
Perkin Elmer (Vaudreuil, Canada) were used for FCS measurements, and
Hamamatsu H7421-40 PMTs were used for imaging. In addition to beam
scanning, used only for imaging, the system has a high-precision motorized
stage (MS200, Applied Scientific Instrumentation, Eugene, OR), which was
used to move selected cellular positions of interest to the center of the field
of view for FCS measurements. All FCS measurements were recorded using
the same optical alignment, with the scanning mirrors fixed at the zero
position and the laser centered along the optical axis of the objective.
This strategy eliminates the possibility of measurement artifacts due to
optical alignment. The stage was software controlled, so mouse clicks on
a live-cell image could be used to select positions for intracellular FCS
measurements.

For FCS measurements, the observation volume was calibrated using
purified eGFP diluted in nanopure water (18.2 mQ/cm) with a reported diffu-
sion coefficient of 78 ,um2/s (15). Samples were mounted in labTekII 8-well
chambered cover-glass slides (Nunc, Rochester, NY), which were also used
as culture dishes for live-cell measurements. For live-cell FCS measurements,
we measured FCS data from ~50 points selected in ~15 different cells for each
different eGFP fusion protein. Approximately half of the point measurements
were collected in cytoplasm and half in the cell nucleus. For each point FCS
measurement, four 30-second individual runs were acquired and used to
compute the average autocorrelation trace and standard deviation (16). Exper-
iments were performed at room temperature. All the reported FCS measure-
ments were acquired in a single day. The complete set of measurements
was also repeated on different days over several months, and the average
mobility was highly repeatable. When cell-culture conditions were carefully
optimized, FCS measurements were stable for all measurement points within
the cells, and we did not observe large fluctuations in fluorescence intensity
(e.g., “spikes”) nor corresponding variations in autocorrelation curves that
are sometimes seen in intracellular FCS measurements. Thus, in computing
average diffusion coefficients, we do not do any presorting of the data and
we avoid experimental bias by including all measurements from a full day
of data acquisition in the analysis, i.e., no FCS data sets were discarded or
truncated.

Data analysis

We analyzed the FCS data with three different fitting models including
i), single-component free diffusion, ii), anomalous diffusion, and iii), two-
component diffusion. These different fitting models can all be summarized as:
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This equation assumes equal molecular brightness for each diffusion
species, which was confirmed experimentally. The anomalous exponent,a;,
has unit value for free diffusion and is <1 for anomalous subdiffusion.
The index n represents the number of diffusing components (i.e., 1 or 2).
The observation volume is specified as Vipg = 27 3m3/2wdzg, with axial
and radial beam waists w, and z, , respectively. The structure factor is
defined as x =zp/wy, and the gamma factor for a three-dimensional
Gaussian volume is y;pg = 27>/2. The variables C; and D; specify the
concentration and diffusion coefficient for the i-th diffusing component.
The characteristic diffusion time is defined as 7p; = w(z) /8D; for normal
diffusion and 7p; = (3w /4T ,~)1/ % for anomalous diffusion, where I\ is
the transport factor (17). We do not observe triplet states or photobleaching
in our measurements. The apparent molecular brightness ¥ (in counts per
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molecule per second) was computed in terms of the amplitude of the FCS
curve G(0), gamma factor, and the average fluorescence intensity, F, as
V¥ = G(0)F/v3pg. By comparing measured apparent brightness values
with the molecular brightness of purified eGFP, we can detect aggregation
and immobile fractions. Because our microscope uses calibrated photon-
counting detectors, the molecular brightness values can also be used to
convert measured image intensities into molecular concentrations.

For anomalous diffusion, the transport factor (17) obtained from curve
fitting is not a convenient parameter to be used for comparing diffusion rates
because it will have different dimensions for different anomalous factor («)
values. To simplify direct comparison of the diffusion rates for different
anomalous diffusers, we report the apparent diffusion coefficient for crossing
the measurement volume (17). FCS measures that molecular crossing time for
the anomalous diffuser, and the apparent diffusion coefficient specifies the
Brownian (free) diffusion coefficient that would result in the same crossing
time for the measurement length scale. The apparent diffusion coefficient is
computed from the transport factor using Dypp (7p) = %FTZ‘;] . Because the
anomalous exponents are similar for the molecules measured in this study,
the choice of measurement length scale or timescale does not significantly
alter the comparison of diffusion rates.

