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The nucleocytoplasmic transport receptor CRM1 mediates the export of macromolecules from the nucleus
to the cytoplasm by forming a ternary complex with a cargo molecule and RanGTP. The in vivo mechanism of
CRM1 export complex formation and its mobility throughout the nucleus have not been fully elucidated. More
information is required to fully understand complex formation and the dynamics of CRM1-cargo-RanGTP
complexes in space and time. We demonstrate true molecular interaction of CRM1 with its Rev cargo in living
cells by using fluorescence resonance energy transfer (FRET). Interestingly, we found that the inhibitory effect
of leptomycin B on this CRM1-cargo interaction is Ran dependent. Using fluorescence recovery after photo-
bleaching (FRAP), we show that CRM1 moves at rates similar to that of free green fluorescent protein in the
nucleoplasm. A slower mobility was detected on the nuclear membrane, consistent with known CRMI1 inter-
actions with nuclear pores. Based on these data, we propose an in vivo model in which CRM1 roams through
the nucleus in search of high-affinity binding sites. CRM1 is able to bind Rev cargo in the nucleolus, and upon
RanGTP binding a functional export complex is produced that is exported to the cytoplasm.

Molecular transport between the nucleus and cytoplasm
through the nuclear pore complexes (NPCs) is mediated by
soluble transport receptors, called karyopherins. Although
possessing only limited sequence similarity, they have the com-
mon property of binding to proteins of the nuclear pore and to
the small GTPase Ran. The first nuclear export pathway to be
discovered involved the CRMI receptor exporting proteins
containing a hydrophobic nuclear export signal (NES) (16, 18,
43, 52). crm1 was originally discovered in Saccharomyces cer-
evisiae as a gene involved in chromosomal region maintenance
(1). Evidence that CRM1 is a transport receptor came from
inhibition studies with the antifungal drug leptomycin B
(LMB). Because LMB was found to inhibit nuclear export of
the human immunodeficiency virus (HIV) Rev protein, CRM1
was suggested to be the nuclear export receptor that exports
Rev from the nucleus (57). Rev is required for transport of
viral mRNA to the cytoplasm (13, 36), a process essential for
virus replication (54). Rev contains an NES, a stretch of char-
acteristically spaced hydrophobic amino acids (leucine) that is
essential for its nuclear export (14, 38). Similar NESs were also
found in other proteins (49, 56).

The driving force for nucleocytoplasmic transport is the
RanGTP gradient over the nuclear membrane (19, 25, 35, 37,
46). The guanine nucleotide exchange factor for Ran
(RanGEF) is confined within the nucleus (6), whereas the
RanGTPase-activating protein (RanGAP) is located in the
cytoplasm. RanGEF converts RanGDP to RanGTP, and Ran-
GAP activates the RanGTPase to hydrolyze GTP to GDP. The
compartmentalization of these factors creates a gradient of
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RanGTP over the nuclear membrane resulting in high concen-
trations of RanGTP in the nucleus and high levels of RanGDP
in the cytosol. RanGTP promotes the association of cargo with
nuclear export receptors, while RanGDP encourages the dis-
sociation of the export complex. Therefore, within the nucleus
the export protein, CRM1, binds export cargo proteins and
RanGTP to form a functional export complex (16, 18, 26, 41,
43,52). CRM1 has also been found to interact with the nuclear
pore complex, namely nucleoporins Nup214 (17), Nup50 (22),
Nup42, and Nupl59 (15). However, the mechanism of how
export complex finds the nuclear pores is still unknown. Sub-
sequently, CRM1-cargo-RanGTP export complex translocates
through the NPC and docks on the nucleoporin Nup214 until
it is released and disassembled by RanGAP and RanBP1 or
RanBP2 (2, 21, 27, 37, 42).

Previous in vitro studies have shown interaction of CRM1
with NES peptides (16, 18, 41, 43, 52). Residues Asp716 and
Lys810 of CRM1 are important for NES binding (3), whereas,
based on alignment studies with other Ran-binding proteins,
RanGTP binding is expected to be mediated by a region near
the N terminus of CRM1 (17, 20). Indeed, a region between
residues 61 and 160 was shown to be essential for the interac-
tion of RanGTP with CRM1 (44). It is clear that Ran is re-
quired for functional transport of the export complex (3, 16, 18,
43); however, the actual in vivo details of the CRM1-cargo-
Ran complex formation and the kinetics behind CRM1-medi-
ated nucleocytoplasmic transport are still largely unknown. A
detailed understanding of the basic and important process of
macromolecular transport from nucleus to the cytoplasm re-
quires the understanding of timing and location of the different
interactions inside living cells. Therefore, we examined the
molecular mechanism of CRM1 transport complex formation
and its kinetics inside living cells. We used noninvasive micros-
copy techniques (fluorescence resonance energy transfer
[FRET] and fluorescence recovery after photobleaching
[FRAP]) to demonstrate true molecular interaction between
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CRML1 and cargo in living cells. The HIV Rev protein was used
as model cargo for the binding studies. Studying the effect of
LMB on CRMI1 mutants, we found that Ran binding is re-
quired for LMB to be able to disrupt the CRM1-cargo inter-
action, suggesting that Ran plays an essential role in LMB
action. Moreover, it is not known how the functional export
complex locates the nuclear pores. We found, using FRAP,
that CRM1 travels in an unimpeded manner throughout the
nucleoplasm. We propose a model in which CRM1 roams
through the nucleus in search of high-affinity binding sites.

