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Background: A dedicated cell machinery oversees energy-dependent nucleocytoplasmic translocation of most proteins.
Results: The Fluorescent Recovery after Photobleaching technique reveals high similarity between export and import fluxes,

which are nonetheless uncoupled.

Conclusion: Our results suggest differential gating properties at individual nuclear pore level.
Significance: Our findings can help clarify the mechanism governing energy-dependent translocation through nuclear pores.

A quantitative description of carrier-mediated nuclear export
in live cells is presented. To this end, we fused a prototypical
leucine-rich nuclear export signal (NES) to GFP as a cargo
model and expressed the fluorescent chimera in live CHO-K1
cells. By modeling FRAP data, we calculate the NES affinity for
the export machinery and the maximum rate of nuclear export
achievable at saturation of endogenous carriers. The measured
active-export time through the Nuclear Pore Complex (NPC) is
18 ms, remarkably similar to the previously determined active-
import rate. Also, our results reveal that active export/import
and active export/passive diffusion fluxes are uncoupled, thus
complementing previous reports on active import/passive diffu-
sion uncoupling. These findings suggest differential gating at
the NPC level.

The spatial separation of transcription and translation func-
tions provides eukaryotes with powerful mechanisms to con-
trol gene expression, but demands finely tuned transport mech-
anisms between nucleus and cytoplasm to maintain the
distinctive composition of each compartment. In this respect,
the nuclear envelope (NE)* plays a crucial role since it is the
barrier through which proteins and RNA must be transported
in a regulated manner (1-3). The mediators of this exchange
are nuclear pore complexes (NPCs). These comprise multiple
copies of about 30 distinct proteins collectively called nucleo-
porins (4). Transport across the NPC was reviewed in detail
(1-3, 5) and can be classified into two main modes. Small mol-
ecules such as ions, metabolites, and intermediate-sized mac-
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romolecules can freely diffuse through the NPC. This mecha-
nism is increasingly restricted as the particle approaches a size
limit of ~10 nm in diameter (6). Larger molecules such as pro-
teins, RNAs, and their complexes are ushered selectively by
dedicated transport receptors that can recognize specific
nuclear localization (NLS) or nuclear export signal (NES) pep-
tides displayed by the cargo itself (7). Several transport path-
ways exist, but most of them use a homologous family of carrier
molecules collectively called karyopherins (8): import carriers
are called importins and export carriers exportins. Most
karyopherins bind directly to their cargoes; in some cases, how-
ever, karyopherins require adaptor proteins (9). Beside the
cargo recognition sequence, karyopherins possess an NPC-
binding domain and a binding domain for the GTPase Ran pro-
tein (9). Interaction with Ran is decisive for the directionality of
active transport. In fact, association and dissociation of
karyopherin-cargo complexes are regulated by binding to Ran
in its two different forms: RanGTP and RanGDP. The interplay
between a cytoplasmic RanGTPase activating protein (Ran-
GAP), a nuclear Ran guanine nucleotide exchange factor
(RanGEF, often referred to as RCC1), and a nuclear import
factor for RanGDP establishes a Ran gradient across the NE,
with high concentration of RanGTP in the nucleus and
RanGDP in the cytoplasm. Importin-cargo affinity is strongly
decreased by binding to RanGTP. Thus, importins bind to NLS-
cargoes in the cytoplasm, where RanGTP is low, and release
them in the nucleus upon binding with RanGTP. Conversely,
RanGTP binding strongly favors NES-protein engagement by
exportins in the nuclear compartment; cargoes are then
released in the cytoplasm upon RanGAP-activated conversion
of RanGTP to RanGDP (10).

Several classes of NLSs were identified (11, 12), but the leu-
cine-rich (LR) NES is probably the better characterized to date.
This sequence was first identified in HIV-1 Rev (13, 14) and is
recognized by CRM1 (15). In this work, we select a prototypical
NES sequence (LPPLERLTL) and address the thermodynamic
details of its nucleocytoplasmic shuttling in live cells.