Cell culture

All FCS measurements were performed using stably transfected cell lines.
HEK 293 cells (ATCC, Manassas, VA) were cultured in Dulbecco’s modified
Eagle’s medium (Mediatech, Herndon, VA) supplemented with 10% fetal
bovine serum (Atlanta Biologicals, Atlanta, GA) and 100 U/ml Penicillin
and 100 ug/ml streptomycin (Mediatech, Herndon, VA). Cells were grown
in a humidified incubator Thermo Forma 370 (Thermo Electron Corporation,
Marietta, OH) containing 5% CO, at 37°C. Cells were seeded in poly-D-
lysine (0.1 mg/ml) (Fisher Scientific, Savanna, Atlanta/Pittsburg, PA) coated
coverglass chambers a day before transfection at a density that would grow to
80~90% confluence on the day of transfection. Transfection was carried out
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) by following the manu-
facturer protocol. Transfected cells were than selected using 0.6 ug/ml G418
(Invitrogen, Carlsbad, CA) for at least 2 weeks. A day before each experiment,
stably transfected cells were seeded and maintained in uncoated chambers
with regular growth medium. The typical cell density during FCS measure-
ments was 90% confluence.

Mammalian transfection plasmids

All plasmids used in this study are listed in Table 1. The monopartite SV40
NLS sequence is SPKKKRKVE, and the bipartite SV40 NLS sequence is
KRTAD GSEFE SPKKKRKVE. NLS cargo eGFP fusion proteins
NLS(SV40)-eGFP and NLS(BPSV40)-eGFP (“SV40” and “BPSV40” in

TABLE 1 Plasmids used in this study

Plasmid Description Source

pAC1977 NLS(BPSV40)-eGFP Kan® pEGFP-N3 This study
mammalian expression vector

pAC2140 KPNA1#-¢GFP Kan® pEGFP-N3 This study
mammalian expression vector

pAC2142 KPNB1-eGFP Kan® pEGFP-N3 This study
mammalian expression vector

pAC488 pEGFP-N3 mammalian expression vector Clontech

pAC2482 NLS(SV40)-eGFP Kan® pEGFP-N3 This study
mammalian expression vector

pAC2275 KPNA1-R25A/R26A/R27A/R28A/D199K/ This study

E399R-eGFP Kan® pEGFP-N3
mammalian expression vector

*KPNAT1 is the human gene for karyopherin-a1/importin-a5.
TKPNBI is the human gene for karyopherin/importin-g1.
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figures and tables) were made using a previously described linker (18). The
human karyopherin-a1 (also called importin-a5, KPNA1, or hSRP1) and
human karyopherin-3 were cloned into pEGFP-N3 vectors to produce
eGFP fusion proteins kap-«a1-eGFP and kap-3-eGFP (“‘kap-«” and “‘kap-(”
in figures and tables). The karyopherin-a mutant, kap-«A1ED, was designed
based on previous studies (19,20) and does not bind to NLS cargoes or
to karyopherin-G. Kap-«AIED (K46A/R47A/R48A/D199K/E399R) was
constructed using the Quikchange site-directed mutagenesis kit. The plasmid
was sequenced to assure the introduction of the correct mutation and the
absence of any additional changes to the sequence. This mutant was then
fused to eGFP and is referred to as kap-aA1ED-eGFP (“«A1ED” in figures
and tables).

