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Summary

Recent studies inXenopusegg extracts indicate that the
small G protein Ran has a central role in spindle assembly
and nuclear envelope reformation. We determined Ran
localization and dynamics in cells during M phase. By
immunofluorescence, Ran is accumulated on the

starfish, and to a lesser degree during mitosis of a cultured
mammalian cell line. Chromosomal Ran undergoes
constant flux. From photobleach experiments in immature
starfish oocytes, chromosomal Ran has aok of ~0.06
second?, and binding analysis suggests that there is a single

chromosomes of meiosis-ll-arresteenopuseggs. In living
cells, fluorescently labeled Ran associated with the
chromosomes inXenopusand remained associated during
anaphase when eggs were artificially activated. Fluorescent
Ran associated with chromosomes in mouse eggs, during Key words: Cell division, Chromosomes, G-proteins, Meiosis,
meiotic maturation and early embryonic divisions in  Mitosis, Nuclear proteins

major site. The chromosomal interactions may serve to
keep Ran-GTP in the vicinity of the chromosomes for
spindle assembly and nuclear envelope reformation.

Introduction shown that Ran has an essential role in nuclear envelope

The function of the small GTPase Ran was first studied if¢formation after mitosis (Zhang and Clarke, 2000; Hetzer et
mutants, where its absence led to many defects such as in DR, 2000; Zhang and Clarke, 2001). There remain unresolved
replication, nuclear envelope structure, chromatin structure arfgSues about Ran’s role in M phase; for instance, verification
cell cycle progression (reviewed in Sazer, 1996; Moore, 2001} Ilylng cells of the roles for Ran identified in extracts is

A cell-free system led to the recognition of the importance of€duired, and has begun to be addressed (Bamba et al., 2002),
Ran in nuclear transport, and Ran now has a well establishedf!d t© what degree Ran is involved in all eucaryotic cell
central role in that process (e.g. Mattaj and Englmeier, 19987€i0ses and mitoses needs to be resolved.

Gorlich and Kutay, 1999). Recently, work with another cell- L-i9ht microscopic imaging seems likely to be useful for

free system has implicated Ran in M phase processes; thiswdﬁ?m'.ng more about Ran and its interactions. For many
has been extensively reviewed (e.g. Sazer and Dasso, 20060t€ins, the amount of fluorescent analogue required for
’ aging is in excess of the endogenous protein concentration,

Kahana and Cleveland, 2001; Dasso, 2001). In retrospect, the" .
multiple functions of Ran in interphase and M phase ard ich may perturb the natural_ pathways. Becaus_e Ran is one
the most abundant proteins in the cell (Bischoff and

g?undsiles;ent with the many defects observed in the first muta onstingl, 1991), there should be less danger of disrupting the
The M hase studies have made use of the cell-free extree Il in this way. Another advantage is that Ran’s biochemical
P ar?ﬁoperties have been well characterized. A major factor in this

system fronKenopuggs, where addition of sperm Chromaﬂnﬁgogress is that Ran is soluble and can be readily produced as

or DNA coateq beads induces the formation of a bl_pql_a functional recombinant protein (unlike all other small
microtubule spindle centered on the added DNA. The initiagrpages Ran has no lipid modifications). Lastly, there is only
experiments indicated that generation of Ran-GTP waghg jsoform of Ran, one known exchange factor and only a few
necessary for assembly of the spindle (Wilde et al., 1999; Ohkgpg (GTPase-activating proteins) (Macara et al., 2000), all
et al,, 1999; Kalab et al., 1999; Carazo-Salas et al., 1999 \yhich make it simpler to try to interpret observations in
Importinsa and P have been identified as the target of Ranyjing cells. To further investigate Ran during M phase, we

GTP; it appears that Ran-GTP displaces microtubulayve observed fluorescent Ran localization and dynamics in
polymerization promoters such as TPX2 or NuMA fromseyeral types of living cells.