The ability to quantitatively study nucleocytoplasmic trans-
portin live cells has been hindered by two main factors: the lack
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of a method that can determine the active shuttling rates in
single live cells and the inability to quantify the concentration of
key molecular players at intracellular level. We recently tackled
these issues by combining fluorescence recovery after photo-
bleaching (FRAP) of GFP cargoes conjugated to transport
sequences with the in vivo calibration of protein concentration.
We obtained information on both thermodynamic (binding
specificity and affinity) and dynamic (import rate) details of
active import in intact cells (16, 17). In particular, in proliferat-
ing CHO-K1 cells we showed that a single NPC can support up
to 90 NLS-mediated translocations/s from the cytoplasm to the
nucleus. One must keep in mind that the same NPC must in
parallel allow nucleus-to-cytoplasm export. Unfortunately, lit-
tle knowledge of NES dynamics in intact cells is available, and
the mutual influence between active export and passive diffu-
sion is largely unknown. A recent report based on immunoelec-
tron microscopy indicated that energy-dependent transport
(import and export) and diffusion may take distinct spatial
routes through the NPC (18). Similarly, Naim et al. (19) pro-
posed that energy-dependent import and passive diffusion are
not dynamically coupled.

In the present work, we tackle these issues by means of a
FRAP-based strategy, using NES and NLS conjugated with
optically distinguishable fluorescent proteins. More specifically
we address the following questions: (a) what are the thermody-
namic/kinetic details of nuclear export? () How do export
parameters quantitatively compare with the corresponding
nuclear import ones? (¢) How do nuclear export and import
compare in terms of fluxes? (d) Do nuclear import or passive
diffusion modulate or interfere with nuclear export? We shall
show that our data highlight the similarity between export and
fluxes across the NPC, and their complete uncoupling. Also, we
find that passive diffusion does not interfere with nuclear
export, analogous to that reported by Naim et al. for nuclear
import (19). We believe that these results can provide a useful
reference framework for a thorough description of NPC.

EXPERIMENTAL PROCEDURES

Construction of Vectors—Cloning of the NLS-Cherry con-
struct used in this study was described in detail in a previous
report (16). NES-EGFP plasmid was produced by two rounds of
polymerase chain reaction (PCR) starting from EGFP template
(pEGFP N1, Clontech, Mountain View, CA). Primers (all pur-
chased by Sigma-Genosys) used in the first round were 5'-CTG
GAA CGA CTG ACCCTG GAC GTG AGC AAG GTG AGC
AAG GGC GAG-3' and 5'-CCG GAA TTC CGG TTA CTT
GTA CAG CAG CTC GTC CAT-3". The forward primer con-
sisted of two region, the first one contained the N-terminal
region of NES, while the second one was partially matched with
sequence encoding for N-term of EGFP; the reverse primer
consisted of a region partially matched with sequence encoding
for C-term of EGFP and another one containing the EcoRI site.
In the second round the different forward primer 5'-CCC AAG
CTT GGG ATG CTG CAG CTG CCA CCA CTG GAA CGA
CTG ACC CTG GAC GTG-3' was used, which consists of
three regions containing respectively the HindIII site, the
N-term region of NES and a sequence partially matching with
the C-term NES portion added before. The resulting construct
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was inserted in the HindIII/EcoRI sites of pcDNA3.1(+)
(Invitrogen).

Cell Culture, Transfection, and Determination of the Global
Protein Concentrations—CHO K1 cells were acquired from the
American Type Culture Collection (CCL-61 ATCC) and were
grown in Ham’s F12K medium supplemented with 10% fetal
bovine serum, antibiotics (penicillin/streptomycin) at 37 °C
and in 5% CO.,. The transfections of all constructs were carried
out using Lipofectamine reagent (Invitrogen) according to
manufacturer’s instructions. For live imaging, 120000 cells
were plated 24 h before transfection onto a 35-mm glass-
bottom dish (WillCo-dish GWSt-3522). The global concen-
tration of intracellular NES-EGFP- and of NLS-Cherry-
linked proteins were determined by using the synthetic
adduct fluorescein-glycine (“F-Gly”) as described previously
(16), and calibration was carried out separately for the two
microscopes (see next section).