RESULTS

We prepared stable transfections of HEK 293 cells expressing
eGFP fusion proteins to investigate the localization and intra-
cellular dynamics of import receptors and NLS cargoes. Fig. 1
shows representative images of the steady-state localization
of the fusion proteins for cells expressing kap-a-eGFP,
kap-B3-eGFP, NLS(SV40)-eGFP (21), or the NLS(BPSV40)-
eGFP (18), as well as control cells expressing eGFP alone.
As expected, eGFP is distributed roughly uniformly through-
out the cell, whereas NLS cargoes are more concentrated in
the nucleus. The average nuclear and cytoplasmic protein
concentrations were measured (see Materials and Methods),
and we found the monopartite NLS(SV40)-eGFP cargo has
a steady-state nuclear to cytoplasmic (N/C) concentration
ratio of 3.7, whereas the bipartite NLS(BPSV40)-eGFP has
a much higher N/C ratio of 36. These ratios are consistent
with the known binding affinities of these NLS motifs for kar-
yopherin-«, with dissociation constants of 10 nM for SV40
and <1 nM for BPSV40 (18). For each NLS cargo, the N/C
ratio is essentially independent of overall expression level
although the BPSV40 N/C saturates at micromolar concentra-
tions (Fig. 1 f). The import receptor fusion proteins, kap-
a-eGFP and kap-8-eGFP, are primarily localized in the
cytoplasm, with enhanced concentration at the nuclear rim.
We confirmed by immunofluorescence that, as expected, the
karyopherins located on the nuclear rim were colocalized
with nuclear pore complexes (data not shown). This localiza-
tion pattern suggests the eGFP fusion proteins are functional,
a finding that is consistent with previous studies demon-
strating that both kap-a-eGFP and kap-3-eGFP can function
as the sole copy of each karyopherin in yeast (20,22,23).
We note that because kap-f can pass freely through nuclear
pores (24,25), itis unclear a priori why it is more concentrated
in the cytoplasm than in the nucleus, with an N/C ratio of 0.33.
However, insights gained from our mobility measurements
can explain this localization pattern as discussed below.
The kap-a-eGFP N/C ratio depends on expression levels,
with the protein becoming more nuclear localized at high
concentrations, most likely due to reduced efficiency of the
nuclear export machinery for the eGFP fusion form of this
protein (23,26).

We applied two-photon FCS to measure the mobility of
nuclear import cargoes and receptors in both the cytoplasm
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and the nucleus of live HEK 293 cells, as described in Mate-
rials and Methods. Positions for FCS measurements were
chosen using fluorescence images, with a total of ~50 point
FCS measurements (half taken in the cytoplasm and half in
the nucleus) from ~15 different cells for each NLS cargo or
import receptor. Cells expressing eGFP alone were also
analyzed as a control. For each of the fusion proteins, the
anomalous subdiffusion model (17,27) fit the measured corre-
lation curves best, both in the nucleus and in the cytoplasm, as
judged by reduced chi-squared analysis (16,28). This indi-
cates that molecules in the cell diffuse through the observation
with a distribution of diffusion times. A two-component free-
diffusion model did not improve the fit quality over the anom-
alous diffusion model, and two-component fits were generally
either unstable or the recovered parameters were highly
dependent on initial guesses. We therefore used the anoma-
lous diffusion model for all FCS analysis. This model yielded
good fit quality and stable parameter values independent of
initial guesses for all measurements. Each individual point
FCS measurement was also highly robust, with essentially
identical diffusion parameters recovered from correlation
curve fits of repeated measurements at a given position in
a particular cell.

Although there was minimal variation in measured diffu-
sion parameters at individual points, we observed significant
variation in measured diffusion coefficients between different
cells or for different locations within single cells. Fig. 2 shows
two such distributions of measured diffusion coefficients
from multiple points in multiple cells, for kap-« in the nucleus
and SV40 in the cytoplasm. For this work, we did not attempt
to determine the underlying physical basis for point-to-point
variations, but instead considered the statistical distribution
of measured diffusion coefficients. The average parameter
values recovered from these distributions were highly repeat-
able, with consistent results from experiments repeated on
different days spread over several months. The distribution
and the average measured diffusion coefficients are therefore
robust experimental parameters whose biological significance
can be analyzed quantitatively.

The measured diffusion parameters are summarized in
Table 2, Table 3, and Fig. 3. Data in Table 2 are reported in
terms of the apparent diffusion coefficient, as well as in terms
of the diffusion coefficients expected and measured relative
to the diffusion of eGFP. Table 3 reports the same data in
terms of the transport factor and anomalous exponent. The
measured diffusion coefficients are independent of protein
expression levels, with the exception of the NLS(BPSV40)-
eGFP, as discussed below. Measurements were acquired for
intracellular concentrations of eGFP tagged proteins ranging
from ~10 nanomolar up to a few hundred nanomolar. The
endogenous karyopherin receptors are present in micromolar
concentrations (29), such that the presence of the fusion
proteins should only minimally perturb the overall intracel-
lular concentrations of each molecule. The diffusion of
eGFP provides a baseline characterization of the intracellular
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FIGURE 1 Localization of fusion proteins imaged using two-photon microscopy. (@) eGFP is distributed uniformly throughout the cells; () NLS(SV40)-
eGFP is more nuclear localized with N/C of 3.7; (¢) NLS(BPSV40)-eGFP is strongly nuclear localized with N/C of 36. All images have the same scaling, with
a 25 um scale bar shown in panel a. Graphs below each image show the relative nuclear, Cyc, and cytoplasmic, C.y,, concentrations in the steady-state at
different protein expression levels for eGFP (d), NLS(SV40)-eGFP (e), and NLS(BPSV40)-eGFP (f). To guide the eye, the dotted lines on each graph represent
equal nuclear and cytoplasmic concentrations. We note that the vertical scale in panel f differs from the other panels. The karyopherin-eGFP molecules are
shown in panels g—j: Kap-3-eGFP stains the nuclear rim (g) and is also found distributed throughout the cell, with a N/C of 0.33. Kap-«a-eGFP shows a similar
pattern (%), but has concentration-dependent localization as described in the text. N/C ratios for each are shown below the figures: kap-3-eGFP (i), and kap-«-
eGFP (j).