MATERIALS AND METHODS

Cell culture, transfections, and plasmids. HeLa cells were plated onto glass-
bottom microwell dishes (MatTek Corporation, Ashland, Mass.) and cultured in
complete Dulbecco’s modified Eagle’s medium (DMEM) (Mediatech Inc.,
Herndon, Va.). Cells were transfected using SuperFect (QIAGEN, Valencia,
Calif.) transfection reagent. Before imaging, cells were washed and complete
medium without phenol red was added. In some cases, leptomycin B (57) was
added at 50 nM for 2 to 3 h before imaging.

pBRev-green fluorescent protein (GFP) and pCRM1-GFP plasmids produce
fusion proteins of HIV-1 Rev and human CRMI, respectively, fused to GFP.
pBRev-blue fluorescent protein (BFP) expresses the Rev protein fused to BFP
(53). pRev-yellow fluorescent protein (YFP) generates Rev protein with YFP at
its N terminus. pCFP-Tat produces Tat protein with an N-terminal fusion of cyan
fluorescent protein (CFP). pCFP-CRM1 produces a CFP-CRM1 fusion protein
with CFP at the N terminus. pCFP-160-819CRM1 produces a fusion protein
containing amino acids 160 to 819 of CRM1 fused to the C terminus of CFP.
p160-819CRM1-GFP and p160-566CRM1-GFP produce fusion proteins con-
taining amino acids 160 to 819 and 160 to 566 of CRM1, respectively, fused to the
N terminus of GFP.

Live-cell imaging. Images of live cells were acquired with a laser scanning
confocal microscope (LSM 510; Carl Zeiss Inc., Thornwood, N.Y.) equipped
with an Axiovert 200 microscope (Zeiss) and a 40X 1.3-numeric-aperture oil
immersion Plan-Neofluar objective. For colocalization of BFP and GFP fusion
proteins, BFP was excited with a multiphoton (Verdi/Mira 900; Coherent Inc.,
Auburn, Calif.) laser line at 780 nm and GFP was excited with an Argon laser line
at 488 nm, and emissions were collected with band pass filters of 390 to 465 nm
and 500 to 550 nm, respectively. Potential bleed-through was measured by ac-
quiring dual-channel images of cells with single labels with the same setup used
for cells coexpressing both labels. No bleed-through was detected.

Fluorescence resonance energy transfer. CFP was excited with an Argon laser
line at 458 nm and was detected by using a band pass filter of 480 to 520 nm. YFP
was excited with an Argon laser line at 514 nm, and emission was collected with
a 565- to 615-nm band pass filter. FRET was determined by the acceptor pho-
tobleaching method (4, 5, 28, 29, 58). First, prephotobleach CFP (donor) and
YFP (acceptor) images were acquired. A region of interest (ROI) in the nucle-
olus was rendered free of YFP by repeated scanning with the 514-nm laser line
until all YFP was photodestructed. A second postphotobleach CFP and YFP
image was acquired. After correction for background and for the photobleaching
of the donor due to imaging, the FRET efficiencies (E) in the ROI were calcu-
lated from the two CFP images by using the formula: E = 1 — Dy/D, (23, 28),
where D is the mean intensity of the donor in the area where the acceptor was
bleached before (D) and after (D) acceptor bleaching.

The image and statistical analyses were performed with Matlab (Mathworks,
Inc., Natick, Mass.) and DIPimage (image processing toolbox for Matlab; Delft
University of Technology, The Netherlands).

Fluorescence loss in photobleaching and cell viability. Before and then after
every 31 s of bleaching, an image was collected of a rectangle of 3 by 10 pm in
the cytoplasm with the 488-nm laser line at the same power in each experiment
(monitor diode). The depletion of CRM1-GFP from the nucleoli was quantified
by measuring the relative fluorescence intensity. The dynamics follow an expo-
nential decay, and the fluorescence could be reduced to an undetectable level in
all nucleoli of the tested cell. The FLIP rates for all GFP fusion proteins were
obtained under similar conditions, including cell size, expression level, and the
area of bleaching. The loss in fluorescence in the nucleoli of the cells was
quantified, and the decays were fitted by the nonlinear least-squares Gauss-
Newton method. Statistical analysis was performed with Matlab (Mathworks,
Inc.). For each experiment, the average half-life (¢,,,) was calculated from the
fitted decay curve of each cell. The standard Student’s ¢ test was used to deter-
mine the statistical significance of the results.
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To assess that cells remain viable after the photobleaching period, we moni-
tored cells by differential interference contrast (DIC) optics for changes in
cellular morphology. No dramatic changes in cellular morphology were detected
at up to 800 s of imaging. Therefore, our experimental conditions did not
influence the collection of FRAP or FLIP data.