importin (Gruss et al., 2001; Nachury et al., 2001; Wiese et al.,

2001). A Ran-GTP gradient near the chromosom&®itopus

egg extracts has been visualized (Kalab et al., 2002). IMaterials and Methods

addition to the work on spindle assembly, it has also beeMethods for handlingKenopuseggs were as described elsewhere
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(Terasaki et al., 2001). In brief, immatukenopusoocytes were Fluorescent Ran proteins
matured in culture by exposure tqud/ml progesterone; the oocytes Tetramethylrhodamine or Alexa 488 was conjugated to the single
became arrested at meiosis Il metaphase ~3 hours after white spghosed cysteine (C112) of the three cysteine residues of human Ran
formation (Gallo et al., 1995). For immunofluorescence, eggs wergRibbeck et al., 1998). Both Rh-Ran and Alexa 488-RamuNB
fixed in —70°C methanol for 1.5 hours, warmed at room temperaturgtimulated import of NPC-M9 substrate into digitonin-permeabilized
for 30 minutes and then hydrated in 2:1 methanol:PBS (20 minutesgells as much as wild-type Ran. In this assay, many GTPase cycles
1:2 methanol:PBS (20 minutes), then PBS. Eggs were incubated ére required for import to occur, so if either hydrolysis or exchange
2.5 pg/ml anti-Ran monoclonal antibody (R32620; Transductionon RCC1 were impaired, there would be no import. GTP hydrolysis
Labs; San Diego, CA) for 1.5 hours followed by 1:50 rhodamine goaby both fluorescent conjugates was stimulated by RanGAP with
anti-mouse (ICN; Costa Mesa, CA) for 1 hour. For DNA double-identical kinetics to wild-type Ran. The labeling efficiency of both
labeling, eggs were incubated in i@/ml Hoechst dye 33342 (Sigma was greater than 92% in comparison with absorption spectra with
Chemical Co, St. Louis, MO) for 10 minutes. The eggs were imagetktramethylrhodamine or Alexa 488, so this activity cannot be due to
with a Zeiss LSM 410 confocal microscope with UV and visiblethe presence of an active unlabeled fraction. We concluded that Rh-
optics. Hoechst-stained chromosomes can be seen easily in living eggan and Alexa 488-Ran are as active as the wild-type unlabeled
by wide field fluorescence microscopy (Gallo et al., 1995), but witrprotein.
other fluorescent labels where the contrast is not as high, the spindleGFP-Ran was isolated in a visual screen of a cDNA library
region of living or fixed eggs is imaged better by confocal microscopyconcatenated with GFP (VLP55) (Rolls et al., 1999). It consists of an
For live cell imaging, Rh-Ran was injected into immature oocytedN-terminal GFP followed by a 22 amino-acid linker region
at a final concentration of 148M. The endogenous concentration in (GGGLDPRVRSDGRGDASGRNAA) and the entire coding
Xenopusoocytes has not been determined. In HelLa cells, Ran isequence for human Ran. GFP-Ran was inserted into the pSP64-S
0.36% of total protein (Bischoff and Ponstingl, 1991); if the total€xpression vector by standard PCR methods resulting in a consensus
protein concentration is 100 mg/ml in cells, this corresponds 4 —echinoderm kozak sequence (aattcaaa). RNA was prepared in vitro
(Ran MW 25,000). After maturation, the egg was imaged using aHsing the SP6 mMMESSAGE mMACHINE kit (Ambion; Austin, TX).
MRC 600 confocal microscope (Bio-Rad; Cambridge, MA) with aOwing to difficulties in producing GFP-Ran for biochemical
neofluar N.A. 1.3 objective lens (Zeiss; Thornwood, NY). For
photobleaching, a macro was written in the BioRad SOM software t odelin
control the scan and image acquisition while the neutral density an 9

laser power levels were switched manually. Quantification was donfighotobleaching of chromosomal Ran was followed by exponential
using public domain NIH Image program (available at €COVery. This is consistent with a model based on Ran (or a binding

http://rsb.info.nih.gov/nih-imageY). unit containing Ran) binding by mass action kinetics to a single type