Fluorescence Microscopy and Image Analysis—Cell fluores-
cence was measured using two different microscopes, a Leica
TCS SP2 inverted confocal microscope and Leica TCS SP5
inverted confocal microscope (Leica Microsystems AG, Wet-
zlar, Germany), both interfaced with an Ar laser for excitation
at 458, 476, 488, and 514 nm, and with a HeNe laser for excita-
tion at 543 and 633 nm. Glass-bottom Petri dishes containing
transfected cells were mounted in a thermostated chamber
(Leica Microsystems) and viewed with a 40 X 1.25-numeri-
cal aperture oil immersion objective (Leica Microsystems).
Live cell imaging was always performed at 37 °C. Images
were collected under 0.65-10 kW/cm? excitation power at
the sample and monitoring the emission by means of the
AOBS-based built-in detectors of the confocal microscopes.
To increase the sensitivity the of Leica TCS SP2 microscope
we used also APD (Avalance Photo Diode) detectors. The
following collection ranges were adopted: 500-550 nm
(GFP), 600-650 (Cherry). The background signal was sub-
tracted from all images and data were analyzed using the
Image] (NIH), version 1.42, and an implementation of the
Igor-Pro software package.

Fluorescence Recovery After Photobleaching: Experimental
Details and Data Analysis—Each FRAP experiment started
with an eight-time line-averaged image (pre-bleach) of the cell
followed by a single-point bleach (nonscanning) near the center
of the nucleus with laser at full power (~50 kW/cm?) for the
minimum time required to photobleach most of nuclear fluo-
rescence (3—4s). Fluorescence recovery was measured by start-
ing a time lapse acquisition within few milliseconds after
bleaching. Image size was 512 X 512 pixels and scan speed was
usually set to 800 Hz. Pinhole size was set to the optimal value of
1.0 Airy (corresponding to an 81.44 um confocal aperture). Our
model of nucleocytoplasmic exchange in the presence of both
passive diffusion and active transport shows that the concen-
tration of fluorescent species in the cytoplasm and nucleoplasm
follows a first-order kinetics. Consequently the collected FRAP
curves in both compartments were fitted to a single exponential
(the fluorescence signal is assumed proportional to the concen-
tration). Moreover, all images were normalized to the pre-
bleaching signal to identify the presence of an immobile
fraction.
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FIGURE 1.Subcellular localization of protein constructs upon transfection and FRAP of NES-GFP. g, cellular localization of NES-GFP, NLS-mCherry, and GFP
analyzed by confocal imaging. Scale bars, 10 um. b, FRAP analysis of NES-GFP. The plot reports the time-recovery of nuclear (blue circles) and cytoplasmic (red
squares) fluorescence of NES-GFP following the photobleaching step; the continuous lines represent monoexponential fitting. Fluorescence confocal images
of a cell undergoing FRAP are reported in the inset together with the acquisition time.

RESULTS

Subcellular Localization of NES-GFP and FRAP Analysis of
Nucleocytoplasmic Shuttling—The fluorescent fusion proteins
used in this study were transiently expressed in live CHO-K1
cells and their subcellular localization analyzed by confocal
microscopy (Fig. 1a). EGFP fused to NES (NES-GFP) is pre-
dominantly localized in the cytoplasm (Fig. 14, left panel), con-
sistently with the presence of the functional NES. As demon-
strated in (16) and shown here for comparison, mCherry fused
to the NLS of SV40 (hereafter denoted as NLS-mCherry) is
significantly accumulated into the nucleus, whereas untagged
GFP is homogeneously distributed across the NE (Fig. 14, cen-
ter and right panels). The balance between nuclear and cyto-
plasmic concentration can be quantitatively expressed by the
parameter K., defined as the ratio between nuclear and cytoplas-
mic concentration of the transported protein. It is apparent that
K., <1 for NES-GFP, K, >1 for NLS-RFP, and K, ~1 for GFP.