physical environment. We measured similar mobility of  consistent with previous reports (15,30). We used this cyto-
eGFP in the nucleus and the cytoplasm. The cytoplasmic plasmic eGFP mobility as a reference standard to estimate
apparent diffusion coefficient of 24 um?/s is ~3 times slower  the expected mobility of the nuclear import receptors and
than the reported eGFP mobility in water of 78 ,umz/s (15), NLS cargoes (31,32).
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FIGURE 2 Distribution of measured apparent diffusion coefficient D(7p)
for NLS(SV40)-eGFP in the cytoplasm and kap-a-eGFP in the nucleus of
HEK 293 cells. We found that the average apparent diffusion coefficient
is highly repeatable when measured on different days, and we thus consider
it a robust experimental parameter.

Based on molecular weights, the diffusion coefficients for
the kap-a-eGFP and kap-3-eGFP fusion proteins are expected
to be 1.5 and 1.7 times slower than for eGFP alone. These
expected diffusion coefficients are indicated by horizontal
lines in Fig. 3. We found that the measured diffusion coeffi-
cients are significantly slower, ranging from 2.1 to 4.5 times
slower than the computed values. Focusing on the cytoplasm,
we found that the average diffusion coefficients for kap-
a-eGFP and kap-8-eGFP were 7 um?*/s and 4 um?/s, respec-
tively, less than one-half and one-third of their expected
values. To demonstrate that this reduced mobility arises
from functionally significant protein interactions, we first
ruled out relatively less-interesting potential sources of
slow diffusion such as protein aggregation, the complex
physical environment, or binding of very large cargoes to
the karyopherins.

TABLE 2 Apparent diffusion coefficient

Wu et al.

We used FCS molecular brightness analysis (33), as
described in Materials and Methods, to show that the slow
mobility was not caused by the aggregation of karyopherin
receptors. We measured apparent molecular brightness values
of 4300 counts per second per molecule throughout the cells
for each of the karyopherin fusion proteins, independent of
overall protein expression levels (Fig. 4), consistent with the
brightness of monomeric eGFP in our experimental system.
Aggregation would cause increased molecular brightness
values, and this measurement thus demonstrated that
karyopherin proteins did not aggregate in the cells and there-
fore did not cause the slow mobility. We further note that
molecular brightness can also be used to determine immobile
protein fractions because immobile populations would reduce
the apparent molecular brightness. Our measurements indi-
cated that no more than 10% of the karyopherin receptors
could be immobile in any single measurement, and the average
measured immobile fractions were below 5% for kap-a-eGFP
and 8% for kap—(-eGFP. The use of molecular brightness to
rule out immobile fractions is justified provided that immobile
population is not photobleached during or before the FCS
measurements. This assumption was carefully checked in
our experiments, and we observed no evidence of significant
photobleaching in any of the reported measurements. Our
finding of limited immobile fractions differs from that of Para-
dise et al. (34). This could be due to differences in cell type or
might also be influenced by their use of microinjected purified
proteins labeled nonspecifically with fluorescein dye (34).