For imaging anaphase of meiosis Il, frog eggs were activated binding site. Assuming that the endogenous, fluorescent and
puncturing the egg surface with a microneedle. The eggs were in ached forms of Ran behave similarly, the concentrations of bound
open sided chamber made of silicon rubber (Ronsil, thickness O. ore_sé)cedntb Rtf]n' [R*?.] ar.1d bound endogenous Ran, [RB] are
inches; North American Reiss, Corp, Blackstone, VA). The needl escribed by the equations:

puncture was done on an upright microscope usingxaobfective d[R*B)/ dt=kon [R*][B]- koff[R*B] (1.1)
lens, then the egg was transferred to a dissecting scope, where a #0
thickness cover slip was placed on top of the egg and maneuvered so d[RB]/dt=kon [R][B]-koff[RB] (1.2)

that the white spot was posit_ioned straight up. The wh!te spot WaRith other notations as follows: [B] is the concentration of free
Eﬁ:ﬁi#ggg;g?g&;ﬂﬂefﬁg li?r?; grlrfgecgﬁ?lj%:aa?'ecrgzﬁgﬁ‘ binding sites, [R] is the concentration of free endogenous Ran, [R*]
g 9 ge the um - SOMEUMESL e concentration of free fluorescent Ran. Photobleaching converts
the wave had already passed, and sometimes it failed to be |n|t|atggB into RB but otherwise does not change the steady-state
llater experiments suggested that Ins(llZSSDnJectl_on IS MOT€  concentrations. This means that [BI=fRB]-[R*B] is constant in
rellable]. With the confocal microscope set to continuous scanning,, equations (1.1 and 1.B(s the total concentration of binding
images were collected on an optical memory d'S_k recorder_(PanaSOIg&es’ both bound and free). If diffusion of Ran in the bleached area
TQ303F, Secaucus, NJ) with a custom-made trigger circuit. equilibrates much faster than binding, [R*] and [R] can be treated as
Fully grown, immature mouse oocytes were collected from theonstants in Equations 1.1 and 1.2. This substantially simplifies the

ovaries of PMSG-primed NSA (CF-1) mice (Harlan Sprague-Dawleyi ation, and the solution to Eq. 1.1 is given by a single exponential:
in a minimal essential medium (MEM), then washed into MEM

without dibutryl cAMP to induce maturation. Matured eggs were [R*BY/[R*]=A [1—-exp (—koff )] (2)
microinjected as described previously (Mehlmann and Kline, 1994yt A=[B]/K 4 where Ki=koft/kon is the Ran-binding dissociation
and were examined within 30 minutes of injection while beingcgnstant.
maintained at 37°C on the Conf00a| miCt‘OSCOpe Stage. Rh'Ran WaSThe experimenta”y Observed exponentia| recovery does not
injected in a 3% volume injection, with a resulting final concentratiomecessarily mean that there is only one type of interaction of Ran with
of 2.5uM. chromosomes. For instance, if there is a second interaction with much
Starfish fsterina miniaty were obtained from Bodega Bay, CA. |argerkos, there would be a fast recovery for this interaction, which
Methods for obtaining and handling the gametes were describeglould be complete by the time of the first experimental time point.
previously (Jaffe et al., 1993). Mercury-loaded pipettes were used fq(Iso, if the number of binding sites is very different, then the less-
quantitative microinjection; detailed description of this method andhbundant site will make only a small contribution to the recovery
equipment used is available at http://egg.uchc.edu/injection/. Embryasirve.
were kept in an 18°C incubator until imaged. For the binding experiments, the experimentally determined values
Mitotic NRK cells in an injection chamber on a heated microscopare [R*B]/[R*] as a function of added [R*]. The total amount of
stage were pressure injected (<10% volume injection) with a 5:1 mifuorescent Ran was known from the quantitative injection. At steady
of Alexa 488 Ran (20 mg/ml) and 70 kDa Rh dextran (2 mg/ml). Thetate, there is a higher concentration of Ran in the nucleus than in the
were imaged with a Zeiss Planapo 1.4 numerical aperture objectieytoplasm, so the total nuclear Ran was calculated by taking into
lens using a Zeiss 510 confocal microscope. account this difference and the relative volumes of cytoplasm and
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nucleus. As follows from Equations 1 under steady-state condition€hromosomal association of Ran in starfish oocytes and
(adding equations 1.1 and 1.2 then substituting for [RB]+[R*B] fromembryos