Kinetic Model of Nucleocytoplasmic Shuttling—FRAP data
were analyzed following a kinetic model of active/passive
nucleocytoplasmic shuttling previously applied to nuclear
import (16) and adapted to nuclear export (supplemental infor-
mation). NES-GFP translocates across the NE according to two
mechanisms: 1) passive diffusion from cytoplasm to nucleus
(C—N) and vice-versa (N—C), on account of its molecular size

5556 JOURNAL OF BIOLOGICAL CHEMISTRY

below the exclusion value of NPC, 2) energy-dependent active
export from nucleus to cytoplasm mediated by the exportin
machinery (Scheme 1). Adapting Fick’s 1°* law to the passive
transport we have Equations 1 and 2,

J;CJ%N = Ppes X CRes (Eq. 1)
J’;\JHC = Pres X XNes X CRis (Eq.2)
where JSTN and J5TC label passive-diffusion fluxes, Cgg

(CNes) is the concentration of NES-GFP in the cytoplasm
(nucleus), xngs labels the fraction of free NES-GFP (i.e. not
bound to exportins) in the nucleus. The proportionality con-
stant Py is the permeability coefficient of the NE for free
NES-GFP.

Two steps contribute to active nuclear export of NES-GFP
(@) NES-GFP binding to exportin(s) (hereafter globally denoted
by Ex) to form the NES-GFP, ‘Ex complex (n represents the
average number of NES-GFP molecules bound to each Ex mol-
ecule and plays the role of the Hill coefficient) in Reaction 1.

KD*
NNES-GFP + Ex ——= NES-GFP,-Ex

REACTION 1

VOLUME 287 +NUMBER 8-FEBRUARY 17,2012
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SCHEME 1. Scheme of active and passive translocation of NES-GFP through the nuclear pore complex.

K, is the intranuclear dissociation constant of the NES-
GFP, -Ex complex,” () active translocation of the NES-GFP, -Ex
complex from nucleus to cytoplasm. The resulting flux is pro-
portional to the species nuclear concentration in Equation 3.

N—C _ —
Ja

= vNes (1 — XNes)Ches (Eq.3)

VNEsC (um?/s) can be considered as the “permeability coeffi-
cient” of active export. At saturating NES concentration, active
flux reaches its maximum value (in the following: VY7
VN=C can be regarded as the intrinsic dynamic parameter
characterizing nuclear export. It provides the maximum trans-
location capacity of the exportin machinery through the NPC
in terms of exported molecules per second. Its reciprocal
expresses the characteristic time required for a single NES-ex-
portin complex molecule to cross the NPC.

FRAP is a relaxation technique that affects only the fluores-
cence of the protein label without perturbing the dynamic fea-
tures of the protein of interest or its binding reactions. As a
consequence we can assume that all intracellular processes
occur at steady-state in the time course of FRAP experiments.
For NES-GFP steady-state shuttling across NE implies® a con-
stant ratio (K,,) between Cs and C{ (note that both incor-
porate bleached and unbleached NES-GFP molecules and are
not affected by the bleaching and following recovery). It is easy
to demonstrate that both in the nucleoplasm and in the cyto-
plasm FRAP follows a first-order (i.e. monoexponential) time
law (16) in Equation 4,

Fon(t) = Fon + (Fon — Fan)exp(—t/7)

where 7 is the recovery time, C (N) labels cytoplasm (nucleus)
quantities, and F,(f), F2), and Fgy, are the fluorescence
intensity in the compartment of interest at time ¢, at time t = 0
(prebleach condition), and at long times when a new equilibrium
between nucleus and cytoplasm is established, respectively. Once
retrieved by fitting, the parameters in Equation 4 can be combined
with the measured nuclear cell volume and K., to recover Py
(16). Finally, the excess active flux of the exported protein ™ is
obtained from Ref. 16 to give Equation 5.