Fluorescence recovery after photobleaching. Excitation of GFP was done at
488 nm, and detection was between 500 and 550 nm. The microwell dishes with
coverslip bottoms were directly mounted onto an LSM 510 microscope. Live cells
were imaged at 37°C (Heating Chamber; 20/20 Technology Inc., Wilmington,
N.C.) in DMEM without phenol red and supplemented with 10% (vol/vol) fetal
calf serum (FCS). Qualitative FRAP experiments were performed as follows: a
2-pm-wide strip throughout the cell was photobleached; bleaching was com-
pleted in 200 to 600 ms, and recovery images were acquired every 0.4 to 1 s.
Quantitative FRAP experiments typically required faster acquisition rates and
were therefore performed differently: a smaller field of view was scanned in the
nucleus (~20 times fewer lines), leading to a faster acquisition rate (every ~30
ms). Three full fields of view were prescanned, followed by bleaching of a
1-pm-diameter spot with the 488-nm laser line for 100 to 200 ms at full power to
create a local photobleached region. Note that the photobleaching time was
optimized on a few test cells so that a minimum time was established to reach the
saturated photobleached region. Quantitative FRAP was necessary to accurately
sample the recoveries of the rapid movements of free GFP and CRM1-GFP in
the nucleoplasm and the nuclear membrane. Because movement of CRM1-GFP
in the nucleolus was much slower, recovery points were collected only every 3 s;
however, the same photobleach procedure was performed. Note also that in all
experiments, the laser intensity was set low enough to minimize the loss of
fluorescence in the full field of view, leading to very low measurable loss during
the monitoring period. The fluorescence intensity in the bleached spot of the first
image collected after photobleaching was measured, and this value was used as
the baseline (i.e., all intensities in the recovery curve were subtracted from this
first value). The recovery curve was then normalized so that the final value
converged towards 1. For this normalization, the last five time points were used
to approximate the asymptotic final recovery value. The recoveries were fitted by
an exponential function using the nonlinear least-squares Gauss-Newton
method. Statistical analyses were performed with Matlab (Mathworks, Inc.). For
each experiment, the average t,,, and its standard deviation was calculated from
the ¢, ), of the individual fitted recovery curve of each cell. The standard Student’s
t test was used to determine the statistical significance of the results.

RESULTS

Subcellular localization and colocalization of CRM1 with
Rev in living cells. It has been shown biochemically that CRM1
interacts with leucine-rich NESs of cargo proteins (3, 16, 18,
41, 43, 45, 52, 55, 60). To demonstrate this interaction inside
living mammalian cells, we studied the ability of Rev to redis-
tribute CRM1 to the nucleoli. Therefore, we produced fusion
constructs of the two proteins with either the blue fluorescent
protein or the green fluorescent protein. This fluorescent pair
has excitation and emission spectra that can be easily separated
for detection with fluorescence microscopy. CRM1-GFP local-
ized predominantly at the nuclear membrane as well as within
the nucleus (Fig. 1, left bottom panel), in agreement with
published data (17). Its predominant association with the
membrane is consistent with its interaction with nucleoporins
Nup214 (17), Nup50 (22), Nup42, and Nup159 of the nuclear
pores (15). Rev-BFP and RevM10-BFP were found in the
nucleoli (Fig. 1, top panels). RevM10 is a transdominant-neg-
ative mutant of Rev that has been mutated in its NES and is
unable to interact with CRM1. When Rev-BFP and CRM1-
GFP were coexpressed, a significant fraction of CRM1-GFP
was found in the Rev-containing nucleoli (Fig. 1) (9, 61). Such
colocalization of CRM1 with Rev in the nucleolus of living
cells suggests interaction between the two proteins. In contrast,
CRM1-GFP did not colocalize with RevM10-BFP, suggesting
the Rev-CRM1 interaction is NES-specific.
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FIG. 1. Colocalization of wild-type CRM1-GFP with its Rev cargo in the nucleolus of living cells. Cells expressing Rev-BFP, RevM10-BFP,
and/or CRM1-GFP as indicated were analyzed by confocal fluorescence microscopy. The top panels show nucleolar localization of Rev-BFP and

RevM10-BFP. The lower panels show localization of CRM1-GFP.

CRM1-GFP interacts with high-affinity sites in the nucleo-
lus of Rev-expressing cells. To further evaluate whether
CRM1-GFP interacts with Rev-BFP in the nucleolus, we com-
pared the mobility of CRM1-GFP in the nucleolus versus its
mobility in the nucleoplasm by using FRAP-based experi-
ments. In these experiments, a small area of a cell is rapidly
photobleached by a high-intensity laser pulse. The movement
of unbleached molecules from the neighboring areas into the
photobleached region is then recorded by time-lapse micros-

A

B Before bleach Bleach (0.2 sec)

copy as the recovery of fluorescence in the photobleached area
(12, 34, 47, 48). The CRM1-GFP in cells expressing Rev-BFP
was photobleached in a small 2-pm strip extending through the
nucleoplasm and nucleolus of cells (Fig. 2A). For comparison,
a similar area extending through the nucleoplasm of cells ex-
pressing only CRM1-GFP was photobleached (Fig. 2B). The
CRM1 GFP fluorescence recovery in the different subcellular
compartments was compared. CRM1-GFP in the nucleoplasm
and nuclear membrane recovered rapidly and were uniformly