Given that the diffusion of import-related molecules is
anomalous in living cells, there is a possibility that the scaling
of diffusion coefficients could exhibit size dependent effects,
which could influence the lower-than-expected mobility.
However, we note that the kap-«-eGFP protein diffuses faster
in the cytoplasm than in the nucleus, whereas kap-(5-eGFP
diffuses faster in the nucleus than in the cytoplasm. If the
slow mobility were due to size or crowding effects alone,
then both proteins should diffuse more slowly or more rapidly
in the same cellular compartment. Furthermore, previous

D(7p)(um?/s) D,.; measured
Molecules Cyt Nuc MM kDa D, exp. Cyt Nuc
eGFP 239 £ 1.7 214 +£0.8 26.9 1.00 1.00 1.00
SV40 223 +0.9 185+ 0.8 30.7 0.96 0.93 0.86
BPSV40 139 £ 0.9 189+ 0.8 30.6 0.96 0.58 0.88
Kap-8 4.07 £0.30 6.23 + 0.40 124 0.60 0.17 0.29
Kap-« 6.96 + 0.35 3.15+0.24 87 0.68 0.29 0.15
aA1ED 5.05 £ 0.52 3.49 +£0.44 87 0.68 0.21 0.16

Intracellular mobility of nuclear import factors and NLS cargoes in the cytoplasm (Cyt) or nucleus (Nuc), reported in terms of the apparent diffusion coef-
ficient D(7p) measured by FCS. The molecular mass (MM) of each fusion protein is also shown. To simplify comparison between measured diffusion
coefficients and the values predicted by molecular weight scaling, we also report the values of the diffusion coefficients normalized by the diffusion coef-
ficient of eGFP, defined as D, = D;Dggrp. The column “D,.; exp” reports the diffusion coefficient, relative to the eGFP coefficient, that would be
predicted by molecular weight scaling with free diffusion. The D,,; measured column reports the ratio of actual measured values for the diffusion coeffi-
cients of each fusion protein and the eGFP molecule in living cells. As noted in the text, the diffusion of the karyopherin proteins is significantly slower than

predicted.
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TABLE 3 Anomalous exponent and transport factor

Anomalous exponent o r (,umz/ms“)

Molecules Cyt Nuc Cyt Nuc
eGFP 0.87 £0.03 0.92+0.02 0.14 £ 0.01 0.13 £ 0.01
SV40 0.85£0.02 094 +0.02 0.13 +£0.03 0.11 £0.03
BPSV40  0.71 £0.02 0.90 £ 0.01  0.09 £+ 0.01 0.11 £ 0.01
Kap-6 0.71 £0.02 0.82 £0.02 0.039 = 0.002 0.047 +£ 0.003
Kap-o 0.73 £0.01 0.72+£0.01 0.057 &£ 0.002 0.032 + 0.002
«A1ED 0.78 £ 0.02 0.78 £ 0.02 0.040 + 0.003 0.030 + 0.003

Average measured values for the mobility parameters, reported in terms of
the anomalous exponent and the transport factor, I". The table lists the
average values and standard errors, and column headings represent values
measured in the cytoplasm (Cyt) or nucleus (Nuc).

studies of the scaling of diffusion coefficients in crowded or
complex environments found that diffusion coefficients
scaled as predicted by molecular mass for dextrans ranging
up to 200 kDa in size (31,35). These observations suggest
that the slow diffusion of the 87 kDa kap-a-eGFP or the
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FIGURE 3 Average mobility of import cargoes and import receptor
proteins. (A) Representative FCS curves acquired in the cytoplasm for
eGFP, NLS(BPSV40)-eGFP, and kap-a-eGFP fusion proteins. (B) The
measured apparent diffusion coefficients D(tp) are shown as the average
diffusion coefficient computed from ~25 independent measurements in the
cytoplasm (light gray) or in the nucleus (dark gray). The error bars represent
one standard error. For visual reference, the expected apparent diffusion
coefficients for kap-a-eGFP (gray line), kap-3-eGFP (gray dotted line),
and the kap-a/B/NLS-eGFP complex (gray dashed line) are shown as hori-
zontal lines. The karyopherin molecules clearly diffuse much more slowly
than predicted by molecular weight scaling, and NLS cargoes bound to these
receptors diffuse more rapidly than the receptors alone. Measured diffusion
coefficients do not show any significant dependence on protein expression
level with the exception of the NLS(BPSV40)-eGFP as discussed in the
text and shown in Figure 5.
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FIGURE 4 Representative figure showing molecular brightness of kap-c-
eGFP is independent of protein expression level, and matches the expected
molecular brightness for monomeric eGFP. The molecular brightness is
normalized to the brightness of EGFP, such that monomeric eGFP has
a normalized brightness of one. These data indicate that the protein does
not aggregate and also that there is no significant immobile population.