the B equation): In order to image Ran throughout meiosis and mitosis, we used
[BYK=[RB]/[R]=[R*B]/[R*]=B t (K+[R]+[R*]) ~1. (3) starfish oocytes and embryos; they are smaller than frog eggs
The last part of Equation 3 can be used for estimating K+[R] fro ~180pm versus ~1.3 mm), are optically clear, and are easier

experiments with different amounts of [R*] by multiplying the 0 maintain on the microscope stagg than mouse _€ggs.
experimental [R*BJ/[R*] by [R¥], which puts the right hand side into Immature starfish oocytes are arrested in late G2 of meiosis |

the form of the Michaelis-Menten equation with parametarsB(  and possess a large nucleus. Microinjected Rh-Ran, as well as
and Kn=K+[R]. The analysis is made somewhat more complexGFP-Ran expressed by mRNA injection, became localized to
because the endogenous Ran concentration is not known and it is € nuclear envelope as well as globules near the nuclear
known whether free Ran or complexed Ran is binding to thenvelope. During maturation induced by 1-methyladenine,
chromosomes. Whemis equal to the fraction of the total nuclear Ran fluorescence at the nuclear envelope disappeared with nuclear
(either endogenous or fluorescent), which is available for binding, thenvelope breakdown, whereas the fluorescent globules
expression for k is (K/o)+[R]. migrated to the animal pole (Fig. 3A). In oocytes co-injected
with Rh-tubulin to label the microtubules, the fluorescent Ran
became part of the meiotic spindle and separated at the time of

ReSLfltS _ _ _ polar body formation (Fig. 3B). This corresponds exactly with
Ran is associated with chromosomes in Xenopus and the known distribution and behavior of chromosomes in
mouse eggs starfish oocytes (Shirai et al., 1990; Ookata et al., 1992).

Xenopuseggs are arrested in metaphase of meiosis Il. The
meiotic spindle is near the surface in a %0 diameter
pigment-free region in the central region of the pigmente
half of the egg. The spindle axis is oriented perpendicular t
the cell surface, so that the chromosomes are arranged mc
or less in a single plane parallel to and aboun@0from the

egg surface. The chromosomes were labeled with Hoech
dye and Ran was localized by immunofluorescence using
mouse monoclonal antibody originally raised against huma Hoechst
Ran that specifically recogniz&enopuskan (Zhang et al.,
1999). Ran fluorescence colocalized with the chromosome
(Fig. 1A).

For imaging Ran localization and dynamics in living eggs
we used a rhodamine-labeled Ran (Rh-Ran). The activity ¢
Rh-Ran was tested in GTPase assays in vitro and behav
identically to unmodified Ran (see Materials and Methods)
Microinjected Rh-Ran accumulated at the chromosomes (Fi
1B). A GFP chimera of Ran was isolated in a visual screen «
a cDNA library concatenated with GFP [termed VLP55; (Rolls
et al., 1999)]. GFP-Ran, expressed by mRNA injection, als
accumulated at the chromosomes (data not shown).

Mature mouse oocytes are arrested in metaphase of meio
II. As in Xenopuseggs, microinjected Rh-Ran localized to the
mouse egg chromosomes (Fig. 1C) (Verlhac et al., 2000).

The meiosis Il metaphase arrest Xenopuseggs was
released by raising intracellular calcium. The egg surface wz
punctured with a microneedle (prick activation); a calcium
wave begins at this point and takes several minutes to cro
the egg. Rh-Ran was co-injected with calcium green dextra
in order to determine exactly when the calcium wave rose i
the spindle region. The Rh-Ran labeled chromosomes beg
anaphase movements between 12-16 minutes after tl
calcium rose in the spindle region=@) (Fig. 2). The timing
corresponds well with anaphase onset in cell-free extracts ) ) o
stimulated by addition of calcium (Murray, 1991; Desai et al.Fi9: 1. Ran associates with the chromosomes. (A) In meiosis-|I-

metaphase-arreste@nopuseggs, double-labeling of Ran by

1998). Experiments with Rh-tubulin and calcium greenlmmunofluorescence and chromosomes by Hoechst dye shows

dex”?” gave the same results (data not shown). Rh'R Blocalization of Ran and chromosomes. (B) Microinjected Rh-Ran
remained associated with the chromosomes at approximatgyassociated with the chromosomeXénopugggs.