[

FIG. 2. Fluorescence recovery after photobleaching of CRM1-GFP in living cells. HeLa cells coexpressing Rev-BFP and CRM1-GFP (A) or
expressing only CRM1-GFP (B) were imaged by confocal fluorescence microscopy. A 2-um line was bleached across the width of the cell nucleus
as indicated, and images were gathered during the course of recovery.
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followed by a slower recovery in the nucleolus. The nucleo-
plasm and nuclear membrane were fully recovered within 2.7 s,
while the nucleolus recovered much slower, indicating that the
mobility of CRM1-GFP in the nucleolus (with Rev) is very
slow compared to that of nucleoplasm. The slower mobility of
CRMI1-GFP in the nucleolus in the presence of Rev indicates
that CRM1 is in a different state than the nucleoplasm. Intra-
cellular mobility is influenced by (i) specific and nonspecific
interactions, (ii) catalytic activity, and (iii) diffusion. Therefore,
the FRAP results reflect the sum of these three activities. The
slower mobility of CRM1 in the presence of Rev is most likely
due to high-affinity association with Rev in the nucleolus. This
was also evident from the inverse experiment, termed iFRAP
(10). In iFRAP, the entire cell nucleus with the exception of a
small region of interest is photobleached. When iFRAP was
applied on cells expressing Rev-BFP and CRM1-GFP, the
GFP fluorescence signal in the unbleached region decreased
very slowly (Fig. 3A), suggesting that mobility of CRM1-GFP
in the nucleolus is very slow. A quantification of the fluores-
cence in the unbleached spot is given in Fig. 3B. When the
same experiment was performed on the nucleoplasm of cells
expressing CRM1-GFP, no fluorescence could be detected in
the unbleached spot after photobleaching the nucleus. This is
because CRM1-GFP is highly mobile in the nucleoplasm, as
discussed above. During the time of photobleaching (3 s), all
molecules in the unbleached spot move into the bleach area.
When the same experiment was performed on the nucleus of
fixed cells, a small spot of CRMI1-GFP in the nucleoplasm
could be observed (data not shown). Consistent with the FRAP
results, these kinetics suggest that CRM1-GFP is highly mobile
in the nucleoplasm and is associated with Rev in the nucleolus.
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FIG. 3. iFRAP of CRM1-GFP. (A) Cells coexpressing Rev-BFP
and CRM1-GFP were imaged for GFP before and after photobleach-
ing of CRM1-GFP in the entire nucleus, with the exception of a small
spot in the nucleolus. The loss of fluorescence in the unbleached spot
was monitored by time-lapse confocal microscopy. Panels: a, before
bleach; b, bleach; ¢, 3s; d, 12 s; e, 50 s. (B) Quantitation of the iFRAP
kinetics.

Direct interaction of CRM1 with Rev cargo in living cells as
measured by FRET. To demonstrate a direct molecular inter-
action between CRM1 and cargo in living cells, we monitored
fluorescence resonance energy transfer between CFP-tagged
CRML1 and YFP-tagged Rev (Fig. 4). Because of its high spec-
ificity, FRET has proven useful to investigate molecular inter-
actions and conformational changes, even on a single-molecule
scale (50). The principle of FRET is based on the ability of a
higher energy fluorophore molecule (donor [CFP]) to transfer
energy directly to a lower energy molecule (acceptor [YFP])
with simultaneous quenching of the donor fluorescence. Con-
sequently, one demonstration of FRET is an increase in donor
fluorescence after photobleaching the acceptor (4, 5, 28, 29,
58). In most cases, no FRET can be observed at distances
greater than 10 nm. Therefore, FRET between CFP-CRM1
and Rev-YFP occurs only if true molecular interaction be-
tween the respective proteins takes place.

A first set of FRET experiments was performed by cotrans-
fecting CFP-CRM1 and Rev-YFP in HeLa cells (Fig. 4A).
FRET was monitored using the approach of acceptor photo-
bleaching (4, 5, 28, 29, 58). The first acquired image (D,) is the
fluorescence intensity distribution of the donor CFP-CRM1
directly excited at 458 nm. The second image (A4,) represents
the fluorescence intensity distribution of the Rev-YFP accep-
tor excited at 514 nm. The acceptor fluorophore (YFP) was
then photobleached in part of the field (white dashed box in
A,) by repeated scanning with the 514-nm laser line, thereby
eliminating energy transfer. A second donor fluorescence im-
age (D,) was then taken. If FRET is present, an increase in
donor fluorescence intensity is expected in the region of ac-
ceptor photobleaching. This is apparent in the nucleolus of the
cells, demonstrating a complex between Rev and CRM1 in the
nucleolus (Fig. 4A, D). As control for the FRET experiments,
cells expressing CFP-Tat and Rev-YFP were used (Fig. 4A).
As expected, no FRET could be observed with these proteins,
as they do not interact despite their presence in the same
location. The FRET efficiency derived from 29 to 31 analyzed
cells was plotted as a box plot distribution showing the lower
quartile, median, and upper quartile (Fig. 4B). Cells coexpress-
ing wild-type CFP-CRM1 and Rev-YFP show an average
FRET efficiency of 0.10 = 0.04, which is significantly higher (P
< 0.01 by Student’s ¢ test) than that of the CFP-Tat/Rev-YFP
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control (0.03 = 0.04) (Fig. 4C). These results demonstrate a
direct molecular interaction between CRM1 and Rev cargo in
intact living cells.