124 kDa kap-B-eGFP cannot be fully explained by the phys-
ical environment.

To investigate whether the slow mobility of kap-a-eGFP
was due either to binding of large endogenous NLS cargoes
or its interaction with karyopherin-B, we measured the
mobility of an engineered karyopherin-« mutant. The proper-
ties of this mutant, kap-aA1ED (see Table 1) include unde-
tectable NLS cargo binding due to amino-acid changes in
both the major and the minor NLS binding pocket of karyo-
pherin-« (19,36) and impaired karyopherin-g binding due to
substitutions in the N-terminal importin-beta-binding domain
(20). We expected that disrupting the interaction with both
NLS cargoes and the karyopherin-8 protein would lead to
faster diffusion coefficients more consistent with values pre-
dicted by molecular weight. Quite surprisingly we found
just the opposite. In the cytoplasm, the diffusion coefficient
of kap-aA1ED-eGFP was slightly slower (5 um?/s) than the
wild-type kap-a-eGFP (7 um?/s). The nuclear mobility was
unchanged. This result indicated that the slow mobility of
kap-a-eGFP was not due to interactions with NLS cargoes
or karyopherin-8. The significance of this finding is discussed
further below.

Because large cargo binding, aggregation, and the physical
environment cannot fully explain our observations, our
measurements point toward binding interactions between
karyopherin proteins and unknown cytoplasmic components
as the source of the reduced and anomalous cytoplasmic
mobility. Molecular interactions must also influence the
reduced mobility of the karyopherin receptors inside the
nucleus. The slow diffusion could be due to stable interactions
with other cellular factors or due to transient interactions with
intracellular structures (32,37,38). The measured diffusion
values are 2-3 times smaller than predicted, suggesting that
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stable complexes would range from ~8-30 times larger in
molecular weight than the karyopherin-eGFP fusion proteins,
i.e., complexes in the range of megadaltons. Intriguingly, these
interactions appear to be disrupted by NLS cargo binding as
discussed below.

We next turned to the cytoplasmic dynamics of NLS
cargoes. For the NLS(BPSV40)-eGFP cargo (18), we
measured an average diffusion coefficient of 14 ,umz/s,
substantially reduced from the 24 um?/s mobility of eGFP
alone in the cytoplasm even though this cargo is essentially
the same size as the eGFP molecule. Given the 36-fold
enhancement in the N/C concentration ratio when compared
with eGFP alone (Fig. 1), the reduced mobility is almost
certainly assignable to interactions with the karyopherin
receptors. The previously measured very tight binding
between BPSV40 NLS and kap-a (18) further supports
this conclusion. However, quite surprisingly the average
measured diffusion coefficient for NLS(BPSV40)-eGFP
(14 um?/s) is significantly faster than the average mobility
of either import receptor alone (7 um?*/s and 4 um?/s for
kap-a-eGFP and kap-3-eGFP, respectively), indicating that
NLS cargo/receptor complexes may diffuse more rapidly
than unliganded import receptors. Confirmation of this
finding could contribute significantly to our understanding
of nuclear transport functional mechanisms.

The binding interaction between BPSV40 and karyo-
pherin-« is sufficiently tight (18) that all BPSV40 cargoes
should be bound to karyopherin-a provided the receptor
protein concentration is not limiting. However, we know
from the saturation of N/C for BPSV40 cargoes above micro-
molar concentrations (Fig. 1 f) that at least some BPSV40
cargo is not bound to karyopherin receptors at higher concen-
trations. The average diffusion coefficient of 14 um?/s thus
likely overestimates the diffusion coefficient of the BPSV40
cargo/receptor complex. To confirm the conclusion that
NLS cargo binding influences import-receptor mobility, it is
necessary to investigate the fraction of BPSV40 cargoes
bound to the karyopherin receptors. Ideally, we could use
multicomponent diffusion analysis to directly measure the
diffusion coefficients and fractional concentrations of cargoes
bound or not bound to import receptors. However, as noted
above, our measurements have shown there are significant
local variations in measured diffusion coefficients for the
same molecule at different positions in the cells. This vari-
ability prevents the use of global analysis strategies that can
enhance the resolution of FCS measurements when curve
fitting for multiple diffusing components. Without the use
of global fitting routines, our data are unable to accurately
resolve the concentration and diffusion coefficients of the
karyopherin bound and unbound BPSV40 cargoes.