the same brightness. In later stages, Rh-Ran gradualfg) microinjected Rh-Ran is associated with chromosomes in mature
became incorporated into the newly forming nuclear envelop@ouse eggs. The dark circular region in the egg is the oil drop from
(Fig. 2). the injection. Bars, 1Am.
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Fluorescently labeled Ran was also observed during mitosehromosomes and Rh-Ran throughout the entire mitotic phase
in developing embryos. The fluorescent nucleotide Orego(Fig. 3C). In the mitotic cells as well, microtubules and Ran
Green dUTP is incorporated into newly synthesized DNAocalized as expected (Fig. 3D).

(Carroll et al., 1999) and was used in double labeling

experiments in embryonic blastomeres. There was a close

Correspondence of the Oregon Green dUTP-labeleRan distribution in mitotic mammalian cultured cells

When fluorescent Ran was microinjected into mitotic
mammalian cells, it was found to be distributed throughout the
mitotic spindle region, with no apparent accumulation on the
chromosomes (Fig. 4). However, fluorescent dextran was
excluded from the chromosomal regions. When a mixture of
70 kDa Rh-dextran and fluorescent Ran was injected into
mitotic NRK (normal rat kidney) cells, the fluorescent dextran
was excluded from the region of the chromosomes while the
fluorescent Ran was not excluded (Fig. 4). If Ran were not
interacting with chromosomes, it should have the same
distribution as the dextran. Thus, in mitotic mammalian
cultured cells, Ran appears to be associated with chromosomes,
although to a lesser degree tharKenmopusmouse or starfish

eggs.

Quantitative analysis of Ran association with
chromosomes

Rh-Ran in a small region of chromosomes was photobleached
with intense laser excitation, and the redistribution of the
remaining fluorescence was monitored. In meiosis-I-
metaphase-arrestedXenopus eggs, Rh-Ran fluorescence
redistributed to photobleached chromosomal regions with a
50% recovery time of 11.7+4.0 second (srek8 eggs) (Fig.
5A,B). In blastula-stage starfish embryos, a bleached area of
metaphase-chromosome-associated Rh-Ran recovered to 50%
by 4.7£1.7 seconds (s.ahs5 cells) (Fig. 5C,D). Owing to the
changing shape and position of anaphase chromosomes, we
could not determine whether the exchange rates change after
the metaphase-anaphase transition.

The chromosomal association of Ran was examined more
quantitatively in immature starfish oocytes, where the nucleus
is intact but the chromosomes are partially condensed.

The photobleached chromosomal Ran recovery was found
to be described very well with an exponential rate constant
~0.06 secord, corresponding to a 50% recovery time of ~11
seconds (Fig. 6A). The experimentally observed exponential

Fig. 2.Ran localization in activatedenopuseggs.Xenopuocytes were co-

injected with calcium green dextran (~18! final concentration) and Rh-Ran (~1.2
uM) then were matured. (A) The matured eggs were prick activated to initiate a
calcium wave that releases the meiosis Il arrest. The calcium green image shown
was taken a few seconds after the calcium wave had passed through the spindle
region. The calcium wave is progressing from right to left. The bright circular

region is the location of the meiotic spindle; it is bright because of the lack of
volume-excluding yolk platelets. (B) Rh-Ran in the meiotic spindle of the egg in the
preceding panel was imaged at high magnification. Since the spindle is oriented
perpendicularly to the cell surface, it was necessary to take z series sequences to
document anaphase movements. z series with a stepjoh3akere taken at
approximately 2 minute intervals (each series of 14 images took ~35 seconds to
obtain) and were made into stereo pairs. Timing of the pairs shown is indicated on
the figure. Anaphase movements appear to begin between 13 and 15 minutes.
Nuclear envelopes reform around individual chromosomes after they have separated
(Lemaitre et al., 1998); these should later fuse to form a single nucleus but this was
not imaged. See stereo movie http://terasaki.uchc.edu/ran/anaphase.mov. Bars,