CRM1 deletion mutants interact with Rev cargo. A more
detailed molecular understanding of the nuclear export reac-
tion in vivo requires a better knowledge of the regions of
CRM1 accounting for NES binding. To approach this question
in live cells, we monitored the colocalization of Rev-BFP with
a series of N-terminal and C-terminal truncations of CRM1-
GFP. We constructed GFP fusions of CRM1 that have been
C-terminally deleted at amino acid 819 (1-819CRM1-GFP).
Other CRM1 mutants lack both N-terminal (the first 160
amino acids) and C-terminal regions (160-819CRM1-GFP and
160-566CRM1-GFP). We found that upon expression in HeLa
cells, 1-819CRM1-GFP had a localization similar to that of
CRM-GFP, while 160-819CRM1-GFP and 160-566CRM1-
GFP were distributed throughout the cell but not in the nu-
cleoli; in addition, 160-819CRM1-GFP concentrated within
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FIG. 4. Interaction between CRMI1 and cargo in living cells as
measured by FRET. (A) Cells expressing CFP-CRM1 and Rev-YFP
were analyzed for FRET by confocal microscopy using the photo-
bleach method. This method is based on the principle that energy
transfer is eliminated when the acceptor is bleached, thereby yielding
an increase in donor fluorescence. Intensity maps of Rev-YFP (4, and
A;) and CFP-CRM1 (D, and D,) in the nucleoli of a cell are shown. D,
indicates the fluorescence intensity distribution of CFP-CRM1 directly
excited at 458 nm. A4, indicates the fluorescence intensity distribution
of Rev-YFP excited at 514 nm. Rev-YFP was subsequently photo-
bleached in a specific segment of the nucleolus (dotted box), thereby
eliminating energy transfer. A second donor fluorescence image (D,)
was then taken. 4, indicates the fluorescence intensity distribution of
Rev-YFP after photobleaching. D, indicates the fluorescence intensity
distribution of CFP-CRM1 after photobleaching of the acceptor (Rev-
YFP). As negative controls, the intensity maps of Rev-YFP (4, and
A,) and CFP-Tat (D, and D)) in the nucleoli of a cell were also
determined by the same method. (B) Quantification of FRET efficien-
cies between wild-type CRM1 and Rev proteins. The indicated number
of cells (n) were analyzed in two different experiments, and the calcu-
lated FRET efficiency is given as a box plot distribution. The box spans
the lower- to upper-quartile values. The length of the whiskers is 1.5
times the interquartile range. Outliers (indicated by plus signs) are
data with values beyond the ends of the whiskers.

brighter spots. When coexpressed with Rev-BFP, 1-819CRM1-
GFP and 160-819CRM1-GFP translocated to the Rev-contain-
ing nucleoli (Fig. 5A). In contrast, 160-566CRM1-GFP did not
localize to the nucleolus in the presence of Rev. These results
provide strong evidence that amino acids 566 to 819 are essen-
tial for cargo binding in vivo. Such relocalization could not be
detected by RevM10 in the majority of the cells. RevM10 is a
transdominant-negative mutant of Rev that has been mutated
in its NES, suggesting that inside cells the interaction between
Rev and 1-819CRM1-GFP as well as Rev and 160-819CRM1-
GFP is NES specific and not due to unspecific binding to Rev.

The specificity of the interaction of 160-819CRM1-GFP with
Rev was confirmed by FRET measurements between CFP-
160-819CRM1 and Rev-YFP (Fig. 5B). An increase in donor
fluorescence intensity after acceptor photobleaching was ap-
parent in the nucleolus of the cells expressing CFP-160-
819CRM1 and Rev-YFP, demonstrating a complex between
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FIG. 5. Interaction of CRM1 with Rev-cargo independent of Ran.
(A) Coexpression of Rev-BFP or RevM10-BFP with 1-819CRM1-
GFP, 160-819CRM1-GFP, or 160-566CRM1-GFP. The top panels
show the nucleolar localization of Rev-BFP or RevM10-BFP. The
lower panels display the localization of the coexpressed CRM1 mu-
tants in the same cells. (B) Interaction between CFP-160-819CRM1, a
deletion mutant unable to bind Ran (44), and Rev-YFP, as monitored
by FRET. Intensity measures of CFP-160-819CRM1 and Rev-YFP as
well as CFP-Tat and Rev-YFP in the nucleolus are also shown. First,
a donor image, D, (CFP-160-819CRM1), and an acceptor image, A4,
(Rev-YFP), were acquired. Rev-YFP was photobleached in a specific
segment of the nucleolus (4,). After photobleaching of the YFP, a
second donor image was acquired (D,). An increase in donor fluores-
cence (CFP-160-819CRM1) after photobleaching the acceptor indi-
cates FRET. (C) Quantification of FRET between CFP-160-
819CRM1 and Rev-YFP. A number of cells (n) were analyzed in three
different experiments, and the calculated FRET efficiency is given as a
box plot distribution. The box spans the lower- to upper-quartile val-
ues. The length of the whiskers is 1.5 times the interquartile range.
Outliers (indicated by plus signs) are data with values beyond the ends
of the whiskers.
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FIG. 6. Effect of LMB on the colocalization of N- and C-terminal CRM1-GFP deletion mutants with Rev cargo in the nucleolus of living cells.
(A) Cells coexpressing Rev-BFP and the indicated CRM1-GFP fusion proteins were analyzed by confocal fluorescence microscopy. The top panels
show nucleolar localization of Rev-BFP. The lower panels show the localization of the CRM1-GFP deletion mutants 2.5 h after addition of LMB.
(B) CRM1 functional domains and mutants used in this work. Ran-BD, Ran binding domain (20, 44); *, Cys529 (30); NES-BD, NES-binding
domain (44). Colocalization with Rev or RevM10 and the effect of LMB on the colocalization of CRM1 mutants are summarized to the right. ND,