To estimate the diffusion coefficient of assembled NLS
cargo/import receptor complexes, we therefore analyzed the
concentration dependence of the NLS(BPSV40)-eGFP
mobility, as shown in Fig. 5. Again, based on known binding
affinities (18), we expected that all BPSV40 cargoes will be

Biophysical Journal 96(9) 3840-3849

Wu et al.
25 —
°
]
O ® ()
20 — o )
Iﬂ ®e® [
2 % ° o [hig
“E 15 ° O ooe H
£ o ® =
£ =g -
© 08 DEE I;D O
Dﬁm o BPSV40
® nucleus
5 O cytoplasm

I I B
0.2 03 04 05 06 0708091

concentration (uM)

FIGURE 5 Concentration dependence of NLS(BPSV40)-eGFP diffusion
coefficients. BPSV40 cargo diffusion in the nucleus has no concentration
dependence. Below micromolar concentrations, the average cytoplasmic
mobility of the BPSV40 cargo shows only minimal concentration depen-
dence and clearly levels off below 300 nM expression, as discussed in detail
in the text. The cytoplasmic diffusion coefficient of BPSV40 cargo is signif-
icantly slower than eGFP alone, due to its interaction with the import
receptor proteins, but its average diffusion coefficient is still greater than
the measured diffusion of the karyopherin proteins.

bound to import receptors at lower expression levels (where
import receptor concentrations are not limiting) and that the
measured diffusion coefficients at lower concentrations
should therefore be largely independent of expression level.
This expectation was confirmed by the data as shown in
Fig. 5, and the minimal concentration dependence of the
measured diffusion coefficients levels off below 300 nM
NLS(BPSV40)-eGFP expression. The diffusion of BPSV40
cargo in the cells expressing below 300 nM BPSV40 cargo
concentration therefore can be interpreted as the mobility of
the assembled NLS cargo/import receptor complex. We
computed the diffusion coefficient for these lower expressing
cells and found that the average cytoplasmic mobility was
reduced from 14 um?%/s to 11 um?/s, still significantly faster
than the diffusion of the import receptor measurements.
Even if one excludes the two high mobility points that appear
to be outliers, the average diffusion coefficient value is
reduced only to 9.3 ,umz/s, still faster than the values of
7 um?/s and 4 um?*/s measured for kap-a-eGFP and kap-3-
eGFP, respectively. Furthermore, once the two high mobility
points are excluded, the average diffusion coefficient has no
significant dependence on which low concentration points
are included in the average (i.e., the conclusions do not depend
upon the selection of 300 nM as the concentration cut-off). It
therefore appears warranted to conclude that the mobility of
assembled import complexes is greater than the mobility of
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the import receptors alone, a finding that has important impli-
cations for the nuclear import mechanism as discussed below.
The range of 9.3—11 um?/s average mobility is also closer to
the mobility predicted by molecular weights for a fully assem-
bled tripartite NLS/kap-a/3-eGFP import complex.

Each NLS-eGFP cargo must compete with endogenous
NLS cargoes for karyopherin-o binding, and the extent of
the interaction should be governed by the binding affinity of
each NLS cargo for karyopherin-a. As a control to demon-
strate the dependence of the intracellular interaction on binding
affinity, we also measured the mobility of NLS(SV40)-eGFP,
which binds significantly less tightly to karyopherin-« than the
BPSV40 cargo (18). We expected a much smaller fraction of
the SV40 cargoes would be bound to the receptors, which
would lead to diffusion coefficients closer to those measured
for eGFP alone. The average measured diffusion coefficient
of 22 umZ/s, compared to 24 ,umz/s for eGFP, confirms this
expectation.

DISCUSSION

Our studies demonstrate that the cytoplasmic mobility of the
kap-a and kap-@ receptors is significantly slower than would
be predicted by molecular weight alone. Furthermore, our
findings support the conclusion that this reduced mobility
is due to interactions with cellular components rather than
binding of large cargoes, aggregation, or the effects of a
complex physical environment. This observation is consistent
throughout the cell, and although measured diffusion coeffi-
cients vary from point to point for a given molecule, we did
not observe any systematic dependence of measured diffusion
coefficients on cellular location. Notably, interactions between
karyopherin proteins and other cellular components are
consistent with previous reports (34), including the observa-
tion that kap-o and kap-@ were associated with large
complexes when purified (39). There are a small number of
reports in the literature suggesting that karyopherins may asso-
ciate with the cytoskeleton (40-42), although we find no
specific evidence for this in our work. Further experiments
will be required to identify the binding partners and to deter-
mine whether stable or transient binding interactions explain
the reduced mobility. Interestingly, we also found the diffu-
sion of the karyopherin receptors was reduced inside the
nucleus, likely also due to binding interactions. We do not
yet know whether there is any important functional signifi-
cance of those binding interactions.