10 pm.
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B. GFP-Ran

Fig. 3.Ran localizes to the chromosomes during meiosis and mitosis in starfish oocytes and embryos. (A) GFP-Ran was expressed in immatt
starfish oocytes by injection of mMRNA. Oocytes were imaged before and during maturation; time elapsed after addition cdtibea matu
hormone 1-methyladenine is indicated. In immature oocytes, GFP-Ran is located at the nuclear envelope. In additionulaie@atum
globules inside the nuclear envelope. These globules move to the animal pole during maturatiomnBaiB2Bouble-labeling of Ran and
microtubules during meiosis I. GFP-Ran RNA and rhodamine tubujiM(&inal concentration in cell) were co-injected; after expression of
GFP-Ran, the oocyte was matured and imaged. The light/dark border running diagonally is the surface of the oocyte nehptie seém

from the side, and the sequence shows the extrusion of the first polar body. The location of GFP-Ran with respect to spendieictic
consistent with association with the chromosomes. Baunl(C) Double-labeling of Ran and chromosomes during mitosis. Oocytes were co-
injected with Rh-Ran (1.4M final concentration in the cell) and Oregon Green 488-5-dUTR(final concentration in cell), which becomes
incorporated into newly synthesized DNA. The oocytes were matured, fertilized and allowed to develop into blastulae, Wb elieisitos

were imaged. Rh-Ran appears to colocalize with the DNA label through all stages of mitosis. See movie
http://terasaki.uchc.edu/ran/randutp.mov. (D) Double-labeling of Ran and microtubules during mitosis. Oocytes were oeiihjededRan
MRNA and rhodamine tubulin as in (B), then matured, fertilized and allowed to develop into blastulaepBar, 10
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Dextran

Fig. 4. Association of Ran with chromosomes in a cultured
mammalian cell. A mitotic NRK cell was injected with Alexa 488
Ran and 70 kDa Rh dextran. (A) The position of the chromosomes i
seen in a scanning transmission light image. (B) 70 kDa Rh dextran
is excluded from the region of the chromosomes. (C) Fluorescent

recovery is consistent with chromosomal Ran undergoing one
major interaction, of the simple type described above, and also
allows one to equate the exponential rate constant tkofhe
Had the experimentally observed recovery been non-
exponential, it would not be possible to draw these conclusions.
For simple binding interactions, a standard procedure is to
measure the bound ligand as a function of total ligand
concentration; this analysis yields the dissociation constgnt K
and the concentration of binding sites. Four different amounts
of Rh-Ran were injected into starfish oocytes and allowed to
come to equilibrium, then measurements of the brightest part
of the chromosome (typically a 142m diameter region of
interest) along with a neighboring nuclear region were made.
In oocytes injected with 10 kDa rhodamine dextran and Alexa
488-Ran, the fluorescent dextran was just as bright in the
nucleus as in regions of the chromosomal Rh-Ran labeling
(Fig. 6B), leading to the conclusion that the soluble Ran can
diffuse into the regions of the chromosomes. All of the
chromosomes are present in a small space in mitotic cells (Fig.
4C), so it seems reasonable that the scattered individual and
more extended chromosomes in immature oocytes do not
xclude soluble molecules. We therefore subtracted nuclear
rom chromosomal fluorescence to get the value for bound
Ran. As with the FRAP recovery, the relationship between

Ran is present throughout the spindle region, and in particular, in thbound Ran and added Ran appears to be characteristic of a

region of the chromosomes. Since a non-interacting molecule shoul

dingle type of binding site (Fig. 6C). Fitting the curve yields a

have a similar distribution to the fluorescent dextran, this is evidencesalue of 30uM for the concentration of Ran-binding sites

for a Ran association with chromosomes. Baiih0

Fig. 5. Dynamics of Rh-Ran.