(Eq.4)

® The asterisk indicates that the dissociation constant is in principle different
from the actual in vitro binding constant, because of the intranuclear envi-
ronment: see next sections for further details on this point.

© From the steady state condition J5 N + Jy < + J} < = 0.
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1
d’N_)C = PNES<K - 1)(:“55

eq

(Eq.5)
¢N7 € is an experimentally measurable parameter, and it cor-
responds to the global N—C flux (passive+active) minus the
theoretical passive N—C flux of NES-GFP in absence of expor-
tin. Specifically to what we have demonstrated for the active
nuclear import of NLS-GFP (16), the experimental plot of
N7 versus CNLg must contain all the relevant features of
active NES export from nucleus. ¢~ grows linearly with
CNEs until a significant fraction of NES is engaged in the com-
plex with exportin, then it levels off. The asymptotic ¢~
value is VY7, and the shape of the curve may lead to K,
determination once the stoichiometry of the complex is known.
The supplemental information reports Equations S8-S10
relating ™7 with CN for a 1:1 complex, since the putative
exportin for NES (CRM1) contains a single binding site for leu-
cine-rich sequences (15). In the following sections we shall dis-
cuss experimental values of VY7, K,,", and Py as calculated
from FRAP data according to this theoretical framework.

Analysis of NES-GFP Active Nuclear Export—FRAP was first
applied to analyze the nucleocytoplasmic shuttling of NES-
GFP in cells expressing this protein alone. The nuclear fluo-
rescence of NES-GFP was photobleached, and the subsequent
recovery was monitored by time-lapse imaging (Fig. 1b, inset).
The fluorescence recovery in the nucleoplasm (or the decay in
the cytoplasm) was well fitted by monoexponential equations,
consistently with the kinetic behavior of our model of nucleo-
cytoplasmic exchange (Fig. 1).

Actual Cjig values were determined from the prebleach fluo-
rescence intensity of the nucleus with a calibration based on
F-Gly (16).

Fig. 2a shows ¢p™ < versus CNp. Notably, experimental val-
ues of CNps span a wide range because of the large expression
variability of the NES-GFP cargo and so do excess active export
flux values. ™ increases almost linearly with concentration
up to Cgs ~10 um and then levels off. This indicates that up to
this concentration the endogenous export system is operating
below maximum capacity.

Fitting ™ versus CNps data with supplemental Eqs. S8
and S10 yields K, = 15 = 7 um and VX ~¢ = 1.1 * 0.3:10°
molecule/s. Assuming 2:10*> NPCs per nucleus (21), this value
translates into about 56 molecule/s per single NPC, i.e. a char-
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acteristic translocation time of about 18 ms for each NES
molecule.

Available in vitro assays showed that the thermodynamic dis-
sociation constant of NES‘CRM1 complex (K},) is somewhat
lower than K, its effective value in the nucleus (K, ranges
from 0.5 to 7 uMm, (22, 23)). We previously stressed that K, can
be higher than K, on account of the presence in the nucleus of
competitors and spatially heterogeneous binding phenomena
(16). Remarkably, the calculated K, is very close to that dis-
played by the NLS-Importin complex (16 = 7 um). This indi-
cates that import and export machineries operate by engaging
cargo molecules in complexes of analogous thermodynamic
stability. The intracellular environment, however, seems to
affect much less NES-GFP binding to CRM1 (K, /K, = 2+30)
than NLS-GFP binding to Importin-a (K, /K, ~400).

Analysis of NES-GFP Active Nuclear Export in the Presence of
NLS-Cherry—In order to assess whether active nuclear import
interferes in any way with active nuclear export, we performed
FRAP measurements on NES-GFP in cells co-expressing NLS-
mCherry. This additional label made it possible to quantify NLS
concentration before the bleaching step. In view of maximizing
a possible coupling/interfering effect, we restricted our analysis
to cells expressing high concentration of NES-GFP and NLS-
mCherry. This ensures that both export and import cellular
machinery operate at cargo saturating levels. Despite the high
activation of nuclear import, the retrieved ¢™—~C values of
NES-GFP were totally consistent with those obtained in
absence of NLS-mCherry at the same Cyg (Fig. 2a, crossed
squares). The lack of any coupling mechanism between active
nuclear export and import is suggested by the highly random
scatter of ™ versus Cy, s (Fig. 2b, crossed squares).