Given the slow diffusion of the karyopherin proteins, we
anticipated similarly slow mobility of the BPSV40 cargoes
as they should also be bound to the import receptors proteins.
We did observe reduced mobility of the BPSV40 cargo rela-
tive to the eGFP protein, but the average diffusion coefficient
for the BPSV40 cargo is larger than the diffusion coefficient
for either of the import receptors alone. The BPSV40 cargo is
essentially the same size as the eGFP protein itself, so the
reduced mobility cannot be due to size effects but rather
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must be explained by interactions, and the highly efficient
nuclear localization of the BPSV40 cargo provides strong
evidence that these interactions are with the karyopherin
proteins. Significantly, this observation suggests that the
mobility of the assembled import complex is higher than
the average mobility of the karyopherin proteins. We there-
fore suggest that the mobility of import receptors is reduced
by specific cellular interactions and that these interactions are
disrupted by NLS cargo binding, after which the assembled
cargo/receptor import complex diffuses with a diffusion
coefficient more consistent with its molecular weight. This
hypothesis is consistent with the observation that the
measured diffusion coefficient for NLS(BPSV40)-eGFP is
relatively close to the estimated diffusion coefficient for
the assembled import complex according to its molecular
weight. This conclusion is also supported by the observation
that the diffusion of the kap-a mutant kap-a« A1ED-eGFP that
disrupts cargo binding is slightly slower, unexpectedly, than
for the wild-type kap-a-eGFP.

Taken together, our findings provide new insights into the
mechanism of NLS-mediated nuclear import. It is not under-
stood how the NLS transport mechanism prevents unpro-
ductive rounds of kap-$ cycling, where kap-@ could enter
the nucleus via nuclear pores without cargo bound. In prin-
ciple, rapid diffusion or delivery of unliganded kap-8 to
nuclear pores could lead to highly inefficient use of the
pore for protein transport, effectively clogging the pores
with unliganded kap-8 (43). Import of unliganded kap-G
would also result in inefficient energy usage when kap-G
is recycled to the cytoplasm (44). Our data suggest a func-
tional mechanism by which this consequence may be
avoided. Specifically, if import receptors are stably bound
to large complexes or structures before NLS binding, they
may not reach the nuclear pores at all until after cargoes
are bound. If transient interactions explain the reduced cyto-
plasmic mobility, the slower diffusion of unliganded karyo-
pherin receptors could lead to relatively more efficient
delivery of fully assembled complexes to the nuclear pores.
Interestingly, our finding that the kap-8 protein binds to
other cytoplasmic factors can also explain the otherwise
puzzling observation that the kap-@ protein is more concen-
trated in the cytoplasm than in the nucleus. Given that kap-3
can pass bidirectionally through nuclear pores (24,44), the
absence of cytoplasmic interactions would predict a rela-
tively uniform steady-state distribution of this protein
throughout the cell, contrary to experimental observation.
On the other hand, the interaction between kap-f and cyto-
plasmic factors tends to reduce the effective concentration of
the more highly mobile kap-8 in the cytoplasm resulting in
a more cytoplasmic localization.

In conclusion, we have shown that the intracellular
dynamics of nuclear import-associated molecules can be
robustly measured in living cells and that the measured
intracellular diffusion coefficients provide insight into the
nuclear transport process. We found that both kap-a-eGFP
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and kap-B-eGFP diffuse more slowly than expected due to
interactions with cytoplasmic components, and we propose
that these interactions are disrupted by NLS cargo binding.
This interpretation of the data can explain the cytoplasmic
localization of kap-G-eGFP and further implies that the
nuclear import process may be facilitated by dynamic mech-
anisms, with unliganded kap-@ molecules relatively less able
to reach the nuclear pores. This model thus suggests that
delivery of assembled cargo complexes to the nuclear pores
may complement passage through nuclear pores in enhancing
the overall efficiency and selectivity of the classical NLS
nuclear transport mechanism.
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