not determined.

Rev-YFP and CFP-160-819CRM1. Cells expressing CFP-Tat
and Rev-YFP were used as negative controls. The mean FRET
efficiency between CFP-160-819CRM1 and Rev-YFP was 0.18
+ (.075 and was significantly higher (P < 0.01, Student’s # test)
than that of the control (Fig. 5C). These results demonstrate
direct interaction between Rev and 160-819CRM1. The FRET
efficiency for the mutant CFP-160-819CRM1 and Rev-YFP
was significantly higher than that of the wild-type CFP-CRM1/
Rev-YFP pair. FRET efficiency depends on the distance be-
tween donor and acceptor molecules. In CFP-160-§819CRM1,
the CFP fluorophore may be positioned closer to Rev-YFP due
to the 160-amino-acid N-terminal deletion.

CRM1 export complex disruption by LMB requires the N-
terminal domain of CRM1. To get better insight into the mo-
lecular aspects of the Rev-CRM1 interface in vivo, we inves-
tigated the effect of leptomycin B on Rev interaction with the
CRM1 mutants described above. LMB disrupts the Rev-
CRMI1 interaction by covalently binding to Cys529 of CRM1
(16, 18, 30, 31, 43), thus disrupting Rev-CRM1 colocalization

in cells (9). Cells were cotransfected with Rev-BFP and the
respective CRM1-GFP mutants. Before adding LMB we ver-
ified that the CRM1 mutants colocalized with Rev in the nu-
cleolus of the cells. After 2.5 h of incubation with 50 nM LMB,
cells were analyzed for colocalization of the respective CRM1
mutants with Rev in the nucleolus (Fig. 6A). Wild-type CRM1-
GFP and 1-819CRM1-GFP redistributed from the nucleolus to
nucleoplasm and nuclear membrane, demonstrating that their
interaction with Rev in the nucleoli was abolished by LMB. In
contrast, the colocalization of 160-819CRM1-GFP with Rev in
the nucleolus was unaffected. Therefore, the CRM1 molecules
lacking the first 160 N-terminal amino acids (containing the
Ran binding site) were not affected by LMB. A summary of
these data is given in Fig. 6B. These results suggest that the
first 160 N-terminal amino acids are essential for the inhibitory
effect of LMB on CRM1-Rev interaction.

Nucleolar Rev-associated CRM1-GFP traffics to the cyto-
plasm. We next examined whether CRM1 interaction with Rev
in the nucleolus represents a static nonfunctional aggregation
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or if this nucleolar CRM1 is trafficking between the nucleolus
and the cytoplasm. To do so we performed fluorescence loss in
photobleaching (FLIP) experiments (34, 47). In this technique,
the CRM1-GFP in a defined area of the cytoplasm, distant
from the nuclear membrane of the cell, is repeatedly photo-
bleached, and the loss of fluorescence in the nucleus and nu-
cleolus is monitored. Rapid elimination of CRM1-GFP from
the nucleolus/nucleus upon repeated photobleaching of the
cytoplasm would indicate a high mobility of CRM1 and traf-
ficking to the cytoplasm. Images shown were obtained at 102-s
intervals, and the depletion of CRM1-GFP and 1-819CRM1-
GFP from the nucleoli was compared (Fig. 7A). The loss of
fluorescence in the nucleoli is not due to the nonspecific
bleaching outside of the designated area, because cells imme-
diately adjacent to the targeted cell maintained similar fluo-
rescence intensities throughout the period of the bleaching
process. As an additional control experiment, the same mea-
surement was performed with fixed cells. As expected, no loss
in fluorescence of the nucleolus was detected in fixed cells
during repeated photobleaching of the cytoplasm (data not
shown). Quantitative analysis demonstrated that the majority
of the wild-type CRM1-GFP has a rapid rate of depletion from
the nucleus and nucleoli with a half-life of 203 = 36 s (Fig. 7B).
These results confirm that wild-type CRM1-GFP shuttles rap-
idly between the nucleus/nucleolus and cytoplasm and that the
binding to Rev in the nucleolus is not the result of aggregation-
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615 sec