Analysis of NES-GFP Passive Nucleocytoplasmic Shuttling in
the Absence or in Presence of NLS-Cherry—Fig. 2c reports the
Py versus CNgs plot in absence and in presence of NLS-
Cherry. The clear independence of Py.¢ in the range of
explored CNps indicates that the NE permeability to passive
diffusion of NES-GFP is independent from NES-GFP or
NLS-Cherry concentration. This implies that active export and
passive transport are negligibly coupled in cells, consistently
with the analogous behavior described for NLS-cargoes (19).
Notably, the average value Py zs = 9.5 = 5 wm?/s is comparable
to the average permeability coefficient obtained for GFP alone
(Pgpp = 13 = 4 um®/s) and NLS-GFP, P, s = 5.4 + 3 um?/s).
This is not surprising since passive translocation of both NES-GFP
and NLS-GFP is dominated by the size of the GFP unit, on account
of the much smaller size of the NES and NLS stretches.

DISCUSSION

The NES-GFP chimera was transfected in live cells and its
intracellular transport quantitatively analyzed by means of a
FRAP-based approach recently developed in the context of
NLS-driven active transport (16, 17). Thanks to this method we
can estimate both NES affinity for its nuclear export carrier(s)
(Ex, in the present case CRM1) and NE permeability to active
export. The former is quantified by K, the dissociation con-
stant of the NES-GFP-Ex complex in the nucleus, the latter by
the maximum flux rate VY <, VN corresponds to the rate of
active N—C translocation of NES-GFP engaged in binding
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SCHEME 2. Pictorial description of NPC gating activity with respect to
active nuclear export and import.

exportin. Because of its independence from the exportin con-
centration V"< can well describe the intrinsic dynamical
properties of the export machinery.

The first result of the present work is that V"¢ = 1.1 =
0.3:10° molecule/s, a value comparable to that obtained in (16)
for the nuclear import of NLS-GFP, or NLS-GFP,: VSN =
1.8 = 0.1-10° molecule/s. This shows a remarkable similarity
between the two translocation machineries. When VX~ and
VSN are translated into the average time required for each
translocation event, both export (18 ms) and import (11 ms)
values are in agreement with single molecule correlation mea-
surements performed on NLS-GFP either on an ensemble of
pores (24) or at the single-pore level (25). These data are also in
agreement with the C—N flux of the import complex calcu-
lated at physiological importin concentration by Ribbeck et al.
(21).

These findings can provide useful indications on the regula-
tion of molecular transport across the NE. The fact that despite
their structural difference importin and exportin complexes
exhibit similar values of translocation efficiency suggests that
the dynamic characteristics of NE crossing stem largely
from the “gating” properties of NPC (Scheme 2). This in turn
can help identify the nature of the mechanism governing the
pore function. In recent years much debate has taken place on
the mechanical basis of translocation through the NPC (5).
Some authors proposed that the FG-nucleoporins (FG-Nups)
inside the pore undergo gel-liquid transition to allow the pas-
sage of the transport complex (26, 27); other authors suggested
a mechanical collapse of the same FG-Nups upon transport-
complex binding (28); a further description invokes the sliding
of transport receptors over freely moving FGNups filaments
(2). Our findings indicate that the correct molecular descrip-
tion must take into account the comparable translocation effi-
ciency values of structurally different importin and exportin
complexes.