(A) Microinjected Rh-Ran in Xenopusgg
was photobleached in the rectangular regio
shown in the upper left panel, and the
recovery was followed in images taken ever
4.7 seconds. The photobleach consisted of
eight consecutive slow scans lasting 24.8
seconds in the outlined rectangular region,
with ~750% the light intensity as for imaging.
As seen in the first post-bleach image, the
chromosomes and cytosol became dimmer
outside as well as within the bleach zone.
This is likely to be a consequence of
exchange of cytosolic Rh-Ran with
chromosomal Rh-Ran. Bar, on. (B) Time
course of fluorescence recovery of one of t
chromosomes within the bleached region.
(C) Rh-Ran was microinjected into immature B

starfish oocytes (final concentration of 1-2 L o e P
pUM). The oocytes were matured, fertilized " &
and allowed to develop to the blastula stage ~ § ' .
(~128-256 cells), where mitotic cells were g .

= B804

imaged. Rh-Ran associated with metaphase
chromosomes was photobleached in a similar
manner as described f§enopuseggs, except
the ‘normal’ scan speed of the BioRad
confocal microscope was used. The bleach
period was eight consecutive scans lasting
~8.5 seconds, and images were obtained

0 20 40

seconds

within the space occupied by the chromosomes.

o
g

Fluorescence

20 a0 50

seconds

g0 80 100 10 40

afterwards every 2.5 seconds; timing of the images shown are indicated on the figurepBar(CLOFluorescence recovery of a

photobleached region of the metaphase chromosomes X&napusthe
immediately after photobleaching. In contraskenopugFig. 5B), the fl

parts of the chromosomes that were not irradiated were dimmer
uorescence does not return to the original value. The likely

explanation is that the bleaching protocol depletes a very small fraction of the total Ran in frog oocytes but depletextdarigethe much

smaller starfish blastomeres.
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Fig. 6. Steady-state Ran association with chromosomes in immature starfish
20 - AdAAAAAAAALAALALAL oocytes. (A) Recovery from photobleaching. Fluorescence from the brightest
part of a chromosome was measured and is plotted by open squares whereas
the nuclear fluorescence is denoted by filled triangles. The 0 second time point
0 20 40 60 corresponds to the first post-bleach image where the nuclear and chromosomal
fluorescence are set to 0 (symbols not shown at this time point because they
would overlap). The fluorescence recovery at subsequent time points is equal
to the increase in fluorescence relative to the fluorescence in the first post-
bleach image. The nuclear fluorescence has already recovered by the second
post-bleach image, and clearly recovers faster than the chromosomal
fluorescence. If the chromosomal recovery is not limited by diffusion of
soluble Ran, and if the interaction follows mass action kinetics with a single
type of binding site, the chromosomal recovery should be exponential. The
theory line shows an exponential recovery with rate constant 0.06 skcond
(B) Oocytes were co-injected with Alexa 488 Ranuf7 final concentration)
and 10 kDa rhodamine dextran (10§/ml) and were imaged separately with
either the 488 nm line or the 568 nm line in the confocal microscope. The
nucleus takes up most of the image, with the cytoplasm in the upper left corner
of each image. The images show that the dextran is not excluded from the
region of the chromosomes, probably because the chromosomes are not fully
condensed in the meiosis-I-prophase-arrested oocytes. In other experiments,
oocytes were injected with 10 kDa dextran alone, and z series sections failed to
) detect signs of volume exclusion. The lack of exclusion indicates that the
10 e E;Pe"me"‘ nuclear fluorescence should be subtracted from the chromosomal fluorescence
5 | eory to get a more accurate value for the bound Ran. Bamil(C) Binding curve
for chromosomal Ran for different amounts of injected fluorescent Ran. The
0 o o o 2 w0 = theory line shows the predicted values for the concentration of binding sites in
the chromosomal space of @M; the close correspondence supports the idea
[R"], uM that the interaction is with a single type of binding site.