FIG. 7. Export kinetics of nucleolar Rev-associated CRM1-GFP
and 1-819CRM1-GFP in cells as measured by FLIP. (A) Cells express-
ing Rev-BFP and CRM1-GFP or 1-819CRM1-GFP were imaged be-
fore and during sequential photobleaching of the indicated area in the
cytoplasm (rectangle). Images shown were collected every ~102 s.
(B) Quantitative analyses of FLIP. The fluorescence in the nucleus was
plotted versus time. The nuclear fluorescence intensity at time zero
was normalized to 1.

producing complexes that are not able to be transported. We
also compared the export kinetics of the mutant 1-819CRM1-
GFP (Fig. 7A and B). The FLIP rate of 1-819CRM1-GFP was
lower than that of the wild-type, implying a slower transport
mechanism. 1-819CRM1 lacks the C-terminal domain, which
contains nucleoporin-binding sites. The results suggest that the
C-terminal domain of CRM1 is required for efficient transport.
Quantitative analysis of CRM1-GFP fluorescence recovery
in the nucleolus, nucleoplasm, and nuclear membrane. The
mechanism by which CRM1 travels from the nucleolus to the
nuclear membrane is not presently known. Given the highly
condensed DNA and large number of proteins and RNA mol-
ecules within the nucleus, it has been assumed that the nucleus
is very densely packed. On the other hand, it has been dem-
onstrated that the nucleocytoplasmic transport system is very
dynamic (51), as also confirmed by our FLIP experiments. To
measure the mobility of CRM1-GFP in different cellular loca-
tions, we used quantitative FRAP analyses (12, 34, 47). As a
reference we measured the fluorescence recovery rate of free
GFP that diffuses freely within the nucleoplasm. Figure 8
shows the rapid recovery of CRM1-GFP after photobleaching
a small circle of 1 pm in diameter. The calculated ¢,,, of
recovery for CRM1-GFP in the nucleoplasm was similar to
that of free GFP, suggesting that CRM1 is highly mobile within
the nucleus (Fig. 8). However, in this experimental setup, we
measured the mobility of a mix of free CRM1-GFP and
CRM1-GFP in complex with the various cellular cargo mole-
cules. The mobility of CRM1-GFP in the nuclear membrane was
significantly slower (Fig. 8A and B), in agreement with previous
data on CRM1 interaction with the nuclear pore complex (15, 17,
22). Interestingly, when associated with Rev in the nucleolus,
CRM1-GFP mobility was very slow (reduced by ~400 times)
(Fig. 8A and B). Our data suggest that CRMI travels in an
unimpeded manner through the nucleus in search of high-affinity
binding sites, such as Rev in the nucleolus and Nup214, Nup159,
Nup50, and Nup42 in the nuclear membrane (15, 17, 22).
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FIG. 8. Comparison of recovery rates of free GFP and CRM1-GFP in different cellular compartments during FRAP. (A) Cells expressing
CRM1-GFP or coexpressing Rev-BFP and CRM1-GFP were imaged for GFP fluorescence before and after photobleaching a small spot of 1 pm
in diameter either on the nuclear membrane (left) or in the nucleolus (right) (indicated by arrows). Fluorescence recovery in the bleached spot
was monitored by time-lapse confocal microscopy. (B) Quantitative analyses of FRAP demonstrated that the mobility of CRM1-GFP is similar to
that of free GFP in the nucleoplasm but is slower in the nuclear membrane and nucleolus (in the presence of Rev). Cells expressing free GFP or
CRM1-GFP or coexpressing Rev-BFP and CRM1-GFP were examined by FRAP. The fluorescence intensity in the bleached spot of the first image
collected after photobleaching was measured, and this value was normalized to zero; the intensity in the bleached spot at the end of the recovery
(last five time points) was normalized to 1. The average normalized fluorescent values for each time point was plotted (X). Bars represent standard
errors. Lines represent fits of determinations from more than six different cells using the least-squares method. The solid black line represents the

mean fit. Dashed lines represent standard deviations.

DISCUSSION

CRM1 nucleocytoplasmic transport has been studied with a
variety of different techniques. However, more information is
required to fully understand complex formation and the dy-
namics in space and time of CRM1-cargo-RanGTP complexes
in living cells. In this study, we have applied different ap-
proaches to study CRM1 interaction with its cargo inside living

cells. Specific relocalization of CRM1 by Rev and not by
RevM10 suggests an NES-specific interaction in the nucleolus.
FRET measurements between CRM1 and Rev in live cells
resulted in the detection of true molecular interactions existing
in vivo in specific cellular locations with great resolution. Un-
der similar conditions, the FRET efficiency between CRM1
and Rev was significantly higher than that of the negative
controls Tat and Rev. FLIP experiments demonstrated that
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nucleolar CRM1 rapidly traffics to the cytoplasm, excluding the
possibility that CRM1 found in the nucleolus is simply a non-
functional aggregate. The fact that CRM1 associates with Rev
in the nucleoli of cells suggests that the nucleolus may play a
role in Rev function. Rev is required for export of viral nRNA
to the cytoplasm (13, 36), a process essential for virus replica-
tion (54). It has been suggested previously that HIV-1 RNA is
trafficking through the nucleoli of cells, giving the nucleolus a
critical role in HIV-1 RNA export (39). In addition, the nu-
cleolus has also been implicated in the route of CRM1 based
on its nucleolar localization upon treatment with actinomycin
D (17). These results suggest that the nucleolus may be part of
the normal CRM1 routing.