The present work shows also that active import and export
processes are uncoupled transport processes, and the same
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FIGURE 2. Dynamic properties of NES-GFP nucleocytoplasmic translocation in absence (circles) or presence (crossed squares) of NLS-mCherry. g, plot
of the FRAP-recovered active excess flux of NES-GFP versus nuclear NES-GFP concentration; fit of experimental data to Eqs. S8 -S10 is reported by a dashed line.
b, plot of the FRAP-recovered active excess flux of NES-GFP versus cytoplasm concentration of co-expressed NLS-mCherry. ¢, plot of the FRAP-recovered NE
passive permeability of NES-GFP versus nuclear NES-GFP concentration.
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applies to active export and passive diffusion. This can be
inferred from the negligible dependence of the kinetic param-
eters on the concentration of expressed NES-GFP or NLS-GFP
(Fig. 2, @ and b), and the close similarity of the NE passive per-
meability of NES-GFP, NLS-GFP, and GFP regardless of cargo
concentration (Fig. 2¢). This uncoupling of the translocation
mechanisms is strongly suggestive of a structural separation of
these processes within the NPC, as recently proposed by others
(18, 19). Alternatively, in fact, one would have to require the
fine tuning of the thermodynamic characteristics of active and
passive fluxes inside the same NPC channel to prevent interfer-
ence and allow their separate modulation.

Finally, we determined an estimate of the dissociation con-
stant between NES-GFP and the exportin receptor, i.e. CRM1.
When K" is compared with the intrinsic K, measured iz vitro,
we find that the intracellular environment lowers the binding
affinity by 0.5—-2 kcal/mol of free energy at 37 °C.” Interestingly,
we previously reported a larger reduction of binding affinity for
the NLS-GFP/Importin-a couple at intracellular level com-
pared with in vitro condition (3.7 kcal/mol, (16)). This suggests
that active transport across the NE is not only related to the
gating properties of NPC but also to the modulation of molec-
ular recognition between the cargo and its transporter protein.
Several intracellular factors may contribute to this affinity modu-
lation including: (i) competition of endogenous NES-like
sequences with expressed NES-GFP for CRM1 binding; (ii) spatial
heterogeneity of CRM1 concentration in the nucleus (also sug-
gested in Refs. 23, 29) that was not taken into account in the FRAP
analysis; (iii) nonspecific interactions of the NES sequence with
intra-nuclear moieties. Concerning this last effect, a similar mod-
ulation was observed in the cytoplasm for the binding of Tat pep-
tide and derived mutants with importins (30).

These dynamical properties are not specific to the particular
cargo considered here but are relevant to other NES-cargo
complexes. Indeed, at exportin (or importin) saturation our
approach yields the intrinsic translocation properties of the
export (import) complex through NPC. This is clearly shown by
the fact that the same translocation efficiency was obtained for
NLS conjugated to one or two GFP molecules (16).

Care must be taken when discussing the modulation of cargo
binding affinity. Although we showed that NLS-GFP and NLS-
GFP, bind with the same strength to the importin complex, we
should not exclude the influence of cargo structure on K, for
both nuclear export and import. Also, we focused on the Rev-
derived NES stretch that is known to interact with CRM1; other
NES interacting with other exportins are likely to be character-
ized by different K, values. Further experiments need to be
carried out to elucidate this point and to assess whether the
observed symmetric behavior of nuclear export and import
extends also to the cargo-binding step, as suggested by the close
K, values of NES-GFP and NLS-GFP or NLS-GFP,,

In conclusion, FRAP-based experiments allowed us to
probe the major dynamic features of NES active transport
across the NE. We showed that active export and import are
uncoupled transport processes and they take place with sim-

7 The change in free energy of binding is calculated as AG = +RTIn(Ky /Kp).
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ilar timing at NPC level. Uncoupling extends also to active
and passive transport processes. These findings suggest dif-
ferential gating properties at the level of the individual
nuclear pore. A further way to modulate fluxes resides in the
fine-tuning of cargo-transporter binding affinity. We believe
these results can stimulate further studies on nucleocyto-
plasmic transport mechanisms at molecular level by means
of FRAP and other techniques.
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