sec

10 kD dex

[R*B], uM

To determine the K it is necessary to know the amount of distribution and dynamics in intadenopuseggs. Ran was
free ligand that is available for binding. However, thelocalized by immunofluorescence to chromosomeseniopus
endogenous Ran concentration in starfish oocytes is unknowmeiosis-ll-arrested eggs. Fluorescently tagged Ran localized to
Furthermore, the fractiom of the nuclear Ran that is available the chromosomes in théenopuseggs, as well as in starfish
for binding to chromosomes is unknown. Much of nuclear Rawocytes and embryos and mouse eggs. Anaphase was observed
is probably bound to proteins such as import/export factors artificially activatedXenopuseggs; to our knowledge, this is
while a smaller amount exists as free Ran-GTP and Ran-GDtRe first time that this has been imaged. In this system, it is
It is not known which of these is the chromosome-binding unitnecessary to image the spindle in the vertical orientation, so
These uncertainties do not affect the above conclusions abdbat the anaphase movements do not occur in one plane of
binding to a single type of site, or the concentration of the sitegpcus. In starfish, the entire meiotic process and also the early
nor do they affect the FRAP determinationkef. Also, even  mitotic divisions can be imaged with a more favorable
with these uncertainties, it is possible to estimate the suwrientation. In bothXenopusand starfish, Ran appeared to
(Kd/a) + [R], where [R] is the total endogenous nuclear Rarremain associated with the chromosomes to the same degree
anda is the fraction of the total nuclear Ran that is availablghroughout M phase. In mammalian cultured cells, Ran was
for binding to chromosomes (see Materials and Methods). Theresent throughout the spindle region. However, the condensed
data suggested that the sum ot/(§ + [R] was 9-10uM. chromosomes exclude soluble molecules from the space they
Estimates of nuclear Ran concentration in other cell types amecupy. When this is taken into account, it is evident that Ran
in the range of 8-1QM. With these values, &1 uM and is  is associated with chromosomes in mammalian cultured cells,
smaller for smallen. although to a lesser degree than in the other cells we observed.

An earlier report found no association of Ran with

) ) chromosomes in fixed or digitonin-permeabilized mitotic
Discussion mammalian cells in culture (Ren et al.,, 1993). However,
As the recent evidence for Ran involvement in M phase iformaldehyde was used to fix the cells for immunofluorescence
based on work ixXenopusegg extracts, we investigated Ran’s in that study, whereas we find that methanol fixation preserves



4692 Journal of Cell Science 115 (23)

the chromosomal distribution. Also, there was no energpf the cell where it will function. This is supported by the
source in the digitonin-permeabilization medium. Stablyfinding that the chromatin-bound Ran increases membrane
associated molecules may remain bound under thesesicle association with chromatin in an in vitro assay for
conditions, but our data indicate a dynamic association of Ramuclear envelope reformation (Bilbao-Cortes et al., 2002).
with chromosomes, and it would not be expected that Ran
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or may bind to another protein(s), which then binds to

chromosomes (see further discussion below). Even with these

uncertainties, photobleaching and binding experiment§eferences

indicate that the association of the Ran-binding unit followg3amba, C., Bobinnec, Y., Fukuda, M. and Nishida, E2002). The GTPase

mass action kinetics to a single type of binding site of relatively 5\"’/‘2 rcegﬁ'aé?; igrogg)‘;fgg;e positioning and nuclear envelope assembly in
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. . I USA88, 10830-10834.
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; [T 181.

Salﬁs et al']L 1?99)% ancqusmcethlt is the O?beknown tGDdP/_G;n(Earazo-Salas, R. E., Gruss, O. J., Mattaj, . W. and Karsenti, §2001).
exchange . actor tor an, ere mus . € a steady-stal€z,n GTp coordinates regulation of microtubule nucleation and dynamics
concentration of Ran bound to RCC1 owing to the turnover during mitotic-spindle assemblpat. Cell Biol.3, 228-234.
through RCC1. From in vitro studies of purified proteins, threearroll, D. J., Albay, D. T., Terasaki, M., Jaffe, L. A. and Foltz, K. R.
kinetic steps are involved in the GDP/GTP exchange that (1999). Identification of PLC gamma-dependent and -independent events
occurs on RCC1; the slowesgrkand therefore the likely rate- _ during fertilization of sea urchin egddev. Biol. 206 232-247.

L - .~ Dasso, M.(2001). Running on Ran: nuclear transport and the mitotic spindle.
determining step, is ~20 secohdKlebe et al., 1995b). This g 104, 321-324.
is much greater than thekvalue of 0.06 seconéimeasured Dasso, M., Seki, T., Azuma, Y., Ohba, T. and Nishimoto, 1994). A
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