In vitro RanGTP cooperative cargo binding to CRM1 has
been shown for different proteins, like snurportin (45), Nmd3
(55), and p27 (8). The N-terminal motif of CRM1 has been
proposed to account for interaction with RanGTP (7, 32, 59).
Previous in vitro showed that deletion of the first 160 residues
of CRM1 prevented the interaction of CRM1 with RanGTP in
the presence of NES (44). Here we have demonstrated inter-
action of Rev with N-terminal and C-terminal deletion mu-
tants of CRM1 by colocalization and by FRET. This interac-
tion is specific and NES dependent, because the mutants did
not interact with RevM10 that has been mutated in its NES.
Although it has been established that Ran-binding is essential
for cargo transport, the N-terminal deletion mutant 160-
819CRM1-GFP specifically interacts with Rev in the nucleolus,
suggesting that in cells CRM1 could interact with Rev inde-
pendently of Ran. This property might be specific only for Rev.

Moreover, the affinity of the Ran-independent complex might
be very low. Therefore, it would be interesting to compare
inside cells the CRM1-Rev affinity in the presence and absence
of Ran. Variation in the amino acid sequence of different
NESs might result in different binding affinities to CRM1. Rev
has low affinity for CRM1 in vitro (2), but it has the ability to
multimerize, which might increase the number of NESs per
complex. The Ran-independent interaction of Rev was also
proposed by Askjaer et al. on the basis of in vitro gel-shift
assays and protein footprinting data (3). However, in vitro this
Ran-independent interaction was NES independent, as M10
and M32 mutants obtained an identical Ran-independent foot-
print (3).

Another important issue addressed here is the molecular
basis for LMB inhibition. Interestingly, LMB did not disrupt
complexes of CRM1 from which the first 160 N-terminal
amino acids were deleted, even though this mutant contains
the LMB interaction site (Cys529), suggesting that the N-ter-
minal region of CRM1 plays a role in LMB action. One hy-
pothesis is that transport to the cytoplasm and disruption of
the complex in the cytoplasm is required for LMB action. In
fact, N-terminal deletion mutants of CRM1 are not trafficking
to the cytoplasm. However, this hypothesis would suggest a
high-affinity binding of the 160-819 CRM1 to Rev. Another
possibility is that binding of RanGTP to CRM1 induces a
conformational change in the complex that makes it accessible
to LMB or that enables LMB to discharge the NES. A con-
formational change upon binding of RanGTP to CRM1 was
suggested earlier on the basis of site-specific cross-linking data,
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which demonstrated that CRM1 was only cross-linked to Cys89
of Rev in the presence of RanGTP (3).

The exact mechanism by which CRM1 moves from the nu-
cleolus to the nuclear membrane is not presently known.
Therefore, we studied the mobility of CRM1-GFP in different
nuclear locations by FRAP. We demonstrate that CRM1-GFP
is highly mobile within the nucleus. It has similar mobility as
free GFP, which diffuses freely in the cell. However, in this
experimental setup we anticipate a mix of free and cargo-
bound CRMI. These data imply that CRM1-GFP travels un-
impeded through the nucleoplasm. The high mobility of
CRML1 in the nucleoplasm is not unprecedented. It has been
shown in earlier studies that proteins can move by a passive,
diffusion-based mechanism throughout the nucleus (11, 40).
Diffusion provides an efficient, rapid mode of transport. The
data support a model in which CRMI1 roams through the
nucleus in search of high-affinity binding sites, e.g., Rev in the
nucleolus and Nup214, Nup159, Nup50, and Nup42 in the
NPCs. This roaming behavior has been clearly demonstrated
for DNA repair factors and DNA replication factors (24, 33).
Our data were obtained upon CRMI1-GFP overexpression,
suggesting that most of the molecules are indeed not in com-
plexes in the nucleoplasm. It would be of interest to further
examine the specific movement and mobility of the CRM1-
cargo-RanGTP transport complex in the nucleoplasm.

In conclusion, the data suggest a model for CRM1-cargo-
RanGTP complex formation. We propose that CRM1 roams
through the nucleus in search of high-affinity binding sites,
such as Rev cargo in the nucleolus and nucleoporins in the
NPCs. In the case of Rev cargo binding in the nucleolus,
CRM1 binds to Rev in anticipation of Ran. However, it would
be of importance to measure the binding affinities of the dif-
ferent complexes inside cells. In addition, data suggest a new
role for Ran in the dissociation of the export complex from the
nucleoli. It will be of interest to apply this methodology to
investigate this phenomenon in more detail and to determine
the general applicability of these conclusions.
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